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Abstract 

Native chemical ligation (NCL) enables the direct chemical synthesis and 

semisynthesis of proteins of different sizes and compositions, streamlining the access 

to proteins containing posttranslational modifications (PTMs). NCL assembles 

peptide fragments through the chemoselective reaction of a C-terminal α-thioester 

peptide, prepared either by chemical synthesis or via intein-splicing technology, and a 

recombinant or synthetic peptide containing an N-terminal Cys. Whereas the 

generation of C-terminal α-thioester proteins can be achieved via the recombinant 

fusion of the sequence of interest to an intein domain, chemical methods can also be 

used for synthetically accessible proteins. The use of Fmoc -solid- phase peptide 

synthesis (Fmoc-SPPS) to obtain α-thioester peptides requires the development of 

novel strategies to overcome the lability of the thioester bond toward piperidine 

Fmoc-removal conditions. These new synthetic methods enable the easy introduction 

of PTMs in the thioester fragment. In this chapter, we describe an approach for the 

synthesis and use of C-terminal α-N-acylbenzimidazolinone (Nbz) and α-N-acyl-

N′’-methylbenzimidazolinone (MeNbz) peptides in NCL. Following stepwise 

peptide elongation, acylation with p-nitrophenylchloroformate and cyclization affords 

the Nbz/MeNbz peptides. The optimization of the coupling conditions allows the 
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chemoselective incorporation of the C-terminal amino acid (aa) on the 3,4-

diaminobenzoyl (Dbz) and prevents undesired diacylations of the resulting o-

aminoanilide. Following synthesis, these Nbz/MeNbz peptides undergo NCL 

straightforwardly at neutral pH catalyzed by the presence of arylthiols. Herein, we 

apply the Nbz technology solid phase synthesis, NCL-mediated cyclization and 

folding of the heterodimeric RTD-1 defensin, an antimicrobial peptide isolated from 

the rhesus macaque leukocytes. 
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1. Introduction 

1.1. C-Terminal Peptide Thioesters in NCL: Fmoc Approaches 

Native chemical ligation is a chemoselective, epimerization-free amide bond 

formation reaction between two unprotected peptides, one of them functionalized with 

a thioester group at the C-terminal side and the other featuring an N-terminal Cys (Fig. 

1a) [1–6]. Both fragments react in aqueous solution under mild conditions (pH  6.5–-

7.5, 25–-37  °C) and the use of chaotropic agents such as guanidine hydrochloride, 

urea or sodium dodecyl sulfate, improves the solubility of the fragments and hence 

the overall efficiency. Despite the reaction is constrained to the presence of Cys at the 

ligation site, continuous work on the field has allowed to expand it to other residues. 

Therefore, it is currently possible to carry out NCL at other amino acidsa furnished 

with a thiol group at ß or γ-position [7, 8], as well as at Gly through the use of N-

auxiliaries (Fig. 1b) [9, 10]. Following NCL, the natural amino acid can be restored 

by desulfurization [7, 11–13]. More importantly, the efficient preparation of peptide 

α-thioesters by Fmoc-SPPS, which is compatible with PTMs such as glycosyilations 

and phosphorylations, has presented a major synthetic challenge due to the lability of 

the thioester bond toward aminolysis by piperidine. A variety of different approaches 

have been devised including: (1) the Kenner’s sulfonamide safety-catch linker [14, 



15], (2) activation of protected peptides in solution [16], (3) the backbone amide 

linker (BAL) [17], (4) solid phase side-chain anchoring bearing orthogonal α-carboxy 

protection [18–20], (5) O- to- S and N- to- S intramolecular acyl transfer reactions 

[21–23], (6) activation of C-terminal peptide hydrazides for acyl-azide to S transfer 

[24, 25], (7) oxidation of o-aminoanilides to generate active benzotriazoles [26–28]. 

Common to the majority of these methods is the utilization of inactivated precursors 

that, upon activation, can be transformed into thioesters in the presence of thiol 

additives. Both, the coupling of the C-terminal amino acida to the linker and the 

thioesterification are critical steps, since they usually involve the conversion of the 

precursor into a high energy-rich intermediate that is susceptible to epimerization [29]. 

Thus, there have been many efforts to find strategies that involve mildly activated 

intermediates that subsequently undergo transthioesterification to generate the desired 

thioesters. The first generation Nbz and later the second generation MeNbz 

approaches were introduced with the aim of facilitating the synthesis of α-thioester 

peptides via simple and robust methods overcoming limitations of previous 

approaches. 

 

1.2. N-Acylurea Peptides as Thioester Surrogates 

The Nbz [30–32] and the MeNbz [33] method provide a new strategy for the 

synthesis of C-terminal α-thioester peptides. Using the most simple and powerful 

reaction in peptide synthesis, the acylation of an amine, followed by a 5-member ring 

intramolecular cyclization, the Nbz/MeNbz peptides furnish a straightforward and 

simple route for the preparation of these key intermediates in NCL. 

Nbz and MeNbz peptides are readily synthesized from the commercially available 3-

(Fmoc-amino)-4-aminobenzoic acid (Fmoc-Dbz) and 3-(Fmoc-amino)-4-

(methylamino)benzoic acid (Fmoc-MeDbz) or from Fmoc-Dbz and Fmoc-MeDbz 

resins (Fig. 2). Starting from a resin derivatized with a Rink, PAL (peptide amide 

linker) or a similar TFA cleavable linker, first a Gly is introduced as a spacer before 

the coupling of the Fmoc-Dbz or Fmoc-MeDbz (resin 1). Following Fmoc-

deprotection, the C-terminal amino acida is incorporated using standard peptide 

coupling conditions (HBTU, HATU or DIC/HOOBt). Achieving selective acylation 

of the C-terminal amino acidaa (Table 1) avoids undesired diacylations of the Dbz 

derivative. On the other hand, the Me group of the MeDbz linker endows a natural 



protection to the unprotected o-(methylamino)anilide offering a wider range of 

applications which includes microwave assisted SPPS and difficult Gly-rich 

sequences [33]. The anilide bond is stable under standard conditions for Fmoc-SPPS 

including TFA cleavage. After peptide elongation, the peptide-Dbz (but not the 

peptide-MeDbz) can be alternatively cleaved from the resin and used to generate 

benzotriazoles that also undergo thioesterification and NCL [26–28]. 

The resin-bound o-aminoanilide/o-(methylamino)anilide peptide 2 is acylated with p-

nitrophenylchloroformate and, upon short basic treatment with concomitant 

intramolecular cyclization, the resulting peptide-Nbz/MeNbz 3 is released from the 

resin through TFA-mediated cleavage to yield the unprotected peptide-Nbz/MeNbz 4. 

Remarkably, the integrity of the peptide is not compromised during the harsh acidic 

cleavage conditions. 

The peptide-Nbz/MeNbz is captured in the presence of alkyl/aryl thiols, forming 

peptide-thioesters 5, which can be isolated or directly ligated to N-terminal Cys-

peptides in a one-pot procedure [30, 32, 33]. The rate-limiting step of the reaction is 

usually determined by the N to S intermolecular acyl transfer. The optimal transfer 

rates are achieved employing thiols with good water solubility (above 100  mM) and a 

pKa ~ 7, principally aryl thiols such as 4-mercaptophenol (MPOH) and 4-

mercaptophenylacetic acid, which minimize hydrolysis and give high conversions 

(>95%) [34]. 

The Nbz/MeNbz technology has been successfully implemented in the preparation of 

glycoproteins-, phosphoproteins-, lipoproteins-, and cyclic proteins [32, 35–44]. In 

addition, this cleavable Nbz/MeNbz linker can undergo the attack of other 

nucleophiles rendering C-terminal modified peptides selectively labeled with different 

functionalities such as N-alkyl amides, esters, or cyclic peptides [45–47]. 

Herein, we describe a methodology to synthetize Nbz and MeNbz peptides as 

thioestester precursors. Furthermore, we provide protocols to use them in NCL to 

afford larger ligated peptides. In addition, to provide general protocols for the use of 

this new technology, we include methods to apply it for the synthesis of cyclic 

peptides such as the heterodimeric RTD-1 defensin. 

 

2. Materials 

2.1. General 



1. Analytical, reversed-phase high-performance liquid chromatography (RP-

HPLC) system equipped with a photodiode array detector (PDA) or a UV-

visible dual wavelength detector. Column: C-18, 5  μm, 150  4.5  mm. 

2. Buffer A: 0.045% TFA (v/v) in water. 

3. Buffer B: 0.036% TFA (v/v) in CH3CN. 

4. Semi-preparative RP-HPLC system hyphenated to a UV-visible dual 

wavelength detector, equipped with a C-18 column (5  μm, 

100  21.2  mm). 

5. Ultrapure water with a resistivity of 18.2 MΩcm from a Milli-Q 

purification system. 

6. Mass -spectrometer, either electrospray ionization (ESI) or matrix-assisted 

laser desorption ionization (MALDI) with a time of flight (TOF) or 

similar mass analyzer (e.g., quadrupole or Q-trap, for instance). 

7. Lyophilizer. 

 

2.2. Fmoc-SPPS of C-Terminal Nbz/MeNbz Peptides. 

2.2.1. Equipment 

1. Reaction vessel (RV)  comprising a polypropylene syringe fitted with a 

frit and a Teflon stopcock. A 3  mL RV has capacity for 50–-100  mg of 

resin, a 6  mL RV for 100–-200  mg, a 12  mL for 200–-300  mg, a 

20  mL RV for 300–-500  mg of resin, and a 60  mL RV for synthesis up 

to 2  g of starting resin. 

2. Büchner flask (2  L capacity or larger) or a similar waste container for 

SPPS. This is placed between the RV and a vacuum trap. 

3. Vacuum trap connected to the vacuum source and to the Büchner flask. 

4. A vacuum source, ideally a diaphragm pump able to reach a vacuum of 

7  mbar. The vacuum pump is connected to the vacuum trap. 

5. Teflon rod or a N2 source. The Teflon rod, or a gentle N2 stream bubbling 

through the resin–-solvent mixture, provide a mean of mixing reagents 

and resin during SPPS. 

6. Glass or plastic vials (10, 20  mL). 

7. Disposable glass test tubes for Kaiser test (1  mL). 

8. Polypropylene centrifuge tubes (15, 50  mL capacity). 



9. Centrifuge with rotor to spin 50  mL centrifuge tubes at ~1100 rcf. 

10. Block heater with block to hold 1  mL test tubes. 

11. Rotary evaporator. 

12. Micropipettes for either use with organic and aqueous solutions able to 

deliver with high precision 2–-20  μL, 20–-200  μL, and 200–-1000  μL. 

13. Vacuum desiccator. 

 

2.2.2. Reagents 

1. 3-(Fmoc-amino)-4-aminobenzoic acid (Fmoc-Dbz) and 3-(Fmoc-amino)-

4-(methylamino)benzoic acid (Fmoc-MeDbz). 

2. Rink Amide PS-resin (100–-200 mesh, loading: 0.5–-0.7  mmol/g). 

3. Dawson Dbz AM resin (loading 0.49  mmol/g) or resin preloaded with the 

Fmoc-Dbz/MeDbz linkers obtained from commercial suppliers. 

4. Fmoc- and Boc-protected amino acidsas (see Note 1). 

5. p-nitrophenylchloroformate. 

6. Dichloromethane (DCM). 

7. 1,2-dichloroethane (DCE). 

8. N,N-dimethylformamide (DMF). 

9. Solution C: 20 % (v/v) solution of piperidine in DMF. 

10. Trifluoroacetic acid (TFA). 

11. Diethyl ether (Et2O) (see Note 2). 

12. N,N-diisopropylethylamine (DIEA). 

13. Solution D: 0.5  M solution of 2-(1H-Benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) in DMF. 

14. 2-(7-aza-1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HATU). 

15. N,N′’-diisopropylcarbodiimide (DIC). 

16. Hydroxy-3,4-dihydro-4-oxo-1,2,3-benzotriazine (HOOBt). 

17. Kaiser test solutions. 

18. Trifluoroacetic acid (TFA). 

19. Triisopropylsilane (TIS). 

20. 1,2-ethanedithiol (EDT). Caution, toxic and malodorous (see Note 3). 

21. 2,2′-(ethylenedioxy)diethanethiol. 



 

2.3. NCL of Nbz/MeNbz Peptides. 

2.3.1. Equipment 

1. Safe-lock plastic tubes (1.5  mL or 2  mL capacity). 

2. pH meter equipped with a microprobe. 

3. 250  mL polystyrene vacuum bottle filter (0.45  μm filter pore size) or a 

250  mL glass bottle and 0.45  μm PES membrane filters to store the pre-

ligation NCL buffer. 

4. 500  mL beaker. 

5. 250  mL volumetric flask. 

 

2.3.2. Reagents 

1. Buffer E: 0.2  M Na2HPO4, 6  M Gdm.HCl (see Note 4) in H2O, pH  7.2. 

Dissolve 7  g of Na2HPO4 in 150  mL of MilliQ water in a 500  mL 

beaker. Then, add 143.3  g of Gdm.HCl and stir until the mixture becomes 

homogeneous (see Note 5). Transfer this solution into a volumetric flask 

and bring it up to 250  mL with Milli Q water. Finally, filter using 

0.45  μm filters. The buffer E can be stored at room temperature. 

2. Buffer F: 20  mM tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP.HCl), 100  mM 4-mercaptophenol (MPOH, see Note 6) in buffer 

E. Seal with a rubber septum a vial containing 20  mL of buffer E. Degas 

this solution by bubbling through a stream of N2 for 15  min. Then, add 

solid TCEP.HCl (114.7  mg, 20  mM), and MPOH (252.4  mg, 100  mM) 

by removing the septum briefly. The pH will drop to about 4–-5. Degas 

for further 5  min. Then, stop the N2 bubbling and keep the vial sealed 

under N2 atmosphere. Buffer F can be stored in the dark under N2 

atmosphere at room temperature for 5–-7  days. 

3. 0.1  M (NH4)2CO3(aq). 

4. 0.5  M solution of DIEA in dry DMF. 

5. 1  M solution of DIEA in dry DMF. 

6. 10  M NaOH(aq). 

7. 1  M NaOH(aq). 

 



3. Methods 

3.1. SPPS of C-Terminal Nbz/MeNbz Peptides. 

Here we provide a method for the SPPS of Nbz/MeNbz peptides. Synthesis starts 

from a resin functionalized with a TFA labile linker (Fig. 2) to which the Dbz (or 

MeDbz) linker is coupled. Alternatively, preloaded Dbz/MeDbz resins could be used. 

In order to avoid truncations or double acylations of the C-terminal amino acidaa 

attached to the Dbz moiety, some specific amino acidaa coupling conditions are 

required and are listed in Table 1. On the other side, the MeDbz derivative displays a 

greater selectivity which allows the incorporation of the C-terminal amino acidaa 

using a broad range of conditions, independently of the residue, without detectable 

diacylations of the o-(methylamino)anilide. 

 

3.1.1. SPPS Synthesis of Nbz/MeNbz Peptides. 

The synthetic scheme and coupling conditions are shown in Fig. 2 and Table 1, 

respectively. Steps 1–-7 can be skipped when using commercially available preloaded 

Fmoc-Dbz/Fmoc-MeDbz resins (Subheading 2.2.2). 

1. Weigh and transfer the Rink Amide PS-resin (2.0  mmol) to a 60  mL RV. 

Swell the resin in DCM (3  20 mL, 3  30 s), and then in DMF 

(3  20 mL, 3  30 s). 

2. Removal of Fmoc: add 10  mL of solution C, stir with the Teflon rod 

(~10  s) and drain. Repeat the step. Add another 20  mL and stir for 

10  min. Drain the RV. Next, wash the resin with DMF (5  15 mL, 

5  30 s) and drain. 

3. Dissolve Fmoc-Gly (2.97  g, 10.0  mmol) in solution D (20  mL) in a 

50  mL polypropylene tube. Add neat DIEA (1.9  mL), shake for 30  s, 

and then add the solution to the RV. Stir the mixture (Teflon rod or N2 

bubbling) for 1  h (see Note 7). 

4. Drain the RV and wash the resin with DMF (3  15 mL, 3  30 s) and 

DCM (2  15 mL, 2  30 s). Perform the Kaiser test [48, 49]. If the colour 

is blue (it means there are free, uncoupled amines), then repeat the 

coupling. A pale yellow colour indicates that the coupling was completed. 

Then, proceed to the next step. 



5. Proceed to step 2 for Fmoc removal. After completing step 2 proceed to 

step 6. 

6. Dissolve Fmoc-Dbz/MeDbz (10.0  mmol) in solution D (20  mL). Add 

neat DIEA (1.9  mL) and shake the solution for 3  min. Add this solution 

to the RV and stir the mixture for 2  h. 

7. Perform step 4. Once the Fmoc-Dbz/Fmoc-MeDbz has been incorporated 

to the resin, the Fmoc-Dbz/MeDbz-Gly resin can be stored dried at 2–-

8  °C, and then used as a convenience. 

The following steps describe the method to incorporate the different 

amino acidsas onto the Dbz/MeDbz and subsequent chain elongation. In 

Table 1 the optimized conditions to avoid diacylation of Dbz are shown. If 

MeDbz is used, then use the general conditions described in step 10. 

8. Transfer the desired amount of Fmoc-Dbz/MeDbz-Gly resin to a RV. 

Swell the resin using 3 resin-bed-volumes (rv) of DCM (3  3 rv, 

3  30 s), and then DMF (3  3 rv, 3  30 s). 

9. Removal of Fmoc: add 2 rv of solution C, stir with the Teflon rod (~10  s) 

and drain. Repeat the step. Add other 2 rv of solution C and stir for 

10  min. Then, drain the RV and wash the resin with DMF (5  5 rv, 

5  30 s) and drain. 

10. Following the conditions in Table 1 dissolve the Fmoc-aa1 and the 

coupling agent (HBTU, HATU or DIC/HOOBt) in the specified volume 

of DMF. Add DIEA (if necessary) and shake the resulting solution for 

30  s (or 3  min if the activation is performed with DIC/HOOBt). Add the 

mixture to the RV and stir for the indicated time. For MeDbz, coupling 

with HATU (5 equiv), Fmoc-aa1 (5 equiv) and DIEA (5.5 equiv) for 1  h 

can be used as a general protocol (see Note 8). Stir the mixture with the 

Teflon rod periodically. 

11. Drain the RV and wash the resin with DMF (3  3 rv, 3  30 s) (see Note 

9). 

12. Remove Fmoc (see step 9) from Fmoc-aa1-Dbz/MeDbz-Gly-resin. 

13. Dissolve the next Fmoc-aa2 (5 equiv) in solution D (5 equiv). Add DIEA 

(5 equiv) and shake the mixture for 30  s. Add the Fmoc-aa2 solution to 

the RV and stir periodically for 30  min (see Note 10). 



14. Drain the RV and wash the resin with DMF (3  3 rv, 3  30 s) and DCM 

(2  3 rv, 2  30 s). Perform the Kaiser test. Proceed to step 9 if the test 

result is negative. Otherwise, repeat the coupling (step 13). 

15. Couple the remaining amino acidsaas following steps 12–-14 (see Notes 1 

and 11). 

16. Wash the resin with DCM (3  3 rv, 3  30 s) and drain the RV. 

17. Dissolve p-nitrophenylchloroformate (5 equiv) in DCM (add DCM up to a 

final concentration around 0.3  M, see Note 12). Add to the RV and stir 

(Teflon rod) for 30  min (see Note 13). 

18. Drain the RV and wash the resin with DMF (3  3 rv, 3  30 s) and DCM 

(3  3 rv, 3  30 s). 

19. Swell the resin in DMF (2  3 rv, 2  30 s). Add a solution of 0.5 or 1  M 

DIEA (in dry DMF, 2 rv) for Nbz and MeNbz, respectively. Stir for 

20  min for Nbz and 30–-60  min for MeNbz (see Note 14). 

20. Drain the RV and wash the resin with DMF (3  3 rv, 3  30 s) and DCM 

(3  3 rv, 3  30 s). 

21. Finally, dry the resin under vacuum in a vacuum desiccator for 2  h. 

 

3.1.2. Cleavage and Concomitant Side Chain Deprotection of 

Nbz/MeNbz Peptides. 

1. Place the resin in a round-bottom flask together with a magnetic stir bar. 

2. Prepare a cleavage mixture of TFA:H2O:TIS (95:2.5:2.5, 1  mL/50  mg 

peptidyl-resin), and chill to ~0  °C (see Note 15). 

3. Add the cleavage cocktail to the flask and stir mildly the resulting mixture 

at room temperature for 1  h using magnetic stirring (see Note 16). 

4. Filter the resin using the polypropylene syringe and collect the filtrates in 

a round-bottom flask. Perform additional TFA washes of the resin 

(3  3 rv, 3  1 min) and combine them. 

5. Remove the TFA by evaporation in a rotary evaporator (caution: 

concentrate the TFA in a fume hood!) until a minimum volume is left. 

Alternatively, the TFA solution containing the peptide can be 

concentrated in a fume hood under a N2 stream. 



6. Add drop-wise the TFA-peptide over cold Et2O (1  mL TFA/10  mL Et2O) 

in a 50  mL conical tube. Centrifuge at ~1100 rcf for 10  min. A pale-

white precipitate should appear at the bottom of the tube (see Note 17). 

Decant the solution carefully and dry the pellet under a gentle stream of 

N2. 

7. Dissolve the pellet in a 1:1 mixture of HPLC buffer A and B. Freeze down 

and lyophilize. 

8. Purify, if needed, the Nbz/MeNbz peptide by semipreparative RP-HPLC 

(see Notes 18 and 19). 

 

3.2. NCL of Nbz/MeNbz Peptides 

Peptides displaying C-terminal Nbz/MeNbz react with N-terminal Cys fragments at 

low millimolar concentrations (both fragments about 1–-5  mM). These ligations 

achieve conversions greater than 95 % in less than 4  h at room temperature, except 

for Val, Ile and Pro, which need ~20  h (Val, Ile) and 48  h (Pro), to reach similar 

conversions [30, 33]. The following protocol describes a general procedure for the 

ligation of Nbz/MeNbz peptides to Cys peptides. 

1. Weigh the peptide-Nbz (ca. 1–-2  mg) and the N-terminal Cys peptide 

(1.0–-1.2 equiv) in a safe-lock plastic tube (1.5–-2  mL capacity). 

2. Use a 10  M NaOH(aq) solution and carefully (add 5  μL increments) adjust 

the pH of the required volume of buffer F to 7 (monitor with pH meter). 

When the pH gets close to 7, use a 1  M NaOH(aq) solution to perform a 

fine adjustment. 

3. Dissolve the peptides in the pH adjusted buffer F from step 2 (final 

concentration of both peptides should be around 1–-5  mM with a slight 

excess 0–-1.2 equiv., of the Cys peptide). 

4. Check the pH with pH meter. If the pH drops below 6.8, then carry out a 

readjustment using a 1  M NaOH(aq) solution (see Note 20). 

5. Purge the top of the tube with a gentle stream of N2 and close. 

6. As an example of monitoring the reaction (Fig. 3a), we show the ligation 

of the model peptides LYRAF-Nbz (synthesized on Dawson Dbz AM 

resin, loading 0.49  mmol/g, Subheading 3.1.1) and CTAFS. The ligation 



is analyzed using RP-HPLC and mass spectrometry by taking aliquots and 

diluting them in HPLC buffer (Fig. 3b). 

 

3.3. Synthesis of Homodimeric θ-Defensin RTD-1 

The homodimeric θ-defensin RTD-1 is a 18-mer antimicrobial peptide component of 

the innate immune system of some primates. It was first isolated from rhesus macaque 

leukocytes. RTD-1 and related defensins have a unique folding pattern characterized 

by a cyclic head to tail structure threaded by three disulfide bonds arranged in a 

laddered topology that delimits six loops (Fig. 4a) [50, 51]. 

Synthesis of circular proteins bearing a Cys amino acida can be accomplished through 

an intramolecular NCL. RTD-1 has 6 Cys, meaning that the linear synthesis can be 

started at any given amino acida before a Cys residue. In the present approach the 

cyclization point was chosen between 
2
Phe and 

3
Cys and so the Fmoc-SPPS started at 

2
Phe (Fig. 4b). 

 

3.3.1. Fmoc-SPPS of RTD-1-Nbz 

This section describes a protocol for the linear synthesis of RTD-1 on commercially 

available Dawson Dbz AM resin on a 0.2  mmol scale using a five5fold excess 

(1.0  mmol) of Fmoc/Boc-aa per coupling cycle (no double couplings). 

1. Weigh the resin (408  mg, 0.2  mmol) and transfer it to a 20  mL RV. 

Swell the resin in DCM (3  10 mL, 3  30 s) and DMF (3  10 mL, 

3  30 s). 

2. Add 5  mL of solution C and stir for 10  s. Drain the RV and repeat the 

treatment. Drain the RV and add another 10  mL. Stir the mixture for 

10  min. 

3. Drain the RV and wash the resin with DMF (5  10 mL, 5  30 s). 

4. Dissolve Fmoc-Phe (232  mg, 0.6  mmol) and HATU (228  mg, 

0.6  mmol) in DMF (3  mL). Add neat DIEA (0.104  mL, 0.6  mmol), 

shake the mixture for 30  s and transfer the activated amino acida to the 

RV. Stir for 30  min. 

5. Drain the RV and wash the resin with DMF (3  10 mL, 3  30 s). 

6. Proceed to step 2 for Fmoc removal. 



7. Dissolve Fmoc-Gly (297  mg, 1.0  mmol) in solution D (2  mL) and add 

DIEA (0.191  mL, 1.1  mmol). Shake the mixture for 30  s and transfer it 

to the RV. Stir for 40  min. 

8. Drain the RV and wash the resin with DMF (3  10 mL, 3  30 s). 

9. Repeat steps 6–-8 to couple the remaining amino acidsas (see Note 21). 

10. Wash the resin with DCM (3  10 mL, 3  30 s) and drain. Dissolve p-

nitrophenylchloroformate (201  mg, 1.0  mmol) in DCM (3  mL) and add 

to the resin. Stir the resulting suspension occasionally (Teflon rod) for 1  h. 

11. Drain the RV and wash the resin with DMF (3  10 mL, 3  30 s) and 

DCM (3  10 mL, 3  30 s). 

12. Swell the resin in DMF (2  10 mL, 2  30 s). Add 0.5  M DIEA in dry 

DMF (10  mL) and stir for 20  min. 

13. Drain the RV and wash the resin with DMF (3  10 mL, 3  30 s) and 

DCM (3  10 mL, 3  30 s). 

14. Dry the resin under vacuum in a vacuum desiccator for 2  h. 

 

3.3.2. Cleavage 

1. Prepare a cleavage cocktail solution containing TFA:TIS:H2O:EDT 

(92.5:2.5:2.5:2.5, 20  mL, see Note 3). Chill the solution to 0  °C. 

2. Transfer the resin (1.16  g) to a 100  mL round bottom flask equipped 

with a magnetic stir bar. Add the cleavage cocktail and stir mildly at room 

temperature for 2  h. 

3. Filter the mixture using the polypropylene syringe and collect the TFA 

solution containing the peptide in a 250  mL round bottom flask. 

4. Wash the resin with TFA (3  5  mL, 3  1  min). Combine the TFA 

filtrates and remove the TFA until reaching a final volume of ca. 5  mL. 

5. Add (drop-wise) the TFA mixture over cold Et2O in two conical tubes 

containing 40  mL each. 

6. Spin out in a centrifuge at ~1100 rcf for 10  min. Discard the supernatant 

and dry the pellet under a gentle stream of N2. 

7. Dissolve the resulting peptide in 25  mL of HPLC buffer (1:1, A and B) in 

each tube (use sonication if needed). Freeze down and lyophilize. 



8. From 1.16  g of cleaved resin were obtained 450  mg of crude peptide 

after lyophilization (95% isolated yield) and an analytical purity of 59% 

(calculated by integration of the HPLC trace at 220  nm). 

9. The HPLC trace of the synthesis after cleavage from the solid support and 

the ESI-MS of the product corresponding to the main peak are shown in 

Fig. 5. 

 

3.3.3. Cyclization of Linear RTD-1-Nbz 

1. Weigh and transfer 53  mg of crude linear RTD-1-Nbz peptide 

(~1.8  10
−-2

 mmol) to a 50  mL falcon tube. 

2. Add 20  mL of ligation buffer F (pH  7). Purge the top of the solution with 

N2 and close the falcon tube. 

3. Take aliquots at 5  min and 2  h and monitor the reaction by directly 

running analytical RP-HPLC and mass spectrometry (Fig. 6a). 

4. At 2  h, acidify the reaction with 10% HCl(aq) until pH  2. 

5. Add 20  mL of Et2O. Shake the mixture vigorously and let the phases to 

separate. Remove the Et2O with a pipette. 

6. Repeat the extraction (2  20  mL). After three rounds of Et2O extraction, 

the MPOH is removed from the aqueous phase containing the cyclic 

peptide (Fig. 6b). 

7. Purify the cyclic-RTD-1 by semipreparative RP-HPLC. Collect and pool 

the fractions containing the cyclic peptide, combine and lyophilize. 

8. Isolated yield: 17  mg (34% from crude linear RTD-1-Nbz). 

 

3.3.4.  Oxidative Folding of Cyclic-RTD-1 

1. Weigh 1  mg (3.6  10
−-4

 mmol) of cyclic-RTD-1 in a safe-lock plastic 

tube (1.5  mL). 

2. Dissolve the cyclic-RTD-1 in 0.75  mL of a (NH4)2CO3(aq) buffer (0.1  M, 

pH  8.7), close the safe-lock plastic tube and stir occasionally. 

3. Monitor the progress of the reaction by LC-MS. The mass of the oxidized 

RTD-1 is 6  Da  units smaller than the cyclic-RTD-1 due to the formation 

of the three disulfide bonds (Fig. 7a inset). Moreover, the oxidized RTD-1 



has a shorter HPLC retention time than the reduced protein. Complete 

oxidative folding of RTD-1 is achieved in about 15  h (Fig. 7b). 

4. Purify by semipreparative RP-HPLC the folded RTD-1. Collect and pool 

the fractions containing the product, combine and lyophilize. 

 

4. Notes 

1. The amino acida at the N-terminal position is usually introduced with Boc 

protection on the α-amino group to release the free amine upon TFA 

cleavage. Those Boc-amino acidsaas that require side chain protection 

must have a protecting group compatible with standard TFA cleavage 

conditions. 

2. Et2O must be peroxide free to prevent the oxidation of sensitive residues 

such as Met. 

3. It is conceivable that EDT may induce hydrolysis of Nbz/MeNbz peptides. 

This hydrolysis might be sequence dependent and it could take place 

during the TFA acidolytic cleavage or even during resuspension of the 

pellet in HPLC or NCL ligation buffer due to the presence of traces of 

EDT after Et2O precipitation. Hence, we recommend the use of 2,2′-

(ethylenedioxy)diethanethiol as an alternative to EDT. 2,2′-

(ethylenedioxy)diethanethiol is almost odorless and it has similar 

scavenging properties than EDT. Despite its caveats, and as it is described 

in this chapter (Subheading 3.3.2), we have used EDT in the cleavage 

mixture of RTD-1-Nbz with no detectable hydrolysis (Fig. 5). If thiol 

scavengers need to be used in the cleavage reaction, we suggest to 

perform microtest cleavages to identify the optimal thiol scavenger. 

4. For NCL experiments it is used Gdm.HCl of high purity (>99.5%), which 

can be obtained from regular suppliers. 

5. Warming the suspension in a hot plate improves the solubility of 

Gdm.HCl. 

6. 4-mercaptophenylacetic acid (MPAA) can also be used as thiol additive 

for NCL. 

7. This step is optional. However, the incorporation of a Gly spacer 

facilitates the next coupling of Fmoc-Dbz/MeDbz. 



8. The number of equiv. makes reference to the initial mmol of resin used in 

the synthesis. 

9. The Kaiser test is not sensitive to aryl amines. An alternative method to 

determine the loading of the C-terminal amino acida on the Dbz/MeDbz is 

the quantification of the piperidine-dibenzofulvene adduct by removal of 

the Fmoc group from an aliquot of the resin and reading the absorbance at 

289.8 and 301.0  nm [52]. 

10. Adding the 5 equiv. of HOBt minimizes the risk of o-aminoanilide 

acylation with Gly residues during chain elongation. 

11. If desired, acetylation of the N-terminal amino acid can be carried out 

using five5fold excess of N-acetyl-N-[2-ispropyl-4-oxo-3(4H)-

quinazolinyl]acetamide during 30  min without capping the o-

aminoanilide group [32]. 

12. Working at large scale synthesis (>1  g resin), the carbamoylation reaction 

runs cleaner when carried out in DCE likely due to the better swelling 

properties of this solvent. 

For resins derivatized with highly acid-labile linkers (i.e., Trityl), it is 

needed to add 2,4,6-trimethylpyridine in an equal amount of equiv. to p-

nitrophenylchloroformate to avoid premature cleavage. 

13. For larger peptides where reaction times may be sequence dependent, it is 

recommended to extend the activation with p-nitrophenylchloroformate 

for 2  h. 

14. The solution should turn yellow due to the p-nitrophenolate anion. 

15. Add 2,2′-(ethylenedioxy)diethanethiol, 2.5% v/v to the TFA/H2O/TIS 

mixture in Cys-containing peptides. 

16. The duration of the cleavage will depend in a great extension on the 

(Arg(Pbf))n content of the peptide. For those sequences with more than 

three Arg(Pbf) residues cleavage times around 2–2.5  h are required for 

fully Arg deprotection. 

17. If the peptide does not precipitate out of the solution, then remove all the 

solvent, including TFA and Et2O, dissolve the resulting residue in HPLC 

buffer, freeze down and lyophilize. 

18. Nbz and MeNbz peptides are stable and can be purified by HPLC. 

However, we notice that under typical acidic conditions of HPLC buffers, 



they also tend to hydrolyze. In order to avoid so, we recommend to 

lyophilize immediately after RP-HPLC purification. 

19. Nbz peptides typically give two regioisomeric products resulting from the 

attachment of the peptide to 3 or 4-position of the Dbz. These 

regioisomers, which have the same mass, can be clearly observed in short 

peptide sequences as they have different HPLC retention time. 

20. Add 5  μL increments of 1  M NaOH(aq) solution to the inside part of the 

plastic tube cap and vortex or shake. Check the pH after each addition. By 

adding the NaOH(aq) solution to the cap and not directly to the reaction 

mixture it is prevented a localized hydrolysis of the thioester peptide and 

peptide-Nbz/MeNbz due to the high basicity of the NaOH(aq) solution. 

21. The N-terminal Cys is introduced as Boc-Cys(Trt)-OH. 
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Fig. 1. (a) Native chemical ligation (NCL) between an N-terminal Cys (or a Cys surrogate residue) and 

a C-terminal α-thioester peptide. (b) Common Gly N-auxiliaries used in NCL. 

 

Fig. 2. Synthesis of α-thioester peptides by Fmoc chemistry using the Nbz/MeNbz strategy: (a) 

coupling of Gly, (b) coupling of the Fmoc-Dbz/MeDbz linker, (c) coupling of the C-terminal residue 

(Fmoc-aa1), (d) chain elongation, (e) activation with p-nitrophenylchloroformate, (f) base induced 

cyclization to render the resin bound N-acylurea peptide, (g) acidolytic cleavage, (h) NCL in the 

presence of N-terminal Cys peptide, (i) transthioesterification in the presence of R2SH thiols 

(R2  =  alkyl or aryl). 

 

Fig. 3. (a) Reaction scheme: LYRAF-Nbz (2.3  mg, 2.7  10
−-3

 mmol) and CTAFS (2.3  mg, 4.3  10
−-

3
 mmol) were dissolved in 1.0  mL of buffer F (6  M Gdm.HCl, 0.2  M Na2HPO4, 100  mM MPOH, 

20  mM TCEP.HCl, pH  =  7.0, room temperature). (b) HPLC trace (220  nm) of the reaction at 5  min 

and 1  h 30  min. Retention time: 6.6  min  =  Nbz, 9.3  min  =  CTAFS, 13.6  min  =  LYRAF-Nbz, 

14.7  min  =  LYRAFCTAFS. Gradient: 0 –> 70% B in 30  min. MPOH  =  4-mercaptophenol. 

 

Fig. 4. (a) Cyclic structure of the homodimeric θ-defensin RTD-1 showing the disulfide laddered 

pattern. (b) Linear sequence of the chemically synthesized RTD-1-Nbz. 



Fig. 5. Analytical RP-HPLC trace (220  nm) of the crude reaction following cleavage of the crude 

linear RTD-1-Nbz resin. The mass (ESI) of the peak at 12.9  min is shown in the inset and corresponds 

to the expected peptide. ESI-MS (C90H151N36O21S6, [M + H]
+
): calcd. 2265.79; found 2266.54. 

Gradient: 0 –> 70% B in 30  min. 

 

Fig. 6. HPLC profile of the intramolecular cyclization reaction of RTD-1-Nbz crude peptide to yield 

cyclic-RTD-1: (a) HPLC chromatogram of the reaction at 2  h. (b) HPLC trace after Et2O extraction. 

Inset, ESI-MS of the peak at 13.7  min corresponding to the expected cyclic-RTD-1. ESI-MS 

(C82H144N33O19S6, [M + H]
+
): calcd. 2088.63; found 2088.87. Gradient: 0 –> 46% B in 20  min, then 

100% B for 5  min. 

 

Fig. 7. Oxidative folding of cyclic-RTD-1: (a) 5  h reaction. (b) HPLC trace after 15  h. Inset is shown 

the ESI-MS of the peak at 12.6  min corresponding to the folded RTD-1. Peak at 13.7  min corresponds 

to cyclic-RTD-1. ESI-MS (C82H138N33O19S6, [M + H]
+
): calc. 2082.58; found 2082.39. Gradient: 0 –> 

46% B in 20  min, then 100% B for 5  min. 
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Table 1 C-terminal aa coupling conditions for Dbz resins  

Amino acid
a 

equiv 

Coupling agent (equiv) 

DIEA   (equiv) 
Conc

b
 

(mmol/

mL) 

Time/mi

n 
HBTU HATU DIC:HO

OBt 

Ala 5 5   5 0.4 30 

Ile Thr 

Val  
5  5  10 0.4 60 

Pro 5  5  5.5 0.4 60 

Cys
c
 5 

  
5:5 

 
0.4 30 

His
c
 60 

https://doi.org/10.1038/nprot.2007.461


Gly 4 4   4 0.2 30 

Glu Phe Met 

Tyr Trp 
3  3  3 0.2 30 

Arg Gln 

Leu Lys 

Asn Ser 

3  3  3 0.3 30 

a
NCL at Asp results in the formation of two regioisomeric products due to reaction of the Cys peptide with 

either the  and ß-thioesters. Thus, side chain protection of Asp during NCL is necessary in order to avoid 

the ß-linear isomer 

b
Final concentration of the aa in the coupling solution 

c
Preactivate for 3  min before adding to the resin 

 


