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ABSTRACT: Although protein folding is typically studied in
dilute solution, folding in a cell will be aﬀected by interactions with
other biomolecules and excluded volume eﬀects. Here, we examine
the eﬀect of hydrophobic conﬁnement on folding of the Trp-cage
miniprotein. We used replica exchange molecular dynamics
simulations to probe the diﬀerences between folding in the bulk,
on a hydrophobic surface, and conﬁned between two hydrophobic
walls. In addition to promotion of helix formation due to reduced
conformational entropy of the unfolded state upon conﬁnement, adsorption of Trp-cage to a hydrophobic surface stabilizes
intermediate structures not present in the bulk. These new intermediate structures may alter the folding mechanism and kinetics
and show the importance of including environmental eﬀects when studying protein folding.

■

INTRODUCTION
Protein folding in a cell may be aﬀected by the environment in
which folding occurs. A typical cellular environment is densely
packed, with up to 30% of the volume occupied by biological
macromolecules, which aﬀects the stability and folding
dynamics of proteins by crowding or by triggering binding.1
In addition, protein folding in cells is aided by other proteins
called chaperones.2 Although experiments and simulations
studying protein folding are usually performed in a bulk water
environment, this may not be representative of protein folding
in the complex environment of a cell. As a result, there has been
great interest in understanding environmental eﬀects, such as
conﬁnement, on protein folding. Folding in conﬁnement is of
great interest because of the presence of chaperonins, which are
chaperones containing a cavity in which an unfolded or
misfolded protein is encapsulated. Simple excluded volume
based models predict that conﬁnement stabilizes the folded
state of a protein by shifting the equilibrium away from the
unfolded state, which cannot adopt extended, high-entropy
conformations.3 In turn, the rate of folding may be
accelerated.4,5
In biological systems, the conﬁnement eﬀect is more
complex. In addition to excluded volume eﬀects, the
mechanism by which chaperonins act has also been attributed
to aggregation prevention and interactions with the chaperonin
wall.2,6 Conﬁnement through encapsulation in a silica-based
matrixa common experimental technique used to mimic the
biological environmenthas shown increased stability for
many, but not all, proteins.7−10 The experiments of Eggers
and Valentine7,8 showed that although lysozyme, α-lactalbumin,
and metmyoglobin were stabilized when encapsulated in silica,
apomyoglobin was destabilized, indicating that the conﬁnement
eﬀect is topology- and sequence-dependent. In addition, the
hydrophobicity of the environment plays a role, as shown by
© 2012 American Chemical Society

experiments encapsulating proteins in organically modiﬁed
silica matrixes.11 Although such experiments have provided
important details about the eﬀect of conﬁnement, the diﬃculty
in controlling speciﬁc environmental variables makes simulations an appealing approach to decouple the diﬀerent factors
aﬀecting protein stability in conﬁnement.
Simulations of coarse-grained proteins have shown that the
eﬀect of conﬁnement is dependent on the size of the conﬁning
volume relative to the size of the protein. A cage that is slightly
larger than the native state of the protein provides the largest
stabilization eﬀect. When the cage is too large, the protein does
not feel the eﬀect of the cage, whereas a cage that is too small
restricts the native state.12−15 Not only is the cage size
important, but the hydrophobicity of the conﬁning volume also
plays an important role in the rate of folding.16−18 A weakly
hydrophobic surface results in a maximum kinetic increase. If
the surface is too hydrophobic, the protein strongly adheres to
the wall, thereby increasing time to folding.
Even though simulations of coarse-grained proteins in
conﬁned geometries have provided a great deal of insight
into the eﬀects of conﬁnement, they cannot provide the
accuracy that all-atom models oﬀer. Not only are all-atom
models are more accurate, they also can capture more details on
the role of speciﬁc interactions between the residues, water and
conﬁning volume. Moreover, because there is a great deal of
evidence that water structure and entropy7,8,19,20 play a role in
the stability of conﬁned proteins, the use of explicit solvent is
required.
In this paper, we investigate the eﬀect of conﬁnement
between hydrophobic surfaces on the folding behavior of the
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ﬁxed at its equilibrium distance. The systems were solvated with
1994 (3 nm) and 3936 (5 nm) water molecules, and one water
molecule was again replaced with a Cl− ion. After a 10 ns
equilibration run with anisotropic Berendsen pressure coupling,
which permitted changes in the box size only normal to the
wall, the width of the boxes was changed to 2.919 and 5.185
nm. Again, the systems were equilibrated for an additional 10
ns using Nosé−Hoover temperature coupling to maintain a
temperature of 300 K. Although the protein was initially
centered in the box, by the end of the equilibration, it was
adsorbed to the wall or its periodic image.
All MD calculations were performed with Gromacs 4.042
with the AMBER99sb force ﬁeld43 using the Gromacs ports of
Sorin and Pande44 and the TIP3P water model.45 The carbon
atoms composing the wall were ﬁxed and treated as uncharged,
Lennard-Jones particles using the default carbon values (σ =
0.34 nm, ε = 0.36 kJ/mol) in the AMBER99sb force ﬁeld.
Bonds between protein atoms were constrained with LINCS,46
and bonds between water atoms were constrained with
SETTLE,47 permitting use of a 2 fs time step. Long-range
electrostatics were treated with fast particle-mesh Ewald48,49
using a grid spacing of 1.2 Å. van der Waals interactions were
shifted and truncated, decaying to zero between 8 and 9 Å.
Order Parameters. Although a large number of order
parameters were examined, here, only the results for the eight
with the most interesting features are presented. Order
parameters commonly used to distinguish states during protein
folding include the radius of gyration of the α-carbon (Cα)
atoms (RCα
g ), the root-mean-square deviation (rmsd) of the Cα
atoms (rmsdCα) relative to the NMR structure (equilibrated for
10 ns at 300 K), and the rmsd of the α-helix (rmsdαhx)
compared with the Cα atoms of an ideal α-helix. Other order
parameters examined here include the solvent accessible surface
area (sas) and the fraction of native contacts (ρ), where a native
contact is formed if the distance between two Cα atoms on
nonadjacent residues is <6.5 Å. More speciﬁc to the
hydrophobic core residues of Trp-cage is the number of
water molecules within 4 Å of the Trp (nwaterTrp).
For the conﬁned proteins, we also looked at the distance
between the wall and the center of mass of the Tyr residue
(Tyr-dist) and the angle of a plane through three carbon atoms
of the Trp side chain with the wall (Trp-angle), which is
reported as the cosine of the angle (cos(Trp-angle)).
Replica Exchange Molecular Dynamics. A commonly
used method of increasing sampling in biological systems is
replica-exchange MD (REMD). Even with REMD, poor
sampling for proteins in explicit solvent is a well known
problem and has been seen previously for Trp-cage.35 As a test
of convergence, two REMD simulations were performed for
each of the three cases, starting from either the native state or
an unfolded protein conﬁguration selected from a 500 K, 20 ns
MD trajectory of the native state. In the case of the conﬁned
proteins, the folded proteins adsorbed to the wall during the
initial equilibration and remained there for a majority of the
simulations, even those at high temperatures. Upon heating to
500 K, the protein still remained adsorbed to the wall, so the
starting conﬁgurations for the unfolded conﬁned proteins were
also adsorbed. After 100 ns of simulation time per replica,
suﬃcient convergence was achieved, and the following results
for each of the three cases are an aggregate of the data from the
simulations started from a folded protein or an unfolded
protein.

small mini-protein Trp-cage in explicit solvent. We focus on a
hydrophobic rather than a hydrophilic surface because the ﬁrst
has a larger eﬀect through adsorption as well as conﬁnement.
The 20-residue Trp-cage21 was selected for study because it has
been studied extensively both experimentally21−29 and
computationally.30−38 Designed to be a fast folder, Trp-cage
(NLYIQ WLKDG GPSSG RPPPS) has both secondary and
tertiary structure, making it an ideal protein for study. Residues
2−8 form an α-helix, and the side chains of the residues
forming the hydrophobic core (Tyr3-Trp6-Leu7-Pro12-Pro18Pro19) form a cage around the Trp side chain. Residues 11−14
form a short 310 helix. Although some experiments have shown
Trp-cage to be a simple two-state folder,21−23 other experiments showed that folding occurs via an intermediate.24,28 Allatom simulations of Trp-cage in explicit solvent have elucidated
two possible mechanisms for folding: 30,34,35,37 in one
mechanism, the α-helix forms ﬁrst, followed by formation of
tertiary contacts, whereas via the second route, the unfolded
protein ﬁrst forms tertiary contacts, followed by formation of
the α-helix.
Here, we conﬁne Trp-cage in explicit solvent between two
parallel hydrophobic plates, modeled as graphene. Because a
molecular dynamics (MD) simulation of Trp-cage folding in
explicit solvent would take microseconds of simulation time, we
speed up the sampling by employing replica-exchange
molecular dynamics (REMD) simulations. We study three
cases: (1) the reference case of Trp-cage in bulk water and
conﬁned systems in which the walls are separated by (2) 5 nm
or (3) 3 nm. The two conﬁned cases should allow us to
decouple the inﬂuence of the hydrophobic wall from the eﬀects
of conﬁnement during folding.
The remainder of the paper is organized as follows. In
Computational Details, we present the computational details.
In Results and Discussions, we discuss the simulation results for
the three studied cases. At the end of this section, we also
provide a generic overview of these results, followed by
Conclusions.

■

COMPUTATIONAL DETAILS
System Setup. Three systems were prepared: Trp-cage in
bulk water, Trp-cage in 3 nm conﬁnement, and Trp-cage in 5
nm conﬁnement. The protein coordinates came from the NMR
structure of Neidigh et al.21 (PDB entry 1L2Y). For the bulk
system, the protein was placed in a rhombic dodecahedral box
with a diameter of 5 nm and solvated with 2797 TIP3P water
molecules. One water molecule was replaced with a Cl− ion to
neutralize the charge. After 1000 steps of energy minimization,
the system was equilibrated for 2 ns with Berendsen39
temperature and pressure coupling (τt = 0.2 ps, τP = 0.5 ps)
to maintain ambient conditions of 300 K and 1 bar. The box
size was then kept ﬁxed at 5.014 nm, such that the remaining
simulations were performed in a NVT ensemble. An additional
10 ns of equilibration with Nosé−Hoover40,41 temperature
coupling (τt = 0.2 ps) was performed to equilibrate the constant
volume system at 300 K.
The conﬁned systems were prepared by centering Trp-cage
in a rectangular box with the wall at one end of the box. The
width of the box (normal to the wall) was set at 3 or 5 nm.
Since periodic boundary conditions were used in all directions,
the protein was conﬁned between two walls, with the second
wall being a periodic image. The wall of 504 carbon atoms was
constructed as a single sheet of graphene with dimensions 5.174
and 5.121 nm such that the carbon−carbon distance was held
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Figure 1. Free energy landscapes as a function of order parameters rmsdCα and rmsdαhx for (a) Trp-cage in bulk, (b) 5 nm conﬁnement, and (c) 3
nm conﬁnement. Color scale: blue (lowest free energy) to green (highest free energy). The region in white was not sampled. Contours are separated
by 1kBT.

The temperature range of ∼270−555 K was selected because
it was successfully used previously.35 The intermediate
temperatures were selected by optimizing the temperature
gap at the highest and lowest temperatures to obtain acceptance
ratios of ∼20−30% with the neighboring replica. The
intermediate temperatures were taken from a quadratic ﬁt of
the four data points. The ﬁnal temperature ranges were 270.0−
556.0 K with 64 replicas for the bulk and 5 nm cases and
270.0−555.5 K with 56 replicas for the 3 nm case. The
simulation parameters were the same as for the MD
simulations, except that v-rescale temperature coupling50 with
τt = 0.2 ps was used to maintain constant temperature instead
of Nosé−Hoover temperature coupling. Exchange attempts
were performed between every possible replica pair with a perl
script.51 Exchanges were attempted every 2 ps (bulk) or 1.5 ps
(conﬁned).
Free energy landscapes were constructed from the
probability histogram, F(λ1, λ2) = −kBT ln P(λ1, λ2), where
kB is Boltzmann’s constant, as a function of the order
parameters, λ1,λ2, described in the section Order Parameters.
Frenkel developed a method for including the rejected Monte
Carlo moves to improve statistics of probability histograms.52
Adapted for use to analyze replica exchange simulations, the
scheme known as Virtual Move Parallel Tempering allows the
incorporation of the high-temperature replica data in the room
temperature histograms.53 The reference temperatures here are
298.6 K (bulk and 5 nm conﬁnement) and 297.2 K (3 nm
conﬁnement).
Clustering. To gain insight into the structures of the
conformations sampled, k-medoid clustering was applied to all
structures at the reference temperatures for each of the three
REMD simulations. In this algorithm, k structures are selected
to be the initial medoids, and the remaining structures are
assigned to the medoid with which it has the smallest distance.
The relative rmsdCα was used as the distance metric here. A
new medoid is determined for each cluster by summing the
distance between a cluster member and every other structure in
the cluster. The structure with the lowest distance sum is
selected as a new medoid, and all of the structures are assigned
to one of the new medoids. The procedure is iterated until the
medoids no longer change. Since k-medoid clustering is
sensitive to the initial choice of medoids, the k-medoid
algorithm was seeded with clusters identiﬁed by the Jarvis−
Patrick algorithm in Gromacs. In the Jarvis−Patrick method, a
structure is added to a cluster if it is a neighbor of a structure
already in the cluster, and the two structures share three
neighbors. A neighbor to a structure either has a relative rmsdCα
within 0.1 nm compared with the structure or is one of the 15
closest structures on the basis of the relative rmsdCα. The kmedoid algorithm cannot distinguish between two structures

with the same rmsdCα but very diﬀerent rmsdαhx values, so each
clustering calculation was divided into two or three parts by
plotting the 1-D free energy landscape of rmsdαhx and selecting
the minima as the dividing points. The maxima were 0.15 nm
for the bulk, 0.06 and 0.30 nm for 5 nm conﬁnement, and 0.06
and 0.25 nm for 3 nm conﬁnement. One drawback to the kmedoid algorithm is that the desired number of clusters is an
input and not an output of the calculation. To ensure the
clusters spanned a large region of conﬁguration space, the value
of k was increased from 2 as long as the relative rmsdCα
between the cluster medoids was >0.19 nm. The resulting
clusters were then grouped on the basis of their common
structural features.

■

RESULTS AND DISCUSSION
Replica Exchange Results. Trp-Cage in Bulk. Although
REMD simulations of the Trp-cage in explicit solvent have
been performed with the OPLSAA34,35 and AMBER30,31 force
ﬁelds, here, we present our results as a baseline to which we can
directly compare our conﬁnement simulations. Further, the
previous work31 using the AMBER99sb force ﬁeld and TIP3P
water model did not report results using the same order
parameters or temperature as those examined here.
In the bulk system, the combination of rmsdCα and rmsdαhx
(Figure 1a) is able to distinguish between several stable states,
most notably, the folded state at very low values of rmsdCα and
rmsdαhx and the unfolded state at rmsdCα around 0.5 nm and
rmsdαhx between 0.3 and 0.4 nm. The smaller minima represent
intermediate states in the folding pathway.
Other free energy landscapes for Trp-cage in bulk are found
in Figure SI1 in the Supporting Information. Several of the
plots show minima representing the folded and unfolded states
including Figure SI1f which is a function of nwaterTrp and
rmsdCα. When Trp-cage is unfolded, 20 water molecules are
found within 4 Å of the Trp residue, but this water is expelled
from the hydrophobic core during the folding process for the
Trp residue to be packed correctly.
Trp-Cage in 5 nm Conﬁnement. Conﬁning Trp-cage
between two hydrophobic walls 5 nm apart should be
representative of the protein on a hydrophobic surface. At no
point in the simulations does the protein leave the wall to
which it adsorbs in the initial MD equilibration, suggesting that
the protein does not interact with the second wall. Knowledge
of the interaction between a hydrophobic surface and Trp-cage
should help in decoupling the conﬁnement eﬀects from the
surface eﬀects when the protein is in 3 nm conﬁnement.
The free energy landscapes of rmsdCα and rmsdαhx in Figure
1 show clear diﬀerences between Trp-cage in the bulk and 5 nm
conﬁnement. Although both parts a and b have minima at small
values of rmsdCα and rmsdαhx representing the folded state, a
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corresponding to Tyr adsorbed to the wall are not at 0 nm
because of the ﬁnite thickness of the graphene wall at x = 0.
The side chain of the Trp residue has clear preferential
orientations with the wall (Figure 2b). There are deep minima
at ±1, indicating that the side chain is parallel to the wall. The
folded state is represented by minima at very small values of
rmsdαhx because the Trp side chain is still packed in the
adsorbed folded state. Finally, some shallow minima are present
when the cos(Trp-angle) is zero, indicating the side chain is
perpendicular to the wall.
Trp-Cage in 3 nm Conﬁnement. To conﬁne the protein, the
distance between the walls was reduced to 3 nm. In Figure SI1a,
the values of the Rg of the Cα atoms sampled range from 0.7 nm
to more than 1.2 nm. Subtracting the van der Waals radius of
the carbon walls (0.34 nm), the actual distance between the
walls that the protein can occupy is 2.2 nm. Considering the
side chains will increase the Rg of the protein, this wall
separation is suﬃcient to conﬁne the Trp-cage. Further, as will
be discussed below, the protein can be adsorbed to both walls
at once, indicating that the protein feels the second wall.
Similar to the protein in 5 nm conﬁnement, intermediate
conﬁgurations (rmsdαhx ∼ 0.10−0.20 nm) were sampled.
Although in Figure 1 the mininum representing the unfolded
state in 5 nm conﬁnement is only 1kBT shallower than the
minimum representing the intermediate helical states, the
minimum at unfolded helical values for 3 nm conﬁnement is
3kBT higher in energy than the intermediate helical state.
Because the minima between rmsdαhx of 0.10 and 0.20 nm are
the same depth for 5 and 3 nm conﬁnement, this suggests that
adsorption to the wall is responsible for creation of the
intermediate α-helical states, whereas conﬁnement destabilized
the completely unfolded state relative to the intermediate state
in which the α-helix is partially formed.
Considering the distance between the Tyr side chain and the
wall (Tyr-dist, Figure 2b and d), the 3 and 5 nm simulations are
very similar, with minima arising when the Tyr side chain is
adsorbed to the wall or desorbed and fully solvated. The
minimum present for the simulation in 5 nm conﬁnement for

large well at rmsdαhx values between 0.10 and 0.20 is present for
5 nm conﬁnement but not for the bulk. When Trp-cage adsorbs
to the wall, the hydrophobic rings of the Tyr and Trp residues
adsorb to the wall, distorting the helix. In addition, larger values
of rmsdCα are sampled for Trp-cage in 5 nm conﬁnement than
in the bulk. Because Trp-cage adsorbs to the wall, it can adopt
conformations that are energetically unfavorable in the bulk.
Although most of the order parameters discussed above are
typically used to describe proteins in the bulk, order parameters
based on the residues of the hydrophobic core (Tyr-dist, Trpangle) are useful for characterizing the protein adsorbed to the
wall. In Figure 2a, there are clear minima for the distance

Figure 2. Free energy landscapes of rmsdαhx as a function of Tyr-dist
(a, c) and Trp-angle (b, d) for the conﬁned proteins. Color scale: blue
(lowest free energy) to green (highest free energy). The region in
white was not sampled. Contours are separated by 1kBT.

between the Tyr side chain and the wall (Tyr-dist): the Tyr
residue is either adsorbed (Tyr-dist ∼ 0.30−0.50 nm) to the
wall or fully desorbed (∼0.75−1.0 nm). Note that the minima

Figure 3. Clustering analysis: Trp-cage in bulk. Plot: The contours are reproduced from Figure 1a. The medoids are represented by symbols. The
structures speciﬁcally discussed in the text are labeled and represented by colored circles. The remaining medoids are shown as triangles. The
backbone is in ribbon representation; residues are as follows: Trp (blue), Tyr (yellow), and Pro (red). The medoid structures were visualized with
VMD.57
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Figure 4. Clustering analysis: Trp-cage in 5 nm conﬁnement. Plots: rmsdαhx as a function of rmsdCα (a), Tyr-dist (b), and Trp-angle (c). The
structures discussed in the text are represented by colored circles. The remaining medoids are represented by triangles. The lines correspond to the
free energy contours in Figures 1b and 2a and b. The backbone is in ribbon representation; residues are as follows: Trp (blue), Tyr (yellow), and Pro
(red). In most structures, for clarity, the wall (gray) is not shown but is parallel with the paper.

The medoid structures were grouped by visual inspection of
structural features into the following categories: native/nativelike, U-shaped, molten-globule-like, hairpin, and extended. At
least one medoid from each group is discussed below, as well as
several outliers with interesting features. The medoids
discussed below are represented by circles in Figures 3, 4,
and 5, and the remainders are represented by black triangles.
Trp-Cage in Bulk. k-Medoid clustering analysis for the
REMD simulations of Trp-cage in bulk resulted in 50 clusters,
and order parameters representing the corresponding medoids
are plotted in Figure 3 on top of the free energy contours of
Figure 1a. The largest two clusters represented by medoids B1
and B2 contained 51% and 10%, respectively, of the structures
sampled at 298 K. Both are native structures, with B1 being
closest to NMR structure.
One proposed pathway for Trp-cage folding consists of initial
formation of the α-helix (I-state), followed by formation of the
tertiary contacts.34−36 On the way to the native state, Trp-cage
visits a proline-detached (Pd) state lacking a fully formed 310
helix, such that Pro12 is detached from the hydrophobic core.35
Both the I (B3) and Pd (B4) states can be identiﬁed here in
Figure 3, although our states have slightly less helical content
than those identiﬁed previously. In the structure of B3 seen in
Figure 3, the Pro tail is pointing into the plane of the paper.
In another proposed folding pathway, ﬁrst the tertiary
contacts are formed, followed by the formation of the α-helix.
This pathway occurs via a so-called loop (L) state with little to
no helical content but the majority of tertiary contacts, similar
to B6.35 In addition to the L state with the Trp side chain
correctly packed, a number of hairpin structures (B9) were

the desorbed Tyr residue at intermediate helical values (Figure
2a) is not present in the plot for 3 nm conﬁnement (Figure 2c).
The free energy landscapes for the angle of the Trp side
chain with the wall (Trp-angle) for the protein in 3 nm
conﬁnement (Figure 2c) and in 5 nm conﬁnement (Figure 2b)
have many similar minima. In addition to the common minima
corresponding to a ﬂat side chain, both have minima when the
Trp side chain is at a right angle with the wall and also for very
small values of rmsdαhx, which represents the native state. The
similarities between the 5 and 3 nm conﬁned simulations with
regard to the Trp side chain and Tyr residue indicate that these
eﬀects most likely arise from the hydrophobic wall and not
from conﬁnement.
Structure Analysis. One diﬃculty with the free energy
projections in Figures 1 and 2 and the SI ﬁgures is that a single
minimum can represent multiple (meta-)stable states, depending on the order parameters used. The goal of clustering is to
group the structures by comparing their relative rmsdCα values
to decouple these minima without specifying an order
parameter. Clustering was performed on the 100 000 (bulk)
or 133 333 (5 nm and 3 nm conﬁnement) structures collected
from the REMD simulations at the reference temperature.
To ensure the clusters were representative of the
conﬁguration space sampled, the number of clusters, k, was
selected by picking the largest values of k for which the relative
rmsdCα between the medoid structures was at least 0.19 nm. As
a result, the number of clusters varies for each simulation. Since
this procedure resulted in as many as 78 clusters for a single
REMD simulation, not all of the medoid structures are
discussed below.
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Figure 5. Clustering analysis: Trp-cage in 3 nm conﬁnement. Plots: rmsdαhx as a function of rmsdCα (a), Tyr-dist (b), and Trp-angle (c). The
structures discussed in the text are represented by colored circles. The remaining medoids are represented by triangles. The lines correspond to the
free energy contours in Figure 1c and 2c and d. The backbone is in ribbon representation; residues are as follows: Trp (blue), Tyr (yellow), and Pro
(red). In most structures, for clarity, the wall (gray) is not shown but is parallel with the paper.

seen. The hairpin structures have a U shape similar to the L
state, but the Trp side chain is solvated.
Structure B5 looks similar to the native state, but has an
incorrectly formed α-helix. Although the tertiary structure is
correct, the α-helix is not properly formed. Since a medoid is
not guaranteed to be stable, B5 may represent a possible (oﬀpathway) metastable state.
The remainder of the medoids can be classiﬁed as unfolded.
Similar to Marinelli, et al.,36 we can group our unfolded medoid
structures as either partially extended (B7) or compact moltenglobule-like (B8) conformations.
Trp-Cage in 5 nm Conﬁnement. The clustering analysis for
Trp-cage in 5 nm conﬁnement also results in 50 medoids,
which are shown in Figure 4 on top of the free energy contours
of Figures 1b and 2a and b. Almost all of the medoids are
adsorbed to the wall, and for clarity, for most of the medoid
structures in Figure 4, the wall is not shown. In these cases, the
wall is parallel to the page, and the protein is viewed from the
top. The largest two clusters contain 32% and 6% of the total
number of collected structures. These clusters are represented

by medoids 51 and 52 and look very similar to the native state.
The Trp side chain is packed correctly, but the hydrophobic
cage around the Trp is disrupted. As the protein comes into
contact with the wall, the hydrophobic side chains will be the
most likely to adsorb to the wall. The most striking diﬀerence
between the medoids seen in the bulk and 5 nm conﬁnement is
that the adsorbed structures are mostly two-dimensional.
Medoids 53 and 54 represent a type of structure not seen in
the bulk and are elongated with either a completely unfolded,
partially folded (53), or fully formed α-helix (54). The Pro
residues reduce the conformational entropy of the fully
extended structure in the bulk, so the unfolded structures are
more compact than the unfolded structures seen adsorbed to
the wall. Since the hydrophobic residues adsorb to the wall, the
extended structures can realize entropically unfavorable
conformations. Frequently, the adsorbed structures, such as
54, will bend at the Pro12 residue or the residues forming the
310 helix will form a loop (55).
Two-dimensional versions of the intermediates involved in
the Trp-cage folding pathway are seen here: the U-shaped L
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side chains of residues Ile4 and Trp6, while residues Ser13,
Ser14, Arg16, and Pro17 are adsorbed to the opposite wall.
These are intermediate structures through which Trp-cage
can transfer from one wall to the other. Since the Pro ring is
smaller and less hydrophobic than the side chains of Tyr and
Trp, the residues at the N-terminus are more strongly adsorbed
than the C-terminal residues. The Pro tail explores conformations oﬀ the wall until it is pulled back to the wall or it
comes close enough to the opposite wall to adsorb. During the
transfer from one wall to the other, formation of the α-helix is
easier when it is desorbed than when the large aromatic rings of
the Tyr and Trp residues are adsorbed to the wall. The
presence of a second wall creates conﬁnement, reducing the
conformational entropy of the unfolded helix and promoting
formation of the α-helix.
Generic Model of Helix Folding and Implications for
Protein Folding in Conﬁnement. In this section, we will try
to extract some generic features from our Trp-cage simulations.
These conclusions are necessarily rather speculative because
Trp-cage is a very speciﬁc miniprotein, and its properties might
not directly apply to other proteins. Nevertheless, we will argue
that our results indicate that the introduction of hydrophobic
walls around a protein have a 2-fold eﬀect on folding. The ﬁrst
eﬀect is that the walls provide an interface to which the protein
can adsorb. This is particularly the case with a hydrophobic
interface such as we used but would also occur with a gas−
liquid (air−water) interface. The second eﬀect is the conﬁnement itself, which reduces the entropy of the extended states,
favoring more compact conformations and providing a second
surface for adsorption to allow escape from trapped states.
We illustrate these eﬀects for the Trp-cage system with
simpliﬁed free energy plots based on the REMD free energy
proﬁles projected on the rmsdαhx. Although geometric
clustering algorithms such as k-medoid in principle identify
structurally diﬀerent states, this approach yielded many tens of
clusters, rather than only two or three. However, we can make a
rough but simple distinction of states using the rmsdαhx only.
The 1-D free energy landscapes are plotted in Figure 6a, c, and
e and show a clear division in terms of helix formation when
Trp-cage is adsorbed to the wall. For simplicity, structures with
rmsdαhx < 0.10 nm can be considered to have a folded α-helix,
whereas structures with rmsdαhx > 0.20 nm have an unfolded αhelix. In addition to the unfolded and native helical states, the
landscapes in Figure 6c, e also show intermediate states, with
rmsdαhx between 0.10 and 0.20 nm. We can use this simple
division to draw generic free energy landscapes based on the
REMD results (shown in Figure 6b, d, and f) that summarize
the folding behavior in conﬁnement.
Figure 6b represents the generic two-state folding of the αhelix in bulk water. This ﬁgure is based on the global two-state
folding landscape given in ref 37 and agrees with the literature
that ﬁnds there is evidence that the helix folds cooperatively.28
When put in 5 nm conﬁnement, the protein adsorbs to the
wall. This lowers the free energy of the native, intermediate,
and unfolded states, but in a diﬀerent way for each of the states.
The native states of the Trp-cage in the bulk and adsorbed to
the wall are very similar in structure and are taken as a reference
with the same free energy. The intermediate helical state, which
is lowly populated in the bulk due to unfavorable entropy and
enthalpy, is now relatively stable as a result of strong
interactions of the Tyr and Trp residues with the surface.
The free energy of the unfolded and intermediate states diﬀers
by only 1kBT.

state (56) and the I state (57). In addition, medoid 58 is a twodimensional version of the molten-globule-like structures (B8)
seen in the bulk. Medoid 56 has a more helical content than the
L state because the hydrophobic residues are on the same side
of the helix, so, as seen in previous simulations,54,55 helix
formation is promoted. In the native state of the Trp-cage, the
Trp residue is packed in the hydrophobic core, but because of
its large hydrophobic side chain, it usually adsorbs to the wall.
In addition, the Tyr side chain usually adsorbs to the side of the
backbone that is opposite the Trp side chain, which is in
contrast to the necessary arrangement for the native state (e.g.,
51). Thus, residues 2, 7, and 8 lose some of their helicity,
resulting in values of rmsdαhx between between 0.1 and 0.2 nm
(Figure 4). That partial helix formation is promoted by
adsorption of the Tyr and Trp residues can been seen in Figure
4. In Figure 4b, the distance between the center of mass of the
Tyr residue and the wall is plotted as a function of rmsdαhx. The
majority of medoid structures are characterized by an adsorbed
Tyr side chain. Only a few medoids have a desorbed Tyr
residue. In Figure 4c, the x-axis is the cosine of the angle the
Trp side chain makes with the wall. A value of 1 or −1 indicates
the side chain is parallel to the wall, which typically means the
side chain is adsorbed. Medoid 59 has a desorbed Trp side
chain that is parallel to the wall, but in most cases, the side
chain is, indeed, adsorbed to the wall. The folded medoids (51
and 52) have a cosine value of ∼-0.4 because the Trp residue is
packed within the hydrophobic core of the protein. In medoid
510, the Trp side chain actually forms a 90° angle with the wall.
Trp-Cage in 3 nm Conﬁnement. The number of clusters
found for Trp-cage in 3 nm conﬁnement is 78; more clusters
were found for Trp-cage with a rmsdαhx larger than 0.25 nm
than for Trp-cage in 5 nm conﬁnement. The number of clusters
was chosen to maximize the number of medoids with diﬀerent
structures. This simply means there is greater variability in the
unfolded helix region for the Trp-cage in 3 nm conﬁnement
than in 5 nm conﬁnement because the total number of
structures with a rmsdαhx >0.25 nm is larger for 3 nm
conﬁnement.
The largest two clusters (31 and 32), containing 30% and
14% of the total, represent the structures close to the native
state. Medoid 31 is closest to the native structure, and 32 has a
slightly larger rmsdCa and tilted Trp side chain. All of the types
of medoid structures found for Trp-cage in 5 nm conﬁnement
are found for the case of 3 nm conﬁnement. There are
elongated structures with either a completely unfolded (33),
partially folded, or fully folded (34) α-helix as well as the
adsorbed state with desorbed loop near the Pro12 residue (35).
The two-dimensional versions of the L state (36), I state (37),
and molten-globule-like state (38) are also found. Again, most
medoids have adsorbed Tyr and Trp side chains, which will
promote partial formation of the α-helix.
The major diﬀerence between the Trp-cage in 5 and 3 nm
conﬁnement is that the protein can adsorb to both walls at the
same time when the walls are only 3 nm apart. Medoids 39, 310,
and 311 create a bridge across the walls and oﬀer clear evidence
that 3 nm is suﬃcient to conﬁne the protein. The ﬁrst “bridge”
structure 39 is adsorbed to the left wall by residues Leu2, Tyr3,
Gln5, and Trp6 and by residues Ser14, Gly15, Arg 16, Pro18,
and Pro19 to the right wall. In the case of medoid 310, Pro17,
Arg16, Gly15, and Ser14 are adsorbed to one wall, and by the
hydrophobic side chains of Leu2 and Ile4 to the other. The
third “bridge” structure (311) is adsorbed to the left wall by the
11878
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hydrophobic surface, indicating that these new states are
somehow involved in the folding pathway.
Although other simulations17,18,56 have shown that adsorption of proteins to the wall of their conﬁning volume plays an
important role, the impact of “bridge” structures has not been
previously addressed, possibly because of the size of the cage.
Tian and Garcia56 used all-atom REMD simulations to study
conﬁnement of the Trp-cage in a moderately hydrophobic
fullerene cage of diameter 4 Å. Although the cavity size was
selected in that study to mimic that of the chaperonin GroEL,
Trp-cage is much smaller than the proteins normally folded by
GroEL, suggesting as to why no cross-cavity interactions were
reported. Even when Trp-cage is strongly adsorbed, the
“bridge” states allow the protein to desorb. In a true cellular
environment, the surfaces to which proteins adsorb are less
hydrophobic than the walls studied here, and “bridge”
structures could help proteins escape from trapped or
misfolded states, enhancing folding rates.
Overall, it appears that the presence of a hydrophobic wall
induces novel intermediate states. Further, when conﬁned
between two hydrophobic walls, the unfolded states are
destabilized. Since all proposed folding mechanisms for Trpcage involve a step in which the α-helix is formed, we can
speculate that adsorption of Trp-cage to a hydrophobic surface
will induce the formation of intermediates, which could trap the
protein in these states, but also lower the free energy barriers to
folding. On the other hand, conﬁnement will destabilize the
(extended) unfolded states, which will eﬀectively further
enhance the folding.

Figure 6. 1-D free energy plots from the REMD simulations for Trpcage (a) in the bulk, (c) in 5 nm conﬁnement, and (e) in 3 nm
conﬁnement (raw data and the ﬁt to an eighth-order polynomial). The
black lines come from the folded-protein initiated simulations, and the
blue, from the unfolded-initiated protein. Idealized 1-D free energy
plots of α-helix folding as a function of a generic order parameter (b),
the two-state nature of folding in the bulk, and the introduction of new
intermediates for (d) folding on a hydrophobic surface and (f) folding
in hydrophobic conﬁnement.

■

CONCLUSIONS
REMD simulations of Trp-cage folding and unfolding have
been performed for the miniprotein in the bulk and between
two hydrophobic plates either 5 or 3 nm apart. Adsorption of
Trp-cage to the wall results in the formation of new (meta-)
stable states not seen in the bulk. The results indicate that a
hydrophobic wall will destabilize the correctly folded α-helix by
introducing intermediates with partially folded helices. By
providing a second wall for Trp-cage to adsorb and reducing
the conformational entropy of the extended state, conﬁnement
can promote α-helix formation. Although Trp-cage is strongly
adsorbed to the hydrophobic wall in this study, adsorption on
the second wall helps the protein to escape from the trapped
state. Future all-atom simulations examining the eﬀect of
varying the hydrophobicity or size and shape of the conﬁning
volume will be essential to unraveling the inﬂuence of conﬁning
environments on protein folding.

The relative free energy diﬀerence between the folded and
intermediate states in 3 nm conﬁnement (Figure 6f) is similar
to the 5 nm conﬁnement case. This is not unexpected because
both states are rather compact and are not expected to be
inﬂuenced much by the presence of a second wall nearby. Due
to the second wall, the unfolded state is destabilized by around
3kBT relative to the intermediate states because the protein is
able to desorb from the ﬁrst wall. The last part that comes oﬀ
the wall is the α-helical region. When the α-helix desorbs,
unfolded conformations will be energetically unfavorable
because of reduced conformational entropy. Although a
partially folded α-helix will likely readsorb as a partially folded
helix, an unfolded helix will be more likely to readsorb as a
partially folded α-helix than an unfolded α-helix.
Jewett and Shea found that a frustrated coarse-grained
protein could adopt new intermediate states upon adsorption
to the interior17 or exterior16 of a weakly hydrophobic sphere.
The free energy barrier between the misfolded state and the
intermediate states was less than the barrier from the misfolded
to native state, allowing the protein to take a pathway diﬀerent
from the misfolded to native state. Adsorption on a
hydrophobic wall clearly introduces new states that can change
the folding mechanism of Trp-cage. We cannot speculate on
the kinetics of folding solely from our REMD results, but
folding events did occur when Trp-cage was adsorbed to the
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