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ABSTRACT Understanding the mechanism of protein
secondary structure formation is an essential part of the
protein-folding puzzle. Here, we describe a simple statistical
mechanical model for the formation of a b-hairpin, the
minimal structural element of the antiparallel b-pleated
sheet. The model accurately describes the thermodynamic and
kinetic behavior of a 16-residue, b-hairpin-forming peptide,
successfully explaining its two-state behavior and apparent
negative activation energy for folding. The model classifies
structures according to their backbone conformation, defined
by 15 pairs of dihedral angles, and is further simplified by
considering only the 120 structures with contiguous stretches
of native pairs of backbone dihedral angles. This single
sequence approximation is tested by comparison with a more
complete model that includes the 215 possible conformations
and 15 3 215 possible kinetic transitions. Finally, we use the
model to predict the equilibrium unfolding curves and kinetics
for several variants of the b-hairpin peptide.

As is evident from the presentations at this Colloquium, the
continuous discovery of thousands of new gene sequences is
producing a revolution in all aspects of protein physics, chem-
istry, and biology. Foremost among these is the protein-folding
problem. C. B. Anfinsen, in his Nobel Prize winning experi-
ments at the National Institutes of Health (1), showed that a
denatured protein can refold spontaneously to form a biolog-
ically functional (native) structure. From this result, Anfinsen
concluded that the information for determining the three-
dimensional structure is somehow encoded in the amino acid
sequence. This work has led to the realization that it should in
principle be possible to calculate the three-dimensional struc-
ture of a protein from its amino acid sequence. Calculating the
structure from the sequence has become known as the first
part of the protein-folding problem and currently engages a
large number of theoretical and computational scientists. The
second part of the protein-folding problem is to understand
how a protein folds. That is, what are the kinetics and
mechanism (or mechanisms) of protein folding? This question
is in many ways more challenging because for in vitro folding
the ultimate answer is a description of the distribution of
three-dimensional structures as a function of time, as the
polypeptide progresses from a nearly random set of structures
to the unique, compact native protein. An additional motiva-
tion for kinetic studies is their relation to the evolution of
protein sequences. Evolution preserves protein sequences that
correspond to structures with functions that are important to
the organism. Theoretical studies by Wolynes and coworkers
(2) have suggested how rapid folding to the native structure is
yet another evolutionary pressure.

The experimental investigation of the kinetics and mecha-
nism of protein folding has been aided by several recent
theoretical and technological advances. The theoretical ad-
vances include analytical approaches (2–4), simulations of
simplified representations of proteins (2, 5–8), and all-atom
molecular dynamics calculations (9–11). This work has painted
a comprehensive picture of possible general mechanisms and
has provided a framework for experimentalists to think more
clearly about the problem. It also has helped define questions,
design new experiments, and interpret experimental results.
Important technological advances include the availability of a
great variety of materials from protein engineering and pep-
tide synthesis, the development of more rapid kinetic methods
(12, 13), and increased computer power. The combination of
these advances now permits the development of an ‘‘aufbau’’
approach to protein folding. This approach starts with the
investigation of isolated secondary structural elements: a-he-
lices, b-structures, and loops. The relative simplicity of these
elements should permit their mechanism of formation to be
described in much greater detail than is possible for proteins.
Such studies include the development of statistical mechanical
models which quantitatively reproduce equilibrium popula-
tions and kinetic progress curves. Once the kinetics and
mechanism of the elements are understood, it should be
possible to investigate structures of increasing size and com-
plexity.

We have begun to study secondary structural elements by
using nanosecond-resolved kinetic methods and statistical–
mechanical modeling (14). The thermodynamic and kinetic
behavior of the a-helix has been studied for more than 40 years
(15–20). Only recently, however, have kinetic measurements
been made on helices of size and composition comparable with
those found in proteins (21–23). Also, early theoretical studies
(16, 17) were limited by the lack of computer power, prevent-
ing the detailed modeling of experimental kinetic data on helix
formation that is now possible (13). The experimental and
theoretical study of the kinetics of loops and b-structures is a
new subject. Jones et al. (24) and Hagen et al. (25, 26) used a
nanosecond photochemical triggering method to study loop
formation in cytochrome c by determining the diffusion lim-
ited rate for an intramolecular ligand-binding reaction. We
also recently reported a thermodynamic and kinetic study of a
b-hairpin formed by the 16 C-terminal residues of streptococ-
cal protein G B1 (Fig. 1) (27). This peptide had been shown to
adopt the b-hairpin conformation by Blanco et al. (29) using
NMR spectroscopy. Our b-hairpin experiments consisted of
measuring the thermal unfolding curve for the 16-residue
peptide between 273 K and 363 K and measuring the relaxation
kinetics following 15-degree nanosecond laser temperature
jumps to final temperatures ranging from 288 K to 328 K (27).
The three principal experimental results from this study were:
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(i) the b-hairpin peptide exhibits two-state behavior in both its
equilibrium and kinetics; (ii) the apparent activation energy for
the folding rate calculated from the two-state analysis is
negative; and (iii) the rate of b-hairpin formation is much
(.10-fold) slower than that of the a-helices that have been
studied up to now in short peptides.

To explain these results, we used a simple statistical me-
chanical model which was only briefly described (27). Here, we
present a detailed description of the model, test one of its
major approximations, and use the model to predict kinetic
and equilibrium properties expected for other b-hairpin-
forming peptides. We shall see that analysis of b-hairpin
thermodynamics and kinetics addresses many of the same
issues that arise in considering the folding of a small protein.

Description of the Model. Our objective has been to develop
a model for protein secondary structure kinetics, which can be
used to analyze experimental data and to predict new exper-
iments. In this work, the model is applied to a b-hairpin, but
it also can be applied to helices and is readily adapted for more
complex structures. We adopt a description, which uses pairs
of f,c dihedral angles to define the conformation of each
molecule; the complete native structure is formed when all of
the residues have native values for these angles. Formation of
the native structure is opposed by the loss of conformational
entropy and favored by the formation of stabilizing interac-
tions, i.e., hydrogen bonds and hydrophobic interactions (Fig.
1). The model postulates that two groups interact only when all
of the dihedral angles of the sequence connecting them are
native. This restriction considerably simplifies the model by
identifying three-dimensional structures with sequences of
peptide bond conformations.

A second simplifying step is to consider only two confor-
mations for the backbone dihedral angles, native and nonna-
tive (in a spirit similar to the ‘‘correct’’ and ‘‘incorrect’’

parameter of the Zwanzig model; ref. 30). The nonnative
conformation of a dihedral angle pair is not a unique confor-
mation but is the set of all conformations that are incompatible
with the native structure. An additional feature of the model
is that pairs of f,c dihedral angles are assumed to rotate
between native and nonnative values simultaneously.† We
chose the dihedral angles c of residue i and f of residue i 1
1 (Fig. 2) so that the peptide bond, rather than the residue, is
the conformational unit. Formation of a backbone–backbone
hydrogen bond is therefore associated with the transformation
of one pair of ci, fi11 angles in each b strand from nonnative
to native values.

In our thermodynamic description of the b-hairpin, we
consider only three factors. These are the stabilizing effect of
the hydrogen bonds between the backbone carbonyl and amide
of the N- and C-terminal b strands, the stabilizing effect of the
three hydrophobic interactions among the four side chains of
the hydrophobic cluster (Fig. 1), and the destabilizing effect of
the loss of conformational entropy when fixing pairs of dihe-
dral angles in the native hairpin conformation. Nonnative
interactions, such as wrong hydrogen bonds or hydrophobic
interactions, are ignored. We also ignore electrostatic inter-
actions among the charged side chains and chain termini (their
importance could be assessed by experiments on the ionic
strength dependence of the equilibrium and kinetics which
have not yet been performed). Each thermodynamic factor is
considered to be homogeneous, i.e., independent of side chain
and position in the native structure. We assume that the free
energies of formation for each of the three hydrophobic
interactions, DGsc, are identical. Each of the backbone–
backbone hydrogen bonds, including the one in the turn
region, is assumed to have the same free energy, DGhb. The
conformational entropy loss for the strand and turn regions
also is assumed to be the same (DSconf), which is equivalent to
assuming that the residues in the turn have a propensity for this
conformation equal to the propensity of the strand residues to
be in a strand conformation. To further reduce the number of
parameters, we assume that the hydrogen bond is purely
enthalpic, i.e., DGhb 5 DHhb and that the hydrophobic inter-

†When pairs of dihedral angles are used instead of single dihedral
angles, the specification of a pair of angles produces a problem in
phasing between the loss of entropy and the compensating decrease
in interaction free energy. Either choice of f,c pairs represents a
compromise. This can be illustrated by considering the formation of
a six-residue b-hairpin with a side–chain interaction between residues
two and five. To form the backbone–backbone hydrogen bond
requires native values for four dihedral angles, f3,c3,f4,c4. If we were
only concerned with hydrogen bond formation, as in helix-coil theory
for homopolypeptides, then the natural choice for the dihedral angle
pairs would be the f and c associated with the same residue—in this
case the two pairs f3,c3 and f4,c4. With this choice, however,
formation of the two- to five-side–chain interaction requires that
eight dihedral angles assume native values—when only six, i.e.,
c2,f3,c3,f4,c4, and f5, actually are required. So, in choosing ci,fi11
instead of fi,ci pairs, we overestimate the loss in entropy associated
with formation of the first hydrogen bond, in favor of accurately
representing the compensation between entropy loss and formation
of side–chain interactions in subsequent steps.

FIG. 1. Chemical, structural, and schematic representations of the
b-hairpin. The sequence corresponds to the C-terminal fragment
containing residues 41–56 of protein G B1 (28). Dashed lines indicate
hydrogen bonds or hydrophobic interactions.

FIG. 2. Choice of dihedral angle pairs for motion in elementary
kinetic steps.
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actions are temperature-independent over the temperature
range studied.

For the elementary kinetic steps (motion of individual
dihedral angle pairs), we choose a transition state that can be
described in terms of the equilibrium thermodynamic param-
eters. It is natural to assume that there is an entropy barrier to
forming a native dihedral angle pair, so we equate the entropy
of activation to the equilibrium entropy loss. For some steps,
native dihedral angle pair formation is not associated with
stabilizing interactions, whereas in others it is associated with
the formation of hydrogen bonds or both hydrogen bonds and
hydrophobic interactions. We assume that all native interac-
tions are broken in the transition state. Also, we include the
possibility that these steps have an activation barrier, Eo, in
addition to the barriers imposed by the equilibrium free energy
changes.

We must next decide how to treat the temperature depen-
dence of the prefactor for these kinetic steps because it will
have a significant effect on the height of the potential energy
barrier required to fit the kinetic data. In investigating the
viscosity-dependence of the conformational relaxation rate of
myoglobin, Ansari et al. (31, 32) found that the data could be
well-represented by a preexponential factor proportional to
1y(s 1 h), where h is the solvent viscosity and s is the
contribution to the effective friction from interacting protein
atoms (4 cP in myoglobin). A much greater fraction of the
b-hairpin peptide atoms interact with solvent, so we expect s
to be smaller. Simulations of b-hairpin formation by Klimov
and Thirumalai (33) suggest a 1yh dependence (s 5 0) so, in
the absence of direct experimental data, we use a prefactor
proportional to 1yh. The net result is that the model is
completely defined by only five parameters—three equilibrium
parameters, DHhb, DGsc, and DSconf, and the two kinetic
parameters, ko (To), the preexponential factor at the reference
temperature, and an activation energy, Eo.

A final, major simplifying feature in the model is the single
sequence approximation first used by Schellman (34) in de-
scribing the helix-coil equilibrium and recently by us in de-
scribing helix-coil kinetics of a 21-residue peptide (23). In the
single sequence approximation, only species with a contiguous
run of native peptide bonds are considered. All other struc-
tures are ignored. For the b-hairpin peptide, which has 16
residues (15 peptide bonds), there are 215 (5 32,768) possible
molecular conformations. The single sequence approximation
reduces this number to 121. In helix-coil theory, the justifica-
tion for the single sequence approximation is the expectation
that for short polypeptides there is a low probability of
nucleating more than one stretch of helix in any individual
molecule. For the b-hairpin, we give the justification a poste-
riori by comparing with a more complete model in which the
approximation is not made.

Partition Functions. The nonnative conformation of the
peptide bond (coil, c) is taken as the reference state and
assigned a weight of 1. The weight of a peptide bond in the
native conformation (hairpin, h) is exp(DSconfyR), and the
weight for a single stretch of j contiguous native peptide bonds,
starting with peptide bond i [i.e., the c of residue i and f of
residue i 1 1 (Fig. 2)], is:

wj,i 5 exp@ 2 ~DGj,i 2 jTDSconf!yRT#;

DGj,i ; pDHhb 1 qDGsc, [1]

where p is the number of backbone–backbone hydrogen bonds
and q is the number of side–chain-hydrophobic interactions in
the native stretch. In this model, there are 215 conformations
for the 16-residue hairpin arising from all of the possible
combinations of hs and cs. The weight of each of these
conformations is simply the product of the weights of each of

the native stretches that it contains, and the partition function
is the sum of the 215 weights.

The model can be greatly simplified by considering only
those species which contain a single stretch of native peptide
bonds (the ‘‘standard’’ single sequence approximation). This
simplification results in a model with only 121 species with the
partition function:

Q 5 1 1 O
j51

n O
i51

n2j11

wj,i , [2]

where n 1 1 is the total number of residues (16 in this
b-hairpin). The equilibrium probability of the all-coil confor-
mation is P0,0 5 1yQ and the equilibrium probability for all
other conformations is Pj,i 5 wj,iyQ.

To test the accuracy of this standard single sequence ap-
proximation, we compared the equilibrium curves of the model
with and without this approximation in Fig. 3. The approxi-
mation significantly overestimates the fraction of folded hair-
pin. This problem arises because the standard single sequence
approximation does not properly account for the entropy of
the system, as has been discussed by Qian and Schellman (35)
for the helix-coil transition. The population of each of the
32,647 ignored species [such as cchcchcccchcccc with a weight
of exp(3DSyR)] is quite small, but because their number is
large, their contribution to the entropy of the system is
significant. In particular, most of the ignored species do not
contain significant hairpin structure, and ignoring them un-
derestimates the stability of the unfolded hairpin. The number
of species ignored by the standard single sequence approxi-
mation grows geometrically with peptide length, precluding its
application to molecules of different length.

The underestimation of the entropy can be minimized by
defining a ‘‘coil’’ state that includes not only the all c species
(ccccccccccccccc) but also all the possible combinations of h
and c peptide bonds that do not have just one single native
stretch. For all those conformations, we ignore native inter-
actions (even for a species such as ccchhhhhhhhhchc, which has
the backbone conformation of the b-turn as well as residues

FIG. 3. Comparison of thermal unfolding curve for the b-hairpin
predicted by standard single sequence (121 species) and complete
(32,768 species) models. The fractional population of molecules
containing the intact hydrophobic cluster is plotted vs. temperature.
The points are derived from a two-state analysis of the fluorescence
equilibrium curves. The dashed curve is the fit to the data using the
standard single sequence (121 state model) partition function (Eqs. 1
and 2). The continuous curve is predicted by the 215-state partition
function using the parameters from the fit with the standard single
sequence model (DSconf 5 23.09 cal mol21 K21, DHhb 5 20.86 kcal
mol21, DGsc 5 22.19 kcal mol21).
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Y45 and F52 in position to make a hydrophobic interaction).
The weight of the coil state now becomes:

w0,0 5 @1 1 exp~DSconfyR!#n 2 O
j51

n O
i51

n2j11

@exp~jDSconfyR!#,

[3]

where the second term eliminates the contribution to the coil
state by conformations with a single stretch of native peptide
bonds (see Eq. 1). The partition function in this ‘‘modified’’
single sequence approximation is:

Q 5 @1 1 exp~DSconfyR!#n

1 O
j51

n O
i51

n2j11

@wj,i 2 exp~jDSconfyR!#. [4]

Rate Equations. To transform the equilibrium description of
the model with the modified single sequence approximation
into a kinetic model, we begin by assuming that conformations
are connected if they can be interconverted by single h3 c or
c3 h transitions. Species that contain a single stretch of native
peptide bonds are connected to those other species that
contain one more or one less native peptide bond at either end
of the stretch. The rate constant for adding native peptide
bond i to a native stretch, ki

1, is given by:

ki
1 5

koho

h
expS2

Eo 2 TDSconf

RT D , [5]

where ko is the preexponential factor at the reference tem-
perature To, ho is the solvent viscosity at To, and Eo is the
activation energy for rotation of the peptide bond. The rate
constants for removing native peptides bonds i or i 1 j 2 1
from a native stretch of length j that starts at residue i (Fig. 2)
are given by:

kj,i
2 5

koho

h
expS2

Eo 1 DGj21,i11 2 DGj,i

RT D ;

kj,i1j21
2 5

koho

h
expS2

Eo 1 DGj21,i 2 DGj,i

RT D . [6]

It is less straightforward to treat the contribution to the
overall kinetics of the system of those additional species that
now have been included in the coil state. For example, a coil
conformation such as cchhhchhccccccc can convert to a single
sequence conformation cchhhhhhccccccc by a single c 3 h
transition. We assume that the rate for this process is equal to
k6

1 (Eq. 5) times the probability of finding this particular
conformation within the coil state (i.e., exp(5DSconfyR)yw0,0
for the above example). We then can define an overall rate that
is the summation of the rates for all possible transitions
between the coil state and each conformation with a single
native stretch. The overall rate for going from the coil state to
a conformation with a stretch of j native peptide bonds starting
at residue i is given by:

kj,i
1,coil 5

koho

h
Fg expS2

Eo 2 jTDSconf

RT D
1 d expS2

Eo 2 ~j 1 1!TDSconf

RT DGw0,0
21. [7]

The overall reverse rate is given by:

kj,i
2,coil 5

koho

h
Fg expS2

Eo 2 DGj,i

RT D
1 d expS2

Eo 2 DGj,i 1 TDSconf

RT DG , [8]

where:

5
g 5 1 if j 5 1, g 5 j 2 2 otherwise
d 5 0 if j 5 n
d 5 n 2 j 2 1 if i 5 1 or i 1 j 2 1 5 n; j , n
d 5 n 2 j 2 2 otherwise

6 .

Using these rates (Eqs. 5–8), the population of the 121-
molecular species of the model as a function of time is
described by the following set of master equations:

dP0,0

dt
5 O

j51

n O
i51

n2j11

~kj,i
2,coilPj,i 2 kj,i

1,coilP0,0!,

dP1,i

dt
5 k2,i21

2 P2,i21 1 k2,i11
2 P2,i 1 k1,i

1,coilP0,0

2 ~ki21
1 1 ki11

1 1 k1,i
2,coil!P1,i,

[9]

dPj,i

dt
5 ki1j21

1 Pj21,i 1 ki
1Pj21,i11 1 kj11,i21

2 Pj11,i21

1 kj11,i1j
2 Pj11,i 1 kj,i

1,coilP0,0 2 ~ki21
1 1 ki1j

1 1 kj,i
2

1 kj,i1j21
2 1 kj,i

2,coil!Pj,i,

dPn,1

dt
5 kn

1Pn21,1 1 k1
1Pn21,2 1 kn,1

1,coilP0,0 2 ~kn,1
2 1 kn,n

2

1 kn,1
2,coil!Pn,1,

where

kx
1 5 0, ky,x

2 5 0 for x # 0 or x . n.

Despite its complexity, this treatment of the kinetics main-
tains detailed balance. Moreover, it implicitly includes all the
kinetic connections involving single h3 c or c3 h transitions
for each of the 120-single sequence species without increasing
the size of the rate matrix. The physical description in this
approximation is, however, somewhat artificial. For example,
our definition of the coil species requires that a c3 h transition
which does not occur at the end of a native stretch (such as
ccchhhhhhhhcccc 3 ccchhhhhhhhchcc), transforms the mol-
ecule back to the coil state instead of closer to the fully formed
hairpin. However, an additional single transition (ccchhhhhh-
hhchcc 3 ccchhhhhhhhhhcc) returns the molecule to a more
complete hairpin conformation.

Test of Modified Single Sequence Approximation. We tested
the modified single sequence approximation by comparing it
with a ‘‘complete’’ model that considers all 2n (5 215 5 32,678)
possible conformations explicitly. To perform the test, we fit
the experimental data with the modified single sequence
approximation model to obtain parameters that were then
used in simulations using the complete model. The fit and
simulations of the equilibrium data are shown in Fig. 4a. The
equilibrium description is rather similar for both models, in
contrast to the standard single sequence approximation (Fig.
3). This result confirms our interpretation that underestima-
tion of the entropy of the unfolded ensemble is the main
deficiency in the standard single sequence approximation. In
the modified single sequence approximation, however, there is
a small overestimation of the fraction of unfolded hairpin. The
major contribution to this difference is the small subset of
species that has significant b-hairpin structure (including
stabilizing interactions) but are counted as species of the coil
state (which have no stabilizing interactions) in the modified
single sequence approximation.

We also tested the kinetic description with simulations
carried out with the complete model, in which there are n2n (5
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491, 520) possible kinetic transitions. Only 450 of those are
explicitly included in the modified single sequence approxi-
mation model. The fitting to the kinetic experiments with this
model was performed by floating its five parameters to pro-
duce the best least-squares fit to the observed progress curves
for the nine experimental temperature jumps between 288 and
328 K (Fig. 4c). This was carried out using the equilibrium
populations at the initial temperatures (before the T-jump)
and integrating the rate equations (Eq. 9) by using rate
constants evaluated at the final temperatures (after the T-
jump). These parameters were then used in kinetic simulations
with the complete model. The rate matrix for this model was
constructed using an automatic pattern-matching algorithm
(E. R. Henry, unpublished data).‡

The results for the two models are very similar, with
fluorescence progress curves that can be represented as a
biexponential process in each case. There is initially a small
amplitude phase, corresponding to very rapid reequilibration
among conformations in the global-free energy minima of the
folded state, followed by a slower large-amplitude phase,
corresponding to crossing of the free energy barrier separating
the folded and unfolded states (see Fig. 5 and below). Overall,
the agreement between the two models must be considered
very good and justifies the use of the modified single sequence
approximation. There are, however, significant differences,
and the relaxation rates for the major phase (the only one
detected experimentally) are about a factor of three faster in
the complete model (Figs. 4 b and c). This effect is produced
because the modified single sequence approximation ignores
the stabilizing interactions in the rates connecting conforma-
tions included in the coil state with the conformations in the
folded state (with a stretch of seven or more native peptide
bonds). For example, the transition cccchhhhhhchccc3 cccch-
hhhhhhhccc is less probable in the simpler model because
ignoring the two hydrogen bonds of the starting conformation
lowers its population by a factor of 25 [5 exp(22DHhbyRT)].

Predictions for Other b-Hairpins. An important conse-
quence of having a statistical mechanical model for b-hairpin
formation is that it can be used to make specific predictions
that can be tested experimentally. A useful way of examining
the results of the model is to consider the free energy as a
function of the fraction of native peptide bonds, its natural
reaction coordinate (Figs. 5a and 6a). The model postulates
that formation of a b-hairpin in the absence of side–chain

‡The system of equations is stiff and was integrated using an iterative
multi-step backward differentiation formula method (37), as imple-
mented in the CVODE package (36, 38). This algorithm requires the
solution of a set of nonlinear algebraic equations by Newton iteration
at each time step. Each Newton iteration in turn requires solving an
NxN linear system ADP 5 residual, where the matrix A is derived from
the rate matrix K. For n 5 32,768, this problem is rather too large to
solve using standard methods (39). However, the matrix A is sparse,
containing only '500,000 nonzero elements of a possible 109. There-
fore, an iterative generalized minimal residual method (40) appro-
priate for large sparse linear systems, as implemented in the CVODE
package (36, 38), was used. The performance of the algorithm was
improved dramatically in this application by Jacobi (diagonal) pre-
conditioning or very simple block-diagonal preconditioning (40).

FIG. 4. Comparison of thermal unfolding curves and kinetics for
modified single sequence and complete models. (a) Fractional popu-
lation of the hydrophobic cluster as a function of temperature. Derived
from a two-state analysis of f luorescence equilibrium curves (large
dots). Fit to the data with the modified single sequence model (Eqs.
3 and 4), producing the parameters DSconf 5 22.74 cal mol21 K21,
DHhb 5 20.96 kcal mol21, DGsc 5 21.94 kcal mol21 (dashed line).
Calculated with the complete model using these parameters (contin-
uous line). Fraction of native hydrogen bonds calculated using the
model with modified single sequence approximation (dotted line). (b)
Simulations of progress curves for the complete model (continuous
line) and the model using the modified single sequence approximation
(dotted line). The fractional population of the hydrophobic cluster vs.
time is plotted following a temperature jump from 283 to 298 K. The
dashed lines are single exponential fits to the simulated progress curves
at times .10 ns, the resolution of the T-jump instrument. The fits of
the modified single sequence model to the kinetic data were per-
formed using the LSODA routine (36), which incorporates algorithms
for solving both stiff and nonstiff systems of equations. The resulting
parameters were k0 5 8.0 3 108 s21 and E0 5 0 (equilibrium
parameters same as in a. The equilibrium and kinetic parameters are

slightly different from those reported by Muñoz et al. (27) for two
reasons. One is that in the previous work the viscosity dependence was
not included in the preexponential factor, and the second is that in the
present work the kinetic and equilibrium data were fit simultaneously,
whereas in the previous analysis (27), the equilibrium data were fit
independently. (c) Arrhenius plot of relaxation times following 15
degree temperature jumps. The points are the experimental relaxation
rates, whereas the dashed curve through the points is obtained from
the fit to the data using the modified single sequence model. The
continuous curve is obtained from single exponential fits to the kinetic
progress curves generated by the complete 215-state model using the
kinetic parameters from the modified single sequence model.
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interactions is continuously uphill in free energy because
backbone hydrogen bonds do not compensate for the loss in
conformational entropy of forming native peptide bonds in
both b-strands. Side–chain interactions are, therefore, neces-
sary for the stability of the hairpin and determine the position
and height of the free energy barrier for hairpin formation.
This hairpin is stabilized by a cluster of four hydrophobic side
chains (W43, Y45, F52, and V54), making three hydrophobic
interactions (Fig. 1). Based on our model, the folding free

energy barrier for this hairpin is crossed when the seven central
peptide bonds become native and the first hydrophobic inter-
action (between residues Y45 and F52) is formed.

Many of the predictions of the model are immediately
apparent upon examination of the free energy profile. The
existence of two global minima separated by a significant free
energy barrier (Fig. 5a) explains the two-state behavior and
exponential kinetics. The species at the barrier maximum has
two backbone–backbone hydrogen bonds and therefore a
lower energy than the coil state, explaining the apparent
negative activation energy in the two-state analysis (assuming
a simple Arrhenius expression for the rate constants with a
temperature-independent prefactor). The global minimum on
the folded side of the free energy barrier consists of several
molecular conformations, with the species at the lowest free
energy having the intact hydrophobic cluster but not the
maximum number of backbone–backbone hydrogen bonds
and native peptide bonds. This result could explain why the
population of the hydrophobic cluster obtained by fitting
fluorescence data is higher than the fraction of native dihedral
angles estimated by NMR (29).

An interesting prediction of this model of b-hairpin forma-
tion is that local and long-range interactions have very differ-
ent effects on the free energy surface of the hairpin and,
therefore, on its equilibrium and kinetic properties. To illus-
trate this point, we have performed simulations with two
variants. In one of these variants, we include a side–chain
interaction, which could result from a favorable electrostatic
interaction between D47 and K50, which stabilizes the b-turn
by 1 kcalymol. In the other variant, a similar interaction is
introduced between the first and last residues in the hairpin by
mutating ‘‘in machina ’’ glycine 41 to arginine. This compu-
tational experiment is similar in spirit to the protein engineer-
ing approach to folding kinetics (41–43). When positioned in
the b-turn, the interaction is local (between residues i and i 1
3), and it significantly affects both the thermodynamics and
kinetics of hairpin formation by lowering the free energy of all
states, which contain native interactions (Fig. 5a). Both the
population of species with the hydrophobic cluster and the
fraction of hydrogen bonds increase at all temperatures, and
the Tm increases by ;20 K (Fig. 5b). The folding rate is
accelerated by about a factor of four, whereas the unfolding
rate is slightly decelerated (Fig. 5c). Because the peak of the
free energy barrier stays at the same position along the
reaction coordinate, the change in rates results simply from the
change in the barrier height, as is commonly assumed in
interpreting the effects of single residue perturbations in
protein folding. When the interaction is introduced between
the end residues, it is long range (i,i 1 15) and its effects on
the folding properties are rather insignificant. The Tm changes
by only ;2 K, and the change in rates is very small, with the
largest change in the unfolding rate. Thus, the simulations
suggest that, in hairpins, the interactions closest to the b-turn
exert the largest effect on the folding rate; interactions be-
tween the ends of the strands may stabilize the hairpin
structure but have very little effect on the folding rate.

Another important point raised by our model of b-hairpin
formation is that the shape of the free energy barrier and the
position of its maximum along the reaction coordinate are
determined by a delicate balance between the loss in confor-
mational entropy and stabilization from side–chain interac-
tions. To address this point, we have simulated two variants of
the original b-hairpin: a hairpin with the hydrophobic cluster
placed one residue closer to the center of the molecule (W44,
Y46, F51, V53) and another one with the hydrophobic cluster
one residue closer to the ends (W42, Y44, F53, V55). The
effects of these changes on the equilibrium and kinetic prop-
erties are shown in Figs. 6 b and c, respectively. Moving the
hydrophobic cluster one residue in either direction does not
modify the interaction energies of the hairpin; however, the

a

b

c

FIG. 5. Prediction of equilibrium and kinetic properties of b-hair-
pins with additional interactions. Red, original hairpin; blue, hairpin
with interaction in the b-turn (residues D47–K50); and green, hairpin
with interaction between end residues (residues R41–E56). (a) Free
energy profiles (not including kinetic barriers). (b) Population of the
hydrophobic cluster (continuous lines) and fraction of hydrogen bonds
(dotted lines) for the three hairpins. (c) Arrhenius plot of the kinetics
of the three hairpins. Relaxation rates (continuous lines), folding rates
(dotted lines), and unfolding rates (dashed-dotted lines). The folding
and unfolding rates have been calculated from a two-state fit to the
relaxation rates and equilibrium constants generated with the modi-
fied single sequence model.
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model predicts a dramatic effect on its free energy profile
(Fig. 6a). If the cluster is moved closer to the b-turn, both the
minimum in the folded ensemble and the top of the free energy
barrier are shifted toward less structure (closer to the unfolded
ensemble). This is accompanied by an increase in stability, an
acceleration of the folding rate, and almost no change in the
unfolding rate. If the cluster is moved one residue in the
opposite direction (toward the ends), the stability is decreased
and the folding rate decreases, and there is only a small change
in the unfolding rate. Displacements of the top of the free
energy barrier have been reported in folding experiments on
small proteins (44). The model indicates that, for a b-hairpin,

the top of the free energy barrier is simply determined by the
position of the stabilizing side chains in the sequence.

Caveats. One criticism of the model that we have presented
is that only native interactions are considered. This excludes
the possibility, for example, of forming a turn at additional
positions in the sequence, which would result in nonnative
hydrogen bonds and nonnative hydrophobic interactions.
There is no evidence in the NMR data of significant population
of other hairpin conformations (29). Nonnative interactions
also can affect the kinetics in the same two ways as in proteins
(2). They can produce local minima in the energy landscape,
which can result in the population of intermediate structures
at equilibrium, or they can produce transient trapping of
misfolded structures, which are not present at equilibrium. We
have not yet found any evidence for equilibrium intermediates
in the folding of the b-hairpin. For transient trapping to be
observable as a separate kinetic phase, the residence time in
the trapped state must be longer than the relaxation time for
the overall hairpin-coil transition. Transient trapping does not
appear to be occurring in this b-hairpin because the progress
curves at all temperatures can be well-fit with a single expo-
nential function (27).

Another criticism of the model is that there are no native
backbone or side–chain interactions between two residues
unless the peptide bonds of all intervening residues have the
native conformation. This postulate excludes the possibility,
for example, of initiation by forming the hydrophobic cluster
followed by zipping up of the hydrogen bonds. The transition
state in this mechanism would be a ;10-residue loop. One is
tempted by this mechanism because of the close correspon-
dence of the b-hairpin relaxation time and the time of ;1 ms
estimated by Hagen et al. (25, 26) to form a 10-residue loop.
A 10-residue loop is predicted by Thirumalai (45) to be the
most probable loop size in proteins, longer loops being less
probable because of the larger entropy loss and shorter loops
because of chain stiffness. One could possibly distinguish
between the two mechanisms by measuring the kinetics for a
b-hairpin in which the hydrophobic cluster is moved closer to
the b-turn. Our model predicts that the rate of formation
should speed up because the transition state now occurs earlier
along the reaction coordinate (Fig. 6a), whereas the loop
model would predict a slower rate of formation. This consid-
eration was in fact one of the motivations for the predictions
discussed above.

The most convincing test of the model will of course come
from measurements on other b-hairpin peptides. Another
approach to both testing and refining the model is to examine
the results of simulations. All-atom molecular dynamics sim-
ulations of temperature jump kinetic experiments (at experi-
mental temperatures) may be feasible in the near future (10,
11). In the meantime, it should be useful to examine the results
of Langevin simulations of simplified representations of the
peptide (33). Because large numbers of sufficiently long tra-
jectories are possible with this method, kinetic progress curves
actually can be simulated. Examination of these trajectories
might reveal dominant mechanisms and structural species that
must be included in a kinetic model. The results will, however,
depend critically on the choice of potential functions.

Is the model unnecessarily complex? Could we use a much
simpler model, even a two-state model? The main problem
with a two-state model is that it has little predictive value. In
a two-state model, one would postulate a transition state
structure or, as in the case of proteins, try to determine the
transition state by structural perturbation experiments. The
examples in Fig. 6 show that small structural perturbations lead
to changes in the transition state and would therefore also
result in incorrect predictions for the change in rates. Never-
theless, the model could be simplified. If we consider only
residue–residue interactions, then in the single sequence ap-
proximation, the model reduces to an eight-state model. In

a

b

c

FIG. 6. Prediction of equilibrium and kinetic properties of b-hair-
pins with repositioned hydrophobic cluster. Red, original hairpin;
Blue, hairpin with hydrophobic cluster moved one residue closer to the
b-turn; and green, hairpin with hydrophobic cluster moved one residue
closer to the ends. (a) Free energy profiles. (b) Population of the
hydrophobic cluster (continuous lines) and fraction of hydrogen bonds
(dotted lines) for the three hairpins. (c) Arrhenius plot of the kinetics
of the three hairpins. Relaxation rates (solid lines), folding rates
(dotted lines), and unfolding rates (dashed-dotted lines). The folding
and unfolding rates have been calculated as in Fig. 5.
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such a model, quartets of dihedral angles change simulta-
neously in single kinetics steps. This model can explain the
experimental data, as well as predict the properties of other
b-hairpins. It is, however, not straightforward to extend a
model based on interactions to more complex structures
because of the difficulty in defining rules that specify the rates
of all elementary kinetic steps in terms of just a few param-
eters.

We thank Attila Szabo and Peter Wolynes for helpful comments on
the manuscript.
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