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Abstract

Background: Proteases play an important role for the proper physiological functions
of the most diverse organisms. When unregulated, they are associated with several
pathologies. Therefore, proteases have become potential therapeutic targets regarding
the search for inhibitors. Snake venoms are complex mixtures of molecules that can
feature a variety of functions, including peptidase inhibition. Considering this, the
present study reports the purification and characterization of a Kunitz-type peptide
present in the Dendroaspis polylepis venom as a simultaneous inhibitor of elastase-1
and cathepsin L.

Methods: The low molecular weight pool from D. polylepis venom was fractionated
in reverse phase HPLC and all peaks were tested in fluorimetric assays. The selected
fraction that presented inhibitory activity over both proteases was submitted to mass
spectrometry analysis, and the obtained sequence was determined as a Kunitz-type
serine protease inhibitor homolog dendrotoxin I. The molecular docking of the Kunitz
peptide on the elastase was carried out in the program Z-DOCK, and the program
RosettaDock was used to add hydrogens to the models, which were re-ranked using
ZRANK program.

Results: The fraction containing the Kunitz molecule presented similar inhibition
of both elastase-1 and cathepsin L. This Kunitz-type peptide was characterized as an
uncompetitive inhibitor for elastase-1, presenting an inhibition constant (K,) of 8 uM.
The docking analysis led us to synthesize two peptides: PEP1, which was substrate for
both elastase-1 and cathepsin L, and PEP2, a 30-mer cyclic peptide, which showed to
be a cathepsin L competitive inhibitor, with a K, of 1.96 uM, and an elastase-1 substrate.
Conclusion: This work describes a Kunitz-type peptide toxin presenting inhibitory
potential over serine and cysteine proteases, and this could contribute to further
understand the envenomation process by D. polylepis. In addition, the PEP2 inhibits
the cathepsin L activity with a low inhibition constant.
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Background

Snake envenomation is considered a public health problem
worldwide due to its ability to cause serious accidents that can be
potentially lethal if not promptly treated by the administration
of specific antiophidic serum. According to World Health
Organization (WHO) data, globally, around 5.4 million accidents
are reported per year, causing more than 435,000 amputations
and 81,000 deaths. Due to this high number of accidents, and
deaths, snakebite envenomation is considered a tropical neglected
disease since 2017 by the WHO [1]. On the other hand, despite
its toxicity, snake venoms are also a rich mixture of bioactive
compounds, which are a natural source of molecules that have
been used as a benefit for human health [2, 3]. Thus, toxins can
be used as drugs (or prototypes for the development of new
drugs) both for their selectivity and potency. This fact can be
well exemplified by bradykinin-potentiating peptides (BPPs), the
first natural inhibitors described for the Angiotensin Converting
Enzyme (ACE) [4]. BPPs, or proline-rich peptides, which are
toxins that cause hypotension, have been used to successfully
design an antihypertensive drug, captopril [5]. Because of this,
and other features of the small molecules present in snake
venoms, studies and research of these compounds are relevant.

Dendroaspis polylepis snakes, also known as black mambas,
inhabit a large portion of the sub-Saharan region and their
venom is considered one of the most potent among the
animal kingdom. The envenomation may cause hypotension,
tachycardia, paresthesia in the superior and inferior members
and respiratory failure in their victims [6]. Proteomics studies
revealed that the D. polylepis venom is mainly composed by
Kunitz-type molecules, which includes mamba dendrotoxins
(63%), three finger toxins (31%) and metallopeptidases (3%) [7].
The fact that this venom contains a significant number of Kunitz-
type molecules, not yet characterized as peptidase inhibitors,
was one of the main reasons for choosing this venom for the
development of the present work.

The first Kunitz molecule was purified from soybean and
was described as a potent trypsin inhibitor [8]. Later, many
other inhibitors with similar properties were identified, not
exclusively in plants, but also in animals and animal venoms
[9, 10], and the identification of new Kunitz-type inhibitors
is still being carried out. Currently, Kunitz-type molecules
are classified by presenting an amino acid chain of about 60
residues, which is stabilized by three disulfide bonds, granting
a characteristic fold [11]. To date, there are about 500 different
Kunitz-type molecules whose sequences are deposited in the
UniProt database and, although this family of inhibitors is
associated with the inhibition of serine proteases, Kunitz peptides
capable of inhibiting cysteine and aspartic proteases have already
been described, with the exception of metallopeptidases [12]. In
animal venoms, Kunitz molecules went through extraordinary
functional adaptations, that is, from protease inhibitors to
channel blocking neurotoxins. It is known that, during the
evolutionary history of these molecules, there was a loss of
protease inhibitory function and, consequently, a gain in other

functions, such as sodium and potassium channel blockers [13,
14]. These new functions had independent origins in several
animal phyla, including snakes [14]. A Kunitz molecule in a
snake venom that presents both channel-blocking and enzyme
inhibition properties had not been described until 2014, when
Yang and collaborators [15] described the BF9. This was the first
functionally characterized snake venom Kunitz peptide with
both protease and potassium channel inhibiting properties
[15]. The Kunitz molecules from snake venoms need in-depth
analysis, since the presence of these peptides is more related to
potassium channel inhibition activities [7] while the inhibitory
properties of proteases have been little studied.

Because of their important role in the regulation of several
physiological processes, proteases need to be present in adequate
amounts and locations. In addition, proteases need their activities
to be controlled so that the physiological processes occur in a
healthy way in organisms. Thus, the activity of a protease can be
controlled by factors such as pH, salt concentration, endogenous
inhibitors, among others. Therefore, a small imbalance, both in
the expression level and in the activity of these molecules, can
contribute to the appearance of pathologies [16]. In this scenario,
the search for peptidase-modulating molecules to control this
activity is important.

Considering the above, this work aimed to study a Kunitz-
type molecule present in the venom of D. polylepis that has
already been described as an ion channel blocker. The toxin was
selected from the low molecular weight portion of the venom
by screening inhibition over the activity of the serine peptidase,
elastase-1, and the cysteine peptidase, cathepsin L. This molecule
was purified, sequenced, biochemically characterized, and in
silico studies were carried out to verify the interaction of this
molecule with the two enzymes cited above. From the results
obtained by the in silico studies, two small peptides from the
Kunitz-type molecule were synthesized, and both had their
inhibitory properties towards the peptidases studied in this work.

Methods

Materials

The lyophilized crude venom of D. polylepis (From South
Africaand Kenya) were purchased from Latoxan SAS (Valence,
France). The two samples used comprised venoms from three
females andtwo males, all adults (Code L1309 - D. polylepis,
South Africa, Batch #625.011 and Code L1348 - D. polylepis,
Kenya, Batch #525.01). The pancreatic elastase (EC 3.4.21.36)
and the substrate Z-FR-MCA (used for cathepsin L assays)
were purchased from Sigma-Aldrich (St Louis, MO, USA). The
FRET substrate, Abz-FRSSRQ-EDDnp (used for elastase assays),
was kindly provided by Prof. Dr. Luiz Juliano Neto, from the
Department of Biophysics of UNIFESP-EPM. The recombinant
human cathepsin L (EC 3.4.22.15) was purchased from R&D
systems (EUA). The synthetic peptides were obtained by the
solid-phase peptide synthesis method and purchased from
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GenOne Biotechnologies (Rio de Janeiro, Brazil). Their HPLC
profiles and mass spectra analyses are present in Additional
file 1. The purity of all peptides was analyzed by reverse-phase
HPLC and the primary sequences were confirmed by analysis
of MS/MS. Acetonitrile and trifluoroacetic acid (TFA) were
obtained from J. T. Baker.

Obtainment of venom peptide pools and HPLC
fractionation

Lyophilized venoms (10 mg) from D. polylepis, from Kenya and
from South Africa, were dissolved in 0.05 M ammonium acetate
pH 4.2 in a final volume of 5.0 mL, and immediately filtered
through a Merck Millipore Amicon Ultracel 10 K centrifugal filter
device with a molecular mass cut-off of 10,000 Da (Tullagreen,
Carrigtwohill, IRL), in order to prevent proteolytic cleavage of
peptides by venoms. Filtrated solutions containing low molecular
mass fractions were injected (500 pL) in a reverse-phase HPLC
(Prominence, Shimadzu, Japan), using 0.1% trifluoroacetic acid
(TFA) in water, as solvent A, and acetonitrile and solvent A (9:1)
as solvent B. The separations were performed at a flow rate of
1 mL/min using a Restek Ultra C-18 column (4.6 x 150 mm)
and a 20-60% gradient of solvent B over 20 min. In all cases,
elution was followed by the measurement of ultraviolet absorption
(214 nm). The peaks were manually collected, dried and subjected
to enzymatic assays.

Searching for elastase-1 and cathepsin L inhibitors

Elastase enzymatic assays were conducted in Tris HCI 50mM,
NaCl 50 mM, pH 8.0 and, for cathepsin L, the buffer used was
sodium phosphate 50 mM, NaCl 200 mM, EDTA 5 mM, DTT
6.25 mM, pH 5.5.The reactions were initiated by the addition of
elastase-1 (100 ng) or cathepsin L (1 ng), using the substrates Abz-
FRSSRQ-EDDnp (5 M) and Z-FR-MCA (5 uM), respectively.
The enzymatic reactions were performed in a fluorimeter (Hidex,
Hidex sense 425-301, Finland), using 96-well plates (final volume
100 pL), adjusted for excitation and emission readings at 320
and 420 nm, respectively, for the FRET substrate, and excitation
and emission at 360 nm 480 nm, respectively, for the substrate
Z-FR-MCA. The peptidases inhibition assays were performed
using 20 pL of each collected peak, obtained from the HPLC
fractionations. The temperature remained constant at 37 °C
and one reading per minute was performed for 15 minutes, the
plates being shaken before each measurement. All assays were
performed in duplicate, and the specific activities were expressed
as units of free fluorescence of the cleaved substrates per pg
of peptidase per min (UF/ug/min). The fractions that showed
inhibition greater than 50% were analyzed by mass spectrometry.

Identification of the content present in the
inhibitory fractions by MS/MS

The selected fractions were dried and resuspended in 10 pL of
0.1% trifluoroacetic acid. Each sample (1 pL) was co-crystallized
with alpha-cyano-4-hydroxycinnamic acid (saturated solution

in acetonitrile/water/0.1% TFA) (matrix), placed in sampler
for drying and analyzed in a MALDI-TOF/TOF spectrometer
(Axima Performance, Shimadzu). Spectra were obtained using
the positive linear mode and a mass interval between 50 - 13,000
mass/charge (m/z). To sequence the peptides, the content of each
fraction was also subjected to a trypsin digestion (in solution),
as described [17]. Prior to the mass spectrometer analysis, the
samples were desalted (ZipTip® C-18 pipette tips, Millipore) and
dried. Each sample was resuspended in 30 uL of 0.1% formic
acid, and the LC-MS/MS analyses were carried out in the LTQ
Orbitrap Velos (ThermoScientific). The fractions were then
automatically injected into a 5 cm C-18 pre-column packed
with Jupiter 10 um resin (Phenomenex; 100 um I.D.) using
the Easy-nLC II system (Thermo Scientific). After the loading
process, the peptides were subjected to a chromatographic
separation in a 10 cm C-18 column packed with AQUA 5 pm
resin (Phenomenex; 75 um I.D.) at a constant flow rate of 200 nL/
min. The peptides were separated with a gradient of 5-15%
B (B: 0.1% formic acid in acetonitrile) in 10 min; 15-35% B
in 30 min; 35-85% B in 5 min; 85-5% B in 2 min and 5% B
in 8 min. The MS and MS/MS spectra were acquired by the
Orbitrap module (scan range: 400-2000 m/z; full scan resolution:
30,000; scan resolution of MS/MS: 7,500). The eluate was electro-
sprayed at + 1.8 kV and the instrument was operated on Data
Dependent Acquisition (DDA), where the ten most intense
ions per scan were selected for fragmentation by HCD (higher-
energy collisional dissociation). The dynamic exclusion time
used was 90 s repeating in intervals of 30 s. The MS and MS/
MS spectra were submitted to bioinformatics analyses using
the PEAKS Studio 8.5 software (Bioinformatics Solutions Inc.).
De novo analyses were performed with tolerances of 15 ppm
and 0.025 Da for precursor and fragment ions, respectively.
Methionine oxidation, carbamidomethylation and deamidation
were considered variable modifications. The obtained sequences
were confronted with the “animal toxins annotation project”
UniProt data available in https://www.uniprot.org/program/
Toxins.

Characterization of Kunitz-type peptide from
D. polylepis peptide pool as elastase-1 inhibitor
To determine the inhibition constant (K) of the peptide, firstly
the Michaelis-Menten constant (K ) for the Abz-FRSSRQ-
EDDnp hydrolysis by elastase-1 was obtained. For this, the
concentrations of 2.5 uM, 5.0 uM, 10.0 uM, 15.0 uM, 25.0 uM
and 50.0 uM of the substrate were used, in Tris 50 mM, NaCl
50 mM pH 8.0. Initial rates were determined at an enzyme
concentration (100 ng) that would hydrolyze less than 10%
of the substrate. The kinetic parameters (K _and V) were
calculated by Michaelis-Menten equation using the Grafit 5
software (Erithacus Software, West Sussex, UK), as previously
described [18]. All experiments were performed in duplicate.
The Kunitz-type peptide quantification was determined by the
BCA method [19] using insulin as standard (5 ug/uL, 10 ug/uL,
25 ug/uL, 50 pg/uL e 100 ug/uL). To determine the mechanism of
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action of the Kunitz-type inhibitor, two concentrations of Abz-
FRSSRQ-EDDnp, 6.8 uM and 3.4 uM, and two concentrations of
the purified peptide, 0.63 uM and 0.94 uM, were utilized. For each
substrate concentration it was made a control test (absence of
the peptide). The assays were performed in duplicate and during
all experiment the consumption of substrate was maintained
under 10%. The reactions were monitored in the fluorimeter,
as described above, and were analyzed in the Grafit 5 software
(Erithacus Software, West Sussex, UK). The mechanism and
the inhibition constants were determined through the Dixon
plot (1/V x [I]) equation [20]. The plot was made in the software
GraphPad Prism 5.

Docking analysis and prediction of the interaction of
the Kunitz-type peptide and elastase-1

For these analyses, the coordinates of elastase-1 in complex
with a Kunitz-type molecule (mutant ShPI-1 Lysl3Leu)
were obtained from the Protein Data Bank (PDB ID: 3UOU;
resolution 2.00 A) and used as template. The molecular docking
was performed using the program Z-DOCK [21]. The binder
models were also obtained from the Protein Data Bank (PDB
ID: 1DEN, 29 RMN models). Among these models, 26 were
selected due to the presence of a larger variance among each
other, and measurements were made by the RMSD. For each
model, 2,000 solutions were predicted, generating a total of
52,000 models. The addition of hydrogens in these models was
made using the RosettaDock program, and the 52,000 model
were re-ranked by the ZRANK program. This methodology was
adapted from Pierce and Weng [22]. The contact surface of the
theoretical complex, and amino acid residues interactions in the
intermolecular interface of the models that indicated the better
interactions between the ligand-receptor, were assessed with
LigPlot + version 1.4 [23]. The models were visualized using
PyMOL Molecular Graphics System, Version 2.0 Schrédinger,
LLC.

Stability test of the synthetic peptides

The synthetic peptides PEP1 and PEP2 (50 mM) were incubated
with elastase-1 (300 ng), in Tris 50 mM, NaCl 50 mM pH 8.0
buffer, and cathepsin L (10 ng), in 50 mM, NaCl 200 mM, EDTA
5 mM, DTT 6.25 mM pH 5.5 buffer, at 37 °C in two different
time intervals, 4 hours and overnight. Samples containing only
the synthetic peptides were used as negative control. After
incubation, samples were analyzed, in duplicate by reverse phase
chromatography on HPLC, using a Shim-pack C-18 column in
the same conditions described above.

Characterization of PEP2 as cathepsin L inhibitor

To obtain the Michaelis-Menten constant (K ) of the Z-FR-MCA
hydrolysis by cathepsin L (1 ng), 1 M, 2.5 uM, 5.0 uM, 7.5 uM,
12.5 uM, 15 pM, 20 uM concentrations of Z-FR-MCA substrate
were tested in 50 mM, NaCl 200 mM, EDTA 5 mM, DTT 6.25
mM pH 5.5 buffer (final volume of 100 pL).The reactions were

continuously monitored (fluorescence at A, 480 nm and A
360 nm) in a fluorimeter (425-301 Hidex, Finland), as described.
The maximum speed (V) and the K were obtained in the
Grafit 5 software. All experiments were performed in duplicate.
To determine the mechanism of inhibition and the inhibition
constant (K) of inhibitor PEP2, two concentrations of the Z-FR-
MCA,52uM (2K )and 7.8 (3K ), and three concentrations of
the inhibitor PEP2, 1 uM, 2.5 uM and 5 uM, were used. Samples
without PEP2 for each substrate concentration were utilized. The
experiments were carried out in duplicates and the consumption
of the substrate was maintained under 10%. The results were
analyzed in the Grafit 5 software. The mechanism and the
inhibition constants were determined through the Dixon plot
(1/V x [I]) equation [20], using the software GraphPad Prism 5.

Results

Fractionation of D. polylepis venoms

The RP-HPLC separation of the low molecular mass constituents
(< 10 kDa) from the venom of D. polylepis (from South Africaand
Kenya) showed the profile displayed in the Figure 1 (panels A and
B, respectively). The peaks were manually collected and screened
using Z-FR-MCA and Abz-FRSSRQ-EDDnp as substrates to
select the fractions of interest that were able to inhibit both
cathepsin L and elastase-1, respectively.

Chromatographic profiles of both D. polylepis venoms were
relatively similar, but not identical, as there are differences in
intensity, and some peaks are unique to each venom sample.
The peak number 8 of D. polylepis venom from South Africa
(DPSA8) and number 9 of D. polylepis from Kenya (DPKEN9)
presented close retention time on C18 column and showed similar
inhibition in the screening process, both for elastase-1 and for
cathepsin L. In both cases, the inhibition was approximately
50% (Figure 1, panel C) and, therefore, the DPSA8 and DPKEN9
peaks were analyzed by MALDI-TOF and LTQ Orbitrap mass
spectrometry. The MALDI-TOF spectra results were equal for
both samples, showing the existence of one major peak with
7128.4 Da (Figure 2).

Identification and coverage of DPSAS8

The Orbitrap/PEAKS analysis of DPSA8 and DPKENOY resulted
in identification of an already described dendrotoxin from the
D. polylepis venom (P00979), showing a coverage of 87% of its
primary sequence for analyses of both samples (Figure 3, panels
A and B, respectively). All peptide fragments are shown in
Additional file 2 and Additional file 3, respectively. As expected,
both peaks, DPKEN9 and DPSAS8, contains the same molecule.

This molecule was described by Robertson and collaborators
[24] in the venom of D. polylepis as a Kunitz-type serine protease
inhibitor homolog dendrotoxin I (Uniprot ID P00979) with
potassium channel blocker activity (IC_ = 0.13-50 nM). However,
this peptide has not yet been described as a peptidase inhibitor.
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Figure 1. C18-LC-HPLC chromatographic profile and fractions collected from the peptide pool from the venom of Dendroaspis polylepis from (A) South Africa
and from (B) Kenya. The blue line represents the concentration of B solution, flow: 1 mL/min. (C) Percentage of inhibition of catalytic activities of elastase-1 and

cathepsin L by the fractions DPSA8 and DPKEN9 (20 pL),

Figure 2. MALDI-TOF spectra (m/z) of the content present in the sample DPKENO.

Kunitz-type peptide as an inhibitor of elastase-1

Continuing the characterization of the peptide, its inhibition
properties on the elastase-1 activity were performed. Before
starting the kinetic analysis with the Kunitz-like peptide and
elastase-1, the concentration range of the peptide to be used
was determined. For this purpose, the inhibitory effect of the
peptide at concentrations of 0.63 uM, 0.94 uM, 1.26 uM and
3.52 uM was analyzed. Since the Kunitz-like peptide doses of

1.26 uM and 3.52 uM resulted in elastase inhibitions above 70%
(data not shown), concentrations of 0.63 pM and 0.94 were used
to determine the Ki value and the inhibition mechanism of the
peptide. After, it was necessary to determine the Michaelis-
Menten constant (K, ) of the Abz-FRSSRQ-EDDnp substrate
cleavage by the elastase-1. The experimental procedure was
described in the methodology section, and the K was settled
as 10.65 pM (Additional file 4).
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Figure 3. Sequences of the molecule present in the samples named (A) DPSA8 and (B) DPKEN9. The samples were subjected to a tryptic digestion and the
LTQ Orbitrap results of the digested fragments were confronted with the database. In blue, peptides found with their respective modifications, in gray, the
sequences of the de novo only with 100% of coverage, in red the carbamidomethylationof the cysteine residues. C: carbamidomethylation (+57.02). The results
showed that the molecule is a Kunitz-type serine protease inhibitor homolog dendrotoxin | (Uniprot ID P00979).
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To determine the inhibition mechanism of the Kunitz-type
peptide over the elastase-1, fluorimetric assays were carried out
as described in the methodology section. It was drawn curves
on a Dixon plot (1/V versus [I]) (Figure 4), and the mechanism
of inhibition was determined as uncompetitive inhibitor. The
K, value was calculated by the intercept of the trend lines with
the abscissa axis, following the equation -K,= (1 + K /[S]) [20].
Thus, the value of the inhibition constant obtained was K, = 8 uM.

Molecular docking of the Kunitz-type peptide with
elastase-1

Considering the results of inhibition, it was concluded that there
is interaction between the peptide and elastase-1. Taking this
into account, molecular docking analyses between these two
molecules were carried out. It is also important to point that this
peptide is not an elastase-1 substrate, since this molecule showed
to be stable even after an overnight incubation (data not shown).
The results are in accordance with the inhibition mechanism
described, since that from the 40 models with the highest scores
obtained, only two showed interaction of Kunitz-type peptide
with the catalytic site of elastase-1, which includes the model
with the highest score. The Figure 5 shows the predicted models
with interaction in the catalytic site (Figure 5, panels A and

B), showing the interactions of the amino acids His71, Asp119
and Ser214, that compose the catalytic triad of the peptidase,
and the residues 25 to 31 of the peptide, which comprises the
sequence YNQKKKQ. The Figure 5 (panels C to F), shows the
interaction of the peptide with elastase-1 in regions that are not
the catalytic site of the peptidase. Both interactions are close to
the alpha-helix of the C-terminal region of the peptidase. In these
models (panels C and D) it is possible to see the amino acids 40
to 44 (CGGNS sequence) of the peptide near to the alpha-helix
mentioned above. The Figure 5 (panels E and F) indicates an
interaction of the peptide with a region of elastase-1 near to
the observed in the panels C and D, however, in this model,
the peptide region that interacts with elastase-1 comprises the
amino acid residues 29 to 36 (KKQCEGFT sequence).

Synthesis of the peptides

Based on the results of docking analysis, two peptides were
synthesized, minding the interaction presented in the models
to create a rational design of each peptide. The first peptide,
named PEP1, was designed using the data from the models
that showed no interaction of Kunitz-type peptide with the
catalytic site. The sequence of PEP1 is KKQCEGFTWSGCGGNS,
which comprises the amino acids 29 to 44 from the peptide (the

Figure 4. Dixon Plot built with the results of the inhibition assay of the elastase-1 activity over the FRET substrate Abz-FRSSRQ-EDDnp (3.40 and 6.80 pyM), in
the presence of the peptide (0.63 and 0.94 pM). The parallel lines indicate that there is the uncompetitive mechanism of inhibition. The inhibition constant was

set as 8 M. The graphic was made in the software GraphPad Prism 5.
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Figure 5. (A) Z-DOCK 3D model, Kunitz-type peptide in blue (YNQKKKQ region in yellow), elastase-1 in green and the amino acid residues of the catalytic
triad plus the $?'* in red. (B) LigPlot 2D representation of the interactions of the YNQKKKQ region of the peptide and peptidase. (C) z-dock 3D model, peptide
in blue (CGGNS region in yellow), elastase-1 in green and the amino acid residues of the catalytic triad, plus the S*'* in red. (D) LigPlot 2D representation of the
interactions of the CGGNS region of the peptide and peptidase. (E) Z-DOCK 3D model, peptide in blue (KKQCEGFT region in yellow), elastase-1 in green and
the amino acid residues of the catalytic triad plus the S?'* in red. (F) LigPlot 2D representation of the interactions of the KKQCEGFT region of the peptide and

peptidase.
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underlined amino acid residues are the ones represented in
yellow in the Figure 5, panels C to F). This peptide is constituted
by two different interacting regions of peptide according to the
models: the fragment KKQCEGFT (Figure 5, panels E and F,
amino acid residues 29 to 36) and CGGNS (Figure 5, panels C
and D, amino acid residues 40 to 44), connected by the tripeptide
WSG (original from the Kunitz-type molecule). This peptide

is composed by 16 amino acid residues and molecular mass
of 1689.01 Da, theoretical pI of 8.05 and is considered stable,
according to the instability index (value of 12.48). The value of
the GRAVY index is -0,956 which means that this peptide is
a hydrophilic peptide. The structure prediction made by PEP-
FOLD software (Figure 6) showed that this peptide is disposed
in a linear structure.

Figure 6. (A) Predicted 3D model of PEP1 (KKQCEGFTWSGCGGNS) in the PEP-FOLD server, carbon in gray, hydrogen in white, nitrogen in blue, oxygen in
red and sulfur in yellow. (B) Predicted 3D model of PEP1 (PGRCYQKIPAFYYNQKKKQVEGFTWSGCGG) in the PEP-FOLD server, carbon in gray, hydrogen in

white, nitrogen in blue, oxygen in red and sulfur in yellow.
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The PEP2, which has the sequence PGRCYQKIPAFYYNQKK
KQVEGFTWSGCGG, is made up the tripeptide CGG, from
the sequence CGGNS (Figure 5, panels C and D, amino acid
residues 40 to 44). The PEP2 also contains the YNQKKKQ
sequence (amino acids in peptide positions 25 to 31), and this
fragment corresponds to the peptide region that interacted with
the catalytic site of elastase-1. The KKQVEGFT sequence (amino
acids 29 to 36) is also present in the PEP2 and, in the peptide,
the original sequence is KKQCEGFT, but the residue Cys of this
fragment was substituted by a residue of Val. The modification
aimed to design a cyclic peptide, but with a disulfide bond
between the C- and N-terminal Cys residues (Cys4-Cys28). For
this, the PGRCYQKIPAFY sequence was incorporated in the
PEP2, enabling the formation of a disulfide bond and exposing
the region that contains the YNQKKKQ sequence to interact
with the active site of the elastase-1. In addition, Val is a preferred
amino acid at position P1 for substrates of elastase-1 and position
P3 for substrates of cathepsin L [25]. PEP2 is composed by 30
amino acid residues, presenting a molecular weight of 3,439.95
Da, theoretical pl is 9.46, and it is considered stable, according
to the instability index (value of 29.25). The value of the GRAVY
index is -0.933 which means that this peptide is hydrophilic.
The structure prediction made by PEP-FOLD software (Figure
6B) showed that this peptide is disposed in a folded structure
that expose the fragment YNQKKKQ.

Stability of PEP1 and PEP2 against hydrolysis by
elastase-1 and cathepsin L

The stability of synthetic peptides, PEP1 and PEP2, was evaluated
as described in the methodology. The integrity of both was
assessed by C18-RP-HPLC chromatographic profiles and, both
PEP1 and PEP2 were not stable under the elastase-1 activity. The
PEPI was also hydrolyzed by cathepsin L; however, the PEP2 was
not degraded in incubation of 4 and 16 hours (data do not show).

PEP2 as a cathepsin L inhibitor

For the biochemical characterization of the PEP2 as an inhibitor
of cathepsin L, it was necessary to determine the Michaelis-
Menten constant (K ) of the Z-FR-MCA substrate for cathepsin
L hydrolysis, which was set as 2.65 pM (Additional file 4). The
mechanism of inhibition as well as the inhibition constant of
PEP2 were determined performing fluorimetric assays, utilizing
4 different concentrations of the inhibitor and two different
concentrations of the substrate (2 and 3 K ) Z-FR-MCA. The
velocities were obtained and used to construct the Dixon plot
(1/V vs [I]). The results are shown in the Figure 7, and the
line intersections in the second quadrant indicates that the
mechanism of inhibition is competitive, and the value of the
inhibition constant was set as 1.96 uM.

1/v 0.0012
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S \
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Figure 7. Dixon plot graphic of the inhibition of the cathepsin L activity over the Z-FR-MCA (5.2 and 7.8 uM) by the peptide PEP2 (0; 1.0; 2.5 and 5.0 pM). The
intercept in the second quadrant indicates the competitive mechanism of inhibition. The inhibition constant has the value of 1.96 uM.
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Discussion

Snakes from the D. polylepis species inhabit mainly the central,
east, west and south regions of the sub-Saharan Africa region
[26]. This species lives in the savannahs, forests and among the
rocks. It feeds on small mammals as rats, squirrels and bats, as
well as small birds. Considering that most of the venom of D.
polylepis is composed by low molecular mass peptides [7], this
study aimed to verify the inhibitory property of the peptide
portion of this venom upon two medically important peptidases.

In this work, D. polylepis venoms from two African
countries were used: South Africa and Kenya. Although the
chromatographic profiles of the low molecular weight pools
of the two venoms show similarities, differences between the
signal intensities, and exclusive components of each sample, were
observed. One of the factors that may explain these differences
is the geographical distance between South Africa and Kenya,
which is about 4000 km apart. In fact, differences between venom
compositions from the same species of snake, but from different
locations, have already been reported. There are examples
of intraspecific variation in snake venom between Crotalus
scutulatus venoms from two populations, Arizona and California
- USA, which showed a notable difference in the LD, value
when injected into rats [27]. Another example is the difference
in HPLC profiles, transcriptomic and proteomic analyzes of
venoms from populations of Bothrops jararaca collected in the
southwest and south of the Brazilian Atlantic forest [28].

Regarding the similarities of the samples studied in this work,
it is clear that the retention time and signal intensity on the
HPLC profile are similar for the peaks 2, 3 and 4. In addition to
these, other peaks that stood out in the issue of similarity were
the peaks DPSAS8 (South Africa) and DPKEN9 (Kenya), both in
signal intensity and retention time. In fact, the similarities for
these peaks go beyond the HPLC profile, since these fractions
were able to inhibit the elastase-1 and cathepsin L in a very
near percentage in the initial screening. Finally, it was observed
a peptide with the same molecular mass in both peaks, and
the primary sequence analyzes confirmed the presence of the
peptide, called “Kunitz-type serine protease inhibitor homolog
dendrotoxin I” (Uniprot ID P00979), with coverage above 85%.
These results indicate that this molecule is preserved in D.
polylepis venom, despite the geographic distance of the specimens
where the venom came from. This fact led us to consider the
importance of this molecule in the D. polylepis venom.

The P00979 tridimensional structure was elucidated by
NMR analysis [29] and, after, this peptide was described as a
dendrotoxin, with a potent potassium channel blocking action
(IC,,=0.13-50 nM), but its possible protease inhibitory activity
has not been investigated [24]. It is worth to say that dendrotoxins
are a class of presynaptic neurotoxins present in the venom of
snakes of the Dendroaspis genus, and that is why these toxins
are called this way. Despite being largely studied as potassium
channel blockers in neurons, dendrotoxins have high structural
homology to Kunitz-type inhibitors. Thus, the high structural

similarity between dendrotoxins and Kunitz-type inhibitors
is related to the evolutionary history of these molecules, some
of which have lost the function of protease inhibition with
consequent gain in the ability to perform the function of ion
channel blockers [13, 14]. These new functions had their origin
in the several animals, including the order Squamata class, and,
more specifically, in snakes [14]. Just recently a Kunitz peptide
was described as able to inhibit a peptidase, K of 18 nM for
chymotrypsin, and as a potassium channel blocker, Kv1.3, IC, |
of 120 nM [15], simultaneously.

Although the Kunitz-type peptide has already been described
as able to block ionic channels [24], this work describes for the
first time that this peptide is also able to inhibit proteases from
different classes, elastase-1 and cathepsin L. Regarding this
double inhibitory activity, it is worth mentioning that Kunitz
type inhibitors capable of inhibiting cysteine proteases have
been described [30, 31], but not serine proteases simultaneously.
The kinetic analyses of this peptide as an elastase-1 inhibitor
showed that the peptide has a K of 8 uM, and an uncompetitive
mechanism of inhibition. When the K, value obtained in elastase-1
assays is compared with others from Kunitz molecules present in
animal venoms, the potency of the peptide here described is lower
concerning the inhibition of serine peptidases. For instance,
there is a Kunitz molecule, purified from sea anemones, that
has the inhibition constant in the order of nM for the elastase-1
inhibition [32]. It is important to note that no other serine protease
inhibitions, such as trypsin and chymotrypsin, were observed
(data not shown). The uncompetitive inhibition mechanism for
elastase-1 inhibition is unusual, since only Kunitz molecules
have been described that have the competitive mechanism
[33], as well as Kunitz with non-competitive mechanism [34,
35]. Hence, this is the first time that a Kunitz-type molecule is
described as an uncompetitive inhibitor.

The fact that Kunitz-type peptide presents inhibition of serine
and cysteine peptidases, and was described as voltage-gated
potassium channels blocker was unexpected, and led us to
verify the interaction of this molecule via docking analyses.
Considering the results, two models presented interaction with
regions different than the elastase-1 catalytic site, which is in
accordance with the determined uncompetitive mechanism of
inhibition. The third model showed an interaction of a peptide
region, amino acids 25 to 31 and sequence YNQKKKQ, with
the catalytic site of elastase-1. Despite this result, the preferred
amino acid residues for the interaction of elastase-1 with the
substrate are not observed in this portion of the peptide, that is,
alanine or valine residues in the P1 position. On the other hand,
the presence of three lysine residues draws attention, as they can
interact with the subsites S2, S1 and S3 of the elastase-1 [25].

Considering the results and the exposed above, two peptides
were synthesized, peptides PEP1 and PEP2. The PEP1 is a
linear peptide with sequence KKQCEGFTWSGCGGNS,
which is homologous to amino acid residues 29 to 44
of the Kunitz peptide, and was not stable towards the
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elastase-1 and cathepsin L. PEP2, which has the sequence
PGRCYQKIPAFYYNQKKKQVEGFTWSGCGG, is a cyclic
peptide consisting of 30 amino acid residues and has the same
composition as amino acid residues 13 to 42 of the Kunitz
peptide, with the exception of cysteine 32, which has been
replaced by a valine residue.

Although PEP2 was a substrate for the elastase-1, it showed to
be stable towards cathepsin L activity. Even more relevant, this
peptide was determined as a competitive inhibitor of cathepsin
L, with a K value of 1.96 uM. Even though this peptide is a
competitive inhibitor it is not possible to say that PEP2 binds to
the catalytic site of the cathepsin L, as there are diverse feasible
molecular mechanisms by which a protease may bind either
the inhibitor or the substrate, but never both at the same time.
The fact that the PEP2 is a good inhibitor of the cathepsin L
shows that is possible to synthesize fragments of a Kunitz-type
molecule that maintain the inhibitory capacity. Ex vivo studies
are being carried out to verify the potential of PEP2 as a cathepsin
L inhibitor in tumor cell culture.

Conclusion

In this work, the inhibition of elastase-1 and cathepsin L by
a Kunitz-type peptide (Uniprot ID P00979) present in the
low molecular mass portion of the D. polylepis venom was
demonstrated. This peptide had previously been described as
a dendrotoxin, indicating that other molecules of this toxin
class may have a dual function: potassium channel blocker
and protease inhibitor. The molecular docking analyzes of
Kunitz peptide with elastase-1, together with knowledge about
the primary specificity of cathepsin L, served as the basis for
the rational design of PEP2, and this proved to be an efficient
inhibitor of cathepsin L, with a K, of 1.96 uM. Thus, toxins
present in snake venoms have great potential to serve as a basis
for the design of new molecules with potential biotechnological
application.
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