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Abstract

Amyotrophic Lateral Sclerosis is a devastating neurological disease with no known cure.
In 1993, a genetic link was established between ALS and mutant forms @h&uperoxide
dismutase (SOD1)n antioxidant enzyme that catalyzes the dismutation of the damaging free
radical superoxide anion {Qto hydrogen peroxide @d,) and dioxygen (§). The inheritable
form of ALS (fALS) accounts for ~10% of all ALS cases and so S@iations comprise ~1-5
2% of all ALS cases but nevertheless represent a major known cause of the disease.
Furthermore, the clinical symptoms of fALS and sALS are similar, although fALS patients with
SOD1 mutations have an earli@age of disease onset thaALS (by ~10 years). A major
hypothesis in the field of ALS research is that mutations decrease the stability and increase the
aggregation propensity of SODlausing motor neuron degeneratiottempts to identify
relationships between the effects loé tmutations and ALS characteristics have shown that these
effects are highly complex and not correlated with disease characteristics in a simple way.
SOD1 undergoes various vivo modifications (notablydisulfide bond formation andnetal
binding) and tle form of SOD1 that is relevamd ALS toxicity is unknown.Recently, attention
has focused on the immature farmof SOD1, which lacknetal andor disulfide bondsbecause
these forms arenore destabilized by ALSassociated mutatiormpared to the mateyr metal
bound, disulfide oxidize (ho®S form.

A powerful approach to uncovering the mechanisms of SOD1 misfolding and
aggregation is to investigate the how mutations affect the global and local stability of SOD1
under physiological conditions. Herbe stability ofdisulfide-oxidized (SS) metal free (apo)
SOD1 has been investigated by combinimgpthermal titration and differential scanning

calorimetrytechniques (ITC and DSCespectively) to break down changes in global stability



into dimer interhce and monomer stability components. First, ITC was used to assess the
thermodynamics of dimer dissociation for pWT and 13 AdsSociated mutants and the results
were confirmed using size exclusion chromatography (SEC). Together these experiments reveal
that all mutations investigated, even those far removed from the interface, promote dissociation.
Furthermore, apo SOD1 dissociation is characterized by e sdH and &S changes, far
larger than expected based on theoretical calculations of surface area changes estimated from the
crystal structure. This finding suggests that large conformation changes accompany dissociation
and that monomeric apo SOD1 isrfiamalleable, a finding that suggests dimerization may play
an important role in the maturation of SQIily preventing the buildup of partially unfolded,
aggregatiorprotein speciesSubsequent to these studi¢stal unfolding (ie. folded dimer to
unfolded monomer) for the same set of mutavds characterized using DSC, and the data fit to
a 3state folding mechanism with monomer intermediate. Due to the complexity of this model,
numerous DSC experiments for the same mutant were globally fit, witnm#rgetics of the first
transition fixed to values obtained by ITC, thus reducing the uncertainty in the fitted parameters
that define monomer unfolding. The results from this approach reveal that mutations have
variable effects omapoSSmonomer stability In most cases, aB® monomers are only
marginally stableaccordingly, mutations greatly elevatihe levels of unfoldegrotein under
physiological conditions.In contrast, two mutations, while decreasing dimer interface stability
actually increase nmomer stability. Thse experiments show thadutations have markedly
different effects on the populations of folded and unfolded monomexsvo and disclose
important implicationsdr diseasaelevant aggregation

We have also characterized the sigbibf the most immature form of SOD1 (apoSH

SOD1), which lacks both disulfide bonds and metals. This form of the protein is mainly



monomeric, with marginal stability that is greatly affected by AdsSociated mutations.
Surprisingly however, we find thahis form of SOD1 is remarkably resistant to aggregation
under physiologicalike conditions. Static and dynamic light scattering (SLS and ,DLS
respectively) as well as analytical ultracentrifugation (AUC) reveal highdar interactions are
present, bt of the 12 mutants invested, only one showed evidence of aggregate formation.
Increased protein concentratioms the addition of salpromote aggregation of some SOD1
mutants and the mechanism(s) of aggregakiame been characterized usilght scatering,
atomic force microscopy (AFM), and Thioflavih (ThT) binding. Under conditions that
enhanceaggregation, DLS and AFM experiments reveal that some mutants form small fibrils
ranging from 20-100 nm in length, or 2100monomers Other mutants agggate less, but the
aggregates that do form are longer (geeathan 1000 nm). Furthermore, ThT binding
experiments suggest t hat t he @asgugturee gMutatoiss c o n't
appear tchave complex effects on the energy landscape of apoSH SOD1, promoting different
aggregation pathways. his complexity may help explain the different disease phenotypes
associated with different mutants.

By characterizing both folding and aggregation of different forms of immature SOD1, we
have employed a powerful approach to untandlivegrole of toxic aggation in the syndrome

of ALS.
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1.1 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a heterogeneous disorder characterized as either a
proteinopathy, ribopathy, or bo{8). ALS affects uppr motor neurons in the motor cortex as
well as lower motor neurons in the brainstem and spinal cord, leading to muscle weakness,
atrophy, spasticity, and involuntary muscle contract{8n5), with eventual failure of the
respratory muscles underlying the fatal event in most cése6) In 1993, a genetic link was
established between AL&hd mutant forms of Cu, Zsuperoxide dismutase (SOD{), 8), and
since then ALSinked mutations have beefound in more than 25 genes affecting many
different aspects of protein homeostasis and RNA proceg8in®, 9) Like many other
neurodegenerative diseas@d), the majority of ALS cases are not inherited (ie., sporadic
(SALS)), and a small proportion (~10%) are familial (fAL@). It is now believed that ALS
linked mutations disrupt normal cellular function through both -g&ifunction and los®f-
function mechanisms that ultimately lead to progressive failure of the motor neuron,
characterized by protein aggregatioamtochondria stress, endoplasmic reticulum (ER) and Golgi
malfunction, and disruption in axon transport, eventually leading to axon retraction and
denervation of the lower motor neurons and mus€is6, 11, 12) Similar to other
neurodegenerative diseases, ALS pathogenesis progresses from an initial region to adjacent sites
through mechanisms not well understod®). The onset and duration of disease is highly
variable, even among patients with the same mutaiioticating that multiple factors may
modulate diseas, 13) The onset of symptoms is typically duringdaie age and juvenile
ALS is very rare; thus, ALS is thought to be associated with g@nglt has been proposed that
the natural decline of proteostatic mecharsismssociated with aging plays a role in increasing

the prognsity of proteins to accumulate and aggredate 15) Disease symptoms become



evident during the first stage of motor neuron death, at which point axon connections are
disrupted due to axon retraction. Initially, denervation can be compensated for by a process
referred to whefispyoaxiomg, from motor neurons
the surrounding area-gstablish lost connections. Over time however, this mechanism is not
sufficient to prevent disease progression, which is uswapid (~25 years)(3). The factors
that contribute to motor neuron vulnerability and degeneration are not well understood but relate
to the cell 6s response to stress, r-mapesd er at i«
exocitotoxicity(3, 16, 17) Furthermore, what defines the actual onset of disease, referred to as
the biological onset, is unknown, but is likely determined within the motor neuRisease
duration may depend on other factors, such as the neuroinflammatory response to degeneration
(3), and/or the mechanism by which motor neuron pathology is spi€ad4) It is possible
that the disease may start early in life, perhaps during embryonic development, and become
apparent only later in life

Recent research has increasingly recognized distinguishing pathological features among
subsets of patients, but also overlapping symptoms with other neurodegenerative disorders as
disease progressé€3, 18,19). Neurons in the prefrontal and temporal cortex can be affected to
varying extents in ALS, resulting in simultaneous development of frontal temperal dementia
(FTD), referred to as ALS with frontotemporal lobe degeneration (RLED) (3). Thus, it has
been proposed that ALS and FTD exhibit two ends of a soigease spectrum. Furthermore,
numerous genes have been linked to ALS, and there is evidence for differences in pathology
related to both genetic and environmeffaators(3, 20) Therefore, ALS may best be described

as a syndrome and not as a single dis€&d¥®e



While the cause or causes of ALS remain unknown, a leading hypothesis is that toxic
protein misfolding plgs a role, as is the case in other neurodegenerative dig8asedVhile
many misfolding dseases involve the formation of a particular type of fibrillar aggregate known
as amyloid, it is not clear to what extent protein aggregation in ALS resembles amyloid
formation (22). Amyloidoses are characterized histopathologically using the dye Congo Red,
which exhibits greemgold birefringence upon binding to unbranched amyloid fibres containing a
highly protease resistant crelss t r uct ur e -strandseoriented ipeérgendicular to the
fibre axis(23) (refer to section 2.1). Congo Red birefringence is not observed in AR),
nevertheless, the observations of fibrillar aggregates and a proximal pattern of ce(Bdath
26) suggest that ALS has similar disease mechanisms to amyloidoses.

SOD1 mutations comprise ~1286 of all ALS cases, but nevertheless represent a major
known cause of the diseaé® 6) Furthermore, the clinical symptoms of fALS and SALS are
similar; yet, fALS patients vilh SOD1 mutations have an earlier age of disease onset than sALS
(by ~10 yearsj4). Misfolded SODL1 is targeted for degradation via the ubiquitin pathard
mutations in SOD1 may disrupt this process and in turn impair the proteasomal degradation
pathway(27, 28) As these regulatory systensslf protein oligomers and then aggregates can
accumulate in the cytosol, causing cellular stress and eventual death. Mutant SOD1 is the main
component of intracellular aggregates found in fALS patients with SOD1 muté2@nsThese
SOD1 aggregates have been classified morphologically as-hedsylike hyaline inclusions
which are composed of granule coated fibrils2B6nm in diamete(26). Other components
include ubiquitin(30), phosphorylated neuritdments (31), the copper chaperone for SOD1
(CCS) (32), and other folding chaperondd?7, 29) While it was originally thoughthat

aggregation of SOD1 was limited to fAL&2), other studies have shown that aggregated SOD1



is present in some SALS aggregates as (46ll 33) The differences in the reported detection of
aggregated SOD1 may be accounted for by differences in the bindipgrpes of different anti
SOD1 antibodies. It is possible, therefore, that loss of stabilizing-teostiational
modifications or aberrant covalent modifications may induce conformational changes in wild
type SOD1, similar to the effects of mutatiortsattresult in harm to the cgll9, 33 35), and
that SOD1 may serve as a link between a sudissALS and fALS case83).

I n ALS and a number of diseases such as P
neurodegeneration spreads through interconnected segiothe central nervous systgito,
15). This phenomenon may be explained by the discovery that a diverse number of misfolded
and/or aggregated proteins released from one cell via exocytosis or cell lysis can penetrate
neighbouringcel s and form a structural template (i e.
endogenous proteifl0, 14, 24, 36) This finding haded to the hypothesis that the pathogenic
mechanism observed in prion disessnay be more pervasive than previously tho(@dx In
prion diseases, the infectious agent, a misfolded protein, can spread from cell to cell and induce
misfolding and aggregation of the endogenous prd®&iy The key difference between prion
diseases and other protein misfolding diseases, however, lies in the ypotemeduced
aggregation(14). Currently, there i10 evidence, with the exception of prion proteins, that
misfolded protein can be spread between animals and/or humans; and thus, protein misfolding
diseases where infectivity has not been demonstrated are now classified dikgieases or
prioniods(24).

Like many other misfolded proteins associated with neurodegenerative diseases, SOD1
has been shown to exhibit seeded aggregation in vitro and in(i4ya36, 3840). SOD1 is

largely present in the cytoplasm (70%4)1); however, both wild type and mutants have been



detected in the cerebrospinal fluid of healthy individuals as well as fALS pa(#?ts43)
Formerly, it was suggested that secretion of SOD1 may be a cellular prot@ecreanism,
preventing intracellular inclusion formation; it now appears more likely that this process is
harmful to the central nervous system as a wi®&. It has been shown that SOD1 can be
excreted via a variety of distinct pathways, one of which is through association with
chromogranis, the major components of secretory granules. This association is specific to
mutant SOD1, and can trigger cell de@tf). Furthermore, immunization targeting extracellular
SOD1 was found to increase the lifespan of transgenic mice expressing mutant(€5)D1
Once transported to thextracellular environment, misfolded SOD1 conformers and/or SOD1
aggregates less than @# in diametel(10, 40)can be taken up by neighbourioglls and seed
aggregation of endogenous wildtype and mutant SCI9). Differences irthe rate of cell to

cell transfer of these aggregate seeds may underlie the rate of disease progression and partially
account for the differences in pathology obser(#@). Interestingly, human SOD1 seeds are
only able to induce aggregation of human SOD1. Expres$ibnman SOD1 in murine models
does not cause aggregation of mouse SOD1, perhaps owing to differences nteth@anil

region of the proteing39). Thus, seeded aggregation of SOD1 is highly sequence and perhaps
structurally specific.

A remaining challenge for ALS research lies in uncovering the initial event(s) that lead to
disease and éhtoxic species, misfolded or oligomeric protein, responsible for disease onset.
While ALS may best be described as a syndrome, similar disease mechanisms likely underlie
sporadic and familial cases, and discovering the common links between differéms/efsthe
disease will have a powerful impact on the therapeutic approaches to fighting and eventually

curing the disease.



1.2 Protein Folding and Misfolding and Aggregation

Since 1961, when it was discovered that proteins could fold in the abseneecefltitar
environment, It has been known that a protei
information for protein foldind46), yetpredicting the pathway by which proteins fold into their
respective functional, native states remains a central problem in molecular biology, despite
decades of progress. Because the number of possible conformations a polypeptide can adopt is
so large, i would take an extremely long time for folding to occur if the polypeptide were to
sample all possible arrangements in a systemic process prior to finding the native structure.
Instead, it is believed that the inherent fluctuations of an unfolded pedlein it to make many
initial contacts, enabling regions of the sequence to come toddifjerIn general, nativéke
interactions tend to be more stable than-native interactions, and so lower the energy of the
system once they ford8). Eventually, through these stochastic conformational fluctuations,
the native state is found, a process that has been shown to be highly efficient for proteins that
have survived evolutiorid7). In general, protein folding can be described by a nucleation
condensation mechanism, whereby the protein undergoes a series of conformational changes tha
eventually lead to compaction of the polypeptide chain and sequestration of the hydrophobic
residues within the protein core. In this compact state, the polypeptide can sample fewer
conformations, eventually acquiring a natlikee structure that can see as the folding nucleus
around which the rest of the structure condenses to form the lowest energy nati(7s#%
The lowest energy state is not a static conformation, however, and local sirfiatvations
are common for most protein fol@0). It is often assumed that the functional state of a protein
is the most stable state under biological conditi®@is, yet recent work has shown that most if

not all proteins are able to form amyloid fibrils, structures that have even higher st@ality



53). During folding, a polypeptide chain may encounter a nhumber of energetic barriers caused
by topology, proteins with lge contact order fold more slowly, polypeptide inflexibility,
improper disulfide bond formation, and aberrant intramolecular or intermolecular interactions
(51). The native state, therefore, may eeflthe conformation energetically accessible from the
unfolded state and low enough in energy to be highly populated.

When proteins fold in an aqueous environment, roughly 85 percent of theofaorside
chains become buried in the cqfel). These hydrophobic intestions are believed to be the
driving force behind protein foldind55). When a protein is unfolded in an aqueous
environment, the ater molecules form hydration shells around the hydrophobic regions of the
polypeptide(56). When favourable hydrophobic intetns within the core of a protein are
formed, these structures are disrupted and water is released to the surrounding environment, an
entropically favourable process despite the reduced conformational freedom of the polypeptide
chain (57, 58) Mutations that introduce a cavity within thgdnophobic core of the protein
decrease the number of van der Waals interactions and can largely reduce protein (Sbility
59). Hydrogen bonds also make very important contributions. In the native state, approximately
1.1 hydrogen bonds are formed perides; 65 percent of those bonds occur between peptide
groups, 23 percent occur between peptide groups and amino acid side chains, and only 11
percent occur between side chajfg). Thus, the polypeptide backbone forms the majority of
the stabilizing hydrogen bonds tine native state. Hydrogen bonds and electrostatic interactions
have also been found in the core of proteins, where they are stronger due to the lower dielectric
constant in the hydrophobic core. In such cases, the residues involved in these intéeations

to be highly conserve(®4).



A central aspect in understanding protein misfolding diseases is knowledge of the protein
structural states that are relevant to pathology and their respective stabilities and mechanisms of
formation. The populations of differentagts are determined by their relative stabilities. Protein
stability can be thought of in two ways: thermodynamic and kinetic stability. Thermodynamic
stability defines the populations of different states at equilibrium, while kinetic stability
describesthe rates of interconversion between states (Fig. 1.2A). Thus, thermodynamic and
kinetic measurements provide complementary approaches for determining the conformations a
protein is likely to adopt. Decreased protein stability is associated with iadrea$olding,
either from folded to less folded states, or within the ensemble of conformers that comprise a
given state. Different conformers can vary greatly in their propensity to form aggrésfates
For the purposes of interpreting this work, the focus of this introduction will be on
thermodynamic stability

Thermodynamic stability, or Gtichdefinddiabthes f r e
difference in energy between the unfolded and folded states when the system has reached
equilibrium.

YO "0 O (Eq. 1.1)

Thermodynami@isaltomabl &4t ¢¢g e both tHendchange
e nt r ®&pwth tdmaeratureT) by the GibbsHelmholtz equation (equation 1.2).

Yo YO "¥Y (Eq. 1.2)
Favourable reactions, such as prote®Gnraluéspl di ng
whil e processes t hat ar e not e n &)r vglaes.i clhel | vy f
t her modynamG)c, sdmthl) d |li gy d(( Bmust abvays be(determined with

respect to a reference state according to the following equations.



<

0 YO Y6 Y Y (Eq. 1.3)

L

Y YY Yo 1 — (Eq. 1.4)

aHera N Ser 1@fer to the enthalpy and entropy at the reference temperatuyeréspectively,
a n dC, reders to the change in specific heat capaftitythe process. Once these three values
ar e kno v foldintyunfoldmmg can be determined at all temperatures according to

equation 1.5, which is a combination of equations 1.2, 1.3 and 1.4.

w

Yo YO WY Y6 Y 'Y Yo &— (Eq. 1.5)
Extrapod aled m@Pfdeecan t he reference temgefeture r
first model s of proteinC,ipbdi pgotesyre0y| dion g |
i mpl yi nHya ntdS arde tengerature independent variables. Given that protein folding
involves the sequestration of hydrophobic residues, and that the heat capacity of a solution
increases with hydrophobic hydrati¢d8, 60) it is now believed that this early assumption is
inaccuratg(61). For protein folding/unfoHandigaa t he t
fact quite | arge ( FiQyforthermd Aenaturatiorr af est ploinsnso r e t
positive, and usually can be considered constant for a given temperature range (56, 59). Given
these characteristics, tl3G of protein folding/unfolding varies nelmearly with temperature,

and is referred to as a stability curve (Figl)l Owing to the curvature of this plot, there is a
characteristic t eGnpmositae(iv. Ge Graadpop®in uinfolding és nae
favourable) and a temperature where the protein is most stable. The temperatures where the
stability cuve crosses the-axis, corresponds to the melting temperatures of the protein. In most
cases, there are two melting temperatures; the lower melting temperature is often below the
freezing point of water and is usually not observed. Furthermore, the large®,,ehe &rger

the curvatur e, and t he s nGaslposeive (59)(Fey. 1t1B).mper at ur
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AG (kcal mol")
A

Temperature (°C)

AG (kcal mol")

Temperature (°C)

Figure 1.1 Protein Stability Curves. The stability curves represented here were constructed

using data obtained for SOD1 mutant V148the fully metallated, holo, state (holoSS) (Broom

and Meiering, unpublished data)(A) & versus temperature is a ntnear function with

negative curvatureT; andT,i ndi cat e the melting tempG0atures
and for monomerigroteins that unfold/fold via a-&ate pathway, where half the protein is
unfolded). Thaxi Ndi cates the temperature SMf (BmEhae i mum
magni t [LCgdee toefr nee nes t h eGversus tengperaturedfunatidn. If theEg is ee

small, the temperature of maximum stability is not well defined (red curve), and the stability
curve appr oac h@ mcrehsesntheacurvaturg of the fAngtiorsencreases and cold
unfolding occurs at higher temperatures Tigincreases) For h glis®.75kéabmol ae
1°C'( bl ack curve) (60). The red an@Gyvdluesue | i ne
kcal mol* °C* (red curve), 3.5 kcal mdl°’C* (solid blue curve), 5 kcal morPC™* (dashed blue

curve), and 7.5 kcahol™ °C™ (dotted blue curve). Both Fig. 1.1A and 1.1B are adapted from
Becktel and Schellman, 1987 (59).
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Destabilization of proteins by chemical modifications or by mutations favours an increase
in the population of partially folded species that npmgsess a higher degree of aggregation
propensity owing to the exposure of the hydrophobic groups, or hydrogen bonding ligands, that
are normally buried in the protein core (Fig. 1.2B). This exposure can promote the formation of
nontnative intermoleculacontacts between proteins which leads to formation of aggregates.
Thus, the propensity of a given globular protein to aggregate depends on how energetically
feasible it is for the protein to access locally, partially, or fully unfolded aggregatiore
state(s) (Fig. 1.2B). Interestingly, subtle decreases in global protein stability are often
accompanied by local destabilization, which may only subtly alter the protein structure but
nevertheless increase the aggregation propensity of the protein. rasligit is shed on the
various aggregation mechanisms, it is clear that there is evidence of aggregate formation from
nativelike species that have undergone much more restricted unfdsi®ig2) Examples of
aggregate formation from nathhi&e states include various proteins associated with disease such
as mutant lysozymé53), b2-microglobulin (53), and SOD1(63). Various mechanisms of
protein aggregation have been proposed, including formation of aftrgsse, end to end
stacking,and domain swapping, and in some cases protein aggregation may involve more than
one of these mechanisr(84). These mechanisms will lexplored further in sections2l1 and
1.2.2, as they relate to amyloid and r@myloid aggregation.

In addition to protein stability anstructure, many other factors, such as physicochemical
properties of amino acids within a protein sequence and solution conditions, can affect protein
aggregation. -shégt ¢ropensity,oabd cbarge ¢f,a pdlypeptide sequence have
been shown tomodulate the formation of amyloid aggregates by unfolded prot&&s

Interestingly, these properties are also imgoat for facilitating correct protein folding,
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suggesting that while similar forces contribute to both processes, different key residues are
involved in forming the initial contacts that drive native protein folding and aggred&tgnIn

many cases, the overall aggregation propensity of a protein increases if the primary sequence
contains short stretches of amino acids withpprties that favour aggregation, for example low

net charge, extensive hydrophobicity, and/or a tendency to fdwshaet over ardhelix (67).

Taken together, these studies indicate that aggregation is at leasllypadntrolled by the
physicochemical properties of amino acid residues within a polypeptide sed6&n6e)

Solution conditions are another important factor that caodulate the stability,
conformation, and the intermolecular interactions of a protein, anebhénfluence the rate of
protein aggregation and the type of aggregate structure fq@8e®9) Importantly, variations
in solution conditions can caushet same protein to aggregate by fundamentally different
mechanism¢70i 72). Temperature, pH, macromolecular crowding, dgitg and ionic strength
are all variables that can influence both the type of aggregation observed (amorphous versus
fibrillar) and the extent to which this process ocd®&, 69, 73, 74) A number of studies have
used different solution conditions (increased temperature, decreased pH, increased ionic strength,
sonication or agitation) to promote the formation of fibrillar amyloid aggregates by various
forms of SOD1(75i 78). Other studies have demonstrated soluble oligomesiaadl aggregate
formation by various forms of SOD1 in quiescent, physiologically relevant solution conditions
(63, 79) Thus, it is becoming increasingly evident that multiple factors can greatly influence
protein folding and agggation and that these factors must be considered when investigating the

molecular mechanisms of protein aggregation and the relevance of these mechanisms to disease.
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Figure 1.2 Reaction Coordinate Diagrams for Protein Folding.(A) Thermodynamic stality

is defined as the energy difference between the folded nativeN}ated the unfolded stat&).

The higher the stability, the more populated Nhestate at equilibrium. Kinetic stability is
defined as the difference in energy between the foldative stateN) and the transition state

(TS, which represents the main energetic barrier to folding. For proteins with high kinetic
stability, the transition state is less energetically accessible, and proteins will spend more time in
the native cordrmation. (B) The effects of native stat®l) destabilization by mutation on the
population of locally unfolded, nativiéke (N*), partially folded intermediatel)( and fully
unfolded ) states are shown. Aggregation may occur fidml or U, and themorphology of

the aggregates formed may depend on the conformation of the protein prior to aggregation.
Mutations that destabilizN (destabilization is indicated by the red arrow), decrease the energy
difference between th&l and the more unfolded statéd*, | or U), and thereby promote
aggregation. Note that destabilization f does not necessarily imply destabilization | of
Mutations that destabiliz& may stabilize or destabilize resulting in a large increase or
decrease, respectively, in thepptation ofl compared to levels observed in the native folding
pathway. Panel B was obtained from Broetral, 2011(1), and originally adapted from Chiti

and Dobson 200&3).
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1.2.1 Amyloid Aggregates

Amyloid has traditionally been defined by pathologists as extracellular fibatsythe rise
to a crosh -rdy diffraction pattern and cause green birefringence upon binding con{g3red
62, 64, 80) Currently, &tracellular deposition of classical amyloid aggregates has been
identified in approximately 25 syndromes defined clatly as amyloidosi¢81). The definition
of amyloid however, is evolving and has become controversial, as fibrils resembling amyloid
have been discoverautracellularly, in diseases not traditionally considered amyloid@8is64,
82), and numerous biophysical studies have identified structural heterogeneity in amyloid fibrils
(23, 82, 83)

From a biophysical perspective, the fundamental featdi amyloid fibrils is the crosis
spine core; yet, these fibrils can differ widely, in the size of the fibril spine (ie., how much of the
protein forms the amyloid core), the arrangemenb-sfrands (parallel or antiparallel) and the
degree to which #seb-strands aligrn(23, 62,84). Despite these differences, thesheet is the
strongest repeating unit of the amyloid fibril. Most structural studies of amyloid fibrils have
reveal ed-stiarfds run perpeadicldar to the fibril axis, stabilized by hydrogen bonds
between main chain atoms arranged parallel tdibni axis, and the side chains face above and
below the sheef23). Other structural studies of amyloid fibrils formed from-ofit e gi st er
sheets have r-strandsate archngéedhatan angldy with kepeating weak and strong
interfaces, stabilized by two and six hydrogen bonds, respectively. The stabihigse fibrils
is lower than that of fibrils formed from4n e g i sheets; pogsibly due to hydrogen bonding
donor and acceptor groups -stearfd$(84)u ns &Bhedhfsibe d
typically referred to as a protofibril, arttie number and orientation of the protofibrils add

further variation to the amyloid theme. The protofibrils can be oriented face to face, or face to
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back, and they can pack together with tlaene or opposite edge strands at each end. The
amyloid core is referred to as a dry steric zipper due to the highly packed side chains and the
release of water upon formation. Due to this release of water, the hydrophobic effect contributes
stability to he fibril (23).

Most of what is known about the amyloid structure derives from structural studies of small
amyloidogenic peptides that form the amyloid core through-chdén interactions of self
complementary sequencé?, 82) One example is the peptide GNNQQNY, derived from the
yeast prion protein Sup35p (Fig. 1.3A). In the amyloid state, the peptide side chains interact in
the core such that the glutamine (Q) and asparagine (N) are tightly interl@Xed More
complex cores can form from sequences t@ not selHcomplementary, but nevertheless
interact in favourable ways. Remarkably, several different amyloid forming proteins have been
shown to form numerous distinct dry steric zippers, most notably the anfiyfmgtide, which
can form diverse fibls with 13 different dry steric zippers under different solution conditions

(23, 62, 85)
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Figure 1.3 Modes of Amyloid Formation. (A) The amyloidogenic peptide GNNQQNY,
derived from the yeast prion protein Sup35p, is shown interacting with an identical pdptele.
polypeptide backbone carbon atoms are shown in grey, the side chain carbon atoms in cyan,
oxygen atoms in red, and nitrogen atoms in blue. Interactions between side chain residues form
the steric zipper amyloid core. As peptides add to the fibel, thg r o heet gxtefds from
t he page, as shown on t he 4micrgdghobulin misfBlding ends B
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runraway domairswapping leading to dimerization and formation of amyloid fibrils. In each
panel, the different subunits within tlilmainswapped structure are coloured either blue or
pink. These panels were recreated from Liu et. al., Z88)1 (B) The native structure of
monome+miacrom? | ob ulsandwich that im stabiizedbby one disulfide bond that
links the two sheets formed by strands A, B, D, E and C, F, G. A schematic representation of the
native state fold is shown on the lefthie the crystal structure is shown on the right (PDB code
1LDS)(86). (C)A domain swapped di mer f or ms-strandseEn t he
F, and G are exchanged between the subunits, creating two new intermolecular interfaces. One
is identical to the original contacts made in the monomer, while the other interfacsed by

the hinge loop, corresponding to the original loop 4, which connects the swapped domains. This
hinge loop region contains an amyloidogenic sequence and can form the steric zipper amyloid
core. Disulfide shuffling also accompanies dimer fdramg where the original intramolecular
disulfide bond becomes an intermolecular disulfide bond, adding stability to the dimer structure.
A schematic representation of the domsivapped dimer is shown on the left, while two views

of the crystal structurare shown on the right. The higher and lower images show the frontal
and topdown views of the domaiswapped dimer (PDB code 3LOW33). (D) Runaway

pol ymer i z-mitroglobulin cah ocbu? if domain swapping is not reciprocal. Disulfide
reduction can promote dimerization and oligomerization, and thexssdiciation of the hinge

loop region transforms the oligomers into amyloid fibriBBisulfide bonds reformed between the
interacting subunits promote aggregat{88).
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It is generally believed that most proteins can form amyloid under destabilizing conditions,
which exposes sites within the protein that can interactnatinely; yet, it is becoming
increasingly evident that amyloid formation can arise from states that closely resemble the native
state(53, 64, 83, 87) In fact, it was recently demonstrated that protein activity was preserved
within an amyloid fibril, indicating that the active site is mainly intact despite fibrillatiomef t
protein (64, 88) For proteins with extensive-sheet secondary structure, amyloid formation
may arise from subtle changes to the protein fold that expose edges of thebretiaets,
allowing for endto-end stacking of the proteii4, 89) Such a mechanism has been proposed
for SOD1; however, it is unclear whether these aggregates are truly ar®0id Amyloid
formation can also be promoted by domain swapping between pr{8iré4, 83, 89) Domain
swapping can be reciprocal, where no unsatisfied domains are expose@nobpét apesended,
where at least one or more unsatisfied domains exist at each end, resulting in propagation of a
domainswapped oligomer (Fig. 1.3B). In the latter case, interdomain interactions are
identical to those found in the native state; thggregation can be promoted by exposure of any
segment free to interact with an identical part(@, 83) Some amyloidogenic proteins,
notably prion proteins, contain frustrated regions, where residues do not adopt the most favoured
b-strand secondary structure. Domain swapping causes structural changes tha¢ alisviat
frustration(64, 91) Domain swapping can also facilitate ramyloid fibrillation, as discussed
in the following section.

Amyloid fibrils form via nucleatiordependent kinetics characterized by a lag phase
corresponding to the time required to form the initial nucleus, the template upon which
aggregates can groW87, 92) For fibrils formed from small amyloidogenic peptides,

approximately three peptides are required to form the tem(8)e Once formed, additional

19



peptides can join the fibril by exposing sequences that can inteithcthe templatg23, 94)

Due to the specific rotamer conformations the side chains must adopt in the fibrb-sbests

within each protofibril form faster than the protofibrils can pair. For speglides, the loss of
entropy in the side chains creates a barrier to fibril formaig@). For full length proteins,
however, the barrier may mainly be due to local and/or global unfolding processes that expose
amyloidogenic side chains and/or the backbone amidté &d C=0O groups, which can form
nonnative hydrogesbonding interaction§23, 87)

It can be seen, therefore, that the term amyloid can refer to a variety of fibrils with a
similar core motif but with a great deal of variety and structural complexity. Numerous studies
reveal that amino acid sequences are not the singular determinant of fibril structure, as specific
amyloidogenic sequences can form fibrils that differ in, for example, diantetst period, and
stability (82), and it has been proposed that the heterogeneity observed in amyloid structures may
account for the pdnotypic diversity observed in amyleadsociated diseasé)). Furthermore,
the observation that certain amyloid seeds can induce aggregation of some amyloidogenic
proteins but not others may depend on, for instance, sequence complementarig tiets
amyloid core, and the number of protofibrils wound toge(B8). In general, it is believed that
the larger the amyloidogenic sequence, the more complex the aggregation pathway, and the more
difficult it may be to determine which species are tq®@8). It was recently demonstrated that
two distinct amyloid fibrils, formed from the same protein, displayed different degrees of
toxicity. Furthermore, the toxicity of one fibril was increased after fragmentation, while the
toxicity of theother decreased, thus indicating the smaller aggregates are not always more toxic
(96). In another study, it was shown that fibrils formed fromafttegisterb-sheets were more

toxic than those formed from -registerb-s heet s, owing to the forme
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increased likelihood of fragmentatio(84). The cellular response to different amyloid
conformations is highly complex; it is becoming increasingly clear that the pathways that lead to
protein aggregation are highly diver®5). Biophysical studies of amyloid fibrils are imparta

given that amyloid architecture appears to underlie fibril toxi@®). Many studies of amyloid
structure and formatiohave helped to explain why amyloid fibrils are associated with so many
diseases and to distinguish the particular biophysical properties of the toxic fibrils from the

benign ones.

1.2.2 Nonamyloid Aggregates

Non-amyloid protein aggregation has been obsérin a number of protein conformational
diseases, as well as in vitf@®4, 98 105), albeit in general this type of protein aggregation is less
well characterized than amyloid aggregation. Examples of disels@ant proteins that form
nonamyloid aggregates include hemoglobin, in cases of saetleanemia, members of the
superfamily of serine protease inhibitors (serpins), in a number of diseases generalized as the
serpinopathies, and the crystallins, associated with the onset of cataracts. In the first example,

hemoglobin forms ordered helical fitsr(Fig. 1.4A, B), while the serpins form an assemblf-of

sheets that differ from amyloid in that they lack the characteristic-bross pi ne (6&.i g. 1.

In the final example, it is currently believed that aggregation of crystallin results in the formation

of nonstructured aggregates referred to as amorp(idss 106)
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A Homogeneous Aggregation

0 = 8 /= & = B = :@:- ....... —

Critical
Nucleus

Figure 1.4 Modes of Noramyloid Aggregation. Here two different modes of neamyloid

aggregation are shown(A) Mutant hemoglobin (HgS) forms helical aggregates via a double
nucleation mechanism whereby fibrils form de novo, through homogeneous nucleation, and
grow by addition of monomers to a preformed fibril, through heterogeneous nucleation. In each
case, the critical nucleus represents the thermodynamic turning point in the aggregation pathway
whereby further aggregate growth becomes favourable. Thiefigas obtained from Ferrone,

2004 (103) (B) The HgsS fibril is composed of double stranded HgS polymers that associated
via interactions b e tophebe mpocketcof an addiiionaeHga mahomerh e  h y
Il n this schematic representation, b6 valine
bet ween b6 valine residues are not reciprocal
molecules. A scondary interaction site exists between HgS monomers within the fibril,
indicated by the black circle; however, these interactions are not well characterized. This figure

was adapted from Wang et. al., 2q187) (CDomai n swapping und-erl i es
antitrypsin, a memberdafhe ser pi n super f ami-dngtrypsin daficienoymmo n  «
arises when individuals inherit the Z allele of the gene, which contains a mutation at the
beginning of the reactive centre loop (RCL, the location of this mutation is indicated by a Z).
The RCL |l oop is indicated i-sheet A ihdicated@tbuer s i r
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referred to as the shutter region, and indicated by a red circle. These inherited mutations disrupt
b-sheet A, promoting formation of an aggregatpyone natie-like state (M*), which allows the

i nsertion of -sheeh 4, aRli@d- an iadditiomal dtrand. If this process occurs

i ntr amol eaotirypsinrfdrnys,a mard stable latent monomer (L), but if the RCL of one
mol ecul e i n-sheetftasother,rimerization D) amd later polymerization can occur.
This figure was obtained from Lomas, 20180)
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Aggregation of mutant hemoglobin (HbS) enlies the pathology of sickle cell anemia
(108) Hemogl obin contains four subunits, t wo
sik| e cel |l anemia contain mutations at the siX
glutamic acid with a valine, resulting in the introduction of two hydrophobic residues at the
surface of the proteifl09) When hemoglobin is in the deoxygenated state, thb 6 v al i n e
residue can interact wi t h -chain ¢f vard adjagertt oddecude, p o c k
leading to polymerization at high enough concentrations (Fig. 1.4 @), 103, 110) A salt
bridge situated within this hydrophobic pocket underlies the pH dependence of HbS
polymerization(103) Theb6 val i ne contact site, which [|ie
fibril axis and is referred to as the lateral interaction site, combined with a secondary contact site,
which does not contain the site of mutation and lies along the fibril axis, feenmtportant
interactions that underlie the double stranded fibril that is the fundamental unit of the helical
polymer. The polymer structure has been shown to contain seven of these fib(il phirs12)
As the HbS fibrils grow, they distort the structure of the red blood cell, causing it to ntoee m
slowly through the venous capillaries, resulting in damage that is associated with the clinical
symptoms of sickle cell anem{a10)

Aggregation of HbS proceeds through a double nucleation mechanism (Fig.(108))
The initial contacts made between Hbflecules are not favourable and form only through
stochastic structural fluctuations that lead to temporary association between HbS m{l€d,les
110) The critical nucleus is thought to consist of a small segment of ts&rdd polymer;
however, the structural details of this species are unclelae. niicleus is considered to be the
thermodynamic turning point, and its properties may vary with HbS concentration and pH, as

well as other variable§103) Once the wmtical nucleus forms, polymer growth becomes
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thermodynamically favourable. Additionally, the surface of the polymer supports further
nucleation, forming branching sites where additional HbS molecules can add on to the fibril
(103, 110)

The serpin superfamily includes a large number of proteins, appatedyml500, with
varied functions(113, 114) Members of the serpin superfamily include serine and cysteine
protease inhibitors, dual class inhibitors, as well asinbibitory proteins. These proteins are
important regulators of proteolysis, and play key roles in coagulationmimiéion, and
fibrinolysis (100, 113, 115) While the primary sequences of serpin proteadifer, these
proteins share a core structure composed of approximately 400 amind1d@d4.14) This
cor e consi sdlseedafs takhetleesndobventiondlly named-@ and Al
respectively(100, 113) The most common and thoroughly studied member of the serpin
superfamandtyi tirsyp8i n ( U1 AT n,inhibitdn df méutrophil elastase o n s
(NE), a protease involved in the inflammatory respddd®) Through a combination of loss
of-function and gaiwof-f uncti on mechani sms, mutations in
result in increased levels of NE, in turn leading to emphysema, and intracellular aggregation of
ULAT, causi n(0, 113} Thalgereralanschanism by which serpin inhibitors
carry out their function demandsgreat deal of structural flexibility; thus, these proteins are only
marginally stable in their native conformatio(B01, 113, 114) In the native state, these

proteins expose a large loop, designated the reactive centre loop (RCL), which contains the

cleavage site for the tazgt protease. Foll owing prot-eol yti

sheet A, a more stabl e c esttand Becausethe target pratedse n g
is covalently bound to the RCL, this movement drags the protease from one end of ihegrote

the other, inactivating both the serpin and protease. Because the inactive state is more stable
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than the native state, t he enersigegt Agravidesead f r o
driving force for inactivatior{101, 113115)

A number of diseasassoci at ed mutati ons have been [
deficiency (100, 113, 116) Mutations destabie the protein, resulting in slower folding into a
native state that-skeat aApns aan dhelap.eThasasguctarile & U
alterations predispose t&heetAh, asahe ecactive loop cah thenmi n g
insertnt o t he -sheedAl ITes conformbtional change can result in the formation of an
i nactive monomer , i f t-sheet AR @ lan imactigeedontasmvappedt o i t
di mer , i f the RCL fr om-sheetd\t Prepagatoodthisodimerrleadsn s er t
to polymerization(100, 101, 118115) It was originally believed that polymerization of the
serpin proteins occurred via a unified mechanism, but it is now well established that the reactive
| oop can insert i nt o-shdet A er eervte np casdidishaeton s a nwa tt
depending on the solution conditiofisl5) In some cases, the aggregates formed were identical
to those observed in disease; in other cases, they were only oliserisml(117)

Protein association can also involve formation of aggregates that are far less structured and
this type of aggregation is referred to as amorphous. Amorphous protein aggregation is
associated with a number of processes, such as pi@dwétwine haze and the development of
cataracts, and is a common problem during purification of recombinant prof¢ik& 119)
frequently observed when proteins are incubated at their isoelectridzy In cataracts,
proteins within the ocular lens accumulate -agjated damage, due to oxidative stress and
exposure to UV light, resulting in protein destabilization and consequently aggregation. These
aggegates scatter light and cause blurred vision and eventually blindness if left unft@ajed

Thi s process i s beli eved to begcrystalinpwhich t he
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functions as a folding chaperone, binding to proteinsha molten globule state to prevent
aggregation, though in later stages of the disease other cytoskeletal proteins are also recruited
(104, 106, 121) These aggregates are resistant to 8 M urea, yet are dissolved with the addition
of reducing agent and thus are enriched in elioged protein(122) Crosslinking is thought to

occur between cysteine residues; lens proteins undergo cysteine, methionine and tryptophan
oxidation over time, but can also occur through -d@ulfide covalent bonds involving
dehydroalania for example(104, 106, 123) It is important to note that the structure of
aggregates foned within the ocular lens during cataract development remains controversial,
both amyloid and amorphous aggregation of crystalline proteins has been observed under
different conditiong124)

Few mathematical models exist to describe the mechanism of amorphous aggregation; yet,
it has been characterized as a disordered process whereby monomers add to a growing aggregate
in any direction. As the surface area of the aggregate grows, so doestbé aggregation
(125) Various modes of aomphous aggregation may differ, however, depending on the initial
conformation of the aggregating protein and the degree of residual structure within the aggregate.

While other modes of protein assembly exist, these examples reflect how multifaceted
protein aggregation processes are. Furthermore, single mutations have the potential to
significantly alter the aggregation mechanism of many proteins. It may not be surprising, given
the complexity and diversity of native protein structures, that variougsnaidprotein assembly
are possible; and with further progress being made each year toward uncovering the mechanisms
and structural characteristics of protein aggregates, more strategies will be developed to combat

protein aggregation in cases where insonvenient or toxic.
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1.3 Cu, Zn-Superoxide Dismutase
1.3.1 Cu, ZnSuperoxide Dismutase Structure

Cu, ZnSuperoxide Dismutase (SOD1) is a paradigm for understanding protein structure
and function as well as folding and misfolding in disease, and hastebed extensivelyl, 2,
126) Human SOD1 is a member of the SOD family of proteins, which all function as
antioxidant metalloenzymes, yet differ in their cellular localization, quaternary structure, and
active sie metal(127) SOD1 is a amodimer, while SOD2 and SOD3 are homotetramers;
however, all catalyze the dismutation of superoxide to form hydrogen peroxide and oxygen (see
section 13.2). SOD1 is located mainly in the cytosol and to a small extent in the intermembrane
space of the nwchondria, whereas SOD2 and SOD3 are located in the mitochondria matrix and
the extracellular space, respectivéh27) To date, only SOD1 has been implicated in ALS

pathogenesig3, 33)
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Figure 1.5 Structures of human SOD1 and variants associated with ALSThe structures of

two different forms of SOD1 highlight how pesanslational modifications have major effects

on the structure of the protein. FAlzSsociated mutations are located throughout thiein

and may promote misfolding in different waygA) Crystal structure of holoSS SOD1 (pdb
1HL5) with the protein backborrepresented as a ribbon. HoloSS is a homodimer of 153 amino
acid subunits, whi ebhara@dptsta uc&tr e restrandg angls ibs t i |
connecting loops. Each subunit binds one zinc (black sphere) and one copper (orange sphere),
contains a ighly conserved intramolecular disulfide bond between Cys 57 and 146 (red ball and
stick), and is naturally Mcetylated (not shown). SOD1 also contains two free cysteines at
positions 6 and 111 (pink ball and stick). The longest loops are théintinog loop (Loop 1V,

yellow) and the electrostatic loop (Loop VII, blue). The #nmeding loop contains residues that

form the Znbinding site, as well as one of the cysteines invoivethe intrasubunit disulfide
bond, whi ch at tstsand8e & addition, the difmndimg lobpacontains residues
involved in forming the dimer interface. Zinc binding, disulfide bond formation, and
dimerization constrain the flexibilitpf the zinebinding loop and markedly increase protein
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stability. (B) Solution structure of apoSS monomer variant of SOD1 (PDB 1RK7). The colour
scheme is identical to Panel A. The structure of the monomer is less defined than in mature
holoSS. (C) Crystal structure of holoSS SOD1 (PDB 1HL5) with metal binding ligands shown
in cyan. Zinc is coordinated by four histidines, His 63, 71, and 80, as well as Asp 83, while
copper is coordinated by His 46, 48, 63 and 120, as well as one water molecule {9t sho
The colour scheme for the rest of the molecule is identical to panels A ar{®)BPrimary
sequence of the SOD1 monomer and-s@ese mutations associated with fALS (adapted from
Broomet al, 2014(2). The secondary structural elements are listed above the primary sequence
and colouredhs in A and B. FALSassociated mutations are listed vertically in red below the
wild type amino acid in black. The black and orange spheres indicate zinc and-copper
coordinating residues, respectively.
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The fully mature, holo form of SOD1 (holoSS) haselting temperature of ~9Z (128)
and can maintain enzymatic activity in strongly denaturing condi{ib28) The high stability
of holoSS can be attributed to the highly compact dinsriecture (Fig. 1.5A, C), composed of
two identical monomers, each consisting of 153 amino acid residues that bind one copper and
one zinc ion, contain one intramolecular disulfide bond between Cys 57 and 146, and two free
cysteines at positions 6 and 11E.ach monomer f ol dlarrel, consistinggof Gr e e k
two, fourst r anded @erhteiegar,alcloennneflct ed by 7 | o-ops of
sheets are oriented in a cross c oghdeolieatart i on,
angle with respect to one anoti{@B80). The longest loops, the ziinding loop (Loop IV) and
the electrostatic lap (Loop VII), are highly important for SOD1 stability and functid26)
The zinebinding loop contains residues thfatm the zinebinding site, as well as one of the
cysteines involved in the intrasubstrand8 Idi sul f
addition, the zindinding loop contains residues involved in forming the dimer interfd@s,
130) Thus, zinc binding, disfitle bond formation, and dimerization constrain the flexibility of
the zinc binding loop and markedly increase protein stal{iliBl) The electrostatic loop is
composed of charged residues that are essential for guiding the superoxide anion from the
surface of the protein into the active site where the redox amiweer ion sit$132, 133) Both
zinc-binding and electrostatic loops contain more hydrogen bonding and hydrophilic side chain
interactions than th@&-barrel, and these interactions are thought to play an essential role in
stabilizing the loop conformations by providing a network of connections between the loops and
the metal binding sitefl30). Furthermore, the zinc and copjiending sites are linked by His
63, functioning as a ligand for both metals, as well as by Aso 124 within the electrostatic loop,

which forms hydrogen bonds with coppgryand His 46 and zintigand His 71(126, 130)
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Metal free disliide oxidized (apoSS) and disulfide reduced (apoSH) SOD1 have
markedly reduced stability, and melt at @ and 48°C, respectively(98, 131, 134) When the
disulfide bond is formed, metal free SOD1 (apoSS) is a ditr®5) While the long loops have
increased conforational flexibility (90, 136 139), the disulfide bond fixes th@nc-binding loop
to theb-barrel, thereby ensuring that many of the dimer interface residues are in place. When the
disulfide bond is reduced, dimerization is much less favourable, and the monomer remains the
only populated form of SOD1 under physiological conditions (Fig. 1(98,)140)

In summary, each holoSS monomer consists bfbarrel scaffold with two large loops
projecting from this scaffold, forming the functional regions of the protein. The network of
stabilizing interactions that forms when both metals are bound to SOD1 constrains the motion of
the zinebinding and electrstatic loops, the result of which is a highly stable, compact structure.

In the absence of metal, SOD1 is much less sti8e 131, 134)and the large loops gain
conformational freedom. Therefore, the functional regions of SOD1 mtyeb&chilles heel of

the protein, enabling aberrant interactions to take place if metal birgliogmpromised (see
section 13.6).

Over 170, predominantly missense, mutations are associated with ALS, giving rise to
~20% of fALS cases(http://alsod.iop.kcac.uk). The mutations are associated with
characteristic average disease durations, which vary greatly, for example from ~1 year for the
dimer interface mutation A4V, the most common mutation in North America, to ~18 years for
H46R, a metal binding mant. Over the years, a great deal of attention has been focused on
elucidating the structural characteristics of different SOD1 variants to account for differing
disease phenotypes. While the most abundant form of SOD1 in vivo is generally (I26$S

conditions such as mutation or aging may promote increased population of undermetalled or
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disulfide reduced, less stabierms of the protein; and the form(s) of SOD1 most relevant to

pathology in different ALS cases remain(s) unknown.

1.3.2 PseudeWT Cu,ZnSuperoxide Dismutase

In recent yearssystematic analyses of the effects of fAdSsociated mutations on the
stabilty and folding of various forms of SOD1 have been repofted2) Human SOD1
contains two free cysteine residues at amino acid positions 6 and 111 (Fig. 1.5A), and these free
cysteine residues inhibreversible unfolding of SODin vitro by forming intramolecular and
intermolecular nomative disulfide bods, which promote SOD1 aggregati¢b4l, 142)
Reversible unfolding is a prerequisite for thermodynamialysms, and so to overcome this
limitation, pseudewild type (pWT) constructs lacking these free cysteines have been used
extensively forin vitro studies of SOD1. In the most widely used pWT construct, the free
cysteines are mutated to alanine and satm@ositions 6 and 111, respectivély 98, 128, 134,
141, 143146} however, other mutations at these positions have also been used (most notably
C6A and C111A)(1471149) Not only are these chemically and structurally conservative
mutations, but a serine at position 111 is found in most other mammalian SOD1, and alanine at
position 6 is observed in other namammalian organism@gl50) Mutating the free cysteines
results in highly reversible uolding of pWT, while having very minimal effects on structure,
function, and stability(98, 130, #1, 142) The pWT construct also makes it easier to study
modes of aggregation not catalyzed by cysteine oxidation. The use of pWT SOD1 constructs has
provided valuable insights into the mechanism of SOD1 folding and misfolding and aggregation.
Unless otherwise stated, all SOD1 variants studied in this work contain C6A and C111S

mutations.
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1.3.3 Cu, ZnSuperoxide Dismutase Function

The zinc and copper ions lie in close proximity and share the metal binding residue, His 63
(Fig. 1.5C). This interactioms essential since it limits the redox activity of the copper ion,
preventing harmful reactions from damaging essential cellular molecules. Zinc is coordinated by
His 63, 71, 80, and Asp 83, while copper is coordinated by His 46, 48, 63, and 120 aradesne w
molecule(126, 130) The mechanism by which superoxide is converted to hydrogen peroxide
and oxgyen is performed through oxidation and reduction cycles between the substrate and the
catalytic copper ion. The first step of the SOD1 catalyzed reaction is superoxide reductio
immediately followed by reduction of a second superoxide molecule and reoxidation of copper.
This two-step reaction is presented below:
Stepl0 066 ©0 06
Step 2:0 ¢O 006 ©00 060
Overall:c0 ¢O 00 00
Upon reduction, the copper ion shifts 1.3 A and releases His 63 and the water ligand. This
release changes therdormation of the copperinding site from a fivecoordinated structure to
a trigonal planar, threeoordinated arrangement, while the arrangement ofcocdinating

residues remains unchanged. Reoxidation of the copper ion regenerates -tiuorilvated

structure of the coppdrinding site(126).

1.3.4 Cu, ZnSuperoxide Dismutase Maturation In Vivo
SOD1 requires aumber of posttranslational modifications before achieving full activity;
and these modifications are regulated by oxygen and copper levels in a many Eukaryote cells

(151 154) It has been shown that SOD1 activity rapidly increases in yeast cella groder
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anaerobic conditions with increases in copper and oxygen concentrétief)s and similar
results were mirrored in animal mod€lb5)  Studies in yeast also suggest that regulation of
SOD1 activity occurs at both theahscription and translation levels53, 154, 156) It has been
proposed that the first response to increased oxidative stress involves rapid activationof a pre
existing pool of immature @D1, followed by increased expression of antioxidant enzyf&3;
157) The metal content of immature SOD1 awaiting activation, and whether or not this
mechanism is relevant in me complex organisms, remains unknown. It appears possible,
though, that SOD1 can exist in a number of different states within the cell, depending on
different conditions(151). In addition to metal binding, intrasubunit disudidond formation,
and dimerization, the polypeptide undergoes methionine cleavage atténmiNus followed by
acetylation of the adjacent alanine resi¢iL26)

The most immature form of the polypeptide is the apo reduced form (apoSH), which lacks
all modifications. While the mechanism(s) of zinc acquisitionvivo remain unknown, the steps
that facilitate copper bindghto SOD1 have been the focus of numerous studies over the past
decade and are now understood in greater detail. Copper can be harmful to cellular components;
therefore, homeostatic levels are under tight regulatory control and virtually no free capfser ex
in Eukaryote cell{158). Copper acquisition and distribution to various cellular compartments
and copper chapenes involves a highly complex set of metabolic pathways which are still the
focus of extensive investigatiqi59, 160) It is believed that copper enters the cell in thé"Cu
state through high affinity copper transporters or specifwel affinity permeases, and is
subsequently passed to copper chaperones responsible for delivery to cytosolic enzymes or to
membrane transports for delivery to other cellular compartments. Transport from one site to

another is facilitated by specific geinprotein interactions and increasing coppémity
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gradients(160) Human SOD1 acquires its copper cofactor mainly through direct interaction
with the copper chaperone for superoxide dismutase (CCS), a homodimeric protein composed of
monomers consisting of three unique domditsl, 152, 161, 162) SOD1 can also acquire
copper through a CCtadependent pathway through interaction between elgetiic residues in

Loop VI with glutathiong(163) This mechanism is poorly understood, but likely plays only a
minor role in SOD1 activatiofil58, 162) Most studies on CCS havocused on the yeast and
human forms of CCS, which differ slightly in sequence, quaternary structure, and metal binding
capabilities, but nevertheless likely activate SOD1 through a similar mechanism, since it has
been shown that human CCS can activatesy SODX151, 152, 162, 164)As the focus of this

thesis is human SOD1, only what is known about human CCS will be discussed in detail.

The firstdomain of human CCS is homologous to the family of Atx1 metallochaperones,
forming ab U b bfdgrbdoxin fold that contains a highly conserved MXCXXC copper binding
domain located in a surface exposed I¢b§b). In general, Atx1 metallochaperons interact with
their targets through structural complementarity, either electrostatic or hydrophobic interactions,
facilitating target recognition and correct orientation of the copperdinating resides(166)

Copper is transferred from Atx1 chaperones to their target proteins through a series of two and
then threecoordinate intermediates that oive the Atx1 coppecoordinating cysteines and a

pair of reduced cysteines close to or within the target recognition site (Fig. (L&) While

SOD1L is not a typical binding partner for Atxl metallochaperones, domain one of CCS is
accessible to SOD1 Cys 57 and 146 upon heterodimer forn{atdn 165) It is of further note

that SOD1 constructs with alanine mutations at residues 57 and 146 showed detriiaséol
become activated by CCS; therefore, Cys 47 and 146 may mediate delivery of copper from

domain one of CCS to the SOD1 active ¢it65) While previous studies showed that domain
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one was only essential for activation of SOD1 when copper was lim(ti6g 164) more
recently it has been demonstrated that the absence of domain one abolishes the ability of CCS to
transfer copper to SOD@61) In the current model, therefore, domain one is considered the
copperdelivery domain; however, it is possible that domain three may also bind copper either
independently or through interactions with domain one under certahtioms. It has been
shown that CCS from various species can bind more than one equivalent of &&)eand

may adopt different conformations to protect the copper binding site during transfer to SOD1, as
has been previously proposét62) Transfer from the cysteine ligands within CCS to the
histidine ligands within Cu,Z$0D alsosuggests a change in the copper redox state froth Cu

to CU"?, since nitrogen donor ligands more readily bind'@uan Cd*, while the opposite is true

for sulphur donating ligand€l59) Therefore, a change in copper redox state may enable a
change in copper ligand. It has been shown that SODIde@é&ndent activation relies on the
presence of oxygefl53, 154) suggesting that oxygen may play a rolethe oxidation of

copper, in turn facilitating ligand switching.

37



SH
SH
¢ Zn? bound SOD1
é >
{1} SH -
H H
o
H Ry H

Zn?* bound reduced @Cu'* transfer from CCS Domain 3 CCS Domain 3 disulfide shuffle release of oxidized holo SOD1 and dimerization
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Figure 1.6 Maturation of SOD1. (A) A schematic representation of copper transfer from an
Atx1l chaperone to its target protein through a series of two and thencduebBnate
intermaliates that involve the Atx1 coppeoordinating cysteines and a pair of reduced cysteines
close to or within the target recognition site. It is possible that copper transfer from CCS domain
one to SOD1 occurs through a similar interaction between cgstegidues. This figure was
adapted from Bertini et al. 20qZ66). (B) A proposed mechanism of SOD1 maturation. Here
SOD1 is indicated in grey andGS in blue. Copper and zinc are shown as orange and black
spheres respectively. Disulfide status is indicated as SH for reducedihor $xidized. The

three CCS domains are labelled D1, D2, and D3. Heterodimer formation between CCS and
SOD1 is faciitated by interactions between the native SOD1 interface and the -8K&D1
interface within CCS domain two. Copper transfer involves domain one and disulfide oxidation
domain three. Following copper transfer and disulfide oxidation, SOD1 is release@€@8m

and can dimerize, forming the active enzyme. This figure was adapted from Banci et al., 2012
(161)

38



Doman two resembles monomeric SOD1, both structurally and in terms of sequence. It
forms a Greelk e y-barfel with both large loops corresponding to the -bimgding and
electrostatic loops, as well as six of the seven metal binding residues found in (S&@M1
Human CCS binds one zinc ion, which is reqdifor function(168), at the site analogous to the
SOD1 zinc binling site, while being unable to bind copper as it is missing one of the-metal
binding histidine residugd.67) It has been proposed, therefore, that domain two is not involved
in copper transfer to SOD1, but rather is involved in target recogititsh 152, 161, 169, 170)

The similarity of S domain two and SOD1 suggests that the SOD$ heterodimer may

form through interactions of residues important for homodimerization, and in fact the crystal
structure of yeast CGSOD1 heterodimers reveals that the heterodimer interface is very similar
to the homodimer interfacé70) Furthermore, mutations introduced into the dimer interface
abolish CCS activation of SOD1 in yead57) Zinc binding to SOD1 likely precedes
interaction with CCS, as it has been shown to be a requirement for copper transfer from CCS to
SOD1 (161, 169) although heterodimer formation is possible with apo SOD1 and (CER

This discovery indicates that the conformational changes of some key residues, notably disulfide
bonding region, which occur upon zibinding to SOD1 and subsequent stabilization of the
zinc-binding loop, are a prequisite for copper transfét61) If heterodimer formation between
SOD1 and CCS is facilitated by interact®between residues in the homodimer interfaces,
efficient transfer of copper from SOD1 to CCS would require significant population of
monomeric forms of both proteins. Interestingly, disulfide oxidation of SOD1, which would
promote dimerization, has beegported to inhibit CC$8lependent activation, further suggesting

that the SOD1 dimer is not a wailatched target for CC&61) It is worth noting, however,

that other Greek key-barrel dimers can rapidly exchange monomers under physiological
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conditions(171) Given the similarity between CCS domain two and SOD1, it is possible that
heterodimer formation is under kinetic cantf162)

The third domain of CCS is a short polypeptide, ~40 amino acids in length, with little
secondary structure and a highly conserved CXC ceppéding motif (151, 170) Previous
work has shown that copper can bind to both domains 1 and 3; but, only domain 3 is able to
deliver copper to the SOD1 active s(62, 164) More recently however, experiments with
different CCS constructs, missing one or two of the three domains, have revealed that copper
transfer to the SOD1 active site is possible in the absence of m@nalt is now generally
believed that domain 3 is primarily responsible for SOD1 disulfide bond formation, which can
only occur when domains one and two are pregefit) Disulfide bond formation between
SOD1 Cys 57 and 146 involves an oxygipendent disulfide shuffle, which begins with the
formation of an intermolecular disulfide bond between CCS Cys 244@bd €ys 57, which is
subsequently transferred to SOD1, resulting in oxidation of Cys 57 and3%4a53).

There are still questionsgarding the mechanism of SOD1 G@&pendent activation. It
is unclear how copper is oxidized to ‘Cuhow the disulfide shuffle is initiated, and how these
step(s) are regulated by oxygen levels. The emerging model ford€@$dent activation of
SODL1 involves a series of stages that require coordination of all three CCS domains. First, zinc
binding occurs, possiblindependent of CCS, followed by heterodimer formation between CCS
and SOD1. This step facilitates copper transfer, mediated by SOD1 @ysl 346, and transfer
of the intersubunit disulfide bond between CCS domain 3 and SOD1 to the intrasubunit disulfide
bond within SOD1. The final step of SOD1 activation is dimerization, which has been shown to
be regulated by COMMD1, which acts downstreainCCS, inhibiting dimerization when there

is excess copper and CCEo6) It appears, therefore, that each goatslational modification
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of SOD1 is regulad by the demands of the cell, ensuring that there is no excess of activated

SOD1.

1.3.5 Cu, ZnSuperoxide Dismutase Stability and Folding

As discussed at the beginning of this introduction (section 1.2), protein folding can depend
very strongly on solubin conditions, in particular protein concentration, denaturant
concentration, and temperature, and these can be varied to characterize different structural
transitions (2, 172, 173) Most proteins in nature, including SOD1, consist of more than one
subunit, and as a consequetigeir folding inherently depends on protein concentrafiats).
Denaturant and temperaturenduced unfolding of SOD1 have been fit te @r 3-state
mechanismsFor monomeric apoSH, reversible unfolding fits-st&te transition between folded
(M) and unfoldedy) monomersN  Z ). LAt low protein concentrations, dimeric apoSS and
holoSS exhibit atate equilibrium transitions between folded diméty,(M andU (N, 2 2 M
Z  2)Uncreasing protein concentration decreases the proportiéh safch that only a net-2
state procesfN, Z  2) ¥ observed at equilibrium, although irtmmversion among all 3 states
may still be observed kinetically.

In its most immature form, apoSH, pseudo wide (pWT) SOD1 adopts a folded, but
highly dynamic monomeric structure (Chapters 4 and B4) This form of SOD1 has marginal
stability, with ~95% of the protein being folded at physiologteanperature and pH. Kinetic
studies further show that disulfide reduction decreases stability by increasing the rate of
unfolding (147) Accordingly, the stability of apoSH is relatively low compared to other
globular proteing1), and far lower than more mature forms of SOD1. In general, mutations

have the largest effects on the stapibf the apoSH form, ranging from slightly increasing to,
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more often, greatly decreasing its melting temperature to belo$C37Thus, mutations can
markedly alter the populations of folded and unfolded conformat@8)s

Disulfide bond formation stabilizes both the folded monomer and the dirtezface of
SOD1, such that-8tate folding can be analyzed by equilibrium chem{@84) and in some
cases thermal denaturation (refer to Chapter 2), as well as by kinetics. In contrast to apoSH,
pWT and mutant apoSS are very predominantly folded under physiological con{B8pris34)
Nevertheless, based on equilibrium denaturation and molecular dynamics simulations, it has
been proposed that the effects of mutations prajgagxtensively through the protein structure
and disrupt the dimer interfa¢88, 175) Kinetic experiments have shown that mutations can
increase the rate of dissociation and/or monomer unfol@¥®, 177) Thus, in apoSs,
mutations generally hav destabilizing effects, resulting in increased nashage structural
fluctuations and small increases in population of folded and unfolded monomers. Until now,
however, the dimer interface stability has not been calculated directly (refer to Chapter 2)

Metal binding strongly stabilizes SOD1 and reduces its dynamics. The overwhelming
majority of mutations characterized to date decrease the stability of h(loS83, 146) but
because the folded dimer is extremely stable, the absolute increases in the amounts of unfolded
species I andU) are extremely small, and hence are unlikely to directly impact aggregation.
Rather, increased local structuflactuations tend to promote metal loss and/or disruption of the
dimer interface, and so expose regions that are normally b(@@d Varios covalent
modifications have similar destabilizing effects. For example, oxidation of active site histidine
residues destabilizes holoSS, promotes monomerization, increases exposure of hydrophobic
residues, and leads to metal |Id438) Metal binding also increases the kinetic stability of

SOD1; pWT holoSS unfolds extremely slowtha formation of a folded monomgwhich has
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weakened metal binding compared to the di(hd6). Various mutations increase the unfolding
rates of holoSS, and increase the accessibility of misfolded species, notabhetaliated
monomers. Collectively, these studies have revealed that mutations and covaldiations

increase structural fluctuations and misfolding in the otherwise extremely stable holoSS.

1.3.6 Modes of Cu,ZrSuperoxide Dismutase Aggregation

A key theme emerging from the folding studies of SOD1 is that mutations have differing
effects onthe amounts of unfolded and misfolded species that may be populated in disease. This
suggests that aggregation may arise from multiplery different initial conformations.
Enhanced aggregation has been reported for many species of SOD1, including andtar
modified protein, with formation of diverse structures, ranging from amorphous to various kinds
of fibrils (Fig. 1.7). It must be emphasized that varying experimental conditions strongly
influence observed aggregation mechanisms and structwigsh have different aberrant
interactions, f or e x a mbpared, expasdd ime®phobit greupseandy e s

improper loop interactions.
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Figure 1.7 Mechanisms of SOD1 aggregation. Some of the many reported
misfolded/aggregated structures SOD1 are illustrated schematicallk-K). These structures

may depend strongly on the conformation of the various possible precursor SOD1 species.
Soluble, natively folded SOD1 is represented by grey spheres. Copper and zinc ions are
indicated by orage and black spheres respectively and disulfide status is indicated as SH for
reduced and S for oxidized. (A) Under agitation, apoSH forms a nucleus containing
intermolecular disulfide bonds involving Cys 57 and Cys 146, which then recruit more g@able a
and part metallated SS forms of SOD1. The resulting fibres bind the fluorescent dye, Thioflavin
T (ThT), and exhibit twisted morphologies by atomic force microscopy (AFR8). (B)
Destabilizing and/or agitation conditions result in fibres with features of classic anfymid

179, 180) as is frequently observed when proteins aggregate from a globally unfolded state
(279). Such Acl assi c-tesistentbrosb| sphage aapset basge
ThT fluorescence, exhibit gregyold birefringence upon binding the dye Congo Red, and have
fibril diameters of ~820 nm(75, 179) (C-E) Amyloid-like aggregates showing polymorphism
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due to a proteasesistant fibril core (shaded shapes) are formed by different fragments of the
SOD1 sequence, su@s the Nterminal ~60 amino acidgC), centre of the protein forms the
core (D), C-terminal region(E). Protease sensitive parts are shown as grey coils. The structures
of the cores are not JIstredglBl) gH) DimarsaofyapoSh lmked d e
through disulfide linkages, which involve normally reduced 6yand Cys 114182, 183) (G,

H) Amyloid-like fibrils formed as a result of nemative interactions between apoSS dim@%

137, 138) Exposur e o-barrdl ih @00SS diue ¢o dieofder inlihe ziifeding and
electrostatic loops results in a Zgg packing of dimers when the edge is partially exp(G¢d

or linear packing when the gd is fully exposed(H). (I, J) Different types of amorphous
aggregates formed by structur@ and unstructuredJ) protein respectively(35, 99) (K)
Amyloid pores formed by zinrbound SS dimers. The zhtinding loop, indicated in yellow, of
one di mer i n tbarrelafcahosher diertatrangte.hhe Zdainding loop forms an

addi tisomalndb the r esul t-sheetthatvdpirals Aroundshe bomg axésx t e n «

(90)
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In recent years, there has been extensive nesem the aggregation of apoSH, as this
unstable form of SOD1 has been proposed to be particularly likely to aggregate in dis88se
131) In vitro, the extehand type of aggregation for apoSH varies greatly with experimental
conditions Fig. 1.7) Thermal denaturation has been shown to be highly reversible for apoSH
pWT and some mutants, suggesting resistance to aggregation from partially or fully unfolded
states, although other mutations show evidence of misfolding and aggre@)orin contrast,
other conditions strongly enhance aggregation of even wild type (WT) apA§itation of both
WT and mutant apoSH solutions can cause formation of various anrtikeitibres (76, 184)
Mutations modulate the structural features of the fibres, resulting in distnatpmmon,
proteasaesistant cores under different conditiofi81, 185) Intriguingly, such structural
polymorphisms may be analogous tofdé r e n t Astrainso obs@3y ved
Furthermore, under agitation conditions, small amounts of apoSH can seed the aggregation of
more stable forms of SOO¥6, 1&). It is well established that amyloid can form quite readily
from highly unfolded sections of proteins. Also, agitation induces aggregation of many proteins
through mechanisms that are not well understood but may involve unfoldingveatair or
wata-solid interfaces and/or disulfide shufflind86, 187) Recent studies have shown that
various forms of metdree SOD1 can make amylelike fibres with smooth, unlbnched
morphologies under agitation conditions; and this occurs from the globally unfolded rather than
the folded statg188) In contrast, under quiescent solution conditions, both WT and pWT
apoSH show little tendency to aggregate, and difteepoSH mutants form different sizes of
aggregates at different ratéa8) (refer to Chapter 5). These varying results suggest that the
mode(s) of apoSH aggregation are particularly diverse, and sensitive to varying conditions, due

to the marginal stability, and hence easily altered conformatiwoperties.
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Due to the higher stability of apoSS compared to apoSH, more strongly destabilizing
and/or disulfide oxidizing/shuffling conditions are generally required to induce aggregation on
an experimentally tractable time scéf®, 78, 144, 182189) For apoSS, different destabilizing
conditions result in multiple aggregate structures, ranging from amorphous-tomybwid and
amyloid fibrils, in varying proportiong75, 144) Destabilization of apoSS can also cause
disulfide shuffling between the normally reduced free cysteines (Cys 6 and 111) and those
normally forming the disulfide bond (Cys 57 and 14&p( 1.9 (189) Furthermore, under nen
destabilizing, oxidizing conditions,barrant disulfide bonding involving the free cysteines is
required for the formation of amylaidke fibrils (Fig. 1.7)(182) The roles of aberrant disulfide
bonding for misfolding and aggregation are complex and not fully clear inibotitro andin
vivo studies; in disease models, early roles are uncertain, but they are likely to be significant as
disease progresses due to increasingly oxidizing cellular cond{i®03% Alternatively, apoSS
can form other amyloitike fibres, without aberrant disulfide bonds. These fibres are composed
of nativelike dimers undergoing local unfoldinfprming norrnative intermolecular interactions
involving the zinebi ndi ng and el ect r o-batred édgecstrand®0 p38) an d
Crystallographic studies of undermetallated and mismetallated SOD1 variants have revealed
numerous structural changes that occur upon russlthat enable formation of these assemblies
of SOD1 dimers. Various interactions between the zinc binding and electrostatic loops are lost
in the absence of metal, the result of which is increased disorder in thes€900A386 138).

When zinc is bound in its proper site, His 46 (a copper binding ligand) and 71 (a zinc binding
ligand) form hydrogen bonds with Asp 124 iretklectrostatic loo§136, 191) Zinc binding
further stabilizes the electrostatic loop by cappinggatively charged end of the shorelix

within this loop, which sits above the zinc binding skey( 1.5 (191) When the zinc binding
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and electrostatic large loops are in place, charged residues Asp 76 and Glu 77 act as
Afgatekeepers, 0 pr ehbamneltedga grandsx qutorhan the coofdrmatioh ef
these loops is lost, the edge strands are exposed and SOD1 dimers can assemble in a linear or
zig-zag fashion, depending on the degree of loop disd@®r These structural studies show

that the SOD1 dimer is finely tuned for proper metal binding, and the conformational freedom of
zinc binding and electrostatic loops is highly influenced by the numerous interactions formed in
the presence of metaConsequently, aggregation of apoSS may progress from various locally or
globally unfolded conformations, with or without aberrant disulfide linkages.

The highly stable holoSS form of SOD1 is generally thought to be highly resistant to
aggregatior(35, 76, 144, 192) Neertheless, agitation of holoSS, in combination with strongly
destabilizing solution conditions, results in fibril formati¢i@6, 78) prolonged quiescent
incubation of both WT and mutant holoSS under physiological temperature and pH, eventually
results in formation of amorphous aggregd®. Lag phases are characteristic of unfavourable
nucleationrapid elongation aggregation mechanisms, and have been observed for many disease
linked amyloidforming proteins. Similar to these proteins, for SOD1 various mutations may
decrease the length of the lag phase, possibly due to enhanced metal loss and/or dimer
dissociation(99, 193) In cells, these structural changes may in turn promote disulfide reduction
(194) Increased population of various misfolded forms of SOD1 due to these changes could
also contribute to aggregation in ALS. Of note, loss of all bound metals was not required for
amorphous aggregatiai®9), and crystallographic studies found that paetallated SS SOD1
can form helical fibrilsvia nonn at i ve |-lwaoep inteaactiongI). In addition, the
oxidation of various residues has been implicated in misfolding/aggregation. For example,

oxidation of active site histidine relsies promotes amorphous aggregation of metallated SS
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SOD1 (178) Thus, mutation and/or other covalent changebdoSS can also give rise to
misfolded, aggregatieprone species. Taken together, the abdescribed findings provide
evidence for multiple possible aggregation processes, which may play various contributive roles

in disease.
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1.4 Research Objectives

A long standing theory in the field of ALS research is that the immature, metal free,
forms of SOD1 are the most relevant to disease due to their lower stability, and consequently
heightened aggregation propengib2). There has been a great deal of speculation that these
species, notability apoSH, represent the common denominator in various cases of familial and
sporadic ALY(76, 135, 147, 180, 184, 195Monitoring SOD1 aggregatn is difficult however,
and many of these studies were perfornmeditro, under norphysiological conditions, in order
to accelerate the rate of aggregation to aid with experimental tractability. Interpreting these
results in relation to disease chaeastics is therefore difficult.

Previous studies in the Meiering lab have focused on characterizing the stability of
various apoSS SODL1 variar(t28, 134) The work presented herein is an elaboration of these
studes. In particular, using a combination of isothermal titration calorimetry (ITC) and
differential scanning calorimetry (DSC), instead of reporting on just total dimer stability, the
thermodynamics of apoSS dimer dissociation and monomer unfolding hameseparately
characterized (Chapter 2 and 3). Using this approach, we have found that the common effect of
all fALS-associated mutations investigated is that they weaken the dimer interface, while
exerting different effects on the stability of the apoS&amer. Our experiments also reveal
that dimer dissociation is accompanied by extensive unraveling of the strretuliéng in the
formation of poorly packed and malleable monomers. These findings provide key information
for understanding the mechansrand energetics underlying normal maturation of SOD1, as
well as toxic SOD1 misfolding pathways associated with disease.

Earlier DSC experiments in the Meiering lab also revealed that-#ds8ciated mutations

have the largest effects on the stability agjoSH, in some cases decreasing the melting
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temperature of the protein to below ®7, thus, a significant fraction of the protein is unfolded at
physiological temperatur@d74) Whether or not this decrease in stability promotes aggregation
under physiological conditions was largely unknown. Here we have expanded these studies to
additional apoSH variant® more fully appreciate how the different structural contexts of the
mutations impact the thermodynamics of unfolding. We have also characterized how fALS
associated mutations impact the aggregation propensity of apoSH under physiological conditions
(Chepter 4). Aggregation was assessed using a combination of complimentary biophysical
techniques, such as light scattering, atomic force microscopy (AFM), and ThieflaMihT)
binding, with the goal of reporting on aggregation behaviour, not induced t®rextonditions
that cause the marginally stable apoSH form to unfold. We also accounted for the effects of
removing the free cysteines (Cys 6 and 111) on the folding and aggregation behaviour of apoSH
(Chapter 4). We find that under physiological cods$, apoSH is fairly resistant to
aggregation. Low levels of small oligomers do form, but the concentration of these oligomers
remains too low to support extensive aggregation. We therefore explored other mild conditions
that enhance the intermoleculamnteractions between apoSH and encourage aggregation.
Interestingly, at higher protein concentration and/or in the presence of salt, we observe very
different aggregation propensities of diverse apoSH variants that do not appear to correlate with
differences in stability (Chapter 5).

The goal of these in depth biophysical analysis of metal free stability and aggregation
propensity has been to provide valuable insight into various ways metal free SOD1 may misfold

and aggregate and inevitably contributelisease.
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Chapter 2
Destabilization of the dimer interface
IS a common consequence of

diverse ALS-associated mutations in metal free SOD1
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Overview

Neurotoxic misfolding of Cu,Zsuperoxide dismutase (SOD1) is implicated in causing
amyotrophic lateral sclerosis, a devastating and incurable neurodegenerative disease- Disease
linked mutatios have been proposed to promote misfolding and aggregation by decreasing
SOD1 stability and increasing the proportion of less folded forms of the protein. Here we report
direct measurement of the thermodynamic effects of chemically and structurallyedivers
mutations on the stability of the dimer interface for metal free (apo) SOD1 using isothermal
titration calorimetry and size exclusion chromatography. Remarkably, all mutations, even ones
that are distant from the dimer interface, decrease interfadétgtabd increase the population
of monomeric SOD1. The thermodynamic analyses show that substantial structural
perturbations accompany dimer dissociation, resulting in formation of poorly packed and
malleable dissociated monomers. These findings pedk@y information for understanding the
mechanisms and energetics underlying normal maturation of SOD1, as well as toxic SOD1

misfolding pathways associated with disease.
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2.1 Introduction

Amyotrophic lateral sclerosis (ALS) is a common, rapidly progvessnotor neuron
disease, for which there is no cure, and treatment options are very l{@jtedlutations in
homodimeric Cu, Zn superoxide dismutase (SOD1) (Fig. 2.1) account for ~20% of familial and
3-5% of sporadic ALS ca&s (fALS and sALS, respectivelyB), and an increasing body of
research suggests a role also for the \yifte SOD1 in diseas@3). Clinical symptoms are
similar in fALS and sALS(3); thus, studies on SOD1 are critical for understanding the
molecular mechanisms of disease.

Many, predominantly missense, mutations distributed throughout SOD1 have been
assocated with fALS (http://alsod.iop.kcl.ac.uk/home.aspx), and confer a toxieogdimction
to the protein(3). A characteristic feature of ALS is the formation of protein aggregates in motor
neurong21), and SODL1 is a component of aggregates in S@ikéd fALS and in some SALS
casegq26), as well asn animal models of the diseafi®6) Thus, a prominent hypothesis is that
ALS is caused by proteimisfolding and aggregation, analogous to toxic misfolding of other
proteins in various neurodegenerative diseas:
disorders(52). The mechasms by which SOD1 forms aggregates, however, remain poorly
understood?2).

Extensive research indicates that an increased population of unmetallated (apo)
monomeric forms of SOD1 may promote toxic aggregafbdd, 143, 175, 193, 19799)
Folding and thermodynamic stability measurements of SOD1 can reveal if and how mutations
create instability and so favour misfolding and aggregd&@nIn previous studies, we observed
moderately destabilizan effects of several mutations on the highly stable rieiahd (holo)

SOD1, owing mainly to decreases in monomer stability, and mutations that weaken metal
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binding tend to have the largest destabilizing effects on holo monqi%33 For the apo
protein, the mutations tend to decrease both dimer interface and mostaiméty to a larger
extent than for the holo prote{(@34) Measurements of the kinetics of unfolding and refolding
have similarly indicated that some mutations weaken the apo SOD1 dimer interface; however,
these experiments have high uncertainties due to long extrapolétithis177, 20Q)and the
assumption of invariance in the underlying rate constant forediassociation(176, 200)
Molecular dynamic simulations have also predicted that the large majority of mutations weaken
the dimer interface of apo SOD(75, 201, 202) Collectively, these studiesiggest that some
fALS-associated mutations weaken the apo SOD1 dimer interface, but until now direct
experimental measurement of these effects has been very limited and further experimental
studies are needed to ascertain the effects of mutations onzditioer.

Here, we report direct quantitative measurements of the thermodynamics of dimer
dissociation for 13 chemically and structurally diverse AdsSociated mutations distributed
throughout the SOD1 structure (Fig. 2.1) by isothermal titration calayn{€IC) and size
exclusion chromatography (SEC). ITC is a powerful, yet little explored, tool for characterizing
thethermodynamics of proteiprotein association using measurements of the heat changes that
accompany binding203). A single ITC experiment can define the dissociation equilibrium
constant Kq) and enthalpy L(Hg), from which the Gibbs free energil{gy) and entropy of
dissociation I{5;) can be determined. In addition, using measuremeriisigfas a function of
temperature, the change in the specific heat capacity for dissocidfiin) (can be obtained.
Using ITC to analyze the thermodynamics of apo SOD1 dimer dissociation at physiological
temperature and pH, as well as parallel measurements of dissociation using SEC, we obtain the

striking result that diverse mutations decrease dimer interface stabiliipaedse formation of
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structurally disrupted monomers. The ITC and SEC give valuable information on the energetics
and mechanism of SOD1 subunit association for understanding natural protein maturation and

disease.
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Figure 2.1 Structural features of ap SOD1. SOD1 is a homodimeric metalloenzyme. Each
monomer f or ms -barel éd eomtkins k siggle Hisulfide bond (orange). In the
absence of bound metals, loops IV (green) and VII (blue) are disordered and the structure is
more flexible than tb metalbound (holo) protein(135, 136) The sites of ALSassociated
mutations characterizecettein are shown in red sticks (PDB code 1HLA4).
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2.2 Materials and Methods
2.2.1 Recombinant SOD1 expression and purification

The human pWT SOD1 (pseudo wilghe with nonconserved Cys 6 and Cys 111
replaced by Ala and Ser, respectively) 98, 141)and mutant SOD1 were expressed using the
plasmid vector pHSOD1ASlacl@204) in E. coli cells, purified and demetallated by dialysis
against ethylenediaminetetraacetic acid (EDTA) as described previdizdy 205) Protein
concentration was determined by absorbance at 280 nm using an extinction coefficient of 10,800

M™ cm* for the SOD1 dime(206).

2.2.2 Isothermal titration calorimetry (ITC)

ITC experiments measuring the heat of dissociation of the apo SOD1 dghér {olded
monomers M), N>z 2M, governed by the dissociation constaity)( were performed as
described (207, 208) using a Microcal Isothermal Titration Calorimetry 200 instrument
(Microcal Inc, Northampton, MA, USA). Measurements were performed atC3#vhere
dissociation is increased compared to previous measurements at lower tempgrarésg?,

193, 197) and below the transition temperature of tharoenaturation experiment$28, 134)

Highly concentrated apoSS SOD1 (0B5mM total dimer), buffered in 20 mM -@-
hydroxyethyl}1-piperazineethanesulfonic acid (HEPES), pH 7.8, was diluted into the identical
buffer in the ITC reaction cell in successive small volume-Q053 L ) i njections.
artefacts were minimized by injecting the protein directly into ftavough collected during
concentration by ultrafiltration of the high protein concentration &wiut The heat associated

with each injectiond) was determined by integrating the powersustime trace. Data were fit

to a dimer dissociation mod&07, 208)according to Eq. 2.1:
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V]

g &Q g On, P S QOsc g, (Eq. 2.1)

w h e rHgis the enthalpy change of dissociation from native dimer to two monomers, calculated
per mol monomer. M, is the total concentration of apo SOD1 (monomer units) in the syringe,
[Mi] and [M;.1] are the concentrations of apo SOD1 monomer in the ITC cell after injectih

i-1, respectivelyy is the volume of each injectioW, is the ITC reaction cell volumey; is a
correction factor for the heat associated with sample dilution unrelated to dissociatifipjsand

the fraction of protein in the syringe that exists as free monomer, which can be expressed as:

P } ., S

W ¢ (Eq. 2.2)

Uq Uqg

7 =
The data were fit using Microcal Ori giHg 7.0
Kq and qqi as floating parameters. At the experimental temperaflisg, aGy(Texy Was
calculated fronKq(Texy using Eq. 2.3:

yo "y YY a8 Y (Eq. 2.3)
whereR is the universal gas constant. ITC experiments were performed at temperatures ranging
from 18 to 37°C to obtain the temperature depende ofgHg, the giCy 4, for mutants where

dissociation was measureable at lowamperatures (Fig. 2.3A). Values qf54(T) at other

temperatures can be calculated using Eq(128)

YOy YOor  Y6i Y Y YYYy Y6l i— (EqQ. 2.4)

2.2.3 Size Exclusion Chromatography (SEC)
SEC was performed on a BiRad BioLogic DuoFlow system with a prepacked Superose
12 10300 GL (GE Healthcare) analytical gel filtration column. The mobile phase was 20 mM

HEPES, 150 mM NaCl, pH 7.8, with a flow rate of 1 mL thirExperiments were conducted at
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ambient temperature (~2&) and sample injection volumes were 25 pL. Linealibcation
curves of elution time versus log of molecular weight were obtained using standards: bovine
serum albumin (66 kDa), myoglobin (16.9 kDa), and cytochrome C (12.6 kDa). Dilution of the
sample on the column was determined once daily by usingeidde width at half height of the
myoglobin standard (~800 pL) and dividing by the volume loaded (25 pL). This dilution factor
(~32) was used to calculate the total concentration of the SOD1 when eluted from the column.

The elution volume of each sample:) plotted against total protein concentration in
dimer equivalent§N,], was fit to Eqs. 2.5 and 2(809)using Origin Software:

. s L b0
Gy Gy s e (Eq. 2.5)

a £¢"Q

P 0 (Eq. 2.6)

where% N, = [N2]/[N]*100 andVy andVy, are the elution volumes of the monomer and dimer,

respectively. For dimers withkyi n t he range of 1 to 10 &M,

and 2.6 to obtain parametévs , Wi, andKq4 (210) On average, the fittedy was 1.2 mL
greater thal’\/N2 indicating the hydrodynamic volume of the dissociated monomers is increased ~

10% relative to the associated monom@%kl) For dimers with &4 in the range of 0.001 to

0.01 &M, W wdreuveels defimdéd by the data; detection limits at 280 nm precluded
obtaining V. at lower protein concentrations for determinationvVgfand so this was set to a

value based on the dimers with larg€y values. Linear transformations of the data were

generated usinyg. and fitted values according to Egs.-2.10:

bo pmmc 1 (Eq. 2.7)
bg T8 10 gpp;cnrbﬁc ¢ (Eq. 2.8)
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i ¢ 1T, (Eq. 2.9)

" =]

A plot of log Y versus lodN;], yields a straight line with a slope of 1; when Y =K},= [Nz]o

(Fig. 2.4).
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2.3 Results andDiscussion
2.3.1 Apo SOD1 dissociation is endothermic and strongly dependent on temperature

ITC experiments were conducted for pWT (pseudo wyfuk) apoSS SOD1 and fAES
associated mutantgigs. 2.1, 2.2 yielding K4 and associated thermodynamic pnties (Fig.
2.2C, Table 2.1). Previous measurements by analytical ultracentrifugation (AUC), SEC and
chemical denaturation conducted at lower than physiological temperature found that the wild
type apo SOD1 dimer is quite stable (&g.~1 nM at neutralpH, temperature rangeZs °C)
(134, 177, 193, 197) Here, we report measurements at a physiological temperature°@f, 37
where we find dissociation is markedly increased, Withvalues larger than ~6iM (Figs.
2.2C, S2.1). arthermore, SOD1 dissociation is endothermic (Figs. 2.3Ajdg, infrg), with a
large positivellC, 4 (Fig. 2.3A). Tlus, the dissociation enthalpy is strongly temperature
dependent, and dissociation is increasingly favorable and measurable by ITC at higher
temperature due to the increased heat of dissociation. Owing to relatively larger heats of
dissociation being observed for some mutants (A4V, H43R, 1113T and V148G), their
dissociation is also measurable at°@5(Figs. 2.3A, B). Measurements K§ using SEC (Figs.

2.4, S2.2) are in excellent agreement with ITC (Fig. 2.3B and Table 2.1).
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Figure 2.2 Isothermal titration calorimetry reveals decreased dimer stability for SOD1
mutants. (A) Raw ITC data for 1113T mutant at 3€. Each peak corresponds to the heat
measured for a small volume injection of protein solution into the ITC sample Gélé
endothermic heats of dissociation decrease for successive injections due to the increase in protein
concentration in the cell and the accompanying shift of the equilibrium towards native dimer.
(B) Integrated heats at 3T for each injection (diamais) are shown for pWT (black), E100G

(blue), 1113T (green), A4V (orange) and V148G (red), in order of increasing valligs dhe

dashed lines are the fits of the data to a dimer dissociation model (Eq. 2.1) with fitted values
shown in Figs. 2.2C, 2.3 drsummarized in Table 2.1(C) For all mutants, th&y is increased

relative to the pWT as measured by ITC afG7
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2.3.2 fALSassociated mutations weaken the apo SOD1 dimer interface

The ITC and SEC measurements clearly demonstrate a common éffezlening of
the apo SOD1 dimer interface by diverse Ad$sociated mutations that are distributed
throughout the protein structure (Fig. 2.1). The ITC data for all the apo SOD1 variants are well
fit by a 2state dimer dissociation modeéd.¢ 2 NI (see Experimental Procedures, Fig. 2.2B).
TheHjapdKgval ues from the f i Ggvaluenade simmarized m Figse s p o n
2.2C, 2.3B, C, and Table 2.1At 37°C, the pWT apo SOD1 dimer interface still has a relatively
high affinity, with aKq of 67 nM andy Gq of 10.3 kcal (mol dimef). All mutations increase the
Kq at 25 and 37C but to different extents (Figs. 2.2C, S2.1), corresponding to decreases in
interface stability of 1.3.3 kcal (mol dimef} at 37°C (Fig. 2.3B, Table 2.1).

Notably, the effects of mutations on the integrity of the dimer interface cannot be
predicted readily based on the different structural contexts of the mutations (Fig. 2.1). The dimer
interface stability is considerably weaker at°@7than measured prewusly at lower temperature
and the mutations are more destabilizing at°B7resulting in a significant proportion of
monomer at physiological temperature and protein concentration |(M4@12) ~2% for pWT
to ~50% for V148G).In general, mutadins in or near the dimer interface, such as A4V, 1113T
and V148G, tend to be the most destabilizing, but distant mutations, notably G93R, can also
markedly weaken the interface (Figs. 2.1, 2.2C). Thus, a key finding here is that the effects of
fALS-assocated mutations commonly propagate through the protein and weaken the dimer
interface of apo SOD1. Additional support for the generality of this result is provided by
simulations of additional mutants and more limited experimental measurements of statgity
non-physiological conditiong(134, I75/177) Similar long range effects of mutations on

interfaces have been reported for some other oligomeric pr¢gligs215) Notably, inherited

64



mutations in transthyretin (TTR) are proposed to cause familial amyloid polyneuropathy (FAP)
by inducing conformational changes that promote dissociation of the native tetramer, leading to
formation of partlly folded monomers that can salésemble into amyloid fibril§215) For

SOD1, the finding that all the mutations studied destabilize the interface is especially significant
in light of antibody binding studies that identified exposafethe SOD1 dimer interface in
aggregates from ALS patient®2, 216) implicating dimer dissociain as a common occurrence

in disease.
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Figure 2.3 Thermodynamics of apo SOD1 dimer dissociation.
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Table 2.1 Dimer interface stability of apo SOD1 variants measured by ITC and SEC.

&H Ky 2@ xepb &G 2@
. (kcal (mol (UM) (kcal (mol (kcal (mol (kcal (mol (kcal (mol
SODLariant 0y dimer)Y)) dimer)Y)) dimer)Y)) dimer)Y))
ITC (37°C)* ITC (37°C)* ITC (37°C)*" ITC (87°C)° ITC (25°C)*" SEC (23°C)"°
pWT 30.8+8.8 0.067+0.050 103+0.5 na nd 11.0+ 0.4
V148| 114+2.2 05+0.2 8.9+0.2 1.3 nd nd
G93S 176+ 4.6 1.3+05 8.4+0.3 1.8 nd nd
H46R 16.2+ 4.4 14+1.1 8.4+0.4 1.9 nd 10.3+0.3
E100G 16.0 + 4.8 26+1.7 8.0+ 0.4 2.3 nd nd
G37R 78+1.8 50+1.9 7.6 +0.2 2.7 nd nd
H43R 23.0+1.4 5.7+ 0.4 7.5+0.0 2.7 9.7+0.1 10.2 £ 0.1
G93A 14.0+2.0 8.4+35 7.2+0.3 3.0 nd 10.4 + 0.3
1113T 30.2+25 10.2 +3.0 7.1+0.2 3.1 84+1.1 9.5+0.6
A4T 39.2+338 10.6 + 3.3 7.1+0.2 3.1 nd nd
A4S 9.0+2.6 10.9 +0.2 7.0+0.0 3.1 nd nd
GI3R 456+ 1.8 20.0+4.1 6.7+0.1 35 nd nd
A4V 37.2+38 34.2+133 6.4+0.3 3.8 7.9+0.7 7.2+0.2
V148G 50.6 + 1.4 76.8 + 34.0 59+0.3 4.3 73+0.1 7.0+0.1

na = not applicable.

nd = not determined.

%aluesfor each mutant are derived from fitting integrated raw ITC data to a dimer dissociation
model (Eq. 2.1, Fig. 2.2B) and are an average and standard deviatid@ ekBeriments.

PaG, values were obtained froly values using Eq. 2.3.

‘B¢ = Gpowri gGamutani POSitive values indicate a decrease in interface stability for the
mutant relative to pWT.

9Data obtained by SEC. For pWT, G93A and H46R, heats of dissociation°gt &6re too
small to be measurable by ITC, thgsat this temperature was measurable only by SEC. Values
are the average of@experiments and error bars represendtté confidence intervals.

SEC data was obtained and analyzed by Jessica A. O. Rumfeldt.
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2.3.3 Thermodynamics show that apo SOD1 dimer dissociation is accompanied by extensive
disruption of structure and explain the particular sensitivity of the dimer interface to mutation

The thermodynamic data provide insights irsiouctural changes acc@anying apo
SOD1 dissociation. T measured enthalpies (Fig. 2.3C, Table 2.1) are much (up-fadd}0
larger than expected values calculated using empirical models based on surface area changes
between the crystal structure of the SOD1 dimer and itstitggr® monomer (217, 218) In
addition, the vala  0C 4 (107 + 0.2 kcal (mol dimet) °C?, Fig. 2.3A)is relatively large; the
l ar ge vlidgla m &Cpqtpdidate gosubstantial increase in exposure of hydrophobic residues
upon dissociatior{219) For pr oG ean be chloulatedifamlyg accurgtely based on
changes in solvent accessible surfaeaé217, 218) Applying this approach, and assuming no
structur al change in the monGguferiSODL oS kdal s s oc i
(mol dimer)!°C!, again, much | ower than t hHya e dCpyer i me n
values have been reported for some other proteins, and were explained by significant
conformational changes and/or changes in solverdinty upon dissociatiof203, 218, 220)

The tQftad wnfol ding of the apo S@@luhaébmr t o

measured previously as 3.3 + 0.8 kcal (mol dithég)* (128y combi ni ng €hi s val
t he change i n heat cap@pgriut(yzcg,ggfu-qﬁ@dwm,mrbe unf ol

calculated as 0.8 * 0.4 kcal (mol monoriflefC!. The s e v a lQyqeasn d@, fo: ae
consistent with measurements of tlenaturantdependence of dimer dissociation and monomer
unfolding for apo SOD1 which, similar to changes in heat capacity, are roughly correlated with
changes in solvent exposed surface gte). Thus, t he Cygardesmallvel vy
oM u reveal significant disruption of the compact struetof the apo SOD1 dimer upon

dissociation to form less well packed monon{eiscussed further below).
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Additional mechanistic insights into the processofisolidation of the dimer interface
during SOD1 maturatiormay be obtained from further considewa of the dissociation
thermodynamics combined with structural and folding studies.alFdre SOD1 variants, dimer
dissociation is enthalpically unfavorable and entropically driven 4C3Fig. 2.3C), suggesting
increased protein entropy upon digation overcomes the loss of solvent entropy due to
increased exposure of hydrophobic resid@224) The solution NMR structure of an engineered
monomeric apo SOD1 variant containing multiple mutations in the interface that abolish
dimerization shows substantial disruption of structure compared to the @22y Also,
chemical denaturatiom values indicate that the pWT apo SOD1 monomer involves lower than
typical burial of stvent exposed surface area upon folding, and the monomer becomes
considerably more compact in the presence of stabilizin@®134) Moreover, most of the
substantial stability of dimeric apo SODL1 originates from the formation of the deseface,
which is only slightly less stable than in thelo form of the proteir§134, 143) Other indirect
measures using chemical denaturants found the isolated apo SOD1 monomer has only marginal
thermodynanct stability (134, 177) Thus, the direct measurements of thermodynamics of
dissociation determined here are consistent with previous results obtained under non
physiological conditions, and provide strong evidence for extensive strudisraption upon
dissociation of apo SOD1. The thermodynamic results also provide information on the
mechanisms underlying the natural maturation of SOD1. Due to the loose packing of the apo
monomer, dimerization confers strong stabilization as well a®qfon against aggregation by
structuring regions of the protein that are highly dynamic in the monomer.

The particular sensitivity of the SOD1 dimer interface to disruption by mutations as

demonstrated here is consistent with the structural and dyriaatices of the interface. The
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SOD1 interface is not evolutionarily conserv@®3), is relatively small (~10% of monomer
surface area) and has high hydrophobicity (~80% nonpolar residifey) The small size and

high hydrophobicity of the interface suggest a low extent and selectivity of momoomemer
interaction so that association may be easily perturbed by mutdtidaed, significant changes

in the interface were observed in structural studies of A4V and I1{II%F). Furthermore, due to

the small size of the interface there may be little variation possible for stable orientations of
monomerg224) Computational studies have shown that the dimer interface and metal binding
sites in SOD1 are highly connedté€25), and have identified coupled motion between SOD1
monomers that is lost in A4V, G37R and H46R dimg26 227) Taken together, these
computational studies point to lomgnge structural effects caused by mutations that may disrupt
proper interface contacts. Furthermore, the network of stabilizing interactions that form when
metals are bound to SOD1 caagns the flexibility of loops IV and VII (Fig. 2.1); but, in the
absence of metal these loops gain conformational fregd@®, 136, 165) and have been
proposed to create energetic frustration in the apo form of the p(a#sh These regions of
enhanced dynamics, notably in Loop IV which forms part of the dimer interface, may be easily
perturbed by mutations leading to compromised dimer interface stability. Thusprtimaon
weakening of the dimer interface of apo SOD1 with temperature and mutation as characterized
here rationalizes a range of experimental and computational results and demonstrates the
susceptibility of the interface to disruption by modest changékeircovalent structure of the
protein. This disruption may occur not only due to fAd&sociated mutations but also upon

covalent modifications of wilkdype SOD1 observed in SAL&9).
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Figure 2.4 Size exclusin chromatography reveals decreased dimer stability for SOD1
mutants. SEC data were measured as a function of total dimer concentratign, The linear
transformation of the data (Experimental Procedures, Eq. 2.9) gives theKfjttedues (Table
2.1) at Y=1 as indicated by the arrows. Symbols with error bars represent the average and 95%

confidence intervals for-8 SEC measurements. SEC data was obtained and analyzed by Jessica
A. O. Rumfeldt.
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2.3.4 Conclusions

In summary, we report here ITCné& SEC measurements that reveal common
destabilization of apo SOD1 caused by diverse mutations whose effects manifest at the dimer
interface. To date, relatively few homodimeric proteins have been characterized by ITC, and
predicting the energetics and chanisms of protein binding remains challeng{@g3, 218,

220). Suchpredictions are particularly difficult when association also involves significant
protein conformational changg228) The results here show how quantitative analysis of
protein interface stability by ITC can provide valuable data both for fundamental understanding
and modelling of protenprotein interactions and for understanding disease.

Many studies have attempteddorrelate various properties of mutant SOD1 with ALS
characteristics. A correlation between total protein stability (i.e. combined monomer and dimer
interface stability) and disease duration has been reported; however, the data are very scattered
(200, 229, 230) Thus, mutational effects on total stability aréyquart of the story. Our results
show that dimerization and monomer stabilities are additional key characteristics to consider for

unravelling the origins of toxic effects of SOD1 in ALS.

72



2.4 Supplementary Information
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Figure S2.1 Change in dimer iterface affinity with increasing temperature. The grey bars

represent the increase in tRgat 37°C relative to 25C (DKy = Ky4(37) - Ky4(25)). SEC and ITC
experiments at ~23C and 25°C, respectively, were performed for H43R, 1113T, A4V, and
V148G. Etrapolatingag54(25) values determined by ITC&Gy( 23 ) usi ng G4 . 2. 4
of 1.7 kcal (mol dimef °C* results in very little change &Gy (0.030.09 kcal (mol dimef)

andKy4 (0020 . 6 ¢ M) , whi ch are smal | ees. Thisatmy(25h e e x p
values were calculated as the average of the ITC and SEC values. For pWT, H46R, and G93A,
the heat of dissociation was too small at°’€5t0 be measurable by ITC, and so the SEC values

were used. Error bars reflect the standardat®n of multiple measurements Kf(37) and

Ka(25).
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Figure S2.2 Decreased dimer stability of SOD1 mutants measured by SEC at ambient

temperature (23°C). (A) SEC elution profile for pWT (black), 1113T (green), and V148G (red)
at 0.9 and 0.2 €M di mer, s how(B)PersentnaiVeidichera n d

(N2) as a function of protein concentration (M dimer). Data points are calculated from
experimental elution volumes and fitted parameters using Eq. 2.7. Solid lines were generated

using Eqg. 2.6 and fitted valuesko (Table 2.1).
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Chapter 3
Combined calorimetry techniques reveal complex effects of fAL-8ssociated

mutations on the stability of metal free SOD1

Author Contributions

This chapter will be submitted for publication with the following authors: Helen R.
Broom, Kenrick A. Vassall, Jessica A.O. Rumfeldt, Ming Sze Tong, Julia M. Bonner, and
Elizabeth M. Meiering. The manuscript wasitten mainly by Helen R. Broom with
contributions from Kenrick A. Vassall, Jessica A.O. Rumfeldt, and Elizabeth M. Meiering. The
ITC data were obtained by Helen R. Broom (Chapter 2); the DSC data were obtained by Helen
R. Broom, Kenrick A. Vassall, Jesaid.O. Rumfeldt, Ming Sze Tong, and Julia M. Bonner, as
well as previously published data acquired by Peter B. Stathofil#8% chemical denaturation
of apo pWT SOD1 was performed by Jessica A.O. Rumfeldt; dirstatg data fitting was
performed by Helen R. Broom, Kenrick A. Vassall, and Jessica A. O. Rumfeldt; monemer 2
state data fitting was performed by Helen R. Broom and igle. Vassall, and 3tate data

fitting using was performed by Helen R. Broom.
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Overview

Neurotoxic aggregation of mutant Cu, -ZEaperoxide dismutase (SOD1) has been
implicated in causing amyotrophic lateral sclerosis (ALS), a devastating neurodegenerati
disease. It has been proposed that AlsSociated mutations in SOD1 promote the formation of
neurotoxic aggregates by enhancing dissociation of mutant SOD1 homodimers to form
aggregatiorprone monomers. We have previously investigated the thermodyrefacts of
chemically and structurally diverse mutations on dimer interface stability for unmetallated (apo)
SODL1 using isothermal titration calorimetry (ITC) and shown that the effects of the mutations
generally propagate through the structure and comige the strength of the dimer interface.
Here we use these measurements of dimer interface stability combined with measurements of
total unfolding by differential scanning calorimetry (DSC) and urea denaturation to assess the
effects of mutations on botdimer interface and monomer stability. We find that although all
mutations characterized herein decrease the stability of the dimer interface, they have varying
effects on the monomer stability ranging from slightly stabilizing to moderately destagilizi
These values reflect the true stability of the apo monomer; previous experiments commonly used
a monomer construct with mutations in the dimer interface to assess the effects of disease
associated mutations. Using stability parameters to calculatpdpulation of folded dimer,
folded monomer intermediate, and unfolded monomer reveals that the mutations increase the
population of a monomers at physiological temperature and pH. Since apo monomers have an
increased propensity to aggregate, thesetseawd particularly pertinent for understanding toxic

aggregation pathways involved in neurodegeneration
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3.1 Introduction

Cu, Znsuperoxide dismutase (SOD1), a dimeric metalloenzyme, has become a model for
understanding protein structure and functisnweell as folding and misfolding associated with
diseas€126) In 1993, a genetic link was established between ALSnam@nt forms of SOD1
(8). A characteristic feature of ALS is the presence of protein aggregates in motor r{gdijons
and SODL1 has also been identified as a component of aggregates idisieD familial ALS
and some sporadic ALS patient6, 29, 231) To date, over 170 predominantly missense
mutations distributed throughout the protein have been linked to familial ALS
(http://alsod.iop.kcl.ac.uk/home@g. These mutations have an autosomal dominant pattern of
inherence, and it is generally accepted thatrtheations confer a toxic gaiof function to
SOD1, although the mechanisms of toxicity remain ungl2a2) Due to similarities in the
clinical symptoms of fALS and sALS, common medisams are proposed for both forms of the
disease(33, 233) Thus, a major hypothesis in the field of ALS research is that mutations
promote aggregation of SOD1, analogous to toxic misfolding of other proteins associated with
various neurodegereert i ve di seases such as Hunti 5t onos,
leading to a cascade of toxic events that culminate in motor neuron(8gattowever, #empts
to identify relationships between the effects of the mutations and ALS characteristics have
shown that these effects are highly complex and not correlated with disease characteristics in a
simple way(98, 229)

The fully mature form of SOD1 (hol& is a homodimer that binds one zinc and one
copper ion per subunit, has a very high melting temperature °G9228)), and carmaintain
enzymatic activity under strongly denaturing conditi¢h29) Yet, while mature SOD1 is

highly stable against denaturation, ABSsociated mutants have an increased tendency to be
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metal deficient(99), which increases the dynamics of the prot€¢ir85) Folding and
thermodynamic stability analyses of mutant SOD1 proteins can reveal whether the mutations
have adverse effects on protein stability and alter folding such that misfolding and aggregation
become more favorable. We hgweviously used differential scanning calorimetry (DSC) and
chemical denaturation to determine the stability and unfolding mechanism of metallated (holo)
and unmetallated (apo) disulfide oxidized (SS) pWT SOD1, and identified complex effects of
several fA.S-associated mutationd 34, 143) These studies and others have suggested that
increased population of unmetallated monomeric forms of SOD1 mayenitiaic aggregation

(99, 144, 193, 197199, 226, 234, 235)mplicating metal loss and dimer dissociatias key

steps in the SOD1 aggregation pathway.

ITC is an attractive method for analyzing binding energd€s3, 236) In addition,
combining ITC with DSC provides a method for dissecting the effects of mutations on dimer
interface and monomer stabilityStrikingly, ITC data clearly lsow thatdiverse mutations all
weaken dimer interface (Chapter 2). In this chapter we expand on these findings and show that
mutations have varying effects on monomer stability. For most mutations, the effects on
monomer stability are moderately to higllestabilizing, while some mutations actually increase
monomer stability. Thus, point mutations can have very different effects on the component
stabilities of the SOD1 dimer. These results highlight the importance of understanding not just
total proten stability, but both interface and monomer stability, as it is the interplay between
these two properties that determines whether or not a monomer intermediate is populated, and

thus able to nucleate aggregation under physiological conditions.
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Figure 3.1 Structural features of apo SOD1. SOD1 is a homodimeric metalloenzyme. Each
monomer for,m  a Gr elakel ahdkecpntaims a single disulfide bond (orange). Structural
studies have shown that in the absence of metal;bamtng loops (loop IV, green) and
electrostatic loops (loop VII, blue) are disordered, and the protein is more flegijgared to

the metalbound form(135, 136) The sites of ALSassociated mutations characted herein

are shown in red (PDB code 1HL4).
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3.2 Materials and Methods
3.2.1 Recombinant SOD1 expression and purification

The human pWT SOD1 (pseudo wilghe with nonconserved Cys 6 and Cys 111
replaced by Ala and Ser, respectively) 98, 141)and mutant SOD1 were expressed using the
plasmid vector pHSOD1ASlacl@204) in E. coli cells, purified and demetallated by dialysis
against EDTA as described previough28, 205) Protein concentration was determined by
absorbance at 280 nm using an extinction coefficient of 10,80@mit' for the SOD1 dimer

(206)

3.2.2 Differential Scanning Calorimetry

DSC experiments were performed as described previglgB), using a LLP VP DSC
(MicroCal Inc., Malvern Instruments Ltd.). Samples contained ~8.6% mL* of protein in 20
mM HEPES, pH 7.8. Buffeversusbuffer thermograms were subtracted from protesnsus
buffer thermograms and data were normalize units of cal g °C* before fitting. As in
previous studieg128, 134) the reversibility of unfolding for the apo SOD1 mutants was
assessed by heating the sample to the end of the unfolding endotherm, fathonextiately by
cooling and subsequent-seanning. Reversibility was quantified by calculating the area under
the unfolding endotherm for the first scan and second scan. Samples were scanned at a rate of 1

°C minuté', unless otherwise specified.

3.2.3Isothermal Titration Calorimetry
ITC experiments measuring the heat associated with apo SOD1 dNghatigsociation

to folded monomersM), N>z 2M, as governed by the dissociation constating: om), were
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performed and data analyzed as descri(#y, 208)(Chapter 2). For pWT and all SOD1
mutations, experiments were performed at°@7where we found dissociation was increased
relative to dissociation atoom temperature (~23C). Some mutations were sufficiently
destabilizing that dissociation was also measureable 4I,2&8nd in such cases the data could be
readily compared with SEC measurements of dissociation. Data from both ITC and SEC were in

goad agreement (Chapter 2).

3.2.4 Analysis of calorimetry data

Calorimetry data were analyzed usingstdte and 3tate models with various
combination of parameters defined as fixed or fitted. -gta2e unfolding model describing the
transition from natie folded dimer to unfolded monomers with no intermedidte, 2U, and a
3-state model with the formation of a monomer intermediisitg, 2Mz 2U (143, 237, 238)
(Tables 3.1, 3.2) were use#or the 2state model, individual thermograms were fit as described
previously for apo SOD1 to Eq. 3128, 134)

Y 8

0 0o 07Yp | o "OY (Eq. 3.1)

whereC, is the total specific heat capacity at temperalufi@ Kelvin); A andB are the intercept

and slope of the folded baseline, respectivelgndF are the intercept and slope of the unfolded

baseline, respectivelR is the universal gas constabhtj s t he rati o of the v,
(Bw) to cal or i nHRy) multiglieddynthehmmlecplar wdighi (MW) of the SOD1

di mehg(T) isgphes peci fi ¢ ¢ al o rHiehdded by the reotecularanieight) of (
unfolding atT; Uis the extent of the unfolding reaction afighk (or tos) is the temperature in

Kelvin (or °C) at which half of the protein is unfolded (e 0s5). Values of mlecularity,n,

were calculated using Eq. 3.2:
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- p (Eq. 3.2)

w h e rHgy isdyom the 2state fit for a given thermogram and slope is the slope of a plot of
INPgimer Versus 1Ty s, wherePgimer IS the protein concentration in Mmer (128, 239) For each
variant, the slope was determined using the data at all pradeicentrations. Representative
plots of IPgimer versus 1T s are shown in Fig. S3.1.

For the dimer 3tate with monomer intermediate model, the data were fit to Eq. 3.3:

F YQar o B | d TQar v F

o vl P 1
| v Vg o F

S

F Qs B 1d TQarvF 1dep 1o | TQar~"F
Y¥ C Y'Y

| ld P ¢
p

YQ e Y p | 06 6Y | p | 6 0OY || O OY (Eqg. 3.3)

In Eq. 3.3, the subscripts 1 and éfar to the first transitionN,Z2 2M, and second transition,

Mz U, respectively, both defined per M of diméF°was set to 310 K3(7 °C), corresponding to

the temperature at which the thermodynamics of dimer dissociation were measured by ITC, thus
allowing for these values to be fixed during data fittiniglé infra) (Fig. S3.2):T,°was defined

as the temperature at which the equilibrium const&® y, is equal to 1, and is thus
independent of protein concentratidd;and D are the intercept and slop&spectively, of the
monomer intermediate baseline. Due to the additional parameters hstiie 3nodel compared

to the 2state model, fitting individual thermograms to Eq. 3.3 resulted in high uncertainties in
the fitted values. Accordingly, multipleathsets obtained for different protein concentrations
were fit globally with various parameters shared across the datasets as fdllmwslopes of the

monomeric intermediate and unfolded monomer baselines were set equal to that of the native

baseline (e., B=D=F; commonly normalized per M dimemaking the common assumption
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t h a@, of gmfolding is temperature independent (Fig. S3&)9). The intercepts of the
intermediate and unfolded baselines were defined relative to the intercept of the native baseline
according to temperatusien d e p e n d e n Cyn.¥ 2@ (Chamgs in fieat icapagity upon dimer
dssociation to mon o @gsui(chande mthear capadity upan mmgnonzemcd @
intermediate unfolding):

C= Cpzom +A (Eq. 3.33)

E= Ganzom + Gpwz u +A (Eq. 3.3b)

OCpnyz 2w Was set to 1.7 kecal (mol diméryC?, the average value deteined by Kirchoff

analysis of ITC data for four SOD1 variants for which the enthalpy of dimer dissociation was
measured as a function wmperatur§Chapter 2, Fig. 2.3A) SinceqCpn,z am + 0Cpmz U =

aConyz 20 ( t 0 Craupon gmfolding of apo SOD1 frofiolded dimer to unfolded monomers),

the value ofgiCpmz u Was set by subtractingCon,z 2w f r 0 mCy @z 2ugpf 3.30 kcal (mol

dimer)* °C*, which gives a value of 1.6 kcal (mol dimiéfC™ (0.8 kcal (mol monomet)°C?).

OCpnyz 2u Of 3.30 kcal (mol direry* °C™* was determined previously for apo SOD1 from
Kirchoff analysis, structurbased calculations, and DSC data fitting of SOD1 variéii8)

This approach is supported Cpwoutvalues foodps SODY at i on
variants are close to 3.30 kcal (mol dinfetC™ (Table 3.2)(128, 134) and mutations typically
causemi ni mal c 6,324@ 243)(Chapter B). For a more thorough discussion of our
approach to 3tate fitting, refer tsection 3.3.4. All global fitting was performed using Matlab

R2013b (The MathWorks Inc.).
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3.2.5 Calculation of thermodynamic parameters using fitted values fest&e and 3state
models
Val ue & Hgam depe calculated from fitted DSC parameters according to the

following equations:

Yo'y Yo'y “"¥Y'Y (Eq. 3.4)
Yo'y YoOUy Y6 Y Y (Eq. 3.5)
Y'Y YY'Y Y6 1 — (Eq. 3.6)
vy L Y (Eq. 3.7)

where Tt is the reference temperaturk, s (or tos) for DSC 2state fitting; for DSC 3tate

fitting Twer = 310.15 K for dimer dissociation anths (or tos) for monomer unfolding; and
oH(Trer) , ST aQfTds) ap the corresponding enthalpy, entropy, and free energy,
respectively, at t &Ry waedaleutatechusiregEq. 88nper at ur e.
Yo"y YY & & Oy (Eq.3.8)

For calculating stabilities obtained fronstate and3 t at e @, vatuésiwergset togp
the same temperatumnedependent values discussed above (Section 3.2.4). For such calculations,
g, is commonly taken to be temperatimdependent(219) and this assumption has been
shown to be reasonable, partexly over short temperature rangé8s, 128, 242) Accordingly,
thermodynamic values were calculated at 3C4the average of all thtgs values in Table 3.1,
tawg and at physiological temperature, 3C. Extrapolation errors are decreased when
considering differences in stabilityp @,z 2 u= (OGn,z 2 u, wT 06N,z 2 U, hufrom values

obtai ned usCGC,i188, 243) eThescalamated ghermodynamic parameters were also
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used to determine the fractions of different spechés M and U) (Fig. 3.7), as described

previously(143, 173)

3.2.6 Equilibrium urea denaturation curves at 3T

Denaturation curve experiments were performed at@7n 1 mM EDTA, 20 mM
HEPES, pH 7.8. Stock solutions of apo pWT were dilutedolidinto different concentrations
of urea and equilibrated at 3C for 10 hours. Fluorescence was measured uskigaaolog3
22 spectrofluorometer (Horib#obinYvon Spex Inc.)equipped with a thermostated cuvette
holder with excitation and emission wawvalghs of 282 and 360 nm, respectively.
Thermodynamic parameters were obtained by globally fitting denaturation curves at 0.2, 0.8, 3,
10, and 25 uM dimer using as?ate dimer with a monomeric intermediate model as described in
(143) using Microcal Origin 6.0 (Microcal Inc, Northampton, MA, USA). Baselines were
analyzd as follows and fixed during the global fitting. The slope and intercept of the folded
baseline were determined by linear regression using data between 0.3 and 1.8 M urea for the 25
MM denaturation curve, where the population of native dimer is thedargrhese values were
then normalized according to protein concentration. The unfolded baseline slope and intercept
were also determined individually for all protein concentrations by linear regression. The
fluorescence of the intermediate was deteediby systematically changing the magnitude of
the fluorescence to identify t?hsenilavta previeust h at
denaturation curve analyses of apo pWT in guanidinium hydrochl@8# More specifically,
the fluorescence of the intermediate was fixed to a value beth@emnd 80% of the total
amplitude of the transition. The change in fluorescence of the intermediate with urea

concentration was set to a value between that of the folded and unfolded protein according to the
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magnitude of the intermediate signal; for exden when the fluorescence was set to 50% of the
way through the transition, the slope of the intermediate was half way between the values for the
folded and unfolded baselines. In the global fitting for each intermediate fluorescence value, the

four paranetersqiGn,: ov, G u, and the dependence of the dimer interface and monomer

stability on urea concentratiom,qzz om andmy; y, respectively) were shared across all protein

concentrations and wer e ?wlud forvhe it wasobtaied vt t .
intermediate fluorescence and slope corresponding to 30% of the total amplitude of the

transition.

3.3 Results
3.3.1 DSC reveals generally destabilizing but also some stabilizing effects of mutations on the
total stability of apo SOD1 mutants

DSC was used to measure the energetics of total protein unfolding. Thermodynamic
analysis requires reversibility of thermal unfolding. As was seen for other apo SOD1 variants
(128, 134) when scanning to the end of thefolding endotherm, cooling and rescann{igy.
3.2A), unfolding of the mutants studied here is highly reversible, generallp58a
Additionally, the DSC thermograms were not significantly affected by scan rate, which is
evidence for equilibrium unfding behaviour Table 3.} (128, 244) Apo pWT SOD1 has a
melting temperaturdp s (temperature at which half of the protein is unfolded), of %59128),
while the mutants generally hatgg, values ranging from 10 to P& lower than pWT, indicating
marked destabilizatiofTable 3.1, Fig. 3.2)Notable exceptions are H46R and V148lI, which are

slightly more stable than pWT witl 5 values that are ~2C higher. A similar change in the
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apparentty s has been reported previously for the irreversible unfolding of H46R in the W

SOD1 background (see SectioB.2) (245)

3.3.2 Fitting of apo SOD1 thermal unfolding to dimerstate model

Under constant pressure, heat flow is equal to the enthalpy of a system and, thus, can be
directly measured using calorimetric techniques. Enthalpy canb& determined indirectly by
vanot Hoff analysis whereby t heK)isdeteiminedbat i um ¢
different temperatures to yield enthal(®46, 247) In simple cases, a plot ofdnversus 1T is
linear with a slope related to the enthalpy, referred toasttv an 6t HoH/f). ®ist hal py
type of analysis relies on a specific and appropriate model to détioerectly; thus, comparing
t hédyuteo t he enthal py dir ec Hdyyanprevids awag th asbegs c al
the accuracy of the modesed. A common approach to analyzing the validity of a particular
model I s t oHud &la,onhithashoeld be i & thegoodel is correddowever we
have found from many scans of different apo SOD1 variants that uncertainties in protein
concentation (usually ~10%) and small amounts of protein aggregation can have a large impact
0 n Hcgpwhich in turn can lead to some scatter indti/ Ehavalues. A better approach to
investigating the possibility of monomer formation during unfoldingyigalculating the number
of subunits in the cooperatively unfolding homligomer, also known as the molecularity,
whi ch i s Hye(Madrimsdandt Methogs Eq. 3.2, Fig. S3(1p8, 239) Hugs
rel atively | ns ehHhstoerrorsie protet comqergrati¢hd8, 2442484249)

Furthermore, we have shown previously that the effects of aggregation on the
thermodynamic analysis can be effectively eliminated by excluding high temperature data (i.e.

excluding data at temperatures where exothermic aggregation canarcasas be significant),
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and by <calcul ating t heHundeware eonfident ingtheavadidity df i e s L
this approach given G h:atdetérmireed feom the-Sdatedits forall ues f
mutants, except A4V and V148G, aredina r t o t Bygy, ov af 3.30 &cal ¢nfol digper)
! oC? determined for pWT using multiple experimental methofiable 3.1, Materials and
Methodg (128} exothermic aggregati onCyeu IThe loweecr eas
val ué&,ngAd forgd4V and V148G is likely related to increased monomer formation, which
is most pronounced for these mutanixi€ infrg). Furthermore, while aggregation mign
principle affect the shape of the endotherm at high temperatures, fitting different extents of the
endotherm has very little effect on the determined total stability, described previously for dimer
2-state fits(128), and for 3state fits, described further below.

The DSC data for the mutants were fit initially to a dimesté&e unfolding model
(N2z 2U), as done previously fopWT and other ALSassociated mutant$128, 134)
Representative fits are shown in Fig. 3.2B, with fitted parameters summarized in Table 3.1. At
higher protein concentrations the data for most mutants are welldidimer 2state model, and
the data follow similar trends to those reported for apo pWT and mutant SOD1 (Fi¢L2ZB3)
134) Furthermore, there is good agreement between stability measured by calorimetry and
chemtal denaturation for pW1vide infraand Table 3.3)134, 176, 177, 200)

But at lower protein concentrations, clear deviations frestafe behavior arebserved.
Increases inn from lower values at low protein concentration to ~2 at higher protein
concentration, the value expected festate unfolding of a dimeric protein, suggests that for
most variants there is some formation of monomer at low protaieentrations due to mass
action (Table 3.1). For A4V, H46R, and V148G, thealues are considerably lower than 2 at

all protein concentrations, indicating that the size of the cooperative unfolding unit is smaller for
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these variants. Thus, dimer disg@tion and monomer unfolding occur over a broader
temperature range, which points to #oatate behavior (Fig. S3.2).

Protein concentration dependenceggfcan further define when formation of monomer
is occurring. For various mutants, tiae values increase with protein concentration as expected
for a dimer 2state transition. The expected protein concentration dependernge cain be
determined from t heGversustandBRallT 2P|, versustfwhegpeRst s o f
the universabas constanBgmer is the total dimer concentration in mof LT is the temperature
in Kelvin andt is the temperature ifC (Fig. 3.3 (128, 250) InFig. 3.3r epr ese@t at i Ve
versust plots are shown in the upper left panel for pWT, A4T, and A4S, while plots of the
predictedt 5 versusprotein concentration for various mutants compared to the fitedalues
are shown in the remaining panels.

For pWT, A4S, A4T, and V148I, the fittedys values show close agreement with
predictedty s values, while the fitted, s values for A4V, H46R, V148G, and to some extent
G37R change less with protein concentration than pred{¢@®] 134) Thus, for A4V, H46R
and V148G, several observations point to a relatively high population of folded monomer during
DSC scans. Taken together, it can be seen that theta?e model is accurate for many apo
variants at higher protein condeation. But at low protein concentration, and for some mutants
other, more complex, unfolding models are required to characterize the energetics of apo SOD1

unfolding {ide infra).
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Figure 3.2 Fits of reversible unfolding for apo SOD1 variants to aimer 2-state unfolding

model. In a typical DSC experiment, the protein sample is heated at a constant rate and the heat
capacity Cp) is monitored. The temperature where half of the protein is unfolded is referred to
as the melting temperaturg ). After the first scan, the sample is cooled and rescanned to
assess the reversibility of unfolding, a requisite for thermodynamic analysis of the pr@ess.

The reversibility of the unfolding transitions was determined by performing two consecutive
scans The second scan (grey dashed line) was obtained immediately after cooling the sample
following completion of the first scan (black solid line). The reversibility, determined by
integrathn g t he ar ea un dhy) fortthedirst scard and thee second (sagn after
subtraction of the baselines, is 95% or greater for all mutants except for A4V where it is ~85%.
The native baseline was subtracted and datasets offset for purposegpafison. (B) Typical

DSC thermograms with corresponding dimest&te fits for apo pWT SOD1 and a representative
subset of mutants. Data are presented as black solid lines while the correspondingstiiger 2

fits are presented as grey dashed linearafeters obtained from the fits are summarized in
Table 3.1. Datasets were offset for purposes of comparisorboth panels, the data were
normalized for protein concentration (0:125 mg mLY) and SOD1 variants are arranged from
right to left in oraer of decreasints.
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Figure 3.3 Predicted to 5 for thermal unfolding of apo pWT and a subset of mutants.In the

top left panel, predicted values ftyrs were calculated from the intersection iI®TIN(2Pgimer)
versust( gr ey | iGwverssig (blacknlides)dor pWT (solid black line), A4S (dashed black
line), and A4T (dotted black ling)L28, 250) The line generated for 0.5 mg thisolid grey

line) inte r s e c t Gversuat pltt at glower temperature than the line generated for 5 mig mL
'!Cfdott ed gr &yalubsiwere dalculatediukirey thepaverage fitted parameters for the 2
state dimer unfolding (Table 3.1). Predictgegvalues (solid grglines) from these calculations
were then plotted as a function of protein concentration and compared to the actuad ditted
values (filled black squares) from Table 3.1.
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Table 3.1 Thermodynamic parameters for dimer 2state unfolding of apo SOD1.

Ao,z 20° t 06N,z %" GGy 20°
SOD1 [SOD1]  tog  (keal (mol gf:gl'((tgfél (kcal (keal |
variant(mg mL”)  (°C)  dimer)*°C?) dimerY?) (moldimer)*)(moldimery’) N
tavg 37°C
pwT? 0.05 57.8%0.¢ 3.71 106.5 + 18.¢€ 10.1 12.3 1.60
pwT? 0.20 58.3%0.: 2.95 112.8 + 6.7 9.4 11.9 1.64
pwT? 0.21 58.4%0.: 3.74 116.8 +9.1 9.5 12.1 1.66
pwT? 0.27 57.8x0.( 3.85 1154+ 2.7 9.1 11.8 1.65
pWT 0.40 58.6£0.: 2.20 121.7 + 6.3 9.3 12.1 1.69
pwT? 0.44 59.1zx0.: 4.25 137.6+9.4 9.7 13.1 1.78
pWT 0.50 59.1x0.( 3.32 130.0+ 3.1 9.4 125 1.74
pWT 0.50 59.2x0.: 2.73 137.0+£ 6.6 9.6 13.0 1.78
pWT 0.50 59.5x0. 2.23 129.7 £ 2.7 9.5 12.6 1.74
pWT 0.52 58.4 0. 3.51 127.6 £ 2.8 9.2 12.3 1.72
pWT 0.60 59.0x0.: 1.08 127.0+£ 2.8 9.2 12.2 1.72
pWT 0.73 59.4 0. 2.82 136.7 £ 1.9 9.5 12.8 1.78
pwT? 0.73 58.8 0. 4.30 1441 +£25 9.4 13.2 1.82
pwT? 1.42 60.0 £ 0.( 4.38 163.6+2.4 9.9 14.3 1.93
pwT? 1.50 60.3 £0.( 511 164.4+ 4.0 10.0 14.4 1.93
pwWT? 2.99 61.3%0.( 5.10 1785+ 1.4 10.4 15.3 2.01
pwWT? 3.00 61.9%0. 3.93 1833+ 1.9 10.8 15.8 2.04
AVG® nla n/a 3.48+0.5 n/a 10.6+0.4 15605 n/a
A4S 0.06 44.7%0.: 2.81 132.2+5.8 51 10.6 1.98
A4S 0.13 45.8*0. 1.67 156.3 + 11.€ 4.7 11.1 2.16
A4S 0.19 46.0%0.: 2.85 140.8 +8.1 4.9 10.5 2.04
A4S 0.57 47.8 0. 2.53 155.4+0.9 4.9 10.9 2.15
A4S 0.63 48.3 % 0.( 4.45 159.0+ 1.0 5.0 11.2 2.18
AVG® n/a n/a 2.86+0.88 n/a 49+0.1 10.9%+0.3 n/a
AAT 0.08 40.6+0.: 6.77 76.0+6.0 4.7 8.3 1.77
AAT 0.18 429+0.: 3.98 116.3+5.7 3.9 9.0 2.18
AAT 0.20 43.0x04 1.20 127.7 + 18.¢€ 3.6 9.2 2.29
AAT 0.50 44.2%0. 2.34 133.9+94 3.5 9.1 2.36
AAT 1.00 45.9=zx0.: 2.94 1457+ 2.1 3.7 9.6 2.48
AVG*® n/a n/a 3.45+1.85 n/a 3.7+205 9.2+ 0.5 n/a
A4V 0.20 48.8 % 1. -0.22 81.5+17.2 6.6 9.2 1.43
A4V 0.30 485+0.] 1.73 824 +1.9 6.3 9.0 1.43
A4V 0.40 49.3x0.: 0.54 86.7 + 3.5 6.3 9.0 1.46
A4V 0.50 48.4%0.: 2.50 775+ 1.6 6.0 8.5 1.41
JVAVE 0.52 48.2%0.: 3.46 78.1+25 5.9 8.4 1.41
A4Ve 0.52 49.5=%0.: 1.24 80.1+4.7 6.2 8.7 1.42
A4V 1.00 48.9+0.2 2.21 93.9+35 55 8.7 1.50
A4V 1.95 50.1+0.( 1.88 120.6 £ 2.2 5.4 9.5 1.64
AVG*® n/a n/a 1.67 £0.80 n/a 6.0+£05 9.0+0.4 n/a
E100G 0.20 49.5%0. 1.82 184.7 + 10.: 6.4 12.2 2.19
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E100G
E100G
AVG®
G37R
G37R
G37R
G37R
G37R
AVG®
GI3A°
GO3A°
GO3A°
GO3A°
GI3A?
GI3A?
GI3A?
AVG®
GI3R
GI3R
G93R
AVG®
G93%
G93%
G93%
AVG®
H43R
H43R
H43R
AVG®
H46R
H46R
H46R
H46R
H46R
AVG®
1113T
1113T°
1113T
1113T
11137°
11137°
11137°
1113T
AVG®
V148G

0.50
1.20
n/a

0.11
0.24
0.40
0.98
1.92
n/a

0.10
0.12
0.50
0.50
0.50
0.50
1.00
n/a

0.21
0.21
0.40
n/a

0.25
0.29
0.40
n/a

0.21
0.23
0.39
n/a

0.08
0.17
0.32
0.39
0.76
n/a

0.08
0.10
0.15
0.21
0.40
0.50
0.75
1.20
n/a

0.12

51.0 £ O.(
53.0 £ 0.(
n/a
485+ 0.:
495 £+ 0.(
51.2 £ 0.(
51.1 £ 0.(
52.2 £ 0.(
n/a
45.6 £ 0.:
46.6 £ 0..
49.1+£0.:
49.0 £ 0.(
49.0 £ 0.(
48.0 £ 0.(
49.1+ 0.1
n/a
47.0+0.:
47.3 £0.(
48.7 £ 0.(
n/a
496 £0.:
50.0 £ 0.(
50.8 £ 0.(
n/a
46.9+0.:
47.3+£0.(
48.1 £ 0.(
n/a
60.4 + 03
60.9 £ 0.
61.2 £ 0.(
61.0 £ 0.(
61.1 £ 0.(
n/a
43.4+0.!
453 £ 1.(
449+ 0.
450+ 0.:
46.0£0.:
47.1+0..
46.4 +£0..
47.8 £ 0.(
n/a
46.1 £ 0.:

2.18
2.40
2.13+0.30
3.01
2.64
3.81
3.59
3.16
3.25+0.47
2.99
3.60
3.81
2.77
3.82
3.92
3.25
3.53+0.44
6.14
5.73
4.36
5.39+0.97
2.60
3.48
2.13
2.74+0.69
3.60
2.80
3.07
3.16 £ 0.46
4.81
2.56
3.31
0.74
5.18
3.32+1.57
4.91
1.86
3.03
4.17
2.44
2.79
4.75
3.35
3.41+0.76
5.55

163.6 + 0.9
156.9+ 0.8
n/a
168.6 + 2.5
171.3+15
1735+0.4
180.8+ 1.0
182.9+0.5
n/a
119.8+8.3
1231+8.3
148.2+5.0
150.3+2.4
147.2+0.9
138.1+2.1
149.7+2.1
n/a
1154+ 3.7
123.7+2.7
1440+ 2.4
n/a
146.4+ 7.8
149.8+4.1
158.6 + 2.5
n/a
123.1+25
120.6 + 2.0
128.8+1.7
n/a
90.0+11.4
107.8+ 2.0
120.2+2.1
128.6 +2.1
139.2+1.8
n/a
68.7 + 16.8
105.3 +18.1
94.4+9.0
110.2+5.8
106.2 + 4.0
129.0+4.1
118.0+3.9
138.5+ 2.0
n/a
76.6 +5.6
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6.6
7.2
6.7+0.4
6.2
6.2
6.8
6.2
6.3
6.4+ 0.3
54
5.6
5.6
5.5
5.6
5.2
51
54+0.2
5.5
5.6
5.6
5.6+ 0.0
6.3
6.4
6.5
6.4+0.1
5.5
5.6
5.5
55+0.1
9.9
10.0
10.0
10.1
9.8
10.0+0.1
5.8
5.6
5.4
4.9
4.9
4.9
4.5
4.6
48+0.3
6.2

12.4
13.6
12.8+ 0.8
12.7
12.7
13.1
12.8
12.9
12.8+0.2
10.2
10.4
111
11.2
111
10.4
10.8
10.7+0.3
9.9
10.3
11.0
10.4+ 0.5
11.6
11.8
12.2
11.9+0.3
10.2
10.2
10.3
10.2+ 0.1
11.0
11.8
12.4
12.9
12.5
12.1+0.7
8.7
9.8
9.1
93
9.1
9.9
9.1
9.9
9.6+0.5
9.0

2.24
2.40
n/a
2.12
2.14
2.16
2.21
2.22
n/a
1.96
1.99
2.18
2.20
2.18
2.10
2.19
n/a
2.39*
2.50*
2.74*
n/a
2.80*
2.84*
2.94*
n/a
2.12*
2.10*
2.18*
n/a
1.17
1.21
1.23
1.25
1.27
n/a
1.53
1.82
1.73
1.85
1.82
2.00
1.91
2.07
n/a
0.71



V148G 0.23 48.3%0.: 1.26 89.1+0.7 6.3 9.3 0.59

V148G 0.29 49.8+0.( -2.00 104.6 £ 2.0 6.6 10.0 0.64
V148G 0.53 48.2+0.( 0.07 915+21 5.8 8.9 0.66
V148G 0.92 46.8 +0.( 247 81.7+2.9 5.1 8.0 0.73
V148G 156 47.8+x0. -2.44 99.0+1.0 4.8 8.4 0.70
AVG® n/a n/a 0.82+3.0 n/a 5.6+0.7 8.8+0.5 n/a
V148! 0.11 57.7+0.1 6.67 108.8 + 6.7 9.6 12.0 1.56
V148!l 0.26 59.2+0.: 3.01 137.7+ 3.0 10.1 135 1.71
V1481 0.49 596+0.] 6.37 141.4+5.9 9.9 134 1.73
V148! 0.53 59.6 +0.( 3.75 152.1+1.7 10.1 14.1 1.78
V148! 0.83 60.30.( 3.38 166.9+ 1.8 10.5 15.0 1.86
V148! 2.33 61.2+0.( 3.99 1826+ 1.1 10.6 15.7 1.94
AVG® n/a n/a 453 +1.58 n/a 10.1+04 13.9+1.3 n/a

n/a = not applicable.

Unless otherwise specified, all data were obtained at a scan rate °6f tnhuté'. Data for
individual scans were fit to Eq. 3.1 as described in Materials and Methods.

4Data reported previousli128).

PData reported previousl§L134)

“Values areaverages and standard deviations calculated using thermogranms-watbr more.

4Scan rate of 0.7%C minute™.

®Scan rate was 1% minute'.

"Error estimates for individual thermograms are from the fitting program.

9Uncertainties were estimated from the standard deviations in the values obtained from the
individual thermograms.

_htavg is 51.2°C, the average value tfs for all apo SOD1 vaants.

'Molecularity values determined using Eq. 3.2 and Figure S3.1, as described in Materials and
Methods.

*Molecularity values are determined from the slope of a line with only three data points, and
thus have a high level of uncertainty.

Unpublished exgeriments were performed and the data analyzed by Helen R. Broom, Kenrick A.
Vassall, Jessica A. O. Rumfeldt, Ming Sze Tong, and Julia M. Bonner.
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3.3.3 ITC reveals that all mutations decrease the stability of the apo dimer interface.
ITC was used to detmine the thermodynamics of dimer dissociation, providing values

fo IHN22@M Kd,sz oM and cor @foz s wp Im thid chapger tbe ITC results have been

combined with the DSC results, and so pertinent points from the ITC analyses will be
summarized ére before continuing with the combined analyses in the following sections. While
the effects of mutations on total stability range from highly destabilizing to moderately
stabilizing, ITC experiments reveal that all mutations weaken the dimer inteGaeptér 2).

ITC was also used to determine the temperature dependemmzefz M CiRz2w and both
t he mag nHng uvd B d3y;aewavere shown to be much higher than predictions based

on surface area exposure upon dissociation would sud@ést 218) (Chapter 2). The

&y n,z 2 va N AC,  gaswere found to be similar, 1.7 + 0.2 and 1.6 + 0.8 kcal (mol difitery,

respectively, suggesting that there is considerable structural rearrangepmmt dimer
dissociation. This interpretation is supported by the solution structure of the apo monomer
variant, which contains mutations in the dimer interface that prevent dimerization. This
construct shows high | ev é&éarslarathe ldrgesttoopd @fand n o n
Vi, ~35 % of the sequence), and adofRe2s what
Chemical denaturation as a function of temperature under equilibrium and kinetic conditions has
been performed on the apo monon®rw;waafounato t . F
be even higher than what we have reported, 2.27 + 0.69 kcal (met)dif€™ (251) In this

me t h o dGy; dvédrsast arve obtained from these experiments was fit to a modified Gibbs

Hel mhol t z e g u alvik wann dC,oamz e Xhisrappeoach wall result in larger

uncertainties in these parameters compared to the direct measigeraported herein.
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Di fferences beEt weaues mayhatso de wetatedsto the effects of the added
dimer interface mutations in the monomer variant construct used for comparison.
Furt her mor e, Cparerconsiseeht with<herhicenatsation experiments,

where the denat UGy 2 wmta n di®& peee aisd elateddo cbahgesain exposed

surface area, was determined to be 2.7 and 2.6 kcal (mol dimespectively(134) Addition

of a stabilizing salt, N&QO,, resulted in compaction of the monomer intermediate and a
increase in the d&pafromr.éioBs.5kia (el dided)d3t)e Thosf a
there is substantial evidence that dimer dissociation is accompanied by a considerable amount of

structural disruption, Canggwounting for the hig

3.3.4 Fitting to 3state dimer with monomeric intermediate model

Given the evidece for nor2-state unfolding behavior in the DSC experiments (Fig. 3.3),
and that ITC dilution experiments show measurable endothermic heats associated with dimer
dissociation (Chapter 2, Fig. 2.2A), dimer dissociation and monomer unfolding appear éecoupl
quite prominently for a number of SOD1 variants, and to some extent for all variants at low
protein concentrations. The DSC data for all apo SOD1 variants were, therefore, also fit to a
bimolecular 3state dimer unfolding model with a monomeric intetdiage (N2 2MZ 2U).

Fitted data is shown in Fig. 3.4 and values obtained are summarized in Taldad $3.1.

For comparison, DSC data for apo A4V, H46R, and V148G, which exhibited the most
pronounced 3tate unfolding behavior, were also fit to a uniewoilar 2state monomer
unfolding model K1z U), which would be applicable if the transition temperatures for each step
in the 3state mechanism were very different and if the majority of the heat effects reflected

monomer unfolding(250, 252) Fitting the DSC data for these three mutants to tseat2
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monomer unfolding modeteturned gH,y values that increased significantly with protein
concentration, a finding that is inconsistent with unimolecuatae monomer unfoldin@®37)
(Supplementary Methods, Section 3.5.1.1 and Table S3.2). Thustae3model ismore
appropriate for describing apo unfolding.

Fitting apo DSC data to a-fate model with monomer intermediate allows the
thermodynamics of both dimer dissociation and monomer unfolding to be quantified (Figs. 3.4,
3.6, Table 3.2). In order to defineetllarger number of parameters in this model, all data for a

given apo variant were fit simultaneously, fixing the parameters for dimer dissockyign o
andgqicanz ov, at 37°C,t o t he val ues measured by CTC (Tab

experimental values determined independently (Sections 3.2.4 and 3.3@)allow for
uncertainties in the concentration of protein undergoing thermal dimdpldue to protein
concentration measurements (~10%) and possible presence of small amounts of aggregated
protein (128), the b; and b, were set equal to each other and allowed to vary, as was done
previously for the Ztate fits(128, 134) Thus, in fitting data to Eq. 3.3, the globally shared
fitted parameters wefk, hegows u(T2), by = by, and parameters defining the slope and intercept

of the native baselines. The data for all mutants are generally well fit using this method (Fig.
3.4, Table 3.2). As a control, mutants with more than 3 datasets were alsoygibbathout

constraints from hding omBndKyn:hva at 87°Claisa giobally shaied) h o

andb; andb; fixed to the molecular weight of the dimelUsing this method, the uncertainty in

all values increased substantially. Neveebs|Kqn: 2w, and thusseGy,; ov, values converged

to those obtained by ITC (Table S3.1). The agreement between fitted and experimentally

det er nhtaR£6 andiqyn,z 2w is particularly good for the few cases (I1113T, A4V, and
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V148G.) where this lattemethod resulted in low uncertainty in the fitted values. Thus, our
approach of fixing parameters defining dimer dissociation to those obtained by ITC is valid.

In addition, a number of extra measures were used to assess the uncertainty in monomer
stability as well as total protein stabilityln general, mutations have been found to have little
effect Cof tghe bl pr @J,Nzejt)r(lza,l 219, @40,24 1 SIMilgrhy TC
experiments show that ttgC,o f di mer dCEp,,sézsz @ \cariea littie apon mutgation of
SOD1 Chapter 2,Fig. 2.3A). Highly nonconservative substitutions at buried positions of

hydrophobic residues by hydrophilic residues or vice versa have, however, been reported to

chang Cgby up to ~40%(253), and for one SODC,pyoawasbomd, V14
to be slightly larger than the values obtained for the three other mutants analyzed (Chapter 2, Fig.
2. 3) . B €02 suvsoeld riottbe megsured for all SOD1 variants, the data were also fit
with the @gaeiobtained @2 kcal (mol diméh)°C?), corresponding to the
estimated upper | imits of mut atC,impaet monenfef ect s,
stability.Cynsdwmbyx~0.6 kcali(nmbdime) °C* had smalle f f e ¢ Ggz:y 0N @
determined ata,q (On average +0.1 kcal (mol monom8riand at 37C (on average +0.2 kcal
(mol monomer}). Because dimer stability was determined af@7changes iCp nyz 2 mhad
no ef f @G itwm3B6), lpt decreaseBn,: 2 m(tavg) by 0.2 kcal (mol dimen). Thus, for
3state fitting of DSC Cghadcanstant, and changes appearrtoshave e t
no significant impact on monomer stability.

The effects of aggregation at high temperatureqo@,; » ywere assessl by fitting

varying amounts of data beyond the peak of the unfolding endotherm, from a maximum of the

apparent end of the endotherm peak to a minimum of ~25% of the decreasing side of the
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endotherm. Inthe dimer2t at e f ICing 2 uis valtdakdefrongdloating parameters that

define the native and unfolded baselines, fitting the whole endotherm, including the post

transition baseline can r esGyto2uvaloes. sHoweves, mat i ¢

fitting various amounts of the endothetm the 3state model has very little impact on total

stability, +0.51.0 kcal (mol dimefj at 37 °C and 0.20.4 kcal (mol dimel) at tayg
Furthermore, similar st ablydn dHyaevessét eqeiad to @aehr e 0 b
other (Table S3)1 Based on these observations, effects of aggregation can be eliminated by
excluding the high temperature data from the fit, and so aggregation at high temperature has little
effect on measured stability. The agreement between the DSC and ITC, as D& and urea
denaturation \(ide infrg), further supports the validity of our data fitting method (Tables 3.2,

3.3).
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Figure 3.4 Global fitting of apo SOD1 DSC data to the-3tate model. Representative global

fits of thermograms to the dimersBate vith monomer intermediate model are shown.
black solid lines represent the data, while the grey dashed lines correspond to the fit.

The
In each

panel, scans at different protein concentrations are offset for clarity, with low concentrations at
the bottomand high at the top. The protein concentrations for each experiment are listed in
Table 3.1, and the parameters obtained from the global fits of all mutants are summarized in

Tables 3.2and S3.1.
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Table 3.2 Summary of thermodynamic parameters for apo SD1 determined from global 3state fits of DSC data.

33'|N22 2M aﬁsz' 2M aHur u &yr U &y u &®Bvr u
.5, Mzt ! !
sob1 (kcal (mol (kcal (mol (cOF (kcal (mol (kcal (mol (kcal (mol  (kcal (mol
variant dimer)?) dimer)?) monomer)l) monomer)) mononer)l) monoryer)l)
37°C° 37°C tavg 37°c*' avg tavg
pWTE" n/a 10.2+0.7 n/a n/a 3.4+05 n/a n/a
pWT (30.8 + 8.8) (10.3 £+ 0.5) 59.5+ 0.9 44.0+2.0 2.8+0.6 1.2+0.4 n/a
V148I (11.4 +£2.2) (8.9+£0.2) 60.1+£0.2 84.0+1.2 57+0.8 2304 -12
G93S (17.6 £ 4.6) (8.4+£0.3) 492+1.1 58.3+3.7 20+0.3 -0.4+£0.2 15
H46R (16.2 £ 4.4) (8.4x0.4) 625+0.1 71.2+11 53+04 26+0.2 -1.4
E100G (16.0 £ 4.8) (8.0x0.4) 48.0+ 0.7 53.3+84 1.6+03 -0.5+0.1 1.7
G37R (7.8+1.8) (7.6 £0.2) 50.3+0.1 84.1+28 3.2+0.8 -0.2+0.0 1.4
H43R (23.0 + 1.4) (7.5 +0.0) 476+0.4 59.5+ 5.2 1.7+0.1 -0.7+0.0 1.8
G93A (14.0 + 2.0) (7.2 £0.3) 47.4+0.3 58.9 + 4.7 1.7+0.1 0.7+0.1 1.9
1113T (30.2 £ 2.5) (7.1+£0.2) 46.7 + 02 53.2+3.7 1.4+£0.2 -0.7+£0.1 1.9
A4T (39.2 + 3.8) (7.1+0.2) 43.6 + 0.4 48.9+ 9.6 0.8+0.3 1.1+0.1 2.3
A4S (9.0 £ 2.6) (7.0 £ 0.0) 46.3 + 0.4 61.1+ 10.0 1.5+0.3 0.9+0.2 2.1
G93R (45.6 £ 1.8) (6.7 +£0.1) 49.1 +0.2 87.8+7.7 3.1+0.1 -0.6 £ 0.0 1.7
A4V (37.2£3.8) (6.4+0.3) 50.9+0.2 59.2+34 2301 -0.1+0.1 1.2
V148G (50.6 £ 1.4) (5.9+0.3) 48.6 + 0.0 67.8+0.5 22%0.1 -0.5+0.0 1.7

% or each mutant, the scans at different protein concentrations used in the ijiimigabfe those listed iTable 3.1, with the
exception of pWT, where concentrations 0.20, 0.21, 0.40, 0.44, 0.85, 1.50, and 3.0 were fit; 1113T where concentragiomi0'21 m
was omitted; A4V where concentration 0.52 mg was omitted; and G93R mg riflvhere concentration 0.21 was omitted.
PNumbers in the brackets were determined by ITC (Table 2.1) and fixed in the-Btat Sts.

°Errors determined from the fit.

dtavg is 51.2°C, the average of al 5 values obtained from thes2ate fits.

*oGw; u valuescalculated at physiological temperature.

"Error estimates were determined from the differences in values obtained from fits albpijptgiHca to deviate from unity,
compared to values obtained wheahl, and gHc.o were set equal, and valuebtained using a highe&pC,n,z ov (2.2 kecal (mol
dimer)’l °C) (Table S3.1).

q)cﬁ: Gavr - 0Gmutans @ pOsitive value indicates lower stability of the mutant relative to pWT; values are calcutatgd at
qﬁN ; 2 ma n doypwere also determined byadlally fitting urea denaturation curves at°€7to a 3state model with monomeric

intermediate.
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3.3.5 Equilibrium urea denaturation at 37C of apo pWT

In order to obtain an independent measure of stabilitga denaturation curves were
determinedor pWT at 37°C as a function of protein concentration (Fig. 3.5). We have used this
approach previously for pWT at 2& t o measur e t Gug oy tdeseded intet abi |
const iGuilgand gpmo n o me rGy;;tsienitai analyseg canngd be performed for
mutants, however, owing to their lower stabil{§34) The values of stability measured for
pWT at 37 °C (Table 3.2) are consistent with values obtain@eviously by chemical
denaturation at lower temperatu(@84, 147, 177, 254pnd with values determined at 37 by
calorimetry (Tables 3.2, 3.3, S3.1). The dimer interface stability is weakenedraased
temperature, resulting in significant population of monomer at physiologically relevant

temperature and pHi@e infra).
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Figure 3.5 Equilibrium denaturation of apo pWT. Equilibrium urea denaturation curves for

apo pWT at dimer concentrations 26 UM (pink circles), 10 uM (blue circles), 3 uM (green
circles), 0.8 uM (red circles), and 0.2 pM (black circles). Fluorescence data are scaled to aid
comparison. Solution conditions were &, 1 mM EDTA, 20 mM HEPES, pH 7.8. Solid lines
represent lte global fit of all protein concentrations using the fluorescence value of the
intermediate set to 30% of the total amplitude of the transition (see Materials and Methods) with
fitted values ofGnyz am, GGz U, Mz 2w, @andmyz y Of 10.2 + 0.7 keal (mol dimer) 3.4 + 0.4

kcal (mol monome#), 0.4 + 0.4 kcal (mol dimef) (M urea)’, and 1.8 + 0.2 kcal (mol
monomer) (M urea)’, respectively. Changing the fluorescence of the intermediate fromad.0%
50% of the total amplitude changes the values@{,; om , gGmz U , M,z 2w @andmy;z y by + 1.0

kcal (mol dimer)', + 0.1 kcal (mol monomer) + 0.41 kcal (mol dimer) M™, and + 0.1 kcal

(mol monomer} M, respectively. Experiments were performed dath analyzed by Jessica

A. O. Rumfeldt.
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3.3.6 Comparing monomer, dimer and total stabilities of apo SOD1 determined frestat2
and 3state fitting

Total protein stability and the constituent dimer and monomer stabilities obtained from
the 3state fis were compared to values for total stability obtained from the dirstat@ fits at
thetayg (Fig. 3.6A) and at physiological temperature (8§, and these results are summarized in
Tabl e 3. 3. For t dGh,ab values forahe gtate figs,withg valnes ofa2 | y
are similar & oawtafrem theaglohale3state ditk (Figp 3.6A, Table 3.3). This

agreement between thesfate and 3tate fits indicateshat there is relatively little formation of
monomer for pWT, A4S, A4T, E100G, G37R, G93S, G93A, H43R, and 1113T and-siaite?
fitting gives a reasonably accurate measure of stability (Fig. 3.GAe advantage of-8State
fitting though, even for apo viants that form low levels of monomer, is that theta can be
used to dissect total stability into constituent dimer interface and monomer stabilities (Tables 3.2,
3.3) and this methodeturns values for monomer stability that are consistent with previou
measurements (Table 3.@)76, 177,188). When the population of monomer is significant, as
occurs when including DSC data at lower protein concentrations or when mutations either highly
weaken the dimer interface (A4V, G93R, and V148G) or increase monomer stability (H46R and
V148l), large discrepancies in the stability determined by the dimstag and 3tate fits are
evident (Fig. 3.6A). In these cases, fitting the data tst@t2 model will give inaccurate values.

The total stabilities determined from thestate fits of the difrent apo SOD1 mutants
vary greatly. All the apo SOD1 mutants are destabilized relative to pWT, with total

PPN, 2mr 2U values on the order of ~4.3 to 8.9 kcal (mol dinfe®xcept for H46R and

\V/148l, which are stabilized by 1.5 and 1.9 kcal (mol dith¢fable 3.3). The contributions of

dimer interface and monomer stability to overall changes in stability also vary markedly. All the
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mutations weaken dimerization, although to different extents (Chapter 2, Fig. 2.2), while the
effects on monomer staltiirange from being significantly stabilizing for H46R and V148l to
slightly or significantly destabilizing for the other mutants (Table 3.2). Except for H46R and
V148, the destabilizing effects of mutations on monomer stability are relatively high~ftdn

to 2.3 kcal (mol monomel) The molecular origin of the altered monomer stabilities likely
varies considerably among the mutants. The low monomer stability of H43R, G37R, the G93
mutants, and E100G may be related to significant disruptions inrshe&t packing255, 256)

while for the dimer interface mutants A4S, T and V, and 1113T, the low monomertgtebiid

be the result of a combination of unfavorable burial of the polar moieties of serine and threonine
into the hydrophobic core of the protein and steric effects (Fig. 3.1). The other dimer interface
mutations, V148G and V148I, have very differefieets on monomer stability. For the former,
monomer stability is decreased, potentially owing to a loss of stabilizing interactions when valine
is truncated to a glycine; while for the latter, the monomer is stabilized relative to pWT, which
could be du¢o additional favourable hydrophobic interactions. The increased stability for H46R
relative to pWT is reminiscent of the stabilizing effects of mutations in functional residues within
active sites of other proteirf257) In the crystal structure of apo H4§R38), the guanidinium

group of the arginine lies within the copper binding site and may stabilize the apo protein by

mimicking, to some extent, the stabilizing effect of copper binding.
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Figure 3.6 Comparing stabilitiesobtained from 3-state fitting of apo SOD1 variants. (A)

Total stability attayg determined from Btate (blue bars) ands3ate (red bars) fits of DSC data
(Table 3.1 and Table 3.3). Errors bars for total stability determined frstat@ fits are the
standard deviation of multiple experiments at different protein concentrations (Table 3.1). Error
bars for total stability obtained from thesgate fits were determined from the uncertainty in
dimer interface stability, as determined by the standardatieniof multiple ITC experiments

and monomer stability, as determined by different approachesttesfitting (Table 3.2)(B)
Changes in monomer stability upon mutation are highly correlated (R=0.98) with changes in the
tosOs of t he diapouform iofdtke proteinl u Therefore;state fitting returns
reasonable values fegGy; y. Disulfide reduction has a large effect on the stability of the apo
dimer interface, and thus this form of the protein is monomeric under physiological conditions.
Limited stability data are available for reduced apo SOD1, owing to the irrevigysitil

unfolding for a number of mutations, but tbteys6 s ar e a good iindicator

effects of mutations (Chapter @)74).
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Table 3.3 Comparisons of global stability determined from dimer Ztate and 3state fits of apo SOD1.

aﬁNzizu aﬁsz'zu &GNzizMizu &GNzizMizu aa£sz'zu a3£N222M22U
SOD1 (kcal (mol (kcal (mol (kcal (mol (kcal (mol (kcal (mol (kcal (mol
variant dimer)?) dimer)?) dimer)?) dimer)?) dimer)?) dimer)?)
37°C? tag °C? 37°C tayg °C" tyg °C° tayg °C°
pWT® n/a n/a 17.0+1.2 n/a n/a n/a
pWT 156£0.5 10604 158+ 1.3 11.0+x1.3 n/a n/a
V148l 13913 101+04 20.2+1.6 129+1.0 0.5 -1.9
G93S 11.9+£0.3 6.4+0.1 12.3+0.7 6.7x0.7 4.2 4.3
H46R 12.1+£0.7 10.1+£0.1 18.9+0.9 12.5+0.8 0.5 -1.5
E100G 12.8+0.2 6.7x04 11.1+0.7 6.0x0.6 3.9 51
G37R 12.8+0.2 6.4+0.3 13916 6.5 0.2 4.2 4.5
H43R 10.2+0.1 55+0.1 18.9+0.2 49+0.0 51 6.1
G93A 10.7+0.4 54+0.2 105+04 50+£05 5.2 6.1
1113T 9.6 0.5 4.8x0.3 9.8+04 4004 5.8 7.0
AAT 9.2+0.5 37205 8.7+£0.6 29+04 6.9 8.2
A4S 10.9+0.3 49+01 10.1+0.6 46+04 57 6.7
G93R 104+0.5 56+0.0 12.8+0.2 3.2+£0.1 5.0 7.8
A4V 9.0+x04 6.0+x0.5 109x04 43+05 4.6 6.8
V148G 8.8+0.5 5607 10.2+x04 22%x0.3 5.0 8.9

n/a = not applicable.

®Uncertainties are the standard devi i o rGy,-0J valups obtained from-&tate fits of the
individual thermograms (Table 3.1).

PUncertainties are calculated from uncertainties in dimer interface stability, determined by ITC,
and monomer stability, determined by averaging the valuesebtaéy various fitting methods
(Tables 3.2, S3.1).

‘OB = Ggvr- GGmuans @ positive value indicates lower stability of the mutant relative to
pPWT; values are calculatedtaly

dchsz avz2u = Glzom +  BGuwPu Gy wvan dGw sp were determined by gbally
fitting urea denaturation curves at 3C to a 3state model with monomeric intermediate.
Uncertainties are from the fitting program.
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3.3.7 Populations of B M, and U for apo SOD1 variants

With knowledge of the dimer interface and monomebiBtees for different apo variants
(Table 3.2), the fractions df,, M andU can be calculated as a function of temperature for a
given protein concentration (Fig. 3.6143, 173) It is noteworthy that folded monomer is not
significantly populated for pWT (<2%) at physiologically relevant temperaturéGgpH, and
protein concentration (~4@M (212). But, all of the mutants have markedly increased
populatons of folded monomer, ranging from 6% for V148l to 52% for V148G, and all but
H46R and V148l have increased populations of unfolded monomer, ranging from 3% for V148G
to 6% for A4T. These results are of interest because monomeric species have beatednplic
giving rise to toxic aggregates (see Discussion).

Inspection of the populations of different species also provides insight into the different
thermal unfolding mechanisms observed by DSC for the mutaifise differences are a
consequence of thelagive effects of mutations both on dimer dissociation and on monomer
stability (Table 3.2). The observation of a monomer intermediate occurs when the dimer
interface stability is low and/or the monomer stability is high. For example, V148G has the most
destabilized dimer interface, whereas H46R has significantly increased monomer stability. Thus,
for both of these mutants, there is a high population of monomer intermediate throughout the
thermal unfolding transition (Fig. 3.7)Although the other mutails examined also show a
weakened dimer interface, the corresponding monomer stabilities are also substantially
decreased and consequently the monomer intermediate is not as highly populated in DSC scans.

Protein concentration also plays a role in the olzem of monomer formation. The
relatively high concentrations required for DSC experimeessilt indecreased population of

monomeric intermediate (as a percentage of total protein) and appastte 2nfolding (Fig.
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3.7). In contrast, monomer is neoreadily observed by ITC or chemical denaturation, both of

which are typically performed at lower protein concentrations, which favour monomer formation
(Chapter 2). Therefore, it is important to consider the interplay between the interface and
monomerstabilities in addition to solution conditions such as protein concentration as these will

influence the observation of intermediate states.
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Figure 3.7 Fractional populations of N, M and U for apo SOD1 variants as a function of temperature.In the paels on the left

side, the total excess heat of unfolding (black lines) is dissected into the contributions from dimer dissociation )raddlines
monomer unfolding (blue lines) at protein concentratién$) mg mL* (0.32 M dimer) (dotted lines) and..0 mg mL* (32 M

dimer) (solid lines). In these panels, the folded and unfolded baselines are subtracted, leaving only the excess specificeheat. In
panels on the right side, the populaticsfsthe N, (red lines),M (blue lines) andU (black lines) wee calculated using the
thermodynamic parameters obtained from fitting DSC data to a distate3 model with monomeric intermediate with parameters for
dimer dissociation determined by the ITC (Table 3.2, Materials and Methods). Solid lines reprepeptliigons at total protein
concentrations of 1.0 mg (32 mM dimer), and dotted lines represent the populations at 0.10 mig@@2 M dimer). As the
temperature increases, the fraction of monomer increases, to varying extents, for all vaiatdte unfolding behaviour is more
readily detected when the transition frdia to M becomes well resolved from the transition frdfnto U. At 1.0 mg mL?, the
maximal fraction of monomer is <0.3 for pWT, H43R, and A4T, consistent with measukedues at comparable protein
concentrations for these variants (Table 3.1), indicating predominantly distate2unfolding behaviour. For mutants 1113T and
V148l the maximal fraction of monomer is <0.4 at 1 mg'mand the correspondingvalues are low foexperiments done at lower
protein concentrations. Thuss8te unfolding is more pronounced at lower protein concentrations. A4V, H46R, and V148G exhibit
the most 3state unfolding behavior, as these mutants show the highest maximal fraction of mahdnmeg mL* (>0.6) and the
lowest n-values. At 0.10 mg mil, the maximal fraction of monomer is >0.5 for all variants indicating predominatstgt&
unfolding behavior at lower protein concentration.
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3.4 Discussion

In this study, we have demonstidta valuable new approach for characterizing ALS
associated apo SOD1 mutants by combining ITC, chemical denaturation and DSC to obtain
thermodynamic analyses of total protein stability, as well as constituent dimer interface and
monomer stabilities. Relaely few ITC studies have been performed on homodimeric proteins,
and ITC has not previously been combined with DSC to dissect the components of total protein
stability. Here we show how this can be done, and we validate our approach by comparison to
chemical denaturation data.

ITC performed at physiological temperatures, where we find that dissociation is enhanced
compared to lower temperatures, allows for accurate direct measurement ofdjreami
par ameHye: & n G )Chapter 2). Using ITC data to constraustdte global fits
of DSC data obtained for a range of protein concentrations then enables more accurate
determination of monomer stability and total protein stability whermonomer becomes highly
populated during unfolding (Fig. 3.6A, Tables 3.2, 3.3). We find that calculations of
molecularity for dimer tate fits of DSC scans provide a sensitive tool for monitoring monomer
formation (Table 3.1), allowing for previdysundetected monomer formation to be taken into
account . Mol ecul arity values aHswthtpsTablei de an
3.1), which should increase linearly with increasefg i#but are larger than expected for a dimer
2-state nmd e | . This observation c &y valwes thattater i but
systematically low at low protein concentration, due to significant population of monomer, to
higher values at higher protein concentrations that correspond to dimer unfdldivlg (8.1).

The results reported here provide new insights into the molecular determinants of apo SOD1
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folding, and the methods used should be broadly applicable to studying other oligomeric

proteins.

3.4.1 Many ALS mutations enhance dimer dissociatiohapo SOD1 but have differing effects
on monomer stability

Direct analysis of dimer dissociation by ITC reveals that chemically and structurally
diverse fALSassociated mutations promote the dissociation of apo SOD1 (Chapter 2). These
results are partidarly interesting because the effects of mutations on the integrity of the dimer
interface cannot be predicted readily based on inspection of the different structural contexts of
the mutations. Although the dimer interface mutations tend to have the kErgkeleterious
effects, the consequences of mutations distant from the dimer interface propagate through the
protein and weaken the interface.

Previous indirect kinetic and equilibrium analyses of apo SOD1 have been conducted to
assess the effects of mtibns on dimer interface and monomer stabilities. Together, these
studies report similar trends to the results obtained here by calorimetry. Mutations H46R,
E100G, H43R, G93A, 1113T, G93R, A4V, and V148G all destabilize the dimer intddfade
176, 177) although thep G,z » mof G93A was found to be very marginally increased relative to
PWT inone study(177) Consistent with our ITC experiments, A4V and V148G had the largest
destabilizing effects on the interfa¢@76, 177) yet, the magnitudef these effects differ.
Discrepancies between the different approaches may be due to differences in experimental
conditions. Previous experiments were performed at relatively low temperatureXCj<{234,

176, 177)where dissociation is less pronounced and mutational effects are smaller relative to the

effects at 37C (Chapter 2). Compade t o t he di r e cGyyma arsQby l@Gre nt s
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these previous experiments have high uncertainties due to long extrapda@énd 77, 20Q)

and the assumption of invariance in the rate constant for dimer asso¢iiai®n200) The
relative monomer stabilities of E100G, [113T, and G93R, determined by equilibrium
denaturation at 28C, are, however, consistent with the relative monomer stabilities reported
here(134) and the effects of mutations on monomer stabilitixgtare hghly correlated with
changes irg s of the reduced apo form (Fig. 3.6B), which is monomé&R). Although, the
effects of mutations on the stability of the apo monomer variant, determined by kinetic analysis,
were found to be more pronouncétl76) Taking into consideration the different SOD1
constructs, experimental methodologies, and conditions, on tlode vthere is fairly good
agreement between the different studies.

It is worth mentioning that comparing mutational effects on stability derdifit
temperatures requires knowl edgeGverdust furtton. c ur v at
Mutations can in some cases affect this curvature in complex ways leading to large differences in
stability relative to pWT. For example, our studies shiost G37R destabilizes the monomer at
tavg DY 1.4 kcal (mol monomef]Table 3.2), but stabilizes the monomer by 0.4 kcal (mol
monomer) at 37°C. This large difference in relative stability at the different temperatures is
due t o MH¥hwevalueewhgiechee causes a | arge | Gwaerseshse i n
function relative to pWT, in turn leading to high stability in the lower temperature range. The
same behaviour is observed for G93R and V148l mutants. This finding emphasizes the
difficulty in comparing relative stabilities obtained using different experimental approaches and
measurement conditions. To compare variations in reported relative stabilities, experiments

should be performed under as close to identical conditions as possible.
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3.4.2 Mutations increase population of monomeric species: implications for aggregation and
ALS

Correlationsbetween the properties of SOD1 mutants in vitro and ALS characteristics,
such as disease duration and age of onset, havebts g sought. Awumber of studies have
attempted to relate various measures of stability with disease duration, and, while there appears
to be a correlation between total stability and disease duration for some mutants, there are also
many outliers(200, 229, 23Q) The results obtained here suggest that, rather than considering
only total stability for such correlations, it is important also to account for the stabilities and
populations of additional SOD1 species. In particular, the fractions of both folded and unfolded
monomermay be importantas these species have been suggesiduk key precursors for
aggregate formatio(i76, 99, 193, 199, 258)Aggregation is generally enharmtby decreasing
global or local protein stability and is thought to arise from fully or partially unfolded $&tes
Here we show that the actual folded apo SOD1 monomer intermdd@tenot a mutant
monomer model) has relatively low stability (Table 3234, 176, 177, 188)Furthermore, the
monomeris usually further destabilized by mutati¢fiable 3.2), and the expanded structure
(Section 2.2.Bof folded monomeric apo SOD1 mutants may more readily allow for propagation
of the destabilizing effects of mutations, increasing access to aggregedimestates.

All the mutants studied increase the fraction of folded monomnaiisr physiologically
relevant concentration, temperature, and pH (Fig. 3.3)nce SOD1 aggregation has been
reported to occur via a nucleatidependent mechanis(®9), even small increases in malleable
monomers, which may promote nucleation, are important for accelerating aggregdtiese
observations suggest that mtibns promote different structural changes that may in turn

promote aggregation in different walg 181)
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3.4.3 Conclusions

Of central importance ni understanding SODrediated ALS is deciphering the
mutatiordriven mechanisms that may transform this protein into toxic aggregates. Systematic
thermodynamic analyses such as those reported herein are valuable not only for determining
global stability it also for quantifying the stabilities and populations of species that may be
important precursors to aggregation. While many mutations, including ones distant from the
dimer interface, decrease interface stability, and promote monomer formation, eties eff
monomer stability are more complex. Consequently, the relative amounts of folded and
unfolded monomers populated under physiological conditions by different mutants will differ
and may account for the complexity of aggregation mechanisms ref@ytethe new approach
of using ITC combined with protein concentration dependence of DSC, provides detailed
guantitative data on total, interface, and monomer stabilities for SOD1 mutants. The results
suggest that mutational effects on total stability of SOD1 are only part of the story; ercsmhn
dimer interface stabilities are important additional factors central to understanding the origins of

toxic SOD1 aggregation in ALS
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3.5 Supplementary Information
3.5.1 Supplementary Methods
3.5.1.1 Fitting of differential scanning calorimetry ddb a 2state monomer unfolding model

In addition to the dimer-8tate unfolding and dimers&ate with monomeric intermediate
unfolding models, DSC data for apo A4V, H46R, and V148G were analyzed using a monomer 2
state unfolding model describing a eesible transition from folded monomevl) to unfolded
monomers), Mz U (237). Individual thermograms were fit to Eq. S3.1:

& & 6"Yp | o oy < 8

(Eg. S3.1)

where C, is the total specific heat absorbtion at temperafufer Kelvin); A and E are the

intercepts of the folded and unfolded baselines, respectBegdF are the slopesf the folded

and unfolded baselines, respectivédis the universal gas constabti s t he rati o of
to calorimetric enthalpy multipliedgagiBthe t he m
specific calorimetric enthalpy of tmiding atT; Uis the extent of the unfolding reaction; ahg

is the temperature at which unfolding is half completel{®.5). Fitting was performed using

Microcal Origin 5.0 (Microcal Inc., Malvern Instruments).

3.5.1.2 Pygwedibbassedngnp€hanges in solvent access
The polar and nop ol ar c o nt rABA(UABA am ASH, aespegtively)

between dimer and dissociated monomers were determined using the crystallographic structures

for both apo SOD1 wildype (1HL4) using:

QASA = ASAvonap + ASAnonep T ASAimerp (Eq. S3.2a)

gASAp = ASAnonanp + ASAnonenp T ASAlimernp (Eq. S3.2b)
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whereASAnonap aNdASAnonep are the polarASAncnanp and ASAnonenp are the nospolar solvent
accessible surface areas of folded monomers A and B, respectively, which together make up
the dimer in the crystal structure, and AG&-p and ASAimernp arethe polar and nepolar
respectively, solvent accessible surface areas of the folded dimer. These values weredcalculate
using InterProSurf259)

TheCnpawucan be pr e dABA & e dASAp salculaged apove and the

empirically derived equations:

Cpnyz 2 =-0 . 3 2ASAp+ O . 1ABA (260) (p (Eq. S3.33)
Cpnyz 2 =-0 . 4 5ASA+ O . ABA (261)p (Eq. S3.3b)
Cprpz 2w =-0 . 2 BASA,+ PO . ASA (262) (Eq. S3.3c)
Cprpz v =-0 . 5 1ASA,+ PO . A3A (263) (Eq. S3.3d)

An avVv e Ca 0k valge of 0.45 + 0.12 kcal (mol dimérrC* was determined based on

equations S3.38 3. 3d and u sABApg n gABADH1262A and 258pR, respectively

(173).
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Figure S3.1 Plots of If? versus 1My s used to determine molecularity,n, for apo SOD1
variants. Here the [Rgimer values are plotted versusTik values from the dimer-8tate fits for a
representative set of apo variants (Table 3.1), and fit to a straight line using linear regression.
Note that the midpoint of the thermal unfolding transition is a relatively well efin
experimental value that is affected little in different unfolding models. Data are plotted for
H46R (red), V148l (blue), pWT (black), G37R (purple), A4V (green), and A4S (orange),
ordered from most thermally stable to least stable variant and (legh). The slope values

were used to determime(summarized in Table 3.1) using Eq. 3.2, as described in the Material
and Methods. Values ofare related to the inverse of thlepevalues. Of the representative set

of mutants, the data for H46R aAdV have the steepest slopes, and hence the lowest average
values of ~1.3 and ~1.6, respectively, consistent with these mutants having higher populations of
monomer (Fig. 3.6). The lower slopes for the other variants correspond to higlaéwes
appro&hing ~2, consistent with predominantly dimer unfolding. When molecularities were
calculated withaH, there was much more scatter in the data due to there being more
experimental error ireHqy (128, 244) Taken together, the data are consisteith dimer
unfolding with varying levels of monomer, in agreement with trendgsnalues with protein
concentration (Fig. 3.3, Table 3.1).
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Figure S3.2 3state thermal denaturation of apo SODL1. The total heat of unfolding (black
curve) can be disgted into contributions from dimer dissociation (red curve) and monomer
unfolding (blue curve). In the-&ate global fitting approach taken herelyn,: ov and
gheanyz 2v » Which characterize dimer dissociation, were set to the values determined by ITC

37 °C. The slopes of the monomeric intermediate and unfolded monomer baselines were set
equal to that of the native baseline, making the common assunpn Cj dfi anfoldirg is
temperature independef19) The intercepts of the intermediate and unfolded baselines were
defined relative to the intercept of the native baseline (solid grey line) according to temperature
i ndependentCnym b o a&svenf determimpd by Kirchoff analysis (Materials and
Methods). Thus,hie unfolded monomer and dimer baselines, grey dashed and dotted lines
respectively, were defined basedadD, n,z ov (X1) andaeCy vz u (X2); only T2, hegvz u(T2), By

= by, and parameters defining the slope and intercept of the natsediress (solid grey line)

were set as globally shared floating parameters.
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Table S3.1Thermodynamic parameters for apo SOD1 determined from global 3tate fits.

33'|N22 2M aﬁsz' 2M aHyr U F=< CIVRY &y u & ®Byr u
tos, wmzu !
sob1 (kcal (mol (kcal (mol o (kcal (mol (kcal (mol (kcal (mol (keal (mol
variant dimer)?) dimer)?) monomer)) monomer)) monorpfer)l) monoryer)l)
37°C 37°C tavg ™ 37°C*' tavg tavg
pWT! n/a 10.2+0.7 n/a n/a 3.4+05 n/a n/a
pPWT (30.8 + 8.8) (10.3 £+ 0.5) 59.5+ 0.9 44.0+2.0 2.8(1.9, 3.0) 1.2(0.7, 1.3) n/a
pwT 8.8+135 9.0+11.8 58.4+0.9 49.1+6.7 3.0 1.10 n/a
V148 (11.4 £+ 2.2) (8.9 +0.2) 60.1+0.2 84.0+1.2 5.7(4.2,5.7) 2.3(1.6, 2.4) -1.2
V148! 75+38 7.7+32 60.0+0.1 79.9+3.2 5.4 218 n/a
G93S (17.6 + 4.6) (8.4 +0.3) 492+1.1 58.3+3.7 2.0(1.5, 2.0) -0.4(-0.6,-0.3) 1.5
H46R (16.2 + 4.4) (8.4 +0.4) 62.5+0.1 712+1.1 5.3(4.7, 5.4) 2.6(2.3, 2.6) -1.4
H46R 25.0+3.0 8731 62.8+0.1 70.0+x1.9 5.3 25 n/a
E100G (16.0 + 4.8) (8.0 £0.4) 48.0 £ 0.7 53.3+8.4 1.6(2.1, 1.6) -0.5(-0.3,-0.4) 1.7
G37R (7.8 £1.8) (7.6 £0.2) 50.3+0.1 84.1+2.8 3.2(3.0,1.8) -0.2(-0.3,-0.3) 1.4
G37R 42.7 £ 26.5 10.3+15.6 46.7 £ 0.8 55.4+21.6 15 -0.8 n/a
H43R (23.0 + 14) (7.5 +0.0) 476+0.4 59.5+5.2 1.7(1.9,1.7) -0.6(-0.6,-0.6) 1.8
G93A (14.0 + 2.0) (7.2 +0.3) 47.4+0.3 58.9 +4.7 1.7(1.7,1.7) -0.7(-0.7,-0.6) 1.9
G93A 22.0+10.6 8.1+38 46.1 + 0.7 50.8+54 1.3 -0.8 n/a
1113T (30.2 £ 2.5) (7.1 £0.2) 46.7+0.2 53.2+3.7 1.4(1.7, 1.5) -0.7(-0.7,-0.6) 1.9
11137 27.2+43 7.8+13 457+04 50.7+1.7 1.2 -0.9 1.9
AAT (39.2 + 3.8) (7.1 +0.2) 43.6+0.4 48.9+9.6 0.8(1.3, 0.9) -1.1(-1.1,-1.0) 2.3
A4T 13.7+£46.3 104+17.4 30.0+64 42.9 +50.2 -0.8 -2.6 n/a
A4S (9.0 £ 2.6) (7.0 £ 0.0) 46.3+0.4 61.1+10.0 1.5(1.0, 1.1) -0.9(-1.3,-1.2) 2.1
A48 46.5+14.0 9.0+41 455+1.7 450+ 6.6 11 -0.8 n/a
GI3R (45.6 + 1.8) (6.7 £0.1) 49.1+0.2 87.8+7.7 3.1(2.9, 3.1) -0.6(-0.5,-0.5) 1.7
A4V (37.2+3.8) (6.4 £0.3) 50.9 +0.2 59.2+3.4 2.3(2.4,2.2) -0.1(-0.1,-0.1) 1.2
A4V 35.9+54 6.8+22 51.0+£04 55,9+ 3.6 2.3 0.0 n/a
V148G (50.6 + 1.4) (5.9 £0.3) 48.6 £ 0.0 67.8+0.5 2.2(2.1,2.3) -0.5(-0.5,-0.5) 1.7
V14803 548+04 57+0.2 48.6 + 0.0 65.7+0.3 2.2 -0.5 n/a

®For each mutant, the scans at different protein concentrations used in the global fitting are those Tiabdel 311, with the
exception of pWT, where concentrations 0.20, 0.21, @44, 0.85, 1.50, and 3.0 were fit; I113T where concentration 0.21 rifg mL
was omitted; A4V where concentration 0.52 mg was omitted; and G93R mg riflvhere concentration 0.21 was omitted.
PNumbers in the brackets were determined by ITC and fixediD8C 3state fits.

“Errors are the uncertainty in fitted values.

dtavg is 51.2°C, the average of al 5 values obtained from thetate fits.

*oGw; u valuescalculated at physiological temperature.
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alues shown in bold ar eyt tedeviatedrerdunity. r Datmwefeialsosfit wait, 4 aodedH.n st
equal, and these values are the first values shown in bracketsonido stability was also determined using a higi@n,z ow (2.2
kcal (mol dimer) °C?), and these values are the second values shown in bracWeisertainties in monomer stability were
approximated from the range of values obtained from these Bedhiffitting procedureélable 3.2).

‘pB = Gwvr- GGmutans @ POsitive value indicates lower stability of the mutant relative to pWT; values are calculaigdmiere
monomer stability is best defined.

hqcﬁsz 2 ma N dGysp were also determined by glalty fitting urea denaturation curves at 37 to a 3state model with monomeric

intermediate.

'fGmzuval ues obtained by f iHykdiag dGaghd i(i.e. i notrfidry thgse paseameterseto the vatues
obtained by ITC) and settingH, and gHco equal, for mutants with more than 3 datasets. This fitting method returns values with
high uncertainty; thereforéhe values from the fixed fits give more reliable comparison of relative stabilities.
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Table S3.2 Thermodynamic parameters for monmer 2-state unfolding of apo SOD1.

aC , Mz U EEHVH('[O.S)
SOD1 [SOD1] fos (kcal (mol (kcal (mol
variant mg mL (°C) a
monomer)) monomer))
A4V 0.20 515+14 -1.15 455+ 10.6
A4V 0.30 50.3+0.6 0.02 56.6 +7.9
A4V 0.40 50.6 +0.3 -0.47 56.9+5.1
A4V 0.50 50.8+0.2 0.29 54.7+25
A4V 1.00 50.3+04 0.26 65.9+44
A4V 1.95 51.5+0.1 -0.18 79.3+2.6
H46R 0.08 61.6+1.3 1.55 73.0+£18.8
H46R 0.17 61.9+£0.3 0.71 74.6 £ 6.6
H46R 0.32 62.2+0.1 1.01 84.6+22
H46R 0.39 62.2+0.2 0.27 86.6 £ 4.7
H46R 0.76 62.2+0.1 1.07 949+25
V148G 0.12 47.1+05 5.19 447 +4.3
V148G 0.23 51.1+0.1 -1.68 62.3 +0.6
V148G 0.29 52.3+0.0 -3.07 52.4 +0.3
V148G 0.53 49.8+0.0 -0.76 61.0 £0.2
V148G 0.92 49.2+0.0 -0.71 59.2+0.1
V148G 1.56 48.4+0.0 -0.51 55.6 +0.8

®Errors in fitted parameters are obtained from the fitting program.
For A4V and H46R, data was obtained and fit by Kenrick A. Vassall.
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Chapter 4
Decreased stability and increased formation of soluble aggyates by

immature SOD1 do not account for disease severity in ALS

Author Contributions

This chapter was published in tReoceedings of the National Academy of Scielices
2010, with the following authors: Kenrick A. Vassall*, Helen R. Broom* (publisineder my
maiden name, Stubbs), Heather A. Primmer, Ming Sze Tong, Sarah M. Sullivan, Ryan Sobering,
Sai Praveen Srinivasan, l-éan K. Briere, Stanley D. Dunn, Wilfredo Colon, and Elizabeth M.
Meiering(174), and has been reproduced with permission.

*Kenrick A. Vassall and Helen R. Broom contributed equally to this work.

Kenrick A. Vassall, Helen R. BroomHeather A. Primmer, Stanley D. Dunn, and
Elizabeth M. Meiering designed experiments. Plasmids containing wild type SOD1 (a construct
containing the native freeysteines, refer to section312), as well as SOD1 mutants with free
cysteines were provideby Wilfredo Colon. Samples were prepared by Kenrick A. Vassall,
Helen R. Broom, Heather A. Primmer, Ming Sze Tong, Sarah M. Sullivan and Sai Praveen
Srinivasan. Differential scanning calorimetry experiments were mainly performed by Kenrick
A. Vassall wth a subset being performed by Helen R. Broom; Helen R. Broom performed light
scattering experiments; Stanley D. Dunn and-Rea K. Briere performed the analytical
ultracentrifugation experiments; Kenrick A. Vassall and Ryan Sobering performed eircular
dichroism experiments; and Heather A. Primmer performed the aggregatidiction analysis.

The manuscript was earitten by Kenrick A. Vassall, Helen R. Broom, Heather A. Primmer,
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Overview

Protein aggregation is a hallmark of many diseases, including amyotrophic lateral
sclerosis (ALS), where aggregation of Cu,-dperoxide dismutase (SOD1) is implicated in
causing neurodegeneration. Recent studies Baggested that destabilization and aggregation
of the most immature form of SOD1, the disulfideluced, unmetallated (apo) protein is
particularly important in causing ALS. We report herein in depth analyses of the effects of
chemically and structuralldiverse ALSassociated mutations on the stability and aggregation of
reduced apo SOD1. In contrast with previous studies, we find that various reduced apo SOD1
mutants undergo highly reversible thermal denaturation with little aggregation, enabling
guariitative thermodynamic stability analyses. In the absence of-#dsciated mutations,
reduced apo SOD1 is marginally stable but predominantly folded. Mutations generally result in
slight decreases to substantial increases in the fraction of unfoldéginproCalorimetry,
ultracentrifugation, and light scattering show that all mutations enhance aggregation propensity,
with the effects varying widely, from subtle increases in most cases, to pronounced formation of
401 100 nm soluble aggregates by A4V, atation that is associated with particularly short
disease duration. Interestingly, although there is a correlation between observed aggregation and
stability, there is minimal to no correlation between observed aggregation, predicted aggregation
propensiy, and disease characteristics. These findings suggest that reduced apo SOD1 does not
play a dominant role in modulating disease. Rather, additional and/or multiple forms of SOD1
and additional biophysical and biological factors are needed to accouineé fimxicity of mutant

SOD1 in ALS.
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4.1 Introduction

Mutations in Cu,Zn superoxide dismutase (SOD1) cause familial amyotrophic lateral
sclerosis (fALS), a devastating and invariably fatal neurodegenerative disease. Although
accounting for only a smafiercentage of all ALS cases, SOD1 mutations represent one of the
main known causes of the disease. The similar symptoms and pathology of familial and sporadic
ALS suggest common disease mechanisms and the potential for related therapeutic strategies
(196, 232, 264) The mechanisms by which mutant SOD1 cause ALS are not known; however,
extensive evidence supports a toxic gain of function due to increased aggregation of mutant
protein. Msfolding and aggregation of diverse proteins are observed in numerous diseases,
including other neurodegenerative diseases su
(196, 264) Amyloid is a type of aggregate structure formed by many dissesseiated
proteins, and perhaps by all proteins, often under destabilizing cond@@®s Although there
has been some controversy concerningatmgloid-like nature of large insoluble aggregates in
mutant SOD1 mice models of ALS, amyloid aggregates are not observed in ALS p@ients
26, 266) Here, we characterize the formation of small, soluble;amyloid aggregates by
mutant SODL1.

In its mature form, SOD1 is a highly stable, honmoeliic protein, with each subunit
binding one catalytic copper ion and one structural zinc ion, and containing one intramolecular
disulfide bond as well as two n@onserved free cysteines (Fig. S4.1A). Numerous in vivo and
in vitro studies have shown thaarious immature, destabilized forms of SOD1 are prone to
aggregate, and this is often enhanced by disasseciated mutationg6, 78, 128, 131, 144,

184, 190, 267, 268)Recently, attention has focused on aggregation of the most immature form

of SAD1, in which the disulfide bond is reduced and no metals are bound, referred to here as the
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reduced apo form. Studies of various mHaGD1 ALS mice models have shown that small,
soluble, misfolded forms of reduced apo SOD1 are enriched in the spidermdmay be the
common cytotoxic species that cause AR89, 270) In addition, cell culture studies suggest
that ALSassociated mutations canoprote disulfide bond reduction and metal |¢394)
Relatively ittle is known, though, about the properties of reduced apo SOD1, and how mutations
affect these properties. In vitro studies have shown that agitation and/or oxidation of reduced
apo SOD1 results in the formation of large, insoluble, amyloid aggre(f&e$84) However,

the relevance of amyloid formation to ALSqsestionable, and recent studies of mu@D1

mice models have shown that formation of aberrant intermolecular disulfide bonds and large
insoluble aggregates by SOD1 becomes pronounced only occurs in the final, symptomatic stages
of disease(268) There is also extensive evidenthat smaller, soluble aggregates are
particularly neurotoxiq264) Thus, it is of central importance to elucidate the properties of
reduced apo SOD1s, and how these may relate to pathogenic mechanisms.

We reporthere in depth analyses of the effects of chemically and structurally diverse
ALS-associated mutations on the stability and aggregation of reduced apo SOD1, under
physiologically relevant quiescent, reducing conditions. The mutations are predominantly
desabilizing, causing marked changes in the fraction of protein that is unfolded and increasing
the propensity of the protein to form soluble aggregates. However, the formation of these
aggregates is not well correlated with disease duration. While thésregggest that aggregation
of reduced apo SOD1 may play some role in disease, they do not support increased aggregation
of reduced apo mutants as the dominant determinant of ALS duration. Rather, multiple
immature or aberrant forms of SOD1 are implicateglaying important roles in modulating

disease.
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4.2 Materials and Methods
4.2.1 Expression and purification of mutant SOD1

Disulfide-oxidized apo SOD1 proteins were prepared as described previ@G4ly271)
Reduced apo SOD1 was prepared by first unfolding the protein in 2 M guanidinium chloride
(GdmCI), 20 mM HEPES, pH 7.8 for 30 min at ambient temperature with degassing.- Tris(2
carboxyethyl)phgshine hydrochloride (TCEPICI) was then added to a final concentration of
10 mM with reduction occurring in an anaerobic environment for 1 hr. Finally, samples were
exchanged into buffer containing 1 mM TGHEEI, 20 mM HEPES pH 7.4 by successive
dilutions and reconcentrations using a 3 kDa cutoff Nanosep centrifugal device (Pall

Corporation).

4.2.2 Differential scanning calorimetry

DSC scans of apo SOD1 samples were performed as described elsgh@BgreAfter
subtraction of buffer versus buffer scans from protein versus buffer scans, disedficied apo
SOD1 data were fit to a-&ate monomer unfolding model after normaligifor protein

concentration (Supplementary Methods, Section 4.5.1).

4.2.3 Analytical ultracentrifugation

Sedimentation velocity and equilibrium experiments were conducted in the Biomolecular
Interactions & Conformations Facility (Shuclich School of M&t & Dentistry, University of
Western Ontario) using an Optima »A_Analytical Ultracentrifuge (Beckman Coulter Inc.) with
an An60Ti rotor and 2/8hannel cells with Epeoharcoal centerpieces. Centrifugation was

carried out at 20C with absorbance dettion at either 252 or 280 nm. Equilibrium data were
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collected in radial step sizes of 0.002 cm and averaged over 10 readings. Equilibrium data were
fit to a single ideal species model (Supplementary Methods, Sections 4.5.3 and 4.5.4) using

Prism 5 (GrahPad Software).

4.2.4 Light scattering measurements

Time average dynamic light scattering measurements were performed using a Zetasizer
Nano ZS (Malvern Instruments Ltd.). Particle size was determined from an average of 3
correlation functions, each Ingj the average of 5 consecutive 10 second data accumulations.
Particle size was analyzed by the CONTIN method using Malvern software. Samples were

initially measured daily and then at increasing time intervals.
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4.3 Results

For most experiments herewe employed a wekstablished pseudo wilype (pWT)
construct in order to facilitate measurements of stability and aggregation of reduced apo SOD1s
and avoid complications caused by aberrant disulfide bond form@t&n78, 126, 128, 144,
255, 272) In pWT, the nonconserved free cysteines at residues 6 and 111 are replaced by
alanine and serine respectively, while the highly conserved cysteines at residues 57 and 146 are
retained (Fig. S4.1A). Cysteines 57 and 146 form a disulfide bond in mature forms ofb80OD1
are reduced in the current study. pWT is a suitable background because its activity, structure and
stability are extremely similar to wiHtype, and use of this background formerly enabled
thermodynamic stability analyses for disulfide oxidized hotd apo SOD1g128, 134, 143,
144) In various in vivoand in vitro studies, the free cysteines are frequently but not always
observed to form aberrant disulfide bonds in aggregates, and they have been suggested to also
play subtle roles in modulating noncovalent interactions during aggred@®or’8, 131, 183,
190, 267, 268) These effects were controlled for here by analyzing the properties of mutations
relative to the pWT background in the absence of disulfide bond fimmaln addition, we
conducted some experiments using the ayjege (WT) background containing cysteines 6 and
111; the results obtained are consistent with those obtained using pWT.

All experiments on reduced apo SOD1s were conducted under physadiipgetevant
conditions of pH (20 mM HEPES, pH 7.4) and protein concentration§63¢M monomer, 0.5
1.0 mg mLY) (131, 273) under reducing conditions (1 mM TCEP), with no agitation and sample
incubation under anaerobic conditions. The reduced status of the protein throughout all
experiments was confirmed by im@icetamide modification of the reduced cysteines followed by

sodium dodecyl sulfate polyacrylamide gel electrophoresis {S8BSE) (Fig. S4.1BJ131).
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4.3.1 In the absence of Al-8ssociated mutations, reduced apo SOD1 unfolds with high
reversibility at well above physiological temperature

The stability of reduced ag@NT and WT SOD1 were measured by differential scanning
calorimetry (DSC) (Figs. 4.1A, B, 2D, Table S4.1), which shows that the temperature of
maximum heat capacityCf), tosapp iS ~48°C for both constructs. Thigs appfor reduced apo
SOD1 is markedi lower compared to those for the more mature disubixidized apo and holo
forms (Fig. 4.1A)128, 144) Howe\er, despite being significantly less stable, reduced apo pWT
thermally unfolds with high reversibility, typically ~95 % (Fig. 4.1B), comparable to the
reversibility for disulfideoxidized forms of SOD1128, 134, 143) The reversibility for the WT
(Fig. 4.2D) is somewhat lower, at ~75%, likely due to the presence of théhfcds that have
been shown previously to decrease reversibility due to the formation of aberrant disulfide bonds
(141) To minmize inaccuracies due to irreversibility, pWT was used for most of the further

analyses.
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Figure 4.1 Reversible thermal unfolding of reduced apo pWT SOD1. (ADSC scans of

pWT SOD1 in the reduced apo form in 20 mM HEPES, 1 mM TCEP, pH 7.4 and titfeldis
oxidized apo and holo forms in 20 mM HEPES, pH 7.8. The dashed black line indicates
physiological temperature of 3T. (B) Consecutive thermal unfolding traces of disuHide
oxidized apo pWT SOD1 in which the sample was heated (solid black do@ed and heated
again (dashed grey lineJC) Change in apparety;s of apo SODL1 in the disulfidexidized form

(light shaded bars) and the disulfideluced form (dark shaded bars). In all cases the mutations
have a larger effect on the apparég in the reduced apo form(D) Fraction of unfolded
reduced apo mutant SOD1 at 7. The fraction of unfolded protein was calculated using the
thermodynamic parameters (Table 4.1 and Supplementary Methods, Section 4.5.1).
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4.3.2 Thermodynamic analysisnder physiologicallyrelevant conditions shows reduced apo
SOD1 undergoes a monomers2ate unfolding transition and is predominantly folded

High reversibility of unfolding is a prerequisite for thermodynamic analysis, which has
not been reported previdysfor reduced apo SOD1. In previous studies, we showed that
disulfide-oxidized apo and holo pWT SOD1 thermally unfold with high reversibility according
to a 2state dimer unfolding mechanisfh28) however, reduction or mutation of the disulfide
bond in apo SOD1 greatly weakens the dimer interfdgd, 197, 273) Measurements of
thermal unfolding for reduced apo pWT are consistent with a monomer unfolding transition,
showing no systematic shift i3 .pp Over ~20fold range in protein concentration-{62 pM,
0.1-2.4 mg mLY) (Fig. S4.2A). The unfolding data for pWT are well fit usingst&e monomer
unf ol ding model (Table 4.1, Suppl ementary Met
to calorimetri dyw Epptoh &1 p 9.2 (Table 4.4, Tdblg S4.1)rther
confirming the applicability of the-8ate monomer modé237). Similar fits are obtained for
WT (Fig. 4.2E, Tables 4.1, S4.1).

Calculation of the temperature dependence of stability requires knowledge of the change
in hea t capacity uCp Gupplementary IMdthodsg Sectiop 4.5.2), which was
determined by Kirchoff analysi@74)to be 1.1 + 0.1 kcahol™ °C* for reduced apo pWT (Fig.
S4.2B, C). This value is relatively low compared to that expected for a protein of this size, ~2
kcal mol* °C* (262, 275) suggesting that the reduced apo monomer may be less structured than
a typical globular protein. The Gibbs freener gy o f Gy cafcwdated fromgthe o
thermodynamic parameters is 3.5 + 0.1 and 1.8 + 0.1 kcal aid@5°C and 37°C, respectively

(Table 4.1). Similar values were obtained for WT and are given in Table 4.1.
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An i ndepende Giwasmlmiaes tor pdVT osing GPnonitored equilibrium
urea chemical denaturation and renaturation curves (Fig. S4.2D, E, Table 4.1). These data are
alsowell fitbya2s t at e monomer unf ol @df 4@+ 0t2kaamstiat2s5 on, ¢
°C, which is in easonable agreement with the value obtained by DSC, and previous chemical
denaturation experiments for reduced apo WT at pH1EL3).

Knowl ed ¢enabdes calqulation of the fraction of protein that is unfolded,
(Supplementary Methods, Section 4.5.1). For pWT atQ@7y is ~0.05 (Fig. 4.1D), showing
that the protein is predominantly (95 %) folded. However, gwinthe relatively low value of
g5, fy is very sensitive to small perturbations in stability caused by mutation, as described

below.
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Figure 4.2 Reversibility and data fitting of reduced apo mutants. The dashed black line
indicates physiological tempure of 37°C. (A) Consecutive thermal unfolding endotherms of
reduced apo mutants with low unfolding reversibility €BJl with high unfolding reversibility
(scan onesolid black line; rescadashed grey line).(C) DSC data fitting of the reduced apo
mutants and pWT. Typical thermograms (solid black lines) with corresponditeje2monomer
fits (dashed grey lines) are show(D) Consecutive thermal unfolding endotherms of WT and
H46R" (scan onesolid black line; rescadashed grey line).(E) DSC daa fitting of WT and
H46R" SODI. Thermograms (solid black lines) with corresponding-state monomer fits
(dashed grey lines) are shown. In each panel, the datasets are offset for clarity.
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4.3.3 DSC reveals complex effects of ABSsociated mutaties on the stability and
aggregation propensity of reduced apo SOD1

The effects of chemically and structurally diverse AdSociated SOD1 mutations on
both the disulfideoxidized and reduced apo forms of the protein were also analyzed by DSC.
The mutatons include: A4V, T and S, and V148I, located in the dimer interface; G37R and
H43R, affecting the packing of residues in the beta barrel; metal binding mutants H46R and
G85R; G93R, S, A and D at a mutational-spbt within a tight turn; and E100G locatatthe
end of strand 6, which eliminates a salt bridge with K30 (Fig. S1A). All of the mutants produced
measurable thermograms (Figs. 4.2A, B, Table S4.2), except G93D.

Based on lowel s app Values, the mutants are generally destabilized relativeA®, p
except for H46R and V148l which have slightly increased stabilities (Fig. 4.1C, Table S4.2).
Furthermore, in the reduced apo form all mutants except H46R, V148| and G85R figye
values at or below 37C (Tables 4.1, S4.2). This is in contrastthe more mature disulfide
oxidized apo form where the mutants all h&eappvalues significantly higher than 3T (128,

134) Although it is difficult to directly compare the effects of the mutations on the
themodynamic stability of the oxidized to the reduced apo forms due to the change in
guaternary structure, it is noteworthy that the changes in melting temperature are larger in the
reduced apo form compared to the oxidized apo form (Fig. 4.1C, Table Si)larly, the

effects of mutations in nemetal binding mutants are larger in the oxidized apo forms than in the
holo (metallated) formq128) suggesting that the effects of mutations in SOD1 tend to
propagate more as the protein becomes increasingly destabilized and folding becomes less

cooperative. Overall, the propensity of most reduced apo SOD1s to misfold/aggregate ts eviden
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from the decreased reversibility of thermal unfolding traces (Fig. 4.2A), which is generally most
pronounced in the significantly destabilized mutants.

Nevertheless, the reversibility of thermal unfolding is remarkably high for several
mutants: H46R, V18I, G85R, and E100G, enabling thermodynamic analysis using-$iteste?
monomer unfolding model (Figs. 4.2B, and C, Tables 4.1, S4.1). Similar results were also
obtained for H46R in the WT background (H46RFigs. 4.2D and E, Tables 4.1 and S4.1). The
stability of pWT and H46R was also measured using chemical denaturation, again giving results
consistent with those obtained by DSC (Figs. S4.2D and E, Table 4.1). Using the fitted
thermodynamic parameteffg, at 37°C is calculated to be 0.05, 0.007, 0.028, and 0.71 for
pWT, H46R, V148I, G85R and E100G respectively (Fig. 4.1D, Supplementary Methods, Section
4.5.1). Thus, at physiological temperature the slightly stabilizing H46R and V148l mutants are
predominantly folded (in fact, more so than pWT) the proportion of unfolded protein is
markedly increased for the other destabilizing mutants, with E100G being more unfolded than
folded. This differs significantly from the effects of the mutations in the disutfdgized apo

form where the proteingmain very predominantly folded (Table S4234).
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Table 4.1 Summary of thermodynamic parameters for reduced apo SOD1s.

Apo Reduced tos aH, (37 °C) YQ o &C, a&5(25 °C) &5(37°C) & #@(37°C)
SODF (°C) (kcal mol?) Y Q i (kcal moi**C")  (kcal mol%)P® (kcal mol®) (kcal mol%)¢
PWT 47.6 + 0.5 50.5 + 1.6 1.14 +0.15 0.72 + 0.57 35+0.1 1.8+0.1 N/A
40+0.2
H46R 52.6 +05 56.1 +4.2 0.95+0.08  -0.42 +0.84 49+0.1 3.1+0.1 1.3
5.1+0.1
V148| 51.0 +1.1 58.4 +2.6 0.93+0.04 -2.62+1.19 3.6+0.1 2.2+0.0 0.4
G85R 40.7 +0.4 46.9 +1.8 1.06+0.36  -0.11+0.34 21+0.1 0.6 +0.0 1.2
E100G 33.2 #1.2 473 +2.0 1.27 +0.06 0.79+0.32 1.0+0.1 -0.6+0.2 2.4
WT 46.8 +0.4 57.2 1.1 1.49 +0.27 1.01+0.67 3.0+0.0 1.6+0.0 N/A
H46R" 52.7 £25 57.4 +54 076 +0.22  -159+3.18 3.8+0.5 24+0.4 0.8

N/A, not applicable

All values ae averages and standard deviations from at least three samples (Table S4.1), excluding WT and V148I, which are

averages from two samples. DSC experiments for pWT, H46R, G85R, and E100G were performed by Kenrick A. Vassall; DSC

experiments for V148I, WTandH46R" were performed by Helen R. Broom.
@All mutants are in the pWT background unless otherwise specified.

PValues are calculated using the thermodynamic parameters obtained from the monorsetetwoodel and a temperature

independentcC, of 1.1 + 0.1 kcal mat °C* (Fig. 4.2C).

“Values in italics are from monomer tvgtate unfolding fits of equilibrium urea chemical denaturation curves (Figs. S4.2D, E). These

experiments were performed by Kenrick A. Vassall and Ryan E. Sobering.

d -
e ® = aEmutant- EopwT
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Although the thermal unfolding of these reduced apo SOD1s is highly reversible, there is
some evidence in the DSC fitted parameters for increased aggregation profdi@®&ityH46R,
G85R and V148I have rel at iCoesl,y wiavw, amoes talgye
+ 0.84,-2.62 + 1.19 and0.11 + 0.34 kcal mdl °C* respectively (Table 4.1). The negative
aver &g ®rHEbR and V148l are pronounced and coeststsuggesting the occurrence of
exothermic aggregation as these mutants thermally ufi@8) In contrast, E100G does not
exhi bit unuGual bgs]| owdwebreratios tenditebe lgrger than 1 (1.3 +
0.1 on average), suggesting a larger cooperative unfolding unit, i.e. presence of ag(ftégntes

Overall, the DSC data are suggestivaualitle increases in aggregation of all mutant SOD1s.

4.3.4 Analytical ultracentrifugation shows that reduced apo SOD1s are predominantly
monomeric, and mutations slightly increase protgmmotein interactions
In order to further investigate the temdg of reduced apo SOD1s to aggregate, analytical
ultracentrifugation (AUC) sedimentation velocity and equilibrium experiments were performed
(Supplementary Methods, Sections 4.5.3 and 4.5.4). Sedimentation velocity experiments can
assess sample heterogiy with high sensitivity. Analysis of the velocity data for pWT and
H43R revealed species with sedimentation coefficients e2 B5Fig. S4.3), very similar to the
values reported previously for reduced apo WT SQLH7) The plos of boundary fraction
versus sedimentation coefficient show only a modest slope, indicating no significant population
of dimers or larger aggregated species for either pWT or H43R in these experiments.
Sedimentation equilibrium experiments at severabrrgpeeds (20,000, 25,000, 30,000
and 35,000 rpm) were also performed to analyze the molecular weights (MWSs) of the species

present in solution. Fitting of the equilibrium data for pWT, H43R, A4V, and E100G to a single
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species model gave highly reprodueibbesults (Table S4.3). For the pWT protein, the fitted
MW at lower rotor speeds is generally close to 15 kDa, just under the calculated mass of ~ 15.8
kDa. In contrast to the pWT, the fitted MWs for the A4V and E100G mutants are intermediate
between mnomer and dimer, while fits for the mutant H43R tend to give values closer to what
would be expected for a dimer. Additionally, fitted MW values for all mutants markedly
decrease with increased rotor speed (Table S4.3). These results clearly indiessethcr
intermolecular association of the mutant proteins. Attempts to fit the datatéde2models for
monomer/dimer, monomer/trimer and monomer/tetramer transitions gave poor fits with non
random residuals, indicating that the association is likely moneplex than a simple-&ate
process. Overall, the sedimentation equilibrium data indicate that the pWT protein remains
predominantly monomeric during the lengthy period required for these studies, but that the
mutants have an increased tendency to femall aggregated species. These findings are

consistent with the results of the DSC experiments.

4.3.5 Light scattering reveals markedly differences in aggregation of mutants upon prolonged
incubation

Dynamic light scattering (DLS) was used to monihe size of particles in solution upon
incubating samples at 3T (Figs. 4.3, S4.4 and S4.5A). It is important to note that light
scattering intensity is proportional to the sixth power of the diameter of the scattering particle,
thus this techniquesiextremely sensitive to aggregate formaii@n6) DLS analyses showed
that all reduced apo SOD1 solutions were initially monodispersd, avisingle species of
hydrodynamic diameter ~6 nm. This diameter is intermediate between those expected for a

protein the size of SOD1 in the fully folded and unfolded st§2&9) consistent with the
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rel at i v (see adowe)yandpsuggesting that the folded reduced apo SOD1 may have an

expanded structure.
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Figure 4.3 Dynamic Light Scattering (DLS) data for reduced apo pWT and mutant SOD1.
Particle size distributions for deced apo pWT and mutants at 37, pH 7.4, measured by
dynamic light scattering over time, as indicated in hours (H).
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Upon prolonged incubation, gradual formation of small amounts of soluble aggregates
was observed, with distinct differences betweertamis (Figs. 4.3, S4.4 and S4.5). At one
extreme, H46R and V148l show only very slight evidence for aggregation, with more than 99 %
of the protein remaining as reduced monomers after ~300 hrs of incubation (Figs. 4.3D, S4.4D).
In contrast, A4V, and H43Rhow the most pronounced evidence of soluble aggregates species
(Figs. 4.3C, F). A4V forms aggregates with hydrodynamic diameters-60 40m within ~15
hrs of incubation, and these approximately double in diameter and increase in abundance over ~2
weeks H43R forms 10000 nm species within ~60 hours, which also increase in abundance
with time. For both mutants, at long incubation times the larger species dominate the scattering
and the soluble monomers can no longer be observed. However, thattotsity of scattered
light continues to increase, indicating continued aggregation (Fig. S4.5B). In general, the extent
of aggregation of different mutants, as shown by the prominence of large species in the size
distributions (Figs. 4.3, S4.4, 4.5A), ésnsistent with the extent of aggregation as indicated by
total light scattering intensity (Figs. S4.48. Both observations give similar indications of the
relative aggregation propensities of different mutants. It should be noted, however, tludt lack
observation of the monomer peak does not indicate a predominantly aggregated sample. If one
considers a hypothetical mixture containing only 5 and 50 nm species, due to the dependence of
light scattering intensity on the sixth power of the diameteenM® % of the intensity arises
from the 50 nm species, this species will account for only 0.1 % by mass of the total protein in
solution (276). Therefore, the DLS data indicate only slight to moderate formation of soluble

aggregates by reduced apo SOD1 variants, consistent with the DSC and centrifugation data.
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4.4 Discussion

The biophysical analyses conducted here show thatads8ciatednutations have the
most pronounced effects on stability in the reduced apo form of SOD1, and enhance the
formation of soluble aggregates. These represent the first in depth analyses of reduced apo
SOD1 stability and aggregation, and have important imdica for understanding mechanisms

of SOD1 aggregation that may be involved in ALS, considered further below.

4.4.1 In the absence of Al-8ssociated mutations, reduced apo SODL1 is predominantly folded
and has low aggregation propensity under physioladig relevant conditions

The unfolding of pWT measured here by DSC and chemical denaturation is well fit by a
reversible 2state monomer unfolding transition, based on multiple DSC and chemical
denaturation criteria (Figs. 4.2C, S4.2D,E, Table 4.1), rdparable results are oisted by
DSC for WT (Fig. 4. 2 E, Table 4.1). These 1 ec
apo SOD1 at 37C, which has not been reported previously, is 1.8 + 0.1 kcat foopWT and
1.6 + 0.0 kcal met for WT. Thus, at physiological tempeure and pH the protein is
predominantly folded, and shows very little tendency to aggregate.

The very minimal aggregation observed here for monomeric reduced apo pWT and WT
is particularly noteworthy given that previous studies have reported mononoeerizat loss of
metals greatly enhance, or are required for, aggregéli®n193) Moreover, several studies
have reported observations of amyloid formation by apo SOD1 in which the intramolecular
disulfide bond was reduced or removed by mutagei(iégjs/8, 184) A key difference between
these and the current studies is their use of agitation thteiquiescent solution conditions. It

is well established that agitation promotes the aggregation of many proteins, often as amyloid
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(76, 278, 279) This is not well understood but likely involves interface effects and perhaps also
accelerated oxidation of free thiols.

The relevance of the formation of amyl@dgregates in previous studies of reduced apo
SOD1 to ALS disease mechanisms is not clear. Other forms of SOD1 have also been shown
previously to form amyloid under destabilizing conditions caused by denaturant, sonication,
trifluoroethanol or low pH(75, 76, 78, 255)and formation of intermolecular disulfide bonds
(183) In contrast, other studies under less extreme conslihame also reported evidence for
distinct aggregation processes from natike states(90, 99, 280) Protein aggregation is
generally strongly dependent on solution conditions, and many destabilizing and often non
physiological conditions can result in the formation of amyloid. In this regasioitld be noted
that the amyloiespecific characteristic of greggold Congo Red birefringence and ThT binding
of aggregates is not observed in A(2Z, 266)and the intracellular SOB&ontaining aggregates
in fALS have a granuleoated rather than the smooth fibrill&rusture characteristic of amyloid
(26); thus, ALS is not a typical amyloid disease.

A key aspect for in vitro studies of aggregation is to consider their relation to in vivo
conditions. Here we have used physiologically relevant conditad temperature, pH, protein
concentration and quiescence. Importantly, the very minimal aggregation of reduced apo pWT
and WT is consistent with cell culture and mice studies wheretyplel SOD1 shows very little
tendency to aggregate and mice do de¥elop ALS symptom§268, 269) This differs from
obsenations for mutant SOD1s, which tend to aggregate more than WT in cell culture, and form
small aggregated species in mice prior to the onset of symptoms followed by large disulfide
linked aggregates in the final stages of disgd€®, 268) In contrast, in previous in vitro

studies the comparable witgipe-like constructs not only formed amylo{@6, 78, 184)ut in
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some cases this was more pronounced than for-#ds®ciated mutan{d84) This suggests

fundamentally different aggregation processes are being observed under different conditions.

4.4.2 ALSassociated mutations have complex effects on stability and aggregation

Under the physiologicallyetevant conditions used herein, we were able to measure the
effects of many chemically and structurally diverse AdsSociated mutations on stability and
aggregation propensity. The effects on stability range from slightly stabilizing to slightly or
significantly destabilizing (Fig. 4.1C, Tables 4.1, S4.2). Consistent with previous studies on apo
SOD1 where metal binding mutations had relatively small effectt o (245) the metal
binding mutants H46R and G85R are among the most stable mutants studied hdéne. In
disulfide-oxidized apo form, all the mutants havgs.pp values well above physiological
temperature; however, in the reduced apo form, mostthgyg values close to or lower than 37
°C, indicating that they will be 50% or more unfolded at phiggical temperature (Fig. 4.1D,
Table S4.2). The observation that decreases in melting temperatures tend to be largest in the
reduced apo form implies that substantial increases in the population of unfolded conformations
will also occur for many othemutants that have been found to have decregsagyin the
disulfide-oxidized apo form(128, 134, 245) Thus overall, many but not all AE&ssociated
mutations are likely to significantly increase the population of reduced apo unfolded monomers.

Regardless of stahiyi, the DSC, AUC and DLS experiments indicate that the reduced
apo mutants generally have increased propensity to misfold/aggregate. In particular, DLS results
indicate that distinct sizes of small, soluble aggregates are observed for different mugants (F

4.3, S4.4, S4.5A). Evidence for structural polymorphism of SOD1 aggregates was also reported
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for agitationinduced aggregatiofl81) These findings are intriguing as variations in aggregate

structures may cause different disease phenotypes.

4.4.3 Limited correlations between the properties of reduced apo mutarD130Cand ALS
characteristics implicate multiple forms of SOD1 in modulating disease

Correlations between the properties of mutant SOD1 and ALS disease characteristics
have been sought for many years and are critical for deciphering disease mechanisiogs Pre
studies have reported evidence for a weak inverse correlation between oxidized apo SOD1
stability and ALS disease durati¢h76, 200, 229)which improves when global or local protein
characteristics such as chaif@81) or hydrogen bonding200) are considered. The results for
V148l suggest that increasénydrophobicity of the exposed dimer interface may be another
significant modulator of aggregation. A weak correlation is observed between reduced apo
mutant SOD1 stability and disease duration (Figs. 4.4 and S4.6A), suggesting that the effects of
the muations on the stability of reduced apo SOD1 do not play a more significant role than their
effects on oxidized apo in determining disease duration. This implies that factors beyond

stability, and multiple forms of SOD1, are important in modulating desdasation.
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Figure 4.4 A correlation plot representing the relationship between reduced apo SOD1
mutant stability, fALS disease durations, and observed and predicted aggregationThe

stability is determined by a change in appatggnof mutants comgred to pWT and normalized,

from O (least stable) to 1 (most stable). Observed aggregation is based on DLS measurements as
described in Fig. S4.5A. Predicted aggregation based on theeCait2003 method282) was
normalized from O (lowest propensity) to 1 (highest propensity). Disease duf2#ghis

normalized from O (short) to 1 (long). The aggregapoediction analysis was performed by
Heather A. Primmer.
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There is a significant correlation (r = 0.78, Figs. 4.4, S4.6B) between observed
aggregation and mutant destabilization, consistent wishltse of general studies of protein
aggregation. This has also been observed for more mature forms of SOD1 which tend to
aggregate more readily when destabili¢g?8, 131, 144, 184) The aggregain observed here
is poorly correlated with nine different aggregation prediction models (Fig. S4.6E, Sl Text). The
lack of correlations may be because most of these aggregation prediction algorithms were
developed based on datasets of amyloid formingepretand peptides. As noted above, amyloid
formation may differ significantly from the formation of the soluble, -aamyloid aggregates
that are characterized here. There is also no significant correlation between observed
aggregation and ALS disease aion (Fig. 4.4, S4.6C). Furthermore, the aggregation
propensities of the SOD1 mutants predicted using the preceding methods are also poorly
correlated with disease duration (Fig. S4.6D).

Consideration of these correlations points to two key conclusnaitier the association
of reduced apo SOD1 mutants into small soluble aggregates nor the predicted aggregation
propensities of SOD1 mutants are able to account for fALS disease duration. These key findings
have two important implications: i) Multiple fms of SOD1 are likely to modulate disease
characteristics and ii) amyloid formation is likely not an important factor in S&i3tciated
fALS. Further support for the first point is evidence that mutations enhance the population and
aggregation of varimiimmature forms of mutant SOD1, and the observation of multiple forms
of SODL1 in aggregates in vi @0, 126, 128, 196268, 280, 283) The second point is further
supported by evidence that fALS patient data fails to reveal any support for a role of amyloid in

diseas€22).
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In conclusion, the results reported here provide novel and important data on the stability
and soluble aggregate formation by reduced apo SOD1s, which should prove useful for further
testing of ALS disease hypotheses. The increased aggregation of reduced apo SOD1 upon
mutation suggests that this form of the protein may play a role in causing disease. However, the
lack of strong correlations between reduced apo SOD1 stability and diseasendaradi
between measured aggregation and disease duration, imply that the effects of mutations on
reduced apo SOD1 are unlikely to be the dominant factor in modulating disease, and that
multiple forms of the protein are involved. Unravelling the complegegation processes that
are likely to contribute to the syndrome of A(&Z84) may ultimately lead to new and urgently

needed approaches for triegtthis devastating disease.
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4.5 Supplementary Information
4.5.1 Analysis of Differential Scanning Calorimetry (DSC) thermal unfolding data

Thermal unfolding scans for reduced apo SOD1 were fit ta@t2 monomer unfolding
model ( 7 5 using the folbwing Eq. 4.1(237)

&Y & 6°Yp Q@ & OovVQ L— (Eq. 4.1)

where,Cy(T) is the total specific heat capacity, normalized per gram of protein, at tempefature,

(in Kelvin), fy is the fraction of unfolded protein & Ris the universal gas constasd)(T) is the

specific enthalpy of unfolding ak, A andB are the intercept and slope of the native baseline
respectively, whereaS andD are the intercept and slope of tinefolded baseline respectively.

b is a temperaturendependent constant equal to the molecular weight of the dimer multiplied by

the ratio of vanoét Hoff t,gH &i,0The DCtdatawereent h a
fit to the approximate end dfie unfolding transition due to the occurrence of downward sloping
posttransition baselines, presumably due to exothermic aggregation of the unfolded protein at
higher temperatures.

The baselines for scans obtained in urea for the determination eh#mge in heat
capacity upoCp had migherl veriablity,, whiadp created problems in obtaining
consistent fitted values using Eqg. 4.1. Accordingly, scans in urea were analyzed using the
commonly employed baseline subtraction with linear conf{which effectively removes the
influence of the baselines), followed by fitting of the resulting excess specific heat capacity,
Cy(T) normalized per mol of protein, to the MM2ate model, Eq. 4.2 (Microcal Origin version

5.0) (128, 285288)

8 v (Eq. 4.2)
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w h e rHET) ispthe enthalpy of unfolding &t, fy is the fraction of unfolded protein arxds

oHuw/ HRa. Fitted parameters for reduced apo pWT datasets acquired in the absence of urea

gave fitted parameters that were very similar to those obtained using Eq. Zq<difference

for to 5 (temperature iRC at whichfy= 0. 5) and <1O0OH.P&andHfpd er ence f o
The fraction of unfolded protein can be determined from the equilibrium coris{gngat

temperaturet, (°C) using Eq. 4.3 and Eq. 4.4:

N — (Eq. 4.3)

where,® (Eq. 4.4)
4.5.2 Calculation of themodynamic parameters at 3TC

agH(T) , YTy a 6() ofghermal unfolding were calculated at 7 (310.15 K) using

a temper at urGasipravibesly eescdbegd?8)usigy the following equations:

Yo'y Yo'y "WYY (Eq. 4.5)
YO'Y YO'Yy Y6 op@tu “Yg (Eq. 4.6)
Y'Y VY'Y, Y800 : (Eq. 4.7)
vy, s : 8 (Eq. 4.8)
a n d5(Tep) =-RTo NP (Eq.4.9)

whereP is the protein concentration of monomer subunitstant the temperature at which the

protein is half unfolded.
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4.5.3 Analytical ultracentrifugation

Sedimentation velocity and equilibrium experiments were conducted at the Biomolecular
Interactions & Conformations Facility (Shuclich School of Medicine & Dentistry, University of
Western Ontario) using an Optima »A_Analytical Ultracentrifuge (Beckman Coulter Inc.) with
an An60Ti rotor and 2/8hannel cells with Epoenharcoal centerpiecesCentrifugation was
carried out at 20C, 20 mM HEPES, 1mM tris(2arboxyethyl)phosphine (TCEP), pH 7.4, with
absorbance detection at either 252 or 280 nm. Equilibrium data were collected in radial step
sizes of 0.002 cm and averaged over 10 readingguililifium data were fit to a single ideal

species model (see below) using Prism 5 (GraphPad Software).

4.5.4 Analysis of sedimentation equilibrium data

Data were analyzed according to a single ideal species model as described elsewhere
(289) according to Eg. 10:
0 0QWA—DWw p T ® O (Eq. 4.10)
whereA is the absorbance at radixis?, is the absorbance at reference radi,s is the angular
velocity of the rotorMW,s is the fitted molecular welg of the protein, is the partial specific

volume of the proteinnis the density of the solvent, ahds the baseline offset.

4.5.5 Chemical renaturation and denaturation

Chemical renaturation and denaturation equilibrium curves of reduced dpd B€re
prepared as described elsewhr84) except that urea was used as the denaturant instead of
guanidinium chloride. All samples contained 1 mM TCEP, 20 mM HEPES, pH 7.4 and were

incubated for 24 hrs at 2& in an anaerobic environment before measuring circular dichroism
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(CD) at 216 and 231m using a J715 spectropolarimeter (Jasco Research Ltd.). Data were fit to

a 2state monomer unfolding model as descri{@30)according to Eq. 4.11:

& (Eq. 4.11)

where, Yops is the observed optical signafy and Yy are the native and unfolded signals
respectively, in the absence of urea, &hvadnd S describe the dependence of the native and
unfolded signals with urea respectivety.is a constant that describes the dependence of the free
energy of unfoldingeg5y on urea concentration ar@,q is the concentration of urea at the

midpoint of the curve, corresponding to the point at which 0.5.

4.5.6 Acquiring predicted aggregation propensities from a variety of known algorithms

In order to further investiga aggregation mechanisms, the following methods were used
to compare predicted mutant SOD1 aggregation with observed reduced apo mutant SOD1
aggregation and disease duration: Chiti e{282) and Wang et al(229) methods, and online
algorithms including Zyggregator (http://wwwendruscolo.ch.cam.ac.uk)291) PASTA
(http://protein.bio.unipd.it/pasta2/{292), Waltz (http://waltz.switchlab.org/(293) TANGO
(http:/tango.crg.es/) (294), FoldAmyloid (http://bioinfo.protres.ru/foldmyloid/) (295) and
Profile3D (http://services.mbi.ucla.edu/zipperdf@96). Predictions were made for pseudo WT
(pPWT) and all 12 mutants presented in this study. Additionally, 13 extra mutants with disease
duration averages based on 5 or more pati€229) were predicted and included in the
correlations for disease duration. All results were compared to pWT and no convincing
correlations between predicted aggregation propensity and obsergeshgatgon or familial

amyotrophic sclerosis (fALS) disease duration were observed.
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4.5.7 Supplementary Data
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Figure S4.1 (A) Ribbon representation of apo SODXpdb code 1HL4J139) Each monomer

binds one copper and one zinc (metals not shown). The locations of C57 and C146, which form
the intramolecular disulfide bond in each monomer, are shown in yellow. The sites of the fALS
assot@ted mutations that were investigated in this study (A4, G37, H43, H46, G85, G93, E100,
and V148) are shown in red. The fALS mutations are dispersed throughout the structure of
SOD1 and have a range of structural contexts. H46R and G&HR 297)alter metal binding,

A4S, AAT, A4V, and V148 are located in the dimer interface, G93S, A, and R are in a tight turn,
G37R and H43R disrupt packing in thebarrel (255, 256) and E100G removes a salt bridge
with K30 (143) Residues C6 and C111 are mutated to A and S respectively, in the pWT
construct and are shown in purple. Thigure was rendered using VMD software
(http://www.ks.uiuc.edu/). (B) SDSPAGE of reduced apo SOD1 before and after DSC
experiments. The gel contained 12% acrylamide and was visualized by staining with
Coomassie Blue. Lane 1 is a low molecular weightkerawith molecular weights as indicated.
Lanes 2 and 6 are disulfidietact apo SOD1 controls, whereas lane 3 is apo SOD1 with disulfide
reduced byb-mercaptoethanol. Lanes 4 and 5 are reduced apo SOD1 in 20 mM HEPES, 1 mM
TCEP, pH 7.4 before and after DSC scanning, respectively. These samples were treated with
iodoacetamide prior to loading on the gel to prevent free cysteines from being oxididesl on

gel (131) Samples, both before and after each experimesre found to run much closer to the
disulfidereduced control in lane 3 than the oxidized controls in lanes 2 and 6, indicating that the
samples remained fully reduced throughout each experiment.
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Figure S4.2 (A) Protein concentration dependence ofeduced apo pWT thermal unfolding.

DSC endotherms were collected in 20mM HEPES, 1ImMTCEP, pH 7.4 at different protein
concentrations as indicated (in mg ML There is no concentration dependent shift to higher
temperatures of unfolding, as expected faranomer. The data (solid black lines) over the->20

fold concentration range are well fit (broken grey lines) by a monomeistate unfolding

model (Supplementary Methods, Section 4.5.1, Eq. S4.1). Fitted parameters are given in Table
S4.1. (B) Kirchoff p| o't a n aC,yTshi esH,ygwafues guere obtained from twstate

monomer fitting of pWT DSC data collected in the presence of urea (see D and E§HFhe

data are well fit by | i nGuaaluefromghe slopesaf bin+ 0Lr = C
kcal mol* °C™. (C) Reduced apo pWT DSC scans in uredaselines generated by the linear

connect method in Origin 5.0 (Microcal) were subtracted from raw data and normalized for
protein concentration, prior to fitting data to a tatate monomer unfoldg model
(Supplementaryethods, Section 4.5.1, Eq. S4.1). Fits (broken grey lines) are shown for data

(solid black lines) collected in 20 mM HEPES, 1 mM TCEP, pH 7.4 with 0.25, 0.5, 0.75, 0.875,

1, and 1.25 M urea ( TdHpvalues franahte fite ane pied im Fig. n d i c a't
S2A. (D and E) Equilibrium urea renaturation and denaturation curves for reduced apo

SOD1 at 25°C. Data for pWT are shown in blue and data for H46R are shown in black. Protein
concentrations for the curves are Bl (0.13 mg mL') (circles ) |, 14 eM BHo. 22 n
(triangles), and 24M (0.38 mg mLY) (diamonds). Denaturation and renaturation data are

plotted as closed and open symbols, respectively. CD data for each protein at (D) 216 nm and

(E) 231 nm were globally fit to a twstate maomer unfolding model witkC,q andm as shared

parameters (Supplementary Methods, Section 4.5.5, Eg. S4.11). pWT and H46R yielded similar

m values with the average being 2.49 + 0.30 kcalinalhereas the midpoint of denaturation

(Crig) for pWT was 1.63 0.07M and 2.04 £ 0.0 for H46R, corresponding tqG of 4.0 +

0.2 kcal mottand 5.1 + 0.1 kcal mdifor pWT and H46R respectively (Table 4.1).
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Figure S4.3 Van Holdel Weischet analysis (298) of sedimentation velocity analytical
ultracentrifugation experiments for reduced apo pWT and H43R SOD1.Experiments were
conducted in 20 mM HEPES, 1 mM TCEP, pH 7.4 afQQsing an Optima X{A Analytical
Ultracentrifuge (Beckman Coulter Inc.) with an An60Ti rotor and two channel cells with Epon
charcoal centerpieces and absorbance detection at 280 nm. All velocity data were acquired at
50,000 rpm with measurements (average of three readings) collectedbsteyul sizes of 0.003

cm; scans were taken at 10 minute intervals for a total of 30 scans. Data were analyzed using the
program Sedfi{299) The initial absorhaces at 280 nm were 0.29 and 0.33 for pWT and H43R
respectively.

158



140 7 A4S 120 7 ALT — 3081 120 7 G37R —___35¢H
120 1 327 H 100 ——— 7~ %0H g0l _~ T~ _206H
M |~ 7~ 2uH A~
1eo '_/\__/—g{gg_hi 80—~ — —~____188H 80 T H
80 -—/\ 164 H 172 H
541 60 | 140 H 50 I—/2\ _———__148H
] 128H /A S [T
80 TN\ 106 H o0 —/\ 55H
40 ._/\—/—;BD:. 40 40 '_/\ 721
66 H AN
36 H 4 41H ] 49 H
20 _/\ =H 20 oy 20 _/\ T
0 /\ ; ! g, 0 /\ ' - 04, 0 /\' ; oH,
3 140 1 H46R 100 1 WiH46R 100 T G85R
120 1 N 332H _/\ 370H _A 364 H
80 - 80 4
(é 168 A\ 286 H J\\ 277H %\\ 285 H
/2N 239H
80 _/\ 189 H 60 | 203H 50 4 212 H
B AN 1620 —/\ 131H —/\ 125 H
141 H
=B /AN Tioh LR AN S0 40 —/\ 951
=] 40 .Mi 63H 67 H
B5H 41H N/\ 44H
o 2 | I 1 2 _/\ 19H 20 ,\/\
N /\ 15H /\ 17H
o 0 : ! ' Ol 0 } } } oH 0 } " oH,
140 + G93A 120 1 G93R 120 1 E100G
365H 322 H
120 1 L~ 7~ 330H _
A \*—/_-\—‘—2;;: 100 280H 100 278 H
100 + [ ~__ 232H 230 H
215H 4 4
- — B O~ —~_wn ToeH
80 7 N — 163H 60 A — N 134H 60 | 142 H
60 I— o 1381  — —~___3H A
_/\_/_—_\—% 40 1l o~ 7~ 8H 40 __/_\_M
o sg: 0 =R o 20 M
20 A 4 ] |
? >4 7H 5H
0 t . - oH, 0 /\ t ; oH, 0 —/\ t } O0H,
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000

Diameter (nm)

Figure S4.4Particle size distributions for apoSH A4S, A4T, G37R, H46R, wtH46R, G85R,

G93A, G93R, and E100G as a function of incubation time in hours (H)Samples contained

1 mg mL* protein in 20mM HEPES, 1mM TCEP, pH 7.4. The differing aggregation tendencies

of each mutant are shown. The monomer remains the dominant species and after incubating
G85R, H46R, and wtH46R for ~300 H, whereas diminished monomer intensity and varying
amountsof larger species form after incubating A4S, A4T, G37R, G93A, G93R and E100G
under the same conditions. There is no significant difference in the aggregation behavior of
H46R in the pWT and WT background.
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Figure S4.5Summary of apoSH aggregation reults. (A) To address reproducibility, each

DLS experiment was repeated between two and five times and the percent of total light
scattering intensity after incubation for ~300 H arising from species with a hydrodynamic
diameter larger than 20 nm (dark élbars) and 200 nm (light blue bars) was compared. The
reproducibility of each DLS experiment is reflected by the error b@8$D) Change in light
scattering intensity (in kilocounts per second (kcps)) as a function of incubation time is shown
for all mutants studied. All values plotted are an average of three measurements at each time
point shown over the duration of the time course. The data acquired for each mutant were
categorized into three plotéB) mutants that showed significant aggregati(), mutants that

show evidence for slight to moderate increased aggregation tendencigf)) andtants that
showed very little to no evidence of aggregation.
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Figure S4.6 A correlation plot of reduced apo SOD1 mutant stability, observed
aggregation, prelicted aggregation propensity and disease durationStability is represented

as the change ity s appfor reduced apo SOD1 upon mutation. Observed aggregation values are
based on light scattering intensity at the end of each mutant SOD1 DLS time (Smadag.

S5A). Predicted aggregation was assessed for SOD1 mutants based on tke a hitethod

(282) Aggregation valueare normalized in such a way that 1 represents the most aggregation
and O represents the least aggregation. Finally, disease duration is based on summarized data by
Wang et al.(229) and is normalized so that 1 represents mutants with the longest disease
durations and 0 represents mutants with the shortest disease dur@ipAspoor correlation is
observed between mutant reduced apo SOD1 stability and disease durd@jomcreased
observed reduced apo SOD1 aggregation correlates well with a decrease in mutant stability.
Disease duration is poorly correlated with observed reduced apo SOD1 aggréGateord
predicted SOD1 aggregatid®). (E) There is no correlation betweebserved and predicted
aggregation (refer to Table S4.2).
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Table S4.1 DSC monomer &tate unfolding fitted parameters for disulfide-reduced apo SOD1s.

ApoSH [Protein] tos 0Coltos)” oHu(to.s)° qHcaltos)" oH/oHca
SOD1 (mg/mL) (°C) (kcal (molj*°*C?)  (kcal (mol)?)  (kcal (mol)?)
variants
pWT 0.11 47.3+0.1 1.12 63.5+1.7 47.9+0.8 1.33
pWT 0.25 47.020.5 1.66 60.4x1.1 62.60.7 0.96
pWT 0.42 47.4%0.3 0.88 63.2+2.8 52.4%1.9 1.21
pWT 0.48 47.8+0.6 0.80 62.5+5.4 59.4%4.0 1.05
pWT 0.53 47.5+0.0 0.71 60.2+0.6 60.2+0.4 1.00
pWT 0.55 48.8+0.0 -0.27 60.620.7 59.8+0.4 1.01
pWT 0.93 47.7+0.3 0.27 62.7+3.2 51.2+1.9 1.22
pWT 2.30 47.5+0.1 0.61 59.8+1.7 44.6+0.8 1.34
AVG! 47.6 +0.5 0.72+0.57 61.6+1.5 54.8+6.6 1.14+0.15
H46R 0.33 52.30.1 -0.05 771+2.1 75.61.2 1.02
H46R 0.48 52.5+0.0 0.17 70.50.8 80.9+0.1 0.87
H46R 0.57 53.2+0.2 -1.39 70.5+2.9 73.2+1.6 0.96
AVG! 52.6x0.5 -0.42+0.84 72.7+3.8 76.5+4.0 0.95+0.08
V148l 0.74 51.8+0.9 -3.46 56.69.4 58.4%3.8 0.97
V148l 0.89 50.30.1 -1.77 60.3+1.3 67.0£0.8 0.90
AVG! 51.0+1.1 -2.62+1.19 58.4%2.6 62.76.1 0.93+0.05
G85R 0.17 40.6+2.0 -0.46 52.2+13.9 74.3+13.2 0.70
G85R 0.38 40.4+0.6 0.22 50.9+3.8 47.1+2.5 1.08
G85R 1.42 41.2+0.2 -0.11 49.3+1.5 35.00.7 1.41
AVG! 40.7+0.4 -0.11+0.34 50.8+1.5 52.3+20.2 1.06+0.36
E100G 0.43 35.0+0.1 0.32 42.2+1.0 32.8+0.4 1.24
E100G 0.49 32.7+1.1 0.87 45.5+6.8 37.9+4.8 1.20
E100G 0.75 33.00.1 0.89 43.4+1.3 32.3x0.7 1.34
E100G 0.80 32.1+0.1 1.07 42.1+1.2 32.620.5 1.29
AVG! 33.2+1.2 0.79+0.32 43.3+1.4 34.3+2.6 1.27+0.06
WT 0.34 46.5+0.0 0.53 57.9+1.0 34.7+0.25 1.68
WT 0.30  47.1+0.7 1.48 56.4+7.4 43.3+3.75 1.30
AVG! 46.8+0.4 1.01+0.67 57.2+1.1 39.046.1 1.49+0.27
H46R" 0.50 50.4+0.0 -1.86 55.5+0.9 64.9+0.63 0.86
H46R" 0.50 52.5+0.2 -0.40 63.6+1.6 70.9+1.26 0.90
H46R" 0.50 52.60.6 -0.77 64.4+6.0 85.2+5.19 0.76
AVG® 51.8+1.3 -1.01+0.76 61.2+4.9 73.7+10.4 0.84+0.07

®Errors (+) from the fittingprogram (Microcal Origin, version 5.0).

PErrors from individualfits could not be reliably determined because they are based on
uncertainties in five independent variables.

“Errors derived using standard proceduB80)f r o m

the fitting program.
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dAverage and standard deviation.
Data for pWT, H46R, G85R and E100G was obtained by Kenrick A. Vassall. Data for WT,
H46R", and V148| was obtained by Helen R. Broom.
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Table S4.2Stability and aggregation summary for disulfidereduced apo SOD1s.

tos aHy aHy ' . Predictgd
ApoSH (disulfide (disulfide (disulfide Disease Predicted Aggregation Observed

sSoD1 reduced) reduced)  oxidizedf* Duration  Aggregation Propensity Aggregation

o oc oc (yearsy  Propensit§ + Propensit§
Instability
H46R 52.8+04 4.3 3.0 17.6 0.28 0.00 0.00
V148l 50.0+0.1 1.5 14 1.7 0.45 0.20 0.11
pWT 48.5+0.3 n/a n/a n/a 0.56 0.32 0.06
G85R 41.2+0.3 -7.3 -3.8 6.0 0.25 0.34 0.13
A4V 36.3+0.2 -122 -8.9 1.2 1.00 1.00 0.96
H43R 354+04 -13.1 -10.7 1.8 0.00 0.35 1.00
G93R 354+18 -13.1 -10.1 5.3 0.16 0.46 0.70
E100G 35.3+0.7 -13.2 -7.7 4.7 0.93 0.98 0.56
G93A 34.6 -14.9 -10.3 3.1 0.54 0.77 0.42
G37R 335+12 -15.0 -9.7 17.0 0.25 0.58 0.88
G93S 33412 -15.1 -8.6 8.0 0.50 0.75 0.53
A4S 32.58' -16.0 -13.0 n/a 0.39 0.70 0.45
A4V 30.9+0.3 -17.6 -14.9 1.5 0.56 0.87 0.82

n/a, not applicable

®Values are the apparent melting temperature where the obsggviedthe DSC scan is a

maximum. The values listed are the average of at least two independent measurements unless

otherwise noted. All experiments were performed by Kenrick A. Vassall, except V148l, which

was performed by Helen R. Broom.

bCalculated ato 5,app mutant to.5,app pwr N€Qative values indicate destabilization.

‘o 5 appdata for A4V, G85R, E100G, G93S, G93A G93R were obtained (i@8, 134) The

adp 5 appdata for H46R, V148l, H43R, G37R, A4S and A4T was obtained by Kenrick A. Vassall,

except V148I which was obtained by Helen R. Broom.

daverage disease durations are fr(229).

®Predicted aggregation propensities were calculated relative to pWT using thé@Hstn

method(282), and normalized uisg the methodology of Wanet al (229), where 0 indicates

low aggregation tendency and 1 indicates high aggregation tendency. Calculations were
erformed by Heather A. Primmer.

& 5,app iINCOrporated into the predicted aggregation propensity as describ¢d2By and

aggregation scores were normalized over a scale from 0 to 1. Calculations were performed b

Heather A. Primmer.

9%Observed aggregation propensity is based on intensity statistics from DLS measurements as

shown in Figure S4.5.

"ty5 appbased on one measurement.
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Table S4.3 Single species model fitting of analytical ultracentrifugation sedim#tion equilibrium data.

Sample and Concentrations Best fit molecular weight (kDa) + standard error at different rotor spee

ApoSH SOD1 [SOD1] 20 000 rpm 25 000 rpm 30 000 rpm 35000 rpm
mg mL*

pWT 1.0 152+04 15.0+0.2 14.3+£0.2 13.5+0.2
pWT 1.0 14.3+0.3 15.1+0.3 15.2+0.2 14.1+0.1
pWT 1.5 144+ 0.3 15.6 +0.2 144 +0.1 12.4+0.1
E100G 0.8 225+04 21.3+0.2 19.3+0.2 17.5+0.1
E100G 1.0 20.3+0.4 19.3+0.2 17.4+0.2 16.6 +0.2
E100G 1.5 20.2+0.3 19.3+0.2 17.8+0.2 16.4+£0.1
A4V 0.8 242 +0.6 21.1+£0.3 18.2+0.2 16.5+0.1
H43R 1.0 36.6 + 0.6 31.6+0.6 23.2+0.3 19.8+0.2
H43R 1.0 33.6+0.4 28.4+0.3 23.2+0.2 20.5+0.1

Experiments were performed and data analyzed byAmeeK. Briere and Stanley D. Dan
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Chapter 5
Further Aggregation Studies of Reduced Apo SOD1.:
Increases in protein concentration

or the addition of salt both promote aggregation
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Overview

In previous work (Chapter 4), we have characterized the stability of the most immature
form of SOD1 (apoSH SOD1), which lacks both disulfide bonus raetals. This form of the
protein is mainly monomeric, with marginal stability that is greatly affected by-#@ds®ciated
mutations.  Surprisingly however, we found that apoSH SOD1 is remarkably resistant to
aggregation under physiologieldte conditions. Static and dynamic light scattering (SLS and
DLS, respectively) as well as analytical ultracentrifugation (AUC) reveal higiuer
interactions occur between apoSH monomers, but of the 12 mutants invested, only one showed
some evidence of aggregatarhation. In this chapter we demonstrate that apo aggregation is
generally enhanced at higher protein concentration or in the presence of salt, and the
mechanism(s) of aggregation have been characterized using a number of biophysical techniques
including light scattering, atomic force microscopy (AFM), and ThioflaVi(ThT) binding.
Under conditions that promote aggregation, DLS and AFM experiments reveal that some
mutants form small fibrils ranging from ~2M0 nm in length. Other mutants aggregats, Ibat
the aggregates that do form are longer (greater than 1000 nm). Furthermore, ThT binding
experiments suggest that the aggregates contain different degrees @f Intrbcture. Thus,
mutations appear to promote aggregation in different ways and these findings may agree with
nuclear magnetic resonance (NMR) experiments, which show that mutations have complex

effects on the energy landscape of apoSH SOD1, #erdtlaé mechanisms of association.
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5.1 Introduction

A characteristic feature of ALS is the presence of protein aggregates that accumulate in
motor neurong21) and SOD1 has been identified as a component of these aggregates in SOD1
linked familial ALS and some sporadic ALS patie(@§, 29, 231) A major hypothesis in the
field of ALS research is that mutations promote aggregation of SOD1, leading to a cascade of
toxic events that culminate in motor neuron de&) However, attempts to identify
relationships between the effects of the mutations and ALS characteristics have shown that these
effects are highly complex and not correlated with disease characteristics in a simg@8way
229)

Immature SODXapoSH) is a marginally stable monon(@8), subsequent metal binding
and disulfide bond formation result in dimerization and marked increase in stghbity
(Section 13.1). The fully mature form of SOD1 (holoSS) has a melting temperature ¢fC-92
(128) and can maintain enzymatic activity in strongly denaturing condi{it28®) Yet, while
mature SOD1 is highly stable against denaturation, -At$ciated mutants have increased
tendency to be metal defesit (99), which increases the dynamics of the proi{did5) Each
SOD1 chain adopts ans8t r a n d e d -larred srlcturke with lodps of differing length; the
longest loops are referred to as the @mding (Loop 1V) and electrostatic loops (Loop VII).
The zinebinding loop contains the zidanding site,one of the cysteines in the intrasubunit
disulfide bond, and residues involved in dimer interface formdfamn 1.5)(126, 130) Thus,
zinc binding, disulfide bond formation, and dimerization limit the flexibility of the zinc binding
loop and significantly increase proteiralsility (131). The electrostatic loop is important for
SOD1 aawity (133), and also for stabilizing the zifinding site(137) Both zinebinding and

electrostatic loops contain many hydrogemdiag interactions, which are believed to stabilize
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the protein by providing a network of connections between the loops and the metal binding sites
(130) Local unf ol ding of these Ibarelga patinighteo r e X
in aberrant intermolecular interactions when metal binding is compromised (Se@t®)n(20,

148) In the absence of metal and disulfide bonds, vital interactions are lost causing the large
loops to unravel and/or the dimer interface to be exposed, both of which could lead to aberrant
intermolecular interactiond.38)

In recent years, there has been extensivarelsen the aggregation of apoSH SOD1, as
this unstable and dynamic form of the protein has been proposed to be particularly likely to
aggregate in diseadd, 76, 131, 174, 180, 195) ApoSH SOD1 stability is relatively low
compared to other globular proteiffy, far lower thanmore mature forms of SOD1 (Fig. 1.5)
(128, 134) and is the form of SOD1 most destabilized by mutati®®. The thermal
unfolding transition of apoSH starts to occur at only slightly above physiological temperature of
37 °C; and, mutations can greatly iease the fraction of unfolded monom¢e8). Global
destabilization by mutations is often accompanied by increases in local conformational dynamics
and the energy landscape of apoSH appears to be corf@iléx Potentially owing to this
complex energy landscapn vitro, the extent and type of aggregation for apoSH varies greatly
with experimental conditions (Fig. 1.7) and some conditions strongly enhance aggregation of
even wild type (WT) apoSH (Section316) (2). In particular, denaturation and/or agitation of
both WT and mutant apoSH can cafsenation of various amyloitike fibres (76, 179, 184)
Recent studies have also shown that various forms of 4fineeaSOD1 can make amyleiike
fibres with smooth, unbranched morphologies under agitation conditions, and this occurs from
the globally unfolded rather than the folded s{@f#9) In contrast, we have shown that under

guiescent solution conditions, both WT and pWT apoSH show little tendency to aggregate, and
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mutants exhibit increased but still low levels of aggregation (ChaptE74) These varying

results suggest that the mode(s) of apoSH aggregation are particularly diverse and sensitive to
varying conditions, due to the marginal stability of the protein and hence easily altered
conformational properties. The challenge in studying physiologically relevant apoSH
aggregation is to find proper experimental conditions such that aggregatiorefigealhut not
inappropriately promoted so as to favour amyloid formation given that ALS is not considered an
amyloid diseas€??2).

Here we show that by increasing the protein concentration and/or by adding 150 mM
NaSO, or 150 mM NaCl, we observe differences in the aggregation propensity of diverse ALS
associated apoSH SOD1 mutants. By light saatjave see that some mutations promote rapid
aggregation with little lag time, suggestive of aggregation from either the unfolded orlikagive
states, while others have more subtle effects on aggregation. Atomic force microscopy (AFM)
reveals that mutains leading to high levels of aggregation tend to promote aggregation
pathway(s) that result in abundant levels of small aggregates. AFM, in combination with
Thioflavin-T (ThT) binding experiments, show that those apoSH mutants that exhibit lower
aggreg#on propensity tend to form longéri br i | s wi t h-strocture.e Intrgguiriglg, n s i v e
such structural polymorphisms exhibited by apoSH aggregates may be analogous to different
Aistrainso obser vg2B) These pesultschighlightchgw poigt antitationa can
have dramatic effects on tha@exgy landscape of proteins, in particular marginally stable and
highly dynamic proteins, and can modulate which aggregation pathways are either favoured or

disfavoured.
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5.2 Materials and Methods
5.2.1 Preparation of apoSH SOD1

ApoSH SOD1 was preparedom apo oxidized (apoSS) SOD1 as described previously
(Chapter 4, Section 4.2.1374) Reduction of thelisulfide bond was verified by SDIBAGE as
described (Chapter 4, Fig S4(1)74) After reduction, 1 mgnL™ apoSH samples were filtered
using Anotop 10 f i |-dff{GEsHealthcarenLifeaSciédhced) 20 remmove c u t
aggregates formed during the reduction procedure. 5 mi§ samples could not be filtered
using these filters, due to extensive sanips; instead, samples were centrifuged at 16 300 rpm
for 10 minutes to remove any large aggregates or dust particles. Salt samples were prepared
according to the normal protocol and then salt buffered in 20mM HEPES, 1mM TCEP was
added to the apoSH samglafter reduction. During incubation, all samples were stored in a
desiccator to avoid reoxidation. Aggregation was monitored using a variety of techwigiees (
infra) , and all these experiments were perfor mec
sample starting immediately after filtratioty)(and approximately every 24 hours aftgr To
ensure that apoSH sampl es st ay e dtatewadpesesred, a n d

each 45 ¢L aliquot was f | as k80 foofueeranalysis. | i qui d

5.2.2 Verifying the absence of metal for apoSH SOD1 samples

Preparation of apoSS SOD1 involves extensive dialysis of the protein tabaihs
concentrations of EDTA, which is later removed by further dialysis against HEEBAuffer, as
described128, 134) Some EDTA remains bound to apo882), which can protect the protein
from re-binding Znc or copper; zinc, in particular, is found in trace amounts on glassware and in

chemical reagents used for reducing SOD1. It is important to note that EDTA binding has been
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found to have no effect on the stability of different forms of SOD1 determyn&HBIC (Broom,
H.R., Doyle, C.M., and Meiering E.M., unpublished data). Preparation of apoSH involves
unfolding the protein in GdmCI to expose the intramolecular disulfide bond to reducing agent,
TCEP, which effectively removes all bound EDTA from the @it As a result, apoSH is
highly susceptible to renetallation. To avoid this problem, initially all glassware was soaked in
nitric acid. However, a high percentage of attempts to prepare metal free apoSH were
nevertheless unsuccessful due to the mEsef trace metals originating from reagents (Table
S5.1) . Even trace | evels of metal can accuml
high affinity for metal (~6.8 x I8 M™ and ~4.2 x 18* M for copper and zinc, respectively)
(303) To avoid metal accumulation, all buffers were treated with Chelex® 100R&io
Laboratories Ltd.) metddinding resin. Both approaches combined have proven to be effective
at preventing metal contamination (Fig. 5.2, Table S5.1).

To verify that the protein did not become partially remetalled during reduction, a
spectrophotometric metahelation assay using the ¢her 4(2-pyridylazo)rescorcinol (PAR)
(Fig. 5.1) was performed. The PAR assay was originally developed by &traiv(304) and
Mulligan et al (258), and later refined by Heather Primmer and Colleen Doyle to measure the
metal content of SOD1, as described by Doyle, C.M., 2009, unpublished MSc. (B@5)s
While the PAR assay was used to assess the metal content of samples used for experiments
discussed in Chapter(474), metal analysis was not described and so will be described here.

PAR is a dye that binds transition rakstwith high affinity, resulting in a red shift in the
absorbance spectrum of PAR from 415 nm to approximately 500 nm, depending on the metal

(258, 304, 306) The molar absorbance coefficient of copper and-zound PAR is very high,
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36 300 and 69 200 Mcm™*, respectively; thus, PR is a sensitive indicator of metal ion

concentratior{304)

Figure 5.1 The molecular structure of apo and metal bound PAR Copper and zinc binding
to PAR is facilitatedoy the pyridyl nitrogen, one of the nitrogens within the azo moiety, and the
oxygen of the Zphenolate group within the resorcinol moiety. PAR binds copper in a 1:1 ratio
and zinc in a 2:1 ratio when there is at least a@dexcess of PAR with respeio metal. The
affinity of PAR for both metals is high, 7.7 x 1band 2.6 x 18> M for the [PAR}-zinc and
[PAR]-copper complexes, respectivéB04)

PAR,-zinc andPAR-copper complexes exhibit different absorbance sp€268, 304,
305) Either copper or zinc binding causes the absorbance at 490 and 520 nm to increase linearly
with metal concentration relative to apo PAR. When copper binds to PAR, the increase in
absorlance at both wavelengths is the same; however, when zinc binds the increase in
absorbance at 490 is greater than at 52Q268). Thesedifferences in the absorbance spectra
can be exploited to simultaneously quantify the amount of copper and zinc bound to SOD1 (Fig.
5.2). To do so, 45 eL of apoSH SOD1 was adde
7.4 (final conaR 6WMGHECI anch20 MM IBEPES) &4 dd3crif@ab) and
the absorbance spectrum was measured. Spectral deconvolufirareso SpectraLab
(http://cyp3a4.ucsd.edu/spectralab.html), developed by Dmitri Davydov, was used to
deconvolute the [PAR], [PARJzinc and [PAR]copper components of the experimental
spectrum(307). This was done by fitting the experimental absorbance spectrum with a set of
absorbance spectra standards for [PAR], [RPARjc and [PAR]jcopper, which retrns

multiplication factors for each standard that relate to the weighting of each component in the
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experimental spectrum. These multiplication factors can be used to calculate the levels of copper
and zinc in the sample.

The metal content in apoSH samplprepared for NMR experiments was determined by
Inductively Coupled Plasma Atomic Emission Spectroscopy -@4EB) at the Analytical
Laboratory for Environmental Science Research and Training, University of Toronto. The PAR
and ICRAES experiments confin that the combined approach of soaking all glassware in nitric

acid and treating buffers with Chelex® 100 resin prevents metal contamination.
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Figure 5.2 The PAR assay provides a sensitive method for determining metal content of
apoSH samples. (A)The absorbance spectra of free PAR (solid black line), [Rédfiper

(dotted black line), and [PAREinc (dashed black line) are shown. The changes observed in the
[PAR]-copper and [PAR}zi nc spectra are due to the preseil
metalfree apoSH results in an absorbance spectrum that resembles free PAR (dotted blue line).
An increase in absorbance at 490 and 520 nm indicates that the sample contains matadi (solid
line). As illustrated in(B), metal contamination was a large issue between 2009 and 2012, with
numerous apoSH samples becoming highly metallated with zinc. Red bars reflect the average
percentage of metal found in apoSH samples, and error barseasganhdard deviation. After
subsequently switching to the combined approach of soaking all glassware in nitric acid and
treating all buffers with Chelex® 100 resin, very few samples were found to contain metal.
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5.2.3 Light scattering experiments

Light scattering measurements were made according to the protocol described previously
(Chapter 4, Section 4.2.4)74) The intensity of light scattered) (depends on the size and
concentration of particles in solution. Fluctuations in light scattering intensity as a function of
time ((t)) depend on the translational diffusion coefficiddg)(of the particle in solution(276,
308) According to the laws of Brownian motion, large particles diffuse at a slower rate than
small particles. D, relates to the hydrodynamic diamet@&), the diameter of a sphere that
diffuses at the same rate as the particle beimgsmred, according to the Stolssstein
equation (Eq. 5.1),

o — (Eq. 5.1)

where,K is the Boltzmann constanf,i s t he temperatur e, and d i s
D. is determined from an autocorrelation function, which measures the correlati¢ih with

itself after a series of dely t i r®2¥6& 308) UBor a monodisperse sample, the decay in
autocorrelation is related the translational diffusion of particles within the sample according to

Eq. 5.2,

sQts A@bnot (Eq. 5.2)

where g(U) represents the eqiptoedightstaitedarly vedter,c ay i

defined according to Eq. 5.3,

n —— (Eqg. 5.3)
where €& is the | i ghtwagekemthof¢he ligt399) d&or gdlydspesser d o |
samples, the decay in autocorrelation of the signal will be polyexponential.

The PDI is related to the width (0), or st
(Eq. 5.4)(310, 311)
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