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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 peppiée,
encompassing the-helical hairpin present in the structure of¥§P%, 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 structapp®fs 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®25 and 1.5k 0.21 A,
respectively. Excised from its protein context, #dnairpin keeps its native structure: arhelical 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.daFhislical 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 proteins, representing potential leads in drug de§i@ymningham
interest in protein folding, because it may provide models of early& Wells, 1997).
intermediates in protein folding as well as precious information on «-Helical bundles and coiled coil have been the first de novo
the forces stabilizing protein structure. In addition, newly designeddesigned motif§DeGrado et al., 1989; Hecht et al., 1990; Kam-
structures may be very useful to develop “maquettes” of muchtekar et al., 1998 because the structural determinants governing
larger and complex biological systert@®hnsson et al., 1993; Rob- a-helical structures are understood to a satisfactory [SeHafmeis-
ertson et al., 1994; Gibney et al., 1996, 1993 test reaction ter & Stroud, 1998 However, early de novo designedhelical
mechanisms, or to obtain small-size mimics of biological relevantstructures lacked the well-packed hydrophobic cores, the thermo-
dynamic stability, and cooperative unfolding transition, which are
characteristic of natural proteins. These constructions adopted a
t prfi(';}\‘fsgusat; tgéggfils’t\zasfé;&ugzﬂa”& _Cent_ftej fije B'\i/IOCTmi”G% SUIUCmore dynamic structure, characteristic of a molten globule confor-
Fuargupit’é de Pharmacie, 1,5 Avenue CharI’es rl]:II\;:\ehr:uli 3e406%nagr:ti)relfiep1atlon (Handel et al., 1993; Bryson .et al., 1993n the past .
Cedex, France: e-mail: roume@cbs.univ-montpL.fr. decade, however, the engineering of independently folded motifs
Abbreviations: 1D, one-dimensional; 2D, two-dimensional: 3D, three- has reached a remarkable level of complexity and sophistication.
dimensional;(*H) TSP, 3-methylsilyF2,2,3,3?H,]propionate; CD, circu-  The 3D structures of several de novo proteins are kngRaleigh

lar dichroism; DQF-COSY, double-quantum-filtered scalar-correlatedgt 5. 1995 Struthers et al.. 1996: Schafmeister et al.. 1997: Da-
spectroscopy; Fmoc, fluorenylmethyloxycarbonyl; HPLC, high-performance,_. .~ ' . ' ’ . ' '
liquid chromatography; NOE, nuclear Overhauser enhancement; NOES iyat & Mayo, 1997; Harbury et al., 1998; Walsh et al., 19hd

NOE spectroscopy; RMSD, root-mean-square deviatidiQCSY,z-iltered fully support the success of these new attempts in the design of
total correlation spectroscopy; TFE, 2,2,2-trifluoroethanol. a-helical bundles. Also, structures @l-difficult to obtain in early
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designs because of solubility difficultiéQuinn et al., 1994; Bi- Walsh et al., 199Por by recruiting naturally existing coiled-coil
anchi et al., 199% have been finally successfully engineetiyina motifs in proteins or domains for further engineerifdg Wolf

et al., 1997; Kortemme et al., 1998; De Alba et al., 19%9otifs et al., 1996; Predki et al., 1996; Braisted & Wells, 1996; Starovas-
containing combinedr/B elements have been also obtained by nik et al., 1997; Domingues et al., 1999

iterative design and analysis proced(8&ruthers et al., 1996or The structure of p8T“P could provide an interesting “natural”
by an automated approach utilizing a computational design algoa-hairpin scaffold, potentially useful in the engineeringwefielical
rithm, based on physical chemical potential functions and stereoprotein mimics. PETCP! (Soulier et al., 1994is a small 8 kDa
chemical constraintéDahiyat & Mayo, 1997. protein coded by the human oncogeviéCP1 (also calledc6.1B)

An alternative approach to de novo design, which is particularly(Fisch et al., 1993; Stern et al., 1992 gene unequivocally iden-
suited for the production of novel proteins expressing a specifidified in the heterogeneous group of uncommon leukemias having
biological activity, is based on the utilization of stable natural a mature phenotype. Although the participation oMp8* to the
structures as scaffolds, thus taking advantage of millions years adncogenesis cannot be discarded, this mitochondrial protein is ex-
evolution aimed, among other things, to the selection of stablgressed at low levels in most human tissues, suggesting tHatp8
scaffolds. New functions are then incorporated into these framemay be associated with a function common to many cell types. Its
works by (1) the transfer of an exogenous functional site to scaf-solution structure has been recently sol\(@arthe et al., 1997
fold regions structurally compatible with the selected $kéa, and reveals a novel scaffold consisting of theebelices, associ-
1997); (2) random substitution of residues at the molecular surfaceated with an unusual cysteine motif. Two of the helices are paired
combined with a screening assay, leading to selection of variantsovalently by two disulfide bridges and form arhairpin, which
with a specific biological functioriNygren & Uhlén, 1997, and  exhibits numerous structural similarities with a classical antipar-
(3) a combination strategy where a natural structural motif is min-allel helical coiled-coil. The third helix is orientated roughly par-
imized and optimized for both structural stability and biological allel to the plane defined by the antiparallehelical motif, and its
function by phage display methodologZunningham & Wells, axis forms an angle of about 8@ith the main axis of this motif.
1997. A disulfide bonds between Cys39 and Cys50, and only few hy-

The choice of the scaffold relies on several parameters: as drophobic contacts link this helix to the-hairpin. The present
general rule, these frameworks should be preferably small, solublestudy reports on the synthesis and on the 3D solution structure
robust, easily engineered, and effectively produced in large scaldetermination of a pP8T°"! peptide analogue, namegp8, that
using either chemical synthesis or low-cost expression systemsomprises the antiparallet-helical hairpin. This peptide, 38-
a-Helical coiled-coils or bundles represent what is probably theamino acid long, stabilized by two internal disulfides, may repre-
most widespread structural motif found in proteins, and supporsent a potential, stable, and minimal mimic of a two-stranded
extremely diverse functions, from DNA binding to muscle regu- a-helical scaffold, useful to display peptide libraries or exogenous
lation and dimer assemblyGentz et al., 1989; Landschultz et al., functional sites.

1989; Cohen & Parry, 1990; O'Shea et al., 1990oiled-coils are
made of two, three, or four right-handed amphipathibelices R
. L esults

that wrap around each other in a left-handed supercoil with a
crossing angle of-20° between helices, such that their hydropho- . .

) . - ot Design and synthesis
bic surfaces are in continuous contact to form dimeric, trimeric, or
tetrameric coiled-coil$Crick, 1953; Cohen & Parry, 1990Their  Analysis of p&'T“P structure(Barthe et al., 1997suggested that
formation is dependent primarily on the presence of heptad repedis three-helix system could be simplified into an antiparallel two-
sequence, denoteslb ¢ d e f g(McLachlan & Stewart, 1975 helix motif (Fig. 1). In fact, helix Ill is well exposed to the solvent
where positions andd are characteristically occupied by hydro- and is linked to helix Il by a flexible loop, a disulfide bond and few
phobic residues, thus forming the core of the coiled-coil, while thehydrophobic contacts only. Furthermore, helix Il is less well de-
e and g positions, often occupied by charged residues, flank thefined than the two other helices, and its backbone exhibits a strongly
hydrophobic interface and pack against the residues of the hydrddifferent dynamic behavior, as demonstrated biPMd relaxation
phobic core, and, c, f are generally hydrophilic and exposed to study (Barthe et al., 1999 suggesting a reduced contribution of
the solvent. Numerous studies have been devoted to the design tfis helix to the stability of the antiparallel-helical motif. Thus,
small stable coiled-coil structures that either have been obtained by new sequence encompassingdHeairpin motif of p8""was
de novo desigriDeGrado et al., 1989; Zhou et al., 1992a, 1992b; designed as follow(1) helix Il was deleted starting from residue
Kuroda et al., 1994; Fezoui et al., 1994; Myszka & Chaiken, 1994:43; (2) the four N-terminal residues, disordered in the native pro-

1 | . 1

1 10 20 30 40 50 60 68
MPOEDPCORQACEIQECLOANSYMESKCOAVIQELREKCCAQYPEGRSVVCSGFEREEEENLTRESASE
1 10 20 30 38
DPCORQARETORCLOANSYLESKCOAVIQELFRCARQY
abcdefgabedefg abcdefgabedefg

Fig. 1. Alignment of thea,p8 sequencébelow) and wild-type p& TP (above. Cysteine residues involved in disulfide bonds are in
green, mutated residues @p8 in red. The secondary structure is schematized at the top, with the positioning of the disulfide bridges
in green lines. Italic letters below thep8 sequence indicate the heptad repeats.
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tein, were deleted, leaving an Asp residue at the N-terminus witHolding efficiency, as a consequence of sequence modifications and
a potential N-capping rolg3) Cys39 of helix Il was mutated to deletions. Thus, Cys13—-Cys24 and Cys3—-Cys34 disulfide bonds
alanine, to eliminate potential undesired disulfide borids;un- were formed, one by one, by using during synthesis two different
paired Cys12 in helix | was mutated to alaniirea previous work  and orthogonal protecting groups for cysteine residues, i.e., trityl
(Barthe et al., 1999we have demonstrated that mutation Cys12Alafor Cys13, Cys24, and acetamidomethyl for Cys3, Cys34; sub-
does not alter the geometry of the native protein strugiu® sequent cysteine bonding was performed by using specific chem-
Met24 (in the loop connecting the two heligeand Arg36 (in ical reactiongsee Materials and method$urity and identity of
positione’ were mutated into Leu and Lys, respectively, to facil- the purified peptide were verified by analytical HPL(Eig. 2B),

itate the synthesis. The 5—42hairpin of p8TCP1 in this way  amino acid analysiénot shown, and electrospray mass spectrom-
modified, was renumbered and dubke@8 (Fig. 1). The resulting  etry (4,268.6 Da, determined mass; 4,268.9 Da theoretical )mass
38 amino acid peptide was synthesized by solid-phase peptid€he oxidized peptide was obtained in 28% overall yields.
synthesis in a fully automated peptide synthesizer, by using Fmoc The designedy,p8 sequence was also tested for its ability to
chemistry. Monitoring of deprotection steps during synthesis indi-form the native disulfide bonds spontaneously. Thus, purified re-
cates that the designed sequence did not present synthetic difficuuceda,p8 was incubated in a redox buffer, containing reduced
ties (not shown. The crude product, analyzed in reversed-phaseand oxidized glutathionéSaxena & Wetlaufer, 197Qsee Mate-
HPLC, presented a major peak representing about 85% of the totalals and methods HPLC analysis clearly indicates that the pep-
eluted materia(Fig. 2A). Even if pg"T¢P1 forms the native disul- tide is readily oxidized in the presence of glutathione, because it is
fide bonds spontaneously and in high yiel@arthe et al., 1997 eluted at the same retention time than the species possessing the
the newly designedr,p8 sequence might have lost the original native disulfides(Fig. 2C). Thus, the designed,p8 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 synthesdas a consequence of the utilization of
only one protecting group for all four cysteine residuasd in

biological expression systems.
I 0.1 a.u.

Conformational characterization

The CD spectra of,p8 and of the peptidédenominated CM-
a-p8) presenting the four cysteines carboxamidomethyldsed
Materials and methodisre shown in Figure 3B. The molar ellip-
ticities were measured in mild conditiofs MM phosphate buffer,
pH 7.5 and in the presence of increasing concentrations of TFE.
A TFE is considered to be a noninteractifigert) solvent that in-
duces helicity in a single-chain polypeptide, potentiathhelical
(Nelson & Kallenbach, 1986 a,p8 exhibits a spectrum charac-
I 0.1 a.u. teristic of ana-helix conformation with double minima at 222 and
208 nm as well as a maximum at 192 nm, and the valu® b,
indicates a helical content 6£65% (Chen et al., 1974in mild
condition. This content increases untiB0% at high TFE concen-
tration. This result strongly suggests thgip8 is predominantly
L B a-helical in water, and that this geometry is further stabilized by
TFE addition. On the other hand, CWp8 (the peptide devoid of
disulfide bridgesappears less ordered in mild conditions, with less
than 15% of helical content as deduced from its CD spectrum.
[ 01 a.u. However, its helicity increases considerably upon addition of TFE:
20% TFE is able to induce a CD spectrum similar to that£i8
and, at higher concentration of TFE, the carboxamidomethylated
peptide increases its orderedhelical 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-w,p8 acquires a proportion @f-helical ordered struc-
_J LWJ C ture that is higher than that ef,p8, suggesting that the structure
’ . of the two peptides are different in those conditions. The existence

L Il

0 10 2'0 30 40 50 of ordered structure fos,p8 in water is further demonstrated by
Times (min) the *H-NMR spectrum, which, especially in the amide proton re-
gion, is much better resolved in the caseagp8 compared to
Fig. 2. Analytical reversed-phase HPLC profiles @%) crude, (B) oxi- CM-a,p8 (Fig. 3A). In the following study, we focus our analysis

dized and purified, andC) glutathione refoldedy,p8 peptide. A Wdac . . . .
C18 column(0.46X 15 cm was used, equilibrated in 0.1% TFA and eluted only on a;p8. From NMR diffusion experiments, we obtained a

with a linear 0-80% acetonitrile gradient over 50 min at 1.0/min flow value of 133+ 1 um?s™* for the self-diffusion coefficientDs) of
rate. Detection was at 215 nm. a,p8, corresponding to a molecular weight of 44).1 kDa(see
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Fig. 3. A: Amide region of the 600 MHz 1D spectra @fght) a,p8 and(left) CM-a,p8 recorded on samples dissolved isgGH pH 5.5.B: CD spectra ofright) a,p8 and(left)
CM-a,p8 in mild conditiong5 mM sodium phosphate, pH 7.8bold line) and in the presence of increasing concentrations of {fthil line) added at the following percentage:
10, 20, 40, 60, and 80.
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Materials and methodisthis indicates that the peptide is mono- either to the presence of additional residues or to the vicinity of
meric in solution under the experimental conditions used for thehelix 1Il in p8MTCPL This already suggests a high similarity be-
studly. tween the structure af,p8 and of thex-hairpin motif of pgTcP?,

The chemical shifts of théH 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*@ proton resonance shifted
Sequence-specific assignment of the proton resonances was peipfield from the random-coil values, indicating a 3D fold rich in
formed according to the method of Wthri€h986. The proce-  a-structuregWishart et al., 199R This was further supported by
dure involves(1) identification of the amino acid spin systems on the presence of two large stretches of sequemgiaand medium-
the basis of 2D TOCSY spectra af®) differentiation of identical range NOE contact$=i,i + 4) (Fig. 4A), as well as by the
spin systems as well as sequence-specific assignment using tgenerally weakJyu.n. coupling constants measured on these pep-
sequentiab,y anddyy cross peaks in the 2D NOESY spectra. At tide segmentgTable 1. This indicates that the main secondary
this step, the assignment of the backbone resonances was consalements are-helices encompassing residues 4-+élix 1) and
erably facilitated by the generally small difference in chemical 25—36(helix I1). The presence af,n(i,i + 2) connectivities at the
shift found between the protons of corresponding residuesp8 extremities of helices | and Il, with the concomitant disappearance
and in native p8TCPL Significant differences were only found of d.(i,i + 4) connectivities, indicates that initial and final turns
near mutated residues and at the N- and C-termini, probably duare distorted toward a;8 conformation. The disposition of nu-

Structure resolution

Table 1. Proton chemical shifts an@Jy.1. coupling constant values measured fep8
relative to GH) TSP in water (HO/D,0, 90/10) at pH 6.5 and 298 K

Residue NH  3ynhe C*H CPH C’H Others
Aspl 4.42 2.79, 2.74

Pro2 — 4.47 1.97, 1.60 1.74 8, 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 {1, 1.55; CH, 2.99
GIn6 8.85 (7.00 3.92 2.41,1.84 2.59 N, 7.70, 6.97
Ala7 8.34 (450  4.15 1.56

Ala8 8.29 (5.50 1.59

Glu9 8.08 (750  4.08 2.16,1.90 2.47

lle10 7.58 (7.00 3.70 2.06 1.81, 0.91 UH;3 0.86; CH3 1.10
Gln11l 7.36 (7.00 395 226,219 2.50, 2.47

Lys12 7.80 (6.00  3.99 1.86, 1.58 1.40 {#, 1.70; CH, 2.94
Cysi13 801 (6.00 4.23 3.42,3.18

Leuld 8.96 (750  3.60 1.85, 1.79 0.59 {5 0.96, 0.92
GIn15 8.07 (6.00 350  2.15, 2.06 2.58, 2.55

Alal6 7.50 (750  4.37 1.50

Asnl7 7.46  (11.00 510  2.95, 2.47 RH, 7.95, 7.40
Serl8 833 (750 4.08  4.03,4.00

Tyr19 8.88 (700 335  3.27,3.11 @,6)H 7.01; Q3,5H 6.86
Leu20 7.39 (750  4.37 1.82 1.34 @H; 1.49, 0.92
Glu21 8.75 (6.00  3.59 1.98, 1.95 2.34,2.17

Ser22 8.32 419  4.01,3.98

Lys23 755 (1450  4.48 2.00 1.59, 1.43 ®©, 1.92; CH, 3.05
Cys24 7.83  (10.00 5.33 3.43, 2.39

GIn25 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

lle28 8.15 (5.50  3.79 1.94 1.86, 1.09 TH; 1.01; CH; 0.84
GIn29 8.44 (6.00 4.04 229,220 2.56, 2.53

Glu30 7.80 (6.00 414 227,217 2.49

Leu3l 7.55 (5.50  4.18 2.26, 1.40 1.79 ®51.11, 1.02
Lys32 7.70 (6.50 3.86 1.90, 1.76 1.37 ®©, 1.64; CH, 2.95
Lys33 8.11 (750  4.04 1.90 159, 1.414 T, 1.70; CH, 2.94
Cys34 782 (450  4.36 3.36, 3.32

Ala35 9.12 (7.00  4.14 1.49

Ala36 7.79 (6.00 4.22 1.51

GIn37 7.69 (6.00 4.05 1.97,1.83 2.16, 2.13 ‘N, 7.32, 7.27
Tyr38 7.85 (11.00 4.57 3.30, 2.79 @,6H 7.39; O3,5H 6.88
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Fig. 4. A: NOESY spectrum(amide
proton region of a,p8 (600 MHz,
200 ms mixing timg recorded in HO

at pH 5.5 and 293 K. The sequential
dnn connectivities shown for different
regions[residues 3 to 1Gabove the
diagonal and residues 25-3€below
the diagonal] indicate the presence of
two helices in the secondary structure
of a,p8. B: Diagonal plot of the NOE
contacts observed fow,p8. 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-rangée>i,i + 4) NOE contacts in the diagonal plot refinement. The survey of the structural statistics and of the resid-
perpendicular to helix | and helix Il diagonal segme(fgg. 4B) ual violations of experimental constraints for these 30 conformers
indicates that these two helices are orientated in an antiparallés shown in Table 2. The high number of NOEs per residrig. 5A),
fashion. in conjunction with the low RMSD values, indicates a good sam-
A total of 314 structuraldistance and dihedral; Table 2on- pling of the conformational space. Analysis of the local backbone
straints were collected and taken into account for structure calcudisplacement§Wagner et al., 1987(Fig. 5B) for the 30 energy-
lations using DIANA(see Material and methodd he 30 structures  refined conformers indicates that the two helicesvgd8, as well
with the best target valué<0.37 &) were further refined by as the two interlocking turns joining helix | and helix Il, are well
simulated annealing and restrained energy minimization using thdefined. In addition, a value very close to 1 is generally observed
AMBER force field. The average global RMSD calculated for for the order parameter @lyberts et al., 1992for moste andys
backbone and heavy atoms goes from 0:98.20 A and 1.90+ angles in the two helices, reflecting their high definiti@ata not
0.22 A to 0.65+ 0.25 A and 1.51+ 0.21 A, respectively, after shown), even though no dihedral constraints are available fap all

Table 2. Experimental constraints and refinement statistics of the 30 conformers
representing the solution structure @$p8 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

[\ 17

X1 12
Parameter DIANA DIANA+ AMBER
Target function(A?) 0.27+ 0.06

Upper limit violations
Number> 0.2 A 0 0
Sum of violations(A) 1.62+ 0.26 1.23+ 0.16
Maximum violation(A) 0.16+ 0.06 0.21+ 0.05

Dihedral angle violations
Number> 5° 0 0

Sum of violations(®) 214+ 1.71 3.47+ 4.39
Maximum violation(°) 1.17+ 1.09 2.74+ 2.84
van der Waals violations
Number> 0.2 A 0
Sum of violations(A) 1.05+ 0.25
Maximum violation(A) 0.11+ 0.03
AMBER energieg kcal mol™?)
Bond energy 11.3 0.6
Valence angle energy 497 2.4
van der Waals energy —238.5+ 5.6
Electrostatic energy —1,123.6+ 15.7
Constraint energy 7811
Total nonbonding energy —-858.0+ 11.7
Total energy —612.1+ 9.7

RMSD values(A)

Residues
1-38(all) BAZHAP  0.98+ 0.20/1.90+ 0.22  0.65+ 0.251.51+ 0.21
4-36 (structural parnt BA%HAP  0.84+ 0.17/1.79+ 0.20  0.43+ 0.16/1.40=+ 0.18
4-16,25-36 helices BA#%HAP 071+ 0.16/1.65+ 0.18  0.39+ 0.18/1.44+ 0.20
4-16 (helix 1) BA%HAP  0.58+ 0.17/1.63+ 0.24  0.21+ 0.06/1.44=+ 0.24
25-36(helix 11) BA%HAP 052+ 0.151.40+ 0.20 0.26+ 0.19/1.23+ 0.24

aBackbone atoms.
bAIl heavy atoms.
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T Fig. 6. A: Stereoview of the polypeptide backbone of the 30 conformers
10 20 30 representing the structure a$p8 in solution. The side-chain heavy atoms
Residue number of the four cysteine residues are reportggay line. Conformers were

superimposed for minimum pairwise RMSD of the backbone atoms of
Fig. 5. A: Plot of the number of NOE constraints used in the final structure residues 3 to 348: Ribbon diagram of the average NMR structurexgh8
calculation ofa2p8 as a function of the amino acid sequence. NOE cat-(red) superimposed to the average NMR structure ¢f158* (green, from
egories are shown as follows: intraresidfiked bars; sequentialdashed  residue 3 to residue 34. Two views are shown, rotated by’ @B6ut the
barg; medium-rangécross-hatched bardong-rangelopen bark B: Plots,  vertical axis. The heavy atoms of the disulfide bridges are reported in
as a function of the amino acid sequence, of the mean of the global RMSQrange fora2p8 and in ye||0W for pyTCF’l. The coordinates of the average
for the backbone atoms superimposed over the whole struges@ues  structure ofa,p8 have been deposited to the Protein Data Bamde

1-38 (broken ling, and the mean local RMSD for the backbone super- access: 1EI0; code access for the coordinates of the average structure of
position of all tripeptide segments along the sequefscdid ling). The p8VTCPL 1hpg.

RMSD values for the tripeptide segments are plotted at the position of the
central residue.

p8VTCPL the structure deviates from a canonical coiled-¢Bio

& Cohen, 1993 showing an interhelical crossing angle of about
angles. Finally, inspection of the Ramachandran pRyoCheck;  10°, which is significantly smaller than the 20alue usually mea-
Laskowski et al., 1993built from the energy-minimizedPearl-  sured for a typical supercoil. As indicated kyt angular order
man et al., 199baverage structure calculated from these 30 strucparameter values close to (Fig. 7), all the side chains in the
tures shows that 29 residu@®., 82.9%—out of 35 “meaningful”  hydrophobic interface between the two helices adopt a single pre-
residues—fall in the most favored regions, six residues 17.1% dominant rotameric state: the two disulfide bridges have the com-
are in the additional allowed regions, and no residue falls in themon left-handed spiral conformatigRichardson, 198/in all the
generously allowed or disallowed regions, supporting the gooctalculated structures—as already observed in the 3D structure of
geometric features of the structure. The coordinates of the structug8M™"*—and the other hydrophobic side chains display typical
of a,p8 are being deposited to the Protein Data Bé@tookhaven  “knobs-into-holes” packing, where the hydrophobhiandd chains
National Laboratory (knobg fit into the spaceghole9 between four residues on the

The peptidea,p8 folds into ana-helical hairpin consisting of neighboring helices. Interestingly, stereospecific assignment of the

two amphipathic antiparallel helices spanning residues 4 to 1&€”H protons was not available for all these residues, suggesting
(helix 1) and 25 to 36helix II), connected by a short logpesi- that their well-definedy; is a consequence of the protein packing
dues 17-2) and stapled in an antiparallel orientation by the two rather than the direct experimental data. Inspection of the hydrogen
disulfides 3-34 and 13-24Fig. 6A). As already observed for bonds reveals the presence of N- and C-caps stabilizing the ex-
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Fig. 7. Plot of the angular order parameters S calculated fothengles from the 30 conformers @$p8, 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.

tremities of helix I. At the N-terminal end, the oxygens of the altering the native geometry or compromising the native stability
side-chain carboxyl group of Asp1l H-bonds the backbone amid@f the a-helical hairpin. Deletion of the third helix of pP8"*and
proton of GIn4. In the 3D structure of f8CF% a similar capping  minimal sequence modifications to cope with the changes intro-
of the N-terminus of helix | was observed: one carboxyl oxygen ofduced are well accepted, and produce a new antiparathalical
the corresponding residiAsp5 was engaged in a hydrogen bond motif, presenting a well-defined 3D structure.
with the backbone amide proton of GIn8, but the other carboxyl Previous studies have revealed that hydrophobic packing within
oxygen H-bonded the backbone amide proton of Val48, thus capthe dimer interface of a helical coiled-coil is the major force con-
ping the N-terminus of helix Ill. At the C-terminal end of helix | tributing to the overall structure stabilitghou et al., 1992a, 1992b;
in the peptide, the side-chain amino group of Asnl7 H-bonds th&hu et al., 1998 This imposes a minimal length to the helix to
backbone carbonyl group of Cysl13. In addition, noncanonicalgain sufficient stabilization. It has been shown that three heptads or
H-bonds involve the backbone carbonyl group of Leul4 with thesix helix turns correspond to the minimum length for a peptide to
backbone amide groups of Asn17 and Tyr19, further stabilizing theadopt the coiled-coil conformation in aqueous me(a et al.,
C-terminal end of helix I. Similar interactions were already presentl994. «,p8 provides an original alternative to the stabilization of
in the 3D structure of p8TcPL, two shorter antiparallek-helices(three helical turns per helices
As shown by structure superimposition in Figure 6B,dHeelical ~ through interhelical disulfide bridging. Disulfide linkages between
hairpin found ina,p8 is highly similar to that observed in Y81 a-helical structuregPullman & Pullman, 197¢are scarcely ob-
When enforcing the alignment of the two average NMR structureserved and may involve unusual stereochemical constraipps.
on helices | and Il onlyresidues 4-16 and 25-36 inpp8, and  together with p8'TCPL represent the first examples of a “natural”
residues 8-20 and 29-40 in B&P1), the RMSD measured in  motif containing an antiparallei-helical hairpin stabilized by two
these helical segments for the backbone heavy atoms is belodisulfide bridges without any distortion of either the helices or the
0.65 A. Nevertheless, the crossing angle between the two helicedisulfide geometries. However, the steric constraints induced by

of the a-hairpin is significantly larger im,p8 (=~10° against=5°), the two-disulfide bridges impose an angle of abouttd€&iween the
probably due to the lack of the third helix packed against thehelix axes(5° in p8MTCPY), instead of the typical value of 20
a-hairpin in the structure of g&cPL observed in a helical supercoil.

In a,p8, the half-cystine residues Cys3, Cys13, and Cys24, Cys34
are located at positiom, d, anda’, d’ of helix | and helix I,
respectively. This fixes a regular spacing of half-cystine residues,
The present report demonstrates that it is possible to minimize theCys-Xg-Cys-X,-Cys-Xo-Cys-, which is characteristic of P!
structure of p8TcP1into a 38-residuer-helical structure, without  (Barthe et al., 1997and leads to the formation @f-d anda’—d

Discussion
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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 A6
the reduced peptide to form the native disulfides and may also be
advantageous to confer to the motif an enhanced stability in ap-0zaf
plications involving exposure to reducing environment. In fact,
incubation ofa,p8 with 5 mM reduced glutathionerf@ h was not
sufficient to reduce disulfide bridges, and reduction occurred only
in the presencefd M guanidine hydrochloridédata not shown
Neurotoxin B-1V from the marine Worr@grepratulqs IgcteuéBarn- Fig. 8. “Wheel diagram” of the twax,p8 helices. For the sake of clarity,
ham et al., 199)that also presentsehairpin motif with a correct  the two helices are represented as regakielices, whereas the pitch of
helical geometry possesses a different regular half-cystine spacingelix | and 1l has an intermediate value betweehelix and coiled-coil.
Cys-X7-Cys-X.-Cys-X-Cys. However, with this spacing, the half- Hydrophqbic residues ar_1q disulfide bridge_s are I_abeled in green, p_olar
cystine residues, delimiting the regular helical region of the hairpinzisgg;:; r'gs%rsgsg% ‘igzm\(_izefga;?ziggﬁf;eﬁ]égxbﬁﬁ}cg?g tﬂigﬁg‘éﬁé
(Cys16-Cys23 and Cys41-Cy94# this neurotoxin, are located gpeqrs. '

atd, d’ positions of the heptad and are involveddind disulfide

bridges. Therefore, the disulfide bonds lay on the same face of thg; 1o charge, GIu9 and Glu30, are found so that no favorable
hairpin and are exposed to the solvent. Intrahelic& i + 4 jnteraction can occur. On the opposite face of the antiparallel
disulfide (Jackson et al., 199 r lactam bridgeg¢Houston et al., a-helical motif, positionse and e’ are occupied by hydrophobic
1996h), have also been proposed to stabilize helical structure anijesidues, Ala7, Leul4, and lle28, Ala35, respectively. The equiv-
to enhance dimerization between single strantielices. NMR  5iant residues in P&TCPL are involved in hydrophobic contacts
studies have demonstrated that residues located within such bridggsih nelix I11. Presumably, inx,p8, due to the presence of the two
are strongly constrained into a helical conformatiblouston etal.,  gisyifide bridges, additional interhelical-€ or g—g contacts are
1995. These bridges act as constrained C- or N-terminal capping,o; needed to stabilize the-helical assembly.

boxes(Harper & Rose, 1993; Zhou et al., 19%hd inhibit fraying

of the N- and C-termini, which in turn enhance hydrophobic in- yaion and stabilization appears to come from residues at positions

teractions required for coiled-coil stabilization. Nevertheless, ita a’ andd, d': the backbone geometry appears rather insensitive
has been demonstrated that the introduction of a disulfide crossg the nature of the(solvent-exposedside chains at all other

link between the two heliceyjia an appropriate linker, is often positionsb, ¢, €, f, gandb’, ¢, €, f', g’ of the heptads: this leaves
necessary to further stabilize newly designed coiled-coil structureg large molecular surface of this motif available for mutations.
(Houston et al., 1996aln the case of,p8, the stabilization of the Indeed, the presence of hydrophobic residues at the solvent-
coiled-coil confqrmation is obtained with a the.rmodynamically. exposed positior in the heptads of,p8 demonstrates that this
favorable canonical geometry both for the disulfides and the heliyighiy constrained scaffold has the potential to effectively present
ces, as well as through proper packing of the hydrophobic sidg,qrophobic residues to solvent. Thusp8 appears as a stable
chains at the helix interface. o _ ~and permissiver-helical scaffold, particularly promising for the
As a matter of fact, even if the two-disulfide bridges are likely gigpjay of new functional sites and peptide libraries, including

to play an important role in conferring conformational stability to hydrophobic residues that, usually, when exposed to solvent, dra-
the antiparallek-helical motif of a,p8, as assessed by the reduced matically destabilize the structure.

helical content of the derivative devoid of disulfides, the contri- |t has been predicted that the formation of a coiled-coil is pri-

bution of inter.helix hydrophpbic in.teracti(.)ns cannot be neglectedmamy dependent on the presence of heptad repeat sequences, and
As observed in typicak-helical coiled-cails, helix I and helix Il 4t giscontinuities in heptad periodicity induce changes in the
are markedly amphipathic, and regular heptad motifs are observegirection of the polypeptide chain in coiled-coils and fauhelix

in helix I and Il (Fig. 8. The residues at positiamandd, which 1, nqjes, including formation af-hairpin bendsCohen & Parry,
typically form the hydrophoblc core p-he!lcal coiled-coils, are 1990; Banner et al., 1987In a previous work, it has been spec-
also hydrophobic residues or he}lf-cyst_lnesztp& Thus, the sulfur— | |ated that the regular heptad repeats df & probably partici-

sulfur covalent bonds of disulfide bridges take the place of NONyate in the earlier events of protein folding, contributing to the
covalent hydrophobic interactions to stabilize thielical assembly. -4 rect positioning of helices | and Il prior to disulfide bridge

Nevertheless, the presence of GIn6 agosition is an indication  ¢5mation (Barthe et al., 1997 Supporting this assumption, the
of the stabilization brought to the-h{:urpln_by the two qlsulfldes, disulfide bridges form spontaneously during protein purification
because the polar side chain of this residue can fit in the hydrognq only one protein species is obtained fromHEseherichia coli
phobic core without any distortion or destabilizing effects. As ¢jwre. Interestingly, the correct disulfide bonds:ep8 also form
usually found in helical coiled-coils, the highly solvent exposed spontaneously from the reduced peptide in a redox buffer, indicat-
positionsb, ¢, andf are also occupied by hydrophilic residues in jny that excising ther-hairpin from its proteic context does not
a;p8. Charged residues, especially glutamate, arginine and lysingyie its folding capabilities. In addition, to facilitate peptide syn-
are generally located at thesandg positions of the heptad repeat. hegis; this suggests the possibility to obt@ip8 derivatives using
The apolar portion of these side chains shields the hydrophobig,, _cost expression systems and phage lib@ynn, 1996.

core, whereas their polar moieties are engaged in weakly attractive

electrostatic and hydrogen-bonding interheliea€ or g—g inter-
actions, thereby increasing the stability of the helical motif. This is
not the case fow,p8. At positionsg andg’, which are located in  The selection of-helical domains or motifs from natural protein
the same solvent-exposed face of théairpin, residues with the has experienced exciting successes with the redesign of scaffolds

A26¢' E3ing

In conclusion, ina,p8 the major contribution to structure for-

Conclusions
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able to incorporate novel functiorilord et al., 1995; Braisted & was carried out by treatment with Reagen{(ing et al., 1990
Wells, 1996; Starovasnik et al., 1997; Domingues et al., 1989  (82.5% trifluoroacetic acid, 5% water, 5% phenol, 5% thioanisole,
the present paper, we have demonstrated thatdhairpin present and 2.5% ethanedithiplfor 2 h at room temperature. By this
in p8YTCP1can be excised from its natural context without altering procedure all protecting groups were removed, except the aceta-
its geometry. It is obtainable in high yields by chemical synthesismidomethyl group. Deprotected peptide was precipitated by
and may thus incorporate nonnatural substitutions. The geometrybutylmethylether, washed three times with ether, dissolved in
of the peptide is structurally homologous to other motifs found in30% acetic acid, and lyophilized.
natural helical coiled-coils. This scaffold is stabilized by two in-
terhel!cal disulfide prldges and sh.ould b_e more permissive forDisquide bond formation and peptide purification
mutations than earlier proposed oligomeric multistranded coiled-
coils. The large solvent-exposed surface of the helix coiled-coil isThe first disulfide bondCys13—Cys24was formed by air oxida-
ideally suited to create a protein recognition surface either by théion, by dissolving the reduced crude peptide at 0.2/mg in
transfer of suitable functional sitg&ita, 1997 or by sequence 20 mM ammonium bicarbonate, pH 8.5, and stirring the solution
randomization and functional selectioNygren & Uhlén, 1997. for 48 h. The product was then lyophilized and purified on reversed-
Because local interactions in the interhelical loops do not exert hase HPLC. The second disulfide bond, Cys3—-Cys34, was formed
dominant influence on the structure of helical protei@sunet by iodine oxidation of the one-disulfide purified product: 50 equiv-
et al., 1993, in addition to the coiled-coil region, the interhelical alents of iodine were added to the peptide dissolZd mg/mL)
loop could be also utilized, thus enlarging the capabilities of thisin 50% acetic acid solution, contaignl N HCI (0.1 mL/mg
scaffold in the design of conformationally homogeneous peptidgeptidg, and reaction allowed to occur at room temperature for
libraries. Hence, this new scaffold should provide an excellentl h. Excess iodine was then extracted four times with carbon
framework for the engineering of new functions within a well- tetrachloride, and the aqueous solution lyophilized. The peptide
defineda-helical miniprotein system. was lyophilized and finally purified by reversed-phase HPLC.
Disulfide bonds were also formed directly from reduced purified
peptide by incubating the peptid@.1 mg/mL) in degassed 20 mM
Materials and methods Tris-HCI buffer, containing 0.1 M NaCl, 5 mM oxidized, and
0.5 mM reduced glutathione, pH 7.8, for 1 h.

Materials

Fluorenylmethyloxycarbony{Fmog-amino acid derivatives and Preparation of reduced and carboxamidomethylated
424 -dimethoxyphenyhydroxymethylphenoxy polystyrene resin peptide (CMa2p8)

(Rink amide resin, 0.47 mmgd) were obtained from Novabio-
chem(Laufelfingen, Switzerland Solvents and chemicals used in
synthesis and purification were from SOBeypin, France The
1-hydroxybenzotriazoleHOBY), (2-(1-H-benzotriazol-1-y+1,1,3,3-
tetramethyluroniumhexafluorophosphat¢iBTU) were from Ap-
plied BiosystemsParis, 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 Syst@i®P, Les
Ulis, France, consisting of a P2000 pump and a UV3000 detector,
driven by a PC operating with a PC1000 software, using a \Wdad&D spectroscopy

C18 column(0.46x 15 cm i.d.; 5um silica particles; 300 A pore -, spectra were recorded on a Jobin Yvon CD6 dichrograph,

size); preparative reversed-phase HPLC was carried out on a Jaseg,inned with a thermostatically controlled cell holder and an IBM
systemJASCO France, Nantes, Franceonsisting of two PU986  pc gherating with a CD6 data acquisition and manipulation pro-

pumps, a UV975 detector, and a Merck-Hitachi D7500 recordergram. Spectra were recorded at’g0in 5 mM phosphate buffer,

using a Vydac C18 columil X 25 cm; 5um silica particles, ;147 5 or in a mixture of buffer-TFE, by accumulating four scans
300 A pore sizg obtained with an integration time of 0.5 s every 0.2 nm. In the
far-UV region (180-250 nnj, the peptide sample was at 20
105 M in a 0.1 cm pathlength quartz cell. Spectra are presented
as mean residue ellipticit{f#]yrw in deg cnfdmol™1).

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 H@BBTU-mediated single NMR measurements

coupling of 1 mmol of the Fmoc-protected amino acids to 0.1 mmolAll NMR experiments, i.e., DQF-COSYRance et al., 1983
Rink-amide resin(0.43 mmo)g charge, by using FastMoc Ap- zTOCSY (Braunschweiler & Ernst, 1983; Davis & Bax, 1985;
plied Biosystems protocdFields et al., 1991land the manufacturer- Rance, 198y, NOESY (Jeener et al., 1979; Kumar et al., 1980
suggested amino acid protections. Trityl and acetamidomethyl groupsere carried out at 600 MHz, on a Bruker AMX600 spectrometer
were used as orthogonal protection of cysteine residues. Ultraequipped with @-gradient'H-3C-1°N triple resonance probe. All
violet (UV) monitoring of Fmoc deprotection was used to opti- samples were 2 mM in peptide, and the ppD) was adjusted to
mize the deprotection and coupling time. Final side-chain5.5. The pD values are uncorrected for isotopic effects. Samples
deprotection and cleavage of the polypeptide chain from the residissolved in HO contained 10%v/v) 2H,O for the lock. Data

Oxidized and purified peptide was dissolvéd.6 mg/mL) in
degassed TriddCl buffer, pH 8.0, containig 6 M guanidine
hydrochloride, and treated with 40 equivalents of fszarboxy-
ethyllphosphing TCEP for 1 h atroom temperature. A part of this
material was saved for folding experiments, the remainder was
then treated with iodoacetamid80 equivalentsfor 1 h in the
dark; then, it was acidified with 50% acetic acid and the peptide
purified by reversed-phase HPLC.

Peptide synthesis
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were acquired on samples generally maintained &C2@nd chem-  series of proteins of known molecular weights ranging from 4 to

ical shifts are reported relative {6H) TSP. Deuterated reagents 50 kD: charybdotoxin(4.1 kD), BPTI (6.5 kD), y-cardiotoxin

?H,0, 2HCI, NaC?H, (H)DTT, (?H) TSP were from EURISOTOP. (6.8 kD), anda-neurotoxin(6.8 kD) from Naja nigricollis, ubiquitin
For NOESY experiments, two mixing times of 80 and 200 ms (8.6 kD), thioredoxin(11.6 kD), cytochromec (12.4 kD), ribo-

were used.zTOCSY experiments were carried out using the nuclease A13.7 kD), lysozyme(14.6 kD), myoglobin(16.9 kD),

TOWNY isotropic transfer sequen¢Kadkhodaei et al., 199&nd  B-lactoglobulin (17.7 kD), chymotrypsynogen @25 kD), oval-

a mixing time of 60 ms. In all 2D experiments, quadrature detecbumin(43 kD), GST(2 X 26 kD), all sample concentrations being

tion in the indirectly observed dimension was obtained with States3 mg/mL (to be published elsewhere

TPPI(Marion et al., 1989h Solvent suppression mTOCSY and

NOESY experiments was carried out using the WATERGATE

method (Piotto et al., 199Rin association with water-flip-back Molecular modeling calculations

pulses(Lippens et al, .1995; Dalhu'ln et a.ll" 1996or DQ'.:_ . All calculations were carried out on an Helwett-Packard HP735
COSY, water suppression was obtained with a low-power irradi-

) . . . ... workstation, following our standard protocol previously described
ation of the solvent signal during the relaxation delay. In addltlon,fOr p8VTCPL (Barthe gt al., 1997 Briepfl 285 zistance )rlestraints
a solvent-suppression filter was applied to the time-domain datri\26 intraresidues. 100 se” uential 10g’medium-re(m i <5
(Marion et al., 1989a The spectral width used in both dimension ' q ' g€l !

was 7,800 Hz; 4 K data points taand 512 experiments ip were and 54 long-range upper bound restraints, 255 lower bound re-

usually acquired, except for DQF-COSY where 1,024 experiments?tra'ms were obtained from the volume of cross peaks measured

were acquired irt;. Typically, 128 scansNOESY, DQF-COSY 02 2|D t,ofsifﬁﬁcg?ranmdt? angulliﬁr resrt]ra;git; onﬂwEdtLal
or 96 scan$z-TOCSY) were acquired per increment. The data sets?N9es lf € Ol'ba ted KO | N C?l{[F:irKg ccl) s 196ﬁ-3k'|aPusd'g i el
were processed using GIFAons et al., 1996 Prior to Fourier empirically catibrated Rarplus relatidimarpius,  rardietal,

transformation, the raw data were multiplied by a squared cosin 98‘%‘ In addmonll, 1201 angt:]Ie? werz o.bialneollérom’\tlhe anslystls of
window function int, and a shifted p/4) sine bell window func- te I HCESBS;OUE(;”% cons aln c?i ?nn in rarnes:r lljrft W: Er‘% %rdsd ¢
tion in t; and were zero-filled to the next power of 2 leading to a ct a., » & € usual distance constraints were added 1o

resolution of 1.9 Hz in thd, dimension and 7.62 HENOESY, enforce the two disulfide bridges, i.e., ranges of 2.0-2.1 A for

_ B _ B8 CB
Zz-TOCSY) or 3.8 Hz(DQF-COSY) in thef; dimension. Residual lozl(rSVm?;) andrs.i)r 'Sr']tlAde(tcf'g,S(;) z;lrnder 4.5Afoc:](Ci ’tcd)' ith th
baseline distorsions ify were removed with a fifth-order poly- 0 ese restraints, a seto structures was generated wi €

nomial baseline correction, and a linear baseline correction Wa\éarlable target function progrartGuntert .& Wathrich, 1991

applied in thef; dimension. IANA. Each run star.ted from 999 randpmlzed conformers. When
NH-C*H and C*H-CEH coupling constants were measured in no stereospecmc_ assignment was po_ssuble, psgudq-atoms were de-

the DQF-COSY spectré2 Hz of digital resolutioh To compen- fined and correctlon_s gdded as described by Withrich é1883.

sate for the overestimation of tHidy,, due to the broad line- Among the 50 preliminary structures generated by DIANA, 30

width of the antiphase multiplets, we used the method previousI)Presemed a value of the target function smaller than 03%Ad

described by Ludvigsen et dl1991). Spin systems determination nﬁ SJS?rrlceviv 'Flst'gn rlargt]err tthhannnoi_shs 'I&'WT\?ﬁand )f( ihantglrest
and sequential assignment of thiel resonances were computer showed no violation greater than =.1he 'ow value ot e targe

assisted using the in-house CINDY software, operating on a SiIi_functlon obtained from a high number of constraints indicates the

. - consistency of the data set.
con Graphics @ workstation. ) .
Diffusti))n experiments were recorded using a modified LED The 30 best structurébased on the final target penalty function
. . . . values were further submitted to molecular mechanics energy
sequence using bipolar gradierii&/ider et al., 1994 to prevent : .
any parasitic effect arising from eddy currents, thus allowing shortrEfInement with the SANDER module of AMBER 4(Pearlman

recovery delays. The classical triple resonance probe and Brukeert al., 1995 using the 1994 force fieldCornell et al., 199bas

i i CP1 i _
gradient linear amplifier were used for these measurements. SpS{;YLOeUdSIgngfscmﬁﬁmfg;ﬂ%ﬁ wéreB;ilreSftlyéaEr)r,% (()jooﬁﬁlﬁi) vf/):; dr% a
cial care was taken for solvent signal suppression: the WATER- gy y

GATE sequence was used in association with low-power irradiation50 ps long simulated annealing procedure in which the temperature

of the water signal during both the relaxation de{dys) and the was raised to 900K for 30 ps then gradually lowered to 300K.
constant diffusion delay200 ms. The temperature was main- During the molecular dynamics runs, the covalent bond lengths

tained at 20C, closed to the room temperature, to minimize spu-Were kept constant by applying the SHAKE algoritifvan Gun-

rious effects from convection. To determine the self-diffusion steren & Berendsen, 19§ 7allowing a 2 fstime step to be used.

constant, 36 1D experiments with an identical diffusion delay WereDurmg this stage, the force constants for the NMR distance con-

. ' . . - straints and for the angular constraints were gradually increased
performeq with pulse field gradlents of 1.8 ms duration and vari from 3.2 to 32 kcalmoi*A-2 and 0.5 to 50 keal mof'rad-2,
able gradient strength ranging from 1 to 47.5c& (2 to 95% of

the maximum output power of the amplifierEach individual respectively. A final restrained minimization led to the refined
structures discussed below.

experiment has a time domain of 2K complex points and was . .
P piex b The structures were displayed and analyzed on a Silicon Graph-

acquired with 32 transientgninimum phase cycling The differ- . ) 5 . .
ent values of the gradient strength were determined from an E)(Ii?:cﬁi];rggi(;r; u;g]r? E)higgllgISIGHT prografwersion 98.0, Biosym

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. Thé‘Cknowledgments

corresponding molecular weight was deduced from a standard curvghis work was supported by grants from the Ligue Nationale contre le
previously established in the same experimental conditions from &ancer and from the Association pour la Recherche sur le Cancer.
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