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Abstract

The fruit ripening process affects the nutritional content and quality. Many
fruit species have become more acceptable and present high nutritional value
for animal consumption. The avocado is a fruit that produces various com-
pounds of great significance to human nutrition, including peptides crucial to
innate immunity. Avocado defensin (PaDef) is an antimicrobial peptide pro-
duced during the fruit ripening stage. Defensins have been reported to present
antimicrobial activity and act as serin protease inhibitors. However, the pre-
sent study found that PaDef enhanced the activity of serine proteases (which
are digestive enzymes) such as trypsin and chymotrypsin, which is a new find-
ing on the functions of plant defensin. Via the use of molecular docking as-
sessments, the present study found that specific PaDef fragments primarily
bind to the active sites of trypsin and chymotrypsin. Moreover, the stability
and behavior of the peptides generated in silico from PaDef were evaluated in
the presence of chymotrypsin A protease digestion using molecular dynamics
simulations under basic conditions. The results obtained suggest that the se-
lective fragments of PaDef peptides induce enzyme activity via allosteric mod-
ulation, an area of increasing research interest due to its implications for both
fundamental biochemistry and applied biotechnology. The present study is a
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novel report on the activity of a plant defensin at a molecular level.
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1. Introduction

Over the course of their evolution, plants develop a fruit architecture which pro-
tects their seeds from the natural environment as part of a reproduction strategy
that increases dispersal by making fruit more attractive to fauna as a source of
both energy and nutrition [1]. Plants and other organisms produce antimicrobial
peptides (AMPs), which function as a defense mechanism against pathogens,
playing a crucial role in innate immunity in both plants and animals [2]. Their
small (<10 kDa) molecule size, which is mainly cationic and amphipathic, pro-
motes the interaction between the AMP and the target membrane [3]. Plant de-
fensins comprise a significant proportion of the AMPs, while their amino acid
composition, which consists of 45 - 54 amino acids and ~5 kDa, is indicative of
their unique molecular characteristics. Plant defensins are also known for their
high degree of basicity and their use of 8 - 10 cysteines to form the disulfide
bridges that stabilize their structures. Studies conducted on their three-dimen-
sional structure have shown that it comprises a triple-stranded S-sheet with an a-
helix in parallel. These defensins can be expressed during storage and reproduc-
tion and have been associated with antibacterial and antifungal activities [3]. In
addition, various plant defensins have been reported to inhibit a-amylase, trypsin,
the sodium channel, and protein synthesis [4]-[6]. The literature reports a defen-
sin obtained from Cassia festula seeds exerting an inhibition effect on the enzyme
trypsin [7]. The avocado contains AMPs such as defensins and snakins. The PaDef
defensin gene is abundantly expressed in the fruit of the native Mexican variety of
avocado (Persea americana var. drymifolia) and has been shown both to exhibit
antibacterial activity and cytotoxicity against several human cancer cell lines [8]
[9] and to function as an epigenetic regulator [10]. Present in all kingdoms, pro-
teases catalyze the hydrolysis of peptide bonds, thereby generating shorter chains
of amino acid residues [11], and regulating multiple physiological and pathologi-
cal processes [12] [13]. Serine proteases are one of the most abundant groups of
proteolytic enzymes and contain, in their active center, three conserved amino
acid residues, Histidine (His), Aspartic acid (Asp), and Serine (Ser), with the latter
occupying the central region [14] [15]. Trypsin and chymotrypsin are representa-
tive of serine proteases, which, in animals, participate in nutrition, blood coagu-
lation, fibrinolysis, and cell development. Plants modulate various physiological
processes, including cell growth, senescence, and pollen formation, presenting de-

fensive mechanisms that protect against biotic stresses, pests, and phytopatho-
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genic microorganisms [14] [16]. Given their importance for organism develop-
ment, the regulation of proteases is vital to maintaining homeostasis and ensuring
survival [17]-[19]. Bioactive peptides are released during both the enzymatic pro-
teolysis (as seen in gastrointestinal digestion and in vitro hydrolysis using prote-
olytic enzymes) of proteins and food processing (cooking, fermentation, and rip-
ening). Bioactive peptides are mainly known for inhibiting protein-protein inter-
actions due to their small size and specificity [20]. A new emerging approach to
drug design is based on secondary binding site effects. In this approach, small
molecules can bind into secondary binding sites on the targeted biomolecules ra-
ther than the main orthosteric sites. These secondary sites are called allosteric
sites. A molecule capable of binding to an allosteric site and remotely altering (or
modifying) the conformation of the primary orthosteric binding site of the bio-
logical target is known as an allosteric modulator [21]. In this work, we report
experimental evidence that PaDef induces the serine proteases trypsin and chy-
motrypsin activity. To give insights into the interactions and stability of the PaDef
peptide against the proteases, molecular docking assessments and molecular dy-
namics simulations between the PaDef peptide and trypsin and chymotrypsin

proteases were studied.

2. Materials and Methods
2.1. In Vitro PaDef Serine Protease Assay

The synthetic PaDef used by the present study, which presented a purity level of
85% - 95% (as established via HPLC) was obtained from BIOMATIK as a lyophi-
lized water-soluble powder. The PaDef was then dissolved in a 20% DMSO solu-
tion to facilitate the formation of disulfide bridges within the peptide. Trypsin and
chymotrypsin activity assays were performed following the modified Erlanger
method [22] to evaluate the effect of the PaDef enzyme activity, using Na-benzoyl-
DL-arginine-p-nitroanilide (BApNA; Sigma) as a substrate. The assay used 50
ug/ml of bovine trypsin and chymotrypsin (Sigma) separately and then mixed
with 125 pl of Tris-HCI (100 mM, pH = 8), with the solutions subject to incubation
at 37°C for 15 min with different PaDef concentrations (0.05, 0.5, 5, and 50 pg/ml).
For positive inhibition control, tepary bean protease inhibitor (TBPI) [23] was
used at a concentration of 6 ug/ml, with 20% dimethylsulfoxide (DMSO) used as
the peptide vehicle. Subsequently, 20 ul of BApNA at 10 mM was added, with
incubation for 15 min then applied to facilitate the reaction. The reaction was ter-
minated by adding 30% acetic acid (20 pl), with the optical density then measured
at 410 nm. The reactions were carried out in triplicate at three distinct points in
the experiment. The data obtained were analyzed using the non-parametric Krus-
kal-Wallis test, with multiple comparisons using non parametric Dunnett’s test
with the JMP and R statistical packages.

2.2. Trypsin and Chymotrypsin Molecular Docking

The molecular docking assessments used the PaDef peptide (47aa) (Genbank
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AGC82207.1) as the ligand, which was subject to molecular modeling using the
SWISS MODEL online tool [24] and was selected due to its structural homology
with plant defensin-type peptides (SMTL ID: 7c2p.1), with the corresponding
FASTA sequence then generated. Acknowledge that predicting cleavage sites with
the PeptideCutter tool [25] is an in silico assumption to determine how the PaDef
was cleaved by both enzymes studied. The molecular structures of the serine pro-
teases chymotrypsin A (PDB ID: 1T8L) and trypsin (PDB ID: 3BTH) were ob-
tained from the RCSB PDB database [26] at resolutions of 1.75 and 1.75 A, respec-
tively.

The proteases were then prepared by adding the missing hydrogens and assign-
ing Kollman charges using both Chimera and AutoDockTools [27] [28]. Blind
molecular docking was also carried out via the use of AutoDock CrankPep [29],
with the entire proteins and a padding of 4 A entered as parameters into the search
box, with the peptide sequence also provided so that the best helical or extended
conformation could be determined for each of the peptides in each protease.
The docking calculations for the PaDef peptide sequence were performed for
100 independent searches and three million evaluations of the scoring functions.
Once the best conformations for the peptides had been obtained, the Discovery
Studio BIOVIA program [30] was used for visualization and analysis, with the
favorable and unfavorable interactions between each of the peptides and the re-
ceptor in the different regions then identified and analyzed. Moreover, molecu-
lar docking calculations were conducted for the positive control, BApNA, against
both serine proteases in order to correlate the results obtained with the in vitro

assay.

2.3. Molecular Dynamics Simulations for the Chymotrypsin A
PaDef Peptides

To determine the stability of the PaDef peptides and their interaction with chy-
motrypsin A at pH 8, the NAMD software [31] was used, with the initial confor-
mation of the peptides for the molecular dynamic simulations selected from the
best-predicted pose for each peptide, as obtained from the molecular docking as-
sessments. The parameterization and preparation of the complexes were con-
ducted based on the Solution Builder module using the CHARMM-GUI platform
[32] [33], with a pH = 8 and a rectangular cell of 74 x 74 x 74 A3, while solvation
was carried out via a TIP3P water model [34] and neutralization achieved by add-
ing Na* and Cl” ions at a concentration of 0.15 M. The forcefield used for the
simulations was CHARMM36m, which has been employed successfully by previ-
ous studies to simulate peptide-protein complexes [35]. Long-range electrostatic
interactions were modeled using the particle mesh ewald (PME) method [36] and
a 12 A cutoff for non-bonded interactions. The molecular dynamics simulations
were carried out in four stages. Firstly, energy minimization was performed with
a conjugate gradient algorithm [37] for 100,000 interaction steps with a time-step

of 1.0 £s. Then, the NVT ensemble was generated by heating the system from 0 to
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310 K at 1 K intervals for a period of 500 psand then maintaining the temperature
at 310 K for a period of 500 ps, via the use of the Langevin thermostat. Subse-
quently, thermal equilibrium was achieved for the NPT ensemble at 1 atm and 310
K for 5 ns using the Langevin thermostat and the Nosé-Hoover Langevin piston
barostat model [38] [39], with, finally, the NPT ensemble then used for 100 ns
with a time-step of 2.0 £s. The trajectories of the molecular dynamic simulations
were post-processed using the VMD program [40] to calculate both the root mean
square deviation (RMSD) values and the hydrogen bond interactions presented
between the peptides and the receptor. The MMGBSA (molecular mechanics/gen-
eralized born surface area) and MMPBSA (molecular mechanics/poisson-boltz-
mann surface area) methods are useful approaches for helping estimate the Gibbs
free energy value [41]. Although both methods can predict the Gibbs free energy
of ligands and macromolecules, the MMPBSA is more effective for use with small
peptides, while the MMGBSA is more suitable for studying the interaction be-
tween medium-sized peptides and proteins [42]. Therefore, the present study cal-
culated the binding free energies for each complex using the MMGBSA via the
gmxMM/PBSA tool [43], integrating the last 50 ns obtained from the production
stage of the molecular dynamic simulations, and exploring an average of 500 snap-
shots.

3. Results and Discussion

3.1. In Vitro PaDef Serine Protease Assays

Trypsin and chymotrypsin A activity assays were performed to evaluate the effects
of PaDef on the activity of the enzymes of interest, using Na-benzoyl-DL-argi-
nine-p-nitroanilide BApNA as a substrate. The assays were carried out using the
chemically synthesized PaDef peptide at four concentrations (0.05, 0.5, 5, and 50
pg/ml). Defining a unit of enzymatic activity as the enzyme required to degrade
3.2 uM of BApNA/min enabled the analysis conducted to determine the possible
effect of PaDef on protease activity. While the PaDef did not show an inhibitory
effect on serine protease activity, it did promote the activity. In both enzymes an-
alyzed, the enzymatic activity increased in line with the PaDef peptide concentra-
tion. Trypsin activity increased by approximately 30% at a concentration of 50
ug/ml, while chymotrypsin activity increased by approximately 150% at a concen-
tration of 5 pug/ml. The increase in protease activity was higher for chymotrypsin
than for trypsin (Figure 1(a), Figure 1(b)). Applied after Dunnett’s multiple com-
parisons test, the non-parametric Kruskal-Wallis test showed a significant differ-
ence of X* = 30.23 (P > 0.0001) for trypsin and X* = 30.65 (P > 0.0001) for chymo-
trypsin A for the PaDef treatments applied, except for the results of the compari-
son between the control group and 0.05 pg/ml PaDef. It is important to note that,
for the experiments conducted with both trypsin and chymotrypsin A, the vehicle
(DMSO 20%) did not generate any change in the activity of the enzymes (Figure
1(a) and Figure 1(b)).
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Figure 1. Effect of PaDef on serine protease enzymatic activity: (a) Trypsin and (b) Chymotrypsin A; both enzymes analyzed
showed an increase in activity in a manner that depended on the concentration of the peptide; the Kruskal-Wallis test showed
a significant difference* compared to the control (P < 0.0001).

3.2. Molecular Docking of PaDef Peptides on Chymotrypsin A and
Trypsin

While the experimental results obtained by the present study provide valuable in-
sights into enzymatic behavior, they do not reveal the detailed atomic-level mech-
anisms that would further elucidate its in vitro findings for serine proteases. Com-
putational methods, including molecular dynamics simulations and molecular
docking assessments, offer powerful tools to bridge the gap in the results described
above. As these methods enable the in-depth exploration of conformational
changes, interaction energies, and allosteric effects that are all difficult to capture
experimentally, computational techniques were used to examine the molecular
mechanisms underlying the observed increase in chymotrypsin activity, with the
aim of identifying the key structural and energetic factors responsible for this en-
hancement. The catalytic regions of chymotrypsin A (cr_C) and trypsin (cr_T)
are well-known and well-studied sites, comprising the catalytic triad (His57,
Asp102, and Ser195) [44]-[47]. However, other interactions have been observed
by other in silico studies conducted on chymotrypsin A [48], in which ligand
structures not only interacted with the catalytic triad but also entered the hydro-
phobic cavity of the binding pocket. Said interactions involved Leul60, Gly184,
Ser189, Ser190, Cys191, Met192, Val213, Gly216, Ser217, Cys220, Ser221, Thr224,
Gly226, and Tyr228. Furthermore, hydrogen bond interaction with both the
known inhibitors and the amino acids His57, Tyr146, Gly193, Gly216, and Ser218
at the active site was revealed by the molecular docking studies conducted [49].
To correlate the results presented in this section, the positive control BApNA was
analyzed computationally by means of molecular docking assessments conducted
on both chymotrypsin A and trypsin, obtaining scoring energies of —8.9 and —8.6
kcal/mol, respectively. The best conformation was found in the catalytic region of

each serine protease, whose interaction maps can be found in Figure S1 of the
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Supplementary Material section. Given the high level of activity observed for the
PaDef peptide in these proteases, as shown in Figure 1, it was hypothesized that
the peptide would be susceptible to breakdown by these enzymes. The online tool
PeptideCutter [24] was used to cleave the PaDef peptide in the presence of the
enzymes of interest. The results obtained confirmed that chymotrypsin A cleaves
the PaDef peptide into three fragments (namely, p1, p2, and p3), as shown in Fig-
ure 2(a). Meanwhile, trypsin was observed to cleave the peptide into six fragments
(namely, p4, p5, p6, p7, p8, and p9) (Figure 3(a)). Once the fragments had been
identified, the docking assessments were performed for each peptide sequence and

each protease. Subsequently, the favorable and unfavorable interactions between

(a) Chymotrypsin A

ATCETPSKHF / NGLCIRSSNCASVCHGEHF / TDGRCQGVRRRCMCLKPC
pl p2 p3

(b) Catalytic region (c)

Alternative
region 1

Alternative
region 2

Figure 2. The most affine conformations for the PaDef peptides against chymotrypsin A, with peptides p1, p2, and p3 docked on
chymotrypsin A: (a) PaDef peptide sequences (p1-p3) generated by chymotrypsin A protease activity; (b) the orange box shows
the main three regions found for chymotrypsin A; (c)-(e) show the best conformations of p1, p2, and p3, respectively, found for
each region, with the peptides in purple docked near the catalytic region and the peptides in orange docked near Alternative
Region 1, while the peptide docked on Alternative Region 2 is in green.
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each of the peptides and the receptor in the different regions were obtained using
the Discovery Studio program (BIOVIA) [30]. The analysis carried out on the ten
best conformations of the 100 obtained from the molecular docking calculations
conducted on the peptides, for chymotrypsin A revealed that eight of the ten poses
for Peptide 1 (p1) were found in the cr_C catalytic region. The others were found
in the alternative regions 1 (arC_1) and 2 (arC_2), which may be allosteric regions
given the increased serine protease activity observed in the experimental data
(Figure 2(b)). Erlanger et al [50] [51] performed research on three substrates,
finding that chymotrypsin A has an additional functionally-important binding
site to the active site of the catalytic triad, namely a hydrophobic allosteric site that
may improve the activity of the enzyme and is located near the catalytic site with-
out causing steric problems. This would mean that the alternative sites considered
in this study, arC_1 and arC_2 as identified by the molecular docking assessment,
may be allosteric sites that accelerate activity and present a considerable number
of hydrophobic and hydrogen bonding interactions. For Peptide 2 (p2), seven
poses were docked on cr_C, one on arC_1, and two on arC_2. Finally, for Peptide
3 (p3), four of the ten poses were docked on cr_C, two were docked on arC_1, one
on arC_2, and three on other regions. The best binding energies and the best con-
formation at each site are summarized in Table 1 and parts (c) - (e) of Figure 2,
respectively. The best affinity energy value for pl and p2 was obtained at the cr_C
site of chymotrypsin A and at arC_1 for p3. The order for affinity energy values
found for the cleaved peptides was p2 < p3 < pl. It may be that p2 presents the
best energy affinity, because it contains more amino acids that allow it to interact

strongly with the protease.

Table 1. Scoring energies (kcal/mol) for p1, p2, and p3, as docked on the cr_C, arC_1, and
arC_2 regions of chymotrypsin A.

Scoring energies (kcal/mol)

Peptide
cr_ C arC_1 arC_2
pl -17.6 -16.3 -15.6
p2 -25.6 -22.4 -20.6
p3 -18.6 -19.5 -17.9

To correlate the affinity energies presented in Table 1, the favorable and unfa-
vorable interactions between each peptide and the cr C, arC_1, and arC_2 regions
of the enzyme were determined and are shown in Tables S1-S9. These results
show that the three peptides interacted with the Ser195 residue when docked on
cr_C. For the allosteric site arC_1, the amino acids Asnl8, Thr144, and Argl45
interacted with the three peptides, while the amino acids Gly19, Glu20, Glu2l,
Thr37, GIn73, Asnl50, Asp153, Argl54, GIn156, and Thr222 interacted with two
peptides. Finally, for the allosteric site arC_2, the amino acid LeulO interacted
with all three peptides and the amino acids Val9, Thr135, and Lys202 interacted

with just two peptides. In addition, the following interactions were observed for
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pl when docked on cr_C: one salt bridge interaction; nine hydrogen bond inter-
actions (with the amino acids Asp35, Phe41, Cys42, Gly193, Ser195, and Gly216);
one carbon-hydrogen bond interaction; two electrostatic m-cation interactions;
four hydrophobic interactions (n-o; n-m stacked, alkyl, and n-alkyl); and one n-
sulfur interaction. The present study found the following for pl docked to the
arC_1: one salt bridge interaction; one electrostatic attractive charge interaction;
seven hydrogen bond interactions (with amino acids Serl11, Asnl18, Glu21, Thr144,
GIn156, and Thr222); two carbon-hydrogen bond interactions; two hydrophobic
ni-alkyl interactions; and one unfavorable donor-donor interaction. For p1 docked
to the arC_2, the following was found: one salt bridge interaction; one attractive
charge electrostatic interaction; four hydrogen bond interactions (with the amino
acids Pro8, Leul0, and Thr135); one carbon-hydrogen interaction; one n-donor
hydrogen bond interaction; two hydrophobic alkyl interactions; one unfavorable
acceptor-acceptor interaction; and one unfavorable bump interaction. For p2
docked on cr_C, one electrostatic attractive charge interaction, thirteen hydrogen
bond interactions (with the amino acids His57, Cys58, Tyr146, Lys170, Tyr171,
Ser195, Ser217, Ser218, and Thr219), four carbon-hydrogen bond interactions,
and five hydrophobic interactions (two alkyls and three m-alkyl). For p2 docked
on arC_1, the following was found: one salt bridge interaction; two electrostatic
attractive charge interactions; twelve hydrogen bond interactions (with the amino
acids Asnl8, Glyl9 twice, Thr37, Ile80, Thr144, Asn150, Thr151 twice, Aspl53
twice, and Thr222); five carbon-hydrogen bond interactions; one n-donor hydro-
gen bond interaction; two hydrophobic interactions (n-o and m-alkyl, respec-
tively); and three unfavorable interactions due to unfavorable bump, unfavorable
positive-positive, and unfavorable donor-donor interactions. For p2 docked to the
arC_2, the present study found the following: one salt bridge interaction; two at-
tractive charge electrostatic interactions; eight hydrogen bond interactions (with
the amino acids GIn7, LeulO, Ser113, Phell4, GIn116, and Thr117); ten hydro-
phobic interactions (n- g, -1 T-shaped, six alkyl, and two m-alkyl); one nt-lone pair
interaction; and one unfavorable donor-donor interaction. For p3 docked the
cr_C, the present study found the following: three salt bridge interactions; two
electrostatic attractive charge interactions; eight hydrogen bond interactions (with
the amino acids His40, Gly59, Ser96, Leu97, Ser195, and Ser218); two electrostatic
ni-cation interactions; and six hydrophobic interactions (three alkyls and three m-
alkyl). For p3 docked to the arC_1, the present study found the following: five salt
bridge interactions; four electrostatic attractive charge interactions; eleven hydro-
gen bond interactions (with the amino acids Asnl8 twice, Glu21, Thr37 twice,
GIn73, Thr144, Asn150, Asp153, Argl54, and GInl56), one carbon-hydrogen
bond interaction; one hydrophobic alkyl interaction; and four unfavorable inter-
actions due to unfavorable bump, two to unfavorable donor-donor, and one to
unfavorable acceptor-acceptor interactions. For p3 docked to the arC_2, the fol-
lowing was found: one salt bridge interaction; one electrostatic attractive charge

interaction; eight hydrogen bond interactions (with the amino acids Asnl8,
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Ser159, Ser186, Thr219, Cys220, and Thr222); three carbon-hydrogen bond inter-
actions; and four hydrophobic alkyl interactions. The six fragments that were
cleaved due to trypsin activity are shown in Figure 3(a). For peptides 4 (p4), 5
(p5), 7 (p7), and 9 (p9), the ten best conformations only recognized the known
catalytic region of trypsin (cr_T) without identifying any conformers in alterna-
tive regions. For Peptide 6 (p6), six of the ten poses were found in the cr_T and
four were found in an alternative region (ar_T), while, for peptide 8 (p8), only one
of the first ten poses was found in the cr_T, probably because of its small size. The
best conformations for each peptide are shown in Figure 3(b), with the best bind-

ing energies at each site summarized in Table 2.

a) Trypsin

ATCETPSK / HFNGLCIR / SSNCASVCHGEHFTDGR / CQGVR /RR / CMCLKPC
p4

ps pé p7 p8 P9

Figure 3. The most affine conformations for the PaDef peptides against trypsin, with peptides p4, p5,
p6, p7, p8, and p9 docked against trypsin: a) PaDef peptide sequences (p4-p9) generated by trypsin
protease activity; b) The best docked conformations in the catalytic region, with the colors green, or-

ange, purple, magenta, yellow, and blue representing p4, p5, p6, p7, p8, and p9, respectively.

The order for affinity energy values for PaDef peptides cleaved in the presence
of trypsin, at the cr_T site, was p6 < p5 < p9 < p4 < p7 < p8. Peptide p6 also
presented a scoring energy in the ar_T of —20.2 kcal/mol, a lower affinity than that
observed for p6 in the cr_T. It should be noted that p5 and p6 present most of the
amino acids constituting p2 observed for the chymotrypsin cleavage. Comparing
the fragmented peptides’ binding energies for chymotrypsin and trypsin in their
respective catalytic regions reveals that the best binding energy presented by p2
was for chymotrypsin, followed by trypsin for p6, chymotrypsin for p3 and pl,
and, finally, trypsin for p5. These results suggest that all three PaDef fragments—
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pl, p2, and p3—may enhance chymotrypsin activity. However, only one PaDef
fragment (p6) activated trypsin, which may explain the experimental findings of
the present study, which show p2 presenting the best affinity energy. Notably, the
affinity observed for the p1-p3 fragments for the allosteric chymotrypsin sites (see
Table 1) was sometimes higher than the affinity observed for p6 for the catalytic
site. This may explain why higher levels of chymotrypsin enzymatic activity than
trypsin activity was observed, even at lower concentrations. Furthermore, the af-
finity energies presented in Table 2 are related to the favorable and unfavorable
interactions between each peptide docked on cr_T, interactions shown in Tables
S10-S15. These results show that p4, p5, p7, and p9 interact with the amino acids
His57 and Ser195, while p6 and p8 only interact with the amino acid His57.

Table 2. Scoring energies (kcal/mol) for p4-p9, as docked on the cr_T region of trypsin.

Scoring energies (kcal/mol)

Peptide T
p4 -13.4
p5 -17.5
p6 -20.6
p7 -133
p8 -6.5
p9 -13.9

A comparison of the scoring energies presented in Table 1 and Table 2 with
the scoring energies obtained for the positive control reveals that almost all the
peptides have a better affinity in the catalytic region for both chymotrypsin A and
trypsin than for BApNA.

3.3. Basic Conditions for Molecular Dynamics Simulations
Conducted with Chymotrypsin A

Following the identification of the PaDef fragment complexes as well as the pro-
tease that exhibited the highest level of activity (chymotrypsin A), the present
study then explored their stability over time using molecular dynamics simula-
tions. The corresponding molecular dynamics properties were obtained from the
last 100 ns of the production stage. According to the RMS deviations, in most
cases, the peptides remained stabilized throughout the simulation trajectory. It is
important to highlight that trypsin and chymotrypsin A are digestive enzymes
present in the digestive system under basic media conditions (pH = 8), which were
the conditions applied during the simulations conducted by the present study.
Figure 4 shows the RMSD values obtained for the peptides and proteases studied.
According to Figure 4(a), p1 exhibited more significant fluctuations in the simu-
lation, stabilizing at an average RMSD of 5.2 A, as shown in Table 3. In contrast,
p2 stabilized after approximately 10 ns and then exhibited some fluctuations,

while appearing to be more stable in the last 40 ns. Similarly, p3 seemed to be
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stable throughout the simulation. All of the peptides did not present diffusion.
The RMSD values obtained for the proteases (Figure 4(b)) show that, for the three
peptides, chymotrypsin A was stable throughout the simulation and even more
stable when p2 and p3 were complexed than in the presence of p1. This finding is
verified by the values presented in Table 3, which shows average RMSD values for
the protease of 1.6 A, 1.7 A and 1.9 A, for p2, p3, and p1, respectively. Moreover,
when the alternative regions of chymotrypsin A were explored for each peptide,
almost all the peptides failed to stabilize, with only p2 at arC_2 presenting partial

stabilization during the simulation.

(@) RMSD Peptides (0 RMSD Protease

time (ns)

60 8 100 9 20 40 60 80 100
time (ns)

Figure 4. RMSD (in A) of the peptides: (a) p1, p2, and p3; and (b) Chymotrypsin A during the production stage.

Table 3. Average RMSD values (in A) for both chymotrypsin A and the peptide aligned to
the protease.

Peptide Region RMSD Protease RMSD Peptide
pl cr_C 1.923 5.175
P2 cr_C 1.578 11.720
p3 cr_C 1.671 5.915

3.4. Hydrogen Bond Analysis and MMGBSA Binding Free Energy
Calculations

In order to identify hydrogen bonds exhibiting moderate to strong strength, it is
first necessary to establish a range of interatomic distances, which, in the case of
the present study, corresponded to 1.8 - 3.2 A. These distances were monitored
for the entire simulation period and then used to identify the hydrogen bond in-
teractions that occurred during that period. During such a simulation, when the
occupancy percentage exceeds 100%, the protease and the peptide residues may
interact with more than one hydrogen bond. The H-bond occupancy, defined as

the period of time (expressed as a percentage) for which an H-bond is present in
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a simulation, is reported in Table 4. An H-bond occupancy of over 10 % was se-

lected for the production stage of each simulation.

Table 4. Hydrogen bond occupancy higher than 10 %, as calculated during the 100 ns simulations.

Peptide Region Hydrogen bonds sorted Donor Acceptor % Occupancy

LYS36-Side pl_PHEI10-Side 84.86%

p1_LYS8-Side ASP64-Side 138.72%

pl_HSD9-Main ASP35-Side 74.04%

pl_HSD9-Side ASP35-Side 50.16%

Pl or-C s LYS36-Side pl1_PHE10-Main 13.46%
pl_THR5-Side HSD57-Main 14.36%

pl_LYS8-Side GLY59-Main 60.72%

LYS36-Side pl_HSD9-Main 11.60%

P2_ARG®6-Side GLY216-Main 11.36%

LYS175-Side p2_SERS8-Main 31.83%

LYS175-Side p2_ALA11-Main 20.67%

p2_HSD15-Side GLY216-Main 12.97%

LYS175-Side p2_ASN9-Main 10.38%

p2_SER7-Main LEU97-Main 12.46%

P2 cr_C 13 LYS175-Side p2_SER12-Main 37.39%
LYS175-Side p2_VAL13-Main 28.81%

LYS175-Side p2_HSD15-Side 69.41%

SER218-Main p2_HSD15-Main 51.88%

p2_ASN1-Main ASP35-Side 11.62%

p2_CYS4-Main HSD57-Main 13.95%

SER218-Side p2_GLU17-Main 11.80%

THR151-Side p3_ARG11-Main 13.74%

p3_ARG10-Side PHE39-Main 16.78%

p3_ARG10-Side HSD40-Main 40.90%

p3_ARG10-Side ASP35-Side 72.14%

p3_ARG9-Side CYS58-Main 57.52%

GLY216-Main p3_GLN6-Side 32.80%

SER76-Side p3_CYS18-Side 19.36%

p3 cr C 15 LYS82-Side p3_CYS18-Side 28.72%
p3_LYS16-Main GLN73-Main 20.64%

p3_LYS16-Side SER75-Main 16.96%
p3_LYS16-Side GLU70-Side 147.96%

p3_GLN6-Side GLY216-Main 14.62%

p3_LYS16-Side ASP72-Main 45.56%

p3_LEU15-Main GLN73-Main 34.92%

LYS175-Side p3_ASP2-Side 19.04%
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Table 4 shows that, during the simulation conducted for Peptide p1, eight hy-
drogen bond interactions presented an H-bond occupancy of over ten percent.
Furthermore, the most significant interactions observed for pl were with the
Asp35, Lys36, Asp64, and Gly59 pertaining to chymotrypsin A. Although pl ex-
hibits an interaction with His57, its occupancy percentage was not as high. A
higher number of hydrogen bond interactions were observed for p2 than for p1,
while two interactions with percentages higher than 50 % were observed for
p2_His15, as well as the amino acids Lys175 and Ser218. Moreover, one interac-
tion was observed between the amino acid His57 and the cysteine of p2, specifi-
cally Cys4. For p3, Table 4 shows more interactions of over ten percent than those
observed for pl and p2, while the most significant interactions were with the
amino acids Asp35, Cys58, and Glu70. It should be noted that two interactions
were observed between p3_Cys18 and the amino acids Ser76 and Lys82. Addition-
ally, the evaluation of the stability of p2 in arC_2 revealed some interactions of
over 50 % with Glu20, Asp72, and Lys202, which gave it partial stability in this
region during the simulation. Finally, the binding free energy was calculated using
the MMGBSA model for the final 50 225 of the simulation, yielding the results pre-
sented in Table 5. It can be concluded that, under basic conditions, p3 most
strongly promotes the stability of peptides in the cr_C, followed by p2 and pl.
Furthermore, the electrostatic interactions were observed to contribute more to
the binding free energy than van der Waals interactions, with the former/latter
interactions important for the stability of the peptides and their affinity to the

protease.

Table 5. MMGBSA binding free energy (kcal/mol) for the complexes of each peptide for
chymotrypsin A.

Peptide AG Van der Waals AG electrostatic AG
pl -36.08 -172.88 -37.44
P2 -57.33 —154.98 —44.09
p3 =75.12 -272.08 -53.17

While studies of defensins acting as enzyme activators do not appear in the lit-
erature, there is one report of an LTP-type antimicrobial peptide participating in
the polygalacturonase-mediated pectin degradation of the polygalacturonase in
tomato fruit during the ripening process [52]. Several plant defensins have been
reported, like protease inhibitors; one defensin from Cassia fistula showed activity
as a trypsin inhibitor, the authors proposed that this activity was due to a lysine
residue on position 25 [7]. Cowpea defensin inhibits trypsin, but not chymotryp-
sin A; the final model generated by docking concludes that a lysine residue at po-
sition 11 occupies the S1 specificity pocket of trypsin [53]. PaDef sequence lacks
the two lysins present in the sequence of the aforementioned defensins. Both re-
ports were carried out with defensins isolated from plant tissues, and the models

were carried out with the complete sequence of defensins. Our in silico work was
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done with theoretical peptides generated by the action of the proteases on PaDef;
the peptides generated by the action of these digestive enzymes on other defensins
probably generate fragments of different sizes and sequences. The difference in
activity observed in this work concerning the two digestive proteases could be a
consequence of the different peptides generated by Trypsin and Chymotrypsin
digestion on PaDef. Chymotrypsin A is digestive enzyme found under basic (pH
= 8) conditions in the digestive system. The behavior of the peptides generated by
dynamics simulations (please see the RMSD analysis) shows that pH 8 favored the
interaction of three peptides with the three regions of the chymotrypsin (cr_C,
arC_1, and arC_2). Our theoretical results would explain what was observed with
the increase in protease activity under experimental conditions and propose that
PaDef has an allosteric influence on the serin proteases trypsin and chymotrypsin
A activity. However these are putative sites and computational results provide a
strong hypothesis for the activation mechanism, which would require future ex-

perimental validation such as site-directed mutagenesis.

4. Conclusion

In vitro, PaDef induces serine protease activity. Using computational docking, the
present study found three energetically-favorable union sites between chymotryp-
sin A and the peptides generated by the protease activity of interest and only one
such site for trypsin. Using molecular dynamics simulations, the present study
found that the three peptides generated by chymotrypsin A under basic environ-
mental conditions promote peptide stability with low RMSD values and favorable
hydrogen bond interactions. The results obtained suggest that antimicrobial PaDef
peptides exert an allosteric effect on serine protease activity, a novel finding for

the activity of an antimicrobial plant peptide.
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Figure S1. Interactions and distances (in A), between the BApNA against (a) Chymotrypsin A (C) and (b) Trypsin (T)
in the catalytic region.

Table S1. Intermolecular interactions (in A), donor and acceptor residues between peptide 1 (p1) against Chymotrypsin A (C) in
the catalytic region.

Type Distance Donor-Acceptor
Salt Bridge 2.49 pl:LYS8:N C:ASP64:0
Hydrogen Bond 3.26 C:GLY193:N p1:GLU4:0
Hydrogen Bond 3.09 C:SER195:N p1:GLU4:0
Hydrogen Bond 2.64 C:SER195:0 pl:GLU4:0
Hydrogen Bond 3.02 C:GLY216:N pl:THR2:0
Hydrogen Bond 3.32 C:GLY216:N pl:THR2:0
Hydrogen Bond 2.47 pl:THR2:0 C:GLY216:0
Hydrogen Bond 2.64 pl:THR5:0 C:PHE41:0
Hydrogen Bond 2.71 pl:THR5:0 C:CYS42:S
Hydrogen Bond 291 pl:PHE10:N C:ASP35:0
C-H 3.13 C:SER190:C pl:GLU4:0
ni-Cation 4.12 C:LYS36:N pl:PHE10
ni-Cation 4.29 pl:LYS8:N C:PHE41
n-0 3.71 pl:LYS8:C C:PHEA41
ni-Sulfur 3.61 p1:CYS3:S C:HIS57
n-1t Stacked 4.26 p1:HIS9 C:PHE39
Alkyl 4.86 p1:CYS3 C:ILE99
n-Alkyl 4.90 p1:PHEI0 C:LYS36
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Table S2. Intermolecular interactions (in A), donor and acceptor residues between peptide 1 (p1) against Chymotrypsin A (C) found
near the alternative region 1.

Type Distance Donor-Acceptor
Salt Bridge 3.09 C:ARG145:N pl:GLU4:0
Attractive Charge 2.54 pl:LYS8:N C:GLU20:0
Hydrogen Bond 2.89 C:ASN18:N pl:THR2:0
Hydrogen Bond 2.65 C:ASN18:N p1:CYS3:0
Hydrogen Bond 2.95 C:GLU2L:N pl:LYS8:0
Hydrogen Bond 3.04 C:THR144:0 pl:PHE10:0
Hydrogen Bond 2.92 C:THR222:0 pl:THR2:0
Hydrogen Bond 291 pl:LYS8:N C:SER11:0
Hydrogen Bond 3.16 pl:PHE10:N C:GLN156:0
C-H 3.48 pl:LYS8:C C:GLU21:0
C-H 2.79 p1:HIS9:C C:GLN156:0
nt-Alkyl 5.12 C:TYR146 pl:ALA1
nt-Alkyl 5.29 pl:PHE10 C:ARG154
Unfavorable Donor-Donor 3.04 C:TYR146:N pl:ALAL:N

Table S3. Intermolecular interactions (in A), donor and acceptor residues between peptide 1 (p1) against Chymotrypsin A (C)
found near the alternative region 2.

Type Distance Donor-Acceptor
Salt Bridge 2.72 pl:LYS8:N C:ASP129:0
Attractive Charge 2.81 C:LYS202:N pl:GLU4:0
Hydrogen Bond 2.84 C:LEU10:N pl:CYS3:0
Hydrogen Bond 3.27 C:THR135:N pl:PRO6:0
Hydrogen Bond 2.26 pl:THR2:0 C:PROS8:0
Hydrogen Bond 291 p1:SER7:0 C:THR135:0
C-H 3.05 p1:SER7:C C:LYS202:0
n-Donor Hydrogen Bond 3.11 C:ASP129:N pl:PHE10
Alkyl 4.49 C:ALA131 pl:LYS8
Alkyl 5.48 p1:CYS3 C:LEU10
Unfavorable Bump 2.40 C:LEU10:0 pl:CYS3:S
Unfavorable Acceptor-Acceptor 2.75 C:THR135:0 pl:PRO6:0

Table S4. Intermolecular interactions (in A), donor and acceptor residues between peptide 2 (p2) against Chymotrypsin A (C) in
the catalytic region.

Type Distance Donor-Acceptor
Attractive Charge 3.61 C:LYS170:N P2:GLU17:0
Hydrogen Bond 3.27 C:TYR171:0 P2:ALA11:O
Hydrogen Bond 2.55 C:TYR171:0 P2:VAL13:0
Hydrogen Bond 2.48 C:SER195:0 P2:GLY2:0
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Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
Hydrogen Bond
C-H
C-H
C-H
C-H
Alkyl
Alkyl
n-Alkyl
n-Alkyl
n-Alkyl

2.48
2.63
2.60
2.69
2.85
2.55
2.76
3.15
2.66
2.85
3.36
3.17
3.13
3.67
3.77
5.13
4.52
5.20
4.92

C:SER217:0
C:SER218:N
C:SER218:0
C:THR219:N
P2:ASNI:N
P2:ASNI:N
P2:ASN9:N
P2:ASN9:N
P2:GLU17:N
P2:HIS18:N
C:TRP215:C
C:SER218:C
P2:LEU3:C
P2:PHE19:C
C:ILE99
P2:CYS4
C:HIS57
C:TRP172
P2:PHE19

P2:SER12:0
P2:SER12:0
P2:SER8:0
P2:SER12:0
C:HIS57:0
C:CYS58:0
C:TYR146:0
C:SER218:0
C:LYS170:0
C:LYS170:0
P2:LEU3:0
P2:ASN9:0
C:SER195:0
C:ASN167:0
P2:ILE5
C:MET192
P2:ILE5
P2:ALAI11
C:LEU163

Table S5. Intermolecular interactions (in A), donor and acceptor residues between peptide 2 (p2) against Chymotrypsin A (C)

found near the alternative region 1.

Type Distance Donor-Acceptor

Salt Bridge 2.47 p2:ARG6:N C:ASP153:0
Attractive Charge 5.40 C:ARG145:N p2:GLU17:0
Attractive Charge 5.23 C:ARG145:N p2:GLU17:0
Hydrogen Bond 2.70 C:ASN18:N p2:HIS15:0
Hydrogen Bond 3.45 C:GLY19:N p2:CYS14:S
Hydrogen Bond 3.14 C:ILE8O:N p2:ASN1:0
Hydrogen Bond 2.92 C:THR144:N p2:SER12:0
Hydrogen Bond 2.87 C:ASN150:N p2:CYS10:0
Hydrogen Bond 291 C:THR222:N p2:HIS18:0
Hydrogen Bond 2.70 p2:ILE5:N C:THR37:0
Hydrogen Bond 2.69 p2:ARG6:N C:THRI151:0
Hydrogen Bond 2.88 p2:ARG6:N C:THR151:0
Hydrogen Bond 2.55 p2:ASN9:N C:ASP153:0
Hydrogen Bond 2.55 p2:ASN9:N C:ASP153:0
Hydrogen Bond 3.56 p2:CYS14:S C:GLY19:0
C-H 3.28 p2:ARG6:C C:GLN73:0

C-H 291 p2:SER12:C C:ASN150:0
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C-H
C-H
C-H
ni-Donor Hydrogen Bond
n-o
n-Alkyl
Unfavorable Bump; Hydrogen Bond
Unfavorable Positive-Positive

Unfavorable Donor-Donor

3.05
3.42
3.56
3.44
3.50
4.42
2.21
5.16

2.84

p2:CYS14:C
p2:HIS18:C
p2:HIS18:C
C:THR219:0
C:VAL17:C
p2:HIS15
C:THR144:0
C:LYS82:N
C:ASN150:N

C:THR144:0
C:THR222:0
C:THR222:0
p2:PHE19
p2:HIS15
C:ARG145
p2:SER12:0
p2:ASNI:N
p2:CYS10:N

Table S6. Intermolecular interactions (in A), donor and acceptor residues between peptide 2 (p2) against Chymotrypsin A (C) found

near the alternative region 2.

Type Distance Donor-Acceptor
Salt Bridge 2.61 p2:ARG6:N C:GLU78:0
Attractive Charge 2.74 C:LYS202:N p2:GLU17:0
Attractive Charge 5.47 p2:ARG6:N C:ASP72:0
Hydrogen Bond 3.40 C:GLN116:N p2:CYS4:S
Hydrogen Bond 2.36 C:THR117:0 p2:LEU3:0
Hydrogen Bond 3.06 p2:ASNL:N C:SER113:0
Hydrogen Bond 2.50 p2:ASNL:N C:PHE114:0
Hydrogen Bond 2.83 p2:SER7:0 C:GLN116:0
Hydrogen Bond 2.72 p2:ASN9:N C:GLN7:0
Hydrogen Bond 2.57 p2:GLY16:N C:LEU10:0
Hydrogen Bond 3.02 p2:GLU17:N C:LEU10:0
-0 3.87 C:THR135:C p2:HIS18
ni-Lone Pair 2.99 C:THR135:0 p2:HIS18
ni-t T-shaped 4.89 p2:HIS18 C:TRP207
Alkyl 4.09 C:LYS79 p2:ILE5
Alkyl 5.31 C:VAL118 p2:LEU3
Alkyl 4.95 p2:ARG6 C:PRO24
Alkyl 4.66 p2:CYS10 C:VAL9
Alkyl 4.10 p2:ALA11 C:VAL23
Alkyl 5.03 p2:ALAILl C:PRO24
n-Alkyl 5.35 p2:HIS18 C:VAL137
ni-Alkyl 4.53 p2:PHE19 C:LYS202
Unfavorable Donor-Donor 2.81 C:GLN7:N p2:ASN9:N
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Table S7. Intermolecular interactions (in A), donor and acceptor residues between peptide 3 (p3) against Chymotrypsin A (C) in

the catalytic region.

Type Distance Donor-Acceptor
Salt Bridge 2.90 Pp3:ARGO9:N C:ASP64:0
Salt Bridge 2.70 p3:ARGI10:N C:ASP35:0
Salt Bridge 3.27 p3:LYS16:N C:ASP35:0
Attractive Charge 4.87 p3:ARG9:N C:ASP64:0
Attractive Charge 4.84 p3:ARG10:N C:ASP35:0
Hydrogen Bond 3.11 C:SER195:0 p3:GLN6:0
Hydrogen Bond 2.67 C:SER218:0 p3:ASP2:0
Hydrogen Bond 3.03 C:SER218:0 p3:ASP2:0
Hydrogen Bond 2.94 p3:ASP2:N C:SER218:0
Hydrogen Bond 2.78 p3:ARG4:N C:SER96:0
Hydrogen Bond 2.44 p3:ARG4:N C:LEU97:0
Hydrogen Bond 3.01 p3:ARGO9:N C:GLY59:0
Hydrogen Bond 2.54 p3:ARGIL:N C:HIS40:0
ni-Cation 3.39 p3:ARG9:N C:PHE41
n-Cation 4.80 p3:ARG10:N C:PHE39
Alkyl 4.67 p3:CYS5 C:MET192
Alkyl 5.28 p3:ARG11 C:MET192
Alkyl 5.26 p3:CYS18 C:LYS36
n-Alkyl 5.18 C:PHE39 p3:ARG10
n-Alkyl 4.70 C:PHE39 p3:CYS12
ni-Alkyl 4.93 C:PHE41 p3:ARG9

Table S8. Intermolecular interactions (in A), donor and acceptor residues between peptide 3 (p3) against Chymotrypsin A (C)

found near the alternative region 1.

Type Distance Donor-acceptor
Salt Bridge 2.99 C:ARG145:N p3:ASP2:0
Salt Bridge 3.86 p3:ARG4:N C:GLU20:0
Salt Bridge 3.21 p3:ARGO9:N C:GLU21:0
Salt Bridge 2.84 p3:ARG9:N C:GLU21:0
Salt Bridge 2.73 p3:ARGI10:N C:ASP72:0
Attractive Charge 5.18 C:ARGI145:N p3:ASP2:0
Attractive Charge 5.03 p3:ARGI10:N C:ASP72:0
Attractive Charge 4.65 p3:ARG10:N C:ASP153:0
Attractive Charge 4.37 p3:LYS16:N C:ASP153:0
Hydrogen Bond 2.76 C:ASN18:N p3:THRI1:0
Hydrogen Bond 3.02 C:GLU21:N p3:GLN6:0
Hydrogen Bond 3.17 C:THR37:0 p3:CYS18:S
Hydrogen Bond 2.97 C:THR144:0 p3:ASP2:0
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Hydrogen Bond 2.83 C:ASN150:N p3:MET13:0
Hydrogen Bond 3.05 C:ARG154:N p3:GLY7:0
Hydrogen Bond 3.12 C:GLN156:N p3:GLN6:O
Hydrogen Bond 2.98 p3:ARG4:N C:ASN18:0
Hydrogen Bond 3.38 p3:LEU15:N C:ASP153:0
Hydrogen Bond 2.93 p3:LYS16:N C:GLN73:0
Hydrogen Bond 3.12 p3:CYS18:S C:THR37:0

C-H 3.73 p3:PRO17:C C:GLN73:0

Alkyl 5.27 C:PRO152 p3:METI13

Unfavorable Bump; Hydrogen Bond 2.17 p3:ARG4:N C:GLY19:0
Unfavorable Donor-Donor 3.08 C:ASN18:N p3:GLY3:N
Unfavorable Donor-Donor 3.11 C:ARG154:N p3:ARG10:N
Unfavorable Acceptor-Acceptor 2.47 C:GLU21:0 p3:GLN6:0

Table S9. Intermolecular interactions (in A), donor and acceptor residues between peptide 3 (p3) against Chymotrypsin A (C)

found near the alternative region 2.

Type Distance Donor-acceptor
Salt Bridge 2.46 p3:ARGIL:N C:GLU20:0
Attractive Charge 3.76 C:ARG145:N p3:ASP2:0
Hydrogen Bond 2.84 C:ASN18:N p3:GLN6:0
Hydrogen Bond 3.31 C:SER159:N p3:CYS12:S
Hydrogen Bond 2.88 C:THR222:N p3:CYS5:0
Hydrogen Bond 2.66 p3:CYS5:S C:THR219:0
Hydrogen Bond 3.09 p3:CYS5:S C:CYS220:0
Hydrogen Bond 2.48 p3:GLY7:N C:THR222:0
Hydrogen Bond 2.83 p3:VALS:N C:THR222:0
Hydrogen Bond 2.86 p3:ARGI0:N C:SER186:0
C-H 2.96 C:SER221:C p3:CYS5:0
C-H 3.68 p3:CYS12:C C:SER159:0
C-H 2.90 p3:PRO17:C C:LEU10:0
Alkyl 4.99 C:VAL9 p3:PRO17
Alkyl 475 C:PRO161 p3:MET13
Alkyl 4.84 p3:CYS12 C:LEU10
Alkyl 4.75 p3:CYS14 C:LEU10

Table S10. Intermolecular interactions (in A), donor and acceptor residues between peptide 4 (p4) against Trypsin (T) in the cata-
lytic region.

Type Distance Donor-acceptor
Hydrogen Bond 2.13 T:HIS57:H p4:GLU4:0
Hydrogen Bond 2.69 T:LYS60:H p4:CYS3:S
Hydrogen Bond 2.45 T:TYR151:H p4:GLU4:0
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Hydrogen Bond 1.98 T:GLN192:H p4:THR5:0
Hydrogen Bond 1.78 T:GLY216:H p4:PRO6:0
Hydrogen Bond 2.29 T:GLY219:H p4:SER7:0
Hydrogen Bond 2.87 p4:THR2:N T:HIS57:0
Hydrogen Bond 2.69 p4:THR2:0 T:HIS57:0
Hydrogen Bond 3.04 p4:THR5:0 T:CYS191:0
Hydrogen Bond 2.71 p4:THR5:0 T:SER195:0
Hydrogen Bond 3.22 p4:LYS8:N T:ASN97:0
C-H 3.77 T:HIS57:C p4:THR2:0
C-H 2.74 T:HIS57:C p4:THR2:0
C-H 3.59 T:CYS58:C p4:THR2:0
C-H 2.91 p4:PRO6:C T:SER214:0
C-H 2.66 p4:SER7:C T:GLY216:0
n-o 3.50 p4:LYS8:C T:TRP215
ni-Sulfur 5.64 p4:CYS3:S T:TYR39
Alkyl 491 p4:ALA1 T:LYS60
Alkyl 4.71 p4:PRO6 T:LEU99
ni-Alkyl 4.88 T:PHE41 p4:CYS3
ni-Alkyl 3.94 T:HIS57 p4:PRO6
ni-Alkyl 4.72 T:TRP215 p4:LYS8
Unfavorable Acceptor-Acceptor 2.88 T:HIS57:0 p4:THR2:0

Table S11. Intermolecular interactions (in A), donor and acceptor residues between peptide 5 (p5) against Trypsin (T) in the cata-
lytic region.

Type Distance Donor-acceptor

Salt Bridge 3.08 p5:ARG8:N T:ASP153:0
Attractive Charge 4.73 p5:ARG8:N T:ASP153:0
Hydrogen Bond 2.80 T:ASN74:H p5:CYS6:0
Hydrogen Bond 1.85 T:GLY193:H p5:PHE2:0
Hydrogen Bond 3.14 p5:HISI:N T:SER195:0
Hydrogen Bond 3.08 p5:HIS1:N T:GLY219:0
Hydrogen Bond 3.66 p5:HIS1:N T:CYS220:S
Hydrogen Bond 2.96 p5:ASN3:N T:HIS57:0
Hydrogen Bond 3.21 p5:GLY4:N T:PHE41:0
Hydrogen Bond 3.13 p5:CYS6:N T:HIS40:0
Hydrogen Bond 3.08 p5:CYS6:S T:PRO152:0
Hydrogen Bond 2.66 p5:ARG8:N T:ASP153:0
Hydrogen Bond 2.51 p5:ARG8:N T:TYR151:0
C-H 2.76 T:PHE41:C p5:GLY4:0

C-H 3.47 T:HIS57:C p5:ASN3:0
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C-H 3.52 T:CYS58:C p5:ASN3:0
C-H 3.36 T:TRP215:C p5:HIS1:0
C-H 3.33 T:GLY226:C p5:HISI:N
C-H 2.92 p5:HIS1:C T:ASP189:0
C-H 3.08 p5:LEUS:.C T:HIS40:0
Sulfur-X 2.72 T:CYS42:S p5:ASN3:0
n-0 3.56 p5:LEUS:.C T:TYR39
ni-Sulfur 4.77 T:CYS220:S p5:HIS1
Alkyl 4.59 p5:CYS6 T:ILE73
ni-Alkyl 5.10 T:HIS40 p5:CYS6
n-Alkyl 5.48 T:TYRI151 p5:CYS6

Table S12. Intermolecular interactions (in A), donor and acceptor residues between peptide 6 (p6) against Trypsin (T) in the cata-
lytic region.

Type Distance Donor-acceptor
Salt Bridge; Attractive Charge 2.03 T:LYS60:H p6:GLU11:0
Salt Bridge 2.97 p6:ARG17:N T:ASP153:0
Attractive Charge 3.63 T:HIS40:N p6:ASP15:0
Hydrogen Bond 2.10 T:SER96:H p6:SER6:0
Hydrogen Bond 2.28 T:SER96:H p6:SER6:0
Hydrogen Bond 2.48 p6:SER2:0 T:PRO92:0
Hydrogen Bond 2.79 p6:ASN3:N T:PRO92:0
Hydrogen Bond 2.44 p6:ASN3:N T:TYR94:0
Hydrogen Bond 291 p6:CYS4:N T:PRO92:0
Hydrogen Bond 3.62 p6:CYS4:S T:VAL90:0
Hydrogen Bond 3.05 p6:SER6:0 T:SER96:0
Hydrogen Bond 2.63 p6:GLY10:N T:TYR59:0
Hydrogen Bond 3.02 p6:HIS12:N T:HIS57:0
Hydrogen Bond 3.18 p6:ARG17:N T:TRP141:0
Hydrogen Bond 2.72 p6:ARG17:N T:PRO152:0
Hydrogen Bond 2.84 p6:ARG17:N T:PRO152:0
C-H 3.15 T:HIS40:C p6:ASP15:0
C-H 3.13 T:GLY193:C p6:ASP15:0
C-H 3.54 p6:SER6:C T:TYR94:0
n-Cation 4.19 T:HIS57:N p6:PHE13
-0 2.98 T:HIS57:C p6:HIS12
ni-t T-shaped 5.02 T:HIS57 p6:PHE13
Alkyl 4.08 T:VAL90 p6:VAL7
Alkyl 4.37 p6:CYS4 T:VAL90
n-Alkyl 4.55 T:TYR94 p6:VAL7
ni-Alkyl 4.69 T:TYR151 p6:ARG17
Unfavorable Donor-Donor 3.40 T:ASN74:H p6:ARG17:N
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Table S13. Intermolecular interactions (in A), donor and acceptor residues between peptide 7 (p7) against Trypsin (T) in the cata-
lytic region.

Type Distance Donor-acceptor

Attractive Charge 491 p7:CYS1:N T:ASP189:0
Attractive Charge 5.44 p7:CYS1:N T:ASP194:0
Hydrogen Bond 2.75 T:TYR39:H p7:ARG5:0
Hydrogen Bond 2.16 T:LYS60:H p7:ARG5:0
Hydrogen Bond 1.99 T:GLN192:H p7:GLN2:O0
Hydrogen Bond 2.36 T:GLY193:H p7:GLY3:0
Hydrogen Bond 3.04 T:SER195:H p7:GLY3:0
Hydrogen Bond 3.52 p7:CYS1:S T:ASP189:0
Hydrogen Bond 3.72 p7:CYS1:S T:SER190:0
Hydrogen Bond 3.10 p7:CYS1:S T:GLY219:0
Hydrogen Bond 2.52 p7:GLN2:N T:GLY216:0
Hydrogen Bond 3.20 p7:ARG5:N T:PHE41:0
C-H 3.44 p7:VAL4:C T:PHE41:0

ni-Cation 4.08 p7:ARG5:N T:TYRI151

Alkyl 4.05 T:CYS42 p7:VAL4

Alkyl 4.35 T:CYS58 p7:VAL4

n-Alkyl 5.46 T:PHE41 p7:VAL4

n-Alkyl 5.48 T:HIS57 p7:VAL4
Unfavorable Bump 1.99 T:GLY216:N p7:GLN2:0O
Unfavorable Bump; Hydrogen Bond 1.25 T:GLY216:H p7:GLN2:0
Unfavorable Donor-Donor 2.67 T:HIS57:H p7:GLY3:N
Unfavorable Donor-Donor 2.26 T:SER195:H p7:GLY3:N

Table S14. Intermolecular interactions (in A), donor and acceptor residues between peptide 8 (p8) against Trypsin (T) in the cata-
lytic region.

Type Distance Donor-acceptor

Salt Bridge; Attractive Charge 2.16 p8:ARG2:H T:ASP189:0
Salt Bridge; Attractive Charge 2.07 p8:ARG2:H T:ASP189:0
Attractive Charge 4.92 T:HIS57:N p8:ARG2:0
Attractive Charge 4.17 p8:ARG2:N T:ASP189:0
Hydrogen Bond 2.25 T:HIS57:H p8:ARG2:0
Hydrogen Bond 2.75 T:GLN192:H p8:ARG1:0
Hydrogen Bond 2.39 T:GLY193:H p8:ARG2:0
Hydrogen Bond 2.16 p8:ARGI:H T:GLY216:0
Hydrogen Bond 2.12 p8:ARGI:H T:GLY216:0
Hydrogen Bond 1.87 p8:ARGI:H T:SER96:0
Hydrogen Bond 2.37 p8:ARG1:H T:ASN97:0
Hydrogen Bond 2.36 p8:ARG1:H T:ASN97:0
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Continued

Unfavorable Positive-Positive

Unfavorable Acceptor-Acceptor

Hydrogen Bond

Hydrogen Bond

Hydrogen Bond

Hydrogen Bond
C-H

Unfavorable Donor-Donor

1.95
1.91
3.06
1.84
2.89
3.05
1.88
2.90

p8:ARGI1:H
p8:ARG2:H
p8:ARG2:H
p8:ARG2:H
T:GLN192:C
T:HIS57:N
T:GLY216:H
T:GLY216:0

T:SER96:0
T:SER190:0
T:SER190:0
T:GLY219:0
p8:ARG2:0
p8:ARG2:0
p8:ARGI:H
p8:ARG1:0

Table S15. Intermolecular interactions (in A), donor and acceptor residues between peptide 9 (p9) against Trypsin (T) in the cata-

lytic region.

Type Distance Donor-acceptor
Attractive Charge 4.88 p9:LYS5:N T:ASP189:0
Hydrogen Bond 2.00 T:TYR39:H p9:CYS1:0
Hydrogen Bond 2.35 T:HIS57:H p9:LEU4:0
Hydrogen Bond 1.76 T:LYS60:H p9:CYS1:0
Hydrogen Bond 2.08 T:GLN192:H p9:LYS5:0
Hydrogen Bond 1.83 T:GLY216:H p9:PRO6:0
Hydrogen Bond 2.46 T:GLY219:H p9:CYS7:S
Hydrogen Bond 3.09 A p9:CYS3:N T:PHE41:0
Hydrogen Bond 2.89 p9:LYS5:N T:GLY219:0
C-H 3.44 T:SER195:C p9:CYS3:0
C-H 3.68 p9:LYS5:C T:SER190:0
C-H 2.60 p9:PRO6:C T:SER214:0
Alkyl 3.97 T:CYS42 p9:CYS3
Alkyl 3.86 T:CYS58 p9:CYS3
Alkyl 4.57 p9:PRO6 T:LEU99
ni-Alkyl 5.10 T:TYR39 p9:MET2
n-Alkyl 4.86 T:PHE41 p9:CYS3
n-Alkyl 4.11 T:HIS57 p9:PRO6
Unfavorable Positive-Positive 4.39 T:LYS60:N p9:CYSI:N
Unfavorable Donor-Donor 2.56 T:TYR39:H p9:CYSI:N
Unfavorable Donor-Donor 3.27 T:GLY193:H p9:LYS5:N
Unfavorable Acceptor-Acceptor 2.61 T:GLY216:0 p9:PRO6:0
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