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ABSTRACT 

hemoenzymatic peptide synthesis is a rapidly developing technology for cost 

effective peptide production at large scale. As an alternative to the traditional 

C→N coupling strategy, which employs expensive N-protected building blocks in each 

step, we are interested in an N→C extension route that uses C-terminally activated 

peptides. We have therefore examined the enzymatic conversion of the C-terminus-

protecting carboxamide group to the corresponding methyl ester, which is an activated 

substrate for enzymatic peptide coupling. We found that this conversion is efficiently 

catalyzed by Stenotrophomonas maltophilia peptide amidase in neat organic media. The 

system excludes the possibility of internal peptide cleavage as the enzyme lacks intrinsic 

protease activity. An enzymatically produced peptide methyl ester was used for peptide 

chain extension in a kinetically controlled reaction catalyzed by a thermostable protease. 

 

Introduction 

During the past decades, a large number of peptides have been commercialized 

for a wide variety of applications. Peptides can be used as therapeutic agents, nutritional 

supplements, or in cosmetic products 1–6. Despite the increasing industrial demand for 

such bioactive peptides, cost-efficient large-scale peptide synthesis remains challenging 
4,7,8. In recent years, chemo-enzymatic peptide synthesis has become a useful alternative 

to conventional chemical synthesis and recombinant fermentation methods 4,9,10. 

Compared to solid phase and solution phase chemical peptide synthesis, enzyme-

catalyzed peptide synthesis offers notable advantages, including minimal need for 

protection of side chains, absence of racemization, and environmentally friendly reaction 

conditions. Chemoenzymatic peptide synthesis is usually carried out with a protease via 

a kinetically controlled approach 11–14. Here, a C-terminally activated peptide or amino 

acid acts as the acyl donor that becomes the N-terminal segment of the coupled product. 

The second peptide or amino acid, acting as amine donor, must have a free nucleophilic 

N-terminus and becomes the C-terminal segment of the product. To prevent undesired 

oligomerization, the C-terminally activated acyl donor is N-terminally protected and the 

nucleophilic amine donor is protected at the C-terminus, often with an amide group. 

After each elongation step, a selective deprotection of one of the termini is required for 

further chain extension.  

Elongation of the peptides in the C→N direction is highly cost-inefficient because 

it requires an expensive acyl donor at each step and repeated laborious N-terminal 

deprotections. On the other hand, in the direction of N→C peptide elongation, much 

cheaper amino acid or peptide amides can be used. This strategy requires deprotection 

(amide removal) and re-activation (e.g. as alkyl ester) of the product at its C-terminus 

C 
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after each step. Ideally, the deprotection and reactivation should be performed 

simultaneously, and it would be attractive to do this with a selective enzyme that avoids 

conditions that lead to racemization or cleavage of the internal peptide bonds. 

Recently, such a peptide C-terminal deprotection-reactivation was achieved by 

alkoxy-de-amidation, using the protease subtilisin A 15. However, the inherent nature of 

the protease always presents the risk of internal peptide hydrolysis. To avoid unwanted 

proteolysis of the substrate, such reactions should preferably employ a C-terminus 

selective enzyme. Peptide amidase from flavedo of oranges (PAF) has been used for the 

interconversion of peptide amides into methyl esters 16. However, PAF is not stable 

enough in neat organic solvents and requires at least 0.5% (v/v) of water in the reaction 

system. Consequently, the yield of peptide ester was only moderate due to substantial 

hydrolysis of the peptide amide 17. In addition, commercial utilization of PAF is limited 

by the fact that the enzyme has not been cloned and isolation of the enzyme from orange 

flavedo is a low-yield process. The biochemical properties of PAF are also unknown.  

To overcome this bottleneck, we cloned a gene encoding a peptide amidase 

(SbPam, from Glycin max (soybean)). In previous chapters, we reported that SbPam is 

capable of esterification reactions but the stability of SbPam was a serious bottleneck for 

further studies in organic solvent reaction systems. As the studies on SbPam were 

underway, we employed another peptide amidase, originating from Stenotrophomonas 

maltophilia (Pam). This enzyme has been cloned, expressed and  characterized 18. Pam is 

a serine hydrolase and specifically catalyzes the C-terminal deamidation of peptide 

amides, without affecting internal peptide bonds or amide functions in amino acid side-

chains 18. So far, only hydrolytic deamidation activity of this enzyme was reported, but 

the possibility to suppress hydrolysis by using a neat organic solvent has not been 

investigated. Therefore, we decided to explore the use of Pam as a catalyst for peptide C-

terminal alkoxy-de-amidation (Fig. 1). 

 

Materials and Methods 

Expression and purification of Pam 

The Pam-encoding gene from S. maltophilia was obtained as a codon-optimized 

synthetic construct from DNA 2.0. The Pam gene, without the region encoding the N-

 

Fig. 1. Peptide C-terminal alkoxy-de-amidation using Pam. 
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terminal signal sequence, was further cloned in the pET21a+ vector (Novagen), 

containing a C-terminal His-tag sequence, and transformed to E. coli Origami (DE3) for 

expression. Cultures were grown in 2 l LB medium initially at 37oC and cells were induced 

30oC with 75 M IPTG at OD600 = 0.6. After 24 h, cells were collected by centrifugation 

and a 20% (w/w) cell suspension was prepared in 20 mM potassium phosphate buffer, 

pH 7.5, containing 0.5 M NaCl and 0.02 M imidazole. The suspension was sonicated and 

the cell-free extract was obtained by centrifugation at 15,000 rpm for 1 h. The cell-free 

extract was applied on a 5 ml HisTrap column (GE Healthcare) and proteins were 

collected by elution with 20 mM potassium phosphate buffer, pH 7.5, containing 0.5 M 

NaCl and 0.2 M imidazole. The purified enzyme was desalted in 20 mM potassium 

phosphate buffer (pH 7.5) and further concentrated via Amicon (Merck Millipore) 

filtration (30 kDa). The enzyme was further incubated at 30oC for up to 10 days, since we 

observed the purified enzyme slowly became more active by a yet unknown mechanism. 

After incubation, precipitates were removed by centrifugation and the clear enzyme 

solution was stored in aliquots at -20oC until further use. 

For optimization of lyophilization with sucrose, Pam (0.5 mg) was lyophilized 

with varying amounts of sucrose in reaction vials (ratios ranging from 0.2 to 98.1). For 

routine purposes, aliquots (50 l) containing 0.35 mg enzyme were lyophilized 

overnight. 

Optimization of methanol concentration for methoxy-de-amidation with Pam 

Samples of Pam (0.35 mg) were lyophilized in reaction vials. To these vials 3Å 

dried molecular sieves (≈ 7 mg) were added followed by addition of a reaction mixture to 

a final volume of 0.5 ml. The reaction mixture contained DMF (final concentration 2%), 

varying amounts of methanol and acetonitrile, and Z-Gly-Tyr-NH2 (final concentration 

5 mM, stock dissolved in DMF). The mixtures were incubated at 30oC for 24 h, with 

shaking at 400 rpm. Experiments were performed in duplicate.  

For analysis, reaction vials were briefly centrifuged and 5 µl samples were taken, 

mixed with 50 µl of glacial acetic acid and analyzed using an HPLC instrument (Jasco 

LC-NetII/ADC) equipped with a reverse phase column (Altech Alltima, C18, 3 µM 

particle size, 53mm x 7mm). Elution was carried out in an isocratic mode with 40% 

acetonitrile in water as eluent. The chromatograms were recorded at 210 nm. LC/MS 

(LCQ Fleet Ion Trap mass spectrometer, Thermo Scientific) was performed for 

verification of products as mentioned in chapter 2 of this thesis. 

Solvent optimization for methoxy-de-amidation with Pam 

Samples of 0.35 mg enzyme were lyophilized in reaction vials. To this were added 

approximately 7 mg of activated 3Å molecular sieves, followed by addition of an organic 

solvent (93%, v/v), methanol (5%, v/v) and Z-Gly-Tyr-NH2 (5 mM, final concentration, 

added from a stock dissolved in DMF) as the substrate. All reactions contained 2% (v/v) 
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DMF to solubilize the substrate. The total reaction volume was 250 µl. The reaction 

mixtures were incubated at 30oC for 24 h with shaking at 400 rpm on a table top 

incubator. Samples were taken and analyzed as mentioned above. 

Preparative scale conversion of Z-Gly-Tyr-NH2 to Z-Gly-Tyr-OCH3 

A 25 mg sample of Pam (in 3.6 ml of 20 mM potassium phosphate buffer, pH 7.5) 

was lyophilized with 417 mg of sucrose for 48 h. To this, 2 g of 3Å molecular sieves were 

added followed by addition of 50 mg of Z-Gly-Tyr-NH2 dissolved in 13.5 ml 

acetonitrile:DMF (49:1, v/v). Subsequently, methanol (1.5 ml) was added to a final 

concentration of 10% (v/v). The total volume of the reaction mixture was 15 ml. All 

solvents used were pre-incubated with dried 3Å molecular sieves for 30 min. The reaction 

was performed at 30°C with shaking at 90 rpm. Approximately 50-100 µl samples were 

withdrawn at 24 h intervals to monitor the progress of the reaction. After 4 days, an 

additional 1 g of 5 Å molecular sieves was added to absorb the released ammonia and the 

reaction was further incubated for two days. After 6 days of incubation, another 1 g of 5 

Å molecular sieves was added to the system.  

For product isolation, at the end of the 7th day, the suspension was centrifuged to 

remove lyophilized enzyme and molecular sieves. The remaining supernatant was 

evaporated in vacuo and the pellet was redissolved in 20 ml ethyl acetate. The ethyl 

acetate solution was washed twice with 15 ml NaHCO3, twice with 15 ml 0.1 N HCl and 

twice with 15 ml brine. The organic phase was dried (Na2SO4) and concentrated in vacuo 

after removing salt from the suspension. The dried pellet was redissolved in 

ethylacetate:pentane (1:1, v/v) and applied on a 2 ml silica gel column (60Å, 230-400 

mesh particle size, Aldrich) and fractions were collected. TLC was performed to analyze 

the purity of fractions. TLC plates were visualized by immersion in cerium-ammonium-

molybdate (CAM) solution followed by drying with hot air. Purified fractions (Rf = 0.2) 

were pooled and analyzed on HPLC for purity.  

The isolated material was dried in vacuo and subjected to NMR analysis; 1H NMR 

(400 MHz, CDCl3):  2.96-3.04 (m, 2H, CH2CH), 3.73 (s, 3H, CH3O), 3.72-3.90 (m, 2H, 

Gly-CH2), 4.81-4.85 (m, 1H, CH2CH), 5.12 (s, 2H, CH2O), 5.45 (br s, 1H, OH), 6.13 (br s, 

1H, CbzNH), 6.53 (br d, 1H, NHCH), 6.67 (d, 3J = 8.0 Hz, 2H, phenol-H), 6.90 (d, 3J = 

8.0 Hz, 2H, phenol-H), 7.31-7.40 (m, 5H, Ph-H). 

Preparation of Z-Gly-Tyr-OCH3 reference compound 

A mixture of tyrosine methyl ester hydrochloride (1.0 mmol, 232 mg), Z-Gly (1.0 

mmol, 209 mg), HOBt (1.5 mmol, 203 mg) and TEA (3.0 mmol, 418 l) in DCM (10 ml) 

was cooled in an ice-water bath. EDC (1.1 mmol, 211 mg) was added and the cooling was 

removed. After 20 h, volatiles were evaporated and the residue was redissolved in AcOEt 

(30 ml). The organic solution was washed with 10% (w/v) aq. citric acid solution (3 x 20 

ml), saturated aqueous NaHCO3 (2 x 20 ml) and brine (20 ml), dried (MgSO4) and the 
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solvent was evaporated. The products were purified by flash chromatography (Silicagel, 

40-63 m, pentane/AcOEt, 1:1, v/v) to give 292 mg (75%) of a white powder. Rf = 0.15 

(pentane/AcOEt, 1:1, v/v);  1H NMR (400 MHz, CDCl3):  2.96-3.04 (m, 2H, CH2CH), 

3.73 (s, 3H, CH3O), 3.72-3.90 (m, 2H, Gly-CH2), 4.81-4.85 (m, 1H, CH2CH), 5.12 (s, 2H, 

CH2O), 5.42 (br s, 1H, OH), 5.88 (br s, 1H, ZNH), 6.48 (br d, 1H, NHCH), 6.67 (d, 3J = 

8.0 Hz, 2H, phenol-H), 6.90 (d, 3J = 8.0 Hz, 2H, phenol-H), 7.31-7.40 (m, 5H, Ph-H); 
13C NMR (75 MHz, CDCl3):  37.1, 44.5, 52.7, 53.6, 67.5, 115.9, 127.0, 128.3, 128.5, 128.8, 

130.5, 136.2, 155.8, 157.1, 169.6, 172.3; HRMS (ESI+) calc. for C20H22N2O6Na: 409.1370, 

found: 409.1366. 

Kinetic coupling of Z-Gly-Tyr-OMe with H-Phe-NH2 using DgSbt protease 

To the amidase reaction mixture containing N-protected acyl donor Z-Gly-Tyr-

OMe (8 mmol) in acetonitrile (1.5 ml), C-terminally protected Phe-NH2 (10 equiv. 80 

mmol) was directly added, as well as 90 mg IPREP (isopropanol rinsed enzyme 

precipitate) containing 4 mg of DgSbt protease 19 and activated 3Å crushed molecular 

sieves (200 mg/ml). The reaction mixture was shaken at 400 rpm at 60°C. Samples were 

taken and quenched with DMSO (1:3, v/v). Products were identified by LC/MS. 

Conversions were estimated using HPLC by integration of the acyl donor starting 

material and the product peaks assuming identical response factors. After 21 days 

conversion to product was 76%.  

Kinetic coupling of Z-Gly-Tyr-OMe with H-Phe-NH2 using TaqSbt protease 

In a parallel coupling reaction, to the purified N-protected acyl donor Z-Gly-Tyr-

OMe (28 mmol) in acetonitrile (3 ml), C-terminally protected Phe-NH2 (10 equiv. 280 

mmol) was added, followed by 35 mg of isopropanol-precipitated and -rinsed enzyme 

preparation (IPREP) 20 (2.2 mg of TaqSbt enzyme) and activated 3Å molecular sieves 

powder (100 mg/ml). The reaction mixture was shaken at 400 rpm at 60oC. Samples were 

taken and quenched with DMSO (1:3 v/v ratio). After 6 days, 77% conversion was 

achieved. Conversions were estimated by HPLC using the same procedure as described 

above and further identified by LC/MS. 

 

Results and Discussion 

During our investigations on peptide amidases that might be used for the 

modification of C-termini of peptides, we observed that the reported enzyme from the 

flavedo of oranges and a peptide amidase encoded by a gene on the soybean genome were 

difficult to obtain in large amount or showed too low stability (see Chapter 2 of this 

thesis). In search for a more convenient enzyme that can convert a peptide amide to a 

methyl ester, we therefore turned our attention to peptide amidase from Stenotropho-

monas maltophilia (Pam). This peptide amidase could be expressed in E. coli purified to 
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homogeneity on a Ni-NTA column with high yields. After purification and subsequent 

concentration, 178 mg protein was obtained from 2 l of shake flask culture, with a specific 

activity of 10.6 U/mg. Table 1 and Fig. 2 summarize the purification of Pam using Ni-NTA 

column chromatography.  

 

We next tested the catalytic activity of isolated Pam. The methoxy-de-amidation 

of the model substrate Z-Gly-Tyr-NH2 was carried out in 50 mM phosphate buffer (pH = 

8.0) in the presence of methanol. With high methanol content (>85%, v/v), the 

formation of Z-Gly-Tyr-OMe could be detected by LC-MS, albeit with low conversion rate 

and very high degree of hydroxy-de-amidation (hydrolysis of the amide). A further 

decrease of the water content resulted in complete inactivation of the enzyme. 

Nevertheless, it was clear that Pam can catalyze methyl ester formation from amide and 

tolerates considerable amounts of organic solvent. 

Encouraged by these initial results, we decided to use methanol in neat organic 

solvents to prevent the hydrolytic side reaction. Different organic solvents, covering a 

broad logP range, were tested (Table 2). We performed these conversions in neat organic 

Table 1. Purification of peptide amidase (Pam) on Ni-NTA column 

Fraction 
Protein 

(mg/ml) 

Activity 

(U/ml) 

Total act. 

(U) 

Sp. Activity 

(U/mg) 

Recovery 

(%) 

Purification 

factor 

Extract 13.9 39.3 2163.7 2.8 100 1 

HisPrep 

(conc.) 
8.9 94.5 1890.0 10.6 87.4 4 

Enzyme activity was measured at 30oC and pH 7.5 using 5 mM Z-G-Y-NH2 as the substrate. 
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Fig. 2. SDS-PAGE gel showing purification of 
C-terminally His-tag fused Pam on a Ni-NTA 
column. Lanes: (1) marker, (2) cell free 
extract, (3) flow through (4) Ni-NTA purified 
fractions (5) concentrated Pam. 
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solvent containing 5% (v/v) methanol and 2% (v/v) DMF, lyophilized Pam, and 

molecular sieves to retain a very low water activity during the reaction. Pam showed 

activity in a variety of organic solvents, with acetonitrile being the best solvent for the 

model reaction (Table 2). Further experiments showed that the optimal concentration of 

methanol was 10% (v/v) (Fig. 3). Although it was suggested that the use of apolar solvents 

is beneficial for enzyme stability 21–23, we did not observe a correlation between solvent 

polarity and Pam. 

 

 

Since small molecules have been used to protect an enzyme from deactivation 

during freeze-drying 24, we further optimized the biocatalyst preparation method. 

Different lyoprotectants, including sugars, polymers, and simple salts were tested (Table 

3). Sucrose provided the highest degree of lyoprotection for Pam. Lyophilizing the 

enzyme with sucrose in an optimized 1:16.7 weight ratio resulted in over three-fold higher 

conversion (83% conversion in 24 h, Table 4), although a certain degree of hydrolysis of 

the amide substrate was observed (~10%). 

Table 2. Effect of organic solvents on the C-terminal methoxy-de-amidation a 

Organic solvent logP Yield of Z-Gly-Tyr-OCH3 (%)b 

DMSO -1.412 <0.5 

DMF -0.829 <0.5 

methanol -0.69 <0.5 

acetonitrile -0.334 40 

dioxane -0.255 5 

acetone -0.042 17 

iso-propanol 0.173 9 

THF 0.473 10 

t-butanol 0.584 6 

MTBE 0.94 28 

toluene 2.73 <0.5 
a) Reaction conditions: lyophilized Pam (0.35 mg), various organic solvents (93%, v/v), methanol 

(5%, v/v), DMF (2%, v/v), Z-Gly-Tyr-NH2 (5 mM), 3Å molecular sieves (7 mg), total volume 0.25 ml, 

30oC, 72 h. b) Determined by HPLC. 
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To determine the scope of the Pam-mediated peptide C-terminal alkoxy-de-

amidation, we tested a range of alcohols. We observed conversion of Z-Gly-Tyr-NH2 only 

if small, aliphatic, primary alcohols were used, with methanol giving the best ester yield 

(Table 5). This observation suggests the nucleophile binding pocket of Pam is relatively 

small, which is in agreement with what has been observed in the Pam X-ray structure 18. 

In this near-anhydrous organic cosolvent system, the alcohol still needs to compete with 

the remaining water for access to the enzyme active site and reaction with the covalent 

acyl-enzyme intermediate 25,26. We observed a higher degree of hydrolysis upon 

 

Fig. 3. Effect of the methanol concentration on the Pam catalyzed C-terminal methoxy-de-
amidation. Product (Z-G-Y-OCH3) formation was recorded in percentages estimated through 
the peak areas obtained by HPLC analysis. 

Table 3. Effect of different excipients on Pam esterification activity in the 
acetonitrile/methanol cosolvent system.a 

Excipients  
Total conversion 

(%) 

Yield of Z-Gly-Tyr-OCH3 

(%)b 

Yield of Z-Gly-Tyr-OH 

(%)b 

polyethylene glycol 19.5 19.5 <0.5 

sucrose 52.1 51.0 1.1 

sorbitol <0.5 <0.5 <0.5 

trehalose 3.9 3.9 <0.5 

potassium chloride 26.9 26.9 <0.5 

Tris 40.4 33.2 7.2 
a) Reaction conditions: Pam (0.35 mg, excipients:enzyme ratio = 98:1, w/w), acetonitrile (93%, v/v), 

methanol (5%, v/v), DMF (2%, v/v), Z-Gly-Tyr-NH2 (5 mM), 3Å molecular sieves (7 mg), total volume 

0.25 ml, 30oC, 20 h. b) Determined by HPLC. 
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increasing the length of alkyl chain of the alcohol. Likely, steric hindrance accounts for 

this phenomenon. 

In an aqueous environment, Pam displayed a broad peptide substrate scope in the 

hydrolytic reaction 18. To explore the substrate specificity of Pam in a neat organic co-

solvent system, we tested a variety of amino acids, di- and tri-peptide amides. As shown 

in Table 6, a number of amino acids and amides were efficiently converted to the 

respective methyl ester. 

Table 4. Effect of sucrose on the C-terminal methoxy-de-amidation.a 

Ratio of sucrose 

to Pam 

Yield of peptide 

ester (%) 

Yield of hydrolysis 

product (%)b 

Total conversion (%)b 

0 9.5 ± 0.6 0 9.5 ± 0.6 

0.2 29.0 ± 1.7 3.8 ± 1.1 32.8 ± 2.8 

0.5 33.5 ± 0.2 4.0 ± 1.0 37.5 ± 1.2 

0.8 33.0 ± 1.0 3.5 ± 0.3 36.5 ± 1.4 

1.2 32.8 ± 0.9 3.1 ± 0.3 35.9 ± 0.6 

1.9 30.3 ± 0.1 3.8 ± 0.9 34.1 ± 0.8 

2.8 32.6 ± 1.1 2.4 ± 0.3 34.9 ± 0.8 

4.3 30.9 ± 1.0 3.6 ± 0.1 34.5 ± 1.0 

7.4 52.8 ± 9.8 4.8 ± 0.7 57.6 ± 10.5 

16.7 72.6 ± 2.9 10.1 ± 2.4 82.7 ± 0.5 

91.4 48.0 ± 1.0 12.4 ± 0.2 60.4 ± 0.8 

98.1 41.3 ± 6.5 13.3 ± 2.2 54.6 ± 4.3 
a) Reaction conditions: Pam (0.35 mg, lyophilized with different amounts of sucrose), acetonitrile 

(93%, vol%), alcohol (5%, vol%), DMF (2%, vol%), Z-Gly-Tyr-NH2 (5 mM), 3Å molecular sieves (7 mg), 

total volume 0.25 ml, 30oC, 24 h. b) determined by HPLC. 

Table 5. Alkoxy-de-amidation of Z-Gly-Tyr-NH2 with different alcoholsa 

Alcohol Reaction time (d) 
Yield of the peptide ester 

(%)b 
Yield of Z-Gly-Tyr-OH (%)c 

methanol 1 68.5 ± 8.7 1.5 ± 1.5 

ethanol 11 21.8 ± 2.5 24.8 ± 1.5 

propanol 11 11.9 ± 0.2 22.8 ± 1.2 

iso-propanol 11 <0.5 30.0 ± 5.2 

butanol 11 8.4 ± 0.5 32.4 ± 9.6 

t-butanol 11 <0.5 21.2 ± 1.2 

a) Reaction conditions: Pam (0.35 mg, lyophilized with 5.85 mg sucrose), acetonitrile (93%, v/v), 

alcohol (5%, v/v), DMF (2%, v/v), Z-Gly-Tyr-NH2 (5 mM), 3Å molecular sieves (7 mg), total 

volume 0.25 ml, 30oC. b) product identity was confirmed by LC/MS 27 . c) determined by HPLC. 
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To investigate the practical applicability of Pam-catalyzed peptide C-terminal 

alkoxy-de-amidation, we performed the reaction on a 50 mg semi-preparative scale 

under optimized conditions. After 7 days, the conversion of Z-Gly-Tyr-NH2 reached a 

value of 99% (95% of Z-Gly-Tyr-OMe, 4% of Z-Gly-Tyr-OH). After work-up and 

purification the yield of Z-Gly-Tyr-OMe was 78%. The identity and purity of the 

enzymatically prepared peptide ester was confirmed by HPLC and NMR analysis, and 

compared to the chemically prepared reference compound. 

Finally, we tested the applicability of Pam in a chemoenzymatic N→C peptide 

elongation concept. For this two-enzyme reaction, Pam was used first for the conversion 

of Z-Gly-Tyr-NH2 to the corresponding methyl ester. Subsequently, two newly described 

thermostable proteases DgSbt and TaqSbt 19 were used for coupling the obtained Z-Gly-

Tyr-OMe with Phe-NH2 as the nucleophile (Scheme 2). 

Table 6. Methoxy-de-amidation of different amino acids and peptides with methanol.a 

Substrate 
Yield of the peptide ester 

(%)b 

Yield of the hydrolytic 

product (%)c 

Total conversion 

(%) 

Z-Tyr-NH2 68.6 ± 0.4 7.0 ± 0.2 75.6 ± 0.6 

Z-Gly-NH2 70.5 ± 0.7 4.1 ± 0.3 74.6 ± 0.4 

Z-Gly-Tyr-NH2 73.9 ± 4.3 4.1 ± 0.2 78.0 ± 4.2 

Z-Gly-Leu-NH2 75.4 ± 0.6 5.1 ± 0.2 80.4 ± 0.8 

Z-Phe-Gly-NH2 43.0 ± 0.3 4.5 ± 0.7 47.1 ± 0.5 

Z-Gly-Phe-NH2 67.7 ± 4.2 8.1 ± 3.7 75.8 ± 7.9 

Z-Leu-Phe-NH2 42.1 ± 5.3 9.2 ± 0.8 51.3 ± 6.1 

Z-Pro-Gly-NH2 65.6 ± 3.6 9.9 ± 3.0 75.5 ± 6.6 

Z-Phe-Ala-NH2 58.1 ± 1.3 7.0 ± 1.5 65.1 ± 0.3 

Z-Pro-Leu-Gly-NH2 23.5 ± 4.0 3.7 ± 0.4 27.3 ± 4.4 

a) Reaction conditions: Pam (0.35 mg, lyophilized with 5.85 mg sucrose), acetonitrile (88%, v/v), 

alcohol (10%, v/v), DMF (2%, v/v), Z-Gly-Tyr-NH2 (5 mM), 3Å molecular sieves (7 mg), total volume 

0.25 ml, 30oC, 16 h. b) product identity was confirmed by LC/MS. c) determined by HPLC. 

 

Scheme 2. N→C peptide elongation using a combination of Pam-catalyzed deprotection/ 
activation and protease-catalyzed transacylation. 
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For a one-pot reaction, Pam was removed by centrifugation after the first reaction, 

and the protease DgSbt was added directly to the reaction mixture. Although the reaction 

rate was low, the yield of coupled peptide reached a notable value of 76%.  

In another experiment, we used purified Z-Gly-Tyr-OMe as the substrate in a 

subsequent TaqSbt protease-catalyzed coupling reaction, yielding 77% of Z-Gly-Tyr-Phe-

NH2 product over 6 days (equivalent to 11.2 g). With the removal of protease from the 

reaction mixture, the product could in principle be used in another elongation step. 

In conclusion, we have established that Pam is a useful catalyst for converting a 

peptide C-terminal amide to a C-terminal ester, which can readily be used for enzymatic 

peptide elongation. To the best of our knowledge, this is the first reported application of 

this class of enzyme in a near-neat organic solvent system. Peptide amidase, PAF from 

orange flavedo, has been reported for the peptide amide to methyl ester interconversion, 

but with only 40% maximum yield and with considerable hydrolysis 16. Moreover, flavedo 

enzyme had to be added repetitively which required higher amounts of enzyme in the 

reaction mixtures. Compared with the use of flavedo enzyme, recombinant production 

of peptide amidase is convenient and more efficient. More importantly, it forms a 

platform for further protein engineering aimed at developing higher activity towards the 

target of interest.  

Considering the specificity for the C-terminus of peptides, the negligible 

hydrolysis of internal peptide bonds and side-chain amides, the broad substrate 

spectrum and the high tolerance towards organic solvents, this enzyme is an attractive 

addition to the toolbox of enzymes for chemoenzymatic peptide synthesis and may 

provide new possibilities for various C-terminal modifications of peptides. 
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