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The solutiot: structure of a cyclic endothelin antagonist, BQ-123, based
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A cyclic pentapeplide endothelin antagonist. cyclo{dTrp-dAsp-Pro-dVal-Leu). recently reported (K. Ishikawa et al., 13&3 Am. .Pcpz. Symp.,
Cambridpe MA, 1991) has been studied by NMR spectroscopy and molecular modeling. A stable structure has been determined wuthout the use
of nuciear Overhauser effects and is based primarily on homonuclear and heteronuclear three bond coupling constants. The "‘C-edlt’ed TOCSY
experiment is demonsirated at natural abundance and ~20 mM peptide concentrations. Three bond 3C-'H coupling vonstants obtained by this
method are shown to reduce the ambiguity in ¢ angle determination which exists when only interproton coupling constants are used. Three' out
of four ¢ anples were determined uniquely by this method and the fourth was reduced to two possible values. The proline ¢ qngle was deterqnped
to be —78° based oft the Yy, s and Uy ys coupling constants. Comparison of amide proton temperature dependence. ?hegnxgt s_hnfts and vicinal
protor coupling constants in a 20% acetonitrile/80% water solvent mixture and in (CDy),S0 indicates that the structore is similar in both solvents.

Endothelin antagonist; Solution structure; Heteronuclear coupling constant; Cyclic peptide

1. INTRODUCTION

In the past decade. NMR methods originally devel-
oped by Wilthrich [1] that rely heavily on nuclear Over-
hauser effects (NOEs) and homonuclear coupling con-
stants for determining the solution structures of small
proteins are well-established and have become common
practice in many laboratories. In small peptides, how-
ever, the number and intensity of NOEs are diminished
by several factors including the relatively large surface
area and flexibility of such molecules. An impertant
development in NMR structure determination has been
the ability to measure heteronuclear coupling constants
at natural abundance in peptides, when concentrations
greater than about 20 mM can be achieved {2]. The
combined use of homonuclear and heteronuclear cou-
pling constants can often rule out ambiguities that arise
from the periodic nature of the Karplus relationskip [3]
and can therefore help dcfine various peptide backbone
angles.

In this report, we describe the solution structure of a

Abbreviations: ROESY , rotating frame nuclear Overhauser spectros-
copy: TOCSY, total correlated spectroscopy: FMOC, fluorenylmeth-
yloxyearbonyl: DCC, 1.3-dicyclohexylcarbodiamide: HOBT, 1-hy-
droxybenzotiiazole hydsat:: TFA, wrifluoroacetic acid,
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cyclic peptide, cyclo(dTrp-dAsp-Pro-dVal-Leu), a selec-
tive ET, receptor antagonist that has recently been
reported by Ishikawa et al. [4]. The structure was gen-
erated using molecular dynamics constrained only by
experimental heteronuclear *Jy, s and homonuclear
*Juuse values. Other NMR measurements support the
derived structure.

2. EXPERIMENTAL

2.1, Peptide Synihesis

The peptide, BQ-123, was synthesized by solid-phase peptide syn-
thesis techniques on an Applied Biosystems Model 430A peptide syn-
thesizer using an N-alpha FMOC protection scheme with a SASRIN
resin {Bachem Bioscience, Inc.). All cthe reage ts and amino scids
were obiained from Applicd Biosysiems. The asr 1. .ic ac'd side chain
was protected as the -butylester. The peptide was FMOC deprotected
with 20% piperidine in N-methytpyrrolidone, followed by cleavage
from the resin with 1% TFA in dichlorometiane. The peptide was
cyclized with diphenyiphosphorylazide and triethylamine [S], followed
by deprotection of the butylester with TFA/thioanisole/ethanedithiol/
anisole (90:5:3:2). The peptide was purified on reverse phase Cyy
preparative scale Vydac column (2.2 x 25.0 cm) cluting at 15 mVmin
with a lincar gradient of 90: 10 0.1% TFA in H,0: 0.1% TFA in
acetonitrile to 40:60 0.1% TFA in H,0:0.1% TFA inacetonitrile. The
purified peptide was isolated after lyophilization as a white powder.
The homogzncity of the peptide was determined by analytical HPLC
and TLC. HPLC on RP C,, analytical scale Vydac column eluting at
1.5 mVmin with a lincar gradient 0f $0:100.1% TFA in H,0:0.1% TFA
in acctonitrile over 20 min shows a single peak with retention time of
16.7 min. The peptide was characterized by amino acid analysis, FAB
mass spectrometlry {MH™ = 611.2), 'H NMR spectroscopy and
clemental analysis.

Alternatively. the compound was synthesized using standard DCC/
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Fig. 1. Expansions of the "*C-cdited TOCSY spectrum of 10 mg of eyclo(dFrp-dAsp-Pro-dVal-Leu) in 0.5 ml of (CD,),50 at 310K, Shown are
the NH, Hf crosspeaks of (a) dTrp and (b) dAsp. Horizontal displacements of the indicated crosspeaks arise (rom the ca. 140 Hz onc bond TB-HB
coupling and vertical displacement corresponds to the three bond NH--C8 couptling.

HOBT coupling techniques i solution phase synthetic strategy. It was
cyclized, deprotected and purified similarly to the methods described
above for the resin-bound peptide.

2.2. NMR mweasurements

Unless otherwise noted. experiments were carvied out with cither 4.0
mg of the peptide dissolved in 0.5 ml of a 20% CD,CN/8% D.,0/72%
H,0 mixture at 298K or with 10 mg of the peptide dissolved in 0.5 mi
of (CD,).80 at 295K. Assignments were based on the TOCSY {6]
experiment acquired (with solvent presaturation in the agucous
solvent) into 512 11 blocks of 2048 12 data poinis, A 7 kHz MLEV17
[7] spin-lock ficld was applied at the transn. tter {frequency {(ca. 4.8
ppm} for 65 ms. A trim pulse of 2.5 ms was applied prior to and after
the spinlock pulse train {the trailing trim pulse was omitted in the
agucous solution). A ROESY [8] experiment was acquired on the
aqueous sample into 512 t1 blocks of 2048 12 data points. A 4 kHz
continuous wave spin-lock ficld was applied during the 200 ms mixing
time at the transmitter frequency. The temperature dependence of the
proton spectrum was determined by acquiring spectra between 280
and 300K in the aquecus solution and at 295K, 300K and 310K in
{CD4),S0. Homenugclear coupling constants were measured directly
from spectra that were resolution enhanced by application of a gaus-
sian function (GB=0.5, LB=-5) to the free induction decay prior to
Fourier transformation. Heteronuclear coupling constants were
wmeasured from PC-edited TOCSY spectrz as described elsewhere {2].
The pulse sequence includes a BIRD type heteronuclear editing 1o
select protons attached 1o "'C nuclei followed by a conventional
TOCSY pulse sequence.

2.3. Molecwdar modeling
Molccular dynamics were run in the gas phase using 8 Boltzmann

weighted starting velocity with the Tripos implementation of the
Kollman AMBER [9] force field in the modeling package Sybyi {10]
version 5.5 beta, Dynamics runs were carried out for 108 ps at 600K
(without constraints) or for 100 ps at 900K (with NMR-derived tor-
sion angle constrainisy. Constrained molecular dynamics runs were
done with ¢ angles restrained to a designated value with a force
constant of 0.01, a dielectric constant of 4, and a distance-dependent
diclectric function.

3. RESULTS AND DISCUSSION

Fig. 1 shows selected expansions of the NH-Hj
region of the '*C edited homonuclear TOCSY experi-
ment. The crosspeaks have one-bond *C-'H coupling
(~140 Hz)in f1 and the long-range *C-'H coupling in {2.
In this case, the center of the two components are dis-
placed in 2 by *Jy, s Three bond NH-CB coupling
constants can be measured to * 0.5 Hz by this method.
These are listed in Table 1 together with the “Jyyy s the
corresponding derived ¢ angles and the temperature
coefficicnts of the amide protons in both solvent sys-
tems. For Pro, the . yygguer, Was ~0 Hzand Yy, o
was ~8 Hz, indicating 1 ¢ «. ca. =75° in both solvent
systems.

The expecicd temperature coefficient for a fully
salvent-cxposed amide proton is 10 ppb/K in HO and
5 ppb/X in (CD,),S0 [12]. Taking this difference into
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Fig. 2. The pH dependence of the amide chemical shifts of 3 mg of

exvelo(dTrp-dAsp-Pro-dVal-Leu) in 06225 ml of 20% CD,.CN/8% D.O/
72z H.0 at 298K. The chemical shifts are measured relative to inter-
nal TSP and the pH valucs are uncorrected meter readings.

consideration, the rank order of solvent accessibility of
the amide protons is identical and the relative solvent
accessibility is similar in both solvents. Furthermore.
the proton-proton coupling constants vary only slightly
between the two solvents. This suggests a similar con-
formation of the peptide in both aqueous and (CD,),S0
solutions.

The proton NMR chemical shifts of the peptide in
aqueous and (CD,).80 solutions are listed in Table 1.
Major shift differences between the two solvents include
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the Leu Hy, onc of the Leu 6-CH, resonances and the
dVal NH and Ha signals. In the more polar aqueous -
solvent system, the Leu sidechain'is. apparently ‘more
closely. assoc:ated with the dTrp aromatic ring and both -
methyl protons are shifted npﬁeld by ca. 0.2 ppm from_;
their expected random-coil chemical shifts. This is also
consistent with nuclear Overhauser (ROESY) effects in
aqueous solutxonwhxch show close contacts between the.
dTrp benzene ring protons anﬁ the Le thyl protons.,
Possibly, this hydrophobic region of ‘the molecule is
better solvated in (CD,),SO, diminishing the interaction
between the Leu and dTrp sidechains. A small reloca-
tion of the average position of the dTip sidechain could
explain the solvent dependent differences observed. In
(CD,)L.SO the dAsp sidechain is protonated and the
dVal amide proton appears significantly upfield-shifted
wiih respect to the peptide in agueous solution at pH
6.9 (Table 11), where the dAsp sidechain is ionized. To
investigate the effect of protonation state on the chemi-
cal shifts, '"H NMR spectra were recorded in 20%
CB,CN/8% D,0/72% H.O as a function of pH over the
range 3.2 to 7.6. The pH dependence of the amide
protons are shown in Fig. 2. As the pH was decreased,
the dVal NH shifted upfield ca. 0.2 ppm toward a
chemical shift more similar to that observed in
(CD;),80. This shift is sigmoidal with an inflection near
pH 4.8%. consistent with dAsp sidechain protonation.
Changing the pH does not, however, significantly affect
the temperature dependence of the amide proton chemi-
cal shifts (Table I). Thus, the chemical shift of the dVal
NH proton is strongly influenced by the protonation
state of the dAsp sidechain, whereas its apparent hy-
drogen bonding ability is not. The origin of this effect
on the chemical shifts of the dVal NH is unclear but
may be due to a slight repositioning of the anisotropic
groups in the dTrp or dAsp sidechains. Despite the
observed differences in chemical shifts, the similaritics
in the temperature dependence of the amidc proton
chemical shifts and the homonuclear coupling constants

Table 1
Homonuclear and heteronuclear coupling constants. ¢ values and NH solvent accessibility determined from NMR data for cyclotd Trp-dAsp-Pro-
dVal-Leu),

Residue Mo tHZY i antHZ) Oi’ A5IA8T

pH=6.5 pH=3.2
dTrp 1.75+0.28 7.7¢8.6% 150 2 40 -80) 10.5 11.3 (5.9)
dAsp 0.0020.25 9.1 (8.9) 150 90 75 45 45 17 Qn
Pro - -75 -
dWVal E 9.9 (10.5) 120 63 2.0 1.8 (.0
Leu i.75+0.28 5.1(5.2%) 20 iy 70 170 9.0 9.9 (4.3)

* Unlevs otherwise noted, data were acquired in 20% CD,ON50% H.O. pH 6.5 or in (CD SO (in parenthesesy.

l)ctcrmma. by comparison with empirical *H-'H and theorctical ''C 'H relationships (see [3]). The only values consistent with both 'H 'H and
"% 'H coupling constants are undestined. The Pro ¢ angle was determined from Ha HE coupling constants {sce text).

" Values 21 pH 6.5 and 3.2 were measured borwesn 260 and 300K zndt 285 and 298K. respectively. The pH 3.2 solvent was 20% CDCN/B% D, OT2%

H.O. (CD:S0 solulions were incasured between 300 and 30K

* Meavured 2t 295K, all other vatues measured at 280K “» agurowss solution and at 310K in (CD,.SO.

i3%
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Fig. 3. Stercoviews of the structure of cyclo(dTrp-dAsp-Pro-dVal-Leu) derived from experimentally determined ¢ angles. The dashed line indicates
a possible hydiogen bond. The average RMSD of the Ca atoms from ten wnkvpendently caleulated structures was 0.18 A,

Table 11

Chemical shifts of cyclotd Trp-dAsp-Pro-dVal-Leu) in different solvents®

Residue NH 2 B Other
20% CD,CN/8% D.O/72% H,O. pH 6.89, 298K:
dAsp 7.58 5.05 277,243
Pro ~ 4.86 222 1.85 200 (7). 2.05 (¢). 3.31 40, 3.62 (69
dVal 7.98 397 1.85 0.88 (). 094 (¥
Leu 8.41 4.01 1.32, 1.26 1.32 {31, 0.57 (63, 0.59 {0y
dTrp 8.46 4.64 3.51. 3.08 7.26 (51), 7.68 (£3), 7.14 (N,
7.23 (g2, 7.49 ({2). 1011 (el)
20% CDWCN/8% D,O/72% H,0., pH 3.21, 298K:
dAsp 7.70 5.00 290, 2.56
Pro 4.85 2.24, 1.81 2.03 (y), 203 (¥"), 3.28(5), 353 (5
dVal 7.78 398 1.81 0.87 (¥). 0.93 (¥}
Leu 8.47 198 1.27, 1.32 1.27 (). 0.55 (8). 0.58 (8"
dTrp 8.46 4.62 1.50, 3.10 7.25 (81), 7.66 (£3). 7.13 ({30,
7.22 (n2), 748 (52). 10.13 (eh
(CD,),80, low pH, at 295K:
dAsp 7.73 498 284, 236
Pro 4.77 225192 Lo () 1 757" 45 (6 33000
dval 7.50 4.15 1.69 U82 () U8R 1)
Len 8.79 192 122,115 100 (r) 060 (). 1 73 (57
dTep 8.81 4.26 3.35, 290 745 (813, 7.56 (23), 095 (G3)

708 () 32, 1082 (2]

* Chemical shifis reported relative 10 dimethylsulloxide-ds = 2.5¢ ppm and TSP = 0.0 ppm.
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indicate thal the peptide adopts comparabie structurcs
in both solvents.
Leu) was obtained from a molecular dynamics calcula-
tions without experimental constraiats. This structure
contained a § turn with Pro as the i+1 residue and dVal
as the i+2 residue. A 7 turn was centered on the dTip.
The manifold of structures from the molecular dy-
nics was consistent with work done on similar cyclic
pentapeptides[11. = .

With the compietion of the NMR analysis it was clear
that the initial model was not correct and subsequent
molecular dynamics runs were carried out utilizing the
¢ values for dTrp, dAsp. dVal and Leu provided by
NMR. The hydrogen bond of the N-H in dVal and the
Pro ¢ angles were used as secondary filters for examin-
ing the output. The initial model was modified to the
experimental ¢ values listed in Table I, with dAsp ¢ =
—45. To ensure adequate sampling of the conforma-
tional space, four dynamics runs with the same condi-
tions were performed with different starting structures.
Two of runs constrained dAsp ¢ to —45°. In the first of
these, all starting i angles were derived from the initial
structure (above). In the second run, the starting struc-
ture was derived from the inittal model with all of the
y angles inverted 180°. The remaining two dynhamics
tuns were carried out similarily with dAsp ¢ constrained
at 150°. Forty conformations were chosen and energy
was minimized from the resulting data set, derived from
the four different starting conformations. The set of
structures from the molecular dynamics run that con-
sistently had the lowest energy had ¢ and ¥ values that
were compatible with the NMR data and all minimized
structures have the observed hydrogen bond for the
dVal NH. The ¢ and y values (expressed as ¢.y) for the
lowest energy structure are dTrp = 84.29: dAsp = 145,
—128: Pro = ~78.82: dVal = 123, ~47: Leu = -166. 100.
This structure is shown in Fig. 3. Although hydrogen
bonds were not used in the modeling calculations, it is
clear from the model that the dVal amide proton is
internal and is involved in a transannular hydrogen
bond to the carbonyl oxygens of the dAsp residue. This
is consistent with the very small temperature coefficient
observed for the dVal NH in both solvents.

Note added in proof
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4. CONCLUSION

The solution structure of BQ-123 was derived exclu-
sively from coupling constant data without NOE or
hydrogen bonding constraints. The resulting structure
is supported by several ‘additional NMR observations
including amide protons likely to be involved in hy-
drogen bonding. temperature dependent shifts of ex-
posed amide protons and observed NOEs. We have
demonstrated that the *C-edited TOCSY experiment at
natural abundance and ~30 mM peptide concentrations
can reduce the ambiguity in ¢ angle determination
which exists when only homonuclear coupling constants
are used. This method should be of general utility in
constrained systems such as the peptide analyzed in this
study and the structure of BQ-123 derived from these
experiments should aid in the development of novel ET,
receptor antagonists.
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After submission of this manuscript, work describing the structure of BQ-123 appeared (Atkinson, R.A. and Pelton,

7

J.T. (1992) FEBS leu. 296.' 1-6). Of the cleven possible ¢ angles reported by this group to be consistent with the
i~ ses. OMY four were consistent with NOE distance constraints. Three of the four ¢ angles are, within experimental

error. identical to those measured directly from homonuclear and heteronuclear coupling constants in the present

study.

130



