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Abstract
Kinin B1 and B2 receptors (kB1R and kB2R) play important roles in many physiological and
pathological processes. In some cases, kB1R or kB2R activation can have overlapping or
complementary beneficial effects, thus an activator of both receptors might be advantageous. We
found that replacement of the C-terminal Arg in the natural kB2R activators bradykinin (BK) or
kallidin (KD) with Lys (K9-BK or K10-KD) resulted in agonists that effectively stimulate the
downstream signaling of both the kB1R and kB2R as measured by increased inositol turnover,
intracellular calcium, ERK1/2 phosphorylation, arachidonic acid release and NO production.
However, K9-BK and K10-KD displayed some characteristics of biased agonism for kB2Rs as
indicated by the rapid kinetics of ERK1/2 phosphorylation induced by K9-BK or K10-KD
compared with the prolonged response mediated by BK or KD. In contrast, kinetics of ERK
phosphorylation stimulated by K10-KD activation of the kB1R was as same as that induced by
known kB1R agonist des-Arg10-KD. Furthermore, the endocytosis of kB2Rs mediated by K9-BK
and K10-KD was remarkably less than that induced by BK and KD respectively. K10-KD
stimulated kB1R and kB2R-dependent calcium responses and ERK1/2 phosphorylation in bovine
endothelial cells. In cytokine-treated human endothelial cells, K10-KD stimulated ERK1/2
phosphorylation and a transient peak of NO production that was primarily kB2R-dependent. K10-
KD also stimulated prolonged NO production that was both kB1R and kB2R-dependent. These
data provide the first examples of dual agonists of kB1R and kB2R, and a biased agonist of kB2R
and may provide useful clues for developing dual modulators of kB1Rs and kB2Rs for potential
therapeutic use.
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1. Introduction
Bradykinin (BK) or kallidin (KD) are 9 or 10 amino acid peptides released kininogen
precursors by plasma or tissue kallikrein that selectively activate the kinin B2 receptor
(kB2R) [1, 2]. The C-terminal Arg of BK or KD can be cleaved by membrane
carboxypeptidase M (CPM) or plasma carboxypeptidase N (CPN) to generate des-Arg9-BK
(DABK) or des-Arg10-KD (DAKD), which are not kB2R agonists, but instead specifically
activate the kinin B1 receptor (kB1R) [2–7]. Thus, the presence or absence of the basic C-
terminal Arg of BK and KD is a key determinant of their selectivity for the two kinin
receptors. The kB1R and kB2R have 36% sequence identity in humans and belong to the
family of seven transmembrane receptors, coupling to G protein subtypes Gαq and Gαi [2,
7].

kB1R and kB2R play key roles in many pathological or physiological processes including
nociception, inflammation, and cardiovascular and renal diseases [2, 8–11]. For example,
kB2R knockout mice have hypertension and exaggerated blood pressure increases induced
by angiotensin II and chronic salt loading [12]. kB2R knockout mice develop age-related
heart failure due to left ventricular remodeling [13]. kB1R signaling reduces blood pressure
in kB2R knockout mice although kB1R knockout alone does not alter normal blood pressure
[14]. Diabetic nephropathy was also markedly enhanced in kB2R knockout mice [15] and
renal injury due to ischemia/reperfusion was markedly worse in kB1R and kB2R double
knockout mice compared with kB2R knockout or wild type mice [16]. These data indicate
beneficial roles for kB1R and kB2R signaling in the cardiovascular and renal systems. In
contrast, kB1R and kB2R activation can have deleterious effects, causing pain and
inflammation. For example, both kB1R and kB2R are involved in nociception as kB2R
agonist BK induced thermal hyperalgesia in kB1R knockout mice and kB1R agonist DABK
induced the thermal hyperalgesia in kB2R knockout mice [17]. kB1R also regulates pain by
facilitating the nociceptive spinal reflex, as it was decreased in kB1R knockout mice [18].
The kB1R and kB2R also regulate the recruitment and infiltration of inflammatory cells into
local tissues. For example, in experimental autoimmune encephalomyelitis, leukocytes
infiltrating into the central nervous system were decreased in kB2R knockout mice whereas
T helper type 17 cells were reduced in kB1R knockout mice [19, 20].

Because of the potential roles of these receptors in various diseases, numerous agonists and
antagonists of kB1R or kB2R have been developed [21–24], with most of them being
derivatives of the natural kinin peptides [2], but some low molecular weight non-peptide
ligands have also been produced [2, 24]. These ligands generally have high selectivity for
either the kB1R or kB2R [2]. However, in cases where kB1R and kB2R activation results in
overlapping or complementary responses [12, 14, 17, 19, 20], ligands that bind to both kB1R
and kB2R might be more therapeutically efficacious. B9430 (D-Arg-[Hyp3, Igl5, D-Igl7,
Oic8]-BK) was developed as a dual antagonist of both the kB1R and kB2R [25], but dual
agonists of kB1R and kB2R have not been described. Although KD can bind with a
relatively high affinity to both human receptors [2], it is either much less potent or inactive
in stimulating kB1R-dependent responses [3, 26–29]. A complicating factor in studies
assessing the activity of KD on kB1Rs is the possible conversion of added KD to the potent
kB1R agonist DAKD by cellular carboxypeptidases such as the widely expressed
carboxypeptidase M [4, 30, 31]. In fact, we found that in transfected HEK cells stably
expressing only kB1Rs, KD was inactive in stimulating a calcium response, but became a
potent kB1R agonist in cells co-expressing CPM and kB1Rs [3, 27].

G protein-coupled receptor activation by agonists was initially thought to convert the
receptor from an “off” state to a fully “on” state that would then activate all associated
downstream pathways. However, more recently it has been discovered that some agonists

Zhang et al. Page 2

Cell Signal. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may activate only a subset of possible receptor responses, which has been termed “biased
agonism” or “ligand bias” [32, 33]. Furthermore, agonists may exhibit bias in their ability to
stimulate receptor desensitization and endocytosis [32, 33]. Biased agonists have been well
characterized for several G protein-coupled receptors, but have not been identified for the
kinin receptors.

Because the presence or absence of the C-terminal Arg of BK and KD is a key switch for
selectivity with the kB1R or kB2R, we tested the agonist activity of BK and KD in which
the C-terminal Arg was replaced with lysine (K9-BK and K10-KD). Surprisingly, we found
that K9-BK and K10-KD effectively stimulate both kB1R and kB2R signaling, but had
biased effects on kB2R-mediated ERK activation. These findings provide promising clues
for development of dual kB1R and kB2R agonists that could be useful therapeutic agents for
treatment of cardiovascular diseases.

2. Materials and Methods
2.1. Materials

Low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) and HAM’s F-12 medium
were obtained from GIBCO/Life Technologies. Fetal bovine serum (FBS) was from Atlanta
Biologicals. HOE-140, des-Arg9 -HOE-140, BK, des-Arg9-BK, des-Arg10-KD and des-
Arg10-Leu9-KD were from Sigma. KD was from Bachem. K9-BK and K10-KD were
synthesized by Chi Scientific. [3H]-Des-Arg10-KD was from PerkinElmer. [3H]-BK was
from Amersham Biosciences. The primary sequence of peptides used is summarized in
Table 1. [3H]-Arachidonic acid and myo-[3H]inositol were from American Radiolabeled
Chemicals, Inc. Fura-2/AM was from Molecular Probes. Anti-ERK1/2 and anti-
phosphorylated ERK1/2 antibodies were from Cell Signaling. Goat anti-mouse and anti-
rabbit IgG conjugated-HRP were from Pierce. Common chemicals were from Fisher
Scientific.

2.2. Cells
Human embryonic kidney (HEK293) and Chinese hamster ovary (CHO) cells were from the
American Type Culture Collection. Cells were maintained in DMEM or F-12 containing 100
U/ml penicillin, 100 μg/ml streptomycin and 10% FBS. Bovine pulmonary artery
endothelial cells (BPAEC) were from Genlantis and were maintained in DMEM containing
100 U/ml penicillin, 100 mg/ml streptomycin and 15% FBS. Primary human lung
microvascular endothelial cells (HLMVEC) were from Lonza and cultured in flasks coated
with 0.1% gelatin in Endothelial Cell Basal Medium (EBM®-2, Lonza) supplemented with
EGM®-2 SingleQuots® kit (Lonza) and 10% fetal bovine serum (Atlanta Biologicals). Cells
were maintained at 37°C in a humidified atmosphere of 5% CO2 and HLMVEC between
passage 3 and 6 were used for assay.

2.3. Generation of receptor constructs
The cDNA for human kB1R was a gift from Dr. Fredrik Leeb-Lundberg (University of
Lund, Sweden) and for human kB2R was from Syntex Co. The cDNA of human CPM was
cloned by our lab [34]. Wild type kB1R, kB2R or CPM were cloned into pcDNA3 or
pcDNA6 vectors (Invitrogen) for expression in mammalian cells. kB1R was also cloned into
pIRES (Clontech) at the Nhe I/Xho I sites, together with EGFP at the Sal I/Not I sites, to
achieve the coexpression of kB1R and GFP separately, but at the same time in the same cells
[3]. kB2R-YFP was generated as described by Chen et al. [35]. All the PCR fragments used
were amplified using high fidelity Taq DNA polymerase. Constructs were verified by DNA
sequencing performed by the DNA Services Facility of the Research Resources Center,
University of Illinois at Chicago.
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2.4. Transfection and establishment of stable cell lines
HEK293 cells, at 70–80% confluence in 6-well plates, were transfected with SuperFect
(Invitrogen) reagent containing 5 μg DNA according to the manufacturer’s instructions.
After 48 h, cells were transferred to selective medium containing G418 (500 μg/ml) or
blasticidin (5 μg/ml) according to the resistance gene contained in the vector. The cells were
cultured for 15–30 days in selective medium, and then diluted for single clone selection. For
kB1R and kB2R selection, the increase in [Ca2+]i stimulated by their specific agonist
(DAKD or DABK, respectively) was evaluated for each clone [3]. The cDNA of kB2R-YFP
was transfected into CHO cells, and the appropriate clones were selected in HAM’s F-12
medium supplemented with blasticidin (5μg/ml). Cells that highly expressed YFP were
separated by fluorescence-activated cell sorting with an Elite ESP cell sorter (Coulter
Corp.). The function of kB2R-YFP was confirmed by measuring arachidonic acid generation
after stimulation with BK [35]. For CPM selection, the enzyme activity was determined as
described [3] and expression was confirmed by Western blotting.

2.5. Measurement of intracellular Ca2+

Increases in intracellular calcium concentration ([Ca2+]i) were determined using fura-2/AM
[3]. HEK293 cells stably expressing kB1R or kB2R or primary BPAEC were grown on
polylysine-coated glass coverslips to 80% confluence, and then loaded with 2 μM fura-2/
AM for 60 min at 37 °C. Cells were washed and then stimulated with various concentrations
of kB1R or kB2R agonists as indicated and the fluorescence emission at 510 nm was
monitored after excitation at 340 and 380 nm using a PTI Deltascan
microspectrofluorometer. Area under the curve was integrated using Origin 8.0 software
(OriginLab Corporation). EC50 was calculated by plotting the dose-response curve based on
the area under the curve of the calcium response using GraphPad Prism 5.0 software.

2.6. Phosphoinositide turnover assay
Phosphoinositide (PI) turnover was determined as previously described [36] with slight
modification. Cells at about 80% confluence in 12-well plates were labeled for 18–24 h with
1 μCi/ml of myo-[3H]inositol in DMEM with 2% dialyzed FBS. After loading, the cells
were preconditioned with 15 mM LiCl for 60 min at 37 °C, then stimulated with agonists for
30 min at 37 °C followed by termination with 0.5 ml of ice-cold 20 mM formic acid. After
30 min on ice, the supernatant was combined with another 0.5 ml of 20 mM formic acid,
alkalinized with 0.2 ml of 3% ammonium hydroxide solution and then applied to an AG 1-
X8 anion exchange column. The column was washed with 2 ml of 20 mM formic acid, 4 ml
of 50 mM ammonium solution, and then 4 ml of 40 mM ammonium formate containing 0.1
M formic acid. After washing, inositol triphosphate (IP3) was eluted using 5 ml of buffer
containing 2 M ammonium formate and 0.1 M formic acid. The eluate was mixed with 10
ml of scintillation fluid and the radioactive IP3 was measured in a Beckman liquid
scintillation counter.

2.7. Determination of arachidonic acid
Arachidonic acid release was measured according to a protocol previously described with
modifications [37]. Briefly, cells at ~80% confluence were cultured for 18–24 h in growth
medium containing 0.1% FBS and 1 μCi/ml [3H]arachidonic acid. After loading, cells were
washed three times with HAM’s/F12 buffer (10.6 g/L HAM’s/F12, 6 g/L HEPES, 1.6 g/L
NaHCO3 and 0.1% (w/v) fat-free BSA), and then incubated in HAM’s/F12 buffer
containing receptor agonist for 30 min at 37 °C. [3H]arachidonic acid released into the
medium was counted in a Beckman liquid scintillation counter. EC50 was determined using
GraphPad Prism 5.0 software.
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2.8. Competitive binding assay
Monolayers (80% confluent) of HEK cells stably expressing kB1R or kB2R in 24-well
plates were rinsed three times with PBS and incubated with 4 nM of [3H]DAKD or 1 nM
[3H]BK and various concentrations of K9-BK or K10-KD for 90 min on ice. The incubation
was stopped by rinsing the cells three times with ice-cold PBS which were then lysed in 0.4
ml of 0.2 M NaOH and transferred to a liquid scintillation vial. The bound [3H]DAKD was
measured in a Beckman liquid scintillation counter [36]. The data were analyzed using
GraphPad Prism 5.0 software with competitive binding program (one site) (GraphPad
Software, Inc.).

2.9. Endocytosis assay
kB2R internalization was determined as previously described by Prado et al. [38] with slight
modification. Confluent monolayers of HEK cells stably expressing kB2Rs in 24-well plates
were rinsed three times with warm PBS and then incubated with PBS alone (control) or PBS
containing 1 μM BK or KD or 10 μM K9-BK or K10-KD for various times at 37 °C. The
cells were washed once with acidified DMEM (pH 2.0) for 5 min, and then washed twice
with ice cold PBS. After washing, cells were incubated with 1 nM [3H]BK for 90 min on
ice, then washed three times with ice-cold PBS. Cells were lysed in 0.4 ml of 0.2 M NaOH
and transferred to a scintillation vial and counted in a Beckman liquid scintillation counter.
The internalization of kB2R was calculated as: Fractional endocytosis = (Total binding −
residual binding)/Total binding. Total binding = [3H]BK bound to cells incubated with PBS
alone. Residual binding = [3H]BK bound to cells treated with cold agonists.

2.10. Western blotting
Cells were lysed in RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 1% sodium deoxycholate, 1% protease inhibitor cocktail) with sonication for 30
sec on ice. After centrifugation at 14,000 g for 10 min, the supernatant was collected, mixed
with an equal volume of 2X concentrated loading buffer and boiled for 5 min. The protein
samples were separated on an 8% SDS-polyacrylamide gel and transferred to a PVDF
membrane. The blots were blocked with 5% nonfat dry milk in PBS with 0.5% Tween-20
(PBST) for 2 h at room temperature. The membranes were washed with the same buffer and
incubated with primary antibodies overnight at 4°C. Anti-rabbit (Pierce) peroxidase-
conjugated secondary antibody was added to the membranes at a dilution of 1:3000 and
incubation was continued for 1.5 h at room temperature. The bands were visualized by
chemiluminescence (Pierce) [3].

2.11. Determination of ERK1/2 phosphorylation
Cells (80–90% confluent) stably expressing kB1R or kB2R in 24-well plates or primary
HLMVEC or BPAEC were stimulated with various concentrations of agonists for 5 min, or
with same concentration of agonists for different times. After stimulation, cells were lysed in
200 μl RIPA buffer containing 1 mM sodium orthovanadate (Na3VO4) for 5 min on ice. The
supernatants were collected after centrifuging at 14,000 g for 10 min (4 °C). The
phosphorylated ERK1/2 and total ERK1/2 were identified by Western blotting as described
above, and quantified by densitometry using software Quantity One (4.4.0, Bio-Rad).
Phosphorylated ERK1/2 was normalized to the corresponding total ERK1/2 band. Data are
expressed as fold-increase over the value for the non-treated control. EC50 was calculated
using GraphPad Prism 5.0 (GraphPad Software, Inc.). For the time course, data are
expressed as percentage of the maximum response.
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2.12. Determination of kinin peptide hydrolysis by HPLC
HEK cells stably expressing kB1R or CPM were cultured in 12-well plates. After reaching
confluency, cells were washed and medium was replaced with PBS. The cells were then
incubated with 200 μl of 10 μM K9-BK, K10-KD or BK for 30 min at 37 °C. The buffer was
collected, and then acidified with trifluoroacetic acid (6 μl). The kinin peptides and their
cleaved products were separated and quantified by HPLC as previously described [27].

2.13 Measurement of nitric oxide (NO) Production
HLMVEC were treated without (“control”) or with 5 ng/ml IL-1β and 100 U/ml IFN-γ for
16 h (“cytokine-treated”) to induce kB1R and iNOS expression[39, 40]. Cells were
pretreated for 30 min with vehicle or indicated concentration of antagonists HOE140 (kB2R
antagonist) or DALKD (kB1R antagonist). Cells were then stimulated with K10-KD and NO
production was measured for 20 min in real time with a porphyrinic microsensor as
described [39, 41]. The current was proportional to the NO released, and a computer-based
Gamry VP600 potentiostat was used to monitor NO concentration over time. Each electrode
was calibrated with an NO standard. The concentration of NO achieved at the peak of the
initial transient peak and at 20 min after addition of agonist (prolonged response) were both
used to quantitate the results.

2.14. Statistical analysis
Data are expressed as means ± SE. For two group comparison, Student’s t-test was used.
The ANOVA was used for more than two group assay, which was followed by Tukey’s Test
to identify the difference between groups (GraphPad Prism 5.0). Values of p< 0.05 were
considered significant.

3. Results
3.1. K9-BK and K10-KD stimulate kB1R signaling

The C-terminal Arg of BK or KD was replaced with lysine, to generate K9-BK or K10-KD.
In HEK cells stably expressing kB1Rs, 10 μM DABK or DAKD stimulated a large increase
in [Ca2+]i whereas 10 μM kB2R agonists BK or KD had no effect (Fig. 1A and B),
consistent with the known specificity of the kB1R to bind kinins lacking the C-terminal Arg
[2]. Surprisingly, 10 μM K9-BK or K10-KD also stimulated a large increase in [Ca2+]i,
similar to that induced by the kB1R agonists (Fig. 1A and B). Dose response curves for K9-
BK and K10-KD showed the EC50 of K9-BK (1.8 ×10−7 M) and K10-KD (4.7 ×10−8 M)
were higher than those of typical kB1R agonists DABK (9.0 ×10−9 M) and DAKD (5.4
×10−9 M), respectively (Table 2). The response induced by K9-BK and K10-KD was blocked
by specific kB1R antagonist des-Arg10-Leu9-KD (DALKD) (Fig. 1D). Thus, kinins
containing C-terminal Lys are effective kB1R agonists whereas the native kinins BK and
KD, containing C-terminal Arg, are not.

In HEK cells expressing kB1Rs, 1 μM K9-BK and K10-KD also stimulated phosphoinositide
(PI) turnover comparable to that induced by same concentration of DABK and DAKD (Fig.
2A). In contrast, BK and KD had no effect (Fig. 2A). Moreover, kB1R antagonist DALKD
blocked the PI turnover mediated by K9-BK and K10-KD indicating a kB1R-specific
response (Fig. 2B).

Because kB1Rs are also known to stimulate ERK activation, we also tested the effect of
Lys-kinin derivatives on this response. Indeed, K9-BK and K10-KD also dose-dependently
induced ERK1/2 phosphorylation, but the response to K9-BK was very weak (Fig. 3) and the
EC50 of K10-KD (7.6×10−7 M) was much higher than that of kB1R agonists DABK
(4.9×10−10 M) and DAKD (2.3×10−9 M) (Table 2).
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A B-type carboxypeptidase specific for basic residues, such as membrane CPM, can cleave
C-terminal Arg from BK or KD [4, 30, 31] and could potentially cleave K9-BK and K10-KD
to generate kB1R agonists DABK and DAKD. However, we previously showed that in HEK
cells transfected with only the kB1R, addition of BK or KD did not stimulate a kB1R signal
and did not generate DABK or KD unless co-transfected with CPM [3, 27]. In addition,
CPM cleaves C-terminal Lys much slower than C-terminal Arg [4, 31, 42]. Nevertheless, to
rule out the possibility that kB1R signaling in response to K9-BK and K10-KD was due to
generation of kB1R agonist by removal of the C-terminal Lys, we incubated the peptides for
30 min with HEK cells stably expressing either the kB1R or CPM (as positive control) and
analyzed the resulting peptides by HPLC analysis. In experiments with HEK cells
expressing only the kB1R, there was no detectable hydrolysis of K9-BK, K10-KD or BK
whereas in cells stably transfected with CPM, 10.1% of K9-BK, 11.2% of K10-KD and
35.7% of BK were cleaved to the corresponding des-Lys or des-Arg kB1R agonist (not
shown). Moreover, in competition binding assays carried out at 4° C, which would block
peptide hydrolysis, both K9-BK and K10-KD displaced [3H]DAKD binding to kB1Rs
although K9-BK was much less potent than K10-KD with an IC50 of 1.3×10−4 M compared
with 7.8×10−7 M for K10-KD (Fig. 4A).

3.2. K9-BK and K10-KD also stimulate kB2R signaling
In HEK cells stably expressing kB2Rs, 1 μM K9-BK or K10-KD stimulated increased
[Ca2+]i, with a response similar to that stimulated by 1 μM BK or KD, whereas 1 μM
DABK or DAKD (kB1R agonists) had no effect (Fig. 5A and B). The response to K9-BK
and K10-KD was dose-dependent and the potency of the two Lys-kinin derivatives was
similar (Fig. 5C) with an EC50 for K9-BK of 1.5 ×10−8 M and for K10-KD of 1.0 ×10−8 M
(Table 2). The native kB2R agonist kinins with C-terminal Arg were more potent than the
corresponding Lys-derivatives (Fig. 5C; Table 2).

In HEK cells expressing kB2Rs, 1 μM K9-BK and K10-KD also stimulated PI turnover
comparable to that induced by same concentration of BK and KD whereas kB1R agonists
DAKD and DABK were ineffective (Fig. 6A). kB2R antagonist HOE 140 blocked the PI
turnover mediated by K9-BK and K10-KD indicating a kB2R-specific response (Fig. 6B).

kB2R activation is known to stimulate the release of arachidonic acid (AA) from membrane
phospholipids [43]. In CHO cells stably expressing kB2R-YFP, K9-BK or K10-KD (1 μM)
stimulated AA release as did BK and KD but kB1R agonists DABK and DAKD had no
effect (Fig. 7A). Stimulation of AA release in these cells was dose-dependent (Fig. 7B) with
an EC50 of 1.3 ×10−8 M for K9-BK and 5.5 ×10−9 M for K10-KD (Table 2), higher than
those of BK and KD (Fig. 7B; Table 2). kB2R antagonist HOE 140 also blocked the AA
release mediated by K9-BK and K10-KD (Fig. 7C).

Finally, ERK1/2 phosphorylation mediated by K9-BK and K10-KD was measured. As
shown in Fig. 8, both Lys-derivatives induced ERK1/2 phosphorylation in a dose-dependent
manner, although both were less potent than the native peptides BK and KD (Fig. 8; Table
2). In contrast to the calcium response, where K9-BK and K10-KD had similar potency, K10-
KD was over 10-fold more potent (EC50 = 2.9 ×10−9 M) than K9-BK (4.2 ×10−8 M) in
stimulating ERK1/2 phosphorylation. However, in the competition binding assays, both K9-
BK and K10-KD displaced [3H]BK binding to kB2Rs with comparable IC50s of 1.6×10−9 M
for K9-BK and 3.3×10−9 M for K10-KD (Fig. 4B).

3.3. Kinetics of ERK1/2 phosphorylation
The time course of ERK1/2 phosphorylation induced by K10-KD in cells stably expressing
kB1Rs was essentially the same as the kB1R agonist DAKD, with a rapid phase peaking at 5
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min, followed by a prolonged phase lasting at least 60 min (Figs. 9A and 9B). [Because K9-
BK only weakly induced ERK1/2 phosphorylation in cells stably expressing kB1Rs (Fig. 3
and Table 2), the time course was not determined.]

In cells expressing kB2Rs, the kB2R agonist KD produced a prolonged activation of
ERK1/2, peaking at 5 min and very slowly decreasing, with 80% of maximal activation still
remaining at 40 min (Figs. 9C and D). BK also stimulated ERK1/2 phosphorylation that was
prolonged, although not as robust as that stimulated by KD, with 40% of maximal
phosphorylation maintained from 40 – 60 min (Figs. 9E and F). In contrast, the ERK1/2
phosphorylation response to K10-KD also reached a peak in 5 min, but more rapidly
returned to baseline within 40 min (Figs. 9C and D). K9-BK also stimulated peak ERK1/2
phosphorylation at 5 min but the response was even shorter, returning almost to baseline by
20 min (Figs. 9E and F).

3.4. Endocytosis of kB2Rs induced by K9-BK and K10-KD
kB2Rs are rapidly internalized or sequestered after stimulation with agonists [38]. Treatment
of HEK cells stably expressing kB2Rs with BK or KD stimulated rapid endocytosis that was
close to maximal by 20 min (Fig. 10). Although K9-BK and K10-KD also stimulated time-
dependent internalization of kB2Rs, the extent of endocytosis was much less. This was
especially evident with K10-KD, where maximal endocytosis was only ~20% compared with
~55% endocytosis with KD. The fact that the responses to KD and BK were much more
prolonged than K10-KD or K9-BK indicates that endocytosis is not a major mechanism for
terminating the ERK phosphorylation response and may, instead, lead to more prolonged
intracellular signaling.

3.5. K9-BK and K10-KD stimulate both kB1R an kB2R-dependent increased [Ca2+]i and
ERK1/2 phosphorylation in bovine pulmonary artery endothelial cells (BPAEC)

Because cell environment and receptor overexpression can have significant effects on
receptor activation and signaling, we tested the ability of K9-BK and K10-KD to stimulate
responses in BPAEC, one of the few cell types that constitutively express both receptors [3,
44, 45]. As shown in Fig. 11, both K9-BK and K10-KD (1 μM) stimulated a large increase in
[Ca2+]i that was partially blocked by either kB2R antagonist HOE140 or kB1R antagonist
DALKD and completely blocked by a combination of both antagonists. We also found that
both K9-BK and K10-KD stimulated ERK1/2 phosphorylation in BPAEC that were
pretreated with either kB1R antagonist DALKD (indicating a remaining kB2R response) or
kB2R antagonist HOE140 (showing a remaining kB1R response) that was inhibited by a
combination of both antagonists (Fig. 12). In both cases, the kB2R response was stronger
than the kB1R response as reflected by the greater inhibition with HOE140 (Figs. 11 and
12), consistent with the lower EC50 of the lysine derivatives on kB2R responses compared
with kB1R (Table 2).

3.6. K10-KD stimulate increased ERK1/2 phosphorylation and NO production in human
lung microvascular endothelial cells (HLMVEC)

To further investigate the ability of the lysine-kinin derivatives to stimulate natively
expressed kinin receptors, we utilized HLMVEC, which constitutively express kB2Rs and
can be induced to express kB1Rs by cytokine treatment [39, 45, 46]. Kinins can stimulate
both kB1R and kB2R-dependent ERK1/2 phosphorylation and NO production in these cells
[39, 40, 46] (Lowry, J.L. and Skidgel, R.A., unpublished).

In cytokine-treated HLMVEC, K10-KD (1 μM) stimulated an increase in ERK1/2
phosphorylation that was maximal at 5 min (Fig. 13). Pretreatment with kB1R antagonist
DALKD appeared to decrease the response, but it did not reach a level of significance.
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However, addition of DALKD + kB2R antagonist HOE140 resulted in a significant
blockade of the increase in ERK phosphorylation (Fig. 13).

We utilized a porphyrinic microsensor to measure the kinetics of NO output in real time [40,
41, 46] in response to K10-KD. In control HLMVEC, (which express kB2Rs but not kB1Rs),
K10-KD (1 μM) stimulated an increase in NO production that was transient, reaching a peak
at ~2 – 3 min and then returning to baseline (Fig. 14A), similar to the effect of BK on NO
output we previously found in these cells [39]. This response was blocked by kB2R
antagonist HOE140, but not kB1R antagonist DALKD (Fig. 14A). In cytokine-treated
HLMVEC, (to induce kB1R expression), K10-KD stimulated a transient peak of NO as well
as a prolonged phase of NO production (Fig. 14B). We previously showed that kB1R
stimulation in cytokine-treated HLMVEC produces a prolonged high output of NO that is
due to acute iNOS activation [40, 46]. Indeed, kB1R antagonist DALKD primarily blocked
the prolonged phase of NO production, with no effect on the initial transient peak, which
was effectively blocked by kB2R antagonist HOE140 (Fig. 14B). HOE140 also partially
reduced the prolonged phase of NO production stimulated by K10-KD, consistent with our
previous finding of kB2R-dependent prolonged NO production in response to BK in
cytokine-treated HLMVEC [39]. These data show that K10-KD stimulates both kB1R and
kB2R-dependent NO production in HLMVEC.

4. Discussion
Signaling through the kallikrein-kinin system is mediated by kB1Rs and kB2Rs, GPCRs that
regulate a variety of physiological and pathological processes such as blood pressure
(vasodilation), normal renal function (natriuresis), inflammation and pain [2, 8–11]. There is
great interest in developing agonists and antagonists of kB1Rs and kB2Rs as potential drugs
for regulating these processes [9–11, 22, 24, 47, 48]. The agents developed so far selectively
modulate either kB1Rs or kB2Rs, including kinin peptide analogues or small organic
molecules, except for B9430, which antagonizes both the kB1R and kB2R [2, 21, 24, 25].
Here we found that both K9-BK and K10-KD effectively activate both kB1Rs and kB2Rs as
evidenced by stimulation of PI turnover, increased [Ca2+]i, ERK1/2 phosphorylation,
arachidonic acid release and NO production. This was true not only in HEK cells transfected
with kinin receptors, but also in primary BPAEC that constitutively express both kB1R and
kB2R [3, 44, 45] or HLMVEC that constitutively express kB2Rs and in which kB1R
expression can be induced with cytokines [39, 45, 46]. These findings indicate common
features for binding to kB1Rs and kB2Rs that could be exploited for development of a single
compound that can stimulate or inhibit both receptors.

The crystal structures of the kB1R or kB2R complexed with agonists or antagonists have not
been determined, but studies on mutant chimeric receptors and homology modeling have
indicated the similarities in the structure of their binding pockets for ligands. For example, a
chimeric kB2R containing extracellular loop III of the kB1R only had modestly reduced
affinity for BK binding but a ~13-fold increase in affinity for kB1R agonist [49]. The two
conserved acidic residues located in extracellular loop III of both receptors were involved in
the interaction with the basic N-terminal amino acid of their agonists [49]. In contrast,
replacing extracellular loop I or II of the kB2R with corresponding kB1R loops did not
affect kB2R functions nor binding of kB1R agonists [49]. Replacement of the sixth
transmembrane domain of kB2R with that of the kB1R dramatically reduced BK binding but
did not alter the binding of kB2R antagonist NPC17731 [50]. Moreover, homology
modeling of B1 and kB2Rs revealed many similar interactions in binding of their agonists or
antagonists [51, 52]. These findings support the idea that a single agent can be developed to
regulate both kB1R and kB2R functions.
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It was reported that ionic interactions provide important binding energy for kB1R and kB2R
association with their ligands [2]. For example, one non-peptide antagonist of the kB1R has
a simplified common pharmacophore, which has hydrophobic group (such as aryl), a
hydrogen-bonding acceptor such as SO2 or CO, a linker group and a basic group including
imidazoline, amines [24]. In fact, a single positive charge in the 3rd transmembrane domain
of the kB1R (Lys118) is responsible for repelling the C-terminal Arg of kB2R agonists and
thus mediates its selectivity for des-Arg-kinin agonists [53]. In the kB2R, this residue is
Ser111 which allows interaction with peptides containing C-terminal Arg [53]. Based on
these results, it is not surprising that Lys9 kinins bind and activate kB2Rs, but the ability to
activate kB1Rs was unexpected. The reason that Arg9-kinins do not activate kB1Rs but
Lys9-kinins do is not clear, but may be related to the differences in their side chains. Lys has
a longer side chain than Arg and has the greatest side-chain flexibility of all amino acids
[54] and may be able to adopt a conformation when bound to the kB1R that largely avoids
interaction with Lys118 in transmembrane domain 3. In addition, except for the ε-amino
group, the side chain of Lys is quite hydrophobic and frequently interacts with other
hydrophobic side chains via van der Walls interactions [55]. It thus may be able to
participate in the binding normally mediated by the hydrophobic C-terminal Phe in the
typical des-Arg kinin kB1R agonists.

It is possible that ligands with dual binding specificity would be advantageous in treating
some diseases because kB1Rs and kB2Rs have overlapping signaling, resulting in release of
similar mediators (e.g., NO, prostaglandins) and both receptors are present and may
participate in many pathophysiological processes [12, 14, 17, 19, 20]. For example, early
studies with K9-BK or K10-KD showed that they stimulate a greater hypotensive response
than equal doses of BK and KD after i.v. administration to guinea pigs [56]. Although the
EC50s of K9-BK and K10-KD for human kB2R are higher than those of BK and KD, the
greater in vivo effect of K9-BK and K10-KD in guinea pigs might be due, at least partially,
to additional activation of kB1R signaling. Alternatively, K9-BK and K10-KD might have a
higher affinity for guinea pig kB2Rs than human receptors or they may be more resistant to
degradation. Effectiveness of kB1R and kB2R agonists or antagonists can be species-
dependent and the lifetime of BK and KD in vivo is lower than 30 seconds [2, 9, 21, 24].

The EC50s of K9-BK and K10-KD are almost 100-fold higher than those of specific kB1R or
kB2R agonists (Table 2). However, K9-BK and K10-KD are not just partial agonists because
at high enough concentrations, they can stimulate maximal kB1R and kB2R-mediated
calcium responses, equivalent to those of the specific kB1R and kB2R agonists.

The time course of ERK1/2 phosphorylation induced by K10-KD activation of the kB1R was
the same as that mediated by kB1R agonist DAKD with a rapid phase peaking at 5 min,
followed by a prolonged phase lasting at least 60 min. For several other GPCRs, rapid
ERK1/2 phosphorylation has been attributed primarily to G protein-dependent activation
whereas prolonged ERK1/2 phosphorylation is mediated by β-arrestin-dependent MAP
kinase scaffolding and activation in the cytoplasm [57]. Indeed, we recently showed that the
late, prolonged phase of ERK1/2 activation in response to kB1R activation required for high
output iNOS–derived NO production is dependent on β-arrestin 2 [58]. This is consistent
with the results of the present study showing a kB1R-dependent prolonged phase of ERK1/2
activation with either K10-KD or DAKD.

In contrast, the time course of ERK1/2 phosphorylation stimulated by K10-KD and K9-BK
acting on kB2Rs was quite different from that induced by kB2R agonists KD and BK (Fig.
9). Peak ERK1/2 phosphorylation was at 5 min for all agonists, but the responses to the
Lys9-kinins dropped more rapidly, reaching baseline by 20 – 40 min whereas with the native
Arg9-kinins, ERK1/2 phosphorylation was prolonged and still at ~40 – 70% of the
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maximum at 60 min. Recent studies have found that biased ligands of GPCRs can
selectively activate G-protein or β-arrestin mediated signaling [32]. Thus, it is possible that
K10-KD and K9-BK activate the kB2R to stimulate primarily G protein-dependent ERK1/2
phosphorylation whereas KD and BK stimulate both G protein-dependent and prolonged β-
arrestin-dependent ERK activation. Another potential explanation for the different kinetics
of kB2R-mediated ERK1/2 phosphorylation is differences in their ability to cause
desensitization and endocytosis. Indeed, the more prolonged signaling of kB1Rs compared
with kB2Rs has been attributed to their relative resistance to desensitization whereas kB2Rs
are generally rapidly desensitized [2, 59]. However, this does not explain the difference in
kinetics of ERK1/2 activation by these agonists as KD and BK stimulated much greater
kB2R endocytosis compared with K10-KD and K9-BK. Our findings are consistent with the
possibility that prolonged ERK1/2 activation requires receptor endocytosis and that
signaling continues in a β-arrestin-dependent fashion in endosomes, as shown for other
GPCRs [57]. Indeed, although β-arrestin 2 is necessary for kB2R endocytosis and
desensitization of G protein-dependent signaling [60, 61], β-arrestin 2 was recently reported
to mediate prolonged kB2R-mediated ERK1/2 activation [61]. Based on these findings, our
results are consistent with the possibility that natural agonists KD and BK cause both rapid
G protein-dependent and prolonged β-arrestin 2-dependent ERK1/2 activation whereas K10-
KD and K9-BK only stimulate the rapid G-proteins dependent phase.

The C-terminal region of the kB2R contains potential phosphorylation motifs for G protein-
coupled receptor kinases (GRKs) [2]. Phosphorylation by GRKs is considered to be essential
for receptor recruitment of β-arrestin [62]. Biased agonists exist for angiotensin type 1 and
μ-opioid receptors [32, 63] and one potential mechanism for their biased effects is the
ability to recruit different GRK subtypes to the receptor [64]. Thus, K10-KD and K9-BK
might stimulate G protein-mediated signaling but not β-arrestin-dependent responses due to
its inability to induce β-arrestin 2 binding. This type of biased response could be exploited
in development of more specific therapeutic agents to interact with the kB2R.

5. Conclusion
In summary, we have identified K9-BK and K10-KD as agonists of both kB1Rs and kB2Rs
that also may represent biased agonists of kB2Rs. These findings provide not only future
research tools to dissect receptor signaling, for example biased agonism of kB2Rs, but also
provide useful starting points for developing dual modulators of kB1Rs and kB2Rs. The
development of low molecular weight compounds that can activate both kB1Rs and kB2Rs,
for example to generate nitric oxide [40, 65], might be useful in the treatment of some
cardiovascular diseases. Alternatively, development of specific biased agonists for the kB2R
might be useful for targeted therapy, where activation of only a subset of kB2R downstream
signaling events is desired.
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Abbreviations

CP carboxypeptidase

kB1R kinin B1 receptor

kB2R bradykinin B2 receptor
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[Ca2+]i intracellular calcium concentration

PBS phosphate buffered saline

DMEM Dulbecco’s Modified Eagle’s Medium

GPCR G protein-coupled receptor

BK bradykinin

KD kallidin

DABK des-Arg9-bradykinin

DAKD des-Arg10-kallidin

K9-BK Lys9-bradykinin

K10-KD Lys10-kallidin

DALKD des-Arg10-Leu8-kallidin

HEK human embryonic kidney

FBS Fetal bovine serum

CHO Chinese hamster ovary

PI Phosphoinositide

IP3 inositol triphosphate

RIPA radio-immunoprecipitation assay

B9430 D-Arg-[Hyp3, Igl5, D-Igl7, Oic8]-bradykinin

NO nitric oxide

eNOS endothelial nitric oxide synthase

iNOS inducible nitric oxide synthase
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Highlights

• Kinin B1 and B2 receptors are important in normal and pathological conditions.

• We tested kinin derivatives containing C-terminal Lys instead of the native Arg.

• Lys9-bradykinin and Lys10-kallidin effectively activated both B1 and B2
receptors.

• The Lys-kinin derivatives showed biased agonism for B2 receptor activation of
ERK1/2.

• Dual activators of B1 and B2 receptors might be therapeutically useful.
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Fig. 1.
K9-BK and K10-KD stimulate a kB1R-dependent increase in [Ca2+]i. Cells stably expressing
the kB1R were stimulated with kinin peptides and the increase in [Ca2+]i was measured as
described in Methods. A. Typical tracing showing the increase in [Ca2+]i mediated by
DABK and K9-BK. kB2R agonist BK had no effect. B. Typical tracing showing the increase
in [Ca2+]i stimulated by DAKD and K9-KD. kB2R agonist KD had no effect. Results shown
in A and B are representative of at least three experiments. C. Dose response curves for the
kB1R-dependent increase in [Ca2+]i stimulated by K9-BK, K10-KD, DABK or DAKD in
HEK cells stably expressing kB1Rs. The data are representative of three experiments. D.
Effect of kB1R antagonist des-Arg10-Leu9-KD (DALKD) on the increase in [Ca2+]i induced
by K9-BK or K10-KD. HEK cells stably expressing kB1Rs were pretreated with or without
10 μM DALKD for 60–90 sec. The increased [Ca2+]i mediated by K9-BK (1 μM) or K10-
KD (1 μM) was recorded and area under the calcium response curve was quantified. The
data are expressed as mean ± SE (n=3). *p < 0.05, vs vehicle (Student’s t test).
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Fig. 2.
K9-BK and K10-KD induce kB1R-dependent phosphoinositide turnover. A. HEK cells
stably expressing kB1Rs were treated with 1 μM DABK, DAKD, K9-BK, K10-KD, BK or
KD for 30 min and inositol triphosphate was measured as described in Methods. The data
are expressed as mean ± SE (n=4). *p < 0.05, vs vehicle (ANOVA followed by Tukey’s
test). B. HEK cells stably expressing kB1Rs were preincubated with vehicle or kB1R
antagonist DALKD (10 μM) for 10 min and cells were then incubated for 30 min with 1 μM
K9-BK or K10-KD and IP3 was measured as in A. The data are expressed as mean ± SE
(n=4). *p < 0.05, vs vehicle (Student’s t test).
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Fig. 3.
K9-BK and K10-KD dose-dependently induce ERK1/2 phosphorylation through kB1Rs.
HEK cells stably expressed kB1Rs were incubated with various concentrations of DABK,
DAKD, K9-BK, or K10-KD for 5 min. Phosphorylated ERK1/2 and total ERK1/2 were
detected by Western blotting (A and C) and quantified by densitometry according to the
description in methods. The data are representative of three experiments.
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Fig. 4.
K9-BK and K10-KD compete with specific agonists for binding to the kB1R or kB2R. HEK
cells stably expressing kB1Rs (A) or kB2Rs (B) were incubated with 4 nM [3H]-DAKD (A)
or 1 nM [3H]-BK (B) and various concentrations of K9-BK or K10-KD for 90 min on ice.
After washing, the residual binding of [3H]-DAKD or [3H]-BK were determined by liquid
scintillation counting. The data are representative of three experiments.
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Fig. 5.
K9-BK and K10-KD stimulate a kB2R-dependent increase in [Ca2+]i. HEK cells stably
expressing kB2Rs were stimulated with kinin-related peptides and the increase in [Ca2+]i
was recorded as described in Methods. Typical tracing showing the increase in [Ca2+]i
mediated by BK and K9-BK. kB1R agonist DABK had no effect. B. Typical tracing
showing the increase in [Ca2+]i stimulated by KD and K9-KD. kB1R agonist DAKD had no
effect. Results shown in A and B are representative of at least three experiments. C. Dose
response curves for the kB2R-dependent increase in [Ca2+]i stimulated by K9-BK, K10-KD,
BK or KD in HEK cells stably expressing kB2Rs. The data are representative of three
experiments.
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Fig. 6.
K9-BK and K10-KD induce kB2R-dependent phosphoinositide turnover. A. HEK cells
stably expressing kB2Rs were treated with 1 μM BK, KD, K9-BK, K10-KD, DABK or
DAKD for 30 min and inositol triphosphate was measured as described in Methods. The
data are expressed as mean ± SE (n=4). *p < 0.05, vs vehicle (ANOVA followed by Tukey’s
test). B. HEK cells stably expressing kB2Rs were preincubated with vehicle or kB2R
antagonist HOE140 (1 μM) for 10 min and cells were then incubated for 30 min with 1 μM
K9-BK or K10-KD and IP3 was measured as in A. The data are expressed as mean ± SE
(n=4). *p < 0.05, vs vehicle (Student’s t test).
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Fig. 7.
K9-BK and K10-KD stimulate archidonic acid (AA) release by activating kB2Rs. A. CHO
cells stably expressing kB2R-YFP were incubated with 1 μM K9-BK, K10-KD, BK, KD,
DABK or DAKD for 30 min and AA release was measured as described in Methods. The
data are expressed as mean ± SE (n=3). *p < 0.05, vs Vehicle (ANOVA followed by
Tukey’s test). B. CHO cells stably expressing kB2R-YFP were incubated with various
concentrations of BK, KD, K9-BK or K10-KD for 30 min and the AA release was measured.
The data are expressed as mean ± SE (n=3). C. CHO cells stably kB2R-YFP were incubated
with or without 10 μM HOE 140 for 10 min, then the cells were incubated with 1 μM K9-
BK or K10-KD for 30 min and the AA release was measured. The data are expressed as
mean ± SE (n=3). *p < 0.05, vs vehicle (Student’s t test).
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Fig. 8.
K9-BK and K10-KD dose-dependently induce ERK1/2 phosphorylation through kB2Rs.
HEK cells stably expressing kB2R were incubated with various concentrations of KD, K10-
KD (A and B), BK or K9-BK (C and D) for 5 min. Phosphorylated ERK1/2 and total
ERK1/2 were detected by Western blotting (A and C) and quantified by densitometry (B
and D). The data are representative of three experiments.
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Fig. 9.
The kinetics of ERK1/2 phosphorylation induced by K10-KD or K9-BK activation of kB1Rs
or kB2Rs. HEK cells stably expressing kB1Rs (A and B) or kB2Rs (C–F) were incubated
with 1 μM DAKD (A), 1 μM KD or BK (C and E), 10 μM K10-KD(A and C) or 10 μM
K9-BK (E) for various times. Phosphorylated ERK1/2 and total ERK1/2 were detected by
Western blotting (A, C and E) and quantified by densitometry (B, D and F). The data are
representative of three experiments.
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Fig. 10.
Endocytosis of kB2Rs induced by K9-BK, K10-KD, BK and KD. HEK cells stably
expressing kB2Rs were incubated with 10 μM K9-BK (A) or K10-KD (B), or 1 μM BK (A)
or KD (B) for various time. After treatment, the fraction of internalized kB2Rs was
determined as described in Methods. The data are representative of three experiments.
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Fig. 11.
K9-BK and K10-KD stimulate a kB2R- and kB1R-dependent increase in [Ca2+]i in primary
bovine endothelial cells. BPAEC were pre-treated with vehicle (Control) or 10 μM DALKD
(kB1R antagonist), 10 μM HOE 140 (kB2R antagonist) or both for 10 min. The increase in
[Ca2+]i was measured after addition of 1 μM K10-KD (A) or K9-BK (B). The results are
representative of three experiments.
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Fig. 12.
K9-BK and K10-KD stimulate a kB2R- and kB1R-dependent increase in ERK1/2
phosphorylation in primary bovine endothelial cells. BPAEC were pre-treated with 10 μM
DALKD (kB1R antagonist), 10 μM HOE 140 (kB2R antagonist) or both for 10 min
followed by addition of 1 μM K10-KD, K9-BK, DAKD (kB1R agonist) or BK (kB2R
agonist) for 5 min. The phosphorylated and total ERK1/2 were determined by Western
blotting (A) and the blot shown was quantified by densitometry (B). The data are
representative of three independent experiments.
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Fig. 13.
Stimulation of ERK1/2 phosphorylation by K10-KD in primary human endothelial cells.
Cytokine-treated HLMVEC were pre-treated for 20 min with 20 μM MGTA (CPM
inhibitor) and either vehicle, 1 μM DALKD or 1 μM DALKD + 1 μM HOE 140. Cells were
then stimulated with 1 μM K10-KD for the indicated times. (A) Phosphorylated ERK1/2 and
total eNOS (as a loading control) were determined by Western blotting. (B) Densitometry
analysis of phospho-ERK1/2 was determined in 3 independent experiments and quantified
by densitometry (B). The data are expressed as mean ± SE (n=3). *p < 0.03 vs vehicle
(Student’s t test).
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Fig. 14.
K10-KD stimulates a kB2R- and kB1R-dependent increase in NO production in primary
human endothelial cells. (A) HLMVEC were pre-incubated for 30 min with 1 μM HOE140
or 1 μM DALKD. K10-KD (100 nM) was added and NO was measured in real time for 10
min with a porphyrinic microsensor. Left: Example of real time NO tracing. Scale bar shows
electrode response to 300 nM NO standard. Right: Results were quantitated and mean values
± SE (n = 3) are shown. (B) HLMVEC pretreated with 5 ng/ml IL-1β and 100 U/ml IFN-γ
for 16 h (“Cytokine-treated”) were pre-incubated for 30 min with 10 μM HOE140 or 10 μM
DALKD. K10-KD (1 μM) was added and NO was measured in real time for 20 min with a
porphyrinic microsensor. Left: Example of real time NO tracing. Scale bar shows electrode
response to 300 nM NO standard. Right: Results were quantitated both by measuring the
maximum NO concentration of the initial peak and by the NO concentration achieved at 20
min. Shown are mean values ± SE (n = 3). * = p < 0.05 vs K10-KD alone; $ = p < 0.05 vs
K10-KD or K10-KD + DALKD; # = p < 0.05 vs K10-KD or K10-KD + HOE140.
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Table 1

Sequences of peptides used.

Peptide Amino Acid Sequence

Bradykinin (BK) Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

Lys9-bradykinin (K9-BK) Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Lys

Des-Arg9-bradykinin (DABK) Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe

Kallidin (KD) Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

Lys10-kallidin (K10-KD) Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Lys

Des-Arg10-kallidin (DAKD) Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe

Des-Arg10-Leu9-kallidin (DALKD) Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Leu

HOE 140* D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-Tic-Oic-Arg

*
Hyp, trans-4-hydroxy-Pro; Thi, β-(2-thienyl)-Ala; Tic, [D]-1,2,3,4-tetrahydroisoquinolin-3-yl-carbonyl; Oic, (3as,7as)-octahydroindol-2-yl-

carbonyl.
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