M. Khoshnejat et al. / Bioinformatics and Biocomputational Research 1 (2016) 15-21

15

Comprehensive Analysis of
Natural Disulfide Bridges in Proteins
Maryam Khoshnejata, Seyed Ahahriar Araba*
a

Department of Biophysics, Faculty of Biological Science, Tarbiat Modares University, Tehran, Iran

Abstract. Disulfide design is one of several approaches in
protein engineering with the wide range of applications like
as the study of protein conformation, stability, dynamics and
function. Analysis of natural disulfide bonds will provide the
basis of models for disulfide engineering and can extend insights to explore potential disulfide bond with higher accuracy. In this effort, analysis has carried out on 8868 non-redundant disulfide bonds. Several important parameters such
as three distance parameters, surface accessibility, secondary
structures, loop length, flexibility, geometry, dihedral strain
energy distribution and conformations have been characterized. Moreover, the dataset was classified according to
the 20 types of disulfide configurations and study was performed separately on each group. In brief, analysis revealed
that natural disulfide bonds typically occur inaccessible from
the solvent with low dihedral strain energy distribution and
frequently emerge as –RHSpiral configuration. In addition,
the coil is the most preferred secondary structure of cysteine
residues involving in a disulfide bond and Coil-sheet peptide
fragments have the most connection through disulfide bonds
in compare to other 5 possible fragments.
Keywords: Disulfide bond; Dihedral strain energy; Configuration; Analysis; Geometry.

1. Introduction
The single covalent linkage derived by the coupling of
two thiol (–SH) groups is called disulfide bond, S-S bond,
or disulfide bridge. In protein structures, the thiol groups
in two cysteine residues can form disulfide bond by oxidation of the sulfur atoms. Therefore, Disulfide bond has
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two states: (1) oxidized and (2) reduced form, reactions
which change disulfide state to the reduced form can disrupt
the linkage [1, 2]. Disulfide bond have been considered in
the three different following types: structural, catalytic and
allosteric. Structural bonds play an important role in protein
folding and stability [3] whereas catalytic bonds mediate thiol-disulfide interchange reactions and allosteric bonds can
trigger a protein conformational change and control its function through their formations and cleavages [4].
The geometry of disulfide bond can be described by its
five χ1, χ2, χ3, χ2’ and χ1’ dihedral torsion angles. The χ1
torsion angle defined by the N–Cα–Cβ–Sγ bond and the χ2
angle determined by the Cα-Cβ-Sγ-Sγ’ bond. Rotation of
the Cβ atoms around the S–S bond has been represented as
χ3 dihedral angle. In addition, the Cα-Cβ-Sγ and Cβ-Sγ-Sγ’
are two valuable angles which generally found near 114ο and
105ο, respectively [5]. There are 20 types of disulfide configurations based on the sign of five torsion angles [4, 6]. Previous studies have been shown that from the different possible
configurations, allosteric disulfides emerge in the –RHStaple,
–LHHook and -/+RHHook configurations and most of the
catalytic bonds have been observed in the +/-RHHook group
[4, 6, 7].
Disulfide bonds play an important role in protein structure,
stability, dynamics and function [8, 9]. Experiments suggest
that disulfide bridges can enhance stability of the native structure by decreasing the conformational entropy and enhancing the free energy of the denatured state [5, 10]. In protein
engineering efforts disulfide bridges are appealing candidates
to enhance protein stability and to assist in investigation of
protein kinetics, conformation and function. Study of natural sulfides can be helpful in directed disulfide engineering as
well as improvement of model building of protein structures.
In the past, several analyses have been performed for characterization of protein disulfide bonds [11-17]. Dani et al. have
studied the distribution of bond dihedral angles, distances,
residue depth and surface accessibility on the 172 proteins
which representing 730 disulfides. They illustrated that disulfides commonly occurred at the buried sites of proteins
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with the peaks at ±90 for χ3 and the non-bonded distances
3.9-6.7 Å and 3.5-4.5 Å for Cα-Cα and Cβ-Cβ, respectively
[17]. In the recent work, analysis on 1505 native disulfide
bonds in 331 non-homologous proteins have been revealed
that χ3 peaks at −87 and +97 degrees. In addition, the energy
function based on the χ3, χ1 dihedrals and the two Cα–Cβ–
Sγ angles has been used for calculation of energy distribution and an energy value less than 2.2 Kcal/mol has been
observed for 90 percentages of native disulfide bonds [15].
As the protein structures database is expanding, the knowledge about the protein can increase. Analysis on protein
structures lead to the better understanding of the relationship between protein structure and function thus improving
the success in rational design of de novo proteins. It is essential to update our concepts about disulfides by analyzing
new structures. In this attempt, a comprehensive analysis
has been performed on the 8868 unique disulfide bonds and
roughly all information has been extracted.
2. Experimental procedures
The analysis was performed on the non-redundant dataset
of cysteine residues which involved in the disulfide bridge.
Protein structures were selected from the 2014 release of
Protein Data Bank [18] using three following criteria; (1)
the structure should contains protein without any DNA and
RNA molecules, (2) must have at least one disulfide bond
and (3) sequence identity between structures should be less
than 40 percentages. This yielded 3,686 proteins with 14,664
disulfide bonds. The filtering has been intended to remove
redundancy; for this reason, only one set of those similar
intra-chain disulfide bonds which repeat in all chains in homo-multimeric proteins have been kept and the other ones
were eliminated, thus 8868 disulfide bonds represent the final non-redundant dataset which consists of 338 inter-chain
disulfides. Distribution of distance parameters, secondary
structure, surface accessibility, flexibility, sequential distance,
angles, dihedrals, dihedral strain energies and distribution of
all 20 types of configuration have been analyzed.
Surface accessibility (ACC) is defined as the accessible surface area (ASA) of the residue in native protein divided by
the ASA of the residue in an extended tripeptide Ala-X-Ala
conformation. Accessible surface area has been calculated by
DSSP [19] software. The extended state ASA values with the
units in A2 are as fallow: Ala-110.2; Arg-229.0; Asn-146.4;
Asp-144.1; Cys-140.4; Gln-178.6; Glu-174.7; Gly-78.7; His181.9; Ile-185.0; Lys-205.7; Leu-183.1; Met-200.1; Pro-141.9;
Phe-200.7; Ser-117.2; Thr-138.7; Trp-240.5; Tyr-213.7; Val153.7 [20].
Secondary structures have been determined by DSSP program, which assigns eight-state secondary structures to each
residue. These eight-state structures have been classified to
three structures: Helix (G, H and I), Coil (C, T, and S) and
sheet (E and B).
The flexibility has been expressed with B-factor value
in X-ray structures; since experimental conditions, crystal contacts, and the refinement procedures can affect the

B-factor values, they have to be normalized to compensate
the differences among structures for reasonable comparison
[21, 22]. Three different criteria as B-norm of backbone, side
chains and Cα atoms were examined to assess the flexibility.
B-factors of atoms corresponding to each criterion for each
structure were extracted from PDB files and normalized using Eq. (1) where B is the actual B-factor, μ and σ is the average and the standard deviation of B-factor for corresponding
atoms in the particular PDB structure, respectively.
(1)
The following formula has been used to calculate the dihedral strain energy (DSE) of each disulfide according to the
five χ dihedral torsion angles which has been shown that it
can provide good estimates into the quantity of strain in a
disulfide bond [4, 23].
DSE (kJ/mol) = 8.37 (1 + cos 3χ1) + 8.37 (1 + cos 3χ1’) + 4.18
(1 + cos 3χ2) + 4.18 (1 + cos 3χ2’) + 14.64(1 + cos 2χ3) + 2.51
(1 + cos 3χ3)
(2)
3. Results
At the first, analysis was performed on the whole dataset.
The distribution of three distance parameters are shown in
Fig. 1 which reflects distances Ciα_Cjα, Ciβ_Cjβ and centroid(i)_centroid(j) (centroid of side-chain atoms) where
i and j are cysteine residues that are linked by a disulfide
bridge. Ciα_Cjα distances have greater range with broader
occurrence than the other two distance parameters. Ciα_Cjα
distances vary from 3.4 to 8.8 Å with a peak at 6 Å. The highest distance has been observed in PDB-ID 1PS1 (inter-chain
disulfide bond between cysteine 272 from chain A and cysteine 272 from chain B) and 3SZG (intra-chain disulfide bond
between cysteine 17 and cysteine 40 from chain A) which
both have –LHHook configuration. Approximately, about
90 percentages of Ciβ_Cjβ distances in disulfide bonds are
within 3.5-4.5 Å and all centroid(i)_centroid(j) distances
roughly lie between 2.3-3.3 Å.
The number of residues enclosed by the disulfide bond
has been considered as the loop length. In 28 cases minimum loop length with 2 residues has been detected (e.g.
PDB-ID: 1AHJ, 2BLF, 3LVT, 4MY2). The Hook is the dominant configuration in this group. The maximum loop length
has been observed in 3BVU between cysteine 31 and 1032,
which has -LHSpiral configuration with low energy (4.76 KJ/
mol). 88.05 percentages of intra-chain disulfides have been
distinguished with loop length less than 100 residues; the
distribution has been shown in Fig. 2.
Average accessibility of two cysteine residues, which involved in the disulfide bridge has been assessed. Analysis
shows that 93.35 percentages of naturally occurring disulfide
bonds have ACC less than 36 percentages thus are located at
buried and intermediate sites of proteins (Fig. 3). Three intra-chain disulfide bridges with ACC more than 80 percentages have been determined (PDB-ID: 1I8E, 1I93, 1MPV) with
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Fig. 1. Percentage distribution of distance parameters (Å), Distance between the two Cα atoms, the two Cβ atoms and center of side-chain
atoms were calculated for each disulfide.

Fig. 2. Percentage distribution of loop length from those disulfides with
loop length less than 100, The number of residues enclosed by the disulfide bond has been considered as the loop length. 88 percentage of
disulfides show loop length less than 100 residues.

Fig. 3. Average accessibilities of two cysteine residues connected by
disulfide bond, the average value of a pair has been considered for a
disulfide bond.

Fig. 4. Secondary structure frequency of two cysteine residues involving
in the disulfide bond, CC: coil-coil, HH: helix-helix, SS: sheet-sheet,
CH: coil-helix, HS: helix-sheet, CS: coil-sheet, e.g. CS means that in the
disulfide bond one of two cysteine residues has secondary structure as
coil and the other one has secondary structure as sheet.

relatively high strain energy, –RHStaple and –RHHook configurations and all linked coil-coil fragments to each other.
Secondary structures of cysteine residues in the dataset
have been studied. It is clearly observed that the coil is the
most common secondary structure of cysteine residues
linking by the disulfide bond. Frequency percentages 20.09,
47.78, 32.13 have been observed for helix, coil and sheet,
respectively. In addition, pair mode secondary structures of
cysteine residues in the disulfide bonds have been studied
to comprehend which peptide fragments connected through
disulfide bond? The results are shown in Fig. 4. As is clear,
disulfide bonds generally link coil-sheet and coil-coil fragments to each other. Helix-helix fragments have the lowest
incidence in the dataset.

Since thus far, several criteria such as backbone, side-chain
and Cα atoms have been applied for flexibility estimation
[15, 17, 22, 24] in this analysis all three cases were examined
and average value for each pair has been calculated (Fig. 5).
In addition, the average B-factor of the backbone and
β-carbon atoms [25] has been assessed. The remarkable similarity with backbone curve in Figure 5 has been observed,
so we refrain from showing it. It has been illustrated that
the peak corresponding to each of the three curves has been
diagnosed below zero value, which commonly assigned to
the rigid region [21, 22]. It was surprising that in average,
side-chain atoms which participating in disulfide connection
has been found with lower flexibility than the backbone atoms; therefore, disulfide rolling as the strong bridge between
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Fig. 5. Frequency distribution of normalized B-factor in three different
sets of atoms. Flexibility of backbone, side-chain and Cα atoms has been
assessed using normalized B-factor.

Fig. 6. Percentage distribution of χ1 dihedral angle.

Fig. 7. Percentage distribution of χ2 dihedral angle.

Fig. 8. Percentage distribution of χ3 dihedral angle.

Fig. 9. Percentage distribution of Cα-Cβ-Sγ angle.

Fig. 10. Percentage distribution of Cα-Cβ-Sγ’ angle.
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peptide fragments and can strongly affect the local flexibility.
Distributions of χ1 and χ2 dihedral angles are illustrated
in Fig. 6 and 7, respectively; χ1 has great majority at -65°
whereas broader distribution has been observed for χ2 angles. Fig. 8 shows repartition of χ3 dihedral angles; the values
are distributed around 90° with two peaks at +100° and -80°
for right and left handed disulfide bonds, respectively. Left
handed χ3 dihedral angles with 53 percentages have slightly
higher frequency than the right-handed ones. In addition,
Fig. 9 and 10 illustrate the Cα-Cβ-Sγ and Cβ- Sγ - Sγ’ angles
which are consistent with previous reports [5].
Dihedral strain energies have been calculated with respect
to the five dihedral angles. Histogram of DSE (Fig. 11) represents the variation between 0-80 KJ/mol. DSE values less
than 25 KJ/mol have been observed in 83.64 percentages of
natural disulfide bridges. 48 disulfides have DSE more than
60 KJ/mol which respectively 26, 13 and 9 Hook, Spiral and
Staple configurations have been found and from them 12 cases with Helix secondary structure have been distinguished.
According to the sign of five dihedral angles, distribution
of disulfide configurations has been evaluated (Fig. 12). Approximately, configurations with the low energies are devoted to the higher frequency. –LHSpiral and +RHStaple is assigned to the highest frequent configuration with the lowest
average DSE and the lowest frequent configuration with the
highest average DSE, respectively. Commonly, average strain
energy in right handed disulfides (17.51 KJ/mol) is slightly
higher than that in left handed disulfides (14.82 KJ/mol).
After analysis of whole dataset, disulfides were further categorized into the 20 configuration groups and then surveys
were conducted separately on each category. χ3 typically
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Fig. 11. Percentage distribution of dihedral strain energy in disulfide
bonds.

peaks around ±90° whereas different peaks for χ2 and χ1 have
been observed in different conformation. The narrow distribution of Ciβ_Cjβ distances and DSE both have been found
in +LHSpiral. In average, higher distances correlated to the
higher dihedral strain energies. Generally, Staple configurations have emerged with the highest average dihedral energy,
Hook configurations have been observed with mediocre dihedral energy and Spiral configurations allocated to the lowest levels. In addition, Spiral configurations commonly have
mediated the connection of the coil-coil fragments. Some
data are given in Table 1. The results in details are available

Fig. 12. Frequency percentage and Average dihedral strain energy in each specific disulfide configurations, 8868 disulfides
have been categorized into the 20 configuration groups and Frequency percentage and Average dihedral strain energy in
each group has been calculated.
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through http://bioinf.modares.ac.ir/software/mpdb/analysis.
4. Discussion
The non-redundant dataset consisting of the 8868 disulfide
bonds has been used for analysis. Several different parameters such as distance (Ciβ_Cjβ, Ciα_Cjα and centroids distance), surface accessibility, secondary structure (single and
pair modes), flexibility, loop length, dihedrals, angles, energy
distribution and configurations have been used for analysis.
Moreover, dataset were categorized based on the 20 possible configurations and analysis was carried out separately on
each specific group.
The distribution of three different distance parameters for
native disulfides has been evaluated. As the results show,
Ciβ_Cjβ and centroids distances have narrow range comparing to Ciα_Cjα, thus using these two distance parameters
can be more confident than Ciα_Cjα to find potential disulfide bonds. In addition, far distances leading to the inappropriate dihedrals and can conduct more strain energy to the
structure; this could be why the high DSE commonly has
been found along with the high Ciβ_Cjβ distances.
Dani et al. have been proposed that in disulfide engineering, stabilizing mutations usually occur in regions have a
loop length greater than 25. This item has been explored in
natural disulfide bonds. It has been observed that 61 percentages of disulfides have loop length less than 30 residues; so,
no particular consequence has been determined in this case.
Accessibility analysis verifies that natural disulfides mostly
occurred at buried and intermediate sites of proteins, which

can hide them from the solvent to limit unfavorable interactions [12, 17]. Oxidative conditions in the environment is critical for maintenance of the disulfide bond, therefore locating
at the protein core makes it safe for disulfide bond to escape
from the attacks of reductive functional groups in solvent.
Secondary structure has been studied to comprehend the
preferred structure for disulfide bonding. It is obviously that
the coil is the most prevalent secondary structure due to the
conformational freedom, which gives the sulfur atoms opportunity to come close together without additional strain
and form the disulfide bond [11]. Helix is the most regular
structure, which makes it difficult to form a disulfide bond;
thus, is the least preferred secondary structure for disulfide
bonding. The Significant effect of the coil is to the extent
that disulfide bonding between a cysteine in the coil and
the other one in helix structure is preferable than the disulfide bond between cysteine residues, which are both in
sheet structures. Also, high dihedral strain energy in configurations such as Staple can be compensated with structural
freedom of coil-coil regions.
The knowledge of disulfides conformational energies can
be useful in evaluating the stabilities of protein structures
[13]. Energy distributions revealed that most of disulfide
bonds have the low energy with –LHSpiral configuration.
The more facility of disulfide cleavage is caused by the higher strain energy. Allosteric and catalytic disulfide bonds for
their functional role need to disrupt easier than structural
disulfide bond. 4 Allosteric bonds emerging in the –RHStaple, –LHHook or –/+RHHook configurations 4, 6, 7 which
have detected with higher DSE than many structural disulfide bonds.

Table 1. Disulfide bonds were separated into the 20 configuration groups according to the sign of five dihedral angles.
The DSE and distance parameters were calculated for each one, and the maximum, minimum and average are shown
respectively for each group as the maximum-minimum (average). The column six shows the percentage distribution of
each configuration in secondary structure. CC: coil-coil, HH: helix-helix, SS: sheet-sheet, CH: coil-helix, HS: helix-sheet,
CS: coil-sheet, e.g. CS means that in the disulfide bond one of two cysteine residues has secondary structure as coil and
the other one has secondary structure as sheet.
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