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Herein, we developed an innovative and easily accessible solid-phase synthetic protocol for Peptide Nucleic Acid
(PNA) oligomers by systematically investigating the ultrasonication effects in all steps of the PNA synthesis (US-
PNAS). When compared with standard protocols, the application of the so-obtained US-PNAS approach suc-
ceeded in improving the crude product purities and the isolated yields of different PNA, including small or
medium-sized oligomers (5-mer and 9-mer), complex purine-rich sequences (like a 5-mer Guanine homoligomer

and the telomeric sequence TEL-13) and longer oligomers (such as the 18-mer anti-IVS2-654 PNA and the 23-mer
anti-mRNA 155 PNA). Noteworthy, our ultrasound-assisted strategy is compatible with the commercially
available PNA monomers and well-established coupling reagents and only requires the use of an ultrasonic bath,
which is a simple equipment generally available in most synthetic laboratories.

1. Introduction

Since 1991, when Nielsen et al. reported the first polyamide nucleic
acid oligomer [1], Peptide Nucleic Acids (PNA) have made their way in
different fields, including but not limited to chemistry, molecular and
cell biology, drug discovery and diagnostics [2]. PNA are artificial DNA-
like molecules endowed with an uncharged peptidomimetic backbone
consisting of nucleobases-functionalized N-(2-aminoethyl) glycine
(AEG) units in place of the sugar-phosphodiester moieties [1,3] (Fig. 1).

Single-stranded PNA are endowed with numerous favorable prop-
erties, such as high thermal and metabolic stability, strong and fast
binding affinity to the complementary nucleic acid, and high sensitivity
to a single mismatch, which have drawn great attention from the nucleic
acid scientific community [4,5]. Particularly, they have been success-
fully employed as diagnostic tools at the interface of chemistry and
biology for genetic diagnosis, cytogenetics, and pharmaceutical appli-
cations [6]. In biomedical applications, PNA emerged as potential
therapeutics in antigene [7] and antisense [8] approaches, as anticancer
[9], as antibiotics for treating multidrug-resistant infections [10,11], as
antiviral for efficiently inhibiting the viral replication processes [7,12].
PNA are also used as probes in place of DNA in various investigative
procedures [6], including in-vitro assays, chromosomal analysis,

* Corresponding authors.

Polymerase Chain Reaction (PCR), in-vivo imaging, and Fluorescence In
Situ Hybridization (PNA-FISH). Additional applications are the devel-
opment of PNA-encoded libraries, PNA-based photosensitive com-
pounds, and PNA microarrays. Unfortunately, the translation of the PNA
potential in preclinical and clinical contexts has revealed serious limits,
like their poor cell permeability, low aqueous solubility, and the
sequence-dependent self-aggregation phenomenon [17], which have
been handled by exploring several chemical strategies [13-17]. A large
number of modifications of the canonical PNA structure has been re-
ported, [17] including but not limited to chiral, cyclic, and locked PNA.
However, most biological studies and applications involving PNA still
employ the classical AEG-based PNA, probably as a consequence of their
favorable nucleic acid binding properties and high chemical and bio-
logical stability. Thus, the continuous evolution of PNA-based applica-
tions supports the endless pursuit of faster and improved synthetic
methods for PNA oligomers. Solid Phase Synthesis (SPS) unambiguously
represents the most efficient approach for synthesizing oligomers with
high purity and good yields. Numerous orthogonal protecting strategies
for the PNA monomers have been proposed (e.g. Boc/Cbz, Fmoc/Cbz,
Fmoc/Boc, and Fmoc/Bhoc) [18-24] for temporarily protecting the
backbone amine while preserving the stability of the exocyclic amine-
protecting groups of the nucleobases. To date, most of the available
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Fig. 1. Representative comparison between the structures of PNA and DNA
fragments. The different DNA and PNA backbones are highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

PNA monomers are marketed as Fmoc/Bhoc and Boc/Cbz. The latter is
especially used for manual assembly of PNA oligomers, being the
hydrofluoric-mediated deprotection conditions of Cbz groups unsuitable
with the instrument metal parts of the automated synthesizers. On the
other hand, Fmoc/Bhoc monomers have emerged as “gold standard”
building blocks mostly employed in both automated and manual syn-
thesis of PNA oligomers. Nowadays, automated solid-phase PNA syn-
thesis is usually performed on conventional or pW-assisted synthesizers
[25], according to standard protocols. The assembly of PNA oligomers
by manual procedures derives from the same protocols developed for
automated synthesis by Egholm and Casale [26] and depends on the
reagent excesses, the reaction times, the oligomer sequence and length,
and the operating temperature. Despite the significant progress ach-
ieved, PNA synthesis is still affected by numerous issues, such as the
unsatisfied coupling yields in sequences endowed with a high content of
sterically hindered purines. In particular, when Fmoc-protected mono-
mers are employed, the growth of the purine-rich sequences is prevented
by the stacking of the Fmoc group with the nucleobases and the aggre-
gation of PNA chains on the solid support. Additionally, undesired side-
reactions may occur during PNA syntheses, such as the N-acyl migration
of the nucleobases with the formation of an abasic site (Fig. 2A) and the
cyclization/elimination of monoketopiperazine, which involve the free
terminal amine during the base-mediated deprotection (Fig. 2 B).
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Although deprotection times are generally very short in automatic and
microwave syntheses, longer reaction times are required in manual
synthesis and higher base-catalyzed rearrangements may occur.

Various strategies have been investigated to overcome these issues,
including the modification of nucleobase protecting groups, solid sup-
ports, coupling reagents, and deprotection conditions [27-31], which
have succeeded in enhancing the quality of PNA oligomers ranging from
10- to 15-mer. More recently, click ligation [32] and automated flow-
based synthesis [33] have been settled to synthesize longer PNA-
peptide conjugates.

In line with these studies, our and other teams have recently [34-39]
reported the development of an ultrasound-assisted Solid Phase Peptide
Synthesis strategy (US-SPPS) that enhanced the synthesis of different
biologically active and difficult peptides without increasing the main
side reactions, such as the aspartimide formation and the amino acid
racemization. The use of ultrasounds in chemistry has received notable
attention [40-43], due to their well-documented ability to enhance the
reaction rates and the product yields in both heterogeneous and ho-
mogenous systems. These effects are mainly due to the cavitation phe-
nomenon, in which the bubbles generated upon ultrasonic wave
propagation in the fluid reach an unstable size and collapse, producing a
dramatic local increment of temperature and pressure. In SPPS, direct
use of ultrasounds afforded superior results when compared to standard
protocols. Inspired by these results, we propose an unprecedent and
easily accessible synthetic protocol for PNA oligomers, including purine-
rich and long sequences, by employing ultrasonication in all the steps of
the PNA synthesis (Fig. 3) (US-PNAS).

To date, no investigation has been carried out on the effect of ul-
trasonic waves in the solid-phase synthesis of PNA oligomers. The results
of the present study provide evidence that the combination of ultra-
sonication with standard coupling agents and commercially available
Fmoc/Bhoc-protected PNA monomers, leads to oligos with higher purity
compared to traditional manual PNA synthesis.

2. Results and discussion

To develop an efficient ultrasound-assisted synthetic protocol for
PNA by Fmoc/Bhoc chemistry, we preliminary screened different
coupling reagents by synthesizing a model 5-mer PNA oligomer (Fmoc-
TGACT-K-NHy), containing all four nucleobases with a percentage of
purines of 40% and a Lysine at C terminus, on a standard Rink Amide
AM resin LL resin as solid support. The performance of each coupling
strategy with Fmoc/Bhoc-protected monomers was evaluated by
comparing the purity of the crude products and isolated yields obtained

A: N-acyl transfer of the nucleobases leading to an abasic site
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Fig. 2. Undesired side-reactions during manual PNA synthesis (A: N-Acyl transfer; B: cyclization).
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Fig. 3. General synthetic scheme for the proposed ultrasound-assisted Solid
Phase Peptide Nucleic Acids strategy (US-PNAS).
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by US-PNAS with those achieved with the standard protocol, consisting
of 30 min reaction at room temperature with 5 equiv of PNA monomer in
the presence of ((1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo
[4,5-b]-pyridinium 3-oxide hexafluorophosphate) (HATU) and 2,6-luti-
dine (see Table S1 in supplementary material for isolated yields com-
parison). For this study, we selected some representative coupling
strategies (Fig. 4) including DIC/Oxyma combination (N,N’-Diisopro-
pylcarbodiimide/ethyl cyanohydroxyiminoacetate), HBTU (2-(1H-ben-
zotriazol-1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate),
PyAOP (7-azabenzo-triazol-1-yloxy)tripyrrolidinophosphonium hexa-
fluorophosphate), HATU and COMU ((1-cyano-2-ethoxy-2-oxoethyli-
denaminooxy)-dimethylamino-morpholino-carbenium
hexafluorophosphate).

The model PNA sequences were assembled by first varying the
stoichiometry of reagents and then the coupling times. For all the syn-
theses, the deprotection time was fixed at 1 + 0.5 min and the capping
time at 3 min, according to our previous studies on peptide synthesis
[34]. For the coupling investigation, we set 5- and 10-min reaction times
and used 5 equiv of each reactant, which is the same excess generally
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adopted for standard synthetic protocols. As depicted in Fig. 5, at 10 min
coupling time, the ultrasonication did not generate any significant un-
desired products, including the formation of N-terminal tetrame-
thylguanidinium by-products [44]. HATU, PyAOP and HBTU exhibited
the highest percentages in terms of crude purity (in the range 63-72%)
which were higher or comparable to the synthesis carried out by stan-
dard protocol (~62%) (Figs. 5 and 6). The results of these first experi-
ments led us to exclude from further investigations both DIC/Oxyma and
COMU strategies, whose application produced unsatisfied results (37%
and 44% crude purity, respectively). Noteworthy, the advantages of our
strategy were confirmed by comparing the isolated yields of the 5-mer
PNA obtained by the best US-assisted (52% isolated yield, Table S1 in
supplementary material) and the standard protocol (36% isolated yield,
Table S1 in supplementary material).

Considering that the PNA synthesis performance could be affected by
the ultrasound-induced increment of temperature during the coupling
steps and that the maximum temperature reached with a similar ultra-
sonic bath was 45 °C [34], to assess whether the observed improvement
of the coupling yields could be ascribed to the sole temperature effect,
the 5-mer was also synthesized by mechanical shaking at 45 °C, with a
coupling time of 10 min. Noteworthy, we noticed a difference of about
20% purity comparing the sequences assembled by standard heating at
45 °C and with ultrasonication (entries 11 and 12 in Figs. 5 and 6),
which indicated that the latter mainly accounts for the observed syn-
thetic improvements.

At this stage, we selected 10 min and HATU, PyAOP, and HBTU as
the best reaction condition and proceeded by decreasing the coupling/
additive reagent and PNA monomer excess to 4, 3, and 2 equiv. As

Fmoc-TGACT-K-NH,

1 (DIC/OXYMA 5eq 10 min)

—— I

2 (COMU 5eq 10 min) 44%6%

3 (PYAOP 4eq 10 min)

4 ( PyAOP 5eq 10 min) 63t4%
5 (HBTU 4eq 10 min)
6 (HBTU 5eq 10 min) 63£1%
7 (HATU 5eq 5min) 59£3%
8 (HATU 2eq 10 min) 53£3%
9 (HATU 3eq 10 min) 5554%

10(HATU 4eq 10 min)
11 (HATU 5eq 10 min)

61£1%

12 (stirred at 45° C HATU 5eq 10 min)

13 (Standard protocol)

20

40 60 80

% crude purity

100

Fig. 5. Optimization study for the US-PNAS of the model 5-mer PNA oligomer
(Fmoc-TGACT-K-NH,). PNA synthesis was attained in triplicate and the
resulting crude purities are expressed as a percentage (mean values + standard

error of measurement (SEM), N = 3).
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Fig. 4. Coupling agents screened in the US-PNAS oligomerization experiments.
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Fig. 6. Comparison of representative HPLC profiles of synthetic crudes of the model 5-mer PNA oligomer (Fmoc-TGACT-K-NH,). Coupling reagents and synthetic
methods are indicated. The crude purity was calculated by integrating the peaks at tg = 13.15 min [analytical HPLC gradient 1 in HPLC and Mass spectrometry

procedures section].

depicted in Fig. 5, the reduction of the reagent excesses generally
affected the efficiency of the synthesis, with HATU performing much
better than PyAOP and HBTU already at 4 equiv (~25% and ~54% for
PyAOP and HBTU, respectively, compared to 60% for HATU). These
results pointed out that the HATU is the best coupling agent among the
tested ones for US-PNAS, providing suitable purity of crudes even at

AU

lower stoichiometric excesses (in the range of 61-53%) (entries 8, 9 and
10 in Figs. 5 and 6).

In light of these results, the US conditions comprising 5- and 10-min
reaction times and 5 equiv reagent excess were exploited for the syn-
thesis of a longer oligomer, 9-mer with a 33% purines content (H-
TACACTGTC-K-NHy) and compared to standard methods (Figs. 7 and 8).
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1000000

500000

Fmoc-TGACT-K-NH,

= 5 eq, HATU, 5 min, US

2 eq, HATU, 10 min, US == 3 eq, HATU, 10 min, US

== 4 &g, HATU, 10 min,US === 5 eq, HATU, 10 min, US

Fig. 7. Comparison of representative HPLC profiles of synthetic crudes of the model 5-mer PNA oligomer (Fmoc-TGACT-K-NH,). Equivalents of reagents and reaction
times are indicated. The crude purity was calculated by integrating the peaks at tg = 13.15 min [analytical HPLC gradient 1 in HPLC and Mass spectrometry

procedures section].
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H-TACACTGTC-K-NH, (33% purine)

14 (HATU 5eq 5 min) 7811 %
15 (HATU 2.5eq 5 min) 72149%
16 (HATU 1.2eq 5 min)
17 (HATU 5eq 10 min) 82%2%
18 (HATU 2.5eq 10 min) 77£5%
19 (HATU 1.2eq 10 min) 69%12%
20 (standard protocol) 76+6%
0 20 40 60 80 100

% crude purity

Fig. 8. Optimization study for the US-PNAS of the model 9-mer PNA oligomer
(H-TACATGTC-K-NH). PNA synthesis was attained in triplicate and the
resulting crude purities are expressed as a percentage (mean values + standard
error of measurement (SEM), N = 3).

As expected, when the purine percentage in the sequence decreased a
higher efficiency of synthesis was observed with both standard (76 %)
and US (>82 and 78 %) protocols (Fig. 8). However, we noticed a
significative difference in terms of isolated yields comparing the US-
assisted and the standard protocols (75 % vs 40 % isolated yields,
Table S1 in supplementary material). In the successive set of experi-
ments, both the reaction times (10 and 5 min) we employed and the
excess of PNA monomer and HATU were reduced from 5 to 2.5 and 1.2
equiv to find the minimum reagents excess and reaction time for
achieving the highest purity of the model 9-mer PNA oligomer. (See
Fig. 9.)

As depicted in the HPLC analysis, both 10 and 5 min were appro-
priate coupling times when 5 equiv reagent excesses were used. Thus,
these protocols were assessed for the synthesis of an additional 13-mer
oligomer, characterized by a higher purine content, especially gua-
nine. The 13-mer PNA, here referred to as TEL-13, has the sequence
targeting the RNA subunit of telomerase, hTR [45]. Unfortunately, the
assembly of TEL-13 PNA (H-CAGTTAGGGTTAG-K-NHj;) using HATU
activation, with 5 equiv of reagents excess and 5 min coupling time
afforded inadequate crude purity (=23% see Table S1 in supplementary
material) as judged by HPLC profile. Conversely, when the same was
applied for longer coupling times (10 min) a significant increment of
crude purity was observed (from ~=23% to ~59%) (Fig. 10). Noteworthy,
this US-assisted protocol (entry 22, Fig. 10) was also superior in terms of
crude purity and isolated yields (see Table S1 in supplementary mate-
rial) compared to the double coupling protocol. In addition, the crude
HPLC profile of the not-irradiated manual synthesis of TEL13 PNA,
exhibited side products as highlighted by the presence of a shoulder in
the peak at 9.66 min (Fig. 10).

Finally, the efficiency of the best US-PNAS protocol (5 equiv reagent
excess, 10 min reaction time, ultrasound-assisted) was compared to
standard protocol by assembling additional PNA sequences, including
the 5-mer PNA containing 100% guanine monomers as representative of
a difficult sequence, the 18-mer anti-IVS2-654 PNA [33] and the 23-mer
anti-miR-155 PNA as representative of longer sequences [46].

As depicted in Fig. 11, the 5-mer (Fmoc-GGGGG-NHy), the 18-mer
(H-AEEA-TTGGTTGGTTTGTTACCT-NH;) and the anti-miR-155 PNA
sequences (H-KKK-ACCCCTATCACAATTAGCATTAA-Gly-NH, and H-
AEEA-ACCCCTATCACAATTA GCATTAA-Gly-NHjy) [46,47], were
rapidly and successfully synthesized, resulting in final crude oligomers
with purity (=~ 73 % for the 5-mer, ~ 91% for the 18-mer oligomer and ~
68 %, ~ 67 % for the two 23-mer oligomers) significantly higher
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compared to standard protocols (~ 59 % for the 5-mer oligomer, ~61%
for the 18-mer and traces for the 23-mer oligomers) (see supporting
material for HPLC profile and isolated yields comparison).

3. Conclusions and outlook

This study describes a new fast and efficient strategy for manual PNA
synthesis based on the use of ultrasonication in each step of the synthetic
procedure, which could complement or enhance the efficiency of the
available manual or automatic protocols. Indeed, we demonstrated that
the systematic use of ultrasounds during PNA synthesis improved the
crude product purities of small or medium-sized oligomers (5-mer and 9-
mer), of complex purine-rich sequences (like a 5-mer Guanine homo-
ligomer and the telomeric sequence TEL-13) and longer oligomers (such
as the 18-mer anti-IVS2-654 PNA, and the 23-mer anti-mRNA 155 PNA)
without exacerbating the main side reactions. In light of these results,
US-PNAS is a powerful method that fits with the commercially available
PNA monomers and coupling reagents (HATU) and that only requires
the use of an ultrasonic bath, a simple and accessible equipment
generally found in most synthetic laboratories. We envisage that addi-
tional studies on a larger number of sequences will set the stage to define
guidelines for optimized synthetic protocols suitable for oligomers with
different length and nucleobase composition (for instance, 5 min
coupling time and 1.2 reagent equiv for small oligomers with purine
poor sequences). Encouraged by the results herein described, we are
currently evaluating if US-PNAS might also be extended to the PNA
analogs (e.g. Y-GPNA [48], bimodal PNA [49,50], PNA-like scaffolds
[51]) endowed with more favourable physiochemical and biological
properties but requiring more complex and/or cumbersome synthesis.

4. Materials and methods

The ultrasonic bath employed for this study was a SONOREX RK 52H
by BANDELIN electronic (Germany), with internal dimensions of 150 x
140 x 100 mm and an operating volume of 1.2 L. The ultrasonic bath
was equipped with timer control for 1-15 min, continuous (e0) opera-
tions, and built-in heating control (30-80 °C thermostatically adjust-
able). The ultrasonic frequency is 35 kHz. The ultrasonic nominal output
is 60 W. The ultrasonic peak output is 240 W, corresponding to 4 times
the ultrasonic nominal output. The heating power was 140 W.

Fmoc-PNA-T-OH, Fmoc-PNA-C(Bhoc)-OH, Fmoc-PNA-A(Bhoc)-OH,
Fmoc-PNA-G(Bhoc)-OH (purity 95%) were all purchased from ASM
Research Chemicals GmbH & Co. KG (Burgwedel, NDS, DE).

Fmoc-L-Lys(Boc)-OH, Fmoc-Gly, and Fmoc-AEAA-OH Spacer were
from AAPPTec (Louisville, USA). Piperidine (peptide grade, purity 99.9
%), TFA (peptide grade, purity 99.9%), m-cresol, and N,N-
diisopropylethylamine (DIPEA) (purity 99.7 %) were purchased from
Iris-Biotech GmbH (Marktredwitz, Germany).

Coupling reagents such as HATU, HBTU (purity > 98.0 %), HOBt
(purity > 97 % dry weight, water ~ 12%), DIC (purity 99 %), PyAOP,
COMU (purity 97 %), Oxyma (purity 97 %), were purchased by Sigma-
Aldrich/Merck (St. Louis, USA). Acetic anhydride (AcpO, purity > 98
%), and 2,6-Lutidine (purity > 96%) were purchased by Sigma-Aldrich
Chemie GmbH (Buchs, Svizzera). The Rink Amide AM resin LL (0.2-0.4
mmol/g, 100-200 mesh) Novabiochem and Chem Matrix were pur-
chased by Sigma-Aldrich Chemie GmbH (Buchs, Svizzera), and the
manufacturer’s reported loading of the resin was used in the calcula-
tions. Solvents for peptide synthesis and analysis such as N,N-
dimethylformamide (DMF), dichloromethane (DCM), dimethyl sulf-
oxide (DMSO), water and acetonitrile (MeCN) for HPLC, and diethyl
ether (Eto0) were reagent grade and acquired from commercial sources
(Sigma-Aldrich/Merck, Milano, Italy). Unless noted, all solvents were
not anhydrous and used without further purification.
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Fig. 9. Comparison of representative HPLC profiles of synthetic crudes of the 9-mer PNA oligomer (H-TACACTGTC-K-NH,) obtained employing the same reagent
excess at a) 10 min and b) 5 min reaction times. Equivalents of reagents and reaction times are indicated in the figure legend. The crude purity was calculated by
integrating the peaks at tg = 9.40 min [analytical HPLC gradient 2 in HPLC and Mass spectrometry procedures section].

4.1. HPLC and Mass spectrometry procedures

Analytical HPLC analyses were carried out by reverse-phase HPLC
(Shimadzu Model SPD-40 V) on a Shim-pack GWS C18 column (150
mmL. x 4.6 mm L.D., 5 pm) with a flow rate of 1 mL/min, with detection
at 220 and 260 nm wavelengths by a UV-Vis detector, and by using
different elution gradients of MeCN (0.1 % TFA) in water (0.1 % TFA)
[Gradient 1: isocratic HoO (0.1 % TFA) over 2 min, 0-80% MeCN (0.1 %
TFA) in H50 (0.1% TFA) over 20 min; Gradient 2: isocratic HyO (0.1 %
TFA) over 2 min, 0-80% MeCN (0.1 % TFA) in HO (0.1 % TFA) over 15
min; Gradient 3: isocratic 10% MeCN (0.1 % TFA) in H,O (0.1 % TFA)

over 2 min, 10-60% MeCN (0.1 % TFA) in H,O (0.1 % TFA) over 20
min]. Mass measurements were acquired by LC/MS system (LCMS-2020,
Shimadzu) at the flow rate of 0.6 mL/min, and proton adducts, [M +
H]", were used for empirical formula confirmation. Molecular weights
of 23mer PNA were confirmed by Mass Spectrometry analyses, per-
formed with a matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) microMX (Waters Co., Manchester, UK) mass spectrom-
eter armed with a pulsed nitrogen laser (k = 337 nm).
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Fig. 10. Comparison of representative HPLC profiles of synthetic crudes of the TEL-13 PNA oligomer (H-CAGTTAGGGTTAG-K-NH,). Equivalents of reagents and
reaction times are indicated. The crude purity was calculated by integrating the peaks at tg = 9.66 min, [analytical HPLC gradient 2 in HPLC and Mass spectrometry

procedures section].

AU AU
1a) Fmoc-GGGGG-NH, 100000~ ¢) H-AEEA-ACCCCTATCACAATTAGCATTAA-Gly-NH,
300000
250000 75000
200000
50000
150000
100000-|
25000
50000
0 Ve 7 0
T T T T T [
0 5 10 15 20 25 0 10 15 20 25 30
min min
AU AU
500000 b) H-AEEA-TTGGTTGGTTTGTTACCT-NH, d) H-KKK-ACCCCTATCACAATTAGCATTAA-Gly-NH,
100000
400000-]
75000
300000
] 50000
200000~
100000- 25000
0
T T T T T
0 5 10 15 20 25 0 10 15 20 25 30
min

Fig. 11. HPLC profiles of a) 5- mer PNA (Fmoc-GGGGG-NH; tg = 13.3 min) [analytical HPLC gradient 1 in HPLC and Mass spectrometry procedures section], b) 18-
mer PNA (H-AEEA-TTGGTTGGTTTGTTACCT-Gly-NH, tg = 11.1 min) [analytical HPLC gradient 2 in HPLC and Mass spectrometry procedures section], ¢) 23-mer
PNA, H-AEEA-ACCCCTATCACAATTAGCATTAA-Gly-NH, tg = 8.46 min and d) H-KKK-ACCCCTATCACAATTAGCATTAA-Gly-NH, tg = 8.48 min and) [analytical
HPLC Gradient 3 in HPLC and Mass spectrometry procedures section].
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4.2. Support functionalization

Fmoc-Rink-Amide AM LL resin as solid support (1 g loading 0,2-0.45
mmol/g, 100-200 mesh as particle size) was placed into a 25 mL
filtration column (ISOLUTE® SPE filtration column by Biotage, Uppsala,
Sweden) provided with filter, stopper, and top cap. The pre-weight resin
was swelled for 1 h in DMF and 30 min in DCM at RT on a shaker (Shaker
Multi Reax P/N: 545-10000-00-2 by Heidolph, Schwabach, Germany).
A vacuum manifold (CHROMABOND SPE by MACHEREY-NAGEL GmbH
& Co. KG) was used for filtering the unreacted material after. The Fmoc
group on the resin was removed by a 20 % piperidine/DMF solution (2
mL) under mechanical shaking (1 x 5 + 1 x 20 min). This step was
monitored by observing a specific colorimetric test (the Kaiser test) for
the presence of free primary amines. Fmoc-L-Lys(Boc)-OH (1.5 equiv,
161.7 mg) (for 5-,9- and 13 mer oligomers) and Fmoc-Gly-OH(1.5 equiv,
102.6 mg) (for 23-mer oligomers), HBTU (1.5 equiv, 130.9 mg)/HOBt
(1.5 equiv, 52.8 mg) and DIPEA (3 equiv, 120 uL) were dissolved in DMF
(2 mL), and added to the resin for the amino acid incorporation. The
resulting mixture was reacted under mechanical shaking for 4 h at RT.
Later, the resin was washed three times with DMF (2 mL each) and DCM
(2 mL each). The unreacted amine groups were capped treating the resin
for 15 min with a solution consisting of 0.5 M Ac,0 and 0.125 M DIPEA
in DMF (2 mL). Finally, the solid support was washed and dried under a
vacuum. Immediately before the Fmoc removal from the amino acid, 10
mg of dried Fmoc-L-Lys(Boc)- and Fmoc-Gly-bound resin was trans-
ferred into a 3 mL polypropylene tube equipped with a filter, stopper,
and top cap. Then, the pre-swelled resin was treated with 1 mL of a 20 %
piperidine/DMF solution and reacted under mechanical shaking for 7
min at rt. The resulting mixture was filtered in a 10 mL graduated flask
and the filtrate was diluted to 10 mL with fresh DMF. 1 mL of 20%
piperidine/DMF solution was employed as blank. A volume of 500 pL of
the experimental solution was transferred to a UV quartz cell (3 x 10
mm) and placed in a UV-Vis spectrophotometer (Quartz cuvette with
optical path length = 1 cm), and optical density was recorded at
wavelengths ranging from 250 to 350 nm. Fulvene-piperidine adduct
was monitored at 301 nm (extinction coefficient ¢ = 7800 mL x mmol !
x c¢m™Y). Finally, the Fmoc-loading quantification was extrapolated
according to the formula: Fmoc-loading (mol/g) = [(Asample — Aref)/e
x 1] x [10 mL/mg of resin]. Then, yield percentages were extrapolated
by the formula: Fmoc-loading calcd/Starting Resin loading x 100.

4.3. Standard procedure

Fmoc-deprotection: 7 min (300uL). Coupling: PNA monomer equiv:
5 (Fmoc-PNA-T-OH 11.2 mg, Fmoc-PNA-C(Bhoc)-OH 15.5 mg, Fmoc-
PNA-A(Bhoc)-OH 16.1 mg, Fmoc-PNA-G(Bhoc)-OH 16.5 mg); HATU (5
equiv, 8.55 mg); base solution (DIPEA 0.2 M, Lutidine 0.3 M); me-
chanical shaking at RT (30 min). Capping: 5 min with a solution (300 uL)
consisting of 5% Ac20 and 6% lutidine in DMF.

4.4. Standard procedure at 45 °C

The same amounts of reactants were used as in the Standard Pro-
cedure: mechanical shaking at 45 °C (10 min). Capping: 5 min with a
solution (300 uL) consisting of 5% Ac20 and 6% lutidine in DMF.

4.5. Ultrasound SPS of PNA oligomers (US-PNAS)

The PNA synthesis was performed with cycles of amide bond for-
mation (couplings), capping reaction, and Na-Fmoc removal reactions in
an ultrasonic bath. An external thermometer was used to control the
temperature between 25 and 30 °C during the different reaction steps.

4.6. US-PNAS procedure

5- and 9-mer and 13-mer PNA model oligomers were assembled with
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a 4,5 umol scale on Fmoc-L-Lys(Boc)-Rink-Amide AM resin as solid
support (25 mg, loading 0.18 mmol/g, 100-200 mesh as particle size).
23-mer oligomers were assembled with a 4,5 umol scale on Fmoc-Gly-
Rink-Amide AM resin as solid support (25 mg, loading 0.18 mmol/g,
100-200 mesh as particle size). After swelling the resin for 1 h, Fmoc-
group was removed in the presence of a 20% piperidine/DMF solution
by ultrasonic irradiation (1 + 0.5 min, 300 uL). After the deprotection
step, the resin was washed three times with DMF (1 mL each) and DCM
(1 mL each). Pre-activation of the PNA monomer was achieved in 300 pL
DMF (only PNA-C was dissolved in 75% DMF and 25% DMSO), in the
presence of different coupling reagents and base. The resulting reaction
mixture was added to the resin and reacted by ultrasonication for the
different coupling times before draining and washing. Next, a capping
solution (300 pL) consisting of 5% Acy0 and 6% lutidine in DMF was
added to the reaction vessel and the reaction was performed by ultra-
sonic irradiation for 3 min. The successive PNA monomers were inserted
by using the same protocol to obtain the desired sequence. Finally, the
resin was washed and dried under vacuum.

The PNA oligomers were then removed from the resin by treating
with TFA and m-cresol (95:5, 500 pL) for 3 h at rt under mechanical
shaking, recovered by precipitation with cold Et;O (1.5 mL), and then
centrifuged three times (14600 rpm X 5 min). After removing the su-
pernatant, the resulting white pellet was dried and then dissolved in
water (0.1 %TFA)/acetonitrile (2:1, 1.5 mL) to be examined by reverse-
phase HPLC and LC-MS.

4.7. Optimization of reaction conditions

All the PNA sequences were attained in triplicate. The amide reaction
was achieved by adding to the resin the DMF solution containing pre-
activated PNA monomer with the proper coupling reagent and base
solution, by using one of the following protocols.

4.8. US-PNAS: Activating agent, 5 equiv, 10 min

a) Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 5 (Fmoc-PNA-T-OH 11.2 mg, Fmoc-PNA-C(Bhoc)-OH 15.5
mg, Fmoc-PNA-A(Bhoc)-OH 16.1 mg, Fmoc-PNA-G(Bhoc)-OH 16.5
mg); HATU (5 equiv, 8.55 mg); base solution (DIPEA 0.2 M, Lutidine
0.3 M); ultrasonic irradiation (10 min). Capping: 3 min (300 pL).
Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 5 (Fmoc-PNA-T-OH 11.2 mg, Fmoc-PNA-C(Bhoc)-OH 15.5
mg, Fmoc-PNA-A(Bhoc)-OH 16.1 mg, Fmoc-PNA-G(Bhoc)-OH 16.5
mg); HBTU (5 equiv, 8.53 mg): DIPEA (5 equiv, 4 pL); ultrasonic
irradiation (10 min). Capping: 3 min (300 pL).

Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 5 (Fmoc-PNA-T-OH 11.2 mg, Fmoc-PNA-C(Bhoc)-OH 15.5
mg, Fmoc-PNA-A(Bhoc)-OH 16.1 mg, Fmoc-PNA-G(Bhoc)-OH 16.5
mg); PYAOP (5 equiv, 11.73 mg); DIPEA (5 equiv, 4 pL); ultrasonic
irradiation (10 min). Capping: 3 min (300 pL).

d) Fmoc-deprotection: 0.5 + 1 min (300 uL). Coupling: PNA monomer
equiv: 5 (Fmoc-PNA-T-OH 11.2 mg, Fmoc-PNA-C(Bhoc)-OH 15.5
mg, Fmoc-PNA-A(Bhoc)-OH 16.1 mg, Fmoc-PNA-G(Bhoc)-OH 16.5
mg), DIC/OXYMA (5 equiv 3.6 pL/3.2 mg); DIPEA (5 equiv, 4 pL);
ultrasonic irradiation (10 min). Capping: 3 min (300 pL).
Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 5 (Fmoc-PNA-T-OH 11.2 mg, Fmoc-PNA-C(Bhoc)-OH 15.5
mg, Fmoc-PNA-A(Bhoc)-OH 16.1 mg, Fmoc-PNA-G(Bhoc)-OH 16.5
mg); COMU (5 equiv, 9.64 mg); DIPEA (5 equiv, 4 pL); ultrasonic
irradiation (10 min). Capping: 3 min (300 pL).

b

-

—

C

—

e

4.9. US-PNAS: 4 equiv, 10 min

a) Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 4 (Fmoc-PNA-T-OH 9.1 mg, Fmoc-PNA-C(Bhoc)-OH 12.6 mg,
Fmoc-PNA-A(Bhoc)-OH 13.1 mg, Fmoc-PNA-G(Bhoc)-OH 13.4 mg);
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HATU (4 equiv, 6.84 mg); base solution (DIPEA 0.2 M, Lutidine 0.3
M); ultrasonic irradiation (10 min). Capping: 3 min (300 uL).

b) Fmoc-deprotection: 0.5 + 1 min (300 uL). Coupling: PNA monomer
equiv: 4 (Fmoc-PNA-T-OH 9.1 mg, Fmoc-PNA-C(Bhoc)-OH 12.6 mg,
Fmoc-PNA-A(Bhoc)-OH 13.1 mg, Fmoc-PNA-G(Bhoc)-OH 13.4 mg);
HBTU (4 equiv, 6.83 mg); DIPEA (4 equiv, 3.2 uL); ultrasonic irra-
diation (10 min). Capping: 3 min (300 uL).

¢) Fmoc-deprotection: 0.5 + 1 min. Coupling: PNA monomer equiv: 4
(Fmoc-PNA-T-OH 9.1 mg, Fmoc-PNA-C(Bhoc)-OH 12.6 mg, Fmoc-
PNA-A(Bhoc)-OH 13.1 mg, Fmoc-PNA-G(Bhoc)-OH 13.4 mg);
PYAOP (4 equiv, 2.35 mg); DIPEA (4 equiv, 3.2 uL); ultrasonic
irradiation (10 min). Capping: 3 min.

4.10. US-PNAS: 3 equiv, 10 min

a) Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA
monomer equiv: 3 (Fmoc-PNA-T-OH 6.8 mg, Fmoc-PNA-C
(Bhoc)-OH 9.5 mg, Fmoc-PNA-A(Bhoc)-OH 9.8 mg, Fmoc-PNA-
G(Bhoc)-OH 10.0 mg); coupling reagents (equiv): HATU (3
equiv, 5.13 mg); base solution (DIPEA 0.2 M, Lutidine 0.3 M);
ultrasonic irradiation (10 min). Capping: 3 min (300 pL).

15 4.11 US-PNAS: 2 equiv, 10 min

a) Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA
monomer equiv: 2 (Fmoc-PNA-T-OH 4.6 mg, Fmoc-PNA-C
(Bhoc)-OH 6.3 mg, Fmoc-PNA-A(Bhoc)-OH 6.5 mg, Fmoc-PNA-
G(Bhoc)-OH 6.7 mg); coupling reagents (equiv): HATU (2 equiv,
3.42 mg); base solution (DIPEA 0.2 M, Lutidine 0.3 M); ultrasonic
irradiation (10 min). Capping: 3 min (300 pL).

4.12. US-PNAS: HATU, 5 equiv, 5 min

Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 5 (Fmoc-PNA-T-OH 11.2 mg, Fmoc-PNA-C(Bhoc)-OH 15.5 mg,
Fmoc-PNA-A(Bhoc)-OH 16.1 mg, Fmoc-PNA-G(Bhoc)-OH 16.5 mg);
HATU (5 equiv, 8.55 mg); base solution (DIPEA 0.2 M, Lutidine 0.3 M);
ultrasonic irradiation (5 min). Capping: 3 min (300 pL).

4.13. US-PNAS: HATU, 2.5 equiv, 10 min

Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 2.5 (Fmoc-PNA-T-OH 5.7 mg, Fmoc-PNA-C(Bhoc)-OH 7.9 mg,
Fmoc-PNA-A(Bhoc)-OH 8.2 mg, Fmoc-PNA-G(Bhoc)-OH 8.4 mg);
coupling reagents (equiv): HATU (2.5 equiv, 4.23 mg); base solution
(DIPEA 0.2 M, Lutidine 0.3 M); ultrasonic irradiation (10 min). Capping:
3 min (300 pL).

4.14. US-PNAS: HATU, 2.5 equiv, 5 min

Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 2.5 (Fmoc-PNA-T-OH 5.7 mg, Fmoc-PNA-C(Bhoc)-OH 7.9 mg,
Fmoc-PNA-A(Bhoc)-OH 8.2 mg, Fmoc-PNA-G(Bhoc)-OH 8.4 mg);
coupling reagents (equiv): HATU (2.5 equiv, 4.23 mg); base solution
(DIPEA 0.2 M, Lutidine 0.3 M); ultrasonic irradiation (5 min). Capping:
3 min (300 pL).

4.15. US-PNAS: HATU, 1.2 equiv, 10 min

Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 1.2 (Fmoc-PNA-T-OH 2.9 mg, Fmoc-PNA-C(Bhoc)-OH 4.0 mg,
Fmoc-PNA-A(Bhoc)-OH 4.1 mg, Fmoc-PNA-G(Bhoc)-OH 4.2 mg);
coupling reagents (equiv): HATU (1.2 equiv, 2.1 mg); base solution
(DIPEA 0.2 M, Lutidine 0.3 M); ultrasonic irradiation (10 min). Capping:
3 min (300 pL).
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4.16. US-PNAS: HATU, 1.2 equiv, 5 min

Fmoc-deprotection: 0.5 + 1 min (300 pL). Coupling: PNA monomer
equiv: 1.2 (Fmoc-PNA-T-OH 2.9 mg, Fmoc-PNA-C(Bhoc)-OH 4.0 mg,
Fmoc-PNA-A(Bhoc)-OH 4.1 mg, Fmoc-PNA-G(Bhoc)-OH 4.2 mg);
coupling reagents (equiv): HATU (1.2 equiv, 2.1 mg); base solution
(DIPEA 0.2 M, Lutidine 0.3 M); ultrasonic irradiation (5 min). Capping:
3 min (300 pL).
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