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Characterization of the structures of the transition state ensemble is a key step in describing the folding
reaction. Using two variants of a coarse-grained model of the three-strandedâ-sheet WW domain and a fully
automated progress variable clustering (PVC) algorithm, we have dissected the effect of macromolecular
crowding and confinement on the changes in the transition state structures in comparison to bulk. Each amino
acid is represented using a CR atom and a side chain. The distance between the CR atom and center of mass
of the side chain is taken to be its effective van der Waals radius. For the bulk case, we predict using the
PVC algorithm, which does not assume knowledge of the underlying folding reaction coordinate, that there
are two classes of structures in the transition state ensemble (TSE). The structures in both of the classes are
compact. The dominant cluster is more structured than the structures in the less populated class. In accord
with bulk experiments, the residues in strandsâ2 andâ3 and the interactions at theâ2-â3 interface are structured.
When only excluded volume interactions between the crowding particles and the WW domain are taken into
account or when the protein is confined to an inert spherical pore, the overall structure of the TSE does not
change dramatically. However, in this entropy dominated regime, the width of the TSE decreases and the
structures become more oblate and less spherical as the volume fraction of crowding particle increases or
when the pore radius decreases. It suggests that the shape changes, which are computed using the moment of
inertia tensor, may represent the slow degrees of freedom during the folding process. When non-native
interactions between side chains and interactions with the cavity of the pores are taken into account, the TSE
becomes considerably broader. Although the topology in the transition has a fold similar to the native state,
the structures are far more plastic than in the bulk. The TSE is sensitive to the size of the pore as well as
interactions between the pore and the protein. The differences between the two cases (confinement in an inert
pore and when pore-protein interactions are considered) arise due to the increased importance of enthalpic
interactions in the transition state as the strength of the protein-pore interaction increases.

Introduction

Cellular medium is crowded with lipids, nucleic acids,
cytoskeletons, and other macromolecules. Estimates show that
the volume fraction (Φc) of these macromolecules, collectively
referred to as crowding agents, can exceed≈0.2.1,2 Spontaneous
folding of nascent proteins in the crowded environment can be
different from in vitro experiments that are typically conducted
under infinite dilution conditions. Protein folding under crowded
conditions is complicated because the nature of the water-
mediated interactions between the crowding agents and the
polypeptide chains is not fully understood. However, to a first
approximation, the dominant effect of crowding agents is to
exclude the volume occupied by them to the proteins. If
excluded volume interactions dominate, then the stability of the
folded state of the protein, compared to theΦc ) 0 case, is
enhanced. Because of the entropically derived depletion interac-
tion,3 due to the crowding particles, the folded structure is
stabilized with respect to theΦc ) 0 case. The entropic
stabilization of the folded state, in the presence of crowding
agents, has been firmly established in pioneering studies by

Minton.4,5 Although the extent to which crowding agents
stabilize proteins is sometimes debated,6 the theoretical predic-
tions regarding crowding-induced stability has been confirmed
in a number of in vitro experiments.6-9 More recently, we10

showed that the folding rates of proteins increase non-monotoni-
cally as Φc is increased, reaching a maximum atΦc

/ that
approximately corresponds to the overlap volume fraction of
the protein. When excluded volume interactions dominate, then
the observed rate enhancement can be explained in terms of
the entropic destabilization of the denatured state ensemble
(DSE).10 The entropically destabilized DSE idea was first used
to rationalize rate enhancement of proteins in a related problem
of folding confined inert pores.11 We showed previously10 that
folding in the presence of crowding agents is approximately
equivalent to folding in aΦc-dependent spherical pore.

Although many aspects of folding in restricted spaces (or in
the presence of crowding agents) are well understood, the
complete characterization of crowding (or confinement)-induced
folding also requires knowledge of the transition state ensemble
(TSE). Here, we determine the extent to which the TSE changes
compared to the bulk case due to confinement or whenΦc is
nonzero. In order to rationalize the crowding-induced rate
enhancement, we previously assumed10 that the location of the

† University of Houston.
‡ Institute for Physical Science and Technology, University of Maryland.
§ Department of Chemistry and Biochemistry, University of Maryland.

8250 J. Phys. Chem. B2007,111,8250-8257

10.1021/jp068201y CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/22/2007



TSE does not change significantly asΦc is increased from zero.
In other words, at low values ofΦc (or modest confinement),
the decrease in the free energy barrier is largely due to the
entropic destabilization of the DSE. It is also likely that there
are changes in the characteristics of the TSE such as its width
or the heterogeneity of structures. In the presence of crowding
agents, the polypeptide chain would prefer to be localized in a
region that is devoid of crowding agents. The localization not
only decreases the conformational entropy of the DSE but also
should lessen the structural fluctuations of the TSE. We infer
that the TSE width should decrease asΦc increases. Similarly,
the width of the TSE should be smaller in confined spaces
compared to the bulk. In order to expand on these arguments,
we address the following specific questions:

(1) What are the changes in the TSE of a protein in the
presence of crowding agents? How does the TSE change in the
related problem of folding in confined space? These questions
are relevant when considering the excluded volume effects on
the TSE changes.

(2) Does the inclusion of non-native interactions between the
side chains and interactions with the cavity walls alter the nature
of the TSE? The latter issue is of particular interest when
considering protein folding in the GroEL cavity12 or in the
ribosome tunnel.13 In these situations, the polypeptide chain
interacts with the cavity walls whose strength can be modulated
by protein sequence.

The questions posed above are addressed using a coarse-
grained minimal model of proteins in which each amino acid
is represented using its CR atom and its side chain. The resulting
CR-SCM (SCM stands for side-chain model) representation of
the WW domain (Figure 1) is used to probe the TSE movements
in the presence of crowding agents. Determination of the
structures of the TS has been a topic of much discussion that

has centered largely on whether a set of low dimensional
reaction coordinates suffices to obtain rates for a complex
reaction such as biomolecular folding.14-24 The limitations and
the advantages of the methods that do not assume underlying
reaction coordinates have been described elsewhere.24,25

There are several ways to define the transition state (TS).
The TSE can be defined as the locus of structures along the
stochastic separatrix that have equal probability (Pfold) of leading
to the folded or unfolded states.16 Such a definition is best suited
when folding can be described using two-state kinetics but may
become problematic if there are intermediates along the folding
pathway.24 The computationally demandingPfold method has
been applied to a number of systems.26 Prior to the introduction
of the Pfold method in the context of protein folding, Guo and
Thirumalai27 used a pattern recognition type clustering algorithm
and ideas familiar in the context of crystallization of simple
liquids to investigate the nucleation mechanism in protein
folding. Here, we use the basic algorithm that has been
automated and modified in subsequent studies25,28,29to answer
the questions raised above. The automated progress variable
clustering (PVC) algorithm also does not assume any underlying
reaction coordinate, and is computationally far less demanding
than thePfold method.25,28 In the PVC method, that has been
numerically shown to be equivalent to thePfold algorithm,28,29

the TSE is computed from kinetic folding trajectories. Using
PVC, we show that the bulk and TSEs in the presence of
crowding agents are similar atΦc ) 0.1 and 0.15. AsΦc

increases, the width (measured using the root mean square
deviation (rmsd) of the TS structures) of the TSE decreases.
The TSE changes substantially when non-native interactions
between the side chains are taken into account and when the
polypeptide chain is in a hydrophobic cavity. The width of the
TSE is broader. More interestingly, as the interaction strength
(λ) between the protein and the cavity increases, certain long-
range non-native contacts become enthalpically stabilized. Our
simulations show that by modulating the value ofλ one can
change the nature of the barrier from being entropic (λ small)
to being enthalpic (λ > 1).

Methods

Coarse-Grained Protein Models. Following our earlier
studies,10,30we use the coarse-grained CR-SCM representation
of the three-strandedâ-sheet WW domain with PDB ID 1PIN
whose sequence and structure are given in Figure 1. In order to
compare the effects of crowding and confinement on the nature
of the TSE, we used model A which is a modified Go
representation of the PIN WW domain.10 The TSE movements
in a nanopore were probed using model B30 in which interactions
between the proteins and the cavity interior are taken into
account. Each amino acid (excluding Gly) is represented using
two interaction sites, one corresponding to the CR atom and the
other the center of mass of the side chain. The sizes of the side
chains correspond to the van der Waals radii of the side chains.
The CR-SCM has (2N - NG) beads whereNG is the number of
glycines. Because the details of models A10 and B30 are given
elsewhere, here we give only a brief description.

Model A. The polypeptide chain is represented using a
modified Go potential in which nonbonded interactions between
the side chains are modeled using statistical potentials. The
structural Hamiltonian that includes bond-length potential, side
chain-backbone connectivity potential, bond-angle potential,
and dihedral potential follows a Go-like potential in which their
equilibrium values are determined from the native structure.30,31

The interaction potential of a native side-chain contact pair
is

Figure 1. (A) The amino acid sequence of the 1PIN WW domain
labeled with one-letter code and numbering starting from 0. (B) The
native structure of the 1PIN domain. Orange color representsâ1, â2 is
colored in green, and blue corresponds toâ3 in part A. In part B, the
ribbon is colored from red (N-terminus) to blue (C-terminus). The two
tryptophans (W5 and W28) are represented using spheres.
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where a native contact between side chaini and side chainj, |i
- j| > 1, is determined from the native structure using the CSU
program.32 σij ) f(σi + σj), andσi andσj are the effective van
der Waals radii of side chains in units ofσ where σ is the
distance between two adjacent CR atoms. We takeσi to be the
distance from the center of mass of a given side chain to the
CR atom. The center of mass of the side chain is calculated
using the PDB coordinates of the heavy atoms. With our
definition, the effective van der Waals radii depend on the side
chain as well its position in the native state. The values ofσi

are given in Table 1. To avoid clashes between bulky side
chains, we usef ) 0.9. For the native contact energies (εij), we
use the Betancourt-Thirumalai statistical potential.33 For
hydrogen bond interactions, we use the following anisotropic
potential to account for the directional property of hydrogen
bonds:

whereA(F) is

FR is the pseudo-dihedral angle of a canonical helical turn,
0.465 999 (rad) andB ) 1. A native pair of hydrogen bonding
between CR

i and CR
j is determined using DSSP.34 For backbone

hydrogen bonding between CR
i and CR

i , the value ofεij is 0.6
kcal/mol. The variableF, that is defined in ref 31, is the angular
alignment between two interacting strands of backbones, and
σij ()1.22σ) is the hydrogen bond length. Following our earlier
work,10 we model the crowding agents as soft spheres. The size
of the crowding particles is identical to the radius of gyration
of the WW domain in the native state. All other interactions
such as those between backbones and side chains, crowding
agents and sites on the protein, or the nanopore-protein are
repulsive (see ref 10 for additional details).

Model B.In this model, interactions between nonbonded side
chains are explicitly taken into account. In other words,
interactions betweeni and j, regardless of whether they are in
contact in the native conformation, are given by eqs 1 and 2
depending on whether they are side-chain interactions or
hydrogen bonding interactions. Features of the potential func-
tions, such as the dihedral angle, hydrogen bond potentials are
the same as in model A. Interaction between the side chains
and the backbone CR is repulsive. In order to include the
influence of the pore, we also include interaction of the
polypeptide chain with the walls of the spherical cavity that
can be can be attractive depending on the chain conformation.
The energy of interaction between the hydrophobic residues (F,
L, W, V, I, M, Y, and A) and the pore is taken to be

where σ ≈ 3.8 Å is the distance between two neighboring
R-carbon atoms,ri is the position of theith hydrophobic chain,
Rs is the radius of the nanopore, and the dimensionless parameter
λ specifies the strength of attraction between the polypeptide
chain and the cavity interior.

Simulation Methods. We assume that the dynamics of the
chain can be described by the Langevin equation. To enhance
the conformational sampling of the WW domain, we used the
replica exchange method (REM).35,36The conformations, in each
replica, were generated by integrating the equations of motion
in the low friction limit. For models A and B, we chose a broad
range of temperatures (245-425 K) using 12-16 replicas. The
rate of acceptance (based on the Metropolis criterion) of
exchange between each pair of replicas varies from 30 to 50%.
The Metropolis criterion was used in the exchange of replicas.
The use of the REM and Langevin equation in the low friction
limit 37,38ensures that the thermodynamic properties, which are
calculated using the weighted histogram analysis method
(WHAM),39 are converged.

For kinetic folding trajectories in model A, the initial
structures are equilibrated atT ) 1.2Tf

b and 200 folding
trajectories are generated for each condition at 0.83Tf

b (Tf
b, the

folding temperature in bulk for model A is≈342 K). For kinetic
folding trajectories in model B, the initial structures are
equilibrated with interactions with the pore atT ) 1.2Tf

b and
400-500 folding trajectories are simulated for each condition
at 0.85Tf

b (Tf
b for model B in the bulk is≈335 K). Brownian

dynamics with a friction constant corresponding to water
viscosity is used for the equations of motion. The natural time
unit is 4.2 ns.

TSE Determination Using the Progress Variable Cluster-
ing (PVC) Algorithm. We determined the structures of the TSE
using the clustering algorithm based on a pattern recognition
search from a large number of folding trajectories. Since the
details of the PVC algorithm are described in a number of
previous studies,25,28,29we only provide a brief description here.
The clustering stage is preceded by a search for the approximate
location of the transition duration which is expressed in terms
of a progress variable,δ. For theith folding trajectory with the
first passage time (τ1i), the variable isδ ) t/τ1i. Let tTS be the
time after which the polypeptide chain reaches the native basin
of attraction (NBA) with overwhelming probability. Because it
satisfies 0e tTS e τ1i, the range ofδ is between 0 and 1. In
order to locate the putative value ofδ at the TS, namely,δTS,
we computed the probability,P(δ), of forming native contacts
averaged over all folding trajectories, as a function ofδ. The
putative TS region is associated with the value ofδTS when
dP(δ)/dδ starts to rise rapidly. In practice, we find that the results

Eij
NB ) εij{(σij

r )12

- 2(σij

r )6} (1)

Eij
HB ) A(F)Eij

NB (2)

A(F) ) 1

1 + B[(1 + cosF)(1 - cosF)(1 - cosF
cosFR

)]2
(3)

Ewp
s ) ε[( σ

|Rs - ri|)
12

- λ( σ
|Rs - ri|)

6] (4)

TABLE 1: Effective van der Waals Radii of Side Chains (eq
1) in Units of σ, where σ is the Distance between Two
Adjacent Cr Atoms

residue
index

residue
type σ

residue
index

residue
type σ

0 LYS 0.734166 17 TYR 1.03927
1 LEU 0.685561 18 TYR 1.00308
2 PRO 0.494669 19 PHE 0.903388
3 PRO 0.488243 20 ASN 0.658735
4 GLY 0 21 HIS 0.836876
5 TRP 1.00771 22 ILE 0.62932
6 GLU 0.923236 23 THR 0.514048
7 LYS 0.995708 24 ASN 0.676364
8 ARG 1.02806 25 ALA 0.402245
9 MET 0.891618 26 SER 0.518079
10 SER 0.51835 27 GLN 0.919156
11 ARG 0.980229 28 TRP 0.975422
12 SER 0.516018 29 GLU 0.76824
13 SER 0.527387 30 ARG 1.18646
14 GLY 0 31 PRO 0.491916
15 ARG 1.02886 32 SER 0.524727
16 VAL 0.511977 33 GLY 0
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are insensitive to the precise value ofδTS as long as it is chosen
in the neighborhood of a sharp increase in dP(δ)/dδ.

Having determined the range forδTS, the conformations of
the polypeptide chain in this region are clustered using a self-
organized neural net. A fully automated progress variable
clustering (PVC) algorithm,25 that does not depend on the choice
of reaction coordinates, is used to determine the structures of
the TSE. Each conformation, obtained from 200 to 500 folding
trajectories at the chosen value ofδTS, is characterized by a
vector,T, with elementsxj ) [x1j, x2j, ... , xTj], where j labels
the conformation. The elementsxkj, k ) 1, 2 , ... ,T, are the
Euclidean distances between side chains in the conformationj
whose knowledge uniquely determines the conformation of the
polypeptide chain. The conformations for theith trajectory are
partitioned into clusters. A given conformation is assigned to
clusterl if the Euclidean distance between the vectorxj and the
center of mass of thelth cluster

is less than a cutoff value,Rc. The assignment of the putative
TS structures are clustered iteratively until there is no additional
partitioning of the conformations among the various clusters
which is indicated by the convergence of theCk values. As
shown elsewhere,40 the stability of the clustering procedure is
determined by two parameters, namely,Rc and the tolerance
(Dc) used in defining contacts. Although one can chooseRc and
Dc that depend on a particular folding trajectory, it is sufficient
to use identical values for all of the trajectories. We explored a
wide range ofRc andDc to determine the robustness of the PVC
procedure. For model A, the PVC method is stable as long as
1.1e Dc e 1.6 and 12σ e Rc e 16σ; we chooseRc ) 15σ and
Dc ) 1.3. The stability ranges for model B are 1.1e Dc e 1.6
and 15σ e Rc e 18σ; we chooseRc ) 16σ and Dc ) 1.3.
Additional details of the PVC algorithm are given else-
where.25,27,28,40In order to obtain the TSE structures, we used
the folding trajectories that were generated to obtain the results
reported in our previous studies.10,30 Because a large number

of trajectories was generated, the statistical errors in the predicted
transition state structures are small.

Results and Discussion

Residues at the Interface ofâ2 and â3 Are Structured in
the TSE in the Bulk. We first characterized the TSE structures
in the bulk (Φc ) 0) which not only serves as a reference but
also can be used to validate the model by comparison to
experiments.41 By averaging all of the folding trajectories, we
find (Figure 2A) that a value ofδTS ≈ 0.93. Indeed, the value
does not change in the presence of crowding agents (Φc ) 0.1)
or under pure confinement in the absence of attractive interaction
between the wall and the polypeptide chain (Figure 2B and C).
Structures at the onset of risingP againstδ (0.93< δ < 0.97)
are collected for the TSE analysis. The TSE structures are
obtained using the PVC algorithm (Methods) using the confor-
mations in theδTS region. The extent to which the WW domain
is structured is shown in Figure 2D which shows the probability
that thenth side chain forms native contacts in the transition
state. Somewhat surprisingly, theP(n) distributions in the bulk,
in the presence of crowding agents, and under confinement are
nearly identical. This observation shows that when excluded
volume interactions dominate, which can be mimicked by aΦc-
dependent confinement in a spherical pore,10 the global structural
features of the TSE are not significantly altered at lowΦc values
(however, see below).

The TSE structures in the bulk compare favorably with
experiments42 that have used temperature-dependentΦT values
to infer the overall transition state movement in a related WW
domain of the Yes-associated protein (hYAP). On the basis of
the ΦT values for the wild type protein and the mutant W39F
of the hYAP domain, it was shown42 that the residues at the
interface of theâ2 andâ3 strands (see Figure 1) are structured
in the TSE at room temperature. The residues in this region
form the hydrophobic core. For the 1PIN domain considered
here, we find that the residues in theâ2 and â3 strands form
with high probability in the TSE (Figure 2D). Residues in other
regions of the three-strandedâ-sheet proteins are much less
structured in the transition state. The predicted similarity

Figure 2. P is the probability of forming native contacts averaged over hundreds of folding trajectories along a dimensionless temporal axisδ that
monitors the progress of the folding reaction. The data are for model A. Here, we show dP/dδ that gives a putative value ofδTS, the region where
a sharp increase inP takes place. Folding simulations were performed (A) in the bulk, (B) in the presence of crowding agents at a volume fraction
of crowders,Φc ) 0.1, and (C) in a pure, spherical confinement withRs ) 3.5Rg

N. The TSE structures are collected at the onset of a steep raise in
dP/dδ, which is boxed in a gray area (0.93< δ < 0.97). (D) Comparison of the probabilities of side-chain contact formation,P(n), in the transition
state region for each residue,n, under different conditions that are explicitly labeled. Data forP(n) are computed from the gray area in parts A-C.
The three colors on the top identify the three strands in the 1PIN WW domain (see Figure 1). Most of the residues inâ2 andâ3 and the interfaces
between them are highly structured in the TSE. Crowding and confinements do not significantly alter the global nature of the TSE for model A.

Cl )
1

Tl
∑
j)1

Tl

xj (5)
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between the TSE in the 1PIN and hYAP WW domains are not
surprising based on the chemical sequence entropySCSE(n).30

It was shown thatSCSE(n), which measures the conservation of
the chemical character of thenth residue, is nearly perfectly
conserved (SCSE(n) values are nearly zero) for a number of
residues in theâ2 and â3 strands. The present computations,
experiments,42 and calculations based onSCSE(n) suggest that
the topology is an indicator of the TSE structures especially in
the bulk. The good agreement between the simulations and
experiments in the bulk42 also validates the use of CR-SCM in
obtaining the structures of the TSE for the WW domain.

Transition State Ensemble Is Not Dramatically Altered
by Crowding and Confinement for Model A. Using the PVC
algorithm, we determined the transition state structures in the
presence of crowding agents and in a spherical pore using model
A. Just as in the bulk, the TSE structures predominantly partition
into two dominant clusters. In the most dominant cluster, the
overall topology of the WW domain under crowding and
confinement is similar to that in the bulk (see the upper panel
and the contact map in all three parts of Figure 3). Maps of the
probability of contact formation and the associated structures
show that on average the structures in the second dominant
cluster are more open with considerable disorder inâ3 (see lower

panels in Figure 3). The TSE structures show (Figure 3) the
formation of short-ranged contacts that are close to the diagonal
region in the contact maps. Interestingly, when the size of the
pore decreases (Rc ) 3.05Rg

N) or the volume fraction of
crowders increases (Φc ) 0.15), the rmsd of the first dominant
cluster decreases (Table 2), indicating that the width of the TSE
decreases. We conclude that the global features of the transition
state the folds are unperturbed atΦc e 0.15 and with a pore
radius as small asRs ) 3.05Rg

N. The observation that structures
of the TSE do not change significantly at these volume fractions
validates the assumption10 that crowding due to excluded volume
predominantly affects the denatured state ensemble.

Close inspection of the structural characteristics of the TSE
shows changes in the overall shapes in the presence of crowding
agents and in spherical cavities. The radius of gyration of the
TSE is about≈(1.1-1.2)Rg

N which reflects the similarity in the
topology of the TSE structures in the bulk and in the presence
of crowding agents. We find thatRg is not a good measure of
the structures of the TSE. In contrast, there are substantial
differences in the shapes of the WW domain between the bulk
case and due to crowding and confinement (see Table 2).
Following our previous study, we use the asphericity parameter

Figure 3. The top panel gives a superposition of the TSE structures from the first dominant cluster for model A of the 1PIN WW domain. TSE
structures are for (A) the bulk case, (B) in the presence of crowding particles withΦc ) 0.1, and (C) the purely spherical confinement case with
Rs ) 3.5Rg

N. The middle panel gives maps of contact formation for TSE structures for each system. The upper left triangle, in each contact map,
is for structures in the top panel. The contact map is colored by the probability of contact formation. The extent of contact formation is given by
the color scale on the right that goes from zero to unity. The analysis of the structures of the TSE in this cluster is given in Table 2. The superposition
of structures in the second dominant cluster for the three conditions is given below the contact maps. The corresponding contact maps are shown
in the lower right triangle in the middle panel. Both the structures and the contact maps show fraying inâ3 and expansion of the core of the protein
formed fromâ2 andâ3.
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(∆) and the shape parameter (S) to characterize the overall shape
of the TSE structures. The shape parameters∆ and S are
computed using the inertial tensor.43 For a sphere∆ ) 0 andS
> 0 (<0) corresponds to a prolate (oblate) ellipsoid. The values
of ∆ in the bulk and atΦc ) 0.10 are similar to that in the
native state. However, the TSE structures are markedly aspheri-
cal when confined to a pore or whenΦc is increased to 0.15.
Comparison of the〈S〉 values shows that the TSE in all cases is
more oblate than in the native state. The distribution of theS
values (data not shown) shows that there are a large number of
TSE structures that are oblate (S e 0) while the WW domain
in the native state is prolate. This implies that in the transition
to the native state there has to be a substantial change in the
shape especially in the presence of crowding agents. These
results show that crowding and confinement induce substantial
perturbations in the shapes of TSE structures compared to the
bulk. The present analysis shows that changes in the shapes of
polypeptide chains may be the slow degrees of freedom in the
transition from the TSE to the native state, and could serve as
a suitable low dimensional reaction coordinate.

Non-native Side-Chain Contacts and Interaction with the
Pore Dramatically Alters the Nature of the TSE. In many
situations, such as proteins encapsulated in the GroEL cavity
or a polypeptide chain in the exit tunnel of the ribozome, there
are water-mediated interactions between the polypeptide chain
and the walls of the cavity. We have used model B to mimic
such interactions. The strength of the interactions is given by
the dimensionless parameterλ. We had shown in a previous
study30 that at an optimal value ofλ ()1) not only is there a
modest enhancement in folding rate compared to the bulk but
also an increase in the yield of the native state. The superposition
of the structures in the first dominant cluster of the TSE for
model B in the bulk and in a spherical cavity (Rs ) 5Rg

N) at
various values ofλ, including λ ) 0, is shown in Figure 4.
While the outlines of the global topology of the WW domain
may be discerned in Figure 4, it is clear that the structures are
much more disordered compared to those shown in Figure 3.
The TS region is, in all likelihood, much broader when non-
native interactions are taken into account. These results suggest
that as long asλ is not too large inclusion of non-native
interactions can help in the folding process itself.28,44 A more
detailed analysis of the TSE structures (see Table 3) of the
dominant cluster shows that on average the TSE structures are
compact. Inclusion of non-native interactions or addition of
pore-WW domain interaction (λ is nonzero) results in aspheri-
cal and prolate ellipsoids for the overall shapes of the TSE
structures (Table 3).

In order to further illustrate the role ofλ in modulating the
TSE structures, we have compared, for model B, the TSE for

λ ) 0 andλ ) 3 with respect to structures whenλ ) 1. The
probabilities of native and non-native contact formation in the
TS for both native contact pairs are computed for the TSE in
the first dominant cluster for the WW domain confined to a
sphere with different wall-protein interactions (λ). The differ-
ences of these contact maps with respect to the contact
probability atλ ) 1 are shown in Figure 5. We choseλ ) 1 as
a reference because in the previous30 study the rate of folding
at this value was higher than eitherλ ) 0 andλ ) 3. More
generally, it has been shown that rate enhancement is observed
at optimal values of pore-peptide interactions.30,45,46

Figure 5A shows the difference contact map betweenRs )
5Rg

N, λ ) 0, andRs ) 5Rg
N, λ ) 1. Data in the upper triangle

represent native side-chain contacts, and those in the lower
triangle are non-native ones. The TSE structures from the pure
confinement case (λ ) 0) favor the formation of short-range
native as well as non-native contacts (shown in blue boxes in
Figure 5A). Inclusion of optimal protein-wall attractions (λ )
1) helps rescue kinetically trapped structures that are mostly
dominated by the formation of short-range non-native contacts.

TABLE 2: Structural Features of the TSE in the First
Dominant Cluster of the WW Domain Using Model A

model percentagea rmsdb 〈Rg〉c/Rg
N 〈∆〉d/∆N 〈S〉e/SN

(a) bulk 34 0.92( 0.02 1.22 0.97 0.04
(b) Rs ) 3.5Rg

N 30 0.81( 0.01 1.16 0.60 0.02

(c) Rs ) 3.05Rg
N 36 0.79( 0.01 1.17 0.55 0.05

(d) Φc ) 10% 37 0.98( 0.01 1.21 1.02 0.17
(e) Φc ) 15% 45 0.72( 0.02 1.13 0.55 0.13

a Denotes the percentage of structures in the most dominant cluster.
b rmsd (in units ofσ) is computed with respect to the average structure
in the cluster.c 〈Rg〉 is the average value of the radius of gyration, and
Rg

N ) 10.1 Å is the value in the native state.d 〈∆〉 is the average
asphericity parameter, and∆N ) 0.16 is the value in the native state.
e 〈S〉 is the average shape parameter, andSN ) 0.10 is the value in the
native state.

Figure 4. Superposition of TSE structures from the first dominant
cluster for model B of the WW domain. TSE structures are for (A) the
bulk case, (B) the purely spherical confinement withRs ) 5Rg

N andλ
) 0, (C) the spherical confinement withRs ) 5Rg

N andλ ) 1, (D) the
spherical confinement withRs ) 5Rg

N andλ ) 3. Rs is the size of the
spherical nanopore, andλ is given in eq 4. The analysis of the structural
characteristics is further given in Table 3.Rs is the size of the spherical
nanopore, andλ is the strength of the pore-protein interaction.

TABLE 3: TSE Structure Characteristics from the First
Dominant Cluster of Model B of the WW Domain [The
Columns Have the Same Meaning as in Table 2;λ Gives the
Strength of Interaction between the WW Domain and the
Nanopore (see eq 4)]

model percentage rmsd 〈Rg〉/Rg 〈∆〉/∆N 〈S〉/SN

(a) bulk 36 1.42( 0.02 1.05 0.87 0.73
(b) Rs ) 5Rg

N, λ ) 0 44 1.47( 0.02 1.04 0.80 0.59

(c) Rs ) 5Rg
N, λ ) 1 49 1.60( 0.02 1.04 0.82 0.62

(d) Rs ) 5Rg
N, λ ) 3 31 1.62( 0.02 1.03 0.90 0.85
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Figure 5B shows the differences between contact mapRs )
5Rg

N, λ ) 3, andRs ) 5Rg
N, λ ) 1. The distributions of the TSE

structures are sensitive to the sequence detail when wall-protein
interactions are strong. Contacts associated with tryptophan
residues (residues 5 and 28) are most susceptible to this
interaction. Figure 5B shows that a larger wall-protein interac-
tion results in the long-range contact formation associated with
5 and/or 28 (shown in red box), while the probability of short-
ranged contacts is much less thanλ ) 1. However, these
interactions also lead to long-range non-native contacts associ-
ated with these large hydrophobes. In both parts A and B of
Figure 5, the distribution of TSE structures is highly sensitive
to the protein-wall interactions. These calculations show that
there is a subtle interplay between non-native contacts in the
protein and pore-protein interactions. At modest values ofλ,
incorrect long-range contacts can be resolved, whereas, asλ
increases, such contacts are enthalpically stabilized in the TSE,
resulting in small refolding rates and highly dispersed transition
state structures.

Conclusions

Folding rates of proteins in the presence of crowding or in
confined spaces are typically, but not always, larger compared
to the bulk. The rate enhancement is readily explained in terms
of entropic destabilization of the denatured states.11,47 More
generically, we can envision two extreme scenarios: (i) One is
based on the notion of the entropic stabilization which is
applicable when excluded volume interactions between the
protein and the crowding agents dominate or when the protein
is encapsulated in an inert pore. (ii) The other extreme case
corresponds to the enthalpic limit in which nonspecific interac-
tion between the protein and the pore can profoundly influence
folding rates and stability. In the entropic stabilization limit,
we expect that the TSE should be similar to that in bulk as
long as the native state is not altered. On the other hand, the
TSE changes cannot be easily predicted for the case when
enthalpic contribution affects stability and folding rates.

In order to explore both of the limits, we used a fully
automated algorithm to investigate the changes in the structures
of the TSE in the presence of macromolecular crowding effects
and upon confinement to spherical pores. For illustrative
purposes, we used the WW protein that has been well-
characterized in the bulk42 and whose folding has been previ-
ously described using CR Go models.48 The TSE structures are
obtained from the folding trajectories without assuming any
model for the reaction coordinate. The TSE structures in the
bulk partition into two distinct clusters. In both of the clusters,
the structures are, on average, compact, while they are more
structured in the dominant cluster than in the subdominant (less
populated) cluster. For the modified CR-SCM Go-like models
(model A), whose folding in the presence of crowding agents
is well explained by the entropic stabilization scenario,10 the
TSE structures due to crowding and confinement effects are
similar to the bulk. The TSE structures are compact and native-
like in which the contacts in theâ2 andâ3 strands are formed
with substantial probability. However, when the volume fraction
increases or the pore size decreases, the distribution of TSE in
the first dominant cluster is narrower. The most significant
changes in the transition from the unfolded state to the folded
state occur in the shape of the WW domain. The WW domain
samples oblate conformations in the transition state even though
the native conformation is prolate.

When enthalpic interactions become relevant, the nature of
the TSE changes greatly. In this case, the TSE structures are
much less ordered and the TS region may itself be broad. The
inherent plasticity in these structures suggests that modest non-
native interactions or pore-protein interactions can lead to
escape from kinetic traps or in the annealing of TS structures
that have long-range non-native contacts. When the pore-
protein interactions are large, the formation of long-range contact
TS structures can impede the folding rates.

Although we have used the WW domain as an example, the
conclusions are fairly general. We predict that the nature of the
TSE does not change significantly when folding occurs in inert

Figure 5. Differences in the probability of contact formation in TSE structures from the first dominant cluster in the form of a contact map for
model B of the 1PIN WW domain. (A) Difference contact map betweenRs ) 5Rg

N, λ ) 0, andRs ) 5Rg
N, λ ) 1. (B) Same as part A except for

Rs ) 5Rg
N, λ ) 3, andRs ) 5Rg

N, λ ) 1. The data in the upper triangle are for native contact pairs, and those in the lower triangle are for non-native
contact pairs. Both of the difference contact maps were computed with respect to the TSE structures fromRs ) 5Rg

N, λ ) 1, to demonstrate that a
change in the wall-protein interactions can alter the TSE structures. The maximum change occurs in the regions as circled in blue (A) and in red
(B). The extent of the difference is quantified using the color scale on the right. The largest changes occur in residues inâ1 (Figure 1).
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pores or in the presence of crowding agents when excluded
volume interactions dominate. On the other hand, when there
are interactions between crowding agents and the protein, the
changes in the TSE are harder to predict. However, we propose
that at modest values ofλ the potential long-range non-native
contacts, that can more easily form in restricted spaces or when
crowding agents are present, can be more easily resolved. Our
results also show that shape parameters (∆ andS) which change
substantially during the folding reaction are appropriate low
dimensional folding reaction coordinates.
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