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The conformation of cycro[D-Trod-Asp-Pro-D-Val-Leu], (BQl23). an endothelin-A receptor-selective antagonist. has been studied in 20% 
acctonitrilc in water by CD and NMR spectroscopy. CD studies showed the peptidc adopted a similar, constrained conformation in both waler 
alone and 20% acetonitrilc in water. NMR spectra showed the proline residue to be in the trurts conformation and 2 of the NH protons to exchange 
slowly with the solvent, indicating hydrogen bonding. Structural constraints derived from the NMR spectra were used to dcfnc the conformation 

in molecular dynamics simulations, A single backbone conformation is observed for the cycle, comprising a p type II turn and a y’ turn. 

Endothelin; Nuckr mngnelic resonance; Circular dichroism; Conformarion: Molecular modeling 

1. INTRODUCTlON 

The endothelins, a family of bicyclic, 21 amino acid 
peptides, whose first member was isolated and characte- 
rized from porcine aortic endothelia! cells [l], are potent 
vasoconstrictors in mammals and may play important 
roles in hemodynamic regulation and/or modulation of 
the cardiovascular system. Specific endothelin binding 
sites are present in many tissues including the central 
nervous system [2], although not all of these binding 
sites necessarily represent functional endotllelin rccep- 
tars. 

To date, 5 different sequences for endothelin recep- 
tors have been reported. These receptors form 2 differ- 
ent receptor subtypes, A and B, which can be distin- 
guished by their affinities for the various endothelins. 
The endothelin A receptor has a greater affinity for 
endothelins 1 and 2 than for endothelin 3 [3-51, while 
the B-subtype has about equal affinity for a!! the endo- 
thelins [G-S]. 

It has been reported that t!?e acyclic analog 
[Ala ‘*“8”*‘5]endothe!in-l is a weak, but selective, ETB 
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receptor ligand [9]. However, due to the flexibility of the 
molecule, conformationa! studies of this linear peptide 
[IO] llave shed little insight into the critical features 
necessary for a selective receptor interaction. Recently 
BQ 123, a small cyclic peptide (cyclo[D-Trp-D-Asp-Pro- 
D-Val-Leu]), has been reported 10 bc an ETA receptor- 
selective antagonist [I 11. The constraints from cycliza- 
tion and the small number of residues should yield a 
molecule with limited conformational flexibility. Thus 
a study of this peptide may provide important informa- 
tion regarding the structural and conformational fea- 
tures important for receptor recognition and binding. 

2. MATERIALS AND METHODS 

D-Trp-D-Asp(OBzl)-Pro-D-Yal-Lcu was synthesti by standard 
solid-phase synthetic techniques using an automated peptidcsynthcsi- 
zcr and FMOC chemistry on a 2-mcthoxy-4~alkoxybenzyl alcohol 
resin (Sasrin Resin, Bachem. Switzerland). The peptide was removed 
from the resin with I% trilluoroacctic acid in CH,C& and cyclizcd at 
high dilution in DMF with diphcnylphosphoryl azide at -20°C for 4 
days. Cyclo[D-Trp-D-Asp(OUzl)-Pro-D-Val-Leu] was deprotected by 
catalytic transfer hydrogenation using ammonium formute as the hy 
drogen source and purified by C,, RP HPLC (FAB-MS [MH]’ = 
611.3, talc = 611.33). 

2.2. CD spectroscopy 
CD studies were performed with an Aviv Model G2D Spectropola- 

rimeter. Spectra were recorded usinga 1.5 nm bandwidth.0.5 nm step. 
and a time constant or4 s. A total of 5 scans were averdged for both 
sample and solvent. After correction of the sample spectrum for sol- 
vent and cell comributions. the data wcrc fitted by nonlinear regres- 
sion analysis. The peptidc was dissolved in water (9-147yM at pH 5.3) 
or in 20% CH,CN in water (12 uM-2.7 mM) and the concenlra~ion . . 
estimated from the UY absorbance of the rryplophan residue ai 28G 
nm [12]. Temperature studies between 4 and WC WCIP made wirfi 
water-jacketed, dichroicully neutral circular quart cuvettcs. 
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1.3. I. Sillllpk prcpsration 
A sampIc was prepared for NMR studies by dissolving ca. 2.5 mg 

BQ123 in 500 ~1 20% CD&N in HZ0 to give a tinal concentration 01 
ca. 8 mM. The sample vvas lyophilizcd and dissolved in 30% CD&IN 
in DZO (pH 5.4) for NH exchange experiments and for recording 
spectra withoul exchangeable protons. A furlher sample wrus prepared 
containing 140 PM BQl23 in HZ0 containing 10% DzO. Sodium 
(trimcthylsilyl) propionate-r/4 was used as an internal reference set at 
0,oo ppm. 

2,3.2. NMR experiments 
All NMR spectra were recorded at 25°C and 500 MHz 011 a Bruker 

AM500 spectromctcr equipped with an Aspect 3000 computer and a 
digital phnse shifter. 

ID spectra wcrc acquired over IGK data points, using u spectral 
width of GO24 Hz. Solvent suppression was achicvcd by irradiation of 
the t-I,0 resonance during the relaxation time (2.0 s). Coupling con- 

stants wcrc mcasurrd directly from the ID spectra without correction 
for linewidths. 

All 2D experiments (DQF COSY [l3]. TOCSY [ 14-161, NOESY 
[17-l 81 and ROESY [ 191) were acquired in the phase sensitive mode 
using time-proportional phase incremcntation [20], with ihe transmit- 
tcr set on the H,O resonance and using CYCLOPS phase cycling [2l]. 
NOESY spectra were recorded with mixing times of 200,400 and 700 
ms, and with random variation of the mixing time (typically 10%) to 
eliminate zero-quantum transfer [22]. TOCSY and ROESY experi- 
ments used a radio-frequency iicld strength of S-7 kHz and mixing 
times 01’50 and I50 ms, respcctivcly. Typically, 5 I2 t, increments were 
acquired for each experiment with I6 transients and 2 dummy tran- 
sients per increment. In t?, 2048 data points were acquired over a 
spcclral width of 6024 Hz. All spectra were processed offline on a 

Bruker X32 workstation, using the manufacturer’s program, 
UXNMR. Prior to Fourier transformation in t?. the free induction 
decays were multiplied by a Gaussian function (for NOESY, ROESY 
and TOCSY expcrimcnts) or a shifted sine-bell function (for the DQF 
COSY cxperimems). The data were multiplied by a cosine-bell func. 
lion (for NOESY. ROESY and TOCSY experiments) or a shifted 
sine-bell function (for the DQF COSY experiment) in t, and zero-tilled 
to 2048 data points before the second Fourier transform. For each 
spectrum, the baseline was fitted with a third order polynomial in both 
dimensions and subtracted, All speclra are shown unsymmetrizcd with 
the F1 dimension horizontal and the contour lcvcls spaced logarithmi- 
cally. 

2.3.3. NH exchange 
ID spectra were recorded at intervals over the 3 h following disso- 

lulion of the lyophilized pcptide in 20% CD&N in D20, and again 
after I6 h. A ROESY and a DQF COSY experiment were recorded 
as described above. 

2.3.4. Structural data 
The intensity of crosspeaks in the ROESY spectra were assessed as 

being strong, medium or weak and converted into upper limits on 
interproton distances as follows: slrong - 0,3 nm: medium - 0.4 nm: 
weak - 0.5 nm, Since the modeling software did not allow the specifi- 
cation of pseudoatoms, distances to the mcthylenc groups of Pro-3 and 
the methyl groups ofYal-4and Leu-5 were specified to the appropriate 
C atom and a correction added. 

2.4. ModelBig and srrtrcrwo/ coichriot~s 
All model-building, energy minimization and molecular dynamics 

simulations were pcrformcd in vncuo, using the SYBYL molecular 
modelin& package (Tripes Associates, St. Louis, MO, version 5.4j, A 
model of 09123 was built with all neotidc bonds in the rr’ons cOnfor_ 
mation. Initial calculations were perfbrmed without any NMR con- 
straints, The structure built using SYBYL was cncrgy-minimized and 
subjected to a molecular dynamics simulation of 80 ps at 300K, 80 ps 
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nt SOOK, 80 ps ut IOOOK and a further 80 ps at 300K. Structures were 
stored cvcry I ps and energy-minimized. NMR distance constraints 
were added to the25 structures with the lowest energies and I structure 
with the highest energy, and these were cncrgy-minimized once again. 
Five structures. including the best und ihc worst of the set of 25 
structures. and the high energy structure. were used as starting siruc- 
lures for molecular dynamics simulations. Runs were performed for 
40 ps at 300K. 40 ps at SOOK and a further 80 ps at 300K. 0, y and 
x, angles were unalyecd for changes in conformation. The @ and K, 
angles which were consistent with measured coupling constants and 
which were observed to vary about 3 single value in the 5 runs were 
added to the constraint list. One run was continued with the updated 
constraint list, for 40 ps al 300K, 40 ps al 500K, 40 ps at 300K, 40 ps 
at SOOK and 40 ps at 300K. The 4, v andx, angles were analyzed using 
me graphicnl facilities in SYBYL. 

3. RESULTS AND DISCUSSION 

3.1. CD speorrcl 
The far UV CD spectra of BQ123 in water (9.5 PM) 

and 20% CH,CN/water (2.4 mM) are shown in Fig. 1. 
The spectra were nearly identical and the slight differen- 
ces in intensities that are observed are probably due to 
scaling errors arising from inaccuracies in the determi- 
nation of concentrations and path lengths. In addition, 
no differences were observed in the CD spectra of 
BQ123 obtained over a wide range of concentrations in 
either solvent. These similarities suggest that the peptide 
adopts the same conformation in both solvents. 

In the near UV region, the CD spectrum of the indole 
ring of tryptophan gives rise to a broad, negative band 
with a characteristic shoulder. The Lb transition, distin- 
guished by its vibrational fine structure in the absorb- 
ance spectrum (insert, Fig. I), occurs at 289 nm, and the 

2Qcl 250 
Wavolongth [nm] 

Fig. i. CD spLrtrum of BQ123 in wutcr (9 PM, noisy spectrum) and 
in 20% CH,CN In water (2.7 mM), both at 20°C. The 2 spectra arc 
very similar indicating that the peptidc assumes 3 similar conforma- 
tion in both solvents. (Insert) The absorbance and CD spectra of 

84123 in 20% CH,CN in water. 

L 
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L;, transition is at 281 nm. Again, no differences in the 190 nm. The negative band centered at 234 nm is somc- 
spectra of the peptide in water or aqueous CH,CN were what unusual and may be a ‘C transition in the indole 
observed in this region (data not shown). [233. 

In the far UV region, the CD spectra are characteri- 
zed by a minimum at 185 nm, a broad maximum at 204 3.2. Nrr&ur tttagrtetic resonuttce 
nm that contains a shoulder at about 212 nm, and an- 3.2.1. Assigrttttettr 
other minimum at 234 nm. While it is difficult to assign The NMR spectrum was found to be well-dispersed 
the bands to tt particular conformation, it is clear from with little overlap of the resonances from the 5 residues. 
the molar ellipticity of the tt I) x* transitions of the The spectrum of BQ123 was assigned largely by direct 
amide bond that the peptide is highly constrained. inspection of the DQF COSY spectrum (Fig. 2). Cross- 

The absorption and CD spectra for BQ123 in 20% peaks in the ROESY spectrum were used to identify the 
aqueous CH3CN are shown in the insert to Fig. 1. The C,H resonance of Trp-1 and to distinguish between the 
‘B,, band for tbc indole ring of tryptophan is clearly AMX spin systems of Trp-I and Asp-2. Stereo-assign- 
evident in the absorption spectrum at about 222 nm, ments could be made for the CPH, protons of Trp-1 and 
while its CD band apparently contributes to the broad Asp-2, based on 3JCnl,_Cfi,, coupling constants and 
positive ellipticity seen in the region between 225 and ROESY crosspeak intensities [24]. taking into account 

~.p.m. 

. 1) 

!.O 

4.0 

4.0 

5.0 

Fig. 2, NMR spcs~ra of BQI13, (n) Portion of tbc RQESY spectrum rcrorded in 20% CD,CN in i-&O. showing crosspeaks from the backbone 
NH rcsonanccs and aromatic resonances oTTrp_1. For clarily, only negative contour levels arc plotted. (b) The aliphatic region of the DQF COSY 
spectrum recorded in 20% CD&N in D20, showing the spin systems of the 5 residues of BQ123. (c) Portion of the ROESY spectrum recorded 

in 20% CD,CN in D,O. showing sequential Call,-CGH,,, crosspeaks between Asp-2 and Pro-J. Only negative contour levels arc plotted. 

3 
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Table la 

Assignment ol’ the resonances of BQl23 (20% CD&N in l&O or DzO, 25”C, pH 5.4) 

Residue NH 

Trp-I 8.53 

Cal-l 

4.69 

C~1-l I, C#ml 

3.50. 3.09 

CBH Other 

7.26 (C?H) IO. 15 (N,H) 
7.68 (C,H) 
7.14 (C,H) 
7.22 (C,H) 
7.49 (CTH) 

Asp-2 7.63 5.05 2.80, 2.46 
Pro-3 4.86 2.22. 1.82 2.01 3.59. 3.30 
Val-4 7.92 3.97 1.82 0.93. 0.87 
LeU-5 8.48 4.02 1.29 1.29 0.56 

Table Ib 

Coupling constants and torsion angles 

Residue Coupling constant Value (Hz) Torsion angle Value 

Trp- 1 ‘JU-CI!, 8.1 $ 160°. 800, -GO0 

jJcnwrp1, 2.9, I I.8 XI 60” 
Asp-2 aJSH-C&l 8.8 9 ~.900, -60° 

‘J Clll.CPkl lO,3, 4.4 XI 180” 
Val-4 sJNH-c,ll 10.3 $ 120” 

‘J,,,,.,~,, 9.6 XI 600 
Lcu-5 IJ NH-CO,, 5.2 Y, - 170”. -7o”, 200, 100” 

the inverted chirality of these residues. The resonance 
assignments are listed in Table la. 

3.2.2. NH exchange 
Two of the four NH protons were observed to ex- 

change slowly into the deuterated solvent. Of these, the 
NH resonance of Asp-2 was seen to vanish 50 min after 
dissolution, while that of Val-4 persisted for 3 h. 

3.2.3. Sc~.~cru~ai data 
Measured coupling constants are listed in Table lb. 

All possible values of @ angles were derived from Kar- 
plus curves for L- and D-amino acids [25]. xl values for 
the predominant rotamers were determined from the 
coupling constants (Table Ib). 

The NOESY spectra were found to contain little in- 
formation but crosspeaks were observed in the ROESY 
spectrum (Fig. 2). Most notably, these show Pro-3 to be 
in the ~I’UIIS conformation and the NH proton of Asp-2 
to be close to the NH protons of both Trp-1 and Vnl-4. 

3.3. Structural caicirlatiorzs 
Molecular dynamics runs, using the 5 starting struc- 

tures from unconstrained molecular dynamics simula- 
tions (see Materials and Methods) and including NMR 
distance constraints, showed that each f,0 angle varied 
about a single value, close to one of the set of possible 
angles derived from the 3JNn_,-ol.l coupling constants 
(underlined in Table I). The run with the high energy 

4 

starting structure had an initial I$ angle for Trp-1 
around -60°C which, during the run, flipped to a value 
around 80”. Only one xl angle (Trp-1) was seen to be 
well-defmed around 60° throughout the runs, in accord- 
ance with the predominant rotamer, indicated by the 
coupling constants and ROESY crosspeaks. The xl an- 
gles of Asp-2 and Val-4 were seen to vary between all 
3 rotamers (-60°, GO”, 150°) in the S runs while that for 
Leu-5 had only values around -60” and 180’. While 
coupling constant data suggests predominant rotamer 
populations for Asp-2 at 180” and Val-4 at 60°, these 
were not added to the constraint list. 

From the extended molecular dynamics run, with all 
constraints derived from NMR (including 4 @ and 1 x, 
angle constraints), average values of the 4 and ry angles, 
together with the possible x, angles could be derived 
(Table II). Structures from the last 15 ps of the run were 
energy-minimized and 6 of these are shown in Fig. 3a. 

Table I1 

Average, .$, ye and x1 angles 

Residue 

Trp- 1 
Asp-2 
Pro-3 
VaM 
Lcu-5 

9 Y Xl 

SW 50” 60” 
140” -90” 60”. -6O’, 180” 
-75” 85O 30” 
100” -100” 60”, -60°, 180” 
-800 ICW -60°, 180° 
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b 

Fig. 3. Stcreoviews of calculated structures of i3QlZ3. (a) Six superimposed structures, energy-minimized from the last 15 ps of the extended 
molecular dynamics run (5~ text for details). For clarity, hydrogen atoms are not shown on Ihe sidcchnins. (h) A single sLrucLure from Ihc scl of 

six, showing the ,O type II turn and the y’ turn. 

The set of 15 structures have an average pairwise rmsd 
value of 0.050 nm and the lowest energy structure has 
just 2 residual violations of the distance constraints of 
0.052 and 0.016 nm (both internal to the Trp residue). 

Molecular dynamics simulations in the absence of 
experimental constraints show that the backbone can 
adopt only a limited number of conformations, while 
the sidechains may populate all 3 major rotamers. Expe- 

rimentally-derived NMR constraints show that the 
structure in solution fluctuates about a unique back- 
bone conformation (Table II, Fig. 3a) with thex, angle 
being defined for Trp-1. These results are consistent 
with ii~c Ci3 spectra where Lhhb rarbc IA,vLyI ti,,.Pr.ti..J . . . AL? lr-9” --I-- .4l;~An;**r in 

the far UV indicates that the molecule assumes a wetl- 
defined structure. The observation of the L, and Lb 
hands of tryptophan in the near UV CD spectrum also 

5 
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supports a construincd conformation for this residue. 
The backbone structure comprises a type 11 /?-turn 
formed by residues Val-4:Leu-5:Trp-l:Asp-2. and a y’ 
turn formed by Asp-,. 3.Pro-3:VaM. and contains both 
the expected hydrogen bonds (Fig. 3b). The type II 
B-turn observed in the calculated structures contains a 
hydrogen bond between Asp-2 NH and Vat-4 CO, while 
the y’ turn is stabilized by a stronger hydrogen bond 
between Val-4 NH and Asp-2 CO. 134123 is a tightly 
constrained cycle forming a structure which is quite flat, 
and in which the hydrophobic sidechains lie largely in 
the plane of the cycle. The proline residue makes an 
angle to the plane of the cycle and is seen to fluctuate 
by &30* about a mean position during the molecular 
dynamics simulations. 

4. CQNCLUSIONS 

The conformation of BQI 23, an endothelin-A recep- 
tor-selective antagonist, has been determined in solu- 
tion. CD results show the cycle to be highly constrained. 
NMR data define the structure as comprising a type II 
&turn and a y’ turn. The determined structure may be 
used as the basis for the design of further peptidic and/ 
or non-peptidic selective antagonists. 

cl~kf?otl.l~~/~c’r2t0ti~: We wish to thank Drs. D.J. Cowly, F. Piriou and 
V. Saudek for helpful discussion and critical reading ol’ the manu- 
script. 
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