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Abstract 

Elucidation of protein folding mechanisms is one of the most important problems 
in biophysics. Free energy landscapes of protein folding based on statistical mechanics 
provide comprehensive understanding of protein folding pathways and folding 
intermediates. Wako-Saitô-Muñoz-Eaton (WSME) model, a coarse-grained statistical 
mechanical model of proteins, is a promising strategy for predicting the free energy 
landscapes based on protein structures. The WSME model has successfully predicted 
experimentally observed folding mechanisms of small proteins. However, the WSME 
model is unsuitable for prediction of folding reactions of large multi-domain proteins that 
are stabilized by non-local interactions. To overcome this limitation, the WSME-L model 
having the linker term, representing the non-local interaction was developed and the exact 
analytical solution was established.  

The WSME-L model was applied to hen egg-white lysozyme by introducing the 
linkers at the non-local disulfide bonds. The model predicted parallel folding pathways 
with several intermediates, which was consistent with the experimentally observed 
folding mechanisms of the disulfide-intact lysozyme. Furthermore, the kinetic behaviors 
of the folding pathways were consistent with the experimental observations.  

Next, the free energy landscapes of four proteins homologous to hen egg-white 
lysozyme (canine milk lysozyme, human α-lactalbumin, goat α-lactalbumin, and bovine 
α-lactalbumin) were calculated. Although these proteins have similar backbone structure, 
folding experiments showed that they have different folding pathways depending on the 
derived species. The WSME-L model successfully predicted the dominant folding 
pathways and residue-specific folding processes of these proteins consistent with the 
experimental observations. Moreover, virtual mutational analysis suggested that the 
folding pathways of lysozyme and α-lactalbumin are sensitive to the distribution of the 
native contacts. Therefore, the WSME-L model can extract subtle differences of folding 
mechanisms encoded in native structures.  

Finally, the WSME-L model was modified to be applicable to transient formation 
of non-local interactions by introducing a virtual linker and was applied to apomyoglobin 
that does not have disulfide bonds but forms non-local interactions by hydrophobic 
collapse early in the folding process. The model successfully predicted the folding 
pathway of apomyoglobin consistent with the experimental observation. Thus, the 
WSME-L model may pave the way for predicting the folding mechanisms of large multi-
domain proteins.  
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1. General Introduction 

1.1. Protein folding problem 

Proteins are biopolymers consisting of chains of a dozen to several hundred amino 
acids and fold into specific compact structures in appropriate solvents. Depending on 
amino acid sequences, proteins form various three-dimensional structures and express a 
variety of functions. Therefore, elucidating the mechanisms of how proteins fold into 
specific structures, i.e., the protein folding problem, is one of the most important problems 
in biophysics and life sciences. Solving the protein folding problem will provide an 
understanding of structures and functions of proteins, leading to the understanding of 
many biological phenomena, in which proteins are involved. Recently, proteins are used 
in medical applications, such as antibody drugs, and industrial applications, such as 
bioenergy production. Therefore, understanding the folding mechanisms will also 
facilitate these applications. 

Many experimental and theoretical studies have been conducted to elucidate the 
protein folding mechanisms. Anfinsen proposed that protein structure is determined only 
by its amino acid sequence (Anfinsen 1973) and Levinthal proposed that proteins fold 
through specific pathways (Levinthal 1969). Thus, since the 1970s, characterization of 
intermediates in folding reactions has been extensively performed (Baldwin 2005) and, 
to date, many experimental techniques have been established. For example, circular 
dichroism (CD) spectroscopy and fluorescence spectroscopy have been used to measure 
folding free energies with thermodynamic analysis. Experimental techniques such as 
stopped-flow methods have also been developed for measuring folding kinetics and 
enabled to characterize the structures of the transition state by Φ-value analysis (Fersht et 
al. 1992). Using nuclear magnetic resonance (NMR) spectroscopy, detailed structures of 
folding intermediates can be measured by combining hydrogen/deuterium (H/D) 
exchange methods (Schmid & Baldwin 1979). These experiments showed that small 
single-domain proteins with less than 100 residues fold in a two-state manner (Jackson 
1998). In contrast, large multi-domain proteins with more than 100 residues exhibit 
complex folding behavior, involving a folding intermediate(s) and one or more folding 
pathways (Kuwajima 1989; Ptitsyn 1995; Arai & Kuwajima 2000; Arai 2018). These 
intermediates observed in the folding processes of large proteins, called molten globules, 
exhibit compact structures without tight packing of side chains and have native-like 
secondary structures (Ohgushi & Wada 1983; Kuwajima 1989; Arai & Kuwajima 2000). 
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1.2.  Gō model 

In general, it is difficult to theoretically obtain overall picture of the protein folding 
reaction because the proteins are many-body systems consisting of complicated chemical 
bonds. However, from the viewpoint of statistical mechanics, if the free energies of 
possible protein states are calculated and the free energy landscape of protein folding is 
described, comprehensive understanding of folding pathways can be obtained 
(Bryngelson et al. 1995). Thus, to calculate the free energy landscape of protein folding, 
many theoretical methods have been developed. Molecular dynamics (MD) simulation 
based on ab initio approach is one of the successful methods (McCammon et al. 1977). 
In the simulation, the atoms that make up a protein are regarded as point particles and 
their time evolution is calculated using the Newton’s equations of motion and force fields 
that determine interactions between particles. Due to the recent remarkable development 
of computers and efficient sampling methods, long-time folding simulations have been 
performed for many proteins (Lindorff-Larsen et al. 2011). However, folding simulations 
of large proteins with more than 100 residues are still difficult because of the extremely 
large conformational space that should be sampled (Perez et al. 2016; Gershenson et al. 
2020). In addition, deep learning approaches to predict protein three-dimensional 
structures from amino acid sequence have recently made a great leap (Baek et al. 2021; 
Jumper et al. 2021). However, the state-of-the-art protein structure prediction methods 
do not provide the understanding of how proteins fold (Outeiral et al. 2021). 

By contrast, efficient sampling is possible using an artificial potential biased toward 
the native structure, known as Gō model. The Gō model considers an ideal protein and 
assumes that only the interactions formed in the native state contribute to stabilize the 
protein and all non-native interactions are excluded. This model is based on the 
consistency principle (Gō 1983) and the principle of minimal frustration (Bryngelson et 
al. 1995). The consistency principle states that local and non-local interactions are 
consistent with each other in an ideal protein, and the interactions formed in the native 
structure specifically stabilize the native state. In other words, the native state has the 
lowest energy among the possible conformations, and proteins have funnel-shaped 
energy landscape (Bryngelson et al. 1995) (Fig. 1). Protein molecules on the surface of 
the funnel fold toward the bottom corresponding to the native state. Cross section 
perpendicular to the energy axis represents the number of possible states. The funnel 
indicates that the number of protein states converges to one or small numbers after folding 
into the stable native state. Similarly, the principle of minimal frustration states that 
energetic frustrations corresponding to roughness of the funnel surface should be minimal 
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for a protein to be foldable. Since the ruggedness of the funnel surface is due to the 
inconsistency between the interactions in the native state and those formed during folding, 
both the consistency principle and the principle of minimal frustration are equivalent. 
Taken together, the energy landscape of ideal proteins has a shape of a perfect funnel. If 
no such bias toward the native structure was present, a protein would have to explore a 
tremendous amount of conformational space during the folding process and would not 
find the native state on biological timescales, suggesting that naturally occurring proteins 
have evolved to have a smooth funnel-like energy landscape biased toward the native 
state in order to quickly fold into the correct structure (Onuchic & Wolynes 2004). Hence, 
the Gō model considers only the native-like interactions. Note that although the Gō model 
requires the native structure, which is the answer to the protein structure prediction, 
finding the folding pathway(s) is a non-trivial problem even if the native structure is 
given. 

The Gō model was originally developed as a simple lattice model for protein folding 
study (Taketomi et al. 1975). Amino acid residues are represented as points on a lattice, 
and stable interactions are formed only when residue pairs are in contact with each other 
in the native structure. This study proposed a consistency between local interactions that 
form secondary structure and non-local interactions that form tertiary structure in the 
native state of proteins (Gō & Taketomi 1978). After the lattice model was extensively 
studied, a coarse-grained off-lattice model using the Gō potential was constructed 
(Clementi et al. 2000). In this model, each amino acid residue is represented as a single 
bead that can be located anywhere in three-dimensional space, and the entire protein is 
treated as a chain of the beads constrained by a harmonic potential referenced to the 
native structure. An attractive interaction is implemented to the native pairs, and non-
native pairs have repulsive interactions. Due to such bias toward the native state, the off-
lattice Gō model allows for efficient folding simulations compared to MD simulations 
that use physically accurate potentials. The folding free energy landscapes were 
calculated for various proteins using this model and its extended version, and it was 
revealed that the predicted folding pathways and structures in the transition state are 
qualitatively consistent with experimental results (Koga & Takada 2001; Karanicolas & 
Brooks 2002; Kouza et al. 2006; Hills & Brooks 2008; Li et al. 2012). 

Simple statistical mechanical models based on the Gō potential were also developed 
concurrently with the development of the off-lattice Gō model (Alm & Baker 1999; 
Galzitskaya & Finkelstein 1999; Muñoz & Eaton 1999). These models assume that, as 
folding reaction proceeds, total energy of the protein is decreased due to formation of the 
native interactions. In addition to this Gō-type potential, the reduction of conformational 
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entropy of the main chain attributed to structural constraint along the folding process is 
incorporated. These physical properties show energy-entropy compensation and provide 
free energy barrier. Despite their simplicity, the statistical models successfully explained 
the experimentally observed features such as folding rate of small single-domain proteins, 
indicating that both the consistency principle and the principle of minimal frustration 
hold for small proteins.  

Since the Gō model completely ignores non-native interactions, it is difficult to 
fully capture the folding mechanism of proteins, which form non-native structures in 
folding intermediates such as β-lactoglobulin (Hamada et al. 1996; Arai et al. 1998; 
Chikenji & Kikuchi 2000). However, the success of the Gō model in predicting many 
aspects of protein folding has confirmed the importance of the role of native interaction 
(Zhou & Karplus 1997; Matysiak & Clementi 2004). All-atom MD simulations with 
physics-based force-field have validated the role of native and non-native interactions, 
and trajectories of long-time folding simulation of small proteins supported the 
assumption of the Gō model (Lindorff-Larsen et al. 2011; Best et al. 2013; Henry et al. 
2013). 

 

 

 

Figure 1. Perfect funnel-like energy landscape of protein folding. 

This energy landscape is for an ideal protein based on the consistency principle and 
the principle of minimal frustration. From the unfolded state, protein molecules slide 
down the funnel surface and finally reach the native state. 
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1.3.  WSME model 

Wako-Saitô-Muñoz-Eaton (WSME) model is one of the promising models for 
calculating free energy landscapes of protein folding (Wako & Saitô 1978a; Wako & Saitô 
1978b; Muñoz & Eaton 1999). This model was originally proposed by Wako and Saitô in 
1970s and was later re-discovered by Muñoz and Eaton in 1999. The WSME model has 
three key features. First, this model is one of the Gō-type models and considers only the 
interactions formed in the native state. Second, this model is a simple, coarse-grained 
statistical mechanical model, and the exact solution of the partition function can be 
calculated (Bruscolini & Pelizzola 2002). Thus, the free energy landscapes can be readily 
obtained using a computer due to this simplicity. Third, this model assumes that the 
folding is initiated as the result of local interactions between neighboring residues and 
spreads to distal regions via the growth and docking of native segments. Such a folding 
picture is based on a framework model of protein folding (Baldwin 2005). 

The details of the original WSME model are as follows. First, an Ising-like two-
state variable mk is assigned to each residue of a protein. The index k is the residue number. 
These residue states correspond to the orientation of main-chain dihedral angles: mk = 1 
when the residue is in the native-like conformation and mk = 0 when the residue takes 
unfolded state. The protein state {m} is described as the set of the residue states (m1, m2, 
…, mN) where N is the total number of residues. In this model, the protein is coarse-
grained and computationally grouped into 2N states. Next, Hamiltonian of the WSME 
model is defined as follows: 

 

{ }
1

, ,
1 1

( )
N N

i j i j
i j i

H m mε
−

= = +
= ∑ ∑    (1) 

 

where εi,j is contact energy in the native state between residues i and j. εi,j takes negative 
value when the stable interaction is formed in the native state. mi,j is defined as follows: 
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and mij = 1 only when all residues between i and j are folded. Therefore, the native 
interactions between residues i and j are established only when all intervening residues 
fold cooperatively into their native conformations (Fig. 2). 

The number of states W is defined as follows: 

 

0 B
1
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N

i i
i

W m S S m k
=

  
= +      

∑    (3) 

 

where kB is the Boltzmann constant, S0 is the conformation entropy of the fully unfolded 
state, and Si (<0) is the entropic reduction attributed to the formation of the native 
confirmation. Equation 3 shows that the number of states is explicitly described using the 
conformational entropy of the main chain, and the possible states decrease along the 
folding process. S0 was set to 0 in later calculations because S0 is constant and does not 
affect the result.  

 An order parameter of the magnetic phase transition is described by 
magnetization in the Ising model. From analogy with the magnetization, the order 
parameter of the degree of the native structure formation n is described as:  

 

 

Figure 2. Schematic representation of the folding process in the WSME model. 

Residues in native or unfolded conformations (mk = 1 or 0) are shown in filled or open 
circles, respectively. The native contact between residues i and j (red line) is formed 
only when these residues are connected by a native stretch along the main chain, that 
is, when all intervening residues between them are in the native conformations 
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n = 0 when the protein is fully unfolded, and n = 1 when the protein is completely folded 
(Fig. 2). Then, the partition function Z restricted by the order parameter is denoted as 
follows:  
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where T is the absolute temperature and Trn is the sum of all possible states under the 
constraint n. When M residues are folded, n = M / N and the NCM states are added up. The 

free energy B( ) ln ( )F n k T Z n= −  is finally obtained from the partition function. 

The WSME model has successfully explained the experimentally inferred 
folding mechanisms of small single-domain proteins (Muñoz & Eaton 1999; Itoh & Sasai 
2006; Bruscolini & Naganathan 2011). An example is the folding of the B-domain of 
protein A (BdpA), which consists of three α-helices. Experimental results showed that the 
middle helix folds first and the C-terminal helix follows (Sato et al. 2004). Using the 
WSME model. the free energy landscapes consistent with the experimental results was 
obtained (Itoh & Sasai 2006). Moreover, this model has been successfully used to predict 
the folding free energy landscapes of multi-domain proteins with end-to-end tandem 
connection of small globular domains, for which the folding of each domain precedes the 
docking of both domains (Itoh & Sasai 2008; Itoh & Sasai 2009).  

However, the WSME model is unsuitable for prediction of folding reactions of 
large multi-domain proteins that are stabilized by non-local interactions (Itoh & Sasai 
2008; Inanami et al. 2014; Sasai et al. 2016; Gopi et al. 2019). For example, multi-domain 
proteins, which have an insertion of one domain in another domain requires non-local 
interactions to obtain a reasonable free energy landscape, because the folding of a 
discontinuous domain may occur through non-local hydrophobic collapse mechanisms 
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before the folding of the intervening domain (Arai & Kuwajima 2000; Arai 2018). To 
take into consideration the folding of a discontinuous domain even when the intervening 
continuous domain is disordered, Inanami et al. introduced a virtual linker between the 
N- and C-termini of Escherichia coli dihydrofolate reductase (DHFR) (Inanami et al. 
2014; Muñoz 2014; Sasai et al. 2016). The virtual ring closure of the polypeptide chain 
enhanced the non-local interactions in the discontinuous domain and resulted in multiple 
minima in the free energy landscape of DHFR, which is consistent with multiple folding 
intermediates observed in experiments (Jennings et al. 1993; Arai et al. 2003a; Arai et al. 
2003b; Arai et al. 2011). Thus, the introduction of a virtual linker in the WSME model 
enables the consideration of non-local interactions during the folding of multi-domain 
proteins. After the development of the extended WSME model, which has a virtual linker 
at the N- and C-termini of a protein, Sasai et al. proposed an idea of introducing multiple 
linkers at arbitrary positions to calculate free energy landscapes of the proteins that have 
more complicated domain arrangement (Sasai et al. 2016). However, the idea was only a 
proposal for model extension, and the construction of a concrete model, the establishment 
of the calculation method, and their application to actual proteins have not been 
accomplished. 

Therefore, to make the WSME model generally applicable to any protein, it is 
necessary to develop a method for the introduction of multiple linkers at any positions in 
a protein. For example, an all-α type protein, apomyoglobin, folds through intermediates 
that have non-local interactions between distant helices (Jennings & Wright 1993; Tsui et 
al. 1999). Since multi-domain proteins are abundant in the proteomes and the average 
size of proteins is 300–400 residues (Milo & Phillips 2015), a key challenge that remains 
to be solved is to predict the folding mechanisms of multi-domain proteins.  

In addition, the original WSME model cannot take into consideration a branched 
connection of a polypeptide chain introduced by a disulfide bond(s), which connects non-
local segments of the chain by a covalent linker(s). The disulfide bond is an explicit non-
local interaction that affects folding reactions. For instance, lysozyme is a multi-domain 
protein with four disulfide bonds, and the folding pathway has been experimentally 
investigated in the presence of intact disulfide bonds (Dobson et al. 1998). The WSME 
model cannot consider the disulfide bonds due to the model assumption. Therefore, it is 
necessary to develop a model that can account for such covalent non-local interactions. 
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1.4. Purpose 

As described above, to calculate the free energy landscapes of various large, 
multi-domain proteins, it is necessary to develop an extended version of the WSME 
model that can account for multiple non-local linkers at arbitrary positions, not limited to 
a single linker between the N- and C-termini. In Chapter 2, I developed the WSME-L 
model to take into account specific non-local interactions by introducing multiple 
covalent linkers at arbitrary positions and constructed a calculation method for the 
partition function of the WSME-L model. Then, to verify whether the WSME-L model 
supports experimental results, the free energy landscapes of the disulfide-intact hen egg-
white lysozyme (HEWL) was calculated.  

In Chapter 3, I calculated the free energy landscapes of four proteins homologous 
to HEWL. Although lysozymes and α-lactalbumins are homologous to each other and 
have similar backbone structure, folding experiments in the presence of disulfide bonds 
showed that the folding pathways differ depending on the derived species (Nakamura et 
al. 2010). Thus, I examined whether the WSME-L model can explain the differences in 
the folding pathways of homologous proteins. 

In Chapters 2 and 3, the WSME-L model was used for the proteins possessing 
disulfide bonds, which are explicit non-local interactions. In Chapter 4, to construct the 
model that can take into account transiently formed non-covalent, non-local interactions 
at an arbitrary position, not limited to the non-local interactions between the N- and C-
termini, I provided a specific equation of this model with a virtual linker at an arbitrary 
position. Then, I calculated the free energy landscapes of apomyoglobin and examined 
whether the free energy landscapes calculated by the extended model are consistent with 
experimental results.  
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2. Development of the WSME-L model and prediction of 

lysozyme folding 

 

 本章については、5 年以内に雑誌等で刊行予定のため、非公開。 
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3. Prediction of different folding pathways of homologous 

proteins: lysozymes and α-lactalbumins 

 

本章については、5 年以内に雑誌等で刊行予定のため、非公開。 
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4. Prediction of the folding pathway of apomyoglobin 

 

本章については、5 年以内に雑誌等で刊行予定のため、非公開。 
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5.  General Discussion 
 

本章については、5 年以内に雑誌等で刊行予定のため、非公開。 
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6. Conclusions 
 

In this study, to predict protein folding mechanisms of large multi-domain proteins, 
the WSME-L model with linker terms representing non-local interactions was developed 
and the exact analytical solution was established by modifying the calculation method for 
the original model. First, this model was applied to a model protein, hen egg-white 
lysozyme (HEWL), by introducing the covalent linkers at the disulfide bonds. The free 
energy landscape predicted by the WSME-L model had parallel folding pathways with 
several intermediates, which was consistent with the experimentally observed folding 
mechanisms of the disulfide-intact lysozyme. The kinetic analysis based on the free 
energy landscape showed that the time-dependent behaviors of kinetic species were 
consistent with the experimentally observed behaviors. Moreover, theoretical Φ-value 
analysis integrated into the WSME-L model provided detailed insights into structure 
formation via the folding pathways, and the single linker analysis provided the 
understanding of the role of each disulfide bond. 

Next, the WSME-L model with an extension of ion-binding energy was applied to 
predict the folding pathways of several proteins homologous to HEWL: canine milk 
lysozyme, human α-lactalbumin, goat α-lactalbumin, and bovine α-lactalbumin. Although 
these proteins have similar backbone structure, the folding experiments showed that they 
have different folding pathways depending on the derived species. The WSME-L model 
successfully predicted the dominant folding pathways and residue-specific structure 
formation consistent with the experimental observations. Moreover, virtual mutational 
analysis revealed the native contacts important in determining folding pathways and 
further predicted the mutations that can modulate the folding mechanisms. Thus, the 
WSME-L model can explain the subtle differences in the folding mechanisms encoded in 
native structures.  

Finally, the WSME-L model was extended to consider non-covalent non-local 
interactions and was applied to apomyoglobin, which shows hydrophobic collapse early 
in the folding process. The free energy landscape calculated by the WSME-L model with 
a transient linker successfully predicted the folding pathway of apomyoglobin consistent 
with the experimental observation. Taken together, the WSME-L model can pave the way 
for predicting the folding mechanisms of large multi-domain proteins.  
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