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Abstract

Hypertension affects about a quarter of the global population and is a major risk factor in cardiovascular diseases. Current
pharmacological treatments are considered useful but lead to secondary effects that end in low compliance. In this work, a
transplastomic Chlamydomonas reinhardltii strain producing three antihypertensive peptides (AHP) as a fusion protein has been
developed. The chimeric protein was coded by a synthetic gene and transferred to the plastome in a site-specific integration
approach. Expression was mediated by the rbcL promoter. Molecular analysis confirmed the presence of the transgene inserted in
the chloroplast genome. An ELISA quantification assay indicated that the amount of recombinant protein is 34.4 ng per mg of
freeze-dried biomass. The RPLKPW and AINPSK peptides were identified by HPLC after in vitro digestion form biomass of the
transplastomic C. reinhardtii strain. The antihypertensive effect of the recombinant protein was demonstrated after intragastric
administration of the genetically modified strain to spontaneously hypertensive rats (SHR) at a dose of 10 mg of
recombinantAHP3 protein per kg of body weight with the maximal decrease in blood pressure 6 h post-administration. These
results suggested that this transplastomic strain can be used to obtain a large quantity of antihypertensive peptides which could be
useful for the production of functional foods.
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prehypertensive hormone angiotensin I (an inactive decapeptide,
NRVYIHPFHL) by the action of renin that is a proteolytic en-
zyme secreted by the kidney. Angiotensin I is further converted
to angiotensin II (an active octapeptide, NRVYIHPF) by the
action of the angiotensin converting enzyme (ACE), which is a
metallopeptidase with two zinc-active catalytic sites (Soffer
1976). Angiotensin II (Ang II) raises blood pressure by acting

Introduction

Hypertension is a major risk factor for the development of seri-
ous diseases, which include myocardial infarction, coronary
heart disease, and nephropathy (WHO 2016). In recent years,
a number of antihypertensive peptides (AHP) have been isolat-
ed, purified, and identified from different natural food sources ; X
(Abubakar etal. 1998; FitzGerald and Meisel 2000; Shah 2000, directly on blood vessels, sympathetic nerves, and adrenal

In spite of the different biological pathways regulating blood glands. .These effects an'.se ﬁqm the interaction of Ang II with
pressure in living organisms, hypotensive peptides mainly act on two main receptors: angiotensin type 1 (AT1) and type 2 (AT2)

the renin-angiotensin system (RAS), which starts by the conver- receptors (Zhuo et al. 2013). By directly binding to AT1 recep-
sion of angiotensinogen (secreted from the liver) to the tors, Ang II causes vasoconstriction in vascular smooth muscle

cells, promoting sodium and water reabsorption in the kidney,
and eventually elevating blood pressure (Kovacs et al. 2002).
>4 Ruth Elena Soria-Guerra However, excessive stimulation of the AT1 receptor will induce
ruth.soria@uaslp.mx a counterbalance mechanism that is delivered by the AT2 recep-
Facultad de Ciencias Quimicas, Universidad Autonoma de San Luis o, Which mediates vasodilation upon activation and releases
Potosi, Av. Dr. Manuel Nava 6, SLP, 78210 San Luis Potosi, Mexico nitric oxide (NO) (Stankevicius et al. 2003; Zhuo et al. 2013).
2 UBIMED, FES-Iztacala, Universidad Nacional Auténoma de Moreover, the ACE can also inactivate the vasodilator
México, Av. de los Barrios 1, 54090 Tlalnepantla, Mexico bradykinin (RPPGFSPFR), which possesses hypotensive
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activity (Okamoto et al. 1995; Diplock et al. 1999). Bradykinin
acts through two receptors, type 1 and 2. Both receptors induce
the production of NO and prostacyclin in endothelial cells,
which are potent vasodilators (Reaves et al. 2003).
Consequently, the ACE has a critical dual role in blood pressure
control. Overall, the activation of this enzyme would result in an
increase of systematic vascular resistance and an elevated blood
pressure. Thus, inhibition of the ACE is the therapeutic target for
antihypertensive drug development or preferably non-
pharmacological (food-derived peptides) methods of prevention
and management of hypertension (Hackenthal et al. 1990).
Bioactive peptides derived from food sources are generally
short-chain peptides with 2—12 amino acids that are regarded
as safer and cost-effective alternatives for the prevention and
treatment of hypertension (Champagne 2006).

ACE-inhibitory peptides bind to the active sites of the ACE
(Natesh et al. 2003). The blocking effect of ACE inhibitors in
the angiotensin II synthesis causes vasodilatation and a de-
crease in blood pressure via inhibition of the kininase 2 en-
zyme; also, the breakdown of bradykinin is inhibited
(Johnston and Risvanis 1997). These kinds of peptides gener-
ally consist of specific amino acids. It has been reported that
the presence of some amino acids such as tryptophan (W),
proline (P), lysine (K), isoleucine (I), leucine (L), valine (V),
tyrosine (Y), phenylalanine (F), and arginine (R) has strong
influence on ACE binding (Lopez-Fandifio et al. 2006;
Murray and FitzGerald 2007; Guang and Phillips 2009;
Iwaniak et al. 2014; ). For example, peptides like 1Y, LW,
IKW, LKPNM, and LKP have shown potent ACE-inhibitory
activity after oral administration in SHR (spontaneously hy-
pertensive rats); these peptides have been obtained by purifi-
cation of enzymatic digests of bonito muscle (Katsuo-bushi).
Their ICs (the concentration of an ACE inhibitor needed to
inhibit 50% of the ACE activity) were 2.1, 6.8, 0.21, 2.4, and
0.32 uM, respectively (Fujita et al. 2000). Similarly, the
AINPSK peptide, derived from a tryptic digest of bovine
«gr-casein, shows ACE-inhibitory activity. Their ICsy was
60 uM (Tauzin et al. 2002).

However, not all of these peptides have the same action
mechanism, for example the RPLKPW peptide is a nitric
oxide-dependent vasorelaxing peptide. Its antihypertensive ef-
fect was demonstrated after oral administration in SHR at dose
of 0.1 mg kg™ with the maximal decrease in blood pressure
4 h post-administration. This peptide was first isolated from a
chymotryptic digest of ovalbumin; afterwards, it was chemi-
cally synthetized and purified by reversed-phase chromatog-
raphy (Yamada et al. 2002).

All of these AHP derived from food have been object of
considerable attention since they exert significant effects in
the decrease blood pressure and are considered safe for
humans, thus having a potential use as nutraceuticals (Clare
and Swaisgood 2000; Fujita et al. 2000). In most of the cases,
the bioactive peptides are in a latent state as part of the
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sequence of a precursor protein and need to be released to
become active. The releasing mechanism is typically mediated
by enzymatic digestion, mainly by trypsin and pepsin
(Puchalska et al. 2012). Concerning the production, most of
the AHP are obtained by means of enzymatic hydrolysis.
However, due to the low content of AHP in natural food pro-
teins, few reports are available about the commercial produc-
tion of AHP (Yamamoto et al. 2003). Industrial production of
proteins by recombinant DNA technology has gained a prom-
inent success; it could be the most promising method for mass
production of AHP. The advantages of genetic engineering
techniques to prepare AHP include higher protein yield and
lower cost when compared to traditional enzymatic digestion
from natural food protein (Yabuta et al. 1995).

Chlamydomonas reinhardtii is considered a convenient plat-
form for the production of valuable proteins. In particular, the
use of chloroplast-based expression systems has gained great
interest due to the high recombinant protein levels achieved thus
far (Kumar and Daniell 2004; Fletcher et al. 2007; Mayfield
et al. 2007; Wang et al. 2008). The ability of propagating this
alga in full containment to rapidly generate stable transgenic
lines and the GRAS (generally recognized as safe) category
assigned by the FDA makes the chloroplast of C. reinhardtii
an attractive biofactory (Franklin and Mayfield 2004). In the
present study, a C. reinhardtii strain-producing AHP is reported.
The antihypertensive activity was assessed in SHR after
intragastric administration of freeze-dried biomass.

Materials and methods
Plasmid construction

Three peptides with antihypertensive activity previously re-
ported (RPLKPW, LKPNM, and AINPSK) were chosen to
design a fusion protein. Between each peptide, one to four
amino acid linkers were included, corresponding to gastroin-
testinal cleavage sites for trypsin, pepsin, and chymotrypsin
(Fig. 1a). A histidine tag was included at the N-terminus to
facilitate the detection of the recombinant protein. The gene,
named AHP3, was synthesized by GenScript USA Inc., (NJ,
USA) following codon optimization for expression in the
chloroplast of C. reinhardtii, including Ncol flanking restric-
tion sites to facilitate cloning. The resulting gene was cloned
into the p463 expression vector at the unique Ncol restriction
site (Chlamydomonas connection, http://www.chlamy.org/).
The p463 vector (Fig. 1b) contains the rbcL promoter, the
5" and 3’ rbcL untranslated region (UTR), the spectinomycin
resistance gene (aadA), and the homologous recombination
region tscA (Dreesen et al. 2010). The rbcL (ribulose
bisphosphate carboxylase large subunit) was selected because
of its association with the most expressed region in C.
reinhardtii (Klein et al. 1994); the rbcL promoters and their
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Fig. 1 a Nucleotide and traduced amino acid sequence of the AHP3
chimera cloned in the p463 vector. The AHP3 synthetic gene was
optimized for chloroplast expression in C. reinhardtii. Ncol restriction
sites were included at the ends. rbs: Ribosome binding site. b
Schematic representation of the p463-AHP3 vector. The AHP3 gene is
under the control of the rbcL promoter. The regions encoding the
spectinomycin resistance gene (aadA), the 3’ rbcL untranslated region
(UTR), the ribosome binding sites (rbs), and the homologous
recombination region (tscA) are indicated. The regions used to construct

respective UTRs have been used successfully before
(Hallmann 2007; Manuell et al. 2007; Surzycki et al. 2009).

After cloning, one positive clone (selected by restriction
analysis and sequencing), was used to perform a biolistic pro-
cedure (p463-AHP3). All these procedures were performed
using standard molecular cloning techniques (Sambrook
et al. 1989).

Chlamydomonas reinhardtii transformation

Wild-type C. reinhardtii strain CC-137 (mt+) obtained from
the Chlamydomonas Center (http://www.chlamy.org/) was
used in transformation experiments. Cells were grown in
Tris-acetate-phosphate (TAP) medium. Liquid cultures were
kept in an incubation shaker under fluorescent white light
(80 pmol photons m 2s ') (16 h light/8 h dark cycles) at

MW Crl Cr.2 Cr3 Cr.4 WT +

2500 bp
1050 bp

1000 bp
790bp

500 bp

internal oligonucleotides into the AHP3 and aadA genes are represented
by left and right arrows. ¢ Presence of the AHP3 gene and d aadA gene in
C. reinhardtii transformants. Figures represent the outcome of PCR
reactions carried out for detection of AHP3 and aadA genes in genomic
DNA samples isolated from C. reinhardtii putatively transgenic. Lane 1:
molecular weight marker. Lanes 2—5: putative transformed lines (Cr.1 to
Cr.4). Lane 6: untransformed line (Wild Type: WT). Lane 7: positive
control (p463-AHP3)

25 °C; cell growth was continued until the late logarithmic
phase. Chloroplast transformations were performed by parti-
cle bombardment using DNA-coated gold particles prepared
as described elsewhere (Daniell et al. 2004). The bombard-
ment parameters used were those described by Campos-
Quevedo et al. (2013). Chloroplast transplastomic lines were
identified by growing cultures in TAP media containing
100 mg L™" spectinomycin as selective agent.

PCR analysis

Genomic DNA from four putative transformed colonies de-
veloped in selective media was extracted according to
Goldschmidt-Clermont (1991); DNA from an untransformed
strain (WT) was used as negative control. PCR analysis was
performed with specific primers for the AHP3 and aadA genes
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to amplify 180 and 790 bp amplicons, respectively. After
7 min of initial denaturation at 95 °C, the samples were sub-
jected to 35 PCR cycles under the following conditions: 95 °C
for 40 s, 55 °C for 45 s, and 72 °C for 50s, with a final
extension at 72 °C for 10 min. The PCR products were elec-
trophoresed in 2 or 1% agarose gels. To prove site specific
integration of the expression cassette and homoplasmy, anoth-
er PCR was performed with primers annealing on the #scA
(primer R1) and chlN regions (primer R2), which are located
flanking the expected insertion site.

ELISA and Western blot analyses

Soluble protein extracts from untransformed and four trans-
formed C. reinhardtii lines were obtained using a buffer con-
taining 50 mM Tris-HCI, pH 8, 40 mM NacCl, 0.1% Tween 20,
and 1x Complete protease inhibitor cocktail (Roche, IN,
USA), following the procedure previously described by
Campos-Quevedo et al. (2013). Protein concentration was
measured by the Bradford assay (1976). The recombinant
protein was quantified by ELISA analysis using lyophilized
biomass of C. reinhardtii. Microtiter plates were coated over-
night at 4 °C with total soluble protein (TSP) (100 mg well )
from either wild type or transplastomic C. reinhardtii strains,
along with a standard curve prepared with known amounts of
the pure RPLKPW peptide (produced by chemical synthesis,
GenScript Inc., USA). The wells were washed with PBST,
blocked with milk at 6%, and incubated with an
antiRPLKPW polyclonal antibody produced in rabbit, over-
night at 4 °C (dilution 1:1000). After a washing step, the plates
were incubated with a horseradish peroxidase (HRP)-conju-
gated secondary antibody for 1 h at 37 °C (dilution 1:3000).
The colorimetric reaction was developed with an ABTS sub-
strate solution (Sigma, USA). The optical density was regis-
tered at a wavelength of 415 nm in a microplate reader
(Glomax-Multi, Promega). The amount of recombinant pro-
tein was expressed as nanogram of recombinant protein per
milligram of lyophilized biomass.

For Western blot analysis, 20 pg of total soluble pro-
tein (TSP) was denatured by the addition of SDS-PAGE
loading buffer; the samples were boiled for 5 min and
resolved in a 12% polyacrylamide gel. The proteins were
then transferred onto a PVDF membrane by ultra-fast
transfer (Trans-Blot Turbo, BIO-RAD, USA). After
blocking with a 5% BSA solution, the blot was incubated
with primary antibodies directed against the His tag
(1:2000 dilution; GenScript USA Inc., USA). A horserad-
ish peroxidase (HRP)-coupled antimouse secondary anti-
body was used (1:10,000 dilution; Sigma, USA). The sig-
nal was detected by chemiluminescence using the Pierce
ECL Western blotting Substrate following the manufac-
turer’s instructions (Thermo Scientific, USA).

@ Springer

In vitro digestion and identification by HPLC

The in vitro simulation of gastrointestinal digestion is a very
useful tool to assess the stability and bioavailability of pep-
tides with biological activity; for this experiment, lyophilized
biomass was used. Fifty milligrams of biomass from WT and
transplastomic C. reinhardtii strains were dispersed in 25 mL
of saline solution, setting the pH value to 2. Pepsin was added
at a 1:50 ratio (enzyme:substrate, w/w). The reaction was in-
cubated for 90 min at 37 °C under stirring. Afterwards, the pH
of the samples was adjusted to 7.5. Trypsin and chymotrypsin
were added at 1:200 (w/w) ratios and the reaction was incu-
bated for 180 min at 37 °C under stirring. Digestion was
stopped by boiling the reaction medium for 10 min and sam-
ples were withdrawn for peptides identification by HPLC. The
procedure was as follows: 100 uL of each sample from the
in vitro digestion along with the pure peptides RPLKPW,
LKPNM, and AINPSK (used as standards) were analyzed
with an HPLC system (Agilent Technologies, USA) equipped
with a silica C-18 column and a diode array detector. The
column thermostat was set to 35 °C. The mobile phase
consisted of 0.1% trifluoroacetic acid in water changing to
0.1% trifluoroacetic acid in acetonitrile at a flow rate of
0.3 mL min !. At the end of the gradient, the column was
washed with 0.1% trifluoroacetic acid in acetonitrile and
equilibrated to the initial condition for 10 min. Detection
was carried out at 215 nm.

Antihypertensive activity assay

Fourteen week-old spontaneously hypertensive rats (five male
per group) with about 200-250 g of body weight (BW) were
obtained from FES Iztacala (Mexico). The SHR were fed with
standard food and accessed water freely. The rats were consid-
ered hypertensive when their systolic blood pressure (SBP) was
higher than 150 mm Hg. Lyophilized biomass from untrans-
formed (WT) and transplastomic lines was intragastrically ad-
ministered using a metal cannula at a dose of 10 mg of recom-
binant AHP3 protein per kilogram of body weight.

The corresponding lyophilized biomass from WT and
transplastomic C. reinhardtii strains was suspended in 4 mL of
distilled water. Distilled water administration (4 mL) served as
the negative control. The SBP was measured by the tail-cuff
method with a programed noninvasive blood pressure controller
(LE 5067 automatic blood pressure computer, Letica Scientific
Instrument, PanLab, Spain). Blood pressure was measured be-
fore administration and at 2, 4, 6, and 8 h post-administration.

Changes in SBP were calculated as the mean values of
three measurements obtained before and after administration.
The results were expressed as mean values + standard error of
the mean (SEM) for a minimum of five rats. The differences
between the groups were assessed by the Dunnett’s test and
considered significant for p <0.05 and p < 0.01.
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Results

Design of the synthetic gene and plasmid
construction

The synthetic gene (AHP3) was designed for optimal expres-
sion in the chloroplast of C. reinhardtii by considering codon
usage in this microalga. The chimeric polypeptide contains
two repetitions of the peptides RPLKPW, LKPNM, and
AINPSK, previously reported as antihypertensives. We also
included the sequence 5'-AGGAGG-3' as ribosome-binding
site (rbs) at the 5’ and 3’ ends since we expected a bicistronic
arrangement, where the rbcL promoter drives the expression
of both the AHP3 gene and the aadA marker gene; therefore,
we also included an rbs at the 3’ end to be useful for the aadA
gene. Considering that chloroplasts possess a prokaryotic-like
translation machinery, many chloroplast mRNAs have a
Shine-Dalgarno (SD)-like sequence that serves as an rbs,
one of the commonest SD motifs being the sequence
AGGAGG (Kozak 1999; Omotajo et al. 2015). This sequence
has been used in previous works (Campos-Quevedo et al.
2013; Beltran-Lopez et al. 2016; Ochoa-Méndez et al. 2016).

The synthetic gene was cloned into the unique Ncol site
from the p463 vector, which contains the #scA gene corre-
sponding to a chloroplast region to mediate homologous re-
combination between the insertional plasmid and the chloro-
plast genome of C. reinhardtii (Fig. 1b). The presence of the
synthetic gene AHP3 in the p463 expression vectors was suc-
cessfully confirmed by restriction analysis and verified by
sequencing. Insert orientation, size, and integrity of the read-
ing frame were properly detected in these analyses.

a R1

Selection of C. reinhardtii chloroplast transformants

Chlamydomonas reinhardtii chloroplast transformation was
conducted by particle bombardment as described above using
the construction p463-AHP3. The transformants were rescued
on spectinomycin-containing medium. After subjecting six
bombarded plates to five selective rounds, several resistant
clones were rescued, whereas, the wild-type strain became
yellowish and died. Four lines were selected for molecular
characterization.

PCR of C. reinhardtii transformants

In order to determine the presence of the transgene in C.
reinhardtii transformants, a PCR analysis was carried out
in the four spectinomycin resistant clones. The expected
180 and 790 bp amplicons were obtained with specific
primers for AHP and aadA genes, respectively, in both
putative transformed C. reinhardtii clones and the positive
control, while absent in the wild type. Figure lc and d
shows the four positive clones. Additionally, a PCR was
performed using R1 and R2 primers, which align on the
insertion site flanking regions (#scA and chIN genes) to
determine if the integration of foreign gene had occurred
by homologous recombination in the chloroplast genome
at the elected site (Fig. 2a, b). As shown in Fig. 2c, an
expected fragment of 2272 bp was observed in the four
transformed strains, indicating a homoplasmic event,
while an 850-bp amplicon was obtained in the wild type
strain.

Untransformed
chloroplast

b —
R1 —>

cadn_|3oe | — ST

2272 bp

C WT Crl Cr.2 Cr.3 Cr.4 MW

2272bp

850 bp

Fig. 2 Schematic representation of the C. reinhardtii chloroplast
transformation. The tscA region of the chloroplast genome is used for
homologous recombination between the recombinant vector and the C.
reinhardtii chloroplast genome. Arrows indicate the primers used in PCR.
a Untransformed chloroplast containing the #scA and chIN genes. b

3000 bp
2000 bp

1000 bp

500 bp

Transformed chloroplast containing the AHP3 gene. ¢ PCR analysis of
C. reinhardltii transformants to detect homoplastic lines using the R1 and
R2 primers. Lane 1: wild type strain (WT). Lanes 2-5: transformed C.
reinhardtii strains. Lane 6: molecular weight marker
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Fig. 3 a ELISA of the recombinant AHP3 protein expressed in C.
reinhardtii (Cr.1 to Cr4). Reactivity of AHP3 was determined with the
anti-RPLKPW polyclonal antibody. These values are averages of three
independent experiments. An asterisk (*) indicates no statistically
significant difference (p <0.05) between lines. b Western blot analysis

ELISA and Western blot analyses

Quantitative ELISA against the RPLKPW peptide was carried
out using an antiRPLKPW polyclonal antibody. Absorbance
of the soluble protein extracts from the wild type (WT) used as
control was almost equal to that registered as background of
the plate wells. The reported values are averages of three in-
dependent experiments showing standard deviations. AHP3
contents ranged from 30.8 to 34.4 ng of recombinant protein
per mg of lyophilized biomass in the transformed lines
(Fig. 3a). According to the statistical analysis (p <0.05
Dunnett’s test), there was no significant difference between
the lines transformed with the p463-AHP3. Since the highest
amount of recombinant protein was achieved by the
transplastomic line Cr.1 (34.4 ng per mg of lyophilized bio-
mass), this line was used for subsequent analysis.

The Western blot analysis confirms the presence of the re-
combinant protein in the transplastomic line Cr.1 using the
antiHis-tag antibody. As shown in Fig. 3b, a 12-kDa band sim-
ilar to the expected theoretical molecular weight was observed,
while in the untransformed strain (WT), no band was detected.

30
20 1
10
0

using total soluble protein (TSP). The recombinant AHP3 protein was
detected with the antiHis -6x antibody. The size of the molecular weight
markers is shown on the right. Lane 1: transplastomic Cr.1 strain with the
p463-AHP3 construction. Lane 2: wild type strain

Peptides identification by reversed-phase
chromatography

The identification of the antihypertensive peptides was
achieved using the retention times for the pure peptides.
Based on the chromatogram and the specific retention times
for the pure peptides, the identification of the peptides
RPLKPW and AINPSK after in vitro digestion of biomass
from the transplastomic Cr.1 strain was established; nonethe-
less, the LKPNM peptide was not found. We carried out a
bioinformatic search of these peptides on the predicted prote-
ome from the nuclear (NW_001843471.1), chloroplasts
(NC _005353.1), and mitochondrion (NC_001638.1) genome
sequences. According to the bioinformatic search, only the
LKPNM peptide was found in the expected nuclear proteome,
specifically into the fructose-bisphosphate aldolase gene
(A8JCY4). However, this peptide was not identified by
reversed-phase chromatography (Table 1). It can be hypothe-
sized that the amino acid sequence of this peptide is sensitive
to the action of proteases or to the acidity of the medium,
which can cause its degradation.

Table 1  Retention times of the antihypertensive peptides included in the fusion protein and the corresponding results for samples after simulated

digestion

Sample Retention time (min) + SD Retention time (min) = SD Retention time (min) + SD
RPLKPW LKPNM AINPSK

Pure peptide 26.61+0.12 30.31+0.14 34.91+0.11

Lyophilized biomass of transplastomic strain 26.81+0.26 No peak 34.88+£0.25

Lyophilized biomass of untransformed strain No peak No peak No peak
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Antihypertensive activity of the recombinant protein

The antihypertensive activity of the recombinant protein pro-
duced in C. reinhardtii was evaluated in spontaneously hyper-
tensive rats (SHR). Lyophilized biomass from the untrans-
formed (WT) and the transplastomic line was given by
intragastric administration to SHR using a metal cannula at a
dose of 10 mg of recombinant AHP3 protein per kg of body
weight. Distilled water was administered to a group of SHR as
control. As expected, the water did not show a decrease in the
systolic blood pressure (SBP) at all the evaluated times.
Although the readings fluctuated, all of them returned to base
levels at 8 h.

As observed in Fig. 4, there is a slight decrease in blood
pressure when the untransformed strain was administered.
According to the literature, there is a large number of antihyper-
tensive peptides reported, including the peptides VWIS, RIY,
IKW, LKP, and IPP (Nakamura et al. 1995; Fujita et al. 2000;
Tauzin et al. 2002; Marczak et al. 2003). Analyzing the predicted
proteome of C. reinhardtii, we found some of these peptides, for
example, the VWIS peptide is part of the cytochrome b protein
(access number P23662). In the ATP synthase (Q42687 and
P26526) from the chloroplast, we found the peptides LKP and
RIY. Several peptides such as IPP and RIY were also identified
in cilia- and flagella-associated proteins (A8IB22, ASITV9,
ABJAF2, ASICS9, and A8IU92). These same peptides are in
the dynein regulatory complex (Q39610, Q39565, Q9XHH2,
PODL09, A8JAMO, Q39578, Q9SMH3, Q39610, and
QI9MBEB), which is theoretically a prosperous source of
antihypertensive peptides. In the phosphoenolpyruvate
carboxylase, we found the LKP and IPP peptides (P81831 and

200

190 4

180

170 4

160 - *
%k k

150 —e— Transplastomic strain (Cr.1)

Systolic blood pressure (mm Hg)

—o— Untransformed strain (WT) *
—v— Water * %
140 T T T T T
Oh 2h 4h 6h 8h
Time

Fig. 4 Antihypertensive activity of the recombinant protein after
intragastric administration of 10 mg of recombinant AHP3 protein per
kilogram of body weight to spontaneously hypertensive rats. Solid circle,
transplastomic strain of C. reinhardtti; blank circle, untransformed strain
(WT); solid inverted triangle, water (negative control). *p <0.05,
#p <0.01

P81831). The RIY peptide was also found in the arylsulfatase
(P14217) and photosystem II protein D1 (P09752). Into the
fructose-bisphosphate aldolase 1 (Q42690) and light-
independent protochlorophyllide reductase (P29683), we
identified the LKP peptide. Finally, in the proteins ferredoxin—
NADP reductase from the chloroplast (P53991) and in a flap
endonuclease (A8J279), the IPP peptide was found. We can
assume that the slight decrease in blood pressure in the
untransformed strain is due to the presence of these
endogenous peptides; however, their effect is not enough to
significantly decrease blood pressure, probably due to the
amount of administered biomass or because these peptides
undergo degradation by gastrointestinal proteases of the SHR.

The greater decrease in SBP occurs with the administration
of the transplastomic Cr.1 line. Four hours after intragastric
administration, the SBP began to decay, reaching the largest
decrease after 6 h; this difference was statistically significant
when compared to the WT group (p < 0.05, p <0.01 Dunnett’s
test). Similar to the other groups, the SBP return to the base-
line 8 h post-administration of biomass.

Discussion

Hypertension affects about a quarter of the human population
(Meisel 2004) and is a major, yet controllable, risk factor in
cardiovascular disease and related complications. Potent syn-
thetic ACE inhibitors are currently commercialized for blood
pressure regulation. Nevertheless, these synthetic compounds
yield side effects such as coughing, taste disturbances, and
skin rushes. Food-derived ACE inhibitor peptides represent
an alternative to these drugs since they are safer. However,
the unavailability of large-scale technologies for their produc-
tion limits the commercialization of food-derived bioactive
peptides (Agyei and Danquah 2011).

Previous studies have pursued the expression of AHP in dif-
ferent platforms. In 2009, Rao et al. expressed an antihyperten-
sive peptide multimer in Escherichia coli BL21. The recombi-
nant protein, expressed by IPTG induction, reached a maximum
concentration of 39 mg L™ culture. The release of highly active
fragments from the multimer was confirmed by simulated gas-
trointestinal digestion. In addition, it was demonstrated that the
digested protein reduced blood pressure of SHR after oral admin-
istration at a dose of 10 mg kg '. However, the protein was
expressed mostly as inclusion bodies, which requires solubiliza-
tion, purification by cation-exchange chromatography under de-
naturing conditions, followed by refolding along with size-
exclusion chromatography, and gradual dialysis.

In another study, Liu et al. (2007) reported the expression
of a milk-derived antihypertensive peptide also in Escherichia
coli BL21. The KVLPVP peptide was linked to produce a
chimeric protein carrying six tandem repeats spaced with the
specific cleavage site for clostripain. The authors reported that
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the production of this protein reached 170 mg L ™" culture. The
recombinant protein was separated by ultrafiltration and
reversed-phase HPLC. The systolic blood pressure of SHR
was dramatically decreased when the peptide was orally ad-
ministered at a 0.3 mg kg ' dose. Although these reports rep-
resent an effort to obtain AHP, a purification protocol is need-
ed, leading to higher costs.

In another approach, Yang et al. (2006) developed trans-
genic rice plants that accumulated an antihypertensive peptide
as a fusion protein with the rice storage protein glutelin. The
engineered peptide was expressed under the control of
endosperm-specific glutelin promoter and specifically accu-
mulated in seeds. They verified that the oral administration
of transgenic rice seeds significantly reduced the systolic
blood pressure in SHR using a dose of 470 ug kg™, which
is much higher than the effective dose reported for reduction
of blood pressure of SHR, which is of 100 pg kg™ ' (Yamada
et al. 2002). The possible explanation for this result is that the
seeds may not be easily digested and assimilated in an un-
cooked form in the digestive organs.

In this study, the design and expression of an antihypertensive
polypeptide containing the sequences RPLKPW, LKPNM, and
AINPSK in C. reinhardtii is reported. This expression platform is
highly convenient since this microalga has many features that are
desirable in a commercial recombinant protein expression Sys-
tem, including high growth rate in low-cost media, and short time
for generating transgenic lines (Mayfield et al. 2007; Rosales-
Mendoza et al. 2012). Moreover, it exhibits superior photosyn-
thetic efficiency, approximately three times more efficient than
higher plants (Shimizu 1996). Chlamydomonas reinhardtii also
offers the advantage that it falls into the GRAS category, which
means that the biomass containing the recombinant protein can
be directly used as food additive in functional foods as well as in
drugs for treating and preventing hypertension without the need
of purification or thermal processes. Given these features, a sub-
stantial reduction of the production costs can be envisioned.

The transformation strategy was based on the use of the
rbcL promoter to drive the transgene expression. ELISA and
Western blot analyses confirmed the presence of the recombi-
nant protein. After a simulated intestinal digestion, only two
of the three antihypertensive peptides were identified by
reversed-phase HPLC. Further studies are required to deter-
mine if the missing peptide was degraded by proteolytic en-
zymes or acid hydrolysis.

The antihypertensive effect of the recombinant protein was
demonstrated after intragastric administration of the
transplastomic strain to SHR at a dose of 10 mg of recombi-
nant AHP3 protein per kg of body weight with the maximal
decrease in blood pressure 6 h post-administration, reaching
almost normal levels of blood pressure. These findings sug-
gest a significant potential for using C. reinhardtii as platform
for the production and delivery of bioactive peptides for hy-
pertension treatment.

@ Springer
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