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ABSTRACT: Recent reports suggest that the nucleation and propagation of oligomeric superoxide dismutase-1 (SOD1) is
effectively stochastic in vivo and in vitro. This perplexing kinetic variability—observed for other proteins and frequently
attributed to experimental error—plagues attempts to discern how SODI mutations and post-translational modifications linked
to amyotrophic lateral sclerosis (ALS) affect SOD1 aggregation. This study used microplate fluorescence spectroscopy and
dynamic light scattering to measure rates of fibrillar and amorphous SOD1 aggregation at high iteration (1, = 1.2 X 10°). Rates
of oligomerization were intrinsically irreproducible and populated continuous probability distributions. Modifying reaction
conditions to mimic random and systematic experimental error could not account for kinetic outliers in standard assays,
suggesting that stochasticity is not an experimental artifact, rather an intrinsic property of SOD1 oligomerization (presumably
caused by competing pathways of oligomerization). Moreover, mean rates of fibrillar and amorphous nucleation were not
uniformly increased by mutations that cause ALS; however, mutations did increase kinetic noise (variation) associated with
nucleation and propagation. The stochastic aggregation of SOD1 provides a plausible statistical framework to rationalize how a
pathogenic mutation can increase the probability of oligomer nucleation within a single cell, without increasing the mean rate of

nucleation across an entire population of cells.
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he prionlike aggregation of wild-type (WT) and mutant

superoxide dismutase-1 (SOD1) in neuronal cells, followed
by propagation to neighboring neurons, is linked to a fraction of
familial and sporadic amyotrophic lateral sclerosis (ALS)
cases.' © It remains unclear whether SODI mutations induce
cytotoxicity by accelerating the intrinsic rate of SODI
oligomerization, or by a separate mechanism, for example, by
increasing the cytotoxicity of an SOD1 oligomer, irrespective of
its rate of formation. This question remains unanswered, in part,
because it remains unknown whether the stochastic aggregation
of SOD1, observed in vitro and in vivo,”® is a thermodynamic
property of SOD1 self-assembly, or an experimental artifact
generated by random or systematic error. This lack of clarity has
made it technically challenging to precisely quantify how ALS-
linked mutations in SOD1 affect the actual rate (or mean rate) of
nucleation and propagation of oligomeric SOD1.

Statistical analysis of amyloid nucleation and elongation rates
for several _})roteins suggests that amyloidogenesis is intrinsically
stochastic; " that is, measured rates span a continuous
probability distribution that cannot be explained by experimental
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error. Other studies invoke deterministic models,° but

report replicate rates that span a distribution of inexplicable
breadth.'® Models of stochastic nucleation are generally invoked
to explain the irreproducible rates of self-assembly of systems
across all size scales, from the crystallization of H,O'" and the
aggregation of proteins10 and mRNA,"” to gene expression18 and
the mesoscale aggregation of social amoeba.'” The intrinsic
irreproducibility associated with measuring rates of these
processes can be circumvented by collecting high numbers of
replicate measurements (on the order of n = 10%) and calculating
statistically significant rates and population comparisons.' " In the
case of amyloid self-assembly, the reproducibility of kinetic assays
can be increased by the addition of “seed” oligomers,'”* but this
type of seeding presumably bypasses the stochastic steps of
primary nucleation.
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Figure 1. In vitro fibrillization of apo-SOD1 in microplate-based ThT fluorescence assays. (a) Sigmoidal fits of ThT fluorescence of replicate assays of
WT and E100K apo-SOD 132 carried out in 96-well microplates with mechanical agitation (37 °C, pH 7.4, 150 mM NaCl, 10 mM TCEDP, i.e., apo-
SOD13%H) Histograms of iterate lag time, inverse propagation rate, and maximal ThT fluorescence are shown as insets below each plot, fit with either
a 3-parameter log—normal distribution (eq S2a) or a Lorentzian bimodal function (eq S3). (b) Average and normalized plots of replicate ThT amyloid
assays from (a). (c) Mean lag time and inverse propagation rate for all apo-SOD 1™ proteins (p < 0.0001%%*; p < 0.01*%*). (d) Upper gel: SDS-
PAGE of WT and ALS-variant apo-SOD 13" solutions performed before ThT assay. Lower gel: SDS-PAGE of supernatant of same solutions after
ThT aggregation assay and centrifugation. (e) TEM analysis of apo-SOD 132! fibril homogenates after the completion of aggregation assay.

Two of our previous investigations into the fibrillization of
apo-SOD1 uncovered a high degree of irreproducibility, when
using thioflavin-T fluorescence assays to measure “unseeded”
amyloid fibril nucleation and propagation.””*” For example, the
lag time of WT apo-SOD1 fibrillization varied by up to 68% and
propagation rates by up to 50% in replicate measurements that
were made simultaneously in a 96-well plate, on sample aliquots
from the same, filtered stock solution of pure apo-SOD1.>"**
Other investigations into apo-SODI1 oligomerization have not
reported this apparent stochasticity,”>*~*> with the exception of
a recent report by Lang and co-workers.” Although these
previous studies suggest that the fibrillization of apo-SOD1 is
stochastic, there have been no investigations into whether
sample-to-sample variations in reaction conditions and/or
competing pathways of non-fibrillar aggregation are a source of
this apparent stochasticity. Resolving why SOD1 aggregation is
apparently stochastic during in vitro assays is relevant to
understanding its aggregation in vivo. For example, the
aggregation of ALS mutant SOD1 in transgenic mouse models
of ALS appears to follow the same sigmoidal, stochastic
nucleation kinetics observed in vitro with the types of assays
used in the current study (microplate-based, thioflavin-T
fluorescence assays that employ mechanical agitation).”*™>
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B RESULTS AND DISCUSSION

Apo-SOD1 Fibrillization Is Effectively Stochastic.
Thioflavin-T (ThT) fluorescence was used to measure the
“unseeded” rate of nucleation and propagation of amyloid fibrils
for WT and three biophysically diverse ALS-variant apo-SOD1
proteins, including A4V (which is intrinsically disordered in the
disulfide-reduced apo state) and two “cryptic” variants, D90A
and E100K (which have subtle effects on the structure and
conformational stability of apo-SOD1).** Microplate assays
utilized mechanical agitation (i.e., a gyrating Teflon bead) to
accelerate aggregation (possibly inducing fragmentation of
elongating fibrils”"). A total of 1132 ThT assays were made for
all four proteins at a variety of experimental conditions.

Rates of aggregation were measured at two degrees of disulfide
reduction, that is, 30% reduced (denoted as apo—SODlw%ZSH,
Figure 1) and ~90% reduced (denoted as apo-SOD1°***H
Figure 2) achieved by incubating apo-SOD1 in 10 mM or 100
mM TCEP, respectively, for 6 h prior to assay. The semireduced
state (i.e, apo-SOD13*H) was chosen to mimic the gradual
reduction of apo-SOD1 proteins that will occur intracellularly
upon loss of metal ions,”” whereas the more fully reduced state
(ie., apo-SOD1°7*25H) was utilized to mimic the self-assembly of
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Figure 2. Increasing the degree of disulfide reduction from 30% to 90% does not eliminate the stochasticity of apo-SODI] fibrillization in microplate-
based ThT fluorescence assays. (a) Sigmoidal fits of ThT fluorescence of replicate assays of WT and E100K apo-SOD1°**!, Histograms of lag time,
inverse propagation rate, and maximal ThT fluorescence are shown as insets below each plot and are fit with either a 3-parameter log-normal distribution

(eq S2a) or bimodal Lorentzian function (eq S3). (b) Average and normalized plots of ThT fluorescence for all apo-SOD

17%%28H proteins. () Mean lag

time and inverse propagation rate for apo-SOD1"*H (p < 0.0001***). (d) TEM micrographs of apo-SOD 17! at the end of aggregation assay.

nascent protein immediately after translation." The degree of
disulfide reduction was determined with differential scanning
calorimetry (DSC) and size-exclusion chromatography (SE-
HPLC), per the effect of disulfide reduction on the monomer-
ization of apo-SOD1 and lowering of its melting transition
temperature (Figure S1).”*** Analysis of each apo-SOD1 protein
with ICP-MS, DSC, and SE-HPLC confirmed that each set of
proteins was demetalated (<0.04 Zn** and <0.02 Cu®' per
monomer, Table S1), properly folded (or disordered in the case
of disulfide reduced A4V), and pure before each ThT assay
(Figure S1 and Table S1). In this study, we only examined the
aggregation rates of metal free SODI, without the influence of
metal jons on aggregation. Although the removal of metal ions
typically increases the rate of SOD1 aggregation, recent studies
have shown that the aberrant binding of zinc to SOD1 can trigger
amorphous aggregation.”

A variation in lag time of more than 15 h, and a variation in
inverse propagation rate constant of several hours, was observed
among replicate measurements for all ThT assays of apo-
SOD 132 proteins at 37 °C, pH 7.4 (Figures la and S2). This
kinetic variability occurred even though replicate measurements
were performed on aliquots from the same, filtered stock
solution, and analyzed simultaneously in 96-well plates. This
magnitude of kinetic variation has been observed in the
fibrillization of several other proteins including 4, microglobulin,
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_4y) amyloid peptide, sickle hemoglobin, and insu-
1015143657 Nonclassical stochastic nucleation models best
describe the variations in nucleation and elongation of SOD1
amyloid fibrils.">**~*° Discarding any kinetic outliers based upon
statistical tests (e.g., Dixon’s Q test) is inappropriate because
there is no reason to suspect, ab initio, that outliers were caused
by error”” (this point is investigated in detail below). Evaporation
from sealed wells, for example, cannot account for these
variations: measurement of volume of wells exhibiting outlier
aggregation kinetics (with a micropipette at the end of each
assay) revealed that volumes varied by < +3.5% from the mean
volume of wells. We hypothesize that variations in the rate of
nucleation are caused by (i) variations in the activation energy
(E,) of amyloid nuclei that formed in different wells, and/or (ii)
off-amyloid pathways of aggregation that compete with amyloid
formation and diminish the concentration of unassembled
SODJ, for example, formation of amorphous aggregates.*' For
example, the early formation of amorphous aggregates (possibly
also stochastic) would not be detected in the ThT assay, but
would lower the concentration of free apo-SOD1 available to
fibrillize which could explain ThT plots that exhibited increased
lag time of fibrillization, decreased elongation rates, and
decreased maximal ThT fluorescence (Figures 1a and S2).
Histograms of fibril propagation (expressed as 1/k) generally
exhibited a log-normal behavior (eqs S2a and b), where lag time

AP
lin.g’
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Figure 3. Alteration of experimental conditions (SOD1 concentration, gyration rate, and temperature) to mimic possible well-to-well variations in

reaction conditions during microplate-based ThT assays of apo-SOD1 fibrillization. (a) ThT fluorescence assays of D90A apo-SOD

139%28H ot different

gyration speeds. (b) ThT fluorescence assays of A4V apo-SOD1°*H at 15 and 45 °C. (c) ThT fluorescence assays at varying [D90A apo-SOD13**2H],
Insets next to each plot represent the histograms of lag time and inverse propagation rate. Histograms were fit with either a 4-parameter log-normal
function (eq S2b) or a bimodal Lorentzian distribution function (eq S3), except for the histograms of lag time at 45 °C and propagation rate at 30 uM

that showed normal distributions.

generally exhibited a bimodal Lorentzian distribution (eq S3)
with Rzawerage > 0.7. Measuring apo-SOD1 fibrillization at such
high iteration allowed us to conclude—with statistical
significance—that ALS mutations do not uniformly decrease
the mean lag time of apo-SOD1 fibrillization, at least at 30%
reduction (Figure 1b,c and Table S2). In fact, the A4V and D90A
substitutions in apo-SOD1*"**H have statistically similar lag
times of fibrillization as WT protein (p > 0.05). Moreover, A4V
and D90A mutations did not uniformly accelerate the
propagation (elongation rate) of apo-SOD1****H fibrillization
under semireduced conditions (Figure 1b,c and Table S2).

The observed variation in lag time, propagation, and maximal
ThT fluorescence was not caused by the presence of residual
monomeric/dimeric SOD1 in each well (i.e., a lack of complete
aggregation). For example, SDS-PAGE of protein supernatant at
the end of the ThT assay confirmed that apo-SODI proteins
were incorporated into a sedimentable aggregate, with no
residual monomer (Figure 1d). The morphology of apo-SOD1
aggregates generated during ThT assays was characterized with
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transmission electron microscopy (TEM), and found to be,
generally, a mixture of fibrillar and amorphous species (Figure
le).

Increasing the degree of disulfide reduction, from 30% to 90%
did not improve the reproducibility of amyloid assays (Figures 2a
and S3). We point out that ALS mutations do not uniformly
accelerate the nucleation and propagation (Figure 2b,c and Table
S2) and morphology (Figure 2d) of apo-SODI, even at 90%
reduction. This result is contrary to previous reports, that ALS
mutations uniformly accelerate apo-SOD1 aggregation.””**

Well-to-Well Variation in Reaction Conditions Cannot
Explain Observed Stochasticity of Apo-SOD1 Fibrilliza-
tion. We sought to determine if the observed stochasticity of
SOD1 fibrillization, in particular, the presence of slowly
aggregating wells, was an experimental artifact that was caused
by well-to-well variations in (i) the orbital velocity of each Teflon
bead, (ii) the local temperature of each well (due to nonuniform
heating or friction of the gyrating polystyrene microplate), (iii)
variations in the mass or surface properties of one stirring bead,
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compared to the next, (iv) surface features (i.e., scratches) of one
well compared to next, or (v) the presence of contaminants such
as common dust particles. For example, we concede that it is
possible that wells exhibiting outlier kinetics (“outlier wells”) in
Figure 1, which aggregated with late lag times, were slow to
fibrillize because Teflon beads were failing (for some reason) to
orbit circularly in the well at the same mean velocity (rpm) as
beads in other wells. To test this hypothesis, we performed ThT
assays on D90A apo-SOD 13" 3t 180 and 600 rpm. We found
that changing gyration speed by 3-fold did not alter mean lag
time by a magnitude sufficient to account for outlier lag times at
360 rpm (Figure 3a). In fact, a linear correlation between lag time
and shaking speed was found to be only 0.0041 h/rpm (Figure
S4), which is insufficient to explain 15 to 30 h variation in lag time
among wells. The correlation in rpm and lag time translates to a
correlation of shear force and gyration speed of 0.13 nN/rpm.

Varying the temperature of the microplate from 15 to 45 °C,
that is, by a magnitude much larger than any expected well-to-
well thermal variation in the temperature controlled fluorescence
plate reader, slightly affected the variation in the lag time of
fibrillization of A4V apo-SOD1 (Figure 3b). However, this
temperature alteration (15—4S °C) resulted in Az,,.,, = 1.01 h/
30 °C, which is insufficient to account for >15 h variation in lag
times observed at 37 °C (Figure S5). We chose to perform the
temperature-specific experiments on A4V apo-SOD1%0%SH
because this ALS-variant protein is intrinsically disordered and
changes in temperature from 15 to 45 °C will not affect its degree
of folding as much as ordered proteins.”” Varying SODI
concentrations revealed that the mean lag time of D90A apo-
SOD132H fiprillization increased with apo-SODI concen-
tration by only 0.2 h-uM ™", which is insufficient to explain the
>1S5 h variation in lag time that we observed in replicate
experiments of apo-SOD1 (the D90A apo-SOD1 protein was
used for these experiments, per availability) (Figure 3c).

The effect of gyration speed (rpm), protein concentration, and
temperature on the average noise (17) of each assay can be found
in the Supporting Information (Figure S6). By “noise”, we refer
to the coeflicient of variation, that is calculated at each time point
as 7] = 6/I,,g Where I, is the mean intensity of fluorescence of all
replicate measurements at a given time point and ¢ is the
standard deviation of mean intensity.

It is possible that some surface features of a specific well or
bead (e.g,, a scratch or lack thereof, or slight difference between
the mass of different Teflon beads) could be the cause of outlier
kinetics and apparent stochasticity. To test this hypothesis, we
repeated aggregation assays in specific wells, and reused the same
Teflon bead (Figure 4a). For these experiments, a specific well
and bead that resulted in outlier kinetics were washed with near-
boiling SDS, followed by guanidinium hydrochloride, followed
by incubation and washing with pepsin solutions to remove any
adhered residual aggregates. Aggregation assays were then
repeated in these identical wells (using the identical Teflon
bead) under the exact same conditions, using apo-SOD1 proteins
from the same “mother” stock. The initial rate of aggregation
could not be uniformly replicated by repeating assays in the same
microplate well, with the same bead (see dashed and solid traces,
Figure 4a). We point out that small variations in the mass of
different Teflon beads likely do not account for stochasticity
observed in Figure 1a. The 3.18 mm diameter Teflon beads were
found to vary in mass by only +0.35 mg (from 36.20 to 36.90
mg).

Anecdotal evidence suggests that the intrinsic irreproducibility
of many amyloid assays is caused by the nonuniform presence of
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Figure 4. Stochastic fibrillization of apo-SOD1 in microplate ThT assays
is not an artifact of surface features in a microplate well (or bead), and is
not caused by dust contamination from laboratory environment. (a)
Repetition of ThT assays in identical microplate wells (washed and
reused), with identical Teflon beads (washed and reused) does not
abolish kinetic variability. (b) Fibrillization of D90A apo-SOD 13%**H jn
the presence of ~1 ug of dust particles collected from our laboratory
windowsills (green traces and black dashed line, n = 12) and absence of
dust particles (red dashed line), pH 7.4, 37 °C. Inset shows the plots of
noise (17) associated with D9OA apo-SOD13**25H fibrillization in the
presence and absence of room dust.

common dust particles that are inadvertently introduced in
sample wells during laboratory preparation. Dust could
conceivably accelerate aggregation via surface catalysis,"** or
decelerate aggregation (in the case of apo-SOD1) via Zn*"
contamination. Even though we filtered all solutions immediately
before dispensing into each microplate, we tested this hypothesis
(previously untested, to our knowledge) by deliberately
contaminating wells with dust particles collected from book-
shelves and windowsills of the Shaw laboratory (where all
experiments were performed). Approximately 1 ug of lab dust—
presumably more than could ever be expected to contaminate a
single well—was added to wells, and ThT assays were performed
on D90A apo-SOD 13>, Dust particles decreased the mean lag
time of fibrillization by 7.2 & 0.3 h (Figure 4b), and decreased the
inverse propagation rate constant from 2.52 + 0.1 hto 1.51 + 0.1
h. Moreover, dust contamination actually diminished the noise
associated with lag time (inset in Figure 4b), as expected with a
shorter lag time. Dust contamination cannot, therefore, account
for the positive skewness of the probability distributions
observed in Figure 1, that is, slow, outlier kinetics with lag
times of 30—60 h.

We found a global correlation between the lag time and
propagation rate of amyloid fibrillization for all four apo-SOD1
proteins analyzed in this study, under all reaction conditions, that
is, temperature, gyration rate, protein concentration, reductant
concentration (Figure S; black circles). This correlation—
observed for other proteins,’"* including apo-SOD1’—
suggests that the product of lag time and propagation rate of
apo-SOD1 fibrillization () is a constant value (@ = 7k = 2.5 +
0.2), regardless of variations in experimental conditions (Figure
5). This value of a for SOD1 is smaller than a reported for other
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amyloidogenic polypeptides, for example, @ = 4.5 for insulin,
glucagon, and various toxic mutants of AB\_4," but seems to
suggest that the fibrillization mechanism of apo-SOD1 is similar
to these proteins.*’ The maximal ThT fluorescence intensity also
generally decreased with increasing lag time or rate (Figure S;
blue triangles and green squares); however, this correlation was
not as strong as the logarithmic correlation between 7 and k. The
projection plots of ThT fluorescence do reveal boundary regions
of allowable ThT fluorescence per lag time and propagation rate
of a fibril, and vice versa.

Competition between Amorphous and Fibrillar Ag-
gregation Pathways Explains Variability of ThT Assays.
Dynamic light scattering and TEM were used to determine if
wells that were slow to fibrillize during ThT assays contained
monomeric SOD1 throughout the prelag phase (Figure 6). We
do not suspect that such outlier wells were slow to fibrillize
because they contained monomeric SOD1 that failed (for some
reason) to aggregate, but rather because these wells rapidly
formed a significant amount of amorphous aggregates before
fibril nucleation, which lowered the concentration of free apo-
SOD1 available to fibrillize. This mechanism would account for
the trends of increased fibril lag time, decreased fibril propagation
rate, and diminished maximal ThT fluorescence observed for
outlier wells in Figures 1 and 2, and summarized in Figure 5.
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To test this hypothesis, we briefly halted the ThT assays of
A4V apo-SOD1°"*H agoregation after 10 h, that is, at a time
point near the mean lag time, where several wells will and will not
exhibit ThT fluorescence. Aliquots were quickly removed from
12 wells and the ThT assay was continued (each of these 12 wells
eventually exhibited a sigmoidal increase in ThT fluorescence, of
varying magnitude, with lag times between 12.8 and 58.3 h,
Figure 6a—c). The 10 h aliquots were immediately examined
with DLS and TEM (Figure 6a—c). DLS showed the presence of
an oligomer in all 12 wells of Ry = 80 nm (Ry: hydrodynamic
radius). This oligomer was even present in wells that went on to
fibrillize with a ~60 h lag time, but exhibited zero baseline
fluorescence at 10 h (Figure 6¢). Only wells that exhibited early
lag times in ThT assays contained larger assemblies (Ry; = 8000
nm) that are presumably fibrillar SOD1 (Figure 6a). Wells that
exhibited zero fluorescence at 10 h and lag times of ~60 h did not
contain (at 10 h) monomeric SOD1 or oligomeric species with
Ry 8000 nm, but again contained only ThT-negative
assemblies with Ry = 80 nm (Figure 6¢c). TEM revealed
predominantly amorphous species in these wells with zero
fluorescence at 10 h, and lag times of ~60 h. (Figure 6¢). This
result suggests that (i) wells with late lag time do not contain
monomeric SOD1 during the entire prelag phase, (ii) amyloido-
genesis is in competition, in the microplate assay, with
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proteins (all data points included). Inset shows a magnification of lag phase. (c) Comparison plots of lag time and inverse propagation rate for all apo-
SOD17"2H proteins (*p < 0.05; **p < 0.01). (d) TEM micrographs and DLS regularization graphs of wells exhibiting exponential aggregating (red
trace) and sigmoidal aggregating (black trace) at the end of the ANS fluorescence assay, that is, ~200 h (traces are for EI00K apo-SOD17%2H),

amorphous aggregation, and (iii) cooperativity between
amorphous and fibrillar aggregation can explain (at least in
part) why some wells form fibril nuclei early, propagate fibrils
quickly, and exhibit high ThT fluorescence (Figure 6a), and why
some wells fibrillize late, propagate slowly, and exhibit low ThT
fluorescence, that is, these wells form, instead, early amorphous
aggregates during the ThT assay (Figure 6c).

Although the TEM analysis of wells that exhibited slow or fast
aggregation showed differences in the abundance of fibrillar
versus amorphous aggregates (Figure 6a,c), we note that the
fibrils that were present in both types of wells generally had
similar fibril diameter (Figure 6d). The average diameter of fibrils
in wells that exhibited fibrillization lag times of ~10 h was 13.14
+ 0.27 nm, whereas wells with lag time of ~60 h contained fibrils
with average diameter of 16.04 + 0.25 nm (Figure 6d).

To measure the kinetics of amorphous aggregation and further
confirm that amorphous aggregation occurs quickly in certain
wells, and more slowly in others, we performed ANS
fluorescence assays on all fully reduced apo-SODI1 proteins
(apo-SOD1°"**H) Previous studies have utilized ANS to detect
and study the formation kinetics of amorphous protein
aggregates both in vitro and in vivo.*”*” ANS has been shown
to specifically bind to amorphous aggregates, however, ANS has
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also been reported to bind to amyloid fibrils but fluoresces
reportedly more weakly than ThT.*” Thus, ANS fluorescence is a
suitable probe for detecting total aggregate formation.

The most striking result of ANS assays was that the
aggregation of SODI in individual wells exhibited divergent,
two-state behavior (Figures 7a,d and S7). For example, a minor
fraction of wells (~22%) exhibited exponential (fast) aggregation
kinetics without a nucleation (lag) phase and with low maximal
ANS fluorescence, whereas the majority of wells exhibited
sigmoidal (slow) aggregation kinetics (Figures 7a,d and S7).
Wells that underwent exponential aggregation plots showed
weaker ANS fluorescence than sigmoidal ones, and larger
aggregates (R ~ 420 nm in exponential versus Ry & 160 nm in
sigmoidal, Figure 7d). We suspect that the weaker fluorescence in
exponential wells compared to sigmoidal is due to light
scattering, that is, ~800 nm wide nonfibrillar particles will
scatter or reflect 444 and 485 nm light more than fibrillar
particles with hydrodynamic diameters of ~320 nm. We analyzed
these divergent wells with TEM to discern their morphology:
wells with exponential kinetics contained amorphous aggregates
without any traces of fibrillar structures (Figure 7d, red trace).
Wells with sigmoidal kinetics contained both amorphous and
fibrillar species (Figure 7d; black trace). This result suggests that
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discrete populations (wells) of SOD1 diverge stochastically
between amorphous and fibrillar pathways. We hypothesize that
isolated populations of SOD1 that exist in vivo , for example, a
population isolated by virtue of being in a particular cell, can
undergo similar stochastic divergence along different pathways of
aggregation.

The sigmoidal aggregation of apo-SOD1 as measured by ANS
fluorescence was generally more reproducible than sigmoidal
fibrillization measured by ThT (Figures 2 and 7). For each
protein, the lag times associated with sigmoidal ANS-positive
aggregation of apo-SOD 1721
lag times associated with ThT-positive aggregation (Tables S2
and S3), with the exception of E100K apo-SOD1°***" which
exhibited the highest number of wells with exponential
aggregation (Figure S7a). The propagation rate of sigmoidal
aggregation was, however, markedly slower (by up to 20 h) when
measured by ANS fluorescence, compared to ThT (Figures 2b,c
and 7b,c), an effect that might be caused by the inhibitory effect
of ANS on protein aggregation, compared to ThT.*®

We point out that none of the ALS mutations that we studied
accelerated ANS-positive aggregate nucleation, compared to the

proteins were within error of the
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WT protein (in the sigmoidal regime, Figure 7b,c). In fact, the
A4V apo-SOD1°*H protein exhibited a longer lag time (by 6.1
+ 2.6 h) compared to WT apo-SODI?***H in ANS assays
(Figure 7b,c and Table S3). Moreover, ALS mutations did not
uniformly accelerate propagation in ANS assays, for example,
E100K and D90A apo-SOD1°7**H aggregated with propagation
rates within the error of WT SODI1. The A4V mutation
decreased the inverse rate of propagation of apo-SOD1°**25H by
6.5 + 2.2 h (Figure 7b,c and Table S3). We also note that ALS
mutations did not accelerate ANS-positive aggregation in the
exponential regime (Table S3). For example, the rate of
exponential aggregate formation of E100K and D90A apo-
SOD1°%28H yyas lower than WT apo-SOD 1°9%28H however, A4V
showed statistically similar rates of exponential aggregation as
WT apo-SOD1°H (Table S3).

The results of ANS and ThT fluorescence suggest that wells
that exhibit exponential, amorphous aggregation, according to
ANS fluorescence, will produce late fibril lag time, slow fibril
propagation, and weak fluorescence in ThT assays. Thus, the
amorphous and fibrillar aggregation of SOD1 appears to occur in
stochastic competition, and whichever process initiates first will
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propagate first and flourish, while diminishing the amount of
SOD1 available for competing pathways of aggregation. The
rapid, exponential aggregation of SODI1 into amorphous
oligomers is reflective of a stochastic shunt, by which the
SODL1 protein can bypass fibrillar pathways of aggregation and
rapidly form large amorphous species (Figure 7d).

Aggregation of Apo-SOD1 (Measured by DLS) Is
Stochastic and Nonuniformly Accelerated by ALS
Mutations. Because ThT fluorescence cannot detect non-
amyloid (e.g.,, amorphous) or protofibrillar oligomers that might
not bind ThT (both of which might be toxic species in ALS?), we
also used DLS to measure the rate of formation of SODI1
aggregates, and to quantify the rate of disappearance of
monomeric apo-SOD1. In these experiments, solutions of WT
and ALS-variant apo-SOD1°25H that were analyzed with DLS
were treated identically to solutions in standard ThT assays (i.e.,
agitated in microplate wells, with Teflon beads, in the presence of
ThT). DLS measurements were carried out on 33 wells for each
ALS variant.

All apo-SOD1°"**H proteins exhibited, according to DLS,
stochastic aggregation kinetics with a large range in individual lag
times of >10 h, in agreement with their fibrillization kinetics
(Figure S8 contains three representative kinetic plots for each
mutant). The approximate lag times of aggregation, interpolated
from plots of average radii (Ry) of all species, versus time, were
only 2 h (Figure 8a), that is, several hours earlier than the mean
lag time of fibrillization in complementary ThT fluorescence
assays (Figure 2). This result suggests that ThT-negative SOD1
oligomers form before mature fibrillar assemblies. The plots of
Ry versus time for D90A and WT apo-SOD17*H were
superimposable (Figure 8a), suggesting identical rates of
aggregation. Extracting exact lag times from plots of Ry versus
time was not possible because mathematical fits of iterate plots
only yielded R* < 0.6. To extract statistically meaningful (and
comparable) kinetic values of aggregation, we plotted the decay
of monomeric apo-SOD1°"**", a5 measured by DLS (Figure
8b).

The decay of monomeric SOD1 was exponential (Figure 8b).
The half-life of monomeric WT apo-SOD1°***" was (according
to DLS) statistically identical to the half-life of D90A (p = 0.21)
and E100K (p = 0.51), but ~30% faster than A4V apo-
SOD1°"*H (p =0.02) (Figure 8b). The decay of each monomer
coincided with the appearance of at least one intermediate
oligomer (Ry; = 10> nm) and an equilibrium oligomer (Ry = 10*
— 10* nm) (Figure 8c). In conclusion, ALS mutations do not
uniformly accelerate the aggregation of apo-SOD1, as measured
by DLS. These results are in contrast to a previous DLS analysis
of apo-SOD1 aggregation by Vassal et al.*’ that reported a
uniform increase in the rates of aggregation of ALS-variant apo-
SODI, relative to WT apo-SODI. In this previous study,"
aggregation rates were calculated from averages of 3—S5 replicates
for each mutant, which might be insufficient (in our opinion) to
accurately express the rate of a process as stochastic as SOD1
aggregation.

Noise and Stochasticity in SOD1 Aggregation. Why is
the aggregation of SOD1 into amorphous or fibrillar aggregates
stochastic? The most obvious explanation for stochasticity—if
there is a singular explanation—is that values of E, are similar for
divergent aggregation pathways that branch from a common,
peri-oligomeric state to mature amorphous and/or fibrillar
oligomers. Such degeneracies in E,, despite morphologically
different end products (with presumably different equilibrium
AG), are not far-fetched when considering that the proto-
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oligomers that precede fibrillization are generally amorphous®’
and might continue propagating amorphous aggregates as easily
as fibrillar ones.

What can noise levels associated with ThT and ANS
fluorescence tell us about SOD1 aggregation? Noise levels
peak during the nucleation phase of fibrillization of all ALS-
variant apo-SOD 13"**H however, noise decreased for WT apo-
SOD132H during the nucleation phase (Figure 9a). Noise
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Figure 9. Noise (variability) associated with SOD1 oligomer nucleation
is increased by ALS mutations. Kinetic plots of oligomer noise (1)
associated with ThT fluorescence amyloid assays (a,b), ANS aggregate
assays (c), and DLS nonamyloid aggregation assays (d) of WT and ALS-
variant apo-SOD1 from Figures 1, 2, 7, and 8, respectively. The shaded
bar in (a—c) represents the range of mean lag time (7) for all proteins,
and dashed lines indicate one standard deviation (6) from mean lag
time. Insets below panels (a—c) show plots of total noise (7gym)
associated with the nucleation of oligomeric apo-SODI. 7, was
quantified via integration of noise plots over the time domain
corresponding to 7 + 16. #g,,, for inset in panel (d) was calculated via
integration of DLS noise plots over the entire experimental time period.

levels also peak during the nucleation of apo-SOD 17> in ANS
and ThT assays (however, the WT protein did not undergo a
decrease in noise during nucleation; Figure 9b,c). Moreover, ALS
mutations uniformly increase the noise associated with oligomer
nucleation (see inset bar graphs in Figure 9), as measured by
ThT and ANS fluorescence. The noise associated with
aggregation of mutant apo-SOD1°"***" a5 measured by DLS,
was not decreased compared to that of the WT protein (Figure
9d). We hypothesize that WT SOD1 nucleation is generally less
noisy than ALS-variant SODI1 nucleation because its energy
landscape of oligomerization contains fewer kinetically bistable
states, that is, fewer pathways of oligomerization with similar E,.

The fact that the nucleation of oligomers composed of ALS-
variant SOD1 is “noisier” than that of WT SOD1 suggests that
the nucleation of an individual population of ALS-variant SOD1
proteins will be less predictable and less reflective of mean
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nucleation rates. An ALS mutation can, for example, increase the
rate of aggregation of a single population of SOD1 proteins—
that is, the discrete isolated population of SOD1 within a single
cell (or here, microplate well)—without increasing the mean rate
of aggregation of the entire population of cells or wells. This
ability to accelerate aggregation by increasing noise can be seen
in Figures la and S2: the fastest replicates of ALS-variant apo-
SOD 132 have shorter lag times than the fastest replicates of
the WT apo-SOD1*"*H, Conversely, the slowest wells to
aggregate among all ALS-variant apo-SODI*™**H data sets
aggregated more slowly than the slowest replicates of WT apo-
SODlsO%ZSH.

Implications of Oligomer Noise and Stochasticity in
Prionlike Aggregation. The results of this study establish
three implications for rationalizing in vitro SOD1 aggregation
data with clinical phenotypes of ALS: (i) attempting to correlate
in vitro lag times and propagation rates with in vivo data (e.g., age
of disease onset, survival time after onset) will require mean
values that are statistically significant (i.e., calculated from >10”
replicates), (i) the “noise” of nucleation and propagation might
be more important in pathogenesis than mean rates of nucleation
and propagation, and (jii) the statistical distribution of iterate lag
times and propagation rates (i.e., log-normal distributions) might
be useful in rationalizing variation in clinical phenotypes
associated with a particular mutation. Regarding point (ii), the
noise associated with aggregation can play a role in prionlike
mechanisms of aggregation. It is reasonable to hypothesize that a
mutation can accelerate the aggregation of SOD1 by increasing
noise, without increasing mean rates of aggregation. In other
words, pathogenesis might be triggered by rapid aggregation in a
minor fraction of motor neurons (i.e., noise), wherein oligomeric
SOD1 from these cells subsequently infects other cells.

Regarding point (jii), the distribution of onset age for 30 ALS
patients with the L144F SODI mutation (the only ALS-SODI
mutation we could find with individual ages of onset for a set of n
> 10 patients) is log—normal (R*> = 0.99, Figure S9). Log—
normal distributions describe the underlying probability
distribution for many stochastic biological phenomena, for
example, the latency period of human diseases and variations in
the age of onset of other neurodegenerative diseases linked to
protein aggregation.51

B CONCLUSION

The SOD1 apo protein proceeds down two divergent, kinetically
similar pathways of aggregation—amyloid and amorphous
aggregation—and these pathways are followed stochastically.
Whichever pathway is initiated first will flourish (in vitro) while
the other pathway will be diminished via removal of soluble
SOD1 by the competing pathway. In other words, some wells will
generate oligomers that are more fibrillar and less amorphous,
while others will generate less fibrillar and more amorphous
oligomers (both types of oligomers are observed in vivo™”). This
conclusion not only explains the perplexing variability in ThT
amyloid assays of SOD1,”** but suggests that an isolated
population of SOD1—for example, in an individual microplate
well, or analogously in a single motor neuron—can stochastically
diverge toward catastrophic oligomerization before populations
of SOD1 in neighboring cells/wells.

ALS-linked mutations can also accelerate or decelerate the
aggregation of individual populations of SOD1 (i.e., an individual
well or cell) without altering mean rates of aggregation of the
entire set of wells (or cells), via increasing the noise associated
with oligomer nucleation and propagation. All ALS mutations
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studied in this paper—including cryptic mutations that have
minimal effects on the biophysical properties of SOD1—did not
uniformly increase the mean rate of nucleation or propagation of
fibrils, but did uniformly increase the noise level associated with
fibrillization, that is, increased the probability that SOD1 will
sometimes self-assemble at rates (and morphologies) that are far
from mean values for the WT protein (Figure 8). The
stochasticity associated with SOD1 oligomerization (in vitro),
and the effects of ALS mutations on oligomer noise provides a
quantitative mechanism for rationalizing the prionlike initiation
of misfolded SOD1 in one neuronal cell and propagation of the
oligomer to other cells in the central nervous system.

In particular, the stochastic nature of SOD1 aggregation
provides a plausible molecular mechanism for McInnes” “one-
hit” model of neurodegeneration in ALS.>>* The “one-hit”
model (analogous to Knudson’s two-hit hypothesis for onco-
genesis54) suggests that neurodegeneration initiates as a result of
a random, catastrophic event inside one cell, followed by
propagation to neighboring cells. The “one hit” model is based
upon the exponential increase in probability of neuronal cell
death with age, in contrast to the cumulative damage model that
predicts linear increments in neuronal cell death. The results of
the current study suggest that a fraction of individual populations
of SOD1—that is, a fraction of motor neurons—have the
intrinsic propensity to undergo rapid, catastrophic self-assembly
into neurotoxic oligomers (with rates and morphologies far from
the mean) while populations in neighboring cells do not produce
a similarly toxic mixture of oligomers, at a similarly rapid rate.
The probability that this rare, catastrophic self-assembly might
occur in a motor neuron might be increased by pathogenic
mutations that increase the noise associated with oligomer
nucleation.

B METHODS

SOD1 Purification, Demetalation, and Biophysical Character-
ization. WT and ALS-variant SOD1 proteins were recombinantly
expressed in S. cerevisiae, purified, and demetalated, as previously
described.”” The absence of metal ions was confirmed with inductively
coupled plasma mass spectrometry (ICP-MS). Protein purity, thermo-
stability, and lack of tryptophan oxidation were confirmed with mass
spectrometry and differential scanning calorimetry, as previously
described.”

Apo-SODI3™»H (~30% disulfide reduction) was prepared by
incubating apo-SOD1%7% in 10 mM TCEP (pH 7.4, 22 °C) with mild
orbital shaking (90 rpm) for 6 h prior to initiation of aggregation assay
with Teflon beads and rapid shaking (360 rpm). Apo-SOD1%%%*sH
(>90% disulfide reduction) was generated by incubating apo-SOD15~5
in 100 mM TCEP (pH 7.4, 22 °C), with orbital shaking (90 rpm), for 6
h. The degree of disulfide reduction was estimated with differential
scanning calorimetry, based upon the T, values for fully oxidized and
fully reduced proteins. The degree of monomerization for WT and ALS-
variant apo-SOD1 proteins was determined with size-exclusion
chromatography using a Zorbax G250 column coupled to a photodiode
array (PDA) detector, as previously described.” Differential scanning
calorimetry was performed with a Microcal LLC VP-DSC at [SOD1] =
2 mg/mL (10 mM KPO,, pH 7.4), as previously described.””
Electrospray ionization mass spectrometry was performed on an LTQ
LX/Orbitrap Discovery ESI-MS (Thermo Scientific) instrument, as
previously described.””

Thioflavin-T (ThT) and 1-Anilino-8-naphthalenesulfonate
(ANS) Fluorescence Aggregation Assays. High-throughput ThT
and ANS aggregation assays were performed in a 96-well microplate, as
previously described.”* See the Supporting Information for details on
replicate assays that were performed on reused Teflon beads and
microplates.
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Dynamic Light Scattering. Dynamic light scattering (DLS)
experiments were performed with a DynaPro Nanostar instrument
(Wyatt Technology, Santa Barbara, CA). The following parameters
were set for all measurements: peak radius low cutoff, 0.5 nm; peak
radius high cutoff, 10* nm; correlation function low cutoff, 1.5 us;
correlation function high cutoff, 6 X 10* us. For each DLS assay, a 10 uL
aliquot of each well was used and results were reported as the average of
10 consecutive autocorrelation functions (acquisition time = S s).
Kinetic DLS assays were carried out on aliquots taken from wells of
microplates. Protein solutions in microplates were prepared and treated
identically as in ThT amyloid assays (i.e., filtered, shaken with rotary
agitation using a Fluoroskan plate reader and Teflon beads) and ThT
was added.

Transmission Electron Microscopy (TEM). Morphology of
resultant aggregates of all apo-SOD1 proteins (fibrillar or amorphous)
after ThT/ANS and DLS assays was determined with a JEOL 1230 high
contrast transmission electron microscope operating at 80 kV, as
described elsewhere.”
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