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ABSTRACT: Peptides featuring an N-terminal cysteine residue and the unnatural amino acid 3-(2-cyano-4-pyridyl) alanine (Cpa) 

cyclize spontaneously in aqueous solution at neutral pH. Cpa is readily available and easily introduced into peptides using standard 
solid-phase peptide synthesis. The reaction is orthogonal to all proteinogenic amino acids, including cysteine residues that are not at 

the N-terminus. A substrate peptide of the Zika virus NS2B-NS3 protease cyclized in this way produced an inhibitor of high affinity 

and proteolytic stability. 

Macrocyclic peptides fill an underexplored area of chemical 

space between small molecule therapies and larger antibodies. 

They constitute promising drug candidates and valuable tools in 
chemical biology.1 Cyclization often enhances metabolic 

stability by greater resistance towards proteolysis and can 

promote biological uptake across cell membranes.2 Currently 

available chemical strategies for macrocyclization, however, 
are not trivial and often require heavy metal catalysis, organic 

solvents, purification procedures, or other conditions that are 

bioincompatible.3 

 The click reaction between 1,2-aminothiols (as in an 

N-terminal cysteine residue) and activated nitriles is a yet 

underexplored chemical ligation strategy to enable conjugation 
and macrocyclization under biocompatible conditions,4 

facilitating applications from nanoparticle design to imaging 

techniques.5 The reaction is a two-step condensation that 

involves an initial nucleophilic attack of the sulfhydryl group at 
the nitrile carbon to form a thioimidate intermediate, followed 

by condensation to the final dihydrothiazole with release of 

ammonia (Scheme 1a). In the present study we employ this 
chemistry to selectively cyclize peptides between an N-terminal 

cysteine residue and the unnatural amino acid L-3-(2-cyano-4-

pyridyl)alanine (Cpa). Unlike less activated nitriles (e.g. 
benzonitrile), cyanopyridines react rapidly with cysteine.4a-c In 

this study, we investigated the 2-cyano-4-pyridyl substitution 

pattern for peptide macrocyclization. We developed a 
straightforward method to synthesize Fmoc-protected Cpa (12) 

in high yield from commercially available Fmoc-L-3-(4-

pyridyl)alanine (~$40/g) by oxidation to the N-oxide 

intermediate (11) followed by regioselective cyanation in a total 

yield of 58% over two steps (Scheme 1b).6  

Scheme 1. (a) Condensation reaction between 2-cyanopyridine and 

N-terminal cysteine to 2-(pyridin-2-yl)-4,5-dihydrothiazole. (b) 

Two-step synthesis of Fmoc-L-3-(2-cyano-4-pyridyl)alanine 

(Fmoc-Cpa, 12) from commercially available Fmoc-L-3-(4-

pyridyl)alanine. (c) Solid-phase peptide synthesis (SPPS) of 

peptides containing Cpa and their subsequent condensation with N-

terminal cysteine to macrocyclic peptides in aqueous solution. 

 



 

Table 1. Sequences and cyclization parameters of investigated 

peptides. 

linear peptidea cyclic peptide 
cyclization 

parametersc 

cpd. sequenceb  cpd. sequence  
yield 

(%)d 

half-time 

(min)e 

1a CGKRKSCpa-NH2 1b 

 

98 8.3  0.2 

2a CCKRKSCpa-NH2 2b 

 

90 2.5  0.1 

3a CFKRKSCpa-NH2 3b 

 

97 3.4  0.2 

4a CEKRKSCpa-NH2 4b 

 

93 3.3  0.1 

5a CGKRKSCpaLI-NH2 5b 

 

96 4.4  0.1 

6a CKRKSCpa-NH2 6b 

 

92 8.5  0.1 

7a CKRKWCpa-NH2 7b 

 

97 7.3  0.1 

8a CGKRKCpa-NH2 8b 

 

97 8.4  0.1 

9a CRKSCpa-NH2 9b 

 

91 2.7  0.1 

10a CKRKCpa-NH2 10b 

 

94 2.8  0.1 

a Peptides synthesized by Fmoc solid-phase peptide synthesis using Rink amide resin. 

b Cpa, L-3-(2-cyano-4-pyridyl)alanine. c Cyclization was monitored by LC-MS in 10 

mM Tris-HCl pH 7.5, 1 mM TCEP buffer at a peptide concentration of 75 M. d Yields 

were calculated from LC-MS data. e Half-times were calculated from LC-MS data 

assuming first-order reaction kinetics. 

 Compound 12 can readily be incorporated into 

peptides by standard Fmoc solid-phase peptide synthesis 

without any observed side reactions under standard coupling 
and cleavage conditions (Scheme 1c). Following cleavage from 

the solid support, the linear peptides (1a-10a) are isolated under 

acidic conditions. Subsequent exposure to buffered aqueous 
solution at pH 7.5 results in spontaneous cyclization (1b-10b) 

via dihydrothiazole formation (Scheme 1c). 

We analyzed the macrocyclization process for ten 
peptides of different length and sequence (Table 1). With 5-7 

amino acid residues they are just in the intriguing chemical 

space between small molecules and much larger, less-strained 

macrocycles. Figure 1 shows detailed results for the model 
peptide pair 1 (a, linear; b, cyclic) that comprises seven amino 

acids, including Cpa and the N-terminal cysteine. As expected, 

the cyclization reaction follows first-order kinetics. The 
observed half-time at pH 7.5 was below 10 minutes (Figure 1b), 

indicating full completion after 1 hour. No significant by-

products were detected during cyclization (Figure 1c), and the 
absence of linear or cyclic oligomers was confirmed by mass 

spectrometry (Figure 1d). The high specificity of the 

macrocyclization is reflected by excellent cyclization yields 
greater than or equal to 90% for all peptides analyzed (Table 1). 

We observed full conversion of 1a to 1b after 3 hours at 

different pH values ranging from 6 to 8 in commonly used 

buffer systems (MES, Tris, HEPES, MOPS). In addition, we 
confirmed the tolerance for organic solvents and found that the 

cyclization completes within 2 hours in excess of DMF (Table 

S5).  

We further analyzed the orthogonality of the 

cyclization reaction with respect to other potentially interfering 
amino acid side chains. The presence of a second cysteine 

residue next to the N-terminal cysteine (2) only marginally 

reduces the reaction yield from 98% to 90% compared to a 

glycine residue in the same position (1). A bulkier 
phenylalanine side chain (3) or a negatively charged glutamate 

(4) next to the N-terminal cysteine as well as C-terminal 

extensions beyond the Cpa residue (5) are equally well 
tolerated. The cyclization half-times of all macrocycles 

comprised of seven amino acids (1b-5b) were between 2.5 and 

8.3 minutes. We investigated three peptides that contain only 
six amino acids (6-8) and found that, on average, they cyclize 

only insignificantly slower (half-times between 7.3 and 8.5 

min). Selective cyclization of these constrained peptides was 

also not impacted by a bulky and hydrophobic tryptophan side 
chain directly next to the Cpa residue (7). We further generated 

constrained macrocycles that contain only five amino acids 

(including the cysteine and Cpa residues), which cyclized even 
faster than those comprised of six residues with reaction half-

times below 3 minutes (9, 10).  

 

Figure 1. Selective macrocyclization of peptide 1a to 1b in 

aqueous solution (pH 7.5) at a concentration of 75 M. (a) Scheme 

of spontaneous intramolecular condensation of compound 1a to 

form macrocycle 1b. (b) First-order reaction kinetics of the 

transformation of 1a (black) into 1b (red) with a reactant half-life 

time of 8.3 minutes. Measurements were performed in triplicate 

with error bars representing one standard deviation. The continuous 

lines correspond to mono-exponential fits. (c) Superimposed LC-

MS chromatograms of 1a (black) and its subsequent transformation 

into 1b (red) after 60 min of incubation demonstrating quantitative 

conversion. (d) Superimposed mass spectra of 1a (black) and 1b 

(red) corresponding to the LC-MS chromatograms presented in (c). 

 The presented peptides are part of a series of protease 

inhibitors targeting Zika and related flaviviruses. The Zika virus 

protease NS2B-NS3 (ZiPro) is responsible for the procession of 
a viral precursor-polyprotein that is essential for viral 

replication in host cells.7 Following the nomenclature for 

protease subsites introduced by Schechter and Berger,8 the 
proteases from Zika and related flaviviruses recognize basic 

side chain residues (arginine or lysine) in the P1–P3 and smaller 

uncharged residues in the P4 and P1’ positions.9 Macrocyclic 



 

peptides that act as allosteric inhibitors of ZiPro have recently 
been reported,10 but no cyclic substrate-analogs that bind to the 

active site are known. Using the method described here, we 

readily cyclized the ZiPro substrate spanning residues P4 to P1’ 
(GKRKS) by adding N-terminal cysteine and C-terminal Cpa 

residues to the sequence (1a). This simple procedure generated 

a competitive active-site inhibitor of ZiPro of remarkable 

affinity (Ki = 0.14 M, Figure 2d) and stability. Although cyclic 

peptide 1b reflects the substrate sequence, the proteolytic 

cleavage is very slow, with only about half of cyclic 1b being 

processed by ZiPro to the linear peptide 1c after 20 h of 
incubation (Figure 2a-c, Figure S1a). In striking contrast, the 

half-life of the linear ZiPro substrate (Bz-nKKR-AMC; n, 

norleucine; AMC, 7-amino-4-methylcoumarin) under identical 
conditions is less than one minute (Figure S1b). To assess the 

conformational constraint induced by macrocyclization, we 

assigned the 1H and 13C NMR resonances of 1b (Table S3), 

measured 3J(HN,H) couplings of the peptide backbone (Table 

S4), and analyzed the data with the dihedral angle prediction 

program TALOS+,11 which indicated a disordered structure. 
Despite the apparent flexibility of the macrocycle, the 

cyclization of 1a to 1b may pre-organize the substrate residues 

for recognition yet compromise the optimal positioning of the 

cleavage site in the proteolytic center. 

 

Figure 2. Macrocyclic peptide 1b interacting with the Zika virus 

protease NS2B-NS3 (bZiPro). (a) Scheme of proteolytic digestion 

of 1b to 1c by bZiPro with a half-life of approximately 20 h. The 

proteolytic cleavage site between the P1 lysine and P1’ serine 

residues is highlighted in blue. (b) Crystal structure of bZiPro in 

complex with 1c at a resolution of 2.0 Å (PDB code: 6JPW). NS2B 

(magenta) and NS3 (yellow) are shown as ribbons and 1c (green) 

is represented as sticks. The bZiPro residues involved in 

interactions with 1c are labeled and shown as sticks and described 

in detail in the Supporting Information. (c) LC-MS chromatogram 

and corresponding mass spectra after 20 h of incubation of 1b (5 

M) in the presence of 1% bZiPro (50 nM) in 10 mM Tris-HCl pH 

8.5, 20% (v/v) glycerol, 1 mM CHAPS. About half of 1b was 

proteolytically digested to 1c after 20 h of incubation. (d) Dixon 

plot for macrocyclic peptide 1b and bZiPro, demonstrating a 

competitive inhibition mechanism with a Ki value of 0.14 M. 

Measurements were performed in triplicate in 10 mM Tris-HCl pH 

8.5, 20% (v/v) glycerol, 1 mM CHAPS using Bz-nKKR-AMC (n, 

norleucine; AMC, 7-amino-4-methylcoumarin) as fluorescent 

substrate. Error bars indicated one standard deviation. 

  We set out to determine the crystal structure of ZiPro 
(prepared from a construct in which NS2B and NS3 are 

unlinked, referred to as bZiPro)12 in complex with the cyclic 

peptide 1b, but observed the cleavage product 1c (Figure 2b, 
Figure S2). The asymmetric unit contained four bZiPro 

molecules, three of which were occupied by peptide 1c with 

nearly identical binding modes (Figure S3). Comparison of the 

complex with previously reported bZiPro–ligand co-crystal 
structures containing substrate-derived ligands reveal similar P1 

and P2 interactions and P1–P3 backbone conformations (Figure 

S4).13 Instead of adopting a horse-shoe like conformation as 
observed previously, the P3 lysine side chain of 1c is flipped 

(Figure S4b) and the main chain residues exit bZiPro at a 

hydrophobic grove (Figure S2d). 

 The phenomenon that the proteolytic cleavage 

product remains bound to bZiPro has been described recently 

for a linear substrate-derived peptide.13b In contrast to linear 

peptides, where the prime-site residues dissociate after 
cleavage, however, all parts of the bZiPro inhibitor 1c continue 

to engage in binding interactions with the protease after 

proteolysis of the cyclic inhibitor 1b. As 1b gets proteolytically 
cleaved only very slowly (t1/2 ~ 20 h) and remains bound to the 

catalytically active center after cleavage, it has promising 

characteristics for lead compounds.  

 In conclusion, the condensation reaction of cysteine 

with 3-(2-cyano-4-pyridyl)alanine represents an extraordinarily 

straightforward and selective strategy for peptide cyclization. 
The reaction is orthogonal to all proteinogenic amino acids, 

proceeds very quickly at neutral pH and can be employed to 

generate constrained macrocycles in high yield. Synthesis of the 

unnatural amino acid Cpa is straightforward and inexpensive, 
and Fmoc-Cpa (12) is easily accessible and suited for automatic 

solid-phase peptide synthesis, making peptide cyclization 

amenable to researchers with limited access to synthetic 
chemistry. With growing demand for constrained peptide 

macrocycles in the biosciences,1 the method presented here can 

be expected to find many applications, including drug design 
campaigns for targets with shallow ligand binding sites such as 

the Zika virus NS2B-NS3 protease.  
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