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Abstract

Exposure to the environmental toxin -methylamino-L-alanine (BMAA) is linked to amyotro-
phic lateral sclerosis (ALS), but its disease-promoting mechanism remains unknown. We
propose that incorporation of BMAA into the ALS-linked protein Cu,Zn superoxide dismut-
ase (SOD1) upon translation promotes protein misfolding and aggregation, which has been
linked to ALS onset and progression. Using molecular simulation and predictive energetic
computation, we demonstrate that substituting any serine with BMAA in SOD1 results in
structural destabilization and aberrant dynamics, promoting neurotoxic SOD1 aggregation.
We propose that translational incorporation of BMAA into SOD1 is directly responsible for its
toxicity in neurodegeneration, and BMAA modification of SOD1 may serve as a biomarker
of ALS.

Author summary

The environmental toxin f-methylamino-L-alanine (BMAA) has been linked to cases of
amyotrophic lateral sclerosis (ALS), but the role of this compound in disease is unknown.
We propose that BMAA becomes incorporated into the ALS-linked protein Cu,Zn super-
oxide dismutase (SOD1), destabilizing it and promoting formation of the protein aggre-
gates characteristic of ALS. Using computational techniques focused on the structure of
BMAA-incorporated SOD1, we demonstrate that the presence of BMAA changes SOD1
structure and dynamics to promote aggregation. We propose that BMAA incorporation
in SOD1 in the mechanism of the compound’s link to ALS, and that BMA A modification
may serve as a biomarker for environmentally-linked cases of ALS.

Introduction

Amyotrophic lateral sclerosis (ALS) is a motor neurodegenerative disease that affects 2-9 indi-

viduals per 100,000 every year [1]. More than 150 mutations to Cu,Zn superoxide dismutase
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(SOD1) have been associated with ALS. Misfolded and aggregated SOD1 has been found in
motor neurons in both sporadic and familial ALS [2]. In recent studies, a non-native trimeric
oligomer of SOD1 has been shown to be toxic in the hybridized motor neuron cell line NSC-
34, suggesting a causative role of misfolded SOD1 aggregates in ALS etiology [3]. The phenom-
enon of SOD1 misfolding is puzzling due to the protein’s remarkable stability (AAG >20 kcal/
mol) [4]; the mild destabilization (<5 kcal/mol) caused by ALS-linked mutations [5] does not
significantly reduce the stability of SOD1 from that of the average human protein (~5-15 kcal/
mol [6,7]), and so does not explain SOD1 misfolding [8,9]. Previous studies have demon-
strated that post-translational modifications of SOD1 can contribute to destabilization [10],
and that glutathionylation of Cys111 promotes SOD1 dimer dissociation, the required initial
step for SOD1 aggregation [11], by ~1,000 fold [12,13]. Environmental toxins that modify pro-
teins have also been proposed to play a role in ALS etiology.

The indigenous Chamorro population on Guam have an ALS incidence 100 times larger
than the worldwide average, which has been linked to an enrichment of the toxin f-methyla-
mino-L-alanine (BMAA) in their diet [14]. The quest for the mechanism of BMAA toxicity
resulted in the hypothesis that this amino acid is misincorporated into proteins [15], resulting
in formation of inclusion bodies in neurons [16]. Studies have demonstrated synergistic toxic-
ity of ALS-linked mutant SOD1 and BMAA [17], yet no reports of misincorporation have
been presented. A large-scale proteomic study has identified multiple proteins that featured
misincorporated BMAA [18]. However, the reported misincorporation rates were low. Despite
the low misincorporation rates, Ackerman and colleagues have argued that even a rate of 1
misincorporation per 10,000 codons can lead to neurodegeneration in mice [19]. Hence, iden-
tification of BMAA misincorporation into SOD1 may have been overlooked due to sensitivity
issues, and never reported.

We propose that misincorporation of BMAA into SOD1 destabilizes the protein, increases
aggregation propensity, and thus promotes ALS onset and progression. We hypothesize that
BMAA can directly modify SOD1 by incorporation in place of serine during translation. As a
proof of principle, we perform a computational analysis predicting the effects on thermody-
namic stability of substituting BMAA in place of each of the ten serines in SOD1. We find
remarkable destabilization of SOD1 due to BMAA misincorporation at all sites, strongly sug-
gesting a direct role of this toxin on the etiology of ALS. We perform molecular dynamics sim-
ulations of modified SOD1%'°”® to evaluate the structural impact of such substitution, and find
significant dynamic changes to residues participating in metal-binding and the intra-mono-
mer disulfide bond, key structural determinants of SOD1 stability. These findings suggest a
mechanism for the toxicity of BMAA in ALS, and provide support for the candidacy of BMAA
as a long-sought biomarker for ALS.

Results
SOD1 serine to BMAA mutation destabilizes SOD1 dimers

We evaluate the effects of replacing serine residues with BMAA in the SOD1 dimer. Because
misincorporation is a rare event, more than one instance in the same molecule would be
unlikely, and thus we study the scenario of BMAA misincoporation into only one monomer of
the SOD1 heterodimer. We computationally substitute each individual serine residue in SOD1
(PDB ID: 1SPD) to BMAA, and estimate the resulting changes in free energy (AAG) of the
structure. To control for the effect of computational mutation, we also perform the same calcu-
lation while converting the given residue to lysine. Lysine, similar to BMAA, is also an
unbranched, positively-charged amino acid. We find that while mutations of each serine to
either BMAA or lysine generally destabilize the SOD1 dimer (Table 1), mutations to BMAA
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result in significant destabilization, while mutations to lysine result in minor (<2 kcal/mol) or
negligible (<1 kcal/mol) destabilization, and in some cases AAG is within error of zero. We
conclude from these results that substitution of BMAA for serine in the SOD1 structure results
in an unfavorable structural shift resulting in thermodynamic destabilization, likely due to ste-
ric effects from the larger BMAA molecule.

Thermodynamic destabilization of SOD1 by modification with BMAA

To obtain the thermodynamic melting curve of BMAA-SOD1, we perform replica exchange
DMD simulations at a wide range of temperatures. As a demonstration of potential effects of
BMAA, we choose substitution of S107, as the smallest predicted AAG (Table 1) upon misin-
corporation of BMAA. Misincorporation of BMAA at a site with a larger predicted AAG
would be likely to have larger thermodynamic effects. We find that the incorporation of
BMAA into the SOD1 structure in place of serine-107 shifts the melting temperature of the
protein by only ~2°C (Fig 1A). However, we observe evidence of lower temperature localized
unfolding events present in BMAA-SODI1 that are absent from the unfolding of WT-SOD1,
which displays one dominant peak in Cy representing coupled dimer dissociation and mono-
mer unfolding [13]. Supporting this hypothesis, we find that BMAA modification increases
the potential free energy of the low-energy “ground state” of the SOD1 dimer, decreasing the
stability of the native state (Fig 1B). This destabilization makes BMAA-SOD1 more likely to
undergo localized unfolding events that can expose toxic epitopes, as well as lead to the protein
aggregation characteristic of ALS. This destabilization of the SOD1 dimer by BMAA substitu-
tion provides a mechanism for the linkage of BMAA poisoning to ALS etiology.

SOD1 structural changes induced by modification with BMAA

To test our conclusion that mutation of serine to BMAA results in a significant structural
change in SOD1, we perform discrete molecular dynamics (DMD) simulations of SOD1 with
BMAA incorporated into one monomer of the structure in place of Ser107, the site at which
BMAA misincorporation was predicted to have the smallest thermodynamic effect. Misincor-
poration of BMAA at a site with a larger predicted AAG (Table 1) would be likely to have larger
structural changes. Upon building and equilibrating our model of BMAA-SOD1, we find rear-
rangement of the beta-barrel of the modified monomer, and resulting lengthening and twist-
ing of the beta-strands that form the SOD1 dimer interface (Fig 1C), with a total root mean

Table 1. SOD1 Serine to BMAA mutation destabilizes SOD1 dimers. Folding free energy differences between wild
type and mutant SOD1, AAG. Values are mean + standard deviation among 20 independent runs. Calculations are per-
formed using Eris with both fixed and flexible backbone algorithms for serine to BMAA, and to lysine, for comparison.

Mutation AAG, kcal/mol
BMAA LYS

S25 3.1+£0.2 1.9+0.2
S34 3.7+04 0.2+£0.5
S59 6.9+04 0.7+04
S68 4.7 +£0.4 1.9+04
598 34+0.2 0.5+0.2
S102 39+0.5 -0.1+£0.4
S105 6.4+0.5 -0.5+£0.6
S107 3.1+0.6 0.8+0.4
S134 4.3+0.6 -0.2+£0.6
S142 35+0.3 14+£04

https://doi.org/10.1371/journal.pcbi.1007225.t001
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Fig 1. BMAA modification induces thermodynamic destabilization and structural changes in SOD1. (A) Specific heat curves generated from replica exchange DMD
simulations of BMAA-modified or wild type SOD1. Peaks in specific heat indicate melting events. Dotted lines indicate major melting event for each species. (B)
Histogram of potential energy of BMAA-modified or wild type SOD1 gathered from single(low)-temperature DMD simulations. SOD1-BMAA exists at a mean higher
potential energy than wild type SOD1, indicating a less favorable structural conformation. Dotted lines indicate peaks. (C) Structural alignment of BMAA-modified (dark
blue) and wild type (light blue) structures. Root mean square distance (RMSD) between structures is 3.24 A. The B-strands in the dimer interface (right, cutaway of each
monomer viewed from the center of the dimer interface) can be seen to be elongated and twisted in BMAA-modified SOD1 (dark blue) as compared to wild type (light
blue). BMAA is shown as spheres. (D) Structural alignment of Zn- (left) and Cu- (right) binding sites of BMAA-modified (dark blue) and wild type (light blue) structures.
Tons belonging to the BMAA-modified structure are in color (dark grey for Zn, orange for Cu), while ions belonging to the wild type are in light blue. Metal-coordinating
residues for both structures are shown as lines.

https://doi.org/10.1371/journal.pcbi.1007225.9001

square structural deviation of 3.24 A. Although metal ions are necessarily constrained to their
ligands in our simulations, we note that the distortion of the SOD1 structure extends to shifts
in the orientation of metal-binding residues, especially those coordinating Zn (Fig 1D), which
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would potentially affect the binding affinity of Cu and Zn in vitro and in vivo. Binding of metal
ions, especially Zn, contributes significantly to the stability of SOD1, and destabilization and
loss of bound metal ions is the second step in SOD1 aggregation [11], and metal-binding resi-
dues feature several known ALS-linked mutations.

BMAA-SOD1 features dynamically destabilized disulfide bond and metal
ion binding sites

To further investigate the potential effects of incorporation of BMAA into the SOD1 structure,
we analyze the dynamics of the BMAA-modified protein in low-temperature steady-state sim-
ulations and compare with wild-type protein. Changes in root mean square fluctuation
(RMSF) over the length of the protein (Fig 2, top) upon BMAA modification reveal increased
flexibility in the metal-binding loop (residues 49-84) and the residues directly surrounding the
BMAA modification, as well as flexibility differences caused by slight shifts in the residues
included in B-strands 1, 2, and 3 due to the rearrangement in B-barrels discussed above.

While changes in RMSF indicate differences in local stability, correlated dynamics are a
more informative measure of the effect of protein modification on overall structure, stability,
and function because they reveal dynamic coupling between distal regions of the protein [20].
Changes in dynamic coupling across SOD1 due to BMAA misincorporation would change not
only local stability, but also how local instabilities are propagated to other regions of the pro-
tein, potentially resulting in additional changes to structurally important features. In calculat-
ing the correlated motions of residue pairs [20], we find profound differences in the motions
of residues corresponding to key structural features of SOD1 known to promote integrity of
the properly folded structure (Fig 2): namely, both cysteines of the intra-monomer
Cys57-Cys146; the Cu-binding histidines 46, 48, and 120; the Cu-Zn bridging ligand His63;
the Zn-coordinating residues His71, His80, and Asp83; and the structurally important residue
Asp124, which forms a crucial connection between Cu- and Zn- binding residues and whose
mutation has been linked to ALS [21]. We also observe significant disturbances to large por-
tions of both the electrostatic loop and the metal-binding loop, which contribute to enzymatic
function, maintain structural integrity, coordinate the binding of the metal ions, and prevent
protein aggregation [22]. Together, these findings strongly support the conclusion that the
incorporation of BMAA into SOD1 causes both static and dynamic structural disturbances
that result in local destabilization of the region surrounding the modification, including the
nearby electrostatic loop, and propagation of those instabilities to important structural features
of the protein, leading to increased propensity for misfolding and aggregation. This work sup-

ports an SOD1-linked mechanism for the toxicity of BMAA in environmentally caused cases
of ALS.

Discussion

SOD1 dimer dissociation has been shown to be the first step in the misfolding and aggregation
of SOD1 [11]. Proctor et al. [3] recently demonstrated that the association of misfolded SOD1
monomers into a non-native trimeric oligomer results in cytotoxicity in hybridized motor
neurons. The remarkable thermodynamic stability of unmodified wild type SOD1 protects
against this first necessary step of dimer dissociation [5], thus also protecting against the for-
mation of toxic oligomers. However, the addition of exogenous factors to the SOD1 structure,
such as post-translational modifications, has been shown to have a profound destabilizing
effect on dimer stability [10,12,23]; oxidative glutathionylation is a particularly severe example
of such a modification [12,24]. Given the high fraction (90%) of sporadic ALS cases as com-
pared to those with a known genetic link, we have long hypothesized that other post-
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Fig 2. BMAA-SOD1 features altered dynamics near disulfide bond and metal ion binding sites. Heat map of changes in correlated motions between
residues (standard sequence numbering provided) upon modification with BMAA. Red indicates increased correlated motions, blue indicates
decreased correlated motions, and yellow indicates no change. Dotted line indicates the divide between the two monomer chains. Select significantly
affected structural features critical for SOD1 stability are labeled, with location on the SOD1 structure highlighted. A comparison of root mean square
fluctuations (RMSF) at each residue for SOD1 with and without BMAA modification is included (top), highlighting regions of increased or decreased
flexibility due to misincorporation of BMAA.

https://doi.org/10.1371/journal.pcbi.1007225.9002
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Fig 3. Proposed mechanism of BMAA toxicity in ALS pathology. (A) Chemical structure of BMAA molecule. (B)
Misincorporation of BMAA for serine causes structural rearrangement and strain that propagates to the dimer
interface and metal-binding residues. BMAA is show as spheres colored by atom type; copper (orange) and zinc
(cerulean) ions are shown as spheres. (C) From left to right: misincorporation of BMAA into SOD1 promotes dimer
dissociation and destabilization of the metal-binding sites; metal binding is further destabilized in the monomeric
form, leading to metal loss; without metal ions, the SOD1 monomer fold is destabilized misfolds; misfolding promotes
oligomerization and the formation of non-native SOD1 trimer, previously shown to be neurotoxic; misfolded SOD1
monomer can also form fibrils observed in ALS patients.

https://doi.org/10.1371/journal.pcbi.1007225.9g003

Toxic to cells

translational modifications may similarly impact SOD1 stability. BMAA is a good candidate
because, while not overly abundant, this cyanobacteria-produced neurotoxin has been linked
to significantly increased occurrence of sporadic ALS in populations with frequent dietary
consumption of food sources containing high levels of BMAA [14,16].

In this work, we present the hypothesis, based on others’ experimental and epidemiological
observations [15,18], that BMAA can be incorporated into SOD1, and demonstrate using
computational structural analysis and simulation that incorporation of BMAA would promote
SOD1 dissociation, loss of metals, and misfolding. Misfolded SOD1 then aggregates to form
oligomers that, through as yet unknown mechanisms result in motor neuron death, thereby
contributing to the neurotoxicity of BMAA and its linkage to sporadic ALS in areas of environ-
mental contamination (Fig 3). We speculate that BMAA incorporation into SOD1 may be
rare, explaining why this modification has not yet been reported. However, even rare events
may promote an avalanche of misfolding events; the initiating destabilization by BMAA incor-
poration may serve as a nucleating event for the misfolding and aggregation of SOD1 through
the templating mechanism [25-29]. Our analysis suggests the need for a comprehensive study
of SOD1 modification patterns in ALS patients in order to uncover mechanistic patterns of
disease onset and progression, and aid in understanding of potential lifestyle and preventative
interventions for sporadic ALS.

Methods
AAG calculations

We determine the changes in free energy (AAG) for mutations of each serine residue in the
SOD1 dimer (PDB ID: 1SPD) to f-methylamino-L-alanine (BMAA) or lysine using Eris
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[30,31]. Reported AAG values represent the mean + standard deviation of 20 independent
rounds of Eris calculation. Each round of Eris calculation produces an expected value of the
AAG of mutation from 20 independent simulations for both wild-type and mutant protein
with each simulation consisting of 20 steps of Monte Carlo optimization.

BMAA parameterization

The BMAA rotamer library was generated using the Rosetta MakeRotLib protocol [32]. We
used the Gaussian 09 program (Gaussian, Inc.) to optimize the initial structure of BMAA at
the HF 6-31G(d) level of theory with a polarized continuum model of the aqueous solvent,
which appropriately shields the positive charge on the BMAA side chain. We generate a back-
bone-dependent rotamer library from the initial structure using 10° increments for both ¢ and
 angles for a total of 1296 (= 36 x 36) @/ bins, within which each of the two y angles of
BMAA were sampled at 30° increments. The MakeRotLib protocol was used to obtain mean
angles and probabilities for all combinations of the three staggered conformations for the two
x angles in each @/y bin. Lysine parameters for Ramachandran probabilities, ) angle standard
deviations, and the reference energy were used for both BMAA and lysine, as both feature
unbranched, positively-charged side chains. The residue type parameter file for BMAA was
built using pre-existing atom types in the CHARMM-based Medusa force field [33].

All-atom discrete molecular dynamics

DMD implements step function potentials to describe inter-atomic interactions, as opposed to
the continuous potentials used in traditional molecular dynamics (MD) [34-36]. We utilize an
all-atom protein model that explicitly represents all heavy atoms and polar hydrogen atoms.
Bonded interactions are represented using infinite square-well constraints for bond lengths,
bond angles, and dihedral angles. Non-bonded interactions are adapted from the continuous
CHARMM-based Medusa force field [33], van der Waals interactions are modeled using the
Lennard-Jones potential, and solvation interactions are modeled using Lazaridis-Karplus sol-
vation [37], all discretized by multi-step square-well functions for use in DMD. We model
hydrogen bonding interactions using the reaction algorithm [38]. The DMD simulation
engine (tDMD, v1.0) with Medusa all-atom force field is available from Molecules In Action,
LLC (free to academic users, moleculesinaction.com).

Modeling of BMAA-SOD1

Using the known X-ray crystallographic structure of wild type SOD1 (PDB ID 1SPD) as a ref-
erence structure, we deleted serine 107 from one monomer and replaced it with BMAA, which
was joined in the peptide chain of SOD1 using peptide bond constraints and equilibrated
using the discretized Medusa force field [33] in DMD with an iterative relaxation and equili-
bration protocol as previously described [13].

Replica exchange

We use the replica exchange method to construct a thermodynamic profile of BMAA-SOD1
unfolding [39]. Independent replicas of the simulation system of interest are run in paralle] at
16 different temperatures: 0.48 (~242 K), 0.495 (~ 249 K), 0.51 (~ 257 K), 0.525 (~ 264 K),
0.54 (~ 272 K), 0.555 (~ 280 K), 0.57 (~ 287 K), 0.585 (~ 295 K), 0.60 (~ 302 K), 0.615 (~
310K), 0.63 (~ 317 K), 0.645 (~ 325 K), 0.65 (~ 327 K), 0.67 (~ 337 K), 0.69 (~ 347 K) and
0.71 (~357 K) kcal (mol kB) ™. Every 50 ps, replicas neighboring in temperature attempt to
exchange temperature values according to the Metropolis criterion. The replica exchange
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method increases sampling efficiency by allowing energetic barriers to be overcome with expo-
sure to higher temperatures. We note that temperatures used in MD simulations do not
directly equate to physical temperatures, but are useful to evaluate relative differences between

systems.

WHAM analysis of Cy

Replica trajectories were combined for the analysis of folding thermodynamics using the
MMTSB tool [40] for weighted histogram analysis method (WHAM) [41]. WHAM computes
the density of states by combining energy histograms from simulation trajectories with over-

lapping energies and calculates the folding specific heat at constant volume at a function of

temperature.

Acknowledgments
We thank Dr. Feng Ding and Dr. Reed Jacob for assisting with BMAA parameterization.

Author Contributions
Conceptualization: Elizabeth A. Proctor, Nikolay V. Dokholyan.

Data curation: Elizabeth A. Proctor.

Formal analysis: Elizabeth A. Proctor, David D. Mowrey.

Funding acquisition: Nikolay V. Dokholyan.

Investigation: Elizabeth A. Proctor, Nikolay V. Dokholyan.

Methodology: Elizabeth A. Proctor, David D. Mowrey, Nikolay V. Dokholyan.

Project administration: Elizabeth A. Proctor.

Software: Nikolay V. Dokholyan.

Writing - original draft: Elizabeth A. Proctor.

Writing - review & editing: Elizabeth A. Proctor, Nikolay V. Dokholyan.

References

1.

Redler RL, Dokholyan NV. The complex molecular biology of amyotrophic lateral sclerosis (ALS). Prog
Mol Biol Transl Sci. 2012; 107: 215-62. https://doi.org/10.1016/B978-0-12-385883-2.00002-3 PMID:
22482452

Zetterstrom P, Stewart HG, Bergemalm D, Jonsson PA, Graffmo KS, Andersen PM, et al. Soluble mis-
folded subfractions of mutant superoxide dismutase-1s are enriched in spinal cords throughout life in
murine ALS models. Proc Natl Acad Sci U A. 2007; 104: 14157—-62. https://doi.org/10.1073/pnas.
0700477104 PMID: 17715066

Proctor EA, Fee L, Tao Y, Redler RL, Fay JM, Zhang Y, et al. Nonnative SOD1 trimer is toxic to motor
neurons in a model of amyotrophic lateral sclerosis. Proc Natl Acad Sci. 2016; 113: 614—619. https://
doi.org/10.1073/pnas.1516725113 PMID: 26719414

Stroppolo ME, Malvezzi-Campeggi F, Mei G, Rosato N, Desideri A. Role of the tertiary and quaternary
structures in the stability of dimeric copper,zinc superoxide dismutases. Arch Biochem Biophys. 2000;
377: 215-218. https://doi.org/10.1006/abbi.2000.1780 PMID: 10845696

Khare SD, Caplow M, Dokholyan NV. FALS mutations in Cu, Zn superoxide dismutase destabilize the
dimer and increase dimer dissociation propensity: a large-scale thermodynamic analysis. Amyloid.
2006; 13: 226-35. https://doi.org/10.1080/13506120600960486 PMID: 17107883

Fersht AR, Serrano L. Principles of protein stability derived from protein engineering experiments. Curr
Opin Struct Biol. 1993; 3: 75-83. https://doi.org/10.1016/0959-440X(93)90205-Y

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007225  July 19, 2019 9/11


https://doi.org/10.1016/B978-0-12-385883-2.00002-3
http://www.ncbi.nlm.nih.gov/pubmed/22482452
https://doi.org/10.1073/pnas.0700477104
https://doi.org/10.1073/pnas.0700477104
http://www.ncbi.nlm.nih.gov/pubmed/17715066
https://doi.org/10.1073/pnas.1516725113
https://doi.org/10.1073/pnas.1516725113
http://www.ncbi.nlm.nih.gov/pubmed/26719414
https://doi.org/10.1006/abbi.2000.1780
http://www.ncbi.nlm.nih.gov/pubmed/10845696
https://doi.org/10.1080/13506120600960486
http://www.ncbi.nlm.nih.gov/pubmed/17107883
https://doi.org/10.1016/0959-440X(93)90205-Y
https://doi.org/10.1371/journal.pcbi.1007225

GPLOS |saisermom

BMAA substitution destabilizes SOD1 structure

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Dagliyan O, Tarnawski M, Chu P-H, Shirvanyants D, Schlichting I, Dokholyan NV, et al. Engineering
extrinsic disorder to control protein activity in living cells. Science. 2016; 354: 1441-1444. https://doi.
org/10.1126/science.aah3404 PMID: 27980211

Khare SD, Dokholyan NV. Common dynamical signatures of familial amyotrophic lateral sclerosis-asso-
ciated structurally diverse Cu, Zn superoxide dismutase mutants. Proc Natl Acad Sci U A. 2006; 103:
3147-52. https://doi.org/10.1073/pnas.0511266103 PMID: 16488975

Ding F, Dokholyan NV. Dynamical roles of metal ions and the disulfide bond in Cu, Zn superoxide dis-
mutase folding and aggregation. Proc Natl Acad Sci U A. 2008; 105: 19696—701. https://doi.org/10.
1073/pnas.0803266105 PMID: 19052230

Wilcox KC, Zhou L, Jordon JK, Huang Y, Yu Y, Redler RL, et al. Modifications of superoxide dismutase
(SOD1) in human erythrocytes: a possible role in amyotrophic lateral sclerosis. J Biol Chem. 2009; 284:
13940-7. https://doi.org/10.1074/jbc.M809687200 PMID: 19299510

Khare SD, Caplow M, Dokholyan NV. The rate and equilibrium constants for a multistep reaction
sequence for the aggregation of superoxide dismutase in amyotrophic lateral sclerosis. Proc Natl Acad
Sci U A. 2004; 101: 15094-9. https://doi.org/10.1073/pnas.0406650101 PMID: 15475574

Redler RL, Wilcox KC, Proctor EA, Fee L, Caplow M, Dokholyan NV. Glutathionylation at Cys-111
induces dissociation of wild type and FALS mutant SOD1 dimers. Biochemistry. 2011; 50: 7057-66.
https://doi.org/10.1021/bi200614y PMID: 21739997

Proctor EA, Ding F, Dokholyan NV. Structural and Thermodynamic Effects of Post-translational Modifi-
cations in Mutant and Wild Type Cu, Zn Superoxide Dismutase. J Mol Biol. 2011; 408: 555—-67. https:/
doi.org/10.1016/j.jmb.2011.03.004 PMID: 21396374

Spencer PS, Nunn PB, Hugon J, Ludolph AC, Ross SM, Roy DN, et al. Guam amyotrophic lateral scle-
rosis-parkinsonism-dementia linked to a plant excitant neurotoxin. Science. 1987; 237: 517-522.
https://doi.org/10.1126/science.3603037 PMID: 3603037

Dunlop RA, Cox PA, Banack SA, Rodgers KJ. The non-protein amino acid BMAA is misincorporated
into human proteins in place of L-serine causing protein misfolding and aggregation. PloS One. 2013; 8:
€75376. https://doi.org/10.1371/journal.pone.0075376 PMID: 24086518

Cox PA, Davis DA, Mash DC, Metcalf JS, Banack SA. Dietary exposure to an environmental toxin trig-
gers neurofibrillary tangles and amyloid deposits in the brain. Proc Biol Sci. 2016; 283. https://doi.org/
10.1098/rspb.2015.2397 PMID: 26791617

Islam R, Kumimoto EL, Bao H, Zhang B. ALS-linked SOD1 in glial cells enhances 3-N-Methylamino L-
Alanine (BMAA)-induced toxicity in Drosophila. F1000Research. 2012; 1: 47. https://doi.org/10.12688/
f1000research.1-47.v1 PMID: 24627764

Froyset AK, Khan EA, Fladmark KE. Quantitative proteomics analysis of zebrafish exposed to sub-
lethal dosages of B-methyl-amino-L-alanine (BMAA). Sci Rep. 2016; 6: 29631. https://doi.org/10.1038/
srep29631 PMID: 27404450

Lee JW, Beebe K, Nangle LA, Jang J, Longo-Guess CM, Cook SA, et al. Editing-defective tRNA synthe-
tase causes protein misfolding and neurodegeneration. Nature. 2006; 443: 50-55. https://doi.org/10.
1038/nature05096 PMID: 16906134

Proctor EA, Kota P, Aleksandrov AA, He L, Riordan JR, Dokholyan NV. Rational Coupled Dynamics
Network Manipulation Rescues Disease-Relevant Mutant Cystic Fibrosis Transmembrane Conduc-
tance Regulator. Chem Sci R Soc Chem 2010. 2015; 6: 1237—1246. https://doi.org/10.1039/
C4SC01320D PMID: 25685315

Rakhit R, Chakrabartty A. Structure, folding, and misfolding of Cu,Zn superoxide dismutase in amyotro-
phic lateral sclerosis. Biochim Biophys Acta. 2006; 1762: 1025—1037. https://doi.org/10.1016/j.bbadis.
2006.05.004 PMID: 16814528

Elam JS, Taylor AB, Strange R, Antonyuk S, Doucette PA, Rodriguez JA, et al. Amyloid-like filaments
and water-filled nanotubes formed by SOD1 mutant proteins linked to familial ALS. Nat Struct Biol.
2003; 10: 461-467. https://doi.org/10.1038/nsb935 PMID: 12754496

Fay JM, Zhu C, Proctor EA, Tao Y, Cui W, Ke H, et al. A Phosphomimetic Mutation Stabilizes SOD1
and Rescues Cell Viability in the Context of an ALS-Associated Mutation. Struct Lond Engl 1993. 2016;
24:1898-1906. https://doi.org/10.1016/j.str.2016.08.011 PMID: 27667694

Redler RL, Fee L, Fay JM, Caplow M, Dokholyan NV. Non-native soluble oligomers of Cu/Zn superox-
ide dismutase (SOD1) contain a conformational epitope linked to cytotoxicity in amyotrophic lateral scle-
rosis (ALS). Biochemistry. 2014; 53: 2423-2432. https://doi.org/10.1021/bi500158w PMID: 24660965

Prusiner SB. Prions. Proc Natl Acad Sci U S A. 1998; 95: 13363—-13383. https://doi.org/10.1073/pnas.
95.23.13363 PMID: 9811807

Peng Y, Hansmann UHE. Helix versus sheet formation in a small peptide. Phys Rev E Stat Nonlin Soft
Matter Phys. 2003; 68: 041911. https://doi.org/10.1103/PhysRevE.68.041911 PMID: 14682977

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007225  July 19, 2019 10/11


https://doi.org/10.1126/science.aah3404
https://doi.org/10.1126/science.aah3404
http://www.ncbi.nlm.nih.gov/pubmed/27980211
https://doi.org/10.1073/pnas.0511266103
http://www.ncbi.nlm.nih.gov/pubmed/16488975
https://doi.org/10.1073/pnas.0803266105
https://doi.org/10.1073/pnas.0803266105
http://www.ncbi.nlm.nih.gov/pubmed/19052230
https://doi.org/10.1074/jbc.M809687200
http://www.ncbi.nlm.nih.gov/pubmed/19299510
https://doi.org/10.1073/pnas.0406650101
http://www.ncbi.nlm.nih.gov/pubmed/15475574
https://doi.org/10.1021/bi200614y
http://www.ncbi.nlm.nih.gov/pubmed/21739997
https://doi.org/10.1016/j.jmb.2011.03.004
https://doi.org/10.1016/j.jmb.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21396374
https://doi.org/10.1126/science.3603037
http://www.ncbi.nlm.nih.gov/pubmed/3603037
https://doi.org/10.1371/journal.pone.0075376
http://www.ncbi.nlm.nih.gov/pubmed/24086518
https://doi.org/10.1098/rspb.2015.2397
https://doi.org/10.1098/rspb.2015.2397
http://www.ncbi.nlm.nih.gov/pubmed/26791617
https://doi.org/10.12688/f1000research.1-47.v1
https://doi.org/10.12688/f1000research.1-47.v1
http://www.ncbi.nlm.nih.gov/pubmed/24627764
https://doi.org/10.1038/srep29631
https://doi.org/10.1038/srep29631
http://www.ncbi.nlm.nih.gov/pubmed/27404450
https://doi.org/10.1038/nature05096
https://doi.org/10.1038/nature05096
http://www.ncbi.nlm.nih.gov/pubmed/16906134
https://doi.org/10.1039/C4SC01320D
https://doi.org/10.1039/C4SC01320D
http://www.ncbi.nlm.nih.gov/pubmed/25685315
https://doi.org/10.1016/j.bbadis.2006.05.004
https://doi.org/10.1016/j.bbadis.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16814528
https://doi.org/10.1038/nsb935
http://www.ncbi.nlm.nih.gov/pubmed/12754496
https://doi.org/10.1016/j.str.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27667694
https://doi.org/10.1021/bi500158w
http://www.ncbi.nlm.nih.gov/pubmed/24660965
https://doi.org/10.1073/pnas.95.23.13363
https://doi.org/10.1073/pnas.95.23.13363
http://www.ncbi.nlm.nih.gov/pubmed/9811807
https://doi.org/10.1103/PhysRevE.68.041911
http://www.ncbi.nlm.nih.gov/pubmed/14682977
https://doi.org/10.1371/journal.pcbi.1007225

GPLOS |saisermom

BMAA substitution destabilizes SOD1 structure

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lipfert J, Franklin J, Wu F, Doniach S. Protein misfolding and amyloid formation for the peptide
GNNQQNY from yeast prion protein Sup35: simulation by reaction path annealing. J Mol Biol. 2005;
349: 648-658. https://doi.org/10.1016/j.jmb.2005.03.083 PMID: 15896350

Mafolepsza E, Boniecki M, Kolinski A, Piela L. Theoretical model of prion propagation: a misfolded pro-
tein induces misfolding. Proc Natl Acad Sci U S A. 2005; 102: 7835-7840. https://doi.org/10.1073/pnas.
0409389102 PMID: 15911770

Ding F, LaRocque JJ, Dokholyan NV. Direct observation of protein folding, aggregation, and a prion-like
conformational conversion. J Biol Chem. 2005; 280: 40235—-40. https://doi.org/10.1074/jbc.
M506372200 PMID: 16204250

Yin S, Ding F, Dokholyan NV. Eris: an automated estimator of protein stability. Nat Methods. 2007; 4:
466—7. https://doi.org/10.1038/nmeth0607-466 PMID: 17538626

Yin S, Ding F, Dokholyan NV. Modeling backbone flexibility improves protein stability estimation. Struc-
ture. 2007; 15: 1567-76. https://doi.org/10.1016/j.str.2007.09.024 PMID: 18073107

Renfrew PD, Choi EJ, Bonneau R, Kuhiman B. Incorporation of noncanonical amino acids into Rosetta
and use in computational protein-peptide interface design. PloS One. 2012; 7: e32637. https://doi.org/
10.1371/journal.pone.0032637 PMID: 22431978

Ding F, Dokholyan NV. Emergence of protein fold families through rational design. PLoS Comput Biol.
2006; 2: e85. https://doi.org/10.1371/journal.pcbi.0020085 PMID: 16839198

Dokholyan NV, Buldyrev SV, Stanley HE, Shakhnovich El. Discrete molecular dynamics studies of the
folding of a protein-like model. Fold Des. 1998; 3: 577-87. https://doi.org/10.1016/S1359-0278(98)
00072-8 PMID: 9889167

Zhou Y, Karplus M. Folding thermodynamics of a model three-helix-bundle protein. Proc Natl Acad Sci
U A. 1997; 94: 14429-32.

Ding F, Tsao D, Nie H, Dokholyan NV. Ab initio folding of proteins with all-atom discrete molecular
dynamics. Structure. 2008; 16: 1010-8. https://doi.org/10.1016/j.str.2008.03.013 PMID: 18611374

Lazaridis T, Karplus M. Effective energy function for proteins in solution. Proteins. 1999; 35: 133-52.
https://doi.org/10.1002/(SICI1)1097-0134(19990501)35:2<133::AID-PROT1>3.0.CO;2-N PMID:
10223287

Ding F, Borreguero JM, Buldyrey SV, Stanley HE, Dokholyan NV. Mechanism for the alpha-helix to
beta-hairpin transition. Proteins. 2003; 53: 220-8. https://doi.org/10.1002/prot.10468 PMID: 14517973

Okamoto Y. Generalized-ensemble algorithms: enhanced sampling techniques for Monte Carlo and
molecular dynamics simulations. J Mol Graph Model. 2004; 22: 425-39. https://doi.org/10.1016/j.jmgm.
2003.12.009 PMID: 15099838

Feig M, Karanicolas J, Brooks CL. MMTSB Tool Set: enhanced sampling and multiscale modeling
methods for applications in structural biology. J Mol Graph Model. 2004; 22: 377-95. https://doi.org/10.
1016/j.jmgm.2003.12.005 PMID: 15099834

Kumar S, Rosenberg JM, Bouzida D, Swendsen RH, Kollman P. THE weighted histogram analysis
method for free-energy calculations on biomolecules. I. The method. J Comput Chem. 1992; 13: 1011—
1021.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007225  July 19, 2019 11/11


https://doi.org/10.1016/j.jmb.2005.03.083
http://www.ncbi.nlm.nih.gov/pubmed/15896350
https://doi.org/10.1073/pnas.0409389102
https://doi.org/10.1073/pnas.0409389102
http://www.ncbi.nlm.nih.gov/pubmed/15911770
https://doi.org/10.1074/jbc.M506372200
https://doi.org/10.1074/jbc.M506372200
http://www.ncbi.nlm.nih.gov/pubmed/16204250
https://doi.org/10.1038/nmeth0607-466
http://www.ncbi.nlm.nih.gov/pubmed/17538626
https://doi.org/10.1016/j.str.2007.09.024
http://www.ncbi.nlm.nih.gov/pubmed/18073107
https://doi.org/10.1371/journal.pone.0032637
https://doi.org/10.1371/journal.pone.0032637
http://www.ncbi.nlm.nih.gov/pubmed/22431978
https://doi.org/10.1371/journal.pcbi.0020085
http://www.ncbi.nlm.nih.gov/pubmed/16839198
https://doi.org/10.1016/S1359-0278(98)00072-8
https://doi.org/10.1016/S1359-0278(98)00072-8
http://www.ncbi.nlm.nih.gov/pubmed/9889167
https://doi.org/10.1016/j.str.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18611374
https://doi.org/10.1002/(SICI)1097-0134(19990501)35:2<133::AID-PROT1>3.0.CO;2-N
http://www.ncbi.nlm.nih.gov/pubmed/10223287
https://doi.org/10.1002/prot.10468
http://www.ncbi.nlm.nih.gov/pubmed/14517973
https://doi.org/10.1016/j.jmgm.2003.12.009
https://doi.org/10.1016/j.jmgm.2003.12.009
http://www.ncbi.nlm.nih.gov/pubmed/15099838
https://doi.org/10.1016/j.jmgm.2003.12.005
https://doi.org/10.1016/j.jmgm.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15099834
https://doi.org/10.1371/journal.pcbi.1007225

