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Abstract 
The peptide: Ac-c yclo(C ys-His-Leu- Asp-C ys)-Ile-Trp-OH, has been designed by computer- 
aided molecular-modelling techniques to mimic the proposed a-helical conformation of the 
C-terminal hexapeptide of endothelin. 

Two-dimensional proton nuclear magnetic resonance spectra were acquired for the 
peptide dissolved in d6-DMSO or D20-H20 and the distance and angle constraints 
incorporated into simulated annealing experiments. Conformers generated from the 
D20-H20 data superposed on the corresponding main-chain atoms in the crystal structure 
of endothelin 1 an! the solutiqn structure of BQ-123 with root mean square co-ordinate 
differences of 0-9A and 0.77A, respectively. The peptide did not elicit antagonism of 
endothelin-induced in-vitro contractions of rabbit aorta (endothelin A receptor) or rabbit 
bronchus (endothelin B receptor) preparations. 

Because the peptide can adopt a conformer which closely matches the equivalent 
residues in the endothelin 1 crystal structure and in BQ-123, we suggest BQ-123 does 
not necessarily mimic the endothelin C-terminal region to achieve its antagonism, and that 
a helical conformation of the endothelin C-terminal hexapeptide does not favour its 
interaction at the endothelin B receptor. 

Endothelin is a potent vasoconstrictor peptide 
produced by the mammalian endothelium (Yana- 
gisawa et a1 1988). It is known to be involved in the 
pathology of pulmonary disease (Barnes 1994), in 
the development of craniofacial tissues (Kurihara et 
a1 1994) and in cardiovascular and renal diseases 
(Newby & Webb 1996). Considerable attention has 
been focused on the development of endothelin 
antagonists, which could provide useful therapeutic 
agents. The cyclic peptide antagonist, BQ- 123 
(Ishikawa et a1 1992) has already been shown to 
prevent early cerebral vasospasm after haemor- 
rhage (Clozel & Watenabe 1993) and to protect 
against ischaemic acute renal failure in rats (Mino 
et a1 1992). The rational design of small-peptide 
antagonists has been largely focused on the endo- 
thelin C-terminal hexapeptide which has been 
shown to be a full agonist at the endothelin B 
receptor but not the endothelin A receptor (Maggi 
et a1 1989). Amino-acid substitution and mod- 
ification of the hexapeptide has led to the discovery 
of many non-selective endothelin receptor peptide 
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antagonists, in turn providing clues to some of the 
structural determinants of endothelin-receptor 
recognition (Cody et a1 1995). Further design of 
selective antagonists would be greatly aided by 
detailed information about the 3-dimensional 
structure of this binding pocket, which remains 
uncharacterized. 

Many structural data for the endothelin peptide 
have, however, been obtained from circular 
dichroism (CD) (Perkins et a1 1990), proton nuclear 
magnetic resonance (lH NMR) (Saudek et a1 1991; 
Coles et a1 1993), X-ray crystallography (Janes et a1 
1994) and fluorescence experiments (Pelton 1991). 
‘H NMR studies of endothelin have consistently 
shown that the region spanning Lys’ to CysI5 has 
an a-helical conformation; the C-terminal hexa- 
peptide tail region is much less well defined (Mills 
et a1 1992). A plausible structure for this region was 
found by X-ray crystallography which showed that 
the a-helix in the molecule extended from Lys’ 
down to Trp21 (Janes et a1 1994). Although it has 
been suggested that the crystal structure of endo- 
thelin represents the biologically relevant con- 
former of endothelin (Wallace & Janes 1995), there 
is no direct evidence to support this view. In this 
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study we have used the X-ray crystal structure of 
endothelin as reference and have attempted to 
determine the 3-D structure and activity of a small 
peptide designed to mimic the a-helical C-terminal 
hexapeptide. The amino acid sequence of the pep- 
tide was conserved as found for endothelin residues 
15 to 21, but with an Ile19 to Cys substitution to 
enable cyclization via a disulphide, to approximate 
an cc-helical turn. By modelling the peptide's con- 
formation in solution using data derived from two- 
dimensional (2-D) 'H NMR studies (complemented 
by CD experiments) it was hoped that we could 
validate the original design and correlate the 
observed structure of the peptide with its pharma- 
cological activity. 

Materials and Methods 
Materials 
Endothelin 1 and L amino acids were purchased 
from Calbiochem-Novabiochem (UK) Ltd. Carba- 
chol, noradrenaline, d6-DMS0, D 2 0  (99.9 atom- 
percent D), sodium lauryl sulphate, trifluoro- 
ethanol, hydrochloric acid and sodium hydroxide 
were obtained from Aldrich (UK). 

Peptide synthesis 
The Fmoc solid-phase synthesis of the peptide was 
performed as described previously (Van der Walle 
et a1 1996)-loading on to PEG-polystyrene resin 
with a trityl linker, in-situ coupling of the amino 
acids, and protection of the side-chains of His 
and Cys with the trityl group and that of Asp by 
t-Butyl. After cleavage from the resin with tri- 
isopropylsilane-phenol-water-trifluoroacetic acid 
(1 : 5 : 5 : 89) the crude peptide was purified by 
reverse-phase high-performance liquid chromato- 
graphy and characterized by fast-atom bombard- 
ment mass spectrometry and capillary zone 
electrophoresis. 

' H  NMR spectroscopy 
1-D and 2-D 'H NMR spectra of the cyclic peptide 
were recorded by means of a 400MHz Bruker 
AMX spectrometer equipped with an Aspect 3000 
workstation. The peptide samples were prepared at 
concentrations of 3 m ~  and no adjustment of pH 
was made to the samples in D20-H20. All spectra 
were recorded at 25°C and referred either to the 
DMSO residual proton signal at 2-50ppm (for 
spectra recorded with the sample dissolved in dg- 
DMSO) or to the water resonance at 4-80ppm (for 
spectra recorded with the sample dissolved in 
D20-H20 or D20). 1-D spectra were recorded 
with a sweep-width of 8064Hz and had a resolution 
of 0.49Hz point- 1. 2-D proton-proton shift-corre- 

lated spectroscopy (COSY) experiments were per- 
formed using either COSY90 or COSY45, or using 
double quantum-filtering (COSYDQF). Nuclear 
Overhauser effect spectroscopy (NOESY) spectra 
were acquired with mixing times (z,) of 150, 300 
or 450ms in d6-DMS0 and 50, 100, 200 or 300ms 
in H20-D20 for examination of proton-proton 
dipolar couplings through NOE build-up. Sup- 
pression of the water signal arising from the D20- 
H20 samples was achieved by continuous low- 
power irradiation during the relaxation delay and 
for the NOESY experiments during the mixing time 
also. Spectra acquired in the phase-sensitive mode 
(COSYDQF and NOESY) were processed accord- 
ing to the time proportional phase incrementation 
method (Marrion & Wiithrich 1983) using a 
squared sine-wave function. 

Peaks were assigned sequentially using the 
method of Wuthrich (1986) and the cross-peak 
volumes were obtained by integration using the 
program Aurelia (Bruker software). NOE distance 
constraints were determined using the cross-peak 
volumes, calibrated with reference to the integral 
observed for the cross-peak for the Trp ortho-aro- 
matic hydrogens, HC3/Hc3 and HC2/Hy2, taken to 
be 2.5A apart. The NOES were accordingly clas- 
sified as strong, medium or weak with the corre- 
sponding in!er-proton distance limits set to 2.0, 
3.0 and 4.OA for d6-DMSO data, and 2.0, 2.5 and 
3.8A for the D20-H20 data. All methylene and 
methyl protons involved in the definition of an 
NOE were approximated using the associated 
carbon atom to represent :heir mid-point using a 
correction factor of 1.OA added to the corre- 
sponding distance boundaries. 4 torsion angles 
were calculated from the NH resonance in 'H NMR 
spectra using the Karplus equation (Sutcliffe 1993). 

torsion angles were calculated by use of the 
'jJHZ values and the relative strengths of the dpN 
NOE cross-peaks (Barsukov & Lian 1993). 

Circular dichroism 
Circular dichroism spectra of the peptide samples 
were recorded with Jasco 5-740 and 5-600 spectro- 
polarimeters and the UV profiles were recorded 
with an AVIV 17DS spectrophotometer. For pH 
titration experiments the peptide was dissolved in 
H20 at a concentration of 192,ugmL-' and the pH 
adjusted over the range pH 2.4-11.3 by use of 
HCl(aq) and NaOH(aq); measurements were made 
with a pH PocketFET (Sentron). Peptide samples 
were also prepared in saturated sodium lauryl sul- 
phate solution and trifluoroethanol at the same 
concentration. CD and UV measurements were 
made over the peptide (180-260nm) and disulphide- 
aromatic (230-360nm) regions in superseal 
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quartz cells (Hellma) with path lengths 0-05 and 
l.Ocm, respectively. 

Molecular modelling 
All molecular modelling work was performed on 
a Silicon Graphics Iris 4D/35 TG workstation. 
In-vacuo molecular mechanics and molecular 
dynamics (MD) calculations were performed using 
Hyperchem (Hypercube). Molecular potential 
energies were calculated by use of the Amber 
force-field (Weiner et a1 1986) and energy mini- 
mizations achieved over 300 iterations by use of 
the Polak-Ribiere algorithm. Cluster analyses of the 
peptide conformers were performed according to 
methods described by Perkins & Barlow (1990), 
and the molecular superpositions obtained and 
quantified by the method of McLachlan using the 
Matfit routine (McLachlan 1979). 

For the simulated annealing experiments incor- 
porating the NMR data, starting conformers were 
generated using the program Ramble (Perkins & 
Barlow 1990). The relevant side-chains and di- 
sulphide bridge were then added manually and the 
resulting conformers energy-minimized to elim- 
inate unfavourable non-bonded interactions. Struc- 
tures were then heated to 750K and sampled every 
Ips over an MD period of 15ps at 750K. During 
this period peptide bonds were constrained to trans 
and the chirality of the residues maintained via an 
improper torsion angle. Experimentally determined 
distance and torsion-angle constraints, calculated 
from the above NMR data, were applied with force 
constants similar to the default values of the Amber 
force field. The van der Waals scale factor was 
reduced to 0.0002 and electrostatic forces were 
ignored to enable better conformational sampling. 
The sampled structures were cooled in 25-K stages 
to 300K during which time the van der Waals scale 
factor was increased to 1.0 and the force constants 
of all the applied constraints reduced towards zero. 
Energy minimizations of the cooled structures were 
performed in the absence of distance and torsion 
angle constraints. 

The resulting peptide conformers were analysed 
using a suite of in-house programs to check for 
violations of the experimental distance and torsion 
angle constraints and to ensure that all main-chain 
torsion angles were sensible. In addition back-cal- 
culations of theoretical NOEs between main-chain 
atoms were calculated to monitor for NOEs not 
seen experimentally. The final sets of conformers 
selected were chosen so that all $J angles fell in the 
allowed r$nges, the majority of violations were less 
than 1.OA and no unobserved NOE contacts were 
present. 

Pharmacology 
Male New Zealand white rabbits, 2-23 kg, were 
killed by intravenous injection of pentobarbitone 
sodium (60mg kg-') and the descending thoracic 
aorta and upper bronchi excised and trimmed of 
connective tissue and fat. The aortal endothelium 
was removed by rolling a plastic tube inside the 
lumen of the aorta. Antagonist studies involved 
30min preincubation of the peptide ( 1 5 ~ ~  bath 
concentration) before cumulative addition of 
endothelin, with 5-mm ring segments of either the 
aorta or bronchi mounted in a 20-mL organ bath 
with freshly prepared Krebs-Henseleit buffer solu- 
tion maintained at 37°C and oxygenated with 02- 
C02 (95%:5%). The aortal and bronchal ring 
preparations were left to equilibrate for 60 min 
under 1 g and 1.5 g tension, respectively. Agonist 
studies involving cumulative additions of the pep- 
tide were performed in 2-5-mL organ baths with 
aortal ring segments equilibrated as above. 

The integrity of the aortal and bronchal pre- 
parations was checked by monitoring their res- 
ponses to 1OpM noradrenaline and 1OpM acetyl- 
choline, respectively. Responses to endothelin, 
subsequent to incubation with the test peptide, were 
expressed as a percentage of the half-maximum 
response to endothelin in the control. Effectiveness 
of the removal of aortal endothelium was tested by 
checking for the absence of relaxation in response 
to 1 0 p ~  carbachol before noradrenaline wash out. 

Results 
NMR experiments 
By use of the COSY and NOESY spectra for the 
peptide dissolved in d6-DMS0 and D20-H20, all 
proton signals were assigned with the exception of 
those for the His PCH in d6-DMS0 and the His and 
Trp aCH in D20-H20 (Table 1). The chemical 
shifts for protons in the side-chains of Leu3, Ile6, 
Trp7 and His2 were readily assigned on the basis of 
their typical spin systems, and the Ile6 and Leu3 
aCH signals were then assigned by tracing the 
connectivities to their corresponding PCH. In both 
experiments the Cys' NH was readily identified by 
its strong NOE cross-peak to the acetate methyl 
protons and this led to the assignment of the 
Cys' aCH and His2 NH and so on in a sequential 
manner. 

NOE build-up was followed over increasing z,, 
with the identification of long-range NOEs at 
looms. In both solvents some of the long-range 
NOEs found were later disregarded because of 
ambiguities arising from the degenerate nature of 
the signals for the Ile6 and Leu3 NH, and Leu3 and 
His2 PCH in d6-DMS0, and Trp7 and Leu3 NH in 
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Table 1. Proton resonance assignments (ppm) for the cyclic 
peptide as observed in the nuclear Overhauser effect spectro- 
scopy experiment in DzO-HzO. 

Residue NH crCH PCH Other 

Ac 
cys '  8.40 

His2 9.17 

~ e u ~  8.22 

Asp4 8.9 1 

cys5 8.18 

Ue6 8.13 

Trp' 8.22 

4.44 

* 

4.50 

4.56 

4.48 

4.14 

* 

3.00 
3.19 
3.20 
3.38 
1.67 
1.67 

2.89 
3.08 
2.60 
2.94 
1.80 

3.41 
3.24 

2.02 

7.36 
8.67 
1.40 
0.92 
0.97 

1.10 
1.37 
0.84 
0.82 
7.27 

10.13 
7.7 1 
7.52 
7.20 
7.29 

*aCH of His and Trp were not observed in D20-H20 
because of the water resonance. 

D20. A simple inspection of the various NOE data 
immediately indicated that the conformation of the 
peptide differed in organic and aqueous solution, as 
would be expected. Inter-residue NOEs spanning 
four or more amino acids were seen more com- 
monly in d6-DMS0, suggesting a well defined turn 
in the peptide backbone (Figure lA), whereas in 
D20-H20 the evidence indicated a close proximity 
between the disulphide bridge and Ile6-Trp7 and a 
well defined turn over the His2-Leu3-Asp4 residues 
(Figure 1B). In both solvents Cys' to Cys' NOEs 
were found as a result of the cyclization. 

4 Angles for the residues Cys', His2, Ile6 and 
Trp7 in D20-H20 were calculated to be -170", 
-133", -146" and -155", respectively. Unfortu- 
nately only the Asp 4 angle could be determined 
with confidence from the 1-D 'H NMR spectra for 
the peptide dissolved in d6-DMSO; this was cal- 
culated as -166". For the peptide dissolved in D20 
the side-chains of Cys' and Cys', His2 and Trp7 
were determined to lie in a trans position (xl angles 
of 180") with the side-chain of Asp4 shown to be 
disordered having a P J H z  of 6Hz and 8Hz. 

Molecular modelling 
The conformations of the peptide in D20-H20 and 
d6-DMSO were modelled using constrained molec- 
ular dynamics, incorporating the NMR-derived 
distance constraints and torsion angles. Distance 
violations calculated during the 15ps of MD at 

1 2 3 4 5 6 7  
Ac Cys His Leu Asp Cys Ile Trp A 

daN(i,i = 1) 
daN(i,i + 6) 
dpN(i,i +3)  

dpN(i,i + 5) 
dpN(i,i + 6) 

2 

dpN(i,i +4) - 
2 

dap (i,i + 1)  
dclp(i,i+6) 

dij(i,j = i + 3) 
other .-- 

B 
dNN(i,i + 1) 
daN(i,i + 1) 
dpN(i,i + 1) 
dpN(i,i + 2) 
dpp (i,i + 1) 

dpp (i,i + 2) 
dpp(i, i+4) 
dij(i,j = i + 1) 

dij(i,j = i + 2) 

2- - 
a 0 

0 
-0 

a 

2 9  -- 
dij(i,j = i + 5) 
other c----. 

c--.o- - - - 
- - 

Figure 1. Summary of the inter-residue connectivities 
observed for the cyclic peptide dissolved in 4-DMSO (A) 
and D20-H20 (B). The solid bars represent the NOE (nuclear 
Overhauser effect) connectivity, the heights of which are 
proportional to the NOE intensity, this being classified as 
strong, medium or weak. The hatched bar indicates an NOE 
connectivity which could not be assigned unambiguously 
because of chemical-shift degeneracy. Where a particular 
NOE occurs more than once the number of occurrences is 
given above the bar. dij represents NOE connectivities between 
side-chain protons on residues i and j. NOE connectivities 
between main-chain and side-chain protons are represented by 
filled and empty circles, respectively. 

750K were seen to remain within 1-OA and torsion 
angles within f 3 0 "  of the applied limits. After 
cooling to 300K, the majority of the constrained 
parameters were still in good agreement with the 
target values. Although the extent of violation 
increased during the unconstrained energy mini- 
mization, the major deviations from target values 
were confined to interactions involving side-chain 
rather than main-chain atoms. 

Of the 330 energy-minimized structures gener- 
ated, conformers were selected which best repre- 
sented the observed 2-D 'H NMR data, giving 22 
conformers from the D20-H20 data set and 27 
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from the d6-DMSO data set. Both groups of struc- 
tures could be divided into more than one family on 
the basis of their backbone conformation, the group 
modelled on the basis of the D20-H20 data 
showing the greatest variation, possibly because of 
the smaller number of intrachain long-range NOES 
(Figure 2). Conformational differences were less 
evident when comparing the peptide backbone over 
the residues His-Leu-Asp. Indeed the conformers 
modelled on the basis of the d6-DMS0 and D20- 
HzO data are very much the same over this region. 
This similarity arises presumably because these 
residues are cyclized by the disulphide bridge, and 
in consequence have a smaller amount of con- 
formational variability than the C-terminal Ile and 
Trp residues. 

Superpositions were made on the corresponding 
main-chain atoms in the endothelin 1 X-ray struc- 
ture with root-mean-square differences in co-ordi- 
nates of approximately 2-6A for structures 
modelled on the basis of the d6-DMS0 data, and 
0.9-2.5 .& for structures modelled using the D20- 
H20 data (Figure 3A). Using the structure which 
gave the best fit to the corresponding main-chain 
atoms in the endothelin 1 X-ray structure, a 
superposition was also made on to the main-chain 
atoms of the potent endothelin A-selective 
antagonist BQ-123. Because the amino acid 

aii 

Figure 2. Superposition of low-energy cyclic peptide con- 
formers, modelled on the basis of the NMR data acquired in 
D20-H20 (A: 22 conformers, giving 3 distinct families, 
numbered i to iii) and d6-DMSO (B: 27 conformers, 1 family), 
selected on the basis of their agreement with the applied 
experimental constraints. 

sequences for the two peptides are dissimilar, the 
residues Leu3-Asp-Cys-Ile-Trp7 in the cyclic pep- 
tide were superposed on the residues DAsp-Pro- 
DVal-Leu-DTrp of BQ-123 and gave a good fit with 
a root-mean-square differe!ce over the main-chain 
atom co-ordinates of 0.77A (Figure 3B). The two 
Trp indole rings were also seen to have a similar 
orientation and the D - A s ~  side-chain of BQ-123 
was oriented in a manner which closely matched 
that of the C-terminal carboxyl group of the cyclic 
peptide. 

Comparison of the hydrogen-bonding within the 
cyclic peptide structures modelled on the basis of 
NMR data acquired in d6-DMS0 showed interac- 
tions between the C-terminal carboxyl and the His’ 
imidazole ring, with little involvement of the Asp4 
carboxyl. Structures modelled on the basis of NMR 
data acquired in D20-H20 showed the C-terminal 
carboxyl again interacting with the His’ imidazole 
ring and the Asp4 carboxyl was seen to interact 
with the Ile6 NH or the His’ and Trp7 side-chains. 

Circular dichroism 
CD spectra for the peptide in the peptide region 
showed minima at approximately 195-200nm 
(Figure 4) which although not immediately char- 
acteristic of an a-helix are qualitatively similar to 
the CD spectra of endothelin 1 (Perkins et a1 1990), 
which itself has two disulphide bridges and a- 
helical structure. The absence of a second mini- 
mum at 222nm might be explained by the presence 
of a disulphide, which gives rise to a maximum at 
approximately 228nm (Hider et a1 1988). 

Spectra in the disulphide-aromatic region fol- 
lowed during titration to increasing pH showed a 

Figure 3. A. Superposition of the main-chain atoms for the 
cyclic peptide: Ac-cyclo(Cys-His-Leu-Asp-Cys)-He-Trp-OH 
(coloured grey) modelled from NMR data acquired in D20- 
H20 and the corresponding atoms in the crystal structure of 
endothelin 1 (coloured black). For clarity, the side-chains are 
shown only for the cyclic peptide with amino acids labelled 
using single-letter amino acid codes (Ac, acetate; SS, disul- 
phide bridge). The root-mean-square gifference in co-ordi- 
nates over the main-chain atoms is 0.9A. B. Superposition of 
the main-chain atoms of the residues Leu3-Asp-Cys-Ile-Trp7 
of the cyclic peptide in Figure 3A (coloured grey, with amino 
acids labelled using single-letter amino acid codes) and the 
corresponding atoms of the residues DAsp-Pro-DVal-Leu- 
~ T r p  of BQ- 123 (coloured black). The root-mean-squqe 
difference in co-ordinates over the main-chain atoms is 0.77 A. 
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1°1 

-30 I 

190 210 230 250 
h (nm) 

Figure 4. CD spectra recorded as a function of pH in the 
peptide region for the cyclic peptide dissolved in H20: - , 

pH 7.8; - - -, pH 11.3. The insert is a pH titration curve for 
the peptide backbone calculated at approximately 195 nm. 

pH 2.2; . . . . . ., pH 3.7; - - --, pH4.4; , pH 6.1; - . - .  , 

progression from negative to positive ellipticity 
over the range 240-280nm, which is consistent 
with a change in handedness of the disulphide 
(Figure 5 )  (Woody 1995). This change was most 
noticeable at low pH, with little change above pH 
7-8, the calculated titration curve suggesting an 
associated de-ionization of a carboxyl group (Fig- 
ure 5,  insert). For the spectra in the peptide region 
however, the same titration showed a more pro- 
nounced change towards neutral and basic pH, with 
the mimima moving from 195 to 200nm (Figure 4) 
and the titration curve suggesting ionization of the 
His imidazole ring (Figure 4, insert). By compar- 

-"05"1\/ 
-0.1 J I 

240 260 280 300 320 
h(nrn) 

Figure 5. CD spectra recorded as a function of pH in the 
disulphide-aromatic region for the cyclic peptide dissolved in 

pH 6.1; , pH 7.8; --- , pH 11.3. The insert is a pH 
titration curve for the disulphide-aromatic region calculated at 
approximately 250nm. 

H20: -, pH 2.2; . . . . ., pH 3.7; ----, pH 4.4; ---, 

ison with these spectra, those recorded for the 
peptide dissolved in saturated sodium lauryl sul- 
phate and in trifluoroethanol showed the disul- 
phide-aromatic region to be qualitatively similar to 
that seen at high pH, with a shift in the peptide- 
region minimum to 205nm (data not shown). 

Pharmacology 
The synthesized peptide did not have antagonist 
activity against endothelin-induced contraction of 
either rabbit aorta or bronchus at test concentra- 
tions of 15 PM (n = 4). A small upward shift to the 
aortal dose-response was seen, however, and fur- 
ther investigations for agonist activity showed that 
the peptide elicited weak contraction of the aorta at 
a concentration of 1OOpM (data not shown). 

Discussion 
The differences seen in the conformers modelled 
from NMR data acquired in D20-H20 and d6- 
DMSO generally arise from differences in orien- 
tation of the Ile6-Trp7 dipeptide. Hydrophobic 
interactions might account for the tendency of the 
Ile6 and Trp7 side-chains to turn towards the di- 
sulphide (Andersen et al 1995) but the conforma- 
tional differences seem more likely to arise from 
the distinct h drogen-bonding patterns. In parti- 
cular, the Asp carboxyl was most notably involved 
in hydrogen-bonding only in structures modelled 
from the D20-H20 data and its role in determining 
the conformation of the peptide main chain is 
consistent with the pH-dependent CD changes seen 
in the disulphide-aromatic region. 

The cyclized peptide seems to have lost all 
pharmacological activity at the endothelin B 
receptor, even though its sequence is essentially 
identical to that of the endothelin 1 C-terminal 
hexapeptide. The substitution of Ile19 for Cys is not 
expected to prohibit recognition of the cyclic pep- 
tide by the endothelin A and endothelin B receptors 
because substitutions by Ala and Val at this posi- 
tion yield antagonists with full binding affinity 
(Cody et a1 1995). This loss of activity is therefore 
thought to be because of the inability of the cyclic 
peptide to access the endothelin B receptor binding 
site in the manner achieved by the native endo- 
thelin hexapeptide and other linear peptide analo- 
gues. 

Rather surprisingly, the cyclic peptide had no 
antagonist activity at the endothelin A receptor; this 
would be reasonably expected on the basis that a 
close match is seen between the endothelin A 
antagonist BQ- 123 and the residues Leu3-Asp-Cys- 
Ile-Trp7 of the cyclic peptide (Figure 3B). It has 
been suggested that BQ-123 binds to a region of the 

P 
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endothelin A receptor which is otherwise occupied 
by the endothelin C-terminal hexape tide because 
the side-chains of the Asp" and Trp" residues in 
the endothelin crystal structure superpose on the 
corresponding side-chains of BQ- 123 (Peishoff et 
a1 1995). The results presented here indicate that 
the apparent mimicry of BQ-123 for the endothelin 
C-terminal region might not be entirely correct and 
that its mimicry of other regions should not be 
discounted. 

In hindsight, it would clearly have been prefer- 
able to use endothelin receptor binding assays to 
determine whether the hexapeptide had any affinity 
at endothelin A or endothelin B receptors. On the 
basis of our observations above, however, we ten- 
tatively propose that the conformational flexibility 
of a peptide ligand might govern, in part, its 
selectivity for the endothelin A receptor as opposed 
to endothelin B receptor. Specifically, we propose 
that a large amount of conformational flexibility, as 
would be expected for the linear endothelin C- 
terminal analogues, makes binding at the endothe- 
lin A receptor entropically unfavourable but facil- 
itates access to the endothelin B receptor binding 
site. In contrast, with a highly constrained peptide 
such as BQ-123 there is no binding at the endo- 
thelin B receptor but antagonist activity is observed 
at the endothelin A receptor. Because the cyclic 
peptide studied here lies between these two 
extremes, it consequently retains some residual 
agonist activity at the endothelin A receptor, but is 
too constrained to access the endothelin B receptor 
binding site. Furthermore, assuming that the cyclic 
peptide designed here does provide a good fit to the 
intended a-helical motif in endothelin 1 (at least 
with the peptide in free solution, Figure 3A) then it 
is unlikely that the conformation of the C-terminal 
tail seen in the crystal structure of endothelin gives 
a complete picture of the pharmacophore relevant 
to the endothelin B receptor. 
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