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Abstract—Bradykinin (BK) is involved in a wide variety of pathophysiological processes. Potent BK peptide antagonists can be
developed introducing constrained unnatural amino acids, necessary to force the secondary structure of the molecule. In this paper,
we report a structure–activity relationship study of two peptide analogues of the potent B2 antagonist HOE 140 by replacing the
D-Tic-Oic dipeptide with conformationally constrained dipeptide mimetic b-turn inducers.
� 2006 Elsevier Ltd. All rights reserved.
Table 1. Peptide sequences of BK (I), HOE 140 (II), and of the HOE

140 analogues III and IV, respectively, containing at positions 7–8 the

dipeptide isosters 1a and 1b

Peptide sequence

I H-Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9-OH

II H-DDArg0-Arg1-Pro2-Hyp3-Gly4-Thi5-Ser6-DDTic7-Oic8-Arg9-OH

III H-DDArg0-Arg1-Pro2-Hyp3-Gly4-Thi5-Ser6-1a7-8-Arg9-OH

IV H-DDArg0-Arg1-Pro2-Hyp3-Gly4-Thi5-Ser6-1b7-8-Arg9-OH
Bradykinin (I, BK, Table 1) is an endogenous linear
nonapeptide generated by the proteolytic action of kal-
likreins on high molecular weight kininogen.1 BK is in-
volved in a wide variety of pathophysiological processes,
such as pain, hyperalgesia, and inflammation.2 Its bio-
logical activity is mediated by two subtypes of specific
G-protein-coupled receptors (GPCRs) termed B1 and
B2, which are expressed in many tissues. Because of its
remarkable activities, BK has been deeply studied, and
a lot of efforts were aimed at the development of thera-
peutic agents as competitive antagonists.

One of the most active peptide antagonists is HOE 140
(II, Icatibant, Table 1).3 The C-terminal hydrophobic
amino acids in HOE 140 play an important role for its
binding interaction to the B2 receptor. Historically,
more potent BK antagonists were developed by intro-
ducing bulky hydrophobic unnatural amino acids at
the C-terminus, forcing the resulting peptide in a b-turn
motif. In fact, it was hypothesized that the D-Tic7-Oic8
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dipeptide at the C-terminus in HOE 140 is crucial for
antagonist activity because of its b-turn conformation.4

Essential for the activity of HOE 140 is a pseudocyclic
conformation5 involving a bII 0-turn (positions 6–9)
and a bII-turn (positions 2–5) cross-linked by an addi-
tional hydrogen bond between the amide hydrogen of
Gly4 and the carbonyl oxygen of D-Tic7.

Martinez et al.6 reported that substitution of the D-Tic7-
Oic8 dipeptide in HOE 140 with constrained mimetics
induced a potent B2 receptor agonist activity. More-
over, further modifications resulted in potent and selec-
tive B1 antagonist activity.7

In order to increase structure–activity relationship data
of BK antagonists for the B2 receptor binding, we inves-
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Figure 1. Structure of the dipeptide isosters 1a and 1b introduced at

positions 7–8 in HOE 140 as b-turn inducers.

Table 2. HPLC and ESIMS data for peptides III and IV

Peptide HPLCa (Rt) ESIMSb(m/z)

III 7.7 min (25–65% B in 15 min) 1332.6 (1332.4)

IV 10.6 min (20–60% B in 20 min) 1332.6 (1332.4)

a RP-HPLC: Phenomenex Aqua C18 column (150 · 2.0 mm), flow rate

200 lL/min, solvent system A: 0.1% TFA in H2O, B: 0.1% TFA in

CH3CN.
b Found and determined as [M+H]+.

Table 3. B2 receptor binding affinity and antagonist activity data for

the HOE 140 peptide analogues III and IV

Peptide hB2 (pKi) B2 bioassay (pA2)

III 7.0 5.6

IV 5.5 <5

HOE 140 10.6a 9.55

a As previously determined in Ref. 14.

Figure 2. Competition binding curves for BK, peptide III, and peptide

IV.
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tigated the biological activity of the HOE 140 analogues
III and IV (Table 1), in which the unnatural D-Tic7-Oic8

dipeptide is replaced by the constrained mimetics 1a and
1b, respectively (Fig. 1).

The design of the proline-derived structures 1a and 1b
was based on molecular mechanics calculations aimed
at evaluating: (a) propensity to induce a reverse turn;
(b) the effect of the configuration of the quaternary
stereocenter adjacent to the carbonyl group of the 7-
membered lactam ring; (c) the extent of similarity be-
tween the minimum energy conformations of 1a,b and
the D-Tic-Oic fragment of HOE 140. The 5-membered
spirocycle linked to proline should mimic the hydropho-
bic cyclohexyl moiety present in Oic. Molecular mechan-
ics calculations clearly indicated that the dipeptide
mimetic 1a could fulfill all the requirements described
above.8 The epimeric compound 1b showed to be much
less effective in inducing turn-like conformations.

The solid-phase synthesis of peptides III and IV, follow-
ing the Fmoc/t-Bu strategy, required orthogonal protec-
tion of the dipeptide isomers 1a and 1b (Scheme 1). The
preparation of the methyl ester of the two dipeptide
mimetics 2a and 2b was performed as previously de-
scribed.8 After saponification with LiOH of the methyl
esters 2a or 2b,9 we obtained 3a (90%) and 3b (96%),
respectively. Protection of the amino function with
Fmoc-OSu in dioxane yielded 4a (74%) and 4b (82%).10

The Fmoc-protected dipeptide mimetics 4a and 4b were
then used in the solid-phase peptide synthesis (SPPS) of
the two HOE 140 peptide analogues III and IV.11 The
Fmoc/t-Bu SPPSs were performed on the functionalized
Fmoc-Arg(Pbf)-Wang resin in a manual batch synthe-
sizer. Fmoc deprotection was obtained using 20% piper-
idine in DMF (2· 15 min). For each coupling step, the
resin was treated for 1 h with a solution of the Fmoc-
protected amino acid (4 equiv) in the presence of TBTU
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Scheme 1. Synthesis of the dipeptide mimetics 4a and 4b protected for the F

OSu, 25 �C.
(4 equiv), HOBt (4 equiv), and NMM (8 equiv) in DMF.
Couplings were checked by the Kaiser test12 and a dou-
ble treatment of the amino acid was performed after a
positive test. The two dipeptide isomers 3a and 3b were
coupled as standard Fmoc-amino acids. After acidic
cleavage from the resin, the crude peptides III and IV
were purified by RP-HPLC and then characterized by
LC-ESIMS (Table 2).

Homologous and heterologous competition binding
curves13 for BK and for the peptides III and IV were
performed in membrane preparations from CHO cells
stably transfected with the human kinin B2 receptor
(Fig. 2, Table 3).
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Figure 3. Low energy conformer of peptide III (green, panel A) and of

peptide IV (red, panel B) overlapped with HOE 1404a (blue),

C-terminus in the bII 0-turn conformation.
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Moreover, the peptides III and IV were tested as
antagonists in comparison with HOE 140, blocking
the BK induced concentration-dependent contractions
of the longitudinal smooth muscle of guinea pig ile-
um14 (Table 3).

None of the peptides produced agonist effect, up to
10 lM concentration. Concentration–response curve to
BK could be significantly antagonized (rightward shift-
ed) only at the highest antagonist concentration tested
(10 lM), and the antagonist affinity was calculated as
pA2 value of 5.6 and 65 for III and IV, respectively
(Table 3). As expected by the molecular modeling
studies, III gave better results than IV in terms of
binding affinity to the B2 receptor, but both peptides
showed a decreased antagonist activity and binding
affinity for the B2 receptor, compared to HOE 140.

A detailed NMR investigation was undertaken in order
to correlate the biological activity profile of peptides III
and IV with their structural features. The solution con-
formational analysis was done in SDS micellar environ-
ment recording 1D and 2D 1H NMR spectra. Chemical
shift assignments15 of proton spectra were achieved via
the standard systematic application of DQF-COSY,16

TOCSY,17 and NOESY18 experiments, using the SPAR-
KY19 software package according to Wüthrich’s proce-
dure.20 The NOESY spectra revealed the presence of a
consistent number of sequential and medium range
NOE effects that are suggestive of the presence of folded
ordered conformers. In particular, sequential NH-NH
effects are diffusively observable together with crucial
a-NH(i,i + 2) or a-NH(i,i + 3) which are diagnostic of
turn folded structures.

On the basis of the reported NOE data, 3D structures of
III and IV were calculated by simulated annealing in
torsion angle space using DYANA software package.21

The models of peptides III and IV demonstrated the
presence of the b-turn structure involving 2–5 and 6–9
residues. The main difference between the two analogues
III and IV concerns the NOE effects of the phenyl ring
of the dipeptide mimetics 1a and 1b. NOE data of III
suggest that the phenyl group is oriented toward the
structure of the dipeptide mimetic 1a, while in peptide
IV the different stereochemistry of 1b forces the phenyl
ring in a different conformational space.

Comparison of peptides III and IV with the HOE 140
structure, previously published by Kessler et al.,4a allows
a structure–activity relationship analysis. Indeed, the
most active peptide III shows a better overlapping at
C-terminal level with HOE 140 (Fig. 3A).

On the other hand, peptide IV is forced to extend the
dipeptide mimetic 1b in a region significantly different
than that occupied by the Oic residue of HOE 140
(Fig. 3B). Therefore, the activity is strictly related to
the secondary structure adopted by the HOE 140 ana-
logues III and IV.

In conclusion, the constrained dipeptide mimetics 4a
and 4b, introduced at positions 7–8 of the potent B2
antagonist HOE 140, induced b-turn structures in
the two resulting peptides III and IV. The structure–
activity relationship study performed for III and IV
further demonstrated how critical is conformation in
the selective interaction of antagonists with BK
receptors.
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