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ABSTRACT: The exchange of subunits between homodimeric mutant Cu, Zn
superoxide dismutase (SOD1) and wild-type (WT) SOD1 is suspected to be a
crucial step in the onset and progression of amyotrophic lateral sclerosis (ALS).
The rate, mechanism, and AG of heterodimerization (AGy,) all remain
undetermined, due to analytical challenges in measuring heterodimerization.
This study used capillary zone electrophoresis to measure rates of
heterodimerization and AGy,, for seven ALS-variant apo-SOD1 proteins that
are clinically diverse, producing mean survival times between 2 and 12 years
(postdiagnosis). The AGy, of each ALS variant SOD1 correlated with patient
survival time after diagnosis (R* = 0.98), with more favorable AGy,, correlating
with shorter survival by 4.8 years per kJ. Rates of heterodimerization did not
correlate with survival time or age of disease onset. Metalation diminished the
rate of subunit exchange by up to ~38-fold but only altered AGy,, by <1 kJ
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plausible strategy for prolonging life in SOD1-linked ALS.

Medicinal targeting of heterodimer thermodynamics represents a

B INTRODUCTION

Most of the ~160 mutations in the SODI gene (superoxide
dismutase-1) that cause amyotrophic lateral sclerosis (ALS) are
autosomal-dominant missense mutations (the D90A mutation
is peculiar in that heterozygous D90A mutations cause ALS,
except within Scandinavian populations, wherein homozygous
DY90A mutations cause ALS).' > The wild-type (WT) SOD1
protein, which is isolated from biological systems as a
homodimer, is therefore capable of heterodimerization
(exchange of subunits) with ALS-variant SOD1 homo-
dimers.*~°

Heterodimeric SOD1 has been observed in tissues extracted
from ALS patients with heterozygous SODI1 mutations and in
cultured cells that coexpress WT and mutant SOD1.”~'° The
formation of heterodimeric WT mutant SOD1 is hypothesized
to account for the puzzling synergy between mutant and WT
SOD1 toxicity; that is, expression of WT SODI1 and ALS
mutant SOD1 is required for pathogenesis in some ALS mouse
models.'” The rate and free energy of heterodimerization
(AGye) have not been determined. Thus, the mechanism of
subunit exchange has not been elucidated and categorized as
associative, dissociative, or a mixture of two regimes (Figure 1).
The absence of the kinetic and thermodynamic values for WT
mutant heterodimerization has also prevented researchers from
determining whether the kinetics or thermodynamics of
heterodimerization correlate with the clinical phenotype
associated with each mutation.

Quantifying the rate and free energy of interaction between
WT and ALS-variant SOD1 is an important step toward
explaining how or why the presence of WT SOD1 can increase
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the toxicity of ALS-variant SOD1 in vivo.”'""> For example,

transgenic mice coexpressing human G93A SOD1 and human
WT SOD1 exhibit a more rapid onset and progression of
disease as compared to mice expressing only G93A SODI;
similar results are reported for mice coexpressing WT and
G8SR SODI1.'""? Perhaps the strongest indictment of WT
SOD1 heterodimerization in familial ALS pathology is the
observation that the coexpression of WT SOD1 is requisite for
motor neuron disease in the A4V SODI transgenic mouse.'”'*
The WT SOD1 protein is, therefore, not likely to represent an
innocuous spectator in SOD1-linked familial ALS."”"> One way
by which WT SOD1 might amplify the toxicity of proteins such
as A4V SOD], an unusually unstable variant that is intrinsically
disordered in its disulfide-reduced, metal free state, is that the
WT protein might provide a template on which the disordered
protein can partially fold or be stabilized.'"'® The partial
folding of an otherwise disordered protein can accelerate
certain types of self-assembly.'”'®

The heterodimerization of ALS-variant and WT SOD1 can
occur by three possible mechanisms (Figure 1), none of which
are mutually exclusive. In mechanism 1 (the dissociative
mechanism), each mutant and WT homodimer must first
monomerize, followed by the statistical recombination of
homodimers and heterodimers. In mechanism 2 (the
associative mechanism), mutant and WT homodimers collide
to form an oligomeric intermediate and undergo subunit
exchange via molecular reorganization and decay of the
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Figure 1. Three possible mechanisms of heterodimer formation from homodimeric wild-type (WT) SOD1 and ALS-variant SOD1 (denoted “ALS”).
*The proposed hetero-oligomer stoichiometry shown in mechanisms 2 and 3 was not determined in this study. The smallest possible hetero-
oligomer is shown, although higher order oligomers are possible, for example, tetramers of dimers (mechanism 2), or dimers of trimers (mechanism

3).

intermediate (the intermediate is shown as a tetramer in Figure
1, but could be a higher order oligomer such as the octameric
“tetramer of dimers” observed by Elam and Hart using X-ray
crystallography'”). In mechanism 3, the “mixed” mechanism,
one of the homodimers monomerizes (presumably the dimer
that is less stable) and then associates with the opposite
homodimer to form a heterotrimeric oligomer (or some other
unbalanced oligomer) that decays to a heterodimer. This
“mixed” mechanism is especially intriguing because some ALS-
variant SOD1 proteins populate monomeric states more so
than WT SOD1 (ie., can exhibit 100-fold greater dimer
dissociation kinetics*”*'), and because trimeric SODI has
recently been implicated as an especially toxic oligomer.*”

If subunit exchange occurs under steady-state conditions,
which we contend it does under our experimental conditions,
then the reaction order will be first order (half order for WT
and mutant) regardless of whether mechanism 1 or 2 occurs. If
mechanism 3 is predominant (again, assuming steady-state
kinetics), then reaction order would be 1.5 (half order for the
less stable homodimer and first order for the more stable).
Under steady-state conditions, the reaction intermediate (i.e.,
monomeric or oligomeric SOD1) exists at a low concentration
(relative to reactants) and maintains an approximately constant
concentration during the reaction. The steady-state approx-
imation is supported by the reportedly low concentration of
monomeric SOD1 (or oligomeric SOD1) at ambient
conditions (pH 7.4, 22 °C)**** and our inability to detect
these intermediates using CE. Thus, mechanism 3 can be
implicated or exonerated by simply determining the reaction
order; mechanisms 1 and 2 cannot be distinguished by reaction
order (see Supporting Information for mathematical proof).

The rate of heterodimerization for WT and ALS-variant
SOD1 has not been measured because of the technical
difficulties in detecting heterodimers whose subunits differ by
only a single amino acid. In this Article, we show that capillary
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electrophoresis (CE) can be used to measure the rate of
heterodimerization between metal-free (apo) WT SOD1 and
seven nonisoelectric ALS-variants of apo-SODI1 that span a
range of dimer stability (ie, G93R, D90A, G37R, E100K,
E100G, D101N, and N86D SOD1). Capillary electrophoresis is
ideal for studying the rate and free energy of SODI
heterodimerization because it rapidly separates proteins on
the basis of their intrinsic net charge and hydrodynamic drag.””
Heterodimers formed between WT and nonisoelectric mutants,
such as E100K, will be readily distinguishable during CE.
Unlike gel-based electrophoresis, the measurement of electro-
phoresis in a bare, fused silica capillary can be performed
quickly (<15 min) at high resolution, and the temperature of
the capillary can be easily controlled with a liquid-cooled jacket
to prevent Joule heating.

In this Article, we are primarily interested in heterodimeriza-
tion of apo-SOD1 proteins with intact intramolecular disulfide
bonds in each subunit (apo—SODl(S_S)) because this state
represents the least thermodynamically stable SOD1 dimer™
and might be the most prone to heterodimerize. Reduction of
the disulfide bond in apo-SOD1 results in the least thermo-
stable native state of SODI1, but also leads to monomer-
ization,”* which by definition disfavors homo- and hetero-
dimerization. Although apo-SOD1 will be largely disulfide
reduced in intracellular environments,>"** where reduced
glutathione varies from ~0.5 to 10 mM across different
organelles,33 we expect that apo-SOD1 is disulfide-intact after
secretion to oxidizing extracellular environments, such as the
cerebrospinal fluid (CSF) (where reduced glutathione = 80
nM** and where [SOD1]cgz = ~3 nM™). Extracellular
environments are venues for the intercellular transmission
and propagation of prion-like SOD1.°"* The existence of
apo-SOD18™% in oxidizing, extracellular environments is
almost certain for ALS variants with lowered or abolished
metal affinity (e.g, H46R, H48Q, G8SR, D125H, D124V, and
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Figure 2. (A) Ribbon structure of Cu, Zn SOD1 (PDB: 2C9V). (B) DSC thermograms and (C) mass spectra for homodimeric ALS-variants of apo-

SODL1 analyzed in this study.

S134N SOD1). We are also interested in apo-SODl(S_S)
because apo-SOD1 is a primary constituent of aggregated
forms of SOD1 in transgenic ALS mice,*’ and disulfide cross-
links are detected in these oligomersls’41 (which suggests these
proteins do not exist in highly reducing environments and/or

have buried disulfide linkages).

B MATERIALS AND METHODS

Purification, Demetalation, and Remetalation of SOD1. All
YEp351-hSOD1 WT and ALS-variant SOD1 plasmids bearing
different missense mutations (e.g, D90A, G37R, E100K, E100G,
G93R, D101N, and N86D) were transfected into EG118Asod1 yeast,
expressed, and purified using (sequentially) ammonium sulfate
precipitation, hydrophobic interaction chromatography, size-exclusion
chromatography, and ion-exchange chromatography.” All protein
concentrations were determined by UV—vis spectrophotometry (4.
= 280 nm and & = 10800 cm™ M™!). Proteins were demetalated
immediately after purification by sequential dialysis against (i) 0.1 M
sodium acetate, 25 mM EDTA, pH 3.8; (ii) 0.1 M sodium acetate, pH
3.8; and (iii) 0.1 M sodium acetate, pH S5.5. The metal content after
demetalation was measured with inductively cou;)led plasma mass
spectrometry (ICP-MS), as previously described.* Zinc-loaded WT
and ALS-variant SOD1 proteins were prepared by gradual addition of
a stoichiometric excess (8 equiv per dimer) of zinc sulfate to solutions
of apo-SOD1 in sodium acetate buffer, pH S.5. Solutions were gently
stirred at 4 °C. Metalated SOD1 solutions were then transferred into
10 mM potassium phosphate buffer (pH 7.4) via centrifugal filtration.
For this buffer transfer, solutions were concentrated 10-fold and
diluted 10-fold with 10 mM potassium phosphate, and this cycle was
repeated at five iterations. ICP-MS confirmed that all SOD1 proteins
were fully metalated (Zn,-SOD1). No reducing agents were added to
apo-SOD1 proteins.

Capillary Electrophoresis of Heterodimeric Apo-SOD1.
Capillary electrophoresis was performed within a bare, fused silica
capillary using a Beckman P/ACE instrument with a UV detector set
at 214 nm. The sample and running buffers were 10 mM potassium
phosphate, pH 7.4. The CE analysis of each sample requires <6 min.
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Heterodimerization was initiated by mixing solutions of homodimeric
WT and ALS-variant SOD1 at concentrations ranging from 10—200
uM at 22 °C. Rates and AGy, were also measured at 22 °C.
Immediately before mixing WT and ALS-variant SODI, a small
amount of DMF (dimethylformamide) was added to each
homodimeric solution to function as a neutral marker of electro-
osmotic flow ([DMF]g,,; = 1 mM). To measure rates and AGyy,, at 22
°C, ALS-variant and WT SOD1 were analyzed with CE before mixing
and after mixing (i.e., 4.5 min after mixing) over the course of 6 h at 22
°C. All homodimeric proteins and CE buffer were warmed to 22 °C
before mixing. The protein sample was kept in a storage tray at 22 °C.
An autosampler was used to continually inject mixed proteins into the
capillary (via pressure injection at 1 psi for S s). The temperature of
the capillary was maintained at 22 °C by a liquid-cooled jacket
surrounding the capillary.

The time point that was recorded for each sample was the time of
actual injection of the sample into the capillary (ie., the beginning of
the CE run, as opposed to the end or elution time). This convention
was used because heterodimerization between nonisoelectric SOD1
proteins is quenched at the beginning of capillary electrophoresis; that
is, although the elution of SOD1 proteins during CE analysis requires
~6 min, WT and ALS-variants SOD1 are immediately separated from
one another (at a rate on the order of 8 cm/min) due to their charge
differences. Between each measured time point, a series of four
additional electrophoresis experiments were performed to wash,
recondition, and equilibrate the fused silica capillary for the next
measurement. These washing steps were (i) 0.1 M HCI (in Milli-Q
water) for 1.5 min (30 psi); (ii) 0.1 M NaOH for 1.5 min (30 psi);
(iii) 100 mM potassium phosphate buffer (pH 7.4) for 0.5 min (30
psi); and (iv) 10 mM potassium phosphate buffer (pH 7.4) for 1 min
(30 psi).

The electrophoretic mobility (i) of each species was calculated
according to eq 1:
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Figure 3. (A—F) Capillary electropherograms of homodimeric WT and ALS-variant apo-SOD1 before and after mixing (heterodimerization); pH
7.4, 22 °C; [SOD1]yyr and [SOD1], ¢ = SO uM ([SOD1] oy = 100 4M). Asterisk in electropherograms of G37R (A) and G93R (D) represents

unidentified (possibly oligomeric) species.

where Ly, is the distance from the inlet to the detector, Ly is the total
length of the capillary, V is the applied voltage, ¢, is the time required
for the neutral marker (DMF) to reach the UV detector, and ¢ is the
time required for the protein to reach the UV detector.

Kinetic Analysis of Subunit Exchange. The relative abundance
was calculated for WT homodimer, ALS-variant homodimer, and WT/
ALS-variant heterodimer using eqs 2, 3, and 4, respectively. The
concentration of each protein species was calculated from the area
under the curve (AUC) of each peak in the capillary electropherogram.
Peak AUCs were determined using a tangent skim with the tangent
being defined from approximate local minima to either side of the peak
of interest.

H
%Homyyy = [HomJyy X 100
[Hom]yyp + [Hom], g + [Het] (2)
H
%Homy, ¢ = [Homlyys X 100
[Hom]yyy + [Hom]y g + [Het] 3)
%Het = [Het] x 100

[Hom]y + [Hom]y g + [Het] (4)
The relative abundance of WT/ALS-variant apo-SOD1 heterodimer
for each reaction was plotted against reaction time and fit to an
exponential function to determine reaction order, initial rate, rate
constant, and reaction half-life. Moreover, the relative abundance of
WT apo-SOD1 homodimer for each reaction was plotted against
reaction time and fit to an exponential decay function for a duplicate
confirmation of the reaction order.

Differential Scanning Calorimetry. To ensure that apo-SOD1
proteins were properly folded after demetalation, differential scanning
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calorimetry (DSC) was performed on apo-SOD1 using established
protocols.” A MicroCal VP-DSC (GE Healthcare) instrument was
used, with [SOD1] = 2 mg mL™" (10 mM potassium phosphate buffer,
pH 7.4). The scan rate was 1 °C min™" with a scan range of 20—80 °C.

B RESULTS AND DISCUSSION

Capillary Electrophoresis of Heterodimeric SOD1. We
first examined the purity of homodimeric G93R, D90A, G37R,
E100K, E100G, D101N, and N86D apo-SOD1 proteins
(Figure 2A). DSC and MS indicated that homodimeric proteins
were pure and lacked any post-translational modifications
(Figure 2B,C).

All ALS-variant apo-SOD1 proteins exhibited a single
predominant peak during electrophoresis that was lower in
mobility than the single peak for pure, homodimeric WT apo-
SOD1 with the exception of N86D (Figure 3). The lower
mobility of these ALS variants of SOD1 is caused by their lower
net negative charge, except for N86D, which adds one unit of
formal negative charge per subunit and increases mobility. Two
SOD1 mutants (G37R and G93R) contained an additional
peak in their electropherogram at a lower mobility than their
predominant peak (asterisks in Figure 3A,D). These peaks are
too abundant to represent metalated SOD1 (ICP-MS analysis
showed <0.1 Cu and Zn, per dimeric SOD1) and likely
represent oligomeric species. Therefore, to ensure that the
concentration of dimeric mutant SOD1 homodimer was
identical to that of WT protein, we added a sufficiently high
concentration of these mutants to achieve identical integrals of

DOI: 10.1021/jacs.6b01742
J. Am. Chem. Soc. 2016, 138, 5351-5362


http://dx.doi.org/10.1021/jacs.6b01742

Journal of the American Chemical Society

WT and mutant homodimers. After mixing ALS-variant and
WT apo-SOD1 and immediately repeating CE analysis, a third
peak emerged over time with a mobility that was intermediate
of each mutant and WT homodimer peak (Figure 3).

We assigned the middle, emergent peak to be the
heterodimer of WT and ALS-variant SOD1 (labeled “Het” in
Figure 3; homodimers are labeled “Hom”). This peak
assignment is justified by the similarity between the measured
mobility (scy) of each middle peak and the theoretical mobility
(pea) of each heterodimer as calculated from eq S using ucg
and net charge (Z¢g) of each homodimer (Table 1). Values of

Table 1. Observed Electrophoretic Mobility for WT and
ALS-Variant Apo-SOD1 Homodimers (¢cg), and the
Observed and Calculated Mobilities (¢ ,) for Each
Corresponding Heterodimer

Zcg for G37R and E100G were determined as previously
described.*” Z values for homodimers of other mutants and
WT SODI1 were determined in previous studies.*”**

H Het

©)

For calculating gy, it was assumed that the net charge and
hydrodynamic drag of each heterodimer are the sum of the net
charge and drag of each subunit. The small differences in the
predicted and measured electrophoretic mobility of each
heterodimer (Apcp.cy < 0.68 cm? kV™' min™') support our
assignment of the intermediate peak as the heterodimer of ALS-
variant and WT apo-SOD1 (Table 1). For example, the
assigned heterodimer peak in electropherograms of WT /N86D
had an electrophoretic mobility of ycy = 8.98 cm? kV™! min™,
which differs only by <1% from u = 8.90 cm? kV™! min™

h di WT/ALS heterodi .
omodmer . oo (Table 1 and Figure 3).

SOD1 protein Hcp Hes Hai Mobility values were also calculated for possible short-lived
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Figure 4. Kinetic plots of heterodimerization for ALS-variant and WT apo-SODI. The relative abundance of WT and ALS-variant apo-SOD1
homodimers and heterodimer was calculated by integrating the electropherograms in each series from Figure 3. (A—F) Plots of integrated
electropherograms of WT and ALS-variants apo-SOD1 homodimers and their respective heterodimers expressed as the % of total protein
absorbance at 214 nm. An exponential function (eq 6) was fit to the plot of heterodimer appearance (red @), and ALS-variant and WT apo-SOD1
homodimer decay (average R* = 0.99, [ and A, respectively).
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that it decays at a rate much faster than the time scale of CE
(<7.5 min). The theoretical mobility for each WT/ALS-variant
heterotetramer overlaps with the value of its heterodimer,
making peak identification for the heterotetramer difficult using
CE.

Rate of Subunit Exchange Varies with ALS Mutation.
The rate of WT and ALS-variant apo-SOD1 heterodimerization
was quantified. Some of these substitutions reduce the
conformational stability of the apo-SOD1 dimer (while others
do not), in the following order: D10IN < D90A ~ E100K ~
N86D < G37R < G93R < E100G (Figure 2). We are interested
in comparing rates and free energies of heterodimerization as a
function of mutant SOD1 thermostability because the thermo-
stability of some ALS mutant SOD1 proteins correlates loosely
with clinical phenotypes (ie., patient survivability).”” Moreover,
several ALS-linked variants with similar thermostabilities have
dissimilar phenotypes (e.g, D9OA and D101N). We hypothe-
size that rates or free energies of heterodimerization might
explain these discrepancies.

A plot of the diminishing intensity of WT and ALS-variant
homodimers and the increasing intensity of WT/ALS-variant
heterodimer peak over time is shown in Figure 4A—F. The time
points in Figure 4 refer to the time at which samples were
injected into the CE instrument after mixing. The rate of
heterodimerization for each WT/ALS-variant heterodimer was
calculated from the increasing intensity of the heterodimer
(Figure 4A—F; red @). The diminishing intensity of the WT
and ALS-variant homodimer peaks (Figure 4A—F; [] and A,
respectively) offered a parallel means to measure heterodime-
rization rates. The peak for G37R and G93R homodimers did
not diminish as much as peak intensity for homodimers of
other mutants, and the WT SODI1 (Figure 4). The most
obvious explanation is that the minor peak with low mobility in
electropherograms of G37R and G93R (asterisk in Figure
3A,D) is replenishing G37R and G93R via exchanging subunits.
This minor satellite peak, which is fascinating in and of itself,
and whose low mobility suggests it to be oligomeric, is not
present in samples of other mutants, or in WT SODI1.

The exponential function that could be fit to plots of
heterodimer or homodimer intensity versus time has the
general form of eq 6. Subunit exchange between dimeric WT
and ALS-variant apo-SOD1 is, mathematically, a first-order
reaction (Figure 4A—F). The rate constant for heterodimeriza-
tion (kg min~') could be calculated by fitting plots of
heterodimer intensity versus time to eq 6. The half-life of the
heterodimerization reaction could also be calculated using eq 7.
Thus, the formation of heterodimers between ALS-variant and
WT SODI1 does not follow the same second-order kinetics
commonly observed for dimerization reactions of other
biomolecules (e.g., the end-to-end annealing of actin filaments
or the annealing of some DNA duplexes), but rather follows
first-order kinetics similar to the subunit exchange of higher
order multimeric proteins.*~*’ Thus, mechanism 3 is likely not
a predominant pathway of heterodimerization.

[A] = [A]ye ™ (6)
_ In(2)
2= (7)

The rate constants and half-lives of heterodimerization for
WT and ALS-variant apo-SOD1 are listed in Table 2. These
heterodimerization rates were calculated from the appearance
of the heterodimer peaks (instead of the disappearance of
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Table 2. Kinetic Parameters of Heterodimerization for WT
and ALS-Variant Apo-SOD1 at 50 uM Homodimer, pH 7.4,
22 °C”

ALS-variant and rate constant half-life (ﬂMr;tmein’l)
WT SODI1 mixture” (kg 1072 min™") (t1/2; min) at t = 0 min
G37R + WT 3.74 + 0.27 18.67 + 1.43 1.24
N86D + WT 237 £0.22 29.51 + 2.60 1.92
D90A + WT 3.63 + 0.20 19.1S + 1.07 1.08
GI93R + WT 2.36 + 0.09 2948 + 1.19 1.75
E100G + WT 3.04 + 0.03 22.75 £ 0.28 1.78
E100K + WT 3.89 + 041 18.11 + 2.07 1.19
D10IN + WT 3.66 + 0.04 19.29 + 2.39 2.44

“Values are shown as mean + SD (n = 3). b[WT homodimer] = 50
uM; [ALS-variant homodimer] = S0 uM (achieved by adding
sufficient protein to produce homodimer peak of area equal to WT
homodimer peak).

homodimer peaks) because we know that the initial peak
intensity for the heterodimer is zero at t = 0. We cannot say,
with the same degree of certainty, that each homodimer peak
had an intensity of 50% at t = 0 relative to one another, and
therefore the fitting of any equation to these latter data is less
accurate than the former.

The rate constant of ALS-variant homodimer did not
correlate (linearly or exponentially) with the measured
thermostability of each ALS-variant apo-SOD1 homodimer
(Rijnear = 0.255 R ponentia = 0.37). However, the fastest ALS-
variant homodimer decay was observed for E100K SOD1 (a
very stable dimer) with kyg, = 3.89 + 0.41 min™'; the slowest
was observed for G93R (a very unstable dimer) with ky;, = 2.36
+ 0.09 min~". One-way ANOVA analysis was performed for the
set of ALS-variant rate constants and yielded p = 0.0004,
indicating a statistically significant difference between the rate
constant of each ALS-variant (Table 2).

The different rates of heterodimer formation for SODI1
mutants (A[Het]/At, uM min™') were also expressed and
illustrated by the difference in the initial reaction rates
(extrapolated to t = 0 min) for each mutant (Table 2).

To identify the individual order of each reactant (as opposed
to the overall order), we measured the rate of heterodimeriza-
tion for WT and E100K apo-SODI as a function of WT and
E100K apo-SOD1 concentration (Figure 5). We chose E100K
for the concentration-dependent experiment because this
variant is the most easily resolved from WT protein during
CE (because of its low net charge).

The relevant peaks from electropherograms in Figure S were
then integrated and fit to eq 6 to calculate rate constants and
extrapolate the initial reaction rate (i.e., at t = 0 min) for each
E100K concentration (Figure 6).

The rate of heterodimer formation is not dependent solely
on the concentration of either E100K or WT apo-SOD1 (ie.,
eqs 8a and 8b are invalid expressions of SOD1 heterodimeriza-
tion) as demonstrated by the small increase in reaction rate that
accompanied large increases in the concentration of either WT
or E100K apo-SOD1 (Figure 7A). Specifically, a 10-fold
increase in the concentration of WT or E100K increased the
rate of heterodimerization by only ~2-fold. For example, the
rate of heterodimerization was 0.27 4gM min~" when [E100K]
and [WT] were each present at 10 M. When [E100K] was
increased to ~100 uM, the rate only increased to 0.58 yM
min~'. Similarly, when [WT] was increased to 100 uM, the
measured reaction rate was 0.49 M min ™! (Figure 7A). The
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Figure S. (A—F) Capillary electropherograms of heterodimerization reactions between E100K and WT apo-SODI1 over time at varying
concentrations of E100K and WT apo-SOD1 (pH 7.4, 22 °C). In the bottom two electropherograms of each stack (i.e., in electropherograms of
homodimers, prior to mixing), the peak intensity of each homodimer was normalized for visual clarity.

observed rate at 110 uM [SOD1],,, differs from the predicted
rate of 3.60 uM min~" (assuming that the reaction is first order
with respect to either of the reactants, according to eqs 8a or
8b). This nonlinear relationship between SOD1 concentration
and rate indicates that heterodimerization is not first order with
respect to either WT SOD1 or ALS-variant SOD1; that is, this
result confirms that the reaction is not second order overall.

A[Het] )

N - Ky [E100K] (8a)
A[Het] _

Tar »
A[Het] ) 12 1/2

S i [B100K] (W) 0

Assuming instead that the rate is half-order with respect to
both reactants, that is, first-order reaction kinetics overall, we
plotted the reaction rate (A[HET]/At) against the product of
the square root of the concentration of each reactant (Figure
7B). This plot yielded a linear relationship defined by eq 8c.
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The rate constant of heterodimerization, ki, is the slope of
this plot. The linear fit produced a rate constant kg, = 3.34 +
0.30 X 1072 min~!, with R* = 0.96 (Figure 7B). This value of
kizep from the plot of [E100K]"?[WT]"? versus A[HET]/At
(Figure 7B), is within the error of average values of ki
calculated from the fit of E100K + WT electropherograms
listed in Table 2 (k,,, = (3.89 + 0.41) X 107> min™").

These similarities further validate our conclusion that
heterodimerization of SOD1 follows overall first-order kinetics,
with half-order for each WT and ALS-variant protein. These
types of nonclassical first-order heterodimerization reactions
have been observed for other proteins.**

The exponential decay function used to fit the kinetic data
for each ALS-variant/WT mix was extrapolated to calculate
AGy,s that is, the plateau of each curve in Figure 4 is
proportional to the AGy,, for that mutant. First, we used eq 9
to express Ky, for mechanisms 1 and 2 (Figure 1).

[WT-ALS .. ]*
[WTHom] : [ALS Hom ]

Het —

©)
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Figure 6. (A—F) Kinetic analysis of the subunit exchange reaction
between E100K and WT apo-SOD1 at varying protein concentrations.
The relative abundance of E100K homodimer ((0), WT homodimer
(A), and WT/E100K heterodimer (red @) was calculated from the
electropherograms in Figure 5 and plotted against reaction time. Each
data set was fit with an exponential function (eq 6; average R* > 0.94)
yielding the kinetic parameters listed in Figure 7A.

The AGy,, can be then calculated according to eq 10.

AGHet =—-RT In I<Het (10)

The values of Ky, and AGy,, are listed in Table 3 for each
heterodimer. Values of AGy,, were favorable (negative) for all
SODI1 proteins and varied from —1.15 kJ mol™' (E100K) to
—2.97 k] mol™ (D101N). The equilibrium constant expression
(Kye) is derived from the following chemical equations:

kl
IWT,, + 2ALS,,,, ==2WTALS,,,, + WT, + ALS,,.
k_y
(11)
kl
Wy, + ALSy,,,=2WTALS,.,,
k_y (12)

Some equilibrium electropherograms of WT and ALS-variant
apo-SOD1 appear to show an approximate ratio of 1:2:1 for
Homy:Het:Hom,s. This ratio might be assumed (albeit
incorrectly) to lead to Ky, = 1 and AGy,, = 0 kJ/mol. This
assumption would be correct if it were correct to treat WT and
mutant SOD1 as thermodynamically equivalent (chemically
identical) species. The mutant and WT homodimers must be,
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[E100K]+[WT] | k,;10?min'| ~Rateat
t = 0 min; (uM)
[10 uM]+ [10 pM] | 3.17+0.38 0.20
[20 uM] +[20 pM] | 3.65+0.10 0.74
[75 uM] +[75 uM] | 3.03+0.08 2.05
[100 uM] +[100 pM]| 3.32+0.04 2.79
[10 uM] +[100 pM] | 2.47+0.07 0.49
[100 uM] +[10 uM] | 2.31+0.07 0.58

[WT]"2 « [E100K]"2 (uM)

Figure 7. (A) Kinetic parameters for WT/ALS SOD1 heterodimeriza-
tion at different concentrations of WT and E100K. (B) Comparison of
heterodimerization rates as a function of concentration of E100K and
WT apo-SODI1. The rates of the heterodimerization were plotted as a
function of the square root of the product of [E100K apo-SOD1] and
[WT apo-SOD1]. A linear fit yielded R* = 0.96.

Table 3. Melting Temperature (T,,) of Homodimeric Apo-
SOD1 Proteins As Well As Calculated Ky, and AGy,, Values
for Heterodimerization of WT and ALS-Variant Apo-SOD1
at 50 uM Homodimer, pH 7.4, 22 °C“

WT/ALS T,, homodimer AGye
heterodimer (°C) Kiger (kJ mol™)

G37R 45.51 3.19 + 0.06 —2.67 + 0.04
N86D 49.62 297 £ 0.10 —2.51 £ 0.08
D90A 49.70 243 + 0.08 —2.09 £ 0.11
G93R 44.42 2.73 + 0.14 —2.31 + 0.12
E100K 49.21 1.63 + 0.04 —1.15 £ 0.03
E100G 43.51 3.37 £ 0.25 —2.86 + 0.25
D10IN 55.04 3.64 + 0.22 —2.97 £ 0.13

“Values are shown as mean + SD (n = 3).

however, treated as chemically unique species (eqs 11 and 12)
when writing the equilibrium expression for heterodimerization.
In this scenario (eq 9), a perfect ratio of 1:2:1 for
Homyyr:Het:Hom,; ¢ would yield Ky, = 4 and AGy = —3.4
kJ/mol (which is in the range of our calculated values), not Ky,
=1 and AGy, = 0 kJ/mol. An actual value of AGy,, = 0 kJ/mol
would require ratios of exactly 1:1:1 (according to eq 9).

We have recently shown that electric field strength across the
CE capillary (which is similar to field strengths across cellular
membranes) causes monomerization of A4V Zn,-SODI, but
not WT Zn,SODI, or any other ALS-variant we have
studied."® As a control to ensure that voltage-induced
monomerization is not affecting heterodimerization, we
performed heterodimerization experiments under different
capillary voltages. AGy,, for DI0IN apo-SOD1 was altered
only by 0.024 kJ mol™'/kV (Figure S1), which indicates that
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Figure 8. Heterodimerization between zinc-loaded ALS-variant and WT SODI. (A) Capillary electropherograms of heterodimerization reactions
between N86D Zn,-SOD1, E100K Zn,-SOD1, and WT Zn,-SOD1 over time. (B) Quantification of heterodimerization for ALS-variant Zn, SOD1

and WT-Zn, SOD1 via analysis of electropherograms in part (A).

differences in capillary voltage do not contribute to variations in
AGy, observed for different mutants.

There is no clear correlation between the AGy, and the
thermostability of ALS SOD1 mutants (i.e,, R* < 0.001). Thus,
the AGy,, is driven by factors other than those that drive the
thermostability of the respective homodimers. Moreover, the
AGy, of each ALS variant protein did not correlate with the
rate of heterodimerization (i.e, R = 0.39). Heterodimers of
N86D and WT apo-SOD1 formed faster than G37R and WT
despite the more favorable AGy, of the WT/G37R
heterodimer (Tables 2 and 3).

Metalation Significantly Decreases the Rate of
Subunit Exchange, But Not AG,.. We examined the
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kinetics of subunit exchange between a metalated (i.e., zinc-
replete, Zn,-SOD1) form of dimeric WT and ALS-variant
SOD1. We chose to analyze zinc-loaded (Zn/Zn) SODI,
where zinc is coordinated to the copper and zinc site in each
subunit (instead of Cu/Zn SOD1). This zinc loading prevents
the possibility of mis-metalation. Zinc-loaded subunits are
physiologically relevant*’ and have been detected in vivo.*
The rate and AGy,, of subunit exchange were measured for
zinc-replete WT and five zinc-replete ALS-variant SODI1
proteins (chosen from the larger set of apo mutants per
availability). CE electropherograms and integration plots of
subunit exchange between WT Zn,-SODI1 and two selected
ALS-variant Zn,-SOD1 proteins (N86D and E100K) are shown

DOI: 10.1021/jacs.6b01742
J. Am. Chem. Soc. 2016, 138, 5351-5362


http://dx.doi.org/10.1021/jacs.6b01742

Journal of the American Chemical Society

Table 4. Kinetic and Thermodynamic Parameters of Heterodimerization for WT Zn,-SOD1 and ALS-Variant Zn,-SOD1 (50

H#M homodimer, pH 7.4, 22 °C)“

WT/ALS heterodimer rate constant (k; 107 min™")

half-life (t,/,; min)

N86D 0.24 + 0.01 288.8 + 8.1
D90A 0.13 + 0.01 5332 + 4.9
GI3R 0.33 £ 0.05 207.5 = 19.8
E100K 0.09 + 0.01 770.2 + S3.1
DI0IN 0.26 + 0.02 266.6 + 14.2

“Values are reported as mean + SD (n = 3).

rate (uM min~") at £ = 0 min Kyt AGyy,, (kJ mol™)
0.05 275 + 0.1 —-233 + 0.1
0.10 3.77 £ 0.2 —-3.05 £ 0.1
0.12 2.05 £ 0.2 —1.65 + 02
0.04 135 £ 0.1 —-0.73 £ 0.1
0.11 2.63 + 0.1 —-239 £ 0.1

in Figure 8. All kinetic parameters of subunit exchange between
zinc-replete SOD1 proteins are summarized in Table 4 as well
as values for Ky, and AGy,,. Metalation slowed the rate of
subunit exchange between WT and ALS-variant Zn,-SOD1 by
up to ~38-fold (Table 4). This decrease might be explained by
the increased dimer stability of WT and mutant SOD1 upon
binding metals.”® Addition of zinc to SODI did not, however,
alter the free energy of heterodimerization by a large magnitude
(Table 4). For example, the maximum AGy,, variation was
observed in the case of D90A SOD1 with a AAGy,, = —0.96 +
0.15 kJ mol™; that is, WT/D90A Zn,-SOD1 was a more stable
heterodimer than WT/D90A apo-SOD1 (Table 4).

Bl CONCLUSION

This study demonstrated that heterodimerization occurs
between dimeric WT and mutant apo-SOD1 and reaches
equilibrium at time scales and protein concentrations (10—100
4M) that are physiologically relevant.”’ One limitation of this
study is that we cannot distinguish between mechanism 1 (the
dissociative mechanism) and mechanism 2 (the associative
mechanism, Figure 1). Mechanism 1 would seem more
probable because it involves a well-known intermediate
(monomeric SOD1), while mechanism 2 involves a seemingly
more obscure intermediate (a tetramer or higher order
oligomer). Multiple studies have detected and studied
monomeric SOD1,”" while only one, that we can find, reports
the existence of tetrameric SOD1.”

A simple comparison of heterodimerization rates with
previously determined rates of monomerization and homo-
dimerization for WT and ALS-variant apo-SOD1 might assist in
discerning between mechanisms 1 and 2. For example, the
estimated first-order rate constant of monomerization of an
engineered form of WT apo-SOD1 (disulfide intact) is ~3-fold
faster than the highest WT/mutant heterodimerization rate
constant measured in this study (e.g., kyiono = (9.73 % 0.19) X
1072 min "% vs ky,, for E100K = (3.89 + 0.41) x 1072
min~!, Table 2), and redimerization rates for monomeric WT
apo-SOD1 are nearly diffusion limited.”” Moreover, the
previously determined rate constant for D90A apo-SOD1
monomerization is ~12-fold higher than its rate constant for
heterodimerization.”” Thus, if mechanism 1 was operable, we
would have expected to see faster rates of heterodimerization.

When considering that the rate of heterodmerization is
directly proportional to the square root of the concentration of
ALS-variant and WT apo-SODI1, mechanisms 1 and 2 are
favored over mechanism 3 as the most likely pathways for
subunit exchange between WT and ALS-variant apo-SODI.
The transient hetero-oligomer that would be formed during
mechanism 2 would be forming continuously and frequently.
Such species might provide a building block or point of genesis
for the self-assembly of SODI into a toxic oligomer. It is
possible that WT /ALS-variant heterodimerization could trigger
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a conformational change in either protein, or that WT SODI
provides a template for the folding of intrinsically disordered
ALS-variants, leading to the eventual self-assembly of misfolded
SODI. The plausibility of such a scenario is supported by a
recent study of an engineered WT/ALS-variant covalent
heterodimer (formed via a peptide linker).'® The WT SOD1
subunit was observed to structurally order and increase the
stability of the mutant SODI1 subunit in the covalent
heterodimer.'

Although this study has shed light on the mechanism of
SOD1 heterodimerization, much remains unknown regarding
the structure, folding, and ligand- and metal-binding properties
of heterodimeric SOD1. All structural analyses of ALS-variant
SOD1, as well as other biophysical and biochemical analyses
(e.g., rate and free energy of folding), were performed in the
absence of WT SOD1,'7*025727:93736

Previous studies have correlated the free energy of folding of
some apo-SOD1 proteins with clinical phenotypes such as the
survival time after diagnosis.”’ Generally, decreased SOD1
stability is associated with shorter survival times, but only for
isoelectric mutant proteins.”” The correlation is abolished when
nonisoelectric mutations are included (especially D101N,
which presents with a very short survival time, but has a free
energy of folding almost identical to that of WT SOD1%°). In
the current study, we only examined nonisoelectric mutants of
SOD1, because the heterodimerization of isoelectric ALS-
variants and WT SODI1 cannot be easily measured using CE.

Incorporating the rate and free energy of SOD1 hetero-
dimerization might improve correlations between clinical
phenotype and the biophysical properties of ALS-variants.”’
We found no linear correlation between ki, and either survival
time (R* = 0.24) or age of onset of symptoms (R* = 0.11). A
strong linear correlation was found, however, between the
AGy, and survival time after diagnosis for the variants that we
studied (R* = 0.98; G37R was excluded from linear fits on the
basis of its wide range of survival time of std dev &~ +12 yr)
(Figure 9). Mutations with more favorable values of AGyy,
(e.g, D10IN) are associated with shorter survival time than
those with less favorable values of AGy,, (e.g, D90A) by 4.8
yr/kJ (Figure 9).

The correlation between the AGy,, and survival time of a
particular mutation is noteworthy because it can begin to
explain why two similarly “cryptic” ALS-variants such as D90A
and DI0IN SOD1°****® exhibit such drastically different
clinical phenotypes.”” The D101N mutation is known to have a
more severe phenotype as compared to D90A, marked by a
shorter survival time after onset of symptoms.”” The more
severe phenotype of D101N, as compared to D90A, cannot be
explained by the thermostabilities of D1I0IN and D90A apo-
SOD1 because D10IN apo-SODL1 is slightly more stable than
D90A apo-SOD1 (Figure 9A). The two proteins also have
otherwise similar biophysical and bioinorganic properties.””>®
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Figure 9. (A) There is no correlation between homodimer
thermostability (T,,) of ALS-variant apo-SOD1 and patient survival.
(B) Free energy of heterodimerization (AGy,) shows a strong
correlation with survival time after diagnosis. G37R was excluded from
both plots A and B, on the basis of its wide range of survival times (SD
~ +12 yr).

In fact, the ability of DIOIN substitution to promote
heterodimerization, at equilibrium, more than D90A sub-
stitution is the only explanation that we can find for why the
stable “WT-like” D101N SOD1 protein exhibits a more severe
clinical phenotype than the equally less negatively charged, but
still stable “WT-like” D90A SOD1 protein (Figure 9B).

The principal conclusion of this study is by no means that
AGy, can entirely explain, on a biophysical level, why one ALS
mutation is more neurotoxic than another. Rather, the
conclusion is that AGy,, varies with each mutation and is
likely to be one predominant biophysical factor (of presumably
many) in determining the toxicity of SOD1. The questions that
immediately arise are why does the DIOIN amino acid
substitution promote heterodimerization more than E100K?
Why is the heterodimerization of D1I0IN apo-SOD1 so much
faster than N86D apo-SODI1? A first step in answering these
kinetic and thermodynamic questions will require identification
of the intramolecular and intermolecular forces that drive
heterodimerization, and the measurement of AHy, and
calculation of ASy,,.
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