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Disulfide bonds formed by the oxidation of cysteine residues in proteins are the major form of intra- and inter-molecular
covalent linkages in the polypeptide chain. To better understand the conformational energetics of this linkage, we have used
the MP2(full)/6-31G(d) method to generate a full potential energy surface (PES) for the torsion of the model compound
diethyl disulfide (DEDS) around its three critical dihedral angles (x2, x3, x2'). The use of ten degree increments for each of the
parameters resulted in a continuous, fine-grained surface. This allowed us to accurately predict the relative stabilities of
disulfide bonds in high resolution structures from the Protein Data Bank. The MP2(full) surface showed significant qualitative
differences from the PES calculated using the Amber force field. In particular, a different ordering was seen for the relative
energies of the local minima. Thus, Amber energies are not reliable for comparison of the relative stabilities of disulfide
bonds. Surprisingly, the surface did not show a minimum associated with y, ~ — 60° x3 ~ 90, xo’ ~ — 60°. This is due to
steric interference between Ho atoms. Despite this, significant populations of disulfides were found to adopt this
conformation. In most cases this conformation is associated with an unusual secondary structure motif, the cross-strand
disulfide. The relative instability of cross-strand disulfides is of great interest, as they have the potential to act as functional

switches in redox processes.

Keywords: Diethyl disulfide; Potential energy surface; Disulfide bond; Stability prediction; Redox activity; Arsenate reductase

1. Introduction

Disulfide bonds between oxidised cysteine residues
are generally viewed as structurally stabilising elements
in proteins. However, a new role for a subset of disulfides
as redox switches is emerging. Redox switching of
disulfide bonds has been demonstrated in both reversible
and irreversible redox regulation of proteins. Reversible
systems include those involved in redox signalling
such as the peroxide sensor, OxyR, where disulfide-
bond formation activates the transcription factor
in response to oxidative stress [1]. Irreversible redox
regulation mediated by disulfide reduction and sub-
sequent irreversible conformational change has also
been described. For example, reduction of disulfides
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and subsequent cleavage of protein chains has been
demonstrated in ovotransferrin and plasmin [2,3] and is
likely to be an important regulatory mechanism for many
other proteins.

In principle it should be possible to differentiate
between redox-active and structurally-stabilising disul-
fides by analysis of protein structures and ultimately
protein sequences. Our previous studies have investigated
high disulfide torsional energies as indicators of redox
activity as well as identifying structural motifs associated
with redox activity [4,5]. Torsional strain on the disulfide
bond is imposed by the geometric constraints of the
protein-fold. As the force constants for torsion around
the dihedral angles are much lower than for the stretching
and compressing of bond lengths and bond angles, this
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Figure 1. An example of a disulfide-bond conformation (G'GG')
between two cysteine residues showing the five critical torsion (dihedral)
angles. Ha atoms are shown in cyan.

strain is expected to be mostly accommodated via torsion
of the five critical dihedral angles of the disulfide
(figure 1). From analysis of these torsional angles in high
resolution X-ray structures of proteins, it should be
possible to make a good prediction of the strain of a
disulfide bond, and thus determine how likely it is to
undergo redox processes.

In previous work [4], we estimated the stability of a
disulfide bond using the torsional potential energy
function [6] from the Amber force field [7]:

E(kcalmol ") = 2(1 4 cos 3y1) 4 2(1 + cos 3x,)

+ (1 +cos3y2) + (1 + cos 3)(’2)

+3.5(1 + cos 2x3) + 0.6(1 + cos 3x3)

While this function has the right general form, it clearly
does not take into account the steric interactions within the
system. This results in a potential energy surface (PES) in
which all of the local minima are, incorrectly, predicted to
be equally stable. The function is, therefore, not accurate
when comparing disulfide stabilities in real systems.
A better description of the relative stabilities which
includes steric effects can be found using full Amber
calculations, i.e. including non-bonded terms, but these
have also been reported to give inaccurate results [8],
a claim which will be investigated in this work.

In 1994, Gorbitz [9] attempted to improve the
understanding of the conformational preferences of
disulfide bridges by performing ab initio calculations on
the model compound, diethyl disulfide (DEDS). This
model system is too small to allow investigation of the y;
and y,’ dihedral angles, however, it is possible to
determine how the energy of the system changes as x»,
X2 and xs are varied. This is where the majority of the
inaccuracy in the Amber function is expected to lie.
Gorbitz employed both the Hartree—Fock (HF) and
MP2(full) levels of theory, with basis sets up to
6-311G(2d,p), to investigate the relative stabilities of the
minima and saddle points on the PES defined by x», x2'

and ys. The dihedral angles x, and y,' were found to prefer
values of +60, — 60 and 180° (which Gorbitz labelled G,
G’ and T, respectively), while y3 preferred to be +90 or
—90 (G and G). This gave rise to six symmetrically
distinct minima and eight distinct saddle points. Gorbitz
found that methods which involved electron correlation
(MP2(full)) were necessary to correctly predict the
relative stabilities of the critical points. At the MP2(full)
level, the preferred conformation was found to be GGG
(x2 ~ 60°, x3 ~ 90°, xo' ~ 60°), followed by G'GG, TGG,
G'GT, TGT and G'GG’. With HF, GGG was correctly
predicted to be the most stable, however, TGG and TGT
were not appreciably higher in energy.

While Gorbitz’s calculations were state-of-the-art at the
time they were reported, there have been significant
developments both in quantum chemical methods and in
computational power. In particular, density functional
methods (such as B3LYP [10—14]) have become widely
accepted; and schemes, such as G3 [15] and G3X [16],
have been developed for performing highly accurate
calculations at relatively low computational cost.

In order to distinguish between disulfide bridges that are
simply performing a structural role and those which are
likely to be redox active, we need to be able to accurately
predict the relative stabilities of disulfide bonds. It is
necessary not only to understand the relative stability
of the torsional minima but also to have a good description
of the entire PES. Like Gorbitz, we have chosen to focus
on the three central dihedral angles, x», x2' and xs, thus
reducing a very large five-dimensional problem to a far
more tractable three dimensions. We expect that the
torsion around the carbon—carbon bonds, x; and x/,
should be relatively well described in the Amber force
field. Also, x; and x;" do not, in general, show significant
deviation from their optimal values. The goal of this work,
therefore, is to create a new three-dimensional potential
energy surface (3D-PES) for the torsion of DEDS around
the x>, xo' and ys dihedral angles.

2. Methods

Benchmarking calculations were initially carried out in
order to determine the most reliable and cost effective
level of theory with which to determine the 3D-PES.
Reference energies for the minima and low lying saddle
points were calculated using the G3X method [16]. G3X
involves optimising the geometry at the B3LYP/
6-31G(2df,p) level of theory, then performing a single-
point energy calculation with QCISD(T)/6-31G(d).
Further calculations are then used to correct this energy
for the effects of including diffuse and higher polarisation
functions in the basis set (at the MP4 level), including
correlation of core electrons and even higher polarisation
functions (at the MP2 level) and including g functions on
the sulfur atom (at the HF level). A G3X electronic
energy is thus obtained. Usually the zero-point energy is
also included (calculated using B3LYP/6-31G(2df,p)),
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however, in this case it was omitted as we needed to use
the reference energies to find the level of theory which
gave the best possible prediction of the electronic energy
of DEDS. The additional calculation of zero-point
energies at every point of our 3D-PES would be far too
computationally expensive. G3X is reported to yield an
accuracy of *4kJmol ' for the calculation of
heat of formation from atomisation energies. It is,
therefore, expected to be highly accurate for the prediction
of the relative energies of the DEDS minima and
saddle points.

The G3X electronic energies were then compared with
the energies from fully optimised calculations for each of
the critical points, calculated using HF/6-31G(d),
B3LYP/6-31G(d), B3LYP/6-31G(2df,p) and MP2(full)/6-
31G(d). Amber energies for each of these critical points
were also calculated for comparison.

The 3D-PES was calculated at the MP2(full)/6-31G(d)
level of theory. Energies were calculated at ten degree
increments in y», xo' and xs to give the full 3D grid. As
Amber calculations for DEDS were relatively cheap to
perform, a similar 3D-PES was created using Amber for
comparison. This was only done for y3 values between 60
and 130° as these represent the y3 values adopted by over
99% of the high resolution X-ray structures found in the
Protein Data Bank (vide infra).

The small increments used to calculate the PES resulted
in a surface which was sufficiently fine grained that a
simple linear interpolation could be used to predict the
energies of disulfides with a given set of x», x»' and x3
dihedral angles. This methodology was used to predict the
relative stabilities of the disulfides in our database of high
resolution disulfides in the Protein Data Bank [17].
Please see Ref. [18] for details of how this database was
constructed.

All calculations were performed using the Gaussian 03
suite of programmes [19]. This suite includes the current

version of Amber, version 9. Calculations were performed
on the SC and LC computer clusters of the Australian
Partnership of Advanced Computing (APAC) National
Facility and on the local computer cluster of the Computer
Chemie Centrum, Erlangen, Germany.

3. Results and discussion

3.1 Benchmark calculations

The results of the benchmarking calculations are shown in
table 1. Energies are reported relative to the energy of the
GGG conformation (the minimum on the PES at the G3X
level of theory). Mean and RMS deviations from the G3X
results are reported for each of the levels of theory
investigated, together with the maximum deviation seen.
The HF and MP2(full) results are the same as those
described by Gorbitz [9] and have been included here for
comparison. Very little deviation was seen between the
geometries of the different conformations at the different
levels of theory.

The Amber energies in column 2 show the most
significant deviation from the benchmarks, both in terms
of the RMS deviation (2.3kJm0171) and in having the
largest discrepancy for any one configuration (TGT being
predicted to be 5.4kJmol ! too stable relative to GGG).
Most importantly, confirming earlier reports [8], the order
of the stabilities of the critical points is not consistent with
the benchmark G3X results. The comparison between the
HF results and the new G3X benchmarks was similarly
poor, with an RMS of 2.0kJ mol ! and a maximum
deviation of 4.5kJ mol~'. The order of the critical points
was better than observed for the Amber force field
calculations but was still not correct in some cases.

The density functional results, with both the 6-31G(d)
and 6-31G(2df,p) basis sets, also showed surprisingly poor
agreement with the benchmark relative energies. Although

Table 1. Relative energies (kJ mol ') of the diethyl disulfide minima and low energy saddle points at various levels of theory. Also included are mean,
RMS and maximum deviations from the highest level of theory, G3X.

Conformation (X. X3 Xb) 1 Amber HF 6-31G(d) B3LYP 6-31G(d) B3LYP 6-31G(2df,p) MP2(full) 6-31G(d) G3X
GGG (60°, 90°, 60°) 0.0 0.0 0.0 0.0 0.0 0.0
GGG (60°, 90°, —60°) 1.0 1.9 1.5 1.5 14 0.8
GGT (60°, 90°, 180°) -03 0.1 1.6 1.7 2.1 2.3
G'GT (—60°, 90°, 180°) 0.8 2.0 2.8 3.0 34 3.1
TGT (180°, 90°, 180°) -0.6 0.3 2.9 3.1 4.2 4.8
G'GG' (—60°, 90°, —60°) 6.3 7.6 6.2 6.0 7.3 6.7
GGS (60°, 90°, 120°) 8.4 6.9 6.3 6.0 8.2 7.5
G'GS (—60°, 90°, 120°) 8.3 7.4 6.7 6.4 7.9 6.7
GGS' (60°, 90°, —120°) 7.5 7.7 6.9 6.7 8.6 8.3
TGS (180°, 90°, 120°) 8.1 6.9 7.6 7.5 10.2 9.9
TGS’ (180°, 90°, —120°) 7.4 7.7 8.3 8.2 10.6 10.6
G'GS’ (—60° 90°, —120°) 11.7 10.9 8.4 8.1 11.1 10.0
Mean deviation from G3X -1.0 -09 -1.0 —1.0 0.4

RMS deviation from G3X 2.3 2.0 1.3 1.4 0.6

Max deviation from G3X —54 —4.5 —23 —24 1.2

* Dihedral angles shown are the average/minimum energy values for each conformation. See figure 1 for dihedral angle definitions. " Due to the symmetry of the system, y,
and y;, can represent either y, or x,'. That is, the conformation with y, = 60°, x3 = 90°, xo’ = — 60° is identical in energy to the conformation with y, = —60°, y3 = 90°,

X2 = 60°.
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the order of the minima was now correctly described, both
methods predicted the GGG’ and GGT conformations to
be roughly equal in energy, and likewise the G'GT and
TGT minima. The G3X calculations showed these to be
separated by 1.6 and 1.7kJmol™', respectively. In
addition, higher energy structures were, in most cases,
predicted to be too stable, that is, the PES is predicted
to be too flat. This is a significant problem for this work,
where the higher energy structures are those of greatest
interest and need to be described as accurately as possible.
The RMS deviations were, however, significantly smaller
than those calculated with either Amber or HF.

The MP2 calculations were again found to give by far the
best agreement with the benchmarks. The RMS deviation
was only 0.6kJmol ' and the maximum deviation
1.2kJmol L. MP2(full) was, therefore, chosen as the most
reliable level of theory with which to calculate the 3D-PES.

3.2 The 3D-PES

The PES is displayed in the form of contour plots for
increasing values of y;. Figure 2 shows slices through the
surface for y; between 60 and 130°. Contour plots for ys
values outside this range can be found in Appendix 1. Note
that the contour plots for negative y; values are related by
symmetry to those for y3 > 0. In all contours the energies
are shown relative to the energy of the absolute minimum
of the 3D-PES, y, = 70°, x3 = 90°, x,' = 70°. The colour
scheme has been chosen so that blue regions are low in
energy (<10kJmol ). Disulfides with energies in this
region are expected to be stable. Cyan indicates higher
energy regions (energy between 10 and 15kJmol ') and
green represents very high energy regions (energy
between 15 and 20kJ mol ). Disulfides in these regions
are expected to be less stable and more likely to be
involved in redox processes. All other colours correspond
to extremely high energy regions (>20kJmol ").
Disulfides are not expected to be found with such high
torsional strain.

At the lowest energy point on the surface, y; = 90°, the
different minima reported by Gorbitz [8] are seen as stable
(dark blue) areas, with the saddle point regions between
them also, in most cases, being of low energy (light blue).
The area of the dark blue circles generally gives a good
indication of the relative stability of the minima. Likewise
the area of the green regions indicates the relative
instability of the maxima in this slice. The plot appears
largely as expected but, surprisingly, a minimum is not seen
for yo ~ — 60° x3 ~ 90° x,' ~ — 60° that is, for the
G'GG' conformation. Detailed checks of the relative energy
of each gridpoint in the G'GG’ region confirm that the
absence of this minimum is not an artefact of the
positioning of the contours. The same situation is found
for the contour with y; =80° while a very shallow
minimum, with a depth of ~1kJ mol !, is seen for
x3 = 100°. We note here that, whereas the y; values
of the fully optimised benchmark calculations were
approximately 90° for almost all conformations, for

G'GG' the value had increased to approximately 110°
with all levels of theory. This unexpected instability of
the G'GG’ region of the PES is due to steric clashes between
the terminal methyl groups. In proteins, these correspond to
the Ha atoms. As shown in figure 1, the Ha atoms of a
G'GG' (x» ~ x2' ~ — 60) disulfide are forced into
particularly close proximity when y; = 90°. They, there-
fore, experience strong repulsive interactions and the
system is destabilised. These steric interactions are reduced
as y3 moves away from 90°, thus allowing minima to appear
for y3 = 70°and y; = 110°. Interestingly, for y; = 70° the
minimum is surprisingly deep (4.4 kJmol "), although it
becomes shallower for smaller y; values.

The effects of steric interference are particularly
important for lower values of y3. When the y, and x,
dihedral angles are both small, the terminal methyl
hydrogens come into very close contact as y; is reduced.
This results in the high energy feature near the origin
(actually at y, = x5’ ~ 20°) which grows rapidly as y; is
reduced below 90°. The growth of this feature also has a
significant adverse effect on the stabilities of the GGG/
and G’GT conformations for y; = 70°. Although these
minima are not seen on the contour plots for y; = 60 and
70°, they do exist. For both contours the minima are very
shallow (~2kJmol "), but they become deeper again for
x3 < 50°. For x3 < 40° the steric repulsion is so great that
the entire contour plot lies in the extremely high energy
region, above 20 kJ mol~'. Disulfides are not expected to
occur in these regions.

As x; increases above 90°, the contour plot becomes
more symmetrical due to the reduction of the steric
interactions between the methyl groups. In particular, the
GGG’ conformation drops in energy so that for y; = 100°
it is equal in energy with GGG, and for y; = 110 and 120°
it is actually the most stable conformation on the PES.
When y; is increased to 120° there is no longer steric strain
in the G'GG' region so that the G'GG' conformation is now
of equal stability to GGG. The PES continues to look
effectively symmetrical for all higher values of y3. For x3
values of 150° and above, the entire surface is more than
20kJmol ' above the minimum. Again, disulfides with
these large y; values are not expected to exist.

For comparison, contour plots of the Amber force field
3D-PES are shown in Appendix 2. Note that the absolute
minimum on the Amber PES is at y, = 180°, y3 = 80°,
x2' = 180°, rather than at > = 70°, x3 = 90°, x,' = 70° as
seen with MP2(full). However, all energies are shown
relative to the MP2(full) absolute minimum to give the
clearest comparison between the two methods. Areas
shown in very dark blue lie below the MP2(full) minimum.
We note, however, that the difference between y, = 180°,
X3 = 80°, x2' = 180°and y, = 70°, x3 = 90°, x,' = 70° on
the Amber PES is only 1.5kJmol '

All the significant features seen in the MP2(full) 3D-
PES are also found in the Amber force field surface, albeit
shifted to slightly lower y; angles. The Amber PES does,
however, seem to be rather flatter than the MP2(full)
version, with the energy not rising as quickly as y; moves
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Figure 2.  Contour plots of slices through the MP2(full)/6-31G(d) 3D-PES for DEDS. y; values are (a) 60°, (b) 70°, (c) 80°, (d) 90°, (e) 100°, (f) 110°, (g)
120° and (h) 130°. The horizontal and vertical axes show x, and x»'. Due to the symmetry of the system, any specific labelling would be arbitrary.

Energies, in kJmol ', are relative to the absolute minimum: y, = 70°, y3 = 90° and x,' = 70°.



17:50 14 January 2011

Downl oaded At:

480 N. L. Haworth et al.

5000 = T 60
4500 -
4000 +
3500 +
T 40
3000 +

2500 —+ 30

2000

Population

1500 1

Realativa anarav (k.limall

1000 -

500 +

w11 ]

0
0 10 20 30 40 50 60 70 80 S0 100 110 120 130 140 150 160 170 180
43 dihedral angle (degrees)

O Number of disulfides  —- Relative stability

Figure 3. The variation of disulfide population with torsion around the
X3 dihedral angle, as obtained from the database of high resolution X-ray
structures. The change in energy associated with this torsion for the GGG
conformation (x, = 60°, s varied, y,' = 60°) is also shown.

away from 90° (even when the difference in reference
energy is taken into account). The most significant
discrepancy, is in the prediction of the relative stabilities
of the local minima. Comparison of figures 2 and A2
(Appendix 2) clearly shows, amongst other problems, an
inversion of the order of the GGG, GGT and TGT
conformations for most values of x3. This issue has
already been discussed in detail in Section 3.1.

3.3 Comparison of PES with observed disulfide
conformations

An important test of the usefulness of our PES is to check
that the disulfide conformations that are predicted to be the
most stable actually correspond to those most commonly
seen in proteins. Figure 3 shows the distribution of x;
values obtained from our database of high resolution
X-ray structures. Superimposed on this distribution is the
(one-dimensional) PES for torsion of y; in the most
populous GGG conformation. This gives a rough guide as
to how the shape of the 3D-PES changes with y;. We note
that the 1D-PESs for most other conformations have the
same general shape, although the minima may be at
slightly different dihedral angles. It can be seen that the
most stable point on the PES, at about 90°, does indeed
correspond to the highest population of disulfides. The
population falls rapidly as y; increases or decreases and
the energy rises. The slight shift of the histogram towards
higher y; values is probably associated with the minima
for some conformations being as high as 110° (G'GG).
It is also interesting to compare how the disulfides in the
PDB are distributed amongst the possible conformations.
Figure 4 shows a scatter plot of the conformations adopted
by disulfides with y3; between 85 and 95°. This is
superimposed on the PES slice for y; = 90°. Clearly the
majority of the disulfides are located in either the low
energy (blue) or high energy (cyan) regions, with very few
examples in the very high energy zones (green, yellow,
etc.). By far the majority of the disulfides adopt the lowest
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Figure 4. Scatter plot of experimental y, and x,’ values for disulfides
from the database of high resolution X-ray structures with y; between 85
and 95° superimposed on the 3D-PES slice for y; = 90°.

energy GGG conformation (bottom LH corner). However,
concentrated patches are seen for each of the different
minima. We note that for y; = 90° the saddle points are
also in the low energy region of the PES and significant
populations of disulfides are found with the corresponding
sets of dihedral angles.

What is most interesting is that an appreciable number of
disulfides is also seen in the high energy G'GG' region (top
RH corner). Further analysis of the structures which adopt
this conformation has revealed that, in almost all cases, the
disulfide is fixed in this conformation by the protein
secondary structure. In particular, most of these disulfides
are found to bridge two neighbouring strands in an
antiparallel (-sheet. This secondary structure motif is
known as a cross-strand disulfide [4,18,20]. In addition to the
strain due to the unfavourable conformation, the associated
B-sheets are also significantly distorted by the presence of
these disulfides. They are, therefore, highly strained
and present very promising candidates for involvement
in redox processes. Further analysis of this interesting
class of disulfides has been reported elsewhere [5].

3.4 Use of the 3D-PES to predict disulfide stability

Finally, the 3D-PES was used to predict the strain in each
of the disulfide bonds found in our database of high
resolution structures from the Protein Data Bank. This was
done using a simple three-dimensional linear interpolation
on the calculated PES. The effects of strain in the y; and
xi' dihedral angles were not taken into account in this
investigation.

Using our MP2(full) PES, the mean strain energy of the
disulfides in our database was found to be 7.1kJmol !,
with a standard deviation of 4.8 kJmol '. Seventy-nine
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Figure 5. Comparison of relative energies for disulfides in high resolution structures of the PDB as predicted by the (a) Amber torsional potential,
(b) full Amber potential including non-bonded terms, and (c) quantum chemical calculations using the MP2(full) level of theory. Note particularly the
populations peak in different energy bins. To ensure a fair comparison, only disulfides with x; between 60 and 130° were included (see Methods).

percent of disulfides were found to have relatively low
energy (< 10kJ mol ' above the minimum), with a further
18% being in the high energy region (between 10 and
15kJmol~"). Only 3% had a relative energy higher than
15kI mol ™.

A histogram showing the energy distribution of the
disulfides in the PDB can be found in figure 5. Energy
distributions calculated using the Amber torsional potential
and the Amber 3D-PES have been included in addition to
the MP2(full) results. The average disulfide energies are
also shown along with the standard deviations. As discussed
in Methods, only disulfides with y; between 60 and 130° are
included, resulting in a slightly different MP2(full) average
compared to that for the complete dataset stated above.
Using energies calculated with the Amber torsional
potential, the histogram is seen to be strongly biased
towards lower energies; this is a natural result of the
prediction by this potential that all the configurations on the
PES are equally stable and thus all have a relative energy of
zero. Using the energies from the Amber 3D-PES, the
histogram is much more consistent with that from the
MP2(full) surface, but is still biased towards lower energies.
This is clearly seen by examining the modal energies for
each method. The histogram peaks at 2.5kJ mol " if only
the Amber torsional energy is considered; at 5.0kJ mol '
when the entire Amber potential is considered; and at
7.5k mol ! using the more exact MP2(full) calculations.

Further analysis of the relative energies associated with
each of the different disulfide conformations as well as

with various secondary structure elements will be reported
elsewhere [18].

4. Conclusions

We have successfully constructed a MP2(full)/6-31G(d)
PES for the torsion of DEDS around its three important
dihedral angles. This surface was found to be qualitatively
different from that which was predicted using either the
Amber torsional energy function or the full Amber force
field. In particular, the relative stabilities of the minima on
the MP2(full) surface were found to be in good agreement
with the G3X benchmark calculations, whereas the Amber
force field gave not only large deviations in the relative
energies but also a different order for the stabilities of the
conformations. This order is likely to be important in
elucidating the mechanisms of reactions that involve a
cascade of disulfides. One such example occurs in
Staphylococcus aureus Arsenate reductase, in which
stepwise formation of the Cys 10-Cys 82 and Cys
82—Cys 89 disulfides form part of the reaction cycle
to detoxify arsenic [21]. The Cys 10—Cys 82 disulfide
is a short-lived high energy intermediate trapped in the
crystal structure of the Cys89Leu mutant (PDB 11k0). Upon
formation, the disulfide likely adopts the SG'T confor-
mation with a relative energy of 14.9kJ mol ™' (Chain A).
Subsequent movements of a flexible region of the backbone
(residues 82-97) twist the disulfide into an S'GG
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conformation with a relative energy of 24.0kJmol ',
rendering it susceptible to attack by the nearby Cys 89
thiolate (Chain B). The subsequently formed Cys 82—Cys
89 disulfide adopts the G'G'G’ conformation with a lower
energy of 12.2kJmol ', and is sufficiently stable that it
must be reduced by thioredoxin in order to regenerate
Arsenate reductase for the next reaction cycle (PDB 11ju).

The relative configurational stabilities of the MP2(full)
PES were also found to be more consistent with
experimental data for the populations of disulfides,
which adopt the associated conformations.

Unexpectedly, the 3D-PES did not show a minimum
associated with the G'GG’ conformation for y; values
of 80 and 90°. This is a result of strong steric interactions
with this particular set of dihedral angles
(x» = x2' = — 60°, x3 = 90°. In this conformation the
Ha atoms are aligned directly towards each other, thus
experiencing strong repulsive forces that destabilise the
system. Also surprising was that a significant population of
disulfides were found to adopt this high energy confor-
mation. Further analysis revealed that in most cases this
conformation arose from (and was required for) an unusual
secondary structure motif, the cross-strand disulfide.

The 3D-PES was subsequently used to predict the
relative stabilities of all the high resolution disulfide bonds
reported in the Protein Data Bank. As expected, the vast
majority of the disulfides were found to have a low strain
energy and are, therefore, likely to be involved solely in
structural stabilisation. Approximately 20% of the
cystines were of high or very high relative energy and
thus have the potential to be involved in redox processes.
Further investigation of these disulfides is ongoing.
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Appendix 1

Contour plots of slices through the MP2(full)/6-31G(d)
3D-PES for DEDS. x3 values are: (a) 0°, (b) 10° (¢) 20°,
(d) 30°, (e) 40°, (f) 50°, (g) 140°, (h) 150°, (i) 160°, (j) 170°
and (k) 180°. The horizontal and vertical axes show y» and
Xx2. Due to the symmetry of the system, any specific
labelling would be arbitrary. Energies, in kJ mol_l, are
relative to the absolute minimum: y, = 70° y3; = 90°,
x2' = 70° (Figure Ala—k)

Appendix 2

Contour plots of slices through the Amber force field 3D-
PES for DEDS. yx3 values are (a) 60°, (b) 70°, (c) 80°, (d)
90°, (e) 100° (f) 110° (g) 120° and (h) 130°. The
horizontal and vertical axes show y» and y,'. Due to the
symmetry of the system, any specific labelling would be
arbitrary. Energies, in kJmol ', are relative to y, = 70°,
x3 = 90°, x,' = 70°, the minimum on the MP2(full) PES
(Figure A2a-h)



483

Diethyl disulfide potential energy surface

Appendix 1.

fifegzeaegesn, iR f22288335¢s #3388 83855333 s -
| 11 1" |0 o
u| - ] oz i - B i =5
it o Fov N i
£l H NE = = = m‘ ! e o
SEEe=m ﬁ =i S= i = i NI H =
= = ZEeEE N = (S oe jm K] - NI,
t NN P = = = = ] .
SRR o1 = R i 1==-001- e 001~
] T & {4 ! iy oo B 1 / ) } NN
\ o 1) ST -
. <o / F .
B B 091 = N 0
K Tt 1 Ly T
I | 1 A / i ost y JImT] ¢
H | € 1 T &l ,_ 09k = o
= i V.o = { = o
= X I v
141114 2 O - == I - ] I T I 1 -
1 Ml‘ \ ar Vi A = I w
B AEmSRE H AR oo P 6% ENmE = ! EH 0 9 999990909
= I = = Su =, \¥ L == o W o W o Ww o wu 2
BREHGA e SanaRdn Z N L ; ] + 2 ¥ IR SYT T2
NSmEcT=ssSREmseSSSd L SRR ® : 9999999 a7 @
N i H or -t = B or S 5 O W o w o wowo 22
- S i i - = e 1 w < < 0 M N N ~ — 10 O
= ZF#=ShL LN R ] L. &= = o o I o I R o [ = |
~ LZITART 0 = - N 0o = f o
2 Ra e gegses ; 3 $§822382cazg8q., EEEEEEER R &
i ° 7 T ond T m 7 o iy T,
H sk Hﬁuoﬂ . 0 5 . =
B = =0 H Mo s EdpSSNnSuN = B m =
= - Nz ” i = 4 N = — H = ! il i |
=i = e B = = - -0z = - Vill N
NN SN =Esz = T Il iy { IS T T YA} ri
i Fl = - NS i ) i 1
N i =i g NS~ =
o E = = =
[ 74 D P, N Ay 7 3
UE7 2 iy . L Y Sy I I AR (A s 1 q 1
2714 4 orke - Hron-
)i = ook N Il \ o1
B 7 Y , i (HFIH ¥ 1 ¥ i il
[ . 1 / I /! . (uEI 1 I A | [\ b k| |
= 7T, I ul { . = 7 o
4] B mam H H H
i a7l 1 | ] LY ! 1 I ) { I
. b I 1l T 4
N / H H L H e H
= = = = = 98 T i
Tt ban]
i T (D muy VAV i
or i~ === u: = - 2 o = T =
® T ISSINANNA=ASN SN RS AL EarapEN = vy ]
AR A SusE SN YR i VN AS S ENEN] i 1 Slmuin Fard
288888 gz2 35 . _ = $8888R8g3p 9 aq 9 328882389888 3g3gs9 sesg88%28g3z3 <
: A EEEEENK - 3 3 2 2 2T 2883888332 2§38 Y3288 s
WAL ¢ Fimmi i 77 1’ i) AIRY
PR H . H H - a= s
- e Y O = = sEsun mwav m! = | = I == == 0 5
@M = o oo B S == - b0 = = 00 re H
= I S == = 1 = Nl 7
= e o8- == = =] N oe- LS e LY I 3 A\
ok = & - I = S i i \
=i = = = { =P Neu = = - = FT =
[ H oz i '\ 71 -
mw T (1 o 17 AV i M0 I | { TR T ] T TR f T/
= 1 o
gl 7 V AY AN =
7 i P . - 7 .
A ) ] T =t f v s it N { h
T T N I 1 Il % |
= H = 1 7 01 7
1) 1 ] |\ 18N I i D i AN y NN YTy g
i PRI VR W L FimYd o -
[SahiEpnn i = | T S8 ]
=N SSAm EEENERIN = = ; : o
=St e N s =oons ] I I i T oo \ H i
E= == = i g SREEE o = i N, i
= . =
= RN Y AT | = 1
& TN P AN T i

1102 Alenuer $T 0S:.T : I Papeo |uwog



17:50 14 January 2011

Downl oaded At:

484 N. L. Haworth et al.
(@) (b) (c)
T NI T T PR RO ] T EEES=ap==ok
TR - B : - AL 1
f = i i [ it e w0 AT TN NEERE 40
% == ) HLL = = it = 0 % an {0
= il
f 7 ) HT -80 80
% Y { ; Sa=pE I \}\ \ \} - B -100 jt md H =100
! I LS o By AV =120 T S 120
f \ 140 T T -140
| = 130 —-,L—Tf w0 1 P60
JI T E1e0 i 1:- 180 :x | 11 i::»wo
: L H + 160 HAES A A Nm = =180
il 3 = = 140 140
Nemay w o i mmmm ] 120
1 f 7 1 { 100 100
'f e a0 Eg% E— | :_ "
I [ i I T
X i S ==t N < = 7£7¢— a0
0 = SN T T .
7] ~H =S S NS =
R AP AN == MILEE =
° 8 g 8888 98§°" cas g8 & gses g
(d) (e)
LN el | ‘
i % N B B ] o= H—Li I \,H—Li \ -2 = | Shi
Ay == i F B0 Fl ==
%:1 E ESS 60 7—<—§ = -80 M X -
g: } ' o (N = i~ —+ 80
x N I = - H ‘I - i ] B Y o i -
i1 | i Y = i Y ] ] } 120 { \ 7 { 1
NN N : m = Ll 140
mm =1 m [ -180 i = -150
:E: T HH s HH e } p I e
;75 = 160 = 160
I B 140 - 140
g EEE SEUBIESE ' ' Ha - B )
100 = 100 m P i =" 100
— = N —— &0 . = H s0
muim ma - T, s l .
R N il Smn T
Bcwl i i I R N “° = =
1 I =S 0 iD=zl (I %
NPT NER==d| ) i N R N 2 =
AT LT LISEFT I I TN 7 1
| g8 83 8HERE e &% gsegegesgs 3 8 8 g8 8 88
(9) ()
: 2 HOKH . B s  O500+
il = T = - i = i = 0 [045.0-50.0
[ I 1 I 1T ] I I 1 I
H F 80 =i n ™ [040.0-45.0
= = =100 — -100
e Y » A 035.0-40.0
I i I T i | ] I VL
= F == -140 L Ll 140 [@30.0-35.0
A 160 == = 180
1 Y 7 Y iV 1 r 1Y 025.0-30.0
Ay 7 I 1 i FARES
H 160 = 180 [020.0-25.0
H = = = 140 = =t = 140
> ; r 120 I i 2 015.0-20.0
| L] 100 L 100 010.0-15.0
{1 a0 o = ] 80
T i i i i o T ) { L 05.0-10.0
tl = = 2 = =; = = ' m0.0-5.0
T \ o ERTET k] W-5.0-0.0
Appendix 2.
References [7] D.A. Pearlman, D.A. Case, J.W. Caldwell, W.R. Ross, T.E.

[1] H. Choi, S. Kim, P. Mukhopadhyay, S. Cho, J. Woo, G. Storz, S.

[2

[4

[5

]
]

Ryu. Structural basis of the redox switch in the OxyR transcription
factor. Cell, 105, 103 (2001).

P. Stathakis, A.J. Lay, M. Fitzgerald, C. Schlieker, L.J. Matthias, P.J.
Hogg. Angiostatin formation involves disulfide bond reduction and
proteolysis in kringle 5 of plasmin. J. Biol. Chem., 274, 8910
(1999).

H.R. Ibrahim, T. Haraguchi, T. Aoki. Ovotransferrin is a redox-
dependent autoprocessing protein incorporating four consensus
self-cleaving motifs flanking the two kringles. Biochim. Biophys.
Acta, 1760, 347 (2006).

M.A. Wouters, K.K. Lau, P.J. Hogg. Cross-strand disulphides in cell
entry proteins: poised to act. Bioessays, 26, 73 (2004).

N.L. Haworth, L.L. Feng, M.A. Wouters. Redox-active disulfides:
relationship between cross-strand disulfides and right-handed
staples. J. Bioinform. Comput. Biol., 4, 155 (2006).

B.A. Katz, A. Kossiakoff. The crystallographically determined
structures of atypical strained disulfides engineered into subtilisin.
J. Biol. Chem., 261, 15480 (1986).

Cheatham III, S. Debolt, D. Ferguson, G. Seibel, P. Kollman.
AMBER, a computer program for applying molecular mechanics,
normal mode analysis, molecular dynamics and free energy
calculations to elucidate the structures and energies of molecules.
Comp. Phys. Commun., 91, 1 (1995).

[8] C.H. Gorbitz. Unpublished work referred to in Ref. [14].

[9] C.H. Gorbitz. Conformational properties of disulphide bridges. 2.
Rotational potentials of diethyl disulphide. J. Phys. Org. Chem., 7,
259 (1994).

[10] A.D. Becke. Density-functional exchange-energy approximation
with correct asymptotic behavior. Phys. Rev. A, 38, 3098 (1988).

[11] C. Lee, W. Yang, R.G. Parr. Development of the Colle-Salvetti
correlation energy formula into a functional of the electron density.
Phys. Rev. B, 37, 785 (1988).

[12] B. Miehlich, A. Savin, H. Stoll, H. Preuss. Results obtained with the
correlation energy density functionals of Becke and Lee-Yang and
Parr. Chem. Phys. Lett., 157, 200 (1989).

[13] A.D. Becke. Density-functional thermochemistry. III. The role of
exact exchange. J. Chem. Phys., 98, 5648 (1993).

[14] A.D. Becke. A new mixing of Hartree—Fock and local density-
functional theories. J. Chem. Phys., 98, 1372 (1993).



17:50 14 January 2011

Downl oaded At:

Diethyl disulfide potential energy surface 485

[15] L.A. Curtiss, K. Raghavachari, P.C. Redfern, V. Rassolov, J.A.
Pople. Gaussian-3 (G3) theory for molecules containing first and
second-row atoms. J. Chem. Phys., 109, 7764 (1998).

[16] L.A. Curtiss, P.C. Redfern, K. Raghavachari, J.A. Pople. Gaussian-3
(G3) theory: use of improved geometries, zero-point energies, and
Hartree—Fock basis sets. J. Chem. Phys., 114, 108 (2001).

[17] H.M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat, H.
Weissig, I.N. Shindyalov, P.E. Bourne. The Protein Data Bank.
Nucleic Acids Res., 28, 235 (2000).

[18] N.L. Haworth, L.L. Feng, M.A. Wouters. Approaches to identifying
redox-active disulfides in protein structures, In Prep.

[19] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C.
Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox,
H.P. Hratchian, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.

[20]

[21]

Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C.
Pomelli, J.W. Ochterski, P.Y. Ayala, K. Morokuma, G.A. Voth, P.
Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D.
Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K.
Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S.
Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
1. Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y.
Peng, A. Nanayakkara, M. Challacombe, PM.W. Gill, B. Johnson, W.
Chen, M.W. Wong, C. Gonzalez, J.A. Pople. Gaussian 03, Revisions
B.03-C.02, Gaussian, Inc.: Wallingford CT, (2003—-2004).

P.M. Harrison, M.J. Sternberg. The disulphide B-cross: from cystine
geometry and clustering to classification of small disulphide-rich
protein folds. J. Mol. Biol., 264, 603 (1996).

J. Messens, J.C. Martins, K. Van Belle, E. Brosens, A. Desmyter, M.
De Gieter, J.M. Wieruszeski, R. Willem, L. Wyns, 1. Zegers. All
intermediates of the arsenate reductase mechanism, including an
intramolecular dynamic disulfide cascade. Proc. Natl. Acad. Sci.
USA, 99, 8506 (2002).



