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Abstract

Here we describe the NMR conformational study of a 20-residue linear peptide designed to fold into a monomeric
three-stranded antiparall@-sheet in aqueous solution. Experimental and statistical data on aming-dgid and

B-sheet propensities, cross-strand side-chain interactions, solubility criteria, and our previous experigBt®iritims

were considered for a rational selection of the peptide sequence. Sedimentation equilibrium measurements and NMR
dilution experiments provide evidence that the peptide is monomeric. Analyt$ ahd **C-NMR parameters of the

peptide, in particular NOEs and chemical shifts, and comparison with data obtained for two 12-residue peptides
encompassing the N- and C-segments of the designed sequence indicates that the 20-residue peptide folds into the
expected conformation. Assuming a two-state model, the exchange kinetics betwegsshteet and the unfolded

peptide molecules is in a suitable range to estimate the folding rate on the basis of the NMR linewidths of several
resonances. The time constant for the ¢#heet transition is of the order of several microseconds in the designed
peptide. Future designs based on this peptide system are expected to contribute greatly to our knowledge of the many
factors involved inB-sheet formation and stability.
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Secondary structure elements are important context-free models tmlved in secondary structure formation, in the absence of tertiary

study protein stability, as well as for understanding protein foldinginteractions, is peptide design followed by peptide conformational

initiation events. The classical approach to study the factors inanalysis(Baldwin, 1986; Wright et al., 1988; Dyson & Wright,
1993. This approach has been most successful in determining
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Materia, Consejo Superior de Investigaciones Cientificas, Serrano 11g3@ldwin, 1992; Lyu et al., 1993; Zhou et al., 1993; Mufioz &
28006 Madrid, Spain; e-mail: angeles@malika.iem.csic.es. Serrano, 1994a, 1994b; Baldwin, 199®n the other hand, the

!Present address: Laboratory of Biophysical Chemistry, National Heartdesign of peptides able to fold inghairpins or3-sheets has been

Iégggzand Blood Institute, National Institute of Health, Bethesda, Maryland ., ,ch |ess satisfactory, mainly as a consequence of their high ten-

Abbreviations:A, line width observed at half maximum intensity of the d€NCY t0 aggregate, and low solubility. Both disadvantages are due
signal; A*, weighted average line width at half maximum intensity of the t0 the amphipathic character of tistructure and to the high
resonance lines of each conformational stat&;,, Ca conformational content of hydrophobic residues, the ones with highesheet

ift- Sobs 3 H i -SRC 13, . . . . .
shift; 58 observed*C chemical shift for the Ccarbon;d&?, **C chem-  propensities. In spite of this, some linear peptides have recently

ical shift for the G, carbon in random coil statey,., line width at half . Lo .
maximum intensity of the resonance line of the random coil stajdine been shown to fold into monomeriehairpins in aqueous solution

width at half maximum intensity of the resonance line of the sheet state(Blanco et al., 1998; Maynard et al., 1998; Smith & Regan, 1997
v, chemical shift of the random coil state in Hertz; chemical shift of  or alcohol-water mixture$Cox et al., 1993; Blanco et al., 1994;
the sheet state in Hertz; 1D, one-dimensional; 2D, two-dimensional; 3DSearle et al., 1996 Furthermore, the design and structure eluci-

three-dimensional; COSY, homonuclear correlated spectroscopy; HPLGya4iqn of mode3-hairpins has demonstrated that the conformation
high performance liquid chromatography; HSQC, heteronuclear single quan-

tum coherence spectroscopy; folding rate constantyl,,, averaged mo- of the turn plays a key role in directin@thairpin structuréde Alba
lecular weight;My, theoretical molecular weight; NMR, nuclear magnetic €t al., 1996, 1997a; Haque & Gellman, 199ih addition, one of
resonance; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauséinese model peptides proved useful in identifying favorable and
enhancement spectroscopy; ppm, parts per millgy);population of un- — nonfavorable cross-strand side-chain interactions Févairpin

structured conformationd$?, population of sheet conformations; RMSD, . S .
root-mean-square deviation; ROESY, rotating frame NOE spectroscop);,ormatlon’ as well as highlighting the importance of turn confor-

T,, transverse relaxation time; TOCSY, total correlation spectroscopy; TSANation in directings-hairpin twist, and thug-hairpin stability
sodium([3-trimethylsilyl 2,2,3,32H] propionate. (de Alba et al., 1997h From a dynamic point of view, the main
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problem in the study of secondary structure formation is its ex-sandwich tetramer, whereas Dai@997) has reported on a 23-
tremely fast kinetics. Only recently, new experimental techniquesesidue peptide that contains N-methyl amino acids to prevent
have been put forward, which allow for the observation of proteinaggregation. Our model consists of a 20-natural amino acid linear
folding events, including secondary structure formation, in a timepeptide, whose sequence is based on our previous experience in the
scale from nanoseconds to microsecofifaton et al., 1997 design ofB-hairpins. The peptide forms a significant population of

The determination of the factors governing secondary structur¢he expected monomeric three-stranded antipaggdtgieet in aque-
formation is central for the de novo design of proteins. Up untilous solution. Assuming a two-state transition, it is possible to
now, attempts to design gli-proteins have not been very success- estimate the exchange rate between folded and unfolded states
ful. The main evidence abogtsheet formation in all the designed from the NMR line widths of several resonances. The estimated
proteins(Yibing & Erickson, 1994; Martin et al., 1996; Smith & exchange rates in our peptide system are in agreement with those
Regan, 199¥7 comes from CD data. More definite evidence for reported for the unique case in which the ratgdfairpin forma-
globular 3D structure, with well-packed side chains in the interiortion has been experimentally estimatédufioz et al., 199Y. This
of the protein, such as that provided by NMR or X-ray diffraction, result highlights the utility of our model system. Future designs
is lacking. Therefore, a better understanding of the factors involvedased on it may help to identify key aspectsBesheet folding.
in B-structure formation is still needed for de novo design.

Our successful design @gf-hairpin forming peptides as models
to studyB-hairpin formation(Blanco et al., 1993; de Alba et al.,
1995, 1996, 1997a, 199¥prompted us to go one step further on
the way toward the rational design of @lproteins. As a structural
motif, we selected an antiparallel three-strangesheet, a target The simplesp-sheet structure that can be formed by a short linear
that has become the subject of great activity during the course gbeptide is a three stranded antipargliedheet with turns linking the
this investigation. Kortemme et a1998 have succeeded in de- first and second strands, and the second strand to the third strand.
signing a 20-residue linear peptide, which forms a high populatioiWe have designed a peptide able to form this motif keeping its length
of a three-stranded antiparall@isheet, by using a backbone tem- as short as possible, while allowing the strands to be long enough
plate and an iterative hierarchical approach of database informae accommodate the cross-strand hydrogen bonds and side-chain in-
tion, together with an algorithm of compatible side-chain rotamersteractions needed to stabilize the structure. On the basis of these cri-
Schenck and Gellmafi998 have recently reported the design of teria, the3-sheet schematically represented in Figure 1A was adopted
a triple-stranded antiparallgtsheet(21 residuel which incorpo-  as the design target. The design contains two two-residue turns and
ratesp-Pro in the two turns. Sharman and Seal®98 have three strands. The peptide sequence was selected taking into ac-
described a 24-residue peptide, which cooperatively forgislaeet  count experimental and statistical data on amino @stdrn and
in the presence of methanol. llyna et@997 have described ade B-sheet propensities, cross-strand side-chain interactions, solubil-
novo designed 33-mer peptide, which folds as a compestieet ity criteria, and our previous experience wkhairpins. Repetition

Results

Peptide design
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Fig. 1. A: Backbone schematic representation of fhgheet model. Dotted lines indicate hydrogen bonds, and black arrows connect
CaH protons that give rise to NOEs. A pair of facing residues is in a hydrogen bonded site when their CO and NH are hydrogen bonded,
for example, pairs 3-10, 9-20, and 11-18. When their CO and NH are not hydrogen bonded, the pair of facing residues belongs to
a nonhydrogen bonded site, for example, pairs 2-11, 4-9, 10-19, and B-3&quence of peptide 1. Amino acids are located in

their respective positions in the-sheet represented k. Amino acids located on the same side of Bwsheet plane are boxed.

C, D: Backbone schematic representations of fheairpin structures adopted by peptides 2 and 3, respectively.
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of residues was kept to @ minimum to reduce possible NMR signain nonhydrogen bonded sit¢8Vouters & Curmi, 1995 The de-
overlap. An optimal choice of turn residues is cru¢tld Alba etal.,  signed sequendé&ig. 1A,B) contains the pairs W2-Y11 and W10—
1996, 1997a, 1997b; Haque & Gellman, 199Fpe I' and type I Y19 in nonhydrogen bonded sites and the pairs 13-W10 and Y11-
turns(Sibanda & Thornton, 198%re the most frequently found in 118 in hydrogen bonded sites. Othgrsheet forming residues,
B-hairpin structures. The former suits tBehairpin conformation  such as V or F, could have been selected but statistical pair cor-
better than the later due to their right-handed topol@pthia, relations V-Y and V-W are not as favorable as I-Y and I¢Wout-
1973. In contrast, type llturns are more plan&Sibanda & Thorn-  ers & Curmi, 199%; F, which may form favorable interactions with
ton, 1985, which allows better backbone interstrand hydrogen bondY and W in hydrogen bonded sit¢sVouters & Curmi, 1995 is
ing (Mattos et al., 1994 For our design, type 1turns were chosen an aromatic residue that could produce resonance overlap with Y
over type | turns because we anticipated that gasheet model, and W.
being small, will most probably need the most stable hydrogen bond-
ing network possible. Turn residues G6,S7 and G14(Fi& 1B
were selected according to their high statistical probabilities to b
at positions + 1 andi + 2, respectively, in type flturns (Hutch- Since mostB-sheet forming peptides have a strong tendency to
inson & Thornton, 199%and the preceding and following residues aggregate, it is imperative to confirm that the designed peptide 1 is
to the GS paifN5,T8 and N13,T1pbecause present experimental monomeric under the conditions required for NMR. To this end,
evidence indicates that the interaction between the side chains of Bedimentation equilibrium experiments were performed at 0.1 and
and T is favorable fop-hairpin formation(de Alba et al., 1997a 1 mM peptide concentrations in aqueous solution. Average molec-
It must be noted that residues N and G also have a high statisticailar weights obtained for these concentrations were significantly
probability to be at positionis+ 1 andi + 2, respectively, of atype lower than the molecular weight calculated from the amino acid
I” turn (Hutchinson & Thornton, 1994and that a designed 10- composition. This is a typical result in sedimentation equilibrium
residue peptide with sequence YNGK at the turn region forms twoof nonideal samples, where the presence of repulsive electrostatic
differentB-hairpins: one with a typ€ kurn (YNGK) and the other interactions between peptide charges opposes ultracentrifuge force
with a type If turn (NGKT) (de Alba et al., 1997aln the three-  (McRorie & Voelker, 1993; Ralston, 1993To circumvent this
strandegB-sheet target peptide, undesirable typeitns could form  problem, 150 mM NaCl was added. In the 1 mM solution, peptide
with N5G6 and N13G14 at their preferred positions in a tygarn 1 precipitated at this high ionic strength as well as at micromolar
(Hutchinson & Thornton, 1994To avoid the formation of thistype concentrations of NaCl. However, the 0.1 mM sample had no
of turn, amino acid Q, an unfavorable residue at positioia type  solubility problems upon salt addition. Sedimentation equilibrium
I” turn, was chosen for residues 4 and(Haitchinson & Thornton,  measurements on the 0.1 mM sample at 150 mM NaCl gave an
1994). For the same reason, we included S atithe2 position of  average molecular weigliM,,) very close to the one calculated
the type II turns(residues 7 and 25nstead of the statistically more from the residue compositiofMy,), thus indicating a monomeric
favorable N. This change has the additional advantage of not restate of the peptidéFig. 2A,B), M,,/My = 1.03 £ 0.05. To
peating N, already present at positions 5 and 13. ensure that the peptide was a monomer up to 1 mMIHENMR
While the presence of charged residues was considered neespectra were recorded for the 0.1 and 1 mM peptide samples. The
essary to increase solubility and prevent aggregation, these reabsence of changes in either line widths or chemical shifts between
idues have low3-sheet propensities. Therefore, only two chargedthe spectra of the concentrated and diluted san{ligs 2C,D is
residues were introduced. Positively charged residues were preery good evidence that the peptide is monomeric at 1 mM
ferred since they remain in the charged state over broader pldoncentration.
ranges for use in NMR. Lysine was selected as it lends good
solubility to B-hairpin forming peptides(Ramirez-Alvarado
et al., 1996; de Alba et al., 1997d o avoid the formation of an
amphipathicB-sheet that could cause aggregation, the charge
residues were designed to point to opposite sides of the shedthe intensities of nuclear Overhauser enhancerflé@E) cross-
plane and to be far from each other, distributing the charge asorrelations are a function of interproton distances and they pro-
much as possible. At least one charged residue should be locateitle the most relevant NMR structural information. The NOEs
in the middle strand, which is the most protected from solvent,characteristic of antiparallgB-sheet are those involving dHi—
to promote its solvation. Positions 9 and 17 satisfied the previ-CaH j, CaHi-NHj + 1, and NH + 1-NHj — 1 protons, where
ously mentioned conditions and contribute to the distribution ofand | are residues that face each other in adjagestrands, with
the four charges, C- and N-termini plus the two K residues,the GuH protons pointing toward the interior of the sheet. The
throughout the sheet. shortest distance and correspondingly the most intense NOEs are
Goodp-sheet formers, such as I, Y, W, and T, were selected forthose between thedHi—CaH j protons. They are the main diag-
the eight remaining position€Chou & Fasman, 1974; Kim & nostic of the formation of thg3-sheet(Wuthrich et al., 1984;
Berg, 1993; Minor & Kim, 1994a, 1994b; Smith et al., 1994; Withrich, 1986. The relatively strong @H—CaH NOEs between
Mufioz & Serrano, 1994b; Swindells et al., 199bhese residues residues W2-Y11, Q4-K9, Q12-K17, and W10-Y19, unambigu-
were distributed to avoid a marked amphipathicity. The more hy-ously identified in the NOESY spectrum of the designed peptide
drophobic residues 1, Y, and W were placed at positions 2, 11, andFig. 3), are those expected for our targesheet Fig. 1A). Some
18 as well as in 3, 10, and 19, whereas T was placed at the N- another observed NOE&able 1) are further evidence that peptide 1
C-termini. The packing of the hydrophobic residues was based opopulates the expecte@tsheet structure, such as those between
statistical results of cross-strand side-chain interactions, which ink,i + 2 residues in the same strand involving protons in either the
dicate favorable interactions between pairs I-W and I-Y in hydro-side chains or the main chain, as well as those betvieerd |
gen bonded sites of antiparalf@isheets and between the pair Y-W side-chain protons of cross-strand residues. The severe overlap of

L;I'he designed peptide is a monomer

The designed peptide forms the target
éhree-stranded antiparalleB-sheet
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residuals
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Table 1. Medium- and long-range NOE connectivities of the
designed peptide 1 (1 mM of peptide in aqueous solution,

pH 3.4, 10°C)

1H resonance in

Residuei Residug NOE intensity
CaH T1 CyHs and/or CsH3 13° m-s
CBH T1 CyHs; and/or CsHj5 13° m-s
CaH T1 CesH Y11 w
CBB'H W2 CesH W10 W
CaH W2 CaH Y11 m-s
CesH W2 CaH Y11 w
CesH W2 CB'H N13 w
CaH Q4 CaH K9 s
CyH3 and/or C5H3 13° CaH N5 m
CyHs and/or CsH3 13° NH N5 w
CyH3 and/or C5H5 13° CesH W10 w
CyH3 and/or C5H5 13P C51H W10 w-m
C81H W10 @B'H Q12 w
CaH W10 CaH Y19 m-s
CsH Y11 CaH N13 w
C8H Y11 Cy'H 118 vw
CsH Y11 CyH 118 w
C8H Y11 CyH; 118 m
CeH Y11 CaH N13 m
CeH Y11 CB'H N13 m
CeH Y11 CyH; 118 m
CeH Y11 C58'H K9 w
CaH Q12 CGH K17 m-s
NH T16 Ca'H G14 m
CBB'H K17 CeH Y19 m
NH T20 CyH3 118 VW

aThe intensity of the NOEs are classified as: s, strong; m, medium; m-s,
intermediate between strong and medium; w, weak; w-m, intermediate
between weak and medium; vw, very weak.

bBecause of their ambiguity these NOEs were not included in the struc-

ture calculation.

Fig. 2. (A) Peptide absorbance vs. centrifuge radius for a designed peptide

1 sample at 0.1 mM, pH 3.4, 2C. (B) Residuals of the fit of the data in

A to the relation IrCar? (C denotes concentrationradiug. 1D *H NMR
spectra of the designed peptidg(2l0°C, pH 3.4 at (C) 1 mM and(D)

0.1 mM.

pected NH-NH interstrand NOEs.

The compatibility of the observed NOEs with tBesheet target

signed medium- and long-range NOERable 1. Signal overlap,

restraints used in the calculati¢20 distance constraints; Tablg 1
the calculated structurdsee Materials and methgdsre not well

antipara

llel targeB-sheet.

Since there are no established methods to quantify the amount of

B-structure formed by peptidegle Alba et al., 1996, 1997a;

Ramirez-Alvarado et al., 1997; Blanco et al., 1998 have used

the intensity of the @Hi—CaH j NOESs to obtain an estimate. The
the NH resonances precludes the observation of many of the exnatensity of the NOE between theBEl protons of residue Y19,
two protons with a known and fixed distance, was used as a ref-
erence. The @Hi—CaH | distance expected for a fully populated
can be checked by calculating a structure on the basis of distanggsheet was taken as the averagediG-CaH | distance found for
constraints derived from the intensities of all unambiguously as-antiparalle|3-sheets in protein@/Vithrich, 1986. This is the same
procedure used previously f@rhairpin forming peptidegde Alba
originated by the repetitive sequence of the peptide, precludes thet al., 1996, 1997a; Blanco et al., 1998; Maynard et al., 1998;
unambiguous assignment of many medium- and long-range NOESmith & Regan, 1998 Apart from the experimental error in the

In spite of that, it is still possible to calculate a structure on theNOE intensity measurement, error sources for this method arise
basis of observed NOEs. As a consequence of the small number &bm the potential existence of different local correlation times
along the peptide chain, afmr between the folded and unfolded
peptide, and small variations in the actuatii—CaH j distance
defined. However, the superposition of the backbone atoms of 1@ith respect to the averaged value in antiparglaheets taken as
calculated structure@=ig. 4) helps to visualize the series of con- reference. Table 2 summarizes {Bstructure percent populations
formations that satisfies the experimental constraints, and confirmebtained from each &Hi—CaH j NOE observed for the designed
the compatibility of the observed NOEs with the three-strandedpeptide 1 at 10C. On the basis of these calculations, fieheet
population is 13-31% at this temperature.
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ppm

ppm

Fig. 3. Regions of NOESY spectrum of the 20-residue designed peptide @t p&i 3.4, RO, 1 mM, showing the @H—CaH NOEs
characteristic of thg-sheet represented in Figure 1A.

Conformational chemical shifts ofd® protons are often used in equilibrium with the random coil. However, linear peptides in
to delineate and quantitate secondary structure populations. Hovgolution commonly exist as conformational ensembles of intercon-
ever, our designed peptide contains multiple aromatic amino acidsjerting structures in fast exchange on the NMR time scale. NOESY
which normally introduce large ring current shifts obscuring thespectra of linear peptides then contain NOE cross peaks represen-
observation of true secondary structure conformational shifts. Theative of all populated conformations. Therefore, it is possible that
13C shifts are not so dependent on field effectdldshifts, and are  the independent formation of the two hairpins embodied in the
also related with secondary structui®pera & Bax, 1991 In B-sheet could give the same NOE pattern as the complete three-
particular, G, conformational chemical shifts are recognized as thestranded structure. Only in the case of 100% population for each
most useful and sensitive parameter to detect and identify secong-hairpin, as evaluated from the corresponding NOEs, could we
ary structure(Buckley et al., 1993; Gronenborn & Clore, 1994; confirm the existence of a 100% population of the engirsheet.
Yao et al., 1997; Guerois et al., 1998 he pattern ofAdc_ con- Other NMR parameters allow us to discriminate between the
formational shiftsAdc, = 62 — 68F, wheresEC are thes-values  presence of the three-stranded antipargsheet in equilibrium
of the random coil(Wishart et al., 1995 of the designed peptide with the random coil, and the existence of an equilibrium between
1 (Fig. 5 is the pattern expected for a three-stran@esheet: large  four states: the three-stranded antipargliedheet, two states in
negative shifts for ¢ carbons in the strands and null or slightly which the only structured part is the two constitu@ahairpins,
positive shifts in the turngSpera & Bax, 1991 A rough estima-  and the random coil. Sinc€C, chemical shifts are dominated by
tion of the population of3-sheet ang3-hairpin, assuming\oc_ ¢, torsion angles with only minor corrections arising from hy-
(100%pRB) = —1.48 ppm(Spera & Bax, 199), provides values in  drogen bonding and charge electrostatic effédes Dios et al.,
the range 30-55%, depending on the signals selected for th&993, the Adc, conformational shifts should be similar in the
estimation. central and in the external strands of the three-stragdgiteet. In

The NMR data obtained here are compatible with the presenceontrast, if the peptide were forming exclusively the two hairpins
of a single structured form, the three-stranded antipargisieet,  in about equal populations, th5._ conformational shifts should

Fig. 4. Backbone superposition of 10 calculated structures of the designed peptide 1. Root-mean-square deviations for the superposi-
tion of 20 calculated structures, which showed the lowest values of the target function and did not violate the experimental constraints
in more that 0.2 A, are 2.3 0.5 A for backbone atoms and 3:20.5 A for all heavy atoms.
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Table 2. Estimation of the population g#-structure formed TOCSY spectra in the range 5-8D. Some of them present a large
by peptides 1, 2, and 3 inJ® at pH 3.25 and 16C A8 between low and high temperaturés particular, Y11 GH
from the GvH-CaH NOE intensity protons show aé of 0.12 ppm, but the temperature dependence
appears to be monotonously linear, suggesting a broad transition
Population ofg-structure(%) in between structured and unfolded stafgata not shown Never-
Designed theless, it is worthwhile to note that the protons whésealues
CaH—CaH NOE peptide 1 Peptide 2 Peptide 3 Show the largest temperature dependence are those having the
largesté deviations from the random coil values at low tempera-
Ww2-Y11 24 17 — ture. At high temperature, the#i-values approach those of the
Q4-K9 31 14 — random coil. This is the behavior expected for a peptide that adopts
Q12-K17 19 — 18

a structure at low temperature that unfolds at high temperature.
To further confirm the formation of the three-strangedheet

as well as to detect the existence of any positive cooperativity, the

conformational properties of two shorter peptides encompassing

the singleB-hairpins were examined by NMR. They were peptide

be twice as large in the common strand than in the edge strand%.(TWIQNGSTKWYQ) and peptide 3KWYQNGSTKIVT), cor-

The fact that the\dc, conformational shifts are about equal in all responding to residues 1-12 and 9-20, respectively, of the de-
three strandgFig. 5) is in favor of the presence of the entire signed peptide. Assignments for peptides 2 and 3 are given in

three-strandeg-sheet. Table 3. The fact that 1DH-NMR spectra recorded for 2 and

The temperature dependence of dealues of peptide 1's non- 0.1 mM samples of peptides 2 and 3 showed no change, within

exchanaeable brotons was followed by a series of 1D and 2Ifxperimental error, in either chemical shifts or line widths, indi-
g P y cates that both peptides are monomédiata not shown The sets

of NOEs observed for these peptidsse Supplementary material
in Electronic Appendix; Tables SM1),2which include @H—-CaH

044 A NOEs between residues W2-Y11 and Q4-K9 in peptide 2 and
between residues Q12-K17 and W10-Y19 in peptide 3, indicate

W10-Y19 13 — 15

0.2 that both of them form the expected 232hairpins with type I
0.0 turns, involving the residues NGS$ee Fig. 1C,ID The profile of
-0.2 Adc, conformational shifts of peptides 2 and Big. 5 with large
0.4 negative shifts in the strands and null or slightly positive shifts in
the turns(Spera & Bax, 199}, additionally confirm the formation
-0.6 of B-hairpins by both peptides. Population@hairpin in peptide
-0.8 2 is slightly smaller(as estimated from the dBH—CaH NOEs;
10 Table 2, or approximately the sam@s estimated from thasc

LI LR L conformational shifts in thg-strands; Fig. bas the one formed in
04 TWIQ NT KWYQ NT KIYT peptide 1, whereas the population of Bairpin in peptide 3as

€ 02 B estimated by either of the two methods; Table 2, Figrdughly
g - corresponds to the population in peptide 1. Therefore, the cooper-
o- 0.0 ativity, if any, must be very low.
¥, -02 A comparison ofs-values of nonexchangeable protons in non-
& 04 terminal residues of peptides 1, 2, and 3 shows that in general they
o 0.6 coincide within experimental error. However, there are some pro-
e . tons clustered around residues W10 and Y11, belonging to the
g -0.8 7] central strand of th@-sheet, which show some discrepancies. In
N -1.0 - the longer peptide, if we have a mixture of the t@dairpins, the
S FT Tt rritrr et observed shifts should be a population weighted average of those
S o4 4TWIQ NG s|TkwYa observed in the shorter peptides 2 and 3. This is not so for protons
02 C CB'H, Ce3H, and @1H of W10, and @H of Y11 (see Table B
B suggesting that these protons may feel a distinct local magnetic
0.0 environment in the longer peptide, which could correspond to the

-0.2
-04

three-strandeg@-sheet. This observation provides further support
that the designed peptide 1 adopts the entisheet conformation.

| IR I IO I

-0.6
0.8 Estimation of random coijg-sheet transition rate constants
-1.0 Proton resonances of the designed peptide 1 undergo a large and

TTTTTTTTTTTTT rrer selective broadening when decreasing the temperdftie 6).
KWYQ NT KIyT NMR line widths depend inversely on the transverse relaxation
Fig. 5. Conformational shifts of the & carbons for the 20-residues de- time T, (Mooney, 19713 which in turn depends on the molecular

signed(A) peptide 1 and fofB) peptide 2 andC) peptide 3 as a function Motion (Freeman, 1989aAt low temperatures molecular motion
of sequence. Turn residues are boxed. slows down andT, decreases, giving rise to larger NMR line
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Table 3. Chemical shifts of peptides 1, 2 and 3 in aqueous solution (pH 3.4 afid)20

E. de Alba et al.

S (ppm) in peptide

8 (ppm) in peptide

Residue Proton 1 2 3 Residue Proton 1 2 3
T CaH  3.84 3.82 Y11 NH 8.06 7.85 8.19
CsH 410 4.09 @H 442 4.40 4.42
CyH; 1.28 1.26 @H 275,268 277,263 284, 275
CsH  6.87 6.84 7.00
W2 NH 8.90 8.88 CeH  6.73 6.73 6.74
CaH 477 4.78
CBH 320,320 3.9, 3.19 Q12 NH 8.26 7.89 8.31
CoH 722 7.22 @H 420 4.07 413
NeH  10.16 10.16 GH 196,185 199,183  1.98, 1.90
CeH 756 755 GH 218,218 216,216 223,223
CLH 746 7.46 NH 749,690 7.52,689  7.56,6.94
CLH 712 7.12
CaH 466 470
13 NH 8.21 8.21 @H 282,274 2.84,2.75
CaH 401 4.01 NH  7.65,7.04 7.66, 7.04
CBH 156 1.56
CyH 1.30,1.01  1.29,1.01 Gl4 NH 8.54 8.60
CHs 075 074 CaH  4.01,3.90 4.02,3.92
CyHs 075 0.74 s15 NH 8.39 8.44
Q4 NH 8.34 8.35 CaH 451 452
ol 411 417 CBH  3.93,3.86 3.94, 3.88
CBH 194,185  1.96, 1.86 T16 NH 8.26 8.4
CyH 219,219 222,222 CoH 434 435
NeH  7.51,6.90  7.52,6.90 CBH 420 41
N5 NH 8.60 8.59 CyHs 119 1.19
CaH 468 4.70 K17 NH 8.36 8.38
CBH 279,279 282,277 CoH 408 433
NoH  7.66,6.99  7.66,6.99 CH 150, 159 161, 161
G6 NH 8.58 8.60 CyH  1.24,1.12 1.26, 1.14
CaH 397,392  4.00,391 CoH  1.50,1.45 1.51, 1.46
CeH 276,276 2.76, 2.76
s7 NH 8.39 8.39 NH 745 7.46
CaH 451 451
CBH 3.93,3.86  3.94, 3.86 118 NH 8.24 8.28
CaH 414 4.16
T8 NH 8.26 8.25 @H 165 1.66
CaH 435 4.34 GH  1.35,1.08 1.36, 1.09
CBH 420 4.17 GH; 080 0.81
CyH; 116 1.14 GHs; 078 0.80
K9 NH 8.35 8.35 Y19 NH 8.52 8.55
CaH 437 4.38 3.95 GH 470 471
CBH 161,161 158 158  1.80, 1.8 pE  3.10,2.82 3.06, 2.74
CyH 126,122 122,122 1.28, 1.2 s 7.11,7.11 7.05, 7.05
CoH 155155 153,153  1.63, 1.63 &  6.76,6.76 6.75, 6.75
CeH 284,284 282,282 291,291
CaH 427 4.30
W10 NH 8.16 8.26 8.65 BgH 427 4.30
CaH 475 4.64 4.81 CyH; 116 1.16
CBH 313,305 317,311 3.12,3.12
CsH 7.13 7.14 7.22
NeH — 10.18 10.16 10.18
CesH 7.43 7.48 7.50
CoH 746 7.46 7.47
CiH  7.09 7.12 7.12
CmH 721 7.22 7.23

aThe underscored values correspond to those protons véhaaees in peptide 1, and in either peptide 2 or 3, differ more than 0.05
ppm, excluding K9 and Q12 protons and all NH protons.
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Fig. 6. 1D *H NMR spectra of the designed peptidé¢1lmM, pH 3.4, BO) at 5, 10, 25, and 4TC. The resonances used to estimate
coil-B-sheet transition rate constants are indicated at fi@ $pectrum.

widths. The observed NMR signal broadening cannot be explained* is the weighted average line width at half maximum intensity of
by that common effect, since it is larger than the one usuallythe resonance lines of each conformational dtateandAs for the
observed in peptides of the same size, and it is not homogeneoustgndom coil and the sheet states, respectiyaly = P A + PsAs.
distributed along the peptide sequence. Some resonances of resi-Values forv,, vs, A, andAg cannot be obtained directly from
dues W10 and Y11, both located in the middle stréfig. 1), are ~ the NMR spectra of peptide 1. The. was taken as the chemical
much broader than the rest. Peptide aggregation can be discardshift values in unstructured tetrapeptidBsindi & Wuthrich, 1979.
as the origin of line broadening, once the monomeric state of th&he A,. can be estimated from the resonances at high temperature
peptide has been demonstrated. Assuming a two-state model f¢40°C), where exchange rate constants are very fast relative to the
the random coil3-sheet transition, the absence of a set of reso-NMR time scale and the broadening caused by chemical exchange
nances for each state indicates that exchange is fast, but the uis-negligible (Freeman, 1988b We used 13%lower limit from
usually large line width at low temperature suggests that theNOE data; Table Rand 55%(from °C, shifts) as the lower and
equilibrium is approaching the intermediate exchange region, makdpper limits of 8-sheet structure population to estimatg (the
ing it possible to estimate the rate constant for the formation of thebserved chemical shift is the weighted average of the random coll
B-sheet. To estimate the rate, we used the nonoverlapping signadésd sheet chemical shiftsAs a lower limit of the also unknown
at the 1D*H-NMR spectra of peptide 1 in aqueous solution at A*, we assumed that the line width of a resonance in the sheet
pH 3.4, 10°C and 5°C. These signals belong to thelTproton of  conformation is the same as that observed in the coil state. Thus,
residue W2, located in the N-terminal strand; theHGproton of Abin = Are.
W10, and the 6H and GH protons of Y11, from the middle On the basis of these assumptions, we have estimated the coil-
strand; as well as theeEl proton of Y19, which lies in the C-terminal  sheet transition rate constants given in Table 4 &Cl0’he upper
strand. Other resonances could not be used because of signal ovémit for the time required by the coil state to fold into tBesheet
lap, and in the case of the NH resonances, because they exchangages from 16—4ms at 5°C and 4-14us at 10°C. The values
with solvent and lack appropriate random coil chemical shift valuesobtained from different resonances are consistent. The errors in
A general equation for estimating the rate@gheet formation  these values can be rather large since many assumptions have been
(Mooney, 1971bis made, but we think that these rates are indicative of the time range
of B-sheet folding.

ki = [P P4 (e — v5)%]/(A — A*) 1)
whereP,. andPsdenote the populations of the unstructured and sheePISCUSSIon
conformations, respectivelyy,. — vs) is the chemical shift differ- We have shown from a careful analysis #fi and **C-NMR
ence, in Hertz, between the two conformational states for the samgarameters that the designed 20-residue peptide 1 is able to form
proton;A is the line width observed at half maximum intensity; and the target three-stranded antiparaffesheet in aqueous solution.
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Table 4. Estimation of average residence times of resonances in the coil state°@t 10

53 (ppm) at population of Tmax = 1/Ks (uS) at population of
Aobsa Arcb 50bsa 5rcc
Resonance (Hz) (Hz) (ppm) (ppm) 13% 55% 13% 55%
CeH Y11 3.10 2.77 6.71 6.86 5.71 6.59 4 7
CéH Y11 7.08 3.65 6.84 7.15 4.77 6.59 9 18
CeH Y19 3.10 2.77 6.75 6.86 6.01 6.66 7 13
Ce3H W10 5.31 3.98 7.41 7.65 5.80 7.21 6 11
Ce3H W2 3.98 3.32 7.54 7.65 6.80 7.45 14 27

aValues taken from peptide 1 1EH NMR spectrum in RO, pH 3.25, and 1€C.
bValues taken from peptide 1 1EH NMR spectrum in DO, pH 3.25 and 46C.
®Values taken from Wiithrick1986).

dChemical shift of the corresponding proton in tBesheet conformation.

Considering thaB-turn sequence has been shown to determine thenelting curves that are expected for peptides of this small size. The
alignment of strands i-hairpin formation(de Alba et al., 1996, increase on the conformational,Hthemical shifts in the entire
1997a, 1997b; Haque & Gellman, 199the choice of g3-turn three-strande@-sheet, as compared to those observed in compo-
sequence suitable to adopBehairpin 2:2 and unable to form any nentsp-hairpins, is very small indeed for the peptides described
other shifted turn has probably been at the root of the success ¢gKortemme et al., 1998; Schenck & Gellman, 1998; Sharman &
our B-sheet design. This type of turn favors the right alignment ofSearle, 1998 which implies that the cooperativity in the formation
backbone atoms in th@-strands for the formation of the hydrogen of the B-sheet is not very large. Our 20-residue peptide 1 may
bonding network as well as to approach the facing side chains sshow a similar index of cooperativity to that observed in the other
that they can interact and contribute to the stability of the finaldesigned peptides.
B-sheet. We have estimated for the first time the kinetic rateBesheet

An important point to be discussed concerns whether the forformation in a small model peptide. The values obtained for the
mation of the three-stranded antiparal@kheet is cooperative, B-sheet folding rat¢4—14us at 10°C) appear to be reasonable, if
i.e., whether the formation of one of the hairpins promotes thewe take into account previous data on the formation gftairpin
collapse of the other. A comparison of th&C, chemical shifts of (6 us for a 16-residue peptide at room temperatiMeiioz et al.,
peptides 1, 2, and 3 led us to conclude that there was no sign df997). In contrast, kinetic data for helix-coil transitions indicate
cooperativity in the formation of the three-stranggzdheet. How-  thata-helix formation may be faster. Helix folding was calculated
ever, peptides 2 and 3 have end charges in their correspondirtg occur in~50 ns(Gilmanshin et al., 1997and~250 ns(Balew
hairpins(Fig. 1C,D, whose interaction may contribute to increase et al., 1996 from unfolding and folding studies on apomyoglobin,
the population of the individual hairpins. Such an electrostaticand in less thar-160 ns in a 21-residue peptide at’®8(Williams
interaction has been shown to contribute to the stability of a nineet al., 1996. Rate constants for the pdtyrosine coil-sheet tran-
residueB-hairpin forming peptidede Alba et al., 1995 and is  sitions have been reported to be of the order of 10b(&uer &
absent in the three-strand@dsheet(Fig. 1A). Accordingly, the  Miller-Auer, 1986. Rates of that order are shown by protgisheet
formation of theB-sheet would show some degree of cooperativity, folding as demonstrated, for example, by the formation of 90% of
whose magnitude could be evaluated from the effect of the chargthe native structure within 25 ms in the folding of the gisheet
electrostatic interaction on the populations of the individual hairpinsprotein Interleukin-B (Varley et al., 1998 On the other hand, a

The question of whetheB-sheet formation displays a coopera- theoretical work with a polypeptide model estimates coil-sheet rate
tive behavior has been addressed in previous reports on designednstants of tens of ns (Yapa et al., 1992 while another theo-
short peptides able to form three-stranded antipar@isheets. retical study considers that co-sheet formation may be fast or
The 20-amino acid peptide designed by Kortemme e{18198 slow depending on the stability of ti2sheet(Finkelstein, 1991
forms a high population of3-sheet and exhibits a cooperative The lack of data concerning the formation of a pgrsheet, and
behavior as deduced from a broad thermal transition. A broadhe discrepancy among the theoretical studies, may be partially
sigmoidal melting curve is also observed for the 24-residue peptidsolved by the future design of modgtsheet forming peptides,
designed by Sharman and Sedfl898, which folds into a three-  such as our 20-residue peptide 1, and the study of their conforma-
strandeds3-sheet in aqueous methanol. The linear temperature detional behavior.
pendence of the Y11 1 chemical shift of our designed peptide 1
can be interpreted as a broader transition than that of the abovéonclusions
peptide, corresponding to a less cooperative process. The compar-
ison of NMR parameters of a 20-residue peptide containing twoNe have achieved our objective of designing a linear peptide that
p-Pro-Gly segmentétype II turn formers with peptides with the  folds into a monomeric three-strande@dheet. The formeg-sheet
negative control.-Pro-Gly led to Schenck and Gellm#&h998 to appears to be rather homogeneous since no evidence has been
assess thgB-sheet formation is cooperative perpendicular to thefound of alternative conformations arising from different turn types.
strand direction. The existence of a positive cooperative behaviofhe success of our design demonstrates the right selection of the
appears well-founded. However, it is equally certain that the dedesigning criteria: intrinsig3-sheet propensities, statistically fa-
gree of cooperativity is not too high, as inferred from the broadvorable cross-strand side-chain interactions, strict dependence of



Design of a three-strandef-sheet 863

turn-type on turn residue sequence, as well as enhancement spectroscopyTOCSY; Rance, 1987 nuclear Overhauser enhance-
solubility and avoidance of intermolecular interactions. Bhgheet  ment spectroscopyNOESY; Kumar et al., 1980 and rotating
structure formed by the designed peptide constitutes a promisinffame nuclear Overhauser effect spectrosd®9ESY; Bothner-By
model on which to investigate the factors involved grsheet et al., 1984 spectra were recorded by standard techniques using
stability. Moreover, we have been able to estimate the rate constapresaturation of the water signal and the time-proportional phase
of the random coif3-sheet transition. Three immediate future ob- incrementation mode. A mixing time of 200 ms was used for
jectives are apparentl) obtaining higheB-sheet populationg?) NOESY and ROESY spectra. TOCSY spectra were recorded using
promoting higher levels of cooperativity, aifi@) enlarging its di- 80 ms MLEV 17 spin-lock sequen¢®ax & Davies, 1985 Ad-
mensions. We believe that future designs based on this peptidéitional NOESY and ROESY spectra were recorded on peptide
system will be of great help in studying the many factors involvedsamples in pure BD to facilitate the observation of thex®l—CaH
in B-sheet formation and stability. Advances in the understandindNOE cross peaks close to the water signal. The'*C HSQC
of the general principles governing formation of different struc- spectra(Bodenhausen & Ruben, 1986t natural**C abundance
tural motifs, in particular those containingstructures, are ex- were recorded in 1-2 mM peptide samples igOD Acquisition
pected to increase the number of successful peptide and protetfata matrices were defined by 2,048512 points int, and ty,
designs. respectively, or 2,04& 800, respectively. Data were processed
using the standard UXNMR Bruker programs on a Silicon Graph-
ics computer. The 2D data matrix was multiplied by a square-sine-

Materials and methods bell window function with the corresponding shift optimized for
every spectrum and zero-filled to a 2K2 K complex matrix prior

Peptide synthesis and purification to Fourier transformation. Baseline correction was applied in both
dimensions.

Peptides were synthesized by stepwise solid-phase procedures
using fluorenylmethoxycarbonyl amino acids, which were acti-
vated in situ using 1H-benzotriazole-1-yl-oxy-tris-pyrrolidine-

phosphonium hexafluorophosphate and N-methylmorpholine ashift values of the three peptides at pH 3.4 andcL0ONnce theH

catalyst(Coste et al., 1990 The coupling reactions were cata- ; .

lyzed by 1-hydroxybenzotriazoléAtherton & Sheppard, 1989 resonances were assigned, assignment ofiGeresonances was

Pentides were purified by hiah performance liauid chr’omato ra_straightforward on the basis of the cross-correlations observed in
P - P d by high p ce 1q - 9 the HSQC spectra between the proton and the carbon to which it

phy (HPLC) with gradients of water-acetonitrile containing 0.09% is bonded. The 0 porFC & was obtained indirectly by multiolvin

and 0.1% of trifluoroacetic acid, respectively. Peptide purity and ' PP y by pying

identity were checked by HPLC and by the complete assignmentthe spectrome_ter frequ_ency that corresponds to 0 ppm irttihe
of the 'H-NMR spectra. spectrum, assigned to internal TSP reference, by 0.25144254

& Subramanian, 1986; Spera & Bax, 1991

The*H-NMR spectra of peptides 1, 2, and 3 in aqueous solution
were assigned using the standard sequential assignment procedure
gWUthrich et al., 1984; Withrich, 1986Table 3 lists the chemical

Sedimentation equilibrium )
Structure calculation

Sedimentation equilibrium experiments were performed to obtain

the average molecular weight of peptide samples at 0.1 and 1 mnPue to the presence of conformational averaging in linear peptides,
Peptide sample€30 L for 1 mM and 70pL for 0.1 mM) were the use of intraresidue and sequential NOEs can complicate the
centrifuged at 40,000 rpm at 283 K in 4- and 12-mm double-sectofalculation of singular structures existing in the ensemble. For this
Epon charcoal centerpieces, respectively, using a Beckman Optinf§2S°"N only medium- and long-range NOE cross peaks were con-
XL-A ultracentrifuge with a Ti60 rotor. Radial scans were taken atSidered in the calculation ¢8-sheet conformation. Their intensi-

different wavelengths ever2 h until equilibrium conditions were ties were used _to pbtaln upper limit dlstqnce cons_tralnts and were
reached. The data were analyzed using the program XLAEQ fronfValuated qualitatively as stron@.5 A), intermediate between

Beckman. The partial specific volume of the peptide was calcuStrond and mediunt3 A), medium(3.5 A), weak(4 A), and very

lated on the basis of its amino acid composition and corrected to 462K (4.5 A). Pseudo-atom corrections were added where neces-

temperature of 16C (Laue et al., 199 The partial specific vol- ~ S&- The¢ angles were constrained to the rang@80 to 0"
ume of the peptide is 0.717 . except for Gly and Asn. Structures were calculated on a Silicon

Graphics Indigo computer using the program DIANGUntert
et al., 1991

NMR spectra

Peptide concentrations for. NMR experiments were 1-2 mM ingypplementary material in Electronic Appendix

0.5 mL of H,0/D,0 (9:1 ratio by volumé The pH was measured ] )

with a glass micro-electrode and was not corrected for isotopd@bles SM1 and SM2 list the medium- and long-range NOEs
effects. The temperature of the NMR probe was calibrated using 8Pserved for peptides 2 and 3, respectively, in agueous solution.
methanol sample. SodiufB-trimethylsilyl 2,2,3,32H] propionate
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