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Abstract: The thermal stability and folding kinetics of a 15-residue â-hairpin (SESYINPDGTWTVTE) have
been studied by using infrared (IR) spectroscopy coupled with laser-induced temperature-jump (T-jump)
technique for rapid folding-unfolding initiation. An alternative method based on analyzing IR difference
spectra was also introduced to obtain thermodynamic properties of â-sheets, which complements the
commonly used circular dichroism (CD) and fluorescence techniques. Equilibrium IR measurements indicate
that the thermal unfolding of this â-hairpin is fairly broad. However, it can be described by a two-state
transition with a thermal melting temperature of ∼29 °C. Time-resolved IR measurements following a T-jump,
probed at 1634 cm-1, indicate that the folding of this â-hairpin follows first-order kinetics and is amazingly
fast. At 300 K, the folding time is approximately 0.8 µs, which is only 2-3 times slower than that of R-helix
formation. Additionally, the energetic barrier for folding is small (∼2 kcal mol-1). These results, in conjunction
with results from other studies, support a view that the details of native contacts play a dominant role in the
kinetics of â-hairpin folding.

Introduction

Short peptides that fold into well-defined structures in aqueous
solution provide ideal model systems for the study in detail of
fundamental questions in protein folding.1 Of particular interest
are â-hairpins. With two short antiparallelâ-strands that are
connected by a turn or loop,â-hairpin structure can be viewed
as the smallestâ-sheet unit. Despite their small size (normally
12-16 residues), however, manyâ-hairpins exhibit properties
that are typical of globular proteins. For example, the mostly
studied 16-residueâ-hairpin, which is derived from the C-
terminal fragment (41-56) of protein GB1, contains a hydro-
phobic “core” and also shows cooperative thermal folding-
unfolding transition.2-4 Therefore, theâ-hairpin motif has
become increasingly used to probe factors that govern the
conformational stability as well as the folding mechanism of
â-sheets.5 What is more, there is increased evidence suggesting
that â-hairpin (or turn) could act as the nucleation site in the
early stage of folding.6 Thus, understanding howâ-hairpins fold

can also shed light on the mechanism of protein folding in
general. While many theoretical and computational studies3,7-10

have been devoted to elucidatingâ-hairpin’s folding energetics
and mechanism, only few experimental studies concerning
â-hairpin’s folding kinetics have been reported thus far.

The first experimental study ofâ-hairpin folding kinetics in
the microsecond time scale was carried out by Mun˜oz et al.,2

who measured the folding time of the 16-residueâ-hairpin
derived from protein GB1 using a fluorescence T-jump tech-
nique. Their results indicate that thisâ-hairpin folds in a two-
state manner with a folding time constant of 6µs at 297 K.
Subsequently, these authors developed a statistical zipper model8

to explain the apparent two-state folding behavior of this
â-hairpin. This model essentially suggests that the most probable
first step in the formation of aâ-hairpin begins with the
formation of theâ-turn, which is followed by the formation of
interstrand hydrogen bonds. The transition state can only be
stabilized when hydrophobic contacts among side chains start
to form. However, a different view was put forward later on by
Dinner et al.,9 who performed multicanonical Monte Carlo
simulations on the same peptide. Their results on the free-energy
surfaces suggest that the very first step inâ-hairpin folding
corresponds to a collapse process that is then followed by the
formation of part of the hydrophobic cluster through rearrange-
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ment and the interstrand hydrogen bonds can only be formed
in subsequent steps, whereas the overall folding rate is
dominated by the time required for interconversion between
compact conformations. Moreover, on the basis of their folding
simulations on theâ-hairpin from protein GB1 and its variants
by using a coarse-grained off-lattice model with side chains,
Klimov and Thirumalai10 have concluded that several factors,
including the rigidity of the turn and the relative position of
the hydrophobic cluster, can have rather complex effects on the
rate of â-hairpin folding. Therefore, studying the folding
behavior ofâ-hairpins of different sequence would thereby help
to better understand the fundamental kinetic determinants in
â-hairpin formation. Herein, we have studied the thermodynam-
ics and folding kinetics of a 15-residueâ-hairpin (i.e., peptide
1) originally described by Jime´nez et al.11 using a T-jump IR
method.12 This T-jump IR technique allows us to specifically
follow the backbone conformational change during the course
of folding by monitoring the conformation-sensitive amide I
absorbance.13 It has been shown by NMR spectroscopy that
peptide1, which has a sequence of SESYINPDGTWTVTE,
folds into aâ-hairpin structure in aqueous solution with a type
I + G1 â-bulge turn involving residues Asn6, Pro7, Asp8, and
Gly9.11,14Furthermore, not only does peptide1 yield appreciable
â-hairpin population at room temperature,11 but it can also reach
mM concentration in aqueous solution without forming detect-
able aggregates. The latter is important for IR studies because
IR techniques normally require a relatively high peptide
concentration.

The T-jump technique is essentially a relaxation method in
which a T-jump pulse quickly perturbs the temperature of the
system and therefore the equilibrium between folded and
unfolded states (for a two-state scenario). The measured
relaxation rate to the new equilibrium position corresponding
to the elevated temperature contains contributions from both
folding and unfolding. The folding and unfolding rate constants
can only be determined if the equilibrium constant corresponding
to the final temperature is known. Nonetheless, it is not trivial
to accurately determine aâ-hairpin’s stability or equilibrium
constant by commonly used spectroscopic techniques (e.g., CD
and fluorescence) because manyâ-hairpins do not show
characteristic CD features of classicâ-sheets and also for reasons
discussed below. Typically, a stability determination study
involves measuring either thermally- or chaotropically induced
unfolding curves by following a spectroscopic signal. Neverthe-
less, the measured signal often contains contributions from both
folded and unfolded conformations. Thus, calculating the relative
population of the folded and unfolded states from the measured
spectroscopic signal for further stability determination requires
a priori knowledge of how such a signal arising from the folded
or unfolded state alone depends on the applied “denaturant”.
While sometimes such an intrinsic dependence can be deter-
mined experimentally for either a folded or unfolded state, most

of the time it can only be treated in the thermodynamic fitting
as a folded or unfolded baseline. As a result, thermodynamic
properties determined by such methods may be subject to large
uncertainties. For example, the Trp emission is temperature-
dependent; thus, protein thermal equilibrium measurements
using Trp fluorescence are prone to baseline errors.15 Therefore,
it would be quite advantageous to devise a method in which a
spectroscopic signal that is only proportional to the folded
population is monitored during the equilibrium unfolding
titration. Herein, we describe an alternative method of character-
izing â-sheet stability, based on analyzing the difference amide
I′ spectra of the system. The amide I′ band ofâ-sheets, which
arises mostly from the amide CdO stretching vibration, exhibits
a characteristic narrow peak at∼1680 cm-1, due largely to
interstrand transition dipole couplings among amide CdO
groups.16 Although this band has weak intensity, its narrow
bandwidth (∼10 cm-1) renders it the best target for further
quantitative spectral analysis.

Experimental Section

Materials. Fmoc-protected17 amino acids and Fmoc-Gln(OBut)-
Wang resin were purchased from Advanced ChemTech (Louisville,
KY). All other chemicals were from Aldrich (Saint Louis, MO). They
were of the highest available grades and were used without further
purification. D2O (D, 99.96%) was from Cambridge Isotope Labora-
tories, Inc. (Andover, MA).

Sample Preparation. Peptide1 was prepared by standard solid-
phase peptide synthesis18 on Fmoc-Gln(OBut)-Wang resin using a
Milligen model 9600 peptide synthesizer. The cleaved peptide samples
were purified by reverse-phase HPLC, and the identity of the final
product was verified by electrospray-ionization mass spectroscopy.

For samples used in the infrared experiments, the residual TFA from
peptide synthesis, whose absorbance at 1672 cm-1 overlaps with the
peptide amide I′ band, was removed by lyophilization against 0.1 M
DCl. For both equilibrium and time-resolved IR experiments, the peptide
was dissolved directly in 50 mM D2O phosphate buffer solution (pH*
7, uncorrected pH meter reading) and the final concentration was∼3
mM.

Equilibrium Infrared Measurements. FTIR spectra were collected
on a Nicolet Magna-IR 860 spectrometer using 2 cm-1 resolution. A
split sample cell with 52µm Teflon spacer and Ca2F windows was
employed to allow the separate measurements of the sample and
reference (D2O phosphate buffer) under identical conditions. Temper-
ature regulation was controlled by a water bath (Haake K30) with(0.2
°C precision. In addition, to correct for slow instrument drift, a
computer-controlled translation stage was used to move both sample
and reference sides in and out of the IR beam alternately, and each
time a spectrum corresponding to an average of eight scans was
collected. The final result was usually an average of 32 such spectra,
both for the sample and the reference.

Time-Resolved T-Jump Infrared Measurements.The detail of
the laser-induced T-jump19 infrared setup has been described previ-
ously.12,20 Briefly, the 1.9µm and 10 mJ T-jump pulse (3 ns and 10
Hz) was generated via Raman-shifting the Nd:YAG fundamental, 1064
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nm (Coherent Infinity), in a mixture of H2 and Ar pressurized to 750
psi. A T-jump of 10-15 °C can be obtained routinely in an
approximately 40 nL laser interaction volume (1-mm spot size× 0.05-
mm path length). To minimize nonuniform heating and thermal lensing
effects, a flat-top laser mode and a smaller probe (∼150 µm) were
used. The magnitude of the T-jump was calibrated using the D2O
absorbance change at the corresponding probing frequency according
to a look-up table. A CW lead salts infrared diode laser (Laser
Components) served as the probe, which is tunable from 1550 to 1800
cm-1. Transient absorbance changes of the probe induced by the T-jump
pulses were detected by a 50 MHz MCT detector (Kolmar Technolo-
gies). Digitization of the signal was accomplished by a Tektronix TDS
3052 digital oscilloscope. As in the static FTIR measurements, a sample
cell with dual compartments was used to allow the separate measure-
ments of the sample and reference (D2O phosphate buffer) under
identical conditions. The D2O measurements provide the information
for both T-jump calibration and background subtraction. The D2O IR
absorption spectrum is temperature-dependent near the amide I′ region,
and thus quantitative subtraction of the reference signal at each
temperature is essential.

Equilibrium and Time-Resolved Fluorescence Measurements.
Steady-state fluorescence spectra of peptide1 (∼10µM) were collected
on a Fluorolog 3 spectrofluorometer (Jobin Yvon-Spex, Edison, NJ)
with λex ) 295 nm and a spectral resolution of 1 nm. Sample
temperature was controlled by a water-jacketed sample holder and a
water bath (Neslab RTE-140) and measured with a thermocouple that
is in direct contact with the sample holder. Fluorescence decay curves
were measured by a time-correlated single photon counting system that
has been described in detail previously.21 Briefly, the peptide sample
(∼50 µM) was excited by a train of 15-ps laser pulses centered at 295
nm, which were generated from a cavity-dumped dye laser that was
synchronously pumped by the second harmonic output of a mode locked
Nd:YAG laser (Coherent Antares-76). The fluorescence emission was
first passed through a 300-nm long pass filter and then a subtractive
double monochromator. The emission at 350 nm was detected by a
microchannel plate photomultiplier (Hamamatsu R3809U). The full
width at half-maximum of the instrument response function was∼35
ps. Fluorescence magic angle and anisotropic decays were analyzed
by a nonlinear least-squares deconvolution procedure.

Results and Discussion

Peptide1 was synthesized based on aâ-hairpin sequence
originally described by Jime´nez et al.11 It has been shown by
NMR analysis11,14 that this peptide folds into aâ-hairpin
conformation in aqueous solution with a common type turn
involving residues Asn6, Pro7, Asp8, and Gly9 and has a
â-hairpin population of 59( 14% at 5 °C and pH 5.5, as
estimated by theδ-values of CRH protons and13CR and 13Câ

carbons.11 Similar to otherâ-hairpins, theâ-structure formed
by peptide1 is stabilized by a number of forces, in addition to
the interstrand hydrogen bonds. For example, NOEs were
observed22 between side chains of Trp11-Ile5-Val13 in one face
and Tyr4-Thr12-Thr14 in the other face, indicating that hydro-
phobic interactions contribute to the stability of the folded
conformation. In addition, the favorable electrostatic interaction
between the positively charged N-terminus and the negatively

charged C-terminus should also increase the stability of the
â-hairpin structure. Indeed, we found that the capped derivative
of peptide1, i.e., Ac-SESYINPDGTWTVTE-NH2, has less
â-hairpin population compared with the uncapped sequence
under the same condition (unpublished results), in agreement
with other studies.11,23Furthermore, because of the terminal Glu
and Ser residues, this peptide was found to be quite soluble in
aqueous solution, and importantly, no detectable aggregates were
found at the concentration (e.g., a few mM) used in the IR
studies.

FTIR spectra of peptide1 in the amide I′ (amide I of peptides
in D2O) region were collected between 3.0 and 72.6°C in 5.8
°C steps. Three representative spectra are shown (Figure 1a).
As indicated by the FTIR difference spectra (Figure 1b), the
amide I′ band loses intensity as temperature increases, with the
concurrent formation of a new spectral feature at higher
wavenumbers. The negative-going features in the FTIR differ-
ence spectra, centered around 1632 and 1681 cm-1, are
characteristic ofâ-sheet structures.16 These bands arise from
the interstrand transition dipole couplings among amide carbo-
nyls and are indicators ofâ-sheet conformation. Thus, losing
intensity in these bands indicates that theâ-hairpin population
decreases with increasing temperature. Further analysis of these
temperature-dependent amide I′ bands using either Noda’s two-

(19) (a) Turner, D. H.; Flynn, G. W.; Sutin, N.; Beitz, J. V.J. Am. Chem. Soc.
1972, 94, 1554-1559. (b) Dyer, R. B.; Callender, R. H.; Paige, K.;
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J.; Reiner, C.; Gruebele, M.ReV. Sci. Instrum.1996, 67, 3694-3699. (d)
Yamamoto, K.; Mizutani, Y.; Kitagawa, T.Biophys. J.2000, 79, 485-
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R. M. Proc. Natl. Acad. Sci. U.S.A.1997, 94, 7937-7941.

(22) Jiménez, M. A. Personal communication. (23) Tsai, J.; Levitt, M.Biophys. Chem.2002, 101-102, 187-201.

Figure 1. (a) Representative equilibrium FTIR spectra of peptide1 in D2O
phosphate buffer solution (pH* 7) measured at 3.0, 32.0, and 61.0°C,
respectively. The equilibrium FTIR spectra were found to be fully reversible
as a function of temperature, indicating that no peptide aggregation occurs
at the concentration used and to the highest temperature, 72.6°C. (b)
Difference FTIR spectra that were generated by subtracting the spectrum
collected at 3.0°C from those collected at 32.0 and 61.0°C, respectively.
The small negative-going peak around 1681 cm-1 is a characteristic feature
of â-sheet conformation.
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dimensional correlation method24 or Fourier Self-deconvolution
(FSD)25 revealed two more overlapping spectral components
centered around 1645 and 1664 cm-1, respectively (Supporting
Information). On the basis of empirical rules, the 1645 cm-1

component can be assigned to disorder conformations, whereas
the 1664 cm-1 component is typically associated with turn or
loop structures.26 Interestingly, however, the intensity of the
1664 cm-1 band increases with increasing temperature, sug-
gesting that the unfolded state contains residual loop or turn
structures and still remains to some extent as a compact
conformation. This result is consistent with the conclusions of
a number of recent studies concerning the structure of denatured
protein states,27,28and one of them even suggests that the mean
unfolded structure resembles the folded geometry.28

As shown in many studies, the high-wavenumber component
of antiparallel â-sheets, at∼1681 cm-1, is due largely to
interstrand transition dipole couplings among amide CdO
groups.16 Therefore, its integrated area should be proportional
to the foldedâ-structure population and can be used to monitor
conformational transitions. Additionally, this high-wavenumber
band of antiparallelâ-sheets is relatively narrow (∼8-10 cm-1).
If no other spectral features in the vicinity of this band have
such narrow bandwidth (in the current case), it is possible to
quantitatively decouple this high-wavenumber component from
its parent amide I′ profile using a fitting technique that involves
a single band, such as a Gaussian, and a nonlinear background.
However, its weak intensity prevents the accurate determination
of this component from directly fitting the amide I′ spectra,
particularly those obtained at high temperatures where the
â-hairpin population (in this case) is low. Instead, we seek to
use the difference spectra where the spectral changes are
amplified. As shown (Figure 2), the difference spectra in the
high-wavenumber component region, which were generated by
subtracting the spectrum collected at 3.0°C from spectra
collected at higher temperatures, show well-defined shapes that
can be modeled by an inverse Gaussian plus a monotonic, but
nonlinear baseline. It is easy to show (see below) that the
integrated area of the Gaussian derived from fitting the
difference spectrum generated between temperatureT and 3.0
°C is proportional to theâ-hairpin population difference between
these two temperatures. Thus, a series of difference spectra, all
referenced to the same temperatureTR (3.0 °C in the current
case), would allow us to determine the thermodynamic stability
of the â-sheet of interest, as discussed below.

For a given temperature,T, the â-hairpin population (or
concentration), [â], may be calculated according to Beer’s law:

Here,R is assumed to be a temperature-independent constant
whose exact value is determined together by the cross section
of the high-wavenumber component, the total concentration of

the sample, as well as the optical path length, andA(T) is the
integrated area of the high-wavenumber band. Accordingly, the
â-hairpin population difference between temperaturesT andTR

can be expressed as

For a two-state system with a total sample concentration of [C],
the following equation can be further derived

Therefore,

where F ) [C]/R is a temperature-independent constant and
Keq(T) is the equilibrium constant at temperatureT for folding.
Furthermore, other thermodynamic parameters may be deter-

(24) Noda, I.Appl. Spectrosc.1993, 47, 1329-1336.
(25) Kauppinen, J. K.; Moffatt, D. J.; Mantsch, H. H.; Cameron, D. G.Appl.

Spectrosc.1981, 35, 271-276.
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O.; Francoeur, R. W.Biochemistry1992, 31, 27-31.
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Protein Sci.2001, 10, 1056-1066.
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[â](T) ) RA(T) (1)

Figure 2. Difference FTIR spectra (O) in the high-wavenumber component
region (these curves have been offset for clarity). These spectra were
generated by subtracting the FTIR spectrum collected at 3.0°C from those
collected at higher temperatures (T ) 3.0 + n*5.8 °C, n ) 1-12). Solid
lines are fits to a Gaussian function plus a monotonic, nonlinear baseline.
As an example, the baseline corresponding to the difference spectrum at
72.6°C is shown (+). As discussed in the text, the area of the Gaussian at
each temperatureT is proportional to theâ-hairpin population difference
betweenT and 3.0°C.

[â](T) - [â](TR) ) R[A(T) - A(TR)] ) R∆A(T) (2)

[â](T) - [â](TR) ) [C]( Keq(T)

1 + Keq(T)
-

Keq(TR)

1 + Keq(TR)) (3)

∆A(T) ) F( Keq(T)

1 + Keq(T)
-

Keq(TR)

1 + Keq(TR)) (4)

Stability and Folding Kinetics of 15-Residue â-Hairpin A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 50, 2003 15391



mined on the basis of the following relationships:29

whereTm ) ∆Hm/∆Sm is the thermal melting temperature and
∆Hm, ∆Sm, and∆Cp are the enthalpy, entropy, and heat capacity
changes of the folding transition, respectively. Together, eqs
4-6 allow us to determine the thermodynamic properties of an
apparent two-state transition of aâ-sheet from its high-
wavenumber amide I′ component.

For peptide1, we fit its difference spectra in the high-
wavenumber component region to a Gaussian function plus a
monotonic, nonlinear background. As shown (Figure 2), the
quality of the fits is excellent. This indicates that the temper-
ature-induced change to the high-wavenumber component can
indeed be modeled approximately by a Gaussian function.
Subsequently, the temperature dependence of the integrated
areas of these Gaussians was modeled by eqs 4-6 with four
adjusting parameters, i.e.,F, ∆Hm, ∆Sm, and∆Cp. The best fit
(Figure 3) yields the following thermodynamic parameters for
folding: Tm ) 29.1 °C, ∆Hm ) -6.65 kcal mol-1, ∆Sm )
-22.0 cal mol-1 K-1, and∆Cp ≈ 0. These values are in good
agreement with those obtained by Jime´nez et al., who deter-
mined the stability of peptide1 using NMR spectrscopy.11 To
further verify the validity of the current IR analysis, we
compared the kinetic amplitude obtained from the T-jump
experiment (see below) with the calculatedâ-hairpin population
difference between the same initial and final temperatures. As
shown (Supporting Information), the agreement is considerably
good. We note, however, that the assumption used in the current
analysis that the shape of the high-frequency component is
temperature-independent is not vigorously valid. If the high-

frequency band ofâ-sheets exhibits strong temperature-induced
shifting and broadening or its absorption cross section is strongly
temperature-dependent, then application of the current method
will result in large uncertainties. For comparison, we have also
used absorbance changes at individual frequencies to analyze
the thermal unfolding process. Although these data show clearly
a broad but cooperative unfolding transition, they gave rise to
very different thermal melting temperatures, indicating that it
is not reliable to obtain unfolding thermodynamics from
absorbance changes at a single frequency.

As indicated (inset of Figure 3), the thermal folding-
unfolding transition of peptide1 extends over a broad temper-
ature range with a width of∼100°C, as estimated by the method
of Klimov and Thirumalai.10 This low transition cooperativity
is the result of the relatively small enthalpic change upon
folding/unfolding, a characteristic feature of small systems.
However, more or less cooperative folding-unfolding transitions
have been observed for otherâ-hairpin systems. For example,
a series of smallâ-hairpins, named Trpzips, which were
designed by Cochran et al.,30 show strong cooperative folding-
unfolding transitions, whereas Ansari and co-workers31 have
shown that two 20-residue, three-strandedâ-sheets undergo a
“continuous” transition with no significant free-energy barrier
separating the “folded” and “unfolded” conformations.

Interestingly, the heat capacity change upon unfolding of this
â-hairpin is very small, suggesting that the foldedâ-hairpin
structure does not have a well-packed hydrophobic cluster. This
is in contrast to the unfolding of the Trpzips,30 which exhibits
a relatively large heat capacity change (∼300 cal K-1 mol-1),
due presumably to the disruption of a tight hydrophobic cluster
formed among four Trp side chains. As also suggested by
Jiménez et al., the null heat capacity change associated with
the unfolding of peptide1 may indicate that in this case the
hydrophobic contribution to theâ-hairpin stability is small,
whereas the two electrostatic interactions between the oppositely
charged termini as well as between Asn6 side-chain amide and
Asp8 side-chain carboxylate are strongly stabilizing.11

To further verify this finding (i.e.,∆Cp ≈ 0.), we measured
the fluorescence properties of the single Trp residue (Supporting
Information). Because of its sensitivity to the environment, Trp
fluorescence has been extensively used in conformational
studies.15 As shown (Figure 3 in the Supporting Information),
the fluorescence emission spectrum of peptide1 peaks at∼344
nm at 2°C, suggesting that the Trp side chain is largely exposed.
However, increasing the temperature to 68°C causes a further
red-shift of the emission spectrum and also a decrease in its
intensity. These results clearly indicate that although the Trp
residue is involved in hydrophobic interactions with other side
chains as evidenced by further red-shift of the emission
maximum upon thermal unfolding, the hydrophobic cluster of
this â-hairpin is not tightly packed. In proteins, a totally buried
Trp residue normally produces an emission spectrum withλmax

< 330 nm.32 Furthermore, a time-resolved fluorescence aniso-
tropic study reveals that the Trp side chain samples a large solid
angle (∼33°), which is also consistent with the picture that the
hydrophobic cluster in this case is only loosely packed, and

(29) Becktel, W. J.; Schellman, J. A.Biopolymers1987, 26, 1859-1877.

(30) Cochran A. G.; Skelton, N. J.; Starovasnik, M. A.Proc. Natl. Acad. Sci.
U.S.A.2001, 98, 5578-5583.

(31) Kuznetsov, S. V.; Hilario, J.; Keiderling, T. A.; Ansari, A.Biochemistry
2003, 42, 4321-4332.

(32) Vivian, J. T.; Callis, P. R.Biophys. J.2001, 80, 2093-2109.

Figure 3. Integrated areas of the Gaussians obtained from Figure 2 (O).
Fitting these data to eqs 4-6 (solid line) yields the following thermodynamic
parameters for folding:Tm ) 29.1°C, ∆Hm ) -6.65 kcal mol-1, ∆Sm )
-22.0 cal mol-1 K-1, and∆Cp ≈ 0. The inset is the temperature dependence
of the percentage of theâ-hairpin population.

Keq ) exp(-∆G/RT) (5)

∆G ) ∆Hm + ∆Cp(T - Tm) - T[∆Sm + ∆Cp ln(T/Tm)] (6)
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therefore, the heat capacity change between the folded and
unfolded states is small.

The T-jump-induced relaxation kinetics were monitored by
infrared spectroscopy.12,20 The relaxation kinetics following a
T-jump (Figure 4) show two well-separated phases that can be
described by a biexponential function. The small fast phase rises
instantaneously and was attributed to nonconformational spectral
changes, such as temperature-induced spectral shift. Imperfect
subtraction of the T-jump-induced D2O absorbance change may
also contribute to this component. The slow phase is well
resolved for final temperatures below 45°C. We attribute this
component to the folding-unfolding process of theâ-hairpin
conformation. This assignment is consistent with the results of
Muñoz et al. and also a number of theoretical studies.2,8,9 The
fact that peptide1 exhibits first-order folding-unfolding kinetics
as well as two-state thermodynamics suggests that the rate-
limiting step in its folding is the result of a free-energy barrier
separating the folded from the unfolded states. It is worthy of
noting, however, that a barrierless or downhill diffusional
relaxation can also give rise to exponential kinetics.33

The folding and unfolding rate constants were further
calculated from the observed relaxation rate constants based on
a two-state model34 and the equilibrium constants obtained above
(Figure 3). The results indicate that both folding and unfolding
processes encounter a positive activation energy (Figure 5).
However, these apparent activation energies may not represent
entirely the intrinsic energetic barriers associated with the folding
and unfolding transitions because solvent molecules can also
have a substantial influence over the rate of barrier crossing.35

In fact, Hofrichter and co-workers have shown that forâ-hairpin
folding-unfolding transition, its rate depends inversely on
viscosity.36 Consequently, this viscosity dependence would result
in an additional activation energy,Ea. To reveal the intrinsic
energetic barriers associated with the folding and unfolding of

peptide1, we fit the temperature-dependent rate constants of
both folding and unfolding simultaneously using the following
Arrhenius equations

where∆Hq is the enthalpy of activation,A is a constant, andEa

is the activation energy due to solvent viscosity. During the fit,
we also used the following constrain for∆Hq:

where∆Heq is the equilibrium enthalpic change. In addition,
we have takenEa ) 4.5 kcal mol-1 for D2O, as suggested by a
previous study.20 The best fit of the temperature dependence of
the folding and unfolding rate constants yields a folding
activation enthalpy of∼2.0 kcal/mol (Figure 5), indicating that
â-hairpin formation encounters a very small energetic barrier.
This is in agreement with results from other studies. It is worthy
of noting, however, that the recovered prefactor,A, contains
contribution from activation entropy (∆Sq). Although it has been
actively pursued, an accurate determination of this prefactor in
transition-state folding models has not been realized.37

Peptide1 folds into theâ-hairpin conformation at an amazing
fast rate. At 300 K, the folding rate is determined to be
approximately 1/(0.8µs), which is only 2 to 3 times slower
than the rate of individual helix formation12,20,38but roughly 7
to 8 times faster than the folding rate of the 16-residueâ-hairpin
derived from the GB1 protein.2,8 The question to ask then is(33) Hagen, S. J.Proteins: Struct., Funct., Genet.2003, 50, 1-4.

(34) For a two-state relaxation process,kobs ) kf + ku, Keq ) kf/ku.
(35) Klimov, D. K.; Thirumalai, D.Phys. ReV. Lett. 1997, 79, 317-320.
(36) Jas, G. S.; Eaton, W. A.; Hofrichter J.J. Phys. Chem. B2001, 105, 261-

272.

(37) (a) Yang, W. Y.; Gruebele, M.Nature2003, 423, 193-197. (b) Zhu, Y.;
Alonso, D. O. V.; Maki, K.; Huang, C. Y.; Lahr, S. J.; Daggett, V.; Roder,
H.; DeGrado, W. F.; Gai, F.Proc. Natl. Acad. Sci. U.S.A., in press.

Figure 4. A representative relaxation kinetic trace corresponding to a
T-jump from 20.1 to 31.6°C. The probing frequency was 1634 cm-1. The
solid line is the fit to the following function, OD(t) ) A[1 - B* exp(-t/
τ)], with A ) -0.003, B ) 0.79, andτ ) 313 ns, convolved with the
instrument response function that was determined by fitting the rise time
of the buffer temperature.

Figure 5. (a) Arrhenius plots of the observed (O), folding (b), and
unfolding (2) rate constants. Lines are the results of simultaneously fitting
the folding and unfolding rate constants to eqs 7 and 8 with constraints
presented in eq 9. The best fits yield the following thermodynamic
parameters of activation: (1) for folding,∆Hq ) 2.0 kcal mol-1 and (2)
for unfolding,∆Hq ) 8.7 kcal mol-1. The extrapolated folding time at 300
K is ∼0.76 µs.

ln(kf) ) ln(Af) -
∆Hf

q + Ea

RT
(7)

ln(ku) ) ln(Au) -
∆Hu

q + Ea

RT
(8)

∆Hf
q - ∆Hu

q ) ∆Heq (9)

Stability and Folding Kinetics of 15-Residue â-Hairpin A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 50, 2003 15393



why this â-hairpin folds so quickly. We tentatively attribute
the fast folding of peptide1 to its loosely packed structure. As
indicated by NMR studies, theâ-hairpin structure of peptide1
contains a common type turn that involves residues Asn6, Pro7,
Asp8, and Gly9 with a hydrogen bond formed between the
carbonyl oxygen of Asn6 and the amide hydrogen of Gly9. It
is known that a common type turn cannot connect a tightly
packedâ-hairpin structure.39 Also consistent with this picture
is the red-shifted Trp emission maximum as well as its flexible
side chain.

On the basis of their theoretical folding studies on the
â-hairpin derived from the GB1 protein, Klimov and Thiru-
malai10 have concluded thatâ-hairpin formation involves three
time scales. On the collapse time scale, compact structures with
the hydrophobic cluster form. Subsequently, interstrand hydro-
gen bonds form. Last, the completeâ-hairpin structure is formed
by assembling the remaining interstrand native contacts, which
is the rate-limiting step. A similar conclusion has also been
reached by Dinner et al.9 Therefore, we hypothesize that a
loosely packedâ-hairpin would fold faster than those having
tighter structures. To verify this assumption, we have measured
the folding rate of one of the Trpzips, i.e., Trpzip4, which
consists of 16 residues and is known to form a tightly packed
â-hairpin conformation with a degree of structural definition
exceeding that of the average protein domain.30 As expected,
Trpzip4 folds in approximately 13µs at 300 K (data not shown),
which is indeed approximately 17 times longer than the folding
time of peptide1. Together, these results suggest that the details
of packing side chains of residues involved in the native contacts
play an important role in determining the rate ofâ-hairpin
formation or protein folding in general. We noticed that
Davidson and co-workers have reached a similar conclusion
through the folding study of the SH3 domain.40 A recent
simulation study by Zhou and Linhananta41 also suggests that
atomic packing and native contact interactions play a dominant
role in the folding mechanism ofâ-hairpins.

Moreover, the small enthalpic (and possibly free-energy)
barrier observed for folding of peptide1 as well as other
â-hairpins also indicates that folding free-energy barrier is
dominated by entropic contribution. This is again consistent with
the picture that the search for native structures within an
ensemble of collapsed conformations dominates the rate of
â-hairpin formation.9,10A recent study by Dyer and co-workers42

on the folding kinetics43 of a series of cyclicâ-hairpin peptides
also supports such a folding mechanism.

It is worthy of noting that other factors may also strongly
affect the rate ofâ-hairpin folding. For example, Klimov and

Thirumalai10 have suggested that the rigidity of the turn as well
as the position of the hydrophobic cluster can play an important
role in determining the rate ofâ-hairpin formation. Therefore,
the relative closeness of the hydrophobic residues to the turn
in peptide1 may also contribute to the observed fast folding
rate. A similar conclusion may be also drawn according to the
statistical model of Mun˜oz et al.,8 which predicts that moving
the hydrophobic cluster one residue closer to the turn will speed
up the folding rate by 4 times.

While a number of models3,7-10,44-46 have been proposed to
explain the folding mechanism ofâ-hairpins, they involve two
fundamentally different mechanisms in which the formation of
the hydrophobic cluster either precedes3,9,10,44,46or follows7,8

the formation of the interstrand hydrogen bonds. Our results
seem to be consistent with the hydrophobic collapse model
although more detailed studies need to be carried out before
any final conclusions can be reached. Nevertheless, the fast
folding of peptide1, when compared with the folding of other
miniproteins of similar size,2 suggests that the atomic packing
is one of the important determinants that govern the rate of
â-hairpin formation.

Conclusion

We demonstrated that the high-wavenumber amide I′ com-
ponent ofâ-sheet structures at around 1680 cm-1 could be used
to determine their thermodynamic stabilities. Using this method,
we studied the folding thermodynamics of a 15-residueâ-hairpin
(i.e., peptide1). The results indicate that peptide1 undergoes a
fairly broad thermal unfolding transition that can be described
by a two-state model with aTm of 29°C. The folding-unfolding
kinetics of peptide1 were further studied by T-jump IR
technique. Surprisingly, we found that peptide1 folds at an
amazing fast rate. At 300 K, the folding rate of peptide1 is
approximately 1/(0.8µs), which is only 2 to 3 times slower
than the rate of helix formation. On the basis of the results of
this and other studies, we have tentatively attributed the fast
folding of peptide1 to its loosely packedâ-hairpin structure.
Consistent with several computational studies, this result also
indicates that the details of native contacts play a dominant role
in the rate ofâ-hairpin folding.
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