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ABSTRACT
Trypsin inhibitors from tamarind seed have been studied in vitro and in preclinical studies for the treat-
ment of obesity, its complications and associated comorbidities. It is still necessary to fully understand the
structure and behaviour of these molecules. We purifed this inhibitor, sequenced de novo by MALDI-TOF/
TOF, performed its homology modelling, and assessed the interaction with the trypsin enzyme through
molecular dynamics (MD) simulation under physiological conditions. We identified additional 75 amino
acid residues, reaching approximately 72% of total coverage. The four best conformations of the best
homology modelling were submitted to the MD. The conformation n�287 was selected considering the
RMSD analysis and interaction energy (–301.0128 kcal.mol�1). Residues Ile (54), Pro (57), Arg (59), Arg (63),
and Glu (78) of pTTI presented the highest interactions with trypsin, and arginine residues were mainly
involved in its binding mechanism. The results favour bioprospecting of this protein for pharmaceutical
health applications.
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Introduction

Proteolytic enzymes are critical elements for several biological
events, such as digestion, healing, viral replication and the blood
clotting cascade, and these processes must be regulated with
great precision1,2. Within proteolytic enzymes, more than a third
are serine proteases (EC 3.4.21), which are subdivided into families
according to catalytic mechanisms and specificity, especially the
S1 peptidase family, with trypsin (EC 3.4.21.11) as the most repre-
sentative member being mainly related to the digest-
ive process3–5.

The proteolytic enzymes are regulated by protease inhibitors
(PIs) and these natural regulators are present in multiple forms in
the animals, plants and microorganisms1,2. The purification and
characterisation of PIs biomolecules may lead to a molecule with
structure and functions and used as a potential biomolecule for
herbal medicine nutraceutical or even a medicine6–8.

The trypsin inhibitors from tamarind seed have already been
studied from the perspective of biotechnology and health applica-
tions in vitro and in preclinical studies9–14. In our previous studies,
eutrophic Wistar rats fed with partially purified trypsin inhibitor
from Tamarind seeds (TTI) increased serum levels of the

cholecystokinin (CCK) hormone, reduced food consumption and
weight gain without altering true digestibility13. On the other
hand, Costa et al.15, evaluating the effect of TTI on plasma CCK
and leptin in Wistar rats with diet-induced obesity, found no
increases in CCK with TTI treatment, despite decreased leptin con-
centrations. The treatment with TTI in Wistar rats with diet-
induced obesity and metabolic syndrome (MS) reduced food con-
sumption and the plasma concentration of tumour necrosis factor-
alpha (TNF-a) regardless of weight loss, characterising TTI as a
molecule with anti-inflammatory characteristics11.

To increase its potential effect, TTI was nanoencapsulated in
chitosan and whey-protein (ECW), and results revealed an
improvement in the function and stability of TTI12. In another
study, ECW induced a significant reduction in fasting blood glu-
cose in Wistar rats fed with a high glycemic index and glycemic
load diet (HGLI)16. In addition, nanoencapsulation protected TTI
and promoted the controlled release in vitro simulations of diges-
tion under physiological conditions16. Also, TTI nanoparticles
revealed no cytotoxic effect in intestinal cell lines (Caco-2 and
CDD18-Co), nor significant changes in hematological parameters,
liver and kidney functions monitored by blood markers in Wistar

CONTACT Ana Heloneida de Ara�ujo Morais aharaujomorais@gmail.com Department of Nutrition, Center for Health Sciences, Federal University of Rio Grande
do Norte, Natal, RN 59078-970, Brazil

Supplemental data for this article can be accessed here.

� 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY
2021, VOL. 36, NO. 1, 480–490
https://doi.org/10.1080/14756366.2021.1876686

http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2021.1876686&domain=pdf&date_stamp=2021-12-06
http://orcid.org/0000-0002-1354-0116
http://orcid.org/0000-0002-6793-6386
http://orcid.org/0000-0001-9591-5593
http://orcid.org/0000-0003-3222-4001
http://orcid.org/0000-0003-2955-8174
http://orcid.org/0000-0002-5847-5733
http://orcid.org/0000-0003-4372-2161
http://orcid.org/0000-0002-0724-1961
http://orcid.org/0000-0002-6460-911X
https://doi.org/10.1080/14756366.2021.1876686
http://creativecommons.org/licenses/by-nc/4.0/
http://www.tandfonline.com


rats under a HGLI diet17, representing a promising formulation for
the clinical application.

Another study purified the trypsin inhibitor from Tamarind
seeds (pTTI), verifying it was a competitive inhibitor with
19.578 kDa, resistant to high temperatures and extreme pH10.
Medeiros et al.10 also evaluated the effect of pTTI on plasma CCK
and leptin in Wistar rats with diet-induced obesity, and results
similar to the partially purified TTI were found15, without altering
CCK concentrations, but reducing leptin, suggesting an improve-
ment in the leptin resistance profile, a characteristic present in
obesity and SM. Further, Carvalho et al.18 indicated pTTI, was able
to reduce molecular and plasm levels of TNF-a (tumour necrosis
factor-a), VLDL-C (very-low-density lipoprotein-cholesterol), and TG
(triglycerides) in Wistar rats with diet-induced dyslipidemia. Thus,
we have a protein with beneficial biological effects in experimen-
tal studies applied in the context of obesity and associated
complications.

However, information about a better understanding of the
structure and physical-chemical properties of pTTI are important
for pTTI function’s enlightenment. Once the variety of bioactive
compounds, such as PIs, in nature is limited, synthetic peptides
presenting similar biological activity may be an alternative to
overcome this barrier19,20.

Comprehension of the antitrypsin activity mechanism and its
structure, through molecular dynamics (MD) under physiological
conditions, may contribute to future research, such as in the syn-
thesis of a bioactive peptide from pTTI. It is of great scientific
interest to understand the interactions between biomolecules that
are involved in biological reactions, especially those that are
related to diseases at a global level, such as obesity, metabolic
syndrome and its associated comorbidities; and to achieve this
study objective, MD appear as an important computational tool21.

According to several discoveries in preclinical studies, biological
activities attributed to TTI and considering this molecule is limited
in nature, it is important to expand the protein identification to
provide technical and scientific advances, such as the generation
of bioactive peptides derived from the pTTI that attract the inter-
est of the pharmaceutical industry. In this present work, the pro-
tein sequence of pTTI was extended, homology modelling was
performed, and its interaction with the enzyme trypsin was vali-
dated using MD simulation.

Materials and methods

Plant material

The tamarind (Tamarindus indica L.) fruit, was obtained from the
seed bank in Natal-RN, Brazil, and registered in the National
System for the Management of Genetic Heritage and Associated
Traditional Knowledge under the number AF6CE9C. The pulp was
removed, the seeds were peeled and ground, and used for
the procedures.

Purification and sequencing of the tamarind seed
trypsin inhibitor

pTTI purification and preparation for MSMS analysis
The purification process was performed according to Medeiros
et al.10. The disulphide bridges from cys were reduced, and the
free thiol groups alkylated to obtain the protein’s secondary struc-
ture. The reduction and alkylation steps were carried out accord-
ing to Medeiros et al.10 and the reduced and alkylated pTTI
fractions were subjected to chromatographic analysis. The

procedure was performed on reverse-phase HPLC on an analytical
column (Pharmacia Biotech mRCP C2/C18 ST 4.6/100mm, 120Å,
cod. No.175057–01). Solvent A (analytical water grade þ 0.1% of
trifluoroacetic acid (TFA)) and B (acetonitrile (ACN) þ 0.1% TFA)
were used. The pTTI purification was performed using the follow-
ing gradient steps: three minutes with 5% of solvent B, to desalin-
ate and remove the surfactant from the sample, a linear gradient
of 5–95% of solvent B in 22min (4.09% B.min�1), and a final step,
of 5min at 95% of solvent B, with a flow of 1mL.min�1, moni-
tored by UV detection at 216 nm for peptide detection and
280 nm for aromatic ring detection, in a run of 30min.

Proteolytic digestion of pTTI and MALDI-TOF/TOF MS/MS mass
spectrometry
The cleavage of the reduced and alkylated pTTI was performed
with two sequencing grade proteolytic enzymes, according to the
manufacturer’s instructions: trypsin (Sequencing Grade Modified
Trypsin, Promega trypsin, v511A), with the use of surfactant
(RapiGest SF, Water, Part 186001861) and endoproteinase GluC
(Staphylococcus aureus Protease V8–Typical GluC Digest, P8100).

The products generated by the enzymatic cleavages with tryp-
sin and GluC were centrifuged at 24,500 � g and 6 �C for 30min,
and the supernatants were eluted in a linear gradient of 5–95%
solvent B in a C18 analytical column (Pharmacia Biotech mRCP C2/
C18 ST 4.6/100mm, 120Å, cod. No.175057–01) with a flow of
1mL.min�1. Each fraction was collected manually and analysed by
mass spectrometry using MALDI-TOF/TOFMS/MS in positive mode.

Then, they were analysed in an ultrafleXtreme mass spectrom-
eter (Bruker Daltonics, Bremen–Germany) after mixing 1:3 (v/v)
with saturated solution of a-cyano-4-hydroxycinnamic acid
(a-CHCA) (5mg CHCA, 250 lL of ACN, 50lL TFA 3% and 200 lL of
deionised H2O) and application in MALDI plate. The MS and spec-
tra were obtained in positive reflected mode in the range of m/z
between 700 and 4500 and MS/MS spectra were acquired in the
same mass range in LIFTTM method after external calibration using
calibration standards (Protein Calibration Standard I and II) (Bruker
Daltonics, Bremen–Germany). The new sequencing of the pTTI
triptych fragments was performed by signalling and manual inter-
pretation of the spectra, using the FlexAnalysis 3.4 software
(Bruker Daltonics, Bremen–Germany).

Computational methods

Multiple alignments
The pTTI protein sequence obtained by MS/MS was compared
with other sequences present in the protein database of NCBI
(National Centre for Biotechnology Information) (https://www.ncbi.
nlm.nih.gov/) and PDB (Protein Data Bank proteins) files sing the
BLASTp algorithm (Basic Local Alignment Search Tool–protein)22

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), with multiple alignments
of protein sequences on the Clustal Omega server23 (https://www.
ebi.ac.uk/Tools/msa/clustalo/).

Homology modelling and validation of predicted models
The three-dimensional structure of the pTTI was determined based
on multiple alignments with the four proteins, of vegetable origin,
with the highest percentage identity (% ID) deposited on the NCBI/
PDB24 database server: 4AN7_B, 4AN6_A14, 4J2K_A25 and 1TIE_A26

(https://www.rcsb.org/). Amino acids from the sequence with higher
% ID protein sequence were used (4AN7_B) to fill the gaps14.
Homology modelling was performed in the Modeller27 9.21 program
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(https://salilab.org/modeller/) to create 150 models, and models with
the highest negative modules Discrete Optimised Protein Energy
(DOPE) values were selected28 and validated by MolProbity server29

(http://molprobity.biochem.duke.edu/), according to the following
parameters: residues with bad bonds, residues with bad angles,
MolProbity score and Ramachandran plot. The model showing better
stability and less steric impediment was chosen as the three-dimen-
sional structure of the pTTI.

Conformations
The best homology model of the pTTI, was used to generate 500
different conformations through CONCOORD (from CONstraints to
COORDinates)30 version 2.1.2 (https://www3.mpibpc.mpg.de/
groups/de_groot/concoord/), according to geometric restrictions,
which are based on the strength of the interaction and with a set
of upper and lower geometric limits, for all pairs of atoms in inter-
action30. From all conformations generated by the program, four
were selected based on the sum of violations, numerical value
related to the correction of the distances of the positions of atoms
that are involved in interatomic distances that violate the upper
or lower limit of distance. The correction process is interrupted
when the sum of violations is zero30.

Molecular dynamics (MD) simulation
From the four best pTTI conformations generated by CONCOORD,
MD simulations were performed between each conformation and
trypsin enzyme (PDB ID 2PTN)31. MD simulations were performed
using GROningen MAchine for Chemical Simulations (GROMACS)32

version 2018.4 package implemented with the CHARMM36 force
field33. The pTTI conformers and trypsin were placed 10Å away
before the simulations started. The transferable intramolecular
potential with 3 points (TIP3P)34 water molecules were used to
solvate the simulated systems. The systems neutralisation was
achieved through the addition of counter ions.

The systems’ geometry was minimised by the steepest descent
algorithm35 for 50,000 steps with a tolerance of 100 kJ mol�1nm�1

followed by conjugate gradient algorithm36 for 10,000 steps with
a tolerance of 100 kJ mol�1nm�1.

The Leap-Frog algorithm37 was applied to integrate the motion
equation with time step of 2.0 fs. The long-range interactions were
modelled using particle-mesh Ewald sum (PME)38 with a cut-off of
1.2nm. The van der Waals interactions were also calculated using the
same threshold. Bonds involving hydrogen atoms were restrained
using LINCS algorithm39. The Nos�e–Hoover thermostat40,41 was used
to fix the system temperature (310K) in all production simulations,
while the system pressure was controlled using a Parrinello–Rahman
barostat42 in the NPT simulations. Four shorts 200ps equilibrium
dynamics with NVT and NPT ensembles were performed. Finally,
200ns production MD simulation using NVT ensemble was carried
out for each system to determine its interaction with trypsin.

After MD simulations, the most stable interaction complex
model between the pTTI conformers and trypsin was analysed
through the Interaction Potential Energy (IPE) (in kcal.mol�1)43,
which can be defined as the total interaction energy between two
groups (the sum of van der Waals and electrostatic contributions),
calculated according to the Equation (1):

IPEi, j ¼
XNi

i

XNj

j 6¼i

VvdW rijð Þ þ Velec rijð Þ (1)

where IPEi,j is the interaction energy between a group of atoms i
and a group of atoms j, and Ni and Nj are the total number of

atoms on groups i and j, Velec and VvdW are the terms correspond-
ing to electrostatic and van der Waals contribution, respectively.
This parameter is often used to evaluate interaction energies in
protein–ligand and protein–protein systems44.

Results

Purification and sequencing of the tamarind seed
trypsin inhibitor

Purification and determination of molecular weight of the trypsin
inhibitor of purified tamarind seed
The chromatogram demonstrates the protein profile of the par-
tially purified inhibitor (Figure 1(A)). The major peak was collected
and named pTTI, eluted in 35min in 45% of solvent B (ACN/TFA
0.1%). The pTTI presented different ions with m/z values [MþH]þ

¼ 19,586Da; [Mþ 2H]þ ¼ 9792Da e [Mþ 3H]þ ¼ 6528Da
(Figure 1(B)).

The pTTI, when reduced and alkylated, showed a protein peak
with greater absorbance with a retention time (RT) of 51min and
solvent concentration B of approximately 41% (Figure 1(C)).
Consequently, pTTI was analysed by MALDI-TOF, verifying the
reduction and alkylation reaction. The pTTI presented two pre-
dominant ions with m/z values [Mþ 3H]þ ¼ 6602,789Da and m/z
[Mþ 2H]þ ¼ 9,906,420Da (Figure 1(D)), which indicates pTTI. It
can be inferred that the pTTI is reduced and alkylated, since the
difference in mass observed shows the presence of the acetamide
group in the reduced thiol groups.

Proteolytic digestion of pTTI
The chromatograms of the digestion profiles of both enzymes are
shown in Figure 2. Within the initial 3min of chromatography
after enzymatic digestion, the digestion salts are eluted (Figure
2(A,B)), and in the case of trypsin digestion, the surfactant is also
eluted (Figure 2(A)), followed by fractions resulting from digestion.

Sequencing and analysis by mass spectrometry by MALDI-TOF/
TOF MS/MS
The peptide sequences from reduced and alkylated pTTI deter-
mined were show in Table 1, with peptides number 1, 2, 4 and 6
originating from digestion with trypsin and peptides number 3
and 5 coming from digestion with GluC. The ions acquired by
MALDI-TOF/TOF, of each proteolytic digestion, with sequential sig-
nals are highlighted in Supplementary Fig. S1. The mass spectra of
the peptides with the y and b-ions series assigned are shown in
Supplementary Fig. S2.

The sequencing identified additional 75 amino acid residues,
expanding the coverage percentage of the sequencing from 28%
(with the sequencing of 53 previously published residues) to 72%
in total, comprising 128 amino acid residues elucidated from the
pTTI. Peptide 4 showed a glycine residue, which is not found in
peptide number 3 that contains part of the same fragment, this
may occur due to the presence of pTTI isoform fragment. It is not
possible to distinguish leucine and isoleucine residues and glu-
tamine and lysine, by mass spectrometry because their molecular
masses are identical, with 113Da and 128Da, respectively.

Computational methods

Table 2 shows the proteins with the highest identity with the
pTTI. According to Figure 3, it is possible to observe the alignment
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of the primary structure of the pTTI with the sequences obtained
in the BLASTp database, which were used to perform the hom-
ology modelling. Among the acquired sequences, it was possible
to fill in the gaps remaining in the sequencing of the pTTI with

the sequence of the highest percentage of identity, 4AN7_B,
which comprises: 28 residues between numbers 66 and 93, 21 res-
idues from number 138 to 158 and 7 residues in C’-terminal por-
tion 178 to 184; totalling the addition of 56 amino acid residues.

Figure 1. Identification of native pTTI and postreduction and alkylation by reverse-phase high-performance liquid chromatography and mass spectrometry. (A)
Chromatographic profile of the TTI in the C18 Vydac reverse-phase analytical column. (B) Mass spectrum with the pTTI MALDI-TOF ionisation source. (C)
Chromatographic profile of the reduced and alkylated pTTI in a C2/C18 Pharmacia Biotech mRCP analytical column. (D) Mass spectrum with reduced and alkylated pTTI
MALDI-TOF ionisation source. TTI: Partially purified trypsin inhibitor from tamarind seeds. pTTI: Purified trypsin inhibitor from tamarind seeds.

Figure 2. Chromatograms of the reduced and alkylated pTTI by reverse-phase high-performance liquid chromatography treated with digestive enzymes with degree
sequencing for mass spectrometry. (A) Chromatographic profile of pTTI digested with trypsin in a C2/C18 Pharmacia Biotech mRCP analytical column. (B)
Chromatographic profile of pTTI digested with GluC in a C2/C18 Pharmacia Biotech mRCP analytical column. pTTI: Purified trypsin inhibitor from tamarind seeds.
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The proteins mentioned above were used as a basic model for
homology construction, and the five models with the highest
DOPE score are shown in Table 3.

The results of the validation in MolProbity to validate the pre-
dicted models are shown in Table 4.

Due to a set of factors, such as residues with bad bonds and
MolProbity score, the best result was achieved for model number
56, hence this model was used to generate 500 possible confor-
mations for pTTI structure. among these conformations, four were
selected according to the sum of the violations and the geometric
restrictions (Figure 4).

The best conformation of the pTTI obtained from model num-
ber 56 was subjected to MD simulations to analyse pTTI interac-
tions with trypsin enzyme. The MD revealed a Root Mean Square

Table 1. Sequences of peptide fragments of the reduced and alkylated pTTI
determined by MALDI TOF/TOF in LIFT method.

Peptide Sequence
[MþH]þ

Theoretica [MþH]þ (MALDI)

1 DTVHDTDGQVP(I/L)NNAQGYY(I/L)
(I/L)PAQQGK

2942.42 Da 2942.46 Da

2 (I/L)FDEQSSEKGYTPVK 1727.84 Da 1727.84 Da
3 QGYT(PV)K(I/L)SDDFSSAAPFK

(I/L)KQFEE
2832.37 Da 2832.30 Da

4 QGFEEDYK(I/L)VYC�SK 1765.77 Da 1765.96 Da
5 DYK(I/L)VYC�SKSE 1391.65 Da 1391.62 Da
6 (I/L)V(I/L)KEGDPFKVKFKKVDEES 2335.29 Da 2335.25 Da

C�: Carbamidomethylcysteine; pTTI: Purified trypsin inhibitor from tamar-
ind seeds.

Table 2. Values obtained from the protein sequences selected in the
BLASTp search.

Accession Max Score Total Score Query Cover E value %ID Chain

4AN7_B 191.0 191.0 99% 7e–63 66.48% b
4AN6_A 188.0 188.0 99% 7e–62 65.34% a
4J2K_A 64.3 64.3 93% 2e–13 30.77% a
1TIE_A 59.7 59.7 78% 1e–11 33.08% a

BLASTp: Basic Local Alignment Search Tool–protein; %ID: percentage identity.

Figure 3. Multiple alignment of the primary partial sequence of pTTI with other sequences deposited in the tool Protein BLAST/NCB tooI. pTTI: Purified trypsin inhibi-
tor from tamarind seeds.

Table 3. The five best three-dimensional models generated by Modeller and
their respective DOPE values.

Model Number DOPE

37 –13092.01855
56 –13057.27832
63 –13081.18359
94 –13165.39648
148 –13107.49219

DOPE: Discrete Optimised Protein Energy.
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Deviation (RMSD) plot as a function of time and in an aqueous
system (Supplementary Fig. S2). Regarding the total energy of
interaction, taking as a minimum and maximum point the interval
between sudden changes, the results demonstrated the inter-
action conformation number 287 has the lowest interaction
energy value (Table 5), suggesting, the conformation n. 287 was
the best model and, therefore, may represent the putative
pTTI structure.

Table 4. MolProbity selection criteria for the five best models generated by Modeller.

Model Number Ramachandran favoured Residues with bad angles Residues with bad bonds MolProbity score

37 86.81% 0.00% 1.56% 3.77
56 87.36% 0.00% 1.11% 3.44
63 86.26% 0.00% 1.81% 3.63
94 89.01% 0.00% 1.86% 3.70
148 87.91% 0.00% 1.36% 3.67

Figure 4. Visualisation of the four best conformations generated by CONCOORD of model n. 56 of the pTTI and their respective values of the sum of violations for
conformations number 177 (A), 200 (B), 287 (C), and 323 (D). The N0-terminal portion which is a residue of Asp is highlighted in red and the C’-terminal portion, which
is a residue of Val in tan, in all images. (The colours: yellow, b-sheet; tan, b-bridge; white, coil; cyan, turn; red, N’-terminal portion; tan, C’-terminal portion). pTTI:
Purified trypsin inhibitor from tamarind seeds.

Table 5. Interaction potential energy of the molecular dynamics between the
four best conformations of the pTTI with the enzyme trypsin.

Conformer number IPE (kcal.mol–1)

177 –172.8038
200 –235.1159
287 –301.0128
323 –96.5838

IPE: interaction potential energy.
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Figure 5. Visualisation of the stages of molecular dynamics simulation between model number 56 in conformation number 287 of pTTI with the enzyme trypsin. (A)
Immediately before the MD, with the molecules positioned 10 A apart. (B) During MD, arginine residues are discarded, above Arg 63 and below Arg 59 (in grey, both).
(C) Immediately after MD. (The colours: yellow, b-sheet; tan, b-bridge; white, coil; cyan, turn; blue, 310-helix; purple, a-helix). pTTI: Purified trypsin inhibitor from tamar-
ind seeds.
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Figure 5 shows the 287 pTTI conformer and tripsin before, dur-
ing and after the MD simulation. The amino acid residues of pTTI
that most interacted with trypsin were Arg (59), Arg (63), Ile (54),
Pro (57) and Glu (78) (Figure 6), which showed lower IPE. Among
the residues, Arg (59) and (63) are those that have the greatest
interaction with trypsin, and both are highlighted in grey (above
Arg (63) and below Arg (59)) when MD occurs (Figure 5(B)).

Gathering all information obtained through CONCOORD and
MD, the model number 56 in its conformation number 287 may
represent the pTTI structure and its is interaction with trypsin, in a
system under physiological conditions.

Discussion

Countless biological processes involving ligand-protein interac-
tions and substances with potential bioactivity are investigated
concerning healthcare applications45. Considering previously stud-
ies carried out with TTI and its bioactive properties in preclinical
studies10,11,13,15,16,18, it is crucial to understand acutely this
biomolecule.

In the current work, we pursue more information regarding a
trypsin inhibitor’s identity extracted from a vegetal source of the
tamarind fruit seeds’10,11. The protein sequence obtained through
mass spectrometry considerably increased the coverage percent-
age compared to the previously known protein sequence. The for-
mer coverage sequence was nearby 52 amino acid residues10 and
our efforts expanded the sequence to a total of 128 amino acid
residues, representing 72% of the total pTTI molecular
mass (19,586Da).

Analysis regarding the protein identification pTTI exhibited
high identity to tamarind Kunitz inhibitor–TKI14 (66% of identity–r-
epresents 127 hits of the 128 sequenced pTTI residues). The pTTI
protein sequence’s missing gaps were manually completed consid-
ering the TKI protein sequence identity deposited in BLASTp data-
base. Nevertheless, even with high similarity between both
sequences, a difference of 989Da in molecular masses between
pTTI and TKI remains. This difference may be because they
are isoforms.

The pTTI model was built up from other proteins recognised as
trypsin inhibitors and also extracted from seeds, including two
proteins from Tamarindus indica14, one from Enterolobium contorti-
siliquum25, and lastly one from Erythrina caffra26. All proteins

described were extracted from plants belonging to the Fabaceae
family, which impacts the relation of protein identity between
them. In silico modelling demonstrated to be an extremely useful
tool for hypotheses application, especially in molecular biology/
biochemistry providing clearance regarding putative active sites
and protein-ligand interactions and specificity of purified or
designed biomolecules for drug discovery46. The three-dimen-
sional structure model of the pTTI provided constructive informa-
tion concerning pTTI interaction with trypsin, reinforcing the need
for future studies with other molecules that may interact with
pTTI, with applications in the healthcare system.

The MD performed in this study was between two large pro-
teins under physiological conditions, unusual computational
parameters, nonetheless with great relevance and application in
the healthcare area. The best model fitting the MD parameters
revealed arginine residue in two positions, which is positively
charged; the isoleucine and proline residues, which have nonpolar
and aliphatic characteristics; and glutamate, which has a negative
charge47. Considering the two residues that presented the most
significant interaction, Arg (59) and Arg (63), it is possible to
evaluate the biomolecule dynamics and infer that the active site
of trypsin for interaction with pTTI has a negative character. Thus,
electrostatic interactions are observed between pTTI and trypsin,
and these residues should receive attention as the target of fur-
ther studies about pTTI.

A recently published study proposed a model system that
measures the binding mechanism between trypsin and its inhibi-
tor bovine pancreatic trypsin inhibitor (BPTI)–an inhibitor type
Kunitz, known as aprotinin48 – using MD approach. The electro-
static bonding is mainly performed by Van der Waals force, with
the trypsin binding cavity being negative and BPTI positively
charged. BPTI Arg (17) is a crucial residue that requires conform-
ational rearrangement to bind into trypsin’s active site perfectly
and is responsible for the protein complex maintainance49.
Therefore, the residues Arg (59) and Arg (63) of pTTI may also be
critical for the pTTI inhibition mechanism.

Furthermore, the importance of the aqueous medium during
the interaction process’ between proteins is also discussed. In the
trypsin and BPTI interaction, the solvation layer is an agent that
enhances the electrostatic force between the molecules, bringing
the molecules closer together and displacing the water molecules
throughout protein-protein interactions49. Consequently, an MD
under physiological conditions is a crucial factor for the effective

Figure 6. Representative graph of the interaction energy of each amino acid residue of the pTTI and enzyme trypsin. The highlighted residues have the lowest inter-
action energy, which represents those that have the greatest interaction with trypsin, among them Arg (59), Arg (63), Ile (54), Pro (57) and Glu (78). pTTI: Purified tryp-
sin inhibitor from tamarind seeds.
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study of understanding the interaction, considering water in the
environment through in vivo/in vitro reactions. These insights are
essential to study the mechanism of interaction between proteins,
which is suggested to be similar between several protein-protein
complexes49 and may be extrapolated to the interaction between
pTTI and trypsin.

Previous studies have shown the activities and health applica-
tion perspectives of Tamarind enzyme inhibitors50, and with pTTI,
findings and insights are gathered in Figure 7. The exploration of
computational technologies is a handling tool for unravelling the
pTTI structure and innovation towards the bioprospecting of
active molecules from plant origin, useful for the biotechnology
industry. Designed bioactive peptides, MD studies with other pro-
teins related to energy metabolism (membrane receptor), and MD
with other compounds support new application perspectives,
whether in silico, in vitro, or in vivo studies. Therefore, the study
of these molecules directly influences future proposals for applica-
tion in healthcare-related to obesity, its complications, and associ-
ated comorbidities, thus linked to a possibility of interest to the
pharmaceutical industry.

Acknowledgements

We thank the support of Dr. Carlos Bloch Jr. and Dr. Maura Vianna
Prates, researchers at the Laboratory of Spectrometry Mass of
Embrapa Brazilian Agricultural Research Corporation
(Embrapa)–Genetic Resources and Biotechnology (Cenargen). We
also thank Dr. Jos�e de Lima Cardozo Filho for data interpretation
and conducting the mass spectrometry experiments. The authors
thank Embrapa-Cenargen and High-Performance Computing
Center (NPAD) at Federal University of Rio Grande do Norte
(UFRN), the National High-Performance Processing Center of the

Federal University of Cear�a (UFC) for providing computa-
tional resources.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Coordenaç~ao de
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