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ABSTRACT: Mutation of the ubiquitous cytosolic enzyme Cu/
Zn superoxide dismutase (SOD1) is hypothesized to cause
familial amyotrophic lateral sclerosis (FALS) through structural
destabilization leading to misfolding and aggregation. Considering
the late onset of symptoms as well as the phenotypic variability
among patients with identical SOD1 mutations, it is clear that
nongenetic factor(s) impact ALS etiology and disease pro-
gression. Here we examine the effect of Cys-111 glutathionyla-
tion, a physiologically prevalent post-translational oxidative
modification, on the stabilities of wild type SOD1 and two
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phenotypically diverse FALS mutants, A4V and I112T. Glutathionylation results in profound destabilization of SOD1W" dimers,
increasing the equilibrium dissociation constant Ky to ~10—20 uM, comparable to that of the aggressive A4V mutant. SOD14V is
further destabilized by glutathionylation, experiencing an ~30-fold increase in K. Dissociation kinetics of glutathionylated SOD1"T
and SOD14*V are unchanged, as measured by surface plasmon resonance, indicating that glutathionylation destabilizes these variants by
decreasing association rate. In contrast, SODIM2T has a modestly increased dissociation rate but no change in K3 when
glutathionylated. Using computational structural modeling, we show that the distinct effects of glutathionylation on different SOD1
variants correspond to changes in composition of the dimer interface. Our experimental and computational results show that Cys-111
glutathionylation induces structural rearrangements that modulate stability of both wild type and FALS mutant SOD1. The distinct
sensitivities of SOD1 variants to glutathionylation, a modification that acts in part as a coping mechanism for oxidative stress, suggest a
novel mode by which redox regulation and aggregation propensity interact in ALS.

A myotrophic lateral sclerosis (ALS) is a late-onset neuro-

egenerative disorder for which effective treatment is
extremely limited. The majority of ALS cases have no known
genetic cause, but substantial insights into the disease have been
gained by the study of Cu/Zn superoxide dismutase (SOD1),
mutations of which are linked to inherited, or familial, ALS
(FALS). Mutant SOD1 appears to play a prominent role in
FALS pathology through an acquired propensity to misfold and
aggregate.' ™ Notably, misfolded and/or aggregated wild type
SOD1 has also been documented in patients with sporadic
ALS,%’ suggesting that this enzyme can be induced to adopt toxic
conformational states by nongenetic factors. Such a phenomenon
was recently demonstrated for wild type SOD1: Bosco et al.
found that oxidative modification of SOD1"T induced structural
rearrangement and conformational similarity to the FALS-
associated G93A mutant.® Oxidative stress may thus represent
a factor in the cellular environment that is capable of inducing
SODL1 to adopt noxious misfolded conformations.

Oxidative stress is thought to be a factor in the pathogenesis
of several neurodegenerative diseases, including Alzheimer’s
disease, Parkinson’s disease, and ALS.*° Conditions of oxidative
stress produce a shift in the cellular environment that is reflected
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in altered ratios of various redox couples, notably the tripeptide
glutathione. Glutathione is a primary regulator of oxidizing
species in the cell and protects against oxidative damage by
acting as a reducing agent as well as by reversibly modifying
proteins to prevent permanent oxidation.'”"" Mixed protein—
glutathione disulfides may later be removed by glutaredoxins,
making protein S-glutathionylation an important defense against
irreversible oxidative damage to proteins.'’ We recently found
that SOD1 is heavily glutathionylated at cysteine-111 in human
tissue, with the modified enzyme constituting nearly 50% of the
pool of SODLI in freshly drawn erythrocytes."

SOD1 misfolding and aggregation is initiated by dissociation
of the native homodimer, leaving monomers more prone to loss
of the stabilizing zinc ion.”>™*> As such, dimer dissociation is a
critical first step in the pathway to SOD1 aggregate formation.
In light of our finding that a major fraction of SOD1 in human
cells is glutathionylated at cysteine-111, a residue proximal to
the dimer interface,"* we considered it pertinent to evaluate the
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influence of this modification on SOD1 dimer stability. We find
that cysteine-111 glutathionylation has a profound effect on the
dimer stabilities of wild type SOD1 and the FALS mutant A4V
and that this effect is attributable to decreased association rate
(kon)- Using discrete molecular dynamics (DMD) simulations,
we show that glutathionylation affects specific interface contacts
in the SOD1 dimer, offering structural insight into the experi-
mental differences we observe in measurements of dimer

stability.

B MATERIALS AND METHODS

Expression and Purification of SOD1 Variants. Wild
type and mutant variants of SOD1 were produced in S.
cerevisiae and isolated as previously described.'” After the final
remetalation step, samples were separated by anion-exchange
chromatography using a MonoQ_ column (GE Healthcare),
which resolves two populations of SODI isolated from S.
cerevisiae. -ESI-FT-ICR-MS analysis shows that SOD1 eluted
at lower ionic strength is primarily unmodified, while the
protein eluted at higher ionic strength is enriched >8-fold in
the glutathione modification.'> The degree of enrichment is
estimated by comparing mass spectrum intensities of modified
and unmodified SOD1 in the high- and low-charge populations.
By comparing the ratio of intensities for unmodified and
modified SOD1, we control for any differences in ionization
of these two species. Assuming equal ionization of SODI
with and without glutathione, ~75% of SOD1 monomers in
the high-charge population are glutathionylated, and over
90% of SOD1 dimers are expected to be modified on one or
both subunits. The glutathione-enriched population eluted
at high ionic strength is referred to as glutathionylated SOD1
(GS-SOD1).

Size Exclusion Chromatography. Purified samples of
SOD1 at 88 or 8.8 yuM in a buffer containing 20 mM Tris,
150 mM NaCl, pH 7.8, were applied to a Superdex 200 PC
3.2/30 column (GE Healthcare) equilibrated in the sample
buffer at 4 °C using a 20 uL sample loop. DTT treatment was
administered by dialyzing samples overnight against sample
buffer containing 1 mM DTT.

To estimate dissociation constants, A,gy data from size exclu-
sion chromatography (SEC) were deconvoluted to determine
approximate concentrations of monomeric and dimeric SOD1.
Diffusion and other band-broadening effects often create signifi-
cant peak asymmetry in SEC chromatograms, and accurately
modeling peak shapes is nontrivial.'® In all chromatograms
from the Superdex 200 PC 3.2/30 column, even those of single-
subunit standard proteins that do not self-associate, there is
skewness toward the trailing edge of peaks that increases with
the quantity of protein loaded.'” To deconvolute peaks
corresponding to monomeric and dimeric SOD1 while taking
this skewness into account, we assume the A,z curve for
unmodified wild type SOD1 as the peak shape for completely
dimeric SOD1. This assumption is justified since SEC
experiments are performed at an SOD1 concentration well
above the previously reported value of Ky, which is 10 nM."
This “standard” dimeric SOD1 curve is subtracted from each
data set to be deconvoluted to yield the signal attributable
to monomeric SOD1. To control for the band-broadening
effects of increased sample load, we subtract the curve for
dimeric SOD1 collected at equivalent total protein concen-
tration. The concentrations of monomeric and dimeric SOD1
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in each sample are then calculated using

Ay
M|=—X|D X 2
[ ] AM n AD [ ]total

Ap
D|=—X|D
I: ] AM + AD [ ]tOtal

where [M] and [D] are the concentrations of SOD1 monomer
and dimer, respectively, in the equilibrated sample; Ay and Ap
are the areas under the curves corresponding to monomeric
and dimeric SOD1, respectively; and [D]ir is the starting
concentration of dimeric SOD1 (88 or 8.8 uM). Ky is then
calculated using K4 = [M]*/[D]. A K4 of 10 nM for unmodified
SOD1" corresponds to monomer concentrations of 0.93 and
0.29 uM at equilibrium when the initial dimer concentrations
are 88 and 8.8 M, respectively, as calculated using

(M)
[D]total - Z[M]

Hence, the maximum contribution of unmodified SOD1 dimer
dissociation to the estimated monomer population for GS-
SODL1 is less than 5% (see Figure 1b).

Determination of Dimer Dissociation Rate Constants
Using Surface Plasmon Resonance. Wild type and mutant

SOD1 dimers were biotinylated on a single subunit as
previously described;"* briefly, SOD1 was incubated with a
primary amine-reactive biotinylating agent (EZ-Link NHS-LC-
LC Biotin, Pierce) for 30 min at 25 °C and brought to 20 mM
Tris, 150 mM NaCl, pH 7.8, using a 1 mL Sephadex G-25
medium spin column. Dimer dissociation was monitored by
surface plasmon resonance (SPR) using a Biacore 2000
instrument with biotinylated SOD1 dimers immobilized on a
streptavidin-coated flow cell (sensor chip SA or Biotin CAPture
Kit, GE Healthcare). Biotinylated SOD1 at ~40 M was loaded
onto the surface at S yL/min until achieving a signal gain of
1500—2500 response units (RU), at which point the
dissociation reaction was initiated by flowing SOD1-free buffer
over the surface. Biotinylation and SPR measurements were
conducted at 25 °C, and biotinylated SOD1 was stored at 4 °C
until use.

0.01 pM =

Measuring kinetics of very slow reactions using SPR is
complicated by noncovalent interactions of buffer components
with the chip surface, resulting in signal drift over time.'® We
corrected for this drift by subtracting the signal from a reference
streptavidin surface from each data set as well as by calculating
rate constants using the Guggenheim method,'® which removes
the need for an accurate infinite time value. For SOD1WT and
SODI1"?T 5000 s of Guggenheim data (dRU/dt) were fit
using the equation for double-exponential decay, excluding the
first 1000 s that were typically noisy. Since the A4V mutant
dissociates rapidly, data fitting was performed for the first
1000 s only. While SOD1 dimer dissociation is a first-order
process, an additional, fast decay was present in all reactions,
evidenced by the comparatively poor fit of a single exponential.
We therefore fit SPR data to a double-exponential decay, and
the rate constant for dimer dissociation was taken to be that
of the process that accounted for the majority of signal loss
(>70%). The half-time of the minor exponential function was
invariably between 1 and 15 min and accounted for
approximately 5—30% of the signal loss during the reaction
(Table S1). Because of the consistent presence of this process
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Figure 1. Wild type SODI1 dimers are destabilized by Cys-111
glutathionylation. (a) Size exclusion chromatography at physiological
[SOD1] (88 M) shows marked destabilization of GS-SOD1WT that is
reversed by treatment with DTT to remove the glutathione moeity. Solid
lines indicate unmodified SOD1 while dashed lines represent GS-SODI.
Broad and fine lines show these species before and after treatment with
DTT, respectively. The elution volumes corresponding to dimeric
(~1.74 mL) and monomeric (~1.89 mL) SOD1 are indicated above the
panel. Experiments were performed at least in duplicate. (b) Comparison
of dimeric and monomeric populations of SODI1 at low and high
concentration. Dashed lines show SEC data for GS-SOD1 at 88 uM (left)
and 8.8 uM (right), which was deconvoluted as described in Materials and
Methods. Solid and dotted lines show curves corresponding to dimeric
and monomeric SOD1, respectively.

across all reactions, we conclude it to be an instrumental artifact
or perhaps the dissociation of transient noncovalent inter-
actions between nonimmobilized and immobilized SOD1
dimers following the transition from sample loading to buffer
flow. Such observations have been made previously concerning
SPR measurements.”’

Comparison of SOD1 Monomer Stability Using
Thermal Denaturation Monitored by Circular Dichroism
(CD) Spectroscopy. SODI1 variants with and without Cys-
111 glutathionylation were analyzed using a Jasco J-815 CD
spectrometer (Jasco Inc., Easton, MD). Yeast-expressed SOD1
mutants were dialyzed overnight against 10 mM phosphate
buffer and diluted to 0.2 mg/mL for analysis. Sample spectra
were taken at 20 and 96 °C, and the major loss of signal
occurred at 230 nm. Upon cooling to 20 °C, the decrease in
ellipticity at 230 nm was reversible for all samples to within
65—85% of the initial value (Figure 4a). All subsequent
unfolding experiments were temperature ramps from 20 to
96 °C monitored at 230 nm by 1 °C increments with a S s
dwell time. Dialysis buffer was used as a blank. To obtain
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apparent melting temperature Ty, (Ty*) values, blank-
corrected thermal melting data were fit to a modified form of
the van’t Hoff equation, as previously described in ref 21. This
equation includes parameters for the melting transition as well
as thezzbaselines corresponding to the native and denatured
states:

a,T + b, + (agT + by)K
1+ K

where 6(T) is the observed ellipticity at a given temperature T;
ay (aq) and b, (bg) are the slopes and intercepts, respectively,
of the baselines corresponding to the native (and denatured)
states; and K is the equilibrium constant for unfolding:

«—AG,/RT

o(T) =

K=

where AG, is the difference in Gibbs free energy between the
native and denatured states at a given temperature T, and R is
the universal gas constant. AG, was calculated according to the
Gibbs—Helmholtz equation:23

AG, = AHu(l - l) -AC,
m
«|(T,-T)+T h{Tl)

m

where T, is the temperature at which AG, = 0, and AH, and
AC, are the changes in enthalpy and heat capacity, respectively,
associated with thermal denaturation. Data were fit with the
parameters a,, dq, by, by, AH,, AC,, and Tj, using nonlinear
least-squares regression, and T, values were reported as
apparent Ty, (T,*) due to the incomplete reversibility of the
unfolding transition.

All-Atom DMD Simulations of Glutathionylated SOD1
Mutants. To obtain the structures of post-translationally
modified mutant and wild type SOD1, we use the known X-ray
crystallographic structure of wild type SOD1 (PDBID: 1SPD) as
a reference structure and constrain glutathione molecules to their
respective SOD1 residues. Mutations are made to these structures
using the Eris suite,”* avoiding changes to residues participating in
the metal-binding, glutathionylation, or disulfide bond inter-
actions. The overall structure energy was minimized using an all-
atom protein model with discrete molecular dynamics (DMD)
simulations.* >’

We perform equilibration and production simulations using
DMD. DMD is a molecular dynamics engine that uses discrete
potentials in place of continuous potentials, which transforms
the simulation into simple calculations of ballistic equations,
increasing the speed and efficiency of the simulation and
extending sampling of conformational space. Each system is
equilibrated for 500 ps at 226 K with a heat exchange occurring
every S fs. We conduct 50 ns equilibrium simulations of dimeric
SOD1 277 K. We perform simulations for each case of mutant
or wild type, both the glutathionylated and unmodified
structures, resulting in 6 cases total (2 (glutathionylated or
unmodified) X 3 (two mutants and wild type)).

Dimer Interface Contact Maps. In our DMD simu-
lations, we define two residues as being in contact in the dimer
interface if two C, atoms of opposing chains are within 10 A of
each other. At each simulation snapshot (S ps of simulation
time), we evaluate the contacts present between the two
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monomers. We then normalize the count between every pair of
residues over the entire simulation.

Calculation of Dimer Interface Area. We sample even
intervals of single-temperature simulations for structure
snapshots of unmodified and glutathionylated SOD17,
SOD12%V, and SOD1"'2T and for each snapshot calculate
the solvent accessible surface area (SASA) of each individual
monomer and of the dimer. The SASA of the dimer is
subtracted from the sum of the SASAs of the monomers,
resulting in the total buried area of both monomers in the
respective dimer structure. We divide this resulting total area by
two (since two monomers form the interface) to obtain the
dimegsinterface area. All SASAs are calculated using the Gaia
suite.

Bl RESULTS

SOD1 Wild Type and Mutant Dimers Are Destabilized
by Glutathionylation under Physiological Conditions.
Size exclusion chromatography (SEC) analysis of GS-SOD1WT
reveals the substantial destabilization of dimers by this
physiologically prevalent modification (Figure 1). GS-
SOD1 used in these assays was isolated from the endogenous
pool of enzyme expressed in S. cerevisiae using ion-exchange
chromatography, yielding a population that is heavily
(~8-fold) enriched in glutathionylated protein.'> While
some unmodified enzyme remains in this sample, we do
not perform additional in vitro glutathionylation of SOD1 in
order to avoid nonphysiological modification of cysteine-6.">
Hence, we report a lower limit for the destabilizing effect of
cysteine-111 glutathionylation.

We examined the effect of cysteine-111 glutathionylation
on the SOD1 monomer—dimer equilibrium by assaying the
oligomeric state of unmodified and glutathionylated SOD1 at
physiological ;)H and concentration (estimated as 50—100 M
in neurons**°). Unmodified wild type SODI is completely
dimeric under these conditions (thick solid curve, Figure 1a),
in agreement with the previously reported Ky of 10 nM for wild
type SODI expressed in S. cerevisiae."> Glutathionylation of
SODIWT results in the appearance of a significant monomeric
population (thick dashed curve, Figure 1a). To estimate Ky, we
must deconvolute the overlapping peaks for dimeric and
monomeric SOD1. We estimate the monomer contribution
while accounting for peak skewness (see discussion in Materials
and Methods) by assuming the peak shape for unmodified
SOD1 (solid curves, Figure 1b) to be characteristic of dimeric
SOD1. By removing the contribution of this curve from the
observed A,g (dashed curves, Figures 1b and 2b), we obtain
the signal attributable to monomeric SOD1 (dotted curves,
Figures 1b and 2b). We estimate the Ky of the GS-SODIWT
homodimer to be approximately 10—20 pM, which represents
an increase of ~1000-fold over that of the extremely stable
unmodified enzyme (previously reported as 10 nM'®).
SOD14%V is also destabilized by glutathionylation, experiencing
an ~30-fold increase in Ky (Figure 2). In contrast, SOD1112T
stability is unaffected by this modification, remaining dimeric
when glutathionylated (Figure 2a). The mean elution volume
for monomeric SODI*V is slightly lower (~1.84 mL)
compared to that of the wild type (~1.89 mL). This mutation
is reported to increase the radius of gyration of monomeric
SOD1,*" accounting for the decrease in mobility in SEC.
The differences in oligomeric state between unmodified and
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Figure 2. Effect of Cys-111 glutathionylation on Ky of selected FALS
mutants. (a) Size exclusion chromatography at physiological [SOD1]
(88 uM) shows destabilization of GS-SOD144V that is reversed by
treatment with DTT to remove the glutathione moiety. The
oligomeric state of SOD1"?T (bottom panel) is relatively unaffected
by modification. Solid lines indicate unmodified SOD1 while dashed
lines represent GS-SODI. Broad and fine lines show these species
before and after treatment with DTT, respectively. Experiments were
performed at least in duplicate. (b) Comparison of dimeric and
monomeric populations of SOD1*4V and GS-SOD14V. Dashed lines
show A,g data for each species (reproduced from panel a), which was
deconvoluted as described in Materials and Methods. Solid and dotted
lines show curves corresponding to dimeric and monomeric SODI,
respectively.

glutathionylated SOD144Y and SOD1WT are observed in replicate
experiments and are abrogated by treatment with DTT to remove
the glutathione moiety (thin curves, Figures 1a and 2a), implying
that the observed destabilization is due to the presence of the
glutathione modification at cysteine-111. All SOD1 species
remained dimeric after DTT treatment (Figures la and 2a),
demonstrating that only the mixed SOD1—glutathione disulfide
was reduced, leaving the native intramolecular disulfide intact.
This fact is unsurprising since SOD1 retains this disulfide
(between Cys-57 and Cys-146) in the reducing environment of
the cytosol.

dx.doi.org/10.1021/bi200614y | Biochemistry 2011, 50, 7057—7066
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Effects of Glutathionylation on Dimer Dissociation
Kinetics. To measure the effect of glutathionylation on the
rate of SOD1 dimer dissociation, we use surface plasmon
resonance (SPR) to monitor the dissociation of biotinylated
SOD1 dimers immobilized to a streptavidin-coated sensor
chip.'® We observe a clear distinction between the effects of the
A4V and 1112T mutations on dissociation kinetics. SOD1!!2T
dimers have an average dissociation half time of 1.10 h,
compared to 1.29 h for the wild type, a difference that is within
experimental error (Figure 3). SOD14* dimers, by contrast,

012 ' E T
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11127 1.76 x10*+£9x 10° 1.09 + 0.06 hr
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Figure 3. Dimer dissociation rate constants for unmodified and
glutathionylated SODI1. Dissociation of immobilized dimers was
monitored by surface plasmon resonance. Guggenheim plots (S0 s
intervals) of data from representative experiments are shown in gray;
colored lines indicate double-exponential decay curves fitted to the data.
All values are reported as the mean of triplicate experiments + SD.

dissociate significantly faster than the wild type, with an average
half-time of 4.51 min (Figure 3). This observation is in stark
agreement with the common classification of A4V as a mutation
that particularly affects dimer stability,>>*> with the dimer
dissociation rate constant kg for unmodified SOD14V nearly
20-fold greater than that of the unmodified wild type.
Glutathionylation has a minimal effect on dissociation rate for
all SOD1 variants studied: kg values for unmodified and
glutathionylated dimers do not differ significantly for the wild
type and the A4V mutant. SOD1"?T shows a significant, but
small (20%), increase in dimer dissociation rate as a result of
glutathionylation. The minimal effect of glutathionylation on the
dissociation rate constants (kog) of SODIWT and SOD14+V
dimers cannot account for the significant destabilization at
equilibrium revealed by SEC (Figures 1 and 2); thus, the effects
of this modification on Ky are attributable to decreases in the
association rate constant (ko) of modified monomers.

Glutathionylation Has Little Effect on SOD1 Monomer
Stability. We assess the effect of mutations and glutathiony-
lation on SODI1 monomer stability using thermal unfolding
experiments monitored by circular dichroism (CD). Because
CD primarily reflects protein secondary structure content, we
expect that changes in signal upon thermal denaturation of
SOD1 are mainly attributable to the loss of f-strand structure
as monomers unfold, rather than dissociation of the homo-
dimer. The effect of glutathionylation on monomer unfolding
is minimal for the wild type protein, but results in a modest
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Figure 4. Effect of glutathionylation on monomer thermal stability. (a)
Representative CD spectra of SOD1 before and after cooling shows
reversible decrease in ellipticity at 230 nm. (b) Representative curves
for thermally induced unfolding of unmodified (closed symbols) and
glutathionylated (open symbols) wild type and mutant SODI
monitored by circular dichroism at 230 nm. (c) Apparent Ty, (Tn*)
values obtained by fitting blank-corrected thermal melting data as
described in Materials and Methods. Experiments were performed at
least in duplicate; T,,* values are reported as the mean of all
experiments + SD.

decrease in apparent Ty, for SOD1*V (Figure 4). These results,
in agreement with a computational study by Proctor et al,**
indicate that glutathionylation primarily exerts effects on dimer
stability while leaving monomer stability largely unchanged.

Structural Effects of Glutathionylation on SOD1 Dimer
Interface. Using DMD simulations, we show that dimer
interface contacts are changed in the glutathionylated versus
the unmodified structures. SOD1VT and SOD1*V exhibit a
general loss in overall interface C, contacts, while the 1112T
mutant experiences a shift in C, dimer interface contacts upon
glutathionylation (Figure Sa)b and Figure S1). In SOD1"%2T
residues that lose interface contacts are balanced by
neighboring residues that gain contacts, resulting in an overall
change in composition of the interface, without significantly
changing the number of interface contacts. Interestingly, in wild
type SODI1, we observe that, while the net number of C,
contacts decreases upon glutathionylation, the net number of
Cp contacts increases (Figure S2). This would indicate
rearrangement of the side chains in the dimer interface in
order to accommodate the glutathione moiety. We do not
observe this effect in the A4V or 1112T mutants, which have
the same qualitative distribution of losses and gains in contact
frequency upon glutathionylation in C, and Cj contacts.

This phenomenon brings into question the size of the dimer
interface in each SOD1 variant. We calculate the area of the
dimer interface over the course of single-temperature
simulations and find that all three unmodified SOD1 variants
show a single population, featuring an approximately Gaussian

dx.doi.org/10.1021/bi200614y | Biochemistry 2011, 50, 7057—7066
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Figure 5. Effects of glutathionylation on the SOD1 dimer interface. (a) The top ten most frequently changed Ca interface contacts upon
glutathionylation are highlighted with a three-dimensional rod representation for SOD1WT, SOD144V, and SOD 12T, Rod thickness is proportional
to the change in frequency of the interaction. Blue rods represent a loss in frequency of the interaction; red rods represent a gain in frequency of the
interaction. (b) Distributions of changes in frequency of Ca interface contacts upon Cys-111 glutathionylation for SOD1WT, SOD144V, and
SOD1M2T, Wild type SOD1 and the A4V mutant have distributions that are skewed toward loss of contacts, while the I112T mutant is balanced in
loss and gain of contacts. (c) Distributions of dimer interface areas for unmodified (solid line) and glutathionylated (“GSH”, dashed line) SOD1"T,

SOD1*V, and SODI1"12T,

distribution around a central value of 750—800 A% for the
interface area (Figure Sc). However, upon glutathionylation,
a second population is present in SOD1WT and SOD14V near
150 A?, while the dimer interface area distribution of
SOD1M"2T s relatively unaffected. This finding agrees with
that of decreased C, (backbone) contacts found in SOD1WT
and SOD14*V upon glutathionylation.

B DISCUSSION

SODL1 is abundantly glutathionylated at cysteine-111 in human
tissue.'> Because of the proximity of this tripeptide moiety to
the dimer interface, we hypothesized that it introduces steric
clashes that favor dimer dissociation and/or hinder association
of modified monomers. To distinguish these kinetic effects, we
estimate the equilibrium dissociation constant Ky using size
exclusion chromatography and measure the rate constant for
dimer dissociation (kg ) with surface plasmon resonance. Since
the equilibrium dissociation constant Ky is equal to the ratio of
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the rate constants for dissociation and association, we can then
deduce effects on dimer formation rate from these two para-
meters. Dimer dissociation precedes disulfide reduction and
metal loss'> (Figure 6), so the contribution of the latter
processes and irreversible aggregation is minimal compared to
the dimer dissociation reaction in our SEC (Figures 1 and 2)
and SPR (Figure 3) experiments.

Glutathionylation has a dramatic effect on wild type dimer
stability at equilibrium. The SOD1 homodimer is exceptionally
stable, having low nanomolar binding affinity.'>'* In agree-
ment with these findings, the unmodified wild type enzyme is
dimeric under the conditions of our assay (Figure la). In
contrast, the Ky of GS-SODI"T is increased by several orders
of magnitude, to approximately 10—20 uM, such that there
is appreciable (~20%) dissociation at physiological con-
centration (Figure 1b). Although GS-SOD1WT is destabilized
at equilibrium relative to the unmodified enzyme, the rate
of dimer dissociation does not differ significantly as a result
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Figure 6. Summary of effects of Cys-111 glutathionylation on the stabilities of WT SOD1 and the FALS mutants I112T and A4V. Above, general
schematic of SOD1 aggregation pathway. Below, effect of glutathionylation on dimer dissociation rate (k.g: reaction 1), monomer association rate
(kon: reaction 2), and monomer thermal stability for each SOD1 variant. For simplicity of representation, we condense metal loss, intramolecular
disulfide reduction, and structural distortion of monomers into a single step (reaction 3). The effect of glutathionylation on k,y, is inferred from the
measured effects on Ky (Figures 1 and 2) and kg (Figure 3) using the relationship Ky = ko /kon-

of modification (Figure 3). We therefore conclude that
glutathionylation destabilizes SOD1"T dimers by decreasing
kon, the rate constant for monomer association. These results
indicate a much greater destabilizing effect than we initially
estimated for the glutathione modification.'> However, we
previously estimated Ky using an activity assay to quantify
SOD1 dissociation. This method of Ky estimation is predicated
on the decreased activity of monomeric SOD1 due to loop
disorder® and is sensitive enough for use at low protein
concentrations that are unobservable by Asso.>® However, this
method has the disadvantage of being an indirect measure of
the oligomerization state and is susceptible to interference by
factors unrelated to monomerization that influence the mobility
of active site loops. It may be that altered loop mobilities caused
by glutathionylation result in dismutase-active monomeric
SOD1, which would cause an underestimation of Ky using
this method. SEC analysis, by contrast, is a simple and direct
method for assessing the extent of dimer dissociation and
clearly demonstrates the striking destabilization of SOD1WT
dimers by Cys-111 glutathionylation.

Glutathionylation also destabilizes SOD144V dimers. The K4
of this variant has previously been reported as 3 uM,** which
agrees with our calculated lower limit of 1 uM (Figure 2b).
Modification by the glutathione moiety results in a significant
shift toward monomeric SOD1 and an ~10-fold increase in Ky
(Figure 2). As in the wild type, glutathionylation does not affect
dissociation kinetics in SOD1%4V, indicating that destabilization
of GS-SOD1%4V dimers occurs primarily through effects on kop.
Glutathionylation may hinder monomer association in
SODIT and SOD14V by sterically blocking the formation
of certain interface contacts. Alternatively, glutathionylation at
cysteine-111 may promote local structural rearrangements in
these monomers that impede formation of interface contacts.
The ~3.8 °C decrease in apparent melting temperature of
GS-SOD1*4Y monomers (Figure 4) may provide evidence for
this; however, it is also possible that structural differences exist
that do not significantly alter secondary structural elements.

To our knowledge, the stability of the I112T mutant of
SOD1 has not previously been studied experimentally.
Although SEC peaks for SOD1""?T show increased skewness
compared to those of unmodified SOD1WT, all appear to be
unimodal and centered at the elution volume of dimeric SOD1
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(Figure 2a). This difference in peak shape may reflect increased
conformational flexibility of SOD1"!2T, resulting in a broader
distribution of radii of gyration for the dimer. Alternatively, if
this mutant has micromolar rather than nanomolar binding
affinity, the peak could be skewed by the contribution of mono-
meric SOD1. Computational analysis of SOD1""?T thermody-
namics showed that this mutation has increased dimer stability
compared to the wild type,' supporting the interpretation that
this variant is solely dimeric under the conditions of our assay.
Regardless of the effect of the I112T mutation itself, changes in
dimer stability resulting from glutathionylation are clearly
minimal (Figure 2a). In contrast to wild type SOD1 and the
A4V mutant, glutathionylation of SOD1"*T dimers results in
little to no effect on Ky despite a modest but statistically signifi-
cant increase in the dissociation rate constant (Figure 3).
Modification may exert opposing effects on this SOD1 mutant,
destabilizing the dimer but facilitating the reassociation of
modified monomers.

DMD simulations reveal a structural basis for the distinct
effects of cysteine-111 glutathionylation on wild type and FALS
mutant SOD1. SODIWT and SOD1*V experience a net loss of
both dimer interface area and C,, interface contacts as a result of
glutathionylation (Figure S), and these dimers are both
destabilized exclusively by decreased k,,. Therefore, some losses
in interface C, contacts may be indicative of structural changes
that hinder monomer association (k.,) rather than directly
impacting the rate constant for dissociation (ko). In particular, a
net loss of C, contacts specifically indicates backbone movements
that separate the two monomers, rather than simple rearrange-
ment of the residue side chains. The appearance of a significant
smaller-interface population in the glutathionylated species of
SODIWT and SOD1**V during simulations (Figure Sc) further
indicates that this modification stabilizes a partially dissociated
intermediate, as seen in ref 34. In the SOD1"?T dimer interface,
glutathionylation results in a shift in interface composition rather
than a net loss of C, contacts (Figure Sa,b); likewise, no smaller-
interface population is observed for GS-SOD1"?T (Figure 5c).
For this variant, change in the dissociation constant K4 is minimal
even though k. is increased. These trends raise the possibility
that the identity, not quantity, of the residues participating in the
dimer interface affects dissociation kinetics.

The late-onset nature of ALS suggests a connection to a
natural process of aging that either allows the initiation of a
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previously suppressed pathology (e.g., SOD1 aggregation) or
renders the organism less able to cope with an ongoing threat
that was previously tightly regulated. While symptom onset
occurs in midlife (>4S years) or later for the vast majority of
ALS patients, disease duration is variable, even among patients
with identical SOD1 mutations.” Patients with the A4V
mutation experience particularly aggressive motor function
loss (<2 years average disease duration®) while I112T is
apparently incompletely penetrant (not all individuals with this
allele develop ALS®”). The phenotypic heterogeneity of disease
duration among those with identical SOD1 genotype implies
that nongenetic environmental factors contribute significantly
to mutant SOD1 pathogenicity.

Oxidative stress, manifested as a dysregulation of reactive
oxygen species (ROS) or reactive nitrogen species (RNS), is
one such process. The levels of ROS and RNS are normally
tightly regulated by a variety of enzymes, such as SOD1, and
small molecule or peptide redox couples. Glutathione, one such
redox couple, is present at a high concentration in the cytosol
(up to 12 mM™) and protects against oxidative damage by
acting as a reducing agent, as well as by reversibly modifying
proteins to prevent permanent oxidation.'”"" Protein S-
glutathionylation occurs more frequently under conditions of
oxidative stress as a result of two mechanisms. In the first, thiyl
radicals generated by oxidizing species react with reduced
glutathione (GSH). Under oxidizing conditions, there also
exists a greater proportion of cellular glutathione in the
disulfide-linked oxidized form (GSSG), which modifies free
cysteine residues by disulfide exchange.

SOD1 is an enzyme that directly interacts with oxidizing
species, converting superoxide to hydrogen peroxide, and
glutathionylation is a common modification of SOD1 in human
tissue, including that of ALS patients.'>* SODI is
glutathionylated at a steady state level that likely reflects the
immediate degree of oxidative stress occurring in the individual
organism, rather than accumulating over the entire lifespan
(discussed in ref 12). Because a large fraction of SOD1 from a
variety of healthy human donors is glutathionylated,'* SOD1
glutathionylation alone is unlikely to cause ALS. The substantial
drop in glutathionylated wild type dimer stability to micromolar
affinity (Figure 1b) has not previously been observed even
though this modification is prevalent in SOD1 from both human
tissue and recombinant sources.'”*>*" Since enrichment of the
glutathionylated protein by ion exchange is necessary to observe
this destabilizing effect, it may be that the decreased ko, we
report is only associated with formation of dimers of two
modified subunits.

Given the central importance of dimer dissociation in the
initiation of SODI aggregation,ls’14 the high levels of
glutathionylated SOD1 expected to be present in an oxidatively
stressed motor neuron could trigger or exacerbate dysfunction
by substantially increasing the monomer population. A
prolonged shift in the monomer—dimer equilibrium, especially
in harsh conditions, would result in increased populations of
metal-free, misfolded, and aggregated SOD1 (Figure 6). It has
been observed that Cys-111 mediates mutant SOD1 aggrega-
tion in a cell culture model of ALS and that overexpression
of glutaredoxin-1 (which reduces both protein—protein and
protein—glutathione disulfides) or mutation of Cys-111
attenuate this toxic process.' While initially interpreted as
further evidence of the involvement of intermolecular disulfide
bonds in aggregate formation,*>** these data also support the
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hypothesis that destabilization caused by Cys-111 glutathiony-
lation promotes aggregation and cell death in ALS. The A4V
and I112T mutant SODs are affected differently by
glutathionylation, suggesting differing sensitivities of these
SOD1 variants to an oxidizing intracellular environment.
These differences could explain some of the variability in
disease progression among the over 140 mutations implicated
in the familial form of the disease. Furthermore, the significant
destabilization of both wild type SOD1 and the FALS mutant
A4V by glutathione suggests that this modification could
promote formation of non-native SOD1 oligomers in both
sporadic and familial ALS cases. The modulation of SOD1
dimer stability by cysteine-111 glutathionylation, a post-
translational modification linked to redox status, suggests a
novel mechanism by which oxidative stress and SOD1 aggrega-
tion are interconnected in ALS pathology.
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