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ABSTRACT: Previous structural studies on the [Ly&-Arg(-D]endothelin-1 peptide (KR-ET-1), 540-fold

less potent than ET-1, strongly suggested the presence of an intramolecutarAsg? (R"1—D?) salt

bridge that was also observed in the shorter {t3sArg(-Y-des(1721)]endothelin-1 derivative (KR-
CSH-ET). In addition, for these two analogues, we have shown that the Lys-Arg dipeptide, which belongs
to the prosequence, significantly improves the formation of the native disulfide bar®&84 instead of

~70% for ET-1). In contrast to what was inferred from NMR data, molecular dynamics simulations
suggested that such an intramolecular salt bridge would be unstable. The KR-CSH-ET peptide has now
been crystallized at pH 5.0 and its high-resolution structure deternaibeditio at 1.13 A using direct
methods. Unexpectedly, KR-CSH-ET was shown to be a head-to-tail symmetric dimer, and the overall
interface involves two intermolecularR-D?8 salt bridges, a two-stranded antiparalikheet, and
hydrophobic contacts. Molecular dynamics simulations carried out on this dimer clearly showed that the
two intermolecular salt bridges were in this case very stable. Sedimentation equilibrium experiments
unambiguously confirmed that KR-ET-1 and KR-CSH-ET also exist as dimers in solution at pH 5.0. On
the basis of the new dimeric structure, previous NMR data were reinterpreted. Structure calculations were
performed using 484 intramolecular and 38 intermolecular NMR-derived constraints. The solution and
the X-ray structures of the dimer are very similar (mean rmsd of 0.85 A). Since the KR dipeptide at the
N-terminus of KR-CSH-ET is present in the prosequence, it can be hypothesized that similar intermolecular
salt bridges could be involved in the vivo formation of the native disulfide bonds of ET-1. Therefore,

it appears to be likely that the prosequence does assist the ET-1 folding in a chaperone-like manner
before successive cleavages that yield the bioactive ET-1 hormone.

Discovered in 1988, endothelin (ET!1)s a disulfide- arrangement of the two disulfide bonds and then the removal
bonded hormone (21 amino acids, including four cysteines) of the upstream and downstream sequences by successive
that possesses a strong and long-lasting vasoconstrictor effeatnzymatic cleavages. The big ET-1-{29] is one intermedi-
on smooth muscles of the vascular systein2?). ET-1 is ary whose molar potency is 140-fold lower than that of ET-1
initially expressed as a 212-residue precur8prifs matura- (4).

tion process consists of both the formation of the correct  ET.1 has been chemically synthesized, and whatever

*The coordinates of the X-ray structure have been deposited in the method was used, th? OXId.atIV.e fo".jmg step yielded at least
Protein Data Bank as entry 1T7H. 25% of the non-native disulfide isomeB)( The ET-1
* To whom correspondence should be addressed: Centre de Bio-structure has been determined first by NMBR-Q) and then

chimie Structurale, UMR 5048 CNRS-UM1/UMR 554 INSERM-UM1, by X_ray diffraction a_o) It main|y Consists Of am_he“x

Facultede Pharmacie, 15 avenue Charles Flahault, 34093 Montpellier . . . -
Cedex 5, France. Telephone: 33 467 043 432, Fax. 33 467 52% 623 (residues 9-16) tightly linked to an extended strand (residues

E-mail: aumelas@cbs.cnrs.fr. 1-3) by the +-15 and 3-11 disulfide bonds giving rise to
$ UMR5048-CNRS-Universitéontpellier 1. the cystine-stabilized helical motif (CSHLLY, 12). The

' Osaka University. ) : . ; .
" peptide Institute, Inc. C-terminal part (residues ¥21) was poorly defined in the

1 Abbreviations: 1D, one-dimensional: 2D, two-dimensional: 3D, solution structures but helical in the crystal structut6)(

three-dimensional; ADPs, anisotropic displacement parameters; CSH, A |arge number of analogues have been synthesized and

cystine-stabilized helical motif; COSY, correlated spectroscopy; ET- .
* endothelin. GB. generalized Born: KRET.L, &%Arg(_ﬁ]}f revealed that the § Y3, L7, and W residues as well as

endothelin-1; KR-CSH-ET, [Lys?-Arg‘ D-des(17-21)Jendothelin-1; the native disulfide bond arrangement{@** and C—C'")
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;were all essential for the expression of the vasoconstrictor

NOESY, nuclear Overhauser effect spectroscopy; PME, particle-mesh 4 ~tiy i ( (-1
Ewald; rmsd, root-mean-square deviation; SRTh, sarafotoxin-S6b; activity (13). Among these analogues, the [LVé-Arg ]

TOCSY, total correlated spectroscopy; T&P-sodium 2,2,3,3-tetra- ET-1 pepti.de (KR-ET-l_), eXtefnded on its N-terminal part
deuterio-3-(trimethylsilyl)propionate. by two residues belonging to its prosequence! @d 2,
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Endothelin-1 precursor Whether these discrepancies were due to a deficiency of the

A _50.\‘!‘"“ A molecular dynamics simulations or to a partial misinterpreta-
S ¢ o tion of experimental data remained to be determined. Indeed,
|1 1?| K51R53| 74 zu| standard'H NMR methods cannot provide proteproton
[ P constraints directly accounting for an-® salt bridge 20)
"""""""""" since the R HH1 and HH2 protons are quickly exchanged
1_3 1 15 and are thus usually not observed or in some cases are
I — | observed as broad signals at low temperatures. Moreover,
ET-1 CSCSSLMDKECVYFCHLDIIW whatever the conformation of the-® salt bridge, all
KR-ET-1 KRCSCSSLMDKECVYFCHLDITIW nonexchangeable protons of the Arg side chain are more than
KR-CSH-ET KRCSCSSLMDKECVYFCH-NH2

0.45 nm fromgp-protons of Asp, and therefore, no NOE
F 1 Sch f the h dothelin-1 q between the two side chains can be used to characterize the
sle(iqUuReEncés ofc K%rr]lgT-ol ang ofurgp?e}rcllselg-éT ;:gwingr?hceu Bﬁgﬂlf?dne interaqtion. .This holds for all rep.rese.ntative.Ar.g-Asp (_:on-
pattern as well as the numbering that was used. Since the Lys-Argformations in the Atlas of Protein side-chain interactions
dipeptide belongs to the prosequence, the KR residues are numberechttp://www.biochem.ucl.ac.uk/bsm/sidechains). For all these
in a reverse way. Residues Rand ¥ involved in a salt bridge reasons, the geometry of the R-D8 salt bridge could not
o oo B e e ey o be el characterized from NMIR data, and was nferred
the prosequence at the C-terminal and NPterminaI parts of ET-1, Tom structure calculations. The discrepancy between ex-
respectively. perimental data and simulations suggested that either the salt
bridge could adopt a structure or geometry different from
Figure 1), was 540 times less potent than the parent peptidethat we have proposed or the force field was unsuitable for
although the ET-1 sequence itself was unchanged. In contrastproperly simulating a solvent-exposed salt bridge.
the addition of the Lys and Arg residues gave an unexpect- This is the reason why, to go further into the understanding
edly high yield &96%) of the native disulfide isomer instead of the discrepancy prompting our previous study, new
of ~70% for the parent peptidel4—16) (Figure 1). experimental approaches were used to unambiguously char-
To understand the involvement of this dipeptide in the acterize the overall structure of the peptide and in particular
improvement of the formation of the native disulfide isomer, the structure of this salt bridge.
a structural study was carried out by CD abd NMR In this paper, we report the crystal structure of the KR-
spectroscopiesl{). First, we observed large and unusual CSH-ET peptide at atomic resolution and apparent molecular
spectral changes depending on the ionization state of themass measurements by analytical ultracentrifugation. On the
carboxyl groups, and second, we demonstrated that the Asp basis of the X-ray structure, NMR data were reinterpreted
side chain was involved in a salt bridge with the Atgide and the solution structure of the dimer was calculated. It is
chain by using point mutations. The large spectral changesshown that, above pH 4, the KR-CSH-ET peptide unexpect-
were interpreted on the basis of two conformers in slow edly exists as a symmetric dimer stabilized by two intermo-

-1 8

exchange due to the presence or absence of the B¢
intramolecular salt bridge. We demonstrated that this salt
bridge was still observed in the chimeric [Lys-Arg]Sarafo-
toxin analogue (KR-SRTh)1@). Since ET-1 and SRT
sequences belong to the same family, but differ from both
their C-terminal part (residues *21) and their loop

lecular salt bridges, a hydrogen bond network, and hydro-
phobic interactions, both in the crystal and in solution.

In contrast to previous simulations of the monomer (with
an intramolecular salt bridgel 9), new molecular dynamics
simulations performed on the dimer revealed very stable
intermolecular salt bridges with no significant structural

sequence (residues-Z), we inferred that the sequences of deviation in the simulations. Altogether, these results now
these two segments are not essential for salt bridge stability.reconcile experiments and simulations. The structure of the
The fact that the C-terminal part of ET-1 is not critical for dimer will be described, and the reasons for its surprisingly
salt bridge stability was recently supported by the study of high stability will be discussed. Since such a salt bridge was
the [Lys-Arg-des(1#21)]ET-1 truncated analogue (KR- notobserved in the non-native isomer of KR-ET2L)( we
CSH-ET). This peptide exhibits a pH-dependent behavior suspect that the high stability of the dimer is responsible for
very similar to that of the KR-ET-1 parent peptide, strongly the improvement of the formation of the native disulfide
suggesting the presence of an analogous+R8 salt bridge. isomer in the thermodynamically controlled step of oxidative
The NMR data implied a remarkably stable and populated folding. Finally, since a cascade of processing is involved
R™1—-D?® salt bridge in solution at pH>4. Surprisingly, in maturation of ET-1 from its precursor, we hypothesize
however, this salt bridge appeared to be particularly unstablethatin vivo, a similar salt bridge between the prosequence
in molecular dynamics simulations performed using either and ET-1 would assist in the formation of the native disulfide
an implicit solvation scheme (seven 2 ns simulations) or an bonds before the successive enzymatic cleavages yielding
explicit solvation and the particle-mesh Ewald method for the active hormone.
calculating long-range electrostatic interactions (one 5 ns
simulation) (L9). In all eight simulations, (i) the R—D?8 salt EXPERIMENTAL PROCEDURES
bridge was rapidly lost, (ii) the conformation significantly Peptide Synthesis and Disulfide Bond Formatidine
deviated from the starting NMR structure, and (iii) the energy CSH-ET-1 and KR-CSH-ET-1 peptides were synthesized by
dropped by~10—-30 kcal/mol. Even though the R-D8 salt using the solid phase strategy according to the previously
bridge reappeared part of the time in two of eight simulations, described schemé,(14).
clear discrepancies were thus apparent between structures NMR. Samples were prepared by dissolving lyophilized
calculated from experimental data and the simulations. peptides (1.7 mg) in 0.45 mL of a 95%,8/5% ?H,0
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mixture (v/v). The peptide Concentratio_n of the resu_lt_ing Table 1: Statistics on Data Collection and Refinerfient
sample was-1.8 mM, and the pH was adjusted by addition
of dilute HCI or NaOH. All*"H NMR spectra were recorded

Data Collection

space group P2,2,2
on a Bruker AMX-600 spectrometer, and T8Pwas used a(A) 30.14
as an internal reference. The 1D spectra as a function of pH b (A) 53.93
were acquired at 27C with either the “Jump and Return” (r:e(."s&o)lution A 119é4§1 13
or the “watergate” seguences to observe signals of excha_mge— no. of measured reflections 113786
able protonsZ2, 23). 2D experiments, (_:OSY, TOCSY (spin no. of unique reflections 12081 (903)
lock of 80 ms), and NOESY (mixing time of 150 ms), were Rmergd!) (%) 7.0(28.7)
recorded at 7C and pH 4.5. redundancy . 9.3(3.5)
IH NMR spectra of KR-CSH-ET as a function of peptide S;;?R'Steness (%) 10?3'(23%7 1)

concentration were recorded in the range of-0016 mM
at pH 5.5. Refinement Statistics

Crystallization and Data CollectiorCrystals of KR-CSH- L%S_(gﬁg?eg%%i (()t:\gtal firee) 11%51"&313
ET were obtained by the hanging drop vapor diffusion Reac (including test reflections) (%) 12.0
method. Initial screening was performed using Crystal Screen Ruwork (%0) 11.9 (14.9)
1 from Hampton Research (Laguna Niguel, CA). Selected Riee (%) 13.4(16.5)
conditions have a pH in the range of 45.6 to preserve L%ég?g?of;';e”a none
the salt bridge. Small crystals were observed under condition protein 307
40 [0.1 M trisodium citrate (pH 5.6), 20% 2-propanol, and water 58
20% PEG 4000]. This starting condition was further refined B factors (&)

[0.1 M trisodium citrate, 25% PEG 8000, and 20% 2-pro- main ehain atoms 12
panol (pH 5.0)], and diffraction-quality crystals grew at 18 overall protein/water 9.3/21.3
°C after 4-5 days to average dimensions of 0.1 nur0.1 rmsd from ideal values

mm x 0.05 mm. Hanging drops were prepared by mixing 1 bond distances (A) 0.02
uL of the peptide solution (10 mg/mL) with an equal volume Eﬁ{;glig?lﬂfnse(g?g)) 0 iég?’

of the reservoir solution. They were equilibrated against 0.5 Ramachandran plot '

mL of reservoir solution. most favored (%) 93.8

Before data collection, the crystals were transferred to a allowed (%) 6.2

cryoprotectant mother liquor supplemented with 30% glyc-  aValues in parentheses are for the outer resolution shell 1.13
erol and flash-frozen in liquid nitrogen. High-quality dif- 1.16 A).
fraction data were collected on a single cryocooled crystal
(100 K) using a MarCCD area detector at ESRF (Grenoble, triplet structure invariants; 1000 trial structures were gener-
France) beamline BM14. The wavelength was set to 0.80 A ated and subjected to 180 cycles of the SnB phase refinement
and the crystal-to-detector distance to 76 mm. Two data setsprocedure. A total of approximately 320 peaks were selected
to maximum resolution of 1.13 A (30 s exposure time) and from the E maps for real-space recycling. Of the 1000
2.28 A (3 s exposure time) were autoindexed and processedandom sets of trial phases that were processee;580
with DENZO (24). Scaling and merging were performed in yielded possible solutions. One of the most successful trials
SCALA from the CCP4 suite25). TheRnergd1) for the data at 1.13 A data, with aRy, of 0.458, was examined in detail.
was 7.0%, and the crystal mosaicity refined to°0.Bhe The phases and map were calculated using the top 320 peaks.
diffraction data statistics are summarized in Table 1. The The corresponding map was of high quality and included
crystal belongs to the orthorhomt#@,2;,2 space group, and  peaks corresponding to nearly all of the 300 non-hydrogen
the unit cell volume suggested a content of two peptide atoms of the two peptidic molecules.
molecules per asymmetric unit with 33% solvent. An overall ~ Model Building and RefinemenThe complete atomic
B factor of 9.1 & was estimated from the Wilson plot using model of the two molecules of the asymmetric unit was built
TRUNCATE (CCP4). using the automatic tracing and refinement Arp/wArp
Structure DeterminationThe initial ambiguity of the procedure 33). All structure factor refinements were per-
asymmetric unit content was solved by selecting the most formed in Refmac534). Reflections in the range of 23.0
probable low solvent content (33%) frequently compatible A were not included because of overflow and high back-
with a high diffracting power and suggesting the presence ground problems during data collection. A random 4.9%
of two independent molecules. Attempts to determine the subset of the reflections was selected forfag testing 85).
structure by preparing isomorphous heavy-atom derivatives Model adjustments performed in Gg) were based onraF,
and by molecular replacement with AmoR26), Molrep — DF. andmF, — DF. electron density map87). The initial
(27), and EPMR 28), using as a probe either the X-ray model refinement, including the two peptide molecules, started with
of native endothelin-1 (PDB entry 1EDNL@ or NMR 2.5 A data, but the resolution was quickly extended in a
models (PDB entry 1EDP)8], were unsuccessful. Ulti-  stepwise procedure to include all the reflections in the range
mately, the structure was determined by direct methods usingof 10.0-1.13 A without anyo cutoff and without noncrys-
theab initio dual-space recycling procedure called the Shake tallographic constraints. The weighting parameter between
and Bake method2@, 30) and implemented in the SnB-2.2 the X-ray and geometric part of the refinement residual was
program 81). Normalized structure factor magnitudeg|j gradually increased from 1 to 5 to untighten the stereochem-
were computed using DREAR32). The 3156 reflections ical constraints. All additional peaks in electron density maps
with the highest|E| values were used to generate 71 000 were included as water molecules or to model alternate side
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chain conformations. The occupancies of dual conformationswhereA(r) represents the absorbance at radiasd A(ro)

were estimated by analyzing residual peaksniR, — DF. is the absorbance a§, the radius at the meniscus, and
electron density maps. Protein hydrogen atoms were intro-

duced at calculated positions and not refined. The favorable (1 — 7p)w?

data-to-parameter ratio at atomic resolution made possible H= T 2RT (3)

the refinement of individual anisotropic displacement pa-
rameters (ADPs). Several rounds of refinement were per- Analysis of the data was carried out utilizing Origin 4.1.
formed to introduce restrained ADPs for the peptide atoms The data were best fitted by a single-species model, as
and reducedRyonk by 2.3% andRiee by 2.1%. Further solvent  indicated by the random distribution of residuals and the
waters were added. The final refinement steps in which the small range of 95% confidence intervals. The nonlinear least-
test reflections were included converged aRdactor value squares fitting with eq 2 gave the apparent molecular masses
of 12.0% for all reflections. The refinement statistics are of these peptides. The concentration dependence of the
summarized in Table 1. apparent molecular masses of KR-ET-1 and KR-CSH-ET
Final Model. The final structure refined at cryogenic at various pHs was measured within the concentration range
temperature contains all atoms for the two peptidic molecules of 0.1—4.0 mg/mL. The extrapolation of the molecular mass
and 58 water molecules. The electron density map for five values to zero concentration gave the weight-average mo-
side chains clearly showed the presence of two alternatelecular masses of these peptides.
conformations (see Results). The stereochemistry, geometry, Calculation of the Solution Structure of the KR-CSH-ET
and quality of the structure were assessed using PROCHECKDimer. Structure calculations were performed on a Silicon
(38), SFCHECK 89), and PARVATI @0). The Ramachan-  Graphics Origin 200 workstation. The NOE intensities were
dran plot shows 93.8 and 6.2% of residues in the core andclassified as strong, medium, and weak, and converted into
allowed regions, respectively. The coordinates of the KR- distance constraints of 2.5, 3.0, and 4.0 A, respectively. If
CSH-ET peptide crystal structure and the structure factorsthe connectivity involved side chain protons, 3.0, 4.0, and
have been deposited in the RSCB Protein Data Bank (entry5.0 A upper bounds, respectively, were used instead to
1T7H). account for higher mobility. For sequentidly and dyn
Analytical UltracentrifugationSedimentation equilibrium  connectivities, we used upper bounds of 2.5, 3.0, and 3.5 A
experiments were performed with a Beckman Optima XL-I and 2.8, 3.3, and 4.0 A, respectively. When necessary, the
analytical ultracentrifuge using double-sector centerpiecesdistance constraints were corrected for pseudoatains.
and sapphire windows, at 45 000 rpm and°20 The KR- angles of residues with small or larg@in—ne coupling
ET-1 and KR-CSH-ET peptides were dissolved at concentra- constants €4 or >8.5 Hz) were constrained in the range of
tions of 0.1-4.0 mg/mL in 0.2 M sodium carbonate buffer —90° to —40° or —160° to —80°. Disulfide bridges were
(pH 9.7), 0.2 M acetate buffer (pH 5.0), and 0.2 M imposed through distance constraints of-2201, 3.0-3.1,
hydrochloric acid (pH 1.4), including 50 mM NaCl. Absor- and 3.75-3.95 A on $—Sj, S—Cgj, S—Cpi, and @i—
bance scans at 280 nm were measured in the radial step modegj distances. No hydrogen bond was initially imposed.
at 0.001 cm intervals, and data were collected taking the 3D structures were obtained from the distance and angle
average of 16 measurements at each radial distance. Theestraints using the torsion angle molecular dynamics method
approach to equilibrium was considered to be complete whenavailable in DYANA @5). As described in the tutorial
replicate scans separated by h were indistinguishable.  program, the two monomers were linked by a#0 A
The molecular extinction coefficients at 280 nm of KR-ET-1  “invisible” linker (expected distances 21 A) to ensure its
(7210 M cm?) and of KR-CSH-ET (1520 M cm™1) were flexibility and so that no artificial constraint occurs at the
calculated by using the program at the http://www.expasy- linked extremities. For the final calculation of the dimer, 484
.org/tools/protparam.html web site. Their partial specific NOE-derived distance restraints (106 medium-range and 108
volumes (0.726 crifg for KR-ET-1 and 0.704 cifg for KR- long-range) and 12 dihedral angles were used as input data.
CSH-ET) were estimated from the amino acid composition Among the long-range constraints, 38 were intermolecular,
by the method of Cohn and Edsadllj. The density of the  including four intermolecular hydrogen bonds responsible
solvent was assumed to be 1.00 gicm for the stability of thes-sheet interface. Sixty conformers
From sedimentation equilibrium experiments, a weight- were then calculated, and the 10 structures with the lowest
average molecular mass is estimated by the following violations of the target function were further refined by

equation 42—44): restrained molecular dynamics as previously descrih8d (
The visual display, the comparison with the crystal
M. = 2RT d(inc) (1) structure, and the calculation of rmsd were performed with
PP - vp)w? d(r?) INSIGHT 97 (Molecular Simulation Inc., San Diego, CA).

The Ramachandran analysis was performed with PROCHECK
wherer is the radiusg is the concentration of the sample,  (38), and the limits of the secondary structure elements and
is the partial specific volume of the sampeis the density  the van der Waals surfaces were determined with STRIDE
of the solvent,w is the angular velocity of the rotor (in  (46).
radians per secondy is the universal gas constaiitjs the Molecular Dynamics Simulations of the X-ray Dimer.
absolute temperature, aMayp is the apparent molecular  Molecular dynamics simulations were performed with the
mass. Thus, the absorbance at a specified wavelength an6ANDER module of the AMBER 7 suite4{), using the
position in the solution column should be given by all-atom parm94 force field4®). According to K values of

5 5 residues and pH conditions at which NMR experiments (pH
Ar) = Alrg) expMgpH(r* — r)] (2) 4.5) and crystal growth (pH 5.0) were performedR<2,
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4 Monomer B

FiGure 2: X-ray structure of the KR-CSH-ET dimer. (A) The detail of the final electron density map (contoured at éhle\iel) at the

dimer interface shows the stacking of the phenylalanine rings belonging to each monomer and dinel B? side chains. (B) Structure

of the intermolecular salt bridge. The'Rand [F side chains are almost perpendicular. Water molecules are displayed as red spheres and
hydrogen bonds as red dashed lines. The presence of the water molecules is discussed in the text.

and K residues were protonated and &nd E° residues by using the ARP/WARP procedure to automatically build a
were deprotonated.¥lwas protonated at the ND1 position. complete and accurate molecular model. The quality of the
Several simulations with different initial velocities were final electron density map is illustrated in Figure 2. The
performed using the GB/SA implicit solvation scherd)( refined model is of high precision and includes all atoms of
In addition, a simulation with explicit solvation was per- the peptide. The side chains in alternate conformations are
formed. The molecule was immersed in a box of TIP3P water modeled without ambiguity: SSM7, and E°in monomer A
molecules %0), and the net charge of the protein was and $ and M’ in monomer B.

neutralized by substitution of three water molecules for
chloride ions. Water molecules with the oxygen atom less
than 2.40 A or a hydrogen atom less than 1.80 A from any
protein atom were discarded. The minimum distance from
any protein atom and a box edge was 15 A, resulting in a
box containing 4600 water molecules with initial dimensions
of 59 A x 60 A x 52 A. Periodic boundary conditions were
imposed in all three dimensions. The system was coupled
to a heat bath with a temperatuiig of 298 K and to a
pressure bath with By of 1 atm by applying the algorithm

of Berendseng1). A temperature relaxation tinte of 1 ps o - )
and a pressure relaxatign timeof 0.2 ps were used,pand —98.1° for the C—C® disulfide bridge (monomers A and

the pressure scaling was anisotropic. A 500 ps MD simulation B "éSpectively) and-103.6 and —101.7 for the C—C**

in which the protein is kept frozen was performed first to _dlsulf|de bridge, close to the ideal v_alue_s and nearly the same
equilibrate the water molecules and chloride ions. Then, iN the two molecules. The € C** disulfide bond adopts a
electrostatic interactions were calculated using the particle- |€ft-handed spiral conformation. The €C, distances in the
mesh Ewald (PME) summation schen®®)( with a cutoff ~ C'—C'® and C—C' disulfide bonds are 4.7 and 6.0 A,
of 10 A for the separation of the direct and reciprocal space "espectively. The overall structure of this peptide is charac-
summation and for computation of van der Waals interac- teristic of the cystine-stabilizea-helical motif (CSH), which
tions. The covalent bond lengths were kept constant by involves the C-X-C triplet of g-strand bonded through two
applying the SHAKE algorithm53), allowing a 1.5 fs time ~ disulfide bridges to a C-X-X-X-C stretch of arrhelix (12)

step to be used. Coordinates were saved every 1.5 ps(Figure 3).

Analysis of the trajectories was performed with the Ptraj  The C-terminus is stabilized by hydrogen bonds estab-

As shown in Figure 3, the overall structure of the peptide
consists of an N-terminal extend@dstrand (residues ‘&
C?®) followed by a loop and a short C-terminal-helix
segment (residues & C'%). The engineered N-termini of
both molecules present in the asymmetric unit are clearly
defined in the electron density map. The side chain of R
forms an intermolecular salt bridge with thé @sidue. The
stable fold of this peptide is based on the presence of two
disulfide bonds. The €-C!® and CG—C* disulfide bridges
are strongly buried and show standgsangles:—94.4 and

module of the AMBER 7 suite. lished between the carbonyl group of5Gind the amide
proton of R, and between the carbonyl group ofAand
RESULTS the amide proton of K. The amino-terminal capping motif

Ab Initio Structure Determination and Structure Descrip- of the helix involves a hydrogen bond between the OD1 atom

tion. High-diffraction-quality crystals allowed us to determine ©f D° @nd the amide proton of ‘€

the structure at the atomic resolution level. Direct methods Packing Analysis of a Dimeric Peptid®©f particular
using Shake and Bake (SnB) yielded solutions for the KR- interest is the packing arrangement of the peptide molecules
CSH-ET molecule using 1.13 A resolution data. Atomic in the orthorhombic crystal form reported here, revealing a
positions for 90% of the two molecules containing 300 non-H tight contact typically relevant to a dimeric molecule. The
atoms, including eight sulfur atoms, were easily interpreted two peptides in the asymmetric unit are related by a
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A

Ficure 3: Schematic view of the KR-CSH-ET dimer and comparison of the structure of the two monomers. (A) Two views of the dimer
that differ by a 90 rotation. At the left, the head-to-tail dimer forms a two-stranded antipaggeet involving residues ;€ Cs of
monomer A (green) and monomer B (purple). At the right, the groove between the monomers is filled by the disulfide bonds, the stacked
F4 side chains located in the central part, and the twé-FD8 intermolecular salt bridges located at each extremity. The dimer adopts a
compact structure. Thel€C! and G—C! disulfide bonds are colored yellow. (B) Stereoview of the superimposition of the two monomers.
Monomers A and B are colored red and black, respectively. The minor alternate conformations $fShev8, and E° side chains are

not displayed. For clarity, only the side chains displaying a different orientation in the two monomers are labeled sidedhain of the

B monomer is involved in a salt bridge with thé%side chain of the A monomer of the following asymmetric unit in the lattice. Disulfide
bonds are represented with dotted lines.

noncrystallographic 2-fold axig (= 179.8). The extensive In addition, four water molecules form hydrogen bonds with
contacts between the two molecules in the asymmetric unitresidues in both monomers, thus contributing to the hydrogen
involve the burying of large amounts of surface area (787 bonding network at the dimer interface. As indicated in Table
A?) at the interface between the monomers. This represents2, the two residues with the highest contribution to the buried
27.7% of the total solvent accessible surface area of the dimerinterface area are R and B4
(2845 A). All other intermolecular contacts between mol- The two monomers are well superimposed. A least-squares
ecules do not involve such large contacts; buried contactfit of the 18 G, atoms of these two peptides gave an rmsd
areas are less than 240%//onomer, typical values for  of 0.25 A. Figures 3 and 4 show the resulting superposition
random packing interactions in crystat. of the two monomers. Only minor changes in the peptide
The interactions across the dimer interface are provided backbone conformation of N- and C-terminal residues and
both by the formation of an antiparallgisheet between the  the short loop segment {SM?) are observed. Both pro-
S-strand of each monomer linked together by a standard pat-tomers exhibit different and extensive crystal packing
tern of four hydrogen bonds and by two salt bridges betweenenvironments that do not disturb the stable fold of the dimer.
R~ and D side chains (Figures 2B and 3). The homodimer The comparison of the; angles reveals that a number of
is also stabilized by hydrophobic contacts between the sideside chains switch between possible rotamefs §§ M7,
chains of G and F“ of one monomer and ‘€ of the other K® and E9. This results from different local packing
monomer and also by the stacking df Fings (Figure 2A). interactions with symmetry-related molecules.
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Table 2: Buried Area (square angstroms) of Selected Side Chains at

the Interface of the KR-CSH-ET Dimfer

residue monomer A monomer B
K2 20 18
Rt 98 91
ct 36 39
S? 39 38
st 51 49
D8 35 38
E10 18 21
cu 29 29
F4 65 65
c1 5 3
total 396 391

1.4
1.2

—o0— Molecule A —a— rmsd A/B

——e— Molecule B

0.8

eouelsiq

0.6

B Factor (A%

o
\4

0.4
0.2
0

KRCSCSSLMDI KET CVYF CH
Sequence

FiGUurRe 4: Average temperature factors (in square angstroms) for
main chain atoms of the KR-CSH-ET monomeesfér monomer

A and @ for monomer B) as a function of residue number. Squares
are for the distances (in angstroms) between correspondiatp@s
after the superposition of chain B onto chain A.

Analysis of Temperature FactorSor each monomer, the

Hoh et al.

Anisotropic displacement parameters (ADPs) have been
analyzed using PARVATI 40). The distribution of the
anisotropy values for the 307 protein atoms shows a Gaussian
shape with mean anglvalues of 0.58 and 0.13, respectively.
The mean anisotropy profile as a function of residue number
is identical for the two molecules and relatively flat. The
cysteine residues display low temperature factors and smaller
mean anisotropies than the other residues.

Water StructureMost of the resolved solvent molecules
are in the first hydration shell and make hydrogen bonds
with the dimer. Nearly half of the water molecules are found
in pairs or networked with other waters (cutoff distance of
3.5 A). There are five tightly bound water molecules found
in monomers A and B with similar hydrogen bond connec-
tivities. The three water molecules at the interface of the
peptide dimer are involved in several hydrogen bonds,
therefore contributing to the dimer stability. This is clearly
the case for two of them, and WF, symmetrically located,
which link together the R(A) O, $(B) HN, and ¥(B) OD2
atoms and the R(B) O, $(A) HN, and ¥(A) OD2 atoms,
respectively (Table 3).

pH Dependency of the DimerizatiocBedimentation equi-
librium experiments were carried out for both KR-ET-1 and
KR-CSH-ET at three pH values (pH 1.4, 5.0, and 9.7) and
over a concentration range of 6:4.0 mg/mL. The resulting
apparent molecular masses of the peptides are reported in
Table 4. These values clearly indicate that at pH 1.4 (where
carboxyl groups are protonated) the two peptides are mon-
omeric (theoretical averaged molecular masses of 2776.3 and
2134.5 Da for KR-ET-1 and KR-CSH-ET, respectively). In
contrast, at pH 5.0 and 9.7 (where carboxyl groups are
deprotonated), the apparent molecular masses of KR-ET-1

mean temperature factors for the main chains atoms (6.8 andand KR-CSH-ET strongly suggest that the two peptides exist

7.6 A?) and side chain atoms (11.0 and 113 Are similar.
As illustrated in Figure 4, they show a similar pattern of
variation as a function of sequence, the higBefactors
corresponding to the loop region§and M residues) and
to the C-terminal residue,lof the B monomer. The lower
value measured for the *Fresidue of the A monomer is
consistent with its involvement in electrostatic interactions
with the E° side chain of a molecule belonging to another
asymmetric unit. This B—H intermolecular interaction
explains the different orientation of thé%side chain in the

A and B monomers (Figure 3).

as dimers. Moreover, the apparent molecular masses re-
mained unchanged in the concentration range 6f9.Q mg/
mL (Figure 5). This indicates, first, that the peptides do not
aggregate at pH 1.4 and, second, that at pH 5.0 and 9.7,
even at the highest concentrations, they do not form higher
aggregates than the dimer, such as trimers or tetramers.
Dimers usually dissociate upon dilution. Interestingly, the
KR-ET-1 and KR-CSH-ET dimers were still observed by
ultracentifugation at concentrations as low as 0.1 mg/mL
(0.050 mM). Likewise, NMR spectra recorded at a lower
concentration (0.016 mM and pH 5.5) exhibited chemical

Table 3: Details of Interactioadetween the Two Monomers in the KR-CSH-ET Dimer

monomer A water molecule monomer B interactions atoms involved distanke (A)

K2 — st H-bond Omc (K?)—0G (S) 2.66-2.76

Rt — D8 salt bridge NE (RY)—0D2 (D°) 2.82-2.78

R — D8 salt bridge NH2 (R1)-0OD1 (D?) 2.87-2.89

R — st H-bond Omeé (R™H)—Nmc (S) 2.92-2.97

R™1(NH1) wt E° (OE1) H-bond

R (NH2) W2 E° (OE1) H-bond

R™1(0) w3 D8 (OD2) H-bond

2 — 2 H-bond Omc (9 —Nmc () 2.92-2.89

St (OG) wh S (0G) H-bond

ct - ct hydrophobic CB,SG (8)-SG (C) 3.76-3.90

ct - (] hydrophobic SG (§—-SG (G 3.83-3.94

cu — F4 hydrophobic CB,SG (8)-CE2,CZ (P9 4.09-4.13

FL4 - FLé hydrophobic CE2CD 3.70-3.70
CZ-CG 4.18-4.28
CE1-CD1 4.73-4.79

2 Some interactions occur through a water molectilEne distance range covers the distances measured in each mofA@mar.and Nmc are

for oxygen and nitrogen atoms of the main chain, respectively.
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FiGurRe 5: Apparent molecular mass measurements of KR-ET-1 and KR-CSH-ET by analytical ultracentrifugation experiments at different
pH values and concentrations. Sedimentation equilibrium experiments were carried out for KR-CSH-ET (A) at pH 1.4 and (B) at pH 5.0
(1 mg/mL, 20°C). (C) Graph showing the KR-CSH-ET apparent molecular m&ag)k,] measured as a function of peptide concentration,

in the range of 0.24.0 mg/mL, for three pH values. These data clearly show that the peptide exists as a dimer at pH 5.0 and 9.7 and as
a monomer at pH 1.4. (D) A similar behavior was obtained with the KR-ET-1 peptide (see Table 4).

Table 4: Measurement by Ultracentrifugation of the KR-ET-1 and e mean rmsd for all Catoms of the dimeric structure over
KR-CSH-ET Molecular Masses at Three pH Values and®@0 the simulations was 0.99 A with a standard deviation of 0.18
KR-ET-1 (x1C° Da) KR-CSH-ET (10° Da) A. This m_dlcates that both the monomer an_d _the dimer
conformations were stable in the simulation. Similar results

pH 1.4 2.63+0.13 2.13+0.1 : ; .
pH 5.0 569+ 028 371+ 019 were obtained from the GB/SA simulations.
pH 9.7 5.19+0.26 4.04+ 0.2 Distances between atoms of theRand P residues of

the two monomers were used to monitor the intermolecular

shifts for aromatic protons typical of the dimer (see below), Salt bridges along the simulations. As shown in Figure 6,
thus suggesting that even at very low concentrations the twothese side chain interactions were conserved during the major
peptides are still dimeric. This observation suggests that in part of the explicit solvent simulation. Interestingly, both salt
the KR-ET-1 series the dimers display unusually high bridges underwent significant conformational changes over
stabilities. the course of £2 ns, but the R'—D?8 interaction finally
Stability of the R1—D8 Salt Bridge in Molecular Dynamics stabilized in a conformgtion very similar Fo the initial one.
SimulationsSince previous molecular dynamics simulations The temporary weakening of the salt bridges nevertheless
on monomeric KR-CSH-ET revealed a rather unstable allowed a 180 rotation of the D y, angle to occur in one
intramolecular R'—D® salt bridge 19), we carried out  Salt bridge, thus interchanging thé DD1 and OD2 atoms
similar simulations on dimeric KR-CSH-ET to check the involved in the salt bridge.
stability of the intermolecular salt bridges. As previously  Solution Structure of the Dimefhe X-ray structure was
done for the monomer, several simulations were performed essential for reinterpreting NMR data and differentiating
using either the GB/SA implicit solvation scheme or explicit intermolecular and intramolecular NOEs in the dimer. Indeed,
solvation and the particle-mesh Ewald summation method some side chains at the interface are involved in both intra-
to evaluate long-range electrostatic interactions, using theand intermolecular contacts, and without any knowledge of
dimeric X-ray structure reported here as the starting structure.their relative arrangement, it would have been very difficult
The deviation from the starting conformation remained to correctly assign these NOEs. This is in particular the case
well below 1.5 A during the explicit solvent simulation, and for protons of the P ring. Indeed, due to the head-to-tail
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FicUrRE 6: N—O distances measured for thé(B)—R~1(B) (top) and 3(B)—R~1(A) (bottom) salt bridges of the crystal dimer all along

the 6.5 ns molecular dynamics simulation using an explicit solvation. In the top graphs, notice the “slow” breakage and the “fast” re-
formation of the salt bridge without dissociation of the dimer. In the bottom graphs, the salt bridge is very stable all along the simulation.
For the sake of clarity, distances were smoothed over a 15 ps window. Similar distance profiles were obtained with the GB/SA implicit
solvation method (data not shown).

stacking of the ¥ rings at the dimer interface, some protons PP™ !
of one monomer are simultaneously involved in intermo-
lecular NOEs (for example, H4 and H3,5 protons witl E F14/E10
and G!side chain protons) and in intramolecular NOEs (H4 2.5 - ! ,
proton with R HS protons). Similarly, in the interfacial

B-sheet structure, the 'CHo. proton is involved in both e““l
intermolecular (with € Hoo and $ HN protons) and
intramolecular (with the HN proton) NOEs. Once in-
tramolecular and intermolecular NOEs were identified "“'
(Figure 7), 484 NMR-derived constraints containing 38 :
intermolecular constraints were used to calculate a family a5 -

of 10 conformers for the dimer using DYANA. The obtained viz
structures were energy refined using AMBER (mean back-
bone rmsd of 0.5% 0.12 A) and showed no violation larger
than 0.2 A. During the energy refinement calculation, the
R guanidine and carboxylate P groups reached a HA .
practically coplanar geometry very similar to that of the ' -
X-ray structure (Figure 8). The backbones of the solution ,5 | ' A
and X-ray structures are very similar (mean backbone rmsd S

of 0.85+ 0.08 A). The higher mean rmsd value measured
for the heavy atoms (1.6% 0.12 A) is related to different
orientations of K2, M7, and Y3 side chains (Figure 8). 5.0 ~

E10 HB
L]

g E10 HG

Fla /1
]
F14/C11 =

fo

4.0

DISCUSSION

HAC3/HAC1

The structural studies of the KR-ET-1 and KR-SRTb 75 70 65 60 55 50 45 40 ppm
peptides showed that the'R-D8 salt bridge depends neither Ficure 7: Selected part of the NOESY spectrum of KR-CSH-ET.
on the C-terminal sequence nor on the sequence ofthe S The intt_armplecular NQE cross-peaks con$istent with the crystal-
M7 loop. Such a C-terminal independency of the salt bridge '°9raphic dimer are displayed and labeled in regQD285 K, pH

. 3.9, 150 ms mixing time).
was further confirmed by the study of the shortened KR-
CSH-ET peptide 19). However, this salt bridge remained allow direct characterization of salt bridges. Therefore, the
somewhat speculative sinéel NMR experiments do not  presence of the R—D?® salt bridge was inferred from
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)

"{_\ Monomer A

Ficure 8: Comparison of the solution and crystal structures of the KR-CSH-ET dimer. (A) Stereoview of the 10 best energy-minimized
conformers as determined from NMR-derived constraints (mean backbone rmsd of:00572 A). (B) This stereoview turned by
approximately 180 around the vertical axis shows the superimposition of the solution structures (black) with the crystal structure (red)
(mean heavy atoms rmsd of 1.850.12 A). For clarity, only selected side chainsg(IR"1, Y13 and P4 are displayed. The disulfide
bridges are displayed as dashed lines.

distance constraints in its vicinity and from the impact of However, some of them, with or without disulfide bonds,
point mutations. The study of the®® mutant of KR-ET-1 were crystallized and their X-ray 3D structures determined
allowed us to unambiguously determine that electrostatic (55, 56). This is the case for ET-1 for which preliminary
interactions occur between the"Rand ¥ side chains. crystal data were reported in 19937, and its X-ray
However, the stability of the proposed R-D? salt bridge structure was determined in 1994 at 2.18 A resolution by
in KR-CSH-ET was questioned by molecular dynamics using the molecular replacement techniqu®)( In this
simulations 19). The apparent discrepancy between experi- structure, the C-terminal tail is helical and thus significantly
mental data and simulations suggested either that thediffers from those of all solution structures in which this
proposed structure was at least partly incorrect or that the part was found to be disordered.
force field did not appropriately estimate the stability of Since ET-1, the parent peptide of KR-CSH-ET, was
solvent-exposed salt bridges. previously crystallized, the “more constrained” KR-CSH-
Therefore, to better characterize the!RDS® salt bridge, ET peptide (two disulfide bonds and one salt bridge) was
we started a crystallization project on the KR-CSH-ET also expected to give crystals. Conditions of crystallization
peptide in the hope of determining its crystallographic compatible with salt bridge formation (pH in the range of
structure, thus unambiguously ensuring the correct geometry4.6—5.6) were found, and diffraction-quality crystals were
of the R1-D?® salt bridge. Medium-size peptides—{85 obtained. Because of the high resolution of the data, the
residues) are known for their low propensity to crystallize. structure was determined by the direct methods. Surprisingly,
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in the crystal, KR-CSH-ET was found to be a highly
symmetric dimer in which two R—D8 salt bridges do occur,
but are intermolecular, in contrast to the previously inferred
intramolecular salt bridge. For the two intermolecular salt
bridges of the dimer [R{(A)—D?B) and RYB)—D?A)],

the R'! and ¥ side chains are almost perpendicular with
quasi-coplanar carboxylate and guanidinium groups. The D
OD2-R™! NE and ¥ OD1-R™! NH2 distances lie in the
range of 2.78-2.89 A. Together, the quasi-coplanarity of
the two charged groups along with the oxygeritrogen

Hoh et al.

coplanar with the phenylalanine ring at a distance compatible

with cation—x stabilizing interactions (3:54.5 A) (59).
Overall, the dimer interface represents 27.7% (78ydk

the total solvent accessible area of the dimer (2845 A

Besides thes-sheet, it contains a network of stabilizing

interactions successively including (from top to bottom in

the left panel of Figure 3A) the first R—D? salt bridge,

the cation-ur interaction, the phenylalanine stacking in the

middle, associated with hydrophobic contacts with and

between disulfide bridges, and again the catiarinteraction

distances fully satisfies the geometrical requirements of aand the second salt bridge. The shape complementarity at

canonical salt bridge5g).

In agreement with our previous solution structur@g, (
19, 21), the X-ray structure of KR-CSH-ET shows that the
D8 side chain is involved in the N-capping of the helix®(D
OD1—-C!M N distance of 3.253.30 A) and adopts g value
in the range of 174:3178.3. In contrast, the orientation of
the R ! side chains in the X-ray structure is clearly different
from those previously reported. The main difference is for
the y1 angle that is in the range 6f172.3 to —172.5 in
the X-ray structure, but-68° in the solution structure. As a
result, the global fold of the A and B monomers and the
orientation of the D side chain are very similar to those
previously established for the solution structure, but the
orientation of the R! side chain and the salt bridge itself
strongly differ due to the incorrect intramolecular salt bridge
in the solution structures.

It is striking that an incorrect intramolecular salt bridge
could be easily introduced in the previously calculated
solution structures without any severe constrai. (It is

the interface and the high density of stabilizing interactions
are unique and provide this small peptide dimer with an
unusually high stability.

The Dimer Is Stable in Solutio&ince the crystal structure
revealed a head-to-tail symmetric dimer stabilized by two
intermolecular R'—D? salt bridges, we wondered whether
such a dimer also exists in solution. To address this point,
(i) ultracentrifugation experiments were carried out to
measure the apparent molecular mass as a function of pH
and (ii) NMR data were reinterpreted on the basis of the
X-ray dimer structure.

Ultracentrifugation experiments unambiguously confirmed
that KR-ET-1 and KR-CSH-ET have a dimeric quaternary
structure in solution when carboxyl groups are deprotonated
(pH 5.0 and 9.7), whereas monomers are observed when
carboxyl groups are protonated (pH 1.4). On the basis of
the hypothesis that the dimer in solution is similar to the
dimer in the crystal, NMR data were reinterpreted. Few
intermolecular NOEs consistent with the dimer were identi-

likely that such a salt bridge was formed at the expense of fied, and some of them are displayed in Figure 7. Both the
some weak steric or internal strains in the peptide, thus C! H,—C® H, and the € H,—S* HN NOEs were systemati-

explaining why it was rapidly broken in the simula-

cally unsatisfied for the initial monomer, and were assumed

tions. Nevertheless, the intramolecular salt bridge was presento result from residual exchange between the major and
in a large part of two of seven unrestrained GB/SA minor conformers and thus were discarded in previous
simulations, indicating that this salt bridge, although quite studies. Now, we see that these NOEs actually agree with
unstable, was not totally unrealistitd). In contrast, the new  the head-to-tail3-sheet of the dimer interface. All these
simulations performed on the dimer were fully consistent protons belong to the two extremities of the symmetric and
with highly stable intermolecular salt bridges, since the salt antiparallels-sheet involving the &-S* segments of each
bridges were maintained in all simulations. Therefore, our monomer. Because of the symmetry, only these few inter-
previous questioning about possible difficulties for the strand NOEs (and their symmetrical counterparts) allow us
molecular mechanics force field in correctly accounting for to characterize th@-sheet interface. The NOESs involving
the stability of solvent-exposed salt bridges now appears t0 S residues of the two monomersy8) H,—S4B) H, (2.65
be unfounded. A), S(A) H,—S%(B) HN (3.2-3.5 A), and $(A) HN—S*-
Structure of the Dimer Interfac&he symmetric structure  (B) HN (2.75 A)] should be observed, but due tl&ing
of the dimer interface mainly consists of a two-stranded in the middle of thefj-sheet and the symmetry, the
fB-sheet, two salt bridges, and a hydrophobic core. The intermolecular and intramolecular NOEs could not be dif-
intermolecular and symmetrig-sheet involving residues ferentiated. Finally, the large values of tiigy—n, coupling
R™1-S* of each monomer is stabilized by four hydrogen constants support thg-stranded structure for the'€C?
bonds [$(A) HN—R1(B) O, S(A) O—F(B) HN, S(A) fragment.
HN—-S(B) O, and R(A) O—S*B) HN]. Two additional The NOEs involving protons of the*#ring with both the
hydrogen bonds between th&&) HG atom and the K?(B) C' H, and Hy protons and those of the'Eside chain are
O atom and between the(8) HG atom and the K*(A) O in full agreement with the dimeric structure and correspond
atom also contribute to the stability of tffesheet structure.  to intermolecular proximities. Indeed, in the dimer interface,
Although to a lesser extent, thesheet is also indirectly  the H4 and H3-5 protons of the ¥ ring are close to both
stabilized by the Rt HN—C?'® O intramolecular hydrogen  the G! H, proton and protons of the'Eside chain (Figure
bonds that contribute to the stabilization of the N- and 7). Similarly, the intermolecular NOE between thel'RIE
C-terminal parts of each monomer. atom and the & HB atom is also in full agreement with the
The hydrophobic core mainly includes the four disulfide crystallographic dimer. In the crystallographic monomers,
bonds, the head-to-tail stacked phenylalanine rings, and theall these distances are longer than 4.5 A and thus are
hydrophobic partf, y, ando atoms) of the arginine side inconsistent with intramolecular NOEs. Notice that the small
chains (Figure 2). Moreover, the guanidinium group is almost size of the molecule and the 2-fold symmetry of the dimer
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explain why only few NOEs specific to the dimer are
observed. In contrast, since they occur twice, these specific
NOEs are rather intense.

In the dimer, the two helical structures spanning residues
K°®—C5 are in contact via their disulfide bonds and their
stacked F rings. Due to the very close chemical shifts for
protons of each group, the cross-peaks corresponding to the
expected intermolecular NOEs are too close to the diagonal
to be identified and assigned. Although the amide proton of
Ctis not involved in the hydrogen bonds of tfiesheet, it
was slowly exchanging. Examination of the X-ray and
solution structures of the dimer revealed that this amide
proton is buried and protected from the solvent by the
backbone and the ® and R side chains. The low solvent
accessibility probably explains the slow exchange of this
amide proton.

As a global result, both ultracentrifugation data as a
function of pH and concentration and the NMR-derived
structure allow us to conclude that a dimer similar to that
determined by crystallography also exists in solution for pH
values at which the carboxyl groups are deprotonated.
Moreover, molecular dynamics simulations of the X-ray
dimer clearly showed that although located at the surface,
the two salt bridges are remarkably stable in solution. On
the basis of the typical chemical shifts of aromatic signals,
NMR data at a very low concentration (0.016 mM and pH
5.5) indirectly characterize the presence of the salt bridge,
thr:SthL:Jcr)g.sequently support the stability of the dimeric Ficure 9: Comparison of the KR-CSH-ET (orange ribbon) and

ET-1 [PDB entry 1EDN, 10) green ribbon] crystal structures. The
Small peptides scarcely form very stable dimers, or higher- backbone atoms of thel€C3 and G1—-C'> sequences were used
order oligomers. Therefore, aggregation of poorly hydro- fqgtﬁeffurgetﬂmll)ogtiop (FFSSG 14!?78 ﬁ)r thhtw?] Slt.ruﬁurte.s mﬁ?“:')’
H H | | IX |
phobic peptldes has r_]Ot been reported to date.' Recently, érjeg(alar (f)or KR?C%OI-?-é'l?,sanl:jef?om)fhec:jisulfi?je gondse(lsesé thg teext)
study ded|cateq to this phenomenon was carr!ed out with displayed as balls and sticks.
the plant cyclotides kalata B1 and B2 (29 residues, three

disulfide bonds) §0). Surprjsingly, altho'ugh 'ghe Bl and B2 (PDB entry 1EDP)&) and then with the crystal structure of
sequences are very similar (82.8% identical), this study e ET-1 parent peptide [PDB entry 1EDMO]] (Figures 1
revealed that kalata B2 exists as an equilibrium mixture of 5,4 9).

the monomer, tetramer, and, possibly, higher-order oligo- 1,4 superimposition of residues-25 of the KR-CSH-

mers, whereas kalata B1 is mainly monomeric. To explain g crystal structure with those of the ET-1 solution structures
such an oligomerization, the authors proposed the S|multa—(1EDP) revealed that the two backbones are similar (rmsd
neous involvement of hydrophobic interactions for one face — ; 55 A). In contrast, although disulfide bonds display a

ﬁnd cr?argegha}qrge_mterac'?onsl for lthe other face. It was gjnjar geometry, the high rmsd value measured for heavy
bypot eS|zhe E; at d'”éim?g ecﬁ ar eectrlc()jstauc Interactions 5omg (3.58 A) is indicative that several side chains are
etween the B an side chains would occur twice at - yitterently oriented in the two molecules.

the interface in a way similar to what we demonstrate here KR-CSH-ET and ET-1 (PDB entry 1EDN) crystallized in
for KR-CSH-ET. two different space groups with comparable water content
Comparison of the KR-CSH-ET Crystal Structure with (p2,2,2 for KR-CSH-ET with 33% of the water arfe6,22
Related StructuresThe global fold of the KR-CSH-ET  for ET-1 with 36% of the water). The resolution for KR-
crystal structure is similar to that previously established on cSH-ET is much better than that for ET-1 (1.13 A compared
the basis of NMR constraintsl9). Nevertheless, the £ o 2.18 A). Although the two peptides share a helical
superimposition of the X-ray A and B monomers onto a set strycture (K—H29), the helix of KR-CSH-ET is more regular
of 40 solution structures resulted in a rather high average than that of ET-1 (Figure 9). Despite a similar global fold,
rmsd value (2.0% 0.14 A). The largest contributions to  the superimposition of the backbone atoms of the G5
this high value were from the N-terminal sequence and to a sequence yielded a rather high rmsd value of 2.55 A (1.98
lesser extent from the€and H® residues. In contrast, the A for the C'—C2 and G1—C15 superimposition). This high
C*-F*superimposition yielded a rmsd value of 058.12  value indicates that although they display the same sequence,
A, indicating that for the major part of the sequence, the the global fold of these two peptides exhibits significant
crystal structure reported here and previous solution struc- gifferences. This underlines the role of the additional
tures are very similar, particularly in thé-SM7 loop region.  constraints (salt bridges and crystal packing) in the alteration
It is also interesting to compare the high-resolution of the structure of this fold, although it is constrained by
structure of KR-CSH-ET with first the solution structure two disulfide bonds.
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Significant differences between KR-CSH-ET and ET-1 the main stabilizing element of the native dimer and could
crystal structures arise from the comparison of the disulfide explain how the Lys-Arg dipeptide indirectly improves the
bond geometries, those of KR-CSH-ET being much more yield in the native isomer. Moreover, the study of truncated
canonical. For the A and B monomers, theangles of the KR-CSH-ET showed that the C-terminal part is not essential
1-15 disulfide bond are in the range 604.5’ to —98.2 for salt bridge stability.
with C,—C, distances of 4.64.7 A. These values have to Biological Implications As mentioned above, although the
be compared with g; angle of+143.8 and a distance of  gequence of ET-1 is strictly conserved, its N-terminal
6.16 A for ET-1. S|m|IarIy,11\/§Iue§ for thes angle and the oy 4ension by the Lys-Arg dipeptide of its prosequence
C.—C, distance of the &-C*" disuffide (~103.5 to —101.7 yielded an analogue (KR-ET-1) whose vasoconstrictor activ-
and 6.0 A, respectively) have to be compared to the valuesjy is 540-fold less potent. One can also wonder if the
of _.131'4). an(_Jl 5.3 A, respectlvely,_ meas_qred for ET-1. dimerization could be responsible for such a vasoconstrictor
Besides disulfide bonds, the superimposition of thg two potency decrease. For KR-ET-1, NMR data showed that the
structures cle_arly revealed that the4 rotamer .OF S Lys-Arg dipeptide induced significant conformational alter-
conservedyf, = —60°) while th"’.‘t of P*is quite different ations of the C-terminus which contains essential residues
(x1 equals 177 for KR-CSH-ET instead of-19° for ET-1) L1 and W, upon formation of the salt bridge and therefore
probably due to the dlmerl_zatlon. . of the dimer. Indeed, thg-CH3 signal of 1° was particularly

Finally, the crystal packing environments of KR-CSH- sensitive to the presence or absence of the salt britige (

ET and ET-1 are quite different; in the asymmetric unit of
. o : 21). However, the study of truncated KR-CSH-ET showed
KR-CSH-ET, the dimer association is mediated by a two- 7 ‘o ¢ terminal part is not essential for salt bridge

stranded antiparall@-sheet. In agreement with the statistical bilit
analysis of proteif-protein interfaces by Jones and Thornton sta _' - ) )
(612), this interface mainly involves hydrophobic residues, a _Itis, nevertheless, possible that the full-length dimer (KR-
Sing]e aromatic residue, several hydrogen bondsaﬂ;heet ET-l) with a more constrained C-terminal tail could not be
structure, and a good shape complementarity. recognized by the receptor. Recognition of the dimer by the
In the case of ET-1, the asymmetric unit is a monomer receptor may also be precluded either by steric hindrance or
and intermolecular contacts of two types were describéd ( by burying residues important for receptor binding in the
For the first one, the helices of the two neighboring molecules dimer interface. However, whether the dimer exists at a
are nearly normal to each other and the buried surface arediological concentration, which is probably lower than that
is ~700 A2. For the second one, the helices run roughly used for the physicochemical studies, or whether its dis-
parallel to each other in a “dimer-like” relationship with a sociation constant has to be considered for receptor binding
buried surface area 6¢800 A2. Likewise for KR-CSH-ET,  remains to be determined.
this latter dimer has a 2-fold symmetry axis with a  The KR-CSH-ET truncated peptide was more drastically
comparable interface area:800 A?), but the interactions  modified since, in addition to the N-terminal extension, five
involved are quite different. Indeed, the’\and Y* side  C-terminal residues (including*l.and W residues which
chains that contribute to this interface are absent and solventare essential for activity) were removed. Consequently, its
exposed in the KR-CSH-ET interface, respectively. More- yasoconstrictor activity, if any, is probably very low and was
over, there is neither a salt bridge interaction nor main not measured. Therefore, the biological interest in the
chain—main chain hydrogen bonds. The fact that intermo- molecules discussed here is at the folding level and more
lecular contacts are mainly hydrophobic is probably respon- precisely in the formation of the native disulfide bonds.
sible for the high propensity of ET-1 to aggregate in water. |ndeedjn .itro, the non-native ET-1 isomer, wich is inactive,
To limit or avoid such an aggregation, various solvent s gptained irr25—30% yield. More generally, the pathway
mixtures were used for NMR structural studies. In contrast, 5nd factors that drive the folding of small disulfide-rich
for the KR-ET-1 and KR-CSH-ET peptides, besides the pH- yoteins to their bioactive three-dimensional arrangement are
mediated dimer described in this work, no aggregation was poorly understood and are the aim of many studies.
observed in aqueous solution. .
Can the Salt-Bridged Dimer Ra@r the Formation of the Intefestlngly, the prosequence fragr(?ent of human ET-1
Native Disulfide Bridges of KR-ET-1 and KR-CSH-EWe spanning residues 22 contains 30% of the charged

have shown that the Lys-Arg dipeptide, which belongs to residues (five G_Iu’s, four A_rg’s, and one Lys). Seve_ral
the ET-1 prosequence, significantly increased the yield of prosequences with such a high content of charged residues

the native isomer. The oxidative folding reaction is carried h_ave begn proposed to play_a significant rqle duringithe
out at pH 8.6-9.5, an experimental pH condition compatible ¥120 folding of several proteins, such aslytic protease,
with the formation of a stable dimer. It should be noted that SUPtilisin, carboxypeptidase v, and BPTI. This effect has
the KR-ET-1 isomer with the non-native disulfide pattern SCMetimes been termed intramolecular chaperorfizg- (

did not experience significant alterations as a function of 8- Recently, Lauber et al. reported the structural study of
pH, such as the downfield shift of the HE proton of 'R the proguanylin and several mutants and showed that the

suggesting that in this case the Arg side chain was not N-terminal 8-strand of the prosequence makes an essential
involved in a salt bridge). contribution to the disulfide-coupled folding of the guanylin

Thus, the dimerization occurs for only the native disulfide Normone 66).
isomer. It can be hypothesized that oxidative folding of KR-  Since the KR dipeptide at the N-terminus of the KR-CSH-
CSH-ET is thermodynamically controlled and that formation ET peptide described here is present in the prosequence of
of the stable dimer drives the equilibrium to the native the original ET-1 hormone, these upstream residues might
disulfide isomer. The R—D? highly specific salt bridge is  play, in vivo, the role of an intramolecular chaperone.
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CONCLUSION

Overall, this study underlines the interest in using several

complementary techniques to address even apparently simple13-

structural problems. In the folding context, the main point
from our structural study is the experimental determination

of electrostatic interactions, between a positively charged 14.
residue (Arg) belonging to the prosequence and a negatively

charged residue (Asp) of ET-1, that are sufficiently strong
to give rise to a very stable intermolecular salt bridge. Since
disulfide bonds are formed in a thermodynamically controlled
step, the stability provided by these two salt bridges to the
native dimer would explain the improvement of the formation
of this ET-1 isomer. From these results, it can be hypoth-

esized that similar salt bridges between the prosequence and
ET-1 might assist the formation of the native disulfide bonds 16.

during thein vivo folding before the successive cleavages
that deliver the active hormone.
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