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[Lys(—2)-Arg(—1)]Endothelin-1 Solution Structure by Two-Dimensional 'H-NMR:
Possible Involvement of Electrostatic Interactions in Native Disulfide Bridge
Formation and in Biological Activity Decrease
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ABSTRACT: Addition of the Lys(—2)-Arg(—1) dipeptide, present in the precursor protein, to the N-terminus
of endothelin-1 (ET-1), to form a 23-residue peptide (KR-ET-1) has been shown to greatly improve
formation of native disulfide bridges and to dramatically decrease biological activity. Conformational
analysis was carried out on this peptide. During protonation of the carboxyl groups, CD spectra showed
a decrease in the helical contribution, and NMR spectra displayed strong chemical shift modifications,
suggesting the importance of electrostatic interactions in the KR-ET-1 conformation. CD spectra and
two-dimensional NMR experiments were performed to investigate the KR-ET-1 three-dimensional structure
in water in the carboxylic acid and carboxylate states. Distance and angle constraints were used as input
for distance geometry calculations. The KR-ET-1 carboxylic acid conformation was found to be very
similar to ET-1, with a helix spanning residues 9—15 and an unconstrained C-terminal part. In contrast,
in the carboxylate state, large changes in Arg(—1) and Phel4 chemical shifts and long-range NOEs were
consistent with a conformation characterized by a helix extension to Leul7 and a stabilized C-terminal
section folded back toward the N-terminus. In addition, thanks to NOEs with Cysl1 and Phel4, the
Arg(—1) side chain appeared well-defined. Simulated annealing and molecular dynamics calculations,
supported an Arg(—1)—GlulO salt bridge and an electrostatic network involving the charged groups of
Trp21, Aspl8, and Lys(—2). Moreover, stabilization of the KR-ET-1 C-terminal part is probably reinforced
by hydrophobic interactions involving the Vall2, Tyr13, Phel4, Leul7, Ile19, Ile20, and Trp21 side chains.
In vitro, native disulfide bond formation improvement observed for KR-ET-1 could be ascribed to
electrostatic interactions and more specifically to the Arg(—1)—GlulO salt bridge. In vivo, similar
interactions could play an important role in the native folding of the ET-1 precursor protein. On the
other hand, modification in the environment and a reduced mobility of the KR-ET-1 Trp21 key residue,

when compared to ET-1, could explain, at least in part, the strong decrease in biological activity.

ET-1! is a potent long-lasting vasoconstrictor peptide of
21 residues isolated from aortic endothelial cells. It results
from the degradation of pre-proendothelin (203 residues) by
various endopeptidases to give proendothelin first and then
big endothelin (38-residue peptide). Next, the Trp21—Val22
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! Abbreviations: CD, circular dichroism; 1D and 2D, one and two
dimensional; TSP-ds, sodium 2,2,3,3-tetradeuterio-3-(trimethylsilyl)-
propionate; acetic acid-ds, tetradeuterated acetic acid; DG, distance
geometry; DQF-COSY, 2D double-quantum-filtered correlation spec-
troscopy; ET, ET-1, ET-2, and ET-3, endothelin; FID, free induction
decay; GSH and GSSG, reduced and oxidized glutathione; MD,
molecular dynamics; Nle, norleucine; NMR, nuclear magnetic reso-
nance; NOE, nuclear Overhauser effect; NOESY, 2D nuclear Over-
hauser effect spectroscopy; RMSD, root mean square deviation;
ROESY, rotating-frame Overhauser effect spectroscopy; RP-HPLC,
reverse-phase high-performance liquid chromatography; SA, simulated
annealing; STX, sarafotoxin; TOCSY, total correlation spectroscopy;
VIC, vasoactive intestinal contractor peptide; dnn(iy), NOE connec-
tivities between the NH proton of residue i and the NH proton of residue
J; dan(iyj), NOE connectivities between the Ca proton of residue / and
the NH proton of residue j; dop(ij), NOE connectivities between the
Ca proton of residue i and the Cj proton of residue j.
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amide bond in big ET-1 is cleaved by an endothelin
converting enzyme to produce the bioactive ET-1 molecule
whose structure is stabilized by two disulfide bonds (Cys1—
Cys15 and Cys3—Cysll) (Yanagisawa et al., 1988a,b;
Erhardt, 1992; Phillips et al., 1992).

In 'TH-NMR experiments, aggregation of ET-1 has been
observed in aqueous solutions with concentrations in the
range of 1—4 mM; this aggregation is probably due to a
cluster of several hydrophobic residues mainly located in
the C-terminal part (Bennes et al., 1990). To overcome this
problem, various organic solvents (acetic acid, ethylene
glycol, methanol) were added to water. The results of the
different conformational studies carried out with these solvent
mixtures were consistent with a helical conformation span-
ning residues 9 through 15 (Tamaoki et al., 1991; Andersen
et al., 1992; Reily & Dunbar, 1991; Aumelas et al., 1991a;
Labhardt & Grunauer, 1990; Krystek et al., 1991). The 1—4
extended part is linked to the helical motif by two disulfide
bridges (Cys1—Cys15 and Cys3—Cys11), giving the cystine-
stabilized helical motif (Tamaoki et al., 1992, 1991; Koba-
yashi et al., 1991; Mihara et al., 1994). It has been shown,
however, that the helical part is still conserved in the
monocyclic 3—11 disulfide bond analogue (Coles et al,
1994). Recently, ET-1 crystals containing six molecules per
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Ficure 1: KR-ET-1 sequence. For the sake of clarity, the ET-1
numbering has been conserved, and negative numbers were given
to the N-terminal dipeptide as follows: Lys(—2), Arg(—1). The
disulfide bridges are indicated by lines connecting cysteines.

KRET-1

asymmetric unit were obtained in aqueous solution (Peapus
etal., 1993). The X-ray structure solved at 2.18 A by Janes
et al. (1994) showed, in addition to the cystine-stabilized
helical motif, a helical conformation of the 16—21 C-terminal
tail that has never been observed in NMR solution structures.

We thought that the aggregation problem could be
overcome by addition of new charged residues. We therefore
synthesized a modified ET-1 peptide in which the N-terminus
was extended by the Lys(—2)-Arg(—1) basic dipeptide
present in the pre-pro-ET-1 sequence (Yanagisawa et al.,
1988a), resulting in the 23-residue peptide designated KR-
ET-1 (Figure 1). A different basic dipeptide, Arg(—2)-Arg-
(—1) is found in ET-2, ET-3, and VIC precursors (Saida et
al., 1989; Inoue et al., 1989).

The ET-1 folding reaction yields in vitro a 3/1 ratio of
native disulfide bonds (Cys1—Cys15 and Cys3—Cysl1) to
non-native ones (Cysl—Cysll and Cys3—Cys15) (Yanag-
isawa et al., 1988b; Kumagaye et al., 1988). The big ET-1
folding reaction has been shown to yield a similar native/
non-native disulfide arrangement ratio (Gaeta et al., 1990;
Kubo et al., manuscript in preparation). In contrast, for KR-
ET-1 the ratio was significantly improved; it is 9/1 and even
reaches 24/1 in the presence of redox reagents. This
improvement is abolished when the oxidation reaction is
performed in the presence of guanidine hydrochloride. These
folding differences will be fully described elsewhere (Kubo
et al., manuscript in preparation). The biological activity
of KR-ET-1 has been reported to be 540-fold lower than
that of ET-1 itself (Nakajima et al., 1989a,b). To investigate
the structural changes induced by addition of the dipeptide
Lys(—2)-Arg(—1) at the N-terminus, conformational analyses
were carried out on KR-ET-1.

In this paper, we report the solution structure of KR-ET-1
determined in the carboxylic acid and in the carboxylate
states. The carboxylic acid conformation appeared very
similar to ET-1, whose structure is pH independent. In
contrast, the KR-ET-1 carboxylate conformation displayed
significant structural modifications probably induced by
electrostatic interactions. The possible implications of these
interactions in the disulfide bond formation improvement and
in the decrease of biological activity are discussed.

MATERIALS AND METHODS

Synthesis. The synthesis of ET-1 and KR-ET-1 peptides
was carried out according to the previously described scheme
{(Nakajima et al., 1989b; Kumagaye et al., 1988). ET-1 and
KR-ET-1 reduced peptides were obtained by treating the
corresponding oxidized peptides with a 10—30-fold molar
excess of dithiothreitol in 0.1 M ammonium acetate buffer
at pH 9.5 for 10 min. All the reduced peptides were stored
in a freezer under a nitrogen atmosphere after purification
by gradient elution RP-HPLC using CH3;CN in 0.1% TFA.

Circular Dichroism. CD spectra of ET-1 and KR-ET-1
were recorded at 25 °C on a JASCO J720 spectrophotometer
using a l-mm path-length cell. Peptide solutions at a
concentration of 0.02 mM were prepared, and three spectra
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were recorded at pH 9.5, 4.0, and 1.5. Each spectrum was
scanned from 195 to 250 nm and accumulated for 32 scans.

NMR Spectroscopy. (A) Sample Preparation. *H,O
{99.95%) and acetic acid-d, were purchased from the CEA
(Saclay, France). All pHs were measured in the NMR tube
at room temperature with a 3-mm electrode and are given
uncorrected for the deuterium effect. Lyophilized KR-ET-1
(4 mg) was dissolved in 0.45 mL of water containing 5%
H,0 for the lock signal. The peptide concentration of the
resulting sample was about 3.2 mM. The pH was adjusted
to 4.1 by addition of 0.1 N HCl. TSP-ds was added as an
internal chemical shift reference at 0 ppm. A second sample
of 4 mg was prepared in 99.95% deuterated water for both
amide proton kinetic exchange and titration experiments
(initial pH = 4.8). A third sample of 4.8 mg of KR-ET-1
was prepared with 0.45 mL of the 10/90 acetic acid-dy/water
mixture (v/v). The pH of this last sample was 2.5.

(B) NMR Experiments. NMR experiments were performed
on two Bruker AMX spectrometers, operating at 500 and
600 MHz for the 'H nucleus and processed with the UXNMR
software.

2D DQF-COSY (Rance et al., 1983), TOCSY (Bax &
Davis, 1985a), and NOESY (Macura et al., 1981) spectra
were acquired in the phase-sensitive mode using time-
proportional phase incrementation. Typically, 512 FIDs of
2048 time domain data points were collected except for DQF-
COSY experiments for which better resolution was needed
(800 FIDs of 4096 time domain data points). A spectral
width of 8500 Hz was used in both dimensions. The residual
water peak was suppressed by applying a continuous low-
power irradiation pulse from the transmitter during the
relaxation delay of 1 s and during the NOESY mixing time.
TOCSY were recorded with a spin lock of 64 ms and
NOESY with a mixing time of 100 and 180 ms. One zero
filling and a 71/4 phase-shifted sine-bell window function
were applied in both dimensions before Fourier transform.
A baseline correction was performed with a five-order
polynomial function. Chemical shifts were determined with
reference to TSP-d4 without pH correction.

For the study in water, 1D KR-ET-1 spectra were recorded
at temperatures ranging from 280 to 310 K (pH 4.1,
carboxylate form), and the 2D data sets were collected at
305 and 280 K. Then the pH was lowered to 1.5 (carboxylic
acid form), and another 2D data set was recorded at 300 K.
Two tables giving chemical shifts of KR-ET-1 in the
carboxylate and carboxylic acid states are provided in the
supplementary material section.

Amide proton—deuterium exchange was performed only
for the carboxylate form at 290 K and pH 4.8. It was
followed by (i) 1D spectra recorded at increasing times and
(ii) a NOESY experiment to identify the remaining amide
protons. Titration experiments were carried out with the
same sample by recording spectra at various pHs ranging
from 4.8 to 1.3 (uncorrected pH readings). The pH was
adjusted by addition of small amounts of 10% DC1 or NaOD
solutions. During the titration of KR-ET-1, two DQF-COSY
experiments were recorded at pH 2.9 and 1.3 to identify the
aromatic protons of Phel4 and Tyrl3 residues as well as
protons of the Arg(—1) side chain. To check KR-ET-1
aggregation, the sample was diluted 10-fold (0.32 mM), and
two spectra were recorded at pH 4.0 and 1.3.

For the study in the 10/90 acetic acid/water (v/v) mixture,
1D spectra were recorded at different temperatures ranging
from 315 to 280 K, and the 2D spectra were recorded at
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290 and 280 K. In addition, a ROESY (Bax & Davis, 1985b)
experiment was recorded with a mixing time of 50 ms. After
acidification to pH 1.3 by 1 N HCl, another 2D spectra set
was recorded at 280 K.

3JnH-com coupling constants were measured from the
fingerprint cross-peak contour plot of the DQF-COSY
experiment with a digital resolution of 1.0 Hz. Reported
values obtained from the contour plot are given without any
correction and appear to be slightly overestimated due to
line-width contribution. For example, in the carboxylate
form, the Ser2 3Jny-cqu values of 11.2 and 9.1 Hz were
obtained from the contour plot and from the 1D spectrum,
respectively.

Distance Geometry Calculations. From NMR data re-
corded at pH 1.5 and 4.1 in water, distance geometry
calculations were carried out using the DIANA program
(Gtinther et al., 1991) running on a Hewlett-Packard HP735
workstation, with the standard minimization parameters.
NOE cross-peak intensities were estimated by their contour
levels in the 100- and 180-ms mixing time and classified
into four categories. An empirical distance calibration was
used to build a set of distance constraints. Upper distance
bounds of 3.0, 4.0, 5.0, and 5.5 A were assigned to strong,
medium, weak, and very weak connectivities, respectively.
A value of 2.3 A was used for strong den(Z, i+1) connec-
tivities. Lower distance bounds were taken as the sum of
the van der Waals radii.

As no stereospecific assignment could be reached for
methyl and methylene protons, pseudoatoms were used after
appropriate corrections of the constraints (Wiithrich et al.,
1983; Wiithrich, 1986). Disulfide bridges were introduced
through constraints of 2.0—2.1 A on the Si—S; bonds and
3.0—3.1 A on the Si—Cpj and Sj—Cpi distances across the
bridges. The x3 dihedral angles were set to £80—100°
through CBi—Cgj distance constraints of 3.75—3.95 A.

In the carboxylate distance geometry calculations, depend-
ing on whether the 3/yg—cou coupling constants were high
(=9.0 Hz) or low (=6.8 Hz), five ¢ angles [Arg(—1), Ser5,
Asp8, Leul7, and Ile20] were forced between —90° and
—150° and four ¢ angles (Serd, Lys9, Vall2, and Tyrl3)
between —30° and —90°. Although five amide protons were
probably involved in hydrogen bonding, because of their slow
exchange, no explicit hydrogen bond constraints were
included in the calculations since the carbonyls involved were
not unambiguously identified. From 271 initial distance
constraints, 179 significant proton—proton distances were
effectively used by the DIANA program and were distributed
as follows: 42 intraresidual, 57 sequential, 46 medium range
(i, it2 and i+3), and 34 long range (i, =i+4). A total of
1000 calculations were performed, and on the basis of the
target function values, the 10 best structures were retained.

Distance geometry calculations related to the carboxylic
acid form were carried out, without ¢ angle constraints, by
using 109 significant proton—proton distances (from 175
initial distance constraints), distributed as follows: 28
intraresidual, 49 sequential, 20 medium range (i, i+2 and
i+3), and 12 long range (i, =i+4). A total of 1000
calculations were performed, and on the basis of the target
function values, the 10 best structures were retained.

The Insight II program (Biosym Technology Inc., San
Diego) was used to display and compare the structures.

Molecular Mechanics and Molecular Dynamics Calcula-
tions. Energy minimizations and molecular dynamics simu-
lations were carried out on the KR-ET-1 distance geometry
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structures obtained in the carboxylate state using the
SANDER module of the AMBER 4.0 modeling package
(Pearlman et al., 1991) running on a Hewlett-Packard HP735
workstation. The intrinsic strain energy was computed with
the all-atom force field (Weiner et al., 1986), and the
nonbonded cutoff was taken as 10 A. To mimic solvent
effects in simulations run in vacuo, a distance-dependent
dielectric constant was used. During the molecular dynamics
runs, the covalent bond lengths were kept constant by
applying the SHAKE algorithm (van Gunsteren & Ber-
endsen, 1977), allowing a 2-fs time step to be used. The
nonbonded pair list was updated every 20 steps, and the
temperature was regulated by coupling the system to a heat
bath with a coupling constant of 0.2 ps. Pseudoenergy terms
taking into account the NMR interproton distance restraints
were defined as follows via four threshold distance values:
rl, r2, r3, and r4. In all cases r1 and r2 were set to 1.5 and
1.8 A, respectively. r3 was taken as the upper boundary
used in DG calculations, and r4 was chosen as 3 + 0.5 A.
For an observed distance lying between r2 and 73, no restraint
was applied. Between r1 and r2 or between r3 and r4,
parabolic restraints were applied. Outside the r1—r4 range,
the restraints were linear with slopes identical at parabolic
slopes at points r1 and r4. This was done so that large
distance violations could be corrected while avoiding too
great restraint forces capable of inducing local structure
distortions. Because no stereospecific assignment could be
achieved for the methyl or methylene protons, an {r~5)~1/
averaging scheme was used instead of pseudoatoms. The
force constant for the NMR restraints was 32 kcal'mol™ s A2,
except at the start of the simulated annealing process during
which the value was raised from 3.2 to 32 kcal'mol A~2
in 7 ps so that the structure could adapt more easily to the
constraint potential.

Simulated Annealing Refinement. The 10 best DIANA
structures were first energy minimized for 5000 cycles. These
structures were then submitted to a 30 ps long simulated
annealing. The temperature was raised from 10 to 900 K in
6 ps, maintained at this value for 10 ps, then slowly lowered
to 300 K in 8 ps, and maintained at this latter value for 6 ps.
A final energy minimization was performed (Hurle et al.,
1992). The resulting structures are referred to later as the
SA structures. After fitting all SA structures to the first one
(backbone atoms of residues 1—3 and 9—16), an average
SA model was computed by coordinate averaging followed
by 1000 cycles of energy minimization.

Molecular Dynamics Simulations. The SA structures
served as starting models for restrained molecular dynamics
simulations. To better account for the conformational
flexibility, time-averaged restraints were used during the
molecular dynamics simulations (Torda et al., 1990; Pearl-
man & Kollman, 1991; Peariman, 1994). The characteristic
time for exponential decay was 20 ps, and a power of 6 was
used for averaging (+° averaging). The forces were
calculated using the “pseudoforce” formulation (Pearlman,
1994). Standard instantaneous restraints were still used,
however, during the initial simulated annealing refinement.
Indeed, it has been suggested that time-averaged refinement
might be less efficient when converging near the true average
conformation from initial distance geometry structures
(Pearlman, 1994). Each SA structure was submitted to 1.5
ns of in vacuo molecular dynamics at 300 K. The SA
structure with the lowest molecular mechanics energy was
also submitted to a 200-ps molecular dynamics simulation
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FIGURE 2: CD spectra of ET-1 and KR-ET-1 peptides (A) at pH 1.5 (carboxylic acid state) and (B) at pH 4.0 (carboxylate state). Spectra
were recorded in water at 25 °C and at a concentration of 0.02 mM. Each spectrum is the result of the accumulation of 32 scans.

in a 48.5 x 38.5 x 35.6 A3 box of water (2089 water
molecules) with periodic boundary conditions and a constant
pressure (1 atm). The following strategy was used to prepare
the system for the MD simulation. The water molecules
were first minimized and subjected to 10 ps of MD in the
presence of the rigid protein. Then the protein water system
was energy minimized in several steps, gradually reducing
the positional constraints on the protein backbone from 100
to 0 kcal'mol~*A=2. The MD simulation was then started,
and the temperature was gradually increased from 10 to 300
Kin 15 ps. The system was maintained at this temperature
for 185 ps. To avoid local heating effects, separate velocity
scaling factors were used for the solute and the solvent.
Monitoring the change in the total potential energy (including
the pseudoenergy term for NMR constraints) as a function
of time indicated that initial equilibration was achieved within
50 ps. Then the potential energy remained essentially
constant until the end of the simulation. Hence the MD
analysis was performed over the 50—200-ps trajectory. The
conformations were saved every 5 ps. The trajectories were
visualized with the Insight I program and analyzed with
CARNAL (Ross, 1994).

RESULTS

(A) Circular Dichroism. CD spectra of ET-1 and KR-
ET-1 recorded in water at pH 1.5 and 4.0 are displayed in
Figure 2. At pH 1.5, the two spectra were very similar with
a negative band at 206 & 1 nm. At pH 4.0, the KR-ET-1
spectrum clearly showed a shift of the negative band to 209
4 1 nm and a distinct shoulder around 221 + 1 nm while
the ET-1 spectrum remained unchanged. This modification
in the CD spectrum suggested an increase in the helical
contribution. It should be pointed out that ET-1 and KR-
ET-1 spectra recorded at pH 7.0 and 9.5 are similar to their
pH 4.0 spectra (data not shown).

(B) Nuclear Magnetic Resonance. In contrast to the severe
aggregation of ET-1 in water, the KR-ET-1 solution gave
lines sharp enough to allow the NMR study to be carried
out in water, without apparent aggregation, either in the
carboxylate (pH 4.1) or in the carboxylic acid (pH 1.5) state.
Nevertheless, signals were very slightly sharper at pH 4.0
and 1.3 when the concentration was reduced 10-fold (0.32
mM).

Taking into account the large changes in the NMR
spectrum directly related to the carboxyl group ionization
state, a structural study was carried out on the peptide in the
carboxylic acid state at pH 1.5 and another one in the
carboxylate state at pH 4.1.

(1) Carboxylate State (pH 4.1). (a) Assignments. Several
1D spectra were recorded at different temperatures, ranging
from 280 to 310 K. Considering amide signal overlaps, the
temperature of 305 K was chosen to record a first set of
experimental data (DQF-COSY, TOCSY, and NOESY); then
a second set of data was collected at 280 K.

In the 1D spectrum recorded at 305 K and pH 4.1, signals
in the low-field area were widely spread. Some amide
signals were not well resolved. His16 aromatic signals were
easily identified at 8.33 and 7.26 ppm as sharp signals
because they are practically temperature insensitive in this
pH range. Signals corresponding to Trp21, Phel4, and Tyr13
aromatic protons were present, but their assignment neces-
sitated the aid of DQF-COSY. It is interesting to note that
one Ca. proton resonance was particularly downfield shifted
(5.22 ppm), whereas one methy! signal was more shielded
than the others and shifted upfield to 0.45 ppm. The Met7
Ce methyl protons were observed as a sharp resonance at
2.07 ppm. The DQF-COSY map (H;O, 305 K, pH 4.1)
fingerprint region with cross-peak assignments is displayed
in Figure 3.

Figure 3 clearly shows 21 NH—CaH cross-peaks for this
23-residue peptide (the Cys3 NH—CaH cross-peak is very
weak due to the rapid exchange of its amide proton with the
presaturated water signal). Cross-peaks are widely spread
from 9.13 (Cys15) to 6.97 ppm (Asp8) for amide protons
and from 5.22 (Cysl) to 3.44 ppm (Vall2) for Ca proton
signals. Asp8 (6.97 ppm) and Leul7 (7.13 ppm) amide
signals as well as Vall2 (3.44 ppm) and Phel4 (3.73 ppm)
Ca proton signals were particularly upfield shifted. From
the Ca proton chemical shifts, the corresponding Cj protons
were identified in the CaH—CBH(H") cross-peak region.

In the TOCSY experiment, 20 spin systems were observed
from the amide protons. Among these spin systems, Vall2,
Glul0, and Met7 were unambiguously identified from their
characteristic patterns. The full assignment was done with
the standard procedure (Wiithrich, 1986) by combining data
from DQF-COSY, TOCSY, and NOESY experiments. Arg-
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FIGURE 3: Fingerprint region of the 600-MHz DQF-COSY spectrum of KR-ET-1 recorded in water at pH 4.1 and 305 K. The sample
concentration was 4.0 mg/0.45 mL. Assignments of the NH—CoH cross-peaks have been indicated. The Cys3 cross-peak position is shown

with an open rectangle.

(—1) NeH (9.26 ppm) and CSH, (2.56—2.25 ppm) reso-
nances showed highly unexpected chemical shifts (standard
chemical shifts are around 7.2 and 3.3—3.2 ppm, respec-
tively). The 6.0 ppm broad signal was assigned to Cp
protons of the Arg(—1) guanido group. This signal exhibited
low sensitivity to changes in temperature. Chemical shifts
and */xu-con coupling constants measured from DQF-COSY
cross-peaks are reported in the supplementary material
section.

(b) Amide Proton Exchange and NOEs. The amide proton
exchange was followed by recording 1D spectra at increasing
times at 290 K and pH 4.8 in deuterated water. After 8—10
h, only five amide protons were still observable. In a
NOESY experiment, they were identified as being the Cys11,
Vall2, Tyrl3, Phel4, and Cysl5 amide protons and con-
sidered as slowly exchanging (Figures 4 and 5).

The main NOE connectivities observed for KR-ET-1 at
280 and 305 K in the carboxylate state, with a mixing time
of 180 ms, are displayed in Figure 4 with their relative
intensities. The 9—16 helical conformation readily appeared
from (i) strong successive dyny NOEs from Leu6 to Leul7,
(ii) dgg(i, i+3) NOEs in the 9—17 part, (iii) some small
3JNH-can coupling constants, and (iv) consecutive slow
hydrogen—deuterium amide proton exchanges (from Cys11
to Cys15) (Figure 4). According to 3-strand, helix, and coil
statistical CaH chemical shifts (Wishart et al., 1991; Lee et

al., 1992), the experimental chemical shift versus sequence
graph clearly confirmed the helical conformation for the
Lys9—Phel4 segment, while the CaH chemical shifts of
Cysl and Ser2 residues were consistent with a S-strand
conformation (data not shown).

The Arg(—1) side chain appeared well-defined with several
NOE:s with Cys11, Phel4, Cys15, and Ile19. Moreover, the
three Arg(—1)-Ile19 long-range NOEs, although weak,
suggest C-terminal—N-terminal proximity.

(2) pH Titration. Spectra at pHs ranging from 4.8 to 1.3
were recorded at 290 K. Five of these titration spectra with
pHs ranging from 2.9 to 1.3 are presented in Figure 5. Clear
modifications of the aromatic and methyl regions were
induced by protonation of the carboxylate groups of the
peptide.

The His16 CeH signal is sharp at pH 2.9, split at pH 1.8,
and sharp again at pH 1.3 with a downfield shift of +0.12
ppm. Tyrl3 and Phel4 aromatic proton chemical shift
changes were analyzed by comparing the pH 2.9 and 1.3
spectra. To highlight these modifications, the characteristic
parts of the DQF-COSY are presented in Figure 6. At pH
2.9 the 2,6-H, 3,5-H, and 4-H Phel4 protons are strongly
nonequivalent (6.72, 6.92, and 6.52 ppm, respectively) and
easily identified by their multiplicity, intensity, and cross-
peak pattern in the DQF-COSY map. At pH 1.3 they are
strongly downfield shifted by about +0.4 to +0.8 ppm and
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FIGURE 4: Overview of NOE connectivities, 3/yy—con coupling constants, and slowly exchanging amide protons of the KR-ET-1 peptide
measured in water in the carboxylate state (pH 4.1). The NOE intensities are represented by different bar widths and are classified as
strong, medium, and weak. Slowly exchanging amide protons are marked by filled circles. The */nu—cqu coupling constants are labeled by
filled squares for *Jyy-con < 6.8 Hz and open squares for 3/xg—coy = 9.0 Hz.

found as two very close signals at 7.30 ppm (4-H, 2,6-H)
and 7.37 ppm (3,5-H).

At pH 2.9, the Tyr13 2,6-H and 3,5-H signals are located
at 7.18 and 6.87 ppm while at pH 1.3 they are shifted to
6.85 and 6.73 ppm, respectively (upfield shift of —0.33 and
—0.14 ppm). Protonation of carboxylic acid groups can also
be followed by the intensity decrease of the Cys1 CoH signal
located at 5.22 ppm. This signal is shifted —0.32 ppm
upfield in the carboxylic acid state (data not shown). Trp21
aromatic proton chemical shifts were not affected by the
C-terminal protonation.

Modifications in the methyl region, concerning mainly
Ile19, Leul7, and Vall2 residues, are shown in Figure 5. At
pH 4.8, a major (*95%) and a minor (=5%) llel9 yMe
signal is located at 0.34 and 0.50 ppm, respectively (also
seen on the pH 2.9 spectrum of Figure 5). At pH 1.3 the
main Ile19 yMe signal is now found at 0.51 ppm while the
other one is small and broadened. Intermediate situations
appeared in the pH 2.1 and 1.8 spectra. During the pH
decrease, we also observed strong signal modifications of
Leul7 6Me. The two dMe signals observed at 0.67 and
0.62 ppm at pH 2.9 are downfield shifted to 0.80 ppm at pH
1.3 while the Vall2 yMe located at 1.09 ppm at pH 2.9 is
upfield shifted to 1.00 ppm at pH 1.3. In addition, in an
experiment carried out in H,O, Arg(—1) Ne and Cé proton
resonances recovered their usual chemical shift values (=7.2
and 3.3—3.2 ppm, respectively) when the carboxyl group
protonation was completed. The Ne proton signal is upfield
shifted by about —2.1 ppm while the two CJ protons are
downfield shifted by about +0.6 and +1.0 ppm, respectively.
At the end of the titration experiments, a back pH titration
confirmed that all these chemical shifts and line-shape
changes are reversible, ruling out a disulfide bridge cleavage.
Taken together, the intensity and chemical shift changes
observed throughout the pH titration allowed us to identify
the characteristic spectra of the carboxylic acid and the
carboxylate forms and to determine the chemical shifts for
the two ionization states. A slow interconversion between
these two conformations is clearly required to explain the
observation of signals for both species in equilibrium since
the reversible protonation of a carboxylate cannot be slow

on the 'H-NMR time scale.

This titration experiment showed the influence of the
ionization state of the carboxyl groups on the KR-ET-1 NMR
spectrum. Arg(—1), Tyrl3, Phel4, Leul7, and Ile19 large
chemical shift changes strongly suggest different KR-ET-1
conformations for the carboxylic acid and carboxylate states.

(3) Carboxylic Acid State (pH 1.5). To identify the
conformational changes induced by carboxyl group proto-
nation, another NMR data set (DQF-COSY, TOCSY, and
NOESY) was acquired with KR-ET-1 in the carboxylic acid
state in water (pH 1.5, 300 K). The strategy described above
enabled full chemical shift assignments.

(4) Acetic Acid/Water Mixture. NMR spectra were also
recorded in the 90/10 acetic acid-dy/water (v/v) mixture to
compare KR-ET-1 and ET-1 solution structures (Tamaoki
et al., 1991) under the same conditions. The pH of such a
KR-ET-1 solution is 2.5. In contrast to the ET-1 results,
the 1D spectrum recorded at 290 K, with regard to the Ile19
yMe signal chemical shifts, displayed both the typical
carboxylic acid spectrum (=20%) and the carboxylate
spectrum (~80%) (Figure 7). Spectra recorded at different
temperatures ranging from 315 to 280 K showed this
percentage to be greatly modified, in a reversible way,
suggesting an equilibrium between the two KR-ET-1 con-
formations. The equilibrium displacement was easily fol-
lowed by considering chemical shifts and shapes of the Tyrl3
and Phel4 aromatic signals and the [le19 yMe resonances
(similar to changes shown in Figure 6). To summarize, the
temperature effect on the spectra recorded in the acetic acid-
dy/water mixture was almost equivalent to the pH effect
previously observed in water.

The fingerprint region of the DQF-COSY recorded at 290
K confirmed the presence of the two conformations (data
not shown). More cross-peaks than expected for a single
conformation were observed and divided into a major set
{carboxylate form) and a minor set (carboxylic acid form).
The NOESY spectrum also supported the presence of an
equilibrium since an excessive number of cross-peaks
appeared, some of them being located at chemical shifts
where only very weak and broad signals were previously
present. This cross-peak excess could be due to a slow
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FIGURE 5: Five KR-ET-1 spectra recorded in deuterated water at pHs ranging from 2.9 to 1.3 showing the modifications induced during
the protonation of carboxyl groups. Only the low-field and high-field regions in which major changes were observed are displayed. These
spectra were recorded after the H—D amide exchange study (290 K and pH = 4.8). Slowly exchanging amide protons are still observed and
labeled on the pH 2.9 spectrum. The small signal at 9.20 ppm is the Cys15 amide proton. Three amide protons are still visible at the end
of the pH titration experiment (pH 1.3). Tyrl3 and Phel4 aromatic protons are labeled in the pH 2.9 and pH 1.3 spectra. In the high-field
part, during the protonation of the carboxyl groups, the Ile19 yMe resonance shifts from 0.34 to 0.51 ppm, and Leul7 dMe resonances are
shifted from 0.62 and 0.67 to 0.80 ppm. The pH 1.8 spectrum represents an intermediate situation in which His16 C2H and Ilel19 yMe
resonances roughly show equal carboxylic acid and carboxylate populations.

exchange between the two conformations. To distinguish
NOE cross-peaks from cross-peaks due to exchange, a
ROESY experiment with a 50-ms mixing time was recorded
in which NOE and exchange cross-peaks had opposite signs.
Low-field regions of NOESY and ROESY maps are pre-
sented in Figure 8, the latter displaying only exchange cross-
peaks. It is noteworthy that far fewer cross-peaks due to
exchange between minor and major conformations were
present in the 280 K NOESY map (data not shown).

In the NOESY map, at 7.30 and 7.37 ppm, both NOE and
exchange cross-peaks of the Phel4 aromatic protons are
clearly observed. Among these six cross-peaks, only three
exchange cross-peaks are observed in the ROESY map.
Combining information from the ROESY and the TOCSY
and DQF-COSY maps, the chemical shifts of the two
conformations could be identified on the same spectrum.
These results confirm the KR-ET-1 assignments, both in the
carboxylate and in the carboxylic acid states. In addition,
the Arg(—1) Ne proton chemical shift is so different (9.38
and 7.18 ppm in the carboxylate and carboxylic acid forms,
respectively) that it could be indicative of a strong modifica-

tion in its vicinity. Overall, the large chemical shift
differences observed in the acetic acid/water mixture strongly
corroborate the results in water which show two different
KR-ET-1 conformations in the carboxylic acid and carboxy-
late states.

It is to be noted that HCl addition to the acetic acid-dy/
water mixture gave a spectrum characteristic of the carboxy-
lic acid form (data not shown).

(C) KR-ET-1 Three-Dimensional Structures. (1) Distance
Geometry. The 10 best carboxylic acid and carboxylate KR-
ET-1 DIANA structures, in agreement with NMR constraints
obtained in water, are displayed in Figure 9.

In the carboxylic state, the helical part spanning residues
9 through 16 is well conserved, while the C-terminal part
appears unconstrained (Figure 9A), as reported in most
studies on ET-1 and ET family peptides cited above (Coles
et al.,, 1994, and references therein). A mean backbone
RMSD value of 1.50 A was measured from the 1—3 and
9—16 superimposition.

In contrast, distance geometry structures obtained for KR-
ET-1 in the carboxylate form show a C-terminal section
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FiGure 6: pH effect on KR-ET-1 Tyrl13 and Phel4 aromatic protons. Throughout the KR-ET-1 pH titration experiment, two DQF-COSY
spectra were recorded at pH 2.9 (panel A) and pH 1.3 (panel B). At pH 2.9, Tyrl3 aromatic protons are downfield shifted, while Phel4
2,6-H, 3,5-H, and 4-H aromatic protons are upfield shifted and well separated.

folding toward the N-terminus. The mean backbone RMSD
value is now 0.89 A for the 1—3 and 9—16 superimposition.
The 3—8 segment is rather well-defined with two successive,
slightly twisted, S-turns comprising residues 3—6 and 5—8,
the latter segment being stabilized by a hydrogen bond
between Asp8 NH and SerS carbonyl, although the Asp8
amide proton was not found to slowly exchange. Slowly
exchanging Tyr13, Phel4, and Cysl5 amide protons were
clearly found to hydrogen bond, thus stabilizing the helical
part. In addition, an NH(Leul7)—O(Phe14) hydrogen bond
was observed in most structures, indicating a helix extension
toward the C-terminus. Due to several long-range NOEs
[Arg(—1) HB,f’—Cys15 Ha, Arg(—1) Hy,y’—Cysl5 Ha,
Arg(—1) HO,0’—Cys15 Ha, Arg(—1) NeH-Cysll HS.5,
Arg(—1) NeH—Cys11 HN, Arg(—1) NeH—Phe14 He, Arg-
(—1) NeH—Ile19 6Me, and Arg(—1) NeH—Trp21 HE2], the
Arg(—1) side-chain orientation appeared well-defined, its
guanido group being located between Glul0/Asp8 and the
C-terminus.

To compare the carboxylic acid and carboxylate KR-ET-1
structures, segments 1 —3 and 9—16 were superimposed. The
mean RMSD per residue of the 10 best structures was then
computed and plotted versus sequence numbers (Figure 10A).

(2) Molecular Mechanics and Molecular Dynamics. Mo-
lecular dynamics simulated annealing refinement improved
both the fit to the NMR data and the molecular mechanics
energy. All SA structures had negative molecular mechanics
energies and satisfied the NMR data reasonably well with
deviations from the imposed restraints smaller than 0.4 A.
The refinement also took into account the electrostatic
interactions that cannot be used in distance geometry
calculations. In all SA structures, Arg(—1) was salt bridged
with Glul0 whereas Lys(—2) interacted with the C-terminus
and the side chain of Aspl8. The (SA) mean structure
displayed in Figure 11 is representative of the salt-bridging
arrangements found in the SA structures. RMSDs of the
SA structures from their averaged (SA) model are plotted

in Figure 10B along with the same values for the molecular
dynamics simulations. The observation that the RMSD
values are higher for the molecular dynamics runs shows
that these simulations allowed better conformational sam-
pling. Figure 12 shows the superimposition of conformations
calculated along the molecular dynamics simulation per-
formed on one SA structure, highlighting the mobility of
the Arg(—1), Asp8, and Glul0 side chains. Figure 12 also
shows that, although less frequent than Arg(—1)—Glul0, the
Arg(—1)—Asp8 interaction was not impossible. The per-
centage of occurrence of main salt bridges in the various
simulations is summarized in Table 1.

DISCUSSION

A large number of solution structures of ET family
peptides have been reported; these include ET-1 (Tamaoki
et al., 1991; Aumelas et al., 1991a; Reily & Dunbar, 1991;
Andersen et al., 1992), big ET-1 (Inooka et al., 1991; Donlan
et al., 1992), ET-2 (N€ et al., unpublished results), ET-3
(Bortmann et al., 1991; Mills et al., 1992), STX (Aumelas
et al., 1991b; Mills et al., 1991), and VIC (Aumelas et al.,
1992). Most studies clearly showed that the 1—16 part is
well organized in a rather rigid core, including a 1—4
extended part and a 9—16 helical part linked together by
the 1—15 and 3—11 disulfide bonds, although large flexibility
was proposed for the Ser2—Ser5 segment (Andersen et al.,
1992). In contrast, the hydrophobic 17—21 C-terminal part
exhibited in most cases considerable conformational flex-
ibility. On this basis, it was supposed that the rigid core
should remain mainly unaffected by the N-terminal addition
of the Lys(—2)-Arg(—1) dipeptide.

(A) Solution Structure of KR-ET-1 in the Carboxylic Acid
and Carboxylate States. Comparison with the ET-1 Con-
formations. The NMR data recorded in water for the
carboxylic state of KR-ET-1 are very similar to previous
results obtained in various solvent mixtures either for ET-1
(Tamaoki et al., 1991) or for [Nle7]-ET-1 (Aumelas et al.,
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FIGURE 7: Low-field and high-field KR-ET-1 spectra recorded at different temperatures in the 10/90 acetic acid-dy/H,O mixture (v/v) at
pH 2.5. On the 290 K spectrum, Ile19 yMe (0.41 ppm) and typical nonequivalent Phe14 aromatic resonances allow us to identify the major
spectrum (~80%) as the carboxylate conformation spectrum. The Ile19 yMe (0.55 ppm) is representative of the minor carboxylic acid
conformation (~20%). When the temperature is decreased from 315 to 280 K, amide proton resonances become sharper and more spread
out, while the Phe14 and Tyr13 aromatic signal shapes and chemical shifts are strongly modified. In the high-field area, the major Ile19
yMe signal (315 K) shifts progressively from 0.58 to 0.37 ppm due to an equilibrium displacement. At 305 K the two conformations are
in equal amounts. The temperature increase in the acetic acid-ds/water mixture induces spectral changes similar to those observed during

protonation of carboxyl groups in the pH titration experiment in water.

1991a). The Ca proton chemical shifts versus sequence plots
show a striking similarity (data not shown). KR-ET-1 Phel4
and Tyrl3 aromatic proton chemical shifts are sensitive to
the ionization state. However, their chemical shifts measured
in the carboxylic acid state [Phel4 (3,5-H 7.38 ppm, 2,4,6-H
7.30 ppm) and Tyrl3 (2,6-H 6.91 ppm, 3,5-H 6.77 ppm)]
are very close to those reported for ET-1 in previous studies
[Phel4 (2,4,6-H 7.32 ppm, 3,5-H 7.39 ppm) and Tyrl3
(2,6-H 6.89 ppm, 3,5-H 6.73 ppm) (Tamaoki et al., 1991)].
All these facts suggest a conformation very similar to that
of ET-1 for KR-ET-1 in the carboxylic acid state. Indeed,
the corresponding DIANA structure clearly showed the 9—16
helical part linked by the two disulfide bridges to the 1—-3
extended part. As previously reported for ET-1 or [Nle7]-
ET-1, the KR-ET-1 C-terminal part was found to be
unstructured (Figure 9A).

On the other hand, in the carboxylate state, the larger
amide proton chemical shift range is consistent with a
modified and more organized three-dimensional structure
than in the carboxylic acid structure. Amide protons of Cysl,
Cys3, Asp8, Glul0, Cysl5, and Leul7 residues displayed
wide chemical shift variations ranging from 0.50 to 0.80 ppm.
Similarly, the Ca proton chemical shifts of Cys1, Ser2, Cys3,

SerS, and Phel4 residues displayed significant variations
ranging from 0.22 to 0.51 ppm. In addition, the strong
nonequivalence of CS protons of Cys! (0.71 ppm), Cys3
(0.74 ppm), and Cysl5 (0.64 ppm) and the 0.30 ppm
nonequivalence observed for those of Cysll (they are
equivalent in the carboxylic acid state) are in agreement with
a more rigid conformation for the cystine-stabilized motif.

The KR-ET-1 CD spectra also corroborate the conforma-
tional changes observed between the two ionization states
and indicate a higher helical contribution in the carboxylate
state.

The ¢ and 1 mean value angles for KR-ET-1 in the two
ionization states are reported in Table 2. These values
indicate a better defined helical section in the carboxylate
state than in the carboxylic state as clearly displayed in Figure
9. In addition, Figure 9B clearly shows a well-defined and
folded C-terminal part roughly pointing toward the N-
terminus. This folding, along with the Arg(—1) side-chain
location, constitutes the main modifications between the
structures in the carboxylate and carboxylic acid states.
Moreover, a hydrophobic cluster [Arg(—1), Vall2, Tyrl3,
Phel4, Leul?7, Ile19, I1e20, and Trp21 side chains] and two
hydrophilic regions, including Asp18, His16, Lys(—2), and
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Figure 8: KR-ET-1 NOESY (panel A) and ROESY (panel B) low-field areas recorded in the 10/90 acetic acid-dy/H,O mixture (v/v) at pH
2.5 and 290 K. The NOESY was recorded with a mixing time of 180 ms and shows both NOEs and exchange cross-peaks. The same area
of the ROESY experiment recorded with a mixing time of 50 ms shows only exchange cross-peaks. The 9.38 ppm resonance is assigned
to the Arg(—1) Ne proton in the carboxylate form. The ROESY exchange cross-peak at 9.38/7.18 ppm reveals the chemical shift of the Ne
proton in the carboxylic acid form, which is upfield shifted by 2.2 ppm. Phel4 aromatic protons are more spread out in the carboxylate
state than in the carboxylic acid state; their exchange cross-peaks are framed in the ROESY map. Other cross-peaks of the ROESY map

are mainly due to amide resonance exchanges.

N- and C-termini, on the one hand, and the Arg(—1)
o-guanido group, Asp8, Lys9, and Glu10, on the other hand,
can be recognized in the carboxylate KR-ET-1 structures.
Compared with ET-1, the strengthening of the two hydro-
philic regions by the Lys(—2)-Arg(—1) dipeptide charged
groups could be responsible for the decreased aggregation
propensity. The Arg(—1) side chain is involved both in the
hydrophobic cluster (CSH,, CyH,, and COH,) and in the
hydrophilic region (d-guanido group).

Figure 10A clearly shows that, in the carboxylic acid state,
the KR-ET-1 C- and N-termini are not well-defined. The
mean RMSD value per residue which gradually increases
from His16 to Trp21 to reach 11.7 A indicates the high
mobility of the C-terminal part (see also Figure 9A).
Similarly, in the N-terminal part, the mean RMSD value
increases from Cysl1 to Lys(—2) to reach 6.7 A. In contrast,
these two parts appeared more constrained in the carboxylate
KR-ET-1 structure with mean RMSD values for Trp21 and
Lys(—2) down to 2.9 and 1.5 A, respectively. In addition,
lower RMSD values for KR-ET-1 in the carboxylate state
are observed all along the sequence (Figure 10A). Such a
pH-dependent C-terminal folding has not been reported as
yet for ET-1, although a recent study of ET-1 in water at
neutral pH showed a C-terminus folded toward the helical
moiety with Ile19 and Trp21 side chains lying close to Tyr13
(Ragg et al,, 1994). This folding was ascribed to hydro-
phobic interactions. These interactions were also supposed
to be responsible for the bending of the C-terminus toward

the helical part of the ET-3 structure (Mills et al., 1992;
Bortmann et al., 1991).

NMR in the 10/90 Acetic Acid/Water Mixture. A KR-
ET-1 NMR spectrum was recorded in the acetic acid-dy/water
mixture for comparison with the ET-1 spectrum previously
reported in this solvent mixture (Tamaoki et al., 1991). The
KR-ET-1 spectrum showed several unexpected modifica-
tions, mainly with respect to chemical shifts and line
broadening, which would have been difficult to explain had
the effect of pH on KR-ET-1 not been studied (see above).
First of all, as shown by the presence of two Ilel19 yCH;
signals at 0.42 and 0.55 ppm, the NMR spectrum recorded
at 290 K displayed a mixture (=80/20) of the carboxylate
and carboxylic acid forms. Chemical shifts of Tyri3
aromatic protons and Leul7 methyl groups, as well as the
nonequivalence of the Phel4 aromatic protons, allowed us
to unambiguously determine that the major spectrum cor-
responded to the carboxylate form.

The observation that the ratio between the two forms varies
with temperature in a reversible way clearly suggests that
these two forms are in equilibrium. Moreover, the fact that
both the carboxylate and the carboxylic acid conformations
of KR-ET-1 are observed implies a slow exchange between
the two conformations on the 'H-NMR time scale. This
conformational exchange has been clearly demonstrated in
spectra recorded at several temperatures (Figure 7) and by
the ROESY experiment (Figure 8). The displacement of this
equilibrium, from the carboxylate to the less structured
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FIGURE 9: Stereoview of the 10 best KR-ET-1 DIANA structures as determined by NMR (A) in the carboxylic acid state (pH 1.5) and (B)
in the carboxylate state (pH 4.1). Backbone atoms (N, Ca, C) of residues 1—3 and 9—16 were used to superimpose the structures. For the
sake of clarity, only the Trp21 side chain is shown, and disulfide bridges are displayed as dashed lines.
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FIGURE 10: Plot of the sequence versus the mean value of RMSDs
(N, Ca, C atoms) per residue between individual KR-ET-1
structures and the corresponding average structure. In each set,
structures were first translated and rotated to the best superimposi-
tion of the backbone atoms (N, Ca., C) of residues 1—3 and 9—16.
(A) DIANA structures of the carboxylic acid (thin line) and the
carboxylate (thick line) states. (B) Carboxylate state SA structures
(thick line) and molecular dynamics trajectories in vacuo with time-
averaged restraints (thick dotted line).

carboxylic acid conformation with a temperature increase,
is probably due mainly to entropic effects. Such an
equilibrium might explain the slight line broadening observed
rather than aggregation. Indeed, ET-1 was shown to be in
the monomeric state in this solvent mixture by ultracentrifu-

gation measurements (Tamaoki et al., 1991). Considering
the addition of two hydrophilic residues and the behavior of
KR-ET-1 in water, we reasonably believe that there is no
aggregation in the acetic acid/water mixture.

Ring Current Effects. With respect to ET-1 (Reily &
Dunbar, 1991; Andersen et al., 1992; Tamaoki et al., 1991),
ET-2 (N€ et al., unpublished results), big ET-1 (Donlan et
al., 1992), STX (Aumelas et al., 1991b), and VIC (Aumelas
et al., 1992), Phe14 and Tyr13 aromatic protons have typical
chemical shifts ranging around 7.2—7.4 ppm for Phel4 and
6.8—6.9 and 6.6—6.7 ppm for Tyr13. In the carboxylic acid
state, KR-ET-1 Phel4 and Tyrl3 aromatic protons have
chemical shifts similar to those of ET-1. In contrast, in the
carboxylate state, all Phel4 protons appeared strongly
nonequivalent and upfield shifted, while Tyrl3 protons
resonances were downfield shifted. In addition, Arg(—1)
displayed NeH downfield and COH, upfield shifts when
compared to its standard chemical shifts.

On the basis of carboxylate state structures (Figure 11),
the Pheld ring current effect (Perkins 1982) might be
responsible for upfield shifts of the Leul7 CHj signals (0.62
and 0.67 ppm at pH 2.9 instead of 0.8 ppm at pH 1.3) due
to the helical structure. During carboxylate group protona-
tion, the last helix turn is progressively untightened, and
simultaneously the ring current effect is decreased, resulting
in a downfield shift of the Leul7 6CHj signals.

Similarly, the Arg(—1) side chain appeared rather con-
strained in the carboxylate state structure and in close
proximity to Phel4. The Phel4 ring current effect could
therefore explain the atypical Arg(—1) COH, chemical shifts
observed for the carboxylate form.
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FIGURE 11: Stereoview of the KR-ET-1 average (SA) structure computed in vacuo. The Lys(—2)-Arg(—1) dipeptide ribbon is colored in
orange. Only selected side chains are displayed. Disulfide bridges are shown in yellow and salt bridges as white dashed lines.

FIGURE 12: Stereoview of 10 conformations of Arg(—1), Asp8, and Glul0 side chains picked along the molecular dynamics simulation
(1.5 ns) run on one SA structure in vacuo and with time-averaged restraints. The backbone of one of these conformations is displayed as
a pink and orange [Lys(—2)-Arg(—1)] curved tube, Oxygen atoms of the Asp8 and Glul0 side chains and guanidine #N are shown as small
spheres. Ne of Arg(—1) are colored in yellow as side-chain carbons.

Table 1: Percentage of Salt-Bridge Occurrences in Simulated
Annealing KR-ET-1 Structures and in MD Trajectories

salt bridge

conformation  Arg(—1)—  Arg(—1) Lys(=2)?

Lys(—=2)"—
set Asp8 Glul0) C-ter Aspl8
SA? 0 100 80 80
MD in vacuo' 30 74 96 98
MD in water 0 8.5 0 |7}

“ Salt bridges involving either the N-terminus or the Lys(—2) side
chain. " The 10 SA structures are considered. © Trajectories obtained

from the 10 SA structures were merged to calculate the percentage of

salt-bridge occurrences.

For all ET family peptides, a shielding of the lle19 yCH;
(between 0.5 and 0.6 ppm) has been observed and has been
ascribed to the Trp21 ring current effect. For KR-ET-1 a

similar chemical shift was observed in the carboxylic state
(0.54 ppm). However, in the KR-ET-1 carboxylate state,
the Ilel9 yCH, appeared even more shielded (0.45 ppm),
suggesting a stronger Trp21 ring current effect probably due
to a more stable C-terminal folded conformation supported
by several long-range NOEs between Phel4, Ilel9, Trp21,
and Arg(—1) residues.

(B) Importance of Electrostatic Interactions in the KR-
ET-1 Conformation. (1) NMR and CD pH Titration. The
CD and NMR results clearly support participation of the
carboxylate groups in KR-ET-1 conformation. In addition,
the fact that pH 9.5 and 4.0 CD spectra are the same is
indicative of the essential involvement of positive, high pK,
groups such as Lys(—2) (pK, = 10.4) or Arg(—1) (pK, =
12) in these electrostatic interactions rather than His16 or
the N-terminus whose pK,'s are around 6—7.
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Table 2: Angular RMSD Distribution and Standard Deviations of
¢, ¥ Angles for KR-ET-1 Structures in the Carboxylic Acid and
Carboxylate States?

carboxylic acid form? carboxylate form®

residue ¢ (deg) Y (deg) ¢ (deg) Y (deg)

Lys(—2) 113.0 £ 37.0 1476 £12.2
Arg(—1) 225+776 107.0+£309 —83.1+56 —42.8x154
Cysl 151.8+71.0 141.3+524 -353+£317 5744544
Ser2 -21.2+76.3 94 +663 -754+517 3781264
Cys3 —69.7£70.7 —1542+70.0 —90.8 £355 85.0£42.1
Ser4 64.5+573 455%169 —516+135 —44.8+ 162
Ser5 —-68.6+503 —817+710 -859+17.1 589+27.3

Leu6 1189 +£529 57.8+£206 —54.6+346 —133+223

Met7 —1662+474 -521+£550 -580+79 —394+28
Asp8 —853+493 —394+383 -782+46 -—1241X203
Lys9 93.6+474 -124+605 =-62.1+312 -—-281x120
Glul0 —-395+587 —405+£100 —-519+88 —678+47
Cysll1 —804+182 -—-498+103 -70.6+48 —31.6%+37
Vall2 —534+£37 —330+£97 -546£35 —297x23
Tyrl3 -723+£133 -—-34+£158 —-584+23 -=71.5%x37
Phel4 —1507+11.6 53.7+347 -64.0%+49 —30.1%45
Cysl5 —141.6+39.1 -742+101 -561+63 —513£39
Hisl6 —1002+£29.2 -535+231 -740+69 -—13.620.7

Leul? 54.1 +63.0
Aspl8 1213 £75.0

60.5+£282 -972+188 —153.0+315
624+ 140 —130.5£ 462 119.6£443

Ile19 —60.7+£166 1593£78 —623+328 155063
Ile20 —-109.8+ 159 67.6x113 -972+156 663325
Trp21  —124.3+ 525 —138.2£26.2

% These average angle values are obtained from 10 structures.
4 DIANA structures. ¢ Simulated annealing structures.

At this stage, it is reasonable to hypothesize that at least
one positively charged side chain of the Lys(—2)-Arg(—1)
dipeptide and one or several of the four carboxylate groups
(Asp8, Glul0, and Aspl8 side chains and the carboxyl
terminus) could be involved in electrostatic interactions
leading to the KR-ET-1 carboxylate conformation. The
length and flexibility of Lys(—2) or Arg(—1) side chains
appear particularly well-suited for such interactions. Large
Arg(—1) NeH and CJOH, chemical shift changes observed
during carboxylate protonation [while Lys(—2) chemical
shifts remained almost unchanged] strongly suggest partici-
pation of the J-guanido group in such an electrostatic
interaction. In addition, the Arg(—1) NeH signal undergoes
large chemical shift changes from a low field (9.26 ppm) to
a more usual chemical shift (7.14 ppm) during protonation
of carboxylic groups. This chemical shift change might be
due to the ring current effect of the proximal Phel4 already
invoked for the Arg(—1) C6H,. Nevertheless, the chemical
shift variation of NeH was stronger and reversed when
compared with CH,. Similar chemical shift variations for
Arg(—1) NeH have been reported in several peptides and
were ascribed to hydrogen bonding of the Arg side chain
(Tsikaris et al., 1992, 1993, 1994). Therefore, the behavior
of Arg(—1) NeH in KR-ET-1 strongly suggests the involve-
ment of the Arg(—1) guanido group in the electrostatic
interactions. DIANA structures showed that salt bridging
of Arg(—1) with either Asp8 or Glul0 was likely.

In an attempt to identify which carboxylate group was
interacting with the Arg(—1) d-guanido group, CaH, CSHo,
and CyH, chemical shifts of Asp8, Glul0, Asp18, and Trp21
residues, all bearing carboxylate groups, were examined.
When the C-terminal carboxyl group is deprotonated, upfield
chemical shifts around —0.2 ppm are usually measured for
the CaH. Asp C# and Glu Cy protons are more sensitive
to deprotonation, and chemical shift variations of —0.3 ppm
are usually expected. The observed Trp21 CoH (—0.18
ppm) and Aspl8 CSH, (—0.32, —0.33 ppm) upfield chemical

Aumelas et al.

shift variations are similar to expected values. On the other
hand, larger and unexpected variations were observed for
Asp8 CH,. The CSH was downfield shifted by +0.27 ppm
while the CSH’ was upfield shifted by —0.56 ppm, leading
to a 1.07 ppm nonequivalence of the two CS protons in the
carboxylate state, instead of 0.24 ppm in the carboxylic acid
state. In addition, the amide proton signal was found —1.06
ppm upfield. Such huge chemical shift differences could
be indicative of a highly constrained Asp8 side chain. Glul0
proton chemical shift variations were weaker as expected
for CyH, (—0.07 and 0 ppm). Nevertheless, equivalent in
the carboxylic acid state, C§ (2.12 ppm) and Cy (2.50 ppm)
Glu10 protons were found to be slightly nonequivalent (by
0.09 and 0.07 ppm, respectively) in the carboxylate state.

(2) Molecular Mechanics Calculations. To improve the
potential energy of the carboxylate DIANA structures, and
to take into account electrostatic interactions which appeared
determinant in the KR-ET-1 conformation, these structures
were submitted to energy refinement and molecular dynamics
simulations. The KR-ET-1 SA structures displayed a unique
salt-bridge arrangement (Figure 11 and Table 1). Neverthe-
less, two electrostatic interaction areas can be distinguished;
the first involves Asp8, Glul0, and Arg(—1) charged groups
and the second Lys(—2), Asp18, and the N- and C-terminal
charged groups. In these structures, however, which were
energy minimized in vacuo, the electrostatic interactions are
most likely overestimated, leading to poor representation of
the conformational flexibility. Molecular dynamics simula-
tions at 300 K with time-averaged NMR restraints led to a
better sampling of the available conformational space as
shown by the larger RMSDs in Figure 10. Under these
conditions, in the first area, Arg(—1) salt bridging was no
longer unique but allowed some interplay between Arg(—
1)—Glul0 and Arg(—1)—Asp8 interactions (Figure 10 and
Table 1). However, the percentage of occurrence of the
former was still larger (74% versus 30%; in some cases Asp8
and GlulQ were involved simultaneously) showing that
Glul0 is probably the favorite bridging partner of Arg(—1).
This result was further strengthened by a 200-ps simulation
with explicit water molecules performed on one SA structure.
In this case, the only salt bridge found with a significant
frequency was the Arg(—1)—Glul0 interaction (8.5%).

On the other hand, in the second area, the salt-bridge
arrangement involving Lys(—2) and Aspl18 side chains and
N- and C-termini remained essentially unchanged during the
molecular dynamics simulations, implying a probable par-
ticular stability of the electrostatic network shown in Figure
11. However, most salt bridges in this area were lost in the
simulation with water except for the Aspl8—Lys(—2) (N-
terminus) (17%). It should be kept in mind, nevertheless,
that the 200-ps simulation in water run on only one SA
structure did not provide large conformational screening as
did the simulations run in vacuo.

Although Asp8 did not appear strongly involved in salt
bridging, its side-chain conformation remained strikingly
conserved over simulations with a 1 angle close to 180°.
In this conformation, Asp8 is well oriented to hydrogen bond
with amide protons of residues 10, 11, or 12, therefore acting
as an N-cap for the 9—16 helix (Huyghues-Despointes et
al., 1993; Dasgupta & Bell, 1993; Harper & Rose, 1993).
This Asp8 conformation also brings one of the Cj3 protons
in close proximity to sulfur atoms of Cys3 or Cysl1, whereas
the other C proton is pointing toward the solvent. Such a
different environment is probably responsible for the large
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nonequivalence of Asp8 Cf protons observed in the car-
boxylate state (see above). KR-ET-1 electrostatic interac-
tions taking place both at the helix N-terminus [helix
N-capping by Asp8 and the Arg(—1)—Glul0 interaction] and
at the helix C-terminus [the carboxylate groups of Aspl8
and the C-terminus interacting with positively charged groups
of Lys(—2) and the N-terminus] might all contribute to
stabilize the helical segment. This hypothesis is consistent
with the increase in helical contribution observed in the CD
spectra in the carboxylate state as compared with the
carboxylic acid state (Figure 2). Helix stabilization by salt
bridges has been clearly described for short de novo peptides
(Marqusee & Baldwin, 1987, 1989) and for the N-terminal
fragment of ribonuclease A obtained by CNBr digestion
(Bierzinski, 1988).

By weakening all salt bridges, carboxylate group proto-
nation probably provides more flexibility to the N- and
C-terminal parts, while the helix is slightly destabilized.
Under these conditions, specific ring current effects of the
carboxylate conformation are lost, and Arg(—1) chemical
shifts recover their usual values while the other chemical
shifts become very similar to those of ET-1, in which a large
mobility of the C-terminal part has always been reported.

Several conformation stabilizations involving electrostatic
interactions have been reported in solution structure studies
(Mayer & Lancelot, 1981; Tsikaris et al., 1992, 1993, 1994;
Bobde et al., 1993; Scholtz et al., 1993; Zhang et al., 1994;
Marqusee & Baldwin, 1987, 1989; Bierzinski, 1988). More
generally, salt bridges are found in many native proteins,
implying that they have a stabilizing effect (Cantor &
Schimmel, 1980). This is given further support by the
observation that thermostable proteins display an even larger
number of surface salt bridges (Creighton, 1993a).

(C) Possible Implication of Electrostatic Interactions in
Native Disulfide Bridge Formation of KR-ET-1. Taken
together, our results underscore the importance of electro-
static interactions in Arg(—1) side-chain location and the
conformation of the C-terminal part. We are now investigat-
ing the extent to which such specific electrostatic interactions
might contribute to in vitro KR-ET-1 disulfide bond forma-
tion.

Generally, protein folding takes place in vivo in the most
effective manner to yield a bioactive structure, while the in
vitro pathway sometimes generates both native and non-
native compounds (Gilbert, 1994). This is indeed observed
for the ET-1 disulfide bond formation, for which the in vitro
folding gives an ~3/1 native/non-native ratio regardless of
the folding conditions. The large increase in the amount of
the native arrangement (ratio =9/1), due to addition of the
Lys(—2)-Arg(—1) dipeptide found in the KR-ET-1 proen-
dothelin sequence, could suggest an “in vivo-like” process
for this compound. Since we have shown that electrostatic
interactions play a major role in the KR-ET-1 conformation,
it is tempting to speculate that they also participate in folding
improvement. This hypothesis is furthermore supported by
the fact that guanidine hydrochloride, known to weaken
electrostatic interactions, was found to abolish the improved
disulfide bridge of KR-ET-1 (Kubo et al., manuscript in
preparation) while no change was observed in the disulfide
bond formation in truncated apamin and sarafotoxin (Ra-
malingam & Snyder, 1993).

Considering the KR-ET-1 electrostatic interaction network
(Figure 11), a good charge complementarity appears between
the N-terminal part [N-terminus and Lys(—2) side chain] and
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the C-terminal part (C-terminus and Asp18 side chain), while
the Arg(—1) side chain is involved in a salt bridge with the
Glul0 carboxylate group. Assuming an in vivo-like process,
those electrostatic interactions involving N- and C-termini,
no longer present in the precursor protein, are probably less
important than interactions occurring between side chains.
Arg(—1)—Glul0 and Lys(—2)—Aspl8 salt bridges might
therefore be involved in stabilization of the native disulfide
bonding both ir vitro and in vivo. Salt bridges involving
the N- and C- termini could of course afford additional
stabilization in the KR-ET-1 in vitro folding. Moreover, all
these interactions probably cooperate with each other,
therefore providing a still stronger overall stabilization
(Creighton, 1993b). In contrast, no such stabilizing interac-
tions can take place in native ET-1, resulting in in vitro
formation of a significant amount of non-native disulfide
bridging.

Many peptide hormones are initially synthesized as pre-
proproteins which are processed by proteolytic cleavage of
the signal peptide and of the propeptide. This processing
generally begins after folding has been completed, and the
propeptide sometimes appears necessary for folding, as is
the case of insulin (Creighton, 1993c). On the other hand,
disulfide bridges usually do not determine the protein
conformation but only stabilize further the folded conforma-
tion (Creighton, 1993d; Cantor & Schimmel, 1980). The
fact that, in vitro, ET-1 folds in a 3/1 mixture of native and
non-native disulfide arrangements probably indicates that
native ET-1 is only marginally thermodynamically more
stable than the non-native compound. The addition of a pair
of basic residues [Lys(—2)-Arg(—1)] taken from the KR-
ET-1 precursor affords extra thermodynamic stabilization of
the native compound, most likely via salt bridges Lys-
(—2)—Aspl8 and Arg(—1)—Glul0, therefore improving the
native/non-native ratio. Hence, most of the pro-sequence
enhancement of ET-1 folding appears to be contained in the
Lys(—2)-Arg(—1) basic dipeptide, although the latter seg-
ment has to be cleaved for full expression of biological
activity.

Selectivities toward either native or non-native ET-1
disulfide arrangement have recently been reported (Hunt et
al., 1993). These selectivities resulted from steric hindrance
due to replacement of two cysteines by penicillamines (Pen)
which destabilizes Pen-Pen pairing. In contrast, the native-
like selectivity in KR-ET-1 disulfide pairing seems to result
from stabilization of the native disulfide bridge arrangement
through salt-bridge formation. On the other hand, some
striking native disulfide arrangement selectivities were
observed when Tyrl3 was replaced by Ala (=95%) (De
Castiglione et al., 1992) or when D residues were introduced
in position 2, 9, or 12 (=98%) (Galantino et al., 1992).

(D) Can the Biological Activity Decrease Be Related to
the Conformation of KR-ET-1? By comparison of the
conformation of ET-1 with KR-ET-1, it is tempting to
speculate that some structure—activity relationship guidelines
might explain the KR-ET-1 biological activity decrease. As
described above, the major conformational changes involve
four residues: Trp2l, Asp8, GlulQ, and Phel4.

The key role of the C-terminal Trp2l residue was
demonstrated by complete loss of activity following its
removal (Nakajima et al., 1989a,b) or its replacement by Ala
(Tam et al., 1994). In addition, amidation of the C-terminus
caused a dramatic decrease in biological activity probably
due to the loss of the C-terminal charge (Nakajima et al.,
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1989a,b). Because of electrostatic interactions along with
hydrophobic interactions, the KR-ET-1 C-terminal confor-
mation appeared more constrained in the carboxylate form
than in the carboxylic form, this. latter displaying a great
mobility just like ET-1. The fact that the key Trp21 residue
was located in this constrained part of the molecule allows
us to hypothesize that this reduced mobility could also affect
the interaction between KR-ET-1 and the ET-1 receptor.

In ET-1 structure—activity relationship studies, the im-
portance of the Asp8 and Glul0 side-chain charges was also
demonstrated by the loss of potency when these two residues
were replaced in turn by Asn and Gln residues (Nakajima et
al., 1989b). Compared with ET-1, in which the total negative
charges of Asp8 and Glu10 are available, in KR-ET-1, these
charges are practically neutralized because of their involve-
ment either in salt bridges or in hydrogen bonding with the
Arg(—1) guanidinium or in an N-terminal helix capping box
(Asp8). Consequently, if these charges were of importance
for the binding or the induction of the biological response,
their decrease might affect the biological activity.

The replacement of Pheld4 by the Ala residue clearly
showed that Phe14 plays an important role in ET-1 biological
activity (Nakajima et al., 1989b; De Castiglione et al., 1992).
In the KR-ET-1 carboxylate conformation, the Phel4 envi-
ronment was greatly modified. In accordance with the large
chemical shift changes, the aromatic ring appears more
constrained than in ET-1 and less accessible to interact with
the ET-1 receptor.

Consequently, we hypothesize that these three significant
conformational changes for KR-ET-1 in the carboxylate state
at the critical sites for expression of the biological activity
might together be responsible for the marked biological
activity decrease. However, at present, it appears difficult
to evaluate the relative importance of each of these various
effects.

CONCLUSION

We have shown that the conformation of KR-ET-1 in the
carboxylic acid state is very close to that of ET-1. In
contrast, the carboxylate state conformation is characterized
by a more constrained C-terminal part folded toward the
N-terminus and by a well-defined Arg(—1) side-chain
location. Molecular mechanics and dynamics calculations
suggest an electrostatic network involving the Lys(—2)-Arg-
(—1) dipeptide that could explain the more highly organized
structure in the carboxylate state. The salt bridges involving
the Lys(—2)-Arg(—1) dipeptide of KR-ET-1 are thought to
be responsible for the improved native disulfide pairing
selectivity. Since the added dipeptide has been taken from
the sequence of the precursor protein, it is likely that the
selectivity increase arises through an in vivo-like process.
Unfortunately, the selectivity improvement observed for KR-
ET-1 is concomitant with a decrease in its biological activity.
The reasons for this remain unclear, although it has been
shown that environment and flexibility of the key residue
Trp21 are strongly modified in KR-ET-1 (carboxylate form)
compared to ET-1. Without better knowledge at the atomic
level of the interaction with its receptor and the mechanism
for signal transmission, it is difficult to understand the exact
role of the Lys(—2)-Arg(—1) dipeptide in the loss of
biological activity. We are nevertheless planning to more
carefully evaluate the contribution of KR-ET-1 charged
groups by activity measurements, folding studies, and
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conformational analysis of appropriate KR-ET-1 analogues.
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