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AbstractÐThe conformational pro®les of a selected group of a new series of small linear and cyclic penta- and hexa-
peptides, inspired on the C-terminal segment of second-generation bradykinin (BK) antagonists, were independently
computed in order to assess the chemical and geometrical requirements necessary for BK antagonism. Speci®cally, four
cyclic peptides: cyclo-(Gly-Thi-d-Tic-Oic-Arg), cyclo-(Gly-Ala-d-Tic-Oic-Arg), cyclo-(Abu-Ala-Ser-d-Tic-Oic-Arg),

cyclo-(Abu-d-Phe-Ala-d-Tic-Oic-Arg), and a linear peptide: Thi-Ser-d-Tic-Oic-Arg were selected for the present study.
The ®rst three BK analogs are capable to antagonize kinin-induced rabbit jugular vein and rabbit aorta smooth muscle
contraction, while last two show no detectable a�nity for the BK B2 receptor. The conformational space of the ®ve

peptides was thoroughly explored using simulated annealing (SA) in an iterative fashion as sampling technique. The
bioactive conformation was assessed by pairwise cross comparisons between each of the unique low energy con-
formations found for each of the di�erent peptides studied within a 5 kcal/mol threshold in respect to the global

minimum. The conformational pro®le of the highly potent BK antagonist HOE-140, computed in an independent
study, was also used in conjunction with the bioactive form assessed in the present study, to propose a pharmacophore
that includes the stereochemical requirements for B2 BK antagonism. # 1998 Elsevier Science Ltd. All rights reserved.

Introduction

Bradykinin (BK) is a linear nonapeptide hormone of
sequence Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9,
produced from its precursor kininogen by the action of

a group of proteases, called kallikreins. The peptide
hormone is released in response to in¯ammation,
trauma, burns, shock, allergy and some cardiovascular

diseases, in¯uencing vascular tone and permeability and
decreasing blood pressure. Once released, BK initiates
or enhances the release of mediators from leukocytes,
stimulating the nociceptive a�erent nerve terminals1±5

and eliciting many pathophysiological responses, includ-
ing septic and haemorrhagic shock, anaphylaxis, arthri-
tis, rhinitis, asthma, in¯ammatory bowel disease, and

certain other conditions including acute pancreatitis,

post-gastrectomy dumping syndrome, carcinoid syn-

drome, migraine and hereditary angioedema.1±9 Because
of these dramatic activities, BK has been intensely stu-
died for many years with the long-term vision of devel-

oping potential therapeutic agents which could act as
competitive antagonists.

Since the ®rst synthesis of BK in the laboratory in the
early sixties,10 a great e�ort has been invested in ®nding
peptide analogs with antagonistic pro®le. A key
sequence alteration was the replacement of Pro7 in the

native hormone by d-Phe. Although this analogue
exhibits a weak agonist pro®le, it soon led to the dis-
covery of the ®rst BK antagonists. One of the best ana-

logs reported of this generation was d-Arg-[Hyp3,
Thi5,8, d-Phe7]-BK (NPC349), where Hyp stands for
hydroxyproline and Thi for thienylalanine.11 Sub-

sequent suggestion that the C-terminus of BK adopts a
b-turn in its bound conformation, led to the synthesis of
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conformationally constrained analogs. Thus, Knolle et
al.12 replaced the amino acids at positions 7 and 8 by d-
Tic (tetrahydroisoquinoline carboxylic acid), and Oic
(octahydroindole carboxylic acid), respectively, resulting
in the design of the potent BK antagonist HOE-140, d-
Arg-[Hyp3, Thi5, d-Tic7, Oic8]-BK.13 In the same direc-
tion, Kyle et al.14 replaced the proline at position 7 by
hydroxyproline ethers and the phenylalanine at position

8 by Oic, providing one of the most active compounds,
NPC17761 that contains d-trans-4-phenylthioproline at
position 7. Both HOE-140 and NPC17761 are more
potent than the earlier d-Phe7-containing antagonists.

Recently, there have also been reported a few non-pep-
tide analogs with limited activity.15±17 In order to make
a step further in the design of more potent, orally bioa-

vailable BK antagonists, a deeper understanding of the
bioactive conformation involved in antagonist receptor
binding, together with a careful analysis of the large

structure±activity relationship results available seems
necessary.

Due to the di�culties associated with the achievement
of a 3-D structure of the ligand±receptor complex, an
indirect way to gather information about the bioactive
form required for peptide antagonism is to perform a

thorough analysis of the conformational properties of
BK and its analogs. Both experimental and theoretical
studies describing the conformational pro®le of BK and

di�erent analogs have been reported in the last years.
Furthermore, experimental studies have been carried
out in di�erent environments and using diverse experi-

mental techniques, including circular dichroism, electron
spin resonance or NMR spectroscopy.18±26 Results of
these investigations, together with the information pro-
vided by di�erent computational studies, indicated a

common tendency of the peptides to adopt a b-turn
conformation at their C-terminus, suggesting that this
feature could be a requirement for ligand binding. Indeed,

extensive molecular modeling27±30 has convincingly
demonstrated the presence of a b-turn stabilized by a
hydrogen bond between the amide hydrogen of residue

9 and the carbonyl oxygen of residue 6, involving the
four C-terminal residues of the potent antagonist HOE-
140. In contrast, no secondary structure has clearly been

identi®ed at the N-terminus, con®rmed by the lower pA2
values displayed by N-terminally cyclic analogs.31,32

The b-turn motif has been proposed in the literature as

necessary condition for BK binding, but not as a su�-
cient one. Indeed, early structure±activity relationship
studies indicated that binding a�nity can be increased

considerably when an arginyl residue is added to the N-
terminus segment of BK analogs. This hypothesis was
convincingly demonstrated by the design of the moder-

ate antagonist pseudopeptide, NPC 18325,33 where the
stretch of residues from 2 to 5 in HOE140 is replaced by

a 12-carbon chain. A recent study reporting the synth-
esis and in vitro evaluation of a series of small linear

and cyclic peptides inspired on the C-terminal segment
of second-generation BK antagonists, stressed once
more, the importance of the C-terminus in BK antago-

nism.34 This series of analogs provides new insights into
the requirements for BK antagonism. Of these analogs,
some exhibit a reasonable antagonistic pro®le at the B2

receptor. Due to their small size and rigid geometry,
these peptides represent a suitable set to further assess
the requirements of bradykinin antagonism. Conse-
quently, in order to determine the chemical features, as

well as their spatial arrangement, responsible for BK
antagonism, we carried out an extensive conformational
study on a selected subset of peptides of this series.

From the analysis of the conformational pro®les of
these analogs a bioactive conformation is proposed. The
analogs selected for the present study include three

antagonists: cyclo-(Gly-Thi-d-Tic-Oic-Arg) (GTTOA),
cyclo-(Gly-Ala-d-Tic-Oic-Arg) (GATOA) and cyclo-
(Abu-Ala-Ser-d-Tic-Oic-Arg) (AASTOA) and two non-

binders: cyclo-(Abu-d-Phe-Ala-d-Tic-Oic-Arg) (APA-
TOA), and Thi-Ser-d-Tic-Oic-Arg (TSTOA). Table 1
lists the antagonist pro®le of these analogs as reported
in ref 34.

The putative bioactive conformation of the selected BK
antagonists was characterized in a two step procedure.

First, a subset of conformations containing the low
energy structures common to the active peptides was
created. Second, structures from this set were system-

atically compared with the low energy conformations of
non-binders, in order to ®nd those conformations com-
mon to the active peptides that are at the same time not
attainable by the non-binders. Following this procedure,

two conformations were ®nally kept and considered as
possible candidates for the bioactive conformation.
Di�erences between the two candidates could be deter-

mined by analyzing the conformational pro®le of the
highly potent BK antagonist HOE-140, computed in an
independent study.30 Systematic comparison of the two

candidate conformations with the set of low energy
conformations of HOE-140, helped us to propose a
hypothesis concerning the stereo chemical requirements

involved in BK antagonism as explained below.

Table 1. Pharmacological pro®le of the BK antagonists

selected for the present study

pA2

GTTOA Gly-Thi-d-Tic-Oic-Arg 7.39�0.24

GATOA Gly-Ala-d-Tic-Oic-Arg 6.62�0.46

AASTOA Abu-Ala-Ser-d-Tic-Oic-Arg 6.51�0.29

APATOA Abu-d-Phe-Ala-d-Tic-Oic-Arg inactive

TSTOA Thi-Ser-d-Tic-Oic-Arg inactive
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Methods

All the calculations were carried out within the mole-
cular mechanics framework using the all-atom AMBER
4.0 force ®eld.35 The peptides were studied in its zwit-

terionic form. The unnatural amino acid residues Thi,
Tic, Oic, d-Phe and Abu (amino butyric acid) were
constructed using the PREP module of AMBER. Par-

tial charges for these residues were generated by ®tting
the molecular electrostatic potential produced with a
STO-3G basis set using the GAUSSIAN94 suite of
programs.36 No explicit solvent was included in the cal-

culations, although an e�ective dielectric constant of 80
was used to screen the electrostatic interactions and no
cuto� was used.

The conformational space of the peptides was sampled
using simulated annealing (SA) in an iterative fashion.

The method has been described elsewhere.37 The proce-
dure requires a starting structure that is subjected to an
annealing process and then minimized. This is the start-

ing structure for a new cycle of SA after the molecule is
abruptly heated. The procedure is repeated until a cer-
tain convergence criterium is ful®lled. Although some of
the peptides studied in the present work are cyclic, gen-

eration of starting geometries do not represent a pro-
blem. In this case, geometries are also generated in an
open extended conformation, and in parallel, informa-

tion concerning their cyclic nature is stored in their
respective topology ®les (these ®les contain information
of the atoms actually bonded). When the structures are

subjected to minimization, become cyclic within a few
iterations of the energy optimization process.

For every peptide, the starting structure was energy

minimized using the conjugate gradient algorithm, with
a gradient convergence criterium set to 0.001 kcal/molAÊ .
Subsequently, the structure was heated up to 900K at a

rate of 100K/ps. Heating is fast in order to force the
molecule to jump to a di�erent region of the conforma-
tional space. At this point the structure was cooled up to

200K at a rate of 7K/ps and then minimized. The
structure was stored on a ®le and used as the starting
conformation for a new cycle of SA. In this way, a

library of low energy conformations was generated.
These structures were rank ordered by energy every 100
cycles and checked for uniqueness. The procedure was
repeated until no new conformations, excluding those

that are local reoptimizations of the side chains
appeared after a predetermined number of cycles within
a 5 kcal/mol energy range with respect to the lowest

energy structure already found.

As mentioned before, every 100 cycles the new struc-

tures obtained were added to a master list of unique
conformations. In order to reject from the list those

structures that were not unique, they were ®rst rank
ordered and analyzed for uniqueness in ascending

energy order. A conformation was considered unique if
at least one of the backbone dihedral angles, excluding
those situated at both termini was di�erent from 60�

with respect to the previous conformations already on
the list.

The conformational analysis of each peptide was carried
out on the subset of unique conformations within a
5 kcal/mol threshold in respect to its global minimum.
In order to facilitate the description of the preferred

conformational domains exhibited by each peptide, the
conformations of each low energy subsets were clustered
into classes according to the values of the root mean

square (rms) deviation of the distance between the
backbone atom coordinates of every pair of structures,
after they had been optimally superimposed. Since the

use of the rms as similarity criterium requires to select a
threshold value depending on the number of atoms
compared,38 a value of 0.65 AÊ was used for the two

cyclic pentapeptides (GTTOA, GATOA) and a value of
0.83 AÊ was considered for the two cyclic hexapeptides
(APATOA and AASTOA). For the linear pentapeptide
TSTOA, a higher value of rms (0.90 AÊ ) was selected,

due to the contribute of both termini that does not need
to be considered in the visual evaluation in order to
consider two backbone conformations being the same.

Finally, computation of the rms deviation of the
appropriate subset of backbone atoms was performed to

carry out pairwise cross comparisons between con-
formations of the low energy subsets within the 5 kcal/
mol threshold of the di�erent analogs, in order to dis-
tinguish common conformations among them. After

testing di�erent threshold values by visual inspection,
two conformations were considered similar if the rms
di�erence value between the backbone atoms of the last

four residues of the ®ve peptides was lower or equal to
0.53 AÊ .

Results and Discussion

Exploration of the conformational space of the ®ve
analogs selected for the present study was carried out
with the peptides in their zwitterionic form using a
dielectric constant of 80, without explicit consideration

of the solvent molecules. This methodology represents,
at the present time, an unavoidable approximation if
thorough explorations of the conformational space are

required. Calculations carried out on model peptides,
reveal that minima obtained using this procedure do not
deviate much from the reminimized structures after the

peptide is immersed in a box with solvent molecules.39

Moreover, the small di�erences observed in the
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structures after reminimization lie inside the tolerances
used in this work to classify peptide conformations into
classes and consequently, these small deviations do not

constitute a major drawback of the present exploratory
procedure. However, it is possible that the relative order
of energies of the di�erent minima characterized, chan-

ges when solvation is accounted for explicitly. In this
case the relative order of the low energy minima may
change due to the di�erent exposure of the conforma-

tions to the solvent. It is for this reason that values of
the conformational energies should be used only as an
indication and very cautiously.

Conformational analysis of the BK antagonists

The computational results regarding each of the pep-

tides studied in the present work are schematically listed
in Table 2. However, a more complete description of
these results is provided below.

GTTOA

The sampling procedure was completed after 800 cycles

of the iterative simulated annealing process. Of these
conformations, 23 were considered unique following the
criterium described in the methods section, being 15 of

them within the 5 kcal/mol threshold above the global
minimum. The lowest energy conformation was obtained

at iteration number 178 with an energy of 11 kcal/mol.
After calculation of all pairwise rms deviations as
explained in the methods section, the subset of low energy

unique structures within a 5 kcal/mol threshold, was
reduced to 11 classes. Backbone dihedral angles of the
representative conformation of each class (i.e. the con-

formation with the lower conformational energy in the
class) are listed in Table 3. Analysis of the results reveals
the propensity of the peptide to adopt bent type con-
formations. Furthermore, only the representative con-

formations of classes IV, VI, VIII and X show standard
motives stabilized by hydrogen bonds. Speci®cally, the
representative conformations of class IV and VI exhibit a

g-turn stabilized by a hydrogen bond between the amide
hydrogen of Arg5 and the carbonyl oxygen of Tic3 and
between the amide hydrogen of Thi2 and the carbonyl

oxygen of Arg5, respectively, while the representative
conformations of classes VIII and X show a b-turn sta-
bilized by a hydrogen bond between the amide hydrogen

of Gly1 and the carbonyl oxygen of Tic3 and two g-turns
between the amide hydrogen of Gly1 and the carbonyl
oxygen of Oic4 and between the amide hydrogen of Thi2
and the carbonyl oxygen of Arg5, respectively. Due to

the cyclic nature of the peptide, standard turns stabilizing
the representative conformations of classes VI, VIII and
X can be also interpreted as large cyclic structures of 14,

11 and 14 atoms, respectively. Although all low energy
conformations appear predominantly as globular struc-
tures with no standard turns on them, a detailed analysis

of Table 3 permits to identify bII0-turn motives not sta-
bilized by hydrogen bonds involving the residues Thi2
and Arg5 in all the representative conformations,
excluding those of classes I, IV, and IX. Similarly, bII-
turns not stabilized by a hydrogen bond involving resi-
dues Gly1 and Oic4, have also been found in the repre-
sentative conformations of classes VII, X, and XI.

Table 2. Results from the conformational analysis of the

selected BK antagonists

]SA
cycles

unique

(angles)

�E

less threshold

unique

(rmsd)

global

min

GTTOA 800 23 15 11 178

GATOA 900 19 13 9 53

AASTOA 2600 62 37 8 796

APATOA 1200 30 18 6 671

TSTOA 3200 438 111 50 1223

Table 3. Backbone dihedral angles (in degrees) and relative conformational energies, �E (in kcal/mol) of the representative

conformations of each of the 11 di�erent classes found by iterative SA calculations of GTTOA

Class I II III IV V VI VII VIII IX X XI

�E 0.0 2.0 3.1 3.4 3.7 3.9 4.0 4.0 4.3 4.4 4.5

c1 ÿ45 33 124 ÿ55 125 ÿ58 ÿ63 ÿ75 88 ÿ79 ÿ93
o1 ÿ177 180 ÿ179 178 ÿ175 176 172 179 180 171 177

f2 ÿ141 ÿ162 64 ÿ145 54 ÿ147 ÿ93 ÿ126 68 ÿ75 ÿ75
c2 55 70 85 51 69 108 121 84 65 124 116

o2 ÿ170 ÿ165 ÿ176 ÿ165 ÿ164 180 ÿ179 ÿ154 179 ÿ164 ÿ163
f3 114 73 81 108 87 89 84 88 115 48

c3 ÿ69 ÿ115 ÿ127 ÿ73 ÿ142 ÿ112 ÿ140 ÿ146 ÿ80 ÿ139 ÿ136
o3 175 161 169 178 178 176 176 ÿ179 172 179 171

f4 ÿ59 ÿ52 ÿ51 ÿ75 ÿ54 ÿ53 ÿ51 ÿ50 ÿ54 ÿ56 ÿ56
c4 ÿ35 120 114 39 122 ÿ32 ÿ53 107 33 ÿ62 120

o4 ÿ176 ÿ177 ÿ174 ÿ176 179 ÿ176 178 174 ÿ176 ÿ179 180

f5 178 79 61 75 48 173 ÿ75 62 166 ÿ77 73
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GATOA

After 900 cycles of simulated annealing, only 19 con-
formations were characterized as unique. Of these con-
formations, 13 were in the low energy subset with
energies up to 5 kcal/mol above the global minimum.

The lowest energy conformation was obtained at itera-
tion number 53 and its energy is 9.2 kcal/mol. Con-
formations were clustered in nine classes after

computation of the rms deviation of the backbone atom
coordinates between every pair of structures as
explained in the methods section. All the conformations,

excluding only one (the representative conformation of
class VI) exhibit a bent structure with no standard turns
stabilized by a hydrogen bond. Backbone dihedral
angles of the representative conformations of the nine

classes found for GATOA are listed in Table 4. Speci®-
cally, the representative conformation of class VI shows
two g-turns stabilized by a hydrogen bond between the

amide hydrogen of Arg5 and the carbonyl oxygen of
Tic3 and between the amide hydrogen of Ala2 and the
carbonyl oxygen of Arg5 (also a C14, considering the

other path of the cyclic structure), respectively.Most of the
conformational classes of this peptide exhibit a bII0-turn,
not stabilized by a hydrogen bond and involving the C-

terminal segment of the peptide. Only the representative
conformations of classes I, III and IX do not exhibit this
conformational motif. Moreover, the residues Gly1 and
Oic4 are also involved in bI0- and bII-turns not stabilized
by hydrogen bonds. Speci®cally, the representative con-
formations of classes II, III, IV and IX present a bI0-turn,
while that representative of class VIII show a bII-turn.

AASTOA

The exploration of the conformational space of this
cyclic peptide was completed after 2600 cycles of simu-

lated annealing. After completion of this procedure, 62
unique conformations were characterized. Of these, 37

structures were within a 5 kcal/mol threshold above the
global minimum. The lowest energy conformation was
obtained at iteration number 796 with an energy of
14.6 kcal/mol. The structures were subsequently clus-

tered using the values of the rms deviation of the back-
bone atom coordinates of each pair of structures
computed after optimal superimposition. Following this

procedure the low energy structures were classi®ed into
eight classes and the backbone dihedral angles of the
representative conformations of each class are shown in

Table 5. The peptide exhibits a tendency to adopt bent
conformations, although b-turns, not stabilized by
hydrogen bonds, are found at both termini. Speci®cally,

Table 4. Backbone dihedral angles (in degrees) and relative conformational energies, �E (in kcal/mol) of the representative

conformations of each of the nine di�erent classes found by iterative SA calculations of GATOA

Class I II III IV V VI VII VIII IX

�E 0.0 2.3 2.3 2.5 3.1 3.7 3.9 5.0

c1 ÿ55 136 97 124 ÿ47 ÿ63 ÿ79 ÿ55 87

o1 ÿ179 ÿ179 ÿ178 ÿ175 ÿ179 179 178 173 ÿ173
f2 ÿ138 57 63 51 ÿ119 ÿ129 ÿ121 ÿ98 65

c2 64 80 65 70 98 89 86 115 61

o2 ÿ174 ÿ170 176 ÿ162 ÿ173 ÿ173 ÿ155 ÿ176 180

f3 115 86 117 85 79 83 87 86 111

c3 ÿ71 ÿ142 ÿ79 ÿ144 ÿ129 ÿ120 ÿ145 ÿ142 ÿ91
o3 175 173 175 ÿ178 163 171 ÿ179 176 ÿ177
f4 ÿ59 ÿ48 ÿ59 ÿ52 ÿ50 ÿ60 ÿ51 ÿ53 ÿ54
c4 ÿ35 122 ÿ38 118 116 76 108 ÿ46 ÿ42
o4 ÿ176 ÿ172 ÿ175 179 ÿ175 177 174 176 ÿ176
f5 179 67 ÿ179 50 77 79 61 ÿ72 166

Table 5. Backbone dihedral angles (in degrees) and relative

conformational energies, �E (in kcal/mol) of the representative

conformations of each of the eight di�erent classes found by

iterative SA calculations of AASTOA

Class I II III IV V VI VII VIII

�E 0.0 0.4 0.6 0.9 1.3 2.2 2.4 3.4

c1 70 163 154 152 65 68 161 83

o1 2 1 2 1 1 0 2 2

f2 ÿ143 ÿ99 ÿ95 ÿ86 ÿ134 ÿ130 ÿ74 ÿ67
c2 121 ÿ136 ÿ70 ÿ67 169 ÿ76 176 ÿ54
o2 180 ÿ174 ÿ174 ÿ176 180 178 179 180

f3 68 45 ÿ42 ÿ76 52 ÿ66 48 ÿ153
c3 63 62 109 145 59 119 79 164

o3 ÿ178 ÿ169 178 ÿ175 ÿ179 ÿ177 166 ÿ174
f4 117 64 80 137 104 80 79 69

c4 ÿ69 ÿ131 ÿ140 ÿ63 ÿ93 ÿ137 ÿ123 ÿ123
o4 176 175 172 ÿ2 172 175 ÿ177 163

f5 ÿ55 ÿ52 ÿ55 ÿ62 ÿ58 ÿ55 ÿ46 ÿ55
c5 ÿ30 130 ÿ62 135 104 148 ÿ27 105

o5 ÿ177 179 177 ÿ178 ÿ177 178 ÿ178 ÿ179
f6 177 165 44 ÿ77 83 83 ÿ54 82
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all the representative conformations of the selected eight
classes, excluding those representative of the classes I,

IV and V, exhibit bII0-turns involving the residues Arg6
and Ser3, while the representative conformations of
classes III and IV show bIII-turns involving the residues

Abu1 and Tic4 and that representative of class VII pre-
sent a bII-turn involving the same N-terminal part. The
only motives stabilized by hydrogen bonds are a a-turn
between the amide hydrogen of Arg6 and the carbonyl
oxygen of Ala2 found in the representative conforma-
tion of class IV, and a C8 or C16 cycle between the
amide hydrogen of Abu1 and the carbonyl oxygen of

Ala2 found in the representative conformation of class
VIII.

APATOA

The sampling procedure required, in this case, 1200

cycles of simulated annealing yielding 30 unique con-
formations. Of these, 18 lie within a threshold of 5 kcal/
mol above the global minimum. The global minimum

was obtained at iteration number 671, exhibiting an
energy of 14.8 kcal/mol. Computation of the rms devia-
tion of the backbone atom coordinates between every
pair of structures after optimal superimposition pro-

vided six classes of conformations. Backbone dihedral
angles of these six classes are listed in Table 6. The
conformational pro®le of the peptide exhibits a high

tendency to adopt bent conformations with the only
presence of a bII0-turn stabilized by a hydrogen bond
between the amide hydrogen of Arg6 and the carbonyl

oxygen of Ala3, as found in the representative con-
formation of class II. Other standard motives, not sta-
bilized by hydrogen bonds, can also found. Speci®cally,

all the representative conformations of the six classes,
excluding that of class V, exhibit bII0-turns involving the

residues Arg6 and Ala3, while only the representative
conformation of class III show a bIII-turn motif at the
N-terminus involving the residues Abu1 and Tic4.

TSTOA

After 3200 cycles of simulated annealing, 438 con-
formations were characterized as unique. Of these con-
formations, 111 were in the low energy subset with
energies up to 5 kcal/mol above the global minimum.

The lowest energy conformation was obtained at itera-
tion number 1223 and its energy is 4.1 kcal/mol. The
structures were subsequently clustered into 50 classes

from the values of the rms deviation between the back-
bone atom coordinates of each pair of structures after
optimal superimposition. Backbone dihedral angles of

the 50 classes are listed in Table 7. Analysis of the low
energy conformations reveals a high tendency of the
peptide to adopt bent conformations. Of the 50 repre-

sentative conformations, only eight present motives
stabilized by hydrogen bonds. Speci®cally, the repre-
sentative conformations of classes XIV and XXXII
exhibit an a-turn motif stabilized by a hydrogen bond

between the amide hydrogen of Arg5 and the carbonyl
oxygen of Thi1; the representative conformations of
classes XXXIX, ILIV and ILVI present bII0-turn motif

stabilized by a hydrogen bond between the amide
hydrogen of Arg5 and the carbonyl oxygen of Ser2; the
representative conformations of classes XXXV, and IL

show a C14 cyclic structure stabilized by a hydrogen
bond between the amide hydrogen of Ser2 and the car-
bonyl oxygen of Arg5; ®nally, the representative con-
formation of class ILIX exhibit a bII0-turn motif

stabilized by a hydrogen bond between the amide
hydrogen of Arg5 and the carbonyl oxygen of Tic3.
Moreover, a detailed analysis of Table 7 permits to

establish the presence of b-turns not stabilized by
hydrogen bonds at the C- and N-terminus of the peptide
sequence. In contrast to the studied cyclic peptides, only

the 50% of the representative conformations of the 50
selected classes, show a bII0-turn motif not stabilized by a
hydrogen bond. bII-, bI0- and bIII0-turns are also present

at the N-terminus, involving the residues Thi1 and Oic4.

Characterization of the bioactive conformation

In order to characterize the bioactive conformation
responsible of BK B2 antagonism, it is necessary to
perform cross comparisons between the sets of low

energy conformations of the di�erent analogs studied.
The bioactive conformation needs to be common to the
antagonists and at the same time has not to be found in

any of the nonbinder sets of conformations. Sets of
unique conformations generated in the present work

Table 6. Backbone dihedral angles (in degrees) and relative

conformational energies, �E (in kcal/mol) of the representative

conformations of each of the 6 di�erent classes found by

iterative SA calculations of APATOA

Class I II III IV V VI

�E 0.0 1.1 1.4 1.6 4.0 4.2

c1 133 92 82 136 132 ÿ51
o1 ÿ2 ÿ1 ÿ2 0 ÿ4 0

f2 75 78 84 74 75 108

c2 ÿ153 ÿ147 55 ÿ117 ÿ154 ÿ46
o2 ÿ178 180 178 178 ÿ179 177

f3 ÿ125 ÿ114 48 ÿ147 ÿ145 ÿ146
c3 103 108 76 ÿ54 66 65

o3 ÿ175 178 ÿ172 1 ÿ160 ÿ159
f4 80 79 76 104 109 61

c4 ÿ111 ÿ128 ÿ140 ÿ157 ÿ79 ÿ144
o4 161 171 173 ÿ165 ÿ173 173

f5 ÿ54 ÿ63 ÿ55 ÿ61 ÿ61 ÿ54
c5 157 ÿ3 128 ÿ61 ÿ63 125

o5 180 ÿ173 ÿ177 ÿ176 ÿ170 ÿ178
f6 112 ÿ46 155 ÿ53 ÿ59 71
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involve comparisons of backbone atoms or dihedrals. It
could be argued that, since most of the ligand±receptor

interactions occur via peptide side chains, these should
be included in the structural comparisons. Indeed, side
chains have low energy torsional barriers and they are

capable of sampling the whole conformational space,
limited by the conformations attainable by peptide
backbones.40 Obviously, if backbone conformations are

similar, side chains will sample the same conformational

space. However, sometimes backbones can be di�erent
and the side chains still sample common regions of their

respective conformational space. This occurs when a resi-
due is presumably involved in the interaction with its
receptor and appears in di�erent position in di�erent

analogs, in such a case comparison between side chains
becomes necessary.41 However, in the cases where peptide
analogs have similar sequences, like in the present study, is

enough to carry out comparisons of peptide backbones.

Table 7. Backbone dihedral angles (in degrees) and relative conformational energies, �E (in kcal/mol) of the representative

conformations of each of the 50 di�erent classes found by iterative SA calculations of TSTOA

Class I II III IV V VI VII VIII IX X XI XII XIII XIV XV XVI XVII

�E 0.0 0.4 0.7 1.2 1.3 1.6 1.8 2.0 2.0 2.0 2.1 2.2 2,2 2.2 2.3 2.3 2.4

c1 ÿ34 97 ÿ174 ÿ66 ÿ48 163 ÿ49 ÿ11 120 ÿ49 ÿ73 153 83 ÿ59 159 161 100

o1 176 ÿ179 ÿ179 180 ÿ178 179 178 179 177 180 180 ÿ179 ÿ179 180 177 ÿ179
f2 ÿ145 ÿ123 ÿ53 ÿ78 ÿ116 ÿ130 ÿ149 ÿ65 52 42 ÿ164 ÿ139 ÿ115 ÿ70 ÿ130 ÿ134 ÿ161
c2 82 95 117 138 70 61 58 73 78 57 65 154 129 98 63 148

o2 175 ÿ174 ÿ176 ÿ175 ÿ171 ÿ171 ÿ172 ÿ165 ÿ3 ÿ179 ÿ167 ÿ177 175 ÿ167 ÿ174 ÿ173 ÿ175
f3 78 80 84 110 118 118 107 104 86 74 112 125 93 107 79 122 114

c3 ÿ141 ÿ137 ÿ122 ÿ74 ÿ66 ÿ62 ÿ85 ÿ82 ÿ142 ÿ148 ÿ70 ÿ60 ÿ136 ÿ77 ÿ135 ÿ73
o3 175 171 175 ÿ179 179 177 163 179 178 175 165 ÿ179 178 173 178 ÿ174 180

f4 ÿ51 ÿ51 ÿ52 ÿ50 ÿ52 ÿ57 ÿ54 ÿ49 ÿ46 ÿ57 ÿ54 ÿ49 ÿ52 ÿ49 ÿ48 ÿ49 ÿ53
c4 ÿ41 ÿ48 148 ÿ53 ÿ44 165 126 133 ÿ46 ÿ54 123 ÿ46 139 ÿ44 143 ÿ54 ÿ51
o4 180 179 180 179 179 178 ÿ177 ÿ179 178 ÿ175 179 180 179 ÿ179 ÿ176 179

f5 ÿ70 ÿ164 ÿ72 ÿ68 ÿ66 ÿ85 ÿ72 ÿ109 ÿ76 ÿ166 64 ÿ134 ÿ92 ÿ154 ÿ76 60 ÿ70

Class XVIII XIX XX XXI XXII XXIII XXIV XXV XXVI XXVII XXVIII XXIX XXX XXXI XXXII XXXIII XXXIV

�E 2.4 2.5 2.6 2.6 2.7 2.7 2.7 2.8 3.1 3.3 3.5 3.6 3.7 3.8 3.8 3.8 3.8

c1 ÿ61 122 135 148 139 ÿ15 104 141 ÿ60 142 ÿ59 ÿ73 ÿ160 ÿ71 142 74 133

o1 180 180 179 180 180 180 179 180 176 173 ÿ175 ÿ179 180 179 179 ÿ179 ÿ179
f2 62 ÿ155 ÿ59 ÿ161 ÿ62 ÿ155 44 41 40 ÿ158 69 ÿ63 ÿ108 ÿ58 ÿ114 ÿ161 ÿ78
c2 67 100 142 ÿ59 129 152 56 77 80 161 63 120 88 ÿ58 104 142 148

o2 176 ÿ3 ÿ163 178 ÿ176 176 ÿ175 170 175 ÿ175 ÿ178 ÿ167 3 178 ÿ2 171 174

f3 128 74 100 133 87 92 105 81 72 ÿ38 120 101 127 88 87 92

c3 ÿ60 ÿ145 ÿ103 ÿ54 ÿ123 ÿ141 ÿ87 ÿ143 ÿ134 ÿ58 ÿ66 ÿ85 ÿ56 ÿ55 ÿ138 ÿ137 ÿ122
o3 179 178 ÿ7 178 172 171 180 ÿ178 175 178 175 ÿ174 178 178 ÿ3 180 176

f4 ÿ48 ÿ56 ÿ60 ÿ47 ÿ50 ÿ50 ÿ56 ÿ52 ÿ52 ÿ51 ÿ60 ÿ53 ÿ47 ÿ48 ÿ60 ÿ48 ÿ44
c4 ÿ46 148 158 ÿ45 ÿ135 ÿ36 151 ÿ38 141 ÿ48 178 ÿ65 ÿ46 ÿ44 122 ÿ48 ÿ48
o4 ÿ179 179 180 176 ÿ178 179 178 ÿ178 ÿ179 177 ÿ176 179 177 ÿ176 180 176

f5 ÿ156 ÿ162 ÿ150 ÿ63 62 ÿ67 ÿ92 ÿ67 ÿ157 ÿ71 ÿ128 55 ÿ67 ÿ63 ÿ79 58 59

Class XXXV XXXVI XXXVII XXXVIII XXXIX XL XLI XLII XLIII XLIV XLV XLVI XLVII XLVIII XLIX L

�E 3.8 4.0 4.0 4.3 4.4 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.8 4.9 4.9 5.0

c1 123 ÿ68 168 143 ÿ59 ÿ60 138 ÿ56 168 133 86 106 165 148 43 88

o1 ÿ175 178 177 180 ÿ179 179 ÿ176 180 179 180 180 ÿ177 ÿ177 ÿ179 179 ÿ178
f2 ÿ148 ÿ154 ÿ131 60 178 ÿ173 ÿ158 ÿ81 ÿ69 50 53 ÿ63 ÿ135 43 ÿ77 ÿ128
c2 95 77 63 81 78 150 96 155 ÿ64 68 78 ÿ75 103 62 124 59

o2 180 175 ÿ175 ÿ3 ÿ178 174 174 ÿ179 ÿ173 ÿ170 180 ÿ168 ÿ4 ÿ163 ÿ166 ÿ165
f3 73 77 122 81 ÿ36 90 73 129 122 ÿ35 77 112 89 ÿ30 104 120

c3 ÿ141 ÿ145 ÿ59 ÿ135 ÿ57 ÿ140 ÿ142 ÿ64 ÿ68 ÿ56 ÿ134 ÿ74 ÿ140 ÿ62 ÿ72 ÿ71
o3 172 ÿ177 172 173 179 173 173 ÿ2 175 179 171 171 6 177 171 ÿ1
f4 ÿ58 ÿ53 ÿ52 ÿ51 ÿ50 ÿ48 ÿ53 ÿ66 ÿ53 ÿ47 ÿ53 ÿ48 ÿ60 ÿ51 ÿ66 ÿ63
c4 104 122 113 145 ÿ45 ÿ42 ÿ44 163 123 ÿ46 162 ÿ55 ÿ65 101 72 156

o4 ÿ179 179 ÿ176 179 178 176 180 174 ÿ179 177 ÿ179 176 ÿ178 ÿ179 ÿ178 180

f5 62 ÿ95 ÿ156 ÿ85 ÿ68 ÿ132 ÿ66 ÿ137 ÿ139 ÿ77 80 ÿ165 ÿ106 ÿ142 ÿ161 ÿ70
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In order to carry out similarity measures on the sets of
conformations characterized in the present study, it

should be noticed that most of the analogs studied in the
present work are ®ve and six residue cyclic peptides.
When comparing backbone conformations, the con-

strained nature of the cyclic structures, makes impos-
sible to ®nd any similarity if comparisons are performed
on the whole structures. Systematic comparison of the

di�erent structures failed to provide common positions
of any but a set of residues ultimately considered in
similarity measures in the present work. Structure±
activity studies suggest that the last three residues, that

are identical in all the analogs studied in the present
work, are important for B2 BK antagonism and should
be included.34 On the other hand, these cyclic analogs

exhibit conformations that are close to b-turn secondary
structures as it had been postulated for BK antago-
nists.18±30 Since these secondary structure motifs involve

four residues, conformations in this work were com-
pared by their last four residue segments. This crit-
erion can be considered as minimum requirements for

recognition, although does not necessarily rule out
the possible steric moludation of the residues not
included.

In order to characterize prospective candidates to be the
bioactive conformation, the initial sets of low energy
conformations of each peptide analogue characterized

before the rmsd pruning, and within a certain energy
threshold were considered. Speci®cally, the subset of
low energy conformations within a 5 kcal/mol threshold

of the more active analogue GTTOA, was compared
with those of the other two antagonists: GATOA and
AASTOA. Pairwise comparisons of the low energy
conformations of the three peptides allowed to discard

10 conformations of GTTOA as prospective candidates
to be the bioactive conformation. In a further step, the
subset of low energy conformations common to the

three antagonists was pairwisely compared for similarity
with the low energy conformations of the two non-bin-
ders: APATOA and TSTOA. Pairwise comparison of

the low energy conformations common to the three
active peptides with those of the two inactive con-
formations yielded two structures of GTTOA candi-

dates to be the bioactive conformations. Rms deviation
between backbone atoms of the two conformations after
optimal superimposition is 0.45 AÊ , lower than the
threshold value of 0.65 AÊ used to classify two con-

formations as di�erent. This result owed us to consider
the two conformations as being the same regarding
their backbone. In this analysis the most similar con-

formation of GATOA exhibited a rms deviation of 0.06
AÊ and 0.31 AÊ for the most similar conformation of
GTTOA. In contrast, the most similar conformations

of TSTOA and APATOA were 0.57 AÊ and 0.80 AÊ ,
respectively.

Superimposition of the two putative bioactive con-
formations is illustrated in Figure 1. Visual inspection of

the two conformations shows that the only critical dif-
ference between them, lies on the di�erent orientation of
the vector Cb-Cg on the Arg5 side chain. The orienta-

tion of this residue is important since the guanidinium
moiety is putatively involved in peptide recognition.16,33

In order to decide which of the two orientations was a

better candidate to be the bioactive conformation, the
two conformations selected were superimposed with all
the low energy conformations of HOE-140, that had
been characterized in an independent study in our

laboratory.30 Figure 2 shows the two conformations of
GTTOA (green and orange) with the conformation of
HOE-140 (red) that exhibits the lowest rms deviation

value (0.95 AÊ ) comparing only the backbone atoms. The
®gure clearly shows that one of the candidates exhibits
the vector Cb-Cg on residue Arg5 pointing in the same

direction of Arg9 in HOE-140 (downwards in regard to
the cycle), whereas in the other candidate the vector
points in the opposite direction (upwards in regard to

the cycle). On the other hand, the non-binder TSTOA
(blue) exhibits the arginyl side chain in all the con-
formations characterized pointing in the same direction
of Arg9 in HOE-140. Inspection of Figure 2 suggests

that the arginyl residues located at the N-terminus in
HOE-140 lie above the cycle, in the same spatial region
of the arginyl residue of the cyclic analogue. This leads

to the hypothesis that the bioactive conformation
exhibits the arginyl side chain above the cycle and this
role is played by the N-terminal residues in HOE-140.

This hypothesis explains at the same time the lack of
a�nity exhibited by the linear analogue TSTOA since
in this case there are no extra arginyl residues at the
N-terminus and the analogue cannot comply the

requirements of the bioactive conformation, as HOE-
140 does.

Figure 1. Superimposition of the two low energy conforma-

tions of GTTOA candidates to be the bioactive conformation.
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Proposal of a pharmacophore for the BK antagonism

Knowledge of the bioactive conformation responsible of
BK antagonism together with the information available

from di�erent structure activity studies, give the
opportunity to propose a pharmacophore where,
ligand±receptor interactions are described in terms of

the chemical moieties involved in their three-dimen-
sional arrangement. Structure±activity relationship stu-
dies suggest that the side chains of the three residues

common to all analogs studied in the present work: Tic,
Oic and Arg, are involved in the interaction with the
receptor.34 The aromatic ring of Tic is probably
involved on a �ÿ � interaction; residue Oic can only be

involved in a hydrophobic interaction; and the guanidi-
nium group of the arginyl residue is probably involved
in a charge±charge interaction with the receptor. This

hypothesis can also be indirectly corroborated by dif-
ferent results from site-directed mutagenesis experi-
ments. These studies have demonstrated a deleterious

e�ect on ligand binding of mutations on the B2 brady-
kinin receptor at positions Phe261 42 and Asp268 43 both
located on transmembrane VI. Accordingly, the aspartic

acid could be involved in an interaction with the
charged moiety of the guanidinium group and on the
other hand, the phenylalanine with either an aromatic
moiety or simply with a hydrophobic group of the

ligand. In summary, the groups describing schematically
the pharmacophore are: an aromatic group, a hydro-
phobic moiety and an ionizable positive charge.

Regarding their spatial arrangement, since the pharma-
cophore has only three points, the spatial arrangement
of the group can be speci®ed by three geometrical para-

meters, for example the distances between them. The
distance between the aromatic ring and the hydrophobic

moiety exhibits a low tolerance due to their conforma-
tional constraints. However, distances from these two

moieties to the positive charge are less precise, due to
the ¯exible nature of the arginyl side chain and the pro-
cedure used in the present work to assess the bioactive
conformation, based on a detailed analysis of peptide

backbones. Figure 3 shows schematically the descriptors
of the pharmacophore indicating the chemical moieties
involved as well as their spatial arrangement.

It is expected that these results are helpful for designing
a third generation of BK no-peptide antagonists. Work

in this direction is presently being undertaken in our
laboratory.

Conclusions

The conformational pro®les of ®ve BK analogs was
assessed by computational methods. The set of analogs

selected for the present study included three antagonists
and two nonbinders. The analogs selected were taken
from a recent study of BK analogs inspired in the C-

terminus region of the potent second generation
antagonists represented by HOE-140 and NPC17761.
The conformational energy was computed using mole-

cular mechanics and exploration of the conformational
space was performed using simulated annealing in an
iterative fashion. Comparison of the common con-
formations among antagonists and at the same time not

found in the non-binders provided a putative bioactive
conformation. These results, together with the struc-
ture±activity relationship studies published in the

literature, were used to propose a pharmacophore for
BK antagonism that includes an ionizable positive
charge, a hydrophobic group and an aromatic (hydro-

phobic) group in a speci®c spatial arrangement shown in
Figure 3.

Figure 2. Superimposition of the two low energy conforma-

tions of GTTOA candidates to be the bioactive conformation

(in green and orange, respectively), together with the most

similar conformation of HOE-140 (red) and TSTOA (blue).

Figure 3. Proposed pharmacophore for antagonism to the

bradykinin B2 receptor.
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