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Bj-BPP-10c is a bioactive proline-rich decapeptide, part of
the C-type natriuretic peptide precursor, expressed in the
brain and in the venom gland of Bothrops jararaca. We
recently showed that Bj-BPP-10c displays a strong, sustained
anti-hypertensive effect in spontaneous hypertensive rats
(SHR), without causing any effect in normotensive rats, by a
pharmacological effect independent of angiotensin-convert-
ing enzyme inhibition. Therefore, we hypothesized that
another mechanism should be involved in the peptide activ-
ity. Here we used affinity chromatography to search for kid-
ney cytosolic proteins with affinity for Bj-BPP-10c and dem-
onstrate that argininosuccinate synthetase (AsS) is the major
protein binding to the peptide. More importantly, this inter-
action activates the catalytic activity of AsS in a dose-depend-
ent manner. AsS is recognized as an important player of the
citrulline-NO cycle that represents a potential limiting step
in NO synthesis. Accordingly, the functional interaction of
Bj-BPP-10c and AsS was evidenced by the following effects
promoted by the peptide: (i) increase of NO metabolite pro-
duction in human umbilical vein endothelial cell culture and
of arginine in human embryonic kidney cells and (ii) increase
of arginine plasma concentration in SHR. Moreover, a-meth-
yl-pL-aspartic acid, a specific AsS inhibitor, significantly
reduced the anti-hypertensive activity of Bj-BPP-10c in SHR.
Taken together, these results suggest that AsS plays a role in
the anti-hypertensive action of Bj-BPP-10c. Therefore, we
propose the activation of AsS as a new mechanism for the
anti-hypertensive effect of Bj-BPP-10c in SHR and AsS as a
novel target for the therapy of hypertension-related diseases.
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Inhibition of somatic angiotensin-I-converting enzyme
(sACE)? is a widely used approach in the treatment of hyper-
tension. The first available competitive inhibitors of sACE
were the naturally occurring proline-rich oligopeptides from
the venom of Bothrops jararaca. Clinical studies using
Bj-BPP-9a, teprotide, the most efficient of these snake
venom peptides, demonstrated the potential of SACE inhib-
itors as anti-hypertensive drugs (1). Highly potent inhibitors
of sACE, which can be administered orally, have subse-
quently been developed. The first of these, captopril, was
designed employing a theoretical model of the active site of
sACE, based on its presumed similarity to the active site of
carboxypeptidase A and also with reference to the C termi-
nus of venom proline-rich peptides, which compete with
sACE substrates (2). Since captopril reproduced all known
pharmacological effects and sACE-inhibiting features of the
proline-rich peptides (3), the interest to deepen the investi-
gation of the biological properties of these naturally occurring
sACE inhibitors dropped dramatically. However, we recently
showed that the Bj-BPP-10c (KENWPHPQIPP, where <E rep-
resents pyroglutamic acid), the most selective inhibitor of the
active site at the C-domain of sACE (4), displays a strong and
sustained anti-hypertensive effect in spontaneous hypertensive
rats (SHR), independently of the inhibition of sACE (5). This
result led us to hypothesize that, besides sACE, another mole-
cule involved in the arterial blood pressure homeostasis could
possibly be a target for Bj-BPP-10c. Two reasons prompted us
to search the putative target in the kidney: (i) the crucial role
played by the kidney in the arterial blood pressure control (6)
and (ii) the selective concentration and long lasting perma-
nence of '?°I-Bj-BPP-10c in the mouse kidney even when a
saturating concentration of captopril was administered with
the peptide (7).

3The abbreviations used are: sACE, somatic angiotensin-l-converting
enzyme; AsS, argininosuccinate synthetase; AsL, argininosuccinate lyase;
NOS, nitric-oxide synthase; Bj-BPP-10c, B. jararaca bradykinin-potentiating
peptide-10c; MDLA, a-methyl-pL-aspartic acid; L-Name, N®-nitro-L-arginine
methyl ester; NO, nitric oxide; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; SHR, spontaneous hypertensive rat(s); HUVEC,
human umbilical vessel endothelial cell; HPLC, high pressure liquid chro-
matography; Cy3, cyanine 3; PBS, phosphate-buffered saline; MAP, mean
arterial pressure; NHS, N-hydroxysulfosuccinimide.
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In the present study, we identified the kidney argininosucci-
nate synthetase (AsS) as a putative target for Bj-BPP10c, and we
show results demonstrating that the anti-hypertensive effect of
this peptide in SHR is related to the activation of the arginine
production in the kidney and of the citrulline-NO cycle in
endothelial cells.

EXPERIMENTAL PROCEDURES

Animals—Experiments were performed using BALB/c mice
(25-30 g), male guinea pigs (150-250 g), male Wistar rats
(230-300 g), and SHR (230-300 g), which were bred at the
animal care facility of Instituto Butantan (Sao Paulo, Brazil) and
in the Instituto de Ciéncias Biomédicas (Universidade de Sdo
Paulo, Sdo Paulo, Brazil). All animals were caged and handled
under ethical conditions according to international rules of ani-
mals care, stated by the International Animal Welfare Recom-
mendations, and in accordance with the Guidelines for the Use
of Animals in Biochemical Research (8).

Cell Culture—Human embryonic kidney cells (HEK 293)
(ATCC number CRL 1573) were propagated in Dulbecco’s
modified Eagle’s medium supplemented with 2 mm L-gluta-
mine, 10% heat-inactivated fetal bovine serum, and 100 mg/ml
penicillin/streptomycin and were kept at 37 °C, 5% CO,, in a
humidified incubator. Cells were treated with a 0.5% trypsin
solution and replicated when an adequate cell concentration
had been reached. The medium was exchanged after 12 h and
later every third day. Human umbilical vessel endothelial cells
(HUVECsS) were obtained from umbilical vessels donated by the
Hospital of the University of Sdo Paulo. Vessels were washed
externally with 96% ethanol, and after a diagonal cut at the end
of the vessel, a catheter was introduced into the vessel vein and
attached to a three-way valve. The vein was washed with 20 ml
of sterile saline, and the other end of the vessel was tied before
injecting 1 ml of type IV collagenase solution (0.2 mg/ml/cm of
umbilical vessel). The vessel was transferred to a Petri dish and
incubated for 15 min at 37 °C. Cells of the internal side of the
cord were removed by massage and transferred to a sterile tube.
Bovine fetal serum was added to a final concentration of 10%,
the suspension was centrifuged for 10 min at 3,000 X gat 4 °C,
and the cell pellet was resuspended in 2 ml of complete medium
(40% Medium 199, 40% Dulbecco’s modified Eagle’s medium,
18% bovine fetal serum, 1% L-glutamine, 1% penicillin/strepto-
mycin). The cell suspension was transferred to a bottle previ-
ously treated with a 1% gelatin solution (30 min at 4 °C), and 5
ml of complete medium was added. The bottle was incubated at
37 °C, 5% CO,, in a humidified incubator, and the medium was
exchanged after 12 h and later every third day.

Peptide Synthesis and Labeling— Bj-BPP-10c was synthesized
using an automatic synthesizer PSSM8 (Shimadzu Co.) by the
solid phase peptide synthesis Fmoc (N-(9-fluorenyl)methoxy-
carbonyl) strategy (9). The synthetic peptide was purified by
preparative reversed-phase chromatography (reversed-phase
HPLC), and the purity and identity of the peptide were con-
firmed by MALDI-TOF mass spectrometry on an Ettan
MALDI-TOF/Pro instrument (Amersham Biosciences) and by
analytical reversed-phase HPLC in two different solvent sys-
tems. Bj-BPP-10c-Cy3 was prepared by the covalent conjuga-
tion of Bj-BPP-10c, synthesized with a free N-terminal amino
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group (ENWPHPQIPP), to the fluorescent dye cyanine 3 (Cy3)
using the fluorolink Cy3-reactive dye (GE Healthcare) accord-
ing to the manufacturer’s instructions. Bj-BPP-10c-Cy3 was
purified by reversed-phase HPLC and analyzed by MALDI-
TOF mass spectrometry as described above.

Bj-BPP-10c Affinity Column—For preparation of a Bj-BPP-
10c affinity column, a HiTrap NHS-activated HP column (GE
Healthcare) was washed three times with 2 ml of 1 mm HCI
before Bj-BPP-10c (5 mg in 1 ml of 0.2 M NaHCO,, 0.5 M NaCl,
pH 8.3) was added. After 30 min of incubation at room temper-
ature, the column with the coupled peptide was inactivated
with buffer A (0.5 m ethanolamine, 0.5 M NaCl, pH 8.3) and
washed three times with 5 volumes of 0.2 M NaHCO,, 0.5 M
NaCl, pH 8.3, and stored at 4 °C in 50 mm Na,HPO,, 0.1%,
NaN,, pH 7.0. This column was named HiTrap-Bj-BPP-10c,
and a control column was prepared by incubating the HiTrap
NHS-activated HP column with buffer A (HiTrap-control).

Preparation of Mouse Kidney Cytosol—BALB/c mice were
anesthetized with 0.05 ml of 10% ketamine and 2% xylazine
(1:1) and submitted to intracardiac perfusion (from the left ven-
tricle and through the right atrium) with 20 ml of 0.15 m NaCl
and 0.01% sodium heparin at a flow rate of 4 ml/min. The kid-
neys were immediately removed and weighed, and a solution
containing 10 mm Tris-HCI, 25 mm saccharose, 1 mm EDTA,
and 1 mm phenylmethylsulfonyl fluoride, pH 7.5 (1 ml/g), was
added. Kidneys were minced with scissors, and the tissue was
homogenized (Polytron PT MR 3000; Kinematic AG), and cen-
trifuged at 10,000 X g for 35 min at 4 °C. The supernatant con-
taining the cytosolic proteins was stored at —20 °C until use.

Purification of Bj-BPP-10c Ligands by Affinity Chroma-
tography—The HiTrap-Bj-BPP-10c column was equilibrated
with 2 ml of 20 mm Tris-HCI buffer, pH 8.0. The mouse kidney
cytosolic fraction (100 mg/ml protein) was applied to the col-
umn at a flow rate of 1 ml/min, and the column was washed
with 10 ml of 20 mMm Tris-HCI, pH 8.0. Proteins that bound to
Bj-BPP-10c were eluted with 2 ml of 100 mm glycine, 0.5 M NaCl
buffer, pH 3.0, or alternatively by competition with 2 ml of 20
mM Tris-HCl, pH 8.0, containing 5 mg/ml Bj-BPP-10c. The
eluted material was dialyzed in 10 mm NH,HCO,, pH 8.0, for
12 h at 4 °C and concentrated to 0.1 ml final volume using a
SpeedVac concentrator. Protein concentrations were deter-
mined by the Bio-Rad protein assay kit using bovine serum
albumin as a standard. Samples were analyzed by electrophore-
sis on 12% SDS-polyacrylamide gels, as described by Laemmli
(10).

Immunoblot—Following electrophoresis, proteins were
electrotransferred to a nitrocellulose membrane, and immu-
nostaining was performed according to Burnette (11), using
as primary antibody a 1:500 dilution of anti-AsS antibody
(BD Transduction Laboratories) and as second antibody a
1:7500 dilution of anti-mouse IgG conjugated to alkaline
phosphatase (Promega). Blots were developed using AP
buffer (5 M NaCl, 1 m Tris-HCI, pH 9.5, 1 M MgCl,) with 115
mM 5-bromo-4-chloro-3-indolyl phosphate and 60 mm nitro
blue tetrazolium as substrate.

Protein Identification by Mass Spectrometry—For protein
identification, protein bands were excised, destained, and
digested in-gel with trypsin (12). The tryptic peptide mixture
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was lyophilized, dissolved in 0.1% trifluoroacetic acid, submit-
ted to ZipTip C18 (Millipore Corp.), and spotted onto the sam-
ple plate of an Ettan MALDI-TOF/Pro mass spectrometer (GE
Healthcare), mixed with the same volume of a saturated solu-
tion of a-cyano-4-hydroxycinnamic acid (Sigma) in 50% aceto-
nitrile, 0.1% trifluoroacetic acid, and analyzed using P, ,R (M +
H)™ = 1,533.8582) and angiotensin II (M + H)* 1,046.5423)
(Sigma) as external calibrants.

AsS Activity Assay—AsS activity was determined based on
accumulation of the product pyrophosphate as inorganic phos-
phate, following cleavage with pyrophosphatase. AsS (1 ug) was
added to the reaction buffer (20 mm Tris-HCI, pH 7.8, 2 mm
ATP, 2 mm citrulline, 2 mM aspartate, 6 mm MgCl,, 20 mm KCl,
and 0.2 units of pyrophosphatase) to a final volume of 0.2 ml.
Samples were incubated at 37 °C in 96-well microtiter plates,
and the reactions were stopped after 30 min by the addition of
an equal volume of molybdate buffer (10 mm ascorbic acid, 2.5
mm ammonium molybdate, 2% sulfuric acid). Accumulation of
phosphate was determined spectrophotometrically at 650 nm,
and concentration was extrapolated from a standard curve of
inorganic phosphate.

Internalization of Bj-BPP-10c-Cy3 by HEK 293 and HUVEC—
HEK 293 cells or HUVECs were seeded on coverslips, allowed
to settle, and serum-starved overnight. Cell monolayers were
treated with 1 um Bj-BPP-10c-Cy3 at 37 °C for 30 min dissolved
in serum-free medium. After treatment, cell monolayers were
washed three times with PBS, fixed with 4% formaldehyde for
15 min, and washed with sterile water. Cells were then incu-
bated with anti-fading reagent (Vector Laboratories) and visu-
alized using a fluorescence microscope (Axiocam; Zeiss) and
Cy3 filter sets (excitation 550 nm, emission 570 nm). Photomul-
tiplier gain and laser power were kept constant throughout
each experiment.

Quantification of Bj-BPP-10c Internalized by HEK 293 Cells
and HUVECs—1 X 10° HUVECs and HEK 293 cells were
seeded into 6-well culture plates in appropriate medium and
incubated at 37 °C, 5% CO,, in a humidified incubator for 24 h.
Cells were then incubated in serum-free medium with 500
pmol of Bj-BPP-10c for 0.5, 1, 2, 3, and 4 h. After discarding the
culture medium, cells were washed and lysed with 0.1 ml of PBS
by freezing and thawing and centrifuged at 21,000 X g at 4 °C
for 15 min. Supernatants were collected and kept at —80 °C
(intracellular medium) until use. Liquid chromatography elec-
trospray ionization mass spectrometric analyses were carried
out on a liquid chromatography/mass spectrometry Surveyor
MSQ Plus (Thermo Electron) in the positive mode. Samples
(0.02 ml) were injected into an analytic column (source 5RPC
ST 2.1/150; Amersham Biosciences) and eluted using a gradient
0f20-100% B (B = 90% acetonitrile, 0.1% formic acid; A = 0.1%
formic acid) in 20 min, at a flow rate of 0.2 ml/min. The capillary
and cone potential were set to 3.1 kV and 40 V, respectively.
Bj-BPP-10c was detected as a double-charged ion by selected
ion monitoring of the 599 m/z (M + 2H)**, span 1 atomic mass
unit, and dwell time 1 s. A standard calibration curve for the
analyte was constructed by plotting the peak area against the
amount of Bj-BPP-10c standard (5-1,000 pmol) spiked into 0.1
ml of cell lysates. The data were processed using Xcalibur ver-
sion 1.4 software (Thermo Electron), and unknown sample
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peak areas were then interpolated from the calibration curve to
provide concentrations of Bj-BPP-10c.

Cell Viability Assay—Cell viability was tested using the Live/
Dead kit (Invitrogen), which uses two fluorescent dyes, calcein
AM and EthD-1 (ethidium homodimer), to stain live and dead
cells simultaneously. 1 X 10° cells (HEK 293 and HUVEC) were
cultured in serum-free medium in the presence or in the
absence of 100 uMm Bj-BPP-10c for 24 h at 37 °C in 96-well black-
walled fluorescence plates (Costar). After this period, the
medium was removed, and the cells were incubated with cal-
cein AM (4 uM) and EthD-1 (2 um) for 30 min at room temper-
ature, and the fluorescence of green calcein (excitation 485 nm,
emission 530 nm) or red EthD-1 (excitation 530 nm, emission
645 nm) was measured using the FlexStation 3 reader (Molec-
ular Devices). Relative numbers of live and dead cells were cal-
culated from the number of non-treated live cells and the num-
ber of dead cells (treated with 0.1-0.5% digitonin for 10 min)
using the software SoftMax®Pro (Molecular Devices).

Determination of Intracellular and Extracellular Arginine
Levels in HEK 293 Cells by HPLC/Amino Acid Detection
Analysis—1 X 10° cells were cultured in serum-free medium
containing 0.01-100 uM Bj-BPP-10c and/or 1 mm MDLA
(Sigma) for 24 h at 37 °C. The culture medium was collected
(extracellular medium), and the cells were washed five times
with Krebs solution (118 mm NaCl, 4.7 mm KCIl, 1.2 mm
KH,PO,, 1.17 mm MgSO,, 2.5 mm CaCl,, 25 mm NaHCOj,, 5.6
mM glucose), resuspended with 0.1 ml of Krebs solution, and
proteins were extracted with 0.5 ml of methanol. The mixture
was centrifuged for 2 min at 10,000 X g to remove cell debris,
and 0.2 ml of the supernatant (intracellular medium) was mixed
with 0.8 ml of PBS. Oasis MCX SPE columns (Waters) were
used without preconditioning, and all washing and elution
steps were performed by vacuum suction. After sample appli-
cation, the columns were consecutively washed with 1 ml of 100
mMm HCl and 1 ml of methanol. Bound analytes were eluted with
1 ml of ammonia/water/methanol (10/40/50) and dried in a
SpeedVac concentrator at 70 °C. The dried material was deri-
vatized with phenylisothiocyanate for arginine determination,
as previously described (13, 14). Briefly, the dried samples were
directly derivatized with 0.03 ml of phenylisothiocyanate rea-
gent (75% ethanol/water (7:1), 12.5% triethylamine, 12.5% phe-
nylisothiocyanate). After vigorous mixing, the mixture was
incubated for 10 min at room temperature, 0.17 ml of water was
added, and 0.1 ml of the final mixture was injected into a C18
analytical column (250 mm, 4.6 mm, 5 um; Merck) coupled to
an HPLC apparatus (HP 1100 series). Elution was performed
using a gradient of acetonitrile as described before (14). A
standard chromatographic run of arginine was performed by
injecting a 0.1 ml of a standard solution prepared as follows.
0.03 ml of a 2.5 mm arginine solution was mixed with 0.03 ml of
the phenylisothiocyanate reagent, the mixture was incubated
for 10 min at room temperature, and the volume was adjusted
to 0.2 ml with water. A control chromatographic run was per-
formed using 0.1 ml of phenylisothiocyanate reagent. The inte-
grated peak areas were compared with that of the arginine
standard to calculate the amount of arginine present in each
sample.

VOLUME 284 NUMBER 30+JULY 24, 2009



Determination of Plasma Arginine Levels by HPLC/Amino
Acid Detection Analysis—Bj-BPP-10c (71 nmol/kg) or MDLA
(Sigma; 1 mmol/kg) was administered to SHR (# = 6) and to
Wistar rats (nm = 3) by intravenous bolus injection (0.5 ml).
Blood was obtained by venipuncture and collected in Vacu-
tainer tubes (BD Biosciences) containing heparin as anticoagu-
lant. After centrifugation at 3,000 X g for 10 min at 4 °C, plasma
samples (0.2 ml) were mixed with 0.2 ml of PBS and submitted
to chromatography on Oasis MCX SPE columns (15) and deter-
mination of plasmatic arginine levels by HPLC/fluorescence
detection analysis as described above.

Chemiluminescence Assay for Measurement of Nitric Oxide
Products—Determination of NOx (nitrate and nitrite) was per-
formed with a chemiluminescence nitric oxide analyzer
(NOA?®; Sievers Instruments), following the procedure opti-
mized by Feelisch et al. (16). Bj-BPP-10c was added in the con-
centration range of 0.01-100 um to HUVECs grown in Petri
dishes (1 X 10° cells), and incubation continued for 24 h in
serum-free medium. Subsequently, 1 ml of medium was
retrieved (extracellular medium) and treated with a concen-
trated solution of N-ethylmaleimide to give a final concentra-
tion of 10 mm. Cells were washed with PBS and lysed in radio-
immune precipitation buffer (50 mm Tris, pH 7.5, 150 mMm
NaCl, 1% Nonidet p-40, 0.5% sodium desoxycholate, 0.1% SDS,
1 mm DTPA, and 10 mm N-ethylmaleimide). Cell lysates were
collected and incubated on ice for 30 min and centrifuged at
21,000 X g for 15 min at 4 °C. The supernatant (intracellular
medium) and extracellular medium were directly injected into
a vessel containing a saturated solution of vanadium(III) chlo-
ride in 1 N HCl maintained at 90 °C. Under these conditions, all
nitric oxide-derived products (nitrate, nitrite, nitrosothiol,
nitrosamines, and iron-nitrosyl complexes) were reduced to
and compared with those of standard solutions of nitrate under
the same experimental conditions (16, 17).

Analysis of the Phosphorylation Status of AsS—HEK 293 and
HUVEC cell lines (1 X 10° cells) were treated with Bj-BPP-10c
(0.5 um) for 24 h in serum-free medium. Cell lysates were pre-
pared by adding 1 ml of lysing buffer (50 mm Tris-HCI, pH 7.4,
150 mm NaCl, 1% Nonidet P-40, 1 mm EDTA), and lysates were
centrifuged at 12,000 X g at 4 °C for 10 min. Equal amounts of
supernatant protein were incubated with Dynabeads protein G
(Invitrogen) at 4 °C for 1 h for preclearing. Supernatants were
then incubated with anti-phosphoserine/phosphothreonine
antibody (BD Biosciences) at 4 °C for 4 h. The antibody-antigen
complex was incubated with Dynabeads protein G for 1 h at
4. °C. After washing the beads three times with PBS, immuno-
precipitated proteins were eluted by boiling the beads in a solu-
tion containing 62.5 mm Tris-HCI, pH 6.8, 25% glycerol, 2%
SDS, and 0.01% bromphenol blue and quantified by the Bio-Rad
protein assay kit using bovine serum albumin as a standard. For
immunoblots, equal amounts of protein (1 ug) were separated
on SDS-polyacrylamide gels, transferred onto nitrocellulose
membranes, and immunostained with anti-AsS (BD Transduc-
tion Laboratories) or anti-glyceraldehyde-3-phosphate dehy-
drogenase (Novus Biologicals) antibodies according to Ref. 11.
Anti-glyceraldehyde-3-phosphate dehydrogenase was used as a
loading control.
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Effect of MDLA in the Anti-hypertensive Activity of Bj-BPP-
10c on the Blood Pressure of SHR and Wistar Rats—20 h before
the experiment, under anesthesia with 23.5% tribromoethanol
(1 ml/100 g body weight) intraperitoneally, a polyethylene cath-
eter (PE-10 connected to PE-50) was introduced into abdomi-
nal aorta through a femoral artery for measurements of mean
arterial pressure (MAP) and into a femoral vein for intravenous
injection. After recovery from anesthesia, the rats were kept in
individual cages with free access to water and chow until the
end of the experiments. Before drug administration, the MAP
was monitored for 1 h (base-line period). After this period,
intravenous bolus injection of Bj-BPP-10c, MDLA, or 0.15 M
NaClin a total volume of 0.5 ml was carried out. Bj-BPP-10c (71
nmol/kg) or MDLA (1 mmol/kg) was administered to SHR (n =
6) and in Wistar rats (n = 4). MAP values were registered at
2-min intervals for the entire recording period (6 h).

Bradykinin Potentiation on Isolated Guinea Pig Ileum—Bra-
dykinin potentiation assays on isolated guinea pig ileum were
performed essentially as described previously (18). Male guinea
pigs (150-250 g body weight) were fasted for 24 h before exper-
iments. Segments of about 15 cm of the terminal ileum were
removed and cleaned from surrounding tissues, and the lumens
were carefully washed with Tyrode solution (137 mm NaCl, 2.7
mM KCl, 1.36 mm CaCl,, 0.49 mm MgCl,, 0.36 mm NaH,PO,,
11.9 mm NaHCO,, 5.04 mMm D-glucose), containing diphe-
nyldramine (1 mg/ml) and atropine (1 mg/ml). After a resting
period of 30 min, segments of 4.5 cm of the isolated ileum were
mounted in a 5-ml chamber containing continuously aerated
Tyrode solution at 37 °C. Isometric contractions were recorded
by means of isometric transducers coupled to a recording sys-
tem (Powerlab/4SP; AD Instruments), under a load of 1.0 g.
Concentration-response curves for bradykinin were obtained
in the absence (control) or presence of 3 X 10~ ® M pure peptide.
Dose-response curves were fitted through a non-linear regres-
sion, and pD, values (—logEC,,) were calculated using the
curve-fitting program Graphpad Prism 5.0 (GraphPad Soft-
ware). Data were expressed as mean * S.E.

Statistical Analysis—All data are presented as mean * S.E.
Student’s ¢ test was used to determine statistical differences. A p
value of less than 0.01 was considered significant.

RESULTS

Identification of a Binding Partner of Bj-BPP-10c in the
Cytosol of Mouse Kidney Cells—Following our hypothesis that
Bj-BPP-10c might have another target protein besides sACE
and our previous work showing the long lasting permanence of
1251_Bj-BPP-10c in the mouse kidney when the peptide was
administered concomitantly with a saturating concentration of
captopril (7), we submitted a mouse kidney cytosol preparation
to affinity chromatography using the HiTrap NHS-activated
HP resin to which Bj-BPP-10c was immobilized by chemical
conjugation. As shown in Fig. 14, a major protein bound to the
resin and was eluted with 100 mwm glycine, 0.5 m NaCl, pH 3.0
(elution buffer). The same protein profile was obtained when
the bound fraction was eluted by competition with 5 mm
Bj-BPP-10c. Confirming the specificity of binding to Bj-BPP-
10c, a similar elution profile was obtained when the cytosolic
proteins were prechromatographed on a HiTrap-control col-
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FIGURE 1. AsS binds to Bj-BPP-10c. A, SDS-PAGE analysis of kidney mouse
cytosolic proteins submitted to HiTrap-Bj-BPP-10c affinity chromatography.
Lane 1, molecular mass markers; lane 2, mouse kidney cytosolic proteins (50
1Q); lane 3, protein eluted with 100 mm glycine, 0.5 m NaCl, pH 3.0 (elution
buffer) (10 ng); lane 4, protein eluted by competition using 5 mm Bj-BPP-10c
(10 wg); lane 5, protein obtained by prechromatography of the cytosolic pro-
teins on the HiTrap-control column followed by chromatography on the
HiTrap-Bj-BPP-10c column and eluted with elution buffer (10 ng). B, protein
identification by mass spectrometric analysis of the band indicated by an
arrow in A. C, immunoblot of the mouse cytosolic proteins (50 ng) and frac-
tions obtained by affinity chromatography (1 ug). Lanes 1-4 correspond to
lanes 2-5 of A.

umn followed by chromatography on the HiTrap-Bj-BPP-10c
column and eluted with elution buffer. The 46-kDa major pro-
tein that bound to Bj-BPP-10c was identified by trypsin diges-
tion and peptide mass fingerprint as AsS (EC 6.3.4.5), an
enzyme that catalyzes the synthesis of argininosuccinate from
citrulline and aspartate (Fig. 1B and supplemental Table 1). An
anti-AsS antibody also recognized the 46-kDa protein in an
immunoblot assay (Fig. 1C).

Activation of AsS Catalytic Activity by Bj-BPP-10c—In hepa-
tocytes, in kidney proximal tubules, and in NO-producing cells,
AsS catalyzes the conversion of citrulline, L-aspartate, and ATP
to argininosuccinate, AMP, and pyrophosphate (19). In order
to verify whether the interaction between Bj-BPP-10c and AsS
was functional, we first tested the effect of the peptide on the
catalytic activity of the enzyme. AsS obtained by Bj-BPP-10c
affinity chromatography (1 ug, which was within the linear
range of AsS activity in vitro) was incubated with Bj-BPP-10c at
various concentrations. Under these conditions, Bj-BPP-10c
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showed a dose-dependent activation of AsS activity illustrated
by a bell-shaped curve (Fig. 24). MDLA, a specific inhibitor of
AsS (20, 21), completely abolished its enzymatic activity in the
presence of Bj-BPP-10c (Fig. 2A4). The contribution of individ-
ual amino acids to the AsS activation by Bj-BPP-10c was eval-
uated by the substitution of two Pro residues located in the
middle of Bj-BPP-10c sequence and the residues of the C ter-
minus (Ile-Pro-Pro) by Ala residues. Supplemental Fig. 1 shows
that all individual substitutions partially affected the ability of
Bj-BPP-10c to enhance AsS enzymatic activity, whereas the
C-terminal Pro residues seem to be essential for the peptide
engagement with AsS.

Considering that 0.5 um Bj-BPP-10c caused a significant
activation of AsS (Fig. 2A4), we tested the effect of this peptide
concentration on the substrate affinity of AsS for its substrates
(ATP, citrulline, and aspartate). Toward this end, AsS was incu-
bated with 0.5 um Bj-BPP-10c and various concentrations of
only one of the three substrates. The two other substrates were
added at a fixed concentration of 2 mm, and the product forma-
tion was assayed for 30 min (Fig. 2, B-D). A plot of 1/velocity
versus 1/[substrate] revealed that the affinity of AsS for ATP
and citrulline was significantly increased by the peptide, since
the K, value for these substrates decreased 4.4- and 2.0-fold,
respectively. In contrast, the K, value for aspartate did not
change (Fig. 2E). Moreover, since a decrease in the activity of
AsS was observed at concentrations of Bj-BPP-10c above 2 um
(Fig. 2A4), we decided to test whether a higher concentration of
the peptide would affect the interaction of AsS with its sub-
strates. Fig. 2, B-D, shows that plots of 1/velocity versus 1/[sub-
strate] determined in the presence of 100 um Bj-BPP-10c were
similar to those determined in the absence of the peptide.

Internalization of Bj-BPP-10c by HUVEC and HEK 293 Cells—
In order to further test the functionality of the Bj-BPP-10c/
AsS interaction, we tested whether the peptide could be inter-
nalized by AsS-expressing endothelial (HUVEC) and kidney
(HEK 293) cells, which showed the presence of AsS by Western
blot (supplemental Fig. 2). For the internalization assay,
Bj-BPP-10c was labeled with Cy3 dye, and the labeled peptide
was initially tested for its ability to activate AsS catalytic activ-
ity, which was not affected by the labeling with Cy3 (not
shown). More importantly, the ability of Bj-BPP-10c-Cy3 to
potentiate bradykinin activity on isolated guinea pig ileum was
similar to that of the unlabeled peptide (supplemental Fig. 3);
therefore, Bj-BPP-10c-Cy3 (0.5 uMm) was incubated with
HUVEC:s for 30 min at 37 °C, and the cells were submitted to
fluorescence microscopy visualization. Bj-BPP-10c-Cy3 was
detected homogenously distributed within the cell cytoplasm
(Fig. 3). In a previous work, a similar internalization profile was
observed when HEK 293 cells were incubated with Bj-BPP-10c-
Cy3 (7).

In parallel, we quantified Bj-BPP-10c uptake by both
HUVECs and HEK 293 cells by liquid chromatography/mass
spectrometry. Bj-BPP-10c (500 pmol) was incubated with 1 X
106 cells for 4 h, and the intracellular medium was analyzed
for the identification and quantification of Bj-BPP-10c. As
shown in Fig. 3, D and E, up to 2 h of incubation, ~10 and 15%
of the total amount of Bj-BPP-10c used (500 pmol) was found in
the intracellular medium of HEK 293 cells and HUVECs,
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cellular media (2- and 6-fold,
respectively), which peaked at 0.5-2
uM Bj-BPP-10c (Fig. 4A4). However,
at higher peptide concentrations
(4-100 um), a slight decrease in
arginine production was observed
(Fig. 4A). In order to check whether
the enhancement of arginine pro-
duction induced by Bj-BPP-10c was
related to the activation of AsS, we
tested the effect of MDLA in this
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assay (20, 21). The concomitant
treatment of HEK 293 cells with 0.5
uM Bj-BPP-10c and 1.0 mMm com-
pletely abolished the effect of
Bj-BPP-10c upon arginine produc-
tion (Fig. 4B), confirming the
involvement of AsS in the observed
enhancement of arginine genera-
tion by the peptide.

Bj-BPP-10c Enhances the Plasma
Level of Arginine in SHR and Wistar
Rats—Studies on the development

101
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of hypertension in SHR have
focused on the effect of arginine,
since the endogenous vasodilator
NO is known to be synthesized from
arginine in the endothelium of
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we determined the effect of Bj-BPP-
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FIGURE 2. Bj-BPP-10c enhances AsS enzymatic activity. A, effect of Bj-BPP-10c on the enzymatic activity of 1
g of AsS obtained by HiTrap-Bj-BPP-10c-affinity chromatography. Squares, activity in the absence of MDLA;
diamonds, activity in the presence of 1 mm MDLA. B-D, effect of Bj-BPP-10c on the affinity of AsS for its sub-
strates. AsS activity was measured in the absence (triangles) or in the presence of 0.5 um Bj-BPP-10c (squares) or
100 uMm Bj-BPP-10c (diamonds) and the indicated concentrations of only one of the three substrates (citrulline
(Cit), Asp, or ATP) and a 2 mm concentration of the other two substrates for 30 min. Double reciprocal plots of
substrate concentration versus reaction velocity are depicted for citrulline, Asp, and ATP. E, K,,, values obtained
in the absence and in the presence of Bj-BPP-10c were estimated using non-linear fitting (Graphpad Prism 5.0).

Values are mean = S.E. of 3-4 replicates.

respectively. However, at higher incubation times (2—4 h),
intact Bj-BPP-10c was not detected inside both cell lines, sug-
gesting that it might have been metabolized by the cells.
Bj-BPP-10c Enhances Arginine Production in HEK 293 Cells—
Arginine is recognized as a conditionally essential amino acid in
adults. Although numerous cell/tissues are able to synthesize
arginine, it is well established that the kidney is the major site of
its synthesis in humans (22). Since Bj-BPP-10c bound to AsS
of mouse kidney cytosol (Fig. 1A4), we decided to test the
effect of the peptide in the arginine production by a kidney cell
line. Therefore, HEK 293 cells were treated with increasing
concentrations of Bj-BPP-10c (0.01-100 um) for 24 h, and the
intracellular and extracellular concentrations of arginine were
determined. The intracellular and extracellular basal levels of
arginine in these cells were 50 = 4 nmol/10° and 9 = 3 nmol/
10° cells, respectively. The peptide caused a striking dose-re-
sponse increase of arginine both in the intracellular and extra-
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tion in SHR and Wistar rats for 6 h.
As shown Fig. 5, the administration
of 71 nmol/kg Bj-BPP-10c increased
the arginine plasma levels in SHR
(from 2.2 * 0.15 to 3.1 = 0.25 uMm)
and in Wistar rats (from 0.9 = 0.05
to 1.2 = 0.05 um). As observed with
HEK 293 cells, when 1 mmol/kg
MDLA was administered together with Bj-BPP-10c, no change
in the arginine plasma level was observed in both SHR and
Wistar rats (Fig. 5). Interestingly, after 1 h of co-infusion of
peptide and inhibitor, there was a slight decrease in the arginine
plasma level compared with the basal level both in SHR (from
2.2 £ 0.15to 1.7 = 0.2 wm) and Wistar rats (from 0.9 * 0.05 to
0.65 = 0.1 uMm); however, after 2 h, values returned to basal level.

Bj-BPP-10c Induces NO Metabolite Production by HUVECs—
Arginine is a substrate of endothelial NO synthase, which is
converted to citrulline and NO in endothelial cells. Citrul-
line, through the reactions catalyzed by AsS and arginino-
succinate lyase (AsL) may cycle to arginine, constituting an
arginine-citrulline cycle (24). Considering that the produc-
tion of arginine from citrulline in a tightly coupled process
provides a segregated source of arginine for NO production
in endothelial cells (21), an increase of AsS activity should
result in an increase in the amount of NO produced. To test
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respectively. When the cells were
treated with 0.01-100 um Bj-BPP-
10c, the intracellular and extracellu-
lar NO metabolite concentration
showed a dose-response increase
(2.5- and 3.7-fold, respectively),
which peaked at 0.1-2 um Bj-BPP-
10c (Fig. 6A). However, at higher
peptide concentrations (4-100 um),
a slight decrease in NO metabolites
production by the cells was
observed (Fig. 6A). These results
together with the observed slight
decrease in arginine production by
HEK 293 cells incubated with high
peptide concentrations (Fig. 4A)
prompted us to test the effect of
Bj-BPP-10c (100 wm) upon cell via-
bility. However, at this concentra-
tion, Bj-BPP-10c did not show any
cytotoxic effect and did not affect
the viability of HEK 293 cells and
HUVECs (supplemental Fig. 4).
The concomitant treatment of
HUVECs with 0.5 um Bj-BPP-10c
and 1 mm L-Name, a specific inhibi-
tor of NOS, or 1.0 mm MDLA com-
pletely abolished the effect of
Bj-BPP-10c in NO production (Fig.
6B), indicating the involvement of
NOS and AsS in the observed

increase of NO metabolite produc-
tion by the peptide.

In order to explore the hypothesis
that phosphorylation of AsS could
be involved in the enhanced NO
production observed upon the
treatment of HEK 293 cells and
HUVECs with Bj-BPP-10c, we have
checked the phosphorylation status
of AsS when the cells were treated
for 24 h with the peptide (0.5 um).
Although AsS appeared phospho-

1 rylated, it showed the same extent of
phosphorylation in control and
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FIGURE 3. Bj-BPP-10c s internalized by HUVECs. Cells were incubated with 1 um Bj-BPP-10c-Cy3 for 30 min at
37 °C and analyzed by fluorescence microscopy. Images are representative of three individual experiments.
A, phase contrast of the HUVECs treated with Bj-BPP-10c-Cy3. B, fluorescence of Bj-BPP-10c-Cy3. C, merged
images of A and B. The corresponding phase-contrast images of non-treated HUVECs show control cell mor-
phology (D-F). G and H, quantification of Bj-BPP-10c internalized by HEK 293 cells (G) and HUVECs (H) by mass
spectrometric analysis. Bj-BPP-10c amount was expressed as mean = S.E. of four experiments.

whether Bj-BPP-10c could stimulate the NO production by
AsS activation, we determined NO metabolite concentration
in intracellular and extracellular media of HUVEC culture
for 24 h under treatment with Bj-BPP-10c. The intracellular
and extracellular basal levels of NO metabolites in these cells
were 1.8 = 0.2 nmol/10° cells and 0.4 = 0.05 nmol/10° cells,
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peptide-treated cells, indicating
that phosphorylation does not play
a role in NO production induced by
Bj-BPP-10c (supplemental Fig. 5).
Effect of MDLA in the Anti-hyper-
tensive Activity of Bj-BPP-10c on the
Blood Pressure of SHR and Wistar
Rats—Recently, we showed that the anti-hypertensive effect of
Bj-BPP-10c occurs in SHR but not in normotensive Wistar rats
(5). In order to further explore the findings of the current study
showing the activation of AsS activity by Bj-BPP-10c, we
decided to check the effect of MDLA on the anti-hypertensive
effect of the peptide in SHR and Wistar rats. Fig. 7 shows the
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FIGURE 4. Bj-BPP-10c induces arginine production in HEK 293 cells. HEK
293 cells were seeded into 6-well culture plates in appropriate medium and
incubated for 24 h. Afterward, cells were incubated in serum-free medium
with increased concentrations of Bj-BPP-10c and/or T mm MDLA for 24 h. The
medium was collected, and the cells were lysed for determination of arginine
extracellular and intracellular levels by HPLC analysis. A, Bj-BPP-10c-induced
arginine production by HEK cells. B, effect of 1T mm MDLA in the arginine
production induced by 0.5 um Bj-BPP-10c. Arginine concentration was
expressed as mean = S.E. of six experiments. Open bars, extracellular medi-
um; hatched bars, intracellular medium. *, p < 0.01 compared with control.

effects on the MAP of conscious animals after the concomitant
intravenous injection of 71 nmol/kg Bj-BPP-10c and 1
mmol/Kg MDLA. Bj-BPP-10c showed a significant and long
lasting anti-hypertensive effect (MAP reduction from 175 = 5
to 140 = 5 mm Hg), which was sustained for more than 6 h in
SHR (Fig. 7A) and no significant effect in Wistar rats (Fig. 7B).
The administration of 1 mmol/kg MDLA alone caused a slight
increase of MAP; however, its concomitant injection with
Bj-BPP-10c impaired the anti-hypertensive effect of the pep-
tide, pointing, for the first time, to a role of AsS in the control of
blood pressure (Fig. 7A).

DISCUSSION

Worldwide, millions of hypertensive patients, who are
treated with sACE inhibitors, have benefited from the investi-
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FIGURE 5. Bj-BPP-10c enhances the plasma level of arginine. Bj-BPP-10c
(71 nmol/kg) or MDLA (1 mmol/kg) was administered to SHR (n = 6) and to
Wistar rats (n = 3) by intravenous bolus injection (0.5 ml), and blood was
obtained by venipuncture for determination of arginine level. Arginine
plasma levels in SHR (A) or Wistar rats (B) after infusion of 0.15 m NaCl (trian-
gles), Bj-BPP-10c (squares), MDLA (diamonds), or Bj-BPP-10c plus MDLA (X).
Values are mean = S.E. ¥, p < 0.01 compared with control.

gations by Rocha e Silva et al. (25) and Ferreira et al. (26) on the
effects the venom of B. jararaca exerts on the cardiovascular
system and on smooth muscles. Their pioneering work led to
the isolation of a number of proline-rich peptides from B. jara-
raca venom that display strong inhibition of sACE. These stud-
ies were essential to reveal the pivotal role played by sACE in
the regulation of the vascular tonus (27).

We focused our interest on the cardiovascular role of one
specific proline-rich peptide, Bj-BPP-10c, mainly because it dis-
plays a strong in vivo bradykinin potentiation effect and is the
most selective inhibitor of the active site at the C-domain of
sACE (4). It is noteworthy that we showed that the inhibition of
sACE was not the only mechanism involved in the anti-hyper-
tensive effect displayed by Bj-BPP-10c (5). These results

JOURNAL OF BIOLOGICAL CHEMISTRY 20029



AsS Is a Functional Target for Bj-BPP10c

A
&
0 Q
& \
: |
£ N
x \
\
\
© Bf-BPP-10c (uM)
B
6-
—~ 57 I
2
3 4
]
3 31
£
£ 2]
x
3
- ,+§ @ F’§ F"§ﬁ
O T T T
&0 6‘0 \y \,v~
R
\Qox &
Q° R
< ‘
Q,\fb ‘b\fb

FIGURE 6. Bj-BPP-10c induces NO metabolites production by HUVECs.
HUVECs were seeded into gelatin-coated Petri dishes in appropriate medium
and incubated for 24 h. Afterward, cells were incubated in serum-free
medium with increased concentrations of Bj-BPP-10c and/or 1 mm MDLA
and/or 1 mm L-Name for 24 h. The medium was collected, and the cells were
lysed with radioimmune precipitation buffer to measure NO products in
extracellular and intracellular media by a chemiluminescence assay.
A, Bj-BPP-10c-induced NO metabolites production by HUVECs. B, effect of 1
mm MDLA or 1 mm L.-Name in the NO production induced by 0.5 um Bj-BPP-
10c. NO concentration was expressed as mean = S.E. of six experiments. Open
bars, extracellular medium; hatched bars, intracellular medium. *, p < 0.01
compared with control.

prompted us to speculate whether a different mechanism, not
requiring the participation of angiotensin-II and bradykinin,
could be implicated in the in vivo activity of Bj-BPP-10c. This
hypothesis received support from the tissue distribution stud-
ies by Silva et al. (7), who showed that 40 -50% of '>°I1-Bj-BPP-
10c remained in the kidneys of mice, even when a 1,000-fold
higher molar concentration of captopril was administered with
the peptide.

The key contribution of the present study is the identification
of AsS as a novel target for Bj-BPP-10c. Affinity chromatogra-
phy, using immobilized Bj-BPP-10c, associated with mass spec-
trometric and immunoblot analyses, allowed the identification
of AsS as the main ligand for the peptide in the kidney cytosol.
More importantly, we showed that Bj-BPP-10c promotes acti-
vation of AsS, assayed in the presence of the substrates ATP,
citrulline, and aspartate.

In mammals, AsS, together with AsL, is part of the urea cycle
in the liver and of the arginine-citrulline cycle, the major source
of arginine and nitric oxide in renal and endothelial cells,
respectively (see Fig. 2 of Ref. 19). These enzymatic processes
are rate-limiting steps in both the urea- and the arginine-citrul-
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FIGURE 7. The anti-hypertensive effect of Bj-BPP-10c on blood pressure is
partially impaired by MDLA. Shown is MAP in SHR (A) and Wistar rats (B)
after infusion of 0.15 m NaCl (triangles), 71 nmol/kg Bj-BPP-10c (squares), 1

mmol/kg MDLA (diamonds), or Bj-BPP-10c plus MDLA (X). Values are mean =
S.E. of SHR (n = 6) and Wistar rats (n = 3).

line cycles. In endothelial cells, the arginine-citrulline cycle,
together with NOS, ensures the supply of NO, which plays
many roles as a signaling molecule in mammalian processes,
including the regulation of the vascular tonus. We hypothe-
sized that the activation of AsS is, at any rate, part of the anti-
hypertensive action of Bj-BPP-10c.

The influence of Bj-BPP-10c on the kinetics of AsS concern-
ing its three substrates was examined by the Michaelis-Menten
equation. The results indicated that at a concentration of 0.5
uM, Bj-BPP-10c enhances the affinity of the enzyme for ATP
and citrulline by 4.4- and 2.0-fold, respectively. Surprisingly,
the affinity of AsS for its substrates in the presence of 100 um
Bj-BPP-10c is similar to that determined in the absence of the
peptide, suggesting that, at high concentration, the accessibility
of the peptide to its own activation site may be reduced or
abolished. The full understanding of the molecular mechanism
of the AsS activation by Bj-BPP-10c should consider the state of
aggregation of this enzyme. In fact, human AsS is a tetrameric
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protein consisting of two identical dimers, and its overall struc-
ture is highly similar to the bacterial AsS structure. The mono-
mer structure consists of three domains: a nucleotide-binding
domain, a synthetase domain, and a C-terminal helix involved
in oligomerization (28). It has been shown that Escherichia coli
AsS undergoes a conformational change upon binding of ATP
that reduces the distance between the phosphates of ATP and
the citrulline molecule (29). In the case of the human enzyme, it
was suggested that a small conformational change takes place
upon catalysis, wherein the carbonyl oxygen atom of citrulline
makes a nucleophilic attack on the a-phosphate of ATP, pro-
ducing the citrullyl-AMP intermediate. Based on our finding
that Bj-BPP-10c activates the catalytic activity of AsS, we sug-
gest that binding of Bj-BPP-10c to AsS probably occurs at a site
other than the substrate (ATP) and inhibitor (MDLA) binding
site, promoting a conformational change of the enzyme and
facilitating its interaction with ATP. This interaction could
involve the binding of the peptide to each of the monomers or
to one subunit of each dimer. However, the elucidation of how
the interaction of Bj-BPP-10c and AsS results in the activation
of the catalytic process must await further structural studies.
Regardless of the mechanism involved in the activation of AsS
by Bj-BPP-10c, our results show a 1.7-fold increase of AsS activ-
ity by the peptide in vitro, which in vivo probably translates into
an up-regulation of the arginine-citrulline cycle in endothelial
cells.

A requisite for Bj-BPP-10c to exert the activation of arginine
biosynthesis and/or the citrulline-NO cycle is to penetrate the
cells, since AsS is clearly a cytosolic enzyme (19, 30). We had
previously shown that HEK 293 cells can internalize Bj-BPP-
10c-Cy3 (7). Here we showed that Bj-BPP-10c-Cy3 can also
penetrate HUVECs, as observed by fluorescence microscopy
and by the determination of the amount of internalized peptide
in both cell lines. These cells were chosen because they were
originally derived from kidney and vascular endothelium, the
major tissues responsible for arginine biosynthesis and NO pro-
duction, respectively. We showed here that 10-15% Bj-BPP-
10c added to the incubation medium not only penetrated the
cells but also remained intact for up to 2 h. These results are not
surprising, considering that Bj-BPP-10c is a proline-rich pep-
tide, a feature that endows this molecule with the properties of
cell-penetrating peptides, in addition to resistance to proteoly-
sis (31).

The internalization of Bj-BPP-10c by HEK 293 cells was
important to demonstrate the peptide’s ability to activate
AsS for arginine production. Accordingly, a 6-fold increase
of arginine output by HEK 293 cells to the extracellular
medium was detected in a concentration-dependent manner
from 0.01 to 2 uM, which decreased at higher concentrations.
Likewise, the intracellular arginine concentration showed a
2-fold increase induced by Bj-BPP-10c. The role of AsS in the
increased arginine production induced by the peptide was evi-
denced by the clear reduction of arginine level when the cells
were co-treated with the specific AsS inhibitor, MDLA.

Given that the kidney is the major site of arginine produc-
tion in adult rodents, as well as in humans (19), it was not
surprising to detect a significant time-dependent increase in
the plasma concentration of arginine in SHR and Wistar rats
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after the administration of Bj-BPP-10c. Interestingly, the aver-
age level increase of plasma arginine was similar in SHR and
normotensive Wistar rats, and in both animals this rise could be
related to the activation of AsS by Bj-BPP-10c, since it was
abolished by MDLA.

It is recognized that the impaired biosynthesis of arginine
affects a number of metabolic and signaling pathways, such as
the generation of a wide range of biologically active intermedi-
ates (e.g. nitric oxide, polyamines, creatinine, and L-amino
acids) (32). Within NO-producing cells, arginine is synthesized
from the NOS co-product citrulline via the sequential action of
AsS and AsL. It is noteworthy that, since AsL is constitutively
expressed (33), AsS serves as the rate-limiting enzyme for the
continuous regeneration of arginine from citrulline, thus pro-
viding NOS with a sustained supply of substrate (34). In the
present study, the dose-dependent increase of the production
of NO metabolites (~3-fold) induced by Bj-BPP-10c in a
HUVEC culture represents more clear evidence for the integ-
rity and functionality of this peptide within the cells. The
impairment of the peptide-induced production of NO metab-
olites by both MDLA and L-Name, a specific NOS inhibitor,
confirms the activation of AsS and the involvement of NOS in
the increase of NO metabolites production by HUVECs. The
activation process could be regulated by dynamic AsS phospho-
rylation, as it has been recently demonstrated (35). However,
the involvement of phosphorylation of AsS in the increase of
NO production induced by Bj-BPP-10c in HUVECs seems
unlikely, since we demonstrated that AsS does not undergo any
significant change in phosphorylation degree when HUVECs
are treated with the peptide.

Interestingly, it was shown here that the ability of Bj-BPP-10c
to increase the affinity of AsS for its substrates was abolished at
high peptide concentration (Fig. 2, B-D). Coincidentally, high
concentrations of Bj-BPP-10c also caused a reduction in its
ability to increase the arginine production in HEK 293 cells (Fig.
4) and in NO metabolite production in HUVECs (Fig. 6). This in
vitro observation, however, may not be the dominant factor for
the lower effect that higher concentrations of the peptide
exerted upon the production of arginine and NO. AsS activity
could be regulated, for instance, by a feedback mechanism
involving NO production, since an increased production of NO
may cause the S-nitrosylation of Cys'®? of AsS, thus reducing
the enzyme activity (36).

Finally, the striking effect of Bj-BPP-10c causing sustained
MAP reduction in SHR contrasted with the absence of effect
upon normotensive rats. More importantly, this effect was
impaired by the co-administration of MDLA, indicating the
participation of AsS in the control of blood pressure. The dra-
matically different response to Bj-BPP-10c found in SHR as
compared with the normotensive rats is of particular interest,
since the increased production of arginine up-regulates the
output of NO by NO-producing cells, a phenomenon that is
known to be reduced in genetically hypertensive rats (37). The
importance of this system for endothelial NO production was
supported by a report of two infants with a deficiency of AsL
who were shown to be hypertensive (38). It has been suggested
that supplemental arginine causes an increase in NO produc-
tion (39, 40). This effect is described as the “arginine paradox,”
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a term that has been used to refer to situations in which exog-
enous arginine administration seems to improve NOS activity
even when arginine is available in excess (41). This phenomenon
has recently been analyzed in vivo using a rat mesentery and small
intestine microcirculatory preparation, which showed that
increased bioavailability of arginine causes a significant
increase in NO production throughout the microcirculation,
providing direct in vivo evidence for the arginine paradox (42).
Interestingly, our study revealed that although Bj-BPP-10c
induced an increase of arginine plasma level in both normoten-
sive and spontaneously hypertensive rats, the MAP was only
reduced in the latter. The explanation for this fact might be
related to the source of arginine, which, in the case of the
Bj-BPP-10c-treated animals, resulted from a selected stimula-
tion of the citrulline-arginine cycle in tissues and/or cell com-
partments. Recent studies support the hypothesis that the sys-
tem for the recycling of citrulline to arginine utilized for NO
production is composed by the recycling enzymes, AsS and
AsL, which co-localize with NOS in caveolae of the plasma
membrane (43). Thus, it is possible that the activity of caveolar
AsS of endothelial cells is lower in SHR as compared with the
normotensive rats, thus providing less arginine for NO produc-
tion. This alleged dysfunction of caveolar AsS activity in SHR
could be specifically corrected by AsS activation, thus providing
more arginine to NOS and consequently reducing the arterial
blood pressure of these animals. Nevertheless, the decreased
MAP induced by the treatment of SHR with Bj-BPP-10c may
not be directly related to the concomitant increased plasma
arginine levels detected in these animals. On the other hand,
the excess of NO production could be controlled by reducing
the activity of AsS. It has been reported that the expression
of the AsS gene was decreased in the onset of hypertension of
SHR (44).

The in vivo increase of plasma arginine level in rats promoted
by Bj-BPP-10c and the impairment of its anti-hypertensive
effect upon SHR by MDLA suggest the functional interaction of
Bj-BPP-10c and AsS in these events in vivo. Taken together, the
results obtained with the snake venom proline-rich oligopep-
tide, Bj-BPP10c, provided evidence suggesting that AsS might
be included among the therapeutic targets for modulation of
blood pressure. Interestingly, a number of snake toxins have a
counterpart in endogenous molecules of vertebrates (27, 45). In
fact, the genetic origin and expression of the precursor of the
proline-rich oligopeptides in B. jararaca tissues suggested that
these peptides are part of the endocrine molecular machinery
of the animal, since they are part of the precursor of the C-type
natriuretic peptide expressed in the neuroendocrine region of
the animal brain (46). In line with the ongoing trend of toxin-
inspired drug development (47), we believe that Bj-BPP-10c
could be considered as a lead molecule to develop therapeutic
agents for the treatment of various diseases based on NO defi-
ciency as cause or effect.
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