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Abstract: The conformation of the natural peptide threonine6 ( Thr6)  -bradykinin, Arg’-Pro2- 
Pro3-Gly4-Phe5-Thr6-Pro7-Phe8-Arg9, was investigated in DMSO by nmr spectroscopy and 
computer simulations. The structural analysis of the Thr6-peptide is made particularly interest- 
ing by the jact that despite the high sequence homology with native bradykinin (only one 
conservative substitution: Ser6/Thr6)  there is a marked and significant difference in the biologi- 
cal profiles of the two peptides. 

The nmr spectra indicate a relatively flexible structure with the presence of an N-terminal 
turn. Standard distance geometry calculations failed to produce structures in accord with the 
experimental observations; the resulting structures are indeed too rigid and conformationally 
restricted for the nmr data. The results of ensemble calculations reveal conformational changes 
occurring rapidly on the nmr time scale and allow for  the establishment of a series of disordered 
conformations, prevalently extended with a partially populated turn in residues 2 -5, which 
when considered together, as an average, fulfill the experimental restraints. The structural 
characterization of ( Thr6) -bradykinin supports the hypothesis of the significant role of the 
residue at position 6 on both conformation as well as biological activities and suggests a N-  
terminal turn as a possible bioactive conformation. O 1997 John Wiley & Sons, Inc. Biopoly 
40: 561 -569, 1996 
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INTRODUCTION 

Bradykinin ( BK; Arg ‘-Pro2-Pro 3-Gly4-Phe 5-Ser 6- 

Pro’-Phe’-Arg’), a linear nonapeptide, is a plasma 
and tissue hormone released upon tissue injury or 
trauma by the proteolytic action of kallicreins on 
kininogens.’ The peptide is implicated in numerous 
pathophysiological processes. BK elicits contrac- 
tion or relaxation of vascular smooth muscles as 
well as increased vascular permeability that leads 
to edema233 and produces contraction of smooth 
muscles in different  organ^.^ BK is also responsible 
for the cardinal symptoms of inflammation’ and in 
the nervous system it is very important for initiation 
of pain stimuli6 BK is also tentatively associated 
with symptoms of the common 

The conformational analysis of BK, BK hag- 
ments, and analogues is the object of considerable 
interest-the aim of which is to gain insight into a 
possible bioactive conformation and develop a struc- 
ture activity relationship. The general conclusion of 
conformational studies in aqueous solution is that 
BK exists in many conformational states.’ However, 
in alternative solvent systems the nonapeptide prefers 
folded conformations. Cam and coworkers lo re- 
ported that the conformation of bradykinin in di- 
methyl sulfoxide (DMSO) contains two sequential 
,&turns, about residues 5-8 and 6-9. A more recent 
study of BK in DMSO“ identified a 0-turn of type 
I11 ( Ser6-Arg') , although this conformation was 
generated by the use of a questionable hydrogen- 
bond constraint. The problems associated with the 
use of hydrogen-bond restraints in small peptides has 
been addressed in the literature.I2 A @-turn has also 
been observed in dioxane : water (9 : 1 ) , lyso phos- 
phatidylcholine micelles, and sodium dodecylsulfate 
(SDS) micelle~.’~ The results from these conforma- 
tional investigations, along with the studies of pep- 
tidic agonists and antagonists, has led to the hypothe- 
sis that a @-turn in the four C-terminal amino acids 
is a prerequisite for activity and that the type of 
@-turn adopted is related to the difference between 
agonist and antagonist, together with the required 
orientation of the side  chain^.'^-'^ 

In the studies described above, the N-terminal 
portion of BK is conformationally flexible. The only 
exception is in trifluoroethanol : water ( TFE/HzO 
95/5% v/v)’O in which BK adopts an N-terminal 
turn, involving residues 1-4 and a cis peptide bond 
between Pro2 and Pro3. Similar turns have also been 
observed for cyclic bradykinins.” The N-terminal 
0-turn has been frequently observed in BK antago- 
nists with a hydroxyproline in position 3.22323 The 
turn, centered about Hyp3-Gly4 and involving all 

trans bonds, was associated with the antagonistic 
activity. 

Threonine6 (Thr6) -bradykinin, (Thr6)-BK, was 
discovered in the venom of a solitary waspz4 in 
1983. The wasp stings its prey in all nerve ganglia 
involved in locomotion, resulting in irreversible pa- 
ralysis; the effect has been explained as an immedi- 
ate and permanent block of transmission at the pre- 
synaptic In the insect central nervous system 
(CNS) (Thr6)-BK proved to be 10 times more po- 
tent than BK, despite the single conservative substi- 
tution in the sequen~e.’~,’~ The presence of ( Thr6) - 
BK and other BK-like peptides in wasp and ant 
venom and in frog skin suggests a toxic effect also 
in vertebrates, although the mode of action on mam- 
malian CNS is still ob~cure.’~ 

The peptide has been tested for the capability 
of stimulating smooth muscle contraction and the 
results have been compared with the ones for BK. 
Its potency in causing the contraction of the guinea 
pig rectum is 10 times higher than for BK, tested 
in the same experiment? 

In this study the peptide has been investigated in 
DMSO solution by nmr spectroscopy and distance 
geometry calculations, with the aim of developing 
high quality three-dimensional structures and assess 
the conformational preferences of the peptide. The 
existence of previous studies of BK in the same sol- 
vent system offered the possibility of comparisons 
between the two peptides and leading to an under- 
standing, on a structural basis, of the differences in 
activity observed between BK and (Thr6)-BK. 

One problem in the determination of conforma- 
tion from nmr data is the possibility of large, sig- 
nificant conformational changes fast on the nmr 
time scale. The nmr observables and the restraints 
developed from them will be consistent with an 
average structure that may not exist in solution or 
that is not even physically possible. The idea of 
“the structure” is no more suitable and an ensemble 
of conformations must be taken into account to ex- 
plain the experimental data. (Thr6)-BK is a small 
linear peptide, therefore expected to be flexible in 
solution. The application of the approach of ensem- 
ble calculations in the structure refinement from nmr 
data revealed to be determinant for a correct inter- 
pretation of the experimental restraints and to obtain 
a correct picture of the peptide conformation in 
DMSO solution. 

EXPERIMENTAL METHODS 

Nuclear Magnetic Resonance 
The nmr experiments have been carried out on a 6 mM 
sample (based on weight) in DMSO-d6 (Cambridge Iso- 
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Table I 
Constants and HN Temperature Coefficients of (Thr6)-BK in DMSO-d, 

Proton Chemical Shifts (Referenced to the Solvent Peak, 2.49 ppm, T = 298 K), HN-H" Coupling 

~ ~ 

ASIAT 
Residue HN Ha HP HY Others J (Jm (-PPb/K) 

Argl 8.14 4.17 1.68; 1.70 1.60 6: 3.09 

Pro2 4.59 1.83; 2.23 1.83; 1.92 6: 3.71 
pro3 4.25 1.82; 1.99 1.92 6: 3.62 
~ 1 ~ 4  7.96 3.63 3.2 

Thr6 8.20 4.42 3.89 1.10 OH: - 7.6 7.8 
pro7 4.33 1.70; 1.90 1.57; 1.70 6: 3.58 
Phes 7.79 4.51 2.79; 3.03 Ar: 7.26 8.75 4.2 

8.19 4.20 1.60; 1.76 1.50 6: 3.10 7.55 5.1 

ENH: 7.68 

Phe' 7.92 4.63 2.74; 2.94 Ar: 7.18 8.7 3.9 

tNH: 7.59 

topes). Proton spectra were recorded on a Bruker AM400 
and on a Varian Unity 500 MHz spectrometer, and pro- 
cessed using a workstation X-32 (UXNMR software), 
Varian VNMR software or Felix (Biosym Technologies 
Inc., San Diego). Chemical shifts were calibrated with 
respect to the solvent resonance (2.49 ppm) . 

For assignment of the spin systems double quantum 
filtered correlated spectroscopy (COSY), *' total COSY 
(TOCSY) , 3",3' and nuclear Overhauser effect spectros- 
copy (NOESY)32,11 spectra were recorded in the phase- 
sensitive mode using the time proportional phase incre- 
mentation m e t h ~ d ' ~ . ~ '  (for the Bruker instrument) or the 
method from States et al.36 (for the VARIAN instm- 
ment) . A ROESY 37 spectrum with a mixing time of 200 
ms was recorded in order to identify exchange phenom- 
ena for HN-HN and H*-H" cross peaks of the NOESY 
spectrum; a spin-lock field of 2500 Hz was realized with 
a continuous wave, low power pulse. NOESY spectra 
were collected at 298 K with mixing times varying from 
100 to 200 ms. The typical spectral width was in all cases 
of 4800 Hz in both dimensions, with 2048 data points in 
t2 and 512 data points in t l ,  and with 32-128 scans at 
each increment. Forward linear prediction to 1024 points 
and zero filling to 2048 were applied to the incremented 
dimension, Gaussian apodization was used in both t2 
and t l .  

The temperature coefficients were measured with 
TOCSY spectra (4096 points in tz, 256 in t l  , and 4 scans 
per increment) recorded at temperatures between 298 and 
313 K, by increments of 5 K. The proton assignments 
are given in Table I. 

For determination of homonuclear coupling constants, 
the P.E. COSY3' pulse sequence was employed. The 
spectrum was acquired at 298 K with 4096 data points 
in t2 and 640 incremental data points. The t2 dimension 
was expanded with zero filling to 8192 points. 

Cross-peak volumes from the 200 ms NOESY spec- 
trum were obtained using Felix, within the Insight II suite 
of programs (Biosym Technologies Inc., San Diego). 
The volumes were converted to distances using the iso- 

lated two-spin approximation and utilizing the cross 
peaks between the two P-methylene protons of the two 
Phe residues as a reference (1.78 A).  No evidence of 
spin diffusion was observed up to a mixing time of 200 
ms. The distances were adjusted by 210% to produce 
the upper and lower distance restraints (Table 11). Pseudo 
atoms were used for aromatic protons, for methyl groups, 
and for methylene that could not be stereospecifically 
assigned, with the appropriate correction of the upper 
distance restraint following standard  procedure^.^^ 

The HN-H" coupling constants, utilized as restraints 
in the calculations, were measured from one-dimensional 
(1D) spectra, where possible, or from the P.E. COSY 
spectrum, following the procedure of Kim and Presteg- 
ard4" to compensate for errors arising from line broad- 
ening. 

Distance Geometry 

The distance geometry calculations were carried out using 
a home-written program utilizing the random metrization 
algorithm of Havel."l Experimentally determined dis- 
tances that were more restrictive than the geometric dis- 
tance bounds (holonomic  restraint^)^' were added to cre- 
ate a distance matrix. The structures were first embedded 
in four dimensions and then partially minimized using 
conjugate gradients followed by distance and angle driven 
dynamics (DADD) .43,44 The DADD simulation was car- 
ried out at 1000 K for 50 ps and then there was a gradual 
reduction in temperature over the next 30 ps. The DADD 
procedure utilizes the holonomic and experimental dis- 
tance constraints plus a chiral penalty function for the 
generation of the violation "energy" and forces. The 
resulting structures were then reduced to three dimensions 
using metrization, and the optimization and DADD pro- 
cedure repeated. 

The following ensemble calculations are identical to 
those used for the DADD method, except that the penalty 
expression for the experimental restraints (NOES and 
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Table I1 Interproton Distances (Upper Limits) Utilized in the Distance Geometry Calculations 
of (Thr6)-BK in DMSOds 

Atom 1 Atom 2 Distance (A) 

Arg' HN Argl Ha 
HN Arg' ,CHz 
HN Arg' ,CH2 
HN Arg' bCHz 

2.78 
4.06 
4.60 
4.46 

PI-0' I I . ,  Pro' .CI I? 3.52 
Pro' H,? Gly" I IN 3 .oo 

He me5 m 3.78 

Phe5 HN Phe5 3.02 
HN Phe5 
HN Phe5 
H, Phe' 
H, Phe' 
Ha, Phe5 
HA, Phe' 

2.82 
3.37 
2.93 
2.77 
5.59 
5.37 
5.16 HI''"\ H.,, Phc' 

Ha, Thr" ,CHI 8.70 
H a  Thr" HN 2.37 
H Y  Thrh HN 3.48 
H N  Thr" H N  3.43 

Thr6 HN 
HN 
HN 
H, 

Thr6 Ha 
Thr6 H, 
Thr" ,CH? 
Thr" 

3.16 
2.87 
4.31 
2.80 

Phe' Phe' 
Phe' 
Phe' 
Phe' 
Phe' 
Pheu 

2.88 
2.81 
3.69 
3.79 
2.77 
5.73 

3.16 
4.59 
4.66 
3.41 
4.67 
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coupling constants) 12,44 and the forces calculated from 
these restraints are generated from an ensemble average. 
The ensemble calculations utilized 10,000 steps of 0.01 
ps at 500 K, followed by a slow reduction of the tempera- 
ture to 1 K for 2500 steps. The metrization and refinement 
of 100 structures required approximately 15 h of cpu 
using a single processor on a SGI Indigo2 (R4400) for 
the classical distance geometry (DG), and about one 
week for the ensemble calculations. Energy minimization 
and interactive modeling were performed using Discover 
(Consistent Valence Force Field, CVFF9 1 ) and Insight 
II (Biosym Technologies Inc., San Diego). Analyses of 
the structures in terms of rms deviation (rmsd) values and 
dihedral angle distribution were performed using home- 
written programs. 

RESULTS AND DISCUSSION 

The 'H-nmr spectra revealed the presence of more 
than one configurational isomer in solution, in slow 
equilibrium on the nmr time scale. The complete 
spin systems of all the residues could only be as- 
signed for the major configurational isomer, and 
therefore only it is considered further here. The rela- 
tive intensities of the resolved peaks in a ID 'H 
spectrum indicate that this isomer is present in a 9 : 
1 ratio relative to the second most populated species. 
The different isomers originate from cis/trans isom- 
erization at the three X-Pro bonds and exchange 
cross peaks were identified in a rotating frame 
NOESY spectrum. 

The major isomer has a trans configuration at all 
of the prolines, as determined from diagnostic 
HP/Hf:, and HP/Hf:, cross peaks between the pro- 
line residues and the preceding amino acids in the 
NOESY spectra. Stereospecific assignments for 
three prochiral centers (position @ of Phe 5 and 8 
and of Pro 7)  obtained from the analysis of NOESY 
and P.E. COSY spectra were used in the calcula- 
tions. 

A total of SO NOEs have been observed and the 
upper distance limits derived from these observa- 
tions used in the calculations are listed in Table 11. 
Of these, most are sequential or intraresidue. An 
expanded portion of the amide to aliphatic region 
of a NOESY spectrum illustrating strong sequential 
connectivities H:-HN,+l is shown in Figure 1. The 
only evidence of a folded conformation in this re- 
gion of the spectrum is a HP-HN,+2 cross peak 
between Pro3 and Phe 5 .  Such a N (  i, i + 2) NOEs 
are normally interpreted as arising from @-turn 
s t r u c t ~ r e s . ~ ~ - ~ ~  In the amide region two HN, /HN,+, 
connectivities have been assigned to Phe '/Thr6 and 
Phe8/Arg9. The presence of strong sequential con- 
nectivities (the strongest cross peaks in this region 

of the spectrum) and the weak a N  ( i ,  i + 2) NOE 
suggests a prevalently disordered molecule in solu- 
tion with a possible bend at the N-terminus. The 
amide temperature coefficients can usually help in 
identifying p-turn structures, allowing for the recog- 
nition of amide protons involved in hydrogen bonds. 
However, no temperature coefficients lower than 3 
ppb/K were measured, a further indication of con- 
formational flexibility (the lowest values were 3.2 
and 3.9, belonging to Gly4 and Phe', respectively). 
To better characterize the conformation ( s ) of 
( Thr6) -BK in solution and the extent of conforma- 
tional order, distance geometry calculations were 
carried out. 

The DG calculations produced 90 low energy 
structures. The structures were analyzed in terms of 
violations of the experimental restraints (NOEs and 
coupling constants), distribution of backbone dihe- 
dral angles 4 and $, and pairwise rmsd. The re- 
sulting DG structures are structured at both termini, 
with high flexibility centered at the sixth residue 
(Thr), acting as a hinge. This is clearly shown in 
Figure 2 where SO DG structures (only 50 structures 
are shown for clarity) are superimposed utilizing 
backbone heavy atoms in the N-terminus (Pro 2- 

Phe5, shown in panel A) and C-terminus (Pro7- 
Arg', displayed in panel B) .  From the rmsd values, 
4, $ dihedral angles, and simply viewing the DG 
structures, the conformations are far too refined; a 
level of refinement that cannot be justified by the 
NOEs data, which as described above are mainly 
intraresidue and sequential. 

A clue to the problem was obtained from detailed 
analysis of the violations of the experimental re- 
straints. Although the coupling constant ( 3JkIN-Ha) 
restraints were fulfilled, there were problems in ful- 
filling specific interproton distances. One of the 
short, sequential upper limit distances (HP-HN, +, ) 
was significantly violated (approximately 0.4 A)  in 
all of the 90 structures. Interestingly, it was not the 
same HP-HN,+l NOE that was violated in every 
structure. Moreover, a short distance was always 
observed between Gly& and PheL, (2.4 on aver- 
age over the 90 structures), while no NOE was 
observed between these protons (these two protons 
are highlighted in gray in Figure 2, top). A new 
DG calculation was carried out imposing a lower 
bound of 3.5 on this proton pair (non-NOE) . How- 
ever, this calculation led to distorted structures with 
an additional large violation of the NOE between 
Pro;, and Gly &, . 

One reason for the discrepancy between the cal- 
culated structures and the experimental data could 
be conformational exchange fast on the n m  time 
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-1 Phe5,, 
I I 

Fl 
(PP@ 

- 2.0 

3.0 

- 4.0 

F, (PPm) 8.0 7.5 
FIGURE 1 Expanded portion of a NOESY spectrum of (Thr6)-BK in DMSO solution 
(mixing time = 200 ms, T = 298 K).  The resonances of the amide protons and some relevant 
NOEs are labeled. 

scale. In the presence of such dynamics, the nmr 
observables (NOEs and coupling constants) are av- 
eraged quantities and must be handled as such dur- 
ing the computational refinement; the constraints 
generated from averaged NOE cannot be fulfilled 
by one structure. Therefore, ensemble simulations 
that utilize a large number, an ensemble, of struc- 
tures were carried out. The 90 DG structures copied 
5 times constituted the starting ensemble. This is 
indeed a distorted starting ensemble (i.e., the struc- 

tures are clustered in the region of conformational 
space allowed by the experimental restraints in the 
classical ‘ ‘one-structure’’ DG calculations). A non- 
biased starting ensemble could be generated by DG 
calculations using no restraints. However, this 
should not be necessary given the fact that previous 
simulations indicate that the ensemble protocol 
allows the structures to overcome local energy barri- 
ers and sample all conformational space (a  uniform 
and complete sampling of the 4, I,!J space).4g 
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N-terminus 

- LL? 
C-terminus 

l i  N-terminus 

FIGURE 2 Superposition of 50 low energy structures 
obtained from distance geometry calculations. The struc- 
tures are superimposed using the heavy backbone atoms 
of residues 2-5 (top) and residues 7-9 (bottom). Only 
backbone atoms are shown for clarity, with the exception 
of the amide protons of Gly4 and Phe5, which are de- 
picted in grey. 

In the ensemble simulations only the average 
over all the structures (450 structures) is required 
to fulfill the experimental restraints; this naturally 
accounts for fast conformational averaging oc- 
curring in solution. No violations to upper or lower 
distance restraints greater than 0.1 were observed 
in the resulting structures, including the short se- 
quential distances, the NOE between Praia and 
PheLN, and the distance between Gly$N/Phe&N, dis- 
cussed above. Results from the ensemble calcula- 
tion in the form of 4, $ maps are shown in Figure 
3. The region of the Ramachandran maps obtained 
from the classical one-structure DG are shown for 
comparison. The conformational space populated by 
the structures obtained from the ensemble calcula- 
tions is clearly larger. 

The results for Pro3-Gly4 indicate a prevalently 
extended conformation; however, approximately 
20% of the population is consistent with a @-turn 
structure (either type I or 11, allowing a +20° devia- 
tion from standard values). This turn is expected 

according to Wilmot and Thorton’s predictions 49 of 
Pro in position ( i  + 1 ) as the most strongly preferred 
amino acid for both type I and I1 ,8-turns. Further- 
more, on the basis of Chou and Fasman’s analysis,” 
the sequence Pro 2-Pro3-Gly4-Phes has a significant 
@-turn probability. 

The results of the conformational preferences of 
( Thr6) -bradykinin find some antecedent in the con- 
formational study of a-methyl proline containing 
BK analogues. Evidence of an N-terminal ,8-turn in 
positions 2-5 was reported by Welsh et al.,5’ who 
examined BK analogues substituted in position 3 or 
7 with a-MePro in aqueous solution. The formation 
of turns at the N-terminus (2-5) and at the C- 
terminus (6-9) was hypothesized to be cooperative, 
since the substitution of only one of the prolines 
with a-MePro induces a turn also in the other posi- 
tion. The other report of an N-terminal @-turn in- 
volved a BK antagonists with hydroxyproline in 
position 3 and D-amino acid in position 7.22323 The D- 

amino acid in position 7 is essential for antagonistic 
activity while the Hyp3 increases selectivity and 
potency. One of the most potent of these antago- 
nists, Hoe 140, studied in water and SDS micelles 
displays both a C-terminal pII’-turn (6-9) and an 
N-terminal ,811-turn (2-5) .23 

BK and ( Thr6) -BK, despite the single conserva- 
tive substitution (Ser -+ Thr) , display different ac- 
tivities at a common receptor, which may be corre- 
lated to the differences observed for their conforma- 
tional preferences. In DMSO solution, the peptides 
display distinct conformational features. In water 
and in the presence of SDS micelles,s2 (Thr6)-BK 
shows a greater tendency to adopt a @-turn of type 
I or I1 in the C-terminus, when compared to BK 
studied under similar conditions. This difference, an 
effect of the substitution at position 6, is in accord 
with the observation of cooperativity in the process 
of folding for the a-MePro analogues and the im- 
portance of a N-terminal turn in the bioactive con- 
formation. 

The natural peptide ( Thr6)-BK has been exam- 
ined in DMSO by nmr and distance geometry cal- 
culations. (Thr6)-BK is a short linear peptide and 
naturally conformationally flexible in solution. 
The nmr observables are an average of the differ- 
ent conformations interconverting fast on the nmr 
time scale. The ensemble approach utilized in the 
structure refinement step allowed for the determi- 
nation of the species present in solution as mainly 
disordered structures with a tendency of the N- 
terminus to adopt a turn centered about Pro3- 
Gly4. This secondary structure element was not 
observed for BK and therefore must be a result 
of the substitution at position 6. We attribute the 
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. .. 

FIGURE 3 Ramachandran maps for the 4 and $ dihedral angles of residues 2-8 of (Thr6)- 
BK, as obtained from classical DG calculations (on the left) and from ensemble calculations 
(on the right). 

different biological activities of BK and Thr6-BK Burch, R. M., Ed., Marcel Dekker, New York, pp. 
t o  the Dresence of this turn in the N-terminus. 1-31. 
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