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Kluyveromyces marxianus protein hydrolysates were prepared by two different sonicated-
enzymatic (trypsin and chymotrypsin) hydrolysis treatments to obtain antioxidant and
ACE-inhibitory peptides. Trypsin and chymotrypsin hydrolysates obtained by 5 h, exhibi-
ted the highest antioxidant and ACE-inhibitory activities. After fractionation using ultra-
filtration and reverse phase high performance liquid chromatography (RP-HPLC)
techniques, two new peptides were identified. One fragment (LL-9, MW = 1180 Da) with the
amino acid sequence of Leu-Pro-Glu-Ser-Val-His-Leu-Asp-Lys showed significant ACE
inhibitory activity (ICso = 22.88 uM) while another peptide fragment (VL-9, MW = 1118 Da)
with the amino acid sequence of Val-Leu-Ser-Thr-Ser-Phe-Pro-Pro-Lys showed the highest
antioxidant and ACE inhibitory properties (ICso = 15.20 pM, 5568 pM TE/mg protein). The
molecular docking studies revealed that the ACE inhibitory activities of VL-9 is due to
interaction with the S2 (His513, His353, Glu281) and S'1 (Glu162) pockets of ACE and LL-9
can fit perfectly into the S1 (Thr345) and S2 (Tyr520, Lys511, GIn281) pockets of ACE.
Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

products [1-5]. Yeast biomass is generally regarded as safe
(GRAS) [6] and can be used for large-scale production of single
cell protein (SCP) [7]. The biomass of K. marxianus is used as

During the last several years many investigators reported the

: - > : animal feed and as yeast extract for use in food processing
presence of Kluyveromyces marxianus in the different dairy
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industry [8]. Also, with protein levels ranging from 50 to 70%,
yeast extract provides an abundance source of amino acids
and bioactive peptides.

Bioactive peptides contain 2—20 amino acids with possible
bioactivities including antihypertensive, antioxidant, antimi-
crobial, anticancer, and opioid activity [9—11]. There has been
a great interest in antihypertensive peptides for their effi-
ciency in lowering blood pressure. The antihypertensive
peptides are effective mainly due to inhibiting the
angiotensin-converting enzyme (ACE) [9]. ACE has two
different isoforms transcribed by the same gene; a larger with
1277 amino acids that is referred to as somatic ACE (sACE), and
a smaller one which is composed of 701 amino acids and is
referred to as testis ACE (tACE). Somatic ACE is composed of
two homologous catalytic domains (N and C) but testis ACE
exhibits just one domain which is identical to the C domain of
SACE [12]. Some studies have shown that the C domain is
more important for blood pressure regulation activity of ACE
[13]. According to ACE's catalytic mechanism and relevant
experimental reports, ACE's active site contains 19 amino acid
residues: His353, Ala354, Ser355, Ala356, His383, Glu384,
His387, Phe391, Pro407, His410, Glu41l, Phe512, His513,
Ser516, Ser517, Val518, Pro519, Arg522, and tyr523 [12].

Antioxidant peptides are also important because of their
effect on inhibiting the deterioration of foods and their sig-
nificant role in the treatment of different diseases such as
arthrosclerosis, cancer, and diabetes [14].

Antioxidant and ACE inhibitory of bioactive peptides de-
pends on their structure including size of peptides and their
amino acid sequences, which are influenced by the source of
protein and conditions of hydrolysis process [9].

To the best of our knowledge, there is no report on the bio-
logical activity of yeast extract and purified peptides obtained
from K. marxianus. The possibility of using strain of K. marxianus
as a source of yeast extract with antioxidant and ACE-
inhibitory activity and isolation of the peptides with the most
activity was the subject of this research. Ultrafiltration and
reversed-phase high-performance liquid chromatography (RP-
HPLC) were used to purify the antioxidant and ACE-inhibitory
peptides. The sequence of the peptide was identified by
MALDI/TOF/TOF technique. The binding interaction of purified
peptides within the active site of ACE was also proposed ac-
cording to the results of molecular docking experiments.

2. Materials and methods
2.1. Materials

Trypsin (EC 3.4.21.4), chymotrypsin (EC 3.4.21.1), fur-
anacrylolyl tripeptide (FAPGG), ortho-phthalaldehyde (OPA), 2,
2, Diphenyl-1-Picryl hydrazyl (DPPH), 2, 2’—azinobis (3-ethyl-
benzothiazoline-6-sulphonate) (ABTS), 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid (trolox), trifluoro-
acetic acid (TFA), acetonitrile were obtained from Sigma-
—Aldrich Chemie GmbH (Munich, Germany). Ultrafiltration
membranes with 3, 5 and 10 kDa cut-off were purchased from
Sartorius Stedim (Biotech company, Geottingen, Germany).

2.2. Samples preparation

K. marxianus (PTCC 5195) was supplied by Persian Type Culture
Collection (PTCC) of the Iranian Research Organization for
Science and Technology (IROST). This strain was grown
aerobically in yeast mold (YM) culture [Glucose (1%), yeast
hydrolysate (0.3%), malt extract (0.3%), peptone (0.5%)]. The
temperature was controlled at 28 °C in a shaking incubator
(IRC-1-U) at 150 rpm. Cells were harvested in middle of loga-
rithmic phase by centrifugation at 3000xg for 10 min. The
yeast pellet was washed with distilled water three times and
stored at —20 °C.

Sonicated-enzymatic hydrolysis treatment was carried
out to produce yeast protein hydrolysates. Samples were
heated at 85 °C for 15 min to terminate enzymes activity. Cell
debris was removed by centrifugation at 11,500xg for 10 min.
For sonicated-enzymatic hydrolysis, 50 ml of 2.5% dry yeast
cells in distilled water was disrupted by a sonicator (Part NO.
$-4000) at a fixed power of 600 W, amplitude of 50%, and
frequency of 20 kHz. Total cycle time for ultrasonic treat-
ment was 10 min. The cellular debris and particles were
removed by centrifugation at 11,500xg for 10 min. The
intrinsic yeast cell enzymes in the supernatant were ther-
mally (85 °C for 15 min) inactivated. A solution of extracted
protein (4 mg/ml) in phosphate buffer (50 mM, pH 7.8) was
subjected to enzymatic hydrolysis using trypsin and
chymotrypsin with an enzyme/substrate ratio of 1:10 at 37 °C
for 5 h. The enzymatic hydrolysis was stopped by heating in
water (85 °C, 15 min). One sample which contains just
intrinsic yeast cell enzymes was also considered as control
sample.

2.3. Isolation of the antioxidant and ACE-inhibitory
peptides

Ultrafiltration was performed with 3, 5 and 10 kDa membranes
to purify antioxidant and ACE-inhibitory peptides. The
resulting permeates were then lyophilized and stored at
—20 °C until further analysis. The resulting filtrate with the
highest antioxidant and ACE-inhibitory activities was dis-
solved in distilled water and further subjected to reverse
phase-high performance liquid chromatography (RP-HPLC).
Peptide solution (15 pl) was injected into an analytical Cig
column (Perfect sil target, ODS-3, 250 x 4.6, 5 um, 100 A). The
elusion was made in linear gradient mode from eluent A,
which was composed of 0.1% TFA in distilled water to eluent B,
which was composed of 0.1% TFA in acetonitrile at a flow rate
of 0.5 ml/min for 45 min. The elution solution was determined
at 215 nm using a UV detector, and collected for further
analysis. The fractions exhibiting the highest ACE inhibitory
and antioxidant activities were followed by identification of
the amino acid sequence.

2.4. Protein assay
Protein concentration in supernatants was determined by

modified Lowry method [S| as described by Hartree [15].
Bovine Serum Albumin (BSA) used as the protein standard.
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2.5. Evaluation the degree of hydrolysis (DH)

A spectrophotometric assay using OPA was used for deter-
mination the extent of hydrolysis. The OPA reagent (1 ml),
prepared by method described by Church, Swaisgood [16] and
Sun, Luo [17] was mixed with an aliquot (usually 10—50 pl
containing 5-100 pg protein) of sample. The solution was
mixed briefly. After 2 min incubation at room temperature,
the absorbance was read at 340 nm using a spectrophotometer
(Jenway, Model, 6315). A standard curve (0—4 mg/ml) of r-
leucine was used to create a standard curve and free amino
groups were calculated using standard curve. DH was calcu-
lated using following formula.

L1-10

DH= ———
Lmax — LO

L1: amount of free amino groups released after hydrolysis,
LO: amount of free amino groups in the original yeast hydro-
lysate, Lmax: total amount of free amino groups in the original
yeast hydrolysate obtained after acid hydrolysis (6 M HCI at
120 °C for 24 h).

2.6.  Measurement of antioxidant activity

Antioxidant activity was measured based on 2, 2-diphenyl-1-
picryl-hydrazyl (DPPH) and 2, 2'—azinobis (3-ethyl-benzo-
thiazoline-6-sulphonate) (ABTS) radical-scavenging activity.

2.6.1. DPPH radical scavenging activity

The DPPH radical scavenging activity of peptide solutions was
measured according the method described by Son and Lewis
[18] with slight modifications. An aliquot of 1 ml peptide so-
lution (or ethanol itself as control) was added to 1 ml of DPPH
(0.2 mM) in 95% ethanol solution. After mixing vigorously for
10 s, the mixture was incubated for 30 min in the darkness at
room temperature, and the absorbance of resulting solution
was measured at 517 nm with a spectrophotometer. DPPH
radical scavenging activity (%) was calculated as follows:

Radical scavenging activity(%) = A contjl;o('l:;q;‘]\:oslamp Ie*100

The trolox standard curve was used to determine trolox
equivalent antioxidant capacity (TEAC).

2.6.2. ABTS-radical scavenging activity test
ABTS radical-scavenging activity was tested according to the
method described by Re and others [19]. An aliquot of 25 pl
sample was mixed with 1.0 ml ABTS free radical solution
diluted with 5 mM phosphate buffer (pH 7.4). The initial
absorbance at 734 nm was 0.7 + 0.02. The absorbance of the
resultant solution was recorded at 734 nm. The extent of
radical scavenging activity was calculated as follows:

A control — A sample

Radical scavenging activity (%) = A control *100

The percentage of radical scavenging activity was calcu-
lated and plotted as a function of concentration (0—25 pM) of
trolox standard and sample solution to determine trolox
equivalent antioxidant capacity (TEAC).

2.7. In vitro assay of ACE-inhibitory activity

ACE inhibitory activity of samples was measured based on the
spectrophotometric assay described by Vermeirssen, Van
Camp [20]. The rabbit lung powder was prepared following the
procedure of Lossow et al. [21] with modifications [22]. Rabbit
lung extract as the source of ACE was prepared by dissolving
lung acetone powder (1 g) in 10 ml tris-HCI (50 mM, pH 8.3) and
5% v/v glycerol. The mixture was stored at 4 °C overnight and
centrifuged at 14,000xg for 20 min. Substrate (5 mM FAPGG in
50 mM tris-HCl buffer (pH 8.3) containing 400 mM NacCl, pH 8.3)
and peptide fractions or water (25 pl) were added to each well
of ELISA plate and pre-incubated for 20 min at 37 °C before
adding 10 pl of ACE extract. The absorbance at 340 nm was
recorded every 30 s, for 30 min by an ELISA reader Expert 96
(Power wave xS2, Bioteck, Winooski, USA) for periods of
30 min at 37 °C. The concentration of sample need to inhibit
ACE by 50% was defined as ICs, value.

2.8. Determination of amino acid sequence of the most
active peptides

The sequences of the most ACE inhibitor and antioxidant
peptides were determined by analysing the samples with
MALDI/TOF/TOF mass spectrometer with a 5800 Proteomics
Analyzer [Applied Biosystems at Proteomics International Pty
Ltd., Nedlands, Western Australia]. MS/MS spectra was ana-
lysed using PEAKS Studio Version 4.5 SP2 [Bioinformatics So-
lutions] and manual interpretation.

2.9.  Molecular docking of purified peptides on the ACE
binding site

The crystal structure of human ACE complexed with inhibitor
lisinopril (PDB: 108A) was derived from the RCSB Protein Data
Bank (http://www.rcsb.org/pdb/home/home.do//) and used as
the template for docking studies. Before the docking, all water
molecules and the inhibitor lisinopril were removed whereas
the cofactors zinc and chloride atoms were retained in the
active site of ACE model. The polar hydrogens were then
added to ACE model. Structure of the purified peptide was
generated using Hyperchem program version and the geom-
etry of the peptide was subsequently optimized to minimal
energy using the same software. The HADDOCK software was
selected for molecular docking studies.

The best ranked docking pose of purified peptides in the
active site of ACE was obtained according to the scores and
binding energy values. Discovery studio 2016 software was
also used to identify the hydrogen bonds as well as the hy-
drophobic, hydrophilic, electrostatic, and coordination in-
teractions between residues located at the ACE active sites.
The effect of peptides on Zn(ll) tetrahedral geometry was ob-
tained from the docking results using ligplot viewer.

2.10. Statistical analysis
All data were presented as mean + standard deviation (SD) for

three replications for each sample. The ANOVA test and in-
dependent sample T-test using the software of SPSS 20 were
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used to analyse the experiment data. P value < 0.05 was
considered significant.

3. Results and discussion

3.1 Preparation of yeast protein hydrolysates from K.
marxianus

In this study, K. marxianus protein hydrolysates was used as a
possible source of ACE inhibitory and antioxidant peptides.
Since enzymes have specific cleavage positions on poly-
peptide chains, sonicated-enzymatic (trypsin and chymo-
trypsin) hydrolysis was used to produce peptides with
different amino acid sequences and peptide lengths. The
extent of protein degradation during enzymatic hydrolysis
was estimated by assessing the DH value by the OPA method.
As it was reported in our last paper [23], DH values at the end,
were 18.52% and 21.59% for trypsin and chymotrypsin hy-
drolysis, respectively.

Antioxidant activity is expressed as TEAC and ACE inhibi-
tory activity is reported, a concentration at which 50% of ACE
activity is inhibited. Overall, sonication in conjunction with
trypsin and chymotrypsin treatments was successful in
releasing antioxidant and ACE inhibitory peptides. As it was
reported previously, extensive studies demonstrated that
trypsin and chymotrypsin are capable of producing bioactive

peptides when applied to hydrolyze food proteins [24—28].
According to results (Table 1), there was no significant
(P > 0.05) difference in antioxidant and ACE inhibitory activ-
ities of protein hydrolysates prepared by trypsin and chymo-
trypsin. So, trypsin and chymotrypsin hydrolysates were
selected for further purification process.

3.2. Purification of antioxidant and ACE-inhibitory
peptides from yeast protein hydrolysates

The ultrafiltration membranes were used to perform peptide
separation according to their molecular weight. Trypsin and
chymotrypsin hydrolysates were fractionated using mem-
branes with molecular weight cut-off of 3, 5, and 10 kDa. The
antioxidant and ACE inhibitory activities of trypsin and
chymotrypsin hydrolysates and their UF-fractions were
measured (Figs. 1 and 2). Considering both antioxidant and
ACE inhibitory activities, trypsin MW < 3 kDa permeate pep-
tide fraction was selected for further purification process and
was applied on a RP-HPLC system using a RP-C,g column with
gradient elution. The chromatographic profile shown in
Fig. 3A, fraction is separated to 11 fractions according to their
hydrophobicity. The fractions were numbered sequentially
(F1-F11). All fractions were collected and lyophilized. Con-
centration of peptides, ACE inhibitory and antioxidant activity
were determined. Results are presented in Fig. 3B and C. As it
is shown in Fig. 3A, ABTS radical scavenging activity of

Table 1 — ACE inhibitory and antioxidant activity of yeast protein hydrolysates.

Samples DH (%) ICsp (mg/ml) DPPH radical scavenging activity ABTS radical scavenging activity
(1M TE/mg protein) (1M TE/mg protein)
Control 15.912 0.77 + 0.01° 91.85 + O° 273.04 + 8.63°
Physical-trypsin 18.52° 0.49 + 0.009% 118.53 + 0° 489.53 + 0%
hydrolysis
Physical-chymotrypsin 21.59°¢ 0.51 + 0.01% 121.11 + 0° 482.03 + 2.34%
hydrolysis

ICso is the concentration (mg/ml) of an ACE inhibitor needed to inhibit 50% of ACE activity. The data of DPPH and ABTS radical-scavenging
activity are expressed as trolox equivalent antioxidant capacity (WM TE/mg protein). The results are mean values of experiments carried out
in triplicate. Different superscript letters in each column indicate significant differences (P < 0.05).
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Fig. 1 — DPPH (A) and ABTS (B) radical-scavenging activity of whole yeast protein hydrolysates (physical-trypsin

hydrolysate, physical-chymotrypsin hydrolysate) and their peptide fractions. The data are expressed as trolox equivalent
antioxidant capacity (1M TE/mg protein). The results are mean values of experiments carried out in triplicate. Values with
different small letters (trypsin treatments) and capital letters (chymotrypsin treatments) are statistically different at P < 0.05.
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Values with different small letters (trypsin treatments) and
capital letters (chymotrypsin treatments) are statistically
different at P < 0.05.

fraction F9 was measured to be 5568 uM TE/mg protein and it
was 3 folds higher than parent peptide fraction. It confirms 3
folds purification through RP-HPLC treatment. Among all of
the fractions collected, fraction F9 also expressed the highest
ACE inhibitory activity (ICso = 15.20 uM) that was 1.76 folds
higher than parent peptide fraction. Fraction F8 also showed
ACE inhibitory activity (ICso = 22.88 uM).

3.3. Sequences and molecular mass of purified peptide
Fractions F8 and F9 were analysed for amino acid sequences
(Figs. 4 and 5). The amino acid sequences of the F8 and F9
peptides were identified respectively, as Leu-Pro-Glu-Ser-Val-
His-Leu-Asp-Lys (LL-9) and Val-Leu-Ser-Thr-Ser-Phe-Pro-Pro-
Lys (VL-9). Many potent ACE-inhibitory and antioxidant pep-
tides have been isolated and identified from various food
proteins but to the best of our knowledge, this report is the
first that introduces new ACE-inhibitory and antioxidant
peptides from K. marxianus protein hydrolysates. De Leo F,
Panarese S [29] reported ICs, values between 0.21 and 1682 uM
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Fig. 3 — (A) RP-HPLC chromatogram of the prepared yeast protein hydrolysate (physical-trypsin hydrolysis) with

MW < 3 kDa. (B) ABTS radical-scavenging activity of purified peptide fractions. The data are expressed as trolox equivalent
antioxidant capacity (1M TE/mg protein). (C) ACE inhibitory activity of purified peptide fractions. ICs, is the concentration
(mg/ml) of an ACE inhibitor needed to inhibit 50% of ACE activity. The results are mean values of experiments carried out in

triplicate.
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Fig. 5 — Identification of the molecular mass and amino acid sequence of the F9 peptide using MALDL-TOF-TOF mass-
spectrometer. (A) MS/MS spectra of the F9 peptide, and (B) the interpretation of the obtained spectra.

for potent ACE inhibitory peptide sequences derived from
milk and plant protein sources. Among them, IPP and VPP are
well characterized ACE-inhibitory peptides from fermented
milk with ICsq values of 5 uM and 9 uM, respectively [30]. Ni, Li
[31] purified and identified a hexapeptide, Thr-Pro-Thr-Gln-
Gln-Ser (660 Da) with ACE inhibitory activity (ICso = 73.25 ng/
ml) from water-soluble protein extracted of Saccharomyces
cerevisiae. Also, peptide with amino acids sequence of Tyr-Gly-
Lys-Pro-Val-Ala-Val-Pro-Ala-Arg (ICso = 397.26 pM, 26.25 uM
TE/ugr protein) was purified from S. cerevisiae protein

hydrolysates [22]. ACE Inhibitory activities are often compared
with that of captopril, the most widely used antihypertensive
drug. The ICso of captopril is approximately 0.0015 g/ml
(0.0071 puM) [32,33]. Therefore, the inhibition potential of LL-9
and VL-9 is less than captopril.

The amino acid composition of purified peptides consist of
hydrophobic amino acids (Leu, Pro, Val, Leu, Phe) with a total
percentage of, respectively, 44.4% and 55.5% for LL-9 and VL-9
peptides. The hydrophilic-hydrophobic ratio in the peptide
sequence is a critical factor in ACE inhibitory activity [34,35].
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Fig. 6 — The docking results for the of VL-9 (A) and LL-9 (B) with ACE (PDB:108A). 3D and 2D structures of VL(9)-ACE (A) and
LL(9)-ACE (B). Van der Waals bonds are represented in blue, salt bridge in orange, conventional hydrogen bond in green
dotted lines, while other residues and the zinc atom are represented automatically. Image obtained with Accelrys DS

Visualizer software.

Asp4lS

Fig. 7 — Details of Zn(Il) (green) coordination with ACE residues before docking (A), after docking with VL-9 (B), and LL-9 (C).
Green dotted, Blue and brown lines indicate respectively, hydrogen, ligand and non ligand bonds formation. Image obtained

with Ligplot version v.1.4.5 software.

Because hydrophilic amino acid residues could disrupt the
access of peptide to the active site of ACE. Many studies have
shown that ACE prefers to have substrate or competitive
inhibitory that contain aromatic residues such as tryptophan,
phenylalanine, tyrosine or proline at their C-terminal tripep-
tide sequence and branched aliphatic amino acids such as
glycine, valine, leucine, and isoleucine at the N-terminal po-
sition [34,36—38]. Therefore, presence of two proline residue at
C-terminus and valine and leucine at N-terminus of VL-9 and
presence of leucine at N-terminus of LL-9 may contribute to
their ACE inhibitory activity. Also, phenylalanine may
contribute to ACE inhibitory activity of VL-9 as Pripp [39] re-
ported that highly active ACE inhibitory peptide should be
composed of large, hydrophobic, aromatic amino acid. Posi-
tively charged e-amine group in lysine at the C-terminus of
both peptides and the presence of aspartic and glutamic acids
in the sequence of LL-9 may contribute to ACE inhibitory ac-
tivity [40]. The capability of glutamic acid to chelate zinc, as a
component of the ACE active centre was reported previously
[40]. Also, hydrophobic amino acids (55.5% of the total amino
acid residues) in VL-9 enhance the solubility of peptide in lipid
and facilitates accessibility to hydrophobic radical species,

thereby increase the antioxidant activity of peptide [41—43].
Chen, Muramoto [44] reported the presence of valine and
leucine at the N-terminal and proline in the sequence of
peptide contribute to its antioxidant activity. Qian, Jung [42]
reported high reactivity of aliphatic groups in valine and
leucine to hydrophobic poly unsaturated fatty acids. Suetsuna
and Chen [45] reported the presence of alanine and leucine at
the N-terminus, glutamine and proline residues in the se-
quences of antioxidant peptide purified from gluten. The
presence of lysine is reported to be important factor in the
antioxidant activities of the peptides, especially due to their
ability to reduce Fe*' to Fe>" and to chelate Fe>" and Cu®* ions
[46—48]. Also, aromatic amino acids phenylalanine act as
proton donors to electron deficient radicals and efficiently
scavenge them [49].

3.4. Insight into molecular docking simulation

In order to explore the molecular mechanism of interactions
between LL-9 and VL-9 and ACE, the docking simulation was
studied using the flexible docking tool of HADDOCK software.
The docking study of the peptides VL-9 and LL-9 at the ACE
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active site, in the presence of Zn(ll), showed a best pose
(Fig. 6A and B) with Z scores of —2.1 and —2.9, respectively.
Researches have shown that the inhibitor combined with ACE
residues through the interaction forces of hydrogen bonds,
hydrophobic, van der waals and electrostatic interactions that
exist between amino acids residues of ACE and those of each
peptides within a distance of 3.5 A [50,51]. Among them,
hydrogen bonds interaction force plays the most important
role for stabilizing the docking complex and enzyme catalytic
reactions [52]. As shown in Fig. 6, the peptide pose was sta-
bilized by hydrogen bonds. Seven and four hydrogen bonds
were formed, respectively, between VL-9, LL-9 and ACE, sug-
gesting that the peptides effectively interacted with the ACE
active site, and maybe explain stronger inhibition activity of
VL-9 [52].

As reported by Wu et al. [53], ACE contained three main
active site pockets (S1, S2, and S'1). S1 pocket included Ala354,
Glu384 and Tyr523 residues, and S2 pocket included Glu281,
His353, Lys511, His513 and Tyr520 residues, while S'1 con-
tained Glu162 residue. The molecular docking study revealed
that VL-9 establishes hydrogen bonds with the S2 (His513,
His353, Glu281) and S'1 (Glu162) pockets mostly due to Vali,
Leu2, Thr4, Ser5, and Lys9 (Fig. 6A). The peptide LL-9 also
established hydrogen bonds with S1(Thr345) and S2 (Tyr520,
Lys511, GIn281) pockets of ACE due to Glu3, His6, Asp8, and
Lys9. The results suggested that the peptides could effectively
interact with the active site of ACE and inhibit its activity [52].
These are also key residues at ACE active site which interact
with ACE inhibitor lisinopril and is consistence with the
competitive inhibition model [54,55].

Zn(Il) at the ACE active site usually plays a significant role
and tetra-coordinated with three ACE residues (His383,
His387, Glu411) [56] The values of bond length are shown in
Fig. 7A. Although VL-9 and LL-9 not directly interact with
Zn(ll), after docking the initial values of bond length made
some differences and some hydrogen bonds were lost (Fig. 7B
and C). This result suggests that the peptides may have the
ability to coordinate with Zn(II) of ACE and distort the tetra-
hedral geometry and cause ACE inhibitory activities. This
phenomena is in agreement with the finding of Jia et al. [57]
who reported the changes in the distance between the Zn(II)
and its surrounding atoms after interaction of Lys-His-Val
with ACE. Pan et al. [58] also reported the distorted Zn(II)
tetrahedral geometry in the interaction of ACE with Leu-Leu.
Many studies had shown that lisinopril directly interacted
with the Zn(Il) of ACE [12,59] and it can explain higher ACE
inhibitory activity of lisinopril compare to purified peptides.
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