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Formation of β-hairpins is considered the initial step of folding of many proteins and, consequently, peptides
constituting the β-hairpin sequence of proteins (the β-hairpin-forming peptides) are considered as models of
early stages of protein folding. In this article, we discuss the results of experimental studies (circular-dichroism,
infrared and nuclear magnetic resonance spectroscopy, and differential scanning calorimetry) of the structure of
β-hairpin-forming peptides excised from the B1 domain of protein G, which are known to fold on their own.We
demonstrate that local interactions at the turn sequence and hydrophobic interactions between nonpolar
residues are the dominant structure-determining factors, while there is no convincing evidence that stable
backbone hydrogen bonds are formed in these peptides in aqueous solution. Consequently, the most plausible
mechanism for folding of the β-hairpin sequence appears to be the broken-zipper mechanism consisting of the
following three steps: (i) bending the chain at the turn sequence owing to favorable local interactions, (ii)
formation of loose hydrophobic contacts between nonpolar residues, which occur close to the contacts in the
native structure of the protein but not exactly in the same position and, finally, (iii) formation of backbone
hydrogen bonds and locking the hydrophobic contacts in the native positions as a hydrophobic core develops,
sufficient to dehydrate the backbone peptide groups. This mechanism provides sufficient uniqueness (contacts
form between residues that become close together because the chain is bent at the turn position) and robustness
(contacts need not occur at once in the native positions) for folding a β-hairpin sequence.
+1 607 254 4700.
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1. Introduction

The β-hairpin-forming peptides initially received attention as
model systems for investigation of the early stages of protein folding
[1–4]. Over the years, studies of β-hairpin-forming peptides were
extended to other fields such as medicine in which such peptides are
studied because of their application as enzyme inhibitors or nucleic
acid intercalators [5], or they are used as biomaterials in surgery and
reconstruction procedures [6]. This paper, however, will focus mainly
on conformational studies of β-hairpin-forming peptides as a model
of very early events in the protein-folding process.

The marginal stability and strong tendency to aggregate [7] make
β-hairpin-forming peptides, in general, difficult to study. The first
reported β-hairpin peptide that was demonstrated to fold autono-
mously into a native-like hairpin in water was the 17-amino-acid-
residue fragment from the N-terminus of ubiquitin [1,4] but,
according to the authors' description, this peptide adopts only
∼20% of regular β-hairpin structure in water solution [1,4]. Studies of
other peptides, derived from tendamistat [2], from the B1 domain of
protein G [3,8], and from ferredoxin [9], also showed that β-
structured peptides could exist in the monomeric form without
aggregating but that, in most cases, they showed a very limited
tendency to fold in the absence of tertiary contacts.

Blanco et al. [3] studied the C-terminal 16-amino-acid-residue
β-hairpin fragment from the B1 domain of protein G (PGB1) (resi-
dues 41–56, known as the G-hairpin), and showed the first example
of native-like folding of this fragment in water. This peptide re-
mained monomeric at high concentration [3]. It was estimated that
it adopts a population containing up to 40% native-like β-hairpin
structure, and they, therefore, speculated that it would be the first
folding initiation site of a protein that could provide a nucleation
center to initiate the folding of the rest of the protein [3].

Since this original discovery, theG-hairpinhas been theparadigm for
β-hairpin formation and was studied by using experimental (NMR and
CD spectroscopy) [3,10–13] and computational [14–17] approaches.
Many groups also tried tomodify the original G-hairpin peptide to study
the influence of amino acid composition on the conformational
dynamicsand thermodynamic stabilityof the structure [10,12,13,15,18–
27]. All of these studies have led to suggestions that there are fourmain
factors that could contribute to the folding and stability of theG-hairpin:
(1) the intrinsic β-turn properties of the residues which form a turn
region [19,21,23–27], (2) hydrophobic interactions between the side
chains across the β-strands [12,20,23–27], (3) interstrand hydrogen
bonds that help define andmaintain the architecture of the hairpin [15],
and (4) polar side-chain-to-side-chain (sc–sc) interactions, including
electrostatic interactions and salt bridges [10,13,18,22].

In this review, an attempt is made to show the current state of
knowledge about structure and conformational dynamics of β-hairpin-
forming peptides derived (or based on) protein sequences. We will try
to show how conformational studies of short peptides could extend our
knowledge about the very early stages of the protein-folding process,
stages of protein folding that are usually difficult to study in detail by
currently available experimental techniques.

2. Experimental techniques used to determine structure and
conformational dynamics of the β-hairpin-forming peptides

2.1. CD and IR spectroscopies

In conformational studies of β-hairpin-forming peptides, various
experimental techniques are used such as NMR, CD or IR spectro-
scopies. Work from the 90s [1,3,4,8] as well as more recent studies
[12,23–29] showed that CD spectroscopy has very limited application
in the investigation of the conformational dynamics of the β-hairpin-
forming peptides. In the CD spectra of such investigated peptides, the
signals corresponding to a turn or an extended conformation are
usually very weak and cannot easily be distinguished from those
corresponding to other structures such as α-helix or statistical coil
[3,8,23–27]. Adding structure-forcing solvents such as trifluoroetha-
nol [3,8] or changing the temperature of the experiment [23–27] does
not provide useful information. In some very special cases, CD
spectroscopy could provide some valuable information [12,28,29], as
discussed later in Sections 3.1 and 3.2. Reports of the use of IR
spectroscopy to study conformation of β-hairpin-forming peptides
can be found in the literature [28,29]; however, the results are very
difficult to interpret because the signals, as in CD spectroscopy, are
very weak and overlapping.

2.2. NMR spectroscopy

The method of choice for conformational studies of β-hairpin-
forming peptides is NMR spectroscopy. Even for very dynamic
systems, NMR spectroscopy can provide clean interpretable spectra
which can provide valuable structural information. Generally, in the
literature about β-hairpin-forming peptides, there are two ways to
describe the structure and dynamics of the investigated peptide. One
way to describe structure is based on obtaining geometrical restraints
(interproton distances and torsion-angle ranges) from NMR spectra,
and then to convert such restraints into a three-dimensional structure
(usually an ensemble of structures). However, in the literature, there
are only a few examples, such as the “tryptophan-zipper” peptide
designed by Cochran et al. [12], the β-hairpin derived from the human
YAP65 WW domain studied by Espinosa et al. [30], the structure of
the β-hairpin derived from ubiquitin [31], and the G-peptides of
different length [23–27] in which the three-dimensional structures,
based on NMR restraints, are presented. Such an approach to the
structure-determination of flexible peptides has some drawbacks
which are related mainly to signal broadening observed very often in
studies of dynamic systems.

Most of the studies use some sort of fragmentary description of
the structure of the investigated peptide(s), instead of presenting
the structures based on the data derived from NMR experiments.
The most popular way to describe the structure of an investigated
peptide is based on chemical shifts (with a method developed by
Blanco et al. [3]). In this approach, the values of the 1H chemical
shifts of the investigated peptide are first measured. In the next step,
these chemical shifts are compared with those of the corresponding
protons recorded for the structure of the full protein and with the
chemical shifts of model peptides recorded in a fully denatured state
[32]. Using these three sets of chemical-shift values, the fraction of
folded peptide can be determined from Eq. (1).

CSpept = U × CSden + F × CSPfold ð1Þ

where CSpept is the chemical-shift value of a given proton in the
investigated peptide, CSden is the chemical-shift value of that proton
in a model denatured peptide, CSPfold is the chemical-shift value of
that proton in the folded state of the parent protein, and U and F are
the fractions of unfolded and folded states, respectively. Additionally,
the values of U and F should satisfy the condition U+F=1.0. This
method of describing peptide structure is similar to methods that
are used for the deconvolution of CD spectra into fractions of regular



Fig. 1. Plots of the molar ellipticities of a 16-residue peptide corresponding to a variant
of the G-peptide at three different wavelengths (λ1=190 nm, λ2=220 nm,
λ3=229 nm) vs. temperature. The folding temperatures, estimated by using the two-
state model [23], are Tλ=190 nm=311 K, Tλ=220 nm=303 K. Because of the absence of
an inflection point in the respective curve, the folding temperature could not be
determined for λ=229 nm.
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structures [33,34]. With this approach, the values of U and F for all
protons in the investigated peptide can be calculated and, by
averaging the values of U and F of all the protons, the description of
the conformational state of the investigated peptide can be obtained
[3]. This approach appears very reasonable, and many researchers
have used it in their studies [3,13,35].

In some studies, the 13C chemical shifts or volumes of NOE signals
between the Hα and NH protons [36] are used instead of the 1H
chemical shifts. There are several problems related to this kind of
structure description which, however, are rarely acknowledged in the
literature. This approach is based on the assumption that the
chemical-shift value of a given proton (or that of another observable),
changes linearly with temperature during the folding/unfolding
process. It is known that, for many protons, the values of the proton
chemical shifts do not change linearly when protons are transferred
from the interior of a folded molecule to a water environment
[11,13,35]. Values of chemical shifts change with changing temper-
ature [37] but, in all known studies related to peptides that are protein
fragments, the temperatures at which the NMR spectra are recorded
for the full protein sometimes differ bymore than 20–25 degrees from
those at which the NMR spectra of a model of the unfolded state and
of the investigated peptide are recorded.

All the factors mentioned above strongly influence the results.
As shown by Santiveri et al. [36], there is a weak correlation be-
tween the degree of folding obtained by using three different
folding descriptors, namely 1H chemical shifts, 13C chemical shifts,
and sequential NOE signals for sets of peptides. The description of
a conformation obtained in this manner is also a very simplified
one. It is assumed that the investigated peptide can exist in only two
dominant conformations: folded (F), which is essentially the
conformation of this peptide identical to that of the corresponding
sequence in the structure of the whole protein, and unfolded (U),
which is a conformation completely unrelated to the folded con-
formation. Such a two-state description of the conformational
dynamics is, perhaps, elegant but cannot capture the complexity
of conformational dynamics of peptides in solution.
3. Determination of folding-transition temperatures of
β-hairpin-forming peptides

3.1. Determination of the folding-transition temperature by NMR
and CD spectroscopy

CD spectroscopy is widely used for the determination of the
folding-transition temperature of proteins and α-helical peptides.
As mentioned in Section 2.1, the usefulness of CD spectroscopy
for studies of β-hairpin-forming peptides is very limited. There are
only a few examples in the literature [12,13,23,38] in which at-
tempts were made to determine the folding-transition temperature
of β-hairpin-forming peptides by using CD. For the determination
of the folding-transition temperature, the measurements of CD
spectra at several temperatures are necessary, and then the molar
ellipticities recorded at selected wavelengths are plotted against
temperature and, from such plots, the folding temperature could be
determined (see Fig. 1).

As shown in Fig. 1, the dependence of the molar ellipticity on
temperature varies strongly with the wavelength. The curves plotted
for λ=190 nm and λ=220 nm possess a sigmoidal shape, which
suggests a conformational transition and enables us to determine the
folding-transition temperature. However, the curve plotted for
λ=229 nm does not have any inflection point and, consequently,
does not indicate any folding transition. Moreover, the folding
temperatures determined from the data recorded at different
wavelengths differ substantially (311 K and 303 K for the data
recorded at 190 nm and 220 nm, respectively). The two problems,
illustrated with the example shown in Fig. 1, occur rather frequently
when applying CD spectroscopy to study peptide folding.

Another popular method for the determination of a folding tem-
perature is to record NMR spectra at different temperatures and plot
the changes of chemical shift of selected protons versus tempera-
ture. The main problem that arises from such an approach is that
the plot of the dependence of the chemical shift on temperature
often does not possess any inflection point (as encountered when
using CD data for this purpose). To overcome this problem, those
protons are selected for which the plot of the dependence of the
chemical shift on temperature has an inflection point. For example,
Kuroda [39] and Kobayashi et al. [10,11] suggested that the chemical
shifts of the δ-aromatic protons of the tyrosine residue as well as the
γ-protons of the valine residue should be used to determine the
folding temperature of the G-peptide and its variants.

As shown in Fig. 2, the selection of the protons for which the
chemical shifts are observed strongly affects the value of the fold-
ing temperature. In the example shown in Fig. 2, we used the aromatic
(δ and ε) protons of the tyrosine residue as suggested by Kobayashi
and coworkers [10,11]. Because the data presented in Figs. 1 and 2
pertain to the same peptide, we can compare the results. Depending
on whether the chemical shifts of the δ or ε aromatic protons were
used, we obtained folding temperatures of 284 K or 306 K, respec-
tively. On the other hand, the folding temperatures determined from
CD spectroscopy range from 303 K to 311 K, depending on the wave-
length selected (see Fig. 1). It is clear that there is a weak agreement
between the folding temperatures obtained from the CD and NMR
measurements for the same compound under the same conditions.

3.2. Determination of the folding-transition temperature
by microcalorimetry

An elegant way to determination transition temperatures is to
use differential scanning calorimetry (DSC). This technique enables
us to determine not only the folding-transition temperature, but
also the thermodynamic characteristics of the folding transition. It
is also a very useful technique to detect possible aggregation of
compounds under investigation [23–27]. The DSC technique was
first used to determine transition temperatures of β-hairpin-
forming peptides for the tryptophan zipper peptide, a modified
variant of the G-hairpin peptide [12]. Fig. 3 shows a sample DSC



Fig. 2. Plot of the chemical shifts of the δ and ε protons of the tyrosine residue in the 16-
residue peptide corresponding to a variant of the G-peptide versus temperature. The
folding temperatures, estimated by using the two-state model [23], are Tδ=284 K and
Tε=306 K.
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curve obtained for the peptide for which the folding-transition
temperature was determined by using CD and NMR spectroscopy
(see Figs. 1 and 2). As seen clearly in Figs. 1–3, the transition
temperatures determined by these three different methods (CD,
NMR and DSC) are different, which immediately raises a question
as to which method gives the correct answer and which method is
the best to determine the folding temperatures of β-hairpin-
forming peptides. There are only a few examples in the literature
of the use of the DSC technique to determine the folding transition
[12,23–27].

Interestingly, one example shows that there is full agreement
between the melting temperatures obtained from CD and DSC mea-
surements [12,38], while other reports show disagreement between
the results obtained by using various techniques as depicted in
Figs. 1–3 [23]. Using the CD technique, Cochran et al. [12] determined
the folding temperature of the tryptophan zipper, in which three
nonpolar residues of the G-hairpin first studied by Blanco et al. [3] are
mutated to tryptophans, to be 343 K. In later studies of the same
Fig. 3. The heat-capacity curve obtained by using the DSC technique for a 16-residue
peptide corresponding to a variant of the G-peptide [23].
peptide, Streicher and Makhatadze [38] determined the folding
temperatures to be 348 K and 347 K by using the DSC and CD
techniques, respectively. In the study by Streicher and Makhatadze
[38], the differences between the folding temperatures obtained by
both techniques (CD and DSC) are minimal. Cochran and coworkers
as well as Streicher and Makhatadze determined the folding-
transition temperature from the temperature dependence of the
molar ellipticity at λ=229 nm, and 228 nm, respectively, at which the
ellipticity depends on the through-space interactions involving the
indole moieties of the tryptophan residues [40]. On the other hand,
the results shown in Figs. 1–3 are for a variant of the G-peptide
possessing only one tryptophan residue, for which there are no
through-space interactions between tryptophan side chains in CD
spectroscopy, even if we monitor changes of the molar ellipticity at
λ=229 nm as in the work of Streicher and Makhatadze [38]. All the
results described above indicate that agreement is obtained between
the melting temperatures determined from CD spectroscopy and the
DSC technique when the same structure-related observables are
monitored by using both methods. For the tryptophan zipper peptide,
CD spectroscopy clearly shows interactions between tryptophan side
chains, which means that the thermal effects observed in the DSC
measurements are connected with the breaking/formation of inter-
actions between those residues. Studies by Lewandowska (Skwier-
awska) and coworkers [23–27] show that there is a direct connection
between the formation/breaking of the long-range hydrophobic
interactions between nonpolar side chains and melting temperature
determined from DSC measurements.

4. Factors that determine the stability of the structure
of β-hairpin- forming peptides

4.1. Turn sequence

In the G-hairpin, the β-turn consists of a six-residue loop
(DDATKT) that forms a β-hairpin with a type IV β-turn in the
protein structure, according to the Thornton nomenclature [41,42].
Fesinmeyer et al. [43] have shown that replacing the native turn
sequence with the NPATGK sequence can substantially enhance
the stability of the resulting G-hairpin. Replacement of the six-
residue loop with a shorter turn-favoring sequence Val-DPro-Gly-
Lys also creates a very stable G-hairpin variant [21,44]. McCallister
et al. have examined the effects of replacing the turn residues
with alanine in the B1 domain of protein G and found that the D47A
mutation is the only one stabilizing the protein [45]. Also, re-
placement of one aspartic acid residue (equivalent to position 47 in
the full protein) by an alanine residue in the turn-forming peptide at
the turn position (with these mutation providing a six-reside loop of
sequence DAATKT) is the only reported single loop-mutation that
stabilizes the G-hairpin peptide [10,11,45]. The fact that the D47A
mutation stabilizes the G-hairpin peptide is quite unexpected
because this mutation removes not only a salt bridge with Lys50
across the turn, but also a hydrogen bond between Asp47 and Tyr45
(with residue numbers for the full sequence of the B1 domain of
protein G) [45]. Most of the studies that are focused on the influence
of turn sequence on stability of the peptides derived from the G-
hairpin peptide agree that the increase of turn-formation propensity
in the β-hairpin turn region increases the stability of the structure of
the whole peptide [18,19,21,43,44]. On the other hand, some studies
suggested that a turn sequence is not as essential as hydrophobic
interactions for the stabilization of a β-hairpin-forming peptides
structure [46].

From the analysis of the known three-dimensional structures of
proteins, we know many different types of turn structures and
related amino acid sequences [41,42]. However, turn sequences
found in proteins can be divided into the following two groups: self-
folding, which means that turn propensity is independent of



5A. Lewandowska et al. / Biophysical Chemistry 151 (2010) 1–9
sequence context of a particular protein (i.e. the turn sequence of a
short peptide excised from a protein is able to form turn structure),
and induced folding which means that the formation of turn
structure is context-dependent. For the G-hairpin peptides,
we have proof that the turn sequence is self-folding and is able to
form proper structure even in very short peptides [25,26]. From the
point of view of the early stages of protein folding, it seems to be
very important that short fragments of protein sequences have
very well defined three-dimensional structure and this structure is
well preserved over a wide range of temperature [27]. Such short
(4–6 residues) sequence fragments (turn sequences) could play a
role in the very first micro-nucleation centers which facilitate the
formation of larger parts of the protein structure (see Section 5) and
those are an important part of the protein-folding process [47]. It is
interesting to note that the turn-forming sequences need not be
associated only with β-turns; for example, Lewandowska at al.
found that a turn-forming sequence is located in the loop which
connects two secondary structure elements of protein G [26,27].

4.2. Interactions between side chains

As mentioned above, interactions between amino acid side
chains (especially between hydrophobic ones) are pointed out as
the most important factor which determines structure stability of
β-hairpin-forming peptides. In the original G-hairpin peptide, the
hydrophobic cluster is formed between a valine side chain and the
rings of three aromatic residues: tryptophan, tyrosine and phenyl-
alanine [3]. Kobayashi et al. showed that single mutations of either
tryptophan, tyrosine or phenylalanine to alanine in the hydropho-
bic core can dramatically destabilize the G-hairpin structure [10].
On the other hand, Cochran et al. mutated valine, tyrosine, and
phenylalanine to tryptophan residues and obtained a peptide with
very high thermal stability [12]. These two papers clearly show that
nonpolar residues are essential for stabilization of G-hairpin
structure; however, different kinds of nonpolar residues have dif-
ferent effects on stability (the importance of interaction between
nonpolar residues in structure stabilization is discussed in
Section 4.6.).

The pH- and salt-dependence of β-hairpin formation in a number
of model systems suggest that long- and short-range electrostatic
interactions across β-strands can also contribute to stability
[13,46,48,49]. It has also been shown, both in designed de novo
peptides and in the G-hairpin, that enhanced electrostatic interactions
at the terminal positions of the peptide can contribute to the stability
of the β-hairpin [13,50]. Additionally, the introduction of cross-strand
Lys-Glu ion pairs near the terminal regions of designed β-hairpins also
show increased stability [48,50]. However, thesemutationsmight also
create additional hydrophobic interactions due to the long nonpolar
“neck” in the side chain of Lys, and it is difficult to separate these
contributions to stability from that from ion-pair interactions. Wei et
al. [35] extended this work and showed that the structure and stability
of the G-hairpin can be affected greatly through only one or a few
simple mutations. For example, removing an unfavorable charge near
the N-terminus of the peptide (glutamic acid to glutamine or
threonine) or optimization of the N-terminal charge–charge interac-
tions (replacing glycine with lysine) both stabilize the peptide, even
in water. Furthermore, a simple replacement of a charged residue in
the turn (aspartic acid to alanine) changes the β-turn conformation
[35]. Wei et al. [35] also showed that the effects of combining these
single mutations are additive, suggesting that independent stabilizing
interactions can be isolated and evaluated in a simple model system.

4.3. Peptide length

There are a limited number of papers describing the influence of
peptide length on structure stability of β-hairpin-forming peptides.
Stranger et al. [51] studied variants of the G-hairpin for which length
was increased by adding threonine residues at both ends of the peptide.
Increases of peptide length (up to five residues at both ends) led to
increased thermal stability, but further increases of peptide length have
no effects on structure stability or even lead to structure destabilization.
On theother hand, in a series of papers, Lewandowska (Skwierawska) et
al. studied variants of the G-hairpin peptide of different lengths and
concluded that there is no clear connection between peptide length and
structure stabilization [23–27].

4.4. Hydrogen bonds

Surprisingly, it is difficult to find reports that clearly show a role
for hydrogen bonds in structure stabilization of β-hairpin-forming
peptides. Some limited reports about the role of hydrogen bonds in
the stabilization of the structure of β-hairpin-forming peptides are
related mainly to stability of the turn region (see Section 4.1) [10,23–
27,45]. In all NMR structural studies of β-hairpin-forming peptides,
there is no clear evidence such as cross-strand NOE signals for the
presence of hydrogen bonds that are not located in the turn region
[10,12,21,23–27].

4.5. Solvent

Most of the structural studies related to the β-hairpin-forming
peptides have been performed in water/buffer solutions but there
are some studies performed in water/organic solvent mixtures. For
example, addition of trifluoroethanol (TFE) to water/buffer solu-
tions increases the stability of the structure of β-hairpin-forming
peptides substantially, but only in some sequences [36,52]. Santiveri
et al. concluded that the increase of structure stabilization by
addition of TFE to a solution depends strongly on the sequence
under investigation [36,52]. Some structural studies of β-hairpin-
forming peptides were performed in water/organic solvent mix-
tures because the measurements were conducted at temperatures
lower than 273 K, which prevents use of water or buffer solution. In
such studies, however, the influence of solvent on structure is not
discussed or the authors assumed that solvent mixtures are a simple
substitute for a water environment at temperatures below the
water freezing point [35].

4.6. Temperature

As mentioned in Section 3.1, many studies report spectral properties
of β-hairpin-forming peptides at various temperatures [10,11,13,35,39].
However, only one series of papers reports structures of variants of G-
peptides with various lengths [23–27] at several (3 to 4) temperatures.
Such temperature-relation studies are very important for understanding
the mechanism of folding of peptides/proteins. In Fig. 4, representative
conformations of an 8-residue-long variant of the G-peptide, calculated
with theuse of restraints derived fromNMRmeasurements performedat
T=283, 305, 313, and 323 K, are shown [25]. It can be seen that the
peptide undergoes complex conformational changes with temperature.
At low temperature (T=283 K), the peptide exhibits some α-helical
rather thanβ-hairpin-like structure.With temperature increase (T=305
and 313 K), the peptide forms a β-hairpin-like structure which is
stabilized by strong hydrophobic interaction between the pair of
nonpolar residues (marked on Fig. 4 as Y50 and F57). With further
temperature increase (T=323 K), the peptide becomes α-helical-like
once again. In Fig. 4, the heat-capacity curve obtained from a DSC
experiment is also shown.

The results of the DSC experiment show that the transition
temperature for the investigated peptide is Tm=316 K. It appears that
hydrophobic interactions between nonpolar side chains (tyrosine and
phenylalanine) are responsible for the stabilization of theβ-hairpin-like
structure. Breaking the hydrophobic interaction between the nonpolar



Fig. 4. The heat-capacity curve for an 8-residue-long variant of the G-peptide recorded in water at pH=6.57 with structures calculated by using NMR restraints determined at
T=283, 305, 313, and 323 K [25].
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side chains at temperatures between T=313 K and T=323 K leads to a
rapid conformational change that coincides with the position of the
heat-capacity peak at T=316 K. As in earlier studies, mentioned in
Section 3.2, it was shown that there is a connection between the long-
range interactions between nonpolar residues and the folding temper-
ature determined by theDSCmeasurements [12,38]. On the other hand,
the broad shape of the heat-capacity peak in Fig. 4 suggests a multistate
character of the folding transition, consistent with the differences
between the folding-transition temperature determined by DSC and
thosedetermined by CD,NMRor IR spectroscopy (Section 3). The region
of themaximumof the heat-capacity curve (located at T=316 K; Fig. 4)
clearly shows breaking the interactions between side chains at
temperatures between T=313 K and T=323. We can, therefore,
conclude that hydrophobic interactions are responsible for structure
formation and stabilization and that the breaking/formation of such
interactions is responsible for the folding transition [23–27]. It should
also be noted that, at all temperatures (T=283, 305, 313, and 323 K),
the turn sequence always forms a turn structure but, at some
temperatures (T=283 and 323 K), the observed turn is part of the
helix-like structure and at other temperatures (T=305and T=313 K) is
part of aβ-hairpin-like structure. The results shown in Fig. 4 demonstrate
that the following two factors are essential for formation/stabilization of
structure in the β-hairpin-forming peptides: hydrophobic interactions
between nonpolar side chains and turn-formation propensities of some
part of the sequence. The temperature dependence of the strength of
hydrophobic interactions is also very important (the strength of such
interactions increasingwith increasing temperatures) but turn-formation
properties for some parts of the sequence seem to be independent of
temperature changes [25].
Fig. 5. Mechanisms of structure formation of the G-harpin peptides: a) zipper
mechanism [20,54,55]; b) hydrophobic-collapse mechanism [56]; c) broken-zipper
mechanism [27]. Black circles represents nonpolar residues, thick horizontal bars
represents hydrophobic interactions between nonpolar residues, thin horizontal lines
represents hydrogen bonds, dotted line represents fragment of the sequence which has
turn propensity, and arrows represents direction of folding/unfolding process.
5. Mechanism of β-hairpin formation

The following three mechanisms: zipper, hydrophobic-collapse,
and broken-zipper mechanisms have been proposed and discussed in
the literature for the G-hairpin. These three mechanisms are depicted
in Fig. 5 and summarized in the next three subsections.
5.1. The zipper mechanism

Kinetic analysis of the folding of variants of the G-peptide performed
by Muñoz et al. [15,53,54] revealed a single exponential relaxation
process with time constant τ=3.7±0.3 μs. The data indicated a single
kinetic barrier separating folded and unfolded states, consistent with a
two-state model for folding. Subsequently, Muñoz et al. [15,53]
developed a statistical mechanical model of the folding mechanism
similar to that ofMatheson and Scheraga [55] that describes the stability
in terms of a minimal numbers of parameters: loss of conformational
entropy, backbone stabilizationbyhydrogenbondingand formationof a
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stabilizing hydrophobic cluster. The proposed zipper mechanism of
folding is shown in Fig. 5a, and it consists of the following steps. In the
first step, the turn region forms a bent structure, such bend facilitating
the formation of hydrogen bonds starting from the turn region and
progressing to ends of the peptide (as in a zipper). After the hydrogen
bond network is established, the interaction between hydrophobic
residues start to form in the second step and, as they develop, they
stabilize the final structure [15,53,54]. This mechanism appears
reasonable to describe the folding of the G-peptide. However, the
main concern is related to the role of hydrogen bonds (omitted by
Matheson and Scheraga [55]) in the folding process. As was mentioned
in Section 4.3, hydrogen bonds are not observed in NMR structural
studies of β-hairpin-forming peptides (except some possible hydrogen
bonds in the turn region) [10,12,21,23–27,30]. The absence of hydrogen
bonds in the structure of isolated G-peptides is an argument against the
zippermechanismproposed byMuñoz [53,54]. It should be noted that a
similar zipper mechanism proposed by Mattheson and Scheraga [55] is
based on hydrophobic interactions.

5.2. The hydrophobic-collapse mechanism

Theoretical studies performed by Dinner et al. [56] suggest that
the formation of β-hairpin structure may start with hydrophobic
collapse (formation of as many as possible interactions between
nonpolar residues) followed by rearrangement of un-ordered con-
tacts between nonpolar residues to form a more organized
hydrophobic cluster. After the hydrophobic core is formed, hydro-
gen bonds start to propagate outward from the hydrophobic
cluster in both directions (see Fig. 5b) [56]. Such a model of folding
does not appear to require a turn-based nucleation event. The
hydrophobic-collapse mechanism also conforms to the results of the
study by Fernandez and Scheraga [57], who showed that the
formation of stable hydrogen bonds in secondary structure
elements should be preceded by the creation of the interactions
between nonpolar groups surrounding the peptide groups involved.
When the number of nonpolar groups wrapping the peptide groups
involved in a hydrogen bond is sufficient, the peptide groups
become dehydrated and the hydrogen bond(s) between them do
not compete with those to the water molecules. The hydrogen
bonds between the peptide groups, therefore, become more stable,
thereby, stabilizing, in turn, the entire structure [57]. The hydro-
phobic-collapse mechanism is an alternative to the zipper mecha-
nism described in Section 5.1 because it emphasizes the important
role of nonpolar side chains in the structure-formation process.
However, this mechanism still assumes that a) the formation of
hydrogen bonds is an important step of the folding process, even
though hydrogen bonds are rare in the structure of the G-peptides
(see Section 4.4) and, b) it ignores the importance of the turn-region
structure in folding the β-hairpin structure, and does not agree with
many studies that emphasize the role of the turn region in the
initiation of the folding (see Section 4.1).

5.3. The broken-zipper mechanism

Recently, Lewandowska (Skwierawska) at al. [27] proposed
another mechanism for folding the G-hairpin, which is referred to
as the broken-zipper mechanism. This mechanism is depicted in
Fig. 5c and it consists of the following steps. This mechanism
recognizes the importance of local, hydrophobic, and hydrogen-
bonding interactions. In the first step, the turn sequence facilitates
the formation of contacts between the nonpolar residues located
close to the turn sequence. The formation of these hydrophobic
contacts enables the nonpolar residues farther from the turn sequence
to join in and, as a result of this, the hydrophobic core grows (see
Fig. 5c) [55]. As opposed to the zipper and hydrophobic-collapse
mechanisms (Fig. 5a and b), it is proposed that unfolding of the
structure is not just the reverse of the folding process. Lewandowska
(Skwierawska) at al. [27] observed that, during the heating of the
system, the hydrophobic interaction between the residues close to the
turn region (which are formed first during folding) break first, while
those between the residues farther from the turn region are more
resistant to the increase of temperature (see Fig. 5c) [23–27]. The
broken-zipper mechanism recognizes both the importance of the
turn-region sequence and the importance of the hydrophobic
interactions between nonpolar side chains for the folding process as
well as for structure stabilization. The broken-zipper mechanism is, to
some extent, similar to the zipper mechanism proposed by Muñoz et
al. [53,54] except that the main “zipping” force is the formation of
hydrophobic contacts rather than backbone hydrogen bonds. It shares
the recognition of the role of hydrophobic interaction with the
hydrophobic-nucleation mechanism of protein folding proposed
much earlier by Matheson and Scheraga [55].

6. Conclusions

Based on the results obtained by using different experimental
techniques (CD, NMR, IR spectroscopy and DSC), the local interactions
[18,19,21,43,44] and hydrophobic interactions between nonpolar
residues [3,12,23–27,38,55] around the turn sequence seem to initiate
the formation of β-hairpins. It should be noted that a mechanism for
the formation of a folding nucleus by nonpolar residues close in
amino-acid sequence has been proposed over 30 years ago by
Matheson and Scheraga [55] (however, local interactions were
ignored in this mechanism). Structural studies of the G-peptide and
its analogs clearly indicate that the propensity of the turn sequence
to initiate hydrophobic interactions (see Section 4.2) is responsible
for structure formation and stabilization [18,19,21,43,44]. Both types
of interactions enable a polypeptide chain to overcome the unfavor-
able conformational entropy and form a stable U-shaped folding
nucleus. The contacts between nonpolar residues are near-native
but not exactly native and are very dynamic in this initial stage,
changing greatly with the change of temperature [23–27]; however,
the U-shape of the hairpin is preserved. The turn is very loose and
fluctuating. There is no experimental evidence that the formation of
hydrogen bonds between backbone peptide groups plays any
significant role in the initial stage of folding [10,12,22–27,55], because
the hydrophobic core that a hairpin forms is insufficient to isolate the
peptide groups from the solvent [57]. The lack of stable hydrogen
bonds in the three-dimensional structure of β-hairpin-forming
peptides is also in agreement with previous findings that the
hydrogen bonds are not the dominant force in protein folding and
are not essential in the early steps of protein folding [55,58–60].
Hydrogen-bonding interactions seem to come into play later when a
cluster of nonpolar residues, sufficiently large to dehydrate backbone
peptide groups, is formed. Once this happens, the backbone hydrogen
bonds form and fix the structure, in particular the turn position and
the native hydrophobic contacts. We term this mechanism the
broken-zipper mechanism [27] (Section 5.3 and Fig. 5c).

Not only does the broken-zipper mechanism take into account
all interactions important in folding initiation and is fully consistent
with the experimental data on β-hairpin-forming peptides [27] but
it also explains the uniqueness and robustness of the folding
process. Let us suppose that, as in the hydrophobic-collapse mecha-
nism (Fig. 5b) [56], only the hydrophobic interactions and not the
hydrophobic interactions plus turn sequence determined folding
initiation. Then multiple nucleation sites, most of them containing
contacts far from native, could form in various places of the se-
quence where nonpolar residues are present, close enough in
sequence to overcome the entropic barrier to contact formation. As
Mattheson and Scheraga have shown, the difference between the
free energy of contact formation in various alternative sites does not
appear large, even though, for most of the proteins they studied, the
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approximate free energy of contact formation was the lowest for
the native nucleation sites [55]. Thus, without an additional
discriminative factor, the multiplicity of nucleation sites would
frustrate the chain in zillions of possible conformations. The for-
mation of protein structure by the hydrophobic-collapse mecha-
nism can be compared to trying to assemble Lego blocks into a toy
by putting together all the blocks whose shapes fit each other. There
are, however, multiple such combinations, only few of them
resulting in assembling a toy.

As opposed to that of hydrophobic collapse, the zipper mecha-
nism of Muñoz et al. (Fig. 5c) [15,53,54] provides uniqueness of
nucleation (even though, contrary to experimental evidence, it
assumes that backbone hydrogen bonds are present in an isolated
β-hairpin and, thereby, stabilize the structure, along with hydro-
phobic bonds). However, it assumes that the hydrogen bonds and
the hydrophobic contacts in the β-hairpin, although formed grad-
ually, are locked once they have formed. This would work to form a
structure, if the interactions were as unique as modeled by Gō-like
potentials, which is not the case. Because of non-uniqueness of
interactions, locking interresidue contacts (both hydrogen-bond
and hydrophobic) at a position close to native but yet non-native
would require overcoming a significant free energy barrier to break
it up and form at a correct place, once the context of the β-hairpin
appears and interactions with other parts of the chains come into
play to form greater segments of protein structure. Therefore, the
zipper mechanism does not account for the robustness of folding.
Structure formation according to this mechanism can be compared
to assembling the Lego blocks by trying to put together and lock,
e.g., the pieces of plane fuselage separately and of those of the
wings separately, without knowing what the exact shape should be.
It might happen that the pre-assembled wings will fit the fuselage
but, more likely, the Lego blocks will have to be disassembled and
assembled again into the correct (although similar to the former
one) shape once the shape of the fuselage is known.

In the broken-zipper mechanism, the turn and contacts are not
very strong (only hydrophobic contacts are present). They, therefore,
are not locked, which provide robustness, but are in about correct
places, which provide sufficient uniqueness. The contacts become
locked in specific locations (by the formation of hydrogen bonds
between dehydrated backbone peptide groups) only after the context
of the β-hairpin appears. This mechanism can be compared to putting
together the Lego blocks corresponding to different parts of the toy,
without firmly locking them until it knows that the part of the toy will
fit the other ones.

The precedence of the locking of the final structure (backbone
conformation) by forming hydrophobic contacts and a crude turn
shape is supported by different temperature dependence of various
conformation-dependent observables and also by broad heat-
capacity peaks of these peptides (Figs. 3 and 4), which suggest the
multistate character of the unfolding transitions. As shown in
Section 3, different experimental methods provide different folding
temperatures for β-hairpin-forming peptides. The folding temper-
ature determined for the same peptide under the same conditions
could vary from 284 to 320 K depending on which conformation-
dependent observable is being monitored (Figs. 1–3). As was shown
in Section 3, the folding temperature determined by the DSC
method appears to be associated with the formation of long-range
interactions between nonpolar amino-acid side chains [12,23–
27,38]. CD spectroscopy can also detect some long-range interac-
tions between nonpolar amino-acid side chains and, if such CD
measurements and DSC measurements are performed, the folding-
transition temperatures determined from both measurements are
in agreement [12,38]. As shown in Figs. 1–3, the melting tempera-
tures determined from the DSC measurements are the highest
(320 K, see Fig. 3) and those temperatures determined from CD
measurements or from chemical-shift analysis are lower by ten
degrees or more. This clearly explains what is observed in the DSC
measurement (breaking long-range side chain-side chain interac-
tions); on the other hand, typical CD measurements can provide
information about the average conformational state of peptide
bonds (or other chromophores) in the sample, and NMR experi-
ments can provide information about the conformational state and/
or the environment surrounding a particular NMR probe (typically
a proton). It can be assumed that the CD spectra and, to some extent,
chemical shifts, can provide information about local conformational
states of amino acids in an investigated peptide. With this assump-
tion, we can conclude that the melting temperatures determined
from CD spectroscopy [23] (or IR spectroscopy [28,29]) and, in some
cases, the chemical shifts of backbone protons [11,38] show
changes of the average conformational state of the backbone
(secondary structure) in the investigated peptide. An analysis of
the folding temperatures determined by CD spectroscopy and DSC
(see Figs. 1 and 3) leads to the conclusion that rapid changes of
average conformational states of the peptide backbone (disruption
of secondary structure) occur at lower temperatures than the
disruption of long- range hydrophobic interactions [23]. The authors
of some other studies of variants of the G-peptides claim that the
disruption of long-range hydrophobic interactions occur at lower
temperatures than the rapid change of the average conformational
state of the peptide backbone [29]. Even if the results of different
studies do not agree as to whether the secondary structure melts
or long-range hydrophobic interactions become disrupted first, it
can be concluded that both processes (melting the secondary
structure or disrupting long-range hydrophobic interactions) do not
occur at the same temperature.
Acknowledgements

This work was supported by grants from the National Institutes
of Health (GM-14312), the National Science Foundation (MCB05-
41633) and the Polish Ministry of Science and Education (NN204
049035). Results reported here and in some of the cited references
were obtained in part by computations conducted by using the
resources of (a) our 880-processor Beowulf cluster at the Baker
Laboratory of Chemistry and Chemical Biology, Cornell University,
(b) the National Science Foundation Terascale Computing System
at the Pittsburgh Supercomputer Center, (c) the John von Neumann
Institute for Computing at the Central Institute for Applied Mathe-
matics, Forschungszentrum Juelich, Germany, (d) the Beowulf
cluster at the Department of Computer Science, Cornell University,
(e) the Informatics Center of the Metropolitan Academic Network
(IC MAN) in Gdańsk, and (f) the Interdisciplinary Center of
Mathematical and Computer Modeling (ICM) at the University of
Warsaw.
References

[1] J.P.L. Cox, P.A. Evans, L.C. Packman, D.H. Williams, D.N. Woolfson, Dissecting the
structure of a partially folded protein: circular dichroism and nuclear magnetic
resonance studies of peptides from ubiquitin, J. Mol. Biol. 234 (1993) 483–492.

[2] F.J. Blanco, M.A. Jiménez, J. Herranz, M. Rico, J. Santoro, J. Nieto, NMR evidence of a
short linear peptide that folds into a β-hairpin in aqueous solution, J. Am. Chem.
Soc. 115 (1993) 5887–5888.

[3] F.J. Blanco, F.G. Rivas, L. Serrano, A short linear peptide that folds into a stable
β-hairpin in aqueous solution, Nat. Struct. Biol. 1 (1994) 584–590.

[4] M.S. Searle, D.H. Williams, L.C. Packman, A short linear peptide derived from the
N-terminal sequence of ubiquitin folds into a water-stable β-hairpin, Nat. Struct.
Biol. 2 (1995) 999–1006.

[5] L.L. Cline, M.L. Waters, Design of a β-hairpin peptide-intercalator conjugate for
simultaneous recognition of single stranded and double stranded regions of RNA,
Org. Biomol. Chem. 7 (2009) 4622–4630.

[6] J.P. Jung, J.Z. Gasiorowski, J.H. Collier, Fibrillar peptide gels in biotechnology and
biomedicine, Biopolymers 94 (2010) 49–59.

[7] H.J. Dyson, P. Wright, Defining solution conformations of small linear peptides,
Annu. Rev. Biophys. Biophys. Chem. 20 (1991) 519–538.



9A. Lewandowska et al. / Biophysical Chemistry 151 (2010) 1–9
[8] F.J. Blanco, M.A. Jiménez, A. Pineda, M. Rico, J. Santoro, J.L. Nieto, NMR solution
structure of the isolated N-terminal fragment of protien-G B1 domain, Evidence of
trifluoroethanol induced native-like β-hairpin formation, Biochemistry 33 (1994)
6004–6014.

[9] M.S. Searle, R. Zerella, D.H. Williams, L.C. Packman, Native-line β-hairpin structure
in an isolated fragment from ferredoxin: NMR and CD studies of solvent effects on
the N-terminal 20 residues, Protein Eng. 9 (1996) 559–565.

[10] N. Kobayashi, S. Honda, H. Yoshii, E. Munetaka, Role of side-chains in the
cooperative β-hairpin folding of the short C-terminal fragment derived from
streptococcal protein G, Biochemistry 39 (2000) 6564–6571.

[11] S. Honda, N. Kobayashi, E. Munekata, Thermodynamics of a β-hairpin structure:
evidence for cooperative formation of folding nucleus, J.Mol. Biol. 295 (2000) 269–278.

[12] A.G. Cochran, N.J. Skelton, M.A. Starovasnik, Tryptophan zippers: Stable,
monomeric β-hairpins, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 5578–5583.

[13] B.M. Huyghues-Despointes, X. Qu, J. Tsai, J.M. Scholtz, Terminal ion pairs stabilize
β-hairpin of the B1 domain of protein G, Proteins: Struct. Funct. Genet. 63 (2006)
1005–1017.

[14] F.B. Sheinerman, C.L. Brooks III, A molecular simulation study of a segment B1 of
protein G, Proteins: Struct. Funct. Genet. 29 (1997) 193–202.

[15] V. Muñoz, E.R. Henry, J. Hofrichter, W.A. Eaton, A statistical mechanical model for
β-haiprin kinetics, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 5872–5879.

[16] B. Ma, R. Nussinov, Molecular dynamics simulations of a β-hairpin fragment of
protein G: balance between side-chain and backbone forces, J. Mol. Biol. 296
(2000) 1091–1104.

[17] J. Tsai, M. Levitt, Evidence of turn and salt bridge contributions to β-hairpin
stability: MD simulations of C-terminal fragment from the B1 domain of protein G,
Biophys. Chem. 101–102 (2002) 187–201.

[18] E. de Alba, M. Rico, M.A. Jiménez, M. A., Cross-strand side-chain interactions
versus turn conformations in β-hairpins, Protein Sci. 6 (1997) 2548–2560.

[19] M. Ramirez-Alvarado, T. Kortemme, F.J. Blanco, L. Serrano, β-Hairpin and β-sheet
formation in designed linear peptides, Bioorg. Med. Chem. 7 (1999) 93–103.

[20] J.F. Espinosa, V. Muñoz, S.H. Gellman, Interplay between hydrophobic cluster and
loop propensity in β-hairpin formation, J. Mol. Biol. 306 (2001) 397–402.

[21] J.F. Espinosa, F.A. Syud, S.H. Gellman, Analysis of the factors that stabilize a
designed two-stranded antiparallel β-sheet, Protein Sci. 11 (2002) 1492–1505.

[22] B. Ciani, M. Jourdan, M.S. Searle, Stabilization of β-hairpin peptides by salt bridges:
Role of preorganization in the energetic contribution of weak interactions, J. Am.
Chem. Soc. 125 (2003) 9038–9047.

[23] A. Skwierawska, S. Ołdziej, A. Liwo, H.A. Scheraga, Conformational studies of the
C-terminal 16-amino-acid-residue fragment of the B3 domain of the immuno-
globulin binding protein G from streptococcus, Biopolymers 91 (2009) 37–51.

[24] A. Skwierawska, J. Makowska, S. Ołdziej, A. Liwo, H.A. Scheraga, Mechanism of
formation of the C-terminal β-hairpin of the B3 domain of the immunoglobulin
binding protein G from Streptococcus. I. Importance of hydrophobic interactions
in stabilization of β-hairpin structure, Proteins: Struct. Funct. Bioinfo. 75 (2009)
931–953.

[25] A. Skwierawska, W. Żmudzińska, S. Ołdziej, A. Liwo, H.A. Scheraga, Mechanism of
formation of the C-terminal β-hairpin of the B3 domain of the immunoglobulin
binding protein G from Streptococcus. II. Interplay of local backbone conforma-
tional dynamics and long-range hydrophobic interactions in hairpin formation,
Proteins: Struct. Funct. Bioinfo. 76 (2009) 637–654.

[26] A. Lewandowska, S. Ołdziej, A. Liwo, H.A. Scheraga, Mechanism of formation of the
C-terminal β-hairpin of the B3 domain of the immunoglobulin binding protein G
from Streptococcus. III. Dynamics of long-range hydrophobic interactions,
Proteins: Struct. Funct. Bionfo. 78 (2010) 723–737.

[27] A. Lewandowska, S. Ołdziej, A. Liwo, H.A. Scheraga, Mechanism of formation of the
C-terminal β-hairpin of the B3 domain of the immunoglobulin binding protein G
from Streptococcus. IV. Implication for the mechanism of folding of the parent
protein, Biopolymers 93 (2010) 469–480.

[28] R. Huang, L. Wu, D. McElheny, P. Bour, A. Roy, T.A. Keiderling, Cross-strand
coupling and site-specific unfolding thermodynamics of a Trpzip β-hairpin
peptide using 13C isotopic labeling and IR spectroscopy, J. Phys. Chem. B 113
(2009) 5661–5674.

[29] T. Takekiyo, L. Wu, Y. Yoshimura, A. Shimizu, T.A. Keiderling, Relationship
between hydrophobic interactions and secondary structure stability for trpzip
β-hairpin peptides, Biochemistry 48 (2009) 1543–1552.

[30] J.F. Espinosa, F.A. Syud, S.H. Gellman, An autonomously folding β-hairpin derived
from the human YAP65 WW domain: Attempts to define a minimum ligand-
binding motif, Biopolymers 80 (2005) 303–311.

[31] D. Bolton, P.A. Evans, K. Stott, R.W. Broadhurst, Structure and propensities of a
dimeric N-terminal fragment of human ubiquitin, J. Mol. Biol. 314 (2001)
773–787.

[32] G. Merutka, H.J. Dyson, P.E. Wright, Random coil 1H chemical-shifts obtained as a
function of temperature and trifluoroethanol concentration for the peptide series
GGXGG, J. Biomol. NMR 5 (1995) 14–24.
[33] S.W. Provencher, J. Glockner, Estimation of globular protein secondary structure
from circular dichroic spectra, Biochemistry 20 (1981) 33–37.

[34] N. Sreerama, R.W.Woody, Estimation of protein secondary structure from circular
dichroism spectra: Comparison of CONTIN, SELCON, and CDSSTR methods with an
expanded reference set, Anal. Biochem. 287 (2000) 252–260.

[35] Y. Wei, B.M.P. Huyghues-Despointes, J. Tsai, J.M. Scholtz, NMR study and
molecular dynamics simulations of optimized β-hairpin fragments of protein G,
Proteins: Struct. Funct. Bioinfo. 69 (2007) 258–296.

[36] C.M. Santiveri, M. Rico, M.A. Jiménez, 13Cα and 13Cβ chemical shifts as a tool to
delineate β-hairpin structures in peptides, J. Biomol. NMR 19 (2001) 331–345.

[37] N.J. Baxter, M.P. Williamson, Temperature dependence of 1H chemical shifts in
proteins, J. Biomol. NMR 9 (1997) 359–369.

[38] W.W. Streicher, G.I. Makhatadze, Calorimetric evidence for a two-state unfolding
of the β-hairpin peptide trpzip4, J. Am. Chem. Soc. 128 (2006) 30–31.

[39] Y. Kuroda, Residual helical structure of the C-terminal fragment of cytochrome C,
Biochemistry 32 (1993) 1219–1224.

[40] I.B. Grishina, R.W.Woody, Contributions of tryptophan side-chains to the circular-
dichroism of globular-proteis — exciton couplets and coupled oscillators, Faraday
Discuss. 99 (1994) 245–262.

[41] C.M. Wilmot, J.M. Thornton, Analysis and prediction of the different types of
β-turns in proteins, J. Mol. Biol. 203 (1988) 221–232.

[42] B.L. Sibanda, T.L. Blundell, J.M. Thornton, Conformation of β-hairpins in protein
structures — a systematic classification with applications to modeling by
homology, electron-density fitting and protein engineering, J. Mol. Biol. 206
(1989) 759–777.

[43] R.M. Fesinmeyer, F.M. Hudson, N.H. Andersen, Enhanced hairpin stability through
loop design: The case of the protein G B1 domain hairpin, J. Am. Chem. Soc. 126
(2004) 7238–7243.

[44] T.S. Haque, S.H. Gellman, Insights on β-hairpin stability in aqueous solution from
peptides with enforced type I′ and type II′ β-turns, J. Am. Chem. Soc. 119 (1997)
2303–2304.

[45] E.L. McCallister, E. Alm, D. Baker, Critical role of β-hairpin in protein G folding, Nat.
Struct. Biol. 7 (2000) 669–673.

[46] K.A. Olsen, R.M. Fesinmeyer, J.M. Stewart, N.H. Andersen, Hairpin folding rates
reflect mutations within and remote from the turn region, Proc. Natl. Acad. Sci.
U. S. A. 102 (2005) 15483–15487.

[47] A.M. Marcelino, L. Gierasch, Local and global sequence information in a β-clam
peptides, Biopolymers 89 (2008) 380–391.

[48] E. de Alba, F.J. Blanco, M.A. Jiménez, M. Rico, J.L. Nieto, Interactions responsible for
the pH-dependence of the β-hairpin conformational population formed by a
designed linear peptide, Eur. J. Biochem. 233 (1995) 283–292.

[49] M. Ramirez-Alvarado, F.J. Blanco, L. Serrano, Elongation of the BHB β-hairpin
peptide: Electrostatic interactions in β-hairpin formation and stability, Protein Sci.
10 (2001) 1381–1392.

[50] M.S. Searle, S.R. Griffiths-Jones, H. Skinner-Smith, Energetics of weak interactions
in a β-hairpin peptide: Electrostatic and hydrophobic contributions to stability
from lysine salt bridges, J. Am. Chem. Soc. 121 (1999) 11615–11620.

[51] H.E. Stanger, F.A. Syud, J.F. Espinosa, I. Giriat, T. Muir, S.H. Gellman, Length-
dependent stability and strand length limits in antiparallel β-sheet secondary
structure, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 12015–12020.

[52] C.M. Santiveri, D. Pantoja-Uceda, M. Rico, M.A. Jiménez, β-Hairpin formation in
aqueous solution and in the presence of trifluoroethanol: A 1H and 13C nuclear
magnetic resonance conformational study of designed peptides, Biopolymers 79
(2005) 150–162.

[53] V. Muñoz, P.A. Thompson, J. Hofrichter, W.A. Eaton, Folding dynamics and
mechanism of β-hairpin formation, Nature 390 (1997) 196–199.

[54] V. Muñoz, R. Ghirlando, F.J. Blanco, G.S. Jas, J. Hofrichter, W.A. Eaton, Folding and
aggregation kinetics of a β-hairpin, Biochemistry 45 (2006) 7023–7035.

[55] R.R. Matheson, H.A. Scheraga, A method for predicting nucleation sites for protein
folding based on hydrophobic contacts, Macromolecules 11 (1978) 819–829.

[56] A.R. Dinner, T. Lazaridis, M. Karplus, Understanding β-hairpin formation, Proc.
Natl. Acad. Sci. U. S. A. 96 (1999) 9068–9073.

[57] A. Fernández, H.A. Scheraga, Insufficiently dehydrated hydrogen bonds as
determinants of protein interactions, Proc. Natl. Acad. Sci. U. S. A. 100 (2003)
113–118.

[58] W. Kauzmann, Some factors in the interpretation of protein denaturation, Adv.
Protein Chem. 14 (1959) 1–63.

[59] G. Némethy, H.A. Scheraga, The structure of water and hydrophobic bonding in
proteins. III. The thermodynamic properties of hydrophobic bonding in proteins, J.
Phys. Chem. 66 (1962) 1773–1789.

[60] K.A. Dill, Dominant forces in protein folding, Biochemistry 29 (1990) 7133–7155.


	β-hairpin-forming peptides; models of early stages of protein folding
	Introduction
	Experimental techniques used to determine structure and conformational dynamics of the β-hairpi.....
	CD and IR spectroscopies
	NMR spectroscopy

	Determination of folding-transition temperatures of β-hairpin-forming peptides
	Determination of the folding-transition temperature by NMR and CD spectroscopy
	Determination of the folding-transition temperature by microcalorimetry

	Factors that determine the stability of the structure of β-hairpin- forming peptides
	Turn sequence
	Interactions between side chains
	Peptide length
	Hydrogen bonds
	Solvent
	Temperature

	Mechanism of β-hairpin formation
	The zipper mechanism
	The hydrophobic-collapse mechanism
	The broken-zipper mechanism

	Conclusions
	Acknowledgements
	References




