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Abstract: The soft-shelled turtle yolk (SSTY) protein hydrolysate contains a potential source of bioac-
tive peptides. Our previous study found that five SSTY peptides (WLQL, LPSW, LPLF, VPGLAL and
LVGLPL) showed moderate to high dipeptidyl peptidase IV (DPP-IV) inhibitory activities. This study
further investigated their angiotensin-I-converting enzyme (ACE) inhibitory activity. Consequently,
WLQL was identified as the most potent ACE inhibitory peptide with a remarkably low IC50 value
(16.87 ± 0.54 µM). The Lineweaver–Burk plot analysis was performed for the characterization of the
peptide’s inhibition mode and the inhibition kinetics was rationalized using the molecular docking
simulation. The result revealed that WLQL would dock into the S1 pockets of ACE, while LPSW
interacted with ACE’s secondary binding site. Further evaluation of the peptides’ stability against
ACE involved a pre-incubation experiment. After 3 h of pre-incubation with ACE, the four peptides
were hydrolyzed into smaller fragments with varying degrees, suggesting that they are substrate-type
inhibitors. In contrast, LVGLPL can tolerate hydrolysis by ACE and act as a true inhibitor.

Keywords: active peptides; angiotensin-I-converting enzyme (ACE); molecular docking; LC-MS/MS;
soft-shelled turtle yolk

1. Introduction

High blood pressure or hypertension is considered to be 130/80 mmHg (systolic/diastolic
blood pressure) in stage 1 and higher than 140/90 mmHg in stage 2 in a patient [1,2]. It has
been confirmed as one of the most common chronic health crises, not to mention that it also
enhances the risk of developing other metabolic disorders, such as cardiovascular disease
and diabetes [3,4]. In addition, hypertensive patients are more vulnerable to developing
serious COVID-19 complications, which can lead to an increase in mortality rates [5,6].

The angiotensin-I-converting enzyme (ACE; EC 3.4.15.11) is known to regulate blood
pressure and inflammation in the human body through the renin–angiotensin system
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(RAS). A zinc dipeptide carboxypeptidase contributes to the conversion of decapeptide
angiotensin I (Ang I) to octapeptide angiotensin II (Ang II) through the cleavage of the
carboxyl-terminal His-Leu dipeptide. Ang II’s primary function is to induce systemic
arteriolar contraction, and consequently, high blood pressure is an inevitable result [1,4].
Therefore, the inhibition or inactivation of ACE is one of the most efficient therapeutic
strategies for hypertension treatment [4,7]. The high-speed development of pharmaceutical
drugs has played an important role in hypertension therapies with increased efficiency;
however, their undesirable side effects have also been mentioned in parallel [3,4]. Accord-
ingly, the application of natural peptide therapies has become an attractive alternative
to synthetic compounds. A large number of studies concerning the discovery of ACE
inhibitory (ACEI) peptides have been carried out on different dietary-derived proteins,
including milk proteins [5,8,9] and chicken egg white [10,11].

Previously published evidence of ACEI efficiency from soft-shelled turtles (SST) has
been highlighted for egg, meat, and powder hydrolysates [12–14]. Consequently, potential
ACEI peptides were identified from egg whites and egg yolks of SST [15–17]. Recently,
dipeptidyl peptidase-IV (DPP-IV) inhibitory peptides were also identified in SST yolk
(SSTY) hydrolysates using gastrointestinal enzymes [18]. This suggests that the SST egg is
a powerful bioactive peptide source. Multiple-function peptides show promising results in
the research of novel peptide therapy, as they could reduce costs and are more convenient
for patients undergoing treatment of diseases. Interestingly, the activity of ACE could
be inhibited by some DPP-IV inhibitors [19,20]. The DPP-IV inhibitory effect is often
associated with the N-terminal of a peptide and the ACE inhibitory activity is affected by
the C-terminal of a peptide. Therefore, both terminal positions play significantly important
roles in allowing some inhibitors to possess these dual functional properties, while others
only have a single impact. The representation of proline (P) and/or hydrophobic amino
acids has been commonly reported in the sequence of DPP-IV inhibitory peptides [19,20].
Peptides with hydrophobic amino acid residues (W, F, Y, or P) at the C-terminal position
are often associated with potential ACE inhibitory activity [20–22].

Therefore, in this study, five DPP-IV inhibitory peptides (LPSW, LPLF, VPGLAL,
WLQL, and LVGLPL) previously identified from SSTY hydrolysates were examined for
their ACEI effects using in vitro and in silico tests [18]. The ACEI efficiency of these
peptides was determined by calculating their IC50 values using synthetic peptides. We
used Lineweaver–Burk plots to investigate the peptides’ inhibitory effect on ACE, as
well as the interaction mechanism between the peptides and the ACE through docking
simulation. Additionally, the overall structural stability of the peptides with ACE was
evaluated through an ACE pre-incubation assay.

2. Materials and Methods
2.1. Materials

ACE (from rabbit lungs), hippuryl-L-histidyl-L-leucine (HHL), ferulic acid (FA), and
hippuric acid (HA) were acquired from Sigma Chemical Co. (St. Louis, MO, USA). Ace-
tonitrile (ACN), formic acid (FA), boric acid, and piperidine were obtained from J.T. Baker
(Phillipsburg, NJ, USA). Trifluoroacetic acid (TFA) was purchased from Alfa Aesar (Lan-
cashire, UK). Deionized water was produced using the PURELAB® water purification
system from ELGA LabWater (Lane End, High Wycombe, UK).

2.2. Determination of ACE Inhibitory Activity and Measurement of IC50 Value

The potential peptides were analyzed for their ACE inhibitory activity using Cush-
man’s method [23] with slight modifications. In this protocol, captopril and hippuryl-L-
histidyl-L-leucine (HHL) were utilized as the positive control and substrate, respectively,
for the ACE inhibitory assay. The mixture for each assay that contained 10 µL of a sample
(at a tested concentration) and 30 µL of 2.5 mM HHL was maintained at 37 ◦C for 5 min.
For the blank and positive control, borate buffer (200 mM borate buffer; 300 mM NaCl,
pH 8.3) and captopril were used to replace the sample under the same condition, re-
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spectively. Thereafter, 20 µL of ACE (0.05 mU/µL) in borate buffer was added to the
pre-incubated mixture and kept at 37 ◦C for 1 h. For the first 30 min, stationary incubation
was employed, followed by the use of a shaker incubator (speed up 200 rpm) for the
remaining half hour. Afterward, 60 µL of 1 M HCl was used to quench the reaction. The
amount of HA, a product released from HHL hydrolysis, was then detected using HPLC
(Hitachi Chromaster, Japan) with a NUCLEODUR C18 HTec column (4.6 mm × 250 mm;
5 µm, C18; Macherey-Nagel, Düren, Germany) and a UV detector at 228 nm. The product of
the reaction was monitored under an isocratic elution with 82% mobile phase A (5% ACN
and 0.1% TFA in ddH2O) and 18% mobile phase B (95% ACN and 0.1% TFA in ddH2O)
at a constant flow rate of 1 mL/min and was maintained for 20 min. The ACE inhibitory
activity (%) was calculated using the following formula:

ACEI activity (%) = [1 − (Ainhibitor/Ablank)] × 100% (1)

The HPLC peak areas of HA formed in the ACE-mediated reaction with and without
the inhibitor are represented by Ainhibitor and Ablank, respectively. The IC50 value was
determined as the inhibitor concentration that was required to inhibit 50% of the ACE
activity. Nonlinear regression using Graphpad Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA) was performed to calculate the IC50 value with various concentrations of
the inhibitor.

2.3. Synthesis of ACE Peptides

Five ACE peptides (WLQL, LPSW, LPLF, VPGLAL and LVGLPL) were obtained from
our previous study [18]. After synthesized processing, the sequencing of the peptides was
rechecked using LC-MS/MS. Peptides with a purity higher than 95% were achieved by
using RP-HPLC purification.

2.4. Determination of Inhibitory Patterns of Synthetic Peptides for ACE

The inhibitory mode of inhibition of ACEI peptides was characterized using several
substrate concentrations, as well as varying concentrations of the inhibitor, as described
in Section 2.2. The HA produced in the ACE reaction was then measured using a UV–
Vis detector at 228 nm during HPLC separation. The Lineweaver–Burk plot provided
information about the Km values on the X-axis and Vmax values on the Y-axis intercept for
the ACE inhibitory kinetics.

2.5. Stability of ACEI Peptides against ACE

The pre-incubation protocol was applied to evaluate the stability of ACEI peptides
against ACE. Based on the previous method [24] with a slight modification, 20 µL of ACEI
peptides was pre-incubated with 40 µL of 0.05 mU/µL ACE (in borate buffer) at 37 ◦C, using
a thermostatically controlled incubator for 3 h. Subsequently, 30 µL of the combination
solution was added to 30 µL of HHL (2.5 mM) and incubated for another 1 h at 37 ◦C. The
reaction was quenched by adding 60 µL of 1 N HCl. This final solution was separated
into two equal portions; one portion was taken to determine the ACE inhibitory peptides
through their IC50 value with the same method outlined in Section 2.2. The other portion
was loaded into the LC-MS/MS system to monitor the ACEI peptide stability during
ACE hydrolysis.

2.6. Molecular Docking to ACE

Discovery Studio Visualizer 3.0 software (Accelrys Software, Cambridge, UK) sim-
ulated molecular docking as previously described [7,25]. The software was linked to the
dynamic energy calculation program CHARMm (Chemistry at HARvard Macromolecular
Mechanics). The crystal structure of human tACE (testicular ACE; 1O86.pdb) in complex
with lisinopril was obtained from the Protein Data Bank (with a resolution of 2.0 Å) and
then was used as the target structure for molecular docking [26]. Before commencing the
docking simulation, lisinopril and all water molecules in the ACE X-ray crystal complex
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were eliminated, except for zinc and chloride ions. Both the formulation of the peptide
conformations and preparation of docking to ACE were performed by the same software
and image visualization was carried out by the CHARMm program. To simulate the same
in vitro condition, pH 8.3 was set up before the docking procedure. The docking was car-
ried out using cavity detection with a radius of 20 Å centered at the following coordinates:
x: 39.07; y: 38.28; z: 50.13. The best binding pose was selected according to the lowest
docking score.

2.7. Statistical Analysis

Tukey’s HSD post-hoc test using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was applied to
analyze the differences between means with a p-value lower than 0.05 (p < 0.05). Graphpad
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to determine the IC50
value by nonlinear regression.

3. Results
3.1. Identification of Angiotensin-Converting Enzyme (ACE) Inhibitory Activity

Five DPP-IV inhibitory peptides discovered in our previous study (LPSW, VPGLAL,
WLQL, LPLF and LVGLPL) were utilized to identify their ACEI activities [18]. The syn-
thesized peptides were evaluated for their ACE inhibitory activity using an in vitro ACEI
assay and an RP-HPLC system. The IC50 value of each peptide was determined using
Graphpad Prism 5.0 (GraphPad Software, Inc.) by nonlinear regression of ACEI activities
(%) at various concentrations, as indicated in Figure A1, and the results are shown in
Table 1. Captopril (1.7 µM), used as the positive control in the in vitro assay, demonstrated
an ACEI effect of 99.6% (the result is not shown here). Among these five peptides, WLQL
exhibited the highest ACEI effect with the IC50 value of 16.87 ± 0.54 µM, as compared to
the remaining peptides (Table 1). The tetrapeptide LPSW (IC50 value of 20.80 ± 0.79 µM)
also displayed high ACEI activity. The other peptides, LPLF and VPGLAL, showed mod-
erate IC50 values of 300.08 ± 17.30 µM and 573.00 ± 54.10 µM, respectively, while the
peptide LVGLPL showed the lowest ACEI effect with the highest IC50 value of more than
2000 µM (Table 1). Moreover, their IC50 values with the DPP-IV enzyme are also provided
in Table 1 [18].

Table 1. DPP-IV and ACE inhibitory activity of five peptides derived from SSTY protein hydrolysate.

Peptide Molecular Mass
(Da) Length DPP-IV IC50

(µM) [18] ACE IC50 (µM) Mode of ACE
Inhibition

Stability of Peptide
with ACE

ACEI IC50 (µM) after
Pre-Incubation with ACE

WLQL 559 4 432.5 ± 11.85 16.87 ± 0.54 Competitive Hydrolyzed 8.5 ± 0.86
LPSW 502 4 269.7 ± 15.91 20.80 ± 0.79 Non-competitive Hydrolyzed 13.39 ± 0.88
LPLF 489 4 463.6 ± 5.52 300.08 ± 17.30 Competitive Hydrolyzed nd

VPGLAL 569 6 289.2 ± 11.85 573.00 ± 54.10 Competitive Hydrolyzed nd
LVGLPL 611 6 >2000 >2000 nd Not hydrolyzed nd

The mode of ACE inhibition was defined using the Lineweaver and Burk analysis.
Peptide stability was examined during the pre-incubation assay with ACE for 3 h at
37 ◦C. After preincubation, the resulting solution was injected into LC-MS to monitor the
remaining amount of peptide and the formation of hydrolysis products. The IC50 value
(with and without ACE preincubation) was determined using RP-HPLC.

According to previous studies [4,21,22], the activity of ACEI peptides is commonly
affected by the following three main interrelated factors: the presence of several specific
amino acids, their hydrophobic or hydrophilic nature, and the length of the sequences.
Specifically, the highly potent ACEI peptides have aromatic amino acids (tryptophan,
tyrosine, and phenylalanine) or hydrophobic amino acids at their C-terminal, which play
an important role in ACE inhibitory activity [20,21].

Comparatively, these peptides seem to display promising inhibitory activities against
ACE, especially WLQL and LPSW. In a similar manner to our material, eggs from chick-
ens are the focal point in biological activity research due to their good nutritional value
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and the fact that they are a popular and cheap product. Salim et al. reported that nine
ACEI peptides were identified in chicken egg white that contained two to five residues
in their sequences, with IC50 values ranging from 1.30 mM to 5.47 mM [10]. Moreover,
with an excellent ACE inhibitory effect, the peptide LKYAT (IC50 value of 0.09 µM) iden-
tified from chicken egg white is considered as a promising ingredient for functional
food [11]. As they possesses four residues in their structures, the three peptides WLQL (IC50:
16.87 µM), LPLF (IC50: 300.08 µM) and LPSW (IC50: 20.80 µM) from the current study seem
to exhibit high ACE inhibitory activity, as compared to ELPF (IC50: 4.24 mM) derived from
chicken egg white [10], HLHT (IC50: 458 µM) obtained from pearl oyster (Pinctada fucata
martensii) protein hydrolysates (HLHT and GWA with the IC50 values of 458.06 ± 3.24 µM
and 109.25 ± 1.45 µM, respectively) [27], and KYKA (5.63 µM) from spent hen muscle
proteins [28]. Furthermore, other ACEI peptides were also derived from various natural
sources, such as marine macroalga Ulva intestinalis hydrolysates (HLHT and GWA with
the IC50 values of 458.06 ± 3.24 µM and 109.25 ± 1.45 µM, respectively), MELVLR (IC50:
236.85 µM) from marine hydrolysates [29], and naked oat globulin hydrolysates (SSYYPFK,
IC50: 91.82 µM) [3].

Furthermore, the appearance of a branched-chain aliphatic amino acid (isoleucine,
leucine, or valine) at the N-terminal end of peptides can improve ACE inhibitory activ-
ity [20,30]. Hydrophobic amino acids can ameliorate the efficiency of ACEI peptides [20,22].
These amino acid characteristics can be identified in almost all of these peptides (WLQL,
LPSW, LPLF, VPGLAL, and LVGLPL), and all of them showed prominent ACE inhibitory
effects, except LVGLPL. In the literature, it was reported that a Leu (L) residue at the
N-terminal of ACEI peptides was determined in egg white hydrolysates (LKYKA, IC50:
0.09 µM [11] and LPR, IC50: 1.30 mM [10]) and spent hen muscle (LKYKA, IC50: 0.054 µM
and LKY, IC50: 1.91 µM) [28], in addition to our current study (LPSW, IC50: 20.80 µM; LPLF,
IC50: 300.08 µM; and LVGLPL, IC50: >2000 µM). Interestingly, LPSW has tryptophan at its
C-terminal, leucine at its N-terminal, and proline in its sequence. It matches the hypothesis
related to potential ACEI peptides. Moreover, the results of in vitro experiments have also
proven its effects on ACE inhibitory activity (Figure A1 and Table 1). In our previous study,
other peptides that contained LPSW in their sequence, such as AKLPSW, also played a role
in ACEI influence with an IC50 value of 15.3 µM [17], which indicates higher ACEI activity
than LPSW (IC50 value of 20.80 µM). With an aromatic residue also at the C terminal,
GVGSPY derived from pearl oyster hydrolysates that contain Tyr (Y) displayed great ACEI
activity with an IC50 value of 10 µM [21]. In a similar manner, VRY and VRY from spent
hen muscle hydrolysates showed excellent ACEI activity with an IC50 value of 13.19 µM
and 1.91 µM, respectively [28].

Currently, various publications have reported dual or multiple bioactivities in the same
individual peptide, leading to the growing trend of discovering potentially novel peptides.
This result can create opportunities for treating several diseases with one inhibitor. This
will motivate developments to decrease the cost of care, as well as the anxiety of patients
surrounding the consumption of too many kinds over a long treatment period. Recently,
dipeptidyl peptidase-IV (DPP-IV) inhibitors were reported to possess the ability to inhibit
ACE because they share a common metabolic pathway and features [19,31]. For instance,
ten peptides (CF, KM, ELPF, AM, ADHPF, LPR, PR, FR, PRM, and GR) derived from
chicken egg white ovalbumin have shown their ability to inhibit ACE and DPP-IV enzymes
simultaneously; however, their efficacy is still moderate according to their IC50 values,
which range from 1.82 to 5.47 mM and 1.43 to 9.92 mM [10]. Compared to our previous
study and present studies from other research teams, the four peptides (LPLF, WLQL,
LPSW, and VPGLAL) derived from SSTY hydrolysates seem to have higher inhibitory
activity for ACE and DPP-IV, with IC50 values ranging from 16.87 to 573 µM and 269.7 to
463.6 µM, respectively (Table 1) [18]. At the molecular level, these peptides exhibit high
activity for both ACE and DPP-IV, which is probably due to the presence of proline in their
sequences at the cleavage sites [19]. This indicates that proline could play a crucial role in
ACE and DPP-IV inhibitory activities. The proline residue is present at the same position
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in the peptide sequences of LPSW and LPLF; however, LPLF has only moderate effects on
DPP-IV and ACE inhibition. Interestingly, LPSW displayed the greatest DPP-IV inhibitory
activity, recording an IC50 value of 269.7 µM, and the second-highest ACEI activity with an
IC50 value of 20.8 µM. In conclusion, the novel peptides derived from SSTY hydrolysates
using gastrointestinal enzymes in this study showed potent ACE inhibitory properties.

3.2. Kinetic Study with ACE

To assess the inhibition mechanism of these ACEI peptides, the inhibitory patterns of
LPSW, WLQL, VPGLAL, and LPLF against the ACE were determined using Lineweaver–
Burk plot analysis based on different substrate concentrations of HHL (hippuryl-L-histidyl-
L-leucine) with or without the presence of inhibitors. As shown in Figure 1, three different
concentrations of peptides were used for the 1/(S) and 1/(V) values, which represent the
reciprocal substrate concentration and velocity, respectively. The mechanism modes of
WLQL, VPGLAL, and LPLF were identified as competitive inhibitiors against the ACE
based on the Vmax and Km values (Table 2 and Figure 1B–D). Under these conditions,
the Km values increased with an increased concentration of peptides, while the Vmax
values seemed to remain unchanged with and without inhibitors [32]. This suggests that
these peptides can directly bind to the active sites of the ACE, preventing the enzyme
from binding to their substrate. In contrast, the constant Km and decreased Vmax values
indicated that LPSW acted as a non-competitive ACE inhibitor (Table 2 and Figure 1A).
Theoretically, these peptides could interact with the secondary binding sites of the ACE,
and form an ACE–peptide complex. This complex could inhibit HHL from binding to
the ACE.
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Figure 1. Lineweaver–Burk double reciprocal plots for ACE inhibition with (A) LPSW (non-
competitive), (B) WLQL (competitive), (C) VPGLAL (competitive), and (D) LPLF (competitive)
determined at concentrations close to their IC50 values.

The modes of inhibitory activity for ACEI peptides have been categorized into com-
petitive, non-competitive, and mixed competitive inhibitors. Until now, the number of
non-competitive peptides that inhibit ACE has significantly increased. For instance, ACEI
peptides derived from SSTY hydrolysates (AKLPSW) [17], black cumin seed hydrolysates
(VTPVGVPKW) [25] and Sanhuang chicken hydrolysates (IPIPATKT) [33] were all found to
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be in the non-competitive category. In contrast, ACE inhibitors, such as peptides from pearl
oyster shells (Pinctada fucata) [21], Phascolosoma esculenta [34], and Caulerpa lentillifera [24],
were reported as competitive inhibitors against ACE.

Table 2. Kinetic constants of enzyme-catalyzed reactions at different peptide concentrations.

Peptide Catalytic Parameter * Concentration (µM)

LPSW
0 µM 17 µM 23 µM

Vmax 6.99 4.65 3.76
Km 5.06 5.84 5.13

WLQL
0 µM 15 µM 25 µM

Vmax 1.47 1.44 1.42
Km 1.57 2.48 3.24

VPGLAL
0 µM 485 µM 630 µM

Vmax 7.19 8.06 7.17
Km 7.02 19.64 20.83

LPLF
0 µM 250 µM 320 µM

Vmax 7.52 6.15 7.59
Km 4.83 9.19 13.99

* Vmax is the maximum reaction velocity; Km is the Michaelis constant.

The characteristics of the amino acids in the ACEI peptides are associated with their
mode of inhibition against ACE. The appearance of Trp at the C-terminal of LPSW (present
study), AKLPSW [17], and VTPVGVPKW [25] may be connected to non-competitive
inhibitors. However, most ACEI dipeptides that possess Trp at their C-terminal act as
competitive inhibitors [35,36]. The number of amino acids in peptides may significantly con-
tribute to their inhibitory activity patterns, for instance, long sequences for non-competitive
inhibitor peptides and short chains for competitive ones [18,33].

3.3. Stability of ACEI Peptides against ACE

Based on the interaction with ACE during the pre-incubation test, ACE inhibitory
peptides can be organized into the following three categories: true inhibitors, real substrates,
and pro-drugs [23,37]. True inhibitors are not hydrolyzed and maintain their ACE inhibitory
activity. Both real substrates and pro-drugs are hydrolyzed by the ACE, leading to the
release of inactive or less active fragments for the former, and highly active fragments for
the latter.

Following 3 h of incubation with ACE at 37 ◦C, the ACE inhibitory activity of the
following peptides WLQL, LPLF, VPGLAL, LVGLPL, and LPSW was compared with
samples without pre-incubation. The inhibitory activity (%) for LPSW increased from
48.93% (without pre-incubation) to 68.19% (after pre-incubation with ACE), compared with
the same concentration of 20 µM (Figure A2). Moreover, the IC50 value of LPSW changed
significantly following pre-incubation with ACE (without pre-incubation: 20.80 ± 0.79 µM;
after pre-incubation: 13.39 ± 0.88 µM) (Table 1). Based on the LC-MS analysis, two small
fragments, LP and SW, were recognized as the hydrolysis products of LPSW by ACE
(Figure 2), which suggests that LPSW is a pro-drug.

Similar to LPSW, both WLQL and VPGLAL were classified as pro-drugs of ACE. As
expected, WLQL was cleavaged into small fragments, such as WL and QL (Figure 3), while
VPGLAL was hydrolyzed into two peptides, AL and VPGL (Figure A4). In contrast, the
ACE inhibition activity (%) of VPGLAL was notably enhanced from 51.03% to 65.27%
after the pre-incubation test (at a concentration of 500 µM) (Figure A2). The tetrapeptide
WLQL produced an IC50 value that showed a downward trend from 16.87 ± 0.54 µM
without ACE pre-incubation to 8.5 ± 0.86 µM after pre-incubation with ACE (Table 1).
According to the results of the LC-MS spectrum and stability analysis via pre-incubation
with ACE, it was confirmed that LPLF was a real substrate, while LVGLPL was a true
inhibitor (Figures A2, A3 and A5). A similar situation occurred with the pro-drug-type
LPLF, which was also affected by ACE, resulting in the release of small fragments of LP and
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LF (Figure A3). However, after pre-incubation, the new cleavage products of 300 µM LPLF
showed reduced inhibitory activity that fell from 58.23% (without pre-incubation) to 26.6%
(Figure A2), which implies that LPLF is a real substrate. As observed in Figures A2 and A5,
LVGLPL was not hydrolyzed by ACE and its ACEI activity was not significantly changed
(from 25.27% to 31.30% at the level of 2000 µM).
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Peptides designated as pro-drugs, real substrates, or true inhibitors are important for
in vivo or even clinical applications. Fujita’s study showed that LKPNM derived from
fish protein acts as a pro-drug-type ACE inhibitor [38]. Following this, the pentapeptides
IKPVQ, IKPVA, and IKPHL were reported as pro-drug substrates, while IKPVK, IKPVR,
and IKPFR were reported as real substrates for ACE [37]. Both FDGIP and AIDPVRA
obtained from sea grape protein were proven to possess ACEI activity, with the former
as a true inhibitor and the latter as a real substrate [24]. Recently, two novel potent ACEI
peptides (FRVW and LPYY) isolated from Pinctada fucata meat hydrolysates were classified
as pro-drug substrates [39]. Furthermore, peptides acquired from Manchego cheese [40],
Cassia obtusifolia seeds [7], and black cumin seed hydrolysates [25] also represent examples
of true inhibitors of ACE.

3.4. Molecular Docking Study

A docking simulation was performed to investigate the interactions between ACE
inhibitory peptides (ligands) and ACE molecules (receptors) [7,41]. Calculations were
performed using the CDocker energy value (known as interaction energies), the binding
sites, and the information on formed interaction bonds. Lisinopril was selected to be
docked first to tACE (PDB code: 1O86), before the processing of molecular docking of ACE
inhibitory peptides to validate the precision of this current model. A significant positional
similitude of lisinopril and the one obtained from the lisinopril–tACE complex (1O86.pdb)
proved the accuracy of this model (Figure A6).

The docking simulation of human tACE (PDB code: 1O86) with potential peptides
(WLQL and LPSW) was performed using Discovery Studio Visualized 3.0 software (Accel-
rys Software, Cambridge, UK). The main active sites of ACE conformation were named
pocket S1 (Ala354, Glu384, and Tyr523 residues), S2 (Gln281, Tyr520, Lys511, His513, and
His353 residues), and S1’ (Glu162 residue) [26,42,43]. Alternatively, Zn (II), which plays
a critical role in the ACE activity, binds with ACE residues His383, His387, and Glu411
through coordination bonds to form the more stable zinc-binding motif HEXXH (tetrahe-
dral structure) [26,44]. The stability of the zinc-binding motif HEXXH is a key factor in the
binding affinity between ACE and inhibitors [26,44].

Moreover, the Arg522 residue that works as a notable ligand to the second Cl− of the
ACE, the binding site for lisinopril, and the substrate of ACE, may enhance ACE inhibitory
activity [26,44]. These molecules can interact with the enzyme through hydrogen bonding
(H-bond), hydrophobic interactions, electrostatic forces, and van der Waals forces. Among
them, H-bonds are considered as contributing elements to the structural stability of the
ligand–receptor complex [8,45]. Two tetrapeptides WLQL and LPSW were selected for the
docking simulation with tACE based on their high ACE inhibitory activity compared to the
remaining peptides. Small fragments (WL and QL from WLQL; LP and SW from LPSW)
obtained from pre-incubation with ACE were also used for molecular docking to clearly
understand their role in enhancing the ACE inhibitory activity. As shown in Figure 4, all
the obtained peptides could interact with the ACE receptor through the S1, and S2 pockets,
and the other amino acid residues.

Theoretically, the lower binding free energy of the peptide–ACE complexes can be
interpreted as a thermodynamic property, resulting in a more stable complex, meaning
a higher inhibitory effect of the peptides. According to their CDocker energies, the ACE
inhibitory activity of the following peptides decreased: WLQL, QL, SW, WL, LPSW, and
LP (Table 3). Via in vitro assay, the peptide WLQL was proven to possess a higher ACE
inhibitory effect with an IC50 value of 16.87 µM, as compared to LPSW with an IC50 value
of 20.80 µM.

The CDocker energy of WLQL was −80.4321 kJ/mol. The tetrapeptide WLQL formed
five H-bonds with Arg522 (2.0 Å; 2.0 Å; 2.2 Å) (important ligand to the second Cl¯ of the
ACE) and Glu384 (2.2 Å; 2.4 Å), and four π-π bonds with Tyr523 (5 Å; 6.3 Å), and His383
(4 Å; 4.3 Å), which was bound to a zinc ion. The amino group of tryptophan in WLQL also
formed four H-bonds with Tyr523 (5 Å; 6.3 Å) and His383 (4 Å; 4.3 Å) residues, which were
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located at the S1 pockets in the active site, respectively (Figure 4A; Tables 3–5). The potent
ACEI effect of WLQL could be rationalized through the above-mentioned interactions.
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Figure 4. The interaction model of inhibitory peptides and the ACE receptor. The best docking
poses of peptides are (A) WLQL, (B) WL, (C) QL, (D) LPSW, (E) LP, and (F) SW at the ACE pock-
ets. The amino acid residues that belong to pocket S1 and S2 are shown via a red circle and blue
circle, respectively.
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Table 3. Potential binding sites of ACE inhibitory peptides based on molecular docking analysis.

Sequences Potential Binding Site Total Binding
Sites

Number of
H-Bonds

Number of Pi-Pi
Bonds

CDOCKER
Energy (kJ/mol)

WLQL Tyr523, Arg522, Glu384, His383 9 5 4 80.4321
LPSW Tyr360, Lys118, Glu123, Arg522 8 6 2 55.1801

WL Glu384, Asn70 2 2 0 58.8494
QL Arg522, Ala356, Glu411 4 4 0 62.3901
LP Trp357, Ala356, Glu411 4 3 1 53.3389

SW Glu384, His353, Tyr523, Arg522,
His387, His410, Ala354 10 6 4 61.9276

Table 4. Hydrogen bonds observed between the top-ranked docked poses of peptides and tACE a.

tACE Residues Involved in
H-Bonding b

No. of H-Bonds and Corresponding Distance (Å)

WLQL LPSW WL QL LP SW

Arg522: O 2; 2; 2.2 1.9; 2.1 − 2.4 − 2.1; 2.5
Glu384: H 2.2; 2.4 − − − − −
Glu384: O − − 3.3 − − −
Glu384: N − − − − − 3.7
Asn70: H − − 2.0 − − −
Glu411: O − − − 2.9 3 −

Ala356: OH − − 2; 2.1 1.7; 1.9 −
Glu123: NH − 2; 2.7 − − − −

Tyr360: H − 2.2; 2.2 − − − −
Ala354: H − − − − − 1.9
His353: H − − − − − 2.2
Tyr523: O − − − − − 2.2

Total 5 6 2 4 3 6
a The residue number of tACE (PBD code: 108A). b H-bond position: donor or receptor atoms. Repeated residues
indicate formation of two separate H-bonds by the same amino acid.

Table 5. Pi-pi bonds observed between the top-ranked docked poses of peptides and tACE a.

tACE
Residues

No. of pi-pi Bonds and Corresponding Distance (Å)

WLQL LPSW WL QL LP SW

Tyr523: H 5; 6.3 − − − − −
His383: H 4; 4.3 − − − − −
Arg522: H − 6.8 − − − −
Lys118: H − 6.8 − − − −
Trp357: H − − − − 4.9
His387: H − − − − − 4.4; 5.4
His410: H − − − − − 4.2; 4.7

Total 4 2 0 0 1 4
a The residue number of tACE (PBD code: 108A).

The CDocker energy of WL was 58.8494 kJ/mol. The dipeptide WL interacted with
the ACE receptor via two H-bonds, including Glu384 (3.3 Å) at the S1 pocket and another
residue, such as Asn70 (2.0 Å). Moreover, no π-π bonds were recognized in this case. The
binding to the active site of ACE may allow the peptide WL to more easily react with the
ACE, leading to an enhanced ACE inhibitory effect (Figure 4B; Tables 3 and 5). As shown
in Figure 4C and Table 3, the dipeptide QL bound to the second binding site instead of the
active sites of the ACE receptor. Moreover, the interaction of QL and the ACE involved
the formation of four H-bonds, including Ala356 (2.0 Å; 2.1 Å), Glu411 (2.9 Å), and Arg522
(2.4 Å), and no π-π binding was detected. However, Glu411 and Arg522 are well known
for their ability to bind to zinc ions and are important ligands to the second Cl¯ of ACE,
respectively. The appearance of these essential residues in the QL–ACE complex may
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explain the enhanced ACE inhibitory activity after the pre-incubation experiment. This
peptide showed the CDocker energy of −62.3901 kJ/mol.

The tetrapeptide LPSW only interacted with the ACE receptor via the second binding
sites that contained Arg522, Lys118, and Tyr360 Glu123. Binding bonds were formed in this
LPSW–ACE complex, including two π-π interactions with Arg522 (6.8 Å); Lys118 (6.8 Å),
and six hydrogen bonds with Tyr360 (2.2 Å; 2.2 Å); Glu123 (2.0 Å;2.7 Å) and Arg522 (1.9 Å;
2.1 Å). As is well known, Arg522 is considered as an important ligand to the second Cl¯ of
the ACE. Therefore, the high ACE inhibitory effect of LPSW may be caused by Arg522 and
interaction bonds, such as H-bonds and pi-pi interactions. The CDocker energy of LPSW
was −55.1801 kJ/mol (Figure 4D; Tables 3–5).

The CDocker energy of LP was 53.3389 kJ/mol. In this case, LP bound to the ACE
receptor via the second binding position that contained Glu411, Ala356, and Trp357. Hy-
drogen and pi-pi bonds were identified in this LP–ACE complex, including three H-bonds
with the residue Glu411 (3.0 Å), Ala356 (1.7 Å; 1.9 Å), and one π-π interaction with Trp357
(4.9 Å). The expression of Glu411 bound to a zinc ion may play a role in improving the ACE
inhibitory activity (Figure 4E; Tables 3–5). The dipeptide SW can bind to the S1 pocket of
the ACE receptor at Glu384, Ala354, and Tyr523 and the S2 pocket at His353. Furthermore,
docking also occurred with different residues, including His387, Arg522, and His410. The
interaction between SW and the ACE receptor involved the formation of four π-π bonds
at His387 (4.4 Å; 5.4 Å) and His410 (4.2 Å; 4.7 Å) and six H-bonds, including Glu384
(3.7 Å), Ala354 (1.9 Å), Tyr523 (2.2Å), His353 (2.2 Å) and Arg522 (2.1 Å; 2.5 Å) (Figure 4F;
Tables 3–5). The CDocker energy of SW was −61.9276 kJ/mol. The appearance of Arg522
(a notable ligand to the second Cl- of the ACE) and the active sites at both pockets 1 and
2 may significantly contribute to enhancing the ACE inhibitory activity of SW (Figure 4F;
Tables 3–5). The CDocker energy of SW was −61.9276 kJ/mol.

According to our docking results (Tables 3 and 5), the binding interaction of π-π may
also play an important role in contributing to the structural stability of the ACE–peptide
complex, leading to the strong inhibition of ACE by peptides. Liu et al. found similar
results to ours and concluded that the high ACE inhibitory effect of hazelnut peptides
(AVKVL, YLVR, and TLVGR) is not only determined by hydrogen and electrostatic bonds,
but that the π-π interactions also offer a significant contribution [46].

Based on the kinetic and docking results, it can be concluded that WLQL acts as
a competitive inhibitor and can interact with the active sites of ACE receptors. Inter-
estingly, the peptide LPSW was determined as a non-competitive inhibitor via kinetic
analysis. In this way, this peptide can only bind to non-active sites and this was confirmed
through molecular docking. However, LPSW was cleavaged after being pre-incubated
with ACE, and then small fragments (LP and SW) were also identified via LC-MS analysis.
Therefore, the mechanism of LPSW must be studied more deeply to clearly understand
this inconsistency.

Docking simulation is considered as an efficient method to predict the biological
properties of peptides through the analysis of specific binding interactions formed between
peptides and proteins. However, the determination of the characteristics of bioactive pep-
tides in silico does not provide enough evidence to be conclusive; therefore, a corresponding
in vitro assay must be performed for the predicted peptides [25,47].

4. Conclusions

The peptides derived from SSTY gastrointestinal hydrolysates have shown remarkable
ACEI activity. Among these ACEI peptides, WLQL showed the highest IC50 value of
16.87 ± 0.54 µM. Molecular docking studies revealed that WLQL was docked to ACE
through the S1 pockets of ACE, while LPSW interacted with ACE through the secondary
binding sites. Moreover, the Lineweaver–Burk plot indicated that LPSW acted as a non-
competitive agent against ACE. In contrast, the remaining peptides displayed patterns of
competitive inhibition. Furthermore, ACE pre-incubation analysis revealed that LPSW,
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WLQL, and VPGLAL were pro-drug inhibitors against ACE, while LPLF was a substrate,
and LVGLPL was a true inhibitor.
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Figure A4. The stability of VPGLAL against the ACE activity under the pre-incubation condition
with ACE. (A) LC-MS profile of VPGLAL. Two small fragments derived from VPGLAL after pre-
incubation with ACE include: (B) the MS spectrum of fragment VPGL (m/z 385.17), and (C) the MS
spectrum of fragment AL (m/z 202.92).
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Figure A6. The interaction of lisinopril and tACE (1O86.pdb). The ribbon demonstrates tACE. The
substantial overlapping of lisinopril was achieved via docking (yellow color) and the enzyme derived
from PBD (1O86) proved the accuracy of the current model. The docking energy score between
lisinopril and tACE is −92.8494 kJ/mol (CDocker).
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