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The major protease inhibitor from the sea anemone Stichodactyla helianthus (ShPI-1) is a non-speciﬁc
inhibitor that binds trypsin and other trypsin-like enzymes, as well as chymotrypsin, and human
neutrophil elastase. We performed site-directed mutagenesis of ShPI-1 to produce two variants (rShPI-1/
K13L and rShPI/Y15S) that were expressed in Pichia pastoris, puriﬁed, and characterized. After a single
puriﬁcation step, 65 mg and 15 mg of protein per liter of culture supernatant were obtained for rShPI-1/
K13L and rShPI/Y15S, respectively. Functional studies demonstrated a 100-fold decreased trypsin
inhibitory activity as result of the K13L substitution at the reactive (P1) site. This protein variant has a
novel tight-binding inhibitor activity of pancreatic elastase and increased activity toward neutrophil
elastase in comparison to rShPI-1A. In contrast, the substitution Y15S at P20 site did not affect the Ki value
against trypsin, but did reduce activity 10-fold against chymotrypsin and neutrophil elastase. Our results
provide two new ShPI-1 variants with modiﬁed inhibitory activities, one of them with increased
biomedical potential. This study also offers new insight into the functional impact of the P1 and P20 sites
on ShPI-1 speciﬁcity.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Abbreviations: 3D, three-dimensional; BAPA (Bz-Arg-pNA), N-benzoyl-argininep-nitroanilide; BPTI, bovine pancreatic trypsin inhibitor; CD, circular dichroism; Ki,
inhibition constant; KM, Michaelis constant; MALDI-TOF, matrix-assisted laser
desorption/ionization time-of-ﬂight; MS, mass spectrometry; MW, molecular
weight; PDB, protein data bank; PI, protease inhibitor; RT, room temperature; RPHPLC, reversed-phase high-performance liquid chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; ShPI-1, Stichodactyla
helianthus protease inhibitor 1.
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Kunitz-type protease inhibitors belonging to the Bovine
Pancreatic Trypsin Inhibitor (BPTI) family (PFAM: PF00014) are
among the most extensively studied protein-protein binding systems. Site-directed mutagenesis studies of this family have mainly
focused on mammalian proteins, such as BPTI [1e4]. Furthermore,
most studies have focused on the reactive residue, the P1 site according to the Schechter and Berger notation, which is the main
contributor to the binding association energy and speciﬁcity [5,6].
Typical trypsin inhibitors have Arg/Lys at this P1 site whereas
chymotrypsin inhibitors have aromatic residues, Leu or Met, and
elastase inhibitors usually contain aliphatic reactive residues at this
position [1,7]. The functional impact of other positions has been
also studied through site-directed mutagenesis but mainly on the
Pn side (P5e-P1 sites) of the binding loop [8].
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We have previously reported the puriﬁcation, characterization
and recombinant expression of a BPTI-Kunitz type inhibitor, isolated from the sea anemone Stichodactyla helianthus (ShPI-1, UNIPROT ID: P31713) [9]. Wild-type ShPI-1 bears a basic residue at the
P1 site, which explains its activity mainly toward trypsin-like enzymes, such as trypsin, kallikrein and plasmin. Like the Lys (P1)containing inhibitor BPTI, ShPI-1 is able to bind chymotrypsin and
human neutrophil elastase (HNE) [10,11]. The presence of Tyr15 at
P20 position of ShPI-1 is suggested to support these activities [9],
taking into account the hydrophobic nature of their S20 pockets.
Nevertheless, the impact of this hydrophobic residue on the activity
of ShPI-1 has been not tested by site-directed mutagenesis. Other
remarkable activities of ShPI-1 include its unusual ability to interact
with cysteine and aspartic proteases and the strong inhibition of
other serine proteases, such as kallikrein, plasmin and HNE [9].
Together with its novel functional features, ShPI-1 has potential
applications in biotechnology [12,13] and in biomedicine, the latter
as a result of its antiparasitic effect against trypanosomatids [14,15].
These facts emphasize the importance of understanding the functional determinants of ShPI-1 and of characterizing new variants
with different speciﬁcities or higher selectivity toward enzymes of
biomedical interest.
Here we report the site-directed mutagenesis of ShPI-1 at the P1
and P20 sites resulting in two variants named rShPI-1/K13L and
rShPI-1/Y15S. Both recombinant proteins were expressed in Pichia
pastoris and puriﬁed. Kinetic studies demonstrated their modiﬁed
speciﬁcity and inhibitory strength, in comparison with the pseudo
wild-type inhibitor rShPI-1A that is produced in the same host [12].
This is the ﬁrst report describing mutagenesis at different positions
of ShPI-1 and its functional effect on the activity against nine serine
proteases. Modiﬁcation at the P1 site reduced binding to trypsinlike enzymes and signiﬁcantly increased the inhibitor selectivity
toward elastases. The functional effect of mutation at P20 site,
initially designed to decrease inhibition of chymotrypsin, was
lower than expected. Thus, the hydrophobic residue Tyr15 may not
has a great inﬂuence into chymotrypsin binding, which suggests
that other positions should be studied.
2. Materials and methods
2.1. Strains and molecular biology reagents
Escherichia coli TOP10 and Pichia pastoris KM71H strains, both
from Invitrogen (USA), were used as cloning and expression hosts
systems, respectively. Restriction enzymes, DNA ligase, Taq (Thermus aquaticus) and Phusion™ (Pyrococcus sp.) polymerases and
their buffers, were obtained from Fermentas (Germany) or NEB
(USA).
2.2. Cloning and site-directed mutagenesis
The gene of wild-type ShPI-1 was ampliﬁed by PCR using as a
template the plasmid pBM301 that contains the gene of the pseudo
wild-type inhibitor ShPI-1A [12]. A ﬁrst PCR was performed with
site speciﬁc primers to eliminate the additional residues on the
rShPI-1A gene [12]. The sense primer (50 -TCTCTCGAGAAAAGATCCATCTGCAGCGAACCG-30 ) included the 50 end of the ShPI-1
gene that encodes for amino acids 1 to 6 (bold letters), an XhoI
restriction site, and the recognition site of the Kex2 enzyme. The
antisense primer (50 -TGTTCTAGATTACTACGCGCGGCAGATAGC-30 )
hybridized at the 30 end of the ShPI-1 gene that encodes amino
acids 51e55 (bold letters) and additionally includes two stop codons and an XbaI restriction site. The PCR mixture (50 mL) contained
100 mM dNTPs, 0.5 mM each primer, 40 ng of template and 0.5 U of
Taq DNA polymerase. The program [1  (2 min, 95  C); 20  (30 s,
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95  C; 45 s, 72  C); 1  (5 min, 72  C); 1  20  C] was performed in a
Mastercycler® (Eppendorf, Germany). The puriﬁed product was
cloned into the XhoI/XbaI-digested pPICZaA vector (Invitrogen,
USA). The resultant vector (pPICSh) was used as template for the
site-directed mutagenesis following the standard Quick Change
method (Stratagene, USA) using the primers shown in Table 1.
Mutagenesis was performed in 50 ml of the supplied GC buffer,
5e10 ng template, 0.2 mM each primer, 200 mM dNTPs and 1U of
Phusion DNA polymerase. After the initial denaturation step at
98  C for 30 s, the mutagenesis reaction was conducted for 30 cycles
with denaturation at 98  C for 10 s, primer annealing at Tmþ3  C
for 30 s and DNA synthesis at 72  C for 2 min, with a ﬁnal extension
at 72  C during 5 min. The ﬁnal product was digested with 10U of
DpnI for 90 min at 37  C before transformation of E. coli TOP10 cells
by plasmid electroporation. Resulting vectors were sequenced at
the University Medical Center Hamburg (Germany).
2.3. Production of rShPI-1/K13L and rShPI-1/Y15S
Transformation of Pichia pastoris and further analysis were
performed according to the Easy Select Pichia Expression Kit
(Invitrogen, USA). P. pastoris strains for production of rShPI-1/K13L
and rShPI-1/Y15S were isolated by increasing concentrations of
zeocine in the culture media up to 100 mg/mL. The pseudo wildtype inhibitor rShPI-1A and the rShPI-1/K13L variant were produced in a 1.5 L fermenter as previously reported [12]. The variant
rShPI-1/Y15S was produced using a similar protocol and after 48 h
of culture at 28  C and 200 rpm, the cells were harvested by
centrifugation, inoculated in 150 mL minimal medium [9] and
further incubated for 72 h at 28  C with the addition of 1% (v/v)
methanol every 24 h. Protein secretion to the medium was evaluated by SDS-PAGE [14] and Western-blotting. The inhibitory activities against pancreatic trypsin (EC 3.4.21.4) and chymotrypsin
(EC 3.4.21.1) were tested using the substrates Bz-Arg-pNA [15] or
Suc-Ala-Ala-Pro-Phe-pNA [16], respectively (Table 2).
Protein puriﬁcation from culture supernatants was performed in
a Streamline Direct HST-1 multi-modal resin, as previously reported [12]. Protein concentrations were estimated by measuring
the absorbance at 280 nm, using the speciﬁc extinction coefﬁcient
of ShPI-1 (E280 1% ¼ 5.2) [9]. The integrity and identity of the
proteins was veriﬁed by molecular mass determination and peptide
mapping, as further described.
2.4. Immunodetection of the recombinant proteins
Immunodetection was performed using a polyclonal antibody
against the pseudo wild-type inhibitor rShPI-1A generated in a
BalB/C mouse (unpublished). The serum was diluted 1:5000 in 0.1%
(m/v) bovine serum albumin and dissolved in Tris-buffered saline
(TBS). An alkaline phosphatase conjugated anti-mouse IgG was
used as secondary antibody and the reaction was visualized using
Nitro Blue Tetrazolium (0.1%) and 5-bromo-4-chloro-3-indolyl
phosphate (0.5%) in Tris-HCl, pH 9.5.
2.5. Peptide mapping and molecular mass determination
Proteins were treated with 40 mM dithiothreitol (DTT) for 1 h at
37  C and the reduced Cys residues were modiﬁed with iodoacetamide or acrylamide (100 mM) by incubation in the dark for
30 min at 37  C. Subsequently, the variant rShPI-1/K13L was
digested with trypsin and rShPI-1/Y15S with endoproteinase Glu-C
(Staphylococcus. aureus V8) or a Glu-C/lysil endopeptidase (LEP)
mixture (1:1), for 2 h at 37  C. Mass spectroscopy was done on a
MALDI-TOF-TOF Axima Performance mass spectrometer (Shimadzu, Japan), equipped with a 337 nm pulsed nitrogen laser.
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Table 1
Oligonucleotides used for site-directed mutagenesis of ShPI-1.

Table 2
Conditions used for enzyme kinetic assays.
Enzyme

[Eo]
(M or U)a,b

Substrate
[Reference]

[S0] (mM)a

Buffer

Porcine pancreatic trypsin

2.2$107
5.4$107

Human plasmin

2.4$108

1.0
(1 KM)
0.5
(1 KM)
0.4
(1 KM)

20 mM Tris-HCl; 150 mM NaCl; 20 mM CaCl2; pH 8.0

Porcine pancreatic kallikrein

Human factor Xa

0.1 U

Human thrombin

1U

Bovine pancreatic chymotrypsin

2.8$108

Human neutrophil elastase (HNE)2

1.0$107

Bz-Arg-pNa
[15]
HD-Val-Leu-Arg-pNA
[58]
HD-Val-Leu-Lys-pNA
[59]
Bz-Ile-Glu-Gly-Arg-pNA
[60]
HD-Phe-Pip-Arg-pNA
[19]
Suc-Ala-Ala-Pro-Phe-pNA
[16]
MeOSuc-Ala-Ala-Pro-Val-pNA [20]

8

Porcine pancreatic elastase (PPE)

3.3$10

B. licheniformis
subtilisin

2.3$109

Suc-Ala-Ala-Ala-pNA
[20]
Suc-Ala-Ala-Pro-Phe-pNA
[21]

50 mM Tris-HCl; 16 mM NaCl; pH 7.8
50 mM Tris-HCl; 110 mM NaCl; pH 7.4
50 mM Tris-HCl; 13 mM NaCl; 20 mM CaCl2; pH 8.3

0.4
(1 KM)
1.0
(1 KM)
0.14
(1 KM)
0.7
(0.7 KM)
0.12
(1 KM)

50 mM Tris-HCl; 130 mM NaCl; 20 mM CaCl2; pH 8.3
50 mM Tris-HCl; pH 8.0
20 mM Tris-HCl; 500 mM NaCl; pH 8
30 mM Sodium Phosphate; 50 mM NaCl; pH 7.0
100 mM Tris-HCl; 0.1% Triton X-100; pH 8.6

a

Concentrations in the assays (M: mol/L).
Abbreviations: [Eo]: enzyme concentration, [So]: substrate concentration, KM: Michaelis constant, U: activity units. One unit of enzymatic activity was deﬁned as the
amount of enzyme able to hydrolyze 1 mmol of substrate per min under the speciﬁed conditions.
b

Samples were desalted in ZipTipC18 reverse-phase microcolumns
and mixed with equal volumes of a-cyano-4-hydroxycinnamic acid
matrix solution (10 mg/mL in 60% (v/v) acetonitrile and 0.1% (v/v)
triﬂuoracetic acid.) Spectra were acquired in the linear positive ion
mode, using 19 kV acceleration voltage. Molecular masses of intact
proteins were compared with the theoretical values calculated with
the ProtParam analysis tool of the ExPASy server [17], whereas the
program MassLynx (Micromass, UK) was used to predict the molecular masses of the expected peptides considering the speciﬁcity
of the proteolytic enzymes used.
2.6. Circular dichroism (CD)
Right after puriﬁcation, all protein preparations were subject to
circular dichroism spectroscopy in the far UV region (190e250 nm).
CD spectra were recorded at 20  C using a J-715 spectropolarimeter
(Jasco, Germany) equipped with a temperature-regulated sample
chamber. Five individual scans were averaged, and the background

spectrum was subtracted. The spectra were acquired with a 20 nm/
min scan speed and a step resolution of 0.1 nm.
2.7. Analysis of inhibitors speciﬁcity
The speciﬁcity of the inhibitors was evaluated against the
following serine proteases: trypsin, chymotrypsin, elastase (EC
3.24.21.36) and kallikrein (3.4.21.35) from porcine pancreas, human
thrombin (3.4.21.5), coagulation factor Xa (3.4.21.6), plasmin (EC
3.24.21.7), neutrophil elastase (EC 3.4.21.37), and Bacillus licheniformis subtilisin A (EC 3.24.21.62). All enzymatic activities (n ¼ 3)
were determined under initial velocity conditions as previously
described [18e21]. The hydrolysis of the speciﬁc substrates (summarized in Table 2) was followed at 25  C by recording the absorbance at 405 nm every 15 s for 3 min. The inhibitory activities were
determined by measuring the residual enzymatic activities after
incubating the inhibitors and enzymes for 10e30 min at 25  C, prior
to the addition of the substrates. One unit of inhibitory activity was
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deﬁned as the amount of protein needed to inhibit one unit of
enzymatic activity, which was deﬁned as the amount of enzyme
able to hydrolyze 1 mmol of substrate per min under speciﬁed
conditions.
2.8. Determination of the inhibition constants (Ki)
The active site concentrations of rShPI-1/Y15S and rShPI-1/K13L
were determined using trypsin and chymotrypsin, respectively as
titrating enzymes. The former was titrated according to [22]. The
active concentration of chymotrypsin was determined using soybean trypsin inhibitor (STI) previously titrated with bovine trypsin.
All experiments were performed under conditions of [Eo]/Ki  100,
and assuming the formation of equimolar enzyme:inhibitor complexes. The active concentration of both protein variants were
determined following the procedure described in Ref. [23]. Assay
conditions and data about the substrates used are shown in Table 2.
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MALDI-TOF MS spectrum (Fig. 2) additionally indicated a high purity grade for the preparations. The molecular mass of
6097.47 Da (M þ Hþ) and 6035.03 Da (M þ H) were in accordance
with the expected values for rShPI-1/K13L (6096.82 Da) and rShPI1/Y15S (6034.82 Da). These results conﬁrmed the correct processing of the a-factor-ShPI-1 fusion, even in the absence of the motif
EAEA, in contrast to previous results with BPTI [24]. According to
the mass balance analysis of the puriﬁed fractions, we obtained
protein yields of 65 mg and 15 mg per litre of yeast culture

3. Results
3.1. Cloning, production and puriﬁcation of rShPI-1/K13L and rShPI1/Y15S
The cloning strategy used a PCR reaction to obtain a gene coding
for a protein with an amino acid sequence similar to that of natural
ShPI-1 [9] by deleting the additional residues EAEA and LG, previously added at the N- and C-termini of rShPI-1A, respectively [12].
After mutagenesis and transformation into Pichia pastoris, the
KM71H clones being resistant to the highest concentration of
zeocine were isolated for protein production. Following 96 h of
cultivation, major protein bands with the expected molecular
masses were detected by SDS-PAGE in both culture supernatants
(Fig. 1A). Enzyme inhibitory activities characterized by dosedependent effects were also detected in both culture supernatants (results not shown).
Both inhibitors were puriﬁed to homogeneity by a single-step
cation-exchange chromatography (Fig. 1B) and the identity of the
proteins was conﬁrmed using a polyclonal antibody against rShPI1A (Fig. 1C). The detection of single peaks in the corresponding

Fig. 2. MALDI-TOF MS spectra of puriﬁed rShPI-1/K13L (upper) and rShPI-1/Y15S
(bottom). Samples from cation-exchange chromatography were mixed with the matrix
solution (a-cyano-4-hydroxycinnamic acid 10 mg/mL in 60% (v/v) acetonitrile and 0.1%
(v/v) triﬂuoracetic acid) in a 1:10 ratio (v/v) and this mixture (2 mL) was applied on the
plate. The species with one [MþH]þ and two [Mþ2H]þ2 charges are shown in both
spectra.

Fig. 1. Production in P. pastoris and puriﬁcation of recombinant ShPI-1 variants. A) SDS-PAGE (15%) of culture supernatants of the strains producing the variants rShPI-1/K13L and
rShPI-1/Y15S, respectively. Lane 1: the pseudo wild type inhibitor rShPI-1A used as molecular mass marker (6681.6 Da according to [12]); “before”, are cultures before induction
with methanol and “after” are after 96 h post-induction. B) SDS-PAGE (15%) of puriﬁed samples. Arrows indicate lysozyme (14.4 kDa) and BPTI (6.5 kDa), used as molecular mass
markers. The remaining lanes, from left to right: rShPI-1A and the active fractions from cation-exchange chromatography of rShPI-1/Y15S and rShPI-1/K13L, respectively. Protein
bands were visualized by Coomassie Brilliant Blue R-250 staining. C) Western-blot of the puriﬁed samples using a polyclonal antibody against rShPI-1A. MW: stained molecular
mass markers from Fermentas (Germany). BPTI and rShPI-1A were included to indicate the expected positions for the variants rShPI-1/Y15S and rShPI-1/K13L in the puriﬁed
fractions from cation-exchange chromatography. It should be noted that BPTI was recognized by the antibody, which is probably a consequence of the structural similarities, since
these inhibitors share a 33% sequence identity and similar folding [31]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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supernatant for rShPI-1/K13L and rShPI-1/Y15S, respectively.
3.2. Molecular and conformational characterization of ShPI-1
variants
The amino acid sequences of rShPI-1/K13L and rShPI-1/Y15S
were veriﬁed by peptide mass mapping using MALDI-TOF MS after
speciﬁc proteolysis of reduced and cysteine-blocked proteins. This
procedure allowed verifying 91% (residues 1e50) of the rShPI-1/
K13L amino acid sequence. For rShPI-1/Y15S only 76% of the
sequence (residues 14e55) was veriﬁed since very short peptides
having a similar size range of the matrix signals were obtained from
the N-terminal region Ser1-Lys13. For both protein variants, more
than one peptide containing the mutated position was detected,
thus conﬁrming the amino acids substitutions (Table 3).
As shown in Fig. 3, the circular dichroism spectra of the two
proteins variants was similar to that of rShPI-1A. All CD spectra
showed the features already reported for this inhibitor and other
BPTI-Kunitz type proteins [12,25e29], i.e., a positive band at
190e195 nm, a sharp negative band at 202 nm and a shoulder
around 220 nm. This results evidenced that puriﬁed preparations of
rShPI-1/K13L and rShPI-1/Y15S, contained properly folded Kunitztype proteins.

Fig. 3. Far-UV circular dichroism spectra of ShPI-1 variants compared to the pseudo
wild-type inhibitor rShPI-1 A. Spectra were recorded just after puriﬁcation, in 20 mM
Tris-HCI, pH 6.5. A scan speed of 50 nm/min and a wavelength step resolution of
0.1 nm were used. Three individual scans were averaged in each experiment, and the
background spectra were subtracted.

3.3. Active site titration of the inhibitors
According to previous studies, ShPI-1 is a tight binding
(Ki  107 M) protease inhibitor, with the strongest activity towards pancreatic trypsin [9]. Therefore, we used that property to
perform titration experiments of the ShPI-1 variants here obtained.
As shown in Fig. 4A, the residual trypsin activity decreased linearly
when increasing rShPI-1/Y15S concentration, indicating that it
tightly binds the enzyme under the experimental conditions used.
This result allowed ﬁtting the data of the linear portion of the curve
to the best theoretical straight line. Accordance with theory, the xaxis intercept of this linear curve represents the point in which
inhibitor and enzyme concentrations are equal ([Et] ¼ [It]), when
assuming an equimolar complex [18,30]. This procedure allowed
the accurate titration of rShPI-1/Y15S. The retrieved active site
concentration (22.4 mM) corresponded to 57% of nominal concentration of the puriﬁed molecule.
It was impossible to obtain a similar linear response of the
trypsin residual activity when titrating the rShPI-1/K13L variant
using the same procedure (results not shown). Such result

Fig. 4. Determination of the active site concentration of rShPI-1/Y15S (A) and rShPI-1/
K13L (B). vi/v0 represents the residual enzymatic activity, in which vi and v0 are the
activity in presence and in absence of the inhibitor, respectively. Trypsin or chymotrypsin, respectively, were mixed with increasing volumes of the inhibitors and the
ratio vi/v0 was determined after adding the substrates. The linear portion of each plot
of fractional activities versus inhibitor volume was ﬁtted to a line. The active inhibitor
concentration was obtained from the intercept with the x axis, which represents the
equivalence point where the concentration of inhibitor equals the enzyme. The graphs
include the means ± S.D (error bars) of at least three replicates (n ¼ 3) and the R2
value.

indicated an increment of the Ki value against trypsin for this

Table 3
Results from peptide mass mapping of rShPI-1/K13L and rShPI-1/Y15S variants.
Native ShPI-1
1
SICSEPKKVG11RCKGYFPRFY21FDSETGKCTP31FIYGGCGGNG41NNFETLHQCR51AICRA
Experimental mass (m þ Hþ)
rShPI-1/K13L
948.473
1260.685
1352.747
2242.154
912.454
2545.39
rShPI-1/Y15S
1637.76
1351.53
3286.38
1891.65
1413.66

Theoretical mass (m þ Hþ)

Delta (Da)

Sequence (þmodiﬁcation)

948.482
1260.673
1352.726
2242.075
912.440
2545.08

0.009
0.008
0.021
0.079
0.014
0.31

1

1637.75
1351.59
3286.47
1891.77
1413.71

0.01
0.06
0.09
0.22
0.05

14

SICSEPKK8 þ Cam
SICSEPKKVGR11 þ Cam
8
KVGRCLGYFPR18 þ Cam
9
VGRCLGYFPRFYFDSETGK27
12
CLGYFPR18 þ Cam
28
CTPFIYGGCGGNGNNFETLHQCR50 þ Cam
1

GSFPRFYFDSETGK27
GSFPRFYFDSE24
28
CTPFIYGGCGGNGNNFETLHQCRAICRA55 þ 4Acm
28
CTPFIYGGCGGNGNNFE44 þ 2Acm
45
TLHQCRAICRA55 þ 2Acm
14

Amino acid sequence of native ShPI-1 shown at the upper part and labeled every 10 residues. Replaced residues are shown in bold. The variant rShPI-1/K13L was treated with
trypsin and cysteines were carboxymethylated (Cam), whereas rShPI-1/Y15S was digested with LEP and LEP/Glu-C (1:1), cysteines were modiﬁed with acrylamide (Acm).
Peptides bearing the replacement site are highlighted with a gray background.
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protein variant, since the linear behavior is only observed when the
Ki value is at least two orders of magnitude lower than the enzyme
concentration during the assay [18,30]. We then increased the
trypsin concentration to favor the [Eo]/Ki  100, but similar results
were obtained (results not shown). Therefore, active site titration of
rShPI-1/K13L was performed using an alternative strategy that
involved the use of chymotrypsin, as described in Materials and
Methods. A linear response against this enzyme was obtained
(Fig. 4B), suggesting a stronger inhibition capacity compared to that
of trypsin. Further determination of the intercept, revealed an
active concentration of 54.1 mM, corresponding to 71.6% of puriﬁed
rShPI-1/K13L.

3.4. Inhibition kinetics of serine proteases by ShPI-1 variants and
comparison with rShPI-1A
We have previously characterized the pseudo wild-type inhibitor rShPI-1A in terms of functional speciﬁcity [9]. Moreover, its Ki
value against trypsin was determined by mimicking the experimental conditions used for natural ShPI-1, which involved using the
linear Henderson plot [9,31]. Here, we perform a deeper study of
the speciﬁcity of rShPI-1A against nine serine proteases. Moreover,
we determined all Ki values by using the Morrison equation, which
is the currently recommended methodology for direct ﬁtting of the
fraction velocity versus inhibitor active concentration data [32]. As
show in Table 4, the Ki value against trypsin (2.8$109 M) was
slightly higher than the one reported using the Henderson plot
(1.9$1010 M) [12]. These differences do not affect our study that
was focused on the comparison of rShPI-1A with two variants
rShPI-1/K13L and rShPI-1/Y15S, since the same methodology was
applied to determine all Ki values (Table 4).
The replacement of the large basic lysine residue at the P1 site
with the smaller hydrophobic leucine residue increased the inhibition potential towards chymotrypsin and elastases (Table 4).
Hence, according to Ki values of rShPI-1/K13L, this variant is over
10-fold more potent in the inhibition of HNE then the pseudo wildtype inhibitor rShPI-1A. Given the biomedical importance of HNE,
this is a positive result. Moreover, the rShPI-1/K13L variant is a
high-afﬁnity PPE inhibitor, as shown by the concave inhibition
curve (Fig. 5A) and the Ki value obtained against this enzyme. In
contrast, there was no such activity for the pseudo-wild type inhibitor rShPI-1A (Table 4). Inhibition of PPE was stable from the ﬁrst
minute of incubation with rShPI-1/K13L (Fig. 5B), thus indicating
that the enzyme, the inhibitor, and the substrate, as well as their
complexes, were in equilibrium.
Besides improving the inhibition of elastase like-enzymes, the
introduction of a leucine at the P1 site of ShPI-1 impaired the
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inhibition of trypsin-like enzymes. As shown in Table 4, the trypsin
binding afﬁnity of the rShPI-1/K13L variant was signiﬁcantly
decreased (about 100-fold) compared to the wild-type like inhibitor rShPI-1A. In addition, the tight-binding inhibition activity
against kallikrein and plasmin observed in rShPI-1A, was not
detected for the variant rShPI-1/K13L, despite using high [Io]/[Eo]
molar ratios or increasing the enzyme-inhibitor incubation times
(Table 4).
On the other hand, substitution of the hydrophobic tyrosine
residue by serine at the P20 site of ShPI-1 did not cause a substantial
change in the speciﬁcity of the inhibitor. Hence, the Ki value of the
rShPI-1/Y15S variant against trypsin is quite similar to that of the
pseudo wild-type molecule rShPI-1A (Table 4). Moreover, the inhibition of HNE was only slightly reduced, as shown by the 10-fold
increased real Ki values against this enzyme, compared to rShPI-1A.
A similar behavior was observed for the inhibitory activity against
chymotrypsin, which was only slightly decreased despite
substituting the hydrophobic residue at P20 site by serine.
4. Discussion
In this work we introduced a leucine at the P1 site of the Stichodactyla helianthus protease inhibitor ShPI-1, to favor the inhibition of elastases-like enzymes. We also evaluated the effect of a
serine at the P20 site, to evaluate its effect on the chymotrypsin
inhibition. Two P. pastoris strains expressing high amounts of rShPI1/K13L and rShPI-1/Y15S were produced, and we demonstrated the
functional effect of these substitutions on the inhibitory activity
against nine serine proteases.
4.1. Correct processing and high production levels of two ShPI-1
variants in Pichia pastoris
According to mass spectra and peptide mass mapping, the
secreted proteins rShPI-1/Y15S and rShI-1/K13L were homogeneous at their N-terminal region. This result demonstrated the
correct processing of the a-factor-rShPI-1 fusion, despite eliminating the N-terminal Glu-Ala-Glu-Ala tag previously added during
expression of the pseudo wild-type inhibitor rShPI-1A. Since this
tag mimics the Pn0 sites of the Golgi Kex2p subtilase target region, it
is usually included to favor correct processing of recombinant
proteins produced in yeast by using the prepro leader peptide of
alpha mating factor (AMF) [24,33e35]. When absent, for example,
during production of rBPTI with the natural Arg-Pro-Asp N-terminal, several “isoforms” with a variability of 4e11 amino acids at the
extension site are produced. In contrast, inclusion of the spacer
DNA encoding Glu-Ala before the N-terminus leads to the secretion

Table 4
Speciﬁcity and Ki values of ShPI-1 variants against serine proteases.
Enzyme

Natural ShPI-1 [10]

rShPI-1A

Pancreatic trypsin

1.3$1010

Pancreatic kallikrein
Human plasmin
Human factor Xa
Human a-thrombin
Pancreatic chymotrypsin
Neuthrophil elastase
Pancreatic elastase
Subtilisin

8.5$108
2.7$109

[12] 5.6$1010
2.75$109
1.46$108
4.42$109
N.i.
N.i.
1.48$108
2.35$108
N.i.
N.i.

2.3$109
þ
N.i.

rShPI-1/K13L

rShPI-1/Y15S

3.2$107Y
N.i
N.i

5.0$109
þ
þ

4.5$109 [
1.3$109 [
1.2$108
N.i.

1.35$107Y
1$107
N.i
N.i

All values are expressed in mol/L. The Ki values shown in italics were previously determined using the Henderson Plot, whereas remaining values were determined in the
current work using the Morrison equation, which is currently the recommended method; þ indicates a positive inhibition effect for which Ki values were not determined.
Arrows are used to show if the inhibition strength were increased ([) or reduced (Y), compared to those of rShPI-1A (lower Ki values indicate higher inhibition strengths). N.i.
means that not inhibition was detected, even applying high Io/Eo molar ratios and incubation times up to 30 min. Empty spaces indicate that the activity has not been tested.
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Fig. 5. Kinetic characterization of the interaction between rShPI-1/K13L and pancreatic elastase. A) Determination of the dissociation constant (Ki). A constant concentration of PPE
(35 nM) was mixed with increasing amounts of the inhibitor (6e104 nM), and the residual enzyme activity was determined. vi/vo represents the fractional activity in presence (vi)
and in absence of inhibitor (vo). The connecting line represents the best ﬁt to the quadratic Morrison's equation for tight binding inhibitors. B) Time dependence of the interaction
between PPE and rShPI-1/K13L. The enzyme (35 nM) was incubated with 40 nM of the inhibitor during 1, 5, 10, 15 and 20 min at room temperature (30  C).

of a biologically active BPTI [24]. Nevertheless, as observed here,
other BPTI-Kunitz type proteins are obtained with the expected Nterminus even in the absence of this extension [36e38]. It has been
shown that variations in Kex2p cleavage efﬁciency could be
different depending on the heterologous protein [39]. Thus, the
amino acid at the P10 position of the Kex2p recognition sitedwhich
is the N-terminal residue of the protein if the tag is not includeddinﬂuences the secretory yield. Hence, the lower production
levels of rShPI-1/K13L (65 mg/L) compared to rShPI-1A (1.2 g/L)d
although both proteins were produced using similar conditionsdcould be related to the lack of the Glu-Ala spacer. Differences in the gene copy number, which was here not determined,
could also led to differences in the production levels [40e43].
Nevertheless, the yields of rShPI-1/K13L and rShPI-1/Y15S were
sufﬁcient to complete the functional characterization.
Puriﬁcation of the proteins was performed using a cationexchange chromatography column considering the theoretical
isoelectric point of the proteins (8.9 for rShPI-1/Y15S and 8.6 for
rShPI-1/K13L). The Streamline Direct HST matrix allowed the efﬁcient capture of the protein despite the high ionic strength of culture supernatants. This approach resulted in pure proteins after a
single-step puriﬁcation as demonstrated by SDS-PAGE and
MALDI-TOF MS. The experimental molecular masses obtained for
both inhibitor variants and peptide mass mapping conﬁrmed the
presence of the single point mutations at the expected positions.
We applied circular dichroism spectroscopy as a sensitive probe
of similarity in the overall secondary structure of rShPI-1A and both
variants. The minimum seen at 202 nm is unusual for most proteins, but it is a distinctive feature of the BPTI-Kunitz protein family.
The shoulder in the CD spectra obtained between 215 and 225 nm is
also characteristic for this protein family [25,27]. The negative
ellipticity in this region is partly due to the backbone conformations
of proline residues at positions 6, 17 and 30 (numbering according
natural ShPI-1). These results suggest that the amino acid substitutions didn't affected the overall folding of both proteins
variants.
4.2. ShPI-1/K13L and rShPI-1/Y15S: two ShPI-1 variants with
modiﬁed speciﬁcity and inhibitory strength
The pseudo wild-type inhibitor rShPI-1A previously obtained by
our group was here submitted to a deeper functional characterization to further demonstrate its similarity with the natural protein. The characterization showed: i) a strong inhibitory capacity
towards trypsin and plasmin concurring with the presence of a

basic residue at the P1 site; ii) a relatively lower inhibition activity
against kallikrein and no activity toward a-thrombin and factor Xa
even using a high [Io]/[Eo] ratiodthis agrees with the strong preference of these enzymes for Arg over Lys at P1 [44e46]; iii) slightly
lower binding to HNE and chymotrypsin (Ki 108 M) compared to
binding against trypsin; and, iv) no activity toward PPE. Previous
structural studies show that interaction of ShPI-1 with chymotrypsin proceeds through an unusual side chain conformation of
the basic P1 site at the entrance of the enzyme S1 pocket (PDB ID:
3OFW, unpublished) also reported for BPTI and APPI [47]. In addition, the hydrophobic residue at the P20 site of ShPI-1 is suggested
to favor inhibition of chymotrypsin, as well as HNE [9]. The structural determinants explaining accommodation of the basic residue
in the catalytic pocket of HNE, and not in PPE, are unknown. In this
sense, polar desolvation and residue 226 of these enzymes have
been suggested to explain such speciﬁcity [48].
As expected, the substitution of the basic residue at P1 site of
ShPI-1 by leucine affected the activity against trypsin and trypsinlike proteases, i.e., inhibition of kallikrein and plasmin was abolished in the rShPI/1/K13L variant. This inhibitor also showed a
reduced activity against pancreatic trypsin, although binding was
not abolished. This result was unexpected considering that a
similar substitution has a more drastic effect on the activity of BPTI
towards trypsin [3]. These differences supported previous suggestions about the contribution of other amino acids, e.g., Arg11 at the
P3 site of rShPI-1A, in the stability of its complex with trypsin, [49].
The main effect of the K13L substitution was the generation of
inhibitory activity towards PPE, an activity not reported for the
natural molecule [9]. This result is consistent with the hydrophobic
and shorter size of the S1 pocket in PPE [50]. Moreover, the inhibition capacity of chymotrypsin and HNE was enhanced in the
rShPI-1/K13L variant compared to rShPI-1A (Table 4). Elastases
catalyze the cleavage of ﬁbrous elastin, which is particularly
abundant in the lungs and also present in arteries, skin, and ligaments. Under normal physiological conditions, HNE is tightly
controlled by endogenous inhibitors but their afﬁnity is strongly
decreased by oxidative stress [51e53]. In this sense, rShPI-1/K13L is
an attractive molecule since: i) its serine-protease binding loops do
not contain oxidizable residues, and ii) it is a tight-binding inhibitor
of elastases and it is more selective than the wild-type molecule.
Thus, this protein variant represents a suitable scaffold for further
site-directed mutagenesis at positions other than the P1, to improve
the inhibitory activity against elastases.
The second variant we obtained, rShPI-1/Y15S, was intended to
study the effect of Ser at P20 site of ShPI-1 and mainly focused on
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reducing the inhibition of chymotrypsin. Binding to this enzyme by
the wild-type inhibitors BPTI [47] and ShPI-1 (PDB code: 3T62,
unpublished) involved an unusual conformation of the basic side
chains at their P1 sites. Nevertheless, other BPTI-Kunitz type inhibitors, such as the third domain of SmCI from Sabellastarte
magniﬁca, Q8MtR6 from Haematobia irritans and CSTI from Bombyx
mori also contain basic residues at P1 site but not bind chymotrypsin. As a common feature, all these inhibitors contain serine at
their P20 sites [36,54,55]. Likewise, the chymotrypsin inhibition
strength of the hepatocyte growth factor activator inhibitor 1B
(SPIT-1B or HAI-1B), which contains two BPTI-Kunitz type domains
with serine at P20 sites, is very low (in the mM range) [56]. Hence,
we hypothesized that locating Ser at the P20 site would be deleterious for the inhibition of chymotrypsin, which could be useful to
direct the inhibitor selective toward other proteases.
As seen from Ki values of the variant rShPI-1/Y15S, the substitution of a hydrophobic residue at the P20 site of ShPI-1 decreased
the inhibition of chymotrypsin. However, only a 10-fold increase in
the Ki value was obtained, thus reducing, but not abolishing, such
activity. Similarly to rShPI-1/Y15S, the two BPTI-Kunitz type domains of the hepatocyte growth factor activator inhibitor type 2
(HAI-2, placental bikunin) contain a basic residue (Arg) at the P1
site and Ser at the P2 site; this protein binds chymotrypsin with a Ki
value in the nM range [14]. Thus, the assumption of a potential
deleterious effect of Ser at the P20 site on chymotrypsin inhibition
may not be the case, or may be inﬂuenced by differences in the
surrounding residues. Positions at the primary or secondary loops
of ShPI-1 and other BPTI-Kunitz type inhibitors could favor or affect
the interaction with chymotrypsin. Thus, further site-directed
mutagenesis studies are needed to sort this out.
The mutation Y15S variation also reduced binding of HNE,
which is consistent with the preference of this enzyme for aromatic
residues at P20 site of substrates/inhibitors [47]. This variant (rShPI1/Y15S) was active against plasmin and kallikrein, as expected
considering the importance of the basic P1 site. Binding to latter
might be affected in this protein variant, compared to the wild-type
inhibitor, since this enzyme prefers hydrophobic P20 residues [46].
In contrast, binding to plasmin should not be affected due to its
preference at its P20 sites for Arg, Lys, Ser, or Thr residues [46,57].
These inferences will be tested in future studies.
5. Conclusions
Here we reported the site-directed mutagenesis at P1 and P20
sites of the protease inhibitor ShPI-1 and the generation of
P. pastoris strains to produce high levels of two soluble protein
variants. Their kinetic characterization, in comparison with rShPI1A, demonstrated that:
i) the reactive site variant rShPI-1/K13L has a novel inhibition
capacity of PPE (Ki ¼ 1.2$108) and slightly enhanced activities
against chymotrypsin (Ki ¼ 4.5$109) and HNE (Ki ¼ 1.3$109).
Further, binding to trypsin-like proteases was signiﬁcantly
reduced. Thus, the selectivity of ShPI-1 toward elastase-like
enzymes was signiﬁcantly improved, which increases its
biomedical potentialities.
ii) the P20 site variant rShPI-1/Y15S has a 10-fold reduced inhibition activity towards chymotrypsin (Ki ¼ 1.3$107). The presence
of a hydrophobic residue at the P20 site of ShPI-1 is not the main
contributor to chymotrypsin binding as previously suggested
[9]. Hence, residues at other positions may be contributing to
this activity in ShPI-1 and to the lack of activity in similar inhibitors containing serine at this position. This highlights the
importance of investigating other positions in order to eliminate
chymotrypsin binding, and to improve the selectivity of ShPI-1.
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