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Angiotensin converting enzyme (ACE) inhibition offers a useful means of managing hypertension, because

ACE inhibitors (ACEIs) are known to serve as agents with antihypertensive properties in addition to

generating positive metabolic and cardioprotective outcomes. However, current ACEIs are linked to

adverse consequences, and so there is a requirement for effective but safer compounds, which might be

achieved through chemical synthesis or the isolation of naturally obtained bioactive molecules. Protein

hydrolysates with ACEI activity can be produced by the combined pepsin and pancreatin proteolysis (to

mimic gastrointestinal digestion) of longan seed protein. This study examined longan seed protein

hydrolysates, obtained from a sequential 3 h digestion with pepsin and then pancreatin. The resulting

hydrolysate underwent sequential ultrafiltration membrane fractionation with a 10, 5, and 3 kDa

molecular weight cut-off (MWCO). The permeate derived from the <3 kDa MWCO demonstrated the

highest ACEI activity. This permeate subsequently underwent separation by reverse-phase high

performance liquid chromatography to give the main fractions on the basis of differing elution times.

The ACEI IC50 values for these fractions were then identified. Quadrupole time-of-flight tandem mass

spectrometry was employed to determine the peptide mass for the major peak (F5), which was shown to

be Glu–Thr–Ser–Gly–Met–Lys–Pro–Thr–Glu–Leu (ETSGMKPTEL) and Ile–Ser–Ser–Met–Gly–Ile–Leu–

Val–Cys–Leu (ISSMGILVCL). These two peptides were stable over a temperature and pH range of �20 to

90 �C and 2–12, respectively, for 60 min. From the Lineweaver–Burk plot, both peptides inhibited ACE

non-competitively. Molecular docking simulation of the peptides with ACE supported the formation of

hydrogen bonds by the peptides with the ACE active pockets. This research indicates that it may be

possible to use both of these peptides or longan seed protein hydrolysates in order to create ingredients

for functional foods, or to produce pharmaceutical products, capable of lowering hypertension.
1. Introduction

Hypertension, or high blood pressure, accounts for more than
20 million visits to doctors annually. The condition afflicts all
age groups, although the elderly tend to be more signicantly
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affected, with the incidence rising in those over 50 years old. It
is believed to be the most common of all the cardiovascular
disorders, with around a billion people globally affected to
some degree, and is a signicant contributor to both morbidity
and mortality. There are no recognizable symptoms, and so it
can be difficult to diagnose hypertension, which makes
management of the condition difficult.1 Numerous cardiovas-
cular diseases (CVD) have been linked to hypertension,
including arteriosclerosis, congestive heart failure, end-stage
renal diseases, coronary heart disease, stroke, and myocardial
infarction. In addition, it can also be a cause of abnormal renal
function and ultimately lead to renal failure.2,3

Blood pressure can be regulated by angiotensin I-converting
enzyme (ACE; EC 3.4.15.1) in vivo operating via the renin–
angiotensin system (RAS) along with the kallikrein–kinin
system (KKS). Within the RAS, the release of the vasopressor
angiotensin II from the cleavage of the C-terminal dipeptide
from angiotensin I is performed by ACE. Meanwhile, in the KKS,
RSC Adv., 2020, 10, 12711–12720 | 12711
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ACE serves to inactivate the vasodilator bradykinin by removing
the two C-terminal dipeptides.4,5 As a result, ACE-inhibitors
(ACEIs) can be employed for the purpose of reducing blood
pressure. There are several synthetic ACEIs that have been
employed to treat hypertension in human patients, but the
drawback is that they can induce various side effects, including
coughing, hypotension, heightened serum levels of potassium,
and abnormalities of the fetus.6,7 Accordingly, it is essential to
develop new ACEIs that will provide safe and effective hyper-
tension treatment and, because of the need for safety, there is
growing interest in ACEI peptides that can be derived from
food.8–10

Both the food and non-food sectors are taking an increased
interest in proteins derived from plant sources. In the food
sector, proteins from soy, legumes, and wheat gluten are very
appealing, and the agricultural industry is of interest to other
sectors who wish to investigate the extraction of proteins from
agricultural by-products. Plant processed waste is oen rich in
proteins, and so there is an increasing interest in developing
nutritional supplements or nutraceuticals from this type of
waste, since it can offer strong nutritional qualities along with
a number of important amino acids.11 Agricultural by-products
might be readily converted into products with applications in
other industries. One advantage of using such agricultural by-
products to useful ends is that the environmental issues asso-
ciated with the disposal of such by-products can be
eliminated.12

Thai fruit is ingrained in the country's cultural identity. Fruit
is both plentiful and geographically widespread in Thailand,13

and is highly valued as a healthy food product. However, when
fruit is processed by the food industry, such as during the
canning or drying process, there are waste by-products,
including seeds. Those seeds are usually disposed of if they
are without value, or are sometimes sold as fuel at minimal
prices. Earlier studies, however, have shown that useful nutri-
ents can be stored in seeds.14 One such example is the longan
(Dimocarpus longan Lour.), which is a Chinese evergreen plant
from the Sapindaceae family. Many tropical countries grow this
tree for the fruit and so studies have been conducted to assess
whether it offers potential pharmacological benets to human
health, especially through the antimicrobial and antioxidant
properties of its seeds.15–17

Previous works have focused on non-edible seeds from
lychee (Litchi chinensis Sonn.), which produce a protein
hydrolysate offering anti-inammatory activity,18 but it is
important to determine the active ingredient(s) in such
protein hydrolysates, since the ndings may be of interest in
the both the pharmaceutical sector and food industry. When
plant proteins are digested in vitro with pepsin and pancre-
atin, it may be the case that bioactive peptides are produced
that can play effective roles in developing certain food prod-
ucts. These enzymes, which are required in the process of
human gastrointestinal digestion, might prove informative
when considering the production of bioactive peptides when
these proteins are digested. Accordingly, this study sought to
examine the generation of ACEI peptides resulting from the
12712 | RSC Adv., 2020, 10, 12711–12720
digestion of longan seed protein isolates with pepsin and
then pancreatin.

The enriched ACEI peptides from the longan seed source was
performed via membrane ltration and RP-HPLC followed by
mass spectrometry sequencing for identication. It was also
considered possible that the puried peptide might undergo
binding at the ACE active site, if the outcomes of molecular
docking experiments are interpreted correctly. It is demon-
strated that longan seeds, which have hitherto found few
applications, might prove to be nutritionally valuable by
yielding bioactive peptides that could treat hypertension. The
results obtained in this research studymay augment the current
information available in the database detailing medicinal
plants.

2. Materials and methods
2.1 Materials

The longan seeds used in this study were provided by the Malee
Group Public Company Limited (Nakhon Pathom, Thailand).
Having obtained the samples, they were held in cold (4 �C) and
dark conditions until used. The ACE (E.C. 3.4.15.1) from the
lungs of rabbits was supplied by Sigma Chemical Co. (St. Louis,
MO, USA). The same supplier also provided the acetonitrile
(ACN), bovine serum albumin (BSA), captopril, hippuric acid,
hippuryl-L-histidyl-L-leucine (HHL), pancreatin from porcine
pancreas, pepsin from porcine gastric mucosa, and triuoro-
acetic acid (TFA). All materials used in the study were of
analytical grade.

2.2 Preparation of crude protein from longan seeds

The preparation process followed the guidance of Saisavoey
et al.18 commencing with the cleaning and blending of 1.5 kg of
longan seeds using 5 L of phosphate buffered saline (PBS;
20 mM phosphate buffer with 0.15 M NaCl pH 7.2). At rst,
a mixer was employed, followed by overnight stirring at 40 �C
with a magnetic stirrer. Filtration was performed using
a double-layered cheesecloth in order to obtain a suspension
that could be isolated from the liquid. The ltrate was claried
by centrifugation (15 900 � g, 30 min, 4 �C) before harvesting of
the supernatant. Ammonium sulfate was then introduced to
80% saturation and le overnight with stirring at 4 �C followed
by centrifugation (15 900 � g, 30 min, 4 �C) to harvest the
insoluble pellet. The pellet was solubilized in PBS, dialyzed
against excessive quantities of double deionized water, and
then freeze dried in order to generate the required crude
protein.

2.3 Amino acid composition in crude protein from longan
seeds

The AOAC 994.12 (ref. 19) and 988.15 (ref. 20) techniques were
employed to determine the crude protein amino acid content,
whereby 25 mg (dry weight) of longan seed crude protein was
dissolved in 5 mL of 6 M hydrochloric acid (HCl) and heated for
24 h at 110 �C. Then 10 mL of 2.5 mM L-amino-n-butyric acid in
0.1 M HCl was added as an internal standard followed by
This journal is © The Royal Society of Chemistry 2020
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deionized water to a volume of 250 mL. This was heated at 55 �C
for 10 min prior to analysis using reversed-phase high-
performance liquid chromatography (RP-HPLC) with a Hyper-
sil GOLD column C18 (4.6 mm � 150 mm, 3 mM). Elution was
performed with a sodium acetate buffer at pH 4.9 and 60% (v/v)
ACN at 0.3 mL min�1. The amino acid content was then
established by ALS Laboratory Group (Thailand) Co., Ltd., Suan
Luang, Bangkok, Thailand.

2.4 Hydrolysis of crude protein by pepsin and pancreatin

Following the technique of Inthuwanarud et al.21 the crude
proteins obtained from the longan seeds served as the substrate
for forming the protein hydrolysate. The crude protein prepa-
ration (1 mg mL�1) was added to pepsin to a nal substrate:
enzyme concentration ratio of 20 : 1, while the pH was set at 2.5
using 1 M HCl. Hydrolysis was performed for 3 h at 37 �C with
shaking at 180 rpm. The activity was then halted by raising the
pH to 7.5 through the introduction of 1 M (NaOH). This
procedure was then repeated except using pancreatin instead of
pepsin, and the reaction was halted by heating at 80 �C for
20 min. The hydrolysates were claried by centrifugation
(15 900� g, 30 min, 4 �C) and the supernatant was evaluated for
ACEI activity. These enzymic processes are broadly similar to
those which would occur naturally inside the human gastro-
intestinal tract.

2.5 Fractionation of the hydrolysate via ultraltration

Suttisuwan et al.22 noted that ultraltration can be employed to
fractionate pepsin and pancreatin hydrolysates using a high-
performance ultraltration cell (Pellicon XL Filter; Merck Mil-
lipore, Billerica, MA). In this study, three molecular weight cut-
off (MWCO) membranes were sequentially employed (10, 5, and
3 kDa MWCO) to create four fractions (>5–10, 3–5, and <3 kDa).
Having claried the fractions by centrifugation (15 900 � g,
30 min, 4 �C), they were then passed through the 10 kDa MWCO
membrane rst, recycling the retentate into a second 10 kDa
MWCO membrane fractionation. The permeate derived from
the 10 kDa membrane was then passed via the 5 kDa
membrane, recycling the retentate into a second 5 kDa MWCO
membrane fractionation. This sequence was then repeated with
the 3 kDa MWCO membrane, thus lowering the potential for
smaller molecular weight fractions to contaminate the larger
fractions.

2.6 Assay of ACEI activity

The technique described by Yodjun et al.23 was used to measure
the ACEI activity, whereby 50 mL of the crude protein derived
from longan seeds was combined with an equal amount of ACE
(25 mU mL�1) and underwent pre-incubation for 10 min at
37 �C. The next step then involved re-incubation for 30 min
using 150 mL of substrate (10 mM HHL in PBS) at 37 �C. The
reaction was stopped by the addition of 250 mL of 1 M HCl. The
resulting hippuric acid was extracted in 500 mL of ethylacetate
with centrifugation at 15 900 � g, and 4 �C for 15 min, where-
upon 200 mL of the upper layer was placed in a new test tube at
room temperature and evaporated in a vacuum. Once the
This journal is © The Royal Society of Chemistry 2020
hippuric acid had subsequently been dissolved in 500 mL of
double deionized water, the absorbance was measured at
250 nm (A250) using a UV-spectrophotometer. The amount of
hippuric acid released in the assay mixture was then deter-
mined from the A250 value by comparison to a standard curve
derived from known hippuric acid concentrations. Captopril
was used as the positive control. The equation 100 � [(C � Bi) �
(S � Bs)/(C � Bi)] was employed to assess the percentage ACEI
activity, where C represents the A250 of the control, S indicates
the A250 of the sample, Bs denotes the A250 of the peptide only
sample, and Bi indicates the A250 of the blank inhibitor. The IC50

value, as the peptide concentration of hydrolysate required to
obtain a 50% ACEI activity, was calculated by non-linear
regression using the GraphPad Prism Version 6 soware
(GraphPad Soware Inc., La Jolla, CA, USA).

2.7 Assessment of protein content

Bradford's procedure24,25 was used to determine the protein
content, using BSA as the standard at 5, 10, 15, and 20 mg mL�1

in order to plot the calibration curve. A 50 mL aliquot of each
two-fold sample dilution in deionized water was added to each
of three wells in a microtiter plate, followed by the addition of
50 mL of Bradford's reagent to each of the wells, shaken to mix
for 5 min and le to stand for 10 min. The optical density at
595 nm was then measured using an ELISA plate reader and
converted to the protein concentration using the linear equa-
tion derived directly from the standard curve.

2.8 RP-HPLC

The peptide solution offering the best ACEI activity aer ultra-
ltration underwent further separation by RP-HPLC (Spectra
System, Thermo Fisher Scientic) using a Luna 5U C18 100 A�

column (4.6 � 250 mm, Luna 5 mM; Phenomenex, Torrance,
CA). Samples were ltered through a nylon membrane of 0.45
mm (Whatman, GE, Buckinghamshire, UK) and loaded into the
column at 20 mL (protein concentration of 1.0–1.50 mg protein
per mL). Elution was performed at 25 �C with a three-phase
linear gradient of 100 : 0% (v/v) A : B declining to 90 : 10 over
15 min, to 65 : 35 over 30 min, and to 55 : 45 over 40 min with
a ow rate of 0.7 mL min�1. Mobile phase A was 0.1% (v/v) TFA,
while B was 70% (v/v) ACN in 0.05% (v/v) TFA. Chromatographic
analysis was performed using ChromQuest Soware (Thermo
Fisher Scientic). Assessment of the peptide peaks at 280 nm
was based upon from leaving the baseline until returning to the
baseline.

2.9 Liquid chromatography-quadrupole time-of-ight
electrospray-ionization tandem mass spectrometry (LC-Q-
TOF-ESI-MS/MS) and de novo peptide sequencing

The RP-HPLC fraction (F5) with a strong ACEI activity and
sufficient yield was subject to LC-Q-TOF-ESI-MS/MS analysis to
identify the peptides aer calibrating the tool to identify
peptide chains in the mass range of m/z 50–25 000 (Model
Amazon SL, Bruker, Germany). The evaluation was performed
with de novo sequencing, while Mascot was used in the analysis
of all of the MS data. The sequences which were obtained were
RSC Adv., 2020, 10, 12711–12720 | 12713
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then compared with ndings available through the NCBI data-
base using BLASTp.

2.10 Synthesis of peptides

For the two peptides whose sequences were obtained via the MS
analysis (Section 2.9) their synthesis was performed using
a 433A Synergy solid phase peptide synthesizer (Applied Bio-
systems, CA). The synthetic peptides Glu–Thr–Ser–Gly–Met–
Lys–Pro–Thr–Glu–Leu (ETSGMKPTEL) and Ile–Ser–Ser–Met–
Gly–Ile–Leu–Val–Cys–Leu (ISSMGILVCL) were rst veried
through analytical MS (Model Finnigan™ LXQ™, Thermo
Fisher Scientic Inc., MA) along with the use of a Surveyor
HPLC. These pure synthesized peptides were then screened to
conrm and characterize their ACEI activity (Section 2.6) for
comparison with that of the peptide fraction obtained from RP-
HPLC fractionation (Sections 2.8 and 2.9).

2.11 Peptide properties

For the design of future research, it is important to understand
the ACEI peptide properties. It is possible to locate useful
parameter scans in the online database. Toxicity analysis of the
peptides were performed using the ToxinPred server (http://
crdd.osdd.net/raghava/toxinpred/), while the online Innovagen
server was used to assess peptide solubility (http://
www.innovagen.com/proteomics-tools).

2.12 Temperature inuence on ACE inhibitory activity

Temperature can also affect the ACEI activity, and was evaluated
by incubating TSGMKPTEL and ISSMGILVCL in 20 mM phos-
phate buffer at pH 7.2 at various temperatures (�20 to 90 �C
using 10 �C increments) for 60 min. The samples were then
cooled to 4 �C before examination of the residual ACEI activity
(Section 2.6). The uninhibited mixture, set as 100% inhibition,
was used to normalize the attained activities for the positive
control, while the negative control was a maximum inhibited
mixture (attained how?). Inhibitory activities are reported as
relative to the uninhibited mixture activity. All assays had ACE.

2.13 Inuence of pH upon ACE inhibitory activity

The pH stability and pH optima for the ACEI activity were
assessed through the incubation of ETSGMKPTEL and ISSM-
GILVCL in buffers at similar levels of salinity but with pH values
varying in the range of 2–14 using 20 mm glycine–HCl (pH 2–4),
sodium acetate (pH 4–6), potassium phosphate (pH 6–8), Tris–
HCl (pH 8–10), and glycine–NaOH (pH 10–12). The respective
peptide–buffer mixture was le to stand at room temperature
for 60 min before the ACEI activity was ascertained (Section 2.6)
and compared to the negative or positive controls and reported
as the relative percentage ACEI activity. All assays had ACE.

2.14 Kinetic parameter estimation

The hydrolysis rate for HHL by ACE over a range of HHL
concentrations of 0–5.0 mM was measured while varying the
concentrations of ETSGMKPTEL and ISSMGILVCL. The data
underwent double-reciprocal analysis using the Lineweaver–
12714 | RSC Adv., 2020, 10, 12711–12720
Burk plot in order to establish the Michaelis–Menten constant
(Km), the maximum velocity (Vmax), and the mode of ACE inhi-
bition. The Dixon plot was used to assist in determining the
inhibitor constant (Ki) by serving as a representation of the
Lineweaver–Burk plot slope.

2.15 Molecular docking of ETSGMKPTEL and ISSMGILVCL
at the ACE binding site

Molecular docking was performed using the Hermes 1.10.1 so-
ware. The Protein Data Bank (http://www.rcsb.org/pdb/home/
home.do) provided details of the three-dimensional (3D) crystal
structure for a human ACE–lisinopril complex (1O8A.pdb), which
had a binding site with a radius of 6 Å capable of serving as the
receptor for this research study. Discovery Studio 2.0 soware was
used to prepare the molecular structures for each of the
ETSGMKPTEL and ISSMGILVCL peptides.26 Prior to docking,
preparation of the model receptor ACE molecule was performed by
removing all of the water molecules, and adding the hydrogen
atoms to the receptor model. Molecular docking evaluation was
performed by assessing the Goldscore, ChemScore, ChemPLP, and
ASP. The binding energy and tness scores provided the detail to
determine the most suitable pose for each of the residues. The
hydrogen bonds (H-bonds) were identied with the Discovery
Studio 20 soware (specify the cut-off criteria used to accept a H-
bond), along with the nature of the various interactions between
the ACE molecules and the peptide residues (hydrophobic, hydro-
philic, electrostatic, van der Waals, or coordination interactions).

2.16 Statistical analysis

Each experiment was performed in triplicate, and the ndings
are presented as the mean � one standard error of the mean
(SEM). Analysis was performed using SPSS 11.5 statistical so-
ware. Hypotheses were tested using one-way ANOVA and the
least signicant difference (LSD) test accepting signicance at
the P < 0.05 level.

3. Results and discussion
3.1 Longan seeds' amino acid composition

Food proteins that offer suitable levels of amino acids can also
potentially be used for antihypertensive purposes. For each
specic peptide, the particular function is established by the
type of the constituent amino acids along with the R-group
differences. In general, longan seeds offer aromatic amino
acids in addition to hydrophobic aliphatic amino acids (Table
1), including methionine, isoleucine, alanine, leucine, and
proline, which are able to support the ACEI ability of food
proteins. Daskaya-Dikmen et al.27 stated that a strong ACEI
activity is clearly linked to hydrophobic amino acid residues in
peptides, especially at the C-terminal position. Moreover, those
peptides that contain proline are understood to resist enzyme
digestion in the intestines, and can easily reach the blood
circulatory system. Manoharan et al.28 suggested that the
proline found in the C-terminal position of the peptides could
bind effectively to ACE molecules. Furthermore, the ACEI drugs
that are commercially available, such as captopril and enalapril,
This journal is © The Royal Society of Chemistry 2020
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Table 1 Longan protein powder amino acid profile (mg/100 mg)a

Amino acid type Amino acid % (w/w)

Hydrophilic Arginine (Arg) 0.54 � 0.022
Aspartic acid (Asp) 0.49 � 0.014
Glutamic acid (Gln) 0.55 � 0.071
Histidine (His) 0.11 � 0.006
Lysine (Lys) 0.35 � 0.011
Serine (Ser) 0.30 � 0.031
Threonine (Thr) 0.29 � 0.048

Hydrophobic Alanine (Ala) 0.80 � 0.077
Cysteine (Cys) 0.73 � 0.045
Glycine (Gly) 0.44 � 0.002
Isoleucine (Ile) 0.76 � 0.007
Leucine (Leu) 0.36 � 0.018
Methionine (Met) 1.08 � 0.086
Phenylalanine (Phe) 0.28 � 0.091
Proline (Pro) 1.25 � 0.074
Tryptophan (Trp) 1.09 � 0.031
Tyrosine (Tyr) 0.14 � 0.054
Valine (Val) 0.29 � 0.008

Total 9.44 � 0.161

a Findings appear in the form of mean � SEM (n ¼ 3).

Table 2 Summary of the inhibitory activity of ACE, listing the IC50

values, for crude extract, crude protein, protein hydrolysate, and four
different fractions of longan seed protein hydrolysate obtained via
pepsin–pancreatin hydrolysis (10, 5, and 3 kDa MWCO membrane-
filtered)a

Molecular weight (kDa) ACE inhibitory activity (IC50; mg mL�1)

Crude extract >5.00
Crude protein >5.00
Protein hydrolysate 1.74 � 0.006c

>10 1.37 � 0.017b,c

5–10 0.95 � 0.006a,b

3–5 0.43 � 0.011a,b

<3 0.25 � 0.004a

a The ndings appear in the form of mean � SEM (n ¼ 3). Those mean
values which are shown with a different superscript in each column
exhibit signicant differences (P < 0.05).
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have proline as a part of their structure.29 From analysis of the
amino acid composition it was apparent that longan seeds
might contain peptides which offer strong ACEI activity.
3.2 Hydrolysis of longan seed protein isolates using pepsin–
pancreatin

Pepsin is a proteolytic enzyme released in the stomach, while
the pancreas inside the small intestine produces pancreatin,
which contains elastase, trypsin, and chymotrypsin proteases.
The peptides produced by extensive pepsin–pancreatin diges-
tion are, therefore, likely to be formed by and resistant to
human gastro-intestinal digestion and may be absorbed by
digestive epithelial cells in the small intestine. This indicates
their potential bioavailability to perform their normal biological
activities.30 The longan seed protein isolates underwent hydro-
lysis with pepsin–pancreatin and then were screened for ACEI
activity. The longan seed protein isolates that had not been
hydrolyzed did not demonstrate any ACEI activity, but rather
ACEI activity was only detected aer the enzymatic hydrolysis.
The pepsin–pancreatin hydrolysate presented an ACEI activity
with an IC50 value of 1.74� 0.006mgmL�1 (Table 2). Previously,
ACEIs were reported in the protein hydrolysates of peas and
whey but at a much greater ACEI activity with IC50 values of
0.070 and 0.041 mg mL�1, respectively.31 Further ACEI inhibi-
tory activity was reported from cowpea protein hydrolysates, but
with IC50 values in the range of 0.04–170.6 (Flavourzyme
hydrolysate), 24.3–123 (Alcalase hydrolysate), and 44.7–112
(pepsin–pancreatin hydrolysate) mgmL�1.32 Meanwhile, the IC50

values for chickpea desi and chickpea kabuli proteins, which
had undergone hydrolysis by simulated in vitro gastrointestinal
processes, were 140 � 1 mg mL�1 and 229 � 1 mg mL�1

respectively.33
This journal is © The Royal Society of Chemistry 2020
3.3 Ultraltration

Peptides can be separated on the basis of their molecular weight
(as 3D size) by ultraltration. This approach is a relatively simple,
reliable, and efficient means of preparing samples for RP-HPLC.
Using 10, 5 and 3 kDa MWCO ultraltration membranes
sequentially, the longan seed protein hydrolysate (IC50 ¼ 1.74 �
0.006 mg mL�1) was separated into four size fractions of >10 kDa,
5–10 kDa, 3–5 kDa, and <3 kDa, and then each was screened for
ACEI activity. The <3 kDa fraction showed the greatest ACEI activity
with an IC50 value of 250 � 4 mg mL�1 (Table 2). It is possible for
smaller peptides to pass through the wall of the intestines to enter
the bloodstream if they survive the process of gastrointestinal
digestion. Because these peptides in this study were obtained aer
extensive (assumed complete) pepsin–pancreatin digestion they
are likely to be stable to human digestion and so able to exert their
inhibitory inuence even aer they have reached the bloodstream.

That these small peptides display ACEI activity in part may
reect that there is a tiny groove in ACE which prevents large
polypeptides from accessing the active site. The MW of the
hydrolysate is lower than that of the strongest ACEI peptides
derived from the tuna frame hydrolysate generated by pepsin (MW
of 2482 Da and IC50 value of 11.3 mM). The ndings reported by
Arise et al.34 were similar, in that the smallest groundnut protein
hydrolysate (MW< 1 kDa) revealed the greatest ACEI activity, where
a ve-fold improvement in the ACEI purity was achieved following
sequential ultraltration.WanMohtar et al.35described thewinged
bean (Psophocarpus tetragonolobus) protein hydrolysate in the
context of the four proteolytic enzymes (avourzyme, alcalase,
bromelain, and papain) aer ultraltration at a MWCO of 10, 5
and 2 kDa, where the <2 kDa fraction provided the greatest level of
ACEI activity (IC50 values of 0.003 and 0.130 mg mL�1). Accord-
ingly, the MW < 3 kDa fraction of the longan seed hydrolysate was
further fractionated by RP-HPLC.

3.4 RP-HPLC fractionation of the <3 kDa MWCO fraction of
logan seed hydrolysate

The <3 kDa MWCO peptide fraction was further fractionated by
RP-HPLC using a RP-C18 column with gradient elution. Fig. 1
RSC Adv., 2020, 10, 12711–12720 | 12715
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Fig. 1 The RP-HPLC profile of the active fraction (<3 kDa) obtained from longan seeds protein hydrolysate.

Fig. 2 Indication of the thermostability of ( ) ETSGMKPTEL and ( )
ISSMGILVCL. The assay was carried out using 20mM phosphate buffer
at pH 7.2 at different temperatures for 60 minutes. The data are pre-
sented in the form of mean + 1 SEM and were obtained from experi-
mentation performed in triplicate.
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presents the chromatographic prole, where ve main fractions
were obtained on the basis of their hydrophobicity. The frac-
tions (F1–5) were collected and lyophilized, whereupon the
peptide concentration and ACEI activity of each fraction was
assessed. The F2 and F3 subfraction yields were not high enough
to accurately measure the ACEI IC50 value, while those for
fractions F1, F4, and F5 were 24.57 � 0.015, 37.36 � 0.007, and
18.22 � 0.029 mg mL�1, respectively. The F5 sub-fraction was
then subjected to peptide amino acid sequencing through the
use of Q-TOF-ESI-MS/MS analysis.

It was previously reported for chickpea protein hydrolysates that
the peptides that were the last to be eluted from the RP-HPLC had
the highest ACEI activity.36 One argument is that ACEI peptides
have a high level of hydrophobic amino acids, and so have a greater
retention time within the hydrophobic chromatography column.
For example, it is very important that ACEI peptides have hydro-
phobic qualities, oen seen at the peptide N-terminal, and hydro-
philic peptides are incompatible with the active ACE site, and so
have almost no ACEI activity as a consequence. Accordingly, if
hydrophobic amino acids are removed, the inhibition capability of
ACE might be adversely affected because of the heightened affinity
for active ACE sub-sites of the hydrophobic peptides.37
3.5 Identication of peptide sequences in fraction F5

The amino acid sequences for identication of the peptides in
the RP-HPLC F5 sub-fraction, which had ACEI activity was
Table 3 The physicochemical attributes of the two peptides along with

Peptides Number of residues
Molecular
weight (Da) ToxiPed

ETSGMKPTEL 10 1092.22 Non-toxin
ISSMGILVCL 10 1035.33 Non-toxin

a From the BIOPEP database.

12716 | RSC Adv., 2020, 10, 12711–12720
determined using LC-MS/MS ESI Q-TOF de novo sequencing
aided by searching the MASCOT database. The de novo
sequencing process resulted in 100% identication on the basis
of the Sapindaceae family as the peptides Glu–Thr–Ser–Gly–
Met–Lys–Pro–Thr–Glu–Leu (ETSGMKPTEL; 1092.22 Da) and
the de novo peptide sequencing algorithm

Water solubility
Isoelectric
point (PI)

ACE inhibitory sequences
from the literaturea

Good 4.15 GM, SG, KP, TE, PT, and MKP
Poor 2.90 GI, MG, and IL

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Indication of the pH stability of ( ) ETSGMKPTEL and ( )
ISSMGILVCL. The assay was carried out using a number of different
buffer systems, each at 20 mM: glycine–HCl (at pH 2.0–4.0), sodium
acetate (at pH 4.0–6.0), potassium phosphate (at pH 6.0–8.0), Tris–
HCl (at pH 8.0–10.0) and glycine–NaOH (at pH 10.0–12.0) at different
temperatures for 60 minutes. The data are presented in the form of
mean + 1 SEM and were obtained from experimentation performed in
triplicate.

Fig. 4 The Lineweaver–Burk plot of (a) ETSGMKPTEL and (b) ISSM-
GILVCL for ACE inhibition. ACE activities were assessed with and
without both peptides (( ) control; ( ) 7.5; ( ) 15; ( ) 30 mM). 1/V and 1/
S indicate the reciprocals of velocity and substrate. The Dixon plot is
shown to measure the inhibitor constant (Ki) for (c) ETSGMKPTEL and
(d) ISSMGILVCL.
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Ile–Ser–Ser–Met–Gly–Ile–Leu–Val–Cys–Leu (ISSMGILVCL;
1035.33 Da) (see Fig. S1†).

These two peptide sequences were then commercially
synthesized and their ACEI activity was evaluated. The ndings
conrmed that both synthesized peptides had an ACEI activity
with an IC50 value of 2.15 � 0.016 mM and 3.88 � 0.004 mM for
ETSGMKPTEL and ISSMGILVCL, respectively. In the case of
ETSGMKPTEL, a 100% (10/10) amino acid sequence identity to
6-phosphogluconate dehydrogenase (partial – all from D.
longan) was found, with 88% similarity to the kelch repeat-
containing protein of D. longan. The ISSMGILVCL peptide
showed similarity to a ferredoxin (partial), and the NBS-LRR
disease-resistant protein NBS11 (100%), with 80% similarity
to the glutathione transferase from D. longan. These peptides
can be investigated for specic conict sites, and might be able
to replace polymorphic regions with proteins possibly derived
from divergent sub-units.

The BIOPEP database was used to search for possible ACEI
activity from the peptides identied in the study through
comparison with previously identied sequences (Table 3). A
majority of the peptides identied had sequences which con-
tained peptides with potential ACEI characteristics. In the case
of those peptides derived from longan seed protein hydrolysate,
the relevant sequences were quite short, with just 10 amino
acids. These ndings matched those reported by Natesh et al.,38

who showed by crystallography that large peptide molecules
cannot access the active ACE sites. It is not yet, however, fully
understood how peptide structures affects the relationship with
ACEI activity, as the structure–activity relationship of ACEI
peptides has yet to be fully established. When considering
different peptides and their ACEI activity, there is some corre-
lation between structure and activity. For example, the C-
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 12711–12720 | 12717
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terminal tripeptide sequence has a powerful inuence on the
binding to ACE, while branched aliphatic amino acids at the N-
terminal end are the most suitable to increase the peptide
binding activity to ACE.25
3.6 Peptide properties

To prepare functional peptides it is rst necessary to under-
stand their properties and stabilities. Data provided by the
Innovagen server indicated that ISSMGILVCL exhibits poor
solubility in water (Table 3). However, in this research we noted
that ISSMGILVCL presented a good solubility in water at
concentrations up to 5.0 mgmL�1 (4.8 mM, above the IC50 value
of 3.88 mM), and thereaer the solubility decreased as the
concentration rose. The hydrophobicity of ISSMGILVCL is due
to the existence of hydrophobic amino acids, including Ile, Met,
Gly, Leu, and Val. Hydrophobicity can support the peptide
binding to the hydrophobic active ACE center, thereby leading
to improved inhibitory activity.

In assessing stability, the pH of the peptides was measured
along with the thermal stability. The ACEI activity of both
peptides was also stable to heat, at up to 90 �C for 60 min
(Fig. 2), and a broad pH range of 2–12 for 60 min (Fig. 3). The
ndings, therefore, support that these peptides offer gastroin-
testinal stability, and might also, in vivo, serve to generate
antihypertensive effects.
3.7 Kinetics of enzyme inhibition

The ACEI kinetic properties must be carefully examined in order
to discover the underlying mechanisms that allow peptides to
serve as potential antihypertensive agents. From the Line-
weaver–Burk plots (Fig. 4a and b), it is apparent that
ETSGMKPTEL and ISSMGILVCL can both act as non-
competitive inhibitors of ACE. The kinetic parameters of the
ACEI by these two peptides are presented in Table 4. From these
data, a constant value for Km was observed (0.14 � 0.06 mM),
indicating the existence of non-competitive inhibition. In non-
competitive inhibition, the binding of the substrate and the
inhibitor occurs at different areas of the enzyme,39 and so there
is a constant affinity between the enzyme and the substrate. The
Vmax (10.94 � 0.03 mMmin�1) value decreased as the inhibitory
peptide concentration increased because of a lowering of the
ACE catalytic efficiency, which in turn reduces the efficiency of
the enzymatic reaction. At identical concentrations, the Vmax for
ETSGMKPTEL was lower than that of ISSMGILVCL, suggesting
Table 4 ACE-catalyzed reaction kinetics parameters at varying peptide

Kinetics parameters Control

ETSGMKPTEL (mM)

30 15

Km (mM) 0.14 � 0.06 0.14 � 0.06
Vmax (mM min�1) 10.94 � 0.03 17.21 � 0.02 15.51 � 0.05
Ki (mM) 14.02 � 0.11

a Findings appear as mean � SEM (n ¼ 3).

12718 | RSC Adv., 2020, 10, 12711–12720
a superior ACEI activity for ETSGMKPTEL compared to
ISSMGILVCL.

From Fig. 4c and d, the Ki values were constant (14.02 � 0.11
and 10.78 � 0.02 mM for ETSGMKPTEL and ISSMGILVCL,
respectively), thereby supporting non-competitive inhibition,
which is an important trait. The majority of peptide ACEIs are
competitive, while only very few are non-competitive, including
those from sunowers30 and chick peas.36 Accordingly, there is
an advantage to be obtained from nding non-competitive
inhibitors, such as ETSGMKPTEL and ISSMGILVCL, especially
when compared to a competitive inhibitor since the concen-
tration of the cellular substrate, such as angiotensin I, is quite
high in relation to the Km value. In that scenario, ETSGMKPTEL
and ISSMGILVCL would not be competing with the substrate to
bind with the free enzyme, and would, therefore, retain their
effectiveness.
3.8 Molecular docking of ETSGMKPTEL and ISSMGILVCL at
the ACE binding site

Themolecular docking between ACE and the two small peptides
was simulated using a computational approach that presents
the ligand–receptor complex structures through the use of
a scoring function.40 The Hermes 1.10.1 soware was used to
performed the calculations involved in docking between
ETSGMKPTEL or ISSMGILVCL and ACE, which was established
to be non-competitive. The molecular docking supported that
the effectiveness of the peptides' ACEI activity was due to the
creation of H-bonds with a non-active site of ACE, leading to
a distortion of the catalysis conguration. Fig. 5a and b present
the ideal docking position in 3D structures, while Fig. 5c and
d show the bonds between ACE and the peptides. It is note-
worthy that the greatest potential from ligands and peptides
comes from position ligand A6, which offers a ChemPLP tness
score of 53.8349 for ETSGMKPTEL and 70.8909 for ISSM-
GILVCL. These ligand-receptor combination scores serve to
show the potential stability involved.

The ETSGMKPTEL peptide connected to ACE through six H-
bonds linking the residues Gln541, Asn543, Gln489, Asn543,
along with Ser189 with 2 H-bonds following docking. Moreover,
ETSGMKPTEL exhibited ve van der Waals interactions with
ACE at Gln541, Asn543, Ser189, Gln192, and Glu200, creating
the docked conguration for ACE with the ligand ISSMGILVCL.
The most important interacting sites for ACE are those of the
ve H-bonds that involve residues Asn543, Ser189, Asp192,
Gln192, and Arg196. Meanwhile, the van der Waals interactions
concentrationsa

ISSMGILVCL (mM)

7.5 30 15 7.5

13.80 � 0.02 19.67 � 0.06 17.32 � 0.04 14.23 � 0.01
10.78 � 0.02

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 A 3D illustration of the expected interactions between the
synthesized peptides ((a) ETSGMKPTEL and (b) ISSMGILVCL) and the
ACE complex. The 2D illustration then shows the expected interac-
tions between the synthesized peptides ((c) ETSGMKPTEL and (d)
ISSMGILVCL) and the ACE molecule. These pictures were created
through the use of Discovery Studio 2019 software.

This journal is © The Royal Society of Chemistry 2020

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 7

:2
7:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
in the bonding between ACE and ISSMGILVCL further served to
stabilize residues Ser189 and Asp193. The docking results
suggest multiple H-bonds linking ACE and the peptides, indi-
cating that when peptides inhibit ACE activity they do so by
stabilizing the enzyme–peptide complex through H-
bonding.41,42

For ACE, the active site includes the residues Ala354, Glu384,
Tyr523, Gln281, His353, Lys511, His513, Tyr520, and Glu162,
which are the likely contact sites for competitive inhibitors. It is,
therefore, the case that when binding arises between
ETSGMKPTEL or ISSMGILVCL and ACE this does not use an
active ACE site pocket. The ndings support the potential use of
ETSGMKPTEL and ISSMGILVCL as ACEIs and indicate that
their development into functional foods to treat hypertension
may be feasible.

4. Conclusions

The researchers believe that this study represents the rst
demonstration that stable ACEI activity from the enzymatic
hydrolysate fractions of longan seeds by pepsin and pancreatin.
Following fractionation via ultraltration and RP-HPLC, the
peptides ETSGMKPTEL and ISSMGILVCL were shown to exhibit
ACEI activity, which occurred non-competitively according to the
Lineweaver–Burk plot. The results from molecular docking indi-
cated that the links between ACE and the peptides were predom-
inantly in the form of H-bonds, which were able to generate the
inhibitory activity. It is broadly possible that such peptides
produced from the pepsin–pancreatin hydrolysates of longan
seeds might nd applications in functional foods produced on an
industrial scale. In the case of the antihypertensive properties, it
will be necessary, however, to perform further studies, in partic-
ular assessing the effects observed during experiments involving
mice.
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