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Scheme 1. The four PNA building blocks used
Microwave heating facilitates peptide nucleic acid synthesis offering a fully automated and efficient
synthetic strategy to PNA–peptide conjugates.

� 2008 Elsevier Ltd. All rights reserved.
Peptide nucleic acids (PNAs) are a DNA/peptide hybrid consist-
ing of an amide backbone with 2-aminoethyl glycine linkages in
place of the phosphodiester DNA backbone, upon which the four
nucleobases, adenine (A), cytosine (C), guanine (G), and thymine
(T) are displayed.1,2 PNA is a wonderful mimic of DNA, to which
it hybridizes following the standard Watson–Crick base pairing,3

with the binding affinity and selectivity of PNA toward DNA being
stronger and more discriminative than that between DNA/DNA and
DNA/RNA due to the absence of electrostatic repulsion (PNA is
non-charged).3 Furthermore, PNA is stable over a wide pH range
and is resistant to both nucleases and proteases,4 making PNA a
molecule of choice for gene therapy applications, and also for
high-throughput analysis using PNA microarrays, although these
have been little explored.5–9

The orthogonal, solid phase, synthesis of PNA–peptide conju-
gates using a Dde/Fmoc strategy with Dde/Mmt protected PNA
monomers 1–4 (Scheme 1) and Fmoc/tBu protected amino acids
has been reported previously,10–13 however, this approach is time
consuming and non-automated, limiting wider applications of
PNA in chemistry and biology. Here we report an automated
orthogonal microwave synthesis of PNA–peptide conjugates, and
illustrate this strategy with the synthesis of two specific recep-
ll rights reserved.
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in this project: (1) Guanine-mono
tor-based, cellular binding, PNA–encoded peptide ligands, Arg-
Gly-Asp-12-mer-PNA and Arg-Gly-Glu-12-mer-PNA.11,12,13

Resin 5 (Scheme 2) and the PNA monomers 1–4 were synthe-
sized according to previously reported procedures,10 with the sole
exception that the coupling of the functionalized nucleobases to
the backbone was carried out with solid-supported dicyclohexyl-
carbodiimide (PS-DCC) rather than conventional DCC.14,15

PNA–peptide synthesis was carried out in an automated CEM
peptide synthesizer. Dde-deprotection was carried out under
either acidic (20% NH2OH�HCl/imidazole 1:0.75 in NMP/DMF 5:1)
or more traditional basic conditions (20% NH2OH�H2O/imidazole
1:0.75 in NMP/DMF 5:1) under microwave irradiation or at room
temperature.16 PNA monomer coupling (see Scheme 2) was medi-
ated using pre-activated monomers (0.22 M Dde-monomer,
5.5 equiv) in DMF, mixed with 0.20 M PyBOP (5 equiv) also in
DMF and with NEM (11 equiv) for 1 min and microwave irradiation
for 20 min at 60 oC. After PNA monomer coupling the filtrate was
collected and unreacted monomers were recovered.17

PNA synthesis with Dde-deprotection under basic conditions
(NH2OH�H2O/imidazole 1:0.75 in NMP/DMF 5:1) with microwave
heating was observed to produce multiple products (see Fig. 1),
with the relatively reactive 2-ethylamino groups facilitating acyl
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mer, (2) Adenine-monomer, (3) Thymine-monomer, (4) Cytosine-monomer.
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Scheme 2. Orthogonal coupling of Dde/Mmt protected PNA monomers and Fmoc/tBu-protected amino acids (a) 20% NH2OH�HCl/imidazole 1:0.75 in NMP/DMF 5:1, 1 h at rt
or microwave irradiation, 10 min, 60 oC; (b) 5.5 equiv Dde-monomer, 5 equiv PyBOP, and 10 equiv N-ethylmaleimide (NEM) in DMF, microwave irradiation, 20 min, 60 oC; (c)
20% piperidine in DMF, 2 � 10 min, rt; (d) 5 equiv amino acid, 5 equiv HTBU/HOBt, 10 equiv DIPEA in DMF, microwave irradiation, 20 min, 60 oC. Resin = PEGA (0.04 mmol/g).
Xa.a = Asp or Glu. XPNA = A or T. FAM = 5(6)-carboxyfluorescein.

Figure 1. (a) RP-HPLC of PNA-TGTT TCAT synthesized under basic Dde-deprotection conditions (20% NH2OH�H2O/imidazole 1:0.75 in NMP/DMF 5:1). Column: Phenomenex
Luna, C18, 15 cm � 1.00 cm, 5 lm.; k = 220 nm; Buffer A: H2O with 0.1% TFA; Buffer B: CH3CN with 0.1% TFA, eluting with 95% A to 95% B over 3 min; 100% B for 1 min. (b) RP-
HPLC of Arg-Gly-Glu-12-mer-PNA synthesized under acidic Dde-deprotection conditions (20% NH2OH�HCl/imidazole 1:0.75 in NMP/DMF 5:1). Eluting with A for 5 min; 100%
A to 100% B over 20 min; 100% B for 5 min.
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migration of the nucleobase acetyl moiety to the N-terminal posi-
tion.10 Under slightly acidic conditions (20% NH2OH�HCl/imidazole
1:0.75 in NMP/DMF 5:1), the key advantage of the NH2OH�HCl
deprotection conditions are highlighted, namely the elimination
of this side reaction, which makes PNA synthesis problematic,
while also illustrating its compatibility with microwave
heating.

The PNA–peptide conjugate was synthesized using the slightly
acidic conditions for Dde removal (20% NH2OH�HCl/imidazole
1:0.75 in NMP/DMF 5:1), and Fmoc-deprotection and amino acid
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couplings were carried out according to standard literature proce-
dures18 (see Scheme 2). Following Fmoc-synthesis, the peptide was
capped with acetic anhydride/pyridine (1:1) for 20 min, before the
PNA was capped with 5(6)-carboxyfluorescein. The resin was trea-
ted with piperidine to cleave any fluorescein ester dimers. The pep-
tide–PNA conjugates were cleaved from the solid support with TIS/
TFA19 and purified by RP-HPLC (column: Phenomenex Luna, C18,
15 cm � 1.00 cm � 5 lm). Arg-Gly-Glu–TATC-TGTT-TCTA conju-
gate 12.42 min, MALDI-TOF m/z calcd for C178H223N69O55 [M]+

4208.68, found 4206.33. Arg-Gly-Asp–TATC-TGTT-TCAT conjugate
12.37 min, MALDI-TOF: m/z calcd for C177H221N69O55 [M]+

4194.67, found 4193.04.
Using these acidic Dde-deprotection conditions, the peptide-

PNA constructs Arg-Gly-Asp–TATC-TGTT-TCAT and Arg-Gly-Asp–
TATC-TGTT-TCTA (see Scheme 2, Fig. 1) were synthesized with all
PNA and amino acid coupling and deprotection cycles carried out
in an automated microwave peptide synthesizer (CEM).

Synthetically difficult PNA-sequences containing multiple poly-
thymine residues10,11 gave rise to single peaks following HPLC
analysis (see Fig. 1) with overall isolated yields of 14% and 16%
(over 40 steps) for the conjugates Arg-Gly-Asp–TATC-TGTT-TCTA
and Arg-Gly-Asp–TATC-TGTT-TCAT, respectively.

Mild thermal effects achieved via microwave heating acceler-
ated PNA synthesis, and allowed the automated synthesis of large
PNA–peptide conjugates while improving the synthetic efficacy.
This approach achieved PNA synthesis in a manner orthogonal to
Fmoc chemistry, and in a way that prevented unwanted PNA side
reactions, which suggests Dde-chemistry as the method of choice
for PNA synthesis.
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