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ABSTRACT OF THE DISSERTATION

Investigating the Role of Wild-type and Mutant Copper-Zinc Superoxide Dismutase

Amyloid in Amyotrophic Lateral Sclerosis

by

Pik Kay Chan

Doctor of Philosophy in Biochemistry and Molecular Biology

University of California, Los Angeles, 2013

Professor Joan Selverstone Valentine, Chair

Abnormal intracellular protein inclusions are consistently observable in the motor
neurons affected by amyotrophic lateral sclerosis (ALS), also commonly referred as Lou
Gehrig’s disease. This disease was named after the famous Hall of Fame baseball player, Lou
Gehrig, who suddenly experienced loss of physical strength and was diagnosed with ALS. The
most prevalent hypothesis regarding the mechanism of ALS points to a toxic gain of function
resulting from protein misfolding and aggregation. In the SOD1-ALS transgenic mouse model,
protein aggregates composed of primarily full length apo SOD1 are consistently found in the
spinal cords of mice exhibiting ALS symptoms. Moreover, these aggregates possess a

filamentous structure, suggesting the involvement of SOD1 amyloid fibril in ALS pathology.



Research on understanding the formation mechanism of SODI fibrils spurred over the
past few years. Scientists are now convinced that the demetallated form of SODI is the most
susceptible to aggregation. In this dissertation, we sought to understand the molecular
mechanism by which apo SODI rearranges to adopt the fibrillar structure, seek SOD1 amyloid
inhibitors as potential therapeutic leads, and use small molecules to modulate and stabilize SOD1
oligomeric intermediates from the amyloid pathway that have never been characterized before.
We found that the SOD1 amyloid core is composed of the N-terminal sequence 1-63. The N-
terminal tryptic fragment 1-69 is consistently the most trypsin resistant in all the fibrils
examined, including WT and six SOD1 mutants. WT fibril displays regular twist pattern along
the lateral axis with an average helical pitch distance of 62 nm. While some mutants (L38V,
G93A, and G93S) have similar twist pattern as WT, a single point mutation resides within the
fibril core can alter the overall amyloid morphology. This is most evident in mutants such as

G37R and G41D.

We successfully discovered several SOD1 amyloid inhibitors. Studies from a selection of
SOD1 amyloid inhibitors (non-SOD1 synthetic peptides and small molecules) suggest that
although peptides exhibiting a beta-strand conformation, such as DpV16 and DpV 19, effectively
inhibit SOD1 amyloid formation, peptides lacking beta-strand secondary structure, such as
AzV31 and colivelin-tat are also effective. Out of all the inhibitors tested, only small molecules
such as EGCG (a green tea derived flavonoid) and CLRO1 (a molecular tweezer) formed stable
oligomers with SOD1. SODI1 oligomers were never observed with peptide inhibitors. DpV16
was able to inhibit the initiation of fibrillation by reduced apo SOD1 but had no effect on the
elongation phase, suggesting that it might prevent the formation of amyloid-competent nuclei.

For the first time, we characterized SOD1 oligomers isolated from the in-vitro fibrillation assay.



These CLRO1-stabilized oligomers have an estimated molecular mass of 87,000 and exhibit a

significant amount of beta-sheet content.
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Chapter 1

Introduction



1.1 Amyotrophic Lateral Sclerosis and Human Copper-Zinc Superoxide Dismutase

Amyotrophic lateral sclerosis (ALS), also referred as the Lou Gehrig’s disease in the
United States, is currently an incurable fatal disease characterized by the selective death of motor
neurons in the brain stem, cortex, and spinal cord. Progressive denervation of motor neurons
leads to atrophy of voluntary muscles causing paralysis and death (1, 2). The majority of patients
experience spasticity and muscle weakness in an arm/leg as an early symptom. The cognitive
function of the brain is usually unaffected. This progressive motor neuron degeneration
eventually spreads to the rest of the body, sparing only muscular functions in the bladder and eye

movements. Most patients die of respiratory dysfunction within five years after disease onset.

Most cases of ALS are sporadic, but about ten percent of cases are genetic (familial,
fALS). Of the ten percent of cases that are familial, roughly twenty percent are due to
dominantly inherited mutations in the sodl gene, which encodes a cytoplasmic metalloprotein,
Cu, Zn superoxide dismutase (SOD1) (3). The lifetime risk of getting ALS is approximately 2 in
1000. Although the age of disease onset varies, it usually occurs at middle-age, and disease

duration ranges from a year to over 17 years (2).

To date, over a hundred different mutations in SOD1 have been found, scattered

throughout the entire sequence of SOD1 (http://www.alsod.org). Most mutations are missense

mutations leading to a single alteration in the amino acid sequence. Many of the mutations are
described as wild-type-like (WTL). These mutations have biophysical properties, such as thermal
stability, secondary structure, metal binding affinity, and disulfide status that are nearly
indistinguishable from the WT. However, some mutations are highly disruptive structurally, such

as the truncated mutants and the mutations at the metal binding sites. Nevertheless, all of the
2


http://www.alsod.org/

mutations, regardless of the degree of deviation from the WT protein, cause fALS, making it
challenging to decipher the common mechanism by which this diverse set of mutations causes

ALS pathology.

Clinically, sporadic and familial ALS are indistinguishable, and the SOD]1-transgenic
mouse model, which closely recapitulates the pathological aspects of SOD1-ALS patients, is the
most commonly used model in which to study the underlying abnormalities associated with the
disease, in the hope that research from the animal model might provide valuable insights into

both sporadic and familial disease mechanism (4-6).
1.2 Copper, Zinc-Superoxide Dismutase (SOD1)

SOD1 is an ubiquitously expressed antioxidant enzyme that catalyzes the
disproportionation of two superoxide anions into less reactive dioxygen and hydrogen peroxide
in a two-step mechanism through a reduction and subsequent reoxidation of the active site

copper (reaction 1.1 and 1.2) (7).
(1.1) O; + Cu(Il)Zn-SOD — O, + Cu(I)Zn-SOD
(1.2) O, +2H" + Cu(I)Zn-SOD — Cu(I)ZnSOD + H,0,

It is located predominately in the cytosol. However, it is also found in the nucleus, peroxisomes,
and mitochondrial intermembrane space (8-10). SOD1 is a homo dimer composed of 153 amino
acid residue subunits. Fully metallated (holo) mature human SODI, with one copper, one zinc,
and an intra-subunit disulfide in each subunit, is extremely stable with thermal stability higher

than 90 °C (11, 12). It is highly resistant to denaturants and exists as a dimer at physiological



condition. SOD1 is a highly efficient catalyst for superoxide disproportionation, operating at near

diffusion-controlled rates.

Each SODI subunit adopts a Greek key beta-barrel fold formed by eight anti-parallel
beta-strands interspersed with two functional loops, the electrostatic loop and zinc binding loop
(Figure 1) (13, 14). This tertiary beta-barrel fold conformation exists even without bound metals.
The electrostatic loop contains a number of positively charged residues that serve to guide
superoxide anion to the catalytic copper site. While the copper co-factor is well known for its
catalytic function of converting superoxide to dioxygen and hydrogen peroxide, the role of zinc
is better understood as a structural stabilizer. (Some recent discoveries suggest that copper may
also serve a crucial structural function (15).) Three histidine (His63, His71, and His80) and one
aspartate (Asp83) residues form the zinc-binding site. The binding of the zinc metal ion
stabilizes the structural integrity in the zinc binding loop region. One of the zinc-binding
histidine residues, His63, also coordinates with the copper site by sharing a common imidazolate
side chain. This histidine, together with three other histidine residues (His46, His48, and
His120), form the copper binding site (2). There are four cysteine residues in each subunit. In
addition to the conserved Cys57 and Cys146 forming the intra-subunit disulfide bond holding
beta strand 4 and 8 next to each other, Cys6 is buried in the dimer interface, leaving Cys111 the

only solvent accessible cysteine in the holo form.



Figure 1.1. Crystal structure of fully metallated disulfide-oxidized SOD1 (PDB 1HLS5) (16).
Fully mature SOD1 adopts a Greek key beta-barrel fold in each subunit. Copper and zinc ions
are shown in yellow and bisque spheres, respectively. The intra-subunit disulfide bond and
Cys57 and Cys146 are highlighted in orange. Electrostatic and zinc binding loop are highlighted
in yellow and blue, respectively (Features highlighted on the front side only).

1.3 Structure Stability - Metals and Disulfide Bond

Unlike the tertiary structure, formation of the dimeric quaternary structure is highly
dependent on cooperative structural stabilization contributed by both metal binding and the
formation of intra-subunit disulfide-bond between the highly conserved Cys57 and Cys146 (2).
The dimer interface is held together by non-covalent interactions, such as water- and main chain-
mediated hydrogen bonds and hydrophobic interaction. The loop containing Cys57 is involved in
the dimer interface (Figure 1). The carbonyl oxygen of Cys57 is connected to the copper ligand
His48 through a secondary hydrogen bond network with Gly61 and Argl43 (Figure 2). Although
disulfide reduction or removal of metal ions alone is insufficient to produce SOD1 monomers,
demetallation of SODI results in increased susceptibility to disulfide bond reduction and vice

versa. Destabilization of the dimer interface shifts the dimer-to-monomer equilibrium toward the



monomeric form. Consequently, disulfide reduction of the apo form results in monomerization.
However, either the formation of disulfide-bond or the binding of a copper or zinc ion is enough

to shift the equilibrium back to dimer (12).

124

Figure 1.2. Hydrogen bond network connecting the intra-subunit disulfide bond (C57-C146) to
copper and zinc binding sites. Hydrogen bonds are shown as dotted lines. Disulfide bond is
depicted in pink. Copper and zinc ions are represented by blue and orange spheres, respectively.
The carbonyl oxygen is hydrogen bonded to Argl43, which is hydrogen bonded to His48
through Gly61. [Reprinted by permission of Valentine et al. (2)].

1.4 ALS Etiology

In SOD1-fALS, the cytotoxicity appears to result from a toxic gain of function by mutant
SODI1 rather than a loss of activity. This theory is supported by the following findings: 1) SOD1
knockout mice do not develop ALS (17). 2) Many of the wild-type like mutants retain SODI

enzymatic activity (2). 3) Expression of functional WT SOD1 cannot ameliorate the toxic effect



of mutant SOD1 (18). When SOD1 was first identified as the causative gene in the familial cases
of ALS, it was hypothesized that the disease was caused by abnormal copper-catalyzed oxidative
chemistry by SODI1. In the presence of elevated concentration of hydrogen peroxide, hydrogen
peroxide can undergo Fenton reaction with copper and generates highly reactive hydroxyl
radicals that can either oxidize the active site histidine, thereby causing the release of copper and
inactivation of SODI, or oxidize other substrates leading to cellular damage (reactions 1.3-1.5)
(7, 19-21). This aberrant peroxidase activity was once believed to be the cellular toxic origins.
However, this hypothesis was disproved when the expression of a histidine-null mutant, which
does not bind copper, still caused degeneration in mice (22). Although SODI might not be
directly causing oxidative damage that leads to cell death, enhanced oxidative stress remains a
common feature in ALS pathology. Histopathological studies on postmortem spinal cord and
motor cortex of sporadic ALS patients revealed elevated levels of oxidative modifications to
proteins, lipids, and DNA (23, 24). Furthermore, enhanced levels of protein carbonyls are

commonly observed in transgenic mice tissues (25).

(1.3) H,0,+ Cu(I)Zn-SOD — O, + 2H" + Cu(I)Zn-SOD
(1.4) H,0, + Cu(I)Zn-SOD — OH" + (OH-)Cu(I1)Zn-SOD

(1.5) (OH')Cu(IT1)Zn-SOD + substrate — oxidized substrate + Cu(II)Zn-SOD

Other proposed pathological mechanisms for mutant SOD1 include mitochondrial

dysfunction (26, 27), proteasomal inhibition (28), and metal homeostasis imbalance (29).
7



However, the most prevalent hypothesis is the formation of cytoplasmic protein aggregates or
inclusions. A universal feature of all ALS patients and transgenic mice expressing mutant SOD1
is the appearance of intracellular aggregates in the motor neurons (18, 30). In the transgenic
SOD1-ALS mouse model, the predominate protein found in the aggregate is full-length apo
SOD1 (31). Although an attractive hypothesis of how these aggregates can cause damage in the
motor neurons is by sequestration of other essential proteins by co-aggregation with the
aggregates, studies examining the composition of the aggregates from mice show that only
SOD1 and ubiquitin are consistently found in the aggregates (31). This suggests that SOD1 is the

main component in the aggregation and might carry out the toxic function alone.

1.5 SOD1 Mutation and Toxicity

Most ALS-SOD1 mutations are missense mutations, but some are frameshift mutations
leading to small deletions, insertions, or truncations of the SOD1 sequence (32, 33). The ALS-
causing point mutations in SOD1 can be classified into two categories based on their location:
wild-type-like (WTL) and metal-binding-region (MBR). Point mutations remote from the active
sites constitute the wild-type-like (WTL) group. These mutants have biophysical properties such
as metal binding, activity, and spectroscopy that are almost indistinguishable from the WT (34-
37). Mutations located in the metal binding loops affect the metal binding affinity and thus
drastically affect the activity and structural integrity of SODI1. This group of mutants is referred
to as the metal-binding-region (MBR) mutants. One of the most disruptive fALS mutations
found in patient is L126Z, which is a frameshift mutation resulting in a stop codon at position
126. This results in the truncation of the C-terminal end. As a result of the C-terminal truncation,
L126Z does not contain the conserved Cysl146 or the catalytically important Argl43. This

8



mutant does not form disulfide bond and most likely has compromised or no catalytic function.
Surprisingly, despite the low level of protein expression in mice due to its instability, L126Z is
highly toxic and produces significant aggregation (30, 38). Along this line of observation, it has
been reported that in a cell culture system, another C-terminal truncation mutant, G127X, is able
to induce misfolding of WT SODI1 (39). These evidence suggest that the C-terminus of SODI is

not absolutely required in misfolding, aggregation, and toxicity.

1.6 Role of WT SOD1 in sporadic ALS

Although the genetic composition of the SODI1 gene is different between sporadic and
SOD1-fALS patients, recent discovery suggests that WT SOD1 might also acquire toxic function
by conformational destabilization through deleterious post-translational modifications,
suggesting that the involvement of WT SODI is possible in some cases of sporadic ALS. Motor
neurons in the lumbosacral spinal cords isolated from a subset of sporadic ALS patients (carrying
WT SOD1) are immunoreactive with the C4F6 antibody, which is reported to recognize only
mutant SOD1 and oxidized WT-SOD1 (40). In support of this harmful role of aberrant WT
SODI1 in sporadic cases, van Blitterswijk et al. found that sporadic ALS patients with higher
levels of anti-SODox antibody, which recognizes the aberrantly oxidized SOD1 (SODox)
antigen, had longer survival time, suggesting that the anti-SODox antibodies that sequester
oxidized WT SODI1 are beneficial (41). Moreover, astrocytes generated from the post-mortem
tissue of sporadic ALS patients are toxic to co-cultured motor neurons in a SOD1-dependent
manner (42). When WT SODI1 expression in the astrocytes was reduced, toxicity diminished.
The discovery that WT SOD1 can be toxic in transgenic mice, recently reported by Graffmo et
al. may help to clarify the enigmatic role of WT SODI. In a transgenic mouse model, over-

9



expression of WT SODI1 to the same level of a G93A SODI expression caused the development
of ALS symptoms (43). In the past, the toxic property of WT SOD1 was unnoticed. This is most

likely due to the lower expression level of WT SODI in those earlier systems.

1.7 Amyloid in Neurodegenerative Disease

The presence of intra- or extra-cellular insoluble protein inclusion in the affected
neuronal tissues, formed by their respective polypeptides, is a hallmark of many
neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, and transmissible spongiform
encephalopathies (TSEs) (44-46). These deposits have a fibrillar appearance, reminiscent of
amyloid fibrils, and can only be dissolved by strong detergents. Amyloid fibrils are well-ordered,
unbranched, elongated structures formed by extended cross-beta-sheets, with parallel or anti-
parallel beta strands stacking perpendicular to the axis of fibril growth (47-51). Amyloid fibril
can be detected by their binding to specific dyes such as Thioflavin-T (ThT), Thioflavin-S (ThS)
and Congo Red (CR) (52). One of the proposed models suggests that in the fibril core, side chain
residues of the beta-sheets interdigitate to create dry interfaces between sheets (53, 54). Packing
of the beta-sheets is sequence-dependent (53). Fibrils made by polypeptides with the same
composition but varying order sequence revealed distinct fibril morphologies. Although there is
no consensus amino acid sequence among the various fibril forming polypeptides, frequent
repetition of hydrophobic and polar residues is prevalent among fibrils. The origin of amyloid-
associated toxicity is a highly debated topic and multiple mechanisms, such as impaired
mitochondrial function (55), proteasome inhibition (28), inhibition of axonal transport (56), and
permeation of the lipid bilayer (57, 58) have been proposed to explain how amyloid fibrils or
associated structures can be toxic to a cell. Additionally, studies suggest that toxicity of fibril is

10



structure-dependent. Fibrils generated from the same polypeptide under different conditions,

which lead to structural variations, can exhibit different toxicity in mammalian cells (59).

1.8 SOD1 Amyloid

Similar to other neurodegenerative diseases, SOD1 aggregates found in the spinal cords
of G93A transgenic mice have shown to have fibrillar properties, such as filamentous structures
visualized using immunogold electron microscopy and the ability to bind thioflavin-S (22, 60,
61). Furthermore, the formation of SODI1 aggregates closely correlates with motor neuron
degeneration (62). This evidence suggests that SOD1 is capable of forming amyloid fibrils in

vivo and that SOD1 amyloid might be the causative agent in the development of fALS.

In vitro, both WT and mutant SOD1 can be converted to amyloid fibrils under various
conditions. While other researchers have used stringent conditions to convert soluble SODI to
insoluble fibrils, such as low pH, heat, and the addition of trifluoroethanol (TFE), each of which
drastically disrupts the SODI1 structure (63, 64), our laboratory has developed a relatively mild
condition that is more physiologically relevant — simply adding a small amount of reducing agent
(15). In the presence of a small amount of reducing agent (a concentration only enough to
reduce a minor subpopulation of SOD1), such as glutathione, DTT, or TCEP, fibrils can be made
in vitro in a 96-well plate with continuous agitation at 37 “C. As previously discussed, WT SOD1
can possess toxic function similar to the mutants in patients and animal and cell culture models.
This intriguing discovery of the ability of WT SODI to convert to amyloid fibrils under the same
condition as mutant SOD1 in vitro strengthens the evidence suggesting a role for WT SODI in

sporadic ALS etiology. SODI1 fibrils prepared by DTT as the reducing agent have been shown to
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be immunoreactive, causing cytokine induction in mononuclear cells and activation of microglial
cells (65, 66). Although SOD1 protein inclusions are consistently found in ALS patients and in
the transgenic mouse model, it remains unclear whether amyloid fibril or its precursors directly

cause the death of motor neurons.

1.9 SOD1 Fibrillation Mechanism

Amount of Fibril

Nucleation Growth

Time

Figure 1.3. Fibril growth kinetics. Amyloid formation is a nucleation-dependent reaction, which
is represented by a sigmoidal growth curve consisting of a lag-phase (a) and an elongation phase
(b). (a) A nucleation or lag phase is the period within which the thermodynamically unfavorable
formation of oligomeric nuclei from misfolded polypeptides occurs. (b) An elongation phase is
the period within which the rapid growth of nuclei by addition of monomers (or dimers) occurs.
Seeded reaction, which is achieved by adding pre-formed nuclei, significantly reduces lag time.

Amyloid formation is a complex multi-step oligomerization reaction. Similar to protein
crystallization and microtubule formation, amyloid formation is generally accepted to be a
nucleation-dependent process (67). The general mechanism begins with a thermodynamically

unfavorable nucleation step, in which soluble polypeptides at least partially unfold or rearrange
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to assemble the nucleus. The nucleus is the minimum number of multi-mer serving as a template
that can recruit monomer to elongate and sustain fibril growth. Once the nucleus has formed, the
elongation phase is more favorable. The rate-limiting nucleation step constitutes the lag phase,
and the elongation phase is represented by an exponential growth. Therefore, the overall
nucleation-dependent amyloid formation process is well represented by a sigmoidal curve as
monitored by ThT fluorescence (Figure 3). A defining feature of the nucleation-dependent
mechanism is the ability to bypass the rate-limiting nucleation step by adding pre-formed fibril
nucleus (seed) to the reaction. As a consequence, a seeded/nucleated reaction does not have a lag

phase.

Unlike the better characterized Abeta protein and its fibrillation mechanism, the exact
molecular mechanism of SOD1 fibrillation is not fully understood, partly because of SOD1’s
complicated post-translational maturation process (insertion of metal cofactors and formation of
disulfide bonds) as discussed above, indicating that various intermediate species can co-exist in
vivo. Each intermediate species might play a different role in the fibrillation mechanism. Fully
mature SOD1 (SS-Cu,Zn,SOD1) is extremely stable and does not form aggregates in vitro even
after prolonged incubation at 37 °C (15). Since the aggregates isolated from mice are composed

of primarily apo unmodified SODI, studies presented here focus on apo SOD1 proteins.

SODI fibrils can be prepared in vitro from apo SOD1 under a variety of conditions, such
as in the presence of 5 mM DTT or 1 M guanidine hydrochloride (GdmCI) (15). Disulfide
reduction of apo SOD1 dimers results in disulfide reduced monomers. On the other hand, the
presence of a chaotropic agent, such as 1 M GdmCl, causes SOD1 dimers to dissociate into
disulfide-oxidized monomers. Although reduction of the disulfide bond is not an absolute

13



requirement, structural destabilization of the dimeric apo protein seems to be a prerequisite to
initiate aggregation. To our surprise, once initiation (formation of one or more amyloid nuclei)
has occurred, elongation can proceed through the recruitment of more structurally stable dimeric
apo disulfide-oxidized SOD1 (SS-ApoSOD1) and one zinc per dimer disulfide-oxidized SOD1
(SS-E,EZnSOD1). In experimental settings, the initiation and elongation steps can be assayed
separately. A small amount (5% V/V) of disulfide-reduced apo SOD1 (2SH-ApoSODI1) can
initiate the fibrillation of SS-ApoSODI1 in the absence of any reducing agent (15).
Alternatively, SOD1 can bypass the initiation phase by elongating on SOD1 nuclei prepared by

fragmentation of pre-formed fibrils through sonication.

2.0 Current and Future perspectives

Our laboratory focuses on three main goals: 1) Characterize the differences between
mutant and WT SODI1 and determine the toxic gain-of-function attributed by mutant SOD1 that
causes fALS. 2) Understand the structure and formation mechanism of SODI fibril and its
precursors and their correlations with both sporadic and familial ALS. 3) Investigate the role of
WT SODI1 in sporadic ALS. My work presented in the following chapters will discuss the
structural analysis of SOD1 fibrils and the discovery of several SOD1 amyloid inhibitors, their
inhibition mechanisms, and the discovery of SOD1 oligomers. Together, these findings provide
us new insights into the SOD1 fibrillation mechanism. By following up these findings in vivo, it
may help us to pinpoint the exact underlying disease-causing entity in both sporadic and familial
and their formation mechanisms. Hopefully, our research will lead to the development of

effective therapeutic treatment for ALS.
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Abstract

Abnormal assemblies formed by misfolded superoxide dismutase-1 (SOD1) proteins are
the likely cause of SODI-linked familial amyotrophic lateral sclerosis (fALS) and may be
involved in some cases of sporadic ALS. To analyze the structure of the insoluble SOD1 amyloid
fibrils, we first used limited proteolysis followed by mass spectrometric analysis. Digestion of
amyloid fibrils formed from full-length N-acetylated wild-type (WT) SODI1 with trypsin,
chymotrypsin, or Pronase revealed that the first 63 residues of the amino-terminal were protected
from protease digestion by fibril formation. Furthermore, every tested ALS-mutant SODI1
protein (G37R, L38V, G41D, G93A, G93S, and D10IN SOD1) showed a similar protected
fragment after trypsin digestion. Our second approach to structural characterization used atomic
force microscopy to image the SODI1 fibrils and revealed that WT and mutants showed similar
twisted morphologies. WT fibrils had a consistent average helical pitch distance of 62.1 nm. The
ALS-mutant SOD1 proteins L38V, G93A, and G93S formed fibrils with helical twist patterns
very similar to those of WT, while small but significant structural deviations were observed for
the mutant proteins G37R, G41D, and D101IN. Overall, our studies suggest that all the WT and
mutants tested have an intrinsic propensity to fibrillate through the N-terminus and that single

amino-acid substitutions can lead to changes in helical twist pattern.

Introduction

Amyotrophic lateral sclerosis (ALS) or Lou Gehrig’s disease is a devastating motor
neuron disease characterized by the formation of abnormal protein aggregates in neuronal cells.
Over one hundred different mutations in sodl have been identified and linked to familial ALS

(fALS). While the precise mechanism(s) by which this diverse group of mutations causes fALS
21



remains unclear, it is generally agreed that the ALS mutant SODI proteins are prone to misfold
and that they acquire toxic properties as a consequence (1-3). Abnormal protein deposits are
frequently seen in protein misfolding diseases, and SODI-containing aggregates have
consistently been found in the spinal cords of ALS transgenic mice and fALS patients (4, 5).
Moreover, in ALS transgenic mice, these proteinaeous deposits have frequently been shown to
have amyloid-like properties such as filamentous structures and the ability to bind thioflavin-S
(6-8). A number of other proteins that have been linked to neurodegenerative diseases form
amyloid fibrils. Such fibrils are elongated, unbranched, and highly ordered protein aggregates
composed mainly of cross-beta sheets, with parallel or anti-parallel beta strands stacking

perpendicular to the axis of fibril growth (9-13).

Detergent-resistant aggregates isolated from the spinal cords of ALS transgenic mice
contain full length and metal-free hSOD1 proteins, suggesting that it is full-length apo hSOD1
that acquires toxic properties in the disease mechanism (14). Moreover, as established earlier in
our laboratory, full-length, soluble apo hSODI1 can readily be converted in vitro to a
morphologically homogeneous preparation of amyloid fibrils by incubation with a small amount
of reducing agent (15). SODI fibrils made under these conditions have recently been shown to
induce cytokine expression in mononuclear cells, thus causing inflammation (16), and to activate
microglial cells (17), suggesting that fibrils made under these mild physiologically relevant
conditions have toxic properties that may be related to ALS. However, due to the insolubility
and non-crystalline nature of these materials, the molecular structure(s) of such materials have

not yet been determined by methods such as NMR and X-ray crystallography.
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The goals of the present study were to determine which regions of the WT and ALS mutant
SOD1 proteins form the amyloid core of the SODI fibrils prepared using the conditions
developed in our laboratory (15, 18) and to compare the structural morphologies of these WT

and ALS mutant SOD1 fibrils.

We used limited proteolysis coupled to LC-MS and MS/MS, which has been widely used
to probe the structure of amyloid fibrils (19-24), and we also studied the fibrils using atomic
force microscopy. We find that the core regions of both WT and mutant fibrils are consistently
composed of the N-terminus of the SOD1 protein, but that the twist patterns of mutant SODI1

fibrils may differ from those of the WT protein.

Results

The Most Protease-Resistant Region of Wild-Type SODI1 is Formed by the Amino-
Terminal Region of SODI. To determine the region of WT hSODI1 that is most resistant to
protease digestion in the fibrils, soluble WT SOD1 was induced to form fibrils in the presence of
5 mM dithiothreitol (DTT), following the protocol previously published (15). The formation of
fibrils was monitored by the fluorescence emission of Thioflavin-T (ThT). Mature fibrils, as
indicated by reaching the plateau of Thioflavin-T binding, were retrieved from the plate,
collected by ultra-centrifugation, and subjected to partial trypsin proteolysis. After digestion, the
protease was quenched with 1 mM PMSF and re-centrifuged to separate the digested soluble
peptides (S2) from the proteolytically resistant region of SODI that remained insoluble (P2). P2
was then solubilized by 7.2 M guanidine hydrochloride (GdnHCI) and 0.5 M DTT overnight at

37 °C. One major advantage of using trypsin is that peptides released in S2 are not digested to
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single amino acids and can thus be identified by mass spectrometry. The compositions of P2 and

S2 were then analyzed by HPLC-MS.

When soluble WT SODI1 was digested by trypsin under the same condition, twelve
peptides spanning the full-length sequence of SOD1 were recovered and identified by HPLC-MS
(Table S1) demonstrating that soluble apo WT disulfide-oxidized SODI1 can be completely
digested by this trypsin digestion condition. However, when WT SODI1 fibrils were digested, one
polypeptide with a retention time of 30.49 min was found to be the primary product in P2, as
shown by the total ion count (TIC) chromatograph (Fig. 1). This peptide has a measured average
molecular mass of 7,285 Da, corresponding to the mass of the N-terminal acetylated tryptic
peptide 1-69 in the sequence of WT SODI1 (numbered from the mature N-terminus with the
initiating Met residue removed). Note that five tryptic cleavage sites (K3, K9, K23, K30, and
K36) in this region that were accessible in soluble WT protein became protected in the fibrillar
configuration. In contrast, C-terminal peptides were cut and released to S2. The most abundant
species from S2 were from the carboxyl-terminal end of the SOD1 sequence. Peptide bonds at
residues R115, K122, R143 were cleaved, resulting in the release of peptides 80-115, 116-122,
and 144-153 to S2. These results suggest that the regions surrounding these corresponding
cleavage sites were neither sterically nor conformationally hindered. Small amounts of tryptic
peptides from the N-terminal region of SOD1 were also found in the soluble S2 fraction,
possibly due to a small degree of heterogeneity of fibrils (subsets of fibrils with different
conformations), over-digestion, or dissociation of SOD1 from the fibril due to the dynamic

nature of amyloid fibrils (25).
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To confirm our findings, Pronase and chymotrypsin, proteases with broader specificity,
were used. In both cases, the protease-resistant region found in P2 was shortened to residues 1-
63. The identity of the peptide was confirmed by MS/MS (Fig. S4, S5, and Table S4). Sixteen
chymotryptic cleavage sites (L8, D11, N19, F20, E21, E24, N26, W32, L38, E40, L42, F45, E49,
F50, D52, and N53) from the N-terminus became protected in the fibrils. Since Pronase is a
mixture of proteases that is capable of digesting the solvent-accessible region completely to
single amino acid residues, the fact that 1-63 remained undigested strongly suggests that these
residues comprise the minimal protease-resistant core region in WT SODI fibrils under these

digestion conditions.

WT and Mutant Fibrils Share the Same Amino-terminal Core. Single point mutations in
the SOD1 gene are responsible for causing SOD1-linked fALS. Most of these mutations result in
SOD1 proteins with single amino-acid substitutions and with biophysical properties very similar
to the WT, making it difficult to postulate the disease-causing property conferred by these
mutations. Moreover, it has recently been reported that not only mutant hSOD1 but also WT
hSOD1 protein expressed at high levels in transgenic mice can lead to ALS (26). Large amounts
of aggregated WT hSODI1 protein were found in spinal cords and brains of these mice suggesting
that WT hSODI1 protein may also become toxic in some forms. Thus, we aimed to determine
whether ALS-mutant SODI1 protein fibrils prepared using our protocol have structures distinct

from that of the WT SOD1 fibrils.

To minimize heterogeneity among different samples attributable to sample handling or
ambient conditions, fibrils were made from the mutant proteins and WT SODI simultaneously
and were also trypsin digested simultaneously. Three amino-terminal mutants (G37R, L38V, and
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G41D) and three carboxyl-terminal mutants (G93A, G93S, and D101N) were tested. P2 of each
contained primarily one peak with LC-MS retention time of around 30 min (Fig. S2). Peptide
molecular mass deconvolution of each entire chromatogram revealed predominantly one species,
the N-terminal residues 1-69 of each mutant, as in WT, with altered mass for the N-terminal
mutations but unchanged mass for the C-terminal mutants (Fig. 2). Occasionally, a small amount
of the C-terminal peptide 143-153 was also found in P2 (Table S3), though it was always more
abundant in S2. These observations strongly suggest a unifying fibrillation mechanism in which
the N-terminal end of SOD1 embedded in the core acquires protease resistance and forms the

most inaccessible region of these fibrils.

Atomic Force Microscopy (AFM) Analysis on WT and Mutant SOD1 Fibrils. AFM in
tapping mode was employed to analyze the morphology of the SODI fibrils. It has been reported
that fibril structures can evolve over time (27). Therefore, to achieve maximum consistency,
fibril samples were taken from the plate after 45 hours of incubation and placed on the mica
immediately. As has been observed in other amyloid fibrils, periodic twists that give the fibrils
“bead-like” morphology were observed on the SODI1 fibrils (27-29). Since the width
measurement of the fibril is subjected to variation of the AFM tip, height measurement was used
as an indication of fibril diameter. The typical heights of the peaks of the fibrils were about 5-7
nm and the heights of the trough were around 3.5-4.0 nm. The lengths of the fibrils vary from

200 nm to 3 um. These measurements fall into the range reported for other amyloid fibrils.

We were able to measure the pitch distances on the SOD1 fibrils to nanometer resolution
(Fig. 3). By sectioning along the fibril using SPIPTM, more than 200 helical twists on at least 30
fibrils for each WT and mutant were counted. Fibrils that were thinner than 4 nm or shorter than
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500 nm were excluded from measurement since they might be protofibrils that had yet to adopt
the final conformation. Histograms were constructed based on each individual peak distance
measurement, and Gaussian curve fits on the histograms were constructed using OriginPro 8.1
(Fig. 4). The helical pitch distances along the WT fibrils are mostly consistent despite a small
degree of variation. Nevertheless, general twist patterns are observed. The average twist distance
for WT is ~ 62.14 nm with a standard deviation of +/- 15.10 nm (Fig. S3). The average helical
pitch distances for L38V, G93A, and G93S are not significantly different from WT. In contrast,
G37R and G41D showed a substantial decrease in average helical pitch distance, to 35.80 nm
(G37R) and 35.07 nm (G41D) compared with 62.14 nm (WT). The distribution of helical twists
for DIOIN was more irregular, as is evident in the wider distribution in the histogram and the

larger standard deviation.

Discussion

The studies presented here provide two major new observations. First, in our partial
proteolysis experiments, we show that the most protease-resistant region of the WT and of each
of the SOD1 mutant fibrils tested here is remarkably similar, being largely composed of the
acetylated amino-terminus of the SOD1 polypeptide. Five trypsin cleavage sites within residues
1-69 became inaccessible when the proteins were in the fibrillar form, consistently for WT and
across all the mutants we tested. When the fibrils were digested with Pronase, the minimal core
region further shortened to residues 1-63. Since a flexible region of about ten residues is required
on the substrate for proteolysis to occur (30), the actual SOD1 sequence participated in the core

might be shorter than 63 residues even though position 63-64 is the last peptide bond susceptible
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to digestion. Our results are thus consistent with the findings reported by Lang et al. that loops

IV and VII are not required for fibril formation (31).

The N-terminal 1-63 residues form beta strands 1-4 in the native SOD1 structure (Fig 5),
with beta strands 1-3 and 6 forming one beta sheet and beta strand 4 crossing over to the other
side to form a second beta sheet with strands 5, 7, and 8; together forming the Greek-key beta
barrel fold. Since strand 4, which is natively present in the second sheet, associates with strands
1-3 in the fibrillar state, our data demonstrate that the beta strand connectivity must undergo a
major change in the process of fibril formation. In this respect, it is interesting to note that apo
WT and ALS-mutant proteins (A4V, G93R, H48Q) are known to exist at physiological
temperature as partially unfolded beta barrels, in which residues 21-53, which includes strands 3
& 4, undergo rapid exchange of the backbone protons with deuterons (H/D exchange) (32).
Increased H/D exchange in strands 3 and 4 implies a loosening of the hydrogen-bond networks
with strands 2 & 6 and strands 5 & 7, respectively (Fig. 5). This increased flexibility might
render hydrogen bond donors and acceptors on strands 3 and 4 more available, possibly creating
unprotected beta-sheet edges that might drive the non-native intermolecular interaction of the N-
terminus with other SOD1 subunits to form amyloid fibrils (residues 53-104 were not recovered
from the reported H/D exchange experiment, and thus it is not known whether disruption of the
hydrogen-bond network extends to this region). It should also be noted that strands 3 and 4
contain the segment 33-38, which has been predicted to be amyloidogenic based on the steric
zipper model (33). In addition, aromatic residues are frequently found within amyloid-forming

proteins, and it is postulated that they play a role in fibril stability (34). Interestingly, one
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trytophan and three phenylalanines are present in the N-terminus while there are no aromatic

residues in the C-terminus.

The protected N-terminal core region we observe in our experiments is remarkably
consistent between WT SODI1 and each of the six mutant SOD1 proteins we examined, in
contrast to the wide assortment of protected regions reported by Furukawa et al. for fibrils
prepared by their method (35). This discrepancy is likely explained by their use of a non-native
N-terminal sequence and/or the different fibrillation conditions. The recombinant SOD1 used in
the Furukawa study contained a four amino-acid residue extension at the N-terminus and lacked
the native N-terminal acetyl group (The peptide Gly-Ser-His-Met was the remnant of a cleaved
Hise tag.). Post-translational modifications, such as N-terminal acetylation (36, 37) and C-
terminal amidation (38, 39), have been reported in some instances to have profound effects on
the structure and amyloidogenicity of peptides. In addition, since it is known that A4V is an
ALS-causing mutation in SOD1, we felt it wise to ensure the complete fidelity of our SODI

preparations by retaining the native N-acetyl Ala SOD1 N-terminus.

Our fibrillation conditions were also different from those reported by Furukawa et al.
(35), potentially contributing to differences in degrees of structural homogeneity of the fibril
structures. Another possible explanation for the differences could be different fibrillation
conditions. Fibril structure can be strongly influenced by multiple factors such as buffer, pH,
temperature, mode and intensity of agitation (40-42). Our fibrils have a consistent gross fibrillar
morphology as seen in both AFM (Fig. 3) and EM (Fig. S6). By contrast, the EM images of the
fibrils reported by Furakawa et al. show a wide assortment of widths and shapes, suggesting to us
that these fibrils have diverse morphologies.
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While we found the C-terminal peptide 143-153 to be present in relatively high
abundance in the S2 fraction, we also occasionally found a small amount of this peptide in the P2
residual fibril. Its presence in sub-stoichiometric amounts in P2 suggests that this region is not
part of the amyloid core of the major fibrillar species, but rather that it arises from a small
fraction of the total fibrils, since a small degree of fibril polymorphism cannot be ruled out from
our data. Another possibility is an attachment of this peptide to the N-terminal peptide present in
the pellet through the native disulfide bond (C57-C146). As previously reported, disulfide-intact
apo SODI can be recruited to the fibril by disulfide-reduced apo SOD1(15). However, since this
peptide (containing C146) is found mostly in S2, it suggests that the native disulfide bond in

most proteins in the fibrils is not intact.

Our second set of findings concerns the morphology of the fibrils as visualized by our
AFM experiments. Both mutants and WT protein form amyloid fibrils with a twisted
morphology. For three of the mutant protein fibrils, L38V, G93A, and G93S, the morphology
was strikingly similar to that of WT, but the other three showed significant differences in pitch
length. Intriguingly, these latter mutations, G37R, G41D, and DI10IN, cause a net change in
charge. While the extended beta-sheet of fibrils is largely stabilized by the hydrogen bonding
network of the polypeptide backbone, side chain residues can also form hydrogen bonds and
contribute to the fibril stability (29, 43). Additionally, the packing of the beta-sheet is sequence-
dependent (44). In the steric zipper model developed from the crystal structures of micro-crystals
of amyloidogenic short polypeptides, the side-chains of two beta-sheets interdigitate to create a
“dry zipper” in the core (44, 45). Inside the fibrils, beta-sheets can be zipped together and

stabilized by the noncovalent interactions (hydrophobic, n-n stacking or salt-bridge) of the side
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chains. Therefore, mutations within the core beta-sheets have a higher potential of altering the
alignment and arrangement of beta sheet packing and the extent of the hydrogen-bond network,
which dictate the twist and rigidity of a single strand of protofilament. Since the packing of
protofilaments within the fibril is stabilized by many weak long range electrostatic (or
hydrophobic) interactions along the protofilaments, all of which must accommodate the twist and
rigidity of the protofilaments, changes in the beta-sheet packing pattern and the stability of the
beta-sheet induced by a single mutation are likely to propagate to the supermolecular packing
and the final twist of the fibrils (46-48). This result is demonstrated for mutations such as G37R
and G41D, both of which occur within the N-terminal region that forms the fibril core and
constitute significant changes in size as well as in charge. Interestingly, D101N, a substitution
with a change in charge that is outside of the core region also changes the amyloid helical pitch.
This result may be explained by the changes in electrostatic interactions on the surface of the
protofilaments. On the other hand, L38V, another substitution within the core region that does
not change the overall charge, does not cause a change in helical twist pattern, indicating that

mutations within the core do not necessarily perturb the fibril superstructure.

Morphological differences such as those we have observed might be related to
differences in toxic properties of the fibrils. The origin of amyloid-associated toxicity is a highly
debated topic and multiple mechanisms, such as impaired mitochondrial function (49),
proteasome inhibition (50), and permeation of the lipid bilayer (51, 52) have been proposed to
explain how amyloid fibrils or associated structures can be toxic to a cell. These effects may be
dependent on the structure of the fibrils or their fibrillar precursors. The toxicity of amyloid

fibrils from huntingtin exonl toward cultured cells, was different for fibrils generated under
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various growth conditions that lead to structural differences (53). Furthermore, seeding
specificity in prion has been shown to be dependent on fibril structure (54). Although formation
of in vivo aggregates seeded by in-vitro SOD1 fibrils has not been reported, SODI fibrils or
associated species might act as a template for the formation of the toxic species. It has been
noted for SOD1-associated fALS patients that SOD1 mutations resulting in a change of net
charge tend to correlate with longer survival times (> 5 years) (55). It is possible that these
changes in survival times are related to the significantly changed fibril structures in mutants with

a change in net charge.

Relevance of the N-terminus of SOD1 in aggregation and toxicity in vivo has also been
highlighted in several papers. A recent paper from Prudencio et al. showed that an antibody
raised against residues 24-36 could not recognize aggregated mutant SOD1 formed in cell
culture model, while antibody targeting the C-terminal residues 143-151 recognized both soluble
and aggregated SODI1(56). Second, Cashman et al., reported that G127X and G85R induced
misfolding of WT SODI in a Trp32-dependent manner (57); when Trp32 was altered to Ser, this
ability was demolished. In addition, a Trp to Phe substitution (W32F) in G93A decreased motor
neuron death due to the G93A alteration (58). On the other hand, the C-terminus appears to be

non-essential in amyloid/aggregation formation and toxicity related to ALS (59-61).

In summary, we provide evidence that WT and ALS-mutant SODI proteins, despite their
different structural properties, have a strong tendency to form amyloid fibrils with the amino-
terminus as the core. Fibrils formed from ALS-mutant SODI proteins with an overall net charge
different from that of WT appear to deviate more in overall fibril morphology than mutant
proteins with the same overall net charge. It is important to note here also that, although the C-
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terminus is not a major part of the core of the amyloid fibril structure, it is likely to play a
secondary role in the amyloid packing pattern and in the mechanism of amyloid propagation.
Our work here also provides information that could be used for structure-based drug design,
either to destabilize the fibril conformations or to stabilize them, depending upon the relative
toxicities of the SOD1 fibrils and their associated precursors. In any case, preventing the amino-
terminus from self-associating may be a goal for drug design, in order to prevent the formation
of toxic fibrils or soluble intermediates formed during the amyloid formation cascade. We also
show that substitutions at position 37 or 41 to charged residues significantly lowers the twist
distances within the fibrils. Since different fibril morphology might have different interacting
partners and seeding ability in vivo, experiments designed to test the toxicity of different

conformations of fibrils may be important in understanding of the role of SOD1 fibrils in ALS.

Materials and Methods

SOD1 Expression and Purification

WT and site-directed mutagenesis of WT were performed as described in (62, 63). WT
and fALS SODI were purified from the EG118 strain of Saccharomyces cerevisiae following the
procedures from (64), yielding SODI1 with the initial Metl removed and Ala2 N-acetylated
covalently identical to SOD1 from human sources. To convert to apo, purified SOD1 was
dialyzed three times against 50 mM EDTA and 100 mM sodium acetate at pH 3.8. The protein
was then dialyzed three times in 100 mM NaCl and 100 mM sodium acetate, pH 3.8, to remove
SOD1-bound EDTA. After demetallation, SOD1 was dialyzed in 10 mM potassium phosphate,

pH 7.0, filter-sterilized, and flash-frozen in liquid nitrogen and kept at — 20 °C until use.
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Inductively coupled plasma (ICP)-MS was used to quantify metal status (14). All apo-proteins

contain less than 0.10 equivalents of copper and zinc per dimer.

In Vitro Fibril Formation

To make fibrils, 50 uM of apo SOD1 was prepared in 10 mM potassium phosphate, pH
7.0, with 5 mM DTT and 40 uM of thioflavin-T (ThT) as described (15). After mixing, the
solution was placed in a 96-well plate with a 1/8-in teflon ball and incubated at 37 °C with
continuously shaking at 300 rpm for forty-five hours. Assembly of fibril was monitored by
fluorescence measurement at Aem = 485 nm (Aex =444 nm) using a Fluoroskan plate-reader
(Thermo Fisher). All solutions were made with chelexed metal-free distilled deionized water

(ddH20) and filtered through a 0.22 um filter.

Proteolysis of Fibrillar and Soluble SOD1

Soluble and purified SODI1 fibrils were subjected to trypsin (Promega, porcine)
proteolysis in 50 mM NH4HCO; at 37 °C for 30 min at 1:30 (W/W) E:S ratio. Separation of
SODI1 fibrils from other soluble contaminants was performed by ultracentrifugation in an airfuge
(Beckman Coulter) at 125,000 X g for 30 minutes and the pellet was washed with 50 mM
NH4HCOs3. Quantity of SOD1 in the fibril was determined by subtracting soluble SOD1 in the
supernatant from the starting amount. The amount of SOD1 in the supernatant was measured
using Az nm in a RP-HPLC-MS system. Soluble apo SOD1 was diluted to the same

concentration as the fibril with 50mM NH4HCO; and digested similarly.

After partial proteolysis, the reaction was quenched by adding 1 mM PMSF and the

fibrils were spun down at 125,000 X g for 30 min to collect the protease-resistant pellet and the
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protease-digestible supernatant. The pellet was further dissolved in 7.2 M GdnHCI and 0.5 M
DTT at 37 °C overnight. Supernatant was subjected to reduction by 250 mM DTT at 37°C for

one hour. Both pellet and supernatant were subsequently analyzed by RP-HPLC-MS.

Proteolysis with chymotrypsin (Promega, bovine) was the same as above except in 100
mM Tris-HCI, 10 mM CaCl,, pH 8.0. Digestion with Pronase (Calbiochem) was at an 2:9 (w/w)

E:S ratio for 30 min at 37 °C in 50 mM Tris, 100 mM NaCl, 5 mM CaCl,, pH 8.0

HPLC-ESI-MS and MS/MS

After solubilization, P2 was desalted using a C18 Zip-Tip (Millipore) with final elution in
70% acetonitrile (ACN) containing 0.1% formic acid (FA). After elution, samples were diluted
to 7% ACN with ddH20, 0.1% FA prior to reversed-phase chromatography (PLRP-S, 2.1 x 150
mm, 300A, 5 um, Agilent). S2 was concentrated (SpeedVac) to the same volume as P2 before
injecting to the column. A linear gradient, was used to elute the column (5% B, 0 - 10 min; 21%
B at 14 min; 46% B at 39 min; 95% B from 39.1 - 49 min. B is ACN, 0.1% FA). Column eluent
was directed to the electrospray ionization source (Ionmax) of a linear ion trap mass
spectrometer (LTQ, Thermo Scientific) operated in positive-ion mode. Protein/peptide molecular
mass deconvolution used Promass software (Novatia). Only peptides with intensity at least ten
percent of the most dominant peptide are reported. High-resolution MS/MS was performed on a
static nanospray 7T LTQ-FT system (Thermo Scientific) as previously reported (15). MS/MS

data analysis was done both manually and using Prosight PC (Thermo Scientific).
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Atomic Force Microscopy

Purified SOD1 fibrils were suspended and diluted to a final concentration of 25 pM with
10 mM potassium phosphate, pH 7.0. 15 pl of fibril solution was added to the cleaved mica
surface and allowed to adhere. After incubation at room temperature for one min, the mica was
washed three times with 50 pl ddH2Oto remove unbound material and allowed to air dry
overnight. Dimension 5000 (Bruker) Scanning Probe Microscope was used to image SODI1
fibrils using an APPNANO ACT tip under tapping mode. Height images were collected at 1024
X 1024 pixels at a scan rate of 1.5 Hz. Image processing was performed using a scanning probe

image processor SPIP™.
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Figure 2.1. Liquid chromatography mass spectrometry of hWT SODI1 fibrils partially digested by
trypsin, chymotrypsin, and Pronase. (Left) Total ion chromatogram (TIC) from reverse-phase LC-MS
(Middle) Electrospray-ionization mass spectrum integrated across the entire chromatogram and (Right)
measured average masses resulting from deconvolution. (a) Soluble peptides released from the partially
trypsin-digested fibrils (S2) are predominantly from the C-terminal half of the protein. (b,c,d) Peptides
from the insoluble fibril core after partial digestion (P2). In each case a major peptide product composed
of at least sixty-three continuous residues from the N-terminus of SOD1 is consistently recovered from
protease-resistant core fibrils after partial digestion with (b) trypsin, (c) chymotrypsin, and (d) Pronase.
Theoretical average masses of the WT SODI1 peptides are as follows: 1-63 (6571.36 Da), 1-64 (6719.60
Da), 1-69 (7287.05 Da), 80-115 (3666.04 Da), 116-122 (825.99), and 144-153 (945.18 Da). See Table
S2 for a complete list of peptides found in S2 and P2
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Figure 2.2. Mass spectrum of P2 peptide from mutant fibrils (G37R, L38V, G41D, G93A, G938, and
DI101IN) partially digested by tryspin. Mass spectrum integrated from the entire chromatogram and
measured average mass (inset). Theoretical average masses of the N-acetylated 1-69 SOD1 peptides are
7287.5 Da (WT, G93A, G938, and D101IN), 7386.39 Da (G37R), 7273.23 Da (L38V), and 7345.29 Da
(G41D). See Table S3 for complete list of peptides detected.
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Figure 2.3. Atomic force microscopy of WT and mutant SODI1 fibrils. Figures with insets show the
magnified helical twist of the fibrils. WT, L38V, G93A, and G93S have average pitch length around 55
nm to 65 nm. Scale bar = 100 nm. Periodicity profile along the fibril axis is shown on the right of each
AFM image (vertical bar = 0.4 nm). Distance between two peaks (pitch distance) is marked by the
arrows.
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Figure 2.4. Helical pitch distances for WT and mutant SOD1 fibrils. Histogram (bin size = 10 nm) of
helical pitch distances for WT and mutants with Gaussian fit peak curve (black line), n > 200 counts.
WT, L38V, G93A, and G93S have peaks center at 60.9 nm, 50.5 nm, 54.5 nm, and 49.3 nm
respectively. Peak centers for G37R and G41D are left shifted to shorter length, 33.9 nm and 33.6 nm.
The distribution of helical pitch distances for DI0O1N is more diverse and the peak centers at 63.3 nm.
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Figure 2.5. Schematic representation of apo WT SODI1 structure (PDB 1HL4) (65) and the hypothetical
structural change leading to fibril formation. Residues that are protected from protease digestion in the
fibrils are colored in magenta (strands 1-4). Significant rearrangement of the structure must accompany
fibril formation such that strands 1-4 become tightly packed in the protease-resistant core.
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Figure S2.1. Peptide mapping after partial proteolysis of SODI fibrils. Soluble peptides (S2; blue) and
insoluble core peptides (P2; red) are mapped to the SODI1 sequence (after removal of initiating Met).
The N-terminus is more protease-resistant than the C-terminus with five sites consistently resisting
cleavage. Major species identified from the protease resistant pellet (P2), digested with three different
proteases, are from the amino-terminus spanning at least sixty-three residues. Peptides 80-115 and 144-
153 are the most abundant in the S2. Solid arrow indicates peptides from trypsin digestion. Dashed
arrow indicates peptides from chymotrypsin digestion. Dotted arrow represents fragments from Pronase
digestion.
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Table S1. Tryptic peptides of soluble apo WT SODI from LC-MS

Retention Time Average Molecular Mass (Da) SOD1
(min) Theoretical Experimental sequence
11.0 825.99 825.50 116-122
11.2 662.68 662.50 137-143
11.6 361.42 361.50 1-3 acetyl
11.6 2991.28 2990.10 123-153
11.7 730.80 730.42 24-30
11.9 618.67 618.42 123-128

13.9 632.85 632.50 4-9
18.5 689.83 689.42 31-36
18.9 3464.78 3463.60 37-69
19.1 1502.68 1501.42 10-23
19.8 945.18 944.58 144-153
224 3666.04 3665.90 80-115
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Table S2. Proteolytic peptides identified in P2 and S2 from partially digested WT SODI1 Fibrils

SOD1 Fibril - Retention Average Molecular Mass (Da) SOD1 Sequence
Partially Digested Time (min) Theoretical Experimental

P2 — Trypsin 30.5 7287.25 7285.04 1-69 acetyl

P2 — Chymotrypsin 323 6571.36 6570.45 1-63 acetyl
33.9 6719.60 6717.30 1-64 acetyl

P2 — Pronase 28.5 6571.36 6572.8 1-63 acetyl

S2 — Trypsin 10.7 825.99 824.8 116-122
11.5 622.68 661.42 137-143
11.9 618.67 617.42 123-128
18.1 689.83 688.6 31-36
19.0 3464.78 3464.6 37-69
19.2 1502.68 1501.2 10-23
19.5 945.18 944.0 144-153
20.4 3666.04 3665.9 80-115
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Table S3. Tryptic peptides identified in P2 from partially digested WT and mutant SOD1 Fibrils

SOD1 Fibril — Retention Average Molecular Mass (Da) SOD1 sequence
Partially Digested ~ Time (min) Theoretical Experimental
P2 WT 30.5 7287.25 7285.04 1-69 acetyl
P2 G37R 26.2 3666.04 3665.90 80-115
30.1 7386.39 7384.56 1-69 acetyl
P2 L38V 20.5 1588.84 1587.60 137-153
20.5 944.52 944.75 144-153
26.9 7273.23 7271.46 1-69 acetyl
P2 G41D 233 2458.90 2457.90 1-23 acetyl
29.2 7345.29 7346.60 1-69 acetyl
P2 G93A 26.7 2458.90 2456.90 1-23 acetyl
29.4 7287.25 7284.66 1-69 acetyl
P2 G93S 25.1 3841.59 3841.30 1-36 acetyl
28.5 7287.25 7288.30 1-69 acetyl
P2 DIOIN 29.1 7287.25 7283.40 1-69 acetyl
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Figure S2.2. LC-MS chromatograph (TIC) of trypsin-resistant pellet from partially digested mutant
fibrils. A polypeptide composed of residues acetyl 1-69 is consistently detected all mutant fibrils.
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Figure S2.3. Average helical pitch distances of WT and mutant SOD1 fibrils. Means, with standard
error of the mean (s.e.m.) values (n>200 helical pitch distance measurements) are shown.
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Figure S2.4. MS/MS spectrum of WT P2-Pronase containing N-acetylated residues 1-63 of the SOD1
sequence with a monoisotopic mass of 6567.2603 Da. Daughter ions (y and b) are labeled in the
spectrum (“bo” or “yo” and “b*” or “y*” indicate daughter ions that have undergone the loss of H,O and
NHs, respectively).
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Table S4. MSMS b- and y-ions matching to the N-acetylated residues 1-63 of WT SOD1 with
mass accuracy better than 10 ppm.

Fragment m/z Mass Theoretical
Ion Monoisotopic Monoisotopic Mass

B8 828.469 827.462 827.458
B16 783.922 1565.829 1565.820
B40 845.050 4220.216 4220.23
B48 851.781 5104.641 5104.67
B49 873.288 5233.686 5233.71
B50 897.808 5380.806 5380.78
B51 907.310 5437.814 5437.8

B52 926.477 5552.820 5552.83
B52 794.269 5552.831 5552.83
B53 945.478 5666.824 5666.87
B54 962.335 5767.967 5767.92
B55 974.163 5838.935 5838.96
B55 835.147 5838.975 5838.96
B56 843.284 5895.936 5895.98
B56 983.667 5895.961 5895.98
B57 857.999 5998.940 5998.99
B57 1000.831 5998.941 5998.99
B58 872.436 6100.000 6100.04
B59 884.874 6187.064 6187.07
B60 895.018 6258.077 6258.11
B61 903.172 6315.152 6315.13
Y6 569.273 568.266 568.263
Y7 672.279 671.272 671.272
Y8 729.303 728.295 728.293
Y9 800.343 799.335 799.33

Y10 901.383 900.376 900.378
Y11 1015.431 1014.424 1014.42
Y57 851.292 5951.995 5951.95
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Figure S2.5. MSMS b- and y-ions from a precursor ion with monoisotopic mass of 6567.2603
Da, matching to the N-acetylated 1-63 sequence of WT SODI.
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Figure S2.6. Electron micrographs of WT and mutant hSODI1 fibrils show elongated fibrillar
morphology.

SI Materials and Methods
Electron Microscopy (EM)

10 ul of samples were deposited on the glow-discharged formvar-coated copper grid (Ted Pella,
Inc) and allowed to absorb for one minute before blotted dry with filter paper. Samples were then
washed twice with 10 pul ddH2O for twenty seconds. To achieve negative staining, samples were
stained with 1% uranyl acetate for six seconds (2X) then forty-five seconds (1X) and blotted dry.

Stained grids were kept in a grid box inside a desiccator before imaging.
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Chapter 3

Novel Inhibitors of In-vitro SOD1 Fibrillation and the Inhibition Mechanism
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Introduction

Amyloid fibrils, with its characteristic cross-beta elongated conformation with extended
beta strands stacking perpendicular to the fibril lateral axis, are commonly found in protein
misfolding diseases, including neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and
prion diseases. Studies suggest that the toxic species associated with the amyloid fibril
formation pathway are the causes of degeneration in these diseases (1, 2). Similarly, formation
of abnormal fibrillar protein aggregates has been discovered in both SODI1-linked familial
amyotrophic lateral sclerosis (SOD1-fALS) patients and transgenic mice over-expressing mutant
SOD1 (3, 4). In the spinal cords of transgenic mice carrying SOD1 mutation, the protein
aggregates found in the spinal cords are composed of mainly full-length, unmodified apo SOD1
(5). Although whether the exact disease-causing culprit originates from soluble or insoluble
intermediates or mature fibrillar species is a matter of debate, finding inhibitors of the SOD1
fibrillation process is indisputably important. First, it could lead to the development of potential
therapeutics. Secondly their study will provide invaluable insights into the SOD1 fibrillation
mechanism by which the soluble, globular antioxidant protein, SODI1, rearranges and self
assembles into well-ordered insoluble amyloid fibril, and thus enhance our understandings of

SOD1-fALS etiology.

Unlike that of other well-studied amyloids, the SODI1 fibrillation mechanism has
remained elusive, and inhibiting it remains a relatively uncharted territory. There are several
approaches in therapeutic intervention for other protein-misfolding diseases. Most of them focus
on reducing the level of amyloid forming proteins in the cell. Such approaches target increasing
clearance of the misfolding protein or polypeptide, stabilizing the native state, and/or inhibiting
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the self-assembly pathway. To date, there are several known inhibitors of amyloidogenesis
formed by polypeptides such as Abeta (6), a-synuclein (7), and transthyretin (8, 9). Although the
toxicity of mature amyloid fibrils is uncertain, these inhibitors were able to reduce cytotoxicity
associated with the corresponding amyloid forming proteins or polypeptides, suggesting that the
inhibitors were not only able to inhibit amyloid formation, but also inhibiting the formation of
the toxic species that are associated with the fibrils. Some of the better studied inhibitors are

polyphenols (such as flavanols) (10-13), aminopyrazole (14), and the molecular tweezer (15, 16).

Most of the established inhibitors are small molecules, but in this chapter, small peptides
in addition to the conventional small molecules drug candidates are explored. These peptides
were selected based on their structural correlations with beta-sheet structure, their
hydrophobicity, or their demonstrated inhibitory effect on other amyloid systems. While most
small molecule inhibitors have been found by large scale screening, peptide inhibitors are usually
discovered based on rational designs. Although small molecules are easier to optimize for
stability and pharmokinetics by medicinal chemistry, they tend to be relatively promiscuous and
have multiple binding sites. On the other hand, while peptide inhibitors are designed to be more

specific, they are more susceptible to degradation in vivo.

In spite of the fact that there is no consensus in the primary amino acid sequence among
all the amyloid forming peptides, it is believed that all amyloid assemblies share similar super-
structure and physical properties. The fact that most of the amyloid inhibitors discovered can
bind to multiple amyloidogenic polypeptides suggests that it is binding to a common
amyloidogenic conformation instead of binding to specific primary amino acid sequences. Most
of the peptide inhibitors presented here either have beta strand secondary structures or have
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strong binding affinity to beta-sheet structures as previously established. They are referred as the
beta blocker inhibitors. Many are mimics of the amyloidogenic segment with modifications that
would allow the inhibitor to incorporate into the internal amyloidogenic region but prevent
further binding with another peptide/protein to inhibit self-assembly. Such modifications include
but are not limited to amino acid substitution of the amyloidogenic region (17, 18), modification
of amino acid residues (such as N-methylation and acetylation) (19), insertion of a proline
residue (20, 21), and D-amino acids (22, 23). Since amyloid-associated oligomers been have
found to be able to interpolate to the cell plasma membrane (24-27), peptide inhibitors composed

of or contain the cell permeating sequence were also tested.

The goal of this study is to screen for inhibitors of SOD1 fibrillation and to employ these
newly discovered inhibitors to decipher the SODI1 fibrillation and inhibition mechanism. Several
published inhibitors were described to be able to induce or re-direct the soluble polypeptide to
form thermodynamically stable oligomers (13, 28). Although these reported oligomers can be
toxic or non-toxic depending on the individual polypeptide and the state of the oligomers, the
discovery and identification of any oligomers associated with the SOD1 fibrillation pathway
would be an essential piece of information to understand the SODI fibrillation mechanism since
on-pathway SODI1 oligomeric intermediates exist too transiently to allow further examination.
These inhibitors might bind such oligomers and trap them in a form that can be isolated for
further study. Use of these inhibitors would help us discover intermediate SODI species
associated with the fibrillation pathway and identify the toxic gain-of-function species that are

unambiguously linked to ALS pathology.
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In this chapter, we describe our testing of the inhibitory effect of five peptide and one
small molecule inhibitors using the SODI in-vitro fibrillation assay. We show that EGCG,
colivelin-tat, DpV16, and AzV31 are each able to inhibit SODI fibrillation in submolar ratios.
DpV19, a more hydrophilic derivative of DpV16 also exhibits inhibitory effects, although it
requires a higher concentration. Data presented here indicate that, while hydrophobicity might
influence the efficacy of an amyloid inhibitor, it is not an absolute requirement. Furthermore,
peptide lacking predominant secondary structure, such as AzV31, could effectively inhibit SOD1
fibrillation, suggesting that unstructured peptides can also be used as amyloid inhibitors. On the
other hand, PL170 did not show any inhibitory effect even in molar excess quantities. Out of the
six inhibitors tested, only SODI treated with EGCG formed stable oligomer instead of fibrils in

the fibrillation assay, as observed in a native gel.

To investigate further the inhibition mechanism, inhibitors were tested in the initiation
and elongation steps of fibrillation. Data show that the two inhibitors tested, Colivelin-Tat and
DpV16, were able to inhibit or attenuate initiation but have no effect on the elongation phase,
suggesting that these inhibitors inhibit fibrillation by interfering with the initiation step.
Interestingly, EGCG preferentially inhibit WT more efficiently than L38V and G93A. L38V and
G93A are located in close proximity in the native structure (strand 3 and 6), suggesting that this
region is important for EGCG binding and that this region might be directly or indirectly

involved in the fibril formation process.
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Results

Selection of Inhibitors

To minimize potential problems with cellular toxicity inflicted by the inhibitor alone, all
of the inhibitors selected for the fibrillation assays have been previously tested in vivo, either in
cell cultures and/or animal models. Hence, we assume that all of the inhibitors tested here are
relatively non-toxic. To understand the biophysical criteria needed to inhibit SOD1 amyloid
formation, six inhibitors with varying degrees of hydrophobicities and secondary structures were
selected — DpV16, DpV19, colivelin-tat, AzV31, PL170, and (-)-epi-gallocatechine gallate
(EGCQG) (see Methods for details of inhibitors). DpV16, also referred as PP-Leu, is a thirteen-
amino acid peptide with a D-Pro-L-Pro dyad at positions 7 and 8. Together with the stabilizing
internal disulfide bond, this hairpin motif is very resistant to protease digestion. It is an analogue
based on the sequence of a broad-spectrum antiviral peptide named 0-defensins. It is reported as
a potent inhibitor for Abeta fibrillogenesis (29). A derivative of DpV16, DpV19, was also
selected. However, in this peptide, each of the hydrophobic leucine residues is replaced by D-
His. The amino acid substitutions altered the hydrophobicity of the peptide, changing it from
hydrophobic to hydrophilic, with a mean hydrophobicity score changed from 3.06 to -1.08.
(HydroMCalc) (30). Two other peptides containing a membrane permeable domain, colivelin-tat
and AzV31, were also selected. Colivelin-tat is a hydrophobic fusion peptide of humanin (HN)
and activity-dependent neurotrophic factor (ADNF) conjugated with a membrane transduction
domain, Tat. Although the peptide sequence of colivelin by itself has no direct evidence linking
it to the amyloid structure, colivelin has been reported to suppress neuronal cell death induced by
mutant SOD1 in fM concentration and improved motor function of G93A-SOD1 transgenic mice
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(31, 32). However, the role of colivelin in SOD1 aggregation has not been investigated before.
With the tat domain, colivelin-tat was designed to have enhanced affinity for amyloid and/or
amyloid associated species. AzV31 is a peptide derivative from azurin. Azurin is a cupredoxin
that has antiproliferative activity against a number of tumor cell lines (33). Unlike the DpV
peptide family, AzV31 has no secondary structure as determined by CD (data not shown). Since
aromatic residues have been postulated to play a role in fibril stability, (-)-epi-gallocatechine
gallate (EGCG) and PL170 were also selected. EGCG is a green tea derived flavonoid, and was
reported to inhibit fibrillogenesis of a-synuclein (34) and Abeta (12, 35) by redirecting soluble
species into amorphous oligomers. It is an aromatic compound with multiple hydroxyl groups
(36). Its inhibitory action is believed to be interacting with the aromatic amino acids in the
amyloid fibril; and the hydroxyl groups on EGCG seem essential (11). EGCG was also
demonstrated to have neuroprotective and anticancerogenic effects in cell culture models (37,
38). Lastly, PL170 is composed of non-native amino acids. The alpha carboxylic positions of
glutamate are replaced with proper amines giving benzylamides and isobutylamides. These bulky

hydrophobic moieties are placed in alternating positions along the peptide sequence.

In-vitro Fibrillation Assay

Monomerization of SOD1 has been postulated to be the initiating step in SODI
fibrillation (39). In the in-vitro fibrillation assay, apo SOD1 was induced to fibrillate by the
addition of 5 mM DTT. This condition allows at least partial dimer dissociation and initiates
fibrillation (40). This DTT-treated reaction served as a positive fibrillation control. Inhibitors at
different molar ratios were added at the beginning of the fibrillation in parallel with the positive
control. After 45 hours of incubation at 37° C with continuous agitation, when the thioflavin-T
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(ThT) signal of the positive control has reached plateau indicating the completion of fibril
formation, reactions were stopped. The ThT intensity of the inhibitor treated samples was
normalized to the ThT intensity of the positive control as an indication of the relative amount of

fibrils; hence indicating the inhibition efficiency (Figure 1).

DpV16. After 45 hours incubation and agitation, SOD1 samples with 1:10, 1:5, and 1:1
molar ratios (DpV:SOD1) yielded only 2 % , 3.5 %, and 6 % of the total ThT fluorescence

intensity of SOD1 positive control (with DTT only).

DpV19. At 1:1 molar ratio, DpV19 has no inhibitory effect on SODI1 fibrillation.
However, when DpV19 was added in excess of SODI, 2:1 and 5:1 (DpV19:SOD1), fibrillations

were suppressed to 72% and 21% of the positive control.

Colivelin-tat. At 1:1 molar ratio, the ThT intensity of colivelin-tat treated sample was
suppressed to 20% of the positive control. Surprisingly, the levels of inhibition decreased to 26%

and 33.9% as the concentrations of Colivelin-tat to SOD1 increased to 2:1 and 5:1.

AzV31 (DC-SIGN 31). At 1:1 ratio, fibrillation was suppressed to 3%. At submolar
ratios at 1:10 and 1:5, AzV31 was able to suppress fibrillation to 4.1% and 3.4%, respectively,

showing potent concentration-dependent effect.

PL170. This peptide is ineffective at 1:1 molar ratio. The amount of fibrils formed in the
presence of 1:1 PL170 was very comparable to the untreated positive control, giving a ThT
intensity of 95 % of the positive control. More surprisingly, this peptide promoted SODI1
fibrillation at molar excess ratios, showing 184%, and 188% intensities of the positive control at

2:1, and 5:1, respectively.
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(-)-epi-gallocatechine gallate (EGCG). EGCG was able to suppress SODI fibrillation
to 4 % and 1.8% of the untreated sample at 1:1 and 5:1 molar ratio (EGCG:SOD1), respectively.

In submolar ratio, 1:5, EGCG was able to inhibit SODI1 fibrillation to 10 %.
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Figure 3.1. Inhibition of WT SODI1 fibril formation by small peptides and EGCG. Formation of
fibril was monitored by thioflavin-T (Th-T) binding. Th-T intensity of each sample after 45
hours of incubation was normalized to the positive control (DTT only, no inhibitor). Data are the
average of three experiments with calculated standard deviations. Four of the six inhibitors show
significant inhibition at 1:1 molar ratio (Colivelin-Tat, DpV16, AzV31, and EGCG). DpV19
shows concentration-dependent inhibitory effect at molar excess. PL170 has no inhibitory effect.
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Formation of Oligomers

Intermediate oligomers (either on- or off-pathways) have been reported and extensively
studied for Abeta, a-synuclein, and other amyloid forming proteins and peptides (13, 35, 41, 42).
However, intermediate oligomeric SOD1 species associated with the fibrillation pathway have
not been reported probably because they are too unstable and quickly convert to more (or less)
aggregated forms. To investigate whether the inhibitors can stabilize SOD1 oligomers and
prevent their forming amyloid fibrils, samples were retrieved from the 96-well plate after 45
hours of incubation. They were then subjected to centrifugation at 16,000 X g for 15 min to
separate the soluble protein from insoluble aggregates. Soluble proteins were then separated on a
10% native gel and visualized by an alpha imager with Coomassie blue staining. Note in panel A
that metallated as-isolated WT (Al WT) migrates slightly slower than apo WT SODI1. This is
most likely a structural effect due to the different conformations adopted by metallated and apo
WT SODI. A smear migrating faster than dimeric SODI1 is apparent for the S1 of apo WT
negative control (lane 3, no DTT and inhibitor), suggesting a basal level of protein degradation
as a consequence of prolonged agitation at 37° C. No oligomers were observed for DpV16,
DpV19, Colivelin-Tat, and AzV31 inhibited samples. Out of the five inhibitors tested, only the
sample treated with EGCG had bands/smear with migration slower than dimeric SODI,

suggesting the presence of higher molecular weight species (Figure 2).
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Figure 3.2. EGCG stabilized the formation of WT SOD1 oligomers. Native PAGE analysis of
SODI1 fibrillation samples harvested after 45 hours incubation with DTT =+ inhibitor. Fibrillation
samples were retrieved from the plate after 45 hours incubation and subjected to
ultracentrifugation. Soluble supernatants (S1) were loaded onto the native gel. A. As-isolated WT
(lane 1) and apo WT (lane 2) were loaded as sizing standards. No oligomers were observed for
DpV16, DpV19, and AzV31 inhibited samples (1:1 molar ratio). B. S1 of WT fibrillation with
1:1, 1:2, and 1:5 molar ratios (SODI1: Inhibitor) of Colivelin-Tat. C. S1 of WT fibrillation with
1:1 and 1:5 molar ratios of EGCG. Bands migrating significantly slower than dimeric SOD1 are
apparent, suggesting the presence of high molecular weight oligomers.

67



Initiation and Elongation

To investigate further the inhibition mechanism, selected inhibitors were tested in
different stages of the fibrillation process. Fibrillation is a very complex multi-step phenomenon.
The general mechanism consists of a nucleation step that requires a high activation energy
barrier followed by a rapid elongation phase that recruits soluble polypeptide to the existing
nuclei (43). To investigate the mechanism by which the inhibitors attenuate fibrillation,

inhibitors were tested separately in initiation and elongation experiments.

Apo SODI with the native disulfide bond intact (SS-ApoSOD1) is very robust and does
not form amyloid even after prolonged agitation (40). However, Chattopadhyay et al. showed
that apo disulfide-reduced SOD1 (2SH-ApoSOD1) initiates the fibrillation of SS-ApoSODI.
Hence, the initiation ability of a protein preparation can be tested by co-incubating it with SS-
ApoSODI1 and following the fibrillation process (see Method for details). When 50% (V/V) of
WT 2SH-ApoSOD1 was mixed with 50% WT SS-ApoSODI1, fibrils were formed with a lag time
of around 10 hours. When Colivelin-tat was added in 1:1 molar ratio with WT 2SH-ApoSODI,
the lag time was unchanged, suggesting that colivelin-tat has no effect on the initiation of WT

fibrillation (Figure 3).

SODI1 mutants are more susceptible to reduction of the native disulfide bond than WT
(44), and it is believed that this vulnerability makes mutant SOD1 more prone to exist in the apo,
disulfide-reduced state in vivo, which is the most aggregation-prone. Intriguingly, in cell culture
model, co-expression of WT with mutant SOD1 accelerated aggregation rate compared to the
expression of mutant alone (45, 46), suggesting that the co-existence of WT and mutant SODI is

more toxic than WT and mutant SOD1 individually. To test the effect of colivelin-tat on the
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initiation of WT SS-ApoSOD1 by mutant 2SH-ApoSODI, 1:1 molar ratio of coliveline-tat to
mutant 2SH-ApoSOD1 was added. The lag time for the initiation of WT by G93A was
unchanged compared to the initiation without colivelin-tat (Figure 3). On the other hand, the lag
time of DIOIN initiation was increased from 10 hours to around 30 hours. More significantly,
colivelin-tat almost completely inhibited the initiations of G37R and L38V. DpV16 was also
tested in the initiation assays. Unlike colivelin-tat, DpV16 was able to significantly inhibit

initiations by WT and all mutants tested (G37R, L38V, and D101N) (Figure 4).

The elongation phase is defined as a process in which fibrils were fragmented and act as
seeds (nuclei) with sticking ends to rapidly recruit soluble proteins. Because the nuclei have
already formed, the elongation phase bypasses the rate-limiting step of initiation; hence it has a
much lower kinetic barrier and faster kinetic compares to the initiation phase. To test whether the
inhibitor can inhibit the elongation phase, seeds prepared from WT SODI (see Method for
details), were added to soluble WT and mutant SS-ApoSODI1. When 20% (V/V) seed was
added, fibrils were formed with a much shorter lag time of ~ 5 hours (Figure 5). When colivelin-
tat was added to the reaction in 1:1 molar ratio with the seed, a concentration sufficient to inhibit
fibrillation assay, the lag time was unchanged, indicating the lack of inhibitory effect in WT
elongation. To compare the inhibitory effect of colivelin-tat in the elongation of mutant SOD1,
WT seeds were added to soluble mutant SS-ApoSODI1. Similar to the WT, colivelin-tat has no

effect on the elongation of mutant SOD1 (Figure 5).
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Figure 3.3. Colivelin-tat attenuated fibrillations of disulfide-oxidized apo WT initiated by
disulfide-reduced G37R, L38V, and D101N, but had no effect on initiation by reduced WT and
G93A. Raw Th-T intensity of disulfide-oxided WT initiated by disulfide-reduced WT, G93A,
G37R, L38V, and D101IN (from left to right and top to bottom). Plotted values are average of
triplicates.
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Figure 3.4. DpV16 inhibited initiations of disulfide-oxidized WT by disulfide-reduced WT,
L38V, D10IN, and G37R (from left to right and top to bottom). Plotted values are average of

triplicates.
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Figure 3.5. Colivelin-tat had no effect on elongation by WT fibrils. Fibrillation of soluble apo
SOD1 seeded by 20 % (V/V) WT fibril seeds in the presence (red) and absence (blue) of
colivelin-tat. From left to right and top to bottom: soluble WT, L38V, G37R, and D10IN. The
lag times of colivelin-treated samples were unchanged compare to the untreated samples. Plotted
values are average of triplicates.
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Inhibiting the formation of denaturant-resistant dimer

Aberrant formation of denaturant- and reductant-resistant SOD1 dimers and oligomers
has been detected in both in-vitro fibrillation assay and in symptomatic ALS transgenic mice and
cell cultures expressing mutant SOD1. When SODI fibrils made in reactions using 5 mM DTT
were denatured in the presence of 6.5 M Gdm-HCI and tris (2-carboxyethyl) phosphine (TCEP)
and subjected to SDS PAGE analysis, SODI1 dimers, trimers, and oligomers were apparent in the
gel (40). In vivo, SDS- and heat-resistant SOD1 oligomers were also found in the homogenates
of mouse spinal cords carrying SOD1 mutations (G37R and G85R), but not in homogenates from
unaffected tissues (47). Similarly, high molecular weight SODI1 oligomers were detected in
human embryonic kidney (HEK) cells expressing mutant SODI1 (48). Together, these
observations suggest that abnormal denaturant-resistant SOD1 dimer and oligomers might be
involved in the toxic mechanism associated with the SOD1 aggregation pathway. To test whether
the inhibitor can prevent the formation of abnormal dimers and oligomers, apo SOD1 was
incubated with 5 mM TCEP, in the presence and absence of inhibitor, at 37 °C without agitation.
Aliquots were taken out at 0, 2, 4, 6, and 24 hours. Samples were then heat denatured and
separated by 12% SDS PAGE, a condition in which native SOD1 dimer would monomerize. To
account for all the denaturant-resistant dimer, soluble and possibly insoluble oligomers (which
would not enter the gel), the amount of monomer was measured instead. The band corresponding
to SOD1 monomer was quantified by counting pixels with ImageJ. The amount of monomer
remaining over time was normalized to the amount of monomer present at t=0 and compared
with the negative control (TCEP, without inhibitor) (Figure 6). After six hours of incubation, the

amounts of monomers remaining were comparable among inhibitor-treated and control samples,
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ranging from 75 %-92 %, suggesting that most SOD1 were still in the native form. However,
after 24 hours of incubation, the amount of monomeric SOD1 remained in the negative control
was about 6 %, suggesting that most of the SOD1 have formed denaturant-resistant dimer and
oligomers. When AzV31, colivelin-tat, and DpV16 were added in 1:1 molar ratio with SODI,
the amount of monomeric SOD1 remained increased to 19 %, 46 %, and 56 %, respectively,
suggesting that these inhibitors were able to prevent the formation of denaturant-resistant dimer

induced by disulfide bond reduction.
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Figure 3.6. AzV31, colivelin-tat, DpV16 reduced the formation of SDS-resistant WT dimers
induced by TCEP reduction. Apo WT SODI1 was incubated with 5 mM TCEP in 10 mM KP1 at
37° C water bath for 0, 2, 4, 6, and 24 hours. At each time point, aliquot was taken out and flash
frozen immediately with liquid nitrogen. Samples were then mixed with 1 part of SDS-PAGE
loading dye without reducing agent and heat denatured for 5 minutes before loading onto a 12%
SDS gel. Analysis of SDS PAGE was done by staining with Coomassie Brilliant Blue, visualized
by Alphalmager, and the relative monomer band intensity was measured by counting pixels with
Imagel.
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Selective Inhibition by EGCG

FALS-linked mutations occur throughout the entire SOD1 sequence and appear in
different regions of the native SODI structure, making it challenging to postulate the
pathological mechanism by which mutations cause fALS. Given the complexity of the
fibrillation mechanism, it is reasonable to believe that there is more than one SOD1 aggregation
interface along the different stages of fibrillation. In contrast to peptide inhibitors, small
molecule inhibitors in general have more than one binding sites. To investigate whether
mutations in different regions of SOD1 would affect the inhibitory effect of EGCG, EGCG was
tested in fibrillation assays of L38V-SOD1 and G93A-SOD1. At 1:1 and 1:5 molar ratio (SOD1:
inhibitor), EGCG was able to suppress fibrillation to 4% and 2% in WT, respectively (Figure 7).
In contrast, when EGCG was added to G93A, fibrillation was only suppressed to 32% and 7% at
1:1 and 1:5 molar excess, respectively. The effect of EGCG on L38V was significantly less than
in WT. At 1:1 and 1:5 molar ratios, L38V retained 56% and 26% of the fibril formation,

respectively.
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Figure 3.7. EGCG inhibits SOD1 WT fibrillation more efficiently than L38V and G93A. ThT
intensity of EGCG treated samples were measured after 45 hours of incubation and normalized
to the untreated control (DTT alone).
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Discussion

Of the six inhibitors tested, five of them exhibited inhibitory effects to varying extent.
The inactive exception was PL170. DpV19 and EGCG demonstrated a concentration dependent
effect on SODI1 fibrillation, while the degree of inhibition remains the same level throughout the
different concentrations tested for AzV31 (1:10-1:1, inhibitor:SOD1). On the contrary, colivelin-
tat and DpV16 inhibit fibrillation most effectively at lower molar ratios than in higher molar
ratios, confirming that some inhibitors can have both amyloid inhibitory and stimulating
properties. Although more detailed experiments will be needed to determine the exact sequence
that is responsible for the inhibition, both peptides containing the membrane transduction domain
(colivelin-tat and AzV31) were able to inhibit SODI fibrillation at 1:1 molar ratio, suggesting
that transmembrane sequences might be a good candidate for amyloid inhibition. When all the
leucine residues were replaced with histidine, consequently creating a hydrophilic peptide,
DpV19 was still able to inhibit SOD1 fibrillation although it required a higher concentration than
DpV16. Since both DpV19 and DpV16 could inhibit SODI1 fibrillation, it indicates that
hydrophobicity is not an indispensable property of an amyloid inhibitor. In addition, AzV31,
which is unstructured as determined by CD spectroscopy, was also able to inhibit fibrillation.
This result suggests that having the beta-strand or beta-hairpin configuration is not a requirement
to prevent fibrillation. Unstructured peptide could also exert an inhibitory effect on SODI

fibrillation.

While most molecular chaperones seem to have the stabilizing effect that prevent protein

aggregation (49), some chaperones, such as Hsp104, have been shown to enhance fibrillation by
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stabilizing the “nucleation-competent” seed (50). One of the peptides tested here, PL170, seems
to fall in that category. Fibrillation was enhanced when PL170 concentration increased. Other
small molecules have also been shown to enhance fibrillation, such as trimethylamine N-oxide.
One possible fibrillation enhancing effect might be to alter the hydration of the polypeptide to
generate a less folded state that leads to the enhanced structural rearrangement and formation of

extended beta sheets (51).

There are several possible pathways by which the inhibitors could prevent formation of
SODI1 fibrils. An inhibitor could stabilize the SODI1 dimer interface, thus preventing
monomerization and making it more resistant to disulfide bond reduction. Alternatively, it could
directly or indirectly interact with the initiation sites, preventing the formation of amyloid nuclei.
Another approach is to inhibit elongation by binding to the aggregation sites that are essential in
elongation, either in the nucleus or in soluble SODI1. From the initiation and elongation assays,
we found that colivelin-tat and DpV 16 were more effective in inhibiting the initiation step than
the elongation step. In support of this notion, colivelin-tat and DpV16 were both able to attenuate
the formation of denaturant-resistant dimer induced by incubation with reductant, possibly by
stabilizing the native dimer interface, and thereby preventing reduction of the native disulfide
bond and the subsequent structural rearrangement that allows the formation of denaturant-
resistant dimer. This hypothesis is particularly evident for colivelin-tat. At 1:1 molar ratio,
colivelin-tat was able to inhibit in-vitro SOD1 fibrillation to 20% of the positive control.
However, when SOD1 was pre-treated with reductant and thus monomerized, as in the initiation
assay, colivelin-tat was not as effective. In agreement with this notion, colivelin-tat was also

ineffective when it was added in the elongation phase. Together, these observations suggest that
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colivelin-tat suppresses the early stage of fibrillation, possibly by preventing monomerization

and thus the formation of aberrant nuclei.

Some of these inhibitors might interfere with the early stage of the fibrillation by
redirecting the polypeptide into an alternative pathway before they become destined to
amyloidogenic. Among other known amyloid inhibitors, several of them bind to the native state
of the peptide and promote self-assembly that is distinct from the amyloid formation cascade.
Ehrnhoefer et al. reported the formation of highly stabled unstructured oligomers of Abeta and a-
synuclein induced by EGCG. These oligiomers are non-toxic to PC12 cells (13). Another
inhibitor, TRiC, a modulator of huntingtin fibrillogenesis, in combination with Hsp70 and Hsp40
promoted the formation of soluble oligomers instead of fibrils (52). These oligomers are non-
toxic, suggesting that it might be formed by an alternative pathway other than the toxic
aggregation. Out of all the inhibitors tested, only EGCG promoted the formation of oligomeric
SOD1. Since EGCG also inhibited the fibrillation of Abeta and a-synuclein, forming oligomers
as a consequence, it is reasonable to speculate that EGCG binds to a consensus amyloidenic
conformation among the different polypeptides that is not amino acid sequence specific. The
oligomeric SOD1 formed by EGCG might be non-toxic as in the case for oligomers formed in

EGCG-treated Abeta and a-synuclein.

While EGCG effectively suppressed WT SODI1 fibrillation to less than 4 %, its inhibitory
effect is less potent in mutants such as L38V and G93A, 56 % and 32 %, respectively. Since
L38V and G93A are geographically adjacent to each other in the native structure (on strand 3
and strand 6, which are connected through the hydrogen bond network as part of the beta barrel),
it is possible that mutation at this location lowers the binding affinity of EGCG to this region of
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SODI1. This evidence suggests that this region might play an important role in the mechanism by

which apo SODI rearranges and self-assembles to amyloid fibril.

Future experiments will aim to address in more detail the inhibition mechanisms of these
inhibitors, such as to determine all the inhibitor binding sites and the seeding potential of the
oligomer formed by EGCG. In vivo experiments will also be done to validate the efficacy of
these inhibitors in cell culture and animal models. Although many caveats remain and there are
numerous hurdles toward developing potential therapeutic agents based on these inhibitors, these
inhibitors provide us valuable information on the SODI fibrillation inhibition mechanism and

give us the rationale for developing the next generation of inhibitors.

Materials and Methods

SOD1 Expression and Purification

WT and site-directed mutagenesis of WT were performed as described in (53, 54). WT
and fALS SOD1 were purified from the EG118 strain of Saccharomyces cerevisiae following the
procedures from (55), yielding SOD1 with the initial Metl removed and Ala2 N-acetylated
covalently identical to SOD1 from human sources. To convert to apo, purified SOD1 was
dialyzed three times against 50 mM EDTA and 100 mM sodium acetate at pH 3.8. The protein
was then dialyzed three times in 100 mM NaCl and 100 mM sodium acetate, pH 3.8, to remove
SOD1-bound EDTA. After demetallation, SOD1 was dialyzed in 10 mM potassium phosphate,
pH 7.0, filter-sterilized, and flash-frozen in liquid nitrogen and kept at — 20 °C until use.
Inductively coupled plasma (ICP)-MS was used to quantify metal status (5). All apo-proteins

contain less than 0.10 equivalents of copper and zinc per dimer.
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In Vitro Fibril Formation

To make fibrils, 50 pM of apo SOD1 was prepared in 10 mM potassium phosphate, pH
7.0, with 5 mM DTT and 40 uM of thioflavin-T (ThT) as described (40). After mixing, the
solution was placed in a 96-well plate with a 1/8-in teflon ball and incubated at 37 °C with
continuously shaking at 300 rpm for forty-five hours. Assembly of fibril was monitored by
Thioflavin-T fluorescence measurement at Aem = 485 nm (Aex =444 nm) using a Fluoroskan
plate-reader (Thermo Fisher). All solutions were made with chelexed metal-free distilled

deionized water (ddH20) and filtered through a 0.22 um filter.

Fibril Initiation and Elongation Assays

For the initiation experiment, 50% (V/V) of disulfide-reduced monomeric SODI,
collected by size-exclusion chromatography-HPLC (SEC-HPLC), was mixed with disulfide-
oxidized dimeric SOD1 and subjected to continuous agitation in a 96-well plate at 37° C as
described above. Fibril seeds were prepared from mature fibrils formed in fibrillation reactions
catalyzed by 5 mM DTT as described above. DTT Fibrils were subjected to ultra-centrifugation
at 16,800 X g for 15 minutes to remove the soluble contaminants. Purified fibrils were then
incubated with 2 M guanidinium hydrochloride, 10 mM potassium phosphate, pH 7 at 37° C for
90 min, then sonicated in a water bath for 20 minutes. 20% (V/V) of freshly prepared fibril seeds
were added to soluble disulfide-oxidized SODI to begin elongation. The molar ratio of inhibitor

to the initiating or elongation agent was 1:1.
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SEC-HPLC

Disulfide-oxidized and disulfide-reduced apo SOD1, which are dimeric and monomeric,
respectively, in non-denaturing condition, were separated and collected from a 7.5 mm X 30 cm
TSK G2000 SW column (Toyosoda, Japan) equipped with a guard column using an Agilent
1200 HPLC with a mobile phase containing 50 mM sodium chloride, 50 mM potassium
phosphate, and 5 mM DTT at pH 6.7. Retention time of the dimeric and monomeric SOD1 was
monitored by absorbance at A280nm. A mixture of molecular weight markers ranging from

1,350 to 670,000 daltons was used as sizing standards (Bio-Rad).

TCEP Reduction and SDS PAGE

50 uM of apo WT SOD1 was incubated with 5 mM TCEP in 10 mM potassium phosphate
at pH 7.0 at 37° C water bath for 0, 2, 4, 6, and 24 hours. At each time point, an aliquot was
taken out and flash frozen immediately with liquid nitrogen. Samples were then mixed with 1
part of SDS-PAGE loading dye without reducing agent and heat denatured for 5 minutes at 95 °C
before loading onto a 12% SDS gel. Analysis of SDS PAGE was done by staining with
Coomassie Brilliant Blue, visualized by Alphalmager, and the relative band intensity was

measured by ImageJ densitometry.

Native Page

Samples were mixed in 1:1 by volume with the native sample buffer (Bio-Rad). Samples
were then separated on a 10% resolving acrylamide gel (as described) (40), followed by staining

with Coomassie Brilliant Blue, visualized by Alphalmager, and analyzed by ImagelJ.
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Inhibitor Preparation

Synthetic peptides were synthesized and provided by Dr. Piotr Ruchala from the UCLA
Peptide Synthesis Core Facility. Peptides were synthesized via Fmoc chemistry on the solid
phase and purified by RP-HPLC. EGCG was purchased from Sigma-Aldrich. Lyophilized
powders of EGCG, PL170, and Colivelin-tat were re-suspended in ddH20 to make a 10 mM

stock. DpV16, DpV19, and AzV31 were re-suspended in DMSO.
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Table 1. Inhibitor sequence and structure

Inhibitor (Amino Acid Sequence) MOlecu(lS;)W eight
DpV16 (PP-Leu)
- ICRLIL-(D)Pro-Pro-LRLIC-Amide 1520.04
DpV19
- ICR-(D)His-I-(D)His-(D)Pro-Pro-(D)His-R-(D)His-IC- 1615.96
Amide

Colivelin-tat
- SALLRSIPAPAGASRLLLLTGEIDLP-PEG;- 4534.42
GRKKRRQRRRPPQ-Amide

AzV31 (DCSIGN-L31)

- YK-Cha-Cha-Cys-Tle-Cha-Oic-GHRT-Cha-Cys-K- 1969.57
Amide
PL170%
E(aBZA)_H_E(aIsBut)_H_E(aBzA)_H_E(aBZA)_CONH2 1 267 .42
(-) Epigallocatechin gallate (EGCG) 458.37

OH

OH
[(2R,3R)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)chroman-3-yl] 3,4,5-trihydroxybenzoate

PEG; = 11-Amino-3,6,9-Trioxaundecanoic Acid, Cha-(L) = Cyclohexyl-Alanine, Oic-(L) =
Octahydroindole-2-carboxylic acid, Tle-(L) = tert-Leucine, GRKKRRQRRR = Tat

* peptide is assembled via side chains of Glu. Alpha carboxylic positions of Glu are substituted
with proper amines giving amides (BzA = benzylamide, IsBut=isobutylamide)
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Chapter 4

Discovery of SOD1 Oligomers by Stabilization with Molecular Tweezer
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Introduction

Amyloid fibril formation and its associated oligomeric species are implicated in many
misfolding diseases, such as Alzheimer’s, Parkinson’s, transmissible spongiform
encephalopathies (TSEs), and systematic amyloidosis (1-4). Although the end stage product,
insoluble amyloid fibrils with the characteristic cross-beta conformation, are consistently found
in the affected organs of many neurodegenerative patients, emerging evidence suggests that the
real pathological culprit responsible for disease etiology is the more soluble, diffuse form of
oligomer associated with the amyloid formation pathway (5-7). Most studies suggest that soluble
oligomers correlate better with disease severity than insoluble fibrils (8-10). Consequently, these
soluble oligomers, either formed in the early stage of aggregation or released from disaggregated

fibrils, have become the focus of recent amyloid research.

Unlike the mature SOD1 amyloid fibril, little is known about the building blocks that
precede its formation. Although the exact mechanism of fibril formation varies from protein to
protein, the most accepted mechanism of fibrillation begins with a rate-limiting,
thermodynamically unfavorable nucleation step in which monomers change their conformations
to form a fibril-competent nucleus (the smallest multi-mer capable to initiate fibrillation). The
nucleus then further recruits monomers to elongate favorably to form and sustain growth of
mature amyloid fibril. However, more recently this model has been expanded, and three more
detailed models have been proposed to explain the earliest event in fibril formation, the transition

from monomers to nucleus.

In the native-like aggregation model, the monomers slightly rearrange to expose

aggregation-prone regions but retain most of their native structure. Once these aggregation-prone
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regions are exposed, the monomers can then self-assemble to form native-like oligomers. These
oligomers can then convert to amyloid fibril. Proteins that have been reported to follow this
aggregation pathway include B2-microglobulin (11) and transthyretin (12, 13). These proteins

have the intrinsic property to aggregate.

In the nucleated conformation conversion model, monomers readily unfold to form
oligomers lacking significant secondary structure. These oligomers slowly convert to amyloid-
like oligomers, which then form fibrils. In this model, the rate-limiting step is the conversion of
unstructured oligomers to the amyloid-like oligomers. This model was demonstrated in AB (14,

15), IAPP (16), and huntingtin (17).

In the nucleation growth model, monomers directly convert to the amyloid-competent
form. In this case, the nucleus can be as small as a monomer. The pathway chosen toward
amyloid formation depends on the protein, and the same protein can follow different pathways,
even simultaneously, depending on the individual protein and parameters such as buffer
composition, pH, and protein concentration (18, 19). Due to the various pathways that a
polypeptide can undertake, the oligomers observed and reported in the literature vary vastly. The
term “soluble oligomer” simply broadly embraces all species that remain soluble after ultra-
centrifugation. Other amyloid-associated intermediates reported other than soluble oligomers

include insoluble oligomer and spherical or linear protofibrils.

Soluble oligomers present polymorphism in terms of their size (20), secondary structure,
morphology (21), and stability (22). Such oligomer polymorphism exists even within the same
pathway formed by the same polypeptide. For instance, the sizes of the Abeta oligomers reported

in the literature range from 40 kDa to 250 kDa (5, 23-25). Most of these oligomers are toxic to
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cell cultures. Moreover, oligomeric species of tau, Abeta, huntingtin and a-synuclein have been
found in their respective neurodegenerative patients (26). These oligomeric species induced toxic
responses when administered to animal models after isolation from diseased specimens (27, 28).
Interestingly, there seems to be a general negative correlation between the size of an oligomer
and their toxicity in cell culture (7). However, since Chiti et al. found that oligomers formed by
the same polypeptide that are similar in size can also have different levels of toxicity (29), this
correlation is at best a trend, not a rule. The observation that oligomers formed by dissimilar
primary amino acid sequences exhibit similar toxic properties suggests that toxicity is an
inherent property of amyloid oligomer independent of the sequence of the amino acid residues.
Hence, to unveil the presence of any oligomers associated with the SOD1 fibrillation pathway
would be a crucial discovery, and detailed investigation on the different species might allow us

to pinpoint the exact toxic entity directly linked to ALS etiology.

In vivo, SODI oligomers have been discovered in the detergent-insoluble aggregates
isolated from the spinal cords of affected transgenic mice expressing mutant SOD1 and fALS
patients harboring an A4V mutation, which is the most common and severe form of mutation in
the United States, with an average survival time less than 2 years (30-32). Although it has been
shown that aggregates (mostly amorphous) isolated from the spinal cord of tgSOD1G93A mice
can seed amyloid formation in vitro (33), it is not known whether the oligomers found in the
aggregates from the transgenic mice and fALS patients were indeed intermediates of the amyloid
fibril pathway. In vitro, SOD1 oligomers have been observed from in-vitro fibrillation
experiments (not published), but the transient nature of these oligomers has made it difficult to

investigate their structural properties, assembly pathways, and their relationship to the final

92



fibrils. One successful approach has been the use of small molecule to stabilize the intermediate
oligomeric species (34-37). The outcome of such studies of these small molecule amyloid
inhibitors was the consensus that small molecules cannot completely inhibit all possible self-
assembly pathway of the amyloidogenic polypeptides. Since protein aggregates have a relatively
large buried area compares to the small size of a molecule, a small molecule cannot prevent the
interaction of all possible inter-molecular interfaces. However, a small molecule can stabilize the
formation of oligomers, either on or off the amyloid cascade, making it an ideal means to capture

amyloid intermediates (38).

CLRO1, a molecular tweezer, is composed of nine annulated six-membered rings forming
a hydrophobic cavity with two rotatable peripheral anionic phosphonate groups (Figure 1) (39,
40). With the high electron density on its inner surface, it has high binding affinity for basic
amino acid residues such as lysine and arginine, with the strongest affinity for lysine. CLRO1
inhibits the aggregation and toxicity of a broad range of amyloidogenic proteins such as a-
synuclein, amyloid B-protein (A), tau, and islet amyloid polypeptide (41). Furthermore, it can
disaggregate mature a-synuclein, Abeta and insulin amyloid fibrils (40, 41). In this chapter, we
show that SODI1 fibrillation was inhibited and that pre-formed mature SODI1 fibrils were
disaggregated by CLRO1. Upon inhibition of SODI1 fibrillogenesis and disaggregation of SOD1
fibrils, SOD1 oligomers were formed. Such oligomeric species were present in both WT and
mutant SOD1 samples. The size, property, and the role of disulfide bond in the formation of
these oligomers were investigated in this chapter. The goal of the chapter is to identify and

characterize the newly discovered oligomers associated with the amyloid pathway, which is a
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critical step to advance our understanding of the aggregation mechanism of SOD1 and to define

the role of SOD1 oligomers in ALS.

Figure 4.1. Molecular structure of the molecular tweezer, CLRO1 (40). CLRO1 is composed of
nine annulated six-membered rings forming a hydrophobic pocket, which gives its high affinity
for the aliphatic carbon side chain of lysine and arginine. The positively charged guanidinium
and amino group of arginine and lysine, respectively, stabilizes the binding with CLRO1 through
electrostatic attraction with the phosphate anions [Reprinted from Prabhudesai et al. (40)]
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Results

In-vitro Fibrillation Assay

To test whether CLRO1 can be used as a SOD1 amyloid inhibitor, an in-vitro fibrillation
assay (as discussed in chapter 4) was performed. As a positive control, apo SOD1 was induced to
fibrillate by reducing the intra-subunit disulfide bond of a subpopulation of SODI1 protein
molecules by the addition of 5 mM DTT. Inhibitors at different molar ratios were added at the
beginning of the fibrillation in parallel with the positive control. After forty-five hours of
incubation at 37 °C with continuous agitation in a 96-well plate, when the thioflavin-T (ThT)
signal of the positive control has reached plateau indicating the completion of fibril formation,
reactions were stopped, and aliquots were flash frozen if not studied immediately. ThT intensity
of the CLRO1 reaction was normalized to the positive control reaction. At 10:1 and 5:1
(CLRO1:SOD1) molar ratios, CLRO1 completely inhibited WT fibrillation with DTT (Figure 2).
At equivalent molar ratio, CLRO1 was only marginally effective. At submolar ratio, 1:2, CLRO1
failed to inhibit SODI1 fibrillation. To test whether CLRO1 is also effective in inhibiting the
fibrillation of mutant SOD1, CLRO1 was also tested with the G93A and D101N mutants. Similar
to WT, CLRO1 completely inhibited fibrillation at 10:1 and 5:1 molar excess, but the effects at

1:1 and 1:2 molar ratios were insignificant.
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Figure 4.2. CLROI inhibited the fibrillation of apo WT, G93A, and D10IN. Thioflavin-T
intensity of the CLROI1-treated sample was normalized to the DTT positive control sample (No
inhibitor) of the respective apo protein after forty-five hour incubation. Plotted values are
average of triplicates. At 10:1 and 5:1 molar excess, CLROl completely inhibited SODI1
fibrillation.
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Characterization of Pre-fibrillar Oligomer

To ascertain the presence of SOD1 oligomers, aliquots were taken out from the 96-well
plate after forty-five hours of incubation and subjected to size-exclusion chromatography (SEC)
with a TSKG2000SW column. Sizing standards (Bio-rad) in combination with dimeric WT
SOD1 were used to compare and estimate the size(s) of WT and mutant SOD1 proteins after
treating with DTT and CLRO1. Dimeric SOD1 with a rough molecular weight of about 32kD
was eluted at 18.5min. In addition to dimeric SOD1, high molecular weight oligomeric SODI
species eluting at around 16.5 min were consistently observed in WT and mutant SOD1 (G93A
and D101N) reactions (Figure 3). Elution times of the standards were plotted against the log10 of
the standards’ known molecular weights (Figure 4). The interpolated size of the oligomers is
around 87,000. Since these SOD1 oligomers are stable in the size-exclusion column, SEC-HPLC
was used as a purification procedure to purify these oligomers, which we termed SODI
prefibrillar oligomer (SPFO) to indicate these oligomers are formed before the formation of
fibrils. It is important not to confuse SPFO with the general definition of prefibrillar oligomer
(PFO), which describes the oligomers formed by Abeta and other amyloid proteins that can be
specifically recognized by the A1l antibody since we are not implying that SPFO has the same
properties and immunological structure as other PFO reported. Oligomers recognized by the Al11
antibody are in general less structured than oligomers recognized by the OC antibody, which
specifically recognize fibrillar oligomers and amyloid fibrils. The fundamental differences
between the A1l and OC antibody rely on the different epitopes they specifically recognize
along the amyloid formation pathway. The pre-fibrillar oligomers are oligomers that have yet to

adapt the beta sheet enriched structure similar to mature fibrils. In theory, pre-fibrillar oligomers
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have to undergo a conformational change “en bloc” to form fibrils (42). In contrary, fibrillar
oligomers are thought to be the fibrillation nuclei that have immunologically similar structure
with mature fibrils. Fibrillar oligomers can elongate by recruiting monomers to its end to form

the resulting amyloid fibrils that are visible under electron microscopy.
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Figure 4.3. Formations of high molecular weight SOD1 prefibrillar oligomers (SPFOs) by
CLROI. Top panel, WT; middle panel, G93A; bottom panel, DIOIN. The traces of the Bio-Rad
protein standards (black) and dimeric SODI1 (red) are superimposed with the SOD1 samples
treated with varying concentrations of CLRO1 and control. The five molecular weight markers
used are B12 (1,350), myoglobin (17,000), chicken ovalbumin (44,000), bovine y—globulin
(158,000), and thyroglobulin (670,000). Dimeric SOD1 eluted at 18.5 min. Oligomers eluted at
16.5 minute are evident for samples treated with 10:1 and 5:1 molar excess of CLRO1.
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Figure 4.4. SPFOs have an estimated mass of 87,000. Observed elution times for the protein
standards (Bio-Rad) (black) and dimeric SODI (blue) from the SEC-HPLC runs were plotted
against the log10 of known molecular masses of the standards. SPFOs (red) have an interpolated
molecular mass of 87,000 from this linear regression

The discovery of stable SOD1 oligomers allowed us to investigate further the properties
of these oligomers. To determine the secondary structure of SPFO, circular dichroism
spectroscopy (CD) was performed. As seen in Figure 5A, dimeric apo WT has a minimum and
maximum at 215 nm and 230, respectively, suggesting a significant component of beta sheets. 10
fold molar excess of CLRO1 has no CD absorption. Isolated SPFO has a minimum at 200 nm,
suggesting that it has less beta-sheet content than apo WT SOD1 and that it contains a significant
amount of random coil. However, it is lacking a maximum at 212 nm, indicating that it still
retains a significant beta-sheet component. To investigate the role of the disulfide bond in the
formation of SPFO, SPFO were isolated from the SEC-HPLC. Half of the oligomers were treated
with 250 mM DTT for one hour at 37° C, a condition that would completely reduce and
monomerize native apo WT SODI1. Both reduced and non-reduced oligomers were then injected

back onto the size exclusion column. As shown in Figure 5B, a significant population of SPFO

100



were reduced and converted back to monomers, eluting at 20 min, suggesting that some of the
SPFO were disulfide-crosslinked and were susceptible to DTT reduction. However, a sub-
population of SPFO remained intact and eluted at 16.5 min. This evidence suggests that some of
the SPFO are very stable and have acquired resistance to DTT reduction. To confirm the role of
disulfide bond in the formation of SPFO, an SOD1 mutant with all four cysteines mutated, C6A,
C57S, C1118S, and C146S (NoCys SOD1), was induced to fibrillate in the presence (10:1,
CLRO1:SOD1) and absence of CLRO1. Similar to the normal WT and mutants with normal
cysteine background, NoCys fibrillation was also inhibited by CLRO1 (Figure 6A). To examine
whether NoCys SOD1 could form SPFO in the presence of CLRO1, NoCys SOD1 and WT
SOD1 were aliquoted out from the plate after forty-five hours of incubation and subjected to
ultracentrifugation before running the supernatant on a native gel. While high molecular weight
oligomers were consistently found in high abundance for WT SOD1, the NoCys SOD1 sample
remained predominantly monomeric (Figure 6B). This observation suggests that the presence of

cysteines is required for the formation of SPFO.
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Figure 4.5. SPFOs have less beta-sheet structure than native apo WT and are partially stabilized
by intermolecular disulfide bonds. (A) Circular dichroism spectroscopy (CD) of SPFOs (green)
and native apo WT (red). SPFOs have a minimum at around 200nm, indicating an increase in
random coil component. (B) SEC-HPLC of collected SPFOs (red) and collected, DTT-treated
SPFOs (black). SPFOs are stable in SEC-HPLC but are susceptible to DTT reduction. A
population of SPFOs is converted back to monomers (retention time = 20 min) after DTT
reduction.
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fluorescence intensity. NoCys SODI1 was able to fibrillate with agitation alone. 10:1 molar
excess of CLRO1 completely inhibited NoCys fibrillation. (B) Oligomers bigger than the size of
a tetramer were present in the WT SOD1 sample treated with CLRO1 (lane 3) but absent in the
NoCys sample (lane 1).
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Initiation with SOD1 Pre-fibrillar oligomers (SPFOs)

Since fibril formation is known to be nucleation-dependent, we set out to determine
whether the CLROI-treated SPFO could serve as a nucleus and initiate the formation of
thioflavin T- positive fibrils from SODI1 dimers. Previously, Chattopadhyay et al. demonstrated
that disulfide-reduced apo WT (2SH-apoWT) was sufficient to form the nuclei and able to
initiate the fibrillation of disulfide-oxidized apo WT (SS-apoWT) in as low as 5% of the total
volume (V/V) (43). To decrease the initiation lag time, 15% (V/V) of reduced apo WT was
added instead of 5% in the following experiments (Figure 7). To prepare the SPFO as nucleating
agent, SPFO were isolated from the SEC-HPLC and concentrated. 15% (V/V) of purified SOD1
SPFO were mixed with SS-apoWT. As a control, 15% (V/V) of monomeric 2SH-apoWT was
mixed with SS-apoSOD1 and allowed to fibrillate alongside of the SPFO-treated sample. As
shown in Figure 7. 15% of 2SH-apoWT was able to initiate fibril formation as indicated by the
exponential increase in ThT signal with a lag time of ten hours. On the other hand, SPFO failed
to initiate fibrillation even after forty-five hours, as indicated by the absence of increase in ThT

signal.
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Figure 4.7. WT SPFOs did not initiate the fibrillation of WT apo disulfide-oxidized SOD1 at 15
% (V/V). 15% (V/V) WT apo disulfide-reduced SOD1 (2SH-apoSOD1) initiated fibrillation of
WT apo disulfide-oxidized SOD1 (SS-apoSOD1) with a lag time less than ten hours (brown).
15% (V/V) of WT SPFOs failed to initiate fibrillation of WT SS-apoSOD1 (orange).
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Dissociation of SOD1 fibrils by CLRO01

To investigate whether CLRO1 can dissociate pre-formed mature fibrils as reported in o-
synuclein and Abeta (40, 41), pre-formed SOD1 DTT fibrils were retrieved from the 96-well
plate after forty-five hours of incubation, washed and re-suspended in 10 mM potassium
phosphate (KPi) with 10:1 molar excess of CLRO1. Aliquots were taken out over a time course
of forty days. To monitor the amount of soluble SOD1 disaggregated from the fibrils, aliquots
were taken out periodically and were centrifuged at 16,000 X g for fifteen minutes to remove any
remaining insoluble fibrils. The supernatants were then injected onto a size exclusion column. As
demonstrated in Figure 8, large soluble oligomers eluting in the void volume (denoted as “*”)
and monomeric SOD1 eluting at 52 minute (denoted as “M”) started to appear in the supernatant
after nine days of incubation. The amount of oligomers continued to increase over time. To
confirm the disaggregation, electron micrographs (EM) were taken throughout the time course, at
the beginning (T=0d), middle (T=20d), and the end of the time course (T=40d). As shown in
Figure 9A, at T=20d, in contrary to the abundance of long fibrils (>500 nm) seen on day O,
SOD1 fibril fragments less than 50 nm in length became the most dominant species. Small
spherical oligomers with diameters as small as 7 nm were also observed. However, the
disaggregation did not proceed to completion. At day 40, the amount of small SODI1 fibril
fragments and oligomers were comparable to day 20. To estimate the sizes of the spherical
oligomers, the diameters of twenty particles were measured by counting pixels with Imagel.
Particles were modeled as spheres with a partial specific volume of 0.74 cm3/g (see Methods).

The distribution of molecular masses is shown in Figure 9B. From these measurements, the
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average molecular mass of the small spherical oligomers dissociated from fibrils was calculated

to be 92,000 £+ 15,000 (SEM).

Retention Time (min)

Figure 4.8. CLRO1 dissociated SOD1 fibrils and released soluble oligomeric (“*”) and
monomeric (“m”) SODI into the supernatant. SEC-HPLC (TSK G-4000) profiles of the
supernatant of CLRO1 treated fibrils from day 0 to day 40. Release of soluble SODI from fibrils
are apparent after nine days of incubation with 10:1 molar excess CLRO1. A214nm traces of
SOD1 monomer (green), dimer (red), and protein standards (black) are superimposed and
aligned on top as references. Molecular masses of the standards are 670,000 (“a”), 158,000 (“b™),
44,000 (“c”), and 17,000 (“d”).
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Figure 4.9. Dissociation of SOD1 fibrils by CLROI monitored by TEM. (A) 10:1 molar excess
of CLRO1 was added to purified WT DTT fibrils at day 0. Fibril fragments and oligomers started
to appear at day 21 (scale bar = 200nm). (B) Size distribution (M; X 10°) of twenty randomly

selected small oligomers estimated from TEM with the corresponding number of SOD1 subunit
listed above.
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Discussion

Abnormal self-assembly of SOD1 may be pathogenic in fALS and even in some cases of
sporadic ALS. Although insoluble protein aggregates containing mutant SOD1 are consistently
observable in fALS patients and ALS mouse models, there is a growing realization that it is the
soluble fibril precursors that are likely to be cytotoxic. However, unlike other amyloid diseases,
such toxic intermediates associated with SOD1 amyloid have not been identified. In this chapter,
we sought to discover, stabilize, and characterize SOD1 oligomeric species associated with the
amyloid pathway through stabilization with CLRO1. We show that CLRO1 successfully inhibited
the formation of thioflavin T-positive SOD1 fibrils. Instead of forming amyloid fibrils, soluble
oligomers, which we termed, SODI1 prefibrillar oligomers (SPFOs), with an estimated molecular
mass of 80,000 were observed. These oligomers are stabilized, at least partially, by inter-
molecular disulfide bonds. This is evident by both reduction treatment coupled with SEC-HPLC
and the inability to form oligomers by the NoCys SOD1. SPFOs were found in both WT and

mutant SOD1 samples treated with CLROI.

For the first time, we have isolated and studied oligomeric SODI1 species that are
associated with the amyloid pathway. Although the purified pre-fibrillar oligomers failed to
initiate fibrillation of dimeric SS-apoSODI, it is too early to conclude that these oligomers are
off-pathway species. One possible explanation is that CLRO1 might have a strong binding
affinity to a region of SODI1 on the nucleus that is critical for the recruitment of SOD1 monomer
and/or dimer, which prevents elongation to mature amyloid fibril. This region might be natively
buried but become solvent exposed after its conversion to oligomers. An alternative explanation
is that CLRO1 might bind to monomeric and/or dimeric SOD1 and re-direct it to form oligomers
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that are off-pathway from amyloid formation. Data from the circular dichroism experiments
showing a shift of minimum from 215 nm to 200 nm seems to support this hypothesis. The beta-
sheet content was less in the SPFOs than in the native dimeric apo SOD1, suggesting that CLRO1
remodels the secondary structure of SODI. Since beta-sheets are essential components to
maintain the structural integrity of amyloid fibril, decrease in beta-sheet content in SPFOs
accompanied by increased structural disorder as random coil might disfavor the conversion to
amyloid fibril, driving it off the amyloid pathway. Off-pathway oligomers induced by small
molecule have been reported for Abeta protein, inhibited by (-)-epi-gallocatechine gallate
(EGCG) (44). These off-pathway oligomers are mostly unstructured and are non-toxic to cell
culture as measured by MTT assay (5). Another example of non-toxic, unstructured oligomers
was reported by Ladiwala et al (45). These unstructured Abeta oligomers (prepared at low
concentration) were not recognized by the A11 antibody, suggesting that they are not pre-fibrillar
oligomers. On the other hand, a large variety of toxic Abeta oligomers have also been reported.
Abeta oligomers prepared by different protocols that demonstrated toxicity include the 56 kDa
oligomers that causes cognitive dysfunction in transgenic mice (27), the 80 kDa Abetal-42
fibrillar oligomers that are toxic in several cell culture systems, and 90 kDa oligomers that

disrupted the calcium channel of SH-SYS5Y cells (46).

Eisenberg et al. recently reported the discovery of the toxic Abetal-42 (Abeta42) fibrillar
oligomers (TABFO) that have an average molecular mass of 80,000 (47). The TABFO were
made in ammonium hydroxide, which prohibited the formation of mature fibrils. However, when

the solvent was exchanged to PBS, these oligomers were able to form fibrils. The average size of

TABFO is similar to the SPFOs we observed (87,000). Moreover, these TABFO have similar
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CD signature as the SPFO we observed. A combination of beta-sheets and random coils with
negligible a-helices was observed in both TABFO and our SPFO. Similar to mature fibril,
TABFO was also recognized by a fibril-specific OC antibody. The size and secondary structure
similarity between TABFO and SPFO suggest that our SPFO might also be recognized by the
OC antibody. TABFOs are toxic to HeLa and PC-12 cells, hence we speculate that the oligomers

we observed might also carry an intrinsic toxic property.

It is interesting to point out that although the primary sequence of Abeta and islet
amyloid polypeptide (IAPP) are about one quarter the size of the polypeptide chain of SODI,
the sizes of their toxic oligomers are about the same as the SPFOs (23). While a molecular mass
of 80 kDa corresponds roughly to a SODI1 pentamer, it is a nonadecamer (19 subunits) for
Abeta42 and henicosamer (21 subunits) for IAPP. It seems likely that there is minimum
requirement in size for toxicity regardless of the protein sequence. Toxicity might begin around
80,000 and decreases as the oligomer size increases. Indeed, Kayed et al. compared the toxicity
of low molecular weight oligomers (less than 40 kDa), high molecular weight oligomers, and
amyloid fibrils. They found that oligomers larger than 40 kDa display significant toxicity while

low molecular weight oligomers and fibrils are not toxic (23).

In biological systems, high molecular weight SOD1 oligomers larger than the size of
trimer, were apparent in both A4V FALS patient and transgenic mice overexpressing five
different SOD1 mutations (G37R, G93A, G85R, H46R/H48Q and Quad) (31). Misfolded SODI1
have also been detected in the spinal cords of sporadic ALS patients as identified by the C4F6
antibody. Unfortunately, the sizes of these misfolded species were not reported in this study.
Nevertheless, high molecular weight SOD1 oligomers might be the etiological agent in ALS.
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We also managed to disaggregate SOD1 fibrils into short fibrillar fragments and oligomers by
the use of CLROI. Electron micrographs suggest that some of the SOD1 were converted back to
hexamer and trimer, etc. However, these species were not visible in the size exclusion column.
One possible explanation is that these oligomers have high propensity to aggregate; hence, as
soon as CLROI concentration was diluted in the gel filtration column, these oligomers re-
aggregated. Another possibility is that the equilibrium shifted toward monomer as the

concentration of SOD1 decreased in the column.

Array of soluble oligomers have also been reported for other amyloidogenic proteins such
as IAPP, a-synuclein, prion, insulin, and lysozyme (19-23). While some oligomers are toxic,
some are benign. In view of these considerations, it is important to study these SOD1 oligomers
and their properties individually. The SPFOs and the dissociated SOD1 oligomers observed by
stabilization with CLRO1 might only be two out of many possible on- or off-pathway SODI
intermediate states. To explore fully the regime of SOD1 oligomers and to pinpoint the most
toxic SODI intermediate species, different inhibitors or varying pH and concentration of SOD1
might be utilized to stabilize other undiscovered SOD1 oligomers. The use of small molecules to
modulate the toxicity of Abeta oligomers was well demonstrated by Ladiwala et al (48). In this
study, five small molecules were selected based on its ability to convert toxic prefibrillar Abeta
oligomers into non-toxic oligomers. They found that this group of aromatic small molecules was
able to remodel the prefibrillar oligomers into different conformations with reduced toxicity.

These non-toxic alternate conformations include smaller oligomers and fibrillar oligomers.

Since SOD1 oligomers might be the real toxic entity responsible for fALS and possibly sporadic
ALS, it is uncertain whether disaggregating SOD1 fibrils would be beneficial to the cellular
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environment. Future experiments should aim to isolate and stabilize the oligomers released from
the dissociation experiment and further characterize the biophysical and toxicity properties of
these dissociated oligomers. Since the dissociated oligomers were unstable in liquid
chromatography, cross-linking agents such as glutaraldehyde, dimethyl suberimidate (DMS),
dimethyl adipimidate (DMA), and Photo-Induced Crosslinking of Unmodified Proteins (PICUP)
might be used to stabilize these oligomers. Any new discovered oligomers should be followed up

by biophysical characterization and study in the in vivo systems for toxicity.
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Materials and Methods

SOD1 Expression and Purification

WT and site-directed mutagenesis of WT were performed as described in (49, 50). WT
and fALS SOD1 were purified from the EG118 strain of Saccharomyces cerevisiae following the
procedures from (51), yielding SODI1 with the initial Metl removed and Ala2 N-acetylated
covalently identical to SODI1 from human sources. To convert to apo, purified SOD1 was
dialyzed three times against 50 mM EDTA and 100 mM sodium acetate at pH 3.8. The protein
was then dialyzed three times in 100 mM NaCl and 100 mM sodium acetate, pH 3.8, to remove
SOD1-bound EDTA. After demetallation, SOD1 was dialyzed in 10 mM potassium phosphate
(KP1), pH 7.0, filter-sterilized, and flash-frozen in liquid nitrogen and kept at — 20 °C until use.
Inductively coupled plasma (ICP)-MS was used to quantify metal status (52). All apo-proteins

contain less than 0.10 molar equivalents of copper and zinc per dimer.

In Vitro Fibrillation

To make fibrils, 50 uM of apo SODI1 was prepared in 10 mM KPi, pH 7.0, with 5 mM
DTT and 40 uM of thioflavin-T (ThT) as described (43). After mixing, the solution was placed
in a 96-well plate with a 1/8-in teflon ball and incubated at 37 °C with continuously shaking at
300 rpm for forty-five hours. Assembly of fibrils was monitored by fluorescence measurement at
Aem = 485 nm (hex =444 nm) using a Fluoroskan plate-reader (Thermo Fisher). All solutions
were made with chelexed metal-free distilled deionized water (ddH20) and filtered through a

0.22 um filter. To inhibit SODI fibrillation, varying concentrations of CLROI, as stated above,
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were added. All reactions were carried out in triplicate and incubated simultaneously with the

control (No CLRO1). 10 mM CLRO1 was prepared from powder by re-suspension in ddH20.

Size-exclusion chromatography (SEC)-HPLC

Size estimation of SPFOs. The molecular mass of SPFOs was determined by a 7.5 mm X
30 cm TSK G2000 SW column (Tosoh Bioscience, Japan) equipped with a guard column using
an Agilent 1200 HPLC with a mobile phase containing 50 mM sodium chloride and 50 mM
potassium phosphate at pH 6.7 at a flow rate of 0.5ml/min. SOD1 dimer, monomer, and a
mixture of molecular weight markers (Bio-Rad) ranging from 1,350 to 670,000 daltons were
used as sizing standards. Retention times were monitored by absorbance at A280nm. CLROI
treated samples were aliquoted from the 96-well plate after forty-five hours incubation. To
isolate the soluble fraction before loading onto the SEC column, samples were centrifuged at

16,000 g for 15 min.

To monitor the release of soluble oligomers from dissociation, a 7.5 mm X 60 cm TSK
G4000SW column (Tosoh Bioscience, Japan) with a flow rate of 0.5ml/min 50 mM sodium

chloride and 50 mM potassium phosphate was used.

Initiating Fibril Formation

SPFOs eluting at 16.5min were collected from SEC-HPLC and concentrated with a YM-
10 Microcon (Millipore). Since CLRO1 also absorbs at 280 nm, Bradford assay (Bio-Rad) was
used to determine SPFO concentration. For the positive control, apo WT SOD1 was previously
reduced by 10 mM TCEP overnight at room temperature. To ensure complete reduction,

disulfide-reduced monomeric apo WT was then purified and collected from the SEC-HPLC as
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above. 15% (V/V) of both SPFO and disulfide-reduced monomeric SOD1 were then mixed with
disulfide-oxidized dimeric SOD1 and incubated with continuous agitation in a 96-well plate at

37° C for forty-five hours as above.

Estimating Molecular Mass from Size-Exclusion Chromatography

Observed retention times (min) from SEC for SOD1 monomer (16,000 Da), dimer
(32,000 Da) and five molecular mass markers (Bio-Rad), vitamin B12 (1,350 Da), myoglobin
(17,000 Da), ovalbumin (44,000 Da), bovine y-globulin (158,000 Da), and thyroglobulin
(670,000 Da), was used to plot against the known log10 molecular mass to construct a first order
linear regression best-fit line. Molecular mass of the SPFO was estimated by interpolating from

the best fit line with the observed retention time of 16.5 min.

Circular Dichroism Spectroscopy

A JASCO J-715 spectrometer equipped with a JASCO PTC-348 temperature controller
was used to acquire the circular dichroism spectra. Far UV spectra from 260 nm to 195 nm were
collected at room temperature in a 0.1 cm path-length quartz cells. CLRO1 treated SPFO were
collected from SEC-HPLC, exchanged to 10 mM KPi (pH 7.0) and concentrated with a YM-10

Microcon (Millipore). 10 fold molar excess of CLRO1 in KPi buffer was measured as blank.

Fibril Dissociation

Mature SOD]1 fibrils formed by DTT reduction were retrieved from the 96-well plate. To
purify fibrils from soluble contaminants, fibril samples were subjected to centrifugation at
16,000 X g for 15 min. Fibrils were then washed with 10mM KPi (pH 7.0), centrifuged, and re-

suspended in 10mM KPi buffer. 10:1 molar excess of CLRO1 was added to the fibrils. The
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dissociation experiments were performed in a 2-ml glass vial with continuous agitation at 250
rpm at 37 °C. After sample was placed inside the vial, capped with a plastic cap containing a
PTFE septum, the vial was purged with nitrogen gas by through a syringe. Aliquots were taken

out periodically using a Hamilton gas-tight syringe through the septum.

Native PAGE

Samples were mixed in 1:1 by volume with the native sample buffer (Bio-Rad). Samples
were then separated on a 10% acrylamide gel followed by staining with Coomassie Brilliant

Blue, visualized by Alphalmager.

Electron Microscopy (EM)

10 ul of samples were deposited on the glow-discharged formvar-coated copper grid (Ted
Pella, Inc) and allowed to absorb for one minute before blotted dry with filter paper. Samples
were then washed twice with 10 ul ddH2O for twenty seconds. To achieve negative staining,
samples were stained with 1% uranyl acetate for six seconds (2X) then forty-five seconds (1X)

and blotted dry. Stained grids were kept in a grid box inside a desiccator before imaging.

Estimating Molecular Mass from EM

Twenty randomly selected small spherical particles were selected and the diameter of
each particle was measured using Imagel by counting pixels. The volume of each particle was

estimated as a sphere with a partial specific volume of 0.73 ml/g.
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