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Abstract

Superoxide dismutase 1 (SOD1) is a ubiquitously expressed metalloenzyme that reduces
oxidative stress in cells by catalyzing the dismutation of superoxide radicals. Mutations
in the gene encoding for SOD1 have been linked to the fatal neurodegenerative disease
amyotrophic lateral sclerosis (ALS). The prevalent hypothesis for how mutant SOD1
causes disease is the formation of toxic intracellular protein aggregates. SOD1 undergoes
posttranslational modifications in vivo, including metal binding, disulfide bond
formation, and dimerization, to reach its final maturation form, a stable homodimer.
Recent studies support the theory that more immature forms of SOD1 may play a key
role in the disease pathology, and the monomeric species may be linked to toxicity. The
zinc-bound form of SOD! with a reduced disulfide bond (E,Zn-SOD1°") has been the
center of debate with contradictory literature published regarding whether it exists as a
monomer or dimer. Although this key form has been widely discussed, relatively little
has been characterized compared to other forms of SODI. Here we investigate E,Zn-
pWT™ SODI with certain fALS mutants using a combination of isothermal titration
calorimetry (ITC) to measure dimer dissociation, and differential scanning calorimetry
(DSC) to measure global unfolding of the protein, in order to dissect the contribution of
dimer and monomer to protein stability. Results are compared to the effects of mutations
in other forms of SOD1 to better understand protein maturation and different roles of

SOD1 species in misfolding and disease.
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Chapter 1
Introduction



1.1 Protein folding, misfolding and aggregation

Proteins are one of the four main macromolecules that make up the living
world. Initially, the protein’s gene is transcribed and translated into its primary
structure, which is comprised of an amino acid chain. This amino acid sequence is
thought to be crucial to protein folding as it holds key information required for the
primary sequence to fold into its native structure (1). There are multiple models
proposed to explain exactly how a protein acquires its native structure from the
amino acid sequence (1). Early in the folding process, the protein is thought to have
multiple conformations available for sampling before reaching the native
conformation (Figure 1.1). The nucleation mechanism involves the protein sampling
various conformations to form a core with a native-like structure, followed by
reorganization of the periphery (2-4). Under physiological conditions, a driving
force of protein folding is the burial of hydrophobic residues, also known as
hydrophobic collapse. However, another model for protein folding that
encompasses both non-native and native folding models has been termed as the
energy landscape model, often depicted by a protein folding funnel (Figure 1.1) (4).
In this model, as the unfolded protein acquires a more native-like structure, there
are fewer conformations available to sample. The multiple dips in the funnel (Figure
1.1) above the native structure represent the formation of intermediates that either
form non-native structures that require a certain amount of energy to restructure,
or an ‘on-pathway’ intermediate that occupies a metastable state (5). Although this
funnel may appear inefficient, folding under physiological conditions is an efficient

process; some initial unfolded structures appear to have a certain degree of nascent



structure allowing for a ‘head-start’ when folding initiates. Thus, a certain number of
conformations are unavailable for the denatured protein to sample, and even more
sampling limitations come from the side-chains that will interact and the fluctuating

secondary structure.

Figure 1.1- Energy landscape model for protein folding. The funnel shape represents the decrease in
available conformations the protein can sample as it folds. The dips before native state (N) folding are due
to metastable non-native or native intermediates that require a certain amount of energy to change
conformation to continue on the folding pathway. Adapted from Toal and Schweitzer-Stenner, 2014 (5, 6).

Partially folded or misfolded intermediates may potentially interact with
each other due to their exposed hydrophobic groups, which are normally buried in
the native conformation, and can lead to aggregation (7). The drive to bury
hydrophobic regions from the hydrophilic environment, such as in protein folding,
also drives aggregation. Aggregates structures can range from well-structured
fibrillar amyloid to an amorphous structure. Misfolded proteins and aggregates tend
to be toxic to cells by interrupting regular cellular function and removing essential

proteins due to aggregation of their folding intermediates. Aggregation is linked to



numerous diseases, including various neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, Huntington’s, and of interest for this project, Amyotrophic

Lateral Sclerosis (ALS) (8).

1.2 Amyotrophic Lateral Sclerosis

ALS is a fatal motor neuron disease typically with adult onset that specifically
targets neurons of the spinal cord, brainstem and cortex (9). Motor neurons are
responsible for relaying signals to voluntary muscles; however upon death of motor
neurons, they become incapable of carrying signals and cause muscle atrophy (9,
10). This leads to the eventual loss of vital muscle control in the individual,
commonly followed by respiratory failure (10). ALS is postulated as a protein
misfolding disease and can be either sporadic or familial, occurring due to unknown
causes or genetically inherited, respectively. There are many genes where mutations
linked to ALS have been identified in patients, one well studied is the sodI gene,
which encodes Cu, Zn-superoxide dismutase 1 (SOD1). For sodI-linked ALS, the
familial ALS (fALS) is autosomal dominant and is associated with the chromosome
21q (11). The sodl gene encodes an enzyme called copper, zinc-superoxide
dismutase-1, and mutations in SOD1 account for 20% of familial ALS with over 180

mutations identified to date (see ALSoD http://alsod.iop.kcl.ac.uk) (12-14)

1.2.1 Cu, Zn Superoxide Dismutase-1
Mature superoxide dismutase is a homodimeric metalloenzyme found mainly
in the cytoplasm with minimal amounts found in the mitochondrial inner membrane

space (9, 12, 15). SOD1 has 153 amino acid residues per subunit, with a molecular



weight of 32 kDa as a dimer (10). Each monomer forms an intrasubunit disulfide
bond between Cys57 and Cys146 (Figure 1.2) (16) and also binds a structural zinc
ion, which binds at residues His63, His71, His80 and Asp83, and a catalytic copper
ion binding to His46, His48, His63 and His160 (17). Two functional loops are the
electrostatic loop, responsible for guiding the superoxide to the active site, and the

zinc-binding loop (18).

Figure 1.2- Ribbon structure of holo superoxide dismutase 1. Holo SOD1 consists of two 8-stranded Greek
key beta-barrel monomers, with one zinc ion (black sphere) and one copper ion (orange sphere) per
monomer. The red represents the Cys57-Cys146 disulfide bond and two free cysteines at positions 6 and
111, and loop IV (yellow) contributes to the dimer interface and zinc binding and loop VII (blue) is the
electrostatic loop. Adapted from Broom et al., 2014 (19).

SOD1 acts as an antioxidant defense against toxic superoxide (O27) radicals
(9). Superoxide is formed naturally as a byproduct of many cellular processes (e.g.
respiration), and is a product of immune cells such as neutrophils. SOD1 works by
converting toxic superoxide radicals into hydrogen peroxide and molecular oxygen
through opposite two-step reaction (Figure 1.3) (9, 20). In the first step, the enzyme

oxidizes a superoxide anion by reducing the Cu?* in the SOD1 to Cul*, and produces



molecular oxygen (9). The reduced copper reduces a second superoxide, which with

two hydrogen ions form hydrogen peroxide and the copper returns to Cu?* (9).

0, Cut 2H" + 0,

05 Cu?t H,0,

Figure 1.3- Mechanism of superoxide dismutation by SOD1. Superoxide species in cell are very destructive
and with redox reactions, SOD1 is able to convert superoxide to molecular oxygen and hydrogen peroxide.
The Cu*" oxidizes the first superoxide molecule, and the now reduced Cu*" reduces the second superoxide
radical to form hydrogen peroxide. Adapted and modified from Rakhit and Chakrabartty, 2006 (20).

With over 180 different SOD1 mutations identified associated with fALS,
there are multiple hypotheses for the cause of lethal effects in ALS (21). SOD1 knock
out experiments in mice suggest that the pathogenicity of SOD1 is not due to the loss
of the normal function but a gain of toxic function (22, 23). Transgenic mice had a
gain of toxic function when they were exposed to exogenous human SOD1 mutants
associated with ALS (such as G93A). The mice expressed the ALS phenotype for loss
of motor neuron function, regardless of the endogenous mouse SOD1 expression
(23-25). Based on this hypothesis, further experiments involve determining which

maturation form, if specifically one, is responsible for the toxic misfolding of SOD1.

1.2.2 Maturation of SOD1
SOD1 undergoes several posttranslational modifications to reach the mature,
functional homodimeric enzyme. The most immature form of SOD1, known as the

reduced apo SOD1 (from here on referred to as E,E-SOD15H), has no metals bound



and with a reduced disulfide bond. E,E-SOD15H must undergo acetylation of the N-
terminus, bind zinc and copper, form a disulfide bond, and undergo dimerization to
reach its mature form (Figure 1.4) (26). E,E-SOD15H has marginally low stability
compared to other globular proteins but exceptionally low compared to the holo
form of SOD1 (27). After the modifications, SOD1 is an extremely stable
homodimeric protein, referred to as oxidized holo SOD1 (Cu, Zn-SOD15S), with a
high melting temperature (tm) of approximately 92°C (28). It is currently unknown
how the zinc is obtained by SOD1, but it is important not only for normal function
and protein stabilization but for interacting with the copper chaperone for
superoxide dismutase 1 (CCS), which has been shown to play an important role in

copper delivery (29, 30).

® —_—
€
E
ApoSH monomer
) 17
Er—
® —
Zn
E,ZnSH monomer E,ZnSH dimer
ccs lT lT
H
Zn Zn Zn
HoloSS monomer HoloSS dimer

Figure 1.4- Maturation schematic of SOD1. The most immature form, reduced apo (E,E-SOD1%") is the
starting form for maturation. The mechanism by which the zinc ion is obtained is unknown, but it is
thought to be the initial maturation step. The copper chaperone for SOD1 (CCS) binds to E,Zn-SOD1%" to
deliver the copper and oxidize the conserved disulfide bond between Cys57 and Cys146. Modified picture
from Banci et al., 2012 (26).



CCS is comprised of three domains; domains 1 and 3 have a functional role
whereas domain 2 serves as a structural function. Domain 1 binds Cu(I), which
transfers to the SOD1 monomer once domain 2, which is homologous to SOD1
monomer, forms a heterodimer with SOD1 via its normal homodimer interface (16,
26, 31). Domain 3 of CCS is involved in the formation of the disulfide bond between
Cys-57 and Cys-146, via disulfide transfer from Cys-244 and Cys-246 in the CCS (16,
26, 32). Formation of the disulfide bond can occur before any metals are bound
resulting in oxidized apo SOD1 (E,E-SOD15S). The exact order of these post-
translational modifications is not completely clear, however certain processes have
been confirmed to occur sequentially. For instance, Banci et al, found that when
oxidized, zinc bound SOD1 (E,Zn-SOD155), which is predominately dimeric, forms
before the CCS has the ability to add a copper, it will not reach the fully metallated
form as efficiently as reduced, zinc bound SOD1 (E,Zn-SOD15H) (26). The disulfide
bond greatly increases the affinity of the homodimerization of SOD1 that CCS likely
acts on the disulfide reduced SOD1, via formation of a CCS-SOD1 heterodimer. Thus,
metallation has been proposed to occur before disulfide bond formation, and
perhaps the CCS, which prefers forming a heterodimer with a zinc bound state,
catalyzes the formation of the disulfide bond.

The binding affinity of zinc and copper ions to SOD1 is extremely high (Kgq of
~10-1% M and 10-18 respectively) (33) and difficult to measure accurately. Variations
in conditions that affect protein folding, such as denaturant concentration and
temperature, can be used to characterize different transitions of SOD1 that may be

difficult to access (19, 34, 35). Crow et al. used a method that involves destabilizing
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the wild-type (WT) SOD1 with chemical denaturant (3 M urea) and then adding
metal chelators to assess the metal dissociation constants (Kgzn and Kgcu), which
were found to be 2.3x10-1* M and 6.0x10-18 M for zinc and copper, respectively (33).
The SOD1 dimer dissociation was also measured by chemical denaturation, for a Kqq
of ~1.0x10-10 M at pH 7.8 for Cu, Zn-WT5S (wild-type) (36), and <10-8 M at pH 7.8 for
E,E-WTSS (37), indicating tight association and stable dimer. The changes in Kq,4 and
Kq from apoSS to holoSS illustrates how maturation pathway alters the energetics of

the dimer interface and the metal binding affinities.

1.2.3 Energetics of SOD1

A working hypothesis for the cause of ALS is toxic protein misfolding, likely
originating from early maturation forms of SOD1 (19). In cells, SOD1 is found mainly
in the oxidized holo form, however, mutations may alter the populations of other
forms due to changes in the relative stabilities and rates of formation of different
maturation species (19). Thermodynamic stability evaluates the population of
different states at equilibrium and kinetic data describes the conversion rates
between the states; this may involve two-state or three-state (un)folding transitions,
for example (Figure 1.5 and Figure 1.6) (38). The various maturation forms of SOD1
have varying energetics associated with them. The E,E-SOD15H form is the least
stable form of SOD1, and undergoes two-state unfolding (folded monomer, M, to
unfolded monomer, U) according to thermal and chemical denaturation studies (39-
41). However, the oxidation of the sulfhydryl groups to produce the E,E-SOD155 form

slightly stabilizes the folded monomer and strongly stabilizes the dimer interface



(37, 39, 40, 42). E,E-WTSS can populate a folded dynamic monomeric structure at
physiological conditions (27, 40, 43), and kinetic studies indicate that disulfide bond
reduction increases the rate of unfolding (40, 44).In the mature form of SOD1 (Cu,

Zn-SOD15%), the bound metals greatly stabilize the protein relative to E,E-WTSS (28,

45).
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Figure 1.5- Free energy diagram of 2-state unfolding for different maturation forms of SOD1. The Cu,Zn-
SOD1® form is the most stable, mature form of SODI, followed in decreasing stability by the apoSS form
and apoSH as the least stable. This energy diagram depicts a 2-state transition, and the energy difference
for unfolding the native form to the unfolded monomeric species, indicated by AG. The transition state
(TS’) represents the energy barrier for folding, and the conversion from the un/folded to the transition state
represents the kinetic rates. The transition state is depicted at the same free energy for the 3 forms due to
unknown free energies of their respective transition states. Proteins with higher kinetic stability will access
the transition state less and remain in the native form longer.
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Free Energy (G)

Reaction Coordinate

Figure 1.6- Free energy diagram for 3-state transition of SOD1 dimer with monomer intermediate. Native
dimer (N,) is the most stable state for all 3 SODI variants, black, red and blue indicate WT, A4V and
H46R (ALS-associated mutants), respectively. In the 3-state model, there is the formation of a folded
monomeric intermediate that denatures further into the unfolded monomer (U). AGp and AGy are the
change in free energy for dimer dissociation and monomer unfolding, respectively. The transition states are
depicted by TS, and the rates of conversion are depicted by kg, k,, ky, and k¢, for dimer dissociation,
monomer association, monomer unfolding and monomer folding, respectively. Figure adapted from Broom
etal., 2014 (19, 45).

The energetics associated with disulfide bond formation and copper binding
has been a focus of various studies of SOD1, however, there are relatively little
quantitative data on the effects of zinc binding. Zinc binding to SOD1 has been found
to favor CCS binding, and thus promotes copper binding and disulfide bond
formation (26). In recent studies, Kayatekin et al. found that zinc bound readily to a
monomeric variant of E,E-SOD155 of ALS mutants and significantly stabilized the
folded state, however zinc bound with a 750-fold lower affinity to the E,E-SOD15H
form, corresponding to a Kqzn of 75 + 33 nM (46, 47). If zinc binding is truly the

initial maturation step, decreased zinc binding affinity may allow for the reduced
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apo form to aggregate readily, due to the decreased protein stability of the most
immature form, since the dynamics between zinc bound and unbound increases.
ALS may manifest from not only the EE-SOD1SH form but also other
maturation forms. It has been proposed that mutations may cause increased
fluctuations in the metal binding regions leading to metal loss and that mutations
may also interfere with the dimer interface affecting its stability (42, 45, 48, 49).
fALS mutations tend to have the greatest destabilizing effects on E,E-SOD15H,
however certain mutations, such as ones involved in metal binding, showed either
minimal destabilizing or even stabilizing effects (10, 40, 44). Using hydrogen-
deuterium (H/D) exchange, which indicates any structural openings, metal-binding
mutants showed similar structural fluctuations as E,E-pWTSH (pseudo-wildtype)
(50, 51). This may be due to the fact that the stabilizing metal binding mutants such
as H46R tend to add a positively charged group close to where the zinc ion normally
binds. However, the effects of mutations vary for each of the maturation forms as
supported by Broom et al, who studied a range of fALS mutants. Although each
mutation weakened the dimer interface relative to the control (52), they did so to
varying extents, and varied in their monomer stability from being slightly more
stabilizing to significantly destabilizing relative to the pWT control. Studying the
stabilizing effects of fALS variants on other SOD1 forms, such as E,Zn-SOD1SH will

provide further insight on SOD1 maturation and its role in ALS.
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1.3 Isothermal titration calorimetry (ITC)

The stability effect of fALS mutations on other forms such as E,Zn-SOD15H can be
studied with the use of isothermal titration calorimetry (ITC). ITC is a valuable
technique for direct measurement of thermodynamic parameters, for example,
involved in protein subunit dissociation (52), such as change in Gibbs free energy
(AG), enthalpy (AH), entropy (AS), and change in heat capacity at constant pressure
(ACp) (53). ITC involves injections of one solution into the calorimetric cell
containing another solution, causing an exothermic or endothermic reaction. The
heat associated with the reaction is measured for a thermodynamic analysis of the
relationship between the associated heat and concentration of sample in the
reaction cell (Figure 1.7). Traditionally ITC has been used for measuring binding
equilibrium such as ligand binding energetics, enzyme-substrate interactions or

reactions of multimolecular complexes (54).
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Figure 1.7- Isotherm scan from isothermal titration calorimetry for subunit association. Through a series of
injections of reactant 1 into reactant 2 in the reaction cell, there is a decreasing heat associated with each
injection. Eventually the reaction cell is saturated with reactant 1 where there is no substrate left to react
with or the concentrations between the injection and reaction cell are too similar. Integrating the isotherm is
able to give data on the dissociation constant, binding sites (stoichiometry) and the change in enthalpy for
the reaction. Adapted from McMahon (53, 55).

Recently, a useful method for measuring oligomer dissociation, specifically
applied to dimer dissociation, was described for SOD1 (52, 56). ITC experiments are
conducted at a defined temperature, which can allow for the isolation of dimer
dissociation thermodynamics from those of monomer unfolding, provided the two
events occur at different temperatures. Broom et al. found via ITC that the dimer
interface in E,E-SOD15S is less stable as temperature increases, favoring dissociation
(52, 56). As temperature increases, the dissociation occurs more readily and results

in an increase in the heat of dissociation. All of the fALS mutants studied by Broom
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et al, which were chemically diverse and distributed throughout the protein
structure, weaken the dimer interface to varying extents. Thus, the mutations
generally increase the population of monomer, supporting the idea that the
monomer is a species that contributes to ALS. Upon subunit dissociation, there is
large structure disruption involving an increase in exposure of hydrophobic
residues leading to a highly dynamic monomer structure (57, 58). We used ITC here
to investigate the effects of ALS mutations on the dimer interface of E,E-SOD15H as

described further below in Chapters 2 and 3.

1.4 Differential scanning calorimetry (DSC)

A complementary tool to ITC is the differential scanning calorimetry (DSC),
which has been extensively used to study global stability of proteins, including
different forms of SOD1 (28, 37, 40, 43, 50). DSC involves two identical cells, a
reference and sample cell, which are maintained at the same temperature (59, 60).
However, different substances in the cells result in a difference in power required to
maintain the cells at the same temperature. These experiments measure the thermal
transition midpoint (t»), change in heat capacity for unfolding (4C,) and the change
in enthalpy of unfolding (4H) (Figure 1.8). DSC is commonly used to assess global
stability of protein samples by increasing the temperature and allowing the protein
to thermally unfold; a higher tn is indicative of a more thermally stable protein (59-
63). DSC also determines the stability effects that certain sample conditions (e.g.
buffers) have on the protein- if it were stabilizing, the protein would unfold at a

higher temperature, whereas the opposite would be true if it were destabilizing.
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Figure 1.8- Thermogram from differential scanning calorimetry of Protein Thermal Unfolding. DSC scans
provide valuable thermodynamic information especially when fit to specific models such as the 2-state or
3-state models, e.g. as developed by the Meiering group for SOD1 (56). The AC, is derived from the
difference in slopes of the folded and unfolded baselines. The shape and the area under the peak represent
the van’t Hoff and the calorimetric enthalpies, respectively. Excess specific heat is the heat released from
SOD1 during thermal denaturation. Adapted and modified from Bruyants et al., 2005 (4, 60, 64-66).

Broom et al. explored the total stability of E,E-SOD155 dimers using DSC (56).
Many fALS mutations decrease the global stability but some (i.e. H46R and V148I)
increase the stability relative to pWT (56). Each variant DSC scan was fit to a 2-state
(monomer to unfolded monomer, M«>U) and 3-state (dimer dissociation to a folded
monomer intermediate to an unfolded monomer, N2¢>2M«2U) unfolding model.
The fits provided the Gibbs free energy of global unfolding (AG), and fALS mutants
that showed a molecularity (n, number of subunits involved in unfolding) of 2,
exhibited similar values for Gibbs free energy for both models. A molecularity of 2 is

representative of the unfolding reaction is truly 2-state, and the monomer
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intermediates are not significantly populated. The fit values for the dimer two-state
and three-state models differ considerably when the monomer intermediate
formation is favored. The monomer intermediate becomes populated and
observable at lower protein concentration because of mass action (67). Mutants
have varying effects on the stability of the monomer intermediate but all mutants
decrease the stability of the dimer interface. Accordingly monomer formation is
favored when the mutations either considerably destabilize the dimer interface (i.e.
V148G), or increase monomer stability (i.e. H46R or V148I) (56). In addition, the
monomer unfolding was characterized by calculating the difference in global
stability (obtained from DSC) and the dimer dissociation (obtained from ITC) (52,
56).
1.5 Research objectives

Here we investigate the energetics and structural aspects of the E,Zn-SOD15H
form of SOD1 for pseudo-wildtype (pWT) and several fALS mutants in the pWT
background (e.g. with Cys 6 and Cys 111 mutated to Ala and Ser, respectively) using
calorimetry techniques. In E,Zn-SOD15H, the disulfide bond is reduced (SH) and only
zinc is bound in the zinc-binding site of each monomer while the copper site is
empty (E); SOD1 will be replaced with the respective mutant under observation. ITC
was applied to study pWT and various mutants at a range of temperatures to
determine the dimer dissociation energetics. In addition, DSC was used to study the
same variants to obtain information on global stability. Each DSC thermogram was

fit to a 2-state transition (native dimer to the unfolded monomer; or folded to

17



unfolded monomer) and a three-state transition (native dimer to folded monomer
intermediate to unfolded monomer), at varying protein concentrations. The protein
concentration-dependences of the apparent melting transitions were determined
which helped define when the monomer intermediate is populated. The three-state
fitting used parameters obtained by ITC to fix variables relating to dissociation to
allow for the fitting of the energetics for monomer unfolding. All of these results
were compared to a similar study done previously with E,E-SOD15% variants (56,
68). Understanding the energetics and structural details of the E,Zn-SOD15H form
will provide insights into normal SOD1 maturation as well as impacts of fALS

mutants and potentially their role in ALS.
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Chapter 2
Combining ITC and DSC to thermodynamically characterize E,Zn-pWTSH

Author Contributions
Some of the calorimetry results in this chapter (Figure 2.1) have been
published previously (69). Section 2.1 was modified from Culik et al, (69). These

calorimetry data were obtained by Harmeen Deol.
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2.1 Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder that
results in paralysis and ultimately death. About 20% of the familial ALS cases are
linked to mutations in Cu, Zn-superoxide dismutase (SOD1); a 32 kDa homodimeric
protein responsible for catalyzing superoxide radicals into either oxygen or
hydrogen peroxide (70). The mutations are not localized to a certain region in the
protein; rather they are spread throughout the entire protein structure and almost
all result in a gain of toxic function (71). ALS has a characteristic phenotype shared
with other neurodegenerative diseases involving protein misfolding and
aggregation that are implicated in toxicity (19, 72). Although the mechanisms of
protein misfolding and aggregation remain unclear, it is widely accepted that
immature forms of SOD1 contribute to aggregate formation (36, 73-75).

A destabilized protein, such as an intermediate along a maturation pathway
or a mutation, is a likely candidate for misfolding, leading to aggregation (19). The
SOD1 monomer undergoes a series of maturation steps involving zinc and copper
binding, and formation of a disulfide bond. The fully mature monomer undergoes
dimerization through various hydrogen bonding, hydrophobic and water-mediated
interactions (74), and introducing mutations may hinder the maturation process
leading to misfolding and disease related aggregation (76-80). Previous studies have
shown the effects of metal binding on the thermal stability of SOD1 (41, 47, 81) and
acquisition of the copper ion has been studied extensively, particularly for the wild-
type protein (16, 26, 32). However the mechanisms of zinc binding and interactions
of mutant SOD1 with the human copper chaperone (CCS) remain elusive. Zinc
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binding is known to stabilize the protein (47, 50, 82) and the reduced zinc bound
form of SOD1 (E,Zn-SOD15H) is the preferred form for interacting with CCS (26, 32,
83). E,Zn-SOD15H is poorly characterized and there is controversy around it existing
as a monomer or dimer, but recent research supports that zinc binding orients the
zinc binding loop to promote dimerization (84-87). Prior studies have shown two
key findings: inclusion bodies contain metal-deficient and disulfide reduced SOD1
(81, 88, 89), and there is a pool of E,Zn-SOD15H in vivo (90-92). Collectively, these
studies hint at zinc binding, or the lack of maturation post zinc binding, being
responsible for misfolding and thus far the dimer interface of E,Zn-SOD1SH was
poorly described thermodynamically.

In this chapter, we characterize the dimer interface and monomer stability of
E,Zn-pWTSH using isothermal titration calorimetry (ITC) and differential scanning
calorimetry (DSC). ITC is used to define the equilibrium dissociation constant (Kg4),
enthalpy of dissociation (AHg4), and other thermodynamic parameters, such as the
entropy and Gibbs free energy of dissociation (ASs and AGg, respectively). Also, the
specific heat capacity of dissociation (ACpq4) is determined by measuring the
temperature dependence of AHy. We used ITC to characterize the E,Zn-pWTSH dimer
and found it to have a significantly weakened dimer interface compared to the
E,EpWTSS dimer and Cu,Zn-pWT3S dimer. ITC was used to characterize the dimer
interface, and in hopes to dissect the thermodynamics of the monomer, DSC was
used to define the global unfolding of E,Zn-pWTSH. In this chapter, we describe the

difficulty of capturing a homogenous form of SOD1 involving a metal ion with an
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affinity for both the zinc and copper site. Based on the analysis of tmqpp values, the
E,Zn-pWTSH form is thermally less stable than both the E,E-pWTSS, and Cu, Zn-

pWTSS,

2.2 Materials and Methods

2.2.1 Recombinant expression and purification of holo human SOD1

Expressed human pWT SOD1 (varies from wild-type by substituting Cys 6 and 111
with Ala and Ser, respectively)(40, 93) was expressed in Escherichia coli (strain
QC799) cells with a pHSOD1ASlacl1 vector as described previously (28, 40, 41).
Protein was purified using osmotic shock to release SOD1 from the periplasm and
hydrophobic interaction chromatography to separate hSOD1 from other proteins
present. Purity was determined using a sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE).

2.2.2 Demetallation and reduction of holo SOD1

All chemicals are from BioShop Canada, unless otherwise stated. Holo SOD1 was
demetallated through pH-induced unfolding and metal chelation using
ethylenediaminetetraacetic acid (EDTA) as described previously (28, 70). Complete
removal of metals was confirmed by differential scanning calorimetry, providing a
characteristic tm. The disulfide bonds formed by Cys 57 and 146 was reduced using
chemical unfolding with 2 M guanidine hydrochloride followed by reduction with
TCEP-HCI (40). Protein concentration was measured by the absorbance and the

molar extinction coefficient of 5,400 M-1 cm for SOD1 monomer at 280nm (94).
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Reduction of the sample was confirmed by iodoacetamide modification of the free

thiols and subsequently run on a SDS-PAGE (44).

2.2.3 Titration of Various Zinc Stoichiometry

A range of stoichiometric equivalents (0.5-2) of zinc sulfate (Fisher Scientific) was
added to a reduced apo pWT sample, followed by an anaerobic incubation at
ambient temperature. Correct metal status was verified using a chelator, 4-(2-
pyridylazo)rescorcinol (PAR, Sigma-Aldrich). The assay was adopted from Crow et
al. (33) and Mulligan et al. (95) as modified by the Meiering lab (96) (further

explained in S2.0).

2.2.4 Using isothermal titration calorimetry (ITC) to measure dimer dissociation

ITC experiments were performed to characterize the dimer interface by measuring
the heats of dissociation as described previously (97, 98) using a Microcal
[sothermal Titration 200 instrument (Microcal Inc, Northhampton, MA). A
concentrated sample of E,Zn-SOD15H (0.934-1.14 mM dimer in 20 mM HEPES and 1
mM TCEP (pH 7.4)) was prepared using ultrafiltration concentration. Small volumes
(0.2-0.5 uL) of the sample were injected into the reaction cell containing an identical
buffer, to measure the heat associated with dissociating the dimer. The dissociation
was measured at a range of temperatures (10-37°C). Integrating the power versus
time trace quantified the heats for each injection. The heat plots were fit using
Microcal Origin 7.0 (Microcal Inc, Northhampton, MA, USA) to a dimer dissociation

model (97, 98) using (Eq. 2.1):
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q; = VAHd([Mi]_[Mi—l](l_%)_fm [Mo]€)+qdil (Eq. 2.1)

where ¢, is the heat of dissociation normalized per mol of total monomer injected, i

is the injection number, V is the reaction cell volume, AH, is the enthalpy of dimer
dissociation (per mole of total protein as monomer), v is injection volume, [Mo] is
the total monomer concentration in the syringe,[M i—l] and [M l.] is the total protein
concentration in the cell before and after injection respectively, and ¢, is the heat
of titrant dilution not related to dissociation. The fraction of monomer, f, , present

in the syringe is described by (Eq. 2.2):

_4U4]VKQ+JK3+8KAAQU (Eq. 2.2)

where K|, is the dissociation constant from driving reduced E,Zn-pWT dimer (N, )
to folded monomers (M) ,N, = 2M . When fitting, AH,, g, and K, were set as

floating parameter and were used to calculate AG,(T,, ) using (Eq. 2.3):

Xp

AG(T..)=—RT

exp exp

InK (T..) (Eq. 2.3)

exp

where R is the universal gas constant.

2.2.5 Zinc titration using ITC

Zinc titrations were performed using ITC (Microcal Isothermal Titration 200
instrument (Microcal Inc., Northhampton, MA)) in a more commonly used manner
to assess zinc affinity for both metal-binding sites in E,E-SOD15H. Both protein

sample and titrant were degassed thoroughly prior to experiments, and the
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reference cell was filled with MilliQ water. Volumes of 0.35 uL of ZnS04 (0.193 mM
and 0.394 mM, Fischer Scientific) were injected into samples of pWT (0.0042 mM
and 0.0079 mM, respectively) in 20 mM Hepes, 1mM TCEP at pH 7.4. Data were fit to

a 2-site sequential binding model built into Microcal Origin 7.0.

2.2.6 Differential scanning calorimetry (DSC)

DSC experiments were performed as described previously (28), using an LLP cap
DSC (MicroCal Inc., Malvern Instruments Ltd.). Varying concentrations of samples
(0.68-4.143 mg mL1) in 20 mM Hepes, 1 mM TCEP at pH 7.4 were scanned at a rate
of 1 °C minute-l. Prior to data fitting, each protein scan has the reference scan, buffer
versus buffer, subtracted from it and normalized to the protein concentration. Each
scan was fit to both 2-state and 3-state with monomer intermediate models using
Microcal Origin 7.0 (Microcal Inc., Northampton, MA, USA), represented by (Eq. 2.4)

and (Eq. 2.5) respectively (28, 37, 99):

bAR: (1) (a(l—a)j
= - < Eq. 2.4
C,=(A+Br)(1 a)+(E+Ft)a+( s ] >, (Eq. 2.4)
C,=(-a)A+Br)+a,(1-a,(C+Dn+aa,(E+Fr)+
|:b1Ahcal,N2<—>2M (t)+ az2b2Ahcal,MHU (t):|Ahcal o (l’) a[(l - al) +
RT - 2-a,

(Eq. 2.5)

blAhcal,NZHZM(t)+322b2Ahcal,M<—>U(t) 3132(1—31)+ bZAh“”LMZHU(t) aa,l-a,)
RT 2-a, RT

Ahcal,MHU (t)
where C, is the total specific heat absorption at temperature, t (in Celcius); A (E)
represents the intercepts of the folded (unfolded) baseline; B (F) is the slope of the

folded (unfolded) baseline; « is the extent of protein unfolding; S is the molecular
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weight of the dimer multiplied by the ratio of van’t Hoff to calorimetric enthalpy;
Ahcal is the specific calorimetric enthalpy of unfolding at unfolding; R is the universal
gas constant; T is the temperature in Kelvin. The subscripts 1 and 2 are notation for
dimer dissociation (N2¢»2M) and monomer unfolding (M«>U), respectively, and

derivations are defined in A1.0.

2.3 Results and Discussion
2.3.1 The SODI dimer interface is less stable in E,Zn-pWT>" than in E,E-pWT>

Through the wunconventional use of ITC, the dimer interface was
thermodynamically characterized (Table 2.1) by driving the dimer to dissociate in
the calorimeter cell. When the predominately dimer sample (83-90% dimer in the
syringe) dissociates in the ITC cell, small endothermic heats are observed that when
integrated, result in small enthalpies of dissociation (Figure 2.1A, B). Fitting the
integrated heats to a dimer dissociation model showed the interface for E,Zn-pWTSH
has a Kgq of 51pM and AHgq of 4.0 kcal (mol monomer)-! at pH 7.4 at 25°C. These
values suggest a weak dimer interface relative to EE-pWTSS (52). To further
characterize the E,Zn-pWT5SH dimer, the temperature-dependence of the dissociation
enthalpy was measured over a range of 15-37°C. It was found that with increasing
temperature, the dissociation heats increase and the interface weakens as expected
for endothermic dissociation (Figure 2.1C). From the linear temperature
dependence of AHg, the change in heat capacity upon dimer dissociation, ACp,q4, was
measured as 0.22 * 0.01 kcal (mol monomer)-! (Table 2.1, Figure 2.1). This value

was determined using data for a temperature range of 15-32°C, and measurements
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taken at the physiological temperature of 37°C were omitted due to the AHq value
being larger than predicted from the linear trend (Table 2.1, Figure 2.1). This
deviation may be accounted for by additional heats from processes such as partial

monomer unfolding upon dissociation at higher temperatures (see section 2.2).

Table 2.1. ITC measurements of the dimer interface of E,Zn-pWT>" at varying temperatures.

T T 3 o
SOD1 Temperature Kd,dl AHq ASq AGy AAGy
rutant °C) (M) (kf:al ; (kf:al ; (kf:al ; (kf:al ;
(mol dimer) ) (mol dimer) ) (mol dimer) ) (mol dimer) )
pWT 15 71 £62 1.79 £ 0.62 -0.0128 £ 0.0002 5.47+0.05 -0.39
20 25+5 3.11 +£0.46 -0.0104 £ 0.0005 6.18+0.06 0.31
25 51+41 4.01 £0.92 -0.0062 £ 0.0004 5.86+0.04 na
30 42 +21 5.16 +1.57 -0.0030 £+ 0.0006 6.08 £ 0.04 0.21
32 45+ 8 5.6+0.28 -0.0016 £+ 0.0005 6.08 +£0.03 0.21
37 66 + 8>° 7.13+£0.147°  0.0039+0.0003  5.93+0.01 0.07

na, not applicable.

'Values are from fitting the integrated heats from ITC to a dimer dissociation model (Eq. 2.1).
*The first data point included heats from processes other than dissociation.

Experiments were not repeated; therefore error is from the fit, not multiple experiments.

(oG )(aH )
T

*Values were calculated using oS =
>Values were obtained from K, using Eq. 2.3.

SDifference of free energy mutant relative to pWT, AAGd =aG GPWT . Positive values represent destabilizing

mutant 2

free energy.
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Figure 2.1. ITC of dimer dissociation for E,Zn-pWT*" SOD1. A) Representative raw ITC isotherm of
E,Zn-pWT*" at 25°C. Each endothermic peak corresponds to the injection of concentrated (0.55-2.20 mM)
E,Zn-pWTSH into an identical buffer of 20 mM HEPES and 1 mM TCEP, pH 7.4. The heat measured for
each peak results from the dimer dissociating in the reaction cell, which decreases with each successive
injection due to the increase in protein concentration in the cell. (B) Integrated heats, q, from the raw data
are plotted against protein concentration of the monomer (diamonds) which is fit to a dimer dissociation
model (dashed line). (C) Integrated heats, q, for various temperatures overlaid with their respective fits to
the dimer dissociation model (solid line), which show a weakened interface at higher temperatures. Data
are offset for clarity. (D) Kirchoff plot of AHy4 dependance on temperature. The AC,, determined from the
slope, is 0.22 + 0.01 kcal (mol monomer)'°C™". Error bars were obtained from the fit values.

28



Traditionally, ITC is used to assess the interaction between two different
binding partners, such as the binding affinity of a ligand to its cognate protein. Zinc
has an extremely high affinity for the zinc site of E,E-pWTSH (75 nM) (100), but also
has the ability to bind to the copper site of E,E-pWTSH with a relatively lower affinity
(100 uM) (69). Although zinc has a high affinity for the zinc site, the affinity may be
weakened for the monomer relative to the dimer, such that the initial ITC injection
into the calorimeter cell might drive zinc release upon dimer dissociation. Zinc
titrations into E,E-pWTSH were monitored by ITC to ensure the dimer dissociation
ITC experiments are measuring only heats from dimer dissociation and do not
include zinc release upon monomerization. For the zinc titrations, protein
concentrations were chosen to be low to ensure minimal protein dimerization upon
zinc binding (>80% monomer), as well as to be representative of the protein
concentration in the calorimeter cell after the initial injection in the ITC dimer
dissociation experiment. The initial injection commonly results in the highest
observed heat in the experiments (i.e. relative to subsequent injections) because the
percent of protein that dissociates upon injection is highest due to mass action
(Figure 2.1A). However, as we show here for pWT and for mutants in Section 3.3.2,
such zinc dissociation is likely minimal.

Measuring quantitatively the binding of zinc to E,E-pWTSH is at the limit of
ITC capability (<10¢ M (101)), yet ITC can nevertheless be used qualitatively to
assess zinc binding to both metal sites in SOD1. Figure 2.2 represents the zinc
titration performed on E,E-pWTsH at two protein concentrations, 4.2 uM and 7.9 pM

total monomer, while Figure 2.3 gives a schematic of metal binding and SOD1
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subunit association processes that may occur during the ITC experiment. The zinc
ITC results for E,E-pWTSH agree with previous findings of the zinc binding to the zinc
site being very tight (75 nM) (69, 100); the observed heats up to ~1 equivalent of
added zinc is referred to as Phase 1 (green dashed line in Figure 2.2, process 1 in
Figure 2.3). Zinc binding to the copper site has a significantly lower affinity to E,Zn-
pWTSH (~80 uM, (69)), and the combined calorimetry data obtained here (ITC
(Figure 2.2) and DSC (section 2.3.2)) indicate there is an additional process
producing heat during the second zinc binding, referred to as Phase 2 (blue dashed
line in Figure 2.2, processes 2 and 3 in Figure 2.3). The protein concentrations of 4.2
and 7.9 pM used for the EE-pWTSH zinc titration are well below the dimer
dissociation Kgq for E,Zn-pWTSH of ~51 uM (Figure 2.2, Table 2.1), ensuring that
when zinc binds during Phase 1 there is limited dimerization (Figure 2.3). However,
this appears not to be the case for the second zinc binding during Phase 2. In Phase
2 of the ITC experiment adding additional zinc results in smaller heats relative to
Phase 1. We interpret these heats as arising from a combination of zinc binding and
protein dimerization for the following reasons. First, experiments performed at
higher protein concentration for predominantly dimeric E,Zn-V148ISH (Section
3.3.2) exhibit smaller heats in Phase 2 (process 5 in Figure 2.3), relative to Phase 2
in E,E-pWTSH (process 2 and 3 in Figure 2.3), that presumably reflect relatively
small heats for weakened Zn binding to the copper site. These heats in Phase 2 for
E,E-pWTSH included the second Zn binding and dimerization, whereas due to the
high concentration of V148], it is already a dimer upon Phase 2, and thus heats are

only from second Zn binding. Second, DSC of reduced pWT with various Zn
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equivalents (see Section 2.3.2) show a significant tmapp dependence on SOD1
concentration that is consistent with a high affinity dimer interface in Zn,Zn-pWTSH
(35). Additional zinc equivalents can drive the Zn to bind to the copper site of a
dimer, or to a monomer and simultaneously causes the now Zn,Zn-pWTSH to
dimerize, hence the heats are from zinc binding and dimerization. If the Zn,Zn-
pWTSH form is indeed dimerizing, it has a significantly tighter interface than the
E,Zn-pWTSH dimer, because the observation of dimerization at such a low protein

concentration means the K, is increased.

0 _
i °
i % s} o

: '2 7. 1 ';(\’( O™ )
— 195 O
§ <1 10 I'SeideMacrs
= o -0, SO OGS
- 1 1 Yo~ 0%% %
S 6 # i i = O
= I I
t 8 T i
N e b | ®7.9uM
— =10 ‘. I
2 : ®4.2uM
Ea2] oF |
— e, O I
© 14 | 8% 1
.g 3.. : :
~ -16 i 1
o I i

-18 —1

o
N
N
w

4 5 6
Zinc Equivalents

Figure 2.2. Zinc titration ITC isotherm with varying concentration of E.E-pWT*. E.E-pWT*" (at two
different concentrations, 4.2 uM and 7.9 uM) binding zinc in the first site (Phase 1, green dotted line)
results in very large exothermic peaks. The smaller exothermic peaks for the zinc binding to the copper site
(Phase 2, blue dashed line) are due to its decreased binding affinity and potential dimerization.
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Figure 2.3. Zinc binding equilibrium to reduced SOD1. At low protein concentrations (0.0042-0.0079 mM)
(Section 2.3.1 and 3.3.2), zinc titrating heats in Phase 1 are from process 1, and in Phase 2 it is from
processes 2 and 3. At high protein concentrations (Section 3.3.2), Phase 1 has heats from processes 1 and 4
being coupled, followed by Phase 2 heats from process 5.

It is of interest to compare the characteristics of the dimer interface in E,Zn-
pWTSH with other forms of SOD1 to better understand maturation. Comparing
effects of oxidation of the disulfide bond relative to zinc binding on the dimer
interface revealed the Kgq for E,E-pWTSS dimer is 67 nM (56), thus the dimer
interface in this form of SOD1 is 1000-fold tighter than the E,Zn-pWTSH dimer (51
uM) . Other studies support our results using different methodologies showing the
equilibrium for the E,E-pWT>S form favors dimer more than the E,Zn-pWTsH form
(84), which is consistent with the results presented here. The ACpq for E,E-pWTSS
was determined previously to be 0.85 * 0.1 kcal (mol monomer)-! (52) indicating a
relatively large structural change in the protein upon dissociation. The values of
ACpq and ACp of monomer unfolding relative to each other determine whether the
dimer or monomer form predominately contribute to structure formation. The AC,

of unfolding for the E,E-pWTS monomer is considerably smaller than expected for a
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well folded monomer of this size, suggesting formation of the dimer significantly
contributes to structural formation (56). In contrast, the small AHq and ACpq for
E,Zn-pWTSH suggest relatively little structural change upon dissociation, indicating
that structure formation arises predominately from the monomer, rather than from
the formation of the dimer. This hypothesis is supported by DSC results for E,Zn-
pWTSHwhich suggest the zinc-bound monomer has a relatively high T app of 55.8°C
(Section 3.3.4).

This weakened interface of E,Zn-pWTSH based on the ITC results above agree
with previous studies that have shown at least a fraction of this form existing as a
monomer (26, 44, 84, 102, 103), although no prior studies have precisely
quantitated the strength of the interface thus far. E,Zn-pWTSH is proposed to bind
transiently to the CCS and continue along the maturation pathway (26), suggesting
having a strong dimer interface would not be advantageous. Despite the
requirement that a monomer bind to the CCS, transient homodimerization of E,Zn-
SOD15H may nevertheless provide protection against aberrant interactions due to

exposed dimer interfaces.

2.3.2 DSC of E,Zn-pWT™ global unfolding

DSC was used to investigate the global protein unfolding of E,Zn-pWT5sH. It is
of note that the pWT background is thermodynamically similar to the wild-type, but
less prone to aggregation arising from the formation of aberrant disulfide bonds;
thus this background is amenable to thermodynamic analysis, as has been

conducted previously for other forms of SOD1 (28, 37, 41, 104). Instead of giving a
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characteristic single peak as observed for prior studied forms of SOD1 (28, 37, 56),
the unfolding endotherm for E,Zn-pWTSH is a broad peak with multiple transitions
(Figure 2.4A). The DSC scans were performed at 0.68-2.30 mg/mL, corresponding to
concentrations of 34-53% monomer, respectively at 25°C based on the measured
Kga from ITC (Table 2.1). In principle, during thermal unfolding one might expect
only two processes: dimer dissociation and monomer unfolding, however, a third
process involving unfolding of a more thermally stable species is also observed
(tm,app at 62°C, purple dashed line in Figure 2.4A). Prior DSC data on apo forms, E,E-
pWTSH (40)and EE-pWTSS (56), results in a single peak for global unfolding,
however, adding Zn significantly complicated the endotherm with additional forms
becoming populated. The tmapp (temperature at which the maximum of the
thermogram occurs upon visual inspection), at ~57°C (green dashed line in Figure
2.4A), corresponding to the initial region of the unfolding thermogram, remained
constant and independent of protein concentration, which is indicative of a
monomeric form. However the second transition (purple dashed line in Figure 2.4A)
shifts to higher tm,app with increasing protein concentration, which is characteristic
of a dimer form. In attempts to dissect the different forms contributing to the E,Zn-
pWTSH thermogram, varying zinc stoichiometry and protein concentration were

studied.
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Figure 2.4. DSC of the disulfide reduced pWT as a function of varying equivalents of Zn. Each scan was
offset for clarity, with the lowest concentration being the lower of the three scans and the highest
concentration being at the top of each plot. The different dashed lines represent the t,, of different forms,
E,E-pWT* monomer (blue line, obtained from Vassall ez al., 2011), E,Zn-pWT*" monomer (green line,
maximum of the thermogram for 0.5 Zn equivalents), and Zn,Zn-pWT*" dimer (purple line, maximum of
the thermogram for 2 Zn equivalents at 1.30 mg/mL), respectively. A) Endotherm of 1 Zn equivalence at
varying protein concentrations in 20 mM Hepes, | mM TCEP, pH 7.4. 1 Zn equivalence concentrations
were 0.68 mg/mL, 0.98 mg/mL, 1.54 mg/mL and 2.30 mg/mL. B) Thermal unfolding of disulfide reduced
pWT with half a zinc equivalents at increasing protein concentrations. Half a Zn equivalents concentrations
were 1.16 mg/mL, 1.85 mg/mL, and 2.96 mg/mL. C) Consecutive thermograms of Zn,Zn-pWT*" are
shown. 2 Zn equivalents concentrations included 0.72 mg/mL, 1.30 mg/mL, 2.34 mg/mL and 4.14 mg/mL.
(D) Overlay of disulfide reduced pWT (1.16 mg/mL, 0.98 mg/mL and 1.30 mg/mL) at varying zinc
equivalents (0.5, 1, and 2, respectively) to understand which forms are unfolding in E,Zn-pWT"". Data is
normalized to overlay with the endotherm of E,Zn-pWT>".

35



2.3.3 DSC at varying zinc concentrations uncovers the population of multiple species
during thermal unfolding of E,Zn-pWT™"

Measuring the total protein unfolding at various zinc equivalents relative to
SOD1 concentration explained the broadness of E,Zn-pWTSH DSC endotherm. At half
zinc equivalent, there was significant peak broadening due to the increased forms
present (Figure 2.4B). In principle, multiple Zn-bound species may be populated due
to the following: affinity of different SOD1 species for Zn, protein concentration, and
Zn concentration. Therefore protein sample can include monomer with 0-2 Zn
bound, and dimer with 1-4 Zn bound. Prior to thermal unfolding, there is at least
half E,E-pWTSH present, which unfolds at 48°C (blue dashed line in Figure 2.3B). The
tmapp at 57°C (green dashed line, Figure 2.4B) remains constant regardless of
increasing protein concentration, which is representative of monomer unfolding, as
observed in section 2.3.2. Due to the consistent tmapp for both half Zn equivalents
and 1 Zn equivalence, this tmapp is indicative of E,Zn-pWTSH monomer (Figure
2.3A,B). This implies the dimer dissociation occurs at a lower temperature, and the
larger heats at the initial endothermic transition of E,Zn-pWTSH result from
monomer unfolding. In comparison to E,E-pWT5S monomer, which unfolds at 59.5°C,
metal binding is less thermally stabilizing than disulfide formation (56). However as
protein concentration increases an additional peak is observed ~62°C (purple
dashed line, Figure 2.4B), which increases with increasing protein concentration
indicative of dimer-like behavior; this was also observed with 1 zinc equivalent

(purple line in Figure 2.4A, Section 2.3.2). This more thermally stable species
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occurring at ~62°C (purple dashed line in Figure 2.4A-C) was defined by the
thermogram for Zn,Zn-pWTSH form (Figure 2.4C). Zn,Zn-pWTSH endotherm has a
very characteristic increase in tm,app With increasing protein concentration, which is
consistent with this form existing as a dimer. This further reinforces that Zn,Zn-
pWTSH dimer has a strong interface because its dimer unfolding occurs at high
temperatures, similar to the conclusions made with the zinc titration using ITC
(Section 2.1). In addition, Zn,Zn-pWTSH dimer is more thermally stable than E,Zn-
pWTsH dimer, which is intuitive since zinc binding in the copper site may have
similar to the stabilizing effects on the interface from copper binding in fully mature
Cu,Zn-SOD15S. Although zinc binding to the copper site has a lower affinity,
dimerization of Zn,Zn-pWTsH prevents the release of the zinc on the copper site,
allowing for a single transition to be observed. As may be expected, Zn,Zn-pWTsH is
less stable than Cu,Zn-pWTSS, due to the inability of the second zinc to completely
imitate copper, and the lack of the disulfide bond.

Similarly, previous studies have reported difficulties with observing a single
transition endotherm for a metal-binding protein, like SOD1 (47, 105, 106), where
the endotherm shows multiple transitions. The thermogram for E,Zn-pWTSH was
dissected into the initial peak at ~57°C corresponding to E,Zn-pWTH monomer and
the second transition at ~62°C belonging to Zn,Zn-pWTSH dimer. In Figure 2.4D, the
overlay of the half zinc equivalent and double zinc equivalent overlap with the one
zinc equivalent endotherm and cumulatively describe the 2 zinc per dimer

endotherm well. Initially the E,Zn-pWTSH dimer dissociates at low temperatures due
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to its weakened interface and then the resulting monomers begin to unfold (green
dashed line in Figure 2.4A) which release their zinc. This free zinc can then bind to
remaining folded E,Zn-pWTSH monomer to form Zn,Zn-pWTSH, which then dimerizes
and unfolds in a 2-state manner at ~62°C (purple dashed line in Figure 2.4A). The
ability for the zinc to shuffle and bind to the copper site creates difficulty in
capturing solely E,Zn-pWT?>H, but also incorporates additional heats from processes
such as zinc dissociation and association, as well as dimerization. DSC data was fit to
various models: 2-state monomer, 2-state dimer and 3-state dimer with monomer
intermediate unfolding, and the fits poorly described the endotherm (Figure A1.1-3,
Table A1.1-3).

A prior study disregards the ability of the zinc to disassociate and bind to the
copper site during thermal unfolding, and oversimplifies their thermograms for
other forms of SOD1 (47). For instance, the multiple forms present in the
thermogram of half zinc equivalent with a reduced disulfide bond (Figure 2.4B) is
contrary to previous research done with the disulfide bond intact that claimed to
have a homogenous species of E,E-pWT3S-E,Zn-pWT5S heterodimer (47). Instead of a
broad asymmetric peak observed for half zinc equivalent in the reduced form
(Figure 2.4B), the half zinc equivalent with the disulfide bond gave distinct peaks
with minimal overlap. They concluded the initial peak belonged to dimer
dissociation of the E,E-pWTSS-E,Zn-pWTSS heterodimer and the E,E-pWT3S unfolding,
followed by the now E,Zn-pWT5> monomer forming a E,Zn-pWT3S homodimer which
then unfold at the later peak. However, there appears to be zinc shuffling occurring

considering the thermogram with Zn,Zn-pWT5S unfolded at roughly the same tm,app
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as their claimed E,Zn-pWTSS-E,Zn-pWTSS homodimer tmapp. The slight variation in
tmapp between the two thermograms can be accounted for by various populations
existing with the E,E-pWTSS-E,Zn-pWTSS heterodimer. Less of the protein fraction
exists as Zn,Zn-pWT>*Shomodimer, compared to one homogenous population in the
Zn,Zn-pWTSS homodimer, hence the increased dimer shifts to higher tmapp.
Oversimplifying the DSC thermogram can lead to mischaracterization of thermal

stability of metal-binding proteins and their various forms.

3.0 Summary

Through ITC, it was confirmed that E,Zn-pWT5sH is able to dimerize, although
not as strongly as other maturation forms of SOD1. Recent studies used NMR to
structurally characterize E,Zn-pWTSH, and found binding of zinc structures the
electrostatic loop and favours dimerization of E,Zn-pWT>H (69). When comparing
zinc binding to disulfide formation, it is abundantly clear that zinc bound forms exist
as a weaker dimer and a less thermally stable monomer. The weakened dimer
interface may allow for the CCS interaction to be transient, however, the ability to
form weak homodimers may help protect against aggregation and proteolysis (107).
Upon monomer formation, there is an increase in exposed hydrophobic residues
that may aberrantly interact with itself and other proteins. Considering there is
more SOD1 than CCS in the cell, it would mean that multiple SOD1 are catalyzed by
one CCS, resulting in a potential backlog of SOD1 waiting to mature. These awaiting
immature monomeric forms of SOD1 have an increased chance to non-natively

interact to form aberrant stable structures (108, 109).
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Previous studies have also found that metal bound forms of SOD1 have a
decreased susceptibility to proteolysis compared to their metal-free counterparts
form (107), which is likely due to the restructuring that occurs upon zinc binding
(95). The thermal stability of the E,Zn-pWTsH form results from the structure of the
monomer and not the act of dimerization proven by characterizing the interface
through ITC, and thermal unfolding through DSC. Studies have found structurally,
the EE-pWTSH monomer has taken on a more open B-barrel structure with
increased fluctuations in the loops, however with Zn addition, the protein
structurally resembles that of the Cu, Zn-pWT5s (69, 110). Both loops have high
conformational freedom without the zinc or disulfide bond being present, which
reduces affinity for dimerization (85), but binding the zinc ion leads to the zinc
binding loop and electrostatic loop becoming more structurally restricted (69). This
significant structural change agrees with the large change in heat capacity seen
upon zinc binding (47).

Thermal unfolding of the E,Zn-pWTSH form revealed multiple transitions
occurring, which were attributed to zinc shuffling (47, 106). Using various zinc
equivalents, the thermogram was dissected into the initial transition corresponding
to E,Zn-pWTSH monomer unfolding and the later half of the transition representing
Zn,Zn-pWTSH dimer unfolding. With the ITC data for the zinc titration of E,E-pWTsH,
the binding of the second zinc to the copper site leads to the formation of a strong
dimer interface, which agrees with the DSC thermogram of Zn,Zn-pWTSH (Figure
2.2). However, both the ITC and DSC concluded the dimer interface of E,Zn-pWT5H is

significantly weaker than other mature forms. This may be why it is the preferred
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binding partner for CCS considering other forms with tighter interfaces, have been

found to bind irreversibly.
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Chapter 3
Thermodynamic characterization of E,Zn-SOD15H fALS mutants
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3.1 Introduction

SOD1 undergoes multiple post-translational modifications to reach its highly
stable homodimer native form (72). Previous studies indicate that maturation starts
with the E,E-SOD15H monomer binding zinc through a currently unknown process to
form E,Zn-SOD15H (26, 87). The copper chaperone (CCS) dimerizes with a E,Zn-
SOD15H monomer and catalyzes both the copper binding and disulfide formation to
produce Cu,Zn-SOD155 (29). Mutations may affect the various post-translational
modifications, which may hinder proper maturation of the protein and promote
misfolding and aggregation. To understand where the process may deviate from the
norm, one needs to understand all the maturation steps including one of the least
characterized forms of SOD1, E,Zn-SOD15H. Various studies have reported that some
fALS mutants have a decreased affinity for binding zinc, and suggest that the EE-
SOD1%H may be a key toxic species (33, 78, 94, 111, 112). As well, relative to the
dimer dissociation of E,E-WTSS, with a Kqq value of 67 nM (56), and the dimer
interface of E,Zn-pWTSH form is ~1000-fold weaker than that of EE-pWTSS, it
indicates that the formation of the disulfide bond is more stabilizing for the dimer
interface than zinc binding (43, 69, 85, 100). Decreased zinc affinity in fALS mutants,
combined with a weakened dimer interface may explain why the interaction
between mutant SOD1 and CCS may be disrupted (69, 113). This is further
supported by studies that found some fALS mutants have zinc free populations,
which is implicated in impairing the functionality of CCS (26, 32, 83). Recent
research has shown that overexpression of CCS and copper can restore maturation
of unstructured mutant SOD1 species that are unable to bind zinc (112).
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In this chapter, we used ITC and DSC in a similar way as described in chapter
2 to define the dimer interface and monomer thermodynamic parameters for fALS
mutants (A4V, H46R, V148G, and V148I) in the E,Zn-SOD15H form. Using both
calorimetry approaches allows dissecting the two-step process of monomer folding
and dimerization into its individual components, and discerning their relative
contributions to stability. We found that aside from V148, the mutants have
significantly weakened dimer interfaces compared to pWT. For mutants with
weakened dimer interfaces, we found that the DSC reported mainly on monomer
stability. However for the stabilized V148I mutant, the thermal unfolding resembled
that of the pWT, with multiple processes observed. Thus the mutants have a range

of impacts on both the dimer and monomer E,Zn-SOD15H stability.

3.2 Methods

Methods for the preparation of mutant E,Zn-SOD15H and their analysis by ITC and
DSC were as described in Section 2.2. for E,Zn-pWTSH SOD1.

3.3 Results and Discussion
3.3.1 Rationale for selected mutations

In this chapter, four fALS mutants are characterized: A4V, H46R, V148G and
V148l], all in a pWT background. These mutants were chosen because they have
been previously well characterized thermodynamically and structurally for other
forms of SOD1 previously, but not yet for the E,Zn-SOD15H form. A4V is a dimer
interface mutant with one of the shortest average disease durations (~1 year); in
contrast H46R is a metal binding mutant in the copper-binding site and has one of

the longest average disease durations (~18 years). V148G and V148l are dimer

44



interface mutants that differ greatly in their thermodynamic stability (28, 40, 56)
and aggregation propensities (34, 114), but are both associated with short disease
durations (~2 years). Thus, these mutations represent both diverse structural and

disease impacts.

3.3.2 fALS mutants E,Zn-SODI*" have varying effects on stability of the dimer interface
relative to E,Zn-pWT™"

Similar to E,Zn-pWTSH in Chapter 2, ITC was used to characterize the
thermodynamics of dimer dissociation for fALS mutants. The dissociation data fit
well to a 2-state dimer dissociation model (N2¢>2M, Eq. 2.1) (summarized in Tables
3.1 and 3.2). Figure 3.1 illustrates that the integrated heats for pWT and the mutants
all have noticeably small heats of dissociation, and small positive ACyq values
(Figure 3.1B) relative to E,E-SOD155 (56). All fALS mutant E,Zn-SOD15H interfaces
are significantly weaker than their E,E-SOD155 counterparts (Table 3.1), supporting
that the formation of the disulfide contributes to a stronger interface than zinc
binding (56, 65). However, unlike the E,E-SODSS form, not all mutations have
destabilizing effects on the dimer interface relative to E,Zn-pWTSH (Table 3.1). The
interface for E,Zn-V148I°H (Kqq of 39 uM at 25°C) is the only mutant seen to be
slightly more stable than that of E,Zn-pWTSH (Kqq of 51 uM at 25°C) (Figure 3.2A,
Table 3.1). However, it is not possible to conclude that the interface stabilities differ
significantly since the Kgq values have considerable variation among experiments
and these values are deemed within error. It is interesting that E,Zn-V148I5H dimer

is similar in strength as in E,Zn-pWTSH, but the interface is weaker for E,E-V148I5S

45



relative to E,E-pWTS3S. This suggests that increased structuring of the dimer interface
upon disulfide bond formation results in the effect of the mutation becoming more
pronounced. The other three fALS mutants, H46R, A4V and V148G, significantly
decrease the dimer strength, matching the trend for E,E-SOD155, where H46R is less

destabilizing and V148G has the weakest interface (65).

Table 3.1 ITC measurements of the dimer interface of E,Zn-SOD1°" mutants.

K AH/ AS7 AG; AAG,’ AG;
SOD1 dd (kcal (kcal (kcal (kcal (kcal
mutant SPSLMC) (mol dimer)")  (mol dimer)")  (mol dimer)")  (mol dimer)")  (mol dimer)™)
25°C 25°C 25°C 25°C 15 °C
pWT 51 +41 401+092 -0.0062+0.0004 5.86+0.03 na 5.47 £0.05
A4V 1056 + 224° 2.07 +0.06 -0.007 + 0.005 4.07 +0.96 1.79 4.41+0.27
H46R 331+ 507 3.40 + 1.07 -0.005 + 0.008 477 +0.79 1.09 4.09 +0.75
V148G 1221683‘(‘;? 113+9.66"  0.034+0.124° 1.23 +3.14° 4.63° 3.49 + 4.68°
V1481 39 +5° 4.12+0.11°  -0.0064 +0.0002  6.02 +0.02 -0.16 5.80 +0.08
pWT*®  0.067 + 0.050 30.8£8.8 0.066+0.019  10.30+0.50 na nd
A4VSSE 3424133 37.2+3.8 0.099 + 0.008 6.40 + 0.30 3.8 nd
H46R%S® 14+1.1 162+ 4.4 0.025 + 0.009 8.4+ 0.4 1.9 nd
V148G*S®  76.8+34 506+ 1.4 0.144 + 0.003 59+0.3 43 nd
V148158 0.5+0.2 11.4+22 0.008 + 0.005 8.9+0.2 1.3 nd

na, not applicable.

nd, not determined.

'Values are from fitting the integrated heats from ITC to a dimer dissociation model (Eq. 2.1). Values are the average
and standard deviation of 2-4 experiments.

(oG )(aH )
T

*Values were calculated using AS, =

*Values were calculated from K, using Eq. 2.3.

* Difference of free energy mutant relative to pWT, AAGd =aG AGPWT . Positive values represent destabilizing

mutant

interface for the mutant relative to pWT.

*Values were obtained from K, using Eq. 2.3, at 15°C since heats only from dimer dissociation were observed.
SExperiments were not repeated, therefore error is from the fit, not multiple experiments

"The first data point included processes other than dissociation.

*Data for dimer dissociation is for E,E—SODISS, at 37°C. Values are average and standard deviation of 3-10
experiments. Data were obtained and analyzed by Helen R. Broom.
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Table 3.2 Summary of ITC measurements of the dimer interface of E,Zn-SOD1>"

variants at various concentrations and temperatures.

1
SOD1 [SOD1] teen K/ ﬁf;l
mutant mM €0 M) (mol dimer)™)
pWT 0.93 15.45 272+5.7 2.2340.10
1.10 14.98 115.0 £56.7 1.35+0.09
0.93 19.96 21.4+32 3.44+0.13
1.14 20.76 29.0+22 2794026
0.934 25.79 22.6+23 5.04+0.12
1.14 24.98 322459 3.72£0.16
22 24.98 97.5+10.4 3.27£0.07
0.55 24.98 8.03+6.5 7.24+1.95
0.934 29.96 18.1+23 6.96 +0.22
1.14 29.96 63.2+9.7 4.07+0.10
1.14 29.96 433+7.0 4.45+0.15
22 32.45 50.8 6.8 5.80+0.21
0.75 32.46 39.6+5.5 5.40£0.13
1.14° 36.96° 66.3 + 8.3* 7.13+0.14°
pWT avg (25°C) na 25.25 51 +41 4.01 +0.92
A4V 1.34 10.09 177 + 384 0.41 £0.14
1.01 10.05 461 + 686 0.51 £0.33
1.01 14.98 403 + 465 0.79 £0.37
1.34 15.01 506 + 273 1.25+0.26
1.34 20.89 497 £209 1.77+0.29
1.01 20.94 67 +79 0.71£0.12
1.27 25.38 798 +296 1.87+0.36
0.75 25.83 1190 + 2440 2.13+3.20
1.99 25.69 1180 + 327 2214031
A4V avg (25°C) na 25.63 1056 + 2247 2.07 +0.06
H46R 1.3 10.06 180 £ 270 0.34 +0.09
1.78 10.08 693 + 364 1.12+0.24
1.3 14.98 1540 + 1930 220+ 1.86
1.78 14.9 49 +27 0.86+0.12
1.3 19.87 5200 + 8000 7.55 £ 10.00
1.78 19.96 101 + 46 0.95+0.07
1.3 25.22 907 + 691 2.69+1.13
0.75 24.97 3+6 4.63 +4.20
1.75 25.71 57+ 14 2.88+0.17
H46R avg (25°C) na 25.30 331 +507 3.40 +1.07
V148G 1.47 10.12 60 + 79 0.37+0.10
1.55 10.17 412 + 584 0.59 +0.26
1.44 16.31 410 + 304 0.75+0.18
1.55 15.24 4200 + 32000 1.15+7.21
1.44° 19.92? 3+ 547 2.65+19.20°
1.47° 25.05* 0.63 + 4.54% 15.70 + 55.40°
1.55° 25.75* 378000 + 5490007 18.00 + 16.00>
1.55° 26.02° 133 + 1070° 0.24 +0.412
V148G avg (25°C) na 25.61 126044+ 218200° 11.3 +£9.66°
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V1481 1.1 10.54 423 +£27.6 1.30+£0.18

1.1 14.97 48.9+17.3 221+0.15
1.42 15.37 31.1+17.5 1.30+0.18
1.42 20.26 40.6 + 14.3 1.87+0.15
1.42 19.98 27.2+23.1 2.41+0.62
1.5 19.97 20.7 £ 16.0 2.13+0.50
1.5 19.97 54+29 4.54 +0.96
1.1 25.5 39.0 +4.6 4.12+0.11
V1481 avg (25°C) na 25.5° 39+5 4.12+0.11°

na, not applicable.

nd, not determined.

'Values are from fitting the integrated heats from ITC to a dimer dissociation model (Eq. 2.1).

*The first data point included processes other than dissociation.

Experiments were not repeated, therefore uncertainty estimates are from the fit, not multiple experiments
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Figure 3.1. Dimer dissociation of fALS SOD1 mutants measured by ITC. A) Integrated heats, q, from the
raw data of each mutant and pWT at 15°C are plotted (diamonds) against SOD1 monomer (diamonds)
which is fit to a dimer dissociation model (solid line) Data are offset for clarity in order of increasing values
of Kq4. (B) Kirchoff plot of AHyq dependence on temperature. The AC,, determined from the slope of the
data (solid line), is 0.08 + 0.00, 0.09 + 0.02, 0.21 + 0.09, 0.19 £ 0.02 kcal (mol monomer)'lc’C'1 for V148G,
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Figure 3.2. Thermodynamics of E,Zn-SOD1%" dimer dissociation. (A) For H46R, A4V and V148G, the K44
values typically increased with increasing temperature. V1481 and pWT remain relatively constant
throughout the temperature range. V148G at 20°C and 25°C had additional heats from monomer unfolding
which contributed to skewed fit values. pWT was not measured at 10°C. (B) AG4 determined from ITC fit
values using eq. 2.3. (C) AHy, AS,, and AG4 were determined by fitting heats of dissociation at 15°C. The
values are summarized in Table 3.1.
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The temperature dependence of the dissociation enthalpy for V148l and
H46R is very similar to pWT (0.22 * 0.01 kcal (mol monomer)-1), with AC, 4 values of
0.19 £ 0.09 kcal (mol monomer)?! and 0.21 * 0.02 kcal (mol monomer),
respectively (Figure 3.1B). AHgq, ASq, and AGq values are shown in Figure 3.2. V148I
and H46R also have similar enthalpies of dissociation as pWT at the varying
temperatures (10-25°C), suggesting upon dimer dissociation there are similar
increases in exposed hydrophobic residues or structural rearrangement (116).
However, for A4V and V148G the enthalpy and heat capacity of dissociation are
smaller than for the other variants, which is likely attributed to the weak interface
that forms for the population that does dimerize. The AHq at each temperature and
ACyp,q values for A4V are roughly half of those for pWT, H46R and V148l], consistent
with less structural change upon dissociation. Interestingly, for V148G at the higher
end of the temperature range explored (particularly 20°C, Table 3.2), heats of dimer
dissociation behave similarly to pWT at 37°C (section 2.3.1, Table 2.1), where the
heats from the initial injection are very large and do not follow a linear dependence.
As aresult, the Kq.q and AHq values for V148G at higher temperatures (Table 3.2) are
overestimated like the pWT values at 37°C, which suggests other processes were
occurring aside from dimer dissociation, such as partial monomer unfolding and
potential zinc dissociation. For V148G at 20°C and 25°C, the large initial heat
influenced the fit values to give an unreasonably high enthalpy and unrealistically
low Kgq, hence the data from 20°C and 25°C were not used for AC,q analysis.

Although taking ACpq from just two temperature points has a high uncertainty
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associated with it, the value of 0.08 kcal (mol monomer)! does not appear to be
unreasonable, due to its similarities in value to that of A4V. Considering the
propensity to dimerize is quite low for V148G, it yields smaller heats from
dissociation, but also the small AC,q value indicates a smaller temperature
dependence of dissociation enthalpy and less hydrophobic residue exposure upon
dissociation.

In comparison to the E,E-SOD155 counterpart, all E,Zn-SOD 15! mutants have a
smaller temperature dependence of dissociation enthalpy consistent with less
structural rearrangement upon dimer dissociation. In the E,E-SOD155, the global
protein stability is strongly dependent on dimerization, and the ACpq is large
relative to the smaller ACpmou (56). However, the higher tmapp value (Section 2.3.2)
for the E,Zn-SOD15H monomer relative to the small AC, 4 dimer interface indicates
that the structural stability for this form is predominately from the monomer.
Antibody studies corroborate the weakened dimer interface for this form, since
conformation specific antibodies were able to bind to exposed dimer interfaces in

aggregates from ALS patients (115, 116).

3.3.3 Zinc titration ITC reveals only H46R has large changes in zinc binding affinity

To ensure the ITC dimer dilution experiments are not measuring heats of
zinc dissociating upon monomerization, mutants were titrated with zinc as
described for pWT in Chapter 2. Figure 3.3A,B shows the isotherms from titrating
zinc into concentrations of E,E-SOD15H that are representative of the initial injection

of the dimer dissociation experiment (see Section 2.2.1). Previous studies found that

52



H46R has a weakened affinity for copper and zinc (112), thus it is not surprising
that H46R is the only one of the fALS mutants studied here that shows limited heats
for zinc binding to the first site (green dashed line in Figure 3.3A). V148l and A4V
still bind the first zinc with a similar affinity to that of pWT, whereas V148G appears

slightly weaker (Figure 3.3A,B).
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Figure 3.3. ITC upon addition of zinc to E,E—SODISH. Zinc titration (0.393 mM) into ~0.008 mM SOD1
monomer produced exothermic peaks for all variants (except V1481, 86.8 mM Zn into 1.46 mM E,E-
V1481°" monomer, brown). The initial phase (Phase 1, up to ~ 1 equivalent of added zinc, green dashed
line) corresponds to tight binding of zinc to the zinc site. In a second phase (Phase 2, around 2 equivalents
of added zinc, blue dashed line), zinc may bind to the copper site. Associated heats of subunit association
depend on the protein concentration (see main text). Horizontal gray dashed line is the reference for zero
heats. (A) Zinc titration for A4V, H46R and V148G; all three variants did not have a second process
occurring in Phase 2. (B) Zinc titration data for pWT and V1481 with high (1.46 mM) and low (0.008 mM)
concentrations, respectively. Both variants have clear apparent heats for Phase 2.

To validate that the heats observed for pWT for Phase 2 include not only the
heat of binding of the second zinc but also the heat of dimerization, as proposed
earlier (see results Section 2.3.1, Figure 2.3), a higher concentration of E,E-V148I5H
(200-fold higher than pWT and other variants, Figure 3.3B) was also analyzed. This

higher protein concentration helps to isolate the heats of the second zinc binding
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from those of the dimerization process observed in Phase 2. As stated in Section
2.3.1, Phase 1 involves the first zinc binding to the zinc site (green dashed line in
Figure 3.3), and Phase 2 involves the second zinc binding the copper site (blue
dashed line in Figure 3.3). The higher protein concentration promotes both the first
zinc binding (process 1) and dimerization (process 4) in Phase 1.Then, in Phase 2, it
promotes observation of the heats of Zn binding to the Cu site of E,Zn-V148I5H dimer
(process 5), rather than monomer; in contrast, Zn binding to the monomer (process
3) is predominantly observed at lower protein concentrations, e.g. for pWT (Section
2.3.1) and other mutants (Figure 3.3). Figure 2.3 summarizes the processes
observed for both phases at high protein concentrations, such as 1.46 mM of E,Zn-
V148I5H, during Phase 1 processes 1 and 4 are occurring followed by process 5 in
Phase 2.

In contrast for low protein concentrations, such as ~0.008 mM for all fALS
mutants and pWT, Phase 1 reflects predominately process 1, and Phase 2 includes
heats from both the processes of 2 (second zinc binding) and 3 (dimerization)
(Figure 2.3, Figure 3.3). Notably, only the two variants with the strongest dimer
interfaces, V148l and pWT, appear to exhibit the combination of heats of
dimerization and zinc binding to the copper site in Phase 2 at low protein
concentration (Figure 3.3B). For pWT, the protein concentration is lower than the
Kg,a for pWT E,Zn-SOD15H, thus the protein remains mostly monomeric throughout
binding of the first Zn (Phase 1, process 1). However, the heats for Phase 2 appear to
involve both the heats of metal binding and associated dimerization of Zn,Zn-pWTSH

(processes 2 and 3), due to the heats being larger in Phase 2 at lower protein
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concentrations in pWT than for V148I at higher concentrations (Figure 3.3B). In
contrast, for E,E-V148ISH at 200-fold higher concentration, binding of the first zinc
(Phase 1, process 1) includes dimerization of E,Zn-SOD15H (process 4), as indicated
by larger observed heats due to both processes occurring, compared to pWT which
has only process 1. Also, the heats for V148] Phase 2 are decreased because they
correspond only to the binding of the second zinc (process 5) to the already largely
formed dimer, whereas for pWT at lower protein concentration, Phase 2 reflects a
combination of heats from binding of the second zinc and dimerization. Heats for
Phase 2 are not apparent for V148G and A4V (Figure 3.3A), which suggests that the
binding of the second zinc is either too weak or cannot stabilize the interface
enough for the protein to dimerize at these concentrations, unlike pWT. Together,
the data for the mutants support the interpretation of observed ITC heats upon zinc
titration as proposed for pWT (section 2.3.1), and are also consistent with DSC

results, described below.

3.3.4 A4V with bound zinc has thermal stability similar to that of Zn,Zn-pWT*" dimer
Thermal unfolding of A4V at varying concentrations (0.40-1.76 mg/mL) was
measured, and based on the dimer dissociation ITC results, the samples are
predominately monomer (84.8-95.6%, respectively, Table 3.3). The observed
thermogram for E,Zn-A4VSH is a broad peak comparable to that of E,E-A4V5S (56).
The broadness is characteristic of non-2-state like behavior, where typically 2-state
unfolding provides a sharp thermogram. Although the broadness of EE-A4VSS is

explained by monomer intermediate becoming populated along the dimer unfolding
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and fitting well to 3-state dimer unfolding (56), E,Zn-A4VSH did not fit to this 3-state
model due to the lack of dimerization (Figure 3.4A, Figure A1.4, Table A1.1). The
lack of dimer is supported by the absence of the characteristic increase in observed
temperature (tmapp) with increasing protein concentration that arises from
increased dimer formation. The DSC data for A4V were also fit to 2-state monomer
and 2-state dimer models again with little success likely due to the broadness of the
endotherm, and the presence of a large exotherm present at high temperatures

(Figure A1.5-6, Table A1.4-5).
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Figure 3.4. Thermogram for fALS SOD1 mutants at varying protein concentrations. Each scan is offset for
clarity, with the lower scans representing the lower concentrations, to the highest scan belonging to the
largest protein concentration. The blue, green, and purple dashed lines represent the t,, of different forms,
E,E-SOD1*" monomer, E.Zn-SOD1*" monomer/dimer, and Zn,Zn-pWTSH dimer, respectively. H46R
concentrations were 0.42 mg/mL, 0.92 mg/mL, and 1.52 mg/mL. A4V concentrations were 0.31 mg/mL,
0.79 mg/mL, and 1.76 mg/mL. V148G concentrations were 0.35 mg/mL, 0.82 mg/mL, and 1.80 mg/mL.
V1481 concentrations included 0.59 mg/mL, 1.17 mg/mL, and 2.10 mg/mL.
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Table 3.3. Fraction of monomer at 25°C in DSC protein concentrations and their tm app

SOD1 Conc tm,appl Monomer Fraction®
mutant (mg/mL) °C) (%)
pWT 0.68 55.8,59.1° 52.8
0.98 56.9, 59.6° 46.7
1.54 57.1, 60.5° 39.7
2.30 57.7,51.2° 34.0
A4V 0.40 62.9 95.6
0.79 63.5 92.9
1.76 63.7 84.8
H46R 0.42 54.2 87.3
0.92 55.5 78.0
1.52 55.6 70.3
V148G 0.35 55.1 99.7
0.82 55.5 99.7
1.80 55.8 99.7
V1481 0.59 56.0, 60.8° 50.6
1.16 56.2, 61.4° 39.8
2.10 56.0, 62.2° 31.6
0.5 Zn pWT 1.16 58.0 na
1.85 57.5 na
2.96 58.0 na
2.0 ZnpWT 0.72 61.6 na
1.30 63.2 na
2.34 64.8 na
4.14 67.0 na

na, not applicable.

'Values are based on visual observation of the maximum of the transition peak.
*Monomer fractions were calculated using eq. 2.2.

3The initial value is for the initial transition, and then for the second transition observed

The tmapp, for E,Zn-A4VSH of ~63°C (green dashed line in Figure 3.4A) is
unexpectedly high for a monomer despite all other forms of this mutant are
significantly thermally destabilized relative to pWT (40, 56). Based on the
pronounced broadness of the endotherm corresponding to non-2-state like
behaviour, and considering the increased thermal stability is similar to that of with
Zn,Zn-pWTSH (purple dashed line in Figure 3.4A), not E,Zn-pWTSH (~57°C), it is
likely that additional forms are becoming populated along the thermogram.

Analogous to pWT (Section 2.3.3), the zinc from unfolding E,Zn-A4VSH monomer
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may be released and bind to a folded E,Zn-A4VSH monomer, to form Zn,Zn-A4VsH
monomer. For pWT, when both metal binding sites are occupied, the protein forms a
strong dimer as indicated by the following: the tm,app dependence on protein
concentration of Zn,Zn-pWTSH (Section 2.3.3), and the zinc titration isotherm
(Figure 2.2), which showed heats during Phase 2 for zinc binding to the second site
and dimerization at low protein concentrations (Section 2.2.1). However, for A4V,
the tmapp remains constant with varying protein concentration and the ITC isotherm
(Figure 3.3A, Section 3.3.3) did not show additional heats for Phase 2, supporting
that Zn,Zn-A4VsH is likely a monomer. In order to further validate the preceding
conclusions, similar experiments to those performed for pWT (e.g. DSC with varying
protein concentrations and zinc equivalents) should be performed for A4V.

Recent research using chemical exchange saturation transfer (CEST)
experiments found E,Zn-A4VSH disrupts the native interface, shifting the equilibrium
of this mutant to favor monomer and not dimer (56). These results support our
calorimetry findings of the weakened dimer interface for E,Zn-A4VsH (Section 3.3.2).
The prior studies also showed that E,Zn-A4V>H binding to CCS is significantly weaker
than CCS with pWT (69), and multiple studies found that A4V is able to bind copper
and have similar functional enzymatic activity to WT (30, 119). However, in vivo
A4V populations have a copper-deficiency, suggesting this mutant may be impaired
in maturation due to impaired binding of CCS rather than the inability to bind
copper as stated earlier (120). It was proposed that being unable to mature causes
an accumulation of less stable forms that results in the protein folding chaperones

becoming overloaded, and functionally depleted (121). Thus, A4V’s inability to form
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a strong dimer may prevent it from forming a heterodimer with CCS, and ultimately

not fully maturing.

3.3.5 Zinc shuffling is not observed in H46R due to weakened metal affinity

H46R is a metal binding mutant with weakened affinity for zinc and copper
(112). H46 is a copper liganding residue, and its mutation to arginine greatly
weakens copper binding but also significantly weakens Zn binding to an extent
(117). Although the DSC sample contained predominately monomer (70.3-87.2%,
Table 3.3), there was a slight increase in tm,app with increasing protein concentration
(green dashed line in Figure 3.4B), characteristic of dimer formation. However,
attempting to fit to a 2-state dimer or monomer model, and 3-state dimer unfolding
with monomer intermediate model did not give consistent values (Figure A1.4-6,
Table A1.1, A1.4-5), likely again due to additional protein forms becoming populated
along the thermogram, as well as the presence of an exotherm at high temperature.
Due to H46R being a metal-binding mutant, the copper may compete for binding to
the zinc site because it is incapable of binding metal to the copper site (122).
Consequently Zn,Zn-H46RSH (monomer or dimer) is likely not populated during DSC
scans because zinc shuffling will not occur; thus the observed dimer unfolding is
likely representative of E,Zn-H46R5H. Notably, for H46R the weakened zinc binding
(Section 3.3.3, Figure 2.3A) may cause the zinc to become unbound from a fraction
of the E,Zn-H46RSH protein population along the transition, which manifests as
unfolding of E,E-H46RSH monomer, which has a tm of 52.6°C (blue dashed line in

Figure 3.4B) (40). The similar thermal stability between E,E-H46RSH (blue dashed
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line in Figure 3.4B) monomer and E,Zn-H46R5H dimer/monomer (green dashed line
in Figure 3.4B), reinforces that the weakened zinc affinity results in little thermal
stabilization. Due to H46R having weakened metal binding, zinc shuffling is not
observed, rather the thermogram may be representative of metal free and zinc
bound forms.

Other studies have also found that zinc binding did not thermally stabilize
the E,E-H46RSH significantly relative to disulfide bond formation (56). When
analyzing the crystal structures of E,E-H46R5S and E,Zn-H46RSS, it was found that
zinc coordination may be occurring using only 3 of the 4 typical residues involved,
leading to less structural stability (123). This unusual fALS mutant behavior may
also explain why the electrostatic and zinc binding loops are largely structurally
disordered (118), further supporting that zinc binding to H46R, probably due to the

weakened zinc affinity, does not thermally stabilize the mutant.

3.3.6 V148G serves as a monomer control for the zinc-bound form, whereas stabilizing
mutant, V1481 had a global endotherm similar to pWT

Due to E,Zn-V148GSH having the weakest dimer interface (Table 3.1), DSC
samples consisted of 99.7% monomer. Not surprisingly, there is no change in tm,app
(green dashed line in Figure 3.4C) with increasing protein concentration, consistent
with monomer unfolding. Zinc binding provides a large increase in thermal stability
(tm,app of ~55°C) to the E,E-V148GSH monomer (tm,app 0of ~34°C) (blue dashed line in
Figure 3.4C) compared to the stabilizing effect of disulfide bond formation (E,E-

V148GSS, t is 48.6°C). If this state is truly E,Zn-V148GSH monomer, it would be the
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only mutant studied here where zinc binding is more stabilizing than oxidizing the
disulfide bond. However, there was no clear evidence of multiple Zn-bound species
in the thermogram, thus, it is not clear whether the peak observed at 55°C
corresponds to V148G with one or two bound zincs. Studies using NMR CEST
experiments on E,E-SOD15H variants, revealed an impaired ability of EE-V148GSH
and E,E-A4VSH to form a transient dimer which may contribute to decreased metal
binding (see also Section 3.3.3) (124). Also, the CEST experiments may explain the
definite lack of zinc binding to the copper site for H46R and potentially V148G (if
strictly only populate E,Zn-V148GSH during the endotherm) because E,E-V148GSH
and E,E-H46RSH are unable to access an excited state where the native helix is
present in the electrostatic loop (124). This trend is supported by E,E-A4VSH as well:
it can bind zinc to both sites, as suggested by DSC data in section 3.3.4, and is able to
transiently form the native helix similarly to pWT through CEST (119). Taken
together, the lack of excited conformers with the helix in the electrostatic loop and
weak dimerization in the most immature form may propagate to disrupt metal
binding in V148G and H46R and do not form species with 2 bound zincs in the DSC
scans, whereas A4V and pWT do.

Comparing V148G to V148lI, it is very interesting to see the dramatic
difference that an amino acid substitution can make. The endotherm for V148I
(31.6-50.6% monomer at 25°C, Table 3.1) is pWT-like, with peak broadening due to
zinc shuffling and both sites binding zinc (Figure 3.4D). The initial portion of the

transition is expected to be E,Zn-V148ISH monomer (green dashed line in Figure
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3.4A), due to the similarities in tmapp with E,Zn-pWTSH monomer and the
characteristic constant tmapp at varying protein concentrations. Similar to pWT, the
later half of the transition likely reports on Zn,Zn-V148ISH dimer. There is a slight
shift in the estimated center of the endotherm for Zn,Zn-V148ISH to higher tuy,app with
increased protein concentrations, and the tmapp Occurs at a similar temperature to
that observed for Zn,Zn-pWTsH (purple dashed line in Figure 3.4A). Additional
support for Zn,Zn-V148I5H existing as a dimer is the small heats observed in the 2nd
phase of the zinc ITC titration experiments at low protein concentration for both
pWT and V148], inferred to be dimerization and second zinc binding (Figure 3.3B).
This WT-like behavior of V148l is also seen structurally for the homodimer for E,Zn-
V148155 (114) and Cu,Zn-V148I5S (68) through NMR experiments. In summary, the
calorimetric experiments are consistent with other studies, and collectively show a
wide range of effects of disease mutations on metal binding affinity and

dimerization of the E,Zn-SOD15H form.

3.4 SUMMARY

The calorimetry data for fALS mutants showed the variable stabilizing effects
mutants can have on the E,Zn-SOD1SH, Qur ITC data revealed that most fALS
mutants, aside from V148], have a significantly weakened dimer interface relative to
pWT. Binding of the first zinc promotes dimerization, but not as tightly as disulfide
formation, which is expected due to the zinc binding site being located more distal
from the interface relative to the disulfide bond. The ACpq are small values,

indicating minimal structural rearrangement upon dimer dissociation. However in
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the E,E-SOD15% form, the values are larger due to the form having more of the
structure conformation stemming from being a dimer, rather than a monomer.
Interestingly, binding of the second zinc is associated with increased dimer affinity
(Figure 2.2, section 2.1, Figure 3.3, and section 3.3). Due to the weakened interface
for V148G, A4V and H46R, the thermal unfolding using DSC captured mostly a
monomeric species. V148G and H46R are thought to be E,Zn-SOD15H form, whereas
from zinc shuffling A4V formed Zn,Zn-SOD1SH. V148l proved hard to fit due to
similarities in the endotherm with pWT, where the zinc shuffling and stable dimer
interface allowed for multiple forms to unfold. Moreover, the thermal stability E,Zn-
SOD15H of pWT and mutants relative to each other did not vary significantly.
Considering most of the DSC endotherms reported on monomer species, the E,Zn-
SOD1%H monomer is quite stable based on the relatively high tm,app values. This form,
E,Zn-SOD15H, is biologically relevant as it binds to CCS to mature further, and
mutations, such as A4V, may disrupt this vital interaction leading to potential
protein misfolding and aggregation. More research would need to be done to

validate these conclusions including varying zinc concentration with protein.
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CHAPTER 4
Future works

The studies in this thesis elucidated how truly weak the interface is for most
fALS mutants in the reduced, zinc-bound form, regardless of their thermal stability.
This form of SOD1 is believed to be a crucial in protein maturation, however it has
been relatively little characterized structurally and thermodynamically. This opens
up many avenues for future research. Recently, NMR was used to investigate the
structure and dynamics of the disulfide reduced zinc bound form for pWT (69), but
little is yet known about the fALS mutants. Conducting experiments on fALS mutants
could provide great insight into their folding. Here we used ITC to assess the
strength of the SOD dimer interface and DSC to characterize the monomer stability.

Further key experiments could involve the CCS, and characterizing the
strength of the interface between the CCS and fALS mutants SOD1s for various
maturation forms, and comparing with previous studies (26). This may provide key
data as to whether some fALS mutants are unable to bind to the CCS (16), and paired
with NMR, may reveal the structural reasons behind it. Besides pWT
characterization of the form, exploring possible excited conformers of fALS mutants
through CEST may elucidate potential explanations for aberrant interactions.
Previously, CEST showed that some fALS mutants were unable to access excited
conformers that the WT was able to access, which may be essential for maturation
(119). Another avenue to explore would be the interface in the Zn,Zn-SOD15H dimer
for fALS mutants, which would help resolve heats for different transitions in the

complicated one zinc equivalent per monomer endotherms (Section 3.3.4-6). This
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experiment, paired with structurally studying the form of interest with NMR, would
help explain effects of zinc binding aberrantly to the copper site on the structure.
Further understanding the structural and thermodynamics components of this form
will provide an insight to a potential interface disruption, which may be linked to

protein misfolding that is characteristic of ALS.
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Appendix

A1.0 Derivation of two state versus three state unfolding model

Al.1 Thermodynamic analysis models for homodimeric protein folding

Various methods for analyzing protein stability using different
thermodynamic parameters have been formulated (64, 120). For thermal unfolding
analysis, two models have been developed for quantitatively characterizing
multimers, concentrating on homodimers in this case, and both models have been
previously applied to SOD1.(56) The first unfolding model is the simplest, a
reversible 2-state transition, which involves the simultaneous dissociation and

unfolding of a homodimer (N2), to produce unfolded monomers (U):

N, « X2 52U (A1.1)
where K(T) is the equilibrium constant for unfolding at any temperature 7. The

concentrations of the native dimer (Nz) and unfolded monomers (2U) are defined
as:

[N2] = Pdimer(l_a) (Al.Z)
[U]=2P,, (@) (A1.3)
where Puimer is the total protein concentration in moles of dimer per liter and « is

degree of unfolding (i.e. fraction). The equilibrium constant, K(T) at temperature T is

expressed as:

[U] :4Pdimera (A14)
[N, ] (-o)

Equation A1.4 can be rearranged to obtain an expression for o

K(T)=

e —K(T)+\/K(T)(K(T)+ 16F,,..)
B 8P

dimer

(A1.5)
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The change in heat capacity of unfolding (AC,ur) is defined by the difference

between the heat capacities of the native (C,, ,) and unfolded (C,, ) protein:

Acp,unf ()= Cp(U) - Cp(Nz) (A1.5)
Copny = A+ Bt (A1.6)
C,u,=E+Ft (A1.7)

where A and E are the intercepts; B and F are the slopes of the folded and unfolded
baseline, respectively; and t is the temperature in °C. Substituting equation A1.6 and
A1.7 into A1.5 gives:

AC, ., ()=(E—-A)+(F—-B) (A1.8)

By definition:

A, ()= [ AC
Lyey
Substituting equation A1.8 into equation A1.9 and integrating, gives the specific

oans A1 (A1.9)
calorimetric enthalpy of the unfolding transition in calories per gram of protein, in
terms of temperature is:
1
Ah,,(t) = Ahm,(tref)+(E—A)(t—tref)+§(F—B)(t2 ) (A1.10)
where trs is the reference temperature, usually set to tn, the midpoint in the

reaction where half of the total protein is unfolded, and Ah,,(z,,,) is the Ahcq at trey.

The ACpuns becomes constant with temperature if folding (pre-transition) and
unfolding (post-transition) baselines have the same slope. In this case, Equation
A1.10 simplifies to:

Al (1) = Ahy (1) +(E— At —1,,) (A1.11)

which is a reasonable assumption over a limited temperature range.(57, 60, 121,

122) For two-state fitting, Ahcq(t) is extrapolated to 0°C to give:
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1 2
MR° = (1) = (E = A)(1,) = (F = B)(t ) (A1.12)

where Ah° is the standard enthalpy of reaction for unfolding. By rearranging the

equation, Ahcq can be calculated at any temperature, ¢, using:
Ah,(t)=Ah°+(E—-A)t+— (F B)t’ (A1.13)

Using the van’t Hoff equation, the temperature dependence of K is given by:
dInK(T) AH ,(T)

TR (A1.14)
vH(T)
i P A o (A1.15)

where T is the temperature in Kelvin, R is the universal gas constant, AH,y is the

van’t Hoff enthalpy for the change in enthalpy for unfolding and Ahc is specific

change in enthalpy. Substituting A1.15 into A1.14 to give:
dinK(T) PBAh.,(T)

dT RT?
The van’t Hoff enthalpy (AHvz ) depends on the shape of transition, whereas the

(A1.16)

calorimetric enthalpy (AHca) reflects the area under the endothermic peak. By
setting B to be a fitting parameter, the van’t Hoff and calorimetric enthalpy are
allowed to vary with respect to each other. However if there is cooperative

unfolding, B will converge to the molecular weight of the cooperative unfolding unit

(dimer):

B= A, M, (A1.17)
Ca/
If there is two-state transition, then the van’t Hoff to calorimetric enthalpy ratio is
equal to 1.

The temperature-dependence of K can be determined by substituting

equation (A1.18) into (A1.21), and then integrating:
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[ dan(T):ln[&]:ﬁjT MeaT) (A1.18)
Trvf K (T ) R Trc/ T

re;

Integrating and rearranging gives:

R (K@M \_ (1 1 T i
ﬁln[WmﬂJ_x[T T,.ef)”l“[rmf]”(T Ty) (A1.19)

1
x=—-Ah°+273.15(E - A)—§(273.15)2(F— B)

y=(E-A)—(273.15)(F - B) (A1.20)
L
z=2(F B)

Isolating for K(T) gives:

1 1 T
K(T)= K(Tref)XCXP([X[?_T_]"'YIH[T_}" z2(T —Tref))x %] (A1.21)

ref ref

The total measured heat capacity (Cp,wota) is the sum of the baseline heat capacity
(Cp,baseline) plus the excess heat capacity (Cpexcess) from the absorption of heat during

the unfolding transition:

prtotal = Cp_baseline + vaexcexs (A122)

Cp,baseline = (1 - a(t))Cp,Nz + a(t)CP‘U (A12 3)
do

vaexcess = (a_T) Ahcal (T) (A124)

In order to determine the partial derivative (g—;{), analytically evaluating equation

(A1.17):
dInK(T Ah,(T) 2d 1 d
nk(@) _p w@) _2doc, 1 da (A1.25)
dT RT oadl 1-odT
which is rearranges to:
do _ pAh,(T) a(l-@)

A1.26
dT RT? 2—« ( )
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The Ah,,(T) is the same value as Ah_,(¢) regardless of the units of temperature, thus
substituting equation (A1.24) into (A1.36) gives:

_ BARL, () a(1- o)

Corcess = A1.27
p excess RT2 2 —Q ( )
Substituting equation (A1.6) and (A1.7) into (A1.23) gives:
C, paseiine = (A+ Bt)(1—a)+(E+ Ft)o (A1.28)

Then substituting equation (A1.27) and (A1.28) into (A1.22) gives equation (A1.1),

used to fit DSC scan to 2-state unfolding transition.

Al.2 Three-state transition of dimer unfolding with monomer intermediate model
The thermal unfolding of homodimeric proteins may follow a 3-state transition,
which entails a homodimer (N2) dissociating to a folded monomeric intermediate

(M) and then to a completely unfolded monomer (U). This model may be described

by:
N, 8D sopm 20 5opy (A1.29)
[N2]=Pd,'me,-(1_a1) (A130)
[M] = 2Pdin1gral(]‘ - 052) (A13 1)
[Ul=2P,,, 00, (A1.32)

where Ki(T) and Kz(T) are the equilibrium constants, oz and o, are the extent of
unfolding reaction at any temperature for the dimer dissociation and monomer

unfolding transitions, respectively.

2 2 2
k)=l =ap,, S (A133)
2 1
2 2
k=Y % (A1.34)

M (-a,)
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The degree of the unfolding reaction at any temperature can be determined by
rearranging equation (A1.38) and (A1.39):

2
1+\/1+ 16Pdimer

I(I(T)(lﬁu/l(z(T))2

o, = (A1.35)

K,(T)

o, = PS5 (A1.36)

The specific heat capacity of the folded monomer intermediate (Cpn) is assumed to
vary linearly with temperature:

C,n=C+Dt (A1.37)
where C is the intercept (at 0°C) and D is the slope of the folded baseline.

The change in heat capacity of the first transition (AC ) and second transition

PN,&2M
(AC vaHU) is determined at any temperature by:

AC, v, con () =(C—A)+(D—B)t (A1.38)
AC, vy ) =(E-C)+(F-D)t (A1.39)
Using the same derivation approach as for equations (A1.15)-(A1.26), gives K; and

K> as a function of temperature:

11 T B
K (T) K(T fl)xexp{[ (?—Teﬂ]‘i‘yl 11'1[741}4'21(7—' Trefl] ] (A140)

1 1 T B
K,(T)= K(Teﬂ)xexp{( (T Tr€f2)+yzln[Tmf2]+z2(T T”“]XR} (A1.41)

where:

x, =—Ah, +274.15(C —A)—%(273.15)2(D— B)
»=(C—-A)-(273.15X(D - B) (A1.42)

1
3 EE(D_B)

85



x, =—Ah, +274.15(E—C)—%(273.15)2(F—D)

¥, =(E-C)—(273.15)(F - D) (A1.43)
L

%= 2(F D)

where K(Tre1) and K(Trez) are equilibrium constants at the reference temperatures
for the first transition (dimer dissociation) and the second transition (monomer
unfolding), respectively.

Using the procedure for deriving equation (A1.43), the same is applied using

equations (A1.38) and (A1.39):

dot, _ ﬁlAhm/,NztzM @ azﬂzAhwl,A;w (7)o, (1-0r,) (AL44)
dT RT RT 2-a,
do, BAh, e (T)
= e xo,(1—o Al1.45
dT 2RT’ (1= e) ( )
The Cp,excess and Cp,baseline are glVen by:
da do da
vaexces.s* = d_Tl Ahcall (t) + (d_Tl 052 + d_T2 al )Ahcam (t) (A146)
Cp,baseline = fNZCp,NZ + fMCp,M + fUCp’U (A147)

where f, , f,,, and f, are the fractions of homodimeric protein, folded monomer

intermediate and unfolded monomer, respectively, calculated using:

v, =0-0) (A1.48)
Ju=o(d-a,) (A1.49)
fo =00, (A1.50)
fN2+fM+fU:1 (A1.51)

Substituting equations (A1.11), (A1.12), (A1.42), (A1.53), (A1.54) and (A1.55) into
(A1.52) gives:

C =(-a)A+Bt)+(a,)1-0,)(C+Dt)+(o,0,))(E+ Ft) (A1.52)

p.baseline
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Substituting equations (A1.49) and (A1.50) into (A1.51) gives:

excess = ﬁ]Ahw[’szﬂM (T) + a2ﬂ2AhCal,[;/I<_)U (T) Ahm] Nre>2M (t) al (1 - al )
e RT RT " —
ﬁlAthNZHZM (T) aZﬁZAhcal,MHU (T) a1a2 (1 - al) ﬁAhw[,MHU (T) 1-— A(hAl-S 3)
RT? + RT> o + S RT X 00,0, (1= 0y) | Aty o (D)
1

Substituting equation (A1.57) and (A1.58) into (A1.27) gives equation (A1.2) which

is used to fit DSC scan to the 3-state unfolding model.

Table Al.1 3-dimer unfolding with monomer intermediate model fit values for different
zinc equivalents and pWT.

SOD1 AHN2<—>2M1 AGN2H2M1 t MHUz AH 4y, M<—>U2 AGysoc, mou AGiayg, M<—>U3
mutant (keal (keal loc) (keal (keal (keal
(mol dimer)") (mol dimer)™) (mol monomer)') (mol monomer)') (mol monomer))

1 Zn pWT 4.01 5.86 57.0 40.4 0.27 -0.02
0.5 Zn pWT 4.01 5.86 34.1 51.87? -0.31 -1.89
2.0 Zn pWT 4.01 5.86 61.4 37.7 0.62 0.54
A4V 6.00 4.06 59.4 324 -0.48 0.24
H46R 3.40 4.76 53.1 68.8 2.31 -0.79
V148G 1.90 3.60 54.0 62.8 0.80 -0.55
V1481 4.12 6.01 49.8 34.5 -0.88 -0.59

'Values were fixed from ITC dimer dissociation.
*Values from individual data set being fit to a 3-state dimer unfolding model.
’AG, calculated at 57.1°C.
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Figure Al.1 3-state dimer unfolding with monomer intermediate model fits for fALS mutants. The blue
lines are the raw endotherms, with the fits represented by the orange dashed lines. DSC scans were offset
for clarity, with the lowest concentration being the lower of the three scans and the highest concentration
being at the top of each plot. Half a Zn equivalents concentrations were 1.16 mg/mL, 1.85 mg/mL, and
2.96 mg/mL. 1 Zn equivalence concentrations were 0.68 mg/mL, 0.98 mg/mL, 1.54 mg/mL and 2.30
mg/mL. 2 Zn equivalents concentrations included 0.72 mg/mL, 1.30 mg/mL, 2.34 mg/mL and 4.14 mg/mL.
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Table A1.2 2-state dimer fit values for varying zinc equivalents and disulfide reduced

pWT SODI.

SOD1 Conc t,' AH,4' /i];]vH AGg AGhs ¢ 3

mutant  (mg/mL) (°C) (kcal (mol dimer)™) “l " (keal (mol dimer)™") (kcal (mol dimer)™)
0.5ZnpWT 1.16 523 5714957 1.04 527 4.40 2.25
185 555 71331 0.74 5.45 7.11 2.56
296 562 77004 0.97 5.40 5.01 2.69
20ZnpWT 072 63.1 104916 0.27 8.16 6.68 2.17
130  62.6 106502 0.34 7.68 6.64 2.19
234  64.6 107484 0.36 7.74 5.85 2.20
414  66.4 114059 0.40 7.56 5.74 227

'Values from individual data set being fit to a 2-state dimer unfolding model Eq. A1.1 in Origin 7.0.

’AG g calculated at 57.1°C.

VH_ ]

slope* R

*Molecularity was calculated using 7 =

Table A1.3 2-state monomer fit values for half and double zinc
equivalent of pWT>"

T

SOD1 Conc b AHy AHyy

mutant (mg/mL) (°O) (keal (mlol /AHa

dimer) )

0.5Zn 1.157 55.03 58.16 2.28

pWT
1.853 58.11 64.04 2.15
2.959 57.85 62.56 1.87

2.0 Zn 0.717 65.03 53.51 0.24

pWT
1.303 65.06 61.11 0.33
2.344 68.18? 52.99 0.28
4.143 66.52? 72.98 0.54

'Values from individual data set being fit to a 2-state monomer unfolding model Eq.
Al.1 in Origin 7.0.
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Figure A1.2. 2-state monomer unfolding model fits for fALS mutants. The blue lines are the raw
endotherms, with the fits represented by the orange dashed lines. DSC scans were offset for clarity, with
the lowest concentration being the lower of the three scans and the highest concentration being at the top of
each plot. Half a Zn equivalents concentrations were 1.16 mg/mL, 1.85 mg/mL, and 2.96 mg/mL. 1 Zn
equivalence concentrations were 0.68 mg/mL, 0.98 mg/mL, 1.54 mg/mL and 2.30 mg/mL. 2 Zn equivalents
concentrations included 0.72 mg/mL, 1.30 mg/mL, 2.34 mg/mL and 4.14 mg/mL.
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Figure A1.3 2-state dimer unfolding model fits for fALS mutants. The blue lines are the raw endotherms,
with the fits represented by the orange dashed lines. DSC scans were offset for clarity, with the lowest
concentration being the lower of the three scans and the highest concentration being at the top of each plot.
Half a Zn equivalents concentrations were 1.16 mg/mL, 1.85 mg/mL, and 2.96 mg/mL. 1 Zn equivalence
concentrations were 0.68 mg/mL, 0.98 mg/mL, 1.54 mg/mL and 2.30 mg/mL. 2 Zn equivalents
concentrations included 0.72 mg/mL, 1.30 mg/mL, 2.34 mg/mL and 4.14 mg/mL.



Table 1.4 2-state monomer fit values for varying concentrations for fALS mutants.

T

SODI1 Conc by AHu Al

o (kcal /AH .,

mutant (mg/mL) (°C) (mol dimer)™)

A4V 0.397 67.04 47.18 0.78
A4V 0.793 67.28 47.29 0.66
A4V 1.76 67.63 45.98 0.57
H46R 0.424 56.92 66.29 0.54
H46R 0.916 56.67 86.35 0.77
H46R 1.523 56.60 80.37 0.61
V148G 0.35 56.92 85.83 0.80
V148G 0.825 56.67 91.11 0.93
V148G 1.8 56.60 96.75 0.95

'Values from individual data set being fit to a 2-monomer unfolding dissociation model in
Origin 7.0.

Table 1.5 2-state dimer fit values for varying protein conc of E,Zn-SOD1°" fALS mutants.

7 2

SOD1 Conc by AH.y AHyy AGuarg 3

mutant (mg/mL) (°0) (keal 1 [AH a (keal 1 "
(mol dimer) ) (mol dimer) ")

A4V 0.397 64.2 87.31 0.55 8.41 0.94
A4V 0.793 64.3 101.86 0.86 8.06 1.07
A4V 1.76 64.0 103.63 0.85 7.74 0.93
H46R 0.42 54.3 141.04 0.74 5.66 1.41
H46R 0.92 55.0 152.65 0.80 5.37 1.44
H46R 1.52 55.0 148.70 0.68 5.08 1.43
V148G 0.35 54.9 160.13 0.85 5.92 0.61
V148G 0.82 54.5 147.46 0.86 5.27 0.64
1.8 54.8 152.67 0.82 4.83 0.63

V148G

'Values from individual data set being fit to a 2-state dimer unfolding model Eq. A1.1 in Origin 7.0.
’AG g calculated at 57.1°C.

VH_ ]

slope* R

*Molecularity was calculated using 7 =
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Figure A1.4. 3-state dimer unfolding with monomer intermediate model fits for fALS mutants. The blue
lines are the raw endotherms, with the fits represented by the orange dashed lines. DSC scans were offset
for clarity, with the lowest concentration being the lower of the three scans and the highest concentration
being at the top of each plot. H46R concentrations were 0.42 mg/mL, 0.92 mg/mL, and 1.52 mg/mL. A4V
concentrations were 0.31 mg/mL, 0.79 mg/mL, and 1.76 mg/mL. V1481 concentrations included 0.59
mg/mL, 1.17 mg/mL, and 2.10 mg/mL. V148G concentrations were 0.35 mg/mL, 0.82 mg/mL, and 1.80
mg/mL.
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Figure A1.5. 2-state monomer unfolding model fits for fALS mutants. The blue lines are the raw
endotherms, with the fits represented by the orange dashed lines. DSC scans were offset for clarity, with
the lowest concentration being the lower of the three scans and the highest concentration being at the top of
each plot. H46R concentrations were 0.42 mg/mL, 0.92 mg/mL, and 1.52 mg/mL. A4V concentrations
were 0.31 mg/mL, 0.79 mg/mL, and 1.76 mg/mL. V1481 concentrations included 0.59 mg/mL, 1.17
mg/mL, and 2.10 mg/mL. V148G concentrations were 0.35 mg/mL, 0.82 mg/mL, and 1.80 mg/mL.
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Figure A1.6 2-state dimer unfolding model fits for fALS mutants. The blue lines are the raw endotherms,
with the fits represented by the orange dashed lines. DSC scans were offset for clarity, with the lowest
concentration being the lower of the three scans and the highest concentration being at the top of each plot.
H46R concentrations were 0.42 mg/mL, 0.92 mg/mL, and 1.52 mg/mL. A4V concentrations were 0.31
mg/mL, 0.79 mg/mL, and 1.76 mg/mL. V148l concentrations included 0.59 mg/mL, 1.17 mg/mL, and 2.10
mg/mL. V148G concentrations were 0.35 mg/mL, 0.82 mg/mL, and 1.80 mg/mL.

0

A2.0 Par assay used to quanitate zinc and metal contamination

4-(2-pyridylazo)resorcinol (PAR) is a chelator used to quantify copper and
zinc ions spectroscopically. It was initially developed by Crow et al, in 1997 and
Mulligan et al, in 2009 (33, 95) and it involved denaturing a known amount of
protein completely, allowing for the release of zinc ions, and adding PAR to form a

Zn?*:PAR complex, but further modified by Colleen Doyle and Heather Primmer
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(96). However, with reduced apo SOD1, the protein is quite susceptible to binding
metals with a high affinity (~6.8 x 10-18 M-1 and ~4.2 x 10-1#M-1, for Cu?* and Zn?*,
respectively) (33), and for the 1 zinc bound form, prior metal contamination needs
to be limited. All reduced apo samples were denatured completely to allow for the
release of possible contaminating ions, which would bind to PAR and form a
complex. Qualitatively metal contamination was easily detectable since the
characteristic peak for PAR in water is at 415 nM and once bound with certain
metals, the amplitude at 415 nM decreases and a shoulder is formed for the
metal:PAR complex at 500 nM (123-125). When there is copper contamination, PAR
is able to bind it with a 1:1 binding stoichiometry and an affinity of 7.7 x 10-11 M-1
(33). However, PAR binds to zinc with a weaker affinity of 2.6 x 10-1> M-1 and binds
with 2:1 stoichiometry for zinc (33). If there is no observed peak at 500 nM then it
was assumed the protein sample was truly apo.

The PAR assay was also used to quantitate whether our zinc bounds samples
were truly 1:1, by denaturing the samples using 8 M guanidine hydrochloride
(GdnHCI) and adding an excess of PAR. The spectra obtained from the samples were
quantitated in two manners: one using the Beer-Lambert's law, as described below:

A=¢lc (Eq.479.1)
the second was using SpectralLab program to perform spectral decomposition on
sample spectra, using PAR, Zn:PAR, Cu:PAR as controls. The program would output
weighted coefficients for each control, which cumulatively added to the sample

spectra (126).
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Figure A2.1. Representative absorption spectra for PAR binding to Cu, Zn, and Zn from 2 samples.
A3.0 lodoacetamide labeling SDS-PAGE

To ensure samples remained reduced during ITC and DSC experiments, the
free thiols were labeled with iodoacetamide that prevented them from oxidizing
while running an SDS-PAGE gel. The samples were run against controls that would
produce both oxidized and reduced bands, with the reduced band showing up

higher than the oxidized.
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