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Limited tendency of α-helical residues to form disulfide
bridges: a structural explanation
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Abstract: Disulfide bridges have an enormous impact on the structure of a large number of proteins and polypeptides.
Understanding the structural basis that regulates their formation may be important for the design of novel peptide-based
molecules with a specific fold and stability. Here we report a statistical analysis of the relationships between secondary structure
and disulfide bond formation, carried out using a large database of protein structures. Our analyses confirm the observation
sporadically reported in previous investigations that cysteine residues located in α-helices display a limited tendency to form
disulfide bridges. The very low occurrence of the disulfide bond in all α-chains compared to all β-chains indicates that this
property is also evident when proteins with different topologies are investigated. Taking advantage of the large database that
endorsed the analysis on relatively rare motifs, we demonstrate that cysteine residues embedded in 310 helices present a good
tendency to form disulfide bonds. This result is somewhat surprising since 310 helices are commonly assimilated into α-helices. A
plausible structural explanation for the observed data has been derived combining analyses of disulfide bond sequence separation
and of the length of the different secondary structure elements. Copyright  2006 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION

Disulfide bridges play a fundamental role in the folding
and the stabilization of a large number of proteins
and polypeptides [1]. Although disulfide bonds are
traditionally considered as either structural or catalytic,
‘allosteric’ disulfide bridges capable of controlling
protein function by triggering conformational changes
upon their formation/breakage have recently been
characterized [2]. Disulfide bond formation occurs in
the periplasmic space in bacterial cells and on the
endoplasmic reticulum in eukaryotes; in both cases it
is catalyzed/regulated by a system of enzymes [3,4].
Disulfide bonds are also involved in the formation of
certain structural motifs, such as the cystine knot in
a number of proteins [5] and the CxxC motif in redox-
active proteins [6].

Given the importance of disulfides in protein folding,
stability and function, a deep knowledge of the physico-
chemical principles that regulate their formation is
of primary importance in structural biology. General
characteristics of disulfide bonds have been examined
in numerous studies [1,7–14]. One of the first broad

Abbreviations: PDB, Protein Data Bank; DATA25, subset of nonredun-
dant protein chains (sequence identity lower than 25%) refined at a
resolution better than 2.5 Å and to an R-factor lower than 0.22.
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analyses of protein disulfide bridges [7] examined
the distribution of disulfides in different topologies,
cystine conformations and structural folds. From
this study, it was noted that cysteine residues are
remarkably conserved in homologous proteins and
that the loss of a disulfide was usually associated
with mutations of both cysteine residues [7]. Early
statistical analyses of protein databases also provided
preliminary indications that disulfide bridges are
relatively rare among residues located in α-helices
[15]. With the increase of the structural content
of the Protein Data Bank (PDB) [16], almost every
aspect related to disulfide bond formation has been
analyzed. In particular, disulfide bond formation has
been used to engineer proteins with additional stability
via site-directed mutagenesis [17,18]. Furthermore,
the strong conservation of disulfide patterns has
found applications in the recognition of evolutionary
relationships among distantly related protein homologs
[19,20]. More generally, it has been shown that proteins
with similar disulfide patterns have similar structure
and function even in the cases of poor sequence
similarity [21].

Recent investigations have further dealt with the rela-
tionship between the oxidation state of cysteines and
their secondary structure [12,22]. In this respect, an
analysis of the dependence of disulfide conformational
properties on the local secondary structure has been
reported [12]. However, the existence of a bias in the
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tendency of cysteine residues embedded in different
secondary structural elements to form disulfides was
not discussed. An independent investigation [22] con-
firmed the original observation of Thornton and Gard-
ner [15] that cysteines in α-helix have a low tendency
to form disulfide bonds. Although these authors have
not provided a structural explanation for this obser-
vation, they fruitfully exploited these findings in the
development of strategies for predictions of disulfide
bridge formation [22]. Taking advantage of the explo-
sive growth of protein structure records in the PDB
[16], we extended the statistical analysis of disulfide
occurrence depending on the secondary structure by
including rare motifs such as the 310 helix. We also
provide a structural explanation for the observed data.

MATERIALS AND METHODS

Notation

The term half-cystine designates Cys residues participating in
the formation of disulfide bridges. Cys residues not involved in
disulfides are denoted as reduced cysteine. Finally, the term
cysteine is used if the oxidation state of the residue is not
relevant to the subject discussed.

Taking into account the secondary structure location of the
half-cystine involved, disulfide bonds are classified as HH (α-
helix–α-helix), (HE) (α-helix–β-sheets), HG (α-helix–310 helix),
HC (α-helix–coil), and so on.

The Database

The May 2006 release of the PDB [16] was used for the
statistical surveys. A set of nonredundant protein chains with
sequence identity lower than 25% was extracted from the PDB
using the program PISCES [23]. From this ensemble, a dataset,
hereafter denoted as DATA25, was generated by considering
only crystallographic structures refined at a resolution higher
than 2.5 Å and to a crystallographic R-factor value lower than
0.22. The application of these selection criteria led to the
sorting of 3121 protein chains from 2948 PDB entries.

Identification of Secondary Structure Elements and
Disulfide Bridges

The identification of the secondary structure elements was
performed using the DSSP algorithm [24] implemented in the
program PROCHECK [25]. Residues belonging to α-helices, β-
sheets and 310 helices were identified from the labels H (or
h), E (or e) and G (or g), respectively. All other residues were
assigned to coil structures. These data were also used for the
evaluation of secondary structure element lengths.

Two independent approaches were used to detect intra- and
interchain disulfide bridges. The former were selected from the
single chain database DATA25 using the program PROCHECK.
The interchain bridges were preliminarily identified using the
information contained in the header section of the PDB file
(record SSBOND) and then analyzed individually.

All α- and all β-protein chains were identified on the basis
of the secondary structure assignment made by PROCHECK

[25]. In particular, the presence of α-helical residues (H) and
the simultaneous absence of β-sheet residues (E) were checked
for the recognition of all α-chains. These criteria were reversed
in the identification of all β-chains.

In the evaluation of the occurrence of half-cystines
depending on their location in long α-helices (longer than
12 residues), helices were divided into an N-terminal region
(first four residues), a C-terminal region (last four residues)
and a central region (remaining residues).

RESULTS AND DISCUSSION

Disulfide Bridge Occurrence and Secondary
Structure Assignment

The statistical analyses on secondary structure ele-
ments and disulfide bridges here reported were con-
ducted using the structural information contained in
the May 2006 release of the PDB. Using a database of
3121 nonredundant protein chains (DATA25), selected
with the criteria described in the ‘Materials and Meth-
ods’ section, 1195 intrachain disulfide bonds were
identified. The percentage of the protein entries con-
taining at least a disulfide bridge in the PDB release
here used is 26.7%, a value that is in line with previ-
ous statistical surveys. It is worth mentioning, however,
that this percentage of protein chains rises up to 41.1%
in the nonredundant database DATA25. As expected,
the number of interchain disulfide bonds identified in
the DATA25 chains is much smaller (as small as 76).

As reported in Table 1, the distribution of secondary
structure elements in the DATA25 follows well-known
trends. Indeed, the percentage of residues located in
α-helices, β-sheets and 310 helices is 39.3, 26.0 and
5.1%, respectively. The analysis of the distribution of
reduced cysteines among secondary structure elements
indicates that this residue does not present any
particular preference for a specific motif. Indeed, the
percentages of reduced cysteine residues in α-helices,
β-sheets and 310 helices are 37.9, 33.7 and 2.8%.

The assignment of the secondary structure for the
2390 half-cystines involved in intrachain disulfide
bridges is reported in Tables 1 and 2. From Table 2 it is
evident that disulfide bond formation is compatible with
half-cystine location in every combination of secondary
structure elements. As an obvious consequence of the
somewhat rare occurrence of 310 helices, we found only
two bridges formed by half-cystines both embedded in
310 helices (GG bridges, see notation in ‘Materials and
Methods’).

In order to unveil the existence of any bias of
the half-cystine distribution among different secondary
structure elements, we compared the observed values
with those expected on the basis of the abundance
of reduced cysteine residues in each secondary struc-
ture element and assuming their random association
(Table 2). This comparison clearly shows that, in line
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Table 1 Total secondary structure content and cysteine
distribution in DATA25

Number of
residues

Number of
reduced
cysteines

Number
of half-
cystines

involved in
interchain

disulfide bonds

α-Helix (H + h)a 281 784 2622 (540)b 50
β-Sheet (E + e)a 186 713 2333 (795)b 28
310 Helix (G + g)a 36 419 296 (148)b 1
Coil regions 212 406 1659 (907)b 73
Total 717 322 6910 (2390)b 152

a The notation is taken from the program PROCHECK [25].
b The number of half-cystines involved in intrachain disulfide
bonds is given in parenthesis.

Table 2 Percentage of disulfide bridges between half-cystine
residues embedded in various secondary structure elements.
The number of the detected bridges is given in parenthesis

H E G C

Detecteda

H 9.5 (114) 8.2 (98) 3.4 (41) 14.5 (173)
E 8.2 (98) 15.2 (185) 3.8 (46) 23.5 (281)
G 3.4 (41) 3.8 (46) 0.2 (2) 4.8 (57)
C 14.5 (173) 23.5 (281) 4.8 (57) 16.6 (198)

Expectedb

H 21.3 19.8 2.5 13.3
E 19.8 18.4 2.3 12.3
G 2.5 2.3 0.3 1.6
C 13.3 12.3 1.6 8.3

a The analysis has been limited to the intrachain disulfide
bridges, which represent the vast majority of disulfide bridges.
b Expected frequencies have been computed on the observed
reduced cysteine frequencies in secondary structure elements
(Table 1). In particular, all possible associations of the reduced
cysteine residues were considered. Percentages were computed
from the ratio between the possible bonds for a given disulfide
type and the total number of possible bridges.

with previous reports [15,22], the actual occurrence of
disulfide bonds involving α-helical half-cystine residues
is significantly lower than expected. For example, the
percentage of HH bridges is less than half of that pre-
dicted (9.5% vs 21.3%), whereas only a slight decrease
(15.5% vs 18.4%) is observed in the number of EE
bonds. On the other hand, CC bridges are highly
over-represented among the observed disulfide bridges
(16.6% vs 8.3%). Since both predicted and observed
GG bridges are very uncommon, any consideration on
these bonds is precluded. The examination of the mixed

bonds formed by residues belonging to different struc-
ture elements indicates that they follow the same trend
identified from the analysis of HH, EE and CC bonds.
Along this line, we observe a reduced occurrence of
HE bonds, in line with the reduced frequencies of HH
and EE. Mixed bonds involving coil residues generally
display higher frequencies than expected. This is likely
due to the high percentage of coil half-cystine residues
involved in disulfide bridge formation (Table 1). In con-
trast to GG, the frequency of mixed bonds involving
residues located in 310 helices, although limited, is
significant. Interestingly, all these mixed bonds, HG,
EG and GC, display higher observed frequencies than
expected. This finding suggests that, unlike those in
α-helix, cysteine residues located in 310 helices have
a good tendency to form disulfide bridges. This result
is corroborated by the observation that the proportion
between the total number of half-cystines and reduced
cysteines is very different in 310 helices (148 vs 296)
and α-helices (540 vs 2622) (Table 1).

In order to check whether a reminiscence of these
findings exists at the protein topology level, we analyzed
the occurrence of disulfide bridges in all α- and all
β-proteins. Following the procedure illustrated in the
‘Materials and Methods’ section, we identified 483 (total
number of residues 56 812) and 192 (total number of
residues 28 071) all α- and all β-chains, respectively.
As a consequence of the difference in the amount
of protein chains in the two classes, the number of
reduced cysteines is much larger (519 vs 197) in the
all α-dataset. On the other hand, the number of half-
cystines in all β-chains is almost double that found in
all α-ones (448 versus 280). These data indicate that the
negative bias exhibited by cysteine residues embedded
in α-helices toward the formation of disulfide bridges is
conserved in structures with different topologies.

We extended these analyses with the evaluation of
average hydrophobicities of secondary structure ele-
ments containing cysteine residues in different oxida-
tion states. Following the procedure previously adopted
for estimating the average hydrophobicities of sec-
ondary structural elements [26], we preliminarily iden-
tified α-helices and β-strands of DATA25 which con-
tained either reduced cysteines or half-cystines. For
each fragment, an average hydrophobicity was cal-
culated using the amino acid hydrophobicity scale
reported by Eisenberg and McLachlan [27]. Histograms
showing the distribution of average hydrophobicities
are reported in Figure 1. Although the histograms
computed for the various classes of fragments are
largely overlapping, some subtle albeit significant differ-
ences may be recognized. Indeed, β-strands embedding
reduced cysteine residues present slightly higher aver-
age hydrophobicities compared to those of β-strands
containing half-cystine residues (Figure 1(b) and (c)).
A similar trend is displayed by α-helices embedding
either reduced or oxidized cysteines (Figure 1(e) and
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Figure 1 Distributions of average hydrophobicities of β-strands (a), (b) and (c) and α-helices (d), (e) and (f). The global distribution
of average hydrophobicities of the β-strands and α-helices selected from DATA25 is shown in panels (a) and (d), respectively.
Hydrophobicities of β-strands containing half-cystines and reduced cysteines is reported in panel (b) and (c), respectively.
Hydrophobicities of α-helices containing half-cystines and reduced cysteines is reported in panel (e) and (f), respectively. The
same hydrophobicity value has been assigned to both reduced cysteines and half-cystines.

(f)), although very small differences are observed in this
case. The data here reported confirm and extend the
observation that reduced cysteines are slightly more
buried than half-cystines [22]. These findings indicate
that cysteine burial may occasionally be a way to protect
this residue from unwanted oxidation.

The Conformational Preferences of Half-cystine
Residues: Analysis of Side Chain Rotamers

In order to obtain insights into the structural deter-
minants of half-cystine conformational preferences, we
carried out an extensive analysis of their side chain
conformation as a function of the secondary structure
adopted. For comparative purposes, the investigation

was extended to rotamers of reduced cysteines. As
shown in Figure 2, the analysis of the χ1 dihedral angle
of reduced cysteines demonstrates that in all cases a
prevalence of the g− conformer (χ1 ≈ −60°) is observed.
However, the relative abundance of the g− conformers is
higher in both α- and 310 helices when compared to coil
and β-sheet cysteines. Notably, the analysis of χ1 angles
in half-cystine residues indicates a high preference for
the g− conformer even for coil and β-sheet half-cystines
(Figure 3). Similar values of χ2 and χ3 dihedral angles
are also observed for half-cystine residues located in
different secondary structure elements (Figure 3). Alto-
gether, these data clearly indicate that the observed low
tendency of α-helical cysteine residues to participate
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Figure 2 Side chain conformations of reduced cysteine residues embedded in α-helices (a), β-sheets (b), 310 helices (c) and coil
regions (d).

to disulfide bridge formation cannot be explained by
invoking conformational restrictions imposed by the
helical structure. This consideration is corroborated by
the observation that α-helical cysteines may participate
to the formation of complex and rare disulfide bridge
networks, such as those formed by couples of consec-
utive half-cystines. Indeed, although only four cases
of consecutive bridges were identified in the current
release of the PDB (entry codes 1WCT, 1BSR, 2F5Y,
1M1J), one of these (1BSR) is formed by four half-
cystines located in α-helices [28].

Structural Basis of the Reduced Tendency of
α-Helical Cysteines to Form Disulfide Bridges

An alternative approach to look for the structural
determinants of the observed tendencies of cysteine
residues located in different secondary structure
elements to form disulfide bonds was based on the
analysis of the sequence separation of the half-cystines.
Distributions of sequence distances observed for the
bridges HH, EE and CC are reported in Figure 4. A
comparison of the three diagrams clearly indicates
that short-range HH disulfide bridges are disfavored.
Indeed, with the exception of the Cys-X-X-Cys motif
frequently found in the disulfide bond (Dsb) isomerases,
HH bridges with sequence separation shorter than 20

are under-represented when compared to EE and CC
bonds (Figure 4). In this context, it is worth noting that
one of the half-cystines of the Cys-X-X-Cys motif found
in the Dsb is labeled as h by PROCHECK [25], thus
indicating that this residue does not display the typical
dihedral angles of a regular α-helix. Indeed, when the
analysis is restricted to the sole half-cystines labeled
as H, the peak at sequence separation equal to two
disappears (data not shown).

The number of HH and EE disulfide bonds with a
sequence separation of 25–40 residues is similar (46
versus 48). On the other hand, EE disulfide bonds
formed by Cys separated by 5–15 residues largely
outnumber the corresponding HH bonds (124 vs 58).
These data clearly demonstrate that the missing HH
bonds are those involving half-cysteines with a limited
sequence separation. The rod-like shape of the α-
helix and the geometrical requirements of the disulfide
bond prevent the formation of short-range (intrahelix)
disulfide bridges for residues located in the central
portion of this secondary structure elements. Although
similar trends are expected for the other rigid and
regular motifs, such as β-sheets and 310 helices, their
shorter lengths (Figure 5) reduce the impact of these
effects. Indeed, the number of residues located in the
central region of the secondary structure elements,
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Figure 3 Side chain conformations of half-cystine residues embedded in α-helices (a), β-sheets (b), 310 helices (c) and coil
regions (d). Bridges with positive and negative χ3 are represented in black and red, respectively. Projections of the distributions
onto the χ1-axis are shown in the insets.

whose participation in short-range bridges is precluded,
is higher for α-helical structures. This suggestion
is confirmed by the analysis of the occurrence of
half-cystines versus reduced cysteines in the central

and terminal regions of α-helices. A survey carried out
on 11 952 α-helices of DATA25 longer than 12 residues
shows that the percentage of half-cystines over the
total number of cysteines are 26.5, 13.7 and 20.5%
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Figure 4 Sequence separation of disulfide bridges of the type
HH (a), EE (b) and (CC) (c). Sequence separation is defined as
the number n of residues in the Cys-(X)n-Cys motif.

for N-terminal, central and C-terminal regions of α-
helices, respectively (see ‘Materials and Methods’ for
definitions).

This hypothesis is indirectly supported by the
observation that there is no bias against the presence
of α-helical half-cystines in interchain disulfide bonds
(Table 1). Although the number of observed interchain
bridges is rather limited, the ratio of half-cystines
over reduced cysteines is higher for α-helices when
compared to β-sheets. Evidently, the limited ability
of α-helical cysteines to form bridges with a short
sequence separation influences interchain disulfide
bond formation.
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Figure 5 Distributions of lengths of α-helices (a), β-strands
(b) and 310 helices (c) in DATA25.

In conclusion, our analyses confirm that α-helical
cysteines have a low tendency to form disulfide bridges
even when compared to cysteines located in similar
motifs such as 310 helices. A plausible explanation for
the observed trends, based on simple considerations
on the shape and on the length of secondary structure
elements, is also provided.
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