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Abstract: The temperature dependence of the 1H chemical shifts of six designed peptides previously shown
to adopt â-hairpin structures in aqueous solution has been analyzed in terms of two-state (â-hairpin /
coil) equilibrium. The stability of the â-hairpins formed by these peptides, as derived from their Tm (midpoint
transition temperature) values, parallels in general their ability to adopt those structures as deduced from
independent NMR parameters: NOEs, ∆δCRH, ∆δCR, and ∆δCâ values. The observed Tm values are
dependent on the particular position within the â-hairpin that is probed, indicating that their folding to a
â-hairpin conformation deviates from a “true" two-state transition. To obtain individual Tm values for each
hairpin region in each peptide, a simplified model of a successive uncoupled two-state equilibrium covering
the entire process has been applied. The distribution of Tm values obtained for the different â-hairpin regions
(turn, strands, backbone, side chains) in the six analyzed peptides reveals a similar pattern. A model for
â-hairpin folding is proposed on the basis of this pattern and the reasonable assumption that regions showing
higher Tm values are the last ones to unfold and, presumably, the first to form. With this assumption, the
analysis suggests that turn formation is the first event in â-hairpin folding. This is consistent with previous
results on the essential role of the turn sequence in â-hairpin folding.

Introduction

As a consequence of recent studies onâ-hairpin formation
by linear peptides, there is now a general consensus on the major
factors contributing to their folding and stability (for reviews,
see refs 1-7). A quantitative assessment of the contribution of
these factors to the stability ofâ-hairpins in terms of free
energies is, however, still lacking. Accurate determination of
the folded populations adopted by aâ-hairpin-forming peptide
and its variants is essential to accomplish this objective. The
main problem in determining populations on the basis of NMR
parameters is the absence of good reference values for unfolded
and especially for completely folded states. Methods commonly
used provide only qualitative information on the relative
â-hairpin population of related peptides,8 but they are neither
accurate nor precise. Specific models for the unfolded and folded
states have been proposed for the particular case of peptides
that adopt 2:2â-hairpins and contain aDPro residue at the turn
as the main stabilizing factor.9-11 Also, a method to evaluate
â-hairpin stability differences for disulfide-cyclized peptides has

been reported.12,13However, there is no general method able to
reliably quantify the folded and unfolded populations in
â-hairpin conformational equilibrium.

In proteins, the effect of mutations on the free energy of
folding can be quantified from the temperature and/or denaturant
unfolding curves of the protein and its variants. These unfolding
curves are generated by using spectroscopic probes, normally
CD and fluorescence. The corresponding unfolding curves in
peptides are usually incomplete, because the folded state is
hardly ever fully populated at the lowest experimentally
accessible temperature as a consequence of the conformational
flexibility inherent to linear peptides. This fact hinders the
thermodynamic analysis of most peptides. Nevertheless, thermo-
dynamic analyses for the thermal unfolding of a fewâ-hairpin-
andâ-sheet-forming peptides have been reported recently.11,14-22

Many of these analyses use a function of averaged CRH chemical
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shift values to generate the experimental thermal unfolding
curves.20 By doing so, they do not exploit the main advantage
of 1H chemical shifts relative to other spectroscopic data,
namely, that the various1H chemical shifts report on different
sites along the peptide sequence.

Here, we investigate the temperature dependence of the1H
chemical shifts of some peptides designed in our group that
had been previously demonstrated to adopt significant popula-
tions of â-hairpin structures in aqueous solution (peptides
1-68,23-25 in Table 1). In addition, we have examined a seventh
peptide that forms a very low population ofâ-hairpin (peptide
723 in Table 1), as a control for nonstructured peptides. The
thermodynamic parametersTm, ∆Hm, and∆Sm for theâ-hairpin
folding of each peptide have been derived from fitting the
thermal denaturation curves for all protons displaying significant
chemical shift changes and alternatively for subsets of these
protons grouped according to their location in theâ-hairpin
structure: turn, strands, backbone, and side chains. Observation
of equalTm values for the different subsets of peptide protons
would constitute evidence for a two-stateâ-hairpin-random
coil transition, whereas differentTm values for the various
subsets would provide insights into howâ-hairpins fold. This
second case is the one observed experimentally and permits us
to propose a multistep model ofâ-hairpin folding.

Materials and Methods

Peptide Synthesis and Purification.Peptides1 and7 were prepared
by solid-phase synthesis and purified by HPLC.23 Peptides2, 3, and5
were provided by the Servei de Sintesi at the Department of Organic
Chemistry (University of Barcelona, Spain), and peptides4 and6 were
acquired from DiverDrugs (Barcelona, Spain).

NMR. Samples for NMR experiments were prepared in 0.5 mL of
pure D2O or H2O/D2O 9:1 v/v at 1-5 mM peptide concentrations. The
pH was measured with a glass microelectrode and was not corrected
for isotope effects. The temperature of the NMR probe was calibrated
using a methanol sample. Sodium [3-trimethylsilyl-2,2,3,3-2H4]propionate
(TSP) was used as an internal reference. The1H NMR spectra were
acquired on a Bruker AMX-600 pulse spectrometer operating at a1H
frequency of 600.13 MHz. 1D spectra were acquired using 32K data
points, which were zero-filled to 64K data points before performing
the Fourier transformation. Total correlated spectroscopy (TOCSY26)
spectra were recorded by standard techniques using presaturation of
the water signal in the time-proportional phase incrementation mode27

and a 80 ms MLEV17 withz filter spin-lock sequence.26 Acquisition
data matrixes were defined by 2048× 512 points in t2 and t1,
respectively. Data were processed using the standard XWIN NMR
Bruker program on a Silicon Graphics computer. The 2D data matrix
was multiplied by a square-sine-bell window function with the
corresponding shift optimized for every spectrum and zero-filled to a
2K × 1K complex matrix prior to Fourier transformation. Baseline
correction was applied in both dimensions.

The thermal dependence of1H chemical shifts of peptides1-6 in
D2O at pH 5.5 and peptide7 in D2O at pH 3.7 was measured by a
series of 1D and 2D TOCSY spectra acquired at 2, 5, and 10°C
intervals over the range of-4 to 80°C. The same protocol was used
for peptide2 in 2 M NaCl and 2 M Gly and for peptide5 in 30% TFE,
except the temperature range was-15 to 80°C for peptide2 in 2 M
NaCl and-10 to 70°C for peptide5 in 30% TFE.

Estimation of â-Hairpin Populations. Independent determinations
of â-hairpin populations were performed for each peptide from the
conformational shifts∆δCRH (δCRH(observed)- δCRH(random coil), ppm),∆δCR

(δCR(observed)- δCR(random coil), ppm), and∆δCâ (δCâ(observed)- δCâ(random coil),
ppm) averaged over the strand residues, excluding the N- and C-terminal
residues and those with anomalous∆δCRH, ∆δCR, or ∆δCâ values. Null
or positive∆δCR values and null or negative∆δCRH and∆δCâ values
were considered to be anomalous, since negative and positive values
are characteristic ofâ-strands.8 The reference values for CRH chemical
shifts of each residue in the random coil state were taken from the
work of Bundi and Wu¨thrich,28 and those for13CR and13Câ chemical
shifts were from Wishart et al.29 Since these13C δ values are referenced
to DSS and peptides1-7 to TSP, the corresponding correction was
applied (≈0.1 ppm30). The reference values for 100%â-hairpin were
the mean conformational shifts reported for proteinâ-sheets: 0.40 ppm
for ∆δCRH,31 -1.6 ppm for∆δCR,8 and 1.7 ppm for∆δCâ.8

Thermodynamic Analysis.In a fast equilibrium between two states,
such as the folding and unfolding of peptides1-7, the chemical shift
observed for each peptide proton is the weighted average of theδ values
corresponding to the unfolded state,δU, and to theâ-hairpin structure,
δF,
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Table 1. Peptide Sequences and â-Hairpin Populations Estimated
from the δ-Values of CRH Protons and 13CR and 13Câ Carbons
Measured in D2O at 5 °C and pH 5.58a

peptide strand turn

â-hairpin
population

(%)

1 S1 Y2 I3 N4 S5
| | | D6 44 ( 4

T10 W9 T8 G7

2 S1 E2 S3 Y4 I5 N6 S7
| | | | | D8 51 ( 11

E15 T14 V13 T12 W11 T10 G9

3 S1 E2 S3 Y4 I5 N6 P7
| | | | | D8 59 ( 14

E15 T14 V13 T12 W11 T10 G9

4 S1 E2 S3 Y4 I5 N6 S7
| | | | | D8 44 ( 7

E15 T14 V13 T12 V11 T10 G9

5 S1 E2 I3 Y4 S5 N6 P7
| | | | | D8 48 ( 7

E15 T14 V13 T12 W11 T10 G9

6 S1 E2 S3 Y4 I5 Y6 N7
| | | | | | 31 ( 5

E14 T13 V12 T11 W10 K9 G8

7 T1 I2 S3 N4 S5
| | | D6 18 ( 2b

T10 W9 T8 G7

a Turn residues are shown in bold. Hydrogen bonds are indicated by
vertical lines. Reported errors are the standard deviation.bpH 3.7 and
2 °C.

δobs(T) ) δU (1 - øF(T)) + δFøF(T) ) δU + øF(T)∆δ (1)
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structure, and∆δ ) δF - δU. δU andδF are considered temperature-
independent. This assumption is reasonable, since chemical shifts for
nonexchangeable protons in nonstructured peptides are practically
unaffected by temperature.32-34 Fitting the experimental melting curves
to this equation yields values forδU and ∆δ as well as for the
temperature of the transition midpoint,Tm, and the enthalpy and heat
capacity changes for unfolding,∆Hm and∆Cp, respectively, using the
thermodynamic expressions established by Privalov and co-workers.35

∆Cp is assumed to be temperature independent.
A Fortran program was written to simultaneously fit multiple thermal

denaturation curves. The fitting procedure was simplified by splitting
it into two steps, one linear and the other nonlinear, with∆Hm, Tm,
and∆Cp being the only parameters considered in the nonlinear step.
For each set of thermodynamic parameters, a value forøF(T) is
calculated first and then used to obtain values forδU and∆δ for each
proton by linear least-squares fitting of eq 1.

Once theδU and∆δ values are calculated, application of eq 1 yields
theδcal(T) corresponding to the trial set of thermodynamic parameters.
The best∆Hm, Tm, and∆Cp values are those for which theø2 function
is minimal:

whereσ is the error in the chemical shift measurement considered to
be 0.01 ppm for all protons at all temperatures. Subindicesi andj refer
to the kind of proton and to the temperature, respectively. The program
uses the simplex method36 to minimize theø2 function or alternatively
scans systematically the thermodynamic parameters. The fitting pro-
cedure used has the advantages of a drastic reduction in the number of
variables involved in the nonlinear fitting, which greatly increases the
calculation speed.

When∆Cp is assumed to be 0, a contour plot ofø2 can be generated
for various values of∆Hm andTm to obtain the confidence limits of
these thermodynamic parameters.

Estimation of Polar (∆ASApolar) and Nonpolar (∆ASAnonpolar)
Surface Areas Buried upon â-Hairpin Formation. The solvent-
accessible polar and nonpolar areas for the structures formed by all
peptides were calculated using the program VADAR.37 The polar and
nonpolar surface areas buried uponâ-hairpin formation were computed,
respectively, as the differences between the solvent-accessible polar
and nonpolar areas averaged over the 20 best calculated structures23-25,38

and the corresponding areas in a completely extended peptide.

Results

Temperature Dependence of1H Chemical Shifts of Pep-
tides 1-7. The temperature variation of1H chemical shifts of
all protons of peptides1-6 in D2O at pH 5.5 and of peptide7
at pH 3.7 (Table 1) was followed by assignment of their 2D
TOCSY spectra recorded at temperatures ranging from-4 to
80 °C. To better define the native state pretransition baseline,
additional experiments were performed using cosolutes to
enhance the stability of theâ-hairpin conformation, namely,

peptide2 in 2 M Gly39,40 and peptide5 in 30% TFE,20,24,41-45

or to decrease the freezing point, namely, peptide2 in 2 M NaCl.

In the temperature range studied, all peptide7 protons show
very small chemical shift changes [|∆δ(T,low-T,high)| < 0.10 ppm,
where∆δ(T,low-T,high) ) δT,low - δT,high (ppm), with δT,low and
δT,high being the1H chemical shifts measured at the lowest and
highest temperature, respectively] with an approximately linear
temperature dependence, as seen in the case of the CRH protons
shown in Figure 1. This was the expected behavior, since this
peptide is largely unfolded (Table 1) and since changes in the
chemical shift of protons in model random coil peptides over
the entire temperature range are minimal (ca. 0.02 ppm over
40 °C).34

In contrast to peptide7, the total|∆δ(T,low-T,high)| values for
many protons in peptides1-6 are much larger (|∆δ(T,low-T,high)|
> 0.30 ppm and even> 0.75 ppm in some cases) under all
solvent conditions examined. Moreover, theδ values for most
of these protons display a broad sigmoidal temperature de-
pendence, as can be appreciated in theδ vs T plots for the CRH
protons of peptides1, 2, and5 (Figures 1 and 2). As expected,
the plateau corresponding to the foldedâ-hairpin structure is
better defined in theδ vs T curves of peptide5 in 30% TFE
than in D2O, but transitions are not complete, because the
peptide is not fully unfolded in 30% TFE at the highest
temperature recorded, 70°C. This is clearly seen in the case of
the CRH protons shown in Figure 1. Regarding the effect of
either 2 M NaCl or 2 M Gly, contrary to our expectations, both
agents slightly decrease theâ-hairpin population adopted by
peptide2 (see the Supporting Information), and as a conse-
quence, the folded-state plateau displayed by the thermal
unfolding curves of peptide2 in the presence of either of these
agents is worse defined than in D2O.

Despite the uncertainty in the folded and unfolded baselines,
the transitions of peptides1-6 were judged as amenable to a
quantitative thermodynamic analysis.

Thermodynamic Analysis of Peptides 1-6. Values for the
thermodynamic parametersTm, ∆Hm, and∆Cp of theâ-hairpin
conformational equilibrium in peptides1-6 were determined
from a fitting of δ vs T curves, by assuming a two-state tran-
sition (see Materials and Methods). Protons with|∆δ(T,low-T,high)|
e 0.10 were excluded from the fitting, though those with
|∆δ(T,low-T,high)| g 0.06 ppm were included if the equivalent
proton in some other peptide fulfills the condition|∆δ(T,low-T,high)|
> 0.10 ppm (for example, CRH of N6 in peptide3 and CRH of
E2 in peptide6). These limits were considered reasonable on
the basis of the behavior reported for model unfolded peptides34

and observed for peptide7 (see the previous section).

Fits performed fixing∆Cp * 0 led to very low∆Cp values
and to very large errors forTm, ∆Hm, and∆Cp. Since analysis
of thermal denaturation of peptides typically yields large
uncertainties in∆Cp, especially if their values are small,14 we
assumed∆Cp ) 0 for all the fits reported here. This assumption

(32) Nieto, J. L.; Rico, M.; Santoro, J.; Herranz, J.; Bermejo, F. J.Int. J. Pept.
Protein Res.1986, 28, 315-323.
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Press: Cambridge, 1992.
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ø2 ) ∑
i
∑

j
[δi

obs(Tj) - δi
cal(Tj)

σ ]2

(2)
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is commonly adopted in studies onR-helix46,47andâ-sheet18,19,22,48

folding. Representative fits are shown in Figure 2. TheTm and
∆Hm values obtained for peptides1-6 in this way as well as
their ∆Sm values are listed in Table 2. Fitting theδ vs T curves
of peptide7 protons with|∆δ(T,low-T,high)| > 0.06 ppm led to
completely undeterminedTm and∆Hm values, as expected from
their approximately linear appearance (Figure 1).

Apart from the fittings performed simultaneously for all
δ vs T curves corresponding to protons with significant
∆δ(T,low-T,high) (see above), independent fittings were performed
for four subgroups of these protons. The subgroups were formed
by classifying the protons according to their location in the
â-hairpin structure, i.e., protons belonging to residues at the
turn and at the strands. Protons located in strands were
additionally subdivided into backbone and side chain protons.
The equivalent subdivision was not applied to protons belonging
to the turn because of their small number (three to six in total,
depending on the peptide). TheTm values obtained for the four
considered subsets in peptides1-6 are listed in Table 3.

Discussion

The thermodynamic parametersTm, ∆Hm, and∆Sm, of the
folding-unfolding equilibrium of a series ofâ-hairpin-forming
peptides have been obtained on the basis of the temperature
dependence of1H chemical shifts. The higher theâ-hairpin
populations adopted by the peptides, the better theTm and∆Hm

values obtained from a fitting of theirδ vs T curves.

(46) Rico, M.; Santoro, J.; Bermejo, F. J.; Herranz, J.; Nieto, J. L.; Gallego, E.;
Jimenez, M. A.Biopolymers1986, 25, 1031-1053.

(47) Huang, C.-Y.; Klemke, J. W.; Getahun, Z.; DeGrado, W. F.; Gai, F.J.
Am. Chem. Soc.2001, 123, 9235-9238.

(48) Honda, S.; Kobayashi, N.; Munekata, E.; Uedaira, H.Biochemistry1999,
38, 1203-1213.

Figure 1. δ-Values of the CRH protons of peptide7 in D2O at pH 3.7 and of peptide5 in D2O and 30% TFE at pH 5.5 as a function of temperature.
Experimental points are linked with a line to guide the eye.

Figure 2. δ-Values of the CRH protons of peptides1 and2 in D2O at pH
5.5 as a function of temperature. The symbols represent the experimental
points. The line resulting from fitting to eq 1 is also plotted.

Table 2. Tm and ∆Hm Values for â-Hairpin Unfolding in Peptides
1-6 at pH 5.5 for Protons with |∆δ(T,low-T,high)| > 0.10 ppma

peptide,
solvent

number
of protons Tm (K) ∆Hm (kJ mol-1) ∆Sm (J K-1 mol-1)

1, D2O 26 285.2( 0.1 30.8( 0.2 108.0( 0.7
2, D2O 29 296.9( 0.1 39.4( 0.2 132.6( 0.6
2, 2 M NaCl 29 286.2( 0.1 34.3( 0.2 119.7( 0.7
2, 2 M Gly 29 297.6( 0.2 38.5( 0.3 129.3( 1.1
3, D2O 28 304.1( 0.1 35.1( 0.2 115.5( 0.5
4, D2O 19 299.0( 0.2 28.0( 0.2 93.7( 0.8
5, D2O 22 305.2( 0.2 28.2( 0.2 92.3( 0.8
5, 30%TFE 24 345.6( 0.3 30.1( 0.2 87.1( 0.7
6, D2O 19 287.4( 0.2 30.7( 0.3 106.9( 1.1

a ∆Sm values were obtained from∆Ηm andTm considering that the free
energy of unfolding is null at the transition midpoint. Errors for∆Hm and
Tm were estimated from the variance-covariance matrix and those for∆Sm
by error propagation.
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Enthalpic and Entropic Contributions to â-Hairpin Un-
folding. The positive sign ofâ-hairpin unfolding∆Hm and∆Sm

values in peptides1-6 (Table 2) indicates thatâ-hairpin
formation is enthalpy-favored and entropy-disfavored. This
suggests that van der Waals and electrostatic interactions,
including hydrogen bonds, contribute more toâ-hairpin stability
than the solvent-related hydrophobic effect.20 Similar behavior
has been reported for the 41-56 fragment from the B1 domain
of protein G and some of its variants,18,19 as well as for some
designedDPro-containing peptides11,15 in aqueous solution. In
contrast, a designed 16-residue peptide was reported to have
negative unfolding∆H° and ∆S° values in aqueous solution
and in 8% HFIP, although they were positive in the presence
of methanol, TFE, and 20% HFIP, showing thatâ-hairpin
folding is entropy-driven with the hydrophobic effect as the main
force contributing to it.14,20

Regarding∆Cp, a very low or null value is considered
indicative of a small hydrophobic contribution to the stability
of the protein or peptide structure. This is the case forâ-hairpin
stability in peptides1-6, for which satisfactoryδ vs T curve
fittings can be obtained by assuming∆Cp ) 0. If, alternatively,
we assume∆Cp * 0, the resulting∆Cp values, though showing
a large error, are very low indeed. We have determined the
∆ASAnonpolar, i.e., the hydrophobic surface buried upon folding.
No correlation was found between that value and the stability
of the formedâ-hairpin at low temperature (5°C), which is in
agreement with a small hydrophobic contribution toâ-hairpin
stability. Differences in∆ASAnonpolar per residue among the
investigated peptides here are very small. The null∆Cp values
reported forâ-hairpin unfolding in other peptides18,19,22,48are
in accord with the results found here for peptides1-6. Only
the 16-residueâ-hairpin peptide under the solvent conditions
where it shows negative signs for the unfolding∆H° and∆S°
values displays large∆Cp values (1400 J K-1 mol-1 in water20

and 1730 J K-1 mol-1 in 8% HFIP14). The magnitude of the
hydrophobic contribution toâ-hairpin stability appears to depend
on peptide sequence and solvent conditions.

Comparison of â-Hairpin Formation in Peptides 1-6
Based onTm Values. The relative stability of theâ-hairpin
structures adopted by peptides1-6 in aqueous solution shall
be compared on the basis of theirTm values, sinceTm is the
most precisely determined parameter from the unfolding curve

fittings. In general, peptides with the most populatedâ-hairpins
have the highestTm values; that is, theirâ-hairpin structures
unfold at higher temperature. Indeed, there is a strong relation-
ship between theâ-hairpin populations and theTm values, as
indicated by ther value (0.97) for the correlation between the
â-hairpin populations estimated at 25°C38 and theTm values
obtained from fitting the unfolding curves for peptides2-6
(Table 2), including data for peptide2 in 2 M NaCl and in 2 M
Gly and for peptide5 in 30% TFE. Despite incomplete
denaturation curves for peptide6, theTm values reflect the lower
stability of the peptide6 â-hairpin relative to those of peptides
2 and 3 (Tables 1 and 2). The cases whereTm values do not
exactly conform to theâ-hairpin stability order derived from
the estimated populations, such as the peptide pairs2 and 4,
and3 and5 (Tables 1 and 2), may be due to small differences
in the actual values of∆Hm and∆Sm, which can make the curves
either sharper or broader. Apart from this, the correlation
between the relativeâ-hairpin stability deduced fromTm values
and from the populations estimated from CRH, 13CR, and13Câ

δ values is excellent.
On the basis of the order ofâ-hairpin stability obtained for

peptides1-6, we examined several factors contributing to
â-hairpin formation. Since the 3:5â-hairpins formed by peptides
1 and2 differ only in that the strands of peptide2 are longer,
its higher stability is evidence that strand length contributes to
â-hairpin formation, as has been reported for 2:2â-hairpin-
forming peptides.10 The increasedâ-hairpin stability of peptides
3 compared to peptide2 is in good agreement with the statistical
preference for P (peptide3) over S (peptide2) at positioni +
1 in a type Iâ-turn (position 7 in peptides2 and3; Table 149).
This confirms the important role of the turn sequence for
â-hairpin stability.12,23,24,43,45,50-54

Concerning the destabilizing effect of salt on the peptide2
â-hairpin (Table 2), one must consider that salts, in addition to
lowering the freezing point, screen electrostatics interactions,
which could lower theâ-hairpin population, as occurs in some
R-helical peptides.55,56 This peptide contains two electrostatic
interactions which have been demonstrated to contribute to the
stability of â-hairpins,43,57 namely, between the oppositely
charged N- and C-termini and between the N6 side chain amide
and D8 carboxylate groups in the turn. On the other hand, the
stabilizing effect of TFE onâ-hairpin formation is confirmed
in peptide5 by the drasticTm increase of 40°C (Table 2).

â-Hairpin-Folding Model. In most of the peptides, theTm

values obtained from all protons with significant|∆δ(T,low-T,high)|
(see Results) and from subsets of protons from different peptide
regions show some differences (Table 3). These discrepancies
indicate that theâ-hairpin to unfolded state transition for the
whole peptide molecule deviates from a global two-state model.
At this point it is convenient to make some clarifying remarks.

(49) Hutchinson, E. G.; Thornton, J. M.Protein Sci.1994, 3, 2207-2216.
(50) Searle, M. S.; Williams, D. H.; Packman, L. C.Nat. Struct. Biol.1995, 2,

999-1006.
(51) de Alba, E.; Jime´nez, M. A.; Rico, M.J. Am. Chem. Soc.1997, 119, 175-

183.
(52) Haque, T. S.; Gellman, S. H.J. Am. Chem. Soc.1997, 119, 2303-2304.
(53) Stanger, H. E.; Gellman, S. H.J. Am. Chem. Soc.1998, 120, 4236-4237.
(54) Chen, P. Y.; Lin, C. K.; Lee, C. T.; Jan, H.; Chan, S. I.Protein Sci.2001,

10, 1794-1800.
(55) Fairman, R.; Shoemaker, K. R.; York, E. J.; Stewart, J. M.; Baldwin, R. L.

Proteins1989, 5, 1-7.
(56) Fairman, R.; Shoemaker, K. R.; York, E. J.; Stewart, J. M.; Baldwin, R. L.

Biophys. Chem.1990, 37, 107-119.
(57) de Alba, E.; Blanco, F. J.; Jime´nez, M. A.; Rico, M.; Nieto, J. L.Eur. J.

Biochem.1995, 233, 283-292.

Table 3. Tm (K) Values for â-Hairpin Unfolding Obtained from the
Fitting of the δ vs T Curves of Peptides 1-6 at pH 5.5 for Protons
with |∆δ(T,low-T,high)| > 0.10 ppm Located in the Turn Region and at
the Strandsa

strands

peptide solvent turn all backbone side chain

1 D2O 294.3( 0.4 284.7( 0.1 b 286.2( 0.1
2 D2O 305.1( 0.3 296.3( 0.1 296.8( 0.2 296.1( 0.1
2 2 M NaCl 291.2( 0.4 285.9( 0.1 286.5( 0.2 285.7( 0.1
2 2 M Gly 300.2( 0.5 297.3( 0.2 284.6( 0.4 298.6( 0.2
3 D2O 316.2( 0.3 303.2( 0.1 302.9( 0.2 303.4( 0.1
4 D2O 305.3( 0.4 296.8( 0.2 292.2( 0.3 304.5( 0.4
5 D2O 310.4( 0.5 304.7( 0.2 304.8( 0.3 304.6( 0.3
5 30% TFE 337.7( 0.6 346.8( 0.3 347.7( 0.3 342.9( 0.5
6 D2O 291.0( 0.5 286.9( 0.2 291.5( 0.4 284.2( 0.3

a Strand protons were subsequently subdivided into backbone and side
chain protons. The highestTm value for each peptide is shown in bold.
Errors were estimated from the variance-covariance matrix.b Analysis of
ø2 contour maps (Materials and Methods) indicated thatTm cannot be
determined accurately for this group of protons.
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It is true that the strict application of the two-state (â-hairpin-
coil) model to the folding-unfolding equilibrium of linear
â-hairpin peptides is questionable. A more rigorous treatment
introducing several coupled intermediate states would be
exceedingly complicated and most probably would lead to
ambiguous results. However, it is evident that theδ vsT curves
provide an extraordinary wealth of information on the structure
and energetics of the peptides. To take advantage of this
information, we have approximated the complete folding-
unfolding equilibrium as multistate processes consisting of
consecutive “two-state” steps. This simplified model implies
the existence of several intermediate states (three, in principle;
see below) with increasing structure formed successively in the
folding process. Following this approach, differences in theTm

values from distinct peptide regions can provide insight into
the mechanism ofâ-hairpin folding. It is reasonable to assume
that the regions in a peptide with the highestTm values being
the last ones to unfold, can, in turn, be the first ones to fold in
the reverse process. This interpretation is equivalent to that
commonly applied in proteins, where the differences inTm

values among denaturation curves obtained with different
spectroscopic techniques, for example, fluorescence and CD in
the far UV, are taken as evidence for the existence of an
intermediate in protein unfolding-folding equilibrium. Stronger
support to this assumption comes from recent results on
cytochromec58 and ribonuclease HI,59 whose folding pathways
as established by kinetics measurements were found to be very
similar if not the same as those derived from native-state
hydrogen exchange, where the assumption that the last unfolded
is equivalent to the first folded was also made.

Formation of aâ-hairpin structure would include the follow-
ing events: (i) turn formation, (ii) strand pairing by hydrogen-
bonding formation, and (iii) strand pairing by side-chain packing,
including cross-strand pairwise side chain interactions, formation
of hydrophobic clusters, and hydrophobic surface burial. The
order of these three events during folding, which would be
cooperative and occur simultaneously in a “true” two-state
transition, can be drawn fromTm values corresponding to
protons in differentâ-hairpin regions of the six examined
peptides. According to these data, we propose a multistep
â-hairpin-folding model (Figure 3). This model is compatible
with the presently available experimental data, from either our
or other groups, on differentâ-hairpin systems. The first step
is the formation of the turn, which mainly depends on local
interactions. The bending of the peptide backbone would occur

in segments composed of residues with highâ-turn propensities.
Once formed, the turn promotes the coming together of the
preceding and following peptide segments, so as to configure
them as the N- and C-terminal strands that constitute the
â-hairpin. The alignment of the strands will depend on which
turn has been formed, and this “directed” alignment will be
stabilized by hydrogen-bonding between the strands and by side
chain-side chain interactions. These two stabilizing mechanisms
can occur simultaneously (as in peptides2, 3, and5 in D2O;
Table 3) or consecutively (as in peptides4 and6 in D2O; Table
3), whereâ-hairpin folding takes place in three steps. If the
stabilization provided by the strands (â-sheet propensities,
hydrogen bonds, and side-chain packing) is too weak, the
â-hairpin will not form or will have a very low population within
the conformational ensemble. This is the case for peptide7
(Table 1), a 9-residue peptide,60 and three Ala-containing
variants of the 12-residueâ-hairpin peptide designed by
Ramı́rez-Alvarado et al.,44 which form little or noâ-hairpin,
despite having turn sequences with strong propensities for
forming turns. The absence of a sequence appropriate for the
turn region will precludeâ-hairpin formation, accounting for
the completeâ-hairpin destabilization observed inDPro-
stabilizedâ-hairpins upon substitutingDPro byLPro.52,53,61This
shows that having a favorable turn sequence is necessary but
not sufficient for a high population ofâ-hairpin. When two or
more turns are formed in a peptide during the first step of the
proposed mechanism, the corresponding two or moreâ-hairpins
will be formed if the final stability provided by their strands is
similar. The population of eachâ-hairpin is governed by its
global stability, as shown by the case of peptides adopting two
different â-hairpin structures.23-25

Peptide5 in 30% TFE is the only clear exception to this
model (Table 3), since the turn has a lowerTm than the strand
structure. This result can be ascribed to the differential effects
of this cosolvent41 on the distinct contributions toâ-hairpin
stability, which can modify the energetic balance.

The proposedâ-hairpin-folding mechanism is based on
equilibrium data, so that it would be more appropriate to
consider these results in terms of the unfolding energetics of
each region, rather than as a kinetic sequence of events. A
statistic mechanical model based on the only existing kinetics
study on aâ-hairpin peptide suggests that the turn region and
the pairing of the adjacent residues are formed first;62,63 this
supports the idea that our model is also valid kinetically. Our
model is also in agreement with a molecular dynamics simula-
tion in which turn formation is the first stage in theâ-hairpin
folding.64 It appears, however, to be in contrast with some other
molecular dynamics simulations where the hydrophobic cluster
occurs first inâ-hairpin folding.65,66Even these cases could fit
within our model, if turn formation is considered to be the
bending of the peptide chain so as to facilitate hydrophobic

(58) Hoang, L.; Bedard, S.; Krishna, M. M.; Lin, Y.; Englander, S. W.Proc.
Natl. Acad. Sci. U.S.A. 2002, 99, 12173-12178.

(59) Spudich, G.; Lorenz, S.; Marqusee, S.Protein Sci.2002, 11, 522-528.

(60) Blanco, F. J.; Jime´nez, M. A.; Herranz, J.; Rico, M.; Santoro, J.; Nieto, J.
L. J. Am. Chem. Soc.1993, 115, 5887-5888.

(61) Raghotama, S. R.; Awasti, S. K.; Balaram, P.J. Chem. Soc., Perkin. Trans.
2 1998, 137-143.

(62) Muñoz, V.; Thompson, P. A.; Hofrichter, J.; Eaton, W. A.Nature1997,
390, 196-199.

(63) Muñoz, V.; Henry, E. R.; Hofrichter, J.; Eaton, W. A.Proc. Natl. Acad.
Sci. U.S.A. 1998, 95, 5872-5879.

(64) Bonvin, A. M.; van Gunsteren, W. F.J. Mol. Biol. 2000, 296, 255-268.
(65) Dinner, A. R.; Lazaridis, T.; Karplus, M.Proc. Natl. Acad. Sci. U.S.A.

1999, 96, 9068-9073.
(66) Pande, V. S.; Rokhsar, D. S.Proc. Natl. Acad. Sci. U.S.A.1999, 96, 9062-

9067.

Figure 3. Model for â-hairpin folding.
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clustering rather than the acquisition of a well-defined turn
geometry.

Conclusions
1H chemical shifts constitute extremely useful probes to

investigate the unfolding of partially populated secondary
structure conformations in linear peptides. According to the
positive values of∆Hm and∆Sm for the thermal unfolding of
â-hairpins, the formation of those structures is enthalpy-driven
and entropy-unfavorable.Tm values are suitable to analyze the
ability of different peptides to adoptâ-hairpin structures. In the
case of peptides1-6, this analysis reproduces the conclusions
drawn by considering theâ-hairpin populations estimated from
∆δCRH, ∆δCR, and∆δCâ values.8,23-25,38 Thus, the importance
of the turn region forâ-hairpin formation is evidenced once
more, and the stabilizing effect of increasing the strand length
previously shown only inDPro-containing peptides10 is dem-
onstrated in our peptide system. The differences inTm obtained
for protons belonging to differentâ-hairpin regions in a
particular peptide (Table 3) indicate thatâ-hairpin unfolding is
not a two-state transition.Tm can be considered to indicate the
order of unfolding of the differentâ-hairpin regions, turn,
strands, backbone, and side chains. Then, the existence of an
order pattern shared by most of the peptides allows us to propose

a â-hairpin folding model in which the formation of the turn is
the first event to take place.

Supporting Information Available: A brief description of
the NMR study of peptide2 in 2 M NaCl and in 2 M Gly,
including Figure SM1, which contains the CRH conformational
shifts as a function of sequence; Tables SM1 and SM2, listing
the 1H δ values of peptide2 in aqueous solution in 2 M NaCl
and in 2 M Gly, respectively; and Tables SM3-SM12, listing
the∆δ(T,low-T,high) for peptides1-7 in D2O, as well as for peptide
2 in 2 M NaCl and in 2 M Gly and for peptide5 in 30% TFE.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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