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Peptide Nucleic Acids (PNAs) can efficiently target DNA or RNA acting as chemical tools for gene
regulation. Their backbone modification and functionalization is often used to increase the affinity fora
particular sequence improving selectivity. The understanding of the trading forces that lead the single
strand PNA to bind the DNA or RNA sequence is preparatory for any further rational design, but a clear

. and unique description of this process is still not complete. In this paper we report further insights into

. this subject, by a computational investigation aiming at the characterization of the conformations of

. asingle strand PNA and how these can be correlated to its capability in binding DNA/RNA. Employing
Metadynamics we were able to better define conformational pre-organizations of the single strand
PNA and v-modified PNA otherwise unrevealed through classical molecular dynamics. Our simulations
driven on backbone modified PNAs lead to the conclusion that this v-functionalization affects the single
strand preorganization and targeting properties to the DNA/RNA, in agreement with circular dichroism
(CD) spectra obtained for this class of compounds. MD simulations on PNA:RNA dissociation and
association mechanisms allowed to reveal the critical role of central bases and preorganization in the
binding process.

The design of chemical tools for gene regulation is one of the most promising approaches to the development of
new drugs. Among the variety of molecules proposed for this scope, Peptide Nucleic Acids (PNAs) are one of the
most established and efficient artificial systems for targeting DNA or RNA so far described; these compounds
are nucleic acid analogues in which the deoxyribose phosphate backbone is substituted by a polyamidic chain
of N-(2-aminoethyl)-glycine units (Fig. 1a)"2. Due to their high affinity for DNA and RNA, and to the high

. sequence-selectivity of their interaction with complementary nucleic acids, PNAs are widely used as probes for

: the recognition of specific DNA sequences and, conjugated to surfaces or to reporter groups, for diagnostic appli-
cation or imaging?™. In drug development, PNAs have been used as anti-gene®®, (i.e. blocking transcription of
genomic DNA), as antisense agents®~'2, (i.e. preventing translation of mRNA into proteins) and were found to be
able to redirect aberrant splicing".

An emerging challenging application is the use of PNA targeting micro-RNA (miR). Up- or down-regulation

: of miRs has been correlated with many different diseases, including cancer'®, and thus the anti-miR targeting

. has become more and more important in drug development'*-17 and in diagnostics'®!°. Anti-miR PNA have

. been used for modulating differentiation®, arrest cellular proliferation®*, and inducing apoptosis®>. Detection
of miRs in living cells has also been achieved by means of PNA probes®.

Many PNAs with modified backbones?* or modified nucleobases?” have been reported, in the continuous
quest for further improvement of their affinity and selectivity for DNA and RNA. It is known that modifications
on the backbone are useful for modulating the stability and sequence-selectivity in the formation of PNA:DNA or
PNA:RNA duplexes*>?%%, but also for the introduction of functional moieties, such as positively charged groups,
fluorophores, or linkers for surface tethering®”?!. Interestingly, backbone modifications were shown to differently
affect helicity and DNA binding®. In particular, modifications in the y-position (Fig. 1b) were shown to induce a
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Figure 1. Representation of a generic (a) unmodified single stranded PNA (ssPNA), (b) v modified PNA
(v-ssPNA) and (c) duplex PNA:RNA. (PNA: N-term-GAACTC-C-term, RNA 5-GAGTTC-3).

preferred chiral single strand PNA conformation by circular dichroism (CD) experiments, unlike the unmodified
or a-modified PNAs?%. The CD signatures of these modified PNAs have been correlated to the presence of both
nucleobase and backbone carbonyl groups presenting a preferred helical orientation as a result of a “preorgan-
ization” induced by substitution in the y-position®. This feature increases PNA affinity and selectivity toward
targets®, and enables the formation of more stable duplexes?, thus favoring DNA double strand invasion®. The
positioning of modified monomers, as well as that of mismatches, strongly affects the binding properties and
selectivity of PNA, and a complete picture of the effect of modification and of positioning of the bases is still far
from being established. In a general project aimed to use PNA in the modulation and detection of tumor-related
micro-RNAs, we intend to rationally design new modified PNA, in particular those able to further increase the
sequence selectivity and affinity in targeting short RNA, sequences, (such as the nucleotides 2-7, the so-called
“seed regions” which are common to several microRNAs)*, thus increasing both anti-miR efficiency and diag-
nostic performances. The design of new modified structures with high affinity and selectivity for these short
sequences by trial and error can be time-consuming and labour-intensive, whereas rational design is limited by
the scarce availability of crystallized solid-state®*-*’, and NMR resolved structures*#2,

Numerical simulations based on molecular dynamics (MD) can assist this process allowing for an atomistic
understanding of the physics behind the PNA structural organization and enabling a computer-based strategy
for ad hoc molecular design. In particular, this would enable prediction on PNA molecular activity upon struc-
tural modifications and to observe atomistic details of interaction mechanism difficult to be characterized. Such
approach allows to selectively choose the most promising PNAs for the synthesis and experimental trials, saving
time and resources.

Orozco and coworkers pioneered the exploration of PNA properties employing classical MD techniques. They
compared triplex PNA:DNA:PNA structures as reported in literature recording 1.05 ns long trajectories and they
found structural parameters in good agreement with experimental ones*’. Later, they focused on duplex combina-
tion PNA:DNA and PNA:RNA concluding that PNA influences duplex structure favoring a P like helix*%. During
the same years Nilsson and co workers proposed molecular modeling and MD simulations on homo- and het-
eroduplexes involving PNAs and describing base pairing and staking as critical driving-forces of the actual struc-
ture*>*®, Gantchev and coworkers investigated y-radiation induced cross-linking in PNA:DNA heteroduplexes
by means of a 300 ps long MD, allowing to explain experimental data on cross linking in terms of the effect of
terminal capping groups*. Hatcher et al.*® performed studies of electron transfer in PNA and DNA single strands
through 2 ns long simulations, highlighting the greater structural fluctuation of the PNA as compared to the DNA
moiety and correlating this feature to the observed charge transfer. Mansawat and coworkers, collected 10 ns long
MD simulations concerning the use of pyrene moiety as an universal base (i.e. bases able to bind to all four bases)
in acpcPNA:DNA duplexes (D-prolyl-2-aminocyclopentane carboxylic acid backbone derivative of PNA), reveal-
ing important structural information concerning the spatial arrangement of the inserted modification®. Sanders
et al.® reported 25 ns long simulations on modified PNA bearing a hypoxantine base for the targeting of KRAS2
(i.e. clinically relevant tumor marker) mutated mRNA and they validated their prediction with experimental data.
Lastly, Autiero et al. studied PNA:DNA and PNA:RNA duplexes focusing on the definition of the most relevant
structural parameters®>2. However, the understanding of the formation mechanism of duplexes made by PNA
and RNA (or DNA) and a quantification of the relative stability of modified structures is still missing mainly
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because of the multitude of variables involved in the hybridization process and by the limited knowledge of the
conformational landscape of single-stranded PNA.

In this work, we define a computational strategy based on Well-Tempered Metadynamics (WT-MDMT)>*>
capable to characterize the flexibility of single stranded PNAs and their degrees of pre-organization in solution.
This, helps rationalizing possible hybridization and dissociation mechanism for the PNA case with an approach
similar the well-established strategies used for DNA and RNA systems®>°.

In particular, starting from an experimental PNA:RNA NMR structure (PDB ID: 176D)* we built a simplified
PNA single strand model, and investigated its flexibility in solution by means of classical MD and WT-MDMT.
Then, we demonstrate how structural modifications of the PNA sequence can induce different degrees of
pre-organization affecting significantly the free energy landscape explored by means of WT-MDMT. This finding
well compares with the experimental circular dichroism (CD) reported in the literature. The presented Molecular
Dynamics and Metadynamics procedure provides two important benefits: it enhance significantly the confor-
mational landscape exploration, and provides details on the formation-dissociation mechanism influencing the
PNA:RNA duplex stability; both these can be used in order to finely tune binding selectivity of newly designed
PNA structures towards nucleic acids.

We further investigate the stability of the PNA:RNA duplex by simulating dissociation and re-annealing pro-
cesses. This study revealed the critical importance of the central base pairing of the sequence. This evidence con-
firms and characterizes the experimental results by Igloi and co workers conducted on mismatch positioning®,
that highlights greater stability drops for mismatched base in the central part of the PNA compared to those
in the terminus. The presented computational approach has two important benefits: it provides details on the
formation-dissociation mechanism directly correlated to the PNA:RNA duplex stability, and it defines a pre-
dictive methodology for computer screening of a wide scope of modification in order to finely tune the binding
selectivity between PNA and nucleic acid strands. Compared to the classical MD simulations applied so far for
PNA- related studies, our combined WT-MDMT procedures enhance significantly the conformational landscape
exploration potentially allowing for more accurate and reliable prediction on structure-activity correlation.

Results
In this section we report the most relevant results obtained by combining classical MD and WT-MDMT concern-
ing the conformational freedom of unmodified and «y-modified single stranded PNA (i.e. ssPNA and y-ssPNA,
Fig. 1a,b respectively) and how it can be correlated to the duplex stability formed by nucleic acid association.

The principal models of gamma-PNAs reported in the literature, were based on serine?, alanine®®¢!, lysine’!,
or arginine® side chains, and a serine derivative containing mini-PEG chain was more recently introduced for
biological applications®®®*. We choose the -CH,OH side group of serine as the simplest polar uncharged residue
which can be inserted; since y-PNA with polar groups are very interesting for their improved water- solubility
properties, we selected this as a study model, as it can have a more direct impact on biological applications.
This type of PNA modification was indeed found to also improve DNA and RNA binding affinity due to a
‘pre-organization’ effect?’, which was then observed also on other C-5 derivatives®. A recent paper also reports
the NMR and CD studies on Ser-based -PNA, showing the existence of marked chiral secondary structures®.
Thus, as far as the study of overall conformational bias is concerned, the present study can serve to have insights
into the properties of other gamma-modified PNAs.

Insights into the key features involved disrupting and assembling PNA:RNA duplexes are also reported by
means of thermal induced “melting” and post damage re-annealing.

Unmodified ssPNA conformations. The initial structure of ssPNA obtained as described in the meth-
odology section, was equilibrated and thermalized at 300K running a 2 ns long NPT dynamics. Then, a 200 ns
productive run was conducted in NVT conditions in order to investigate the conformational freedom of the
structure.

Within the first 20 ns no significant modification to the equilibrated system was recorded
(Supplementary Information SI1) denoting a certain degrees of stability of the initial helical conformation.
Afterwards, critical distortions brought the ssPNA to assume a wide scope of different conformations apparently
in equilibrium with each others. However, the initial helical conformation was not observed anymore being sta-
tistically infrequent compared to the multitude of other conformations.

We further investigated the complexity of the entire conformational space of ssPNA by means of
Metadynamics acting on the collective variables (i.e. Head to Tail distance - HT, and the Stacking Function - Stk)
as described in the methodology section. It is worth mentioning that either for the ssPNA and the y-ssPNA the
authors tested several collective variables to reach an exhaustive exploration of the associated free energy land-
scapes. The stacking function turned out to be, by far, the most satisfactory one despite the free energy obtained
should be evaluated for their qualitative contents over the quantitative one.

In Fig. 2a we report the FES reweighted on the HT and the Sequential Stacking Function SStk according to
the scheme proposed by Bonomi et al.. (See Supplementary Information SI1b for FES convergence quality) The
entire conformational space is covered within 10kcal/mol and it spans between highly stacked and folded con-
formations (i.e. large SStk and short HT values) to extremely stretched and unstacked strands (i.e. long HT and
small SStk values). The most significant region is the one defined within 2-3 kcal/mol. (i.e. blue wells Fig. 2) The
two barrierless minima (A and B) are populated by ssPNA structures characterized by heavily folded and barely
stacked conformations.

In particular, the first (i.e. magnification Fig. 2a structure A - see Supplementary Information SI1b uploaded
pdb structure A) is characterized by a non-consecutive stacking having place between the first and the last bases
of the sequence. (i.e. violet-green) This stacking is not productive for pre-organizing the helical conformation.
The second representative structure (i.e. Fig. 2a structure B - see Supplementary Information SI1b uploaded
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Figure 2. Free energy surface (FES) reconstructed from Gaussian hills deposition of WT-MTMD on (a) ssPNA
and (b) ~-ssPNA. Representative structures of principal basins A-F are reported.

pdb structure B) is barely more organized showing one consecutive stacking. (i.e. red-yellow) However, also
this conformation is far from facilitating the hybridization process with DNA and RNA which requires a helical
conformation of the PNA.

~-ssPNA conformations. We employed the same computational approach for the y-modified PNA
(y-ssPNA). The starting helical conformation (i.e. after minimization and thermalization) turned to be signifi-
cantly more persistent than the non modified ssPNA above discussed. The most relevant structural modifications
occur only in the latest stage of the unbiased MD run suggesting a remarkable pre-organized behavior. (see
Supplementary Information SI2).

Also for this structure we performed WT-MDMT simulations and reweight the FES as described before. In
Fig. 2b we report the results of this analysis. (See Supplementary Information SI2b for FES convergence qual-
ity) Again, the relevant conformational landscape is explored within 10kcal/mol and the conformational space
explored is equivalent to the one investigated for ss PNA. However, the relative abundance and the statistical
relevance of the different conformations are significantly different from the unmodified PNA. The most impor-
tant region is represented by four well-localized minima (i.e. C-F) all comparable in energy (i.e. <4kcal/mol)
and separated by tiny energy barriers. Beside the structures discovered in C all the other minima do not have
any equivalent in the non modified ssPNA. In particular, structures found in D and E are characterized by more
stretched conformations (i.e. HT between 1.5-2.0 nm) and sequential stacking significantly higher compared
to ssPNA. These structures are mostly important because they share structural parameters comparable to the
experimental measurements derived from duplex*!. Some of the most representative structures localized in the
four minima are magnified in Fig. 2C-F. (see Supplementary Information SI2b uploaded pdb structures C-F)
Configurations extracted from C and D present the first two bases (Green-Red, Guanine and Adenine) of the
sequence in proximal stacking (i.e. distance between the two bases <3 A angstroms). Structures sampled in F and
E show several combination of possible stacking between bases. In particular, those sharing a folded configuration
(R < 1nm) are stabilized by two consecutive base stacking (Red-Green, Guanine-Adenine and Orange-White,
Cytosine-Thymine Fig. 2) and one further head to tail interaction (Green-Violet, Guanine-Cytosine). The others,
characterized by a stretched configuration (E) show consecutive stacking only (i.e. Green-Red, Guanine-Adenine
and Red-Yellow, Adenine-Adenine) and hence well-organized towards a possible hybridization with a comple-
mentary sequence. The lower degree of freedom for the -substituted PNA compared with the non-substituted
ones is in line with the experimental finding that a smaller entropy loss is observed upon hybridization with DNA
and RNA, even though this “preorganization” is not due to a perfectly helical single strand structure. Actually, the
flexibility of these molecules is still very high. (see Supplementary Information SI2b 10 ns movie extracted from
the original 500 ns long WT-MDMT trajectory).

PNA:RNA interactions. The dissociation process of a pre-formed duplex is the most direct and intuitive
analysis in order to understand the atomistic details of the interaction between PNA with complementary nucleic
acids. We performed several MD simulations on the same PNA:RNA duplex (Fig. 1c), at different temperatures
(i.e. between 340 K-400 K) inducing complete dissociation. In order to quantify the contribution of each base
pairing to the overall stability of the duplex we defined the single-base H-bonding fraction calculated 0.5 ns before
the complete duplex disruption. (see Supplementary Information SI3c for details) In Fig. 3 we report this quantity
along with the base pairing sequence (N-term to C-term for PNA and 3’ — 5’ for RNA) at the different tempera-
tures (i.e. dashed curves). The average trend reported (i.e. solid black demonstrates that in the range of temper-
ature analyzed, the duplex dissociation occurs preserving the central base pairing until complete degradation.
Interestingly, the duplex segment containing the C-terminal part of the PNA (CTC) section of the PNA (i.e. right
branch of the plot reported in Fig. 3) is significantly more persistent than that at N-terminal PNA segment (GAA)
suggesting a marked sequence-dependent effect on the thermal stability of the duplex. However, this behavior is
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Figure 3. Contribution to the H-bonding of each couple of bases: this parameter is calculated as the average
H-Bonding, calculated with the CV called “Coordination” as implemented in PLUMED?2 and described in
details in the manual”!, before duplex disruption. PNA sequence is written from N-terminus to C-terminus,
RNA sequence is written from 3’ to 5'.

not strictly respected as demonstrated by the H-bonding fraction calculated at 400 K remarking the importance
of having a statistically representative pool of simulations.

In order to understand possible mechanisms that lead to the formation/dissociation of PNA:RNA duplex, we
applied our methodology to the study of double strand re-annealing after an induced external stress. The size of
the re-annealing conformational space is enlarged by an enormous amount of degrees of freedom and did not
allow to converge WT-MDMT free energies. For this reason we employed standard molecular dynamics starting
from several different geometries (Fig. 4) selected from the thermally-induced dissociation trajectories above
discussed. This strategy enforces the statistical meaning of the MD trajectories and allows driving qualitative
conclusions concerning the reassociation mechanism. In particular we selected different geometries nearby the
thermally-induced dissociation that can be clustered in four main categories: 1-2) head or tail linked, 3) homo-
geneously stretched H-bonding, and 4) X-twisted respect to the center of the duplex. In particular, structures
1 and 2 are spread like a fan on 5’ and 3’ ends, whereas 3 has been selected from an intermediate configuration
characterized by an average distance between the two strands of 5-6 A, and in 4 the two strands are twisted. In
order to increase the statistical significance of our starting pool of configurations we extracted a rarely populated
fully-stretched configuration from the WT-MTMD conducted on the ssPNA (Fig. 2) and performed similar cal-
culations on the RNA single strand. Then, we progressively approached the two single strands and minimized the
geometry obtaining the starting point for re-annealing 5.

For each system we performed a 100 ns long MD simulation and we tracked the number of bases pairing as
an index of duplex formation or disruption. This parameter is defined as the fraction of the persistent H-bonding
between base paired respect to those generated by a complete duplex formation. Among the different scenarios,
(see Supplementary Information SI3) only 3 reaches complete base pairing in the early stage of the simulation
leading to a well-stabilized duplex in less then 5ns. As expected, a preorganized orientation of the two strands
drives the re-annealing process facilitating the binding process. Satisfactory is also the re-annealing observed for
4 where the two strands can initially interact through the central base pairing. In this case, the re-orientation of
the two units is entropically more demanding and longer time scales for reorganization are necessary. Systems 1
and 2 are initially annealed by one single base pairing at the PNA C-terminus and N-terminus position respec-
tively. However, the former does not evolve toward any grade of annealing whereas the latter slowely reorganizes
in a double helix within 60-70ns. The different behavior recorded for 1 and 2 demonstrate that non-symmetric
sequence could potentially favor the re-annealing in one single direction. This evidence further supports our
previous finding relatively to the sequence-dependent behavior in the thermal dissociative process. Lastly, a dis-
ordered mismatching between the two fragments as set in 5 leads to complete failure in the re-annealing process.
From this analysis we conclude that the pre-organization of the two strands is of critical importance in facilitating
the duplex formation and that the interaction between the bases placed in the central part of the sequence pre-
sumably play a critical role in this process.

Discussion

Understanding single strand degrees of freedom is of paramount importance in order to predict the specific
capability of PNA structures to interact, and eventually bind, RNA. In particular, the backbone flexibility, func-
tionalization with ad hoc moieties and the base sequence play a critical role in pre-organizing the single strand
and successively binding the desired target. Our MD and WT-MDMT simulations suggested that the unmod-
ified ssPNA considered does not assume conformations that would facilitate the hybridization process with
nucleic acids. Moreover, we concluded that short MD simulations (i.e. in our case shorter than 20 ns) would
drive to misleading conclusions being the ssPNA helical structure relatively stable for shorter timeframes. On the
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Figure 4. Distorted duplex structures: (1) spread like a fan on C:5’ end; (2) spread like a fan on N:3’ end;
(2) strands shifted of 5-6 A; (4) twisted strands (5) stretched strands. The symbolic representations of stress
induced in the system are represented in red circles. In Supplementary Information SI3 we report the pairing
behaviors for all cases including structure 3 that is the only one capable to stably converge into the duplex in less
than 5ns.

contrary, MD and WT-MDMT runs conducted on the y-ssPNA structure demonstrated a remarkable stability
of the pre-organized helical conformation imputable to the -CH,OH functionalization placed in ~. This finding
is in agreement with earlier experimental observation proposed by Ly and co-workers*. Our Metadynamics
simulations conducted on single strand PNAs show a delicate balance between enthalpy contribution generated
by intra-strand base stacking and entropy effects, which lead to the chaotic folding of the sequence. These two
contributions respectively favor and disfavor a helical preorganization that would facilitate PNA:RNA interaction.
The unmodified ssPNA (Fig. 1a) and gamma modified v-ssPNA (Fig. 1b) show substantially different free energy
landscape with respect to their conformational freedom. In particular, ssPNA assumes preferably folded confor-
mations characterized by low sequential stacking between the basis.

The most representative structures extracted from minima A and B (Fig. 2a) are dramatically different from
the one that should be assumed in the PNA:RNA duplex. Conversely, 7-ssPNA demonstrates a higher level of
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pre-organization generating stable conformations with suitable combinations of sequential base stacking and
fragment folding to generate helical conformations. A recent paper also suggested the occurrence of a chiral
preferred secondary structure®. Structures extracted from basin E (Fig. 2b) are of particular interest being char-
acterized by the preservation of structural properties founded experimentally in the duplex. In particular, these
structures have an optimal HT length (i.e. 2.0-2.2nm) and show sequential stacking only. Hence, such confor-
mations are well organized towards a possible hybridization with a complementary sequence. For this reason,
structures from basin E are the most relevant supporting our thesis that mostly ascribe to functionalization in
gamma position of the PNA backbone the opportunity to finely tune the binding affinity of nucleic acid moieties.

Structural analysis on the structures C-F of Fig. 2 showed that the torsional angle formed by the H-N-C-H
adjacent to the amide bond is substantially planar (—173.0° & 21.4°) allowing the ~-CH,OH occupying non hin-
dered regions and favoring several polar interactions with the surrounding solvent. Unlike these, structures A
and B of unmodified ssPNA showed, for H-N-C-H with the C-H bond of equivalent stereochemical position
(pro-R hydrogen), a different value and wider range (—90.7° 4 76.3°). Moreover, the hydrogen-hydrogen average
distance between sequential amino acids (see Supplementary Information SI2c) in the y-modified falls in a very
narrow range compared to the one measured for the ssPNA. These findings, confirm our hypothesis denoting the
considerably higher flexibility of ssPNA and the higher helical propensity of y-ssPNA. It is expected that properly
preorganized y-ssPNA strands would require significantly less free energy to associate in the duplex compared to
the unmodified ssPNA as they require a smaller entropy component.

These results are compatible with Circular Dichroism (CD) experiments conducted on similar PNA% struc-
tures suggesting that backbone functionalization can limit the single strand flexibility and favoring either total
or partial helical conformations as revealed in the CD spectra. Such a reduced backbone flexibility favors the
hybridization process, as supported by the melting temperature (T,,) always higher for the gamma modified PNA
and enforces the view that entropic contribution are decisive for this enhanced affinity. Most importantly, the
present results allow to enlarge the view of this type of “preorganization” and assess more precisely what can be
expected from this type of modified backbones; in fact, the presence of the y-side chains determines a local helical
arrangement, and not a entirely helical single-stranded structure?%’.

The dissociation study, on the other hand, allowed to understand the role of the single bases and of their posi-
tioning in the stabilization of the PNA:RNA duplex. It was reported that structural variations affect the stability of
PNA:DNA duplexes mainly by slower dissociation processes, while that of association is much less affected®. By
increasing the temperature, the kinetic energy of the system grows along with the probability for base un-pairing.
This induces the duplex to dissociate due to the loss of hydrogen bonds and the increasing of entropy. Before
duplex complete disruption we can analyze which couples of bases contributes more to H-bonding. Simulated
data revealed that averagely, pairing among central bases resulted more persistent compared to those of terminal
bases (Fig. 3). The asymmetric shape of the curve is probably due to the specific sequence considered (GAACTC):
the first half of the duplex presents a total of 7 hydrogen bonds while the second half 8, slightly favoring the
C-terminal compared to the N-terminal. These results further suggest the importance of central bases in both
formation and dissociation process. A direct consequence of this finding is that in order to improve PNA binding
properties, functional modifications must be focused on stabilizing central part of the PNA. The further effect
of introducing modifications in different position of the sequence has not been specifically studied, but can be
deduced by many experimental data®¢.

Re-annealing MD simulations starting from different damaged PNA:RNA complexes highlight some critical
aspects that need to be considered for functional sequence design. Structures 1-5 in Fig. 4 sample some of the
possible scenarios that can be derived during either the PNA:RNA formation or dissociation process that can be
tracked by bases pairing as discussed in the previous section and reported in Supplementary Information SI3. As
expected the time estimated for a complete or partial re-annealing depends on the distortion initially induced on
the duplex. Among the five different scenarios, structure 3 reaches an optimal and complete base pairing within
the nanoseconds time scale. In this case the re-annealing is particularly favored having the complementary bases
of the two strands properly oriented each other. The re-annealing is limited by diffusion of the two strands orig-
inally placed at ~6 A and the driving force of this process are long-range Van der Waals interactions. Structures
1 and 2 (Fig. 4) describe two similar scenarios being characterized by one residual base pairing in C- and N- ter-
minus respectively. For palindromic DNA:DNA or RNA:RNA sequences the two structures would be equivalent.
However, this is not the case of our PNA and the dynamical evolution of the two systems is substantially different
showing a higher attitude to re-annealing for structure 2. This finding, suggests that rational design of the PNA
sequence should be accurately considered to drive the association process. Another important aspect is the base
interaction localized in the central part of the sequence. Our simulations show that a preformed base pairing,
as the one characterizing structure 4, (Fig. 4) promotes and assists the formation of the other proximal pairing.
Differently from simulations of 2 and 3 where the re-annealing process is substantially one-way direction, in 4 we
observe the simultaneous re-annealing on the two branches starting from the central base pair. The time needed
for duplex formation is shorter than 10 ns and the mechanism is driven by inter H-bonding formation and intra
base stacking. This finding is supported by the single-contribution analysis performed on 2, 3 and 4 simulations
where we discovered that pairing central-sequence bases trigger the overall association process more efficiently
than any other base pairing (see Supplementary Information SI3b). Lastly, unphysical scenarios as the one repre-
sented in structure 5 remarks how critical is the pre-organization of PNA in promoting the hybridization process.
As demonstrated by 5 dynamics (see Supplementary Information SI3a) the two fully strained PNA and RNA frag-
ments with randomly oriented bases cannot generate any paring and eventually lose any interaction favoring sin-
gle strand folding. The interaction models considered in these simulations are not certainly sufficient to describe
all possible ways of contact between the two strands. However, this study demonstrates that the orientation of
the interface between bases are crucial; central bases exhibited unique properties in favoring duplex formation,
suggesting a possible mechanism of formation of the duplex starting from this position.
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Methods

All the MD simulations reported in this work were carried out with GROMACS 4.57°, patched with PLUMED
2.07!, for the Metadynamics calculations. The 6 mer structure 176D (Supplementary Information SI1, PNA
sequence: H-GAACTC-OH)*,, taken from Protein Data Bank, was chosen as starting structure for the computa-
tional studies on unmodified PNAs complexes with RNA since it was one of the few PNA:RNA duplex structures
reported in literature. Longer 8 mer PNA:RNA duplex has been resolved recently by Kiliszek and co workers”
and to the best of our knowledge that is the only case reported in literature. However, being the RNA “core” seed
region discussed above made by a 6 mer sequence and being interested in its targeting, we focused on the 176D
derivatives only. The original structure was solvated with explicit TIP3P”* water molecules, in a cubic box of
41.3 x 50.4 x 45.2 A® with five atoms of sodium added as counterions. The final system is made by about 9400
atoms (see Supplementary Information SI4). As no crystal structure of single strand PNA (i.e. in the text ssPNA)
(Fig. 1) is available in literature we created a simplified model by removing the RNA strand from the origi-
nal NMR experimental structure. This is an approximation of the stable ssPNA structure, but it represents the
only good starting point for further analysis. The system is expected to be much more flexible and disordered
than the parent duplex and for this reason we avoided periodic boundary interaction between images by sol-
vating in a larger 70.7 x 70.9 x 71.0 A? cubic box. The final system totally counts, including totally about 34700
atoms. The y-modified PNA structures (i.e. both duplex and single strand) were generated by insertion of serine
groups in gamma position of the PNA moiety of 176D. Duplex was solvated with TIP3P water molecules in a
58.9 X 55.1 x 57.5 A% cubic box, counting in total about 18300 atoms (see Supplementary Information SI5), while
single stranded PNA (i.e. in the text y-ssPNA) (Fig. 1) was solvated in a 70.7 x 70.7 x 70.7 A? cubic box for a
total of about 34700 atoms. For the duplex re-annealing and dissociation studies we considered the structure
176D opportunely modified in order to simulate structural strains. Systems were solvated in cubic boxes filled
with TIP3P water molecules (box size and atoms: structure 1 45.3 X 52.9 x 52.0 A3, 12300 atoms; structure 2
53.4 x 54.2 x 55.0 A%, 11900; structure 3 48.9 x 58.5 x 47.0 A%, 10000; structure 4 51.6 x 54.2 x 50.6 A, 10500;
structure 5 57.6 X 53.0 x 75.0 A3, 17800).

For simulations where RNA moieties were present, we employed ff99SB”* force field (FF) improved with
parmbsc07, since these force fields have been extensively used leading to reliable and reproducible results’®””.
PNAs are not parameterized in the available FFs and we retrieved missing parameters from R.E.DD.B. Server’®”°
obtained according to the scheme proposed by Cornell et al.®°. Similarly, a force field for gamma serine modified
PNAs is not available in the literature and its derivation was conducted by us following the same protocol used for
unmodified PNA. For the validation and description of the employed FF see Supplementary Information SI6. The
exhaustive conformational characterization of the ssPNA was enhanced by the Metadynamics algorithm. In par-
ticular, we employed two Collective Variables (CVs): the monomers head-to-tail center of mass distance (HT) of
the single strands, which distinguish between “folded” and “unfolded” PNA structures and, the stacking function
(Stk) describing the grade of interaction between different bases. The latter, is a linear combination of functions
built for describing the local order between two or more nucleobases evaluating orientation and distance of the
aromatic units®!. More details about the Stk collective variable are reported in the Supplementary Information
(SI7). To build the Metadynamics bias during the simulation we deposited every picoseconds a Gaussian hill
with width of 0.01 nm for HT and 0.01 on Stk and height of 2.5k]. To ensure the convergence of the Free-energy
calculation, we adopted the Well-Tempered Metadynamics scheme (WT-MDMT)** with gamma equal to 30.
For ssPNA and for y-ssPNA we carried out 400 ns long WT-MDMTs, and the simulations were stopped after
verifying that the local minima converged. For discriminating among all possible conformations explored by
WT-MDMT we post processed (i.e. reweighting scheme)® the collected data by means of two different collective
variables jointly to HT. In particular, these two CV's distinguish the stacking interaction between sequential bases
(SStk) and non-sequential ones. In order to study single strand behavior in relation to the duplex is necessary
to decompose the two contributions in respect of the total stacking. In particular, conformations with preferred
sequential stacking are more likely to assume duplex disposition, while structures with non-sequential stacking
are far away from desired duplex conformation. All MD simulations started from minimized conformations
successively equilibrated at the desired temperature and pressure equal to 1 atm. The equilibration process last
for 2ns in the NPT ensemble, employing the Berendsen barostat®?. The production runs were generated in the
NVT ensemble, by means of the v-rescale thermostat®. The non-bonded cutoff scheme was set equal to 10 A and
the PME algorithm was employed for the electrostatic contribution. The simulations were performed with a 2.0fs
time step, constraining all the bonds with the LINCS algorithm®.
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