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a Department of Organic Chemistry, Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussels, Belgium
b Institute of Biochemistry, Biological Research Centre of the Hungarian Academy of Sciences, Temesvàri krt. 62, H-6726 Szeged, Hungary
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Abstract: High affinity peptide ligands for the bradykinin (BK) B2 subtype receptor have been shown to adopt a β-
turn conformation of the C-terminal tetrapeptide (H-Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9-OH). We investigated the
replacement of the Pro7-Phe8 dipeptide moiety in BK or the D-Tic7-Oic8 subunit in HOE140 (H-D-Arg0-Arg1-Pro2-Hyp3-Gly4-Thi5-
Ser6-D-Tic7-Oic8-Arg9-OH) by 4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one templates (Aba). Binding studies to the human B2

receptor showed a correlation between the affinities of the BK analogs and the propensity of the templates to adopt a β-turn
conformation. The L-spiro-Aba-Gly containing HOE140 analog BK10 has the best affinity, which correlates with the known turn-
inducing property of this template. All the compounds did not modify basal inositolphosphate (IP) output in B2-expressing CHO
cells up to 10 µM concentration. The antagonist properties were confirmed by the guinea pig ileum smooth muscle contractility
assay. The new amino-benzazepinone (Aba) substituted BK analogs were found to be surmountable antagonists. Copyright 
2007 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Bradykinin (BK, H-Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7

-Phe8-Arg9-OH) is implicated in a number of physiologi-
cal and pathophysiological processes. It plays a key role
in inflammatory diseases, vascular permeability and
allergic reactions [1–3]. It is a potent elicitor of pain and
is also suggested to be a growth factor for prostate and
small cell lung carcinoma [4–6]. Its biological effects are
mediated by two types of receptors, B1 and B2. Activa-
tion of B2 receptors mediates nociception [7], therefore
B2 antagonists have antinociceptive effects [8]. The
search for effective BK receptor antagonists has been
going on since 1984 [9]. Key modifications in the first
generation B2 antagonists were the replacement of Pro7

by D-aromatic amino acids (blocking ACE) and the addi-
tion of an extra D-Arg residue to the N-terminus, which
blocks the enzymatic degradation by aminopeptidase P
and consequently increases the lifetime in vivo [10]. The
second and third generation antagonists contained con-
formationally constrained amino acids (D-Tic = 1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid and Oic =
octahydroindole-2-carboxylic acid), as exemplified by
HOE 140 (H-D-Arg0-Arg1-Pro2-Hyp3-Gly4-Thi5-Ser6

-D-Tic7-Oic8-Arg9-OH), which were capable of reducing
the impact of carboxypeptidase N [11,12].

* Correspondence to: D. Tourwé, Department of Organic Chemistry,
Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussels, Belgium; e-
mail: datourwe@vub.ac.be

Since ACE cleaves BK at the Pro7-Phe8 position,

Amblard proposed that ACE inhibitors might display

features that are complementary to the BK receptor

[13–16]. Therefore, the dipeptides Pro7-Phe8 and D-

Tic7-Oic8 in BK and HOE 140, respectively, were

replaced by the core of various ACE inhibitors. The

introduction of the dipeptidomimetic D-BT 1 ((S)-[3-

amino-4-oxo-2,3-dihydro-5H-benzo[b] [1,4] thiazepin-

5-yl] acetic acid) in BK or in the HOE 140 sequence

produced potent and selective B2 receptor ligands,

which unexpectedly turned out to be agonists [14,15].

Conformational analysis has revealed that potent

peptide ligands for the B2 receptor adopt a C-terminal

type II′ β-turn at the level of the residues 6–9 in BK, i.e.

Ser6-Pro7-Phe8-Arg9 [17–20]. The D-BT dipeptomimetic

1 adopts a type II′ β-turn in the solid state as well as in

solution, as evidenced by IR, NMR and X-ray analysis

[16]. This confirms the suggestion that high affinity for

the B2 receptor is related to a high propensity of the BK

analogues to adopt a C-terminal β-turn conformation.

The structural resemblance between the D-BT 1 moi-

ety and the 4-amino-1,2,4,5-tetrahydro-2-benzazepin-

3-one (Aba) scaffolds (structures 2 to 6) urged us to

examine the effects of introducing this type of struc-

ture into the BK and HOE 140 sequence (Figure 1).

Moreover, this dipeptide mimic has also been used to

prepare ACE inhibitors [21]. Since we have recently

demonstrated that Aba-containing dipeptide mimetics

Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd.
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BK: H-Arg-Pro-Pro-Gly-Thi-Ser-Pro-Phe-Arg-OH
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Figure 1 The structures of the D-BT motif 1 and Aba scaffolds 2–7.

do not adopt turn conformations, and that the spiro-
Aba dipeptidomimetic 7 strongly prefers a turn struc-
ture [22], the incorporation of these scaffolds into the
BK and HOE 140 sequences provides a means to further
probe the β-turn hypothesis. Very recently, the impor-
tance of the conformation of the C-terminus of BK was
further demonstrated by incorporation of a dipeptide
mimetic β-turn inducer [23].

MATERIALS AND METHODS

General Information

Boc-Arg(Tos)-Merrifield resin, 2–1H(benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TBTU) and Boc-amino
acids were purchased from Senn Chemicals (Dielsdorf,
Switzerland). D-α-(o-cyanobenzyl)proline was donated by Bio-
quadrant (Laval, QC, Canada).

[3H]-BK (specific activity 90 Ci mmol−1) and myo-[1,2-3H]
inositol (specific activity 74.7 Ci · mmol−1) were provided by
PerkinElmer New England Nuclear (Boston, MA, USA). BK and
bestatin were obtained from Peninsula (St. Helens, UK). Leu-
peptin was obtained from Boehringer Mannheim (Germany)
and Thiorphan from Bachem (Essex, UK). MERGEPTA was
from Calbiochem (La Jolla, CA, USA). All salts used were
purchased from Merck (Darmstadt, Germany). All other mate-
rials were obtained from Sigma (St. Louis, LA, USA). HOE
140 was synthesized in Menarini Ricerche (Florence, Italy). All
compounds were stored at −25 °C.

Thin layer chromatography (TLC) was performed on a plastic
sheet precoated with silica gel 60F254 (Merck, Darmstadt,
Germany) using specified solvent systems. Melting points
were determined on a Büchi B540 melting point apparatus
(Flawil1, Switzerland) with a temperature gradient of 1 °C
min−1. Mass spectrometry (MS) was recorded on a VG Quattro
II spectrometer using electrospray (ESP) ionization (positive or
negative ion mode). Data collection was done with Masslynx
software. Analytical RP-HPLC was performed using an Agilent
1100 Series system (Waldbronn, Germany) with a Supelco
Discovery BIO Wide Pore (Bellefonte, PA, USA) RP C-18 column

(25 cm × 4.6 mm, 5 µm) using UV detection at 215 nm. The
mobile phase (water/acetonitrile) contained 0.1% TFA. The
standard gradient consisted of a 30 min run from 3 to 97%
acetonitrile at a flow rate of 1 ml min−1. Preparative RP-HPLC
was performed on a Gilson apparatus, and controlled with the
software package Unipoint. The Reverse Phase C-18 column
(Discovery BIO Wide Pore 25 cm × 21.2 mm, 10 µm) was used
under the same conditions as the analytical RP-HPLC, but with
a flow rate of 20 ml min−1. 1H-NMR and 13C-NMR spectra
were recorded at 250 MHz and 63 MHz, respectively, on a
Bruker AC 250 spectrometer. Calibration was done with TMS
(tetramethylsilane) or residual solvent signals as the internal
standard. The solvent used is mentioned in all cases and the
abbreviations used are as follows: s (singlet), d (doublet), dd
(double doublet), ps t (pseudo triplet), t (triplet), q (quadruplet),
p (pentuplet), br s (broad singlet), m (multiplet), M (massive).

Peptide Synthesis

All peptides in this study were synthesized manually by
the Boc solid-phase methodology using TBTU and HOBt as
the coupling reagents. Boc-Arg(Tos)-Merrifield resin (loading
0.57 mmol g−1) was placed into a 50 ml glass vial with fritted
disc and swollen in CH2Cl2 (20 ml) for 1 h. The Boc protecting
group on the resin was removed by a 49% TFA/49% DCM/2%
anisole mixture (5 min+15 min). The resin was washed with
DMF (3 × 15 ml) and then with DCM (3 × 15 ml). Boc-Aba-
Xxx-OH (3 equiv.) and TBTU/HOBt (3 equiv.) were dissolved
in 10 ml of DMF and then NMM (9 equiv.) was added. The
coupling mixture was transferred into the glass vial with
the resin and shaken for 2.5 h. The resin was washed three
times with DMF (15 ml) and three times with DCM (15 ml).
Completion of the coupling was tested by means of the Kaiser
or NF-31 test. In case of a positive color test, the coupling was
repeated until a negative test was obtained. The next amino
acid was consecutively coupled using the procedure described
above. The removal of the orthogonal protecting groups as
well as final cleavage of the peptide from the resin were
induced by HF(l) treatment (Asti, France). After lyofilization,
final purification was accomplished by preparative RP-HPLC.
The purified peptides (>95% purity) were isolated and their
structures were confirmed by electrospray ionization (ESI)
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Table 1 Physicochemical Properties of the BK Hybrid Peptides

No. Sequence m/z
(M + 1)

HPLCa TLCb

Calcd O
bsd

System
1

System
2

System
1

System
2

BK1 H-Arg-Pro-Pro-Gly-Phe-Ser-D-Aba-Gly-OH 1031.5 1032 13.8 16.8 0.33 0.63
BK2 H-Arg-Pro-Pro-Gly-Phe-Ser-(D,L)-MeAba-Gly-OH 1045.6 1046 12.7 16.3 0.37 0.61
BK3 H-Arg-Pro-Pro-Gly-Phe-Ser-D-Aba-L-Ala-OH 1045.6 1046 11.0 16.0 0.33 0.59
BK4 H-Arg-Pro-Pro-Gly-Phe-Ser-D-Aba-D-Ala-OH 1045.6 1046 11.3 16.6 0.37 0.61
BK5 H-Arg-Pro-Pro-Gly-Phe-Ser-spiro-(D or L)-Aba-Gly-OH 1071.6 1072 12.3 17.2 0.33 0.69
BK6 H-Arg-Pro-Pro-Gly-Phe-Ser-spiro-(D or L)-Aba-Gly-OH 1071.6 1072 12.5 17.3 0.35 0.67
BK7 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Aba-Gly-OH 1209.6 1210 9.7 15.0 0.37 0.63
BK8 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-L-Aba-Gly-OH 1209.6 1210 8.0c 15.3 0.35 0.70
BK9 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-spiro-Aba-Gly-OH 1249.6 1250 11.0 16.3 0.37 0.67
BK10 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-L-spiro-Aba-Gly-OH 1249.6 1250 11.1 16.4 0.39 0.55

a HPLC: RP C-18 column: Supelco Discovery BIO Wide Pore, 25 cm × 5 4.6 mm, 5 µm. System 1: solvent A, 0.1% TFA in water;
solvent B, 0.1% TFA in acetonitrile; gradient, 3–97% B in A over 30 min, flow rate 1.2 ml min−1.
b TLC System 1: EtOAc : nBuOH : AcOH : H2O 1 : 1 : 1 : 1. TLC System 2: nBuOH : AcOH : H2O 4 : 2 : 1.
c Run over 20 min. System 2: solvent A, 0.1% TFA in water, solvent B, 0.1% TFA in MeOH; gradient, 3–97% B in A over 20 min,
flow rate 1.2 ml min−1.

mass spectrometry. The physicochemical properties of the BK
hybrid peptides are shown in Table 1.

Radioligand Binding Studies

Binding experiments were performed in N-tris[hydroxymethyl]
methyl-2-aminoethanesulphonic acid (10 mM, pH 7.4) con-
taining 1,10-phenanthroline (1 mM), bacitracin (140 µg ml−1)
and bovine serum albumin (1 g l−1) on membranes from a
pool of CHO cell clones stably expressing the human B2

receptor as previously described [24]. Experiments were per-
formed at room temperature for an incubation time of 60 min
and in a final volume of 0.5 ml. Competition-binding exper-
iments were carried out at [3H]BK radioligand concentration
comparable with the calculated Kd value (0.1–0.2 nM). Com-
peting ligands were tested in a wide range of concentrations
(1 pM–10 µM). Nonspecific binding was defined as the amount
of radioligand bound in the presence of 1 µM of unlabelled
BK, and represented less than 10% of the total bound [3H]BK.
Each experiment was performed in duplicate. All incubations
were terminated by rapid filtration through UniFilter-96 plates
(Packard Instrument Company) presoaked for at least 2 h in
polyethylenimine 0.6%, and using a MicroMate 96 Cell Har-
vester (Packard Instrument Company). After washing 5 times
with 0.5 ml aliquots of Tris buffer (50 mM, pH 7.4, 4 °C), the
filters were dried and soaked in 50 µl per well of Microscint 40
(Packard Instrument Company), and the bound radioactivity
was counted by a TopCount Microplate Scintillation Counter
(Packard Instrument Company).

Inositol Phosphate (IP) Determination

Cells grown in the 24 wells were labelled for 24 h with
myo-[1,2-3H]inositol (0.5 ml per well, 1 µ Ci/ml) in Iscove’
modified Dulbecco’s medium (IMDM) and Ham’s F12 Medium
(F12) (1 : 1) containing fetal bovine serum dialyzed 1% and L-
glutamine (2 mM). After a 15-min preincubation period at 37 °C

in a buffer consisting of Dulbecco’s phosphate-buffered saline
(PBS), Ca2+/Mg2+ free (135 mM) HEPES (20 mM), CaCl2 (2 mM),
MgSO4 (1.2 mM), ethylene glycol tetraacetic acid (EGTA)
(1 mM), glucose (11.1 mM), bovine serum albumin 0.05% and
LiCl (25 mM) (IP buffer) cells were stimulated for 30 min at
37 °C in 0.5 ml of IP buffer added with different concentrations
of the agonist. Antagonists were added 15 min prior to
stimulation with the agonist. IP were then extracted and
isolated with anion exchange chromatography as previously
described [25].

Smooth Muscle Contractility Assay

Guinea pig ileum longitudinal smooth muscle-myenteric
plexus smooth muscle preparation was undertaken as
previously described [26]. Smooth muscle strips were placed in
organ baths (5 ml capacity) containing oxygenated and gassed
(95% O2, 5% CO2) Krebs’solution. Mechanical activity was
isotonically recorded (load: 5 mN; Basile 7050 pen recorder).
After a 1-h equilibration period, BK (1 µM) was administered
3–4 times to the preparations at 20-min intervals to assay
sensibility and reproducibility of the contractile response.
Afterwards, a cumulative concentration-response curve to
BK (1 nM–1 µM) was constructed. At the end of each curve,
the maximal contractile response of the preparation was
evaluated by administration of KCl (80 mM). After washout
and recovery of basal tone, the concentration-response curve
to BK was repeated in the presence of the receptor antagonist.
Peptidase inhibitors (thiorphan, bestatin, and captopril, 1 µM)
were added 15 min prior to determination of the bradykinin-
induced concentration-response curve, and the antagonists’
contact time was 15 min.

Analysis of Data

Each value in the text is the mean value ±S.D. Competition-
binding data were fitted by nonlinear regression using
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GraphPad Prism 4.0 (GraphPad, San Diego, CA) in order to
determine the ligand concentration inhibiting the radioligand
binding of the 50% (IC50) competition experiments. Ki values
were calculated from IC50 using the Cheng–Prusoff equation
(Ki = IC50/(1 + [radioligand]/Kd). Functional data were fitted
by sigmoidal nonlinear regression (GraphPad Prism 4.0) to
determine the agonist concentration producing 50% (EC50) of
the maximal response (Emax) from the concentration-response
curves. The nature of antagonists’ interactions with the B2

receptor was studied by performing the Schild analysis, and
the apparent affinities of the antagonists were expressed in
terms of pA2 values.

Molecular Modeling

The global minimum and an ensemble of low-energy conforma-
tions of Ac-L-spiro-Aba-Gly-NHMe were obtained by molecular
modeling [27] using Macromodel 5.0 [28] and the GB/SA sol-
vation model [27]. Duplicate structures and those greater than
50 kJ mol−1 above the global minimum were discarded. The
ensembles of generated structures were clustered into families
using Xcluster 1.7. A RMDS value of 0.2 Å was used.

Ac-D-Pro-L-Phe-NHMe was built using the torsional angles
for an ideal II′ β-turn: (ϕ,ψ)i+1 = (60, –120); (ϕ,ψ)i+2 =
(−80, 0) and with X1(Phe) = −60° [16]. The MM3∗ force field
[29] was used in vacuo for the energy minimization on this
structure. The minimization with constraints was carried
out with the Polak–Ribière conjugate gradient method as
implemented in Macromodel 5.0, using a gradient convergence
criterion of 0.02 kJ mol−1 Å.

All the atom pairs of the backbone were used for the
superimpositions of the structures (shown later in Figure 3).

Synthesis of Benzazepinones

[4(R,S)-(Boc-methylamino)-1,2,4,5-tetrahydro-2-benzaze-
pin-3-one-2-yl] acetic acid (Boc-(D,L)-MeAba-Gly-OH) 4.
Boc-(D,L)-MeAba-Gly-OBn (600 mg, 1.37 mmol, 1 equiv.) [30]
was dissolved in dioxane/water (3 : 2, 60 ml). 10% Pd/C (10
wt%, 60 mg) was added and the suspension was hydrogenated
in a Parr apparatus (50 psi, r.t., 2 h), after which the mix-
ture was filtered over dicalite. The filtrate was evaporated and
lyofilized from AcN : H2O (1 : 1). A white powder was obtained.

Yield: 464 mg, 97%. Formula, C18H24N2O5; MW, 348.40;
m.p., 110–127 °C; MS (ES−): 247 (-Boc), 291 (-tBu), 347
(M–H−); HPLC: tret = 20.5 min, Rf (EtOAc/MeOH 2 : 1) 0.53.
1H NMR (CDCl3, 250 MHz) δH 1.43 (9H, s, tBu), 2.97 (4H, broad
s, N–Me + Hβ ), 3.43 (1H, m, Hβ ′ ), 4.26 (3H, M, Hα Gly + 2 Hε ),
4.83 (1H, m, Hα′ Gly), 5.15 (1H, m, Hα ), 7.10–7.41 (4H, M, H
arom) 13C NMR (CDCl3, 63 MHz) δC 28.37 (CH3 Boc), 31.75
(N-Me), 34.35 (CH2 β), 44.68 (CH2 ε), 53.33 (CH2 Gly), 55.64
(CH α), 80.38 (Cq Boc), 126.64, 128.13, 128.66, 130.13 (CH
arom), 134.55, 135.68 (Cq arom), 156.46 (C O Boc), 172.92
(2 C O).

(2R)-2-{(4R)-4-[(tert-butoxycarbonyl)amino]-3-oxo-1,2,4,5-
tetrahydro-2H-2-benzazepin-2-yl} propanoic acid (Boc-D-
Aba-D-Ala-OH) 5. The product was prepared by standard
Boc-protection using Boc2O as the protecting agent and Et3N
as a base in a dioxane : water (9 : 1) mixture [30].

Yield: 446 mg, 90%. Formula: C18H24N2O5. MW: 348.4,
m.p., 115.9–118.1 °C; MS (ES+), 349 (M+ + 1); HPLC: tret =

19.6 min, Rf (EtOAc/MeOH 3 : 7) 0.67. 1H NMR (DMSO-
d6, 250 MHz): δH 1.18 (3H, d (J = 7 Hz), CH3 Ala), 1.41
(9H, s, tBu), 2.88–3.10 (2H, m, Hβ + Hβ

′), 4.15 (1H, d(2J =
17 Hz), Hε), 4.83 (1H, d(2J = 17 Hz), Hε′ ), 5.0–5.13 (2H, m,
Hα Aba + Hα Ala), 7.13–7.29 (4H, M, H arom.) 13C NMR
(DMSO-d6, 63 MHz) δC 15.7 (CH3 Ala), 28.6 (CH3 Boc), 36.2
(CH2 β), 48.0 (CH2 ε), 49.5 (CH α Ala), 52.9 (CH α benzazepine),
78.6 (Cq Boc), 126.4, 127.7, 128.8, 130.7 (4 CH arom), 135.4,
135.8 (2 Cq arom), 155.1 (C O Boc), 171.9 (C O COOH),
173.2 (C O CONR2).

(2S)-2-{(4R)-4-[(tert-butoxycarbonyl)amino]-3-oxo-1,2,4,5-
tetrahydro-2H-2-benzazepin-2-yl} propanoic acid (Boc-D-
Aba-L-Ala-OH) 6. The product was prepared by standard
Boc-protection using Boc2O as the protecting agent and Et3N
as a base in a dioxane : water (9 : 1) mixture [30].

Yield, 459 mg; quantitative Formula, C18H24N2O5; MW,
348.4; m.p., 116.2–118.4 °C; MS (ES+), 349 (M+ + 1). HPLC:
tret = 19.4 min; Rf (EtOAc/MeOH 3 : 7) 0.65. 1H NMR (DMSO-
d6, 250 MHz): δH 1.24 (3H, d (J = 7 Hz), CH3 Ala), 1.39 (9H,
s, tBu), 2.93 (1H, dd (2J = 17 Hz, 3J = 13 Hz), Hβ ), 3.11 (1H,
dd(2J = 17 Hz, 3J = 4 Hz), Hβ ′ ), 4.13 (1H, d(2J = 17 Hz), Hε),
4.81 (1H, q(3J = 7 Hz), Hα Ala), 5.02 (1H, m, Hα Aba), 5.07
(1H, d(2J = 17 Hz), Hε′ ), 6.76 (1H, d (3J = 7 Hz), 4-NH), 7.11
(4H, M, H arom.) 13C NMR (DMSO-d6, 63 MHz) δC 16.8 (CH3

Ala), 28.6 (CH3 Boc), 37.0 (CH2 β), 49.0 (CH2 ε), 50. 7 (CH
α Ala), 52.0 (CH α benzazepine), 79.3 (Cq Boc), 125.4, 127.7,
128.9, 131.0 (4 CH arom), 136.0, 137.2 (2 Cq arom), 155.0
(C O Boc), 171.9 (C O COOH), 172.2 (C O CONR2).

RESULTS AND DISCUSSION

Chemistry

The synthesis of Boc-protected L- and D-Aba-Gly 2 and
3, rac-MeAba-Gly 4, D-Aba-Ala 6 and D-Aba-D-Ala 5
was performed using previously published methods
[30–32]. The racemic spiro-dipeptomimetic 7 was
prepared as recently described, starting from racemic
Boc-α-(o-cyanobenzyl)proline [22].

The dipeptidomimetics 2 to 7 were incorporated
into the BK and HOE 140 peptide sequences using
Boc solid-phase peptide synthesis on a Merrifield
resin. The peptides were purified to homogeneity by
preparative HPLC. When the racemic building blocks
4 and 7 were used, two epimeric peptides were
obtained. The MeAba-Gly epimeric peptides could not
be separated. The spiro-Aba-Gly analogues of BK (BK7
and BK8, see Table 2) and of HOE 140 (BK9 and BK10,
see Table 2) were separated. In order to assign the
configuration of the chiral center in these epimeric
peptides, an asymmetric synthesis was performed
starting from D-α-(o-cyanobenzyl)proline (having (S)
absolute configuration) using the protocol described for
the racemic compound [22] and the resulting L-spiro-
Aba-Gly was incorporated into the HOE 140 sequence.
A comparison of the HPLC retention times allowed us
to assign the L-configuration to BK10 ((S) absolute
configuration).
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Binding Affinity and Activity for Human B2 Receptor

The binding affinity was evaluated by inhibiting the
[3H]BK binding to the human B2 receptor, performed
with membranes of CHO cells expressing the human B2

receptor. The results of these experiments are shown in
Figure 2.

The data are summarized in Table 2:
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Figure 2 Inhibition binding experiments of [3H]BK binding
to the human B2 receptor.

The substitution of the Pro7-Phe8 dipeptide in the
BK sequence by the dipeptidomimetics 2–7 resulted
in a large drop in B2 receptor affinity. Only the D-
Aba-D-Ala containing BK4 and the spiro analogue
BK6 showed moderate affinity. When introducing L-
or D-Aba-Gly into the HOE 140 sequence, slightly
more potent compounds are obtained; however, they
still show considerably less affinity than the parent
compound. The most potent ligands result from the
incorporation of the spiro-Aba-Gly scaffold (BK9 and
BK10). The asymmetric synthesis indicated that the
most potent epimer, BK10, has the L-stereochemistry
of the asymmetric carbon.

The HOE 140 analogues BK7, BK9 and BK10 were
tested in B2-expressing CHO cells for their activity in
the IP accumulation assay, as index for phospholipase
C activation [25]. All the compounds did not modify
the basal IP output up to 10 µM concentration, thus
indicating that they are not inverse agonists or agonists.
Compounds (10 µM) were incubated for 15 min before
agonist incubation (30 min). However, no shifts of the
BK concentration-response curves were observed.

To further investigate the antagonist properties of our
analogues (BK7, BK9, BK10), these compounds were

(a) (b) (c)

Figure 3 Superimposition of Ac-L-spiro-Aba-Gly-NHMe (cyan) with (a) β II′ folded conformation of Boc-D-BT-NH2 (orange),
(b) β II′ folded Ac-D-Pro-L-Phe-NHMe model dipeptide (yellow), (c) β II′ folded conformation of Boc-D-BT-NH2 (orange) and β II′

folded Ac-D-Pro-L-Phe-NHMe model dipeptide (yellow).

Table 2 Sequences and Numbering of the Peptides and Affinity Values Towards the B2 Receptor

Name/no. Peptide sequence pKi (95% C.I.)

BK H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-OH 10 ± 0.02
HOE 140 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Tic-Oic-Arg-OH 10.1 ± 00.7
BK1 H-Arg-Pro-Pro-Gly-Phe-Ser-D-Aba-Gly-Arg-OH 5.6 ± 0.05
BK2 H-Arg-Pro-Pro-Gly-Phe-Ser-(D, L)-MeAba-Gly-Arg-OH 6.1 ± 0.03
BK3 H-Arg-Pro-Pro-Gly-Phe-Ser-D-Aba-L-Ala-Arg-OH 53.9% ± 0.3 inhibition at 10 mM

BK4 H-Arg-Pro-Pro-Gly-Phe-Ser-D-Aba-D-Ala-Arg-OH 6.3 ± 0.03
BK5 H-Arg-Pro-Pro-Gly-Phe-Ser-(Dor L)-spiro-Aba-Gly-Arg-OH 5.9 ± 0.04
BK6 H-Arg-Pro-Pro-Gly-Phe-Ser-(Lor D)-spiro-Aba-Gly-Arg-OH 6.6 ± 0.05
BK7 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Aba-Gly-Arg-OH 6.5 ± 0.04
BK8 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-L-Aba-Gly-Arg-OH 6.7 ± 0.04
BK9 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-spiro-Aba-Gly-Arg-OH 7.6 ± 0.03
BK10 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-L-spiro-Aba-Gly-Arg-OH 8.5 ± 0.03
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Table 3 Peptide Numbering, Sequences and pA2 Values of Peptides Tested in Guinea Pig
Smooth Muscle Contraction Assay

Peptide. Sequence pA2

values

HOE140 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Tic-Oic-Arg.OH 9.5 ± 0.1a

BK 7 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Aba-Gly-Arg-OH 5.6 ± 0.06
BK 9 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-spiro-Aba-Gly-Arg-OH 5.5 ± 0.12
BK 10 H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-L-spiro-Aba-Gly-Arg-OH 5.7 ± 0.05

a HOE140 value from Ref. 17.

investigated in the guinea pig ileum smooth muscle
contractility assay [17].

The measured antagonist potencies (pA2 values)
in blocking the concentration-dependent contractile
responses induced by BK are shown in Table 3.
Contrary to what was previously reported with Icatibant
(HOE 140), its analog compounds bearing amino-
benzazepinone (Aba) substitutions were surmountable
antagonists.

These data further support the hypothesis that high
affinity of the BK analogues is related to their abil-
ity to adopt a C-terminal β-turn conformation. Indeed,
we have previously shown that the Aba-Gly dipep-
tidomimetics do not adopt a turn conformation, but
rather prefer extended conformations. In contrast, the
spiro-Aba scaffold strongly prefers a turn conformation
[22]. We have compared the low-energy conformation of
the Ac-L-spiro-Aba-Gly-NHMe tetrapeptide model with
the preferred β-turn conformation of the Boc-D-BT-NH2

scaffold (Figure 3(a)), which, when incorporated into
the HOE140 sequence, resulted in a potent B2 agonist
[16]. An almost perfect overlap (RMSD = 0.1360 Å) of
the backbone is observed, the major difference being
the positioning of the aromatic ring. Figure 3(b) shows
an overlap of Ac-L-spiro-Aba-Gly-NHMe with Ac-D-Pro-
Phe-NHMe in a type II′ β-turn conformation. Again, an
excellent overlap (RMSD = 0.2055 Å) of the backbone
and of the 5-membered Pro and spiro-ring is observed,
whereas the orientation of the aromatic rings is dif-
ferent. Finally, a superimposition of Ac-L-spiro-Aba-
Gly-NHMe, Boc-D-BT-NH2 and Ac-D-Pro-Phe-NHMe in a
type II′ β-turn conformation is illustrated in Figure 3(c).
From these models, one can conclude that the different
positioning of the aromatic ring is probably the cause
of the differences in potency, and also influences the
agonist/antagonist character of these peptide analogs.

The conformational restriction in the Aba analogs
was apparently less optimal than the one imposed by D-
BT (cfr. JMV1429, Ki = 13 ± 4.5 nM, [13]). Affinity was
improved by using the ‘second generation’ antagonist
sequence of HOE140. D-Tic-Oic was replaced by the
spiro-Aba derivative 7, leading to two low nanomolar
ligands for the human B2 receptor.

Differences obtained with the two functional tests,
i.e. the BK induced IP accumulation in CHO cells
expressing the hB2R and the guinea pig smooth muscle
contractility assay, indicate that despite the nM binding
affinity, these compounds dissociate quickly from the
receptor. In fact they become inactive in the assay
in which their interaction is unfavored by the long
agonist exposure (in the IP accumulation assay each
agonist concentration is left in contact with cells for
30 min), whereas their interaction is favored in the
isolated smooth muscle contractility assay in which the
agonist cumulative concentration-response curves are
produced in less than 10 min.

CONCLUSIONS

The replacement of the Pro7-Phe8 dipeptide in BK
by various Aba-constrained dipeptidomimetics resulted
in a loss of B2 receptor affinity. Incorporation of
these dipeptidomimetics into the HOE 140 sequence
indicated that the mimetics which adopt extended
conformations were less potent than the spiro-Aba
mimetics that adopt a turn conformation. These
replacements in HOE 140 provided two new potent
analogues with a Ki = 25 nM (BK9) and a Ki = 3.2 nM
(BK10), and maintained the B2 antagonist character
of the constrained peptides. This is in contrast
to the results obtained for the D-BT replacement,
which resulted in a potent agonist (JMV1116, Ki =
0.7 ± 0.1 nM) [13,14.] Molecular modeling indicated
excellent overlap of the backbone of the spiro-L-Aba-
Gly mimetic with that of the D-BT mimetic, and with a
type II′ β-turn conformation of Ac-D-Pro-L-Phe-NHMe.
The orientations of the aromatic rings were, however,
different, suggesting that this difference in orientation
might be responsible for the difference in affinity and
for the changes in the agonist/antagonist character.
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new versatile synthesis of 2-substituted 2-benzazepin-3-ones.
Tetrahedron 2003; 59: 4421–4432.

Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2007; 13: 164–170
DOI: 10.1002/psc


