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Abstract 

Peptide hydrazides are known to be useful intermediates in peptide synthesis, for example as C-terminal 

thioester surrogates, therefore enabling the N-to-C multi-fragment assembly of peptides. Here we report a 

new approach for the preparation of C-terminal peptide hydrazides in water starting from unprotected peptide 

carboxamides using an enzyme called peptide amidase (PAM). Subsequently, peptide hydrazides can be 

chemically activated and converted to thioesters, which can serve as substrates in peptide ligation reactions 

catalyzed by peptiligase variants. PAM tolerates the majority of proteinogenic amino acids at the C-terminus 

of peptides and peptide hydrazides are obtained with high efficiency (>85%) in aqueous solution. In addition, 

PAM-catalyzed hydrazinolysis of peptide amides can be performed in one-pot directly after performing 

enzymatic ligation of two fragments. This strategy, specifically entailing the use of PAM and the two distinct 

peptiligase variants omniligase-1 and thymoligase, was successfully applied in the sequential N-to-C directed 

synthesis of the therapeutic peptide exenatide from three fragments as well as for the modular assembly of 

the cyclotide MCoTI-II, a naturally occurring disulfide-rich macrocyclic peptide. Enzymatic ligations using 

peptide thioesters proceed with excellent conversions with only limited formation of hydrolytic by-product. 

This clearly shows that this unique activation-ligation approach involving two to three distinct enzymes is 

applicable to a wide range of different linear as well as head-to-tail cyclic peptides and will certainly be beneficial 

to the research community. 
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Introduction 

Chemo-enzymatic peptide synthesis (CEPS) using peptiligase variants for the efficient synthesis of medium- to 

long-sized peptides holds great potential for a more sustainable and cost-efficient manufacture of peptides. To 

date, most chemo-enzymatic assembly processes follow a C-to-N ligation strategy, involving repeated steps 

of enzymatic and/or chemical ligation followed by N-terminal deprotection of the newly ligated fragment. N-

terminal protection of the acyl donor fragment is usually required in order to prevent self-condensation or 

cyclization of the acyl donor fragment. In contrast, enzymatic fragment condensation in the N-to-C direction 

requires an acyl acceptor fragment with a temporary C-terminal protecting group that can be easily 

transformed into an activated (ester) moiety. Consequently, the elongated peptide fragment resulting from a 

ligation and activation step can act as the acyl donor fragment in the next enzymatic ligation step. In both 

ligation strategies (C-to-N and N-to-C), usually the acyl acceptor fragment is used in an excess in order to 

ensure complete conversion to the ligation product. However, in a C-to-N ligation approach using the 

precious growing peptide fragment in excess is economically not attractive. In contrast, in N-to-C ligation 

approaches the acyl acceptor fragment is used in excess, which is in most cases easily accessible using standard 

solid phase peptide synthesis (SPPS). Although N-to-C ligation strategies are general considered to be more 

cost-efficient, there are currently no straightforward methods available which enable regioselective C-terminal 

deprotection and activation (e.g. as an ester) in aqueous solution using unprotected peptides. Since efficient 

C-terminal protection, deprotection and activation methods are, however, crucial in CEPS and, in general, 

methods for the regioselective C-terminal modification of peptides are of high importance, we envisioned this 

to be an interesting field of research. 

 

Figure 1. Conversion of peptide C-terminal thioesters into peptide hydrazides according to Liu et al. (A) and Dawson et al. (B). 

In this context, the use of peptide hydrazides as thioester surrogates caught our attention.[1–3] For example, 

Liu et al. successfully converted peptide hydrazides into a mercaptophenylacetic acid (MPAA) thioester via 

selective nitrite oxidation followed by thiolysis in a racemization-free manner (see Figure 1A).[4] In addition, 

Dawson et al. recently exploited the Knorr pyrazole synthesis for the synthesis of peptide thioesters. In an 

acid-catalyzed reaction acetylacetone was used for the formation of peptide C-terminal pyrazole, which were 

subsequently thiolyzed to form the respective thioester required for ligation (see Figure 1B).[5] Peptide 
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hydrazides have already been reported as effective substrates in sequential peptide ligation in N-to-C direction 

using native chemical ligation (NCL)[5,6] and are suitable substrates for peptide ligation using subtilisin variants 

such as peptiligases.[7,8] In addition, peptide hydrazides can also be directly used as starting materials in 

hydrazone ligations[9–11] and can act as potent antimicrobial peptides[12]. 

Chemically, peptide hydrazides can for example be prepared by using classical peptide synthesis starting from 

a 2-chlorotrityl (CTC) resin[1] or using a hydrazone resin.[13] Alternative approaches include recombinant 

expression of peptides and protein hydrazides[14] and enzymatic hydrazide synthesis using sortase A.[3] 

Moreover, peptide amidases have been used in the synthesis of small molecule hydrazides[15] and for the 

efficient C-terminal hydroxylamination of peptides[16]. In nature, PAM catalyzes the hydrolysis of C-terminal 

peptide amides.[17,18] Due to its absolute C-terminal regioselectivity, the hydrolysis of internal peptide bonds 

or side chain amide groups, e.g. of Asn or Gln, is not observed (see Figure 2A).[16] The peptide amidase from 

the bacterium Stenotrophomonas maltophilia was shown to be particularly useful, as it has been intensively 

studied and can be recombinantly expressed in E. coli.[17] In addition, computationally designed PAM variants 

are remarkably stable under nonaqueous conditions and have a broadened nucleophile binding site, even 

enabling many different C-terminal modifications. For example, PAM has recently been used for the 

conversion of peptide C-terminal acids, amides and esters into a range of modified products.[16,19]  

 

Figure 2. PAM-catalyzed C-terminal modification of peptide carboxamides. A) Hydroxylamination and B) hydrazination. 

The conversion of peptide amides into their corresponding hydroxylamines (Figure 2A) is particularly 

interesting, since it represents one of the few conversions that proceed efficiently in water. For example, in 

an aqueous solution of hydroxylamine with minimal addition of dimethylformamide (2%), hydroxylamination 

of the dipeptide Z-Gly-Tyr-NH2 was catalyzed in almost quantitative yield (99%) in only 30 min.[16] 

Interestingly, PAM prefers hydroxylamine over water as a nucleophile, so that hydroxylamination of peptide 

amides can be efficiently performed in aqueous media. Based on the similarity of substrates (hydroxylamine 

vs. hydrazine), we envisioned PAM to be able to also catalyze the formation of C-terminal hydrazides in 

aqueous media (see Figure 2B). Because hydrazine is a potent nucleophile with a much lower pKa value than 

primary amines, this approach was deemed feasible.  
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In this chapter we investigated the feasibility of the functionalization-activation-ligation approach as shown in 

Figure 3, i.e. 1) PAM catalyzed hydrazide synthesis followed by 2) chemical activation and conversion of the 

hydrazide to a thioester and 3) peptiligase-catalyzed ligation. 

 

Figure 3. Envisioned functionalization–activation–ligation strategy for the C-terminal modification of peptide amides enabling sequential 
peptide ligations in the N-to-C direction. 

 

Results and Discussion 

Peptide Hydrazides as Thioester Surrogates in Enzymatic Ligations Catalyzed by Peptiligase Variants 

Similarly to the strategy described by Liu et al.[1,2,4,6] that uses peptide hydrazides as thioester surrogates in 

sequential NCL reactions, we set out to explore the compatibility of hydrazide-thioester activation with 

peptiligase-catalyzed ligation (Figure 4), in particular using omniligase-1 (see chapter 2).  

 

Figure 4. Envisioned workflow: Activation of a C-terminal peptide hydrazide to a peptide thioester and subsequent use in omniligase-
1 catalyzed peptide ligation, as exemplified for the NaNO2/ MPAA activation by Liu et al..[1] 

The tolerance of thioester substrates by omniligase-1 was investigated with the established model peptides 

Ac-DFSKL-NHNH2 and H-ALKKF-NH2 (see chapter 2).[20,21] The peptide hydrazide Ac-DFSKL-NHNH2 was 

successfully oxidized using sodium nitrite (NaNO2) in an acidic (pH 3) buffer solution containing 6 M 

guanidinium hydrochloride (Gdn.HCl) at -15°C, resulting in the formation of the azide intermediate Ac-

DFSKL-N3, which was subsequently rapidly thiolyzed to the corresponding thioester (Ac-DFSKL-MPAA) using 

MPAA. Without intermediate isolation of the in situ formed acyl donor thioester, after addition of the acyl 

acceptor fragment H-ALKKF-NH2 (1.1- 2 eq.) and omniligase-1, formation of the desired ligation product Ac-

DFSKLALKKF-NH2 was observed within 30 min (see Figure 5). The reaction was accompanied with only 

minor hydrolysis of the thioester moiety (<5%). This initial result clearly demonstrates the feasibility of using 
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peptides hydrazides as thioester surrogates in omniligase-1 catalyzed peptide ligation, even in a one-pot 

manner. It was shown that hydrazides themselves could not serve as acyl donor substrates and the use of 

peptide C-terminal azides resulted in the formation of multiple side products, which most likely result from 

the relative instability and reactivity of the azide intermediate. Therefore, for a high ligation yield and a clean 

reaction it is crucial to rapidly convert the azide intermediate into the corresponding thioester. Epimerization 

was not considered to be significant since it was reported that NaNO2/thiol activation of a peptide hydrazide 

followed by NCL resulted in less than 1% epimerisation in the final product.[2] Besides, a D-amino acid in P1 

is not accepted by peptiligase variants and would therefore be excluded from the reaction and would not end 

up in the final ligation product. Interestingly, using this activation-ligation approach we were also able to 

efficiently ligate peptides that usually represent very poor substrates for omniligase-1 (e.g. P1= Gly peptides) 

or that are not easily accessible using Fmoc-SPPS (i.e. P1= Cys Cam-ester peptides). 

 

Figure 5. HPLC trace of the activation-ligation of Ac-DFSKL-NHNH2 and H-ALKKF-NH2. The hydrazide fragment Ac-DFSKL-
NHNH2 (0 min) was converted into the corresponding thioester after treatment with NaNO2 (21 eq.) at pH 3 (15 min) and addition 
of MPAA (64 eq.). Addition of the amine fragment (2 eq.) and omniligase-1 (1.2 µM) at pH 8.5 resulted in the formation of the final 
ligation product Ac-DFSKLALKKF-NH2 within 30 min. 

The overall outcome of the omniligase-1 catalyzed ligation is (among other factors) dependent on the pH of 

the coupling reaction mixture and the stability of the oxo- or thioester used (see chapter 1). For enzymatic 

ligations using MPAA thioesters as substrates the optimal pH range was determined to be between pH 8 and 

9, considering a reaction time of 30 min. Based on these results, pH 8.5 was set as the standard for further 

experiments.  
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Table 1. Screening of different thiols for thioester formation and subsequent omniligase-1 catalyzed enzymatic ligation. 

 

Entry Thiol Solubility Thioester formation Ligation (S/H) 

1 
 

Good Quantitative 91:9 

2 

 

Good Quantitative 89:11 

3 
 

Poor Quantitative 88:12 

4 
 

Poor Quantitative 88:12 

5 
 

Poor Quantitative 92:8 

6 
 

Poor Quantitative 90:10 

7 
 

Good Multiple products N/A 

8 
 

Moderate Multiple products N/A 

9 

 

Good Multiple products N/A 

10 
 

Good Multiple products  N/A 
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Even though MPAA appeared to be a suitable reagent for the activation-ligation approach, in order to broaden 

the general applicability, several other commercially available thiols were tested for their efficiency (see Table 

1). The best ligation results combined with a suitable solubility of the thiols were obtained using MPAA and 

mercaptomethylbenzoic acid (MMBA). Both derivatives gave comparable thioester formation and peptide 

ligation results with similar overall S/H ratios (see Table 1; entries 1-2). More hydrophobic thiols such as 

thiophenol, benzyl mercaptan, 3-methoxythiophenol and 4-methlbenzenethiol (Table 1; entries 3-6) were 

poorly soluble under the conditions used and suspensions were observed, but nevertheless thioester 

formation and enzymatic ligation proceeded smoothly. For aliphatic rather than aryl-type of thiols (see Table 

1; entries 7-10), thioester formation was accompanied with the formation of multiple side products, therefore 

not rendering these thiols suited for our purpose. MPAA and MMBA thioesters not only performed well in 

the ligation reactions, but also demonstrated good chemical stability under the given reaction conditions. 

Although MMBA esters proved to be slightly more stable than MPAA thioesters, both exhibited good stability 

over a range of hours (less than 10% chemical hydrolysis at pH 8.5 within 180 min). Since omniligase-1 

catalyzed ligation usually proceeds in the range of 15-60 min, chemical background hydrolysis is minimal. 

Based on its overall performance and commercial availability at scale, MPAA was adopted as the most suitable 

reagent for all subsequent experiments.  

 

Characterization of Peptide Amidase (PAM) for C-terminal Peptide Hydrazide Formation 

After the successful use of peptide C-terminal hydrazides as thioester surrogates in omniligase-1 catalyzed 

ligation, we focused on an alternative approach for the synthesis of C-terminal peptide hydrazides. Here, 

PAM-catalyzed hydrazinolysis of peptide C-terminal caboxamides represents a promising alternative. Our 

initial studies were performed using wildtype PAM, which could be easily expressed in E.Coli as an active 

enzyme, as determined by the hydrolysis of the C-terminal carboxamide group of model substrate Cbz-Gly-

Tyr-NH2.[16] Interestingly, wildtype PAM showed a suitable thermostability (at least on short term) that allowed 

reactions at higher temperature (e.g. 50°C), at which we observed significantly increased reaction rates (see 

Figure 6). Notably, it had been described in literature that the activity of PAM would increase after incubating 

the enzyme for 10 days at 30°C.[22] Indeed, a substantial increase in the PAM enzyme activity was observed 

after following this procedure (see Figure 6). 
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Figure 6. PAM-catalyzed amide hydrolysis of Cbz-Gly-Tyr-NH2 (10 mM) (1.01 µM) in 20 mM potassium phosphate buffer pH 7.5, 
containing 2% (v/v) DMF for solubilization of the substrate. PAM was used at a concentration of 1.0 µM. 

Next, we investigated the use of hydrazine as a nucleophile in PAM-catalyzed deamidation reactions (see 

Figure 7). Initial experiments using Cbz-Gly-Tyr-NH2 in an aqueous solution of hydrazine (2.7 M) clearly 

indicated that the formation to the corresponding hydrazide, i.e. Cbz-Gly-Tyr-NHNH2, is well possible, 

although the results were not satisfactory yet (56% hydrazinolysis vs. 13% hydrolysis after 120 min). In order 

to enable the combination of the PAM-catalyzed reaction with omniligase-1 mediated peptide ligation, further 

optimization was conducted using two different model peptides instead: Ac-DFSKL-NH2, in analogy to the 

earlier used model peptides, and Ac-DFSKY-NH2, since C-terminal Tyr peptide amides were reported to be 

excellent substrates for PAM.[16] Both C-terminal amides proved to be suitable substrates for PAM-catalyzed 

hydrazinolysis reactions. In contrast, reactions using the corresponding C-terminal acids of both peptides, i.e. 

Ac-DFSKL-OH and Ac-DFSKY-OH did not lead to efficient reaction rates. Besides, the amount of product 

formation was inefficient, and the reaction reached a hydrazide/ hydrolysis ratio of 29:71 for Ac-DFSKL-NH2 

and 41:59 for Ac-DFSKY-NH2, respectively. Higher reaction yields starting from C-terminal acid peptides 

could potentially be achieved by performing the reactions in dry organic solvents in a thermodynamically 

controlled fashion pushing the equilibrium towards product formation. However, since our study was focused 

on a water-based concept rendering it applicable to long unprotected peptides, these studies fell beyond the 

scope of our investigations. 

 

Figure 7. Initial experiments for investigating PAM-catalyzed hydrazinolysis of peptides. 

Based on the initial experiments, it appeared that the nucleophilicity of hydrazine is sufficiently high, as 

compared to water, to allow efficient conversion of the peptide C-terminal amides to hydrazides. However, 
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the reaction outcome is clearly dependent on the concentration of the hydrazine solution used. A higher 

concentration of hydrazine corresponded to a higher product yield versus undesired hydrolysis. No hydrazide 

formation was observed in a 0.02 M hydrazine solution, while the conversion to hydrazide was more than 

90% in a 4 M solution (accompanied with <10% hydrolysis). Strikingly, PAM did not lose its activity at high 

concentrations of hydrazine. Concentrations of 5.5 M aqueous hydrazine or higher even resulted in slightly 

better results, but limited solubility of the model substrates was observed, most probably due to extremely 

high salt concentrations. In general, a hydrazine concentration of 4 M at a pH range of pH 8-9 appeared to 

be optimal for the PAM-catalyzed hydrazinolysis. 

 

Figure 8. PAM-catalyzed hydrazinolysis of Ac-DFSKXaa-NH2; conversion after 60 min. Asn and Gln are not shown due to multiple 
side-reactions. Substrates (4.8 mM) were dissolved in a 4.3 M aq. hydrazine solution at pH 8.5 and PAM (20.6 µM) was added. Some 
peptides were prone to chemical hydrolysis (hydrolytic product was already present in the blank sample before the reaction was 
started. Therefore, the reaction yield was corrected for initial hydrolysis at t= 0 calculated according to the formula: Corrected yield 
= Yield/(100–Hydrolysis)*100%.  

After having investigated the optimal conditions for efficient hydrazinolysis we determined the C-terminal P1 

amino acid substrate scope of PAM using a library of 20 different peptide C-terminal amides (Ac-DFSK-Xaa-

NH2, Xaa= each of the 20 proteinogenic amino acids). Key findings were that PAM in principle accepts all 

amino acids in position P1, except Pro. However, large differences in reaction rate were observed. Peptides 

containing Tyr, Gly, Lys, Ser, Arg, Trp, Ala, Phe and His in position P1 appeared to be very good substrates; 

within 60 min they were completely converted into hydrazide and partially into hydrolytic side product (see 

Figure 8). However, peptides containing Asp, Cys, Glu, Leu, Met and Thr in position P1 were converted with 

moderate efficiency. The reaction did not reach completion within 4 h. Nevertheless, we expect that 

substrates with these characteristics can still be suitable substrates in case higher equivalents of catalyst are 

used. Peptides bearing Ile, Val or Pro in position P1 can be considered to be not suitable for PAM-catalyzed 
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hydrazinolysis reactions. Interestingly, the conversion of peptides containing an aromatic amino acid (Phe, Trp, 

Tyr) at position P1 proceeded with high efficiency, whereas peptides bearing an amino acid with an aliphatic 

hydrophobic side chain (Ile, Leu, Val) in position P1 appeared to be poor substrates. Even though the peptides 

with Asn and Gln in the P1 position were initially efficiently converted into hydrazides, an intramolecular 

cyclisation reaction resulted in hexa- and hepta-cycles as the main product, respectively (see Figure 9).  

 

Figure 9. Products obtained from PAM-catalyzed hydrazinolysis with Asn and Gln in position P1.[2] 

In contrast to the influence of the P1 amino acid on the reaction rate, we did not observe a clear effect when 

altering the P2 amino acid (library screening of Ac-KFK-Xaa-Y-NH2). For 18 out of 20 amino acids full 

conversion was observed after a reaction time of 60 min; only Trp and Arg in position P2 resulted in a slower 

reaction rate (<40% product formation after 60 min). Besides the PAM catalyzed reaction, we observed that 

peptide amides can also undergo nucleophilic attack of hydrazine in an uncatalyzed reaction. However, 

uncatalyzed hydrazide formation was significantly slower than the PAM-catalyzed reaction (<10% hydrazide 

formation within 30 min). Since PAM-catalyzed ligations usually reach completion within one hour (depending 

on the quantity of catalyst used) the uncatalyzed reaction was therefore not considered to be problematic. 

Interestingly, it was observed that preincubation of PAM in 4-6 M hydrazine solution at pH 8-8.5 for 15 to 30 

min increases the reaction rate and reduces the amount of amide hydrolysis in general. We hypothesize that 

hydrazine replaces water molecules close to the enzyme catalytic centre, therefore resulting in an increased 

probability of hydrazinolysis of the acyl-enzyme intermediate rather than hydrolysis. 

After establishing efficient hydrazinolysis by PAM, it was investigated whether other commercially available 

nucleophiles could be used to generate substrates that are able to directly serve as substrates for enzymatic 

ligations using peptiligases or that would allow other chemical transformations and follow-up reactions. Besides 

the previously used wildtype PAM, the use of the reported variant 12B was also investigated, which was 

reported to have a broader nucleophile binding pocket to accept larger nucleophiles.[16] Thioacids can be 

utilized as versatile precursors in sequential chemo-enzymatic ligations or NCL, but are difficult to obtain 

synthetically, which has largely limited their application in peptide and protein chemistry.[23–25] However, the 

nucleophilicity of thiols such as thiolate, methane- or ethane-thiol did not appear to be sufficiently high to 

result in any product formation, neither with PAM wildtype nor with PAM 12B (see Table 2). Only hydrolysis 

of the C-terminal carboxamide was observed (indicated as red crosses in Table 2). Unfortunately, also the 

use of glycolamide, which would result in the formation of a C-terminal glycolate ester that can be used in 
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peptiligase catalyzed ligations,[21,26,27] did not result in any product formation for both PAM variants. In contrast, 

with substituted hydrazines product formation was observed when using PAM 12B. While methyl-, formyl- 

and acetyl-hydrazine were employed to find out any correlation between nucleophile size and substitution 

efficiency, tert-butyl carbazate (entry 8, Table 2) could have been useful as a temporarily protected C-terminal 

hydrazide. However, slow conversions accompanied with high amounts of amide hydrolysis or even product 

hydrolysis in case of methyl hydrazine (entry 5, Table 2) limit their application. Better results were obtained 

with propargylamine and propargylhydrazine (entry 9 and 10, Table 2), which both can be used as clickable 

handles in copper-catalyzed alkyne-azide cycloaddition reactions.[28] In the case of propargyl hydrazine 43% 

of product formation, accompanied with 55% hydrolysis was observed after a reaction time of 1h. With an 

increased nucleophile concentration of 15 M even 50% product formation was observed after 4 h.  

Table 2. Screening of different nucleophiles for conversion with PAM wildtype and PAM 12B. Values given indicate synthesis/ starting 
material/ hydrolysis (%). Red crosses indicate that only amide hydrolysis and no product formation occurred. 

 

 

 Entry Nucleophile PAM wildtype PAM 12B 
(synthesis/ starting mat./ hydrolysis (%)) 

 1    

 2    

 3    

 4 
   

 5 
  35/ 0/ 65 (30 min)* 

 
6 

 
 5/ 90/ 5 (240 min) 

 
7 

 
 26/ 7/ 67 (60 min) 

 
8 

 
 12/ 62/ 26 (240 min) 

 9   27/ 0/ 73 (240 min) 

 10 
   43/ 2/ 55 (60 min) 

 = no product formation, only amide hydrolysis observed. 
* after 30 min hydrolysis of the product occurred 
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A similar transformation using an organic solvent concept has recently been reported by Bian et al..[19] Clearly, 

the corresponding clickable peptide can be obtained in higher yields (close to 100%), but organic solvents 

permit the use of this transformation for the C-terminal modification of most proteins and peptides due to 

solubility problems. In addition to the nucleophiles listed in Table 2, previously conducted experiments 

suggested that sodium azide and semicarbazide do not serve as suitable nucleophiles for wildtype  PAM 

catalyzed reactions. In general, it was shown that besides hydrazine several other nucleophiles could be used 

for PAM 12B-catalyzed reactions, although with limited success, but clearly outperforming PAM wildtype. 

Moreover, apart from using PAM-catalyzed hydrazinolysis for peptidic substrates, it can be envisaged to be 

applied to proteins as well, thereby providing a route for the synthetic preparation of protein C-terminal 

thioesters. Although protein C-terminal amides are difficult to obtain using standard expression systems, a few 

techniques have been described such as protein co-expression with peptidylglycine-amidating 

monooxygenase,[29] which could provide a general applicable methodology towards the expression of peptide 

and protein amides. However, hydrazide activation and the following thioesterification might require too harsh 

conditions (4M hydrazine, 6 M Gdn.HCl, pH 3), that would limit its applicability. 

 

Multi-Fragment Assembly of Exenatide 

In order to demonstrate the applicability of the functionalization-activation-ligation strategy, the assembly of 

the pharmaceutical peptide exenatide in the N-to-C direction was chosen as an example. Previously, we 

reported an enzymatic two fragment condensation strategy for the efficient synthesis of the GLP-1 analogue 

exenatide (see chapter 2 and Figure 10A).[21] Now, we devise an N-to-C fragment condensation strategy using 

three fragments, combining classical enzymatic ligation of a C-terminal glycolate type of ester with an acyl 

acceptor C-terminal amide followed by PAM-catalyzed C-terminal hydrazinolysis, thioester activation and 

subsequent ligation of the activated fragment (see Figure 10B). As compared to the two-fragment approach, 

the use of shorter fragments could potentially lead to a higher overall synthesis yield. Our first attempts focused 

on using the established nitrite oxidation method for transforming peptide hydrazides into thioesters.[4] Later, 

we also investigated the same three fragment ligation approach using the recently described (milder) activation 

of peptide hydrazides via an acyl-pyrazole intermediate using acetylacetone (acac).[5] 

For the N-to-C three fragment ligation approach the original strategy of 1-21 + 22-39 was changed to 1-8 

+ 9-21 + 22-39. The ligation site between position 21 and 22 was maintained, since this position has already 

been proven to be a suitable ligation site for peptiligase variants.[21] In addition to this established ligation site, 

the recent discovery of thymoligase (see chapter 3) enables the ligation of H-Exn(1-8)-Cam-LK-OH and H-

Exn(9-21)-NH2. Thymoligase was optimized for the recognition of acidic amino acid residues in position P1’, 

more specifically for the sequence ‘DL’ present at the coupling position in thymosin-α1 (see chapter 2), which 

is identical to the N-terminal sequence of H-Exn(9-21)-NH2. With an excess of the acyl donor fragment H-
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Exn(1-8)-Cam-LK-OH (4 eq.), the thymoligase-catalyzed ligation was almost quantitative within 45 min (see 

Figure 11). Identical to the omniligase-1 catalyzed ligation of H-Exn(1-21)-Cam-L-OH with 

H-Exn(22-39)-NH2, no temporary N-terminal protection was required, since the ‘HG’ N-terminus does not 

represent a suitable substrate for both thymoligase and omniligase-1.[21] After completion of the reaction, a 

highly concentrated solution of aq. hydrazine (final concentration of 4 M) together with PAM as a catalyst was 

added to the crude reaction mixture. After only 10 min efficient conversion to the corresponding hydrazide 

H-Exn(1-21)-NHNH2 was observed. The conversion of the starting material was quantitative, however, 

accompanied with 8% hydrolysis by-product (same tR as corresponding amide). Although Leu in position P1 

was not deemed to be best suited for efficient PAM-catalyzed C-terminal hydrazinolysis (see Figure 8), we 

observed that an approximately two-fold increase of the molar equivalents of PAM used as compared to the 

library screening conditions (1.3 nmol PAM vs. 0.05 nmol PAM per 1 µmol substrate) was adequate to achieve 

efficient hydrazide formation. Unfortunately, a small amount of a second hydrazinolysis of 

H-Exn(1-21)-NHNH2, was observed; probably via an uncatalyzed hydrazinolysis of the Gln carboxamide 

(<5%). 

 

Figure 10. A) Chemo-enzymatic synthesis of exenatide from two fragments and B) Chemo-enzymatic synthesis of exenatide in N-to-
C direction using three fragments. The full-length sequence of exenatide is given in B). 
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Figure 11. Ligation of H-Exn(1-8)-Cam-LK-OH and H-Exn(9-21)-NH2 and subsequent PAM-catalyzed hydrazinolysis. The HPLC 
trace of the reaction is shown: H-Exn(108)-Cam-LK-OH and H-Exn(9-21)-NH2 (0 min, bottom trace) are efficiently ligated using 
thymoligase within 45 min (middle trace). Addition of PAM and concentrated aq. hydrazine resulted in the formation of C-terminal 
hydrazide H-Exn(1-21)NHNH2 (10 min, top trace). Reactions were performed in a sequential one-pot fashion. 

 

The intermediate hydrazide fragment H-Exn(1-21)NHNH2 was isolated as a pure intermediate either via 

centrifugal ultrafiltration or preparative HPLC. Purification was deemed necessary since the combination of 

NaNO2 and N2H4 could lead to the formation of hazardous hydrazoic acid (HN3). The activation of 

H-Exn(1-21)-NHNH2 using NaNO2/MPAA proceeded cleanly and the combined addition of 

H-Exn(22-39)-NH2 and omniligase-1 resulted in the formation of the final exenatide product. However, 

repeatedly a broad product peak was observed in the HPLC chromatogram, leading to the assumption that 

the oxidative conditions used might induce unknown side-reactions, e.g. oxidation of Met, Tyr or Trp.[30] 

Hence, the use of the milder acetylacetone activation approach to give an acylpyrazole as the activated 

intermediate described by Dawson et al. could be preferred.[5] Indeed, clean formation of the thioester was 

observed, which was subsequently efficiently ligated to H-Exn(22-39)-NH2 using omniligase-1 within 60 min. 

No peak broadening was observed (see Figure 12) and with only a slight excess (2.5 eq.) of the acyl acceptor 

fragment only a very limited amount of hydrolysis (<2%) was detected. Interestingly, the activation of the 

hydrazide also worked without the addition of Gdn.HCl, however, at a significantly reduced rate (approx. 3-

fold slower). 
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Figure 12. HPLC traces of the activation of H-Exn(1-21)-NHNH2 (0 min) to the corresponding MPAA thioester (90 min) using 
acetylacetone/ MPAA and omniligase-1 catalyzed ligation of the activated fragment with H-Exn(22-39)-NH2 to yield exenatide (H-
Exn(1-39)-NH2; 150 min) as the final product. 

 

Plug & Play Synthesis of the Cyclotide MCoTI-II and derivatives 

Besides its application for the N-to-C assembly of linear peptides using multiple fragments, we also investigated 

the applicability of the PAM-activation approach for the synthesis of peptide head-to-tail macrocycles from 

two independent fragments. We envisioned a modular approach to be extremely beneficial in case of the 

synthesis of large macrocyclic peptides, e.g. >30 amino acids in length. The 34-mer cyclotide MCoTI-II, 

which had been extensively studied in our labs, was chosen as a model system. The established coupling sites 

L1 (…VCPK // IL…) and L2 (…CRGN // GY…) (see chapter 4) were maintained. In order to prevent 

oligomerization or cyclization of the fragment initially bearing the C-terminal ester, an N-terminal 1-(4,4-

dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) group was employed as a temporary protecting group. 

After the synthesis of the respective fragments Dde-ILKKCRRDSDCPGACICRGN-HMBA-L-OH and 

H-GYCGSGSDGGVCPK-NH2 using standard SPPS procedures, ligation was performed in an aqueous 

solution of 100 mM tricine buffer pH 8.5 using peptiligase #1015, which has proven to be a suitable catalyst 

for this coupling (see chapter 4). Low mM concentrations and an excess of the acyl acceptor fragment (5 eq.) 

were required to achieve efficient ligation (see Figure 13A). Unfortunately, besides efficient peptide bond 

formation after just 10 min, peptiligase #1015 also slowly catalyzed cleavage of the resulting linear product 

Dde-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NH2 at position LKKC // RR. Cleavage was 

confirmed by incubating linear MCoTI-II-L1 amide (60 nmol) with a high amount of peptiligase #1015 (2 

nmol). Interestingly, this cleavage reaction does not seem to occur with cyclic c-MCoTI-II, showcasing the 

increased stability of macrocyclic peptides. However, quenching the reaction immediately after completion, 
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e.g. by acidification and subsequent purification, minimized the occurrence of this side-reaction. Following 

purification of the linear Dde-protected peptide C-terminal amide, PAM-catalyzed hydrazinolysis resulted in 

the formation of the corresponding C-terminal hydrazide in 85% yield within 15 min (Figure 13B). 

Simultaneously, the high concentration of hydrazine also resulted in the efficient removal of the N-terminal 

Dde protecting group.[31,32] After hydrazine removal by preparative HPLC, the C-terminal hydrazide was 

activated to its corresponding MPAA thioester using the methodology adopted from Dawson et al. (Figure 

13C).[5] Subsequent head-to-tail cyclization of the linear thioester precursor using omniligase-1 efficiently 

yielded oxidatively folded cf-MCoTI-II in just 60 min (Figure 13D). Interestingly, oxidative folding proceeded 

significantly faster than expected (1 h vs. >12 h). We reasoned that rapid oxidative folding occurred due to 

the presence of an excess of MPAA and reduced glutathione (GSH), potentially promoting disulfide shuffling. 

The identity of chemo-enzymatically synthesized cf-MCoTI-II was confirmed via HPLC-MS comparison with 

native chemically synthesized MCoTI-II. Similarly to the reaction under oxidative conditions, the cyclization 

reaction can also be performed under reducing conditions (using tris(2-carboxyethyl)phosphine (TCEP)), 

resulting in the formation of reduced c-MCoTI-II in 90% (a/a) HPLC yield, accompanied with the formation 

of 10% hydrolysis by-product. The amount of hydrolysis could not be determined for the reaction under 

oxidative conditions due to rapid disulfide shuffling.  

This two fragment ligation-activation-cyclization synthesis route for the assembly of MCoTI-II and related 

derivatives presents a new modular assembly process, which enables high flexibility, e.g. for cyclotide grafting 

studies.[33,34] In addition, this approach enables the synthesis of long MCoTI-I variants such as MCo-PMI,[35] 

were straight-through SPPS assembly might be hampered simply due to the length of the peptide (51 amino 

acids). 
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Figure 13. Two fragment three enzyme ligation strategy for the synthesis of cf-MCoTI-II: Schematic overview and HPLC-traces of 
each reaction are shown. A) Ligation of Dde-ILKKCRRDSDCPGACICRGN-OHMBA-L-OH and H-GYCGSGSDGGVCPK-NH2 (5 
eq.) using peptiligase #1015. Following HPLC purification, B) PAM hydrazinolysis and simultaneous deprotection of the N-terminal 
Dde protection group was performed. Again, following HPLC purification, C) activation of the newly performed C-terminal peptide 
hydrazide was performed using the acac/ MPAA activation protocol.[5] Finally, D) omniligase-1 catalyzed cyclization and oxidative 
folding in a one-pot reaction was performed to yield cf-MCoTI-II.
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Conclusion 

Peptide hydrazides are known to be useful intermediates in CEPS, NCL or hydrazone ligation. Here, we 

devised a new route for the enzymatic synthesis of C-terminal peptide hydrazides, i.e. via successfully 

expanding the scope of PAM-catalyzed C-terminal functionalization of peptides to the hydrazinolysis of peptide 

amides in water. A detailed characterization of PAM revealed that this approach is applicable to a wide range 

of different peptides and peptide hydrazides of the majority of all 20 proteinogenic amino acids at the 

C-terminus can be efficiently prepared. We demonstrated that hydrazides, converted into several different 

thioesters using established activation protocols,[4,5] can serve as acyl donor substrates for omniligase-1 

catalyzed inter- and intramolecular ligations. Peptiligase variants proved to be particularly stable under the 

harsh conditions used for the hydrazide thioester conversion. Enzymatic ligations using thioesters as substrates 

proceeded with excellent conversions and only limited formation of hydrolytic by-product. The combination 

of both described methods (enzymatic ligation and PAM catalyzed hydrazinolysis) resulted in a 

functionalization-activation-ligation reaction sequence that enables the sequential ligation of peptides amides 

in an N-to-C direction. Both reactions can be combined in a sequential one-pot procedure, i.e. enzymatic 

ligation followed by PAM-catalyzed hydrazinolysis in one pot. In theory, the peptide ligation strategies in both 

directions (N-to-C and C-to-N) could be employed for the convergent synthesis of (small) proteins. We clearly 

showed that this unique activation-ligation or cyclisation approach involving two to three distinct enzymes is 

applicable to a wide range of different linear as well as head-to-tail cyclic peptides, as exemplified for the N-

to-C synthesis of the GLP-1 analogue exenatide from three fragments and the synthesis of the cyclotide 

MCoTI-II from two fragments. Especially the later represents an elegant approach that enables the modular 

synthesis of long (disulfide-rich) multi-cyclic peptides, where straight-through SPPS assembly might be 

hampered simply due to the length of the peptide. 
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Experimental Section 

Omniligase-1 and Peptiligase #1015 was obtained from EnzyPep B.V. and native chemically synthesized 

MCoTI-II was a kind gift from the lab of David Craik (University of Queensland, Australia). 

 

Solid Phase Peptide Synthesis 

Synthesis of peptide C-terminal hydrazides  

Peptide hydrazides were synthesized using hydrazine modified 2-chlorotrityl chloride (CTC) resin according 

to a literature procedure.[36] For activation, CTC resin was swollen in dichloromethane (DCM; 2x 2 min), 

before incubation in a 10% (v/v) solution of thionyl chloride in dimethylformamide (DMF; 2x 2 h). The 

activated resin was washed with DMF (2x 2 min) and washed with a 1:1 (v/v) mixture of DCM and DMF for 

30 min. Subsequently the resin was agitated in a 5% (v/v) solution of hydrazine hydrate (NH2NH2·H2O) in 

DMF (20 mL) for 30 minutes before brief washing with DMF. Again, the resin was agitated in a 5% (v/v) 

solution of NH2NH2·H2O in DMF for 30 min. After, the resin was thoroughly washed with DMF (3x 10 s), 

DCM (3x 10 s) and DMF (6x 10 s). To cap unreacted chlorine moieties, the resin was incubated with a 

solution of 5% (v/v) methanol in DMF for 10 minutes, before washing again with DMF (3x 10 s), DCM (3x 

10 s), DMF (3x 10 s). The resulting 2-chlorotrityl hydrazine resin was used as a starting point for peptide 

elongation using classical SPPS protocols:  

After swelling the resin in DCM (10 min) and washing the resin with DMF (3x 2 min), Fmoc-deprotection 

was performed by agitating the resin in a solution of 20% (v/v) piperidine in DMF (2x 8 min). Subsequently, 

the resin was thoroughly washed with DMF (6x 2 min). The next amino acid was coupled using a solution of 

Fmoc-AA-OH (4 eq.), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU; 

4 eq.) and Oxyma Pure (4 eq.) in DMF with N,N-diisopropylethylamine (DIPEA, 8 eq.) added as a base (45 

min). Subsequently, the resin was washed with DMF (2 min). For peptide elongation steps of deprotection, 

washing and coupling were repeated. For N-terminal acetylated peptide hydrazides, after final Fmoc-

deprotection, acetylation was performed by agitating the resin in a 1/1/8 (v/v/v) mixture of acetic 

anhydride/DIPEA/DMF for 30 minutes. Finally, the resin was washed with DMF (3x 2 min) and DCM (3x 2 

min), followed by drying in a stream of nitrogen. Cleavage of the peptide from the resin and side-chain 

deprotection was performed using a 95/2.5/2.5 (v/v/v) mixture of trifluoroacetic acid (TFA)/triisopropylsilane 

(TIS)/water for 2 hours. The slurry was filtered, and the filtrate was gently poured into an ice-cold 

diisopropylether (10 mL cleavage mixture per 90 mL ether), followed by drying the crude precipitate under 

reduced pressure. Peptides were analyzed by HPLC-MS and if deemed necessary, purified using preparative 

HPLC.  
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Library Synthesis: Ac-DFSKXaa-NH2  

A library of peptides with the sequence Ac-DFSKXaa-NH2 (Xaa= each of the 20 proteinogenic amino acids) 

using standard SPPS protocols using a Rink amide resin (0.43 mmol/g, 0.2 mmol scale). Coupling of amino 

acids was performed using a solution of Fmoc-amino acid (4 eq.),HBTU (4 eq.) Oxyma Pure (4 eq.) and 

DIPEA (8 eq.) in DMF for 45 min. Fmoc-deprotection was performed with 20% (v/v) piperidine in DMF (2x 

8 min). Acetylation was performed using a mixture of 5% (v/v) acetic anhydride and 5% (v/v) DIPEA in DMF 

for 30 min. Cleavage of the peptide from the resin and side-chain deprotection was performed using a 

95/2.5/2.5 (v/v/v) mixture of TFA/TIS/water for 2 hours. The slurry was filtered, and the filtrate was gently 

poured into an ice-cold (-20°C) diisopropylether (10 mL cleavage mixture per 90 mL ether), followed by 

drying the crude precipitate in vacuo. Peptides were analyzed by HPLC-MS and if deemed necessary, purified 

using preparative HPLC.  

Synthesis of Exenatide Fragments: 

H-Exn(1-8)-Cam-LK-OH was synthesised using Fmoc-Lys(Boc)-Wang resin (0.32 mmol/g) following classical 

SPPS procedures. The Cam-ester was introduced using Fmoc-Ser(tBu) glycolic acid, which was prepared 

according to Nuijens et al..[37] The final product was purified using preparative HPLC. 

H-Exn(9-21)-NH2 was synthesised using a Rink amide resin (0.43 mmol/g) following classical SPPS procedures 

(see chapter 2). The final product was purified using preparative HPLC. 

H-Exn(22-39)-NH2 was synthesized using a Rink amide resin (0.43 mmol/g) following classical SPPS 

procedures. Two dipeptide building blocks were used, namely Fmoc-Gly-Gly-OH and Fmoc-Pro-Pro-OH. 

The final product was purified using preparative HPLC. 

Table 3. Codes, sequences and MWs (calculated and experimental) of synthesized peptide for the three-fragment ligation approach 

for the synthesis of exenatide.  

Peptide Sequence MWcalc MWexp 

H-Exn (1-8)-Cam-LK-OH H-HGEGTFTS-Cam-LK-OH 1133.5 1133.2 

H-Exn (9-21)-NH2 H-DLSKQMEEEAVRL-NH2 1546.8 1546.2 

H-Exn (1-21)-NHNH2 H-HGEGTFTSDLSKQMEEEAVRL-NHNH2 2377.2 2377.5 

H-Exn (22-39)-NH2 H-FIEWLKNGGPSSGAPPS-NH2 1840.1 1839.6 

H-Exn(1-39)-NH2 H-HGEGTFTSDLSKQMEEEAVRLFIEWL-

KNGGPSSGAPPS-NH2 

4184.0 4184.0 
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MCoTI-II fragments: 

Both Dde-ILKKCRRDSDCPGACICRGN-OHMBA-L-OH and H-GYCGSGSDGGVCPK-NH2 were 

synthesized using standard SPPS protocols. Fmoc-Leu-Wang resin (0.32 mmol/g) and Fmoc-Rink amide resin 

(0.33 mmol/g) were washed with DCM (2x 2 min, generally 10 mL/ g resin) and DMF (2x 2 min). Fmoc-

deprotection was performed using 20% (v/v) piperidine in DMF (2x 8 min). After washing with DMF (6x 2 

min), the next amino acid (4 eq.) was coupled using HBTU (4 eq.), OxymaPure (4 eq.) and DIPEA (8 eq.) in 

DMF for 45 min. The cycle of deprotection, washing and coupling was repeated till completion of the 

synthesis. The peptide containing the HMBA-ester was prepared as follows: Bromo-HMBA (4 eq.) was 

coupled to a preloaded Leu-Wang resin using diisopropylcarbodiimide (DIC, 4 eq.) and OxymaPure (4 eq.) 

in DMF (2x 20 min). Esterification was performed using Fmoc-amino acid (4 eq.), DIPEA (4 eq.) and potassium 

iodide (0.1 eq.) for 16 hours at 50°C.[38] Fmoc-Asp(tBu)-Gly(Dmb)-OH (Dmb= N-(2,4-

Dimethoxybenzyl)glycine) was used to prevent aspartimide formation (position underlined in sequence). In 

addition, two pseudoproline dipeptides were used during synthesis: DS (position indicated in bold and 

underlined) and GS (position indicated in bold and italics in the sequence). Double couplings were performed 

for coupling arginine residues. Dde protection was introduced by agitating the resin in DMF with Dde (2 eq.) 

and DIPEA (8 eq.) over-night. 

After the final Fmoc-deprotection (2x 30 min), the resin was dried under a flow of nitrogen. Cleavage from 

the resin and side-chain deprotection was performed using a mixture of 87.5/ 5/2.5/2.5/2.5 (v/v/v/w/v) 

TFA/TIS/thioanisole/dithiothreitol (DTT)/water for 120 min. The crude peptide was precipitated using 

diisopropylether (10 mL cleavage mixture per 40 mL diisopropylether). followed by drying the crude 

precipitate under reduced pressure. Peptides were analyzed by HPLC-MS and if deemed necessary, purified 

using preparative HPLC.  

Table 4. Codes, sequences and MWs (calculated and experimental) of synthesized peptide for the two-fragment ligation-activation-

cyclization approach for the synthesis of the cyclotide MCoTI-II. 

Peptides MWcalc MWexp 

Dde-ILKKCRRDSDCPGACICRGN-OHMBA-L-OH  2618.3 2618.0 

H-GYCGSGSDGGVCPK-NH2  1284.5 1284.0 

Dde-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NH2  3637.6 3637.2 

H-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NHNH2  3488.6 3489.5 

cf-MCoTI-II (cf[ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK]) 3450.5 3451.2 
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Analytical Characterization via HPLC-MS 

Analytical HPLC was performed on an Agilent 1260 Infinity system, equipped with a reversed phase 

Phenomenex Luna Prep C18 column (10 µm, 250 × 4.6 mm) and coupled to an Agilent 6130 Quadrupole 

LC/MS system. Analysis was carried out at 40°C and UV detection at λ= 220 nm. Samples were eluted using 

a linear gradient of solvent B (acetonitrile containing 0.05% (v/v) methanesulfonic acid) in solvent A (water 

containing 0.05% (v/v) methanesulfonic acid) at a flow rate of 1 mL/min. Individual gradients were chosen 

each peptide individually. S/H ratios as well as general conversions (%) were calculated based on the 

integrated peak area. 

 

Screening of thiols in thioester formation using NaNO2 oxidation 

The peptide hydrazide fragment Ac-DFSKL-NHNH2 (14 mM) was oxidized using NaNO2 (21 eq.) in 0.2 M 

phosphate buffer containing 6 M Gdn.HCl (pH 3) for 15 min at -15°C (dry ice/ acetone mixture). Following 

oxidation, the corresponding thiol (64 eq.) and the acyl acceptor fragment H-ALKKF-NH2 (1.1 eq.) dissolved 

in 0.2 M sodium borate buffer were added to the acyl donor fragment solution. The resulting pH was pH 

8.0- 8.5 at room temperature. The ligation reaction (4.7 mM acyl donor fragment) was initiated by adding 

omniligase-1 (1.19 µM) and monitored via HPLC-MS. 

 

Expression and Purification of PAM 

Expression of PAM wildtype was performed in E.coli. LB medium containing 100 µg/mL ampicillin was 

inoculated from an overnight culture and incubated at 37°C while shaking for 5 hours. After an OD600 of 0.6 

was reached protein expression was induced by the addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

to a final concentration of 75 µM. Subsequently, the culture was incubated at 20°C for 24 h. Cells were 

harvested by centrifugation (4000 x g, 4°C, 1 h) and the pellet was resuspended in 0.02 M potassium 

phosphate buffer pH 7.5 containing 0.5 M NaCl (20% (w/w) pellet). Following cell lysis by sonication the 

lysate was cleared by centrifugation (10000 x g, 4°C, 1 h) and purified using a cobalt affinity purification system 

(TALON, Clontech) according to the manufacturer’s instructions. The cleared lysate was loaded onto a pre-

equilibrated resin and incubated overnight at 4°C on a rocky shaker. Using gravity flow the flow-through was 

collected and the resin was washed with a buffer containing 0.02 M potassium phosphate, pH 7.5, 0.5 M 

NaCl. Subsequently, the enzyme was eluted using elution buffer (0.02 M potassium phosphate buffer (pH 

7.5), 0.5 M NaCl, 0.2 M imidazole). The purified enzyme was desalted in protein storage buffer (20 mM 

potassium phosphate buffer, pH 7.5) using ultracentrifugation (Amicon ultra centrifugal filter, 30 kDa molecular 

weight cut-off (MWCO)). The enzyme solution was stored in aliquots at -80°C until further use. The yield of 



Chapter 8 

 

186 
 

purified protein was 5-10 mg/L culture. Before use the enzyme was incubated for 10 days at 30°C to increase 

the enzyme activity. 

 

PAM Activity Assay 

To assay the activity of a produced batch of PAM, commercially available Cbz-Gly-Tyr-NH2 (18.5 mg, 50 

µmol) was dissolved in 5 mL of 20 mM phosphate buffer pH 7.5 containing 2% (v/v) DMF. The reaction was 

initiated by adding PAM (3.5 µg, 65 pmol) to 500 µL of the peptide solution. The reaction was performed at 

20°C or 50°C and the hydrolysis reaction was followed by HPLC-MS. Time samples were prepared by 

quenching 5 µL of the reaction mixture in 95 µL a 3:1 (v/v) mixture of acetonitrile (ACN)/water containing 

0.5% (v/v) methanesulfonic acid (MSA). 

 

Screening of Ac-DFSKXaa-NH2 for PAM-Catalyzed Hydrazinolysis 

For screening the P1 peptide amide library of the format Ac-DFSKXaa-NH2 (Xaa= each of the 20 

proteinogenic amino acids) 1 mg (approx. 1.5 µmol) of each crude peptide was dissolved in 50 µL ultrapure 

water, before 300 µL of 5 M aq. N2H4.HCl (pH 8) was added. PAM wildtype (25 µg, 0.46 nmol) was added 

and the reaction was monitored via HPLC-MS. Samples were taken after 0, 30, 60, 120 and 240 min by 

quenching 10 µL of reaction mixture in 390 µL aq. NaHSO4 pH 1.4.  

 

Screening of Alternative Nucleophiles in PAM-catalyzed Reactions 

Ac-DFSKY-NH2 (1 mg, 1.4 µmol) was dissolved in 5 M nucleophile solution in H2O (300 µL) and immediately 

PAM (50 µg, 0.9 nmol) was added to start the reaction. The reaction was performed at room temperature 

and was followed via HPLC-MS. After 15, 30, 60, 120 and 240 min 2.5 µL of reaction mixture were 

quenched in 97.5 µL aq. NaHSO4 pH 1.4. 

 

PAM-catalyzed Hydrazinolysis of Peptide C-terminal Carboxamides 

General Procedure (exemplified for Ac-DFSKY-NH2): 

Ac-DFSKY-NH2 (1.7 µmol, 1 eq.) was solubilized in 50 µL ultrapure water and 300 µL of a 5 M aq. N2H4.HCl 

solution (pH 8-8.5) was added. PAM (50 µg, 0.9 nmol) was added and the reaction mixture was incubated 
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at 20°C. The reaction progress was monitored by HPLC-MS. Time samples were taken by quenching 10 µL 

of the reaction mixture in 390 µL of 1 M aq. aq. NaHSO4 pH 1.4.  

 

Activation of Peptide Hydrazides and their Subsequent use in Enzymatic Ligations 

General Procedure: 

(Exemplified for Ac-DFSKL-NHNH2 as the acyl donor and H-ALKKF-NH2 as the acyl acceptor fragment) 

Ac-DFSKL-NHNH2 (2.8 µmol, 1 eq.) was dissolved in 200 µL buffer (0.2 M potassium phosphate buffer, 6 

M guanidinium chloride, pH 3). The solution was cooled to –15°C using a mixture of acetone/ dry ice and 

120 µL of a 0.5 M solution of aq. NaNO2 (60 µmol, 21 eq.) was added. The mixture was incubated at –

15°C for 15 minutes, followed by the addition of a solution of MPAA (178 µmol, 64 eq.) and acyl acceptor 

fragment H-ALKKF-NH2 (3.1 µmol, 1.1 eq.) dissolved in 400 µL of a 0.2 M sodium borate buffer (pH 10). 

The pH was checked and, if necessary, carefully adjusted to 8.5 using 1 M aq. NaOH or 1 M aq. H3PO4. To 

initiate the ligation reaction, omniligase-1 (20 µg, 0.7 nmol) was added. The reaction was allowed to proceed 

at 20°C and the reaction progress was followed by HPLC-MS. Time samples were prepared by adding 5 µL 

of the reaction mixture to 95 µL of a 3:1 (v/v) mixture of ACN and water containing 0.5% (v/v) MSA. 

 

Multi-Fragment Assembly of Exenatide 

One-pot Ligation of H-Exn(1-8)-Cam-LK-OH and H-Exn(9-21)-NH2 and Subsequent PAM-catalyzed 

Hydrazinolysis: 

H-Exn(1-8)-Cam-LK-OH (3 mg, 2.2 µmol, 4 eq.) and H-Exn(9-21)-NH2 (1 mg, 0.5 µmol) was dissolved 

180 µL water before 20 µL of 1 M tricine buffer pH 8.5 and 5 µL of a TCEP stock solution (350 mM) were 

added. The pH was adjusted to pH 8.3 using 3 M aq. NaOH. Thymoligase (80 µg, 2.8 nmol) was added to 

initiate the reaction, which was followed via HPLC-MS by directly injecting the reaction mixture into the 

system. After the reaction was complete (45 min) 800 µL of aq. 4 M hydrazine pH 8.1 was added together 

with 75 µg (1.4 nmol) PAM. Again, the reaction was followed via HPLC-MS by directly injecting the reaction 

mixture into the HPLC-MS system. After completion of the reaction (10 min) the resulting product H-Exn(1-

21)-NHNH2 was isolated via preparative HPLC. 
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Hydrazide activation of H-Exn(1-21)-NHNH2 using Na NO2 and Subsequent Enzymatic Ligation:  

The thioester activation protocol was adopted from Liu et al..[1,2,39] H-Ex1-21-NHNH2 (1.5 mg, 0.55 µmol, 

1 eq.) was dissolved in 200 µL of 0.2 M potassium phosphate buffer pH 3 containing 6 M Gdn.HCl. The 

solution was cooled to -15°C and 10 µL of a 0.5 M solution of NaNO2 in water (5 µmol, 10 eq.) was added. 

The mixture was incubated at -15°C for 15 minutes, before a solution of H-Ex22-39-NH2 (2.2 mg, 1.1 µmol, 

2 eq.) and MPAA (2.0 mg, 12 µmol, 22 eq.), dissolved in 400 µL of a 0.2 M sodium borate buffer pH 10 was 

added. The pH of the resulting mixture was carefully adjusted to 8.5 using aq. NaOH and aq. H3PO4. 

Omniligase-1 (16 µg, 0.6 nmol) was added and the ligation reaction was allowed to proceed at 20°C. The 

reaction progress was followed by HPLC-MS. Samples were prepared by quenching 5 µL of the reaction 

mixture in 95 µL of a 3:1 (v/v) mixture of ACN/water containing 0.5% (v/v) MSA. 

 

Hydrazide activation of H-Exn(1-21)-NHNH2 using Acac and Subsequent Enzymatic Ligation:  

The thioester activation protocol was adopted from Dawson et al..[5] MPAA (33 mg) was dissolved in a 

solution of 6M Gdn.HCl (1 mL) and undissolved MPAA was removed by filtration using a 0.22 µM syringe 

filter. The pH of the solution was adjusted to pH 3. H-Ex1-21-NHNH2 (3 mg, 1.1 µmol) was dissolved in 

800 µL of the MPAA containing solution (800 μL) and acetylacetone (acac; 1 µL) was added. The reaction 

progress was followed by HPLC-MS by direct injection of the reaction mixture into the HPLC-MS. After full 

conversion of the hydrazide into the thioester (after 120 min), the acyl acceptor fragment H-Ex22-39-NH2 

(6 mg, 2.8 µmol, 2.5 eq.), 1600 µL water, 600 µL of 1M tricine buffer pH 8.5 and 30 µL TCEP stock solution 

(350 mM) were added. This resulted in a final pH of 8.1, a Gdn.HCl concentration of 2 M and a tricine buffer 

concentration of 200 mM. Last omniligase-1 (50 μg, 1.8 nmol) was added and the reaction progress was 

followed by HPLC-MS. 

 

Plug & Play Assembly of MCoTI-II  

Intermolecular Ligation for the Synthesis of Dde-MCoTI-II A-NH2: 

Fragments Dde-ILKKCRRDSDCPGACICRGN-HMBA-L-OH (0.4 mg, 0.125 µmol) and H-

GYCGSGSDGGVCPK-NH2 (1.25 mg, 0.65 µmol, ~5 eq.) were dissolved in 12.5 µL water, followed by 

the addition of 25 µL 1 M tricine buffer pH 8.5 containing 3.5 mM TCEP. Peptiligase #1015 (20 µg, 0.7 

nmol) was added to initiate the enzymatic ligation. The reaction was performed at room temperature and the 

reaction progress was followed by HPLC-MS. For this 10 µL of reaction mixture were quenched in 10 µL 

2% (v/v) aq. TFA. To prepare larger amounts of material the ligation was scaled out using identical parameters, 

followed by purification via preparative HPLC. 
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PAM-catalyzed Hydrazinolysis and Dde deprotection of Dde-MCoTI-II L1-NH2: 

Dde-MCoTI-II A-NH2 (Dde-ILKKCRRDSDCPGACICRGNGYCGSGSDGGVCPK-NH2, 0.2 mg, 48 nmol) 

was dissolved in 15 µL deionized water and 50 µL of a 6 M aq. N2H4 solution pH 8.5 were added. The 

reaction was initiated by the addition of 50 µg PAM (0.9 nmol) and the reaction progress at 20°C was 

monitored via HPLC-MS. For this 10 µL of reaction mixture were quenched in 10 µL 2% (v/v) aq. TFA. To 

prepare larger amounts of material the ligation was scaled out using identical parameters, followed by 

purification of the final Dde-deprotected C-terminal hydrazide via preparative HPLC. 

 

Acac/MPAA Activation of H-MCoTI-II-L1-NHNH2, Cyclization and Oxidative Folding: 

0.6 mg MPAA (50 eq.) was dissolved in18 µL 6 M aq. Gdn.HCl pH 7.0 and heated to 50°C for 5 minutes 

until the MPAA was almost fully dissolved. The suspension was filtered over a syringe filter to obtain a clear 

solution. The resulting pH was 2-3. MCoTI-II L1 hydrazide (0.25 mg, 60 nmol, 1 eq.) was dissolved in the 

MPAA containing solution and acac (2.5 eq.) was added. The reaction was followed via HPLC-MS by direct 

injection of the reaction mixture. After quantitative formation of the MPAA thioester 390 µL of H2O and 100 

µL of 1 M potassium phosphate buffer pH 8.5 containing 5 mM GSH were added, followed by the addition 

of omniligase-1 (10 µg, 0.35 nmol). The reaction progress was followed via HPLC-MS. For this 10 µL of 

reaction mixture were quenched in 10 µL 2% (v/v) aq. TF
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