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Abstract Streptomyces trypsin is one of the serine pro-

teinases in Streptomyces griseus and acts as a key mediator

during cell growth and differentiation. S. griseus trypsin

(SGT) could be successfully expressed in Pichia pastoris

by engineering the natural propeptide APNP. In this study,

the recombinant Exmt with peptide YVEF and the wild-

type SGT were comparatively investigated in detail. The

recombinant Exmt showed significantly increased thermo-

stability which t1/2 value was 3.89-fold of that of the SGT

at 40 �C. Moreover, the catalytic efficiency (referring to

the specificity constant, kcat/Km) and pH tolerance of Exmt

were also improved. In silico modeling analysis uncovered

that introduction of the peptide YVEF resulted in a

broadened substrate binding pocket and closer catalytic

triad (His57, Asp102 and Ser195). The intramolecular

Hydrogen bonds and the cation p-interactions were also

dramatically increased. The results indicated that

engineering of the N-terminus with artificial peptides might

be an effective approach for optimizing the properties of

the target enzymes.

Keywords Trypsin � Peptide � Catalytic efficiency �
Thermostability

Introduction

Bacterial Streptomyces griseus trypsin (SGT) (EC 3.4.21.4)

is one of the serine proteinases and acts as a key mediator

during cell growth and differentiation (Oh et al. 2007). Due

to its wide potential applications in leather bating, food

processing, pharmacy, clinical diagnoses and biochemical

tests (Ling et al. 2012), SGT has been studied and heter-

ologously produced in S. lividans (Choi et al. 2001). In

nature, SGT is produced as a zymogen, which consists of a

propeptide APNP and a single chain polypeptide of 223

amino acid residues (Chi et al. 2009). Activation of the

trypsinogen involves the removal of the N-terminal pro-

peptide at the Pro4-Val5 peptide bond (Fig. 1c) (Olafason

and Smillie 1975; Kim et al. 1991). Generally, it was

accepted that this activation process is non-autocatalytic

because of the existence of proline (Kim et al. 1991).

Recently, we have successfully overexpressed the SGT

in Pichia pastoris (Ling et al. 2012) by introduction of a

non-natural peptide YVEF (Fig. 1b) at the N-terminus

which caused by digestion with the restriction enzymes

SnaBI and EcoRI (Fig. 1a) and cleavage of the a-factor

signal peptide by peptidases KEX2 and STE13 (Brake et al.

1984; Werten and de Wolf 2005; Vadhana et al. 2013).

Applying in silico analysis we rationally engineered SGT

to improve its activity by modifying the N-terminal peptide

(Ling et al. 2013). Therefore, it could be concluded that the
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N-terminal peptide plays a crucial role in its activity reg-

ulation. Over the past years, many short peptides were

discovered, designed and utilized for improving enzyme

properties. By engineering the N-terminal residues, the

internal packing in polar surface area fraction (Vogt and

Argos 1997), the inner molecular interaction between the

N-terminal domain (Richter et al. 2002), the substrate

binding pocket (Blanchard et al. 1999) and the numbers of

the hydrogen (H) bonds (Vogt et al. 1997) could be sig-

nificantly influenced. Applying this approach, many

enzymes were improved in terms of the catalytic efficiency

and thermostability (Zhao et al. 2006; Ge et al. 2010; Dai

et al. 2012; Yang et al. 2013).

In the present work, the recombinant Streptomyces

trypsin Exmt produced by P. pastoris and its wild-type SGT

from S. griseus were deeply and comparatively investigated

with respect to the catalytic efficiency and thermostability.

Compared with SGT, the recombinant Exmt showed sig-

nificantly increased catalytic efficiency and thermostability.

To uncover the key parameters involved these remarkable

changes, the three-dimensional (3D) structure of the

recombinant Exmt was also constructed in silico and com-

pared with the SGT crystal structure.

Materials and methods

Microorganisms and growth conditions

Streptomyces griseus ATCC 10137TM which producing the

wild-type SGT was purchased from the American Type

Culture Collection (ATCC, USA). The R2YE liquid broth

was used for cultivation of S. griseus ATCC 10137TM (Chi

et al. 2009). P. pastoris GS115 and plasmid pPIC9 K were

both purchased from the Invitrogen company. The recom-

binant plasmid pPIC9 K-Exmt and strain GS115/pPIC9 k-

Exmt were constructed previously (Ling et al. 2012). Yeast

nutrient medium: minimal dextrose medium, minimal

medium, yeast extract peptone dextrose medium, buffered

minimal glycerol-complex medium and buffered minimal

methanol-complex medium were prepared by means of

‘‘P. pastoris expression Kit’’ (Pichia Multi-Copy Expres-

sion Kit, version A, Invitrogen BV, The Netherlands.).

Expression and purification of SGT and Exmt

Stock of S. griseus ATCC10137TM spore suspensions was

used to inoculate 25 ml of R2YE liquid medium in 250 ml

baffled flasks. After incubation at 28 �C with vigorous

shaking at 200 rpm for 48 h, 1 ml of the culture broth was

transferred to 500 ml baffled flask with 100 ml of fresh

R2YE liquid medium. After 24 h of cultivation under the

same conditions, 1 ml culture broth was taken every 24 h

and the supernatant was used for determination of trypsin

amidase activity.

The P. pastoris transformant was cultured in 250 ml

baffled flask supplied with 25 ml buffered glycerol-com-

plex medium at 30 �C at an agitation of 250 rpm. When the

culture reached an OD600 value of about 4.0, the cells were

centrifuged and resuspended in 30 ml of buffered metha-

nol-complex medium to an OD600 value of 1.0, and shaken

at 30 �C at an agitation of 250 rpm in 250 ml baffled flasks

for 144 h. The culture broth was supplemented with

methanol (10 g l-1) every 24 h to induce the expression of

recombinant Exmt.

SGT and Exmt were purified with the same procedures.

The crude sample was concentrated by precipitation with

25–55 % ammonium sulfate. Then the precipitate was

resuspended in 5 ml buffer A (10 mM Tris–HCl, pH 8.0,

10 % (w/v) glycerol, and 1 mM EDTA) and dialyzed

overnight against 100 ml of the same buffer. The sample

was loaded onto a Hitrap benzamidine FF column

Fig. 1 Schematic representations of vector construction, composition

of the wild-type SGT and the recombinant Exmt with the peptide

YVEF. a The cleavage process of the a-factor signal peptide;

b composition of the recombinant Exmt; c composition of the SGT

zymogen
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(U1.6 9 2.5 cm, GE Healthcare, catalog number 17-5144-

01) previously equilibrated with buffer A, and the column

was washed with buffer B (10 mM NaOAc, pH 5.0, 10 %

glycerol, 1 mM EDTA, and 0.5 M NaCl). Proteins were

eluted with 6 M guanidine chloride solution at a flow rate of

2.5 ml min-1, and fractions containing trypsin activity

were collected and dialyzed against buffer A. Protein con-

centration was estimated by a Coomassie Brilliant Blue

R-250 binding assay (Bradford 1976), using a commercial

standard protein solution containing bovine G-globulin.

Protein concentration of effluents was monitored at 280 nm.

SDS-PAGE analysis of the SGT and Exmt

The protein was fractionated by SDS-PAGE system as

described by Hu (Hu et al. 2012). 30 ll samples were

pretreated by mixing with 5 ll 59 SDS-PAGE loading

buffer in a 0.5 ml centrifugal tube. The samples were

incubated at 100 �C for 10 min, and then each sample

aliquot (10 ll) was loaded into the sample well. The pro-

teins were separated using 12 % SDS–polyacrylamide gels

and stained with Coomassie brilliant blue.

Determination of trypsin activity with different

substrates

Trypsin activity was determined and characterized as

amidase and esterase activities with the artificial substrates

Na-benzoyl-DL-arginine-p-nitroanilide (BAPNA) and Na-

benzoyl-L-arginine ethyl ester hydrochloride (BAEE),

respectively. The detailed process was described previ-

ously (Ling et al. 2012).

Effects of temperature on trypsin activity and stability

To determine the optimum temperature, the enzyme was

analyzed from 10 to 70 �C in 50 mM Tris–HCl buffer (pH

8.0). The relative activities (%) at other temperatures were

obtained by comparing with the highest activity for the

same enzyme. The thermostability of trypsin was deter-

mined at the elevated temperatures (40, 50 and 60 �C). The

trypsin amidase activity was measured as described above

and the rates were reported as percentage of the initial

rates. The relative amidase activities were compared at

40 �C every 30 min and at 50 and 60 �C every 5 min. The

initial trypsin amidase activity was taken as 100 %.

Half-life determination

The half-lives of Exmt and SGT in the purification buffer

were obtained by fitting the relative activity to a single

exponential equation with three parameters (Eq. 1), and

then calculated as Eq. 2

y ¼ y0 þ a expð�bxÞ ð1Þ

t1=2 ¼
ln 2

b
ð2Þ

Effects of pH on trypsin activity and stability

In order to estimate the optimum pH of SGT and Exmt, the

purified protein was incubated in Britton-Robinson Buffer

(pH 2.0–12.0, 40 mM H3BO3, 40 mM H3PO4, and 40 mM

CH3COOH). The amidase activity determined at a certain

pH was taken as 100 %. The pH stability of trypsin was

determined at pH ranging from 2.0 to 12.0 at 37 �C for 1 h.

After incubation in Britton-Robinson Buffer (pH 2.0–12.0).

The trypsin activity was measured at pH 8.0 at 37 �C. The

highest residual activity at a certain pH was taken as 100 %.

Determination of kinetic parameters

Kinetic parameters towards BAPNA were evaluated with

50 mM Tris–HCl buffer (pH 8.0) at 37 �C. For Michaelis–

Menten kinetics, 11 concentrations (0.01, 0.02, 0.03, 0.04,

0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.12) of BAPNA (dis-

solved in DMF) were used and at least one concentration

above and below the Km value. Kinetic parameters towards

BAEE were evaluated with 67 mM K2HPO4–KH2PO4

buffer (pH 7.6) at 25 �C. For Michaelis–Menten kinetics,

ten concentrations (0.0125, 0.015, 0.02, 0.025, 0.05, 0.1,

0.125, 0.15, 0.20, 0.25) of BAEE (dissolved in 67 mM

K2HPO4–KH2PO4 buffer, pH 7.6) were used and at least

one concentration above and below the Km value.

Template selection for construction of 3D model

structure

The X-ray crystal structure of SGT (PDB ID: 1sgt) was

downloaded from the RCSB Protein Data Bank (http://

www.pdb.org/pdb/home/home.do). Note that in this paper

we use the original residue numbers reported in the liter-

ature and 1sgt PDB file, while the corresponding residue

numbers in 1sgt PDB file are not shifted by adding extra

amino acids at its N-terminal (Table 1). Due to the lack of

detailed and mechanical knowledge about propeptide and

trypsinogen, the structure of SGT was used as the template

for modeling. Stereo chemical analysis of the structure was

performed using the online server PROCHECK (http://

nihserver.mbi.ucla.edu/SAVS/), and the final model which

displaying good geometry with less than 1 % of residues in

the disallowed region was used in the present study.

Modeling procedure of the recombinant Exmt

The coordinates used for the molecular dynamics proce-

dure were obtained from previous modeling steps. The 3D
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model structure was constructed by the software NAMD

with charm M force field (http://www.ks.uiuc.edu/

Research/namd) (Phillips et al. 2005). Na? was added to

neutralize the system and pH 7.0 was set as default. Pro-

teins were solvated in a cubic box consisting of TIP3P

water molecules, and the box size was chosen according to

the criterion that the distance of protein atoms from the

wall was greater than 10.0 Å. An Ewald summation

method was used for calculating the total electrostatic

energy in a periodic box named Particle Mesh Ewald.

Structure minimization was performed to remove any

unexpected coordinate collision and get the local minima.

The water box and the whole system were minimized using

the descent method plus the conjugate gradient method.

After minimization, the system heating, equilibration and

data sampling were carried out in turn. The system heating

was performed gradually from 0 K to the desired temper-

ature in a NTV ensemble, followed by a further 150 ps

simulation for equilibration and 3 ns or longer simulation

for data sampling in a NTP ensemble. The temperature was

set as 300 and 330 K, respectively at 1 atm. pressure.

Finally, the structural diagram was drawn with PyMOL

software (http://pymol.sourceforge.net/).

Parameters calculation of the protein structure

The amino acids (primary structural parameter), intramole-

cular H bonds, ion pairs, and the cation p-interactions

(secondary structural parameters), and secondary struc-

ture contents (tertiary structural parameter) are the key

points for further investigation. The amino acids were

calculated by the Vector NTI software. The intramole-

cular H bonds were predicted by the software PyMOL

(http://pymol.sourceforge.net/). The cation p-interactions

were predicted by the online program CaPTURE (http://

capture.caltech.edu/) (Gallivan and Dougherty 1999)

(Fig. 2).

Results

Increased thermostability with the peptide YVEF

The effects of temperature on the activity and the stability

were determined and compared between the wild-type SGT

and the recombinant Exmt. As shown in Fig. 3c, both SGT

and Exmt showed the same optimum temperature (50 �C).

However, compared with SGT, the recombinant Exmt

exhibited notably increased thermostability. When treated

at 40 �C for 60 min, Exmt was completely stable while

SGT remained only 36 % residual activity (Fig. 3d). After

incubation for 360 min, about 50 and 7 % residual

Table 1 Enzyme properties of

the wild-type SGT and the

recombinant Exmt

Properties SGT Exmt

Optimum pH 8.0 8.0

Optimum Tm (�C) 50 50

Specific activity (9103 U mg-1) 0.56 ± 0.02 0.55 ± 0.07

Km (910-5 mol l-1, substrate BAPNA) 9.24 ± 0.06 5.69 ± 0.09

kcat (9103 min-1, substrate BAPNA) 0.90 ± 0.02 0.67 ± 0.05

kcat/Km (9107 mol-1 l min-1, substrate BAPNA) 0.98 ± 0.03 1.17 ± 0.08

Km (910-5 mol l-1, substrate BAEE) 7.29 ± 0.09 2.15 ± 0.07

kcat (9104 min-1, substrate BAEE) 1.14 ± 0.01 0.53 ± 0.07

kcat/Km (9108 mol-1 l min-1, substrate BAEE) 1.56 ± 0.03 2.49 ± 0.05

t1/2 (40 �C min-1) 57.12 ± 0.90 221.92 ± 11.69

Fig. 2 SDS–PAGE analysis of the purified SGT and the recombinant

Exmt with the peptide YVEF. M, marker; lane 1, purified SGT; lane

2, purified Exmt
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Fig. 3 Influence of temperature

and pH on activities of the wild-

type SGT and the recombinant

Exmt with the peptide YVEF.

a Temperature kinetics of the

SGT and Exmt;

b thermostability of SGT and

Exmt at 40 �C; c pH kinetics of

SGT and Exmt; d pH tolerance

of SGT and Exmt

Fig. 4 Enzymatic reaction kinetics of the wild-type SGT and the

recombinant Exmt with the peptide YVEF. a Enzymatic reaction with

amidase substrate Na-benzoyl-DL-arginine-p-nitroanilide (BAPNA);

b enzymatic reaction with esterase substrate Na-benzoyl-L-arginine

ethyl ester hydrochloride (BAEE); c Michaelis–Menten and Linewe-

aver–Burk reciprocal plots of SGT and Exmt with amidase substrate

BAPNA; d Michaelis–Menten and Lineweaver–Burk reciprocal plots

of SGT and Exmt with esterase substrate BAEE
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activities were detected for Exmt and SGT, respectively.

Moreover, when incubating at 50 and 60 �C for 10 min,

Exmt remained approximate 5 % residual activity

whereas SGT was thoroughly inactive (data not shown).

In parallel, the thermal half-life (t1/2) values of SGT and

Exmt were also investigated and compared. As shown in

Table 1, the t1/2 value of the recombinant Exmt at 40 �C

were 222 min which was 3.89-fold of that of SGT. The

results demonstrated that the N-terminal peptide YVEF

plays an important role in modulation of the

thermostability.

Increased alkaline stability with the peptide YVEF

The influence of pH on the trypsin activity was determined

in the range of pH 2.0–12.0 in the Britton-Robinson Buffer.

As shown in Fig. 3c, the wild-type SGT showed a broad

pH interval (from pH 6.0 to 10.0), whereas the recombinant

Exmt represented an alkaline shift (from pH 7.0 to 11.0).

The optimum pH of SGT and Exmt were approximately

same as pH 8.0. Furthermore, the influence of pH on the

trypsin stability was also determined. As shown in Fig. 3d,

Exmt exhibited more stability than SGT in the range of pH

10.0–11.0. These results suggested that the peptide YVEF

not only improved the pH tolerance but also gave rise to an

alkaline shift.

Effect of the peptide YVEF on kinetic parameters

and catalytic efficiency

The effect of the peptide YVEF on kinetic parameters and

catalytic efficiency were comparatively analyzed with the

Fig. 5 Networks of the intramolecular H bonds and the cation p-

interactions in the wild-type SGT and the recombinant Exmt with the

peptide YVEF. a Network of the intramolecular H bonds in the wild-

type SGT; b network of the intramolecular H bonds in the

recombinant Exmt; c cation p-interactions of the wild-type SGT;

d cation p-interactions of the recombinant Exmt. The sticks are

designated as peptides
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substrates BAPNA (amidase substrate) and BAEE (esterase

substrate) (Fig. 4a, b). As shown in Fig. 4c, d, both SGT

and Exmt exhibited normal Michaelis–Menten kinetics

according to the Lineweaver–Burk curves with substrates

BAPNA and BAEE. Compared with SGT, the recombinant

Exmt showed decreased values of Km with both substrates

BAPNA and BAEE (Table 1), indicating that increased

substrate affinity. As a consequence, Exmt showed an

increased catalytic efficiency (kcat/Km) although both val-

ues of Vmax and kcat were decreased.

Simulation and analysis of the 3D-model structure

In vitro investigations combining with in silico simulation

are always the common method for improving the enzyme

properties (Zhang et al. 2010, 2011). To investigate the

influence of the peptide YVEF on the trypsin properties

from a structural perspective, the 3D model structure of

Exmt (Fig. 5b) was constructed according to SGT crystal

structure (PDB ID: 1sgt, Fig. 5a) with a root mean square

deviation value of 0.69. Compared to SGT, Exmt showed

an expanding substrate binding pocket (D189, G216–G226

loop) with a longer Ca-distance between G216 and G226

(10.56 Å) (Fig. 5c). As a consequence, substrates would be

easier to enter this crevice and interact with the residue

Asp189 (Kraut 1977), which eventually resulted increased

substrate affinity.

In addition, the distance among the catalytic triad of

Exmt also decreased (Fig. 5c, d), indicating that a better

catalytic distance and catalytic efficiency were generated.

Fig. 6 Construction of the 3D model structure of the recombinant

S. griseus trypsin Exmt with the software NAMD. The crystal

structure of SGT was used as the template. a Crystal structure of the

wild-type SGT; b simulated structure of the recombinant Exmt; c Ca-

distances of the substrate binding pocket and catalytic triad in the

wild-type SGT; d Ca-distances of the substrate binding pocket and

catalytic triad in the recombinant Exmt
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Although the kcat value of Exmt declined which might be

caused by the altered rigidity, the kcat/Km value was

inversely increased because of bigger substrate affinity.

Previously, different groups have demonstrated that

intramolecular H bonds and cation p-interactions are

important for the trypsin stability (Kraut 1977; Gallivan

and Dougherty 1999; Lee et al. 2004). Hence, the

intramolecular H bonds and the cation p-interactions were

also calculated and comparatively investigated. Appar-

ently, Exmt contained 312 intramolecular H bonds

(Fig. 6b) and five cation p-interactions (Fig. 6d), which

were more than those of SGT (251 intramolecular H bonds

and Fig. 6a; one cation p-interactions, Fig. 6c).

Discussion

Streptomyces trypsin, a representative of serine proteases,

has been attracted intensive studies. Similar with the bovine

trypsin, its activation also involves in removal of the N-ter-

minal propeptide (Chen et al. 2003; Ling et al. 2012).

However, the activation mechanism of the Streptomyces

trypsin was considered to be different from that of the bovine

trypsin (Olafson et al. 1975; Kim et al. 1991). Recently, we

constructed a series of variants with different peptides and

successfully achieved its active expression with the P. pas-

toris system. More importantly, the results demonstrated that

natural propeptide APNP plays a key role in inhibiting the

Streptomyces trypsin activity (Ling et al. 2012). In addition,

although no trypsin activity was detected in the culture of

the recombinant with the mammal trypsin propeptide

VDDDDK, notable activity was recovered after digestion

with enterokinase which further confirmed the importance of

the N-terminus. Therefore, in the present work, we investi-

gated the properties of the constructed recombinant Exmt

with the peptide YVEF (Ling et al. 2012).

In recent years, many types of N-terminal peptides have

been designed to improve the expression level or the

properties of the target enzymes (Liu et al. 2006; Ge et al.

2010; Dai et al. 2012; Rajput et al. 2012; Yang et al. 2013).

Here, compared with SGT, Exmt showed notably increased

thermostability (Fig. 3b). In general, it was accepted that

many factors such as H bonds and cation-p interactions are

closely connected to the thermostability (Gallivan and

Dougherty 1999). As shown in Fig. 5, both numbers of the

intramolecular H bonds and the cation-p interactions were

remarkably increased in Exmt. Moreover, the pH tolerance

was also improved (Fig. 3d) which was similar with recent

report (Huang et al. 2012).

In addition to the stability, the peptide YVEF also dis-

played a crucial role in the regulation of the catalytic

efficiency (Fig. 4c, d). In fact, many short amphipathic

peptides have been investigated for improving the catalytic

efficiency of the recombinant enzymes, which might be

ascribed to the influence of the N-terminal sequence on

substrate binding ability, rigidity or stereoselectivity of the

enzymes (Mollania et al. 2011; Mosbah et al. 2010).

Focused on the Streptomyces trypsin, it has been demon-

strated that different N-terminal peptides including the

natural propeptide APNP play curial roles in its activity

regulation (Zhang et al. 2007; Charbonneau et al. 2012).

Introduction of the peptide YVEF broadened the substrate

binding pocket (Fig. 6c, d) and changed the surrounding

environment, which eventually resulted increased substrate

binding ability and catalytic efficiency (Kraut 1977; Page

et al. 2003). Compared with SGT, Exmt showed a closer

catalytic triad (His57, Asp102, Ser195), which might also

increase the catalytic efficiency (Stroud et al. 1977; Ryp-

niewski et al. 1994).

In conclusion, the non-natural peptide YVEF introduced

at the N-terminus of SGT played significant roles in reg-

ulation of its enzyme properties. Compared with SGT,

Exmt showed higher catalytic efficiency (represented as

kcat/Km value), pH tolerance and thermostability. In silico

modeling analysis results illustrated that compared with

SGT, Exmt showed an enlarged substrate binding pocket

and a closer catalytic triad. Moreover, the hydrogen bonds

and the cation p-interactions were both notably increased

in Exmt. Taken together, it might be applicable for opti-

mizing the properties of the target enzyme by modification

of the N-terminal peptide.
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