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A hyperthermophilic protein G variant engineered via directed
evolution prevents the formation of toxic SOD1 oligomers
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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized
2 by selective death of motor neurons in the brainstem, motor cortex, and spinal cord,
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leading to muscle atrophy and eventually to death. It is currently held that various
oligomerization-inducing mutations in superoxide dismutase 1 (SOD1), an amyloid-
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Correspondence in developing inhibitors to SOD1 mutants. By screening a focused mutagenesis library,
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mutated randomly in specific “stability patch” positions of the B1 domain of protein G
(HTB1), we previously identified low affinity inhibitors of aggregation of SOD1gg3a
and SOD1gg5r mutants. Herein, with the aim to generate a more potent inhibitor with
higher affinity to SOD1 mutants, we employed an unbiased, random mutagenesis

approach covering the entire sequence space of HTB1 to optimize as yet undefined
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positions for improved interactions with SOD1. Using affinity maturation screens in
yeast, we identified a variant, which we designated HTB1y3, that bound strongly to
SOD1 misfolded mutants but not to wild-type SOD1. In-vitro aggregation assays indi-
cated that in the presence of HTB1y3 misfolded SOD1 assembled into oligomeric spe-
cies that were not toxic to NSC-34 neuronal cells. In addition, when NSC-34 cells were
exposed to misfolded SOD1 mutants, either soluble or preaggregated, in the presence
of HTB13, this inhibitor prevented the prion-like propagation of SOD1 from one neu-

ronal cell to another by blocking the penetration of SOD1 into the neuronal cells.
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1 | INTRODUCTION and familial ALS (fALS),%? where fALS comprises 10% of all ALS

cases. Mutations in the Cu/Zn-superoxide dismutase (SOD1) gene are

Neurodegenerative diseases are incurable diseases that are characterized
by the formation of amyloid aggregates and the gradual death of
neurons. One such disease is amyotrophic lateral sclerosis (ALS), a
fatal disorder characterized by the selective death of motor neurons
in the brainstem, motor cortex, and spinal cord, leading to muscle
atrophy and death. Disease progression has been linked to protein

inclusions in the motor neurons of patients with ALS—both sporadic

implicated in 20% of fALS cases and 5% sporadic cases'?; these muta-
tions destabilize the native protein and lead to its aggregation and
accumulation into inclusions, indicating a strong connection between
disease progression and SOD1 misfolding and aggregation.®>™ Evi-
dence for the role of SOD1 in the development of ALS was drawn
from studies in mice showing that symptoms similar to those found in

ALS patients were produced by overexpression of SOD1 mutants
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(SOD1y) or even by overexpression of SOD1wt® These studies
showed that high levels of misfolded SOD1 and SOD1 aggregates
were present in motor neurons of transgenic mice expressing either
SOD1y, or SOD1wr®

The aggregation pathway of SOD1 (both wild type and mutant) is
initiated by the loss of single copper and zinc ions located on each of
the two subunits of the homodimeric SOD1 molecule. This step is
followed by protein misfolding and the formation of different SOD1
oligomers, some of which evolve into mature amyloid fibrils, finally
producing a heterogeneous mix of prefibrillar oligomers and mature
amyloid fibrils. Although the aggregation of SOD1 is a hallmark of
ALS, it is unclear whether misfolded monomeric SOD1, misfolded olig-
omers on the fibrillization pathway (on-pathway oligomers), misfolded
off-pathway oligomers, or fully formed misfolded amyloid fibrils are
responsible for the toxic effect of SOD1 in ALS.”"1©

Another hallmark property of SOD1 (and indeed of amyloid-
forming proteins in general) is its potential to exhibit a prion-like
behavior, which contributes to its high toxicity and in the case of
misfolded SOD1 correlates with the fast progression of the disease.'*
Both misfolded SOD1y and SOD1w+ exhibit prion-like behavior,
propagating spatiotemporally from single or multiple focal points, con-
sisting of one or more neurons, through the brain stem, motor cortex,
and spinal cord.’>¢ For the prion-like spread of SOD1 from cell
to cell to take place, misfolded SOD1 must first be excreted by the
cells into the extracellular space, and extracellular SOD1 has indeed
been detected in the cerebrospinal fluid (CSF) of both sporadic ALS
and fALS patients.)” Similarly, it has been shown that SOD1 is
secreted by cultured neuronal cells expressing the mutant or wild-type
form of the protein.*®' Subsequent uptake of misfolded SOD1 by
neighboring neurons has been shown to be highly efficient, taking place
via the macropinocytosis endocytic pathway,?° and once inside the
cells, misfolded SOD1 seeds misfolding and aggregation of endogenous
SOD1 in the infected neurons, eventually resulting in apoptosis. These
findings suggest that the spread of misfolded SOD1 from neuron to
neuron is indirect, taking place via secretion of the misfolded SOD1
into the CSF and its subsequent uptake by naive neurons.

The above observations are enabling the design of new strate-
gies to treat fALS and sporadic ALS?Y?2; among them are approaches
to target both intracellular and extracellular misfolded SOD1 and
thereby to prevent SOD1 aggregation and toxicity. For example,
active immunization with the SOD1 exposed dimer interface (SEDI)
antigenic peptide delayed disease onset and extended survival in
two mouse models of ALS, one overexpressing SOD1g374 and the
other overexpressing SOD1goza 2® Similarly, intracerebroventricular
infusion of monoclonal antibodies that target misfolded forms of
extracellular SOD1 extended the survival of SOD1g93a transgenic
mice.?? In yet another study, adeno-associated virus serotype
9 (AAV9) encoding an shRNA-mediated suppression of SOD1g93a
expression reduced the levels of mutant SOD1 in the spinal cords of
SOD1go3a transgenic mice and extended their survival.>* Nonethe-
less, these approaches and others, although potentially promising,
were either unable to significantly delay the rapid progression of the

disease or failed at clinical trials.2>2%

Our approach to targeting misfolded SOD1 and preventing its
neuron internalization and aggregation into toxic species rests on
exploiting an inhibitor based on the hyperthermophilic variant of the
B1 domain of protein G (HTB1) as a protein scaffold, since HTB1 has
previously been shown to have the potential for producing variants
that bind amyloids, albeit with low affinity.2” Based on this approach,
our group previously developed an inhibitor that we designated
HTB1ym, which was evolved by screening a focused mutagenesis
library, mutated in “stability patch” positions.?® HTB1y was shown to
inhibit the aggregation of the two structurally and functionally dissimi-
lar fALS-linked SOD1 mutants SOD1g93a and SOD1ggsr, but with
low affinity.?® We now think it likely that the low affinity of HTB1y
for SOD1 derived from the assumption that the binding site of HTB1
to SOD1 would be found in the selected stability patches. In keeping
with this notion, we posit that HTB1y\, binds to SOD1 via residues
that were not chosen for mutation in our previous study and that the
HTB1y-based inhibitor can therefore be further optimized. Thus, as
we report here, to generate a more potent inhibitor with higher affin-
ity to SOD1 mutants, we employed a random mutagenesis approach
to mutate all the residues of the protein (including residues that had
not been mutated in the previous study). Using affinity maturation
screens in yeast, we identified HTB1y3, which bound to SOD1
mutants G85R and G93A with high affinity and specificity and
inhibited their aggregation in vitro (but did not bind to SOD1y7). We
also found that addition of HTB15 to the culture medium of NSC-34
neuronal cells conferred a dual protective action: it caused misfolded
SOD1 to organize into prefibrillar oligomers in such a way that they
were not toxic to the cells, and it prevented misfolded or aggregated
SOD1 from penetrating inside the neuronal cells in a prion-like

manner.

2 | MATERIALS AND METHODS

2.1 | SOD1 aggregation and inhibition of aggregation
by HTB1M3

SOD1 mutants (SOD1gg3a and SOD1ggsr) were incubated under
aggregation-inducing conditions (37 °C, 600 RPM orbital shaking) at
50 uM in 200 pL of 20 mM Na*/phosphate buffer, pH 7.4, 100 mM
NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP) and 1 mM ethylene-
diaminetetraacetic acid (EDTA) for 96 hours in 1.5-mL Eppendorf
tubes. Prior to incubation, all samples were filtered through 0.22-pm
pore size hydrophilic PVDF membrane filters (Millipore, Burlington,
Massachusetts) to remove aggregates. HTB1y3 was prepared sepa-
rately in the same buffer, and added to the samples in final concen-
trations of 1 to 25 pM. Every 24 hours, 20 pL of the resulting SOD1
solution was taken out and stored at 4 °C until the end of the experi-
ment. After 96 hours, 180 uL of thioflavin T (ThT) solution con-
taining 50 yM ThT, 50 mM Na*/phosphate buffer, pH 7.4, and
100 mM NaCl in deionized water was added to the 20-pL aliquots of
the SOD1 solution samples, and after 30 minutes of incubation at
room temperature, ThT fluorescence was measured at an excitation

wavelength of 445 nm and an emission wavelength at 485 nm by
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using an Infinite M1000 (Tecan, Mannedorf, Switzerland) plate reader.
All experiments where performed in triplicate, and statistical analyses
were performed using ANOVA and Dunnett's post-test.

2.2 | Cell cultures and viability assays

NSC-34 cells were cultured in DMEM complete medium comprising
Dulbecco's modified eagle medium (DMEM) high glucose, with 10%
fetal bovine serum (FBS), 1% Pen Strep solution and 1% L-glutamine.
The cells were maintained in T-75 cell culture flasks and subcultured
every 2 to 3 days at a confluency of ~100%, keeping 1/4 to 1/8 of
the cells and discarding the rest. To detach the cells from the flask,
3 mL of trypsin-EDTA solution B was used. To determine cell viability,
an XTT-based cell viability assay was used according to the manufac-
turer's protocol (Biological Industries, Beit-Haemek, Israel).

2.3 | SOD1¢o3a cell penetration assays

SOD1gg3a Was conjugated to Alexafluor-647 by NHS-ester chemistry.
Briefly, AlexaFluor-647, 100 pg, was suspended in 10 pL of DMF, and
the suspension was added to 1 mg of SOD1¢o3a in Na*/phosphate
buffer, pH 7.6, and 100 mM NaCl. After incubating the reaction mix-
ture for 40 minutes at room temperature, the conjugated protein was
eluted on a PD-10 desalting column (GE Healthcare, Chicago, lllinois),
and the eluate was collected in 0.5-mL fractions. Fractions containing
high concentrations of protein, measured with a NanoDrop spectro-
photometer, were combined and concentrated in a Vivaspin 5 kDa
cutoff (0.5 mL tubes; GE Healthcare) to a final concentration of
150 pM. Fluorescently labeled proteins were aliquoted and stored at
—20 °C until use. Purified HTB1p3 was conjugated to Dylight-488 by
applying a similar protocol, but with 50 pg of Dylight-488 and 0.5 mg
of HTB1pm3, and concentrated in a Vivaspin 3 kDa cutoff (0.5 mL
tubes; GE Healthcare) to a final concentration of 55 uM.

After conjugation, SOD1g93a Was allowed to aggregate under
aggregation-inducing conditions identical to those in the aggregation
experiments described above. After 48 hours of aggregation, protein
samples were dialyzed overnight in PBS at 4 °C to remove TCEP and
EDTA prior to addition to the NSC-34 cells. To test for SOD1g93a
penetration, 1 x 10* NSC-34 cells were plated in each well of a
96-well flat-bottom cell culture plate. After 4 hours, the culture
medium was replaced with DMEM complete medium containing
0.5 pM SOD1gg3p in either aggregated (48 hours, 37 °C, 600 RPM
orbital shaking) or nonaggregated form. Before the medium was
changed, HTB1y3 was added to the medium containing SOD1g93a.
After 16 hours, the medium was aspirated, cells were trypsinized
with trypsin-EDTA solution B and transferred to a U-bottom 96-well
plate for washing. Cells were washed three times with 200 uL of
PBS by pelleting the cells at 150 g for 5 minutes and gently flipping
the plate to remove supernatant. After three washes, cells were
resuspended in 100 pL of PBS and analyzed by FACS (Accuri C6 flow
cytometer, BD Biosciences, San Jose, California) for geometric mean
fluorescence. Triplicates of each sample were used for statistical

analysis. For microscopy experiments, NSC-34 cells were plated at

2 x 10% cells per well in a p-Slide 8-well (Ibidi, Martinsried, Germany)
and treated with SOD1g93a and HTB1y3 in the same manner as
above. Instead of removing the cells from the plate, they were
washed three times with PBS while adhering to the plate and imaged
after adding 1 pg/mL of Hoechst dye. Representative results from

experiments conducted in triplicate are presented below.

2.4 | Reagents

All enzymes and enzyme buffers were obtained from New England
Biolabs (Ipswich, Massachusetts). Oligonucleotides were purchased
from Integrated DNA Technologies (San Jose, California). Saccharomy-
ces cerevisiae EBY100 strain and the yeast surface display (YSD) plas-
mid (pCTCON) were kind gifts from the laboratory of Dane Wittrup
(MIT, Cambridge, Massachusetts). All media and their components for
bacteria and yeast growth were purchased from Sigma (St. Louis,
Missouri), as was ThT. Chicken anti-c-Myc antibody (ab19233) was
purchased from Abcam (Cambridge, United Kingdom), and goat anti
chicken IgY (sc3730) was purchased from Santa Cruz Biotechnology
(Dallas, Texas). FITC-conjugated NeutrAvidin was purchased from
Invitrogen (Carlsbad, California). The NSC-34 cell line was a gener-
ous gift from Dr. Adrian Israelson, Ben-Gurion University of the
Negev, Beer-Sheva, Israel. All media and medium additives for NSC-
34 cell cultures were purchased from Biological Industries (Kibbutz
Beit-Haemek, Israel). AlexaFluor-647 and Dylight-488 NHS-esters
were purchased from Thermo Fischer Scientific (Waltham, Massa-
chusetts). A11 polyclonal antibody (AHB0OO052) was obtained from
Thermo Fisher Scientific.

3 | RESULTS

3.1 | HTB1\ mutagenesis and screening for binding
to SOD1693A and SOD1635R

In our previous study, we used a combination of computational/
semi-rational (mapping protein surfaces predisposed to HTB1 inter-
molecular interactions) and combinatorial (library screening by yeast
surface display) approaches to engineer a novel protein, HTB1y, that
specifically binds misfolded SOD1g93a and SOD1ggsgr and inhibits
the formation of cytotoxic SOD1 aggregates both intracellularly and
extracellularly.® The current study builds on that work but addresses
one of its inherent limitations, namely, that the semi-rational
approach, by its very nature, ignores amino acid positions not chosen
for mutation. However, these positions may include mutations that
can affect binding affinity, either through direct contacts, which in
the absence of structural information are difficult to predict, or
through allosteric effects.?? The other shortcomings that we address
here are: the low affinity of HTB1y, for SOD1g93a and SOD1ggsg, the
lack of studies on the ability of HTB1y to prevent the transfer of
misfolded SOD1 from cell to cell, and the lack of characterization of
the SOD1 oligomeric species formed in the presence of HTB1p. In
the current study, we used a random mutagenesis approach, which

does not impose any bias in terms of residues or amino acid
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composition. To further reduce any undesirable bias, we first
constructed two individual libraries, each by using a different method
of mutagenesis, and then sorted the two libraries independently
against both SOD1g93a and SOD1ggsr by repeatedly reducing the
SOD1 concentration and collecting only the variants showing high
binding affinity relative to their expression on the vyeast cells
(Figures S1 and S2). In addition, the individual variants isolated from
the sorted libraries were tested independently for binding to
SOD1g93a and SOD1¢gsr (Figure 1A). This selection process yielded
HTB1m4, which had the strongest binding affinity (normalized to
expression) found to date to both targets (Figure 1A-C). Thereafter,
we monitored the enrichment of the frequency of specific clones by
individually sequencing all libraries after sorting against both SOD1ggsr
and SOD193p, Yielding HTB1y3, which showed the highest frequency
in the high-affinity sorting gate (Figure 1B). A more comprehensive
description of the mutagenesis and screening process is given in
Supporting Information. The two selected HTB1 variants were
expressed in Escherichia coli BL21 and purified by affinity chroma-
tography (Figure S3; the full purification process is described in
Supporting Information). During the refolding process of the purified
protein variants, HTB1y4 precipitated in each of the sequential
buffer changing and concentration steps. It appears that the protein
tends to self-aggregate at high concentrations when folded and
therefore is not as good a candidate for a therapeutic as HTB1pm3,
which did not precipitate. Therefore, we chose to move forward to
the activity and cell assays with HTB1y3 alone.

(A)  HTBlys

FIGURE 1 (A) FACS analysis of 300+
binding affinity of isolated HTB1 clones
from sorted libraries. Individual HTB1
clones were isolated from the sorted
libraries, stained with anti-cMyc antibody
to test for expression, and incubated with
biotinylated SOD1ggsgr or SOD1gg3a to
test for binding to each of the two SOD1
mutants (each mutant was used at two
different concentrations). Each of the
four segments in each bar represent the
mean fluorescence detected for each
clone normalized to the maximum
fluorescence. The bar graph represents
the binding affinity of the different HTB1
clones to 100 nM (blue) or 400 nM (red)
SOD1ggsr or 50 nM (green) or 100 nM
(purple) SOD1gg3a. The HTB1 clones
selected for purification, namely, HTB1y3
and HTB1pg4, are indicated with brown
rectangles. (B,C) PDB structures of HTB1
showing (in brown) the mutation
positions that were previously used to
generate HTB1y, from HTB1yt and

(in red using a stick representation) the
positions of newly introduced mutations
in HTB1pm3 (B) and HTB1p4 (C)

Normalized Affinity
(Mean Fluorescent signal)

Surface plasmon resonance (SPR) was used to determine the
binding affinity of purified HTB1y3 to the SOD1 mutants. Binding
constants were calculated as Kp = 305 + 55 nM for SOD1g934 and
Kp = 912 + 109 nM for SOD1¢gsgr, and as expected, no binding was
detected for SOD1w (Figure S4).

3.2 | HTB1y3 inhibits the aggregation of SOD1gg3a
and SOD1G35R

ThT fluorescence was used to monitor SOD1g9o3a and SOD1ggsr
amyloid aggregates in vitro. To test for inhibition of aggregation by
HTB1ms, the SOD1 mutants were incubated for 96 hours under
aggregation-inducing conditions, in the presence or absence of
HTB1m3, and ThT fluorescence was followed. In the presence of
HTB1ms, the aggregation of the SOD1 mutants was inhibited in a
manner that was dependent on the molar ratio of HTB1y3 to SOD1
mutant. Inhibition of aggregation was observed with molar ratios as
low as 1:50 of HTB1\3:50D1g93a, and complete prevention of the
formation of ThT-positive SOD1 aggregates was observed at molar
ratios as low as 1:10 of HTB1p3:SOD1ggsr and 1:5 of HTB1ua:
SOD1gg3a (Figure 2A,B). Kinetic studies of SOD1g93a aggregation
showed that even when aggregation was not prevented completely,
the lag time to the onset of aggregation was extended considerably in
the presence of HTB1y3, indicating that HTB1y3 slowed the seeding
process that takes place before the actual formation of ThT-positive
fibrils (Figure 2B). Transmission electron microscopy (TEM) was used

SOD1%%A 100 nM
SOD1C%A 50 nM
SOD1%8R 400 nM
SOD1¢8R 100 nM
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to verify the existence of SOD1ggsr amyloid-like fibrils in untreated
samples and the absence of amyloid fibrils in samples treated with
HTB1pms3. In the presence of HTB1y3, amorphous protein aggregates
were observed, but the structured fibrils that are characteristic of
amyloid aggregation were not found (Figure 2C). These findings are
consistent with the ThT results showing that HTB1y3 inhibited the
formation of fully formed, filamentous fibrils. They also show that
SOD1 did not remain in a dimeric (or monomeric) form in the pres-
ence of HTB1p3, but instead formed amorphous unstructured aggre-

gates (which are not ThT responsive).

3.3 | SOD1 forms non-ThT responsive oligomers
when treated with HTB1\3

To better define the oligomeric species that are formed upon treatment
of SOD1 with HTB1y3, we used the anti-amyloid oligomers (A11)
antibody, which has been shown to recognize amyloid prefibrillar oligo-
mer species but not mature amyloid fibrils or monomers.*%-32 The for-
mation of oligomers of SOD1g93a Was followed for 96 hours under
aggregation-inducing conditions (Figure 3). As expected, in the absence
of HTB1pm3, SOD1g93a first exhibited a seeding phase, lasting 24 to
48 hours, in which the signal from A11 increased as the protein assem-
bled into oligomers (Figure 3). As is evident from the ThT experiment
described above, the seeding phase of SOD1g93a is completed after
48 hours, and the oligomers then assemble into fully formed amyloid
fibrils. Accordingly, after 48 hours the signal from A11 antibody dis-
appeared completely. In the presence of HTB1wu3, the initial oligomeri-

zation process of SOD1g93a Was not affected, as was indicated by a

FIGURE 2 HTBlMg inhibits SOD].Ggf,R
and SOD1G93A aggregation. SOD].GgsR

(A) and SOD1g93a (B) were incubated under
aggregation-inducing conditions for 4 days in
the absence or presence of different
concentrations of HTB1y3. Aggregation was
quantified by monitoring ThT fluorescence
either continuously (B) or by end-point
measurements (A) using excitation at 445 nm
and emission at 485 nm; these results were
normalized to the maximum fluorescence
detected in each experiment. All
experimentally acquired values for A and B
are averages of at least three repetitions,
with the bars in panel A representing

SD. Dunnett's test was used for statistical
analysis in panel A to compare each
experiment to the untreated control for the
same time point. ns—not significant,

#kkPp < 001 and *P < .05. (C) TEM was used
to confirm the presence of fibrillar amyloid
aggregates in samples of untreated SOD1ggsg
(top) and SOD1ggsg treated with 25 uM
HTB13 (bottom), in which fibrillar amyloid
aggregates were absent but amorphous
protein aggregates were detected. SOD1
concentration in all samples was 50 pM [Color
figure can be viewed at wileyonlinelibrary.com]

strong signal from the A11 antibody after 24 and 48 hours, similarly to
the sample without HTB1y3. However, in the presence of 20 pM or
50 uM HTB1p3, SOD1go3a fibrillization was delayed to 72 hours and
96 hours, respectively, and prefibrillar oligomers were detected by A11
antibody throughout the entire 96-hours period of the experiment.
Therefore, the presence of HTB1y3 (although not affecting the initial
oligomerization phase of SOD1 aggregation) delayed the elongation
phase in which the oligomers form mature fibrils. Samples of HTB1y5
alone, without SOD1g93a, showed a negligible reaction with A11 anti-
body, indicating that the presence of HTB1y3 does not affect the A11
signal directly (Figure 3, bottom). These results correlate well with the
ThT and TEM results showing that HTB1y3 inhibits the formation of
mature amyloid fibrils but encourages the formation of A11-responsive

SOD1 prefibrillar oligomers.

3.4 | SOD1 oligomers formed in the presence of
HTB1\5 are nontoxic to NSC-34 cells

Inhibition of SOD1s934 aggregation and the formation of oligomers in
the presence of HTB1y3 (indicated by the ThT, TEM, and A11 anti-
body dot blots) gives rise to the question of whether HTB1y3 can pre-
vent the toxicity exhibited by misfolded SOD1 aggregates, not only in
the fibrillar form, but also in certain oligomeric forms that are toxic to
neurons. The ThT and TEM results (described above, Figure 2)
showed that HTB1y3 directs SOD1 mutants to an oligomerization
pathway that leads to the formation of SOD1 oligomers but not to
the formation of mature fibrils. We therefore used the NSC-34 motor

neuron-like cell line to test the effect of the aggregate-forming
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SOD1 454 HTB1 5
+ -
+ |20 pM
+ |50 uM
- |20 uM
- |50 pM

FIGURE 3 SOD1g9y3a oligomers formed in the presence of
HTB1pm3 do not reassemble into mature amyloid fibrils. Samples taken
from aggregation reactions of SOD1g93a Were dot-blotted using A11
antibody, which recognizes amyloid prefibrillar oligomer species but
not mature amyloid fibrils or monomers. From top to bottom:
untreated SOD 1934, With no signal apparent after 72 and 96 hours;
SOD1gg3a aggregated in the presence of 20 pM HTB1p3; SOD1go3a
aggregated in the presence of 50 pM HTB1u3; 20 pM HTB1p3; and
50 pM HTB1pmsz. In this experiment, SOD 1934 Was used at a
concentration of 6 M monomer-equivalent. Dot blots were
conducted in triplicate, and a representative blot is shown for each
experimental condition. For each experiment, 2 pL from each
aggregation sample were used for the blotting. Different time points
represent samples taken from the same tube, in which SOD1 was
allowed to continuously aggregate for 96 hours at 37°C with

600 RPM orbital shaking

SOD1ggsg and SOD 15934 0N cell viability, in the presence or absence
of HTB1u3, that is, to determine whether the mutant SOD1 oligomers
were toxic or nontoxic. To this end, SOD1gg3a or SOD1ggsr aggre-
gates were prepared by incubating the mutant proteins for 48 hours
under the same aggregation-inducing conditions as were used for the
ThT and A11 antibody experiments described above. Prior to expo-
sure to the NSC-34 cells, the aggregates were dialyzed in PBS over-
night to remove the TCEP and EDTA used in aggregation, since these
compounds are toxic to the cells. As expected, treating the cells with
6 UM monomer-equivalent of SOD1gg3a or SOD1ggsr for 16 hours
led to a reduction of 15% and 10% in cell viability, respectively. While
an additional small reduction in viability was obtained upon exposing
the cells to SOD1 mutants that had aggregated in the presence of
1 pM HTB1pm3, cell viability was not impaired when the neuronal cells
were treated with SOD1g934 or SOD1sgsr aggregates that had been
exposed to 5 pM or 10 uM HTB1y3 (Figure 4A,B). Thus, to assess
whether HTB1y3 protects cells from toxicity by directly preventing
aggregation, as was indicated by the ThT experiments, or by neutraliz-
ing the toxicity of aggregates, we measured the ThT fluorescence signal
of SOD1 aggregates prior to exposure to the cells. We found a high
correlation (ie, R = —0.9570 * 0.0354) between the ThT signal of sam-
ples and the viability of the cells exposed to those samples, indicating

that HTB1y3 prevents toxicity by modulating/altering the aggregation

pathway and not by affecting the interaction of preformed aggregates
with the cells upon exposure of the cell cultures to the aggregates
(Figure 4C).

3.5 | Extracellular HTB1y3 prevents SOD1¢gg3a
penetration into neuronal cells

The prion-like nature of misfolded SOD1 allows it to propagate from
cell to cell and seed aggregation in infected cells, thereby spreading
the toxic species of SOD1 in the central nervous system. An impor-
tant component of this process is the internalization of extracellular
misfolded SOD1 into neurons—a highly efficient process that takes
place when neurons are exposed to misfolded SOD1, SOD1 oligomers
or SOD1 mature amyloid fibrils. To assess the effect of HTB1y3 on
the internalization process of SOD1, we used fluorescently labeled
SOD1g93a—either aggregated in-vitro prior to exposure to the cells or in
the native nonaggregated form. When incubated with the cells for
16 hours in the absence of HTB1y3, both aggregated and nonaggregated
SOD1gg3a penetrated into NSC-34 cells with high efficiency. In the pres-
ence of HTB1p3, the amount of SOD1 that penetrated the cells was
markedly reduced in an HTB1ys-dose-dependent manner (Figure 5A).
The results of FACS analysis of the cells were verified by confocal
microscopy, using both fluorescently labeled SOD1g934 and fluores-
cently labeled HTB1p3. Cells incubated with 0.5 pM SOD1goz, in the
presence of 0.64 uM HTB13 internalized a far smaller amount of SOD1
aggregates (Figure 5C) than cells incubated with SOD1 alone (Figure 5B).
These findings show that HTB1y3 counters SOD1g93a toxicity both by
preventing the formation of extracellular toxic SOD1 oligomers and
fibrils and also by preventing the penetration of preformed toxic species

into neurons.

4 | DISCUSSION AND CONCLUSION

Mutations in the SOD1 gene, such as G85R and G93A, that render the
protein prone to misfolding and aggregation are the second most
prevalent cause of fALS, being found in 20% of fALS cases.>3® The
mechanism by which SOD 15934 and SOD1ggsr exert their toxic effect
is still unknown, but a clear association has been shown between
misfolding and aggregation of SOD1g934 and SOD1gsr and neuronal
dysfunction and death in ALS.**%7 Some therapeutic approaches to
prevent or attenuate ALS progression have therefore centered on
interfering with this misfolding and aggregation of SOD1 mutants,
and numerous small molecules, peptide mimetics and antibodies that
target misfolded SOD1 and inhibit its aggregation have been devel-
oped. These include: various small molecules that were predicted
to bind at the SOD1 dimer interface and thereby to inhibit
SOD1ggsr and SOD1goza aggregation®®; macrophage migration
inhibitory factor, which has been shown to inhibit misfolding and

3%, and the small heat-

aggregation of SOD1g93a and SOD1ggsr
shock proteins aB-crystallin and Hsp27, which suppress SOD1g93a
aggregation.*® Nevertheless, despite intensive research, there is

still no drug targeting SOD1 or the SOD1 aggregation process that



744 WI | EY_BROIEINS

DAGAN ET AL

(A) SOD1gg3a Aggregates (B) SOD1ggsr Aggregates
117 111
§, 1.01 I g, 1.0 T
55 091 55 097
53 S
5N 0.8 5N 0.8
S 0.7+ S 0741
Z 06 2 0%
0.0 0.0
SOD1gg3a Aggregates - + + + + SOD1ggsr Aggregates - + + + +
HTB1y3 - - 1uM 5uM 10 uM HTB1y3 - - 1uyM  5uM 10 uM
(&)
1.1 1
= R =-0.9570 + 0.0354
5101 o p=0.0002
>'?
= ¢
3 E 0.9 4
R ]
S
= N 08- .
OFs *
z °
5 0.7
Z
0.6 T T T 1
0 100 200 300 400

SOD1 Aggregation
(ThT fluorescence signal)

FIGURE 4 HTB1y3 reduces neurotoxicity of SOD1 aggregates in NSC-34 cell culture. The viability of NSC-34 cell cultures was determined
after exposure of the cells to 6 pM monomer-equivalent of SOD1 that had been allowed to aggregate in the presence or absence of HTB1p3. Cell
cultures were exposed to the aggregates overnight, after dialysis of the aggregates to remove residual TCEP and EDTA from the solution. Cell
viability from three independent experiments is presented for (A) SOD1g934 and (B) SOD1gsr normalized to the untreated sample. (C) A plot of
the correlation between the ThT signal for SOD1 aggregation levels with the toxicity of the aggregates to the cells. Data was pooled from all
toxicity experiments, including for both SOD 15934 and SOD1ggsg aggregates and various concentrations of HTB1y3. The Pearson correlation
with 95% confidence intervals is R = —0.9570 + 0.0354, with a two-tailed P-value of .0002

has been sufficiently successful in clinical trials to be approved by
the FDA. Furthermore, recent evidence suggests that preventing
the formation of amyloid fibrils alone may not have a beneficial
therapeutic effect and may even have the opposite effect of
increasing the concentration of SOD1 toxic oligomeric species by
preventing the formation of the less toxic mature fibrils.**

One of the factors impeding progress in the development of ther-
apeutics targeting ALS is the lack of reliable biophysical methods to
detect toxic SOD1 species. ThT fluorescence is still the most widely
used method to detect SOD1 aggregation, but this method cannot
distinguish toxic from nontoxic SOD1 aggregates. Furthermore, while
certain oligomeric species, such as the SOD1 trimer have been shown
to be toxic in vitro,*? the methods used for detection of these oligo-
meric species are not suitable for in-vivo studies, precluding the direct
detection of these oligomeric species in vivo. A variety of antibodies,
among them the A11 oligomer-specific antibody, have been suggested
as universal antibodies for detecting toxic amyloid species,***2 but
these antibodies do not always reliably distinguish between toxic and
nontoxic forms.*® Indeed, we showed here that while A11 recognized
SOD1 oligomers but not SOD1 monomers or mature fibrils, it was

unable to distinguish between the nontoxic and toxic SOD1ggsa

oligomeric species that were formed in the presence or absence of
HTB1p3 (Figures 3 and 4). In addition, the findings of our experiments
with this antibody did not enable us to establish a correlation between
toxicity and aggregation.

In light of the above, a potentially applicable innovative finding of
this study was the strong correlation between ThT responsiveness and
the toxicity of SOD1 aggregating in the presence of HTBlys. We
therefore propose that ThT responsiveness can be used as an indicator
of toxicity in certain cases, such as when SOD1 is treated with
HTB1m3, even though ThT is generally considered not responsive to
oligomers and therefore unable to directly detect toxic species. Our
findings show that HTB1ys3 inhibits the formation of ThT-positive
mature amyloid fibrils by extending the lag time of their formation
kinetics and by reducing the end-stage ThT signal, which correlates
with the amount of mature amyloid fibrils (Figure 2). Both TEM
(Figure 2C) and A11 antibody dot blot (Figure 3) results reveal that
HTB1m3 does not prevent the formation of oligomers, but instead
encourages the formation of oligomers that do not reorganize into
mature amyloid fibrils (off-pathway oligomers). Most importantly, we
show here for the first time that the oligomers formed in the presence
of HTB1y3 are not toxic to the NSC-34 neuronal cell line (Figure 4A,B)
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FIGURE 5 HTB1py3 blocks the penetration of SOD1g934 into NSC-34 cells. AlexaFluor-647 conjugated SOD1g934 (0.05 uM) was added to
the NSC-34 cell culture medium in the presence or absence of HTB1y3. After 16 hours, cells were treated with trypsin and washed three times
with PBS prior to measuring fluorescence by FACS. Each sample (containing 15 000 cells) was analyzed, and geometric mean fluorescence was
calculated and plotted. (A) Left-hand and right-hand panels show mean fluorescence for SOD193a preaggregated for 48 hours under
aggregation-inducing conditions and native SOD 15934, Without preaggregation, respectively. Statistical analysis of three experiments was
performed using Bonferroni's multiple comparison test. **** indicates P < .0001. (B,C) Confocal images of untreated cells (B) and cells treated
with 0.64 uM HTB1p3 (C), both in the presence of 0.5 pM SOD1gg3a. Red, green, and blue indicate SOD 1934 labeled with Alexafluor-647,
HTB1pms3 labeled with Dylight-488, and nuclei stained with Hoechst nucleus stain, respectively. Cells were washed with cell culture medium to
remove extracellular proteins and immediately imaged using a x63 magnification lens. All results represent pooled data from at least three
independent experiments [Color figure can be viewed at wileyonlinelibrary.com]

and that there is a strong correlation between the ThT signal, an indicator
of mature amyloid fibrils and of the toxicity of the SOD1 species formed
in the presence of HTB1ys (Figure 4C). Such a correlation was not
observed in the absence of HTB1lys where SOD1 aggregates to fully
formed ThT-positive fibrils, and therefore in this case the easy-to-perform
ThT assay cannot be used as a measure of toxicity.***® Therefore,
we conclude that monitoring ThT fluorescence provides a simple and
reliable way to monitor the inhibition of SOD1 toxicity by HTB1ys3
and propose that this simple assay can be applied in the future to
monitoring yet-to-be-developed inhibitors.

A different aspect of our work relates to the spatiotemporal pro-
gression of ALS, with neuronal damage being first manifested at focal
points, but quickly spreading throughout the brain stem, motor cortex,
and spinal cord. This spread of neuronal damage has been linked to
misfolded SOD1 acting in a prion-like manner, namely, SOD1 secreted
by inflicted cells infects neighboring neurons and seeds SOD1 mis-
folding and aggregation in naive neuronal cells.}**32%4 For example,
the in-vitro study of Munch et al showed that once misfolded SOD1

penetrates neurons, it seeds the misfolding and aggregation of SOD1

inside the infected neurons and is also secreted back into the medium
to infect more neurons.2® The presence of misfolded SOD1 in the CSF
of both sporadic ALS and fALS patients implies that this prion-like
process could be an important factor in the spread of the disease
throughout the central nervous system and that targeting this
process could delay or even completely halt the progression of the
disease. In accordance with these findings, we found that both the
aggregated and native-misfolded forms of SOD1 penetrate NSC-34
cells with very high efficiency. Importantly, we showed for the first
time that when HTB1y3 is present in the culture medium it can
inhibit the propagation of SOD1 by interfering directly in the inter-
nalization process of SOD1 from the culture medium into the cells in
a dose-dependent manner (Figure 5). HTB1pms could therefore be
used as an agent that not only drives SOD1 to form nontoxic oligomers
but also prevents the internalization of toxic SOD1 species inside neu-
rons, where they inflict the most damage. Since it has been proposed
that the mechanism for SOD1 internalization is macropinocytosis,*’
and since HTB1y3 completely suppresses the internalization process of

SOD1, further study is required to address the role of macropinocytosis
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in SOD1 internalization and the question of whether HTB1y 5 inhibits
this internalization directly or indirectly by interaction with SOD1.

In summary, the study establishes proof-of-principle for a novel
library screening approach that will be widely applicable for evolving
affinity and specificity in tandem with aggregation-inhibiting function-
ality for diverse protein scaffolds. In addition, it identifies a promising
inhibitor of SOD1%7°A and SOD1%8°R s a starting point for the devel-
opment of an anti-amyloid protein therapy for fALS. The next stage of
our study will therefore be to evaluate the therapeutic potential of
HTB1pms. To this end, we will use AAV9 as a carrier to deliver HTB1p3
to the central nervous system, since intravenously injected AAV9 has
been shown to successfully cross the blood-brain barrier (BBB) and
target neurons and astrocytes in the brain.*®*’ This gene-therapy
oriented method of delivery circumvents for stably expressing
HTB1ms3 in neurons allows for a controlled release mechanism, which
may lead to more stable levels of HTB1y3 over longer periods. We
propose that HTB1y3 may be suitable for combination with the AAV9
delivery system in order to prevent the formation of toxic SOD1
aggregates and their propagation in vivo.
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