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In this thesis, we have investigated peptide amidases for C-terminal modification 

of peptides (protection/deprotection) in the context of peptide synthesis. Peptide 

amidases catalyze the selective hydrolysis of the C-terminal carboxamide groups present 

on peptide amides and possess a broad substrate specificity. This activity can be used in 

stepwise N→C directed chemoenzymatic peptide synthesis. As described in Chapter 1, 

at the start of this work there were two peptide amidases reported in the literature, PAF, 

isolated from flavedo of oranges, and Pam, a member of the amidase signature family of 

enzymes produced by Stenotrophomonas maltophilia 1,2. Both enzymes can hydrolyze C-

terminal carboxamides (Fig. 1) but only PAF was reported to catalyze conversion of 

peptide amides to the corresponding esters (Fig. 2), albeit with low yields and 

considerable hydrolysis 3. Furthermore, the PAF-encoding gene is not cloned and the 

protein can be obtained only in low quantities from its natural source. The C-terminal 

amide to ester conversion of peptide amides is of special interest since the introduced 

ester group can function as an activating group that enables enzyme-catalyzed 

kinetically-controlled peptide bond synthesis. Furthermore, the reverse of the hydrolytic 

reactions catalyzed by peptide amidase would allow conversion of free C-termini of 

peptides to carboxamide or ester functionalities, which is accompanied by drastic 

changes in reactivity and bioactivity. 

We started this research with the aim to clone the peptide amidase from orange 

flavedo. This enzyme (PAF) was earlier reported to selectively hydrolyze peptide amides 

and, in the presence of methanol, could convert them into the respective methyl esters 3. 

We started with a commercial enzyme preparation that originated from the flavedo 

(peels) of citrus fruits. However, the amount of enzyme in this material was very low 

while it contained a large amount of germin-like proteins of ca. 23 kDa molecular mass, 

 

Fig. 1. Hydrolysis of peptide amides by peptide amidase from orange flavedo (PAF). X = 
amino acid side chain, Y = amino acid- or peptide group, or N-terminal protecting group. 

 

Fig. 2. Esterification and hydrolysis reactions catalyzed by peptide amidase from orange 
flavedo (PAF).  
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which we think the earlier investigators have mistakenly reported as active peptide 

amidase 2. After removing this unwanted fraction from the preparation, some partially 

purified enzyme was obtained in low yields. To obtain larger amounts of enzyme, we 

purified the peptide amidase from Navelina oranges purchased at a local market. Again, 

the amount of peptide amidase was found to be low and only 50 μg of partially purified 

enzyme could be obtained from 180 g of orange peels, still yielding up to five different 

bands on an SDS-PAGE gel. MS/MS analysis of tryptic digests of the proteins observed 

on a gel was performed to obtain peptide sequences. Investigation of these partial 

sequences helped us to identify a protein band (ca. 56 kDa) with a sequence that matched 

a putative amidase encoded on cDNA from Vitis vinifera. Further sequence analysis 

indicated that this protein is a member of the amidase signature family of hydrolases, the 

same family of enzymes to which the bacterial peptide amidase belongs. 

After identifying the correct protein, the next step was to clone the gene and 

express it in a bacterial system. The bottleneck was the absence of complete DNA 

sequence of Citrus sinensis (orange); only partial cDNA sequences were available in the 

sequence database. Hoping that a homologous plant peptide amidase would also be more 

suitable for amide to ester conversion than the available bacterial amidase, we selected 

the three best-matching cDNA sequences from the available cDNA databases; from 

Glycin max, Solanum lycopercicum, and Populus trichocarpa. These putative amidases 

were expressed as MBP (maltose binding protein)-fused proteins in E. coli Origami to 

facilitate soluble expression and formation of putative disulfide bonds. Of these three 

proteins, the one from Glycin max (soybean) was capable of hydrolyzing peptide amides. 

This enzyme was named SbPam. It is a 52.5 kDa (490 amino acid), monomeric amidase 

signature enzyme. It shows no endopeptidase activity. The enzyme had a similar 

substrate spectrum as reported for Pam and PAF mentioned above and was able to 

catalyze the conversion of a peptide amide to a peptide ester, along with considerable 

hydrolysis 2,4. The ester product was confirmed by LC-MS analysis. However, the enzyme 

became quickly inactivated at high methanol concentrations required for catalysis. This 

work is described in Chapter 2. 

Although these results show that the soybean peptide amidase (SbPam) shows the 

desired activity of amide to ester conversion, which was originally reported for the citrus 

enzyme, it is well possible that this ester-synthesis capacity is shared by (unknown) 

related enzymes. Further work thus could be aimed at exploring a broader range of 

(plant) peptide amidases. Blast searches indeed indicate a wide distribution of related 

amidases among plants, dozens of which have 60-80% sequence identity with the soy 

enzyme. The closest homologs in bacteria share 40-50% sequence identity, but members 

of this group also could have attractive catalytic properties. However, careful selection of 

target sequences is needed because enzymes from the amidase signature family show 

diverse catalytic activities. This family includes, for example, mammalian fatty acid 
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amide hydrolases that degrade fatty acid amides, a tRNA-dependent amidotransferase 

(GatCAB) that is involved in the synthesis of Asn-tRNAAsn in bacteria, an aliphatic 

amidase from Rhodococcus sp., and malonamate amidase from Bradyrhizobium 

japonicum, to name a few 5–9. Based on this diversity, it is unlikely that each homologous 

amidase-like enzyme would be a peptide amidase. This is supported by the fact that 

closely related putative amidases from a related citrus species (a gift from Dr. M.J. 

Beekwilder from Wageningen, the Netherlands) did not possess peptide amidase activity. 

More structural insight is therefore required to identify similar peptide amidases. 

Moreover, most cDNA sequences reported in the databases are incomplete sequences 

that do not represent the whole protein. Another bottleneck is the difficult expression of 

putative amidases from the plant kingdom in bacterial hosts. For unknown reasons, 

expression of the few plant peptide amidases that we attempted in E. coli was not 

straightforward, and another host may be needed. It would be interesting to produce a 

larger number of homologous peptide amidases and determine their crystal structures. 

With additional structural information, one could more reliably identify potentially 

useful target sequences by genome mining.  

In Chapter 3, we investigated the peptide amidase from the bacterium 

Stenotrophomonas maltophilia (Pam) for peptide amide to methyl ester interconversion. 

Pam has the advantage that its gene has been cloned, it can be expressed in soluble form, 

and a crystal structure is available (Chapter 1) 10,11. A synthetic construct was obtained 

and Pam was expressed with a C-terminal His-tag sequence for convenient purification. 

Initial trials showed that Pam could catalyze the desired methyl ester formation, but the 

high methanol concentrations required for this reaction were equally detrimental to Pam 

as found in case of SbPam. To make a feasible conversion, we established the minimum 

methanol concentration required for methyl ester formation, and it turned out to be 10%. 

Next, we investigated peptide methyl ester synthesis in neat organic solvents with lower 

methanol concentrations in the medium and found that acetonitrile could be used as a 

solvent for this reaction. By using acetonitrile and excluding water from the reaction, 10% 

methanol in the reaction mixture was sufficient to obtain efficient ester synthesis. It was 

also found that lyophilization in the presence of sucrose helped to stabilize the enzyme. 

Encouraged by these findings, we utilized Pam, in a one-pot reaction, for the synthesis 

of a tripeptide, Z-Gly-Tyr-Phe-NH2. For this purpose, Pam was used in combination with 

two newly cloned proteases, DgSbt and TaqSbt (Fig. 3) 12,13. Apart from esterification with 

methanol, Pam was also used for esterification with other primary alcohols e.g. ethanol 

and propanol, but with these alcohols the yield was much lower, suggesting that Pam 

prefers smaller nucleophiles for esterification. The observation that Pam can be used to 

activate the C-terminus of a peptide for coupling reactions was an important 

breakthrough for our work on peptide amidases.  
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Although this work provided proof-of-principle for amide to methyl ester 

conversion, there are severe limitations. The stability of Pam in organic solvents and 

higher temperatures is still modest which can be a bottleneck for its application on larger 

scale. We also learned in Chapter 3 that in aqueous buffer hydrolysis competes with 

synthesis and a minute amount of water in the reaction mixture drives the reaction 

towards hydrolysis. This is accentuated by the fact that many C-terminal conversions of 

peptide acids, amides or esters require anhydrous conditions which have adverse effects 

on the enzyme activity. Furthermore, it would be interesting to increase the scope of 

modifications at the C-terminus by allowing introduction of groups which are not only 

beneficial for chemoenzymatic peptide synthesis but may affect the bioactivity and 

pharmacokinetics of peptides 14. Other limitations are length of the peptides and the 

range of nucleophiles that are accepted. Pam prefers dipeptides and tripeptides to some 

extent which favors the use of short peptides. It would be interesting to engineer an 

enzyme that could accommodate more bulky nucleophiles. In order to obtain a 

thermostable and organic solvent tolerant Pam, we decided to use computational tools 

to engineer a more robust version. 

In Chapter 4, we describe the use of a computational strategy called FRESCO that 

was recently developed in our laboratory for engineering a thermostable and organic 

(co-) solvent tolerant Pam 15. We hypothesized that increased thermostability would also 

endow higher organic solvent tolerance to Pam 16,17. An efficient library was designed 

(consisting of only 120 designed mutants) that was screened by Thermofluor assays 18. 

After structural inspection, the best mutations were combined. As a result, a highly 

thermostable and solvent-compatible mutant (PAM12A, containing 12 mutations, 

∆Tm,app = +23oC) was obtained. The crystal structure of the mutant enzyme showed that 

the improvement was conferred by the formation of new hydrogen bonds and salt 

bridges, filling of deeply buried cavities, the release of bound water, and decreased gain 

in unfolding entropy. Most of the structural changes caused by the mutations were in 

close agreement to the structural changes predicted by the FoldX or Rosetta modeling 

software. The mutant enzyme did not show any decrease in catalytic activity caused by 

the stabilizing mutations, unlike the loss in activity sometimes reported for rigidified 

enzymes 19,20. The stable variant was successfully used for C-terminal modification of 

 

Fig. 3. N→C peptide elongation using a combination of Pam-catalyzed deprotection/ 
activation and protease-catalyzed transacylation (Chapter 3). 
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peptides by amidation with ammonia and methylamine in various organic solvents (Fig. 

4). 

Such C-terminal modification reactions are highly attractive for different 

purposes. Peptide amides are more stable and have different pharmacokinetic properties 
14. Unlike other peptide amidation reactions, for example employing carboxypeptidase Y 

or alcalase (subtilisin), peptide amidase mediated amidation is sequence independent, 

with the exception of Pro, which is not accepted 21–23. Moreover, there is always a risk of 

internal peptide bond cleavage in case of proteases, while peptide amidase is 

regioselective for the C-terminus and not even affects the side chains of Asn or Gln. 

Another advantage is the broader substrate spectrum as compared to proteases. A 

bottleneck is the preference of Pam for small nucleophiles, possibly due to steric 

hindrance in the active site, a factor that allows water to outcompete larger nucleophiles 

and push the reaction towards hydrolysis. It would be challenging to modify the peptide 

amidase Pam to create more space in the active site to accommodate larger nucleophiles. 

Such a variant would increase the substrate scope of Pam-catalyzed reactions and 

possibly drive the reaction more towards synthesis by giving better competition against 

water by giving additional binding interactions of the nucleophile. By modifying the 

active site region via computational tools, Pam could possibly be engineered to perform 

more drastic C-terminal modifications that may control peptide pharmacokinetics or 

peptide tracing by introducing functional groups like hydrazide, azide, or alkyne. 

In Chapter 5, we examined if SbPam can be genetically engineered for better 

organic solvent stability. This work started while we were investigating and optimizing 

various reactions with Pam. As the crystal structure of SbPam was not available, we 

explored alternative strategies for its stabilization. We introduced consensus-based 

 

Fig. 4. Pam12A-catalyzed peptide modifications. X = peptide, R = -H or -CH3 (Chapter 4).  
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mutations, designed disulfide bridges, and used DNA shuffling with a constructed 

consensus sequence. The selection of positions for mutagenesis was mainly based on 

sequence alignments and a three-dimensional homology model that was constructed for 

SbPam. Mutants were obtained with each method that was tested, but the improvements 

were modest. An increase in solvent tolerance was observed at lower concentrations of 

methanol only, while at high concentrations of methanol all SbPam variants were quickly 

inactivated, similar to the wild-type SbPam. DNA shuffling by which mutations from a 

designed consensus sequence were randomly introduced resulted in variant (SbPamB9) 

that showed some improvement in apparent melting temperature (∆Tm= 4oC) 

determined by the Thermofluor method 18. All these improvements are much more 

modest than what we found with other proteins that were engineered with the FRESCO 

approach. We also learned from this study that combining multiple consensus mutations 

is not necessarily beneficial as a construct containing 25 predicted consensus-based 

mutations had lower activity in buffer, reduced tolerance to methanol and a lower 

apparent melting temperature than wild-type SbPam.  

Considering further stabilization of SbPam, a strategy that combines structural 

information with the consensus approach has been proposed 24–26. This we have not yet 

examined and it is uncertain if the constructed homology model is sufficiently 

informative. We expect that a high-resolution crystal structure is required for predicting 

and interpreting the biophysical effects of mutations, as well as for judging the credibility 

of substitutions proposed only through sequence alignments. The lack of structural 

input in our view explains the modest improvement observed with SbPam in comparison 

to other systems recently studied in our lab.  

Apart from the genetic studies, we also investigated if immobilization of SbPam 

can help stabilization 27,28. For this purpose, SbPam was adsorbed onto Dicalite and 

rinsed with different organic solvents to remove most of the water content. SbPam was 

also lyophilized. While immobilization improved the stability of SbPam, lyophilization 

provided the best method for preparing SbPam for use in synthetic reactions under 

water-free conditions. 

In conclusion, we have explored and engineered enzymes for C-terminal peptide 

modifications, specifically methyl esterification from peptide amides. Both Pam and 

SbPam can be used for such peptide C-terminal modifications. For successful protein 

engineering by design, the availability of a crystal structure is a key asset. Using structural 

information, a highly stable mutant was engineered (Pam12A). This mutant exhibits high 

thermostability and organic solvent tolerance, which is very desirable for industrial 

applications. So far, the enzyme prefers small nucleophiles like ammonia and 

methylamine, partly due to the steric hindrance in the active site. Further genetic 

engineering of Pam and structure-based introduction of mutations near the active site 

region could increase the substrate scope of the enzyme. It would be interesting to 
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develop Pam mutants that catalyze the formation of more reactive esters to serve in 

peptide synthesis, for example carboxyamidomethyl (Cam) and trifluoroethyl (Tfe) 

esters, which have recently been used as C-terminal activating esters in chemoenzymatic 

peptide synthesis 29. A peptide amidase able to catalyze the formation of such esters 

augments the idea of a general peptide synthesis strategy. Moreover, engineered peptide 

amidases could be used to incorporate other functional groups at the C-terminus, such 

as hydrazide, azide, alkyne, or alkenes. All this work would benefit from additional 

information on the structural and functional diversity of amidase signature enzymes. 

Such insight will steer both genome mining efforts and computation-based protein 

engineering as tools to widen the synthetic applications of peptide amidases.  
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