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ABSTRACT 

The proline iminopeptidase (PchPiPA) of the white- 
rot fungi Phanerochaete chrysosporium is an exopep- 
tidase specific to catalyze hydrolysis of the N-terminal 
proline of peptides or proteins. Its catalytic cavity is 
comprised of a catalytic triad (Ser107, Asp264 and 
His292) and an oxyanion hole (His38, Gly39, Gly40 
and Pro41). In this work, several amino acid residues 
involved in the catalytic cavity were selected for in- 
vestigation of their influences on the catalytic activity 
by site-directed mutagenesis. It was shown that muta- 
tion of residues (Gly39 and Gly40) involved in oxyan- 
ion hole resulted in almost complete loss of catalytic 
activity largely due to changes in kcat. The other resi- 
dues (Gly42 and Cys45) lined at the entrance of the 
active cavity also yielded a profound negative effect 
on the activity. Mutation of the other two residues 
Arg130 and Gly131 which were flanked spatially by 
the nucleophilic attacking active site of Ser107, cau- 
sed different effects on the activity. R130A increased 
catalytic efficiency due to changes in both kcat and Km; 
while G131V decreased the value of kcat/Km mainly 
due to changes in kcat. And T111A also caused a nega- 
tive effect on the kcat. Conclusively, these amino acid 
residues involved in active cavity were more suscepti- 
ble to be negatively affected by mutation, suggested 
that the active cavity of proline iminopeptidase might 
evolve to be less plausible.  
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1. INTRODUCTION 

Proline iminopeptidase (PiP, prolyl aminopeptidase; EC 

3.4.11.5) is a special exopeptidase, which catalyzes clea- 
vage of proline from the N-terminus of peptides [1]. PiP 
was first reported in Escherichia coli in 1959 [2]. Since 
then, many PiPs have been cloned and characterized 
from a variety of living organisms, such as bacteria [3-6], 
fungi [7-9], and plants [10,11]. In some bacteria, PiP 
activities were related to pathogenicity [12,13]. For ex- 
ample, disruption of the gene encoding PiP resulted in 
significantly attenuated virulence in Xanthomonas cam- 
pestris pv. campestris [12]. In plants, PiPs may partici- 
pate in the response to abiotic stress by turning over 
oxidatively damaged proteins or by taking part in the 
regulation of free amino acids pools [10,14]. In view of 
the industry, PiPs can be used as biocatalyst in food pro- 
cessing, such as for debittering of proteolysates and fla- 
vor development of Swiss-type cheeses [15,16]. In addi- 
tion, PiP was also employed for synthesis of the synthesis of 
dipeptides, especially proline-containing peptide [17,18]. 

Based on the biochemical properties and sequence 
analysis, PiP is a serine peptidase and classified into 
family S33 in the MEROPS database [19]. The three- 
dimensional structure of two PiPs from bacteria has been 
reported [20,21]. Overall, the structure is composed of 
two contiguous domains. The larger domain shows the 
general topology of a typical α/β hydrolase fold with a 
central eight-stranded β-sheet. The smaller domain is 
placed on top of the larger domain and essentially con- 
sists of six helices. The active cavity is consisted of a 
catalytic triad (Asp-Ser-His), which is located at the end 
of a deep pocket at the interface between these two 
domains. It is believed that the serine and histidine resi- 
dues are directly involved in the catalytic reaction, serv- 
ing as the nucleophilic attacking group and general acid- 
base catalytic elements, respectively. There is also an ox- 
yanion hole involved in the active cavity, which is 
recognized to be important in catalysis due to acting as 
hydrogen bond donors to stabilize the oxyanion inter- *Corresponding author. 
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mediate. However, previous studies with the PiP from 
Serratia marcescens have focused on the substrate 
recognition and identified several residues involved in 
substrate recognition by site-directed mutagenesis and 
structural analysis [22-24]. 

In our previous work, a PiP (PchPiPA) was cloned and 
characterized biochemically from the white-rot fungus 
Phanerochaete chrysosporium [7]. Based on its amino 
acid sequence, PchPiPA belongs to the subfamily 
S33.001, and it is somehow different from the other two 
fungal PiPs which have been characterized biochemically. 
In order to get more insights on the catalytic mechanism, 
site-directed mutagenesis was performed on the amino 
acid residues surrounding to the catalytic triad and oxy- 
anion hole. The results showed that these amino acid 
residues were more susceptible to mutation, suggesting 
the PchPiPA may contain a relative rigid catalytic cavity. 

2. MATERIALS AND METHODS 

2.1. Materials and Bacterial Strains 

All chemicals were reagent grade commercial products 
and used without further purification. L-proline-p-ni- 
troanilide trifluoacetate (Pro-pNA) was purchased from 
Sigma-Aldrich. Escherichia coli strain JM109 served as 
the host for cloning. Escherichia coli BL21 (DE3) was 
used for gene expression. 

2.2. Site-Directed Mutagenesis 

The mutagenesis was performed following QuikChange 
site-directed mutagenesis method (Stratagene) according 
to manufacturer’s instruction with minor modification. 
The mutagenesis PCR was carried out using Pfu DNA 
polymerase in 25 μl mixture with pET28PiPA [7] as 
template. The primers used for site-directed mutagenesis 
were presented in Table 1. PCR reaction were carried out 
as follows: an initial denaturation at 94˚C for 3 min; fol- 
lowed by 25 cycles including annealing for 30 s at 94˚C 
and extension at 68˚C for 8 min; and a final extension for 
10 min at 68˚C. The PCR products were digested with 
Dpn I at 37˚C for 1 h to remove the parent template and 
then transformed into E. coli JM109. The desired muta- 
tions were confirmed by DNA sequencing. Subsequently, 
the mutated plasmids of were transformed into the E. coli 
BL21 (DE3). 

2.3. Protein Expression and Purification 

Single colony of E. coli BL21 (DE3) which hosted the 
desired recombinant plasmid was inoculated in 3 ml LB 
liquid medium supplement with 50 μg/ml kanamycin. 
After shaking at 37˚C and 200 rpm overnight, 250 μl of 
the culture was transferred into 250 ml LB medium con- 
taining kanamycin (50 μg/ml). Under the same cultivat-  

Table 1. Primers used for site-directed mutagenesis.* 

Primers Nucleotide sequence (5’-3’) 

G39V.F TTGCATGTCGGGCCCGGCGGAGGTTGC 

G39V.R GCCCCGACATGCAAGAAGACAACAGCA 

G40V.F CATGGCGTGCCCGGCGGAGGTTGCGA 

G40V.R CCGGGCACGCCATGCAAGAAGACAAC 

G42V.F GGCCCGTCGGAGGTTGCGACGCGAAG 

G42V.R CCTCCGACGGGCCCGCCATGCAAGAA 

C45A.F GAGGTGCCGACGCGAAGGACAGGTCC 

C45A.R GCGTCGGCACCTCCGCCGGGCCCGCCA 

D46A.F GTTGCGCCGCGAAGGACAGGTCCTTC 

D46A.R TTCGCGGCGCAACCTCCGCCGGGCC 

T111A.F GCTCTGCGTTGTCTCTGGCTTATGC 

T111A.R GACAACGCAGAGCCCCATGAGCCTCC 

R130A.F TGCTTGCTGGTATATTCACGCTTCGC 

R130A.R ATACCAGCAAGCACCAAGCTCTTCAC 

G131V.F TTCGTGTTATATTCACGCTTCGCAAG 

G131V.R AATATAACACGAAGCACCAAGCTCTTC 

*The mutated codons were underlined for each site. 

 
ing condition, 0.5 mM isopropyl-β-D-thiogalactoside 
(IPTG) was added to the culture after the cell density 
reaching 0.6 at OD600. The culture was then transferred to 
18˚C and incubated for additional 16 h. The cells were 
harvested by centrifugation at 4000 rpm for 10 min at 
4˚C. And the pellets were suspended in 25 ml TNPG 
buffer (20 mM Tris-HCl, pH 7.5, 250 mM NaCl, 0.5 mM 
PMSF, 10% glycerol). And the cells were broken by ul- 
trasonic cell crushing apparatus (the parameter was set as: 
output 35%, ultrasonic pulse 8 seconds, stop pulse 5 se- 
conds) at 4˚C for 10 min. The cell debris was removed 
by centrifugation at 10,000 rpm for 10 min at 4˚C. 

The recombinant protein was purified by Ni2+-affinity 
chromatography. The supernatant was applied onto the 
1.0 ml of Chelating Sepharose column (Amersham- 
Pharmacia), and washed with 5× column volume (CV) of 
buffer A (0.1 M Tris-HCl, pH 7.5, 250 mM NaCl, 10% 
glycerol). The bound proteins were eluted manually with 
5 ml of the buffer B (Buffer A plus various concentration 
of imidazole) at flow rate of 1.0 ml/min. The fractions 
eluted from 200 - 300 mM imidazole were pooled and 
dialyzed against 1000 ml of dialysis buffer (50 mM Tris- 
HCl, pH 7.5, 1 mM DTT, 0.1 mM EDTA-Na2) at 4˚C 
overnight. Finally, the recombinant protein was concen- 
trated using PEG-2000 and kept in storage buffer [100 
mM Tris-HCl, pH 7.5, 50% (v/v) glycerol] at −20˚C. 
Protein purity was monitored by SDS-PAGE (12%) and 
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3. RESULTS the concentration was quantified using AlphaImager soft- 
ware (Alpha Innotech Corporation, San Leandro, USA) 
with bovine serum albumin (BSA) as a Standard. All the 
mutated enzymes were diluted to 0.5 μM with adequate 
amount of storage buffer. 

3.1. Construction and Protein Expression of 
PchPiPA Mutants 

The proline iminopeptidase (PchPiPA) from Phanero- 
chaete chrysosporium belongs to the subfamily S33.001, 
and their catalytic triad (Ser107-Asp264-His292) has 
been confirmed with site-directed mutagenesis [7]. In 
view of its structure (data not shown), the general topo- 
logy of PchPiPA is similar with the other two PiPs from 
bacteria of Xanthomonos campestris pv. citri and Serra- 
tia marcescens, respectively [20,21], which was organ- 
ized into two domains. The larger domain is composed of 
a typical α/β hydrolase fold with a central eight-stranded 
β-sheet. The smaller domain is placed on top of the lar- 
ger domain and essentially consists of six helices. The 
active sites, located at the end of a deep pocket at the 
interface between both domains, are consisted of a cata- 
lytic triad (Ser107-Asp264-His292 in PchPiPA). A con- 
served oxyanion hole (His38-Gly39-Gly40-Pro41 PchPi- 
PA) forms a turn with the amide group of Gly39 and 
Gly40 flanking toward the active site Ser107. The spatial 
arrangement of active cavity with their flanked residues 
was illustrated in Figure 1. 

2.4. Activity Assays 

The PiP activity was determined by monitoring the re- 
leased nitroanilide from substrate Pro-pNA. For active- 
ty assay, 700 μl reaction mixture (100 mM Tris-HCl, pH 
8.0) containing 0.5 mM or indicated amount of Pro-pNA 
was pre-incubated at 45˚C for 2 min, and then proper 
amount of each PchPiPA WT or mutant were added into 
the mixture to start the reaction. The absorbance at 410 
nm over 10 min was recorded continuously on line in the 
spectrophotometer UV-2450 (Shimadzu, Japan). For de- 
termine the kinetic parameters, a range of substrate con- 
centrations (0.5 mM to 1.2 mM) were applied. All the 
assays were performed at least three times. 

2.5. Determination of Thermostability 

The WT and mutant enzymes were diluted into 100 mM 
Tris-HCl buffer pH 8.0, and then incubated at 50˚C for 
exact 20 min. The residual activity was assayed as above. 
For evaluation of thermostability, percentage of the re- 
sidual activity after heat treatment to the initial activity 
was adopted. 

In this work, eight amino acid residues were chosen 
for site-directed mutagenesis. The corresponding mutants 
were constructed using the QuikChange mutagenesis 
method. After the desired mutations confirmed by DNA  

 

 

Figure 1. Spatial arrangement of active sites and oxyanion hole in the active cavity of PchPiPA. The catalytic triad is consisted of 
Asp264, His292 and Ser107; the oxyanion hole is comprised of His38, Gly39, Gly39 and Pro41. The amide groups of Gly39 and 
Gly40 are flanked spatially towards the nucleophilic attacking group of Ser107, which is interacting with the Thr111 (behind the 
helix) and Arg130 via formation of hydrogen bonds. 
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sequencing, these plasmids were transformed and ex- 
pressed in E. coli BL21 (DE3) cells by addition of IPTG. 
All the mutants as well as the wild-type were well ex- 
pressed under the experimental conditions. The recom- 
binant proteins were purified using Ni2+-affinity chro- 
matography. The purified proteins were evaluated on 
SDS-PAGE (12%) with purity > 80% (Figure 2). The 
concentration was quantified using AlphaImager soft- 
ware with bovine serum albumin (BSA) as a standard. 

3.2. Effect of the PchPiPA Mutants on Catalytic 
Activity 

Initially, the activity of WT and the mutants was as- 
sayed using 3.57 nM of enzyme for WT and each mu- 
tants and 0.5 mM of Pro-pNA as substrate. In compare- 
son with WT, mutation of the residues (G39) leaded to 
complete loss of activity towards the substrate Pro-pNA, 
even with the increased amount of mutation enzyme 
(data not shown). The progressing curves for the other 
mutants and WT were shown in Figure 3. R130A 
showed increased activity, and D46A behaved similar 
 

 
Figure 2. Purification and expression of the 
mutation proteins of PchPiPA. 

 

 
(a) 

 
(b) 

Figure 3. Catalytic progressing curves 
of PchPiPA and mutants towards Pro- 
pNA. The catalytic reaction was as- 
sayed in 700 μl of 100 mM Tris-HCl 
buffer (pH 8.0) containing 3.75 nM of 
each mutant or WT enzyme and 0.5 
mM of substrate Pro-pNA at 45˚C. 

with the WT (Figure 3(a)). However, the catalytic activ- 
ity of the other five mutants (Gly40, G42V, C45A, 
T111A and G131V) decreased much significantly (Fig- 
ure 3(b)). 

3.3. Effects of PchPiPA Mutants on Catalytic 
Kinetics 

In order to get insights on effect of the mutations on 
catalytic mechanism, kinetic parameters were determined 
for each mutant except for the function-loss mutant 
(G39A). The parameters of Km, kcat, and kcat/Km were 
summarized in Table 2. 

The kcat/Km values of G40V, G42V decreased by about 
3084 and 1358-fold, which was largely due to change in 
kcat. C45A showed the similar kinetic behavior with 
G40V and G42V, with a decrease in kcat by about 2305- 
fold. For the above three mutants, Km value did not 
change obviously. However, replacement of Asp46 with 
Ala did not result in obvious change in these parameters. 

Thr111 is a conserved residue in subfamily S33, which 
may interact with Ser107 via hydrogen bond linkage 
based on the structural analysis in PchPiPA. Its mutation 
caused a significant decrease in catalytic efficacy (kcat/ 
Km), largely due to change in kcat. Both of Arg130 and 
Gly131 are not conserved across the subfamily S33 and 
have been recognized as important functional residues 
[21,23]. The kcat/Km value of R130A increased by more 
than 3-fold due to change in both Km and kcat. However, 
mutation of Gly131 yielded greatly negative impact on 
the kinetic parameters, with significant decrease of kcat/ 
Km value to about 97-fold mainly due to change of kcat. 

3.4. Effect of PchPiPA Mutants on 
Thermostability 

Furthermore, the effect of these mutations on thermostat- 
bility was determined. The percentage of residual activity 
 
Table 2. Kinetics parameters of PchPiPA mutants and WT.* 

Mutants Km (mM) kcat (S
−1) kcat/Km (mM−1·S−1) 

WT 2.0927 64.548 30.8428 

G40V 1.6441 0.0164 0.0100 

G42V 3.2402 0.0736 0.0227 

C45A 2.1760 0.0280 0.0128 

D46A 3.8788 83.1205 21.4394 

T111A 2.3999 5.0160 2.0901 

R130A 1.1264 110.3580 97.9712 

G131A 1.7658 0.5616 0.3181 

*The kinetic parameters were calculated from two dependent experiments 
with the deviation less than 10%. 
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after treat treatment in comparison to the initial activity 
was employed for evaluation of thermostability. The data 
were shown in Table 3. 

After heat treatment, catalytic activity was reduced at 
different extent for WT and all the mutants. The residual 
activity of WT decreased by 33.23% in comparison to 
the initial activity after heat treatment at 50˚C for 10 min. 
Therefore, D46A, T111A, or R130A became more heat- 
labile than WT, with only residual activity of 10.44%, 
15.63% or 10.16%, separately. It is noted that the ther- 
mostability of G131V increased significantly, which re- 
tained 92.16% of the initial activity after heat treatment. 
However, the other mutants like G40V, G42V, and G45V 
showed very low activity after heat treatment. 

4. DISCUSSION 

Previously, a proline iminopeptidase named as PchPiPA 
was biochemically characterized from the white-rot basi- 
diomycetes Phanerochaete chrysosporium [7]. Its cata- 
lytic cavity was comprised of a conserved triad (Asp- 
Ser107-His292) and an oxyanion hole (His39-G40-G41- 
Pro42). And all of the related residues were located on 
the interface between the cap domain and the α/β fold 
domain. In this work, sited-directed mutagenesis was 
performed to figure out the role of these amino acid 
residues on the catalytic activity. 

In PiPs, the catalytic triad was confirmed by site-di- 
rected mutagenesis and the mutations caused complete 
loss of catalytic function [7,25,26]. These results indi- 
cated that each of the three active sites was absolute for 
catalytic activity. In addition, the nucleophilic Ser resi- 
due, forming a nucleophilic elbow on a sharp that turned 
to connect strand 5 and helix C, was embedded in a con- 
served motif (G-X-S-B-G-Z) [19]. Mutation of the cor- 
responding residues of Gly105, G109, and G110 in this 
motif of another PiP (PepIP) of Lactobacillus delbruckii 
subsp. bulgaricus resulted in almost complete loss of  

 
Table 3. Comparison of thermostability of PchPiPA mutants 
and WT by initial velocity after heat treatment at 50˚. 

Initial velocity (μM/s·mg) 
Mutants 

After heat treatment Before heat treatment 

Residual
activity

(%) 

WT 62.234 187.287 33.23 

G40V 0.279 0.638 43.75 

G42V 1.556 2.074 75.00 

C45A 0.213 0.439 48.48 

D46A 11.968 114.681 10.44 

T111A 0.971 6.210 15.63 

R130A 164.362 1 618.245 10.16 

G131V 4.535 4.920 92.16 

catalytic function [26]. Therefore, the residues with smal- 
ler side groups surrounding the nucleophilic attacking 
Ser residue may avoid steric hindrance and consolidate 
the correct position of this active site. 

The oxyanion hole (His-Gly-Gly-Pro) in PiPs is an- 
other important component of active cavity, which forms 
a turn with the imidazole group of proline residue pro- 
truded onto the interface. And the central two Gly resi- 
dues flanked spatially with Ser107 in PchPiPA, which 
was in general recognized to act as hydrogen bond do- 
nors to stabilize the oxyanion intermediate [19]. Gly46 in 
the PiP of S. marcescens in corresponding to the Gly40 
in PchPiPA was indeed interacting with the imidazole 
ring of Pro-TBODA inhibitor in the co-structure of en- 
zyme and inhibitor [24]. However, seldom researches 
have focused on this motif in PiPs. Mutation of Gly39 
and Gly40 in PchPiPA leaded to almost complete loss of 
catalysis, which was largely due to decrease of kcat value. 
These results were consistent with the previous studies 
with another PiP (PepIP) of L. delbruckii subsp. Bulga- 
ricus, in which mutation of the corresponding sites by 
chemical mutagenesis resulted in loss of catalytic activity 
[26]. In the other members from the α/β fold hydrolase 
family, such as esterase and acetylcholinesterase, muta- 
tion of the corresponding two Gly residues also had dead 
effect on the activity [27,28]. Furthermore, mutation of 
Gly42 and Cys45 also yield a profound negative influ- 
ence on catalytic activity. D46A have no effect on cata- 
lytic activity, but its thermostability reduced significantly. 
These residues (Cys45 and Asp46), as well as Gly43 and 
Gly44 (corresponding to G46, G47, Cys48, and Asn49 in 
XCPIP) are lined at the entrance of the active cavity [19]. 
Besides, Gly43 are hydrogen bonded to Gly39 in the 
structure of PchPiPA. Taken together, the oxyanion hole 
as well as the flanked residues is very important for en- 
suring catalytic activity. And subtle changes may cause a 
profound negative impact on the activity. 

Thr111 was located at helix C, which might interact 
with Ser107 via hydrogen bond in PchPiPA. Mutation of 
Thr111 caused a significant decrease of kcat value by 
about 15-fold, and almost no change in Km, indicating 
that Thr111 might contribute to the stability or position- 
ing of Ser107. Arg130 and G131 were not conserved 
across various PiPs. And Arg130 was recognized as a 
putative S1’ position (because the corresponding residue 
Arg136 in the PiP of S. marcescens may bind the cay- 
bonyl oxygen of the P1’ residue) [21,23]. However, mu- 
tant R130A leaded to significant increase in kcat/Km, 
caused by changes in both kcat and Km. Since Arg130 
could interact with His292 and Ser107 via formation of 
hydrogen bond and replacement of Arg130 with Ala 
leaded to loss of the interaction with His292 in the 
PchPiPA structural modeling, it was suggested that 
R130A may make more room in the cavity for increasing  
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of flexibility of the active sites because this mutant lost 
thermostability obviously in comparison with the WT 
(Table 3). However, the same mutant in the PiP of S. 
marcescens showed very low activity against Pro-Ala, 
but retained almost the same activity as WT against Pro- 
βNA [23]. Mutant G131V significantly decreased kcat/Km 
value by about 100-fold due to changes in kcat. The larger 
side chain of Val protruded out might squeeze the space 
of active sites of His292 and Ser107, and then made the 
local conformation less plausible since its thermostability 
was increased significantly (Table 3). 

In conclusion, the active sites and oxyanion hole as 
well as the flanked residues in PchPiPA were essential to 
the activity and more susceptible to be negatively af- 
fected by mutations, suggesting that the active cavity of 
proline iminopeptidase may evolve as a relatively com- 
pact structure. 
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