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ABSTRACT: Disulfide bonds have been generally considered to be either structural or catalytic. Structural
bonds stabilize a protein, while catalytic bonds mediate thiol-disulfide interchange reactions in substrate
proteins. There is emerging evidence for a third type of disulfide bond that can control protein function
by triggering a conformational change when it breaks and/or forms. These bonds can be thought of as
allosteric disulfides. To better define the properties of allosteric disulfides, we have analyzed the geometry
and dihedral strain of 6874 unique disulfide bonds in 2776 X-ray structures. A total of 20 types of disulfide
bonds were identified in the dataset based on the sign of the fiveø angles that make up the bond. The
known allosteric disulfides were all contained in 1 of the 20 groups, the-RHStaple bonds. This bond
group has a high mean potential energy and narrow energy distribution, which is consistent with a functional
role. We suggest that the-RHStaple configuration is a hallmark of allosteric disulfides. About 1 in 15
of all structurally determined disulfides is a potential allosteric bond.

A significant fraction of the proteins made in nature
contain disulfide bonds. About 10% of the proteins made
by mammalian cells, for instance, contain disulfide bonds.
These bonds have been mostly thought of as structural motifs
that have been added during evolution to help stabilize the
tertiary or quaternary structure of proteins. The bonds
assemble during maturation of the protein and in most cases
appear to remain unchanged for the life of the protein. Certain
disulfide bonds, however, have evolved to control how
proteins function by switching between bonded and un-
bonded states (1, 2).

The best characterized functional disulfides are those at
the active sites of thiol-disulfide oxidoreductases (3). These
dithiols/disulfides undergo a cycle of oxidation/reduction
reactions with thiols or disulfides in a protein substrate,
resulting in net formation, reduction, or isomerization of
disulfide bond(s) in the substrate. It is becoming apparent,
however, that some disulfide bonds regulate protein function
in a nonenzymatic way by triggering changes in the intra-
or intermolecular structure of proteins (1). We refer to these
types of bonds as allosteric disulfides, to distinguish them
from the catalytic disulfides.

To define the properties of allosteric disulfides and to
estimate their incidence, we have characterized the geometry
and associated potential energy of 6874 unique disulfide
bonds. A total of 20 bond groups were identified on the basis
of their geometry, and all of the known and suspected

allosteric disulfides were contained in one of the groups, the
high-energy-RHStaples.

EXPERIMENTAL PROCEDURES

There were 33,019 disulfide bonds in 6165 X-ray struc-
tures in the PDB database as of September 1, 2005. The
database was refined to include only one example of each
disulfide. The highest resolution structure was chosen when
there were two or more examples of a disulfide in the PDB.
This refined database contained 6874 disulfide bonds in 2776
X-ray structures. A script written in C shell was used to
automate the execution of a program written in python to
parse and process all of the PDB files in this database.

The dihedral strain energy (DSE) of each disulfide was
predicted from the magnitude of the fiveø angles (Figure
1A) using the following empirical formula (4, 5):

This relationship only considers the dihedral angles. Other
factors such as bond lengths and van der Waals contacts are
not part of the calculation. Nevertheless, this relationship
has been shown to provide useful semiquantitative insights
into the amount of strain in a disulfide bond (6-9).

The combination ofø angles that give the highest and
lowest dihedral strain energies was determined by partial
differentiation of eq 1 with respect to the fiveø angles and
using the Hessian matrix of f to determine the nature of the
critical points. Minimum and maximum dihedral strain
energies of 2.0 and 84.5 kJ mol-1, respectively, are predicted.
These values correspond toø1, ø2, ø3, ø2′, andø1′ torsional
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DSE (kJ mol-1) ) 8.37(1+ cos 3ø1) +
8.37(1+ cos 3ø1′) + 4.18(1+ cos 3ø2) +
4.18(1+ cos 3ø2′) + 14.64(1+ cos 2ø3) +

2.51(1+ cos 3ø3) (1)
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angles of 60°, 60°, +/-83°, 60°, and 60° (minimum) and
0°, 0°, 0°, 0°, and 0° (maximum). For reference, the disulfide
with the lowest strain energy in the database is the Cys203-
Cys259 bond of the H-2Kb MHC class Ia molecule (PDB
ID 1N59; 2.1 kJ mol-1) and the disulfide with the highest
strain energy is the Cys37-Cys54 bond of the 3-oxoacyl-
acyl carrier protein reductase fromThermotoga maritima
(PDB ID 1O5I; 72.4 kJ mol-1).

RESULTS AND DISCUSSION

Disulfide bond geometry is described in terms of the five
ø angles (Figure 1A). By convention, there are three basic
types of disulfide bonds based on the sign of theø2, ø3, and
ø2′ torsional angles. These are the spirals, hooks, or staples.
The disulfides are further characterized as right- or left-
handed according to whether theø3 angle is positive or
negative, respectively. Strictly speaking, the spiral, hook, or
staple definition should only apply to disulfides where the
ø2 angle is between 30° and 90° (gauche+) or -30° and
-90° (gauche-) (10, 11). A ø2 angle between 150° and 180°
or -150° and-180° is considered to be trans+ or trans-,
respectively. There are many examples, however, of disul-
fides that do not satisfy these gauche limits of theø2 angle.
To avoid complicating the categories of disulfides unneces-
sarily, we chose to define theø2 angle as simply being either
positive or negative. In the final analysis, this was not found
to be a limitation (see below).

The six possible disulfide bond configurations based on
the sign of theø2, ø3, andø2′ angles are all represented in
protein structures (10, 11). We included theø1 and ø1′
torsional angles in the current analysis to further refine the
disulfide bond structures. This expanded the number of
possible configurations from 6 to 20. The standard definitions
have been amended to reflect the sign of theø1 and ø1′
torsional angles (Table 1). For example, a disulfide is a minus
right-handed staple (-RHStaple) if theø1, ø2, ø3, ø2′, and
ø1′ angles are-, -, +, -, and-, respectively. The disulfides
are treated as symmetrical. For example, a disulfide is a
+/-RHStaple if theø1, ø2, ø3, ø2′, ø1′ angles are+, -, +,
-, - or -, -, +, -, +.

The geometry of 6874 unique disulfide bonds in 2776
X-ray structures was characterized from the fiveø angles,
and the potential energy of each bond was estimated using
eq 1. All 20 configurations are represented in the database,
with 17 of the bond types having an incidence of>1%
(Figure 1B and Table 1). Analysis of the dataset when entries
were restricted to disulfides in structures with resolutions of
e3, e2.5, ore2 Å resulted in the same general conclusions
about the bond groups (data not shown).

The -LHSpiral configuration is the most prevalent
(24.8%) and has the lowest DSE (10.1 kJ mol-1) and a

FIGURE 1: Graphical representation of the dihedral strain energies
of the 20 types of disulfides. (A) Fiveø angles of the disulfide
bond. (B) Mean and 95% confidence intervals of the dihedral strain
energies of the 20 types of disulfide bonds. Refer to Table 1 for
statistical analysis. The arrows indicate the major disulfide types
that are discussed in the text.

FIGURE 2: Dihedral strain energies of all disulfides compared to
-RHStaple and+/-RHHook disulfides. The insets are an example
of a -RHStaple or+/-RHHook disulfide bond. The inset in A is
the Cys429-Cys453-RHStaple bond of botulinum neurotoxin A
(PDB ID 3BTA), and the inset in B is the Cys30-Cys33 +/-
RHHook bond of thioredoxin (PDB ID 1R26). The structures look
down upon the S-S bond, which is shown in the horizontal
position. The structures were generated using PyMol (28).
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narrow distribution of energies (95% CI, 9.7-10.4 kJ mol-1)
(Table 1). The-LHSpiral, therefore, can be considered the
primary structural disulfide. The other 19 disulfide types have
mean strain energies ranging from 13.6 kJ mol-1 (95% CI,
12.9-14.3 kJ mol-1) for the+/-LHSpiral group to 33.7 kJ
mol-1 (95% CI, 29.2-38.3 kJ mol-1) for the +RHStaple
group.

The known or suspected allosteric disulfides are all
contained in the-RHStaple group (Table 2). This group
also contains two catalytic disulfides, the 207-212 disulfide
in PapD (12) and the 103-109 disulfide in DsbD (13). Most
of the catalytic bonds are found in the+/-RHHook group
(Table 2). The mean DSE for the-RHStaple and+/-
RHHook disulfides are 18.1 kJ mol-1 (95% CI, 17.3-18.8
kJ mol-1) and 20.8 kJ mol-1 (95% CI, 19.0-22.5 kJ mol-1),
respectively, compared to 14.8 kJ mol-1 (95% CI, 14.5-
15.0 kJ mol-1) for all disulfides (Table 1). The high potential
energy of these bonds is consistent with their functional role.
High-energy disulfide bonds are more easily cleaved than
bonds with lower stored energy (6, 7). The distribution of
the strain energies of the-RHStaple and+/-RHHook bonds
is narrow and unimodal (Figure 2), which further supports a
particular role for these disulfides in controlling protein
function.

The -LHStaple (21.9 kJ mol-1; 95% CI, 18.9-24.8 kJ
mol-1), +RHHook (23.2 kJ mol-1; 95% CI, 19.6-26.9 kJ
mol-1), and+RHStaple (33.7 kJ mol-1; 95% CI, 29.2-38.3
kJ mol-1) disulfides have mean strain energies even higher
than the-RHStaple (allosteric) and+/-RHHook (catalytic)
bonds (Figure 1B and Table 1). The number of disulfides in
these three groups is relatively small (<2% incidence),
however, and the distribution of their strain energies in terms
of 95% confidence intervals is broader than that of the
-RHStaple and+/-RHHook bonds. Visual inspection of
the distribution of the strain energies of the-LHStaple,
+RHHook, and+RHStaple bonds, as described for the
-RHStaple and+/-RHHook bonds (Figure 2), confirmed
a broad and bi- or trimodal distribution (data not shown).

These factors make firm conclusions as to the potential
significance of these bond types not possible at present. They
warrant further inspection, however, as the database of
disulfide structures expands and new allosteric disulfides are
identified.

Table 1: Classification of Disulfide Bonds Based on Geometrya

ø1, ø2, ø3, ø2′, ø1′ number incidence (%) DSE (kJ mol-1) CR-CR′ (Å) designation

-, -, -, -, - 1703 24.77 10.1 (9.7-10.4) 5.76 (5.74-5.78) -LHSpiral
-, +, +, -, - 703 10.23 15.5 (14.7-16.3) 5.27 (5.23-5.31) -RHHook
+, -, -, -, - 599 8.71 13.6 (12.9-14.3) 6.08 (6.04-6.11) +/-LHSpiral
-, -, -, +, - 514 7.48 16.1 (15.1-17.1) 5.60 (5.54-5.66) -LHHook
+, +, +, -, - 495 7.20 13.7 (12.8-14.7) 5.17 (5.12-5.21) -/+RHHook
-, -, +, -, - 469 6.82 18.1 (17.3-18.8) 4.32 (4.26-4.37) -RHStaple
+, +, +, +, - 443 6.44 14.9 (14.0-15.8) 6.06 (6.02-6.10) +/-RHSpiral
-, +, +, +, - 384 5.59 15.1 (14.0-16.2) 5.93 (5.88-5.97) -RHSpiral
+, +, -, -, - 254 3.70 16.4 (14.9-18.0) 5.43 (5.33-5.52) -/+LHHook
+, -, -, +, - 249 3.62 17.8 (16.1-19.4) 6.13 (6.06-6.20) +/-LHHook
+, +, +, +, + 215 3.13 16.4 (15.2-17.6) 6.29 (6.24-6.35) +RHSpiral
+, -, +, +, - 171 2.49 20.8 (19.0-22.5) 5.77 (5.68-5.87) +/-RHHook
+, +, -, +, - 142 2.07 18.1 (15.7-20.4) 5.39 (5.22-5.56) +/-LHStaple
-, +, -, +, - 124 1.80 21.9 (18.9-24.8) 5.54 (5.36-5.72) -LHStaple
+, -, -, +, + 111 1.61 18.1 (15.6-20.5) 6.00 (5.87-6.13) +LHHook
+, -, -, -, + 90 1.31 19.3 (16.9-21.8) 6.38 (6.30-6.47) +LHSpiral
+, -, +, -, - 84 1.22 19.4 (17.3-21.6) 5.25 (5.07-5.42) +/-RHStaple
+, +, +, -, + 63 0.92 23.2 (19.6-26.9) 6.00 (5.83-6.17) +RHHook
+, -, +, -, + 32 0.47 33.7 (29.2-38.3) 5.92 (5.53-6.32) +RHStaple
+, +, -, +, + 29 0.42 18.1 (11.4-24.8) 5.81 (5.54-6.09) +LHStaple
all disulfides 6874 14.8 (14.5-15.0) 5.63 (5.61-5.65)

a A total of 6874 unique disulfide bonds in 2776 X-ray structures were separated into 20 groups according to the sign ofø1, ø2, ø3, ø2′, andø1′
angles. The DSE and distance between the twoR-carbon atoms were calculated for each disulfide, and the mean and 95% confidence intervals are
shown for each group. The-RHStaple and+/-RHHook bonds contain the allosteric and catalytic disulfides, respectively.

Table 2: Known or Suspected Allosteric and Catalytic Disulfide
Bonds

protein
disulfide-bond

residues PDB IDa

-RHStaple
botulinum neurotoxin A 429-453 3BTA
botulinum neurotoxin B 436-445 1S0E
CD4 130-159 1CDY
DsbD 103-109 1JPE
gelsolin 188-201 1KCQ
HIV gp120 126-196,

296-331,
385-418

1G9M

PapD 207-212 1N0L
semaphorin 3A 132-141 1Q47
serum amyloid P 36-95 1SAC
tissue factor 186-209 2HFT

+/-RHHook
Ccmg 92-95 1KNG
copper chaperone for SOD 17-20 1QUP
DsbA 30-33 1FVK
DsbC 98-101 1EEJ
DsbDγ 40-43 1UC7
DsbG 109-112 1V58
Erv2p 54-57 1JRA
FAD-dependent sulfhydryl oxidase 62-65 1OQC
MerP 14-17 1OSD
Nrdh redoxin 11-14 1H75
oxidoreductase fromA. pyrococcus 146-149 1A8L
protein disulfide isomerase from yeast 61-64 2B5E
ResA 73-76 1ST9
Rp19 66-69 1SEN
thioredoxin 30-33 1R26
thioredoxin F 46-49 1F9M
thioredoxin 2 32-35 1THX
TlpA 72-75 1JFU
Trp14 43-46 1WOU
tryparedoxin I 40-43 1QK8

a Represents the highest resolution X-ray structure of this protein in
the PDB.
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We also looked for patterns ofø angles in the-RHStaple
(allosteric) and +/-RHHook (catalytic) bonds. It was
possible that the disulfides within these groups could be
refined further into subsets with a particular geometry. The
five ø angles and the strain values for each disulfide were
normalized and then displayed graphically on a principle
components analysis plot. Principle components analysis is
a clustering technique used to group similar data values
together based on values that occur more frequently than
others. We found no obvious subsets of disulfides in the
-RHStaple and+/-RHHook bonds or in any of the other
18 disulfide groups. This analysis implies that the orientation
of a single dihedral angle is not enough to significantly alter
the overall strain energy. Rather, it is the aggregated effect
of all of the dihedral angles that determines the strain energy.

The -RHStaple group is populated mostly by disulfide
bonds that link adjacent strands in the same antiparallelâ
sheet or what have been called cross-strand bonds (1, 2).
These are unusual bonds because they occur in a secondary
structure that is already bound together by noncovalent
interactions (14). The distance between theR-carbon atoms
of the Cys residues is often short because of their position
in the antiparallelâ sheet. The-RHStaple bonds have a
mean CR-CR′ distance of 4.32 Å (95% CI, 4.26-4.37 Å),
compared to a mean of 5.63 Å (95% CI, 5.61-5.65 Å) for
all disulfides (Table 1). The strain associated with these
bonds arises from the torsional energy of the linkage as well
as the deformation energy in the sheet itself. The adjacent
strands need to pucker to accommodate the disulfide bond.
The bonds are often found straddling aâ-hairpin structure.

The -RHStaple disulfides in the botulinum neurotoxins
(2, 15), the Escherichia coli chaperone PapD (12), the
oxidoreductase DsbD (13), and the immune receptor CD4
(16, 17) are redox-active and control protein function.
Cleavage of one or more of the-RHStaple disulfides in the
HIV envelope glycoprotein gp120 also appears to be an
important aspect of the HIV infection process (2, 18, 19).

Gelsolin is an abundant cytosolic protein and is also
secreted and found in plasma. It is an actin-binding and
severing protein that is the primary activator of the gel-sol
transition of cells (20). The -RHStaple disulfide is in the
second domain, which is responsible for F-actin binding and
has been shown to independently possess weak severing
activity. The bond is oxidized in the plasma form of the
protein and reduced in the cellular form and has been
suggested to function in transmitting regulatory information
from the fourth and sixth domains of the enzyme to the first
(functional) domain (21).

Serum amyloid P is an acute-phase plasma protein and is
found in all amyloid deposits (22). It binds to its partners in
a calcium-dependent fashion, and its role in amyloid forma-
tion is to stop fibril degradation. It interacts with inflamma-
tory and complement factors and possesses DNA and
chromatin-binding capabilities. It has been proposed that its
normal physiological role is the binding of DNA from
apoptotic and necrotic cells to prevent an autoimmune
response (23). There is no reference to the-RHStaple bond
in this protein being important for its function. However,
there is evidence for its susceptibility to cleavage in crystal
structures. Of the five monomers in the crystal structure
(PDB ID 1SAC), the bond is formed in only one of the
monomers and is cleaved in the other four. In the crystal

structure of serum amyloid P dimer and a bivalent ligand of
the cyclic pyruvate of glycerol (PDB ID 2A3Y), the bond is
oxidized in all five monomers.

Tissue factor is a transmembrane glycoprotein that initiates
coagulation. Binding of blood coagulation factor VIIa to
tissue factor activates the serine proteinase zymogens factors
IX and X by limited proteolysis, leading to the formation of
thrombin and ultimately a fibrin meshwork that stabilizes
the platelet thrombus (24). Tissue factor on the plasma
membrane of cells is mostly in a cryptic configuration, which
rapidly transforms into an active configuration in response
to certain stimuli (25). It appears that the-RHStaple bond
in tissue factor is reduced in the cryptic form of the protein
and that activation involves the formation of the disulfide
(unpublished observations).

The+/-RHHook disulfides are dominated by the catalytic
residues of the oxidoreductases (Table 2). These disulfides
cycle between reduced and oxidized configurations in
coordination with a dithiol or disulfide in a protein substrate
(3, 26). The outcome can be reduction, formation, or
isomerization of a disulfide in the protein substrate depending
upon the nature of the protein substrate, the redox conditions,
and the presence of other thiols and disulfides. The reducing
equivalents for the cycling come from cellular glutathione
or NADPH. The bonds most often occur in a CysXXCys
motif and have a redox potential in the range from-120 to
-270 mV.

The high potential energy of+/-RHHook disulfides is
likely a factor in determining the redox activity of these
bonds. Another factor is the electrostatic environment of the
disulfide. For instance, Asp26 serves as an acid/base in the
oxidation/reduction reactions catalyzed by the Cys32-Cys35
+/-RHHook ofE. coli thioredoxin (27). Specifically, Asp26
protonates or deprotonates the thiol of Cys35 during substrate
oxidation or reduction, respectively. A similar role is likely
played by the analogous aspartate (or glutamate) residue in
other oxidoreductases.

The observation that the approximately half dozen allos-
teric disulfides that have been identified are all-RHStaple
bonds suggests that this configuration may be a hallmark of
these disulfides. About 1 in 15 of the 6874 disulfides
analyzed in this study is a-RHStaple bond compared to 1
in 40 for +/-RHHook bonds, which implies that allosteric
disulfides may be more prevalent than the catalytic bonds.
With the rapid advances in the structural determination of
proteins, the new classification of the allosteric disulfide bond
should aid in the functional description of proteins and how
that function is regulated.
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