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Abstract

Larimichthys crocea nebulin protein was selected to explore novel angiotensin-converting
enzyme (ACE) inhibitory peptides. After in silico gastrointestinal proteolysis using pepsin,
trypsin and chymotrypsin, several tripeptides were obtained. Then, the cytotoxicity, solubility,
bioactivity probability, and adsorption, distribution, metabolism and excretion (ADME)
properties of the tripeptides were predicted using online prediction tools. Molecular docking
was performed to screen the tightly bound peptides to investigate the interactions between
ACE and the novel tripeptides. Finally, potent ACE inhibitory tripeptides were used to explore
the active pharmacophores. These results suggested that the tripeptide HGR (His-Gly-Arg)
exhibited effective ACE inhibitory activity, with an IC; value of 106 = 1.35 uM. The HGR-
ACE complex is stabilised by 14 hydrogen bonds, one attractive charge, and one pi-alkyl
interaction. In addition, HGR made contact with the major residues of ACE, i.e., His353,
Glu384, Ala354, His513, Tyr523, and Lys511. Furthermore, hydrogen bond acceptors and
hydrophobicity are inevitably the most important active features of ACE inhibitory tripeptides,

especially hydrogen bond acceptors.

© All Rights Reserved

Introduction

There has been increased interest in food-
derived bioactive peptides because of their ability
to prevent chronic diseases (Hall et al., 2018), i.e.,
cardiovascular diseases, cancers, chronic respiratory
diseases and diabetes. Angiotensin converting enzyme
(ACE) inhibitory peptide is a heavily researched
bioactive peptide, and ACE inhibitory peptides have
been identified in a wide variety of foods, such as
Tetradesmus obliquus green microalgae (Montone
et al., 2018), casein (Tu et al., 2018a), egg white
protein (Abeyrathne et al., 2018), Chlorella vulgaris
(Xie et al., 2018), and wheat (Triticum aestivum)
(Garg et al., 2018). Recently, many studies have also
highlighted the ACE inhibitory activity of fish protein
hydrolysates (Zamora-Sillero et al., 2018). The large
yellow croaker (Larimichthys crocea) is an important
marine fish in the world aquaculture industry (Yu et
al., 2017), and is widely cultured in China (Wang et
al.,2017a). However, few studies have focused on L.
crocea as a source of ACE inhibitory peptides.
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Email: zhaowenzhu777@163.com

To date, the generation of ACE inhibitory
peptides is based on enzymatic hydrolysis, which
is the effective and classical method (Lee and Hur,
2017; Zamora-Sillero et al., 2018). Gastrointestinal
enzymes (i.e., pepsin, trypsin, and chymotrypsin)
have commonly been applied for the enzymatic
digestion of proteins (Grootaert et al., 2017). Peptides
released by in vitro gastrointestinal digestion may
have relative stability in the gastrointestinal tract.
However, this classical method to obtain protein
hydrolysates with bioactive properties has a number
of drawbacks (Nongonierma and Fitzgerald, 2018).
The process used to isolate and purify peptides from
enzymatic hydrolysate is generally time-consuming
and expensive (Vercruysse et al., 2008). Moreover,
it is difficult to obtain high purity and highly active
peptides from complex mixtures of various peptides
(Han et al., 2018).

Targeted screening methods may have advantages
when compared with the classical method, based
on in silico tools (i.e., ExPASy PeptideCutter
(Gasteiger et al., 2003), ToxinPred (Gupta et al.,
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2013), PeptideRanker (Mooney et al., 2012), peptide
property calculator, admetSAR (Cheng ef al., 2012)
and databases. In fact, several studies have linked a
wide range of targeted screening methods that were
successful in identifying novel bioactive peptides
from food proteins (Wang et al., 2017b; Agirbasli
and Cavas, 2017; Tu et al., 2018a).

Based on the above rationale, the aim of the
present work was to identify novel ACE inhibitory
peptides from L. crocea nebulin protein using in
silico gastrointestinal digestion and virtual screening
methods. Furthermore, molecular docking was
employed to investigate the interactions between
ACE and the novel peptides. In addition, the 3D
quantitative structure-activity relationship (QSAR)
pharmacophore model was employed to study the
relationship between the primary structure and the
activity of ACE inhibitory peptides and assist in
further study to identify ACE inhibitory peptides.

Materials and methods

Materials and reagents

ACE (protease from rabbit lung), hippuryl-
histidyl-leucine (HHL) and hippuric acid were
purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Acetonitrile, methanol and trifluoroacetic
acid were purchased from Fisher Scientific Co.
(Waltham, MA, USA) and were of chromatographic
grade. All the other reagents and chemicals used
were of analytical grade. The synthetic peptides
were provided by Shanghai Top Peptide Biological
Technology Corporation (Shanghai, China).

In silico gastrointestinal digestion of Larimichthys
crocea nebulin protein

The L. crocea nebulin protein sequence (NCBI
accession number KKF11904.1) was subjected
to simulated proteolysis by using three typical
digestive proteases: pepsin (EC 3.4.23.1), trypsin
(EC 3.4.21.4), and chymotrypsin (EC 3.4.21.1). The
in silico digestion was carried out using the online
program ExPASy PeptideCutter (http://web.expasy.
org/peptide cutter/). Numbers of peptides would
be released, and then, tripeptides were selected and
compared with known ACE-inhibitory peptides using
the BIOPEP (http://www.uwm.edu.pl/biochemia/
index.php/en/biopep) and AHTPDB (http://crdd.
osdd.net/raghava/ahtpdb/) programs.

Toxicity, solubility, bioactivity, and adsorption,

distribution, metabolism and excretion (ADME)

property prediction
The potential

toxicity of the unknown

tripeptide was analysed according to its important
physicochemical properties by using the online tool
ToxinPred (http://crdd.osdd.net/raghava//toxinpred/)
(Gupta et al., 2013). The solubility was estimated
by using the peptide property calculator http://www.
innovagen.com (Lafarga et al., 2015). In addition,
PeptideRanker (http://bioware.ucd.ie/~compass/
biowareweb/Server pages/peptideranker.php) was
used to predict the bioactivity of the tripeptides, and
the online tool admetSAR (http://Immd.ecust.edu.
cn/admetsarl/) was applied to predict the ADME
properties of the tripeptides, i.e., human intestinal
absorption (HIA), Caco-2 cell permeability, and
metabolism parameters.

Molecular docking and analysis of the interactions

The crystal structure of human ACE complexing
with lisinopril (1086.pdb) obtained from the Protein
Data Bank (http://www.rcsb.org/) was used as the
target to screen tripeptides strongly bound with
ACE. The molecular docking procedure was carried
out by using the CDOCKER protocol of Discovery
Studio (DS) 2017 Client software. The structure
of the enzyme was ascertained by removing water
and adding hydrogen atoms (Pan et al., 2012). The
docking runs were carried out with coordinates X:
41.2073, y: 33.9431, and z: 46.5201 with a radius of
9.

ACE inhibitory activity assay

The assay of in vitro ACE inhibitory activity was
performed by the reversed phase high-performance
liquid chromatography (RP-HPLC) method described
by Yu et al. (2012).

Pharmacophore model construction and validation
To build the 3D QSAR pharmacophore
hypotheses, 28 ACE inhibitory tripeptides collected
from AHTPDB (database of antihypertensive
peptides) with known IC, values covering a range of
four orders magnitude were used. All 3D structures
of the tripeptides were built using the Discovery
Studio 2017 R2 client, and the activity uncertainty
of those tripeptides was set to 1.5. The 3D QSAR
Pharmacophore Generation module of the Discovery
Studio 2017 R2 client was employed to generate
and validate the pharmacophore model. Chemical
features including hydrogen bond acceptor (HBA),
hydrogen bond donor (HBD), hydrophobic (HYD),
hydrophobic_aromatic (HA), and positive ionisable
(PI) were given parameters from a minimum of 1 to a
maximum of 5. Other default parameters were used.
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Results and discussion

Predictions of toxicity, bioactivity, solubility, and
ADME properties for tripeptides

Following in silico gastrointestinal digestion,
168 unreported tripeptide sequences were generated
and selected for the toxicity, bioactivity, solubility,
and ADME properties prediction. Molecular weight
and size are taken as important physicochemical
properties affecting the bioactive properties of the
peptides. Moreover, small peptides are considered
safe (Garg et al., 2018). Some studies have indicated
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that the shorter the peptide chain, the easier it is for
the peptide to interact with ACE active sites (Lin
et al., 2017). Thus, in the present work, tripeptides
with reasonable molecular weight and absorption
properties were selected.

The results showed that all of them were non-
toxic, along with all the important physicochemical
properties they possessed. Tripeptides AGF, QGF,
GQW, GNF, GSF, TMF, LMM, GML, GTW, AAW,
AAF, LGC, ECF, SNW, HNW, YPY, HQW, AML,
ICL, GLR, AMY, EGF, FDN, LIM, HMY, MDY,
GDL, AGY, GHY, SGR, HGR, and GQL with

Table 1. Calculation results of in silico bioactivity, toxicity, solubility, ADME properties and docking score of
tripeptides released from Larimichthys crocea nebulin protein.

Peptide ' N N ADME properties predictions _CDOCKER-
sequence Peptide ranker Toxicity Solubility Human int?stinal Caco-'2' INTERACTION-
absorption permeability energy (kcal/mol)
AGF 0.96 non-toxic poor — — —
QGF 0.94 non-toxic poor — — —
GQW 0.94 non-toxic poor — — —
GNF 0.94 non-toxic poor — — —
GSF 0.93 non-toxic poor — — —
TMF 0.91 non-toxic poor — — —
LMM 0.91 non-toxic poor — — —
GML 0.91 non-toxic poor — — —
GTW 0.87 non-toxic poor — — —
AAW 0.85 non-toxic poor — — —
AAF 0.83 non-toxic poor — — —
LGC 0.82 non-toxic poor — — —
ECF 0.8 non-toxic good HIA- Caco2- —
SNW 0.78 non-toxic poor — — —
HNW 0.77 non-toxic poor — — —
YPY 0.74 non-toxic poor — — —
HQW 0.74 non-toxic poor — — —
AML 0.74 non-toxic poor — — —
ICL 0.71 non-toxic poor — — —
GLR 0.71 non-toxic good HIA- Caco2- —
AMY 0.7 non-toxic poor — — —
EGF 0.69 non-toxic good HIA+ Caco2- 90.8416
FDN 0.68 non-toxic good HIA- Caco2- —
LIM 0.64 non-toxic poor — — —
HMY 0.64 non-toxic poor — — —
MDY 0.59 non-toxic good HIA+ Caco2- 83.4035
GDL 0.55 non-toxic good HIA+ Caco2- 80.8434
AGY 0.54 non-toxic poor — — —
GHY 0.53 non-toxic poor — — —
VDF 0.51 non-toxic good HIA- Caco2- —
SGR 0.51 non-toxic good HIA- Caco2- —
HGR 0.51 non-toxic good HIA+ Caco2- 92.4782
GQL 0.5 non-toxic poor — — —
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corresponding peptide scores over the 0.5 threshold
were labelled as bioactive in PeptideRanker and then
selected for solubility prediction. Eight tripeptides
(ECF, GLR, EGF, FDN, MDY, GDL, SGR, and
HGR) showed satisfactory water solubility, and
others showed poor water solubility. The ADME
properties of a molecule were all impacted by water
solubility (Cheng et al., 2003). Soluble tripeptides
can be absorbed across the intestinal barrier to reach
the target organ or tissue. Thus, tripeptides ECF,
GLR, EGF, FDN, MDY, GDL, VDF, SGR, and HGR
were selected for determination of ADME properties
prediction.

Analysing the results from Table 1, peptides
EGF, MDY, GDL, and HGR were labelled as HIA+,
and the peptides ECF, GLR, FDN, VDF, and SGR
were labelled as HIA-, which indicated that the
HIA% of EGF, MDY, GDL, and HGR were more
than 30%. On the contrary, the HIA% of ECF, GLR,
FDN, VDF, and SGR were less than 30% (Shen et
al., 2010). Moreover, all of the tripeptides were not
CYP450 inhibitors, which indicate that there are less
drug-drug interactions in the course of metabolism.
Based on the above rationale, tripeptides EGF, MDY,
GDL, and HGR passed the ADMET filter and were
chosen for further study.

Molecular docking

Molecular docking between ACE and the
tripeptides (i.e., EGF, MDY, GDL, and HGR) was
performed to screen the tightly bonded tripeptides
and explore the molecular mechanism using the
CDOOCKER program, a flexible docking tool of
Discovery Studio 2017 software.

The best docking positions of tripeptides HGR,
EGF, GDL, and MDY, are shown in Figure 2 with
CDOCKER-INTERACTION-ENERGY values of
-92.4782,-90.8416,-80.8434, and -83.4035 kcal/mol,
respectively. A lower ‘CDOCKER-INTERACTION-
Energy’ score denotes a more favourable binding.
Thus, tripeptide HGR and EGF showed higher
affinity than GDL and MDY, which indicated that
HGR and EGF may exert higher ACE inhibition than
the GDL and MDY.

Figure 1a shows that the MDY—ACE complex is
stabilised by a total of 13 hydrogen bonds, including
six conventional hydrogen bonds (Glul62, Ala354,
GIn281, and Tyr520), five carbon-hydrogen bonds
(His353, His383, and His513), and two salt bridges
(Glu384 and Lys511). Moreover, the residues
His387, Val380, and Ala354 of ACE formed three
pi-alkyl interactions with MDY. Additionally, a pi-pi
T-shaped interaction was involved with the residue
His353.
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Figure 1b shows that the GDL-ACE complex is
stabilised by a total of nine hydrogen bonds, including
three conventional hydrogen bonds (Ala354 and
GIn281), three carbon-hydrogen bonds (Tyr523 and
His513), one pi-donor hydrogen bond (His353), and
two salt bridges (Glul62 and His353). Moreover,
the residues Lys511 and Zn701 of ACE formed
two attractive charges with GDL. Additionally, the
residues His353 and Phe512 of ACE formed two pi-
alkyl interactions with GDL, and the residue Val518
formed an alkyl interaction with GDL.

Figure 1c shows that the HGR—-ACE complex is
stabilised by a total of 14 hydrogen bonds, including
six conventional hydrogen bonds (His353, Ala354,
Asp377, and Lys511), five carbon-hydrogen bonds
(His353, Glu376, Tyr523, and His513), and three salt
bridges (Glu384, Lys511, and Glul62). Moreover,
the residues Asp377 of ACE formed an attractive
charge with HGR. Additionally, the residue Val518
formed a pi-alkyl interaction with HGR.

Figure 1d shows that the EGF—ACE complex
is stabilised by a total of seven hydrogen bonds,
including three conventional hydrogen bonds
(Ala354, GIn281, and Lys511), two carbon-hydrogen
bonds (His513 and His353), and two salt bridges
(Glu384 and Lys511). Moreover, the residue Trp279
of ACE formed a pi-pi T-shaped interaction with
EGF. Additionally, the residue Zn701 formed an
attractive charge with EGF.

There are a total of 13, nine, 14, and seven
hydrogen bonds that contain nine, six, nine, and six
types of ACE residues that form hydrogen bonds
with MDY, GDL, HGR, and EGF, respectively. The
ACE-tripeptide complex can be stabilised through
hydrogen bond interactions, and the peptide-induced
inhibition of ACE activity would be promoted through
hydrogen bond interactions (Tu et al., 2018b).

The real interactions between ACE and the
drugs are essential to screen potent ACE inhibitory
peptides (Ke et al., 2017). Thus, the interactions
of ten drugs, i.e., captopril, lisinopril, enalapril,
fosinopril, benazepril, quinapril, cilazapril, ramipril,
moexipril, and perindopril (shown in Table 2) with
ACE were analysed, and the value of CDOCKER-
INTERACTION-ENERGY was -70.4426,
-40.7795, -57.182, -74.2439, -60.0918, -68.7201,
-63.9904, -62.5964, -73.9554, and -66.0633 kcal/
mol, respectively. The results (shown in Table 2)
demonstrated that more than five drugs could interact
with ACE at the residues i.e., His353, Glu384,
Ala354, His513, Val380, Tyr523, His383, Tyr520,
Lys511, Zn701, Ser355, and Val518. Therefore, those
residues should play an essential role in ACE binding.
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Figure 1. Binding pose and molecular interactions of the tripeptides MDY (a), GDL (b), HGR (c) and EGF (d) into the

active site of ACE, where green colour represents hydrogen bond, orange colour represents salt bridge, attractive charge

and pi-anion, pink colour represents pi-pi t-shaped, alkyl, and pi-alkyl, red colour represents unfavourable positive-
positive, and grey colour represents metal-acceptor.
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Table 2. Interactions of captopril, lisinopril and enalapril derivatives with ACE (PDB ID: 1086) with their bond length

(A).
H-bond interacting residues Hydrophobic bond interacting .Electro.statlc t.)ond Metal-Acceptor
residues interacting residues

Tyr523 (4.66 A)

Captopril His383 (2.77 A) His383 (4.25 A) o o
His353 (5.18A)
Glul62 (2.40 A) His383 (4.62 A)
Glu384 (2.53 A) His387 (5.36 A)
Ala354 (2.27 A)
His353 (3.04A)
Lisinopril His513 (2.37A) (2.82 A) o Zn701(2.05 A)
Lys511 (1.87 A)
Tyr520 (2.15A)
Tyr523 (2.55 A) (4.58 A)
GIn281 (2.09A)
His513 (2.61A) (2.42 A) Tyr523 (4.60 A)
Lys511 (1.74 A) His383 (4.97 A)
Enalapril Tyrs20 2.294) L Zn701 (2.19 A)
Tyr523 (2.69A)
Glu384 (2.05 A)
Ala354 (2.54 A)
GIn281 (2.13 A) Ala354 (4.21 A)
Ala354 (2.29 A) His387 (4.57 A) (4.91 A)
o Ser355 (2.64 A) Trp279 (4.68 A)
Fosinopril o o
Glud1l (2.83 A) Val380 (3.85 A) (4.43A)
Lys511 (2.40 A)
His513 (2.81 A)
Lys511 (2.96 A) (1.73 A) Val379 (4.96 A)
_ His353 (2.56 A) (2.56 A) His383 (4.89 A)
Benazepril Glul62 (4.03 A) L
Ala354 (5.26 A)
Val380 (4.79A) (5.03 A) (4.56A)
GIn281 (2.67 A) Val380 (5.48 A)
Tyr520 (2.174) Ala354 (5.48 A)
Ala356 (2.27 A) Phe527(4.96 A)
Quinapril Glu384 (2.05 A) Phe457(4.24 A) o Zn701 (2.10 A)
Ser355 (3.94 A) Val518 (4.62 A) (4.87A)
His513 (2.81 A)
His353 (2.72 A)
Ser355 (3.74 A) Phe457(5.19 A)
Ala356 (2.01 A) (2.02 A) Val380 (4.45 A)
) ) Glu384 (2.36 A) His353 (5.484)
Cilazapril o o
Ala354 (3.05 A) (4.39 A) Phe512 (5.49 A)
His353 (2.79A) Val518 (2.12 A) (4.66 A)
Tyr523 (2.35 A)
Glu384 (1.99 A) Phe457(4.07 A)
Ala356 (2.25 A) Phe527(5.14 A)
Ser355 (2.91 A) Val380 (4.71 A)
Ramipril His353 (3.03 A) Phe512 (5.37 A) s Zn701 (1.92 A)
Tyr523 (2.78 A) Val518 (4.40A) (4.78 A)

His513 (2.74 A)
Tyr520 (1.91 A)
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Moexipril

Asn70 (2.62 A)

Ser355 (2.68 A) (3.90 A)

Ala356 (2.25 A)
Glu384 (2.03 A)
His353 (2.79 A)
His513 (2.77 A)
Tyr520 (1.93 A)

Val518 (4.69A)
His353 (5.814)
Val380 (4.76 A)
His383 (1.91 A)
Phe527(5.17 A)

Zn701 (2.10 A)

GIn281 (2.13 A)
Lys511(1.97 A)
Tyr520 (2.11A)
Glu384 (2.81 A)

Tyr523 (4.77 A)
Val380 (5.45 A)

His383 (4.28 A)(4.27 A)

Val518 (4.274)

Perindopril
P Ala354 (2.50 A)

Ser355 (2.71 A)
His513 (2.64 A)(2.84 A)
Tyr523 (2.40 A)

The lowest docking score was for the tripeptide
HGR, which could bind with the major residues of
ACE, i.e., His353, Glu384, Ala354, His513, Tyr523,
and Lys511. Moreover, tripeptide HGR had the
highest number of predicted hydrogen bonds. When
compared with EGF, GDL, and MDY, the interactions
of HGR with ACE were greater. These results indicate
that HGR may have stronger inhibitory potency.
Thus, tripeptide HGR was subjected to further ACE-
inhibitory activity assay.

In vitro ACE inhibitory activity of tripeptide HGR

The ACE inhibitory activity of synthetic tripeptide
HGR was tested using the RP-HPLC method. HGR
exhibited ACE inhibitory activity with an IC, value
of 106 + 1.35 uM. The AHTPDB program includes
221 ACE inhibitory tripeptides with known IC,
values (Kumar et al., 2015), and the IC, values of
79 tripeptides were higher than that of HGR. For
example, when compared with tripeptides IPA (IC,,
value of 141 uM ), YVP (IC, value 0of 200 uM ), IPY
(IC,, value of 206 uM), PYP (IC, value of 220 uM),
ILP (IC,, value of 270 uM), VLP (IC,; value of 320
uM ), AVP (IC,, value of 340 uM), GKP (IC,, value
of 352 uM), PLP (IC, value of 430 uM), and AGS
(IC,, value of 527.9 uM), HGR showed a greater
ACE inhibitory activity. Based on the analysis, HGR
has satisfactory inhibitory activity, and hierarchical
virtual screening was used to further advance the
research and development of the nature of ACE
inhibitory peptides.

3D QSAR pharmacophore model construction and
validation
To determine the common structural features

necessary for ACE inhibitory tripeptides, 3D QSAR
pharmacophore hypotheses were built on 28 ACE
inhibitory tripeptides i.e., IKW (IC,, value of 0.21
uM), LGP (IC, value of 0.72 uM), VSV (IC, value
of 0.15 uM), MAP (IC_ value of 0.8 uM), IQW (IC,
value of 1.4 uM), IPP (IC,, value of 5 uM), LVY
(IC,, value of 1.8 uM), LIY (IC,, value of 0.82 uM),
TVY (IC,, value of 15 uM ), LAP (IC, value of 3.5
uM), LYP (IC, value of 6.6 uM), YAP (IC,  value
of 14.73 uM), FQP (IC, value of 12 uM), GLP (IC,,
value of 1.62 uM), FAL (IC, value of 26.3 puM),
IPA (IC,, value of 141 uM), PLP (IC, value of 430
uM), ILP (IC, value of 270 uM), TAK (IC, value of
15.7 uM), LHP (IC,, value of 3,201 uM), IYP (IC,
value of 61 uM), DLP (IC, value of 4.8 uM), YVP
(IC,, value of 200 uM), AVP (IC, value of 340 uM),
YKY (IC,, value of 43.5 uM), GEP (IC,; value of
3,200 uM), PYK (IC,, value of 2,400 uM), and PAP
(IC,, value of 87 uM) collected from the literature.
Ten pharmacophore models were generated that were
endowed with four features. Fixed and null costs
are two important values that are used to judge the
quality of pharmacophore hypotheses (Rampogu et
al.,2018; Peng et al., 2018). The values of fixed and
null costs were 83.6296 and 689.48, respectively.

In the present work, Hypo 1 with highest cost
difference (Dcost: 418.47), lowest root mean square
(RMS: 3.67895), and highest correlation coefficient
(r: 0.841501) was selected as the most optimal
pharmacophore model (shown in Table 3). The most
active tripeptide VSV (IC, value of 0.15 uM) had a
fit value of 10.780, whereas the least active LHP (IC,
value of 3200 pM) showed a lesser fit value of 8.500.
Furthermore, the proposed pharmacophore model
was then validated by a test set of 116 tripeptides
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Table 3. Calculated parameters for ten pharmacophore hypotheses for ACE inhibitory tripeptides.

Hypo  Total Nullcost RMSD .
No. cost distance (A) Correlation Feature elements

1 271.01  418.47  3.6790 0.8415 HBA HBA HYDROPHOBIC HYDROPHOBIC

2 307.85  381.63  4.0497 0.8039 HBA HBA HYDROPHOBIC Poslonizable

3 330.52 35896  4.2620 0.7798 HBA HBA HBA HYDROPHOBIC

4 335.83  353.65 43005 0.7752 HBA HBA HYDROPHOBIC HYDROPHOBIC

5 34543  344.05 43818 0.7654 HBA HBA HYDROPHOBIC HYDROPHOBIC

[§ 368.14  321.34  4.5902 0.7384 HBA HBA HYDROPHOBAromatic HYDROPHOBIC HYDROPHOBIC
7 386.37  303.11  4.7315 0.7190 HBA HBA HYDROPHOBIC HYDROPHOBIC

8 400.89  288.59  4.8335 0.7042 HBD HYDROPHOBIC HYDROPHOBIC Poslonizable

9 406.19  283.29  4.8748 0.6980 HBD HYDROPHOBIC HYDROPHOBIC Poslonizable

10 42327  266.21  4.9976 0.6791 HBA HYDROPHOBAromatic HYDROPHOBIC HYDROPHOBIC

HYDROPHOBIC 4.11

3 HYDROFHOBIC-3-H.

HBA_2.21

Figure 2. Pharmacophore model of ACE inhibitory tripeptides generated by 3D QSAR Pharmacophore Generation. (a)

The best pharmacophore model was Hypol with two hydrogen bond acceptors and two hydrophobic features. The space

distances between the features are shown in A; (b) Hypol mapping with the most active tripeptide VSV (IC50 value of
0.15 uM); and (c) Hypol mapping with the inactive tripeptide LHP (IC50 value of 3201 uM).
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with known activity. The validation results indicated
that the regression analysis of experimental and
estimated activity of test tripeptides using Hypo 1
gave the highest correlation coefficient (R?) of 0.117.

Figure 2a shows the Hypol chemical features
with the inter-feature distances (A). The best
pharmacophore model consists of two HBA (weight:
2.92231), and two HYD (weight: 2.92231) features.
As shown in Figure 2b, Hypol was very well fitted
with the most active tripeptide VSV (IC, value of
0.15 puM) of the training set, including two hydrogen
bond acceptors (HBA-1 and HBA-2), and two
hydrophobic units (HYD-3.11 and HYD-4.11). As
shown in Figure 2c, three pharmacophore features,
i.e., HBA-2, HYD-3.11, and HYD-4.11 matched
with the most inactive tripeptide LHP (IC,; value of
3201 puM). The mapping results corresponded with
previous studies, and confirmed that hydrogen bond
interactions play an important role in peptide-induced
ACE inhibition and that the HBA feature is necessary
for ACE inhibitory tripeptides.

Conclusion

In the present work, tripeptide HGR from
L. crocea nebulin protein was identified using a
combination of in silico gastrointestinal enzyme
digestion and hierarchical virtual screening. Peptide
HGR was able to bind with the active site residues of
ACE by 14 hydrogen bonds, one attractive charge,
and one pi-alkyl interaction. HGR showed significant
ACE inhibitory activity in vitro with an IC, value
of 106 + 1.35 uM. Furthermore, hydrogen bond
interaction was necessary in the peptide-induced
ACE inhibition. The HBA feature is essential for
ACE inhibitory tripeptide screening.
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