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ABSTRACT
In the native structure of a protein, all the
residues are tightly parked together in a
specific order following its folding and every
residue contacts with some spatially neighbor residues. A residue contact network can
be constructed by defining the residues as
nodes and the native contacts as edges. During the folding of small single-domain proteins, there is a set of contacts (or bonds),
defined as the folding nucleus (FN), which
is formed around the transition state, i.e., a
rate-limiting barrier located at about the
middle between the unfolded states and the
native state on the free energy landscape.
Such a FN plays an essential role in the
folding dynamics and the residues, which
form the related contacts called as folding
nucleus residues (FNRs). In this work, the
FNRs in proteins are identified by using
quantities which characterize the topology
of residue contact networks of proteins. By
comparing the specificities of residues with
the network quantities KR, LR, and DR, up
to 90% FNRs of six typical proteins found
experimentally are identified. It is found
that the FNRs behave the full-closeness centrals rather than degree or closeness centers
in the residue contact network, implying
that they are important to the folding cooperativity of proteins. Our study shows that
the FNRs can be identified solely from the
native structures of proteins based on the
analysis of residue contact network without
any knowledge of the transition state
ensemble.

INTRODUCTION
It is widely accepted that folding of small single-domain proteins follows the nucleation-condensation mechanism and shows a two-state
behavior. The transition state (TS), i.e., a rate-limiting barrier, is located
at about the middle between the unfolding states and the native state on
the free energy landscape.1–3 It is found that around the TS there are key
contacts (or bonds) which are defined as folding nuclei (FNs), and the
related residues of these contacts are called as folding nucleus residues
(FNRs). The FNs and the related FNRs play an essential role in the folding dynamics. There are two kinds of the FNs, namely the critical FNs
and the postcritical FNs. The critical FNs drive fast folding when they are
formed in the TS, and the conformations where the critical FNs are
formed have equal folding probability (or 1/2) to be the unfolded or the
native. The postcritical FNs drive inevitable and fast folding when they
are formed after the TS. That is, once these key contacts between the
FNRs are well formed, a framework of the native conformation of the
protein is well established and then the other non-FN residues are pulled
to form native contacts by the FNRs. The folding is downhill to the native
state along the free energy funnel rapidly. Thus, the features of the postcritical FN should be characterized for studying the folding behavior of
the two-state proteins since the subsequent folding of the proteins proceeds after such a nucleus is formed (see a detailed discussion in Ref. 1).
Precisely, this nucleus or the minimal set of contacts which seeds the folding
can be found from conformations around the TS because the postcritical
FN is close to the barrier state.1 Therefore, to characterize the FN, a transition state ensemble (TSE) needs to be collected and the related FNRs should
be identified. To identify the FNRs and characterize the features of the FN is
very important for studying the folding and evolution of proteins, as well as
for designing sequences of proteins with specific structures.
Many experimental and theoretical efforts have been made to identify
the FNRs and to characterize the feature of the FN.4–16 In experiments,
the FNRs are identified generally by the so-called /-value. The /-value is
defined as the ratio of the changes in stability between the TS and the
native state when a single site mutation on residue is made in the protein,
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i.e., / 5 DDG{2U/DDGN2U. Note that DDG{2U 5
(G{2GU)m2(G{2GU)w (or DDGN2U 5 (GN2GU)m2
(GN2GU)w) is the change of free-energy differences
between the TS (or the native state) and the unfolded
states due to the mutation. Here the G{, GU, and GN are
the free energy at the TS, the unfolded states, and the
native state, and the subscripts ‘‘w’’ and ‘‘m’’ represent
the wild-type and the mutated case of the protein,
respectively.4 Generally, the /-value measures the contribution of the mutated residue to the stability of the TS.
Residues with high /-values usually take important role
in formation and stability of the TS and are relevant to
the FNRs. While in theory, by monitoring the performances of various contacts in the TS following the folding
trajectories, residues with important contacts are identified as the FNRs.5,6 Thus, no matter in experiment or
theory, the knowledge of the TSE and the native state is
needed for the identification. However, it is not easy to
obtain a well-defined TSE since intensive simulations on
folding should be made, resulting in that the identification of nuclei is difficult.17,18
In the native state of a protein, balance of various contacts between residues stabilizes the native conformation.
If residues are regarded as nodes and contacts as edges
between the residues, the native structure can be transformed into a residue contact network19–23 although
the linear chain of the protein introduces some constraints for local residues. As a result, some quantities,
which characterize the features of various complex networks proposed in different fields, can be used to study
the properties of the residue contact networks. Thus, the
interactions between the residues in the native state and
the topology of the native state can be well described,
and the folding behavior can be characterized since the
topology of the native state is the dominant factors for
the folding of proteins.24–31 Furthermore, from the
quantification of the properties of the residue contact
network, some important residues and contacts should
present quite special characters, which may be related to
the FN. Therefore, the FNRs of a protein could be
worked out from its native conformation only by characterizing the properties of the residue contact networks.
In this article, after transforming the native structures
of proteins into residue contact networks, three quantities
associated with the relative solvent accessibility (RSA) are
used to identify the nuclei. It is shown that up to 90%
FNRs found experimentally could be identified correctly
for six proteins, and that the FNRs are those residues
which are essential to the folding dynamics of a protein.
MATERIALS AND METHODS
Construction of the residue
contact network

As to the native structure of a protein, residues can be
regarded as nodes and contacts as edges. Here, a contact
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is defined when any two nonhydrogen atoms from residues i and j are within a distance rc 5 4.5 Å. The contacts then can be transformed to an adjacent matrix Aij
5 H(rc 2 rij) for |i 2 j| > 3 and zero otherwise. Here
H(x) is the Heavyside step function with H(x) 5 1 for x
> 0 and H(x) 5 0 for x  0. An example of the transformation for protein src-SH3 is shown in Figure 1.
Quantities characterizing the topology
of network

Similar to the quantities used to characterize the complex network, we defined three quantities to study the topology of the residue contact network. They are the
degree Ki, the path length Li,32 and the specialty Di for
node-i.
The degree of node-i, Ki, is defined as the number of
neighbors of node-i,
Ki ¼

N
X

Aij ;

ð1Þ

j¼1

where N is the total number of the nodes in the network.
The path length Li for node-i is defined as the shortest
path length from node-i to another node-j on average,
Li ¼

N
1 X
lij ;
Ni j6¼i

ð2Þ

where lij represents the shortest path length from node-i
to node-j, and Ni is the total number of nodes from
node-i reaching to other nodes through edges. Clearly,
the average path length L for the whole network is
L¼

N
1X
Li :
N i¼1

ð3Þ

Obviously, a high value of Ki means that the node-i
has a large number of edges and is a degree central in
the network,23 and a low value of Li means that the
node-i has short transmitting path from the node to all
the related nodes and is a closeness central.23 Since Ki
characterizes the local topology of the network while Li
the global nature, the degree centrals are the local centrals while the closeness centrals are the global centrals in
the network. These centrals are important to the topology of protein structures and usually related to the key
residues in proteins.23
Furthermore, in the error analysis of network,32,33 the
specialty of a node can be obtained by comparing
changes of some quantities, say L, for the network when
the node is removed with respect to the original case.
Thus the specialty of node-i can be described by the difference of L between these two cases using
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Figure 1
The native structure of protein src-SH3 (pdb code: 1nlo) (a), and the related residue contact network (b). Dark area in (a) are the hydrophobic core and the lines are the
noncovalent contacts.

Di ¼ LiRM  LWD :

ð4Þ

Here LWD is the average path length for the network of
the wild-type of the protein and LiRM is the average path
length for the error network when node-i is removed.
Note that as described earlier, Li scales the closeness from
node-i to other nodes while Di scales the effect of node-i
taking the closeness between all the pairs of nodes in the
network differently. This means that Di includes the
effect of node-i acting as a bridge in the shortest path
between two other nodes. Thus, Di characterizes the contribution of node-i to the closeness of more pairs of
nodes in network than that of Li, and nodes with high
values of Di can be termed as the full-closeness centrals
with respect to the closeness centrals.
Quantities for identification on the FNRs

As mentioned earlier, the FNRs take important roles to
the folding of proteins and identifying them is very useful to understand the mechanism of protein folding.
Generally, there are two key factors, i.e., the geometrical
one and the energetic one which determine the folding
process of a protein together. The formation of the FN,
so the key contacts for folding, is affected by both factors. This means that, to accomplish a good identification on the FNRs, these two factors should be considered. In our identification, the geometrical factor is
considered by the three quantities related to the contact

network which characterize the topology of the native
structures of proteins. Thus, to consider the energetic
factor, the RSA of a residue in the native structure of a
protein,34 which represents the effect of the hydrophobic
interactions, a main driving force for folding, is included
in our identification. Intuitively, residues buried in the
interior of a protein molecule would have small values of
the RSA while residues exposed to solvent would have
large values of the RSA. Additionally, both geometry and
stability of proteins imply that the FNRs often prefer to
appear in the interior of the protein molecule.34 Therefore, we can further formulate quantities Ki, Li, and Di by
taking into account the factor RSA as follows
KiR ¼ Ki =RSAi ;

ð5Þ

LiR ¼ Li 3 RSAi ;

ð6Þ

DiR ¼ Di =RSAi :

ð7Þ

Such kind of combinations bias to the residues in the
interior of protein molecule, and improves the efficiency
of our identification on the FNRs. Clearly, the FNRs
would have large values of Ki, small values of Li, and
large values of Di (see results). The values of the RSA in
our study are evaluated by the software MOLMOL.35
However, as argued in Ref. 23, the RSA and the networkbased quantities Ki, Li, and Di in Eqs. (5)–(7) are
independent.
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It is worthy noting that the identification is realized by
defining a reference line for the values of quantities KcR,
DcR, or LcR (defined as Xc). When residue-i has a value of
KR  KcR, DR  DcR, or LR  LcR, this residue is picked
out as a possibly FNR. Here Xc is obtained via a statistical analysis on the average distribution of the quantity X.
In detail, assuming that the quantity X for various residues follows a Gaussian distribution, the most probable
value Xp of the quantity X is taken as the central of the
distribution, and the variation could be calculated with
the regular procedure, rX 5 <(X 2 Xp)2> where the average runs over all residues of the concerned protein.
Then Xc is picked as the Xp 1 rX for KR and DR, or Xp
2 rX for LR to ensure that the identified residues are significantly different from average. Note that small deviation of Xc may introduce some false nucleus in our identification, but it would not affect the successful identification on correct nucleus.
Six proteins to be identified

Six proteins, i.e., src-SH3 (1nlo), CI2 (1ypc), Acp
(1aps), S6 (1ris), U1A (1urn), and Tendamistat (2ait) are
selected to test our procedure. All these proteins fold following the nucleation-condensation mechanism and their
FNRs have been well identified experimentally and simulationally.4–16
All the possible FNRs for these six proteins are collected from previous experiments and simulations, and
are classified into two groups, namely the assured nuclei
residue (ANR) and the unsure nuclei residue (UNR). An
ANR is defined when it is confirmed both experimentally
and theoretically, while an UNR is declared only experimentally or theoretically. In our study, the ANRs are the
exclusive benchmark, and the UNRs are included as a
complementary reference. In addition, a residue which is
neither the ANR nor the UNR but identified as a nucleus
in our procedure, is termed as a possible nucleus residue
(PNR). To evaluate our identification procedure, both
the sensitivity (SE) and the specificity (SP) for the identification are defined. The SE of identification of the ANRs
is defined as the number of identified ANRs divided by
the total number of ANRs, and the SP as the total number of the ANRs divided by the number of our identified
residues, respectively.23
RESULTS AND DISCUSSION
First, let us present the results for src-SH3 which has
57 residues and consists of five b-strands, a 310-helix, a
RT loop, and a distal hairpin. Among them, b-strand-2
and b-strand-3 are orthogonally packed as the hydrophobic core [see the dark area in Fig. 1(a)]. The nuclei are
formed via a hydrogen bonding network together with
some residues in the hydrophobic core in b-strand-2, bstrand-3, and 310-helix.7–9 This network involves resi-
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dues Glu30, Ser47, and Thr50, while the hydrophobic
core involves Phe10, Leu24, Ile34, Ala45, and Ile56. These
residues concrete the packing of b-strand-2, b-strand-3,
and 310-helix by local or nonlocal hydrogen bonds in the
TSE, and mutations on them increase the free energies of
the native state dramatically. These suggest that the eight
residues are important to form and stabilize the native
state and can be termed as the ANRs.7–9 Four residues,
i.e., Tyr16, Phe26, Leu32, and Val61, located inside or
around the hydrophobic core, were argued to be the
extensions of eight ANRs.8 In the TSE, they hold the terminals of b-strand-2, b-strand-3, and 310-helix together,
enabling the b-b-310 pattern to be stable. Mutations on
them also make the native state unstable.8,9 These four
residues are termed as the UNRs. To play the identification of the nuclei of SH3, its native structure is transformed into a residue network [see Fig. 1(b)], and then
the related quantities KR, LR, and DR (see Materials and
Methods) are calculated and shown in Figure 2(a–f) in
which the solid and cross circles are for the ANRs and
UNRs, respectively. It is seen that most of the solid and
cross circles are above the reference lines (see Materials
and Methods) with high values of KR and DR, but low
values of LR (inversely axis), indicating well identification
of the nuclei. Six residues out of the eight ANRs, and
four UNRs, as well as seven PNRs in Figure 2(a,b); five
out of the eight ANRs, four UNRs, as well as three PNRs
in Figure 2(c,d); and eight ANRs, and four UNRs, as
well as four PNRs in Figure 2(e,f) are identified. Thus,
the values of SE of the identification of the ANRs using
KR, LR, and DR are 75.0, 62.5, and 100.0%, and the
related values of SP are 35.3, 41.7, and 50.0%, respectively (Table I). Obviously, the values of SE and SP using
DR are higher than those using KR and LR, providing
that the nuclei of src-SH3 can be well identified using
DR based on the native structure.
Similarly, nuclei in five other proteins are also identified (Table I). The averaged values of SE are 75.6, 77.7,
and 90.5%, while the related SP are 40.7, 36.2, and
51.1%, respectively. These identifications using the combined quantities KR, LR, and DR are generally better than
those using the original quantities Ki , Li , and Di since
the contribution of hydrophobicity in protein folding is
included (see Materials and Methods). Especially, the values of SE are all increased about 10–20% (data are not
presented) after the combinations. Note that a test solely
using the RSA is worse than the identifications using Ki,
Li, and Di (data not shown). Specifically, the ability in
identification using DR is stronger than those using KR
and LR, indicating that DR is a more effective quantity.
This optimal identification using DR can be understood
by analyzing the properties of three quantities Ki, Li, and
Di for the network because the RSA is uncorrelated with
these network-based quantities. Usually, FNRs play important roles to the folding cooperativity of the proteins.
That is, once the contacts between the FNRs are well
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Figure 2
Identification for src-SH3 using KR (a,b), LR (c,d), DR (e,f) and experimental f-values (g). (b), (d), and (f) show the detailed plotting of (a), (c), and (e) around the
reference lines, respectively. The solid circles represent the ANRs and the cross circles present the UNRs. Some open circles are above the reference lines, showing
identification of some possible nuclei. Note that the residue index is following the way in the related PDB file of the protein.

formed, the other non-FN residues are pulled by the
FNRs, and then the whole protein folds to its native state
rapidly. Such a folding cooperativity is relevant to the
special connections between nodes in the residue contact
network, which relates to the average path length L (see
Materials and Methods) of the whole residue network
because the more less the L is, the more quickly the residues response to the pulling of by other residues. This
can be further described by the quantity Di according to
Eq. (4). Differently, both Ki and Li cannot characterize
the coherent dynamics of the related contact network.
The reason is as follows. Ki is a local quantity since it
only related to the number of contacts of residue-i, and
Li is not sufficient to describe the global property of the
network because it does not include the effect of all residue pairs in the network. Therefore, after combining
these three quantities for the network with RSA, the
identifications by DR are more effective than those of KR
and LR.

According to the above discussions on the identifications by using K, L, D, KR, LR, and DR, it can be concluded that the quantity DR is the best one. Thus, our
following discussions on the nuclei identification for the
six proteins are focused on the identifications by using
DR. Detailed identifications of these nuclei using DR are
shown in Figure 3. It is seen that the identifications perform very well. For example, all ANRs for protein SH3,
CI2, UIA, and Tendamistat are identified, and only one
ANR, i.e., residue Phe60, for S6 is not identified. Besides,
four ANRs out of seven ANRs for Acp are identified. The
identifications of the UNRs also perform well. Except residue Leu69 for U1A and residue Asp11 for Tendamistat,
all other UNRs for the six proteins are identified. In
addition, the related /-values for these proteins are plotted in Figures 2(g) and 3(b,d,k), respectively. Note that
the plots of /-values for protein U1A and Tendamistate
are absent. This is because that for protein U1A the /values in different denaturant concentrations12 rather
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51.1
90.5
36.2
77.7
40.7
75.6

Unidentified ANRs and UNRs are marked with square brackets. Signs of KR, LR, and DR for the related ANRs, UNRs, PNRs are listed in the last three columns.

1, 1, 1, 1
1
1, 1
1, 1, 1, 1, 1, 1, 1
1
1, 1, 1
1, 1, 1, 1
1, 1
1, 1, 1, 1
1, 1, 1, 1, [1]
1, 1
1, 1, 1, [1]
1, 1 , 1, 1, 1, 1, 1, 1
1, 1, 1
1, 1, 1, 1, 1, 1, [1]
1, 1, 1, 1, 1, 1, 1, 1
1, 1, 1, 1, [1, 1, 1]
1, 1, 1, 1, 1, 1, 1, 1
16, 26, 32, 61
39, 66
10, 63, 67, 79
12, 55, 58, 84, [69]
13, 35
16, 59, 71, [11]
10, 24, 30, 34, 45, 47, 50, 56
35, 68, 76
6, 8, 26, 30, 65, 75, [60]
14, 17, 26, 30, 34, 40, 43, 45
11, 25, 30, 94, [45, 47, 54]
12, 22, 25, 33, 34, 35, 56, 70
50.0
50.0
42.1
50.0
57.1
57.1
100.0
100.0
100.0
85.7
57.2
100.0
41.7
33.3
32.0
42.8
30.1
37.5
62.5
100.0
100.0
71.4
57.2
75.0
35.3
42.8
26.1
40.0
50.0
50.0
75.0
100.0
75.0
85.7
42.8
75.0

src-SH3 (1nlo)
CI2 (1ypc)
S6 (1ris)
U1A (1urn)
Acp (1aps)
Tendamistat
(2ait)
Average

KR

SP
(%)
SE
(%)

SE
(%)

12, 43, 54, 57
24
22, 64
11, 57, 59, 65, 68, 86, 87
53
21, 23, 37

UNs
LR
ANs
KR
PNs
UNs
ANs
SP
(%)
SP
(%)

SE
(%)

DR
LR
Proteins
(PDB ID)

Table I

Values of SE and SP for the identification using K R, LR, and D R for six proteins. Detailed identification of the ANRs, the UNRs, and the PNRs using D R are also listed

PNs
DR

J. Li et al.

than in water are provided in experiment, and for protein Tendamistate there are no related experimental
results. As to proteins src-SH3, CI2, S6, and Acp, the
ANs are well identified by using /-values since they usually have distinctively high /-values. This is consistent
with our identifications on ANs by using DR, indicating
that the nuclei areas identified by using the /-values and
DR are generally the same [see Figures 2(g) and
3(b,d,k)]. However, there are limitations for the identifications by using /-values since the /-values for some
residues in a protein are often absent. For example, most
/-values of UNs for protein Acp are absent [see Fig.
3(k)]. Thus, based on a study on all the residues in proteins, our identifications by using DR can provide more
candidates for the FNRs of proteins.
Now let us make a detailed discussion for protein CI2
which has 64 residues and is composed of an a-helix
packed against six b-strands [Fig. 4(b)]. The nuclei confirmed by experiments or/and simulations are the a-b-b
area including the a-helix, b-strand-3, and b-strand-4.
Three ANRs, i.e., residues Ala35, Leu68, and Ile76 locate
at the center of the nucleus area,4,5,10,11 and two
UNRs, i.e., residues Ile39 and Val66, locate at the nucleus
margin.5 The related interactions of three ANRs were
found to be the key interactions to build up the a-b-b
pattern in the TSE.4,5 The two UNRs were not confirmed by experiments, but were argued to be important
to the TSE since their native degrees in TSE are not only
very close to those of the three ANRs, but also much
higher than those of all other nonnucleus residues.4,5 In
the TSE, Ile39 located in the a-helix mainly connects
with the b-strand-3, and contributes to the stabilization
of the nuclei area between the a-helix and b-strand-3,
while Val66 located in the b-strand-4 mainly connects
with the N-terminal of the a-helix, and contributes to
the stabilization of the nuclei area between the a-helix
and b-strand-4. Using DR, six residues, i.e., three ANRs,
two UNRs, and one PNR [Fig. 3(a) and Table I], are
identified, which is well consistent with those determined
previously by others.
So far, our identification of the ANRs and UNRs is
very efficient, although some PNRs are also found (Figs.
2 and 3 and Table I). These PNRs could be checked in
detail one by one based on the native structures (Fig. 4).
For example for src-SH3 [Fig. 4(a)], four PNRs, i.e., residues Ala12, Trp43, Gly54, and Pro57, are distributed in
the neighbors of the ANRs (i.e., Ala12 near to Phe10,
Trp43 near to Ala45, Gly54, and Pro57 near to Ile56).
Since the orientations of their side chains are about the
same as those of their neighboring nuclei, e.g., the side
chain of Ala12 has basically the same orientation as
Phe10 and faces to the nucleus area. Note that Ala12 has
a special high value of DR [Fig. 2(e)] since it is a member
in the hydrophobic core with extremely low value of
RSA. Thus, presumably, these four PNRs play the same
important role in the TSE as the neighboring nucleus.

Residue Contact Networks of Proteins

Figure 3
DR versus the residue index for CI2 (a), S6 (c), U1A (e,f), Tendamistat (g,h), and Acp (i,j), respectively. Note that the related f-values for CI2, S6, and Acp are in (b),
(d), and (k), respectively. Similar to Figure 2, (f), (h), and (j) show the detailed plotting around the reference lines.
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and stabilization of nuclei-I. All other five PNRs are in
the area of the small nuclei (nuclei-II), and correlate
strongly to the related three UNRs in nuclei-II.12 Therefore, it is reasonable to believe that these five PNRs play
important role in the formation of nuclei-II by attracting
each other strongly. It is worth noting that some PNRs,
especially the ones neighboring to the related ANRs in
sequence, may be the false positive FNRs. However, as
shown in this work, our method provides an efficient
way to coarsely identify the nuclei area of proteins.
CONCLUSIONS

Figure 4
Distribution of nuclei in the native structures for src-SH3 (a), CI2 (b), U1A (c),
S6 (d), Acp (e), and Tendamistat (f). The nuclei are marked in sky blue. The
identified (or unidentified) ANRs are plotted in red (or in violet), and the
identified (or unidentified) UNRs are in orange (or in green), while the PNRs
are in navy.

They were not claimed as nuclei probably because they
were not well characterized or/and their / values are not
the local maxima compared with their neighboring
nuclei. For CI2, the only PNR, i.e., residue Trp24, is also
in the area of the hydrophobic core and locates in the
type-III reverse turn connecting with the N-terminal of
b-strand-1 in the TSE,4,5,10 and may not contribute to
the formation or stability of the nuclei. However, it is
important to the collapse of b-strand-1 in the transiting
process when the nuclei expending to the postnuclei
according to related simulations.11 Additionally, an interesting case is for U1A. Seven PNRs, i.e., residues Thr11,
Val57, Phe59, Ala65, Ala68, Tyr86, and Ala87, all located
in the hydrophobic core are identified. It was argued that
there are two groups of nuclei12,13 [Fig. 4(c)]. Residues
Val57 and Phe59, both close to the UNR Ile58, are in the
area of the main nuclei (nuclei-I), affecting the formation
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In conclusion, only based on the residue contact network constructed from the native structures of proteins,
the folding nuclei can be well identified without the
knowledge of the TS. Such good identification using
quantities, which characterize the topology of the residue
contact network of the native structure of the protein,
indicates that the nuclei are globally full-closeness centrals rather than degree or closeness centrals and play
very important roles in the native structure formation
and stabilization. Actually, the protein folding can be
analogous as a building process of a network for communication between nodes. A general scheme is first to set
some important nodes as full-closeness centrals, and then
connect them together. Thus, the communication
between all the nodes can be realized by linking the
nodes to the centrals directly or indirectly. Our work
shows an effective way to find such centrals in proteins.
Finally, it is noted that although different definitions of
contacts, such as using different cutoff distance rc, will
lead to different residue contact networks of a same protein, the accuracy of the identification in the FNRs is not
changed basically. This may be due to that our identification is mainly based on the global property of the residue
contact network, while different definitions of contacts
only affect the residue contact network locally.
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