
©2016 THE BIOPHYSICAL SOCIETY OF JAPAN

Biophysics and Physicobiology
https://www.jstage.jst.go.jp/browse/biophysico/

Regular Article

Special Issue
“Memorial Issue for Prof. Nobuhiko Saitô”

◄  S i g n i f i c a n c e  ►

Vol. 13, pp. 263–279 (2016)
doi: 10.2142/biophysico.13.0_263

Corresponding author: Hiroshi Wako, School of Social Sciences, 
Waseda University, 1-6-1 Nishi-Waseda, Shinjuku, Tokyo 169-8050, 
Japan.
e-mail: wako@waseda.jp

Characterization of protein folding by a Φ-value calculation 
with a statistical-mechanical model

Hiroshi Wako1 and Haruo Abe2

1School of Social Sciences, Waseda University, Shinjuku, Tokyo 169-8050, Japan
2Department of Electrical Engineering, Nishinippon Institute of Technology, Miyako, Fukuoka 800-0394, Japan

Received August 1, 2016; accepted September 20, 2016

The Φ-value analysis approach provides information 
about transition-state structures along the folding path-
way of a protein by measuring the effects of an amino 
acid mutation on folding kinetics. Here we compared the 
theoretically calculated Φ values of 27 proteins with their 
experimentally observed Φ values; the theoretical values 
were calculated using a simple statistical-mechanical 
model of protein folding. The theoretically calculated Φ 
values reflected the corresponding experimentally 
observed Φ values with reasonable accuracy for many of 
the proteins, but not for all. The correlation between the 
theoretically calculated and experimentally observed Φ 
values strongly depends on whether the protein-folding 
mechanism assumed in the model holds true in real pro-
teins. In other words, the correlation coefficient can be 
expected to illuminate the folding mechanisms of pro-
teins, providing the answer to the question of which 
model more accurately describes protein folding: the 
framework model or the nucleation-condensation model. 
In addition, we tried to characterize protein folding with 
respect to various properties of each protein apart from 

the size and fold class, such as the free-energy profile, 
contact-order profile, and sensitivity to the parameters 
used in the Φ-value calculation. The results showed that 
any one of these properties alone was not enough to 
explain protein folding, although each one played a signif-
icant role in it. We have confirmed the importance of 
characterizing protein folding from various perspectives. 
Our findings have also highlighted that protein folding is 
highly variable and unique across different proteins, and 
this should be considered while pursuing a unified theory 
of protein folding.

Key words: free-energy profile, contact-order profile, 
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Understanding the problem of protein folding poses a 
great challenge, particularly from a biophysics perspective. 
The protein-folding problem involves three major issues: (1) 
how the three-dimensional (3D) structure of a protein is 
determined from its amino acid sequence, (2) how a protein 
folds from a random coil to a native structure, and (3) how 
the 3D structure is characterized from static and dynamic 
perspectives. The second problem, which concerns the fold-

The Φ values were calculated for 27 proteins with a simple statistical-mechanical model of protein folding. We 
considered that the correlation between the calculated and experimentally observed Φ values should illumi-
nate the protein-folding mechanism active for each protein, such as the framework model or the nucleation- 
condensation model. In addition, we investigated other properties associated with protein folding such as the 
free-energy profile, contact-order profile, and sensitivity to the parameters used in the Φ-value calculation of 
each protein. Through such analyses, we tried to characterize protein folding from various perspectives to 
derive a unified theory of protein folding.
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succeeded and where it failed.
Φ-value analysis was introduced by Fersht and his col-

leagues [13,14] to provide information regarding the 
transition- state structures along the folding pathway of a 
protein by measuring the effects of amino acid mutations on 
folding kinetics. The Φ value is calculated as ΔΔG‡-D/ΔΔGN-D 
for a two-state-folding protein, where ΔG‡-D and ΔGN-D are 
the free energy (FE) differences between the unfolded and 
transition states and between the unfolded and folded states, 
respectively, and ΔΔ denotes the changes in these FE differ-
ences brought about by a point mutation at a specific amino 
acid residue. A Φ value of 1 indicates that all of the mutated 
residue interactions are formed in the transition state whereas 
a Φ value of 0 means that the residue is not involved in sta-
bilizing the transition state. Intermediate Φ values indicate 
that the interactions are partially formed or that there are two 
populations with mostly unfolded and mostly folded states. 
However, because the relationship between the actual Φ 
value and the extent of protein structural formation is not 
necessarily linear, the interpretation of intermediate Φ val-
ues is still controversial [15].

Φ values have been investigated experimentally for many 
two-state-folding proteins (see Table 1). Φ values obtained 
in such experiments have provided valuable information for 
refining protein-folding models such as the nucleation- 
condensation model and the framework model [16].

Φ values have also been studied from a theoretical per-
spective. Since folding simulations can provide information 
about the folding pathway of the protein, the transition-state 
structures in these simulations are associated with the exper-
imentally observed Φ values [17–19]. More directly, Φ values 
have been calculated based on the FE profiles obtained from 
statistical-mechanical models of protein folding [12,20–27]. 
Although various models have been proposed, their concepts 
are essentially similar and assume that each residue is in one 
of two states: native (folded) or random-coil (unfolded). It is 
also assumed that one or more contiguous segments in the 
polypeptide chain consists of residues in the native state, and 
that only individual amino acids in a pair within a native- 
structure polypeptide segment and in contact in the native 
structure interact with each other (this is the so-called Gō 
model). Zero interactions are assumed to occur in segments 
consisting of residues still in the random-coil state. In these 
studies, the calculated Φ values generally showed a reason-
able agreement with the experimental Φ values.

In this paper, we report the results of Φ-value calculations 
made using a previously developed, alternative, simple 
 statistical-mechanical model of protein folding [28–30]. 
Although this model was developed earlier than those men-
tioned above, various studies have recently adopted this 
model or others that are similar but extended, to study the 
protein-folding problem [25,27,31–38]. We also determined 
the Φ values for lattice proteins using this alternative model 
with particular focus on the dependence of lattice proteins 
on amino acid sequence and folding topology [28,29]. In 

ing process (or folding pathway) of a protein, is the focus of 
this paper.

Regarding the folding process, there are currently two 
major hypotheses: the three-step mechanism or framework 
model [1–4] and the nucleation-condensation model [5,6]. 
In the framework model, secondary-structure elements fold 
first, followed by the coalescence of preformed secondary- 
structure elements to yield the native structure. The occur-
rence of step-by-step folding from short- to medium- and then 
to long-range interactions is a key assumption. In contrast 
to this, the nucleation-condensation model assumes that the 
secondary and tertiary structures are formed in parallel, or 
even in reverse order. That is, the long-range interactions 
or tertiary structures can be formed before or at the same 
time as the secondary structures. Interpretations of these 
two hypotheses seem to differ among researchers. For con-
venience and clarity, in this paper we refer to these two 
hypotheses but with the following specific preconditions: the 
framework model does not allow longer-range interactions to 
form before shorter-range interactions, but the nucleation- 
condensation model does.

The above key principles have contributed significantly to 
the conceptual basis of protein folding. However, there is 
currently a critical limitation: the difficulty of quantitatively 
connecting theoretical predictions to experimental results 
[7]. Researchers have not been able to use an existing theory 
to consistently interpret their experimental results. Progress 
has been made towards eliminating this limitation by using 
improved simulations based on molecular dynamics and 
analytical calculations that use simple statistical-mechanical 
models. Since computer simulations of protein folding are 
time-consuming and can be performed only for one specific 
protein at a time, simple statistical-mechanical models of 
protein folding—which permit the direct analysis and fitting 
of experimental data—have been desired.

An Ising-like statistical-mechanical model of protein 
folding was first introduced by Wako & Saitô in 1978 [8,9]. 
This model was developed further by Gō & Abe [10], and 
Abe & Gō [11] demonstrated that it could accurately repro-
duce the results of computer simulations of two-dimensional 
lattice-protein folding. However, it was some time before a 
similar model could be applied to real proteins. This was 
first accomplished by Muñoz & Eaton in 1999 [12], who 
demonstrated that theoretically calculated folding rates 
could correlate well with experimentally observed ones.

In this paper, the Φ values for every residue of a specific 
protein calculated using a simple statistical-mechanical 
model are discussed and compared with the corresponding 
experimentally observed Φ values. Despite the simplicity of 
the statistical-mechanical model, the experimental Φ values 
were reasonably reproduced for many proteins, but not for 
others. Whereas the successful cases supported the assump-
tions of the model, the failures revealed the limitations of 
those assumptions. We will discuss protein-folding mecha-
nisms while examining specific examples where the model 
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state and random-coil state, respectively. It should be noted 
that the number of local structures is not restricted to one in 
this model; this is important because some models have 
restricted the number of local structures formed to only one.

(iii) The key assumption of this statistical-mechanical 
model is that only Gō-type native interactions between 
amino acid residues within a local structure are considered 
[39]. The other interactions, such as those between the resi-
dues in different local structures and those within a random- 
coil region, are neglected.

(iv) For the FE within a random-coil region (where no 
interaction between the residues exists), it is assumed that 
only the chain entropy, which depends on the number of res-
idues, contributes to the partition function. The random-coil 
state is the reference state; i.e., its statistical weight is set to 
unity.

(v) The minimum size of a local structure is four consec-
utive residues. An amino acid residue i is considered to be in 
the native state if a region of four consecutive amino acid 
residues, (i–1) to (i+2), adopts the same conformation as the 
native structure (i=2, 3, ..., n–2). Otherwise, the amino acid 
residue is considered to be in the random-coil state. In other 
words, it is assumed that no interactions occur between 
amino acid residue i and amino acid residues i±1 and i±2.

The partition function for this statistical-mechanical 
model is given by the following recurrent relationship:

Z1, j = Z1, j–1
 + 

j–3

∑
m=1

 f (m, j)–1 exp{–βE(m, j)}Z1,m+1 ,

(j = 4, 5, ...., n–1, n)

Z1,1 = 0, Z1,2 = Z1,3 = 1 , (1)

where β=1/kBT, kB is the Boltzmann constant, T is the abso-
lute temperature, and Z1,j is the auxiliary partition function of 
a hypothetical protein molecule consisting of amino acid 
residues 1 to j. By definition, the partition function of the 
entire protein molecule is Z1,n (≡Z(T)).

The conformational energy of a local structure consisting 
of amino acid residues m to j is given as

E(m, j) = ∑
m≤k,l≤ j

U(ξk, ξl)Γk,l , (2)

where U(ξk, ξl) is the interaction energy between amino acid 
residues ξk and ξl. The contact matrix Γk,l=1 if amino acid 
residues k and l are in contact with each other in the native 
conformation, and Γk,l=0 otherwise. Because the interactions 
between neighboring residues and residues separated by  
one residue are not considered, Γk,l=0 for |k–l|≤2. U(ξk, ξl) 
depends on amino acid types ξk and ξl. Γk,l, i.e., whether the 
residue pair is in contact or not depends on the native struc-
ture. Consequently, E(m, j) depends on the amino acid 
sequence and the native structure. In other words, the amino 
acid sequence and the native structure are considered through 
E(m, j) in this model.

Function f(m, j) in Eq. (1) corresponds to the number of 

line with these studies, we have calculated the Φ values of 
real proteins in the present study. For these calculations, we 
selected 27 proteins (each with 54 to 128 amino acid resi-
dues in length) with known experimentally derived Φ values.

In the next section, we briefly describe a statistical- 
mechanical model of protein folding that we developed. The 
calculated Φ values are shown and discussed in Results and 
Discussion along with the FE profiles, contact-order (CO) 
profiles, and sensitivities to the parameters used in the 
Φ-value calculation. In this study, we investigated protein 
folding from various perspectives rather than assessing the 
specific statistical-mechanical model used here, which we 
have already done in a previous paper [30].

Materials and Methods
Statistical-mechanical model of protein folding

The simple statistical-mechanical model of protein fold-
ing and unfolding used in this study was constructed with the 
intention of introducing the following picture of protein 
folding [8–11,28–30]. A protein folds in a stepwise manner 
along the polypeptide chain; this assumption conforms to the 
framework model. In this scheme, the first stage of folding 
includes short-range interactions that work dominantly to 
form small, native-like, or secondary structures such as the 
α-helix, β-strand, and hydrogen-bonded turn. Next, these 
structures grow gradually through medium-range interac-
tions. Finally, these substructures coalesce into the native 
structure via long-range interactions.

It should be noted that our model is not exactly the same 
as the framework model. Whereas the framework model 
usually assumes a highly defined folding pathway in which 
specific local structures (e.g., secondary structures, super- 
secondary structures, domains) are formed in a hierarchical 
way, our model is more probabilistic, i.e., any local struc-
tures can form in any order according to their statistical 
weights, as described below. When we say that our model is 
based on the framework model, we refer to the important 
feature common to both the framework model and our own: 
longer-range interactions are not allowed to form without 
forming short-range interactions first.

The statistical-mechanical model of the folding and 
unfolding of a protein consisting of n residues in the above-
mentioned picture is formulated as follows [28–30] (see 
Supplementary Text S1 for details).

(i) Each amino acid residue is assumed to be in either a 
native (folded) or random-coil (unfolded) state.

(ii) The conformation of a protein at any stage in the fold-
ing process is represented by a sequence of two types of 
regions of various sizes, namely a “local structure” (or 
“island” in Wako & Saitô [8,9]) and a random-coil region, 
arranged alternately along the chain. The term “local struc-
ture” is used with a specific meaning in this model. A local 
structure and a random-coil region are defined as continuous 
regions in which all amino acid residues are in the native 
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Supplementary Text S1), but they are not discussed in this 
paper.

Folding and unfolding rates
The kinetics of the folding and unfolding processes of 

proteins (such as their folding and unfolding rates) were for-
mulated as a motion along a one-dimensional FE profile, 
with the number of amino acid residues in the native state as 
a reaction coordinate, as established by Muñoz & Eaton [12] 
and extensively examined by Henry & Eaton [41]. Because 
we had the FE profile F(η, T) of Eq. (6), we applied the 
method of Muñoz & Eaton. According to this method, using 
a simple approach that involved solving a system of differ-
ential equations describing reversible hopping between adja-
cent discrete values of reaction coordinates (η and η+1 in 
this study), the characteristic relaxation rate can be given as 
follows:

1
k

 ∝ τ ≡ ∫0

∞
 

<η>eq – <η(t)>
<η>eq – <η(0)>

 dt

= {<η>eq – <η>0}–1 
n–4

∑
j=0

 1
peq( j)sj, j+1

 

n–3

∑
i=j+1

{peq(i)–p0(i)}
j

∑
η=0

 peq(η)(<η>eq – η) . (7)

Here, an equilibrium value of η (at temperature T),

<η>eq = 
n–3

∑
η=0

 ηpeq(η) (8)

can be calculated using F(η, T), where peq(η) is the probabil-
ity that a conformation has η amino acid residues in the 
native state:

peq(η) = Z–1 exp{–F(η, T)/kBT}. (9)

<η>eq and peq(η) are functions of T, but T is omitted here for 
clarity.

The relaxation rate k is estimated as the mean rate of 
relaxation of the average number of native residues to its 
equilibrium value from a starting point of two initial condi-
tions: first with the entire population in the completely 
unfolded state, i.e., η=0, and second with the entire popula-
tion in the native state, i.e., η=n–3. In this paper, the former 
relaxation rate k above 1/Tm and the latter k below 1/Tm are 
regarded as the folding and unfolding rates, kf and ku, respec-
tively. A transition temperature, Tm, is defined as ln kf(Tm)= 
ln ku(Tm).

Φ value
We considered a single amino acid substitution for each 

residue of a given protein. For a single amino acid substitu-
tion at the kth residue (for example, if amino acid residue ξk 
in the wild-type protein is replaced by amino acid wk), we 
simply assumed that U(ξk, ξl) is transformed to U(wk, ξl) in 

possible conformations of a segment between the amino acid 
residues m and j in the random-coil state; thus, kB ln f(m, j) is 
the chain entropy of the segment in the random-coil state, 
and –kB ln f(m, j) is the entropy loss of the segment when it 
forms the local structure.

Following our previous paper [30], we assigned a single 
value ε<0 to U(ξk, ξl), independent of the amino acid type, ξk 
or ξl (homogeneous contact-energy approximation). We set 
ε=–0.10 for all calculations in this study. For f(m, j), because 
we did not have any established values representing a real 
protein, we tentatively used the same formulation values that 
had been used for the lattice protein in the previous paper, 
i.e., f(m, j)=1.4084×(4.750) j–m–2 or ln f(m, j)=(j–m–2) B+ 
0.3425, where B=ln 4.750=1.5581. In addition, we exam-
ined another B value, i.e., B=1.3 for comparison in this study.

A contact matrix Γk,l is defined as follows (as in the previ-
ous paper [30]): if a distance of at least one atom pair in two 
residues is shorter than a given cutoff distance Dc, this resi-
due pair is considered to be in contact. We performed 
Φ-value calculations with four Dc values, 4.0, 5.0, 5.5, and 
6.0 Å, in our previous study; and in that study, we found that 
the results were sensitive to the Dc value for some proteins 
but not for others. In the current study, however, two cases, 
Dc=4.2 and Dc=5.5 Å, were examined to study Dc depen-
dence in the Φ-value calculations.

Free-energy profile
The energy (enthalpy) of the system, Eh, is expressed by 

the integer h in units of –0.01, i.e., Eh=hε0 and ε0=–0.01, for 
computational convenience. Eventually, the partition func-
tion Z is given as a polynomial with two variables, t and u, as 
a function of the temperature T [29,30,40].

Z(T) = ∑
η
 ∑

h
 Ω(η, h)tηuh = 

n–3

∑
η=0

 W(η, T)tη , (3)

where

W(η, T) = ∑
h
 Ω(η, h)uh, (4)

u = exp(–βε0), (5)

and t is a dummy parameter introduced to count the number 
of amino acid residues in the native state η, and is set to unity 
in the last result. η runs from 0 to n–3. The coefficient Ω(η, 
h) for given values of η and h can be calculated using the 
recurrent equation, Eq. (1). W(η, T)tη is the sum of the statis-
tical weights over all states with the given number of amino 
acid residues in the native state η and at a temperature T.

We define the FE for a given η from Eq. (4):

F(η, T) = –kBT ln W(η, T). (6)

Eq. (6) is used to calculate the FE profiles of the proteins 
with η as the folding reaction coordinate. The enthalpy and 
entropy at a given temperature T can also be calculated (see 
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had already been performed experimentally. The Protein 
Data Bank (PDB) entry codes, sizes, and fold classes of the 
proteins that we investigated are listed in Table 1. This pro-
tein set includes some proteins that belong to the same 
superfamily, such as 1SRM, 1SHG, and 1FYN, all of which 
are in the SH3 domain-containing superfamily. However, 
since the available data were limited, we did not omit data 
from homologous proteins; some would consider the data 
from such proteins to be redundant, but from a practical 
standpoint, their omission would make performing a statisti-
cal analysis far more difficult. Furthermore, comparisons 
between homologous proteins were expected to actually 
provide more useful information about the nature of protein 
folding. Accordingly, we used all the available data, disre-
garding perceptions of protein redundancy, in the following 
analyses. It is necessary, however, to remember this point in 
the statistical discussion below.

For each protein studied, the PDB entry code given in 
Table 1 is used as the protein name hereinafter, for conve-
nience.

Results and Discussion
In this study, we were interested in characterizing protein 

folding from various perspectives. As is well known, protein 
size and fold class are primary characteristics of a protein 
that determine its folding dynamics. We can also character-
ize a protein by its Φ-value profile, FE profile, and CO pro-
file. In addition, a Φ-value’s sensitivity to the parameters 
used in the Φ-value calculation can be examined. The 
Φ-value calculation was performed for four sets of parame-
ters, hereinafter referred to as D42_13, D42_16, D55_13, 
and D55_16, each of which denote parameter values (Dc, B) 
= (4.2, 1.3), (4.2, 1.5581), (5.5, 1.3), and (5.5, 1.5581), 
respectively (see Materials and Methods). The following 
data pairs were used as described here: (D42_13, D42_16) 
and (D55_13, D55_16) were used to investigate the sensitiv-
ity to the chain entropy parameter B, and (D42_13, D55_13) 
and (D42_16, D55_16) were used to investigate the sensitiv-
ity to the cutoff distance Dc.

The results are summarized in Figure 1. We will discuss 
them below.

Φ-value profile
Φ-values are one of the few types of experimental data 

that can both A) give us information on the protein folding 
process, and B) be directly compared with theoretically cal-
culated properties. In Figure 2, the Φ-value profiles calculated 
for every residue using the abovementioned statistical- 
mechanical model are shown with the corresponding experi-
mentally observed Φ values for four example proteins: 
1TEN, 1SHG, 3CI2, and 1AYE. Experimentally observed Φ 
values were available for some, but not all, of the residues. 
The Φ-value profiles for the other proteins are given in Sup-
plementary Figure S1.

Eq. (2). Thus, the Φ values of the kth residue were calculated 
for the two cases: one where U(wk, ξl)=ε+0.01 and the other 
where U(wk, ξl)=ε–0.01, hereafter referred to as the “plus 
perturbation” and the “minus perturbation,” respectively 
(recall that U(ξk, ξl)=ε for each residue pair in the wild-type 
protein). The responses to the substitutions were examined 
based on changes in the logarithmic folding and unfolding 
rates, ln kf and ln ku, respectively, determined in this study. 
The corresponding rate changes, Δln kf and Δln ku, were used 
to calculate the Φ value defined by Eq. (10):

Φ = 
ΔΔF‡–D

ΔΔFN–D
 = 

Δ ln kf

Δ ln kf – Δ ln ku
 , (10)

where Δ ln kf= ln kf
mut(Tm)–ln kf

wild(Tm) and Δ ln ku= ln ku
mut(Tm) 

– ln ku
wild(Tm), because ln kf

wild(Tm) = ln ku
wild(Tm) and Δ ln kf– 

Δ ln ku= ln kf
mut(Tm) –ln ku

mut(Tm). The superscripts “wild” and 
“mut” denote the wild-type and mutated proteins, respec-
tively.

From the two Φ values calculated by the plus and minus 
perturbations, a Φ value for a specific residue is defined as 
follows. (i) A Φ value greater than 1.3 or smaller than –0.3 is 
considered “irregular” and is then regarded as having no 
defined Φ value. (ii) If 1.0<Φ<1.3, then Φ is set to 1.0, and 
if –0.3<Φ<0.0, then Φ is set to 0.0, because the Φ value is 
essentially defined as 0≤Φ≤1. Furthermore, (i) and (ii) are 
applied separately to the Φ values obtained in the plus and 
minus perturbations. (iii) The two Φ values are averaged. If 
only one Φ value is available, then it is defined as a Φ value 
of this residue. If neither of them is available, then the Φ 
value of this residue is classified as “not defined.”

Contact-order profile
To investigate the calculated Φ values, we generated a CO 

profile—a concept introduced in the previous paper [28]. 
CO has been used to characterize the complexity of the fold-
ing topology of a protein in relation to its folding kinetics 
[42–46]. In line with this, the CO profile is defined as the 
cumulative number of native contacts ck= ∑k

i=1 ρi plotted 
against k, where ρi is the number of native contacts between 
two residues whose mutual distance along the polypeptide 
chain is i. The following relationship holds [28]:

n–1

∑
k=1

ck = ncn–1 – 
n–1

∑
k=1

kρk . (11)

The second term on the right-hand side, Σkρk, corresponds to 
the area of the upper left region of the k vs. ck curve and is 
equal to the CO of a given protein (see Fig. 4 below). The 
CO profile is more informative than the CO, as described 
below.

Proteins examined
Using the simple statistical-mechanical model, Φ values 

were calculated for 27 proteins for which Φ-value analysis 
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model failed, and the “0.3≤CC<0.6” group is an intermedi-
ate case—where the experimental Φ values of some regions 
in a specific protein were successfully reproduced by our 
model, but others were not. In other words, the “CC≥0.6” 
group and the “CC<0.3” group are rough indicators of the 
two major protein-folding schemes: the framework model 
and the nucleation-condensation model, respectively.

As mentioned in the Introduction, the concepts of the 
framework model and the nucleation-condensation model 
somehow remain ambiguous. In this paper, we confine our 
attention to their difference relating to the order in which 
short-, medium-, and long-range interactions are formed; 
that is, whereas longer-range interactions are assumed never 
to be formed before intervening shorter-range interactions in 
the framework model, long-range interactions can form 
before shorter-range interactions in the nucleation- 
condensation model.

(1) CC≥0.6. Out of 27 proteins examined, ten proteins 
were classified into this category. Two examples are shown 
in Figures 2A and B. See Supplementary Figure S1 for the 
remaining eight proteins.

The theoretically calculated Φ-value profiles were assessed 
by their correlation coefficient (CC) with the experimentally 
observed Φ values. The results are shown in Table 2. The 
results from Garbuzynskiy et al. [73] are also shown, when 
available, for comparison. For Table 2, if the Φ-value exper-
iments were carried out in more than one condition, we show 
only the case with the best CC. All the results are given in 
Supplementary Table S1.

In our previous study [30], we examined CC values to 
assess our statistical-mechanical model of protein folding. In 
this study, however, we shift our perspective to the charac-
terization of protein folding using CC values, because they 
may imply whether or not a specific protein folds in the 
scheme assumed in our statistical-mechanical model. We 
consider here that differences in CC values reflect variation 
in active protein folding mechanisms. In Figure 1, proteins 
are classified into three groups according to the best CC 
value for each protein: CC≥0.6, 0.3≤CC<0.6, and CC<0.3. 
We assess the groups as follows: the “CC≥0.6” group is a 
case where our model successfully reproduced the experi-
mental Φ values, the “CC<0.3” group is a case where our 

Table 1 Proteins examined in this study

Protein namea) PDB codeb) No. of residuesc) Folding classd) Referencee)

Engrailed homeodomain 1ENH 54 All α [47]
c-Myb-transforming protein 1IDY 54 All α [47]
IgG-binding domain of protein G 1PGB 56 α+β [48]
Src SH3 domain 1SRM 56 All β [49]
α-spectrin SH3 domain 1SHG 57 All β [50]
Fyn SH3 domain 1FYN (84–142) 59 All β [51]
B domain of protein A 1SS1 62 All α [52]
DNA binding protein Sso7d 1BF4 63 All β [53]
Chymotrypsin inhibitor 2 3CI2 64 α+β [5]
IgG-binding domain of protein L 2PTL (15–78) 64 α+β [54]
Cold shock protein 1CSP 67 All β [55]
Ubiquitin 1UBQ 76 α+β [56]
Procarboxypeptidase A2 actv. domain 1AYE (4A-83A) 78 α+β [57]
Acyl-coenzyme A-binding protein 2ABD 86 All α [58]
TI 127 Ig domain 1TIU 89 All β [59]
Barstar 1BTB 89 α/β [60]
TNfn3 domain of tenascin 1TEN 90 All β [61]
FNfn10 domain of fibronectin 1TTF 94 All β [62]
U1A 1URN 96 α+β [63]
Ribosomal protein L23 1Ν88 96 α+β [64]
Ribosomal protein S6 1RIS 97 α+β [65]
Acylphosphatase 2ACY 98 α+β [66]
FKBP12 1FKB 107 α+β [67]
Barnase 1RNB 109 α+β [68]
Villin 14T 2VIL 126 α+β [69]
Azurin 1AZU 126 All β [70]
CheY 3CHY 128 α/β [71]

a) For some proteins, an abbreviated name is used for convenience. See the original paper for their full names.
b) The chain region is indicated in the parenthesis if the kinetic study and/or the calculation use only a part of the PDB data.
c) The number of residues used for calculating each Φ value is given. In some cases, the number of residues is different between the experimentally 

observed and calculated Φ values, because some residues are missing in the PDB data.
d) The fold class types are given based on the SCOP classification [72].
e) References for experimental Φ-value analysis are shown.
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For example, although the calculated Φ values of the resi-
dues in the long N-terminal loop differed considerably 
depending on the parameter sets, such differences could not 
be assessed because of the lack of corresponding experimen-
tal data.

(2) 0.3≤CC<0.6. This category contains ten proteins. Only 
one example is given in Figure 2C for 3CI2. Whereas the Φ 
values of the residues in the N- and C-terminal regions were 
accurately reproduced, those in the middle of the polypep-
tide chain showed significant difference from the experi-
mental Φ values. The statistical-mechanical model of a lin-
ear chain polymer has a tendency, in general, to have lower 
Φ values at both of the terminals because of a boundary 
effect, and to have higher Φ values in the middle of the chain 
because of strong cooperativity (owing to more interactions 
being present in the middle than at the terminals). Similar 
situations were observed in other proteins belonging to this 
category, such as 2ACY, 1BF4, and 1TIU (see Supplemen-
tary Fig. S1).

Figure 2C for protein 3CI2 also demonstrates a case where 
there was a variety of experimentally observed Φ values for 
a specific residue.

Figure 2A for protein 1TEN shows that, although the 
Φ-value profile shows irregular trends, the experimentally 
observed Φ values were accurately reproduced. As described 
below, 1TEN is highly sensitive to plus/minus perturbations 
(it is also sensitive to other parameters used in the Φ-value 
calculation). The minus perturbation generated irregular Φ 
values for many residues. Rather than using the average of 
the two Φ values generated by the plus and minus perturba-
tions, the Φ values generated by the plus perturbation were 
assigned to the Φ values of such residues. It is interesting 
that despite this potential confounding issue, 1TEN was 
found to belong to the high CC group.

Figure 2B for protein 1SHG is another example of 
CC≥0.6. Among the studied proteins, 1SHG showed high 
sensitivity to the parameters Dc and B. Whereas the CC was 
very high for Dc=5.5 Å, it was very low for Dc=4.2 Å. As for 
B, the CC for D42_13 was less than that for D42_16, whereas 
no difference was found between D55_13 and D55_16. The 
Φ-value profiles for the four parameter-sets differed signifi-
cantly. However, because the number of experimentally 
observed Φ values was small relative to the number of resi-
dues, the statistical significance of the CC values was low. 

Figure 1 Classification and characterization of proteins. The proteins were classified according to their correlation coefficient (CC) values 
between the calculated and experimentally measured Φ values, as well as their sensitivity to plus/minus perturbation, cutoff distance Dc, and chain 
entropy parameter B. The proteins were indexed according to four characteristics: fold class (α, β, α+β, or α/β), contact-order profile (A, B, or C), 
protein size (the number of residues), and free-energy profile [(S), (D), or ((D))]; see the text for details. The statistics of the top table are given in 
the lower two tables. The column headed “#” shows the number of proteins that belong to the relevant category. In the tables, the proteins have been 
grouped into three size classes, S, M, and L, according to the number of residues they contain: ≤64, 65–89, and ≥90, respectively.
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around residues 20–40 varied widely, and the authors of the 
study that generated those experimental values [58] pointed 
out that some of the data for these residues were not well 
suited for Φ-value analysis because the mutations probably 
significantly changed the folding pathway of the wild-type 
protein.

The 1BTB protein, which is another example from the 
“CC<0.3” group, has the secondary-structure sequence 
β1-α1-α2-β2-α3-α4-β3. The experimental results suggested 
that the β-sheet composed of β1 and β3 in the N- and C- 
terminals, respectively, is formed in the early stage of fold-
ing. By contrast, the Φ-value calculations indicated that 
whereas the C-terminal is structured in the early stage of 
folding, the N-terminal region is not.

In the case of protein 2PTL, which has the secondary- 
structure sequence β1-β2-α1-β3-β4, there may be another 
reason for observing CC<0.3. Whereas the N-terminal 
β-sheet of β1 and β2 was well predicted by the Φ-value 
calcula tions, the unstructured α-helix in the middle of the 
polypeptide chain could not be reproduced very well. As 
 discussed in our previous paper [30] and also as pointed out 
above, our model has a strong tendency to describe the early 
formation of an α-helix in the middle part of the polypeptide 
chain, owing to the dominance of short-range interactions in 
an α-helix and the avoidance of boundary effects.

We should be careful, however, when using CC values for 
the above discussions, because CC value may not neces-

(3) CC<0.3. This category is composed of the remaining 
seven proteins. These cases, which did not successfully repro-
duce experimentally determined Φ values, served to high-
light the differences between the framework model and the 
nucleation-condensation model. Whereas our model is based 
on the framework model, the experiments suggested that the 
nucleation-condensation model is active for this protein.

Only one example is shown in Figure 2D for protein 
1AYE. This protein has the secondary-structure sequence 
β1-α1-β2-β3-α2-β4. The experimental results suggested that 
while the folding nucleus is made by the packing of β1 and 
β3-α2 to form a β-sheet, β1-β3, in the transition state, the 
remaining parts, α1-β2 and β4, are completely unfolded. 
This means that the two separated regions, β1 and β3-α2, 
interact first before the formation of α1-β2 between them. 
Such a situation is beyond the scope of the assumptions of 
our model.

In other examples of CC<0.3 (Fig. 1; see also Supple-
mentary Fig. S1), protein 2ABD has the secondary-structure 
sequence α1-α2-α3-α4. The experimental results suggested 
that the interaction between the N- and C-terminal α-helices, 
α1 and α4, initiates the folding process before the formation 
of the central part, α2-α3. Contradicting the experimental 
results, the calculated Φ values indicated that α2-α3 was 
formed but α1 and α4 were unstructured in the transition 
state. As a result, the CC for 2ABD was largely negative. It 
should be noted, however, that the experimental Φ values 

Figure 2 Φ-value profiles of proteins, (A) 1TEN, (B) 1SHG, (C) 3CI2, and (D) 1AYE. The Φ-value profiles of the other proteins are shown in 
Supplementary Figure S1. [1], [2], [3], and [4] indicate the parameter sets D42_13, D42_16, D55_13, and D55_16, respectively. Expr is an experi-
mentally observed Φ value. Expr1, Expr2, etc. indicate that the Φ-value analysis was carried out in more than one experimental condition (see 
Supplementary Table S1 for details). α and β indicate the locations of an α-helix and a β-strand, respectively. The residues were numbered from “1” 
for all proteins regardless of their numbering in the PDB data. The corresponding residue numberings in the PDB data of proteins 1TEN, 1SHG, 
3CI2, and 1AYE are 802–891, 6–62, 20–83, and 4A–83A, respectively.
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shown for four parameter sets, D42_13, D42_16, D55_13, 
and D55_16 (FE profiles for the other proteins are given in 
Supplementary Fig. S2). Since the profiles shifted upward or 
downward depending on Dc, i.e., the number of interactions, 
we focused on the shapes of the profiles. It was found that 
the profile shapes were essentially similar if their chain 
entropy parameter B values were equal. A few exceptions 
were observed, such as 1CSP and 1N88. Conversely, a 
change in B value causes a change in shape of the FE profile. 
The major differences between the shapes of the FE profiles 
appeared in the region from the transition state to the folded 
state, i.e., from the central peak to the valley on the left side 
of the FE profile. As far as the unfolded region is concerned, 
the profile shape is conserved, whereas the distance from the 
local minimum to the peak at the transition state can change.

It was also found that, while the FE profiles of some pro-
teins have a single peak at the transition state, others have 
more than one peak (usually double peaks) or a plateau. The 
latter case means that a transition state cannot be assigned to 

sarily be a reliable characteristic for assessing calculated Φ 
values. Whereas these calculations can generate a Φ value 
for any residue, the available experimental Φ values were 
limited. It is not clear how to assess irregular Φ values or 
residues for which Φ values cannot be obtained experimen-
tally. For example, calculating the CC value after removing 
two Φ values of the C-terminal region from the 19 experi-
mentally observed Φ values for protein 1TTF (see Supple-
mentary Fig. S1) would result in changing the CC value 
from –0.09 to 0.28 in the D42_16 case. Moreover, Φ values 
for a specific protein frequently differ significantly, depend-
ing on the experimental conditions (see Supplementary 
Table S1).

FE profile
Since Φ-value profiles are calculated based on FE pro-

files, it is expected that FE profile characterization should be 
associated with protein-folding characterization. In Figure 3, 
the FE profiles of three proteins, 3CI2, 1RIS, and 1URN are 

Table 2 Correlation between experimentally observed and theoretically calculated Φ values

Protein Nr
a) Nm

b)
Correlation coefficient, CCc)

Descriptiond)

D42_13 D42_16 D55_13 D55_16 Garbuzynskiy

1ENH 54 13 0.69 0.41 0.90 0.63 N/A
1IDY 54 18 0.61 0.62 0.59 0.63 N/A
1PGB 56 25 0.34 0.33 0.08 0.09 0.76
1SRM 56 35 0.65 0.65 0.65 0.63 0.63
1SHG 57 14 0.05 0.35 0.77 0.77 0.82 pH 7
1FYN 59 9 0.52 0.35 0.52 0.34 N/A
1SS1 62 31 0.25 0.27 0.70 0.71 N/A 2 M GdmCl
1BF4 63 21 0.36 0.39 0.35 0.37 0.81
3CI2 64 40 0.23 0.33 0.27 0.30 0.46 ΦF, 4 M GdmCl
2PTL 64 46 0.23 0.10 0.23 0.21 0.30 1–ΦU

1CSP 67 20 0.30 0.25 0.52 0.56 N/A H2O (kinetics)
1UBQ 76 20 0.03 0.01 –0.01 –0.01 N/A Unfolding
1AYE 78 18 –0.22 –0.22 –0.21 –0.21 N/A
2ABD 86 16 –0.74 –0.78 –0.76 –0.77 N/A
1TIU 89 26 0.37 0.37 0.53 0.51 0.66
1BTB 89 28 –0.09 –0.10 –0.11 –0.10 0.27
1TEN 90 26 0.61 0.55 0.64 0.40 0.68
1TTF 94 19 –0.14 –0.09 –0.15 –0.11 –0.22 0 D’
1URN 96 10 0.90 0.90 0.93 0.94 0.90 β†=0.5
1N88 96 16 0.64 0.63 0.47 0.59 N/A
1RIS 97 20 0.13 0.11 0.06 0.03 0.49 1–4 M GdmCl
2ACY 98 22 0.47 0.43 0.45 0.42 N/A
1FKB 107 22 –0.11 –0.35 –0.54 –0.54 0.32 3.9 M urea
1RNB 109 28 0.32 0.32 0.38 0.40 0.66 Water
2VIL 126 24 0.54 0.53 0.50 0.46 0.40
1AZU 126 17 0.63 0.63 0.64 0.64 N/A 0 M GuHCl
3CHY 128 19 0.76 0.76 0.76 0.77 0.67

a) The number of residues of a protein.
b) The number of mutated residues in a Φ-value analysis experiment. The residues with an irregular Φ value, i.e. Φ<–0.1 or Φ>1.1, are excluded.
c) The correlation coefficients between experimentally observed and theoretically calculated Φ values, referred to as CC in the text, are given 

for four parameter sets. The largest CC value for each protein is underlined. The results from Garbuzynskiy et al. [73] are also given for 
comparison, if available.

d) If the experiment was carried out in more than one condition, only one of them, that with the best CC value, is given in this table. The results 
not shown in this table are shown in Supplementary Table S1. See the corresponding reference in Table 1 for details about the experiment.
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situations existed for proteins in the SH3 domain-containing 
superfamily, namely 1SRM, 1SHG, and 1FYN (see Supple-
mentary Figs. S1 and S2).

CO profile
CO is one property of proteins that is well-known to be 

correlated with folding kinetics. The CO profile, which was 
discussed above, is an extension of the CO; the cumulative 
number of native contacts ck, is plotted against residue- 
residue distances along a chain, k. This profile provides 
information about the respective contribution ratios of the 
different interaction types (short-, medium-, and long-range) 
to the CO. Figure 4 shows the CO profiles of 27 proteins, in 
which ck and k were normalized between zero and one to 

a single folding reaction coordinate, but should be assigned 
to a range of coordinates. The secondary peak in a double- 
peaked profile is sometimes ambiguous, making it difficult 
to confidently judge its significance. We classified FE pro-
files into three types: single-peaked, double-peaked, and inter-
mediate [denoted by (S), ((D)), and (D), respectively, in Fig. 
1]. This classification could not be defined in a rigorous 
manner, but was carried out by visual inspection of the pro-
files. The FE profiles of 3CI2, 1RIS, and 1URN shown in 
Figure 3 were classified as single-peaked, intermediate, and 
double-peaked, respectively.

1CSP and 1N88 were exceptional cases, as mentioned 
above. Interestingly, while the FE profile of 1CSP with the 
parameter set D42_16 was single-peaked, the FE profiles 
calculated with the other parameter sets were double-peaked. 
This difference is reflected in the CC values: whereas the CC 
value was the lowest for D42_16, that for D55_16 was the 
highest. Accordingly, the FE profile of 1CSP was classified 
as double-peaked. For the FE profiles of 1N88, the shapes of 
the FE profiles for D42_16 and D55_16 differed consider-
ably. While the former profile had a plateau, the latter was 
double-peaked. The CC values for the former profile were 
slightly better than those for the latter one.

According to Figure 1, whereas in the “0.3≤CC<0.6” and 
“CC≥0.6” groups, more proteins had a single-peaked FE 
profile than a double-peaked FE profile (10 vs. 8), this was 
reversed in the “CC<0.3” group (2 vs. 4). However, this 
 difference was not statistically significant. Consequently, 
whether the FE profile was single-peaked or double-peaked 
was not a crucial factor for the CC values. The Φ values 
were essentially defined based on the single-peaked FE pro-
files. However, since Φ values can be calculated in the fash-
ion described above, regardless of the double-peaked FE 
profile at the transition state, it may be necessary to recon-
sider Φ-value calculation for double-peaked FE profiles. The 
theory of multidimensional representation of an FE profile 
of protein folding that was proposed by Itoh & Sasai [27] 
would be highly relevant to any further considerations of 
this issue.

At the outset of this study, we expected to obtain useful 
information about protein folding by determining the FE 
profiles of the evaluated proteins. In our previous paper [30], 
we demonstrated a close relationship between a protein’s FE 
profile, its folding rate, and its fold class; however, in this 
study we realized that it is necessary to consider the fine 
structural changes of the FE profile to be able to predict 
changes in Φ values. For example, the FE profiles of 1ENH 
and 1IDY (Supplementary Fig. S2) seemed to be almost 
identical. Consequently, their calculated Φ-value profiles 
were grossly similar, but differed significantly in their fine 
details. FE profile changes that were induced by imposing 
perturbations were responsible for the observed changes in 
Φ values. However, it was hard to find such changes in the 
FE profiles, because such changes were not only small, but 
were also distributed over all regions of the profile. Similar 

Figure 3 Free-energy profiles of proteins, (A) 3CI2, (B) 1RIS, and 
(C) 1URN. The vertical axis on the left is used for D42_13 and D42_16, 
while that on the right is used for D55_13 and D55_16. The horizontal 
axis traces the progress of the protein folding reaction from left to right, 
i.e., from a completely unfolded state to a completely folded state. The 
free-energy profiles of the other proteins are shown in Supplementary 
Figure S2.
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If a whole CO-profile curve was located above the refer-
ence curve, the protein was classified as Type A. If a CO- 
profile curve for small k was located above the reference 
curve, but for large k, it dropped below the reference curve, 
the protein was classified as either Type B or Type C. If the 
CO-profile curve cut across the reference curve around mid-
dle k and was close to the reference curve throughout, the 
protein was classified as Type B; if it cut across the reference 
curve around large k, the protein was classified as Type C. 
Short-range interactions were dominant in Type A proteins. 
The CO-profile curves of Type B proteins contained, as the 
reference curve, the short-, medium-, and long-range inter-
actions that decreased in inverse proportion to residue- 
residue distance. Type C proteins were characterized by very 
long-range interactions such as interactions between N- and 
C-terminal regions. Since the upper left area of the curve 
corresponds to CO as pointed out by Eq. (11), the CO values 
of Type A proteins were the smallest and those of Type C 
were the largest.

Figure 1 shows that the CC values of Type A proteins were 
greater than those of Type C proteins (while the ratio of Type 
A to Type C was 9:5 in the “CC≥0.6” and “0.3≤CC<0.6” 
groups, it was 1:4 in the “CC<0.3” group). The CC values of 
the Type B proteins were of intermediate magnitude. Since 
the Type A proteins were rich in short-range interactions, it 
would be natural to expect that such proteins would be more 
likely to adopt protein-folding mechanisms consistent with 
the framework model. Another remarkable finding from this 
study was that Type A proteins were sensitive to the param-
eters used in the Φ-value calculation. The most plausible 
reason for this is that smaller proteins, which are more sen-
sitive to these parameters, were more likely to be classified 
into Type A than into other groups. This finding indicates 
that CO-profile type, as a method of categorizing proteins,  
is probably not directly related to parameter sensitivity—
although this cannot be completely ruled out.

The Type C proteins in the “CC<0.3” group were inter-
esting because the long-range interactions, such as those 
between the N- and C-terminal regions, were formed at an 
early stage of the folding process without being preceded by 
the formation of secondary structures in the middle of the 
chain; that is, their protein-folding proceeded in accordance 
with the nucleation-condensation model. Unfortunately, the 
model studied in this paper cannot take into account the 
nucleation-condensation model. This is not because we deny 
that the nucleation-condensation mechanism can be active 
in protein folding, but simply because it is very difficult to 
construct a solvable statistical-mechanical model that can 
simulate this mechanism. However, we are interested in 
examining how proteins can fold in accordance with the 
nucleation- condensation model in future work.

CO has previously been discussed in terms of the folding 
rate of a protein [42–46]. In our previous paper [30], we 
demonstrated that the folding rates calculated by the present 
model were also well correlated with the experimentally 

adjust their protein sizes. It was found that the CO profiles 
could be classified into three types, referred to as Types A,  
B, and C (Fig. 4A, B, and C, respectively). In this clas-
sification, the reference curve (a dashed line in Fig. 4),  
ck=–(k–1)2+1 (with normalized ck and k), was used. This 
reference curve can be utilized if the number of native con-
tacts of a residue-residue distance along the chain i decreases 
in inverse proportion to i, i.e., ρi≈n–i, where n is the number 
of residues of a given protein.

Figure 4 Contact-order profiles of 27 proteins. They were classi-
fied into three types, A, B, and C. The dashed curve is y=–(1–x)2+1, 
where [x] and [y] are [the distance between two residues along the 
chain] and [the cumulative number of residue pairs with a distance less 
than or equal to x], respectively. This curve was used to derive the clas-
sification of the proteins (see the text for details).
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particularly that associated with chain entropy. In addition, 
we do not have a sufficient number of experimentally deter-
mined Φ values. Consequently, it is hard to determine the 
best parameter set for our model at present. We consider sen-
sitivity of proteins to such parameters as being one of the 
intrinsic characteristics of protein folding.

Parameter sensitivity was assessed using the root-mean-
square difference (RMSD) between two Φ-value profiles 
that were calculated with different parameter sets. For anal-
ysis of plus/minus perturbations, Φ-value profiles for plus 
and minus perturbations were compared. For analysis of the 
distance cutoff Dc, Φ-value profiles of [D42_13 and D55_13] 
and [D42_16 and D55_16] were compared. For analysis of 
chain entropy parameter B, Φ-value profiles of [D42_13 and 
D42_16] and [D55_13 and D55_16] were compared. The 
results are shown in Table 3. The relatively larger RMSD 
values are indicated by an underline.

Half of the proteins were sensitive to Dc. In particular, 
small proteins (smaller than 63 residues) such as 1ENH were 
sensitive to Dc. A natural expectation would be that changes 
in the residue-residue contact matrix (Γij) caused by a change 

determined folding rates of 72 proteins (with CC=0.81). 
Because Φ values were defined based on folding and unfold-
ing rates, and such rates are related to the CO, the Φ-value 
profile should be related to the CO or the CO profile; and we 
did indeed find some relationships between them. However, 
it was also apparent that these are not the only factors that 
determine Φ values and protein folding.

Sensitivity to parameters
A single set of parameter values to be used in our model 

has not yet been established. In fact, Table 2 shows that the 
best CC values for individual proteins (see underlined fig-
ures) were obtained by using different parameter sets, i.e., 
D42_13, D42_16, D55_13, or D55_16. In other words, 
Φ-value calculations are sensitive to the parameters chosen. 
The cutoff distance Dc that defines a residue-residue contact 
is one of the most important parameters, because it defines 
the 3D structure of a specific protein in the model. Parameter 
B, chain entropy, is also important, because protein-folding 
transitions occur in the balance between enthalpy gain that 
occurs with residue-residue interactions and entropy loss—

Table 3 Root-mean-square difference between Φ-value profiles calculated with different parameter setsa)

Protein
Plus/minus perturbation Dc B

D42_13 D42_16 D55_13 D55_16 D42_13 D42_16 D42_13 D55_13
D55_13 D55_16 D42_16 D55_16

1ENH 0.06 0.05 0.04 0.02 0.17 0.13 0.31 0.29
1IDY 0.04 0.05 0.03 0.04 0.11 0.21 0.13 0.25
1PGB 0.02 0.02 0.01 0.01 0.16 0.15 0.04 0.04
1SRM 0.03 0.04 0.01 0.01 0.16 0.15 0.21 0.15
1SHG 0.18 0.03 0.14 0.01 0.36 0.23 0.19 0.16
1FYN 0.01 0.02 0.04 0.02 0.08 0.07 0.16 0.15
1SS1 0.07 0.04 0.03 0.04 0.25 0.30 0.12 0.08
1BF4 0.04 0.04 0.02 0.03 0.18 0.13 0.11 0.03
3CI2 0.03 0.02 0.19 0.03 0.09 0.08 0.10 0.11
2PTL 0.02 0.01 0.03 0.10 0.14 0.10 0.10 0.07
1CSP 0.04 0.04 0.02 0.01 0.33 0.23 0.20 0.10
1UBQ 0.04 0.02 0.03 0.03 0.10 0.12 0.12 0.09
1AYE 0.02 0.02 0.01 0.01 0.12 0.07 0.03 0.13
2ABD 0.04 0.11 0.02 0.03 0.06 0.08 0.09 0.05
1TIU 0.05 0.02 0.02 0.02 0.19 0.19 0.03 0.02
1BTB 0.01 0.05 0.02 0.02 0.15 0.12 0.03 0.03
1TEN 0.12 0.39 0.27 0.43 0.21 0.19 0.21 0.19
1TTF 0.04 0.06 0.04 0.03 0.13 0.13 0.04 0.02
1URN 0.21 0.13 0.04 0.08 0.21 0.12 0.13 0.12
1N88 0.06 0.05 0.08 0.02 0.16 0.14 0.14 0.17
1RIS 0.03 0.04 0.01 0.01 0.08 0.07 0.06 0.05
2ACY 0.01 0.02 0.01 0.02 0.10 0.11 0.04 0.04
1FKB 0.42 0.32 0.34 0.08 0.20 0.30 0.19 0.11
1RNB 0.01 0.04 0.03 0.02 0.10 0.11 0.02 0.04
2VIL 0.08 0.07 0.12 0.03 0.16 0.15 0.09 0.08
1AZU 0.01 0.04 0.02 0.01 0.10 0.11 0.02 0.01
3CHY 0.04 0.05 0.06 0.05 0.07 0.06 0.07 0.05

a) The underline indicates that a root-mean-square difference is greater than 0.1 for plus/minus perturbation and 0.15 for cutoff distance Dc 
and chain entropy parameter B.
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true for most proteins. However, it was found that the two 
types of perturbation produced significantly different results 
for some proteins: i.e., 1URN, 1TEN, 1SHG, 2VIL, and 
1FKB (Fig. 1 and Table 2). Note that these are “all-β” or 
“α+β” proteins. In these proteins, some residues showed 
large differences between Φ values calculated in the pres-
ence of plus perturbations vs. minus perturbations. In some 
cases, either of the two perturbations gave an irregular Φ 
value, i.e., Φ much greater than one or much smaller than 
zero. Interestingly, when an irregular Φ value was obtained, 
it was almost always in the presence of a minus perturbation.

In particular, the RMSDs between Φ-value profiles were 
larger in 1TEN and 1FKB than in other proteins (Fig. 5). 
Irregular Φ values were obtained for many more residues in 
these two proteins than in the other proteins. Curiously, the 
CC values for these two proteins differed considerably. 
Whereas the CC value for 1TEN was very high, that for 
1FKB was very low (see Table 2).

In the experimental situation, the substitution of an amino 
acid residue with a larger side chain is one of the strategies 
employed to introduce stronger interactions than exist in the 
wild-type protein. However, if such a residue disrupts the 
proper folding of the protein owing to its side chain size, the 
Φ value may be undeterminable or irregular. In the theo-
retical model, however, the plus/minus perturbations only 
change the ensemble of conformations at every step along 
the folding reaction coordinate. Our results suggest that 

in Dc would have a significant effect on smaller proteins (see 
Eq. (2)), and that relatively larger proteins, two examples 
being “all-β” proteins (such as 1CSP, 1TIU, and 1TEN) and 
“α+β” proteins (such as 1URN, 1N88, 1FKB, and 2VIL), 
would be sensitive to Dc. However, we found that many 
larger proteins and “α+β” proteins were classified into the 
“not sensitive” group.

Most proteins that were sensitive to chain entropy param-
eter B were also sensitive to Dc. Smaller proteins such as 
1ENH, 1IDY, 1SRM, 1SHG, and 1FYN were easily influ-
enced by changes in the parameters. It is understandable that 
“all-β” proteins such as 1SRM, 1TEN, 1SHG, 1FYN, and 
1CSP would be sensitive to B, because chain entropy plays 
an important role in the formation of β-sheets. In the forma-
tion of a β-sheet, a larger loss of chain entropy must be over-
come than in the formation of an α-helix.

It is possible to mutate any protein. Mutations may change 
a protein’s 3D structure to some extent, and consequently 
may change the residue-residue contact matrix. A set of 
 proteins with similar 3D structures can be regarded as an 
example of the outcome of such mutations. As discussed 
above, 1ENH and 1IDY have similar 3D structures, and their 
overall Φ-value profiles resembled each other. However, 
they differed significantly in some specific regions. In this 
study, we show that their calculated Φ-value profiles repro-
duce these experimentally observed differences, at least to 
some extent. We also show that the same is true for the SH3 
domain-containing superfamily proteins, 1SRM, 1SHG, and 
1FYN.

Beyond this, it is interesting that Φ-value profiles can 
 provide information that is helpful for identifying residues 
that are sensitive to the model parameters. For example, 
Φ-value profiles allowed us to determine that residues in the 
N-terminal regions of 1SRM, 1SHG, and 1FYN were sensi-
tive to model parameters (Supplementary Fig. S1), as were 
almost all residues in 1SHG. In the Φ-value experiments, the 
Φ values obtained for some specific residues sometimes 
 differed significantly, depending on substituted amino acid 
types or on experimental conditions (see for example Fig. 
2C). These results imply that mutations of certain residues in 
each protein have significant effects on protein folding. The 
sensitivity of specific residues to model parameters can 
reveal such characteristics of a protein.

Plus/minus perturbation
In this paper, Φ values were calculated by imposing per-

turbations of protein structure via single amino acid substitu-
tions. These perturbations changed the predicted interactions 
of a specific residue with the other residues of the protein. 
The two perturbation types “plus” and “minus” were defined 
according to whether the interactions were weakened or 
strengthened by them, respectively. We hypothesized that 
when the degree of perturbation is small, the difference in 
the effect of the plus and minus perturbations should be 
small; and during the current study, this presumption held 

Figure 5 Φ-value profiles of plus/minus perturbations. (A) 1TEN, 
D42_16 and (B) 1FKB, D55_13. See also the caption of Figure 2 for 
the legend. “+” and “–” are Φ-value profiles obtained by plus and 
minus perturbations, respectively. Residues without data indicate that 
the calculated Φ values were irregular.
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illustrating the significance of chain connectivity [30]. The 
wild-type 1RIS has the secondary-structure sequence β1-α1-
β2-β3-α2-β4; it forms β-sheets with long-range interactions 
between β1 and β3, and between β1 and β4. When the 
secondary- structure sequence in the circular permutant P13–14 
changes to α1-β2-β3-α2-β4-β1, the interactions between β1 
and β4 change to short- or medium-range ones, and the 
C-terminal region forms a compact domain, β3-α2-β4-β1, 
that contains β1 and β3. While the circular permutants P33–34 
and P54–55 behave similarly to P13–14, P68–69 and P81–82 do not. 
Accordingly, the Φ-value profiles of P13–14, P33–34, and P54–55 
were different from those of P68–69, P81–82, and the wild-type 

irregular Φ values can be obtained without disrupting proper 
folding.

Although we examined the FE profiles of 1TEN and 
1FKB, we could not find remarkable differences between 
their plus/minus perturbations. In general, an irregular Φ 
value is obtained if Δln kf–Δln ku, which is the denominator 
of Eq. (10), is too small. One possible explanation is that 
subtle changes occur throughout the FE profiles, and occa-
sionally a change in the folding rate Δln kf is very close to a 
change in the unfolding rate Δln ku. However, it should be 
noted that 1TEN and 1FKB are “all-β” proteins and have 
complex folding topologies of β-strands. A protein’s folding 
topology is regarded as complex if the folding process can-
not easily be represented as a step-by-step formation from 
short-, to medium-, and then to long-range interactions. 
Although the CO is introduced to explain such complexity, 
more details regarding folding topology may be necessary to 
explain the remarkable differences observed between the 
plus/minus perturbations for these proteins. Interestingly, in 
the FE profile of 1FKB, the difference between the local 
minimum in the unfolding region and the local maximum in 
the transition region was considerably larger than that for the 
other proteins (see Supplementary Fig. S2). Obviously, this 
reflects the complex topology of folding that exists for 
1FKB, which affects its irregular behavior in the Φ-value 
calculation.

Circular permutants
The Φ-value analysis experiment involving circular per-

mutants of the ribosomal protein S6 [74] (PDB ID: 1RIS) 
provided an interesting example to discuss Φ-value calcula-
tion, particularly regarding the important role of the con-
nectivity of the polypeptide chain. A circular permutant is 
created by dividing a given protein into two fragments, i.e., 
N- and C-terminal fragments, by an incision; then the N- 
terminal fragment is connected after the C-terminal fragment. 
In this analysis, circular permutants were assumed to have 
the same 3D structure as the wild-type protein, despite the 
differences in their connectivities.

1RIS has the secondary-structure sequence β1-α1-β2-β3-
α2-β4. Five circular permutants, P13–14, P33–34, P54–55, P68–69, 
and P81–82, were constructed, where the superscripts indicate 
the position of the incision. All possible incisions between 
the secondary-structure elements of 1RIS were examined 
[74].

Φ values for the circular permutants were calculated by 
means of the same inter-residue contact information that was 
used for the wild-type 1RIS, but with differences in the 
respective connectivity, e.g., 14–97 and 1–13 for P13–14. Fig-
ure 6 shows the Φ-value profiles for the wild-type 1RIS and 
its circular permutant, P13–14. Φ-value profiles for the other 
circular permutants are given in Supplementary Figure S3. 
CC values for the wild-type proteins and circular permutants 
are shown in Table 4.

The two Φ-value profiles shown in Figure 6 are useful for 

Figure 6 Φ-value profiles of the wild-type 1RIS and its circular 
permutant, P13–14. See also the caption of Figure 2 for the legend. The 
cross symbol in (B) indicates the location of the scission point of the 
circular permutant. The Φ-value profiles of the other permutants are 
given in Supplemental Figure S3.

Table 4 Correlation between experimentally observed and  
theoretically calculated Φ values for wild-type 1RIS and  

its circular permutantsa)

Protein Nm

Correlation coefficient, CC

D42_13 D42_16 D55_13 D55_16

1RIS wtb) 16 0.32 0.29 0.25 0.22
1RIS P13–14 12 0.84 0.85 0.88 0.89
1RIS P33–34 15 0.43 0.44 0.51 0.51
1RIS P54–55 16 0.51 0.50 0.60 0.60
1RIS P68–69 15 –0.02 –0.05 –0.10 –0.13
1RIS P81–82 15 –0.05 –0.08 –0.12 –0.16

a) See also the footnotes to Table 2.
b) The experimental data for wild-type 1RIS are cited from the differ-

ent paper [74] from that in Table 2 [65].
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