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Abstract: A novel peptide-peptide ligation strategy is introduced that 

has the potential to provide peptide libraries of linearly or branched 

coupled fragments and will be suited to introduce simultaneous 

protein modifications at different ligation sites. Ligation is assisted by 

templating peptide nucleic acid (PNA) strands, and therefore, ligation 

specificity is solely encoded by the PNA sequence. PNA templating in 

general allows for various kind of covalent ligation reactions. As a 

prove of principle, a native chemical ligation strategy was elaborated. 

This PNA templated ligation includes easy on-resin procedures to 

couple linker and PNA to the respective peptides as well as a 

traceless photocleavage of the linker/PNA oligomer after the ligation 

step. A 4,5-dimethoxy-2-nitrobenzaldehyde based linker that allows 

the photocleavable linkage of two biooligomers was developed. 

Nature uses biomacromolecules as templates to facilitate efficient 

and selective product formation out of countless different 

reactants in low concentrations. These templates recognize 

reactants, bind them non-covalently, bring their reactive centers 

in close proximity, and therefore, increase the effective 

concentration of the reaction partners.[1] Chemists adopted this 

concept, and first template-directed ligation approaches were 

already developed in 1966 by Naylor and Gilham.[2] Most ligation 

approaches developed since focus on ligation of two 

complementary lagging strand fragments or ligation of the leading 

and the lagging strand.[3] This concept was expanded to template-

mediated transfer reactions[4] also allowing selective protein 

modifications.[5] Mainly nucleic acid derived templates have been 

used, but also peptidic templates are established like the self-

replication on amphiphilic β-sheet peptides,[6] protein templated 

peptide ligations[1], and coiled-coil motifs as guiding units.[7] The 

potential of template-directed reactions was demonstrated when 

applied to in vivo modifications of proteins.[8]  

 The advantage of nucleic acid derived templates is the 

sequence dependent recognition of reaction partners allowing for 

multiple orthogonal ligation events. Peptide nucleic acids (PNA) 

are well established as DNA surrogates with higher contribution 

of base pair recognition to duplex stabilities and lower mismatch 

tolerance compared to DNA and RNA.[9] The reduced solubility of 

PNA in water can be compensated with terminal lysine or arginine 

residues. We envisioned a PNA based template-directed peptide-

peptide ligation strategy that includes photocleavage of the PNA 

helper strands following the ligation reaction. In addition, this 

concept gives access to difficult to synthesize branched peptides, 

which have therapeutical potential as multivalent binders.[10] 

 The general concept introduced herein is based on 

biooligomer hybrids of the respective peptide to be ligated with 

corresponding PNA recognition sequence. The PNA and peptide 

oligomers are joined by a photocleavable linker providing hybrid 

oligomers like 1 and 2 (Scheme 1). Hybrids with complementary 

PNA sequences assemble due to PNA base pairing bringing the 

ligation sites of peptides 1 and 2 in proximity, thereby, facilitating 

the ligation reaction. For covalent linkage of the peptide fragments 

a native chemical ligation (NCL) approach is used creating a 

native amide bond.[11]  Finally, the PNA recognition units can be 

cleaved by irradiation of ligation product 3 yielding peptide 4.  

 

Scheme 1. Concept of the template-directed ligation strategy applying 

photocleavable PNA strands. Two PNA/peptide hybrids with complementary 

PNA strands recognize each other by PNA base pairing. The reactive centers 

of the peptides are brought in close proximity and the ligation takes place. After 

the ligation, the PNA strands can be cleaved by irradiation. PCL = 

photocleavable linker. 
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 The design of the photocleavable linker was derived from 1-

(2-nitrophenyl)propargyl alcohol used as photolytically cleavable 

linker of two peptide fragments.[12] Nitrobenzene derivatives are 

appropriate linkers based on their photochemical properties[13] 

and use as peptide caging groups.[12, 14] In order to avoid 

interference of deprotection with the nucleobase absorption the 

wavelength for uncaging was shifted to 347 nm applying the 3,4-

methoxy nitrobenzene derivative.[15] The respective peptide was 

bound to the N,N'-disuccinimidyl carbonate (DSC) activated linker 

followed by attachment of the PNA oligomer by copper-catalyzed 

[2+3] cycloaddition between an azide in the linker and an alkyne 

modified PNA strand. This linker unit allows efficient N-terminal 

on-resin functionalization of the peptide and on-resin click-

chemistry to attach the peptide with linker to the resin-bound PNA 

oligomer.  

 The photocleavable linker was synthesized starting from 

4,5-dimethoxy-2-nitrobenzaldehyde (5, Scheme 2). Wittig 

reaction provided the corresponding alkene 6 which was 

converted into epoxide 7 by treatment with meta-

chloroperoxybenzoic acid (mCPBA). Nucleophilic ring-opening 

provided azide 8 in a 2:1 mixture with the non-desired regioisomer. 

Finally, the alcohol was activated with DSC to give the 

photocleavable linker 9. 

 

Scheme 2. Four-step synthesis of the photocleavable linker 9. 

NaHMDS = sodium bis(trimethylsilyl)amide. 

 The respective peptide was prepared by solid phase peptide 

synthesis (SPPS) on a Wang resin and as final coupling step the 

activated linker 9 was attached to the N-terminus of peptide 12 

followed by cleavage from solid support (Scheme 3). The linker 

was efficiently attached and not affected by the conditions applied 

for cleavage from the resin. Also, PNA 10 was obtained by SPPS 

on a rink amide MBHA resin and was N-terminally functionalized 

with propiolic acid applying only a small excess of activator N-

ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) in DMF. 

Full conversion to PNA 11 was obtained using base-free coupling 

conditions in order to avoid side-reactions upon deprotonation of 

the alkyne. The peptide-linker construct was attached to the resin 

bound alkyne functionalized PNA strand 11 by copper-catalyzed 

azide-alkyne cycloaddition. The resulting triazole 14 was obtained 

in high purity as indicated by HPLC and MS analysis.  

 For covalent NCL a thioester and a cysteine are required. 

As thioesters are labile under basic conditions applied for Fmoc 

deprotection during SPPS, a thioester precursor was incorporated 

into the peptide using Melnyk's bis(2-sulfanylethyl)amido (SEA) 

group introduced to the glutamic acid side chain.[16] After 

synthesis of hybrid 14, the SEA group was transformed into its 

corresponding 3-mercaptopropionic acid (MPA) thioester 15 in 

order to obtain reasonable reaction rates during ligation.  

 The preparation of the second hybrid 16 with the cysteine 

containing peptide and complementary PNA sequence followed 

the same strategy as for hybrid 14. The cysteine was introduced 

coupled to the side chain of 2,3-diamino propionic acid (Dap) 

being the second last N-terminal amino acid of the peptide 

sequence. The availability of thiol and amino functions for the 

ligation allows the irreversible S,N-shift reaction and provides a 

stable peptide bond. Dap was used instead of lysine because less 

background reaction was expected when the reactive center is 

closer to the backbone.  

 

Scheme 3. Convergent strategy for the peptide/PNA hybrid synthesis. 

Modification of the PNA strand (11), attachment of the caging group (13) and 

subsequent PNA/peptide synthesis by CuAAC (14) are equal for all hybrids. For 

thioester hybrids an additional transthioesterification step is necessary.  

 Since peptide-peptide ligation should be facilitated by 

recognition of complementary PNA sequences, the PNA duplex 

needed to be formed at room temperature and the ligation being 

applicable in aqueous buffer at neutral pH. The PNA sequences 

were taken from literature[17] and it was ensured that the melting 

temperature of 46 °C remains also for the PNA/peptide hybrids 
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(Supporting Information). The native chemical ligation 

approaches were performed in degassed NaH2PO4 buffer 

(pH 7.0) with tris(2-carboxyethyl)phosphine (TCEP) as a reducing 

agent at room temperature. The cysteine hybrid 16 was allowed 

to equilibrate for 30 min to remove the StBu protecting group 

before the thioester hybrid 15 was added. No additional additives, 

such as thiols were required since the template effect ensured a 

fast reaction even with the moderately reactive MPA thioester. 

The reaction was monitored by LC-MS. After 2 h 53% of the 

thioester was consumed and after 8 h a conversion of 67% was 

observed (Scheme 4). This result was reproduced in a second 

ligation reaction differing in peptide sequences (Supporting 

Information). In case the thioester containing amino acid is 

sequentially flanked by glycines, aspartimide formation-like 

cyclization was observed. Nevertheless, cyclization was 

significantly slower than the ligation reaction and in case of 

alanines or other sterically more demanding amino acids no 

cyclization was observed (Supporting Information).  

 

Scheme 4. Template-directed native chemical ligation between thioester hybrid 

15 and cysteine hybrid 16. HPLC chromatograms after 0, 1, 2, 4, 6, and 8 h 

indicate consumption of hybrids 15 and 16 and formation of ligation product 17. 

Conversion of thioester hybrid 15: 38% (1 h), 53% (2 h), 62% (4 h), 64% (6 h), 

67% (8 h). 

 In order to ensure the impact of templating PNAs a 

comparable ligation was conducted with hybrids containing non-

complementary PNA oligomers (identical sequences). We found 

that non-templated ligation reactions proceed more than three 

times slower than templated ligation reactions. (Supporting 

Information).  

 Finally, photochemical cleavage of the linker/PNA was 

attempted to deliberate the ligated peptide. First attempts 

provided massive by-product formation most likely caused by the 

free thiol group of the ligation product since this group is prone to 

formation of radicals leading to side reactions such as hydrogen 

abstraction, decarboxylation or fragmentation reactions.[18] 

Therefore, prior to photocleavage the thiol was capped with 

iodoacetamide in the ligation solution immediately following NCL. 

In case the peptide sequence contains additional cysteins, NCL 

based on selenocysteines will be considered which allows 

selective deselenization afterwards.[19] Quantitative conversion 

was obtained forming the capped oligomer 18; only 

monoalkylated product was observed.  

 Photocleavage of ligated hybrid 18 was performed at 347 

nm, 400 Watt (Scheme 5). After 45 min of irradiation 91% of the 

oligomer was converted providing 68% of ligated peptide 19, the 

templating oligomers 20 and 21, and only minor amounts of by-

product as indicated by ESI-MS of the crude reaction mixture 

(Scheme 5). Interestingly, the caging group was cleaved at two 

different positions. As expected, cleavage occurred at the 

carbamate function and tracelessly released the unprotected 

peptide. Nevertheless, photolytic cleavage also appeared at the 

triazole breaking the C-N bond since the triazole is located at the 

β-carbon with respect to the nitrophenyl moiety and triazole being 

a good leaving group.[20] Despite these two cleavage sites the 

overall deliberation of the ligated peptide was successfully 

obtained.  

 

Scheme 5. a) Photocleavage of compound 18 provided the template units 20 

and 21 and the released peptide 19. b) Left-hand side: HPLC chromatogram of 

18 before irradiation. Right-hand side: HPLC chromatogram after 45 min of 

irradiation. c) ESI-MS spectrum of the crude reaction mixture after irradiation. 

 In conclusion, an easily applicable and efficient protocol is 

described for a new template-directed ligation strategy using 

photocleavable guiding units. The PNA/peptide hybrids, linked by 

a novel photocleavable linker, were readily synthesized, the 
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ligation proceeded smoothly with good conversions and a 

template effect was demonstrated. Finally, photolysis provided 

traceless cleavage of the templating strands providing ligated 

peptide 19. The strategy offers the possibility to synthesize 

branched peptides with therapeutical potential.[10b] The template-

mediated ligation of C- to N-terminal linked and N-terminally 

linked peptides has been explored,[6, 21] here a strategy was 

introduced for template-directed synthesis of branched peptides. 

Currently, we are applying this ligation strategy to combinatorial 

chemistry approach for peptide libraries encoded by a variation of 

PNA sequences. Furthermore, the PNA mediated ligation 

strategy will be explored for simultaneous protein modification at 

different ligation sites as recently described for a library with 

different protein-conjugates.[22] 

Keywords: peptide ligation • templated reactions • 

photocleavable linker • peptide nucleic acid • native chemical 

ligation 
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A novel template-directed native chemical ligation strategy applying photocleavable 

PNA strands is presented. PNA/peptide hybrids, connected by a photocleavable 

linker, recognize by PNA base pairing and the reactive centers are brought in close 

proximity facilitating the ligation. Afterwards, the templating PNA oligomers can be 

cleaved by irradiation. 
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