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Abstract: In this work, we shed new light on a much-studied case of �-hairpin folding by means of advanced
molecular dynamics simulations. A fully atomistic description of the protein and the solvent molecule is
used, together with metadynamics, to accelerate the sampling and estimate free-energy landscapes. This
is achieved using the path collective variables approach, which provides an adaptive description of the
mechanism under study. We discover that the folding mechanism is a multiscale process where the turn
region conformation leads to two different energy pathways that are connected by elongated structures.
The former displays a stable 2:4 native-like structure in which an optimal hydrophobic packing and hydrogen
bond pattern leads to 8 kcal/mol of stabilization. The latter shows a less-structured 3:5 �-sheet, where
hydrogen bonds and hydrophobic packing provide only 2.5 kcal/mol of stability. This perspective is fully
consistent with experimental evidence that shows this to be a prototypical two-state folder, while it redefines
the nature of the unfolded state.

Introduction

The discovery of the first water-soluble �-hairpinsnamely,
the C-terminal domain (residues 41-56) of the immunoglo-
bulin binding protein GB1 (GB1P)spaved the way to
understanding the factors that govern the �-sheet structure.1,2

Its well-characterized kinetic and thermodynamic properties,
its fast folding times of 6 µs,3 and its importance as a
prototype of a �-hairpin structure have attracted vast interest
from both the computational chemist4-26 and the experimen-

tal biochemist community.1,3,27-30 The folding mechanism
and factors contributing to the stabilization of the GB1P are
much clearer now. Equilibrium and kinetics studies using
temperature jump,3 calorimetric, and nuclear magnetic reso-
nance (NMR) experiments,1,27,31,32 supported by calculations
and simulations, showed that this peptide forms the secondary
structure cooperatively and that its folding can be depicted
as a two-state process.3,4,33

Both the turn and interstrand hydrophobic side-chain-side-
chain interactions have been shown to contribute to the �-hairpin
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stability.18,28,29,34,35 The relative contributions of these compo-
nents and the detailed folding mechanism are still debated.

Much less attention has been paid to the nature of the
unfolded ensemble, despite the fact that, in 1995, Frank et al.36

and Blanco and Serrano31 already demonstrated the existence
of residual structure under denaturing conditions, by studying
the whole GB1 and the isolated fragment 41-56 in urea
solution. The existence of some form of structure in the
denatured state is corroborated by recent findings on other
�-hairpins (trpzip and TC5b), which also show residual
structure.29,37,38 These results call into question the naive notion
that the unfolded ensemble is composed of fully disordered and
stretched structures.

In a previous calculation based on a combination of meta-
dynamics and parallel tempering,33 we showed that the free-
energy landscape can indeed be partitioned into two states: a
folded region and an unfolded one. The nature of the latter,
however, was never fully elucidated, neither in our studies nor
in many other similar theoretical studies. Here, the implicit
assumption also was that the unfolded states could be described
as highly disordered with a large gyration radius. Here, we
address this issue with a set of calculations based on the path
method of Branduardi et al.39 and by re-examining the results
of previous simulations.33 In such a way, we gain a detailed
understanding of the nature of the unfolded state and of the
folding process as well. This is done based on a fully atomistic
description of the protein and the solvating water molecules.
Our results can be summarized as follows. A fully stretched
configuration is unstable toward the formation of a turn, which
is an event that occurs in a rather short time span. The turn can
assume two different conformations: a native-like one, which
eventually leads to the 2:4 native structure, and a non-native
turn, which characterizes the ensemble of the unfolded states
among which an ordered 3:5 misfolded structure is particularly

stable. Thus, a free-energy landscape emerges in which the two
main basins can be identified: a folding basin (Figure 1) and a
misfolded one (Figure 2), separated by a transition region of
fully stretched configurations.

Simulation Details

The GB1P (PDB code: 1GB1) was solvated in 1559 tip3p
water molecules40 and three Na ions were added to ensure
charge neutrality. To preserve the charge distribution of the
natural system,12 we used the non-zwitterionic form of the
protein (Ace-GEWTYDDATKTFTVTE-Nme). The OPLSAA41

force field was used throughout, as implemented in version 2.6
of the NAMD42 molecular dynamics code. The temperature was
enforced using a Langevin thermostat. The free-energy surfaces
were determined by metadynamics43 in its direct formulation.44

Gaussians with a height of 0.1 kcal/mol were deposited each
picosecond. We departed from the usual procedure of keeping
the Gaussian width constant and determined the widths from
the fluctuations in the values of the collective variables. We
checked explicitly that this does not introduce appreciable errors
while accelerating considerably sampling convergence. The
fluctuations were obtained from averages performed during the
interval between one deposition and the other. The simulation
length was 180 ns for each metadynamics run. Each free-energy
profile was obtained via the multiple walkers technique,45 with
the number of walkers ranging from four to eight.

The Path Method

Path-inspired collective variables were used throughout to
study the folding mechanism. We briefly recall the main features
of the path collective variables (PCV) approach. We consider a
case in which we study a transition between the stable or
metastable states A and B.46 We assume that the transition from
A to B can be described by a set of collective variables S(R)
that are generally nonlinear vectorial functions of the micro-
scopic variables R. In our case, they will be the coordinate of
a subset of atoms or the elements of the contact map. Contrary
to the metadynamics, the dimension of the vector S is not
restricted to a small number but can be arbitrarily large. If the
choice of S is appropriate, we would expect the reactive
trajectories to be bundled in a narrow tube around a path, which
we write in parametric form as S(t) for 0 e t e 1 with S(0) )
SA and S(1) ) SB. The minimum free-energy path that connects
A to B on the free-energy surface F(S) is of great interest:

F(S))-1
�

ln〈δ(S- S(R))〉 (1)

where the average is taken over the Boltzmann distribution. As
shown by Ren and Vanden-Eijnden,47 such a path also has
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Figure 1. Schematic representation of the �-hairpin structure in the folded
conformation.

Figure 2. Schematic representation of the �-hairpin structure in the
misfolded conformation.
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dynamical meaning under the appropriate and often-realized
conditions. To trace this path, we follow the procedure of
Branduardi et al.39 and introduce the two variables s(R) and
z(R):

s(R)) lim
λf∞

∫0

1
te-λ|S(R)-S(t)|2 dt

∫0

1
e-λ|S(R)-S(t)|2 dt

(2)

z(R)) lim
λf∞ - 1

λ
ln ∫0

1
e-λ|S(R)-S(t)|2 dt (3)

With |...|, we indicate the metric that defines the distance
between the configurations. For any microscopic configuration
R, s(R) and z(R) measure its intercept and distance from the
path S(t), respectively. In practical applications, we describe
the path with a discrete number of frames S(l) (for l ) 1, ...,
P), with S(1) ) SA and S(P) ) SB. The integrals in eqs 2 and
3 are approximated by the finite sums

s(R)) 1
P- 1

∑ l)1

p
(l- 1)e-λ|S(R)-S(l)|2

∑ l)1

p
e-λ|S(R)-S(l)|2

(4)

and

z(R))-1
λ

ln(∑
l)1

Pe-λ|S(R)-S(l)|2) (5)

Care must be taken that all S(l) are equally spaced, relative to
the metric used, and that there is sufficient overlap between the
clusters defined by the reference frames. A distinguishing feature
of this method is its nonlocal character; in fact, when used
together with metadynamics, it is able to find transition paths
that are rather different from the initial one. This is achieved
by exploring the free-energy dependence on z(R), which is the
variable that measures the distance from the reference path.

In this work, we consider two different sets of collective
variables. The first one, which was already explored in ref 39
for a simple dipeptide, defines S(R) as a set of the Cartesian
coordinates of a subset of atoms. The distance between different
configurations |...|, to be used in eqs 4 and 5, was then measured
as the root-mean-square deviation (rmsd) between the two
structures after they have been optimally aligned using the
Kearsley algorithm.48 In a second choice, S(R) is given by the
j > i elements of the contact map (CMAP) matrix C(R), which
is defined as

C(R)i,j )

1- (ri,j

r0
)6

1- (ri,j

r0
)10

(6)

where ri, j is the distance between the ith and jth CR atoms of
the protein backbone and, following Vendruscolo,49 the distance
r0 is taken to be r0 ) 8.5 Å.

Our definition of the contact map is formally different from
that commonly used in the literature,49 which is discrete, and
where r0 is intended as a sharp cutoff but it is identical in its
spirit. Here, in fact, we must define a contact in terms of a

differentiable function with a continuous derivative, because
metadynamics requires smooth forces in the full range of
distances.

The square distance, |...|2, between a generic state R and a
point along the path described by the CMAP SC(l) is, in this
case, measured as

|SC(R)- SC(l)|2 )∑
j>i

(Ci,j(R)-Ci,j(l))
2 (7)

where the nearest neighbors are excluded from the sum.
To distinguish between the two cases that have been

discussed, we shall use the suffix R and C from this point
forward to represent the variable s and z to indicate that we are
using the rmsd and CMAP metrics, respectively.

In ref 39, we have shown that the free-energy surface F(s, z)
offers precious informations on the possible reaction paths.
Furthermore, an efficient procedure was proposed to improve
the initial path until it lies on a minimum free-energy line that
connects A with B on the free-energy surface. This amounts to
minimizing the tension functional,

T)∫F(s, 0) ds (8)

relative to the reference path S(t) through the variables s and z.
(See Supporting Information).

To obtain the starting reference path S(t), the 10 most-
populated clusters lying along the L-shaped minimum obtained
by parallel tempering33 were extracted. This seemed to be the
most natural choice, given the conventional wisdom. We
anticipate that this was not the optimal one. Remarkably,
however, the path method itself was able to guide us toward a
more-correct choice.

These clusters were ordered and interpolated, to obtain P
equally spaced configurations to be used in eqs 4 and 5. The
chosen values of λ were 2.81 Å-2 for the rmsd metric and 4.98
for the CMAP metrics. Unless otherwise specified, we have used
P ) 10, which ensures that, when measured with the rmsd
criterion, successive configurations along the path are not further
away than 1 Å, which is slightly smaller than the usual 1.5 Å
cutoff distance to distinguish between different clusters. A
representative sketch of the set of 10 configurations used to
define SC

0(l) is shown schematically in Figure 3. Note that, in
the final unfolded configuration, the intramolecular hydrogen
bonds are all broken except for two bonds in the turn region
from residue 46 to residue 51, with this being the last structured
highly populated cluster that lies beyond the transition state.

Before setting up a metadynamics run, it is expedient to
determine the maximal range of collective variables that it is
useful to explore. To this effect, we run an 8-ns long simulation
at 500 K, and this will help us set up bounds on the maximum
allowed values for the variables zC. These are enforced by
repulsive harmonic walls placed at zC ) 8.

Results and Discussion

In the preliminary high-temperature run, a complete unfolding
was obtained, reaching a final state with an rmsd value from
the native fold of >10 Å. In several runs of 5 ns at T ) 300 K,
starting from this configuration, the spontaneous formation of
the turn was observed. Sometimes, the turn was properly folded,
whereas, at other times, it assumed a different hydrogen bond
pattern. We took these observations as an indication that the
turn arrangement could play a major role. A fast collapse of
stretched structures has also been reported in an extensive set

(48) Kearsley, S. K. Acta Crystallogr., Sect. A 1989, 45, 208–210.
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of calculations37 on a �-sheet-forming peptide similar to the
one simulated here. We decided to simulate the GB1P with PCV
in the CMAP space, because this is expected to sample the
configurational space of the unfolded regime more effectively.
As described in the Methods section, the starting reference path
SC

0(l) was built on the free-energy surface obtained in ref 33
and optimized. After 10 optimization steps, a satisfactory
convergence was achieved, as measured by

∑
m

|∑
l

∂F(l, 0)
∂S(m) | (9)

A metadynamics run conducted with these variables showed
several folding and refolding processes. It is remarkable to
observe that, in these successful refolding events, the rmsd value
from the NMR folded structure was as low as 1.8 Å, including
the heavy atoms of the side chains, which were not included in
the definition of sC and zC.

However, after ∼150 ns, the system was pushed to a region
of configuration space from which refolding of the protein was
no longer observed.

The nature of the event that triggers the irreversible behavior
becomes clear if we monitor the rmsd from the native structure
of the heavy atoms from residues 46 to 51 that form the turn
region of the protein, as shown in the bottom panel of Figure
4. The abrupt jump seen at ∼150 ns corresponds to the
disruption of the native fold of the turn and the formation of a
different hydrogen bond pattern, leading to a misfolded turn,
in agreement with our preliminary unbiased molecular dynamics
runs. From this point forward, the system explores the high zC

region of the configuration space, where occasionally visits an
incorrectly 3:5 pattern folded state.21,25,26 This is another
indication that the way the turn is folded plays an important
role as suggested, but not proven, by many authors.28-30 This
prompted us to study in detail this transition.

To zoom into this transition, it is convenient to redefine the
reference path. Thus, we take as collective variables only the
heavy atoms involved in the formation of the turn-stabilizing
hydrogen bond pattern (see Figure 5). The local character of
the turn breaking and reforming event suggests using the more

shortsighted rmsd metric, rather than the more global CMAP
approach. The reference path is constructed by extracting equally
spaced frames from a metadynamics trajectory between 125 and
140 ns (see Figure 4). If we apply, to this case, the criterion
that successive frames should have a rmsd value of <1 Å, we
should use the values P ) 20 and λ ) 7.5 Å-2.

We then proceed to optimize this path. Although convergence
required a considerable number of optimization steps (∼200),
the qualitative nature of the transition did not change. The zR

does not introduce any appreciable features; therefore, we show
the free-energy profile F(sR) ) -kT ln ∫e-�F(sR, zR) dzR that is
associated with the optimized free-energy path thus obtained
(see Figure 6). Full convergence of the free energy for sR <
0.35 and zR > 0.8 proved to be difficult, because of the role of
relatively slow orthogonal degrees of freedom, such as hydro-
phobic side-chain interactions and backbone hydrogen bonds
not pertaining to the turn region. Only the region 0.35 < sR <
0.8 could be properly sampled, leading to the free energy
depicted in Figure 6. It is reassuring in this respect to report

Figure 3. Representative snapshot of the CMAP path. Left panels: examples
of the contact maps used. Center panels: representative sketches of the
corresponding CR configurations. Right panels: plots of the number of native
hydrogen bonds versus the radius of gyration of the hydrophobic residues
for the reference frames.

Figure 4. Plot of the timeline during metadynamics in 180 ns: the top
panel shows the variable sC and the second panel shows the variable zC.
The folding events are shown in red, where the rmsd value, relative to all
the heavy atoms of the protein, is <1.8 Å (shown in the third panel). The
corresponding points are shown as red lines in the upper panels. The bottom
panel shows the irreversible event with the rmsd, with respect to all heavy
atoms of the native structure in the 46-51 region. The red line corresponds
to the rmsd from the misfolded conformation in the 46-51 region.

Figure 5. Representation of the folded-unfolded-misfolded transition.
Bigger spheres represent atoms involved in the definition of the turn sR

variable.
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that, in this range, several unfolding and refolding processes
were observed.

We can roughly distinguish three regimes: (i) the initial one,
which has the lowest free energy and in which the turn is well-
formed (sR e 0.1), (ii) a transition region (0.1 < sR e 0.6), in
which the protein fully unfolds; and (iii) a final one (sR > 0.6)
in which the turn is incorrectly folded.

To understand the nature of this conversion mechanism, an
analysis of different contributions to the free energy is estimated
(see Supporting Information for calculation details). It turns out
that the potential energy increases substantially, because of the
loss of intraprotein hydrogen bonds. This effect is not coun-
terbalanced by the increasing entropic term of the highly
disordered extended structured, thus producing the free-energy
barrier of the transition.

Analysis of the Parallel Tempering Results

These results are reinforced by an analysis of a previous
unbiased parallel tempering run.33 Using the configurations thus
obtained, we calculated the free energy, with respect to the
variables sR and zR, which describe the turn conformation. In
Figure 7, these are compared to the now-standard description
where the free energy is mapped out as a function of the number
of hydrogen bonds and the gyration radius of the hydrophobic
residues. We first focus on the T ) 300 K free energies (panels
1 and 4). It is seen that sR and zR are coherent with the results
described in the previous section. All but a handful of states
can be classified based on the turn fold, either as “folded-turn”
or “misfolded-turn”-like.

The parallel tempering data at the higher temperatures also
becomes more instructive if plotted as a function of sR and zR.
The unstructured configurations at sR ≈ 0.5 become more
populated. However, even at the highest temperature, the folded
and misfolded basin are still clearly evident.

Three Different Regions

Until now, we have determined three different regions in the
free-energy surface (FES) of the �-hairpin, distinguished by the
conformation of the turn. To characterize them, we have run
three PCV simulations in CMAP space: one keeping the turn
close to the native conformation (FF(sC, zC)), one keeping it close
to the misfolded conformation (FM(sC, zC)), and the last keeping
the turn unfolded (FU(sC, zC)). This is done by imposing three
different constraints (sR e 0.1, 0.4 e sR e 0.6, and sR g 0.6,

which amount to selecting states in which the turn is correctly
formed, totally disrupted, or misfolded, respectively.

Let us first consider FF(sC, zC) (see Figure 8). In this case,
we use the optimized reference path illustrated in Figure 3. It
can be seen that FF(sC, zC) clearly shows that the folded structure
is the free-energy minimum. A clear funnel structure is apparent,
despite the distortion induced by the mapping into the sC and
zC variable. In FF(sC, zC), three different patches can be
identified. Patch A, which includes the folded structure, has the
largest number of native hydrogen bonds and the smallest
gyration radius. In patch B, the number of hydrophobic contacts
is reduced more than that of the native hydrogen bonds, while
the protein itself retains a compact structure. Finally, in patch
C, the protein is on its way to the transition state and the number
of both native hydrogen bonds and hydrophobic contacts is
smaller, while the gyration radius is larger.

The rich structure in FF(sC, zC) may be contrasted with the
featureless flatland of FU(sC, zC), where once the turn is
unfolded, no preference for specific structures is to be seen (see
Figure 9).

We now turn to the study of FM(sC, zC). Clearly, we cannot
use the reference path of Figure 3 to describe this basin.
Actually, if we attempt this, the system has a clear tendency to
explore large-z regions, indicating that the path is far from
optimal.

On the other hand, during the turn fold-driven metadynamics
path, we found a perfect 3:5 �-hairpin structure shown in Figure
5 (right panel), so it was natural to investigate its stability. Thus,
we performed a 10-ns run during which this “perfectly”
misfolded structure remained stable. Therefore, it is a legitimate
metastable state to be considered.

Thus, the new path was built from the 3:5 �-hairpin to a
structure analogous to the final structure of FF(sC, zC). This final
structure lies close to the transition state of Figure 6.

With this choice, the metadynamics runs in a smooth,
reversible way and does not show any anomalies. The corre-
sponding free-energy surface again exhibits a funnel character
(shown in Figure 10). In this case, however, only the non-native

Figure 6. Free-energy profile as a function of the path in the turn region.

Figure 7. Upper row: free energy profiles, as a function of the number of
hydrogen bonds (horizontal axis) and the gyration radius of the hydrophobic
residues (vertical axis), as obtained from a 8.4-ns parallel tempering run.33

Lower row: corresponding free-energy profiles as a function of sR and zR

of the turn region. The contours are spaced at intervals of 1 kcal/mol. The
three rows represent three different temperatures, as indicated in the upper
panels.

13942 J. AM. CHEM. SOC. 9 VOL. 130, NO. 42, 2008

A R T I C L E S Bonomi et al.

http://pubs.acs.org/action/showImage?doi=10.1021/ja803652f&iName=master.img-005.png&w=233&h=165
http://pubs.acs.org/action/showImage?doi=10.1021/ja803652f&iName=master.img-006.jpg&w=233&h=189


hydrogen bond stabilizes the 3:5 �-hairpin, because the mis-
folded turn hampers the tight packing of the hydrophobic
residues. This leads to a shallower funnel, (at its deepest, only
2.5 kcal/mol high).

Compiling all this information, we find that, in the free energy
landscape of this small protein, one can identify two main
funnels: one that leads to the native folded structure and another
that, instead, leads to a 3:5 misfolded one.

We now ask whether a direct path exists that brings the folded
structure to the totally misfolded one without passing through
extended structures. Indeed, this “reptation-like” movement has
been proposed in ref 25, based on coarse-grained simulations.
Therefore, we have constructed such a hypothetic path by joining
together a series of highly populated structures that bind the
folded structure to the incorrectly unfolded one. The path is
optimized and the final free-energy surface is drawn in Figure
11. It can be seen that there is a free-energy path, but this does
not run close to the zC ) 0 axis. The low free-energy path is
far from the reference path and involves the complete denatur-
ation of the protein, passing from elongated states in which even

the turn region is unfolded. This confirms our previous results
and strengthens the picture of a free-energy space, which can
be partitioned into two regions: one in which the turn is well-
formed, and another in which the turn is misfolded. To go from
one region to the other, the turn must be unfolded.

Conclusions

We have studied, in depth, the room-temperature unfolded
ensemble and the folding mechanism of the C-terminal domain
(residues 41-56) of the immunoglobulin binding protein GB1.
To this end, we used state-of-the-art methods such as our
recently developed path-like collective variables and parallel-
tempering simulations, producing several trajectories more than
180 ns long. This procedure makes use of an adaptive set of
collective variables that, in perspective, could describe the
folding mechanism of other small peptides. Our results are in
agreement with several lines of experimental evidence in
showing that GBP1 is a two-state folder. However, we have
shown that the “unfolded” state can be characterized more by
the structure of the turn than by its compactness. Indeed, we
find strong evidence of two main energy funnels that, depending
on the conformation of the turn, lead either to the folded
structure or to a misfolded structure.

In this small peptide, once the complete ”denatured” state,
which is intended to be a coil-like structure, is characterized,
its probability turns out to be low, with respect to the folded
and misfolded basins. Similar conclusions were drawn by van
Gunsteren et al.51 for several small polypetides.

The crucial role of the turn is consistent with experiments
on the entire protein and on the isolated fragment. On the entire
protein, mutagenetic experiments by the Baker group showed
that a key residue of the turn is essential to the stability.35 On
the fragment, many studies based on different experimental

(50) Kobayashi, N.; Honda, S.; Yoshii, H.; Munekata, E. Biochemistry 2000,
39, 6564–6571.

Figure 8. Description of FF(sC, zC), showing the free-energy landscape as a function of sC and zC and representative plots of the native hydrogen bonds,
hydrophobic contacts, and the gyration radius of the hydrophobic residues for the properly formed turn region (sR < 0.1). Contours are drawn every 1
kcal/mol. In ribbons: three typical structures encountered in basins A, B, and C.

Figure 9. Description of FU(sC, zC), showing the free-energy surface in
the saddle region (0.4 < sR < 0.6). Contours are drawn every 0.5 kcal/mol.
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techniques such as nuclear magnetic resonance (NMR),1,31 laser
temperature jump,3 differential scanning calorimetry (DSC),50

and �-value analysis29 have also come to the conclusion that
mutating the turn residues leads to a change in the kinetics of

the folding process. Experimental evidence supporting the
existence of a well-defined structure in the misfolded region is
provided in the work of Serrano and co-workers. They used
trifluoroethanol as their solvent, which is known to stabilize
the secondary structure. These authors, in fact, reported, in this
solvent, two NOE peaks, which were assigned to the formation
of a Gly41-Val54 bond and Glu42-Val54 bond. Such an
interaction is weak in the perfect fold but it is fully compatible
with our misfolded structure. It would be illuminating to re-
examine all these data on the basis of the present picture.
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Figure 10. Description of FM(sC, zC), showing the free-energy landscape as a function of sC and zC and representative plots of hydrogen bonds and gyration
radius for the misfolded turn region (sR > 0.6). Contours are drawn every 1 kcal/mol.

Figure 11. Description of the reptation mechanism: the points at zC = 0
are not explored, confirming that the sliding mechanism is not feasible for
the wild type. Contours are drawn every 1 kcal/mol.
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