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Addition of Tyr at the N-terminal to bradykinin preserves
its overall conformation*
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Summary — Bradykinin, Arg—Pro—Pro—Gly—Phe—Ser—Pro—Phe—Arg (BK), possesses diverse pharmacological activity. Addition of
Tyr to the N-terminal of BK (Tyr-BK) retains 90% of the activity. The conformation of Tyr-BK has been investigated by 2D-NMR.
Two important conformations have been detected in solution. In the first conformation X the amide bond between Ser’—Pro? is cis.
The second conformation Y has both the Pro’—Pro* and Ser’—Pro® amide bonds as cis. In conformation X, B-turns are found around
the segments P3—-P4-G5-F6 and S7-P8—F9-R10. A total of 20 distance restraints based on observed nOes have been used in a
molecular dynamics (MD) simulation to generate the solution structures. The slightly lower activity of Tyr-BK has been explained

based on structural similarities and differences with native BK.

Tyr-bradykinin / conformation / NMR structure / molecular dynamics

Introduction

Bradykinin, Arg—Pro—Pro—Gly—Phe-Ser—Pro—Phe-Arg
(BK), is a peptide hormone which has been implicated
in various pathological conditions in man [1]. It
is known to possess potent vasodilatory and algesic
activity [2]. Contractile activity in smooth muscle
preparations has been observed in response to BK.
Modifications to BK have been made in an
attempt to understand the structural requirements for
biological activity. Understanding changes in the
conformation due to modifications in the structure
with resulting loss or enhancement of activity will help
in the design of more potent analogs [3—5]. Native BK
and its analogs were studied earlier by ourselves and
others [3, 6-10]. Alteration of amino acids at
both the N- and C-termini has a profound effect on
activity. Thus des[Arg!]-BK and des[Arg®]-BK are
devoid of activity [11]. Replacement of Arg' by Lys
retains only 10% of the activity [12]. The peptide
[Tyr]®-BK has been synthesised by replacing Phe at
the 8 position of native BK with Tyr, with a view to
radiolabelling the peptide ('**I-labelled). The radio-

*This paper was presented at ICMRBS held at Keystone, CO,
USA, August 18-23, 1996.
**Correspondence and reprints.

labelled peptide is convenient for assays in medical
diagnosis. It has been used in the investigation of the
action of kinins on the kidney under both physio-
logical and pathological conditions [13]. Unfortunately,
it has been found that this analog is much less potent
than the native peptide [14]. Our earlier NMR studies
on this peptide indicate that the peptide loses confor-
mational rigidity on replacing Phe® by Tyr [7]. How-
ever, addition of Tyr at the N-terminal, ie, Tyr—Arg—
Pro-Pro—Gly-Phe-Ser-Pro-Phe—-Arg (Tyr-BK) was
found to retain 90% of the activity of native BK in
vitro tests on rat and bovine uterus [15] and is thus a
better candidate for radiolabelling assay.

With this in view, we investigated the effect of the
addition of Tyr on the conformation of BK and report
here the results of our findings. We have made an
attempt to correlate the conformation with the slightly
lower activity of Tyr-BK.

NMR
Methodology
Tyr-BK was purchased from Sigma Chemical Co,

USA. For NMR experiments the peptide was dis-
solved in DMSO-d,. NMR experiments were carried
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out on a Bruker AMX-500 FT NMR spectrometer.
Resonance assignments were made using 2D-COSY
[16] and NOESY [17] with conventional pulse
sequences and a relaxation delay of 1 s. The confor-
mation of the molecule was inferred from NOESY
spectra recorded with mixing times varying from
300-500 ms, chemical shifts, temperature coefficients
of NH chemical shifts measured in the temperature
range 298-325 K and 3*J,,, coupling constants. The
chemical shifts were reported with respect to the
residual DMSO peak at 2.5 ppm.

NMR results

The 1D-spectrum of Tyr-BK is shown in figure la,
and the COSY spectrum in figure 1b. In the finger-
print region of the COSY spectrum (fig 1c) seven
cross-peaks are observed. The three prolines having
no NH protons do not exhibit NH-Co connectivity.
The resonances of the individual amino acids were
identified in the COSY spectrum based on their spin
systems. Ser (S7), Phe (F6 and F9) and Tyr (Y1) all
have an AMX spin system. However, the 3-protons of
Ser occur more downfield than Phe and Tyr and help
to distinguish Ser. Gly (G5) could be easily identified
from its unique spin system, the two «-protons
showing up as separate resonances and exhibiting
individual coupling to the NH resonance. Pro (P3, P4
and P8) has a spin system A,(T,)MPX which is
similar to Arg (R2 and R10). However, the arginines
(R2 and R10) could be identified from their e-NH
resonances downfield at ca 8.73 and 8.92 ppm
respectively which are coupled to their C6H protons
in the COSY spectrum. Using this as a starting point,
we traced back the connectivity to the CaH protons.
Having identified and grouped the amino acids based
on their spin systems, the NOESY spectrum (fig 2a)
was used for the sequential assignments [18].

Sequential assignments

Starting with the COSY cross-peak of S7, a vertical
line meets the NOESY peak to F6. A horizontal line
to the left meets the COSY peak of F6. Again, on
moving up we find two NOESY peaks to the two oHs
of G5. Continuing in this fashion, by alternately
locating COSY and NOESY peaks, unique resonance
assignments are made up to P4. A break in the assign-
ment occurs due to absence of an NH resonance in P4.
The NOESY peaks from P46H to P3aH and from
P38H to R2aH help in assigning P3 and R2. No
NOESY peak is seen between R2NH and Y1oH. On
the C-terminal side, the triad P8—-F9-R10 was sequen-
tially identified using the same strategy as that for
identifying COSY and NOESY peaks as described
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Fig 1. a. 500 MHz 'H-NMR; b. COSY spectrum of Tyr-BK
in DMSO-d, at 298 K; c. Expansion of fingerprint region of
the COSY spectrum.
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above. The only unassigned peak in the finger print
region was labelled Y1. The COSY peak between
CoH and CBH of Tyr was not seen and may be due to
some specific conformation around the Ca—~Cf bond
which makes the coupling constant too small to be
observed. However, the BHs of Y1 were identified
from NOESY peaks with the ortho protons on the
ring. This completes the assignment of the entire
peptide. The chemical shifts are shown in table L.
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Fig 2. NOESY spectrum of Tyr-BK recorded with mixing time
of 300 ms; a. Region ®, = 1-5 ppm and ®, = 6.6-9 ppm;
b. Region ®, = w, = 1-5 ppm. Significance ofzp aks B, C and
D have been expiained in the text, while peak A shows the
Arg?-Pro’ amide bond is trans; ¢. The NH-NH region.

As discussed below there are two conformations of
Tyr-BK, labelled X (dominant) and Y (minor). The
assignments given above are only for the dominant
conformation X. The few peaks from the minor
conformation Y observed in the NH region are diffi-
cult to assign since no connectivity can be traced to a
separate set of peaks in the upfield region. This situa-
tion could be due to an overlap of the peaks belonging
to the major and minor conformations.
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Table I. Chemical shifts (ppm) of protons of Tyr-BK in DMSO-d at 298 K.

Residue NH CaH CBH Others
Tyr! - - 2.55,2.80 6.65, 6.97 (aromatic)
Arg2 8.08 4.47 1.60, 1.75 1.45 (CyH, C8H)
2.96 (CeH), 8.73 (eNH,)
Pro3 - 4.52 1.77,2.19 3.32,3.58 (C8H)
Pro4 - 4.22 1.77,2.01 3.52, 3.69 (C8H)
GlySs 8.50 3.48,3.82 - -
Phe6 8.12 4.50 2.78,2.96 7.16-7.25 (aromatics)
Ser7 8.32 4.55 3.57,3.70 -
Pro8 - 4.27 1.48, 1.86 3.52, 3.69 (C3H)
Phe9 7.84 4.43 2.70, 3.19 7.16-7.25 (aromatics)
Argl0 7.35 3.95 1.60, 1.75 1.45 (CyH, C8H)
3.06 (COH), 8.92 (eNH,)
Conformation Table II. Temperature coefficients of NH chemical shifts

The conformation of the peptide has been deduced
from the NMR parameters: chemical shifts (differ-
ences from random coil values), 3J,, coupling
constants, temperature coefficients of NH chemical
shifts and nuclear Overhauser effects [19]. For a small
peptide like the one studied here, the molecule is
expected to exhibit high dynamics and NMR will
reveal only an average conformation.

The *J,, coupling constants are listed in table IL.
The 3/, coupling constant is related to the dihedral
angle ¢ by the Karplus relationship [20]. However, ¢
is not uniquely determined and must be deduced in
conjunction with other NMR data.

Changes in the NH chemical shift with temperature
(—AS/AT) provide clues to their involvement in intra-
molecular H-bonding or solvent shielding [21]. Values
< 0.003 ppm K°! are indicative of H-bonding or
solvent shielding, while values > 0.005 ppm K-! show
exposure to the solvent. No firm conclusion can be
made in the range 0.003-0.005 ppm K-'. The tempe-
rature coefficients are given in table II. The low
temperature coefficients of G5, F6 and R10 indicate
them to be either solvent shielded or intramolecularly
H-bonded.

A large number of inter- and intraresidue nQOe’s
have been observed for the peptide at a mixing time of
300 ms. A survey of all observed nQOe’s is shown in

and coupling constants (*Jy,,, Hz) of Tyr-BK.

Residue Amide proton 3 bt
—AYAT x 1073 ppm/K
Tyrl - -
Arg2 - -
Pro3 - -
Pro4 - -
GlyS5 2.7 4.4
Phe6 0.6 7.3
Ser7 7.9 5.1
Pro8 - -
Phe9 54 8.8
Argl0 2.1 6.6




figure 3. d_ nOe’s were seen from P4 to R10, except
for the expected break at P8. d,, nOe’s were observed
for the central residues G5 to S7 (fig 2¢). Two impor-
tant d_, nOe’s were seen, the first between P3 and P4
and the second between S7 and P8 (marked C and D
respectively in fig 2b). These nOe’s indicate that the
amide bond between P3 and P4 and that between S7
and P8 is cis. It may be mentioned here that the nOe
between P3aH and P43H (B in fig 2b) fixes the P3-P4
amide bond in the frans conformation. This would
lead to at least two conformations for Tyr-BK. In the
first conformation X, the P3-P4 bond is trans with the
S7-P8 bond cis, while in the second conformation Y,
both the P3—P4 and the S7-P8 bonds are cis. From the
intensity of the nOe’s (peaks B and C in fig 2b) it can
be inferred that this second conformation Y is a minor
conformation. However, the relative populations of
the two conformations X and Y are not easy to deter-
mine, since NOESY cross-peak intensities depend on
mixing time, spin diffusion, exchange processes, etc.
The occurrence of both d, and d_, nOe’s shows the
presence of a definite secondary structure in the mole-
cule. Based on the available NMR data, ie, tempera-
ture coefficients and nOe patterns and our previous
work on native BK [3-6], we propose the presence of
a first B-turn for the sequence P3-P4-G5-F6 which
involves an H-bond between the CO of P3 and NH of
F6. The second B-turn occurs at the C-terminal end
for the segment S7-P8-F9-R10 and associates the
CO of §7 in an H-bond with the NH of R10. This is in
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Fig 3. A survey of all observed nOes in Tyr-BK; a. nOes
along the backbone; b. Vertical lines indicate intraresidue

nOes, while interresidue nOes are depicted by slanting
lines.
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agreement with Chou-Fasman calculations which
predict a high propensity of B-turns for the above two
sequences [22].

In addition to the B-turns discussed above, there
may also exist other conformations. This can be infer-
red from the many weak peaks which appear in the
NH region in the 1D-spectrum (fig la); however,
these conformations could not be easily deciphered.

Molecular dynamics (MD) simulations
Methodology

Molecular dynamics calculations were performed on a
Silicon Graphics Iris Indigo R4000 computer with
molecular modeling software from MSI, USA.
Computations were carried out with Discover (v 2.9)
and the graphic display with Insight II (v 2.3). The
energy was calculated with the CFF91 force field [23].
The bond stretching was described by a simple
harmonic term. No cross-terms which express the
coupling between the internal degrees of freedom
were included in the energy expression. A distance-
dependent dielectric of € = r was used in the Coulom-
bic term. Simulations were carried out only for the
dominant conformation (X), for which an unambi-
guously assigned set of nOe’s exists. The S7-P8
omega angle was constrained to cis; all other omega
angles were fixed as trans. A constraining force of
50 kcal mol~! rad—2 was applied to all these angles.

All nOe’s and H-bonds observed experimentally
were used as distance restraints. The nOe’s were clas-
sified as weak, intermediate and strong; the upper and
lower bounds were fixed as 4.2—4.8 A, 3.4-4.0 A and
2.8-3.4 A respectively. The two H-bonds, one between
Pro? CO and Phe® NH and the second between Ser’
CO and Arg!®° NH were also cast as distance restraints,
with upper and lower bounds of 1.70-2.10 A for
A—H---D (A = acceptor, D = donor) and 2.70-3.10 A
for A---D distances. nOe distances were constrained
with force constants of 50 kcal mol-! A-2, while
H-bond distances were constrained with 100 kcal
mol~' A-2, For methyl groups, B-hydrogens, y-hydro-
gens, etc of side chains, a pseudo atom was defined at
the centroid of the group and restraint was applied to
the pseudo atom. Dynamics were run on the following
protocol. The starting structure was energy-mini-
mized with 100 steps of steepest descents to remove
any initial strain. The molecule was then ‘heated’ to
600 K in steps of 100 K, equilibrating for 1.0 ps
at each new temperature and resuming dynamics for
1.0 ps. On reaching 600 K, 5.0 ps equilibration was
applied, after which dynamics were continued for a
further period of 50 ps. Frames from the MD tra-
jectory were stored every 1.0 ps to give 50 structures
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which were then subsequently treated. Each of the
50 stored structures was ‘cooled’ to 300 K with an
identical strategy as described for the heating process.
Finally, the structures were energy-minimized begin-
ning with 100 steps of steepest descents, followed by
1000 steps of conjugate gradients until the derivative
fell below a threshold of 0.001 kcal mol-l. The
Newton equations were integrated by a leap-frog
scheme with an integration time step of 1 fs (femto-
second). During the equilibration stage the tempera-
ture was controlled by direct velocity scaling, while
during the data collection period a weak coupling to a
temperature bath was adopted.

MD results

For conformation X with only the S7-P8 amide bond
constrained as cis, the 50 structures generated by MD
simulations had an energy spread of 30 kcal/mol.
There was no violation of the imposed distance
restraints in any of the 50 structures. The maximum
RMS deviations of the backbone atoms and side chain
of individual amino acids in the 50 structures are
given in table III. The arginines (Arg? and Arg®)
showed large variations, with RMS deviations of 2.20
and 2.03 A respectively. In most of the structures the
first B-turn around P3-P4-G5-F6 was not strictly
definable, but this segment seemed to favor a type II
B-turn, while about S7-P8-F9-R10, there was a
strong preference for a type I B-turn. In about 28% of
the structures, the Gly’> NH was hydrogen-bonded to
Pro® CO, and could explain the low temperature coef-

Table III. RMS deviations of backbone atoms and side
chains of individual residues in the 50 structures obtained
by MD simulations for conformation X.

Atoms RMS deviation
Backbone 2.471
Sidechain -
Tyrl 0.837
Arg2 2.196
Pro3 0.844
Pro4 0.868
Gly5 -
Phe6 1.786
Ser7 0.582
Pro8 0.757
Phe9 0.737
Argl0 2.031

ficient observed for Gly> NH (table II). The 50 struc-
tures were grouped into families using the global
minimum as reference. The classification into families
was based on RMS deviations of the backbone atoms.
This gave two major families, I and II, with almost an
equal number of members for which the range of
RMS deviations were 0—1 A (family I) and 1-2 A
(family II) respectively. A representative structure
from each family is shown in figures 4 and 5.

Fig 4. Representative structure of (a) family I for conforma-
tion X obtained by MD simulations using nOe’s as distance
restraints. The ribbon traces the backbone atoms. The figure
(b) alongside is the structure with only backbone atoms
shown for clarity.



Fig 5. Representative structure of (a) family II for confor-
mation X obtained by MD simulations using nOe’s as
distance restraints. The ribbon traces the backbone atoms.
The figure (b) alongside is the structure with only backbone
atoms shown for clarity.

Conclusions

Using 2D-NMR techniques, Tyr-BK was found to
exist in two conformations, X and Y. The most impor-
tant difference in these two conformations is the
cis/trans arrangement around the P3-P4 amide bond.
Both conformations have the S7-P8 amide bond as
cis, and B-turns around segments P3-P4-G5-F6 and
S7-P8-F9-R10. MD simulations for the major
conformation (X) using 20 distance restraints produ-
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ced a set of structures which had maximum RMS
deviations of 2.5 A in the backbone.

The conformation of native BK was earlier reported
by ourselves [6] and shown to have two P-turns
around the very same tetrapeptide segments as seen
for Tyr-BK. However, in native BK, all amide bonds
are trans, while in Tyr-BK in both conformations X
and Y, the S7-P8 bond is cis. This small but crucial
difference in the backbone structure possibly explains
the slightly lower activity of Tyr-BK.
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