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ABSTRACT. The [des(1721)]-endothelin-1 (CSH-ET) and [Ly3-Arg—-des(1721)]-endothelin-1 (KR-
CSH-ET) peptides, designed by removing the five-residue hydrophobic tail from the endothelin-1 (ET-1)
and [Lys 2-Arg~1]-endothelin-1 (KR-ET-1) peptides, respectively, were synthesized. Previous studies on
KR-ET-1 showed that, in contrast to ET-1, this engineered compound displays a pH-dependent
conformational change related to the formation of a stabilizing salt bridge between thkahd) Aspg

side chains. CD and NMR spectra indicate that CSH-ET and KR-CSH-ET display conformational behavior
similar to those of ET-1 and KR-ET-1, respectively. The short salt bridge-stabilized KR-CSH-ET peptide
therefore appears to be an attractive elementary scaffold for drug design. The solution structure of the
salt-bridged form of KR-CSH-ET was determined by NMR at pH 4.5 and is very similar to the
corresponding form of the parent KR-ET-1 peptide. Molecular dynamics simulations of the salt-bridged
form of KR-CSH-ET were performed using both the GB/SA implicit solvation scheme or an explicit
solvation and the particle-mesh Ewald method for long-range electrostatic calculation. Unexpectedly, the
Arg~1—Asp? salt bridge does not display in the simulation the stability that could be expected from the
experimental data. The cooperative involvement of a catioimteraction in formation of the salt bridge

has been hypothesized. Difficulties in accurately simulating catiomteractions might be responsible

for the lack of stability in the simulation. At this time, however, no definitive explanation for the observed
discrepancy between experiments and simulations is available, and further experimental studies appear to
be necessary to fully understand in atomic detail the pH-dependent conformational change observed in
the KR-ET-1 series.

The [Lys >—Arg~!]-endothelin-1 peptide (KR-ET-1)e- 2 1 3 1 15 21
sulting from the N-terminal addition of the KR dipeptide of [ |
the ET-1 pro sequence to ET-1 (Figure 1) showed improved ET-1 CSCSSLMDKECVYFCHLDIIW
formation of native disulfide bridges, but decreased con- !
tractile activity (L—3). NMR structural studies of KR-ET-1 RR-ET-1 KRESESSLMDKEEVYFEHLDIIW
indicated that KR-ET-1 undergoes a pH-dependent confor- KR-SRTDb KRESEKDMIDKERLYFRHQDVIW
CSH-ET CSCSSLMDKECVYFCH-NH)
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or aumelas@cbs.cnrs.fr. _ FiGURE 1: Sequences of ET-1, KR-ET-1, and KR-SRTb and of
* UMR5048 CNRS-Universitélontpellier | and UMR554 INSERM-  ghorter peptides CSH-ET and KR-CSH-ET resulting from C-
UniversiteMontpellier . terminal tail removal in ET-1 and KR-ET-1, respectively. Shaded
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I Osaka University. boxes highlight cysteines, and thick lines represent disulfide bridges.

1 Abbreviations: 1D, one-dimensional; 2D, two-dimensional; 3D, The sequence numbering of ET-1 is used, with negative numbers

: : . h : o ; £ for the KR dipeptide, and is shown on the top of the sequences.
three-dimensional; CSH motif, cystine-stabilized helical motif; CSH- . ’
ET, [des(17-21)]-endothelin-1: COSY, correlated spectroscopy; ET, Seduence differences between KR-ET-1 and KR-SRTb are under-

b : . lined. The Argl—Asp? salt bridge is shown as boxes linked with
endothelin; GB, generalized Born; GSH and GSSG, reduced and : )
oxidized glutathione, respectively; H-bond, hydrogen bond; KR-ET-1, & dashed line for KR-CSH-ET. The arrow and the cylinder at the
[Lys—2-Arg~]-endothelin-1; KR-CSH-ET, [Lys-Arg2-des(17-21)]- bottom indicate the location of the shghtstrand and the helix,
endothelin-1; NMR, nuclear magnetic resonance; NOE, nuclear Over- fespectively.
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; PME,

particle-mesh Ewald; rms, root-mean-square; SA, surface area; SD, ; At ; ; ;
standard deviation; SRTh, sarafotoxin-S6b; TOCSY, total correlated mational modification with formation of a salt bridge

spectroscopy; TSHEz sodium 2,2,3,3-tetradeuterio-3-(trimethylsilyl)- between Arg! of the pro sequence and Aspn th?
propionate. carboxylate state (pk+4). The presence of the salt bridge
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design and protein engineering)(However, the exact role
of the C-terminal tail in salt bridge stabilization remains to
be determined.

On the other hand, restrained simulated annealing or short
molecular dynamics (MD) simulations performed on the KR-
ET-1 or the KR-SRTb peptide structures surprisingly resulted
in breakage of the Argt—Asp? salt bridge unless additional
specific salt bridge constraints were used in the calculations
(1, 8). This observation suggested that further work was
necessary to better understand the stability of the Arg
Asp? salt bridge. We therefore decided to synthesize two
shorter peptides in which the hydrophobic C-terminal tail
has been removed, and to use these peptides as simpler
models to carefully study the conformation and stability of
the salt bridge. The short peptides, hereafter called KR-CSH-
ET (18 residues) and CSH-ET (16 residues), correspond to
the isolated CSH motif, with and without the N-terminal
dipeptide extension, respectively (Figure 1). The peptides
were amidated at the new C-terminus to avoid introduction
FIGURE 2: Schematic view of the KR-ET-1 structure. The ribbon Of @ negative charge at a position where the parent peptides
is colored as follows: orange, elementary CSH motif; blue, Lys- display a peptide bond. Besides its potential interest as an
Arg N-terminal extension from the ET-1 pro sequence added in elementary stabilized scaffold for engineering purposes, the

KR-ET-1 and KR-CSH-ET; and white, C-terminal tail removed in ) ) . . .
CSH-ET and KR-CSH-ET. Cysteine, Aty Asp?, and Phé# side KR-CSH-ET peptide constitutes a convenient model for

chains are shown as yellow, blue, red, and green sticks, respectively.'nV@Stigation of salt bridge stability in molecular dynamics
Hydrogen bonds corresponding to the capping of the helix by Asp  simulations. Indeed, understanding the structure and the
and to the Arg*—Asp? ionic interaction are shown as dashed white ~ stability of the Arg'—Asp? salt bridge at the atomic level
lines. is of general interest since, although the important role of
salt bridges in the conformational stability of proteins is well-
in KR-ET-1 was deduced from analysis of chemical shift recognized, the effect of surface salt bridges remains
alterations due to pH variation. Overall, the alterations controversial §—12). Our goals in this study were twofold.
include a larger amide proton chemical range and strong First, we sought to determine the smallest salt-bridged
nonequivalence of Hprotons of cysteines, indicative of a  stabilized CSH motif, and second, we sought to obtain new
more rigid conformation in the carboxylate state. The salt information about the pH-dependent modification in the KR-
bridge is indicated by a large downfield shift of the Atg ET-1 series.
He signal @). Also typical of the salt-bridged conformation
are the strong nonequivalence of the two Ar¢l® protons MATERIALS AND METHODS
and of the two Asp H? protons and the upfield shift and
nonequivalence of the PHearomatic protons. The Arg—
Asp? salt bridge in KR-ET-1 was furthermore confirmed by Synthesis and Oxidag Folding. The CSH-ET and KR-
electrospray mass spectroscopy and by the study of the ELJ0QCSH-ET peptides having trityl (Trt) and acetamidomethyl
D18N, and D8N analogue8); Direct observation of such  (Acm) groups on Cys residues at different positions were
Arg—Asp salt bridge byH NMR is precluded by the absence elongated on the solid support applying the standard Fmoc
of side chain-side chain proximities. It could only be strategy. After cleavage of the peptide from the resin with a
achieved through complex and costly high-level NMR trifluoroacetic acid (TFA)/HO/thiophenol/triisopropylsilane
techniques using &C and*N doubly labeled compound  mixture for 2 h, two disulfide bonds were formed selectively
(4). The stabilization due to formation of the salt bridge was according to the previously described schem®& (4).
suspected to thermodynamically favor formation of the native  The oxidative folding of the reduced peptides of CSH-ET
disulfide bridges in KR-ET-1. and KR-CSH-ET was carried out by the same method
Interestingly, a similar phenomenon was observed when reported previously 13, 14). Briefly, the reduced peptide
the KR dipeptide from the ET-1 pro sequence was grafted was subjected to the oxidative folding reaction in 0.1 M
at the N-terminus of sarafotoxin-S6b, another peptide ammonium acetate buffer at pH 9.5 at a peptide concentration
belonging to the ET family, to give the KR-SRTb chimeric of 0.01 mM and 25°C. The ratio of the native to the non-
peptide (Figure 1). Both ET-1 and SRT-6b display similar native disulfide isomers was determined from the peak areas
structures composed of the cystine stabilized helical motif on RP-HPLC analysis.
(CSH) in which a two-turn helix is linked to a shgttstrand Circular Dichroism.CD spectra of CSH-ET and KR-CSH-
by two disulfide bridges§—7), and a less well-defined five-  ET were recorded at 25C on a JASCO J720 spectropho-
residue C-terminal tail (Figure 2). As shown by the sequence tometer usig a 1 mmpath length cell. Peptide solutions were
differences between KR-ET-1 and KR-SRTb (Figure 1), the prepared at a concentration of 0.05 mM, and the spectra were
Arg~1—Asp? salt bridge remained unaffected by modification recorded at pH 4.0 and 1.5. Each spectrum was scanned from
of the loop of residues47 and of the C-terminal tail. The 190 to 250 nm and accumulated for eight scans.
salt bridge therefore appeared to be a means of stabilizing NMR. Samples were prepared by dissolving lyophilized
the elementary CSH motif with potential applications in drug peptides (1.7 mg) in 0.45 mL of a 95%,8/5% 2H,0

Experimental Studies



NMR Structure and MD Simulations of the KR-CSH-ET Peptide Biochemistry, Vol. 41, No. 37, 20021101

mixture (v/v). The peptide concentration of the resulting  Figures of structures were produced with the MOLMOL
sample was-1.8 mM, and the pH was adjusted by addition (16) and POV-Ray (http://www.povray.org) programs.
of dilute HCI or NaOH. All*"H NMR spectra were recorded
on a Bruker AMX-600 spectrometer, and T8Pwas used  Molecular Dynamics Simulations
as an internal reference. The 1D spectra as a function of pH
were acquired at 27C with the “Jump and Return” sequence
to observe signals of exchangeable protdrs. (2D experi-
ments, COSY, TOCSY (80 ms spin lock), and NOESY (150
ms mixing time), were carried out at°C and pH 4.5.
Structure CalculationsStructure calculations were per-
formed on a Silicon Graphics Origin 200 workstation. The
structures were displayed and analyzed using either INSIGHT
Il (MSI, San Diego, CA) on a Silicon Graphics 02
Works_tatlon_ or MOLMOL 2K1 (6 ona L'nU)_( box. The step to be used. Coordinates were saved every 1.5 ps.
NOE intensities were _classn‘led as strong, medium, and Weak’AnaIyses of the trajectories were performed with the
and conve(ted into distance constraints of 2.5, 30 and_4'OCARNAL module of the AMBER 6.0 suite.
A, respectively. If the connectivity involved side chain
protons, 3.0, 4.0, and 5.0 A upper bounds, respectively, were
used instead to account for higher mobility. For sequential
donv and dyy connectivities, we used upper bounds of 2.5,
3.0, and 3.5 A and 2.8, 3.3, and 4.0 A, respectively. When
necessary, the distance constraints were corrected for pseud
atoms (7). @ angles of residues with small or largjln_ne«
coupling constants<{4 or >8.5 Hz) were constrained in the

—90 to—40° or —160 to—80° rangesy; angles of residues \vation f d feBA. Wh
for which stereospecific attribution of the protons could solvation free energy was computed as sur , Where
surften is a surface tension of 0.005 kcal moh—2and SA

be achieved were constrained in the corresponding range. .
- o ) ) . .2 ~s the accessible surface area. The system was coupled to a

Disulfide bridges were imposed through distance constramtsheat bath with a temperatufB of 298 K (25), using a

of 2.0-2.1, 3.0-3.1, and 3.753.95 A on $-Sj, S—Cj, b » using

. A . temperature relaxation time of 0.2 ps.
and i—Cfj distances, respectively. No H-bond was . . i
imposqegd P P y Explicit Sobation and Particle-Mesh Ewald MethoHach
3D structures were obtained from the distance and anglen;(élegl:]lg z\éisérgtrgir:ei'gfatﬁgx oétZ!II:SPawitgr tn;cl)_leecglgs
restraints using the torsion angle molecular dynamics method( ), o 9 protein was nheutrailz y
available in the DYANA program 18). One thousand substitution of three water molecules for chloride ions. Water

structures were then calculated with the standard simulatedhmczjlfcwis \;V'tr?] tr;e o?);geg itgom }S(\:IRS?T: thnan %‘A{Oi r;& Ct)rri
annealing protocol. The 50 structures with the lowest ydrogen atom closer than L. om any protein ato

violation of the target function were selected for further were discarded. The minimum distance from any protein

refinement. They were submitted to molecular mechanics atom and a box edge was 15 A r_es_L_JItmg_ n a b.OX conta|n|£g
energy refinement with the SANDER module of the AMBER 4600 water molecgles and with initial q!men5|ons_ of 59
6.0 program 19). using the all-atom parm94 force fieldq) x 60 A x 52 A. Periodic boundary conditions were imposed

LS : in all three dimensions. The system was coupled to a heat
and the GB/SA implicit solvation syster@1—23). Pseudo- .
energy terms taking into account the NMR interproton bath with a temperatur& of 298 K and to a pressure bath

distance restraints were defined as follows via four threshold with a pressureP, of 1 aim by applylng the_ algorithm of
distance valuesry, ry, r3, andr,. In all casesy; andr, were Berendsen25). A temperature relaxation timg of 1 ps

set to 1.3 and 1.8 A, respectivelys was taken to be the and a pressure r_elaxat|on F'm’EOf .0'2 ps were useq, anq
upper boundary used in the DYANA calculations, and Fhe pressure scalmg_was anlsotroplc. A 500 ps MD smglauon
was chosen ags + 0.5 A. For an observed distance lying in which the protein is kept froze_n is _performed to equmbrate_
betweerr, andrs, no restraint was applied. Betweenand yvater molecules and the chIon_de ions. Th_en, electrostatic
[, or betweerrs ’and ., parabolic restraints were applied. interactions were calculated using the particle-mesh Ewald
Outside the1—r4 range, the restraints were linear with slopes (PME) summation schemeT), with a cutoff of 10 A for ,
identical to parabolic slopes at pointsandr,. A similar the separation of the direct and reciprocal space summation

strategy was used for dihedral restraints. When no stereo-anOI for computation of van der Waals interactions.

specific assignment could be achieved for methyl or meth- RESULTS AND DISCUSSION

ylene protons, afi—3V6 averaging scheme was used instead

of pseudoatoms. Five thousand cycles of restrained energy We previously showed that N-terminal extension of
minimization were first carried out followed by a 30 ps long endothelin-1 L, 3) or sarafotoxin-S6b8) with the Lys-Arg
simulated annealing procedure in which the temperature wasdipeptide resulted in apparition of pH-dependent conforma-
raised to 900 K for 20 ps and then gradually lowered to 300 tional changes. Structural studies of these compounds and
K. During this stage, the force constants for the NMR of analogues indicated that, in their carboxylate state, a salt
distance and dihedral constraints were gradually increasedbridge between Argt and As probably exists. This salt
from 3.2 to 32 kcal moi* A=2 and from 0.5 to 50 kcal mot bridge was deduced from typical chemical shift modification,
rad 2, respectively. although no direct observation of this salt bridge could be

All molecular dynamics runs were performed with the
SANDER module of the AMBER 6.0 prograni9), using
the all-atom parm94 force fiel®(). Since the pH at which
the NMR structures of the salt-bridged form were obtained
is 4.5, Arg'L, Lys 2, and LyS residues were protonated and
Asp® and GIU° residues were deprotonated. Hisvas
protonated at the ¥ position. During the molecular dynam-
ics runs, the covalent bond lengths were kept constant by
applying the SHAKE algorithm24), allowing a 1.5 fs time

Implicit Solkation. The NMR structures were first mini-
mized for 5000 steps without the NMR constraints to avoid
unrealistic drift at the beginning of the molecular dynamics
run. All intramolecular noncovalent interactions were com-
oquted by setting the nonbonded cutoff at 99 A. The
generalized Born model was used to compute the polar
contribution to the solvation free energy, using the parameters
from Tsui and Case2@). The nonpolar contribution to the
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afforded by the NMR studies (Figure 2). Indeed, e'ther the Table 1: Ratios of Native to Non-Native Disulfide Bond Isomers
proton—proton distances between Argand the Asp side Measured in the Oxidative Folding of CSH-ET and KR-CSH-ET in
chain were too large to be observed as NOEs, or protonsthe Presence or in the Absence of the Redox Couple GSH/GSSG,
were in fast exchange, as in the guanidinium group. With and without Denaturant
Moreover, formation of the salt bridge displayed an apparent native to non-native isomer ratios (%)
cooperativity with the N-capping of the helix (residuesidb) without with GSH/GSSG
by the_Asﬁ side chair). We therefore speculated that a peptide GSH/GSSG  without GdnHCI _ with GdnHEI
synergic effect of helix capping by ASphydrophobic — ~~o s 67/33 65/35 66/34
interactions of Arg! side chain mgthylenes with the d|§glflde KR-CSH-ET 06/4 09/1 66/34
.b”dges.’ gnd the Arg}—Aspﬁ .5.a|t bridge aItOge.ther participate aThe percentage of each isomer was determined by integration of
in prowdmg a peculiar §tab|llty to the salt-_brldged _Conforma- the corresponding HPLC aredsAt 6 M.
tion (8) (Figure 2). This would be consistent with recent
analyses regarding the controversial stability of surface salt . ) )
bridges. Strop and Mayo suggested that forming solvent- CSH-ET peptides display the same behavior as ET-1 and
exposed salt bridges may not be favorable because twoKR-ET-1, respectively{—3).
charges have to be desolvated and immobilized. Stable salt These results are reinforced by the analysis of disulfide
bridges would therefore involve already immobilized charges, bridge formation during oxidative folding (Table 1). Clearly,
thus reducing entropic loss, as in ion pair networks or ion the native to non-native ratios for CSH-ET and KR-CSH-
pairs involving charges at the N- or C-terminusl), On ET are similar to those observed for ET-1 and KR-ET2]L (
the other hand, Takano et al0) showed that the contribu- ~ Thus, analyses of CD spectra and oxidative folding experi-
tion of surface salt bridges to protein conformational stability ments support the hypothesis that the five-residue C-terminal
is strongly correlated to accessible surface areas of the saltail present in KR-ET-1 or KR-SRTb is not significantly
bridge atoms, and can reach 9 kJ/mol for 100% inaccessibleinvolved in the pH-dependent conformational changes, and
atoms. This surface effect was attributed to variations of the that KR-CSH-ET is an appropriate model for further
dielectric constant that is greatly different between the inside investigation of this conformational changel. NMR spectra
and the outside of a protein. of CSH-ET are essentially independent of pH and are not
In KR-ET-1 and KR-SRTb, it was postulated that helix discussed further. In contrasti NMR spectra of KR-CSH-
capping strongly reduces the entropy of the Asige chain ~ ET in the pH range of 1.754.57 fully confirm that KR-
and that side chain atoms of Argare significantly involved ~ CSH-ET undergoes pH-dependent conformational changes
in hydrophobic interactions with the two disulfide bridges Very similar to those previously observed in KR-ET-1 and
and the Ph¥ side chain, both effects acting cooperatively KR-SRTb. Typical chemical shifts of the salt-bridged and

to increase the favorable contribution of the AtgAsp? ~  salt bridge-free conformations were observed in KR-CSH-
salt bridge to the stability of the carboxylate state conforma- ET spectra at pH 4.57 and 1.75, respectively (Figure 4). As
tion (1, 8). previously observed in KR-ET-1, the main chemical shift

Unexpectedly, however, the short molecular simulations alterations in the carboxylate state of KR-CSH-ET are a large
performed during the course of these studies did not fully downfield shift of the Arg* H¢ proton (8.80 ppm at pH 4.57
support the stabilizing contribution of the postulated salt and 7.10 ppm at pH 1.75), a strong nonequivalence of the
bridge that was inferred from the experimental data. This two H® protons of Arg* and of the two M protons of Asp,
prompted us to synthesize shorter peptides more amenablé@nd an upfield shift and nonequivalence of the aromatic
to detailed simulations studies. Endothelin-1 and sarafotoxin- Protons of Ph¥. It is worth noting that a large downfield
S6b contain a poorly defined C-terminal tail (residues-17  shift of the arginine Hproton is an indicator of the formation
21) that might not be significantly involved in the pH- of a hydrogen-bonded salt bridge in soluti@i. (The amide
dependent conformational changes. These residues werdroton of Asf§ which is involved in salt bridge formation is
removed from ET-1, yielding a 16-residue peptide hereafter also sensitive to pH variations (7.02 ppm at pH 4.57 and
called CSH-ET since it only contains the elementary cystine- 7.85 ppm at pH 1.75).
stabilized helical motif, 7). The corresponding 18-residue The Solution Structures of KR-CSH-ET and KR-ET-1 Are
peptide with the Lys-Arg N-terminal peptide extension is Similar. The high degree of similarity between the CD and
called KR-CSH-ET. The peptides were amidated at the new one-dimensionalH NMR spectra of KR-CSH-ET at pH
C-terminus to avoid introduction of a negative charge at a >4.0 and those of KR-ET-1 and KR-SRTb under the same
position where the parent peptide displays a peptide bond.conditions, as well as the similar pH-dependent behavior,

CD and NMR Data of CSH-ET and KR-CSH-ET Suggest strongly suggest that, when carboxylic acids are deproto-
Conformational Behaiors Similar to Those of ET-1 and nated, KR-CSH-ET displays a three-dimensional salt-bridged
KR-ET-1.CD spectra of CSH-ET and KR-CSH-ET were conformation very similar to those of KR-ET-1 and KR-
recorded at pH 1.5 and 4.0 to track the conformational SRTh. In the carboxylate form, NOEs between the Arg
changes between the carboxylic acid and the carboxylateH” proton and Cy%s and Ph&* protons are observed in KR-
states previously observed in KR-ET-1 and KR-SRTh. At CSH-ET and were previously observed in KR-ET4] &nd
pH 1.5, CD spectra of CSH-ET and KR-CSH-ET were in KR-SRTb ). Also, in the carboxylate form, the two A%p
similar, with an absorption minimum around 26807 nm. H# protons are strongly nonequivalent (3.52 and 2.60 ppm)
At pH 4.0, the CD spectrum of CSH-ET remained un- with an Asp y; angle near 180 whereas they are almost
changed, whereas the spectrum of KR-CSH-ET was modified equivalent in the carboxylic form. The chemical shifts of
and displayed an absorption at 221 nm, suggesting higherthe CSH-ET and KR-CSH-ET peptides are available as
helical content. Clearly, the shortened CSH-ET and KR- Supporting Information.
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Ficure 3: CD spectra of the CSH-ET and KR-CSH-ET peptides recorded at pH 1.5 and 4.0.
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Ficure 4: Low field area of the KR-CSH-ET spectra recorded at
27 °C in the pH range of 1.754.57. For the sake of clarity, only

nm. Moreover, this artificial constraint appeared to be
compatible with the NMR constraints because its introduction
did not result in any increase in constraint violations. The
program DYANA (18) was used to compute 1000 conforma-
tions that were compatible with the constraints. Using
AMBER 6.0 (19), the 50 best resulting models were further
refined using a molecular dynamics simulated annealing
protocol. Refinements in previous studies used either mini-
mization in a shell of water8) or in vacuo molecular
dynamics simulated annealing using a distance-dependent
dielectric to implicitly take into account the solvent screening
(1). The generalized Born/surface area (GB/SA) implicit
solvation model22, 23), recently made available in AMBER
6.0, was used in this study since the AMBERB/SA
combination appeared to be well-suited to refinement of
solution structures29). The resulting structures are shown
in Figure 5. The mean maximum residual violation is 0.024
nm (SD of 0.002), and the mean number of violations larger

three spectra are displayed. The pH 2.34 spectrum simultaneouslythan 0.02 nm is 2.2 (SD of 0.9). The mean rms deviation
shows the typical signals of the two conformations present in the petween structures is 0.048 nm (backbone atoms) and 0.128

pH 4.57 and 1.75 spectra. Notice that at the latter pH, the extent of
line broadening is strongly reduced at lower temperatures and

moreover that typical signals of the carboxylate state conformation

nm (all heavy atoms).
The amount (%) of accessible surface areas of Aemd

become observable, since it is the most stable conformation. TheseAsp? atoms in the NMR structures compared to that in the
changes as a function of temperature support the suggestion thatienaturated state was calculated for five representative

the line broadening is mainly due to the conformational exchange
between the major salt bridge-free and the minor salt-bridged
conformations (data not shown).

Distance geometry calculations of KR-CSH-ET in the
carboxylate state were carried out on the basis of NMR-
derived distance constraints atdn-cey coupling constants.

structures selected using the Cluster command in MOLMOL
2K.1 (16). For the five structures, the mean ASA (%) value
is 50.3 (SD of 1.5), a value that corresponds to a contribution
to the conformational stability of 1 kcal/mol according to
Takano et al. 10).

Finally, all experimental data indicate that KR-CSH-ET

However, standard NMR methods cannot provide constraintsdisplays a pH-dependent conformational change with a

explicitly accounting for the Arg'—Asp?® salt bridge 4): (i)

The H’ protons of Arg? are exchanged and are not detected,
and (ii) all other protons of the Arg side chain are farther
than 0.45 nm from Asp side chain protons, precluding the
observation of an NOE between Asp and Arg side chains.
This was checked for the six representative Arg-Asp
conformations in the atlas of protein side chain interactions
(http:/Mmwww.biochem.ucl.ac.uk/bsm/sidechains). Thus, to main-
tain the Arg'—Asp? salt bridge inferred from NMR data, a
distance constraint of 0.5 nm between the#Gp and Arg*

C¢ atoms 28) was explicitly added in the calculations. This
constraint is loose enough to allow any AtgAsp® salt

conformation in the carboxylate state that is very similar to
those of the parent peptide KR-ET-1 and of the chimeric
peptide KR-SRTb. This result clearly shows that the pH-
dependent conformational change is independent of the
C-terminal tail in ET-1. Since it is also independent of the
sequence of the loop comprising residues75(8), the
conformational change appears to be specific for the KR-
CSH elementary motif. Thus, KR-CSH-ET approximately
corresponds to the minimum salt-bridged stabilized CSH
peptide and should therefore be attractive as a stable
elementary scaffold for protein engineering.

Since KR-CSH-ET displays a salt-bridged conformation

bridge interaction to occur since the corresponding distancesvery similar to those of KR-ET-1 and KR-SRTb, this short
measured in the six representative conformations of the atlasand structured peptide also appears to be a good model for

of protein side chain interactions lie between 0.42 and 0.47

simulations of the salt-bridged conformation.
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Ficure 5: Stereoview of 10 calculated solution structures of KR-CSH-ET at pH 4.5. Structures were superimposed for backbone atoms of
residues +15. Backbones are shown as thick lines. Side chains of ’Aagd Asf§ are displayed as thin lines, and disulfide bridges are
shown as dotted lines. Arg and Asf side chains are labeled, and cysteines are numbered.
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Ficure 6: Total energy of the KR-CSH-ET peptide in the seven
GB/SA simulations.

The Arg!—Asp Salt Bridge in Not Maintained in MD
Simulations with Implicit Sehtion. Explicit inclusion of
water molecules in molecular dynamics simulations dramati-
cally increases the size and computational expense of the
calculations. Moreover, sampling of the potential energy
surface is slowed due to the viscosity of the solvent. More
computationally efficient methods have therefore been
developed that use implicit solvation modefsl,(30—32).

The generalized Born/surface area (GB/SA) model first
introduced by Still and co-worker83, 34) has recently given
excellent results in combination with the AMBER force field
(22, 23, 29, 35) and was therefore used in this study. h

Seven NMR structures with the lowest molecular mechan-
ics energies were submitted to 2 ns simulations, and theFcure 7: (A) rms deviations of the backbone atoms of KR-CSH-
corresponding simulations are noted GB/SA-1 to GB/SA-7. ET from their positions in the starting conformations: thin lines, 2

As shown in Figures 6 and 7, the mean energies in thens GB/SA simulations; and thick line, 5 ns explicit solvent
f simulation. (B) Mean per-residue rms deviations from the starting

simulations are significantly lower than the energies o : . . _
. - - conformations as a function of residue number. Conformations of
starting NMR conformations (by-10-30 kcal/mol). This 1o GB/SA simulations were previously superimposed onto the
was not expected since the NMR structures were refined starting conformation for helical residues 95. Values are for all
using the same force field and the GB/SA solvation scheme. heavy atoms. The letters “c” at the bottom indicate the location of
The energy decrease is most likely a result of the removal the cysteines.
of all NMR constraints, indicating that the conformations true energy minimum. Accordingly, all structures in the
calculated with the NMR constraints do not correspond to a simulations deviate significantly from the starting conforma-

RMS deviations (A)

Residue
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Ficure 8: (Top) Arg1—Asp?® salt bridge (red, four lines) and Asp-Cys'! helix capping (blue, two lines) monitored via-ND distances.

For the sake of clarity, distances were smoothed over a 15 ps window. (Bottom) Schematic drawing of a representative conformation below
each graph. The structures have not been energy minimized. Colors and labels are identical to those in Figure 2. (A) GB/SA-1 simulation
with no capping and no salt bridge. The GB/SA-2 and -3 simulations display similar behaviors. (B) GB/SA-4 simulation with capping and
no salt bridge. The GB/SA-5 simulation displays similar behavior. (C) GB/SA-6 simulation with no capping and with a salt bridge. The
GB/SA-7 simulation displays similar behavior.

tions with rms deviations not lower than 2.5 A and as high and helix capping appears to be unstable in the simulations
as 4.5 A. Clearly, although the global CSH fold is maintained since this arrangement, although present in all starting
in all simulations, the structures undergo significant confor- structures, is rapidly lost during the first few picoseconds in
mational changes resulting in lower energies. Per-residue rmsall seven simulations. In the two simulations in which the
fluctuations shown in Figure 7B indicate that the largest salt bridge reappears part of the time, the conformations
displacements occur at the N-terminus. display modifications that are not fully consistent with NMR

The presence of the Arg—Asp? salt bridge and the helix  data. First, a large distance between ZArgnd Phé* side
capping by Aspwere monitored via N-O distances between chains is observed, although several NOEs indicate their
Arg~tand Asf side chains, and between the Asfile chain three-dimensional proximity. Second, most salt-bridged
and Cy3! backbone amide, respectively. In all seven conformations display an electrostatic network that also
simulations, both the salt bridge and helix capping, presentinvolves the Gl side chain, in contrast to clear-cut results
in the starting NMR structures, were very rapidly lost and of mutation experiments which demonstrated the essential
corresponding distances cannot be seen in the graphs ofole of the Asj side chain 2, 3).
Figure 8. From this analysis, the seven GB/SA simulations The fact that simultaneous salt bridge and capping are
were grouped into three different types as shown in Figure unstable in the simulations reinforces previous observations
8. In Figure 8A (simulation GB/SA-1), all the monitored that specific constraints were needed to maintain the salt
N—O distances are larger th& A in thesimulation. Similar bridge in simulated annealing refinement of NMR structures
results were obtained for simulations GB/SA-2 and GB/SA- of KR-ET-1 (1) and KR-SRTb 8). The instability of the
3. In these three simulations, both helix capping and the salt-bridged conformation in the GB/SA simulations is
Arg~1—-Asp® salt bridge were rapidly lost during the first particularly surprising since NMR data indicate that this
few picoseconds and never occur again during the 2 ns longconformation should be largely>©5%) populated (Figure
simulations. 4). It could be argued that the GB/SA solvation scheme does

In Figure 8B (GB/SA-4 simulation), one capping distance not adequately reproduce the strength of surface electrostatic
is close to 3 A. Similar results are observed in the GB/SA-5 interactions. However, a previous in vacuo MD simulation,
simulation. In these two simulations, helix capping is a condition where electrostatic interactions are largely over-
maintained in large parts of the simulations, whereas the estimated, showed that the Afg-Asp? interaction is less
Arg~1—Asp® salt bridge is lost. As can be seen in Figure favored than the Arg'—GIu® interaction (), although the
8C, just the opposite is observed in simulations GB/SA-6 latter was unambiguously contradicted by subsequent ex-
and GB/SA-7. perimental studies of the D8N and E10Q analogies3).

As can be seen from Figure 8, the previously proposed During the course of these studies, a 200 ps long MD
conformation shown in Figure 1 with both the salt bridge simulation with explicit solvation was also performed. This
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short simulation showed a very low level of occurrence
(<10%) of the Arg'—Glu'® interaction, and no occurrence
of the Arg~'—Asp? interaction.

Finally, all these results seem to converge to indicate that

the predicted salt-bridged conformation does not correspond

to a particularly stable conformation, since, if particularly

stable, it would be significantly populated in the simulations.

This observation was further investigated using the more
rigorous but computationally extensive method that uses
explicit treatment of water molecules and the PME method
for calculation of long-range electrostatics. Due to compu-
tational limitations, only one 5 ns long simulation was

performed.

The Arg!—Asp Salt Bridge Is Not Maintained in MD
Simulations with Explicit Sehtion. Since proteir-water and
water-water interactions play an essential role in protein
folding, the use of explicit water molecules in the simula-
tions, with periodic boundary conditions, appeared to be
necessary for obtaining an accurate dynamical description
of protein structures. The accuracy of the simulations also
strongly depends on the way electrostatic interactions are
treated 86). Here, the second-generation AMBER force field
(20) in conjunction with the particle-mesh Ewald method
(27) was utilized to accommodate the long-range electrostatic
interactions. The PME method has been shown to yield

results superior to those of standard cutoff methods, generat-
ing structures that are more stable, with reduced backbone

mobility, and closer to experimental structur@&6{38).

The rms deviation from the initial NMR conformation in
the simulation (Figure 7A) remains near 2.2 A feB ns, a
deviation slightly smaller than deviations obtained in the GB/
SA simulations. During the last 2 ns, the deviation increases
to ~2.7 A. Although these values indicate that the overall

structure is retained in the simulation, they are nevertheless

larger than classical values for MD simulations of globular
proteins in water36). Examination of the structures shows
that the N-terminus and the Argside chain mostly deviate
from their conformation in the NMR conformer. This is best
seen by examination of distances between-Anmgjtrogens
and Asg oxygens that are all larger than 15 A (Figure 9),
although Arg?! and Asp were involved in a salt bridge in
the initial conformation. The Arg side chain extends apart
from the molecule and remains fully solvated during most
of the simulation as in the snapshot shown in Figure 9B. On

Kaas et al.
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FIGURE9: (A) Arg—1—Asp?® salt bridge (red, four lines) and Asp-

Cys'! helix capping (blue, two lines) monitored viaND distances

in the 5 ns explicit solvent simulation. (B) Schematic drawing of

a representative conformation. The structure has not been energy
minimized. Colors and labels are identical to those in Figure 2.
The K-2 and H16 labels denote the N- and C-termini, respectively.

test simulation (100 ps) in explicit water was performed

the other hand, hydrogen bonds related to helix capping showwith the DISCOVER program and the CVFF force field

that in the last 2.5 ns of the simulation, helix capping by
Asp? is well-established and remains stable (Figure 9), with
a restrained rotation of the A%gide chain %, angle close
to 180). This is in agreement with the large nonequivalence
(0.95 ppm) measured for the two Aspl’ protons in the
carboxylate form of KR-CSH-ET. Thus, helix capping, which
is remarkably stable in the simulation, strongly restricts the
mobility of the Asg side chain and should help to stabilize
the Argl—Asp® salt bridge by lowering the entropic cost
of salt bridge formationq1).

Nevertheless, despite the restricted motion of the?Aife
chain in the simulation, the postulated salt bridge with7rg
is very rapidly lost and was never formed back in the
simulation. As in the implicit solvent simulation, the
postulated Arg'—Asp® salt bridge appears to be unstable
in the explicit water simulation also. To check that this
result is not specific to the AMBER force field, a short

(Accelrys, Inc.). As observed with AMBER, the DISCOVER
simulation led to a rapid loss of the Art-Asp® salt bridge.

This apparent discrepancy between experiments and simula-
tions could arise from force field difficulties in providing
accurate energetics of surface salt bridges due to the subtle
balance between proteiprotein and proteirwater elec-
trostatic interactions. However, recent molecular dynamics
simulations, especially those using the PME method to
accommodate long-range electrostatic interactions, appeared
to display reasonably good accura@6(38). It is worth
noting that the Arg'—Asp? distances are on average larger

in the explicit solvent simulation than in all seven GB/SA
simulations (compare Figures 8 and 9). From this difference,
we conclude that the GB/SA solvation scheme, although
much better than in vacuo simulations, still displays a bias
that tends to bury the Arg side chain more than the explicit
water simulation.
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It must be noted that spatial proximities of the ptoton that suggests potential abilities to present various antigenic
of the Arg? side chain to PHé aromatic protons were or inhibitory sequences.
detected by NMR in the salt-bridged conformations of the In all three peptides studied so far that include the
three peptides (KR-ET-1, KR-SRTb, and KR-CSH-ET). The N-terminal Lys-Arg dipeptide extension (KR-ET-1, KR-
close contact between Arand Phé&' strongly suggests that SRTb, and KR-CSH-ET), an Ard—Asp® salt-bridged
a cation- interaction could be cooperatively involved with  conformation appeared to be highly populated both in NMR
the Arg1—Asp?® salt bridge in stabilization of the salt-bridged and in CD spectra at pH4, and sufficiently stable to
conformation. Catiorr interactions involving arginines are  thermodynamically drive disulfide bridges toward their native
common in proteins and can provide significant stabilizing connectivity. Unexpectedly, however, this conformation
energies 39). However, despite the observation that molec- displayed some instability in earlier molecular dynamics
ular mechanics electrostatic energies of catierinteractions structure refinements and simulations performed on KR-ET-1
correlate reasonably with the ab initio ener@®) the force and KR-SRTb. In this work, more accurate molecular
fields may not be well suited to account for this type of dynamics simulations have been performed on the shorter
interaction in MD simulations 9, 40). It may then be peptide, KR-CSH-ET. The simulations were conducted using
hypothesized that the Arg—Phé* cation—x interaction was ~ both the GB/SA implicit solvation scheme or with explicit
underestimated in the simulations, thus destabilizing the salt-solvation and the PME method for long-range electrostatic
bridged conformation in the simulations. calculation, and clearly show that the postulated ArgAsp®

It is also worth noting that the conformational exchange Salt bridge does not display, in the simulation, the stability
between the salt bridge-free conformation and the salt- that could be inferred from the experimental data. Whether
bridged conformation is slow on the NMR time scale thisis due to a deficiency of the MD calculations, or to partial
(microseconds to milliseconds), since at intermediate pHs Misinterpretation of experimental data due to the occurrence
the signals of the two conformations are simultaneously f @ special and unexpected phenomenon, remains to be
observed in the NMR spectrum (Figure 4). This implies that detérmined.

the conversion between the salt bridge-free conformation and_ At this time, no satisfactory explanation for the discrepancy
the salt-bridged form is unlikely to happen on the simulation between experiments and simulations is available, and further

time scale (nanoseconds). It is therefore important that the @<Perimental studies appear to be necessary to fully under-
starting conformation in the simulation be similar to the true Stand in atomic detail the pH-dependent conformational

salt-bridged conformation. If, however, the salt-bridged change observed in the KR-ET-1 series. This is highly
conformation corresponds to a very specific side chain desirable for at least two reasons. First, molecular dynamics

arrangement that was missed in the NMR calculation, then Simulation is at present a widely used tool, and any possible
MD may also fail to sample this conformation. As an pitfalls should be highlighted, such as, for example, limited
example, we envisaged that a structural water molecule, 2CCuracy in accounting for catienr interactions. Second,
which would not be seen by NMR, could mediate the specific € stabilized KR-CSH-ET structural motif presented here
Arg~1—Asp? interaction. To check this possibility, we should find useful applications as an elementary scaffold in
manually built a starting model in which one water molecule drug design and protein engineering. As an example of
was inserted between the Afgand Asg side chains. Using possible future work, we plan to experimentally check the
this model a 1 ndong MD simulation was performed under impact of the putative Arg'—Phé* cation— interaction on

the same conditions used for the explicit water simulation the stability of the salt-bridged conformation at pH 4, by
but remained unsuccessful in maintaining the water-bridged "ePlacing Ph¥ in KR-CSH-ET with a nonaromatic hydro-

Arg~1—Asp? interaction (data not shown). phobic residue such as Leu or lle. Direct observation of the
Arg~1—Asp® hydrogen bonding interaction in solution would,
CONCLUSION in principle, also be possible by using the cosfig—!N

double labeling of Arg! and Asf residues along with the
The KR-ET-1 and KR-SRTb peptides, obtained by N- new NMR methodology4).

terminal addition of the Arg-Lys dipeptide to endothelin-1
and sarafotoxin-S6b, respectively, display significant con- ACKNOWLEDGMENT
formational modification in the pH range of 1-3.5. NMR We thank Amelie Dreux for help in NMR assignments
structural experiments on these peptides and on analoguegnd calculations.
indicated that the pH-mediated modifications are related to
formation of a salt bridge between residues Argnd Asg. SUPPORTING INFORMATION AVAILABLE

The stabilization afforded by this salt bridge was also shown NMR data for the KR-CSH-ET peptide in water and the
to improve formation of the nativelike disulfide bonds during  ~gy_ T peptide in water. This material is available free of
the oxidative folding of these compounds. Here, we have charge via the Internet at http://pubs.acs.org.

shown that very similar results are obtained from the shorter
KR-CSH-ET peptide that corresponds to the core of KR- REFERENCES
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