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Understanding how proteins fold through a vast number 
of unfolded states is a major subject in the study of pro-
tein folding. Herein, we present itinerary profiling as a 
simple method to analyze molecular dynamics trajec-
tories, and apply this method to Trp-cage. In itinerary 
profiling, structural clusters included in a trajectory are 
represented by a bit sequence, and a number of trajec-
tories, as well as the structural clusters, can be compared 
and classified. As a consequence, the structural clusters 
that characterize the foldability of trajectories were able 
to be identified. The connections between the clusters 
were then illustrated as a network and the structural fea-
tures of the clusters were examined. We found that in the 
true folding funnel, Trp-cage formed a left-handed main-
chain topology and the Trp6 side-chain was located at the 
front of the main-chain ring, even in the initial unfolded 
states. In contrast, in the false folding funnel of the pseudo- 
native states, in which the Trp6 side-chain is upside down 
in the protein core, Trp-cage had a right-handed main-
chain topology and the Trp side-chain was at the back. 
The initial topological partition, as determined by the 
main-chain handedness and the location of the Trp resi-
due, predetermines Trp-cage foldability and the destina-

tion of the trajectory to the native state or the pseudo- 
native states.
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The dynamics of protein folding is one of the most funda-
mental problems in the life sciences. Extensive efforts in 
both theoretical and experimental studies have been directed 
toward understanding how a protein folds into a unique struc-
ture from an enormously large number of unfolded confor-
mations [1]. Owing to accelerated growth in computational 
power, simulation of the folding of mini-proteins, or fast- 
folding proteins has become feasible to provide detailed 
trajec tories of the entire folding process at an atomic level 
[2–9]. However, there is still a difficulty with large-scale 
computations in processing the large amount of trajectory 
data that arises from complex dynamics occurring with large 
degrees of freedom [9].

Large amounts of trajectory data are usually treated by 
projection onto two- or three-dimensional space, spanned by 
the principal components [10,11] or by reaction coordinates 
[12], such as the radius of gyration or the proportion of 
native contacts [13], and the dynamical process is examined. 
However, such a drastic reduction in dimensions tends to 
remove the important features of the folding dynamics. 

Recent advances in computer technology now enable the performance of large-scale molecular dynamics 
simulations. As a result, a large number of protein-folding trajectories can be generated to be analyzed in 
detail. We have developed an itinerary profiling method to process trajectory data. The profiling and network 
methods were applied to the Trp-cage data and the characteristic folding pathways were determined. It 
demonstrates that these techniques are powerful tools which can be used to decipher the complex dynamical 
data of bio-molecules.
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[33,34,38,39], and transition path sampling [30,31]. These 
studies in turn have stimulated experimental studies using 
fluorescence and NMR spectroscopy [29,40–42]. The for-
mation of the secondary structure and the hydrophobic cage, 
as well as the burial of Trp6 have been proposed as the ele-
mentary folding steps of Trp-cage [17,31,32,40–42]. In sim-
ulations, two distinctive folded forms, the native structure 
(1L2Y, Fig. 1a) and pseudo-native structures (Fig. 1b), have 
been found, whether or not the two forms were distinguished 
explicitly [17,32,35]. The pseudo-native structures are less 

Moreover, the folding process is highly complex and even 
chaotic [14], and sometimes a simple average operation does 
not yield a physically relevant result. To handle these spatio-
temporal complexities, methods for analyzing folding trajec-
tories have been proposed based on various concepts, includ-
ing network [15], graph [16], alignment [17,18] and manifold 
[19].

In this study, we have investigated the entire folding pro-
cess of a 20-residue mini-protein, Trp-cage, based on 200 
molecular dynamics (MD) simulations (each of 50 ns) 
obtained previously [17]. To overcome the difficulty in ana-
lyzing a large amount of complex simulation data, we used a 
combination of two bioinformatic approaches, profiling and 
network. Profiling has frequently been employed in analyses 
of the large-scale data derived in comparative genomics 
(phylogenetic profiling) [20,21] and in transcriptome (gene 
expression profiling) research [22,23]. In folding trajecto-
ries, profiling reduces each trajectory to a bit sequence of 
existence (=1) and nonexistence (=0) of a certain class of 
structures in a trajectory. This reduction is achieved by 
discard ing information about the structural details of the 
mole cule, and the number and order of occurrence of the 
structures in the trajectory. This coarse-grained representa-
tion, or the itinerary profile, enables us to simplify and char-
acterize trajectories with chaotic dynamics, including non- 
monotonous motions, e.g., recurring motion frequently 
observed in the unfolded structures. The classification of the 
itinerary profiles of the folding trajectories allows us to iden-
tify representative trajectories and characteristic structural 
clusters that are important in determining the entire folding 
process.

Network representation is a powerful technique to repre-
sent the connections among numerous elements, e.g., gene 
regulatory networks [24] and protein interaction networks 
[25]. In the analysis of folding trajectories, network repre-
sentation has played an important role in depicting the fold-
ing pathways [8,15,26], where the vertices represent struc-
tural clusters and the edges represent the transitions occurring 
during the folding process. However, when the raw data of 
200 trajectories are directly mapped on a network, it is diffi-
cult to derive anything remarkable from the labyrinthine net-
work. To avoid this complication, we identified representa-
tive trajectories and characteristic structural clusters in the 
profiling process to examine a network, with a layout opti-
mized by the Kamada-Kawai algorithm [27], to give a com-
prehensive overview of the structural transitions toward the 
folded structure.

The small protein Trp-cage was used a model protein to 
demonstrate the use of our method. A designed mini-protein, 
Trp-cage (NLYIQ WLKDG GPSSG RPPPS; PDB: 1L2Y 
[28]), is one of the fastest folding proteins with the folding 
speed of approximately 4 μs [29]. Trp-cage has been studied 
extensively by folding simulations, in both explicit [6,30–
34] and implicit solvents [4,17,35–37], using MD simula-
tions [4,6,17,35–37], the generalized ensemble method 

Figure 1 Final stage of the folding process of Trp-cage and its 
folded forms. (a) Stereo diagrams of the typical folding process toward 
the native structure observed in trajectory 126. In the unfolded struc-
ture (31.6 ns, pink) the main-chain forms a left-handed ring (c). Finally, 
the Trp6 side-chain enters the protein core from the front of the ring 
(the yellow arrow) and the left-handed ring becomes planar (32.4 ns, 
red). In the folded form, the position of the Trp6 residue, taking the 
rotamer type 4 (|χ1|>120 and χ2>0), overlaps well with that of the 
NMR structure (PDB: 1LY2, light green), where an α-helix (3–8), a 
G-helix (11–14), and a C-terminal poly-proline II helix constitute the 
hydrophobic cage that enwraps the central Trp residue. (b) Stereo dia-
grams of typical folding process toward a pseudo-native structure 
observed in trajectory 51. In the unfolded structure (33.2 ns, cyan) the 
main-chain forms a right-handed ring (d). Finally, Trp6 enters the pro-
tein core from the back of the ring (the yellow arrow) and the right-
handed ring becomes a planar ring (33.4 ns, blue). In the folded form, 
the main-chain trace is similar to that of the NMR structure (light 
green), but Trp6 lies upside down in the protein core, compared with 
the NMR structure. (c) The left-handed ring. (d) The right-handed ring.
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is less than 2.0 Å during the next 200 ps. The rotamer types 
of Trp6 were assigned for each snapshot by measuring the χ1 
and χ2 angles [46]. Rotamer 4 (|χ1|>120 and χ2>0) corre-
sponds to the native structure. Folding states were catego-
rized into native or pseudo-native according to the rotamer 
type.

Itinerary profile
The itinerary profile is a bit sequence indicating whether a 

trajectory visits a structural cluster or not. The itinerary pro-
files for the 200 trajectories were represented in the form of 
a 140×200 matrix (see Fig. 2 in the Results Section). When 
the i-th structural cluster (1≤i≤140) is included in the itiner-
ary of the j-th trajectory (1≤ j≤200), the element (i, j) is 
marked by a dot. Each itinerary profile covers only the infor-
mation of the first folding event along a 50 ns trajectory, 
starting from the fully extended structure and ending at the 
first folded structure attained, ignoring later unfolding 
events. If a trajectory does not reach a folded state, all data 
were employed in the itinerary profile.

The Matthew’s correlation coefficient
To estimate the similarity of two bit sequences, the 

 Matthew’s correlation coefficient (MCC) was employed 
[47]. The arc-cosine was calculated to convert the correla-
tion into the distance [48]. A perfect correlation (1) and 
anti-correlation (–1) correspond to 0 and 180, respectively. 
A dendrogram was obtained using the UPGMA method [49].

Network
All the networks were illustrated by the neato program in 

GraphVis (http://www.graphviz.org/) where the nodes are 
linked by the springs and the energy of this system was opti-
mized by the Kamada-Kawai algorithm [27]. Basically, 
linked nodes are placed in the neighboring positions in the 
network.

The ring: front/back and left-handed/right-handed
The ring is a protein shape in which the N- and C-termini 

are placed close together [50]. The ring ratio was defined by 
the largest sequence separation between the close residue 
pair divided by the protein length. The close residue pair was 
the one with a Cα distance <7 Å. The ring ratio of the NMR 
structure is 0.85. Once the ring shape (defined by ring ratio 
≥0.65) is formed, the ring plane and the front and back sides 
of the ring can be defined. The ring plane was defined by the 
following three points: the Cαs of Trp6 and Pro17, and the 
midpoint of the Cαs of Gly9 to Ser14. The position of the 
Trp side-chain was represented by the midpoint of Cδ2 and 
Cη2 and its location (d) from the ring plane was measured. 
The positive direction of d, corresponding to the front side 
of the ring, was determined by the corkscrew rule along the 
sequence (from the N to C termini). The handedness of the 
main-chain trace was determined by the projection of a vec-
tor from the Cα of Ser20 to the Cα of Asn1 onto the normal 

stable, and have the correct main-chain trace but a non- 
native Trp side-chain rotamer formed by turning the indole-
ring upside down.

In a previous study [17], we analyzed the later stages of 
the folding process by the trajectory alignment method, in 
which folding trajectories (arrays of sequential snapshots of 
structures) were aligned by dynamic programming allowing 
gaps [43]. It was found that the two folded forms were 
attained through different pathways characterized by the 
main-chain and Trp side-chain motions. The Trp-cage protein 
first brings the chain termini together to form a ring-shaped 
structure. This ring shape is divided into two different types 
characterized by the handedness of the main-chain twist, i.e., 
either a left-hand (Fig. 1c) or right-hand (Fig. 1d) twisted 
conformation. In the final stage of folding, the Trp side-chain 
dives into the cage composed of the main-chain ring, from 
either the front (Fig. 1a) or the back (Fig. 1b) of the ring 
plane. Thus, the two pathways are characterized by the 
combination of main-chain twist and the motion of the Trp 
side-chain, i.e., left-hand/front and right-hand/back, imply-
ing that the motion of Trp6 is strongly correlated with the 
handedness of the main-chain twist. Furthermore, we found 
that the left-hand/front pathways led to the native structure 
(Fig. 1a), whereas the right-hand/back pathways resulted in 
the pseudo-native structures (Fig. 1b). Findings from the 
later stages of the folding process suggest that the folding 
funnel of Trp-cage is extremely rugged, and divided dis-
cretely by the handedness of the main-chain twist into path-
ways leading either to the native state or the pseudo-native 
states.

Herein, using profiling and network methods, we enhance 
this analysis, previously limited to the later stages of folding, 
to cover the entire folding process, including the initial state 
of fully denatured structures, and view the landscape dis-
cretized by the handedness of the main-chain twist.

Methods
Cluster analysis

A half million snapshots generated by 200×50 ns (10 μs  
in total) MD simulation [17], employing the modified 
AMBER99 force field [4] with the generalized Born implicit 
solvent [44] at 325 K, were divided into 2,036 clusters by the 
CD-hit like method [45]. We employed various root mean 
square deviation (RMSD) cutoffs (1.5–5.0 Å) according to 
the distance from the NMR structure [28] in the RMSD 
space (Supplementary Table S1). To calculate the RMSD 
between snapshots, we used 20 Cα atoms and the 3 Trp side-
chain atoms, Cδ1, Cδ2, and Cε3. The 140 major clusters, in 
which the population was more than 0.1 %, were selected 
(Supplementary Table S1).

Folding event
At the folding event, the backbone RMSD from the NMR 

structure is less than 2.0 Å, and the averaged RMSD (400 ps) 
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native Trp-cage is “CCHHH HHHCC GGGGC CCCCC”, 
and the α-helix (residues 3–8) and G-helix (residues 11–14) 
regions were focused on. For these regions, the match and 
mismatch between the NMR structure and the snapshot were 
evaluated. A mismatch of H/G was counted as a three- 
quarter match. The total match was normalized by the length 
of region.

vector of the ring plane. Positive and negative values corre-
spond to left-handed and right-handed twists, respectively. 
The Trp side-chain position and the main-chain handedness in 
the NMR structure are given by 1.86 Å and 0.23, respectively.

Secondary structure formation
Using the DSSP program [51], secondary structures were 

assigned for the NMR structure [28] and each snapshot in 
the trajectories. We considered only α-helix (H), G-helix 
(G), and β-strand (E) structures and all other conformations 
were regarded as coils (C). The secondary structure of the 

Figure 2 The itinerary profiles (central) and the dendrograms of trajectories (top) and major structural clusters (left). The red, blue, green num-
bers along the top of the itinerary profiles indicate the trajectories folding to the native state, those folding to the pseudo-native states, and the 
unfoldable trajectories, respectively. In the dendrogram, trajectories are divided into four groups TN, TP, Tu1, and Tu2, as indicated by the red, blue, 
green, and orange bars, respectively, on the top edge of the profiles. The branch indicated by the blue circle divides the unfoldable trajectories into 
Tu1 and Tu2, The trajectories characteristic of the respective trajectory groups: 24 trajectories of TN, 58 of TP, 38 of TU1, and 30 of TU2, are represented 
by four row vectors. They can be considered as the representative trajectories for the four trajectory groups, and are denoted as N, P, U1, and U2, 
respectively, marked by the red circles at the left side. The structural clusters specific for a trajectory group are shown in dark (MCC≥0.5 for CN, 
CP, and CU1. MCC≥0.2 for CU2) and light (0.3 for CN, CP, and CU1. 0.1 for Cu2) colored numbers at the left side. The red, blue, green, and orange 
numbers correspond to CN, CP, CU1, and CU2, respectively. The dots in the itinerary profiles are illustrated according to these colors. The color bars 
at the left side of matrix show the localization of specific structural clusters. Note that bars do not necessarily correspond to specific branches in the 
dendrogram.
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respectively. In other words, the intermediate structures in 
these cluster groups are fingerprints characterizing their 
respective destination structures. In contrast, the CU2 clusters 
are ubiquitously distributed over all trajectory groups. The 
cluster group CU2 is considered to represent the initial fold-
ing state, because the structural clusters in CU2 were found in 
the first part of the folding process of trajectories belonging 
to either TN or TP. This is more clearly represented in the 
network structure given in the next section. In addition, there 
are structural clusters forming a group, located between CN 
and CP (see the bars at the left side of matrix), collectively 
called CU3, although CU3 does not show a unique correlation 
with any of the trajectory groups, and shares a similar profile 
with CU2. In the next section, CU3 will be discussed in terms 
of the folding pathway.

The frequency of the transitions within and between the 
cluster groups, CN, CP, CU1, and CU2, are given in Table 1 in 
the form of the logarithm of the ratio between the observed 
frequency of the transitions and the frequency of a random 
transition expected from the size of clusters. Positive values 
were observed mostly in diagonal elements indicating that 
the major parts of the folding pathways consist of transitions 
within the same structural clusters. On the off-diagonal, only 
the transition between CU1 and CN occurred more frequently 
(0.20) than a random transition. These frequencies suggest 
that the route of the major folding pathway to the native state 
starts from the initial folding state CU2, surmounts the rather 
high barrier between CU2 and CU1, and finishes by the transi-
tion from CU1 to CN, i.e., CU2→CU1→CN. The transition 
between CU2 and CP was not frequent (–0.65), suggesting 
that there is another intermediate state connecting CU2 and 
CP.

Folding network
The detailed features of the transitions between the struc-

tural clusters can be illustrated more explicitly in a network 

Results and discussion
Itinerary profile

The itinerary profiles for the 200 trajectories of the 140 
clusters are shown in Figure 2, in which the corresponding 
cells are colored if the trajectory contained the cluster. The 
200 trajectories were compared and classified in terms of the 
MCC [47] between a pair of itinerary profiles. The results 
are illustrated in a dendrogram of the 200 trajectories (Fig. 2, 
top), in which the columns of the matrix (Fig. 2, center) were 
permuted according to the distances defined by the MCC. 
The dendrogram indicates that there are four distinctive 
groups, TN, TP, TU1, and TU2. These groups are named for the 
destination structure at the end of the itinerary, based on the 
fact that 24 out of 32 trajectories classified as TN have the 
native structure as the destination structure and 58 out of 83 
trajectories in TP have the pseudo-native structures as the 
destination. Both TU1 and TU2 mostly consist of the trajecto-
ries that did not fold during the entire 50 ns simulation time 
(unfoldable trajectories), but they are separable at the branch 
marked by a blue circle in the dendrogram; 38 trajectories 
out of 47 in TU1 and 30 trajectories out of 38 in TU2 are 
unfoldable. This classification demonstrates that trajectories 
represented in the form of itinerary profiles exhibit a high 
correlation with the destination structure at the end of the 
itinerary. Such a correlation between the folding paths and 
the destination structures has already been found for the later 
stages of the folding process [17]. Here, the same relation-
ship was found for the entire folding process. The four sets 
of trajectories that are characteristic of the respective trajec-
tory groups, 24, 58, 38, and 30 trajectories of TN, TP, TU1, and 
TU2, respectively, were marked by dots to form four row 
 vectors in Figure 2. In the itinerary profiles, these four rows 
indicate the representative trajectories for the four groups of 
trajectories, and were denoted as N, P, U1, and U2 (red cir-
cles at the left side in Fig. 2). They can also be regarded as if 
they were four structural clusters in addition to the 140 struc-
tural clusters listed on the left side.

In the same manner as for the classification of the trajec-
tories, the 140 structural clusters, together with the most 
characteristic structural clusters, N, P, U1, and U2, were 
classified to construct a dendrogram (Fig. 2, left; the rows of 
the matrix were permuted according to the distances). To 
identify more clearly the correspondence between the trajec-
tories and the structural clusters in this matrix, we defined 
the groups of structural clusters appearing exclusively in one 
of the four trajectory groups as CN, CP, CU1, and CU2, in terms 
of the MCC with the sets of the most characteristic structural 
clusters, N, P, U1, and U2, respectively (MCC≥0.3 for CN, 
CP, and CU1 and ≥0.1 for CU2; the lower criterion was used 
for CU2 because U2 contains various types of structures and 
there are very few structures belonging exclusively to U2). 
Clear localization of dense regions of CN, CP, and CU1 in 
 Figure 2 indicates that the trajectories of TN, TP, and TU1 
exclusively contain the cluster groups CN, CP, and CU1, 

Table 1 Transitions among the characteristic structural clusters

Cluster groups CN CP CU1 CU2 CU3

CN (6) 0.93 –0.27 0.20 –0.68 –1.13
CP (25) 0.50 –0.41 –0.65 0.00
CU1 (29) 0.26 –0.21 –0.10
CU2 (18) 0.36 0.01
CU3 (10) 0.14

The numbers in parentheses (in the left column) are the number of 
structural clusters in each group. The connection of cluster groups X 
and Y were evaluated by the frequency of the connections defined as, 

log10
 n(X,Y)Na

na(X)na(Y)
 , where n(X,Y) is the number of edges between the 

cluster groups X and Y, na(X) = ∑
Y

n(X,Y) and Na = ∑
X

na(X). n(X,Y) was 

counted in the non-redundant way, i.e., 0 or 1. Therefore, even if the 
transition of a given cluster pair was observed frequently, we only 
noted the transition was “present”. CU3 was defined by a branch in 
which the structual clusters 76, 92, 104, 115, 132, 127, 139, 111, 98 and 
103 were included (see Fig. 2 and Fig. 3a).
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handedness (left-handed (=1) or right-handed (=0)) between 
two neighboring structural clusters appearing along a trajec-
tory (the same and the reverse transitions were ignored). We 
found the correlation coefficient for structures in the CU2 
region to be 0.20, although it is lower than the MCC for 
structures in the other regions, which have a MCC value of 
0.52 on average. This implies that Trp-cage determines the 
handedness of its main-chain structure in the CU2 region, 
with allowance for only occasional changes. After the pro-
tein has attained CU1 or CP, the handedness becomes largely 
fixed, leading to either the pathway to the native or the 
pseudo- native states.

Another characteristic feature of Trp-cage is the position 
of the side-chain of Trp6 relative to the surface formed by 
the ring-shaped structure of the main-chain, i.e., whether it is 
at the front or the back (Fig. 1; see the Methods Section for 
the definition), which strongly correlates with the main-chain 
handedness. In Figure 3c, the average positions of the side-
chains of Trp6 for each cluster are plotted and the structural 
clusters can be seen to be clearly divided into two groups, 
according to whether the Trp is positioned front (red nodes) 
or back (blue nodes), which correlate well with the left-
handed and right-handed conformations of the main-chain, 
respectively. This indicates that the position of the side-chain 
of Trp6 is another determinant of the destination of the fold-
ing, either to the native state or the pseudo-native states, in 
addition to the main-chain handedness. The MCC values of 
the side-chain position of Trp6 between neighboring struc-
tures appearing along a trajectory were found to be similar to 
those for handedness, 0.32 within the CU2 region, and 0.59 
outside the CU2 region. In the later stages of folding, we 
found two typical pathways, left-hand/front leading to the 
native structure and right-hand/back leading to the pseudo- 
native structures [17]. Thus, the network analysis revealed 
that the separation of the two folding pathways starts at a 
very early stage of the folding.

Another event in the folding process, the formation of the 
α-helix at the N-terminal region (residues 3–8), also sepa-
rates the structural clusters into two groups, but in a manner 
different from the handedness or the position of Trp6. The 
degree of formation of the N-terminal helix divides the clus-
ters between those in the initial stage of folding (the CU2 
region) and the other later stages (Fig. 3d). This indicates 
that the α-helix is formed after CU2, independent of the desti-
nation structure [41]. The formation of the α-helix correlates 
with the radius of gyration (Fig. 3e) and the q-value (the 
ratio of the native contacts, Fig. 3f), suggesting that the fac-
tors separating the initial folding stage and the later stages 
are the α-helix formation [41] and the hydrophobic collapse 
[40].

A very late event in the folding process is the formation of 
the G-helix in the middle of the sequence (residues 11–14). 
Most of the clusters in the CU2 and CU1 regions do not contain 
the G-helix, but a few clusters around N and P nodes indicate 
some G-helix content (Fig. 3g).

connecting the structural clusters in CN, CP, CU1 and CU2 and 
others (uncategorized clusters), which were optimally con-
figured by the Kamada-Kawai algorithm [27] (Fig. 3a). The 
network is roughly divided into three regions. The largest 
region (Fig. 3a, the top dashed circle) includes abundant 
clusters of CU2 (orange), thus named “the CU2 region”. The 
other two regions are those protruding from the CU2 region in 
Figure 3a; the left region (the left dashed circle) is charac-
terized by CP clusters (blue, “the CP region”) and the right 
region (the right dashed circle) mostly contains CU1 clusters 
(green “the CU1 region”). At the end of the CU1 region, CN 
(red) and the native state (the red rectangular node labeled as 
“N”) are situated. The pseudo-native states (blue rectangular 
nodes labeled by “P and a number”; where the number cor-
responds to the rotamer number of the side-chain of Trp6 
[46]) are positioned at the end of the CP region. This network 
structure is fully consistent with the transition frequencies 
given in Table 1, and confirms the major folding pathway, 
CU2→CU1→CN.

Structural clusters of CU3 are localized between the CU2 
and the CP regions, as shown by the red dashed circle in 
 Figure 3a. These clusters can be interpreted as the inter-
mediate states connecting CU2 and CP. The log ratios of the 
frequencies between CU3 and CU2 and between CU3 and CP 
were calculated to be 0.01 and 0.00, respectively (Table 1). 
Although these values are in the order of that for a random 
transition, reflecting the non-specific character of the itiner-
ary profile in CU3, they are much larger than those among the 
other pairs of the cluster groups (the off-diagonal elements 
in Table 1), except for that between CU1 and CN. Therefore, 
the major folding pathway to the pseudo-native structures 
can be said to be via CU3, i.e., CU2→CU3→CP. However, 
because of the CU2-like randomness in CU3, the role of CU3 in 
the network is not the same as that of CU1, and thus it was 
concluded that the pathways to the native structure and the 
pseudo-native structures are not formed symmetrically in 
the folding network, with the former much more definitely 
determined than the latter.

It is possible in the network to view the structural features 
in the folding process. The very first event determining the 
destination of the folding pathway, going either to “N” or 
“P” nodes, is the differentiation of the main-chain handed-
ness in the initial folding process. We evaluated the average 
degree of handedness for each structural cluster (Fig. 1; see 
the Methods Section for the definition). Figure 3b indicates 
that handedness clearly divides the clusters into two groups, 
corresponding to the true pathway going to the native struc-
ture (left-handed, red nodes) and the false pathway going to 
the pseudo-native structures (right-handed, blue nodes). It 
was noted that this separation had already occurred in the 
initial folding states in the CU2 region and was retained in the 
later folding stages. This means that the destination structure 
is determined at a very early stage of the folding through the 
handedness of the main-chain trace. To explain the above 
observation more quantitatively, we calculated the MCC of 
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Figure 3 The folding network. (a) The network of structural clusters. CN, CP, CU1, and CU2 are shown in red, blue, green, and orange, respec-
tively. The specific edges for TN, TP, TU1 and TU2 are also shown in the same colors. We created bit sequences of edges (pairs of clusters) that show 
the corresponding trajectory includes the edge or not. Using these profiles of edges and N, P, U1, and U2, the correlated edges were determined as 
those with MCC≥0.2. (b–g) The network colored according to the structural features of each cluster (the average values of snapshots in the cluster). 
(b) The handedness of the main-chain [red: maximum value = 6.0 Å (left-handed), blue: minimum value = –6.0 Å (right-handed)]. (c) The position 
of the Trp side-chain [red: 3.5 Å (front), blue: –3.5 Å (back)]. The helix formation [red: 0.85 (about 5 of 6 residues formed on average), blue: 0.40 
(2.4 of 6 residues formed)]. (e) The radius of gyration [red: 6.4 Å (compact), blue: 8.0 Å (expanded)]. (f) The q-value [red: 0.8 (abundant native 
contacts), blue: 0.3 (few native contacts)]. (g) The G-helix formation [red: 0.85 (3.4 of 4 residues formed), blue: 0.6 (2.4 of 4 residues formed)]. The 
coloring was empirically adjusted to highlight the folding process clearly.
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Conclusions
We analyzed the entire folding process of Trp-cage, using 

a large amount of trajectory data [17]. To tackle the difficulty 
in analyzing a large amount of complex simulation data, we 
designed a method using itinerary profiling and a network to 
analyze the folding data. This method was applied to deter-
mine the characteristic folding pathways for Trp-cage (sum-
marized in Fig. 4). These techniques are powerful tools 
which can be used to decipher the complex dynamical data 
of bio-molecules.
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