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Misfolding and aggregation of Cu, Zn superoxide dismutase (SOD1)
is implicated in neuronal death in amyotrophic lateral sclerosis. Each
SOD1 monomer binds to 1 copper and 1 zinc ion and maintains its
disulfide bond (Cys-57–Cys-146) in the reducing cytoplasm of cell.
Mounting experimental evidence suggests that metal loss and/or
disulfide reduction are important for initiating misfolding and aggregation of SOD1. To uncover the role of metals and the disulfide bond
in the SOD1 folding, we systemically study the folding thermodynamics and structural dynamics of SOD1 monomer and dimer with
and without metal binding and under disulfide-intact or disulfidereduced environments in computational simulations. We use all-atom
discrete molecular dynamics for sampling. Our simulation results
provide dynamical evidence to the stabilizing role of metal ions in
both dimer and monomer SOD1. The disulfide bond anchors a loop
(Glu-49 to Asn-53) that contributes to the dimer interface. The reduction of the disulfide bond in SOD1 with metal ions depleted results in
a flexible Glu-49 –Asn-53 loop, which, in turn, disrupts dimer formation. Interestingly, the disulfide bond reduction does not affect the
thermostability of monomer SOD1 as significantly as the metal ions
do. We further study the structural dynamics of metal-free SOD1
monomers, the precursor for aggregation, in simulations and find
inhomogeneous local unfolding of ␤-strands. The strands protected
by the metal-binding and electrostatic loops are found to unfold first
after metal loss, leading to a partially unfolded ␤-sheet prone to
aggregation. Our simulation study sheds light on the critical role of
metals and disulfide bond in SOD1 folding and aggregation.
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T

he Cu, Zn superoxide dismutase (SOD1) has been implicated
in the fatal neurodegenerative disease amyotrophic lateral
sclerosis (ALS). A large set of mutations in this ubiquitous cytosolic
enzyme has been identified in familial ALS diseases (1, 2). Although the mechanism by which mutant SOD1 causes neuronal
death remains elusive (3), several lines of evidence suggest that ALS
is a protein aggregation disease (4–6). The SOD1 protein forms a
stable homodimer in solution where each SOD1 monomer binds to
1 copper and 1 zinc ion and has an intramonomer disulfide bond
(Cys-57–Cys-146). Characterization of SOD1-associated aggregation is often complicated by these modifications. Thermodynamic
experiments show that SOD1 monomer remains folded upon
impairment of the dimer interface (7) and loss of the zinc and
copper ions (8, 9). Recently, several findings have implicated
monomeric SOD1 with metal ions depleted (apoSOD1) as a
precursor for aggregation (10–14). Understanding the role of metal
binding and the disulfide bond (15, 16) on SOD1 dimer stability and
monomer folding is thus essential to uncovering the early stages of
the SOD1 aggregation.
Biochemical and biophysical studies suggested that WT Cu, Zn
SOD1 dimer is exceptionally stable because of the coordination of
metal ions (17). However, X-ray crystallographic studies indicate
that SOD1 with metal ions bound (holoSOD1) dimer and
apoSOD1 dimer have similar structures with minor rearrangement
of amino acids near the metal-binding sites (9, 18). The apoSOD1
19696 –19701 兩 PNAS 兩 December 16, 2008 兩 vol. 105 兩 no. 50

with the disulfide bond reduced has much lower dimer stability than
the WT (12, 19) and forms marginally stable monomer (20). The
crystal structure of disulfide-reduced apoSOD1 monomer has a
displaced loop near Cys-57 that interacts with the other monomer
in the WT dimer (18). Hornberg et al. (18) proposed that the low
dimerization propensity of disulfide-reduced apoSOD1 is of entropic origin due to increased loop flexibility in the monomeric
state. Therefore, the role of metal binding and the disulfide bond
on SOD1 stability is mainly dynamic. It is important to study the
dynamics to understand the role of metal ions and the disulfide
bond in SOD1 folding.
Examination of the NMR-derived structural ensemble of the
apoSOD1 monomer (21) indicates that loss of metal ions results
into a flexible metal-binding loop and partially unstructured
␤-sheet that anchors the metal ions. The denaturant-induced
unfolding of holoSOD1 monomer (with a mutation to disrupt the
dimer interface) monitored by NMR (22) also indicates progressive
unfolding in the metal-binding loop and ␤-sheet. Mutagenesis
analysis in folding kinetics (23) suggested inhomogeneous unfolding
propensity in apoSOD1 monomer. Here, we delineate the dynamical effects of metal binding and the disulfide state on SOD1 folding
by using computational studies.
Biophysical properties of SOD1 have been explored in a
number of computational studies, including mechanistic studies
of enzyme activity (24–26), interdomain communications (27,
28), and near-native structural dynamics (28, 29). Many of these
studies use traditional all-atom molecular dynamics approaches
to sample protein conformations (24, 28, 29). However, the time
scales accessed by traditional computational approaches are
severely limited (⬇10 ns) and are much smaller than those
necessary for uncovering larger-scale conformational dynamics
of proteins (submicrosecond to millisecond time scales). To
bridge the gap in the time scale associated with SOD1 conformational dynamics, we use all-atom discrete molecular dynamics
(DMD) simulations (30). DMD has been shown to have a higher
sampling efficiency than traditional molecular dynamics and has
been used to study protein folding thermodynamics and protein
aggregation (31, 32). All-atom DMD features a transferable
force field and has been successfully used to fold several small
proteins ab initio (⬍60 aa; ref. 30).
To uncover the role of metal binding and disulfide bonding, we
systematically studied the folding thermodynamics of the SOD1
monomer and dimer with and without metal coordination and with
and without the disulfide bond. To enhance the sampling efficiency,
we used replica exchange (33) coupled to DMD simulations. Our
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simulation results provide a dynamic mechanism for the stabilizing
effect of metal binding and disulfide bond formation. The dynamics
analysis of the monomer apoSOD1 species suggests a scenario for
its potential aggregation mechanism.
Results
We use replica exchange (see Methods) to enhance the sampling
efficiency of DMD simulations. To understand the role of metal
ions and the disulfide bond in SOD1 folding and dimer formation,
we performed a set of 8 replica exchange simulations of a monomer
and a dimer (⫻2), with and without metal ions (⫻2), and with and
without the disulfide bond (mimicking oxidative and reducing
environments, respectively) (⫻2). We added distance constraints
between the 8 metal-binding atoms and the corresponding metal
ions (Fig. 1A) to mimic the strong coordination interactions. We
modeled the disulfide bond formation similar to that of a hydrogen
bond by considering both the distance and orientation dependence
(see Methods).
For each replica exchange simulation, we started from the native
state (Protein Data Bank ID code 2v0a). We allocated 12 replicas
for SOD1 monomer simulations and 16 replicas for SOD1 dimers.
In total, we performed a total of 1.2 s simulations for SOD1
monomers and 1.6 s simulations for SOD1 dimers (see Methods).
Because of the vast conformational space of SOD1, we did not
expect DMD simulations to reach folding/unfolding equilibrium as
can be done for small proteins (30). However, starting from the
native state, we expected that our replica exchange DMD simulations would be able to thoroughly sample conformations in the
folded state.

folding based on the replica exchange simulations (34). To reduce
the artifact of structural relaxation from the starting crystallography
structure in the analysis, we used the last three-quarters of the
trajectory to perform various calculations (see Methods). In the
low-temperature replica simulations, where the protein stays
folded, the rmsds for the native state rapidly reach equilibrium
(⬍105 time units; Fig. S1). Therefore, the initial structural relaxation did not affect our analysis.
In simulations, we did not observe equilibrium of unfolding and
refolding transitions of SOD1. However, we did observe partial
unfolding and refolding events in simulations (Fig. S1). Therefore,
although we did not expect the computed thermodynamics to
accurately quantify the free energy landscape of SOD1 folding, we
do believe that by using the unfolding transition temperature TU
(corresponding to the highest peak in the specific heat; indicated by
arrows in Fig. 1B) as a qualitative measure of a protein’s thermostability, we were able to differentiate the effects of metal binding
and disulfide bond formation on SOD1 thermostability. We found
that holoSOD1 monomers have a higher TU (⬎10 K; Fig. 1B) than
apoSOD1 monomers. The disulfide bond formation has a much
weaker stabilizing effect on the monomer folding with a small
increase in the TU (⬇1 K; Fig. 1B). Therefore, metal binding has a
stronger stabilizing effect than the disulfide bond. This result is
consistent with experiments where a larger melting temperature
change was observed for metal loss than for disulfide reduction (20,
35). However, the magnitudes of unfolding/melting temperature
changes in simulations were smaller than those determined in
experiments, possibly because of insufficient sampling and inaccuracy in the force field.

Metal Binding Has a Stronger Stabilizing Effect in the SOD1 Monomer
Than the Disulfide Bond. We used the weighted histogram analysis

The Disulfide-Reduced ApoSOD1 Monomer Folds in an Apparent
2-State Manner. Mounting experimental evidence points to

method (WHAM; SI Text) to compute the specific heat of SOD1

apoSOD1 as a necessary precursor to aggregation (10–13). In
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Fig. 1. The folding thermodynamics of SOD monomers. (A) The structure of native SOD dimer. One monomer is colored from blue (N-terminal) to red
(C-terminal), and the other is colored in gray. The residues bound to the metal ions are shown in stick representation. A disulfide bond anchors the loop
(Glu-49 –Asn-53, in stick representation) that contributes to the dimer interface. (B) The specific heat plot of 4 types of SOD monomers. The arrows indicate the
peaks of the corresponding specific heat. (C) The mean rmsd as a function of temperature for the disulfide-reduced apoSOD1 monomer features a sigmoidal
transition. (D) The contour plot of PMF as the function of potential energy and rmsd at TF ⬇325 K. The free energy difference between 2 consecutive contours
is 0.6 kcal/mol. The area in the contour plot is colored according to the corresponding free energy value. The free energy unit is kcal/mol.

agreement with experimental studies, our thermodynamic analysis
also suggests that apoSOD1 has a lower thermodynamic stability
and is more prone to misfolding, and thus aggregation than
holoSOD1. ApoSOD1 in oxidative conditions features an intermediate because of the nonnative disulfide bond formation in the
unfolded state (Cys-6–Cys-111; Fig. S2). For example, in the
specific heat profiles for SOD1 monomer under oxidative conditions in Fig. 1B, the shoulders at high temperatures (⬎TU) correspond to the formation of nonnative disulfide bonds. Removal of
free cysteines in SOD1 has been shown to reduce the irreversible
unfolding of SOD1 (36). However, such a decrease of irreversible
unfolding in experiments can also result from the reduced interdomain disulfide formations. Further experiments are necessary to
characterize the folding intermediates caused by the formation of
the intradomain disulfide bond.
We evaluated the folding thermodynamics of apoSOD1 without
the disulfide bond. Starting from the native state, we expected the
replica exchange simulations to sample any thermodynamically
stable intermediate states upon unfolding. Using WHAM, we
computed the mean rmsd as the function of temperature (Fig. 1C).
Because the 2 long loops (Phe-50–Gly-82; Glu-121–Ser-142) are
very flexible, we excluded them from the rmsd calculation. The
function was typical for a 2-folding protein with a transition from
folded (small rmsd) to unfolded (large rmsd). To examine the
folding dynamics more closely, we computed potential mean force
(PMF) as the function of potential energy and rmsd at the melting
temperature (⬇325 K). The 2D-PMF at melting temperature had
only 2 distinct basins (Fig. 1D), suggesting that apoSOD1 is a 2-state
folding protein in the reducing environment as observed in experiment (23).
The Conformational Dynamics of SOD1 Monomers. We computed the

average rmsd for each residue in the folded state ensemble to study
conformational dynamics on a per-residue basis. For each monomeric SOD1 system, we identified the folded conformations from
all replicas. A conformation was defined as folded if the rmsd is ⬍6
Å, which corresponds to the threshold for unfolding in Fig. 1C. The
average rmsd per residue was calculated based on the identified
ensemble. To test whether the conformational space of the folded
SOD1 was efficiently sampled in DMD simulations, we divided the
last three-quarters of each simulation trajectory into halves (0.5 ⫻
106 to 1.25 ⫻ 106 time units and 1.25 ⫻ 106 to 2.0 ⫻ 106 time units)
and constructed 2 subsets of the folded state ensemble accordingly.
We calculated for each residue the average rmsd and rms fluctuations (RMSFs) from the average structure, for each subensemble
separately. We found that the rmsd (error bars in Fig. 2A denote the
difference of rmsd per residue between 2 subensembles) and RMSF
(Fig. S3) for each residue in these subensembles were consistent
with each other, suggesting a sufficient sampling of the folded state
in DMD simulations.
In Fig. 2 A, the regions with low rmsd correspond to the
␤-strands. The 2 regions with the largest rmsd are the 2 long loops,
Phe-50–Gly-82 and Glu-121–Ser-142. For both apo- and holoSOD1 monomers, the disulfide bond (Cys-57–Cys-146) mainly
stabilizes the subloop (Phe-50–Ala-60). The rmsd of other residues
are almost identical whether or not the disulfide bond is present in
either apo- or holo-SOD1. As expected, the metal ions significantly
stabilize the loop Phe-50–Gly-82, where the metal ions bind.
Interestingly, compared with the rmsd profiles of the corresponding
apoSOD1, the metal binding also stabilizes ␤-strands 4, 5, and 7.
These strands also bind metal ions and form the ␤-sheet underneath
the metal-binding loop. To illustrate the conformational dynamics,
we represent the rmsd of the corresponding residue in the structure
by varying the width of the backbone trace proportionally to the
rmsd values (tube representation) (Fig. 2 B–E). Additionally, the
backbone is colored according to the rmsd of the corresponding
residue (blue corresponds to low rmsd values and red corresponds
to large rmsd values). The backbone diameter is proportional to the
19698 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0803266105

Fig. 2. The structural dynamics of SOD1 monomers. (A) The rmsd per residue in
the folded state for SOD1 monomers. The error bars correspond to differences of
the rmsd per residue between different portions of simulation trajectories. The
black bars above the x axis indicate the ␤-strands. (B) Tube representation of
holoSOD1 monomer with the disulfide bond intact: the backbone is colored
according to the rmsd of the corresponding residue (blue corresponds to low
rmsd value and red corresponds to large rmsd value). The backbone diameter is
also proportional to the corresponding rmsd. The metal ions are shown as
spheres, and the metal-coordinating residues are in stick representation. (C–E)
The tube representations are also shown for holoSOD1 with disulfide reduced (C),
apoSOD1 with disulfide bond (D), and apoSOD1 with disulfide reduced (E). The
disulfide-bonds (Cys-57–Cys-147) are shown in stick representation in B and D. The
2 termini (N and C) are indicated in the structure.

corresponding rmsd. The tube representations of different SOD1
monomers in Fig. 2 B–E directly demonstrate the dynamical role of
metal ions and the disulfide bond in reducing the conformational
flexibility.
Local Unfolding of ApoSOD1 Monomers. SOD1 in solution is dynamic

and undergoes local unfolding (23, 37). These local unfolding events
are believed to facilitate intermolecular protein–protein interactions that cause the aggregation of SOD1 (23, 37). To estimate the
local unfolding propensities in apoSOD1, we computed the contact
frequency and analyzed the average amount of native interactions
for each residue. The contact frequency of apoSOD1 in the folded
state was averaged over the conformation ensemble constructed
above. A contact was defined between 2 residues having at least 1
pair of heavy atoms within a 5-Å cutoff distance. The cutoff
distance was chosen to be intermediate between the distance with
the lowest van der Waals (VDW) attraction energy and the
interaction range. With different cutoff values tried (4.5, 5, and 5.5
Å), the results were consistent (data not shown).
We found that apoSOD1 monomers with and without the
disulfide bond have a similar contact frequency map (Fig. 3A). The
Ding and Dokholyan

7 and 8 have intermediate contact frequencies; and interactions
between strands 4 and 5 and between 5 and 6 have weak contact
frequencies. The low contact frequencies between strands are the
results of local unfolding.
In Fig. 3B, we compute the average Q value for each residue
(38). The Q value quantifies the extent of native-like interactions: a high Q value corresponds to the native-like environment,
whereas a low Q value suggests the loss of native-like environments caused by local unfolding (38). The Q-value plot indicates
that strands 1, 2, 3, and 7 are the most stable secondary
structures, strands 4, 5, 6, and 8 experience local unfolding with
lower Q values, and loops are highly flexible with very low Q
values. Such a local unfolding propensity along the sequence is
better illustrated by mapping the Q value to the native structure
(Fig. S4). The residues with average Q values ⬎0.6 are clustered
in strands 1, 2, 3, and 7. The identified local unfolding regions are
consistent with experimental measurements (23).

Fig. 3. The local unfolding propensity of the SOD1 monomers. (A) The
contact frequency map is shown for both holoSOD1 (Left) and apoSOD1
(Right) monomers. The contact between residues i and j is colored in grayscale
according to the corresponding contact frequency. The gray color bar denotes
color scale. The upper triangle corresponds to SOD1 monomers with the
disulfide bond. The region corresponds to the disulfide bond is circled. The
lower triangle corresponds to SOD1 monomers with disulfide bond reduced.
For apoSOD1, regions inside solid-line squares denote strong interstrand interactions; dotted squares refer to weak interstrand interactions; and long dashed
squares correspond to intermediate interstrand interactions. The black bars
along the axis indicate the corresponding ␤-strands. (B) The average Q value for
each residue was obtained by averaging frequencies over native contacts.

principal differences are in the proximity of the disulfide bond
(Cys-57–Cys-146). For holoSOD1 monomers, the interstrand interactions are well maintained with high frequencies. However, for
apoSOD1 monomers, interstrand interactions are weakened inhomogeneously. The interstrand interactions between strands 1 and 2,
strands 2 and 3, and strands 4 and 7 have high contact frequencies;
interactions between strands 3 and 6, strands 1 and 8, and strands

interactions. For each of the 4 sets of replica exchange simulations
of dimers, we performed WHAM analysis to compute the average
number of interdomain contacts and number of native interdomain
contacts (Fig. 4). We found that as temperature increases, the
number of native interdomain contacts decreases. The total number
of interdomain contacts, which includes the nonnative interdomain
contacts, is equal to the number of native interdomain contacts at
low temperatures. Interestingly, the total number of interdomain
contacts displays a different behavior as temperature increases: it
initially decreases, and then increases as the number of native
interdomain contacts approaches 0. The number of nonnative
interdomain contacts reaches maximum at temperatures corresponding to the unfolding transition temperature of the corresponding monomer. Therefore, the additional nonnative interdomain interactions are formed between unfolded chains in the small
simulation box, which is promoted by the high density of SOD1 in
simulation. We used a small simulation box (200 ⫻ 200 ⫻ 200 Å3),
corresponding to a SOD1 monomer density of 0.42 mM. These
nonnative interdomain contacts are mainly transient and nonspecific interactions. Therefore, observations at low temperatures and
calculations based on ensemble averages were not affected by these
transient and nonspecific interactions.
At 300 K, disulfide-reduced apoSOD1 dimer has 35 interdomain
contacts, whereas other types of SOD1 dimers (disulfide-intact
apoSOD1 dimer and holoSOD1 dimers with and without the
disulfide bond) have ⬇50 interdomain contacts. Without the disulfide bond, the apoSOD1 loses 80% of the total native interdomain contacts at a lower temperature (⬇310 K) than the disulfide-

Fig. 4. The interdomain interactions of SOD dimers. The number of interdomain contacts for apoSOD dimers without metal binding (Left) and dimers with
metal binding (Right) is shown.
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Metal Binding and Disulfide Bond Formation Stabilizes the Dimer
Interface. For the dimer simulations, we focused on the interdomain

intact apoSOD1 dimer (⬇322 K; Fig. 4 Left). The reduction of the
disulfide bond has a weaker effect on the loss of native interdomain
contacts for holoSOD1 dimers than for apoSOD1 dimers: the
holoSOD1 dimers with and without disulfides lose their interdomain contacts at a similar temperature, ⬇335 K (Fig. 4 Right).
Therefore, our simulations suggest that the disulfide bond is
important for the dimerization of apoSOD1 and that metal-binding
can rescue dimer formation for SOD1 even without the formation
of the native disulfide bond. These observations are in agreement
with recent experimental study on the role of disulfide bond
formation and metal binding on SOD1 folding (18–20).
The Flexibility of the Disulfide Bond-Anchored Loop Is Responsible for
the Weakened Disulfide-Reduced Dimer Interface of ApoSOD1. To

understand the molecular mechanism of the reduced dimer stability
of the disulfide-reduced apoSOD1 dimer, we computed the frequency of interdomain contacts. The interdomain contact frequencies were averaged over conformations from all replicas where 2
monomers have at least 1 pair of interdomain residues in contact.
The contact between 2 residues was defined by all heavy atoms and
with a cutoff distance range of 5 Å. The ensemble included
nonnative dimers sampled in simulations. In Fig. S5A, we see that
native interdomain contacts formed by the disulfide bond-anchored
loop (Glu-49–Asn-53; part of the long loop between strands 4 and
5) are significantly weakened. Additionally, without the disulfide
bond anchoring the Glu-49–Asn-53 loop, it is highly flexible (Fig.
2 A and Fig. S5B). The native interdomain interactions for the loop
Glu-49–Asn-53 are not strong enough to hold the loop in the
absence of the disulfide bond or metal binding, and thus result in
a weakened dimer interface.
Discussion
Experimental evidence suggests that the SOD1 monomer is the
precursor for aggregation (10–14, 39). Understanding the conformational dynamics and local unfolding in the SOD1 monomer may
shed light on the consequent misfolding and aggregation. The
analysis of SOD1 monomer simulations illustrates distinct patterns
of structural dynamics for different regions of SOD1 and reveals the
structural and dynamic role of metal ions and the disulfide bond.
Especially, a mutant apoSOD1 monomer has been studied in
NMR. The structural dispersions among the NMR ensemble
exemplifies dynamics of apoSOD1 in solution (21). The conformational dynamics of apoSOD1 we observe in the folded ensemble
show a striking correlation to the experimental measurement from
the NMR ensemble (figure 2a in ref. 21). For example, both
computational and experimental profiles show that the central
region near residue Phe-64 of the metal-binding loop (Phe-50–Gly82) has low structural flexibility compared with the rest of the loop,
because it forms the core of SOD1. Also, both computational and
experimental profiles indicate that strand 5 has elevated structural
dynamics compared with other strands. Therefore, our all-atom
DMD method was able to accurately capture the conformational
dynamics of SOD1 in the folded state.
Our simulation results suggest that the binding of metal ions
increases the thermostability of both SOD1 monomer and dimer.
This computational finding is consistent with 2 experimental observations: loss of metal ions is obligatory for SOD1 to aggregate
(40), and the holoSOD1 dimer dissociates at a higher concentration
of denaturant than the apoSOD1 dimer (19). In the native state of
SOD1, the copper and zinc ions are coordinated by 6 histidines
(nos. 46, 48, 63, 71, 81, and 120) and 1 aspartic acid (no. 83). These
residues are positioned on strands 4 and 7, and the metal-binding
loop Phe-50–Gly-82 (Fig. 1 A). The structural dynamics in simulations of SOD1 monomers suggest that metal binding stabilizes both
the metal-binding loop and strands 4, 5, and 7, resulting in reduced
structural fluctuations (Fig. 2 A). Strand 7 and part of loop IV
(Glu-49–Asn-53) contribute to the native dimer interface (Fig.
S5A). Therefore, our molecular dynamics simulations suggest that
19700 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0803266105

binding of metal ions stabilizes the SOD1 dimer by reducing the
structural flexibility of the elements forming the dimer interface.
For SOD1 monomers, metal binding stabilizes the protein by
anchoring strands 4 and 7, thus stabilizing the ␤-barrel in the folded
state.
We found that the native disulfide bond (Cys-57–Cys-146) does
not have a significant effect on the thermostability of the SOD1
monomer. However, the disulfide bond has a significant effect on
the dimer association of the apoSOD1: the disulfide-reduced
apoSOD1 dimer dissociates at a lower temperature than other types
of SOD1 dimers. This effect is consistent with experimental studies
where apoSOD1 without the native disulfide bond is mainly monomeric (18–20). The computational structural dynamics of SOD1
indicates that the disulfide bridge stabilizes part of the metalbinding loop in SOD1 monomers, which contributes significantly to
the native dimer interface (Fig. S5A).
In dimer simulations, we observed that the apoSOD1 dimers
dissociated before the melting of individual monomers (Figs. 1 and
4), and the holoSOD1 dimers dissociated at a similar temperature
as the melting temperature of the corresponding monomers. This
observation suggests that denaturation of apoSOD1 dimer features
stable folded monomer, supporting a thermodynamic experimental
study of a mutant apoSOD1 dimer in which the folded monomer
was identified (41). For holoSOD1 dimers, our study also suggests
that the dimer dissociation dimer is coupled with the denaturation
of monomers, assuming that bound metal ions are not lost.
We also studied the propensity of local unfolding for SOD1
monomers. Our study suggests that the ␤-sheet formed by strands
1–3 is most stable, whereas strands 4, 5, 6, and 8 experience frequent
local unfolding. This picture of local unfolding agrees with the
experimental observation of SOD1 folding (23), where hot spots for
local unfolding in SOD1 were identified. The local unfolding of
strands 5, 6, and 8 exposes the edge of ␤-sheets and the hydrophobic
core, which is prone to aggregation (42). For example, in the dimer
simulations, apoSOD1 without disulfide bond forms a large amount
of nonnative interdomain contacts at low temperatures (Fig. 4). In
the interdomain contact frequency map (Fig. S5B), we observe
significant amount of nonnative interdomain contacts with high
frequencies formed between strand 1 of 1 chain and strands 1, 7,
and 8 of the other chain. These nonnative interdomain interactions
are consistent with the local unfolding propensity of the SOD1
monomer. However, we expect other possible modes for nonnative
interdomain association besides the observed interdomain interactions because our simulations were not long enough to thoroughly
sample all available conformational space of SOD1 in aggregationassociated time scales [seconds to hours (40)]. Other possible
dimerization mechanisms include edge extension along exposed
edges of strands 3 and 4 that are exposed after local unfolding of
strands 5 and 6. Because of limited sampling and the fact that
strands 1, 7, and 8 are in proximity in the native dimer, we were only
able to observe the above nonnative association.
Conclusion
Our computational study of SOD1 folding thermodynamics demonstrates the dynamical role of metal ions and the disulfide bond on
SOD1 folding. The binding of metal ions has profound stabilizing
effects on both dimer and monomer SOD1. The coordination of
metal ions increases dimer stability by reducing the structural
fluctuations of the native dimer interface. The metal ions stabilize
SOD1 monomers by holding strands 4 and 7 together, which
experience large fluctuations in apoSOD1. The disulfide bond
formation has a lesser stabilizing effect in SOD1 monomers than
metal binding. However, the disulfide bond plays an important role
in stabilizing the dimer interface by anchoring the loop in the dimer
interface. Our study supports the hypothesis that apoSOD1 monomer is more prone for aggregation (17, 40). The simulations are
consistent with a possible scenario for apoSOD1 aggregation,
Ding and Dokholyan

Methods
All-Atom DMD. DMD is a special type of molecular dynamics that approximates
pairwise interactions with discontinuous functions (SI Text). The all-atom
DMD method uses a united atom protein model, where heavy atoms and polar
hydrogen atoms are explicitly modeled (30). We included van der Waals,
solvation, and environment-dependent hydrogen bond interactions. We
adopted the Lazaridis-Karplus solvation model and used the fully-solvated
conformation as the reference state. Because of the strong screening effect of
solvent, distant charges have weak polar interactions. For salt bridges, we
expected the hydrogen bonds to partially account for their polar interactions.
Similar neutralization of charged residues was also used in the implicit solvent
model of the effective energy function of CHARMM19 (43). We modeled the
metal binding by assigning distance constraints between each metal atom and
the corresponding metal-coordinating atoms. The distance and orientation
dependence of disulfide bond formation was modeled by using a reaction
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where metal loss induces structural fluctuations and inhomogeneous local unfolding of ␤-strands, and subsequently leads to
exposure of the protected edge of ␤-sheets and hydrophobic core,
promoting aggregation.

