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ABSTRACT: The heterodimerization of wild-type (WT) Cu, Zn Qridized WT
superoxide dismutase-1 (SODI1) and mutant SOD1 might be a S
critical step in the pathogenesis of SOD1-linked amyotrophic lateral |
sclerosis (ALS). Post-translational modifications that accelerate
SOD1 heterodimerization remain unidentified. Here, we used
capillary electrophoresis to quantify the effect of cysteine-111
oxidation on the rate and free energy of ALS mutant/WT SODI1
heterodimerization. The oxidation of Cys;;;-#-SH to sulfinic and
sulfonic acid (by hydrogen peroxide) increased rates of hetero-
dimerization (with unoxidized protein) by ~3-fold. Cysteine
oxidation drove the equilibrium free energy of SOD1 heterodime-
rization by up to AAG = —5.11 + 0.36 kJ] mol™'. Molecular
dynamics simulations suggested that this enhanced heterodimeriza-
tion, between oxidized homodimers and unoxidized homodimers, was promoted by electrostatic repulsion between the two
“dueling” Cys;;;-SO,”/SO;~, which point toward one another in the homodimeric state. Together, these results suggest that
oxidation of Cys-111 promotes subunit exchange between oxidized homodimers and unoxidized homodimers, regardless of whether
they are mutant or WT dimers.

oxidized heterodimer

unoxidized E100K

KEYWORDS: protein aggregation, amyloid, oxidative stress, reactive oxygen species, motor neuron, capillary electrophoresis, sulfenic,
sulfinic, sulfonic acid

H INTRODUCTION SOD1 exchange on a time scale of minutes to days depending
Nearly 200 different mutations—largely heterozygous mis- upon metalation state: t,/, 013’ —0.5 h for apo states and £,,
sense mutations—in the superoxide dismutase gene (SOD1) ~ 3—13 h for metalated states.”" However, mutant/WT SOD1

cause ~2% of amyotrophic lateral sclerosis (ALS).' ™ Survival heterodimerization is only marginally favorable at equilibrium,
times for people with SOD1-linked ALS vary by decades per with free energies of heterodimerization (AGy,) varying from

SOD1 mutation.”™” For example, the A4V missense mutation —0.73 to —3.05 kJ mol™ according to capillary electro-
presents with a survival time of 1.4 + 0.7 years after diagnosis,” phoresis.'”
whereas survival times for the H46R mutation are ~17 years.9 In vivo, the heterodimerization of mutant/WT SODI
This range is uncommon for monogenic neurodegenerative appears to somehow promote the aggregation and neuro-
disorders that typically present with wider variation in onset toxicity of mutant SOD1."**' In transgenic mice expressing
age and smaller variation in survival time per mutation.'*~"* ALS mutant SOD]1, the coexpression of the WT SOD1 protein
This clinical variation still perplexes biochemical researchers, can accelerate disease prOgreSSion.lg’ZZ In one particular case,
in part because it cannot be explained by the biophysical the A4V SODI mouse, the coexpression of WT SODI is
properties of misfolded or native SOD1 (rate and free energy required for disease onset.”” The mechanism by which WT
of folding, dimerization, and misfolding; electrostatic charge; SODI triggers ALS in the A4V SODI transgenic mouse or

affinity for Cu/Zn (either singularly or collectively)).”>%">¢
However, most failed correlations have ignored the wild-type
(WT) SOD1 protein, which can heterodimerize with mutant
SOD1.”"” We hypothesize that native or non-native
interactions between wild-type and mutant SOD1 might fill a
few gaps in our biophysical-chemical understanding of the
clinical diversity of this monogenic disorder.

The mutant/wild-type heterodimer has not been charac-
terized as well as homodimeric counterparts.z’17 In vitro, the
subunits of homodimeric mutant SOD1 and homodimeric WT

simply enhances symptoms of ALS in other mutant SODI1
mice is unknown'®*® but could involve: (i) direct interactions

Received: March 17, 2023 Acsrlc%ﬁ'ﬁgs?cienge

Accepted: March 24, 2023
Published: April 6, 2023

© 2023 American Chemical Society https://doi.org/10.1021/acschemneuro.3c00174

W ACS PUbl ications 1547 ACS Chem. Neurosci. 2023, 14, 1547—1560


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ao+Yun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chad+M.+Dashnaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mayte+Gonzalez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+C.+Koone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nick+A.+Wells"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colin+A.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+J.+Guberman-Pfeffer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+J.+Guberman-Pfeffer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bryan+F.+Shaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acschemneuro.3c00174&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00174?ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00174?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00174?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00174?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00174?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acncdm/14/8?ref=pdf
https://pubs.acs.org/toc/acncdm/14/8?ref=pdf
https://pubs.acs.org/toc/acncdm/14/8?ref=pdf
https://pubs.acs.org/toc/acncdm/14/8?ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/chemneuro?ref=pdf
https://pubs.acs.org/chemneuro?ref=pdf

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

with mutant SOD1 and (ii) indirect mechanisms, including
competition for protective factors such as chaperones or
Cu'*/?* and Zn** ions.”**

A previous study of five ALS mutant SOD1 proteins—
including three “cryptic” mutants whose AGg,gng and thermo-
stability are not significantly different from WT SOD1—found
that the measured AGy, weakly correlated with patient
survival time by ~ +5 years per kJ. Notably, the clinically
severe D101N protein, whose survival is as short as the A4V
protein (~2 years), exhibited the most favorable AGy,,.'” This
favorable AGyy, is the only biophysical property that we can
find for the cryptic D101N SODI1 that might explain why such
a thermostable, “wild-type like” protein exhibits the same
clinical severity as the highly unstable A4V SOD1 protein
(which is intrinsically disordered in its nascent state™).

The chemical biology surrounding mutant/WT SODI1
heterodimerization has remained enigmatic because hetero-
dimers are difficult to isolate from preceding homodimers.*®
The SOD1 protein—a long-lived protein—acquires myriad
post-translational modifications during its lifetime (functional
and detrimental )’ includin%: glutathionlylation of free
cysteine,” lysine acetylation,””*" asparagine deamidation,’’
oxidation of histidine,”* tryptophan,®> and cysteine,>***
phosphorylation,*® and palmitoylation.”” The effect of any of
these modifications on rates or AG of heterodimerization
remain unknown. Oxidation of free cysteine in SOD1 is of
particular interest as SOD1 produces and interacts with H,O,
(a known oxidant involved in redox signaling).***”

This study used capillary electrophoresis (CE) to quantify
the effect of cysteine-111 oxidation on the rate and AGy,, of
heterodimerization of ALS mutant and WT SOD1. The SOD1
monomer contains two free cysteines: C6 and C111. Cysteine-
111 is solvent exposed (Figure 1), reactive, and a therapeutic
target in SODI-linked ALS.*>*" Cysteine-111 can undergo
selective oxidation to form sulfenic (R-SOH), sulfinic (R-
SO,7), and sulfonic (R-SO;7) acids.”**~** In general, the
oxidation of cysteine plays a functional role in redox
signaling.”~*® The SOD1 enzyme is predisposed to cysteine
oxidation, per se, as both reactants and products of SODI1
catalysis (0,7, O,, and H,0,) can oxidize cysteine.*>*
Cysteine-111 oxidation in SODI1 has been hypothesized to
play a role in ALS by accelerating certain types of SODI1
aggregation or altering proteostasis.” " Regardless of the
role of oxidative stress in SOD1-linked ALS, we are interested
(in this paper) in simply determining how C111 oxidation
affects the rate and AGy,, of WT/mutant heterodimerization.

B RESULTS AND DISCUSSION

This study examined the heterodimerization of the ALS-linked
E100K variant of SOD1 with oxidized forms of WT SODI.
The principal tool used to measure the rate and AGy, of
heterodimerization, capillary electrophoresis, separates pro-
teins based upon their net charge and hydrodynamic drag in a
bare fused-silica capillary. CE is one of the only tools capable
of rapidly and accurately measuring the heterodimerization of
these two proteins.”*

We focused on the E100K mutation because it can be
separated from the WT SODI at a higher resolution than other
ALS mutants that we have studied with CE (isoelectric variants
cannot be separated).”” While the E100K substitution alters
the formal net negative charge of each subunit by two units,
prior studies with “protein charge ladders” show that the
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Figure 1. Structure of homodimeric wild-type SOD1 (PDB: 1HLS)
with C111 shown with spheres. Cysteine-111 of each subunit is

solvent exposed and separated by ~8.4 A. The electrostatic loop is
highlighted in blue.

substitution alters the actual net charge of folded solvated
SODI1 by +1.89 + 0.04 units per subunit at pH 7.4.>>
Oxidation of Cys-111 in WT SOD1. Cysteine-oxidized
WT SOD1 was prepared in potassium phosphate buffer (pH
7.4) by incubation of SOD1 (~100 uM SOD1 dimer) with 25
mM hydrogen peroxide over 48 h at 23 °C. Oxidation shifted
the electropherogram peak by ~1 mobility unit (Figure 2A).
This reaction resulted in near complete oxidation of SODI,
i.e., addition of two and three oxygen atoms per monomer
(Figure 2B). Integration of mass spectra demonstrated that
25% of WT SODI possessed three oxygens; 66% possessed
two oxygens; 7% possessed one oxygen; and 2% was
unoxidized (Figure 2B; the molecular weight of unoxidized
SODI is ~15844 Da per monomer). Trypsinization and LC—
MS/MS of oxidized WT SOD1 protein identified C111 as the
site of oxidation (Figure 2E), with oxidation found at no other
residues (His, Cys, or Trp). The masses of modifications at
C111 are 32 and 48 Da, consistent with R-SO,™ and R-SO;™.
SOD1 was oxidized in the apo state to avoid off target
oxidation (of histidine). For example, studies have shown that
oxidation of metalated SOD1 in hydrogen peroxide results in
the oxidation of metal coordinated histidine residues and the
release of metal ions.”* > In the apo state, however, cysteine
residues appear to be the primary target of oxidation.”"*
The effect of C111 oxidation on the structure of WT apo-
SOD1 was assessed with amide H/D exchange and mass
spectrometry (Figure 2C,D). Amide H/D exchange was
measured from 2 to 60 min. Across these time scales, the
rates of global amide H/D exchange are similar in oxidized WT
SOD1 and unoxidized WT SODI1 (Figure 2C,D). This
similarity suggests that Cys,;;-f-SH oxidation to Cys;;;-SO,~
to Cys;;;-SO3” does not disrupt the hydrophobic core of WT
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Figure 2. (A) Overlayed electropherograms of unoxidized human WT apo-SOD1 (black) and oxidized WT apo-SOD1 (red) in 10 mM potassium
phosphate buffer, pH = 7.4. Addition of one unit of negative charge (per monomer) from oxidation of cysteine (to either Cys-SO,™ or Cys-SO;~)
increases electrophoretic mobility, whereas neutral oxidation products (i.e., 2-oxo-His, Cys-SOH) would not increase mobility. (B) Mass spectra of
WT (black) and oxidized WT (red) apo-SOD1 were modified with either the addition of two oxygen (+32 Da) or three oxygen (+64 Da). (C)
Unexchanged hydrogens after 2, 10, 30, and 60 min in amide H/D exchange of WT apo-SOD1 modified with hydrogen peroxide. Error bars
represent standard deviation of three technical replicates. (D) Convoluted charge states of native and modified WT apo-SOD1 in water;
deconvoluted mass spectrum inset. (E) MS/MS spectrum of tryptic fragment of oxidized WT apo-SOD1 showing Cys111 (red) oxidized to Cys-
SOy; X, = 4.02.

Table 1. Deconvoluted Mass Spectra for Oxidized and Unoxidized WT Apo-SOD1 in 90% D,O

MW* H,0 MW D,0(60 min) MW D50 (denstured) back exch. (%)
SODI-C,,,SH 15844.06 + 2.69 15906.43 + 4.76 15948.66 + 4.75
SODI1-C,,,80,~ 15876.04 + 2.70 15942.00 + 4.96 15985.37 + 4.66 2147 + 5.46
SODI1-C,,,80;~ 15892.14 + 3.03 15958.42 + 4.69 16002.99 + 4.75

“Each molecular weight (MW) is reported as an average, with standard deviation from three technical replicates. Back exchange of deuterons
calculated from most abundant peak in the mixture (SOD1-C;;,SO,)

apo-SOD1 (Table 1). Because the measurements of H/D spectrum of oxidized WT SOD1 (Figure 2B) that Cl111

exchange were made on the minute to hour time scale, it is residues could not be oxidized completely from Cys-SO,~ to
possible (indeed likely) that cysteine oxidation perturbs Cys-SO;~ with H,O,. However, both Cys-SO;™ and Cys-SO,~
structural elements that undergo H/D exchange on the time are isoelectric and shift the electropherogram of WT apo-
scale of seconds or milliseconds (e.g., disordered loops, surface SOD1 in the same direction and by the same amount, resulting
regions, etc.).”>>” Molecular dynamics simulations are used, in a single broad peak composed of SOD1-SO,” and SOD1-
below, to investigate this possibility. SO;~ (Figure 2A). The typical increase in electrophoretic

Measuring Heterodimerization of Unoxidized ALS mobility that we observed for WT apo-SOD1 and oxidized WT
Mutant SOD1 with Oxidized WT SOD1. To initiate apo-SOD1 was Ay = ~ 0.8—0.9 cm” kV™! min™" (Figure 2A).

heterodimerization, oxidized WT apo-SOD1 and unoxidized The theoretical increase in mobility was calculated to be Ay =

E100K apo-SOD1 were combined in equal concentrations (60 0.77 cm* kV~! min~%.

UM total SODI, determined by UV—vis). Prior to determi- The mixtures of unoxidized mutant and oxidized-WT SOD1

nation of protein concentration and heterodimerization, (and controls of unoxidized mutant and unoxidized WT

samples were washed with 10 mM potassium phosphate buffer SOD1) were analyzed with CE immediately after mixing

(pH = 7.4) to remove residual H,0,. Note from the mass (Figure 3A—D). The appearance of a distinct middle peak in
1549 https://doi.org/10.1021/acschemneuro.3c00174
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Figure 3. (A—D) Representative electropherograms of heterodimerization between (A) E100K and WT apo-SOD1 (electropherogram at ¢ = 183
min shows integration via the skim method), (B) E100K and oxidized WT apo-SOD1, (C) E100K and WT 4Zn-SODI, and (D) E100K and
oxidized WT 4Zn-SODI. E. Increase in heterodimer and decrease in homodimers over time (homodimer = black, heterodimer = blue, unoxidized;
red, oxidized). Each plot in E is directly below the electropherograms from which it was derived via integration of peaks for both homodimers and

the heterodimer.

Table 2. Experimentally Determined Thermodynamic Parameters of SOD1 Heterodimerization

SOD1 mixture
E100K + WT

E100K + TD“

WT + TD

SOD1 heterodimer

apoE100K+apoWT
apoE100K+OxapoWT
ZnE100K+ZnWT
ZnE100K+ZnOxWT
apoE100K+apoTD
apoE100K+OxapoTD
ZnE100K+ZnTD
ZnE100K+ZnOxTD
apoWT+apoTD
apoWT+OxapoTD
OxapoWT+OxapoTD
ZnWT+ZnTD
ZnWT+ZnOxTD

t30% (min)

98.15 + 13.39

38.29 + 5.02
166.67 + 5.29
107.52 + 4.51

7271 £ 1.17

32.44 + 142
177.39 + 2.47

89.01 + 1.93

78.89 + 1.23

31.23 + 0.67

88.71 + 6.22
27943 + 6.54

92.54 + 1.97

“TD = triply deamidated SOD1, simulated with the triple substitution: N26D/N131D/N139D.

AGy (KJ/mol)

—1.12 + 0.16
—6.23 + 0.32
—2.12 + 0.03
—4.01 + 0.14
—2.76 + 0.24
—3.71 + 0.48
—2.51 + 0.14
—3.27 + 0.39
—2.20 £ 0.16
—3.79 £ 0.89
—1.63 £ 0.18
—1.48 + 0.09
—2.99 + 0.51

the electropherogram, between the two homodimeric SOD1
species, was indicative of the heterodimer of EI00K apo-SOD1

1550

and WT apo-SOD1 (Figure 3A). The mobility of this
emerging middle peak in each panel in Figure 3 (A-D) is

https://doi.org/10.1021/acschemneuro.3c00174
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Figure 4. (A—D) Representative electropherograms of heterodimerization between (A) E100K and TD apo-SOD1, (B) E100K and oxidized TD
apo-SODI, (C) E100K and TD 4Zn-SODI, and (D) E100K and oxidized TD 4Zn-SODI. (E). Increase in heterodimer and decrease in
homodimers over time (homodimer = black, heterodimer = blue, unoxidized; red, oxidized). Each plot in E is directly below the electropherograms
from which it was derived via integration of peaks for both homodimers and the heterodimer.

equal to the predicted mobility of the heterodimer.'” The
integration of electrophoretic peaks of the E100K homodimer,
WT homodimer, and WT/E100K heterodimer was performed
using the skim method (Figure 3A, t = 183 min)."
Longitudinal plots of increasing heterodimer and decreasing
homodimers revealed that equilibrium was reached in ~3—4 h
for unoxidized E100K/WT apo-SOD1 and unoxidized E100K/
oxidized WT apo-SOD1 (Figure 3E). The free energy of
heterodimerization of unoxidized proteins was measured to be
AGy, = —1.12 + 0.16 kJ mol™" (similar to previous
measurements carried out at slightly higher total concen-
trations of 100 uM'”) (Table 2).

Note that the first time point in the longitudinal trace of
heterodimerization is t = 0.5 min. After injection of the mixture
of proteins into CE, there is an approximate dead time of 4—8
min before homodimers and heterodimers are detected via
absorbance at 214 nm. By this time, however, heterodimeriza-

1551

tion is effectively quenched as both homodimers are separated
from each other (unable to exchange subunits).

Heterodimerization of unoxidized E100K apo-SODI1 and
oxidized WT apo-SOD1 was much more favorable compared
to unoxidized heterodimers, with AGy, = —6.23 + 0.32 kJ
mol™" (Figure 3B,E and Table 2). Oxidation of C111 in WT
apo-SOD1 also accelerated the rate of heterodimerization with
E100K apo-SOD1 by ~3-fold (e.g, the time for the mixture of
homodimers to reach 30% heterodimer, t3o,, = 98.15 + 13.39
min for unoxidized E100K/unoxidized WT; t30, = 38.29 +
5.02 min for unoxidized E100K/oxidized WT) (Figure 3E and
Table 2).

We also prepared oxidized E100K apo-SOD]1 to examine its
heterodimerization with unoxidized or oxidized WT SODI.
However, E100K apo-SOD1 underwent oxidation of additional
residues besides C111 (Figure S1A) when oxidized with H,0,
under the same conditions as WT apo-SOD1. This oxidation
involved the addition of eight oxygens. The electropherogram
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Figure 5. (A—D) Representative electropherograms of heterodimerization between (A) WT and TD apo-SOD1, (B) WT and oxidized TD apo-
SOD1, (C) WT and TD 4Zn-SODI, and (D) WT and oxidized TD 4Zn-SODI1. (E) Increase in heterodimer and decrease in homodimers over
time (homodimer = black, heterodimer = blue, unoxidized; red, oxidized). Each plot in E is directly below the electropherograms from which it was
derived via integration of peaks for both homodimers and the heterodimer.

of this hyper-oxidized protein was extremely broad (spanning 6
mobility units) and overlapped with WT SOD1 (ie., 2.5-8.5
cm?® kV™! min~!; Figure S1B). Presumably, this broad mobility
is due to oxidation-induced perturbations in structure that
increase hydrodynamic drag or interactions with fused silica
capillary. This prevented the examination of how Cl111-
oxidized E100K apo-SOD1 heterodimerized with WT apo-
SODL.

Effect of Zn?* Coordination on Heterodimerization of
Oxidized and Unoxidized SOD1. To study how the
coordination of Zn** to SOD1 attenuated the thermodynamic
and kinetic effects of cysteine oxidation on heterodimerization,
we prepared all SOD1 proteins (i.e, WT, E100K, and TD)
with four stoichiometric equivalents of Zn** per dimer (4Zn-
SOD1). Metal stoichiometries were verified with ICP-MS.
Coordination of Zn** could be further verified with CE, by
observing the expected decrease in electrophoretic mobility
due to the lower magnitude of net negative charge®® (Figure
3C,D). We did not examine heterodimerization of mixed
metalation states, such as E100K apo-SOD1 with WT 4Zn-

1552

SOD1 but rather only studied heterodimerization of equivalent
metalation states.

Compared to the heterodimerization of apo proteins, the
rates of heterodimerization of unoxidized metalated proteins
were much slower: t3p4 = 166.67 + 5.29 min for E100K and
WT (Figure 3C,D and Table 2). Similar to the apo-SODI,
heterodimerization of unoxidized E100K 4Zn-SOD1 and
oxidized WT 4Zn-SOD1 was more favorable compared to
unoxidized heterodimers, with AGyy,, = —4.01 + 0.14 kJ mol™*
and AGy,, = —2.12 + 0.03 kJ mol ™', respectively (Figure 3C,D
and Table 2). The data suggests that oxidation of C111
increases the rate of heterodimerization regardless of the
metalation state of SOD1 (Figure 3B,D,E and Table 2). It is
important to note, however, the promotional effects of cysteine
oxidation seem to be reduced for metalated SOD1 (AAGy,, =
—1.89 + 0.14 kJ mol™" for E100K 4Zn-SOD1 and oxidized
WT 4Zn-SOD1 relative to unoxidized counterparts whereas
AAGy = —5.11 + 0.36 k] mol™" for E100K apo-SOD1 and
oxidized WT apo-SOD1 relative to unoxidized counterparts)
(Figure 3 and Table 2).
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Combined Effects of C111 Oxidation and N/D
Substitutions on Heterodimerization. We are also
interested in studying the deamidation of Asn to Asp in WT
SOD1. This post-translational modification occurs to WT
SOD1 in vivo""*” and is chemically equivalent to two ALS-
linked SOD1 mutations, N139D and N86D. The deamidation
of N139 or N86 is therefore pathogenic, per se.”*® Moreover,
deamidation alters net charge in a manner that improves
resolution of heterodimers during CE. Here, we mimic
deamidation with Asn/Asp substitutions.

The three most rapidly deamidating Asn residues are
predicted to be (in decreasing order of deamidation rate):
N26, N131, and N139.>! The predicted half-lives of
deamidation of these Asn residues in native SOD1 are
predicted to be 71, 351, and 1317 days.31 Therefore, the
slow component b axonal transport of holo-SOD1 down a one
meter long motor neuron axon (requiring ~450 days) would
result in SOD1 proteins that are 99% deamidated at N26, 55%
at N131, and 21% for N139 (but only 1.7% at N86).>" This
triply deamidated form of WT might be physiologically
relevant in persons that do not harbor ALS-linked SOD1
mutations, as well as those that do. Previous reports have
detected the complete deamidation of N26 to aspartic acid in
human SOD1 isolated from erythrocytes and in SODI1
peptides of the cerebrospinal fluid.*"°" Recently, Double and
co-workers detected deamidation in mutant SODI1 at N26,
N131, and NS3 (in post-mortem spinal cord of ALS
patients).59

To examine how asparagine deamidation and cysteine
oxidation—two modifications that form on the same WT
SODI1 chain over time—affect heterodimerization, we used
site directed mutagenesis to prepare an analogue of triply
deamidated WT SOD1. This analogue contained the following
three amino acid substitutions: N26D/N131D/N139D SOD1
(denoted “TD SOD1” for triply deamidated). The triple
mutant apo-SOD1 protein was oxidized with H,0, under the
same conditions as WT apo-SOD1. Mass spectrometry
confirmed the presence of predominantly two and three
oxygens adducts (Figure S1C).

The unoxidized E100K apo-SOD1 protein was mixed with
Cl111-oxidized TD apo-SOD1 (and separately, with unoxidized
TD apo-SOD1) (Figure 4). Heterodimerization was measured
with CE. The electropherogram yielded peaks that are highly
resolved, as the two homodimers differ in formal net charge by
10 units, and the heterodimer differs in net charge from each
homodimer by S units (Figure 4). Triple deamidation of
unoxidized apo-SOD1 promoted heterodimerization with
unoxidized E100K apo-SOD1 (Figure 4A), compared to WT
apo-SOD1 (Figure 3A): AGy, = —2.76 + 0.24 kJ mol™};
AAGy, = —1.64 + 029 kJ mol™' (Table 2). Triple
deamidation accelerated heterodimerization, with t3, =
72.71 + 1.17 min (Table 2).

The oxidation of C111 in TD apo-SODI further promoted
heterodimerization with E100K apo-SOD1 over the unoxi-
dized TD apo-SOD1: AGy, = —3.71 + 0.48 kJ mol™
(AAGy, = —0.95 + 0.54 k] mol™") (Figure 4B and Table
2). The oxidation of C111 in TD apo-SOD1 had a smaller
effect on AGyy,, with EI00K SOD1 than the oxidation of C111
in WT apo-SOD1. The heterodimerization rate of unoxidized
E100K apo-SOD1 and Cl11-oxidized TD apo-SOD1 yielded
ty = 32.44 + 1.42 min (Figure 4B and Table 2). Therefore,
we conclude that triple deamidation of WT SOD1 partially
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offset the heterodimerizing effects of C111 oxidation in WT
SOD1, regarding heterodimerization with ALS mutant SODI.

Compared to the heterodimerization of apo proteins, the
rates of heterodimerization of unoxidized metalated proteins
were much slower: t30 = 177.39 + 2.47 min for E100K and
TD (Figure 4C,D and Table 2). Heterodimerization of
unoxidized E100K 4Zn-SOD1 and oxidized TD 4Zn-SOD1
was more favorable compared to unoxidized heterodimers,
with AGyy = —3.27 + 0.39 kJ mol™ and AGy,, = —2.51 +
0.14 kJ mol™’, respectively (Figure 4C,D and Table 2).
Oxidation of C111 increased the rate of heterodimerization
regardless of the metalation state of SOD1 as described above
(Figure 4 and Table 2). The promotional effects of cysteine
oxidation were also reduced for metalated SOD1 between this
pair of SOD1 (Figure 4 and Table 2).

The high net negative charge of the triply deamidated apo-
SOD1 protein allowed us to also measure its heterodimeriza-
tion with the WT apo-SOD1 protein and determine how the
oxidation of either affected heterodimerization (Figure S). This
pair is relevant to ALS as WT SODI1 has been linked to
sporadic ALS.” The oxidation of C111 in TD apo-SODI
promoted heterodimerization with WT apo-SOD1 (Figure
SB), compared to heterodimerization of both unoxidized
proteins (Figure SA): AGye = —3.79 + 0.89 kJ mol™’
(AAGy, = —1.59 + 0.90 k] mol™") (Table 2). In contrast,
the oxidation of both proteins disfavored heterodimerization,
compared to the heterodimerization of both unoxidized
proteins: AGy, = —1.63 + 0.18 k] mol™ (AAGy,, = 0.57 +
0.24 k] mol™) (Table 2). This result is key to this study as it
demonstrates that two SOD1 homodimers with C111 oxidized
will not exchange subunits as readily as when only one dimer is
oxidized. This suggests that C111 is not necessarily
accelerating heterodimerization but destabilizing the oxidized
homodimer (regardless of whether the oxidized homodimer is
WT or mutant).

Compared to the heterodimerization of apo proteins, the
rates of heterodimerization of unoxidized metalated proteins
were much slower: t;5 = 279.43 + 6.54 min for WT and TD
(Figure S and Table 2). Heterodimerization of unoxidized WT
4Zn-SOD1 and oxidized TD 4Zn-SOD1 was more favorable
compared to the unoxidized heterodimers, with AGy,, = —3.79
+ 0.89 k] mol™ and AGy, = —220 + 0.16 k] mol™,
respectively (Figure SC,D and Table 2). Only a small decrease
in AGy,, was observed with WT 4Zn-SOD1 and oxidized TD
4Zn-SOD1: AAGy,, = —1.59 + 0.90 kJ mol™" (Table 2 and
Figure §). Oxidation of Cl111 increased the rate of
heterodimerization regardless of the metalation state for all
pairs of SODI in this study (Figures 3—5 and Table 2).
Another observed trend was that the heterodimerization of
metalated proteins, with one subunit oxidized, was generally
less favorable than heterodimerization of the same proteins in
the apo state (Figures 3—S and Table 2).

We note that the oxidized TD apo-SODI protein migrated
during CE, sometimes, as a doublet peak (Figures 4B and SB).
This doublet, which was fully included in integrations, is not
likely caused by a mixture of metalation states as the metal
content of the apo protein was found to be <0.1 Zn per dimer.
This doublet has been observed at lower pH in SODI1 and
might arise from different protonation states.””>"

If one assumes that, during the lifetime of metalated SOD1,
the protein undergoes cysteine oxidation, and eventual loss of
metal ions, then our results suggest that heterodimerization of
SODI1 becomes more favorable during its lifetime (Figure 6).
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Table 3. Molecular Dynamic Trajectories of Nonbonded Interaction Energies between Protein Subunits upon Oxidation of

C111 on WT apo-SOD1 Subunit in Homodimer and Heterodimer with E100 K apo-SOD1“

homodimer heterodimer
structure Coulombic (kJ/mol) vdW (kJ/mol) total (kJ/mol) Coulombic (kJ/mol) vdW (kJ/mol) total (kJ/mol)
unmodified (SH) —186 + 95 —321 £ 18 —507 + 99 —152 + 88 —318 + 18 —469 + 92
sulfenic (SO™) —78 + 83 —321 £ 18 —399 + 87 —114 + 76 =318 + 17 —433 + 80
sulfinic (SO,”) -84 + 78 -317 £ 18 —401 + 82 —150 + 89 —318 £ 18 —468 + 93
sulfonic (SO5) —146 + 90 —324 + 18 —470 + 95 —137 + 81 —323 £ 18 —460 + 84

“Energies are expressed as averages + standard deviations.

Table 4. Molecular Dynamic Trajectories of Non-Bonded Interaction Energies between Both C111 Residues in WT apo-SOD1
Subunit in Homodimer and Heterodimer with E100K apo-SOD1“

homodimer heterodimer
structure Coulombic (kJ/mol) vdW (kJ/mol) total (kJ/mol) Coulombic (kJ/mol) vdW (kJ/mol) total (kJ/mol)
unmodified (SH) 0.1 + 0.4 —0.1 £ 0.0 0.0 + 0.4 0.1 + 0.0 —0.1 + 0.0 0.1 + 0.4
sulfenic (SO™) 46 + 18 —-02 + 0.1 45 + 18 —3.5+32 —0.1 + 0.0 —3.6 +£32
sulfinic (SO,”) 33 + 13 —02 + 0.1 3+13 —31+28 —0.1 + 0.0 32429
sulfonic (SO;7) 29 £ 11 —-03 + 0.1 29 + 11 —28 +22 —0.1 + 0.0 -29 +22

“Only C111 on the WT apo-SOD1 subunit was oxidized. Energies are expressed as averages + standard deviations.

However, the substitution of three specific Asn residues to Asp
appears to dampen (but not abolish) this drive toward
heterodimerization (Figure 6). Since most ALS individuals are
heterozygous, WT and mutant SOD1 are coexpressed.
Considering the extent to which E100 K SOD1 was oxidized,
it is likely that this mutant would be oxidized at a higher rate
compared to WT SOD1. This would destabilize the E100 K
homodimer and drive the heterodimerization between mutant
and WT SOD1.

Mechanism of Cys-SO, Induced Subunit Swapping.
The proper conclusion to this study would be to elucidate a
structural or atomic-level mechanism for Cys-SO,™/SO;~

mediated subunit swapping/heterodimerization. Elucidating
such a mechanism is difficult with experiment. Isolating
heterodimers from preceding homodimers to allow structural
or biophysical analysis is nearly impossible, without covalent
trapping/cross-linking. Therefore, we used molecular dynamic
simulations to predict possible structural and/or electrostatic
mechanisms for oxidation-induced heterodimerization.

The majority of the oxidized WT SODI protein that we
studied (experimentally, with CE) contained sulfinic acid (with
minor amounts of sulfenic and sulfonic groups, according to
mass spectrometry; Figure 2). Nevertheless, we parametrized
all four states of cysteine oxidation for MD simulations (i.e.,
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Figure 7. Root mean standard fluctuation (RMSF) plots for WT apo-SOD1 homodimer and WT/E100K apo-SOD1 heterodimer in unoxidized
and oxidized states. (A) Changes in RMSF upon oxidation of C111 on the WT subunits in the WT apo-SOD1 homodimer. Fluctuation is
expressed relative to the unoxidized homodimer. A secondary structure map is shown to illustrate where each residue is located in terms of the
native structure of SOD1. (B) Changes in RMSF upon oxidation of C111 on the WT subunit in the WT/E100K apo-SOD1 heterodimer.
Fluctuation is expressed for each subunit relative to its position in the unoxidized heterodimer.

unoxidized sulthydryl, sulfenic, sulfinic, and sulfonic acid). It is
possible that sulfonic or sulfenic groups have greater effects on
heterodimerization (than sulfinic groups), which might
outweigh their minor abundance.

Calculation of Coulombic interaction energies between
subunits of the oxidized homodimers and heterodimers (of
oxidized WT and unoxidized mutant SOD1) predicts that
oxidation to sulfinic acid destabilizes the WT homodimer
(electrostatically) by 2-fold, without significantly altering the
van der Waals forces between homodimer subunits (Tables 3
and 4). However, these calculations suggest that oxidation of
C111 in WT does not alter its Coulombic interaction energy
with the unoxidized E100 K subunit of the heterodimer (and
does not alter the van der Waals interaction energy; Tables 3
and 4).

We can speculate from these data—in terms of electro-
statics—that the oxidation of C111 in WT SOD1 promotes
heterodimerization with unoxidized E100K SOD1 by destabi-
lizing the oxidized WT SOD1 homodimer and not necessarily
by stabilizing the WT/E100K heterodimer. This hypothesis
seems reasonable when considering the close proximity of the
two “dueling” CI11 residues at the dimer interface. It is
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possible that the close distance facilitates electrostatic
repulsion upon oxidation, which is relieved by heterodimeriza-
tion with an unoxidized subunit. This electrostatic repulsion
and destabilization of the oxidized WT homodimer supports
the free energies determined by CE. These findings are
extremely important in understanding the heterodimerization
between mutant and WT SODI. For mutants that act similarly
to E100K in terms of their propensity for oxidative damage,
this likely has large physiological implications.

We reason that the sulfenic/sulfinic groups are more potent
at electrostatically destabilizing the homodimer than sulfonic
groups (Tables 3 and 4) because the addition of oxygen atoms
allows for delocalization of negative charge, thus reducing the
electrostatic repulsion to some degree (Table 3). We also point
out that the unrealistically large absolute values of the
electrostatic energy in Table 3 are typical in these types of
calculations. These large electrostatic energy values can be
attributed to the greater sensitivity of a fixed point-charge
electrostatics model to instantaneous environmental confor-
mations.”> The changes in the electrostatic energy upon
oxidation for the heterodimer compared to the homodimer are
more relevant.
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Molecular dynamics also predicted that the root mean
squared deviation (RMSD) of atoms in the backbone of
oxidized and unoxidized dimers (in silico) is generally less than
2 A. This simulation suggests that C111 oxidation does not
significantly alter the overall structure of SOD1 in any homo-
or heterodimeric state (Figure S2). The radius of gyration
(RoG) supports this conclusion as no fluctuations were
observed (Figure S3). According to these simulations, neither
subunit (WT or E100K) were predicted to have large
structural changes upon oxidation of C111 on the WT
subunit, and both WT homodimer and WT/E100K retained
their overall structure.

A closer look, at the amino acid level, does suggest some
minor structural perturbations upon heterodimerization. For
example, the difference of the average root mean squared
fluctuation (ARMSF) of amino acids in the E100K/unoxidized
WT apo-SODI1 heterodimer and E100K/oxidized WT apo-
SOD1 heterodimer suggested that C111 oxidation caused
significant local perturbations in residues 126—135 of both the
WT and E100K subunits (Figure 7). These residues make up
part of the electrostatic loop of SOD1 (Figure 7A). Here,
oxidation of C111 caused a significant tightening of residues in
the electrostatic loop of WT SOD1 (illustrated by the largest
negative ARMSF of —4 A) and a small loosening in the E100K
mutant (Figure 7B). Similar analysis of the oxidized and
unoxidized WT apo-SOD1 homodimer showed that oxidation
caused no significant perturbations in the structure of the WT
apo-SOD1 homodimer (Figure 7A). These latter data are
supported by the similar rates of amide H/D exchange of the
oxidized and unoxidized WT SOD1 homodimers (Figure 2C).

In summary, these MD simulations suggest—but by no
means prove—that the oxidation of C111 promotes subunit
exchange through electrostatic destabilization of the homo-
dimer, rather than novel stabilization of the new heterodimer.
These simulations provide a starting point to understand the
profound effect that C111 exerts on the heterodimerization
(and perhaps toxicity) of WT and mutant SOD1. This idea is
furthered when considering mutant SOD1 may have a higher
tendency to become oxidized. If both mutant and WT SOD1
were oxidized at a similar rate, the effects of increased
heterodimerization would not be seen.

Conclusion. This study suggests that cysteine oxidation
promotes subunit swapping between oxidized and nonoxidized
SODI1 dimers. It is possible that this promotional effect of
cysteine oxidation on subunit swapping is independent of
whether the mutant or WT protein is being oxidized (i.e.,
oxidatin simply promotes exchange of an oxidized subunits
with unoxidized subunits, whether they be mutant or WT).

Cysteine-111 is already known to be one of many critical
residues in the aggregation and neurotoxicity of SODI, as it is
the site of one known ALS missense mutation (C111Y).%*7%
Cysteine-111 is also readily modified with glutathione,”® which
can mediate SOD1 aggregation67 (and substitution of C111 to
Serl11 can prevent the formation of non-native intermolecular
disulfide bonds between free C111 during covalent aggrega-
tion68_70).

The results of this study suggest that C111 also plays a direct
role in controlling the exchange of SOD1 subunits, in a redox-
dependent manner. As much as the heterodimerization of
mutant and WT SOD1 drives their toxicity, it is reasonable to
hypothesize that any process that promotes oxidation of C111
(such as oxidative stress’'~"*) could promote pathogenesis of
SOD1 in ALS. Indeed, the SOD1 protein is a constant target of
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oxidation in that both its reactants and products are oxidants of
cysteine, which provides a link between oxidative stress and
SOD1 misfolding linked to ALS.”*~”7 This link has been
targeted therapeutically.”*™*" This study identifies an addi-
tional mechanism by which oxidative stress might promote the
aggregation and neurotoxicity of mutant and WT SOD1, by
amplifying the heterodimeric interaction between these two
proteins. Of course, this mechanism relies on one of the
homodimers (in this case E100K) to be oxidized preferentially
as oxidation of both homodimers would not yield accelerated
heterodimerization. If one assumes that, during the lifetime of
metalated, mutant SODI, the protein undergoes cysteine
oxidation, and eventual loss of metal ions, then our results
suggest that heterodimerization of SODI1 becomes more
favorable during its lifetime. However, our results suggest
that the deamidation of three asparagine—a natural post
translational modification that occurs to SOD1 over time—
also appears to dampen the drive toward heterodimerization.

B EXPERIMENTAL PROCEDURES

Purification and Demetalation of SOD1. Superoxide dismutase
1 (WT or mutant) was recombinantly expressed in S. cervisiae. The
SOD1 proteins were purified using successive ammonium sulfate
precipitation, hydrophobic interaction chromatography, ion exchange
chromatography, and size exclusion chromatography, as previously
described.” The resulting protein solution was verified to contain
SOD1 via SDS-PAGE following each chromatographic step of
purification. Once purified, SOD1 was demetalated via sequential
dialysis in (1) 0.1 M sodium acetate, 10 mM EDTA pH 3.8, (2) 0.1 M
sodium acetate, 10 mM NaCl pH 3.8, and (3) 0.1 M sodium acetate
pH 5.5, Full demetalation of SOD1 was verified with inductively
coupled plasma-mass spectrometry (7900 ICP-MS, Agilent Tech-
nologies).

Oxidation of Cysteine in SOD1. Solutions of SOD1 (100 xM
dimer, 10 mM potassium phosphate buffer, pH = 7.4) were incubated
with 25 mM hydrogen peroxide over 48 h at 23 °C. The mixture was
subsequently washed with 10 mM potassium phosphate buffer via
centrifugal filtration to remove excess hydrogen peroxide. Oxidation
was verified via mass spectrometry.

Capillary Electrophoresis (CE). All CE experiments were
performed using an AB Sciex P/ACE MDQ plus equipped with a
bare fused-silica capillary. Each CE experiment solution composed of
1 uL of 0.1 M DMF as neutral marker as electroosmotic flow (EOF)
and mixture of protein and running buffer to ensure protein solutions
were kept at approximately 60 M. Experiments were performed at 29
kV at 22 °C, and each electrophoresis was carried out over a period of
13—20 min. After each individual experiment, the capillary was
washed with 0.1 M potassium hydroxide, Milli-Q water, sequentially
for 2 min each and finally reconditioned with the running buffer for 1
min.

Origin software was used to integrate the area of each peak (two
homodimer and one heterodimer) in the electropherograms (Figures
3—5SA—D). These integrations were summed and used to determine
the stoichiometric fraction (expressed as a percentage) of each homo
or heterodimeric state (Figures 3—SE). Upon equilibrium (when
curve of each peak plateaus), the Ky, can be calculated using Ki;, =
[Heterodimer]2/([WT}omodimer) LALS homodimer] )- A Giee Was then
calculated using AGy,, = —RT In Ky.. The reported AGy,, represents
the average of AGy,, calculated from the last three time points on the
kinetic plots (Figures 3—SE) with standard deviation reported.
AAGy,, was calculated using (AGy,, of oxidized) — (AGy, of
unmodified SOD1), and propagation of error was used to calculate
the standard deviation.

Mass Spectrometry. Oxidized apo SOD1 were diluted in 0.2%
formic acid, and 200 uL was loaded onto a desalting trap column. A
sample was injected into an Orbitrap Discovery, desalted with S00 mL
of 0.2% formic acid, and then eluted with a solution of 80%
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acetonitrile, 19.8% H,O, and 0.2% formic acid. Mass spectra were
deconvoluted with MaxEntl module in MassLynx software.

Hydrogen/Deuterium Exchange. A 100 uL aliquot of the
oxidized samples were diluted into 900 L of 99.9% D,0 (Cambridge
Isotope Laboratories, Inc., Tewksbury, MA). After 60 min of
incubation at 22 °C, 50 uL of the solution was removed and flash
frozen in liquid nitrogen (to quench H/D exchange) and stored at
—80 °C until mass spectrometric analysis. The remaining solution was
placed on a heat block (preheated to 90 °C) for S min to generate a
perdeuterated sample (to quantify hydrogen back-exchange). A S0 uL
aliquot of each sample was flash frozen as well for mass spectrometric
analysis. Frozen aliquots were removed from the freezer and instantly
thawed by the addition of 950 uL of ice-chilled H,O (2.0% formic
acid). The diluted samples were immediately loaded onto a desalting
column (Michrom BioResources, Inc., Auburn, CA) and washed with
2 mL of cold H,0 (2.0% formic acid) before eluting with an 80:18:2
mixture of acetonitrile, water, and formic acid. Each measurement was
made in approximately S min from time of thawing (2.5 min sample
preparation and loading time, 2.5 min data collection). An Orbitrap
Discovery instrument was used for all H/D exchange experiments.

Mass Spectrometry of Tryptic Fragments. Tryptic digests of
oxidized protein solutions were generated via incubation with (i)
dithiothreitol (DTT; 2 mM) and (ii) Trypsin Gold (Promega, WI,
USA) at a ratio of 1:20 (trypsin/acylated protein). DTT was added to
each protein sample and incubated at RT for 1 h. Trypsin was then
added, and the digest mixture was incubated at 37 °C for ~24 h.
Trypsin digestion was performed in 50 mM Tris-HCl buffer (pH 8.8).
A Q-Exactive Focus Orbitrap instrument was used to acquire mass
spectra for peptides. Proteomic analysis of mass spectra and MS/MS
spectra was performed using SeQuest in the Proteome Discoverer
software.

Molecular Dynamics Simulations. A total of >S5 us of
production-stage molecular dynamics in the NPT ensemble at 300
K and 1.0 bar were performed for (1) wild-type (WT) homodimers,
in which the side chain of Cys-111 on each subunit was —CH,SH,
—CH,SO~, —CH,S0,”, or —CH,S0,", and (2) WT-E100K
heterodimers, in which the side chain of Cys-111 on the WT subunit
was —CH,SH, —CH,SO~, —CH,SO,~, or —CH,SO;". All homo/
heterodimers were modeled in the apo state. The oxidized Cys
residues were parametrized in a manner consistent with the AMBER
fI99SB force field used for the rest of the protein. Details regarding the
parametrization strategy, as well as the setup and equilibration
protocol for the molecular dynamics simulations are given in the
Supportong Information (SI).

The structural stability and conformational mobility of the proteins
as a function of time or Cys-111 oxidation were monitored by
computing the backbone root-mean-squared deviation (RMSD;
Figure S2), the per-residue root-mean-squared fluctuation (RMSF;
Figure 7), and the radius of gyration (RoG; Figure S3). The energetic
consequence for heterodimerization from Cys-111 oxidation was
examined by computing the change in nonbonded interactions
(Coulombic + van der Waals) either between protein subunits or only
the Cys-111 residue on the two subunits (Tables 3 and 4). A relative
metric for the change in nonbonded interactions upon heterodime-
rization was obtained by the application of eq 1 to the data of Tables
3 and 4.

AAEnon-bonded = ((X—M - XX) - ((UM - UU)) (l)

where U = unoxidized wild-type, M = E100K mutant, and X =
oxidized wild-type subunit. In agreement with the experiments
reported in the present work, this was negative, to a different extent,
for each oxidized Cys-111 side chain.
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