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Abstract

Previous conformational analysis of 10-residue linear peptides enabled us to identify some cross-strand side-chain
interactions that stabilizeb-hairpin conformations. The stabilizing influence of these interactions appeared to be greatly
reduced when the interaction was located at the N- and C-termini of these 10-residue peptides. To investigate the effect
of the position relative to the turn of favorable interactions onb-hairpin formation, we have designed two 15-residue
b-hairpin forming peptides with the same residue composition and differing only in the location of two residues within
the strand region. The conformational properties of these two peptides in aqueous solution were studied by1H and13C
NMR. Differences in the conformational behavior of the two designed 15-residue peptides suggest that the influence of
stabilizing factors forb-hairpin formation, in particular, cross-strand side-chain interactions, depends on their proximity
to the turn. Residues adjacent to the turn are most efficient in that concern. This result agrees with the proposal that the
turn region acts as the driving force inb-hairpin folding.
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Understanding the forces that govern the formation and stability of
secondary structure is essential for the rational and successful de
novo design of proteins. Analysis of the conformational behavior
of protein fragments and designed peptides has provided a large
amount of information on the formation and stability ofa-helices
~Scholtz & Baldwin, 1992; Lyu et al., 1993; Zhou et al., 1993;
Baldwin, 1995; Muñoz & Serrano, 1997; Aurora & Rose, 1998!.
However, experimental data on peptides adopting monomeric
b-sheet motifs in aqueous solution have been reported only in the
1990s~see reviews by Smith & Regan, 1997; Blanco et al., 1998;
Gellman, 1998; Lacroix et al., 1999; and references therein!, prob-
ably because sequences with highb-sheet propensities tend to
aggregate. Since the publication of the first designedb-hairpin-
forming peptide~Blanco et al., 1993!, the design of short linear
peptides able to formb-sheets has become a subject of intense
activity. Most of theb-sheet-forming peptides reported to date

adopt ab-hairpin motif, the simplest antiparallelb-sheet structure
consisting of two antiparallel hydrogen-bondedb-strands linked
by a turn region.b-Hairpin motifs differ in the length of the turn
region and are classified according to the number of turn residues
and the hydrogen bond pattern of residues flanking the turn~Sibanda
& Thornton, 1985, 1991; Sibanda et al., 1989!. Several studies on
model peptides highlighted the importance of the turn region in
determiningb-hairpin stability ~Ramírez-Alvarado et al., 1997;
Blanco et al., 1998; Gellman, 1998; Griffiths-Jones et al., 1999!.
Moreover, the NMR investigation of a series of modelb-hairpin-
forming peptides~de Alba et al., 1996, 1997a, 1999a!, showing
that they were able to adopt differentb-hairpin structures when
differing only on their turn sequence, demonstrated that the turn
sequence determines theb-strand alignment in theb-hairpin. Fur-
ther evidence came from ubiquitin-derived peptides that showed
different strand register depending on the turn residues~Searle
et al., 1995; Haque & Gellman, 1997!. Cross-strand side-chain
interactions are, at least in our studied peptide system, less relevant
for b-hairpin formation~de Alba et al., 1997b!, though they cer-
tainly contribute tob-hairpin stability ~Ramírez-Alvarado et al.,
1996, 1999; Blanco et al., 1998; Gellman, 1998!. We have indeed
identified some favorable and unfavorable cross-strand side-chain
interactions from the conformational analysis of a series of deca-
peptides able to formb-hairpins ~de Alba et al., 1997b!. In that
study, the influence of cross-strand side-chain interactions on
b-hairpin stability appeared to vanish when the interaction was
placed at the N- and C-termini. To investigate how the location of
cross-strand side-chain interactions relative to the turn region af-
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fects their effect onb-hairpin formation, we have designed two
longerb-hairpin forming peptides. These peptides have the same
amino acid composition and differ only in the position of two
residues at the N-terminal strand. In this paper, we describe the
design and NMR conformational investigation of these two 15-
residue peptides. Analysis of the conformational properties of these
pentadecapeptides indicates that the contribution of cross-strand
side-chain interactions tob-hairpin formation depends on their
relative position to the turn, being more stabilizing, if favorable,
and more destabilizing, if unfavorable, when closer to the turn.

Results

Peptide design

Pentadecapeptides 3 and 4 were designed by adding two and three
residues at the N- and C-termini, respectively, of theb-hairpin

forming decapeptides 1 and 2~de Alba et al., 1997b; Fig. 1!. The
b-hairpin conformations adopted by these peptides are schemati-
cally shown in Figure 2.b-Sheet propensities and solubility crite-
ria were considered in selecting the five new residues, the sequences
SE and VTE added to the N- and C-end, respectively. They contain
two residues~V and T! with high intrinsic b-sheet propensities
~Chou & Fasman, 1974; Kim & Berg, 1993; Minor & Kim, 1994;
Muñoz & Serrano, 1994; Smith et al., 1994; Swindells et al.,
1995!, an S residue that is the most hydrophilic residue with some
b-sheet propensity, and two E residues whose charges should im-
prove peptide solubility.

Aggregation test

The absence of aggregation in peptides 3 and 4 in aqueous solution
was checked by recording 1D1H NMR spectra of peptides 3 and
4 at two different concentrations, 2 and 0.2 mM. The linewidths

Fig. 1. Peptide sequences. Residues that lengthen peptides 3–4 relative to peptides 1–2 are underlined and those located at different
positions in peptides 1 and 3 relative to peptides 2 and 4, respectively, are in bold.

Fig. 2. Schematic representation of the peptide backbone conformations of~A! the 3:5b-hairpin formed by peptides 1–2~left! and
expected for peptides 3–4~right!, and~B! the 4:4b-hairpin formed by peptide 1~left! and expected for peptides 3–4~right!. b-Sheet
hydrogen bonds are indicated by dotted lines and the expected long-range NOEs involving backbone protons by black arrows. A pair
of facing residues is in a hydrogen bonded site when their CO and NH are hydrogen bonded, and in a nonhydrogen bonded site when
they are not hydrogen bonded.
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and chemical shifts at the two concentrations were identical, indi-
cating the monomeric state of the two peptides. The similarity
between the average molecular weights obtained from sedimenta-
tion equilibrium experiments performed with the dilute samples of
the peptides and the molecular weights calculated on the basis of
the amino acid composition provided further confirmation of their
monomeric state~peptide 3,Mth0Mav5 1.09; peptide 4,Mth0Mav5
0.97!.

CaH conformational shifts

The CaH conformational shift profiles~DdCaH 5 dobserved 2
drandom coil! of peptides 3 and 4~Fig. 3! present negative values
at residues 7–9 that are indicative of a chain-bend region, and
positive values at residues 2–6 and 10–14 as expected for
b-strands region~Case et al., 1994; Wishart & Sykes, 1994;
Szilágyi, 1995!. The N- and C-terminal residues are excluded
due to charged end effects. Therefore, with the single exception
of the residue at position 5, theDdCaH profiles observed for
peptides 3 and 4 are characteristic ofb-hairpins.

The DdCaH profiles expected for a 4:4b-hairpin and for a 3:5
b-hairpin, the type of hairpins that peptides 3 and 4 will most
probably adopt, differ at a single position. Thef and c angles
of the first turn residue, N6 in peptides 3 and 4, are in the
b-region of the Ramachandran map in a 3:5b-hairpin and in the
aR region in a 4:4b-hairpin ~Sibanda & Thornton, 1991! that
leads, respectively, to positive and negativeDdCaH values. The
positive DdCaH value that is observed for the N6 residue in

peptide 4~Fig. 3! indicates the presence of a 3:5b-hairpin. The
almost zeroDdCaH value observed for residue N6 of peptide 3
~Fig. 3!, however, suggests that peptide 3 is adopting a 3:5 and
a 4:4b-hairpin, since a population-weighted averageDdCaH value
is expected in the presence of the twob-hairpins. The evidence
about the type ofb-hairpin provided by theDdCaH profiles, in
particular when a mixture of differentb-hairpins can coexist, is
not unambiguous, but it is useful to check their consistency with
other NMR parameters.

The formation of a 3:5b-hairpin can explain the negativeDdCaH

value observed for residue S5 in peptide 3 and I5 in peptide 4~see
above; Fig. 3!. These residues are contiguous to the aromatic res-
idue Y4 and in front of W11 in a 3:5b-hairpin ~Fig. 2; Table 1!,
and hence, susceptible to their ring current effects. The ring current
effects on all the CaH protons of the 3:5b-hairpin structure cal-
culated for peptide 4~see below! were calculated by the Johnson–
Bovey model using the MOLMOL program~Koradi et al., 1996!.
As experimentally found, the CaH proton of I5 has a large upfield
shift, mainly due to W11. Residues facing W in reported 3:5
b-hairpin-forming peptides showed the same behavior~de Alba
et al., 1996, 1997b, 1999a!. The positiveDdCaH value found for
T12 in peptide 4 is very small, almost zero, and it can also be
accounted for their location adjacent to W11 and facing Y4 in a 3:5
b-hairpin.

13Ca conformational shifts

The 13Ca conformational shifts~Dd13Ca 5 dobserved2 drandom coil!
have been recognized as a useful and sensitive parameter to detect
and identify secondary structure~Buckley et al., 1993; Gronenborn
& Clore, 1994; Yao et al., 1997; Guerois et al., 1998!. Since the
main factors affecting the13Ca chemical shifts are thef and c
backbone dihedral angles~Spera & Bax, 1991; de Dios et al., 1993;
Wishart & Sykes, 1994; Szilágyi, 1995; Iwadate et al., 1999!, they
are less dependent on ring current effects than the CaH chemical
shifts.

TheDd13Ca
profiles of peptides 3 and 4~Fig. 3! are negative at

residues 2–6 and 10–14 as expected forb-strands~Spera & Bax,
1991; de Dios et al., 1993; Wishart & Sykes, 1994; Szilágyi, 1995;
Iwadate et al., 1999!. As in the case ofDdCaH profiles, we do not
consider the N- and C-terminal residues. With regard to the turn
region, there is a large positive value for S7, thei 1 1 turn residue,
a negative value for D8, thei 1 2 residue, and a slightly positive
value for G9, thei 1 3 turn residue. This is theDd13Ca

pattern
expected for 3:5 and 4:4b-hairpins considering their characteristic
f and c angles~Sibanda & Thornton, 1991! and the effect of
backbone dihedral angles on thed13Ca

value~Spera & Bax, 1991;
Iwadate et al., 1999!. According to it, theDd13Ca

values at the first
turn residue, N6 in peptides 3 and 4, are expected to be negative in
3:5 b-hairpins and positive in 4:4b-hairpins. Therefore, the neg-
ativeDd13Ca

and large~in absolute value! found for the N6 residue
in peptide 4~Fig. 3! indicates the presence of a 3:5b-hairpin. The
almost nullDd13Ca

value observed for N6 in peptide 3 is consistent
with a mixture of 3:5 and 4:4b-hairpins, because a population-
weighted averageDd13Ca

value is expected in the presence of the
two b-hairpins, as in the case ofDdCaH conformational shifts.

NOE data

NOE data provide the most conclusive NMR evidence for the
formation ofb-hairpin structures. The set of observed NOEs per-

Fig. 3. ~A! CaH and ~B! 13Ca conformational shifts~Dd 5 d~obs! 2
d~random coil!, ppm, wheredCaH~random coil! were taken from Bundi and
Wüthrich ~1979! and d13Ca~random coil! from Wishart et al., 1995! as a
function of sequence for peptides 3~in black! and 4~in grey! at pH 5.5
and 58C. For Gly, theDdCaH shown corresponds to the average value of
the two a-protons. Turn residues in the 3:5b-hairpin formed by pep-
tides 3 and 4 are boxed. Inset shows the X3 and X5 amino acids cor-
responding to peptides 3 and 4. TheDdCaH andDd13Ca

values shown for
W11 in peptide 3 are at pH 5.5 and 208C because CaH signal is under
water resonance at 58C.
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mits the unambiguous determination of the strand register and the
type ofb-hairpin adopted by a given peptide, since different types
of b-hairpin structures lead to different NOEs involving the back-
bone protons~daa~i,j !, daN~i,j !, anddNN~i,j !; Fig. 2!. The NOE data
described herein come from joint analysis of NOESY and ROESY
spectra recorded under the same experimental conditions. ROESY
experiments permit one to check whether a particular cross peak
corresponds to a true NOE connectivity or to spin diffusion pro-
cesses. The same set of NOE cross peaks was observed in the
ROESY and NOESY spectra of peptides 3 and 4 under the same
experimental conditions.

The NOESY spectrum of peptide 4 in aqueous solution shows
long-range NOEs involving CaH ~CaHS3-CaHV13 and CaHI5-
CaHW11; Fig. 4B! and amide protons~NHY4-NHT12! that are
compatible with the formation of a singleb-hairpin structure, the
3:5 b-hairpin ~Fig. 2!. The NOEs involving side-chain protons
include NOEs between residues S3-V13, Y4-T12, and I5-W11 that
face each other in theb-hairpin 3:5 and between S3-W11, Y4-N6,
Y4-T14, W11-V13, and V13-E15 whose side chains are on the
same side of theb-sheet~Table SM4 in Supplementary material in
the Electronic Appendix!. This provides further support for the
formation of a 3:5b-hairpin. No NOE indicative of even a small
population of a 4:4b-hairpin was detected.

In contrast, the pattern of NOEs observed for peptide 3 in aque-
ous solution is not compatible with a single preferred structure.
The observed set of NOEs includes NHE2-NHT14 and CaHS5-
CaHW11 NOEs indicative of a 3:5b-hairpin, as well as a CaHE2-
CaHV13 NOE characteristic of a 4:4b-hairpin ~Figs. 2, 4A;
Table SM3 in Supplementary material in the Electronic Appendix!.
In addition, this peptide shows NOEs involving side-chain protons
that can arise from a 3:5b-hairpin, but are incompatible with a 4:4
b-hairpin, as well as NOEs compatible with a 4:4b-hairpin, but

not with a 3:5b-hairpin~Table SM3 in Supplementary material in
the Electronic Appendix!.

Estimation ofb-hairpin populations

Peptide 3 in aqueous solution at pH 4.3 and 208C adopts about 6%
of a 4:4b-hairpin and 13% of a 3:5b-hairpin, as estimated from
the CaHE2-CaHV13 and the CaHS5-CaHW11 NOE intensities
~Table 1; see Materials and methods!, respectively. These confor-
mations coexist in equilibrium with the random coil. The other
CaHi-CaHj NOEs characteristic of 4:4 and 3:5b-hairpins~Fig. 2!
could not be observed in peptide 3 due to signal overlapping. In
aqueous solution at pH 5.5 and 58C, the fraction of peptide 4
forming a 3:5 b-hairpin is 63%~Table 1! on the basis of the
CaHI5-CaHW11 and CaHS3-CaHV13 NOE intensities. The pop-
ulation estimated from the intensity of the CaHI5-CaHW11 NOE
corresponding to the inner residues~73%! is slightly higher than
that evaluated from the intensity of the CaHS3-CaHV13 NOE
involving the residues at the middle of the strands~54%!. This
difference, though small, suggests the existence of an increasing
flexibility at the strands when approaching the chain ends. This
effect is analogous to the fraying observed ina-helical conforma-
tions ~Baldwin, 1995!, and it was previously observed in one
b-hairpin forming peptide~de Alba et al., 1997a!. Unfortunately,
we could not measure the hairpin populations adopted by peptides
3 and 4 at identical conditions of pH and temperature due to
overlap of the CaH of W11 and the water signal~see below!.

We have also evaluated the overallb-hairpin populations for the
two peptides from the CaH and the13Ca conformational shifts
observed in aqueous solution at pH 5.5 and 58C ~Fig. 3!, as de-
scribed in Materials and methods. The evaluated values for peptide
4 are 62 and 51% ofb-hairpin, as estimated from the CaH and the

Table 1. Peptide sequences and populations ofb-hairpin conformations formed by peptides 1-4 in D2Oa

Peptide 4:4b-hairpin strand Turn

Population
estimated from
NOE intensityb 3:5 b-hairpin strand Turn

Population
estimated from
NOE intensityb

1c I1 Y2 S3 N4 S5 I1 Y2 S3 N4 S5
|| || 32% || | D6 27%

T10 W9 T8 G7 D6 T10 W9 T8 G7

2c S1 Y2 I3 N4 S5 S1 Y2 I3 N4 S5
|| || Nondetected || | D6 47%

T10 W9 T8 G7 D6 T10 W9 T8 G7

3d S1 E2 I3 Y4 S5 N6 S7 S1 E2 I3 Y4 S5 N6 S7
|| || || 6%e || || | D8 13%f

E15 T14 V13 T12 W11 T10 G9 D8 E15 T14 V13 T12 W11 T10 G9

4g S1 E2 S3 Y4 I5 N6 S7 S1 E2 S3 Y4 I5 N6 S7
|| || || Nondetected || || | D8 63%h

E15 T14 V13 T12 W11 T10 G9 D8 E15 T14 V13 T12 W11 T10 G9

aTurn residues are indicated in bold. Vertical lines indicate hydrogen bonds between strand residues. The differential cross-strand interactions between
the hairpins adopted by peptides 3 and 4 are underlined. Data for peptides 1 and 2 were taken from de Alba et al.~1996, 1997b!.

bAs described in text.
cpH 6.3 and 28C.
dpH 4.3 and 208C.
eFrom CaHE2-CaHV13 NOE intensity.
f From CaHS5-CaHW11 NOE intensity.
gpH 5.5 and 58C.
hFrom the average of the populations obtained from the intensities of CaHS3-CaHV13 and CaHI5-CaHW11 NOEs.

2154 C.M. Santiveri et al.



13Ca conformational shifts, respectively, which is in good agree-
ment with the population of 3:5b-hairpin obtained from the NOE
intensities~Table 1!. The corresponding values for peptide 3 at
pH 5.5 and 58C are 44 and 44%, as evaluated from the CaH and
the 13Ca conformational shifts, respectively. Taking into account
that peptide 3 adopts a mixture of twob-hairpins~see above!, these
values correspond to the sum of the populations of 4:4 and 3:5
b-hairpins and are higher than the sum of the populations esti-
mated from NOE intensities in spectra taken at 208C and pH 4.3
~Table 1!. This result was expected sinceb-hairpin populations on
one side increase at low temperature, and on the other the forma-
tion of b-hairpin is pH-dependent in peptides containing the NXDG
sequence, where X is P or S, at the turn region, being the popu-

lation of b-hairpin higher at pH 5.3 than at pH 4.3~de Alba et al.,
1995, 1996!.

Structure calculation

The high population ofb-hairpin adopted by peptide 4 makes
meaningful to perform a structure calculation. To this end, we used
the distance restraints provided by the observed nonsequential NOEs
~Table SM4 in Supplementary material in the Electronic Appen-
dix!, and the dihedral constraints coming from the large3JCaH-NH

coupling constant measured for residues E2, Y4, T10, W11, T12,
and V13~.8 Hz! at theb-strands and the small3JCaH-NH found for
residue S7~,5 Hz! at the turn. Intraresidue and sequential NOEs
were excluded because random coil conformations contribute to
their intensities. The resulting structure is well defined. The RMSD
of the best 20 calculated structures is 0.96 0.2 Å for backbone
atoms and 1.86 0.4 Å for all heavy atoms~Fig. 5!.

No structure calculation was performed for peptide 3 because of
the co-existence of twob-hairpins in aqueous solution.

Discussion

The NMR conformational analysis of the peptides 3 and 4, whose
sequences differ only in the position of two strand amino acids
~Fig. 1!, demonstrates their different abilities to form 3:5 and 4:4
b-hairpins~Table 1!. Before going into the analysis of the factors
contributing to the distinct conformational behavior of these two
peptides, it is convenient to analyze the accuracy of the population
estimates and the applicability of the two-state model to our pep-
tide system.

Estimation ofb-hairpin populations and validity
of the two-state transition approximation

There is no well-established method to quantify the population
of b-hairpin adopted by peptides~de Alba et al., 1996, 1997a,
1997b, 1999b; Ramírez-Alvarado et al., 1997, 1999; Blanco et al.,

Fig. 4. Regions of NOESY spectra of~A! peptide 3~2 mM, D2O, pH 4.3,
208C, 200 ms mixing time! and~B! peptide 4~2 mM, D2O, pH 5.5, 58C,
200 ms mixing time!. Nonsequential CaH-CaH NOE cross peaks are boxed.

Fig. 5. Stereoscopic view of the superposition of all heavy atoms of the
best 20 structures calculated for the 3:5b-hairpin formed by peptide 4.
Backbone atoms are shown in black and side-chain atoms in red.
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1998; Gellman, 1998; Lacroix et al., 1999!. The most widely
used procedure is based on the intensity of the CaHi-CaHj NOEs,
where i and j are facing residues in a nonhydrogen-bonded site
~Searle et al., 1995; de Alba et al., 1996, 1997a, 1997b; Ramírez-
Alvarado et al., 1996; Maynard et al., 1998!. Apart from the
experimental error in the NOE intensity measurement, the main
problem of this method lies in the fact that small differences in
the actual CaHi-CaHj distance relative to the reference value for
the folded state~taken as the averaged value in antiparallel
b-sheets in proteins! translate into large variations in population
because NOE intensities are inversely proportional to the sixth
power of the interproton distance. This dependence, however,
makes correct the assumption that the CaHi-CaHj distance in the
unfolded state is large enough to make negligible the NOE in-
tensity. Other error source is the potential existence of different
local correlation times along the peptide chain and0or between
the folded and the unfolded states. The overallb-hairpin popu-
lations can be independently evaluated on the basis of the CaH
and the 13Ca conformational shifts averaged over theb-strand
residues since these shifts are dependent on the distinct environ-
ment corresponding to the different elements of secondary struc-
ture. The problems with thed-based quantification methods arise
from the lack of good reference values for both the random coil
and the folded state~Ramírez-Alvarado et al., 1997, 1999; Gell-
man, 1998!. Model peptides that are specific of the correspond-
ing b-hairpin system~Ramírez-Alvarado et al., 1997; Syud et al.,
1999! have been used as references. In analogy to the quantifi-
cation of a-helical conformations~Jiménez et al., 1993, 1994;
Muñoz et al., 1995; Lee & Cao, 1996!, we have used as refer-
ence for the folded state the averaged CaH conformational shifts
observed in proteinb-sheets~Wishart et al., 1991!, and the
d-values measured in random coil tetrapeptides~Wüthrich, 1986!
for the unfolded state. The use of thed-values reported for other
two different sets of nonstructured peptides~Merutka et al., 1995;
Wishart et al., 1995! as reference for the unfolded state hardly
varies theb-hairpin population estimates. Thus, the range ob-
tained for theb-hairpin population evaluated for peptide 3 at
pH 5.5 and 58C using the different random coil references is
44–50% and for peptide 4 under identical conditions 62–65%.
13Ca conformational shifts have been previously used to quan-
tify b-sheet populations~de Alba et al., 1999b!, taking as ran-
dom coil values those reported by Wishart et al.~1995! and as
reference for 100%b-hairpin the averaged13Ca conformational
shift observed in proteinb-sheets~Spera & Bax, 1991!. In the
case of peptides that adopt a mixture ofb-hairpins, as peptide 3,
the populations estimated on the basis ofd values correspond to
the total hairpin population, since thed-values are linear aver-
ages over all the conformers in fast exchange. However, the
characteristic NOEs of each type of hairpin are unique probes to
separately quantify the corresponding population.

The d-values of 13Ca carbons report on the local backbone
conformation through their dependence onf andc angles~Spera
& Bax, 1991; de Dios et al., 1993; Case et al., 1994; Wishart &
Sykes, 1994; Szilágyi, 1995; Iwadate et al., 1999!, and any pref-
erentially populated conformer will contribute to the observed
d-values. In contrast, the long-range NOEs, such as the CaHi-CaHj

NOE, arise only from those conformations, like theb-hairpins,
with a short distance between the two protons. The agreement in
the overallb-hairpin population evaluated for peptide 4 from13Ca

d-values ~probes for extended strands! with the one calculated
from long-range CaHi-CaHj NOEs~probes for proximity between

the appropriate protons in the strands! strongly suggests a two-
state behavior. Partially folded structures with, for example, one
strand formed but no hairpin would lead to largeDd13Ca

confor-
mational shifts in absolute value and zero NOE intensity. Further
evidence about two-state behavior would be provided by the prac-
tical coincidence of the individual residue estimates for the folded
populations obtained by any quantification method. However, the
lack of appropriate reference values for the folded and unfolded
states~see above! is more problematic when considering individ-
ual residues. To circumvent this problem, the ratio between the
CaH conformational shifts at two different experimental condi-
tions, what gives the ratio of populations at the two conditions,
may be used~Maynard et al., 1998; Griffiths-Jones et al., 1999;
Syud et al., 1999!. b-Hairpin folding can be considered two-state
if the obtained ratio is the same for all residues and equal to the
ratio of the populations obtained by other quantification method. In
that way, the reference for the folded state is not needed and only
the errors in the reference for the unfolded state still affect the
estimates of population. In peptide 4 in aqueous solution at pH 5.5,
the overallb-hairpin population evaluated from the CaH confor-
mational shifts at the strands at 58C ~62%, see above! is 1.9 times
that at 358C ~33%; see Materials and methods!, and the ratio
DdCaH~58C!0DdCaH~358C! for each residue is within the range 1.5–
2.7 ~average ratio 2.16 0.6!. The exceptions are residues S1, D8,
W11, T12, and E15, with a ratio close to 1, what is due to their
CaH d-values being almost invariant with temperature, and T10,
with a ratio of 3.7, which is affected by a large error due to its
almost zero value forDdCaH~358C!, as found in otherb-hairpin
systems~Maynard et al., 1998; Griffiths-Jones et al., 1999!. This
result reinforces the idea thatb-hairpin folding in peptide 4 ap-
proximates to a two-state transition.

Contributions to 4:4 and 3:5b-hairpin formation
in peptides 3 and 4

To investigate the effect of the position of stabilizing interactions
relative to the turn inb-hairpin formation, we carried out the NMR
conformational analysis of two peptides, 3 and 4, whose sequences
differ only in the position of two strand amino acids~Fig. 1!.
Taking into account the turn sequence of these peptides, they may
adopt two different types ofb-hairpins, a 4:4 and a 3:5~Fig. 2!.
The analysis of several NMR parameters, nonsequential NOEs,
13Ca conformational shifts, and CaH conformational shifts, dem-
onstrates that, in aqueous solution, peptide 3 adopts two folded
structures, a 4:4 and a 3:5b-hairpin, and peptide 4 only forms a 3:5
b-hairpin. The 3:5b-hairpins formed by the peptides 3 and 4 are
populated at a quite different extent~Table 1!. A change in the
position of two amino acids at the N-terminal strand greatly affects
the conformational properties of the peptides. It has already been
shown that the geometry of the type I1 G1 b-bulge turn present
in the 3:5b-hairpin is more appropriate forb-hairpin formation
than the topology of the type Ib-turn present in 4:4b-hairpins~de
Alba et al., 1997b!. Therefore, it is reasonable that, as experimen-
tally found, peptides 3 and 4 having the same sequence in the turn
region and the same amino acid composition in the strands are both
able to adopt a 3:5b-hairpin, whereas only peptide 3 forms a 4:4
b-hairpin. The fact that there was no correlation between an in-
crease in the population of 4:4b-hairpin and a decrease in the
population of 3:5b-hairpin in a series of 10-residue peptides~de
Alba et al., 1997b! suggested that the formation of 4:4 and 3:5
b-hairpins is, to a first approach, independent of each other. Mak-
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ing this assumption, it is feasible to analyze the factors affecting
the formation of each hairpin independently.

Among the several factors that contribute to the overall stability
of 4:4b-hairpins, the intrinsicb-sheet, andb-turn propensities, the
hydrogen-bonding network and cross-strand side chain–side chain
interactions, though the location of two of them differs, are iden-
tical for peptides 3 and 4. In the case of 3:5b-hairpins, the cross-
strand side chain–side chain interactions are different for peptides
3 and 4. The packing of side chains on one face of the 4:4b-hairpin,
which were composed of residues 1, 3, 5, 10, 12, and 14, and on
one face of the 3:5b-hairpin, which was formed by residues 1, 3,
5, 11, 13, and 15, is different in peptides 3 and 4~Fig. 2!. This, in
turn, could lead to differences in buried hydrophobic surface areas.
Lower stability would be expected for theb-hairpin that buries less
hydrophobic surface area upon formation. The burial of hydropho-
bic surface area has been proposed to contribute to the 2:2b-hairpin
stability in other model peptides~Ramírez-Alvarado et al., 1996;
Maynard et al., 1998; Griffiths-Jones et al., 1999!. To check if, in
our peptide system, the hydrophobic effect is responsible for the
stability differences observed between the two 4:4b-hairpins and
the two 3:5b-hairpins, we have built four sets of model structures,
corresponding to the ideal 4:4 and 3:5b-hairpins for the sequences
of peptides 3 and 4~see Materials and methods!. The hydrophobic
surface areas buried for the two sets of 4:4b-hairpins modelled as
well as for the sets of 3:5b-hairpins are very similar and within the
experimental error. They are also very close to the hydrophobic
surface area buried upon formation of the 3:5b-hairpin structure
adopted by peptide 4, as calculated on the basis of the NMR
experimental restraints. Therefore, although these results do not
constitute definitive evidence, they suggest that the hydrophobic
effect does not account either for the distinctive abilities of pep-
tides 3 and 4 to adopt a 4:4b-hairpin or for the differences in 3:5
b-hairpin stability between peptides 3 and 4. If the hydrophobic
effect contribution to the experimentally observed differences in
b-hairpins stability is negligible, the remaining distinctive factors
that can play a role inb-hairpin formation are the nature and
location of cross-strand interactions.

As a consequence of our design strategy, the potential 4:4
b-hairpin for peptide 4 differs from that adopted by peptide 3 only
in the position of S-T and I-T interactions relative to the turn
~Table 1; Fig. 2!. Both interactions are at hydrogen-bonded sites.
When the favorable S-T interaction~de Alba et al., 1997b! is
adjacent to the turn, as occurs in peptide 3, the 4:4b-hairpin is
present in aqueous solution. In contrast, no population of 4:4
b-hairpin is detected for peptide 4 where the favorable S-T inter-
action is shifted to the middle of the strands and the unfavorable
I-T interaction~de Alba et al., 1997b! is adjacent to the turn. This
result parallels the conformational behavior previously found for
peptides 1 and 2 relative to 4:4b-hairpin formation~Table 1; de
Alba et al., 1997b!. In these shorter peptides, the terminal location
of the stabilizing S-T interaction in the 4:4b-hairpin expected for
peptide 2 suggests that fraying is the main reason that the inter-
action is inefficient at stabilizing the hairpin. However, the fraying
effect is minimized in peptide 4 where the stabilizing S-T inter-
action is at the middle of the strands~Table 1!. Thus, the differ-
ential ability of peptides 3 and 4 to adopt a 4:4b-hairpin suggests
that the effects of cross-strand side-chain interactions onb-hairpin
formation do depend on their proximity to the turn. A destabilizing
interaction, such as I-T, adjacent to the turn can hinderb-hairpin
formation, if the turn topology is not very appropriate forb-hairpin
formation as occurs in 4:4b-hairpins, while the efficiency of a

stabilizing interaction, such as S-T, can be larger when adjacent to
the turn.

Analysis of cross-strand interactions in the adopted 3:5b-hairpins
is not straightforward, because the position swap between S and I
leads to different interactions and not just to a change in their
location relative to the turn. The 3:5b-hairpin formed by peptide
3 contains the I-V and S-W interactions in a nonhydrogen-bonded
site and peptide 4, S-V, and I-W~Table 1!. Considering statistical
analysis of pairwise interactions in antiparallelb-sheets~Wouters
& Curmi, 1995; Hutchinson et al., 1998!, I-V in a nonhydrogen-
bonded site is favorable and S-V unfavorable. Data for S-W and
I-W in a nonhydrogen-bonded site, which are not statistically sig-
nificant, suggest an almost equal and null effect of these inter-
actions onb-sheet stability. According to this, S-W and I-W, the
interactions closer to the turn, will contribute equally tob-hairpin
formation. Then, the population of 3:5b-hairpin should be higher
in peptide 3, which contains the favorable I-V interaction than in
peptide 4 with the unfavorable S-V, but the opposite result is ex-
perimentally found~Table 1!. A reasonable explanation comes
from the fact that the I residue, which has higher intrinsicb-sheet
propensity than S, is closer to the turn region in peptide 4 than
peptide 3, suggesting that residues with higher intrinsicb-sheet
propensities are more effective when closer to the turn. This is in
analogy to the conclusions about the larger effectiveness of the
cross-strand interactions when closer to the turn previously de-
duced from the 4:4b-hairpins. It might also be possible that the
interaction I-W is more stabilizing than S-W, and that this could not
be inferred as a consequence of shortage of data in the statistical
analysis. If so, the effect of cross-strand side-chain interactions on
b-hairpin formation would depend on their proximity to the turn.
The effectiveness of the interaction I-W in stabilizing the 3:5
b-hairpin formed by peptide 4 could be related to the fact that I and
W are the two largest hydrophobic side chains. In any case, the
stabilizing contributions from the closer residues to the turn appear
to be more important inb-hairpin formation.

Considering the clear-cut results on 4:4b-hairpins and those on
3:5 b-hairpins, we suggest that the contribution tob-hairpin for-
mation of stabilizing and destabilizing factors, i.e., cross-strand
side chain–side chain interactions and intrinsicb-sheet propensi-
ties, is likely more important when closer to the turn region. This
is in agreement with the essential role of the turn sequence in
nucleatingb-hairpin folding as supported by experimental results
~de Alba et al., 1997a, 1997b, 1999a, 1999b; Griffiths-Jones et al.,
1999! and proposed by theoretical studies~Muñoz et al., 1997,
1998!. If the turn sequence directsb-hairpin formation by predis-
posing the orientation of the twob-strands, it is reasonable that a
stabilizing interaction between the two residues adjacent to the
turn favors the formation of thatb-hairpin. Our conclusion could
also explain the different mutational tolerance displayed by two
exposed residue pairs belonging to twob-hairpins of theb-barrel
protein CspA~Zaremba & Gregoret, 1999!, since, as we would
expect, the less tolerant pair was that closer to the turn region.
Nevertheless, the fact that this pair belongs to a nonhydrogen-
bonded site and the other to a hydrogen-bonded site must also be
considered, since it may contribute to the differential behavior of
the two pairs, as suggested by Zaremba and Gregoret~1999!. Our
proposal also agrees with the amino acidb-sheet intrinsic propen-
sities being context-dependent as indicated by the discrepancies
found among different experimental determinations~Kim & Berg,
1993; Minor & Kim, 1994; Smith et al., 1994!. Statistical analysis
of pairwise interactions in antiparallelb-sheets have distinguished
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between hydrogen- and nonhydrogen-bonded positions, with no
consideration about the linker between the two antiparallel strands
~Wouters & Curmi, 1995; Hutchinson et al., 1998!. Moreover, the
only reported survey of side-chain interactions inb-hairpins~Gu-
nasekaran et al., 1997! does not take into account any positional
effect. Statistical analysis of pairwise interactions inb-hairpins of
known protein structures that consider the position dependence of
cross-strand interactions, as suggested by our results, will be useful
to test the general validity of our conclusion.

Conclusion

In brief, the conformational behavior of two designed 15-residue
b-hairpin-forming linear peptides suggests that the contribution of
stabilizing and destabilizing factors, such as cross-strand side-
chain interactions, tob-hairpin formation depends on the relative
position of the pair with respect to the turn. The strand residues
adjacent to the turn appear to be the most relevant forb-hairpin
formation, which is in agreement with previous results indicating
the essential role of the turn region forb-hairpin formation. This
positioning effect might be contributing to the context dependence
found for amino acid intrinsicb-sheet propensities.

Materials and methods

Peptide synthesis and purification.

Peptides 3 and 4 were chemically synthesized by the Peptide Syn-
thesis Facility at the Department of Organic Chemistry~University
of Barcelona, Spain!.

Sedimentation equilibrium

Sedimentation equilibrium experiments were performed to obtain
the average molecular weight of peptide samples at;0.2 mM
concentration in aqueous solution at pH 5.5 and containing 150 mM
NaCl to screen nonideal effects involving charged residues at high
peptide concentrations. Peptide samples~70 mL! were centrifuged
at 60,000 rpm at 278 K 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!.

NMR spectra

Peptide samples for NMR experiments were prepared in 0.5 mL of
H2O0D2O ~9:1 ratio by volume! or in pure D2O. Peptide concen-
trations were about 2 mM. 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. The1H-NMR spectra were acquired on
a Bruker AMX-600 pulse spectrometer operating at a proton
frequency of 600.13 MHz. One-dimensional spectra were
acquired using 32K data points, which were zero-filled to 64K data
points before performing the Fourier transformation. Phase-sensitive

2D correlated spectroscopy~COSY! ~Aue et al., 1976!, total cor-
related spectroscopy~TOCSY! ~Rance, 1987!, NOE spectros-
copy ~NOESY! ~Jeener et al., 1979; Kumar et al., 1980! and
rotating frame NOE spectroscopy~ROESY! ~Bothner-By et al.,
1984; Braunschweiler & Ernst, 1983! spectra were recorded by
standard techniques using presaturation of the water signal and the
time-proportional phase incrementation mode~Redfield & Kuntz,
1975!. NOESY and ROESY mixing times were 200 and 120 ms,
respectively. TOCSY spectra were recorded using 80 ms MLEV17
with z filter spin-lock sequence~Rance, 1987!. The 1H-13C het-
eronuclear single quantum coherence spectra~HSQC! ~Boden-
hausen & Ruben, 1980! at natural13C abundance were recorded in
2 mM peptide samples in D2O. Acquisition data matrices were
defined by 2,0183 512 points int2 andt1, respectively. Data were
processed using the standard XWIN-NMR Bruker program on a
Silicon Graphics computer. The 2D data matrix was multiplied by
a square-sine-bell window function with the corresponding shift
optimized for every spectrum and zero-filled to a 23 1K complex
matrix prior to Fourier transformation. Baseline correction was
applied in both dimensions. The 0 ppm13C d was obtained indi-
rectly by multiplying the spectrometer frequency that corresponds
to 0 ppm in the1H spectrum, assigned to internal TSP reference,
by 0.25144954~Bax & Subramanian, 1986; Spera & Bax, 1991!.

NMR assignment

The 1H NMR signals of peptides 3 and 4 in aqueous solution
were readily assigned by standard sequential assignment methods
~Wüthrich et al., 1984; Wüthrich, 1986!. Then, the13C resonances
were straightforwardly assigned on the basis of the cross-correlations
observed in the HSQC spectra between the proton and the carbon
to which it is bonded. The1H and13C d-values of the two peptides
are available in Supplementary material in the Electronic Appen-
dix ~Tables SM1 and SM2! and have been deposited at the PESCA-
DOR database~http:00ucmb.ulb.ac.be0Pescador0!.

Estimation ofb-hairpin populations

Theb-hairpin populations were estimated from the ratio of inten-
sities of the CaHi-CaHj NOE characteristic of each hairpin to that
of the conformationally independent CaH-Ca 'H Gly NOE, which
was used with calibration purposes~Searle et al., 1995; de Alba
et al., 1996, 1997a, 1997b; Ramírez-Alvarado et al., 1996; May-
nard et al., 1998!. The intensity ratio corresponding to a 100%
b-hairpin was taken as@dCaHi-CaHj

# 260@dCaH-Ca 'H Gly# 26, where
dCaHi-CaHj

is the average CaHi-CaHj distance in antiparallel
b-sheets in proteins~2.3 Å; Wüthrich, 1986!, where i and j are
facing residues in a nonhydrogen-bonded site, anddCaH-Ca 'H Gly is
the CaH-Ca 'H distance characteristic of Gly residues~1.78 Å!.
NOE intensities were measured by volume integration in NOESY
spectra~200 ms mixing time! recorded in pure D2O samples.

The overallb-hairpin populations were independently evaluated
by using theDdCaH ~dCaH~observed! 2 dCaH~random coil!! and Dd13Ca

~d13Ca~observed! 2 d13Ca~random coil!! conformational shifts averaged
over all the strand residues in the adopted hairpins, except for the
N- and C-terminal residues that would present charge end effects.
The DdCaH conformational shift of residue 5 of peptides 3 and 4
was not included because thed value of its CaH proton is strongly
affected for the aromatic ring of its facing W side chain in the 3:5
b-hairpin. The reference values for each residue in the random coil
state were taken from Wüthrich~1986! for proton chemical shifts
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~dCaH~random coil!! and from Wishart et al.~1995! for carbon chem-
ical shifts ~d13Ca~random coil!!. The reference values for 100%
b-hairpin were the mean conformational shifts reported forb-sheet
proteins, 0.40 ppm forDdCaH ~Wishart et al., 1991! and21.48 ppm
for Dd13Ca

~Spera & Bax, 1991!.
The ratio of theb-hairpin populations for each residue of pep-

tide 4 was computed as the ratioDdCaH~58C!0DdCaH~358C!, where
DdCaH~58C! and DdCaH~358C! are theDdCaH conformational shifts
measured for each residue at 5 and at 358C, respectively.

Structure calculation

Intensities of medium- and long-range NOEs were evaluated qual-
itatively and used to obtain upper limit distant constraints: 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 corrections were
added where necessary.f Angles were constrained to the range
2180 to 08 except for Asn and Gly. For those residues with
3JCaH-NH . 8.0 Hz and3JCaH-NH , 5.0 Hz,f angles were restricted
to the range2160 to 2808, and 2100 to 2208, respectively.
Structures were calculated on a Silicon Graphics computer using
the program DIANA~Güntert et al., 1991!.

Estimation of hydrophobic surface area buried
uponb-hairpin formation

To model the 4:4b-hairpins formed by peptide 3 and expected for
peptide 4, a structure calculation was performed by using the
DYANA program~Güntert et al., 1997! and introducing as distance
and dihedral angle constraints those expected for an ideal 4:4
b-hairpin. For each sequence, the set of the 30 structures with the
lowest target function was taken as model for the 4:4b-hairpin.
The same procedure was used to model the 3:5b-hairpin adopted
by peptides 3 and 4, but taking as distance and dihedral angle
constraints those expected for an ideal 3:5b-hairpin. The solvent-
accessible nonpolar area for each structure was calculated using
the program VADAR~Wishart et al., 1996!. The hydrophobic sur-
face area buried uponb-hairpin formation was computed as the
difference between the solvent-accessible nonpolar area averaged
over the 30 modeled structures and that corresponding to a com-
pletely extended structure. To obtain the hydrophobic surface area
buried upon formation of the 3:5b-hairpin formed by peptide 4,
we followed the same procedure but using the 20 best structures
calculated from experimental restraints~Fig. 5!. The hydrophobic
surface area buried upon formation of a 4:4b-hairpin is 5246
66 Å2 and 5246 62 Å2 for peptides 3 and 4, respectively. That
buried upon formation of the modeled 3:5b-hairpins is 5096
40 Å2 for peptide 3 and 4996 40 Å2, for peptide 4, and upon
formation of the 3:5b-hairpin experimentally found for peptide 4,
5456 62 Å2.

Supplementary material in the Electronic Appendix

Two tables listing the1H and 13C d values of peptides 3 and 4
~Tables SM1, SM2! and two tables listing the nonsequential NOEs
observed for peptides 3 and 4~Tables SM3, SM4!.
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