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The character of forming long-range contacts affects the three-dimensional structure of globular proteins deeply.

As the different ability to form long-range contacts between 20 types of amino acids and 4 categories of globular proteins,

the statistical properties are thoroughly discussed in this paper. Two parameters NC and ND are defined to confine

the valid residues in detail. The relationship between hydrophobicity scales and valid residue percentage of each amino

acid is given in the present work and the linear functions are shown in our statistical results. It is concluded that the

hydrophobicity scale defined by chemical derivatives of the amino acids and nonpolar phase of large unilamellar vesicle

membranes is the most effective technique to characterise the hydrophobic behavior of amino acid residues. Meanwhile,

residue percentage Pi and sequential residue length Li of a certain protein i are calculated under different conditions.

The statistical results show that the average value of Pi as well as Li of all-α proteins has a minimum among these 4

classes of globular proteins, indicating that all-α proteins are hardly capable of forming long-range contacts one by one

along their linear amino acid sequences. All-β proteins have a higher tendency to construct long-range contacts along

their primary sequences related to the secondary configurations, i.e. parallel and anti-parallel configurations of β sheets.

The investigation of the interior properties of globular proteins give us the connection between the three-dimensional

structure and its primary sequence data or secondary configurations, and help us to understand the structure of protein

and its folding process well.
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1. Introduction

A protein molecule composed of sequences of
amino acids has a unique (native) three-dimensional
(3D) structure in natural environment, where its
shape specifies its biological functions. There are
20 different amino acids in a protein molecule, and
their effects may be different in the folding pro-
cess. The folding of a protein chain into a compact,
unique 3D structure is directed and stabilized by intra-
molecular interactions between the constituent amino
acid residues along the chain. From the viewpoint of
polymer statistics, every polymer chain may occasion-
ally return to itself. That is, some points of the free
chain trajectory may come within a short reach of one
another, forming a closed loop, also named contacts.
So the amino acid residue–residue contacts play an im-
portant role in the protein folding process. It is also
useful to predict the 3D structure of a globular pro-
tein from the knowledge of its amino acid sequence.

When accurate multiple alignments of the members
of these families can be made, the evolutionary infor-
mation in the alignment can be used to identify which
residues are of key importance to the folding process
and function of the protein.

In the last half a century, researchers tried to ex-
plore the mechanism of how proteins fold into their
native structures. Since the experiments of Anfinsen
et al [1] into protein denaturation and renaturation, it
has been assumed that all the information required
to predict the 3D structure of a protein is inherent
within the primary sequence of its amino acids. De-
spite efforts made by many researchers, no one has
completely succeeded in predicting the protein struc-
ture based on detailed, all-atom energy functions to
date.[2−4] By far the most accurate method of predict-
ing the secondary (and tertiary) structure of a globu-
lar protein is by aligning the sequence to a homologue
of known 3D structure,[5,6] and the structure-based ac-
tivity prediction for an enzyme of unknown function
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has just published.[7] However, until now the num-
ber of 3D structures available in the central repos-
itory for this information: the Protein Data Bank
(http://www.rcsb.org/pdb), is only a tiny fraction
of the number of sequences known. With the rapid
growth in protein sequence data available and the re-
quirement to infer protein conformation and function
from sequence, a pressing need of more accurate meth-
ods has developed for protein structure prediction.

Experiments and theoretical studies have shown
that the amino acids are subdivided into three kinds of
residues: hydrophobic residues (H) consisting of Leu,
Phe, Met, Ile, Trp, Val, Cys, and Tyr; neutral residues
(N) consisting of His, Ala, Gly, and Thr; and polar
residues (P) consisting of Lys, Asp, Asn, Glu, Gln,
Ser, Pro, and Arg.[8−11] There is an effective attrac-
tion between hydrophobic amino acids that arises from
their aversion to the solvent and leads to such amino
acids forming the core in the protein native state. In
the HNP model, the hydrophobic energy, or the sol-
vent effects, is a major contributor to the energies of
protein folding. This simplified model is required for
the study of the protein folding process and simplifi-
cation can be made in both geometry and potential
functions.[12]

In this paper, we proceed with counting long-
range contacts between the residues and focus on
the signification of the protein structure by statisti-
cal methods.[13] The location of the three kinds of
residues, which as the composition of globular pro-
teins, is the essential question we will discuss in detail.
It might provide the information for a deep analysis
on the structure and the function of a protein.

2. Statistical method of globular

proteins

Globular proteins are grouped into four structural
classes based on the content and topology of α-helices
and β-strands in the 3D structures;[14] α-helices and
β-strands have the different exhibition in the struc-
ture. Proteins can be categorized into four different
structural classes, namely: all-α, all-β, α/β and α+β

proteins. We have studied 611 globular protein struc-
tures, including 146 all-α, 151 all-β, 145 α/β and 169
α + β globular proteins. The coordinates of all glob-
ular protein structures are obtained from the Protein
Date Bank (PDB). We obtain the information about
the structural class from SCOP.[15] The PDB codes for

the four types of the representative globular proteins
used in the present study are given in Table 1.

Each residue in a protein molecule is represented
by the position of α-carbon atom (Cα). If the distance
between center Cα atoms of residues is shorter than
RC , these residues are defined to be in contact. This
kind of simple method to evaluate residue–residue con-
tacts in proteins has been widely used.[12,13,16−18] By
using the Cα coordinates, a sphere of radius RC is
fixed around each residue, and the composition of sur-
rounding residues associated with all the residues is
calculated. It has been shown that the influence of
each residue on the surrounding medium extends ef-
fectively only up to 0.80 nm.[19,20] The limit of 0.80 nm
is sufficient to characterise the hydrophobic behavior
of amino acid residues and to accommodate both the
local and non-local interactions.[21] In the previous pa-
pers, the limit value 0.65 nm has been chosen to es-
timate the effective inter-residue contact energies by
Miyazawa and Jernigan.[12,16] These limits also have
been used to calculate the folding rate of protein,[22]

protein stability upon mutations[23] and thermal sta-
bility of proteins.[24] In this paper, the limit values
RC = 0.65 nm and 0.80 nm are both attempted.
For a given residue, the composition of surrounding
residues is analyzed in terms of the location by its lin-
ear sequence, and the contributions within (or equal)
4 residues are treated as a short-range contact, and
those beyond 4 residues are treated as a long-range
one. This definition is the same as that for the short-
range and long-range interactions in the rotational iso-
meric state (RIS) model.[24]

The attractive interactions between residues lead
to the formation of contacts. Sometimes the interac-
tion is so enormous that several residues along its lin-
ear sequence are influenced in the field to construct the
contact sequentially. There may be several residues
surrounding one within the limit value of RC , so there
is more than one contact for each residue. Further-
more, the number of the sequential residues with long-
range contacts is needed to take into account, since it
may be related to the specific folding length of a pro-
tein chain. Therefore, two parameters NC and ND

must be defined to confine the valid residues. NC

represents the number of contacts, i.e., the number
of surrounding residues located round the central one
within the sphere of radius RC . ND denotes the num-
ber of sequential residues, each one has the long-range
contacts no less than NC .
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The concept of a stem is next introduced. A stem,
as a part of the protein chain, is composed of sequen-
tial amino acids with long-range contacts no less than
NC per residue. It takes the count of the valid residues
once they have the long-range contacts no less than
NC , and also serves as the composition of a stem with
the length no less than ND. We have changed the
values of NC and ND separately in order to discover
the structural characters of the globular proteins. In
the following discussion, we will find out that such a
simple model is helpful to distinguish the category of
globular proteins and show the structure information
in detail.

3. Results and discussions

In our calculation, the total number of protein
chains is 611, their PDB codes are listed in Table 1.
The samples used are more than that given in the
database in Gromiha and Selvaraj’s work (150 pro-
teins) and thus are sufficient for carrying out statisti-
cal studies. The characteristics of forming short- and
long-range contacts for 20 amino acids are investigated
first. Average number of contacts per residue can in-
dicate the ability of forming contacts. Here the av-
erage number of short-range contacts per residue CS

and long-range ones CL for 20 amino acid residues are
defined as

Cα,η =

∑
β=Ala,Asp,Cys,Glu,...,Tyr

Nα−β,η

Nα
,

(η = S or L; α = Ala,Asp, . . . ,Tyr), (1)

where Nα−β represents the number of the contacts be-
tween residues of types α and β, and Nα is the total
number of type α residues in the 611 globular protein
samples.

The probability of forming the short- and long-
range contacts for 20 amino acid residues under the
condition of NC and ND from 2 to 4 is calculated.
The results are in good agreement with those in pre-
vious work where hydrophobic residues (H) have a
higher tendency to form long-range contacts than hy-
drophilic residues (P).[13,25] Comparing the average
value of CL or CS for the three types of amino acids,
i.e. hydrophobic (H), neutral (N), and hydrophilic
(P) residues, we can find the obvious difference be-
tween C̄L and C̄S ; C̄L has the tendency of decreasing
with the amino type from H to P, while such a de-
crease is not shown in C̄S with the change of residue

type. It is clear that the H type of the residue has
a higher tendency to form the long-range contacts.
Such a high tendency in H type residues indicates
that the hydrophobic residues are almost located in
the core of the globular protein, while hydrophilic
residues are in the exterior of it. The visual frame
of a 2D protein chain is shown in Fig.1. The globu-
lar protein is composed of solid and open dots, which
denote respectively H and P residues. For instance,
most solid dots have more than one long-range con-
tacts per residue and open dots have only one or none.
From Fig.1, it is clear that the solid dots are often lo-
cated in the interior of the protein, so as to construct
long-range contacts as many as possible. From the
point of view of chemical quality, these residues have
a higher tendency of forming hydrophobic clusters and
disulfide bridges due to long-range contacts. While in
the short-range interactions, the amino acid’s effect is
mostly related to the linear sequence of the protein
regardless of what type they are in. From the con-
clusions in Refs.[13] and [25], we have already known
that the long-range contacts play an important role
on the structure of a protein and its folding process.
So, in this article, we discuss mainly the long-range
contacts.

Fig.1. A visual frame of a 2D protein chain in lattice

model. Here • represents interior residue and ◦ represents

exterior residue in a globular protein. Residue • always

has 2 long-range contacts and residue ◦ only has one or

none contact.

3.1.The relationship between the effect

of amino acids and hydrophobicity

scales

Since the central importance is to understand
what determines the stability and structure of pro-
teins, many research groups have given numerous



No. 10 Statistical interior properties of globular proteins 4585

amino acid hydrophobicity scales during the last few
decades. Hydrophobicity is a term used to describe
the unfavorable energetics of dissolving nonpolar (e.g.
carbon) compounds in water. While a variety of non-
polar compounds readily dissolve in many nonpolar
solvents, they have very low solubilities in water. An-
other characteristic of hydrophobic compounds is their
tendency to self-associate in aqueous solutions. Hy-
drophobicity scales have been determined from free
energies of transferring amino acids or their chemical
derivatives from water to various nonpolar phases. In
general, there has been a lack of quantitative agree-
ment between hydrophobicity scales. The different
nonpolar phases and different techniques may give dif-
ferent transfer free energies of amino acids. Here we
choose three series of the hydrophobicity scales based
on different chemical derivatives of the amino acids
and the following different nonpolar phases: (a) alkyl
chains in a reversed-phase liquid chromatography sta-
tionary phase,[26] (b) bulk octanol,[27] and (c) large
unilamellar vesicle membranes.[28]

In this work, we further study the relationship be-
tween the ability in forming long-range contacts and

the hydrophobicity scales of 20 types of amino acids
in the 611 globular proteins. Once a stem is given
with its length no less than ND, then the residues as
the components of it are all taken into account. The
definitions of abscissa in Figs.2(a), 2(b) and 2(c) are 3
different hydrophobicity scales chosen from Refs.[26]–
[28], respectively. The evidently linear relationships
between the average percentage of forming long-range
contacts C̄α,L for 20 residues and three series of the
hydrophobicity scales are shown in Fig.2. The fitted
functions are also marked in the figures. Comparing
the correlation coefficients R, we find that the scale (c)
is more effective to describe the ability of the amino
acids in forming long-range contacts for the absolute
value of R is closer to 1. From the three figures, it is
found that the slope of the linear function is negative
value between –1.5 to –2.5, and the maximum absolute
value of slopes is that in Fig.2(c). The negative slope
indicates that the hydrophobic residues have a higher
tendency to form long-range contacts than hydrophilic
ones. The average percentages of constructing long-
range contacts per residue C̄α,L for 20 types of amino
acids obtained from the statistical results are exactly

Fig.2. The average percentage per residue C̄α,L for 20 residues vs. hydrophobicity scales of amino acid residues

by (a) DeVido et al,[26] (b) Fauchere and Pliska,[27] (c) Wimley and White.[28] Here NC = 3, ND = 2 and

RC = 0.80 nm.
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the same in the three figures. So the difference be-
tween the slopes is due to the range of hydrophobicity
scale of the three techniques. The maximum absolute
value of slope in Fig.2(c) indicates the short range of
scale value, but it is sufficient to distinguish the types
of residue and the best linear relationship is obtained
according to the value of correlation coefficient R.

3.2.The calculation for the different cat-

egories of globular proteins

The residue percentage to form long-range con-
tacts of a certain globular protein i is defined as

Pi =

∑
α,β=Ala,Asp,Cys,Glu,...,Tyr

Nα−β,η

2Ni
,

(η = L; i = 1,2,. . . ,611), (2)

where subscript i is the serial No. of the protein listed
in Table 1, and Ni is the total number of amino acid
residues of the protein i.

The definition of abscissa in Fig.3 represents the
serial number of a protein given in Table 1. For ex-

ample, the PDB code of No.1 is 110-M. The bound-
ary condition has been changed, i.e., the values of NC

and ND are attempted from 2 to 4. NC = ND = 3,
RC = 0.65 nm in Fig.3(a) and NC = 4, ND = 2,
RC = 0.80 nm in Fig.3(b) are chosen as examples.
Figure 3(a) shows clearly that all-α proteins have
a lower values than those of all-β proteins, indicat-
ing that all-β proteins have a higher tendency to
construct long-range contacts under the condition of
NC = ND = 3, RC = 0.65 nm. Comparing the av-
erage residue percentage of each protein category, P̄i

of all-β proteins is the maximum (0.448) among these
four types of globular proteins. It is about 10 times
higher than the one of all-α proteins (0.035). Com-
paring the ability to form long-range contacts between
α/β proteins and α + β proteins, the average values
P̄i are almost the same. It is due to both the ef-
fects of α-helices and β-strands conformation in pro-
teins; such as the approximately alternation between
α-helices and β-strands for α/β globular proteins, or
the non-mixing of α-helices and β-strands but segre-
gating into different domains in α + β globular pro-
teins.

Fig.3. Distribution of the residues percentage Pi for all protein samples. Here No. of the protein is listed in

Table 1, and the total number of proteins is 611.

In Fig.3(b), NC = 4, ND = 2 and RC = 0.80 nm
are chosen as the constraint condition to keep enough
protein samples with valid residues in each category.
The minimum value of P̄i is also related to all-α pro-
teins, and the values of all-β, α/β and α + β pro-
teins are almost the same. Comparing Fig.3(a) with
Fig.3(b), except for all-β proteins, the residue per-
centages of the other 3 types are increasing from 3(a)

to 3(b). As the positive factors RC and negative fac-
tor ND lead to the increase of Pi. Figure 3(b) shows
that the statistical results for all-β proteins are influ-
enced mainly by the constraint NC rather than ND

or RC . One reason is that the distance between two
residues constructing a long-range contact is in the
range from 0.65 nm to 0.80 nm. The other one is
related to the secondary configuration, i.e. parallel
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and anti-parallel configuration of β sheets. Since the
number of valid residues is increased with decreasing
ND (or NC), ND has the dominative influence on the
residue percentage Pi of α/β, α + β and especially
of all-α proteins. This means that these proteins are
hardly to form long-range contacts one by one along
their primary sequence. For all-β proteins, instead of
ND, NC plays the main role on the statistical result
of valid residues percentage Pi, which indicates the
ability to form long-range contacts sequentially.

In addition to the residue percentages Pi of form-
ing long-range contacts for different types of globular
proteins, the number of sequential residues also has
been calculated in the present work. Once the residues
m till n of a given protein i all have the long-range
contacts no less than NC , the number of sequential
residues, which also called sequential residue length
Li, is defined as

Li = n−m. (3)

Such a part of the protein can be treated as a stem,
and several stems may be present in a protein chain.
The sequential residue length represents the charac-
ter of contacts aggregated along the primary struc-
ture. The statistical results of average value L̄i for

each protein category are shown in Fig.4, in which
the conditions are the same as those in Fig.3, i.e.,
NC = ND = 3, RC = 0.65 nm in Fig.4(a), and
NC = 4, ND = 2, RC = 0.80 nm in Fig.4(b). In
Fig.4(a), the average value L̄i of all-α proteins is a
minimum 1.77 among the four types of globular pro-
teins. It is even lower than the constraint ND = 3,
since a lot of all-α proteins have no valid residues with
the long-range contacts more than NC or no stem that
is longer than ND. The values of L̄i for all-β, α/β

and α + β proteins lie closely from 5.82 to 6.94. In
611 protein samples, the maximum of Li 18.5 occurs
at 2PAB-B classified as all-β protein, which is much
higher than the constraint ND = 3. The same ten-
dency is also found in Fig.4(b). Except all-α proteins,
the other three protein categories have the values of
L̄i close to one another. Focus on the variation of L̄i

from Figs.4(a) to 4(b), the values of all-α proteins are
increased from 1.77 to 2.74, while those of the other
three categories of proteins are decreased a little with
decreasing ND. Only one protein chain coded 1TRO-
E has no valid residue fitting the boundary condition
in Fig.4(b). The results also show that ND has the
dominating influence on all-α proteins, which have the
low ability to form long-range contacts sequentially.

Fig.4. Distribution of sequential residue length Li for all protein samples. Here No. of the protein is listed in

Table 1, and the total number of proteins is 611.

The same conclusions as we obtained in Fig.3 give the connection between the 3D structure and its primary
sequence data or secondary configuration. According to our discussions, the parameters NC and ND are helpful
to explore the residue–residue contacts in detail, which have many affiliations with the 3D structure of proteins.
The other structural information of globular proteins could also be analysed by such a model.

3.3.The calculation under the different boundary conditions

The average residue percentage P̄ over all protein samples under the condition of NC from 2 to 5 and
ND from 2 to 10 is calculated. The results calculated under the limited radius RC = 0.65 nm in Fig.5(a) and
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RC = 0.80 nm in Fig.5(b) are plotted. In Fig.5, the value of P̄ is decreased with the increase of ND. The
general conclusion is as follows: (i) all-α proteins have the minimum average residue percentage among these
four categories of globular proteins at the certain value of ND. (ii) All-β proteins have the maximum of P̄ at
the certain value of ND in Fig.5(a). But it does not change much from RC = 0.65 nm to RC = 0.80 nm. Except
for all-β proteins, P̄ of the other three types of proteins are dramatically increased with increasing RC . When
RC is increased from 0.65 nm to 0.80 nm, more valid residues with long-range contacts are taken to count,
leading to the increase of the average residue percentage. So, such tendency in all-β proteins indicates that the
distances between two residues constructing a long-range contact are close to the distance between β sheets.
Actually, our statistical results do show an agreement with the experiment results, i.e., the distance between
parallel β sheets is about 0.65 nm and anti-parallel ones are 0.80 nm. (iii) The average residue percentage P̄

of all-α proteins is decreased from 0.086 to 0.025 with increasing ND in Fig.5(a) and 0.33 to 0.12 in Fig.5(b),
while P̄ of all-β proteins is decreased from 0.49 to 0.19 for RC = 0.65 nm and 0.53 to 0.27 for RC = 0.80 nm.
It can be seen that all-α proteins decrease more dramatically than all-β proteins with the increase of ND from
2 to 10. So, under a certain value of NC , ND affects the structure of all-α proteins deeply. This is the same
conclusion as obtained from Fig.3 and the reason is mentioned in the above paragraphs.

Fig.5. The average residue percentage P̄i versus ND for different RC . Here NC = 3, and (¥), (◦) , (N) , (+)

represents all-α, all-β, α/β and α + β proteins, respectively.

We have calculated the average sequential residue length L̄ over all 611 protein samples under different
boundary conditions as well as the value of P̄ . In order to compare with Fig.5, NC = 3 is also chosen as
the boundary condition and the typical curves are plotted in Fig.6. From these curves, the average sequential
residue length L̄ increases with increasing ND. It is understandable since a stem with its length not longer than
ND, all residues, which as the component of that stem, are excluded from the statistical result. The figures
show the following features: (i) The minimum of the average sequential residue length L̄ is related to all-α
proteins. It is also demonstrated that all-α proteins, because of the helix secondary conformation, are lacking
in ability to form sequential long-range contacts. (ii) In Fig.6(a), the maximum of L̄ comes from all-β proteins
for ND ≤ 6. The gaps between all-β proteins and other three types of proteins are not obvious, similar to as
the curves in Fig.5(a). Also, under the condition of ND > 6, RC = 0.65 nm, the maximum of L̄ occurs at α +β

proteins. In Fig.6(b), the maximum of L̄ is related to α/β proteins when ND < 8 and the values of L̄ of all-β,
α/β and α + β proteins are almost the same when ND ≥ 8 with RC = 0.80 nm. (iii) The curves of all-β and
α + β proteins are almost overlapped at RC = 0.80 nm. It is demonstrated also that the structural characters
on residue percentage and sequential residue length are supplemented by each other and give us the new way to
comprehend the structural information of a protein. (iv) Unlike the curves in Fig.5, the values are not increased
much from Fig.6(a) to Fig.6(b) with the increase of RC . The radius RC is not the main effect on the statistical
results of L̄, especially in the case of all-α proteins. According to these features we can conclude that residue
percentage and sequential residue length are two important aspects of structural characters of a protein. In this
work, besides the limit radius of sphere RC , the boundary condition is expressed by two parameters NC and
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ND, which are helpful to discover the structural information of globular proteins. In addition, the structural
information of different categories of proteins is well discussed according to the influence of NC and ND.

Fig.6. The average sequential residue length L̄i versus ND for different RC . Here NC = 3, and (¥), (◦), (N) ,

(+) represents all-α, all-β, α/β and α + β proteins, respectively.

4. Conclusion

The interior characters of globular proteins in
forming long-range contacts have been investigated by
the statistical method. The statistical results demon-
strate that hydrophobic amino acid residues have a
strong attractive force in forming a long-range con-
tact. Meanwhile, two parameters NC and ND are de-
fined to confine the valid residues in detail. From the
discussion in Section 3, we can conclude that the four
categories of globular proteins have different abilities
to construct long-range contacts, which are the impor-
tant key in the protein folding process. All-β proteins,
with the parallel and anti-parallel configurations of β

sheets in secondary structure, are easy to form long-
range contacts continuously along their primary se-
quence, while all-α proteins are hardly to form sequen-
tial long-range contacts, i.e., the long-range contacts
along their primary sequence are always separated by
their secondary configuration called helix. This prop-
erty of globular proteins is strongly related to their
secondary structure. In future work, we will continue
to make effort for decreasing the big gap between the
3D structure and the available sequence data of pro-
teins. We may focus on analysing the character in sec-
ondary structures of globular proteins in detail, and
try to predict the structure of the protein and classify
it.
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