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ABSTRACT
To explore the role of entropy and
chain connectivity in protein folding, a particularly
interesting scheme, namely, the circular permutation, has been used. Recently, experimental observations showed that there are large differences in the
folding mechanisms between the wild-type proteins
and their circular permutants. These differences
are strongly related to the change in the intrachain
connectivity. Some results obtained by molecular
dynamics simulations also showed a good agreement with the experimental ﬁndings. Here, we use a
topology-based free-energy functional method to
study the role of the chain connectivity in folding by
comparing features of transition states of the wildtype proteins with those of their circular permutants. We concentrate our study on 3 small globular
proteins, namely, the ␣-spectrin SH3 domain (SH3),
the chymotrypsin inhibitor 2 (CI2), and the ribosomal protein S6, and obtain exciting results that
are consistent with the available experimental and
simulation results. A heterogeneity of the interaction energies between contacts for protein CI2 and
for protein S6 is also introduced, which characterizes the strong interactions between contacts with
long loops, as speculated from experiments for protein S6. The comparison between the folding nucleus
of the wild-type proteins and those of their circular
permutants indicates that chain connectivity affects remarkably the shapes of the energy proﬁles
and thus the folding mechanism. Further comparisons between our theoretical calculated th values
and the experimental observed exp values for the 3
proteins and their permutants show that our results
are in good agreement with experimental ones and
that correlations between them are high. These
indicate that the free-energy functional method
really provides a way to analyze the folding behavior of the circular-permuted proteins and therefore
the folding mechanism of the wild-type proteins.
Proteins 2004;57:153–171. © 2004 Wiley-Liss, Inc.
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INTRODUCTION
Protein folding is a fundamental, important, and unsolved problem in molecular biology. Folding resembles a
diffusive process on a rugged, funnel-like energy landscape.1– 8 The bottleneck affecting the folding dynamics,
namely, the saddles on the free-energy landscape, is
©
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deﬁned as the transition state.1,2,4,7 Transition state acts
as a watershed between the denatured state and the folded
state, and behaves as the main barrier for the folding
processes from the denatured state to the folded state.4,5,7
Thus, studying the transition state is an essential task in
understanding the protein folding mechanism, and it has
become a hot topic in recent years.
Near to the native state, the transition state may be
acted on by the energetic factors (encoded in amino acid
sequence) and the entropic ingredients (originating from
the denatured conformations).1–10 Due to the rare appearance of the transition state in the equilibrium population,
the information of the transition state is generally collected from mutational studies.11 With a knowledge of the
denatured state (considerably disordered) and of the folded
state (highly ordered), the comparison between the nativeness of residues of a wild-type protein and its permutants
provides us some insight into the features of the transitionstate ensemble. The point mutations that vary the identities of a few amino acids perturb the energetics of proteins
but keep the topology of the native structure unchanged.12,13 On the contrary, the circular permutations,
implemented by connecting two ends of a protein, change
the connectivity of a protein chain.13 For the circular
permutants, various microscopic states are totally rearranged to produce a new free-energy landscape. Experimenters have discovered that the transition states show
distinguishable differences between the proteins before
and after the circular permutations.12–18 Contact with the
same pair of residues may play different roles in different
transition states. Theoretical simulations have also illustrated results similar to those of experiments.19,20 Recently, Clementi et al.19 concluded that the changes in
native-state topology induce different folding mechanisms
for the wild-type proteins and their circular permutants.
They also argued that the entropy plays an important role
in the folding of the circular permutants. However, how do
the entropy and the connectivity of the proteins affect the
transition states of the circular-permuted proteins? Is it
possible to study the effects of the entropy with an
analytical scheme? A theoretical discussion would be
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instructive and necessary for understanding the experimental results of the circular permutations.
Here, based on a free-energy functional method developed by Plotkin et al.,7,8,21–23 we present an approach on
the folding behavior of the circular-permuted proteins. The
free-energy proﬁles of 3 circular-permuted proteins,
namely, the ␣-spectrin SH3 domain (SH3),24,25 the chymotrypsin inhibitor 2 (CI2),13 and the ribosomal protein S6,14
are obtained by minimizing the functional under the
Go -like interactions.26 The heterogeneity of the transition
state ensemble is described using a distribution of various
native contacts. Our results show that the architecture of
the transition states from the free-energy functional theory
is consistent with the ﬁndings by both experiments and
simulations. The comparison between the folding nucleus
of the wild-type proteins and those of their circularpermuted proteins indicates that the connectivity affects
remarkably the shape of the energy landscape, and thus
the folding mechanism. The free-energy functional method
provides a way to analyze the folding behavior of the
circular-permuted proteins.
METHODS
Free-Energy Functional
The energetic features of natural proteins are believed
to be well optimized by longtime evolutionary selection,1– 6,9,26,27 and it has been argued that a simple and
reasonable model of interactions between amino acids is
the Go -like model, which favors the native contacts energetically.26 For the entropic component of the free-energy
functional, the polymeric nature of the protein chain
suggests that the loop between two residues is directly
related to the probability for forming a contact between
them. Consequently, relative to coarse graining, a protein
system can be described by a collection of its native
contacts with energies {⑀i} and corresponding loop lengths
{li}.7,8,22,23 Here, the contact energy ⑀i (⬍ 0) ensures the
stability of the native structure and includes the solventaveraged effect of contact i. li ⬎ is the sequential length
pinched off by contact i. Two residues, ␣ and ␤, are deﬁned
as contacting each other when the spatial distance between their C␣ atoms is smaller than 8.0 Å, and at the
same time their sequential distance along the chain is
larger than 3 residues (e.g., ␣ ⬎ ␤ ⫹ 3). Note that if a small
cutoff distance between the C␣ atoms, say 7.0 Å, is used,
there will be a smaller number of contacts in the contact
map. However, from our calculation, the variance of contacts has less effect on the features of transition state [i.e.,
the main features of the islands on the contact maps (see
the Results and Discussion section)]. A quantity Q, deﬁned
as the overall fraction of the native contacts, is used to
describe the similarity of a given conformation to the
native conformation. It is known that various contacts
contribute to the global similarity differently. For an
ensemble of ⌫ conformations with various values of nativeness Q relating to the folding pathways, there is a subset C
of conformations with a certain value of Q. Then, a
probability of the ith contact in this subset C is deﬁned as

Q i 共Q兲 ⫽

¥ j⌫ q ji ␦ jC
,
¥j⌫ ␦jC

where j represents the jth conformation in the ensemble ⌫.
qij ⫽ 1 if the ith contact is observed in the jth conformation,
and qij ⫽ 0 otherwise. ␦C
j ⫽ 1 if the jth conformation is in
the subset C (i.e., with its nativeness as Q), and ␦C
j ⫽ 0
otherwise. Qi indicates the degree of nativeness for the
occurrence of the ith contact in the ensemble of states with
global similarity Q. Thus, a distribution Qi(Q) can be used
to describe the heterogeneities of various contacts in the
ensemble with a ﬁxed value of Q. Note that these degrees
of nativeness satisfy the relation

冘
M

Q i ⫽ MQ,

(1)

i

where M is the number of the native contacts. Eq. (1) is a
constraint for the distributions of Qi. Using the degrees of
nativeness of the contacts, the folding processes can be
described using a statistical picture. The degree of nativeness of the ith contact at equilibrium is deﬁned as Qi†(Q),
which is derived from the minimization of the free-energy
functional. Compared with the usual characterization of
the transition states of folding, the value of Qi†(Q‡) for the
transition-state ensemble (with Q ⫽ Q‡) is related to the 
value.23 Therefore, the study on the distribution of these
degrees of nativeness of contacts provides us a way to
ﬁgure out the structure of the transition state ensemble
and further enables us to compare the results of different
mutations. In this work, we use a variational approach to
search for the optimal distribution, {Qi†}, which minimizes
the free-energy functional. With this scheme, the effect of
the circular permutations can be characterized systematically.
The free-energy functional serves as the basic starting
point for our studies. We employ the free-energy functional
theory developed by Plotkin et al.7,8,21–23 as follows. With
the optimal features of natural proteins, native interactions are considered to play a more important role than
non-native interactions in determining the folding mechanism of minimally frustrated proteins, such as the Go
model. Thus, the non-native interactions are treated as an
averaged background ﬁeld that contributes to the system
as an energy dispersion, while the native interactions are
retained. The energy of the system is obtained by averaging the Hamiltonian7,8,21
Ᏼ⫽

冘

N
N
N
关ε ␣␤
⌬ ␣␤ ⌬ ␣␤
⫹ ε ␣␤ ⌬ ␣␤ 共1 ⫺ ⌬ ␣␤
兲兴

(2)

␣⬍␤

over a Gaussian distribution of the non-native interactions
with variance b2,
N
N
其兲 ⫽ 具␦关E ⫺ Ᏼ兵⌬ ␣␤ 其兴␦关E N ⫺ Ᏼ兵⌬ ␣␤
其兴典 n-nat.
P共E兩E N , 兵⌬ ␣␤ ⌬ ␣␤

(3)
Here, the summation runs over all residue indices. The
function ⌬␣␤ ⫽ 1 or 0, respectively, if residues ␣ and ␤ do or
N
do not contact with each other, and ⌬␣␤
⫽ 1 or 0, respec-
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tively, if these contacts do or do not exist in the native
N
conﬁguration. ε␣␤
and ε␣␤ are the energies of the native
and non-native contacts, respectively. Eq. (2) describes the
energetics of the model protein system. After the averagN
N
ing in Eq. (2), the native interaction ε␣␤
⌬␣␤⌬␣␤
is written in
a single index for simpliﬁcation; that is, the native interaction is written as ¥i εiᏸi, where ᏸi 僆 {ᏸ␣␤ ⫽ 1, ␣ ⫽ 1, N,
N
and ␤ ⫽ 1, N} with ᏸ␣␤ ⫽ ⌬␣␤⌬␣␤
, and ᏸi ⬅ 1 if the ith
contact is a native contact formed between the two residues ␣ and ␤. At the same time, the non-native interacN
tions ε␣␤⌬␣␤(1 ⫺ ⌬␣␤
) are averaged and are found to be
Mb2(1 ⫺ Q). Generally, the energies of the native contacts
{⑀i} vary from contact to contact. The heterogeneity of these
energies may relate to the type and structural features of
the residues as shown by the statistical potentials28 and
also to different features of secondary and tertiary interactions. For the sake of simpliﬁcation, all the native contacts
could be assumed to be energetically equivalent for exploring the role of entropy and chain connectivity in protein
folding. However, it is worth noting that it may improve
the modeling to some extent to employ some certain
distributions of contact energies. A recent work by Oliveberg and colleagues14 showed that a biased dispersion of
the contact energies has a dramatic effect on the transition
state of small protein S6 and its circular permutants.
For the entropic component of the free-energy functional, a simpliﬁcation related to the coordinate Q is
introduced. The entropy functional is divided into two
parts: one related to the partition of the contacts in
structural ensemble with coordinate Q (which corresponds
to the multiplicity of the contact pattern), and the other
depicting the entropic decrease due to closure of the
contacts from the coil (which considers the effect of polymeric connectivity). Here we take similar notations to
those used by Plotkin et al., namely, route for the entropy
due to the multiplicity of the contact pattern, and bond for
the entropy loss for the formation of different contacts.
Based on a mean-ﬁeld consideration of the correlations
between different native contacts, the entropy functional
route is given as21

冘
M

 route 共兵Q i 其兩Q兲 ⫽ ⫺共Q兲

关Qiln Qi ⫹ 共1 ⫺ Qi兲ln共1 ⫺ Qi兲兴,

i⫽1

(4)
where the prefactor (Q) ⬅ 1 ⫺ Q␣ originates from the
reduction of the number of combinatory states by chain
topology, since the residues connected by a chain have less
mixing entropy than when they are free. The index ␣ ⬎ 0
decreases as system size N increases, since for a large
system, the more part of the chain is buried, the stronger
the constraint by surrounding contacts.22,23 In our study,
we set ␣ ⫽ 1. Due to the volume variation during folding,
the entropy loss for forming a contact depends on the
detailed structural features, that is, not only on the loop
length related to the contact (which describes the polymeric connectivity) but also on the distribution {Qi(Q)} of
formation probabilities of other contacts (which deﬁne the

interactive environment). Neglecting the speciﬁc inﬂuence
of other contacts, the entropy loss si to form a contact i may
take the form si ⫽ si [li, {Qi(Q)}]. The additivity of the
entropic term si is also a kind of simpliﬁcation, which is
suggested from some qualitative analysis.29 Thus, the
entropy loss of the model protein system during a change
from the state {Qi(Q0)} to the state {Qi(Qf)} would have the
form
 bond 共兵Q i 共Q f 兲其兩兵Q i 共Q 0 兲其兲 ⫽

冘冕
i

Qf

DQ i 共Q兲s i 共l i , 兵Q i 共Q兲其兲.

Q0

(5)
The integrations are performed along an M-dimensional
path speciﬁed by {Qi(Q)}. The dependence of the term si on
the state variables li and {Qi} is also consistent with the
requirement that the contact-closure entropy would be a
thermodynamic potential determined by the initial and
ﬁnal states. As further progress, the entropy si in Eq. (5) is
approximated as the Flory form
s i 共l i , 兵Q j 其兲 ⫽ ln共a/leff兲3/2

(6)

with an effective loop length leff(li,Q). The ﬂuctuation of
{Qi} in si is neglected as a mean-ﬁeld approximation. As a
result, the entropy loss to form the state {Qi} from the coil
state (Q ⫽ 0) is
 bond ⫽  MF 共Q, l 兲 ⫺

3
M具␦Q␦ ln l典,
2

(7)

where the 具…典 means an ensemble average in subset C of
the ensemble ⌫.
Together with Eqs. (4) and (7) as the total entropy  ⫽
route ⫹ bond, the free-energy functional has the form21

冘
M

Ᏺ⫽

关ε i ᏸ i ⫺ T共兵ᏸ i 其兩Q兲兴 ⫺

i⫽1

Mb 2
共1 ⫺ Q兲.
2T

(8)

For each value of Q, there are many values of the freeenergy Ᏺ due to many distributions of Qi. Among them, the
most probable distribution is noted as {Qi†}. It is easy to
ﬁnd out that the most probable distribution {Qi†} has the
form of a Fermi distribution by minimizing the above
free-energy functional Eq. (8) for a ﬁxed Q as
Qi†共Q, 兵εi其, 兵li其兲

再

冋 冉

⫽ 1 ⫹ exp

冊册冎

1
b2
0
 ⫹ εi ⫺ Tsi共li, Q兲 ⫺ T⬘具sroute
典⫹
T
2T

⫺1

,

(9)
where the Lagrange multiplier is  ⬃ ⫺(1/M) ␦Ᏺ/␦Q. Using
Eq. (7), we can calculate the entropy loss for contact i with
native loop length li, which represents the native topology
of the protein. Then the entropy loss of the contact is
substituted into Eq. (9), together with the contact energy.
Thus, the distribution of contact probabilities can be
evaluated easily with simple calculations. For different
values of Q, the distribution {Qi†} varies; consequently, the
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free-energy Ᏺ[Qi†(Q)] along the folding progress could be
outlined.
By varying the reaction coordinate Q in the free-energy
functional, the values of Q that maximize the free energy
Ᏺ[Qi†(Q)] of the wild-type protein and their circular permutants during the folding process are obtained. These values
of Q approximately correspond to the position of the
barrier between the native state and the denatured state
(i.e., the location of the transition states).7,8,21,30,31 We
note them as Q‡ in the following. In our study, the values of
Q‡ are found to be around 0.65 for both the wild-type
protein SH3, CI2, and their permutants, while for protein
S6 and its permutants, the value of Q‡ is about 0.45. With
the same energy for each contact, the energy term in the
free-energy functional is determined explicitly from the
reaction coordinate Q. However, the entropy loss changes
signiﬁcantly due to the topological changes, as mentioned
above.
In short, for a given value of Q, we get the most probable
distribution {Qi†} by minimizing the free-energy functional
[see Eq. (8)], and then all the most probable distributions
[see Eq. (9)] are obtained for various values of Q. Among
the most probable distributions, we get the transition state
by ﬁnding the value of Q that makes the free-energy
functional Eq. (8) be maximal. This value of Q describes
the transition state and is deﬁned as Q‡.
Generally, the contacts that have been well formed i.e.,
with large values of Qi†(Q‡), are important parts of the
transition state and are believed to be essential for the
stability of the folding nucleus, and thus to be helpful for
further formation of the native structure. Consequently,
these contacts are collected to describe the structural
features of the transition state, which are largely populated in the folding nucleus. As a result, some characteristics of the transition-state ensemble are deduced with the
minimizing procedures on the functional. Since various
proteins and their circular permutants have distinct distributions {Qi(Q)} due to different folding mechanisms, to
calculate the distribution of {Qi†(Q‡)} using Eq. (9) is our
main task in this work.
Examples of the free-energy proﬁles for protein CI2 are
demonstrated in Figure 1 for 3 temperatures, namely,
T1 ⬍ Tf, T2 ⬃ Tf, and T3 ⬎ Tf, with Tf being the folding
transition temperature. For other proteins and their circular permutants, the shapes of the free-energy proﬁles are
similar (data not shown). Here, Tf is identiﬁed as 0.58. It is
lower than that found by simulations Tf ⬇ 119 due to the
difference between the energy functions used here and in
the simulations. In this work, the non-native interactions
are treated as an averaged background ﬁeld to derive the
free-energy functional, and the interaction energies of
native contacts are all set as ⫺1 except when they are
mentioned speciﬁcally with different values. In addition,
the value of b2 is taken to be 0.15.
Circular-Permuted Proteins
A circular permutation works by joining the N- and the
C- termini of a protein with a peptide linker or chemical
linkage, and at the same time, disrupting the peptide bond

Fig. 1. Free-energy proﬁles for protein CI2 at 3 temperatures: T1 ⫽
0.45 ⬍ Tf, T2 ⫽ 0.58 ⬃ Tf, and T3 ⫽ 0.65 ⬎ Tf. The free energies are
scaled by their values at the native state. The values of contact energies
are set as ⑀i ⫽ ⫺1.0.

of the original protein at a certain given position.12,13,20 In
general, the circular permutation works well when the Nand C- termini of the protein are spatially close to each
other, which makes the linker or linkage easy to manipulate. Here, 3 small proteins meet this constraint, namely,
protein SH3 [Protein Data Bank (PDB) entry: 1bk2],24
protein CI2 (PDB entry: 1ypc),13 and protein S6 (PDB
entry: 1ris),14 and were chosen for our studies. A series of
circular permutations for protein SH3 are performed by
joining residues 1 and 57, and disrupting the bond between residues 14 and 15, 38 and 39, or 42 and 43,
respectively. In the following, the corresponding permutants are referred to as perm 14 –15, perm 38 –39, and
perm 42– 43,19 respectively (as shown in Fig. 2). Similarly,
we perform the circular permutation for protein CI2 by
joining residues 3 and 63 and disrupting the bond between
residues 40 and 41, and refer to this permutant as perm
40 – 41 (as shown in Fig. 3). For protein S6, we join the two
terminal residues 1 and 97, and disrupt the peptide bond
between residues 13 and 14.14 We obtain perm 13–14 (see
Fig. 4).
We show the distributions of loop lengths versus the
contact index for the 3 wild-type proteins and their permutants in Figures 5, 6, and 7, respectively. From these
ﬁgures, we can see that due to the cutting and connecting,
the loop lengths of the contacts near the cutting sites
become longer and the loop lengths of the contacts near the
connecting sites become shorter when compared with
those in the cases of the wild-types. For perm 14 –15 of
protein SH3, the changes of the loop lengths occur only for
contacts i ⬍ 70, that is, around the two termini [see Fig.
5(b)]. However, for both permutants of perm 38 –39 and
perm 42– 43, the loop lengths change dramatically for all
the contacts, and most of the contacts with long loops
become short [see Fig. 5(c and d)]. For protein CI2, we can
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Fig. 4. The degree of nativeness of residues, P␣, for protein S6 and its
permutant in the transition state deﬁned by Q‡ ⫽ 0.45. The values of
contact energies are set as ⑀i ⫽ ⫺1.0 for the loop lengths li ⱕ 46 and ⑀i ⫽
⫺4.0 for li ⬎ 46. The grayscale is the same as in Figure 10. (a) wild-type;
(b) perm 13–14.

Fig. 2. The degree of nativeness of residues, P␣, for the wild-type
protein SH3 and its different permutants in the transition state deﬁned by
‡
Q ⫽ 0.65. The values of all contact energies are set as ⑀i ⫽ ⫺1.0. The
grayscale is the same as in Figure 8. (a) wild-type; (b) perm 14 –15; (c)
perm 38 –39; (d) perm 42– 43.

Fig. 5. Distribution of contact loop lengths for protein SH3 and its
permutants. Indices 1, 2, 3, and 4 indicate the 4 islands, respectively (see
deﬁnition of island in text). (a) wild-type; (b) perm 14 –15; (c) perm 38 –39;
(d) perm 42– 43.
Fig. 3. The degree of nativeness of residues, P␣, for the wild-type
protein CI2 and its permutant in the transition state deﬁned by Q‡ ⫽ 0.65.
The values of all contact energies are set as ⑀i ⫽ ⫺1.0. The grayscale is
the same as in Figure 9. (a) wild-type; (b) perm 40 – 41.

also see that the loop lengths of contacts from i ⫽ 1– 40
around the termini of the wild-type protein CI2 become
short completely, while the loop lengths of contacts from
i ⫽ 60 –90 become longer (see Fig. 6). For perm 13–14 of

protein S6, we can see that all the contacts with loop
lengths longer than 46, which are formed between ␤1 and
␤2, ␤1 and ␤4, respectively, change into shorter ones.
Actually, the change of loop length of a contact indicates
the change of the role of the contact. For example, a
nonlocal contact may become a local one if its loop length
become small dramatically, or vice versa.
Previously, there were some experimental and simulational studies on how the circular permutation inﬂuences
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Fig. 6. Distribution of contact loop lengths for protein CI2 and its
permutant. Indices 1, 2, 3, and 4 indicate the 4 islands, respectively (see
deﬁnition of island in text). (a) wild-type; (b) perm 40 – 41.

Fig. 7. Distribution of contact loop lengths for protein S6 and its
permutant. Indices 1, 2, and 3 indicate the 3 islands, respectively (see
deﬁnition of island in text). (a) wild-type; (b) perm 13–14.

the native states and folding rates of proteins.13–20 Although conﬂict still exists as to whether native states are
affected by the circular permutations, it is found that
almost all the results derived for proteins SH3 and CI2
from experiments and simulations indicate no changes in
their native conformations.
RESULTS AND DISCUSSION
On the level of mean-ﬁeld theory, the folding pathways
can be characterized with the local order parameter Qi. In
a space with coordinate {Qi}, different pathways indicate
different folding processes. By comparing various pathways related to different permutations, the effects of the
chain architectures can be illustrated. The information
from these comparisons serves as the basic starting point
of our analysis.
Degree of Nativeness of Residues
To obtain an intuitive picture of the folding processes,
we investigate the degrees of the nativeness of the residues, namely, the degrees of the residues approaching to
the native state, for 3 proteins deﬁned as
P␣ ⫽

冘
␤

ᏸ ␣␤ Q ␣␤ /

冘
␤

ᏸ ␣␤ ,

(10)

where ␣ and ␤ are the indices of the residues, and ᏸ␣␤
deﬁnes the native contact map as declared in the Methods
section. The degrees of the nativeness of the residues in
the transition state ensemble are calculated using Eq. (10),
as shown in Figures 2, 3, and 4, with different grayscales
representing different degrees of the nativeness of residues in the native state. For the circular permutants, it is
found that some residues change their roles in the transition state, resulting in a rearrangement of the grayscaled
spots. The results demonstrated for protein SH3 in Figure
2 show that the transition states of 3 permutants are
considerably different. Figure 3 illustrates the transition
state of protein CI2 and its permutant. It is clearly seen
that the changes of the transition state of the permutant
with respect to transition state of its wild-type are not so
obvious as those in the case of protein SH3. These are
consistent with the experimental observations.13,24 Especially in the case of perm 38 –39 for protein SH3, the sites
with dark gray shift from the distal ␤-hairpin to the
C-terminal strand. Thus, the folding nuclei of the transition states are changed thoroughly according to the large
change in the chain connectivity. For protein S6, Figure 4
shows that the globally diffuse nucleus in the transition
state for the wild-type protein S6 changes to a polarized
one for the circular permutant of protein S6.14 All these
detailed features are discussed in the following sections. In
addition, since P␣ is actually related to the  value of
residue ␣ when the system is in the transition state (i.e.,
Q ⫽ Q‡), a quantitative comparison between the  values
of experimental observations and our theoretical calculations can be made and will be presented in the Comparison
With Experiments section.
Degree of Nativeness of Contacts
More quantitatively, the degrees of the nativeness of the
contacts are shown in Figures 8, 9, and 10, respectively.
Note that the temperature used in our calculations is T ⫽
0.58, which corresponds to the folding transition temperature Tf. The heterogeneities of the nativeness of the
contacts in the transition states of 3 proteins and their
permuted proteins are clearly illustrated.
For the wild-type SH3 domain, the well-formed contacts,
namely, those having large values of Qi, are all near the
diagonal [see Fig.8(a)]. This observation is in agreement
with the experimental results.12,24 Clearly, there are 3
main islands representing the interactions in the reactive
loop (RT loop), between loop 2 and ␤4, and between ␤3 and
␤4, respectively. In the following, these islands are referred to as island-1, island-2, and island-3, and are
marked as 1, 2, and 3, respectively, in Figure 8(a). Obviously, the contacts in the island far from the diagonal,
namely, island-4, are poorly formed. Island-4 (marked as
4) corresponds to the contacts around the N- and Cterminal regions, which have been discussed and, we
concluded, were not as ordered in the transition state as
they are in the native state.24,25,32 The above observations
imply that the contacts with short sequential distances
(i.e., the local interactions) are more important than those
with long loops in the SH3 domain for the folding kinet-
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Fig. 8. The degrees of nativeness of contacts for protein SH3 and its permutants in the transition state
shown by the contact map. The grayscale indicates the values of the degrees. The values of contact energies
are set as ⑀i ⫽ ⫺1.0. (a) wild-type; (b) perm 14 –15; (c) perm 38 –39; (d) perm 42– 43.

ics.33 Note that in our case, the local interactions actually
are short-range interactions only for contacts li ⬎ 4.19
However, different permutants show different features
of the contacts when compared with those in the wild-type
case. The poorly formed island-4 becomes well formed due
to the connection of the N- and the C- termini for all 3
permutants [see Fig. 8(b– d)]. Meanwhile, the effect of
cutting at different sites varies distinctly. For perm 14 –15,
the contacts of island-1 become weak because of the
cutting in the RT loop, while the contacts around the other
two islands show no changes [see Fig. 8(b)]. In the case of
perm 42– 43, island-3 is totally destroyed, and island-1
and island-2 exhibit no changes [see Fig. 8(d)]. In comparison with perm 14 –15, perm 42– 43 shows no changes in
island-1 because of the conservation of the RT loop. At the
same time, in both perm 14 –15 and perm 42– 43, the loop
lengths of the contacts in island-2 exhibit no changes
either (also see Fig. 5). These effects are also observed in
experiments,19,24,25 for example, the lesser nativeness of
island-1 for perm 14 –15 due to the loss of conserved
hydrogen bonds in the RT loop. The most interesting
results are for perm 38 –39. In the transition state, both
island-2 and island-3 in perm 38 –39 have much lower
values of Qi ⬃ 0.3 than those in the wild-type protein [see
Fig. 8(c)]. This is due to the cutting near both islands.
For protein CI2 and its perm 40 – 41, the variation of the
degrees of nativeness of contacts in island-1 [marked as 1

in Fig. 9(a)] in the transition state is not signiﬁcant [see
Fig. 9(a and b)]. However, there are signiﬁcant changes of
the degrees of nativeness of contacts in island-2 (marked
as 2) corresponding to the interactions between ␤1 and ␤2.
This is not consistent with previous experimental and
simulation results,13,19 which indicate that the transition
state of protein CI2 is retained after the circular permutation. This inconsistency may result from the assumption
that all contact energies are the same. Considering the
heterogeneity of the contact energies, namely, stronger
interactions are preferable to the contacts with longer
loops, we recalculate the degrees of nativeness of contacts
for both the wild-type protein CI2 and its perm 41– 42 in
their transition states by setting (e.g., ⑀i ⫽ ⫺1 for the loop
lengths li ⬍ 29, ⑀i ⫽ ⫺1.5 for 29 ⱕ li ⬍ 44, and ⑀i ⫽ ⫺4 for li
ⱖ 44). As shown in Figure 9(c and d), we can see that
island-1, island-2, and island-3 are basically the same;
meanwhile, island-4 shows a signiﬁcant change (i.e., it
disappears basically due to the connection of the N- and
C-termini). These are relevant to the experimental ﬁndings.13
The free-energy functional method can also be applied to
the permutations of other proteins, such as protein S6,
which has recently been experimentally studied. As concluded from the experimental results, the energies of all
the native contacts in protein S6 are not in the same level,
and the interactions between the contacts with long loops
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Fig. 9. The degrees of nativeness of contacts for protein CI2 and its permutant in the transition state shown on contact map. The grayscale indicates
the values of the degrees. The values of contact energies are set as ⑀i ⫽ ⫺1.0 in (a) and (b) and as ⑀i ⫽ ⫺1.0 for loop lengths li ⬍ 29, ⑀i ⫽ ⫺1.5 for 29 ⱕ li
⬍ 44, and ⑀i ⫽ ⫺4.0 for li ⱖ 44 in (c) and (d). (a) wild-type; (b) perm 40 – 41; (c) wild-type; (d) perm 40 – 41.

Fig. 10. The degrees of nativeness of contacts for protein S6 in the transition state shown on contact map. The values of contact energies are set as
⑀i ⫽ ⫺1.0 for the loop lengths li ⱕ 46 and ⑀i ⫽ ⫺4.0 for li ⬎ 46. The grayscale indicates the values of the degrees. (a) wild-type; (b) perm 13–14.

are speculated to be strong.14 Thus, there is an apparent
diversity of interaction intensities between the contacts.
To properly model the protein S6, the assumption of equal
values of the native contact energies should be modiﬁed,
and a distribution of these energies related to the loop
lengths should be introduced. This kind of distribution

could maximize the effects of the permutation as shown in
the experiments, and also provide a consistent comparison
with experimental results. In detail, the contacts with long
loops are strengthened by taking, for example, ⑀i ⫽ ⫺4 for
li ⬎ 46, and the contacts with short loops are weakened by,
for example, ⑀i ⫽ ⫺1 for li ⱕ 46. The physical reasons will
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be discussed later in this article. Since the size of protein
S6 is larger than those of proteins SH3 and CI2, the
energetic effect is to some degree more important to guide
the folding for protein S6. In addition, the distribution of
interaction energies could also enhance the cooperativity
of protein S6 and may reduce the possibility of appearance
of intermediates during folding. These are actually relevant to the two-state properties of protein S6.
In Figure 10(a and b), island-1, island-2, and island-3
demonstrate the contacts that correspond to the interactions between ␤1 and ␤4, ␤1 and ␤3, and ␤2 and ␤3,
respectively, in the transition states [also see Fig. 7(a and
b)]. The contacts with short loops are favored by the
entropic factor; thus, the local contacts in helical regions
are always formed in the transition state. Due to the
entropic deﬁciency for the longer loops, we can see that for
the wild-type protein S6, any of these three islands with
long loops in the transition state is less formed, that is,
with Qi ⬍ 0.5 [see Fig. 10(a)] when compared with their
values in the native state Qi ⫽ 1. Among these three
islands, the loops of the contacts in island-1 and island-2
are longer than those in island-3, and the entropic contributions of these contacts are small. However, the interactions of these contacts are stronger than those in island-3.
Thus, the probabilities to form these contacts are slightly
increased due to the effect of strong interactions. As a
result, the degrees of nativeness of the contacts in these
three islands are more or less the same. This shows a
globally diffuse nucleus for the wild-type of protein S6 as
found in experiment.14
For perm 13–14 of protein S6, the contacts in island-1
are well formed, and the contacts in island-2 and island-3
are less formed with respect to those for the wild-type S6
[see Fig. 10(b)]. Since all the contacts in island-1 now
become short due to the permutation and at the same time
keep the feature of strong interactions, both the energetic
and entropic effects promote the formation of contacts in
island-1. Thus, the transition state is composed of contacts
in island-1 with short loops (in the permutant) and strong
interactions. The contacts with long loops (i.e., the contacts
with short loops in the wild-type S6) basically play no role
in the transition state due to unfavorable entropic and
energetic effects. Consequently, the transition state of the
permutant becomes polarized, as argued by Lindberg et
al.14 Thus, clearly, energetic heterogeneity plays an important role in changes of the contact patterns of the transition states.
From the 3 cases mentioned above, we ﬁnd that due to
the changes of the degrees of the nativeness for various
contacts in the permuted proteins, the related energy
proﬁles are changed dramatically with respect to those of
their wild-type proteins. When a cutting is made in the
high-density region of the folding nucleus, the contacts
presented in the transition state of the wild-type proteins
will experience a great change in their loop entropy due to
the considerable variation of the loop lengths related to
these contacts. As a result, the transition state would
change thoroughly. Perm 38 –39 of protein SH3 is an
example of such case, since residue 39 is in the third
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␤-strand and is believed experimentally to be important
for folding (i.e., with a large value of ).32 In contrast,
when the cuttings are in regions with fewer nonlocal
contacts, such as the loops, there is less effect on the
folding (e.g., for the case of perm 14 –15 of protein SH3).
These results are consistent with those shown previously
by Serrano and coworkers.12 They mentioned that changes
of the transition state by circular permutation depend on
the cutting positions. In addition, our results partially
illustrate the important effects of the so-called contact
order as discussed by Baker34 (and references therein),
since the cutting changes the contact order but keeps the
interactions unchanged. A favorable quantitative comparison between our calculations of the -values and experimental results will be presented in the Comparison With
Experiment section.
Interestingly, besides the consistency with experimental
studies, our results also provide a way to compare with
simulation researches.19,20 Our results show a similar
pattern of contacts with respect to the simulation ﬁndings.
This enables us to make further comparison of the folding
pathways between different permutants, and indicates
that the theory of variational free-energy functional captures qualitatively the thermodynamics of folding. Comparing the contours of the degrees of the nativeness of the
contacts, the remarkable changes of the transition-state
architecture can also be visualized as derived from the
nativeness of the residues (as shown in Figs. 2, 3, and 4). In
other words, after tailoring the sequential connections, the
transition state of the protein molecules would be totally
different. The protein molecules would go to the native
state from different pathways.
Characterization of Folding Processes With Qi
versus Q
To expand our view of the whole folding processes, we
show the variation of Qi(Q) along the global coordinate Q,
as shown in Figures 11, 12, and 13, respectively. The
degrees of nativeness of contact i, Qi, are represented with
different grayscale levels, and the darker colors indicate
the better formed status. Most of the multiple nucleation
sites (i.e., some darker horizontal bands) appear in the
folding processes toward the native structures for both the
wild-type proteins and their permutants. This means that
some folding nuclei of the wild-type proteins are still kept
in various permutants, but different permutants keep
different nuclei. In detail, the degree of nativeness of
contacts, Qi, behaves in a distinct manner for each value of
Q. The above-mentioned variation of the transition states,
as slices of these reorganized pathways, is an example.
For the SH3 domain and its related permutants, island-1, island-2, and island-3 in Figure 11(a) (i.e., for i ⫽
50 –70, i ⫽ 88 – 110, and i ⫽ 120 – 136, respectively), are
formed earlier than the loop regions, regularly beginning
to emerge when Q is greater than 0.1 (see Fig. 11).
Comparing the ﬁgure for perm 14 –15 of protein SH3 [Fig.
11(b)] with that of the wild-type protein [Fig. 11(a)], we
ﬁnd that more than half of the contacts are the same, while
the contacts formed by the residues in the reactive loop
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Fig. 11. The distribution of degrees of nativeness of contact for protein SH3 in the folding process shown by
contact index i versus the Q value. The grayscale indicates the values of the degrees. The values of contact
energies are the same as in Figure 8. (a) wild-type; (b) perm 14 –15; (c) perm 38 –39; (d) perm 42– 43.

(island-1 in Fig. 8) (i.e., for i ⫽ 50 –70) are slowly ordered.
Nevertheless, the folding behaviors of perm 38 –39 and
perm 42– 43 change signiﬁcantly with respect to that of
perm 14 –15. Consequently, the sequence of folding events
changes. From Figure11(c and d), we can see that the
contacts between the terminal residues [island-4 in Fig.
8(a)] (i.e., for i ⫽ 7, 12, 21, 27–30) form ﬁrst, before the
formation of the distal ␤-hairpin (island-2).
For both the wild-type protein CI2 and its permutant,
the observations are similar to the case of protein SH3. In
the case of the wild-type, the contacts between the terminal residues (i.e., contacts i ⫽ 2–37) form later, around Q ⬃
0.8, and the contacts in the reactive loop; that is, contacts
i ⫽ 55–90, begin to form around Q ⬃ 0.3 [see Fig.12(a)]. On
the contrary, for perm 40 – 41, the contacts i ⫽ 2–37 form
early around Q ⬃ 0.3, and the contacts i ⫽ 55–90 form later
after the transition state [see Fig. 12(b)]. The other
contacts show basically no difference between the wildtype and its permutant of protein CI2. However, the
folding pathways are basically the same before the transition state (i.e., Q ⬍ 0.5), when a distribution of the contact
energies is introduced [see Fig.12(c and d)]. The main
difference is for the contacts between the terminal residues (i.e., the contacts i ⫽ 2–37).
Similarly, the folding pathways of the wild-type protein
S6 and its permutant are shown in Figure 13. From
Figure13(a and b), we can see that the helical regions are
obviously formed earlier than any other regions for both

the wild-type and its permutant, whereas the contacts
between the secondary structures often formed later. This
observation is consistent with the well-known result that
the secondary structural units usually form ﬁrst, followed
by the tertiary interactions, and thus the contacts between
them. Comparing these two pathways shown in Figure
13(a and b) with each other, we ﬁnd that the contacts i ⬍
80 corresponding to island-1 and island-2 in Figure 10,
namely, the ␤ regions, are all less than half formed, with
Qi ⬍ 0.5 for the wild-type protein S6. (Note that the
contacts 80 ⬍ i ⬍ 100 are in helical region. They have loops
li ⱕ 5 and are not included here.) However, for the circular
permutant of protein S6, island-1 is well formed due to the
energetic and entropic advantages, and at the same time,
island-3 has only slight changes with respect to the case of
the wild-type.
Distance Between the Wild-Type Proteins and
Their Permutants
In order to characterize the difference between various
folding pathways, a distance function can be deﬁned as
Ᏸ共Q兲 ⫽

1
M
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Fig. 12. The distribution of degrees of nativeness of contact for protein CI2 in the folding process shown by
contact index i versus the Q value. The grayscale indicates the values of the degrees. The values of contact
energies are the same as in Figure 9. (a) wild-type; (b) perm 40 – 41; (c) wild-type; (d) perm 40 – 41.

Fig. 13. The distribution of degrees of nativeness of contact for protein S6 in the folding process. The
grayscale indicates the values of the degrees. The values of contact energies are the same as in Figure 10. (a)
wild-type; (b) perm 13–14.

which describes the averaged difference of the degrees of
nativeness of the contacts between a wild-type protein and
its permutants. The distance approaches 0 when two
distributions, {Qi†perm(Q)} and {Qi†wild(Q)}, are identical,
and the distance is 2 when two distributions are totally
different, namely, Qi†perm ⫽ 1 and Qi†wild ⫽ 0 in two

distributions, or vice versa. Each quantity Q†(Q) is assumed to be a vector with M components, and at the same
time, this vector is scaled by the value of M. Such a scale
makes the comparison of the difference in degrees of
nativeness of contacts between different pairs of Q†perm ⫺
Q†wild be independent of the values of Q. Note that this
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Fig. 14. Distance of degrees of nativeness of contacts Ᏸ(Q) versus Q between the wild-type protein SH3
and its permutants (a), and between different permutants (b). The values of contact energies are the same as in
Figure 8.

Fig. 15. Distance of degrees of nativeness of contacts Ᏸ(Q) versus Q between the wild-type protein CI2
and its permutants. The values of contact energies are set as ⑀i ⫽ ⫺1.0 for all contacts in (a), and as ⑀i ⫽ ⫺1.0
for loop lengths li ⬍ 29, ⑀i ⫽ ⫺1.5 for 29 ⬍ li ⬍ 44, and ⑀i ⫽ ⫺4.0 for li ⱖ 44 in (b).

scale is not the same as a normalization of Q†(Q). The
distances Ᏸ of the contact degrees for the 3 proteins, SH3,
CI2, and S6, are plotted in Figures 14, 15, and 16,
respectively. As can be seen, when the value of Q ⬎ 0.75,
the distances for proteins SH3 and CI2 go to 0 in a similar
way. This can be attributed to the fact that after passing
through the transition state, the ﬁnal stages of folding
would be similar for the wild-type protein and its permutants; that is, the effects of the permutation decrease as
the protein approaches its native state. In addition, there
are plateaus in Ᏸ for both proteins SH3 and CI2 [see
Figs.14(a) and 15(a)]. The existence of such plateau implies that the permutants have a large effect on the folding
behavior before the transition state. However, the situation for protein S6 is quite different, and the Ᏸ value
decreases to 0 around Q ⬇ 0.7.

In detail, for protein SH3, 3 permuted proteins show
small differences in the Ᏸ values, and they all have
plateaus when Q ⬍ 0.50 [see Fig. 14(a)]. It can be seen that
for perm 42– 43, the values of Ᏸ decrease monotonically,
while the Ᏸ values for both perm 14 –15 and perm 38 –39
have a maximum around Q ⫽ 0.60 (i.e., around the
transition state). This means that both perm 14 –15 and
perm 38 –39 show a large difference around the transition
state with respect to that of the wild-type protein, and the
destruction of contacts around island-1 and island-2 due to
the permutation has large effects on the transition state
with Ᏸ ⬇ 0.6. Nevertheless, for perm 42– 43, the destruction of the contacts around island-3 has fewer effects (i.e.,
with Ᏸ ⬇ 0.5) on the transition state when compared with
those of perm 38 –39. In addition, the contacts between the
2 termini are also important, because they result in a large
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Fig. 16. Distance of degrees of nativeness of contacts Ᏸ(Q) versus Q between the wild-type protein S6 and
its permutant. The values of contact energies are the same as in Figure 10.

difference in Ᏸ around the transition state. For perm
42– 43, the interactions between ␤3 and ␤4 in the wild-type
protein SH3 are replaced by those between the 2 termini.
As a result, the value of distance Ᏸ for perm 42– 43
decreases slowly and shows no maximum around the
transition state. Physically, we can interpret the results
mentioned above as follows. For protein SH3, there are
only sheet conformations (i.e., many interactions are between different strands), and the contacts have long loops
(see Fig. 5). The permutations for protein SH3 generally
increase the number of contacts with long loops, resulting
in a slow formation of sheet conformations. This then
enables different folding processes compared with those of
the wild-type case, producing a plateau in the Ᏸ value for
Q ⬍ 0.65.
Distances between the 3 permutants of protein SH3 are
also calculated. Figure 14(b) shows these distances between pairs of perm 14 –15, perm 38 –39, and perm 42– 43.
It can be seen that the distances between perm 14 –15 and
perm 38 –39, and between perm 14 –15 and perm 42– 43 are
large before the transition state and have maxima around
the transition state. Perm 14 –15 is similar to the wild-type
protein SH3, since the Ᏸ values of perm 38 –39 with
respect to the wild-type in Figure14(a) are basically the
same as those between perm 14 –15 and perm 38 –39 in
Figure 14(b). The similar distributions of loop lengths for
both perm 14 –15 and the wild-type (see Fig. 5) may be an
explanation of this argument. It is also observed that the
cutting of a peptide bond does not affect the 3-stranded
␤-sheet of perm 14 –15 too much, indicating a strong
interaction in that region. Thus, the 3-strand ␤-sheet is
regarded to be important for the transition state and the
whole folding mechanism of protein SH3. This result is
relevant to previous unfolding simulations, which show

that the strong interaction in 3-stranded antiparallel
␤-sheet of SH3 domain makes the disappearance of this
region the last unfolding event.35 Meanwhile, the small
distance values between perm 38 –39 and perm 42– 43
mean that the folding pathways of these two permutants
are comparable, which suggests that the folding mechanism of the permutants of protein SH3 might be kept by
the retainment of the native contact maps and their
distributions of contact loop lengths.
The permutant of protein CI2 shows a similar behavior,
but the Ᏸ values are larger than those of protein SH3
below the transition state, as shown in Figure 15(a). This
is due to the large effect of the changes of the contact loop
lengths for protein CI2 (see Fig. 6) below the transition
state, resulting in large Ᏸ values before the transition
state with respect to the wild-type protein. The Ᏸ values
show two plateaus around Q ⬍ 0.20 and 0.40 ⬍ Q ⬍ 0.75.
These two plateaus correspond to two stages of the formation of helical conformations and other secondary conformations, respectively. For perm 40 – 41 of protein CI2, due to
the connection of 2 termini, the contacts around the
termini become local and form ﬁrst and fast. Especially,
these contacts near the helical conformations form fast
during the folding process. Alternatively, cutting around
the loop region makes the contacts near the cutting
position become long-range and form slowly, or even after
the transition state [see Fig.12(a and b) around the
contacts i ⫽ 55–90]. Therefore, the effects of permutations
on the unfolded state of the permutant of protein CI2 are
large until the system reaches the transition state. This
results, in the ﬁrst plateau, in the curve of Ᏸ versus Q,
until the contacts around the termini are well formed for
Q ⬃ 0.2, and then the second plateau, until other secondary conformations are formed gradually. Finally, the value
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of Ᏸ decreases as the contacts around the loop region are
formed (see Fig. 12).
The situation is different when we consider the heterogeneity of the contact energies [Fig. 15(b)]. The Ᏸ values
change to become much lower than those in Figure 15(a),
and there is a plateau for Q ⬍ 0.2 and a maximum around
Q ⬇ 0.6 (i.e., around the transition state). This indicates
that the permutation has less effect on the folding except
around the transition state. Such behavior results from
the contacts with long loops (around the 2 termini of the
wild-type of protein CI2) having stronger interactions than
those with short loops. These contacts with strong interactions between the 2 termini increase the stability of the
wild-type protein CI2 and form early in the folding processes for both the wild-type and its perm 40 – 41. Besides,
the position of permutation is located at the region of weak
contact interactions. Therefore, the folding behaviors of
both the wild-type and its perm 40 – 41 have small differences.
For protein S6, as shown in Figure 16, the Ᏸ value
versus Q is quite different with respect to proteins SH3
and CI2. There is no plateau while the maximum is located
around Q ⬃ 0.3, which is below the transition state, while
around the transition state with Q ⬃ 0.45, the Ᏸ value
becomes smaller (i.e., Ᏸ ⬍ 0.4). In addition, the distance is
basically 0 whenQ ⬎ 0.7, indicating that the native
structure of the permutation is almost well formed. The
large distance value aroundQ ⬃ 0.2– 0.3 indicates that the
folding behaviors of protein S6 and of its permutant are
different in the loose structures (i.e., the unfolded states).
In general, the permutations change the degrees of nativeness of contacts in the lowQ value region (i.e., change the
structural features of the unfolded state). Thus, the loose
structures, or the initial stage of folding, are important for
the folding of protein S6, as also suggested in other
literature.36 This indicates that the folding behaviors of
the wild-type and its permutant have large difference
around the transition state and the unfolded state.
In a word, the 3 cases discussed above show that the
permutations affect both the transition states and the
unfolded states. From our results, the folding behaviors of
the 3 proteins and their permutants could be well characterized by the free-energy functional.
COMPARISON WITH EXPERIMENTS
Now let us make a quantitative comparison of the
results from our theoretical study with those from the
experiments. The theoretical, calculated  values compared with those from experiments12–14 for proteins CI2,
SH3, and S6 are plotted in Figures 17, 18, and 19,
respectively. The theoretical calculated  values, th, are
referred to as the nativeness of residues in the transition
states, namely, th ⫽ P␣, with P␣ deﬁned as Eq. (10).19 The
experimental  values (i.e., exp) are taken from previous
works.12–14 Similar to the comparison made by Galzitskaya and Finkelstein37 the negative exp values are not
included, the exp values exceeding 1 are set as 1, and the
largest exp values are taken when there are several
different mutations provided.

Figure 17(a and b) shows the results for the comparison
of values of th and exp for protein CI2 and its circular
permutant.13 From Figure 17(a) for protein CI2, it can be
seen clearly that both in the helical region and in the
␤-hairpin around the C-terminal, the th values are large.
This is in agreement with the experimental results as
shown by the solid circles in Figure 17(a). The folding
nucleus (i.e., residues 16, 49, and 57, as indicated by Otzen
and Fersht13) have both high th and exp values, which
correspond to the high formation probabilities of nativeness of these residues in the transition state. However, the
th values for the residues in the ␤-hairpin around the
C-terminal are slightly greater than the exp values. The
correlation coefﬁcient between the experimental exp values and the theoretical th values is r ⫽ 0.88 [see Fig.17(c)],
which is better than previous results with r ⫽ 0.5637 and
r ⫽ 0.58.38 Here, the contact energies between residues are
taken as ⑀i ⫽ ⫺1 for li ⬍ 29, ⑀i ⫽ ⫺3 for 29 ⱕ li ⬍ 47, and
⑀i ⫽ ⫺0.2 for li ⱖ 47, respectively. Note that the contact
energies of the residues near the termini are weakened.
Such a consideration relates to the dynamical ﬂexibility of
the residues at the termini. This set of the contact energies
is slightly different from that used in the last section.
However, the contact maps and the difference Ᏸ are found
to be similar to those in Figures 9(d) and 15(b). It is also
worth noting that if all the contact energies are set as a
unique value ⑀i ⫽ ⫺1, or as two values (i.e., ⑀i ⫽ ⫺1 for li ⱕ
46 and ⑀i ⫽ ⫺3 for li ⬎ 46), the correlation is not as good as
in Figure 17(c). Roughly, for the latter case, it is found that
r ⫽ 0.6 and for the former case, r ⬍ 0.5. Therefore, the
values of contact energies play an important role in the
detailed comparison of the  values between experimental
observations and theoretical calculations. The comparison
of values of th and exp and their correlation for perm
40 – 41 of protein CI2 is plotted in Figure 17(b and d),
respectively. Compared with previous theoretical
works,37–39 our th values show better correlation with the
experimental ones for the permutant.
Similarly, the comparisons of th and exp values for
proteins SH3 and its circular permutants are shown in
Figure 18(a– c), and the correlation coefﬁcients between
the experimental and theoretical results are plotted in
Figure 18(d–f). [Here, the ﬁgures for perm 38 –39 are not
given due to the absence of related experimental values of
exp.] Considering that for the ␤-protein SH3 the conformation of loop regions is more ﬂexible than the regions of
␤-sheet, the energies of contacts in the loop regions are set
as ⑀i ⫽ ⫺0.5, and energies of contacts in the formed
␤-regions as ⑀i ⫽ ⫺1.5. From Figure 18(d–f), it can be seen
clearly that for the wild-type, perm 14 –15 and perm
42– 43, the correlation coefﬁcients are r ⫽ 0.65, r ⫽ ⫺0.83,
and r ⫽ 0.43, respectively. The best correlation is for the
wild-type, and the worst is for perm 14 –15. For both the
wild-type and perm 42– 43, the calculated th values are
smaller than the exp values. However, the correlation
between the th values and the exp values for perm 14 –15
is negative. This was seen previously and is due to large
changes in energies caused by the loss of 9 conserved
hydrogen bonds.12 Anyhow, the correlation coefﬁcient
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Fig. 17. Comparisons of the theoretical th values and the experimental exp values for protein CI2 (a) and
perm 40 – 41 (–). The experimental exp values are shown with ﬁlled circles and connected with dotted lines,
while the theoretical th values are shown with open circles and connected with solid lines. In (c) and (d), the
correlation coefﬁcients are shown as r ⫽ 0.88 for protein CI2, and r ⫽ 0.77 for CI2 perm 40 – 41.

obtained in this work for the wild-type is larger than that
given in the previous theoretical works, namely, r ⫽
0.39,37 and r ⫽ 0.5.38
The comparisons between th values and exp values for
protein S6 and perm 13–14 are shown in Figure 19(a and
b), and the related correlations are plotted in Figure 19(c
and d). In our calculations, the contact energies for both
cases are set as ⑀i ⫽ ⫺0.1 for li ⱕ 40, ⑀i ⫽ ⫺4 for 40 ⬍ li ⱕ
60, and ⑀i ⫽ ⫺3 for li ⬎ 60, respectively. As with protein
CI2, the energies of contacts formed around the terminal
regions are weakened due to the ﬂexibility of the residues
around the two termini. This is consistent with the argument by Lindberg et al.14 Actually, the interactions of
contacts with long loops are strengthened for the loop
length larger than 40 (i.e., li ⬎ 40), but not extending to the
two termini. From Figure 19(a and b), it can be seen clearly
that the circular permutation of protein S6 makes the
diffused transition state of the wild-type become polar-

ized,14 and the theoretical and experimental points relate
to each other very well. As shown in Figure 19(c and d), the
correlation coefﬁcients are r ⫽ 0.69 and r ⫽ 0.80, respectively.
From the aforementioned comparisons of experimental
and theoretical  values for the 3 proteins and their
permutants, we have seen that the calculated th values
and the features of the transition states are consistent
with previous, related experimental observations.12–14 The
correlation coefﬁcients between theoretical and experimental data of  values are better than those in previous
works.37–39 However, these correlations are not perfect.
The absence of a general criterion for the modiﬁcation of
the contact energies might be a reason. Besides, the
unfavorable results of perm 14 –15 for protein SH3 indicate that the free-energy functional method should be
improved further, and the non-native interaction may
need to be considered. In short, the free-energy functional
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Fig. 18. Comparisons of the theoretical th values and the experimental exp values for protein SH3 (a), SH3 perm 14 –15 (b), and SH3 perm 42– 43
(c). The experimental exp values are shown with ﬁlled circles and connected with dotted lines, while the theoretical th values are shown with open
circles and connected with solid lines. In (d), (e), and (f), the correlation coefﬁcients are shown as r ⫽ 0.64 for protein SH3, r ⫽ 0.83 for SH3 perm 14 –15,
and r ⫽ 0.43 for SH3 perm 42– 43.

method can be used to study the transition states of
circular-permuted proteins.
REMARKS ON THE HETEROGENEITY OF
CONTACT ENERGIES
In our calculations presented above, we have introduced
the heterogeneity of the contact energies for protein CI2
and protein S6, respectively. Now, let us make a remark on
its physical origins. It is known that different residues in a
protein have different numbers of contacts with other
residues. If a pair of residues that form a contact between
each other both have large numbers of contacts with other
residues, it may imply that these two residues show strong
cooperativity, and the contact between them is much more
stable.9,16,40,41 Thus, the interaction of this contact is
presumably strong and the value of contact energy is large
(with a minus sign). The number of the contacts related to
a pair of residues ␣ and ␤ of a certain contact is deﬁned as

冘
N

N C共␣␤兲 ⫽

␣⬘

冘
N

ᏸ␣⬘␤ ⫹

ᏸ␣␤⬘ ⫺ 1,

␤⬘

with ᏸ␣␤ described in the Methods section. Note that many
elements in ᏸ␣␤ are zeros except the related contacts. The
quantity NC(␣␤) can be used roughly to evaluate the
magnitude of the interaction of the contact formed between the residues ␣ and ␤.
In Figure 20, the histograms of numbers of contacts over
NC(␣␤) versus the loop lengths of the contacts are plotted
for the 3 proteins, where the grayscale represents the
contact number with the same values of NC and the loop
length. The darker the area, the greater the number of
contacts there. From Figure 20(a), we can see clearly that
for protein SH3, most of the contacts are distributed in an
area with loop lengths between 5 and 30, and the values of
NC between 9 and 18. Note that the number of contacts
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Fig. 19. Comparisons of the theoretical th values and the experimental exp values for protein S6 (a) and
S6 perm 13–14 (b). The experimental th values are shown with ﬁlled circles and connected with dotted lines,
while the theoretical th values are shown with open circles and connected with solid lines. In (c) and (d), the
correlation coefﬁcients are shown as r ⫽ 0.69 for protein S6, and r ⫽ 0.80 for S6 perm 13–14.

with loop lengths larger than 29 is quite small. Therefore,
it is reasonable to use only one energy value for all the
interactions of the contacts when the contacts with long
loops are ignored. As a comparison, protein CI2 has a
distribution of the contact numbers mainly around two
regions: One region has many contacts with values of NC
from 5 to 20, and values of loop lengths from 5 to 25, and
the other has values of NC from 7 to 18, and values of loop
lengths from 36 to 55 [see Fig. 20(b)]. It seems that a set of
exact values of contact energies cannot be obtained based
on the simpliﬁed consideration. However, physically, the
contact energies can be regarded as weak when the loops
are short. The interactions of contacts between residues
can be assumed to have three values (e.g., as ⑀i ⫽ ⫺1 for
loop lengths li ⬍ 29, ⑀i ⫽ ⫺1.5 for 29 ⱕ li ⬍ 44, and ⑀i ⫽ ⫺4
for li ⱖ 44). Note that the interaction energies are not set
as zeros for contacts with loop lengths from 29 to 44, even if
no contacts exist for the native conformation. Actually

they contribute zero to the total contact energy for the
wild-type CI2. However, there may be contacts when a
circular-permutation is made for the protein. For example,
when a peptide bond between two sequential residues in
this range is cut, some contacts may form between these
two residues and their related neighbors, and some contacts with short or long loops will fall in this range.
Similarly, for protein S6, Figure 20(c) shows roughly two
regions (i.e., one region with NC values from 8 to 16 for loop
lengths smaller than 35, and other with NC values from 12
to 18 for loop lengths larger than 46). Consequently, the
interactions can be approximately considered as having
two kinds of values (e.g., contact energies with ⑀i ⫽ ⫺1 for
the loop lengths li ⱕ 46 and ⑀i ⫽ ⫺4 for li ⬎ 46). Of course,
the contact energies can be divided into more sections for
different loop lengths.
The above-mentioned argument can also be supported
by the statistics on the numbers of hydrogen bonds (H-
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Fig. 20. The histograms of numbers of contacts over NC(␣␤), versus the loop lengths of the contacts for
protein SH3 (a), CI2 (b), and S6 (c). The grayscale represents the contact numbers with the same values of NC
and the same loop length. The histograms represent numbers of H-bonds over NH(␣␤) versus the loop lengths
of H-bond for protein SH3 (d), CI2 (e), and S6 (f). The grayscale represents H-bond numbers with the same
values of NH and the same loop length.

bonds) over their loop lengths. Here, for the sake of
simplicity, only the H-bonds between the backbones with
loop lengths li ⬎ 5 are considered. Figure 20(d–f) shows
histograms of the numbers of the H-bonds over NH(␣␤)
versus the H-bond loop lengths for the 3 proteins. Here,
NH(␣␤) is the number of H-bonds between residues ␣ and
␤. The grayscale represents the H-bond number with the
same values of NH and the loop length of the H-bond.
Similar to Figure 20(a– c), the darker the area, the larger
the number of H-bond there. These distributions relate
well to those of the number of contacts. Thus, our discussion in fact describes the main physical reason for the
heterogeneity of the contact energies.
Finally, it is worth noting that it is difﬁcult to decide the
exact values of the interaction energies of the contacts.
Here we have followed the speculation for the interaction
energies for protein S6.14 The interactions of contacts with
long loops should be strong. This is reasonable, since to
form contacts with long loops there must be a large
compensation for the entropy, thus a strong interaction.
There is an exception for the contacts around the two
termini that need to be weakened due to the ﬂexibility.
Our studies on the folding behaviors for proteins CI2 and
S6 clearly show such features, especially when making
detailed comparisons of the calculated  values with those
of experimental observations. However, for a quantiﬁed
description, it deserves further, detailed study on the level
of all atomic interactions.
SUMMARY
In summary, using the free-energy functional method,
the folding processes and the transition states of 3 small

proteins, namely, SH3, CI2, and S6, and their permutants,
are studied. The heterogeneities of the folding pathways
are characterized by the formation probability of the
contacts {Qi†(Q)} derived from the variation of the freeenergy functional. Except for the mean-ﬁeld behavior of leff
when Q 3 0 or Q 3 1,23 we ﬁnd that the free-energy
functional method yields folding processes that are in good
agreement with former experimental and simulational
results.12,13,19,25 The chain connectivity plays a critical
role in the folding of these small, two-state proteins. For
permutants of protein SH3, the folding nuclei become
unstable or even completely changed, which depends on
the cutting positions. For the permutant of protein CI2,
the folding nuclei also change when the cutting position is
in an unstructured region located at the transition state of
the wild-type protein CI2. This may be evidence that
besides chain connectivity, contact energies also play a
role in the transition state of the folding process.14 In our
study, the results demonstrate the statistical nature of the
folding reaction. As is widely accepted, the folding processes of a protein can be easily described as diffusion on
the free-energy surface, and there are many parallel
folding pathways leading to the native state on the freeenergy landscape.1– 8 The number and populations of
different microscopic pathways explored during folding
may vary from protein to protein, which results in various
folding kinetics for different proteins. The perturbations of
the free-energy surface induced by circular permutations
have signiﬁcant effects on some of the folding pathways for
some relative cutting sites. Thus, there is a redistribution
of the populations of folding routes among existing pathways, which are explicitly shown as the shift of the folding
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nucleus. Sometimes even new pathways that previously
might cost much free energy to be visited are traversed as
a result of the circular permutation. Thus, the folding
transition states may be completely changed by the circular permutation.14 Nevertheless, in spite of the large
differences in transition states, these circular permutants
are able to fold into the same native structure as that of the
wild-type, indicating the large plasticity in folding12,14 as
long as the topological factor dominates the folding of these
proteins.
Our studies indicate that the variation method based on
the free-energy functional can capture well the key features of the folding processes of small, two-state proteins.
It can be used for further studies on the folding transition
states and prediction of folding mechanisms of various
proteins. However, achievement of a more precise description for protein systems deserves an incorporation of some
factors, such as how to treat the non-native interactions
not simply as the averaged background, and how to go
beyond the mean-ﬁeld approximation to obtain the loop
entropy.
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