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General abstract  

 

This PhD work focused on the use of Peptide Nucleic Acids (PNAs) as scaffold for 

nanofabrication. Using different approaches, PNA strands were employed as 

building blocks to create supramolecular self-assembled architectures with the final 

aim of producing biotechnological applications (Figure 1). The main part of the work 

was devoted to the assembly of new nanostructures with controlled positioning of 

functional moieties as described in Chapter 2 and Chapter 3. The work described in 

Chapter 2 and Chapter 5 was carried out in collaboration with Prof. Hanadi Sleiman’s 

group at McGill University in Montreal (CA), where I spent several months as training 

secondment in the frame of the MSCA-RISE Nano-OligoMed Project. 

 

 

Figure 1. Schematic representation of the five projects reported in this PhD thesis and 
relative chapters. 

 

“Assembly of Heterotrimeric Coiled-Coil structures through DNA:PNA-Peptide 

interaction” (Chapter 2) the creation of a multi-component platform able to drive the 

formation of heterotrimeric coiled-coil structures of short peptide domains through 

DNA:PNA interactions is described. The peptide sequences were designed to mimic 

the coordination site of plastocyanin (a small copper-binding protein with electron 

transfer properties), thus obtaining a mini-metalloprotein. Whereas “Heterotrimeric 
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Coiled-Coil structures through PNA:PNA-Peptide interaction” (Chapter 3), a similar 

assembly able to induce the formation of heterotrimeric coiled-coil system was 

designed exploiting only PNA-based probes. For this purpose, in Chapter 3 is 

reported the synthesis of a tri-functionalized rigid molecule, designed to be used as 

a branching point enabling the synthesis of the trimeric PNA-template, and the 

study of the thermal stability of the PNA:PNA segments in order to minimize the 

probes length and obtain a stable supramolecular construct. 

The ability of PNA to bind complementary nucleic acids forcing the interaction with 

other biological components is further developed in Chapter 4, by exploring the use 

of PNAs as novel approach in RNA-targeting therapies. In fact, in “PNAs and 

Nuclease-recruiting PNAs as potential anti-COVID-19 approach” (Chapter 4) a series 

of PNAs were synthetized to target different region of SARS-CoV-2 virus and further 

functionalized with a small molecule able to recruit RNase L in order to achieve a 

selective RNA cleavage.  

In “Design, assembly, and characterization of hybrid DNA/PNA nanospheres” (Chapter 

5) a different type of PNA-containing self-assembly is reported. In this case the 

assembly of nanospheres was obtained by conjugation of a polar DNA stretches with 

lipophilic oligomeric tails. The nanospheres thus obtained were decorated with PNA 

or PNA-peptide conjugates using a self-assembly process. The resulting PNA-

containing nanospheres exhibited some modifications in properties, such as stability 

and resistance to degradation, compared to the DNA-only nanospheres. The major 

effort in this chapter was the study of the nanosphere stability following the 

introduction of charges on the PNA chain. 

In the last chapter, “DNA detection with Hollow Core optical fiber” (Chapter 6), an 

example of PNA-mediated self-assembly for analytical purposes is described. Here, 

the PNA components were used as capture and reporting probes in label-free 

advanced detection schemes. In particular, in this chapter the very first data on the 

derivatization of a special class of micro-structured optical fibers with PNA using a 

newly developed lab-in-fiber optical biosensors response are described.
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Chapter 1 
 

1.0 Introduction 
 

1.1 Nucleic Acids: DNA and RNA 
 
Nucleic acids are biological macromolecules containing the genetic information of 

living organisms. The two principal nucleic acids are deoxyribonucleic acid (DNA) 

and ribonucleic acid (RNA), both of considerable importance in the biological field.  

The DNA was isolated for the first time by Friedrich Miescher, a Swiss biochemist, in 

1869 from with blood cells. However, the deoxyribonucleic acid is a biopolymer and, 

as all the polymers, it is composed by monomeric units (Figure 1.1). In specific, this 

monomeric unit are formed by five-membered-ring sugar (deoxyribose), a 

nitrogenous base and phosphate group and, it was called nucleotide. Four different 

nucleobases were determined in the DNA, explicitly adenine (A), cytosine (C), 

guanine (G) and thymine (T). Furthermore, these bases are divided into two groups, 

purines (A, G) and pyrimidines (C, T) and the purines are formed by double-ring bases 

instead the pyrimidines by single-ring bases. Regarding the monomeric unit, the 

nucleobase of every monomer is linked to 1’ carbon of the deoxyribose forming a 

glycosidic bond. A nucleotide is formed through a phosphodiester bond between a 

phosphate residue and nucleoside 5’ or 3’ (less frequently 2’) -OH group. The polymer 

DNA is formed by linkage of mononucleotides through 3’-phosphate-5’ 

phosphodiester bonds. The grow of DNA chain is therefore directional, and its 

sequence is normally written from 5’-terminous to 3’.1 

The three-dimensional structure of deoxyribonucleic acid was unveiled by James D. 

Watson and Francis H. C. Crick in 19532, also with the help given by the data of X-ray 

diffraction obtained by Rosalind Franklin. These two researchers, an American 

biologist, and an English physicist respectively, have reported in their work that the 

DNA present a double helical structure where the two polynucleotide strands grown 

in opposite direction (anti-parallel orientation) around the same axis. Each chain is 

formed by mononucleotides linked by the 3’-5’ phosphodiester bonds, right-handed 
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double helical structure of DNA is caused by the capacity of the two complementary 

chains to interact together through hydrogen bonds formation. These non-covalent 

interactions, named Watson-Crick base pairing, are specific, since adenine can be 

paired with thymine (two hydrogen bonds are formed) and guanine can pair with 

cytosine (three hydrogen bonds are generated). The hydrogen bonds are individually 

weak forces but, taking into consideration the not usually short length of DNA 

double helix, their contribution to the thermodynamic stability is high. However, 

other important weak attractive forces that play a role for the stabilization of the 

DNA double helical structures are the van der Waals forces given by the stacking 

interaction (ππ) between adjacent bases. These stacking interactions are weaker 

between two pyrimidines (single-ring bases) and stronger between two purines 

(double-ring bases). Furthermore, in the most common DNA double helix 

conformation, called B-DNA, the nucleobases are positioned inside the structure 

and perpendicularly to the central axis and the sugar-phosphate backbone, being 

highly hydrophilic, is in the external part of the structure in contact with the aqueous 

environment forming two grooves, named minor and major groove.  

 

 

Figure 1.1. DNA structure  a) Purines (adenine, A and guanine, G) and pyrimidines (cytosine, C and 
thymine, T) nucleobases. b) Nucleoside and nucleotide structure. c) DNA strand structure. d) Watson-

Crick base pair interaction.  
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The other previously mentioned nucleic acid is the ribonucleic acid (RNA) able to 

regulate the function of cells and genes in all the living organism. It presents some 

difference from DNA. In fact, as show in Figure 1.2, the uracil nucleobases took the 

place of thymine, while the sugar-phosphate backbone is formed by the sugar ribose 

and not deoxyribose. The difference in the chemical structure between the 

deoxyribose and the ribose is the presence of the hydroxyl group on the carbon in 

position 2’ which contributes to make the RNA chemically more unstable than the 

DNA, being cleavage of the phosphodiester bond in presence of alkali is more rapid.3 

Unlike DNA, that usually present in the double-stranded helix, the RNA is 

preferentially single polynucleotide chain. Furthermore, a network of several 

interactions leads to have different three-dimensional structures of RNA molecules. 

The principal building blocks of the secondary structure of RNA is the Watson–Crick 

base pairs, the stacking interaction, the mis-matched pairs, and the unpaired bases 

that together connect for the formation of different RNA secondary structures, like 

helical duplex, internal loops, hairpin loops, bulges or bulge loops, and junctions.4  

Consequently, the combination of these types of secondary structures in different 

way carries out principally kissing loops, pseudoknot region, multi-helical junctions 

triple-stranded, quadruplex and other as RNA tertiary structures.5 

 

 
Figure 1.2. RNA structure a) Purines (adenine, A and guanine, G) and pyrimidines (cytosine, C and uracil, 

U) nucleobases. b) Nucleoside and nucleotide structure. c) RNA strand structure. 

 
Several types of RNA exist in the cell, the basic are messenger (mRNA), ribosomal 

(rRNA), transfer (tRNA), small nuclear RNA, and microRNA (miRNA).  
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1.1.1 DNA and RNA Nanotechnology 
 
The discovery of the DNA and the subsequent study of its chemical and physical 

properties has led to the development of nanotechnology based on DNA, 

generating several structural motifs like tiles, multi-way junctions, DNA origami, 

cage structures and hybrid DNA-polymer. Nanometre-scale objects made of 

synthetic DNA were assembled to build DNA nanostructures, that have 

revolutionized the nanoscience and nanotechnology fields for technology and 

biological applications. This possibility to connect small building blocks engages 

non-covalent interactions including Watson-Crick base pairing (hydrogen bonding), 

hydrophobic interactions and van der Waals interactions, which can be considered 

as predictable and programmable interactions able to form symmetric and 

asymmetric nanoscale architectures with a specific shape and dimension.  

The pioneer of the assembly of DNA strands for the construction of nanostructures 

was Nadrian C. Seeman in 1980. In fact, two years later, he published the realization 

of a scaffold based on branched junctions, named Holliday Junctions, of 

complementary DNA strands connected by sticky ends.6 After that, a three-

dimensional DNA cube was realized by specific branched sequences of oligomeric 

nucleic acids able to form in a directional Holliday junction and sticky ends 

connection.7 To obtain a rigid scaffold and a simpler prediction of the DNA strands 

conformations, a DNA double-crossover (DX) molecule was designed. In this case, 

the single strands exchange present in the Holliday junction was replaced by two 

DNA double helices generated by sharing two DNA oligomers.8 Over the years, the 

development of several DNA tiles (like double-crossover, triple-crossover, cross 

motif, four-helix, eight-helix, and twelve-helix planar tiles, parallelogram DNA 

junctions, three- or six-point star motifs, T-junctions) became the building blocks to 

the self-assembly of 2D and 3D networks based on DNA.9,10 An example of 3D 

nanostructured was published by Nadrian Seeman, in specific he designed and self-

assembled the first 3D crystal structure of DNA tensegrity triangle (~4 Å resolution). 

This DNA motif present a higher rigidity because three different DNA helices can 
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form the tensegrity triangle connected to each other in pairs by branched 

junctions.11 

Two opposite methods to self-assembly symmetrical and asymmetrical 

nanostructure based on DNA were developed: top-down and bottom-up. Regarding 

the first method, the desired dimension was reached starting from huge structures, 

modified by synthetic DNA segments. Instead, in the bottom-up method the self-

assembly of DNA nanostructures is obtained by designing the appropriate 

sequences of oligonucleotide sequences to drive the self-assembly process. This 

second method gave the possibility to obtain nanoscale objects even smaller size 

with respect the top-down method.12 

In 2006, Paul W.K. Rothemund published a new method to the construction of 

nanostructures based on DNA, the DNA origami technique where short synthetic 

oligonucleotides used as staple strands can drive the folding of long DNA strand in a 

construction of a 2D scaffold with a specific crossover region and final shape. To 

design and synthetize the DNA origami a set of cylinders, used as representation of 

DNA double helix, are organized to create the desired shape structure. These helices 

are kept together with a crossover section. Then, a long single stranded scaffold was 

folded with the staples strands to generate the specific Watson-Crick interactions 

and to obtain, consequently, the desired 2D shapes. In the Rothemund’s work, a 

genome of M13mp18 virus was used as a long single strand of DNA.13 Subsequently, 

a similar approach to form DNA nanostructures was developed and it was named 

single-stranded tile (SST). In this method, a high number of short oligonucleotide 

strands can be self-assembled, without the necessity of a long DNA scaffold, to 

generate complex shape.14 

These 2D planar structures can be assembly in 3D DNA origami with single-layered 

design in two different ways. In one the 2D planar structure and the staples are 

unpaired with the consequently formation of well-cut pieces (like triangles and 

squares) able to match together for 3D DNA origami assembly. In the other strategy, 

instead, the 3D DNA origami were generated with the introduction of a crossover 

and a linkage between the single-layers. Another type of single-layered design is the 
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wireframe single-layered design, based on the presence of DNA double-crossover 

molecules, where the organization of DNA double helices are in a compact and 

parallel motif. In addition, to enhance the rigidity of the 3D DNA origami, 

multilayered designs were developed, based on the connection between several 

single-layered DNA nanostructures.  

Complex DNA origami structures with great size and molecular weight were 

assembled, using different approaches like extended scaffold, complex staples, 

hierarchical assembly, surface assisted and templated tile.  

Moreover, small synthetic organic and inorganic molecules can be introduced inside 

the DNA strands to generate a building block for even more complex structural DNA 

nanostructures. Some of these small molecules can produce additional driving 

forces in the assembly of nanostructures in a directional and unique manner. For 

example, a 2D cyclic hexamer was synthetized using a rigid small organic molecule 

at the vertex position to confer directionality at this well-defined structure designed 

to include six DNA double stranded. In addition, this architecture was used as a 

scaffold for the arrangement of gold nanoparticles.15 

Additionally, a benzene scaffold to construct a branched molecules able to link 

together three different oligonucleotide strands with threefold rotational axis and a 

horizontal plane of symmetry (C3h symmetry) was used by von Kiedrowski and 

colleagues. This organic linker, orthogonally protected and with a specific patterns 

of symmetry elements inside the structure, was employed for the construction of 

tetrahedral nanostructures.16,17 

Branched nucleic acids can be synthesized using an asymmetric branching unit in 

solid-phase synthesis but could also be produced by a replica process (printing) 

starting from a preformed DNA template. Sleiman and co-workers used a 

templating 3-way junction to assemble three oligonucleotide strands in a defined 

order. The terminal part of these was then ‘stapled’ using a triazide with a benzene 

ring as central core to connect the three DNA strands in a covalent way using copper-

catalyzed alkyne-azide "click" chemistry. The tripodal DNA obtained was used to 
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“print” these three DNA strands in a similar process by assembling the three 

complementary oligonucleotides and then ‘stapling’ them into a tripodal structure. 

In addition, both normal and reverse path of DNA strands synthesis were employed, 

and it is also possible to synthetize a scaffold with different lengths of DNA strands. 

Also, this branched template can be used as building blocks to create more complex 

2D and 3D DNA nanostructures, exploiting methods enabling to transfer DNA strand 

patterns from a DNA scaffold to other materials.18–20 

 

1.1.1.1 Application of DNA nanostructures 
 
The evolution over the years of the design, manipulation, and assembly of DNA 

strands in nanostructures has led to their use in different fields (from chemistry, 

biochemistry, biomedicine, materials to engineering) and in several applications, 

like for example building blocks of molecular machines, drug delivery, smart 

materials able to respond at specific stimuli, detection of nucleic acids, and 

assembling of inorganic nanostructures or proteins.12,21,22 

Over the years, the development of self-assembly and nanotechnology based on 

RNA strands has also gained interest. In fact, RNA unit was used as building blocks 

to synthetize 2D and 3D artificial nanoarchitectures.23 RNA molecule can be 

considered like DNA molecule under the design and the manipulation to form 

complex nanostructure, it resembles proteins if the characteristics as flexibility and 

diversity in function are considered. RNA molecules can be self-assembled in 

different structural motifs taking advantage by their ability to form canonical and 

non-canonical base pairing.24 To self-assemble RNA strands in nanometer-scale RNA 

architectures different methods were studied. RNA architectonics self-assembly, 

single-strand RNA assembly, RNA/DNA hybrid self-assembly, and co-transcriptional 

assembly are the main strategies used. Regarding the first strategies, a study of the 

intermolecular interactions in natural RNA molecules is carried out to generate 

complex 2D and subsequently 3D nanoarchitectures based on synthetic RNA. In the 

single-strand RNA assembly, a set of unstructured RNA strands were combined to 



20 
 

obtain complex architectures based on Watson-Crick base interactions and tail-tail 

interactions.25 In the RNA/DNA hybrid self-assembly, instead, a long RNA scaffold 

was connect using several DNA staples. The last strategy was focused on the 

connection between the synthetic RNA strands with the natural RNA produced 

inside the cells.26 
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1.2 Peptide nucleic acid (PNA) 
 
Peptide Nucleic Acids (PNAs) are compounds first described by Peter Nielsen and 

coworkers in 1991 at Copenhagen University, which are synthetic polyamide 

analogues of DNA.27 The PNA structure, in fact, consists in the repetition of N-(2-

aminoethyl)glycine units connected by amide bonds, which replace the deoxyribose 

or ribose phosphate backbone respectively of DNA or RNA (negatively charged). 

This change led to an uncharged backbone, thus avoiding phenomena of 

electrostatic repulsion upon hybridization. At the backbone, through 

methylenecarbonyl linker, the same purines (A, G) and pyrimidines (C, T) DNA 

nucleobases are linked (Figure 1.3). 28 

 

 

Figure 1.3.  Structure of DNA, RNA and PNA, highlighting the difference in backbone. 

 

On the contrary of natural nucleic acid that are prone to degradation by nuclease 

due to their phosphate backbone, or peptides that are degraded by proteases and 

peptidases, both nuclease and protease are not able to degrade the PNA oligomers 

due to their unnatural structure. Furthermore, they have an excellent chemical and 

biochemical stability. In addition, since PNAs present an achiral pseudopeptide 

backbone, the enantiomeric issues are overcome, at least for unmodified PNAs.29 
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1.2.1 Properties of PNAs 
 
1.2.1.1 PNA hybridizations with nucleic acid 

 

Originally PNA was conceived in order to recognize a double stranded DNA and to 

generate a DNA:PNA:DNA triplex through Hoogsteen hydrogen interactions. 

Surprisingly, they were shown instead to form very stable PNA:DNA:PNA triplexes. 

Later on, it was shown that the similarly in the length of repeating unit between the 

PNA and DNA or RNA backbone allowed to obtain very stable duplexes and triplexes 

with DNA or RNA oligomers.30 This hybridization is based on Watson-Crick base pair 

interactions and these duplexes are more stable than the relative nucleic acid 

structures. The higher stability is attributed to the neutral PNA backbone which, 

unlike DNA and RNA, does not give rise to repulsive electrostatic interactions upon 

binding to complementary nucleic acids.31 The polyamide backbone of PNAs, 

furthermore, makes the hybridization less dependent by the salt concentration.32 

 

The PNA strands are capable to bind DNA or RNA oligomers both in parallel and 

antiparallel orientation.33 Hybridization in parallel is by convention than in which the 

N-terminal moiety of PNA oligomer is paired with the 5’-end of the complementary 

DNA or RNA oligonucleotide and consequently the C-terminal moiety of PNA 

sequence is direct to the 3’-end of the corresponding DNA or RNA strand. On the 

contrary, in antiparallel hybridization the N-terminal moiety of PNA strand faces the 

3’-end of complementary DNA or RNA (Figure 1.4). In general, the melting 

temperature of PNA/DNA antiparallel duplex is 1°C per base pair higher respect the 

DNA/DNA duplex,34,35 and is reported to be more stable than the parallel binding.36 
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Figure 1.4.  a) Antiparallel PNA-DNA hybridization; b) Watson-Crick interactions between DNA and PNA; 
) Hoogsteen interactions. 

 

The thermal stability of PNA:RNA duplexes was reported to be higher than 

PNA:DNA duplexes. The conformation found for the helical structure formed 

between PNA and complementary RNA was similar to A-form, which is the preferred 

one for RNA at neutral pH and physiological salt concentrations and it is a right-

handed duplex with a shorter distance between the base pairs.31 

Furthermore, the PNA oligomers can hybridize with complementary nucleic acid 

sequences to generate (PNA)2-DNA triplex, thanks to the formation of Watson-

Crick and Hoogsteen hydrogen bond interactions. This triplex with single stranded 

DNA can form when the PNAs present a high pyrimidine:purine ratio while the DNA 

or RNA is composed principally by purine bases.  

Single-stranded PNA can interact with double stranded DNA (dsDNA) to generate 

different complexes based on oligomers compositions (ratio between pyrimidines 

and purines). In addition to PNA-dsDNA triplex, a strand displacement process can 

also be induced by PNA, giving rise to different processes, like duplex invasion, 

triplex invasion, double-duplex invasion, and tail-clamp. The triplex invasion 

complex was formed in presence of a homopyrimidine PNA strand that bind the 

double strand complementary nucleic acid through Watson-Crick hydrogen bonds 

and a second PNA oligomer replace the homopyrimidine DNA strand, forming a P-
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loop, through Hoogsteen interactions. The ionic strength is a key factor in the 

formation of complexes by strand displacement process.37,38 

Four-stranded of DNA oligomers composed by guanine bases units can form a G 

quadruplex structures under Watson-Crick base pairing and Hoogsteen interactions. 

The stability of these complexes can be also influenced by the presence of cations, 

like sodium and potassium. A G quadruplex based on the hybridization between 

DNA and PNA oligomers rich in guanine base units was reported. In fact, a PNA2-

DNA2 quadruplex was formed by the hybridization of homologous G-rich PNA and 

DNA strands. This hybrid structure seems to be less dependent by the ionic strength 

than the corresponding G quadruplex composed by only DNA oligomers because the 

distance between the anionic phosphate backbone of different DNA strands is 

higher and consequently the electrostatic repulsions are lower.39 After this study, the 

synthesis of G quadruplex structures based on PNA oligomers was expanded and 

different types of these structures were developed, like hybrid G quadruplex PNA-

RNA40 and G quadruplex based only PNAs.41 

 

1.2.1.2 Complexes based only on PNAs 

 

The fact that PNAs, artificial biopolymer, are able to bind complementary PNA 

sequences, forming stable duplexes that present double helical structures like DNA 

or RNA duplexes, demonstrated that the sugar-phosphate backbone of nucleic acids 

is not strictly necessary to form double helical architectures.42 

Complexes based on nucleic acid are principally less stable than the corresponding 

duplexes formed by a PNA strand and its complementary PNA sequence because 

not only the electrostatic repulsion are missing, but also other stabilizing 

interactions are optimized.43 PNA-PNA duplexes present a P-type helical structure 

with 18 base pairs per turn and these helices are around 28 Å wide. Both right- and 

left-handed helices can be found when duplexes are formed in the absence of any 

chiral bias. The two PNA strands are close, resulting in the formation of a tight minor 

groove and a large major groove.44 
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In addition, PNA:PNA duplex in antiparallel orientation was reported to be more 

stable than the corresponding parallel one.45  

Also, triplex base only on PNA strands were studied and  PNA-PNA-PNA structures 

generated with T-A-T triplets formed by Watson-Crick-Hoogsteen interactions was 

observed.46 PNA was shown also to be able to form i-motif like natural nucleic acids.47 

The i-motif, that can be a building block to the construction of nanoscale 

architectures48, is a motif constituted by cytosine-rich oligonucleotides. In specific, 

the i-motifs are generated by cytosine and protonated cytosine (C-C+) base pairs in 

two parallel duplexes that then can be interleaved in an antiparallel orientation.49 

Over the years, studies concerning the stability of the complexes based on PNAs 

were performed using melting temperature (Tm) measurements. In general, the Tm 

is the temperature where the 50% of the duplex are in the double helical state and 

the other 50% are in dissociated state. One important factor that strongly influence 

the melting temperatures of nucleic acid duplexes or PNA duplexes is the 

composition of the chains, given that the presence of a higher G-C base pairs respect 

A-T base pairs requires more energy to separate the double-helices, being higher the 

number of hydrogen bonds that they can be formed. Furthermore, these 

measurements can be carried out using both UV-Vis and circular dichroism (CD, for 

PNA complexes containing chiral centers), although the two results obtained by the 

two techniques might be different because the conformational rearrangement 

before the dissociation of the double helical may differ depending on the instrument 

used.50 

 

1.2.1.3 Solubility and stability of PNAs 

 

The charge-neutral backbone of PNA sequence led to this artificial nucleic acid to be 

poorly soluble in water if compared to the natural nucleic acids. However, the PNAs 

solubility depends on the composition of the sequences in terms of 

purine/pyrimidine ratio, on the length of the oligomers and on their tendency to 

form aggregates in solution.28 While DNA duplexes are stable only in aqueous 
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solutions, the PNA-PNA duplexes are hydrophilic and stable in aqueous solutions, 

and being neutral, they also demonstrate good stability in aprotic polar solvents, 

such as dimethylformamide (DMF). 

Furthermore, the PNAs solubility in water can be increased with the addition of 

positive charges on the backbone, or conjugation with positive charged lysine 

residues either C- or N-terminus. 51,52 

Compared to their natural counterparts (DNA and RNA), the PNAs exhibit 

remarkable chemical stability. In fact, their demonstrate higher stability properties 

over a wide range of pH.28 PNAs are more stable in acidic environments, although 

they also exhibit moderate stability in basic conditions.53 

 

1.2.2 Synthesis of PNAs by solid-phase synthesis (SPS) 
 

Peptide nucleic acid oligomers are synthetized using standard solid-phase manual 

or automatic synthesis (SPS), a synthetic methodology that was developed by Bruce 

Merrifield in the 1963 for peptide synthesis.54 In fact, the solid-phase peptide 

synthesis (SPPS) enables growth of peptide chain on solid support, and as a result 

the separation of the synthetic product from by-products, that can be generated 

during the multistep synthesis, turn out to be simpler and more efficient. This easy 

separation is allowed because all the reactions occur in heterogeneous phase, using 

a solid support that is a co-polymer (generally formed by styrene and 1% of m-

divinylbenzene as a cross-linking agent) completely insoluble in all the solutions for 

the synthesis and it can be isolated trough filtration.  

Two principal strategies were developed for the synthesis of PNA oligomers, one 

based on tert-butyloxycarbonyl (Boc)/ benzyloxycarbonyl (Cbz) monomers and the 

other on 9-fluorenylmethoxycarbonyl (Fmoc)/ benzhydryloxycarbonyl (Bhoc) 

monomers (Figure 1.5). Boc and Fmoc are temporary protecting groups of the 

primary amino function of PNA monomers, instead Cbz and Bhoc are semi-

permanent protecting groups of exocyclic amino function of the nucleobases used 
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to avoid side reaction and they are respectively orthogonal respect the Fmoc and Boc 

protecting groups.  

 

 

Figure 1.5. a) PNA monomers protected Boc/Cbz. b) Fmoc/Bhoc PNA monomers. 

 

The two strategies are different for the synthesis conditions given that the Boc 

protecting group is acid sensitive while the Fmoc is base sensitive, and thus the 

linking group to the solid support depends by the strategy employed. As an example, 

the methylbenzhydryl amine (MBHA), cleavable only under harsh acidic conditions, 

can be used as the linker for the solid support in Boc strategy, whereas the Rink 

Amide linker, which is cleavable under milder acidic conditions, can be employed in 

Fmoc strategy. The first step for the solid phase oligomers synthesis is the solid 

support pre-loaded with the first monomer or with an amino acid adequately 

protected. This allows also to control the density of the functional groups, and 

eventually to prevent excessive interactions between the growing peptide chains. As 

an example, 0.2 mmol/gr is the general loading employed for the PNA synthesis 

regardless of the chosen strategy.  

Swelling of the solid support with apolar solvents, to increase the surface area of the 

solid support, is mandatory for a successful synthesis, since it ensures a better 

diffusion of the reagents and consequently a higher chemical conversion. 

The chain growth in the SPS method consists of three principal reaction steps: 

deprotection, coupling and capping, that are carried out in a cyclic manner by 
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introducing the various PNA monomers, until obtaining the oligomer with the 

desired sequence.  

The protocol is repeated cyclically until reaching the desired product, and after that 

the oligomer is cleaved from the solid support using appropriate cleavage cocktails 

that depends on the type of resin but also on the presence of sensitive residues. 

During the cleavage, also the semi-permanent protecting group of the exocyclic 

amino moiety of nucleobases are removed.  

Precipitation of the PNA and purification by RP-IP HPLC provide pure PNA products. 

Assessment of the identity of the product can be obtained by mass spectrometry 

analysis. UV-Visible measurements are normally used for quantifying the final 

product.55,56 

A schematic representation of PNA synthesis on solid phase support is reported in 

Figure 1.6. 

 

 

Figure 1.6. Schematic representation of PNA synthesis on solid phase synthesis.  

 

The chemistry of the various steps will be discussed in the following text. 

Removal of Fmoc protective group is normally carried out under basic conditions a 

basic sensitive temporary protective group, a solution of 20% piperidine in DMF is 

normally used (Figure 1.7). Using Fmoc group, the UV-absorbance of deprotection 
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solution containing dibenzofulvene can be employed to evaluate the loading of the 

Fmoc-protected residue inserted, and thus evaluate the efficiency of incorporation 

of the monomer. Boc deprotection can be carried out under acidic conditions, 

typically by a solution of trifluoroacetic acid (TFA)/m-cresol (90:10). The m-cresol is 

an aromatic compound derived from phenol used as scavenger in the acid 

deprotection solution to avoid tert-butyl cation alkylate nucleophiles or aromatic 

groups.  

 

 

Figure 1.7. a) Fmoc deprotection mechanism, b) Boc deprotection mechanism. 

 

One crucial step to allow the growth of the chain is the coupling reaction which takes 

place after that the carboxylic acid of the entering monomer undergoes an 

activation step by a coupling agent to yield an active ester. Since the active esters 

formed in this step are sensitive to water, rigorous anhydrification of the solvent, 

usually N,N-dimethylformamide (DMF) or N-methylpyrrolidone (NMP) and 

elimination of nitrogen nucleophiles (e.g. dimethylamine traces) is very important 

for good overall yields of the synthesis. 
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In this step, it is important the choice of the coupling reagent and the principal 

classes of coupling reagents used are carbodiimides, uronium salt, and 

phosphonium salt. 

Take into consideration the carbodiimides groups, able to active the carboxylic 

group in situ before the amide bond, dicyclohexylcarbodiimide (DCC), 

diisopropylcarbodiimide (DIC) and (N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC·HCl) are the common coupling reagents 

used. Using DCC, N-N’-dicyclohexylurea is formed as precipitate during the progress 

of coupling reaction as by-product. This undesirable compound is insoluble in most 

organic solvents and, consequently, the use of DCC on solid phase synthesis appear 

to be inappropriate because the precipitation of this by-product would block the 

filtration of the solution. Therefore, DCC is principally used as coupling reagent in 

solution. Instead, the coupling reaction with the DIC leads to the formation of N.N’-

diisopropylurea that is more soluble in DMF or NMP. Also, the EDC·HCl is used for 

chemistry in aqueous solution given that this coupling reagent and its urea by-

product are water soluble, and it is possible to remove the excess of reagent and its 

undesirable product during the work-up step. The activation of carboxylic moiety in 

presence of carbodiimides involves the formation of O-acylisourea, a compound 

highly active that can rearrange in N-acylurea (inactive molecule), lowering 

drastically the reaction yield (Figure 1.8).  

 

 

Figure 1.8. Formation of N-acylurea from O-acylisourea via O→N acyl migration. 

 

To increase the yield and to reduce this isomerization, the carbodiimides coupling 

reagent can be used in combination with additives, like N-hydroxysuccinimide 

(NHS), 1-hydroxy-1H-benzotriazole (HOBt) and 3-hydroxy-1,2,3-benzotriazin-4-one 
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(DhBtOH). The reaction mechanism of the coupling in presence of DIC and DhBtOH 

is reported in Figure 1.9. 

 

 

Figure 1.9. Coupling reaction mechanism with DIC and DhBtOH. 

 

N-hydroxysuccinimide esters are moderately stable and can be isolated. The 

DhBtOH esters turned out to be more reactive than HOBt-derived ones.57 

Being the HOBt hazardous and explosive, acidic oximes were studied as alternatives, 

and the 2-cyano-2-(hydroxyimino)acetate (OxymaPure) was selected to use as 

coupling additive in carbodiimide-mediated amide bond formation on solid support.  

Uronium and phosphonium salts are also very efficient coupling reagents. In these 

compounds the hydroxybenzotriazole or similar moieties are incorporated in a 

highly reactive electrophilic structure. The two principal coupling reagents based on 

uranium salts used are 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU) and 2-(1H-Benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), although the latter is the 

most employed coupling reagent both for solid-phase and solution reactions. 

Uronium coupling reagent if used in excess or added in the presence of a free amino 

moiety of the growing chain can lead to the formation of guanidinium derivatives 

that stable under the conditions used on solid-phase synthesis.58 The formation of 

guanidinium with uronium type of coupling reagents is shown in Figure 1.10. 
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Figure 1.10. Side reaction: formation of guanidinium with uronium/guanidinium type of coupling 
reagents. 

 
The first phosphonium salt proposed as a coupling agent was benzotriazol-1-

yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) but since it led 

to the formation of hexamethylphosphorotriamide (HMPA), a highly toxic by-

product, it was then replaced by (benzotriazol-1-

yloxy)tris(pyrrolidino)phosphonium hexafluorophosphate (PyBOP). PyBOP can be 

considered an excellent coupling reagent given that is not subjected to the 

guanylation reaction described above.  

In presence of both uronium and phosphonium salts and a tertiary base, like N,N-

diisopropylethylamine (DIPEA), the active ester can be generated by two successive 

substitution reactions, ad depicted in Figure 1.11 for HBTU. The active ester is then 

used for amide bond formation in the coupling with the growing PNA chain.59 

 

 

Figure 1.11. Coupling mechanism of PNA monomer on growing oligomer in presence of HBTU as coupling 
reagent and DIPEA. 
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Stand-alone coupling reagents which include the previously mentioned OxymaPure 

and based both uronium or phosphonium salts are also available, like (1-cyano-2-

ethoxy-2-oxoethylideneaminooxy) dimethylamino-morpholino-carbenium 

hexafluorophospate (COMU)60, and (1-cyano-2-ethoxy-2-oxoethylideneaminooxy)-

tris-pyrrolidino-phosphonium hexafluorophosphate (PyOxim).61 Both present a 

higher stability and coupling efficiency, also overcoming the racemization problems 

(in peptides). In addition, it is possible to use COMU as stand-alone coupling reagent 

for microwave accelerated solid phase synthesis.62,63 Other coupling reagents based 

on OxymaPure scaffold, like K-Oxyma, were also developed.64,65 

The capping is used to prevent the growth of undesirable sequences caused by 

incomplete reactions during the coupling step. Using acetylation of the unreacted 

primary amine, truncated sequences are blocked and consequently the elimination 

of these in the purification can be less difficult. Capping is normally performed by an 

excess of acetic anhydride solution. 

Once obtained the desired PNA, it is cleaved by the resin and only at this moment 

also the semi-permanent protecting group of the exocyclic amino moiety of 

nucleobases are removed. In general, the cleavage cocktail used for the Boc strategy 

is formed by TFA:TFMSA:m-cresol:thioanisole (6:2:1:19 instead for the Fmoc 

synthesis is composed by TFA:m-cresol (9:1) 

 

Nowadays, the world of chemistry also looks at the production of high amount of 

waste, in particular toxic waste, generated by the chemical reactions and at the 

consequently possibility to replace the hazardous substances and solvent to 

chemical products that are green, safe and, environmentally friendly. Unfortunately, 

the solid phase synthesis cannot be ruled out by the enormous quantity of toxic 

solvents and reagents employed and the resulting toxic waste produced. However, 

the research is evolving to improve the solid phase synthesis protocols towards the 

green chemistry direction. In fact, several studies show the possibility to decrease 

the use of DMF, NMP and DCM (dichloromethane), that are the three principal toxic 

organic solvents used for the solid phase synthesis, or to replace them with 
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appropriate green solvents, like ethyl acetate (EtOAc), DMC (dimethyl carbonate), 

PC (propylene carbonate), GVL (γ-valerolactone), NBP (N-Butyl-2-pyrrolidone) and 

2-MeTHF (2-methyl-tetrahydrofuran). Although, the yield and the product purity 

seem to be comparable, some problems regarding the solubility of monomers , the 

removal of reagents (like piperidine in Fmoc synthesis protocol) and the higher price 

of these solvents are encountered. Changing the solvents becomes consequently 

important to also study the resin swelling, being mandatory the optimal swelling of 

the solid support to allow a better diffusion of reagent and to obtain a higher 

chemical conversion on the solid phase synthesis.66 Furthermore, the solid phase 

synthesis of dipeptides and tripeptide solvent free through ball-milling 

methodology was reported by F. Lamaty et All. in 2009.67 To optimize the formation 

of amide bond toward the green approach, also greener and safer coupling reagents 

were deepened, like coupling reagents based on OxymaPure scaffold or coupling 

reagents able to perform the reaction in water, as EDC·HCl. Remaining in aqueous 

environments, peptide bond synthesis can be also formed using enzymes, that with 

a specific enzymatic synthesis can be able to create the peptide bond and not to 

hydrolyze it.68,69 

Beside the development of growing optimal microwave peptide synthesizers, the 

synthesis of PNA was also performed through an automatic flow technology, 

including a system to storage the solution, three HPLC pumps and corresponding 

valves, loop and reactor with temperature control, UV-Visible detector, waste 

reservoir and a computer as central control.70 

 

1.2.3 Orthogonality issues for PNA-conjugates  
 
In 1977, Barany and Merrifield defined an orthogonal system as “a set of completely 

independent classes of protecting groups. In a system of this kind, each class of groups 

can be removed in any order and in the presence of all other classes”.71 Orthogonality 

is a valuable characteristic in chemical synthesis as it enables the efficient and 

precise creation of complex molecules by accommodating various chemical 

reactions without undesired interactions.72 
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Although for PNA synthesis the problem of orthogonality of the protecting groups 

has been solved with the appropriate combinations present in the commercially 

available monomers, the conjugation of PNA with peptides and other functional 

molecules, the synthesis of PNA-DNA chimeras and of nanostructures based on 

PNAs require further optimization.73 

 

Beside the Cbz and Bhoc, the trityl (Trt) group and its derivatives has been employed 

in orthogonal solid-phase PNA synthesis. In fact, the monomethoxytrityl (Mmt) has 

been used as semi-permanent protecting groups of exocyclic amino function of the 

nucleobases in combination with Fmoc group used as temporary protecting groups 

of the primary amino function of PNA monomers. These two protecting groups are 

orthogonal because the Mmt group is acid sensitive.74 The combination of the Fmoc 

group with the Mmt group provides monomers that can be cleaved under mildly 

acidic conditions and can be used for the synthesis of PNA-DNA chimeras, since 

deprotection by TFA (used for Bhoc) would result in DNA depurination. On the 

contrary, the Boc(Z)-monomers are not suitable for the synthesis of PNA-DNA 

chimeras because TFA deprotection and strong acidic conditions (using TFA/HF) 

required for cleavage from the resin and base deprotection.45 Another derivative of 

Trt group is the 4-methyl trityl (Mtt) group that is renowned for its orthogonality with 

respect to the Fmoc group because it can be selectively removed under mildly acidic 

conditions. In fact, this orthogonality of Mtt and Fmoc protecting groups was used 

to develop PNA-conjugates for PNA-encoded synthesis (PES).75. In addition, using 

Fmoc-Lys(Mtt)-OH 76 some PNA-peptides conjugates could be synthetized with 

lysine as a branching point.77,78 

Another protecting group suitable for solid-phase synthesis, orthogonal and 

compatible with the Fmoc strategies is the 1-(4,4-dimethyl-2,6-

dioxocyclohexylidene)ethyl (Dde) protecting group. The Dde group is defined as 

quasi-orthogonal respect the Fmoc amino protected group because its 

orthogonality depends by the deprotection solution employed, as illustrated in 

Figure 1.12 with Fmoc-Lys(Dde)-OH.79 
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Figure 1.12. Different methodologies to deprotection of Fmoc-Lys-Dde-OH. a) Dde deprotection with a 
solution of hydroxylamine hydrochloride, imidazole, dry NMP and dry DMF; b) Fmoc deprotection with a 
solution of piperidine in DMF; c) Fmoc and Dde deprotection with a solution containing a strong base as 

hydrazine in DMF. 

 

Using a solution containing hydroxylamine, a mild and orthogonal deprotection of 

Dde in the presence of Fmoc group can be carried out. This choice of reagent proved 

effective in a versatile synthesis process for PNA-peptide conjugates, that can be 

formed both with modified Dde/Mmt PNA monomers or with the commercially 

available Fmoc/Dde amino acids.80,81 

Another strategy that has been developed involves the use of the azide group to 

mask amino functional group, without affecting other functional groups, and thus 

can be considered equivalent to an orthogonal protecting group.82 In fact, the azide 

function allows to avoid the presence of amino groups, especially in sensitive 

substrates, preventing unwanted reactions and subsequently it can be efficiently 

reduced (for example by Staudinger reduction or during Staudinger ligation83), 

allowing amine functionality to become accessible to bioconjugation reactions; the 

azide can in addition be used to perform azide-alkyne “click” reactions,84 providing 

a method for biorthogonal functionalization.85 The azide group has also been used 
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as masked amino-function in modified PNA monomer used in solid phase synthesis 

and in combination with other specific orthogonal protecting groups in the 

construction of multifunctional PNAs.86 The combination of different orthogonal 

groups is important for obtaining scaffolds in which several PNAs segments are 

connected through branched units, like in nucleic acid field.18 For PNA-peptides 

conjugates, both linear and orthogonal strategies were employed using manual or 

automatic87 solid phase synthesis; some PNA-peptide conjugates can be used to 

improve intracellular delivery,88 but might also be used as a scaffold to create self-

assembled complex architectures that, enabling the control over the spatial 

organization of peptides, can be used as protein mimics.89,90  

 

1.2.4 Bioconjugation via click and ligation reactions 
 
PNA-peptide and PNA-bioconjugate structures can be obtained, in addition to 

SPPS, by convergent synthesis using ligation or “click” chemistry.91,92 

The notion of orthogonal reactivity can be extended to chemical ligation 93 and click 

reactions. Both processes, not inherently orthogonal, can be made orthogonal by 

carefully selecting specific functional groups that can react with each other without 

interference with other components. An example of orthogonal reactivity is a 

peptide with cysteine residues and azide/alkyne groups. Consequently, controlling 

the reaction conditions, it is possible to choose if perform the native chemical 

ligation (NCL) or the click chemistry based on the copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) in the same peptide sequence. In NCL, a thiol group, typically 

derived from a N-terminal cysteine residue, selectively reacts with a specific 

activated carboxylic group (thioester) of another peptide, resulting in the formation 

of a thioester intermediate, and then of amide bond. Instead, in CuAAC an azide 

group reacts with an alkyne group in the presence of a copper catalyst. Both types 

of reactions can be carried out without disturbing the functional groups of 

biomolecules and therefore are examples of “biorthogonal” reactions. Another 

example of biorthogonal ligation chemistry that can be performed in biological 

contexts is the Staudinger-Bertozzi ligation where an azide functional group and a 
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phosphine compound are involved to produce a stable amine and phosphine oxide. 

Azides and phosphines are relatively rare in biological molecules, making this 

reaction compatible with complex biological systems. It can occur selectively in the 

presence of other functional groups, such as amines, thiols, and carboxylates, which 

are more commonly found in biomolecules.94 These studies on orthogonal chemistry 

are further broadened within supramolecular chemistry, where non-covalent 

interactions can be intentionally designed to create complex orthogonal systems.  

 

1.2.5 PNAs in gene therapeutics 
 
Peptide nucleic acids showed potential as candidates for designing gene therapeutic 

drugs. Their successful utilization depends on clearly defined targets and a 

thoroughly understood mechanism for delivering them into cells. The strong binding 

affinity of PNAs for its DNA or RNA target, while simultaneously evading enzymatic 

degradation, has proven it to be a powerful instrument for controlling gene 

expression at transcription, processing, and translation levels.95,96 The principal 

strategies that can be employed in the development of gene therapeutic drugs are 

antigene and antisense strategies.  

 

In the antigene strategy, PNAs can disrupt the transcription processes by forming 

stable duplex and triplex structures able to give rise to strand-invasion and strand 

displacement in dsDNA. These complexes can introduce structural obstacles that 

impede the proper functioning of RNA polymerase, thus blocking transcription to 

pre-mRNA.97 For example, Nielsen et al. have shown that an 8-mer PNA (T8) can 

inhibit the activity of phage T3 polymerase.98 

However, the strand invasion and the formation of strand displacement complexes 

in presence of PNAs are relatively slow at physiological salt concentrations, and this 

feature represents a significant drawback for utilizing PNAs as an antigene agents.99 

To overcome the problems, several enhancements to PNA have been explored, such 

as chemically connecting the ends of Watson-Crick and Hoogsteen PNA strands, 

introducing pH-independent pseudoisocytosines into the Hoogsteen strand100, 
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adding positively charged lysine residues to PNA strands101, or adding 

interacalators102. These modifications can significantly accelerate the association 

rates with double-stranded DNA.103 

As an example, antigene PNAs directed towards the NMYC oncogene and 

conjugated to a nuclear localization signal (NLS) peptide has proven to be effective 

in vivo in animal models.104 

 

In the antisense strategy, the formation of hybrids with both pre-mRNA and RNA 

can prevent translation, and PNA directed towards pre-mRNA can block aberrant 

splicing. PNA can also form hybrids with complementary sequences in microRNA 

(miRNA), consequently impeding its incorporation into the RNA-induced silencing 

complex (RISC), though this strategy is most often referred to as anti-miR or anti-

microRNA rather than antisense. 

MicroRNAs are brief (18-25 nucleotides in length), non-coding RNAs found in various 

tissue and cell types, and they play a role in repressing the expression of specific 

target genes. In fact, miRNAs are transcribed and processed from precursors called 

pri-miRNA, pre-miRNA, and mature miRNA. Mature miRNAs are incorporated into 

the RISC complex and guide it to target mRNAs to regulate their expression.97 

The primary mechanism of oligonucleotide antisense activity predominantly 

involves ribonuclease-H (RNase-H)-mediated degradation of the 

mRNA/oligonucleotide hybrid, thus reducing mRNA levels. In contrast, PNAs do not 

serve as substrates for RNase-H or other RNases. Consequently, PNAs primarily 

exert their antisense effects through steric interference. Thus, higher concentrations 

of PNA are required to achieve reasonable antisense activity compared to traditional 

oligonucleotides, but their chemical and biological characteristics make them a 

powerful tool for antisense applications.105,106  

In 1992, the use of PNAs as antisense agents was initially showed. By employing 

nuclear microinjection, a 15-mer PNA designed to target the translation initiation 

site of SV40 large T antigen mRNA effectively hindered transcription in cellular 
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extracts. This inhibition exhibited both sequence-specificity and was reliant on the 

dosage applied.107 

Antisense PNAs have been developed with the aim, for example, of inhibiting RNA 

splicing in the expression of the human cancer gene mdm2 in choriocarcinoma (JAR) 

cells. These antisense PNAs targeted the 5' or 3' splice sites in intron 2 or the 3' splice 

site in intron 3 of mdm2 pre-mRNA. Cellular data revealed a reduction in mdm2 

protein levels and a simultaneous increase in tumor suppressor p53 levels for a 

specific PNA sequence. However, when this sequence was combined with the DNA-

damaging agent camptothecin (CPT), cell growth was inhibited more effectively 

than with CPT alone.108 

In addition, an antisense peptide nucleic acid was engineered to specifically target 

the pseudoknot structure within the SARS-CoV frameshifting region. This PNA was 

then evaluated for its effectiveness in inhibiting -1 ribosomal frameshifting (-1 PRF) 

and SARS-CoV replication and the results showed a reduction of it in a sequence-

specific way. An IC50 of 4.4 µM in cell culture was necessary to down-regulates SARS-

CoV replication.109 

Another PNA with antisense activity directed, instead, to severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) was reported. This PNA sequence was design 

to target the 5’ UTR region of SARS-Cov-2 and the results demonstrated that the 

viral infection was inhibited over 95% in live SARS-Cov-2 assays with an IC50 of 0.8 

µM.70 

PNA can however have greater advantages over oligonucleotides as potential 

modulators of miRNA, since their binding is strong regardless of the secondary 

structure of the RNA strand, and Rnase-H activation is not required.110–112 The 

exceptionally strong binding affinity of PNAs to RNA, coupled with their remarkable 

chemical and enzymatic stability, particularly in the case of backbone-modified 

sequences, positions them as excellent candidates for miRNA inhibitors. The 

possibility to develop PNAs designed to target miRNAs exhibit several notable 

effects. First, they can reduce the accumulation of miRNAs, essentially by limiting 

their bioavailability within the cell. Second, PNAs interfere with the normal functions 
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of miRNAs, which consequently leads to an increase in the expression of miRNA 

target mRNAs, and thus protein production. Lastly, and perhaps most importantly, 

they induce substantial disruption in the biological effects that are normally 

regulated by miRNAs. Thus, they are presently considered as powerful tools for 

modulating miRNA activity.113 

For example, two anti-miR PNAs conjugated with an octa-arginine moiety and 

targeting miR-221 and miR-222 are synthetized and employed in U251, U373 and 

T98G glioma cell lines. This study revealed that when both anti-miR-221 and anti-

miR-222 PNAs were administered together, a significantly enhanced pro-apoptotic 

effect was observed.114 

In such an effort, several research have highlighted that anti-miR PNAs can be a tool 

on the control of the growth of tumor cells in various cancer types.115–118 

In view of their possible use as therapeutic agents, over the years, several PNAs 

backbone and nucleobases modifications and some delivery systems were 

developed to increase affinity and induce greater specificity towards target DNA and 

RNA sequences, and to overcome problems such as penetration of PNA strands 

inside the cells.103,119–122 

 

1.2.6 Delivery of PNAs 
 
The successful delivery of peptide nucleic acids is essential for their application in 

diverse fields such as gene therapy, antisense therapy, and theragnostic. To ensure 

that PNAs effectively reach their designated cells or tissues, is crucial to select an 

appropriate delivery method is crucial. In fact, the choice of delivery strategy hinges 

on the specific application, the intended target cell or tissue, and the desired 

therapeutic outcome. Ongoing research endeavors are focused on innovating and 

refining delivery approaches to enhance the efficiency, selectivity, and safety of PNA 

delivery across various biomedical applications. 

Just as over the years there has been significant progress in the field of nucleic acid 

delivery, including the use of conjugates and of nanomaterials. 123 In fact, several 

approaches for the delivery of PNAs and modified backbone PNAs (Figure 1.13) are 
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listed, going from direct introduction into cell cultures to conjugation with organic 

molecules, peptides, and polymers or to incorporation in inorganic structures.124,125 

Mechanical and electrical techniques (like microinjection or electroporation) are 

employed to incorporate into cells unmodified PNAs, showing that potentially the 

internalization could occur, but this was a labor-intensive procedure highly 

invadable, feasible for small-scale setups.107,126,127 

Regarding instead modified PNAs, research has demonstrated that chemical 

alterations to the PNA backbone, introducing positive charge characteristics, can 

enhance cellular uptake. One instance of this is the incorporation of positively 

charged guanidinium groups at either the C-2 or C-5 position of the PNA 

backbone.128–130 

 

 

Figure 1.13. Several delivery systems of Peptide Nucleic Acids.  

 

Over the years, PNAs has been conjugated with small molecules and 

macromolecules like lipophilic adamantly groups131, triphenylphosponium132, N-

acetyl galactosamine133,134, guanidinium moiety135, phospholipid units136 and others, 

to target different cells and tissues. However, a highly promising strategy 

extensively investigated for the cellular delivery of PNA entails linking them with 

cell-penetrating peptides (CPPs), also referred to as protein translocation domains 

(PTD) or Trojan peptides (TP). Cationic CPPs and amphipathic peptides are the two 
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principal groups of this delivery through peptide conjugations. The first are general 

constituted by amino acids with positive charges and include poly-lysine and 

polyarginine domains. Instead, the amphipathic peptides are short amino acid 

sequences possessing both hydrophobic and hydrophilic regions in their structure. 

These structural characteristics enable these modified peptides to engage with cell 

membranes, facilitating their ability to traverse the lipid bilayer and enter cells.137,138 

In the literature, several examples are reported that highlight how PNA-CPP 

conjugates can be a potential tool for overcoming delivery-related issues associated 

with PNAs139–145, with the goal of further optimization to avoid high levels of toxicity 

in in vivo applications (one of the main limitations of such systems).146 

Lipid carriers are also conjugated with PNAs to optimize the delivery for specific 

applications and cell types. However, this conjugation was performed with the help, 

for example, of DNA strands147, anionic peptides148, and lysine modified 

monomers149 to overcome the problems related the compatibility between these 

two systems. Also, others lipid-based delivery systems have been created, including 

quatsomes150 and niosomes151. 

For PNAs delivery, some polymer nanoparticles like Polylactic Co-Glycolic Acids 

(PLGA)152, and cationic Shell-Cross-Linked Knedel-Like (cSCK) nanoparticles153 have 

been employed. The polylactic Co-Glycolic Acid (PLGA) is non-toxic and 

biodegradable polymer, can undergo hydrolysis under physiological conditions, and 

it finds extensive application in drug delivery.154,155 Instead, cationic Shell-Cross-

Linked Knedel-Like (cSCK) nanoparticles are a type of nanoscale particle 

constructed using co-polymers and characterized by a cationic outer shell.156,157 

Inside the inorganic nanocarriers, some different groups are investigated to improve 

the PNA delivery, like zeolite nanocrystals158, mesoporous silica nanoparticles 

(MSNPs)159, porous silicon nanomaterials160, and gold nanoparticles161.  

On the other hand, carbon-based nanocarriers have shown significant potential for 

the delivery systems for various types of therapeutic molecules, including PNAs. 

Carbon-based nanocarriers, such as graphene oxide (GO)162,163, nanographene oxide 
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(nGO)164, and carbon nitride nanosheets (CNNS)165 were found to be attractive for 

PNA delivery and sensing application.  

Instead of resorting to chemical modifications, a particularly advantageous 

approach for PNA delivery involves employing carriers capable of non-covalent and 

reversible interactions with the cargo, like cation calixarenes. In fact, for example, an 

argininocalix[4]arene was reported to the delivery of PNAs inside the cells.166 

DNA-based nanostructures (such as DNA tetrahedron)12 and nucleopeptides 

(artificial macromolecules)167 have been investigated as delivery systems for PNAs.  

 

1.2.7 PNAs as diagnostic tools  
 
The exploration of novel diagnostic applications for PNAs in the field of biosensing 

is a flourishing field of research, thanks to the strong affinity of peptide nucleic acids 

for complementary natural nucleic acid, DNA or RNA and, most importantly, to their 

high discriminating ability towards fully complementary sequences. PNAs have 

been utilized for detecting genetic mutations and analyzing mismatches in Watson-

Crick hydrogen bonding. The remarkable characteristics of PNAs have led to a 

significant upsurge in the development of optical and electrochemical biosensors.168 

In particular, the attachment of PNA as diagnostic probes onto the surfaces of 

electrochemical and optical transducers has enabled the development of very 

efficient biosensors for the detection of various analytes, such as viral RNA, bacterial 

DNA, circulating DNA for the so-called liquid biopsy strategy, and for the detection 

of point mutations or single-nucleotide polymorphisms (SNPs).169 

 

1.2.7.1 Optical biosensors based on PNAs 
 

Optical biosensors provide significant rewards compared to traditional analytical 

methods since they allow for the direct, real-time, and label-free detection of a wide 

array of biological and chemical compounds. Optical biosensors represent advanced 

analytical instruments that utilize light-guiding technologies as their transduction 

mechanism. They harness the characteristics of light to detect biological or chemical 
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analytes. Alterations in the optical properties of light when interacting with these 

analytes result in modifications of the output spectrum or the electrical signal 

detected by the photodetector. 170 

Fluorescence-based PNA sensing dates to 1999. This approach involved employing 

a PNA oligomer labeled with a cyanine dye known as thiazole orange. Upon binding 

to complementary DNA, this system resulted in a remarkable ~50-fold increase in 

fluorescence compared to a free probe.171 Notably, this technique found primary 

application in real-time PCR quantification and the differentiation of single-point 

mutations.172,173 

PNA probes have been used in parallel sensing using microarray technology that 

require labelling of DNA, but label-free techniques are nowadays mainly developed. 

These include surface plasmon resonance (SPR), optical resonators, waveguide, and 

optical fiber sensors. 

Optical fiber-based biosensors offer a vast range of applications in both chemical and 

biochemical sensing, thanks to their inherent advantages, including compactness, 

potential for miniaturization, high compatibility with optoelectronic devices, and 

the capability to perform multiplexing and remote measurements. 

A novel approach was introduced for the implementation of a label-free DNA sensor 

by Candiani et Al., using tilted fiber Bragg grafting (TFBGs) functionalized with a 

PNA as probe for direct label-free DNA detection. The system demonstrated 

specificity exclusively when the fiber was functionalized, displaying excellent 

sensitivity even for solutions with extremely low concentrations. Furthermore, 

experiments conducted with mismatched DNA strands illustrated the sensor's 

ability to discern a single nucleotide polymorphism (SNP) within the DNA strand.174 

In a second moment, the same group functionalized micro-structured optical fibers 

(MOFs) or photonic crystal fibers (PCFs) with a PNA probe, a DNA strand of the 

Cystic Fibrosis (CF) gene containing a point mutation, and oligonucleotide-

functionalized gold nanoparticles (ON-AuNPs). In this way, a sandwich-like system 

for signal amplification was created, showing a wavelength shift in spectral 

measurements.175 Then, Bertucci et al employed the same type of optical fiber but 
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modified with a PNA probe to detect genomic DNA linked to a genetically modified 

Roundup Ready soy gene segment, eliminating the need of amplification 

techniques. Their research showed the feasibility of directly measuring genomic 

DNA through infrared light reflection with PNA probes and the use of streptavidin-

coated gold nanoparticles to increase the signal.176 

Given that photonic crystal fibers have proven to be a promising tool for the 

development of DNA and protein detection sensors with high sensitivity.177 Hollow-

Core Tube Lattice Fibers (HC-TLFs) which exploit properties of photonic crystals and 

confine light in hollow cores of the fiber’s inner surface were also used.178,179 

Giovanardi et al reported the functionalization of HC-TLFs with biotin probe for the 

detection of streptavidin analytes, forming a bio-layer able to generate a redshift on 

the fiber transmission spectrum comparable with the dimension of the streptavidin 

protein.180  

 

1.2.7.2 Electrochemical biosensors based on PNAs 

 
Capable of transducing a bio-molecular recognition event into a measurable electric 

signal, which may be voltammetric, potentiometric, or impedimetric an 

electrochemical biosensor is a device that functions as a converter. In fact, an 

electrochemical biosensor combines a biological recognition element with an 

electrochemical transducer, offering either quantitative or semi-quantitative data of 

various analytes.181,182 

In 1997, Wang et al. provided one of the earliest instances of PNA utilization as a 

bioreceptor. They employed a 15-mer PNA in an electrochemical biosensor to detect 

a specific mutation in the p53 gene. However, the electrochemical quantification of 

DNA and the discrimination of mismatches are made possible by monitoring the 

hybridization event between the PNA probe and the target DNA.183 

Over the years, PNAs as probe towards several analytes are employed in voltametric 

biosensors. For example, square wave voltammetry was used to record the 

electrochemical alterations during the hybridization process between a PNA 

molecule covalently bonded to a quinone-based electroactive polymer and its 
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complementary DNA target.184 Furthermore, for the detection of complementary 

oligonucleotides, Aoki and Umezawa showed a sensitive biosensor. This biosensor 

involved modifying a gold electrode with self-assembled monolayers of a 13-mer 

PNA probe and 8-amino-1-octanethiol.185 

PNAs' properties as capture probes have also been harnessed for microRNA 

detection.186 In fact, a PNA-based biosensor with gold electrode as a platform to 

fixate a thiolated PNA was designed to detect miRNA-145.187 In addition, a PNA-

modified gold electrode combined with the target-catalyzed hairpin assembly (CHA) 

in a square wave voltammetric sensor was reported to identify miRNA21 and 

miRNA155 within cancer cells.188 

A recent study introduced an innovative electrochemical magneto-genosensing 

assay. This method involves immobilizing PNA capture probes on magnetic 

microbeads (m-MBs) for the detection of both mutated and wild-type KRAS 

oncogene DNA.189 
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1.3 Self-assembly of peptides 
 

1.3.1 Peptide synthesis 
 
Peptides can be defined as a short polymer of amino acids with molecular weight 

maximum around 5000 Da (< 50 amino acid residues), an important feature that 

distinguishes peptides from proteins, although a sharp boundary between these two 

classes is not present.190 

The first peptide was synthesized by the German chemist Emil Fisher around 1900191, 

a small peptide composed by glycine residues, and consequently he marked a pivotal 

moment in the study of proteins and their constituents. However, the evolution of 

peptide chemistry happened thanks to several factors: the introduction of amino 

protecting groups, starting from Bergmann and Zervas192 in 1932 with the synthesis 

of N-carbobenzoxy (Cbz) as reversible amino protecting group; the development of 

more efficient coupling reagents, as N,N’-dicyclohexylcarbodiimide used by 

Sheehan and Hess (1955)193 to improve the methodology of forming peptide or other 

amide bonds; the invention of solid-phase peptide synthesis (SPPS) strategies by R. 

B. Merrifield in 1963, where the growth of peptide chain occurs from C-terminal end 

to N-terminal end on solid support. This strategy is based on the use of protecting 

groups for Nα-amino group and for side-chain functional groups of amino acids.54 

The peptide synthesis, therefore, has been gradually advanced over the years 

through the development of further protecting groups for Nα-amino and of new 

activating agents for the carboxyl functions. Orthogonality, as previously discussed 

allows to remove efficiently and selectively several protecting groups on the same 

peptide, whenever a high degree of compatibility between the different protecting 

groups is present.194,195 

Regarding the Nα-amino protecting groups different types are developed based on 

several deprotection conditions, like acid-labile, base-labile, Pd-labile, or thio-labile 

protecting groups. In the category of acid-labile protecting groups, that can be 

deprotected under milder acid conditions than the Boc group, we can cite as 

examples 2-(4-biphenyl)isopropoxycarbonyl (Bpoc), triphenylmethyl (trityl, Trt), 
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and α,α-dimethyl-3,5-dimethoxybenzyloxycarbonyl (Ddz). As example of base-

labile groups 2-[4-(methylsulphonyl)phenylsulphonyl] ethyloxycarbonyl (Mpc), 2,2-

bis-(4’-nitrophenyl) ethyloxycarbonyl (Bnpeoc), 2-(2,4-dinitrophenyl) 

ethyloxycarbonyl (Dnpeoc), and 2-(4-nitrophenylsulfonyl) ethoxycarbonyl (Nsc) can 

be mentioned. Other two important base-labile protecting groups are Dde and 1-

(4,4-dimethyl-2,6-dioxocyclohexylidine)-3-methylbutyl (ivDde) that lead to the 

formation of imidazole derivative as a side-product during the deprotection 

reaction. The allyloxycarbonyl (Alloc) group is commonly used as a protecting group 

in peptide synthesis and can be cleaved by a palladium-catalyzed reaction. The 

dithiasuccinoyl (Dts) is instead a thio-labile protecting group since it can be 

deprotected efficiently using strong acids and light, but it can also be selectively 

cleaved under gentle conditions through thiolysis.196 

 

1.3.2 Peptide conformations 
 

The sequence of amino acid provides the primary structure of polypeptide chain and 

contains the information about the folding of the protein, which is closely related to 

its biological properties and functions. The primary structure is the most basic level 

of protein or peptide structure and serves as the foundation for higher-order 

structures like secondary, tertiary, and quaternary structures. The secondary 

structure is the arrangement of amino acids in localized regions of a polypeptide, 

and the hydrogen bond between the peptide backbone atoms play an important role 

in the stabilization of these types of polypeptide structures. These structures 

correspond to a state of minimum internal energy achieved by maximizing hydrogen 

bond formation and minimizing steric repulsion between the side chain groups.197  

The principal secondary structures are α-helices and β-sheets. An α-helix secondary 

structure involves hydrogen bonds regularly spaced between carbonyl oxygen 

(hydrogen bond acceptor) and the amino group (hydrogen bond donor) of each third 

residue in the same polypeptide chain. This type of secondary structure present 3.6 

residues per turn and the side chain of amino acids points outwards from the helix, 
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and the peptide chain coils in a right-handed spiral manner. A β-sheet secondary 

structure is formed by hydrogen bonds between two or more β-strands, in specific 

between carbonyl groups of one β-strand and amino groups of another chain, 

creating a sheet-like structure. This is the reason because in the β-pleated sheet, a 

portion of the chain cannot make hydrogen bonds with itself, such as it happens in 

the α-helix secondary structure, but it can only bind with another adjacent β-strand. 

β-sheets can be organized in two different orientations: parallel and antiparallel, 

according to the nature of hydrogen bonds.198 

Following α-helices and β-strands, the β-turn emerges as the third most important 

secondary structure in proteins and the most common type in the category of turns 

or loops (including also γ-turns, α-turns and Ω-loops). A β-turn is defined by a nearly 

180° turn comprising four amino acid residues and this structural feature enables the 

peptide chain to alter its direction. In fact, it is frequently stabilized by a hydrogen 

bond between the carbonyl oxygen of the first residue and the amide hydrogen of 

the fourth residue (Type I β-turn). However, different types of β-turn are identified 

and classified based on the specific amino acid residues involved and the geometry 

of the turn, in specific the dihedral angles of the central residues, although the 

classification of β-turns in proteins continues to be a field undergoing continuous 

development.199–201 

Another type of secondary structure is 310-helix, that includes approximately 15-20% 

of helices in proteins. The typical 310-helix present three residues per helical turn and 

the amino group of an amino acid forms a hydrogen bond with the carbonylic group 

of the amino acid three residues earlier, obtaining a repetition of i, i + 3 hydrogen 

bonding and forming a 10-atom ring. In addition, 310-helices are shorter and less 

stable as compared to α-helices as they are generally composed of 3.5 amino acid 

residues.202,203 Being shorter, 310-helices tend to have difficulty forming super-

secondary or tertiary structures, and generally, this type of secondary structure is 

observed in short stretches of natural peptide and protein chains. However, by 

leveraging de novo protein design, it is possible to assemble more complex 

structures based on 310-helix peptides.204 
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A polypeptide chain that does not exhibit either of the previously described 

organized secondary structures can be referred to as a random coil. Random coil 

structures are not considered properly as a secondary structure in proteins, but this 

term is used to describe the disordered and unstructured polypeptide chain, lacking 

a secondary structure and a repeating or regular pattern in their backbone 

conformation.  

Elements of secondary structure can be combined into specific arrangements known 

as super-secondary structures or motif, which are neither regular nor repetitive. 

Super-secondary structures can be simple if they consist of a maximum of three 

elements, but also complex super-secondary structures have been studied. Among 

these, the most common ones are beta-alpha-beta motif (βαβ motif), β-hairpin, β-

barrel, and alpha-alpha motif (αα-motif). The βαβ motif consists of a β-sheet (usually 

composed of β-strands) followed by an α-helix and then another β-sheet. In β-hairpin 

motif, instead, a short section of β-sheet structure forms a hairpin-like bend and, in 

fact, in the β-hairpin two consecutive β-strand elements exhibit an antiparallel 

orientation and are separated by a short loop region (hairpin). Β-barrel is 

characterized by a cylindrical arrangement of beta strands, which are connected by 

hydrogen bonds, forming a closed, barrel-like structure. On the other hand, αα-motif 

involves the presence of two alpha helices in close proximity, often interacting with 

each other or with other components.205 

The regular folding of long peptide chain gives rise to a three-dimensional tertiary 

structure, predetermined and dependent on the primary structure. While peptides 

are shorter than proteins, they can still exhibit various types of tertiary structures. 

The quaternary structure determines how two or more polypeptide chains associate 

through non-covalent interactions.206,207 
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1.4 De novo protein design 
 

A protein is a complex and large molecule made up of amino acids residues, which 

determine their function. Being able to act as molecular machines, proteins play a 

crucial role in the structure, function, and regulation of cells, tissues, and organs 

within living organisms.  

The functions that proteins naturally mediate are countless, and these properties 

arise from a suitable combination of amino acid sequences that determine the three-

dimensional structure of the protein itself. Consequently, three-dimensional 

structure of protein can be calculated and predicted if its primary sequence is 

recognized. However, eventually changes in any level of protein structure can affect 

its activity and biological role.208 This is the reason aware that the folding of the 

proteins, and their consequently biological activity, is under continuous study both 

in biochemistry, biotechnology, medicine, and material science fields, in 

combination with the protein design.  

The principal factors engaged in the protein folding are hydrogen bonds, entropic 

effect, electrostatic interactions, hydrophobic interaction, covalent bond but also 

backbone and side chains of amino acid and interactions with metal ions. Protein 

folding is a delicate balance of these interactions, and the protein seeks to adopt a 

conformation that minimizes its free energy, thus achieving a stable, lower-energy 

state.209 

Protein design is focuses on the creation and modification of proteins to obtain 

specific functions or properties. The approach has made significant advances in 

recent years, thanks to improvements in understanding structures and functions of 

proteins, as well as to the development of computational tools (base on calculation 

artificial intelligence (AI) predictions) and laboratory techniques. In fact, different 

concepts of chemistry, physics, biology, and bioinformatics are necessary in protein 

design. Two distinct approaches in the field of protein engineering will be discussed 

here: protein redesign and de novo protein design, each with its own objectives and 

methodologies.  
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In specific, protein redesign is focused on the modification and optimization of 

natural protein to obtain specific functions and applications. In fact, it is 

concentrates on modifying existing protein structure or sequence to improve or alter 

the connection inside the secondary structure (changing the amino acid sequence, 

side chains, or backbone) and consequently their properties, like stability, binding 

affinity, or enzymatic activity. In protein redesign, being that involves modifying of 

existing proteins, the amino acids forming the polypeptide chains are coded and 

usually these proteins are macromolecules with relatively low symmetry. 210 

Protein redesign is used in biotechnology, drug development, and enzyme 

engineering to improve or customize the properties of natural proteins. For 

example, a redesign of a GTPase-activating protein (GAP) in a way that enhances its 

ability to activate oncogenic Ras proteins, to understand and potentially target 

cancer-related signaling pathways, was carried out.211 In another work, instead, a 

computational effort to redesign the Beta-27 Fab antibody to enhance its ability to 

bind to the Omicron variant of the SARS-CoV-2 virus more effectively than the 

human ACE2 receptor was performed.212 Furthermore, also artificial nanostructures 

were synthetized redesigning nanoarchitectures of natural protein. This process 

involves an initial examination of the crucial interfaces between subunits within the 

targeted protein building block. Subsequently, the specific sites that ensure the 

protein nanostructures assembly are identified and, at the end, the modification of 

various types of interactions at these critical sites are introduced.213 

 

De novo protein design, instead, focuses the attention on the creation of new proteins 

presenting novel predefined structures and functions that do not exist in nature, but 

that may have practical applications in various filed, like chemistry, biochemistry, 

medicine, and nanoscience. In fact, in this folding approach any pre-existing 

template is known and the creation of a new protein starting from the organization 

of amino acids (building blocks) following principles of protein folding and stability. 

Computational methods and algorithms (based on factors like energetics, 

geometry, and interactions) to predict the three-dimensional structure of a designed 
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protein based on the desired function have been employed. The objective of 

computation methods is to identify, when provided with a structure and function 

specified by the protein designers, one or a small number of amino acid sequences 

with minimal energy that can reliably adopt the intended structure while executing 

the desired function. Nowadays, using de novo protein design approach, it is possible 

in fact to design new proteins with desired pre-determined three-dimensional 

structures and functions. This new development was possible thanks to previous 

studies that have led to the understanding of proteins folding. The initial skeleton of 

novels proteins design can be constructed from short peptide fragments that 

assemble like the secondary structures of proteins, employing parametric equations 

to predict their geometry. However, the number of alternative conformations for a 

set of peptide sequences, though large, is limited. Within this set, a small portion is 

selected, characterized by sequences capable of aggregating through suitable 

central "core" packing and intramolecular hydrogen bonds among polar residues. 

Attention is focused on possible protein skeletons that exhibit the desired structure 

in a state of lower energy. This lowest energy state can be achieved by imposing 

appropriate constraints on the structure, such as the exposure of polar residues to 

the solvent in certain types of structures and the adjustment of the flexibility of the 

polypeptide chain by replacing different amino acid residues.209 

The development of de novo protein design can be divided over the years into three 

distinct phases. The initial period involved the use of physical models to perform 

manual protein design. The second phase relied on computational design controlled 

by fundamental physicochemical principles. In the third phase, the development of 

backbone fragments from the Protein Data Bank (PDB) and the proliferation of 

crystallographic structure data have contributed to the improvement of de novo 

protein design. Nowadays, the tools of these three historical phases were connected 

to enhance the development of de novo protein design.214 In the first phase, an 

example that involves manual protein design through physical method was carried 

out by Gutte et al. in 1979, designing and synthetizing an artificial polypeptide 

consisting of 34 residues able to bind nucleic acid.215 
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Regarding, instead, the second phase, the design based on α-helices used for the 

creation of helical bundles family was performed. Subsequently, after development 

of novels helical bundles structures, became feasible to introduce specific functions 

into these, like some modification to bind various metal ions and small substrates. 

In a helical bundle the α-helices do not form a compact packing, leading to the 

generation of cavities that can bind small molecules. Some of the de novo protein 

design focused the attention also on metalloproteins216, helical bundles serving as 

catalysts and regulators of protein-protein interactions217, and helical bundles able 

to interact with cofactors.218 For example, starting from a simple and unnatural 

peptide sequence formed by only three different amino acids (glutamate, lysine and 

leucine), and then strategically placing histidines to bind hemes through bis-

histidine coordination, a four α-helical bundles was formed. After that, a glutamate 

residue was introduced to induce distal histidine strain, thereby enhancing O2 

binding. To avoid the heme oxidation and keep stable the oxygen binding, loops 

were introduced at the end of peptide strands, reducing the mobility of the helices 

and the exposure to water. In this way, an oxygen transport protein was designed 

and synthetized. 219 

After helical bundles structures, more challenging tertiary architectures were 

designed, such as αβ protein structures, β-sheets, β-barrels220, β-hairpin221, coiled-

coil222, repeat units of proteins and others.  

This type of design became possible thanks to the use of molecular machines, and 

then with the develop of software packages for protein structure prediction and 

design.214,223 

Monte Carlo methods are commonly used in computational protein design to 

explore conformational space and optimize protein structures. One of the well-

known software tools that utilize Monte Carlo simulations for protein design is 

Rosetta, a powerful tool for computational protein design. Rosetta uses a 

combination of Monte Carlo methods and energy minimization techniques to 

perform functions as the de novo protein design, protein-protein interface design, 

and protein-ligand docking, searching for low-energy conformations.224–226 Other 
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software tools for de novo protein design are Foldit (software tool for protein design 

and structure prediction)227, Modeller (program for comparative protein structure 

modeling and optimization), Talaris (tool for detection of low-energy sequences 

starting from a protein structure), and Avogadro (editor and visualization tool for 

visualization of protein structures and design of new molecules), but also other de 

novo protein design programs are reported in literature.228–232 

A central component of these software is the scoring function. In de novo protein 

design, a scoring function is a mathematical or computational model used to 

evaluate the designed protein structure. It considers various factors and energy 

terms to estimate the stability, energetics, and overall suitability of the designed 

protein. The scoring function assigns a numerical score or energy value to a proposed 

protein structure, with lower scores indicating more favorable or better-designed 

structures.223 

Constructing de novo proteins with repeated units lead to have a high symmetry on 

the final design, obtaining a reduction of the spatial dimensions of each sequence of 

the proteins. This internal symmetry is a relevant feature in closed structures in 

which the final unit overlaps with the initial one, like in α-helical toroids233 and triose 

phosphate isomerase (TIM) barrel234 structures. In alpha-helical toroids, multiple 

alpha-helices are arranged in a circular or toroidal shape, creating a closed, ring-like 

structure, while in TIM barrel structures the repetition of α-β-α-β alternating units 

was observed. 

In addition, de novo protein design turns attention on the membrane protein design, 

concerning the engineering or modification of proteins to be functional in the 

context of biological membranes. Membrane proteins are a diverse class of proteins 

that play essential roles in various cellular processes, including signal transduction, 

transport of molecules across membranes, and cell adhesion. The development of 

de novo membrane proteins design allowed a better comprehension of folding and 

functions of these membrane proteins, for example of trans-membrane (TM) group 

formed by β-barrels and helical bundles building blocks. Furthermore, the design of 

the membrane proteins led to understand that the hydrophobic effect, driven by the 
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tendency of nonpolar molecules to cluster together in a hydrophilic environment, is 

enough by itself to stabilize the folding of membrane proteins. 

De novo proteins can be generated through different strategies. One is the blueprint 

strategy where the creation of a detailed blueprint from scratch with specific lengths 

and orientations can led to create a protein. Another strategy, instead, combines 

fragments or protein domains found in nature, which can be found in Protein Data 

Bank. The introduction of short fragments from PBD used as a building-blocks for 

the backbone of de novo proteins has allowed to further expand this field (third 

phase of de novo protein design development). Using building blocks from PBD led 

to the design of TOP7, featured by αβ-motif that showed an impressive thermal 

stability.235 AbDesign is a different method to assembly de novo protein, which 

separates different protein families into fragments, which are subsequently 

recombined to obtain the tertiary structure and the desired protein function.209,214,223 

Thus, the combination of small fragments gave the opportunity to design de novo 

protein, that consequently can be assembled in a supramolecular model.236 

 

1.4.1 Coiled-coil structures 
 
Coiled-coil motif are biological macromolecules discovered independently by Linus 

Pauling and Robert B. Corey222 and F. H. C. Crick237,238 around 1952. Both observed 

that a group of fibrous proteins, like keratin, myosin, and fibrinogen, defined by 

William Astbury exhibited a common structure composed of α-helices oriented in 

the same direction and twisted around each other with consequent change in 

curvature of the axis of the α-helix, causing a tilt angle of the packing rather than a 

perfect parallel interaction. For L. Pauling and R. B. Corey these structures were 

helical compounds and they do not provide any information regarding the 

arrangement of the side chains. They underlined that the distortion of the axis of the 

α-helix can be attributed to different distances on the hydrogen bond formations, 

caused by the interactions between side chains or by the steric hindrance. However, 

this distortion was attributed to the presence of a specific pattern of amino acids, 

necessary for maintaining the structural integrity of alpha-helices within the protein. 
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Instead, F. H. C. Crick called these structures as coiled-coils, focusing the attention 

on the interactions of the side chains as driving force of his model. In this way, he 

was able to recognize that α-helices, when interacting with each other at an angle of 

20°, could systematically weave their side chains, repeating the same interaction 

every seven residues (two turns of the helix). The interactions between the chains 

were defined as knobs-into-holes, such as to provide the energy required for the 

distortion of the α-helix. Furthermore, both carried out that also three α-helices can 

interact together around an axis.  

The first coiled-coil structure with two α-helices was published by Hodges et al. in 

1981. It was two strands, formed by 43 amino acid residues, able to dimerize through 

a disulfide bridge under aerobic oxidation thank to the presence of a cysteine residue 

at the N-terminal. Each strand was formed by AB4C base structure were A, B and C 

are three different building blocks formed by seven amino acids. In specific, A was 

constituted by KCAELEG, B from KLEALEG and C was set up by KLEALEGK.239 

Coiled-coils are formed by the rolling of two or more α-helices to create left-handed 

quaternary structure, called a supercoil. The most frequently encountered form of 

coiled coil is the left-handed one and it was defined as canonical coiled-coil, but also 

right-handed coiled-coil structures have been studied, and it was considered as a 

part of non-canonical coiled-coils.240 However, the two or more α-helices can roll up 

around a central axis both parallel and antiparallel orientations. In canonical coiled-

coils, the helices exhibit a periodicity of seven residues, represented as (abcdefg)n, 

where n indicates the number of times the heptad repeat occurs. In addition, the a 

and d amino acid residues present a hydrophobic character, instead the b, c, e, f 

domains are hydrophilic. These characteristics allowed to stabilize the coiled-coil 

with an internal hydrophobic core located at the internal junction of the helices, 

where hydrophobic or non-polar residues are concentrated, and with electrostatic 

interactions between the helices generated by hydrophilic or polar residues that 

have a strong affinity with aqueous environment. In Figure 1.14 an example of these 

packing in presence of two and three strands of peptide chains is reported. 
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Figure 1.14. Representation of hydrophobic core and electrostatic interactions generated by a) ) 
(abcdefg)2 and b) (abcdefg)3 in a coiled-coil motifs. 

 

Being the seven repeated residues accommodated on two turns of the helix of the 

left-handed coiled-coil, the periodicity is 3.5 residues, which is less than that of a 

traditional α-helix, which is 3.6. Instead, the periodicity of the right-handed coiled-

coil is 3.67, given that the eleven repeated residues are arranged in three helical 

turns. Moreover, several terms have been selected to describe the structure of 

coiled-coils. In fact, pitch is used to define the distance of a complete turn, while pitch 

angle is related to the angle generated between each single helical and the central 

axis. Helix-crossing angle, instead, is employed to explain the angle generated 

between two spatially close helices. These factors are affected by the number of 

oligomers involved in the formation of coiled-coil systems. Indeed, since the 

hydrophobic residues a and d tend to form a hydrophobic core, the pitch angle and 

the helix-crossing angle differ based on the number of helices involved, and 

consequently, on the structures that can be generated.241 Nowadays, the 

development of coiled-coil architectures was focused not only on dimer, trimers, or 

tetramers structures (containing two, three or four helices, respectively) but also to 

the design of these structures in a more complex way with a greater number of 

helices, such as from pentamers to dodecamers.242 Furthermore, coiled-coils can be 

either homomeric or heteromeric, if respectively formed by α-helices of the same 

peptide sequence or of different sequences. The orientation of these structures is 
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parallel if the involved helices have the same C-moiety direct toward the N-moiety, 

and they are instead antiparallel if the direction are not the same for all the helices. 

The maximization of non-covalent interactions represents the key factor to obtain 

coiled-coils in parallel or antiparallel orientations.243 

General guidelines for explaining the interactions involved in left-handed coiled-

coils are highlighted in the Peptide Velcro (PV) theory.244 It outlines the three 

structural components required for the creation of specific coiled-coils architectures 

and it was one of the initial approaches in the rational design of such coiled-coils. 

The starting point of this theory was that the positions a and d in the heptad 

repeated should be characterized by hydrophobic residues like leucine, isoleucine, 

or valine able to form hydrophobic and van der Waals interactions. Next, 

electrostatic interactions between the helices should be formed thanks to the 

presence of charged residues in e and g positions, like those between lysine and 

glutamic acid. These amino acid residues in e and g positions contribute significantly 

to determine both the preference for forming homo or hetero coiled-coils and the 

parallel and antiparallel orientation of the helices. Finally, hydrophilic residues 

should potentially be preferred in b, c, and f positions because they form the solvent-

exposed helical surfaces. 

Generally, in canonical coiled-coil structures, isoleucine at position a and leucine at 

position d lead to the formation of parallel dimers. Conversely, in presence of 

isoleucine both a and d position the assembly of trimeric coiled-coils is favored, while 

four-helices coiled-coil are preferred when leucine residue is at position a and d 

position has the isoleucine residue. 

Being these characteristics of the peptide Velcro theory not totally mandatory, over 

the years, several studies were carried out changing some amino acid residues with 

different features in the three discussed structural components of coiled-coils to 

obtain more complex structures and various functions.245 

For example, in fact, from the canonical structure hpphppp (where h means 

hydrophobic, instead p is related to polar) called Type N, other three typologies of 

coiled-coil structures were proposed: Type 1, Type 2 and, Type 3. The first type can be 
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found under two different repeated heptads, like hpphpph or hpphhpp. The second, 

instead, is given by hpphhph base structure, while the Type 3 can be hphhphp or 

hhphphp.246 

Stable self-assembled of α-helices in canonical coiled-coil structures are 

characterized by three or four heptad repeats (21-28 residues of amino acids), even 

at low concentration. Instead, shorter sequences hardly manage to self-assemble 

into coiled-coils because the number of interactions turn out to be too small to 

compensate the entropic factor for the distortion of the α-helices, and in fact coiled-

coil structures formed by α-helices with 14 amino acids residues tend to form 

oligomers.247,248 Although homomeric coiled-coil structures can be formed by 

controlling the pH, even in the presence of only two heptads, such structures are 

found to be unstable at room temperature over an extended period.249 

To compensate for the absence of non-covalent interactions in the assembly of short 

α-helices in coiled-coils architectures, covalent bonds can be added between the 

helices. These minimal coiled-coil structures have resulted from various studies that 

connected relatively short alpha-helices through non-covalent interactions.250 For 

example, non-natural mini-proteins CovCore were obtained by addition of a 

multivalent (bicyclic or tricyclic) crosslinker based on xylyl or mesityl groups to 

connect the helices.251 

Other examples where the peptide strands are linked together under a covalent way 

through a framework structure are represented by the template-assembled 

synthetic protein (TASP) molecules.252,253 

Furthermore, parallel, and antiparallel dimers but also trimers of coiled-coil 

architectures were generated with short peptide oligomers, not able to self-

assemble in solution in a coiled-coil motif, through the introduction of a covalent 

bond which replaced non-covalent interactions between the helices. The covalent 

bond was formed by bis-triazole bridges generated with an azide-alkyne 

cycloaddition reaction in presence of copper as a catalyst.254,255 

Coiled-coil structures have also garnered significant interest in the field of 

nanotechnology, such as in the assembly of nanotubes through the control of α-
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helices self-assembly.256 However, heterodimeric coiled-coil structure was 

compatible to interact also with the DNA strands, acting as a driving force for the 

generation of supramolecular polymer. In fact, DNA-peptide conjugates connected 

by azido-alkyne cycloaddition reaction, was assembled to construct a 1D nanofibers 

thanks to the ability of peptide domains to assembly in a coiled-coil structures.257 In 

addition, peptide-DNA conjugates are also capable to self-assembling in a complex 

homotrimer coiled-coil structure as a three-way junction to be used in the formation 

of nanostructures as DNA cage or to link DNA tiles.258 This coiled-coil origami field 

was also expanded to the design and to self-assembly of de novo polyhedral protein, 

like a tetrahedron, a four-sided pyramid, a triangular prism, and a trigonal bipyramid 

cage.259 In addition, it has been studied that the heterodimeric bipyramid 

architectures can also integrate a proteolysis-triggered structural switch. 260 

Over the years, the repertoire of the coiled-coil structures was expanded in a 

multiformity architectures, like fibers, tubes, sheets, spirals, hydrogels, and rings. 

This was possible thank to the acquired knowledge of the delicate equilibrium 

between attractive and repulsive interactions which are at the foundation of the 

folding and assembly of coiled-coil structures. Furthermore, they can include not 

only α-helices but also π-turns and β-strands, such as local alterations in the final 

coiled-coil structures.261 Changing the periodicity of the coiled-coil structure with the 

introduction of 3 or 4 residues, α-helices can be altered with the formation of short 

β-strand. This led to the formation of a more complex super-secondary structure 

that include both coiled-coil and β-layer.262 

Coiled-coil motifs, in specific coiled-coil homodimers, were also used to 

functionalize the surface of gold nanoparticle (AuNPs), forming a supramolecular 

complex available to be used as energy-transfer based enzymatic sensor.263 

Although aromatic amino acids have not been found in high quantities in natural 

coiled-coil structures, several studies have highlighted that they can be included in 

these structures as they can contribute to their stabilization through stacking 

interactions and hydrogen bonds. In fact, phenylalanine (Phe), tyrosine (Tyr), 
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tryptophane (Trp) are incorporated in a different way to generate coiled-coil 

structures.264–267 

Furthermore, the assembling of peptides with precise spatial positioning can be 

carried out using a DNA scaffold as a template. For example, the Wengel’s group 

presented the self-assembly of short (three heptad) homomeric coiled-coil peptides 

through oligonucleotide triplex formation. This trimeric complex has a high degree 

of α-helicity, and the length of the involved peptides influences the stability of the 

formed coiled-coil structures. To conjugate the peptide to the three 

oligonucleotides, authors carried out alkyne–azide cycloaddition reactions, 

exploiting the efficiency of orthogonal chemistry.268 In a second moment, the 

attention of the Wengel’s group of self-assembly of peptide-oligonucleotide 

conjugates (POCs), where the peptides form trimeric coiled-coil bundles and the 

oligonucleotides generate a triple helix, was focused on how the chirality and 

polarity of the peptide and oligonucleotide sequences regulate the stability of the 

resulting peptide-oligonucleotide conjugates.269 

However, the assembly of the de novo peptides can be carried out through DNA 

origami architectures with covalent linkages. Indeed, the creation of peptide-

oligonucleotide conjugates can facilitate the controlled assembly of significant 

DNA-peptide structures. The peptides' interaction to form coiled coils drives the 

dimerization of these DNA nanostructures.270 

Due to their unique properties and versatility, coiled-coil structures have a broad 

range of applications under multiple fields. Coiled-coils are extensively used in 

structural and molecular biology to gain insights into protein three-dimensional 

structures and their interactions. They find applications in biotechnology and 

nanotechnology, where complex coiled-coil architectures with functional properties 

can be designed. Material sciences benefit from coiled-coils for material 

functionalization, and coiled-coils are also significant in drug discovery efforts.246 

Furthermore, to detect coiled-coil structures, numerous computational programs 

have been devised, like Socket271, Coils272, Paircoil273, and Multicoil274.  
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The formation of coiled-coil structures can be studied by different techniques, 

employing circular dichroism (CD), fluorimeter, UV-Visible spectrophotometer, mass 

spectrometry, and NMR spectroscopy. Regarding the typical signature at the CD of 

α-helix, it exhibits two negative bands at 222 and 208 nm, accompanied by a 

prominent positive band at approximately 192 nm. Also, the typical CD signature of 

coiled-coils presents the same negative bands at 222 and 208 nm.275–277 

Understanding the thermodynamics of self-assembly coiled-coil structures, 

especially the dissociation constant (KD), is crucial for the practical use of engineered 

coiled coils. Using the circular dichroism, it is possible to determinate the KD of the 

coiled-coil structures through comprehensive analysis of thermal melting curves or 

by utilizing the midpoint of the thermal unfolding transition at various 

concentrations. However, these procedures can be time-intensive, demanding 

multiple meticulous melting experiments with strict control over concentration and 

peptide ratios. For the determination of KD regarding coiled-coil structures, the 

method originally conceived by Marky and Breslauer, and after adapted for coiled 

coils by Woolfson at Al. can be employed.278 

Fluorescence-based determination of KD represents the established norm in studies 

involving protein-protein and protein-small molecule interactions. This approach 

may provide improved user-friendliness and potentially enhanced precision 

compared to the existing techniques employed in coiled-coil systems. In fact, the 

fluorescence quenching experiments can be employed to determinate the KD of the 

coiled-coil formation. However, it is important to use a fluorescent marker that is 

unable to perturb the assembly of coiled-coil structures.279 

 

1.4.2 Metalloproteins design 
 
Metalloproteins are macromolecules belong to a protein class that incorporates 

metal ions as essential components, given that these can contribute to the structural 

integrity or provide specific functions. Within living organisms, metalloproteins 

participate in diverse biological processes, contributing to a broad spectrum of 

functions, like electron transfer280, gas transport281, the transport and storage of 
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transition metal ions282, as well as catalyzing intricate chemical transformations283. 

Remarkably, these diverse functions are achieved using a restricted set of readily 

available terrestrial metals and ligands that can be synthesized by biological 

processes.  

Metalloproteins design was focused on the comprehension of the interplay between 

the secondary and tertiary structures of proteins and the intended primary structure 

surrounding the metal center. However, in the metal-protein interaction there are 

two possibilities of complex stabilization, given that the folding of the protein can 

dictate a specific coordination geometry for the metal ion, or conversely, the 

coordination of metal ion can influence the geometric arrangement of the protein's 

tertiary or quaternary structure.  

Since the design of metalloproteins is a subcategory of protein design, it too has 

been divided into redesign and de novo protein design categories. Nevertheless, for 

every functionally designed metalloprotein system, there is a need for both a robust 

protein scaffold, and an integrated metal-binding site.284 

Regarding the metalloproteins redesign category, the correlation between structure 

and function of a native proteins is deepened to develop novel metal-binding site, to 

increase the stability, and to generate new functionalities in pre-existing proteins.  

However, to introduce a novel metal-binding site in a natural protein, it is necessary 

to avoid steric hindrance that could disrupt the stability of the folded protein, and to 

design a coordination geometry able to accommodate the desired metal ions.  

Over the years, several protein redesigns were described, like that Zinc Finger (ZFs) 

proteins to, for example, optimize the interaction between these small protein 

domains with the DNA, to include a novel metal-binding site or to change the side 

chains of their structural backbone, and so on. Furthermore, another example of 

redesign regarded the modification of proteins with heme centers.  

However, the introduction of new functionalities, of redox characteristics, and of 

diverse metal-binding properties are very interesting since the protein redesign can 

effectively alter both the inner and outer coordination spheres of metal ions. 
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On the other site, the de novo metalloprotein design is an approach to create novel 

metalloprotein or mini-metalloprotein with specific tertiary or quaternary structures 

and functionality, starting from the bottom up and availing of computational 

methods. In this way the interaction between the metal-ion and the protein was 

further investigated, and the introduction of specific coordination site in de novo 

protein scaffold, previously discussed, and the consequent control was performed, 

such as the creation of imitative functional metalloenzymes. The de novo 

metalloprotein design focused the attention to develop structures based on both α-

helices (like coiled-coils) and β-sheet, but also on αβ-motifs. However, these de novo 

metalloproteins can be able to bind diverse metal ions, including toxic heavy metals 

(Hg(II), Cd(II), Pb(II), and, As(II).285 

Several studies were also published regarding the design of de novo metalloproteins 

with electron transfer sites and catalytic activity, since at the core of many natural 

energy transfer processes lie electron transfer reactions.286,287 

Pecoraro et Al. developed a series of artificial metalloproteins based on TRI family 

peptides, that can form three-stranded coiled-coil structures. Furthermore, some 

derivatives of this family were designed to bind metal ion, like Hg(II) and Cd(II), 

thanks to the introduction of thiol-rich banding site.288 Subsequently, a TRI family 

peptide derivative with three histidine residues binding site both for Cu(I) and Cu(II) 

was developed. This artificial coiled-coil system has proven to be capable of 

accommodate both copper ions and the reduction of Cu(II) to Cu(I) can be observed 

in presence of ascorbate, resulting also a system with nitrite reductase activity in 

aqueous solution.289 However, modifying these TRI family peptides with a binding 

site to Zn(II), artificial metalloenzymes with carbonic anhydrase (CA) activity were 

studied.290 

In addition, a copper metalloproteins with electron transfer (ET) activity were 

developed. The de novo design of one of these complex structures derives from TRI-

family peptides and it was modified to have a specific binding site that mimic the 

plastocyanin, given the fact that two histidine residues, one cysteine and one 

methionine were incorporated.291,292  
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Chapter 2 
 

2.0 Assembly of Heterotrimeric Coiled-Coil structures 
through DNA:PNA-Peptide interaction 

 

2.1 Abstract 
 
In this chapter is reported the creation of a platform for the assembly of 

heterotrimeric coiled-coil structures, formed through DNA:PNA-peptides 

interactions, that can mimic the coordination site of plastocyanin (a small copper-

binding protein involved in electron transfer processes, where the copper ion is 

coordinated through the side chains of the two histidines, a cysteine, and a 

methionine), attaining a supramolecular mini-metalloprotein.1 This can be achieved 

through the interaction between a tripodal DNA2 and three different PNA-peptide 

conjugates, where the trimeric DNA is used as a template containing three different 

arms complementary to each specific PNA sequence. The peptide moiety connected 

orthogonally to the PNA sequence are designed to obtain a heterotrimeric coiled-

coil with short peptide strands. The DNA strands, thanks to their very stable 

DNA:PNA complex formation, ensure the spatial proximity of three different 

peptides domains, allowing the formation of the heterotrimeric coiled-coil system 

(Figure 2.1).  

 

 
 

Figure 2.1. Schematic representation of the template directed assembly of heterotrimeric coiled-coil 
structures. 
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2.2 Introduction 
 
Coiled-coil systems are biological motifs that play a crucial role in the structural and 

functional features of many proteins, in fact, they were described for the first time 

by Pauling and Corey3 and by Crick4 as principal components of fibrous proteins, such 

as keratin, myosin, and fibrinogen. Coiled-coils systems consist of two or more α-

helical peptides, that are arranged into superhelices. A heptameric repeating units 

of amino acids dictates the organization of the peptides into several types of coiled-

coil structures.5 The heptad repeats, usually denoted as (abcdefg)n, where 

hydrophobic residues are typically located in the 'a' and 'd' positions to create a 

hydrophobic core, while charged residues occupy the 'e' and 'g' positions, forming 

electrostatic interactions.6,7 The peptide sequences may be identical or different 

(homomeric or heteromeric, respectively), arranged in a parallel or antiparallel 

orientation, thus giving rise to different coiled-coil combinations.8 Advances of 

coiled-coil architectures described in recent years are not limited solely to dimeric, 

trimeric, or tetrameric structures (comprising two, three, or four helices, 

respectively), but are extended to the intricate design of structures with a higher 

number of helices, ranging from pentamers to dodecamers and beyond.9 

To spontaneously form coiled-coils, three or more heptad repeats, equivalent to 

more than 21 amino acids are required.5 In fact, long peptide sequences are usually 

designed with a specific portion of residues available to self-assemble to create pre-

designed complex scaffold. Furthermore, coiled-coil motifs can be form from 

peptide fragments designed from scratch, in a process called de novo protein 

design,10 and they can achieve additional stability through the chelation of metal 

ions or by covalently connecting them with organic molecules.11–13 

Conversely, shorter peptide sequences struggle to spontaneously form coiled-coils 

since they have too few interactions to counterbalance the enthalpic/entropic 

effects caused by the association and distortion of the α-helices, and in fact coiled-

coil structures formed by α-helices with 14 amino acids residues tend to form 

oligomers.14,15 To offset the lack of non-covalent interactions in the assembly of short 
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α-helices within coiled-coil architectures, covalent bonds can be introduced 

between the helices.16–18 

The peptide strands can be also linked together through synergistic supramolecular 

templating effects. This is exemplified using Template-Assembled Synthetic 

Proteins (TASPs) to support the creation of intricate protein structures.19–22 

A template for assembling peptides with precise spatial arrangement can be 

obtained using DNA based scaffolds. The chemical and physical properties of DNA 

were found to be of great interest in nanotechnology, for generating several 

structural motifs like tiles,23–25 multi-way junctions,26–28 DNA origami,29,30 cage 

structures and hybrid DNA-polymer.31–33 These motifs can be connected generating 

DNA nanostructures through Watson-Crick base-pairing interactions in a 

predictable and programmable fashion to create symmetric and asymmetric 

nanoscale architectures with specific shapes and dimensions.34–36 

By exploiting these properties, DNA-peptide conjugates were assembled in 

supramolecular polymer (1D nanofibers) thanks to the ability of peptide domains to 

assembly in a heterodimeric coiled-coil structure.37 Furthermore, DNA-peptides 

conjugates possess the capability to self-assemble into a complex homotrimer 

coiled-coil structure, resembling a three-way junction. This structural feature is 

valuable for constructing nanostructures such as DNA cages or connecting DNA 

tiles.38 

The assembling of peptides with precise spatial positioning, using a DNA scaffold as 

a template, was first illustrated by Wengel's group that showed the self-organization 

of homomeric coiled-coil peptides (three heptads) via the creation of 

oligonucleotide triplexes. This trimeric assembly exhibits a pronounced α-helical 

conformation, with the stability of the resulting structures being dependent on the 

length of the peptides involved.39,40 

The assembly of de novo designed peptides can be achieved using DNA origami 

structures that feature covalent connections. In fact, the development of peptide-

oligonucleotide conjugates can streamline the controlled construction of peptide 

self-assembly. 
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Coiled-coil motifs are of interest also in the de novo design and creation of 

metalloprotein, a method for generating entirely new metalloproteins or mini-

metalloproteins with precise tertiary or quaternary structures and desired functions, 

starting from scratch and harnessing computational techniques.11 

In fact, for example, Pecoraro et Al. developed a series of artificial metalloproteins 

based on TRI family peptides, that can form three-stranded coiled-coil structures.41 

Some derivatives of this family were found to bind metal ions, like Hg(II), Cd(II), 

Cu(II)/Cu(I), and Zn(I) with specific catalytic, mimicking the properties of nitrite 

reductase, carbonic anhydrase, or electron transfer activities.42–44 

Aiming at obtaining electron transfer (ET) activity, copper metalloproteins were 

engineered by initially utilizing TRI-family peptides and subsequently altering their 

sequences to introduce a specific binding site that mimics plastocyanin. This 

involved the incorporation of two histidine residues, one cysteine, and one 

methionine.45,46 

By combining the DNA-templated assembly with coiled coil design and model 

metalloprotein de novo design, together with the PNA properties and their easy 

conjugation with peptides, the design and synthesis of heterotrimeric coiled coil 

with minimal peptide components could be realized. The work to design and 

synthesize these systems is described in the present chapter. 

  



90 
 

2.3 Result and discussion 
 
During a secondment period at Mc Gill University (MGU), the synthesis of trimeric 

systems for generating coiled-coil structures by joining peptide and DNA segments 

was carried out. The results obtained using a tripodal DNA template and DNA 

segments linked to different peptides is described in a paper submitted for 

publication and presently under revision. This work, which will not be described in 

detail in this thesis being part of a parallel thesis at Mc Gill University (Fangzhou 

Zhao, PhD Thesis), showed the successful assembly of three different peptides 

which could be forced to stay in close proximity and then chemically ‘stapled’, 

demonstrating that the template effect of the tripodal DNA could be used to induce 

peptide-peptide interactions with rational design, and to create chemical libraries 

composed of different combinations of peptides. 

In the present work, we instead used PNA-peptide conjugates which could be 

assembled on a similar tripodal DNA template to generate minimal coiled-coil 

structures with metal binding abilities (Figure 2.2). 

 

 

Figure 2.2. Design of heterotrimeric Coiled-Coil structures through DNA:PNA-Peptide interaction. 

 

The heterotrimeric coiled-coil systems were generated by producing the DNA 

tripodal template and a series of three different PNA-peptides conjugates designed 
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to obtain three different DNA:PNA duplexes able to drive the formation of the 

desired scaffold. 

The peptide domains were designed to generate coiled-coil structures, starting from 

TRI peptide sequences, and substituting some of the amino acids with those 

required for the coordination of copper ions (more specifically, two histidine residue, 

one cysteine and one methionine), and to create a coordination model mimicking 

plastocyanin. These specific amino acid residues can modulate the ox-redox 

properties of the total construct. Taking into consideration that, unlike the long 

peptide sequences, that are usually designed with a specific portion of residue 

available to self-assemble in solution to create a coiled-coil systems, the short 

peptide sequences cannot form these scaffolds in solution. This can be attributed to 

the fact that the driving forces of coiled-coil formation are weak interactions, and 

consequently, the number of these interactions is a decisive factor.  
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2.3.1 Assembly and conformations of peptides components 
 
First, to study if, in absence of a rigid template, the peptide domains are suitable to 

self-assembly spontaneously in solution to generate coiled-coil structures, several 

peptide domains extrapolated from TRI-family peptides were designed, 

synthetized, and characterized by circular dichroism.  

Four different lengths (22mer, 19mer, 11mer and 5mer), obtained cutting the original 

tetrameric TRI-family peptide (g(lkaleek)4g), were synthetized to study the 

formation of coiled-coil structures without a template. Each peptide domain was 

synthetized in original orientation respect the TRI peptides (A), but also by reversing 

the order of the amino acid sequence (B). The peptide sequences are reported in 

Table 2.1 and a schematic representation of the coiled-coil structure is reported in 

Figure 2.3. 

 

Table 2.1. TRI-family peptide sequences synthetized. 

Entry Name Sequence 
MW  

(g/mol) 

Yield  

(%) 

1 22merA ABA-lkaleeklkaleeklkaleekl-NH
2
 2727,23 15 

2 22merB ABA-lkeelaklkeelaklkeelakl-NH
2
 2727,23 20 

3 19merA ABA-leeklkaleeklkaleekl-NH
2
 2414,82 18 

4 19merB ABA-lkeelaklkeelaklkeel-NH
2
 2414,82 6 

5 11merA ABA-lkaleeklkal-NH
2
 1415,72 25 

6 11merB ABA-laklkeelakl-NH
2
 1415,72 41 

7 5merA ABA-leekl-NH
2
 790,90 25 

8 5merB ABA-lkeel-NH
2
 790,90 10 

 

These peptides sequences were synthesized by solid phase peptide synthesis using 

Fmoc chemistry and were functionalized with 4-acetamidobenzoic acid (ABA) at the 

N-terminal moiety for the quantification of these sequences by UV-Visible 

spectrophotometer.  
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Figure 2.3. Schematic representation of mentioned peptide sequences to coiled-coil structure: a) original 

TRI-family peptide, b) 22mer, c) 19mer, d) 11mer, and e) 5mer. 

 

The experiments to assess the secondary structure of these peptides and to verify 

their ability to spontaneously self-assemble in solution were carried out at three 
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different concentrations (45 µM, 15 µM and 6 µM) in TRIS Base 10 mM (pH:7.2) using 

circular dichroism (CD).  

A typical CD signature of α-helix is characterized by two negative bands, one at 208 

nm and another at 222 nm, and when the ratio of band intensities at 222 nm and 208 

nm is less than 1.0, it is regarded as a distinctive feature of these structures. Respect 

the signature of α-helix, CD signature of coiled-coil structure consists of the increase 

in negative direction of the band around 220 nm, and in particular the ratio between 

the band intensity at 222 and 208 nm higher than 1.0 is considered to be a 

characteristic of these structures. However, CD signature of the formation of the 

coiled coil systems was established in the literature.47–49 

Considering the 22mer peptides (22merA and 22merB), the CD signature showed a 

coiled-coil structure at all the three concentrations examined in both orientations, 

as can be seen from Figure 2.4a and 2.4b relative to the first and second orientation, 

respectively.  

 

 

Figure 2.4. a) CD signature of 22merA to the three different concentrations, b) CD signature of 22merB to 
the three different concentrations, c) HT signature of 22merA to the three different concentrations, d) HT 

signature of 22merB to the three different concentrations. 

 

Absorption (measured by HT channel of the CD instrument) was excessively high for 

the 45 µM sample and suitable for the 15 µM and 6 µM samples for both the 

orientations, it is possible to calculate the ratio 222/208 (characteristic of coiled-coil 



95 
 

systems formation) only for the last two concentration mentioned. In fact, the ratio 

222/208 is 1.10 and 1.05, respectively for 15 µM and 6 µM of 22merA, and 1.04 and 

1.02 for 22merB, confirming the coiled-coil formation. The HT signals of all the three 

concentrations relative to peptide sequences 22merA and 22merB are reported in 

Figure 2.4c and 2.4d, respectively. 

However, this excessive absorption for the 45 µM sample was observed for all the 

sequence reported in Table 2.1 except for 5mer peptides. 

A different result was obtained for the two 19mer peptide sequences, because only 

in one orientation (19merA), specifically that corresponding to the original TRI-

family direction, the CD signature corresponds to coiled-coil formation moderately 

at all the three concentrations examined, as showed in Figure 2.5a. In addition, the 

ratio 222/208 is 0.98 and 0.98 for 15 µM and 6 µM of 19merA respectively, which are 

lower value than those reported for 22mer peptide sequences, but are close to 1, 

suggesting a partial formation of the coiled-coil. 

Regarding the other 19mer peptide sequence (19merB, Figure 2.5b), the CD spectrum 

was found to be compatible with that of an α-helix, where the band at 208 nm is 

more negative with respect to that at 222 nm. The difference between these two 

peptide sequences lead to consider that, beyond the length, also the orientation of 

the sequence and the different specific interactions which can be established are 

important. 

 

 

Figure 2.5. a) CD signature of 19merA to the three different concentrations, b) CD signature of 19merB to 
the three different concentrations. 

 

Similar results as for 19merB were observed for 11mer and 5mer peptide sequences 

at all the three concentrations taken into consideration and in each the orientations. 
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These peptide sequences, therefore, are not able to form alone a super-secondary 

structure in solution because they are too short. The results are reported in the 

Appendix in Figures 2.A1. 

 

In order to confirm the formation of coiled-coil structures, melting experiments were 

carried out for the peptides 22merA, 22merB and 19merB, at 6 µM as concentration 

in TRIS Base 10mM (pH:7.2). The first two peptides, as reported above, can form 

coiled-coil structure whereas the last one cannot. By recording a spectrum every 

10°C, from 20°C to 90°C (melting) and from 90°C to 20°C (annealing), a decrease of 

both the bands (222 nm and 208 nm) for the 22merA and 22merB peptides was 

observed, but the band at 222 nm decreases more rapidly, confirming the formation 

of coiled-coil structures. The variation of CD measurements for peptide sequence 

22merA during melting is showed in Figure 2.6a, while the annealing result in Figure 

2.6b. Corresponding spectra for 22merB sample are reported in the Appendix in 

Figure 2.A2. 

The melting variation observed means that, as the temperature increases, there is a 

breakdown of coiled-coil system formed spontaneously in solution, since the CD 

signature of coiled-coil is replaced by that of an α-helix. The ratio 222/208, in 

addition, confirm this progressive desegregation of the coiled-coil structure in both 

these peptides during the self-melting, as shown as an example in Figure 2.6c 

(relative to 22merA). 

By contrast, the self-melting and annealing experiments relative to 19merB only 

show the CD signature characteristic of α-helix from 20°C to 90°C and reverse (Figure 

2.7a and 2.7b). The 222/208 ratio for the self-melting experiment varies from 0.94 to 

0.85 from 20°C to 60°C and then remain constant at 0.85 right up to 90°C (Figure 

2.7c). 
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Figure 2.6. a) Self-melting of 22merA, recording a spectrum every 10°C, from 20°C to 90°C. b) annealing 
of 22merA, recording a spectrum every 10°C, from 90°C to 10°C, c) decrease of ratio 222/208 during the 

self-melting to 22merA, d) increase of ratio 222/208 during the annealing to 22merA. 

 

 

Figure 2.7. a) Self-melting of 19merB, recording a spectrum every 10°C, from 20°C to 90°C. b) annealing 
of 19merB, recording a spectrum every 10°C, from 90°C to 10°C, c) decrease of ratio 222/208 during the 

self-melting to 19merB, , d) increase of ratio 222/208 during the annealing to 19merB. 
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2.3.1.1 Assembly and conformations of peptide components in the presence of 

copper(II) 

 
The peptide sequences, reported in Table 2.1, were used also to investigate if, even 

in the absence of specific amino acids that can coordinate a copper(II), they could 

interact with the copper ion and undergo to a change in the secondary structure 

and/or assembly leading to observe changes in CD spectra. These experiments were 

conducted at 6 µM as concentration, in HEPES buffer 1mM (pH:7.4) from 1 eq to 50 

eq of copper (II) sulfate.  

Regarding the data of the two 19mer peptide sequences (Figure 2.8a and 2.8b, 

respectively): the 19merA, that formerly showed a CD signature corresponds to 

coiled-coil formation with the ratio 222/208 for sample at 6 µM near to one, in 

present of 50 eq of copper(II) the formation of coiled-coil is detected, since the 

222/208 ratio is 1.57.For the 19merB that showed a CD signature of α-helix, instead, 

the presence of 50 eq of copper(II) seems to induce the formation of a coiled-coil 

structure.  

 

 

Figure 2.8. a) CD results of 19merA in present of 1 eq and 50 eq of Copper(II) sulfate, b) CD results of 
19merB in present of 1 eq and 50 eq of Copper(II) sulfate. 

 

To investigate this phenomenon a Cu titration (1, 2, 3, 4, 5, 10, 25 and 50 eq of 

Copper(II) sulfate) of a 6 µM sample was performed (Figure 2.9). Until 25 eq of Cu(II) 

the CD signature correspond to α-helix while with 50 eq of Cu(II) a change of CD 

signature is observed (more like a coiled-coil signature). The 222/208 ratio also is in 

line with this variation, being 1.09. To examine this interaction should be explore the 

titration between 25 eq and 50 eq to understand when the secondary structure of 

the peptide sequence in solution moved from α-helix structure to coiled-coil 
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complex. However, these quantities of Cu(II) are very high respect to the desired 

copper concentration and out of the scope of this work.  

 

 

Figure 2.9. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of Entry 30. 
 

However, by analyzing, instead, the CD spectra concerning the 22mer, 11mer and 

5mer peptide sequences in both the orientations, no variation was observed if 

compared to experiments without the copper ion. More in detail, the presence of 

Cu(II) does not interfere with the formation of the coiled-coil in the long peptide 

(22mer) sequences, and it does not promote the formation of coiled-coil structures 

with short sequences (11mer and 5mer). The results were reported in Appendix 

(Figure 2.A3). 

 

2.3.2 Assembly and conformations of modified peptide components mixtures 
 
The previous 19mer, 11mer and 5mer peptide sequences from TRI-family peptide 

was also modified introducing a coordination side for the copper ion, in particular for 

those present in the plastocyanin model described by Pecoraro et al.45,46 In fact, four 

different modifications of amino acid residues can be noted in the sequences 

reported in Table 2.2, where they are highlighted in red. Cysteine, histidine and 

methionine residues have been introduced into each series formed by three peptide 

sequences of the same length and orientation. In specific, two residues of leucine 

were replaced with one methionine and one histidine residues in one peptide 
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sequence. Only one leucine was changed with a cysteine in another sequences, and, 

in the last modified peptide sequence, a histidine residue has substituted a leucine. 

A schematic representation of these modified TRI-family peptide sequences in a 

coiled-coil structure was reported in Figure 2.10. 

 

Table 2.2. Modified TRI-family peptide sequences. 

Entry Name Sequence 
MW 

(g/mol) 

Yield 

(%) 

9 m-5merA1 ABA-meekh-NH
2
 832.92 21 

10 m-5merA2 ABA-leekc-NH
2
 780.88 15 

11 m-5merA3 ABA-leekh-NH
2
 814.88 23 

12 m-11merA1 ABA-lkameekhkal-NH
2
 1457.74 13 

13 m-11merA2 ABA-lkaleekckal-NH
2
 1405.70 19 

14 m-11merA3 ABA-lkaleekhkal-NH
2
 1439.70 40 

15 m-19merA1 ABA-leeklkameekhkaleekl-NH
2
 2456.84 18 

16 m-19merA2 ABA-leeklkaleekckaleekl-NH
2
 2404.80 20 

17 m-19merA3 ABA-leeklkaleekhkaleekl-NH
2
 2438.80 42 

18 m-5merB1 ABA-hkeem-NH
2
 832.92 26 

19 m-5merB2 ABA-ckeel-NH
2
 780.88 64 

20 m-5merB3 ABA-hkeel-NH
2
 814.88 15 

21 m-11merB1 ABA-lakhkeemakl-NH
2
 1457.74 23 

22 m-11merB2 ABA-lakckeelakl-NH
2
 1405.70 33 

23 m-11merB3 ABA-lakhkeelakl-NH
2
 1439.70 6 

24 m-19merB1 ABA-lkeelakhkeemaklkeel-NH
2
 2456.84 10 

25 m-19merB2 ABA-lkeelakckeelaklkeel-NH
2
 2404.80 19 

26 m-19merB3 ABA-lkeelakheelaklkeel-NH
2
 2438.80 12 
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Figure 2.10. Schematic representation of modifies TRI-family peptide sequences in coiled-coil structure. 

 

Also in this case, CD measurements at three different final concentrations (45 µM, 

15 µM and 6 µM) of pure modified peptide sequences or a mixture (considering a 15 

µM, 5 µM and  2 µM respectively as a contribution of each single peptide sequences) 

in TRIS Base 10mM (pH:7.2) were carried out to study the formation of both homo- 

and hetero-aggregates.  

The 19mer peptide sequences in the same orientation as TRI family peptide (m-

19merA1, m-19merA2 and m-19merA3), the measurements at CD showed an α-helix 

signature both in samples containing individual peptide sequences and in 

combinations with each other at all the three concentrations tested, as shown in 

Figure 2.11 (single samples) and Figure 2.12a (combination). 

From data in Figure 2.11 it can be noted that samples at 45 µM of all the three 

different peptides present a signature with a higher 222/208 ratio, but, due to 

excessive absorbance of the sample at 208, distortion of the CD signal might also 

occur. However, θ at 222 nm remains the same compared to 15 µM and 6 µM, 
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confirming the presence of only α-helix structure in solution at all the 

concentrations.  

 

Figure 2.11. CD measurements at three different concentrations, in specific 45 µM, 15 µM and 6 µM, of 
a) m-19merA1 b) m-19merA2 and c) m-19merA3 as single separate sequences in solution. 

 

From Figure 2.12b-d it is possible to compare the CD signals of the mixture of all three 

peptides with the sum of those of the single peptides in solution. Since these are 

substantially overlapping, there is no evidence of aggregation from these data. In 

addition, ratios of 222/208 nm CD intensity higher than 1 were not found. 
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Figure 2.12. a) CD measurements of combination of m-19merA1, m-19mer A2 and m-19mer A3 at three 
different final concentrations (45 µM, 15 µM and 6 µM); Comparison between combination spectrum and 

sum of each individual sequence at b) 45 µM, c) 15 µM and d) 6 µM. 

Regarding the other 19mer modified peptide sequence (m-19merB1, m-19merB2 and 

m-19merB3), where the sequence is reversed compared to TRI family peptides, the 

CD measurements gave the same results of previous sequences, except for one 

peptide (m-19merB2). This diverges only for the sample at 45 µM concentration 

(Figure 2.13a) and given that θ value at 222 nm becomes more negative respect the 

other two concentrations, a large concentration of peptides in solution can lead to 

the formation of hetero-aggregates. The spectra concerning the other two 19mer 

peptides are reported in the Appendix in Figure 2.A4.  

Similar results were obtained by matching the three different concentrations of 

combination measurements (m-19merB1, m-19merB2 and m-19merB3 mix), given 

that a slight difference relative to the 222 nm band in the sample at 45 µM respect 

the other two concentrations can be noticed (Figure 2.13b).  
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Figure 2.13. a) CD measurements at three different concentrations (45 µM, 15 µM and  6µM) of m-
19merB2. b) CD measurements of combination of m-19merB1, m-19merB2 and m-19merB3 at three 

different final concentrations (45 µM, 15 µM and 6 µM). 

 

As concerns the 11mer and 5mer peptides, the CD results showed an α-helix 

structure both when they were analyzed individually and in combination. This 

confirms that the sequences are too short to form spontaneously either a homo or 

hetero coiled-coil structure. CD data are given in the Appendix from Figure 2.A5 to 

Figure 2.A8. 

 

 

 

2.3.2.1 Assembly and conformations of modified peptide components in the presence 

of copper(II) 

 
To assess the effect of copper(II) on the peptide part of the final templated assembly, 

the modified peptides reported in sequences of Table 2.2 were analyzed also in the 

present of copper(II) sulfate to evaluate the effect of eventual coordination of the 

copper ion. A titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of copper(II) sulfate in a 

sample including three different modified peptides with the same length and 

orientation at 6 µM as final concentration (hence, 2 µM of each single peptide) was 

carried out. CD experiments were performed in HEPES buffer 1 mM (pH:7.4). 

Overall, the ratio in CD signals at 222/208 nm was found to be lower than 1 for all the 

lengths of modified peptide samples analyzed. 

The titrations regarding the 19mer peptides, in both orientations, showed a 

progressive decrease, towards positive values of molar ellipticity of the 222 nm and 
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208 nm bands, although more pronounced in the former band. The spectra of both 

19mer series are reported in Figure 2.14. 

 

 

Figure 2.14. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of 19mer modified peptides 
a) orientation A and b) orientation B. 

 

As it is possible to see from the Figure 2.15, after the addition of only 1 eq of Cu(II) is 

present a slight change in both bands, not consistent with the induction of coiled-

coil structures as measured by the CD intensities at 222/208 nm. A similar titration 

with addition of only water confirmed that it is the presence of Cu(II) to induce the 

change of the CD signal, since no variation was observed in this case (Figure 2.15). 

 

Figure 2.15.  Titration with water of orientation A 19mer modified peptides. 

 

Therefore, the presence of Cu(II) ion for the 19mer modified peptides do not induce 

self-assembly to generate a coiled-coil structure but the metal addition leads to a 

slight change in the conformation/aggregation. 
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A different behavior was observed with 11mer modified peptides, given that after 

the addition of 1 eq of Cu(II), an increase toward negative values of molar ellipticity 

of the band at 222 nm was observed. The CD signal then remained constant for the 

subsequent additions (Figure 2.16). However, the CD intensity ratio at 222/208 

remained less than one, thus suggesting that Cu(II) could not induce the formation 

of aggregates. 

 

 

Figure 2.16. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of 11mer modified peptides 
a) orientation A and b) orientation B. 

 

By analyzing the CD results regarding 5mer modified peptides in both the 

orientations no variation compared to the spectra measures without the copper ion 

were observed (Figure 2.A9). Despite the modifications with amino acids containing 

coordinating groups, these sequences remain excessively short to self-assemble and 

effectively bind copper(II).  

 

2.3.3 Design, assembly, and conformations of PNA-peptide conjugates 
 
A library of PNA-peptide conjugates was designed and synthesized with the aim of 

forming a PNA:DNA duplex in an antiparallel configuration. This means that the C-

term moiety of PNA-peptide sequences is directed to the central core of the system 

as well as the 5’-term of the DNA sequences. In this way, the peptide domains of the 

antiparallel conjugates are placed towards the center of the system. The PNA-

peptide conjugates are synthesized using an orthogonal chemistry on solid-phase 
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manual synthesis strategy. In fact, the base structure of all PNA-peptide sequences 

was the following:  

PNA sequences-Lys(Mtt)-Spacer-Lys(Dde)(Peptide→)-Solid support, 

where the several peptide sequences were linked to the side chain of one lysine at 

the C-term of the corresponding PNA domains. 

To study the minimal length necessary to create a heterotrimeric coiled-coil system, 

three types of modified peptide domains were produced with different lengths: 5-

mer, 11-mer and 19-mer. In addition, each peptide moiety was synthetized in both 

possible orientation in relation to the corresponding PNA domain. 

In addition, the three different PNA sequences lacking the peptide domains, were 

synthetized to be used as a control for the assembly of DNA:PNA-peptides platform. 

A summary of all the PNAs is reported in Table 2.3. 

 

Table 2.3. Sequence of PNA-peptides synthetized to create the mini-protein assembly. 

Entr
y 

PNA-
peptide 

Sequence 
MW 

(g/mol) 

Yield 

(%) 

27 1A-1 
Ac-GGGCATGATCT-k(Ac)-AEEA-k(Ac-

meekh→)-NH2 
4216.2

8 
15 

28 1A-2 
Ac-TACCGTCGAGT-k(Ac)-AEEA-k(Ac-

leekc→)-NH2 
4124.2

2 
13 

29 1A-3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(Ac-

leekh→)-NH2 
4182.2

4 
18 

30 2A-1 
Ac-GGGCATGATCT-k(Ac)-AEEA-k 

(Ac-lkameekhkal→)-NH2 
4841.1

0 
12 

31 2A-2 
Ac-TACCGTCGAGT-k(Ac)-AEEA-k 

(Ac-lkaleekckal→)-NH2 
4749.0

4 
11 

32 2A-3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k 

(Ac-lkaleekhkal→)-NH2 
4807.0

6 
16 

33 3A-1 
Ac-GGGCATGATCT-k(Ac)-AEEA-k 
(Ac-leeklkameekhkaleekl→)-NH2 

5840.2
0 

8 

34 3A-2 
Ac-TACCGTCGAGT-k(Ac)-AEEA-k 

(Ac-leeklkaleekckaleekl→)-NH2 
5748.14 4 

35 3A-3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k 

(Ac-leeklkaleekhkaleekl→)-NH2 
5806.1

6 
7 

36 1B-1 
Ac-GGGCATGATCT-k(Ac)-AEEA-k(Ac-

hkeem→)-NH2 
4216.2

8 
7 

37 1B-2 
Ac-TACCGTCGAGT-k(Ac)-AEEA-k(Ac-

ckeel→)-NH2 
4124.2

2 
10 

38 1B-3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(Ac-

hkeel→)-NH2 
4182.2

4 
10 
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39 2B-1 
Ac-GGGCATGATCT-k(Ac)-AEEA-k 

(Ac-lakhkeemakl→)-NH2 
4841.1

0 
10 

40 2B-2 
Ac-TACCGTCGAGT-k(Ac)-AEEA-k 

(Ac-lakckeelakl→)-NH2 
4749.0

4 
14 

41 2B-3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k 

(Ac-lakhkeelakl→)-NH2 
4807.0

6 
22 

42 3B-1 
Ac-GGGCATGATCT-k(Ac)-AEEA-k 
(Ac-lkeelakhkeemaklkeel→)-NH2 

5840.2
0 

5 

43 3B-2 
Ac-TACCGTCGAGT-k(Ac)-AEEA-k 

(Ac-lkeelakckeelaklkeel→)-NH2 
5748.14 3 

44 3B-3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k 

(Ac-lkeelakhkeelaklkeel→)-NH2 
5806.1

6 
7 

45 PNA 1 Ac-GGGCATGATCT-k(Ac)-AEEA-k(Ac)-NH2 3561.55 11 

46 PNA 2 Ac-TACCGTCGAGT-k(Ac)-AEEA-k(Ac)-NH2 3521.53 16 

47 PNA 3 Ac-GTGACTCAGAT-k(Ac)-AEEA-k(Ac)-NH2 3545.55 14 

Capital letters: PNA monomers, Lower case: amino acid 

 

Subsequently, CD measurements were carried out with PNA-peptide conjugates, 

listed in Table 2.3, to study if these sequences are capable to self-assemble into 

coiled-coil structures without the presence of the rigid trimeric template. In this 

case, it is possible to understand if PNA domains, providing additional weak 

interactions, can favor the formation of homo or hetero coiled-coil structures, even 

in the absence of Watson-Crick pairing.  

CD measurements of each single PNA-peptide conjugate at 6 µM in HEPES buffer 1 

mM (pH:7.4) were performed. In addition, the three PNA-peptide conjugates with 

the same length and orientation were analyzed in combination in the same solution 

with 6 µM total concentration (therefore 2 µM of each single PNA-peptide) to 

evaluate the possible formation of homo- and hetero-aggregates, with the same 

approach described in the previous section for the peptides.  

Analyzing the CD data of PNA-peptide conjugates with 19mer peptide domains in 

the orientation A (corresponding to 3A-1, 3A-2 and 3A-3), in the mixture of all three 

components a CD signal corresponding to the sum of individual contribution was 

observed (Figure 2.17). As for the peptides, no evidence for hetero-coiled coil 

structure could be detected. For all PNA-peptide conjugates a signature more 

reminiscent of coiled-coil formation rather than a typical α-helix secondary structure 
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seems to be present both in samples containing a single PNA-peptide conjugate that 

in the one with the combinations of them. However, one of the three PNA-peptide 

conjugates, the one with the cysteine modification (3A-2), showed a more intense 

CD signal (Figure 2.17a). This significant difference in CD signature can be attributed 

to a possible dimerization of the cysteine residue or to the ability of this specific 

sequences to self-assemble in solution as aggregate structures. In addition, also in 

this case, it should be emphasized that excessive absorbance was present in this case 

(from HT channel of the CD instrument) at 208 nm and therefore the CD intensity of 

the corresponding band is not reliable. This consideration can be extended also to 

the CD results, later discussed, carried out with the other PNA-peptide sequences on 

Table 2.3. 

Interestingly, no CD signal was detected in the 240-280 nm region, typical of the 

nucleobase chromophores. This implies that: a) the presence of a chiral peptide 

moiety conjugated to the PNA do not affect the conformation of the single strand 

PNA part. b) the formation of PNA:PNA partial helices favoring association of the 

peptides is unlikely, since dsPNA segments could in principle have preferential 

helicity and hence a CD signal. 

 

 

Figure 2.17. a) CD results of 3A-1, 3A-2, and 3A-3 as single separate PNA-peptide conjugates in solution 
at 6 µM as concentration; b) HT spectra of 3A-1, 3A-2, and 3A-3 as single separate PNA-peptide 

conjugates in solution. c) Comparison between CD spectrum obtained by the sample containing all the 
three PNA-peptide sequences with 19mer peptides domains in orientation A and the spectrum carried out 

by the mathematic elaboration of the results given by each individual sequence. 
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Similar CD results (Figure 2.18) were obtained taking into consideration the same 

lengths of PNA-peptides but the opposite peptide domain orientation 

(corresponding to 3B-1, 3B-2, and 3B-3). Nevertheless, in this case the three PNA-

peptides analyzed do not shown significant difference with each other in terms of 

CD signature, which seems to be more like the formation of coiled-coil structures.  

 

 

Figure 2.18. a) CD results of 3B-1, 3B-2, and 3B-3 as single separate PNA-peptide conjugates in solution 
at 6 µM as concentration. 

 

For the PNA-peptide conjugates with 11mer and 5mer peptides in both the 

orientations, the CD results showed the typical signature of α-helix structures. This 

observation can be turn out whether the conjugates are analyzed individually or in 

mixture, confirming that these sequences are too short to spontaneously form either 

homo- or hetero-coiled-coil structures in solution. CD data are reported in the 

Appendix Figure 2.A10, 2.A11, 2.A12 and 2.A13. 

 

2.3.3.1 Assembly and conformations of PNA-peptide components in the presence of 

copper(II) 

 
A titration of the PNA-peptide conjugates with copper(II) sulfate was also carried out 

to study eventual changes due to the addition of PNA domains to the peptides 

described in paragraph 2.3.2. Also in this case, the titration was performed with 1, 2, 

3, 4, 5, 10, 25 and 50 eq of Cu(II) in a sample including three different PNA-peptide 

sequences with the same length and orientation at 6 µM as final concentration 

(hence, 2 µM as a contribution of each single PNA-peptide sequence). CD 

measurements were performed in HEPES buffer 1 mM (pH:7.4). For each titration 
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only the band a 222 nm was monitored, given that the absorbance at 208 nm turn 

out to be excessive (HT channel higher than 450V) to provide reliable data. All the 

HT spectra are reported showing this effect are reported in Figure 2.A14 in Appendix.  

In the titrations of the PNA-conjugates with 19mer peptides in both the orientations 

(Figure 2.19), a progressive slight reduction to less negative values in the molar 

ellipticity were reported by averaging the values between 223 nm and 221 nm to 

suppress the noise. A similar behavior was observed also in the titration carried out 

with the 19mer peptides, in each orientation, discussed in paragraph 2.3.2. Also in 

this case, however, this behavior can be attributed to the formation of aggregates 

induced by the Cu(II). 

 

 

Figure 2.19. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of PNA-peptide conjugates 
with 19mer peptide sequences a) orientation A and b) orientation B. 

 

Opposite behavior was noted, instead, for the titrations of the PNA-peptide 

conjugates with 11mer peptide sequences in both orientations since after the 

addition of 1 eq of Cu(II) an increase toward more negative values of molar ellipticity 

of the 222 nm band (Figure 2.20) was observed. Also, in this case a comparable 

response was observed during the titration conducted using the 11mer peptide 

sequences without the PNA domains in both the orientations. So, in this instance as 
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well, the introduction of copper metal contributes to the formation of aggregates in 

the solution, but without significant apparent role of the PNA part. 

 

 

Figure 2.20. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of PNA-peptide conjugates 
with 11mer peptide sequences a) orientation A and b) orientation B. 

 

In the CD data obtained for the titration of the PNA-peptide conjugates with 5mer 

peptide sequences, no significant changes were observed when Cu(II) ion was added 

(Figure 2.A15), confirming the fact that these sequences remain excessively short to 

self-assemble into a coiled-coil structures in solution and this behavior is not affected 

by the presence of a conjugated PNA segment or of copper(II).  

 

2.3.4 Design and synthesis of trimeric DNA template and its variants 
 
The DNA template synthesis was carried out at MGU using a synthetic protocol 

based on the standard phosphoramidite chemistry for DNA50 and using as central 

core a small trifunctional molecule, namely 2-hydroxymethyl-1,3-propanediol 

(HMPD), bearing three orthogonal functional groups, which enabled the growth of 

three different DNA arms. In specific, the HMPD molecule was modified with a 

phosphoramidite building block (2-cyanoethyl, N,N-diisopropyl phsphoramidite, 

CED) and two orthogonal protecting groups: dimethoxytrityl (DMT) and levulinyl 

(Lev) group. A schematic representation of the trimeric DNA template synthesis and 

the structure of the modified HMPD derivative used a central core is shown in Figure 

2.21. Standard phosphoramidites (5’-DMT and 3’-CED) were used for first 5’ to 3’ 

DNA synthesis (using 3’ OH to 5’ CED coupling) on controlled pore glass (CPG).  
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The HMPD monomer was then coupled to the terminal 5’ OH of the first segment. 

Reverse phosphonamidites (3’-DMT 5’-CED) were then used for the second branch 

synthesis, which proceeded in the 5’ to 3’ direction after DMT removal. After 

completion, the second DNA segment was capped and the levulinyl protecting 

group was removed by treatment with hydrazine hydrate in 1:1 pyridine/acetic acid. 

The third DNA segment was then synthesized in the 5’ to 3’ direction as for the 

second branch. The construct was then cleaved from the CPG using ammonium 

hydroxide and purified by a denaturing polyacrylamide gel electrophoresis (PAGE) 

analysis. 

 

 
Figure 2.21. Trimeric DNA synthesis. 

 

The first tripodal template was synthetized to have all the three DNA sequences 

complementary to the PNA probes. The sequences of these trimeric DNA are 

reported in Table 2.4 and the DNA template structure in Figure 2.22. 
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Figure 2.22. Trimeric DNA template structure.  

 

Subsequently, other two trimeric tripodal DNA were synthetized: a fluorescence 

version of the DNA bearing a cyanine 3 (Cy3) fluorophore (placed at the end of the 

sequence named DNA 3) and a DNA bearing a different DNA3 sequence to be used 

as a mismatched arm (not complementary to any PNA sequence) as a negative 

control to demonstrate the specificity of PNA:DNA interactions (the sequence 

named DNA 3 in Table 2.4 was replaced with sequence called mismatched arm).  

 

Table 2.4. DNA sequences. 

Entry Name Sequence 

48 DNA 1 5’–AGATCATGCCC–3’ 

49 DNA 2 5’–ACTCGACGGTA–3’ 

50 DNA 3 5’–ATCTGAGTCAC–3’ 

51 DNA 3-fluo 5’–ATCTGAGTCAC [Cy3]–3’ 

52 Mismatched arm (DNA 3’) 5’–TCTTCTATACT–3’ 

 

2.3.5 PAGE studies of the assembly process 
 
The assembly of heterotrimeric coiled-coil systems with the fully matched trimeric 

DNA template (hereafter indicated as TP) and the several PNA-peptides conjugates 

was followed using PAGE analysis. Several screenings were carried out to explore the 

optimal PAGE conditions to use, by varying: 
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• TP:PNA-peptide ratio (1:1, 1:1.5, 1:2 and 1:5) 

• running buffer (TBE (Tris-Borate-EDTA) both pH 8 and pH 6.5 and, TAMg 

(Tris-MgCl2-glacial acetic acid) at pH 8) 

• sample concentration: (1 µM:2 µM, 2.5 µM:5 µM, and 5 µM:10 µM of 

trimeric template and PNA-peptides respectively) 

• staining conditions (GelRed, CyberGold and SilverStain) 

• reaction buffer (water and different phosphate buffers saline (PBS). In 

specific, one formed by 100 mM of NaCl and 10 mM of phosphate, a second 

with 10 mM of NaCl and 1 mM of phosphate and a third with only 1 mM of 

phosphate).  

The preliminary screenings led to the identification of the following parameters to 

perform optimal PAGE analyses:5% native PAGE with 1:2 as ratio of TP/PNA-

peptides in TBE buffer (pH:6.5), and, in specific, with 1 μM and 2 μM concentrations 

for TP and PNA-peptide conjugates, respectively. All the samples are prepared in 

water and submitted to thermal annealing with a temperature ramp from 95 °C to 4 

°C in 1h. 

In a qualitative analysis, reported in Figure 2.23, the progressive changes in mobility 

were observed moving from the TP alone (lane 1) to the mixture of all components 

(lane 8), which can be attributed to the assembly of each component in solution, 

demonstrating the correct hybridization of the complex containing all the building 

blocks (TP and each triplet of PNA-peptides conjugates).  
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TP + + + + + + + + 
PNA-peptide 1 - + - - + + - + 
PNA-peptide 2 - - + - + - + + 
PNA-peptide 3 - - - + - + + + 

 1 2 3 4 5 6 7 8 

 

Figure 2.23. Qualitative PAGE experiments to study the progressive changes in mobility of the assembly. 
Each band of all the gels from the left to right corresponds to 1) Trimeric template (TP) alone; 2) TP+PNA-
peptide 1; 3) TP+PNA-peptide 2; 4) TP+PNA-peptide 3; 5) TP+PNA-peptide 1+PNA-peptide 2; 6) TP+PNA-

peptide 2+PNA-peptide 3; 7) TP+PNA-peptide 1+PNA-peptide 3; 8) TP+PNA-peptide 1+PNA-peptide 
2+PNA-peptide 3. The first three gels on the top correspond to the orientation A of peptide sequences 

respectively (from left to right) to a) 5-mer, b) 11-mer and c) 19-mer as lengths of peptides moiety (from 
Entry 27 to Entry 35). The three gels on the bottom are respectively relative to d) 5-mer, e) 11-mer and f) 

19-mer as lengths of peptides domains for the orientation B (from Entry 36 to Entry 47). 

 

Subsequently, the same experiment was performed with Cy3-labelled TP to achieve 

a selective visualization of the TP-containing components and the possibility to 

obtain an evaluation of the amount of complex formed during each hybridization 

step. These semi-quantitative experiments also confirmed the identity of the bands 

in the previously qualitative analysis (Figure 2.24). 

 

 

 

 



117 
 

 

 

Cy3-labelled TP + + + + + + + + 
PNA-peptide 1 - + - - + + - + 
PNA-peptide 2 - - + - + - + + 
PNA-peptide 3 - - - + - + + + 

 1 2 3 4 5 6 7 8 

 

Figure 2.24. PAGE experiments for semi-quantitative evaluation of complex formed during each 
hybridization step and to confirm the identity of the bands in the qualitative PAGE analysis. Each band of 

all the gels from the left to right correspond to 1) Cy3-labelled trimeric template (Cy3-TP) alone; 2) Cy3-
TP+PNA-peptide 1; 3) Cy3-TP+PNA-peptide 2; 4) Cy3-TP+PNA-peptide 3; 5) Cy3-TP+PNA-peptide 1+PNA-

peptide 2; 6) Cy3-TP+PNA-peptide 2+PNA-peptide 3; 7) Cy3-TP+PNA-peptide 1+PNA-peptide 3; 8) Cy3-
TP+PNA-peptide 1+PNA-peptide 2+PNA-peptide 3. The first three gels on the top correspond to the 

orientation A of peptide sequences respectively (from left to right) to a) 5-mer, b) 11-mer and c) 19-mer as 
lengths of peptides moiety (from Entry 27 to Entry 35). Instead, the three gels on the bottom are 
respectively relative to d) 5-mer, e) 11-mer and f) 19-mer as lengths of peptides domains for the 

orientation B (from Entry 36 to Entry 47). Fluorescence intensities are normalized with respect of that of 
TP alone (lane 1). 

 

The specificity of the assembly of the desired heterotrimeric coiled-coil system has 

been confirmed with the use of a mismatched TP (Figure 2.25). Indeed, only two of 

the three PNA-peptide conjugates were assembled on mismatched TP (Fig. 2.25, 

lane 8*), while a complete architecture was obtained only by using the fully matched 

TP as a reference (lane 8). In addition, the two samples in lanes named 2* and 5* 

were added to observe the changes in mobility, which has remained constant from 

5* to 8*.  
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TP - - - - + 
Mismatched TP + + + + - 
PNA-peptide 1 - + + - + 
PNA-peptide 2 - - + + + 
PNA-peptide 3 - - - + + 

 1* 2* 5* 8* 8 

 

Figure 2.25. PAGE experiments carried out in presence of mismatched trimeric DNA template to test the 
specificity of the self-assembly of the desired complex. Each band of all the gels from the left to right 

correspond to 1*) Mismatched TP alone; 2*) Mismatched TP+PNA-peptide 1; 5*) Mismatched TP+PNA-
peptide 1+PNA-peptide 2; 8*) Mismatched TP+PNA-peptide 1+PNA-peptide 2+PNA-peptide 3; 8) 

TP+PNA-peptide 1+PNA-peptide 2+PNA-peptide 3. a) PNA-short peptides series in the orientation A, b) 
PNA-short peptides conjugates in the orientation B (from Entry 27 to Entry 29 and from Entry 37 to 38, 

respectively). 

 

In addition, a PAGE experiments with the fully matched TP, Cy3-labelled trimeric 

template, or mismatched TP and the PNAs alone (without peptides domains) were 

performed to study the interaction between this trimeric DNA and the PNA 

sequences and to observe the mobility changes with respect to the previous samples 

that present the peptides moiety. From Figure 2.26, it is possible to observe that also 

in this case, in presence of fully-matched TP, the changes in mobility were observed 

for each hybridization step observed, moving from the TP alone (lane 1) to the 

mixture of all components without peptides domains (lane 8). In addition, the same 

result was achieved in the quantitative PAGE experiments (Figure 2.27). Also, the 

specificity of the self-assembly of the scaffold was confirmed by PAGE experiments 

with mismatched TP (Figure 2.28). However, small changes in mobility, in specific 

from the first to the second lane, were observed comparing these PAGE experiments 

performed without peptides domain compared to those of the PNA-peptide 

conjugates.  
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TP + + + + + + + + 
PNA 1 - + - - + + - + 
PNA 2 - - + - + - + + 
PNA 3 - - - + - + + + 

 1 2 3 4 5 6 7 8 

 
Figure 2.26. PAGE experiments with the fully matched TP and PNAs alone (without peptide domains). 

 
 

 

 

Cy3-labelled TP + + + + + + + + 
PNA 1 - + - - + + - + 
PNA 2 - - + - + - + + 
PNA 3 - - - + - + + + 

 1 2 3 4 5 6 7 8 

 
Figure 2.27. PAGE experiments with Cy-3labelled TP and PNAs alone (without peptide domains). 
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TP - - - - + 
Mismatched TP + + + + - 

PNA 1 - + + - + 
PNA 2 - - + + + 
PNA 3 - - - + + 

 1* 2* 5* 8* 8 

 
Figure 2.28. PAGE experiments with mismatched TP and PNAs alone (without peptide domains). 

 

2.3.6 CD studies of templated TP:PNA-peptide assembly 
 
Since from previous data it was inferred that spontaneous aggregation to form 

coiled coil sequences is possible for longer peptides at higher concentrations, we 

focused our attention to the assembly formed by PNA-peptide with 11mer peptide 

sequences, to understand if the templated assembly could induce the formation of 

coiled-coil systems under conditions where neither the peptides nor the PNA-

peptide conjugates can form them. 

Therefore, the creation of heterotrimeric coiled-coil system within the assembly 

involving the PNA-11mer peptide conjugate in orientation B was investigated using 

circular dichroism (CD) analysis (Figure 2.29). The experimental conditions of all the 

samples for CD measurements were consistent with those employed for PAGE 

analysis. This including maintaining a 1:2 as ratio between TP and PNA-Peptide (1 

µM of TP and 2 µM of each PNA-Peptide), and the samples underwent thermal 

annealing treatment. 
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Figure 2.29. CD spectra showing the formation of heterotrimeric coiled-coil system with TP and PNA-
11mer-peptide conjugates in Orientation B and CD spectra regarding a negative control; a* and b* are 
the difference spectra obtained by subtraction of the spectrum of the alone TP-PNA assembly (without 

the peptide part), thus indicating the contribute of the peptides in the assembly. 

 

CD spectra were collected for the assemblies formed by TP with one, two or three 

PNA-11mer peptide conjugates in orientation B (Figure 2.29a), as well as for one 

control sample. This control featured a modified (mismatched) template (Figure 

2.29b). These measurements were conducted at 25 °C in water. In Figure 2.29a, a 

progressive increase in the intensity of the bands from naked tripodal DNA to 

heterotrimeric coiled-coil system was observed, particularly the negative peak 

around 208 nm, which is a specific signal associated with of α-helical structures. 

Since the CD spectrum also contains the contribution of the PNA:DNA duplexes, 

subtraction of the corresponding spectrum allows to analyze only the peptide part. 

By subtracting the CD signal of DNA:PNA complexes formed in presence of PNAs 

lacking the peptide domains from Figure 2.29a and 2.29b, it was possible to obtain 

the Figure 2.29a* and 2.29b* in which emerge a negative band at 222 nm, a signature 

of coiled-coil formation. Notably, this negative band is more prominent in Figure 

2.29a*, thus confirming the formation of heterotrimeric coiled-coil system. 

 

2.3.6.1 CD studied of templated TP:PNA-peptide assembly in the presence of copper(II) 

 
A titration experiment was conducted with 1, 2, 3, 4, 5, 10, 25 and 50 eq of copper(II) 

sulfate in a sample containing all the three distinct PNA-11mer peptide conjugates 
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in orientation B, each at a final concentration of 6 µM (resulting in a contribution of 

2 µM for each individual PNA-peptide sequence), along with the trimeric DNA 1 µM 

concentration. CD measurements were performed in HEPES buffer 1 mM (pH:7.4). 

Moreover, also in this titration, absorbance (HT channel) was too high at 208 nm to 

obtain reliable CD results. Thus, only the band at 222 nm was monitored. The HT 

spectra are showed in Figure 2.A16 in Appendix.  

Despite the mathematical subtraction of contributions from the complex between 

trimeric DNA template and PNAs was not performed and consequently the typical 

CD signature of coiled-coil is not visible (Figure 2.30), it possible to observe a slight 

increase toward negative values of molar ellipticity from spectrum without the Cu(II) 

addition to 3 eq of Cu(II). After that, additional equivalents of copper, up to 25 eq of 

Cu(II), seem to not bring further interactions able to stabilize the construct. Instead, 

at 50 eq of Cu(II) a dramatic change occurs in the CD spectrum: a more pronounced 

negative signal at 222 nm seems to indicate the formation of coiled-coil structures, 

but the typical signature of PNA:DNA duplex disappeared, suggesting drastic 

changes in the overall structures. The latter effect might be due to the effect of Cu(II) 

on the formation of higher-order aggregates or to the interaction of excess of 

copper(II) with DNA phosphates or the nucleobases.  

 

 

Figure 2.30. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of the sample containing the 
trimeric template and three PNA-peptide conjugates with 11mer peptide domains in orientation B. 

 
With this CD experiments it was possible to show an effect of copper(II) which 

seemingly reinforce a coiled-coil system, but it was not possible to understand if the 

site of coordination for Cu(II) that was corresponding to the plastocyanin model. UV 
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and CD measurements of the Cu(II) chromophore could give more precise 

information about the donor atoms and hence evaluate if the coordination site 

corresponds to two histidines, a cysteine, and a methionine (available in peptide 

domains) as in the case of plastocyanin, but these types of measurements require 

higher concentrations, due to scarce sensitivity of the copper(II) chromophore. 

Higher concentrations however could lead to different type of aggregation, favoring 

higher order aggregates, and quantities of TP DNA that were not available. EPR or 

voltammetric studies also require concentrations in millimolar or at least sub-

millimolar range and thus could not be pursued. For these reasons, exploiting the 

fluorescence quenching ability of copper(II), we chose fluorescence studies for the 

study of Cu(II) binding, since experiments could be performed in the same 

micromolar range used for PAGE and CD studies. 
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2.3.7 Fluorescence studies of templated TP:PNA-peptide assembly in the 

presence of copper (II) 
 
To understand if Cu(II) can interact with its specific active site, formed by peptide 

domains, only when the total complex was assembled, fluorescence quenching 

experiments were carried out. In fact, titration experiments from 0.0 eq to 4.0 eq of 

Cu(II)SO4 (with collection of the data each 0.2 eq of copper addition) were performed 

for several samples constituted by the target complex or, in other cases, by different 

building blocks as control experiments. In addition, the experimental conditions of 

all the samples for fluorescence quenching measurements were consistent with 

those employed for PAGE analysis and CD measurements previously discussed, in 

specific a 1:2 as ratio between TP and PNA-peptide conjugates (1 µM of TP and 2 µM 

of each PNA-peptide conjugate). 

 

In a first series of experiments, TP+Cy3 was employed. The typical excitation 

wavelength for Cy3 is 550 nm, with a typical emission peak around 560-580 nm. 

Three titrations were performed to study the fluorescence quenching behavior of 

the target architecture alone and with copper. 

Initially, fluorescence emission spectra were collected to understand the 

contribution given by each single component. In fact, Figure 2.31 highlights that each 

component have different effects on the fluorescence of TP-Cy3. Figure 2.31a shows 

that the addition of the first PNA-peptide with the methionine residue led to an 

increase of the fluorescence emission intensity, although it starts to decrease after 

the addition of the second PNA-peptide containing a cysteine residue and 

undergoes a sharp decrease after the addition of the last PNA-peptide conjugate 

(pairing to the labelled arm of TP-Cy3). This behavior was not observed in a parallel 

dilution experiment performed by adding water to TP-Cy3 (Figure 2.31b). However, 

in Figure 2.31c, in the PNA sequences it is possible to observe that after the additions 

of all the three PNAs the fluorescence emission intensity was decreased, and this 

effect was similarly observed for the TP:PNA-peptide assembly (Figure 2.31a). This 

PNA-induced quenching effect was observed only when PNA C (targeting the 
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labelled DNA branch) was added, and therefore is most likely due to the quenching 

effect of flanking nucleobases on Cy3 emission. 

 

 

Figure 2.31. Fluorescence emission spectra collected after the addition of each building blocks of a) TP-
Cy3 with all the three PNA-peptide conjugates (ABC) with 11mer peptide domains in orientation B; b) TP-

Cy3 alone; c) TP-Cy3 with the PNAs without the peptide domain (ABC).  

 
After this, three titrations with copper(II) were performed (Figure 2.32). Titration 1 

was carried out with the TP+Cy3 in presence of the three PNA-peptide conjugates 

with 11mer as peptide domains in orientation B. Instead, Titration 2 was formed 

using only TP+Cy3 and Titration 3 was performed on the mixture of TP+Cy3 and the 

three different PNAs without the peptide domains. These preliminary tests were 

carried out in water. 

Analyzing the data of titration from 0eq to 4.0 eq of Cu(SO4) obtained with the target 

complex in the sample, a similar fluorescence quenching was observed for the 

overall assembly (Titration 1) compared to the TP+Cy3:PNA assembly (Titration 3), 

but a higher fluorescence quenching was noted in the presence of only TP+Cy3 

(Titration 2). However, since the Cy3 fluorophore is placed at the end of the DNA 

strand and thus far from the peptide core, it is possible that energy transfer by 

Förster mechanism from the fluorophore to Cu(II) is not effective in this case. 
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Figure 2.32.  A comparison based on the F/F0-1 values and equivalent of Cu(II) relative to titration 1, 2, 
and 3. 

 
To overcome this problem, two labelled versions of one sequence of PNA-peptide 

conjugate with 11mer in orientation B as peptide domains bearing a 5(6)-

carboxytetramethylrhodamine (5(6)-TAMRA) were synthetized. After HPLC 

purification, the two sequences (one with 5-TAMRA and other with 6-TAMRA) were 

separated and for all the experiments only the sequences functionalized with 5-

TAMRA were employed (the second peak in HPLC purification as reported in 

literature51). TAMRA is characterized by excitation at 552 nm and emission around 

580-590 nm.  

In one model, the coupling with the 5(6)-TAMRA was performed at the end of the 

peptide domain (Entry 53) while in another one the side chain of the lysine near the 

PNA sequence was selected as linking point (Entry 54). For the coupling with the 

fluorophore the PNA bearing the peptide sequence without methionine and 

cysteine residues was chosen as reported in Table 2.5. In addition, all the 

fluorescence quenching experiments discussed below were carried out in 10 mM of 

HEPES with NaCl 0.1 M at pH:7.4 as buffer.  

 

Table 2.5. Two versions of PNA-peptide conjugates with 11mer in orientation B as peptide domains 
functionalized with 5-TAMRA and used for fluorescence quenching experiments. 

Entry Sigla Sequence 
MW 

(g/mol) 

Yield 

(%) 

53 T1 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(5-TAMRA-

lakhkeelakl→)-NH2 
5177.46 14 
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54 T2 
Ac-GTGACTCAGAT-k(5-TAMRA)-AEEA-k(Ac-

lakhkeelakl→)-NH2 
5177.46 9 

Capital letters: PNA monomers, Lower case: amino acid 

 

Fluorescence emission spectra in absence of copper(II) were collected to understand 

the contribution given by each single component added (Figure 2.33). Starting from 

the trimeric DNA and the Entry 53 (Exp. 4) in one case or Entry 54 (Exp. 5) in the 

second experiment, similar intensities of fluorescence emission can be observed. 

However, after the addition of the others two PNA-peptide conjugates, it is possible 

to see a decrease in intensity for the Exp. 4 with a red-shift, while only an increase of 

fluorescence emission in Exp. 5. 

 

 

Figure 2.33. Fluorescence emission spectra collected after the addition of each building blocks of a) TP 
with Entry 53 and the other two PNA-peptide conjugates with 11mer peptide domains in orientation B; b) 
TP with Entry 54 and the other two PNA-peptide conjugates with 11mer peptide domains in orientation 

B. 

 

Quenching experiments were then carried out with addition of Cu(II) (Figure 2.34a 

and 2.34b). By comparing the data of the two titrations from 0 to 4.0 eq of Cu(SO4), 

a slightly more pronounced quenching was observed for the Exp. 4 where the 5-

TAMRA is attached at the Nterm of the peptide domain.  

In addition, plotting the fluorescence emission intensities as a function of the 

equivalents of Cu(II), it can be noticed that there is a systematic dependence on 

copper(II) concentration and the largest quenching effect is observed for Exp. 4 

(Figure 2.34c). In fact, from 0.0 eq to 4.0 eq of Cu(II), a 12% of fluorescence quenching 

was observed when the fluorophore was attached at the end of peptide domain, 

while only a 7% was noted when the 5-TAMRA is on the side chain of the lysine near 
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the PNA sequence. This difference can be attributed to the fact the fluorophore at 

the end of the peptide domain is closer to the specific coordination site of the 

copper. Furthermore, given this moderately more intense fluorescence quenching 

by design used in Exp. 4, the PNA-peptide conjugate with the 5-TAMRA at the Nterm 

of the peptide domain was selected for the next series of experiments. 

 

 

Figure 2.34. Fluorescence quenching titration of a) TP with Entry 53 and the other two PNA-peptide 
conjugates with 11mer peptide domains in orientation B; b) TP with Entry 54 and the other two PNA-
peptide conjugates with 11mer peptide domains in orientation B; c) A comparison based on the F/F0-1 

values and equivalent of Cu(II) relative to titration 4 and 5. 

 
For this reason, in fact, the others PNA-peptide conjugates with different 

orientations and lengths in peptide domains were functionalized with 5(6)-TAMRA 

at the Nterm of the peptide domain, but as before only the sequences functionalized 

with 5-TAMRA were employed. All the sequences were listed in Table 2.6. 

 

Table 2.6.  PNA-peptide conjugates functionalized with TAMRA and used for fluorescence quenching 
experiments.  

Entry Sigla Sequence 
MW 

(g/mol) 

Yield 

(%) 

55 NM03-13 pk3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(5-

TAMRA-leekh→)-NH2 

4552.6

5 
8 
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56 NM03-09 pk2 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(5-

TAMRA-lkaleekhkal→)-NH2 
5177.46 13 

57 CS02-193 pk2 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(5-

TAMRA-leeklkaleekhkaleekl→)-NH2 

6176.5

6 
4 

58 NM03-14 pk2 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(5-

TAMRA-hkeel→)-NH2 

4552.6

5 
12 

59 NM03-15 pk3 
Ac-GTGACTCAGAT-k(Ac)-AEEA-k(5-

TAMRA-lkeelakhkeelaklkeel→)-NH2 

6176.5

6 
5 

Capital letters: PNA monomers, Lower case: amino acid 

 
However, before moving toward the other heterotrimeric coiled-coil architectures 

with different peptide domains, the order addition of trimeric DNA and labelled 

PNA-peptide for the fluorimeter sample was tested. In fact, in the experiment 4, 

previously discussed, the first data was collected with the trimeric template and the 

labelled PNA-11mer peptide in orientation B conjugate. At this solution, then, was 

added first the PNA-peptide with the cysteine residue and subsequently the PNA-

peptide sequence with the methionine residue. Instead, in the experiment 6 (Figure 

2.35b), the trimeric template was added at the solution containing already all three 

PNA-peptide conjugates of the same block, keeping the same order of addition used 

from experiment 4. In addition, a duplicate of Exp. 4 was performed (experiment 7) 

and reported in Figure 2.35c. 

 

 

Figure 2.35. Fluorescence emission spectra collected after the addition of each building blocks of a) TP 
with Entry 53 and the other two PNA-peptide conjugates with 11mer peptide domains in orientation B; b) 
Entry 53, the other two PNA-peptide conjugates with 11mer peptide domains in orientation B and TP; c) 

duplicate of experiment 4. 
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From Figure 2.35, some changes some additional information could be obtained by 

changing the order of addition of components. In fact, if the template was already 

present in the solution before the addition of PNA-peptide conjugates, only a small 

red shift can be observed with a slight fluorescence emission intensity decrease after 

the introduction of the last PNA-peptide conjugate (Figure 2.35a and 2.35c). Instead, 

the fluorescence intensity of the labelled PNA-peptide (Entry 53) was lower in the 

absence of TP (Figure 2.35b). No change was observed by addition of PNA-peptide B 

(2B-2, PNA-11mer peptide in B orientation with the cysteine residue), and a slight 

increase was observed when PNA-peptide A (2B-1, PNA-11mer peptide in B 

orientation with the methionine residue) was added. However, after the addition of 

the trimeric DNA as last component a larger fluorescence enhancement, 

accompanied by a bathochromic shift was observed, thus indicating that a different 

assembly was obtained.  

After that, however, a titration with these two new discussed samples was carried 

out and the results are reported in Figure 2.36. Surprisingly, the two assemblies 

behaved in a different way in the Cu(II) titrations. In presence of the sample where 

the trimeric DNA was the last component added (Titration 6), a less pronounced 

fluorescence quenching was observed. On the other hand, the result obtained with 

the duplicate (Titration 7) were in line with those of Titration 4. This behavior seems 

to indicate that the final assembly might be dependent on the order of addition, i.e. 

that in the case of addition of PNA-peptides to the template, a metastable, more 

open structure can be obtained, whereas by allowing the PNA-peptide to interact 

without the template, the final assembly obtained by subsequent addition of TP 

reaches a more compact structure for which accessibility of the Cu(II) might be 

limited. 

For this reason, subsequent experiments were carried out with an assembly 

obtained by the addition of trimeric template as a first component, and then the 

PNA-Peptide conjugates.  
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Figure 2.36. A comparison based on the F/F0-1 values and equivalent of Cu(II) relative to titration 4, 6 
and 7. 

 
Other heterotrimeric coiled-coil architectures with different peptide domains were 

also tested, using the same experimental conditions employed for the Exp. 4. 

Consequently, other five experiments were performed to study if the changes in 

terms of length and orientation of the peptide domains (11mer A, 19mer B, 19me A, 

5mer B, and 5mer A) can be influence the fluorescence emission quenching. 

However, to make clear the composition of each sample for the fluorescence 

quenching titration experiments, the specific components are reported in Table 2.7.  

 

Table 2.7. Sample composition of all the heterotrimeric coiled-coil structures for fluorescence emission 
titration experiments. 

Titr. 4 Titr. 8 Titr. 9 Titr. 10 Titr. 11 Titr. 12 

TP TP TP TP TP TP 

Entry 53 Entry 56 Entry 59 Entry 57 Entry 58 Entry 55 

Entry 39 Entry 30 Entry 42 Entry 33 Entry 36 Entry 27 

Entry 40 Entry 31 Entry 43 Entry 34 Entry 37 Entry 28 

 

 

 

 

     

 

Figure 2.37, all the results were plotted by relating the F/F0-1 values with the 

equivalents of Cu(II). Comparing the data, it is possible to notice that the 
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fluorescence emission quenching seems to be present only when the PNA-peptide 

conjugates with 11mer in orientation B as peptide domains were employed. In fact, 

no significant quenching effect was observed for the other assemblies with different 

peptide lengths and orientation. 

 

 

Figure 2.37. A comparison based on the F/F0-1 values and equivalent of Cu(II) relative to titration 4, 8, 9, 
10, 11, and 12. 

 
These results could be attributed to the higher distance between the coordination 

site for the Cu(II) and the fluorophore taking into consideration both the 

supramolecular structures within the 19mer peptide domains. Since the copper(II) 

binding sites are the same in these systems, these results are in line with the location 

of the copper(II) ion in the central part of the peptide. Instead, regarding the 

structures with shorter peptide domains (5mer), this trend could be explained 

through the inability of PNA-peptide in both orientations to form coiled-coil 

structures despite the presence of the rigid trimeric scaffold, being the peptide 

domains too short. Furthermore, an explanation of the titration carried out with the 

trimeric DNA and the PNA-peptide conjugates containing the 11mer in orientation 

A as peptide domains that showed a random behavior with respect to its counterpart 

in orientation B, could be found in the generation of minor number of electrostatic 

interactions.  

 
The stability constants, reported in Table 2.8, were calculated using HypSpec 

program. The log β was calculated for the desired complex formed by trimeric DNA 
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and the PNA-peptide conjugates containing the 11mer in orientation B, where two 

replicates were performed. The data of the two replicates showed similar, but not 

the same log β, reason why a third replicate will be necessary, also because the 

standard deviation turned out to be slightly higher.  

 

Table 2.8. Log beta of experiments 4 and 7. 

 Log β Standard deviation 

Titration 4 6.60 0.2328 

Titration 7 6.00 0.1083 

 
Taking into consideration only the complex formed by trimeric DNA and the PNA-

peptide conjugates containing the 11mer in orientation B, given its fluorescence 

emission quenching (Titration 4 and 7), several controls were carried out to 

understand this interaction with Cu(II).  

Maintaining fixed the labelled PNA-peptide conjugate (being the only component 

able to give a fluorescence signal), one of the other two unlabeled PNA-peptide 

sequence (and reverse) was replaced with the same PNA strand lacking the peptide 

domain (Titration 13 and 14). Furthermore, another titration (Titr. 15) was performed 

with the template DNA, the labelled PNA-peptide conjugate and two PNAs lacking 

the peptide domains. Then, also only the template DNA and the labelled PNA-

peptide conjugate were tested (Titration 16).  

In Table 2.9 the list of each component used is reported, whereas in Table 2.10 the 

components used in each experiment are reported. 

 

Table 2.9.  Components used for the first series of control experiments.  

Name Entry Sequences 

TP Trimeric DNA 

Pp11B 

T1 Entry 53 Ac-GTGACTCAGAT-k(Ac)-AEEA-k(5-TAMRA-lakhkeelakl→)NH2 

A Entry 39 Ac-GGGCATGATCT-k(Ac)-AEEA-k(Ac-lakhkeemakl→)-NH2 

B Entry 40 Ac-TACCGTCGAGT-k(Ac)-AEEA-k(Ac-lakckeelakl→)-NH2 

P 
1 Entry 45 Ac-GGGCATGATCT-k(Ac)-AEEA-k(Ac)-NH2 

2 Entry 46 Ac-TACCGTCGAGT-k(Ac)-AEEA-k(Ac)-NH2 

Capital letters: PNA monomers, Lower case: amino acid 
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Table 12.10.  Composition of each titration from target complex (Titr. 4) to first series of control 
experiments (from Titr. 13 to Exp. 16). 

  Pp11B P 

 TP T1 A B 1 2 

Titr. 4 + + + + - - 

Titr. 13 + + + - - + 

Titr. 14 + + - + + - 

Titr. 15 + + - - + + 

Titr. 16 + + - - - - 

 

The results of these fluorescence quenching titrations from 0.0 eq to 4.0 eq of 

Cu(II)SO4 are shown in Figure 2.38, where the titration with the target complex is 

compared with the data obtained in presence of control samples. The fluorescence 

emission quenching observed for the complete assembly (Titr. 4), is more 

pronounced than that of the other experiments. In fact, a non-significant quenching 

(with random fluctuations) was observed for Exp. 13 and Exp. 14. A systematic 

quenching was noted for the last two experiments, though amounting to less than 

10% at 4.0 eq of Cu(II). The higher quenching observed in Titrations 4 (and replicate 

Titration 7) compared to the other systems containing only some components could 

be attributed to the presence of all the four amino acid residues able to generate a 

specific coordination site for the copper ion near enough to fluorophore.  

 

 

Figure 2.38. A comparison based on the F/F0-1 values and equivalent of Cu(II) relative to titration 4, 13, 
14, 15, and 16. 
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A second block of control experiments was carried out, where the former was 

constituted by the labelled PNA-peptide conjugate (Entry 53) and the two PNA-

peptide conjugate of the same block (Entry 39 and 40) without the DNA template, 

and the last by the labelled PNA-peptide conjugate (Entry 53) alone, in order to study 

the behavior of these components in absence of trimeric template and assess if the 

quenching observed could be due to the effect of copper (II) on single components 

or their combinations. These two controls are named titration 17 (Tirt. 17) and 18 (Tirt. 

18), respectively. However, the concentrations of the PNA-peptide conjugates used 

for both the experiments were maintained constant respect the previously analysis 

(2 µM for each strand). Comparing the data with the target complex (Titration 4), a 

similar trend of fluorescence emission intensity decrease can be observed by Figure 

2.39.  

 

 

Figure 2.39. A comparison based on the F/F0-1 values and equivalent of Cu(II) relative to titration 4, 17, 
and 18. 

 

The quenching effect was similar in the two controls and in the complete assembly. 

This could be attributed to binding of the Cu(II) to the labelled peptide through 

histidine and other flanking amino acid side chains. Since these sequences are 

insufficiently long to spontaneously form either homo- or hetero-coiled-coil 

structures in solution, as previously reported by CD experiments, a similar effect was 

observed for the PNA-peptide alone and for the combination of all three sequences. 

Since both static and dynamic quenching might occur, the similar effect observed 
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for the single components could be the result of higher flexibility and higher 

accessibility of the fluorophore in the single component, which could 

counterbalance the stability of the complex.  

 

To understand the stability of the assembly copper(II) complex compared to that of 

the peptide alone, a third block of control experiments was performed after the 

synthesis of the 11mer peptide strands in orientation B with 5(6)-TAMRA at the Nterm. 

This labelled peptide sequence, used for fluorescence quenching analysis, is 

reported in Table 2.11. 

 

Table 2.11. Labelled peptide sequence. 

Entry Sigla Sequence MW (g/mol) Yield (%) 

60 CS02-192 pk2 5-TAMRA-lakhkeelakl-NH2 1690.98 24 

 

Inside this third block of controls, three different experiments were conducted: a) 

labelled peptide sequence alone (Titr. 19); b) labelled peptide sequence with the 

trimeric template and the three PNAs without peptide domains listed in Table 2.3 

(Trt. 20); c) competition experiment with the labelled peptide (Entry 60) in the 

presence of the unlabeled assembly composed by the DNA template and the three 

PNA-11mer peptide (orientation B) conjugates reported in Entry 39, 40 and 41 (Trt. 

21). Furthermore, also for this block of controls the concentration regarding each 

component have not been changed. Consequently, the labelled peptide sequence 

was used at 2 µM as concentration, such as the PNA-peptide conjugates and the 

PNAs alone. Instead, the trimeric template was employed at 1 µM as concentration. 

 

The fluorescence quenching titrations relative to these three control experiments 

are shown in Figure 2.40, where it is possible to observe that the labelled peptide 

alone undergoes a more efficient quenching effect when compared with the desired 

assembly (Titration 4, reported for comparison). The fluorescence quenching 

behavior obtained with the labelled peptide strand alone in presence of Cu(II), being 

higher also than the previously discussed experiment with the labelled PNA-peptide 
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conjugate alone (Titration 18), would seem to confirm that the copper ion is able to 

interact better with the fluorophore when super-secondary structures are not 

present in solution. This might be due to the higher flexibility of the free peptide that 

allows to bring the copper(II) in close proximity with the fluorophore. In fact, as 

showed before in CD experiments, this peptide sequence is too short to form coiled-

coil structures in solution. 

In addition, the fact that the quenching is slightly more evident in Titration 21 respect 

Titration 20 could be attributed to the formation of the heterotrimeric coiled-coil 

structure and the consequent competition of this for Cu(II) binding, thus confirming 

the Cu(II) binding ability of the assembly. However, due to the increased flexibility of 

the free peptide, enabling closer proximity between Cu(II) and the fluorophore, and 

the formation of the heterotrimeric coiled-coil structure, it is possible to account the 

slightly more pronounced quenching observed in Titration 21 compared to Titration 

4. 

 

 

Figure 2.40. A comparison based on the F/F0-1 values and equivalent of Cu(II) relative to titration 4, 19, 
20 and 21. 

 
The last block of control experiments, formed by two distinct titrations, was carried 

out using, in one, the labelled PNA-peptide conjugate (Entry 53) and an unrelated 

11mer linear DNA sequence, while in the other a complementary PNA strand was 

added. These controls, reported as Titration 22 and Titration 23 respectively, were 
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performed to understand the possible role of the copper binding by the DNA 

backbone. The DNA and PNA sequences were already present in our laboratory, and 

they are reported in Table 2.12.  

 

Table 2.12. DNA and PNA sequences used for the last block of control experiments. 

Entry Sigla Sequence 

61 DNA Leoh 23.1 5’-CCACCGGAAAA-3’ 

62 PNA Leoh 23.1 H-AEEA-AEEA-TTTCCGGTGG-NH2 

 

The concentrations of the labelled PNA-peptide conjugate used for both 

experiments were maintained constant with respect of the previously analysis (2 

µM), instead the DNA oligomer, being that the trimeric DNA used for the desired 

complex is formed by three strands by 11mer in lengths and this linear DNA 

sequence is constituted by 11 nucleobases, was employed at 3 µM rather than 1 µM, 

to have a similar quantity of DNA in solution).  

The results are reported in Figure 2.41, that shows as the fluorescence emission 

quenching in absence of the DNA:PNA duplexes in Titration 22 is quite like the 

quenching obtained in the titration with the target construct (Titr. 4). Instead, the 

fluorescence quenching is higher in the Titration 22, where the DNA:PNA duplexes 

were formed. This behavior can be attributed to the interaction between the DNA 

backbone and the copper ion, given that when the DNA strand was alone in solution 

without the complementary PNA sequence the fluorescence emission quenching is 

lower, resulting in minor quantity of copper free able to interact with the fluorophore 

to give the quenching.  
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Figure 2.41. A comparison based on the F/F0-1 values and equivalent of Cu(II) relative to titration 4, 22, 
and 23. 
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2.4 Conclusions and future directions 
 

The possibility to obtain heterotrimeric coiled-coil structure using a tripodal DNA 

template and PNA-peptide conjugates was demonstrated in this work. Binding of 

copper(II) ion was also demonstrated, though the nature of the binding site is not 

clarified. Careful controls of the behavior of single components and their 

combinations were in line with the obtainment of the designed assembly. 

In PAGE experiments, qualitative and quantitative analysis of the assembly of 

heterotrimeric coiled-coil systems with the full matched trimeric DNA template or 

Cy3-labelled TP and the several PNA-peptides conjugates was performed, 

demonstrating the formation of the architecture containing all building blocks (TP 

and PNA-peptides conjugates). In addition, also the specificity of the PNA:DNA 

interactions that were used to arrange the heterotrimeric systems was 

demonstrated with the mismatched TP.  

The formation of heterotrimeric coiled-coil systems was then studied by circular 

dichroism (CD) analysis for the assembly including PNA-11mer peptide conjugate in 

only one orientation. More in specific, CD spectra were collected for the assemblies 

formed by TP with one, two or three PNA-peptide conjugates and for negative 

controls including a mismatched. The results were consistent with the formation of 

a coiled-coil system. Detailed control experiments on the peptide components and 

on PNA-peptide conjugates allowed to focus on cases where spontaneous coiled-

coil formation does not occur. 

CD and Fluorescence titration experiments with copper(II) sulfate in a sample 

containing the trimeric template and all the three distinct PNA-11mer peptide 

conjugates suggested that copper(II) binding occurs. In particular, the fluorescence 

quenching of the assembly was found to be more pronounced when compared to its 

components. However, being that the fluorescence quenching obtained with the 

labelled peptide strand alone in presence of Cu(II) was higher than the overall 

assembly, suggests that when super-secondary structures are not present in solution 

the Cu(II) is more able to interact with the fluorophore. In addition, higher 
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fluorescence quenching is showed when the peptide domains are present on the 

PNAs respect when they are absent.  

For the other five heterotrimeric coiled-coil architectures with different peptide 

domains the fluorescence emission quenching was not observed, although from 

PAGE experiments the formation of the assemblies was assessed. This behavior can 

be explained by higher distance between the coordination site for the Cu(II) and the 

fluorophore in presence of long peptide domains, or on the other side to the inability 

of PNA-peptides with shorter peptide domains to form coiled-coil structures despite 

the presence of the rigid trimeric scaffold, and the formation of minor number of 

electrostatic interactions with the 11mer in orientation A as peptide domains that 

cannot contribute to the stabilization of the coiled-coil formation.  

In conclusion, in presence of the complex structure assembled with the trimeric 

template and the three PNA-11mer peptide conjugates in orientation B, some 

interactions with the Cu(II) were observed by fluorescence quenching experiments, 

but not sufficient to establish if this total complex presents a binding site as that 

necessary to behave as mini-metalloprotein. For this reason, other type of 

experiments and comparison should be performed to understand this important 

feature. In addition, increasing the concentration of the desired complex or 

optimizing the experimental setup, UV-visible measurements with the aim to see 

the band relative to the coordination of Cu(II) might become addressable, thus 

establishing if this heterotrimeric coiled-coil structure can be mimic the coordination 

site of plastocyanin (a small copper-binding protein with electron transfer 

properties).  
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2.5 Experimental section 
 

2.5.1 Reagents and instrumentations 
 
The reagents were bought from Merck, abcr, Carlo Erba, VWR, Fluka, TCI Europe, 

Link Technologies, Thermofisher, IDT, PolyOrg, LGC Biosearc, Chemgenes, BioShop 

and used without additional purification. Only for the solid phase synthesis, the DMF 

was purged with nitrogen flux to avoid the presence of dimethylamine and was dried 

over 4Å molecular sieves.  

All the PNA, PNA-peptide and peptide sequences are synthesized by standard solid-

phase manual synthesis or by automatic synthesizer Biotage Syro I. Purification was 

performed by HPLC (Agilent Technologies 1260 Infinity I) using a SepaChrom 

Vydamas® (C18, 5 μm, 300 Å, 10 x 250 mm) column. Gradient used were as follows: 

a) Gradient 1 (for 5 and 11mer peptides): 100% A for 1min, then from 0% to 50% B 

for 16min; b) Gradient 2 (for 19 and 22mer peptides): 100% A for 1min, then from 0% 

to 60% B for 19min; c) Gradient 3 (for PNA-5mer peptides): 100% A for 1min, then 

from 0% to 35% B for 22 min; d) Gradient 4 (for PNA-11mer peptides): 100% A for 

1min, then from 0% to 45% B for 28min; e) Gradient 5 (for PNA-19mer peptides and 

labelled PNA-peptides): 100%A for 1 min, then from 0% to 50% B for 31 min; f) 

Gradient 6 (for PNAs): 100% A for 1 min, then from 0% to 30% B for 19 min. For all 

gradients: 4 mL/min as flow and A: water + 0.1% trifluoroacetic acid; B: acetonitrile 

+ 0.1% trifluoroacetic acid, as eluents. Detector: UV set with wavelength: 260 nm.  

After purification, the sequences were characterized by UPLC-MS (Waters Acquity 

Ultra Performance LC) using the following instrumental set-up: Waters Acquity ultra-

performance LC E07SQD086W, with Waters SQ detector and ESI-interface equipped 

with Acquity UPLC BEH 300 (50 × 2.1 mm, 1.7 µm, C18). Chromatographic conditions: 

eluent A: water + 0.2% formic acid; eluent B: acetonitrile + 0.2% formic acid. Column 

temperature: 35 °C. Program: initial isocratic at 100% A (0.9 min), then linear 

gradient to 50% B (in 5.7 min). Final wash with 100% B for 1.2 min. Flow rate: 0.25 

mL/min.  
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Some PNA-peptide conjugates and peptides sequences were characterized with 

Thermo LTQ Orbitrap XL detector and ESI-interface equipped with a Phenomenex 

Kinetex EVO (50 × 2.1 mm, 1.7 µm, C18, 100 Å). Chromatographic conditions: eluent 

A: water + 0.1% formic acid; eluent B: acetonitrile + 0.1% formic acid. Column 

temperature: 35 °C. Program: initial isocratic at 98% A (3 min), then linear gradient 

to 50% B (in 20 min) and after to 95% (in 1 min). Final wash with 98% B for 8 min. 

Flow rate: 0.20 mL/min. UV wavelength: 260 nm. 

The concentration of the PNAs and PNA-peptide conjugates was calculated using 

Evolution 260 Bio UV-Visible spectrophotometer with Peltier thermos tatting 

accessories (Thermo Fisher Scientific SPE8W), following the UV-absorbance at 260 

nm and assuming an additive contribution of all bases and any fluorophores. Instead, 

the concentration of peptide sequences was measured using the same instrument 

but following the UV-absorbance at 270 nm, typical of the 4-acetamidobenzoic acid 

(ABA). 

The single scan CD measurements were performed with a JASCO J-1500 instrument 

(Serial No. D067261638) with PM-539 as detector and PTC-510 Peltier accessory for 

temperature control. Conditions: Measure range: 300-200 nm; Data pitch: 0.1 nm; 

Bandwidth: 1.00 nm; Start mode: immediately; Scanning mode: continuous; 

Scanning speed: 50 nm/min, Accumulations: 5. Sample and cell information: Volume 

sample: 1ml; Volume cell: 1.5ml; Path cell: 0.5cm. Processing: blank subtraction and 

smoothing correction (convolution width 5). 

Experimental conditions to melting temperature CD measurements: Tm Setup: 

Start/end temp.: 20-90°C; Data interval: 0.1°C; Temp. Gradient: 0.5°C/min; Keep 

within +/- 0.1°C of the target temperature for 5 seconds; Control/monitor sensor: 

holder; End condition: return to start. Tm Parameters: Channels: CD and HT; CD 

scale: 20mdeg/0.05dOD; FL scale: 200mdeg/0.1 dOD; D.I.T.: 1 sec; Bandwidth: 1.00 

nm; Wavelength: 222 nm. CD Parameters: Start/end: 260-200 nm; Data pitch: 0.1 

nm; Scanning mode: continuous; Scanning speed: 50 nm/min; No. of accumulations: 

9; concentration: 6 µmol/L. 
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The mean residue molar ellipticity was calculate for comparing the CD spectra of 

various constructs through the following equation: 

𝜃(𝑑𝑒𝑔 ∙ 𝑐𝑚2 ∙ 𝑑𝑚𝑜𝑙−1) =
𝐸𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑖𝑡𝑦(𝑚𝑑𝑒𝑔) × 105

𝑙 × 𝑐 × 𝑛
 

where Ellipticity is the raw data by the instrument, l(cm) is the pathlength, c(µM) is 

the concentration of each sample and n is the number of amino acids in each 

structure.  

The fluorescence quenching measurements were carried out on an Edinburgh 

FLS1000 fluorimeter. The instrument was equipped with Xenon lamp 750 nm blaze 

as source light path and PMT900 500 nm blaze as detector light path. The 

fluorescence quenching spectra were collected in a quartz cuvette using the 

following parameters: λexc: 552 nm, λemi: 578 nm, bandwidth: 1.0 nm, scan: 555-

700 nm, step: 1 nm, dwell time: 0.3s and number of scans: 1. 

BioAutomation MerMade MM6 DNA synthesizer was used to synthetize the trimeric 

DNA scaffolds through a using standard automated solid-phase oligonucleotide 

synthesis on a 1 µmol as scale. Polyacrylamide gel electrophoresis (PAGE) was 

employed for the purification of raw materials (20x20cm vertical Hoefer 600 

electrophoresis equipment). Bio-Rad Laboratories ChemiDocTM MP System was 

used for the collection of gel images. The concentration of branching DNA trimers 

was calculated using NanoDrop Lite Spectrophotometer following the UV-

absorbance at 260 nm and assuming an additive contribution of all the nucleobases 

and the fluorophore. The scaffolds were characterized by LC-ESI-MS using a Dionex 

Ultimate 3000 linked to a Bruker MaXis ImpactTM QTOF. 

Polyacrylamide gel electrophoresis (PAGE) was employed also to study the assembly 

of heterotrimeric coiled-coil systems. The thermal annealing was executed with an 

Eppendorf Mastercycler® 96 well thermocycler. 

 

2.5.2 Synthesis of peptides and PNA-peptide conjugates 
 
All the PNA-peptide conjugates, PNAs, and modified TRI-family peptide sequences 

were synthetized with standard solid-phase manual synthesis, using 9-
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fluorenylmethoxycarbonyl (Fmoc) strategy while the TRI-family peptide sequences 

were obtained, using the same strategy, but with automatic synthesis through 

automatic synthesizer Syro I. The PNA monomers employed for the Fmoc strategy 

are Fmoc/Bhoc protected. The Fmoc amino acids employed for the peptide 

synthesis are Fomc-Ala-OH, Fmoc-Cys(tBu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-

Glu(OtBu)-OH, Fomc-His(trt)-OH, Fmoc-Leu-OH, Fmoc-Lys(Mtt)-OH, Fmoc-

Lys(Dde)-OH, Fmoc-Lys(Boc)-OH, and Fmoc-Met(O)-OH. 

For the PNA-peptides and PNA sequences, the H-Rink Amide Chemmatrix resin was 

loaded with Fmoc-Gly-OH to obtain 0.2 mmol/gr as theoretical loading. Instead, 

Fmoc-Rink Amide AM-Champion resin was used for all the peptide sequences with a 

loading of 0.64 mmol/g measured by UV-Visible measurements.  

The principal steps to load the H-Rink Amide Chemmatrix resin were: a) swelling in 

DCM (1x1h), b) DMF dry wash, c) coupling (1x5h, activation for 10’, using 1 eq of 

Fmoc-Gly-OH, 10 eq of DIC and 10 eq of DhBtOH in DMF dry as activation solution), 

d) DMF wash, e) capping (2x15’, DMF:Ac2O, 1:1), e) DMF wash and f) DCM wash. To 

measure the loading of the both the resins a UV/Visible technique was used, 

following the absorbance of divenzofulvene (DBF) formation after deprotection (30’, 

Piperidine:DMF, 1:4) at 290 nm. The values at 290 nm and 400 nm (used as baseline 

absorbance) were used. The loading of the resins was calculated dividing the value 

obtained from the difference between the absorbance at 290 nm and at 400nm with 

a value obtained by multiplication of a conversion factor (1.65 g/mmol*mg) with the 

weighed resin mass. 

The synthesis of the three PNA sequences was performed in a 30 µmol as scale to 

have the general formula: Fmoc-PNA-Lys(Mtt)-AEEA-Lys(Dde)-H-RinkAmide 

Chemmatrix resin. After loading the first tract (Lys(Mtt)-AEEA-Lys(Dde)-H 

RinkAmide Chemmatrix), three portions of the resin were separated to complete the 

three different PNA-peptide conjugates, each in a 4 µmol as a scale. The PNA part 

was grown after deprotection of Fmoc group in this tract. Then, after completion of 

the PNA sequence, capping the PNA part and removal of the Dde group on the first 

lysine, the peptide moiety was synthetized.  
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The modified TRI family peptides were synthesized in a 10 µmol as scale, while the 

TRI family peptides were synthesized in a 25 µmol as scale. 

The principal steps and solutions for the standard solid-phase manual synthesis 

were: a) swelling in DCM (1x30’), b) deprotection (2x8’, Piperidine:DMF, 1:4), c) DCM 

wash, d) DMF dry wash, e) Kaiser test (1’, positive), f) coupling (1x30’, activation for 

2’, using 5 eq of PNA monomer or amino acid residue, 4.9 eq of HBTU as coupling 

reagent and 10 eq of DIPEA in DMF dry as activation solution), g) DMF wash, h) 

Kaiser test (1’, negative), i) capping (2x1’, Ac2O:DIPEA:DMF dry, 5:6:89), l) DMF 

wash, m) 5% DIPEA wash (2x2’, DIPEA:DMF, 5:95), n) DMF wash and o) DCM wash. 

The solutions used for the Kaiser test were the following: K1) 1g of ninidrin in 10 mL 

absolute ethanol, K2) 8g phenol in 2 mL of absolute ethanol, and K3) 0.2 mL aqueous 

solution 0.001M of KCN diluited at 10 mL with pyridine. To perform this test 2-3 drops 

of each solution were added in a tube where few grains of the resin were previously 

included with a capillary. After that, the tube was put in an oil bath at 100°C for 1 

minute. The test is positive if the resin becomes blue. 

For the solid-phase automatic synthesis of peptide sequences with Syro I the 

protocol does not present the activation step. In fact, the Fmoc protected amino 

acids, HBTU and DIPEA were added in this order in the reactor containing the resin 

and then mixed. The coupling step was performed once for 40’, using 4 eq of 

monomer and coupling reagent, and 10 eq of DIPEA). In addition, the amino acids 

were dissolved in DMF dry to obtain a 0.5 mol/l as concentration. The concentration 

of HBTU in DMF dry was 0.43 mol/l, while for the DIPEA in NMP dry it was 2.0 mol/l. 

Unlike the manual protocol, 40% of piperidine as deprotection solution was used for 

the automatic peptide synthesis and, moreover, the 5% DIPEA wash, and the 

capping step were not performed.  

Before starting the synthesis of the peptide domains, each PNA sequence 

underwent the following protocol: a) Fmoc deprotection (2x8’, Piperidine:DMF, 1:4), 

b) DMF wash, c) capping (2x1’, Ac2O:DIPEA:DMF dry, 5:6:89), d) DMF wash, e) 5% 

DIPEA wash (2x2’, DIPEA:DMF, 5:95), f) DMF wash, g) DCM wash, h) Dde 

deprotection, i) DMF wash, and l) DCM wash. The solution for the Dde deprotection 
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was constituted by 250 mg of hydroxylamine hydrochloride, 184 mg of imidazole, 1 

mL of NMP dry, and 200 µl of DMF dry for a 5 µmol scale. The deprotection was 

repeated three times for 1 hour. After this synthetic steps, 1 µmol of each PNA-

peptide conjugates was subjected at the subsequent protocol: a) Fmoc deprotection 

(2x8’, Piperidine:DMF, 1:4), b) DMF wash, c) DCM wash, d) Mtt deprotection, e) DCM 

wash, f) DMF wash, g) capping (2x1’, Ac2O:DIPEA:DMF dry, 5:6:89), h) DMF wash, i) 

5% DIPEA wash (2x2’, DIPEA:DMF, 5:95), l) DMF wash, and m) DCM wash. The Mtt 

deprotection solution was 0.5% 1-hydroxybenzotriazole (BtOH) in 

hexafluoroisopropanol (HFIP):DCM (1:1) and the deprotection reaction was 

repeated three times for 3’. 

For the PNA-peptide conjugates functionalized with 5(6)-

carboxytetramethylrhodamine (5(6)-TAMRA) at the N-terminal moiety, the 

coupling was performed in 1 µmol of each target sequence, using 10 eq of 5(6)-

TAMRA, 9.9 eq of HBTU and 20 eq of DIPEA (2’ of activation and 1h of coupling). 

These sequences underwent the following synthetic steps: a) Fmoc deprotection 

(2x8’, Piperidine:DMF, 1:4), b) DCM wash, c) DMF wash, d) coupling with 5(6)-

TAMRA, f) DMF wash, g) DCM wash, h) Mtt deprotection, i) DCM wash, l) DMF wash, 

m) capping (2x1’, Ac2O:DIPEA:DMF dry, 5:6:89), n) DMF wash, o) 5% DIPEA wash 

(2x2’, DIPEA:DMF, 5:95), p) DMF wash, and q) DCM wash. 

Furthermore, the coupling between the TRI family peptide sequences or modified 

TRI family peptide oligomers with 4-acetamidobenzoic acid (ABA) at the N-terminal 

moiety was carried out in 5 µmol of each peptide sequence employing 5 eq of ABA, 

4.9 eq of HBTU and 10 eq of DIPEA (2’ of activation and 1h of coupling). The synthetic 

protocol used was constituted by a) Fmoc deprotection (2x8’, Piperidine:DMF, 1:4), 

b) DCM wash, c) DMF wash, d) Coupling with ABA, e) DMF wash, and f) DCM wash. 

For the cleavage step several cocktail solutions were employed to overcome 

synthetic problems and two cycles of 1h were performed to ensure a complete 

cleavage. After the first cycle the solution was filtered and collected in a falcon. Then, 

the resin was washed with only TFA to ensure a complete collection of the product, 

and the same thing was repeated at the end of the second cycle.  
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For the PNA-peptide conjugates with 5mer and 11mer peptide domains, modified 

TRI family peptides without methionine and cysteine residues in the sequences, and 

TRI family peptides a cleavage solution of TFA:m-cresol (9:1) was employed. Instead, 

for all the PNA-peptide conjugates and modified TRI family peptides with Met(O) 

residue, a solution of TFA:m-cresol (9:1) + 0.1M of tetrabutylammonium bromide 

(Bu4NBr) in TFA was used. In this case the solution of 0.1M Bu4NBr in TFA was added 

in the falcon after the cleavage and before the precipitation, leaving the reaction to 

proceed for 30’. Furthermore, for the PNA-peptide conjugates and modified TRI 

family peptides with Cys(tBu) residue two cleavage steps were necessary. In the first 

step, a solution of TFA/m-cresol (9:1) was used to cleave the oligomers from the solid 

support. Subsequently, the oligomers were precipitated by adding diethyl ether and 

cooling the resulting solution for 3 hours at -18°C; the precipitate was then dried. A 

second treatment with a cleavage solution constituted by TFA/TFMSA/m-

cresol/thioanisole (6:2:1:1) was then employed to recover further product from the 

resin. Instead, for the PNA-peptide conjugates and modified TRI family peptides 

containing a Cys(Trt) residue, to overcome at the cysteine oxidation, TFA:m-

cresol:EDT (80:10:10) was used as cleavage solution. The last cleavage cocktail used 

was TFA:TIS:EDT + 50 eq of cysteamine-HCl for the PNA-peptide conjugates with 

19mer of peptide domains without methionine and cysteine residues in the 

sequences to prevent the Bhoc alkylation.  

After the reduction of TFA volume with nitrogen flow, all the oligomers were 

precipitated in diethyl ether in freezer for at least 2h. After removing diethyl ether, 

and drying the product, the latter was dissolved in double distilled water.  

All the PNA-peptide conjugates and all the peptide sequences were purified by HPLC 

and characterized by UPLC-MS and UV-Visible techniques. For the PNA-peptide 

conjugates, the absorbance was measured at 260 nm and at 400 nm (baseline 

contribution). In addition, the molar absorptivity (ε) specific for each PNA was 

calculated considering 13700 M-1cm-1 for adenine monomer, 6600 M-1cm-1 for 

cytosine, 11700 M-1cm-1 for guanine and 8600 M-1cm-1 for thymine as molar 

absorptivity values of each single nucleobase, assuming an additive model. For the 
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ABA labelled peptides a value of 17989 M-1cm-1 as molar absorptivity at 270 nm was 

considered. The concentration of each product was calculated using a Lambert-Beer 

law, and from this the reaction yield was calculated using the overall volume of the 

solution. 

 

2.5.3 Synthesis of branching DNA trimers  
 
The three branching DNA trimers were synthetized through solid phase 

phosphoramidite oligo synthesis, using 1 μmol Universal 1000Å LCAA-CPG as a solid 

support. The first arm, in a manner that advanced from the 3' end to the 5' end, was 

carried out using a standard phosphoramidites (5’-DMT, 3’-CED). Subsequently, an 

asymmetrical branching CED phosphoramidite was attached to the DNA chain, and 

the synthesis of the second branch proceeded in the 5' to 3' direction and was carried 

out with using a reverse phosphoramidites (3’-DMT, 5’-CED). after removing the 

DMT group. The 3' end of the second arm was treated with a capping solution, and 

the levulinyl protecting group was eliminated using a 0.5M hydrazine monohydrate 

solution in a pyridine/acetic acid (1:1) mixture for 10 minutes. This allowed for the 

synthesis of the third arm using a reverse phosphoramidite. Subsequently, the 

strand was detached from the CPG support in ammonium hydroxide, leaving the 

solution to react overnight at 65°C in water bath. After that, the cleavage solution 

was removed with SpeedVac, and the branching DNA trimers were purified using 

15% denaturing PAGE analysis. Finally, a second step of purification was performed 

to separate the urea with a size exclusion column (SEC), in specific a Sephadex G-100 

DNA Grade.  

The general steps of DNA automatic synthesis and the solution composition 

employed are the following: a) detritylation of the support-bound 3’-nucleoside (3% 

trichloroacetic acid in DCM), b) activation and coupling (0.05M phoshoramidite 

monomer and 0.25M 5-ethylthio tetrazole in ACN), c) capping A (Ac2O:Lutidine:THF, 

1:1:8), d) capping B (16% w/v N-methyl imidazole in ACN), e) oxidation (0.02M iodine 

in H2O:pyridine:THF, 10:20.70), and f) detritylation at the end of the DNA synthesis 

(3% trichloroacetic acid in DCM). In addition, the coupling between the last 
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monomer of the first arm and the asymmetrical branching small molecule was 

performed in Glovebox, using 0.1M of the small molecule in ACN and 0.25M 5-

ethylthio tetrazole in ACN as activator.  

 

2.5.4 Polyacrylamide gel electrophoresis (PAGE) experiments  
 
5% native PAGE analysis were carried out to study the assembly of heterotrimeric 

coiled-coil systems. Both TBE and TaMg buffer were used. In specific TAMg buffer 

was formed by 45 mM Tris and 12.5 mM MgCl2•6H2O with a pH of 8.0 adjusted with 

glacial acetic acid. Instead, the TBE buffer was constituted by 90 mM Tris, 90 mM 

boric acid, and 2 mM EDTA with a pH of 6.5. All the samples were prepared in water 

and submitted to thermal annealing with a temperature ramp from 95°C to 4°C in 

1h. 

 

2.5.5 Peptides, PNA-peptide conjugates and PNAs characterizations 
 
Entry 1 (Figure 2.A19 in Appendix) 
CS02-117 A1: ABA-lkaleeklkaleeklkaleekl-NH2 
yield: 15%; tr: 5.76 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2727.23 [M], 
observed (from ESI-MS deconvolution):2726.0; ESI-MS: m/z observed (calcd): 910.0 
(910.1) [M+3H]3+, 682.8 (682.8) [M+4H]4+, 546.5 (546.4) [M+5H]5+. 
 
Entry 2 (Figure 2.A20 in Appendix) 
CS02-117 A2: ABA-lkeelaklkeelaklkeelakl-NH2 
yield: 20%; tr: 5.60 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2727.23 [M], 
observed (from ESI-MS deconvolution):2726.0; ESI-MS: m/z observed (calcd): 910.0 
(910.1) [M+3H]3+, 682.8 (682.8) [M+4H]4+, 546.4 (546.4) [M+5H]5+. 
 
Entry 3 (Figure 2.A21 in Appendix) 
CS02-117 A3: ABA-leeklkaleeklkaleekl-NH2 
yield: 18%; tr: 5.38 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2414.82 [M], 
observed (from ESI-MS deconvolution):2414.0; ESI-MS: m/z observed (calcd): 805.7 
(805.9) [M+3H]3+, 604.7 (604.7) [M+4H]4+, 484.0 (483.9) [M+5H]5+. 
 
Entry 4 (Figure 2.A22 in Appendix) 
CS02-117 A4: ABA-lkeelaklkeelaklkeel-NH2 
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yield: 6%; tr: 3.80 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2414.82 [M], 
observed (from ESI-MS deconvolution):2414.8; ESI-MS: m/z observed (calcd): 805.9 
(805.9) [M+3H]3+, 604.7 (604.7) [M+4H]4+, 484.0 (483.9) [M+5H]5+. 
 
Entry 5 (Figure 2.A23 in Appendix) 
CS02-117 C1: ABA-lkaleeklkal-NH2 
yield: 25%; tr: 3.78 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1415.72 [M]; ESI-
MS: m/z observed (calcd): 708.3 (708.9) [M+2H]2+, 472.8 (472.9) [M+3H]3+. 

 
Entry 6 (Figure 2.A24 in Appendix) 
CS02-117 C2: ABA-laklkeelakl-NH2 

yield: 41%; tr: 3.75 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1415.72 [M]; ESI-
MS: m/z observed (calcd): 708.6 (708.9) [M+2H]2+, 472.8 (472.9) [M+3H]3+. 

 
Entry 7 (Figure 2.A25 in Appendix) 
CS02-117 C3: ABA-leekl-NH2 
yield: 25%; tr: 4.55 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 790.90 [M], 
observed: 791.5.  
 
Entry 8 (Figure 2.A26 in Appendix) 
CS02-117 C4: ABA-lkeel-NH2 
yield: 10%; tr: 4.50 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 790.90 [M], 
observed: 791.5.  
 
Entry 9 (Figure 2.A27 in Appendix) 
MaCa01-04 A: ABA-meekh-NH2 
yield: 21%; tr: 3.30 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 832.92 [M], 
observed:833.5; ESI-MS: m/z observed (calcd): 417.4 (417.5) [M+2H]2+. 
 
Entry 10 (Figure 2.A28 in Appendix) 
MaCa01-04 B: ABA-leekc-NH2 

yield: 15%; tr: 4.07 min; ε (270nm): 17989 M-1cm-1; MW calculated: 780.88 [M], 
observed: 781.6. 
 
Entry 11 (Figure 2.A29 in Appendix) 
MaCa01-04 C: ABA-leekh-NH2 

yield: 23%; tr: 3.61 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 814.88 [M], 
observed: 815.7; ESI-MS: m/z observed (calcd): 408.4 (408.4) [M+2H]2+. 
 
Entry 12 (Figure 2.A30 in Appendix) 
MaCa01-05 A: ABA-lkameekhkal-NH2 

yield: 13%; tr: 3.87 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1457.74 [M], 
observed (from ESI-MS deconvolution): 1457.2; ESI-MS: m/z observed (calcd): 729.8 
(729.9) [M+2H]2+, 486.9 (486.9) [M+3H]3+, 365.6 (365.4) [M+4H]4+. 
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Entry 13 (Figure 2.A31 in Appendix) 
MaCa01-05 B: ABA-lkaleekckal-NH2 

yield: 19%; tr: 4.92 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1405.70 [M], 
observed (from ESI-MS deconvolution): 1406.0; ESI-MS: m/z observed (calcd): 703.7 
(703.8) [M+2H]2+, 469.4 (469.6) [M+3H]3+. 
 
Entry 14 (Figure 2.A32 in Appendix) 
MaCa01-05 C: ABA-lkaleekhkal-NH2 

yield: 40%; tr: 4.09 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1439.70 [M], 
observed (from ESI-MS deconvolution): 1440.6; ESI-MS: m/z observed (calcd): 720.7 
(720.8) [M+2H]2+, 481.0 (480.9) [M+3H]3+, 361.1 (360.9) [M+4H]4+. 
 
Entry 15 (Figure 2.A33 in Appendix) 
MaCa01-06 A: ABA-leeklkameekhkaleekl-NH2 

yield: 18%; tr: 4.17 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2456.84 [M], 
observed (from ESI-MS deconvolution): 2457.0; ESI-MS: m/z observed (calcd): 820.1 
(819.9) [M+3H]3+, 615.3 (615.2) [M+4H]4+, 492.4 (492.4) [M+5H]5+. 
 
Entry 16 (Figure 2.A34 in Appendix) 
MaCa01-06 B: ABA-leeklkaleekckaleekl-NH2 

yield: 20%; tr: 5.23 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2404.80 [M], 
observed (from ESI-MS deconvolution): 2404.0; ESI-MS: m/z observed (calcd): 802.8 
(802.6) [M+3H]3+, 602.3 (602.2) [M+4H]4+, 482.9 (481.9) [M+5H]5+. 
 
Entry 17 (Figure 2.A35 in Appendix) 
MaCa01-06 C: ABA-leeklkaleekhkaleekl-NH2 
yield: 42%; tr: 4.31 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2438.80 [M], 
observed (from ESI-MS deconvolution): 2438.2; ESI-MS: m/z observed (calcd): 814.2 
(813.9) [M+3H]3+, 610.8 (610.7) [M+4H]4+, 488.8 (488.8) [M+5H]5+. 
 
Entry 18 (Figure 2.A36 in Appendix) 
MaCa01-07 A: ABA-hkeem-NH2 

yield: 26%; tr: 2.88 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 832.92 [M], 
observed:833.7; ESI-MS: m/z observed (calcd): 417.5 (417.5) [M+2H]2+. 
 
Entry 19 (Figure 2.A37 in Appendix) 
MaCa01-07 B: ABA-ckeel-NH2 

yield: 64%; tr: 3.80 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 780.88 [M], 
observed: 780.5. 
 
Entry 20 (Figure 2.A38 in Appendix) 
MaCa01-07 C: ABA-hkeel-NH2 

yield: 15%; tr: 3.07 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 814.88 [M], 
observed: 815.5; ESI-MS: m/z observed (calcd): 408.3 (408.4) [M+2H]2+. 
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Entry 21 (Figure 2.A39 in Appendix) 
MaCa01-08 A: ABA-lakhkeemakl-NH2 

yield: 23%; tr: 3.59 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1457.74 [M], 
observed (from ESI-MS deconvolution): 1458.0; ESI-MS: m/z observed (calcd): 729.4 
(729.9) [M+2H]2+, 486.8 (486.9) [M+3H]3+, 365.3 (365.4) [M+4H]4+. 
 
Entry 22 (Figure 2.A40 in Appendix) 
MaCa01-08 B: ABA-lakckeelakl-NH2 

yield: 33%; tr: 4.82 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1405.70 [M], 
observed (from ESI-MS deconvolution): 1406.0; ESI-MS: m/z observed (calcd): 703.6 
(703.8) [M+2H]2+, 469.6 (469.6) [M+3H]3+. 
 
Entry 23 (Figure 2.A413 in Appendix) 
MaCa01-08 C: ABA-lakhkeelakl-NH2 

yield: 6%; tr: 3.71 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 1439.70 [M], 
observed (from ESI-MS deconvolution): 1439.4; ESI-MS: m/z observed (calcd): 720.6 
(720.8) [M+2H]2+, 480.9 (480.9) [M+3H]3+, 361.0 (360.9) [M+4H]4+. 
 
Entry 24 (Figure 2.A42 in Appendix) 
MaCa01-09 A: ABA-lkeelakhkeemaklkeel-NH2 

yield: 10%; tr: 4.07 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2456.84 [M], 
observed (from ESI-MS deconvolution): 2457.0; ESI-MS: m/z observed (calcd): 
1229.4 (1229.4) [M+2H]2+, 819.8 (819.9) [M+3H]3+, 615.1 (615.2) [M+4H]4+, 492.4 
(492.4) [M+5H]5+. 
 
Entry 25 (Figure 2.A43 in Appendix) 
MaCa01-09 B: ABA-lkeelakckeelaklkeel-NH2 
yield: 19%; tr: 4.27 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2404.80 [M], 
observed (from ESI-MS deconvolution): 2404.0; ESI-MS: m/z observed (calcd): 
1203.0 (1203.4) [M+2H]2+, 802.4 (802.6) [M+3H]3+, 602.0 (602.2) [M+4H]4+, 481.9 
(481.9) [M+5H]5+. 
 
Entry 26 (Figure 2.A44 in Appendix) 
MaCa01-09 C: ABA-leeklkaleekhkaleekl-NH2 
yield: 12%; tr: 4.19 min; ε (270 nm): 17989 M-1cm-1; MW calculated: 2438.80 [M], 
observed (from ESI-MS deconvolution): 2437.8; ESI-MS: m/z observed (calcd): 
1220.4 (1220.4) [M+2H]2+, 813.8 (813.9) [M+3H]3+, 610.6 (610.7) [M+4H]4+, 488.7 
(488.8) [M+5H]5+. 
 
Entry 27 (Figure 2.A45 in Appendix) 
CS02-68A: Ac-GGGCATGATCT-Lys(Ac)-AEEA-Lys(Ac-meekh→)-NH2 
yield: 15%; tr: 3.05 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 4216.28 [M], 
observed (from ESI-MS deconvolution): 4216.8; ESI-MS: m/z observed (calcd): 
1055.1 (1055.1) [M+4H]4+, 844.2 (844.3) [M+5H]5+, 703.8 (703.7) [M+6H]6+, 603.2 
(603.3) [M+7H]7+. 
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Entry 28 (Figure 2.A46 in Appendix) 
CS02-68B: Ac-TACCGTCGAGT-Lys(Ac)-AEEA-Lys(Ac-leekc→)-NH2 
yield: 13%; tr: 3.42 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 4124.22 [M], 
observed (from ESI-MS deconvolution): 4123.0; ESI-MS: m/z observed (calcd): 1375.8 
(1375.7) [M+3H]3+, 1032.1 (1032.1) [M+4H]4+, 825.9 (825.8) [M+5H]5+, 688.4 (688.4) 
[M+6H]6+. 
 
Entry 29 (Figure 2.A47 in Appendix) 
CS02-68C: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(Ac-leekh→)-NH2 
yield: 18%; tr: 3.17 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 4182.24 [M], 
observed (from ESI-MS deconvolution): 4182.8; ESI-MS: m/z observed (calcd): 
1395.3 (1395.1) [M+3H]3+, 1046.5 (1046.6) [M+4H]4+, 837.5 (837.4) [M+5H]5+, 698.1 
(698.0) [M+6H]6+, 598.5 (598.5) [M+7H]7+, 523.9 (523.8) [M+8H]8+. 
 
Entry 30 (Figure 2.A48 in Appendix) 
CS02-76A: Ac-GGGCATGATCT-Lys(Ac)-AEEA-Lys(Ac-lkameekhkal→)-NH2 
yield: 12%; tr: 3.37 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 4841.10 [M], 
observed (from ESI-MS deconvolution): 4841.6; ESI-MS: m/z observed (calcd): 
1211.1 (1211.3) [M+4H]4+, 969.3 (969.2) [M+5H]5+, 807.9 (807.8) [M+6H]6+, 692.7 
(692.6) [M+7H]7+, 606.2 (606.1) [M+8H]8+, 538.9 (538.9) [M+9H]9+. 
 
Entry 31 (Figure 2.A49 in Appendix) 
CS02-76B: Ac-TACCGTCGAGT-Lys(Ac)-AEEA-Lys(Ac-lkaleekckal→)-NH2 
yield: 11%; tr: 4.21 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 4749.0 [M], 
observed (from ESI-MS deconvolution): 4748.6; ESI-MS: m/z observed (calcd): 
1188.3 (1188.3) [M+4H]4+, 950.9 (950.8) [M+5H]5+, 792.5 (792.5) [M+6H]6+, 679.5 
(679.4) [M+7H]7+, 594.8 (594.6) [M+8H]8+, 528.8 (528.7) [M+9H]9+. 
 
Entry 32 (Figure 2.A50 in Appendix) 
CS02-76C: Ac-GTGACTCAGAT- Lys(Ac)-AEEA-Lys(Ac-lkaleekhkal→)-NH2 
yield: 16%; tr: 3.49 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 4807.06 [M], 
observed (from ESI-MS deconvolution): 4807.0; ESI-MS: m/z observed (calcd): 
1202.6 (1202.8) [M+4H]4+, 962.4 (962.4) [M+5H]5+, 802.3 (802.2) [M+6H]6+, 687.8 
(687.7) [M+7H]7+, 601.9 (601.9) [M+8H]8+, 535.2 (535.1) [M+9H]9+. 
 
Entry 33 (Figure 2.A51 in Appendix) 
CS02-90A: Ac-GGGCATGATCT-Lys(Ac)-AEEA-Lys(Ac-leeklkameekhkaleekl→)-NH2 
yield: 8%; tr: 3.83 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 5840.2 [M], 
observed (from ESI-MS deconvolution): 5840.4; ESI-MS: m/z observed (calcd): 
1169.2 (1169.0) [M+5H]5+, 974.3 (974.4) [M+6H]6+, 835.3 (635.3) [M+7H]7+, 731.1 
(731.0) [M+8H]8+, 650.0 (649.9) [M+9H]9+, 585.1 (585.0) [M+10H]10+. 
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Entry 34 (Figure 2.A52 in Appendix) 
CS02-90B: Ac-TACCGTCGAGT-Lys(Ac)-AEEA-Lys(Ac-leeklkaleekckaleekl→)-NH2 
yield: 4%; tr: 4.79 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 5748.14 [M], 
observed (from ESI-MS deconvolution): 5747.8; ESI-MS: m/z observed (calcd): 1150.5 
(1150.6) [M+5H]5+, 959.0 (959.0) [M+6H]6+, 822.0 (822.2) [M+7H]7+, 719.5 (719.5) 
[M+8H]8+, 639.7 (639.7) [M+9H]9+, 575.8 (575.8) [M+10H]10+, 523.7 (523.5) [M+11H]11+. 
 
Entry 35 (Figure 2.A53 in Appendix) 
CS02-90C: Ac-GTGACTCAGAT- Lys(Ac)-AEEA-Lys(Ac-leeklkaleekhkaleekl→)-NH2 
yield: 7%; tr: 3.95 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 5806.16 [M], 
observed (from ESI-MS deconvolution): 5806.8; ESI-MS: m/z observed (calcd): 
1162.3 (1162.2) [M+5H]5+, 968.7 (968.7) [M+6H]6+, 830.5 (830.5) [M+7H]7+, 727.0 
(726.8) [M+8H]8+, 646.2 (646.1) [M+9H]9+, 581.6 (581.6) [M+10H]10+, 529.0 (528.8) 
[M+11H]11+. 
 
Entry 36 (Figure 2.A54 in Appendix) 
CS02-80A: Ac-GGGCATGATCT-Lys(Ac)-AEEA-Lys(Ac-hkeem→)-NH2 

yield: 7%; tr: 3.08 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 4216.28 [M], 
observed (from ESI-MS deconvolution): 4216.0; ESI-MS: m/z observed (calcd): 
1055.2 (1055.1) [M+4H]4+, 844.3 (844.3) [M+5H]5+, 703.9 (703.7) [M+6H]6+, 603.6 
(603.3) [M+7H]7+. 
 
Entry 37 (Figure 2.A55 in Appendix) 
CS02-80B: Ac-TACCGTCGAGT-Lys(Ac)-AEEA-Lys(Ac-ckeel→)-NH2 
yield: 10%; tr: 3.39 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 4124.22 [M], 
observed (from ESI-MS deconvolution): 4123.8; ESI-MS: m/z observed (calcd): 1375.3 
(1375.7) [M+3H]3+, 1031.4 (1032.1) [M+4H]4+, 825.7 (825.8) [M+5H]5+, 688.3 (688.4) 
[M+6H]6+. 
 
Entry 38 (Figure 2.A56 in Appendix) 
CS02-80C: Ac-GTGACTCAGAT- Lys(Ac)-AEEA-Lys(Ac-hkeel→)-NH2 
yield: 10%; tr: 3.20 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 4182.24 [M], 
observed (from ESI-MS deconvolution): 4182.2; ESI-MS: m/z observed (calcd): 
1395.1 (1395.1) [M+3H]3+, 1046.6 (1046.6) [M+4H]4+, 837.4 (837.4) [M+5H]5+, 698.1 
(698.0) [M+6H]6+, 598.6 (598.5) [M+7H]7+, 523.7 (523.8) [M+8H]8+. 
 
Entry 39 (Figure 2.A57 in Appendix) 
CS02-85A: Ac-GGGCATGATCT-Lys(Ac)-AEEA-Lys(Ac- lakhkeemakl→)-NH2 
yield: 10%; tr: 3.32 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 4841.10 [M], 
observed (from ESI-MS deconvolution): 4841.8; ESI-MS: m/z observed (calcd): 
1211.4 (1211.3) [M+4H]4+, 969.2 (969.2) [M+5H]5+, 807.8 (807.8) [M+6H]6+, 692.5 
(692.6) [M+7H]7+, 606.4 (606.1) [M+8H]8+, 538.8 (538.9) [M+9H]9+. 
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Entry 40 (Figure 2.A58 in Appendix) 
CS02-85B: Ac-TACCGTCGAGT-Lys(Ac)-AEEA-Lys(Ac- lakckeelakl→)-NH2 
yield: 14%; tr: 4.11 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 4749.0 [M], 
observed (from ESI-MS deconvolution): 4749.2; ESI-MS: m/z observed (calcd): 
1188.1 (1188.3) [M+4H]4+, 950.9 (950.8) [M+5H]5+, 792.6 (792.5) [M+6H]6+, 679.5 
(679.4) [M+7H]7+, 594.7 (594.6) [M+8H]8+, 528.9 (528.7) [M+9H]9+. 
 
Entry 41 (Figure 2.A59 in Appendix) 
CS02-85C: Ac-GTGACTCAGAT- Lys(Ac)-AEEA-Lys(Ac- lakhkeelakl→)-NH2 
yield: 22%; tr: 3.44 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 4807.06 [M], 
observed (from ESI-MS deconvolution): 4807.4; ESI-MS: m/z observed (calcd): 
1202.9 (1202.8) [M+4H]4+, 962.5 (962.4) [M+5H]5+, 802.2 (802.2) [M+6H]6+, 687.7 
(687.7) [M+7H]7+, 601.9 (601.9) [M+8H]8+, 535.1 (535.1) [M+9H]9+. 
 
Entry 42 (Figure 2.A60 in Appendix) 
NM03-18: Ac-GGGCATGATCT-Lys(Ac)-AEEA-Lys(Ac-lkeelakhkeemaklkeel→)-NH2 
yield: 5%; tr: 3.85 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 5840.2 [M], 
observed (from ESI-MS deconvolution): 5840.8; ESI-MS: m/z observed (calcd): 
1169.2 (1169.0) [M+5H]5+, 974.5 (974.4) [M+6H]6+, 835.6 (635.3) [M+7H]7+, 731.2 
(731.0) [M+8H]8+, 650.2 (649.9) [M+9H]9+, 585.0 (585.0) [M+10H]10+, 532.1 (531.9) 
[M+11H]11+. 
 
Entry 43 (Figure 2.A61 in Appendix) 
CS02-103B: Ac-TACCGTCGAGT-Lys(Ac)-AEEA-Lys(Ac- lkeelakckeelaklkeel→)-NH2 
yield: 3%; tr: 4.77 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 5748.14 [M], 
observed (from ESI-MS deconvolution): 5748.0; ESI-MS: m/z observed (calcd): 959.3 
(959.0) [M+6H]6+, 822.1 (822.2) [M+7H]7+, 719.5 (719.5) [M+8H]8+, 639.8 (639.7) 
[M+9H]9+. 
 
Entry 44 (Figure 2.A62 in Appendix) 
CS02-103C: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(Ac- lkeelakhkeelaklkeel→)-NH2 
yield: 7%; tr: 3.99 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 5806.16 [M], 
observed (from ESI-MS deconvolution): 5807.0; ESI-MS: m/z observed (calcd): 
1162.3 (1162.2) [M+5H]5+, 968.7 (968.7) [M+6H]6+, 830.4 (830.5) [M+7H]7+, 726.9 
(726.8) [M+8H]8+, 646.4 (646.1) [M+9H]9+, 581.9 (581.6) [M+10H]10+. 
 
Entry 45 (Figure 2.A63 in Appendix) 
CS02-112: Ac-GGGCATGATCT-Lys(Ac)-AEEA-Lys(Ac)-NH2 
yield: 11%; tr: 3.54 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 3561.55 [M], 
observed (from ESI-MS deconvolution): 3562.0; ESI-MS: m/z observed (calcd): 
1187.9 (1188.2) [M+3H]3+, 891.5 (891.4) [M+4H]4+, 713.3 (713.3) [M+5H]5+, 594.6 
(594.6) [M+6H]6+. 
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Entry 46 (Figure 2.A64 in Appendix) 
CS02-115 A1: Ac-TACCGTCGAGT-Lys(Ac)-AEEA-Lys(Ac)-NH2 

yield: 16%; tr: 3.18 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 3521.53 [M], 
observed (from ESI-MS deconvolution): 3520.2; ESI-MS: m/z observed (calcd): 1174.8 
(1174.8) [M+3H]3+, 881.3 (881.4) [M+4H]4+, 705.2 (705.3) [M+5H]5+, 588.1 (587.9) 
[M+6H]6+. 
 
Entry 47 (Figure 2.A65 in Appendix) 
CS02-115 A2: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(Ac)-NH2 

yield: 14%; tr: 3.55 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 3545.55 [M], 
observed (from ESI-MS deconvolution): 3545.6; ESI-MS: m/z observed (calcd): 
1182.7 (1182.8) [M+3H]3+, 887.3 (887.4) [M+4H]4+, 710.2 (710.1) [M+5H]5+, 591.8 
(591.9) [M+6H]6+. 
 
Entry 48 (Figure 2.A66 in Appendix) 
CS02-139 pk2: Ac-GTGACTCAGAT- Lys(Ac)-AEEA-Lys(5-TAMRA-lakhkeelakl→)-
NH2 
yield: 14%; tr: 4.04 min; ε (260 nm): 147180 M-1cm-1; MW calculated: 5177.46 [M], 
observed (from ESI-MS deconvolution): 5177.4; ESI-MS: m/z observed (calcd): 864.1 
(863.9) [M+6H]6+, 740.9 (740.6) [M+7H]7+, 648.2 (648.2) [M+8H]8+, 576.4 (576.3) 
[M+9H]9+, 518.7 (518.7) [M+10H]10+. 
 
Entry 49 (Figure 2.A67 in Appendix) 
CS02-140 pk2: Ac-GTGACTCAGAT- Lys(5-TAMRA)-AEEA-Lys(Ac-lakhkeelakl→)-
NH2 
yield: 9%; tr: 3.87 min; ε (260 nm): 147180 M-1cm-1; MW calculated: 5177.46 [M], 
observed (from ESI-MS deconvolution): 5179.6; ESI-MS: m/z observed (calcd): 
1036.9 (1036.5) [M+5H]5+, 864.1 (863.9) [M+6H]6+, 740.9 (740.6) [M+7H]7+, 648.4 
(648.2) [M+8H]8+, 576.4 (576.3) [M+9H]9+. 
 
Entry 50 (Figure 2.A68 in Appendix) 
NM03-13 pk3: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(5-TAMRA-leekh→)-NH2 
yield: 8%; tr: 3.95 min; ε (260 nm): 147180 M-1cm-1; MW calculated: 4552.65 [M], 
observed (from ESI-MS deconvolution): 4553.0; ESI-MS: m/z observed (calcd): 911.6 
(911.5) [M+5H]5+, 760.0 (759.8) [M+6H]6+, 651.5 (651.4) [M+7H]7+, 570.1 (570.1) 
[M+8H]8+. 
 
Entry 51 (Figure 2.A69 in Appendix) 
NM03-09 pk2: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(5-TAMRA-lkaleekhkal→)-NH2 
yield: 13%; tr: 4.17 min; ε (260 nm): 147180 M-1cm-1; MW calculated: 5177.46 [M], 
observed (from ESI-MS deconvolution): 5178.6; ESI-MS: m/z observed (calcd): 864.5 
(863.9) [M+6H]6+, 740.6 (740.6) [M+7H]7+, 648.4 (648.2) [M+8H]8+, 576.5 (576.3) 
[M+9H]9+. 
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Entry 52 (Figure 2.A70 in Appendix) 
CS02-193 pk2: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(5-TAMRA-
leeklkaleekhkaleekl→)-NH2  
yield: 4%; tr: 4.24 min; ε (260 nm): 147180 M-1cm-1; MW calculated: 6176.56 [M], 
observed (from ESI-MS deconvolution): 6177.4; ESI-MS: m/z observed (calcd): 1030.4 
(1030.4) [M+6H]6+, 883.2 (883.4) [M+7H]7+, 773.3 (773.1) [M+8H]8+, 687.5 (687.3) 
[M+9H]9+, 618.8 (618.7) [M+10H]10+, 563.3 (562.5) [M+11H]11+. 
 
Entry 53 (Figure 2.A71 in Appendix) 
NM03-14 pk2: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(5-TAMRA-hkeel→)-NH2 
yield: 12%; tr: 3.68 min; ε (260 nm): 147180 M-1cm-1; MW calculated: 4552.65 [M], 
observed (from ESI-MS deconvolution): 4553.0; ESI-MS: m/z observed (calcd): 
1139.6 (1139.2) [M+4H]4+, 912.2 (911.5) [M+5H]5+, 760.0 (759.8) [M+6H]6+, 651.4 
(651.4) [M+7H]7+, 570.1 (570.1) [M+8H]8+, 507.0 (506.8) [M+9H]9+. 
 
Entry 54 (Figure 2.A72 in Appendix) 
NM03-15 pk3: Ac-GTGACTCAGAT-Lys(Ac)-AEEA-Lys(5-TAMRA-
lkeelakhkeelaklkeel→)-NH2  
yield: 5%; tr: 4.29 min; ε (260 nm): 147180 M-1cm-1; MW calculated: 6176.56 [M], 
observed (from ESI-MS deconvolution): 6177.6; ESI-MS: m/z observed (calcd): 1030.8 
(1030.4) [M+6H]6+, 883.6 (883.4) [M+7H]7+, 773.3 (773.1) [M+8H]8+, 687.5 (687.3) 
[M+9H]9+, 618.9 (618.7) [M+10H]10+, 563.0 (562.5) [M+11H]11+. 
 
Entry 55 (Figure 2.A73 in Appendix) 
CS02-192 pk2: Ac-GTGACTCAGAT- Lys(Ac)-AEEA-Lys(5-TAMRA-lakhkeelakl→)-
NH2 
yield: 24%; tr: 4.32 min; ε (260 nm): 31980 M-1cm-1; MW calculated: 1690.98 [M], 
observed (from ESI-MS deconvolution): 1690.4; ESI-MS: m/z observed (calcd): 564.8 
(564.7) [M+3H]3+, 423.7 (423.7) [M+4H]4+, 339.3 (339.2) [M+5H]5+. 
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2.6 Appendix Chapter 2 
 

 
Figure 2.A1. a) CD signature of 11merA to the three different concentrations, b) CD signature of 11merB 
to the three different concentrations, c) CD signature of 5merA to the three different concentrations, d) 

CD signature of 5merB to the three different concentrations. 
 

 
Figure 2.A2. a) Self-melting of 22merB, recording a spectrum every 10°C, from 20°C to 90°C. b) 

annealing of 22merB, recording a spectrum every 10°C, from 90°C to 10°C, c) decrease of ratio 222/208 
during the self-melting to 22merB, d) increase of ratio 222/208 during the annealing to 22merB. 

 



160 
 

 
Figure 2.A3. a) CD results of 22merA in present of 1 eq and 50 eq of Copper(II) sulfate, b) CD results of 

22merB in present of 1 eq and 5 0eq of Copper(II) sulfate, c) CD results of 11merA in present of 1 eq and 50 
eq of Copper(II) sulfate, d) CD results of 11merB in present of 1 eq and 50 eq of Copper(II) sulfate, e) CD 

results of 5merA in present of 1 eq and 50 eq of Copper(II) sulfate, f) CD results of 5merB in present of 1 eq 
and 50 eq of Copper(II) sulfate. 

 

 
Figure 2.A4. CD measurements at three different concentrations, in specific 45 µM, 15 µM and 6 µM, of 

a) m-19merB1 and b) m-19merB3. 
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Figure 2.A5. CD measurements at three different concentrations (45µM, 15µM and 6µM) of a) m-

11merA1, b) m-11merA2 and c) m-11merA3. d) CD measurements of combination of m-11merA1, m-
11meA2 and m-11mer A3 at three different final concentrations (45µM, 15µM and 6µM). 

 

 
Figure 2.A6. CD measurements at three different concentrations (45 µM, 15 µM and 6 µM) of a) m-
11merB1, b) m-11merB2 and c) m-11merB3. d) CD measurements of combination of m-11merB1, m-

11mer B2 and m-11mer B3 at three different final concentrations (45 µM, 15 µM and 6 µM). 
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Figure 2.A7. CD measurements at three different concentrations (45 µM, 15 µM and 6 µM) of a) m-

5merA1, b) m-5merA2 and c) m-5merA3. d) CD measurements of combination of m-5merA1, m-5merA2, 
and m-5mer A3 at three different final concentrations (45 µM, 15 µM and 6 µM). 

 

 
Figure 2.A8. CD measurements at three different concentrations (45 µM, 15 µM and 6 µM) of a) m-

5merB1, b) m-5merB2 and c) m-5merB3. d) CD measurements of combination of m-5merB1, m-5merB2 
and m-5merB3 at three different final concentrations (45 µM, 15 µM and 6 µM). 
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Figure 2.A9. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of 5mer modified peptides a) 

orientation A and b) orientation B. 
 

 
Figure 2.A10. a) CD results of 2A-1, 2A-2, and 2A-3 as single separate PNA-peptide conjugates in 
solution at 6 µM as concentration. b) Comparison between CD spectrum obtained by the sample 

containing all the three PNA-peptide sequences with 11mer peptides domains in orientation A and the 
spectrum carried out by the mathematic elaboration of the results given by each individual sequence.  

 

 
Figure 2.A11. a) CD results of 2B-1, 2B-2, and 2B-3 as single separate PNA-peptide conjugates in 
solution at 6 µM as concentration. b) Comparison between CD spectrum obtained by the sample 

containing all the three PNA-peptide sequences with 11mer peptides domains in orientation B and the 
spectrum carried out by the mathematic elaboration of the results given by each individual sequence.  

 

 
Figure 2.A12. a) CD results of 1A-1, 1A-2, and 1A-3 as single separate PNA-peptide conjugates in solution 
at 6 µM as concentration. b) Comparison between CD spectrum obtained by the sample containing all the 
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three PNA-peptide sequences with 5mer peptides domains in orientation A and the spectrum carried out 
by the mathematic elaboration of the results given by each individual sequence.  

 

 
Figure 2.A13. a) CD results of 1B-1, 1B-2, and 1B-3 as single separate PNA-peptide conjugates in solution 
at 6 µM as concentration. b) Comparison between CD spectrum obtained by the sample containing all the 
three PNA-peptide sequences with 5mer peptides domains in orientation B and the spectrum carried out 

by the mathematic elaboration of the results given by each individual sequence.  
 

 
Figure 2.A14. HT signature spectra regarding a) titration with Cu(II) of PNA-peptide conjugates with 

19mer peptide sequences in orientation A; b) titration with Cu(II) of PNA-peptide conjugates with 19mer 
peptide sequences in orientation B; c) titration with Cu(II) of PNA-peptide conjugates with 11mer peptide 

sequences in orientation A; d) titration with Cu(II) of PNA-peptide conjugates with 11mer peptide 
sequences in orientation B; e) titration with Cu(II) of PNA-peptide conjugates with 5mer peptide 
sequences in orientation A; f) titration with Cu(II) of PNA-peptide conjugates with 5mer peptide 

sequences in orientation B. 
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Figure 2.A15. Titration with 1, 2, 3, 4, 5, 10, 25 and 50 eq of Copper(II) sulfate of PNA-peptide conjugates 

with 5mer peptide sequences a) orientation A and b) orientation B. 
 

 
Figure 2.A16. HT signature spectrum regarding the titration with Cu(II) of total complex with TP and 

PNA-11mer peptide conjugates sequences in orientation B. 
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2.6.1 TP and mismatched TP characterizations 
 

 
Figure 2.A17. UPLC-MS of TP: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 
Figure 2.A18. UPLC-MS of mismatched TP: chromatogram, mass spectrum and deconvoluted spectrum. 
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2.6.2 TRI-family peptides characterizations 
 

 

 
Figure 2.A19. UPLC-MS of CS02-117 A1: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 
Figure 2.A20. UPLC-MS of CS02-117 A2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A21. UPLC-MS of CS02-117 A3: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 
Figure 2.A22. UPLC-MS of CS02-117 A4: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A23. UPLC-MS of CS02-117 C1: chromatogram and mass spectrum. 

 

 
Figure 2.A24. UPLC-MS of CS02-117 C2: chromatogram and mass spectrum. 

 

 
Figure 2.A25. UPLC-MS of CS02-117 C3: chromatogram and mass spectrum. 
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Figure 2.A26. UPLC-MS of CS02-117 C4: chromatogram and mass spectrum. 

 

2.6.3 Modified TRI-family peptides characterizations 
 

 

 
Figure 2.A27. UPLC-MS of MaCa01-04 A: chromatogram and mass spectrum. 

 

 

 
Figure 2.A28. UPLC-MS of MaCa01-04 B: chromatogram and mass spectrum. 
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Figure 2.A29. UPLC-MS of MaCa01-04 C: chromatogram and mass spectrum. 

 

 

 

 
Figure 2.A30. UPLC-MS of MaCa01-05 A: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A31. UPLC-MS of MaCa01-05 B: chromatogram and mass spectrum. 

 

 

 

 
Figure 2.A32. UPLC-MS of MaCa01-05 C: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A33. UPLC-MS of MaCa01-06 A: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A34. UPLC-MS of MaCa01-06 B: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A35. UPLC-MS of MaCa01-06 C: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 
Figure 2.A36. UPLC-MS of MaCa01-06 B: chromatogram and mass spectrum. 
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Figure 2.A37. UPLC-MS of MaCa01-07 B: chromatogram and mass spectrum. 

 

 

 
Figure 2.A38. UPLC-MS of MaCa01-07 C: chromatogram and mass spectrum. 

 

 

 
Figure 2.A39. UPLC-MS of MaCa01-08 A: chromatogram and mass spectrum. 
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Figure 2.A40. UPLC-MS of MaCa01-08 B: chromatogram and mass spectrum. 

 
 

 

 

 
Figure 2.A41. UPLC-MS of MaCa01-08 C: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A42. UPLC-MS of MaCa01-09 A: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A43. UPLC-MS of MaCa01-09 B: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A44. UPLC-MS of MaCa01-09 C: chromatogram, mass spectrum and deconvoluted spectrum. 

 

2.6.4 PNA-peptide conjugates and PNAs characterizations 
 

 

 

 
Figure 2.A45. UPLC-MS of CS02-68 A: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A46. UPLC-MS of CS02-68 B: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A47. UPLC-MS of CS02-68 C: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A48. UPLC-MS of CS02-76 A: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 

 

 

 
Figure 2.A49. UPLC-MS of CS02-76 B: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A50. UPLC-MS of CS02-76 C: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 

 

 

 
Figure 2.A51. UPLC-MS of CS02-90 A: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A52. UPLC-MS of CS02-90 B: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 

 

 

 
Figure 2.A53. UPLC-MS of CS02-90 C: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A54. UPLC-MS of CS02-80 A: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 

 

 

 
Figure 2.A55. UPLC-MS of CS02-80 B: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A56. UPLC-MS of CS02-80 C: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 

 

 

 
Figure 2.A57. UPLC-MS of CS02-85 A: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A58. UPLC-MS of CS02-85 B: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 

 

 

 
Figure 2.A59. UPLC-MS of CS02-85 C: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A60. UPLC-MS of NM03-18: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 

 

 

 
Figure 2.A61. UPLC-MS of CS02-103 B: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A62. UPLC-MS of CS02-103 C: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A63. UPLC-MS of PNA 1: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A64. UPLC-MS of PNA 2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A65. UPLC-MS of PNA 3: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A66. UPLC-MS of CS02-139 pk2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A67. UPLC-MS of CS02-140 pk2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A68. UPLC-MS of NM03-13 pk3: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A69. UPLC-MS of NM03-09 pk2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A70. UPLC-MS of CS02-193 pk2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A71. UPLC-MS of NM03-14 pk2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 2.A72. UPLC-MS of NM03-15 pk3: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 2.A73. UPLC-MS of CS02-192 pk2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Chapter 3 
 

3.0 Heterotrimeric Coiled-Coil structures through 
PNA:PNA-Peptide interaction 

 

3.1 Abstract 
 
In this Chapter is described the synthesis and optimization of a tri-functionalized 

rigid molecule to use it as a scaffold to establish a platform for the assembly of 

heterotrimeric coiled-coil structures and designed to be compatible with peptide 

solid phase synthesis.  

Compared to the previous chapter, where the assembly was formed through 

DNA:PNA interactions, in this case the final complex will be formed through 

PNA:PNA-peptides interactions. Thanks to the three different functional groups 

(azide, carboxylic acid, and a Fmoc-protected amino function) featured on this rigid 

small molecule, it is possible to grow three different PNA sequences branched on 

this central core (Figure 3.1), in direction from Cterm to Nterm. 

At the same time, a study to understand the minimal PNA length, necessary to 

generate a PNA:PNA duplex able to operate as driving force for the formation of 

trimeric coiled-coil structures through PNA:PNA-peptides, was carried out eval of 

PNA:PNA complexes melting temperature. 

 

 

Figure 3.1. Schematic representation of a platform for the assembly of trimeric coiled-coil structure based 
on PNAs. 
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3.2 Introduction 
 
Since the use of a DNA template to generate heterotrimeric coiled-coil system 

requires the use of different strategies and chemistry (phopshoramidite synthesis 

for DNA and peptide synthesis for PNA), it is interesting to establish if a similar 

approach reported in Chapter 2 can be performed using a trimeric Peptide Nucleic 

Acid (PNA)1 as a template.  

Unlike natural nucleic acids, which are susceptible to degradation by nucleases due 

to their phosphate backbone, the unnatural backbone PNA oligomers exhibit 

remarkable chemical and biochemical stability renders them impervious to nuclease 

and protease activity, as well as improves chemical stability.2 

In many applications, PNA strands have been used for their capacity to bind DNA or 

RNA oligomers in either parallel or antiparallel orientations, forming very stable 

PNA:DNA or PNA:RNA duplexes.3,4 However, PNAs are also capable of binding 

complementary PNA sequences both parallel and antiparallel, leading to the 

formation of stable duplexes that exhibit double helical structures akin to DNA or 

RNA duplexes. Consequently, this demonstrates that the sugar backbone found in 

nucleic acids (NA) is not a requisite feature for the creation of double helical 

architectures.5 Complexes built upon nucleic acids are generally less stable 

compared to the corresponding PNA:NA or PNA:PNA duplexes. This heightened 

stability arises from the fact that the neutral backbone of PNA avoids electrostatic 

repulsion.6 Overall, the thermal stability of these duplexes typically follows the 

order: antiparallel PNA:PNA > PNA:RNA > PNA:DNA ~ parallel PNA:PNA > 

DNA:DNA.  

Over the years, investigations into the stability of duplexes formed by PNAs have 

primarily involved measuring their melting temperatures (Tm). An influential factor 

affecting the melting temperatures of both nucleic acid and PNA duplexes is the 

composition of the chains. Specifically, like in natural NA, a higher proportion of G-

C base pairs demands more energy to dissociate the double helices due to the higher 

number of formed hydrogen bonds that can be formed.7 
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Peptide nucleic acid (PNA) oligomers are produced through solid-phase peptide 

synthesis (SPPS), a synthetic technique.8 This method, coupled with the 

advancement and exploration of various protective groups9, each with its unique 

reactivity, has played a crucial role in establishing PNAs as fundamental building 

blocks in the construction of PNA-based nanostructures. In addition, PNAs are 

excellent candidates for building nanostructures as they can be easily conjugated 

with small molecules, peptides, and proteins. They can tolerate modifications on 

both the backbone and the nucleobases, thereby adding further functionalities,  

Guiding the organized assembly of PNAs, these nanostructures are formed 

spontaneously through noncovalent interactions, including hydrogen bonds, 

hydrophobic interactions, and van der Waals forces, resulting in precise structural 

organization and thermodynamic stability.10 For these properties PNAs have been 

used in different works aiming to form self-assembled structures or nanostructures. 

For example, self-assembly of nanofiber structures based on gamma-modified 

peptide nucleic acid (y-PNA) in organic solvents were developed.11  

Supramolecular drugs can be obtained using PNA-mediated self-assembly. In fact, 

ligands for specific protein targets can be built by non-covalent self-assembly of 

complementary PNA-ligand conjugates, offering the possibility of multiple 

combinations.12 Labelling with sensitive molecules or radioactive metal ions can be 

performed using these scaffolds. In fact, Gasser and coworkers have reported a 

complex formed by a PNA strand functionalized with a specific antibody and its 

corresponding radiolabeled complementary PNA sequence (99mTc-labeled PNA), 

demonstrating in vivo the ability of these two modified-PNAs to recognize each 

other.13 

In addition, self-assembly of microparticles was reported by Ly and coworkers using 

complementary PNAs with appropriate stereochemistry.14 

A very accurate prediction model is available for prediction of PNA:DNA melting 

temperature,15 and so applications implying this type of structure can be tuned to 

the appropriate stability. However, a similar model is not available for PNA:PNA 

structures and few data are available for parallel PNA:PNA duplexes.   
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3.3 Results and discussion 
 

3.3.1 Synthesis of a tri-functionalized rigid core molecule 

 
To obtain three different PNA:PNA duplexes able to enforce the formation of the 

trimeric coiled-coil system through PNA:PNA-peptide interaction, a small tri-

functionalized molecule was synthetized. This central core should ideally be: a) 

asymmetric, therefore with three orthogonal reactivities, to permit the growth of 

three different PNA sequences; b) fairly small to ensure the spatial proximity of the 

peptide domains; c) designed to generate equal distance between the three various 

functional groups to avoid steric hindrance to facilitate the attachment of chains; d) 

compatible with the solid phase peptide synthesis (SPPS); e) lacking of chiral 

centers. Therefore, we designed a benzene-core-based synthon 1 (Figure 3.2) which 

can be obtained as shown in the retrosynthesis reported in Figure 3.2. 

 

 

Figure 3.2. Retrosynthesis of the target 3-((9-fluorenylmethoxycarbonyl)amino methyl)-5-
(azidomethyl)benzoic acid. 

 

It is possible to observe that the skeleton of the scaffold is a 1,3,5-substituted 

benzene derivative. The benzene core provides structural rigidity and the equal 

distance between the substituents was chosen to maximize the steric hindrance and, 

consequently, to ease the attachment of PNA sequences. This molecule was also 

selected for the lack of chiral centers. 

Carboxylic acid, azide and Fmoc-protected amino function were the three functional 

groups chosen to obtain a molecule with orthogonal reactivities as a rigid center 

between three different PNA sequences, suitable for SPPS.  
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Fmoc protection of amine function, hydrolysis of ester, reduction of azide function 

and SN2 nucleophilic substitution are the principal reactions of the retrosynthesis to 

achieve this desired central core. In specific, the Fmoc-protected target 1, suitable 

for the solid phase protocols, can be obtained by protection of the amine group and 

by the hydrolysis of its carboxylic acid derivative, corresponding to molecule 2. 

Compound 2 can be achieved through a selective mono-reduction (Staudinger 

reduction) after the installation through a nucleophilic substitution of two azido 

groups on a bis-bromo-containing starting material 3, methyl 3,5-bis(bromomethyl) 

benzoate, which is commercially available. 

 

The principal steps of the tri-functionalized rigid core molecule (1) synthetic protocol 

are Sn2 nucleophilic substitution, Staudinger reduction of azido group, hydrolysis of 

ester, and Fmoc protection of amine function (Figure 3.3).  

 

 

Figure 3.3.Tri-functionalized rigid core molecule (1) synthetic protocol.  

 

Synthetic steps to obtain compound 1 

 

 

Figure 3.4. Synthesis of methyl 3,5-bis(azidomethyl)benzoate. 

 

Methyl 3,5-bis(azidomethyl)benzoate 4 can be obtained from the commercially 

available methyl 3,5-bis(bromomethyl)benzoate 5 via nucleophilic substitution in 

presence of sodium azide (Figure 3.4).  

After optimization steps, this reaction was carried out in DMF dry with 2.1 

equivalents of sodium azide, overnight at room temperature to ensure the 
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formation of compound 4 and to prevent the presence of monosubstituted 

intermediate. A pure product in fairly good yield (78%) was obtained. 

 

 

Figure 3.5. a) Synthesis of methyl 3-(aminomethyl)-5-(azidomethyl)benzoate. b) Mechanism of biphasic 
system. 

 

Methyl 3-(aminomethyl)-5-(azidomethyl)benzoate 3 can be obtained via Staudinger 

reduction of a single azido group present in compound 4 (Figure 3.5a). To achieve 

this, it is necessary to work in defect of triphenylphosphine and in a biphasic system 

containing an organic solvent and an acid aqueous solution (heterogeneous 

conditions, Figure 3.5b). 

To optimize the drying of the aqueous phase and to check the formation of eventual 

degradation product (due to ester hydrolysis), the water phase was dried under 

reduced pressure, either with a rotavapor or freeze-dryer. The results (Figure 3.6) 

showed no difference between the two methods, at least in a small-scale (~100 mg).  

 

 

Figure 3.6. 1H-NMR spectra regarding two drying methods carried out during the synthesis of Compound 
3. 
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However, on a bigger scale (~400 mg), using the rotavapor for evaporating the water 

phase led to partial ester hydrolysis, caused by the longer time required to dry the 

water phase (Figure 3.7). This side reaction, however, did not compromise the overall 

synthesis because the subsequent step is the ester hydrolysis (Figure 3.8). 

 

 

Figure 3.7. 1H-NMR (400 MHz, DMSO-d6) spectrum of the mixture obtained in the rotavapor dried large-
scale synthesis, showing partial ester hydrolysis of compound 3. 

 

 
Figure 3.8.  Synthesis of 3-(aminomethyl)-5-(azidomethyl)benzoic acid by ester hydrolysis of 3. 

 

The synthesis of compound 2 was carried out by completing the hydrolysis of ester 

present in 3. This reaction was performed both under basic and acidic conditions.  

When the reaction was performed with a NaOH 1 M solution in water/methanol at 

room temperature, the precipitation step of the zwitterion form (isoelectric point at 

6.7, calculated by pKa of benzoic acid and benzylamine) was the crucial step. In 

addition, it is necessary not to exceed with the volume of the water to obtain the 

precipitation of the molecule in the zwitterion form.  
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The acid hydrolysis was studied as a one-pot reaction directly from compound 4 to 

2. A screening of concentrations of HCl solution and temperature was performed. 

The reaction time was kept overnight for all the experiments. The results were 

reported in Table 3.1.  

 

Table 3.1. Results regarding the screening of concentrations of HCl solution and temperature performed 
for the acid hydrolysis of the ester 3. 

Test HCl concentration Temperature Results % 

1 1M 50°C Partial hydrolysis 86 

2 1M 60°C Partial hydrolysis 98 

3 2M 60°C Partial hydrolysis 99 

4 5M 60°C Fully hydrolysis / 

5 12M 60°C Degradation / 

6 12M 100°C Degradation / 

 

It is possible to notice that the ester hydrolysis reaction improves, increasing the HCl 

concentration and the temperature up to 5 M, whereas too harsh conditions (those 

employing HCl 12 M) led to product degradation. In fact, by comparing the data, the 

tests with 1 M or 2 M HCl either at 50°C or 60°C has brought to a partial hydrolysis of 

compound 3, while, in presence of 5 M HCl at 60°C, the compound 3 was fully 

hydrolyzed, as showed in 1H-NMR spectra (Figure 3.9). Recovery of the product led 

to a reaction yield of 85%. In the last two experiments of Table 3.1 the reaction 

conditions were too harsh and leaded to degradation of compound 3. 
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Figure 3.9. 1H-NMR (400MHz, D2O ) spectra of HCl concentration and temperature screening. The test 
numbers refer to those reported in Table 3.1 

 

 

Figure 3.10. Synthesis of the target 3-((9-fluorenylmethoxycarbonyl)amino methyl)-5-
(azidomethyl)benzoic acid (1).  

 

To obtain the desired tri-functionalized molecule, the protection of the amino 

moiety with Fmoc was the last synthetic step (Figure 3.10). In specific, the reaction 

was carried out in presence of Fmoc chloride as reagent.  

Respect the typical Fmoc protective reaction, where an organic solvent is used, a 

different procedure adopted from the literature was employed.16 It distinguishes 

itself from typical protective reactions by utilizing water as the solvent instead of an 

organic one. 

Preliminary experiments to evaluate and optimize this procedure were carried out 

employing phenylalanine (Phe) to avoid the use of the costly compound 2 and given 
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that its structural resemblance to the target compound, sharing common features 

(benzene ring, a carboxylic acid moiety, and an amino functional group). 

After these tests, the Fmoc protection of compound 2 was performed with 1.2 eq of 

Fmoc-Cl. However, the characterization shown the contamination of the desired 

product with Fmoc-Cl, but for limited time, it was not possible to optimize the 

purification of the compound 1. 
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3.3.2 Study of PNA:PNA duplex stability 
 
A library of PNA sequences of different lengths (11mer, 9mer, 7mer, and 5mer) and 

orientations (parallel and antiparallel) were designed and synthetized. 

Using these series, the melting temperature of specific pairs of PNAs  were analyzed 

with the aim of establishing the minimal number of base pairs for obtaining 

complete assembly of PNA:PNA duplex at room temperature.  

The design (Figure 3.11) of the sequences was done starting from the three 11mer 

PNA sequences reported in Chapter 2, the corresponding complementary sequences 

in parallel orientation were individuated and designed to be used for the 

construction of templated assembly of peptides. In the final assembly, they should 

be installed in the trimeric small molecule to obtain the desired branched scaffold. 

Given that parallel PNA:PNA duplexes are less studied, to better understand the 

data, the synthesis of the respective PNA sequences in antiparallel orientation was 

also carried out. 

 

 

Figure 3.11. Design of PNA sequences for the construction of templated assembly of peptides.  
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A summary of all the PNA sequences synthetized regarding the template, the 

related full-matched sequences in parallel and antiparallel orientation are listed in 

Table 3.2. 

Nevertheless, all the melting temperature (Tm) reported subsequently are single 

experiments and, for limited time, it was not possible to perform replicates. 

 

Table 3.2. PNA sequences of template (from Entry 1 to 12), PNA sequences complementary to PNAs of 
template in antiparallel orientation (from Entry 13 to 24), and PNA sequences complementary to PNAs of 

template in parallel orientation (from Entry 25 to 36). 

Entry PNA Sequence 
Yield 

(%) 

 Length 

1 11mer A Ac-CCCGTACTAGA-g-NH2 12 Template A 11mer 

2 11mer B Ac-ATGGCAGCTCA-g-NH2 13 Template B 11mer 

3 11mer C Ac-CACTGAGTCTA-g-NH2 15 Template C 11mer 

4 9mer A Ac-CGTACTAGA-g-NH2 12 Template A 9mer 

5 9mer B Ac-GGCAGCTCA-g-NH2 5 Template B 9mer 

6 9mer C Ac-CTGAGTCTA-g-NH2 7 Template C 9mer 

7 7mer A Ac-TACTAGA-g-NH2 17 Template A 7mer 

8 7mer B Ac-CAGCTCA-g-NH2 8 Template B 7mer 

9 7mer C Ac-GAGTCTA-g-NH2 10 Template C 7mer 

10 5mer A Ac-CTAGA-g-NH2 22 Template A 5mer 

11 5mer B Ac-GCTCA-g-NH2 7 Template B 5mer 

12 5mer C Ac-GTCTA-g-NH2 12 Template C 5mer 

13 11mer Aa Ac-TCTAGTACGGG-g-NH
2
 12 Antiparallel A 11mer 

14 11mer Ba Ac-TGAGCTGCCAT-g-NH
2
 12 Antiparallel B 11mer 

15 11mer Ca Ac-TAGACTCAGTG-g-NH
2
 20 Antiparallel C 11mer 

16 9mer Aa Ac-TCTAGTACG-g-NH
2
 14 Antiparallel A 9mer 

17 9mer Ba Ac-TGAGCTGCC-g-NH
2
 22 Antiparallel B 9mer 

18 9mer Ca Ac-TAGACTCAG-g-NH
2
 28 Antiparallel C 9mer 

19 7mer Aa Ac-TCTAGTA-g-NH
2
 10 Antiparallel A 7mer 

20 7mer Ba Ac-TGAGCTG-g-NH
2
 25 Antiparallel B 7mer 

21 7mer Ca Ac-TAGACTC-g-NH
2
 26 Antiparallel C 7mer 

22 5mer Aa Ac-TCTAG-g-NH
2
 16 Antiparallel A 5mer 

23 5mer Ba Ac-TGAGC-g-NH
2
 13 Antiparallel B 5mer 
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24 5mer Ca Ac-TAGAC-g-NH
2
 30 Antiparallel C 5mer 

25 11mer Ap Ac-GGGCATGATCT-g-NH
2
 8 Parallel A 11mer 

26 11mer Bp Ac-TACCGTCGAGT-g-NH
2
 8 Parallel B 11mer 

27 11mer Cp Ac-GTGACTCAGAT-g-NH
2
 5 Parallel C 11mer 

28 9mer Ap Ac-GCATGATCT-g-NH
2
 7 Parallel A 9mer 

29 9mer Bp Ac-CCGTCGAGT-g-NH
2
 6 Parallel B 9mer 

30 9mer Cp Ac-GACTCAGAT-g-NH
2
 9 Parallel C 9mer 

31 7mer Ap Ac-ATGATCT-g-NH
2
 9 Parallel A 7mer 

32 7mer Bp Ac-GTCGAGT-g-NH
2
 6 Parallel B 7mer 

33 7mer Cp Ac-CTCAGAT-g-NH
2
 32 Parallel C 7mer 

34 5mer Ap Ac-GATCT-g-NH
2
 15 Parallel A 5mer 

35 5mer Bp Ac-CGAGT-g-NH
2
 9 Parallel B 5mer 

36 5mer Cp Ac-CAGAT-g-NH
2
 40 Parallel C 5mer 

Capital letters: PNA monomers, Lower case: amino acid  

 

Given that the UV-Visible instrument was not available, the melting and annealing 

measurements were carried out at 5 µM concentration for each PNA in phosphate 

buffer saline (PBS, 10 mM phosphate and 100 mM NaCl, pH 7.4), using the HT 

channel (proportional to absorbance) of a CD spectropolarimeter, because these 

systems do not have a signal in the CD channel. Before the measurements, each 

sample was submitted to thermal annealing with a temperature ramp from 95 °C to 

room temperature. 

Melting and annealing temperatures (Tm and Ta) of full-match and full-length 

antiparallel and parallel PNA:PNA duplexes were measured. To obtain a more 

comprehensive overview of PNA:PNA duplex stability, besides the two full-length 

orientations above mentioned, Tm hybrid duplexes of the 11mer with other three 

different lengths (9mer, 7mer and 5mer) were also measured.  

The results are reported in Table 3.3 for the antiparallel orientation and in Table 3.4 

for the parallel orientation. In both tables, the PNA sequences relative to the 

template are kept constant, varying thus the orientation of the corresponding PNA 

sequences. The melting and annealing temperature were calculated from the first 
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order derivative of a 10th order polynomial fitting function, using Matlab as software. 

An example is reported in Figure 3.12.  

 

 

Figure 3.12. HT profile of melting and annealing analysis and values calculated from the first order 
derivative of a 10th order polynomial fitting function of 11mer C/Ca duplex.  

 
Table 3.3. Melting and annealing temperatures of PNA:PNA duplexes in antiparallel orientation. 

Tm PNA:PNA duplex in antiparallel orientation 

Serie A 

 5mer Aa 7mer Aa 9mer Aa 11mer Aa 

5mer A 
Tm: 24.1 °C 

Ta: 20.1 °c 
   

7mer A  
Tm: 36.4 °C 

Ta: 36.4 °C 
  

9mer A   
Tm: 62.2 °C 

Ta: 60.1 °C 
 

11mer A    
Tm: 76.7 °C 

Ta: 75.4 °C 

Serie B 

 5mer Bp 7mer Bp 9mer Bp 11mer Bp 

5mer B 
Tm: 35.0 °C 

Ta: 35.2°C 
 Tm: 48.1 °C Tm: 50.2 °C 

7mer B  
Tm: 58.9 °C 

Ta: 59.7°C 
Tm: 61.7 °C Tm: 63.5 °C 

9mer B   
Tm: 78.1 °C 

Ta: 77.0 °C 
Tm: 85.2 °C 

11mer B   Tm: 79.5 °C 
Tm: 85.1 °C 

Ta: 83.5 °C 

Serie C 

 5mer Ca 7mer Ca 9mer Ca 11mer Ca 

5mer C 
Tm: 21.9 °C 

Ta: 22.7 °C 
  Tm: 59.9 °C 

7mer C  Tm: 54.0 °C  Tm: 62.8 °C 
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Ta: 49.4 °C 

9mer C   
Tm: 64.9 °C 

Ta: 63.7 °C 
Tm: 69.6 °C 

11mer C    
Tm: 77.7 °C 

Ta: 75.3 °C 

 

Table 3.4. Melting and annealing temperatures of PNA:PNA duplexes in parallel orientation. 

Tm PNA:PNA duplex in parallel orientation 

Serie A’ 

 5mer Ap 7mer Ap 9mer Ap 11mer Ap 

5mer A 
Tm: 25.1 °C 

Ta: 25.1 °c 
   

7mer A  
Tm: 29.5 °C 

Ta: 27.0 °C 
  

9mer A   
Tm: 43.4 °C 

Ta: 42.1 °C 
 

11mer A    
Tm: 58.4 °C 

Ta: 56.6 °C 

Serie B’ 

 5mer Ba 7mer Ba 9mer Ba 11mer Ba 

5mer B 
Tm: 18.3 °C 

Ta: 18.0 °C 
Tm: 31.7 °C Tm: 38.2 °C Tm: 37.7 °C 

7mer B  
Tm: 37.4 °C 

Ta: 35.5 °C 
Tm: 43.9 °C Tm: 40.6 °C 

9mer B  Tm: 45.8 °C 
Tm: 57.5 °C 

Ta: 54.2 °C 
Tm: 59.5 °C 

11mer B  Tm: 45.3 °C Tm: 57.3 °C 
Tm: 62.7 °C 

Ta: 59.7 °C 

Serie C’ 

 5mer Cp 7mer Cp 9mer Cp 11mer Cp 

5mer C 
Tm: 20.1 °C 

Ta: 20.0 °C 
   

7mer C  
Tm: 43.0 °C 

Ta: 35.7 °C 
  

9mer C   
Tm: 68.8 °C 

Ta: 67.2 °C 
 

11mer C    
Tm: 70.8 °C 

Ta: 65.8 °C 
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From both tables, it is possible to observe, as expected, an increase of melting and 

annealing temperature of the PNA:PNA duplex going from 5mer to 11mer, in both 

the orientations. However, the melting and annealing temperatures are sequence 

dependent. Given the difference in number of hydrogen bonds in the G-C pairing 

respect the A-T, the first couple contributes to stabilize more the duplex.  

In addition, the annealing measurements were carried out to evaluate if the 

PNA:PNA formation could be subject to hysteresis, which in turn could be a sign of 

kinetically slow annealing processes (such as those observed for triplexes). 

Comparing the melting and annealing data, no relevant hysteresis was noted. In 

fact, the values of melting and annealing temperature are similar for all the PNAs 

examined. 

 

 

Figure 3.13. a) Schematic representation of Tm of PNA:PNA duplex in antiparallel orientation and 
comparison of these Tm with theoretical Tm values of DNA:PNA duplex. b) Graphic representation of G-

C pairs in the 11mer PNAs. c) Correlation between the observed melting temperatures for full-match, 
full-length, antiparallel PNA:PNA duplexes and those calculated as average value for the DNA:DNA 

duplex (using the Santa Lucia model at 5 µM strand concentration, 50mM buffer and 0M Mg2+ , 
https://altogenlabs.com/resources/dna-tm-calculator/). 

 

Considering the antiparallel orientation and analyzing the data showed in Figure 

3.13a, one can be seen a higher value of melting temperature in present of six G-C 

pairing distributed inside the 11mer sequence respect the same number of G-C at 
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the end of the sequence (11merA/Aa respect 11merB/Ba). In fact, 11merB/Ba duplex 

present a Tm of 85.1 °C, while 11merA/Aa of 76.7 °C. In addition, a homogeneous 

distribution of G-C pairing along the PNA sequences, as in 11merC/Ca, also with a 

less G-C base pair, has given a denaturing temperature like 11merA/Aa. A graphic 

representation was reported in Figure 3.13b. 

Since the 9mer, 7mer and 5mer sequences are designed by the elimination of couple 

of nucleobases at the N-terminus respect the PNA sequences of template, the series 

PNA a shown a drop of Tm more pronounced because it lost, both in 11mer to 9mer 

and in 9mer to 7mer, a couple of G-C pairing. In fact, the Tm decrease approximately 

of 15-25°C, while losing two A-T pairing or one per type, a minor difference in 

temperature (about 10 °C) is observed like series B and C, except the 5mer PNAs. 

These last turn out to be not very stable at room temperature because they are too 

short and in fact the Tm value from 7mer to 5mer is roughly half, although the 5mer 

of series B has a slightly higher Tm value compared to the other two and this could 

be due to the presence of addition G-C base pairing. 

A more precise model for nucleic acid duplex stability is the well-established Santa 

Lucia model, which considers the stabilizing effect of stacking interactions and thus 

is not only based on base composition, but also on nearest-neighbor pairs.17 A 

prediction formula of PNA:DNA melting temperatures, which allows researchers to 

foresee the stability of the complex between PNA probes and their targets, have 

been proposed based on empirical data15 but so far, no predictive model is available 

for PNA:PNA duplexes. 

However, these previous results were compared with the theoretical Tm of 

corresponding PNA:DNA duplex, given that the PNA:PNA interaction are reported 

to be more stable than the corresponding DNA:PNA duplex. To obtain these data, 

that are reported in Figure 3.12a, an online platform called PNA Bio was used, and 

the sequences of template was selected as PNAs. 

It seemed therefore useful to infer a correlation between the predicted melting 

temperature of DNA:DNA duplexes and that of the PNA:PNA duplexes of the same 

sequence. The results are reported in Figure 3.13c, and a linear correlation can be 
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noted between the experimental data of PNA:PNA duplexes and the theoretical 

data of DNA:DNA duplexes calculated using the Santa Lucia model. Thus, it is 

possible to use this model to have a rough estimate of the PNA:PNA stability when 

designing nanostructure containing this motif. 

A similar correlation was found for predicted DNA:PNA (Figure 3.A13 in Appendix). 

However, since the PNA chosen to calculate the PNA:DNA Tm can affect the stability 

of the latter, due to the asymmetry in Tm of PNA:DNA duplexes as evidenced in Sen 

and Nielsen, P.E. Bioph. J. , 2006, 90 ,1329–1337 , we chose to use the average of the 

predicted PNA:DNA Tm obtained for the two PNA strands.  

 

Dealing with the PNA:PNA duplex in parallel orientation, the Tm of the three series 

is reported in Figure 3.14a. Contrary to the opposite orientation, the melting 

temperatures regarding series Cp are higher than the other two series, although it 

presents one G-C pairing in less, as can been seen also from the Figure 3.14b. 

However, also in this case, a homogeneous distribution of G-C pairing along the PNA 

sequences seems to need more energy to separate the two strands with respect to 

PNAs with G-C pairing more concentrated on one side of the PNA sequences.  

 

 

Figure 3.14. a) Schematic representation of Tm of PNA:PNA duplex in parallel orientation. B) Graphic 
representation of G-C pairs in the 11mer PNAs. 
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A linear trend in the Tm of parallel PNA:PNA duplexes is difficult to identify, and in 

contrast to the antiparallel duplexes, these results do not seem to be roughly 

predictable based on the nearest-neighbor model of dsDNA stability. The reason for 

this can be attributed to the fact that the data was collected in a single 

measurement, the need to gather a larger dataset, and the presence of other 

parameters that differ from the standard ones. 

 

In addition, several melting temperature experiments of duplex formed with the 

PNAs sequences at different lengths were carried out to better understand the effect 

of overhanging unpaired nucleobases both in parallel and antiparallel orientations. 

The results are reported in Table 3.5, 3.6 and 3.7.  

 

Table 3.5. Melting temperature of PNA:PNA duplex in antiparallel orientation at different length 
correlated to PNA series B. 

Serie B 

 9mer Ba 
ΔTm (Tm-Tm full-

length)/°C 
11mer Ba 

ΔTm (Tm-Tm full-

length)/°C 

5mer B Tm: 48.1 °C 13.1 Tm: 50.2 °C 15.2 

7mer B Tm: 61.7 °C 2.8 Tm: 63.5 °C 4.6 

9mer B Tm: 78.1 °C 0.0 Tm: 85.2 °C 7.1 

11mer B Tm: 79.5 °C 1.4 Tm: 85.1 °C 0.0 

 

Table 3.6. Melting temperature of PNA:PNA duplex in antiparallel orientation at different length 
correlated to PNA series C. 

Serie C 

 11mer Ca ΔTm (Tm-Tm full-length)/°C 

5mer C Tm: 59.9 °C 38 

7mer C Tm: 62.8 °C 8.8 

9mer C Tm: 69.6 °C 5.3 
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Table 3.7. Melting temperature of PNA:PNA duplex in parallel orientation at different length correlated 
to PNA series b’. 

Serie B’ 

 
7mer 

Bp 

ΔTm (Tm-

Tm full-

length)/°C 

9mer 

Bp 

ΔTm (Tm-

Tm full-

length)/°C 

11mer 

Bp 

ΔTm (Tm-Tm 

full-

length)/°C 

5mer B 
Tm: 

31.7 °C 
13.4 

Tm: 

38.2 °C 
19.9 

Tm: 

37.7 °C 
19.4 

7mer B 
Tm: 

37.4 °C 
0 

Tm: 

43.9 °C 
6.5 

Tm: 

40.6 

°C 

3.2 

9mer B 

Tm: 

45.8 

°C 

8.4 
Tm: 

57.5 °C 
0 

Tm: 

59.5 

°C 

2.0 

11mer B 

Tm: 

45.3 

°C 

7.9 
Tm: 

57.3 °C 
-0.2 

Tm: 

62.7 °C 
0.0 

 

As expected, by Table 3.6, it is possible to notice that generally the values of Tm 

decreasing from completely paired 11mer PNA:PNA duplex to 11mer:5mer as the 

number of nucleobases paired decrease is observed.  

Similar observation can be drawn also for the results in the other two tables, 

although it is possible to notice that the flanking nucleobases from 9merB to 11merB 

for both antiparallel and parallel (corresponding to the same PNA sequences of 

template) allocate little contributions to duplex stability.  

By analyzing the nucleobases type could be said that the presence of unpaired 

adenine and thymine does not contribute to duplex stabilization in both 

orientations. However, it is noteworthy from Table 3.5-3.7 that the flanking 

nucleobases contribute to the stabilization of these complexes. When compared 

with Tm obtained with the full-length duplexes (ΔTm), those observed with 

overhanging PNA segments have always (expect one case) a higher stability.  

This is due to the stacking interaction with the last bases of the flanking nucleobases, 

but other contributes could be present, such as hydrogen bonds or dipole-dipole 
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forces. . These can be accomplished by a fold-back of the unpaired segment, which 

is facilitated by PNA flexibility. 

For the purpose of the design of an artificial assembly containing these PNA 

segments as templating bricks and considering the necessity to assembly PNA:PNA 

duplex completely at room temperature (therefore having a Tm of at least 45 °C), 

the above reported results seem to point to the conclusion that the minimum length 

of PNA:PNA duplex to be used is between 7 and 9 monomers. This would allow to 

avoid the loss of structural stability, while still maintaining the minimum length of 

the complex. 
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3.4 Conclusions and future directions 
 

In this part of the work, the preliminary steps to obtain a PNA-based templated 

peptide nanostructure were performed. 

The synthesis of a tri-functionalized rigid molecule was carried out by the 

optimization of the first three steps, starting from commercially available methyl 

3,5-bis(bromomethyl) benzoate as starting material, though purification of the 

Fmoc-protected final product is still a challenge. This rigid molecule, containing a 

carboxylic acid, an azide, and a Fmoc-protected amino function can then be used to 

grow three different PNAs branched in direction from Cterm to Nterm thanks to the 

orthogonality of these three different groups. 

On the other side, a library of PNA sequences at different composition, length and 

orientation was synthesized, allowing to perform melting and annealing 

measurements, and to study the stability of PNA:PNA duplex. This information was 

useful to establish the minimum length suitable to generate a three-fold PNA:PNA 

duplex as driving force for the assembly of hetero coiled-coil systems with short 

peptide domains. Interestingly, a general method to roughly predict the stability of 

antiparallel PNA:PNA duplex stability was obtained, whereas for the parallel 

complexes a trial-and-error approach is still necessary. From the results, it is possible 

to conclude that the minimum length to achieve a duplex based only on PNAs 

sufficiently stable at room temperature is between 7 and 9mer, with 9 being 

necessary for the less stable parallel duplexes. The duplex formed by 8-mer 

sequences can be also added to this study for fine-tuning, since this length for 

specific sequences could be a good balance between the structural stability and 

minimum sequence length to be used. In addition, the role of flanking segments on 

duplex stability was studied, revealing additional contributions to the PNA:PNA 

interactions. However, it might be interesting to systematically extend this study to 

other combinations of PNA:PNA duplexes with different length and composition of 

the flanking segments, to understand the rationale of the additional contribution to 

the PNA:PNA interactions. 
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Having chosen the correct PNA composition, using the central core synthesized, the 

synthesis of the templating unit for the heterotrimeric coiled-coil system can be 

performed in the following way (Figure 3.15): the solid support used to PNA synthesis 

could be loaded with an amino acid that present two different protecting groups, 

one in α-position and the other in the side chain (namely a doubly-protected lysine). 

Subsequently, the first PNA sequences could be grown, through cycles of 

deprotection/coupling reactions, starting from the amino group in α-position. After 

the first PNA segment synthesis, the second protecting group of the amino acid can 

be removed to permit the coupling of the carboxylic group of the trimeric molecule.  

A second PNA sequence can then be synthetized by deprotecting the Fmoc group 

and subsequent couplings with PNA monomers, until the designed PNA length is 

achieved. Lastly, the third PNA sequence can be linked off resin by exploiting the 

azido functionality through a click-chemistry (1,3-dipolar cycloaddition) reaction 

with an alkyne-modified oligomer (previously synthetized). Alternatively, the last 

PNA can also be built on the solid support, reducing the azido group to amine, and 

performing subsequent coupling reactions with PNA monomers. However, this last 

strategy might suffer from the high steric hindrance generated by the two PNA 

strands and would require a careful evaluation of “resin loading” A schematic 

representation of this scaffold formed by three different PNA sequences is reported 

in Figure 3.15. 

 

 

Figure 3.15. Schematic representation of trimeric scaffold based on PNAs synthesis. 
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3.5 Experimental section 
 

3.5.1 Reagent and instrumentations 
 
The reagents were bought from BLD Pharmatech, Merck, abcr, Carlo Erba, VWR, 

Fluka, TCI Europe, Link Technologies, PolyOrg and used without additional 

purification. Only for the solid phase synthesis, the DMF was purged with nitrogen 

flow to prevent the formation of dimethylamine and was dried over 4Å molecular 

sieves.  

NMR spectra were recorded, using CDCl3, DMSO-d6 or D2O, as solvents with a 

Brucker Avance 400 MHz instrument. δ values are expressed in ppm. TLC were 

performed on Supelco 56524-25EA silica gel on aluminum foil with indicator 

fluorescence at 254 nm. 

All the PNA sequences are synthesized by standard solid-phase manual synthesis or 

by automatic synthesizer Biotage Syro I. Purification was performed by HPLC 

(Agilent Technologies 1260 Infinity I) using a SepaChrom Vydamas® (C18, 5 μm, 300 

Å, 10 x 250 mm) column. Gradient used were as follows: a) Gradient 1 (for 5,7, and 

9mer PNAs): 100% A for 1 min, then from 0% to 25% B for 16 min; b) Gradient 2 (for 

11mer PNAs): 100% A for 1 min, then from 0% to 30% B for 19 min; for both 

gradients: flow: 4 mL/min and eluents: A: water + 0.1% trifluoroacetic acid; B: 

acetonitrile + 0.1% trifluoroacetic acid. Detector: UV set with wavelength: 260 nm. 

After purification, the peptide nucleic acid sequences were characterized by UPLC-

MS (Waters Acquity Ultra Performance LC) using the following instrumental set-up: 

Waters Acquity ultra-performance LC E07SQD086W, with Waters SQ detector and 

ESI-interface equipped with Acquity UPLC BEH 300 (50 × 2.1 mm, 1.7 µm, C18, 100 

Å). Chromatographic condition: eluent A: water + 0.2% formic acid; eluent B: 

acetonitrile + 0.2% formic acid. Column temperature: 35 °C. Program: initial isocratic 

at 100% A (0.9 min), then linear gradient to 50% B (in 5.7 min). Final wash with 100% 

B for 1.2 min. Flow rate: 0.25 mL/min. Some PNAs, however, were characterized with 

Thermo LTQ Orbitrap XL detector and ESI-interface equipped with a Phenomenex 

Kinetex EVO (50 × 2.1 mm, 1.7 µm, C18, 100 Å). Chromatographic conditions: eluent 
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A: water + 0.1% formic acid; eluent B: acetonitrile + 0.1% formic acid. Column 

temperature: 35 °C. Program: initial isocratic at 98% A (3 min), then linear gradient 

to 50% B (in 20 min) and then to 95% (in 1 min). Final wash with 98% B for 8 min. 

Flow rate: 0.20 mL/min. UV wavelength: 260 nm. 

The concentration of the PNAs was calculated using Evolution 260 Bio UV-Visible 

spectrophotometer with Peltier thermos tatting accessories (Thermo Fisher 

Scientific SPE8W), following the UV-absorbance at 260 nm and assuming an 

additive contribution of all bases.  

The CD measurements were performed with J-1500 (Serial No. D067261638) with 

PM-539 as detector and PTC-510 as accessory for temperature monitoring. 

Experimental conditions to melting temperature: Tm/Ta setup; temperature 

interval: 15-90°C; data interval: 0.1°C; temperature was kept within +/- 0.1°C of the 

target temperature for 5 seconds; control sensor and monitor sensor: holder. Tm/Ta 

parameters: CD and HT channels; CD scale: 20 mdeg/0.05 dOD; FL scale: 200 

mdeg/0.1 dOD; D.I.T.: 8 sec; bandwidth: 1.00 nm; monitor wavelength: 260 nm; start 

and end CD parameters: 260-200 nm; concentration: 5 umol/L to each probe; 

solvent: 10mM PBS solution; data pitch: 0.1 nm; scanning speed: 0.5°C/min. Melting 

and annealing measurements were performed to duplex PNA:PNA at the same 

lengths and only melting analysis were carried out to duplex PNA:PNA at different 

number of nucleobases.  

 

3.5.2 Synthetic protocols of synthesis of a tri-functionalized rigid core 

molecule 
 
Methyl 3,5-bis(azidomethyl)benzoate (Compound 4) 

In a round-bottom flask, 5 (519 mg, 1 eq) and sodium azide (224 mg, 2.1 eq) were 

mixed in DMF dry (1 mL) and left to react overnight at room temperature. After the 

complete conversion of the starting material (checked by TLC), the reaction mixture 

was diluted in ethyl acetate and extracted with a solution of H2O/brine (1:1, 4x100 

mL). The organic solution was dried over Na2SO4, and the solvent removed under 

reduced pressure. The product was a yellow oil (312 mg, 78%). 
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1H-NMR (400 MHz, 25 °C, CDCl3) δ(ppm): 7.97 (m, 2H, ArH), 7.48 (m, 1H, ArH), 4.44 

(s, 4H, CH2), 3.94 (s, 3H, OCH3). 13C-NMR (100 MHz, 25 °C, CDCl3) δ(ppm): 166.3 

(Cquat), 136.9 (Cquat), 131.9 (CH), 131.5 (Cquat), 129.1 (CH), 54.2 (C2), 52.5 (CH3). UPLC-

MS (ESI+): 5.41 min, m/z found 247.3 [M+H]+ (m/z calculated for [C10H10N6O2]: 

246.23). TLC: hexane/ethyl acetate (5:1), Rf: 0.32. 

Spectroscopic data are consistent with those reported in the literature.18 

 

Methyl 3-(aminomethyl)-5-(azidomethyl)benzoate hydrochloride (Compound 3) 

In a two-neck round-bottom flask, 4 (312 mg, 1 eq) was dissolved in a solution of 

hexane:diethyl ether (1:1, 30 mL) and subsequently 50ml of HCl 1M solution were 

added. The triphenylphosphine (324 mg, 0.98 eq) was dissolved in 35 mL of diethyl 

ether and after this solution was added dropwise using a dropping funnel, in 1 hour, 

followed by vigorous stirring for 3 hours. After that, the two phases of this biphasic 

solution were separated, and the aqueous phase was extracted with hexane (30 mL). 

The aqueous phase then was left to react overnight. After other three extractions 

with hexane, the aqueous phase was evaporated under reduced pressure or 

lyophilized by freeze-dried. The resulting product was isolated as sticky oil (168 mg, 

59%). 

1H NMR (400 MHz, CDCl3) δ(ppm): 8.64 (br, s, 3H, NH3
+), 8.18 (s, 1H, ArH), 7.87 (s, 1H, 

ArH), 7.77 (s, 1H, ArH), 4.38 (s, 2H), 4.23 (s, 2H, CH2), 3.85 (s, 3H, OCH3). UPLC-MS 

(ESI+): 3.10 min m/z found 221.2 [M+H]+ (m/z calculated for [C10H12N4O2]: 220.23). 

TLC: hexane/ethyl acetate (4:2), Rf: 0.08. 

3-(Aminomethyl)-5-(azidomethyl)benzoic acid (Compound 2a) 

-Basic Hydrolysis 

In a round-bottom flask, the compound 3 was dissolved in a H2O:MeOH solution (1:1, 

3ml) and then mixed with NaOH (54.4 mg, 3 eq). After stirring at room temperature 

overnight, the pH of the solution was lowered to 6.7 and the product was left to 

precipitate at 4°C overnight. Subsequently, it was centrifuged, and the white solid 

was treated with ethyl acetate (8 mL). The organic solution was evaporated under 

reduced pressure, and the product was thus obtained as a white solid (36.8 mg, 37%). 



223 
 

1H NMR (400 MHz, DMSO-d6 ) δ(ppm): 7.75 (s, 1H), 7.66 (s, 1H), 7.21 (s, 1H), 4.39 (s, 

2H), 3.71 (s, 2H) 13C NMR (400 MHz, DMSO-d6 ) δ(ppm): 174.6, 170.0, 142.8, 140.8, 

134.6, 128.4, 128.9, 54.4, 45.6. 

 

3-(Aminomethyl)-5-(azidomethyl)benzoic acid hydrochloride (Compound 2b) 

-Acidic Hydrolysis 

In a round bottom-flask, 3 was mixed with HCl 1M solution and was left to stir 

overnight at 60°C. After that, the solvent was removed under reduced pressure and 

the product was obtained as a yellow oil (121 mg, 85%).  

1H NMR (400 MHz, D2O) δ(ppm): 7.96 (s, 1H), 7.93 (s, 1H), 7.60 (s, 1H), 4.46 (s, 2H), 

4.19 (s, 2H). UPLC-MS (ESI+): 2.98 min, m/z 207.2[M+H]+ (m/z calculated for 

[C9H10N4O2]: 206.21). 

 

3-((9-Fluorenylmethoxycarbonyl)amino methyl)-5-(azidomethyl)benzoic acid 

(Compound 1) 

In a vial, the compound 4 (16.7 mg, 1 eq) and Fmoc chloride (20 mg, 1.2 eq) was 

dissolved in a H2O:EtOH solution (3:1, 1.5 mL) and the reaction was stirred at 60°C 

overnight. After, the pH of the solution was around 4-4.5 and the product was 

extracted with ethyl acetate (3x10 mL). After making anhydrous, the solvent was 

removed under reduced pressure. The product was a white solid. 

 

3.5.3 Synthesis of peptide nucleic acids 
 
All PNA sequences of template and those complementary in parallel orientation 

were synthetized with standard solid-phase manual synthesis, using 9-

fluorenylmethoxycarbonyl (Fmoc) strategy while the PNA oligomers 

complementary to PNAs of template in antiparallel orientation were obtained, using 

the same strategy, but with automatic synthesis through automatic synthesizer Syro 

I. The PNA monomers employed to Fmoc strategy are Fmoc/Bhoc protected. 

The H-Rink Amide Chemmatrix resin was loaded with Fmoc-Gly-OH to obtain 0.2 

mmol/gr as theoretical loading. The principal steps to load the resin were: a) swelling 
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in DCM (1x1h), b) DMF dry wash, c) coupling (1x5h, activation for 10’, using 1 eq of 

Fmoc-Gly-OH, 10 eq of DIC and 10 eq of DhBtOH in DMF dry as activation solution), 

d) DMF wash, e) capping (2x15’, DMF:Ac2O, 1:1), e) DMF wash and f) DCM wash. To 

measure the loading of the resin a UV/Visible technique was used, following the 

absorbance of divenzofulvene (DBF) formation after deprotection treatment (30’, 

Piperidine:DMF, 1:4) at 290 nm. The loading of the resin was calculated from the 

difference between the absorbances at 290 nm and a 400 nm (baseline) which 

allowed to establish the amount of loaded Fmoc-Glycine, corrected with a value 

obtained by multiplication of a conversion factor with the weighed resin mass. 

The synthesis of PNA synthesis of template and those complementary in parallel 

orientation was performed in a 10 µmol as a scale, after 5, 7 and 9 nucleobases an 

amount of resin corresponding to 2 µmol was set apart and the synthesis was 

continued using the remaining resin. PNA sequences complementary to PNAs of the 

template in antiparallel orientation were synthetized separately in a 5 µmol as a 

scale.  

The principal steps and solutions for the standard solid-phase manual synthesis 

were: a) swelling in DCM (1x30’), b) deprotection (2x8’, Piperidine:DMF, 1:4), c) DCM 

wash, d) DMF dry wash, e) Kaiser test (1’, positive), f) coupling (1x30’, activation for 

2’, using 5 eq of PNA monomer, 4.9 eq of HBTU as coupling reagent and 10 eq of 

DIPEA in DMF dry as activation solution), g) DMF wash, h) Kaiser test (1’, negative), 

i) capping (2x1’, Ac2O:DIPEA:DMF dry, 5:6:89), l) DMF wash, m) 5% DIPEA wash 

(2x2’, DIPEA:DMF, 5:95), n) DMF wash and o) DCM wash. 

The solutions used for the Kaiser test were the following: K1) 1 g of ninhydrin in 10 

mL absolute ethanol, K2) 8 g phenol in 2 mL of absolute ethanol, and K3) 0.2 mL 

aqueous solution 0.001 M of KCN diluited at 10 mL with pyridine. To perform this test 

2-3 drops of each solution were added in a tube where few grains of the resin were 

previously included with a capillary. After that, the tube was put in an oil bath at 

100°C for 1 minute. The test is positive if the resin becomes blue. 

For the solid-phase automatic synthesis with Syro I the protocol does not allow the 

activation step, since the PNA monomer, HBTU and DIPEA are added in this order 
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to the reactor with the resin and mixed. The coupling step was performed two times 

for 40’, using 5 eq of monomer, coupling reagent and 10 eq of DIPEA). In addition, 

the monomers Fmoc-PNA-A(Bhoc)-OH, Fmoc-PNA-B(Bhoc)-OH, and Fmoc-PNA-T-

OH were dissolved in DMF dry to obtain a concentration of 0.1 M. The Fmoc-PNA-

C(Bhoc)-OH were dissolved in NMP dry to avoid solubility problems. HBTU was 

dissolved in DMF dry at a concentration of 0.47 M; concentration of DIPEA in DMF 

dry was 0.40 M. Unlike the manual protocol, the 5% DIPEA washing was not 

performed.  

After the synthesis 2 µmol of each PNA sequence were deprotected and acetylated, 

using the following protocol: a) deprotection (2x8’, Piperidine:DMF, 1:4), b) DMF 

wash, c) capping (2x1’, Ac2O:DIPEA:DMF dry, 5:6:89), d) DMF wash, e) 5% DIPEA 

wash (2x2’, DIPEA:DMF, 5:95), f) DMF wash, and g) DCM wash. 

For the cleavage step a cocktail solution composed of TFA:m-cresol (9:1) was used 

and two cycles of 1h were performed to make sure a complete cleavage. After the 

first cycle the solution was filtered and collected in a falcon tube, and the resin was 

washed with only TFA to ensure a complete collection of the product, and the same 

thing was repeated at the end of the second cycle. The PNA oligomers were 

precipitated in diethyl ether in freezer for at least 2h. After removing diethyl ether 

and drying the product, the latter was dissolved in double distilled water.  

All the PNAs were purified by HPLC and characterized by UPLC-MS and UV-Visible 

techniques. UV-Vis was used to calculate the concentration, using absorbance at 260 

nm and 400 nm (as baseline). The molar absorptivity (ε) specific for each PNA was 

calculated considering 13700 M-1cm-1 for adenine monomer, 6600 M-1cm-1 for 

cytosine, 11700 M-1cm-1 for guanine and 8600 M-1cm-1 for thymine as molar 

absorptivity values of a single nucleobase. The results obtained in this way were used 

also to calculate the overall yield of the synthesis. 
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3.5.4 PNAs characterizations 
 
Entry 1 (Figure 3.A14 in Appendix) 
MaCa01-12 A4: Ac-CCCGTACTAGA-Gly-NH2 

yield: 12%; tr: 2.61 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 3061.99 [M], 
observed (from ESI-MS deconvolution): 3061.2; ESI-MS: m/z observed (calcd): 
1021.5 (1021.7) [M+3H]3+, 766.3 (766.5) [M+4H]4+, 613.3 (613.4) [M+5H]5+, 511.3 (511.3) 
[M+6H]6+, 438.6 (438.4) [M+7H]7+. 
  
Entry 2 (Figure 3.A15 in Appendix) 
MaCa01-11 A4: Ac-ATGGCAGCTCA-Gly-NH2 
yield: 13%; tr: 2.81 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 3102.02 [M], 
observed (from ESI-MS deconvolution): 3101.8 ESI-MS: m/z observed (calcd) [M]: 
1035.2 (1035.0)[M+3H]3+, 776.6 (776.5) [M+4H]4+, 621.5 (621.4)[M+5H]5+, 518.0 (518.0) 
[M+6H]6+, 444.2 (444.1) [M+6H]6+. 
 
Entry 3 (Figure 3.A16 in Appendix) 
MaCa01-10 A4: Ac-CACTGAGTCTA-Gly-NH2 

yield: 15%; tr: 2.95 min; ε (260 nm): 110100 M-1cm-1; MW calculated: 3077.00 [M], 
observed (from ESI-MS deconvolution):3076.8 ESI-MS: m/z observed (calcd): 1026.9 
(1026.7) [M+3H]3+, 770.4 (770.3) [M+4H]4+, 616.6 (616.4) [M+5H]5+, 514.0 (513.8) 
[M+6H]6+. 
 
Entry 4 (Figure 3.A17 in Appendix) 
MaCa01-12 A3: Ac-CGTACTAGA-Gly-NH2 
yield: 12%; tr: 2.64 min; ε (260 nm): 94900 M-1cm-1; MW calculated: 2559.49 [M], 
observed (from ESI-MS deconvolution): 2559.0; ESI-MS: m/z observed (calcd): 854.1 
(854.2) [M+3H]3+, 640.8 (640.9) [M+4H]4+, 512.8 (512.9) [M+5H]5+, 427.8 (427.6) 
[M+6H]6+. 
 
Entry 5 (Figure 3.A18 in Appendix) 
MaCa01-11 A3: Ac-GGCAGCTCA-Gly-NH2 
yield: 5%; tr: 2.81 min; ε (260 nm): 90900 M-1cm-1; MW calculated: 2560.48 [M], 
observed (from ESI-MS deconvolution): 2560.4; ESI-MS: m/z observed (calcd): 854.5 
(854.5) [M+3H]3+, 641.2 (641.1) [M+4H]4+, 513.2 (513.1) [M+5H]5+, 427.8 (427. 
7)[M+6H]6+. 
 
Entry 6 (Figure 3.A19 in Appendix) 
MaCa01-10 A3: Ac-CTGAGTCTA-Gly-NH2 

yield: 7%; tr: 2.86 min; ε (260 nm): 89800 M-1cm-1; MW calculated: 2550.48 [M], 
observed (from ESI-MS deconvolution): 2550.8; ESI-MS: m/z observed (calcd): 851.3 
(851.2) [M+3H]3+, 638.7 (638.6) [M+4H]4+, 511.1 (511.1)[M+5H]5+. 
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Entry 7 (Figure 3.A20 in Appendix) 
MaCa01-12 A2: Ac-TACTAGA-Gly-NH2 

yield: 17%; tr: 2.90 min; ε (260 nm): 76600 M-1cm-1; MW calculated: 2016.97 [M], 
observed (from ESI-MS deconvolution): 2017.6;  ESI-MS: m/z observed (calcd): 673.4 
(673.3)[M+3H]3+, 505.4 (505. 2) [M+4H]4+, 404.5 (405.4) [M+5H]5+. 
 
Entry 8 (Figure 3.A21 in Appendix) 
MaCa01-11 A2: Ac-CAGCTCA-Gly-NH2 
yield: 8%; tr: 2.57 min; ε (260 nm): 67500 M-1cm-1; MW calculated: 1977.94 [M], 
observed (from ESI-MS deconvolution): 1977.6; ESI-MS: m/z observed (calcd): 990.3 
(990.0) [M+2H]2+, 660.5 (660.3) [M+3H]3+, 495.6 (495.5) [M+4H]4+, 396.7 
(396.6)[M+5H]5+. 
 
Entry 9 (Figure 3.A22 in Appendix) 
MaCa01-10 A2: Ac-GAGTCTA-Gly-NH2 

yield: 10%; tr: 2.95 min; ε (260 nm): 74600 M-1cm-1; MW calculated: 2032.97 [M], 
observed (from ESI-MS deconvolution): 2032.6 ESI-MS: m/z observed (calcd):  1017.6 
(1017.5) [M+2H]2+, 678.8 (678.7) [M+3H]3+, 509.3 (590. 2) [M+4H]4+, 407.9 (407.6) 
[M+5H]5+. 
 
Entry 10 (Figure 3.A23 in Appendix) 
MaCa01-12 A1: Ac-CTAGA-Gly-NH2 

yield: 7.2%; tr: 2.55 min; ε (260 nm): 54300 M-1cm-1; ; MW calculated: 1475.44 [M], 
ESI-MS: m/z observed (calcd): 738.4 (738.7) [M+2H]2+, 492.7 (492.8) [M+3H]3+, 369.9 
(369.9) [M+4H]4+. 
 
Entry 11 (Figure 3.A24 in Appendix) 
MaCa01-11 A1: Ac-GCTCA-Gly-NH2 
yield: 7.2%; tr: 2.57 min; ε (260 nm): 47200 M-1cm-1; MW calculated: 1451.42 [M]; ESI-
MS: m/z observed (calcd): 726.6 (726.7) [M+2H]2+, 484.8 (484.8) [M+3H]3+, 364.0 
(364.0)[M+4H]4+. 
 
Entry 12 (Figure 3.A25 in Appendix) 
MaCa01-10 A1: Ac-GTCTA-Gly-NH2 

yield: 12%; tr: 2.66 min; ε (260 nm): 49200 M-1cm-1; MW calculated: 1466.43 [M]; ESI-
MS: m/z observed (calcd): 734.1 (734.2) [M+2H]2+, 489.9 (489.8) [M+3H]3+. 
 
Entry 13 (Figure 3.A26 in Appendix) 
MaCa01-01 A4: Ac-TCTAGTACGGG-Gly-NH2 

yield: 12%; tr: 2.88 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 3133.02 [M], 
observed (from ESI-MS deconvolution): 3132.8; ESI-MS: m/z observed (calcd): 
1566.4 (1567.5) [M+2H]2+, 1045.4 (1045.3)[M+3H]3+, 784.5 (784.3)[M+4H]4+, 627.8 
(627.6) [M+5H]5+, 523.4 (523.2) [M+6H]6+. 
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Entry 14 (Figure 3.A27 in Appendix) 
MaCa01-02 A4: Ac-TGAGCTGCCAT-Gly-NH2 

yield: 12%; tr: 2.96 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 3093.00 [M], 
observed (from ESI-MS deconvolution): 3092.6; ESI-MS: m/z observed (calcd):  
1032.5 (1032.0) [M+3H]3+, 774.3 (774.3) [M+4H]4+, 619.9 (619.6) [M+5H]5+, 516.5 
(516.5) [M+6H]6+. 
 
Entry 15 (Figure 3.A28 in Appendix) 
MaCa01-03 A4: Ac-TAGACTCAGTG-Gly-NH2 

yield: 20%; tr: 2.91 min; ε (260 nm): 115200 M-1cm-1; MW calculated: 3117.02 [M], 
observed (from ESI-MS deconvolution): 3118.0; ESI-MS: m/z observed (calcd):  
1040.2 (1040.0) [M+3H]3+, 780.3 (780.3) [M+4H]4+, 624.6 (624.4) [M+5H]5+, 520.7 
(520.5) [M+6H]6+. 
 
Entry 16 (Figure 3.A29 in Appendix) 
MaCa01-01 A3: Ac-TCTAGTACG-Gly-NH2 

yield: 12%; tr: 2.76 min; ε (260 nm): 89800 M-1cm-1; MW calculated: 2550.48 [M], 
observed (from ESI-MS deconvolution): 2550.6; ESI-MS: m/z observed (calcd) 1276.2 
(1276.2) [M+2H]2+, 851.4 (851.2) [M+3H]3+, 638.7 (638.6) [M+4H]4+, 511.2 (511.1) 
[M+5H]5+. 
 
Entry 17 (Figure 3.A30 in Appendix) 
MaCa01-02 A3: Ac-TGAGCTGCC-Gly-NH2 

yield: 22%; tr: 2.79 min; ε (260 nm): 85800 M-1cm-1; MW calculated: 2551.47 [M], 
observed (from ESI-MS deconvolution): 2550.80; ESI-MS: m/z observed (calcd): 
851.4 (851.4) [M+3H]3+, 638.9 (638.8) [M+4H]4+, 511.3 (511.2) [M+5H]5+, 426.3 
(426.2)[M+6H]6+. 
 
Entry 18 (Figure 3.A31 in Appendix) 
MaCa01-03 A3: Ac-TAGACTCAG-Gly-NH2 

yield: 28%; tr: 2.86 min; ε (260 nm): 94900 M-1cm-1; MW calculated: 2559.49 [M], 
observed (from ESI-MS deconvolution): 2560.4; ESI-MS: m/z observed (calcd):  854.1 
(854.2) [M+3H]3+, 641.0 (640.9) [M+4H]4+, 513.0 (512.9) [M+5H]5+. 
 
Entry 19 (Figure 3.A32 in Appendix) 
MaCa01-01 A2: Ac-TCTAGTA-Gly-NH2 

yield: 10%; tr: 2.81 min; ε (260 nm): 71500 M-1cm-1; MW calculated: 2007.96 [M], 
observed (from ESI-MS deconvolution): 2007.2; ESI-MS: m/z observed (calcd):  
1005.1 (1005.0) [M+2H]2+, 670.3 (670.3) [M+3H]3+, 503.0 (503.0) [M+4H]4+. 
 
Entry 20 (Figure 3.A33 in Appendix) 
MaCa01-02 A2: Ac-TGAGCTG-Gly-NH2 

yield: 25%; tr: 7.89 min; ε (260 nm): 72600 M-1cm-1; MW calculated: 2048.97 [M], 
observed (from ESI-MS deconvolution): 2048.80; ESI-MS: m/z observed (calcd): 
1025.4 (1025.4) [M+2H]2+, 683.9 (683.9)[M+3H]3+, 513.2 (513.2) [M+4H]4+. 
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Entry 21 (Figure 3.A34 in Appendix) 
MaCa01-03 A2: Ac-TAGACTC-Gly-NH2 

yield: 26%; tr: 2.78 min; ε (260 nm): 69500 M-1cm-1; MW calculated: 1992.95 [M], 
observed (from ESI-MS deconvolution): 1992.6; ESI-MS: m/z observed (calcd): 997.7 
(997.5) [M+2H]2+, 665.3 (665.3) [M+3H]3+, 499.3 (499.2) [M+4H]4+. 
 
Entry 22 (Figure 3.A35 in Appendix) 
MaCa01-01 A1: Ac-TCTAG-Gly-NH2 

yield: 16%; tr: 2.67 min; ε (260 nm): 49200 M-1cm-1; MW calculated: 1466.43 [M]; ESI-
MS: m/z observed (calcd): 734.1 (734.2) [M+2H]2+, 489.9 (489.8) [M+3H]3+. 
 
Entry 23 (Figure 3.A36 in Appendix) 
MaCa01-02 A1: Ac-TGAGC-Gly-NH2 

yield: 13%; tr: 2.61 min; ε (260 nm): 52300 M-1cm-1; MW calculated: 1491.44 [M]; ESI-
MS: m/z observed (calcd): 746.6 (746.7) [M+2H]2+, 498.2 (498.1) [M+3H]3+, 374.0 
(373.9) [M+4H]4+. 
 
Entry 24 (Figure 3.A37 in Appendix) 
MaCa01-03 A1: Ac-TAGAC-Gly-NH2 

yield: 30%; tr: 2.61 min; ε (260 nm): 54300 M-1cm-1; MW calculated: 1475.44 [M]; ESI-
MS: m/z observed (calcd): 738.4 (738.7) [M+2H]2+, 492.8 (492.8) [M+3H]3+, 369.8 
(369.8) [M+4H]4+. 
 
Entry 25 (Figure 3.A38 in Appendix) 
MaCa01-16 A4: Ac-GGGCATGATCT-Gly-NH2 

yield: 8%; tr: 2.90 min; ε (260 nm): 113200 M-1cm-1; MW calculated: 3133.02 [M], 
observed (from ESI-MS deconvolution): 3132.6; ESI-MS: m/z observed (calcd): 
1566.2 (1567.5)[M+2H]2+, 1045.3 (1045.3) [M+3H]3+, 784.5 (784.3) [M+4H]4+, 627.8 
(627.6) [M+5H]5+, 523.4 (523.2) [M+6H]6+. 
 
Entry 26 (Figure 3.A39 in Appendix) 
MaCa01-15 A4: Ac-TACCGTCGAGT-Gly-NH2 

yield: 8%; tr: 3.03 min; ε (260 nm): 108100 M-1cm-1; MW calculated: 3093.00 [M], 
observed (from ESI-MS deconvolution): 3092.6; ESI-MS: m/z observed (calcd): 
1032.1 (1032.0) [M+3H]3+, 774.3 (774.3) [M+4H]4+, 619.7 (619.6) [M+5H]5+, 516.4 
(516.5) [M+6H]6+. 
 
Entry 27 (Figure 3.A40 in Appendix) 
MaCa01-14 A4: Ac-GTGACTCAGAT-Gly-NH2 

yield: 5%; tr: 2.96 min; ε (260 nm): 115200 M-1cm-1; ; MW calculated: 3117.02 [M], 
observed (from ESI-MS deconvolution): 3116.40; ESI-MS: m/z observed (calcd): 
1040.1 (1040.0) [M+3H]3+, 780.4 (780.2) [M+4H]4+, 624.5 (624.4) [M+5H]5+, 520.4 
(520.5) [M+6H]6+. 
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Entry 28 (Figure 3.A41 in Appendix) 
MaCa01-16 A3: Ac-GCATGATCT-Gly-NH2 

yield: 7%; tr: 2.79 min; ε (260 nm): 89800 M-1cm-1; MW calculated: 2550.48 [M], 
observed (from ESI-MS deconvolution): 2550.6; ESI-MS: m/z observed (calcd): 851.4 
(851.2) [M+3H]3+, 638.9 (638.6) [M+4H]4+, 511.1 (511.1) [M+5H]5+. 
 
Entry 29 (Figure 3.A42 in Appendix) 
MaCa01-15 A3: Ac-CCGTCGAGT-Gly-NH2 

yield: 6%; tr: 2.95 min; ε (260 nm): 85800 M-1cm-1; MW calculated: 2551.47 [M], 
observed (from ESI-MS deconvolution): 2551.6; ESI-MS: m/z observed (calcd):  851.4 
(851.5) [M+3H]3+, 639.0 (638.9) [M+4H]4+, 511.5 (511.3) [M+5H]5+, 426.2 (426.2) 
[M+6H]6+. 
 
Entry 30 (Figure 3.A43 in Appendix) 
MaCa01-14 A3: Ac-GACTCAGAT-Gly-NH2 

yield: 9%; tr: 2.83 min; ε (260 nm): 94900 M-1cm-1; MW calculated: 2559.49 [M], 
observed (from ESI-MS deconvolution): 2559.00; ESI-MS: m/z observed (calcd): 
854.4 (854.1) [M+3H]3+, 640.9 (640.8) [M+4H]4+, 512.9 (512.9) [M+5H]5+, 427.6 (427.5) 
[M+6H]6+. 
 
Entry 31 (Figure 3.A44 in Appendix) 
MaCa01-16 A2: Ac-ATGATCT-Gly-NH2 

yield: 9%; tr: 2.78 min; ε (260 nm): 71500 M-1cm-1; MW calculated: 2007.96 [M], 
observed (from ESI-MS deconvolution): 2007.6; ESI-MS: m/z observed (calcd): 
1005.2 (1005.0) [M+2H]2+, 670.6 (670.3) [M+3H]3+, 503.1 (503.0) [M+4H]4+. 
 
Entry 32 (Figure 3.A45 in Appendix) 
MaCa01-15 A2: Ac-GTCGAGT-Gly-NH2 

yield: 6%; tr: 2.78 min; ε (260 nm): 72600 M-1cm-1; MW calculated: 2048.97 [M], 
observed (from ESI-MS deconvolution): 2048.4; ESI-MS: m/z observed (calcd): 
1025.5 (1025.5) [M+2H]2+, 983.7 (684.0) [M+3H]3+, 513.2 (513.2)[M+4H]4+, 410.7 
(410.8) [M+5H]5+. 
 
Entry 33 (Figure 3.A46 in Appendix) 
MaCa01-14 A2: Ac-CTCAGAT-Gly-NH2 

yield: 32%; tr: 2.74 min; ε (260 nm): 69500 M-1cm-1; MW calculated: 1992.95 [M], 
observed (from ESI-MS deconvolution): 1992.8; ESI-MS: m/z observed (calcd): 997.7 
(997.5) [M+2H]2+, 665.6 (665.3) [M+3H]3+, 499.4 (499.2) [M+4H]4+. 
 
Entry 34 (Figure 3.A47 in Appendix) 
MaCa01-16 A1: Ac-GATCT-Gly-NH2 

yield: 15%; tr: 2.71 min; ε (260 nm): 49200 M-1cm-1; MW calculated: 1466.43 [M], 
observed (from ESI-MS Spectrum): 1468.0; ESI-MS: m/z observed (calcd): 734.1 
(734.2) [M+2H]2+, 489.9 (489.8) [M+3H]3+ 
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Entry 35 (Figure 3.A48 in Appendix) 
MaCa01-15 A1: Ac-CGAGT-Gly-NH2 

yield: 9%; tr: 2.62 min; ε (260 nm): 52300 M-1cm-1; MW calculated: 1491.44 [M]; ESI-
MS: m/z observed (calcd): 746.7 (746.7) [M+2H]2+, 498.4 (498.1) [M+3H]3+, 374.0 
(373.9)[M+4H]4+. 
 
Entry 36 (Figure 3.A49 in Appendix) 
MaCa01-14 A1: Ac-CAGAT-Gly-NH2 

yield: 40%; tr: 2.62 min; ε (260 nm): 54300 M-1cm-1; MW calculated: 1475.44 [M]; ESI-
MS: m/z observed (calcd):  738.6 (738.7)[M+2H]2+, 492.8 (492.8) [M+3H]3+, 370.0 
(369.9) [M+4H]4+. 
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3.6 Appendix Chapter 3 
 

 
Figure 3.A1. 1H-NMR Spectrum (400MHz, CDCl3) of compound 4. 

 

 
Figure 3.A2. COSY Spectrum (400MHz, CDCl3) of compound 4. 
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Figure 3.A3. HSQC Spectrum (400MHz, CDCl3) of compound 4. 

 

 
Figure 3.A4.  13C-NMR APT (400MHz, CDCl3) of compound 4. 
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Figure 3.A5. UPLC-MS of Compound 4. 

 

 
Figure 3.A6. 1H-NMR spectra regarding two drying methods carried out during the synthesis of 

Compound 3. 

 

 
Figure 3.A7. 1H-NMR Spectrum (400MHz, CDCl3) of compound 3. 
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Figure 3.A8. UPLC-MS of Compound 3. 

 

 
Figure 3.A9. 1H-NMR Spectrum (400MHz, DMSO) of Compound 2 via basic hydrolysis. 
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Figure 3.A10. 13C-NMR Spectrum (400MHz, DMSO) of compound 2 via basic hydrolysis. 

 

 
Figure 3.A11. 1H-NMR Spectrum (400MHz, D2O) of compound 2 via acidic hydrolysis. 
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Figure 3.A12. UPLC-MS of Compound 2 via acidic hydrolysis.  

 

 
Figure 3.A13. Correlation between the observed melting temperatures for full-match, full-length, 

antiparallel PNA:PNA duplexes and those calculated as average value for PNA:DNA duplexes. 
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Figure 3.A14. UPLC-MS of MaCa01-12 A4: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 
Figure 3.A15. UPLC-MS of MaCa01-11 A4: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A16. UPLC-MS of MaCa01-10 A4: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A17.  UPLC-MS of MaCa01-12 A3: chromatogram, mass spectrum and deconvoluted spectrum. 



240 
 

 

 

 
Figure 3.A18. UPLC-MS of MaCa01-11 A3: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A19. UPLC-MS of MaCa01-10 A3: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A20. UPLC-MS of MaCa01-12 A2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A21. UPLC-MS of MaCa01-11 A2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A22. UPLC-MS of MaCa01-10 A2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 
Figure 3.A23. UPLC-MS of MaCa01-12 A1: chromatogram and mass spectrum. 
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Figure 3.A24. UPLC-MS of MaCa01-11 A1: chromatogram and mass spectrum. 

 

 

 
Figure 3.A25. UPLC-MS of MaCa01-10 A1: chromatogram and mass spectrum. 
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Figure 3.A26.  UPLC-MS of MaCa01-01 A4: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A27. UPLC-MS of MaCa01-02 A4: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A28. UPLC-MS of MaCa01-03 A4: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A29. UPLC-MS of MaCa01-01 A3: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A30. UPLC-MS of MaCa01-02 A3: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A31. UPLC-MS of MaCa01-03 A3: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A32. UPLC-MS of MaCa01-01 A2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A33. Orbitrap of MaCa01-02 A2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A34. UPLC-MS of MaCa01-03 A2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 
Figure 3.A35. UPLC-MS of MaCa01-01 A1: chromatogram and mass spectrum. 
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Figure 3.A36. UPLC-MS of MaCa01-02 A1: chromatogram and mass spectrum. 

 

 

 
Figure 3.A37. UPLC-MS of MaCa01-03 A1: chromatogram and mass spectrum. 
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Figure 3.A38. UPLC-MS of MaCa01-16 A4: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A39. UPLC-MS of MaCa01-15 A4: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A40. UPLC-MS of MaCa01-14 A4: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A41. UPLC-MS of MaCa01-16 A3: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A42. UPLC-MS of MaCa01-15 A3: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A43. UPLC-MS of MaCa01-14 A3: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A44. UPLC-MS of MaCa01-16 A2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 3.A45.  UPLC-MS of MaCa01-15 A2: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 3.A46. UPLC-MS of MaCa01-14 A2: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 
Figure 3.A47. UPLC-MS of MaCa01-16 A1: chromatogram and mass spectrum. 
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Figure 3.A48. UPLC-MS of MaCa01-15 A1: chromatogram and mass spectrum. 

 

 
Figure 3.A49. UPLC-MS of MaCa01-14 A1: chromatogram and mass spectrum. 
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257 
 

 

 
Figure 3.A50. HT profile of melting and annealing analysis and values calculated from the first order 

derivative of a 10th order polynomial fitting function of all the full-length PNA:PNA duplexes both parallel 
and antiparallel orientation. 

 

 

 

 
Figure 3.A51. HT profile of melting and annealing analysis and values calculated from the first order 
derivative of a 10th order polynomial fitting function of PNA:PNA duplexes reported in Table 3.5-3.7. 
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Chapter 4 
 
4.0 PNAs and Nuclease-recruiting PNAs as potential anti-

COVID-19 approach 
 

4.1 Abstract 
 
At the end of 2019, a novel viral strain of the coronavirus species, in specific the 

severe acute respiratory syndrome coronavirus 2 (Sars-CoV-2), has caused a 

pandemic situation starting from Wuhan (China) and causing acute respiratory 

illness. The principal goal of the work described in this chapter was the development 

of a new therapeutic approach based on PNAs. A series of PNAs were designed and 

synthetized to target different regions of viral genome of a model system based on 

a plasmid construct containing sequences coding for the spike (S) and nucleocapsid 

(N) proteins of the Sars-CoV-2 virus. At the same time, the synthesis of RNase L 

recruiter was carried out, adapting a synthetic protocol in the literature1, and then 

this molecule was conjugated to some PNAs. Furthermore, as a proof of concept, 

these specific modified PNA with the RNase L recruiter were studied if it can 

recognize the target RNA, recruit the RNase L, and induce the selective target RNA 

cleavage, thus blocking more efficiently the virus replication. A schematic 

representation of RNA viral degradation with PNA-RNase L recruiter conjugate 

proposed is shown in Figure 4.1. 

 

 

Figure 4.1. Schematic representation of RNA viral degradation in present of PNA with a RNase L 
recruiter able to induce the RNA cleavage by recruitment of nuclease.  
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4.2 Introduction 
 
The human population throughout its history has been forced to confront the 

emergence of pandemics caused by exposure to new viruses that, in some cases 

were extremely dangerous. The rise in the number of pathogenic viruses in recent 

years is mainly driven by factors such as population growth, climate changes, and 

economic globalization. 

Coronaviruses (CoVs) are a family of RNA viruses that were first identified in the 

1960s. Coronaviruses (order Nidovirales, family Coronaviridae, genus Coronavirus) 

represent a diverse group of large, lipid-coated, positive-stranded RNA viruses (the 

viral genome can be directly read by the cellular protein translation machinery to 

produce viral proteins) that cause respiratory and enteric diseases in humans and 

other animals. Each type of coronaviruses was classified into distinct groups and 

species based on typology, host range, antigenic relationships, and genomic 

organization. However, they can be classified in four principal genera: 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus.2 In 

addition, they can infect both animals and humans, causing respiratory syndromes 

originally ranging from mild to moderate.3 The emergence and epidemic spread of 

Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) in 2002, Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV) in 2012, and most notably, Severe 

Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in recent times have 

fundamentally altered the perception of the severity of this virus family.4,5 

 

Severe acute respiratory syndrome (SARS) emerged at the end of 2002 in 

Guangdong, China, identifying its etiological agent as a new coronavirus (SARS-

CoV) not previously present in humans. Some studies have shown that the spread of 

this virus was due to interspecies transmission from animals to humans, as there was 

a lack of serological evidence of prior infection in healthy individuals. However, its 

rapid spread has led to a significant global impact of the virus.6 Instead, Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a recent pneumonia which 
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arose at the end of 2019 in the city of Wuhan (China), and subsequent quickly spread 

over the world, being highly transmissible. One of the major causes of death in 

COVID-19 patients is the cytokine storm syndrome, leading to acute respiratory 

distress syndrome and respiratory failure.7 

Both genomes consist of a single-stranded positive-sense RNA formed by the typical 

structure of coronavirus (Figure 4.2), consisting in replicase 1a and 1b, spike protein 

(S), envelope protein (E), membrane protein (M), nucleocapsidic protein (N) and 

other non-structural proteins (nsps).  

 

 

Figure 4.2. General structure of SARS-CoV.  

 

The genome of SARS-CoV was completely sequenced (GenBank accession number 

AY278741) and it is approximately 30 kilobases (kb) in length, resulting the largest 

among all RNA viruses.8  

The genome of SARS-CoV-2, like SARS-CoV genome, falling in betacoronavirus 

genera, is a single-stranded positive-sense RNA of30 kb in length, (GenBank 

accession number: MN908947.3). 

However, the first two-thirds of both genomes encompass the coding sequences for 

two extensive replicase polyproteins, denoted by open reading frames (ORF) 1a and 

ORF1b. An ORF is a sequence of nucleotides in a strand of nucleic acid identified by 

start codons (usually represented as AUG in RNA strands, indicating the translation 

start point of a protein) and stop codons. Analogous to other coronaviruses, there is 

a slight overlap between ORF1a and ORF1b. Due to the absence of independent 

translation initiation sites for ORF1b, the proteins encoded by this region are 

exclusively translated as a combined protein alongside ORF1a through the 
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mechanism of programmed -1 ribosomal frameshifting (-1 PRF). Because ORF1a is 

situated at the 5' end of the genomic RNA (gRNA), it is the first to be decoded.  

The -1 PRF process involves the shifting of one base in the 5' direction by a fraction 

of elongating ribosomes, caused by a cis-acting RNA element within that 

overlapping region. Ribosomes, after the shift, continue translating the encoded 

proteins of ORF1b (with a one base shifted reading frame), facilitating the transition 

from stage 1 to stage 2 of the viral replication cycle.5 However, the pseudoknot 

element can fold back on itself to create a complex, compact, and stable 

tridimensional secondary structure (a 3-stem architecture). An attenuator hairpin 

(AH), a slippery site (SS), and a pseudoknot frameshifting element (FSE) are 

therefore the critical motifs that enable the frameshifting process, all in the 5' → 3' 

order (Figure 4.3). 

 

 

Figure 4.3. a) Schematic drawing of the pseudoknot structure inducing the frameshift, b) change in ORF 
in the slippery site and c) pseudoknot structure. Adapted with permission from Kelly et al. Copyright 

Elsevier © 2023.5 



266 
 

Overall, the genome of SARS-CoV-2 is found to be quite like that of SARS-CoV, 

although some differences have been highlighted.9 

The -1 PRF signal, both in terms of sequence and structure, remains conserved, 

potentially limiting the ability of SARS-CoV to generate drug-resistant mutants. In 

fact, this aspect makes it an appealing target for antiviral drug development.10 

Genetically, this -1 PRF signal exhibits a high degree of conservation in the analyses 

of SARS-CoV-2 sequence variations, resulting in an optimal target zone to delay or 

stop the virus replication in many variants. The −1 PRF was identified as a potential 

target for therapeutic intervention, given that small molecules can be used to 

modify −1 PRF rates, thus disrupting viral replication.11,12 For example, 2-

methylthiazol-4-ylmethyl)-[1,4]diazepane-1-carbonyl]amino benzoic acid ethyl 

ester (MDTB) is a small molecule capable of inhibiting the -1 PRF of SARS-CoV and 

SARS-CoV-2 and the viral replication.13–15 Furthermore, as previously mentioned in 

the introduction (1.2.4.1 Antisense and antigene agent in gene therapeutic drugs), 

antisense peptide nucleic acids (PNAs) were engineered to specifically target the 

pseudoknot structure within the SARS-CoV frameshifting region. In fact, these 

PNAs were then evaluated for their effectiveness ability to inhibit the highly 

conserved -1 ribosomal frameshifting (-1 PRF) and SARS-CoV replication, leading to 

a substantial reduction of viral replication.10 

Antiviral intervention can also target the −1 PRF attenuator hairpin. In fact, for 

example, Disney and colleagues found that screening small molecules binding to the 

SARS-CoV-2 attenuator hairpin element can prevent frameshifting process and 

reduce viral expression.16 Within these identified small molecules, the compound 

named C5 was observed to have the ability to selectively bind and stabilize the 

attenuator hairpin structure of the FSE, thereby reducing its activity. Then, a specific 

ribonuclease targeting chimera (RIBOTAC) with a RNase L ligand1 was 

functionalized with compound C5, resulting in C5-RIBOTAC, able not only to inhibit 

the frameshifting process, but also to degrade the SARS-CoV-2 viral RNA. The 

overall molecule proved to be catalytic, capable of effectively functioning at sub-
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stoichiometric concentrations.16 C5 compound and the C5-RIBOTAC complex are 

reported in Figure 4.4. 

 

 

Figure 4.4. Structure of C5 compound and C5-RIBOTAC complex. 

 

The development of vaccines against the SARS-CoV-2 virus has had a significant 

impact on infection prevention and virus spread containment. However, in addition 

to vaccination, various therapeutic techniques such as immunotherapy and antiviral 

drugs have been, and continue to be, among the strategies used to prevent infection 

and successfully limit the virus' spread.17 In fact, considering the emergence of new 

variants of SARS-CoV-2, it is essential that research can develop various 

differentiated therapeutics for the management of COVID-19.18 

Hence, research continues to focus on the development of compounds targeting 

RNA, such as antisense, short interfering RNA (siRNA), and other approaches. One 

of the most promising approaches could be the use of peptide nucleic acids (PNAs) 

targeting viral RNA. This is due to the exceptional chemical and enzymatic stability 

of these compounds, their robust RNA affinity, and sequence-specific selectivity. 

PNAs have demonstrated their effectiveness as regulators of gene expression, 

especially in inhibiting aberrant splicing, acting as anti-miR agents, serving as 

innovative antimicrobial agents, and functioning as anti-gene drugs.19,20 

Combination of PNA targeting viral RNA linked to small ligands able to recruit 

functional proteins, in particular RNAses, thus creating a ternary assembly in vivo, 

can produce a very potent and general strategy for limiting viral infections. 
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4.3 Result and discussion 
 

4.3.1 Synthesis of RNase L recruiter and its variants 
 
The synthesis of the RNase L recruiter described by Disney and collaborators, was 

carried out using the procedure reported in the literature 1, with the addition of a last 

synthetic step to introduce at the end of the spacer the functional group necessary 

for the coupling with t0 PNAs (Figure 4.5). 

 

 

Figure 4.5. RNase L recruiter synthesis. 

 

To obtain the RNase L recruiter with a carboxylic acid terminal group, a protocol 

based on four reaction steps was used. Starting from the commercially available as 

3,4-dihydroxybenzaldehyde and t-Boc-N-Amido-PEG4-bromide under SN2 

nucleophilic substitution conditions, in presence of potassium carbonate as a base, 

compound 3 was obtained. The 1H-NMR spectrum is reported in Figure 4.A1 in 

Appendix. 

Then, this modified aldehyde was reacted with a thiophene derivative (ethyl 4,5-

dihydro-4-oxo-2-(phenylamino)-3-thiophenecarboxylate) to yield compound 4, via 

a piperidine-catalyzed cross aldol condensation reaction. The 1H-NMR spectrum is 

reported in Figure 4.A2 in Appendix. The Boc-deprotection of amino moiety was then 

performed as follows: compound 5 was dissolved in dichloromethane and a solution 

of HCl 4M in dioxane was added to obtain compound 6. The 1H-NMR spectrum is 

reported in Figure 4.A3 in Appendix. To obtain the carboxy-terminated compound 

necessary to perform the coupling to the amino moiety of a PNA oligomer, a 
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coupling between compound 6 and succinic anhydride with DIPEA was performed. 

In fact, under dry condition, to obtain compound 7.  

 

Subsequently, the synthesis of an alternative RNase L recruiter was designed and 

synthetized to have a spacer already presenting the carboxylic-terminal for the 

coupling with the PNAs (Figure 4.6). 

 

 

Figure 4.6. Alternative RNase L recruiter synthesis 

 

The synthesis of alternative RNase L recruiter was performed in four reaction steps 

of synthesis. Starting from BrPEG4COOH (reagent 1a), commercially available, an 

esterification reaction with sulfuric acid as catalyst was done to have the carboxylic 

moiety protected (compound 1b). The 1H-NMR spectrum of 1b is reported in Figure 

4.A6 in Appendix. Then, 1b was reacted with 3,4-dihydroxybenzaldehyde (reagent 

1), to obtain the compound 2b by SN2 nucleophilic substitution in the presence of 

sodium bicarbonate as base.  

 

4.3.2 Design and synthesis of PNA and PNA-conjugate  
 
The PNAs were designed to target different regions of mRNA encoding for spike (S) 

and nucleocapsid (N) proteins, both viral genome and plasmid construct, and a 

critical region between ORF1a and ORF1b of the complete viral genome including a 

pseudoknot able to induce a programmed ribosomal frameshifting (-1 PRF) in the 

open reading frame during the translation. In addition, two PNAs at different lengths 
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that do not target any viral genome and plasmid model system were designed as 

controls. The, all PNA sequences were also functionalized with the octa-arginine 

peptide moiety at their N-term to obtain an efficient cellular uptake in the target 

cells.  

Before the synthesis, all the sequences of PNA targeting these RNA tract were 

analyzed with “PNA Tool” (http://pnabio.com/support/PNA_Tool.htm) to have an 

overview of the general properties of these PNAs and the results are showed in 

Appendix. 

Furthermore, to understand all the possible interferents in the human genome, all 

the selected sequences were also analyzed for similarity in the NCBI database using 

BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch), 

but the analysis did not lead to the detection of problematic interferents.  

Once the RNase L recruiter synthesis was completed, the coupling between this 

small molecule and the PNAs was performed on the solid support (Figure 4.7) to 

obtain a series of PNA conjugates that could be able to bind and degrade the viral 

genome.  

 

 

Figure 4.7. Coupling between the PNA sequence and the RNase L recruiter on solid support. 

 

Furthermore, to achieve the coupling between the PNAs and the chemical moiety 

able to recruit RNase L, some different tests with different coupling reagents, 

equivalents, temperatures, coupling, and activation time were carried out (Table 

4.1). However, the best condition to perform the coupling appear to be Entry 7 after 

the UPLC-MS analysis. 

 

http://pnabio.com/support/PNA_Tool.htm
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch
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Table 4.1. Tests to optimize the coupling between the PNAs and the ribonuclease L recruiter and obtain 
the PNA conjugates. 

Entry 
eq RNase L 

recruiter 
eq HBTU eq DIPEA Temperature Time Activation 

1 5 4.9 10 r.t. o.n. 5’ 

2 5 4.9 10 40°C o.n. 5’ 

3 5 4.9 10 50°C 6h 5’ 

4 5 4.9 10 60°C 5h 5’ 

Entry 
eq RNase L 

recruiter 
eq DIC eq DhBtOH Temperature Time Activation 

5 5 5 5 r.t. 5h 2’ 

6 5 5 5 r.t. 2x5h 2’ 

7 10 10 10 r.t. o.n. 2’ 

 

A schematic representation of PNAs and PNAs-conjugates designed is shown in 

Figure 4.8 and all the sequences synthetized targeting the S and N protein both in 

viral genome and plasmid model construct, the pseudoknot region and the two 

control was reported in Table 4.2. 

 

 

Figure 4.8.  A schematic representation of PNAs and PNAs-conjugates design. 

 

Table 4.2. All PNAs and PNA-conjugates synthetized. 

Entry Name Sequence Yield (%) 

8 S-P r8-CAC CAG GAA CAC AAA CAT-g-NH2 6 

9 S-St r8-AAC AAG AAA AAC AAA CAT-g-NH2 13 

10 S-3’ r8-CAC TCC ATA ACA CTT-g-NH2 8 

11 S-5’ r8-AAA ACA AAC ATT GTT CGT-g-NH2 12 

12 N-P r8-TGG TCC ATT GTC ACT CAT-g-NH2 5 

13 N-St r8-GGG TCC ATT ATC AGA CAT-g-NH2 5 

14 N-3’ r8-TC TCC ATT CTG GTT-g-NH2 6 
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15 N-5’ r8-ACA TTT TAG TTT GTT CGT-g-NH2 11 

16 PK r8-A AAG CCC TGT ATA CGA CAT-g-NH2 7 

17 C-18mer r8-TAT CCA GTC AAG ATC TAA-g-NH2 9 

18 C-15mer r8-ACA CTC TAC ATC ACT-g-NH2 28 

19 S-P+L L-r8-CAC CAG GAA CAC AAA CAT-g-NH2 6 

20 S-St+L L-r8-AAC AAG AAA AAC AAA CAT-g-NH2 9 

21 S-3’+L L-r8-CAC TCC ATA ACA CTT-g-NH2 9 

22 S-5’+L L-r8-AAA ACA AAC ATT GTT CGT-g-NH2 / 

23 N-P+L L-r8-TGG TCC ATT GTC ACT CAT-g-NH2 3 

24 N-St+L L-r8-GGG TCC ATT ATC AGA CAT-g-NH2 2 

25 N-3’+L L-r8-TC TCC ATT CTG GTT-g-NH2 5 

26 N-5’+L L-r8-ACA TTT TAG TTT GTT CGT-g-NH2 / 

27 PK+L L-r8-A AAG CCC TGT ATA CGA CAT-g-NH2 3 

28 C-18mer+L L-r8-TAT CCA GTC AAG ATC TAA-g-NH2 14 

29 C-15mer+L L-r8-ACA CTC TAC ATC ACT-g-NH2 4 

Capital letters: PNA monomers, Lower case: amino acid 

 

To understand the assigned codes: S, N, and PK indicate the spike protein, 

nucleocapsid protein, and pseudoknot regions, respectively, while C for control. St, 

3’, 5’ are relative to the position of target sequence with respect to protein 

translation start codon: St is relative to the tract containing the initial AUG, while 3’ 

and 5’ refer to sequences located in the 3’/5’ direction, respect to AUG. Instead, P 

represent the plasmid construct. 18mer and 15mer controls are denoted as C-15mer 

and C-18mer.  

In addition, a second model was designed to test the role of the RNase L recruiter 

position in the PNA sequence, focusing on the pseudoknot PNA sequence (Figure 

4.9). Fmoc-Lys(Mtt)-OH was used as first residue to allow the possibility to link the 

RNAse ligand to the C-term part of the PNA. The ligand was then linked to N or C 

terminus directly or after  one or two (2-aminoethoxy)ethoxyacetyl spacers (AEEA, 
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or O). All the PNAs sequences synthetized with these two different designs were 

listed in Table 4.3. 

 

 

Figure 4.9.  A schematic representation of different PNA-RNase L recruiter conjugates design.  

 

Table 4.3. PNAs series regarding the pseudoknot region with two different designs, from Entry 37 to 39 
the RNase L recruiter (L) was positioned at the Nterm moiety instead from Entry 40 to 42 at the Cterm. In 

addition, different number of AEEA spacer (O) was added. 

Entry Sigla Sequence Yield (%) 

30 BeCa01-12 L-A AAG CCC TGT ATA CGA CAT-k(Ac)-NH2 1 

31 BeCa01-13 L-O-A AAG CCC TGT ATA CGA CAT-k(Ac)-NH2 1 

32 BeCa01-17 L-O-O-A AAG CCC TGT ATA CGA CAT-k(Ac)-NH2 5 

33 BeCa01-18 Ac-A AAG CCC TGT ATA CGA CAT-k(L→)-NH2 6 

34 BeCa01-19 Ac-A AAG CCC TGT ATA CGA CAT-k(L-O→)-NH2 4 

35 BeCa01-20 Ac-A AAG CCC TGT ATA CGA CAT-k(L-O-O→)-NH2 12 

Capital letters: PNA monomers, Lower case: amino acid, L: RNase L recruiter, O: 

spacer 

 
For the second design was selected the pseudoknot PNA sequence given that, after 

a bio-informatic analysis, it appears to be conserved in the analyzed virus variants. 

In fact, a bio-informatic analysis was conducted to evaluate the conservation of 

synthesized sequences directed towards the viral genome in the predominant 

European variants from January to May and then from August to September 2023. 

The Global Initiative on Sharing All Influenza Data (GISAID, https://gisaid.org/) is the 

international online platform used for this bioinformatics analysis. This platform 

enables the global sharing of data related to the genome sequence of influenza and 

respiratory viruses, with a particular focus on the SARS-CoV-2 virus, identifying 

variants through any mutations present in their genome. However, GISAID employs 

https://gisaid.org/
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a naming/numbering system to identify variants, where the name includes the place 

of origin, sampling date, and sequence number. Several types of nomenclature of 

the variants were reported, like World Health Organization (WHO, 

https://covid19.who.int/) that identifies the variants using Greek alphabet letters, 

Phylogenetic Assignment of Named Global Outbreak Lineages (PANGO Lineage, 

https://cov-lineages.org/) where PANGO lineages determined through the 

PANGOLIN software are typically identified by a combination of letters and 

numbers, and instead Nextstrain (open-source bioinformatics platform, 

https://nextstrain.org/) uses a Year-Letter nomenclature.  

Focusing on the epidemiological spread of the SARS-CoV-2 virus in the previously 

mentioned time periods, a picture extracted by GISAID platform showing how 

Omicron is the predominant European variant in the target temporal period of 

SARS-CoV-2 is depicted in the Figure 4.10. 

 

 

Figure 4.10. Focus of the epidemiological spread of the SARS-CoV-2 virus from January to May on the left 
spectrum and from August to September on the right picture. 

 

The main VOC (Variants of Concern) and VOI (Variants of Interest) in the same period 

are listed in the Table 4.4, that highlights again Omicron as the most widely spread 

European variant. In addition, from the first to the second screening, it can be 

affirmed that variants 23A, 22D, and 23F (market in blue) persist from January to 

https://covid19.who.int/
https://cov-lineages.org/
https://nextstrain.org/
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September. However, in the second time frame, the emergence of a new variant, 

denominated 21F (highlighted in green) can be observed. 

 

Table 4.4. Principal VOC and VOI variants in the two period examinated. 

WHO  NEXSTRAIN PANGO Lineage Distribution (%) 

From January to May 

Omicron 23A XBB.1.5 81,2% 

Omicron 22D BA.2.75 10,8% 

Omicron 22E BQ.1 3,6% 

Omicron 21L BA.2 1,1% 

Omicron  22F XBB 1.0% 

Omicron 22B BA.5 0,8% 

From August to September 

Omicron  21F EG.5 66,1% 

Omicron  23A XBB.1.5 29,4 % 

Omicron  22F XBB 4,6 % 

Omicron  22D BA.2.75 2,3 % 

 

The genome of these predominant variants, exported from NCBI (National Center 

for Biotechnology Information), was subsequently compared, using GENEDOC, with 

the original SARS-CoV-2 genome (MN908947.3) used for the initial design of the 

PNA sequences. This comparison was conducted with a focus on the target regions 

of the PNA sequences, specifically S-5', S-St, S-3' (S gene), N-5', N-St, N-3' (N gene), 

and PK. The results are showed in Figure 4.11 for S and N genes, while in Figure 4.12 

for the pseudoknot sequence. From Figure 4.11 and 12, it is possible to observe that 

S-5’, S-St and PK sequences appear to be completely conserved, in all the variants. 

On the other hand, the N-St sequence, which appeared to be conserved in the initial 

phase of bioinformatic analysis, shows a change of one nucleobase in the time range 

from August to September. However, compared to the reference genome, 

differences in terms of one nucleobase can be observed for the N-5' sequence in both 

analyzed periods, while the sequence N-3’ is not conserved in the various variants of 

SARS-CoV-2 examined. In summary, the S-5', S-St, and PK sequences appear to be 
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conserved in the analyzed virus variants, leading to the conclusion that these regions 

could still be potential targets for the development of antiviral drugs. 

 

 

Figure 4.11. Comparison of the genome of the major variants from January to May (on the top) and from 
August to September (on the bottom) with respect to the SARS-CoV-2 genome initially used for the 

design of PNA sequences (reference genome), focusing on specific region of S- and N-gene. 

 

 

Figure 4.12. Comparison of the genome of the major variants from January to May (on the top) and from 
August to September (on the bottom) with respect to the SARS-CoV-2 genome initially used for the 

design of PNA sequences (reference genome), focusing on pseudoknot region. 
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4.3.3 Biological experiments 
 
The PNA of Table 4.2 were provided to the group led by Prof. Roberto Gambari at 

the University of Ferrara, to test the antisense activity towards SARS-CoV-2 

sequences. Some of the results obtained are reported hereinafter to show the 

potentiality of the PNA constructs.  

A PCR inhibition experiment on a Plasmid model pUC57-2019-nCoV-PC: ORF1ab 

(cat. MC-0101079 from GeneScript, Piscataway, New Jersey, USA), containing the 

ORF1ab regions of the virus, was performed to assess the specific molecular 

interactions between the SARS-CoV-2 pseudoknot region and the corresponding 

PNA sequence. To carry out the PCR amplification two couple of PCR primers were 

used, one to amplify the SARS-CoV-2 pseudoknot region (F-RFS and R-RFS) and the 

other used as control primers (Fc and Rc), while regarding the PNA sequences, the 

pseudoknot PNA (PNA-PK) and the Control-18mer (uPNA) were employed (Figure 

4.13). 

 

 

Figure 4.13. A schematic representation of SARS-Cov-2 RNA with the two PNA sequences (PNA-PK and 
PNA-Control 18mer) and couple of primers (F-RFS/R-RFS and Fc/Rc) used for the PCR experiments. 

 

Inhibition of PCR was observed in presence PNA-PK (Figure 4.14A) at concentrations 

of 10 nM or higher, observed by the rightward shift as threshold cycle (CT) increases. 

CT is used to monitor the progress of amplification during a real-time PCR reaction, 

and it is the cycle at which the amount of amplified genetic material reaches a 

detectable level. Instead, the PCR amplification conducted in presence of control 

PNA at high concentrations (50-100 nM of uPNA) showed no inhibition (Figure 

4.14B), while the results shown in Figure 4.14C highlight the inactivity of PNA-PK 

when Fc and Rc control primers were used for the amplification, except at higher 
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concentrations of PNA-PK. The dependence of Ct as a function of PNA 

concentrations used in the various tests is reported in Figure 4.14D. 

 

 

Figure 4.14. Data of PCR experiments carried out with the target SARS-CoV-2 region containing the 
Ribosomal Frame Shift Element (RFSE) and PNA-PK or Control-18 PNA (used as unrelated PNA) and two 

couple of primer: F-RFS/R-RFS and Fc/Rc, used to amplify the SARS-CoV-2 pseudoknot region and as a 
control, respectively. A) Specific molecular interaction between the PNA-PK and the target SARS-CoV-2 

containing the pseudoknot region in presence of F-RFS/R-RFS as primers. B) Inactivity of Control-18 PNA. 
C) Inactivity of PNA-PK (less than the highest concentration) with control primers. D) Quantitative 

determination analysis (addicted to PNA concentration). 

 

SARS-CoV-2 manipulation was performed in the BSL-3 laboratory of the University 

of Ferrara, following the biosafety requirements. SARS-CoV-2 was isolated from a 

naso-pharyngeal swab retrieved from a patient with COVID-19 (Caucasian man of 

Italian origin, genome sequences available at GenBank, SARS-CoV-2-UNIBS-AP66: 

ERR4145453). Extraction of RNA, followed by RT-PCR showed inhibition of N-

protein production, as well as of NFkB and NFkB-regulated pro-inflammatory genes 

(interleukins IL-1b, IL-6 and IL-8), upon treatment with the PNA-PK (results not 

shown, these are described in a paper submitted for publication). 

Most importantly, both treatments with PNA-PK and PNA-PK-L inhibited the SARS-

CoV-2 release from the infected cells (Figure 4.15).The inhibition of SARS-CoV-2 was 

also quantified once the functionalization of the cells with PNA-PK was performed, 

and the result are reported in Figure 4.15A, together data of with Calu-3 infected cells 

in absence of PNA treatment. The inhibition efficiency of the PNA-PK (Figure 4.15B) 
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was found to be around 75%, and that of PNA-PK with RNase L recruiter was slightly 

higher (83-85%). 

 

 

Figure 4.15.  A) Release of SARS-CoV-2 in presence of PNA-PK and PNA-PK-L and in absence of PNA as 
a control. B) % of inhibition of SARS-Cov-2 release. 

 

4.3.4 Preliminary studies on selective RNA cleavage 
 

Preliminary tests were performed to study if the RNase L recruiter modified PNAs 

can recognize the target RNA, recruit RNase L, and induce the selective RNA 

cleavage.  

To perform these experiments the second model of PNA sequences (Table 4.3, from 

Entry 30 to 35), focusing on the pseudoknot region, labelled RNA sequences of 59 bp 

(RNA-PK59, 5’[FAM]-CGGCACAGGCACUAGUACUGAUGUCGUAUACAGGGCUUU 

UGACAUCUACAAUGAUAAAG-3') containing the pseudoknot sequence 

(highlighted in bold), and RNAse L were employed.  

A solution of RNA-PK59 (1 µM) with a RNase L recruiter modified PNA (1 µM) was 

annealed by heating at 70 °C for 5 min and slowly cooling to room temperature in 

RNase L Buffer (25 mM Tris-HCl, 100 mM KCl, 10 mM MgCl2, pH 7,4). After cooling, 

the solution was divided in two batch: one already ready for the next incubation step 

while in the second the RNase L and the RNase L supplement (10 mM MgCl2, fresh 

7 mM β-mercaptoethanol, and 50 μM of ATP) were added (considering equal ratio of 

each component: PNA, RNA and RNseL). All the samples were transferred to a 
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thermocycler and incubated for two hours or overnight at 28 °C. The reaction is 

quenched by heating at 95 °C for 5 minutes. The samples were analyzed with 

denaturing 8 M urea 10% PAGE, using TAMg buffer (40 mM Tris-Base, 12.5 mM 

Mg(AcO)2, 20 mM EDTA, pH: 8.0). The results, reported in Figure 4.16, showed that 

the RNA alone (lane 1) in both the experiments (two hours or overnight incubation) 

was partially degraded, probably to ageing of the stock solution sample. However, 

after 2 hours of incubation (Figure 4.16a) no substantial differences between the 

samples in the absence and presence of RNase L was observed. Instead, after 

overnight incubation (Figure 4.16b), a more intense band representative of an RNA 

sequence less than 50 base pairs in length (with a higher electrophoretic mobility 

than the RNA-PK59 alone) was observed for the samples containing the RNase L. A 

band with lower electrophoretic mobility than the RNA-PK59 was observed for the 

samples containing the PNAs reported in Entry 32 and 33 for the first experiment 

(from lane 7 to 10), and only for the PNA Entry 32 for the second experiment. This 

band is related to the formation of the RNA:PNA complex. However, since cleavage 

of RNA was also observed in the absence of RNase L (Fig. 16, lane 11), and with 

RNase L without the PNA (Fig. 16, lane 2) additional experiments with different 

conditions (e.g. non-degraded RNA-PK59 probe) and different RNA tracts will be 

needed. 

 

 
Figure 4.16. Denaturing PAGE analysis of preliminary experiments of RNA cleavage given by PNA-RNase 

L recruiter conjugate: a) 2h of incubation, b) overnight incubation. 
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4.4 Conclusions and future directions 
 
A series of PNA, potentially useful for SARS-CoV-2 treatment, was synthesized. The 

first biological data obtained are encouraging in terms of specificity and efficacy.  

The entire library of PNA synthesized is now available for performing study of 

interaction/cleavage of the target RNA in, and, most importantly, in cellular systems 

modelling the COVID-19 infection. However, preliminary tests (based on 

polyacrylamide gel electrophoresis analysis) were performed to study if the 

modified PNA with the RNase L recruiter can recognize the target RNA, recruit the 

RNase L, and induce the selective target RNA cleavage. The preliminary results seem 

to point toward the direction of a RNA cleavage, but additional experiments with a 

non-degraded RNA-PK59 probe are required. Further studies are needed for the 

complete assessment of the best model for this type of application. So far, the 

possibility of assembly of RNA, PNA, RNase in a rational way seems to be a 

promising tool for the development of new, rationally designed treatments for 

precision medicine. 
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4.5 Experimental section 
 

4.5.1 Reagents and instrumentations 
 
The reagents were bought from BLD Pharmatech, Merck, abcr, Carlo Erba, VWR, 

Fluka, TCI Europe, Link Technologies, PolyOrg and used without additional 

purification. Only for the solid phase synthesis, the DMF was purged with nitrogen 

flux to prevent the formation of dimethylamine and was dried over 4Å molecular 

sieves.  

NMR spectra were recorded with a Brucker Avance 400 and δ values are expressed 

in ppm concerning to CDCl3, DMSO-d6 and D2O. TLC are performed on Supelco 

56524-25EA silica gel on aluminum foil with indicator fluorescence at 254 nm. 

All the PNA sequences are synthesized by standard solid-phase manual synthesis. 

Purification was performed by HPLC (Agilent Technologies 1260 Infinity I) using a 

SepaChrom Vydamas® (C18, 5 μm, 300 Å, 10 x 250 mm) column. Gradient: 100% A 

for 5min, then from 0% to 50% B for 30 min. PNAs at 4 mL/min flow (A: water + 0.1% 

trifluoroacetic acid; B: acetonitrile + 0.1% trifluoroacetic acid). UV wavelength: 260 

nm. 

After purification, the peptide nucleic acid sequences were characterized by UPLC-

MS (Waters Acquity Ultra Performance LC) using the following instrumental set-up: 

Waters Acquity ultra-performance LC E07SQD086W, with Waters SQ detector and 

ESI-interface equipped with Acquity UPLC BEH 300 (50 × 2.1 mm, 1.7 µm, C18, 100 

Å). Chromatographic condition: eluent A: water + 0.2% formic acid; eluent B: 

acetonitrile + 0.2% formic acid. Column temperature: 35 °C. Program: initial isocratic 

at 100% A (0.9 min), then linear gradient to 50% B (in 5.7 min). Final wash with 100% 

B for 1.2 min. Flow rate: 0.25 mL/min. Some PNAs, however, were characterized with 

Thermo LTQ Orbitrap XL detector and ESI-interface equipped with a Phenomenex 

Kinetex EVO (50 × 2.1 mm, 1.7 µm, C18, 100 Å). Chromatographic conditions: eluent 

A: water + 0.1% formic acid; eluent B: acetonitrile + 0.1% formic acid. Column 

temperature: 35 °C. Program: initial isocratic at 98% A (3 min), then linear gradient 
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to 50% B (in 20 min) and after to 95% (in 1 min). Final wash with 98% B for 8 min. 

Flow rate: 0.20 mL/min. UV wavelength: 260 nm. 

The concentration of the PNA was calculated using Evolution 260 Bio UV-Visible 

spectrophotometer with Peltier thermos tatting accessories (Thermo Fisher 

Scientific SPE8W), following the UV-absorbance at 260 nm and assuming an 

additive contribution of all bases and the RNase L recruiter. 

For PAGE analysis: ChemiDoc MP Imaging System by Bio-Rad Laboratories S.R.L. 

for gel imaging.  

 

4.5.2 Synthesis of RNase L recruiter  
 
Compound 3 

A solution of 3,4-dihydroxybenzaldehyde 1 (50.5 mg, 0.37 mmol), BrPEG 2 (105 µL, 

0.37 mmol) and K2CO3 (50 mg, 0.37 mmol) in DMF (1 mL) was allowed to react at 50 

°C overnight. The solvent was removed under reduced pressure and the product was 

purified by silica gel column chromatography (Hex:AcOEt:MeOH = 4:6:0.5). The 

desired product 3 was a light-yellow oil (37.3 mg, 25%). Characterizations were 

consistent with previously reported data.1 

1H NMR (400 MHz, CD3OD_SPE): δ 9.77 (s, 1H), 7.42 (dd, J = 8.3, 2.0 Hz, 1H), 7.33 (d, 

J = 2.0 Hz, 1H), 7.12 (d, J = 8.2 Hz, 1H), 4.32 – 4.25 (m, 2H), 3.97 – 3.88 (m, 2H), 3.79 – 

3.55 (m, 8H), 3.49 (t, J = 5.6 Hz, 2H), 3.21 (t, J = 5.6 Hz, 2H), 1.43 (s, 9H).  

 

Compound 5 

A solution of ethyl 4,5-dihydro-4-oxo-2-(phenylamino)-3-thiophenecarboxylate 4 

(27.5 mg, 0.10 mmol), aldehyde 3 (35.8 mg, 0.09 mmol) and piperidine (8 µL, 0.08 

mmol) in EtOHabs (2 mL) was heated at 80 °C (100 W) by microwave for 6h. The 

solvent was removed under reduced pressure and the product was purified by silica 

gel column chromatography (AcOEt:MeOH = 10:1). The product 5 was a light orange 

oil (57.1 mg, 75%). Characterizations were consistent with previously reported data.1 

1H NMR (400 MHz, CDCl3): δ 11.49 (s, 1H), 7.73 (s, 1H), 7.49 (m, 2H), 7.42 – 7.35 (m, 

3H), 7.19 (s, 1H), 7.12 (d, J = 2.2 Hz, 1H), 7.01 (dd, J = 8.4, 2.2 Hz, 1H), 6.89 (d, J = 8.4 
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Hz, 1H), 5.13 (s, 1H), 4.41 (q, J = 7.1 Hz, 2H), 4.23 – 4.17 (m, 2H), 3.88 – 3.82 (m, 2H), 

3.76 – 3.58 (m, 8H), 3.53 (m, 2H), 3.34 – 3.26 (m, 2H), 1.44 (t, J = 7.1 Hz, 3H), 1.41 (s, 

9H). 

 

Compound 6 

A solution of 5 (57.1 mg, 87 nmol) and HCl 4M in 1,4-dioxane (0.65 mL, 2.6 mmol) in 

DCM (2 mL) was stirred at room temperature for 2 h. The solvent was removed under 

reduced pressure to give the desired product as a red oil (48.6 mg, 99%). 

Characterizations were consistent with previously reported data.1 

1H NMR (400 MHz, CDCl3): δ 11.64 (s, 1H), 10.27 (s, 1H), 8.07 (brs, 3H), 7.65 (s, 1H), 

7.57 – 7.44 (m, 5H), 7.32 (m, 1H), 6.88 (d, J = 8.0 Hz, 1H), 6.45 (d, J = 8.2 Hz, 1H), 4.42 

(q, J = 7.1 Hz, 2H), 3.87 – 3.81 (m, 2H), 3.76 – 3.71 (m, 2H), 3.69 – 3.60 (m, 8H), 3.60 – 

3.53 (m, 2H), 3.28 – 3.24 (m, 2H), 1.45 (t, J = 7.1 Hz, 3H). 

 

Compound 7 

Under dry conditions, a solution of 6 (39.8 mg, 0.07 mmol), succinic anhydride (10.7 

mg, 0.11 mmol) and DIPEA (25 µL, 0.14 mmol) in DMF dry (2 mL) was stirred at r.t. 

overnight. The solvent was removed under reduced pressure and the product was 

purified by silica gel chromatography (AcOEt:MeOH = 10:1 -> 0:1) to give 7 as a 

yellow solid (41.7 mg, 89%) 

1H NMR (400 MHz, CDCl3): δ 11.46 (brs, 1H), 7.62 (s, 1H), 7.50 – 7.42 (m, 2H), 7.40 – 

7.30 (m, 3H), 7.08 (s, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.66 (d, J = 8.5 Hz, 1H), 4.39 (q, J = 

7.1 Hz, 2H), 4.01 (m, 2H), 3.78 (m, 2H), 3.68 – 3.54 (m, 8H), 3.51 (m, 2H), 3.35 (m, 2H), 

2.43 (m, 4H), 1.42 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3): δ 182.3, 180.4, 176.0, 174.6, 166.9, 148.5, 147.7, 137.3, 

131.9, 129.9, 127.8, 127.6, 125.2, 123.9, 121.8, 118.4, 112.6, 97.9, 69.9, 69.7, 69.3, 68.7, 

67.1, 60.6, 38.3, 33.7, 33.0, 14.5. 

UPLC-MS (ESI neg): Calcd for C32H37N2O11S- [M-H]- 657.22, found 657.1. 
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4.5.3 Synthesis of variant RNase L recruiter  
 
Compound 1b 

In a round-bottom flask, BrPEG4COOH (260 mg, 0.91 mmol) 1a was dissolved in 

MeOH (2 mL). After that, two drops of H2SO4 concentrated were added at the 

solution as catalyst. The solution was heated under reflux and left to react for 5 

hours. The solvent was removed under reduced pressure and the product was 

extracted with a solution of H2O/DCM and washed with a solution of H2O/saturated 

solution of NaCl. The solvent was removed again under reduced pressure and the 

desired product 1b was a colorless oil (257 mg, 94%).  

1H NMR (400 MHz, CDCl3) δ 3.81 (t, J = 6.3 Hz, 2H), 3.76 (t, J = 6.5 Hz, 2H), 3.68 (s, 3H), 

3.67 – 3.60 (m, 8H), 3.47 (t, J = 6.3 Hz, 2H), 2.60 (t, J = 6.5 Hz, 2H). 

UPLC-MS (ESI pos, MeOH): Calcd for C10H19BrO5 [M+H]+ 300.04, found 299.4 [100%, 

79M+H]+, 301.3 [100%, 81M+H]+. 

 

Compound 2b 

In a round-bottom flask, a solution of 3,4dihydroxybenzaldehyde 1 (59.3 mg, 0.43 

mmol), NaHCO3 (54.1 mg, 0.64 mmol), and NaI (19.3 mg, 0.1 3mmol) in DMF dry (1 

mL) was stirred at 40°C for 2 hours under nitrogen condition. After that a solution of 

1b (257.0 mg, 0.86 mmol) in DMF dry (1 ml) was added. The reaction was left to react 

at 50°C for 40 hours. The reaction was turned off with H2O (20 mL) and the product 

was extracted with dichloromethane (3x10 mL). Then the organic phase was washed 

with H2O/saturated solution of NaCl. The solvent was removed under reduced 

pressure and the product was purified by silica gel column chromatography 

(Hex:AcOEt:MeOH = 4:6:0.5). The desired product 2b was a light-yellow oil (77.8 mg, 

51%). 

1H NMR (400 MHz, CDCl3) δ 9.87 (s, 1H), 7.46 (d, J = 2.0 Hz, 1H), 7.42 (dd, J = 8.2, 2.0 

Hz, 1H), 7.02 (d, J = 8.2 Hz, 1H), 6.76 (s, 1H), 4.31 – 4.27 (m, 2H), 3.94 – 3.90 (m, 2H), 

3.78 (t, J = 6.5 Hz, 2H), 3.77 – 3.73 (m, 2H), 3.73 – 3.71 (m, 2H), 3.70 (s, 3H), 3.67 (q, J = 

1.6 Hz, 4H), 2.62 (t, J = 6.5 Hz, 2H). 
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13C NMR (101 MHz, CDCl3) δ 191.2, 172.1, 151.5, 147.4, 131.3, 123.7, 115.5, 112.6, 70.7, 

70.5, 70.4, 70.4, 69.2, 68.8, 66.6, 51.7, 34.7. 

UPLC-MS (ESI pos, MeOH): Calcd for C17H24O8 [M+H]+ 356.15, found 379.4 [100%, 

M+Na]+. 

 

Compound 3b 

In a round-bottom flask, compound 2b (77.8 mg, 0.22 mmol) was dissolved in MeOH 

(2 ml) and after that a solution of 4M LiOH in water (55 µl x2, 0.22 mmol) was added. 

The solution was heated under reflux and left to react over weekend. The solvent 

was removed under reduced pressure and 1 M HCl solution (500µl) and water (2 mL) 

were added. After that the product was extracted with ethyl acetate (AcOEt) and the 

organic solution was removed under reduced pressure and the product was purified 

by silica gel column chromatography (Hex:AcOEt:MeOH = 2:8:1→0:10:1→0:10:2). 

The desired product 3b was a pink resin (29.5 mg, 40%). 

1H NMR (400 MHz, CDCl3) δ 9.81 (s, 1H), 7.41 (d, J = 2.0 Hz, 1H), 7.36 (dd, J = 8.2, 1.9 

Hz, 1H), 6.94 (d, J = 8.2 Hz, 1H), 6.34 (s, 2H), 4.26 – 4.20 (m, 2H), 3.94 – 3.84 (m, 2H), 

3.77 – 3.73 (m, 2H), 3.73 – 3.70 (m, 2H), 3.69 – 3.65 (m, 2H), 3.63 (m, 4H), 2.61 (t, J = 

6.2 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 191.3, 175.5, 151.6, 147.2, 131.1, 123.8, 115.5, 112.3, 70.6, 

70.3, 70.2, 69.2, 68.4, 66.6, 34.8. 

UPLC-MS (ESI neg, MeOH): Calcd for C16H22O8 [M-H]- 341.13, found 341.2 [100%, M-

H]-. 

 

Compound 4b 

A solution of ethyl 4,5-dihydro-4-oxo-2-(phenylamino)-3-thiophenecarboxylate 4 

(27.2 mg, 0.10 mmol), aldehyde 3b (29.5 mg, 0.09 mmol) and piperidine (17 µL, 0.17 

mmol) in EtOHabs (2 mL) was heated at 80 °C (100 W) by microwave for 4h. The 

solvent was removed under reduced pressure and the product was purified by silica 

gel column chromatography (AcOEt:MeOH = 9:1). The product 4b was a light orange 

resin (57.1 mg, 75%). 



287 
 

1H NMR (400 MHz, CDCl3) δ 11.49 (s, 1H), 7.58 (s, 1H), 7.45 (s, 2H), 7.36 (d, J = 8.1 Hz, 

3H), 6.95 (s, 1H), 6.74 (d, J = 8.1 Hz, 1H), 6.57 (s, 1H), 4.41 (q, J = 7.0 Hz, 2H), 4.02 (m, 

2H), 3.80 (m, 2H), 3.65 (m, 8H), 3.55 (m, 2H), 2.41 (m, 2H), 1.44 (t, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 182.3, 179.3, 175.9, 167.1, 148.7, 137.3, 132.3, 129.9, 127.5, 

123.7, 121.3, 112.2, 98.0, 66.7, 60.6, 50.9, 37.8, 14.5. 

UPLC-MS (ESI neg, MeOH): Calcd for C29H33O10S [M-H]- 586.18, found 586.2 [100%, 

79M-H]-. 

 

4.5.4 Synthesis of peptide nucleic acid 
 
All the PNA sequences designed were synthetized with standard solid-phase manual 

synthesis, using 9-fluorenylmethoxycarbonyl (Fmoc) strategy . The PNA monomers 

employed to Fmoc strategy are Fmoc/Bhoc protected. 

 

Synthesis of the first set of PNAs (Tables 4.2 and 4.3) 

The H-Rink Amide Chemmatrix resin was loaded with Fmoc-Gly-OH to obtain 0.2 

mmol/gr as theoretical loading. The principal steps to load the resin were: a) swelling 

in DCM (1x1h), b) DMF dry wash, c) coupling (1x5h, activation for 10’, using 1 eq of 

Fmoc-Gly-OH, 10 eq of DIC and 10 eq of DhBtOH in DMF dry as activation solution), 

d) DMF wash, e) capping (2x15’, DMF:Ac2O, 1:1), e) DMF wash and f) DCM wash. To 

measure the loading of the resin a UV/Visible technique was used, following the 

absorbance of divenzofulvene (DBF) formation after deprotection treatment (30’, 

Piperidine:DMF, 1:4) at 290 nm. In fact, the values at 290 nm and 400 nm (to subtract 

the baseline contribution) were extracted from the measure. The loading of the resin 

was calculated dividing the value obtained from the difference between the 

absorbance at 290 nm and at 400 nm with a value obtained by multiplication of a 

conversion factor (1.65 g/mmol*mg) with the weighed resin mass. 

The synthesis of PNA was performed in a 10 µmol as a scale, separating 5 µmol after 

attacking all the PNA monomer and continuing the synthesis in the remaining resin 

to obtain the product with the octa-arginine peptide moiety (using Fomc-Arg(Pbf)-

OH). Subsequently, in 2 µmol was carried out the cleavage by the resin while in 1.5 
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µmol was performed the coupling with the RNase L recruiter and then the cleavage 

step. 

The principal steps and solutions for the standard solid-phase manual synthesis 

were: a) swelling in DCM (1x30’), b) deprotection (2x8’, Piperidine:DMF, 1:4), c) DCM 

wash, d) DMF dry wash, e) Kaiser test (1’, positive), f) coupling (1x30’, activation for 

2’, using 5 eq of PNA monomer, 4.9 eq of HBTU as coupling reagent and 10 eq of 

DIPEA in DMF dry as activation solution), g) DMF wash, h) Kaiser test (1’, negative), 

i) capping (2x1’, Ac2O:DIPEA:DMF dry, 5:6:89), l) DMF wash, m) 5% DIPEA wash 

(2x2’, DIPEA:DMF, 5:95), n) DMF wash and, o) DCM wash. 

 

Synthesis of the second set of PNAs (Table 4.5) 

The H-Rink Amide Chemmatrix resin was loaded with Fmoc-Lys(Mtt)-OH to obtain 

0.2 mmol/gr as theoretical loading. The principal steps to load and to measure the 

loading of the resin are the same of before.  

The synthesis of PNA was performed in a 20 µmol as a scale, separating 2.5 µmol 

after attacking all the PNA monomer in six reactors. In one design, three different 

peptide nucleic acid sequences were synthetized, where one present only the RNase 

L recruiter at the end of Nterm moiety in addition to the PNAs monomer, instead the 

other two have one or two AEEA spacer and the RNase L recruiter. In the other 

design, three different PNAs were synthetized using an orthogonal chemistry since 

the RNase L recruiter was attached on the lysine moiety at the Cterm. One present 

only the RNase L recruiter at the end of Cterm moiety in addition to the PNAs 

monomer, instead the other two have one or two AEEA spacer and the RNase L 

recruiter. Subsequently, in 1.5 µmol was carried out the cleavage by the resin. 

The principal steps and solutions for the standard solid-phase manual synthesis are 

the same of before with the addition of Mtt deprotection (0.5% BtOH•H2O in 

HFIP/DCM 1:1) and the coupling with the AEEA spacer (1x40’, activation for 2’, using 

5 eq of AEEA spacer, 4.9 eq of HBTU as coupling reagent and 10 eq of DIPEA in DMF 

dry as activation solution).  
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For the coupling of the RNase L recruiter, after the tests previously discussed in 

Results and Discussion part, the following protocol was selected: a) deprotection 

(2x8’, Piperidine:DMF, 1:4), b) DCM wash, c) DMF wash, d) coupling (o.n., activation 

for 2’, using 10 eq of RNase L recruiter, 10 eq of DIC as coupling reagent and 10 eq of 

DhBtOH in DMF dry as activation solution), e) DMF wash, and f) DCM wash. 

The solutions used for the Kaiser test were as those described in Chapter 2. 

For the cleavage step a cocktail solution composed of TFA:m-cresol (9:1) was used 

and two cycles of 1h were performed to make sure a complete cleavage. After this 

first cycle the solution was filtered and collected in a falcon while the resin was 

washed with only TFA to ensure a complete collection of the product, and the same 

procedure was repeated at the end of the second cycle. The PNA oligomers were 

precipitated in diethyl ether in freezer for at least 2h. After removing diethyl ether, 

the product was dried and dissolved in double distilled water.  

All the PNAs were purified by HPLC and characterized by UPLC-MS and UV-Visible 

techniques. In relation to this last technique, the values at 260 nm and 400 nm (to 

subtract the baseline contribution) were extracted by the measurement. In addition, 

the molar absorptivity (ε) specific for each PNA was calculated considering 13700 M-

1cm-1 for adenine monomer, 6600 M-1cm-1 for cytosine, 11700 M-1cm-1 for guanine and 

8600 M-1cm-1 for thymine as molar absorptivity values of a single nucleobase and 

17465 M-1cm-1 as molar absorptivity value calculated for the RNase L recruiter. In 

presence of the absorbance, the molar absorptivity, and the solution dilution for the 

UV-Visible measurement, using a Lambert-Beer law, the concentration of each 

PNAs was calculated. Instead, the reaction yield was calculated using also the PNA 

solution volume. 

 

4.5.5 Polyacrylamide gel electrophoresis (PAGE) experiments 
 
A solution of RNA PK59 with a PNA sequence was annealed by heating at 70 °C for 

5 min and slowly cooling to room temperature in RNase L Buffer (25 mM Tris-HCl, 

100 mM KCl, 10 mM MgCl2, pH 7,4). ). After cooling, the solution was divided in two 

batch: one already ready for the next incubation step while in the second the RNase 
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L and the RNase L supplement (10 mM MgCl2, fresh 7 mM β-mercaptoethanol, and 

50 μM of ATP) were added (considering equal ratio of each component: PNA, RNA 

and RNseL). All the samples are transferred to a thermocycler and incubated for two 

hours or overnight at 28 °C. The reaction is quenched by heating at 95 °C for 5 

minutes. The samples are analyzed with denaturing urea (8 M) 10% PAGE (12 mL of 

40% acrylamide/bis-acrylamide (19:1), 120 µL 10% of ammonium persulfate (APS), 

12 µL of N, N, N’, N’-tetramethyl ethylene diamine (TEMED) and 4.8 mL of TaMg 

buffer (400 mM Tris-Base, 125 mM Mg(AcO)2, 200 mM EDTA, pH: 8.0), using TAMg 

buffer (40 mM Tris-Base, 12.5 mM Mg(AcO)2, 20 mM EDTA, pH: 8.0) as running 

buffer. A 70% v/v of formamide was added to loading the samples. The gels were run 

at 150V for 2 hours. 

 

4.5.6 PNAs characterizations  
 
Entry 8 (Figure 4.A13 in Appendix) 
S-P (MF01-16): r8-CAC CAG GAA CAC AAA CAT-Gly-NH2 

yield: 6%; tr: 2.50 min; ε (260 nm): 194900 M-1cm-1; MW calculated: 6157.33 [M], 
observed (from ESI-MS deconvoluted): 6157.8; ESI-MS: m/z observed (calcd): 1232.7 
(1232.5) [M+5H]5+, 1027.5 (1027.2) [M+6H]6+, 880.6 (880.6) [M+7H]7+, 770.8 (770.7) 
[M+8H]8+, 685.4 (685.1) [M+9H]9+, 616.8 (616.7) [M+10H]10+,560.9 (560.8) 
[M+11H]11+. 
 
Entry 9 (Figure 4.A14 in Appendix) 
S-St (MF01-17): r8-AAC AAG AAA AAC AAA CAT-Gly-NH2 
yield: 13%; tr: 2.86 min; ε (260 nm): 218200 M-1cm-1; MW calculated: 6213.39 [M], 
observed (from ESI-MS deconvoluted):6213.8; ESI-MS: m/z observed (calcd): 1243.6 
(1243.7)[M+5H]5+, 1036.7 (1036.6) [M+6H]6+, 888.8 (888.6) [M+7H]7+, 777.8 (777.7) 
[M+8H]8+, 691.5 (691.4) [M+9H]9+, 622.4 (622.3) [M+10H]10+, 565.9 (565.8) 
[M+11H]11+, 518.7 (518.8) [M+12H]12+. 
 
Entry 10 (Figure 4.A15 in Appendix) 
S-3’ (CS02-24): r8-CAC TCC ATA ACA CTT-Gly-NH2 
yield: 8%; tr: 10.19 min; ε (260 nm): 142500 M-1cm-1; MW calculated: 5272.49 [M], 
observed (from ESI-MS deconvoluted): 5269.5; ESI-MS: m/z observed (calcd): 1318.9 
(1319.1) [M+4H]4+, 1055.3 (1055.5) [M+5H]5+, 879.6 (879.7) [M+6H]6+, 754.1 (754.2) 
[M+7H]7+, 659.9 (660.1) [M+8H]8+, 586.7 (586.8) [M+9H]9+, 528.2 (528.2) [M+10H]10+. 
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Entry 11 (Figure 4.A16 in Appendix) 
S-5’ (SS01-15): r8-AAA ACA AAC ATT GTT CGT-Gly-NH2 

yield: 12%; tr: 2.84 min; ε (260 nm): 195800 M-1cm-1; MW calculated: 6193.35 [M], 
observed (from ESI-MS deconvoluted): 6192.6; ESI-MS: m/z observed (calcd): 1239.4 
(1239.7) [M+5H]5+, 1033.2 (1033.2) [M+6H]6+, 885.7 (885.8) [M+7H]7+, 775.1 (775.2) 
[M+8H]8+, 689.1 (689.2) [M+9H]9+. 
 
Entry 12 (Figure 4.A17 in Appendix) 
N-P (CS02-14): r8-TGG TCC ATT GTC ACT CAT-Gly-NH2 

yield: 5%; tr: 2.71 min; ε (260 nm): 169400 M-1cm-1; MW calculated: 6143.29 [M], 
observed (from ESI-MS deconvoluted): 6142.8; ESI-MS: m/z observed (calcd): 1229.6 
(1229.7) [M+5H]5+, 1024.9 (1024.9) [M+6H]6+, 878.7 (878.6) [M+7H]7+, 768.9 (768.9) 
[M+8H]8+, 683.8 (683.6) [M+9H]9+. 
 
Entry 13 (Figure 4.A18 in Appendix) 
N-St (CS02-15): r8-GGG TCC ATT ATC AGA CAT-Gly-NH2 

yield: 5%; tr: 2.62 min; ε (260 nm): 184700 M-1cm-1; MW calculated: 6021.33 [M], 
observed (from ESI-MS deconvoluted): 6201.2; ESI-MS: m/z observed (calcd): 1241.0 
(1241.3) [M+5H]5+, 1034.6 (1034.6) [M+6H]6+, 887.0 (886.9) [M+7H]7+, 776.2 (776.2) 
[M+8H]8+, 690.1 (690.0) [M+9H]9+. 
 
Entry 14 (Figure 4.A19 in Appendix) 
N-3’ (MF01-18): r8-TC TCC ATT CTG GTT-Gly-NH2 

yield: 6%; tr: 2.64 min; ε (260 nm): 123700 M-1cm-1; MW calculated: 5050.23 [M], 
observed (from ESI-MS deconvoluted): 5048.4; ESI-MS: m/z observed (calcd): 1263.4 
(1263.6) [M+4H]4+, 1011.1 (1011.1) [M+5H]5+, 842.5 (842.7) [M+6H]6+, 722.2 (722.5) 
[M+7H]7+, 632.3 (632.3) [M+8H]8+. 
 
Entry 15 (Figure 4.A20 in Appendix) 
N-5’ (SS01-19): r8-ACA TTT TAG TTT GTT CGT-Gly-NH2 

yield: 11%; tr: 2.74 min; ε (260 nm): 175400 M-1cm-1; MW calculated: 6188.32 [M], 
observed (from ESI-MS deconvoluted): 6187.6; ESI-MS: m/z observed (calcd): 1238.8 
(1238.7) [M+5H]5+, 1032.6 (1032.4) [M+6H]6+, 885.0 (885.0) [M+7H]7+, 774.6 (774.5) 
[M+8H]8+, 688.0 (688.6) [M+9H]9+. 
 
Entry 16 (Figure 4.A21 in Appendix) 
PK (MF01-22): r8-A AAG CCC TGT ATA CGA CAT-Gly-NH2 

yield: 7%; tr: 2.72 min; ε (260 nm): 198400 M-1cm-1; MW calculated: 6445.59 [M], 
observed (from ESI-MS deconvoluted): 6444.6; ESI-MS: m/z observed (calcd): 
1289.8 (1290.1) [M+5H]5+, 1075.2 (1075.3) [M+6H]6+, 921.9 (921.8) [M+7H]7+, 806.7 
(806.7) [M+8H]8+, 717.1 (717.2) [M+9H]9+, 645.6 (654.6) [M+10H]10+. 
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Entry 17 (Figure 4.A22 in Appendix) 
C-18mer (SS01-21): r8-TAT CCA GTC AAG ATC TAA-Gly-NH2 
yield: 9%; tr: 2.61 min; ε (260 nm): 188700 M-1cm-1; MW calculated: 6169.33 [M], 
observed (from ESI-MS deconvoluted): 6169.0; ESI-MS: m/z observed (calcd): 
1029.0 (1029.2) [M+6H]6+, 882.3 (882.3) [M+7H]7+, 772.1 (772.2) [M+8H]8+, 686.3 
(686.5) [M+9H]9+. 
 
Entry 18 (Figure 4.A23 in Appendix) 
C-15mer (MF01-29): r8-ACA CTC TAC ATC ACT-Gly-NH2 
yield: 28%; tr: 10.09 min; ε (260 nm): 142500 M-1cm-1; MW calculated: 5272.49 [M], 
observed (from ESI-MS deconvoluted): 5269.5; ESI-MS: m/z observed (calcd): 1318.9 
(1319.1) [M+4H]4+, 1055.3 (1055.5) [M+5H]5+, 879.6 (879.7) [M+6H]6+, 754.1 (754.2) 
[M+7H]7+, 659.9 (660.1) [M+8H]8+, 586.7 (586.8) [M+9H]9+, 528.2 (528.2) [M+10H]10+, 
480.2 (480.3) [M+11H]11+. 
 
Entry 19 (Figure 4.A24 in Appendix) 
S-P+L (MF01-58): RNase L recruiter-r8-CAC CAG GAA CAC AAA CAT-Gly-NH2 

yield: 6%; tr: 3.46 min; ε (260 nm): 212365 M-1cm-1; MW calculated: 6799.04 [M], 
observed (from ESI-MS deconvoluted):6798.4; ESI-MS: m/z observed (calcd): 972.6 
(972.3) [M+7H]7+, 850.8 (850.9) [M+8H]8+, 756.3 (756.4) [M+9H]9+, 680.9 (680.9) 
[M+10H]10+, 619.0 (619.1) [M+11H]11+. 
 
Entry 20 (Figure 4.A25 in Appendix) 
S-St+L (MF01-61): RNase L recruiter-r8-AAC AAG AAA AAC AAA CAT-Gly-NH2 
yield: 9%; tr: 3.41 min; ε (260 nm): 235665 M-1cm-1; MW calculated: 6855.10 [M], 
observed (from ESI-MS deconvoluted): 6855.6; ESI-MS: m/z observed (calcd): 1372.8 
(1372.0) [M+5H]5+, 1144.0 (1143.5) [M+6H]6+, 980.5 (980.3) [M+7H]7+, 858.0 (857.9) 
[M+8H]8+, 762.8 (762.7) [M+9H]9+, 686.8 (686.5) [M+10H]10+, 624.3 (624.2) 
[M+11H]11+, 572.6 (572.3) [M+12H]12+, 528.4 (528.3) [M+13H]13+. 
 
Entry 21 (Figure 4.A26 in Appendix) 
S-3’+L (MF01-62): RNase L recruiter-r8-CAC TCC ATA ACA CTT-Gly-NH2 
yield: 9%; tr: 3.46 min; ε (260 nm): 159965 M-1cm-1; MW calculated: 5914.20 [M], 
observed (from ESI-MS deconvoluted): 5914.6; ESI-MS: m/z observed (calcd): 1184.1 
(1183.8) [M+5H]5+, 987.0 (986.7) [M+6H]6+, 845.9 (845.9) [M+7H]7+, 740.3 (740.3) 
[M+8H]8+, 658.3 (658.1) [M+9H]9+, 592.5 (592.4) [M+10H]10+, 538.4 (538.6) 
[M+11H]11+. 
 
Entry 23 (Figure 4.A27 in Appendix) 
N-P+L (MF01-57): RNase L recruiter-r8-TGG TCC ATT GTC ACT CAT-Gly-NH2 

yield: 3%; tr: 3.58 min; ε (260 nm): 186865 M-1cm-1; MW calculated: 6785.00 [M], 
observed (from ESI-MS deconvoluted): 6784.6; ESI-MS: m/z observed (calcd): 1357.6 
(1358.0) [M+5H]5+, 1131.5 (1131.8) [M+6H]6+, 970.3 (970.3) [M+7H]7+, 849.0 (849.1) 
[M+8H]8+, 754.9 (754.9) [M+9H]9+. 
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Entry 24 (Figure 4.A28 in Appendix) 
N-St+L (CS02-31): RNase L recruiter-r8-GGG TCC ATT ATC AGA CAT-Gly-NH2 

yield: 2%; tr: 15.65 min; ε (260 nm): 202165 M-1cm-1; MW calculated: 6843.05 [M], 
observed (from ESI-MS deconvoluted): 6838.0; ESI-MS: m/z observed (calcd): 1141.3 
(1141.5) [M+6H]6+, 978.3 (978.6) [M+7H]7+, 856.1 (856.4) [M+8H]8+, 761.1 (761.39 
[M+9H]9+, 685.1 (685.3) [M+10H]10+. 
 
Entry 25 (Figure 4.A29 in Appendix) 
N-3’+L (CS02-32): RNase L recruiter-r8-TC TCC ATT CTG GTT-Gly-NH2 

yield: 5%; tr: 15.72 min; ε (260 nm): 141165 M-1cm-1; MW calculated: 5691.94 [M], 
observed (from ESI-MS deconvoluted): 5687.5; ESI-MS: m/z observed (calcd): 949.4 
(949.7) [M+6H]6+, 813.9 (814.1) [M+7H]7+, 712.3 (712.5) [M+8H]8+, 633.3 (633.4) 
[M+9H]9+. 
 
Entry 27 (Figure 4.A30 in Appendix) 
PK+L (MF01-69): RNase L recruiter-r8-A AAG CCC TGT ATA CGA CAT-Gly-NH2 

yield: 3%; tr: 3.49 min; ε (260 nm): 215865 M-1cm-1; MW calculated: 7087.30 [M], 
observed (from ESI-MS deconvoluted): 7088.2; ESI-MS: m/z observed (calcd): 1418.6 
(1418.5) [M+5H]5+, 1182.5 (1182.2) [M+6H]6+, 1013.6 (1013.5) [M+7H]7+, 886.9 (886.9) 
[M+8H]8+, 788.5 (788.5) [M+9H]9+, 709.8 (709.7) [M+10H]10+, 645.2 (645.3) [M+11H]11+. 
 
Entry 28 (Figure 4.A31 in Appendix) 
C-18mer+L (CS02-70): RNase L recruiter-r8-TAT CCA GTC AAG ATC TAA-Gly-NH2 
yield: 14%; tr: 3.47 min; ε (260 nm): 206165 M-1cm-1; MW calculated: 6811.04 [M], 
observed (from ESI-MS deconvoluted):6808.8; ESI-MS: m/z observed (calcd): 1362.8 
(1363.2) [M+5H]5+, 1135.9 (1136.2) [M+6H]6+, 973.7 (974.0) [M+7H]7+, 852.1 (852.4) 
[M+8H]8+, 757.5 (757.8) [M+9H]9+, 681.9 (682.1) [M+10H]10+, 620.1 (620.1) [M+11H]11+. 
 
Entry 29 (Figure 4.A32 in Appendix) 
C-15mer+L (CS02-69): RNase L recruiter-r8-ACA CTC TAC ATC ACT-Gly-NH2 
yield: 4%; tr: 3.51 min; ε (260 nm): 159965 M-1cm-1; MW calculated: 5914.20 [M], 
observed (from ESI-MS deconvoluted): 5912.8; ESI-MS: m/z observed (calcd): 986.4 
(986.7) [M+6H]6+, 845.6 (845.9) [M+7H]7+, 740.0 (740.3) [M+8H]8+, 657.9 (658.1) 
[M+9H]9+, 592.0 (592.4) [M+10H]10+. 
 
Entry 37 (Figure 4.A33 in Appendix) 
BeCa01-12: RNase L recruiter-A AAG CCC TGT ATA CGA CAT-Lys(Ac)-NH2 

yield: 1%; tr: 4.26 min; ε (260 nm): 215865 M-1cm-1; MW calculated: 5950.94 [M], 
observed (from ESI-MS deconvoluted):5951.0; ESI-MS: m/z observed (calcd): 1488.5 
(1488.7) [M+4H]4+, 1190.9 (1191.2) [M+5H]5+, 992.6 (992.8) [M+6H]6+, 851.0 (851.1) 
[M+7H]7+, 744.9 (744.9) [M+8H]8+, 662.2 (662.2) [M+9H]9+, 596.2 (596.1) [M+10H]10+. 
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Entry 38 (Figure 4.A34 in Appendix) 
BeCa01-13: RNase L recruiter-AEEA-A AAG CCC TGT ATA CGA CAT-Lys(Ac)-NH2 

yield: 1%; tr: 4.38 min; ε (260 nm): 215865 M-1cm-1; MW calculated: 6096.10 [M], 
observed (from ESI-MS deconvoluted): 6096.0; ESI-MS: m/z observed (calcd): 
1220.0 (1220.2) [M+5H]5+, 1017.0 (1017.0) [M+6H]6+, 871.8 (871.9) [M+7H]7+, 762.9 
(763.0) [M+8H]8+, 678.4 (678.3) [M+9H]9+, 610.5 (610.6) [M+10H]10+. 
 
Entry 39 (Figure 4.A35 in Appendix) 
BeCa01-17: RNase L recruiter-AEEA-AEEA-A AAG CCC TGT ATA CGA CAT-Lys(Ac)-
NH2 

yield: 5%; tr: 4.43 min; ε (260 nm): 215865 M-1cm-1; MW calculated: 6241.26 [M], 
observed (from ESI-MS deconvoluted): 6241.0; ESI-MS: m/z observed (calcd): 1249.2 
(1249.3) [M+5H]5+, 1041.2 (1041.2) [M+6H]6+, 892.5 (892.6) [M+7H]7+, 781.2 (781.2) 
[M+8H]8+, 694.6 (694.5) [M+9H]9+, 625.1 (625.1) [M+10H]10+, 568.5 (568.4) 
[M+11H]11+, 391.5 (391.1) [M+16H]16+. 
 
Entry 40 (Figure 4.A36 in Appendix) 
BeCa01-18: Ac-A AAG CCC TGT ATA CGA CAT-Lys(RNase L recruiter→)-NH2 

yield: 6%; tr: 4.33 min; ε (260 nm): 215865 M-1cm-1; MW calculated: 5950.94 [M], 
observed (from ESI-MS deconvoluted):5951.0; ESI-MS: m/z observed (calcd): 1488.4 
(1488.7) [M+4H]4+, 1191.1 (1191.2) [M+5H]5+, 992.9 (992.8) [M+6H]6+, 851.2 (851.1) 
[M+7H]7+, 744.9 (744.9) [M+8H]8+, 662.2 (662.2) [M+9H]9+, 596.2 (596.1) [M+10H]10+, 
541.9 (542.0) [M+11H]11+. 
 
Entry 41 (Figure 4.A37 in Appendix) 
BeCa01-19: Ac-A AAG CCC TGT ATA CGA CAT-Lys(RNase L recruiter-AEEA→)-NH2 

yield: 4%; tr: 4.31 min; ε (260 nm): 215865 M-1cm-1; MW calculated: 6096.10 [M], 
observed (from ESI-MS deconvoluted): 6096.0; ESI-MS: m/z observed (calcd): 
1220.0 (1220.2) [M+5H]5+, 1017.0 (1017.0) [M+6H]6+, 871.8 (871.9) [M+7H]7+, 763.0 
(763.0) [M+8H]8+, 678.3 (678.3) [M+9H]9+, 610.5 (610.6) [M+10H]10+, 555.0 (555.2) 
[M+11H]11+. 
 
Entry 42 (Figure 4.A38 in Appendix) 
BeCa01-20: Ac-A AAG CCC TGT ATA CGA CAT-Lys(RNase L recruiter-AEEA-
AEEA→)-NH2 

yield: 12%; tr: 4.46 min; ε (260 nm): 215865 M-1cm-1; MW calculated: 6241.26 [M], 
observed (from ESI-MS deconvoluted): 6241.0; ESI-MS: m/z observed (calcd): 1249.0 
(1249.3) [M+5H]5+, 1041.1 (1041.2) [M+6H]6+, 892.4 (892.6) [M+7H]7+, 781.1 (781.2) 
[M+8H]8+, 694.4 (694.5) [M+9H]9+, 625.0 (625.1) [M+10H]10+, 568.4 (568.4) 
[M+11H]11+. 
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The biological experiments and the elaboration of the data were performed by 

laboratory of Prof. Roberto Gambari from University of Ferrara. The experimental 

part of these is reported in a paper submitted for publication. 
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4.6 Appendix Chapter 4 
 

 
Figure 4.A1. 1H-NMR Spectrum (400 MHz, CD3OD_SPE, 25 °C) of compound 3.  

 

 
Figure 4.A2. 1H-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 5. 
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Figure 4.A3. 1H-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 6. 

 

 
Figure 4.A4. 1H-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 7. 

 
 



298 
 

 
Figure 4.A5. 13C-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 7. 

 

 

Figure 4.A6. 1H-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 1b. 
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Figure 4.A7. 1H-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 2b. 

 

 
Figure 4.A8. 13C-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 2b. 
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Figure 4.A9.  1H-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 3b. 

 

 
Figure 4.A10.  13C-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 3b.  
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Figure 4.A11. 1H-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 4b. 

 

 
Figure 4.A12. 13C-NMR Spectrum (400 MHz, CDCl3, 25 °C) of compound 3b. 
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Figure 4.A13. UPLC-MS of S-P (MF01-16): chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A14. UPLC-MS of S-St’ (MF01-17): chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A15. Orbitrap of S-3’ (CS02-24): chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A16. UPLC-MS of S-5’ (SS01-15): chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A17. UPLC-MS of N-P (CS02-14): chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A18. UPLC-MS of N-St (CS02-15): chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A19. UPLC-MS of N-3’ (MF01-18): chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A20. UPLC-MS of N-5’ (SS01-19): chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A21. UPLC-MS of PK (MF01-22): chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A22. UPLC-MS of C-18mer (SS01-21): chromatogram, mass spectrum and deconvoluted 

spectrum. 
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Figure 4.A23. Orbitrap of C-15mer (MF01-29): chromatogram, mass spectrum and deconvoluted 

spectrum. 
 

 

 

 
Figure 4.A24. UPLC-MS of S-P+L (MF01-58): chromatogram, mass spectrum and deconvoluted 

spectrum. 
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Figure 4.A25. UPLC-MS of S-St+L (MF01-61): chromatogram, mass spectrum and deconvoluted 

spectrum. 

 

 

 

 
Figure 4.A26. UPLC-MS of S-3’+L (MF01-62): chromatogram, mass spectrum and deconvoluted 

spectrum. 
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Figure 4.A27. UPLC-MS of N-P+L (MF01-57): chromatogram, mass spectrum and deconvoluted 

spectrum. 
 

 

 

 
Figure 4.A28. Orbitrap of N-St+L (CS02-31): chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A29. Orbitrap of N-3’+L (CS02-32): chromatogram, mass spectrum and deconvoluted spectrum. 
 

 

 

 
Figure 4.A30. UPLC-MS of PK+L (MF01-69): chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A31. UPLC-MS of C-18mer+L (CS02-70): chromatogram, mass spectrum and deconvoluted 

spectrum. 
 

 

 

 
Figure 4.A32. UPLC-MS of C-15mer+L (CS02-69): chromatogram, mass spectrum and deconvoluted 

spectrum. 
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Figure 4.A33. UPLC-MS of BeCa01-12: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A34. UPLC-MS of BeCa01-13: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A35. UPLC-MS of BeCa01-17: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A36.  UPLC-MS of BeCa01-18: chromatogram, mass spectrum and deconvoluted spectrum. 
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Figure 4.A37. UPLC-MS of BeCa01-19: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
Figure 4.A38. UPLC-MS of BeCa01-20: chromatogram, mass spectrum and deconvoluted spectrum. 

 
 
Results of the analysis performed with “PNA Tool”: 
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PNA S-P: Sequences: CAC CAG GAA CAC AAA CAT-Gly-NH2; Tm at 4 µM: 80.4°C; 

Base composition: A=9 (50.0%), T=1 (5.6%), G=2 (11.1%), C=6 (33.3%); Purines %: 

61.1%; GC Content: 44.4%; Purine Stretch: 5 (AGGAA). 

PNA S-St: Sequences: AAC AAG AAA AAC AAA CAT-Gly-NH2; Tm at 4 µM: 78.6°C; 

Base composition: A=13 (72.2%), T=1 (5.6%), G=1 (5.6%), C=3 (16.7%); Purines %: 

77.8%; GC Content: 22.2%; Purine Stretch: 8 (AAGGAAAAA). 

PNA S-3’: Sequences: CAC TCC ATA ACA CTT-Gly-NH2; Tm at 4 µM: 64.7°C; Base 

composition: A=5 (33.3%), T=4 (26.7%), G=0 (0.0%), C=6 (40.0%); Purines %: 33.3%; 

GC Content: 40.0%; Purine Stretch: 8 (AA). 

PNA S-5’: Sequences: AAA ACA AAC ATT GTT CGT-Gly-NH2; Tm at 4 µM: 75.2°C; 

Base composition: A=8 (44.4%), T=5 (27.8%), G=2 (11.1%), C=3 (16.7%); Purines %: 

55.6%; GC Content: 27.8%; Purine Stretch: 4 (AAAA); Self complementary: 

AAAACAAACATTGTTCGT, AAAACAAACATTGTTCGT. 

PNA N-P: Sequences: TGG TCC ATT GTC ACT CAT-Gly-NH2; Tm at 4 µM: 73.8°C; Base 

composition: A=3 (16.7%), T= 7 (38.9%), G=3 (16.7%), C=5 (27.8%); Purines %: 33.3%; 

GC Content: 44.4%; Purine Stretch: 2 (GG). 

PNA N-St: Sequences: GGG TCC ATT ATC AGA CAT-Gly-NH2; Tm at 4 µM: 75.9°C; 

Base composition: A=5 (27.8%), T= 5 (27.8%), G=4 (22.2%), C=4 (22.2%); Purines %: 

50.0%; GC Content: 44.4%; Purine Stretch: 3 (GGG). 

PNA N-3’: Sequences: TC TCC ATT CTG GTT-Gly-NH2; Tm at 4 µM: 62.2°C; Base 

composition: A=1 (7.1%), T= 7 (50.0%), G=2 (14.3%), C=4 (28.6%); Purines %: 21.4%; 

GC Content: 42.9%; Purine Stretch: 2 (GG); Self complementary: 

TCTCCATTCTGGTT. 

PNA 5’: Sequences: ACA TTT TAG TTT GTT CGT-Gly-NH2; Tm at 4 µM: 68.3°C; Base 

composition: A=3 (16.7%), T=10 (55.6%), G=3 (16.7%), C=2 (11.1%); Purines %: 33.3%; 

GC Content: 27.8%; Purine Stretch: 2 (AG); Self complementary: 

ACATTTTAGTTTGTTCGT. 

PNA PK: Sequences: A AAG CCC TGT ATA CGA CAT-Gly-NH2; Tm at 4 µM: 79.1°C; 

Base composition: A=7 (36.8%), T=4 (21.1%), G=3 (15.8%), C=5 (26.3%); Purines %: 
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52.6%; GC Content: 42.1%; Purine Stretch: 4 (AAAG); Self complementary: 

AAAGCCCTGTATACGACAT. 

PNA C-18mer: Sequences: TAT CCA GTC AAG ATC TAA-Gly-NH2; Tm at 4 µM: 71.9°C; 

Base composition: A=7 (38.9%), T=5 (27.8%), G=2 (11.1%), C=4 (22.2%); Purines %: 

50.0%; GC Content: 33.3%; Purine Stretch: 4 (AAGA); Self complementary: 

TATCCAGTCAAGATCTAA, TATCCAGTCAAGATCTAA. 

PNA C-15mer: Sequences: ACA CTC TAC ATC ACT-Gly-NH2; Tm at 4 µM: 65.5°C; Base 

composition: A=5 (33.3%), T=4 (26.7%), G=0 (0.0%), C=6 (40.0%); Purines %: 33.3%; 

GC Content: 40.0%; Purine Stretch: 1 (A). 
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Chapter 5 
 

5.0 Design, assembly, and characterization of hybrid 
DNA/PNA nanospheres 

 

5.1 Abstract 
 
In this chapter, I reported the work done in a project previously started in our 

laboratory by Dr. Stefano Volpi. This project was carried out in the framework of a 

European RISE project (Nano Oligomed) in collaboration with the group of Prof. 

Hanadi Sleiman of Mc Gill University.  

Deepening the study regarding the design, assembly, and characterization of hybrid 

DNA:PNA nanostructures, the aim of this project was the production of new 

DNA:PNA hybrid nanostructures. Given that, the addition of PNAs in this assembly 

allows to change the DNA nanosphere under different aspects: a) it stabilizes the 

DNA from enzymatic cleavage; b) the PNA can rigidify the terminal part of the 

nanospheres by forming a PNA:DNA duplex; c) PNA conjugated with different 

peptide or ligand units can potentially be used to decorate the self-assembly, thus 

changing their fate in biological systems. The production of DNA micelles decorated 

with complementary PNA strands can be obtained by a self-assembly process 

( Figure 5.1) and the use of PNA-peptide conjugates can potentially modify their 

properties. 

 

 Figure 5.1. Structure of hybrid PNA:DNA micelles.  

 

My work was aimed at studying the behavior of these PNA:DNA nanostructure as a 

function of the overall charge introduced by the PNA-conjugates.  



321 
 

5.2 Introduction 
 
DNA nanotechnology capitalizes on the reliable and controllable self-assembly of 

DNA oligonucleotides, enabling the construction of nanoscale structures with well-

defined shapes and dimensions.1,2 These systems fall into three primary categories, 

determined by the methodologies employed for constructing their architectures: 

DNA origami, tile-based DNA assembly, and DNA minimal assembly. 

In the last thirty years, extensive research has been conducted on DNA origami and 

tile-based assembly techniques. These approaches depend on numerous single-

stranded DNA sequences to craft intricate nanostructures, which can encompass 

openable boxes, molecular walkers, and logic gates.3,4 It is important to 

acknowledge that designing and synthesizing the essential building blocks for these 

methods can be both expensive and time-consuming. Conversely, the minimal 

assembly strategy represents a newer approach that uses fewer DNA strands to 

produce more straightforward and stylized structures in a cost-efficient and less 

labor-intensive manner. Despite its simplicity, this method retains the ability to 

generate precisely defined 3D structures, such as prisms, cubes, and wireframe 

fibers. These structures can demonstrate dynamic behaviors when subjected to 

specific external stimuli.2,5 Simplified structures can also be achieved by substituting 

the conventional Watson-Crick base-pairing with alternative self-assembly 

methods. As an illustration, amphiphilic DNA oligomers containing 

polyhexaethylenephosphate components can create well-dispersed micelles 

primarily through hydrophobic interactions in the presence of an aqueous buffer.6 

This phenomenon can be utilized in conjunction with DNA base-pairing to elevate 

the intricacy of previously assembled structures by introducing nonpolar polymers 

at specific sites, leading to hierarchical assemblies.7 A particularly fascinating feature 

of minimal DNA structures is the retention of substantial single-stranded sections 

following assembly. This characteristic offers the potential to tailor and enhance 

these structures with complementary DNA derivatives through post-synthetic 

modifications. Such modifications have facilitated non-covalent bonding with 
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crucial biomolecules,8,9 integration of antisense oligonucleotides,10–14 encapsulation 

of gold nanoparticles,15–17 incorporation of anticancer drugs,18 and the creation of 

more complex structures.7,19 As a result, these structures present promising 

platforms for applications in bioimaging, biosensing, and drug delivery. 

DNA micelles have proven to be effective structures for delivering antisense 

oligonucleotides, especially when combined with appropriate transfection 

agents.10,12,13 Recent research by the Sleiman group6, which focused mainly on DNA 

micelles, indicates that these systems exhibit a capacity to penetrate cell 

membranes to some extent, making them more viable for in-vivo applications. As a 

result, DNA minimal structures are now being considered as promising options for 

creating a novel class of multivalent, biocompatible platforms designed for 

transporting PNAs inside cells, ultimately boosting their antisense capabilities. 

Furthermore, the attachment of PNA derivatives has been found to enhance the 

overall robustness of the resulting hybrid nanostructures, as DNA/PNA duplexes are 

recognized for their remarkable stability in biologically relevant environments.20 

While DNA minimal assemblies exhibit considerable inherent resilience, surpassing 

that of their individual components, their resistance to nucleases remains somewhat 

constrained.21 Complementary PNAs are expected to function as protective agents 

against this category of enzymes. 
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5.3 Result and discussion 
 
The DNA derivatives to produce new DNA:PNA hybrid nanostructures was 

performed by Dr. Stefano Volpi, during a secondment period in the Sleiman’s group, 

by linking lipophilic oligomers with DNA segments, and the optimization of 

conditions for the formation of hybrid PNA:DNA nanostructures is reported in a 

paper in preparation. The PNA used in this study were chosen among those able to 

target microRNA sequences, most notably tumor-related miR 21 and miR-221, with 

the aim of testing a possible use of the nanosphere for PNA delivery. In fact, these 

systems can penetrate the cell membranes independently and are thus promising to 

create a novel class of multivalent, biocompatible platforms drug-delivery. 

The effect of modification of the overall charge was tested using an octa-arginine 

conjugated PNA. 

The DNA and PNA strands used for the formation of the nanospheres are shown in 

Table 5.1. 

 

Table 5.1. DNA and PNA strands. 

Entry Sigla Sequence 

1 (C12)12-21 XXXXXXXXXXXX TTTTT TTA TCA GAC TGA TGT TGA 

2 (C12)12-21-3' TTA TCA GAC TGA TGT TGA TTTTT XXXXXXXXXXXX 

3 PNA-21-Fl Fl-TCA ACA TCA GTC TGA TAA-Gly-NH2 

4 PNA-21-R8-Fl Fl-R8-TCA ACA TCA GTC TGA TAA-Gly-NH2 

5 

X:  

 

The PNAs sequences were synthesized by solid-phase peptide synthesis (SPPS) and 

labelled with 5-(6)-carboxyfluorescein (Fl) to effectively demonstrate the 

hybridization with target DNA strands. These compounds were 18-mer 

oligonucleotides with sequence complementary to miR-21-5p. This microRNA is 

commonly implicated in gene expression alterations and is overexpressed in several 

tumors.22 The design of amphiphilic DNA derivatives drew inspiration from 

literature.6 Their polar component comprised a 23-mer DNA strand, which was 
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divided into a pentathymine spacer and an 18-mer segment with a sequence 

resembling miR21 to ensure full complementarity with the PNA oligomers. The 

nonpolar portion of these derivatives consisted of twelve consecutive 

hexaethylenephosphate moieties (X).  

From these building blocks, DNA:PNA nanospheres were formed by mixing the 

amphiphilic DNA ((C12)12-21) with different quantity of PNAs (PNA-21-Fl or PNA-21-

R8-Fl) in water solution. The preparations of these structures were performed at 

room temperature or by annealing at 90 °C and cooling to 4 °C. The formation of the 

spherical micellar nanostructures was followed by native Agarose Gel 

Electrophoresis analysis (1.5% AGE) or by Dynamic Light Scattering (DLS) 

characterization. 

 

5.3.1 Native Agarose Gel Electrophoresis analysis 
 
The addition of uncharged PNA-21-Fl to (C12)12-21 DNA, as shown in  Figure 5.2a, 

allows the formation of a hybrid structure of PNA:DNA, identified as single band 

with lower electrophoretic mobility than (C12)12-21 DNA. The incorporation of PNA 

into the nanospheres can be demonstrated by the presence of fluorescein emission. 

The same band could be stained using DNA-specific Gel-Red dye.  

This band is formed already in the presence of 0.5 eq of PNA with respect of the 

target DNA. AFM measurements of these systems, carried out at Mc Gill University, 

showed the nanometric dimensions of these particles ( Figure 5.2b). 

Thermal annealing allowed to obtain a more defined band, and hence a more 

homogeneous structure.  

Furthermore, the stability of the PNA-capped DNA nanospheres to serum enzymes 

was found to be much higher than that of the DNA nanospheres alone (results not 

shown), confirming that the PNA part could protect the nanosphere from 

degradation.  
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 Figure 5.2. a) 2.5% Native agarose gel electrophoresis analysis of nanospheres formed by (C12)12-21 as 
DNA and 1 eq or 0.5 eq of PNA-21-Fl, b) AFM image a 5 mL x 200 nM sample containing an equimolar 

amount of (C12)12-21-short and PNA-21-Fl which was not submitted to thermal annealing. 

 

The addition of PNA-21-R8-Fl gave rise to more complex behavior, leading to the 

disruption of the assembly with formation of larger aggregates ( Figure 5.3, bands in 

the gel pits).  

In a first series of test, a screening of different AGE percentage was performed, using 

samples prepared by different equivalents of PNA-21-R8-Fl and 5 µM of DNA. 

The results, reported in  Figure 5.3, showed that the band relative to the nanospheres 

is not visible for all the three agarose percentages tested, in specific 2.5%, 1.5%, 

0.5% agarose (denoted as 2.5%, 1.5%, and 0.5% AGE), in the presence of the cationic 

PNA-21-R8-Fl.  

 

 

 Figure 5.3.  a) 2.5%, b) 1.5%, and c) 0.5% Native agarose gel electrophoresis analysis of nanospheres 
formed by (C12)12-21 as DNA and different equivalents of PNA-21-R8-Fl. 
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Since the presence of positively-charged groups was found to disrupt the 

nanosphere structure, we addressed the problem preparing several samples at 

different percentage of PNA-21-Fl and PNA-21-R8-Fl, constant overall 

concentration (5 µM), and DNA at 5 µM concentration. The results, reported 

in  Figure 5.4, showed that the band relative to the nanospheres is not visible in the 

presence of 100% cationic PNA-21-R8-Fl, but the samples with a mixture of neutral 

PNA-21-Fl and a fraction of PNA-21-R8-Fl also showed this band. By this screening, 

it is also possible to observe that increasing the concentration of PNA with eight 

arginine, the nanospheres are still formed until a 50:50 respectively of PNA-21-Fl and 

PNA-21-R8-Fl. 

Additionally, the results highlight the importance of subjecting the samples to a 

thermal treatment (annealing at 90°C and cooling to 4°C) to achieve better 

formation of these PNA:DNA nanostructures also when using cationic PNAs.  

 

 

 Figure 5.4. 1.5% Native agarose gel electrophoresis analysis of micelles formed by (C12)12-21 as DNA and 
different percentage of PNA-21-Fl and PNA-21-R8-Fl, with or without thermal annealing.  

 

Similar results were obtained with the (C12)12-21-3’ as DNA and the respectively PNA 

( Figure 5.5).  
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 Figure 5.5. 1.5% Native agarose gel electrophoresis analysis of micelles formed by (C12)12-21-3’ as DNA 
and PNA-21-Fl or PNA-21-R8-Fl with or without thermal annealing. a) Fluorescein channel; b) GelRed 

stain. 

 

5.3.2 Dynamic Light Scattering (DLS) characterization 
 
The same samples were characterized by DLS, to evaluate the dimension of the 

particles and gain further evidence on the presence of higher aggregates. Without 

thermal annealing, the DLS experiments (Figure 5.6) gave a hydrodynamic radius (Z-

average) of 168 nm for the solution containing (C12)12-21 alone, 75 nm for DNA/1 eq 

of PNA-21-Fl and 1197 nm for DNA/1 eq of PNA-21-R8-Fl, thus confirming that the 

presence of the cationic PNA could destabilize the charge balance of these systems, 

leading to larger type of aggregates, consistently with the agarose gel 

electrophoretic data.  



328 
 

 

 Figure 5.6. Size distribution by volume of a) (C12)12-21, b) (C12)12-21 and 1 eq of PNA-21-Fl, c) (C12)12-21 
and 1 eq of PNA-21-R8-Fl. Different colors refer to different samples measured (measurements in 

triplicate). 
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5.4 Conclusions and future directions 
 
Although PNA-loaded DNA nanospheres are interesting nano-objects in which the 

PNA can be used as protecting agent against enzymatic cleavage of DNA, or as a 

further cargo to be delivered to cells, the addition of charges on the PNA chain can 

have dramatic effects on the nanosphere stability, as revealed by the case reported 

here of polyarginine-conjugated PNA and inferred from both electrophoresis and 

DLS measurements. 

Indeed, upon binding of cationic PNAs, the balance between attractive forces and 

repulsive electrostatic interactions that is necessary to maintain the spherical and 

determines the size of the particle is disrupted. Furthermore, the repulsion between 

nanoparticles is lowered, thus favoring the formation of larger aggregates. The same 

does not occur with the neutral PNA, which could be bound to the DNA nanospheres 

with only a reduction of the particle size. 

The presence of cationic PNAs on the DNA nanospheres can only be limited to a 

fraction of all the binding sites available, with a limit of 50% found in the present 

case. However, it would be interesting to follow the behavior and biological fate of 

these nanoparticles as a function of the overall particle charge in the available 0-50% 

range. 
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5.5 Experimental section 
 

5.5.1 Reagent and instrumentation 
 
The reagents were bought from BLD Pharmatech, Merck, abcr, Carlo Erba, VWR, 

Fluka, TCI Europe, Link Technologies, PolyOrg and used without additional 

purification. Only for the solid phase synthesis, the DMF was purged with nitrogen 

flux to prevent the formation of dimethylamine and was dried over 4Å molecular 

sieves.  

The two PNA sequences are synthesized by standard solid-phase manual synthesis 

or by automatic synthesizer Biotage Syro I. Purification was performed by HPLC 

(Agilent Technologies 1260 Infinity I) using a SepaChrom Vydamas® (C18, 5 μm, 300 

Å, 10 x 250 mm) column. Gradient: 100% A for 1 min, then from 0% to 50% B for 31 

min at 4 mL/min flow (A: water + 0.1% trifluoroacetic acid; B: acetonitrile + 0.1% 

trifluoroacetic acid). Detector UV set with wavelength: 260 nm. 

After purification, the peptide nucleic acid sequences were characterized by UPLC-

MS (Waters Acquity Ultra Performance LC) using the following instrumental set-up: 

Waters Acquity ultra-performance LC E07SQD086W, with Waters SQ detector and 

ESI-interface equipped with Acquity UPLC BEH 300 (50 × 2.1 mm, 1.7 µm, C18, 100 

Å). Chromatographic condition: eluent A: water + 0.2% formic acid; eluent B: 

acetonitrile + 0.2% formic acid. Column temperature: 35 °C. Program: initial isocratic 

at 100% A (0.9 min), then linear gradient to 50% B (in 5.7 min). Final wash with 100% 

B for 1.2 min. Flow rate: 0.25 mL/min. Some PNAs, however, were characterized with 

Thermo LTQ Orbitrap XL detector and ESI-interface equipped with a Phenomenex 

Kinetex EVO (50 × 2.1 mm, 1.7 µm, C18, 100 Å). Chromatographic conditions: eluent 

A: water + 0.1% formic acid; eluent B: acetonitrile + 0.1% formic acid. Column 

temperature: 35 °C. Program: initial isocratic at 98% A (3 min), then linear gradient 

to 50% B (in 20 min) and then to 95% (in 1 min). Final wash with 98% B for 8 min. 

Flow rate: 0.20 mL/min. UV wavelength: 260 nm. 

The concentration of the PNAs was calculated using Evolution 260 Bio UV-Visible 

spectrophotometer with Peltier thermos tatting accessories (Thermo Fisher 
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Scientific SPE8W), following the UV-absorbance at 260 nm and assuming an 

additive contribution of all bases. 

For Native Agarose Gel Electrophoresis analysis: microwave for preparation of 

agarose gel solution and ChemiDoc MP Imaging System by Bio-Rad Laboratories 

S.R.L. for gel imaging.  

 

5.5.2 Synthesis of peptide nucleic acids 
 
The two PNAs were synthetized with standard solid-phase manual synthesis, using 

tert-butyloxycarbonyl (Boc) strategy. The PNA monomers employed to Boc strategy 

are Boc/Cbz (benzyloxycarbonyl) protected.  

The HMBHA Rink Amide resin was loaded with Fmoc-Gly-OH to obtain 0.2 mmol/gr 

as theoretical loading. The principal steps to load the resin were: a) swelling in DCM 

(1x1h), b) DMF dry wash, c) coupling (1x5h, activation for 10’, using 1 eq of Fmoc-Gly-

OH, 10 eq of DIC and 10 eq of DhBtOH in DMF dry as activation solution), d) DMF 

wash, e) capping (2x15’, DMF:Ac2O, 1:1), e) DMF wash and f) DCM wash. To measure 

the loading of the resin a UV/Visible technique was used, following the absorbance 

of divenzofulvene (DBF) formation after deprotection treatment (30’, 

Piperidine:DMF, 1:4) at 290 nm. In fact, the values at 290 nm and 400 nm (to subtract 

the baseline contribution) were extracted from the measure. The loading of the resin 

was calculated dividing the value obtained from the difference between the 

absorbance at 290 nm and at 400 nm with a value obtained by multiplication of a 

conversion factor (1.65 g/mmol*mg) with the weighed resin mass. 

The principal steps and solutions for the standard solid-phase manual synthesis, 

using Boc strategy, were: a) swelling in DCM (1x30’), b) deprotection (2x4’, TFA/m-

cresol, 95:5), c) DCM wash, d) DMF dry wash, e) Kaiser test (1’, positive), f) coupling 

(1x30’, activation for 2’, using 5 eq of PNA monomer, 4.9 eq of HBTU as coupling 

reagent and 10 eq of DIPEA in DMF dry as activation solution), g) DMF wash, h) 

Kaiser test (1’, negative), i) capping (2x1’, Ac2O:py:NMP dry, 1:25:25), l) DMF wash, 

m) 5% Piperidine wash (2x2’, Piperidine:DMF, 1:9), n) DMF wash and o) DCM wash. 

The solution formed by 5-(6)-carboxyfluorescein (5 eq), HBTU (4.9 eq), and DIPEA 



332 
 

(10 eq) was used to perform the coupling with the fluorescein. Instead for the 

polyarginine moiety, a solution composed by Fmoc-Arg(Pbf)-OH (5 eq), HBTU (4.9 

eq), and DIPEA (10 eq) was employed.  

The solutions and procedures used for the Kaiser test were as described in Chapter 

2. 

For the cleavage step a cocktail solution composed of TFA:TFMA:m-

cresol:thioanisole (6:2:1:1) was used and two cycles of 1h were performed to make 

sure a complete cleavage. After the first cycle the solution was filtered and collect in 

a falcon. Then, the resin was wash with only TFA to ensure a complete collection of 

the product, and the same thing was repeated at the end of the second cycle. The 

PNA oligomers were precipitated in diethyl ether in freezer for at least 2h. After 

removing diethyl ether and take drying the product, the latter was dissolved in 

double distilled water.  

The two PNAs were purified by HPLC and characterized by UPLC-MS and UV-Visible 

techniques, as described in Chapter 2. 

 

5.5.3 Native Agarose gel electrophoresis experiments  
 
2.5%, 1.5%, and 0.5% native agarose gel electrophoresis analysis were carried out to 

study the formation of nanospheres. TAMg buffer was used, and in specific TAMg 

buffer was formed by 45 mM Tris and 12.5 mM MgCl2•6H2O with a pH of 8.0 adjusted 

with glacial acetic acid. All the samples were prepared in water and submitted to 

thermal annealing with a temperature ramp from 90°C to 4°C in 1h. 

 

5.5.4 DLS experiments 
 

DLS experiments were carried out with DNA and PNA concentrations of 5 µM, both 

with and without the octa-arginine moiety, in a 10 mM Tris-Acetate-Magnesium 

(TAMg) buffer at pH 8.0, and at a temperature of 25°C. 
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5.5.3 PNAs characterizations  
 
Entry 1 ( Figure 5.A1 in Appendix) 
PNA-21-Fl: Fl-TCA ACA TCA GTC TGA TAA-Gly  
yield: 22%; tr: 3.52 min; ε (260 nm): 227065 M-1cm-1; MW calculated: 5278.12 [M], 
observed (from ESI-MS deconvolution): 5278.0; ESI-MS: m/z observed (calcd): 1320.7 
(1320.5) [M+4H]4+, 1056.8 (1056.6) [M+5H]5+, 880.8 (880.7) [M+6H]6+, 755.2 (755.0) 
[M+7H]7+, 660.9 (660.7) [M+8H]8+, 587.6 (587.4) [M+9H]9+. 
 
Entry 2 ( Figure 5.A2 in Appendix) 
PNA-21-R8-Fl: Fl-R8-TCA ACA TCA GTC TGA TAA-Gly  
yield: 8%; tr: 2.67 min; ε (260 nm): 227065 M-1cm-1; MW calculated: 6527.64 [M], 
observed (from ESI-MS deconvolution): 6527.0; ESI-MS: m/z observed (calcd): 
1088.9 (1089.1) [M+6H]6+, 933.3 (933.5) [M+7H]7+, 816.8 (816.9) [M+8H]8+, 726.2 
(726.3) [M+9H]9+. 
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5.6 Appendix Chapter 5 
 

 

 

 
 Figure 5.A1. UPLC-MS of PNA-21-Fl: chromatogram, mass spectrum and deconvoluted spectrum. 

 

 

 

 
 Figure 5.A2. UPLC-MS of PNA-21-R8-Fl: chromatogram, mass spectrum and deconvoluted spectrum. 
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Chapter 6 
 

6.0 DNA detection with Hollow Core optical fiber 
 

6.1 Abstract 
 
In this chapter the use of PNA as sensing elements for fiber optic biosensors is 

reported, the work carried out, in collaboration with Prof. Annamaria Cucinotta’s 

laboratory (Department of Engineering and Architecture), was aimed to develop a 

platform for lab-in-fiber optical biosensors for DNA detection. The principal aim of 

this project is to functionalize the inner surface of one hollow-core tube lattice fiber 

(HC-TLF) with some specific PNA probes capable to recognize a target DNA. The 

fiber’s inner surface was derivatized with a PNA probe or with biotin. The signal of 

this recognition event was then amplified using a sandwich-type construct ,forming 

a bio-layer on the cladding to allow optical transduction of the binding events. Upon 

infiltration in the fiber of solutions of the analytes, thanks to an increase of the inner 

surface thickness upon capture of the biological target, a red-shift in the fiber 

transmission spectrum was observed. In this way, the optical fiber acted both as a 

microfluidic devise and as a sensing element itself. A general scheme of the working 

principle of this platform is shown in Figure 6.1.  
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Figure 6.1. Schematic representation of working principle to DNA sensing with Hollow Core Fibers.  
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6.2 Introduction 
 

Biosensors are analytical systems that integrate a biological component with a 

physicochemical detector to detect, quantify, and analyze specific biological 

elements. Biorecognition element, transducer, and receiver are the three principal 

components of a biosensor apparatus. Furthermore, biosensors can be classified 

both on signal transduction methods (such as optical, electrochemical, and mass-

based) and based on bioreceptors (like enzyme, antibody, DNA, and others). Some 

of their benefits encompass exceptional specificity, sensitivity, compact dimensions, 

and cost-effectiveness.1 

One of the frequently documented categories of biosensors is that of optical 

biosensors, sophisticated analytical tools that combine a biorecognition sensing 

element with an optical transducer system based on light-guiding technologies. In 

these devices, the modifications in the optical properties of light due to the 

interaction of the sensor surface with specific analytes are employed to identify 

biological or chemical analytes, given that these interactions lead to adjustments in 

the output spectrum, or the electrical signal captured by the photodetector. Its 

fundamental purpose is to generate a signal that correlates with the concentration 

of a targeted analyte. Label-free and label-based are the two categories of optical 

biosensing. Within the label-free mode, the detected signal originates directly from 

the interaction between the analyzed material and the transducer. Conversely, label-

based sensing entails the utilization of a label, and the optical signal is subsequently 

generated through colorimetric, fluorescent, or luminescent methods.2,3 Comparing 

the two categories, label-free optical biosensors are promising tool as they do not 

require sophisticated molecule labeling processes.4,5 Selective, rapid, and extremely 

sensitive measurements can be carried out with optical biosensors, and in fact this 

type of biosensors have found extensive use in various fields, like medicine, 

diagnostic, food quality control, environmental safety, and others.3 

Over the years, optical sensors have been integrated with photonic and fluidic 

technologies, and one group of optical biosensors that incorporate both 
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characteristics is biosensors based on Photonic Crystal Fiber (PCF), incrementing the 

development of lab-in-fiber technologies.6–8 PCFs are a type of optical fiber that 

exhibit photonic crystal properties, confining light within a hollow core. The inner 

surface of these fibers is composed of a micro-structured cladding consisting of air 

holes running along the fiber’s length.9,10 Solution of biological compound can be 

infiltered inside this air holes, forming bio-layers on the inner surface of the fiber.11 

Solid-core fibers and Hollow-core fibers are the two classes of PCFs.12,13 The first 

class of fibers can guide light both in a high-refractive-index core and a low-

refractive-index core. In contrast, hollow-core PCFs can confine light within a low-

refractive-index core through two different transmission mechanisms, which are 

Photonic Band-gap (PBG) or inhibited coupling (IC). The former approach focused 

on a distinct range of frequencies or wavelengths where light propagation 

encounters significant prohibition within a complex periodic structure. Conversely, 

the latter approach relies on the recurrent pattern of high and low transmission 

bands within the fiber's transmission spectra, determined by the micro-structured 

cladding’s thickness.14,15 However, the inner surface of a fiber can be functionalized 

with a bio-receptor such as a PNA probe, ligand, or antibody, generating a biological 

layer capable of increasing the surface thickness, consequently resulting in a shift in 

the fiber's transmission spectrum without the use of additional transducers. 

Furthermore, the fiber can function as a label-free sensor for various kinds of bio-

analytes, like DNA and proteins, if the thickness variation is significant enough.16,17  

 

For example, HC-TLFs, utilizing the inhibited coupling waveguiding principle, have 

been suggested for the detection of streptavidin analytes through the formation of 

biotin-streptavidin bio-layer. In fact, the fiber’s inner surface was first functionalized 

with biotin, which is a small molecule that, having a carboxylic group, can be 

attached to the sensor's surface through a silanization process, and then a solution 

of streptavidin analytes was fluxed inside the fiber. The streptavidin-biotin system 

exhibits a very high binding constant (dissociation constant of about Kd≈10−14), and 
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following the infiltration of streptavidin, a redshift in the fiber's transmission 

spectrum was observed, comparable to the size of the analyte itself.17 

Nevertheless, PNAs are well-suited for sensing applications due to their strong 

affinity and selectivity for complementary natural nucleic acid (DNA or RNA), as well 

as their resistance to chemical and enzymatic degradation.18,19 Optical fibers 

modified with PNA have demonstrated the capability to detect complementary 

DNA with high sensitivity and specificity.20–22 
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6.3 Result and discussion 
 

The work regarding this platform for lab-in-fiber optical biosensors for DNA was 

focused on increasing the thickness of the fiber’s inner surface with the formation of 

a bio-layer through a chemical functionalization protocol.  

All the chemical solutions for both derivatization reactions and analysis were 

infiltered into the channel of the fiber to get in contact with the inner surface, in an 

optofluidic format. The experimental setup was designed and realized using a 

poly(tetrafluoroethylene) (PTFE) tubing reservoir (100 μL), connected to one moiety 

of the HC-TLF through a PEEK (polyetheretherketone) ferrule and a PTFE adapter, 

in presence of a 2 atm nitrogen pressure. To ensure the correct liquid flow, the 

formation of drops at the opposite extremity of the fiber was visually monitored 

using filter paper. 

Monitoring of the reaction outcome was performed using optical measurements in 

Prof. Annamaria Cucinotta’s laboratory in the Department of Engineering and 

Architecture (UNIPR) and, also the infiltration and the optical analysis was carried 

out by Foroogh Khozeymeh and Federico Melli. 

The characteristics of the piece of HC-TLF used as a biosensor in this work is reported 

in Figure 6.2. In specific, the length of the piece of HC-TLF used and the cross-section 

are schematically reported in Figure 6.2a and 6.2b, respectively. However, the fiber 

features a hollow core with a radius (Rco), encircled by eight silica tubes characterized 

by a radius (rt), a thickness (t), and a refractive index (nd). Instead, a schematic 

representation of the bio-layer formed in the fiber’s inner surface is showed in Figure 

6.2c, while in Figure 6.2d is reported the chemical bio-layer created with also 

bioreceptors and streptavidin analytes.  
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Figure 6.2. Characteristics of the HC-TLF piece used as biosensor: a) Length; b) fiber cross-section and 
related structural parameters; c) representation of bio-layer formed inside the fiber; d) chemical details of 

bio-layers, bio-receptors, and streptavidin analytes. 

 

The chemical functionalization and detection protocol was obtained using PNA and 

modified PNA probes as reported in Figure 6.3. 
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Figure 6.3. Schematic representation of chemical functionalization process of one Hollow-core tube 
lattice fiber (a-c) and of the detection of target DNA (d-f): a) silanization; b) reaction with succinic 

anhydride and formation of active ester; c) PNA capture probe immobilization with amide bond and 
capping of unreacted active sites; d) flowing the target DNA; e) Biotinylated PNA infiltration as signaling 

probe, and f) streptavidin solution infiltration to increase the bio-layer thickness and to amplify optical 
DNA detection. 
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The sequences of PNA capture probe, target DNA, and biotinylated PNA used in the 

present work are reported in Table 6.1. 

 

Table 6.1. Characteristics of PNA capture probe, target DNA and Biotinylated PNA used in the chemical 
functionalization process. 

 

 
 

First an acidic solution (MeOH:HCl, 1:1) was fluxed in the HC-TLF to clean the inner 

surface by possible organic compounds residues and to activate the silica surface. 

After that, the silanization of the fiber’s inner surface, a solution of (3-

aminopropyl)triethoxysilane (APTES, 0.1 %) in absolute ethanol, was flushed. 

Thanks to this organofunctional alkoxysilane molecule, a positively charged layer on 

the cladding, given by the presence of the protonated terminal amino groups, was 

obtained. Once the surface was silanized, to obtain terminal carboxylic groups, a 

solution of succinic anhydride (0.25 M in DMF) was infiltered. Subsequently, a 

solution of N,N’-diisopropylcarbodiimide (DIC) and N-hydroxysuccinimide (NHS) 

(0.25 M for both solutions in DMF) was fluxed through the fiber to obtain an active 

ester on the cladding needed to the formation of the amide bond with the free amino 

moiety of the PNA probe. To perform the coupling, a solution of the PNA capture 

probe (30 µM concentration in DMF) with an excess of DIPEA (50 µM concentration) 

was infiltered.  

Up to this point, the derivatization process of the fiber was the same as a former 

work.17 However, the protocol was modified to optimize the DNA detection process 

and increase the precision of the chemical binding. In fact, a solution of 

ethanolamine in TRIS base (0.3% ETA, pH:9) was flushed to the HC-TLF to block the 

unreacted active sites. 



345 
 

Subsequently, to obtain the PNA:DNA duplex and the capture of the DNA, a solution 

of complementary DNA (5 µM concentration) in PBS as a buffer was fluxed in the 

inner fiber surface. After that, a biotinylated PNA (signaling probe) in DMF as a 

solvent (30 µM concentration) was infiltered to create a sandwich complex. In this 

case, the specificity of the DNA capture was ensured thanks to the high sequence 

selectivity of the PNA probe. At the end, a streptavidin analytes solution (1 mg/ml 

concentration) was injected inside the fiber. In this way, a biotin-streptavidin 

complex can be formed, which is formed through a very specific and very strong 

interaction. After each step of infiltrations, doubly-distilled water and ethanol were 

infiltered to clean the fiber by excess solutions and then it was emptied by flowing 

the nitrogen in it before all the optical measurements. 

Using this protocol, a bio-layer able to increase the thickness of the cladding around 

the hollow core and to guarantee the optical DNA detection with a signal 

magnification and a change in the transmission spectrum was formed.  

Optical measurements were performed using the following set up: a 

supercontinuum white light source emitting diffraction-limited light within the 450–

2400 nm wavelength range served as the light source. In the initial step, laser output 

light is directed into the 40 cm long HC-TLF through a specific lens with the correct 

focal length and a 3-axis NanoMax Flexure stage, allowing for precise and 

continuous micrometric adjustments in the X, Y, and Z axes. This facilitates the 

coupling of input light into the HC-TLF input. Then, the output light is directed 

through an optical objective lens and onto a CCM1–PBS252/M–30 mm Cage Cube-

Mounted beam splitter cube, suitable for wavelengths in the 620–1000 nm range. 

One of the beams is directed to a compact Zelux Camera sensitive to visible 

wavelengths. Connecting this Zelux Camera with a laptop, the output beam is 

monitored in real-time. The other beam, after passing through the final objective, is 

directed to an optical spectrum analyzer (OSA) (AQ-6315A/-6315B) with a 0.5 nm 

resolution bandwidth, used to measure the output transmission spectrum within the 

350–1750 nm wavelength range. 
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The experiment employed an HC-TLF cross-section, featuring a core with a radius 

(Rco) of 18 µm, encased by eight silica tubes with an outer radius (rt) of 7 µm and a 

thickness (t) of 700 nm. The HC-TLF fiber transmission spectrum before 

derivatization is reported in Figure 6.4. Three high loss regions were noted, one in 

the 500-540 nm range, the second between 729-805 nm and the last from 1277 nm 

to 1645 nm, due to the optical fiber allows the transmission of light in these specific 

range of wavelength.  

 

 

Figure 6.4 Transmission spectrum of HC-TLF used without any infiltration steps. 

 
From the optical measurements it was observed that in presence of a target DNA 

fluxed through the inner surface of the HC-TLF in the optofluidic process, a bio-layer 

on the core cladding was formed causing a red-shift on the fiber’s transmission 

spectrum.  

 

However, focus on the comparison between the transmission spectra, before and 

after the streptavidin-biotin complex formation, in specific after the biotinylated 

PNA used as signaling probe (step e) and subsequently after the injection of 

streptavidin analytes solution (step f), a red shift of the transitions in all the three 

regions previously mentioned was encountered (Figure 6.5).  

By the same figure, considering a zoom at -35dB as a reference signal level, it is 

possible to observe a wavelength red shift from 1.83 to 3.81 nm for the first loss 

region, from 2.84 nm to 5.76 nm for the second, and a range from 9.82 nm to 17.92 
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nm concerning the third region. The optical measurements were carried in triplicate 

to have the possibility to analyze the significance of these shifts.  

 

 

Figure 6.5. On the top, experimental transmission spectra of HC-TLF before and after the infiltration with 
streptavidin analytes solution. To test the assurance of the results, the optical measurements was 

performed three times: (1), (2), and (3). In addition, from the expanded images at -35 dB as reference 
signal level, the red shift of the transitions in the three regions observed can better be seen.  

 

Considering the same three regions of transmission spectra above showed, 

moreover, it is possible to measure the optical red-shift between the measurements 

performed before and after the streptavidin analytes infiltration (Figure 6.6). 

However, in addition at the -35 dB signal taken above as a reference signal, other 

three reference signal levels were analyzed, like -40 dB, -45 dB and -50 dB. These 

measurements have been taken at three distinct wavelengths: 505 nm, 735 nm, and 

1290 nm. Observing this changing towards the red zone of the transmission 

spectrum, the DNA and streptavidin molecules detection was confirmed because 

the values are similar with the protein’s size detection.  
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Figure 6.6. Expanded images at -35 dB, -40dB, -45 dB and -50 dB as references signal levels in different 

regions of the transmission spectra and relative red-shift value.  

 

In addition, the observed shifts in the second and third bands were substantial (5.76 

nm and 17.92 nm, respectively). According to the 3-sigma criterion, even though we 

did not carry out a calibration curve to establish the limit of detection (LOD), it can 

be inferred that the LOD is likely lower than the concentration employed in the test 

(5 M). 

 

Furthermore, to confirm that the PNA capture probe hybridized with the target DNA 

and if this bond was specific or a-specific, some qualitative fluorescence 

measurements with microarray as instrument were carried out. The probes used to 

perform these measurements were reported in Table 6.2, DNA complementary and 

scramble were labelled with fluorophore, in specific a cyanine 3 dye (Cy3). 

 

 

 

 

 

 



349 
 

Table 6.2. Characteristics of PNA capture probe, complementary and scramble DNA used for the 
qualitative fluorescence measurements with microarray.  

 

 
 
HC-TLF fiber, a Kagomè lattice (KL) fibers were used for this test. These fibers were 

derivatized with complementary or scramble DNA functionalized with Cy3 and with 

the PNA capture probe. In specific, three different fibers were subjected to a 

derivatization process, using the protocol discussed above, in one fiber only the 

injection of PNA capture probe in DMF dry (30 µM concentration) was performed, 

and for the other two a solution of complementary or scramble DNA solution in PBS 

(both 5 µM concentration) was fluxed after the PNA. These fibers were analyzed 

using a microarray reader with laser excitation and fluorescence read-out (Figure 

6.7). It is possible to observe that only the fiber functionalized with the 

complementary DNA showed a high signal intensity, confirming the presence and 

the specificity of PNA/complementary DNA hybridization.  

 

 

Figure 6.7. Images obtained with Microarray reader (ScanArray Express) using KL fibers functionalized 
with PNA capture probe and infiltrated with complementary or scramble DNA. Three different fibers were 
compared: S) Kagomè fiber with PNA deposited infiltrated with scramble DNA, R) Kagomè fiber after the 

deposition of PNA capture probe, and D) Kagomè fiber with PNA deposited infiltrated with 
complementary DNA. Figure 6.7a refers to the three results at two focus positions, 50 µm and 100 µm, 

instead the Figure 6.7b relates their signal intensity at 100 µm. 
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In a second set of experiments, to confirm that the complementary DNA solution 

remains inside the fiber after the water wash in presence of the PNA capture probe, 

three fibers were analyzed. One fiber was derivatized with the PNA capture probe in 

DMF dry (30 µM concentration) and used to capture the complementary DNA in PBS 

(5 µM concentration). Another one was only infiltered with the DNA (without the 

PNA deposition step). The third one was only derivatized by the PNA capture probe 

solution. The microarray reader results (Figure 6.8) showed a high signal intensity for 

both the fibers functionalized with the complementary DNA before the water wash. 

However, after the water wash, the sample without the PNA infiltration shows a 

decrease in signal intensity, this means that the complementary DNA is left inside 

the fiber only in the presence of the PNA probe, confirming the formation of 

PNA:DNA duplex.  

 

 

Figure 6.8. Image obtained with Microarray reader (ScanArray Express) using KL fibers: A) Kagomè fiber 
with complementary DNA solution in absence of PNA, R) Kagomè fiber after the infiltration of PNA 

capture probe, and PNA-DNA) Kagomè fiber in presence of PNA probe and complementary DNA. Figure 
6.8a and 6.8b display the results before and after the water wash, respectively and after the water wash 

a decrease of signal intensity was observed in the sample without the PNA functionalization. 
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6.4 Conclusions 
 

A platform for lab-in-fiber optical biosensors for DNA detection was developed using 

a Hollow-core tube lattice fiber (HC-TLF). In fact, derivatizing the inner surface of 

one fiber in a “optofluidic” way with a specific chemical functionalization protocol 

the detection of DNA molecule and streptavidin analytes was carried out. This 

chemical process allowed the formation of a bio-layer in the internal cladding of the 

fiber tubes able to be revealed, thanks to the specific thickness generated with 

chemical solutions infiltered, by optical measurements. From the optical analysis, a 

red wavelength shift was observed in the transmission spectra.  

In this type of experiments, the assembly of the sandwich architecture was 

necessary to obtain a significant signal, similarly to the nanoparticle enhancement 

observed in previous work.20 The fluorescence measurements carried out on similar 

fiber using a microarray reader confirm that the  specificity of PNA:DNA 

hybridization is retained in these systems. 
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6.5 Experimental section 
 

6.5.1 Reagent and instrumentations 
 
The reagents were bought from Merck, abcr, Carlo Erba, VWR, Fluka, TCI Europe, 

Janssen, Link Technologies, PolyOrg, Eurofins Genomics and used without 

additional purification. Only for the solid phase synthesis, the DMF was purged with 

nitrogen flux to prevent the formation of dimethylamine and was dried over 4Å 

molecular sieves.  

Both the PNAs used in the chemical functionalization protocol (PNA capture probe 

and biotinylated PNA) were already present in the laboratory and only the 

characterization with the UPLC-MS (Waters Acquity Ultra Performance LC) and the 

concentration with Evolution 260 Bio UV-Visible spectrophotometer (Thermo Fisher 

Scientific SPE8W) were  carried out. 

For the characterization the following instrumental set-up were used: Waters 

Acquity ultra-performance LC E07SQD086W, with Waters SQ detector and ESI-

interface equipped with Acquity UPLC BEH 300 (50 × 2.1 mm, 1.7 µm, C18, 100 Å). 

Chromatographic condition: eluent A: water + 0.2% formic acid; eluent B: 

acetonitrile + 0.2% formic acid. Column temperature: 35 °C. Program: initial isocratic 

at 100% A (0.9 min), then linear gradient to 50% B (in 5.7 min). Final wash with 100% 

B for 1.2 min. Flow rate: 0.25 mL/min. Some PNAs, however, were characterized with 

Thermo LTQ Orbitrap XL detector and ESI-interface equipped with a Phenomenex 

Kinetex EVO (50 × 2.1 mm, 1.7 µm, C18, 100 Å). Chromatographic conditions: eluent 

A: water + 0.1% formic acid; eluent B: acetonitrile + 0.1% formic acid. Column 

temperature: 35 °C. Program: initial isocratic at 98% A (3 min), then linear gradient 

to 50% B (in 20 min) and after to 95% (in 1 min). Final wash with 98% B for 8 min. 

Flow rate: 0.20 mL/min. UV wavelength: 260 nm. The qualitative fluorescence 

measurements were performed with ScanArray Gx Microarray Scanner (Perkin 

Elmer). 

The concentration of the two PNAs was calculated following the UV-absorbance at 

260 nm and assuming an additive contribution of all nucleobases (see Chapter 2). 
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6.5.4 Chemical Functionalization Protocol 
 

The derivatization of the inner surface of the fiber was performed with specific 

chemical solutions, which was flushed through the HC-TLF with a nitrogen 

overpressure (2 atm), as described below. 

An acidic solution (MeOH:HCl, 1:1) to clean and active the fiber was infiltered and 

then a solution of (3-aminopropyl) triethoxysilane 0.1% (APTES) in absolute ethanol 

was used to silanize the glass. After ethanol and water washes, a solution of succinic 

anhydride 0.25 M in DMF dry was flushed to obtain the terminal acidic moiety. To 

perform the coupling with the PNA, the N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) at 0.25 M 

for both in DMF dry were infiltered Subsequently, the PNA capture probe (30 µM 

concentration) in DMF dry was flushed inside the fiber with an excess of DIPEA (50 

µM concentration), and after that a water wash was performed. To quench the 

excessive activated esters, an ethanolamine in TRIS base (0.3% ETA, pH:9) solution 

was used, followed by TRIS base and water washes. Then, a solution 5 µM of target 

DNA in phosphate buffered saline (PBS) was injected and later water washes was 

performed. After that, the signaling probe solution, that is 30 µM of biotinylated 

PNA in DMF dry, was flushed inside the fiber. Finally, after a water washes, a 1 mg/ml 

of a streptavidin analytes solution was infiltered. Furthermore, 1ml of each solution 

was prepared and the duration of infiltration was one hour in one direction, while the 

biotinylated PNA and the streptavidin solution was flushed in both the direction 

(from the left to right and vice-versa). In addition, before to perform the optical 

measurements, the inner surface of the fiber was dried under nitrogen flux for 30 

minutes. 

For the microarray experiments some Kagomè lattice (KL) fibers were used and 

derivatized with the same chemical functionalization protocol discussed above until 

the DNA solution step.  

The solution infiltrations, the measurements and elaboration of the data were 

performed by Foroogh Khozeymeh and Federico Melli. 
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6.5.3 PNAs characterizations 
 
Entry 1 (Figure 6.A1 in Appendix) 
Check of the PNA capture probe by UPLC-MS: H-O-TGC TAG AGT CAG CTT-NH2 
tr: 3.10 min; ε (260 nm): 150700 M-1cm-1; MW calculated: 4238.13 [M], observed (from 
ESI-MS deconvoluted): 4240.4; ESI-MS: m/z observed (calcd): 1414.6 (1413.7) 
[M+3H]3+, 1061.1 (1060.5) [M+4H]4+, 848.8 (848.6) [M+5H]5+, 707.4 (707.4) [M+6H]6+, 
606.5 (606.4) [M+7H]7+. 
 

Entry 3 (Figure 6.A2 in Appendix) 
Check of the Biotinylated PNA probe by UPLC-MS: Biotin-O-TGG GAT TA-Gly-NH2 

tr: 3.24 min; ε (260 nm): 88300 M-1cm-1; MW calculated: 2668.66 [M], observed (from 
ESI-MS deconvoluted): 2668.6; ESI-MS: m/z observed (calcd): 1335.3 (1335.3) 
[M+2H]2+, 890.6 (890.6) [M+3H]3+, 668.1 (668.2) [M+4H]4+, 534.5 (534.7) [M+5H]5+. 
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6.6 Appendix Chapter 6 
 

 

 

 
Figure 6.A1. UPLC-MS of PNA capture probe: chromatogram, mass spectrum and deconvoluted 

spectrum. 
 

 

 
Figure 6.A2. UPLC-MS of Biotinylated PNA: chromatogram, mass spectrum and deconvoluted spectrum.  
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Conclusion remarks 

 

This PhD thesis focused the attention on PNAs and their employment as building 

blocks to mediate the self-assembly of nanostructures (Chapter 2, 3 and 5), as probe 

in RNA-targeting therapy (Chapter 4), and in DNA-detection (Chapter 6). 

In relation to Chapter 2, leveraging our laboratory's proficiency in PNAs and the DNA 

expertise of Prof. Hanadi Sleiman's group, the assembly of new nanostructures was 

carried out thanks to the capability of PNAs to bind specifically DNA oligomers and 

their ability to form very stable DNA:PNA complexes. Given that the PNAs were 

functionalized, in orthogonal way, with specific peptide sequences, it was possible 

to force the formation of heterotrimeric coiled-coil structures in presence of short 

peptide moieties. Moreover, the peptide design was selected to generate minimal 

coiled-coil structures with metal binding abilities mimicking plastocyanin. As 

control, circular dichroism (CD) studies performed with peptide sequences 

containing or not the copper binding site and with PNA-peptide sequences to 

understand the minimal length necessary at which self-assembly of coiled-coil 

structure, without a rigid platform that ensure the spatial proximity of peptide 

domains, was occurring. The programmed assembly of heterotrimeric peptide-

PNA:DNA was confirmed by polyacrylamide gel electrophoresis (PAGE) and CD 

analyses, the latter consistent with the formation of coiled-coil structures. Binding 

of copper(II) ion was also demonstrated via fluorescence quenching experiments. 

The results obtained with the trimeric template and the three PNA-11mer peptide 

conjugates in one orientation (orientation B), revealed interactions with Cu(II), but 

the data available did not allow to establish if the actual binding site are those 

designed for the mini-metalloprotein model. For this reason, other type of 

experiments and comparison should be performed to understand this important 

feature. If successful, this first proof-of-concept work can lead to a strategy for the 

construction of mini-proteins of various functions, such as mini-enzymes or electron 

transporter units, using a rational design. 
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Since the use of a DNA template requires different strategies and chemistries 

(phopshoramidite synthesis for DNA and peptide synthesis for PNA), it was 

interesting to establish if the same approach can be performed employing a trimeric 

PNA as a template. Therefore, in Chapter 3 the research was focused on: a) the 

synthesis and the optimization of a tri-functionalized rigid molecule designed to be 

used as a scaffold for the synthesis of the trimeric PNA-template, and b) the study 

of the length of PNA:PNA segments necessary to obtain a sufficient thermal stability 

to ensure the formation of the final templated assembly. Regarding the first point, 

the synthesis of a tri-functionalized rigid molecule was carried out by the 

optimization of the synthetic protocol, starting from commercially available starting 

material, which can be Fmoc-protected to obtain the proper branching unit. This 

rigid molecule would then allow to grow three different PNAs branched in direction 

from Cterm to Nterm thanks to the orthogonality of these three different groups. For 

the second point, a library of PNA sequences having different composition, length, 

and orientation was synthesized, allowing to perform melting and annealing 

measurements, and study the stability of PNA:PNA duplexes, especially in parallel 

orientation. This information was useful to establish the minimum length suitable to 

generate a three-fold PNA:PNA duplex as driving force for the assembly of minimal 

hetero coiled-coil systems. Interestingly, a general method to roughly predict the 

stability of antiparallel PNA:PNA duplex stability was obtained, whereas for the 

parallel complexes a trial-and-error approach is still necessary. This part therefore 

provides a new model for designing nano-structures containing PNA:PNA duplexes. 

The study of hybrid DNA:PNA nanospheres (Chapter 5) allowed to understand the 

effect of their decoration with charged PNA (polyarginine-conjugate PNA) on the 

overall stability of these structures. PAGE and DLS measurements showed that the 

addition of charges on the PNA chain can have a dramatic effect on the nanosphere 

stability, given that the equilibrium between attractive forces and repulsive 

electrostatic interactions, crucial for maintaining the spherical shape and 

determining the size of the particle, is perturbed. 
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Taking into consideration the potentially use of PNA as probe in RNA-targeting 

therapy (Chapter 4), a series of PNAs were designed and synthetized to target 

different regions of SARS-CoV-2. At the same time, the syntheses of RNase L 

recruiters were carried out and some of the anti-viral PNAs were functionalized with 

these RNase L recruiters. The first biological data obtained are encouraging in terms 

of specificity and efficacy. Moreover, the preliminary results aimed at investigating 

whether the modified PNA with the RNase L recruiter can effectively identify the 

target RNA, engage the RNase L, and prompt selective cleavage of the target RNA 

suggest a tendency toward RNA cleavage. However, comprehensive studies are 

necessary for a thorough evaluation of the optimal model for this specific 

application. 

PNA-mediated self-assemblies can also be very useful in sensing technologies, 

though this is a well-established principle, still new applications can be designed on 

its basis. As example, in Chapter 6 was reported a platform for lab-in-fiber optical 

biosensors for DNA detection using a hollow-core tube lattice fiber (HC-TLF). The 

inner surface of HC-TLF was functionalized using flow chemistry with PNA probes 

capable to recognize a target DNA, allowing subsequent self-assembly of a 

sandwich-type complex with a second biotinylated probe and streptavidin. The 

formation of a bio-layer in the internal cladding of the fiber tubes could then be 

revealed by measuring of the optical properties of the fiber itself: a red wavelength 

shift was observed in the transmission spectra. Though conceptually simple, the use 

of these sophisticated optical fibers can ultimately lead to devices of great potential, 

since they combine the wave-guiding properties of optical fibers with the highly 

specific properties of the PNA probes. Sensing “optofluidic” devices of this type, 

though still in their infancy, could be of extreme interest in the medical field, 

eventually leading to advance in-vivo monitoring techniques. 
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