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ABSTRACT: â-Hairpins constitute an important class of connecting protein secondary structures. Several
groups have postulated that such structures form early in the folding process and serve to nucleate the
formation of extendedâ-sheet structures. Despite the importance ofâ-hairpins in protein folding, little is
known about the mechanism of formation of these structures. While it is well established that there is a
complex interplay between the stability of aâ-hairpin and loop conformational propensity, loop length,
and the formation of stabilizing cross-strand interactions (H-bonds and hydrophobic interactions), the
influence of these factors on the folding rate is poorly understood. Peptide models provide a simple
framework for exploring the molecular details of the formation ofâ-hairpin structures. We have explored
the fundamental processes of folding in two linear peptides that formâ-hairpin structures, having a
stabilizing hydrophobic cluster connected by loops of differing lengths. This approach allows us to evaluate
existing models of the mechanism ofâ-hairpin formation. We find a substantial acceleration of the folding
rate when the connecting loop is made shorter (i.e., the hydrophobic cluster is moved closer to the turn).
Analysis of the folding kinetics of these two peptides reveals that this acceleration is a direct consequence
of the reduced entropic cost of the smaller loop search.

A fundamental process in protein folding is the formation
of the secondary structural elements that compose the native
structure. Peptide models have provided valuable experi-
mental systems for studying the kinetics and mechanisms
of secondary structure formation (1, 2). Many related
processes of protein folding have been observed in the
folding of peptide models, including hydrophobic collapse,
hydrogen bond formation, and side-chain packing (3-6).
Studies of helical peptides have been particularly successful
in elucidating the dynamics of helix nucleation and propaga-
tion and helix-helix interactions (7-9). Studies of the
dynamics ofâ-structure formation have been more limited
due to difficulties in designing suitable model systems. Some
of the problems associated withâ-sheet peptide models
include their tendency to be large, prone to aggregate, not
very stable, and low in secondary structure content. Conse-
quently, the details of howâ-structure forms as a protein
folds remain elusive, despite the fundamental importance of
these structures.

Advances have been made recently in the design of stable
and soluble peptides withâ-turn andâ-sheet structures (10-
16). Studies of these model systems are yielding clues about
the molecular basis of stability of such structures. Further-
more, the dynamics of folding of a number ofâ-hairpin

peptides have been reported recently, including the 16-residue
C-terminal â-hairpin fragment of protein G [GB1 (17)],
cyclic gramicidin analogues (18), and a de novo designed
hairpin [HP1 (19)]. In all three cases, apparent two-state
relaxation kinetics of theâ-hairpin structure are observed
using laser-induced temperature-jump (T-jump)1 and time-
resolved spectroscopic probes (Trp fluorescence or IR
absorbance) of the folding reaction. Folding lifetimes atTm

for the noncyclic peptides derived from two-state kinetic
models are 2.5µs for GB1 and 0.7µs for HP1. These
lifetimes are substantially longer than the folding lifetimes
of about 200 ns reported for similarly sized helical peptides
under similar conditions (8, 9). Muñoz et al. rationalize the
slower rate within a kinetic zipper model by assuming that
the hydrogen bond propagation rate is the same in both
instances, which implies that the nucleation of a stable turn
is much slower than helix nucleation. They postulate that
hairpin nucleation is slow because it requires a cooperative
stabilization by hydrophobic side-chain interactions. The
observation of very fast folding (τf ∼ 100 ns) of “prenucle-
ated” cyclic peptides that form aâ-hairpin structure by our
group provides support for this idea (18).

A number of theoretical approaches have been employed
to model the folding mechanism of aâ-hairpin, including
Langevin simulations of minimal off-lattice models (20), all
atom molecular dynamics (21), and multicanonical Monte
Carlo simulations (22). A result common to all of these
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studies is hairpin folding through discrete intermediates or
through a hierarchy of structural changes involving hydro-
phobic collapse, hydrogen bond formation, and side-chain
ordering. The model of Mun˜oz et al. suggests that folding
nucleates at the turn, followed by sequential formation of
cross-strand H-bonds increasingly remote from the turn locus
(23). In this model, the hydrophobic core is formed after
the turn and stabilizes the structure. In contrast, the simula-
tions of Dinner et al. predict that hydrophobic collapse and
rearrangement to produce a native-like topology are the key
initial steps, followed by hydrogen bond formation. Thus,
formation of a collapsed, native-like topology serves as a
nucleating event, with hydrogen bonds propagating outward
from the hydrophobic core. These models predict funda-
mentally different roles for the formation of the turn versus
the hydrophobic core in the folding mechanism of the
â-hairpin structure. In either case, hydrogen bond formation
is seen as a fast propagation step that follows the nucleating
event. Further work is clearly required to resolve these issues.

Our recent investigation of a series of cyclicâ-hairpin
peptides suggests that the collapse and topological search
steps are rate limiting but that turn formation and hydrogen
bond propagation in the collapsed chain are significantly
faster, comparable to nucleation and propagation in helical
peptides (18). Here we have explored these issues more
directly using two noncyclicâ-hairpin peptides, MrH3a
(KKYTVSI NGKKITVSA) and BH8 (RGITVNGKTYGR).
The turn sequence is highlighted in bold, and the residues
which form the first cross-strand hydrophobic interactions
are underlined. Both peptides form stable antiparallelâ-hair-
pin structures, connected by a type I′ â-turn and are thus
ideal systems in which to explore the dynamics and mech-
anism of â-hairpin formation. The MrH3a sequence is a
modification (a C-terminal I to A substitution to improve
solubility) of a previously reported sequence (24, 25)
designed to mimic the two-stranded, antiparallelâ-sheet
DNA-binding motif of themetrepressor. BH8 is a de novo
designed sequence first reported by the Serrano group (26)
that places the hydrophobic “cluster” of theâ-sheet closer
to the turn region. We define the hydrophobic cluster (HC)
as the region along the antiparallel sheet where the burial of
hydrophobic surface area is maximized in the folded state.
The interplay between the length and conformational pro-
pensity of the loop and hydrophobic cluster formation in
influencing the stability of aâ-hairpin is well established
(27). Interestingly, the position of the hydrophobic cluster
with respect to the turn has a marked effect onâ-hairpin
stability. In contrast, the effect of the position of the
hydrophobic cluster on the rate of folding remains unknown,
hence the importance of comparing the folding dynamics of
the MrH3a and BH8 peptides. We find a significant
acceleration of the folding rate occurs when the hydrophobic
cluster is moved closer to the turn as a direct consequence
of the reduced entropic cost of the smaller loop search.

MATERIALS AND METHODS

Peptides.Hairpin peptides were synthesized using FMOC
chemistry on an Applied Biosystems 433A synthesizer. The
C-terminal I to A substitution in MrH3a improves the peptide
solubility and reduces its tendency to aggregate relative to
the original sequence (28). Each peptide was purified by
reverse-phase HPLC (C18 column) using a water/acetonitrile

gradient and deuterium exchanged by repeated lyophilization
from D2O. Trifluoroacetic acid (TFA), which was used in
the HPLC purification, was present as an impurity in all
samples. Samples were dissolved in a solution of 21 vol %
hexafluoro-2-propanol (HFIP) in D2O (99.9%, Sigma) with
no added buffer, and final concentrations were determined
to be in the range of 1-4 mM as determined by the UV
absorption of Tyr at 274 nm. The melting behavior of MrH3a
and BH8 in water with and without added fluoro alcohol
cosolvent has also been examined by NMR (29).

Infrared Spectroscopy.The equilibrium melting behavior
of the hairpin peptides was studied using FTIR spectroscopy.
FTIR spectra were collected on a Bio-Rad FTS-40 interfer-
ometer using a temperature-controlled IR cell. The IR cell
contained both the sample and a D2O reference solution
between CaF2 windows with a 100µm spacer. The cell is
translated laterally under computer control to acquire match-
ing sample and reference single beam spectra, and the protein
absorption spectrum is computed as-log(Isamp/Iref).

T-Jump Relaxation Measurements.The T-jump relaxation
apparatus has been described previously (9). Briefly, a laser-
induced T-jump is used to rapidly shift the folding/unfolding
equilibrium, and the relaxation kinetics are measured using
time-resolved infrared spectroscopy. The T-jump perturbation
generated by a laser heating pulse is faster than the molecular
dynamics of interest. The T-jump pulse is generated by
Raman shifting a Q-switched Nd:YAG (Spectra Physics
DCR-4) fundamental at 1064 nm in H2 gas (1 Stokes shift),
producing a 10 ns pulse at 1.91µm. The near-infrared
wavelength is partially absorbed by the D2O (ε ∼ 6 cm-1,
or 87% transmittance in a 100µm path length cell), and the
absorbed energy is rapidly thermalized within the irradiated
volume. The magnitude of the T-jump produced depends on
the per pulse energy and the focus of the laser, typically 40
mJ and 1 mm spot diameter, respectively, which yields an
11 °C T-jump. The mid-IR probe beam is a continuous wave
lead-salt diode laser (Laser Photonics) with a tunable output
range of 1600-1700 cm-1. The probe beam is focused to a
50µm (1/e2 diameter) spot at the center of the heated volume.
Probing only the center of the heated volume ensures a
uniform temperature distribution in the probe volume by
avoiding the temperature gradient produced on the wings of
the Gaussian pump beam (30). The transient transmission
of the probe beam through the sample is measured using a
fast (100 MHz) photovoltaic MCT IR detector/preamplifier
(Kolmar Technologies). Transient signals are digitized and
signal averaged using a Tektronics digitizer (7612D). Instru-
ment control and data collection are accomplished using a
LabVIEW computer program. Measurements of the transient
absorbance for both the sample and the reference were
collected from 10-9 to 10-1 s, and relaxation times were
obtained using a deconvolution process described below.

Analysis of Kinetic Data.Accurate determination of the
peptide relaxation kinetics requires deconvolution of the
instrument response function from the observed kinetics.
Very accurate deconvolution of the instrument response is
possible because it is determined concurrently with each
sample measurement under the exact same conditions. The
instrument response function for the system is taken to be
the derivative of the reference trace, normalized to have an
integral of 1 at the maximum of the reference trace. The
decay function used is an exponential decay with the formula
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[A exp(-kt)], whereA andk are the change in absorbance
and the rate, respectively. The reported relaxation rates
represent an average of at least four separate trials.

RESULTS

Equilibrium FTIR Studies.The spectroscopic evidence
(CD, NMR, and IR) indicates that both peptides adopt
â-hairpin (folded) structures in 21 vol % HFIP solution. In
addition, the NMR evidence supports a cooperative two-state
transition, with chemical shift melt profiles that are es-
sentially identical for all of the proton resonances observed
(31). The FTIR spectra of MrH3a and BH8 are compared in
Figure 1. We focus on the amide I′ spectral region because
this vibrational mode is an established indicator of secondary
structure (32, 33). This broad, multicomponent band contains
contributions from the entire polypeptide backbone, which
in this case adopts either aâ-sheet,â-turn, or disordered
conformation. The amide I′ maximum at room temperature
is similar to that previously reported for otherâ-hairpin
structures in D2O, with a peak maximum at 1640 cm-1 (34,
35). Most of the differences in the FTIR spectra of the two
peptides are due to HOD and TFA impurities present at
different concentrations (e.g., the sharp TFA peak centered
at 1672 cm-1). The second derivative spectra of both peptides
show three amide I′ subcomponents at low temperatures
(predominately folded conformation). These occur at 1628,
1634, and 1645 cm-1 for MrH3a and at 1629, 1637, and
1645 cm-1 for BH8. The slightly higher frequencies of the
BH8 amide I′ modes are also evident in the position of the
amide I′ absorbance maxima (Figure 1). We have demon-
strated that these three components of amide I′ correspond
to the â-turn and the inward and outward directed CdO
groups of theâ-sheet, i.e., intra- and intermolecular (to water)
hydrogen bonding, respectively (18). The observation of
these three components in the amide I′ band is clear evidence
for the formation of a stableâ-hairpin structure. In addition,
the slightly higher frequencies observed for the intramolecu-
lar BH8 modes suggest that the net H-bonding is weaker in

this case, consistent with the lower stability of the BH8
hairpin.

The difference spectra for each peptide, also shown in
Figure 1, reveal the spectral changes that occur with tem-
perature. These difference spectra are generated by subtrac-
tion of the lowest temperature spectrum of each peptide from
the spectra at 40°C. A bleach of the amide I′ mode is ob-
served at 1630 cm-1 for MrH3a and at a slightly higher fre-
quency for BH8, consistent with loss of theâ-hairpin struc-
ture as temperature is increased. A single broad component
centered at 1660 cm-1 grows in with increasing temperature
(the notch in the middle of this band is the TFA impurity
peak, which broadens with increasing temperature). The
frequency and breadth of the 1660 cm-1 peak are essentially
identical to what we have observed for both peptides and
proteins and are characteristic of disordered polypeptide
structure (9, 18, 36). The increase in frequency and band-
width of the amide I′ mode upon unfolding is consistent with
loss of strong intramolecular hydrogen bonding and an
increase in inhomogeneity of the environment. The FTIR
spectra therefore provide clear evidence for the loss of the
folded conformation with increasing temperature.

Melting curves derived from the temperature-dependent
FTIR spectra of both peptides are shown in Figure 2. The
solid lines represent fits to a two-state model. MrH3a is
clearly the more stable of the two peptides and shows a
sharper melting transition. Thermodynamic parameters de-
rived from a van’t Hoff analysis (inset of Figure 2) are
summarized in Table 1. The van’t Hoff analysis is linear
over a broad temperature range (70°C), nearly spanning the
transition in both cases, indicating that the heat capacity
change (∆Cp ) d∆H/dT) upon folding of each peptide is
very small. This result is not surprising since the folded
structure in both cases does not bury substantial hydrophobic
surface area. This behavior is similar to that of HP1 (19)
but contrasts with that of the Trpzip sequences (15), which
have a large hydrophobic cluster formed by four Trp side
chains and, consequently, exhibit a large∆Cp of folding
(∼300 cal K-1 mol-1). Thermodynamic parameters for three
relatedâ-hairpin peptides are also given in Table 1. The
stability of BH8 is similar to HP1 and to the stability reported

FIGURE 1: FTIR spectra of MrH3a and BH8 in the amide I and II
spectral region obtained for 1 mM peptide in 21% (vol) HFIP in
D2O solution and an 83µm cell path length. The spectra taken at
40 °C (MrH3a) and at 4°C (BH8) were chosen for comparison
because at these temperatures the peptides are mostly folded and
the fraction folded is closely matched (each peptide is 70% folded
at the respective temperatures). The peak at 1672 cm-1 is due to a
TFA impurity present at slightly different concentrations in the two
samples. The temperature-dependent difference spectra (40- 10
°C) are compared in the offset to emphasize the spectral changes
that accompany unfolding.

FIGURE 2: Comparison of the FTIR melts for MrH3a (+) and BH8
(O) in 21% (vol) HFIP in D2O solution. The melt curves are
determined by fitting the IR absorbance at 1636 cm-1 (the main
â-sheet marker band) to a two-state model. The transition midpoints
are indicated by the dotted line. Inset: van’t Hoff analysis of the
thermal transitions for MrH3a (+) and BH8 (O) under the same
conditions.
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by Munoz et al. for GB1 but much less than that of MrH3a.
It should be noted, however, that other experimental mea-
surements of GB1 stability find that it is substantially less
stable (only 42% folded at 5°C) (15, 31).

Temperature-Jump Relaxation Kinetics.The relaxation
kinetics following a laser induced T-jump were probed using
time-resolved infrared spectroscopy in the amide I′ band.
Figure 3 displays the relaxation kinetics for both peptides
following a small (3-5 °C) laser-induced T-jump. In both
cases the T-jump is close to the midpoint of the transition
(Tm is 25 °C for BH8 and 50°C for MrH3a, as shown by
the dashed line in Figure 2). This allows direct comparison
of the relaxation rates at the same stability point, where the
barrier height is simply the activation energy. The BH8
relaxation rate is clearly significantly greater (∼4×) than
that of MrH3a.

The data are well fit by a single exponential decay in each
case. The early time region (∼10-7 s) has a small cavitation
artifact that is particularly evident in the MrH3a data. This
artifact appears in the reference data (D2O solutions that do
not contain peptide) and has a characteristic time response
and variable amplitude. We have selected kinetic traces for
which it is small (<5% of the total signal amplitude) to
minimize the effect on the kinetic fits. All of the relaxation
kinetics observed for these peptides are single exponentials,
regardless of starting temperature or magnitude of the
T-jump. Furthermore, the equilibrium changes in the FTIR

and NMR spectra as a function of temperature are best
modeled in terms of two states (folded and unfolded
structures) as discussed above. We have therefore analyzed
the relaxation kinetics using a two-state model, for which
the observed relaxation rate is the sum of the folding and
unfolding rates, and the equilibrium constant is the ratio of
these rates. The folding rates determined at the reaction
midpoint are summarized in Table 1, along with those for
the GB1 (17), HP1 (19), and cyclic 14-merâ-hairpin
structures (18). The loop length,N, defined as the number
of peptide bonds in the loop connecting the residues that
form the first cross-strand, stabilizing interaction in the
hydrophobic cluster, is also listed for each peptide.

Arrhenius plots of the temperature-dependent folding and
unfolding rates of MrH3a and BH8 are shown in Figure 4.
Folding and unfolding rates were determined using a two-
state analysis of the relaxation rate,kr (kr ) kf + ku), and
equilibrium constants determined from the FTIR melt curves
of Figure 2 (Keq ) kf/ku). We also assume that the activation
parameters are temperature independent for this analysis.
While other hairpins show a nonzero∆Cp term for folding
in water (probably due to burial of hydrophobic side chains),
we have found that∆Cp becomes very small when the fluoro
alcohol concentration exceeds 16% v/v (25), which justifies
this assumption. It is also clear that both the folding and
unfolding Arrhenius plots in Figure 4 are linear within
experimental error, consistent with a small∆Cp term. The
folding activation energies derived from the linear fits for
both MrH3a and BH8 are the same,Ea ) 22 kJ mol-1. The
rate of folding of the GB1 hairpin has been shown to be
inversely proportional to the solvent viscosity,kf ) k0/η
exp(-∆G/RT) (37). Assuming a similar viscosity dependence
for the MrH3a and BH8 structures, the temperature depen-
dence of the viscosity of D2O introduces a correction of 15
kJ mol-1, yielding an enthalpy of activation (∆Hf

q) of 7 kJ
mol-1 for each peptide. This small enthalpic barrier is similar
to that observed for GB1 and HP1. There is also an entropic
contribution to the folding barrier, but determination of the
activation entropy requires a value for the preexponential
factor. A recent study of the end-to-end contact rates in
polypeptides found a limiting rate for minimum loop
formation (i.e., formation ofi, i + 3 interactions) of 2×
108 s-1 (38). Krieger et al. postulate that this rate is a
fundamental property of polypeptide chains and represents

Table 1: Thermodynamic and Kinetic Parameters forâ-Hairpin
Folding

peptide
Tm/
°C

∆Hf/
kJ mol-1

∆Sf/
J mol-1 K-1 N kr

a/s-1

cyclic 14-merb 71 -48.3( 0.5 -140( 2 2 9.1× 106

BH8 (21% HFIP) 25 -33.1( 0.6 -111( 2 5 1.9× 106

HP1c 29 -28 -92 6 1.4× 106

MrH3a (21% HFIP) 50 -74 ( 4 -229( 15 9 4.3× 105

GB1d 24 -48.5 -163 9 4.0× 105

a Relaxation rate determined at the midpoint (Tm). b From ref 18.
c From ref19. d From ref17.

FIGURE 3: Relaxation kinetics of MrH3a and BH8 in 21% (vol)
HFIP in D2O following a laser-induced T-jump. The kinetics are
monitored at 1632 cm-1, near the peak of the mainâ-hairpin marker
band. The T-jumps are close to the transition midpoints in each
case (∆T ) 40-46 °C for MrH3a and 20-24 °C for BH8). The
absorbance change is negative, consistent with shifting the equi-
librium toward a more unfolded position. The data were fitted using
a single exponential decay function convolved with the instrument
response (see Materials and Methods). The amplitude of the single
exponential phase matches the amplitude of the equilibrium
difference between the starting and ending temperatures determined
in FTIR measurements.

FIGURE 4: Arrhenius analysis of the temperature-dependent folding
(+) and unfolding (O) rates of MrH3a (light) and BH8 (dark).
Folding and unfolding rates were determined using a two-state
analysis and equilibrium constants determined from the FTIR melt
curves.
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a reasonable preexponential factor for protein folding reac-
tions. Using 2× 108 s-1 as the preexponential factor, we
calculate∆Sf

q ) -28 J mol-1 K-1 for MrH3a and∆Sf
q )

-14 J mol-1 K-1 for BH8. Regardless of the absolute value
of the preexponential factor (and hence of∆Sf

q), the origin
of the difference between the folding rates of MrH3a and
BH8 is clearly revealed by the Arrhenius analysis of Figure
4. The slopes corresponding to the folding rates for MrH3
and BH8 are nearly identical (enthalpic contribution to the
folding barrier) whereas the intercepts are quite different
(entropic contribution).

The dependence of the folding rate on the loop length,N,
is analyzed in Figure 5. The data are for all known folding
rates ofâ-hairpin structures, summarized in Table 1. The fit
is to the equationkf ) 1/(1/k0 + 1/kiNm), analogous to the
model used to analyze the rate of end-to-end contact
formation in polypeptide chains (38). The folding rate clearly
reaches a limiting value of about 107 s-1 for small loop
searches (N < 5). For longer loop searches, the rate scales
asN-2.6(0.4. The uncertainty of the exponent is from the fit
and is due to the limited range of loop lengths for which
data are currently available.

DISCUSSION

â-Hairpins constitute an important class of connecting
protein secondary structures. Several groups have postulated
that such structures form early in the folding process and
serve to nucleate the formation of extendedâ-sheet structures
(39-42). Despite the importance ofâ-hairpins in protein
folding, little is known about the mechanism of formation
of these structures. It is well established (27) that there is a
complex interplay between the stability of aâ-hairpin and a
number of factors, including the loop conformational pro-
pensity, the loop length, and the formation of stabilizing
cross-strand interactions (H-bonds and hydrophobic interac-
tions). The influence of these factors on the folding rate,
however, is poorly understood. Peptide models provide a
simple framework for exploring the molecular details of the
formation of â-hairpin structures. We have explored the
fundamental processes of the folding of two linear peptides
that form â-hairpin structures, having a stabilizing hydro-
phobic cluster at different distances from the turn. The results

reveal a strong dependence of the folding rate on the length
of the loop connecting the stabilizing, cross-strand interac-
tions of the hydrophobic cluster.

The folding rates of BH8 and MrH3a at the transition
midpoint are compared in Table 1. Comparison of these rates
at the transition midpoint compensates for the differing
stabilities of the hairpin structures for each of these peptides.
The location of the hydrophobic cluster relative to the turn
region is two residues closer to the turn for BH8 compared
to MrH3a. Consequently, the loop connecting the first
residues which form the stabilizing, cross-strand interactions
are five and nine residues apart, respectively. The folding
rate of BH8 is significantly faster than that of MrH3a. If the
activation barriers were the same for BH8 and MrH3a, the
rate for MrH3a would be 2.5 times faster based on the
difference inTm between the two peptides. The opposite trend
is observed since the rate for BH8 is 4 times faster than that
of MrH3a. The difference in rates is due to the difference in
the activation barriers for the two peptides. Furthermore, the
Arrhenius analysis of Figure 4 clearly indicates that the
difference in barrier heights is due to the entropic contribu-
tion. The difference in barrier heights at the transition
midpoints is thusTm∆Sf

q
BH8 - Tm∆Sf

q
MrH3a ) 4.9 kJ mol-1,

or about 2kT.
We have tested the generality of these observations by

comparing the rates ofâ-hairpin formation for MrH3a and
BH8 with other model systems. Thus, for GB1 withN ) 9,
the folding rate is nearly identical to MrH3a, whereas HP1
with N ) 6 has a folding rate intermediate to that of MrH3a
and BH8. The dependence of the folding rate on loop length
follows the same functional form as that used to describe
the rate of end-to-end contact formation in polypeptide chains
(38). Figure 5 shows that the folding rate has two different
regimes: at short loop lengths, it approaches a limiting value
of 107 s-1, whereas at long loop lengths, it scales asN-2.6(0.4.
This result indicates that entropy-controlled intrachain dif-
fusion is a key determinant of the folding rate. Analogous
to chain diffusion, the breakdown of the scaling law at short
loop lengths is likely due to the effect of chain stiffness (43).
Two important differences are evident in the behavior of
â-hairpin formation compared to simple polypeptide chain
diffusion. First, the breakpoint (below which the rate no
longer follows the power law dependence on loop length)
occurs nearN < 5, at a much smaller distance than predicted
by the Flory model (N < 10) and than actually observed for
end-to-end contact rates in polypeptides [e.g., for poly-
(GlySer), N < 20]. Thus the loop appears to be less stiff
than predicted, possibly because of the presence of the turn
sequence in the middle of the loop. Furthermore, the length
dependence for longer loops is clearly stronger than that
expected for an entropy-controlled intrachain diffusion of
an ideal Gaussian chain (N-1.5) (44), even when corrected
for excluded volume effects (N-1.8) (38). This stronger
dependence of the rate on loop length represents an additional
barrier to folding, most likely due to a requirement for
multiple contacts to form a stable interaction.

Comparison of the rate ofâ-hairpin formation to the rate
of chain collapse provides additional evidence for the
importance of stabilization of the collapsed polypeptide
chain. The time required for the collapse of a polypeptide
chain to form a loop of lengthN has been characterized by
several groups (38, 45, 46) and ranges from 107 to 108 s-1

FIGURE 5: Effect of loop length,N (defined in text), on folding
rate. The circles represent the data from Table 1. The solid line is
a fit to the equationkf ) 1/(1/k0 + 1/kiNm), wherek0 ) 107 s-1 and
m) -2.6. The dashed line shows the length dependence for longer
loop scales asN-2.6.
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for the loop lengths in theâ-hairpins we have studied. This
range of rates provides an upper limit for the rate at which
theâ-hairpin sequences sample compact conformations. The
folding rate of each of the linear peptides is much slower,
however, indicating either that the residence times in compact
conformations are small until specific stabilizing interactions
are made or that collapsed structures are quickly stabilized
but with the wrong registry and must rearrange over a barrier
to reach the correct fold.

Further insight on the loop search process is provided by
our work on a series of cyclic peptides that form stable
â-hairpin structures (18). The folding rates for the three
different cyclic peptides examined are all about 107 s-1 (the
data for the 6-mer and 10-mer are included in Figure 5 but
not shown in Table 1). The critical loop size is constant
across the series despite the range in size of the peptides
and is likely defined by the formation of thei, i + 3
interactions in the hairpin turn (N ) 2). In essence, the
folding rate of the cyclic peptides represents the upper limit
for â-hairpin formation because of the minimal loop search
required. The cyclic structures are obviously constrained from
sampling extended conformations, which likely causes an
additional increase in the folding rate. A similar result has
been observed in the folding of src SH3, for which the rate-
limiting step in folding involves the formation of aâ-hairpin
structure. Insertion of a disulfide cross-link at the base of
the distalâ-hairpin in src SH3 increases the rate of folding
of this protein 30-fold (47). This result has been interpreted
as evidence for the formation of the hairpin structure in the
transition state and a reduction in the transition state barrier
(corresponding to the loop entropy) caused by formation of
the disulfide linkage. Two recent theoretical simulations from
the Thirumalai group support these ideas. First, Klimov and
Thirumalai compared the rate of folding of a 16-residue,
linear peptide with the cyclic analogue (formed by cross-
linking the C and N termini) and found a 2.5 times
acceleration for the cyclic peptide (43). Second, Klimov et
al. found a greater than 2-fold increase in the rate of folding
of the â-haipin from Ig-binding protein when confined in
an inert spherical pore (48).

Two different models have been proposed for the mech-
anism ofâ-hairpin formation in the GB1 peptide, neither of
which is fully consistent with our results. The first is the
statistical mechanical model of Mun˜oz et al. (17, 23), which
postulates that the turn formation is the first step in folding
followed by the zipping of the strands. The Mun˜oz model
predicts that a large part of the transition state barrier is
entropic; that is, the formation of the turn and initial zipping
involves a loss of configurational entropy that is not
compensated by the enthalpy gained by forming H-bonds.
In this model, the turn is not stabilized until the first
stabilizing hydrophobic interactions are formed. The turn
forms rapidly but can dissolve many times before the peptide
zips up. A contrasting model has been developed by Dinner
et al., based on simulation of the equilibrium free energy
profiles (22). The key prediction of the Dinner model is that
the initial folding step is a nonspecific hydrophobic collapse.
In this model, the transition barrier is primarily due to the
energetic cost of interconverting compact forms to find the
native alignment of the residues that form the hydrophobic
cluster.

Muñoz et al. simulated the effect of moving the hydro-
phobic cluster closer to the turn in GB1 and found a dramatic
perturbation of the free energy profile. The free energy of
the folded ensemble and the top of the barrier are both
reduced in the simulation, resulting in an increase in stability
and an acceleration of the folding rate. If the cluster is moved
further from the turn, the opposite effect on the stability and
folding rate is observed. This result has been called into
question, however, by the simulations of Dinner et al. (22),
which show that the barrier in the Mun˜oz model disappears
when structures containing more than one segment of native
peptide bonds are considered. According to Dinner et al.,
this barrier is an artifact of the single sequence approximation
(and its modifications), which only considers those structures
with a single segment of native peptide bonds. Furthermore,
the model of Mun˜oz et al. predicts a negative enthalpy of
activation due to the formation of the native stabilizing cross-
strand interactions in the transition state, whereas we actually
observe a positive activation enthalpy for both MrH3a and
BH8. While the observed∆Hf

q is small, it is definitely
positive (Figure 4), meaning that for MrH3a and BH8 (in
contrast to GB1) enthalpy input is required to reach the
transition state. It is possible that the relative contributions
of enthalpic and entropic effects to the transition state barrier
vary with turn structure and thus may be different for the
six-residue turns found in GB1 analogues.

The simulations of Dinner et al. did not specifically test
the effect of the position of the HC on the folding mecha-
nism. The rate of initial collapse should depend on the length
of the loop connecting the hydrophobic residues, as we have
already discussed. It seems unlikely, however, that the
rearrangement of collapsed conformations over a barrier (i.e.,
breaking non-native interactions) to form the native inter-
strand registry and hence the stabilizing native interactions
should have any dependence on the location of the hydro-
phobic cluster with respect to the turn.

The efficiency of the loop search is clearly related to the
position of the stabilizing hydrophobic cluster relative to the
turn region. Our results support a model forâ-hairpin folding
in which the rate-limiting step is the loop search process,
which involves both an entropic barrier due to the loss of
entropy caused by loop formation and an enthalpic barrier,
which could be due to rearrangement of the collapsed
structures. The latter is analogous to the barrier observed in
the simulations of Dinner et al. due to the initial formation
of non-native interactions which must be broken to form the
correct ones. The enthalpic barrier is the same height for
MrH3a and BH8, consistent with the nearly identical
composition of the hydrophobic clusters in the two peptides.
The size of the entropic barrier is different, however, and
clearly related to the loop length. Placing the hydrophobic
cluster adjacent to the turn in BH8 minimizes the loop length
and accelerates the folding rate close to the speed limit
established by the cyclic hairpin models.
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