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Abstract Snake venom serine proteases (SVSPs) act primar-
ily on plasma proteins related to blood clotting and are con-
sidered promising for the treatment of several hemostatic dis-
orders. We report the heterologous expression of a serine pro-
tease from Crotalus durissus collilineatus, named collinein-1,
in Pichia pastoris, as well as the enzymatic comparative char-
acterization of the toxin in native and recombinant forms. The
complementary DNA (cDNA) encoding collinein-1 was am-
plified from cDNA library of C. d. collilineatus venom gland
and cloned into the pPICZxA vector. The recombinant plas-
mid was used to transform cells of KM71H P. pastoris. Het-
erologous expression was induced by methanol and yielded
56 mg of recombinant collinein-1 (rCollinein-1) per liter of
culture. The native collinein-1 was purified from C. d.
collilineatus venom, and its identity was confirmed by amino
acid sequencing. The native and recombinant enzymes
showed similar effects upon bovine fibrinogen by releasing
preferentially fibrinopeptide A. Although both enzymes have
induced plasma coagulation, native Colinein-1 has shown
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higher coagulant activity. The serine proteases were able to
hydrolyze the chromogenic substrates S-2222, S-2238, and
S2302. Both enzymes showed high stability on different pH
and temperature, and their esterase activities were inhibited in
the presence of Zn>* and Cu”". The serine proteases showed
similar k.,/K,, values in enzyme kinetics assays, suggesting
no significant differences in efficiency of these proteins to
hydrolyze the substrate. These results demonstrated that
rCollinein-1 was expressed with functional integrity on the
evaluated parameters. The success in producing a functionally
active recombinant SVSP may generate perspectives to their
future therapeutic applications.

Keywords Snake venoms - Crotalus durissus - Serine
protease - Hemostasis - Heterologous expression

Introduction

Snake venom serine proteases (SVSPs) are considered promis-
ing for the treatment of certain hemostatic disorders because of
their ability to mimic natural regulatory components, selective-
ly activating or inactivating some factors involved in platelet
aggregation, coagulation, and fibrinolysis (Braud et al. 2000).
Snake venom thrombin-like enzymes (SVTLEs) are the
prevalent class of serine proteases from Viperidae venoms.
SVTLESs have similar activity to that of human thrombin, pro-
moting in vitro blood coagulation. However, thrombin-like
enzymes turn the blood incoagulable in vivo by cleaving fi-
brinogen, without activating factor XIII, that is responsible for
the formation of cross-links between fibrin monomers. Thus,
only a loose clot is formed, which can be easily degraded by
the fibrinolytic system, leading to depletion of plasma
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fibrinogen (Hutton and Warrel 1993; Serrano and Maroum
2005; Kini 2006).

Thrombin-like enzymes cleave Ax and/or B3 chain of
fibrinogen, releasing fibrinopeptides A (FPA) and/or B
(FPB), respectively. Less common than the enzymes that
cleave preferably one of fibrinogen chains, some SVTLEs
cleave both chains, releasing FPA and FPB in similar propor-
tions (Pirkle 1998). Hence, SVTLEs can be classified as
(i) FP-A that preferentially cleaves fibrinogen Ao chain, (ii)
FP-B that preferentially cleaves fibrinogen Bf3 chain, and (iii)
FP-AB, which, as well as thrombin, lead to blood clotting by
cleaving both fibrinogen chains (Castro et al. 2004).

Thrombin-like enzymes have been extensively studied,
both in basic research and in clinical studies, because of
their potential use in the treatment of myocardial infarction,
ischemic stroke, among other vascular disorders (Escoubas
et al. 2008). Ancrod and batroxobin are the most known
examples of SVTLEs that have been used for therapeutic
purposes. Batroxobin (Defibrase®, Pentapharm-CH) is a
thrombin-like enzyme isolated from Bothrops atrox venom
that has been used in patients with deep vein thrombosis,
myocardial infarction, angina, ischemia, and among others.
Ancrod (Viprinex®, Knoll, Ludwigshafen, Germany), iso-
lated from Calloselasma rhodostoma, was initially indicat-
ed for the treatment of ischemic stroke, and its efficiency
and safety have been evaluated in recent years (Mackessy
2010). However, ancrod was disapproved in stage III of
clinical trials for the treatment of ischemia and is now no
longer produced for use in humans with this kind of coagu-
lopathy (Levy et al. 2009).

Despite the great therapeutic potential of SVTLEs, there is
still a discrepancy between the vast number of proteins that
has been isolated and characterized and the total of proteins
that have become effectively a drug. The major difficulty in
applied research is the limitations in obtaining toxins to a
detailed structural and functional characterization (Vetter
et al. 2011). Thus, heterologous protein expression represents
an alternative to produce these molecules in both laboratory
and industrial scales, what may generate perspectives for their
therapeutic application.

SVSPs have been expressed in various systems, such as
bacteria (Maeda et al. 1991; Fan et al. 1999; Dekhil et al.
2003, Yang et al. 2003; Zha et al. 2003; Lin et al. 2009; Jiang
et al. 2010), yeasts (You et al. 2004; Muanpasitporn and
Rojnuckari 2007; Yang et al. 2009), and mammalian cells
(Yonamine et al. 2009). However, expression of recombinant
SVSPs with functional integrity without refolding processes is
only achieved in eukaryotic systems since they are glycopro-
teins rich in disulfide bonds (Vetter et al. 2011). In this context,
we report the production of a recombinant serine protease in
Pichia pastoris system, as well as the comparative enzymatic
characterization of the native and recombinant proteins in or-
der to validate the heterologous expression process.

@ Springer

Materials and methods
Venom and materials

Crotalus durissus collilineatus venom was extracted from
specimens collected in the state of Goias, Brazil. After extrac-
tion, the venom was dried under vacuum at room temperature
and stored at —20 °C. The snakes were kept in captivity at the
Serpentarium Bioagents of Batatais—SP, Brazil. P. pastoris
KM71H strain, pPICZxA expression plasmid, and Zeocin™
were purchased from Invitrogen™ (Carlsbad, USA). Restric-
tion enzymes used in gene cloning and plasmid linearization
were purchased from New England Biolabs (Ipswich, USA).
Chromogenic substrates were purchased from Chromogenix
(Instrumentation Laboratory, Bedford, USA). Bovine fibrino-
gen (>90 % of clottable protein) and N-p-toluenesulfonyl ar-
ginine methyl ester substrate (TAME) were from Sigma-
Aldrich (St. Louis, USA). Other reagents used in this study
but not specified were all of analytical grade. Other materials
and equipment used were described throughout the
methodology.

Construction of recombinant expression vector

The clone corresponding to the serine protease was previously
obtained from the complementary DNA (cDNA) library of
C. d. collilineatus venom gland (Boldrini-Franca et al.
2009), and its cDNA sequence is available on European Nu-
cleotide Archive database (http://www.ebi.ac.uk/ena/data/
view/LN651356). The full-length ¢cDNA encoding mature
collinein-1 was amplified by polymerase chain reaction
(PCR) with specific forward (5'-CCGCTCGA
GAAAAGAGTCATTGGAGGAGATGAATG-3") and re-
verse (5'-AAATATGCGGCCGCCGAGGGGCAA
TTCACAGTTTC-3') primers. The PCR product was cloned
into Xhol and Nofl restriction sites of the pPICZxA expres-
sion plasmid. The correct in-frame connection of the insert
was confirmed by sequencing using ET Dye Terminator kit
in the equipment MegaBACE 1000—automated DNA se-
quencer (GE Healthcare, Chalfont St. Giles, UK).

Transformation of Pichia pastoris

The resulting recombinant plasmid, named pPICZxA-
collineinl, was linearized with Sacl, and transformed into
P, pastoris KMT71H cells by electroporation in the equipment
GenePulser II (Bio-Rad Laboratories, Hercules, USA) at
1500 V, 25 mF, and 200 ). The same procedure was per-
formed with the plasmid without insert, for use as a negative
control of expression. After transformation, cells were plated
onto YPDS agar medium (1 % yeast extract, 2 % peptone, 2 %
dextrose, 1 M sorbitol, 2 % agar) containing 100 mg/mL of
Zeocin and incubated at 30 °C for 3—5 days for selection of
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transformants. For the selection of recombinant colonies con-
taining multiple copies of the gene, cells (200 puL) were plated
on YPDS medium containing 500 g/mL Zeocin and incubated
under the conditions described above. The recombinant colo-
nies were subjected to colony PCR, and the product was vi-
sualized on a 1 % agarose gel to confirm that the insert was
incorporated in the yeast genomic DNA.

Screening of secreting clones and optimum expression
conditions

The expression of the rCollinein-1 was carried out as de-
scribed in the Easy Select™ Pichia Expression manual
(Invitrogen™, Carlsbad, USA), with some modifications.
Positive clones, selected by colony PCR, were individually
inoculated in a 24-deep-well plate containing 3 mL of BMGY
medium (1 % yeast extract, 2 % peptone, 1.34 % YNB,
4 x 10-5 biotin, 1 % glycerol, 100 mM phosphate potassium)
per well. As a negative control, a clone containing the empty
vector pPICZxA was inoculated in the same conditions. The
screening plate was incubated at 30 °C under constant stirring
of 250 rpm. After 48 h, the cultures were centrifuged at
1500%g, the supernatant was discarded, and cells were resus-
pended in 2 mL of BMMY medium (1 % yeast extract, 2 %
peptone, 1.34 % YNB, 4 x 10-5 % biotin, 1 % methanol,
100 mM potassium phosphate) and incubated at 26 °C under
constant stirring to induce expression. For the maintenance of
induction, methanol was replaced every 24 h at a final con-
centration of 0.75 %. Aliquots were collected after 96 h of
induction, and the culture supernatants were analyzed by
SDS-PAGE 13.5 % stained with silver to determine heterolo-
gous expression levels. The clone showing the highest expres-
sion level of the recombinant protein was submitted to a fur-
ther screening of optimal pH and media composition for pro-
tein expression. For this, the colony was inoculated in the
same conditions described above, except that, after 48 h of
biomass generation, cells were centrifuged and resuspended
in the following conditions: (i) buffered complex media in
different pHs (BMMY, pH 4.0, 6.0, and 7.0); (ii) buffered
minimal media in different pHs [BMM (1.34 % YNB,
4 x 10-5 biotin, 1 % methanol, 100 mM potassium phos-
phate), pH 4.0, 6.0, and 7.0]; and (iii) non-buffered minimal
medium [MM (1.34 % YNB, 4 x 10-5 biotin, 1 % methanol)].
After 96 h of induction, culture supernatants were analyzed by
13.5 % SDS-PAGE stained with silver. The conditions that
resulted in the higher expression level of the recombinant
protein were used to scale up protein expression.

Scale up expression of rCollinein-1
The selected clone was pre-inoculated with 10 mL of BMGY

medium and incubated at 30 °C under constant stirring of
250 rpm. After 24 h, the culture was inoculated in 500 mL

of BMGY medium and incubated at 30 °C under constant
stirring of 250 rpm until reaching an optical density of 2 to 6
in 600 nm. After achieving the desired optical density, the
culture was centrifuged at 1500xg, the supernatant was
discarded, and the cells were resuspended in 100 mL of
BMM medium (1.34 % YNB, 4 x 10-5 biotin, 1 % methanol,
100 mM potassium phosphate pH 7.0) and incubated at 26 °C
under constant stirring of 250 rpm. Methanol was replaced
every 24 h at a final concentration of 0.75 %, for the mainte-
nance of induction. After 96 h of induction, the culture was
centrifuged at 10,000xg and the supernatant was separated,
filtered and used for purification of recombinant protein.

Purification of recombinant collinein-1

The recombinant collinein-1 was purified by combining ion-
exchange and reverse phase chromatography, accomplished
on a fast protein liquid chromatography system (FPLC) Akta
Purifier UPC10 (GE Healthcare, Chalfont St. Giles, UK). The
medium supernatant was previously incubated with Tris-HCl
0.02 M, pH 8.0, containing 7 M urea in a ratio of 1:5 (v/v) for
90 min at room temperature. Then, the supernatant was ap-
plied in a MonoQ ion exchange column 5/50 GL (GE
Healthcare, Chalfont St. Giles, UK), previously equilibrated
with Tris-HC1 0.02 M, pH 8.0. Elution was performed with a
discontinuous gradient to 1 M NaCl at a flow rate of 1 mL/
min. The fraction presenting coagulant activity was subjected
to reverse phase C4 column (Shodex™, Munich, Germany),
pre-equilibrated with solvent A (0.1 % trifluoroacetic acid).
The sample components were eluted with a linear gradient to
100 % of solution B (0.1 % trifluoroacetic acid to 80 % ace-
tonitrile) at a flow rate of 0.8 ml/min. The purity of the recom-
binant protein was verified by the symmetry of chromato-
graphic peak and polyacrylamide gel electrophoresis (SDS-
PAGE) stained with silver. The peak corresponding to the
purified rCollinein-1 was frozen at —80 °C, lyophilized and
stored at —20 °C for subsequent assays.

Purification of native collinein-1

Purification of native collinein-1 from C. d. collilineatus crude
venom was performed by combining gel filtration, ion-
exchange and reverse phase chromatographic techniques.
All chromatographies were carried out on Fast Protein Liquid
Chromatography System (FPLC) Akta Purifier UPC10 (GE
Healthcare, Chalfont St. Giles, UK). Crude venom (50 mg)
was dispersed in ammonium formate buffer 0.05 M, pH 3.5,
followed by addition of 10 uL of formic acid (FA) to achieve a
total solubilization of proteins. The sample was centrifuged at
13,000xg for 10 min, and the supernatant was applied on a
Sephacryl S100 HR column (GE Healthcare, Chalfont St.
Giles, UK), pre-equilibrated with the same buffer. Elution of
venom components was monitored by spectrophotometry at
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280 nm, in a flow rate of 0.5 mL/min. Fractions presenting
clotting activity were pooled and applied to MonoQ ion ex-
change column 5/50 GL (GE Healthcare, Chalfont St. Giles,
UK), previously equilibrated with Tris-HCI 0.02 M, pH 8.0.
Elution was performed with a discontinuous gradient to 1 M
of NaCl at a flow rate of | mL/min. Fractions with coagulant
activity, obtained from ion exchange chromatography, were
pooled and subjected to reverse phase chromatography in a
C4 column (Shodex™, Munich, Germany), pre-equilibrated
with solvent A (0.1 % trifluoroacetic acid). Elution was per-
formed by a stepwise gradient to 100 % solution B (0.1 %
trifluoroacetic acid to 80 % acetonitrile) with a flow rate of
0.8 mL/min. The purity of the native protein was verified by
the symmetry of chromatographic peak and polyacrylamide
gel electrophoresis (SDS-PAGE) stained with silver. Peaks
corresponding to purified proteins were frozen at —80 °C, ly-
ophilized, and stored at —20 °C for subsequent assays.

Amino-terminal sequencing

The amino-terminal sequence of the first 58 amino acid resi-
dues of native collinein-1 was obtained by Edman degradation
method of protein sequencing (Edman and Begg 1967). Puri-
fied proteins were directly applied in a glass fiber membrane
(Wako Pure Chemicals Industries, Osaka, Japan) and subject-
ed to analysis in a PPSQ-33A automatic protein sequencer
(Shimadzu, Columbia, USA). PTH-amino acids were
chromatographed on a reverse phase column with isocratic
gradient. The quantification and identification of amino acid
residues were carried out by comparing the retention times of
the standard amino acids (25 pmol), chromatographed before
sequencing.

Molecular mass determination

Molecular masses of proteins were determined by mass spec-
trometry in a SYNAPT G2-S instrument (Waters, Milford,
USA), equipped with a nano-electrospray ionization source
(nano-ESI), and previously calibrated with sodium iodated.
Before the experiment, samples were purified using a Cig
Zip-Tip microcolumn (Millipore, Billerica, USA) for elimi-
nating most of the salts and other possible interferences. The
elution from the column was made using 10 pL of a mixture
of acetonitrile/formic acid 0.1 50/50 (v/v). Four microliter of
the purified solution was loaded into a borosilicate emitters
(Thermo Fisher Scientific, Waltham, USA). Ionization was
performed using a voltage of 2 kV applied on the capillary
and 20 V on the inlet cone. The estimated flow rate was
200 nL/min. Spectra were processed (background reduction,
smoothing, peak picking) using the software Mass Lynx 4.1
(Waters, Milford, USA).
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Peptide mass fingerprinting and de novo sequencing

About 3 ug of protein was reduced during 40 min with 10 mM
of dithiothreitol (DTT) at 56 °C and alkylated during 30 min
with 20 mM of iodoacetamide at room temperature, in the
dark. After alkylation, iodoacetamide was inactivated by in-
cubating the sample for 10 min with DTT at a final concen-
tration of 21 mM. Proteins were digested with trypsin at a final
enzyme/substrate concentration of 1:50 (w/w) for 16 h at
37 °C. A second digestion was performed by adding trypsin
to a final enzyme/substrate concentration of 1:100 (w/w) and
acetonitrile (ACN) to a final concentration of 80 % (v/v). The
samples were then incubated at 37 °C for 3 h, and the reaction
was stopped by adding formic acid (FA) to a final concentra-
tion of 0.2 % (v/v). Solutions containing tryptic peptides
(1 uL) were spotted with 1 pL of x-cyano-4-
hydroxycinnamic acid (CHCA) (10 mg/mL in 0.2 % FA and
50 % ACN). Samples were analyzed by MALDI-TOF/TOF in
an Ultraflex II (Bruker Daltonics, Billerica, USA) mass spec-
trometer, equipped with a SmartBeam laser. The laser power
was adjusted to 35 % with an incidence of 500—1000 shots, in
order to generate a satisfactory signal/noise ratio (S/N >3). For
ion detection, the analyzer was previously calibrated with
Peptide Standard II from Bruker Daltonics (Billerica, USA)
(m/z 700-3200) and operated in positive reflected mode. Pep-
tides were also fragmented and analyzed in an amaZon Ion
Trap mass spectrometer (Bruker Daltonics, Billerica, USA).
The enzymes were subjected to reduction, alkylation, and di-
gestion, as described above, and the resulting peptides (2 pL)
were diluted in 9 pL of a solution containing 0.1 % FA and
50 % ACN (v/v). The solution containing peptides was ion-
ized by electrospray, and triply charged peptides were subject-
ed to fragmentation by electron transfer dissociation (ETD).
MS spectra were analyzed by FlexAnalysis 3.0 and BioTools
3.1 software (Bruker Daltonics, Billerica, USA) for the deduc-
tion of the amino acid sequence.

Accession numbers of nucleotide and amino acid sequence
data

The nucleotide sequence data reported in this paper will be
available from the European Nucleotide Archives (ENA)
browser at http://www.ebi.ac.uk/ena/data/view/LN651356
(accession number LN651356) and the protein sequence
data will appear in the UniProt Knowledgebase under the
accession numbers COHJRS (collinein-1) and COHJR6
(collinein-2).

Multiple sequence alignments
Multiple alignment of the partial amino acid sequences of

collinein-1 and 2 was performed by MultiAlin algorithm
(Corpet 1988). The translated amino acid sequence of
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collinein-1 (based on its cDNA encoding sequence) was used
to predict the probable positions of tryptic peptides. This se-
quence was also aligned with nine homologous SVSPs from
GenBank and UniProtKB/Swiss-Prot using ClustalW2 pro-
gram (Larkin et al. 2007).

Fibrinogenolytic activity

The proteolytic activity upon fibrinogen was evaluated as de-
scribed by Rodrigues et al. (2000). Bovine fibrinogen solution
(50 pL, 1.5 mg/mL) was incubated with 10 pg of protein at
37 °C for different time intervals (5, 15, 30, 60, 120, and
240 min). Fibrinogen solution without enzymes was incubat-
ed under the same conditions and used as a negative control.
Reactions were stopped with 25 pL of stop solution (Tris-HCI
0.06 M, pH 6.8, 0.001 % bromophenol blue, 10 % glycerol,
and 10 % {3-mercaptoethanol). Samples were heated at 100 °C
for 10 min and analyzed by electrophoresis in polyacrylamide
gel with SDS 13.5 % (SDS-PAGE) stained with Coomassie
Blue R-350.

Identification of fibrinopeptides

Fibrinopeptides originated by proteolytic activity of the serine
proteases were identified as described by Magalhaes el al.
(2003), with some modifications. Fibrinopeptides were gener-
ated by incubating the enzymes (10 pg) with 1 mL of bovine
fibrinogen solution (3 mg/ml in Tris-HCI 0.05 M, pH 7.5,
containing 0.05 M CaCl,), at 37 °C for different time intervals
(5, 30, 60, and 120 min). Thrombin was incubated with fibrin-
ogen for 120 min as a positive control, and fibrinogen solution
without enzyme was used as negative control. Insoluble pro-
teins were precipitated with 2 % trichloroacetic acid (TCA),
and the supernatant was subjected to reverse phase chroma-
tography on a Grace™ Vydac™ C18 column (0.46 x 25 cm)
(Thermo Fisher Scientific, Waltham, USA), pre-equilibrated
with solvent A (0.1 % trifluoroacetic acid). Fibrinopeptides
were eluted by a segmented gradient of acetonitrile (0-15 %
in 5 column volumes and 15-30 % in 15 column volumes).

Coagulant activity

The assay was performed as described by Assakura et al.
(1992), with some modifications. To determine the minimum
coagulant dose (MCD), different amounts of enzyme (10, 15,
20, 30, and 40 png) were applied in 150 pL of citrated bovine
plasma, and the time of fibrin clot formation was determined
by the photometric coagulometer Quick Timer II (Drake, Sao
José do Rio Preto, BR). The MCD was defined as the amount
of enzyme required to coagulate the bovine-citrated plasma in
60 s at 37 °C and was estimated by logarithmic regression of
the dose-response curve.

Proteolytic activity upon chromogenic substrates

The proteolytic activity of serine proteases was evaluated with
the following chromogenic substrates: S-2251 for plasmin (H-
D-Val-Leu-Lys-pNA+2HC), S-2222 for factor Xa [Bz-Ile-
Glu(y-OR)-Gly-Arg-pNA*HCI], S2238 for thrombin (H-D-
Phe-Pip-Arg-pNA+2HCI), and S-2302 for plasma kallikrein
(H-D-Pro-Phe-Arg-pNA<2HCI). Substrate hydrolysis was de-
termined by incubating the enzymes (4 png) with 0.4 mM of
substrates in Tris-HC1 0.05 M, pH 7.5, containing 0.05 M
CaCl, for 40 min at 37 °C. Substrate hydrolysis was spectro-
photometrically monitored at 405 nm using Versa Max Mi-
croplate reader (Molecular Devices, Sunnyvale, USA). As-
says were performed in series of three replicates, and the data
were fitted with standard errors using GraphPad Prism soft-
ware, version 5.0 (GraphPad Software, San Diego, USA).

Enzyme kinetics

The kinetic parameters were determined by monitoring the
esterase activity of the enzymes upon N-p-toluenesulfonyl ar-
ginine methyl ester (TAME) substrate, according to Hummel
(1959). Enzymes (5 pg) were incubated with different con-
centrations of TAME (0.125 to 2 mM) for 30 min at 37 °C,
and the activity was monitored at 247 nm. The enzymatic
activity (V) was expressed in millimole of product formed
per minute, considering the molar extinction coefficient of
540 M ! em ! for the product. The K, and V},,.x values were
determined from the hyperbolic kinetic curve of Michaelis-
Menten. The turnover (k.,) and catalytic efficiency (k./K)
values were calculated from the K, and V.. The experi-
ments were performed in a series of three repetitions each,
and the data were fitted with the standard errors using the
software GraphPad Prism, version 5.0 (GraphPad Software,
San Diego, USA).

Enzyme stability assay

The stability of the serine proteases was evaluated by pre-
incubating the enzymes at different temperatures (25, 37, 45,
60, 80 and 100 °C) or pH buffers (3.5, 5.5, 7.5, 9.5 and 10,5)
for 30 min, followed by the evaluation of enzymatic activity
upon TAME, as described in “Enzyme kinetics” section. One
unit of esterase activity (U) was defined as the increase of 0.01
units of absorbance at 247 nm, and the results were expressed
as units per milligram of protein.

Influence of divalent ions on esterase activity
The effect of divalent cations on the esterase activity of the
serine proteases was evaluated by pre-incubating the enzymes

with 10 mM of different ions (Ca**, Cu®*, Ba**, Zn*", and
Mg>") for 30 min at 37 °C. The esterase activity was evaluated
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as described in “Enzyme kinetics” section. The esterase activ-
ity of the enzymes without divalent cations was used as a
control. One unit of esterase activity (U) was defined as the
increase of 0.01 units of absorbance at 247 nm, and the results
were expressed as units per milligram of protein.

Statistical analysis

The statistical analysis of variance (ANOVA) and Tukey test
were performed using the software GraphPad Prism, version
5.0 (GraphPad Software, San Diego, USA), with significance
level of 5 % (p < 0.05).

Results
Heterologous expression and purification of rCollinein-1

The cDNA encoding the serine protease, named collinein-1,
was deposited on European Nucleotide Archive (access num-
ber LN651356). The ORF encodes a protein of 262 amino
acid residues, including a signal peptide (18 amino acid resi-
dues), a pro-peptide (6 amino acid residues), and a serine
protease domain with 238 amino acid residues. All P, pastoris
colonies transformed with the cDNA encoding mature
collinein-1 showed efficiency in expressing and secreting the
soluble recombinant protein after 96 h of methanol induction.
The clone that secreted the highest amount of rCollinein-1 was
selected for screening of optimal expression conditions. The
highest level of recombinant protein expression was achieved
at pH 7.0, whereas at pH 4.0, it was not possible to observe the
presence of the recombinant protein in culture supernatants.
On the other hand, addition of yeast extract and peptone to the
culture medium did not affect the expression of the recombi-
nant collinein-1, since this protein is present at similar levels in
cells grown both in minimal and complex media (data not
shown). The optimal expression conditions were utilized to
scale up rCollinein-1 expression. The recombinant protein
was purified from the culture supernatant by a combination
of ion exchange and reverse-phase chromatography (Fig. 1),
resulting in a yield of 56 mg of rCollinein-1 per liter of culture,
with a recovery rate of 15.38 % of esterase activity (Table 1).
When analyzed by mass spectrometry, the recombinant pro-
tein presented a molecular mass of 28,868 Da.

Purification of native collinein-1

The first chromatographic step on a size exclusion column
resulted in six eluted fractions, named S1 to S6 (Fig. 2a). Peak
S3 that showed coagulant activity resulted in seven fractions
(Q1—Q7) when chromatographed in an ion exchange column
(Fig. 2b). Fraction Q4 presented coagulant activity and, when
submitted to a reverse phase chromatography, resulted in two
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sharp and symmetrical chromatographic peaks (Fig. 2¢), both
having the ability to coagulate plasma. When analyzed by
polyacrylamide gel electrophoresis (SDS-PAGE), both peaks
revealed a single band (Fig. 2¢), indicating that the protocol
outlined here resulted in the purification of two serine protease
isoforms, which were named collinein-1 (peak 1) and
collinein-2 (peak 2). When analyzed by mass spectrometry,
collinein-1 and collinein-2 presented molecular masses of 29,
474 and 28,388 Da, respectively.

Protein sequencing and multiple sequence alignment

The combination of de novo and N-terminal sequencing and
mass fingerprinting allowed the identification of 140 residues
of rCollinein-1, 164 residues of native collinein-1, and 89
residues of collinein-2. Multiple sequence alignment showed
100 % of amino acid identity between native and recombinant
collinein-1 (Fig. 3). On the other hand, the partial sequence of
collinein-2 presented a conservative substitution at position 64
and 4 non-conservative substitutions at positions 115, 156,
159, and 181 when compared to collinein-1.

The deduced amino acid sequence of collinein-1 showed
sequence identity ranging from 77 to 99 % to other known
snake venom serine proteases from GenBank and UniProtKB/
Swiss-Prot databases (Fig. 4). The multiple sequence align-
ment demonstrated the conservation of the cysteines involved
in the six intra-molecular disulfide bonds that are characteris-
tic of SVSPs. Furthermore, the residues His43, Asp88, and
Ser184 that are responsible for the catalytic activity, as well
as the amino acid residues located near the active site, are
highly conserved in all analyzes sequences.

Comparative enzymatic and functional characterization
of collinein-1 in native and recombinant forms

When evaluated for proteolytic action upon fibrinogen chains,
both native and recombinant collinein-1 completely cleaved
the Ax chain with 5 min of reaction (Fig. 5). The proteins also
showed activity upon B3 chain; however, this chain is only
completely cleaved after 4 h of incubation with the enzymes.
Both serine proteases were able to virtually release all fibrino-
peptide A from fibrinogen with only 5 min of reaction while
fibrinopeptide B was only completely released after 30 min of
reaction. After 120 min of reaction, both enzymes, as well as
thrombin, released a third peptide, named peptide C (Fig. 6).
The estimated values of MCD were 0.225 mg/uL to collinein-
1 and 0.08 mg/pL to rCollinein-1. Native and recombinant
collinein-1 showed a similar catalytic activity upon synthetic
substrates for plasmin (S-2251), factor Xa (S-2222), thrombin
(S-2238), and plasma kallikrein (S-2302), although the activ-
ity of rCollinein-1 was slightly higher for substrates S-2238
and S-2302. Both serine proteases hydrolyzed substrates that
have arginine at P1 position (S-2222, S-2238, and S-2302),
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Fig. 1 Purification of rCollinein-
1. a Ion exchange
chromatography of culture
medium in a MonoQ 5/50 GL
Column (GE Healthcare, UK),
previously equilibrated with Tris-
HC10.02 M, NaCl 1 M, pH 8.0.
Elution was performed in a
discontinuous gradient of NaCl

1 M. b Reverse phase of fraction 6
in a C4 column (Shodex, Japan).
Elution was performed by a
stepwise gradient of solution B
(0.1 % TFA, 80 % ACN). Inserted
panel: SDS-PAGE (13.5 %)
stained with silver of culture
supernatant (/), fraction 6 from
ion exchange chromatography,
(2) and purified rCollinein-1 (3).
All chromatographic steps were
accomplished on a fast protein
liquid chromatography system
(FPLC) Akta Purifier UPC10 (GE
Healthcare, UK). When analyzed
by mass spectrometry, rCollinein-
1 presented a molecular mass of
28,868 Da
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Table 1  Purification of native and recombinant collinein-1

Purification step Protein

Enzymatic activity

Mass (mg)

Recovery (%) Specific (U/mg) Total (U) Recovery (%) Purification factor

rCollinein-1 Culture medium 60.00

MonoQ 5.80
C4 5.60
Collinein-1 Crude venom 50.00
Sephacryl S-100 2.50
MonoQ 0.55
C4 031

100.00
9.70
9.33

100.00
5.00
1.10
0.63

5950 357,000 100.00 1.00
9950 57,710 16.16 1.67
9810 54,936 15.38 1.65
2440 122,000 100.00 1.00
5310 13,275 10.80 2.17
9150 5052 4.10 3.75
9100 2848 230 3.72
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while substrate S-2251 that has a lysine at this position did not

undergo significant hydrolysis by any of the enzymes (Fig. 7).

The enzymatic activity of both serine proteases upon
TAME substrate followed the kinetic model of Michaelis-
Menten. Kinetic parameters for the enzymes are shown in
Table 2. Native collinein-1 showed a lower K, value compar-
ing to the recombinant protein, demonstrating a higher affinity
for the substrate. However, native and recombinant collinein-1

@ Springer

<« Fig. 2 Purification of two serine protease isoforms from C. d.

collilineatus venom. a Molecular exclusion of C. d. collilineatus crude
venom on a Sephacryl S100 HR column (GE Healthcare, UK). Fractions
were eluted with ammonium formate buffer 0.05 M, pH 3.5. b lons
exchange of fraction S3 on a MonoQ 5/50 GL Column (GE Healthcare,
UK), previously equilibrated in Tris-HCI 0.02 M, NaCl 1 M, pH 8.0.
Elution was performed in a discontinuous gradient of NaCl 1 M. ¢
Reverse Phase of Q4 fraction in a C4 column (Shodex, Japan). Proteins
were eluted by a stepwise gradient of solution B (0.1 % TFA, 80 % ACN).
Inserted panel: SDS-PAGE (13.5 %) stained with silver of purified
collinein-1 (/) and collinein-2 (2). When analyzed by mass
spectrometry, collinein-1 and collinein-2 presented molecular masses of
29,275 and 28,388 Da, respectively

did not significantly differ in efficiency to hydrolyze TAME.
The evaluation of esterase activity of native and recombinant
collinein-1 in view of variations in temperature and pH dem-
onstrated that these enzymes are highly resistant, since their
activity was not affected even after incubation at 100 °C and
on extremely acid (pH 3.5) and basic (pH 10.5) buffers
(Fig. 8a, b). The assays conducted to assess the influence of
divalent ions on the esterase activity of the serine proteases
demonstrated a significant decrease in their activity in the
presence of Zn>" and their almost complete inhibition in the
presence of Cu”" (Fig. 8c). The presence of Ba®" resulted in a
decrease in the activity of native collinein-1 while the recom-
binant enzyme was resistant to the interference of this metal
ion. On the other hand, Ca®" and Mg?" did not significantly
influence the esterase activity of the enzymes.

Discussion

Several venomous and poisonous animals produce toxins that
target the hemostatic system. Snake venoms presents a variety
of proteins and peptide, such as phospholipase A,, L-amino
acid oxidases, C-type lectins, 5'-nucleotidase, disintegrins,
metalloproteases, and serine proteases that act on coagulation
resulting in hemostatic disorders that facilitate prey capture.
Serine proteases are widely found in venoms of snakes from
Viperidae and Crotalidae families and may represent up to
20 % of the total venom toxins (Braud et al. 2000).

The mechanisms by which snake venoms serine proteases
affect blood clotting were not yet fully understood. Thus, in-
vestigations regarding the structure, function, and mecha-
nisms of action of these enzymes may contribute to the dis-
covery of new targets and drugs for the treatment of physio-
logical dysfunctions related to blood clotting. Furthermore,
the development of biotechnological strategies for protein pro-
duction on laboratory scale is important to enable the deepen-
ing of functional studies, since purification of toxins from
snake venom is usually a labor-intensive and low-yield pro-
cess (Vetter et al. 2011).

This paper describes the heterologous expression of a ser-
ine protease previously cloned from C. d. collilineatus venom
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Fig. 3 Multiple alignment of the partial amino acid sequences of the
native and recombinant serine proteases. Sequences were obtained by a
combination of de novo and N-terminal sequencing and peptide mass
fingerprinting. Partial amino acid sequences of collinein-1 and
collinein-2 were submitted to UniProt Knowledgebase under the
accession numbers COHJRS and COHJRG6, respectively. The deduced
amino acid sequence of collinein-1 (based on the nucleotide sequence
deposited on European Nucleotide Archives under accession number

gland (Boldrini-Franga et al. 2009). Moreover, this study
highlights the purification of the native serine protease and
reports the comparative enzymatic characterization of this na-
tive and recombinant enzyme, validating, therefore, the heter-
ologous expression method.

The heterologous expression described here resulted in a
high yield in terms of quantity and functionality of the recom-
binant protein (Table 1). Protein expression in P, pastoris typ-
ically results in recombinant molecules properly processed
and folded, since yeasts are eukaryotic organisms that make
many of post-translational modifications performed by higher
eukaryotes (Cregg et al. 2000; Lin-Cereghino and Cregg
2000). Therefore, studies that compare heterologous proteins
expressed in yeasts with those obtained from natural sources
have shown little or no difference in their structural and func-
tional properties (Schilling et al. 2002; You et al. 2004;
Guiraudie-Capraz et al. 2005; Shukla et al. 2007). Batroxobin
from Bothrops atrox moojeni is the only recombinant SVSP
produced in P, pastoris that was enzymatically and function-
ally compared to its native form. Recombinant batroxobin is a
potent in vitro and in vivo pro-coagulant agent and might be
an effective substitute to the native protein (You et al. 2004).
Despite the scarcity of validation data for recombinant SVSPs
expressed in yeast, this eukaryote system has been proven
effective in heterologous production of this class of enzymes.

In spite of the high efficiency of P. pastoris expression
system in producing the heterologous collinein-1, some addi-
tional steps were required to improve the expression condi-
tions. P. pastoris survive in a relatively wide pH range
(pH 3.0-7.0), which allows a considerable flexibility in

CANINLLDYE VCRpWAHEHOIF 10 A0 Q) 0§ Aleh NehAU g B fefeh g el HEID SGGP LICNGEFQGIVSWGDGSCAQPDK

CANINLLDYE VCRpWAHEHOIE 089G i) g Aleh Neh bR fefed i lifel HIID SGGPLICNGEFQGIVSWGDGSCAQPDK
CANINLLDYEVCREWAHEHIE U NP Gush g Aeh e sffefedgolidel H) . . . . . .. . ... ... ..............
............. TAMPOMRLPATSRILCAGYV LE GG I D T C I R

LN651356) was used to predict the probable positions of tryptic
peptides. Black boxes represent amino acids conserved in all sequences.
Amino acids in black are conserved in at least two sequences. Amino
acids in gray correspond to residues not conserved. Multiple sequence
alignment was performed by MultiAlin algorithm. Although the
sequences are not complete, it is possible to assume that the
recombinant protein corresponds to the native collinein-1

adjusting this parameter in the moment of induction. pH
may affect the activity of secreted proteases, thereby increas-
ing the stability of the recombinant protein (Macauley-Patrick
et al. 2005). The medium pH that resulted in the highest ex-
pression of collinein-1 was pH 7.0, whereas no heterologous
protein expression was observed at pH 4.0. No optimal pH
screening for SVSP expression in P. pastoris was reported so
far, but this class of enzymes was already efficiently expressed
in yeast at pH 5.0 (You et al. 2004) and at neutral pH (Yu et al.
2007).

The stability of the recombinant protein can also be influ-
enced by amino acid supplements in the culture medium
(Macauley-Patrick et al. 2005). In the present study, peptone
and yeast extract did not affect the yield of rCollinein-1. Me-
dium supplements provide an ideal chemical environment for
P, pastoris growth; however, they may impair the reproduc-
ibility of large-scale expression and industrial fermentations
(Macauley-Patrick et al. 2005). Thus, the medium of choice
for collinein-1 large-scale expression was the minimal medi-
um without supplementation.

Recombinant collinein-1 was tagged with polyhistidine in
the C-terminal of the molecule, in order to facilitate its purifi-
cation by immobilized metal affinity chromatography
(IMAC). However, rCollinein-1 did not interact with Ni-
agarose column, precluding its purification by this chromato-
graphic method (data not shown). The incapacity of the re-
combinant protein to interact with the nickel column can be
due to (i) internal location of polyhistidine tag in the tridimen-
sional structure of the protein or (ii) cleavage of polyhistidine
tag by a proteolytic enzymes from P. pastoris or
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Collinein-1 Cdc QFDKEQRRFPKEKYFFNCRNNETKWDKB IMLIRLNKPVSYSEHIAPLSLPSSPPIVGSVC 120
B2.1 Cdt QFDKEQRRFPKEKYFENCRNNFTKWDKBIMLIRLNKPVSYSEHIAPLSLPSSPPIVGSVC 120
B1.3 Cdt QFDKEQRRFPKEKYFFNCRNNETKWDKIBEIMLIRLNKPVSYSEHIAPLSLPSSPPIVGSVC 120
Bl1.4 Cdt QFDKEQRRFPKEKYFFNCGNNETEKWDKIBEIMLIRLNKPVRNNEHIAPLSLPSSPPSVGSVC 120
Crotalase Ca QFDKEQRRFPKEKYFFDCSNNFTKWDKBIMLIRLNKPVSYSEHIAPLSLPSSPPIVGSVC 120
SP5 Ca KFDDEQIRYAKEKYFFRCHNNFTRWDKBIMLIRLNKPVSYSEHIAPLSLPFSPPSVGSVC 120
SP9 Ca KFDDEQIRYAKEKYFFRCHNNFTRWDKBIMLIRLNKPVSYSEHIAPLSLPFSPPSVGSVC 120
SP6_Sce NFDDDQRRYPKKKYFFRCHNNEFTKRDKINIMLIRLNKPVSYSEHIAPLSLPSSPPSVGSVC 120
Bilineobin Ab QFDDEERRYPKEKYLFRCSKNETKWDKIBIMLIRLNKPVRNSEHIAPLSLPSSPPIVGSVC 120
Stejnobin_TS QFDDEQRRYPKKKYFFRCRNNETRWDKBIMLIRLNRPVRNSAHIAPLSLPSSPPTVGSVC 120
skk sr ks kakkak ok kkks AXKKAKRKAAK L AK kokkkkk kK khkk Kk KKk
L4 a a A
Collinein-1 Cdc RVMGWGTIKSPQETLPDVPHCANINLLDYEVCRTAHPQFRLPATSRILCAGVLEGGIDTC 180
B2.1 Cdt RVMGWGTIKSPQETLPDVPHCANINLLDYGVCRTAHPQFRLPATSRILCAGVLEGGIDTC 180
B1.3 Cdt RVMGWGTIKSPQETLPDVPHCANINLLDYEVCRTAHPQFRLPATSRILCAGVLEGGIDTC 180
B1.4 Cdt RVMGWGQTTSPONTLPDVPHCANINLLDYEVCRTALPQLRLPATSRILCAGVLEGGIDTC 180
Crotalase Ca RAMGWGQTTSPQETLPDVPHCANINLLDYEVCRTAHPQFRLPATSRTLCAGVLEGGIDTC 180
SP5 Ca RAMGWGQTTSPQETLPDVPHCANINLLDYEVCRTAHPQFRLPATSRTLCAGVLEGGIDTC 180
SP9 Ca RAMGWGQTTSPQETLPDVPHCANINLLDYEVCRTAHPQFRLPATSRTLCAGVLEGGIDTC 180
SP6_Sce RAMGWGQTTSPQETLPDVPHCANINLLDYEVCRAAHPQFGLPATSRILCAGVLEGGIDTC 180
Bilineobin Ab RVMGWGTITSPNETLPDVPRCVNINLFNYTVCRGVFP--RLPERSRILCAGVLEGGIDTC 178
Stejnobin Ts RVMGWGTITSPNETLPDVPRCANINLFNYTVCHGVFP--WLPARSRILCAGVLQGGIDTC 178
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L A v Id (%)
Collinein-1 Cdc HRDJGGPLICNGEFQGIVSWGDGSCAQPDKPALYSKVFDHLDWIQNIIAGSETVNCPS 238 100
B2.1 Cdt HRDEGGPLICNGEFQGIVSWGDGSCAQPDKPALYSKVFDHLDWIQNIIAGSETVNCPS 238 99
B1.3 Cdt HRDSJGGPLICNGEFQGIVSWGDGPCAQPDKPALYSKVFDHLDWIQNIIAGSETVNCPS 238 99
Bl1.4 Cdt NRDEJGGPLICNGEFQGIVFWGPDPCAQPDKPALYSKVEFDHLDWIQSITAGNTIVNCPP 238 90
Crotalase Ca NRDEGGPLICNGQFQGIVFWGPDPCAQPDKPGLYTKVFDHLDWIQSIIAGEKTVNCPP 238 89
SP5 Ca NRDSGGPLICNGQFQGIVFWGPDPCAQPDKPGLYTKVFDHLDWIQSIIAGEKTVNSPP 238 79
SP9 Ca NRDSGGPLICNGQFQGIVFWGPDPCAQPDKPGLYTKVFDHLDWIQSIIAGEKTVNCPP 238 80
SP6_Sce HRDEGGPLICNGQFQGIVSWGDGSCAQPDKPALYSKVFDHLDWIQNITIAGNTTVNCPP 238 84
Bilineobin Ab KRDFJGGPLICNGQFQGIVSWGPKRCAQPRKPALYSKVFDHLDWIQSITIAGNKTVNCP- 235 80
Stejnobin Ts KRDEGGPLICNGQFQGIVSWGPKPCAQPRKPALYTKVFDHLDWIQSIIAGNTTVICPP 236 77
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Fig. 4 Multiple sequence alignment of collinein-1 with other SVSPs.
The deduced sequence of collinein-1 was aligned with nine SVSPs
present in GenBank and UniProtKB/Swiss-Prot databases by
ClustalW2. Residues marked in black correspond to the catalytic triad
His42, Asp87, and Ser184. Residues marked in gray correspond to
substrates recognition sites. Residues in box correspond to the
theoretical N-glycosylation site. Symbols indicate the conserved Cys
residues. Cys residues indicated by the same symbol represent the
formation of intramolecular disulfide bonds. Sequences are indicated by
the names of the enzymes and the species to which they belong:
Collinein-1_Cdc, collinein-1 from Crotalus durissus collilineatus

autoproteolysis. The hypothesis of polyhistidine tag loss by
proteolytic activity is supported by the lower molecular mass
of rCollinein-1 (28,868 Da), when compared to its native form
(29,274 Da). Nevertheless, the tag loss and the possible
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(UniProtKB/Swiss-Prot: COHJRS); B2.1 Cdt, B1.3_Cdt, and B1.4 Cdt,
gyroxin-like isoforms B2.1 (GenBank: AY954040.1), B1.3 (GenBank:
EU360951.1), and B1.4 (GenBank: EU360952.1) from Crotalus durissus
terrificus, respectively; Crotalase Ca, SP5 Ca and SP9 Ca, crotalase
(UniProtKB/Swiss-Prot: F8S114.1), and serine proteinases 5 (GenBank:
AEJ31999.1) and 9 (UniProtKB/Swiss-Prot: J3RYA3.1) from Crotalus
adamanteus, respectively; SP6_Sce, serine proteinase 6 from Sistrurus
catenatus edwardsi (GenBank: ABG26972.1); bilineobin_Ab, bilineobin
from Agkistrodon bilineatus (UniProtKB/Swiss-Prot: Q9PSN3.1);
Stejnobin_Ts, Trimeresurus stejnegeri. Ididentity in relation to
collinein-1

cleavage site must be further confirmed by structural analysis
and complete protein sequencing. Due to the impossibility of
purifying rCollinein-1 in a single IMAC step, a new purifica-
tion protocol was standardized based on ion-exchange and
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Fig.5 Fibrinogenolytic activity of native (a) and recombinant (b) collinein-1. The catalytic activity of the serine proteases upon fibrinogen was analyzed
by SDS-PAGE 13.5 % stained with Coomassie Blue R-350. MM molecular marker; Cont-, negative control

reverse phase chromatographic techniques (Fig. 1), resulting
in a high protein yield (56 mg per liter of culture) and activity
recovery.

The methodology employed in the purification of native
serine protease resulted in the isolation of two isoforms,
named collinein-1 and 2, which present molecular masses of
29,474 and 29,388 Da, respectively (Fig. 2). These isoforms
differ from each other by five amino acid substitutions in their
primary structure. On the other hand, the alignment of the

partial sequences of collinein-1 and rCollinein-1 resulted in
100 % of identity (Fig. 3). So, we can assume that the recom-
binant protein corresponds to the native collinein-1. The cal-
culation of collinein-1 yield for this purification process dem-
onstrated that the serine protease is present in the venom at
low concentrations, representing only 0.63 % of the total ven-
om toxin (Table 1). Boldrini-Franca et al. (2010) determined
that serine proteases represent only 0.5 to 1.9 % of the total
toxins in the proteome of C. d. collilineatus venom. These
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Fig. 6 Reverse phase chromatography of fibrinopeptides released by the
catalytic activity of native (a) and recombinant (b) collinein-1 upon
fibrinogen. Fibrinopeptides generated by incubation of 10 mg of the
enzymes with bovine fibrinogen were subjected to reverse phase
chromatography on a Vydac C18 column (0.46 x 25 cm).

Fibrinopeptides were eluted by a segmented gradient of acetonitrile (0—
15 % in 5-column volumes and 15-30 % in 15-column volumes). Peak A
corresponds to fibrinopeptide A and peak B to fibrinopeptide B. Peak C*
indicate a peptide corresponding to the 49 N-terminal residues of Bf3
chain
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Fig. 7 Catalytic activity of native and recombinant collinein-1 upon
chromogenic substrates The substrate hydrolysis was determined
spectrophotometrically at 405 nm after 40 min of reaction at 37 °C.
One unit of activity was defined as the increase of absorbance in
0.01 unit. *p < 0.05 compared to the native protein; **p < 0.001
compared to the native protein

data are consistent with the income presented in this work,
indicating no significant loss of protein during the isolation
process.

The deduced amino acid sequence of collinein-1 was
aligned with other homologous SVSPs from database to as-
sess the conservative domains (Fig. 4). All aligned sequences
present 12 cysteine residues in conserved positions, indicating
that the 6 disulfide bond and molecular scaffold typical of
SVSPs are preserved. The catalytic triad, composed by
His43, Asp88, and Ser184 residues, as well as amino acid
residues located close to the active site, is highly conserved
in these toxins. The enzymatic activity performed by the cat-
alytic triad is probably related to some pathophysiological
properties of SVSPs, such as effects on blood coagulation
and immune system (Hedstrom 2002a, b). The replacement
of the catalytic residue His57 by an arginine in a serine prote-
ase homologue from Trimeresurus jerdonii led to the loss of
its proteolytic activity and, therefore, to its effects on blood
coagulation (WU 2008). The residue Asp178 is preserved in
all aligned serine proteases, as well as in thrombin and kalli-
krein. This residue interacts with the basic amino acid at the
P1 position of substrate, being associated to the primary spec-
ificity of trypsin-like enzymes (Stubbs and Bode 1993).

All aligned SVSPs present a putative N-glycosylation site
(Asn-X-Thr) in conserved position. SVSPs are usually glyco-
proteins presenting variable contents of N- and O-linked gly-
cosylations in non-homologous positions, which can shift the
molecular mass of these enzymes in up to 40 kDa (Serrano

and Maroun 2005). SVSPs are known to present carbohydrate
motif composed by fucose, hexose, sialic acid, N-
acetylglucosamine (GlcNAc), mannose, and N-
acetylneuraminic acid (NauAc) (Pirkle 1998; Koh et al.
2001; Wang et al. 2001; Bortoleto et al. 2002; Oyama and
Takahashi 2003; Costa et al. 2009; Lin et al. 2011). On the
other hand, N-glycosylations carried out by yeast are general-
ly polysaccharides composed of 100 or more mannose resi-
dues. These differences in glycosylation performed by yeasts
and higher eukaryotes may potentially interfere in the correct
folding, function, and stability of the recombinant molecule.

Native and recombinant collinein-1 showed a proteolytic
activity upon fibrinogen similar to that of thrombin, releasing
both fibrinopeptides A and B (Fig. 6). The majority of the
thrombin-like serine proteases differ from thrombin by pref-
erentially cleaves one of the fibrinogen chains. As like as
collinein-1, most thrombin-like enzymes preferentially
cleaves the peptide bond Arg15-Gly16 of the Ax chain, being
classified as FP-A, such as crotalase from Crotalus
adamanteus (Markland et al. 1982), batroxobin from B. atrox
(Nishida et al. 1994) and ancrod from C. rhodostoma (Nolan
et al. 1976). There is only one report of a serine protease
isolated from C. d. collilineatus venom (Oliveira et al.
2009). This enzyme, named Cdc-3, differs from collinein-1
by cleaving preferentially the fibrinogen Bf3 chain, being clas-
sified as a FP-B.

After 120 min of reaction, it is possible to identify the onset
of a third peptide, named peptide C. TLE-B and TLE-P en-
zymes from Lachesis muta muta (Magalhies et al. 2003) and
leucurobina from Bothrops leucurus (Magalhaes et al. 2007)
also release the peptide C after prolonged incubation time with
fibrinogen. Previous mass spectrometry analysis demonstrat-
ed that this peptide is a result of the cleavage of the Arg42-
Ala43 peptide bond of the B3 chain of human fibrinogen
(Magalhaes et al. 2003, 2007). So, peptide C may represent
the 49 N-terminal residues of bovine fibrinogen since this
cleavage site is conserved at positions Arg49-Ala50 in this
molecule.

The mechanism by which thrombin-like enzymes induce
blood clotting is closely related to the ability of these enzymes
to cleave Ao and Bf3 chains of fibrinogen, leading to the
formation of insoluble fibrin monomers (Lu et al. 2005; Ser-
rano and Maroun 2005; Kini 2011). Both native and recom-
binant collinein-1 were able to clot bovine plasma in a dose-

Table 2 Kinetic parameters of

native and recombinant collinein- Enzymes Kinetic parameters
1 upon TAME
Vinax (MM min"") Ky (mM) ket (min™") keat/Kom (MM min™")
Collinein-1 0.06 + 0.006 1.430 = 0.288 358.5 £ 39.06 250.69
rCollinein-1 0.07 + 0.006 1.682 £ 0.253 417.2 £35.79 248.03

Data correspond to mean + SE (n = 3)
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Fig. 8 Stability of native and A
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dependent manner, but rCollinein-1 exhibited a coagulant ac-
tivity almost three times greater than the native protein. A
possible explanation for this disparity might be the influence
of differences in glycosylation promoted by snakes and
P, pastoris, since, in some cases, the oligosaccharides may
delimit the entrance of the catalytic cleft, thus exerting influ-
ence on accessibility to active site (Zhu et al. 2005; Mackessy
2010).

* *
cu? Ba®* zn?t

Divalent ions

ca* Mg?*

Although the conversion of fibrinogen into a fibrin clot is
the most important activity of thrombin-like serine proteases,
certain enzymes may also act on other substrates associated to
fibrino(geno)lysis, prothrombin, and protein C activation and
conversion of kininogen into kinin (Castro et al. 2004; Serrano
and Maroun 2005). Regarding the catalytic activity of native
and recombinant collinein-1 upon synthetic substrates, both
enzymes were able to hydrolyze not only the substrate for
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thrombin but also those for factor Xa and plasma kallikrein
(Fig. 7). Native and recombinant collinein-1 preferably
cleaved substrates that have an arginine at P1, while the sub-
strate that presents a lysine in this position (S2251 for plas-
min) did not undergo significant proteolysis by these en-
zymes. Furthermore, native and recombinant collinein-1 pre-
sented the higher catalytic activity upon the substrate for plas-
ma kallikrein, indicating that phenylalanine at P2 and proline
at P3 play an important role on the hydrolysis of Arg-pNA
bond.

Presumably, the most remarkable result of this work is the
high stability of native and recombinant collinein-1 at differ-
ent pH and temperature. These enzymes completely retained
their esterase activity upon TAME even after pre-incubation at
100 °C and with extremely acid and alkaline buffers (Fig. 8a,
b). Several reports have demonstrated that SVSPs are resistant
to heat and/or pH denaturation (Costa et al. 2009; Barros et al.
2011; Menaldo et al. 2012). However, none of these studies
has reported the full maintenance of the enzymatic activity
after pre-treating the enzymes on extreme pH and temperature
conditions. The resistance of SVSPs to variations in tempera-
ture and pH is probably due to their three-dimensional struc-
ture, which is stabilized by six disulfide bonds, what increases
the threshold energy required to generate significant confor-
mational changes in the molecular scaffold. In addition, some
SVSPs, such as BJ-48 from Bothrops jararacussu, protease A
from Bothrops jararaca, and brevinase from Agkistrodon
blomhoffi brevicaudus, completely or partially lost their ther-
mal stability when deglycosylated, indicating that the carbo-
hydrate motif play important role in their resistance to heat
denaturation (Silva-Junior et al. 2007; Paes-Leme et al. 2008;
Lee et al. 1999).

Divalent ions may also influence the enzymatic activity of
SVSPs, probably by promoting small changes in their three-
dimensional structure. Esterase activity of both native and
recombinant collinein-1 was significantly decreased in the
presence of Zn>* and Cu?" while Ba®" only influenced the
activity of the native enzyme. On the other hand, the enzymat-
ic activity of both serine proteases was not influenced by Ca**
and Mg®" (Fig. 8c). Similar results were reported for gyroxin
from Crotalus durissus terrificus, which is partially and
completely inhibited by Ba®" and Cu®", respectively. Gyroxin
has also undergone the influence of Mn?", which was not
tested for collinein-1 (Barros et al. 2011).

Native and recombinant collinein-1 did not significantly
differ in efficiency to hydrolyze TAME, as demonstrated by
kinetic assays (Table 2). The similarities of the enzymatic
properties observed for collinein-1in native and recombinant
forms may reflect the conservation of crucial structures for
catalytic activity. The low divergence of the enzymatic activ-
ities of the native and recombinant collinein-1 reveals the
efficiency of the system of choice in producing correctly
folded and functionally active snake venom serine protease.

@ Springer

Over the past few years, the number of studies that use
P, pastoris system to produce bioactive molecules has sub-
stantially increased. This is reflected in the growing number
of protein that has been industrially produced in P. pastoris as
an alternative to some traditional employed methods, such as
Escherichia coli and Saccharomyces cerevisiae. P. pastoris is
one of the most productive eukaryotic expression systems
currently available and has been used in the production of a
diversity of functional proteins in soluble form, which are
easily purified from the culture medium (Macauley-Patrick
et al. 2005; Damasceno et al. 2012).

The interest in developing biotechnological strategies for
heterologous expression of SVSPs is due to the low yield of
these toxins when purified from the venom, precluding their
detailed functional characterization. Thus, the success in pro-
ducing an enzymatically active recombinant SVSP is impor-
tant not only to probe the biological and functional character-
ization of these enzymes but also to enable their future molec-
ular manipulations and therapeutic applications. The high sta-
bility of rCollinein-1, combined with the maintenance of na-
tive enzymatic properties, sheds light on perspectives in ap-
plying this toxin as possible biotechnological agents or as
models for developing new drugs for the treatment of a vari-
ous hemostatic disorders.
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