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ABSTRACT: Understanding the folding of the β-hairpin is a
crucial step in studying how β-rich proteins fold. We have studied
CLN025, an optimized ten residue synthetic peptide, which adopts
a compact, well-structured β-hairpin conformation. Formation of
the component β-sheet and β-turn structures of CLN025 was
probed independently using a combination of equilibrium Fourier
transform infrared spectroscopy and laser-induced temperature
jump coupled with time-resolved infrared and fluorescence
spectroscopies. We find that CLN025 is an ultrafast folder due to
its small free energy barrier to folding and that it exceeds the predicted speed limit for β-hairpin formation by an order of
magnitude. We also find that the folding mechanism cannot be described by a simple two-state model, but rather is a
heterogeneous process involving two independent parallel processes. Formation of stabilizing cross-strand hydrophobic
interactions and turn alignment occur competitively, with relaxation lifetimes of 82 ± 10 and 124 ± 10 ns, respectively, at the
highest probed temperature. The ultrafast and heterogeneous folding kinetics observed for CLN025 provide evidence for folding
on a nearly barrierless free energy landscape, and recalibrate the speed limit for the formation of a β-hairpin.

■ INTRODUCTION
Small single-domain peptides that fold quickly provide
experimental models that are useful for studying the
fundamental principles of protein folding.1,2 Peptide models
of both α-helix and β-sheet have provided important insight
about the stability and dynamics of these secondary structures.
Extensive studies of model α-helical peptides show that the rate
of formation of the α-helix is fast, with a characteristic lifetime
on the sub-microsecond time scale.3−5 Similar studies on model
β-hairpin peptides reveal slower folding rates that span a wide
range.6−8 These differences can be understood in terms of the
speed limit for the formation of each secondary structural
element, a concept that emerges from the free energy landscape
theory of protein folding. The speed limit for folding is a
consequence of folding on a smooth, funneled free energy
landscape with a minimal free energy barrier to folding.9 Eaton
introduced the important concept of a speed limit for β-hairpin
formation based on the minimum chain collapse time to form
stabilizing cross-strand interactions (between residues that are
far apart in sequence), whereas the rate of helix formation is
limited by the helix nucleation time, determined by local
interactions. Therefore, the speed limit for β-hairpin formation
is estimated to be ∼106 s−1, approximately 10-fold slower than
the speed limit of α-helix formation.10 These ideas have been
difficult to test experimentally. Proteins often exhibit two-state
folding behavior, meaning they fold on an energy landscape
with a single dominant energy barrier. Two-state folders exhibit
simple single-exponential kinetics, representing population flow
over the barrier, without providing any microscopic insight into
the reaction progress. The same rate is observed regardless of
the structural probe employed. But folding in the absence of a

barrier should occur at the speed limit, and in this case it should
be possible to observe the progressive development of the
folded structure directly, revealing the complexity and
heterogeneity of the process. Thus, a defining characteristic
of folding at or near the speed limit should be non-two-state
folding behavior.
The β-hairpin is the simplest β-sheet structural motif, and it

is often found in larger β-sheets in globular proteins. It is
possible to form soluble and stable β-hairpins from isolated
short peptides,11 supporting the idea that they may act as
nucleation sites for folding more complex β-sheet structures.
Small fast-folding model β-hairpins are ideal candidates for
protein folding studies of β-proteins, because the folding
dynamics of these systems occur on a time scale where
experiment and all-atom molecular dynamic simulations
overlap with each other. Previously, we have measured
relaxation kinetics of model β-hairpins using laser-induced
temperature jump (T-jump) and time-resolved infrared (IR)
and fluorescence spectroscopy.12,13 Similar methods have been
used by a number of groups to study the folding of β-hairpins.
Using fluorescence T-jump, Yang et al. reported wavelength-
dependent relaxation lifetimes of trpzip2 on the microsecond
time scale.14 Xu et al. studied folding kinetics of a 15-residue β-
hairpin that folds within 800 ns at 300 K.15 Our results for a
series of cyclic β-hairpin analogues of Gramidicin S exhibited
relaxation lifetimes (τ ≈ 100 ns) independent of chain length,
much faster than those reported for linear β-hairpins.12 These
results suggest that the folding rates of β-hairpins are not
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uniform, but rather are dependent on many factors, particularly
the specific type of turn structure and the rate of chain collapse.
The CLN025 β-hairpin (YYDPETGTWY, Figure 1) is a

good model system for further investigation of β-hairpin folding

dynamics, because its stability and small size are ideal for
ultrafast folding experiments. CLN025 is a member of the
designed Chignolin family of peptides. The parent Chignolin is
a 10-residue β-hairpin derived from the 16-residue β-hairpin G-
peptide.17 The internal eight residues of Chignolin were
statistically optimized to form a stable β-hairpin using a
databank of over 10 000 peptide sequences.18 The terminal
residues of Chignolin were further optimized to design
CLN025.16 Computational studies on Chignolin and
CLN025 have predicted folding lifetimes of hundreds of
nanoseconds,19,20 the same time scale as the fastest previously
reported β-hairpins. Computational studies have not agreed on
the folding mechanism of Chignolin with one study reporting
the turn forming first21 and another reporting hydrophobic
collapse as the first step.22 MD simulations of CLN025 folding
by Lindorff-Larsen et al. predict hairpin formation along
multiple folding pathways.20 These predictions for Chignolin
and CLN025 mirror the general state of understanding of β-
hairpin formation. Two different models have been proposed,
one initiated by hydrophobic and the other by hydrogen
bonding interactions.23 In the first model, the turn zipper
mechanism postulated by Muñoz et al., folding is initiated in
the turn region and zipped from the turn to the end.3,24,25

Dinner et al. proposed an alternative model, the hydrophobic
collapse mechanism, which predicts hydrophobic collapse prior
to formation of hydrogen bonds and the hairpin.6−8

We have studied the dynamics of β-turn formation and
hydrogen bond propagation in CLN025 using T-jump, time-
resolved IR spectroscopy. Pulsed laser excitation was used to
rapidly initiate a shift in the folding equilibrium. The relaxation
dynamics of CLN025 were measured by independently probing
the amide I components assigned to turn formation and β-sheet
formation. The IR studies were complemented by fluorescence
T-jump experiments that probe tryptophan (Trp) side-chain

dynamics.26 We find that CLN025 folds much faster than any
previously studied linear β-hairpin, consistent with the time
scale predicted by computations.19,20 We find that CLN025 has
a small free energy barrier to folding and the observed folding
rate exceeds the predicted speed limit, likely because chain
collapse is not rate limiting in this case. Instead of a dominant
pathway involving either turn formation or hydrophobic
collapse as a rate limiting step, we observe heterogeneous
folding rates that depend on the specific structural probe. Using
multiple spectroscopic probes we observe formation of
stabilizing cross-strand hydrophobic interactions and turn
formation occurring in parallel but on slightly different time
scales. The ultrafast and heterogeneous folding kinetics provide
evidence for folding at the speed limit on a nearly barrierless
free energy landscape.

■ EXPERIMENTAL SECTION
Protein Synthesis and Purification. The CLN025 peptide,

YYDPETGTWY,16 was synthesized via standard 9-fluornylmethox-
ycarbonyl (Fmoc)-based solid-phase chemistry. Fmoc-Tyr(tBu)-PEG-
PS resin was used to form a free C-terminus. The peptide was purified
by reverse-phase high-pressure chromatography. HCl was used as the
counterion to reduce the residual TFA concentration since TFA can
interfere with Amide-I IR measurements at 1672 cm−1. The identity of
the peptide was confirmed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry. The peptide was
lyophilized and dissolved in D2O to allow deuterium−hydrogen
exchange of the amide protons. The peptide was lyophilized a second
time and resuspended in a filtered D2O buffer with 20 mM potassium
phosphate and 150 mM sodium chloride at pH 7.0. Sample
concentrations of 0.5−6 mM were prepared for both IR and
fluorescence experiments.

Fourier Transform Infrared (FTIR) Spectroscopy. The
equilibrium melting behavior was monitored on a Varian Excalibur
3100 FTIR spectrometer (Varian Inc., Palo Alto, CA) using a
temperature-controlled IR cell. The IR cell consists of two CaF2
windows stacked and separated by a 100 μm Teflon spacer split into
two compartments, a sample and a reference. The same cells are used
for equilibrium FTIR and T-jump experiments. No aggregation was
observed (characteristic amide I′ bands indicative of aggregation were
not observed) at reported concentrations. All spectra shown at a
specific temperature are constructed by subtracting the spectrum of
reference buffer solution without protein from sample solution with
protein. The temperature-dependent difference spectra were then
generated by subtracting the spectrum at 5 °C from the spectra at
higher temperatures. The temperature-dependent difference spectra
were baseline corrected in the amide I′ region from 1500 to 1750 cm−1

using a linear baseline to account for the baseline differences caused by
slight differences in H2O concentration. The second derivative spectra
were computed in IGOR PRO (WaveMetrics, Lake Oswego, OR).
The reported spectra are not smoothed and have a signal-to-noise level
greater than 10:1. Comparison to the second derivative spectrum of
water vapor indicates the protein spectra are free from water vapor
artifacts (Figure S3).

Time-Resolved Temperature Jump Relaxation Measure-
ments. The T-jump apparatus has been described previously.25

Pulsed laser excitation is used to rapidly perturb the folding
equilibrium on a time scale faster than the molecular dynamics of
interest. Time resolved IR or fluorescence is then used to probe the
reaction. A Q-switched DCR-4 Nd:YAG laser (Spectra Physics,
Mountainview, CA) fundamental at 1064 nm is Raman shifted (one
stokes shift in 200 psi H2 gas) to produce a 10 ns pulse at 2 μm. The
magnitude of the T-jump is calculated using the change in reference
absorbance with temperature. The T-jump reference is taken from the
6 mM sample at a frequency, 1680 cm−1, that is temperature
independent for the peptide based on the equilibrium FTIR studies.
Absorbance changes at the reference wavelength are only due to

Figure 1. Cartoon of the CLN025 crystal structure16 with tertiary
amide linkage in the turn (blue) highlighted with blue dashed line,
intermolecular hydrogen bonded carbonyl groups in the β-sheet (red)
highlighted by red dashed lines, and fluorescent tryptophan high-
lighted green.
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changes in D2O absorbance, which is used as an internal
thermometer.25

The change in signal induced by the T-jump is probed in real time
by a continuous laser with a wavelength either in the amide I′ band of
the IR or at 285 nm to excite Trp fluorescence. The mid-IR probe
beam is generated by a continuous wave quantum cascade laser
(Daylight Solutions Inc., San Diego, CA) with a tunable output range
of 1535−1695 cm−1. The transient transmission of the probe beam
through the sample is measured using a fast, 100 MHz, photovoltaic
MCT IR detector/preamplifier (Kolmar Technologies, Newburyport,
MA). Transient signals are digitized and signal averaged (5000 shots)
using a Tektronics digitizer (7612D, Beaverton, OR).
The fluorescence excited at 285 nm and collected from 320 to 370

nm is sensitive to changes in the tryptophan residue near the C-
terminus of the peptide. A Verdi V12 DPSS high-power continuous-
wave laser (Coherent, Santa Clara, CA) is used to pump a Mira 900
Ti:sapphire laser (Coherent) which produces a quasi-continuous beam
at 855 nm. The beam is then passed through a second and third
harmonic generator (Coherent) to produce the fluorescence probe
beam at 285 nm. The back-emitted fluorescence light induced by the
285 nm pump laser is measured through a 355 ± 15 nm band-pass
filter using a Hamamatsu R7518 photomultiplier tube (Hamamatsu
Photonics K.K., Hamamatsu City, Japan), digitized, and signal
averaged (10 000 shots) using a Tektronics digitizer (7612D,
Beaverton, OR). A 400 μM tryptophan (Trp) solution in D2O is
used as a reference to measure the magnitude of the T-jump and
determine the temperature dependence of the tryptophan signal.
Instrument control and data collection are controlled using a
LabVIEW computer program.
Analysis of Kinetics Data. A D2O reference is collected for each

sample measurement at each temperature. The relaxation lifetime of
the reference signal is the instrument response of the sample. In order
to minimize detector artifacts, the reference is scaled prior to
subtraction from the sample. This process leaves a small residual
signal from the instrument response. Due to the fast time scale,
accurate determination of the peptide relaxation kinetics requires a
deconvolution of the instrument response function from the observed
kinetics. Standard deconvolution methods were unable to accurately
deconvolve the instrument response from the relaxation kinetics
because of fast time scale artifacts in the data. Instead the instrument
response and peptide relaxation kinetics were fit to a biexponential
function given as

τ τ
= +

− −
+

− −⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟y A A

x x
A

x x( )
exp

( )
0 1

0

1
2

0

2 (1)

where A0 is an offset, A1 and A2 are preexponential factors, τ1 is the
instrument response, τ2 is the relaxation lifetime of the sample, and x is
the time. The data was fit to a biexponential function and the first
relaxation lifetime, corresponding to the instrument response, was
averaged over all temperatures to get a global instrument response
value. In a second set of fits to the biexponential function the first
relaxation lifetime was fixed to the global instrument response value,
20 ns for IR T-jumps and 50 ns for fluorescence T-jumps, both in
good agreement to the previously reported instrument response time
of ∼20 ns.27 The reported kinetics are from the second relaxation
lifetime in the biexponential function. All data was fit from 10−8 to 2 ×
10−6 s. The data analysis was performed in IGOR PRO (WaveMetrics,
Lake Oswego, OR).

■ RESULTS
Equilibrium FTIR Studies. The temperature-induced

unfolding of CLN025 was studied over the range from 5 to
85 °C in 5 °C intervals using FTIR spectroscopy to monitor the
amide I′ region. The amide I′ spectral region (amide I region of
peptides in D2O), composed of mostly CO stretching
vibrations of the polypeptide backbone carbonyls, is an
established indicator of secondary structure.28−30 The absorp-
tion spectra of the amide I′ region as a function of temperature

are shown in Figure 2 A. This relatively broad band contains
contributions from the entire polypeptide backbone, which in

the case of the β-hairpin is made up of contributions from the
β-sheet, the β-turn, or any random coil regions. The changes
with temperature are highlighted in the difference spectra for
each peptide, in Figure 2 B. The difference spectra are
generated by subtracting the lowest temperature spectrum from
each absorbance spectrum at higher temperature. Negative
peaks correspond to specific structures or interactions present
in the folded state; the strongest of these are the peaks at 1614
and 1629 cm−1. Positive peaks correspond to new interactions
with solvent in the unfolded state; the characteristic feature due
to the disordered polypeptide is a relatively broad peak, located
at 1660 cm−1.3,25,31 The broad nature of these peaks may
conceal some of the bands due to ordered structure. Spectral
interpretation was aided by taking the second derivative of the
FTIR spectra (Figure 2 C) to uncover otherwise indistinguish-
able features.
The analysis revealed five components of the amide I′ band

at 20 °C, centered near 1614, 1629, 1649, 1658, and 1678 cm−1

(Figure 2 C). The intensity of these features decreases with
increasing temperature, meaning these features are all
associated with the folded state. The Keiderling group
identified a characteristic peak at ∼1611 cm−1 in β-hairpins
with a proline in the turn, which they attributed to a tertiary
amide linkage between the proline and the side chain of a
neighboring amino acid.32 Similarly, we assign the peak at 1614
cm−1 to a tertiary amide linkage between the backbone of
glutamic acid and the side chain of aspartic acid in the turn
(Figure 1).18 Two peaks are observed for the β-sheet,
corresponding to the inter- and intramolecular hydrogen-
bonded carbonyl groups.12 The peak at 1629 cm−1 is assigned
to the inward directed carbonyl groups (Figure 1) and the peak
at 1678 cm−1 is assigned to the solvent-exposed carbonyl

Figure 2. Temperature-dependent FTIR spectra of 6 mM CLN025, in
20 mM potassium phosphate buffer (pH 7). (A) Absorbance spectra in
the Amide I′ region; the temperatures of the individual traces varies
from 5 to 85 °C from bottom to top in 5 °C intervals. (B) Baseline-
corrected difference spectra obtained by subtracting the spectrum at 5
°C from the spectra at higher temperatures. (C) Second-derivative
spectrum at 5 °C.
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groups. These assignments are supported by several pieces of
evidence.
The FTIR spectral amide I′ absorbance maximum at 1629

cm−1 agrees with the well-documented indicator of cross-strand
β-sheet interaction at 1634 cm−1.32 Most of the amide carbonyl
groups are located in the sheet portion of the hairpin: there are
six sheet carbonyls, four of which participate in intramolecular
hydrogen bonds and two in intermolecular hydrogen bonds to
water, as opposed to three carbonyls in the turn, involved in
one tertiary amide, one intramolecular and one intermolecular
hydrogen bond to water, respectively. The relative intensities of
the sheet and turn bands support these assignments if the
individual CO groups are assumed to act as local oscillators
and have similar oscillator strengths. The high frequency bands
at 1649, 1658, and 1678 cm−1 overlap with the broad positive
absorbance centered at 1660 cm−1 that grows in with increasing
temperature in the difference spectra. This broad random coil
peak is composed of carbonyl groups hydrogen bonded to
water, so solvent exposed carbonyls in the folded structure are
also expected to have similar frequency. The additional two
peaks at 1649 and 1658 cm−1 cannot be positively identified,
however, they most likely correspond to β-turn carbonyls with
different degrees of solvent exposure or interaction.32

The melting curve derived from the temperature dependent
IR absorbance at 1629 cm−1 is shown in Figure 3. To test

whether the peptide exhibits a simple two-state behavior, the
data are fit to an apparent two-state equilibrium model:
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where Ai and Af are the extrapolated absorbance values at the
two end points of the transition, Tm is the transition midpoint,
and ΔT represents the overall temperature range of the
transition. The Tm and ΔT values from the two-state model fit
are listed in Table 1. The melting temperature of the β-sheet,
70.9 ± 1.8 °C, agrees well with the previously reported melting
temperature obtained by circular dichroism, 69.9 °C.16 The
melt curve derived from other wavelengths agreed with the
melting temperature within error of the fit. The relatively sharp

transition (small ΔT) reveals that the melt is cooperative.12

Apparent thermodynamic parameters (assuming a two-state
model) derived from a van’t Hoff analysis (inset of Figure 3)
are also summarized in Table 1. A van‘t Hoff plot of the log of
the observed equilibrium constant versus 1/T should be linear.
The van’t Hoff analysis reveals a pre-transition below 35 °C,
showing that hairpin folding is not a simple two-state process.
The nonlinear behavior cannot be explained by a heat capacity
change upon unfolding. It is unlikely that such a small structure
would have a large difference in heat capacity between the
folded and unfolded states, however, if it did it would have a
parabolic dependence on temperature, which does not agree
with the observed line shape. Previous studies on Chignolin,
which is the parent of CLN025, reported a ΔCp ≈ 0.18

Thermodynamic parameters were obtained by treating the pre-
transition, below 35 °C, and transition, above 35 °C, as two
independent two-state processes. The enthalpy gain and
entropic cost for the higher temperature transition are nearly
double those of the lower temperature one. Both theoretical
and experimental studies have shown that vibrational spectros-
copy can be sensitive to solvent interaction with the peptide
backbone.33 Therefore we assign the low temperature
transition, with its relatively small enthalpic difference to a
subtle global change in solvent interaction. In contrast, the
higher temperature transition with a larger enthalpic change is
clearly due to the hairpin folding.

Temperature-Jump Relaxation Kinetics. The probe-
dependent relaxation kinetics of the folding/unfolding
transition following a laser-induced T-jump were probed
using time-resolved IR spectroscopy of the amide I′ frequency
for the tertiary amide of the turn (1619 cm−1) and the β-sheet
(1629 cm−1). Jumps in the turn region were performed slightly
off the peak center (1614 cm−1) to maximize the signal. Kinetic
experiments examined the dependence of the relaxation rates
on the final temperature following a T-jump. The magnitude of
the T-jump was kept constant while varying the final
temperature with all final temperatures below the melting
transition. Figure 4 shows the results for a T-jump from 40 to
55 °C probed by IR absorbance. The transients were fit to a
double exponential. The first relaxation lifetime for all jumps
corresponds to the solvent response, which occurs within the
instrument response time, and the second lifetime, which
decreases with increasing temperature, corresponds to the
relaxation lifetime of the specific peptide structure being
probed. The relaxation kinetics observed for the peptides are
reported in Table 2. At low final jump temperatures there is
little difference between the turn and β-sheet kinetics. As the
final jump temperatures increase, the turn relaxation lifetimes,
probed at 1619 cm−1, stabilize at 124 ± 10 ns. The β-sheet
lifetimes, probed at 1629 cm−1, continue to decrease
throughout the entire series of jumps with a relaxation lifetime
at the final jump temperature of 82 ± 10 ns significantly faster
than the relaxation lifetimes observed in the turn. The

Figure 3. FTIR melt curves for the CLN025 peptide obtained by
plotting the change in the baseline corrected IR difference spectra
intensity at the peak maximum of the β-sheet band at 1629 cm−1

versus temperature. The solid line is fit to a sigmoid (eq 1). Inset:
Van’t Hoff analysis using equilibrium constants generated from the
melt curve.

Table 1. CLN025 Thermodynamic Parameters of Folding

Tm (°C) ΔT (°C)
ΔHf

(kJ/mol)a
ΔSf

(J/mol·K)a

CLN025
<35 °C

70.9 ± 1.8 67.1 ± 4.1 −37.0 ± 1.5 −96.8 ± 5.1

CLN025
≥35 °C

70.9 ± 1.8 67.1 ± 4.1 −62.8 ± 1.3 −182.8 ± 3.9

aThermodynamic parameters are derived from a two-state model and
a van’t Hoff analysis.
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difference in the relaxation lifetimes observed in the turn and
the sheet is well outside the error in the measurements. Because
the final temperature of all jumps is at least 15 °C below the
melting temperature, the folding rate will dominate the
observed relaxation kinetics.
A second set of kinetics experiments with a series of similar

magnitude jumps were performed using time-resolved fluo-
rescence. There is a tryptophan located near the terminus of
the hairpin, so the tryptophan fluorescence intensity is sensitive
to changes in the β-sheet structure and hydrophobic packing of
the core of the hairpin (Figure 1). Figure 5 shows the results for
a T-jump from 15 to 25 °C probed by fluorescence emission.
Similar to the IR T-jumps, we observe an instrument limited
response component (due to the intrinsic temperature
dependence of the Trp fluorescence quantum efficiency) in
addition to the fluorescence relaxation kinetics (Table 2). As
expected, the fluorescence probed relaxation lifetimes are
similar to the IR probed relaxation lifetimes of the β-sheet.
Both fluorescence and IR probed jumps had a final jump

temperature below the melting transition, so the observed
kinetic rates are dominated by the folding rate. If the β-hairpin
followed two-state folding kinetics, an Arrhenius plot (Figure
6) of the natural log of the measured rate constants versus 1/T
should be linear for the case where there is no heat capacity
change upon folding. The Arrhenius plot shows three distinct
regions separated by temperature and probed region of the
peptide. The kinetics observed for the fluorescence or the IR
probed at 1629 cm−1 is sensitive to changes in the sheet,
whereas the kinetics probed by IR at 1619 cm−1 is sensitive to
changes in the turn. The break in temperature occurs at 35 °C,

the same break that was observed in the equilibrium van’t Hoff
analysis. The observed activation energy in this region is the
same for all fluorescence and IR probed kinetics. This supports
the conclusion from the van’t Hoff analysis that there is a global
change that affects both the turn and β-sheet at lower
temperatures, since both the turn and β-sheet experience the
same activation energy. Above 35 °C the Arrhenius plot shows
different behavior depending on the region of the peptide that
is probed. The β-sheet region exhibits faster kinetic rates and a
small apparent activation energy. The turn region shows a

Figure 4. Representative T-jump relaxation kinetics monitored in the
amide I′ spectral region at 1619 (blue) and 1629 cm−1 (red) following
a T-jump from 40 to 55 °C. A double exponential fit (dashed line) is
overlaid on each kinetics trace. The amplitudes are normalized to the
1629 cm−1 amplitude at long time (4 μs) to aid comparison of the
relaxation times.

Table 2. Relaxation Kinetics for CLN025

τr (ns) τr (ns)

IR T-jump, ΔT = Ti − Tf (°C) ν = 1619 cm−1 ν = 1629 cm−1
fluorescence T-jump, ΔT = Ti − Tf (°C) λem = 350 nm

5−20 256 ± 34 257 ± 30 10−20 261 ± 103
10−25 209 ± 23 173 ± 16 15−25 196 ± 44
15−30 158 ± 53 193 ± 44 20−30 131 ± 9
20−35 110 ± 8 107 ± 7 25−35 103 ± 8
25−40 111 ± 8 100 ± 8 30−40 95 ± 20
30−45 129 ± 14 98 ± 8 35−45 95 ± 92
35−50 124 ± 10 94 ± 8 40−50 91 ± 67
40−55 124 ± 10 82 ± 10

Figure 5. Representative fluorescence T-jump relaxation kinetics
excited at 285 nm and monitored at 350 nm following a jump from 15
to 25 °C. A double-exponential fit (dashed line) is overlaid on the
kinetic trace.

Figure 6. Arrhenius plot of relaxation kinetics below Tm. The values of
T used for the (1/T) axis are the final temperatures reached during the
jump (all below Tm). k is the relaxation rate obtained from a fit (see
text) of the T-jump transient fluorescenceor IR monitored at 1629 and
1619 cm−1. Lines are the result of fitting all data (solid line), IR 1629
cm−1 and fluorescence (dashed line), and IR 1619 cm−1 (dotted line).
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slower kinetic rate and an apparent activation energy near zero.
This analysis does not account for the temperature dependence
of the viscosity of the solution.

■ DISCUSSION
Simple peptide models are valuable as a basis for understanding
the fundamental processes of protein folding that lead to the
complex architecture of globular proteins. β-hairpins are the
simplest structural motif of a β-protein, and yet their folding
mechanism is not fully understood. Previous protein folding
studies predict β-hairpin formation to follow a turn zipper
mechanism or a hydrophobic collapse mechanism and to fold
with a speed limit that is significantly slower than that of α-
helix.3,23−25 We have studied these issues for the CLN025
peptide, an optimized β-hairpin structure with a unique
hydrophobic cluster at its terminus.
A van’t Hoff analysis is used to gain insight into the nature of

the thermally induced transition. Over the temperature range
from 5 to 85 °C we observe a global pre-transition at low
temperature. The enthalpy gain and entropic cost at higher
temperature are nearly double those at lower temperature. The
apparent thermodynamic parameters are similar to those found
previously for a 10-residue cyclic hairpin (ΔH° = −48.3 kJ
mol−1, ΔS° = −140.4 J mol−1 K−1).12 Making the assumption
that the thermodynamic parameters at higher temperature (but
still well below Tm) are the thermodynamic parameters of
folding, the entropy loss of folding of CLN025 is 30% greater
than that of a cyclic peptide. The cyclization study showed that
side chain motions dominate the entropy change in the
constrained peptide. CLN025 likely has a similar contribution
to ΔS from side-chain motions; however, we expect that there
is an additional small entropic contribution from the peptide
backbone motion since it is not fully constrained.
We used IR probes to study the relaxation kinetics of the

turn (1619 cm−1) and the sheet (1629 cm−1), and a
fluorescence probe to study relaxation kinetics of the
tryptophan side chain. Previously, this multiple-probe approach
was successfully used to probe the inter- and intramolecular
hydrogen bonds in the villin headpiece subdomain.34 We see a
break between low- and high-temperature regions, at the same
temperature as that observed in the van’t Hoff analysis. At low
temperatures we observe the same relaxation kinetics regardless
of time-resolved probe, supporting the conclusion that this
process is a global solvent rearrangement. At temperatures
above the discontinuity we observe two sets of relaxation
kinetics, depending on the region of the peptide that is probed.
The folding kinetics cannot be fit with a simple two-state
model. The relaxation lifetimes suggest that the β-sheet and
turn form in parallel with slightly different rates, the β-sheet
having a faster relaxation lifetime. Studies on type II′ β-turns
have shown that the rate is dominated by the folding of the turn
structure.12 Our results support this analysis, and extend the
observation to non-type II′ turns. The turn is found to have a
near zero apparent activation energy, consistent with the
ultrafast folding rate. Any remaining barrier to turn formation
must be small and mostly entropic, a consequence of the search
to find stabilizing contacts and the correct alignment of the
turn.
The T-jump relaxation kinetics observed for CLN025 are

three times faster than the fastest relaxation kinetics observed
for other linear β-hairpins.13,35 The observed relaxation rates
are 2 orders of magnitude faster than those observed for the β-
hairpin of protein G.36 The β-hairpin of protein G provided a

model for the derivation of CLN025.16−18 The statistical
optimization of the β-hairpin sequence appears to have greatly
accelerated the folding of the peptide. The relaxation kinetics of
CLN025 are on the same order as the relaxation kinetics of
cyclic peptides.12 In a cyclic β-hairpin the ends of the structure
are “pinned” together (covalently bonded), restricting the
accessible conformations in the unfolded state. This conforma-
tional restriction eliminates chain collapse as the rate-limiting
step. The interactions between aromatic and hydrophobic
groups at the termini of CLN025 may play a similar role and
serve to severely restrict conformation space and help to drive
folding by rapidly forming a collapsed structure. We postulate
that there are residual interactions between these hydrophobic
and π-stacking aromatics in the unfolded state that stabilize
collapsed conformations in which the termini are pinned
together, analogous to what is observed in cyclic hairpins,
leading to similar folding dynamics. This model also explains
why the folding rate exceeds the speed limit, because chain
collapse is not the rate-limiting step.
The low activation barrier to β-hairpin formation allows us to

observe subtle differences in the free energy landscape,
depending upon how the reaction is probed. An Arrhenius
plot of the different probe kinetics shows three distinct types of
behavior. The Arrhenius plot shows that there is a small
enthalpic barrier to β-sheet formation (9.6 ± 0.7 kJ/mol),
whereas the barrier is near zero for turn formation. We
emphasize that these are apparent barriers, because the
Arrhenius analysis does not account for the temperature
dependence of the viscosity of the solution. The apparent
enthalpic barrier to β-sheet formation is likely due to the
rearrangement of the hydrophobic interactions in the pre-
collapsed state of the β-sheet of the hairpin. Although the
activation energy is higher for the β-sheet than the turn, the
observed rates are still faster, which suggests that the entropic
barrier for turn formation is higher than for β-sheet formation.
Taken together, these results support a model in which residual
hydrophobic interactions at the terminus create a compact
structure that has the correct registry for sheet formation, but
still requires a search to find the stabilizing contacts and the
correct alignment of the turn.
MD simulations of CLN025 folding reported multiple

folding pathways for β-hairpin formation.20 In the majority of
pathways reported the proline in the turn reached the native
state first and the sheet formed later. An alternative pathway
where the residues in the sheet reach the native state prior to
the turn is also observed. There is little difference in average
folding time predicted for the two observed pathways. IR T-
jumps offer a way to validate theoretical models. Our
experimental results on CLN025 support these computational
studies by showing that there is no clear assignment of order of
formation but rather that turn and β-sheet formation occur
competitively. This suggests that β-hairpin formation cannot be
described as a simple turn zipper or hydrophobic collapse
mechanism, but rather is a complex combination of these
models.

■ CONCLUSION
The study of CLN025 reveals that a simple two-state model
cannot be used to describe the formation of this β-hairpin and
that the speed limit for folding of β-hairpins is considerably
faster than previously hypothesized. Linear β-hairpins have
been reported to fold in a range from 800 ns to over 10 μs.
Folding of CLN025 occurs as fast as ∼100 ns, a similar time
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scale to cyclic β-hairpins and to α-helical peptides. The ultrafast
folding rate is a consequence of a negligible global barrier to
folding and requires a recalibration of the speed limit for β-
hairpin formation. Previous estimates of the speed limit for the
formation of a small 10-residue interchain loop were ∼106
s−1.10,37 The relaxation lifetime observed for CLN025 breaks
the speed limit by a factor of 10, and together with the
heterogeneity in the kinetics indicates a smooth energy
landscape with a minimal global barrier to folding. CLN025
folds as fast as α-helical peptides, demonstrating that β-hairpin
formation may occur competitively with α-helical formation.
Although a native-sequence β-hairpin that folds fast has not yet
been discovered, this result at least provides proof of principle
that β-hairpins can form quickly and therefore may act as
nucleation sites for protein folding.
We propose a model to explain why CLN025 exceeds the

previously proposed limit, based on residual interactions in the
unfolded state between hydrophobic aromatic residues near the
terminus. Such interactions lead to a pre-collapsed structure
that only requires local rearrangements to reach the folded
state. Furthermore, different relaxation lifetimes are observed
based on the position probed in the β-hairpin. A fast rate and
small apparent activation energy are observed when the
hydrophobic cluster at the terminus is probed. Conversely,
when the turn is probed a slightly slower rate and negligible
activation energy are observed. The heterogeneous kinetics
support a folding model in which the rate-limiting step of β-
hairpin formation is stabilization of the collapsed system over a
minimal barrier to achieve the native turn alignment. The
observation of a small apparent enthalpic barrier further justifies
this idea as it implies that the rate is limited by the registry
search and stabilization of turn contacts. In summary, we have
observed ultrafast folding and distinct structural dynamics in
the turn and the sheet of CLN025 that show the folding of a
simple ten residue β-hairpin is heterogeneous and not a simple
two state process. The highly optimized CLN025 sequence
establishes a new speed limit for β-hairpin formation on a
nearly barrierless free energy landscape.
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