@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

The Effect of Tensile Stress on the Conformational Free
Energy Landscape of Disulfide Bonds

®

CrossMark

click for updates

Padmesh Anjukandi'*, Przemyslaw Dopieralski'?, Jordi Ribas-Arino'", Dominik Marx"

1 Lehrstuhl fiir Theoretische Chemie, Ruhr-Universitdt Bochum, Bochum, Germany, 2 Faculty of Chemistry, University of Wroclaw, Wroclaw, Poland

Abstract

Disulfide bridges are no longer considered to merely stabilize protein structure, but are increasingly recognized to play a
functional role in many regulatory biomolecular processes. Recent studies have uncovered that the redox activity of native
disulfides depends on their C-C-S-S dihedrals, %, and y’». Moreover, the interplay of chemical reactivity and mechanical
stress of disulfide switches has been recently elucidated using force-clamp spectroscopy and computer simulation. The y,
and 7> angles have been found to change from conformations that are open to nucleophilic attack to sterically hindered,
so—called closed states upon exerting tensile stress. In view of the growing evidence of the importance of C-C-S-S
dihedrals in tuning the reactivity of disulfides, here we present a systematic study of the conformational diversity of
disulfides as a function of tensile stress. With the help of force-clamp metadynamics simulations, we show that tensile stress
brings about a large stabilization of the closed conformers, thereby giving rise to drastic changes in the conformational free
energy landscape of disulfides. Statistical analysis shows that native TDi, DO and interchain Ig protein disulfides prefer open
conformations, whereas the intrachain disulfide bridges in Ig proteins favor closed conformations. Correlating mechanical
stress with the distance between the two a—carbons of the disulfide moiety reveals that the strain of intrachain Ig protein
disulfides corresponds to a mechanical activation of about 100 pN. Such mechanical activation leads to a severalfold
increase of the rate of the elementary redox Sy2 reaction step. All these findings constitute a step forward towards
achieving a full understanding of functional disulfides.
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Introduction imn order to fully understand the molecular basis of these

elementary biological processes [13-16].

Disulfide bonds are known since long to play crucial roles in the
workings of Nature’s protein machinery [1]. For many years it has
been accepted that disulfide bonds have been added during
evolution to enhance the stability of proteins that function in a
vividly fluctuating cellular environment by establishing covalent
crosslinks [2], thus protein folding and disulfide bond formation
going hand in hand [3]. However, recent evidence indicates that
disulfide bonds can be more than just inert structural motifs [4].
Today, the emerging paradigm is that the disulfide proteome
consists of two subproteomes, a “structural’” and a redox—sensitive,
“functional” class as many disulfide bonds have been discovered to
play crucial roles in regulating the biological activity of the
proteins themselves [5-8]. Such so—called “disulfide switches™ are
enabled by the very chemistry of sulfur bonds, which can easily
undergo redox reactions at mild, physiological conditions [9-12].
Moreover, since a few years only, we have witnessed a growing
interest in probing experimentally the cleavage and interchange
reactions of functional disulfides under controlled stress conditions
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Most interestingly, it has been observed that numerous
“disulfide switches” are associated with strained conformations
involving the C—C—S—S dihedral angles, i.e. y, and y'» as defined
in Fig. I, in response to geometrical constraints imposed by
proteins in certain regions of their structures, such as e.g. in the
case of staple conformations that store a significant amount of
torsional strain energy [8]. Since the value adopted by y, and y'5 is
seemingly a factor that controls the ability of a given disulfide to
act as a switch, the energy landscape of disulfide bridges for
hindered torsional motion around their %, and y'» angles has
recently raised much interest [17,18]. In particular, the potential
energy surface (PES) for the torsion around these dihedral angles
has been computationally investigated in a small model system
(diethyl disulfide, DEDS) to scrutinize the conformational ener-
getics of the disulfide bridge [17,18]. Upon mapping the
distribution of the disulfide bonds in the Protein Data Bank
(PDB) onto the computed two-dimensional PES, an astonishing
conformational diversity of disulfide bridges in terms of their
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preferred y, and x> values has been observed [17,18]. Although
the majority of disulfides adopt the lowest energy conformation, a
significant amount of disulfides is found in other regions of this
PES (including other local minima and non-stationary points)
[17,18]. This computational and statistical analysis on the
conformational landscape of disulfide bridges has certainly
delivered useful information as to know which disulfides are likely
to be redox—active. However, recent work on the mechanochem-
istry of disulfide bridges suggests that another variable should be
explicitly included in this analysis in order to have a more
complete picture of the interplay between conformation and redox
activity of disulfides.

Research on the mechanochemistry [19-21] of disulfide bridges
[22] has already provided spectacular insights into the intimate
coupling of chemical reactivity and mechanical stress [23,24].
Along such lines, recent pioneering force—clamp atomic force
microscopy (AFM) experiments on a mutated 127 domain of
cardiac titin have revealed an abrupt switch in the redox reactivity
of disulfide bonds when stretching the peptide with external forces
of roughly 0.5 nN [25]. Enormous efforts have been invested to
unravel the molecular origin of this most enigmatic switch and to
decipher the mechanical properties of disulfides in general [25—
34]. Using again a minimal molecular model system, namely
DEDS in bulk water, it has been demonstrated that it is not the
stretching—induced distortions of the central C—S-S-C dihedral
angle (denoted as y3 in the protein literature), but stress—induced

B, o 1 .
'—"ﬁi -~

Figure 1. Three models of increasing complexity used to
investigate strained disulfide bonds. (a) Diethyl disulfide (DEDS),
(b) cystine, and the (c) polypeptide model (see text). The collinear
constant force of magnitude Fj is applied to the terminal methyl C
atoms in panel a and to N and C termini in panels b and c. The dihedral
angles y,, x> and y3 are defined in panel b.
doi:10.1371/journal.pone.0108812.g001
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conformational change of the C—C—S—S dihedrals (i.e. y, and x>
in Fig. 1) which regulates the measured redox activity [34]. In the
absence of force, the disulfide bond is in a conformational state
that is favorable for nucleophilic attack in the sense of a standard
Sy2-type reaction and thus for redox reactions. The molecular
reason is that the y, and/or y'» dihedral in the unstretched
molecule is in the so-called “open” state and allows for ready
collinear attack of the nucleophile as explained earlier [34].
However, upon straining the molecule by stretching it, both angles
are quickly deformed towards y,/y'2 & 180°/180°, corresponding
to the so-called “closed/closed” state, which blocks the reactivity
cone for Sy2 attack and thus counteracts the redox activity. This
change from open to closed/closed conformations occurs at
around 0.5 nN and provides the molecular underpinnings of the
disulfide switch in the single-molecule limit [25,34]. We mention
in passing that a closed state with respect to the y, dihedrals
according to this “mechanochemistry nomenclature” corresponds
to a trans conformer within the conventional classification scheme.
The open states, in turn, embrace the subclasses of spirals, hooks
or staples, the latter category including examples of “allosteric
disulfide bonds” [6,35].

These findings suggest a possible link to the aforementioned
functional disulfide bonds in native proteins which are strained in
terms of the y,/y’» dihedrals, at the level of the underlying Sy2—
type redox reaction. It is noted in passing that, of course, global
conformational blocking and lack of solvent accessibility in the
case of buried disulfides, which might hinder the approach of large
nucleophiles already far away from the redox center itself, are
additional important factors that certainly affect the apparent
reactivity of disulfides. Having this in mind, it should be recalled
that IgG4 [36,37] and IgG2 [38] systems exhibit functional
“structural isoforms” which are proposed to be mediated via
intrachain disulfide bonds. Thus, apart from the solvent accessi-
bility, the proximity of internal thiols in proteins could also
mediate disulfide bond reduction, making these intrachain
disulfides also interesting candidates for the reduction process.

In view of these observations obtained at the single—molecule
level, it is clear that the explicit consideration of the tensile stress is
mandatory for a full understanding of both the conformational
landscape of disulfide bonds and its connection with their redox
activity. Here, on the basis of extensive isotensional metadynamics
simulations, we will evaluate how the conformational free energy
surface (FES) of disulfide bridges as a function of torsions around
the y, and y'» dihedral angles is transformed upon applying tensile
stress. At this point, it should be emphasized that our systematic
study of the conformation energetics of disulfide bridges not only
incorporates the effects of external forces, but it also incorporates
finite temperature and entropy effects through mapping the
assoclated free energy surfaces.

Our analysis will reveal that tensile stress brings about drastic
topological changes on the conformational FES of disulfides.
Indeed, it will be demonstrated that mechanical stress results in a
notable stabilization of the closed conformation of disulfide
moieties and that this is the single minimum observed in the free
energy surfaces obtained at forces around 1 nN. Besides, we will
present the results of a new statistical analysis of Protein Data Bank
(PDB) structures, which will disclose that the disulfide bonds of
different classes of proteins feature markedly distinct patterns when
it comes to their preferred y, and x> dihedrals and thus
conformations. Specifically, intrachain immunoglobulin (Ig) pro-
tein disulfides strongly prefer y,/y'> combinations around 180°/
180°, i.e. closed/closed conformations, whereas functional disul-
fides residing in thiol-disulfide interchange proteins (IDi) [39],
disulfide oxidoreductases (DO) [40] and in interchain Ig proteins
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most clearly avoid these values of y, and y'». The latter classes are
thus “conformationally active” disulfides, that is, disulfides that
possess a local configurational arrangement close to the disulfide
bridge being the redox center, that favor an easy approach of
nucleophiles. It will be shown that the y,/y> =~ 180°/180°
conformations of disulfides in intrachain Ig proteins, which
originate in interstrand constraints imposed by native Ig proteins,
correspond to a tensile force on the order of 100 pN on these
strained disulfides. Based on this force, which is well within the
range of physiological forces relevant to biological processes [41—
46], it can be argued that these particular disulfides are
“mechanically activated”.

Results

From molecular models to polypeptides

At the core of our analyses will be to understand the
conformational behavior of disulfide bonds depending on strain,
which is imposed by external tensile stress generated by stretching
the protein isotensionally, i.e. at constant force. The mutated 127
domain of cardiac titin used earlier in AFM experiments [25] is
simplified to the polypeptide fragment Ile-Cys—Leu—Ser—Glu—
Pro—Asp—Val-His—Cys—Gln, where the disulfide bridge connects
the 2nd to the 10th cysteine residue thus forming a loop as
schematically shown in Fig. Ic. This model inherits the topological
essence of the 127 domain of titin [25,26,47] while being stretched.
Furthermore, the system complexity will be reduced systematically
towards the minimal system DEDS, see Fig. la, by also
investigating a dipeptide, cystine as depicted in Fig. 1b, which
will enable us to systematically refer to earlier findings [34] in the
current framework. All three models are fully solvated in water at
ambient conditions and stressed by applying a constant force (of
magnitude Fj to the terminal heavy atoms as indicated in Fig. 1)
using isotensional molecular dynamics and metadynamics simu-
lations [21]. Full information on models, methods, and references
is provided in File S1.

Conformational diversity and mechanical stress

What happens to the conformational degrees of freedom when
putting disulfide bonds under tensile stress, i.e. upon mechanical
stretching our polypeptide model? As clearly displayed in panel a
of Fig. 2, the sampled probability distribution function associated
with the y, and x> dihedral angles (P(y»,%'2)) features a
pronounced conformational diversity of the unstretched molecule.
In particular, with an overwhelming probability at least one of the
two C—C—S-S dihedrals is in a conformation that is open to
undergo redox reactions. The picture changes significantly already
at a stretching force of 0.3 nN in panel b, with a strong preference
of y5/ x> = 180°/180° such that closed/closed conformations are
found to be significantly populated. This trend becomes system-
atically more pronounced upon stressing the molecule up to 1 nN
(cf. panel d), where essentially exclusively the highly strained
closed/closed state is seen to survive. The same observation is
made for the two smaller models, DEDS and cystine, where
closed/closed conformations are overwhelmingly populated at a
force of 300 pN and higher, see Figs. S3 and S4 in file S1. Thus,
we infer that the external force definitely impacts on the
conformational preference of the y, and y'» dihedrals in disulfide
systems in the sense of greatly reducing their conformational
diversity towards the closed/closed state. In addition, the two
smaller systems support the key characteristics found for the
polypeptide and are thus valuable reduced models for subsequent
analyses. The force-induced stabilization of the closed/closed
conformation can be easily understood in view of the fact that this
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conformation leads to a more extended molecule. This, in turn, is
in line with previous single-molecule force spectroscopy studies,
where it was found that the elasticity of biopolymers in the low-
force regime stems from changes in the values of the dihedrals of
the backbone [48-50]. Such elastic response can in general be well
captured with simple analytical models, such as the worm-like
chain (WLC) or the freely—jointed chain (FJC) models [49,50].

Conformational diversity and mechanical coordinate

Next, the impact of stretching on the total population of open
conformers is analyzed systematically in Fig. S6 in file S1, which
exhibits a significant decay upon stretching, again found for all
systems considered. This suggests the question if there is a simple
way to connect this observation, i.e. the conformational response
of the y, and x> torsional degrees of freedom of the disulfide
moieties to tensile force, to a structural parameter? Indeed, the so—
called mechanical coordinate ¢, i.e. the distance between the
atoms to which the external force is applied, increases qualitatively
in a similar manner according to Fig. S7 in file S1. In addition, this
behavior of q versus Fy perfectly correlates with the decreasing
contributions of open conformers in Fig. S6 in file S1. However, its
change in absolute terms is strongly system dependent: g increases
by about 6 A from zero force to 2 nN in case of the polypeptide,
whereas this amounts to only 3 and 2 A for cystine and DEDS,
respectively.

Comparison to native redox disulfides

After having demonstrated that the conformational diversity (in
particular, the open character of disulfide bonds that facilitates
redox reactions via nucleophilic attack) is dramatically reduced if
polypeptides as well as smaller molecules get stretched with forces
of sub-nN magnitude, we will now inspect whether the native
disulfides exhibit any conformational preference depending on
their particular protein environment. The scatter plot of Fig. 3
reveals that TDi, DO and interchain Ig protein disulfides prefer to
stay in open conformations, thus being prone towards redox
processes [34]. This is in consonance with the experimental
observation that these classes of proteins contain functional
disulfides that readily undergo oxidation/reduction themselves
and also facilitate the reduction of other disulfides, thus regulating
protein function [51]. In stark contrast with the conformational
trends uncovered for TDi, DO and interchain Ig protein
disulfides, our statistical analysis (see Fig. 3 and Fig. S2b in file
S1) shows that intrachain disulfide bonds in Ig proteins mostly
prefer /7> = 180°/180° and thus the closed/closed state
[52,53], thereby hindering redox reactions at the level of the
underlying Sy2-type chemical reaction. The analysis presented
above on the influence of mechanical stress on the conformational
diversity of disulfides (cf. Fig. 2) suggests that this specific
conformational preference can be traced back to these intrachain
disulfide bridges being subjected to tensile stress. In the next
subsection, we will estimate the value of tensile stress that is
compatible with the systematic strain observed in this class of
disulfides.

Molecular understanding

Upon analyzing a variety of structural properties in addition to
q, we found that the computed distance between the two a—carbon
atoms of the disulfide moiety (the C,—C, distance) correlates
uniquely and quantitatively with tensile force for all systems
investigated as revealed by the circles in Fig. 4; note that what we
call “o—carbon” following the usual protein nomenclature would
be the “f—carbon” with respect to a chemical reaction involving
the disulfide bond. This correlation, first of all, suggests that the
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Figure 2. Conformational diversity of the polypeptide model depending on tensile force. Probability distribution functions P(x,,y'2)
obtained from Boltzmann-inversion of the two-dimensional free energy landscapes from metadynamics simulations for the polypeptide model at

zero force and 0.3, 0.6, and 1.0 nN in panels a to d, respectively.
doi:10.1371/journal.pone.0108812.g002

C,—C,, distance versus force curve can be used as a (nonlinear)
“ruler” to translate tensile stress to strain within disulfide bonds,
which is simply measured (or parameterized) by the separation
between the C,—atoms. In order to gauge this correlation, we took
advantage of an experimentally reported strained disulfide bond
embedded in a macrocycle (see supporting Sec. I.C and Fig. S1 in
File S1 for details) for which the strain-inducing tensile force is
known independently [27] from our present calculations. For the
same molecule we computed the average C,—C,, distance (square),
which nicely falls on our correlation curve together with the force
taken from the literature [27] without any adjustment. A further
validation is obtained by computing the correlation curve for
DEDS using the superior QM/MM [54] approach instead of
biomolecular force field molecular dynamics (see supporting Sec.
LB in File S1). This confirms that the force field approximation
provides us with an accurate C,—Cy, versus Fy correlation curve
(cf. triangles versus green dots).

Next, the validated nonlinear ruler can be used to analyze the
experimental data after computing the average C,—C,, distances
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separately for the same sets of TDi, DO and different Ig protein
disulfides that underly Fig. 3, see the horizontal dotted lines in
Fig. 4. In the case of disulfide bonds in TDi, DO and interchain Ig
proteins, their average C,—Cy, distances turn out to be very similar,
being about 5.4, 5.3 A and 5.6 A, respectively. In stark contrast,
the mean C,~C, distance of the intrachain disulfides from the Ig
family turns out to be significantly longer, about 6.4 A, and is no
more far from the value of the significantly strained experimental
macrocycle, [27], which is about 6.65 A. It is thus concluded that
the systematic strain of intrachain disulfide bridges in Ig proteins
corresponds to tensile forces on the order of 0.1 nN (the
conformational density landscapes for DEDS and cystine at 0.1
nlN can be seen in Fig. S5 in file S1), whereas the TDi, DO and
interchain Ig protein classes are characterized by unstrained
disulfide bonds. It is worth mentioning that interchain disulfides
have a few members overlapping with closed/closed conforma-
tions. Yet, they are not significantly strained since the average of
their Co—C,, distance is 5.84 A. A few of the intrachain disulfides,
in turn, spread themselves in the region of open conformations.
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The average of their C,—C,, distance is 6.25 A, which means that
they are less strained than most of the intrachain disulfides (which

adopt closed conformations), but, at the same time, more strained
than TDi, DO and interchain disulfides.

Discussion

On the basis of a simple method devised to quantitatively
parameterize the internal strain in disulfide bridges as a result of
tensile stress, it has been shown that disulfides belonging to native
TDi, DO and interchain Ig protein disulfides are unstrained. As a
consequence, they feature a high conformational diversity, and in
particular avoid closed/closed conformations of the C-C-S-S
dihedrals, i.e. /)2 = 180°/180° (cf. Fig. S6 in file S1 at F;=0
nN and Fig. S8 in file S1 for y3), which are generally known to
sterically hinder Sy2-type attack and thus redox reactions at the
local level of the elementary chemical reaction. It thus follows that
functional disulfides residing in DO, TDi proteins and functional
interchain disulfides in Ig proteins are “conformationally active”
towards redox reactions since their open conformations allow for
casy access of the nucleophile and thus high reactivity.

The picture is vastly different for intrachain Ig protein
disulfides, which overwhelmingly prefer closed/closed conforma-
tions of interstrand disulfide bridges instead. It should be noted in
this context that those intrachain Ig protein disulfides which
extend themselves into the open conformations also exhibit a
longer C,—C,, distance, making this a characteristic feature. Here,
this preference is directly correlated with internal strain, which
manifests itself by a significant lengthening of the average distance
between the two o—carbons of the disulfide moiety when compared
to that in both TDi and DO proteins. The tensile stress that
distorts the intrastrand disulfide bridges in native intrachain Ig

L ] Palypeptide
L ] Cystine
L] DEDS
A DEDS-aMMM
B Macrocyde
Ig (Interchain}
ig (Intrachain)
----- oI

distance / A

Cl.l- C(’I

@
T
e

Force / nN

Figure 4. Stress-strain relation of disulfide bonds parameterized by the response of the C,-C, distance to tensile force. Dependence
of the computed average distance between the C,—atoms as a function of F; for the polypeptide model (black circles), cystine (red circles), and DEDS
(green circles) depicted in Fig. 1 and obtained from force field equilibrium (at zero force) and force clamp MD (for Fy,>0 nN) simulations.
Computational reference data for DEDS obtained from QM/MM simulations are shown by brown triangles and the experimental reference based on
the strained macrocycle [27] (see text) is marked by a violet square. The horizontal blue, pink and orange dotted lines are the average C,-C, distances
of disulfide bonds in TDi, DO and interchain Ig proteins, respectively, whereas the cyan dotted line corresponds to intrachain Ig proteins; these
averages have been computed using the identical data sets as those that underly Fig. 3, see caption.

doi:10.1371/journal.pone.0108812.9004
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protein disulfides is shown to be on the order of 100 pN and is thus
well within the range that is easily accessible to biomolecular
processes [41-46].

The question that arises at this point is whether this mechanical
activation could facilitate the reduction of an intrachain disulfide
bond, thus neutralizing (or at least partially counteracting) the
important local steric hindrance effects that a closed/closed
conformation entails for the approach of a nucleophile close to the
redox center. Within a simple mechanochemical picture, Bell’s
model [55], the increase of the rate of a chemical reaction due to
applying an external force is found to be exponential in its
magnitude Fy and can be roughly estimated from
k=ko exp[+ FoA&/kpT), where ky is the (usual thermal) rate at
zero force and A is a length parameter as comprehensively
discussed [21]. Thus, a severalfold increase of the redox reaction
rate is to be expected when applying forces on the order of 0.1 nN,
as indeed measured by force—clamp AFM for disulfide bond
reduction in proteins [25]. Given this phenomenon, the strained
disulfide bonds in intrachain Ig protein disulfides can be called
“mechanochemically active” since the exponentially accelerating
mechanical work term ~FyA¢ over—compensates local steric
hindrance effects on nucleophilic attack of closed/closed with
respect to open conformations. That said, we recall the well-
established fact that intrachain disulfides in Ig domains are buried
in the fold of the protein and that it is commonly accepted that
they are non-reactive [56] because of the lack of solvent
accessibility. Yet, some cases of reduction of this class of disulfides
have already been documented [57,58]. Besides, it has also been
proposed that internal thiols in proteins can promote disulfide
bond reductions in systems that exhibit functional “‘structural
isoforms” [36—38]. It is thus concluded that mechanical activation
is another important factor in promoting the redox reaction in
those and other cases.

All things considered, the findings extracted from our constant-
force simulations in conjunction with statistical analyses of
available experimental data allow for a better understanding of
the conformational diversity exhibited by disulfides in the first
place. Moreover, they provide fresh insights into the interplay
between conformation and reactivity of these moieties at the level
of the elementary Sy2 redox reaction. This will contribute to
ongoing efforts devoted to achieve a detailed understanding of
functional disulfide bonds at the molecular level.

Methods

All force field MD simulations were carried out using
GROMACS together with the OPLS-AA/SPC force fields. The
metadynamics simulations were performed using PLUMED and
GROMACS. The OQM/MM MD simulations [54] of DEDS and
the full ab initio MD simulations [54] of the macrocycle were done
using the CPMD package. The force—clamp conditions were
realized using the isotensional method [21]. A detailed account of
the computational details including the references is provided in
File SI.
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Supporting Information

File S1 Combined Supporting Information file. Figure
S1. Macrocycle with the photoswitch, stiff stilbene, in its trans
conformation leading to a strained disulfide bond. Figure S2. (a)
Probability distribution function P(y5,%’2) obtained from analyz-
ing the X-ray crystal structures of disulfides in the Protein Data
Bank (101087 observations) shown by contour lines with
superimposed scatter plot of the conformational states of disulfide
bonds in TDi proteins (40 observations) in blue circles, DO
proteins (27 observations) as green diamonds and interchain Ig
proteins (69 observations) as red squares. (b) Same as panel a but
superimposing the scatter plot (circles) of the conformational states
of disulfide bonds in intrachain Ig proteins (927 observations)
showing the preference of closed/closed conformations, i.e. ),/
72~ 180°/180°. (c) Configuration of a representative interstrand
disulfide bond (CYS A 132 — CYS A 192) in intact IgGl
monoclonal antibody (PDB ID 1IGY), which shows a closed/
closed conformation that is typical to the preferred ones in panel b.
The bridge is strained as a result of being suspended between the
two strands shown in tube representation resulting into y,/ >~
165°/178°. Figure S3. Probability distribution functions P(x,,x'2)
obtained from metadynamics simulations for DEDS at zero force
and 0.3 nN in panels a and b, respectively. Figure S4. Probability
distribution functions P(y,%'2) obtained from metadynamics
simulations for cystine at zero force and 0.3 nN in panels a and
b, respectively. Figure S5. Probability distribution functions
P(y,,x'2) obtained from metadynamics simulations for DEDS
and cystine at 0.1 nN force in panels a and b, respectively. Figure
S6. Total open character according to the y, and y'» dihedral
angles (see text) for the model polypeptide, cystine and DEDS as a
function of constant external force. The inset shows the closed—
closed (the right picture, 7, and y'; in the range 180 £+ 50°) and the
open—open conformation (the left picture, y, and y'» all other
values for the dihedral apart from 180+50°) in these dihedrals.
These data have been extracted from 150, 300, 1300 ns of zero
force and force—clamp MD simulations performed on DEDS,
cystine, and the model polypeptide, respectively. Figure S7.
Mechanical coordinate, ¢, for the model polypeptide, cystine
and DEDS as a function of constant external force. Figure S8.
Central disulfide dihedral angle C-S-S-C, y3, for the model
polypeptide, cystine and DEDS as a function of constant external
force; the inset visualizes the respective torsional degree of
freedom. Note that this behavior, which is very similar for all
three systems, is similar to the one found earlier for a cystine
molecule.

(PDF)

Acknowledgments

It gives us pleasure to thank Martin Krupicka and Marcus Béckmann for
fruitful discussions.

Author Contributions

Conceived and designed the experiments: PA JRA DM. Performed the
experiments: PA PD. Analyzed the data: PA PD JRA DM. Wrote the
paper: PA JRA DM.

4. Hogg PJ (2003) Disulfide bonds as switches for protein function. Trends in
Biochemical Sciences 28: 210-214.

5. Matthias L], Yam PTW, Jiang XM, Vandegraaff N, Li P, et al. (2002) Disulfide
exchange in domain 2 of CD4 is required for entry of HIV-I. Nat Immunol 3:
727-732.

6. Schmidt B, Ho L, Hogg PJ (2006) Allosteric disulfide bonds. Biochemistry 45:
7429-7433.

October 2014 | Volume 9 | Issue 10 | €108812



22.

23.

24.

26.

27.

28.

29.

31.

32.

Schmidt B, Hogg PJ (2007) Search for allosteric disulfide bonds in nmr
structures. BMC Structural Biology 7: 49.

. Wouters MA, Fan SW, Haworth NL (2010) Disulfides as redox switches: from

molecular mechanisms to functional significance. Antioxidants & Redox
Signaling 12: 53-91.

. Raina S, Missiakas D (1997) Making and breaking disulfide bonds. Annu Rev

Microbiol 51: 179-202.
Sevier CS, Kaiser CA (2002) Formation and transfer of disulphide bonds in
living cells. Nature Rev Mol Cell Biol 3: 836-847.

. Ahamed J, Versteeg HH, Kerver M, Chen VM, Mueller BM, et al. (2006)

Disulfide isomerization switches tissue factor from coagulation to cell signaling.
Proc Natl Acad Sci USA 103: 13932-13937.

. Haworth NL, Wouters MA (2013) Between-strand disulfides: forbidden

disulfides linking adjacent f-strands. RSC Adv 3: 24680-24705.

. Mamathambika BS, Bardwell JC (2008) Disulde-linked protein folding

pathways. Annu Rev Cell Dev Biol 24: 211-235.

. Dai S, Schwendtmayer C, Schirmann P, Ramaswamy S, Eklund H (2000)

Redox signaling in chloroplasts: Cleavage of disulfides by an iron-sulfur cluster.
“ell 287: 655-658.

. Barford D (2004) The role of cysteine residues as redox-sensitive regulatory

switches. Curr Opin Struct Biol 14: 679-686.

. Ishikawa H, Kim S, Kwak K, Wakasugi K, Fayer MD (2007) Disulfide bond

influence on protein structural dynamics probed with 2d-ir vibrational echo
spectroscopy. Proc Natl Acad Sci USA 104: 19309-19314.

. Haworth NL, Gready JE, George RA, Wouters MA (2007) Evaluating the

stability of disulfide bridges in proteins: a torsional potential energy surface for
diethyl disulfide. Mol Simul 33: 475-485.

. Haworth NL, Liu JY, Fan SW, Gready JE, Wouters MA (2010) Estimating

relative disulfide energies: An accurate ab initio potential energy surface.

Aus J Chem 63: 379-387.

. Beyer MK, Clausen-Schaumann H (2005) Mechanochemistry: the mechanical

activation of covalent bonds. Chem Rev 105: 2921-2948.

. Caruso MM, Davis DA, Shen Q, Odom SA, Sottos NR, et al. (2009)

Mechanically-induced chemical changes in polymeric materials. Chem Rev
109: 5755-5798.

. Ribas-Arino J, Marx D (2012) Covalent mechanochemistry: theoretical concepts

and computational tools with applications to molecular nanomechanics. Chem
Rev 112: 5412-5487.

Liang ], Fernandez JM (2009) Mechanochemistry: one bond at a time.
ACSNANO 3: 1628-1645.

Huang Z, Boulatov R (2011) Chemomechanics: chemical kinetics for multiscale
phenomena. Chem Soc Rev 40: 2359-2384.

Tian Y, Kucharski TJ, Yang QZ, Boulatov R (2013) Model studies of force—
dependent kinetics of multi-barrier reactions. Nat Commun 4: 2538(1)
2538(10).

Garcia-Manyes S, Liang J, Szoszkiewicz R, Kuo TL, Fernandez JM (2009)
Force—activated reactivity switch in a bimolecular chemical reaction. Nat Chem
1: 236-242.

Ainavarapu SRK, Wiita AP, Dougan L, Uggerud E, Fernandez JM (2008)
Single-molecule force spectroscopy measurements of bond elongation during a
bimolecular reaction. J] Am Chem Soc 130: 6479-6487.

Kucharski TJ, Huang Z, Yang QZ, Tian Y, Rubin NC, et al. (2009) Kinetics of
thiol/disulfide exchange correlate weakly with the restoring force in the disulfide
moiety. Angew Chem Int Ed 48: 7040-7043.

Hofbauer F, Frank I (2010) Disulfide bond cleavage: a redox reaction without
electron transfer. Chem Eur J 16: 5097-5101.

Li W, Griter F (2010) Atomistic evidence of how force dynamically regulates
thiol/disulfide exchange. ] Am Chem Soc 132: 16790-16795.

. Tozzi MF, Helgaker T, Uggerud E (2011) Influence of external force on

properties and reactivity of disulfide bonds. J Phys Chem A 115: 2308-2315.
Baldus IB, Griter I (2012) Mechanical force can fine-tune redox potentials of
disulfide bonds. Biophys J 102: 622-629.

Hofbauer F, Frank I (2012) CPMD simulation of a bimolecular chemical
reaction: nucleophilic attack of a disulfide bond under mechanical stress. Chem
Eur J 18: 16332-16338.

PLOS ONE | www.plosone.org

33.

34.

36.

37.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

58.

59.

Tensile Stress and Conformational Diversity of Disulfide Bonds

Keten S, Chou CC, van Duin AC, Buehler MJ (2012) Tunable nanomechanics
of protein disulfide bonds in redox microenvironments. J] Mech Behav Biomed
Mater 5: 32-40.

Dopieralski P, Ribas-Arino J, Anjukandi P, Krupicka M, Kiss J, et al. (2013) The
Janus—faced role of external forces in mechanochemical disulfide bond cleavage.
Nat Chem 5: 685-691.

. Richardson JS, Richardson DC (1989) Prediction of Protein Structure and the

Principles of Protein Conformation. Plenum Press, New York.

van der Neut Kolfschoten M, Schuurman J, Losen M, Bleeker WK, Martinez-
Martinez P, et al. (2007) Anti-inflammatory activity of human igg4 antibodies by
dynamic fab arm exchange. Science 317: 1554-1557.

Schuurman J, Perdok GJ, Gorter AD, Aalberse RC (2001) The inter-heavy
chain disulfide bonds of igg4 are in equilibrium with intra-chain disulfide bonds.
Molecular Immunology 38: 1-8.

. Wypych J, Li M, Guo A, Zhang Z, Martinez T, et al. (2008) Human igg2

antibodies display disulfide-mediated structural isoforms. J Biol Chem 283:
16194-16205.

. Peek JA, Taylor RK (1992) Characterization of a periplasmic thiol: disulfide

interchange protein required for the functional maturation of secreted virulence
factors of vibrio cholerae. Proc Natl Acad Sci USA 89: 6210-6214.

Dorenbos R, Stein T, Kabel J, Bruand C, Bolhuis A, et al. (2002) Thiol-disulfide
oxidoreductases are essential for the production of the lantibiotic sublancin 168.
J Biol Chem 277: 16682-16688.

Evans EA, Calderwood DA (2007) Forces and Bond Dynamics in Cell Adhesion.
Science 316: 1148.

Greenleaf WJ, Woodside MT, Block SM (2007) High-resolution, single—
molecule measurements of biomolecular motion. Annu Rev Biophys Biomol
Struct 36: 171.

Miiller DJ, Dufréne YF (2008) Atomic force microscopy as a multifunctional
molecular toolbox in nanobiotechnology. Nat Nanotech 3: 261.

Vogel V, Sheetz MP (2009) Cell fate regulation by coupling mechanical cycles to
biochemical signaling pathways. Curr Opin Cell Biol 21: 38.

. (2009) Nat Rev Mol Cell Biol 10: Special issue on mechanotransduction in cells.

Available: www.nature.com/nrm/focus/mechanotransduction.

Galera-Prat A, Gomez-Sicilia A, Oberhauser AF, Cieplak M, Carrion-Vazquez
M (2010) Understanding biology by stretching proteins: recent progress. Curr
Opin Struct Biol 20: 63.

Alegre-Cebollada J, Kosuri P, Rivas-Pardo JA, Fernandez JM (2011) Direct
observation of disulfide isomerization in a single protein. Nat Chem 3: 882-887.
Rief M, Oesterhelt F, Heymann B, Gaub HE (1997) Single molecule force
spectroscopy on polysaccharides by atomic force microscopy. Science 275:
1295-1297.

Janshoff' A, Neitzert M, Oberdérfer Y, Fuchs H (2000) Force spectroscopy of
molecular systems — single molecule spectroscopy of polymers and biomolecules.
Angew Chem Int Ed 39: 3212-3237.

Bustamante C, Bryant Z, Smith SB (2003) Ten years of tension: single-molecule
dna mechanics. Nature 421: 423-427.

Wong JWH, Hogg PJ (2011) Allosteric disulfide bonds. Protein Reviews 14:
151-182.

Richardson JS (1981) The anatomy and taxonomy of protein structure. Adv
Protein Chem 34: 167-339.

Thornton JM (1981) Disulphide bridges in globular proteins. J Mol Biol 151:
261-287.

. Marx D, Hutter J (2009) Ab initio molecular dynamics: basic theory and

advanced methods. Cambridge: Cambridge University Press.

. Bell GI (1978) Models for the Specific Adhesion of Cells to Cells. Science 200:

618-627.

. Liu H, May K (2012) Disulfide bond structures of igg molecules. mAbs 4: 17-23.
. Arunachalam B, Phan UT, Geuze H]J, Cresswell P (2000) Enzymatic reduction

of disulfide bonds in lysosomes: Characterization of a gamma-interferon-
inducible lysosomal thiol reductase (gilt). Proc Natl Acad Sci USA 97: 745-750.
Kikuchi H, Goto Y, Hamaguchi K (1986) Reduction of the buried intrachain
disulfide bond of the constant fragment of the immunoglobulin light chain:
global unfolding under physiological conditions. Biochemistry 25(8): 2009-2013.
Wong JWH, Hogg PJ (2010) Analysis of disulfide bonds in protein structures.
J Thromb Haemost 8: 2345.

October 2014 | Volume 9 | Issue 10 | €108812



