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The structure of a cyclic pcntapeptide, cycio-(D-Trp-D-Asp-L-Pro-D-val-L-L& that has high selectivity for the endothclin ET,+ receptor has been 
determined by NMR spectroscopy using constrained molecular dynamics and conformational search procedures, Structures obtained using two 
methods of rclinement, namely (i) constrained molecular dynamics; and (ii) systematic searches of conformational space for optimal satisfaction 
of distance constraints, were compared to those obtained from systematic searches ofconformational space without NMR data. The two different 
procedures of rclinement produce similar conformations that are consistent with the NMR distance constraints. Conformational searches for 
optimal energy without any NMR distance constraints produced several low-energy structures, twti ofwhich have essentially the same backbone 
as those structures derived from distance-constrained procedures and one of thcsc rven reproduces several side-chain positions well. The penta- 
peptide backbone consists of a linked p and j-turn conformation, with the lcucinc and tryptophan as corner residues of the type II plum. The 
side chains are highly o:dered both in aquco\ls solvent and in dimcthyl sulfoxide. In aqueous media the leucinc side chain is directed towards the 
indole ring, presumably to tcducr the non-polar surface exposure. producing unusual upfield shifts for the methyls (and particularly Hy). This 
str!!rtural feature was reproduced in one of the structures obtained from conformational searches performed without NMR data. Exhaustive 

conformationa! searches appear t3 provide an alternative method for struclure generation for cyclic pptides. 

Endothelin; NMR; Molecular dynamics; Confor;national search; Three-dimensional structure; Cyclic pentapcpdde 

1. INTRODUCTION 

We report on recent NMR experiments and com- 
putational studies aimed at deriving the three-dimen- 
sional structure of a cyclic pentapeptide, a competitive 
endothelin (ET) antagonist [l-2]. Endothelin, a 21 
amino acid peptide originally isolated from porcine en- 
dothelial cells [3], has been found to possess a variety 
of autocrine, paracrine and endocrine functions which 
modulate the cardiovascular system [4]. The cloning 
and expression of endothelin genes have identified three 
isoforms, (ET-l, ET-2, ET-3) [4] with distinct speci- 
ficities for receptor subtypes (ETA and ET”) [5,6]. 
Recently, a novel cyclic pentapeptide, cyclo(-D-Trp-D- 
Glu-t-Ala-D-lie-t-Leu), was isolated from the fermenta- 
tion products of Srreptomyces nzisakiensis and was 
shown to be a competitive ET,-selective cndothelin an- 
tagonist [ 11, Peptide syntheses and LesGng bzzed on this 
natural lead produced an improved antagonist, cycle 
(-D-Trp-D-Asp-L-Pro-D-Val+Leu) [2]. Previously, we 

9.1, E.~perDnenrul rnerhods 
Correspondence address; S.R. iirys~ek if., iiepartment of Macromo- C~clo-(o~T~~c~~~s~-~~~~o-~Y~~-~-~~u~ was Prepared by conven- 
lccular Modeling, Bristol-Myers Squibb Research Institute, P.O. Box tianal solution phase synthesis beginning with N+butoxycarbonyl)- 
4000, Princeton, NJ 05543-4000, USA. Fax: (I) (609) 252-6030. L-praline phenacyl ester (Boc-Pro-Pat), prepared from a reaction of 

determined the solution conformation of endothelin [fl 
in an attempt to explore the conformational dynamics 
[8] and structure-function relationships of this peptide. 

In this manuscript we report the 3D structure for 
cyclo(-D-Trp-D-Asp-L-Pro-D-Val-L.-Leu). Techniques 
available for structure derivation from NMR-derived 
interproton distances include metric matrix distance 
geometry [9-l 11, variable target functions in torsion 
angle space [ 121, restrained molecular dynamics [ 13,141, 
simulated annealing [l S], and Monte Carlo calculations 
[16]. In the present work we employed both distance- 
constrained molecular dynamics, and a newly devel- 
oped procedure, namely, an exhaustive search of con- 
formational space evaluated for optimal satisfaction of 
distance constraints [17]. Structures obtained from ex- 
haustive conformational searches without NMR data 
are compared to the NMR structure. 

2. EXPERIMENTAL 
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Boc-Pro-OH with 2.bromoacetophenonc and KJO, in N,N-dimeth- 
ylformamide (DMF). Standard successive deprotections with tri- 
fluoroacetic acid (TFA) and couplings using ethyl-3-(3.dimethyl- 
amino)propyl carbodiimide hydrochloride and hydroxybenzotriazolc 
off’ordcd Boc-D-Val-J.&u-a-Trp(CHO)-o-Asp@n)-Pro-Pat, Following 
C-terminal deprobxion (Zn, AcOH, 40°C), and N-terminal dcprotec- 
[ion (TFA), the peptide was cyclired using diphenylphosphoryl azidc 
in DMF with N-methylmorpholine. Side chain deprolection was ac- 
complished by hydrogenolysis (Pd/C) followed by base lrealment (0.4 
M NaOH. 2 min). Preparative gradient HPLC (CH$N/HzO, 0.1% 
TFA) afforded cycio(-o-Trp-o-Asp-L-Pro-D-Val-L&U) as a white lye- 
philizate, which was characterized by ‘H-and ‘C-NMR, IR, MS and 
elemental analysis. 

The cyclic peptide was examined by NMR in 3 media over a range 
of temperatures: (i) I2 mM ind,-dimclhylsulfoxide(DMS0). 290-310 
K; (ii) 12 mM in 60% aqueous ethylene glycol (‘glycol’), 295-310 K; 
and (iii) I5 mM in 60% aqueous trilluoroethanol (TFE), 295-310 K. 
For well resolved proton resonances coupling constants were obtained 
by first order splitting analysis. For the aqueous glycol media (with 
both Hz0 and DLO), coupling constants were extracted from 4K 
E-COSY spectra [l&19], which also confirmed the assignment. In 
aqueous ethylene glycol media, NOE intensities were exlracted as 
previously described [8] from a 2K complex x 240 tls phase sensitive 
(hypercomplex) NOESY spectrum which was zero-filled 10 a 1 K x I K 
malrix. In the case of d*-DMSO, the only media in which the back- 
bone-NH peaks and Pro-aH (unobscured by a shift coincident water 
peak) occurred, NOE intensities were derived from one-dimensional 
dNOE experiments (z, = 200-500 ms) [20], and scaled to the NOESY 
data hosed on the integrated size of the residual inverted peak. The 
final structure elucidation employed only four constraints involving 
HN/Pro-crH pairs; all other constraints derive from a single NOESY 
experiment in aqueous glycol. 

2.2. Cc-wpunr~ionul n&hods 
NOE intensities were converted to initial constraints (dii) assuming 

isotropic motion and no spin diffusion; thus d;j is equated with [r,,&$ 
S;J”“]* The shortest & connectivity, LPu-dTrp-MN, was used as the 
reference set at 2.1 A, the closest allowed approach distance. Bounds 
limits - typically to.15 at di, c 3 A, f0.30 at di, 3-O-3.6 A, and 20.45 
at the extreme reach of the NOE - were established so as to keep all 
NOE distances within the ranges allowed by holonomic constraints 
[21]. For a molecular of this size. secondary NOES arc significant only 
for pminal pairs, such distances were reflncd using the DISCON 
algorithm [8,21]. 

Three-dimensional structures were generated from the NMR data 
using two different methods. In the first method, distance-constrained 
molecular dynamics calculations using a simulated annealing protocol 
[IS] as implemented in DISCOVER (version 2.7, Biosym Technologies 
Inc.), running on Silicon Graphics 4D/440 Workstation was used for 
structure generation. A variety of starting structures were subjected 
to 72.5 ps of simulated annealing at 900 K (maximum NOE force 
constant, 80 kcal amol-’ a A-2; with a 50 kcal/constmint limit), cooled 
to 300 K, and minimized using a steepest descPnt algorithm (7 
kcal amol-’ * A-? for NOES). 

The second meihad was an exhaustive conformational search as 
implemented in the program, CONGEN [22], The method consists of 
a nested set of iterations over the following steps: (i) H search of the 
backbone torsion angles @ and t,~ for each possible dipeptide unit 
sampling with either a 15” or IO0 arid and o sampled over cisand mtts 
isomers. Sets of 4, y, and a, were limited to those having a Van dcr 
Waals energy within 5 kcaVmol of the min’mum possible; (ii) the 
modified Gc end Scheraga [33] chain closure i&orithm applied over 
the remaining lhrec residues; (iii) SO steps of Adopted Basic Newton- 
Raphson energy minimization applied over all resulting conformers; 
(iv) construction of side chains using the iterative method of Bruccoleri 
and Karplus [22] and ti 3G” Brid on the 2 an&. Tiiese scihr&a 

correspond to the five possible modes of loop closure for a cyclic 
pcntapeptidc. Indcpcndent searches were performed both with and 
without NMR-derived constraints at both IO0 and ISo backbone 

Fig. 1. Stdps rrom the NOESY spectrum of cycle-(o-Trp-a-Asp-L- 
Pro-o-Val-L-Leu) in 60% aqueous ethylene glycol. The illustrated 
strips include all of the backbone NHs, the Asp-Ha iind the upficld 

;)ortion of the Val-Ha and Lcu-Ha connectivities. 

torsion resolution. NMR constraints were incorporated into the 
search by adding a skewed biharmonic NOE penalty function [?I to 
the energies in steps 3 and 4. 

256 

March 1992 

2N 

-IN 



Volume 299, number 3 

3. RESULTS AND DISCUSSION 

FEBS 

The NMR spectra of the cyclic pcntapeptide were 
readily and unambigously assigned using the standard 
COSYiNOESY comparison technique [24]. Population 
analysis based on c# coupling constants indicated that 
a single%’ rotomer predominated in each side chain, for 
the Leu side chain particularly in aqueous media. The 
sharp doublet Pro-Ha resonance revealed the pucker of 
the proline ring and allowed a full stereospecific as- 
signment from cishans relationships evident in the E- 
COSY and NOESY spectra. The stereospecitic assign- 
ment for valinc is for theiy’ conformer with aH andj?H 
antiperiplanar. A preliminary conformational search 
revealed that the solvent sequestration of 4-HN and 
2-HN (signalled by temperature gradient more positive 
than -4 ppb/%), the established proline pucker, and 
the two very large & connectivities (4ti5HN and 5a/ 
1HN) could be accommodated only for a subset of $/y 
values over which an unambiguous prochirality assign- 
ment could be made from NOE ratios using the intra- 
residue and sequential HN connectivities of the Leu, 
Trp, and Asp side chain protons. The complete assign- 
ment appears in Table I. Portions of the NOESY 
spectrum appear as Fig. 1. 

LETTERS March 1992 

Sixty-three conformationally significant non-zero 
NOES were converted to distance bounds. An addi- 
tional 17 unobserved NOES were converted to low- 
bounds-only constraints. Of the full set of 80 bounds: 
42 reflected predominantly the backbone, and 38 in- 
volved more remote side&am interactions. The final 
structures from distance-directed dynamics and search 
protocols disp!.ayed no violations of backbone con- 
straints exceeding 0.4 A (typically the average absolute 
violations were c 0.05 A). Six constraints involving the 
remote regions of the Trp and/or Leu side chains could 
not be fitted (vioIations > OS A> with any single con- 
former - 16,/56” (3.2-4.4}, la/l~~ (3.2-4.2), lS,/lflz 
(2/l-3.3), lS,/lHN (2.S-3.3), l&,/l/?? (3.0-3.9), Sa/SSz 
(3.0-3.9 A>. This failure likely reflects residual side- 
chain motion (Trp-2 and Leu-&*) and we exclude these 
constraints from the statistical comparisons and they 
were also excluded from the steepest descent minimiza- 
tion of the structures. 

Ten structures each were generated by simuI.ated an- 
nealing and conformational search based on the NOE 
constraints. Table I1 shows the variations in backbone 
dihedrals, range of predicted aII/HN couphng con- 
stants, and key NOE distances observed for these struc- 
tures. Figure 2 shows the degree of convergence that 

Table I 

Chemical shifts and coupling constants: cycle-(o-Trp-u_As~L-Pro-oval-L-Leu) 

NMR experimental conditions 

60% glycol, 3 IOK 60% TFE, 295K 

8.36 (7.6, - 10.2) 7.78 (7.5, -5.6) 
4.65; 3.445, 3.065 4.74; 3.4Q5. 3.2tJ5 

(3.8), (I 103) (4.5), (9.7) 
10.18, 7.60, 7.41 9.64, 7.67, 7.47 
7.21, 7.140, 7.065 7.21, ?.225, 7.145 

7.67 (8.9, -3.4) 7.51 s (9.1, -3.45) 
5.07; 2.905, 2.495 5.145; 2.60, 2.475 

(9.8), (4.7) (9.71, (4.8) 

4085 (cl ,2, 788)” 4.825 (cl .2, 7.6) 

2.255. 3.28, 3.51 1.77; -2.00 2.29, 3.415, 1.85; 3,655 -2.075 

7.725 (9.9, -0.98) 7.955 (9,9. -t.7GJ 
4.005, I .79 (9,OP 3.9G, 1.89 (-9) 

0.91, 0.855 0.955, OS9 

8.46 (5.0. -7.8) 7.985 (580, -7.4) 
3.96; I .23, I .3l -3.97; 1.31, 1.395J 

(6.2). (9.7) (mG), (-8) 
0.665; 0.545,0.52 0.32; 0.62, 0.G05d 

d,-DMSO. 295K 

8.765 (8.0, -5.3) 
4.275; -3.32.2.90 

(-3), (11.5) 
10.81, 7.52, 7.32 
7.17, 7.06, 6.96 

7.71 (9.2, -1,Q) 
4.88; 2.795, 2.34 

(lO.3), (4.1) 

4.765 (c I .2. 7.9) 

2.265, 3.15. -3.34 1.61; 1.77, 1.93 

7.50 (10.3, -0.34) 
4.145. I .68 (8.O)c 
0.865, 0.83’ 

8.755 (5.8, -4.3) 
3.995; 1 .I 5, I .225d 

(-6,2), (-8.4P 
I A2 0.73.0.61 5d 

‘Chemical shifts arc reported to the nearesl 0.005 ppm; coupling constants are accurate to f 0.4 W, HN shift temperature gradients are given 
in ppb/“C. 

b For the aqueous dycol media, the Pro-uH data was obtained from a comparable experiment in 60%/o-d-glycol/D20: the Pro&H was completely 
coincident with the Hz0 signal and thus bleached in the other experiment. 

c Population analysis, fraction wilh xlvnI = +GO”[B(HaIH~)=-1800]: ObS(aq. &ccl). 0.55 (DMSO). 
d Stereospecific assignment not fully confirmed. 
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resulted for the two procedures. RMSD comparisons 
and NOE violations among each group of structures 
and between protocols are given in Table III. Two 
structures generated by a conformational search with- 
out NOE constraints (vide infra) are also included. 
These rl::semble the CONGEN structures rather than 
those obtained with DISCOVER. Data in the Tables 
can be summarized as follows. Two similar, but distinc- 
tive, structures have been produced. The DISCOVER- 
generated structures display a slightly better fit to the 
NOE distances, However, additional NMR data pro- 
vide another basis for selecting a best-fitting hypothesis. 
Once it is established (as in this case) that @ values are 
not extensively averaged, observed values of J,, can be 
used as an additional criterion for mode1 correctness. As 
can be seen in Table II, the conformational search gave 
structures which more accurately predict the observed 
#-dependent coupling data. We selected the CONGEN 
structure with the lowest NOE violations as the final 
model for the RMSD comparisons in Table III and 
structure comparisons in Fig. 3. It appears as Panel A 
in Fig. 3. Panel B shows DISCOVER-generated struc- 

Table II 

Comparison of calculated and experimental constrainWh 

Residue DlSCOVER CGNGEN 
dynamics search 

Experiment 

D-Trp 

: NB 
Y 
IHaI2HN 

~-Asp 

0 
J NI 
w 
?Hrr/3HN 

L-Pro 

@ 
vr 

3HtW4H.N 
D-Val 

k* 

~HC~SHN 
t.-Leu 

4 
J Nl 

Y 
SHtil HN 

fl Turn character 
W2HN 

t83 (3) ~81 (12) 
7.1 (0.6) 6.9 (1.5) 
+I5 (6) +27 (3) 
3.44 tO.04j 3.50 (0.02) 

f 145 (5) 
8.7 (0.8) 
-9u (3) 
2.25 (0.05) 

+I50 (9) 
8.2 (IS) 
-94 (7) 
2.30 (0.08) 

-81 (8) 
t40 (2 I) 
2.91 (0.28) 

-81 (2) 
+51 C’Jj 
2.56 (0.09) 

+ 127 (7) 
10.3 (0.5) 
-l19(6) 
2.W (0.05) 

+I28 (IO) 
IO.1 (0.8) 
-I26 (18) 
2.15 (I).Us;) 

- I05 (6) 
9.6 (0.6) 
+ 124 (7) 
2. I I (0.04) 

3.56 (0.20) 
1 HNI2HN 2.7 I (0.07) 

-76 (12) 
6.2 (1.6) 
+I07 (IO) 
2.10 (0.02) 

3.73 (0.07) 
2.49 (0.16) 

7.7 (0.4) 

3.25-3.65 

9.0 (0.4) 

7 7-9 6 _*_ _I 

2.45-2.9 

lc;.O (0.4) 

2.05-2.25 

5.3 (3.5) 

2.0-2.2 

3.0-3.6 
2.2-2.5s 

il Values in parentheses are standard errors for distances and angles. 
For coupling constant estimates the error is selected to include the 
full range of prcdictcd values over the cnscmblc of structures. 

b Model values dcviatilig from the experimental are underlined. These 
also serve to highlight the diffcrenccs between the DISCOVER and 
CONGEN models. 

tures (with and without the inclusion of $ constraints 
used to improve the correlation between predicted and 
observed JNa values) overlaid on the final model. Panel 
C shows two structures from systematic searches per- 
formed without NMR data overlayed on the structure 
in Panel A. Exhaustive conformational searches per- 
formed without NMR data were attempts to predict, a 
priori the conformation of this cyclic peptide. 

The conformation adopted by this cyclic pentapep- 
tide can be described as a type I1 p-turn over n-Val- 
Leu-n-Trp-D-Asp with an inverse y-turn completing the 
ring, a motif prWiOUSly noted for CyClO(D-D-Pro-L) pep 
tides [25.26]. The valine and aspartate amide-NHs dis- 
play low temperature gradients in all solvents examined, 
however the hydrogen bonds arc not highly persistent 
since exchange with D,O occurs in S min or less at pH 
3. The unusual variability of the gradient for the Trp 
NH likely reflects shift changes due to the changing 
disposition of the indole ring in equilibrating side-chain 
conformers [8]. Both the modeling results and the NMR 
data provide a compelling argument for the population 

Table 111 

Comparison of structures and constraint violations 

Superimposition 

Backbone rmsd 
(each group) 

DISCOVER CONGEN CONGEN 
dynamics NOE-weighted unwcighted 

0.21 (0.09) 0.28 (0.13) ND’ 

Heavy atom rmsd 0.85 (0.51) 0.40 (0. II) NDh 
(each group) 

Backbone rmsd 
(linal model) 

0.43 (0.05) 0.23 (0.13) X!2, 0.3? 

Heavy atom rtnsd 1.06 (0.08) 0.35 (0.13) 0.25, 2.12 
(Rnal ~nodrl) 

Backbone NOES’ 
<Iviol!> 0.027f0.007 0,039~0.007 0.07. 0. I I 
largest violalion 0,30+0.07 0.24+0.04 0.51, 0.75 

Side chain NOES’ 
+iollP 0.067f0.040 O,OSGf0,007 O.Oi, 0.22 
largest violation 0,48~0.07 0.53+0. I5 0.32, 1.23 

a Ten structures obtained from constrained dynamics using DIS- 
COVER, ten structures obtained from conformational serrches 
using distance constraints, and the two structures obtained from 
conformational searches without distance constraints are compared. 
A total ol’~cn structures were generated from the CONGEN searches 
without NMR date. however only two (at IO” and 15’ grid incre- 
ments) from a single loop closure mode produced a backbone similar 
to the NOE-dcrivcd models. The other loop clozurc modes produced 
structures with an average backbone constraint violation between 
0.19 and 0.38 A. 

h ND = not determined. 
’ Avera:c violation over 36 backbone distsncc constraints, units are 

in A. 
“Averape violation over 37 side chain distance constraints, units are 

in A. 
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(A) (B) 

,Val 

Fig. 2. Pu,tcl A, hen DISCOVER-generated stvucturcs from simulated annealing based on 80 NOE constraints. Punch B, ten structures from 
conformational searches evaluated Tar optima1 satisfaction ol’ distance constraints. Each set is least squares overlaid for the backbone atoms and 

appear in the same pcrsprctive. 

of a conformer with a hydrophobic cluster in which the 
Trp indole ring shields the leucine side chain from 
aqueous exposure. The Leucine side chain becomes 
more disordered in d,-DMSO and in the membrane- 
mimicking media, 60% TFE. There appears to be some 
analogy to the endothelin C-terminus. In the case of 
endothelins (and samfotoxin 6b), one of the methyl 
groups in residue 19 appears at unusually low chemical 
shift and large NOE connectivities between residues 19 
and 21 are observed [8,27,28]. The structuring of the 
C-terminus of endothelins in aqueous media may be 
governed by a similar hydrophobic interaction. Further 
studies of this cyclic pentapeptidc endothelin antagonist 
and comparative modeling of the C-terminus of ET-1 
are underway and should provide hypotheses for bind- 
ing requisites and stereochemistry at the ET,, receptor. 
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kg. 3. Panel A, the stereo pair of the best fitting CONGEN model. Punel f3 shows a stereo view of two DISCOVER-generated structures overlaid 
on the structure in Panel A. The structure colored cyan was obtained without @ constraints. The mageuta colored structure was generated including 
$ torsion drivers (20 kc&radian’) which favor the values required by the NWaH coupling constants. The resulting structures (one or which is 
illustrated) showed comparable low violation of both the backbone NOE constraints [<viol> = 0.03 A, maximum single violation = 0.29 A] and 
side chain constraints. The basis for the failure of DISCOVER-generated models to reach this conformstion in the absence ofq%urstraints remains 
unclear. The center averaging (rather than ?-averaging) of methyl constraints in DISCOVER appears to contribute to the problem. The differences 
between DISCOVER-generated structures and CONGEN structures are highlighted in Table II. Pwrel C. stereo view of two structures (red and 
green) from CONGEN searches without NMR data are overlaid on the best-fit structure from the searches with NMR data [the model in Panel 

A). 
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