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To obtain the angiotension-I converting enzyme inhibitor (ACEI), a fusion ACEI polypeptide
encoded with 8 DNA sequences of GPL, GPM, IKW, IVY, IRPVQ, IWHHT, IYPRY and IAPG,
which were selected and designed and cloned into pGAPZ«C and then transformed into
Pichia pastoris SMD1168H. After 3 days induction, the fraction with highest ACEI activity was
expressed and purified using a Ni Sepharose™ 6 Fast Flow. The ICs, of recombinant ACEI
polypeptide was 88.2 uM. A 128-fold increase of ACEI activity (0.69 uM) was obtained after
pepsin digestion, which was equivalent to 0.022 pM of captopril. Reverse phase HPLC

indicated all the 8 peptides contained in ACEI-hydrolysate after pepsin digestion.
Copyright © 2018, 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

Hypertension, a common cardiovascular disease, is affecting
nearly one billion patients worldwide. It is also regularly the
cause of cardiac, renal and endothelial insufficiency, athero-
sclerosis, cerebral stroke and diabetes mellitus-related organ
failure [1]. Renin—angiotensin system (RAS) is well known as
the primary pathway for blood pressure and vascular tone
regulation. In the RAS pathway, angiotensin I-converting
enzyme acts as key enzyme to regulate the blood pressure as
well as cardiovascular function. ACE is an enzyme of the

* Corresponding author. Fax: +886 7 3640634.
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hydrolase class that catalyzes cleavage of a dipeptide from the
C-terminal end of angiotensin I (inactive) to form activated
angiotensin II (highly active); also called peptidyl-dipeptidase
A. Thus, the potent vasoconstrictor is secreted from the
adrenal cortex including a sodium-retaining steroid and
aldosterone, which is capable of increasing blood pressure. In
addition, ACE inactivates a vasodilatory peptide, bradykinin.
ACE is one of the zinc metallo-peptidases and activated by
chloride. The ACE could be alternative transcribed in two
isoforms from different initiation sites in a single gene. One
expressed in most tissues is a larger ACE. The other one found
in adult testis is smaller ACE [2]. Generally ACE is spread in
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mammalian tissues and also an ectoenzyme which has the
membrane bound in vascular endothelial cells, absorptive
epithelial, neuroepithelial, and male germinal cells [3,4]. From
the previous studies, inhibition of ACE is a feasible strategy of
hypertension therapy.

Various ACE inhibitors (ACEIs) have been investigated for
palliating the hypertension. In current clinical treatment,
synthetic ACEIs such as captopril, enalapril, lisinopril, ram-
ipril and alacepril are effective cure for hypertension [5,6].
Unfortunately, treating hypertension with those synthetic
ACEIs have shown some side effects, such as dried cough,
headache, fever, renal impairment, taste disturbances, skin
rashes, insomnia, and angioneurotic edema allergic reactions
[6]. By contrast, ACE inhibiting peptides (ACEIP) are other
alternative choices. Since the naturally occurring first ACEIP
was isolated from snake venom [7,8] many ACEIPS have been
identified from animals and plants such as chicken muscle [9],
chicken egg, bovine milk [10], clam [11], jelly fish [12], maize
and soybean [13] [14]. Due to encephalopathy crisis, foot and
mouth disease, avian influenza, and religious reasons, the
animal derived ACEIP was concerned about their safety [2].

To produce functional peptides with inhibitory ability
against ACE with different expression system [15], a Pichia
pastoris SMD1168H expression system was employed to pro-
duce a fusion ACEIP that peptide sequence has been proved
the inhibition capacity in previous studies (Table 1). P. pastoris
SMD1168H [16] has been applied for recombinant protein
production for more than 20 years. The Pichia expression
systems equipped with AOX1 promoter, a strong methanol-
inducible promoter of alcohol oxidase I, are popular because
they are easy grow to very high cell density in an inexpensive,
non-complex and chemically defined medium [17]. As a
eukaryote, P. pastoris has many advantages of higher eukary-
otic expression systems such as protein processing, protein
folding, and posttranslational modification. DNA encoded a
fusion ACEI polypeptide could be hydrolyzed into individual
ACEI peptides by pepsin. The nucleotide sequence consists of
830 was cloned into an AOX1 based expression vector,
PGAPZaC. Through affinity chromatography and pepsin hy-
drolysis, various ACEI polypeptides could be cheaply obtained.

2. Materials and methods
2.1.  Experimental design

The experimental design for this study is shown in the flow-
chart. ACEI peptides with low ICsg value derived from different

Table 1 — Sequences, sources and ICs, of ACEI peptides.

Sequence Source ICsp (1M)
GPL Bovine skin gelatin 2.60 [24]
GPM Alaska pollack 17.13 [24]
IKW Chicken 0.21 [9]
vy Wheat germ 0.48 [25]
IRPVQ Bonito 1.40 [26]
IWHHT Bonito 5.10 [27]
IYPRY Sake 4.1 [28]
IAPG Microalage (Spirulina platensis) 11.40 [29]

protein sources, thus far, reported were employed to design
the primers. The ACEI peptides were synthesized by assembly
polymerase chain reaction method. The PCR product was
cloned into pGAPZuaC expression vector. The plasmid was
then transformed into Pichia pastoris SMD1168H to express
ACEI protein. The recombinant ACEI protein was purified
by Ni Sepharose™ 6 Fast Flow and hydrolyzed by pepsin. After
hydrolysis, the inhibition activity of recombinant ACE
peptides was determined.

2.2. Strains and vectors

P. pastoris SMD1168H and pGAPZaC vector were the product
from Invitrogen Co. (Carlsbad, CA). ExSel, high-fidelity DNA
polymerase, was the product of JMR Holdings, Inc. (London,
U.K.). All restriction enzymes were the products of Promega
Co. (Madison, WI). T4 DNA Ligase was from Thermo Scientific
Inc. (Darmstadt, Germany). Zeocin was the product of Inviv-
oGen (San Diego, California). The other chemicals were the
products of Sigma—Aldrich Inc. (St. Louis, MO).

2.3. Construction of pGAPZaC-ACEI expression vector
and electroporation into P. pastoris SMD1168H

Eight peptides with ACEI ability and appropriate protease
cleavage site were selected according to the previous studies to
design a recombinant sequences (Table 1). After amplification
(Forward primer: 5'GCCGAATTCTATGGGACCAAT GC3,
Reverse primer: 5-TGCGGCCGCTTAGTGATG3'), the PCR prod-
uct and pGAPZaC expression vector had been digested with
restriction enzyme and ligated into pGAPZa.C expression vector
using T4 DNA ligase. The plasmid was transformed into
Escherichia coli Top 10F, according to heat-shock procedure
[18,19]. The restriction enzyme of EcoRI/Notl can be used to
verify the plasmid and the sequence identification by a-factor
and 3'AOX primers. Finally, the resulting construct was elec-
troporated into P. pastoris SMD1168H competent cells. pGAPZaC
vector is zeocin-resistant, P. pastoris SMD1168H with pGAPZaC
can be screened with YPDS agar (1% yeast extract, 2% of
peptone, 2% glucose and 1M sorbitol with 2% agar) containing
100, 200, 500, 1000 and 2000 pg/mL zeocin and incubated at
30 °C. After 3 days of incubation, it was confirmed by RT-PCR
that using TRIzol® to extract their total RNA and synthesizing
single-stranded cDNA by Avian Myeloblastosis Virus Reverse
Transcriptase (AMV RT), thus perform PCR with amplification
forward and reverse primers to verify whether ACEI RNA
express in the pGAPZaC-ACEI-transformed SMD1168H.

2.4. Cultivation of P. pastoris transformant

P. pastoris SMD1168H containing pGAPZ«C-ACEI was culti-
vated in 5 mL of YPD with 100 pg/mL zeocin at 30 °C overnight
with 180 rpm shaking. The culture was transferred into
150 mL of YPD (10 g/L yeast extract, 20 g/L peptone and 20 g/L
glucose) with 100 pg/mL zeocin under the same condition for 3
days. After 3 days induction at 30 °C, P. pastoris was harvested
by 10 min of centrifugation at 3000 x g. The suspended cells
were harvested by centrifugation and resuspended in 20 mL of
20 mM phosphate buffer (20 mM NaH,PO,4, 0.5 M NaCl and
5 mM imidazole, pH 7.4). The suspended cells were sonicated
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Query 1 GAATTC-ATGGGACCAATGCTTATTAAGTGGCTAGGTCCTICTGATTGTCTACCTAGGACC 59
PEELEL FRRER bbb bbb et e bbbt

Sbject 38 GAATTCTATGGGACCAATGCTTATTAAGTGGCTAGGTCCTICTGATTGTCTACCTAGGACC 97
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Query 480 CACCTTAGGCCCICTTATARAGTIGGITAGGACCCATGCTGATTTACCCAAGATACTIGAT 539
FEERLLEREE R e bbb e e bbb et
Sbjet 518 CACCITAGGCCCTCTTATAAAGTGGTTAGGACCCATGCTGATTTACCCAAGATACTIGAT 577
EcoRI  ouery 540 ARAATGGTTGGGACCTTTAATCTGGCATCACACTTTGGGCCCCTTAATCCGTCCAGICCA 599
NNy,
Sbjct 578 ARAATGGTIGGGACCITTAATCIGGCATCACACTTTGGGCCCCTTAATCCGICCAGICCA 637
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3925 bp EERLLERERER Rt PLEERLEREEERrrrrnernetl
Sbjct 638 avua.lh..h-.l'\:TTSAi..uLaLACCT”TCGCACCC:uTIT ATTTATCCAAGGTACTIT 697

Query 660 GGGTCCACTAATATGGCATCACACATTAATAGCTCCAGGACTAGGCCCATTAATCAGGCC 719
IJI\IIII\I\JI\IIIIII\IHI\IHI]I[IIII\IHIII[IIH\I[]I\IHI!
Sbjct €98 GGGTCCACTAATATGGCATCACACATTAATAGCTCCAGGACTAGGCCCATTAARTCAGGCC 757
- CGTCCAA

Query 720 CCAACTGGH CTATGC‘IIAICGICIAIC‘I
IH\IIII\I\ PEERLERRREELeirntl
Sbjct 758 CGICCAA ”‘ISCSCCCIATCCITAICCI”IHI”T

GCC CTTTGATCTACCCTAGATACCT 779
111 FEERLERERERERErernntl
CTTTGATCTACCCTAGATACCT 817

Query 780 GATCARATGGCTGGGTCCCCTACATCATCACCACCATCACTAAGCGGCCGC
I\I\IIII\I\\I\IIIIII\IHI\IHIHKIIIHIHI LLELLLL]
GATCAAATGGCTGGGTCCCCTACATCATCACCACCATCACTAAGCGGCCGC

w

30

w

Sbjct 818 g6g

BamHI

Fig. 1 — (A) Agarose gel analysis of assembly PCR products using recombinant ACEI primer as template. Lane M: 1K bp DNA
marker, lane 1-4: recombinant ACEI. (B) DNA sequencing of pGAPZaC vector comparison with recombinant ACEI gene.
(C) Construction of the pGAPZaC-ACEI expression vector.

(400 cycles with 15 s on/15 s off) in ice using a sonicator XL was performed with reverse-phase high-performance liquid
2020 system (HEAT Systems Inc., Farmingdale, NY) and then chromatography. ACE (Angiotensin converting enzyme from

centrifuged at 10,000 x g for 20 min at 4 °C. rabbit lung, Sigma—Aldrich Inc.) was dissolved in 100 mM

phosphate buffer (pH 8.3) containing 300 mM NaCl and pre-
2.5.  Purification of recombinant ACEI from P. pastoris pared 5 mM hippuric acid-histidine-leucine (HHL) in the same
SMD1168H condition. Both 75 pL of ACE and 75 pL of sample were incu-

bated at 37 °C for 10 min and then added 75 uL of 5 mM HHL as
The isolated recombinant ACEI was filtered through a 0.45 um a substrate. After incubation at 37 °C for 30 min, the reaction
sterilized membrane (Supor® Membrane, Life Sciences). The was stopped by adding 250 pL of 1 N HCI. After injecting 20 uL
filtrate was chromatographed on a Ni Sepharose™ 6 Fast Flow solution to Jupiter™ 5u C18 300 A column (250 x 4.60 mm 5

column (2.6 x 3.0 cm, Biorad), which was pre-equilibrated micron; phenomenex, USA), the column was eluted with 50%
with 20 mM phosphate buffer, pH 7.4. After being washed methanol containing 0.1% trifluoroacetic acid with a flow rate
with the same buffer, the recombinant ACEI was eluted with of 0.8 mL/min. Activity of ACE toward the hydrolysis of HHL

buffer containing 100-500 mM imidazole. Samples were synthetic peptide was confirmed by monitoring formation of

analyzed by Spectrophotometer (Hitachi U-2800). hippuric acid (HA) at 228 nm. ICso value was defined as the
concentration of ACE inhibitor required to reduce half ACE

2.6.  Determination of ACE inhibition activity activity [20].

Purification of recombinant ACEI was lyophilized by freeze 2.7.  Determination of protein concentration

dryer (Ilshin, TFD5505). The purified recombinant ACEI was

digested by using pepsin (Pepsin/Protein = 1/25) in HCI (0.04 N, Protein concentration was determined by using the Bio-Rad
pH 1.65) at 37 °C for 16 h. The 5 kDa cut-off membrane was protein assay Kit. Bovine serum albumin was used as stan-
used to remove pepsin. The assay of ACE inhibition activity dard protein [21].
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Fig. 2 — (A) The expression protein was purified from Ni Sepharose™ 6 Fast Flow column. The column was eluted with a
linear gradient from 100 to 500 mM imidazole in 20 mM phosphate buffer, pH 7.4. (B) Profile of SDS-PAGE of recombinant

ACEI by commassie blue staining.

Table 2 — The inhibition rate and ICs, of recombinant
ACEIL

Inhibition ICso
rate (%)
Control 0% =
Recombinant ACEI protein 50% 2684.9 pg/mL
(without hydrolysis with pepsin) 88.2 uM
Recombinant ACEI protein 73.8% 21 pg/mL
(hydrolyzed by pepsin) 0.69 uM
Captopril = 0.022 uM

2.8.
pepsin

Determination of ACEI patterns after digestion with

The purified 20 pL ACEI and ACEI-hydrolysate were detected
by a Jupiter™ 5u C18 300 A column (250 x 4.60 mm 5 micron;
phenomenex, U.S.A.). They were eluted by a gradient of
acetonitrile from 5% to 40% in 0.1% TFA solution at a flow rate
of 1 mL/min. ACE enzyme can hydrolyze hippuric acid-
histidine-leucine (HHL) to hippuric acid (HA). The formation
of hippuric acid (HA) at 228 nm was used to determine the
relative activity of ACEI peptides. The 8 synthetic peptides
(IAPG, GPM, IRPVQ, IWHHT, GPL, IVY, IYPRY and IKW, syn-
thesized by Bio-Protech, Taipei, Taiwan) were used as
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Fig. 3 — HPLC chromatogram of ACE inhibitor activity determination eluted (1 mL/min) with 50% aqueous methanol (v/v,
containing 0.1% trifluoroactic acid) on Jupiter 51 C18 300 A (250 x 4.60 mm) column, at 228 nm. (A) Control of ACE hydrolysis
HHL (hippuric acid-histidine-leucine) without ACE inhibitor. (B) The ACE inhibitor activity of the ACEI peptides. The peak
area with a retention time of 5.80 min of HA decreased to 64482.

standard to identify if they were contained in the hydrolysate
of recombinant ACEI, by comparing their retention time.

3. Results and discussion
3.1. Molecular cloning of ACEI in P. pastoris SMD1168H
transformant and expression

The full-length ACEI fragment was synthesized by assembly
PCR method. The sequence of ACEI peptides from pUC-57 was
amplified (Fig. 1-A). After the full sequence of recombinant
ACEI was confirmed by sequencing (Fig. 1-B), the PCR product
was ligated into pGAPZaC vector (Fig. 1-C). The confirmed
PGAPZaC-ACEI plasmid was then electroporated into P. pas-
toris SMD1168H.

3.2 Purification of recombinant ACE inhibitors
Recombinant ACE inhibitors was purified to electrophoretic
homogeneity using a Ni Sepharose 6 Fast Flow affinity

chromatography (Fig. 2-A). According to SDS-PAGE gel stained
with coomassie blue, the recombinant ACE inhibitor was
highly purified (Fig. 2-B). These results indicated the recom-
binant ACE inhibitor was expressed successfully in P. pastoris
expression system.

3.3.  Inhibition activity of recombinant ACEI

The liquid chromatography peaks as recombinant ACE in-
hibitors were collected and lyophilized by freeze dryer. One
gram of the lyophilized powder was dissolved in 1 mL borate
buffer, and then was diluted to 5%, 25%, 50%, 75% and 100% to
determine ACEI activity. A 56.93 mg/mL of protein concentra-
tion of ACEI lyophilized powder can inhibit 50% of ACE activity.
The peak area of HA was 103039 at 5.97 min by HPLC chro-
matogram (data not show). The ICsy of recombinant ACE in-
hibitor without hydrolysis with pepsin was 2684.9 pg/mL
(88.2 uM) (Table 2). Fig. 3-A indicated the HPLC chromatogram
of ACE hydrolysis HHL (hippuric acid-histidine-leucine)
without ACE inhibitor. After hydrolyzed the recombinant ACE
inhibitors by pepsin, the peak area with a retention time of
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Fig. 4 — Reverse phase HPLC pattern of (A) purified ACEI; (B) ACEI-hydrolysate after digestion with pepsin; (C) the synthetic 8
peptides as standard.

5.80 min of HA decreased to 64482 (Fig. 3-B). The inhibition time of purified recombinant ACE inhibitor was 3.62 min, only
ratio increased to 73.8%. The ICsq of digested recombinant ACE had one specific peak. After cleavage of purified recombinant
inhibitors was 21 pg/mL (0.69 pM) much better than ostrich egg ACE inhibitor with pepsin, the HPLC elution patterns of 8
white peptide (46.7 ng/mlL) [22], about 128-fold increase after fractions were with the expected pepsin cleavage pattern
pepsin digestion (Table 2). As shown in Fig. 4, the retention (IAPG, GPM, IRPVQ, IWHHT, GPL, IVY, IYPRY and IKW). The
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retention time of each peptide fractions were compare with
the synthetic peptides. Most importantly, GPL was repeated for
most times (18 times) in this recombinant ACE inhibitor, the
others were repeated for only 6 times. GPL had the highest
intensity in ACEI-hydrolysate after digestion with pepsin. Ac-
cordingto Y. Lietal. report, The Tuna Al peptide monomer was
released by fusion protein cleavage, resulted in a significant
decrease of systolic blood pressure [23]. From these results, we
can make sure that the recombinant ACE inhibitor can be
successfully digested into functional ACEI peptides in human
stomach in vitro. The recombinant ACE inhibitor could be used
for the mass production of ACEI for health foods or drugs.

4, Conclusion

In our study, a P. pastoris expression system was used to
substitute the enzymatic digestion from natural food to
prepare ACEI peptides. It can simply and quickly purify ACEI
recombinant protein by using Ni Sepharose ™ 6 Fast Flow
affinity chromatography. The ACE inhibitory activity has
increased about 128-fold activity after hydrolysis. The ad-
vantages of the study to express ACEI peptides include high
protein expression level and low cost. The animal test will
be performed to evaluate the regulation of blood pressure.
Further commercial scale production of these ACEIP will be
also carried out to confirm their application in the health
foods.
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