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ABSTRACT
Chaperonin-mediated protein folding is complex. There have been diverse results on
folding behavior, and the chaperonin molecules
have been investigated as enhancing or retarding
the folding rate. To understand the diversity of
chaperonin-mediated protein folding, we report a
study based on simulations using a simpliﬁed Go type model. By considering effects of afﬁnity between the substrate protein and the chaperonin
wall and spatial conﬁnement of the chaperonin
cavity, we study the thermodynamics and kinetics
of folding of an unfrustrated substrate protein encapsulated in a chaperonin cavity. The afﬁnity
makes the hydrophobic residues of the protein bind
to the chaperonin wall, and a strong (or weak)
afﬁnity results in a large (or small) effect of binding.
Compared with the folding in bulk, the folding in
chaperonin cavity with different strengths of afﬁnity shows two kinds of behaviors: one with less
dependence on the afﬁnity but more reliance on the
spatial conﬁnement effect and the other relying
strongly on the afﬁnity. It is found that the enhancement or retardation of the folding rate depends on
the competition between the spatial conﬁnement
and the afﬁnity due to the chaperonin cavity, and a
strong afﬁnity produces a slow folding while a weak
afﬁnity induces a fast folding. The crossover between two kinds of folding behaviors happens in the
case that the favorable effect of conﬁnement is
balanced by the unfavorable effect of the afﬁnity,
and a critical afﬁnity strength is roughly deﬁned. By
analyzing the contacts formed between the residues
of the protein and the chaperonin wall and between
the residues of the protein themselves, the role of
the afﬁnity in the folding processes is studied. The
binding of the residues with the chaperonin wall
reduces the formation of both native contacts and
nonnative contact or mis-contacts, providing a loose
structure for further folding after allosteric change
of the chaperonin cavity. In addition, 15 single-sitemutated mutants are simulated in order to test the
validity of our model and to investigate the importance of afﬁnity. Inspiringly, our results of the
folding rates have a good correlation with those
obtained from experiments. The folding rates are
inversely correlated with the strength of the binding interactions, i.e., the weaker the binding, the
faster the folding. We also ﬁnd that the inner hydro©
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phobic residues have larger effects on the folding
kinetics than those of the exterior hydrophobic
residues. We suggest that, besides the conﬁnement
effect, the afﬁnity acts as another important factor
to affect the folding of the substrate proteins in
chaperonin systems, providing an understanding of
the folding mechanism of the molecular chaperonin
systems. Proteins 2005;61:777–794.
©
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INTRODUCTION
Protein folding is an important problem in molecular
biology. The funnel-like landscape theory provides a paradigm for folding processes, which describes protein molecules “diffuse” towards their native structures on a rough
landscape with a large funnel-like bias of energy.1–7 Many
works of protein folding actually study the folding processes of protein molecules in vitro. However, it is very
important to understand the folding processes of the
protein molecules in vivo since nascent peptide chains
must fold into their functional shapes, namely the native
structures, and then these newly synthesized proteins
play related functions in cells relying on their structures.
The folding of proteins in vivo involves many factors, such
as the competition between folding and aggregation of
molecules in a crowded environment and the effects of
other molecular machineries.8 –12 The interactions between the protein molecules themselves and between
other kinds of molecules introduce positive or negative
effects for folding, resulting in more complex folding
behaviors than those in vitro. These have been attracting
wide interest.13–18
A kind of molecular machinery associated with protein
folding in vivo is the molecular chaperones, such as the
heat shock proteins (HSP60, HSP70, and so on), which are
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assemblages of some proteins themselves. The most common example of molecular chaperones is the GroEL/GroES
chaperonin system in Escherichia coli (E. coli). This system consists of megadalton rings that mediate the essential ATP-dependent assistance of protein folding to the
native state in a variety of cellular compartments, including the mitochondrial matrix, the eukaryotic cytosol, and
the bacterial cytoplasm.19 How does the chaperonin system help the folding? This is still not very clear though
there has been progress in understanding the chaperoninmediated protein folding due to a number of experimental
and theoretical studies. As a common view, the chaperonin
system isolates the substrate proteins from a crowded
environment or/and carries out a catalytic unfolding of the
misfolded states of the substrate proteins or/and chooses
the pathways to block some competing local minima.20
From the perspective of the so-called Anﬁnsen cage,21–23 it
is argued that the encapsulation of chaperones provides a
space for a protein to perform its folding from the crowded
cellular environment. Thus, the aggregation of substrate
proteins is suppressed.10,12,24 In addition, a thermodynamic coupling mechanism for chaperonin-mediated unfolding to prevent the aggregation of substrate proteins
has been proposed.25 In addition to preventing aggregation during substrate protein folding, it has also been
suggested that the spatial conﬁnement in chaperonins
makes the energy landscape of folding become smooth for
some large proteins, either by preventing the formation of
certain kinetically trapped intermediates or by facilitating
their folding towards the compact native state.13,26 Remarkably, in accord with the predictions ﬁrst made by
Betancourt and Thirumalai that conﬁnement smoothes
the energy landscape,13 the SR1 experiment by Brinker
and coworkers indicated that conﬁnement alone can help
proteins fold.27 In addition, by analyzing the folding
progresses of substrate proteins with the help of chaperonin, iterative annealing mechanism (IAM)28 was proposed
to interpret the functions of the chaperonin. Under the
kinetic partition mechanism,29,30 the catalytic unfolding
by binding with the chaperonin greatly helps the badfolders or mis-folders to fold with many competitive intermediates.
Recently, several interesting experimental studies and
theoretical modelings on the folding of proteins in systems
with conﬁned space showed some insights into the microscopic mechanisms of the chaperonin-assisted folding. The
experiment of encapsulated proteins in silica matrix by
Valentine et al. showed that the melting temperature of
the ␣-lactalbumin is increased by as much as 32°C.31 The
melting temperature of the single domain protein yeast
frataxin is increased by almost 5°C.32 These experiments
indicate that conﬁnement can enhance the thermodynamic stability of proteins. It was also pointed out theoretically that the spatial conﬁnement enhances the stability of
the substrate protein.13,33–35 Additionally, this kind of
geometrical effect can apparently increase the folding
rate,23,33,35 and thus is considered one of the important
functions of the chaperonin molecules. This information

really improves our understanding of the folding behaviors
of the chaperone-assisted proteins.
The spatially geometrical restriction emphasizes the
conﬁnement on the conformational entropy of the protein
chain. That is, by compressing the phase space of denatured states, the chaperonin decreases the space for searching the native basin of energy landscape. This is responsible for the acceleration of the folding as found in several
previous studies. However, some experiments showed that
the GroEL-mediated protein folding behaves differently.
In the case of kinetics, for the stringent substrate protein
RuBisCO, an obvious enhancement of the folding rate by
adding GroEL molecules has been observed.28 Nevertheless, the folding of protein CI2 or barnase by adding GroEL
molecules is retarded.36,37 In the case of thermodynamics,
the stability of proteins in a conﬁned space is enhanced.31,32 However, Zahn et al. observed that the stability decreased in the presence of chaperonin molecules.15
Thus, an unfolding activity by the chaperonin systems was
proposed based on the decrease of the thermodynamic
stability which is reﬂected by a reversible lowering of the
melting temperature in the presence of chaperonin molecules.15
As a matter of fact, these experimental observations
cannot be simply explained using the argument based only
on the geometrical restriction. Some experiments also
illustrated the importance of the binding between the
substrate proteins and the chaperonin wall. The crystal
structure of the GroEL/GroES/ADP complex shows some
changes in the size and the internal surface of the GroEL
cavity after the allosteric transition induced by ATP. It has
been argued that this kind of change is related to the
folding of the substrate proteins in the chaperonin cavity.29,38 These imply that the interactions between the
substrate proteins and the GroEL cavity should take an
obligatory role in modeling the GroEL-mediated folding.
Therefore, in order to understand the diverse experimental results, interactions and some other factors should be
considered when building a better model rather than
considering only a geometrical view for the GroEL chaperonin system.
Actually, some works related to the folding of protein
molecules in chaperonin systems have been done using
theoretical methods39,40 and numerical simulations with
lattice models.13,14 The change of free energy landscape
and related effects has been widely discussed, and the
effect of conﬁnement and interactions were of initial
concern. However, the related folding of proteins in chaperonin systems is quite complicated and still attracts
many researchers.18,33–35,41,42 In a work by Jewett et al.,18
the folding of a highly frustrated protein within the
hydrophobic chaperonin cavity was shown to be accelerated if the hydrophobicity of the chaperonin environment
is moderate. However, the conﬁnement effect of the chaperonin cavity was not specially discussed in their work.
The conﬁnement effect of the chaperonin cavity on the
folding of unfrustrated proteins was reported by Takagi et
al.35 It was found that the conﬁnement of the chaperonin
cage can signiﬁcantly accelerate the folding of a substrate
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protein. But, the afﬁnity between the substrate protein
and the chaperonin wall was ignored in their work.
In this report, we report an investigation on the effects of
the interactions between substrate proteins and chaperonin molecules and of conﬁnement on the folding processes
of unfrustrated proteins in chaperonin cages. We focus our
attention on the nonspeciﬁc hydrophobic interactions between the chaperonin wall and the residues of the substrate protein. In our model, some nonnative hydrophobic
attractions with a van der Waals (VDW) formed between
the residues and also between the residue and the GroEL
wall are included. This kind of interactions mimics the
environment for the substrate proteins in the GroEL
cavity. By considering the attraction with the GroEL inner
wall, the folding behaviors of the model proteins show a
change from being promoted to being prohibited. With
such an understanding, the difference of the interaction
strengths in various chaperone systems could be a source
to produce diverse behaviors of folding. This provides a
general physical picture for the folding of the GroELprotein complex beyond the model of a simple geometrical
cavity. Concentrating on cases with large afﬁnity between
the proteins and the GroEL wall (similar to the ﬁrst step of
the GroEL-mediated protein folding processes), we ﬁnd
that the GroEL acts as a helper to destruct the compact
mis-folded states of the proteins. The binding with the wall
may also provide a way to prevent the proteins from
mis-folding, which enables the proteins in the chaperonin
cavity to fold into their native structures. In addition, the
effects of mutations for a series of hydrophobic residues of
a substrate protein are studied. The simulation results
show a good agreement with experiments, and further
support the importance of interaction between the substrate protein and the chaperone wall. The combination of
the effects of conﬁnement and afﬁnity results in a two-step
scheme of folding of the substrate protein in chaperones,
which resembles partially the microscopic picture of the
iterative annealing mechanism (IAM).

the nonnative interactions as follows. First, all the residues can be divided into two kinds of residues, namely the
hydrophobic (H-type) and the polar (P-type). Here, the
H-type and the P-type residues are classiﬁed as (C, W, F,
V, I, L, M, Y) and (A, R, D, E, K, P, S, T, N, H, G, Q),
respectively, according to the results by Wang and Wang.59
Then, there are three kinds of interactions, i.e., the
HH-type, the HP-type, and the PP-type. Since the HH-type
interactions are argued to be the main driving force for
folding,60 they are considered as a 12-6 (LJ) potential with
the distance of the regular hard-core contact, i.e., 4Å, as
the equilibrium distance. Differently, the interactions of
the HP-type and the PP-type residue pairs are considered
as repulsive potentials with a hard core. Of course, the
interaction is not taken into account if two residues are
already assigned as a native contact. These nonnative
interactions may alter the structures of the denatured
state ensemble and partially mimic the effective interactions created by solvents, producing a more realistic
folding process. It is also tested that these nonnative
interactions do not alter the native state of the model
protein due to the rigidity of the native state.
Thus, the potential V of the protein is given as
V ⫽ V bonded⫹Vbond-angle⫹Vdihcdral⫹Vnon-bonded
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MODEL AND METHODS
Go -Type Model of the Substrate Protein
In this work, the Go -type interactions are employed to
construct the model of the substrate protein. It includes
the interactions related to the virtual bonds, angles,
dihedral angles, and nonbonded pairs of the C␣ atoms.43–50
This kind of Go -type interaction has been successfully
applied in modeling the folding processes in vitro.44 –
46,51–54 The parameters for the Go
 -type interaction are
similar to those used by Clementi et al.44 As a simple
model, the native contact pairs of residues are assigned as
an attractive interaction of a 12–10 Lennard-Jones (LJ)
potential. Here, two residues are deﬁned as a “native
contact” if the distance between any pair of nonhydrogen
atoms belonging to these two residues, respectively, is
shorter than 5Å in the native conformation. In most
previous works with the Go -type models, the nonnative
interactions are neglected. However, recent studies showed
that the nonnative interactions have a signiﬁcant effect on
both folding and stability.55–58 Here, we take into account
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Here, r, , and  represent the virtual bond length,
bond-angle, and dihedral angle, respectively; rij is the
spatial distance between the i-th and the j-th residues and
 ij is their distance in the native conformation. r0,0, and 
0 correspond to the values extracted from the native
coordinates of the substrate protein. N denotes the chain
length. All other parameters are set as follows: 0
⫽ 4A. Kr ⫽ 100⑀,K ⫽ 20⑀,K共1兲 ⫽ ⑀,K共3兲 ⫽ 0.5⑀ . Especially, in order to consider the information encoded in the
protein chain, the number of pairs of nonhydrogen atoms
for a contact is taken into account as a weight ⑀(i, j) in
native contact interactions. Here, ⑀(i, j) is deﬁned as
共NcNij/ 共i, j兲nij兲⑀ where Nc is the total native contact num-
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Fig. 1. The sketch map for the substrate protein Ada2h encapsulated in the chaperonin cavity (a). The
hydrophobic residues are shown as black balls and the hydrophilic residues as gray balls. The arrows
represent the attractive and repulsive interactions. The repulsive interaction Vrepul between the hydrophilic
residues and the wall and the afﬁne interaction Vafﬁne between the hydrophobic residues and the chaperonin
wall are plotted, respectively (b).

bers, Nij is the total number of atom-pairs between two
native contacting residues, nij is the number of atom-pairs
between residues i and j. 僐 共i,j兲 is the average value of ⑀(i,
j). For a certain conformation, a contact between two
residues i and j is formed if the distance between their C␣
atoms is shorter than ␥ times the native distance ij. It has
been shown that the results are not strongly dependent on
the choice made for the cut-off distance ␥.61 In this work
we used ␥ ⫽ 1.2. We then use a reaction coordinate, Q(t), to
measure the nativeness of the conformation of the protein
at time t. Here Q(t) is deﬁned as the ratio of the number of
formed native contacts to that at the native structure. The
native ensemble is assumed at Q ⱖ 0.9.
An ␣/␤ sandwich fold is found to be a common structural
motif as the GroEL substrate proteins.26 Thus, we choose
the Human Procarboxypeptidase A2 (Ada2h, PDB code:
1aye) and Chymotrypsin Inhibitor-2 (CI2, PDB code: 1coa)
as two examples of the substrate proteins. Furthermore,
both proteins are two-state, single-domain proteins, which
consist of 78 residues and 64 residues, respectively. Simulations for these two small proteins are maneuverable.
Especially, the folding of protein CI2 in chaperonin GroEL
has been experimentally studied by Itzhaki et al.37 This
offers a good chance to compare our simulations with
experiments to understand the mechanism of GroELassociated folding processes. The experimental results
also help us check the validity of the simpliﬁed models.
Chaperonin Model
The cylindrical structure of the GroEL/GroES complex
has already been experimentally determined.62– 64 The

crystal structure of the GroEL shows that it is a doublering oligomer consisting of back-to-back seven-member
rings. It has an overall cylindrical structure divided into
two nonconnected cavities in which the substrate proteins
can be sequestered. The co-chaperonin GroES is composed
of seven subunits and serves as a dome on the cylindrical
structure.65 In this work, the chaperonin system is modeled as a cylindrical cavity with a characteristic length L
(the radius), which is scaled in a unit of 3.8Å, and the
diameter and height are equal as shown in Figure1. The
folding of the substrate protein in the E. coli GroEL/ES
chaperonin system is modeled as follows. The substrate
protein molecule is conﬁned in the cylindrical GroEL
cavity for performing its folding. The cavity introduces two
effects, i.e., one is the spatial conﬁnement and the other is
the afﬁnity for the residues of the substrate protein. The
spatial conﬁnement makes the protein move only in a
small space and the afﬁnity makes the residues interact,
either attract or repulse, with the cavity wall. In the case of
GroEL, the substrate protein interacts with the wall of the
cavity nonspeciﬁcally. Only hydrophobicity contributes
essentially. The experiments and theoretical models all
suggested that the GroEL chaperonin affects the nonnative states of the substrate proteins more than their native
states.
Under such considerations, the effects of conﬁnement
and nonspeciﬁc interactions will dominate the folding of
the substrate protein. This is due to the fact that once the
substrate protein is sequestered in the chaperonin cavity,
other effects such as pH, ionic strength, and composition of
various molecules, redox potential, among others, would
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be excluded except the conﬁnement effect. In addition, the
afﬁnity between the protein and the cavity wall is also
important since the interior of the GroEL cavity upon
complexation with the substrate and GroES is, in fact,
moderately hydrophobic.13 Moreover, the chaperonin can
assist folding of various proteins in a nonspeciﬁc manner,
and thus any speciﬁc interactions between the substrate
protein and the inner wall due to the intrinsic features of
protein itself may not be crucial especially when the
Go -type interactions are used. Therefore, conﬁnement,
which restricts the conformational space of the protein
chain, and interactions between the protein and the inner
wall of cavity, are primary factors for the folding of
substrate proteins in chaperonin system. Additionally, to
investigate the complicated behaviors of chaperonemediated protein folding, both the substrate protein and
chaperone should be modeled in a sufﬁciently simple
manner. Thus, a simpliﬁed model mainly focusing on
effects of conﬁnement and afﬁnity is applicable. Previously, lattice protein models were used by Chan and Dill14
and Betancourt and Thirumalai.13 In contrast, in our work
an off-lattice model is used.
Though the structure of the GroEL system is clear, the
dynamic processes and the underlying mechanism of GroELassociated folding is not well understood. Based on experimental results66 – 68 and theoretical arguments,13,28 a phenomenological working cycle for the GroEL/GroES chaperonin system
was proposed. There are four steps in the working cycle13: (1)
The substrate protein is encapsulated in the GroEL cavity;
(2) ATP and GroES take effect, which doubles the volume of
the GroEL cavity; (3) The hydrolysis of ATP in the cis-ring
takes place in a quantiﬁed fashion; and (4) ATP is bound to
the trans-ring, which primes the release of GroES and the
substrate protein from the cis side. The substrate protein was
argued to fold into its native state within several working
cycles with the help of the GroEL/GroES chaperonin system.
However, it was also found that a single binding event would
be sufﬁcient to accelerate the folding,69 which implies that
the binding event is triﬂing, but may be important for folding
processes. Some other experiments further suggest such an
idea. The rhodanese (another stringent GroEL/ES substrate
protein) does not unbind from the GroEL during each cycle of
the ATP binding and hydrolysis.8,70,71 In addition, it was
shown that when the release of the GroES is blocked by the
nonhydrolizable ATP analog or a designed single-ring mutant SR1, folding of the sequestered rhodanese goes to
completion.72 This indicates that for some substrate proteins
it is possible to reach the native conformation while still
binding with the GroEL and the binding could be helpful for
folding in GroEL.
In the present work, we consider a single binding event
and study the folding of substrate protein conﬁned within
the chaperonin cavity. This step corresponds to the binding of the substrate protein to the hydrophobic apical
domain of the GroEL molecule (steps 1 and 2 in the
working cycle). In such a case, the chaperonin wall is
hydrophobic. Thus, the interactions between the residues
of the substrate protein and the chaperponin wall are
considered as hydrophobic interactions, which reﬂect the

hydrophobic nature of the binding between the chaperonin
GroEL and the substrate protein.73 Here, only the afﬁnity
of the hydrophobic residues between the chaperonin wall
is introduced. This is similar to the consideration related
to the intra-chain interactions. As shown in Figure1, a 4-2
LJ potential Vafﬁne for such interactions is introduced. The
equilibrium is reached when the distance between the
residues and wall is 2Å, consistent with the hard-core
radius of residue 0 deﬁned above. The interactions between the hydrophilic residues and the chaperonin wall
takes a repulsive potential Vrepul only, which is the same
as that used by Takagi et al.35 In details, the interactions
between the chaperonin wall and the hydrophobic (or the
hydrophilic) residues Vafﬁne (or Vrepul) have the forms
V afﬁne ⫽ 关V⬘共ri兲 ⫺ V⬘共rc兲
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The potentials Vafﬁne and Vrepul are all shifted according to
their cutoff distances. In Eq.(2), ri is the distance between
the i-th residue and the chaperonin wall; h represents the
strength of the afﬁnity, i.e., the strength of interactions
between the hydrophobic residues and the wall; rc is the
cutoff distance of the afﬁne potential set as 20.
Langevin Dynamics
In this work, the folding is performed by using the
Langevin dynamics
mv̇共t兲 ⫽ F共t兲 ⫺ ␥v共t兲 ⫹ ⌫共t兲 ,

(5)

where v, v̇and m represent the velocity, acceleration, and
the mass of a bead, respectively; F ⫽ ⫺ ⵜVtotal is the force
of potential; ␥ is the viscosity constant and ␥⫽ 0.05⫺1 is
set. Here Vtotal ⫽ V ⫹ Vafﬁne is for the H-type residues (or
Vtotal ⫽ V ⫹ Vrepul for the P-type residues).  is the time
unit. At low values of friction,  is consistent with the
period of oscillations and its minimum value is equal to
共ma2/⑀兲1/ 2 where a is the van der Waals radius of the
residues and is taken as 5Å, m is of the order of 3 ⫻ 10⫺22
g, and ⑀ is the strength of contact and is of the order of 1
kcal/mol. Thus,  is equal to about 3ps. ⌫ is the random
force that satisﬁes the Einstein relationship 共⌫共t兲⌫共t⬘兲兲
⫽ 6␥BT␦共t ⫺ t⬘兲 where kB is the Boltzmann constant, T
is absolute temperature, t is time, and ␦(t ⫺ t⬘) is the Dirac
delta function. The integration step is ⌬t ⫽ 0.005. Initial
unfolded states of the protein are obtained from an ensemble equilibrated at 2.4Tf0. Here Tf0 is the folding temperature in bulk. Solving of the Langevin dynamics is
realized by a leapfrog algorithm.
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Fig. 2. The time evolution of Q(t), the ratio of the number of the native
contacts to that of the native conformation of the substrate protein, and
the corresponding contact NHW formed between the substrate protein and
the chaperonin wall at the folding transition temperature in bulk Tf0 and the
radius L ⫽ 6. The folding in bulk (a,b), and in cavity with the afﬁnity
strength h ⫽ 0.8 (c,d), h ⫽ 2.8 (e,f), and h ⫽ 3.5 (g,h).

Thermodynamic Variable
Two-state cooperativity is an important feature of small
proteins and is intensively investigated.74,75 Such a cooperativity is well characterized by Kaya and Chan75 as
 ⫽ 2T max 冑kBCTmax/⌬Etot ,

(6)

where Cv is the heat capacity, Tmax is the peak temperature of Cv and ⌬ Etot is the total change of energy between
the folded state and unfolded state.
RESULTS AND DISCUSSION
Kinetics of Folding
Kinetics of spontaneous folding in chaperonin cavity are
of experimental27,28,37,76 and theoretical interest.13,14,35
Many features have been illustrated in minimalist models
previously.13,14,18,35 Here we present a detailed investigation on the kinetics of the substrate proteins encapsulated
in the chaperonin cavity. Some kinetic results obtained are
in accord with the ﬁndings by experiments28,77 and simulations,13,14 which validate the setup of our model. Moreover, some interesting phenomena are observed. A series
of cases with various cavity sizes characterized by radius L
and wall interactions depicted by afﬁnity strength h were
studied. The bulk case, namely the folding in the absence
of the cavity, is used as reference for comparison. The
results of the folding kinetics of protein in the chaperonin
cavity are presented as follows.
The typical time evolutions of the native similarity Q(t)
to the native state of the substrate protein and contact
number NHW formed between the protein and the chaperonin wall are plotted in Figure 2. These results are obtained
at temperature Tf0. In bulk case, the protein exhibits sharp

two-state transitions between the native state with high Q
values and the denatured states with low Q values [see
Fig. 2(a)]. When the substrate protein is encapsulated in
the chaperonin cavity, the folding behaviors are altered as
shown in Figure 2(c– h). For the chaperonin cavity with
radius L ⫽ 6.0 and afﬁnity h ⫽ 0.8, the substrate protein
folds to its native state after a short time and stays there
stably [see Fig. 2(c)]. The number of contacts NHW is small,
i.e., only about 4 contacts formed between the protein and
the wall [Fig.2(d)]. This means that when the afﬁnityinduced interactions are not strong enough, the effect of
spatial conﬁnement dominates and enhances the folding.
Interestingly, in the case of L ⫽ 6.0 and h ⫽ 2.8, the
substrate protein again exhibits a sharp two-state folding
[Fig. 2(e)]. The values of Q and NHW hop up and down
between the folded state and the unfolded states synchronously with a reverse phase [Fig. 2(e,f)]. That is, the native
protein has few contacts with the wall, while in the
nonnative states the protein contacts with wall largely. In
this case, the afﬁnity-induced binding of the substrate
protein with the chaperonin wall is strong, which compromises the conﬁnement effect. Thus, the folding behavior of
the substrate protein is similar to that under bulk condition. Nevertheless, in the case of very strong afﬁnity with
h ⫽ 3.5, the protein is tightly bound to the wall with high
values of NHW ⬃ 24. Thus, the effect of binding would
become prominent for large strength h, and the protein is
not foldable and stays in the denatured states with the
values of Q ⬍ 0.4 [Fig. 2(g,h)]. Compared with the case
with h ⫽ 0.8, we could conclude that the afﬁnity-induced
binding may compromise the conﬁnement effect.
The folding rates Kf for various cavity sizes and afﬁnity
strengths are shown in Figures 3 and 4. Compared with
the bulk case, the folding is fast for proper sizes when L ⱖ
5 and afﬁnity strengths h ⬍ 3.0. This is controlled by both
conﬁnement and afﬁnity: proper conﬁnement would decrease the entropy of nonnative ensemble by suppressing
the occurrence of loose coil states, and the weak afﬁnity
could reduce the difﬁculty to overcome the additional
barrier on the free energy landscape due to the afﬁnityinduced binding. Our simulation results support the previous study by Betancourt and Thirumalai using a simpliﬁed
lattice model.13
More interestingly, due to the different nature of the
conﬁnement and the afﬁnity, the folding rates show different behaviors as the values of cavity size and afﬁnity
strength change. For a ﬁxed size of cavity, say L ⫽ 6.0, the
folding rates change slightly when h is smaller than a
certain strength h⬘ ⫽ 2.0, but decrease fast when h ⬎ h⬘ (as
shown in Fig. 3). For a weak afﬁnity, the cavity wall cannot
bind the protein steadily due to the thermal ﬂuctuation,
and the conﬁnement dominates the folding, so the folding
rate shows a weak dependence on h. Meanwhile, when h ⬎
h⬘, the effect of afﬁnity takes on an important role. The
rate exhibits a linear correlation with the afﬁnity strength
h as exhibited in Figure 3. In our simulations, this h⬘ is
approximately the same for most cases with different
cavity sizes. Note that such a value of h⬘ is related to
temperature as it reﬂects the balance between the binding
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Fig. 3. Folding rate versus the afﬁnity strength h for the chaperonin
cavity with different radii L at Tf0. Kf is the chaperonin-mediated folding rate
and Kf0 is the folding rate in bulk.
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Fig. 5. The thermodynamic stability characterized by the difference
between the folding transition temperature (Tf-Tf0) and folding cooperativity  versus the radius L of the chaperonin cavity and the afﬁnity strength
h. The inset in (a) is the heat capacity versus the temperature T for various
radii of the cavity. The inset in (b) is the heat capacity versus the
temperature T at various afﬁnity strengths.

folding is slower than the case without chaperonin cavity.
This kind of retardment has also been observed in previous
experiments.36,37 Biologically, the ATP is often required to
induce structural changes and decrease the afﬁnity for
releasing the substrate protein. On the other hand, for a
ﬁxed afﬁnity, the variation of the folding rate is nonmonotonic and shows an optimization (see Fig. 4). Such optimization is also observed for cases in the absence of the
afﬁnity.33,35 The optimal L changes from 5.5 to 4.6 following the increase of h from 0 to 3.0. This is because the
afﬁnity-induced binding makes the nonnative protein being compact near the wall. Consequently, a small cavity
may be suitable for the case with large afﬁnity. For very
large afﬁnity, say h ⱖ 3.0, the afﬁnity dominates the
motion of the protein molecule and the conﬁnement effect
is largely weakened. Therefore, there is no apparent
tendency of enhancement of the folding rate for these
cases.
Thermodynamics of Folding

Fig. 4. Folding rate versus the radius L of the chaperonin cavity at
different afﬁnity strengths h at T0f . Kf is the chaperonin-mediated folding
rate and Kf0 is the folding rate in bulk.

energy and thermal ﬂuctuation. Another value of the
afﬁnity strength h ⫽ 2.8, deﬁned as hc, corresponds to the
intersection when Kf/Kf0 ⫽ 1 , which marks the balance of
conﬁnement and afﬁnity, just as the case shown in Figure
2(e). For cases with h ⬎ hc, the chaperonin-associated

The variation of the thermodynamic stability of the
substrate protein folding in the chapernin system is also
an interesting issue that has attracted many theoretical
and experimental investigations.13,15,33–35,42 Here, the
thermodynamic stability and cooperativity for the folding
of the substrate protein in the chaperonin cavity are shown
in Figure 5. The thermodynamic stability of the substrate
protein is described by a difference ⌬T ⫽ Tf ⫺ Tf0 between
the folding transition temperature Tf in the cavity and Tf0
in bulk. Tf is deﬁned as the peak temperature of heat
capacity. It is found that the value of ⌬T clearly decreases
as the cavity size increases [Fig. 5(a)] or the afﬁnity
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strength increases [Fig. 5(b)]. From Figure 5(a), we could
conclude that the spatial conﬁnement enhances the thermodynamic stability of the substrate protein. This is
consistent with previous numerical,13,33 theoretical,34 and
experimental studies.31,32,78 In Figure 5(b), the value of
⌬T changes from 21.2°C to ⫺32.3°C when h changes from
0.0 to 3.5. It becomes negative when the afﬁnity h ⱖ hc, i.e.,
h ⱖ 2.8. These results indicate that the afﬁnity between
the protein and the chaperonin wall reduces the thermodynamic stability of the substrate protein. This is consistent
with the experimental ﬁnding by Zahn et al.15 Interestingly, an afﬁnity strength h ⫽ 2.8 where ⌬T ⫽ Tf ⫺ Tf0
⫽ 0 is consistent with the critical value observed from the
kinetics, i.e., hc ⫽ 2.8. Clearly, this is related to the
cooperative feature of folding, and also shows the conjunction of thermodynamics and kinetics.
These results imply that the effect of the afﬁnity is
different from that of the spatial conﬁnement for the
folding of the substrate proteins. The nonspeciﬁc interactions induced by the afﬁnity result in the attachment of
residues on the chaperonin wall, and always work against
the energetic bias for protein folding, rather than increase
the bias as the spatial conﬁnement does. Consequently,
when h ⬎ hc共or h ⬍ hc兲 , the folding of the substrate
protein could be considered to be dominated by the afﬁnity
(or the spatial conﬁnement). However, the transition between these two kinds of folding modes is not very sharp,
and could be considered as a crossover between each other.
It is worth noting that the value of hc depends on the cavity
size (data not shown here).
In Figure 5(c,d), folding cooperativity  of the substrate
protein in the chaperonin cavity versus the cavity size L
and the afﬁnity h are shown. In Figure 5(c), the value of 
increases with the increase of the cavity size L. For the
cavity size L ⬎ 10, the value of  increases slowly and
converges to the bulk case. The corresponding barrier in
free energy landscape is high, so the folding cooperativity
is high and the folding shows a good two-state behavior. As
the cavity becomes small, the spatial conﬁnement affects
the folding and the barrier decreases. Since the conﬁnement decreases the entropy of the denatured state ensemble, and destabilizes the denatured states, the cooperativity becomes low. This is consistent with the
enhancement of the folding rate of the substrate protein
with a strong spatial conﬁnement. However, the cooperativity  shows a nonmonotonic change as the afﬁnity
strength h increases [Fig.5(d)]. When h ⬇ 3.0, the cooperativity reaches its maximum, and for larger h the cooperativity decreases sharply. Correspondingly, the peak height of
the heat capacity increases when h ⱕ 3.0. Note that when
h ⱖ 3.5, the peak height decreases since too strong an
afﬁnity keeps the protein attached on the chaperonin wall
[see inset of Fig. 5(b)]. Clearly, for the folding in a
hydrophobic chaperonin cavity, the binding of the substrate protein with the wall not only narrows the energetic
distribution of the denatured states, but also increases the
barrier of the transition on the free energy landscape.
Thus, the protein would need to overcome a large barrier
to reach the native state and the folding cooperativity is

enhanced. However, when the binding becomes too strong,
the folding is difﬁcult to achieve within a reasonable time
since the protein molecule is tightly bound by the wall. In
such a case, the folding cooperativity is deteriorated
signiﬁcantly.
To have some further insights, here, we calculate the
proﬁles of the free energy by the WHAM algorithm79 to
analyze the effects of the conﬁnement and afﬁnity of the
chaperonin cavity on the substrate protein folding. The
probability distribution PT (Q) at a ﬁxed temperature T
was used to estimate the corresponding free energy FT(Q)44:
F T 共Q兲 ⫽ ⫺  B T log

PT共Q兲
⫹ FT共Q0兲
PT共Q0兲

(7)

where Q0 represents a reference state. We choose the
native state as the reference state. From Figure 6(a), we
can clearly see that the free energy proﬁle for the folding of
protein in bulk shows two minima located around the
denatured states and the folded state at temperature Tf0,
respectively. Then when the protein molecule is settled in
the chaperonin cavity with various sizes at the same
temperature Tf0, the free energy proﬁles become tilted
toward the native state, i.e., there is a bias to the native
state. The smaller the cavity size, the more bias to the
native state the proﬁle shows. This is attributed to the
signiﬁcant reduction of the conformational entropy of the
denatured state with small size of the cavity. Obviously,
such a bias suggests that the conﬁnement may promote
the folding of the substrate protein, as pointed out previously.13,33–35
However, from Figure 6(b), it can be found that the bias
of the free energy landscape is changed in reverse towards
the denatured states as the afﬁnity strength h increases.
This can be interpreted as follows. The interactions induced by the afﬁnity between the substrate protein and
the chaperonin wall tend to bind the substrate protein and
unfold it. In other words, there exists an unfolding process
during the chaperonin-mediated protein folding and such
a process becomes obvious when the afﬁnity is strong.
Therefore, the afﬁnity gives the chaperone chances to
behave differently, which may be reﬂected in different
steps of the chaperone cycle.
The Unfolding Activity
The thermodynamics and kinetics of folding of the
chaperonin-mediated unfrustrated protein show an interesting picture due to the concurrence of the spatial conﬁnement and the afﬁnity resulting from the cavity wall. In
order to further characterize the folding processes of the
substrate protein in the cavity in detail, we focus on the
contacts formed between the hydrophobic residues and the
chaperonin wall during the folding process (shown in Fig.
7). Unlike the case of protein in a hydrophilic chamber, the
folding in the hydrophobic chaperonin cavity with a high
afﬁnity is slower than that in bulk. It is noted that this
kind of process has been suggested to occur in cells.36,37 As
the ﬁrst step of the chaperonin-related protein folding
process, does the chaperonin cavity play a positive role in
the folding of the substrate protein?
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Fig. 7. The average number of contacts formed between the hydrophobic residues and the chaperonin wall NHW (a), and the average number of
nonnative contacts formed between the hydrophobic residues NHH (b) at
different cavity radii L during the folding process. The average is over 100
trajectories at T ⫽ Tf0.

Fig. 6. The free energy proﬁles versus the reaction coordinate Q for
the various cavity radii L (a) and afﬁnity strengths h (b). All the simulations
are performed at T ⫽ Tf0.

Actually, when the afﬁnity is strong enough, the conﬁnement effect is relatively weak, that is, the enhancement of
the folding rate due to the geometrical restriction is
suppressed. This implies that the folding process in the
cavity with strong afﬁnity is governed by interactions
between the hydrophobic residues and the chaperonin
wall. The number of contacts NHW formed between the
substrate protein and the chaperonin wall and the number
of nonnative contacts NHH formed between the hydrophobic residues of the substrate protein themselves during the
folding process may be proper indicators for characterizing
the folding process. Here the averaged numbers NHW and
NHH are studied, and are obtained by averaging NHW and
NHH over a time period before the protein becomes folded.
Figure 7 shows that the averaged number NHW becomes

larger, whereas the averaged number NHW becomes smaller
as the afﬁnity strength h increases for various cavity sizes.
This reverse change of NHW and NHH during the folding
process is observed, suggesting that the afﬁnity destabilizes the packing of hydrophobic residues. In this sense,
the contacts formed between the substrate protein and the
chaperonin wall signiﬁcantly reduce the probability of
forming the nonnative contacts between the hydrophobic
residues and some nonnative traps are cleaned up.
In addition, it is noted that the smaller the cavity size is,
the more the number of contacts NHW and NHH are formed.
For example, for the case of cavity with L ⫽ 13, there is
basically no contact between the protein and the wall and
only 3 nonnative contacts between hydrophobic residues
when h ⬍ 2.0. When L ⫽ 5.0, the number of contacts NHW
is about 4 or 6 and the number of contacts NHH is about 4.5
or 5.4. Furthermore, when h ⬎ 2.0, the value of NHW
increases rapidly, but the value of NHH decrease rapidly.
In the case of L ⫽ 5.0 and h⫽3.0, about 14 contacts are
formed between the substrate protein and the wall, which
takes about 46.7% of the total hydrophobic residues. About
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2.7 nonnative contacts are formed between hydrophobic
residues, which takes about 9% of the total hydrophobic
residues.
Therefore, in step 1 of the chaperonin-related protein
folding process, the afﬁnity of the chaperonin cavity plays
an important role in destabilizing the unfolded or misfolded states. The folding in this kind of environment
starts generally from an unfolding process. Consequently,
the whole folding process could be regarded as a serial
process with binding (destructing) and then folding. However, the binding with the chaperonin wall imports some
additional energetic frustrations, which make the folding
even slower than that in bulk. Actually, in this step the
chaperonin cavity prepares an unfolded environment for
the next step (folding), namely a hydrophilic wall after
allosteric transition of the chaperonin. This also offers a
possible explanation to the unfolding processes of the
IAM.28 This kind of unfolding processes is also consistent
with the variation of thermodynamic features.
In the phenomenological working cycle for the chaperonin-associated folding of the substrate protein, the afﬁnity
of the cavity may behave as a change from strong hydrophobicity to weak hydrophobicity and then back to strong
hydrophobicity again. This can be modeled in our simulations by just changing the afﬁnity strength. Here we show
two examples of the folding process for the protein molecule in a cavity when the afﬁnity is switched between a
strong hydrophobicity h ⫽ 3.0 and a weak hydrophobicity
h ⫽ 1.0. The cases of h ⫽ 3.0 and h ⫽ 1.0 are referred to as
the step 1 and the step 2 of the working cycle, respectively.
We divide the time period of the cycle tc into tp during
which the wall is weak hydrophobic (P) and (tc–tp) during
which the wall is strongly hydrophobic (H). The time
evolution of the number of contacts between the residues
and the wall NHW and the nonnative contacts between
hydrophobic residues is illustrated in Figure 8(b,e). The
corresponding distributions of the contacts are also shown
in Figure 8(a,c,d,f), respectively. From Figure 8(b), it is
clearly seen that the values of NHW are large, but the
values of NHH are comparatively small when the afﬁnity
strength is h ⫽ 3.0 during the time period tc– tp. Correspondingly, from the distributions of two kinds of contacts
shown in Figure 8(a), one can ﬁnd that the values of NHW
show a wide distribution from NHW ⫽ 2 to 22 and most of
the values are around NHW ⫽ 10. Differently, the values of
NHH show a sharp distribution around NHH ⫽ 1 to 5. This
indicates that the protein is bound to the cavity wall. In
contrast, when the afﬁnity strength is decreased from h ⫽
3.0 to 1.0, the results are reversed. The values of NHW
decrease signiﬁcantly, but the values of NHH increase
distinctly, which is obviously exhibited in the distributions
of two kinds of contacts as shown in Figure 8(c). When h is
changed from 1.0 to 3.0, a reverse process can be observed
as presented in Figure 8(e). These are attributed to the fact
that large numbers of contacts are formed between the
substrate protein and the chaperonin wall as the afﬁnity is
strong, which restrains the formation of the nonnative
contacts between the hydrophobic residues. As the afﬁnity
is weak, the afﬁnity takes almost no effect and more

Fig. 8. The number of contacts formed between the residues themselves of the substrate protein (denoted by solid squares) and the number
of contacts formed between the substrate protein and the chaperonin wall
(denoted by open triangles) plotted as a function of time for the
chaperonin within a hydrophobic cycling. The hydrophobicity is changed
from h ⫽ 3.0 to h ⫽ 1.0 (b) and from h ⫽ 1.0 to h ⫽ 3.0 (e). The cycling
time is set to 106 MD step, the simulation temperature is at T ⫽ Tf0, and the
cavity radius is L ⫽ 6. a,c,d,f: The corresponding frequency counts for the
related contact numbers. The arrows in b and e indicate the onset time of
the switch on the afﬁnity.

nonnative contacts are formed between the hydrophobic
residues. Therefore, following the switching of the cavity
environment, the weights of two kinds of contacts for the
protein would change consequently. This illustrates that
the afﬁne environment prefers the contacts between the
substrate protein and the chaperonin wall.
In addition, in order to observe the conformational
changes arisen from the hydrophobic cycling, we study the
structural features right before and after the change in the
chaperonin hydrophobicity. In Figure 9, the distributions
of the root mean square of distance (RMSD)80 are shown
for the cases before and after the transition from h ⫽ 3.0 to
h ⫽ 1.0 [Fig.9(a)] and from h ⫽ 1.0 to h ⫽ 3.0 [Fig.9(b)],
respectively. The RMSD describes the similarity of a
certain conformation to the native state of the protein. The
smaller the value of the RMSD, the more similar the
conformation to the native state. In Figure 9(a), when h ⫽
3.0, many hydrophobic residues are tightly bound to the
chaperonin wall and the substrate protein is unfolded.
Thus, the values of RMSD are large and are distributed
around 2.5. However, when h is decreased to 1.0, those
residues that are in contact with the chaperonin wall are
released from the wall, and the substrate protein resumes
the folding. Therefore, the distribution of the values of the
RMSD is shifted to the low value region with a peak
around 1.6. This indicates that the substrate protein is
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the substrate protein is ﬁrst tightly bound by the GroEL
molecule, and, at the same time, the interactions between
them induce an unfolding and eliminate the kinetic traps
or the misfolded states. Therefore, the interactions facilitate the whole folding process.
How Does the Chaperonin Wall Affect the Folding?
The interactions between the substrate protein and the
chaperonin wall affect both the thermodynamics and
kinetics of the folding. In order to probe how the afﬁnity of
the chaperonin wall affects the folding features of the
substrate protein, we made some mutations on the protein.
Our results suggest that the binding of the inner hydrophobic residues with the chaperonin wall seems to play a more
important role than the exterior hydrophobic residues do
during the folding of the substrate protein. In addition, the
decrease of the number of the hydrophobic residues enhances the folding rate when the afﬁnity is strong.
Different roles of exterior and inner hydrophobic
residues of the substrate protein

Fig. 9. The conformational changes characterized by the distributions
of the root mean square of distance (RMSD) during the switch of the
afﬁnity of the cavity related to Figure 8. The distribution is calculated
before and after the hydrophobicity is changed from h ⫽ 3.0 to h ⫽ 1.0 (a)
and from h ⫽ 1.0 to h ⫽ 3.0 (b).

given another chance to fold to its native state when the
afﬁnity strength is changed from strong to weak.
Nevertheless, we can see the reverse process in Figure
9(b) when the afﬁnity strength is changed from h ⫽ 1.0 to
h ⫽ 3.0. When h ⫽ 1.0, the effect of afﬁnity is negligible
and the conﬁnement drives the folding of the substrate
protein. Thus, the values of the RMSD are small. However,
when h is increased to 3.0 from 1.0, the substrate protein is
tightly bound by the chaperonin wall and is unfolded. The
distribution of the values of the RMSD is shifted to the
high value region, indicating that the chaperonin cavity
acts as an unfoldase when the afﬁnity is strong. This
unfolding activity of the substrate protein due to the
changes in the hydrophobicity of the cavity was ﬁrst
studied by Betancourt and Thirumalai via observation on
the -values, which describes the inherent structure of the
protein chain.13 Such a picture is in accord with the IAM
mechanism.28 These also are consistent with our previous
results. Thus, we can draw a conclusion that the afﬁnityinduced interactions between the substrate protein and
the chaperonin cavity play a positive role in chaperoninmediated protein folding. In step 1 of the chaperonin cycle,

From the analysis on the thermodynamics and kinetics
of folding, it is easy to ﬁnd that the binding of hydrophobic
residues with the chaperonin wall is unfavorable for the
formation of the protein structure, and thus obviously
retards the folding. However, it is not clear whether this
kind of nonspeciﬁc interaction makes all the hydrophobic
residues contribute equally to the folding process. The
answer to this question would be instructive for understanding how the afﬁne wall affects the folding of substrate proteins. As a simple approach, we build two model
chains, each of which have only half numbers of H-type
residues of the original substrate protein. One sequence
keeps the internal H-type residues, and the other preserves the surface H-type ones. The determination of
insideness/outsideness is based on the solvent exposure.
Here, the inner hydrophobic residues are deﬁned for those
with solvent exposure ⬍20%, and the exterior hydrophobic
residues with solvent exposure ⬎20%.81 The solvent exposure of residues is calculated using the program MOLMOL.82 These two chains are named HI-chain (with
hydrophobic residues inside) and HS-chain (with hydrophobic residues on the surface), respectively. It is noted that
the alteration of these hydrophobic residues only affects
the interactions with the chaperonin wall, not the interactions intra-protein. From Figure 10, one can see that the
folding behaviors of the HI-chain and HS-chain are somewhat different. The folding rate of the HI-chain is slower
than that of the HS-chain around the optimal chaperonin
cavity sizes, i.e., around L ⫽ 5.5. This implies that the
inner hydrophobic residues have more effect on the folding
rate than the exterior hydrophobic residues have though
the interactions of both kinds of residues with the wall are
in the same level of magnitude. The reason could be given
in the following way. Obviously, the inner hydrophobic
residues are surrounded by other residues. Thus, the
binding of the inner hydrophobic residues with the chaperonin wall may prohibit the formation of the local structures
of these hydrophobic residues due to the steric restriction.
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Fig. 10. The folding rate Kf/K0f versus the cavity radius L for three
chains. The solid squares marked with “HS” correspond to a case in which
all the inner hydrophobic residues are mutated. The open cycles marked
with “HI” correspond to a case in which all the mutated residues are
located at the exterior of the protein. The solid triangles marked with
“WILD” correspond to the wild type protein. All the simulations are
performed in the chaperonin cavity with the same afﬁnity strength h ⫽ 3.0
at Tf0.

However, for the hydrophobic residues on the surface, the
binding with the wall has less effect on the formation of the
local structure since those residues in contact with the
wall are regularly distributed on the surface with almost
ﬁxed orientation related to their neighboring residues. In
fact, the interactions between the exterior hydrophobic
residues and the chaperonin wall could still exist even
though the protein has been folded successfully. It has
been observed in an experiment that the native barnase
binds weakly to the GroEL with a dissociation constant in
the mM region.83 In such a sense, the inner residues and
the residues on the surface of the substrate protein do not
contribute equally to the folding processes. These are
relevant to previous experimental observations.37
Clearly, the decrease in the number of hydrophobic
residues always increases the folding rate with respect to
the folding of the wild-type chain as shown in Figure 10.
This indicates that the binding of both the inner hydrophobic residues and the exterior hydrophobic residues with
the chaperonin wall affects the folding kinetics of the
substrate protein. However, the hydrophobic residues on
the surface of the substrate protein play a less important
role in affecting the folding kinetics compared with the
inner hydrophobic residues.
Folding in the chaperonin cavity after point
mutation of the substrate protein
To further study the importance of the afﬁnity between
the chaperonin wall and the substrate protein and the
roles of the exterior and inner hydrophobic residues in the

chaperonin-mediated protein folding, we performed simulations of the folding of protein chymotrypsin inhibitor-2
with point mutation on some sites, in comparison with the
available experimental results.37 Each mutation is implemented by changing the hydrophobic residue at a certain
site to a hydrophilic one, and at the same time all the
related contacts are removed. In our simulations, the
selection of mutational sites refers to previous experiments37 and a total of 15 hydrophobic residues of protein
CI2 are mutated, respectively.
Both the cases in the presence and absence of the
chaperonin cavity are studied for comparison. For various
mutants, it is found that the folding rates in bulk decrease
with respect to the case of the wild-type, and the folding is
further retarded in the presence of the chaperonin cavity
(see Table I, where Kc and Kb represent the folding rates in
the presence of the chaperonin and in bulk, and the
subscript index T or E is used to indicate theoretical
simulations or the experiments, respectively). However,
the variation of the folding rates in the presence of the
chaperonin are not the same as those of the bulk cases
since the mutations weaken the interactions between the
substrate protein and chaperonin, which may promote the
folding in some degree. This difference in variation of
folding rates suggests that the interactions are actually
one of the important factors in chaperonin-assisted protein
folding processes. These are qualitatively consistent with
the experimental results by Itzhaki et al. in which it is
shown that the folding rate of CI2 in GroEL does not
appear to be as sensitive to mutation as the folding rate in
solution.37 Actually, the change of folding rate results from
both effects of mutations on stability and of the chaperonin
cavity. In order to characterize the effect of afﬁnity between the substrate protein and the chaperonin cavity on
kinetics, we use a factor Kb/Kc. The larger the value of
Kb/Kc, the more signiﬁcant the effect of the afﬁnity is. It
b
c
has been found that our simulation results KT
/KT
correlate
b
c
well with the experimental results KE/KE obtained by
Itzhaki et al.37 with a correlation coefﬁcient R⫽0.826 as
shown in Figure 11. Note that the correlation between the
b
c
b
c
folding rate KT
(or KT
) and KE
in bulk (or KE
in the
chaperonin cavity) is weaker with correlation coefﬁcients
R ⫽ 0.31 and 0.58.
From Figure 11, it is noted that the values Kb/Kc for the
mutant A16G is quite large, while for the mutants L49A
and I29A/I57V the values are small for both the cases of
experiments and simulations (note that our residue numbering is 1– 64, rather than 20 – 83).This seems to be
abnormal since site 16, which has been identiﬁed as the
folding nucleus site,84 is an inner hydrophobic residue and
ought to have a signiﬁcant effect on the folding kinetics
according to our previous conclusion. That is, the mutant
A16G should induce a small value of Kb/Kc similar to the
cases of mutant L49A and I29A/I57V. Here sites 49 and 57
are also folding nuclei and inner hydrophobic residues.84 A
detailed study on the structural features of the protein
gives us an interpretation for the difference. It is found
that site 16 is located in the ␣-helix (residues 12–24) and is
surrounded by the N-terminal coil and three strands of
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TABLE I. Rate Constant of Refolding of CI2 in Bulk and in GroEL Cavity
Mutant

KTb(10⫺4r1)

KTc(10⫺4r1)

KEb(s1)

KEc(s1)

Wild
L8A
A16G
I20V
L21G
I29A/I57V
I30A
L32A
L32A/F50A
Y42G
L49A
V51A
A58G
V60G
F50A
V38A/F50A

2.63 ⫾ 0.20
1.52 ⫾ 0.11
2.44 ⫾ 0.18
0.57 ⫾ 0.05
2.33 ⫾ 0.16
0.40 ⫾ 0.03
1.33 ⫾ 0.10
1.04 ⫾ 0.09
0.32 ⫾ 0.02
1.89 ⫾ 0.18
0.50 ⫾ 0.04
1.25 ⫾ 0.11
2.33 ⫾ 0.16
1.21 ⫾ 0.10
0.44 ⫾ 0.03
0.37 ⫾ 0.02

0.45 ⫾ 0.03
0.31 ⫾ 0.02
0.38 ⫾ 0.03
0.23 ⫾ 0.01
0.42 ⫾ 0.03
0.23 ⫾ 0.01
0.39 ⫾ 0.01
0.37 ⫾ 0.02
0.22 ⫾ 0.01
0.48 ⫾ 0.02
0.24 ⫾ 0.01
0.33 ⫾ 0.02
0.40 ⫾ 0.03
0.31 ⫾ 0.02
0.25 ⫾ 0.01
0.23 ⫾ 0.01

56.8 ⫾ 2.50
28.8 ⫾ 1.10
8.10 ⫾ 0.20
23.6 ⫾ 0.60
25.2 ⫾ 0.70
7.60 ⫾ 0.30
18.9 ⫾ 0.90
26.7 ⫾ 3.00
6.3 ⫾ 0.60
43.2 ⫾ 1.20
1.80 ⫾ 0.10
24.6 ⫾ 0.90
39.5 ⫾ 0.90
45.8 ⫾ 1.20
10.1 ⫾ 0.01
7.50 ⫾ 0.30

1.82 ⫾ 0.01
1.66 ⫾ 0.03
0.37 ⫾ 0.06
1.85 ⫾ 0.04
1.25 ⫾ 0.02
1.45 ⫾ 0.05
4.50 ⫾ 0.15
3.33 ⫾ 0.02
1.90 ⫾ 0.02
3.66 ⫾ 0.01
0.18 ⫾ 0.02
2.00 ⫾ 0.06
1.97 ⫾ 0.06
1.87 ⫾ 0.03
1.04 ⫾ 0.04
2.00 ⫾ 0.04

b

Rate constant for folding of CI2 in bulk.
Rate constant for folding of CI2 in GroEL cavity.

c

Fig. 11. The correlation between our simulation results of Kb/Kc and
those obtained experimentally by Itzhaki et al.37 and the correlation
coefﬁcient is R ⫽ 0.826. The simulation temperature is set as T ⫽ 1.052,
which is the folding transition temperature in bulk. The afﬁnity strength is
set as h ⫽ 3.5. The error bar is calculated with the error recursion formula
for divisions. The related mutations are also marked.

␤-sheet (residues 11–13, 28 –34, 55–58). The residues 16,
29, 49, and 57 form a hydrophobic cluster. The residue 16
plays a key role in the contact network, which connects the
␣-helix and three strands of ␤-sheet mentioned above.
Once this hydrophobic residue A is mutated to a hydrophilic residue G, the connection of the contact network
may be severely destroyed, and the inner hydrophobic
residues will be exposed to the chaperonin wall. This
retards the folding in the cavity, i.e., a decrease in the

value of Kc. Therefore, the value of Kb/Kc increases.
Nevertheless, for sites 49 and 57, their mutants will not
produce a large effect due to their structural features. The
residues 49 and 57 are all wrapped by other secondary
structures. The mutation of the residues 49 or 57 to
hydrophilic residues will only reduce the binding between
the protein CI2 and the wall of the chaperonin cavity.
Thus, the folding of protein CI2 in the cavity is enhanced,
i.e., the value of Kc increases, so the value of Kb/Kc is small.
Itzhaki et al. have experimentally studied the refolding
process of CI2 mediated by GroEL and obtained many
other signiﬁcant results. Here, following their procedures,
by simulation, we try to further illustrate the same
behavior of the chaperonin-mediated protein folding. Although GroEL is not biologically required for the folding of
CI2, it is helpful to investigate its refolding process
mediated by the chaperonin. This could provide signiﬁcant
insights into the important role of chaperonin-protein
interactions. Here, we examine the change in binding
afﬁnity on mutation, which is expressed in terms of the
Eq.(5) in the report by Itzhaki et al.37 Consistent with the
experimental analyses by Itzhaki et al., our simulation
results also show that the change of hydrophobic residues
to hydrophilic ones weakens the binding between the
chaperonin cavity and protein CI2 (see Fig. 12). Apart from
this, we especially study the relation between the strength
of the binding interactions and the folding rate for CI2 by
referring to the idea by Itzhaki et al.. The change of
b
c
binding afﬁnity ⫺RTln(KT
/KT
) as a function of the difference in free energy of transfer of the wild-type and
mutated side chain from n-octanol to water is shown in
Figure 13. The values of the free energy difference are
calculated based on the data obtained by Hansch and
Leo,85 using the equation:
⌬G transfer共n-octanol-water兲 ⫽ RT共 wildtype ⫺  mutant 兲 ,

(8)

where  ⫽ logP and P is the partition coefﬁcient of the
mutated side chain between water and n-octanol. Inspir-
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Fig. 12. Relative retardation of folding on binding of different mutants
of C12 to the chaperonin cavity. The letter “T” denotes that the results are
obtained by simulation and the letter “E” represents those gained from
experiment.

Fig. 13. The correlation between the change of binding afﬁnity
⫺RTln(KbT/KcT) and the free energy difference of transfer of the wild-type
and mutated side chain from n-octanol to water ⌬Gtransfer共n-octanol-water兲. The
correlation coefﬁcient is R ⫽ 0.787.

ingly, an obvious correlation between the free energy
difference ⌬Gtransfer共n-octanol-water兲 and the change of binding
b
c
afﬁnity ⫺RTln(KT
/KT
) is found for the mutants with a
correlation coefﬁcient R ⫽ 0.787. As argued by Itzhaki et
al., a small slope in Figure 13 indicates that only a fraction
of the hydrophobic energy is lost on going from the bound

denatured states to the transition state. The negative
slope of the plot means that the relative rates of folding are
inversely correlated with the strength of the binding
interactions. That is, the weaker the binding, the faster
the folding. Thus, the folding of the GroEL-complexed CI2
involves the breaking of hydrophobic interactions between
the chaperonin and protein CI2. This further shows that
the change in the hydrophobic interactions affects the
folding rate of the encapsulated CI2, suggesting an important role played by the binding interaction.
As another illustration of different effects of the inner
hydrophobic residues from the exterior hydrophobic residues on affecting the folding kinetics, we probe the whole
effect of the inner hydrophobic residues and the exterior
hydrophobic residues by calculating the average value of
the factor Kb/Kc. Interestingly, the average value of the
b
c
factor KT
/KT
is 3.1 for the inner hydrophobic residues,
while that for the exterior hydrophobic residues is 4.7.
Correspondingly, the related experimental values are 12.5
for the inner hydrophobic residues and 14.1 for the exterior hydrophobic residues.37 Note that the average value of
Kb/Kc for the inner hydrophobic residues is smaller than
that for the exterior hydrophobic residues. This has the
same relationship for those obtained from the experiments. However, the values from our simulations are one
third of the experimental ones, which may result from the
simpliﬁed Go-type interactions since the funnel-like landscape is smoothened. Anyhow, our simulation results are
qualitatively consistent with the experiment, showing
that, in general, the mutations of the inner hydrophobic
residues to polar type could induce a larger effect on the
folding kinetics of protein CI2. This further veriﬁes the
roles of various residues in the folding in the chaperonin
cavity and is consistent with our conclusion in “How Does
the Chaperonin Wall Affect the Folding?” that the inner
hydrophobic residues play a more important role than the
exterior hydrophobic residues in the interactions with the
chaperonin wall. This also suggests that the afﬁne wall
plays a role in affecting the folding pathway. The afﬁne
wall blocks the folding when the inner hydrophobic residues are bound with the wall. These inner hydrophobic
residues might be related to the wrong folding. At the
same time, the afﬁne wall has weak effects on the folding
with correct packing, i.e., the protein collapses quickly and
the inner hydrophobic residues are settled inside correctly.
Thus, the chaperonin system with an afﬁne wall plays a
role to alter the pathways of the folding on the landscape.
Our results indicate that the interactions between the
residues and the chaperonin wall are indeed the important
reason to dominate the folding in the chaperonin system.
Especially, the afﬁnity is important for modeling the
chaperonin system, and, by considering the afﬁnity between the substrate protein and the wall of the cavity, our
chaperonin model can well describe the real situation of
the chaperonin-mediated protein folding.
CONCLUSIONS
The folding of substrate proteins in chaperonin cavity is
an interesting and not very clear topic. Previously, some
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experimental studies showed that the chaperonin system
could enhance the folding rate of the substrate proteins,
while others found that the chaperonin system retards the
folding. In the present report, we study the folding process
of the chaperonin-mediated substrate protein by considering the effects of afﬁnity and conﬁnement. Furthermore,
based on simulations using the Go -type model, which has
been widely used in the modeling on protein folding in
recent years, we propose a possible mechanism for the
chaperonin-mediated protein folding, which provides an
understanding of the puzzle of protein folding in vivo.
We used a simpliﬁed representation for both the substrate protein and the chaperonin system. In our model,
the nonspeciﬁc hydrophobic interactions between the hydrophobic residues are included, which does not alter the
native state of the protein. Thus, the model protein is
unfrustrated, and at the same time the interactions between the hydrophobic residues of the substrate protein
and the chaperonin cavity are considered. Although simple,
such a model helps us to capture the basic physical
features of the chaperonin-mediated protein folding. For
the substrate protein, we focus on two␣/␤ sandwich proteins, namely the protein Ada2h and CI2, which belong to
a common structural motif found in the GroEL substrate
proteins. The folding with a single binding event is considered, and the real cycle process is also included. Moreover,
a signiﬁcant native-like structure does exist in proteinfolding intermediates bound to the GroEL, which are in
accord with the experimental observations.8,69,70,86 We
ﬁnd that when the afﬁnity between the substrate protein
and the chaperonin wall is weak, this chaperoninmediated process enhances the folding rate of the substrate protein compared with that in bulk. In this case, the
conﬁnement plays an important role. However, if the
afﬁnity is strong enough, the substrate protein is nonspeciﬁcally bound by the chaperonin and partly unfolded.
Thus, the folding is retarded. This agrees well with the
experimental ﬁndings that there is an inverse correlation
between the strength of the hydrophobic interactions and
the rate constant for refolding of the GroEL-complexed
protein.37 In such a case, the afﬁnity-induced kinetic effect
plays a main role in folding. The strong hydrophobic
environment may be unfavorable to the folding of the
unfrustrated protein. Nevertheless, it may be favorable to
the folding of the highly frustrated protein. This is attributed to the fact that for the frustrated protein the binding
between the substrate protein and the chaperonin cavity
could make the frustrated protein be unfolded. Such
unfolding provides the protein more chances to escape
from the kinetic trapping and then enables the protein to
fold correctly, leading to an overall acceleration in the
folding rates. Recently, it was demonstrated that a moderately hydrophobic environment, similar to the interior of
the GroEL cavity when bound with ATP and GroES, is
sufﬁcient to accelerate the folding of a frustrated protein.13,18,39,40
Therefore, our model may provide a possible mechanism
to understand the diversely experimental phenomena. It is
well known that the barrier of folding results from two
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kinds of sources, namely energy and entropy. When energy
is rather optimized, the barrier is mainly caused by the
entropic effect. This has been argued as the minimal
Go -model (Type I). When there are some apparent intermediates in folding pathways, the activation from the energetic traps is more important, such as Shea’s modiﬁed HT
mode18 (Type II). The chaperonin cavity with afﬁnity
affects the energy and entropy during the folding of the
substrate protein simultaneously. It decreases the entropy
of the extended denatured states, and also stabilizes the
states bound with the wall. These states are generally
denatured too. For the cases of weak afﬁnity, it is easy to
understand that the conﬁnement effect of the cavity on the
entropy is somewhat dominant. For type-I model proteins,
this will destabilize the denatured states, which enhances
the folding rate as shown in our work. However, for the
type-II model proteins, the conﬁnement has less effect on
the compact intermediates, and the binding with the
cavity wall stabilizes the intermediates. This results in
proteins folding slowly. In the case of stronger afﬁnity, the
energetics takes a main role. For type-I model proteins, the
decrease of energy balances or even exceeds the effect of
conﬁnement. Thus, the barrier is higher, resulting in a
slow folding as found in our work. In contrast, for type-II
model proteins, the implicit unfolding (namely pulling the
protein from intermediates to extended denatured states
by bias from binding) may increase the folding rate as
argued in previous studies.14,18,28 As a matter of fact,
ﬁndings in previous studies87–91 have shown that ATP can
modulate the strength of afﬁnity (in general, reduces the
afﬁnity) and the folding could be reactivated when ATP is
introduced.
The unfolding process caused by afﬁnity is also probed in
our work. Interestingly, the unfolding process will signiﬁcantly break the mis-formed nonnative hydrophobic contacts. This afﬁnity-induced unfolding process destabilizes
the substrate protein, which is reﬂected by the reduction of
the folding temperature found in our simulations. Zahn et
al. also observed a reversible lowering of the melting
temperature of barnase in the presence of the GroEL in
their experimental work.15 Thus, we believe that the
chaperonin cavity has at least two functions in the chaperonin-mediated protein folding: the functions of spatial
conﬁnement and kinetic unfolding. Moreover, by checking
the role of the hydrophobic residues playing in the interactions with the hydrophobic chaperonin wall, we ﬁnd that
the buried inner hydrophobic residues have a more signiﬁcant effect on the folding than the exterior ones.
In addition, the folding features for the various mutants
of protein CI2 have been studied further. Inspiringly, our
simulation results on the folding rates show a good correlation with the experimental results obtained by Itzhaki et
al.37 Consistent with the experimental analyses, the simulation results also show that the change of hydrophobic
residues to hydrophilic ones weakens the binding between
chaperonin cavity and protein CI2. And the relative rates
of folding are inversely correlated with the strength of the
binding interactions: the weaker the binding, the faster
the rate of folding. This further testiﬁes that our model of

792

W.-X. XU ET AL.

the chaperonin cavity is valid in the investigation of the
chaperonin-mediated protein folding. The chaperonin cavity with an afﬁne wall plays an important role in changing
the folding pathways on the landscape. This suggests that
the interactions between the residues and the chaperonin
wall are, indeed, one of the main reasons dominating the
folding in the chaperonin system. At the same time, our
results indeed conﬁrm our conclusion that the buried inner
hydrophobic residues and the exterior hydrophobic residues play different roles in the folding of the chaperoninmediated proteins.
Finally, it is worth noting that the hydrophobic interactions are nonmonotonically dependent on temperature.92–94
In our work, this temperature dependence of folding
behaviors was also cursorily studied. Simulations on folding kinetics at a series of temperatures were performed.
The results were qualitatively similar to those obtained at
Tf0 (results not shown), although hydrophobic interactions
are temperature dependent.92–94 This could be attributed
to the enhancement of the stability due to conﬁnement. In
fact, the temperature factor is implicitly included in the
parameter of afﬁnity strength (h) in our model. It is found
that the folding of the substrate protein would be enhanced by the chaperonin at different h as long as h ⬍ 3.0.
That is, conﬁnement plays a key role in assisting the
folding of substrate proteins under different temperature
conditions. This is consistent with the wide range of
working temperatures of chaperonin. Also, the effect of
afﬁnity somehow can be weakened at high temperature,
which may be partly helpful for the release of substrate
protein when the energy of ATP is imported. However, the
detailed effects of temperature on the chaperonin-assisted
protein folding due to the dependence of hydrophobic
interactions on temperature are quite complicated and
still unclear. This is a topic that deserves to be studied in
our future work.
It is also valuable to note that the current model might
be generalized to more realistic cases of protein folding in
vivo, such as folding in chaperonin systems including more
features of the chaperonin and folding concerning effects of
macromolecular crowding in cells. In a more realistic
chaperonin cavity, interactions may only exist between
certain regions of the chaperonin cavity and substrate
proteins. The afﬁnity strength may be variable during the
processes of chaperonin-mediated protein folding and may
also relate to the conformational change of the chaperonin
cavity. These can all be further investigated with an
extended version of our current model. It is well known
that the folding in vivo is more complicated than that in
vitro due to the crowded and intricate environment including different kinds of macromolecules in cells. Based on
the effective concentration of protein molecules, the folding of the protein chain can be conﬁned within a related
size of cavity. Such a cavity should be optimized and can be
modeled with different geometrical shapes. At the same
time, the interactions between the object protein and other
macromolecules could be mimicked as the afﬁnity under
proper consideration. Some signiﬁcant phenomena, such
as protein aggregation, amyloid ﬁbril formation, and so on,

relevant to macromolecular crowding and/or interactions
between the molecules could be studied by incorporating
certain speciﬁc interactions with the general volume exclusion effect of the conﬁnement. These are of great interest
and might be implemented with our current model.
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