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Abstract

We have recently reported on the design of a 20-residue peptide able to form a significant population of a
three-stranded up-and-down antiparallel �-sheet in aqueous solution. To improve our �-sheet model in
terms of the folded population, we have modified the sequences of the two 2-residue turns by introducing
the segment DPro-Gly, a sequence shown to lead to more rigid type II� �-turns. The analysis of several NMR
parameters, NOE data, as well as ��C�H, ��C�, and ��C� values, demonstrates that the new peptide forms
a �-sheet structure in aqueous solution more stable than the original one, whereas the substitution of the
DPro residues by LPro leads to a random coil peptide. This agrees with previous results on �-hairpin-forming
peptides showing the essential role of the turn sequence for �-hairpin folding. The well-defined �-sheet
motif calculated for the new designed peptide (pair-wise RMSD for backbone atoms is 0.5 ± 0.1 Å) displays
a high degree of twist. This twist likely contributes to stability, as a more hydrophobic surface is buried in
the twisted �-sheet than in a flatter one. The twist observed in the up-and-down antiparallel �-sheet motifs
of most proteins is less pronounced than in our designed peptide, except for the WW domains. The
additional hydrophobic surface burial provided by �-sheet twisting relative to a “flat” �-sheet is probably
more important for structure stability in peptides and small proteins like the WW domains than in larger
proteins for which there exists a significant contribution to stability arising from their extensive hydrophobic
cores.
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Unravelling the factors involved in �-sheet folding and sta-
bility is a subject of great current interest because of the
relevance of this knowledge to advance in the successful
prediction of protein structure from amino acid sequence,
which is crucial in the field of structural genomics. It will

also contribute to improve our understanding of the mecha-
nisms of amyloidgenesis, that is, the formation of amyloid
fibrils present in conformational diseases, such as Alzhei-
mer’s and spongiform encephalopathies (Kelly 2000; Gor-
man and Chakrabartty 2001). The conformational study of
protein fragments and designed peptides able to adopt
�-sheet motifs, a fruitful approach in the case of helices
(Parthasarathy et al. 1995; Aurora and Rose 1998; Rohl and
Baldwin 1998; Serrano 2000), was hindered by the high
tendency to aggregate of the sequences containing good
�-sheet forming residues, most of which are hydrophobic.
However, the field of �-sheet peptide conformational stud-
ies changed during the last decade, when the efforts of
several groups led to the successful design of water-soluble
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peptides able to form monomeric �-hairpins, that is, two-
stranded antiparallel �-sheet structures (for review, see
Smith and Regan 1997; Blanco et al. 1998; Gellman 1998;
Lacroix et al. 1999; Ramírez-Alvarado et al. 1999; Serrano
2000). Several factors contributing to �-hairpin formation,
that is, intrinsic amino acid �-turn and �-sheet tendencies,
hydrogen-bonding network, interstrand side-chain–side-
chain interactions, and hydrophobic clusters were identified
from the analysis of the conformational behavior of those
peptides (Smith and Regan 1997; Blanco et al. 1998; Gell-
man 1998; Lacroix et al. 1999; Ramírez-Alvarado et al.
1999, 2001; Santiveri et al. 2000; Serrano 2000; Espinosa
et al. 2001; Syud et al. 2001, 2003; Blandl et al. 2003;
Russell et al. 2003). Following the success with �-hairpin
structures, several designed peptides were reported to adopt
more complex antiparallel �-sheets, mostly three-stranded
antiparallel �-sheets (Das et al. 1998; Kortemme et al. 1998;
Schenck and Gellman 1998; Sharman and Searle 1998; de
Alba et al. 1999a,b; Griffiths-Jones and Searle 2000; Chen
et al. 2001; López de la Paz et al. 2001; Santiveri et al. 2003;
Syud et al. 2003) and even four-stranded �-sheets (Das et al.
1999, 2000; Syud et al. 2003), in a monomeric state.

To gain further insight into the factors involved in the
formation and stability of the antiparallel �-sheets, we fo-
cused on enhancing the stability of the three-stranded

�-sheet-forming peptide designed in our lab (Peptide BS1;
de Alba et al. 1999b; Fig. 1). Taking into account the rel-
evant role that the �-turn region plays in �-hairpin folding
(de Alba et al. 1996, 1997a,b, 1999a; Haque and Gellman
1997; Muñoz et al. 1997, 1998; Griffiths-Jones et al. 1999;
Blandl et al. 2003), we decided to start by optimizing the
turn sequences. After considering the successful strategy
developed by the groups of Gellman (Haque and Gellman
1997) and Balaram (Karle et al. 1996; Das et al. 1998; Kaul
and Balaram 1999) for �-hairpin stability consistent in in-
troducing the sequence DPG into the turn, we substituted the
GS sequence in the two turns of our design peptide by the
pair DPG (Fig. 1). As a control, the conformational behavior
of a peptide with LPG sequences at the two turns (Peptide
BS3; Fig. 1) was also investigated.

Results

Peptides BS2 and BS3 are monomers

The monomeric states of peptides BS2 and BS3 in aqueous
solution were evidenced by the absence of any significant
change in line widths and chemical shifts between 1D 1H
NMR spectra recorded at 0.1 and 1 mM, the concentration
used for acquisition of two-dimensional 1H and 13C NMR

Figure 1. Schematic representation of the peptide backbone conformation of the three-stranded antiparallel �-sheet motif adopted by
peptide BS1 (de Alba et al. 1999b) and expected for peptide BS2. Turn residues are indicated by “X.” Turn residues for peptides BS1
and BS2 as well as for the control peptide BS3 are shown in the inset. �-Strand residues whose side chains are oriented upward of the
�-sheet plane are underlined. All other side chains of �-strand residues are downward. �-Sheet hydrogen-bonds are indicated by dotted
lines linking the NH proton and the acceptor CO oxygen. The long-range NOEs involving backbone C�H and NH protons observed
for peptide BS2 in aqueous solution are shown by black arrows. The two large rectangles surround residues belonging to each of the
two �-hairpins that compose the �-sheet motif. Interstrand diagonal NOEs are defined as those between residue i at one strand and
either residue j − 2 or residue j + 2 at the adjacent strand. As an example, W2, K9, and N13 are labeled as i, j − 2, and j + 2, respectively.
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spectra. In addition, the average molecular weight (Mav)
obtained from sedimentation equilibrium experiments car-
ried out with dilute samples of the two peptides, and the
molecular weights calculated from the amino acid compo-
sition (Mth) are very similar (Mav/Mth is 0.99 and 1.00 for
peptides BS2 and BS3, respectively).

Peptide BS2 adopts a three-stranded
antiparallel �-sheet structure

To assess whether peptide BS2 adopts the target �-sheet
structure (Fig. 1), we have analyzed several NMR param-
eters, including NOE data and C�H, 13C�, and 13C� confor-
mational shifts (�� � �observed – �random coil), in aqueous
solution and in 30% TFE. Most of the NOEs involving
backbone protons of residues in the hydrogen-bonded
�-strands expected for the target �-sheet structure were ob-
served for peptide BS2 in aqueous solution and in 30% TFE

(Figs. 1 and 2; Table 1). A large number of NOEs involving
side-chain protons of residues at adjacent strands on the
same side of the �-sheet were also observed. A few char-
acteristic NOEs were not observed, because they lie very
near to the diagonal in the NOESY spectra (i.e., the C�H
Q12-C�H K17 NOE) or overlap with other cross-peaks.
Although the set of NOEs is compatible with the target
�-sheet structure, it is not sufficient to demonstrate the
�-sheet’s existence, because the NOE pattern is also com-
patible with the equilibrium among two independent �-hair-
pins (either hairpin 1 or hairpin 2; Fig. 1) and the random
coil state (de Alba et al. 1999b). However, the presence of
two long-range NOEs involving aromatic protons of W2
and methyl protons of T20 (Fig. 2; Table 1), residues lo-
cated in the edge strands of the �-sheet (Fig. 1), does dem-
onstrate the formation of the desired three-stranded �-sheet.
These two NOEs are more intense in 30% TFE than in
aqueous solution (Fig. 2), which indicates that peptide BS2
adopts a same �-sheet structure in the presence or absence
of TFE, but with an increased population in the alcoholic
mixture.

The profiles of the ��C�H, ��C�, and ��C� conforma-
tional shift values provide additional evidence of the for-
mation of the target �-sheet by peptide BS2. Excluding the
residues at the amino- and carboxy-termini, which may be
affected by charge-end effects, the profiles experimentally
found for peptide BS2 in aqueous solution are consistent
with those characteristic of a three-stranded antiparallel
�-sheet (Spera and Bax 1991; Wishart et al. 1991; Santiveri
et al. 2001), three stretches of residues with negative ��C�

values, and positive ��C�H and ��C� values (all of which
have a large absolute value) corresponding to the �-strands
(residues 1–5, 8–13, and 16–20; Fig. 1). These stretches are
separated by two regions corresponding to the two �-turns
(residues 6–7 and 14–15; Fig. 1) that exhibit small ��C�H

values and at least one residue with a positive ��C� value
and a negative ��C� value (residues 6 and 14; Fig. 1). The
only deviations from the characteristic �-sheet pattern are
the ��C�H values observed for residues I3, Y11, and I18,

Table 1. Total number of NOE connectivities involving
side-chain protons observed for peptide BS2 in aqueous solution
and in 30% TFE

NOE Water 30% TFE

Sc-sc of a residue at the first strand and a residue
at the third stranda,b 2 2

Sc-sc and sc-bb of facing i,j residuesa 49 64
Sc-sc and sc-bb of i, i + 2 residuesa 36 34
Sc-sc of diagonal i, j ± 2 residuesa 41 41
Sc-bb involving other residues than i,j or i,i + 2a 12 12

The protons involved in them and their corresponding intensities are avail-
able as Supplemental Material, Table ST4. Sc, side chain; bb, backbone.
a See Figure 1.
b See Figure 2.

Figure 2. Selected regions of the NOESY spectra of peptide BS2 in D2O
(top) and in 30 : 70 TFE/D2O (bottom) at pH 3.5 and 25°C. Interstrand
C�H-C�H NOE cross-peaks are labeled and boxed. The long-range NOEs
between side-chain protons of residues W2 and T20 are shown in the inset.
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and the ��C� values obtained for T8 (with a null value), T16
and Y19 residues (Fig. 3). The fact that residues I3, Y11,
and I18 are adjacent to aromatic residues and face them in
the target �-sheet (Fig. 1), being thus affected by their ring
current effects, accounts for their negative ��C�H values
(instead of the positive values expected for strand residues),
as has been observed in some �-hairpin-forming peptides
(de Alba et al. 1996; Santiveri et al. 2000). Regarding the
two turns (residues 6–7 and 14–15; Fig. 1), the patterns

observed in peptide BS2 (positive ��C� values and negative
��C� values for DP6 and DP14, and small positive ��C�

values for G7 and G15; Fig. 3) are compatible with either
the target type II� �-turn or a type I� �-turn (Santiveri et al.
2001). These two types of �-turn lead to identical strand
register. The profiles observed in aqueous and in 30% TFE
differ in the magnitude of the values; they are larger in
absolute value in 30% TFE, especially in the �-strand resi-
dues. This is clear-cut evidence that, as indicated by NOE
data (see above), a same �-sheet structure is adopted by
peptide BS2 in the presence or absence of TFE, but its
population is larger in the alcoholic mixture. This result
corroborates earlier studies (de Alba et al. 1995, 1996,
1997a,b; Ramírez-Alvarado et al. 1997; Maynard et al.
1998; Andersen et al. 1999; López de la Paz et al. 2001) that
showed TFE, as a cosolvent, stabilizes �-sheet structures
and not just helices, as was generally believed.

On the basis of the average ��C�H, ��C�, and ��C� val-
ues for the strand residues (Materials and Methods; Santi-
veri et al. 2001) the �-sheet population of peptide BS2 at pH
3.5 and at 25°C is estimated as 61% in aqueous solution and
79% in 30% TFE (Table 2).

Control peptide BS3 in aqueous solution
is a mainly random coil peptide

In contrast to peptide BS2, most of the observed NOEs in
the NOESY spectrum of peptide BS3 in aqueous solution
were intraresidual or sequential (data not shown). The only
nonsequential NOEs were a few very weak i, i+2 NOEs
involving side-chain protons of residues with aromatic rings
and long side chains that may arise from some low-popu-
lated local nonrandom conformations. None of the NOEs
expected for the target �-sheet structure or for any other
antiparallel �-sheet (with different strand alignments) are
observed. The fact that the C�H and C� conformational
shifts observed for the control peptide BS3 (Fig. 3) are very
small in absolute value and mostly negative, in contrast to
the positive sign characteristic of �-strands, also indicates
the absence of any �-sheet structure. The negative ��C�H

values of I3-Q4 and Y11-Q12, relatively large in absolute
value (|��C�H|>0.15 ppm), which would suggest the exis-
tence of some low populated helix regions (Fig. 3) are prob-
ably due to the anisotropy effect of the aromatic rings of
residues W2, W10, and Y11 (Wintjens et al. 2001; Pajon
et al. 2002). In regard to the C� conformational shifts (Fig.
3), the negative and large magnitude ��C� values of the N5
and N13 residues are characteristic of Pro-preceding amino
acids (Wishart et al. 1995a; Wintjens et al. 2001; Pajon et al.
2002). Some other residues corresponding to the �-strands
in peptide BS2 display negative ��C� values, but they are
generally small in magnitude. They could also be an indi-
cation of some �-sheet tendency, as have been found in
isolated strands of a designed �-hairpin (Maynard et al.

Figure 3. Histograms of ��C�H (top), ��C� (middle), and ��C� (bottom)
values as a function of sequence for peptide BS2 in D2O (white bars) and
in 30 : 70 TFE/D2O (black bars) at pH 3.5 and 25°C, and for control
peptide BS3 (gray bars) in D2O at pH 3.5 and 25°C. �C�H

random coil values
were taken from Bundi and Wüthrich (1979) and �C�

random coil and
�C�random coil values from Wishart et al. (1995a). For Gly, the averaged
��C�H value is shown. Residue P is a D-amino acid in peptide BS2 and a
L-amino acid in control peptide BS3. Strand and turn regions are indicated
at top. Turn residues are boxed.
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1998). Nevertheless, on the whole, peptide BS3 in aqueous
solution behaves as an essentially random-coil peptide.

CD data for peptide BS2 and for control peptide BS3

The far-UV CD spectra of peptide BS2 in aqueous solution
and in the mixed solvent 30 : 70 TFE/H2O (Fig. 4) display
a minimum at ∼ 214 nm, which is characteristic of �-sheet
structures (Johnson Jr. 1988) and a maximum at ∼ 230 nm,
which is ascribable to contributions from the aromatic resi-
dues (W2, W10, Y11, Y19; Johnson Jr. 1988; Woody
1995). The positive values below 195 nm are also indicative
of �-sheet structure, as �-sheets have a maximum about 195
nm. Using the CDPro program (Sreerama and Woody
2000), the best fits of these CD spectra give �-sheet popu-
lations of 82% and 92% (including regular and distorted
�-sheets and turn) and random coil populations of 18% and
8% in aqueous solution and 30% TFE, respectively. The
far-UV CD spectrum of the control peptide BS3 in aqueous
solution (Fig. 4) differs greatly from that of peptide BS2 and
is indicative of a disordered peptide. The best fit of this CD

spectrum using the CDPro program (Sreerama and Woody
2000) yields a random coil population of 61%. These results
are in excellent agreement with our previous conclusions
from NMR parameters.

More interestingly, the near-UV CD spectra of peptide
BS2 shows a positive broad band centered at ∼ 270 nm in
aqueous solution and at ∼ 265 nm in 30% TFE, whereas
peptide BS3 in aqueous solution displays a nearly flat near-
UV CD spectrum, as observed in most peptides (Fig. 4).
These signals arise from the aromatic side chains of the two
Trp and two Tyr residues present in peptide BS2 and from
the interactions between a Trp and a Tyr side chain in each
pair of facing Trp and Tyr residues (W2-Y11 and W10-
Y19; Fig. 1; Strickland 1974; Woody and Dunker 1996).
They clearly indicate that aromatic side chains in the anti-
parallel �-sheet adopted by peptide BS2 are well ordered.

Stability of the �-sheet formed by peptide BS2

Peptides adopting a single structure should approach the
cooperative thermal unfolding transition usually observed in
protein structures. In that case, thermodynamic parameters
(�Gu, �Hu, �Su, and even �Cp

0) can be obtained for the
folded–unfolded transition, as has been done for some
�-sheet-forming peptides (Santiveri et al. 2002). The 1H
chemical shifts of all nonexchangeable protons of peptide
BS3 exhibit a linear temperature dependence within the
0–80°C range (r-values > 0.95), and a very small total
change in �-value between the highest and the lowest tem-
peratures (|��| � 0.10 ppm, in which �� � �0° – �80°,
ppm), as expected for a random coil peptide (Santiveri et al.
2002). In contrast, many protons of peptide BS2 experience
a large total change in �-value (|��| � 0.10 ppm; Table
ST5) and a nonlinear thermal dependence (Fig. 5). The
shape of the � versus T curves is reminiscent of a broad
sigmoidal curve, where the plateau corresponding to the
unfolded state has not been reached (Fig. 5). Even at 80°C,
the curve is still far away from the unfolded state plateau
(40% �-sheet population as estimated from ��C�H), which
precludes a complete thermodynamic analysis because of
the large correlation errors among the different thermody-
namic parameters.

To characterize quantitatively one particular factor con-
tributing to �-sheet stability, it is always useful to have a
value of the unfolding free energy at a given temperature
(298 K). The simplest thing is to consider a two-state un-
folding equilibrium, for which the free energy is given by
�Gu � – RT ln Keq. The adoption of a two-state model is
justified as follows. The profile of the temperature depen-
dence of the splitting between the C�H and C��H protons of
Gly residues in �-turns (��Gly � �C�H – �C��H, ppm) has
been taken as a diagnostic of the formation of the corre-
sponding �-hairpin (Griffiths-Jones and Searle 2000). The
profiles of G7 and G15 in BS2 show an identical behavior,

Figure 4. Far-UV (A) and near-UV (B) circular dichroism spectra of pep-
tides BS2 in H2O (continuous line) and in 30 : 70 TFE/H2O (dotted/dashed
line) at pH 3.5 and 10°C, and for control peptide BS3 (dotted line) in H2O
at pH 3.5 and 10°C.
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except for a small shift in magnitude ascribable in principle
to sequence differences (see Fig. 5, bottom right). Because
G7 belongs to the amino-terminal �-hairpin and G15 to the
carboxy-terminal one, that behavior indicates that the fold-
ing of the two hairpins is simultaneous, and consequently,
the folding of the entire �-sheet occurs as a two-state tran-
sition. This is in contrast to that reported for a three-stranded
�-sheet design (Griffiths-Jones and Searle 2000), for which
a four-state folding pathway was proposed, because the pro-
files of thermal unfolding of the two �-turns as monitored
by the ��Gly splittings were completely different. Values of
�Gu obtained from the estimated populations in peptide
BS2 for a two-state model are given in Table 2.

The NH/ND exchange rates (kex) could be measured for
a total of 14 amide protons in peptide BS2 and 10 in peptide
BS3 (see Materials and Methods; Supplemental Table ST6).
In the case of the control peptide BS3, all exchange at
approximately their intrinsic exchange rate or even faster

(log P � 0; Supplemental Table ST6), as expected for a
random-coil peptide. In contrast, eight of the amide protons
in peptide BS3 exhibit slower exchange rates than their
intrinsic ones (log P >0.2; Supplemental Table ST6), al-
though the degree of protection is small. The free energy
change for �-sheet unfolding evaluated by assuming, as
done in proteins (Wagner and Wüthrich 1979; Jeng and
Dyson 1995; Woodward 1995; Englander et al. 1996), that
the exchange of the most protected amide protons occurs by
complete unfolding of the peptide structure is in excellent
agreement with that obtained on the basis of the estimated
�-sheet population (Table 2).

The �-sheet structure adopted by peptide
BS2 displays a large right-handed twist

To further characterize the �-sheet adopted by peptide BS2,
we have determined its structure in aqueous solution and in

Figure 5. Thermal dependence of the �-values of several protons and of the splitting of C�H and C��H Gly protons (��Gly) of peptide
BS2 in D2O at pH 3.5. Error for each experimental point is ±0.01ppm. Experimental points are linked with a line to guide the eye.
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30% TFE by using distance restraints derived from the in-
tensities of the long-range, medium-range, and sequential
C�Hi-NHi+1 NOEs (159 and 169, respectively) and dihedral
� angle constraints for residues exhibiting 3JC�H-NH > 8 Hz
(9 and 12, respectively). Intraresidual and sequential NOEs,
apart from the C�Hi-NHi+1 NOEs, were excluded due to the
contribution of random coil conformations to their intensi-
ties. This contribution is negligible in the case of the se-
quential C�Hi-NHi+1 NOEs because of their short distance,
2.2 Å, in the �-sheet conformation. The resulting structures
are well defined in both water and 30% TFE (Fig. 6; pair-
wise RMSD values for backbone atoms are 0.6 ± 0.2 Å and
0.5 ± 0.1 Å, respectively) and the side chains of most resi-
dues at the strands are also well defined (pairwise RMSD
values for all heavy atoms are 1.1 ± 0.2 Å and 1.0 ± 0.2 Å,
respectively). The close agreement of the values displayed
by the �1 and �2 angles of the ordered side chains in water
and in 30% TFE (Table ST7) is evidence of the similarity
of the structures adopted in both solvents, as concluded
from the qualitative analysis of the NMR parameters. Ac-
cordingly, the pair-wise RMSD values of the structure en-
semble including the best 20 in water and the best 20 in
30% TFE calculated structures (0.8 ± 0.3 Å for backbone
atoms and 1.2 ± 0.3 Å for all heavy atoms) are only slightly
higher than the RMSD values obtained for each solvent
individually.

The calculated structures appear very twisted by visual
inspection (Fig. 6), and in fact, the overall degree of twist is
43 ± 3°, 39 ± 2°, and 82 ± 4° between strands 1–2, 2–3, and
1–3, respectively (see Materials and Methods). The corre-
sponding values for a model of the “ideal” up-and-down
three-stranded antiparallel �-sheet structures with two type
II� �-turns are 9 ± 5°, 7 ± 3°, and 9 ± 7°.

To investigate the distance constraints responsible for the
�-sheet twist, we classified the NOEs involving side-chain
protons into three groups as follows: (1) diagonal i, j ± 2
(see Fig. 1) plus those between first and third strand; (2) i,
i+2 residues; and (3) side-chain backbone other than i, j, or
i, i+2 residues (Table 1; Supplemental Table ST4). We per-
formed seven additional structure calculations by excluding
each group individually, then pairs of groups, and then fi-
nally, the three groups. We observed that the twist mainly
originates from the NOEs of group 1, followed by those of
group 2. Nevertheless, even the flattest calculated structure
(that excluding the three groups) is more twisted than the
models for the “ideal” up-and-down three-stranded antipa-
rallel �-sheet structures with either type I� or type II�
�-turns (the flattest of all). Using this series of structures (10
sets in total), we found that the degree of twist (overall
degree of twist between strands 1–3) correlates with the
buried hydrophobic surface and with the total buried sur-
face, with the r-values being 0.89 and 0.94, respectively.

Table 2. Estimated �-sheet populations for peptides BS1 and BS2 in D2O at pH 3.5 and 25°C
and for peptide BS2 in 30:70 TFE/D2O and free energy variation (�Gu) for �-sheet unfolding
in D2O

Peptide BS2 in D2O Peptide BS2 in 30% TFE Peptide BS1a in D2O

�-Sheet population
% from ��C�H

b 78 (+0.31 ppm) 100 (+0.49 ppm) 20 (+0.08 ppm)
% from ��C�

b 48 (−0.77 ppm) 61 (−0.98 ppm) 30 (−0.48 ppm)
% from ��C�

b 56 (+0.95 ppm) 76 (+1.30 ppm) 14 (+0.23 ppm)
Averaged %c 61 ± 16, 59 ± 14 79 ± 20 21 ± 8, 17 ± 9

�Gu, kcal mole−1,d,e +0.3 ± 0.4, +0.2 ± 0.3 — −0.8 ± 0.3, −0.9 ± 0.4
��GBS2 vs BS1, kcal mole−1,e,f +1.1 ± 0.5, +1.1 ± 0.5
��GDPG vs GS, kcal mole−1,e,g +0.6 ± 0.5, +0.6 ± 0.5
�Gop

10°C, kcal mole−1,h,i +0.2 ± 0.2 (+0.4 ± 0.1j)

a Evaluated as described for peptide BS2 on the basis of the �-values previously reported. (de Alba et al. 1999b).
b The corresponding �� value obtained as the averaged value for strand residues, excluding the N- and C-
terminal residues and the residues adjacent to the �-turns, is given in parenthesis. Those residues with a ��C�H

or with a ��C�H-value deviating from the expected for a �-strand were also excluded (see Materials and
Methods).
c Averaged �-sheet population obtained as the mean value of the three independent-estimations based on ��C�H,
��C�, and ��C� values. �-Sheet populations estimated at 10°C are given in italics. Reported errors are the
standard deviations.
d Obtained from the estimated �-sheet populations by assuming a two-state �-sheet folding-unfolding equilib-
rium and applying the equations: �Gu � −RT ln Keq.
e Errors were estimated by error propagation analysis.
f ��GBS2 vs BS1 = �GBS2 − �GBS1.
g ��GDPG vs GS � 1⁄2 ��GBS2 vs BS1.
h Obtained from the H/D exchange rates of the eight most protected amide protons for peptide BS2 in aqueous
solution at pH 3.5 and 10°C (Table ST6) and applying the correction for taking into account the effect of the
cis-trans equilibrium of the two Pro residues (Materials and Methods).
i Reported errors are the standard deviations.
j Considering only the five most protected amide protons (Table ST6).
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Comparison of the three-stranded antiparallel
�-sheet adopted by peptide BS2 with the same
motif in protein structures

Although it is well known that protein �-sheets usually
display a right-handed twist (Richardson 1981), the large
degree of twist displayed by the �-sheet structures calcu-
lated for peptide BS2 (see above; Fig. 6) prompted us to
examine three-stranded antiparallel �-sheet motifs of pro-
teins. We found that the degree of twist between the first
and the third strand (Materials and Methods) in 10 three-
stranded antiparallel �-sheets of a few proteins (145–436
residues) is in the range of 27° to 60°, whereas in noncom-
plexed WW domains (27–39 residues of length; Supple-
mental Table ST8), it amounts to 84° to 97°. Although these
results do not constitute a thorough statistical examination
of the three-stranded antiparallel �-sheet motif in proteins,
they suggest that antiparallel �-sheets are less twisted in
large proteins than in the peptide BS2 or than in smaller
proteins, such as the WW domains.

Because the lengths of the three �-strands constituting the
�-sheet motif in the designed peptide BS2 and in the WW

domains are the same, we investigated whether any se-
quence similarity exists between the designed peptide BS2
and the WW domains by performing a manual structural
alignment between them (Table 3). Considering the WW
domains of known three-dimensional structures in their free
state, we found that three �-strand positions are occupied by
either aromatic or hydrophobic residues in both WW do-
mains and in peptide BS2 (10, 11, and 19), and one by a N
residue (position 13), which is in peptide BS2 and in some
of the WW domains is facing a T residue (position 16).
Residues at positions 10 and 19 are among those conserved
in WW domains. The sequence of peptide BS2 exhibits the
highest similarity with the WW domain from YJQ8 yeast
(Macías et al. 2000), in which positions 2, 3, and 18 are
occupied by hydrophobic or aromatic residues, and position
17 by a K residue. However, peptide BS2 lacks the residues
preceding the amino-terminal strand (P and W) and those
following the carboxy-terminal strand (P), which have been
shown to contribute to the stability of WW domains (Macías
et al. 2000). It is also interesting to note the good matching
of the backbone atoms of the �-sheet adopted by peptide
BS2 to the template derived from WW domains (Fig. 6).

Figure 6. Stereoscopic view of the superposition of all heavy atoms of the best 20 structures calculated for the �-sheet motif formed
by peptide BS2 in aqueous solution. Backbone (in black) and side-chain atoms (in red) are displayed at top, and only backbone atoms
in the middle. (Bottom) The backbone atoms of the best 20 structures calculated for the �-sheet motif adopted by peptide BS2 (in black)
and for a prototype WW domain (in blue; PDB code: 1e0m; Macías et al. 2000) superimposed over the backbone atoms of the
�-strands. The “C” label indicates the carboxy-termini.
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Discussion

BS1 was the first peptide designed in our group able to
adopt a monomeric three-stranded antiparallel �-sheet in
aqueous solution (Fig. 1; de Alba et al. 1999b). The design
was based on our previous results in �-hairpin peptides,
intrinsic amino acid �-sheet and �-turn propensities, statis-
tically derived pairwise cross-strand side-chain interactions,
and solubility criteria. As shown here, the incorporation of
DPro residues at the two turns of peptide BS1 greatly sta-
bilizes the three-stranded antiparallel �-sheet, increasing its
population from 21% in peptide BS1 up to 61% in peptide
BS2, and yielding free-energy variation values for �-sheet
unfolding (�Gu) of +0.3 and −0.8 Kcal mole−1, respectively
(Table 2). The �Gu value evaluated for peptide BS2 is in
excellent agreement with that obtained from HN/DN ex-
change data (�Gop

10°C; Table 2), which mutually reinforces
their validity. According to the obtained �Gu values, the
�-sheet structure is ∼ 1.1 kcal mole−1 more stable in peptide
BS2 than in peptide BS1 (��GBS2 vs. BS1; Table 2). Hence,
by assuming an independent and additive contribution to
stability for each �-turn, the contribution to �Gu of the DPG
turn sequence relative to the GS turn sequence is ∼ 0.6 kcal
mole−1 (��GDPG vs. GS; Table 2). Despite the many assump-
tions and the potential error sources implicit in the �Gu

estimation, the resulting value compares reasonably well
with some previously reported values that are in the range of
from 0.5 to 1.0 kcal mole−1 (Syud et al. 1999; Cochran et al.
2001; Blandl et al. 2003). For example, ��G of DPG rela-
tive to NG in two different �-hairpin peptides is 0.64 kcal
mole−1 in a cyclic 10-residue peptide (Cochran et al. 2001)
and 0.5 ± 0.1 kcal mole−1 in a linear 12-residue peptide
(Syud et al. 1999). They are also within the range reported
for the contributions of cross-strand side-chain–side-chain

interactions in �-hairpins (de Alba et al. 1995; Searle et al.
1999; Russell and Cochran 2000; Ramírez-Alvarado et al.
2001; Stanger et al. 2001).

Substitution of the DPro residues (peptide BS2) by LPro
residues (peptide BS3) leads to a complete destabilization of
the �-sheet motif, as reported for other �-sheet-forming
peptides (Schenck and Gellman 1998). DPro is able to sta-
bilize �-sheets because it fits well into the topology of II�
�-turns that are appropriate for the 2:2 �-hairpins forming
the �-sheet motif (Fig. 1). On the contrary, the LPro-Gly
sequence leads to type II �-turns with geometry unsuitable
for the �-sheet motif. Our results confirm previous findings
in three-stranded antiparallel �-sheets (Schenck and Gell-
man 1998; Chen et al. 2001) and in �-hairpin peptides (de
Alba et al. 1997a,b, 1999a; Haque and Gellman 1997;
Ramírez-Alvarado et al. 1997, 1999; Smith and Regan
1997; Blanco et al. 1998; Gellman 1998; Lacroix et al.
1999; Serrano 2000) about the relevant role of �-turn se-
quence in antiparallel �-sheet formation. However, the con-
tribution of appropriate �-turn sequences to �-hairpin sta-
bility ( ∼ 0.5–1.0 kcal mole−1; see above; Cochran et al.
2001) is rather low and is approximately equivalent to one
or two favorable cross-strand side-chain interactions (de
Alba et al. 1995; Searle et al. 1999; Russell and Cochran
2000; Ramírez-Alvarado et al. 2001; Stanger et al. 2001),
which suggests that a suitable �-turn sequence is necessary
but not sufficient for the formation of �-sheet motifs con-
taining �-hairpins. As already proposed (Santiveri et al.
2002), the basis for the requirement of appropriate �-turn
sequences might stem from the bending of the peptide chain
at the turn region to facilitate the packing of the side chains
from different strands. Even if the appropriate contact be-
tween side chains occurs within the random-coil ensemble,
a turn sequence that is incompatible with the �-turn geom-

Table 3. Structural sequence alignment of the designed peptide BS2 with noncomplexed WW domains of known
three-dimensional structure

�1 �2 �3

Pdba 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
BS2b T W I Q N DP G T K W Y Q N DP G T K I Y T
1e0mc L P P G W D E Y K T H N G K T Y Y Y N H N T K T S T W T D P
1i6cd L P P G W E K R M S R S S G R V Y Y F N H I T N A S Q W E R P
1e01e A V S E W T E Y K T A D G K T Y Y Y N N R T L E S T W E K P
1e0nf L P P G W E I I H E N G R P L Y Y N A E Q K T K L H Y P P

Residues conserved in WW domains are shown in bold. Residues that are similar in peptide BS2 and in the WW domains are indicated in bold and
underlined and those that are similar in the peptide BS2 and in the WW domain from YJQ8 yeast are in italics and underlined. �-Strands and residue
numbering in peptide BS2 are indicated at the top. Number of �-strand residues whose side chain are oriented upward and downward the �-sheet plane
are in bold and underlined, respectively.
a Pdb code.
b This paper.
c Prototype (Macı́as et al. 2000).
d Human Pin1_4. (Wintjens et al. 2001).
e FBP28WW mouse (Macı́as et al. 2000).
f YJQ8 yeast. (Macı́as et al. 2000).
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etry required for �-hairpin formation will prevent �-sheet
formation, because its contribution to stability is unfavor-
able and counterbalances and overpasses favorable stabiliz-
ing side-chain interactions. The fact that most antiparallel
�-sheets in proteins do not exhibit optimal �-turn sequences
can be explained by the presence of a very large number of
side-chain interactions. Once the requirement of a suitable
turn sequence, or at least a nondestabilizing turn sequence is
fulfilled, the formation and final stability of the �-sheet
motif will depend on side-chain interactions, reinforced by
backbone hydrogen bonds.

The three-stranded antiparallel �-sheet adopted by pep-
tide BS2 exhibits a high degree of right-handed twist. The
degree of twist is very similar to that found in small pro-
teins, such as the WW domains, whereas it is more pro-
nounced in three-stranded antiparallel �-sheet motifs in
large proteins. Also, the degree of twist appears to correlate
with the amount of buried surface. Thus, a large right-
handed �-sheet twist will contribute favorably to �-sheet
stability by increasing the amount of hydrophobic surface
buried. A large twist of the �-sheet is not as important in
proteins, where �-sheets are surrounded by segments of the
protein, so that at least one of their faces is inaccessible to
solvent. However, the two �-sheet faces are solvent exposed
in designed �-sheet peptides, or naturally occurring small
�-sheet proteins, such as the WW domains. Therefore, the
amount of solvent-exposed hydrophobic surface becomes
critical for stability, and the additional burial of hydropho-
bic surface due to a high degree of twist is an important
factor for the stability of the �-sheet motif. This is probably
the rational basis for previous results on �-hairpin peptides,
indicating that the 3:5 �-hairpins, which are more twisted
than the 4:4 �-hairpins, are more stable, although no defini-
tive conclusion about the importance of hydrophobic sur-
face burial could be drawn there (de Alba et al. 1997b).

Considering that we made no use at all of WW-domain
sequences for the design of peptide BS2 (see above; de Alba
et al. 1999b), the remarkable structural similarity of the
peptide BS2 and the isolated WW domains (Fig. 6) merits
further analysis. There exists very low-sequence similarity
between peptide BS2 and the WW domains, except for one
(Table 3). Interestingly, two structurally equivalent posi-
tions in peptide BS2 and WW domains (positions 10 and
19) with similar residues correspond to residues conserved
in the WW domains and are proposed as important for their
stability (Macías et al. 2000). The lack of the conserved
stabilizing interaction between the amino-terminal W and
the carboxy-terminal P residues in peptide BS2 suggests
that this interaction is not essential for �-sheet formation,
although it contributes to increase their stability, and could
also be related to the binding of Pro-containing sequences to
WW domains. Peptide BS2 can serve as a good scaffold to
investigate the requirements for peptide binding to WW
domains.

Conclusions

The analysis of the ability to adopt a three-stranded antipa-
rallel �-sheet by a 20-residue peptide with two DPro-Gly
�-turns relative to equivalent peptides with Gly-Ser and
LPro-Gly �-turns and of the characteristics of the adopted
�-sheet motif (twist and hydrophobic surface burial) gives
us insights into several features that are important in �-sheet
formation. First, a suitable �-turn sequence is necessary, but
not sufficient for the formation of �-sheet motifs containing
�-hairpins. Once this requirement is fulfilled, the formation
and final stability of the �-sheet motif depends on the in-
teractions between side chains at the strands. Second, a high
degree of right-handed twist contributes to �-sheet stability
by favoring the burial of hydrophobic surface. Finally, the
designed peptide BS2 constitutes a good scaffold to inves-
tigate the factors involved in �-sheet stability in general,
and in WW domains in particular. Moreover, peptide BS2 is
a suitable model to study the factors contributing to the
binding of Pro-containing peptides to WW domains.

Materials and methods

Peptide synthesis

Peptides BS2 and BS3 were provided by DiverDrugs (Barcelona,
Spain) and Neosystem (Strasbourg, France), respectively.

Sedimentation equilibrium

Sedimentation equilibrium experiments were performed to obtain
the average molecular weight of peptide samples at ∼ 0.01–0.05
mM concentrations in aqueous solution at pH 3.5 and containing
150 mM NaCl to screen nonideal effects involving charged resi-
dues at high peptide concentrations. Peptide samples (70 	L) were
centrifuged at 60,000 r.p.m. in 12-mm triple-sector Epon charcoal
centrepieces, using a Beckman Optima XL-A ultracentrifuge with
a Ti60 rotor. Radial scans were taken at different wavelengths
every 2 h until equilibrium conditions were reached. The data were
analyzed using the program XLAEQ from Beckman. The partial
specific volumes of the peptides were calculated on the basis of
their amino acid composition and corrected for temperature (Laue
et al. 1992).

Circular dichroism

CD spectra were acquired on a Jasco J-810 instrument. Peptide
samples were prepared in pure H2O at pH 3.5. The concentrations
of the peptide samples were determined by ultraviolet absorbance
measurements and were 37 	M and 23 	M for peptides BS2 and
BS3, respectively. Cells with path lengths of 0.1 and 0.5 cm were
used for measurements in the far-UV and in the near-UV, respec-
tively. CD spectra were recorded at 10°C by taking points at 0.2-
nm intervals, with a scan speed of 50 nm/min−1, a response time of
2 sec, and 1 nm band width. Each spectrum was the average of
eight scans, and was corrected by substraction of the solvent spec-
trum acquired under the same conditions. Mean residue ellipticity
([
], deg cm2dmole−1) values were obtained from equation 1:
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10lcN
(1)

where 
 is the observed ellipticity, l is the cell path length ex-
pressed in centermeters, c is the molar concentration of the peptide
sample, and N is the number of amino acids in the peptide se-
quence.

NMR spectra

Peptide samples for NMR experiments were prepared in 0.5 mL of
H2O/D2O (9 : 1 ratio by volume) or in pure D2O. Peptide concen-
trations were ∼ 1 mM. The pH was measured with a glass micro-
electrode and was not corrected for isotope effects. The tempera-
ture of the NMR probe was calibrated using a methanol sample.
Sodium [3-trimethylsilyl 2,2,3,3-2H] propionate (TSP) was used as
an internal reference. The 1H-NMR spectra were acquired on a
Bruker AMX-600 pulse spectrometer operating at a proton fre-
quency of 600.13 MHz. One-dimensional spectra were acquired
using 32 K data points, which were zero filled to 64 K data points
before performing the Fourier transformation. Phase-sensitive two-
dimensional correlated spectroscopy (COSY; Aue et al. 1976),
total correlated spectroscopy (TOCSY; Rance 1987), nuclear
Overhauser enhancement spectroscopy (NOESY; Jeener et al.
1979; Kumar et al. 1980) and rotating frame nuclear Overhauser
effect spectroscopy (ROESY; Braunschweiler and Ernst 1983;
Bothner-By et al. 1984) spectra were recorded by standard tech-
niques using presaturation of the water signal and the time-pro-
portional phase incrementation mode (Redfield and Kuntz 1975).
A mixing time of 200 msec was used for NOESY and ROESY
spectra. TOCSY spectra were recorded using a 80-msec MLEV17
with z filter spin-lock sequence (Rance 1987). The 1H-13C hetero-
nuclear single quantum coherence spectra (HSQC; Bodenhausen
and Ruben 1980) at natural 13C abundance were recorded in 1-mM
peptide samples in D2O. Acquisition data matrices were defined
by 2048 × 512 points in t2 and t1, respectively. Data were pro-
cessed using the standard XWIN-NMR Bruker program on a Sili-
con Graphics computer. The two-dimensional data matrix was
multiplied by a square-sine-bell window function with the corre-
sponding shift optimized for every spectrum and zero filled to a
2 K × 1 K complex matrix prior to Fourier transformation. Base-
line correction was applied in both dimensions. The 0 ppm 13C �
was obtained indirectly by multiplying the spectrometer frequency
that corresponds to 0 ppm in the 1H spectrum, assigned to internal
TSP reference, by 0.25144954 (Bax and Subramanian 1986; Spera
and Bax 1991).

The thermal dependence of 1H chemical shifts of peptides BS2–
BS3 in D2O at pH 3.5 was measured by recording a series of one-
and two-dimensional TOCSY spectra at 5°C intervals over the
range of from 0 to 80°C.

NMR assignment

The 1H NMR signals of peptides BS2 and BS3 in aqueous solution
were readily assigned by standard sequential assignment methods
(Wüthrich et al. 1984; Wüthrich 1986). Then, the 13C resonances
were straightforwardly assigned on the basis of the cross-correla-
tions observed in the HSQC spectra between the proton and the
carbon to which it is bonded. The 1H and 13C �-values of peptides
BS2 and BS3 are available as Supporting Information (Supple-
mental Tables ST1, ST2, and ST3) and have been deposited at
the PESCADOR database (http://ucmb.ulb.ac.be/Pescador/; Pajon
et al. 2002).

Hydrogen exchange

The NH exchange of peptides BS2 and BS3 was followed by a
tandem method. The exchange reaction was started by dissolving
the lyophilized peptide in D2O at pH 3.5. Once transferred to a
5-mm NMR tube and shimmed, a series of consecutive one-
and two-dimensional TOCSY experiments were run at 10°C for
6–12-h periods. The first two-dimensional spectrum was recorded
13–16 min after dissolving the peptide. Two-dimensional TOCSY
spectra were acquired with 2048 complex data points in t2 and with
256 t1 increments with four scans per increment. The acquisition
time for each two-dimensional TOCSY was ∼ 24 min.

Hydrogen exchange rates were determined by fitting cross-peak
volumes that were measured using the XWIN-NMR program
(Bruker) to a first-order exponential decay:

I(t) = I�0� exp�− kext) (2)

where I represents the volume of the cross-peak, I(0) is the cross-
peak volume at t � 0, kex is the experimental rate of hydrogen
exchange, and t is the time in minutes. Data were fitted with the
program Microcal Origin 5.0.

Hydrogen exchange analyses can be described in terms of a
structure unfolding model, in which exchange only takes place
from an ‘open,’ or O, form of the amide hydrogen atom, but not
from the ‘closed,’ or C, (Linderström-Lang 1955; Hvidt and
Nielsen 1966; Englander and Kallenbach 1983)

CN−H →←
kf

ku

ON−H →←
D2O

krc

ON−D →←
ku

kf

CN−D (3)

In this scheme, ku and kf are the local unfolding and folding rates,
respectively, and krc is the intrinsic rate constant for the exchange
reaction, which is dependent on the primary sequence. The intrin-
sic exchange rate constants for each amide proton, krc, were cal-
culated as described. (Bai et al. 1993). The dominant mechanism
of exchange for most proteins at moderate pH and temperature
tends toward the limiting condition kf >> ku and kf >> krc, known
as the EX2 limit. Hence, the measured exchange rate, kex reduces
to equation 4:

kex = ku * krc�kf = Kop * krc, (4)

where Kop is the equilibrium constant for local transient opening of
a hydrogen bonded site. This equilibrium constant relates to �Gop,
the structural free energy difference between the closed and open
states:

�Gop = −RT ln Kop = −RT ln �kex�krc�, (5)

with R being the gas constant and T the absolute temperature.
The free energy of �-sheet unfolding can be obtained from the

exchange rates of the slow-exchanging amide protons by assum-
ing, as done in proteins (Wagner and Wüthrich 1979; Jeng and
Dyson 1995; Woodward 1995; Englander et al. 1996), that the
exchange of the most protected amide protons occur via global
unfolding. In this case, �Gop can be considered equal to �Gu

(unfolding free-energy variation). Hence, �Gu � � �Gop(i)/i,
where i refers to the slow-exchanging amide protons. To account
for the fact that the proline residues in the unfolded state do not
have time to reach their isomeric equilibrium distribution during
the exchange experiments, the obtained �Gu value was corrected
by the effect of the two Pro residues present in peptide BS2 [0.25
kcal mole−1; evaluated as described (Bai et al. 1994)].

Estimation of �-sheet populations
Independent determinations of �-sheet populations were per-
formed for peptides BS1 and BS2 from: ��C�H (�C�H(observed) –
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�C�H(random coil), ppm), the ��C� (�C�(observed) – �C�(random coil),
ppm), and the ��C� (�C�(observed) – �C�(random coil), ppm) values
averaged over the strand residues, excluding the amino- and car-
boxy-terminal residues and the residues adjacent to the �-turns
(Santiveri et al. 2001). In the case of the ��C�H-based estimation,
those residues with a ��C�H value deviating from the expected
negative value characteristic of �-strands due to the ring current
effects of aromatic rings were also excluded. In peptide BS2, they
are I3, Y11, and I18 (only in aqueous solution) residues, which in
the adopted �-sheet motif, are facing aromatic residues (Fig. 1), as
observed in many �-hairpin peptides (de Alba et al. 1997a, 1999a;
Santiveri et al. 2000, 2001). In the case of the ��C�-based esti-
mation, those residues exhibiting a negative ��C� value instead of
the expected positive one characteristic of �-strands (Spera and
Bax 1991; Santiveri et al. 2001) were excluded. In peptide BS2,
only the ��C� value of Y19 residue deviated from the expected
one, which should arise from deviation from the �-sheet charac-
teristic � and 
 angles due to its proximity to the peptide C-end.
The reference values for C�H chemical shifts of each residue in the
random coil state were taken from Bundi and Wüthrich (1979) and
for 13C� and 13C� chemical shifts from Wishart et al. (1995a).
Because these 13C �-values are referenced to DSS and peptides
BS1–BS3 to TSP, the corresponding correction was applied ( ≈ 0.1
ppm; Wishart et al. 1995b). The reference values for 100% �-hair-
pin were the mean conformational shifts reported for protein
�-sheets, 0.40 ppm (Wishart et al. 1991) for ��C�H, –1.6 ppm
(Santiveri et al. 2001) for ��C�, and 1.7 ppm (Santiveri et al. 2001)
for ��C�.

Structure calculation

Intensities of medium- and long-range NOEs were evaluated quali-
tatively and used to obtain upper-limit distant constraints, for ex-
ample, strong (3.0 Å), intermediate between strong and medium
(3.5 Å), medium (4.0 Å), intermediate between medium and weak
(4.5 Å), weak (5.0 Å), and very weak (5.5 Å). Pseudo atom cor-
rections were added where necessary. �-angles were constrained
to the range of from −180° to 0°, except for Asn and Gly. For those
residues with 3JC�H-NH > 8.0 Hz, � angles were restricted to the
range of from −160° to −80°. Structures were calculated on a
Silicon Graphics computer using the program DYANA (Guntert et
al. 1997).

Estimation of the degree of �-sheet twist

The overall degree of twist between two �-strands was estimated
as the angle between the main axis of the cylinders defined by the
backbone atoms at the strands using the program MOLMOL (Ko-
radi et al. 1996).

Estimation of polar (�ASApolar) and nonpolar
(�ASAnonpolar) surface areas buried upon
�-hairpin formation

The solvent-accessible polar and nonpolar areas for the structure
formed by the peptide BS2 were calculated using the program
VADAR (Wishart et al. 1996). The polar and nonpolar surface
areas buried upon �-sheet formation were computed, respectively,
as the differences between the solvent-accessible polar and non-
polar areas averaged over the 20 best calculated structures and
those corresponding to a completely extended structure.

Electronic supplemental material

Eight tables listing the 1H and 13C � values of peptides BS2 in
aqueous solution and in 30% TFE (ST1 and ST2), and of peptide
BS3 in aqueous solution (ST3), the nonsequential NOEs observed
for peptide BS2 (ST4), the change in 1H � value between 0 and
80°C for peptide BS2 (ST5), the exchange data for peptides BS2
and BS3 (ST6), the structural data for peptide BS2 (ST7), and a
comparison of BS2 and WW domain structures (ST8).
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