
Journal of Peptide Science
J. Pept. Sci. 2008; 14: 819–829
Published online 25 January 2008 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/psc.1009

Solution conformations of bradykinin antagonists modified
with Cα–Cα cyclized nonaromatic residues
EMILIA SIKORSKA* and SYLWIA RODZIEWICZ-MOTOWIDŁO
Faculty of Chemistry, University of Gdańsk, Sobieskiego 18, 80-952 Gdańsk, Poland
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Abstract: The conformations of four BK antagonists, [D-Arg0, Hyp3, Thi5, D-Phe7, Acc8]BK (1), Aaa[D-Arg0, Hyp3, Thi5, D-Phe7,
Acc8]BK (2), [D-Arg0, Hyp3, Thi5,8, Apc7]BK (3), and Aaa[D-Arg0, Hyp3, Thi5,8, Apc7]BK (4) were studied by using 2D NMR
spectroscopy and MD simulations with time-averaged (TAV) restraints. According to the results of the NMR measurements, the
BK antagonists contain 7–30% of minor conformation resulting from cis/trans isomerization of the peptide bonds preceding
either Pro or Hyp residues. The major conformation of each peptide possesses all peptide bonds in trans configuration. Peptides
modified with the Apc residue at position 7 (peptides 3 and 4) possess a higher percentage of minor isomer.

Peptide 1 exhibits the strongest vasodepressor potency among the analogs studied and as a single one forms the βII-turn in
the 2–5 fragment, which is believed to be crucial for antagonistic activity. This peptide is also the most compact. The radius of
gyration (Rg) amounts to 6.9 Å and is by ca 1.5 Å lower than that of the remaining analogs. With peptide 4, the ST-turn of type I
within the Ser6-Thi8 fragment was found. Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Bradykinin (BK) (Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7

-Phe8-Arg9) is a biologically active nonapeptide resulting
from proteolytic action of the plasma kallikrein on a
high-molecular-weight kininogen. Additionally, BK may
be produced by removal of the amino-terminal Lys of
kallidin (KD) (Lys1-Arg2-Pro3−Pro4-Gly5-Phe6-Ser7-Pro8-
Phe9-Arg10) by plasma aminopeptidases [1,2]. BK
is implicated in a number of physiological and
pathophysiological processes. It plays a key role in
inflammatory diseases and allergic reactions. Moreover,
it mediates some vital processes such as hypotension,
smooth muscle, edema, pain, or cell growth [3,4].

The biological effects of BK are mediated by two
different types of G-protein coupled receptors (GPCRs),
B1 and B2. B1 receptor is expressed under stress
conditions such as shock or inflammation, whereas B2
is expressed constitutively [5,6]. B2 receptors require
the entire BK sequence for recognition, while B1
receptors recognize and bind only des-Arg9-BK (formed
by kininase I from BK) [7–9].

Naturally occurring kinins (BK and KD) are char-
acterized by very short half-lives, which is a result
of kininases action [10,11]. Therefore, searching for
new analogs focuses on extension of analog action by
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increasing their enzymatic tolerance, enhancing activ-
ity, and reducing conformational freedom. Moreover,
involvement of BK in inflammation and pain is the
reason for searching novel active antagonists [12].

It has been demonstrated that a simple change from
Pro7 to D-Phe7 affords an analog with weak antagonistic
properties [13]. Investigations on the structure–activity
relationship confirmed also that the replacement of Pro3

by Hyp, the substitution of Phe5 with Thi, and the
addition of D-Arg, Aaa or Aca to the N-terminal part
of the molecule enhanced the antagonistic properties
[14–16].

Conformational studies of BK antagonists revealed
that turn-like structures involving residues 2–5 and
6–9 might be important for antagonism [17]. Moreover,
the structure is very often stabilized by a salt bridge
between the guanidine moiety of Arg1 and the C-
terminal carboxyl group of Arg9. The type II and II′ of
β-turns at positions 3,4 and 7,8, respectively, occurred
mostly in BK antagonists [18–22]. Furthermore, it is
known that type II of β-turn may be caused by the
proline and hydroxyproline residues. Additionally, in
type II of β-turn, position i + 2 is dominated by glycine,
because it most readily adopts the αL conformation. A
high probability of a βII′-turn between residues 6 and 9
is provided by a D-amino acid at position 7 [23–26].

In this article, we present the conformational analysis
of four B2 antagonists (Table 1) modified at positions
7 or 8 with Cα–Cα cyclized nonaromatic residues,
Apc, or Acc. The Apc residue inserted at position 7
led to a reduction of antagonistic properties in the
rat uterus assay or even restored the agonism in
the blood pressure test, whereas Acc at position 8
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enhanced antagonistic properties in both tests. In turn,
acylation of the N-terminus led to the enhancement
of the antagonistic potency in blood pressure test
only in the case of analogs with Apc at position 7
[27,28]. BK was used as a standard agonist in the
activity tests, whereas [D-Arg0,Hyp3,Thi5,8,D-Phe7]BK,
the B2 antagonist previously synthesized in Stewart’s
laboratory [13], served as a reference compound for
comparison of the antagonistic activities of the analogs
in this study [29,30].

Previous theoretical and experimental studies have
shown that 1-aminocycloalkane-1-carboxylic acids
impart considerable stereochemical rigidity to peptide
backbones, which are constrained to adopt conforma-
tions in the 310/α-helical regions of the ϕ and ψ spaces.
They can be accommodated at either position of type
III (III′) β-turn or at the i + 2 position of type II (II′)
β-turn [31–33]. Furthermore, they display the tendency
to induce γ - or inverse γ -turn (C7-conformation) [34].

MATERIALS AND METHODS

Sample Preparation

All the peptides were synthesized by using a procedure
described by Labudda et al. [27,28] and were of >95% purity.
Peptides were dissolved in 90% H2O/10% D2O. Samples were
prepared using 5.00 mg of each peptide and 0.6 ml of solvent.
The pH of the samples fell in the range of 5.0–5.5.

NMR Measurements

The NMR spectra were recorded on a 500 MHz Varian
spectrometer equipped with a Performa II gradient generator
unit, WFG, Ultrashims, high stability temperature unit and a
5-mm 1H{13C/15N} PFG triple resonance inverse probe head.

The 2D NMR spectra were recorded at 30 °C. The
temperature coefficients of the amide proton chemical shifts

were measured from 1D NMR spectra for the following
temperatures: 2, 10, 20, 30, 40, and 50 °C. Proton resonance
assignments were achieved by use of the proton–proton
TOCSY [35], the NOESY [36], the ROESY [37,38], as well as
the gradient heteronuclear single quantum coherence (1H–13C
gHSQC) [39,40] and the gradient heteronuclear multiple
quantum coherence (1H–13C gHMBC) techniques [41]. For
each sample, the TOCSY spectra with the mixing time of
80 ms were measured. The NOESY spectra were recorded with
a mixing time of 200 ms. The mixing times of the ROESY
experiments were set to 200 and 300 ms. The volumes of
cross peaks were picked up for ROESY spectra with a mixing
time of 300 ms. The calculations were performed only for a
more populated conformation of each peptide.

All the spectra were measured with a water signal
presaturation pulse typically of 2 dB and 1.5 s. In the case
of the 1D NMR spectra, 16 K data points were collected and
a spectral width of 6 kHz was used. The 2D homonuclear
experiments were measured using a proton spectral width of
4.5 kHz collecting 2 K data points.

Vicinal coupling constants, 3JHNHα , were assigned using
double quantum filtered-correlation spectroscopy (DQF-COSY)
[42] and the 1D NMR spectra. The DQF-COSY spectra were
processed to enhance the resolution to 1.2 Hz per point in F2.
For Gly, the two 3JHNHα coupling constants with Hα protons
are equal within the limits of experimental error.

All chemical shifts are quoted relative to the external 2,2-
dimethyl-2-silapentanesulfonic acid (DSS) reference. The 13C
chemical shifts were referenced to DSS according to the
following relationship: 13C/1H = 0.251449530 [43]. Spectral
processing was carried out using the VNMR [44] and analyzed
with XEASY [45].

MD Calculations

MD simulations were carried out using the AMBER [46] force
field. The valence geometry of the residues not specified
in the standard AMBER database, were parameterized as
recommended by the AMBER 8.0 [46] manual. Specifically,
these residues were modeled using bond lengths, the valence

Table 1 The BK analogs and their pharmacological properties

Peptide Uterotonic
potency: %
of activity of
BK or pA2

Vasodepressor potency Ref.

ED20

(mg/min)
ED50

(mg/min)
ED90

(mg/min)

[D-Arg0,Hyp3,Thi5,8,D-Phe7]BK (Stewart’s peptide) pA2 = 6.88 ± 0.08 1.73 ± 0.43 — 124.17 ± 27.04 29, 30
1. [D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK pA2 = 7.2 ± 0.2 0.20 ± 0.03 1.62 ± 0.18 25.52 ± 2.15 28
2. Aaa[D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK pA2 = 7.4 ± 0.2 0.66 ± 0.08 4.89 ± 0.36 79 ± 15 28
3. [D-Arg0,Hyp3,Thi5,8,Apc7]BK 0.25 13.49 ± 4.25 166.9 ± 63.16 8302 ± 4782 27
4. Aaa[D-Arg0,Hyp3,Thi5,8,Apc7]BK 0 2.83 ± 0.36 46.03 ± 12.66 2899 ± 1187 27

Agonistic activity was calculated as percentage of BK activity (set to 100%); antagonistic activity was calculated as pA2 (negative
decadic logarithm of analog concentration shifting the log dose–response curve for BK by a factor of 0.3 to the right: calculations
were made from the linear portions of the curves); ED20, ED50, and ED90 represent doses of BK antagonist (µg/kg/min) that
inhibit the vasodepressor response to 250 ng of BK by 20, 50, and 90%, respectively.
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and torsion angles of appropriate residue and compatible

molecular segments taken from the CSDS database [47]. The

point charges were optimized by fitting them to the ab initio

molecular electrostatic potential (6–31G basis set, GAMESS’98

[48] - ab initio molecular electronic structure program) for two

different conformations of every nonstandard residue, followed

by consecutive averaging the charges over all conformations,

as recommended by the RESP protocol [49].

MD calculations were started from extended conformations,

which were put into water solution. The initial solvent

configuration around the peptide was obtained by filling cubic

box with water molecules. The overall box size was enlarged

by about 8 Å in each direction. A total number of 1393, 1881,

1166, and 1452 water molecules were used for peptides 1,

2, 3, and 4, respectively. The chloride ions were used to

neutralize the system. To equilibrate the solution density,

initial simulations were carried out at 303 K, in a periodic box,

until the density was close to 1.0 g/ml.

After equilibration, the MD with time-averaged (TAV)

distance and dihedral angle restraints derived from the NMR

spectroscopy were performed. The interproton distances were
restrained with the force constants f = 20 kcal/(mol × Å

2
), and

the dihedral angles with f = 2 kcal/(mol × rad2). The geometry

of the peptide groups was kept fixed according to the NMR data

(f = 50 kcal/(mol × rad2)). During MD simulation with TAV,

an 8 Å cutoff radius was chosen. The MD simulations were

carried out at 303 K in a periodic box of constant volume, with

the particle-mesh Ewald (PME) procedure. The time step was

2 fs. The total duration of the run was 4 ns. The coordinates

were collected every 2000th step. The conformations obtained

during the last 800 ps of simulation were considered in further

analysis. As a result, 200 conformations for each peptide were

presented.

The interproton distances, used in TAV, were calculated

by the CALIBA algorithm of the DYANA [50] program. The

macro CALIBA performs calibrations of the cross peaks using

three different calibration classes: (i) cross peaks assigned to

backbone protons, (ii) cross peaks assigned to more flexible

protons of side chains, and (iii) cross peaks assigned to

methyl groups. The calibration functions used for these two

classes are: V = A/d6, V = B/d4 and V = C/d4, where V is a

peak volume and d is the corresponding distance. We used

parameter A corresponding to the intensity of cross peak

between geminal protons (1.8 Å) for each peptide separately

[51]. The scalar B was set to B = A/dmin
2 in order to intersect

the backbone calibration curve at dmin, and C set to C = B/3

(dmin – minimal value for distance constraints before possible

pseudo atom corrections are added).

The backbone 3JHNHα coupling constants were converted to

backbone torsion angle φ constraints according to the following

rules: 3JHNHα < 6 Hz constrained the φ angle to the range of

−90° to −30°, 6 Hz < 3JHNHα < 8 Hz constrained to the range

of −120° to −60°, and 3JHNHα > 8 Hz constrained to the range

of −140° to −100° [52].

The results obtained were analyzed using the Carnal and

Ptraj programs from the AMBER 8.0 package [46]. Molecular

structures were drawn and analyzed with the graphic program

MOLMOL [53].

RESULTS

Analysis of NMR Spectra

The NMR spectra of each analog display two distinct
sets of proton resonances resulting from two con-
formations being in equilibrium. Their appearance is
probably due to the cis/trans isomerization of one of
the peptide bonds, but this hypothesis has not been
supported by appropriate cross peaks. It is more prob-
able that the peptides possess Pro and Hyp at positions
2 and 3, respectively. The percentage of cis isomer
can be calculated from the nonoverlapping signals of
the HN proton of Acc or Apc on the 1D NMR spectra
at 30 °C. The contributions of less populated isomer
amount from 7% for analogs modified with Acc at posi-
tion 8 to 30% for those modified with Apc at position
7. The major conformation of each peptide possesses
all peptide bonds in trans configurations, which was
verified by the following cross peaks: Hα(i)–HN(i + 1)

and Hα(i)–Hδ(i + 1) in the case of the Pro residue. With
the Pro2 –Hyp3 peptide bond, hydroxyproline Cβ and Cγ

chemical shifts were used to distinguish between the cis
and trans peptide bond, because, only for peptide 2, the
Hα(i)–Hδ(i + 1) connectivity for the Pro2 –Hyp3 peptide
bond, which is characteristic of trans configuration,
was found. It is known that a decreased 13C chemi-
cal shift dispersion of Cγ and Cβ in a hydroxyproline
residue (�δCγ—Cβ ≈ 30 ppm) suggests that the preced-
ing carbonyl is configured in a cis peptide bond, while
Hyp having a more common trans peptide bond shows
a larger chemical shift dispersion (�δCγ—Cβ ≈ 33 ppm)
[54]. The �δCγ—Cβ dispersions for Hyp3 are 32.73, 32.83,
32.80, and 32.92 for peptides 1, 2, 3, and 4, respec-
tively, which is in good agreement with an expected
chemical shift dispersion of ≈33 ppm for the trans form.

A comparison of the proton and carbon chemical
shifts of peptide 1 with 2, and those of 3 with 4 shows
noticeable differences for D-Arg0 and Arg1 (Tables 2 and
3), which may suggest appreciable influence of Aaa
on three-dimensional structures of the N-terminus of
peptides 2 and 4.

The observable NMR parameters such as the ROE
connectivities, temperature coefficients, or coupling
constants, 3JHNHα, which are diagnostic of secondary
structure, are sufficient to identify even quite small
populations of reverse structures. The sequential
Hα(i)–HN(i + 1) ROE connectivity is always observed
and is mostly very strong. Similar, intraresidual
Hα(i)–HN(i) and Hβ(i)–HN(i) ROE connectivities are
also present for most peptides. In turn, sequential
HN(i)–HN(i + 1) ROE connectivities are seen only in
those regions of the peptides which preferentially adopt
folded conformations [55]. In the case of the investigated
peptides, intraresidual and sequential connectivities
are the main sources of information about secondary
structure. First of all, as seen in Figure 1, the
Hα(i)–HN(i) connectivities are much weaker than the
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Table 2 Proton and carbon chemical shifts (ppm) of [D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (1) and Aaa[D-Arg0,Hyp3,Thi5,D-Phe7,
Acc8]BK (2) in H2O/D2O (9 : 1), at 30 °C

Residue Peptide Chemical shifts (ppm)

CONH CαH CβH Cγ H CδH Other

Aaa−1 1 — — —
2 — 2.04 H2,6,7 1.54; H3,5,8 1.91; H4,9,10 1.69, 1.57

177.55 52.06 C2,6,7 44.96; C3,5,8 31.07; C4,9,10 38.72
D-Arg0 1 n 4.04 1.92 1.64 3.23 ε-HN 7.24

172.24 55.63 30.74 26.40 43.16
2 8.16 4.27 1.81, 1.71 1.62 3.19 ε-HN 7.20

176.26 56.19 30.63 27.29 43.02
Arg1 1 8.85 4.61 1.78, 1.70 1.65 3.13 ε-HN 7.16

n 54.25 30.05 26.90 43.45
2 8.07 4.62 1.76, 1.64 1.56 3.11 ε-HN 7.14

n n 30.37 26.93 43.42
Pro2 1 — n 2.34, 1.86 2.01 3.86, 3.53

174.87 61.73 30.54 27.31 50.53
2 — 4.68 2.32, 1.84 1.97 3.79, 3.49

174.86 n 30.80 27.31 50.43
Hyp3 1 — 4.54 2.32, 2.02 4.62 3.83

176.89 61.73 39.92 72.65 57.86
2 — 4.53 2.31, 2.03 4.62 3.82

176.87 61.99 39.83 72.66 57.78
Gly4 1 8.52 3.93

174.09 45.26
2 8.54 3.96, 3.90

174.18 45.37
Thi5 1 8.06 4.61 3.34, 3.19 H2 6.94; H3 7.34; H4 7.34

175.00 57.37 33.56 C2 129.69; C3 129.95; C4 127.90
2 8.06 4.59 3.34, 3.19 H2 6.94; H3 7.02; H4 7.33

174.85 33.74 C2 129.71; C3 129.94; C4 127.87
Ser6 1 8.17 4.35 3.67

174.33 58.38 63.82
2 8.16 4.34 3.67

174.28 58.40 63.90
D-Phe7 1 8.17 4.66 3.17, 2.99 H2,6 7.30; H3,5 7.38; H4 7.33

174.85 57.95 39.33 C2,6 131.75; C3,5 131.44; C4 129.91
2 8.15 4.66 3.17, 2.99 H2,6 7.30; H3,5 7.41 H4 7.33

174.79 39.17 C2,6 131.87; C3,5 131.57; H4 129.88
Acc8 1 7.85 H2,6 2.00, 1.74; H3,5 1.25,1.15; H4 1.23, 1.54

179.32 C2,6 34.12; C3,5 23.30; C4 27.08
2 7.84 H2,6 2.00, 1.71; H3,5 1.25, 1.18; H4 1.52, 1.15

179.33 C2,6 34.34; C3,5 23.43; C4 27.11
Arg9 1 7.70 4.32 1.90, 1.73 1.59 3.17 ε-HN 7.13

n 55.37 30.59 27.23 43.32
2 7.66 4.30 1.89, 1.72 1.58 3.18 ε-HN 7.14

n 55.54 30.54 27.31 43.20

sequential Hα(i)–HN(i + 1) ones, despite the finding
that the Hα(i)–HN(i) distance is 2.8 Å, which suggests
unfolded peptides [56]. The presence of HN(i)–HN(i + 1)

ROE cross peaks may suggest the reverse structures
in the middle part and C-terminus of the molecules.
With peptide 1, additional useful information is the
spatial proximity of the Hδ protons of Pro2 to the
Hβ ones of Thi5 and of the Hβ protons of Thi5

to the HN proton of D-Phe7. The former may imply
β-turn in the 2–5 fragment, whereas the latter shows
the possibility of existence of a reverse structure in
the middle part of the molecule. Consequently, the
medium-range Hα(Aaa−1)–HN(Arg1) interaction and
the long-range Hα(Aaa−1)–HN(Gly4) one found for
peptide 2 indicate that the N-terminus is involved
in reverse structures. In turn, the ROESY spectra of
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Table 3 Proton and carbon chemical shifts (ppm) of [D-Arg0,Hyp3,Thi5,8,Apc7]BK (3) and Aaa[D-Arg0,Hyp3,Thi5,8,Apc7]BK (4) in
H2O/D2O (9 : 1), at 30 °C

Residue Peptide Chemical shifts (ppm)

CONH CαH CβH Cγ H CδH Other

Aaa−1 3 — — —
4 — 2.04 H2,6,7 1.55; H3,5,8 1.93; H4,9,10 1.71, 1.60

177.66 53.03 C2,6,7 45.01; C3,5,8 31.13; C4,9,10 38.83
D-Arg0 3 n 4.04 1.92 1.64 3.23 ε-HN 7.24

172.50 55.81 31.03 26.69 43.17
4 8.16 4.27 1.80, 1.71 1.61 3.19 ε-HN 7.20

178.15 56.37 30.87 27.14 43.54
Arg1 3 8.85 4.60 1.77, 1.71 1.64 3.12 ε-HN 7.16

n 54.35 30.27 43.57
4 8.08 4.60 1.74, 1.65 1.55 3.09 ε-HN 7.14

n 53.67 30.60 26.74 43.54
Pro2 3 — 4.75 2.35, 1.87 2.02 3.86, 3.52

174.84 n 30.85 27.58 50.82
4 — 4.69 2.32, 1.85 1.98 3.78, 3.48

174.86 61.67 30.73 27.18 50.49
Hyp3 3 — 4.54 2.31, 2.03 4.62 3.83

176.84 61.99 39.94 72.74 58.09
4 — 4.53 2.30, 2.02 4.62 3.82

177.14 62.06 39.79 72.71 57.79
Gly4 3 8.54 3.93

174.08 45.50
4 8.56 3.96, 3.86

176.45 45.37
Thi5 3 8.04 4.60 3.37, 3.28 H2 7.02; H3 n; H4 7.31

175.17 57.42 33.54 C2 129.85; C3 n; C4 129.96
4 8.03 4.58 3.37, 3.28 H2 6.94; H3 7.03; H4 7.36

175.27 57.92 33.33 C2 129.95; C3 130.13; C4 128.17
Ser6 3 8.18 4.33 3.80, 3.74

173.93 55.44 64.08
4 8.17 4.31 3.79, 3.73

174.06 58.25 63.88
Apc7 3 8.24 H2,5 2.09, 1.85; H3,4 1.91, 1.69

178.66 C2,5 34.10; C3,4 n
4 8.21 H2,5 2.08, 1.84; H3,4 1.93, 1.69

178.82 C2,5 39.38; C3,4 26.81
Thi8 3 7.77 4.58 3.34, 3.26 H2 6.92; H3 n; H4 7.33

174.97 33.58 C2 129.71; C3 n; C4 128.02
4 7.77 4.57 3.39, 3.25 H2 6.92; H3 n; H4 7.31

174.27 n 33.31 C2 129.72; C3 n; C4 127.90
Arg9 3 7.97 4.30 1.89, 1.77 1.60 3.18 ε-HN 7.15

n 56.06 30.57 27.37 43.51
4 7.98 4.30 1.88, 1.76 1.59 3.18 ε-HN 7.16

173.87 55.87 30.82 26.92 43.42

peptide 3 display only one medium-range connectivity,
Hβ(Hyp3)–HN(Thi5), which may influence the formation
of a turn structure in the middle part of the peptide.
The absence of medium- and long-range interactions
in the ROESY spectra of peptide 4 suggests that
this peptide exhibits the tendency to assume the
most extended conformation among all the peptides
studied.

The temperature coefficients of the amide protons
(−�δ/�T) fall in the range 5.5–8.9 ppb/K, thus exclud-
ing the formation of strong intramolecular hydrogen
bonds [57]. Moreover, most of the coupling constant
values, 3JHNHα, fall in the range 6–8 Hz, which is charac-
teristic of statistical-coil structure [52]. However, these
coupling constants do not exclude the possibility of
reverse structures, and high temperature coefficients,
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Figure 1 The ROE effects corresponding to their interproton distances, 3JHNHα coupling constants, and the temperature coeffi-
cients for (a) [D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (1); (b) Aaa[D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (2); (c) [D-Arg0,Hyp3,Thi5,8,Apc7]BK
(3); and (d) Aaa[D-Arg0,Hyp3,Thi5,8,Apc7]BK (4).

−�δ/�T, may indicate open reverse structures, without
hydrogen bonds.

Analysis of Calculations

To measure the changes in the geometries of the
peptides, the root mean square deviation (RMSD) during
MD simulation time was obtained (Figure 2). The RMSD
changes were fitted to the Cα atoms of ‘start’ frame of
the first trajectory specified. As seen, the changes of
geometries are largest for the peptides modified with
Apc at position 7 (peptides 3 and 4). However, in the
case of peptide 2 (red line), at 3.5 ns of simulations,
the peptide changes considerably the conformation
and displays similar tendency toward the end of the
simulations. The analysis of the peptide fluctuations
(Figure 3) shows that the positional fluctuations of the
Cα atoms of the Arg residues at positions 2 and 9 of
peptides modified with Apc (peptides 3 and 4) are larger
than in the case of peptides with Acc (peptides 1 and
2). Moreover, the fluctuations of the Cα atoms of Gly4

and Ser5 in peptide 3 exceed 3 Å, in contrast to the
remaining peptides.

Analysis of the radius of gyration (Rg) changes
(Figure 2) shows that in the case of peptides modified
with the Apc residue at position 7, the Rg decreases
during MD simulations, however, the TAV distance and
dihedral angle restrains had a much slighter effect
on the size of peptide 3 than of peptide 4. In turn,
the Rg values for peptide 1 oscillate within 6.1–7.7 Å
throughout the entire MD simulations, whereas peptide
2 exhibits the tendency to be more extended by the end
of the MD simulations. Table 4 presents the radii of
gyration averaged within the last of 800 ps of the MD
simulations. As seen, the calculated ensemble-averaged
radii of gyration indicate only very small differences in
size among peptides 2, 3, and 4. In turn, peptide 1
seems to be more compact than the others.

The structures of the peptides obtained during
the last 800 ps of simulations, aligned to their first
coordinates using Cα atoms within the common
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Figure 2 Root mean square deviation changes (panel
a) and radius of gyration changes (panel b) of the
BK antagonists in the MD simulations with TAV, where
black line refers to [D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (1);
red line to Aaa[D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (2); green
line to [D-Arg0,Hyp3,Thi5,8,Apc7]BK (3); and gray line to
Aaa[D-Arg0,Hyp3,Thi5,8,Apc7]BK (4). The changes were fitted
to the Cα atoms of ‘start’ frame of the first trajectory specified.

D-Arg0-Ser6 fragment, are shown in Figure 4. The RMSD
values for the ensemble of structures are collected in
Table 4.

Main structural features of the peptides are bent
structures (Table 4). Thi residue at position 5 promotes
formation of an inverse γ -turn with Thi at top of it,
closed with HN6 –CO4 hydrogen bond, except for peptide
4, when the inverse γ -turn is nonideal, and as a result
it is not stabilized by hydrogen bond. Peptide 1 is the
only one possessing the βII-turn at position 3,4 which
is characteristic of BK antagonists. Moreover, about
50% of the calculated structures of peptide 1 show the
tendency to create the cation-π interactions between
the positively charged guanidine group of Arg1 and
aromatic ring of D-Phe7 [58].

Acylation of the N-terminus with Aaa (peptides 2 and
4) influences creation of γ -turn in Aaa−1-Arg1 stabilized
by the HN1 –CO−1 hydrogen bond. However, in the case
of peptide 2, the changes produced by acylation are
much more dramatic than those in peptide 4 (Figure 5).
In contrast to peptide 1, peptide 2 creates type II of
β-turn in the Aaa−1-Pro2 fragment.

With peptide 4, the ST-turn within the Ser6-Thi8

fragment was found [59]. The ST-turn consists of a
hydrogen-bonded ring of nine atoms. The hydrogen
bond is created between the side chain oxygen atom of
Ser6 and the main chain HN group of a residue 2 ahead
(Thi8). Among the analyzed structures of peptide 4, over
70% of them create type I of ST-turn (Figure 6). It is also
worth emphasizing, that among the peptides studied
only peptide 3 is stabilized by a salt bridge between the
guanidine moiety of Arg1 and the C-terminal carboxyl
group of Arg9. However, the common feature of all the
peptides is the position of the side chain of D-Arg0,
which lies apart from the rest of the molecule.

Figure 3 Variation along the polypeptide chain of the time-averaged RMSD fluctuations of the Cα atoms for the BK analogs in
water.
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Figure 4 Superposed conformations of each peptide
obtained in the last 800 ps of MD simulations with
time-averaged distance and dihedral angle restraints, (a) [D-
Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (1); (b) Aaa[D-Arg0,Hyp3,Thi5,
D-Phe7,Acc8]BK (2); (c) [D-Arg0,Hyp3,Thi5,8,Apc7]BK (3), and
(d) Aaa[D-Arg0,Hyp3,Thi5,8,Apc7]BK (4). RMSD0–6 = 0.562,
0.878, 0.967, and 0.745 Å for Cα atoms, respectively.

DISCUSSION

According to the results of the NMR measurements, the
BK antagonists contain 7–30% of minor conformation
resulting from cis/trans isomerization of the peptide
bonds preceding either Pro or Hyp residues. It should be
emphasized that higher percentage of a minor isomer is
characteristic of peptides modified with the Apc residue
at position 7 (peptides 3 and 4). The presence of the

Figure 5 Stereo-view of the comparison of average con-
formations of [D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (1) with
Aaa[D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK (2) (a) and [D-Arg0,
Hyp3,Thi5,8,Apc7]BK (3) with Aaa[D-Arg0,Hyp3,Thi5,8,Apc7]BK
(4) (b). Gray line corresponds to the Aaa-residue acylated
analogs. The average structures were extracted from the final
800 ps (200 conformers) and then minimized.

minor isomer suggests that the peptides have no single
stable conformation in aqueous solution.

Peptide 1 exhibits the strongest vasodepressor
potency among the analogs and as a single one forms
the βII-turn in the 2–5 fragment, which is believed to
be crucial for antagonistic activity. Moreover, peptide 1
shows the tendency to create the cation-π interactions
between the guanidine group of Arg1 and aromatic ring
of D-Phe7. This peptide is also the most compact. The
Rg amounts to 6.9 Å and is by ca 1.5 Å lower than
that for the remaining analogs. Acylation of peptide
1 with Aaa moves the βII-turn toward the N-terminus
and in peptide 2, it appears in the Aaa−1-Pro2 fragment.
This change impaired vasodepressor potency more than
three times as compared to that of peptide 1, whereas
antagonistic properties in the rat uterus assay were
preserved.

Conformational changes caused by acylation of
peptide 3 are not so impressive (Figure 5(b)) but are
essential enough to be the reason for a five-fold
improvement of the vasodepressor potency at lower
doses and a three-fold at higher doses. Moreover,
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Table 4 Conformational properties of the BK analogs found for conformations obtained in the last 800 ps of MD simulations
with time-averaged distance and dihedral angle restraints

Peptide Structures Interactions aRMSD0–6Cα (Å) bRg (Å)

1. [D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK Hyp3-Gly4 β II HN6 –CO4 0.562 6.9
Thi5 γ a

Acc8 γ

Cation-π : Arg1-D-Phe7

2. Aaa[D-Arg0,Hyp3,Thi5,D-Phe7,Acc8]BK D-Arg0-Arg1 β II 0.878 8.6
Ser6-D-Phe7 β IV

D-Arg0 γ HN1 –CO−1

Thi5 γ a HN6 –CO4

3. [D-Arg0,Hyp3,Thi5,8,Apc7]BK Thi5 γ a HN6 –CO4 0.967 8.5
Salt bridge: Arg1-COO− Arg9

4. Aaa[D-Arg0,Hyp3,Thi5,8,Apc7]BK D-Arg0 γ HN1 –CO−1 0.745 8.5
Thi5 γ a

ST-turn 6–8 HN8 –OG6

a The structures of the peptides obtained during the last 800 ps of simulations aligned to their first coordinates using Cα atoms
within the common D-Arg0-Ser6 fragment.
b Rg values were averaged within the last 800 ps of MD simulations.

Figure 6 Types of ST-turn found for peptide 4. φe(Oγ i –Cβ i –Cαi –Ci ) and ψe(Cβ i –Cαi –Ci –Ni+1) are the angles equivalent to
φ(i + 1) and ψ(i + 1) of β-turns (a), whereas position i + 1 of ST-turn is equivalent to i + 2 of β-turn (b). Black color corresponds
to type I ST-turn, whereas gray to type II′ ST-turn.

compound 3 exhibits negligible agonistic properties
in the in vitro uterus assay, while compound 4 is
inactive. These differences in activities may be due to
the presence of the ST-turn of type I in Ser6-Thi8 and
of the γ -turn in the Aaa−1-Arg1 fragment of peptide 4.

None of the BK antagonists studied creates βII′-
turn in the 6–9 fragment. Similar results have
been obtained in our earlier investigations, i.e. the
[Aca−1,D-Arg0,Hyp3,Thi5,D-Phe7,(N-Bzl)Gly8]BK analog
exhibiting strong vasodepressor potency [16] adopts
type VIb of β-turn comprising residues Ser6-Arg9 and
either the βI or βII-turn involving the Pro2-Thi5 fragment
[60]. The presence of βVI-turn is determined by the
cis peptide bond between D-Phe7 and (N-Bzl)Gly8. This

fact suggests that C-terminal βII′-turn may not be
crucial for antagonistic properties of the BK analogs.
However, hydrophobic character of the C-terminus
may be very important for determining B2 antagonism
[61].

Summing up, we have determined three-dimensional
structures of four BK antagonists. The analysis of
structural differences exhibited by different modifi-
cations provides the basis for understanding confor-
mation – activity relationships and thereby the mech-
anism of interactions of the analogs with recep-
tors. Moreover, the results offer possibilities for
designing new analogs with predictable biological
activity.
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