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Chapter 5 

 

ABSTRACT 

eptide amidases catalyze the hydrolysis of peptide amides to peptides with a 

free carboxylic C-terminus without cleaving internal peptide bonds. In the 

presence of a high concentration of methanol, these enzymes may also convert peptide 

amides to methyl esters, a reaction of importance for chemo-enzymatic peptide 

synthesis. The availability of an organic solvent compatible and thermostable peptide 

amidase would be advantageous for this purpose. We employed structure-guided site-

directed mutagenesis, introduction of disulfide bridges and introduction of consensus 

mutations to construct an improved version of soybean peptide amidase (SbPam) with 

better thermostability and organic solvent tolerance. To screen for active and organic 

solvent compatible mutants, we employed a medium-throughput method based on 

determining ammonia release in the presence of methanol. Based on activity in 

methanol, the best variants included a disulfide bond mutant (S425C-N198C) that had a 

1.5-fold higher activity in buffer system than the wild-type enzyme and 2.6-fold higher 

activity in 40% methanol. Another triple mutant (SbPam-B9) was obtained as a result of 

DNA shuffling that has 5x more activity in 40% methanol compared to the wild-type 

enzyme but lower activity in the buffer system. Immobilization trials indicated that 

lyophilized SbPam can be used in acetonitrile as the solvent to give better product yields. 

 

Introduction 

Peptide amidases (peptide amidohydrolases, EC# 3.5.1) are amidase signature 

enzymes that selectivity act on peptide amides without interfering with internal peptide 

bonds. Due to recent industrial interest in chemo-enzymatic peptide synthesis via an 

N→C coupling route 1, peptide amidases have gained relevance since they can be used for 

selective deprotection and activation of carboxamide-protected peptides by converting 

peptide amides to peptide esters. Such C-terminally activated peptide esters can be used 

as building blocks in kinetically controlled peptide synthesis catalyzed by proteases 1,2. 

The first peptide amidase examined for this purpose was extracted from flavedo of 

oranges. This enzyme, termed PAF, could indeed be used for selective methyl ester 

formation from peptide amides 3. However, PAF is not biochemically characterized and 

the yield of the active enzyme from orange flavedo is low. This makes it difficult to explore 

PAF for further applications and scale-up. Another peptide amidase, Pam, has been 

cloned and characterized from Stenotrophomonas maltophilia 4,5. The initial results of 

Quaedflieg and coworkers suggest that the flavedo amidase may (PAF) be more suitable 

for peptide amide to methyl ester conversion than the bacterial enzyme 3. 

In our efforts to study the peptide amidase from flavedo of oranges (Citrus 

sinensis), we recently cloned a gene for a peptide amidase similar to PAF, encoded on 

P 
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soybean (Glycin max) cDNA (Chapter 2 of this thesis). The enzyme was partially 

characterized and found to be related in sequence to peptide amidase from 

Stenotrophomonas maltophilia (Pam), suggesting a similar mechanism and reaction 

spectrum. SbPam has a wide substrate range and accepts many di- and tri-peptide 

amides, indicating it might be useful for peptide ester synthesis. The enzyme has an 

optimum pH between 6.8 to 7.4, and in the presence of methanol SbPam indeed 

catalyzed the formation of methyl esters from amides (Chapter 2). Initial investigations 

showed that a high concentration of methanol is required to obtain a decent synthesis to 

hydrolysis ratio. However, the enzyme quickly becomes inactivated already at 50% of 

methanol in the reaction mixture. Furthermore, the presence of water in the reaction 

mixture favors formation of the hydrolysis product. Upon removing water completely 

from the reaction mixture, the enzyme becomes inactive. The use of this delicate enzyme 

reaction is further complicated by the desire to use an organic cosolvent (e.g. 

dimethylformamide, DMF) to increase peptide solubility. These factors present a serious 

bottleneck for practical application of SbPam in chemo-enzymatic peptide synthesis. 

Directed evolution techniques provide an opportunity for engineering enzymes 

with desired properties like high thermostability and organic solvent resistance 6–8. 

Highly stable enzymes allow the use of solvent engineering as a strategy to enhance an 

enzyme’s potential to work in non-aqueous media 9 since thermostability is often 

correlated to organic solvent compatibility 10,11. In the work reported here, we, therefore, 

explore the use of directed evolution techniques, as well as the consensus sequence 

approach 12, the introduction of disulfide bridges 13, and gene shuffling 14 to obtain a 

thermostable enzyme that would be organic solvent tolerant as well. The use of 

immobilization is also tested. The strategies and outcomes are discussed in the sections 

below. 

 

Materials and methods 

Enzymes, peptides, and chemicals 

Model substrates Z-G-Y-NH2 and Z-G-Y-OH were obtained from Bachem 

(Bubendorf, Switzerland). Z-G-Y-OCH3 was prepared as mentioned in Chapter 4. The 

enzymes used for cloning were obtained from New England Biolabs (NEB). Dicalite 478 

was obtained from DSM, Geleen, the Netherlands. All other chemicals used in the 

analytical procedures were obtained either from Sigma-Aldrich, Merck or Fluka. 

Computational design of stabilizing mutations 

A 3D structure of SbPam was generated using the published YASARA homology 

modeling protocol 15. The selected template pdb was 1M21 (Pam). YASARA scored the 

final model as “satisfactory”, with a Z-score of -1.366. Using this homology model, 
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disulfide bonds were designed throughout the protein using the Disulfide Discovery 

script 6,16. It was verified that the disulfide bonds were spread throughout the enzyme 

structure by counting the number of residues that were within 10 Å of a disulfide bond. 

It was found that 90% of the protein (445/494 residues) was within 10 Å of at least one 

of the designed disulfide bonds. 

Design of consensus mutations 

The sequence of SbPam was used as the query in Blast searches of the Protein Data 

Bank to identify homologous sequences. The top 50 homologs, ranging in amino acid 

identity from 54.6% to 66.6% with respect to the wild-type SbPam, were selected to 

generate consensus-based mutations. Multiple sequence alignments were carried out 

with Geneious (http://www.geneious.com/) and MultiAlin using the default settings 17. 

To pick substitutions, positions different from a Geneious-generated consensus of at least 

50% frequency were selected. Mutations close to the active site were dismissed from the 

final selection. Secondary structure propensity was maintained and residues of which 

side chains are involved in hydrogen bonding or salt bridge formation were not 

substituted. After selecting promising mutations, a synthetic DNA construct containing 

all 25 consensus-based mutations was obtained by gene synthesis (DNA 2.0).  

DNA shuffling 

DNA shuffling was performed by following the StEP-PCR protocol as described 
18. SbPam DNA was shuffled with a synthetic DNA construct containing 25 toward-

consensus mutations. PCR with pfu DNA polymerase (Promega) was performed with the 

following conditions: 80 cycles of 10 s denaturation, and 5 s extension. Annealing time 

and final extension were omitted. 

Construction of mutants 

For single point mutations, plasmid pBAD containing the SbPam gene with an N-

terminal 6xHis-tag coding sequence was used as the template for QuikChange 

mutagenesis with the PfuUltra Hotstart PCR Master Mix (Agilent Technologies). The 

PCR was performed in 96 well plates and the DpnI-treated PCR products were 

transformed to chemically competent E. coli Top10. For the introduction of pairs of 

cysteine mutations, two rounds of QuikChange mutagenesis were performed. Mutations 

were confirmed by DNA sequencing. 

Screening for methanol stability 

To screen SbPam mutants for stability in the presence of methanol, cells were 

grown in 96-well plates in 1.2 ml of TBS (12 g/L tryptone, 24 g/L yeast extract, 0.4% (v/v) 

glycerol, 4.6 g/L KH2PO4, 32.8 g/L K2HPO4.3H2O, and 91 g/L sorbitol), LB, or 

Autoinduction medium with 0.02% L-arabinose 19, containing 50 g/ml ampicillin. The 
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wells were then inoculated with 25 l overnight culture from a master plate containing 

mutants grown separately. The plates were closed with Breath-Easy sealing membranes 

(Sigma-Aldrich) and incubated at 37oC with shaking. After 4 h, L-arabinose was added 

to a final concentration of 0.2% in case of TBS/LB medium. The plates were then 

incubated at 30oC for 24-48 h with shaking. After growth, the plates were centrifuged at 

4,000 rpm for 15 min to pellet the cells. The cells were resuspended in 0.6 ml of 50 mM 

potassium phosphate buffer, pH 7.5, and centrifuged again, after which the cells were 

suspended in 450 l of 50 mM potassium phosphate buffer, pH 7.5, containing 10% 

glycerol. To this, 50 μl of FastBreak cell lysis reagent (Promega, 10x concentrated) and 

DNase were added and the mixture was shaken for 20 min at room temperature. Plates 

were then centrifuged for 60 min at 5,000 rpm and cell-free extracts were transferred to 

96-well plates. Extracts were either stored on ice or frozen at -20oC until further use. 

For enzymatic reactions in 96-well plates, two stock solutions were made 

containing Z-Gly-Tyr-NH2 as substrate, one with 40% methanol and the other without 

methanol. A 250 mM stock substrate solution was prepared in 1:1 (v/v) mixture of 

dimethylformamide (DMF) and 50 mM potassium phosphate buffer, pH 7.5. A working 

stock solution containing 60% methanol was prepared by mixing 60 ml of pure 

methanol, 5 ml of 1 M potassium phosphate buffer, pH 7.5, and 3 ml of the substrate 

stock solution in 100 ml total volume. This solution had final concentrations as follows: 

60% methanol, 7.5 mM peptide substrate, and 50 mM potassium phosphate buffer, pH 

7.5. For the positive control, a working substrate solution was prepared excluding 

methanol from the composition. Aliquots of 200 μl from the working stock solutions 

were pipetted in 96-well plates and 100 l samples of cell-free extracts were added with 

a multichannel pipette (final concentrations; 40% methanol, 5 mM peptide substrate, 

and 50 mM potassium phosphate buffer, pH 7.5). After mixing the plates were incubated 

at 30oC for 15 min. A parallel assay was done with an assay mixture that contained no 

methanol to serve as positive control. 

End-point ammonia release assays in 96-well plates were done with a modified 

version of the Berthelot assay as described by Fawcett and Scott 20. Three reagents were 

made: Reagent I contained 25% phenol in 0.04 N NaOH and was kept in a refrigerator 

and replaced when the solution turned brown; Reagent II contained 0.01 % sodium 

nitroprusside in water and was kept in the dark at room temperature; Reagent III was 

≈0.02 N sodium hypochlorite obtained by diluting commercial household bleach 35-

fold, just before use. For practical purposes, Reagents I and II were mixed in equal 

amounts prior to analysis, this was labeled as Reagent I+II.  

For ammonia estimation, samples (30 l) from the enzymatic reaction mixtures 

were added to another 96-well plate containing 180 l of Reagent I+II. To this mixture, 

90 l of Reagent III was added. The plates were then incubated at 30oC for 15 min after 

which the absorbance at 630 nm was recorded using Synergy Mx reader (Biotek, USA). 
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Standard curves were prepared with NH4Cl. The absorbances were taken as 

representative ammonia concentrations. Absorbance values obtained from assays 

containing methanol were divided by the absorbance values obtained from assays 

without methanol. The resulting values were divided by the values obtained with wild-

type SbPam, after the same analysis, to give simple ratios. Clones showing higher values 

(above 1) were selected for further analysis. 

For routine assay of peptide amidase variants, a 250 mM stock substrate solution 

was prepared in a 1:1 (v/v) mixture of DMF with 50 mM potassium phosphate buffer, pH 

7.5. The 1 ml reaction mixtures contained 10 l of an enzyme preparation and 20 l of Z-

G-Y-NH2 stock solution (5 mM final conc.) in 50 mM potassium phosphate buffer, pH 

7.5, at 30oC. For methanol tolerance tests, different concentrations of methanol (10%, 

20%, 30%, 40%, and 50%, v/v) were added to reaction mixtures prior to addition of the 

substrate. Reactions were started by addition of the substrate. Aliquots of 100 l were 

withdrawn at different times and added to 300 l of Reagent I, followed by addition of 

300 l each of Reagent II and Reagent III. The mixtures were incubated at 30oC for 15 

min and absorbance was recorded at 630 nm. The ammonia concentrations were 

determined using a standard curved obtained with NH4Cl. Activities (U) were 

represented as the amount of enzyme forming 1 mol of NH3 per min at 30oC. Synthetic 

and hydrolytic products were determined by HPLC analysis.  

Protein expression and purification 

Production of SbPam variants was performed in cultures of 100 ml using LB 

medium. The medium was inoculated with 1% of an overnight culture and subsequently 

incubated at 30°C with shaking at 200 rpm. At OD600 0.6 expression was induced by 

adding L-arabinose (0.02 %) 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 the cell-free extract, the lysate was centrifuged 

(13,000 g, 10 min). To purify the proteins, 1 ml HisTrap HP columns (GE Healthcare) 

were 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. After this, 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 protein samples were desalted with 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). All buffers contained 10% glycerol unless stated otherwise. 
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Determination of apparent melting temperatures of SbPam mutants 

The fluorescence-based thermal stability assay (Thermofluor) was used to 

determine apparent melting temperatures of the proteins 21. 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. 

Immobilization of SbPam 

For immobilization, four different methods were used and compared. First, 

SbPam (WT) was adsorbed onto Dicalite with crosslinking by glutaric dialdehyde. SbPam 

(0.5 mg enzyme in 100 μl of 50 mM potassium phosphate buffer, pH 7.5) was added to 1 

mg silicate (Dicalite 478, 100 μl of a 10 mg/ml suspension). To this mixture, 10 μl of 

glutaric dialdehyde (25% stock (v/v) in water) and 1 ml of organic solvent were added, 

followed by stirring the mixture overnight. Next, the enzyme preparations were 

centrifuged at 2500 rpm, the supernatant was discarded, and the pellets of immobilized 

enzyme were rinsed twice with 1 ml of an organic solvent to remove water. For washing, 

different organic solvents encompassing a range of logP values (P, octanol/water 

partitioning coefficient) were examined. The dry pellets were used for synthesis 

experiments.  

Second, the enzyme was immobilized by adsorption to Dicalite in the same way, 

but without crosslinking by adding glutaric dialdehyde. Again, immobilized enzyme was 

dried with different solvents and stored as pellets. 

Third, for comparison, the same amounts of enzyme as used for Dicalite 

immobilization were lyophilized overnight without Dicalite or glutaric dialdehyde. The 

lyophilized enzyme samples were used as powder and served as a control to examine the 

effect of immobilization. 

Fourth, to check the effect of Dicalite on the lyophilized enzyme, we lyophilized 

the enzyme after mixing it with Dicalite, without addition of glutaric dialdehyde or 

organic solvents. This powder preparation was then compared with the lyophilized 

enzyme powder prepared without Dicalite or glutaric dialdehyde, and with Dicalite-

adsorbed enzyme preparations. 

Synthesis experiments 

The immobilized and lyophilized enzyme preparations (as pellets and powders, 

respectively) were used for methyl ester production using Z-Gly-Tyr-NH2 as substrate. 

Substrate solution (5 mM final concentration) was prepared by mixing 5 μl of a 250 mM 



Chapter 5 

 

substrate stock (Z-G-Y-NH2 in DMF), 12.5 μl of pure methanol, and 232.5 μl of 

acetonitrile. To the enzyme (containing 0.5 mg protein), 250 μl of this substrate solution 

was added and the mixture was incubated at 30oC with shaking. Samples of 10 μl were 

withdrawn after different time intervals, mixed with 50 μl of glacial acetic acid, 

centrifuged briefly and analyzed on HPLC. 

HPLC analysis 

Samples were analyzed on a Gemini-NX C18 5μm 110A column (250x4.60 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 conversion was calculated by integration of peaks of the corresponding 

compounds, assuming that the response factors of the peptides substrate and modified 

products were similar because the number of the carbonyl groups was not changed. 

 

Results and Discussion 

Consensus-based mutations and disulfide bonds 

Biocatalytic conversion of a peptide amide to a methyl ester requires an enzyme 

that accepts methanol as a nucleophile in competition with water. During initial trials, 

we observed that in the presence of water (≈5% methanol (v/v) in buffer) the synthesis 

to hydrolysis ratio of soybean peptide amidase (SbPam) was low and only tiny amounts 

of methyl ester were formed. Thus, higher methanol concentration or the use of an 

organic solvent system is needed. However, this requires a more stable and robust peptide 

amidase than wild-type SbPam. We, therefore, studied the possibility to improve the 

stability of SbPam by a sequence- and structure-based approach. The structure-guided 

consensus approach was reported to be an effective method to obtain solvent-compatible 

enzymes 22 and may, in this case, be more suitable than the FRESCO procedure explored 

in our laboratory (Chapter 4 and references cited there) since a crystal structure of SbPam 

is lacking 6. 

To identify substitutions in SbPam that increase similarity to a consensus 

sequence, we performed Blast searches and sequence alignments to find positions that 

deviate from a strong consensus. By aligning homologs of SbPam that were retrieved 

from the NCBI non-redundant protein sequence database (over 65% sequence identity, 

200 sequences), a consensus sequence was obtained, and the SbPam sequence was 

inspected for positions where the amino acid deviated. The alignment suggested a large 

number of substitutions (Fig. 1). We next examined the positions of these mutations in a 

homology model (generated by YASARA, template pdb 1M21) of SbPam and selected 
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substitutions that would not disturb the catalytic activity of the protein because they are 

distant, very conserved in other peptide amidases, or on the surface of the protein (Table 

1, Fig. 1). This way, 5 level 1 point substitutions and 1 disulfide bond (high priority), and 

8 level 2 mutations (lower priority) were selected. The disulfide bond is expected to be 

present in homologous proteins as suggested by the pair of conserved cysteines and their 

position in the model (Fig. 1, 2). 

To examine the effect of these mutations we introduced them into the coding 

sequence of SbPam and expressed the mutant enzymes, followed by stability assays. 

Initially, we only examined the level 1 mutations as well as the introduction of the 

putative disulfide bond. 

The level 1 mutants were constructed individually, confirmed by sequencing, 

expressed in soluble form, and used in amide hydrolysis assays in the presence of 

methanol. The best consensus-based mutant was S464P with an improved amidase 

activity in the presence of 40% methanol (in potassium phosphate buffer, pH 7.5) and 

better tolerance to 20% methanol (1.3-fold higher activity compared to wild-type 

SbPam). The consensus-based disulfide bond mutant S166C/S195C also retained wild- 

Table 1. Mutations introduced in SbPam based on structure-guided consensus design. point 
mutations by consensus design.a 

Level 1  

V33L Highly conserved, buried in the model, the mutation may 

fill a cavity 

Q44L Highly conserved, contacts L485 in C-terminal region 

S166C/S195C Disulfide bond in the wall of substrate binding site, highly 

conserved in homologs 

Y140F Bottom of substrate binding site 

V261I In conserved surface loop 

S464P End of surface helix 

Level 2  

L9F Highly conserved 

M97L Surface loop, highly conserved 

L52I/L54V Highly conserved, buried 

T161V/M162L/D163S/G164A Conserved surface loop 

T221S Highly conserved, possible hydrogen bond interaction 

A238V/E242D/T243A/A245V Highly conserved α-helix, buried 

M335L/A336L/Y337A/D338E Highly conserved α-helix, buried  

V391I Highly conserved, hydrophobic on the surface 

a Level 1 mutations were tested individually. Level 2 mutations were used to design a consensus-

based mutant that contained all level 1 and level 2 mutations. 
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   1                     21                    41         51 

                        hhhhh hhhhh    h hhhhhhhhhh hhhhhhhh    sss   hhh 

SoyPam  MASDTAKGLS IEEATVYDLQ LAFRTKQLTS REVVDFYLKQ IETQNPVLKG VLELNPDALS 

 Cons2          F. .......... .....N.... .QL....... ..RL...... .I.V...... 

 

        61         70         80         90         100        110 

        hhhhhhhhh  hh             sssss                              hhhh 

SoyPam  QADKADHER- KTKAPGSLSP LHGIPILIKD NIATKDKMNT TAGSSALLGS VVPRDAGVVS 

 Cons2  .......... .......... .......... .......l.. ....F..... .........T 

 

        120        130        140        150        160        169        

        hhhh       sss                                          hhhhhhhhh 

SoyPam  RLREAGAIIL GKASMSEWAF YRSNAAPSGW SARGGQGKNP YTMDG-PSGS SSGSAISVAA 

 Cons2  K..K...... ....L...SH F......... .......... .vLsaD.C.. .......... 

 

        179        189        199        209        219        229 

            ssssss     hhhhhh hh  ssss                     sss sss  hhhhh 

SoyPam  NLVAVSLGTE TDGSILSPSN VNSVVGIKPT VGLTSRAGVV PITPRQDTVG PICRTVSDAA 

 Cons2  .......... ......C..S .......... .......... ..S....... .........V 

 

        239        249        258        268        278        287 

        hhhhhh                   hhhh hh hh          ssss    h hhhh  hhhh 

SoyPam  LVLETIAGID INDQA-TIEA SKYVPEGGYA QFLKKEGLRG KRLGVVRF-F YGFSGDTVMH 

 Cons2  Y..da.v... .......... ...I.K.... .....D.... ....I..... ...G...... 

 

        297        307        317        327        335        345       

        hhhhhhhhhh hhh  ssss         hhh hh h  hhhh hhhhhhhhhh hhhhh      

SoyPam  KTLELHFKTL RQKGAVLVDN LEIENIEEII DGQS--EEIA MAYDFKLSLN AYLRDLVNSP 

 Cons2  ..F...L... .......... .......... .......... llAE...... ...K...A.. 

 

        355        365        375        385        395        404 

           hhhhhhh hhh    hhh h    hhhhh hhh     hh hh hhhhhhh hhhhhhhhhh 

SoyPam  VRSLADVIAF NKEHPELEKL EEYGQDLLLL AEETNGVEEL NH-AVLNMSR LSHNGFEKLM 

 Cons2  .......... ..K.SK.... .......F.. ..A...IG.. EK..L..... ..R....... 

 

        414                   433        443        452        462 

        hhh   ssss  s  hhhhhh hhh   ssss sssss                  hhhhhhhhh 

SoyPam  ITNELDAVVV -PSSTFSSIL AIGGYPGVIV PAGYE-KGVP FGICFGGLKG SESKLIEIAY 

 Cons2  ...K...L.T .......... .......... ....D..... .......... ..P....... 

 

        472 

        hhhhhh        

SoyPam  SFEQATMIRK PPPLRKLEI 

 Cons2  ......K... ......... 

Fig 1. Sequence alignment of SbPam with a MultiAlin-generated consensus sequence of 
SbPam homologs (>65% sequence identity). Cons2 indicates where the consensus deviates 
from the SbPam sequence. A dot indicates little conservation at that position or agreement 
between the consensus and the SbPam sequence. The letters h and s indicate secondary 
structure in the SbPAM 3D model generated using SwissModel (template 5AC3). Underlining 
indicates residues selected for substitution to consensus as explained in Table 1. Highlight 
colors: blue, level 1 substitutions; green, positions for disulfide-bond forming cysteines; 
yellow: level 2 substitutions. 
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type hydrolytic activity, but without showing considerable improvement in methanol 

tolerance (Fig. 3). Although improvement was observed in most of the variants with 

regards to activity and to a lower extent also in terms of methanol tolerance (20% v/v), 

all the SbPam variants that were constructed still lost activity at 50% methanol in the 

reaction mixture. 

 

To further improve the robustness of SbPam, we designed additional disulfide 

bonds. For this, we used the SbPam homology model obtained with Pam as a template 

to discover pairs of positions where the introduction of cysteines by geometric criteria 

may result in disulfide bond formation. Using YASARA, 31 different putative disulfide 

bonds were designed (Table 2, Figure 2). From the sequence, it can be concluded that 

Lys88, Ser168, Thr189, Asp190, and Ser192 (Lys123, Ser202, Thr223, Asp224 and Ser226 

in Pam) are involved in catalysis. These were excluded, giving 27 mutants with possibly 

improved stability. 

The mutants were made by consecutive QuikChange reactions, and 17 variants 

were obtained as confirmed by sequencing. These variants were tested for methanol 

tolerance at different concentrations of methanol in the reaction mixture in 96-well 

plates along with the level 1 consensus mutants. 

Of these 17 disulfide bond variants and 5 consensus-based level 1 variants, three 

mutants which apparently were improved were selected for large scale expression, viz 

S464P, S425C-N198C, and S166C-S195C. Purified samples of these variants were analyzed 

for methanol tolerance at various methanol concentrations. After screening for peptide 

amidase activity, the best SbPam disulfide bond variant (S425C-N198C) showed a 1.5-fold 

  

Fig 2. Positions selected for mutagenesis in SbPam. Panel A: Positions of point mutations 
and a single disulfide bond. The picture shows a model of the structure of SbPam (pdb 
1M21). Colors: marine blue, positions for disulfide bond introduction; green, level 1 positons; 
yellow, level 2 positions. Panel B: positions for introduction of potentially disulfide-bond 
forming pairs of cysteines. 

(A) (B) 
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improved activity in buffer system as compared to the wild-type SbPam (Fig. 3). Slight 

improvement in methanol tolerance was observed at 40% methanol. Unfortunately, 

none of the mutants tolerated 50% methanol as all appeared inactive in amide hydrolysis 

assays (Fig. 4). In conclusion, the selected variants showed increased activity in buffer 

system (potassium phosphate buffer, pH 7.5) but no considerable improvement at 50% 

methanol concentration (Fig. 3). Nevertheless, the amidase activity at lower levels of 

methanol was improved. 

From these results, it appeared that there was no improvement in solvent 

tolerance in the SbPam mutants with introduced disulfide bonds that would allow their 

use in methyl ester synthesis. Whereas the introduction of disulfide bonds has proven to 

be a powerful strategy for stabilizing enzymes, it is usually done based on crystal 

structures; possibly the homology model is insufficiently accurate to serve as a template 

for introduction of cysteines that can form a stabilizing disulfide bond. The introduced 

cysteines may be at positions suboptimal for disulfide bond formation or undesired 

disulfide bond formation may lead to scrambling of the SbPam structure. 

DNA shuffling 

The results presented above showed that the consensus-based SbPam variants 

and a disulfide bond mutant did show only small improvements in activity and/or 

Table 2. Pairs of cysteine-introducing substitutions that based on geometric criteria that 
possibly can form disulfide bonds in SbPam. a 

No. Predicted-mutation-pairs No. Prediction-mutation-pairs 

1 V34C-A62C 15 Y140C-I220C 

2 G116C-D248C 16 N198C-S425C 

3 S133C-G153C 17 P219C-S342C 

4 A145C-Y377C 18 V16C-D236C 

5 S213C-D248C 19 A65C-G82C 

6 A215C-N250C 20 L86C-A132C 

7 V234C-Y471C 21 A92C-P112C 

8 Y337C-L394C 22 Y160C-P483C 

9 S405C-I434C 23 V183C-C231C  

10 S425C-C455C 24 V294C-E447C 

11 R31C-A62C 25 Y337C-T388C 

12 L52C-S133C 26 T298C-G445C 

13 Q61C-I127C 27 P443C-R480C 

14 K94C-D114C  

a Variants with disulfide bonds 1-17 were successfully produced and examined at the protein level. 
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methanol stability. Introducing multiple consensus mutations in a single enzyme can 

enhance stability 23. We, therefore, examined the effect of combining different 

substitutions. To achieve this, we used PCR-based DNA shuffling including the wild type 

SbPam and a synthetically designed SbPam variant that contained all the structure-

guided consensus-based amino acid substitutions (level 1 and level 2 mutations, Table 

1). 

Transformants containing shuffled and recloned DNA were selected on LB agar 

plates containing 50 μg/ml ampicillin. A total of 3,550 transformants were obtained and 

 

Fig 3. Comparison of specific activities of SbPam wild type and variants. In buffer, the best 
variant carries a disulfide bond and is 1.4-fold more active than wild type. 
 

 
Fig. 4. Methanol tolerance of selected SbPam variants. Comparison of specific activities of 
SbPam wild type and variants at different concentrations of methanol. Solvent stability was 
only slightly improved at lower concentrations of methanol (10 to 40% methanol only). 
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arrayed in 96-well plates. The variants were tested for ammonia release with and without 

methanol (40%), using a modified Berthelot assay. Transformants showing a better ratio 

of activity in 40% methanol were picked up. From the 3,550 transformants obtained, 34 

variants were selected, arrayed on a separate 96-well plate and rescreened to obtain 12 

variants with improved hydrolytic activity in presence of 40% methanol. Out of these, 

the 5 best variants were selected for further studies (Table 3).  

All 5 mutants obtained from DNA shuffling had slightly reduced activity in buffer 

system compared to wild type (potassium phosphate buffer, pH 7.5), similar to our 

previous results. A single variant, SbPam-B9 (L9F, V33L, S464P), showed an 

improvement at 40% methanol, giving a 6-fold higher ester yield than wild type SbPam 

(Fig. 5). This variant also showed the highest improvement in the apparent melting 

temperature i.e. 41oC as compared to the 37oC for the wild type (Fig. 6). It is notable that 

a variant containing all the consensus-based mutations (Fig. 6, Cons) had a lower 

methanol tolerance and thermostability than wild-type SbPam, 32oC Tm vs. 37oC, 

respectively. Sequence analysis indicates that all the selected variants carried mutations 

mostly in the N- or C-terminus of the protein (Table 3). 

Characterization of the B9 shuffling mutant 

Variant SbPam-B9 had three mutations, two in the N-terminal region (L9F, V33L) 

while one mutation was near the C-terminus (S464P). Visual inspection of the homology 

model of SbPam was carried out to rationalize these mutations. The L9F and V33L 

mutations are within 10 Å of each other and both Leu9 and Val33 appear to be part of the 

wall of a small hydrophobic cavity on the protein surface. Other residues that line this 

cavity are Ile11, Ala14, Leu19, and Leu28. The L9F and V33L mutations introduce large 

Table 3. Mutations in SbPam shuffling variants with improved thermostability and methanol 
tolerance.a 

Mutations 
Variants 

B2 B3 B9 C2 C10 

L9F ✓ ✓ ✓ ✓ ✓ 

V33L ✓ ✓ ✓ ✓ ✓ 

Q44N ✓ ✓  ✓ ✓ 

L52I ✓ ✓  ✓ ✓ 

L54V ✓ ✓  ✓ ✓ 

M97L ✓   ✓ ✓ 

Y140F    ✓  

S464P  ✓ ✓   

Tm change (oC) +1.5 +1.5 +3 -1 1.5 

a Only mutants that were active and more thermostable than wild-type are shown. 
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Fig. 5. Comparison of specific activities of wild type SbPam with shuffling variants. A variant 
containing all consensus-based mutations (Cons) had the lowest activity indicating that 
combining consensus mutations is not necessarily beneficial. All SbPam variants became 
inactive at 50% methanol. 

 

Fig. 6. Thermofluor melting curves for different DNA shuffling variants obtained after 
selection for methanol tolerance. 
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hydrophobic side chains suggesting that they act to fill up this cavity and that this results 

in improved methanol tolerance. It is known that filling hydrophobic cavities can lead to 

increased thermostability 24. Ser464 is remote from the other two positions, the C 

distances in the homology model are 30 Å and 31 Å to Leu9 and Val33 respectively. 

Possibly, the S464P mutation rigidifies the local structure or lowers the entropy of 

(partially) unfolded states, a property that proline is well known for 24,25. 

It thus appeared that DNA shuffling with the consensus derived sequence yielded 

the best mutant (B9). Consensus based mutations have been reported to enhance 

thermostability 23. The available data show that consensus derived mutations would be 

the best way to increase thermostability and organic solvent tolerant in an enzyme in the 

absence of a crystal structure of the enzyme. A computational approach explored by us 

(FRESCO) was found efficient to endow Pam with a much larger increase in 

thermostability and solvent resistance, but this was not attempted here because a crystal 

structure is lacking 6. The model has high overall reliability but variations in the 

orientation of side chains can have drastic effects on local interaction energies. 

Immobilization of SbPam 

Alternative methods for enzyme stabilization not based on protein engineering 

are immobilization on a solid support and chemical crosslinking 26,27. Glutaraldehyde has 

been widely used for chemical crosslinking of enzymes to provide improved 

thermostability and organic solvent stability 28–30. Crosslinking via glutaraldehyde 

accompanied with adsorption onto supports like silica or in agarose gels has also been 

reported to stabilize enzymes in organic solvents 31–33. Recently, Dicalite-adsorbed 

Alcalase with glutaraldehyde cross-linking was reported for obtaining high enzyme 

stability and activity in near dry organic solvents 34. We hypothesized that a similar 

approach might stabilize SbPam for methyl ester formation in the presence of an organic 

solvent. To establish if immobilization can be applied, we adsorbed SbPam on Dicalite 

and rinsed the resulting suspension using organic solvents with a variety of logP values, 

with and without cross-linking by addition of glutaric dialdehyde. The immobilized 

enzymes were rinsed with the same solvent that was used during immobilization, to 

remove water. 

Lyophilization is yet another technique for preparation of enzymes prior to use in 

organic solvents 35,36. The activity of lyophilized enzymes can be influenced by a so-called 

pH memory effect, meaning that the pH of the buffer in which the enzymes were 

suspended prior to drying has an effect on the activity of the lyophilized enzyme 37. For 

comparison with Dicalite immobilization, we prepared SbPam powder by lyophilization, 

without using a solid support, cross-linking, or rinsing with solvent. 

The resulting enzyme preparations were subsequently tested for esterification 

activity in the presence of acetonitrile containing 5% methanol. SbPam had the best 

activity in acetonitrile when adsorbed on Dicalite and rinsed with acetonitrile or tert-
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butanol. The synthesis to hydrolysis ratio was higher in case of DCM-rinsed SbPam (S/H 

= 1.2), but the overall conversion was quite low (12.8%). It is also notable that when the 

enzyme was immobilized without crosslinking, the activity dropped considerably (Fig. 

7). For example, acetonitrile-rinsed enzyme that was not crosslinked with glutaric 

dialdehyde gave only 1.6% total conversion and only hydrolysis product was formed. The 

synthesis to hydrolysis ratios were higher in case of non-crosslinked enzyme, rinsed with 

isopropanol and acetone, i.e. 4.1 and 6.5 respectively, but the overall conversion was low 

(3.1% total conversion in both cases) (Fig. 8). 

The lyophilized SbPam had much better activity (36.8% total conversion) – twice 

that of enzyme preparations adsorbed on Dicalite and rinsed either with acetonitrile 

(20.1% total conversion) or tert-butanol (16.8% total conversion) (Fig. 7). We further 

checked if Dicalite has an effect on the activity of the lyophilized enzyme. For this 

purpose, the non-crosslinked enzyme was lyophilized in the presence of Dicalite. SbPam 

adsorbed onto Dicalite and rinsed with acetonitrile was used as a control. In contrast to 

this Dicalite-adsorbed and solvent-rinsed enzyme, the lyophilized enzyme exhibited 

more activity without Dicalite (35% conversion) than with Dicalite (18% conversion) and 

Dicalite-adsorbed enzyme (13% conversion), after 9 h. The synthesis/hydrolysis ratios 

 

Fig. 7. Comparison of the total conversions (hydrolysis + synthesis product) with Dicalite-
adsorbed SbPam (with and without crosslinking), and lyophilized SbPam (without 
crosslinking). The enzymatic reactions were carried out for 36 hours in 95% acetonitrile and 
5% methanol. SbPam became completely inactive after treatment with DMF, DMSO, and 
methanol. Conversions are mentioned as the sum total of peak areas in HPLC 
chromatograms representing the peptide ester (synthesis) or peptide acid (hydrolysis) 
product. 
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were, however, same in both lyophilized SbPam (S/H = 0.08), but lower than the 

Dicalite-adsorbed preparation (S/H = 0.34). No further increase in activity was observed 

when the quantity of enzyme was doubled in the reaction mixtures. No significant 

difference in synthesis to hydrolysis ratios was observed as well. This might be explained 

by the presence of minute amounts of water (~1%) in the reaction mixtures. From the 

data, it can be concluded that lyophilized enzyme had the highest activity in terms of 

total conversion.  

Conclusions  

We succeeded in engineering an SbPam variant that is more compatible with the 

use of organic solvents by using a combination of structure-guided consensus approach 

and DNA shuffling techniques. The obtained variant showed a modest improvement of 

4oC in apparent melting temperature, which is lower than expected. Introduction of 

disulfide bonds was not very effective, probably due to the use of a homology model for 

SbPam rather than a crystal structure. It is also interesting that a consensus mutant 

incorporating all consensus-based mutations actually showed a lower apparent melting 

temperature (32oC) compared to SbPam (37oC). Thus, the engineering of highly stable 

SbPam variants is not an easy task, especially in the absence of a crystal structure and 

uncertainty about the mechanism of thermal unfolding and cosolvent induced 

denaturation. Different combinations of individual mutations with pairs of disulfide-

bond forming cysteines may further improve SbPam. The active site region was excluded 

 
Fig. 8. Comparison of synthesis to hydrolysis ratios (S/H ratios) of SbPam adsorbed onto 
Dicalite and rinsed with different organic solvents. The enzymatic reactions were carried out 
for 36 hours. S/H ratio is better when the enzyme is immobilized without crosslinking with 
Dicalite albeit with lower activity. 
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from the engineering attempts reported here, but it is possible that parts of the protein 

close to the active site are involved in early unfolding. 

In addition to protein engineering, changes in enzyme preparation could improve 

the stability of SbPam in synthetic reactions. Immobilization by adsorption on Dicalite 

accompanied by crosslinking with glutaric dialdehyde and rinsing with acetonitrile 

resulted in improved methyl ester synthesis in acetonitrile as the organic solvent in the 

presence of 5% methanol. Lyophilization of the enzyme without added Dicalite resulted 

in higher overall conversions, but with similar S/H ratios. Although most of the water 

phase was removed in our enzyme preparations, extremely dry conditions were not 

applied. Based on our experience with results reported in Chapters 3 and 4, we expect 

that addition of molecular sieves might further improve synthetic yields with SbPam by 

removing traces of water and drive reactions in the presence of methanol towards 

esterification instead of hydrolysis. Moreover, treatment of enzyme with organic solvents 

prior to lyophilization could also help to stabilize the enzyme 38.  
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