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Introduction

As a result of the numerous studies on model b-hairpin pep-
tides performed by several research groups in the last two de-
cades,[1–12] nowadays a large amount of information exists on
the factors contributing to b-hairpin formation and stability.
Most of these studies were done in regular b-hairpins that
have short loops with well-defined turn conformations (I’ and
II’ in 2:2 hairpins, and I+G1 b-bulge in 3:5 hairpins[8–12]). b-Hair-
pin motifs are classified by using a X:Y nomenclature,[13] where
X is the number of residues in the loop, and Y depends on
whether the CO and NH groups of the two residues that pre-
cede and follow the loop, form two hydrogen bonds, Y = X, or
only one, Y = X + 2. It is time to test if existent knowledge on
b-hairpin formation can be applied successfully to the design
of irregular b-hairpins, such as those whose strands contain b-
bulges and/or with long loops that cannot be ascribed to can-
onical b turns. b-bulges are b-sheet irregularities, that is, re-
gions where parallel or antiparallel hydrogen-bonded networks
are disrupted, mainly as consequence of the insertion of extra
residues. They are named as classic, wide, bent, G1 and special
according to the number of residues involved and the hydro-
gen-bonding pattern.[14] As far as we know, the only irregular
b-hairpin peptides that have been studied are those derived
from the C-terminal 4:6 b-hairpin of protein G.[2, 15] From a prac-
tical point of view, one interesting application of the current
known “rules” for b-hairpin formation is the design of im-
proved bio-active peptides that sometimes have irregular b-
hairpin conformations. Given the essential role played by the
turn in b-hairpin formation,[5, 7, 15–22] the easiest solution to stabi-
lise b-hairpins with long loops would be to convert the loop
regions into canonical turns. However, this is not always feasi-

ble because residues at the turn might be essential for activity;
this occurs in some antimicrobial b-hairpin peptides[23, 24] and in
b-hairpin inhibitors of viral protein–RNA interactions.[25] The
design of lead peptides that are able to inhibit therapeutically
relevant protein–protein interactions, a field of great current
interest, might consist in mimicking protein b-hairpins that are
sometimes irregular.[26–30]

Blocking angiogenesis, a process crucial in tumour develop-
ment and metastasis, constitutes a promising alternative strat-
egy in cancer treatment. In this field, the interactions between
the vascular endothelial growth factor (VEGF), a pro-angiogenic
agent, and its specific membrane receptors, Flt-1 and KDR,
constitute excellent targets in the search for new anti-angio-
genic agents. Interestingly, mutagenesis studies on VEGF,
whose structure has been solved in solution and in the crystal-
line state[31, 32] indicate that a b-hairpin region, loop 3, is specifi-
cally involved in the interaction with the receptor KDR.[33, 34]

Furthermore, an N-to-C cyclic peptide encompassing loop 3 se-
quence was reported to have anti-angiogenic properties.[35] In-
terestingly, some members of the VEGF protein family, such as

Structural studies on model peptides have led to a good un-
derstanding of the rules behind the formation and stability of
regular b-hairpins. To test their applicability to the successful
design of irregular b-hairpins with long loops and/or b-bulges
at the strands, we mimicked loop 3 of vammin, a 4:6 b-hairpin
with a non-Gly b-bulge. The most stabilising cross-strand pairs,
disulfide bonds or/and Trp···Trp pairs, were incorporated at
non-hydrogen-bonded sites in peptides spanning the 69–80
region of vammin. According to NMR data, these modified
peptides adopt b-hairpin conformations as intended by de ACHTUNGTRENNUNGsign.
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vammin, a VEGF isolated from snake venom, show high selec-
tivity for KDR, and do not bind at all with Flt-1.[36] Moreover,
the loop 3 structure in vammin is slightly different from that in
VEGF-A,[36] in particular, it exhibits a one-residue insertion
(Thr75; Figure 1). This extends the range of b-hairpins to be
mimicked with the aim of finding inhibitors of the VEGF–KDR
interaction. In this sense, we have addressed the design of 12-
residue peptides derived from loop 3 in vammin, which is an
antiparallel 4:6 b-hairpin showing a non-Gly b-bulge and over-
lapping b turns of type IV and I at the loop region (1WQ8,[36]

Promotif analyses as reported in Pdbsum, http://www.ebi.ac.
uk/pdbsum/).[37, 38] To mimic this hairpin, residues that are con-
sidered to be important for KDR binding were conserved and
either disulfide bonds,[39, 40] or the favourable Trp···Trp pair resi-
due,[41–44] or both were incorporated in the strands (Fig ACHTUNGTRENNUNGure 1).
The structural behaviour of these peptides in aqueous solution
was examined by using NMR spectroscopy. A comparison of
the ability of these peptides to adopt the wild-type b-hairpin
structure constitutes an excellent case study to examine the ra-
tional design of irregular b-hairpins. Moreover, the relative con-
tributions of disulfide bonds and Trp···Trp pairs to b-hairpin sta-
bility are analysed for the first time in the same peptide
system.

Results

Peptide design

The criteria to design analogues of vammin loop 3 that are
able to mimic the native irregular b-hairpin structure consisted
in the incorporation of stabilising interactions at positions that
are not essential for binding to KDR. Thus, positively charged
residues R70 and R74, and the complete loop region (residues
72–77) were conserved in the designed derivatives (Figure 1).
The importance of R70 and R74 is suggested by site-directed
mutagenesis studies, which have revealed the involvement in
the interaction with the KDR receptor of the equivalent resi-
dues R82 and H86 in VEGF (Figure 1[33, 34]). As cross-strand-sta-
bilising interactions, we selected those that are considered to
be the best ones: disulfide bonds[39, 40] and Trp···Trp pairs.[41–44]

They were incorporated in the strands at the non-hydrogen-
bonded sites (M69M80 and V71–S78; Figure 1). The peptides,
C1C12, C3C10, W3W10 and C1C12W3W10 (Figure 1) were de-
signed in a way that makes the comparison of the stabilising
contributions of disulfide bonds and Trp···Trp pairs feasible,
and to examine whether the two contributions are additive or
not. The linear peptide encompassing residues 69–80 of
vammin, denoted as Vam69–80 (Figure 1), was used as a control.

Figure 1. A) Sequence alignment of the loop 3 in VEGF (residues 81–91), the loop 3 in vammin (residues 69–80), and the vammin-derived peptides. Residue
numbers for the intact vammin and for the 12-residue vammin-derived peptides are indicated. Turn and strand regions are indicated at the top. Positively
charged residues are shown in bold and the Cys and Trp residues in bold and boxed. B) Peptide sequences. b-Sheet hydrogen bonds are shown by vertical
lines. Turn and strand regions are indicated at the top. Cys and Trp residues are shown in bold and underlined. C) Schematic representation for backbone
atoms of residues 69–80 of loop 3 in intact vammin (1WQ8). Residues whose side chains are oriented upward of the b-sheet plane are circled. Hydrogen
bonds are shown as broken lines and expected NOEs involving backbone atoms as arrows. The residue numbers used in the 12-residue vammin-derivedACHTUNGTRENNUNGpeptides are also indicated.
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NMR spectroscopy conformational study

To assess whether the designed peptides are really able to
adopt conformations similar to that of vammin loop 3, their
structural behaviour was investigated in aqueous solution by
analysis of several NMR spectroscopy parameters, NOE connec-
tivities and 1H and 13C chemical shifts. As with most proline-
containing peptides, the NMR spectra of all vammin-derived
peptides displayed some minor signals that come from the cis
conformation. That the major species is the trans-Pro rotamer
was confirmed in all cases by the differences between the Pro
13Cb and 13Cg chemical shifts (DdPro =dCb�dCg, ppm), which are
in the 4.9–5.2 ppm range[45] and by the observation of the
characteristic sequential NOEs between the Ha proton of N4
and the Hd and Hd’ protons of P5 (Figure 2). From hereon, anal-
ysis of the NMR parameters refers to the major trans species.

The absence of nonsequential NOE connectivities and the
closeness of 1Ha, 13Ca and 13Cb chemical shifts to their random
coil values (jDdHa j<0.1 ppm, jDdCa j<0.5 ppm and jDdCb j
<0.5 ppm, except for N4, which exhibits the behavioural char-
acteristics of Pro-preceding residues;[46] see Figure S1 in the
Supporting Information), indicate that the linear peptide
Vam69–80 in aqueous solution behaves as a mainly random-coil
peptide. In contrast, the NMR parameters observed for all the
other vammin-derived peptides, in particular, the presence of
nonsequential NOEs that constitutes the strongest evidence
for structure formation, are indicative of some ordered struc-
tures. More interestingly, the long-range NOEs of the backbone

protons exhibited by the vammin analogues are the same as
those that are expected for the strand alignment of vammin
loop 3 (Figure 1 C, Table 1). The number and intensity of these
NOEs is especially remarkable in the case of peptides W3W10
and C1C12W3W10. Some of the nonsequential NOEs observed
for these two peptides are highlighted in the NOESY spectral
region shown in Figure 2. Nonsequential NOEs that involve

Figure 2. Selected NOESY spectral regions of peptides W3W10 and C1C12W3W10 in D2O at pH 5.5 and 5 8C. NOEs are labelled on one side of the diagonal.
In addition, long-range NOEs are boxed.

Table 1. Intensities of the nonsequential NOEs involving backbone pro-
tons characteristic of the b-hairpin structure (see Figure 1) observed for
vammin-derived peptides in aqueous solution at pH 5.5 and 5 8C.

1H resonance NOE intensity[a] in peptide X-ray
in residue C1C12 C3C10 W3W10 C1C12W3W10 distances

i j [�]

Ha 1 Ha12 – – m[b] s[b] 2.39
NH R2 NH K11 – – – Ov. 2.94
NH R2 Ha 12 – – Ov. Ov. 3.37
Ha 3 NH K11 Ov. – – w 3.75
Ha 3 Ha 10 Ov m[b] s[b] s[b] 2.45
NH N4 NH S9 – – – m 3.53
NH N4 Ha 10 vw – Ov. Ov. 3.66
Ha P5 NH Q8 – – w m 4.00
Ha P5 Ha Q8 – – m[b] m[b] 4.06

[a] NOE intensities are classified as strong (s), medium (m), weak (w) and
very weak (vw). “Ov” refers to those NOE cross-peaks that can not beACHTUNGTRENNUNGobserved due to overlap with solvent signal, with other cross-peaks or
closeness to diagonal. [b] Intensity from NOESY spectra recorded in D2O.
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side-chain protons observed for the designed peptides are also
compatible with the structure of vammin loop 3 (Figure 1), for
example, the NOEs between the side-chain protons of facing
residues 3 and 10 observed for the peptides with Trp residues
at these positions (Figure 1), and those between the methyl
group of Thr7 and the amide side-chain protons of Asn4 seen
for peptides C1C12, W3W10 and C1C12W3W10. Strikingly,
peptide C3C10 exhibits NOEs involving the protons of the
Asn4 and Gln8 side chains, which are pointing outwards on
different sides of the b-sheet plane in native vammin loop 3
(Figure 1).

1H and 13C conformational shift values (Dd=dobserved�drandom

coil, ppm) provide further confirmation that the four peptides
adopt b-hairpin conformations. Thus, most residues exhibit
conformational shifts that are large in absolute value and con-
form to the pattern expected for b-hairpins, that is, positive
DdHa, DdCb and DdNH and negative DdCa values at the strands,
and some residues with the opposite sign at the turn region
(Figure S1). Detailed analyses of chemical shift deviations at
the loop region, residues 4–9, indicate that the two Trp-con-
taining peptides are mimicking the features of loop 3 in native
vammin, and that those of peptides C1C12 and C3C10, partic-
ularly the last one, show some differences. The close similitude
to vammin loop 3 is indicated by the fact that the DdHa, DdCa,
DdCb and DdNH values of residues 4–9 in peptides W3W10 and
C1C12W3W10 match with those expected for loop residues in
4:4/4:6 b-hairpins that have f and y dihedral angles in the b-
aR-aR-gR-gL-b regions of the Ramachandran map,[47–49] as do
those occupied by the corresponding 72–77 residues in
vammin (PDB ID: 1WQ8[36]). The negative DdHa value observed
for S9 instead of the positive one expected for a b-sheet resi-
due is the only exception, and it is explained by anisotropy ef-
fects from the close aromatic rings. It is particularly remarkable
that the chemical shift deviations observed for Q8 in peptides
W3W10 and C1C12W3W10 (Figure 3) are in agreement with
its f and y dihedral angles being in the gL region, as displayed
by Q76 in vammin, but quite uncommon for non-Gly residues.
The profiles of conformational shifts presented by peptides
C1C12 and C3C10 differ from that are observed for the Trp-
containing peptides (Figure S1). In particular, significant differ-
ences, that is, opposite signs, occur mainly for DdHa and DdCb

values of residue T7, and in the case of peptide C3C10 also for
the DdHa, DdCa and DdCb values of residue Q8 (Figure 3). This
suggests that peptides C1C12 and C3C10 do not reproduce
the loop 3 characteristics as well as peptides W3W10 and
C1C12W3W10 do, as seen in the calculated structures (see
below).

Chemical shifts for the aromatic rings of the two Trp resi-
dues present in peptides W3W10 and C1C12W3W10 merit fur-
ther consideration because they provide information about
their relative orientation.[44] In peptides W3W10 and C1C12-ACHTUNGTRENNUNGW3W10, the chemical shifts of the He3 and Hbb’ protons of W3
are considerably up-field shifted (Table S1), which is a charac-
teristic of Trp indole rings in an edge disposition. Thus, the ar-
omatic ring of W3 probably adopts an edge orientation rela-
tive to that of W10, as is found in the calculated structures
(see below).

To visualise and get further insights into the preferred con-
formations adopted by the designed peptides, we performed
structure calculations on the basis of distance restraints de-
rived from the observed nonsequential NOEs and dihedral
angle constraints obtained from the 1Ha, 13Ca and 13Cb chemical
shifts (see the Experimental Section). The structures calculated
for the designed peptides are well defined, in particular those
of the two Trp-containing peptides (see Figure 4 and the low
RMSD values reported in Table S2). It is noticeable that the rel-
ative orientation of the two indole rings is also well defined
(Figure 4), as expected by the numerous NOE correlationsACHTUNGTRENNUNGinvolving the side-chain protons of the two Trp residues that
were observed in the NOESY spectra of W3W10 and C1C12-ACHTUNGTRENNUNGW3W10 (Figure 2). The two indole rings are in an edge-to-face
orientation in which the W3 occupies the edge position and
the W10 the face one, as has been deduced from chemical
shift analyses (see above).

CD spectra of Trp-containing peptides

The far-UV CD spectra of peptides W3W10 and C1C12 ACHTUNGTRENNUNGW3W10
(Figure 5 A) display a positive band at ~191 nm and a negative
band at 215 nm, which are both characteristic of a b-sheet
structure.[50] We can also observe an intense positive band at
228 nm that corresponds to a large exciton couplet that is at-
tributable to the interaction between the aromatic chromo-
phores.[44, 51, 52] All bands are more intense in peptide C1C12-ACHTUNGTRENNUNGW3W10 than in peptide W3W10. This indicates that the folded

Figure 3. Histograms showing the DdHa (DdHa = dHa
observed�dHa

random coil, ppm),
DdCa (DdCa =dCa

observed�dCa
random coil, ppm), DdCb (DdCb =dCb

observed�dCb
random coil,

ppm) and DdNH (DdNH =dNH
observed�dNH

random coil, ppm) values exhibited by resi-
due Q8 in peptides Vam69–80 (white bars), C1C12 (tilted stripped bars),
C3C10 (horizontal stripped bars), W3W10 (grey bars) and C1C12W3W10
(grey tilted stripped bars) in aqueous solution at pH 5.5 and 5 8C. Random
coil values for the 1H chemical shifts of Ha protons and for the 13C chemical
shifts of Ca and Cb carbons were taken from Wishart et al. , 1995.[46] DdNH

values were obtained by using the CSDb program[15, 49, 74]
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structure is more populated in C1C12W3W10 than in W3W10,
in agreement with the NMR data (see below).

Non-zero near-UV CD spectra of peptides containing aromat-
ic residues are indicative of the aromatic rings adopting some
ordered structures, but interpretation of the observed bands is
hampered by the fact that aromatic rings have positive and
negative contributions in the near-UV CD spectrum.[53] Peptides
W3W10 and C1C12W3W10 (Figure 5 B) exhibit a similar near-
UV CD spectra, with two negative bands at 286 and 294 nm
and a positive band at 288 nm; only the intensity of the
bands, which is slightly stronger in peptide C1C12W3W10, is
different. This indicates that the side chains of the two aromat-
ic tryptophan residues present in both peptides (W3 and W10)
adopt the same geometry and have a similar environment, as
confirmed in the structures calculated from the NMR con-
straints (Figure 4). The intensity differences are in concordance

with the folded structure of peptide C1C12W3W10 being
more populated than that of peptide W3W10, as deduced
from far-UV CD spectra and from the NMR parameters (see
next section).

Ranking of b-hairpin populations

To compare the stabilisation effects of Trp···Trp pairs and disul-
fide bonds it is necessary to order the peptides according to
their b-hairpin populations. Because of the unreliability of ref-
erences for the 100 % and 0 % b-hairpin populations the abso-
lute populations obtained from the chemical-shift-based meth-
ods that have been proposed to quantify b-hairpin popula-
tions[48, 49, 54–58] can only be considered as estimates, but the
qualitative rankings that come from them are reliable. There-
fore, we ranked the ability of the peptides to adopt b-hairpin
structures in a qualitative way. To minimise the influence of the
anisotropy effects caused by aromatic ring currents (the two
Trp residues present in peptides W3W10 and C1C12W3W10 ;
Figure 1) and also considering that the sequence differences in
this set of peptides are at the strands (Figure 1), we selected
chemical shifts from residues at the turn region that are greatly
affected upon b-hairpin formation as the best probes to order
the vammin-derived peptides. These selected probes are: the
difference in 1H chemical shift between the two Hb protons of
N4 (Ddbb’

N4), the 1H chemical shift deviations for the NH amide
and Ha protons of R6 (DdNH

R6 and DdHa
R6), the 13C chemical

shift deviations for the 13Ca and 13Cb carbons of R6 (DdCa
R6 and

DdCb
R6) and the 1H chemical shift deviations for the NH amide

and methyl group of T7 (DdNH
T7 and DdHg

T7). According to
them (Figure 6), b-hairpin populations follow the decreasing
order: C1C12W3W10>W3W10 @ C3C10>C1C12 @ Vam69–80

(random coil).

Discussion

b-Hairpin designed peptides versus native vammin loop 3

According to the NMR data, Vam69–80, the 12-residue peptide
encompassing the native sequence of vammin loop 3, is
mainly random coil. The design of peptides derived from thatACHTUNGTRENNUNGsequence by incorporation of

stabilising pair interactions was
successful, because the four de-
signed peptides adopt b-hairpin
structures as evidenced from the
analysis of NMR data (see
above); but are the structural
features of the irregular loop of
vammin maintained in the de-
signed peptides? To respond to
this question, the structures cal-
culated for the four peptides
were compared with that of
loop 3 in the crystal structure of
vammin (1WQ8,[36] Figure 4 and
Table S2).

Figure 4. Peptide structures. Top: Superposition of the backbone atoms for
the lowest target function structure calculated for: A) peptides C1C12
(grey), C3C10 (white) and region 69–80 of vammin (black, 1WQ8[36]), and
B) peptides C1C12W3W10 (grey), W3W10 (white) and region 69–80 of
vammin (black; 1WQ8;[36]). Bottom: Superposition of the 20 lowest target
function structures calculated for peptides C) W3W10 and D) C1C12W3W10.
Backbones are shown as grey lines and side chains for Trp and Cys residues
are highlighted in grey neon. N- and C-ends are labelled in the four panels.

Figure 5. A) Far-UV and B) near-UV CD spectra of peptides W3W10 (broken line) and C1C12W3W10 (continuous
line) in aqueous solution at pH 5.5 and 5 8C.
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Based on the RMSD values displayed by the structures
adopted by the peptides relative to that of native vammin
loop 3 and the twist angles between the two b-strands
(Figure 4 and Table S2), peptides C1C12, W3W10 and
C1C12W3W10 adopt a b-hairpin quite similar to that of
vammin loop 3, while the one formed by peptide C3C10 dif-
fered appreciably. This is in agreement with the profiles of con-
formational shifts (Dd) for peptide C3C10 exhibiting significant
differences relative to the other peptides (Figures 3 and S1).
In particular, it is remarkable that peptides W3W10 and
C1C12W3W10 exhibit an unusually positive f angle for residue
Gln8, as occurs in native vammin (Table S2). It seems that the
side-chain packing between the two Trp residues at the non-
hydrogen-bonded site closest to the turn helps to fit the
native vammin loop conformation more efficiently than a disul-
fide bond placed at the same position (Figure 1). It looks plau-
sible that Trp···Trp pairs are a better choice than disulfide
bonds to fit irregular b-hairpin loops. The two Trp-containing
peptides also exhibit structural features different from native
vammin. The main difference consists of a tighter side-chain
packing in the b-sheet face where the Trp···Trp pair is located,
which is also the most hydrophobic face (Figures 1, 4 and S2).
This tighter side-chain packing also involves the Gln side chain
and seems to slightly fold the loop region up and away from
the b-sheet plane, while the b-sheet and loop backbones look
more coplanar in native vammin.

Disulfide bonds versus Trp···Trp pairs in b-hairpin stability

Independent of their capacity to mimic loop 3 of vammin, the
sequences of the designed peptides (Figure 1; excluding the
linear wild-type peptide) are useful for comparing the contri-
butions of disulfide bonds and Trp···Trp pairs to b-hairpin sta-
bility. In addition, we can analyse whether their contributions
are compatible and/or additive, and get insights into theACHTUNGTRENNUNGgeometry of the interacting Trp···Trp side chains.

First, we examine peptides C3C10 and W3W10, whose se-
quences differ in a single cross-strand side chain–side chain in-
teraction (Figure 1). Hence, differences in their conformational
behaviour will give us clues about the relative stabilising ca-
pacities of a disulfide bond and a Trp···Trp pair. The b-hairpin
population adopted by peptide W3W10 is clearly larger than
that adopted by peptide C3C10 (Figure 6). This result fully
agrees with previous works that used different b-hairpin pep-
tide models to estimate the stabilising contribution of a Cys–
Cys pair in a non-hydrogen-bonded position as about
1.0 kcal mol�1,[58] and that of Trp···Trp pairs as about
1.2 kcal mol�1.[41, 59] The Trp···Trp pair contribution has also been
quantified by using a small three-stranded antiparallel b-sheet
protein instead of the simpler b-hairpin models. The smaller
contribution of the Trp···Trp pair found in this case (0.6 kcal
mol�1 [43]) might come from context effects on the Trp···Trp in-
teraction. Apart from the stability differences, incorporation of
a disulfide bond in the vammin peptide system results in a b-
hairpin structure with some topological features distinct from
those displayed by the peptide containing the Trp···Trp pair.
Thus, in the structures calculated from the distance and angle
restraints derived from the experimental NMR parameters, the
strands in the b-hairpin formed by peptide C3C10 diverge at
their N and C-terminal ends (Figure 4 and Figure S2). In con-
trast, the side chains of the N- and C-terminal Met residues in
peptide W3W10 are close and interact with the indole ring of
Trp10 (Figure 4 and Figure S2). In brief, our results suggest that
to stabilise b-hairpin structures is better to incorporate a
Trp···Trp pair than a disulfide bond. Although the stabilising
ability of the Trp···Trp pair had been previously recognised and
successfully applied,[41, 52, 59, 60] as far as we know, this is the first
time that its stabilising capacity is directly compared to that of
a disulfide bond.

It is also interesting to analyse whether disulfide bond and
Trp···Trp pair contributions sum up to increase the b-hairpin
stability. To this aim, we compared b-hairpin formation in pep-
tide C1C12W3W10 relative to peptides C1C12 and W3W10
(Figure 1). As expected, the most populated b-hairpin was that
formed by peptide C1C12W3W10 (Figure 6) which indicates
that disulfide bonds and Trp···Trp pairs are compatible and ad-
ditive. In this sense, it is interesting to note that the disulfide
bond and the indole rings hardly contact one another in the
structure calculated for peptide C1C12W3W10 (Figure 4). This
suggests that the favourable contributions to stability of the
disulfide bond and the Trp···Trp are independent and then
probably additive, though their compatibility probably de-
pends on their relative positions within the b-hairpin.

Figure 6. Histograms showing chemical shift deviations representative as
probes for b-hairpin populations shown by peptides Vam69–80 (white bars),
C1C12 (tilted stripped bars), C3C10 (horizontal stripped bars), W3W10 (grey
bars), and C1C12W3W10 (grey tilted stripped bars) in aqueous solution at
pH 5.5 and 5 8C. Random coil values for the selected 1H and 13C chemical
shifts were taken from Wishart et al. , 1995[46] with the exception of DdNH

values that were obtained by using the CSDb program.[15, 49, 74] Values for Ha

and Hg protons belonging to R6 and T7, respectively, are multiplied by 10 in
the plot.
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Geometry of the interacting Trp···Trp side chains

Interacting Trp···Trp pairs can adopt different orientations,
edge-to-face, parallel-displaced and face-to-face; edge-to-face
is the most frequent geometry found in statistical surveys on
protein structures[61, 62] and the one that is favoured according
to quantum mechanical calculations.[63] The large preference
for the edge-to-face geometry seems to be mainly due to an
electrostatic multipole interaction between the Trp side chains
and not to classical hydrophobic interaction.[63] Two different
edge-to-face geometries can be distinguished in the case of
Trp···Trp residues facing each other in antiparallel b sheets, the
edge-to-face and the face-to-edge[52] depending on whether
the edge Trp is located at the N-terminal or at the C-terminal
b strand, respectively. Both orientations have been found in b-
hairpins containing Trp···Trp pairs,[42, 44, 52, 59, 60, 64]

In this scenario, according to chemical shift and NOE data
(see Results), the aromatic rings of the Trp···Trp pairs present in
peptides W3W10 and C1C12W3W10 adopt edge-to-face orien-
tations (Figure 4). The presence of a disulfide bond in peptide
C1C12W3W10 increases the b-hairpin stability, but the inter-ACHTUNGTRENNUNGaction between the indole rings remains unaffected. In fact,
chemical shifts for the Hbb’ protons of the two Cys residues
linked by the disulfide bond are not up-field (see Table S1),
unlike those in a b-hairpin peptide that contains a Trp···Ile pair
in a position relative to the disulfide bond equivalent to that
of the Trp···Trp pair in peptide C1C12W3W10.[58] In agreement
with this, the disulfide bond and the indole rings hardly inter-
act in the structure calculated for peptide C1C12W3W10
(Figure 4).

Conclusions

A 12-residue peptide encompassing the sequence of an irregu-
lar 4:6 b-hairpin in the native structure of vammin behaves as
a mainly random-coil peptide. To mimic this vammin b-hairpin,
designated loop 3, disulfide bonds or/and Trp···Trp pairs, which
are known to be the most stabilising cross-strand pair interac-
tions in b-hairpins[41–44, 65] were incorporated at non-hydrogen-
bonded sites. The NMR data for the four vammin-derived pep-
tides support the idea that all of them adopt b-hairpin confor-
mations, as intended by design. The similitude to the native
loop 3 of vammin is particularly remarkable in the case of the
Trp-containing peptides that reproduce the unusual positive f
angle for the Gln residue at the turn region. Since the design
criteria come from the existing knowledge on b-hairpin forma-
tion and stability that is derived mainly from studies on regular
2:2 and 3:5 b-hairpins with short loops, the success in the
loop 3-mimicking ability of the designed peptides demon-
strates the validity of that knowledge to b-hairpins with longer
loops such as the vammin 4:6 b-hairpin. In this system, the
indole rings of the Trp···Trp pair adopt an edge-to-face orien-ACHTUNGTRENNUNGtation that is preferred according to statistical analyses andACHTUNGTRENNUNGmolecular dynamic simulations.

More interestingly, we have found that the contribution to
stability of a Trp···Trp cross-strand pair can be larger than that
of a disulfide bond. As far as we know, this is the first time

that the stabilising capacities of a disulfide bond and a
Trp···Trp pair have been compared within the same peptide
system. Furthermore, we have found that a disulfide bond plus
a Trp···Trp pair together give rise to higher stability than each
by itself.

Experimental Section

Peptide synthesis : Peptides were synthesised in the solid phase
by using Fmoc (fluorenyl-9-methyloxycarbonyl) protocols and puri-
fied by reversed-phase HPLC (RP-HPLC) up to more than 95 %
purity by either NeoMPS (Strasbourg, France) or CASLO Laboratory
ApS (Lyngby, Denmark).

Vam69–80 : RP-HPLC: tR = 12.8 min; 97.2 % (linear 10–60 % A gradient
for 25 min, A) 0.1 % TFA in CH3CN, B) 0.1 % TFA in H2O); HRMS: m/z
calcd for C57H103N21O18S2 : 1434.7 [M+H]+ ; found: 1434.5.

C1C12 : RP-HPLC: tR = 12.7 min; 99 % (linear 0–30 % A gradient for
30 min, A) 0.05 % TFA in H2O/CH3CN (98:2); B) 0.05 % TFA in H2O/
CH3CN (1:9)). HRMS: m/z calcd for C53H93N21O18S2 : 1375.6 [M+H]+ ;
found: 1375.2.

C3C10 : RP-HPLC: tR = 12.9 min; 98.9 % (linear 10–60 % A gradient
for 25 min, A) 0.1 % TFA in CH3CN, B) 0.1 % TFA in H2O); HRMS: m/z
calcd for C55H97N21O17S4 : 1452.7 [M+H]+ ; found: 1452.0.

W3W10 : RP-HPLC: tR = 14.8 min; 98 % purity (linear 10–40 % A gra-
dient for 30 min, A) 0.05 % TFA in H2O/CH3CN (1:9) ; B) 0.05 % TFA in
H2O/CH3CN (98:2)) ; HRMS: calcd m/z for C71H109N23O17S2 : 1619.8
[M+H]+ ; found: 1619.4.

C1C12W3W10 : RP-HPLC: tR = 15.0 min; 98 % (linear 10–60 % A gra-
dient for 25 min. A) 0.1 % TFA in CH3CN, B) 0.1 % TFA in H2O;
HRMS: m/z calcd for C67H99N23O17S2 : 1562.8 [M+H]+ ; found: 1562.1.

NMR spectra : NMR spectroscopic samples were prepared by dis-
solving the lyophilised peptide (~1 mg) in H2O/D2O (9:1 v/v,
0.5 mL) or in pure D2O (0.5 mL). Peptide concentrations were
about 1–2 mm. The pH was adjusted to 5.5 by adding minimal
amounts of NaOD or DCl, measured with a glass microelectrode
and not corrected for isotope effects. The temperature of the NMR
spectroscopic probe was calibrated by using a methanol sample.
Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used as
an internal reference. The 1H NMR spectra were acquired on a
Bruker Avance 600 spectrometer operating at a proton frequency
of 600.13 MHz and equipped with a cryoprobe. 1D spectra were
acquired by using 32 K data points, which were zero-filled to 64 K
data points before performing the Fourier transformation. As previ-
ously reported,[20] phase-sensitive two-dimensional correlated spec-
troscopy (COSY), total correlated spectroscopy (TOCSY), and nucle-
ar Overhauser enhancement spectroscopy (NOESY) spectra were
recorded by using standard techniques by using presaturation of
the water signal and the time-proportional phase incrementation
mode. NOESY mixing times were 150 ms, and TOCSY spectra were
recorded by using 60 ms DIPSI2 with z filter spin-lock sequence.
The 1H,13C heteronuclear single quantum coherence spectra
(HSQC) at natural 13C abundance were recorded in 1–2 mm peptide
samples in D2O. Acquisition data matrices were defined by 2018 �
512 points in t2 and t1, respectively. Data were processed by using
the TOPSPIN program.[66] The 2D data matrix was multiplied by
either a square-sine-bell or a sine-bell window function, and the
corresponding shift was optimised for every spectrum and zero-
filled to a 2 K � 1 K complex matrix prior to Fourier transformation.
Baseline correction was applied in both dimensions. The 0 ppm 13C
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d-value was obtained indirectly by multiplying the spectrometer
frequency that corresponds to 0 ppm in the 1H spectrum, assigned
to internal DSS reference, by 0.25144953.[67]

NMR spectroscopy assignment : Standard sequential assignment
methods[68, 69] were applied to assign the 1H NMR signals of the
vammin-derived peptides. Then, the 13C resonances were straight-
forwardly assigned on the basis of the cross-correlations that were
observed in the HSQC spectra between the proton and the bound
carbon. The 1H and 13C d-values are available as Supporting Infor-
mation (Table S1).

Structure calculation : Distance constraints for structure calcula-
tions were derived from the 2D 150-ms-mixing-time NOESY spectra
recorded either in H2O or in D2O. The NOE cross-peaks wereACHTUNGTRENNUNGintegrated by using the automatic integration subroutine of the
SPARKY program[70] and then calibrated and converted to upper-
limit distance constraints within the CYANA program.[71] The f and
y angle restraints were derived from 1Ha, 13Ca and 13Cb chemical
shifts by using the TALOS program.[72] The f angles for those resi-
dues for which the derived angle restraints were ambiguous were
constrained to the range �1808 to 08, except for Asn and Gly resi-
dues that, in proteins, sometimes exhibit positive f angles. Struc-
tures were calculated by using the CYANA program[71] and an an-
nealing strategy.

Structure analysis : Structures calculated for the cyclic peptides as
well as that reported for vammin (PDB ID: 1WQ8) were examined
by using the program MOLMOL.[73]

Circular Dichroism measurements : CD spectra were recorded in a
Jasco J-810 spectropolarimeter equipped with a Peltier tempera-
ture control unit. The peptide samples (about 30 mm) were pre-
pared in pure H2O at pH 5.5. Far-UV and near-UV spectra were car-
ried out by using cells with 0.1 cm and 1 cm path lengths, respec-
tively. Experiments were recorded at 5 8C with a scan speed of
50 nm min�1, a response time of 2 s, and 1 nm bandwidth. Spectra
are the average of eight scans and were corrected by subtracting
the baseline recorded for the solvent under the same conditions.
Mean residue ellipticities, [V] , are expressed in deg cm2 dmol�1ACHTUNGTRENNUNGaccording to the relationship [V] =V/ ACHTUNGTRENNUNG(10 lcN), where V is theACHTUNGTRENNUNGobserved ellipticity, l is the cell path length in cm, c is the molar
concentration of the peptide sample and N is the number of the
amino acids in the sequence.
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