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ABSTRACT 

ynthetic peptides are of fundamental importance for pharmaceutical, 

diagnostic, nutrition and cosmetic industries. Their key properties, including 

potency, stability and bioavailability, are strongly influenced by functionalization at the 

peptide terminus. Moreover, protection/deprotection strategies at the peptide termini 

play a central role in peptide synthesis strategies. Peptide amidase from 

Stenotrophomonas maltophilia, Pam, is capable of deamidation/amidation reactions 

selectively at the C-terminus of a peptide chain. However, modest stability of the enzyme 

hampers its wide scale applicability in chemo-enzymatic protein synthesis strategies 

where most reactions are performed in organic solvents devoid of water. We used 

computational protein engineering supported by energy calculations and molecular 

dynamics studies to discover a number of stabilizing mutations. We combined twelve 

mutations to develop a robust peptide amidase that showed high solvent-compatibility 

and thermostability (∆Tm = 23oC). Protein crystallography and molecular dynamics 

simulations revealed the biophysical effects of mutations contributing to the enhanced 

robustness. The resulting enzyme catalyzed the selective C-terminal modification of 

synthetic peptides with nucleophiles such as ammonia and methylamine in various 

organic (co-)solvents. The use of non-aqueous environment allowed modification of 

peptide free acids with >85% product yield under thermodynamic control. 

 

Introduction 

The discovery of novel bioactive peptides and the growing insight into their mode 

of action have tremendously increased interest in the development of pharmaceutical 

peptides in the last decade 1. Currently, over 60 approved peptide drugs are on the market 

and the intensive biomedical research on peptides provides an effective pipeline for 

innovative therapeutic applications in the near future 2. Other important applications of 

peptides are in medical diagnostics, nutritional supplements and cosmetics 3. 

The bioactivity and pharmacokinetics of peptides can be modified by peptide 

engineering, e.g. by modification of the peptide chain termini. C-terminal 

functionalization of peptides has significant effects on their biological properties. For 

instance, many bioactive peptides need C-terminal amidation for full activity or 

prolonged bioavailability 4. Furthermore, efficient C-terminal protection, deprotection 

and activation strategies are crucial in peptide synthesis, particularly in cost-efficient N

→C peptide elongation 5. Therefore, methods for selective peptide modification at this 

position are of paramount importance 6,7. 

As compared to chemical reactions, enzymatic methods for peptide modification 

offer clear advantages, especially the use of mild conditions and high selectivity which 

S 



Peptide C-terminal modification using a computationally stabilized peptide amidase 

 

result in a minimal requirement for protection steps and the absence of racemization 8. 

A number of proteases have been reported to perform deamidation of peptide amides 

(e.g. subtilisin A, trypsin, and papain). Their intrinsic proteolytic nature and C-terminus 

non-selectivity, limits their use on wider scale in peptide synthesis. A suitable enzyme 

that selectively cleaves C-terminal amides, without interfering internal peptide amide 

bonds and the amino acid side chains, would be an ideal candidate for use enzymatic 

peptide synthesis schemes. 

Peptide amidases (peptide amidohydrolases – EC #3.5.1) are an attractive option 

for deamidation and subsequent activation of peptide amides into active peptide esters. 

The enzymes do not hydrolyze internal peptide bonds and selectively catalyze the 

deamidation of a C-terminally protected peptide. A peptide amidase from 

Stenotrophomonas maltophilia has been cloned and structure has been calculated 9,10. 

Recently, we have cloned another peptide amidase, SbPam, from Glycin max. The 

catalytic center is formed by a Ser-Ser-Lys catalytic triad 10. We have shown previously 

that both Pam and SbPam are able to selectively hydrolyze C-terminal protected amides 

and subsequently form activated peptide methyl esters in a single step (Chapters 2 and 

3). However, both enzymes have shown modest thermostability and low resistance to 

organic solvents where most of the modification reactions, e.g. subsequent peptide 

couplings by proteases, require a non-aqueous environment. 

To overcome this limitation, we used a computational library design to develop an 

enzyme that is stable under non-aqueous conditions. The resulting enzyme is 

remarkably stable under nonaqueous conditions. This allows conversion of peptide C-

terminal acids, amides and esters, while avoiding hydrolysis of internal peptide bonds or 

side chain amide groups (Fig. 1). We further employed structural biochemistry tools to 

study and rationalize the observed effects. 

 

 

 

 

 

Fig. 1. Pam catalyzed regioselective peptide C-terminal functionalization. A novel 
computationally designed peptide amidase allows straightforward modifications of peptide 
C-terminal acids, amides and esters. Functional groups that enable further modifications 
can be introduced. Abbreviations: X = peptide or amino acid; R1 = -OH, -NH2, or -OMe; R2 = -
NH2 or NHAlk. 
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Materials and Methods 

Computational design of stabilizing mutations 

To find stabilizing point mutations in Pam, all positions of the protein sequence 

were mutated in silico to all proteinogenic amino acids except cysteine. The free energy 

difference between the folded and unfolded structures (ΔΔGfold) of these point mutants 

was predicted by both FoldX11 and Rosetta 12, and was compared to that of wild type. For 

FoldX, the standard settings of the software were used and the calculation was repeated 

five times to obtain a better averaging. For Rosetta, the following settings were used 

(options –ddg::local_opt_only true –ddg::opt_radius 8.0 –ddg::weight_file 

soft_rep_design -ddg::iterations 50 -ddg::min_cst false -ddg::mean true -ddg::min false 

-ddg::sc_min_only false -ddg::ramp_repulsive false). Any substitution would be selected 

if its predicted ΔΔGfold was < −5 kJ mol−1. 

The sequence of Pam was used as the template in Blast searches to identify 

homologous sequences. The top 50 homologues, ranging in amino acid identity from 

54.6% to 66.6% with respect to the wild-type Pam, were selected for consensus sequence 

analysis. To pick substitutions, the alignment was carried out with Geneious 

(http://www.geneious.com/) using the default settings. Positions different from a 

consensus of at least 50 % frequency were selected.  

To eliminate predicted mutations that are unlikely to be beneficial, mutations 

were screened by visual inspection and MD simulation. For each mutant, a 3D structure 

was predicted by FoldX with the crystal structure of wild-type Pam (1M21) as the template 

and used for MD simulation. For each mutant, five 100 ps MD simulations with a 

different random set of initial atom velocities were performed, using the Yamber3 force 

field. All MD simulations started with an energy-minimized structure. The temperature 

was increased from 5 to 298 K over 30 ps, followed by equilibration (20 ps) and 

production (50 ps). During each simulation, ten snapshots were recorded, and the 

average coordinates of these ten snapshots were calculated to obtain one average 

structure per trajectory. The predicted starting structure and resulting trajectories were 

analyzed together to exclude flawed designs, such as mutants with steric clashes, solvent-

exposed aromatic residues, uncompensated removal of a salt bridge or with highly 

flexible backbones. 

Construction of single-point mutants 

Plasmid pBAD containing the Pam gene with a C-terminal 6xhis-tag sequence was 

used as the template for QuikChange mutagenesis (Agilent Technologies) with the 

PfuUltra Hotstart PCR Master Mix. The PCR was performed in 96 well plates and the 

DpnI treated PCR products were transformed into chemically competent E. coli TOP10. 

Incorporation of the mutations was confirmed by DNA sequencing.  
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Small-scale protein expression and purification  

Small-scale production of Pam variants was performed in 30 ml LB medium. The 

medium was inoculated with 1 % of an overnight culture and subsequently incubated at 

37 °C with shaking at 200 rpm. At OD600 = 0.6 expression was induced by adding L-

arabinose (0.02 %, w/v) and the culture was grown for a further 16 h at 30 °C. Cells were 

harvested by centrifugation (4,000 g, 15 min, 4 °C) and lysed by addition of FastBreak 

cell lysis reagent (1 mL, Promega) followed by incubation for 15 min at 30 °C with shaking 

at 200 rpm. To prepare cell-free extract, the lysate was centrifuged (13,000 g, 10 min). To 

purify proteins on a small scale, the cobalt affinity purification system (TALON, Clontech) 

was used according to the manufacturer's instructions. The clarified cell lysates were 

loaded on the resin and the resin was washed with 1 ml buffer (20 mM potassium 

phosphate buffer, pH 7.5, containing 0.5 M NaCl) for 5 times. In the end, the elution of 

the His-tagged protein was initiated with imidazole elution buffer (20 mM potassium 

phosphate buffer, pH 7.5, containing 0.5 M NaCl and 0.2 M imidazole).  Subsequently, 

the variants were desalted in protein storage buffer (20 mM potassium phosphate buffer, 

pH 7.5) using an Amicon Ultra-0.5 centrifugal filter (30 kDa cut-off, Merck Millipore). 

Expression and purification of Pam12A 

Cultures were grown in 1 L of autoinduction medium at 30 °C containing 50 μg 

ml-1 ampicillin. After 24 h cells were obtained by centrifugation and washed with 50 mM 

Tris HCl, pH 8.0, and 0.1 M NaCl. The suspension was sonicated and the cell-free extract 

was obtained by centrifugation at 15000 rpm for 45 min. The enzyme was purified by Ni-

based immobilized metal affinity using a 5-ml HisTrap column (GE Healthcare) and 

Pam12A was collected by elution with 0.2 M imidazole. The purified enzyme was 

desalted and concentrated in 20 mM HEPES buffer (pH 7.0) via Amicon filtration (30 

kDa).  

Determination of apparent melting temperatures of variants 

The fluorescence-based thermal stability assay was used to determine apparent 

melting temperatures of the proteins 13. A sample of 20 µl of protein solution in buffer 

(20 mM potassium phosphate buffer, pH 7.5) was mixed with 5 µl of 100-fold diluted 

Sypro Orange dye (Molecular Probes, Life Technologies, USA) in a thin wall 96-well PCR 

plate. The plate was sealed with Optical-Quality Sealing Tape and heated in a CFX 96 

Real Time PCR System (BioRad, Hercules, CA, USA) from 20 to 99 °C at a heating rate of 

1.75 °C/min. Fluorescence changes were monitored with a charge-coupled device (CCD) 

camera. The wavelengths for excitation and emission were 490 and 575 nm, respectively. 
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Crystallization and X-ray structure determination of Pam12A 

Initial vapour-diffusion crystallization experiments were performed using a 

Mosquito crystallization robot (TTP Labtech). In a typical experiment, 0.1 μl screening 

solution was added to 0.1 μl protein solution on a 96-well MRC2 plate (Molecular 

Dimensions); reservoir wells contained 50 μl screening solution. The screening solutions 

used for the experiments were PACT, JCSG+, Structure I and II (Molecular Dimensions), 

Wizard I and II and Cryo (Rigaku). Crystals of Pam12A were grown from phase separation 

droplets and were obtained after 4 weeks in condition F4 from the Structure screen (1.0 

M sodium acetate, 0.1 M HEPES pH 7.5, 0.05 M cadmium sulfate). Crystallization 

conditions were optimized using hanging-drop set-ups with 0.6 to 1.2 M sodium acetate 

in 0.1 M HEPES pH 7.5 as precipitant, and drops containing 1 μl Pam12A protein solution 

(16 mg ml-1 and at least 0.02 M cadmium sulfate) and 1 μl reservoir solution at 294 K. 

Crystals appeared after 2 weeks.  

Before data collection, crystals were briefly soaked in a cryoprotectant solution, 

consisting of 30% glycerol, 1.0 M sodium acetate and 0.01 M cadmium sulfate in 0.1 M 

HEPES buffer, pH 7.5. X-ray diffraction data to 1.8 Å resolution were collected from a 

single cryo-cooled crystal mounted on an in-house MarDTB Goniostat System using Cu-

Kα radiation from a Bruker MicrostarH rotating-anode generator equipped with 

HeliosMX mirrors. Intensity data were processed using iMosflm14 and scaled using 

Aimless15. Pam12A crystals belong to space group P3121 with one monomer of 54 kDa in 

the asymmetric unit. The VM 
16 is 2.1 Å3/Da with a solvent content of 42%. Data collection 

statistics are listed in Table S1. The structure of the Pam mutant was solved by the 

molecular replacement method using Phaser 17 with the coordinates of wild-type peptide 

amidase (PDB code: 1M22) as the search model 10. 

Refinement of the Pam mutant structure was performed using REFMAC5 18. 

Cycles of restrained refinement were alternated with manual model building in Coot 19. 

Three TLS groups were used in the last rounds of refinement. The final model comprises 

5 acetate molecules and 9 cadmium atoms. Each of the twelve mutated residues is clearly 

visible in the electron density. The final R-factors are 0.161/0.195 (Rcryst/Rfree). Atomic 

coordinates and experimental structure factor amplitudes have been deposited in the 

Protein Data Bank (PDB) (accession code 5AC3).  

Molecular dynamics simulations 

To examine the effect of the mutations on the flexibility of Pam12A, MD 

simulations were carried out with Pam12A and wild-type Pam. From the X-ray structures 

all molecules were removed that were part of the crystallization buffer but not present 

during activity assays. For determining the most likely protonation states 20, a pH of 7.5 

was used. Sodium chloride ions (0.5%) were used to increase ionic strength and 

neutralize the simulation cell (cubic, periodic boundary conditions, extension 7.5 Å). 

The employed force field was Yamber3, which is an Amber ff99 derivative which was 
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specifically parameterized for more increased structural accuracy of protein simulations 
21,22. LINCS and SETTLE were used to constrain hydrogen atom positions 23,24. Long-range 

electrostatics (> 7.86 Å) were modelled with the particle mesh Ewald method 25, for 

which 4th degree B-spline functions were used. An NPT ensemble was run under a 

Berendsen thermostat26. The time-step was 1.25 fs with non-bounded interactions 

updated every 2 simulation steps. 

The MD simulations started with an energy minimization to remove steric clashes 

and strain present in the X-ray structure. The energy minimization was continued until 

the overall energy improved by less than 0.05 kJmol-1 as tested every 400 fs. 

Subsequently, the MD simulations were started at 5 K and slowly warmed to 298 K in the 

first 30 ps of the MD simulation. Prior to collecting snapshots (every 25 ps) for 

determining the RMSF, the structure was allowed to equilibrate for additional 1.97 ns. 

For every protein, 20 MD simulations that had been started with different initial atom 

velocities were run for 12 ns 27–31. The total simulation time was 240 ns per enzyme 

variant. 

HPLC and LC/MS analysis  

Peptide modification reactions were analyzed by HPLC. The reaction mixtures 

were loaded on a Gemini-NX C18 5µm 110A column (250 x 4.60 mm, Phenomenex). The 

solvent system consisted of 0.01% formic acid in water (eluent A) and 0.08% formic acid 

in acetonitrile (eluent B). The typical gradient program was: 0-13.5 min linear gradient 

from 10%-50% eluent B in A, continued for 6.5 min at 50% eluent B, then 10 min at 10% 

eluent B. Separation was carried out at 25 °C, with detection at 220 nm. The percent 

conversions were outlined from previous peptide studies 32–35. Briefly, the conversion was 

calculated by integration of peaks of the corresponding compounds, by assuming that 

the response factors of the peptides substrate and modified products were similar, 

because the number of the carbonyl group was not changed. 

The identity of synthetic products was confirmed on a Finnigan Surveyor LC/MS 

system (Thermo Scientific). The reaction mixtures were loaded on an Alltech C18 3u 

column (3 μm, 100 mm x 4.6 mm) with the same solvent system as for HPLC analysis. 

The typical elution gradient was formed as follows: start with A: B 100:0 for 10 min, in 35 

min A: B from 100:0 to 40:60, then from 40:60 to 100:0 from 45 min to 60 min. 

Detection was at 220 nm and by ESI-MS operated in a positive ionization mode. 

Comparison of the wild-type Pam and Pam12A 

Assays to determine specific activities in peptide amide hydrolysis were performed 

in phosphate buffer (20 mM, pH 7.5) at different temperatures. Reaction mixtures 

contained 10 mM Z-Gly-Tyr-NH2 and 7 µg/ml enzyme. The reactions were quenched by 

adding equal volume of 2 M HCl. The products were analyzed by HPLC. 
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The specific activity for peptide C-terminal amide/methylester interconversion in 

organic solvents were performed at different temperatures in acetonitrile or in different 

organic solvents at 50 oC. Samples of 0.35 mg enzyme were lyophilized in a reaction vial. 

Approximately 7 mg of activated 3Å molecular sieves were added to each vial, followed 

by addition of organic solvent (88 %, v/v), methanol (10 %, v/v) and Z-Gly-Tyr-NH2 (5 

mM, final concentration) as substrate. All reactions contained 2% (v/v) DMF to 

solubilize the substrate. Total reaction volume was 250 µl. The reaction mixtures were 

incubated for 2.5 h. For analysis, reaction vials were briefly centrifuged and the reactions 

were quenched by adding an equal volume of 2 M HCl. The products were analyzed by 

HPLC. 

Peptide substrates 

Cbz-Gly-Tyr-OMe. A mixture of tyrosine methyl ester hydrochloride (1.0 mmol, 

232 mg), Cbz-Gly (1.0 mmol, 209 mg), HOBt (1.5 mmol, 203 mg) and TEA 

(triethanolamine, 3.0 mmol, 418 µl) in DCM (dichloromethane, 10 ml) was cooled in an 

ice-water bath. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, 1.1 mmol, 211 

mg) was added and the cooling was removed. After 20 h the volatiles were evaporated 

and the residue was redissolved in AcOEt (30 ml). The organic solution was washed with 

10% aq. citric acid solution (3 x 20 ml), saturated aqueous NaHCO3 (2 x 20 ml) and brine 

(20 ml), dried (MgSO4) and the solvent was evaporated. The products were purified by 

flash chromatography (Silicagel, 40-63 µm, 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, CbzNH), 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. 

Cbz-Gly-Phe-OMe. A mixture of phenylalanine methyl ester hydrochloride (1.0 

mmol, 216 mg), Cbz-Gly (1.0 mmol, 209 mg), HOBt (1.5 mmol, 203 mg) and TEA (3.0 

mmol, 418 µl) 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 the volatiles were evaporated and the 

residue was redissolved in AcOEt (30 ml). The organic solution was washed with 10% aq. 

citric acid solution (3 x 20 ml), saturated aqueous NaHCO3 (2 x 20 ml) and brine (20 

ml), dried (MgSO4), filtered through a plug of silica and the solvent was evaporated to 

give 339 mg (92%) of a yellow oil. 1H NMR (400 MHz, CDCl3):  3.03-3.14 (m, 2H, 

CH2CH), 3.65 (s, 3H, CH3O), 3.77-3.90 (m, 2H, Gly-CH2), 4.84-4.89 (m, 1H, CH2CH), 

5.10 (s, 2H, CH2O), 5.59 (br s, 1H, CbzNH), 6.58 (br d, 1H, NHCH), 7.07 (d, 3J = 6.4 Hz, 
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2H, ArH), 7.19-7.34 (m, 8H, ArH); The spectrum is consistent with data reported in the 

literature 36. 

Cbz-Phe-Ala-OMe. A mixture of L-alanine methyl ester hydrochloride (1.0 

mmol, 140 mg), Cbz-Phe (1.0 mmol, 299 mg), HOBt (1.5 mmol, 203 mg) and TEA (3.0 

mmol, 418 µl) 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 the volatiles were evaporated and the 

residue was redissolved in AcOEt (30 ml). The organic solution was washed with 10% aq. 

citric acid solution (3 x 20 ml), saturated aqueous NaHCO3 (2 x 20 ml) and brine (20 

ml), dried (MgSO4), filtered through a plug of silica and the solvent was evaporated to 

give 295 mg (77%) of a white powder. 1H NMR (400 MHz, CDCl3):  1.32 (d, 3J = 6.8 Hz, 

3H, CH3CH), 3.02-3.11 (m, 2H, CH2CH), 3.71 (s, 3H, CH3O), 4.42-4.51 (m, 2H, CHCH3, 

CHCH2), 5.09 (s, 2H, CH2O), 5.31 (br s, 1H, CbzNH), 6.31 (br d, 1H, NHCH), 7.18-7.34 

(m, 10H, ArH); The spectrum is consistent with data reported in the literature 37. 

Z-Gly-Tyr-NH2, Z-Gly-Tyr-OH, Ac-Gln-Trp-Leu-NH2, Z-Ala-Phe-OMe, Z-Gly-

Phe-Ala-OH were obtained from Bachem (Bubendorf, CH). The rest of the peptide 

substrates were obtained from Enzypep (Limburg, NL).  

 

Results 

Computational engineering of a robust peptide amidase 

In search for a broadly applicable biocatalyst for selective C-terminal peptide 

modification, we examined peptide amidase (Pam) from Stenotrophomonas maltophilia. 

Pam is a serine hydrolase that cleaves the C-terminal amide bond of peptide amides 

without hydrolyzing internal peptide bonds 9. The catalytic center of Pam is buried (Fig. 

2) and governs specificity by binding a peptide substrate in such way that only the C-

terminal residue contacts the catalytic center, which is formed by a Ser-Ser-Lys triad 10. 

The peptide side chain interacts with the enzyme mainly through van der Waals 

interactions, making the substrate spectrum of Pam rather broad (Fig. 2) 9. The catalytic 

mechanism involves formation of a covalent acyl- (peptidyl-) enzyme intermediate 10. We 

anticipated that it would allow alternative reactions if water can be replaced by other 

nucleophiles in the hydrolytic half reaction, or if the whole reaction can be reversed 

under anhydrous conditions as illustrated by its recent use for one-step peptide C-

terminal amide-ester interconversion 38. However, preliminary experiments showed that 

Pam has modest stability and low resistance to organic solvents, making the operational 

window of this enzyme very narrow. To overcome this severe limitation, we decided to 

engineer Pam into a robust enzyme prior to exploring the potential for alternative 

transformations. 
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Engineering Pam robustness was approached through a computational workflow 

for rapid and efficient enzyme stabilization which we termed FRESCO 31,39. It consists of 

three stages: (1) computational prediction of a large number of stabilizing mutations; (2) 

screening and ranking the predicted stabilizing mutations by molecular dynamics (MD) 

simulation; (3) validating predicted and combining confirmed beneficial mutations 

experimentally. After scanning the whole protein sequence, Rosetta ddg 11, FoldX 12 and 

consensus analysis provided 458, 181 and 35 possibly beneficial mutations respectively, 

with some overlap. In total, 616 unique mutations were screened by MD simulation and 

visual inspection to produce a library of 120 trustworthy variants. After laboratory 

construction and expression, 12 mutants showed a significantly higher stability than wild 

type (> 1 oC increase of Tm). The stabilizing mutations were step-wise combined into Pam 

to yield a highly stabilized variant (Pam12A) containing twelve mutations (R86H, G142D, 

A171M, G175S, D177N, I195P, A261P, D283P, T318V, Q352Y, G401A, and S463P, Fig. 3). 

Compared to the wild-type enzyme, Pam12A exhibited a substantially higher apparent 

unfolding temperature (ΔTm
app = 23 oC, Fig. 4a). 

 

 

 

 

Fig. 2. Overview of peptide amidase structural features. Atom coordinates were taken from 
PDB file 1M21 10, in which active site of Pam is bound with the competitive protease inhibitor 
chymostatin (N-[((S)-1-carboxy-2-phenylethyl)-carbamoyl]-α-[2-iminohexahydro-4(S)-pyri-
midyl]-L-leucyl-L-phenylalaninal, green). The catalytic residues K123, S202, S226 are shown 
in green while chymostatin is shown in blue.  
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To obtain insight in the structural basis of the enhanced robustness, we 

determined the crystal structure of Pam12A (1.8 Å resolution, PDB 5AC3, Fig. 6a). The 

overall wild-type structure (PDB 1M21) 10 was maintained in the mutant, with an average 

C RMSD of 0.52 Å. An examination of the substitutions (Table 1) suggests that the 

robustness of the enzyme stems from improved electrostatic interactions (R86H, D177N, 

D283P), enhanced hydrophobic interactions (T318V, Q352Y), introduction of new salt 

bridges (R86H, G142D), new H-bonds (R86H, G175S, Q352Y, see Fig. 6b), elimination of 

internal cavities (A171M, A261P), release of bound water (A261P), and decreased gain in 

unfolding entropy (G142D, G175S, I195P, A261P, D283P, G401A, S463P). The three 

proline-introducing mutations (D283P, A261P, S463P) did not cause detectable changes 

in backbone structure. The positive effect on stability of the mutations is likely related to 

a reduced rate of (local) unfolding and a shift in equilibrium between partially unfolded 

states and the folded enzyme. Such (partially) unfolded states may undergo cooperative 

aggregation to yield irreversibly denatured protein.   

 Enzymes stabilized by protein engineering may exhibit loss of activity at lower 

temperatures, due to increased rigidity around the active site 40,41. The influence of the 

mutations in Pam12A on flexibility was examined by MD simulations. To improve 

sampling of conformational space, we performed multiple independent MD simulations 

instead of a single long simulation 42,43. The atomic fluctuations were nearly identical for 

large regions of the wild-type Pam and mutant 12A, including around the active site (Fig. 

6c). The same trend of maintained flexibility emerged from an inspection of the B-factors 

of the crystal structures (Fig. 6d). 

 

 

Fig. 3. Step-wise introduction of stabilizing mutations. wt = wild type Pam,  
Pam1 = Pam+Q352Y, Pam2 = Pam1+G142D, Pam4 = Pam2+R86H+S463P,  
Pam8 = Pam4+T318V+A261P+I195P+A261P, Pam10 = Pam8+G175S+D283P,  
Pam12A = Pam10+A171M+D177N. The stabilization effects of mutations are additive. 

50

55

60

65

70

75

80

wt PAM1 PAM2 PAM4 PAM8 PAM10 PAM12A

A
p

p
ar

e
n

t 
Tm

 (
o
C

)



Chapter 4 

 

 

a  b  

c d 

Fig. 4. Comparison of the wild-type Pam (blue) and computational engineered variant 
Pam12A (olive green). a, Apparent melting temperatures in phosphate buffer (20 mM, 
pH 7.5) measured by the thermofluor method 13. b, Peptide amide hydrolysis activity in 
phosphate buffer (20 mM, pH 7.5) at different temperatures. c, Activity in C-terminal 
amide/methyl ester interconversion in acetonitrile at different temperatures. d, Activity 
in C-terminal amide/methyl ester interconversion in different organic solvents. Detailed 
reaction conditions are described in text. THF=tetrahydrofuran, MTBE=methyl tert-
butyl ether. 

 

The maintained flexibility of the robust Pam variant is in agreement with the 

preserved catalytic activity of Pam12A at lower temperatures. In aqueous buffer, Pam12A 

remained fully active in peptide amide hydrolysis at mild temperatures, whereas the 

engineered enzyme showed significantly higher activity than wild-type at elevated 

temperatures (Fig. 4b). The higher thermal stability was paralleled by a remarkable 

increase in tolerance towards various organic solvents. In acetonitrile (< 1 % water 

content), Pam12A was several fold more active than wild-type at all temperatures tested 

(Fig. 4c). It also retained 30% activity in the presence of 30% of the polar aprotic co-

solvent DMF (Fig. 4d and Fig. 5). The stabilized enzyme was judged sufficiently robust 

for exploring peptide modification in various anhydrous solvents and water-co-solvent 

mixtures. 
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Fig. 5. Comparison of specific activity for peptide C-terminal amide/methylester 
interconversion in acetonitrile-DMF cosolvent system. Wild-type Pam (orange), Pam12A 
(blue). 
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Fig. 6. Structural effects of the designed stabilizing mutations. a, Location of the stabilizing 
mutations in the crystal structure of Pam12A. Atom coordinates of the inhibitor chymostatin 
were taken from wild type Pam PDB 1M21. b, Example of a stabilizing mutation. The mutant 
structure is shown with yellow carbon atoms while the aligned WT structure has sea green 
carbon atoms. The electron density is displayed at 1σ. The original Q352 side chain lacks 
clear interactions with its surroundings. The Q352Y mutation results in new H-bonds to the 
side chain of E471 and to the backbone amide nitrogen of A475.  c, Atomic fluctuations 
obtained from MD simulations. The indicated distances are those to the active site bound 
chymostatin (see panel a). d, Normalized B-factor of the X-ray structures of WT Pam and 
Pam12A, again in agreement with minor changes in protein flexibility after introducing the 
12 mutations. Normalized B-factors are obtained from the equation Bnorm = (Borig – Bavg) / 
BSD, in which Borig is the original B-factor, Bavg is the average B-factor for all residues in the 
protein and BSD is the corresponding standard deviation. 
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Table 1. Biophysical basis of stabilization 

Mutation  
Structural effects due to the mutations 
and mechanism of stabilization 

Visualisation by overlay of wild-type 
and mutant Pam structures. Wild-
type structures in grey, with 
mutated residue in yellow. Mutant 
structure in olive, with introduced 
residue in green. 

R86H 
Tm+1.5oC 

Mutation R86H removes a positively 
charged arginine side chain, which is 
surrounded at short distances by three 
other arginines (R80 at 5.2 Å, R84 at 3.2 Å, 
R190 at 5.2 Å). This reduces repulsive 
electrostatic interactions. Mutation R86H 
also allows R80 to move towards H86, and 
to make a new salt-bridge with residue D79 
via its NH atoms and the carboxyl oxygen of 
D79 (shown in red). R80 now makes the new 
H-bond to backbone carbonyl oxygen of V88 
(black). Formation of salt bridges and H-
bonds can increase protein stability 44–47. To 
allow for these new interactions, the 
backbone of R80 shifted 1.5 Å towards H86, 
which in the wild-type structure would be 
highly unfavourable due to the repulsive 
positive charge of R86. 

  

G142D 
Tm+1.5oC 

The replacement of glycines by residues 
with low conformational freedom can 
stabilize proteins 48,49. The introduced 
aspartate makes a new salt bridge via a 
carboxylate oxygen to R144 (shown in red). 
This residue is itself shifted compared to the 
wild-type structure of Pam, and now makes 
a new salt-bridge with E90 (shown in green). 
This expands the existing salt-bridge 
network of E90 with R185, which itself 
forms a salt-bridge to D124, which itself 
forms a salt-bridge to K164 (shown in black). 
Thus, the four-component salt bridge 
network (K164-D124-R185-E90) is 
converted into a six-centred salt-bridge 
network (K164-D124-R185-E90-R144-
D142). Salt-bridge networks contribute to 
protein stability 45–47. 
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A171M 
Tm+6oC 

The A171M mutation fills a deeply buried 
cavity in the vicinity of the active site. The 
elimination of an internal cavity by filling it 
with a hydrophobic amino acid side chain 
will reduce the energy of the folded state 
and thus contribute to stability 50. The 
introduced M171 makes new hydrophobic 

interactions with the C of I254 (this 
residue rearranges to make this 

interaction) via its C atom. The same C 
atom of the introduced M171 also makes 

hydrophobic interactions with the C3 of 

W170 and the C2 of Ile252. The S of M171 
makes hydrophobic interactions with the 

C of Asn125, the C1 of L167, and the C 
of A135. 

 

G175S 
Tm+1.5oC 

This mutation removes a glycine, leading to 
entropic stabilization (see G142D). The 
serine makes H-bonds to the backbone 
amide of N177 and the carboxylate oxygen 
of E406. A backbone rearrangement of 
residues 175 and N176, of which the latter 
does not lead to loss or gain of interactions, 
accompanies this mutation. This allows 
S175 to make the H-bond. While the phi-psi 
dihedrals available to glycine are wider than 
for other residues, the backbone dihedrals 

of the wild-type glycine ( = -145,  =175 in 

wild-type,  = -156,  =145 for Pam12) are 
already in the allowed region for other 
residues. Thus, the backbone 
rearrangement is unlikely to be due to the 
conformational freedom of glycines versus 
other residues 51. 

 

D177N 
Tm+3.5oC 

D177N appears to stabilize the enzyme by 
improving local electrostatic interactions. In 
the immediate vicinity of D177 there are 
two glutamates, which causes repulsive 
electrostatic interactions (E406 at a distance 
of 5.9 Å, E464 at 4.5 Å). As seen in the figure, 
both E406 and E464 move closer due to 
reduced repulsion by the D177N mutation. 
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I195P 
Tm+1oC 

Mutation I195P is another example of 
entropic stabilization. In the unfolded state, 
a proline with its ring structure reduces 
conformational freedom as compared to 
other amino acids. The original I195 was 
partially solvent exposed and no 
hydrophobic contacts are lost by the 
mutation. While prolines only fit well with a 
restricted set of possible backbone 
conformations 46, the backbone at position 
195 did not change conformation as it 
already fell within the proper range for a 

proline ( = -58,  =-11 in wild-type,  = -62, 

 =-17 for Pam12A). 

 

A261P 
Tm+1oC 

The mutation A261P not only appears to 
cause entropic stabilization (see G142D and 
I195P), this mutation also fills up a cavity 
(see A171M). The cavity in the wild-type 
structure contains a water molecule, which 
is no longer bound in the mutant. This water 
release can also contribute to stabilization 
by entropy gain 40. 

 

D283P 
Tm+1.5oC 

Mutation D283P, which is in a loop on the 
surface of the protein, does not alter the 
backbone conformation and stabilizes this 
conformation by reducing entropy of 
unfolded states or by reducing the kinetics 
of unfolding. The mutation also removes 
repulsive electrostatic interactions with 
D282, its neighbour in the sequence.  

 

T318V 
Tm+1.5oC 

Mutation T318V improves hydrophobic 

interactions. The introduced C of V318 has 

hydrophobic interactions with the C of 

A452, and C and both C atoms of L316. As 
a result of these improved interactions, the 
surface-exposed backbone of residue 318 
shifts 1.5 Å towards the protein. 
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Q352Y 
Tm+3.5oC 

The wild-type Q352 side chain lacks clear 
interactions. The Q352Y mutation results in 
new H-bonds to a side chain oxygen of E471 
(2.7 Å O-O distance) and to the amide 
nitrogen of A475 (N-O distance of 3.3 Å). 
New hydrophobic contacts include 
interactions between the Y352 phenyl 

group with a C atom of the (also) 

introduced V318, with a C atom of L316, 

with both C atoms of L349, with the C 

atom of A475, and with the C2 and C atoms 

of W355. The backbone C atom of Y352 has 
shifted 1.0 Å towards the centre of the 
protein, which can be explained by these 
favourable new interactions.  

 

G401A 
Tm+1.5oC 

 
 
 
 

The effect of the G401A (left), located on 
the surface, appears to be due to entropic 
stabilization (see G175S and I195P). There is 
no significant effect on the conformation of 
the backbone and the introduced alanine 
side-chain makes no new interactions.      
  

 

S463P 
Tm+2oC 

Mutation S463P (right) introduces a proline 
on the surface, without changing the 
backbone structure, which causes entropic 
stabilization (similar to the G175S and I195P 
mutations). The newly introduced side 
chain makes no new interactions but in the 
mutant structure a surface-located salt 
bridge is visible between E464 and R462. 

 

Note: While multiple cadmium atoms were observed in the X-ray structure, none was involved 
in interactions with the mutated residues. 

 

C-terminal modification with solvent-compatible Pam12A 

We initially examined whether alkylamines can be used as nucleophiles for the 

preparation of peptide alkyl amides from peptide amides, since C-terminal 

alkylamidation can have a significant effect on biological properties, e.g. by increasing 

lipophilicity or bioactivity 52. In acetonitrile, methylamine appeared to be a good 

substrate while larger alkyl amines were either not processed or outcompeted by water, 

leading to a high degree of hydrolysis. Accordingly, several peptide amides with 

unprotected side chains were tested as the substrates for a reaction with methylamine. 
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All the peptide amides were converted into the corresponding N-methyl-amide products 

in high HPLC yield (80% to 99%, Fig. 7a, Table 2).  

The second class of substrates studied were peptide esters. For large-scale peptide 

manufacturing, solution-phase synthesis methods are usually favorable due to their 

scalability 53. When preparing bioactive peptide amides in solution, maintaining the 

amide in its free form during the entire synthesis would cause solubility problems and 

loss of product in aqueous washings 54. Thus, we examined the possibility to synthesize 

peptide esters first and then selectively transform them to peptide C-terminal amides. 

Several model peptide esters were efficiently converted into the corresponding peptide 

amide in near neat organic solvents after treatment with Pam12A and ammonia in almost 

quantitative HPLC yield (Fig. 7b, Table 2). In addition, peptide N-methyl-amides could 

be obtained from methyl esters by using methylamine as the nucleophile (Fig. 7b, Table 

2). 

To further expand the synthetic utility of Pam12A, we explored the direct 

modification of peptides with a free C-terminal carboxylate group. This reaction would 

be of importance for modification of peptides manufactured by biotechnological 

approaches, e.g. through fermentation or enzymatic hydrolysis of proteins 55. The Pam-

catalyzed modification of peptides with a free C-terminal carboxylate is challenging 

because formation of an acyl-enzyme complex from carboxylate groups is disfavored and 

conversion can only be realized under thermodynamic control. Since a high water activity 

will limit product accumulation 56, the robustness of Pam12A and its compatibility with 

non-aqueous solvents are of key importance for this process. As the water content was 

lowered to trace amounts (<1%), the Pam12A-catalyzed direct amidation of peptide free 

acids to corresponding alkyl amides to almost completion (Fig. 7c, Table 2). This method 

 

Fig. 7. Pam12A-catalyzed peptide modifications. X = peptide, R = -H or -CH3. 
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can also be used for the preparation of peptide N-methyl-amides (Fig. 7c). Table 2 gives 

an overview of the reactions catalyzed by Pam12A. 

Discussion 

The unique position and chemistry of the peptide C-termini has stimulated 

substantial efforts to develop methods for site-specific modification. The selectivity of 

these methods usually relies on a pre-introduced C-terminal functional group or a special 

recognition residue or sequence 33,57,58. In contrast, the structural characteristics of Pam, 

i.e. the non-specific C-terminus binding tunnel and the buried active site, afford 

sequence-independent conversions with absolute regioselectivity. In addition to these 

inherent virtues, the robustness of the redesigned Pam is a key feature enabling its 

potential applications. The compatibility of Pam12A with various solvents, the tolerance 

to various nucleophiles without compromising selectivity and the increased catalytic 

activity at elevated temperatures make it possible to use the enzyme under diverse 

conditions and allows remarkable scope of selective C-terminal functionalization. The 

(co)solvent resistance is of special importance in view of the diversity of peptide 

properties and the necessity to use specific solvent mixtures for solubilization. In 

addition, the stability of Pam12A in near-neat organic solvent allows high-yield 

conversions that do not proceed in water, such as modification of C-terminally protected 

(amide), activated (ester) or free (acid) peptides. 

The stabilization of Pam was achieved by introducing a set of 12 mutations that 

were predicted by computational design and confirmed using a small mutant library. The 

FRESCO workflow significantly decreases the size of libraries required to discover 

stabilizing mutations by experimental screening. For example, FRESCO resulted in the 

prediction of 64 mutations in case of limonene epoxide hydrolase (LEH), 218 mutations 

in case of halohydrin dehalogenase (HheC), 109 mutations in case of haloalkane 

dehalogenase (LinB), and 105 mutations in case of GH11 xylanase 31,39,59,60. Using 

conventional rational protein engineering or directed evolution, the swift discovery of 

such a large number of stabilizing mutations would be troublesome by requiring the 

experimental screening of thousands of variants.  

The Pam crystal structures showed that the introduced mutations stabilize the 

protein via diverse biophysical effects (Table 1), which are also expected to prevent 

unfolding in the presence of organic solvents. Similar to the studies mentioned above 

that used computational tools for thermostability improvement, the crystal structure of 

Pam12A shows better electrostatic and hydrophobic interactions, formation of new 

hydrogen bonds and salt bridges, filling of deeply buried cavities, release of bound water, 

and decreased gain in unfolding entropy. In Pam12A, the most stable mutation resulted 

from filling up of a deeply buried cavity as illustrated by the A171M mutation, which 

caused an increase of 6oC in apparent melting temperature. It should be emphasized that 
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the enhanced stability did not reduce activity. While it is often observed that 

thermostable proteins are more rigid and show lower catalytic activity than their 

thermolabile counterparts 40, there is no thermodynamic necessity for a protein to 

rigidify in order to increase its melting temperature 61.  

 

Table 2. Pam12A-catalyzed peptide modifications 

No. Substrate 
Nucleo-
phile 

Solvent 
React

ion 
time 

Yield of 
hydrol. 

products 
(%)a 

Synth. 
prod. 
yield 
(%)b 

 Peptide amide 

1 Z-Gly-Tyr-NH2 MeNH2 MeCN/DMF 98:2 1 d <1 99 

2 Z-Leu-Phe-NH2 MeNH2 MeCN/DMF 98:2 2 d <1 98 

3 Z-Pro-Leu-Gly-NH2 MeNH2 MeCN/DMF 98:2 3 d 2 80 

4 Ac-Gln-Trp-Leu-NH2 MeNH2 MeCN/DMF 98:2 3d <1 82 

 Peptide ester 

6 Z-Gly-Tyr-OMe NH3 
MeCN/Dioxane/DMF 
75:20:5 

1 d <1 99 

7  MeNH2 MeCN/DMF 98:2 1 d <1 99 

8 Z-Ala-Phe-OMe NH3 
MeCN/Dioxane/DMF 
75:20:5 

1 d 2 93 

9  MeNH2 MeCN/DMF 98:2 2 d 1 99 

0 Z-Phe-Ala-OMe NH3 
MeCN/Dioxane/DMF 
75:20:5 

5 d 2 87 

11  MeNH2 MeCN/DMF 98:2 3 d 1 96 

12 Z-Gly-Phe-OMe NH3 
MeCN/Dioxane/DMF 
75:20:5 

2 d 5 93 

13  MeNH2 MeCN/DMF 98:2 1 d <1 96 

 Peptide free acid 

14 Z-Gly-Tyr-OH NH3 
MeCN/Dioxane/DMF 
75:20:5 

1 d - 98 

15 // MeNH2 MeCN/DMF 98:2 2 d - 98 

16 Z-Gly-Phe-Ala-OH NH3 
MeCN/Dioxane/DMF 
75:20:5 

4 d - 90 

17 // MeNH2 MeCN/DMF 98:2 2 d - 92 

18 Z-Val-Gly-Phe-OH NH3 
MeCN/Dioxane/DMF 
75:20:5 

3 d - 84 

19 // MeNH2 MeCN/DMF 98:2 2 d - 90 
aProduct yield was determined by HPLC and product identity was confirmed by MS. Z = 
benzyloxycarbonyl, Boc = tert-butyloxycarbonyl, Ac = acetyl. 
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In summary, the results presented in this Chapter show the use of computational 

tools to develop a thermostable and organic-solvent compatible enzyme for catalyzing 

C-terminal modification of peptides. The mutant enzyme, Pam12A, can tolerate a high 

concentration of organic solvents that are usually required for peptide solubility. Being 

thermostable adds further advantage for practical applications of enzyme in large scale 

synthesis strategies. The examples presented show that various peptide substrates are 

accessible to Pam12A-mediated reactions, and that there is a strong preference towards 

small nucleophiles, for example ammonia or methylamine. This is partly due to the steric 

hindrance in the active site, which also can result in hydrolysis due to competition by 

water. It would be interesting to widen the scope of Pam catalyzed reactions by allowing 

the use of larger nucleophiles. It would be equally interesting to develop Pam variants 

that can be used for introducing functional groups which can be used in peptide 

synthesis and bio-orthogonal reactions, such as hydrazide 33,62, azide 63–65, alkyne 66–68, 

and strained alkyne 69 or alkene 70,71. Advancements in computational library design and 

computational screening would enable further novel catalytic peptide modifications 72. 

The system reported here sets the stage for highly selective peptide functionalization for 

chemical biology and offers major potential for biomedical and industrial applications 

due to its simplicity and robustness. 
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