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A Conformational Study by 'H NMR of a Cyclic Pentapeptide Antagonist of
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Theselective endothelin antagonist cyclo(D-Glu-L-Ala-D-allo-Ile-L-Leu-p-Trp, BE18257B) has been
synthesized viasolid-phase methods and its solution conformation determined by NMR spectroscopy
and simulated annealing calculations based on NOE constraints. Additional information used in
the structure determination included coupling constants and chemical-shift measurements as a
function of temperature. The chemical shifts of two of the NH protons (D-Glu and D-Ile) exhibit
low sensitivity to changes in temperature, indicating their involvement in hydrogen-bonded
interactions. The main features of interest in the solution conformation include the presence of
both a type-II 8-turn and an inverse y-turn, with central hydrogen bonds between Hy of D-Glu,
and the C==0 of D-allo-Ileg and between Hy of D-allo-Ileg and the C==0 of D-Glu;. The correlation
of this solution conformation to the peptide’s biological activity is discussed. The data are also
compared with recently derived structures for BQ123, cyclo(D-Asp-L-Pro-p-Val-L-Leu-D-Trp),
another highly potent endothelinantagonist. The backbone conformations of the two cyclic peptides
are found to be similar. Comparisons with literature structure—activity data suggest that these
peptides may mimic structural features of the C-terminal tail of the endothelins.

I. Introduction

Endothelin is a recently discovered vasoactive peptide
which has attracted considerable interest from the phar-
maceutical industry because of the possibility of designing
antagonists which may be useful in a number of illnesses,
including cardiovascular disease, renal disease, and asth-
ma.l As aresult of the importance of this peptide, there
have been a number of studies of the solution structure
of endothelin. On the one hand, elements of secondary
structure have been detected in various studies,? but on
the other, the notion that the peptide is conformationally
flexible in some regions has also been proposed.!® In the
design of antagonists it has therefore been of interest to
consider constrained molecules, and to this end a number
of cyclic peptides have been identified which have sig-
nificant antagonist activity.?

The cyclic pentapeptide cyclo(D-Glu-L-Ala-D-allo-Ile-
L-Leu-D-Trp; BE18257B, see Figure 1) was recentlyisolated
independently by Nakajima et al.” and Miyata et al.8 from
cultured broths of streptomyces species bacteria and has
subsequently beenshown to be a highly selective antagonist
atthe ET s receptor.? Structure-activity studies utilizing
this peptide as a lead compound have begun appearing in
the literature.l® Studies of the three-dimensional con-
formation of this peptide should assist in a better
understanding of the structural requirements at the ET'5
receptor and, hence, in the development of both nonpep-
tidic and peptidic antagonists. Potent ET4 antagonists
have the potential to play multiple therapeutic roles as
well as to be useful research aids to assess the physiological
and pharmacological roles of the endothelin peptide family.

The current study was designed to synthesize BE182578
and examine its conformation in solution. The aim of the
work was to generate structural information that would
be useful in defining the relationship between structure,
conformation, and activity. The study was carried out
using a combination of 2D NMR methods at 300, 500, and
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Figure 1. Molecular structure of cyclo(p-Glu-L-Ala-D-allo-Ile-
L-Leu-pD-Trp), BE18257B, indicating residue labeling.

600 MHz. Data collected included studies of the tem-
perature dependence of the NH chemical shifts, NOE
experiments and coupling constant measurements. From
this information, a proposed solution structure of this novel
antagonist has been derived using molecular dynamics
calculations.

II. Experimental Section

Materials. Thelinear peptide wassynthesized by Fmoc solid-
phase peptide synthesis methodology!! on Fmoc-L-Ala-Wang
resin,!2 cleaved with TFA/phenol (95:5), and cyclized in solution.
The cyclic peptide was purified by reversed-phase HPLC and
characterized by PITC amino acid analysis and FAB mass
spectrometry (MH* 613). Details of the synthetic protocol will
be published elsewhere.

NMR Methods. Samples for NMR spectroscopy were pre-
pared by dissolving approximately 1.8 mg in 0.5 mL of DMSO-
dg, i.e., approximately 6 mM in a 5-mm external diameter sample
tube (Wilmad Glass Company, 535-PP grade). 'H NMR spectra
were acquired at 300, 500, and 600 MHz on Bruker AMX 300,
AMX 500, and AMX 600 spectrometers, respectively. 300-MHz
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spectra (DQF-COSY, 300 ms NOESY* and 120 ms TOCSY?5)
were recorded at 318 K with a spectral width of 4505 Hz. 500-
MHz spectra (80 ms TOCSY and 300 ms NOESY) were recorded
at 295 K with a spectral width of 6205 Hz. A 300-ms NOESY
spectrum was also acquired at 293 K at 600 MHz with a spectral
width of 6098 Hz. The TPPI method of acquisition was used in
all cases. The signal due to residual H,O was suppressed by
continuous low-power irradiation of the carrier frequency during
a 2.5-3-s relaxation delay and during the NOESY mixing time.
Data matrices typically consisted of 2048 complex points in Fy
(4096 for DQF-COSY) for each of 300-512 F; increments, the
data being zero-filled to a 2048 X 2048 complex matrix before
transformation. The apodization functions used in processing
were an 80° or 90° shifted sine-bell squared for NOESY spectra
and similar functions shifted by, typically, 60° or 70° for TOCSY
and DQF-COSY spectra. 2D spectra were processed using the
FELIX program!®on a Silicon Graphics IRIS 4D/30 workstation.

Simulated Annealing, The data derived from the NMR
spectra were analyzed via in vacuo molecular dynamics simu-
lations using XPLOR 3.0'7 on a Silicon Graphics IRIS 4D/30
workstation. Due to the nature of the small, cyclic peptide system,
some modifications to the standard XPLOR simulated annealing
protocol were necessary. In particular, the possibility of devi-
ations from planarity of peptide bonds!® and the existence of
backbone ¢ and y torsion-angle combinations from high-energy
regions of the Ramachandran map necessitated some minor
modifications of the XPLOR force field parameters. The
standard force field parameter set used for simulated annealing
calculations (PARALLHDG.PRO) contains inflated force con-
stants designed to maintain covalent geometry during high-
temperature stages of the simulation.!” For example, the force
constant maintaining peptide bond planarity, which was set to
8.2 kcal/mol/rad in the original CHARMM force field supplied
with XPLOR 3.0, had been increased to 500 kcal/mol/rad. Under
these conditions, the calculation of structures with nonplanar
peptide bonds is unlikely. After some experimentation, a value
of 50 kcal/mol/rad for this force constant was found to be adequate
to prevent the conversion of trans to cis peptide bonds during
the simulated annealing while allowing access to conformations
where peptide bond planarity deviated by £10°.

In a final refinement stage, the preliminary structures cal-
culated using the modified parameter set were relaxed under the
influence of the more complete PARAMALLH3X.PRO param-
eter set,17 where the force constant on peptide bond rotation was
set to 8.2 kcal/mol/rad (the experimental barrier). In order to
allow access to conformations associated with high-energy regions
of the Ramachandran map, 1-4 nonbonded interactions were
calculated explicitly, i.e., force constants on dihedrals around
rotatable bonds were set to 0, and 1-4 interactions were included
in all the above calculations by setting NBXMOD = 3.

The considerations above were utilized in structure determi-
nation using a slightly modified version of the standard XPLOR
protocol.l? Starting structures were generated by subjecting a
structure created by randomizing atom coordinates to a com-
bination of dynamics and energy minimization. This procedure
yielded a “template” with essentially random torsion angles but
with correct covalent geometry and low nonbonded energy. The
simulated annealing protocol consisted of five stages, as follows:

Stage 1. Fifty cycles of minimization under constraints with
the force-field terms relating to covalent geometry modified as
described above. Parameters determining the modeling of
nonbonded interactions were set such that electrostatic terms
are neglected (repel = 1) and atoms are able to pass through one
another (vdw = 0.002). The force constant on the NOE
constraints was lowered by setting the asymptote of the soft-
square potential function to 0.1.

Stage 2. Six ps of dynamics at 600 K under the same
nonbonded conditions as above, but with angle and improper
terms modified by a factor of 0.4 and 0.1, respectively.

Stage 3. A further 3 ps of dynamics with the asymptote of the
NOE termincreased to 1 and weights on covalent geometry terms
returned to their full values. During the first three stages, the
cyclic structure was opened by replacement of the Ala; to Ileg
peptide bond with a pseudo-NOE constraint to allow wider
sampling of conformational space. This peptide bond was re-
formed at the end of this stage.
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Figure 2. 600-MHz one-dimensional 'H NMR spectrum of

BE18257B in DMSO. Thesharp peak at approximately 2.1 ppm,

marked a, is due to residual acetonitrile in the peptide sample.

Table I. 'H NMR Chemical Shifts (ppm) of BE18257B in
DMSQ#b

residue NH Hea Hp others

D-Glu, 7.49 426 1.86 v 2.11

L-Alag 865 444 113

D-allo-lles 7.44 429 157

L-Leuy 8.53 4.07 121

D-Trps 869 4.30 (2292, 2H 7.12, 4H 7.54, 5H 6.99,
g8 3.27 6H 7.07, TH 7.31

¢ Chemical shifts are referenced to TMS at 0.0 ppm. » Spectrum
was recorded at 293 K and 500 MHz.

v 1.30, 1.09, v 0.81, 5 0.89
v 1.00, 6 0.77, 0.67

Stage 4. The system was cooled to 100 K via 3 ps of dynamics
during which the nonbonded parameters were increased linearly
from repel = 0.9-0.75 and vdw = 0.003—4.0.

Stage 5. Two hundred cycles of energy minimization using
the Powell algorithm.

The procedure of opening and closing the cyclic structure was
carried out to avoid any bias in the range of backbone torsion
angles sampled during the equilibration dynamics.}® Structures
produced by the above protocol were refined by reapplication of
stage 4 over 10 ps using both a higher initial temperature (2000
K) and the square potential well for NOE constraints. Finally,
the structures were relaxed via 1200 steps of minimization using
the modified PARMALLH3X.PRO force field described above.
Twenty structures were generated for each of two starting
structures to give a final set of 40 structures. The two sets were
used to avoid any possible bias the starting structure may have
had on the calculations. No significant difference in either total
energy or violation of NOE constraints was observed for the two
sets.

II1. Results

NMR Spectroscopy. Figure 2showsthe 1D spectrum
of BE18257B in DMSO at 293 K. The spectrum is
generally well dispersed, except for overlap of two of the
five a-protons. Two-dimensional methods were used to
make definitive assignments for the various protons; this
was completed using a combination of DQF-COSY,
TOCSY, and NOESY experiments.?0 The assignments
are summarized in Table 1.

Distance constraints for BE18257B were derived from
NOESY spectra. It is common for molecules of this size
togive little or no observable NOESY cross-peak intensity,
as their correlation times are close to the extreme narrowing
limit. In order to use NOESY spectra to estimate
interproton distances in BE18257B, it was necessary to
establish temperature and magnetic field conditions which
gave the maximum observable NOESY cross-peak inten-
sity. This procedure was preferred to the alternative of
running ROESY spectra because of potential complica-
tionsin the derivation of distance constraints from ROESY
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Figure 3. Summary of the observed NOE connectivities. The
observed NOE's are classified into three levels quantified by the
height of the bars. Hatched bars indicate where quantitation of
intensities was not possible due to spectral overlap. T (tem-
perature coefficients) are marked for those residues where the
T, < -2 ppm/1000 °C. Inter-residue NOE’s observed are also
marked. Filled and open circles represent connectivities between
backbone and side chain protons, respectively. The number of
occurrences of each type is given above the bar.

Table II. 3Jyn.. Coupling Constants Observed for BE18257B in
DMSO¢

amino obsd 8
acid 3JN.« (Hz) caled? constraint®  ¢°
D-Glu, 7.6 -147, 147 150 920
L-Ala, 7.8 -149, 149 -150 -90
p-allo-Iles 9.5 -170, 170 170 130
L-Leuy 6.3 -136, 136, -20, 20 -135 -75
D-Trps 8.3 -153, 153 155 95

2 Coupling constants were measured from a 1D spectrum recorded
at 293 K and 600 MHz. ® : HN-N-C,-H,. ¢ C-N-C,-C, resulting
from constraint on 6. ¢ Calculated from the Karplus relationship.
¢ The value to which the torsion angle was constrained (£30°) during
the molecular dynamics calculations.

data.?! Temperature and magnetic field conditions for
test NOESY spectra were chosen in an effort to achieve
correlation times significantly different to the extreme
narrowing limit. A correlation time faster than this limit
was obtained by increasing temperature at low field (300
MHz, 318 K), resulting in observable cross-peaks opposite
in phase to the diagonal. However, the maximal intensity
was observed in a NOESY spectrum acquired at the highest
available field and at the lowest practical temperature
(600 MHz, 293 K), where the correlation time was increased
beyond the extreme narrowing limit. In this case, cross-
peaks had the same phase as the diagonal. This was the
spectrum used to derive distance constraints.

A summary of the observed NOE connectivities is shown
in Figure 3. The upper limits of interproton distances
were estimated as 2.6, 3.2, 4.0, and 5.0 A on the basis of
intensities for strong, medium, weak, and very weak
NOESY cross-peaks, respectively, with appropriate al-
lowance for pseudoatoms where necessary. This analysis
resulted in 45 conformationally dependent distances which
were used as upper constraints in molecular dynamics
simulations.

Coupling constants were also measured to provide
information about torsion angles within the structure.
3JNH. coupling constants are recorded in Table II. The
magnitudes of these coupling constants fall in the range
6.3-9.5 Hz and would normally therefore be considered to
represent averages over several conformations. In the
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Figure 4. Chemical shifts of NH protons of BE18257B as
function of temperature. The dataforD-Glu; (X), Alas (), D-allo-
Iles (O), Leu (¢), and p-Trps (A) are shown.

current case this is unlikely, as the peptide is cyclic and
hence these couplings represent a defined conformation
or, at worst, an average over a range of similar confor-
mations. Analysis of the couplings using the Karplus
equation adapted for peptides® yielded a series of torsion
angles,shown in Table II. Because of the sinusoidalnature
of the Karplus equation there are two solutions for a given
coupling, but because of the cyclic nature of this system,
only one of these is physically reasonable for any particular
case. The torsion angles listed in Table II were used as
constraints in the simulated annealing calculations. These
constraints were applied with a tolerance of £30° and a
force constant of 1 kcal/mol/rad?. Consideration of 3J,s
coupling constants and NOESY cross-peak intensities
allowed the stereospecific assignment of the prochiral
S-methylene resonances?? of Trpg (as shown in Table I)
and subsequent analysis of the relative populations of the
three staggered conformations around Trps x;. The
observed coupling for these protons is H8? (3,5 = 2.7 Hz)
and H@ (3,5 = 11.9 Hz) which, in principle, represents
average values over the three staggered rotamers. Analysis
of the relative populations of these rotamers was done by
comparison of the observed values with the ideal values
for the pure rotamer values Jgauche = 2.6 Hz and Jipgp, =
13.6 Hz.2 This analysis indicates that the rotamer
corresponding to x; = 180° is effectively unpopulated and
that the population of the remaining two rotamers is,
within experimental error, more than 80% for x; = +60°
and less than 20% for x; = —60°. This information was
not used in constraining the simulated annealing calcu-
lations but was subsequently found to be in agreement
with the calculated structures.

In addition to the NOE and coupling information, a
variable-temperature study was carried out in order to
determine the susceptibility to temperature of the chemical
shifts of the NH protons. Results of this study are shown
in Figure 4. It is seen that two of the NH protons display
low temperature coefficients (less than three parts per
million per 1000 K), normally characteristic of a hydrogen-
bonded interaction. The other three NH protons have
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Figure5. Stereoview of the 36 accepted structures resulting from the simulated annealing calculations, showing all heavy atoms. The
backbone atoms have been superimposed resulting in a mean RMS of 0.12 + 0.05 A. Sidechain hydrogens have been omitted for clarity.

Two views (a) from the side and (b) from above are shown.

magnitudes greater than three parts per million per 1000
K, suggesting that they are not involved in intramolecular
hydrogen bonding interactions.

Structure Calculations. The simulated annealing
calculations produced 40 structures, of which four were
rejected on the basis of violating distance constraints, to
produce a final set of 36 structures. These structures all
converged to a similar backbone fold, thereby defining
the likely conformation of the peptide. Stereoviews of
this set superimposed on the basis of backbone atoms are
shown in Figure 5a,b. The calculated conformation
displays a bowl-shaped backbone with its longest axis on
aline through Ala;C, and bisecting the Leu-Trps peptide
bond. The side chains of the three residues of D chirality
project above the concave face of the bowl, with those
residues of L chirality on the convex face. This arrange-
ment of the backbone is such that the side chains of
residues separated by two in the sequence are distant,
except for Glu, and Iles, which are of like chirality and lie
across the narrowest axis of the bowl. Initial calculations
indicated the presence of two intramolecular hydrogen
bonds corresponding to the two amide protons having small
temperature coefficients. The H-bonds GluyHN to IlesO
and IlegHN to Glu,0 form two recognizable elements of
secondary structure, namely a type-II 8-turn about Leuy
and Trpsand an inverse y-turnabout Ala,. These H-bonds
were included in further simulations by constraining the
acceptor to donor distances within the range 1.58-2.30 A.
Average H-bond lengths in the final set were 2.05 and 2.23
A for the 8- and v-turns, respectively.

The calculated structures showed very good agreement
with the experimental data, with no single structure having
any violation of NOE constraints of more than 0.1 A and
the majority of structures having no violation of morethan
0.05 A. The level of convergence of the structures can be

quantified by mean root mean square (rms) deviations
calculated as the average of all possible pairwise com-
parisons, giving 0.12 + 0.05 A and 1.45 £ 0.25 A for
comparisons based on backbone and all heavy atoms,
respectively.

Angular order parameters? provide an additional mea-
sure of the variation between structures of individual
torsion angles. Values of the parameter range from 0 to
1, with a value of 1 indicating complete convergence of
structures and a value of zero arandom distribution. Table
III lists the average torsion angles and angular order
parameters for all backbone torsions and side chain x;
angles where appropriate. The peptide bonds which flank
the inverse y-turn, Ala; and Glu;, are significantly
nonplanar, presumably due to strain being introduced by
the ring size. The angular order parameters for these two
torsions and for Alax¢ and ¥ approach 1, indicating the
highlevel of agreement between structures in this segment.
The values for the angular order parameters for x; of Iles,
Leuy, and T'rps show a good level of convergence for these
side chains; in particular, the space occupied by the indole
ring system of T'rp; is well-defined. The x; value for Trps
is in agreement with the previously mentioned analysis of
3JHe.-1s coupling constants, which suggested that the x;
= +60° rotamer was populated in excess of 80%. The x;
angle of Glu; is evenly distributed between the three
staggered rotamers. Although some calculated structures
indicate the formation of a hydrogen bond from the side
chain carboxyl of thisresidue to the TrpsHnx, experimental
evidence, i.e., the chemical shift equivalence of both the
H; and H, proton pairs of Glu,, indicates this is not a
dominant conformation. Table III also includes the
standard torsion angles for type-1II 5- and inverse v-turns.2
The Alage and ¢ torsion angles closely match those for the
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Table III. Average Torsion Angles® and Angular Order Parameters? (in Parentheses) for BE18257B and Ideal Torsion Angles for

Standard Turns

BE18275B B-turn y-turn
¢ ¥ Q X1 ¢ 14 ¢ 14
Gly, 148 (0.99) -97 (0.99) 172 (1.00) € (0.27)
Ala; =74 (1.00) 82 (1.00) -169 (1.00) -80 70
Iles 91 (0.99) -148 (1.00) 179 (1.00) -53 (0.99)
Leuy -61 (1.00) 103 (0.99) 177 (1.00) -166 (0.97) -60 120
Trps 109 (0.98) 6 (0.99) 180 (1.00) 80 (0.94) 90 0

¢ Torsion angle value taken from the “average” of the final 36 structures. > Well-converging structures have angular order parameters
approaching 1. ¢ An average value i8 not included for Glu; due to the wide distribution of values for this angle.

standared inverse y-turn. Torsion angles in the type-II
B-turn also agree within £20° of the standard values.

Adequate sampling of conformational space is critical
to structure determination by computational procedures
incorporating distance constraints. In the case of asmall,
cyclic peptide where the range of conformational space
may be expected to be small, it is also important to know
how effective experimental constraints are in determining
the structure. It could be anticipated that some elements
of the calculated conformation are predetermined by the
nature of the system, rather than conferred by the
experimental constraints. Both these issues can be
addressed by performing calculations where some or all
experimental constraints are ignored, allowing the system
to explore the full range of conformations available under
the conditions of the simulation. To this end, two sets of
20 structures were obtained where first only NOE and
then neither dihedral nor NOE constraints were included.
These setsare referred to as NOE and FREE, respectively.
Ramachandran plots of the resulting structure sets are
shown in Figure 6, together with a plot of a set of 20
structures representative of the final 36, referred to as SA.
Data from the FREE structure set show a wide spread of
values of all torsion angles, indicating good sampling of
conformational space. This wide range of conformations
may be surprising, given the nature of the system.
However, examination of the structures in this set shows
that most of the variation in backbone torsion angles is
due to the correlated rotation of the angles ¢; and ;).
This type of rotation results in large changes in local
geometry through rotation of the plane formed by the
peptide bond, while having little effect on the global
geometry of the peptide backbone. Thus, a wide range of
values is available to all torsion angles, even where the
range of global geometries is restricted.

The NOE structure set in Figure 6 shows that NOE
constraints alone are the major influence in determining
the final structure. Under the influence of just these
constraints, only two torsions remain undefined, i.e., Alag¢
and D-Glu;y. These are separated into two families, with
convergence to a single structure limited only because both
the intra- and interresidue GluyHx—H, NOESY cross-
peaks are unquantifiable due to overlap. The addition of
the dihedral constraints and formation of the inverse
v-turn hydrogen bond during the refinement processes is
sufficient to tightly define the solution conformation
around these torsion angles, as demonstrated by the data
for the SA structures in Figure 6.

IV. Discussion

The conformation calculated for the peptide backbone,
comprising a type-II 8-turn and an inverse v-turn, is one
that has been previously observed in cyclic pentapeptides.
First observed in the crystal structure!8 of cyclo(Gly-Pro-
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Figure 6. Ramachandran plots (¢ vs ¥) for the three data sets.
(a) FREE: no constraints were included in the simulated
annealing calculation. (b) NOE: only the NOE-derived distance
constraints were included. (c) SA: NOE-derived distance and
dihedral constraints were both included in the calculations. The
legend for all three data sets is (X) D-Glu,, (Q) Alay, (O) D-allo-
Iles, (¢) Leuy, (&) D-Trps.

Gly-D-Ala-Pro) and in solution,? this hydrogen bonding
pattern has since been shown to be common for peptides
which (like BE18257B) have alternating D and L chirality
amino acids.?” These data on related cyclic peptides
provided support for the conformation of BE18257B
proposed in the current study on the basis of experimental
NMR data.

Very recently, a report on the structure of BE18257B
based on in vacuo molecular modeling appeared in the
literature.?® Similarly, structures of BQ123 derived using
various NMR approaches?®-3! appeared while the current
report was in preparation. BQ123 has the sequence cyclo-
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Table IV. Experimental Conditions and Derived Backbone Torsion Angles for BE18257B and BQ123

exptl condns

peptide solvent temp (K) pH T. 1Hn/3Hy? (ppb/°C) 3Jo.HN (4/5)° (Hz) ref
BQ123 20% CH3CN 298 6.9 -4.5/-2.0 9.9/5.1 Atkinson and Pelton?®
BQ123 20% CH3CN 298 3.2 -3.7/-1.8 Atkinson and Pelton?®
BQ123 DMSO 295 -2.0/-0.1 10.5/5.2 Atkinson and Pelton?
BQ123 60% glycol 310 3¢ -3.40/-0.98 9.9/5.0 Krystek et al.30
BQ123 60% TFE 295 3¢ -3.45/-1.76 9.9/5.0 Krystek et al.30
BQ123 DMSO 295 -1.90/-0.34 10.3/5.8 Krystek et al.®0
BQ123 20% CH3CN 298 5.4 d 9.6/5.2 Reily et al.8!
BE18257B DMSO 293 -2.0/-1.3 9.5/6.3 this study

torsion angles (¢/¥)
Asp; or Glu; Pro; or Ala Val; or Ile; Leuy Trps structure®

BQ123/ 140/-90 -75/85 100/-100 -80/180 80/50 ¥’/ BIL Atkinson and Pelton??
BQ123/ 150/-94 -81/51 128/-126 -76/107 81/27 ~'/BI1 Krystek et al.30
BQ123¢ 145/-128 -78/82 123/-47 -166/100 84/29 % Reiley et al.81
BE18257B/ 148/-97 -74/82 91/-148 -61/103 109/6 v/ BIL this study
BE18257B" ¥ Satoh and Barlow?®

¢ Temperature coefficients for the amide protons of residues 1 and 3 proposed to be involved in hydrogen bonds. ® H,~Hy coupling constants
for residues 4 and 5 (proposed $-turn). ¢ Approximate values only reported. ¢ Reported as times for disappearance on D;O exchange. 1Hy
= 30 min, 3Hy = 180 min. ¢ Reported turns, ¥ = v turn (type not specified), ¥’ = inverse v turn, SII = type-II 8-turn. f Average torsion angles
for structures calculated. & Torsion angles for lowest energy structure. » Torsion angles not reported; similar results were reported for BQ123.

(D-Trp-D-Asp-Pro-D-Val-Leu), closely homologous to
BE18257B, and is the most potent cyclic pentapeptide
ET, antagonist reported to date.3? Because of the
importance of this class of peptides, and because there are
some differences in conformations derived by different
groups, it is of interest to compare the reported structures
prior to relating them to homologous regions of the
endothelins. Table IV summarizes the various experi-
mental and theoretical studies and provides a comparison
of key torsion angles for the peptide backbone.

The most extensive studies involve the combination of
experimental NOE, coupling constant, and amide-ex-
change NMR data for BQ123 (Atkinson and Pelton? and
Krystek et al.3%) and BE18257B (reported herein). These
studies arein agreement on the presence of a type-I1 8-turn
and an inverse «y-turn in the peptide backbone. In the
report by Satoh and Barlow?® on both BE18257B and
BQ123 using molecular modeling, the calculated backbone
structures were very similar to one another, involving an
inverse «y-turn about residue 2 (Ala or Pro). However, in
contrast to the current study and those of Atkinson and
Pelton?® and Krystek et al.,?0 no 8-turn was observed in
either peptide. Satoh and Barlow?® noted that their data
were consistent with those presented by Reily et al.,3! who
did not report a 8-turn. It is interesting to note that the
structure derived by Reily et al. for BQ123 was based only
on considerations of 'H~'H and 'H-13C coupling constants
and not NOE data. While no 8-turn was mentioned, their
data did show a low-temperature coefficient for the amide
proton of Asp;, consistent with its involvement in hydrogen
bonding, as would be expected for a 8-turn. From these
data it can be concluded that the likely conformation of
these molecules does in fact include both a type-II 8-turn
and an inverse v-turn. The failure of a purely theoretical
approach?® to predict a §-turn is not surprising, based on
earlier findings which showed that 8-turns are difficult to
stabilize in theoretical simulations done in the absence of
solvent.2”33 The other conclusion to emerge is that the
backbone conformations of BQ123 and BE18257B are
remarkably similar to each other. Table IV illustrates
that this similarity (as reflected in temperature coefficients,
coupling constants, and derived torsion angles) occurs over
a range of solvent conditions.

The similarity in structure of the peptides, and the
availability of activity data which varies with the type of
amino acid substitution,32 means that the relationship of
the solution conformations of the cyclic pentapeptides with
their activities as potent, selective ETs antagonists can be
examined. This discussion is made with reference to the
structure of the endothelins, which consists of two
regions: a bicyclic core comprising residues 1-15 and a
C-terminal tail.

Thereis considerable homology between BE18257B and
the C-terminal pentapeptide of the endothelin family of
peptides (ET-1, ET-2, ET-3, VIC, and the sarafotoxins),
suggesting that BE18257B may mimic this region of the
active peptides. This suggestion is reinforced by the
observation that Trpy; of the endothelin family of peptides
is necessary for binding at both ET4 and ETg receptors.
Additionally, it is possible that the aliphatic side chains
of D-allo-Ileg and Leuy in BE19257B interact with the same
functional groups of the ET4 receptor as Ilejg (or Valyg)
and Ileyin the endothelins. NMR studies on the solution
structure of enothelins have suggested that the methyl
groups of Ile;g are in close proximity to the indole moiety
of the tryptophan, resulting in a dramatic upfield shift of
the y-methyl resonance.>63 In the current study, and in
the three NMR studies of BQ123,2%-31 g similar upfield
shift of one of the Leuyd methyl groups is observed. It
may therefore be suggested that a hydrophobic methyl
group in close proximity to the Trp moiety is a structural
requirement for activity at the ET4 receptor.

In addition to the requirement for Trps and the
hydrophobic methyl group, it has also been shown that
the charge of the terminal carboxylate is important for
binding of the endothelins.®® Since BE18257B lacks a
terminal charge, it has been postulated that the side chain
carboxylate of D-Glu, could mimic this functionality.32 The
solution structure derived in this study does not indicate
a preferred conformation for the D-Glu, side chain, but
some indication of the importance of the position of this
group may be seen by noting that the point substitution
of D-Glu; with D-Asp,, an amino acid with fewer degrees
of conformational freedom, results in a 25-fold increase in
activity.3? Recent conformational studies on BQ123 have
shown that a single side chain conformation for D-Asp; is



2664 Journal of Medicinal Chemistry, 1993, Vol. 36, No. 18

likely.22-31 These results suggest that it is preferable for
the charge to be either closer to the tryptophan side chain
or more conformationally restricted for increased activity
as an ET', antagonist.

Substitution of proline for Alay results in a 5-fold increase
in activity as an ET receptor antagonist.3? However, as
has been discussed previously, the global fold of the
backbones of BE18257B and BQ123 are very similar. The
increasein activity cannot therefore be attributed to major
conformational differences between the peptides and must
instead be related to a decrease in conformational flex-
ibility induced by the proline or to additional binding
interactions of the proline.

One difficulty in correlating the activity of these cyclic
pentapeptides as specific ET's antagonists exclusively with
the C-terminal region of the endothelins is that this region
of the endothelin family of peptides is highly homologous
(the C-terminal hexapeptide of ET-1, ET-2, ET-3, and
VIC being identical), and yet the selectivity of the
endothelins for the ET s/ETg receptorsis quite different.3
Such differential binding could be due to specific inter-
actions of nonhomologous residues in the bicyclic core
(residues 1-15) with thereceptor. Alternatively, variations
in these residues could result in differences in the
conformation of the C-terminal tail or in its orientation
with respect to the bicyclic core. Support for the latter
possibility derives from NMR studies which show differ-
ences in the conformations of ET-1 and ET-3. ET-1 does
not have a single, well-defined conformation of the
C-terminal tail,$3¢ whereas in ET-3 the C-terminal
hexapeptide is in close apposition to the extended helical
region between Lysg and Cys5.37 Further evidence that
the endothelin core may influence the tail conformation
is that a rabbit antiserum raised against the terminal
hexapeptide common to ET-1, ET-2, ET-3, and VIC
showed different binding affinities to ET-1, ET-2, and
ET-3.38 It is therefore likely that the selectivity of the
different endothelins to ET and ETg receptors reflects
subtle differences in the conformation of the C-terminus,
resulting from differences in the bicyclic core. The
specificity of the cyclic peptide antagonists would appear
to derive from their ability to mimic a single conformation
of the C-terminal region of endothelin-related peptides.

The proposal that the cyclic pentapeptide antagonists
of ET a derive their activity from their ability to mimic the
C-terminal of the endothelins is preferred to the alternative
hypothesis raised by Satoh and Barlow?? that they mimic
a loop comprising residues 6-8. Their hypothesis was
based on a perceived similarity between residues 4, 5, and
1 (Leu, Trp, D-Asp or D-Glu) of the calculated cyclic
pentapeptide structure and the structure of ET-1 deter-
mined in DMSO by Endo et al3 However, as noted
previously, the structures for BE18257B and BA123
calculated by Satoh and Barlow do not display a 8-turn.
A recent study of the structure of ET-18 in aqueous
ethylene glycol indicates that residues 5-8 are involved in
a type-l g-turn. Superimposition of the type-II §-turn
(residues 3, 4, 5, and 1) of BE18257B, as calculated in the
current study, and the type-I 8-turn in ET-1 show that a
clearly different side chain spatiality exists in the two
molecular fragments, especially for residues of unlike
chirality.

Structure—activity studies on the cyclic pentapeptides
also argue against the hypothesis that they mimicresidues
6-8 of the endothelins. Satoh and Barlow?® propose a
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recognition site for the 6-8 loop consisting of two hydro-
phobic sites which interact with residues 6 and 7 of the
endothelins and a third site which interacts specifically
with the carboxyl charge of Asps. There is considerable
variation in the sequences of the endothelins at residues
6and 7. ET-1 and ET-2, which are equipotent at the ET,
receptor, have Leu,Met and Trp,Leu in these positions,
respectively. The first hydrophobic site must therefore
bind to both Leu (ET-1 and the cyclic pentapeptides) and
Trp (ET-2) and the second must bind Met (ET-1), Leu
(ET-2), or Trp (cyclic pentapeptides). These hydrophobic
sites would be nonspecific, interacting equally well with
both aromatic and aliphatic side chains. This description
of the binding of the cyclic pentapeptides to the ETy
receptors is not in keeping with the profile of activity
observed for analogous peptides.3® SubstitutionsofD-Phe
or D-Leu for D-Trps in BQ123 result in a loss of binding
affinity by factors of 10 and greater than 100, respectively,
whereas the substitution of Ala led to complete loss of
activity. By contrast, the structure~activity data® for the
cyclic pentapeptides are consistent with the hypothesis
that they mimic the C-terminal region. In particular, the
specific importance of the aromaticity of the Trps residue
in the cyclic pentapeptides correlates with the necessity
of the aromaticity of Trpy in the endothelins. Point
replacement of T'rpg; in ET-1 with T'yr or Phe yields losses
in activity by factors of approximately 2.5 and 5, respec-
tively.#0 An analogue where Trp; was replaced by Ala
was completely inactive.

In conclusion, the NMR and simulated-annealing studies
have shown that the backbone of BE18257B exists with
a well-defined type-II 8-turn (around positions 4 and 5)
and one inverse y-turn which has alanine at its apex. It
is likely that the antagonistic activity of BE18257B may
be correlated to regions of the receptor that interact with
the C-termini of the endothelin peptides.
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