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ABSTRACT

Conformational Changes of Wild-type SOD1 Affect the Dimerization at Ambient
Temperature
Giinseli Yildirnm
Master of Science in Molecular Biology and Genetics

July 20, 2022

Amyotrophic lateral sclerosis is a neurodegenerative disease caused by the
degeneration of lower and upper motor neurons in the brain and spinal cord. Although
ALS is rare, it is the third most common neurodegenerative disease comes after
Alzheimer's and Parkinson's. Since ALS has a complex molecular background, there is
no effective treatment for this disease. 90% of ALS patients are sporadic, and 10% have
familial disease. Mutations in more than 25 genes account for 70% of familial ALS and
also explain <10% of sporadic ALS.

SODI1, the second most common ALS-causative gene, encodes the dimeric
antioxidant superoxide dismutase 1 protein. More than 180 mutations in the SOD1 gene
are associated today with ALS. However, their mechanisms leading to ALS are not fully
known. Although most of the mutations appear to have similar pathological effects on
protein structure and motor neurons, they lead to different consequences in terms of
disease progression. Mutations in SOD1 cause misfolding of immature intermediate form
of SOD1 and disrupt the stable dimer structure of the protein; oligomerization and
accumulation of the protein occurs in the cytosolic region and at the outer mitochondrial
membrane of motor neurons. It has been suggested that misfolded SOD1 may interact
with a voltage-dependent anion channel (VDAC1) located at the outer membrane of the
mitochondria and prevents entrance of NADH, anions and ATP required for oxidative
phosphorylation. On the other hand, macrophage migration inhibitory factor (MIF) is
suggested to act as a chaperone for the SOD1 protein, helping misfolded SOD1 fold
correctly. This thesis includes i) overexpression and purification of wild-type SODI,
SOD16%34 MIF and VDACI, ii) crystallization of both wild-type and mutant forms of
SOD1 and iii) diffraction data collection from wild-type SODI. In this study, we
attempted to determine the first ambient temperature X-ray structure of SODI and
identified a wild-type apo SODI protein structure at 4.00 A resolution and P 21 21 21

space group.
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OZETCE

Yabaml Tip SOD1’deki Oda Sicakhiginda Dimerlesmeyi Etkileyen Yapisal
Degisiklikler
Giinseli Yildirnm
Molekiiler Biyoloji ve Genetik, Yiiksek Lisans
20 Temmuz 2022

Amiyotrofik Lateral Skleroz (ALS), beyin ve omurilikte bulunan alt ve {ist motor
ndronlarin dejenerasyonu sonucu olusan bir ndrodejeneratif bir hastaliktir. Her ne kadar
nadir hastaliklar kategorisinde olsa da, bu hastalik Alzheimer ve Parkinson
hastaliklarindan sonra en ¢ok goriilen ndrodejeneratif hastaliktir. ALS, karmasik bir
altyapiya sahip bir hastalik oldugu i¢in, etkin bir tedavisi bulunmamaktadir. ALS tanis1
konulan hastalarin %901 sporadik olarak tanimlanirken geri kalan %10°u ise aile
gecmisine sahiptir. 25°ten fazla gende bulunan mutasyonlarin %70 oraninda ailesel
ALS’yle iliskili oldugu gosterilmistir. Sporadik vakalar i¢in bu oran yaklasik %10’dur.

Stiperoksit dismutaz 1 proteinini kodlayan SOD1 geni ailesel ALS’ye en ¢ok neden
olan ikinci gendir. Bu gende meydana gelen 180°den fazla mutasyonun ALS ile iligkili
oldugu gosterilmigtir. Fakat, bu proteinin hastalik yapict mekanizmasi hala tam olarak
anlasilamamuistir. Proteindeki mutasyonlarin protein ve motor ndronlarda benzer patolojik
ozelliklere sahip oldugu goriilse de hastaligin seyri acgisindan farkli 6zelliklere sahiptir.
Genel olarak, bu gende meydana gelen mutasyonlar proteinin ara tam katlanmamis ara
formuna etki ederek proteinin yanlis katlanmasina ve hiicre i¢inde ve mitokondri
membraninda birikimine neden olur. Yanhs katlanan bu proteinin mitokondri
membraninda bulunan voltaj-bagimli anyon kanali ile etkilesime girerek bu kanal
proteininden oksidatif fosforilasyon i¢in gerekli olan NADH, ADP ve anyonlarin ge¢isini
engelledigi gosterilmistir. Diger yandan, normalde sitokin olarak goérev yapan makrofaj
gocli engelleyici faktor (MIF) bu yanlis katlanan proteine baglanarak diizgiin
katlanmasina yardimer olmaktadir. Bu tez kapsaminda yapilan ¢aligmalar, SODIWT,
SOD1G93A, MIF proteinlerinin iiretimi ve saflastirmasi, SOD1’in hem yabanil hem de
mutant formlarinin kristalizasyonu ve elde edilen kristallerden X-ray kristalografi
yontemi ile kirinim datalarinin elde edilmesidir. Yapilan bu ¢alismada apo SOD1’in
fizyolojik sicaklikta yapisinin belirlenmesi hedeflenmistir ve 6n data olarak ilk ti¢ boyutlu

X-ray yapis1 4.00 A ¢oziiniirliikle ve P 21 21 21 uzay grubu simetrisinde ¢dziilmiistiir.
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Introduction 1

Chapter 1:
INTRODUCTION

1.1  Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS), also known as 'Lou Gehrig's disease,’ is
a progressive, fatal adult-onset neurodegenerative disease that affects upper and lower
motor neurons in the brain and spinal cord and causes muscle wasting in several parts of
the body. Although it is classified as a rare disease, ALS is one of the most common
neurodegenerative diseases (Chio et al., 2013; Brown & Al-Chalabi, 2017; Talbot et al.,
2018; Vahsen et al., 2021). Motor neurons (MNs)which have unique shapes characterized
by their long axons. MNs can be grouped into two main types of neurons, depending on
their location; 1) upper motor neurons located in the motor cortex and ii) lower motor
neurons in the ventral horn of the spinal cord and brainstem (Stifani, 2014). Clinical
symptoms of the disease are distinguished according to the origin of the primary
pathology; generally, lower motor neuron degeneration results in weakness, muscle
atrophy, and fasciculations, and upper motor neurons cause spasticity and awkward
movements (Mulder et al., 1986).

Symptoms may present with weakness in the arms and legs or difficulty with
tongue movements, chewing, and swallowing. As the disease progresses severe
symptoms such as weakening of all skeletal muscles and fatal respiratory problems can
be seen. As a result of these painful symptoms, patients die within 2-5 years from the
diagnosis (Chio et al., 2013). Although this disease generally occurs in adulthood,
symptoms may begin to appear in the patient's early years. The mean age at onset of the
disease is 55 years (Taylor et al., 2016).

Incidence of the disease differs depending on the origin place in the world;
European countries have the highest number with an incidence of >3 in 100.000 people
per year. This value is much lower in east and south Asia (~0.8 and ~0.7 in 100.000)
(Talbott et al., 2016).
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1.2 Pathological Mechanisms of ALS

Although the underlying mechanism of motor neuron degeneration which causes
ALS is still unclear nowadays, some hallmark cellular pathological changes may cause
it. These include mutations of several genes, disruption of protein homeostasis, impaired
RNA processing, disrupted axonal transport, neuroinflammation, mitochondrial

dysfunction and oxidative stress (Figure 1.1).
1.2.1. Genetic Background of ALS

The majority of ALS cases, 90% are sporadic, and the remaining 10% are
hereditary, classified as familial ALS. More than 25 genes are primarily associated with
familial ALS, but sporadic cases might also have unclear hereditary with a complex
genetic background (Renton et al., 2014). Most of these genes are inherited autosomal
dominant and have high penetration and also hereditability of sporadic cases without
familial origin is approximately 60% of sporadic cases (Al Chalabi et al., 2010). Even
though genetic variations that cause the disease seem to affect a minority of the patients,
they are crucial to understanding pathological mechanisms of ALS through the proteins
encoded by these genes.

Mutations in the C9orf72 gene cause the GGGGCC (G4C2) repeat expansions in
the intronic region of this gene, this is the most common genetic cause of the disease
(40%) (Renton et al., 2011; Majounie et al., 2012). The average number of G4C2 repeats
in the C9orf72 gene seen in a healthy person is 30. However, in C9orf72 mutations related
ALS, this number might be hundreds or even thousands (DeJesus-Hernandez et al., 2011).
Several pathological mechanisms are caused by the abnormal expansion of
hexanucleotide repeats in this gene. As a result of the mutation, RNA foci have an
unexpected secondary structure, bind to nuclear proteins, and cause insoluble fractions in
the nucleus (Donelly et al., 2013; Lagier-Tourenne et al., 2013). On the other hand, RNA
products caused by of repeat expansion may escape from the nucleus to cytosol and
generate toxic dipeptide repeats by a noncanonical translation process (Peters et al.,
2015). The second most common causative and first identified gene of ALS disease is
superoxide dismutase 1(SOD1). ~20% of fALS and 1-3% of sALS cases result from
missense SOD1 mutations (Rosen et al., 1993; Zou et al., 2017). ALS-related mutant

SODI1 results in misfolding and oligomerization of the protein. Misfolded proteins
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Introduction 3

aggregate in the cytosol and the membrane of mitochondria of motor neurons (Pasinelli
et al., 2004; Pickles et al., 2013; Benkler et al., 2018). There are also ALS-related genes
that encode proteins responsible for RNA processing; TAR DNA binding partner 43
(TDP-43) (5% of cases) and Fused in Sarcoma (FUS) (5% of cases). Mislocalization of
these proteins causes accumulation of aggregates in the cytosolic part and disruption of
several mechanisms, including mRNA splicing and miRNA biogenesis (Kwiatkowski et
al., 2009; Vance et al., 2009; Prasad et al., 2019). Although these four genes are involved
in most of the cases, other genes that have roles in different mechanisms have been
identified; SQSTM1, OPTN, TBK1, VAPs, UBQLN2, VCP, CHMP2B, ALS2, FIG4,
PFN1, DCTN (Yang et al., 2001; Cox et al., 2010; Johnson et al., 2010; Maruyama et al.,
2010; Deng et al., 2011; Fecto et al., 2011; Sanhueza et al., 2013; Liu et al., 2014; Smith
etal., 2015) (Table 1.1).

Table 1.1 Genes are related to ALS

Gene Protein Function Inheritance

Name

C9orf72  Chromosome 9 Cellular trafficking via actin, and Autosomal

opening reading frame regulation of lysosome biogenesis and dominant
72 maturation.

SOD1 Superoxide dismutase 1 ~ Antioxidant enzyme: uses copper to Autosomal
convert superoxide radical species to dominant,
oxygen or hydrogen peroxide. recessive

FUS Fused in sarcoma Regulation of several RNA related Autosomal
mechanisms; mRNA splicing, dominant

processing, transport, and translation.

TDP-43 TAR DNA binding Regulation of several RNA related Autosomal
partner 43 mechanisms; mRNA splicing, dominant

processing, transport, and translation.

Sequestosome 1/p62 recruit cargo to autophagy. Autosomal
SQSTMI1 dominant

OPTN Optineurin Recruit cargo for autophagy process Autosomal
dominant

TBK1 Tank-binding kinase 1~ Phosphorylation of p62, OPTN for Autosomal
autophagy. dominant
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VAPB VAMP-associated Activation of endoplasmic reticulum- Autosomal
and proteins B and C associated protein degradation (ERAD)  dominant
VAPC and autophagy.
UBQLN2  Ubiquilin Recognition ubiquitinated proteins. X-linked disease
VCP Valosin-containing Forming aggresomes and translocation =~ Autosomal
protein them out of ER for degradation. dominant
CHMP2B Charged multivesicular ~Generating multi-vesicular bodies Autosomal
body protein 2B (MVBs). dominant
ALS2 Alsin Generating MVBs Autosomal
recessive
FIG4 Polyphosphoinositide Generating MVBs. Autosomal
S-phosphatase dominant
PFN1 Profilinl Cytoskeleton protein responsible for Autosomal
transport within cells. dominant
DCTN Dynactin Cytoskeleton protein responsible for Autosomal
transport within cells. dominant

1.2.2. Disruption of Protein Homeostasis

Protein homeostasis provides a network responsible for balancing the production
and degradation of proteins and is fundamental to all cellular mechanisms in the body.
The accumulation of aggregated proteins in the cellular part of upper and lower motor
neurons is one of the neuropathological findings of ALS. The most common ALS-related
proteins like SOD1, C9orf72, TDP-43 and FUS can form aggregates in the cytosolic part
of neurons or on components of protein homeostasis such as mitochondria, ER, and
proteasome (Watanabe et al.,2001; Wang et al., 2002; Kwiatkowski et al., 2009; Cooper-
Knock et al., 2012). Impaired protein homeostasis in motor neurons is mainly related to
the disruption of ubiquitin-dependent protein degradation and autophagy mechanisms. In
ubiquitin-dependent protein degradation, proteins are ubiquitinated by ubiquitin
enzymatic cascade and then degraded by proteasome complex. Autophagy is another
mechanism involving the degradation and recycling of proteins and cytoplasmic

organelles. Some mutations of proteins (C9ORF72, OPTN, SQSTMI1, VCP, and
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UBQLN?2) are also involved in the autophagy mechanism or ubiquitin-proteasome system

(Majcher et al., 2015; Ying and Yue, 2016; Nassif et al., 2017).

1.2.3.  Impaired RNA Processing

Two essential ALS-related genes encode RNA-binding proteins, TDP-43 and
FUS, which are involved in the RNA processing mechanisms, including mRNA splicing,
transport, and translation. TDP-43 and FUS are proteins located in the nucleus under
normal conditions. Mutation in the TDP-43 and FUS genes causes mislocalization and
aggregation of these proteins in the cytosolic part of the cell. The cause of RNA-binding
proteins-related ALS is unknown since they have different roles in cells (Neumann et al.,

2006; Kwiatkowski et al., 2009; Vance et al., 2009).

1.2.4. Disrupted Axonal Transport

Axonal transport is the mechanism responsible for transferring cellular cargo
components like proteins, organelles, vesicles, and lipids to the end of the axon. It is
essential for maintaining the cytoskeleton and the communication between presynaptic
and postsynaptic neurons. Abnormalities in axonal transport are commonly seen as
pathological changes in neurodegenerative diseases (Perlson et al., 2010; Millecamps and
Julien, 2013). Alterations in neurofilament an essential component of axonal transport,
such as overexpression, over phosphorylation of neurofilament subunits, or mutations in
the genes that encode neurofilament subunits may cause accumulation of neurofilaments.
This disorganization of neurofilaments can cause ALS pathogenesis in motor neurons.
Within mutations in DCTNI, defects of the dynein-dynactin complex in the microtubules
reduce retrograde transport by accumulating neurofilaments and causing degeneration in
neurons (Kieran et al., 2005). Besides axonal transport components, mutations in the
ALS-related genes might be responsible for deficits in axonal transport. Previous studies
have shown that SOD1 mutations are also associated with slow antegrade and retrograde
transport, they affect the transport even before degeneration in neurons (Murakami et al.,
2001; Moller et al., 2017). The other ALS-related protein, TDP-43, typically binds to
neurofilament light chain mRNA and has a role in the processing of this mRNA and

regulation of splicing another axonal component, peripherin (Strong et al., 2007).
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Figure 1.1 The main mechanisms involved in the pathogenesis of ALS in degenerated motor neurons

In the top left panel, oxidative stress-related cellular defects are shown. The top right panel shows the effect of impaired
DNA repair on RNA processing in the nucleus. The bottom right panel represents the disruption of microtubules and
axonal transport dysfunction.

1.2.5. Neuroinflammation by Microglia and Astrocytes

Neuroinflammation, activated by astrocytes and microglia, is one of the
pathogenic hallmarks associated even with the pre-symptomatic phase of ALS. Previous
in vivo studies have shown that the accumulation of misfolded proteins like SOD1 might
be responsible for the activation of microglia in the early stages of ALS (Boillée et al.,
2006). When microglia are activated and overproduce inflammatory elements like
cytokines and chemokines, it provokes the neurotoxic effect of astrocytes in
oligodendrocytes and neurons (Harry et al., 2008). Recent studies suggest that the
response resulting from microglia activation causes the degeneration of motor neurons
(Hickman et al., 2018). Inflammatory cytokines and chemokines were found in

abundance in ALS patients' cerebrospinal fluid and blood samples (Kuhle et al., 2009)
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and ALS-related mutant proteins which are expressed in astrocytes also lead to death of

motor neurons (Tong et al., 2013; Kia et al., 2018).

1.2.6. Mitochondrial Dysfunction and Oxidative Stress

The mitochondrion is the prominent organelle that produces the required ATP for
cellular activities. Besides this well-known function of mitochondria, they are also
essential components for calcium homeostasis and regulation of apoptosis. Mitochondrial
abnormalities in neurons are highly related to the pathogenesis of several
neurodegenerative diseases, including ALS (Wang et al., 2019). The first identified
mitochondrial abnormality in ALS is the morphologically altered and accumulated
mitochondria in neurons of ALS patients (Atsumi, 1981). Alterations in the structure of
mitochondria were also reported in mouse and cell models of ALS. In addition, in vivo
studies have shown that overexpression of certain mutant ALS-related proteins results in
morphological changes in mitochondria (Kodavati et al., 2020). One of the essential
functions of mitochondria in neurons is having a calcium buffering system. Disruption of
ER-mitochondria communication in the cells may cause the impaired calcium buffering
(Ryan et al., 2020). Decreased reuptake of calcium by mitochondria results in excessive
amounts of cytosolic calcium and motor neuron death (Kawamata and Manfredi, 2010).

Although morphological changes in mitochondria are associated with the
pathogenesis of ALS disease, mitochondrial dysfunction also affects motor neurons in
many ways. The accumulation of ALS-related misfolded proteins such as SOD1, TDP-
43, FUS and C90orf72 in the mitochondrial membrane is the most important factor causing
mitochondrial dysfunction in both fALS and sALS (Magrane et al., 2009; Wang et al.,
2013; Blokhuis et al., 2013). Generally, they do not just accumulate in mitochondria but
also interact with mitochondrial proteins. It has been shown that the location of mutant
SOD1 on the mitochondrial membrane and interaction between mutant SOD1 and some
mitochondrial proteins leads to reduced activation of the electron transport chain by
preventing the entrance of ions, metabolites and ADP required for oxidative
phosphorylation and ATP production (Mattiazzi et al., 2002). Accumulation of mTDP-
43 in mitochondria affects energy transformation by binding to mRNA of mtDNA-
encoded complex I subunits (Wang et al., 2016). Interaction between FUS and
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mitochondrial chaperone HSP60 also causes decreased ATP production and increased

production of reactive oxygen species (ROS) by mitochondria (Deng et al., 2015).

1.3 Overview of Superoxide Dismutase 1 (SODI)

Superoxide dismutase 1, an antioxidant protein, is expressed almost in all human
cells. This protein has a role in converting superoxide (O2") free radicals, very toxic to the
cellular environment, to O, and H>O» by reducing Cu?* to Cu" and then oxidizing back

(McCord and Fridovich, 1966) (Figure 1.2).

SOD1-Cu™ + Oye —— SOD1-Cu" + 0,
SOD1-Ciu + O;« +2H* — SOD1- + H20;

Figure 1.2 The reaction of converting superoxide to oxygen and hydrogen peroxide by SOD1

SODI1 is a 16 kDa protein and its fully mature form is a 32 kDa homodimeric
enzyme and each monomer of the protein contains eight stranded B-barrel motif, intra-
subunit disulfide bonds and copper (Cu?") and zinc (Zn**) binding sides (Huai and Zhang,
2019). Although it binds to copper ions to catalyze the reaction of converting superoxide
to less harmful molecules, zinc-binding provides a more stable structure for the protein
(Yangetal., 2018). Metal-binding and intra and inter-subunit disulfide bonds are the main
properties providing the remarkably stable structure of the mature protein and affect each
other. Through the formation of disulfide bonds, the protein is stable and functional even
in a reducing environment (Sea et al., 2015). Disruption of the intrasubunit disulfide bond
formation can cause the loss of metal binding property. On the other hand, Cu/Zu
orientation is also crucial for the formation of intra-subunit disulfide bonds (Kayatekin et
al.,2010). At the protein's active site, there are six histidine residues (His46, His48, His63,

His71, His80, His120) provide copper-zinc binding, two positively charged residues



Introduction 9

Lys136 and Argl43 and intra-subunit disulfide bond between Cys57 and Cys146 (Figure
1.3).
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Figure 1.3 Active site of SOD1
Chains are colored pale yellow and light blue. The orange and red spheres represent Cu?>* and Zn>* ions, respectively.
The disulfide bond between Cys57 and Cys146 is shown in pale green color.

Currently, 217 variants of SODI associated with ALS have been reported
(https://alsod.ac.uk/output/gene.php/SOD1). In general, most of the mutations are
missense and inherited as autosomal dominant (Figure 1.4). The phenotype of mutations
may change according to the progression and severity of the disease (Pasinelli and Brown,
2006). Although various mechanisms resulting from pathogenic mutations of SOD1 have
been suggested, the underlying cause of toxicity is still unclear. It has been shown that
mutations related to ALS decrease the activity of the protein by at least 50%. However,
the severity of the disease is not correlated with the decrease in enzymatic activity. The
cause of ALS related to SOD1 mutation is most probably a toxic gain of function of the
misfolded protein by aggregation (Joyce et al., 2011). Conformational changes in the
protein may cause misfolding of the immature protein which then goes through
oligomerization (Bruijn et al., 1998; Banci et al., 2008). In normal conditions, fully

mature SODI1 proteins are localized in the cytosolic part as soluble. Misfolding of the
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protein may cause aggregation in the cytosol and on the membranes of mitochondria and

endoplasmic reticulum (Vande Velde et al., 2008).
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Figure 1.4 The locations of missense mutations of SODI in X-ray structure and the amino acid sequence
All firebrick-colored spheres show the point mutations of SOD1.

Mutations in the SOD1 gene may result in non-identical conformational changes
in the protein and mediate different misfolded structure variants (Prudencio and Borchelt,
2011). It has been shown that more than 44 different structural states of SOD1 may occur
according to their metal binding, disulfide bond formation and oligomerization levels
(Furukawa and O’Halloran, 2005). Although all the pathogenic mutations do not have the
same structural properties, it has been investigated that they have a similar pattern of
creating a toxic environment. These pathogenic mutants might be able to prevent post-
translational maturation of the protein. Generally, they destabilize the metal-free
immature form with reduced disulfide bonds of the protein and affect metal binding
or/and disulfide bond formation. Mutant SOD1s with known effects were categorized into
two types: one group affects the metal binding by disturbing electrostatic and zinc-
binding loops (H46R, G85R, D124V, D125H, and S134N), while the other one has
typical metal-binding properties but sensitive for disulfide bond reducing (A4V, L38V,
G418, D90A, and G93A) (Tiwari et al., 2005; Huai and Zhang, 2019). Although they

10



Introduction 11

have similar structural features, the intracellular effects and toxicity levels of mutations

can differ. Therefore, the toxicity caused by mutations is not known.

1.4  Maturation and Oligomerization of SODI

Although the dimeric structure of SODI is stable, during the maturation of the
protein, there are several states until it is folded in its native dimer structure. Folding
SOD1 to native functional protein is a complex process for a small protein. In the first
step of maturation, SODI1 is in a monomer form without metal ions and an intra-subunit
disulfide bond (E, E (2SH)). Zn?* binding to the apo form of monomer stabilizes the
monomer form of the protein. The protein's zinc-bound state (E, Zn, (2SH)) may also
form the dimeric protein. However, this dimeric structure is not as stable as the natively
folded protein. This more stable structure recruits human copper chaperone for
superoxide dismutase (hCCS) to bind Cu?* ions to each monomer and create Cu, Zn,
(2SH) monomers. The following process of metal binding is the oxidation of the protein's
metal-bound form. As a result of the oxidation, disulfide bonds between Cys57 and
Cys146 are formed. The last step of maturation is when these monomers come together
and form a fully mature dimer structure by establishing non-covalent interactions (Banci
et al., 2012; Culik et al., 2018). Under normal conditions, all these intermediate forms
proceed on the pathway to achieving a fully mature structure. However, in animal models
of SOD1-induced ALS and in vivo studies, it has been observed that these metal-free
and/or disulfide-free immature structures accumulate in the cell because of misfolding
and then form amyloid-like fibrils with growing aggregation (Chia et al., 2010; Ivanova
et al., 2014) (Figure 1.5).

11
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Figure 1.5 The maturation and oligomerization processes of SOD1

1.5  Interaction Partners of SODI

According to previous studies, it has been suggested that mutations in the SOD1
may cause structural variations of the protein and may result in a toxic gain of function.
However, the underlying mechanisms of toxicity are unknown. Interactions between
SOD1 and proteins that have roles in different cellular mechanisms have been identified
to elucidate the disease mechanisms caused by this protein. One of the causes of oxidative
stress and mitochondrial dysfunction, among the most critical mechanisms of ALS, is the
accumulation of aggregates formed by mutant SODI1s in the cytosolic part of
mitochondria and their interaction with mitochondrial proteins. Misfolded SOD1 directly
binds to two vital proteins located on the outer membrane of mitochondria; one is the
voltage-dependent anion channel 1 (VDAC1), responsible for the entrance oxidative
phosphorylation components such as ions, metabolites, ADP and NADH (Isrealson et al.,
2010; Shteinfer-Kuzmine et al., 2019), the other one is an anti-apoptotic protein Bcl-2
which has a crucial role in cell survival (Pasinelli et al., 2004). Since binding of SODI to
these proteins causes conformational changes and affects the activity of these proteins,
mutations of SOD1 have been found to be related to mitochondrial dysfunction.

Additionally, the interaction of SOD1 with another mitochondrial protein, lysyl-
tRNA synthetase (KARS), an essential protein for mitochondrial protein synthesis, causes

12
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misfolding and aggregation of this protein (Kawamata et al., 2008). It has been shown
that the other functionally disrupted organelle by misfolded SODI1 proteins is the
endoplasmic reticulum. Misfolded proteins create aggregates and interact with different
proteins that have roles in ER. Mainly, they interact with Derlin-1, the part of the ER-
associated degradation (ERAD) machine that provides translocation of misfolded
proteins from ER to the cytosolic part of the cell. Interaction between these two proteins
triggers cellular cytotoxicity and motor neuron death (Nishitoh et al., 2008).

Besides the effects of misfolded SOD1 on mitochondria and ER, it is a
transcription factor responsible for regulating oxidative repair and resistance genes. In
response to increasing ROS (especially superoxide), it goes from the cytosol into the
nucleus. In the nucleus, phosphorylation of SOD1 at S60 and S99 by its effector kinase
Dunl/Cds1 promotes the expression of the genes (Banks and Andersen, 2019). Since
aggregates have enormous molecular weight accumulated in the cytosol, SOD1 cannot
localize into the nucleus and oxidative response is disrupted. Proteins belonging to the
proteasome complex are other targets of misfolded SOD1. The proteasome is a complex
with two main components: core 20S protease and 19S, with two regulatory subunits
showing ATPase activity. Mutant SOD1s bind to two subunits of 19S (S6 and S6’) and
reduce ATP-dependent activation of proteasome complex and protein degradation
(Cheroni et al., 2009). On the other hand, ALS-related mutants of this protein induce the
other essential protein degradation mechanism, autophagy, by binding Parkin and
SQSTMI1 which have a role in the formation of autophagosome complex (Gal et al., 2009;
Palomo et al., 2018). Besides its interaction causing toxicity in the cellular environment,
it has been reported that binding of MIF to misfolded SOD1 reduces amyloid-like fibril
structures and the accumulation of the protein in the cytosol, mitochondrial and ER

membranes (Shvil et al., 2018).

1.6  Voltage-dependent Anion Channel 1 (VDACI)

Mitochondria are organelles with two membranes; the first one is the outer
mitochondrial membrane facing the cytosolic part of the cell and the other one is the inner
mitochondrial membrane that separates the outer membrane from mitochondrial cytosol.
An intermembrane space localizes between these two mitochondrial membranes. The

primary function of mitochondria is generating ATP by oxidative phosphorylation. ATP

13
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is produced in the last step of the electron transport chain, which is localized to the inner
membrane of the mitochondria.

VDACI is a transmembrane protein located in the outer mitochondrial membrane.
It is the primary channel for the entrance of the metabolites, ions and nucleotides required
for oxidative phosphorylation. VDACI is active in the voltage range of -40 to +40 mV,
with the best conductivity at 0 mV (Camara et al., 2017). In this range, the channel is in
the open position, while the voltages are -40 and above +40 mV, which causes the channel
to be closed and reduces its conductivity (Rostovtseva and Colombini, 1996, 1997). It is
permeable for the anions, ADP, NADH and metabolites of the respiratory chain in the
open state and allows the passage of cations such as Ca2+, Na+ and K+ in the close state
(Rostovtseva et al., 2008). It also has an essential role in the apoptotic signaling pathway
which is mediated in the mitochondria by interacting with anti-apoptotic protein Bcl-2
and cytosolic kinases of mitochondria, e.g., Hexokinase I (Tsujimoto and Shimizu, 2000;

Shimizu et al., 2001).

Figure 1.6 The cartoon representation of the side and top view of the VDACI structure
B-strands, a-helix and loop regions colored pale green, light blue and dark salmon, respectively.

VDACI is a channel containing a hydrophobic 19-stranded B-barrel mounted on
the outer membrane and an alpha-helix at the N-terminal located inside the pore
(Bayrhuber et al., 2008) (Figure 1.6). The conformational changes in the open and close
states are still not identified. However, this N-terminal o-helices portion of the protein is
thought to move in and out of the pore as it transitions into open and closed states. It has
also been suggested that the N-terminal region may be essential in regulating metabolites'

14
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entrance (Geula et al., 2015). In the study of Isrealson et al. (2010), it has been shown that
when misfolded mutant SOD1 proteins accumulated on the mitochondrial membrane,
they directly bind to VDAC] and inhibit the entrance of metabolites and ions required for
oxidative phosphorylation. Understanding the interaction mechanism between these two
proteins will be a major step forward in elucidating mitochondrial dysfunction, one of the

most important underlying causes of the disease.

1.7  Macrophage Migration Inhibitory Factor (MIF)

Figure 1.7 Three-dimensional structure of trimeric MIF protein, the side and top view
Monomers are shown in light blue, light pink and orange colors.

Macrophage migration inhibitory factor is a trimer ubiquitous protein with
different roles in cells as a cytokine, enzyme and chaperone-like protein (Song et al.,
2022). When the protein was discovered, the function of MIF was determined as a
cytokine involving immune response in delay hypersensitivity (Bloom et al., 1966). It is
also named as such since it prevents the random movement of macrophages. Besides its
role in inflammatory and immune response, it is involved in cell proliferation,
tumorigenesis, and wound repair (Chatterjee et al., 2014; Pasupuleti et al., 2014). It has
also been reported that MIF is a homolog protein of D-dopachrome tautomerase.
Similarly, it shows phenyl/pyruvate tautomerase and thiol oxidoreductase activities
(Merk et al., 2011).

MIF has been shown to have chaperone-like properties along with all its other

functions. The first study conducted by Cherepkova et al. (2006) showed that MIF is
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similar to other chaperones such as Hsp70 in that it has a trimeric structure, is a small
protein (12 kDa each monomer) (Figure 1.7), and a hydrophobic surface. In later studies,
the chaperone effect of MIF was shown on SODI; it has been investigated that MIF
prevents the formation of the aggregation of misfolded mutant SODIs in the cytosol and
mitochondria and amyloid-like fibrils from aggregates (Shvil et al., 2018). The
mechanism of MIF to prevent misfolding and help to fold SOD1 properly is still unclear
and providing insight into the underlying mechanism might be a significant step for

developing therapeutics target SOD1.

1.8  The Aim of the Thesis

So far, all X-ray structures of wild-type and mutant SOD1 entered in PDB are
obtained from data collected at cryogenic temperatures. Although SOD1 is a stable
homodimer protein in its fully mature active form, there are intermediate forms of SOD1
in its maturation process to become a folded protein. Crystallization at low temperature
and freezing protein crystals for diffraction data collection provide to see proteins as the
most stable form. However, we cannot see more flexible intermediate forms of wild-type
SOD1 or conformational changes of mutant SOD1s at cryogenic temperatures. We aimed
to determine conformational changes during dimerization of the protein and structural
effects of mutations in the SOD1 using X-ray crystallography approaches at ambient
temperature. The second aim of this thesis is to solve the structures of VDACI1 and MIF,
which are interaction partners of SOD1 and to show the interaction between SODI1 and

these proteins with the X-ray crystallography method.
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Chapter 2:
MATERIALS AND METHODS

2.1  Plasmid Selection and Design for SOD1, VDACI and MIF

pET28a (+) expression vector carrying six histidine tags and thrombin cleavage site was
used for overexpression of full-length human SODIWT, SOD19%*4 VDACI1 and MIF
genes (Figure 2.1). The codon-optimized genes were synthesized and inserted into the
pET28a (+) vector plasmid by cloning. Genscript, USA, performed cloning the genes into
the vector. We provided the following amino acid sequences of those genes for the design
of the construct (Histidine-tag and thrombin recognition site indicated with green and red
colors, respectively).

SOD1 W7 sequence:

1. MGSSHHHHHHSSGLVPR(thrombin cut site) GSHMATKAVCVLKGDGPV
QGIINFEQKESNGPVKVWGSIKGLTEGLHGFHVHEFGDNTAGCTSAGPHFNPLS
RKHGGPKDEERHVGDLGNVTADKDGVADVSIEDSVISLSGDHCIIGRTLVVHEK
ADDLGKGGNEESTKTGNAGSRLACGVIGIAQ

SOD1 ¢%3A sequence:
MGSSHHHHHHSSGLVPR(thrombin cut site) GSHMATKAVCVLKGDGPVQGIINF
EQKESNGPVKVWGSIKGLTEGLHGFHVHEFGDNTAGCTSAGPHFNPLSRKHGG
PKDEERHVGDLGNVTADKDAVADVSIEDSVISLSGDHCIIGRTLVVHEKADDLG
KGGNEESTKTGNAGSRLACGVIGIAQ

VDACIT sequence:
MGSSHHHHHHSSGLVPR(thrombin cut site) GSHMAVPPTYADLGKSARDVFTK
GYGFGLIKLDLKTKSENGLEFTSSGSANTETTKVTGSLETKYRWTEYGLTFTEK
WNTDNTLGTEITVEDQLARGLKLTFDSSFSPNTGKKNAKIKTGYKREHINLGCD
MDFDIAGPSIRGALVLGYEGWLAGYQMNFETAKSRVTQSNFAVGYKTDEFQL
HTNVNDGTEFGGSIYQKVNKKLETAVNLAWTAGNSNTRFGIAAKYQIDPDACF
SAKVNNSSLIGLGYTQTLKPGIKLTLSALLDGKNVNAGGHKLGLGLEFQA

MIF sequence:
MGSSHHHHHHSSGLVPR(thrombin cut site) GSHMPMFIVNTNVPRASVPDGFLS
ELTQQLAQATGKPPQYIAVHVVPDQLMAFGGSSEPCALCSLHSIGKIGGAQNRS
YSKLLCGLLAERLRISPDRVYINYYDMNAANVGWNNSTFA

17
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Figure 2.1 Vector map and sequence information of pET-28a (+) plasmid

2.2 Transformation and Bacterial Stock Preparation

The gene constructs cloned to pET-28a (+) were transformed into E. coli BL21
Rosetta 2 bacterial strain using heat shock and cultured to LB agar plates with kanamycin
and chloramphenicol antibiotics. Then, plates were incubated at 37°C overnight. Colonies
were picked from the plate to inoculate in 150 mL LB-Miller broth media (30 g/L) with
antibiotics. The cells were grown at 37°C and 110 rpm in the New Brunswick Innova
4430R shaker/incubator overnight. For long-term storage of transformed bacterial
culture, 750 puL of the grown cells were mixed with 750 uL 80% glycerol in a 2 m Wuxi
NEST Biotechnology cryovials and then placed at -80°C freezer.
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2.3 Recombinant Protein Production and Purification

2.3.1.  Small Scale Expression of SOD1 """ and SOD1 ¢%34

Samples from glycerol stocks of the cells containing SOD1WT and SOD1 6934
constructs were inoculated into 150 mL rich LB- Miller (50 g/L) with 50 pg/mL
kanamycin and pg/mL chloramphenicol. The cultures were grown overnight in the New
Brunswick Innova 4430R shaker/incubator at 37°C and 110 rpm. The cultures were split
into three flasks for testing different induction times (24 h, 48h, and 72 h) and induced
with 0.4 mM IPTG and 100 uM ZnCl; at 18°C and 110 rpm in the New Brunswick Innova
4430R incubator.

2.3.2. Small Scale Expression of MIF and VDACI

A small amount from glycerol stocks of cells transformed with pET-28a(+)
containing MIF and VDACI1 genes was inoculated into separate 150 mL standard LB-
Miller (30 g/L) supplemented with 50 pg/mL kanamycin and 35 pg/mL chloramphenicol.
Cell cultures containing these genes were grown in the New Brunswick Innova 4430R
shaker/incubator at 37C and 110 rpm. 20 mL of the grown culture was used for the
induction process. Induction was applied with 0.4 mM IPTG at 18°C and 110 rpm.

2.3.3. Protein Purification on the Small Scale (Pull-down Assay)

After overnight induction, cells were transferred to a 50 mL falcon tube and
centrifuged at 3500 rpm for 30 min in the Beckman Allegra 15R centrifuge. The
supernatant part was discarded, and pellets were put into a -80°C freezer for storage. 20
mL lysis buffer containing 500 mM NacCl, 150 mM Tris pH 7.5, 0.1% Triton X-100 and
5% glycerol was added to the pellet to lyse the cells and pellets sonicated on the ice at
30% amplitude and during the 30s (1s on, 1s off) with Branson W250 Sonifier. After the
sonication process, the sample was centrifuged at 15000 rpm for 30 min with the
Beckman Avanti J-26S centrifuge. The supernatant of each sample was transferred to
another 50 mL falcon tube, and then 500 pL Ni-NTA agarose resin was added to the tube
and inverted a couple of times. The mixture was incubated overnight in a 4°C refrigerator.
The supernatant containing beads was centrifuged at 1000 rpm for 1 min. The supernatant

was discarded without moving the beads at the bottom of the falcon tube. The remaining
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beads were incubated on the ice for 30 min with a washing buffer containing 150 mM
NaCl and 20 mM Tris-HCI pH 7.5. The washing buffer added beads were centrifuged
again at 1000 rpm for 1 min, and the supernatant was discarded. The beads were
transferred to a microcentrifuge tube. 1 mL elution buffer containing 150 mM NacCl, 20
mM Tris-HCI pH 7.5 and 250 mM imidazole and proteins bound to resin were eluted by
centrifuge at 1000 rpm for 1 min. The expression of each protein was validated by

BioRad TGX-mini protean gradient SDS-PAGE.

2.4  Protein Expression and Purification on a Large Scale

2.4.1. Large-Scale Protein Expression and Purification of SOD1 """ and SOD1 %934

Firstly, the stock cells containing SODIWT and SODI1 634 genes were grown
overnight in the 150 mL rich LB (50 g/L) supplemented with 50 pg/mL kanamycin and
pg/mL chloramphenicol at 30°C and 110 rpm using the New Brunswick Innova 4430R
incubator. 150 mL cell culture was added to 4.5 L rich LB w/ same antibiotics and grown
at 30C and 110 rpm until OD600 was equal to 0.8. To induce protein production, 0.4 mM
IPTG and 100 uM ZnCl; were mixed with the grown culture and incubated overnight at
20°C and 110 rpm. After overnight incubation, pellets were harvested by centrifugating
at 3500 rpm for 45 min in the Beckman Allegra 15R centrifuge. Pellets were stored at -
45°C freezer. For the lysis process, a buffer containing 500 mM NacCl, 150 mM Tris pH
7.5, 0.1% Triton X-100 and 5% glycerol were added to the top of the pellets. To make
proteins soluble the pellets with the lysis buffer were sonicated at 85% amplitude for 30
s (Is on, Is off) using Branson W250 Sonifier. The completely resuspended solution after
sonication was centrifuged at 35000 rpm for one hour in the Beckman OptimaTM L-80
XP Ultracentrifuge. The supernatant was transferred to a bottle and was ready for loading
to the Ni-NTA column.

Purifying the protein from the supernatant sample with nickel affinity
chromatography was performed using the QIAGEN Ni-NTA agarose resin column.
Firstly, before loading the sample, the column was equilibrated with a loading buffer
containing 250 mM NaCl and 25 mM Tris-HCI pH 7.5. After this process, the supernatant
was filtered with a 0.44 um membrane filter and then loaded to the Ni-NTA column with
2.5 mL/min flow rate using the AKTA GO FPLC. When the loading step was finished,
the column was washed with the buffer containing 250 mM NaCl and 25 mM Tris-HCl
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pH 7.5. To get rid of non-specifically bound E. coli proteins, the column was also washed
with loading buffer with 25 mM imidazole. After those washing steps, the protein was
eluted from the column with elution buffer (250 mM NaCl, 25 mM Tris-HCl and 250 mM
imidazole). The eluted protein sample was loaded into 12% TGX mini-protean SDS-
PAGE gel to validate purified protein.

2.4.2. Large-Scale Protein Expression and Purification of MIF and VDACI

For overnight starter culture of the large-scale expression of MIF protein, the stock
cell containing the gene was inoculated in 150 mL standard LB (30 g/L) with 50 pg/mL
kanamycin and 35 pg/mL chloramphenicol and grown at 37°C and 110 rpm in the New
Brunswick Innova 4430R incubator. The culture grown overnight was added to 4.5 L
standard LB supplemented with the same concentration of the antibiotics and grown at
37°C and 110 rpm. When OD600 reached 0.8-1.2, protein expression was induced with
0.4 mM IPTG overnight at 18°C and 110 rpm. The purification procedure of MIF was the
same as that applied to the SOD1WT and SOD19%3*4 protein, with the same buffers at pH
8.5. Since VDACI is a membrane protein, to purify the protein on-column refolding

process was applied.

2.4.3. Refolding of VDACI

After induction of VDACI expression, pellets were collected and lysed with a
lysis buffer (Buffer A) containing 500 mM NacCl, 50 mM Tris-HCI pH 7.5, 0.1 Triton-X-
100, 5% Glycerol and 25 mM imidazole to get rid of other bacterial proteins. The lysate
was centrifuged at 20000 rpm for 30 min in the Beckman OptimaTM L-80 XP
Ultracentrifuge. Since VDACI was in the pellet, the pellet was collected in this step, not
the supernatant. The collected pellet was dissolved overnight on the stirrer with a buffer
(Buffer B) containing 8 M Urea, 500 mM NaCl, 20 mM Tris-HCl pH 7.5 and
10%Glycerol. The mixture was centrifuged at 35000 rpm for one hour and the supernatant
part was collected in the bottle. For refolding process of VDACI protein, the buffer
containing 150 mM NaCl and 20 mM Tris-HCI pH 7.5 and 1% Triton-X 100. The protein
sample (25 mL) was added to the refolding buffer by dropwise method.
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2.5  Reverse Ni-NTA Chromatography

Purified SOD1WVT, SODY*A and MIF proteins with the N-terminal hexahistidine
tag were cleaved overnight at 4°C by thrombin enzyme to remove the His-tag. SDS-
PAGE was performed to validate the cleavage of His-tag. AKTA GO instrument and Ni-
NTA agarose resin column were used to collect the protein without His-tag. The protein
sample was loaded to the column with 2.5 mL/min flowrate. After loading the sample,
the fraction was collected from flow through containing proteins that do not have histidine
tag. The bound SOD1 proteins were eluted with the buffer containing 250 mM NaCl, 50
mM Tris-HCI pH 7.5 and 250 mM imidazole. The bound fraction of MIF was collected
with the same buffer with pH 8.5. Purified and thrombin cut proteins were aliquoted to
1.5 mL microcentrifuge tubes, frozen with liquid nitrogen and then stored at -80°C

freezer.

2.6  Protein Crystallization

To crystallize the purified proteins with and without the His-tag, more than 3000
commercial crystal screen conditions were used. 0,83 uL of protein sample and 0.83 pL.
crystal screening condition were added to one well of the 72-well Terasaki plate and
covered with 16.6 pL paraffin oil using the sitting drop microbatch under the oil method.
Crystallization was performed at room temperature for SOD1VT and SOD16%34 samples
and 4°C for the MIF protein sample. Each well was checked each week under the light
microscope until crystals were formed. Concentrations of the proteins used for
crystallization were 4.8 mg/mL, 5.6 mg/mL and 6.7 mg/mL for SOD1WVT, SOD19%4 and
MIF, respectively.

2.7  Diffraction Data Collection and Processing

The diffraction data collection experiments were performed in the Turkish Light
Source (XtaLab Synergy-S (Rigaku)) home source X-ray diffractometer consisting of a
four-axis Kappa goniometer (omega, kappa, theta and phi), micro-focus X-ray tube and
HyPix-Arc 150° detector (Rigaku) (Figure 2.2). All parts of data collection were
performed at cryogenic and room temperatures. XtalCheck-S plate reader tool was

mounted to conduct the experiment at ambient temperature. The plate reader provides a
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way to collect data from the Terasaki plate directly. After mounting the XtalCheck-S
apparatus, the Terasaki plate with the SOD1 crystals was placed in the plate reader with
the appropriate adapter. XtalLab Synergy-S synchronized with CrysAlis Pro software to
operate the system and the experiment. All the formed crystals on the three Terasaki plates
were scanned. For diffraction scanning of the crystal, the beam intensity was arranged to
10% and one frame was collected with 1s exposure time for each crystal. Diffraction data
collection continued with the crystals in the two well of Terasaki plate containing 1 pL
Stura Footprint #2-24 + 0.5 pL Additive screen #27 and 1 pL Wizard II #7 + 0.5 pL
Additive screen #2 conditions. The omega degree range, which provides to rotate plate
reader using the omega axis, was expanded and the exposure time was increased to 60s

to collect more frames from the crystals.

Figure 2.2 The picture of XtaLab Synergy-S equipped with HyPix-Arc 150° detector and XtalCheck-S plate
reader.

Numbers indicate the hardware parts of the instrument; 1) X-ray tube, 2) four-axis Kappa goniometer, 3) XtalCheck-
S plate reader and 4) detector.

CrysAlisPro software was used to process the raw data. Firstly, all the PDB
structures are listed to compare their unit cell and space group information. The data
reduction process was carried out by manually selecting the desired space group and unit
cell for each collected dataset from different crystals. To increase the completeness of the
structure data, different diffraction datasets of crystals in the same well with the same
space group and similar unit cells were merged. The unit cell parameters were a = 84.60,
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b =123.07, ¢ = 153.23, a = 90, B = 90, y =90 and space group was P 21 21 21 for the

merged data. This data is used for phasing and refinement processes.

2.8  The Determination, Refinement, and Visualization of the Three-dimensional

Structure

The wild-type apo structure of SOD1 was determined by performing molecular
replacement with the PHASER extension of PHENIX software. The twelve monomer
copies of structure of SOD1 with Cys57Ala/ Cys146Ala mutations (PDB ID:6FOI) were
used as a model to determine the structure with the molecular replacement. The initial
rigid-body refinement with the coordinates of the model was performed using the
PHENIX refine extension in the GUI of the PHENIX software. After initial refinement,
the TLS parameters and individual coordinates were also refined using PHENIX
software. COOT software was used to check and correct the altered side chains and
missing water molecules. Cys57Ala and Cys146Ala mutations were also changed with
the original residues in COOT. Since the electron density maps of zinc ions were not
observed in both chains, zinc atoms were removed from the structure. After all
refinements, the Ramachandran statistics (favored/allowed/outliers) of the structure were
85.87, 12.53 and 1.60 %, respectively. The Ryork and Reee values were 0.35 and 0.40. The

IWT

visualization of the three-dimensional structure of SOD and structural alignments

were performed using PyMOL.
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Chapter 3:
RESULTS

3.1  Large Scale Purification Results

3.1.1. SDS-PAGE Results of SOD1"T Protein
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Figure 3.1 SDS-PAGE electrophoresis results of purified SOD1 protein

A) The first lane is the KUYBIIG-M ladder. The second lane shows the whole cell lysate after induction. The third and
fourth lanes represent the pellet and supernatant part of the whole cell lysate after centrifuge. The fifth lane is flow
through sample that includes non-bound proteins. The sixth, seventh and eighth lanes are elution samples with 25 mM,
250 mM, and 250 mM imidazole containing elution buffer. B) Marker, Non-heated and heated (95 °C) elution samples
are represented in lanes 1, 2 and 3, respectively.

The purified his-tagged SOD1 protein samples were obtained by performing Ni-
NTA affinity chromatography and then they were visualized with SDS-PAGE and
Coomassie Blue dying techniques (Figure 3.1). SODI is a homodimer protein with 32
kDa molecular weight, and each monomer's molecular size is 16 kDa. Two possible bands
can be observed in the SDS-PAGE gel. In the monomer form of the protein, the band is
expected between 12 kDa and 29 kDa bands of the KUYBIIG-M marker. Otherwise, the
band of homodimer SOD1 must be between 31 kDa and 41 kDa. To see the expression

and solubility of the protein after induction whole cell lysate, pellet and supernatant
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(Lanes A-2, A-3 and A-4) were loaded into the gel. After induction sample, supernatant
and flow through were dyed too much and the results of those lanes are not readable
(Lanes 2A, 4A and 5A). According to previous studies wild-type SOD1 is produced as a
soluble protein in E.Coli BL21 strains. In this experiment, the protein was almost totally
soluble after the production of SOD1WT in E. Coli BL21 (Rosetta 2) and purification. In
the pellet sample, there was a band between 29 and 31 kDa belonging to a protein of
Rosetta 2 (Lane A-3). It has also been observed in the pellet samples of other expression
experiments performed in the KUYBIIG-M laboratory. Elution samples were collected
with 25 mM imidazole and 250 mM imidazole-containing buffer (Lanes A-6, A-7 and A-
8). Two bands of monomer (16 kDa) and dimer (32 kDa) form were observed in these
three samples. To make sure whether the bigger band is a dimer or not, the elution sample
was heated to 95°C and then loaded to SDS-PAGE gel. The two bands were seen in one

band indicating monomer (Lane B-3).
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Figure 3.2 Results of histidine tag removal by thrombin cut
As usual first lane is the marker. Lane 2 and 3 represent elution and thrombin cut results without heating. Lane 4 and
5 indicate heated (95 °C) elution and thrombin cut samples.

After the purification experiment, His-tag of half of the protein was removed from
the protein by using the thrombin enzyme (Figure 3.2). The elution and thrombin-added

elution samples were loaded to gel after an overnight cleavage reaction. The unheated
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and heated (95°C) samples of both with his-tag and expected without His-tag samples
were loaded into SDS-PAGE gel (Lane 2-5). Interestingly, when the protein was cleaved
by the thrombin enzyme, the protein revealed a heterogeneous conformational profile
(Lane 3). The thrombin cut sample was heated to 95°C to make sure that all the different
bands belong to SOD1 and whether the protein was totally cut or not. As is shown in
Figure 3.2, there was a half shift in the heated sample (Lane 5). Since the shift was not
seen clearly in the gel, the thrombin cleavage reaction was continued for one more night

(18 h) to make the protein ready to set up crystallization.

3.1.2. SDS-PAGE Results of SOD1%%*4 Protein
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Figure 3.3 SDS-PAGE results of purified SOD1°°*4 mutant form

The first lane is the marker. The second and third lanes are before and after induction of whole cell lysate samples.
Lanes 4 and 5 represent pellet and supernatant samples after lysis. Lane 6 is flow through. The last two lanes (7 and
8) are elution samples with 25 mM imidazole and 250 mM imidazole, respectively.

The same procedure with the wild-type SOD1 was applied to purify the SOD16%34

protein. To compare the expression level of the protein before and after induction samples
were loaded to lanes 2 and 3 of the gel (Figure 3.3). Since the after induction sample was
overloaded into the gel, we cannot decide the difference in expression levels between

before and after induction. After sonication and centrifuge processes, pellet and
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supernatant were loaded to lanes 4 and 5 to check the solubility of the protein. The pellet
sample had a band between 29 and 31 kDa. However, this band was one of the proteins
of the Rosetta 2 bacterial strain. The supernatant sample has a thicker band than the other
bands of the bacteria (Lane 5). This band between 12 and 29 kDa indicates the monomer
form of the protein. The same band was also shown in elution with 25 mM imidazole
sample, but there was no SOD1 band in the elution sample with 250 mM imidazole. After
purification, the thrombin enzyme was used to remove His-tag from the protein sample.
The reverse Ni-NTA chromatography method removed His-tag and cleaned background
non-specific bound proteins after three days of thrombin cut (Figure 3.4). Three flow-
through samples were collected to see unbound proteins and the SOD1 protein was in the
third flow-through sample (Lane 4-6). The third flow through sample has a clear band of
SOD19%34 that was used to set up crystallization (Lane 6).
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Figure 3.4 Reverse Ni-NTA chromatography results of SOD1°%31

The first lane represents the KUYBIIG-M protein marker. The elution sample from the purification experiment was
shown in lane 2. Lane 3 indicates three days thrombin cut sample. The following three lanes (4, 5, 6) are flow-through
samples collected during Ni-NTA chromatography. The last lane shows the elution sample with 250 mM imidazole.

Elution (250 mM imidaxole)
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3.1.3. SDS-PAGE Results of MIF
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Figure 3.5 SDS -PAGE results of large-scale purification of MIF

The first lane shows before the induction sample. After induction, the centrifuged pellet and supernatant
samples were presented in lanes 2 and 3. Flow-through and elution samples of the purification process were
shown in lanes 4 and 5. The last lane represents the marker.

The following process of the purification of the protein was conducted by Ni-NTA
affinity chromatography and the SDS-PAGE was used to validate the results of
purification (Figure 3.5). The estimated monomer molecular weight of the MIF protein
is 12 kDa. After sonication and centrifugation, the protein was seen in the supernatant
sample as soluble compared to the pellet sample (Lane 2 and 3). No significant band
indicated 12 kDa in lane 4 containing the flow-through sample. It shows that most of the
protein obtained was bound to the Ni-NTA column. The all-bound protein was observed

in the elution with 250 mM imidazole sample as a clear band (Lane 5).
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3.1.4. SDS-PAGE Results of Refolding VDACI Protein
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Figure 3.6 Refolding results of VDACI protein

The first lane is the marker. Supernatant sample of centrifugation after lysis is shown at 2" lane. Lane 3 represents
the dissolved pellet sample. Pellet and supernatant samples of centrifuged dissolved protein are presented at lanes 4
and 5. At lane 6, refolded sample with dropwise method in washing buffer + 1% Triton X-100 detergent.

After the lysis process with sonication and ultracentrifugation at 20.000 rpm, the
supernatant and pellet samples were collected. Since the VDACI1 protein is a human
mitochondrial membrane protein with a 32 kDa expected size., expressed soluble proteins
of E. coli were observed in the supernatant sample and the band of the VDACI was in
the pellet. To make the membrane protein soluble, the pellet sample was dissolved in the
refolding buffer containing 8 M Urea, 500 mM NaCl, 20 mM Tris-HCI pH 7.5 and
10%Glycerol. This dissolved pellet sample was loaded to the gel and the thick band in
the third lane indicates the VDACI protein. After totally dissolving the pellet, the sample
was centrifuged again at 20.000 rpm speed. Supernatant and pellet samples were loaded
to the gel to show the solubility of the protein after the unfolding process (Lanes 4 and
5). More than half of the protein was successfully passed into the solution. The unfolded
soluble 25 mL protein was refolded in the 500 mL buffer containing 1% Triton-X 100
detergent (Lane 6). There was no precipitation issue with the refolded protein (Figure

3.6).

30



RESULTS 31

3.2 Crystallization Results of SOD1

The crystallization experiment was conducted with 4.8 mg/mL SODYT protein
concentration. Approximately 3500 crystal screen conditions were used to screen and find
the best crystal condition for the protein. Crystals were obtained from different
conditions. The following crystals with six different crystal screen conditions were
chosen as the best candidates for diffraction data collection. All these crystals were
formed at room temperature (Figure 3.7). The conditions were Wizard III #20, Stura
footprint #2-24, Peg Rx II #20, Wizard I #1, Wizard I #41 and Wizard Il #7. The names

and ingredients of the conditions are listed in Table 3.1.

Figure 3.7 The light microscope pictures of SODI1"7 protein with His-tag observed after crystallization experiment
at room temperature
The numbers are indicated in Table 3.1.
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Table 3.1 Screening conditions of obtained crystals from His-tagged SOD1WT,

# | Condition name Precipitant Buffer Salt
1 Wizard III #20 10% (w/v) PEG 6000 0.1 M HEPES/ Sodium -
hydroxide pH 7.0
2 Stura footprint #2-24 27% (w/v) PEG 10000 0.1 M Ammonium -
acetate pH 4.5
3 Peg Rx 11 #20 24% w/v PEG monomethyl 0.1 M Sodium acetate -0.02 M Nickel (II) chloride hexahydrate
ether 2,000 trihydrate pH 4.5 -0.02 M Magnesium chloride hexahydrate
-0.02 M Cadmium chloride hydrate
4 Wizard [ #1 20% (w/v) PEG 8000 0.1 M CHES/ Sodium -
hydroxide pH 9.5
5 Wizard I #41 30% (w/v) PEG 3000 0.1 M CHES/ Sodium -
hydroxide pH 9.5
6 Wizard IT #7 30% (w/v) PEG 3000 0.1 M Tris base/ 200 mM Sodium chloride

Hydrochloric acid pH
7.0

The obtained protein crystals were picked, frozen and then kept cool with a
cooling system to collect data at cryogenic temperature (100 K). Different exposure times,
resolution limits and beam intensity values were chosen to collect data that we can
process, but they showed no diffraction or weak diffraction profile. Crystals were so tiny
to collect data and needed to be optimized to get bigger and good-shape crystals. CryoPro
(Hampton), Additive screen I and II crystal screen conditions sets were used to optimize
crystals. 0.5 pL of each condition was added to 1 pL protein and 1 pL crystal condition
that the protein crystal was formed and covered with paraffin oil. The bigger crystals with
sharper ends were obtained in the following crystal conditions; 1 pL Stura Footprint #2-
24 + 0.5 pL Additive screen #27 and 1 pL Wizard II #7 + 0.5 pL Additive screen #2
(Figure3.8). These two crystals were used for diffraction data collection of SOD1 with
the XtalCheck-S plate reader tool.
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Figure 3.8 The microscope images of SOD1"" with His-tag protein crystals obtained after optimization with
additive screens

First image shows crystals formed in 1 pL Stura Footprint #2-24 + 0.5 nL Additive screen #27, second one represents
crystals with 1 pL. Wizard IT1 #7 + 0.5 uL Additive screen #2 conditions.

The crystallization process was also applied for SOD1%VT and SOD16%34 without
His-tag and protein crystals of both proteins were observed in the wells (Figure 3.9).
Crystal screening condition names and ingredients are indicated in Table 3.2. We also
tried to collect data from these crystals at cryogenic temperatures. However, we observed

that only the weak diffractions could not be processed.

Figure 3.9 The pictures of crystals obtained from SODI"T and %> w/o His-tag
SOD1WVT w/o His-tag with Crystal Screen Cryo I #13 condition and 2) SOD19%*4 w/o His-tag in Crystal Screen I #8
condition.

Table 3.2 Screening conditions of obtained crystals from SOD1WT and SOD16%34 w/o His-tag.

# | Condition name Precipitant Buffer Salt

1 | Crystal Screen Cryo I #13 30% v/v Polyethylene glycol 400 | 0.1 M TRIS hydrochloride pH 8.5 0.2 M Sodium

citrate tribasic

dihydrate
2 | Crystal Screen 1#8 30% v/v 2-Propanol 0.1 M Sodium cacodylate trihydrate | 0.2 M Sodium
pH 6.5 citrate tribasic

dihydrate
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3.3  Diffraction Data

The crystals are indicated in Figure 3.7. and Table 2.1. were used to obtain the
diffraction data from the Turkish Light Source. The first diffraction data collection
experiment was performed with cooling samples with liquid nitrogen at 100 K. We could
not collect strong diffraction data from all the crystals, only weak diffractions or no
diffraction were observed During the experiment at cryogenic temperatures. One example

of weak diffraction data is shown in Figure 3.10.

Figure 3.10 Diffraction data of SODI1 collected from Turkish Light Source at cryogenic temperature (100 K)

To optimize the shape, volume and quality of the crystals, 1 uL. Stura Footprint
#2-24 + 0.5 ul Additive screen #27 and 1 pL Wizard II #7 + 0.5 pL Additive screen #2
crystal screening conditions mixed with 1 pL protein sample. The crystals obtained after
optimization were used for another diffraction data collection experiment using the
XtalCheck-S plate reader instrument of Turkish Light Source (XtaLab Synergy-S,
Rigaku) at ambient temperature. Sixteen different screening experiments with the well
containing 1 pL. Wizard I1 #7 + 0.5 pL Additive screen #2 conditions were performed by
sending an X-ray beam directly to the well at ambient temperature. Three different
diffraction datasets were collected from the crystals obtained under these conditions. One

of the diffraction images is represented in Figure 3.11.
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Figure 3.11 Diffraction data of SODI1 collected from Turkish Light Source at ambient temperature with
XtalCheck-S plate reader

3.4  The Apo Structure of SOD1 at Ambient Temperature

Chain A
Chain B

Figure 3.12 The apo X-ray structure of SODI1"" protein at ambient temperature
A) Obtained Hexa-dimer structure of apo-SOD1. B) Chain A and chain B of the structure were represented
with pale yellow and light blue, respectively.
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After molecular replacement and refinement processes, we determined the metal-
free hexa-dimeric structure of SOD1 at ambient temperature with 4.00 A resolution, P 21
21 21 space group symmetry with Rgee: 0.40 and Ryork: 0.35 (Figure 3.12). Chain A and
chain B of this structure was used to show the dimeric properties of the structure. The
detailed information about the statistics of X-ray crystallography is shown in Table 3.3.
Each monomer has 153 amino acid residues without Cu?" and Zn?" metal ions in the

structure. Both monomers have a beta-barrel motif and an alpha-helix in our structure.

Chain A
Chain B

Figure 3.13 The superposition of two monomers of the newly revealed structure of wild-type SODI protein
Cartoon (Left) and stick (Right) representations of comparison. Chains were colored pale yellow (chain A) and light
blue (chain B).

Although SOD1 is usually a homo-dimer protein, structural changes were
observed between the two chains of the apo structure we obtained. These two monomers
were superimposed on each other to compare overall structural differences with structural
alignment in PyMOL (Figure 3.13). ‘align’ option was used for the alignment of two
monomers. C-alpha alignment was applied to 46-146 residues of each monomer. The
RMSD value obtained after alignment was 1.724 A. This value is higher than expected

for the homodimer structure.
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3.4.1. Active Site Comparison of Chain A and B of the Apo Structure of Wild-type
SOD1

Chain A
Chain B

7

Figure 3.14 Representation of the active site of A and B chains of the ambient temperature SOD1 structure
Active site residues of chain A (A) and chain B (B) were shown in pale yellow and light blue colors, respectively.
2Fo- Fc simulated omit map was colored by firebrick mesh.

The residues in the active site of SOD1 allow the binding of Cu®* ions to initiate
the reaction of enzymatic activity and Zn** binding and disulfide bond formation
stabilizes the structure to provide the environment for the reaction. His63, His71, and
His80 residues coordinately bind to zinc and His46, His48, His63 and His120 are copper-
binding residues. In addition to metal-binding residues, two positively charged residues
(Lys136 and Argl43) are located in the electrostatic loop. These residues are involved in
directing O;" to the active site. In this region, two cysteine residues (Cys57 and Cys146)

form an intra-subunit disulfide bond. In order to show structural changes in the active site
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residues between two chains of the structure we obtained, Chain A and Chain B were
compared separately with electron density maps of residues. Cys57, Cys146 His71,
His80, Lys136 and Argl43 residues of chain A and His46, His120, Lys136 and Argl43
of chain B have lower electron density compared to other active site residues (Figure
3.14). Since others have lower electron densities, His46, His48, His63 and His120 of
chain A and Cys57, Cys146, His48, His63, His71 and His80 of chain B were used to
compare active site residues of chain A and chain B with other known structures of SOD1.
The superposition was performed using PyMOL ‘align’ option for 46-146 residues with
C-alpha alignment. The RMSD value is 0.350 A for the alignment.

3.5. Comparisons of Obtained Apo SOD 1" with Identified PDB Structures of SOD1

3.5.1. Superposition of Dimer and Monomer Structures of Obtained Apo SODI1"T with

Other Structures

SOD1_ambient_chain_A
SOD1_ambient_chain_B
SOD1_apo (3ECU)
SOD1_Zn (SYUL)
mm SOD1_Cu_Zn (2C9V)
® Cu*

® In*

Figure 3.15 The comparison of the dimeric structure of apo SODI"" at ambient temperature with other SOD1
structures

A) apo (PDB ID: 3ECU), B) Zn?*"-bound (PDB ID: 5YUL) and C) Cu?" and Zn?**-bound structures (PDB ID: 2C9V)
at cryogenic temperature.
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SOD1_apo (3ECU)
SOD1_Zn (5YUL)
@ SOD1_Cu_Zn (2C9V)
@® Cu»
@® In*

Figure 3.16 The comparison of the known dimeric structures of SOD1
A) 3ECU-5YUL, B) 3ECU-2C9V and C) 5YUL-2C9V comparisons.

The structural differences between apo SODIWT at ambient temperature and
previously identified cryogenic structures of SODIWT protein were analyzed using
structural alignment (Figure 3.15). Apo (PDB ID: 3ECU), zinc-bound (PDB ID: 5YUL)
and copper and zinc-bound (PDB ID: 2C9V) structures were used to compare with apo
SOD1WT structure at ambient temperature. The RMSD values are 3.70 A for 3ECU, 3.47
A for 5YUL and 3.25 A for 2C9V. Although all RMSD values were higher than expected,
the structure showing the most similarity to the apo structure was 2C9V. We also
superposed the known structures of SOD1 each other. According to alignment results, the
RMSD values were 0.53 A, 0.42 A and 0.27 A for 3ECU-5YUL, 3ECU-2C9V and 5YUL-
2C9V comparisons, respectively (Figure 3.16).
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3.5.2. Comparison of the Dimer Interface of Apo SODI1"" with Copper and Zinc-

bound SODI"T
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Figure 3.17 The comparison of hydrogen bonding at the dimeric interface of SOD1""_ambient with the copper

and zinc-bound structure (2C9V)
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Figure 3.18 The comparison of hydrogen bonding at the dimeric interface of 2" dimer of SODI""_ambient with
the copper and zinc-bound structure (2C9V)
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Figure 3.19 The comparison of hydrogen bonding at the dimeric interface of 3" dimer of SODI""_ambient with

the copper and zinc-bound structure (2C9V)
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Figure 3.20 The comparison of hydrogen bonding at the dimeric interface of fourth dimer of SODI"T_ambient
with the copper and zinc-bound structure (2C9V)
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Figure 3.21 The comparison of hydrogen bonding at the dimeric interface of fifth dimer of SODI""_ambient with

the copper and zinc-bound structure (2C9V)
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Figure 3.22 The comparison of hydrogen bonding at the dimeric interface of sixth dimer of SOD
the copper and zinc-bound structure (2C9V)
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Non-covalent interactions (hydrogen bonds between two chains and hydrophobic

interactions) in the protein's dimeric interface are crucial for stabilizing the dimeric

structure. Disruption of those interactions may cause exposure to the hydrophobic
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interface and aggregation of the protein. The residues involving the dimeric interface
interaction are 50-53, 114, 148 and 150-153 at the C-terminus of both chains. The main
interactions that provide stabilization of the dimer are [le1510 (chain A) - Gly51N (chain
B), [le151N (chain A) — Gly1140 (chain B), Gly51N (chain A) — Ile1510 (chain B) and
Gly1140 (chain A) — Ile151N (chain B) hydrogen bonds. To check the hydrogen bond
formation between chain A and chain B of the new apo structure of SODIWT structure,
the dimeric interface was compared with the stable structure at high resolution (1.07 A)
of copper and zinc-bound SOD1VT (PDB ID: 2C9V) (Figure 3.17). In the model used for
comparison, the distances for [le151N (chain A) — Ile1140 (chain B) and Gly51N (chain
A) —11e1510 (chain B) are 2.8 A. The hydrogen bonds of Ile1510 (chain A) - Gly51N
(chain B) and Gly1140 (chain A) —Ile151N (chain B) were formed with 2.7 A and 2.9 A
distances, respectively. None of the hydrogen bonds were formed in the dimer interface
of our structure. The distances of Ile1510 (chain A) - Gly51N (chain B), lle151N (chain
A) — Gly1140 (chain B), Gly51N (chain A) —Ile1510 (chain B) and Gly1140 (chain A)
—Ile151N (chain B) were 10.8 A, 9.1 A, 5.5 A and 7.0 A respectively. We also compared
the dimeric interface of other five dimers of the newly determined structure with 2C9V
to understand the differences between the six dimers of our structure. The distances were
indicated in the Figure 3.18, 3.19, 3.20, 3.21 & 3.22. Only hydrogen bonds between
Ile151 (chain B) and Gly51 (chain A) of third and fourth dimers were formed with 2.7
and 2.8 A, respectively (Figure 3.19 & 3.20).

43



RESULTS 44

3.5.3. Comparison of the Active Site of New Wild-type SOD1 with the Previously
Identified Structures

e His120

Figure 3.23 The comparison of active sites of SODI"T_ambient with apo structure (3ECU)
A) Superposition of chain A of both structures (Left panel), active site comparison of chain A (Top right panel), Pair-
wise distance graph (Bottom right panel). B) The same representations for chain B.

To determine structural changes in each monomer of the obtained apo structure
of SODIWT at ambient temperature, chain A and chain B of the structure were
superimposed with two chains of apo (3ECU), zinc-bound (5YUL) and copper and zinc-
bound (2C9V) (Figure 3.23, 3.24 & 3.25). For all three comparisons, His46, His48, His63
and His120 of chain A and Cys57, Cys146, His48, His63, His71 and His80 of chain B
were used. Firstly, each monomer of our structure was compared with monomers of the
apo structure of SOD1 (3ECU). The RMSD values for chains A and B were 1.29 A and
1.35 A. The superposition results showed significant difference in only His63 of chain A
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(Figure 3.23-A). However, when we compare the active site residues in chain B, changes

in the cysteine residues and His80 were seen (Figure 3.23-B).

His120

Hisd8

£

&
His63

His48

Figure 3.24 The comparison of active sites of SODI"T_ambient with zinc-bound structure (5YUL)
A) Superposition of chain A of both structures (Left panel), active site comparison of chain A (Top right panel), Pair-
wise distance graph (Bottom right panel). B) The same representations for chain B.

The second previously reported structure compared with the new apo structure was
zinc-bound SOD1 (5YUL). After alignment, the RMSD values of chains A and B were
1.25 and 1.17 A. The superposition and active site comparison results of the new structure

with S5YUL were similar to 3ECU, especially for chain A (Figure 3.24).
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Figure 3.25 The comparison of active sites of SODI""_ambient with copper and zinc-bound structure (2C9V)

A) Superposition of chain A of both structures (Left panel), active site comparison of chain A (Top right panel), Pair-
wise distance graph (Bottom right panel). B) The same representations for chain B.

Finally, copper and zinc-bound structure was superposed with the new structure
to show structural differences. The RMSD value for chain A was 1.24 A which is the
lowest for chain A compared to other structures (Figure 3.25-A). As a result of the
alignment, the RMSD of chain B was 1.18 A. In active site comparison, we could not see

noticeable different results with the comparison of other structures' active site (Figure
3.25-B).
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Table 3.3 X-ray crystallography statistics

Data Collection

Beamline

Turkish Light Source (XRD)

Space Group

P212:12;

Cell Dimensions

a, b, c(A) 84.60, 123.07 , 153.23
o, B,7(°) 90, 90, 90

CCl1/2 0.21 (0.14)

CC* 0.59 (0.50)

Rmerge 4.95 (5.73)

Rimeas 5.46 (6.28)
Multiplicity 5.1(5.5)
/Redundancy

Completeness 44.61 (50.18)

(%)

Refinement

Resolution (A) 30.36 -4.0(4.143 -4.0)
Reflections 6275 (689)

Rwork 0.35(0.35)

Riree 0.40 (0.39)

Number of atoms

Protein 13332
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Water 61
B-factors
Protein 164.01
Water 79.34

R.m.s deviations (A)

Bonds 0.008
Angles 1.38
Ramachandran Plot
Favored (%) 85.87
Allowed (%) 12.53
Outliers (%) 1.60
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Chapter 4:
CONCLUSION AND DISCUSSION

In this study, we determined the first ambient temperature structure of apo
SOD1WT, a crucial antioxidant enzyme expressed in almost every cell at 4.00 A resolution
and in the P 21 21 21 space group (Figure 3.12). The structure was revealed in the dimeric
form of SODI1. In the fully mature form of the protein, each monomer has eight stranded
beta-barrel motifs, intra-subunit disulfide bond and Cu?>* and Zn?" ions in its active site
(Yang et al., 2018). The obtained structure was in apo form with a beta-barrel motif and
an alpha-helix (Figure 3.12 & Figure 3.13). Structures of previously identified wild-type
and mutant SODIs at cryogenic temperatures were shown in their most stable states.
However, SOD1 has a more flexible structure in the solution; it forms its fully active
structure by undergoing a maturation process. The model for the maturation process for
SOD1; (1) metal-free and disulfide bond-free monomer binds to Zn?" to make it more
stable, (2) binding Zn** ions recruit hCCS to bind Cu?" and to form disulfide bond
between Cys57 and Cys146 and (3) two monomers with metal ions and disulfide bond
comes together with non-covalent hydrogen and hydrophobic interactions to make the
most stable active form of the protein (Banci et al., 2012; Culik et al., 2018). This model
suggests that intermediate protein forms might be seen in physiological conditions. The
conformational changes between the two monomers in the resulting structure may
indicate that wild-type SOD1 has a dynamic structure at room temperature.

The overall comparison of the dimer protein structure of our protein with apo,
Zn**-bound and Cu**-Zn*" bound SODI structures showed that RMSD values were
unexpectedly high, even though the amino acid sequences of all structures were the same
(Figure 3.15). Since all compared structures (3ECU, 5YUL and 2C9V) were at cryogenic
temperature, they have a more stable structure than ours. Although these compared
structures were supposed to be different forms of SODI (apo, Zn?*, Cu?**-Zn?" bound
structures), they were almost identical (Figure 3.16). It shows that X-ray crystallography
methods at cryogenic temperatures allow seeing only the most stable conformation of the
structure. In our experiment, we used the XtalCheck-S plate reader to collect data directly

from crystals in the well at ambient temperature. We screened more than 100 crystals
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from the replicate plates to get data to process. Two or three crystals from the well
containing Wizard II #7 + 0.5 ul Additive screen #2 conditions. After collecting data, we
merged data collected from different crystals with same space group and unit cell
parameters. With this experiment, we determined a more flexible structure at ambient
temperature compared to the other structures. When we compared chains of our structure
to see differences at the monomeric level, RMSD values were lower than the dimeric
structure alignment. The monomers of the new structure showed high similarity to the
monomers of the previous structures, while the dimer structure was less similar to the
other structures. In this situation, protein might be in the intermediate form before
dimerization.

The active site residues of SOD1 provide a more stable structure for protein and
helps to start the reaction. Six histidine residues (His46, His48, His63, His71, His80 and
His120) are responsible for metal binding, two cysteine residues (Cys57 and 146) create
a disulfide bond and two positively charged residues (Lys 136 and Argl143) located in the
electrostatic loop coordinate to direct superoxide to the active site. Conformational
changes were observed in all active site residues when we compared active sites of the
chains of the new structures together and with other structures (Figure 3.14 & Figure
3.23, 24 & 25). Structural changes at side chains of histidine residues were rotational,
with locations of histidine residues were almost the same in both chains of the protein.
According to the results of active site comparison with previously identified structures,
His63, which is a common residue for binding both Cu?** and Zn** showed a more
remarkable conformational change compared to other histidine residues. In both chains,
the electron densities of Lys136 and Argl43 were not seem fully or partial. Since these
residues are located electrostatic loop near to dimer interface and are thought to be
necessary for stabilizing the structure and reaction of protein, missing electron density
maps in these residues may suggest that the electrostatic loop might be flexible and
change location during the dimerization process.

Non-covalent interactions between two chains of SODI1 create the dimeric
structure of the protein. Especially four hydrogen bonds in the dimeric interface of SOD1
are essential for dimerization: between Ile1510 (chain A) - Gly51N (chain B), IlleI51N
(chain A) — Gly1140 (chain B), Gly51N (chain A) — Ile1510 (chain B) and Gly1140
(chain A) —Ile151IN (chain B). We compared the hydrogen bond formation in the dimeric

interface of the new structure with one of the most stable and high-quality structures of
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SODI1 (PDB ID: 2C9V) to check the dimeric region of our new structure. The four
hydrogen bonds were formed in the Cu?* and Zn?* bound structure (2C9V) within the
range 2.7-2.9 A. In our structure, there was no hydrogen bond formation. The distances
between Ile1510 (chain A) - Gly51N (chain B), lle151N (chain A) — Gly1140 (chain B),
Gly51IN (chain A) —Ile1510 (chain B) and Gly1140 (chain A) —Ile151N (chain B) were
10.8 A,9.1 A, 5.5 A and 7.0 A respectively (Figure 3.17). We also compared the dimeric
interfaces of other five dimers of newly identified structure of SOD1 with 2C9V. All
comparisons showed that the hydrogen bond formation was not observed in the dimeric
interfaces of the six dimers of our structure (Figure 3.18, 3.19, 3.20, 3.21 & 3.22). These
results may suggest that the monomers of our structure are closed to each other, but the
distances are not enough for the dimerization. In addition to the comparison of dimeric
interface of the first dimer of our new structure, we showed there are different positions
of the residues normally make hydrogen bonds in the dimeric region. Only two hydrogen
bonds were observed after all these dimeric interface comparisons (Figure 3.19 & 3.20).
These results may indicate that the different dimer formations can happen in SODI
structure. These results also explained the unexpected high RMSD values of dimeric
structure comparison between our structure and previous apo, Zn>* and Cu?*- Zn?** bound
structures.

All the results obtained from SODIWT crystals showed that our structure was
more flexible than other structures and did not complete the dimerization process.
However, our study has some limitations; the diffraction data from the crystals was
collected by a home source X-ray diffractometer and its completeness after refinement
was 40%. In addition, in all the data we obtained, we saw that the diffraction could not
go beyond 4 A. Dimerization can also be affected by His-tag at the N-terminus of SOD1.
We also crystalized wild-type SOD1 without six histidine tags. Only weak diffraction
was observed when we tried to collect data from crystals obtained from SOD1 w/o His-
tag. In addition to SOD1WT crystals, we also crystalized SOD19%*4 protein successfully.
The same scenario happened to mutant form with the wild-type protein without His-tag.
In future studies, the crystals obtained from these two proteins will be optimized with
additional conditions and diffraction data will be collected at room temperature with the
XtalCheck-S plate reader. In addition to all these, with this preliminary data obtained, as

a future plan, data will be collected from more optimized crystals of both wild-type and
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a mutant form of SOD1 obtained at room temperature with a more powerful X-ray source
such as XFEL.

Misfolding of SOD1 does not only affect the function of this antioxidant protein
in the cellular environment but also, it can cause aggregation and interactions of SODI
with the proteins have different roles. One of the most critical interaction partners of
SOD1 is VDACI, a mitochondrial membrane protein. Misfolded SOD1 protein interacts
with VDACI and decreases the conductance of this channel. The other interaction partner
of SOD1, MIF, inhibits the misfolding and formation of amyloid-like fibrils. We planned
to see these interactions of mutant SOD1 with VDAC]1 and MIF by X-ray crystallography
approaches. We successfully produced these proteins in E. coli BL21 Rosetta 2 strains
within this aim. MIF was also purified with the Ni-NTA chromatography method and
VDACI1 was refolded by the dropwise method (Figure 3.5 & Figure 3.6). After
confirming the binding of these proteins with pull down assay, crystals will be obtained
from the proteins in the future and X-ray diffraction data will be collected from these
crystals at room temperature to show binding sites of SODI1 to these proteins. The
information about binding sites will provide a perspective for further drug development

studies targeting SODI.
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Chemicals and Media Components

Acetic Acid
Acrylamide/Bis-acrylamide
APS

BME
Chloramphenicol
Coomassie Brilliant Blue
DTT

Ethanol

Glycerol

Glycine

Imidazole

IPTG

Kanamycin

LB

Lysozyme

LB Agar

NaCl

NaOH

HCI

Ni-NTA Resin
Paraffin Oil

PMSF

SDS

TEMED
Thrombin Protease
Tris-HCl

Triton X-100
Tryptone

Yeast Extract
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Supplier Company

ISOLAB
Bio-Rad
Sigma-Aldrich
Merck
GOLDBIO
Bio-Rad
Roche
ISOLAB
ISOLAB
ISOLAB
Biofroxx
GOLDBIO
GOLDBIO
Thermo Fisher
Sigma-Aldrich
Caisson
ISOLAB
ISOLAB
ISOLAB
QIAGEN
TEKKIM
GOLDBIO
ISOLAB
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BD Biosciences

BD Biosciences
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Equipment

AKTA GO

Amicon® Ultra-15 Centrifugal Filter Unit
Beckman Allegra 15R Centrifuge
Beckman Avanti J-26S

Beckman OptimaTM L-80 XP Ultracentrifuge
Beckman Ti45 Rotor

Branson W250 Sonifier

Cellulose Dialysis Tubing

Cryovials

Innova 44R

Innova 4430R

Kimwipes

Nanodrop2000c

Superdex 200 Increase 10/300 GL
Terasaki Plate

TGX-Mini Protean Gradient SDS-PAGE System

Ultra-Pure Water System

62

Supplier Company
Cytiva

Merck Millipore

Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter

Branson

Thermo Scientific

Wuxi NEST Biotechnology
Eppendorf New Brunswick
Eppendorf New Brunswick
Kimberly-Clark

Thermo Scientific

Cytiva

Greiner Bio

Bio-Rad

Merck Millipore



