
Sequence dependence of �-hairpin structure:
Comparison of a salt bridge and an
aromatic interaction

SARAH E. KIEHNA AND MARCEY L. WATERS
Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599-3290, USA

(RECEIVED May 21, 2003; FINAL REVISION August 28, 2003; ACCEPTED August 29, 2003)

Abstract

A comparison of the contributions and position dependence of cross-strand electrostatic and aromatic
side-chain interactions to �-sheet stability has been performed by using nuclear magnetic resonance in a
well-folded �-hairpin peptide of the general sequence XRTVXVdPGOXITQX. Phe–Phe and Glu–Lys pairs
were varied at the internal and terminal non–hydrogen-bonded position, and the resulting stability was
measured by the effects on �-hydrogen and aromatic hydrogen chemical shifts. It was determined that the
introduction of a Phe–Phe pair resulted in a more folded peptide, regardless of position, and a more tightly
folded core. Substitution of the Glu–Lys pair at the internal position results in a less folded peptide and
increased fraying at the terminal residues. Upfield shifting of the aromatic hydrogens provided evidence for
an edge-face aromatic interaction, regardless of position of the Phe–Phe pair. In peptides with two Phe–Phe
pairs, substitution with Glu–Lys at either position resulted in a weakening of the aromatic interaction and
a subsequent decrease in peptide stability. Thermal denaturation of the peptides containing Phe–Phe indi-
cates that the aromatic interaction is enthalpically favored, whereas the folding of hairpins with cross-strand
Glu–Lys pairs was less enthalpically favorable but entropically more favorable.
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Since the report of the first monomeric �-hairpin peptide in
1993 (Blanco et al. 1993), determining the factors that sta-
bilize �-hairpin structure has been an active area of research
(Searle 2001). �-Hairpins represent excellent model sys-
tems for studying the relationship between sequence and
secondary structure, allowing for a hierarchical approach to
understanding protein folding. In addition, �-hairpins pro-
vide a soluble structured model system for studying factors
that influence misfolding of proteins, which is believed to
occur through a �-sheet type of structure. Thus, a detailed
understanding of the factors that influence folding and sta-
bility is warranted.

Factors that have been found to influence the stability of
a �-hairpin include the turn sequence (de Alba et al.
1997a,b; Haque and Gellman 1997; Ramirez-Alvarado et al.
1997; Syud et al. 1999), the �-sheet propensity of the resi-
dues in the strand (Griffiths-Jones et al. 1999; Russell and
Cochran 2000; Santiveri et al. 2000), and cross-strand in-
teractions between side chains in opposite strands (Ramirez-
Alvarado et al. 1996, 2001; Maynard et al. 1998; Searle et
al. 1999; Kobayashi et al. 2000), including both lateral (San-
tiveri et al. 2000; Tatko and Waters 2002) and diagonal
(Syud et al. 2001) interactions. A hydrophobic cluster is
typically necessary for stabilizing a �-hairpin (Maynard et
al. 1998; Espinosa and Gellman 2000), and previous work
has shown that a hydrophobic cluster near the turn provides
greater stability to the hairpin than when it is at the terminus
(Espinosa et al. 2001). In addition, although terminal resi-
dues often appear to be frayed based on H� chemical shifts,
there is some evidence that even they contribute to the over-
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all stability of the hairpin (Stanger et al. 2001). A two-state
model is generally assumed for the folding of these pep-
tides, and in some cases, a two-state model has been dem-
onstrated (Searle 2001); however, this is not the case for all
�-hairpin peptides (Santiveri et al. 2002).

Most of the information regarding the contribution of
cross-strand pairs to �-sheet stability comes from studies of
proteins, including statistical analyses and mutation studies
(Smith and Regan 1995, 1997; Wouters and Curmi 1995;
Blasie and Berg 1997; Cootes et al. 1998; Zaremba and
Gregoret 1999; Mandel-Gutfreund et al. 2001). In particu-
lar, the mutation study by Smith and Regan (1995) provided
the first information on the relative contributions of cross-
strand interactions and �-sheet propensities. They found
that although salt bridges formed one of the most stabilizing
cross-strand interactions, the overall contribution to protein
stability was low because of the low sheet propensities of
Glu and Lys. In contrast, a cross-strand Phe–Phe interaction
provided significant stability to the protein because both the
sheet propensity and the cross-strand interaction were fa-
vorable. More recently, we have shown that a cross-strand
Phe–Phe interaction is stabilizing in a designed �-hairpin
due to a favorable edge-face interaction (Tatko and Waters
2002). In the current study, we have compared the contri-
bution of a salt bridge and an aromatic pair at different
positions in the strand and determined their contributions to
hairpin stability and cooperativity.

Results

Peptide design

We investigated a set of four 14-residue peptides based on
Gellman’s sequence, in which two cross-strand pairs at po-
sitions 1/14 and 5/10 were varied (Fig. 1; Stanger and Gell-
man 1998; Syud et al. 1999). These positions were chosen
to study the influence of cross-strand pairs near the turn
residues relative to those at the termini. Two additional
12-residue peptides were investigated to determine the con-
tribution of the terminal cross-strand pair. The peptides can
be grouped into two different series, the XFFZ series, in-
cluding FFFF, EFFK, and *FF* (where the asterisk indi-
cates a deleted residue), and the XEKZ series, including
FEKF, EEKK, and *EK*. We chose a DPro-Gly turn se-
quence because of its excellent nucleating properties
(Stanger and Gellman 1998). The two cross-strand pairs are
in non–hydrogen-bonded (NHB) sites, placing them on the
same face of the hairpin, and there is a pair of threonines in
the NHB site between them, such that diagonal interactions
need not be considered (Syud et al. 2001). The peptides
contain a net charge of at least +2 to maintain water solu-
bility and to prevent aggregation. The peptides were inves-
tigated at pH 4.2, acetate buffer. In addition, all peptides
containing an Glu–Lys pair were investigated at pH 7.1,

phosphate buffer, to confirm that Glu was fully deproto-
nated. No significant difference was observed in peptide
stability or structure at these two pHs.

Structure determination

The peptides were characterized by matrix-assisted laser
desorption ionization (MALDI) mass spectrometry and
NMR, including correlation spectroscopy (COSY), total
correlation spectroscopy (TOCSY), and rotating frame
nuclear Overhauser spectroscopy (ROCSY). �-Hairpin
structure was confirmed by long-range nuclear Overhauser
effect peaks observed between cross-strand residues. NOEs
shown in Figure 2 clearly indicate a �-hairpin structure,
with long-range NOEs between residues near the N and C
termini. Only those NOEs that were unambiguous are
shown. The extent of folding was determined qualitatively
by comparing H� chemical shifts relative to random coil
values, as determined by the control peptides in which DPro
has been replaced by LPro. LPro has been shown to disrupt
hairpin formation in short peptides (Stanger and Gellman
1998). The H� resonances in a �-hairpin are shifted down-
field relative to the random coil chemical shifts due to prox-
imity to the carbonyls in an extended sheet conformation
(Sharman et al. 2001). Shifting of �0.1 ppm for three or more
consecutive residues is typically taken as evidence for sig-
nificant �-sheet population (Wishart et al. 1991, 1992). The
spacing between the diastereotopic Gly H� resonances has

Figure 1. Sequences of the 14- and 12-residue peptides in series XFFZ
and XEKZ. HB-site indicates hydrogen-bonded site; NHB-site, non–hy-
drogen-bonded site. Dashed lines indicate hydrogen bonds.
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also been shown to correlate with extent folding of �-hair-
pin peptides (Searle et al. 1999).

�-Hairpin stability has been quantified by NMR in which
control peptides were used to determine the chemical shifts
in the unfolded and fully folded states (equation 1). The
LPro peptides were used for the unfolded state, and the
cyclic peptides in Figure 3 were used for the fully folded
state (Syud et al. 1999). To generate the cyclic peptides,
four additional residues, Val-DPro-Gly-Orn, were incorpo-
rated to covalently link the N and C termini of the original
14-residue sequences. The validity of the assumption that
the cyclic peptides represent the fully folded �-hairpin was
investigated by ROESY NMR. NOEs were observed be-
tween the same cross-strand residues as the uncyclized pep-
tides along the entire strand, indicating a �-hairpin struc-
ture.

% Folded � (�obs − �0) / (�100 − �0) × 100 (1)

Qualitative analysis of hairpin stability

All the peptides in series XFFZ and XEKZ appear to be
well folded based on their H� chemical shifts relative to

random coil values, with all but the terminal residues having
>0.1 ppm shift (Fig. 4). This type of fraying is typical for
terminal residues in �-hairpins. Based on this data, FFFF
appears to be the most stable hairpin, and *EK* appears to
be the least folded.

Differences in location of aromatic residues in the XFFZ
and XEKZ series can have a significant influence on NMR
chemical shifts of neighboring residues. Thus, qualitative
analysis cannot be used to make direct comparisons be-
tween these two series of peptides. For this reason, quanti-
tative analysis using equation 1 was performed by using a
cyclic peptide for the fully folded state (see Materials and
Methods).

Quantitative analysis of hairpin stability

Comparison of the XFFZ and XEKZ series

Through use of the LPro and cyclic control peptides, the
extent of folding for each of the peptides in series XFFZ
and XEKZ was determined by NMR. In this way, a more
detailed analysis of the relative contributions of cross-strand
pairs can be made. Comparison of FFFF and EEKK indi-

Figure 2. Long-range NOEs of representative peptides: (A) FEKF, (B) EFFK, (C) *EK*, and (D) *FF*. The NOEs shown are those that were
unambiguous but not necessarily the only NOEs observed.

Cross-strand interactions in �-hairpin peptides
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cates that the Phe residues stabilize the hairpin more than
the salt bridges (Fig. 5A). This is due to differences in sheet
propensities in conjunction with differences in the cross-
strand interactions (vide infra). The truncated peptides
*FF* and *EK* are both less stable than are their 14-
residue parent peptides, but have a stability profile similar to
FFFF and EEKK: *FF* is more stable than *EK* along
the entire hairpin (Fig. 5B). Again, this is attributed to dif-
ferences in sheet propensities and side-chain–side-chain in-
teractions. Peptides FEKF and EFFK appear to be simi-
larly folded, with no clear difference in stability over the
length of the strand (Fig. 5C). This is surprising given the
results of Gellman (Espinosa et al. 2001), which indicated
that a hydrophobic cluster was more stabilizing near the turn
than at the termini. The fact that FEKF appears to be more
folded near the turn than is EFFK may be a result of a
competition between the favored geometry of the turn resi-
dues versus the preferred geometry between two Phe resi-
dues (vide infra).

Comparison of terminal residues

Comparison of FFFF with EFFK and *FF* demon-
strates that the terminal residues contribute to the overall

stability of the hairpin despite extensive fraying, but the
terminal aromatic pair contributes more than does the ter-
minal salt bridge (Fig. 6). Interestingly, the terminal salt
bridge in EFFK seems to have little impact on the extent of
folding of the internal positions relative to the truncated pep-
tide, *FF*, but the salt bridge does help to reduce fraying at
the termini (Fig. 6A). In contrast, deletion of the terminal
Phe–Phe pair influences the stability of the entire hairpin.

FEKF, EEKK, and *EK* provide an interesting com-
parison to FFFF, EFFK, and *FF*. The relative contribu-
tions of the terminal Phe–Phe pair and the terminal Glu–Lys
pair are similar in both series. Substitution of the aromatic
pair in FEKF with the salt bridge causes significant loss in
stability throughout the length of the hairpin, whereas
deletion of the terminal salt bridge increases fraying but
does not greatly impact the core of the hairpin (residues
EVDPGOK).

Comparison of internal positions
The relative contribution of a salt bridge or an aromatic

pair at an internal position was investigated by comparing
FFFF to FEKF and EFFK to EEKK (Fig. 7). Replacement
of the internal aromatic pair in FFFF with a salt bridge
destabilizes the �-sheet, as was seen when the same substi-

Figure 3. (A) Sequence and NOEs of the cyclic control peptides cyc-FEKF and cyc-EFFK. (B) Downfield shifting of the cyclic control peptides
cyc-FEKF and cyc-EFFK.
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tution was made at the terminus (cf. Figs. 7A and 6A).
Replacing the internal Phe–Phe pair with an Glu–Lys pair in
EFFK causes similar destabilization of the hairpin as in
FFFF (Fig. 7B). In both cases, the residues immediately
adjacent to the turn remain well folded, but destabilization
occurs along the strand.

Contributions of the backbone and
side chain in terminal pairs
By replacing each of the terminal residues with alanine

(Ala), we probed the importance of the backbone relative to
side-chain–side-chain interactions to the stability of the
hairpin. Deletion of the Ala residue subsequently removes
the backbone and hydrogen-bond functionality. As shown
in Figure 8A, replacement of the N-terminal Phe with Ala in
FEKF to give AEKF destabilizes the entire hairpin, with a
greater impact on the terminus than on the turn. Deletion of
the Ala at the N terminus has much less effect on the extent
of folding (AEKF → *EKF). Replacement of the C-termi-
nal Phe with Ala also destabilizes the hairpin (Fig. 8B).

Interestingly, deletion of Ala at the C terminus (FEKA →
FEK*) has a greater impact than does the corresponding
Ala at the N terminus. It may be that the methyl group on
Ala interacts with the cross-strand Phe in a hydrophobic
manner. Support for this comes from the observation that
NOEs between the �-hydrogens on the C-terminal Phe and

Figure 4. Comparison of �� H� for series XFFZ (A) and series XEKZ
(B).

Figure 5. Extent of folding as determined from downfield shifting of the
H� resonances by NMR: (A) FFFF and EEKK, (B) *FF* and *EK*, and
(C) EFFK and FEKF.

Cross-strand interactions in �-hairpin peptides
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the ring of the N-terminal Phe are commonly observed (see
Figs. 2B, 3B).

Replacement of the N-terminal glutamic acid in EFFK
with Ala causes an increase in fraying but has little impact
at the turn (Fig. 9A). Deletion of the Ala residue to give
*FFK has only minimal effect on the hairpin stability at
either the turn or the termini (Fig. 9A). Similarly, replace-
ment or deletion of the C-terminal Lys has almost no effect
on the hairpin stability, with the exception of an increase in
terminal residue fraying (Fig. 9B).

Comparison of folding populations determined
from H� and from Gly splitting

In many cases, the splitting of the Gly H� protons in the
turn of a �-hairpin has been used to determine �-hairpin
populations (Searle 2001; Tatko and Waters 2002). This is
convenient because the Gly H� protons typically fall in a
“clean” region of the NMR spectrum, and so, an estimate of
hairpin stability can be easily obtained from a simple 1H
NMR spectrum of the peptide. However, as can be seen in

Table 1, in the peptides studied here, Gly splitting consis-
tently overestimates hairpin population as determined by
H�. This appears to be a trait of the DPro-Gly turn, because
the Gly splitting seems to be quite reliable for determining
hairpin populations in peptides with Asn-Gly turns (Searle
2001; Tatko and Waters 2002). The fact that the Gly split-
ting overestimates the hairpin population in these peptides is
consistent with the trend observed with H� that the residues
near the turn repeatedly indicate higher hairpin populations
than those nearer the terminus (Table 1).

Analysis of aromatic interactions

In previous studies, cross-strand Phe–Phe pairs have been
shown to interact in an edge-face geometry, with the ortho-
hydrogen (H2) of the C-terminal Phe directed at the face of
the N-terminal Phe (Das et al. 2001; Tatko and Waters
2002). This results in significant upfield shifting of H2.
Thus, the chemical shift of the H2 can be used as another
means of determining the �-hairpin population. Comparison
of the chemical shifts of H2 on Phe 10 in FFFF and EFFK

Figure 6. Effect of terminal residues on extent of folding: XFFZ series (A)
and XEKZ series (B).

Figure 7. Comparison of the aromatic pair (A) and salt bridge (B) at
internal positions.
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indicates that changes at the terminal positions influence the
extent of folding at the internal Phe pair (Table 2, entries 2
and 3), in qualitative agreement with H� data. Comparison
of the terminal aromatic pairs in FFFF and FEKF indicates
that changes at the internal positions also impact the termi-
nal positions (Table 2, entries 6,7). Moreover, the upfield
shifting of H2 of Phe 14 in FFFF and FEKF indicate that
the side chains at the termini do indeed interact, despite the
fraying indicated by the H� chemical shifts (Fig. 5). In
contrast, comparison of the upfield shifting of H2 in EFFK
and *FF* indicates that the terminal salt bridge has very
little effect on hairpin stability near the turn, in agreement
with H� data (Table 2, entries 3,4).

The upfield shifting of H2 of Phe 14 provides information
on the geometry of interaction at the terminus. The fact that
H2 is upfield shifted in both FFFF and FEKF indicates that
the aromatic side chains interact in an edge-face geometry
even at the terminus, despite the fraying indicated by the H�
chemical shifts. This indicates that the edge-face geometry
provides an attractive interaction, rather than simply result-
ing from conformational restriction in the �-strand.

The upfield shifting of the aromatic residue is another
method for estimating the extent of folding. Comparison of
the fraction folded as determined by the Phe residue at
position 10 (Table 1) agrees well with the values determined
from the Gly splitting used for determination of the extent
of folding. Shifting of the H2 resonance in the terminal FF
pair was not used to determine the percentage folded due to
increased fraying at the peptide termini.

Salt studies

We performed salt studies on FEKF, EFFK, *FF*, and
*EK* to investigate the contribution of the salt bridge in
more detail (Table 3). The chemical shift dispersion de-
creases in going from 0 to 500 mM NaCl for all four pep-
tides. This indicates that the hairpin stability decreases but
makes it difficult to measure due to spectral overlap of the
H� resonances at high salt concentrations. The Gly residues
remain well-resolved, however, and so we determined the
extent of folding based on these values in buffer and 500
mM NaCl. As can be seen in Table 3, even hairpins without

Figure 8. Extent of folding for FEKF, AEKF, and *EKF (A) and for
FEKF, FEKA, and FEK* (B).

Figure 9. Extent of folding for EFFK, AFFK, and *FFK (A) and for
EFFK, EFFA, and EFF* (B).
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a salt bridge are less folded in 500 mM NaCl, but peptides
FEKF and *EK* are destabilized to a greater extent. En-
ergetically, the change in fraction folded at 500 mM NaCl
relative to buffer amounts to ∼0.29 kcal/mole for *EK*,
versus 0.15 kcal/mole for *FF*, as determined by the Gly
splitting. Thus, the salt bridge provides ∼−0.1 to −0.2 kcal/
mole to the hairpin stability and no stabilization at the ter-
minal position (cf. EFFK to *FF* in Table 3). However,
because we have seen that the influence of the strand residues
is not fully transmitted to the turn residues, this is best con-
sidered a lower limit for the energetic contribution of the salt
bridge. In other peptide systems, salt bridges have been found
to contribute between −0.1 and −0.4 kcal/mole to �-hairpin
stability (de Alba et al. 1995; Searle et al. 1999; Ramirez-
Alvarado et al. 2001; Ciani et al. 2003), and up to −0.8 to
�-helix stability (Scholtz et al. 1993; Smith and Scholtz 1998).

Thermal denaturation studies

Thermal denaturation of the hairpins was followed by NMR
through measurement of the change in glycine splitting with

temperature (Fig. 10; Table 4). Although the fraction folded
as determined by Gly splitting is likely an overestimate of
the hairpin population, spectral overlap of the H� reso-
nances precluded their use in thermal denaturation. Thus,
although the trends observed for these peptides are mean-
ingful, the absolute values of the enthalpy, entropy, and
change in heat capacity may be biased due to the use of the
Gly chemical shifts to determine them.

All the peptides investigated display enthalpy-driven
folding (Table 4). Peptides FFFF, EFFK, and *FF* display
a steady decrease in �H and �S as the terminal Phe residues
are replaced and subsequently deleted. Comparison of
EFFK and FEKF indicate that their thermodynamic param-
eters are similar. Folding of peptides EEKK and *EK* is
the least enthalpically favorable but the most entropically
favorable, resulting in cold denaturation (Fig. 10).

Cold denaturation is usually associated with a hydropho-
bic driving force, yet in the systems studied here, it is only
observed when the aromatic pair is deleted. However, cold
denaturation has been observed for other peptides with hy-
drophilic residues in the NHB positions (Searle 2001; Ciani
et al. 2003). This may arise from dominance of hydrophobic
interactions on the hydrogen-bonded face of the hairpin
when the aromatic pair is removed. Enthalpically driven
folding has been observed for a number of well-folded
�-hairpins with a hydrophobic cluster on the NHB face of
the �-hairpin, and has been proposed to be the result of a
“tight” interaction, as described by Smithrud and Diederich
(1990) and Smithrud et al. (1991). Thus, the decrease in
enthalpy and increase in entropy upon replacing or remov-
ing an aromatic pair may be a result of decreasing the tight-
ness of the fold (Espinosa and Gellman 2000). This may
arise from a decrease in the burial of the backbone or a
decrease in the packing of the side chains.

Discussion

We have compared the contributions of an aromatic pair and
a salt bridge at an internal and terminal position of a �-hair-
pin peptide. In both positions, the Phe–Phe pair contributes
more to the hairpin stability than does the salt bridge, in

Table 2. Upfield chemical shifting of the C-terminal
aromatic ortho-hydrogen

Entry Peptide �, ppm ��, ppm % Folded

1 cyc-EFFK 6.35 −0.86 100
2 FFFF (internal) 6.49 −0.71 83
3 EFFK 6.56 −0.64 75
4 *FF* 6.57 −0.63 73
5 cyc-FEKF 6.46 −0.80 —
6 FFFF (terminal) 7.04 −0.22 —
7 FEKF 7.12 −0.14 —

Determined in 10 mM phosphate buffer (pH 7.1) at 298 K.

Table 3. Effect of salt concentration on �-hairpin stability

D2O 500 mM NaCl

% ChangeGly splitting % folded Gly splitting % folded

FEKF 0.220 90 0.191 78 12
EEKK 0.181 74 0.151 62 12
*EK* 0.172 70 0.145 59 11
EFFK 0.503 78 0.469 73 5
*FF* 0.490 76 0.456 71 5

Determined in 10 mM phosphate buffer (pH 7.1) AT 298 K.

Table 1. �-Hairpin population as determined by the H�
residues in the hydrogen-bonded sites compared with the
population determined by the Gly splitting

Entry Peptide

% Foldeda

Val4 Val6 Orn9 Ile11 Averageb Gly

1 FFFF 75 76 67 71 72 (4) 85
2 EFFK 63 60 61 61 61 (1) 78
3 AFFK 60 66 59 61 62 (3) 75
4 EFFA 59 68 60 61 62 (4) 75
5 *FF* 61 69 61 62 63 (4) 76
6 FEKF 45 69 68 49 58 (13) 90
7 EEKK 36 61 55 43 49 (11) 74
8 AEKF 37 59 62 42 50 (12) 75
9 FEKA 41 65 57 49 53 (10) 75

10 *EK* 30 58 50 38 44 (12) 71

Determined in 10 mM acetate buffer (pH 5.0) or 10 mM phosphate buffer
(pH 7.1) at 298 K.
a Errors in the fraction folded as determined by H� chemical shifts is 1%.
b Numbers in parentheses are standard deviations from the average.
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agreement with mutation studies in proteins (Smith and Re-
gan 1997). At the internal position, this can be explained in
terms of a combination of sheet propensities and side-
chain–side-chain interactions. Phe has a higher sheet pro-
pensity than does Lys or Glu, and an Phe–Phe cross-strand
pair has been shown to form a favorable cross-strand inter-
action, although the magnitude of the interaction has not
been quantified.

At the terminus, where the residues have significantly
more conformational freedom, the Phe–Phe pair still stabi-
lizes the hairpin more than does the salt bridge. It is clear
that despite the conformational freedom of a terminal posi-
tion, the terminal Phe–Phe pair interacts in an edge-face
geometry, consistent with what has been observed at more
restricted sites at internal positions (Tatko and Waters
2002). This provides support for the fact that the edge-face
interaction is an attractive interaction and not simply due to
geometric restrictions in a �-sheet geometry. The substitu-
tion studies in which Phe is replaced with Ala also indicate

the presence of a side-chain–side-chain interaction between
the Phe residues at the N- and C-terminal positions, in that
removal of an aromatic ring causes significant destabiliza-
tion of the hairpin. In contrast, removal of either the Glu or
Lys from a terminal position has very little impact on over-
all hairpin stability. Salt studies also indicate that the ter-
minal Glu–Lys pair provides little to no stability to the
hairpin through salt bridge formation, in that the effect on
folding of 500 mM NaCl is the same for EFFK and *FF*.
Analysis of the H� shifts indicates that the Glu–Lys pair
reduces fraying, but not to a greater extent than a terminal
AK or EA pair (Fig. 9). Thus, for Glu–Lys, the terminal
residues appear to stabilize the hairpin simply by restricting
the geometry of the inner residues, not through significant
side-chain–side-chain interactions.

We can estimate the strength of a terminal Phe–Phe in-
teraction from the fraction folded data in Table 2. Compari-
son of FFFF to EFFK or *FF* yields a contribution of the
terminal Phe–Phe pair of −0.2 to −0.3 kcal/mole. Compari-
son of FEKF to EEKK or *EK* also yields values of ∼−0.3
kcal/mole. Because replacement of a Phe with Ala results in
significant loss of stability, but removal of Ala has little
effect on the hairpin stability (Fig. 8), it is reasonable to
estimate that the −0.2 to −0.3 kcal/mole stabilization gained
from a terminal Phe–Phe pair is largely due to side-chain–
side-chain interactions. As with the Glu–Lys interaction,
this is best considered a lower limit because the folding of
the peptides in this study is not highly cooperative.

Conclusions

We have investigated the contribution of an Glu–Lys and
Phe–Phe pair to �-hairpin stability at two different posi-

Figure 10. Fraction folded versus temperature as determined by NMR from the Gly splitting for the XFFZ series (A) and the XEKZ series (B). Curves
represent the fit to the data as described in Materials and Methods.

Table 4. Thermodynamic parameters for folding of series
XFFZ and XEKZ at 298 K

Peptide
�H°,

kcal/mole
�S°,

cal mole−1 K−1
�Cp°,

cal mole−1 K−1

FFFF −4.0 −9.7 −59
EFFK −3.1 −7.9 −85
*FF* −2.3 −5.3 −93
FEKF −3.0 −7.3 −99
EEKK −1.3 −2.2 −131
*EK* −1.2 −2.2 −119

Determined from the fitting of the data in Figure 10. The error is 6% based
on 95% confidence limits of the NMR chemical shifts and temperature.
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tions. In this system, we have found the Phe–Phe pair sta-
bilizes the hairpin to a greater extent than does the Glu–Lys
pair, independent of position in the strand. Terminal resi-
dues contribute to the stability of a �-hairpin, even though
they themselves are not well folded. The contribution of the
terminal pairs appears to arise from two different sources.
The terminal Glu–Lys pair does not appear to form a salt
bridge but decreases fraying of the penultimate cross-strand
pair. In contrast, there is good evidence that the terminal
Phe–Phe pair does indeed form a specific side-chain–side-
chain interaction, despite terminal fraying.

Materials and methods

Peptide synthesis and purification

All peptides were synthesized on Fmoc-PAL-PEG-PS amide resin
by using standard Fmoc solid-phase protocols on a continuous
flow Pioneer Peptide Synthesizer (Applied Biosystems) with
HBTU/HOBT [2-(1H-benzotriazol-l-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate/N-Hydroxybenzotriazole] as the coupling re-
agent. Peptide resin cleavage and deprotection was performed si-
multaneously by using either 95% trifluoroacetic acid (TFA)/2.5%
triisopropylsilane (TIPS)/2.5% H2O or 88% TFA /5% H2O /5%
TIPS /2% phenol for 2 to 3 h under N2. The TFA was removed by
distillation under reduced pressure. Crude peptides were precipi-
tated with cold ether, extracted into water, and lyophilized. Cyclic
peptides were synthesized following the procedure of Syud et al.
(1999) using an orthogonally protected glutamic acid derivative
and standard solid-phase synthesis.

Crude peptides were purified by reverse-phase HPLC using a
Vydac C18 semipreparative column. Peptides were eluted with a
linear gradient of 95% H2O /5% acetonitrile (solvent A) with 0.5%
TFA and 95% acetonitrile/5% water with 0.5% TFA (solvent B)
from 0% to 20% B. Peptides were detected by monitoring at 220
and 280 nm. Molecular weights were determined by MALDI mass
spectrometry.

NMR data acquisition

One- and two-dimensional 1H NMR was performed by using
INOVA 500- and 600-MHz instruments at 298 K, unless otherwise
noted. Spectra were referenced to DSS.

Determination of fraction folded

The extent of folding of these peptides was determined by the H�
chemical shift (Wishart et al. 1992) and glycine chemical shift
difference (Searle et al. 1999; Searle 2001; Tatko and Waters
2002) relative to control peptides for the random coil and fully
folded states from the equation below:

f � (�obs − �0) / (�100 − �0) (2)

where f is fraction folded and � is chemical shift.
Assuming �-hairpin formation is a two-state process, the extent

of folding can be related to the equilibrium constant, K, by the
following equation:

K � f / (1 − f) (3)

The free energy change can then be determined from

�G � −RT ln K.

For the type II� DPro-Gly turns, random coil values were deter-
mined from the corresponding LPro-Gly peptide because they have
been shown not to fold (Stanger and Gellman 1998). �-Hydrogen
regions were assigned by using COSY, TOCSY, and ROESY 1H
NMR.

Aggregation studies

Peptides were analyzed by NMR using an INOVA 600-MHz spec-
trometer. The samples were analyzed at a concentration range of
1.3 to 9 mg/mL in D2O buffered with 100 mM sodium acetate-d3
containing 0.5 mM sodium 4,4-dimethyl-4-silapentane-1-sulfonate
(DSS) as an internal reference at a pH 3.44. No change in glycine
chemical shift difference was observed, indicating that the peptides
are monomeric under the conditions studied.

Ionic strength studies

The effect of ionic strength on hairpin folding was studied by
NMR using an INOVA 600-MHz spectrometer. The change in
glycine chemical shift difference was compared in 100% D2O and
500 mM NaCl in D2O.

Determination of thermodynamic parameters

Variable temperature NMR was used in order to determine the
thermodynamic parameters of the peptide folding. A temperature
range of 282 to 326 K was explored in five-degree increments
using an INOVA 600-MHz spectrometer. Temperature calibration
was performed with ethylene glycol and methanol standards by
using standard macros in Varian software. The change in glycine
chemical shift difference was followed with temperature. The frac-
tion folded of the peptide was plotted against temperature, and the
curve was fitted by using the following equation (Maynard et al.
1998):

Fraction folded � (exp[x / RT]) / (1 + exp[x / RT]) (4)

where

x � (T[�S298° + �Cp° ln{T / 298}] − [�H298° + �Cp°{T − 298}])
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