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Abstract

Helical coiled-coils and bundles are some of the most common structural motifs found in proteins. Design and synthesis
of a-helical motifs may provide interesting scaffolds that can be useful as host structures to display functional sites, thus
allowing the engineering of novel functional miniproteins. We have synthesized a 38-amino acid peptide,a2p8,
encompassing thea-helical hairpin present in the structure of p8MTCP1, as ana-helical scaffold particularly promising
for its stability and permissiveness of sequence mutations. The three-dimensional structure of this peptide has been
solved using homonuclear two-dimensional NMR techniques at 600 MHz. After sequence specific assignment, a total
of 285 distance and 29 dihedral restraints were collected. The solution structure ofa2p8 is presented as a set of 30
DIANA structures, further refined by restrained molecular dynamics, using simulated annealing protocol with the
AMBER force field. The RMSD values for the backbone and all heavy atoms are 0.656 0.25 and 1.516 0.21 Å,
respectively. Excised from its protein context, thea-hairpin keeps its native structure: ana-helical coiled-coil, similar
to that found in superhelical structures, with two helices spanning residues 4–16 and 25–36, and linked by a short loop.
This motif is stabilized by two interhelical disulfide bridges and several hydrophobic interactions at the helix interface,
leaving most of its solvent-exposed surface available for mutation. Thisa-helical hairpin, easily amenable to synthetic
chemistry and biological expression system, may represent a stable and versatile scaffold to display new functional sites
and peptide libraries.

Keywords: conformational peptide library; disulfide bridges; helical coiled-coils; NMR spectroscopy; solution
structure; structural scaffolds

Engineering small and simplified structural motifs is of primary
interest in protein folding, because it may provide models of early
intermediates in protein folding as well as precious information on
the forces stabilizing protein structure. In addition, newly designed
structures may be very useful to develop “maquettes” of much
larger and complex biological systems~Johnsson et al., 1993; Rob-
ertson et al., 1994; Gibney et al., 1996, 1997! to test reaction
mechanisms, or to obtain small-size mimics of biological relevant

proteins, representing potential leads in drug design~Cunningham
& Wells, 1997!.

a-Helical bundles and coiled coil have been the first de novo
designed motifs~DeGrado et al., 1989; Hecht et al., 1990; Kam-
tekar et al., 1993!, because the structural determinants governing
a-helical structures are understood to a satisfactory level~Schafmeis-
ter & Stroud, 1998!. However, early de novo designeda-helical
structures lacked the well-packed hydrophobic cores, the thermo-
dynamic stability, and cooperative unfolding transition, which are
characteristic of natural proteins. These constructions adopted a
more dynamic structure, characteristic of a molten globule confor-
mation ~Handel et al., 1993; Bryson et al., 1995!. In the past
decade, however, the engineering of independently folded motifs
has reached a remarkable level of complexity and sophistication.
The 3D structures of several de novo proteins are known~Raleigh
et al., 1995; Struthers et al., 1996; Schafmeister et al., 1997; Da-
hiyat & Mayo, 1997; Harbury et al., 1998; Walsh et al., 1999!, and
fully support the success of these new attempts in the design of
a-helical bundles. Also, structures all-b, difficult to obtain in early

Reprint requests to: Christian Roumestand, Centre de Biochimie Struc-
turale, CNRS-UMR 9955, INSERM-U414, Université de Montpellier I,
Faculté de Pharmacie, 15 Avenue Charles Flahault, 34060 Montpellier
Cedex, France; e-mail: roume@cbs.univ-montp1.fr.

Abbreviations:1D, one-dimensional; 2D, two-dimensional; 3D, three-
dimensional;~2H!TSP, 3-methylsilyl-@2,2,3,3-2H4#propionate; CD, circu-
lar dichroism; DQF-COSY, double-quantum-filtered scalar-correlated
spectroscopy; Fmoc, fluorenylmethyloxycarbonyl; HPLC, high-performance
liquid chromatography; NOE, nuclear Overhauser enhancement; NOESY,
NOE spectroscopy; RMSD, root-mean-square deviation;z-TOCSY,z-filtered
total correlation spectroscopy; TFE, 2,2,2-trifluoroethanol.

Protein Science~2000!, 9:942–955. Cambridge University Press. Printed in the USA.
Copyright © 2000 The Protein Society

942



designs because of solubility difficulties~Quinn et al., 1994; Bi-
anchi et al., 1994!, have been finally successfully engineered~Ilyina
et al., 1997; Kortemme et al., 1998; De Alba et al., 1999!. Motifs
containing combineda0b elements have been also obtained by
iterative design and analysis procedure~Struthers et al., 1996! or
by an automated approach utilizing a computational design algo-
rithm, based on physical chemical potential functions and stereo-
chemical constraints~Dahiyat & Mayo, 1997!.

An alternative approach to de novo design, which is particularly
suited for the production of novel proteins expressing a specific
biological activity, is based on the utilization of stable natural
structures as scaffolds, thus taking advantage of millions years of
evolution aimed, among other things, to the selection of stable
scaffolds. New functions are then incorporated into these frame-
works by ~1! the transfer of an exogenous functional site to scaf-
fold regions structurally compatible with the selected site~Vita,
1997!; ~2! random substitution of residues at the molecular surface
combined with a screening assay, leading to selection of variants
with a specific biological function~Nygren & Uhlén, 1997!; and
~3! a combination strategy where a natural structural motif is min-
imized and optimized for both structural stability and biological
function by phage display methodology~Cunningham & Wells,
1997!.

The choice of the scaffold relies on several parameters: as a
general rule, these frameworks should be preferably small, soluble,
robust, easily engineered, and effectively produced in large scale
using either chemical synthesis or low-cost expression systems.
a-Helical coiled-coils or bundles represent what is probably the
most widespread structural motif found in proteins, and support
extremely diverse functions, from DNA binding to muscle regu-
lation and dimer assembly~Gentz et al., 1989; Landschultz et al.,
1989; Cohen & Parry, 1990; O’Shea et al., 1991!. Coiled-coils are
made of two, three, or four right-handed amphipathica-helices
that wrap around each other in a left-handed supercoil with a
crossing angle of;208 between helices, such that their hydropho-
bic surfaces are in continuous contact to form dimeric, trimeric, or
tetrameric coiled-coils~Crick, 1953; Cohen & Parry, 1990!. Their
formation is dependent primarily on the presence of heptad repeat
sequence, denoteda b c d e f g~McLachlan & Stewart, 1975!,
where positionsa andd are characteristically occupied by hydro-
phobic residues, thus forming the core of the coiled-coil, while the
e and g positions, often occupied by charged residues, flank the
hydrophobic interface and pack against the residues of the hydro-
phobic core, andb, c, f are generally hydrophilic and exposed to
the solvent. Numerous studies have been devoted to the design of
small stable coiled-coil structures that either have been obtained by
de novo design~DeGrado et al., 1989; Zhou et al., 1992a, 1992b;
Kuroda et al., 1994; Fezoui et al., 1994; Myszka & Chaiken, 1994;

Walsh et al., 1999! or by recruiting naturally existing coiled-coil
motifs in proteins or domains for further engineering~de Wolf
et al., 1996; Predki et al., 1996; Braisted & Wells, 1996; Starovas-
nik et al., 1997; Domingues et al., 1999!.

The structure of p8MTCP1 could provide an interesting “natural”
a-hairpin scaffold, potentially useful in the engineering ofa-helical
protein mimics. P8MTCP1 ~Soulier et al., 1994! is a small 8 kDa
protein coded by the human oncogeneMTCP1~also calledc6.1B!
~Fisch et al., 1993; Stern et al., 1993!, a gene unequivocally iden-
tified in the heterogeneous group of uncommon leukemias having
a mature phenotype. Although the participation of p8MTCP1 to the
oncogenesis cannot be discarded, this mitochondrial protein is ex-
pressed at low levels in most human tissues, suggesting that p8MTCP1

may be associated with a function common to many cell types. Its
solution structure has been recently solved~Barthe et al., 1997!
and reveals a novel scaffold consisting of threea-helices, associ-
ated with an unusual cysteine motif. Two of the helices are paired
covalently by two disulfide bridges and form ana-hairpin, which
exhibits numerous structural similarities with a classical antipar-
allel helical coiled-coil. The third helix is orientated roughly par-
allel to the plane defined by the antiparallela-helical motif, and its
axis forms an angle of about 608 with the main axis of this motif.
A disulfide bonds between Cys39 and Cys50, and only few hy-
drophobic contacts link this helix to thea-hairpin. The present
study reports on the synthesis and on the 3D solution structure
determination of a p8MTCP1 peptide analogue, nameda2p8, that
comprises the antiparallela-helical hairpin. This peptide, 38-
amino acid long, stabilized by two internal disulfides, may repre-
sent a potential, stable, and minimal mimic of a two-stranded
a-helical scaffold, useful to display peptide libraries or exogenous
functional sites.

Results

Design and synthesis

Analysis of p8MTCP1 structure~Barthe et al., 1997! suggested that
its three-helix system could be simplified into an antiparallel two-
helix motif ~Fig. 1!. In fact, helix III is well exposed to the solvent
and is linked to helix II by a flexible loop, a disulfide bond and few
hydrophobic contacts only. Furthermore, helix III is less well de-
fined than the two other helices, and its backbone exhibits a strongly
different dynamic behavior, as demonstrated by a15N relaxation
study ~Barthe et al., 1999!, suggesting a reduced contribution of
this helix to the stability of the antiparallela-helical motif. Thus,
a new sequence encompassing thea-hairpin motif of p8MTCP1 was
designed as follow:~1! helix III was deleted starting from residue
43; ~2! the four N-terminal residues, disordered in the native pro-

Fig. 1. Alignment of thea2p8 sequence~below! and wild-type p8MTCP1 ~above!. Cysteine residues involved in disulfide bonds are in
green, mutated residues ofa2p8 in red. The secondary structure is schematized at the top, with the positioning of the disulfide bridges
in green lines. Italic letters below thea2p8 sequence indicate the heptad repeats.
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tein, were deleted, leaving an Asp residue at the N-terminus with
a potential N-capping role;~3! Cys39 of helix II was mutated to
alanine, to eliminate potential undesired disulfide bonds;~4! un-
paired Cys12 in helix I was mutated to alanine~in a previous work
~Barthe et al., 1999!, we have demonstrated that mutation Cys12Ala
does not alter the geometry of the native protein structure!; ~5!
Met24 ~in the loop connecting the two helices! and Arg36 ~in
positione9 were mutated into Leu and Lys, respectively, to facil-
itate the synthesis. The 5–42a-hairpin of p8MTCP1, in this way
modified, was renumbered and dubbeda2p8 ~Fig. 1!. The resulting
38 amino acid peptide was synthesized by solid-phase peptide
synthesis in a fully automated peptide synthesizer, by using Fmoc
chemistry. Monitoring of deprotection steps during synthesis indi-
cates that the designed sequence did not present synthetic difficul-
ties ~not shown!. The crude product, analyzed in reversed-phase
HPLC, presented a major peak representing about 85% of the total
eluted material~Fig. 2A!. Even if p8MTCP1 forms the native disul-
fide bonds spontaneously and in high yields~Barthe et al., 1997!,
the newly designeda2p8 sequence might have lost the original

folding efficiency, as a consequence of sequence modifications and
deletions. Thus, Cys13–Cys24 and Cys3–Cys34 disulfide bonds
were formed, one by one, by using during synthesis two different
and orthogonal protecting groups for cysteine residues, i.e., trityl
for Cys13, Cys24, and acetamidomethyl for Cys3, Cys34; sub-
sequent cysteine bonding was performed by using specific chem-
ical reactions~see Materials and methods!. Purity and identity of
the purified peptide were verified by analytical HPLC~Fig. 2B!,
amino acid analysis~not shown!, and electrospray mass spectrom-
etry ~4,268.6 Da, determined mass; 4,268.9 Da theoretical mass!.
The oxidized peptide was obtained in 28% overall yields.

The designeda2p8 sequence was also tested for its ability to
form the native disulfide bonds spontaneously. Thus, purified re-
duceda2p8 was incubated in a redox buffer, containing reduced
and oxidized glutathione~Saxena & Wetlaufer, 1970! ~see Mate-
rials and methods!. HPLC analysis clearly indicates that the pep-
tide is readily oxidized in the presence of glutathione, because it is
eluted at the same retention time than the species possessing the
native disulfides~Fig. 2C!. Thus, the designeda2p8 sequence
maintains the capability to form the native disulfide bonds effi-
ciently. The conservation of this property in the newly designed
sequence is expected to increase purification yields significantly in
future chemical syntheses~as a consequence of the utilization of
only one protecting group for all four cysteine residues! and in
biological expression systems.

Conformational characterization

The CD spectra ofa2p8 and of the peptide~denominated CM-
a2p8! presenting the four cysteines carboxamidomethylated~see
Materials and methods! are shown in Figure 3B. The molar ellip-
ticities were measured in mild conditions~5 mM phosphate buffer,
pH 7.5! and in the presence of increasing concentrations of TFE.
TFE is considered to be a noninteracting~inert! solvent that in-
duces helicity in a single-chain polypeptide, potentiallya-helical
~Nelson & Kallenbach, 1986!. a2p8 exhibits a spectrum charac-
teristic of ana-helix conformation with double minima at 222 and
208 nm as well as a maximum at 192 nm, and the value of@u#222

indicates a helical content of'65% ~Chen et al., 1974! in mild
condition. This content increases until'80% at high TFE concen-
tration. This result strongly suggests thata2p8 is predominantly
a-helical in water, and that this geometry is further stabilized by
TFE addition. On the other hand, CM-a2p8 ~the peptide devoid of
disulfide bridges! appears less ordered in mild conditions, with less
than 15% of helical content as deduced from its CD spectrum.
However, its helicity increases considerably upon addition of TFE:
20% TFE is able to induce a CD spectrum similar to that ofa2p8
and, at higher concentration of TFE, the carboxamidomethylated
peptide increases its ordereda-helical conformation up to 90%
helicity. This result indicates a high propensity of this peptide to
adopt a helical conformation. Interestingly, at high TFE concen-
tration CM-a2p8 acquires a proportion ofa-helical ordered struc-
ture that is higher than that ofa2p8, suggesting that the structure
of the two peptides are different in those conditions. The existence
of ordered structure fora2p8 in water is further demonstrated by
the 1H-NMR spectrum, which, especially in the amide proton re-
gion, is much better resolved in the case ofa2p8 compared to
CM-a2p8 ~Fig. 3A!. In the following study, we focus our analysis
only on a2p8. From NMR diffusion experiments, we obtained a
value of 1336 1 mm2 s21 for the self-diffusion coefficient~Ds! of
a2p8, corresponding to a molecular weight of 4.46 0.1 kDa~see

A

B

C

Fig. 2. Analytical reversed-phase HPLC profiles of~A! crude, ~B! oxi-
dized and purified, and~C! glutathione refoldeda2p8 peptide. A Vydac
C18 column~0.463 15 cm! was used, equilibrated in 0.1% TFA and eluted
with a linear 0–80% acetonitrile gradient over 50 min at 1.0 mL0min flow
rate. Detection was at 215 nm.
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A

B

Fig. 3. A: Amide region of the 600 MHz 1D spectra of~right! a2p8 and~left! CM-a2p8 recorded on samples dissolved in H2O, pH 5.5.B: CD spectra of~right! a2p8 and~left!
CM-a2p8 in mild conditions~5 mM sodium phosphate, pH 7.5! ~bold line! and in the presence of increasing concentrations of TFE~thin line! added at the following percentage:
10, 20, 40, 60, and 80.
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Materials and methods!: this indicates that the peptide is mono-
meric in solution under the experimental conditions used for the
study.

Structure resolution

Sequence-specific assignment of the proton resonances was per-
formed according to the method of Wüthrich~1986!. The proce-
dure involves:~1! identification of the amino acid spin systems on
the basis of 2D TOCSY spectra and~2! differentiation of identical
spin systems as well as sequence-specific assignment using the
sequentialdaN anddNN cross peaks in the 2D NOESY spectra. At
this step, the assignment of the backbone resonances was consid-
erably facilitated by the generally small difference in chemical
shift found between the protons of corresponding residues ina2p8
and in native p8MTCP1. Significant differences were only found
near mutated residues and at the N- and C-termini, probably due

either to the presence of additional residues or to the vicinity of
helix III in p8MTCP1. This already suggests a high similarity be-
tween the structure ofa2p8 and of thea-hairpin motif of p8MTCP1.

The chemical shifts of the1H resonances identified for the in-
dividual amino acid residues are tabulated in Table 1. A total of 29
residues out of the 38 have their CaH proton resonance shifted
upfield from the random-coil values, indicating a 3D fold rich in
a-structures~Wishart et al., 1992!. This was further supported by
the presence of two large stretches of sequencialdNN and medium-
range NOE contacts~#i, i 1 4! ~Fig. 4A!, as well as by the
generally weak3JNH-Ha coupling constants measured on these pep-
tide segments~Table 1!. This indicates that the main secondary
elements area-helices encompassing residues 4–16~helix I! and
25–36~helix II !. The presence ofdaN~i, i 1 2! connectivities at the
extremities of helices I and II, with the concomitant disappearance
of daN~i, i 1 4! connectivities, indicates that initial and final turns
are distorted toward a 310 conformation. The disposition of nu-

Table 1. Proton chemical shifts and3JNH-Ha coupling constant values measured fora2p8
relative to (2H)TSP in water (H2O0D2O, 90010) at pH 6.5 and 298 K

Residue NH 3JHN-Ha CaH CbH CgH Others

Asp1 4.42 2.79, 2.74
Pro2 — 4.47 1.97, 1.60 1.74 CdH2 3.74, 3.66
Cys3 8.60 ~8.00! 5.22 3.36, 2.91
Gln4 7.51 ~6.00! 4.01 2.27, 2.15 2.47
Lys5 8.94 ~6.50! 4.06 1.86, 1.72 1.40 CdH2 1.55; CEH2 2.99
Gln6 8.85 ~7.00! 3.92 2.41, 1.84 2.59 NEH2 7.70, 6.97
Ala7 8.34 ~4.50! 4.15 1.56
Ala8 8.29 ~5.50! 1.59
Glu9 8.08 ~7.50! 4.08 2.16,1.90 2.47
Ile10 7.58 ~7.00! 3.70 2.06 1.81, 0.91 Cg9H3 0.86; CdH3 1.10
Gln11 7.36 ~7.00! 3.95 2.26, 2.19 2.50, 2.47
Lys12 7.80 ~6.00! 3.99 1.86, 1.58 1.40 CdH2 1.70; CEH2 2.94
Cys13 8.01 ~6.00! 4.23 3.42, 3.18
Leu14 8.96 ~7.50! 3.60 1.85, 1.79 0.59 CdH3 0.96, 0.92
Gln15 8.07 ~6.00! 3.50 2.15, 2.06 2.58, 2.55
Ala16 7.50 ~7.50! 4.37 1.50
Asn17 7.46 ~11.00! 5.10 2.95, 2.47 NdH2 7.95, 7.40
Ser18 8.33 ~7.50! 4.08 4.03, 4.00
Tyr19 8.88 ~7.00! 3.35 3.27, 3.11 C~2,6!H 7.01; C~3,5!H 6.86
Leu20 7.39 ~7.50! 4.37 1.82 1.34 CdH3 1.49, 0.92
Glu21 8.75 ~6.00! 3.59 1.98, 1.95 2.34, 2.17
Ser22 8.32 4.19 4.01, 3.98
Lys23 7.55 ~14.50! 4.48 2.00 1.59, 1.43 CdH2 1.92; CEH2 3.05
Cys24 7.83 ~10.00! 5.33 3.43, 2.39
Gln25 7.88 ~5.50! 3.97 2.15 2.52, 2.46
Ala26 8.75 ~5.50! 4.20 1.51
Val27 7.71 ~8.50! 4.10 2.31 1.21, 1.10
Ile28 8.15 ~5.50! 3.79 1.94 1.86, 1.09 Cg9H3 1.01; CdH3 0.84
Gln29 8.44 ~6.00! 4.04 2.29, 2.20 2.56, 2.53
Glu30 7.80 ~6.00! 4.14 2.27, 2.17 2.49
Leu31 7.55 ~5.50! 4.18 2.26, 1.40 1.79 CdH3 1.11, 1.02
Lys32 7.70 ~6.50! 3.86 1.90, 1.76 1.37 CdH2 1.64; CEH2 2.95
Lys33 8.11 ~7.50! 4.04 1.90 1.59, 1.414 CdH2 1.70; CEH2 2.94
Cys34 7.82 ~4.50! 4.36 3.36, 3.32
Ala35 9.12 ~7.00! 4.14 1.49
Ala36 7.79 ~6.00! 4.22 1.51
Gln37 7.69 ~6.00! 4.05 1.97, 1.83 2.16, 2.13 NEH2 7.32, 7.27
Tyr38 7.85 ~11.00! 4.57 3.30, 2.79 C~2,6!H 7.39; C~3,5!H 6.88
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A

Fig. 4. A: NOESY spectrum~amide
proton region! of a2p8 ~600 MHz,
200 ms mixing time! recorded in H2O
at pH 5.5 and 293 K. The sequential
dNN connectivities shown for different
regions @residues 3 to 16~above the
diagonal! and residues 25–36~below
the diagonal!# indicate the presence of
two helices in the secondary structure
of a2p8. B: Diagonal plot of the NOE
contacts observed fora2p8. Above
the diagonal: filled squares indicate
backbone–backbone NOE, open squares
backbone–side-chain NOE. Below the
diagonal, dashed squares indicate side-
chain–side-chain NOE.
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merous long-range~.i, i 1 4! NOE contacts in the diagonal plot
perpendicular to helix I and helix II diagonal segments~Fig. 4B!
indicates that these two helices are orientated in an antiparallel
fashion.

A total of 314 structural~distance and dihedral; Table 2! con-
straints were collected and taken into account for structure calcu-
lations using DIANA~see Material and methods!. The 30 structures
with the best target value~,0.37 Å2! were further refined by
simulated annealing and restrained energy minimization using the
AMBER force field. The average global RMSD calculated for
backbone and heavy atoms goes from 0.986 0.20 Å and 1.906
0.22 Å to 0.656 0.25 Å and 1.516 0.21 Å, respectively, after

refinement. The survey of the structural statistics and of the resid-
ual violations of experimental constraints for these 30 conformers
is shown in Table 2. The high number of NOEs per residue~Fig. 5A!,
in conjunction with the low RMSD values, indicates a good sam-
pling of the conformational space. Analysis of the local backbone
displacements~Wagner et al., 1987! ~Fig. 5B! for the 30 energy-
refined conformers indicates that the two helices ofa2p8, as well
as the two interlocking turns joining helix I and helix II, are well
defined. In addition, a value very close to 1 is generally observed
for the order parameter S~Hyberts et al., 1992! for mostw andc
angles in the two helices, reflecting their high definition~data not
shown!, even though no dihedral constraints are available for allw

Table 2. Experimental constraints and refinement statistics of the 30 conformers
representing the solution structure ofa2p8 before and after restrained energy minimization

Distance constraints
Intraresidue 26
Sequential 100
Medium range 105
Long range 54
Disulfide bonds 2
Constraints per residue 14

Dihedral constraints
F 17
x1 12

Parameter DIANA DIANA1 AMBER

Target function~Å2! 0.276 0.06

Upper limit violations
Number. 0.2 Å 0 0
Sum of violations~Å! 1.626 0.26 1.236 0.16
Maximum violation~Å! 0.166 0.06 0.216 0.05

Dihedral angle violations
Number. 58 0 0
Sum of violations~8! 2.146 1.71 3.476 4.39
Maximum violation~8! 1.176 1.09 2.746 2.84

van der Waals violations
Number. 0.2 Å 0
Sum of violations~Å! 1.056 0.25
Maximum violation~Å! 0.116 0.03

AMBER energies~kcal mol21!
Bond energy 11.36 0.6
Valence angle energy 49.76 2.4
van der Waals energy 2238.56 5.6
Electrostatic energy 21,123.66 15.7
Constraint energy 7.86 1.1
Total nonbonding energy 2858.06 11.7
Total energy 2612.16 9.7

RMSD values~Å!
Residues

1–38 ~all! BAa0HAb 0.986 0.2001.906 0.22 0.656 0.2501.516 0.21
4–36 ~structural part! BAa0HAb 0.846 0.1701.796 0.20 0.436 0.1601.406 0.18
4–16,25–36~helices! BAa0HAb 0.716 0.1601.656 0.18 0.396 0.1801.446 0.20
4–16 ~helix I! BAa0HAb 0.586 0.1701.636 0.24 0.216 0.0601.446 0.24
25–36~helix II ! BAa0HAb 0.526 0.1501.406 0.20 0.266 0.1901.236 0.24

aBackbone atoms.
bAll heavy atoms.
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angles. Finally, inspection of the Ramachandran plot~ProCheck;
Laskowski et al., 1993! built from the energy-minimized~Pearl-
man et al., 1995! average structure calculated from these 30 struc-
tures shows that 29 residues~i.e., 82.9%!—out of 35 “meaningful”
residues—fall in the most favored regions, six residues~i.e., 17.1%!
are in the additional allowed regions, and no residue falls in the
generously allowed or disallowed regions, supporting the good
geometric features of the structure. The coordinates of the structure
of a2p8 are being deposited to the Protein Data Bank~Brookhaven
National Laboratory!.

The peptidea2p8 folds into ana-helical hairpin consisting of
two amphipathic antiparallel helices spanning residues 4 to 16
~helix I! and 25 to 36~helix II !, connected by a short loop~resi-
dues 17–24!, and stapled in an antiparallel orientation by the two
disulfides 3–34 and 13–24~Fig. 6A!. As already observed for

p8MTCP1, the structure deviates from a canonical coiled-coil~Seo
& Cohen, 1993!, showing an interhelical crossing angle of about
108, which is significantly smaller than the 208 value usually mea-
sured for a typical supercoil. As indicated byx1 angular order
parameter values close to 1~Fig. 7!, all the side chains in the
hydrophobic interface between the two helices adopt a single pre-
dominant rotameric state: the two disulfide bridges have the com-
mon left-handed spiral conformation~Richardson, 1981! in all the
calculated structures—as already observed in the 3D structure of
p8MTCP1—and the other hydrophobic side chains display typical
“knobs-into-holes” packing, where the hydrophobica andd chains
~knobs! fit into the spaces~holes! between four residues on the
neighboring helices. Interestingly, stereospecific assignment of the
CbH protons was not available for all these residues, suggesting
that their well-definedx1 is a consequence of the protein packing
rather than the direct experimental data. Inspection of the hydrogen
bonds reveals the presence of N- and C-caps stabilizing the ex-

A

B

Fig. 5. A: Plot of the number of NOE constraints used in the final structure
calculation ofa2p8 as a function of the amino acid sequence. NOE cat-
egories are shown as follows: intraresidue~filled bars!; sequential~dashed
bars!; medium-range~cross-hatched bars!; long-range~open bars!. B: Plots,
as a function of the amino acid sequence, of the mean of the global RMSD
for the backbone atoms superimposed over the whole structure~residues
1–38! ~broken line!, and the mean local RMSD for the backbone super-
position of all tripeptide segments along the sequence~solid line!. The
RMSD values for the tripeptide segments are plotted at the position of the
central residue.

Fig. 6. A: Stereoview of the polypeptide backbone of the 30 conformers
representing the structure ofa2p8 in solution. The side-chain heavy atoms
of the four cysteine residues are reported~gray line!. Conformers were
superimposed for minimum pairwise RMSD of the backbone atoms of
residues 3 to 34.B: Ribbon diagram of the average NMR structure ofa2p8
~red! superimposed to the average NMR structure of p8MTCP1 ~green!, from
residue 3 to residue 34. Two views are shown, rotated by a 908 about the
vertical axis. The heavy atoms of the disulfide bridges are reported in
orange fora2p8 and in yellow for p8MTCP1. The coordinates of the average
structure ofa2p8 have been deposited to the Protein Data Bank~code
access: 1EI0; code access for the coordinates of the average structure of
p8MTCP1: 1hp8!.
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tremities of helix I. At the N-terminal end, the oxygens of the
side-chain carboxyl group of Asp1 H-bonds the backbone amide
proton of Gln4. In the 3D structure of p8MTCP1, a similar capping
of the N-terminus of helix I was observed: one carboxyl oxygen of
the corresponding residue~Asp5! was engaged in a hydrogen bond
with the backbone amide proton of Gln8, but the other carboxyl
oxygen H-bonded the backbone amide proton of Val48, thus cap-
ping the N-terminus of helix III. At the C-terminal end of helix I
in the peptide, the side-chain amino group of Asn17 H-bonds the
backbone carbonyl group of Cys13. In addition, noncanonical
H-bonds involve the backbone carbonyl group of Leu14 with the
backbone amide groups of Asn17 and Tyr19, further stabilizing the
C-terminal end of helix I. Similar interactions were already present
in the 3D structure of p8MTCP1.

As shown by structure superimposition in Figure 6B, thea-helical
hairpin found ina2p8 is highly similar to that observed in p8MTCP1.
When enforcing the alignment of the two average NMR structures
on helices I and II only~residues 4–16 and 25–36 ina2p8, and
residues 8–20 and 29–40 in p8MTCP1!, the RMSD measured in
these helical segments for the backbone heavy atoms is below
0.65 Å. Nevertheless, the crossing angle between the two helices
of thea-hairpin is significantly larger ina2p8 ~'108 against'58!,
probably due to the lack of the third helix packed against the
a-hairpin in the structure of p8MTCP1.

Discussion

The present report demonstrates that it is possible to minimize the
structure of p8MTCP1 into a 38-residuea-helical structure, without

altering the native geometry or compromising the native stability
of thea-helical hairpin. Deletion of the third helix of p8MTCP1 and
minimal sequence modifications to cope with the changes intro-
duced are well accepted, and produce a new antiparallela-helical
motif, presenting a well-defined 3D structure.

Previous studies have revealed that hydrophobic packing within
the dimer interface of a helical coiled-coil is the major force con-
tributing to the overall structure stability~Zhou et al., 1992a, 1992b;
Zhu et al., 1993!. This imposes a minimal length to the helix to
gain sufficient stabilization. It has been shown that three heptads or
six helix turns correspond to the minimum length for a peptide to
adopt the coiled-coil conformation in aqueous media~Su et al.,
1994!. a2p8 provides an original alternative to the stabilization of
two shorter antiparallela-helices~three helical turns per helices!
through interhelical disulfide bridging. Disulfide linkages between
a-helical structures~Pullman & Pullman, 1974! are scarcely ob-
served and may involve unusual stereochemical constraints.a2p8
together with p8MTCP1 represent the first examples of a “natural”
motif containing an antiparallela-helical hairpin stabilized by two
disulfide bridges without any distortion of either the helices or the
disulfide geometries. However, the steric constraints induced by
the two-disulfide bridges impose an angle of about 108 between the
helix axes~58 in p8MTCP1!, instead of the typical value of 208
observed in a helical supercoil.

In a2p8, the half-cystine residues Cys3, Cys13, and Cys24, Cys34
are located at positiona, d, and a9, d9 of helix I and helix II,
respectively. This fixes a regular spacing of half-cystine residues,
-Cys-X9-Cys-Xm-Cys-X9-Cys-, which is characteristic of p8MTCP1

~Barthe et al., 1997! and leads to the formation ofa–d9 anda9–d

Fig. 7. Plot of the angular order parameters S calculated for thex1 angles from the 30 conformers ofa2p8, as a function of the amino
acid sequence. Hydrophobic residues at the interface of the two helices are labeled as open bars. The secondary structure and the heptad
repeats positioning are reported on top of the figure.
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disulfide bridges, which appear in a favorable geometry for struc-
ture stabilization, the disulfides being buried in the hydrophobic
interface. This geometry may probably explain the capability of
the reduced peptide to form the native disulfides and may also be
advantageous to confer to the motif an enhanced stability in ap-
plications involving exposure to reducing environment. In fact,
incubation ofa2p8 with 5 mM reduced glutathione for 2 h was not
sufficient to reduce disulfide bridges, and reduction occurred only
in the presence of 6 M guanidine hydrochloride~data not shown!.
Neurotoxin B-IV from the marine wormCerebratulus lacteus~Barn-
ham et al., 1997! that also presents aa-hairpin motif with a correct
helical geometry possesses a different regular half-cystine spacing,
Cys-X7-Cys-Xm-Cys-X7-Cys. However, with this spacing, the half-
cystine residues, delimiting the regular helical region of the hairpin
~Cys16–Cys23 and Cys41–Cys48! of this neurotoxin, are located
at d, d9 positions of the heptad and are involved ind–d9 disulfide
bridges. Therefore, the disulfide bonds lay on the same face of the
hairpin and are exposed to the solvent. Intrahelicali to i 1 4
disulfide ~Jackson et al., 1991! or lactam bridges~Houston et al.,
1996b!, have also been proposed to stabilize helical structure and
to enhance dimerization between single stranda-helices. NMR
studies have demonstrated that residues located within such bridges
are strongly constrained into a helical conformation~Houston et al.,
1995!. These bridges act as constrained C- or N-terminal capping
boxes~Harper & Rose, 1993; Zhou et al., 1994! and inhibit fraying
of the N- and C-termini, which in turn enhance hydrophobic in-
teractions required for coiled-coil stabilization. Nevertheless, it
has been demonstrated that the introduction of a disulfide cross-
link between the two helices,via an appropriate linker, is often
necessary to further stabilize newly designed coiled-coil structures
~Houston et al., 1996a!. In the case ofa2p8, the stabilization of the
coiled-coil conformation is obtained with a thermodynamically
favorable canonical geometry both for the disulfides and the heli-
ces, as well as through proper packing of the hydrophobic side
chains at the helix interface.

As a matter of fact, even if the two-disulfide bridges are likely
to play an important role in conferring conformational stability to
the antiparallela-helical motif ofa2p8, as assessed by the reduced
helical content of the derivative devoid of disulfides, the contri-
bution of interhelix hydrophobic interactions cannot be neglected.
As observed in typicala-helical coiled-coils, helix I and helix II
are markedly amphipathic, and regular heptad motifs are observed
in helix I and II ~Fig. 8!. The residues at positiona andd, which
typically form the hydrophobic core ina-helical coiled-coils, are
also hydrophobic residues or half-cystines ina2p8. Thus, the sulfur–
sulfur covalent bonds of disulfide bridges take the place of non-
covalent hydrophobic interactions to stabilize thea-helical assembly.
Nevertheless, the presence of Gln6 at ad position is an indication
of the stabilization brought to thea-hairpin by the two disulfides,
because the polar side chain of this residue can fit in the hydro-
phobic core without any distortion or destabilizing effects. As
usually found in helical coiled-coils, the highly solvent exposed
positionsb, c, and f are also occupied by hydrophilic residues in
a2p8. Charged residues, especially glutamate, arginine and lysine,
are generally located at thee andg positions of the heptad repeat.
The apolar portion of these side chains shields the hydrophobic
core, whereas their polar moieties are engaged in weakly attractive
electrostatic and hydrogen-bonding interhelicale–e9 or g–g9 inter-
actions, thereby increasing the stability of the helical motif. This is
not the case fora2p8. At positionsg andg9, which are located in
the same solvent-exposed face of thea-hairpin, residues with the

same charge, Glu9 and Glu30, are found so that no favorable
interaction can occur. On the opposite face of the antiparallel
a-helical motif, positionse and e9 are occupied by hydrophobic
residues, Ala7, Leu14, and Ile28, Ala35, respectively. The equiv-
alent residues in p8MTCP1 are involved in hydrophobic contacts
with helix III. Presumably, ina2p8, due to the presence of the two
disulfide bridges, additional interhelicale–e9 or g–g9 contacts are
not needed to stabilize thea-helical assembly.

In conclusion, ina2p8 the major contribution to structure for-
mation and stabilization appears to come from residues at positions
a, a9 andd, d9; the backbone geometry appears rather insensitive
to the nature of the~solvent-exposed! side chains at all other
positionsb, c, e, f, g andb9, c9, e9, f 9, g9 of the heptads: this leaves
a large molecular surface of this motif available for mutations.
Indeed, the presence of hydrophobic residues at the solvent-
exposed positione in the heptads ofa2p8 demonstrates that this
highly constrained scaffold has the potential to effectively present
hydrophobic residues to solvent. Thus,a2p8 appears as a stable
and permissivea-helical scaffold, particularly promising for the
display of new functional sites and peptide libraries, including
hydrophobic residues that, usually, when exposed to solvent, dra-
matically destabilize the structure.

It has been predicted that the formation of a coiled-coil is pri-
marily dependent on the presence of heptad repeat sequences, and
that discontinuities in heptad periodicity induce changes in the
direction of the polypeptide chain in coiled-coils and four-a-helix
bundles, including formation ofa-hairpin bends~Cohen & Parry,
1990; Banner et al., 1987!. In a previous work, it has been spec-
ulated that the regular heptad repeats of p8MTCP1 probably partici-
pate in the earlier events of protein folding, contributing to the
correct positioning of helices I and II prior to disulfide bridge
formation ~Barthe et al., 1997!. Supporting this assumption, the
disulfide bridges form spontaneously during protein purification
and only one protein species is obtained from theEscherichia coli
culture. Interestingly, the correct disulfide bonds ofa2p8 also form
spontaneously from the reduced peptide in a redox buffer, indicat-
ing that excising thea-hairpin from its proteic context does not
alter its folding capabilities. In addition, to facilitate peptide syn-
thesis, this suggests the possibility to obtaina2p8 derivatives using
low-cost expression systems and phage library~Dunn, 1996!.

Conclusions

The selection ofa-helical domains or motifs from natural protein
has experienced exciting successes with the redesign of scaffolds

Fig. 8. “Wheel diagram” of the twoa2p8 helices. For the sake of clarity,
the two helices are represented as regulara-helices, whereas the pitch of
helix I and II has an intermediate value betweena-helix and coiled-coil.
Hydrophobic residues and disulfide bridges are labeled in green, polar
residues in orange, positively charged residues in blue, and negatively
charged residues in red. Letters at exponent index indicate the heptad
repeats.
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able to incorporate novel functions~Nord et al., 1995; Braisted &
Wells, 1996; Starovasnik et al., 1997; Domingues et al., 1999!. In
the present paper, we have demonstrated that thea-hairpin present
in p8MTCP1 can be excised from its natural context without altering
its geometry. It is obtainable in high yields by chemical synthesis
and may thus incorporate nonnatural substitutions. The geometry
of the peptide is structurally homologous to other motifs found in
natural helical coiled-coils. This scaffold is stabilized by two in-
terhelical disulfide bridges and should be more permissive for
mutations than earlier proposed oligomeric multistranded coiled-
coils. The large solvent-exposed surface of the helix coiled-coil is
ideally suited to create a protein recognition surface either by the
transfer of suitable functional sites~Vita, 1997! or by sequence
randomization and functional selection~Nygren & Uhlén, 1997!.
Because local interactions in the interhelical loops do not exert a
dominant influence on the structure of helical proteins~Brunet
et al., 1993!, in addition to the coiled-coil region, the interhelical
loop could be also utilized, thus enlarging the capabilities of this
scaffold in the design of conformationally homogeneous peptide
libraries. Hence, this new scaffold should provide an excellent
framework for the engineering of new functions within a well-
defineda-helical miniprotein system.

Materials and methods

Materials

Fluorenylmethyloxycarbonyl~Fmoc!-amino acid derivatives and
4-~29,49-dimethoxyphenyl!hydroxymethylphenoxy polystyrene resin
~Rink amide resin, 0.47 mmol0g! were obtained from Novabio-
chem~Laufelfingen, Switzerland!. Solvents and chemicals used in
synthesis and purification were from SDS~Peypin, France!. The
1-hydroxybenzotriazole~HOBt!, ~2-~1-H-benzotriazol-1-yl!-1,1,3,3-
tetramethyluronium! hexafluorophosphate~HBTU! were from Ap-
plied Biosystems~Paris, France!. Chemicals used in the deprotection
were from Aldrich~Milwaukee, Wisconsin!. 2,2,2-Trifluoroethanol
was from Fluka~Buchs, Switzerland!. Analytical reversed-phase
HPLC was carried out on a Spectra-Physics System~TSP, Les
Ulis, France!, consisting of a P2000 pump and a UV3000 detector,
driven by a PC operating with a PC1000 software, using a Vydac
C18 column~0.463 15 cm i.d.; 5-mm silica particles; 300 Å pore
size!; preparative reversed-phase HPLC was carried out on a Jasco
system~JASCO France, Nantes, France!, consisting of two PU986
pumps, a UV975 detector, and a Merck-Hitachi D7500 recorder,
using a Vydac C18 column~1 3 25 cm; 5 mm silica particles,
300 Å pore size!.

Peptide synthesis

Synthesis was carried out by the stepwise solid-phase approach on
an Applied Biosystems Mod. 433 Peptide Synthesizer. The poly-
peptide chain was assembled by HOBt0HBTU-mediated single
coupling of 1 mmol of the Fmoc-protected amino acids to 0.1 mmol
Rink-amide resin~0.43 mmol0g charge!, by using FastMoc Ap-
plied Biosystems protocol~Fields et al., 1991! and the manufacturer-
suggested amino acid protections. Trityl and acetamidomethyl groups
were used as orthogonal protection of cysteine residues. Ultra-
violet ~UV ! monitoring of Fmoc deprotection was used to opti-
mize the deprotection and coupling time. Final side-chain
deprotection and cleavage of the polypeptide chain from the resin

was carried out by treatment with Reagent K~King et al., 1990!
~82.5% trifluoroacetic acid, 5% water, 5% phenol, 5% thioanisole,
and 2.5% ethanedithiol! for 2 h at room temperature. By this
procedure all protecting groups were removed, except the aceta-
midomethyl group. Deprotected peptide was precipitated by
t-butylmethylether, washed three times with ether, dissolved in
30% acetic acid, and lyophilized.

Disulfide bond formation and peptide purification

The first disulfide bond~Cys13–Cys24! was formed by air oxida-
tion, by dissolving the reduced crude peptide at 0.2 mg0mL in
20 mM ammonium bicarbonate, pH 8.5, and stirring the solution
for 48 h. The product was then lyophilized and purified on reversed-
phase HPLC. The second disulfide bond, Cys3–Cys34, was formed
by iodine oxidation of the one-disulfide purified product: 50 equiv-
alents of iodine were added to the peptide dissolved~2.0 mg0mL!
in 50% acetic acid solution, containing 1 N HCl ~0.1 mL0mg
peptide!, and reaction allowed to occur at room temperature for
1 h. Excess iodine was then extracted four times with carbon
tetrachloride, and the aqueous solution lyophilized. The peptide
was lyophilized and finally purified by reversed-phase HPLC.

Disulfide bonds were also formed directly from reduced purified
peptide by incubating the peptide~0.1 mg0mL! in degassed 20 mM
Tris{HCl buffer, containing 0.1 M NaCl, 5 mM oxidized, and
0.5 mM reduced glutathione, pH 7.8, for 1 h.

Preparation of reduced and carboxamidomethylated
peptide (CM-a2p8)

Oxidized and purified peptide was dissolved~0.6 mg0mL! in
degassed Tris{HCl buffer, pH 8.0, containing 6 M guanidine
hydrochloride, and treated with 40 equivalents of tris-@2-carboxy-
ethyl#phosphine~TCEP! for 1 h atroom temperature. A part of this
material was saved for folding experiments, the remainder was
then treated with iodoacetamide~80 equivalents! for 1 h in the
dark; then, it was acidified with 50% acetic acid and the peptide
purified by reversed-phase HPLC.

CD spectroscopy

CD spectra were recorded on a Jobin Yvon CD6 dichrograph,
equipped with a thermostatically controlled cell holder and an IBM
PC operating with a CD6 data acquisition and manipulation pro-
gram. Spectra were recorded at 208C in 5 mM phosphate buffer,
pH 7.5, or in a mixture of buffer-TFE, by accumulating four scans
obtained with an integration time of 0.5 s every 0.2 nm. In the
far-UV region ~180–250 nm!, the peptide sample was at 2.03
1025 M in a 0.1 cm pathlength quartz cell. Spectra are presented
as mean residue ellipticity~@u#MRW in deg cm2 dmol21!.

NMR measurements

All NMR experiments, i.e., DQF-COSY~Rance et al., 1983!,
z-TOCSY ~Braunschweiler & Ernst, 1983; Davis & Bax, 1985;
Rance, 1987!, NOESY ~Jeener et al., 1979; Kumar et al., 1980!
were carried out at 600 MHz, on a Bruker AMX600 spectrometer
equipped with az-gradient1H-13C-15N triple resonance probe. All
samples were 2 mM in peptide, and the pH~pD! was adjusted to
5.5. The pD values are uncorrected for isotopic effects. Samples
dissolved in H2O contained 10%~v0v! 2H2O for the lock. Data
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were acquired on samples generally maintained at 208C, and chem-
ical shifts are reported relative to~2H!TSP. Deuterated reagents
2H2O, 2HCl, NaO2H, ~2H!DTT, ~2H!TSP were from EURISOTOP.

For NOESY experiments, two mixing times of 80 and 200 ms
were used.z-TOCSY experiments were carried out using the
TOWNY isotropic transfer sequence~Kadkhodaei et al., 1993! and
a mixing time of 60 ms. In all 2D experiments, quadrature detec-
tion in the indirectly observed dimension was obtained with States-
TPPI~Marion et al., 1989b!. Solvent suppression inz-TOCSY and
NOESY experiments was carried out using the WATERGATE
method~Piotto et al., 1992! in association with water-flip-back
pulses~Lippens et al., 1995; Dalhuin et al., 1996!. For DQF-
COSY, water suppression was obtained with a low-power irradi-
ation of the solvent signal during the relaxation delay. In addition,
a solvent-suppression filter was applied to the time-domain data
~Marion et al., 1989a!. The spectral width used in both dimension
was 7,800 Hz; 4 K data points int2 and 512 experiments int1 were
usually acquired, except for DQF-COSY where 1,024 experiments
were acquired int1. Typically, 128 scans~NOESY, DQF-COSY!
or 96 scans~z-TOCSY! were acquired per increment. The data sets
were processed using GIFA~Pons et al., 1996!. Prior to Fourier
transformation, the raw data were multiplied by a squared cosine
window function int2 and a shifted~p04! sine bell window func-
tion in t1 and were zero-filled to the next power of 2 leading to a
resolution of 1.9 Hz in thef2 dimension and 7.62 Hz~NOESY,
z-TOCSY! or 3.8 Hz~DQF-COSY! in the f1 dimension. Residual
baseline distorsions inf2 were removed with a fifth-order poly-
nomial baseline correction, and a linear baseline correction was
applied in thef1 dimension.

NH-CaH and CaH-CbH coupling constants were measured in
the DQF-COSY spectra~2 Hz of digital resolution!. To compen-
sate for the overestimation of the3JNH-Ha due to the broad line-
width of the antiphase multiplets, we used the method previously
described by Ludvigsen et al.~1991!. Spin systems determination
and sequential assignment of the1H resonances were computer
assisted using the in-house CINDY software, operating on a Sili-
con Graphics O2 workstation.

Diffusion experiments were recorded using a modified LED
sequence using bipolar gradients~Wider et al., 1994! to prevent
any parasitic effect arising from eddy currents, thus allowing short
recovery delays. The classical triple resonance probe and Bruker
gradient linear amplifier were used for these measurements. Spe-
cial care was taken for solvent signal suppression: the WATER-
GATE sequence was used in association with low-power irradiation
of the water signal during both the relaxation delay~1 s! and the
constant diffusion delay~200 ms!. The temperature was main-
tained at 208C, closed to the room temperature, to minimize spu-
rious effects from convection. To determine the self-diffusion
constant, 36 1D experiments with an identical diffusion delay were
performed with pulse field gradients of 1.8 ms duration and vari-
able gradient strength ranging from 1 to 47.5 G0cm ~2 to 95% of
the maximum output power of the amplifier!. Each individual
experiment has a time domain of 2 K complex points and was
acquired with 32 transients~minimum phase cycling!. The differ-
ent values of the gradient strength were determined from an ex-
ponential sampling function. The diffusion coefficient was obtained
from the intensity decays of selected nonexchangeable peaks when
increasing the gradient intensity by Maximum Entropy processing
with an inverse Laplace transform computed on 128 points. The
corresponding molecular weight was deduced from a standard curve
previously established in the same experimental conditions from a

series of proteins of known molecular weights ranging from 4 to
50 kD: charybdotoxin~4.1 kD!, BPTI ~6.5 kD!, g-cardiotoxin
~6.8 kD!, anda-neurotoxin~6.8 kD! from Naja nigricollis, ubiquitin
~8.6 kD!, thioredoxin ~11.6 kD!, cytochromec ~12.4 kD!, ribo-
nuclease A~13.7 kD!, lysozyme~14.6 kD!, myoglobin~16.9 kD!,
b-lactoglobulin ~17.7 kD!, chymotrypsynogen C~25 kD!, oval-
bumin~43 kD!, GST~2 3 26 kD!, all sample concentrations being
3 mg0mL ~to be published elsewhere!.

Molecular modeling calculations

All calculations were carried out on an Helwett-Packard HP735
workstation, following our standard protocol previously described
for p8MTCP1 ~Barthe et al., 1997!. Briefly, 285 distance restraints
~26 intraresidues, 100 sequential, 105 medium-range~i 2 j , 5!,
and 54 long-range upper bound restraints, 255 lower bound re-
straints! were obtained from the volume of cross peaks measured
on 2D NOESY spectra and 17 angular restraints on thef dihedral
angles were obtained from the coupling constants3JNH-Ha using the
empirically calibrated Karplus relation~Karplus, 1963; Pardi et al.,
1984!. In addition, 12x1 angles were obtained from the analysis of
the 3JHa-Hb coupling constants and intraresidue NOEs~Hyberts
et al., 1987!, and the usual distance constraints were added to
enforce the two disulfide bridges, i.e., ranges of 2.0–2.1 Å for
d~Sg,Sg! and 3.0–3.1 Å ford~Cb,Sg! and 3.5–4.5 Å ford~Cb,Cb!.
From these restraints, a set of 50 structures was generated with the
variable target function program~Güntert & Wüthrich, 1991!
DIANA. Each run started from 999 randomized conformers. When
no stereospecific assignment was possible, pseudo-atoms were de-
fined and corrections added as described by Wüthrich et al.~1983!.
Among the 50 preliminary structures generated by DIANA, 30
presented a value of the target function smaller than 0.37 Å2, and
no distance violation larger than 0.35 Å. Thew and x1 angles
showed no violation greater than 4.18. The low value of the target
function obtained from a high number of constraints indicates the
consistency of the data set.

The 30 best structures~based on the final target penalty function
values! were further submitted to molecular mechanics energy
refinement with the SANDER module of AMBER 4.1~Pearlman
et al., 1995! using the 1994 force field~Cornell et al., 1995! as
previously described for p8MTCP1. Briefly, 5,000 cycles of re-
strained energy minimization were first carried out followed by a
50 ps long simulated annealing procedure in which the temperature
was raised to 900 K for 30 ps then gradually lowered to 300 K.
During the molecular dynamics runs, the covalent bond lengths
were kept constant by applying the SHAKE algorithm~van Gun-
steren & Berendsen, 1977!, allowing a 2 fstime step to be used.
During this stage, the force constants for the NMR distance con-
straints and for the angular constraints were gradually increased
from 3.2 to 32 kcal mol21 Å22 and 0.5 to 50 kcal mol21 rad22,
respectively. A final restrained minimization led to the refined
structures discussed below.

The structures were displayed and analyzed on a Silicon Graph-
ics O2 station using the INSIGHT program~version 98.0, Biosym
Technologies, San Diego!.
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