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ABSTRACT

DISEASE MECHANISMS OF SPECTRIN SUPERFAMILY PROTEINS

by
ALEXANDRA E ATANG

Adviser: Adam W. Avery, Ph.D.

Spectrin superfamily proteins are a group of evolutionarily linked proteins that
share in actin crosslinking functions. Characterized by an N-terminal actin binding
domain (ABD), comprised of tandem calponin homology (CH) domains, a variable
number of spectrin repeat domains, and in some cases an EF hand motif, these
cytoskeletal proteins are an integral feature of the submembranous cellular structure.
Mutations within the ACTN2 and SPTBN2 genes that encode a-actinin-2 and p-111-
spectrin, respectively are known to cause disease. Predominately expressed in
cardiomyocytes of the heart, a-actinin-2 mutations localizing to the ABD are linked to
cardiomyopathy, leading to heart failure and sudden cardiac death. ABD localized B-111-
spectrin mutations cause the rare neurodegenerative disease, spinocerebellar ataxia type 5
(SCADS). Previous studies of a L253P mutation within the B-111-spectrin ABD revealed an
increased actin-binding affinity. Positioning of the L253P mutation to the interface of
CH1 and CH2 was demonstrated to promote a conformational opening, leading to high
affinity actin interactions. These studies investigate the molecular consequences of nine
additional B-111-spectrin ABD-localized, SCA5 missense mutations (V58M, K61E, T62I,
K65E, F160C, D255G, T271l, Y272H, and H278R) and three a-actinin-2 ABD-localized,

\



cardiomyopathy missense mutations (A119T, M228T, and T247M). Importantly, all -
I1l-spectrin and a-actinin-2 mutations localizing the CH1-CH2 interface increased actin-
binding affinity, while the actin-binding surface localized a-actinin-2 mutation, A119T,
decreased actin-binding affinity. Using biochemical and biophysical approaches, we
demonstrate that the mutant B-111-spectrin and a-actinin-2 ABD proteins can attain a
well-folded state. However, thermal denaturation studies show that all ABD mutations
are destabilizing, suggesting structural disruptions to the ABDs. Additional in vivo
studies of the B-I11-spectrin mutations indicate an accumulation of protein within neurons,
likely a result of increased actin binding-affinity. Altogether, the data indicate aberrant
actin-binding affinity is a shared molecular consequence of ABD localized mutations of

spectrin superfamily proteins.
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CHAPTER ONE

INTRODUCTION

1.0 Submembranous Cytoskeletal Proteins

1.0.1 Submembranous Actin Network

Actin is a major component in eukaryotic cells, carrying out functions related to
cell structure, motility, cytokinesis and intracellular transport [1-6]. Actin is a highly
abundant cytoskeletal protein that creates a vast network of fibers just below the plasma
membrane and throughout the cytoplasm [7]. Actin exists as filamentous polymers that
are crosslinked and is anchored to the cytoplasmic side of the cell membrane by
interacting proteins. The addition of actin monomers to form polymer chains is a rapid
adenosine triphosphate-powered process under constant remodeling. Interactions between
actin monomer subunits and actin-binding proteins are relatively short lived, allowing for
a rapid molecular response to cellular demands [1].

1.0.2 Structural and Functional Elements of Spectrin Superfamily Proteins

The spectrin superfamily is an evolutionarily linked group of proteins that
associate with actin filaments to aid in organization of the submembranous actin network.
These proteins are well established cytoskeletal components with a great deal of
homology [8]. Commonly observed structural elements within the spectrin superfamily
include an N-terminal actin binding domain (ABD), comprised of tandem calponin
homology (CH) domains, the hallmark rod shaped spectrin repeat domains (SRD) and EF
hand motif. These commonly found structural elements are modular in nature and aid in

performing the functions required for the spectrin superfamily proteins. This family of



proteins tends to be highly a-helical in secondary structure and form long chains in their
tertiary structures [9]. Members of this family are a-actinin, spectrin, dystrophin and

utrophin.

1.0.2.1 The Actin-Binding Domain

Closed conformation

Open conformation

Figure 1.1: Actin Binding Domain (ABD). A. Alpha Fold prediction of B-III-spectrin
ABD in closed conformation. B. Cartoon showing the ABD in the closed conformation
(top) and the open conformation (bottom). The axis of the interface is noted by a dashed
vertical green line. Created with BioRender.com.

The ABD is comprised of tandem CH domains: CH1 And CH2 (Figure 1.1). CH1
and CH2 are closely associated lobes of a-helices connected by a flexible unstructured
linker region (Figure 1.1). The interface between CH1 and CH2 is lined with
hydrophobic amino acid residues. Crystal structures of a-actinin, dystrophin and utrophin
show contact at the hydrophobic CH1/CH?2 interface, indicating a closed conformation in
its native state [10-14]. Actin monomer subunits and N-terminal ABDs of the spectrin

superfamily have a one-to-one stoichiometry [15]. Binding of the ABD is limited by



affinity of the ABD to actin [16,17]. Early cryo-EM data showed the a-actinin ABD
bound to actin and though it was determined that an opening of the CH interface was
required for this interaction, the resolution was too low to determine which residues or
even which CH domain directly bound actin [18]. A higher resolution, 6.9 Angstrom
cryo-EM structure produced in 2017 of the B-I11-spectrin ABD bound to F-actin showed
direct binding of CH1 to actin (Figure 1.2) [19]. This negates previous suggestions of
actin binding activity found in the first helix of CH2 [13,20]. Rather CH2 has a
regulatory role in mediating the actin-CH1 interaction [19]. Due to the highly conserved
nature of the ABDs in the spectrin superfamily, these conclusions inform on the
mechanistic binding of other closely related actin-binding proteins, such as a-actinin,
dystrophin and utrophin [18,19,21]. In fact, subsequent studies of spectrin related

proteins have confirmed the direct interaction of CH1 with F-actin [22,23].

Figure 1.2: Cryo-EM structure of F-actin (tan) bound to calponin homology (CH)
subdomain 1 of B-III-spectrin (red). PDB: 6ANU



1.0.2.2 The Spectrin Repeat Domains

The defining domain of the spectrin family of proteins is the SRD. Though not
entirely sequence conserved between proteins, the form of the triple helix rod structure is
conserved (Figure 1.3) [24]. SRDs are highly variable in number repeats present. For
example, a-actinin has four SRDs, while B-spectrin proteins have between seventeen and
thirty SRDs [8]. The SRDs are flexible a-helical rods that when linked, dictate both the
length and flexibility of the protein. Fewer repeats lead to decreased flexibility and less

axial compression [25-29].

Figure 1.3: Alpha Fold prediction of spectrin-repeat domain (SRD).

1.0.2.3 The EF Hand Motif

EF hand motifs are not present in every member of the spectrin superfamily but
are present at the C-terminal of a-actinin and a-spectrin. The motif is structurally related
to calmodulin, a calcium binding protein [30]. Some EF-hand motifs have lost the ability
to bind calcium and are thus non-functional [31,32]. Alpha-actinin-1 and a-actinin-4 are
calcium sensitive, each of the two EF-motifs binding one calcium atom, while a-actinin-2
and o-actinin-3 are calcium insensitive [31]. Alpha-spectrin has retained its calcium-

binding ability [33].



1.1 Alpha-Actinins and Spectrins

1.1.1 Evolutionary History

Many actin-crosslinking cytoskeletal proteins are conserved across species and
helped uncover the evolutionary link between the ancestral a-actinin protein and modern
spectrins. Studies in Drosophila melanogaster identified conserved N-terminal regions of
the spectrin superfamily proteins; B-spectrin, a-actinin and dystrophin [34]. Genetic
sequence and structural similarities between Drosophila a-spectrin and vertebrate a-
spectrin further established an evolutionary link [35]. In humans, the a-actinin and
erythroid [-spectrin genes are found in proximity on chromosome 14, indicating a close

biological relationship [36,37].

Actin Binding .
. Spectrin Repeat
Domain (SRD) l elongation
. EF hand motif
l duplication

extended a/B-ancestor

ancestral B-spectrin ancestral a-spectrin
duplication
elongation
Brspectin cENNNNGNENENEEE |
a-spectrin

Figure 1.4: Block diagram of the evolutionary events related to ancestral a-actinin and
modern spectrins. Adapted from Broderick and Winder, 2005 and Pascual 1997. Created
in BioRender.com.



Phylogenetic analysis elucidated the elongation, duplication and cleavage of the
ancestral o-actinin protein to give rise to the modern - and a-spectrin proteins (Figure
1.4) [38]. The first elongation event inserted a block of seven SRDs between SRD2 and
SRD3 to form an elongated a-actinin molecule. A duplication of the seven SRD block
was then reinserted into the elongated a-actinin to form the extended a- and B-spectrin
ancestor. At this point, the evolution of o and B-spectrin diverge. Ancestral 3-spectrin
retained the N-terminal ABD, a-actinin SRD1 and SRD2, and one of the seven SRD
blocks. Independent elongation events within the SRD region eventually formed a
monomer of stable length to form the modern B-spectrin protein. Ancestral a-Spectrin
retained the second SRD block, a-actinin SRD3 and SRD4, and EF-hands. An additional
duplication event of the seven SRD block and independent elongation events within the
SRD chain gave rise to the modern a-spectrin protein [9,38,39]. Once SRD length
stabilized for the precursor proteins of a-actinin and both spectrins, the lineages evolved
separately to form the human isoforms [40].

1.1.2 Structure and Function of Alpha-Actinins and Spectrins

1.1.2.1 Structure of Modern Human Alpha-Actinin and Spectrins

The conserved domains of the spectrin superfamily of cytoskeletal proteins confer
similar functions in actin-crosslinking. Alpha-actinin is comprised of an N terminal actin
binding domain (ABD), four spectrin repeat domains (SRD) and a C terminal EF hand
motif. Alpha-actinin exists as an antiparallel dimer with the EF hand domain associating
with the linker region between the ABD and SRDs (Figure 1.5) [21]. Similarly, B-
spectrin has an N-terminal ABD, 17 SRDs and a C-terminal pleckstrin homology (PH)
domain. Alpha-spectrin has 20 N-terminal SRDs, and a C-terminal EF 2 hand motif.

6



Beta-spectrin binds a-spectrin to form an anti-parallel (Figure 1.5). Two heterodimers
then associate to form a heterotetramer through the binding SRD17 of -spectrin in one
heterodimer to SRD1 of a-spectrin in the second heterodimer [9]. The presence of an
ABD at each end of the a-actinin dimer and spectrin heterotetramer enables crosslinking
of actin filaments. The spectrin and a-actinin functional units differ greatly in length. The
number of SRDs in each monomer, and dimer versus heterodimer configuration is

responsible for this difference [40].

_ P Spectrin-Repeat
a-actinin-2 Domains (SRDs)

C-term  ———ou
N-term :

Actin Binding £F12 gCHz: i H1§ N-term
Domain (ABD) C-teFFn S
a-ll-spectrin
EF Spectrin-Repeat Domains (SRDs)

A )
) ar
Actin Binding

Domain (ABD) Spectrin-Repeat Domains (SRDs) B-Ill-spectrin

Figure 1.5: Block diagram of a-actinin-2 dimer (top) and a-1I/B-III-spectrin dimer
(bottom). Created with BioRender.com.

1.1.2.2 Spectrin Function and Forms

Spectrin was first identified and isolated from erythrocyte cytoskeletons washed
of hemoglobin [9,41,42]. The membrane associated spectrin-actin lattice network allows
the cell to withstand mechanical stresses present in the circulatory system [8]. As a major
component of the cytoskeleton, spectrin is thought to provide an elastic quality that

confers mechanical resilience and organization of membrane proteins [43,44]. Similarly,

7



neuronal spectrin is thought to provide mechanical resilience throughout neuronal
processes and allow for signaling events [45-48]. Spectrins can be divided into a- and [3-
spectrins. In humans, there are two isoforms of a-spectrin: a-1 and 11-spectrin, encoded by
the genes SPTAL and SPTANL, respectively. Beta-spectrin isoforms are: -1, 11, 111, IV
and V-spectrin, encoded by SPTB, SPTBN1, SPTBN2, SPTBN4 and SPTBN5
respectively. Alpha-spectrins are comprised of 20 N-terminal SRDs, and an EF-hand
motif. B-spectrins contain an N-terminal ABD, 17 SRDs and a C-terminal PH domain.
Though a- and B-spectrin are ubiquitous components of the cell cytoskeleton expressed in
many cell types, a-I and B-1-spectrin are traditionally thought of as erythrocytic. a-II, B-
I1, 11, and 1V-spectrin are enriched in neuronal cells. B-V is considered non-erythrocytic
and is expressed in many tissues at low levels [49].

1.1.2.3 Alpha-Actinin Function and Forms

M228T
AT19T T247M  Spectrin-Repeat
'—I—' Domains (SRDs)
e —
——

Actin Binding Domain (ABD)

Figure 1.6: Block diagram of a-actinin-2. Created with BioRender.com.

Alpha-actinin is the ancestral member of the spectrin superfamily of proteins and
is expressed in most eukaryotes [31,38,50,51]. As with the rest of the spectrin

superfamily of proteins, a-actinin crosslinks actin filaments in the cytoskeleton [52]. In

8



humans, there are four isoforms of a-actinin, the non-muscle isoforms; a-actinin-1 and a-
actinin-4, and the muscle isoforms; a-actinin-2 and a-actinin-4 [53]. All four isoforms are
comprised of an N-terminal ABD, four SRDs and 4 EF hand motifs (Figure 1.6). The
functional unit of a-actinin is an anti-parallel dimer with the ABDs free to bind one actin
filament subunit [21]. The relatively short distance between the ABDs is determined by
the number of SRDs. The SRDs allow the a-actinin dimer to flex and rotate but retain
their rigidity [21,54,55]. Additionally, the SRDs serve as a platform for interacting
proteins [24]. Within the muscle isoforms, the vestigial EF hand motifs have lost the
calcium binding function [31]. The non-muscle isoforms have retained the calcium
binding function [32]. Alpha-actinin isoforms have a large amount of homology but are
not interchangeable [53,56]

1.2 Disease Associated Proteins of the Spectrin Superfamily

The spectrin superfamily hosts many human disease associated proteins
including: B-I1, 11 and IV-spectrin, a-actinin-1,-2, and -4; and dystrophin [8,57—64]. The
ancestral protein, a-actinin gave rise to two proteins of interest, a-actinin-2 and p-111-
spectrin. Both proteins are associated with human disease pathogenesis in
cardiomyopathies and spinocerebellar ataxia type 5 (SCADS). Interestingly, both diseases
indicate aberrant actin-binding affinity in their molecular pathologies.

1.2.1 Role of Neuronal B-111-Spectrin

The cerebellum is a region of the brain situated at the base of the skull and top of
the spinal cord. It is responsible for coordination of smooth movements, including
walking, hand-eye coordination, and clear speech. As a heterotetramer of a-II and B-111-
spectrin, neuronal spectrin complexes are thought to organize the membrane periodic

9



structure of the highly distinctive cerebellar Purkinje cells (Figure 1.7). Beta-1l1-spectrin
is highly enriched in the soma and dendrites of cerebellar Purkinje cells [65,66]. Purkinje
cells are extensively branched neurons with many postsynaptic structures, called spines.
These neurons require a well-organized spectrin-actin network at the plasma membrane
for cell morphology, function and dendritic spine development [43,66]. In cultured
neurons, loss of B-I11-spectrin alters the morphology, increases excitatory postsynaptic
excitation, and decreases the number of dendritic spines [67]. Additionally, the number of
synapses decreases with loss of B-111-spectrin, as well as a mislocalization of the synaptic
cellular components: metabotropic glutamate receptor 1o (mGluR 1a) and delta-2

glutamate receptor (GluR62) [68-70].

Brain Purkinje Cell

Dendrites

4

( » «—Cell body
Cerebellum A\

Figure 1.7: Cartoon images of the cerebellum (left) and the structure of a Purkinje cell
(right). Created with BioRender.com.
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Beta-I11-spectrin knockout mouse models show the physiological effects of
mislocalized synaptic cellular components. A destabilization of the surface excitatory
amino acid transporter 4 (EAAT4) in Purkinje cells has been observed in mice lacking
expression of B-111-spectrin [71-73]. Additionally, a loss of B-I11-spectrin decreases
levels of; another transporter, glutamate-aspartate transporter, (GLAST), a known
spectrin complex protein binding partner, ankyrin-R, and sodium currents in Purkinje
cells [72,73]. These mislocalized cellular components suggest a decrease in excitatory
neurotransmitter activity and overall decrease in Purkinje cell output, leading to
neurodegeneration. In fact, the mice deficient in B-111-spectrin exhibit seizures,
underperformance in cognitive tasks, and morphological defects in prefrontal cortex
neurons [68,73,74].

1.2.2 Spinocerebellar Ataxia Type 5

SCAS5 stems from autosomal dominant mutations within the gene SPTBN2, which
encodes PB-I11-spectrin [69]. The age of onset can range from infantile to late adulthood.
Adult, or late onset of symptoms include atrophy of the cerebellar cortex, progressive
limb and gait ataxia, slurred speech and abnormal eye movements [75-77]. Early onset of
symptoms is also associated with cerebellar atrophy and loss of coordinated movements,
as well as delayed motor development and intellectual disability [78-81]. Other B-111-
spectrin related neurological disorders are Spectrin-Associated Autosomal Recessive
Cerebellar Ataxia Type 1 (SPARCA1) and Spinocerebellar ataxia, autosomal recessive
14 (SCAR14) [69,74,82,83]. Interestingly, the severe early onset symptoms caused by
some dominant SCA5 mutations are similar to the symptoms present in the recessive
neurodevelopmental disorders SPARCA1/SCAR14 [78,81,84]. Subcellular localization

11



and cellular morphology inform on the physiology of disruptions to the normal
expression of B-111-spectrin. Heterotetramers of B-111-spectrin and a-11-spectrin crosslink
actin filaments beneath the plasma membrane in the cytoskeleton of cerebellar Purkinje
cells [85,86]. SCA5 pathogenesis primarily affects the population of cerebellar Purkinje
cells, where B-I11-spectrin is particularly enriched in the soma and dendrites [65,66]. In
mouse and cultured neuron studies, B-111-spectrin was shown to be critical for normal
development of dendritic arbors, spine morphology, and synaptic signaling [66—
68,73,85]. While the knockout mouse model shows the role of B-111-spectrin in localizing
cellular components, it fails to replicate the cerebellar and cortical physiological
phenotype typical of patients diagnosed with SCAS5 [68,74,87]. Rather than a model
exhibiting a loss of function allele, a model showing the physiological effects of a gain of

function allele may be more informative [83].

Actin Binding Domain (ABD) Spectrin-Repeat Domains (SRDs)

o~

r N r

—

V58M L253P
K61E D255G
T621 T2711
K65E Y272H
F160C H278R

Figure 1.8: Block diagram of B-III-spectrin. Created with BioRender.com.

Disease associated mutations are found throughout the SPTBN2 coding sequence.
The B-111-spectrin monomer contains an N-terminal ABD, 17 SRs, and a C-terminal PH
domain (Figure 1.8). The initial three SCA5 mutations mapped to SPTBN2 included the

ABD localized leucine to proline substitution at amino acid residue 253 (L253P). This

12



late onset mutation was identified in multiple family members and characterized
extensively [69]. More recently, availability of genomic data has identified mutations
along the length of the protein, including clusters of missense mutations to the ABD.
These mutations are associated with both early and late onset of symptoms, exhibiting a
range of severity [58,75,78-80,84,88-90].

The ABD is comprised of tandem CH subdomains, CH1 and CH2. The native
CH2-localized L253 residue is situated deep in a hydrophobic pocket at the CH1-CH2
interface. Biochemical studies show a 1000-fold increase in actin-binding affinity of the
mutant L253P protein compared to the wildtype protein [57]. Additional biophysical
studies, including cryo-EM, show that the L253P mutation leads to an opening of the
CH1-CH2 interface. Thereby removing obstruction caused by CH2 and allowing CH1 to
bind actin readily [19].

In vivo studies of cultured mouse Purkinje neurons and in vivo Drosophila
melanogaster gave insight to the effects of the L253P mutation. Cultured Purkinje cells
expressing B-111-spectrin harboring the L253P mutation exhibit a reduction of dendritic -
I11-spectrin and overall dendritic arbor defects [85]. In Drosophila, fly B-spectrin, the
homolog to human B-I11-spectrin is well conserved. The native fly residue L246 is
equivalent to human L253. Expression of mutant L246P fly -spectrin transgene in class
IV dendritic arborization (da) sensory neurons caused reduced dendritic arborization. The
mutant L246P B-spectrin was also found to accumulate in the soma and proximal
dendrites. This is unlike the wild-type protein which was distributed more broadly in the
dendritic arbor [91]. Further, rescue experiments performed in Drosophila with an
endogenous, lethal B-spectrin loss-of-function allele (Bspec®™?!), showed that a transgene

13



containing wild-type fly B-spectrin could rescue lethality. In contrast, a transgene
encoding the L246P B-spectrin did not rescue and was additionally neurotoxic even in a
wild-type background (no Bspec®™?! allele) [91,92].

Though the pathogenic mechanism is still being investigated, several studies
support altered actin binding leading to disease. The cryo-EM study visualizing the
binding of CHL to actin also shows a previously unresolved N-terminal helix preceding
CH1 to also bind actin [19]. When the N-terminal helix is truncated, the high-affinity
actin binding induced by the L253P mutation is reduced below the wild-type threshold,
though not abolished. Interestingly, rescue experiments of Drosophila overexpressing the
truncated fly B-spectrin harboring the L246P mutation reduced neurotoxicity [92]. These
studies support the importance of the spectrin-actin interaction in ABD-localized SCA5
disease pathogenesis.

Currently, there are no treatments or cures for SCA5. Understanding the
molecular mechanism of SCA5 mutations is key in developing targeted small-molecule
therapeutics. Recent progress has been made in identifying small molecule compounds
that reduced binding of the SCAS5 L253P mutant -111-spectrin to actin [93].

1.2.3 Role of g-actinin-2

Cardiac muscle contracts due to synchronized movements of sarcomeres.
Sarcomeres are the functional unit of muscle tissue and require a high level of
organization to maintain healthy function. Major components of the sarcomere are thin
filaments, formed from actin; thick filaments, formed from myosin; and elastic filaments,
formed from titin (Figure 1.9) [94-96]. Actin thin filaments are anchored at the Z-disc,
myosin thick filaments are anchored at the M-line and titin elastic filaments connect thick
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filaments to the Z-disc, in a region called the | band [94-97]. The Z-disc is the boundary
between sarcomeres. Alpha-actinin-2 localizes to the Z-disc in sarcomeres and functions
to crosslink thin actin filaments [98]. Expressed in both skeletal and cardiac muscle fibers
[31], a-actinin-2 is required for normal sarcomere organization [56]. Alpha-actinin-2
localizes to the Z-disc, and as a homodimer, cross-links actin filaments of neighboring
sarcomeres [20,99]. This highly dynamic crosslinking by a-actinin-2 to actin is required
for Z-disc assembly [14,21,100]. Previous studies have shown that disease associated
mutations can be incorporated to the Z-disc, but are not able to freely move out,
potentially hindering the rapid remodeling required for muscle tissues [14]. This suggests

aberrant actin binding activity may play a role in disease pathogenesis.

Z-disc M-line

Thin filament Thick filament Elastic filament
(actin) (myosin) (titin)
Sarcomere

Figure 1.9: Cartoon of a labeled sarcomere. Created with BioRender.com

1.2.4 Alpha-Actinin-2 Related Cardiomyopathy

Alpha-actinin-2 is encoded by ACTN2 and many amino acid substitution variants
are associated with several cardiomyopathy and cardiac manifestations [101-106]. In the

heart, the ventricular myocardium can show thinning, thickening, or stiffening, as seen in
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dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM) or restrictive
cardiomyopathy (RCM), respectively [107]. These cardiomyopathies can lead to heart
failure and sudden cardiac death [103,108]. Heart failure due to cardiomyopathy affects
approximately 7 million people in the United States annually and is expected to rise
[109].

DCM [105], HCM [101] and RCM [106] cases genetically linked to ACTN2
typically display autosomal dominant inheritance [107]. However, many recently
reported variants [110] lack substantial information regarding family history and require
further functional studies to determine impacts to the a-actinin-2 protein.

Numerous cardiomyopathy associated variants in a-actinin-2 cluster to the ABD,
localizing to the actin-binding surfaces of the CH1/CH2 interface (Figure 1.8)
[14,103,110]. Binding of the ABD has been shown to be a direct result of opening at the
CH interface, allowing CH1 to bind F-actin directly, while CH2 has a regulatory effect.
As with B-111-spectrin, it appears the N-terminal helix proceeding CH1, binds F-actin as
well [18,19].

1.3 Research Summary

The body of work presented here aims to gain a deeper understanding of two
disease related proteins: B-1l1-spectrin and a-actinin-2. Both proteins have shared
homology and actin-crosslinking functions. Aberrant actin-binding affinity is indicated in
disease pathogenesis for both -1l1-spectrin linked SCAS5 and a-actinin-2 linked
cardiomyopathies. Chapter 2 describes the biochemical characterization of nine SCA5
associated ABD localized missense mutations in p-111-spectrin. These mutations were
recently identified in patients ranging from 4 months to 48 years of age. The biochemical
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and biophysical analyses identified a decrease in thermal stability as well as an increase
in actin-binding affinity. Chapter 3 describes the biochemical characterization of three
cardiomyopathy associated ABD localized missense mutations in a-actinin-2. The
biochemical and biophysical analyses identified a decrease in thermal stability and loss of
cooperative unfolding. Two variant proteins display an increase in actin-binding affinity
and one protein showed a decrease in actin-binding affinity, indicating aberrant actin-
binding affinity in disease pathogenesis. Chapter 4 explores the effect of five SCA5

associated mutations on dendritic arbor morphology using in vivo Drosophila studies.
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CHAPTER TWO
INCREASED ACTIN BINDING IS A SHARED MOLECULAR CONSEQUENCE OF

NUMEROUS SCA5 MUTATIONS IN B-111-SPECTRIN

2.1 Abstract

Spinocerebellar ataxia type 5 (SCADB) is a neurodegenerative disease caused by
mutations in the SPTBN2 gene encoding the cytoskeletal protein -111-spectrin.
Previously, we demonstrated that a L253P missense mutation, localizing to the B-111-
spectrin actin-binding domain (ABD), causes increased actin-binding affinity. Here we
investigate the molecular consequences of nine additional ABD-localized, SCA5
missense mutations: V58M, K61E, T62l, K65E, F160C, D255G, T2711, Y272H, and
H278R. We show that all of the mutations, similar to L253P, are positioned at or near the
interface of the two calponin homology subdomains (CH1 and CH2) comprising the
ABD. Using biochemical and biophysical approaches, we demonstrate that the mutant
ABD proteins can attain a well-folded state. However, thermal denaturation studies show
that all nine mutations are destabilizing, suggesting a structural disruption at the CH1-
CH2 interface. Importantly, all nine mutations cause increased actin binding. The
mutant actin-binding affinities vary greatly, and none of the nine mutations increase
actin-binding affinity as much as L253P. ABD mutations causing high-affinity actin
binding, with the notable exception of L253P, appear to be associated with early age of
symptom onset. Altogether, the data indicate increased actin-binding affinity is a shared
molecular consequence of numerous SCA5 mutations, which has important therapeutic
implications [111].
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2.1 Introduction

Spinocerebellar ataxia type 5 (SCAD) is a neurodegenerative disease stemming
from autosomal dominant mutations in the SPTBN2 gene encoding the cytoskeletal
protein B-111-spectrin. Beta-Il1-spectrin is highly expressed in cerebellar Purkinje cells
[65], the cell population targeted in SCA5 pathogenesis [69]. Within Purkinje cells, B-111-
spectrin localizes to the soma and dendrites [65,66]. Mouse and cultured neuron models
showed that B-I11-spectrin function is required for normal dendritic arborization, spine
morphology, and synaptic signaling [66-68,73,85]. Structurally, B-111-spectrin contains
an N-terminal actin-binding domain (ABD), followed by seventeen spectrin-repeat
domains, and a C-terminal pleckstrin homology domain. Analogous to other B-spectrins,
the functional unit of B-111-spectrin is considered a heterotetramer composed of two B-111-
spectrin subunits and two a-l1-spectrin subunits. Super-resolution imaging of cortically
localized B-111-spectrin supports a role for the B-I1I/a-11-spectrin heterotetramer in
crosslinking actin filaments beneath the plasma membrane [85,86]. This spectrin-actin
network, together with the spectrin adaptor protein, ankyrin-R, is likely important for
maintaining proper subcellular localization of post-synaptic membrane proteins
[66,72,112]. Many SCA5 mutations are known to localize to the ABD of B-111-spectrin
[78], supporting the importance of actin binding and the formation of a spectrin-actin
network to B-I11-spectrin function.

Initial mapping of three SCAS mutations to the SPTBN2 gene was performed in
2006 [69]. These mutations, which included an ABD-localized L253P missense mutation,
are associated with atrophy of the cerebellar cortex, and adult onset of symptoms that
included progressive limb and gait ataxia, slurred speech and abnormal eye movements
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[76,77,113]. More recently, additional heterozygous, dominant SPTBN2 missense
mutations were reported that are associated with early onset (infantile to adolescent) of
symptoms. In addition to cerebellar atrophy and ataxia, these early onset cases are
characterized by delayed motor development and sometimes intellectual disability [78—
81]. These more severe symptoms resemble those of the neurodevelopmental disorder
SPARCA1[74])/SCAR14[82], caused by homozygous recessive SPTBN2 mutations. The
SPARCA1/SCAR14 mutations are truncating mutations that are typically loss-of-
function associated. Significantly, clinically normal parents heterozygous for the
SPARCA1/SCAR14 loss-of-function alleles point away from haploinsufficiency as a
disease mechanism for the heterozygous SCA5 mutations. For SCA5 mutations, the
underlying dominant negative molecular mechanisms responsible for variability in age of
onset and symptom severity are not known. Indeed, most SCA5 mutations have not been
experimentally investigated at the molecular or cellular level.

We previously characterized the ABD-localized L253P missense mutation. The
native L253 residue is positioned at the interface of the two calponin-homology
subdomains (CH1 and CH2) comprising the ABD. Biochemically we showed that the
L253P mutation causes a ~1000-fold increase in actin-binding affinity [57]. Through
biophysical approaches, including cryo-EM, we showed that high-affinity actin binding
caused by the CH2-localized L253P mutation, is due to an opening of the CH1-CH2
interface [19]. This alleviates CH2 occlusion of CH1, allowing CHL1 to bind actin. We
further showed that L253P induced high-affinity actin binding also requires an N-
terminal helix, preceding CH1, that directly binds actin [92]. In neurons, L253P reduces
dendritic localization of B-I1l-spectrin, and induces dendritic arbor defects in cultured
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Purkinje cells [85] and Drosophila sensory neurons [91]. Truncation of the N-terminal
helix preceding CH1 abolishes L253P-induced high-affinity actin binding and rescues
L253P-induced dendritic arbor defects and neurotoxicity in Drosophila [92], supporting

aberrant actin binding as a pathogenic mechanism. How other ABD-localized SCA5

mutations impact the structure and function of the ABD has yet to be explored.

In the present work, we characterize the molecular consequences of nine

additional, heterozygous, missense mutations localizing to the B-111-spectrin ABD.

Unlike L253P, many of these mutations are associated with early onset symptoms.

2.2 Materials and Methods

2.2.1 Protein Expression and Purification

Table 2.1: Sequence of DNA primers used in this study. The following primers were used
to introduce SCAS mutations into the B-IIl-spectrin ABD coding sequence and are listed

5°to 3’:

Mutation | Forward Primer Reverse Primer

V58M CTGGCAGATGAACGAGA | CTTGGTGAAGGTTTTCTTC
AGCTATGCAGAAGAAAA | TGCATAGCTTCTCGTTCAT
CCTTCACCAAG CTGCCAG

K61E GAACGAGAAGCTGTGCA | GTTTACCCACTTGGTGAA
GAAGGAAACCTTCACCA | GGTTTCCTTCTGCACAGC
AGTGGGTAAAC TTCTCGTTC

T621 GAGAAGCTGTGCAGAAG | GAGTTTACCCACTTGGTG
AAAATCTTCACCAAGTG | AAGATTTTCTTCTGCACA
GGTAAACTC GCTTCTC

K65E GTGCAGAAGAAAACCTT | GGCCAGGTGCGAGTTTAC
CACCGAGTGGGTAAACT | CCACTCGGTGAAGGTTTT
CGCACCTGGCC CTTCTGCAC

F160C GTCTGGACCATCATCCTT | CACACTGATGTCTTGGAT
CGATGCCAGATCCAAGA | CTGGCATCGAAGGATGAT
CATCAGTGTG GGTCCAGAC

D255G GGACTTACCAAGCTGCT | GGTCCACATTCACGTCTT
GGGTCCCGAAGACGTGA | CGGGACCCAGCAGCTTGG
ATGTGGACC TAAGTCC

T2711 GCCAGATGAGAAGTCAA | GGTAGTAAGTAGCCACAT
TCATTATCTATGTGGCTA | AGATAATGATTGACTTCT
CTTACTACC CATCTGGC
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Table 2.1- Continued

Mutation | Forward Primer Reverse Primer

Y272H GATGAGAAGTCAATCAT | GTAATGGTAGTAAGTAGC
TACCCATGTGGCTACTTA | CACATGGGTAATGATTGA
CTACCATTAC CTTCTCATC

H278R CTATGTGGCTACTTACTA | CTTCATCTTGGAGAAGTA
CCGTTACTTCTCCAAGAT | ACGGTAGTAAGTAGCCAC
GAAG ATAG

Mutations for V58M, K61E, T621, K65E, F160C, D255G, T2711, Y272H, and
H278R were introduced into the B-I11-spectrin ABD using the previously generated pE-
SUMO-ABD WT construct [19], through site-directed PCR mutagenesis (PfuUltra High-
Fidelity DNA Polymerase, Agilent) using the primers listed in Table 2.1. The resulting
mutant DNAs were sequence verified. The previously generated pe-SUMO-ABD-L253P
construct was utilized for subsequent experiments [92]. pE-SUMO-ABD constructs were
transformed into Rosetta 2 (DE3) E. coli (Novagen). 250 mL to 1 L bacteria cultures
were grown in LB broth with ampicillin (100 pg/mL) and chloramphenicol (34 pg/mL).
ABD protein expression was induced with 0.5 mM IPTG, for 6 h, at 300 RPM and room
temperature. Bacteria cultures were pelleted at 2987 RCF for 30 min at 4 °C, and pellets
stored at -20 °C until further use. Bacterial pellets were resuspended in lysis buffer (50
mM Tris pH 7.5, 300 mM NaCl, 25% sucrose, and protease inhibitors (Complete
Protease Inhibitor tablet, EDTA-free, Roche)), and lysed by incubation with lysozyme
(Sigma) for 1 h at 4 °C, followed by a freeze-thaw cycle in an isopropanol-dry ice bath.
To the lysate, MgCl> (10 mM final concentration) and DNasel (Roche) (8 U/mL final
concentration) were added and incubated with slow stirring for 1 h at 4 °C. Lysates were
clarified at 18,000 RPM at 4 °C for 30 min, in a Sorvall SS-34 rotor. Supernatants were

syringe filtered through 0.45 pm disk filters and loaded into Poly-Prep (Biorad)
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chromatography columns containing Ni-NTA agarose (Qiagen) equilibrated in binding
buffer containing 50 mM Tris pH 7.5, 300 mM NaCl and 20 mM imidazole. The
columns were washed with binding buffer and then ABD proteins eluted with 50 mM
Tris pH 7.5, 300 mM NaCl and 150 mM imidazole. For each mutant, elution fractions
containing ABD protein was pooled and loaded into a Slide-a-Lyzer, 10 K MWCO,
dialysis cassette (ThermoScientific) and dialysis performed overnight in 25 mM Tris pH
7.5, 150 mM NacCl, 5 mM B-mercaptoethanol, at 4 °C. 6X-His-SUMO tag was cleaved
from ABD proteins using 1:10 mass ratio of Ulpl SUMO protease:ABD ina 2 h
incubation at 4 °C. Cleaved 6X-His SUMO tags and His-tagged SUMO protease were
removed from the ABD proteins using 0.5 — 1 mL Ni-NTA agarose in a Poly-Prep
chromatography column. Eluted fractions containing ABD proteins were pooled for each
mutant and loaded into a Slide-a-Lyzer, 10 K MWCO, dialysis cassette for dialysis in 10
mM Tris pH 7.5, 150 mM NaCl, 2 mM MgClz, 1 mM DTT, at 4 °C for 15 h. Recovered
ABD proteins were measured for concentration using Bradford assay and snap frozen in
liquid nitrogen and stored at -80 °C for future use.

2.2.2 Circular Dichroism Measurements

Purified ABD proteins were thawed and clarified at 43,000 RPM at 4 °C for 30
min, in a Beckman TLA 100.3 rotor. Bradford assay (Biorad) was used to determine the
ABD protein concentrations. ABD proteins were diluted to 150 — 200 ng/uL in buffer
containing 10 mM Tris pH 7.5, 150 mM NaCl, 2 mM MgCl,, 1 mM DTT. CD spectra
were obtained in a Jasco J-815 Spectropolarimeter with a Peltier temperature controller.
A baseline correction using diluent buffer was acquired immediately before analysis.
Analyses were carried out between 200 and 260 nm at 25 °C. Wave length scans were an
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average of five accumulations using a 1.0 mm cuvette. Thermal denaturation studies for
each ABD protein were obtained in triplicate in a Jasco J-810 or J-815
Spectropolarimeter with Peltier temperature controller. Unfolding was measured at 222
nm with increasing temperature from 20 — 85 °C with a pitch of 1 °C per minute. To
determine the melting temperature, non-linear regression analysis was performed using
Prism 8 (GraphPad Software, Inc.) using an equation for two state transition, as
previously described [114], and provided here:

Y= (ay + ByT)/{1 +e*mT=Tm/TATY + (ap + BpT)/{1 + e*TmTm=TI/TATY  (2.1)
Where Y is the measured signal at 222 nm, an and P are intercept and slope of native
state, T is the measured temperature, AT is the unfolding transition width, Tm is the fit
melting temperature, and op and Pp are the intercept and slope of the denatured state.
Constraints are as follows an >-0.2, Bn and o> 0 and ap < 1.1.

2.2.3 F-actin Co-sedimentation Assays

F-actin was prepared and purified from rabbit skeletal muscle (Pel-Freez
Biologics) as previously described [92]. Purified ABD proteins were thawed and
clarified at 43,000 RPM at 4 °C for 30 min, in a Beckman TLA 100.3 rotor. Bradford
assay (Biorad) was used to determine the F-actin and ABD protein concentrations. As
performed previously [92], binding reactions were prepared with 2 uM ABD protein and
increasing concentrations of F-actin (3 — 120 uM) in F-buffer (10 mM Tris pH 7.5, 150
mM NaCl, 0.5 mM ATP, 2 mM MgCl,, and 1 mM DTT). After 30 min incubation at
room temperature, binding reactions were centrifuged at 50,000 RPM for 30 min at 25 °C
in a TLA-100 rotor (Beckman). Promptly after centrifugation, supernatants were

sampled and mixed with Laemmle sample buffer (Biorad). Collected supernatant samples
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were separated by SDS-PAGE and bands were visualized using Coomassie Brilliant Blue
R-250 (Biorad) solution. After sufficient destaining to remove background, gels were
imaged using the 680 nm channel of an Azure Sapphire imager. ABD protein band
fluorescence intensities were quantified from image files using Image Studio Lite version
5.2 software. A standard curve was generated using various amounts of ABD proteins on
a Coomassie stained gel to relate ABD fluorescence intensity to known ABD
concentrations. The standard curves were used to convert raw fluorescence ABD signals
to concentration for the binding assays. Using Prism 8 (GraphPad Software, Inc.),
dissociation constants (Kd) were determined through a nonlinear regression fit for a one-
site specific binding equation (2.2),

Y =X/(Kd+X) (2.2)
where Y is the bound ABD fraction and X is the free F-actin concentration [15], with
Bmax constrained to 1, as described previously [19].

2.2.4 Structural Modeling

The B-111-spectrin ABD structural homology model was generated through the i-
Tasser server [115]. The top template structure was the plectin ABD (PDB ID: 1MBS3).
The crystal structure of B-11-spectrin calponin homology domain 2 (PDB ID: 1BKR) was
used for alignment with the generated p-111-spectrin ABD homology model. Analyses of
the structures, including identification of predicted contacts for different mutated
residues, and alignment, was performed with PyMOL v2.5.4.

2.2.5 Statistical Analysis

Statistical significance was determined in Prism 8 (GraphPad Software, Inc.) for
all melting temperatures and dissociation constants (above 1 uM), by One-way ANOVA
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followed by Dunnett multiple comparisons post hoc test. P-values less than 0.05 were
deemed significant.
2.3 Results

2.3.1 Clinical Summary of ABD-Localized Mutations

Here we report the molecular characterization of nine ataxia-associated, ABD-
localized, missense mutations in B-I11-spectrin. These mutations include: V58M, K61E,
T621, K65E, F160C, D255G, T2711, Y272H, and H278R. All mutations were
heterozygous in patients, consistent with a dominant mechanism of action. T62l, K65E,
F160C, D255G, and T2711 were identified in patients with infantile onset (<12 mo)
symptoms [78-80,84]. The compound heterozygous mutation Y272H/W2065* was
identified in an infantile-onset patient [80]. Notably, parents carrying a single mutated
allele (Y272H/+ or W2065*/+) were clinically normal (age of parents not reported).
Thus, Y272H appears to genetically interact with W2065* to cause disease. This
suggests that Y272H by itself is either insufficiently disruptive to cause symptoms, or the
mutation causes mild, late onset symptoms not yet presenting in the Y272H/+ parent. For
this study, only the normal clinical phenotype of the heterozygous (Y272H/+) parent will
be considered. H278R was associated with adolescent symptom onset (11 years)[58].
K61E was early onset at an unconfirmed age, but evaluated at 9 years [84]. V58M was
associated with adult onset (31 years) [84]. In addition to T2711 and T62I characterized
in this study, T271N [90] and T62N [88] mutations, not characterized here, are also
associated with early age of onset. Additionally, another recently reported ABD-

localized mutation, 1162M [89], is associated with late onset of symptoms, but is not
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characterized in this study. A detailed summary of clinical features is provided in Table
2.2.

Table 2.2: Clinical presentations of ataxia-associated mutations in the actin-binding
domain of B-111-spectrin. Mutations not characterized in this study are shaded in grey.

SPTBN2 gene |Inheritance |(Clinical Age at last [Clinical Features Brain MRI findings
mutation Onset, Sex |evaluation
c.172G>A |[familial 37y, M 6ly Progressive cerebellar|Cerebellar Atrophy (Mild,
(p. V58M) [84] n=1 ataxia; Memory stable)
heterozygous problems
c.181A>G |de novo Unknown, F9y Cerebellar ataxia; Cerebellar Atrophy
(p. K61E) [84] n=1 Hyperreflexia;
heterozygous Hypotonia;

Dysarthria;

Nystagmus
¢.185 C>T (p. [notknown |8 mo, F 18y Cerebellar ataxia,; Cerebellar Atrophy
T621) [80] n=1 Cognitive delay;
heterozygous Psychomotor delay;

Microcephaly;

Nystagmus;

Hypotonia; Mild

bradykinesia
c.185C>A |de novo 5 mo, M ly4mo Cerebellar ataxia; Severe Cerebellar
(p- T62N) [88] n=1 Hypotonia; Brisk Atrophy
heterozygous reflexes; Motor and

cognitive

developmental delay;

Nystagmus;

Strabismus
c.193A>G [denovo 4 mo, M 11y Ataxia; Hypotonia;  |Progressive Cerebellar
(p. K65E) [78] n=1 Ataxic gait; Atrophy
heterozygous Dysarthria

(understandable);

Strabismus;

Horizontal

nystagmus;

Dysmetria; Intention

tremor (mild)
c.479 C>T (p. |de novo 5 mo, M 5y Cerebellar ataxia; Progressive Cerebellar
F160C) [80] n=1 Psychomotor delay; |Atrophy
heterozygous Strabismus;

Hypotonia; Cognitive

delay; Unable to

walk; Nonverbal
c.486 C>G |[familial 48y, F 53y Cerebellar ataxia; Moderate Cerebellar
(p. 1162M) [89] n=1 Dysarthria; Ataxic  |Atrophy
heterozygous gait
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Table 2.2- Continued

SPTBN2 gene |Inheritance |Clinical Age at last |Clinical Features Brain MRI findings

mutation Onset, Sex |evaluation

c. 758 T > C (p.|familial 15-50y, 20-62y Stance, gait, and limb [Cerebellar Atrophy
L253P) [113] mean = 32.8 ataxia (14/15);

heterozygous y, n=15 Dysarthria (13/15);

Intention tremor
(5/15); Rest tremor
(2/15); Nystagmus

(13/15)
c. 764 A>G |de novo ly,F 8y Ataxia; Strabismus; |Progressive Cerebellar
(p. D255G) n=1 Hypotonia; Atrophy
[78] Bradykinesia; Ataxic
heterozygous gait; Dysarthria
(difficult to

understand); Intention
tremor (moderate);

ADHD
c.812C>T (p. [de novo 6 mo, M 8y Cerebellar ataxia,; Progressive Cerebellar
T2711) [79] n=1 Motor developmental |Atrophy
heterozygous delay; Brisk reflexes;
Ataxic gait and limb
movements;
Dystonia; Intention
tremor
c.812C>A |de novo Unknown 4y 7 mo Ataxia; Psychomotor |Cerebellar Hypoplasia
(p. T271N) [90] n=1 retardation
heterozygous
c.888 T >C; + [familial Unknown |Adulthood [No symptoms NA
(p. Y272H/+) n=1
[80]
heterozygous
c.833 A > G (p. |de novo 11y, F 19y Cerebellar ataxia,; Cerebellar Atrophy
H278R) [58] n=1 Ataxic gait;
Nystagmus

2.3.2 ABD-Localized Mutations Cluster to the CH1-CH2 Interface

To explore the position of the mutations in the -111-spectrin ABD, a structural
homology model was generated using iTasser [115], in which the plectin ABD (PDB ID:
1MBS8) was the top template. The B-111-spectrin ABD is comprised of two subdomains,
calponin homology domains 1 and 2 (CH1 and CH2), (Figure 2.1). Strikingly, all of the
mutations are positioned at or near the interface of CH1 and CH2, like L253P. The

native V58, K61, T62 and K65 amino acids localize to CH1 helix A, and are predicted to

28



directly contact CH2 residues. Notably, T62 and K65 directly contact CH2 residue L253,
interactions we previously highlighted in our characterization of the L253P mutation
[57]. The native F160 residue localizes to CH1 helix F. The F160 sidechain is not
directly oriented towards CH2. However, F160 is predicted to contact CH1 residue,

W66, which in turn contacts CH2 residues L253 and T271.

B-lll-spectrin
L253P
V58M
KB1E
T62I

KB65E
F160C
D255G
T2711
Y272H
H278R
3-lI-spectrin
PDB: 1BKR

H275R

kDa : . 5 . : =

250
150

100
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— S— — — e — — — —
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Figure 2.1: Position of SCAS missense mutations in the actin-binding domain, and
purification of mutant ABDs. A. Homology model of B-III-spectrin actin-binding domain
(ABD; green), containing CH1 and CH2 subdomains (left) and a second view rotated 90°
toward reader (right). Amino acids are color-coded for sites of mutations. The crystal
structure of the isolated B-II-spectrin CH2 domain (blue-silver) is aligned with B-I11-
spectrin CH2. All mutated residues localize to the interface of the CH1 and CH2
subdomains. B. Coomassie blue stained gel images showing purified wild-type (WT) and
mutant ABD proteins. All ABD proteins run at the predicted size of 32 kDa.
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Mutations localizing to CH2 include D255G, T271l, Y272H, H278R and L253P. The
native D255 localizes to a loop connecting CH2 helices E and F, and is predicted to form
salt bridges with CH1 residues, K61 and K65. T271, Y272 and H278 localize to CH2
helix G. T271 is predicted to directly contact CH1 residues W66 and 1157, in addition to
contacting CH2 residue L253. Y272 forms extensive hydrophobic contacts with L253,
suggesting that Y272 plays an important role in coordinating the position of L253. In the
homology model, H278, while oriented towards CH1, is not predicted to contact CH1
residues. To further evaluate the position of H278, we analyzed the equivalent amino
acid (H275) in a crystal structure of the isolated CH2 subdomain of B-1l-spectrin [17].
Alignment of the B-ll-spectrin CH2 domain with the B-111-spectrin ABD homology model
shows that B-11-spectrin H275 is oriented towards CH1 and predicted to contact CH1
Q161. Thus, this suggests that B-111-spectrin H278 also contacts CH1 Q161. In sum, the
mutated residues cluster to the CH1-CH2 interface. Many of the mutated residues
contact each other, forming an interaction network likely important for bridging CH1 and
CH2. The common position of these mutations at the CH1-CH2 interface suggests that
the mutations have similar structural and functional impacts on the ABD.

2.3.3 SCA5 Mutant ABDs can Attain a Well-Folded State, but are Destabilized

To test how the SCA5 mutations impact the structure and function of the ABD,
we expressed the wild-type and mutant ABD proteins in E. coli and performed protein
purification. All ABD proteins were purified to homogeneity or contain only minor
contaminating bands, (Figure 2.1). To determine if the SCA5 mutations impact the
folded state of the ABD, circular dichroism (CD) spectroscopy was performed. Similar to
our prior characterization [57], the wild-type ABD shows an a-helical absorption profile
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with characteristic minima at 208 and 222 nm, (Figure 2.2). Similarly, all ABD mutants

showed pronounced a-helical profiles.
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Figure 2.2: Circular dichroism absorption spectra show a-helical profiles for wild-type
and mutant ABDs. CD spectra between 200 nm and 260 nm for individual wild-type,
L253P, V58M, K61E, T621, K65E, F160C, D255G, T2711, Y272H, and H278R ABD
proteins. Minima at 208 and 222 nm are characteristic of a-helical fold. Spectra are
average of n = 5 accumulations.
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From this we conclude that all the mutant ABDs can attain a well-folded state without
significant disruption to secondary structure. To determine how the mutations impact the

stability of the ABD, CD thermal denaturation studies were performed. The wild-type

c
& g £ 10]T,= 602+ 1.5°C ¥
g 60- _:_ ......... + ..................................................... . E
[ -
"é - 3 1 Sos
g 55 = = F g
£ R s ?
(] 501 - D 0.0 e
- “ ® 20 30 40 50 60 70 80
= w Temperature (°C)
S 45] T .g L253P
[} - o
= 2 10| Tn= 4511(:1c B
40 o !
@ |
Q Q/ Q/ Y & 3 f
< ”%A”Q’ © < 453’ qf’«‘{'\ (v ® gos f
P-values: \’ '\ > 2 y
WT vs. L253P = <0.0001 WT vs. K65E = <0 0001 WT vs. T2711 -0.0007 o o .'V"‘
WT vs. V58M = 0.0171 WT vs. F160C = <0.0001 WT vs. Y272H = <0.0001 5 o.0p=™"
WT vs. K61E = <0.0001 WT vs. D255G = <0.0001 WT vs. H278R = 0.0045 L‘l.‘! 20 30 40 50 60 70 80

WT vs. T62I = 0.0001 Temperature (°C)

.% V58M K61E T62I

gm Ta=583£03°C jemnee®™s  10{Tp=545405°C woommar  10|Tn=57.0202°C onmpins

L] y 3 4

[ o

3 |

Sos I 0.5 . 0.5

c | ¢

= WJ 4 ‘

o] ‘ >

o > e T e

T oot : 0.0jtAmaN s o.of™="

E 20 30 40 50 60 70 80 20 30 40 50 60 70 80 20 30 40 50 60 70 80

w Temperature (°C) Temperature (°C) Temperature (°C)

K65E F160C D255G

10]Tm=54.3£0.5°C ,, , _wsfos  10{Ty=52.4+0.1 E‘,_wa-..— 10{T = 54.8 £ 0.6 °C . oo™

f {
f 0.5 J’ 0.5

b
@

=

K}

o

T

a

°

(7]

3

K]

= ]

- ‘o / B

2 ki s e o

B oope .04 0.0{=

2 20 30 40 50 60 70 80 20 30 40 50 60 70 80 20 30 40 50 60 70 80
- Temperature (°C) Temperature (°C) Temperature (°C)

£ T2711 Y272H H278R

° =50.0+0.4° - 5 e
C1T=57.5£0.5°C pmmstuen™ 10 T 00204 !fw% 10]T= 57.9£ 1.0 °C summaitoms™h
° / [ f

@ 4 ¢

i [ s f

Sos p 0.5 I 0.5 4

s / f j

[ . ,* . '..5"'

o oo J e

F oo S 0.0 St 0.0p=""

E 20 30 40 50 60 70 80 20 30 40 50 60 70 80 20 30 40 50 60 70 80
w Temperature (°C) Temperature (°C) Temperature (°C)

32



Figure 2.3: Thermal denaturation curves showing that all ABD proteins unfold
cooperatively, but mutants are destabilized. Melting curves of purified ABD proteins,
generated by monitoring circular dichroism absorption at 222 nm while heating sample.
The cooperative, two-state, transitions indicate well-folded proteins. All mutant ABD
proteins have Tm’s significantly lower than wild-type. Statistical significance was
determined by One-way ANOVA followed by multiple comparisons post hoc test. P-
values are reported below the upper left panel. Tm = average +/- standard deviation, with
n=3.

ABD unfolded in a cooperative manner, characterized by a two-state transition and a
melting temperature (Tm) of 60.2 + 1.5°C (Figure 2.3), consistent with our prior report
[57]. All mutant ABD proteins also displayed cooperative unfolding, further supporting a
well-folded state for the mutant proteins. However, the mutants unfolded at statistically
significant lower temperatures relative to wild-type, with Tm values ranging from 50.0 +
0.4 t0 58.3 £ 0.3°C. An exception was L253P, which unfolded with a much lower Tm,
45.1 £ 0.7°C, consistent with our prior characterization [57]. We previously showed that
L253P protein destabilization is associated with an opening of the CH1-CH2 interface
[19]. Thus, the current denaturation studies, together with the common position of the
mutations at the CH1-CH2 interface, strongly suggest that all the mutations have a shared
effect to structurally destabilize the CH1-CH2 interface.

2.3.4 All of the SCA5 Mutations Increase Actin-Binding Affinity

Previously, we showed that the L253P mutation causes a ~1000-fold increase in
actin-binding affinity, with an estimated Kd of 75 nM [57]. To determine how the
additional SCA5 mutations impact actin binding, in vitro co-sedimentations assays were
performed using the purified ABD proteins. In these binding assays, a fixed amount of

ABD (2 uM) is mixed with increasing concentrations of F-actin (3-120 uM), and the
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Figure 2.4: Actin co-sedimentation assays showing that all mutations increase actin-
binding affinity. Co-sedimentation of ABD proteins and actin reveal greater actin
affinities for all mutant ABD proteins compared to wild-type. Representative binding data
and curve fit is shown for each mutant ABD protein. Kd = average +/- standard deviation,
with n = 6 or more binding assays.

The wild-type ABD bound F-actin with a Kd of 55.2 £ 6.7 uM, (Figure 2.4).
Significantly, all of the mutant ABDs bound actin with higher affinity than wild-type.
Consistent with an estimated 75 nM Kd, the L253P ABD was entirely bound to F-actin at
all F-actin concentrations tested (3 uM to 120 uM). Except at the lowest actin
concentrations (3-10 uM), the K61E, K65E, F160C and T2711 mutant ABDs were also
fully bound to actin. This indicates that K61E, K65E, F160C and T2711 mutations also
cause high-affinity actin binding (submicromolar Kd). In contrast, V58M, T621, D255G,
Y272H and H278R mutations caused more modest increases in actin affinity. The Kd
values for V58M, T621, D255G, Y272H and H278R were statistically significant relative
to wild-type, and equaled 10.2 + 1.4 uM, 2.4 + 0.3 uM, 7.3 £ 0.5 uM, 15.5 + 2.4 uM and
6.7 = 1.7 uM, respectively. In sum, all of the mutations cause increased actin-binding
affinity, consistent with the shared position of these mutations at the CH1-CH2 interface.
Notably, the actin-binding affinities vary greatly among the different mutations, with
L253P causing the highest affinity and Y272H causing the smallest increase in affinity.

2.4 Discussion
Here we build upon our prior studies of the L253P mutation by characterizing
nine additional, ABD-localized missense mutations. Strikingly, our structural analyses
revealed that all of the newly characterized mutations, like L253P, localize to the CH1-

CH2 interface. Many of the native residues are predicted to contact each other, forming
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an interaction network likely important for bridging CH1 and CH2. Our circular
dichroism analyses showed that the mutations are destabilizing, likely reflecting a
structural uncoupling of CH1 and CH2, as we showed previously for L253P [19]. Our
prior studies of the L253P mutation [19], along with studies of spectrin-related ABD
proteins [18,22,23], established that opening of the CH1-CH2 interface is required for
binding of CHL1 to actin. Consistent with the position of the newly characterized
mutations at the CH1-CH2 interface, and the destabilizing impact of these mutations, we
show that all of the mutations cause increased actin binding. Thus, SCA5 mutations
localizing to the ABD appear to act through a common molecular mechanism. It will be
important to further validate a shared disease mechanism using in vivo approaches, for
example, with mouse models, cultured Purkinje neurons, or patient-based materials.
Our prior studies of the L253P mutation in Drosophila suggest that high-affinity
actin binding mislocalizes the spectrin cytoskeleton in neurons, causing the mutant 8-
spectrin and associated proteins to accumulate in the soma and be depleted in the
dendritic arbor [91]. Consequently, distal dendrites degenerate and dendritic arbor
outgrowth is reduced. Recently, a similar mislocalization of L253P B-I11-spectrin was
reported in transfected mouse Purkinje neurons [85]. Here the L253P mutant caused
misorientation of dendrites, resulting in reduced planarity of the Purkinje cell dendritic
arbor. If increased actin binding drives pathogenesis for all ABD-localized SCA5
mutations, then we expect that the nine newly characterized mutations will result in
spectrin mislocalization and arborization defects in these neuronal systems, similar to

L253P. However, for the newly characterized mutations, the observed neuronal defects
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may be less severe due to the lesser effect of these mutations to increase actin-binding
affinity, relative to L253P.

A potentially important finding from the present study is that the actin-binding
affinities of the mutants vary greatly. Perhaps this variability in actin-binding affinity
contributes to the variability in age of onset (and symptom severity). In Table 2.3, our
experimentally determined Kd values are listed for each of the mutations, along with
clinical data on age of symptom onset. As evident in Table 3, most of the nine newly
characterized mutations are associated with early onset of symptoms (infant to
adolescent). These early onset mutations are associated with single digit micromolar to
submicromolar Kd values. In contrast, with a Kd value of 10 uM, V58M is associated
with adult onset of symptoms (37y). Further Y272H, with a Kd of 16 uM, causes the
smallest increase in actin binding among the mutations. A Y272H/+ parent, of unknown
age, was reported to be clinically normal [80]. This supports that a modest increase in
actin binding can be tolerated (no clinical phenotype), and that symptoms are more likely
to present as actin-binding affinity increases. In sum, a correlation appears to be
emerging in which high-affinity actin binding (submicromolar to single digit micromolar
Kd) is associated with early age of symptom onset, and that smaller increases in actin-
binding affinities (10 micromolar or higher Kd) are associated with later onset or no
disease symptoms. However, a strong correlation is still difficult to establish, as most of
the mutations are de novo, and n values equal 1. Thus, it is important to collect clinical
data on age of onset from additional patients carrying the same mutations, and to further
characterize distinct ABD-localized, ataxia-associated mutations, as they are reported.
For example, the recently reported T62N and T271N mutations are early onset, and
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would be expected to have submicromolar to single digit micromolar Kd values. In
contrast, a CH1-CH2 interface mutation, 1162M, causes late onset symptoms, and would
be expected to have a higher Kd value. Importantly, the L253P mutation, which causes
the highest actin-binding affinity, but is associated with late onset of symptoms (mean =
32.8y), is a major outlier to our proposed association between actin-binding affinity and
age of onset, as discussed below.

Table 2.3: Actin-binding affinity and age of symptom onset for different ABD mutations

Mutation Kd (UM) Age of onset
L253P | <1 15-50 y, mean=32.8 y, n=15
T2711 | <1 6 mo, n=1
K65E | <1 4 mo, n=1
F160C <1 5 mo, n=1
K6lE | <1 Not reported; clinical evaluation at 9y, n=1
T621 | 24+0.3 | 8mo, n=1
H278R | 6.7+ 1.7 | 11y,n=1
D255G | 7.3+0.5 | 12mo, n=1
V58M | 10.2+1.4 | 37y, n=1
Y272H/+ | 15.3 £ 2.0 | Y272H/+ parent is clinically normal, n=1
Wild- | 55.2 £+ 6.7 | NA
type

Our data show that L253P is unique among the mutations in that it causes 1) the
highest actin-binding affinity, and 2) the greatest protein destabilization. It thus seems
likely that the decreased clinical severity of L253P is attributed to one or both of these
features. Our current and prior [57] thermal denaturation studies show in vitro that
L253P ABD begins to unfold near physiological temperature. It is thus possible that
L253P B-111-spectrin is prone to denaturation and enhanced protein turnover in cells at
physiological temperature. Increased protein turnover of the L253P mutant would reduce

its abundance in neurons, corresponding to a reduction in neurotoxicity and a later age of
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symptom onset. However, in transiently transfected HEK293T cells, wild-type and
L253P B-I11-spectrin ABD or full-length proteins showed similar protein levels by
western blot analyses [91]. Clarkson et al additionally showed that L253P B-111-spectrin
did not induce pathways associated with unfolded protein response [87]. Moreover, we
showed that L253P, and a L253A mutation, which causes high-affinity actin binding, but
is less destabilizing than L253P, cause similar mislocalization (absence from plasma
membrane extensions and internal accumulation on actin-rich vesicles) of B-111-spectrin
in HEK293T cells [91]. This supports that the behavior of the L253P mutant -111-
spectrin in cells is driven by elevated actin binding, not protein denaturation/unfolding.
Alternatively, it is possible that high-affinity actin binding localizes the L253P mutant to
a distinct population of actin filaments not bound by the ABD mutants with relatively
lower actin-binding affinity. Future studies assessing the impact of L253P versus the
other ABD mutations on mutant -111-spectrin steady-state protein levels and subcellular
localization in cultured Purkinje neurons, mouse models, or patient-based materials, may
clarify why L253P has reduced toxicity/late onset symptoms.

Our finding here that increased actin-binding affinity is a shared molecular
consequence of numerous SCA5 mutations has important therapeutic implications.
Specifically, it suggests that a small molecule drug that can alleviate high-affinity actin
binding may be broadly useful as a SCAS therapeutic. Recently we reported the
identification of several small molecules capable of reducing binding of the L253P
mutant to actin in vitro [93]. This established that the spectrin-actin interaction can be
targeted by small molecules. Potentially these compounds will be effective in reducing
actin binding caused by the multiple different SCA5 mutations characterized here. Our
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analysis of Kd versus age of symptom onset suggests that reducing actin-binding affinity
to a Kd value of ~16 uM (Y272H) or higher may be needed to fully eliminate toxicity

caused by the ABD mutations.
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CHAPTER THREE
CARDIOMYOPATHY-ASSOCIATED VARIANTS ALTER THE STRUCTURE AND

FUNCTION OF THE a-ACTININ-2 ACTIN-BINDING DOMAIN

3.0 Abstract

Hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and
restrictive cardiomyopathy (RCM) are characterized by thickening, thinning, or
stiffening, respectively, of the ventricular myocardium, resulting in diastolic or systolic
dysfunction that can lead to heart failure and sudden cardiac death. Recently, variants in
the ACTN2 gene, encoding the protein a-actinin-2, have been reported in HCM, DCM,
and RCM patients. However, functional data supporting the pathogenicity of these
variants is limited, and potential mechanisms by which these variants cause disease are
largely unexplored. Currently, NIH ClinVar lists 34 ACTN2 missense variants, identified
in cardiomyopathy patients, which we predict are likely to disrupt actin binding, based on
their localization to specific substructures in the a-actinin-2 actin binding domain (ABD).
We investigated the molecular consequences of three ABD localized, HCM-associated
variants: A119T, M228T and T247M. Using circular dichroism, we demonstrate that the
mutant ABD proteins can attain a well-folded state. However, thermal denaturation
studies show that all three mutations are destabilizing, suggesting a structural disruption.
Importantly, A119T decreased actin binding, and M228T and T247M cause increased
actin binding. We suggest that altered actin binding underlies pathogenesis for

cardiomyopathy mutations localizing to the ABD of a-actinin-2 [116].
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3.1 Introduction

In the United States, the prevalence of heart failure due to cardiomyopathy was
estimated at 6.7 million cases in 2020, an increase of 12% over 2 years [109]. Two of the
most common cardiomyopathies are Dilated Cardiomyopathy (DCM) and Hypertrophic
Cardiomyopathy (HCM), combined estimated to occur in greater than 0.2% of the
general population [117,118]. Restrictive Cardiomyopathy (RCM), a less common form,
is estimated to account for 5% of total cardiomyopathy cases [119]. These disorders are
characterized by thickening (HCM), thinning (DCM), or stiffening (RCM) of the
ventricular myocardium [107]. These alterations to the ventricle wall cause diastolic or
systolic dysfunction, and can lead to heart failure and sudden cardiac death [108]. A
better understanding of cardiomyopathy etiology and pathogenesis is thus important for
reducing the burden of cardiac disease for a significant portion of the population.

The familial forms of DCM, HCM, and RCM typically display autosomal
dominant inheritance [107]. Interestingly, dominant mutations in the ACTN2 gene
encoding the Z-disk protein a-actinin-2 have been reported in DCM [105], HCM [101]
and RCM [106] patients. How different variants in the ACTN2 gene give rise to different
cardiomyopathies is unclear. Currently, the NIH ClinVar database [110] lists 324
cardiomyopathy-associated ACTNZ variants that result in amino acid changes in the
encoded a-actinin-2 protein. The pathogenicity of two ACTN2 missense variants, A119T
and M228T, is supported by co-segregation of the variants with heart disease across
multiple generations within families [101,102]. However, for most reported ACTN2

variants, the pedigree is either too small, or no family history is available to conclude that
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a genetic variant is disease causing. In these cases, additional functional studies are
needed to determine if a variant is detrimental to a-actinin-2 function.

Alpha-actinin-2 is expressed in skeletal and cardiac muscle fibers [31], and is
required for normal sarcomere organization in the heart [56]. Within the Z-disk, o-
actinin-2 functions to cross-link antiparallel actin filaments from neighboring sarcomeres.
Alpha-actinin-2 contains an N-terminal actin-binding domain (ABD; amino acids 1-259)
consisting of two calponin homology subdomains (CH1 and CH2). Assembly of the Z-
disk requires a-actinin-2 binding to actin. Interestingly, a-actinin-2 localization to the Z-
disk is highly dynamic [14,21,100]. This suggests that dynamic binding of a.-actinin-2 to
F-actin is required in healthy tissue to enable rapid Z-disk remodeling.

Alpha-actinin is the ancestral member of the spectrin superfamily of cytoskeletal
proteins that includes the human disease-associated proteins: B-111-spectrin; o-actinin-1
and -4; filamin A, B, and C; and dystrophin [8,57-62,120-122]. We previously
characterized a B-111-spectrin L253P missense mutation that is localized to the ABD and
causes the neurological disorder spinocerebellar ataxia type 5 (SCAD). In vitro co-
sedimentation assays revealed that L253P causes a striking 1000-fold increase in actin
affinity [57]. Further, our cryo-EM structure of F-actin complexed with the L253P ABD
demonstrated that actin binding requires a conformational “opening” at the interface of
the two CH domains that comprise the ABD. This enables CH1 to bind actin aided by the
previously uncharacterized, unstructured N-terminal region that becomes a-helical upon
binding [19]. Strikingly, this N-terminal helix preceding the conserved CH1 domain is
required for association with actin, as truncation eliminates binding. Alpha-actinin-2

likely binds actin by a similar mechanism. Indeed, our review of cryo-EM data for the a-
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actinin-4-actin complex [18] suggested that the N-terminus of a-actinin-2 also binds actin
[19].

However, mechanistic studies of cardiomyopathy-associated variants in the a-
actinin-2 ABD are scarce. Haywood et al, reported that the HCM-associated variant
A119T caused protein destabilization in vitro, aggregation of the mutant a-actinin-2 in
cardiomyocytes, and reduced Z-disk incorporation [14]. A119T was reported to cause a
2-fold decrease in actin-binding affinity [14], although the reported decrease in affinity
was not statistically significant. A study of an HCM-associated variant, T247M,
established in iPSC-derived cardiomyocytes, showed that the variant is disruptive at the
cellular level, inducing HCM phenotypes, including Z-disk myofibrillar disarray and
disrupted contractility [100]. Moreover, T247M, like A119T, caused a-actinin-2
aggregation and reduced incorporation into Z-disks [123]. How the T247M variant
impacts actin binding is not known. A recent study has shown that homozygous
expression of HCM associated M228T variant in mice is embryonic lethal [97]. Further,
low a-actinin-2 mutant protein levels suggested that the mutant promotes destabilization
contributing to increased proteolysis [97]. Because of the dynamic nature of a-actinin-2
at the Z-disk, and the requirement of actin binding for a-actinin-2 incorporation into the
Z-disk, it is likely that ABD variants that disrupt actin binding will adversely impact
cardiomyocyte function.

In this study, we report our analyses of the structural position of numerous
cardiomyopathy-associated ACTN2 missense variants to assess the potential of the

variants to disrupt a-actinin-2 actin binding. We further report our characterization of the
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structural and functional consequences of select missense variants localized to different
substructures in the a-actinin-2 ABD.

3.2 Materials and Methods

3.2.1 Structural Analysis

Analyses were performed using a crystal structure of the wild-type a-actinin-2
ABD (PDB:5A36) [14]. Actin binding region identified by homology comparison with
three different ABDs including of B-III-spectrin, filamin A and utrophin ABD-actin
complexes [19,23,124]. Analyses of the structure, including identification of predicted
contacts for different mutated residues, was performed with PyMOL v2.5.4

3.2.2 Protein Expression and Purification

The coding sequence for a-actinin-2-ABD was obtained from Addgene (RefSeq:
NM_001103.3, Plasmid ID 52669) and PCR amplified using the forward primer
AAACACCTGCAAAAAGGTATGAACCAGATAGAGCCCGGC and reverse primer
AAATCTAGATTACTCCGCGCCCGCAAAAGCGTG. The PCR product was digested
with restriction enzymes Aarl and Xbal and ligated into Bsal digested, pE-SUMOpro
(LifeSensors). Mutations were introduced into the generated pE-SUMO-a-actinin-2
ABD through site-directed PCR mutagenesis (PfuUltra High-Fidelity DNA Polymerase,
Agilent). The following primers were used to introduce cardiomyopathy mutations into
the a-actinin-2 ABD sequence.

Table 3.1: Sequence of DNA primers used in this study. Primers are listed 5’ to 3°
Mutation | Forward Primer Reverse Primer
A119T GTGAAACTGGTGTCCATC | ATTGCCATCAACAATTTCTTC

GGCACTGAAGAAATTGTT | AGTGCCGATGGACACCAGTTT
GATGGCAAT CAC
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Table 3.1-Continued

Mutation | Forward Primer Reverse Primer

M228T AGCACCTGGATATTCCTA | CACGATGTCTTCAGCATCCAA
AAACGTTGGATGCTGAAG | CGTTTTAGGAATATCCAGGTG
ACATCGTG CT

T247TM CCCGATGAAAGAGCCATC | GTGGTAGAAGCAAGAGACGT
ATGATGTACGTCTCTTGC | ACATCATGATGGCTCTTTCAT
TTCTACCAC CGGG

Sequence verified mutant and wild-type DNAs were transformed into Rosetta 2
(DE3) E. coli (NOVAgen.1 L bacteria cultures in LB broth containing ampicillin (100
pg/mL) and chloramphenicol (34 pg/mL) were grown at 37 °C. Upon ODsso of 0.50,
ABD protein expression was induced with 0.5 mM IPTG for 6 hours at 300 RPM shaking
at room temperature. Bacteria cultures were pelleted at 2987 RCF for 30 min at 4 °C,
and pellets stored at -20°C until further use. Bacterial pellets were prepared for lysis
through resuspension in lysis buffer (50 mM Tris pH 7.5, 300 mM NacCl, 25% sucrose,
and protease inhibitors (Complete Protease Inhibitor tablet, EDTA-free, Roche)), and
incubated with lysozyme (Sigma) for 1 h at 4 °C, followed by a freeze-thaw cycle in an
isopropanol-dry ice bath. To the lysate, MgCl. (10 mM final concentration) and DNasel
(Roche) (8 U/mL final concentration) were added and stirred slowly for 1 h at 4 °C.
Lysates were clarified at 18,000 RPM at 4 °C for 30 min, in a Sorvall SS-34 rotor.
Supernatants were decanted and syringe filtered through 0.45 um disk filters. Poly-Prep
(Biorad) chromatography columns containing Ni-NTA agarose (Qiagen) were
equilibrated in binding buffer (50 mM Tris pH 7.5, 300 mM NaCl and 20 mM imidazole)
and filtrate was loaded. Binding buffer was used to wash the columns and ABD proteins
were eluted with elution buffer (50 mM Tris pH 7.5, 300 mM NaCl and 150 mM

imidazole). Elution fractions for each ABD protein were pooled and loaded into a Slide-
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a-Lyzer, 10 K MWCO, dialysis cassette (ThermoScientific) and dialysis carried out
overnight in SUMO buffer (25 mM Tris pH 7.5, 150 mM NacCl, 5 mM B-
mercaptoethanol), at 4 °C. Cleavage of the 6X-His-SUMO tag from the ABD protein was
performed using 1:10 mass ratio of Ulpl SUMO protease:ABD in a 1 h incubation at 4
°C. Poly-Prep chromatography columns containing 1 mL Ni-NTA agarose equilibrated
in SUMO buffer were used to remove cleaved 6X-His SUMO tags and His-tagged
SUMO protease from the ABD proteins. Eluted fractions containing ABD proteins were
pooled for each ABD and loaded into a Slide-a-Lyzer, 10 K MWCO, dialysis cassette for
dialysis in storage buffer (10 mM Tris pH 7.5, 150 mM NaCl, 2 mM MgCI2, and 1 mM
DTT), at 4 °C overnight. Purified ABD proteins were recovered and measured for
concentration using Bradford assay (Biorad). ABD proteins were snap frozen in liquid
nitrogen and stored at -80 °C for future use.

3.2.3 Circular Dichroism Measurements

Previously purified ABD proteins were thawed and clarified at 43,000 RPM at 4
°C for 30 min, in a Beckman TLA 100.3 rotor. Bradford assay was used to determine the
ABD protein concentrations. ABD proteins were diluted to 150 — 200 ng/uL in storage
buffer. CD spectra and thermal denaturation studies were performed with a Jasco J-815
Spectropolarimeter with a Peltier temperature controller. Baseline correction scans were
obtained using the storage buffer immediately prior to analysis. Analyses ranged
between 200 and 260 nm at 25 °C. Immediately following wavelength scans, unfolding
was measured at 222 nm with steadily ramping temperatures from 20 — 85 °C. Using

Prism 9 (GraphPad), a nonlinear regression analysis was performed to determine melting
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temperature for two-state and three state transitions [114]. The two-state unfolding is fit
by equation 3.1,

Y= (ay + ByT)/{1 +e*mT=Tm/TATY + (a) + BpT)/{1 + e*TmTm=T/TATY  (3.1)
where an, BN, op, and Bp are the intercepts and slopes of the respective native and
denatured states, Y is the signal at 222 nm at temperature T, AT is the unfolding
transition width and Tm is the melting temperature. The three-state unfolding is fit by the
expanded equation 3.2,

Y = (ay + ByT)/{1+ e*m~Tm)/TATY 4 (@) + BiT)/{1 + e*fma(Tmai=T/TATY
(@ + BiT)/{1+ e*Tne )/ TATY 4 (ap + BpT)/{1 + e¥Tma(ma=DITATY (32
where, a1 and B are the intercept and slope of the intermediate state, Tm1 and Tmz are the
respective melting temperatures of the first state between folded and the intermediate and
the second state between the intermediate and unfolded state. The four-state unfolding is
fit by the expanded equation 3.3,

V= (ay + ByD)/{1+e*mTTm/TAT} 4 (@) + BiT)/{1 + e*ma (T =D/TATY 4
(@ + BiT)/{1 + e*m20Tm2)/TA} 4 (@ + BoT)/{1 + e*Tmama™DITATY + (@ +
B2T) /{1 + eTms(T=Tm3)/TATY 4 (@, + BpT) /{1 + e*Tms(Tms=T)/TAT} (3.3)
where, a2 and B2 are intercept and slope of the second intermediate state, Tm2 and Tmz are
the melting temperatures of the second state between the first and second intermediate
and the second intermediate and the unfolded state.

3.2.4 F-actin Co-sedimentation Assays

Purified F-actin was prepared from rabbit skeletal muscle (Pel-Freez Biologics) as
previously described [92]. Purified ABD proteins were thawed and clarified as described

above. F-actin and ABD protein concentrations were determined though Bradford assay.
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As performed previously [92], binding reactions were prepared with 2 WM ABD protein
and F-actin concentrations ranging from 3 — 120 uM in F-buffer (10 mM Tris pH 7.5,
150 mM NaCl, 0.5 mM ATP, 2 mM MgCI2, and 1 mM DTT). Immediately following 30
min incubation in ambient room temperature, binding reactions were centrifuged at
50,000 RPM for 30 min at 25 °C in a TLA-100 rotor (Beckman). Following
centrifugation, supernatants were immediately sampled and mixed with 4X Laemmle
sample buffer (Biorad). Samples of supernatant were separated by SDS-PAGE and
resulting bands were visualized using Coomassie Brilliant Blue R-250 (Biorad) solution,
followed by background removal with destain solution. An Azure Sapphire imager on the
680 nm channel was used to document the gels. The generated image files allowed
quantification of ABD protein band fluorescence intensities using Image Studio Lite
version 5.2 software. A standard curve was generated using incremental amounts of ABD
proteins (0-2 uM) on a similarly treated gel, relating supernatant ABD fluorescence
intensity to known ABD concentrations. As previously described [57], dissociation
constants (Kd) were calculated using Prism 9 (Graphpad) through a nonlinear regression
fit utilizing a one-site specific binding equation, constraining Bmax to 1.

3.3 Results

3.3.1 Cardiomyopathy Missense Variants Localize to Actin-Binding Surfaces or the

CH1-CH2 Interface in the a-Actinin-2 ABD

We analyzed 71 cardiomyopathy-associated ACTN2 variants in NIH ClinVar to
evaluate the potential of the variants to disrupt actin binding, based on their localization
to specific substructures in the ABD. We mapped predicted actin-binding surfaces in the
crystal structure of the wild-type a-actinin-2 ABD (PDB: 5A36) [14] based on homology
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to the actin-binding surfaces identified in cryo-EM models of B-III-spectrin, filamin A

and utrophin ABD-actin complexes [19,22,23] (Figure 3.1).

a-actinin-2 ABD —4 T247M M20T W135G
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CH1-CH2 interface G118D V235M

Actin-binding/CH1-CH2  A449T A244V
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Figure 3.1: Mapping of ACTN2 variants in the ABD. The a-actinin-2 ABD crystal
structure (PDB: 5A36) with actin-binding surfaces (red), contact regions between CH1
and CH2 subdomains (blue), and regions involved in both interactions (magenta). Listed
are 34 cardiomyopathy missense variants localizing to these surfaces (sidechains of
native residues shown). Yellow arrows indicate positions of A119T, M228T and T247M.

In addition, residues mediating interaction of CH1 to the regulatory CH2 subdomain were
identified using Pymol. Of the 71 ClinVar variants in the ABD, 34 localize to actin-
binding surfaces in CHI1 or the N-terminus, or to the CH1-CH2 interface. We predict that
variants localizing to actin-binding surfaces will decrease actin binding. In contrast,
variants localizing to the CH1-CH2 interface are likely to increase actin binding by
alleviating CH2 occlusion of CH1 binding to actin.

3.3.2 Human a-Actinin-2 Cardiomyopathy Missense Variants Attain Folded States but

Lose Cooperative Protein Unfolding.

To assess the impact of the variants on ABD structure, circular dichroism (CD)

spectroscopy was performed. The CD absorption spectra for the wild-type ABD shows
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minima at 208 and 222 nm, an absorption profile characteristic of an alpha-helical
protein, (Figure 3.2). Similarly, the three variants showed nearly identical absorption

profiles. This indicates the variant ABDs are well-folded like wild-type.
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Figure 3.2: a-actinin-2 mutants attain secondary structures similar to wild-type. A.
Coomassie blue stained gel image showing purified wild-type (WT) and mutant ABD
proteins. All ABD proteins ran at the predicted size of 30 kDa. B. Circular dichroism
absorption spectra show a-helical profiles for wild-type and mutant ABDs. CD spectra
between 200 nm and 260 nm for individual WT, A119T, M228T, and T247M proteins.
Minima at 208 and 222 nm are characteristic of a-helical fold.

CD was further used to monitor the unfolding of the ABD proteins as a function of

temperature. The wild-type protein displayed cooperative unfolding, with a single step,
two-state transition, and a melting temperature (Tm) of 63.5°C, (Figure 3.3). This Tm is
similar to a previously reported Tm (62.3°C) for a wild-type a-actinin-2 ABD construct

containing amino acids 19-266 [14].
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Figure 3.3: Thermal denaturation curves showing that mutant ABD proteins exhibit a loss
of cooperative unfolding. Melting curves of purified ABD proteins, obtained by
observing circular dichroism absorption at 222 nm while heating sample from 20 °C to
85 °C. The cooperative, two-state, transition is observed for wild-type ABD. A three-
state transition is observed for A119T ABD in trial 1 (orange) and trial 2 (red). A four-
state transition is observed for M228T ABD; trial 1 (dark green) and trial 2 (light green)
and T247M ABD; trial 1 (dark blue) and trial 2 (light blue). For each transition, the
Figure 3.3 continued- average Tm from duplicate melts is indicated, followed by the
individual replicate Tm values in parentheses.

In contrast, the melt curves for all mutants showed unfolding at lower temperatures and a
clear loss in cooperative unfolding. The melt curve for A119T showed two transitions
that were fit with two Tm values: Tm1 = 60.9°C and 71.9°C (average Tm’s from duplicate
melt curves). Duplicate melting curves were nearly identical, supporting the accuracy of
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the melt profile. Interestingly, M228T and T247M mutants unfolded with very similar
melt curves. These melt curves showed three transitions. For M228T, the three Tn,
values were 51.3°C, 60.7°C and 72.3°C. For T247M, the T values were similar: 50.6°C,
61.5°C and 72.0°C. The loss in cooperativity for M228T and T247M suggests reduced
physical coupling between CH subdomains and is consistent with our model that

increased actin binding is associated with opening of the CH1/CH2 interface.
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Figure 3.4: Actin co-sedimentation assays showing that ABD mutations cause aberrant
actin binding. Co-sedimentation of M228T and T247M ABD proteins show increased
actin binding compared to wild-type. Co-sedimentation of A119T ABD protein shows
decreased actin binding compared to wild-type. Representative binding data and curve fit
is shown for wild-type and A119T ABD proteins. At2 uM, M228T and T247M ABD
proteins are completely bound to actin. Representative binding data is shown for M228T
and T247M. Kd value shown as mean +SD, n = 4-6 binding assays.
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3.3.3 Human a-Actinin-2 Cardiomyopathy Missense Variants Disrupt Actin Binding

To test our prediction that CH1-CH2 interface variants in a-actinin-2 will
increase actin binding, actin co-sedimentation assays were performed for the variants
M228T and T247M. We additionally tested the A119T variant that localizes to an actin
binding surface and is thus predicted to decrease actin binding.

The wild-type ABD showed dose responsive binding with increasing F-actin
concentration, (Figure 3.4). The average dissociation constant (Kd) of the wild-type ABD
was 98 £ 7 uM. Significantly, both M228T and T247M ABDs were entirely bound to
actin over the entire range of actin concentrations. This indicates that both M228T and
T247M mutant ABDs bind actin with much higher affinity than wild-type, with Kd
values that must be submicromolar. In contrast, A119T resulted in reduced binding of
the ABD to actin. The Kd value of A119T was 466 + 90 uM, a statistically significant
reduction in the equilibrium binding constant relative to wild-type. Thus, our predictions
for the impact of A119T, M228T and T247M on the binding of the ABD to actin were
correct.

3.4 Discussion
Many cardiomyopathy-associated missense variants have been reported in the ACTN2
gene. However, the molecular consequences of these variants in the encoded a-actinin-2
protein are largely unexplored. Here we focused on variants that localize to the actin-
binding domain (ABD) of a-actinin-2. Of 71 ABD-localized variants, 34 are positioned at
actin-binding surfaces in CH1 or the N-terminus, or the CH1/CH2 interface. Importantly,

we showed that two CH1/CH2 interface variants, M228T and T247M, increase actin
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binding, in agreement with our prediction for the interface-localized variants. We also
investigated a A119T variant that localizes to an actin-binding surface. This variant was
previously reported to decrease actin binding [14]. However, the previously reported
decrease in affinity was not statistically significant [14]. Here we clarified the effect of
the A119T variant. We showed that the A119T variant, indeed, decreases actin binding,
raising the Kd ~4-fold, with statistical significance. We expect that many of the other 31
variants mapping to direct actin-binding surfaces or the CH1/CH2 interface, will also
disrupt actin binding. However, some of the variants are conservative substitutions that
may not disrupt structure/function (for example, K38R or R41K). Experimentally
confirming the impact of the variants on actin binding is thus important for establishing
pathogenicity.

Our thermal denaturation studies revealed that A119T, M228T and T247M are
structurally destabilizing. All three variants caused the ABD to begin to unfold at lower
temperature relative to wild-type. Unexpectedly, all three variants also caused a loss of
cooperative unfolding, with melt curves revealing multiple steps of unfolding for
different substructures within the ABD. M228T and T247M showed three unfolding
events, and the three different Tm’s were very similar between the two variants. This is
consistent with the two variants being localized to the CH1/CH2 interface, and
consequently causing similar disruption to ABD structure. In contrast, A119T, buried in
CHZ1, was characterized by two unfolding events, and thus reflects a distinct structural
impact on the ABD. Notably, melt curves for all three variants contained an unfolding
event with Tm of ~72°C. This shared Tm suggests the unfolding of a relatively stable ABD
substructure common to all three variants. A loss of cooperative unfolding was not
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reported previously in thermal denaturation studies for the A119T mutant ABD [14].
Instead, the A119T mutant appeared to unfold with a single transition, with a Tr, of
60.8°C, slightly lower than the 62.3°C reported for wild-type [14]. This difference may
reflect greater sensitivity of our CD measurements with a different spectrapolarimeter.
The previously characterized A119T ABD also lacked the N-terminal 18 residues; we
previously showed that N-terminal residues preceding CH1 impact the stability of the
related ABD of B-111-spectrin [19]. Interestingly, loss of cooperative unfolding was not
observed for any of ten different missense variants in the related ABD of B-I11-spectrin
[111]. Most of the B-I1I-spectrin variants localized to the CH1/CH2 interface, including
L253P and T2711, which are at the equivalent residue positions as a-actinin-2 M228T
and T247M, respectively. This suggests a fundamental difference in physical coupling of
substructures within the p-111-spectrin and a-actinin-2 ABDs.

Our work suggests that altered actin binding underlies pathogenesis for
cardiomyopathy mutations in the ABD of a-actinin-2. Prior work in cardiomyocytes
showed that A119T has reduced incorporation into Z-disks, is less dynamic at Z-disks
and tends to form aggregates outside of Z-disks [14], and were attributed to a loss of actin
binding. The T247M variant also cause a-actinin-2 aggregation in iPSC-derived
cardiomyocytes [123]. We propose that these aggregates reflect a high-affinity
interaction of the T247M mutant with actin filaments outside of the Z-disk structure.
Based on the nearly identical impact of the T247M and M228T variants on the structure
and function of the ABD, reported here, we expect M228T will show cause similar
aggregation and loss of Z-disk incorporation as T247M. Drug-like small molecules have
been identified that partially ameliorate high-affinity actin binding of a L253P mutant j3-
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I11-spectrin ABD [93]. Drug screening for a-actinin-2 may also identify actin-binding

modulators useful in treatment in cardiomyopathy.
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CHAPTER FOUR
CELLULAR CONSEQUENCES OF SCA5 MUTATIONS IN DROSOPHILA

MELANOGASTER

4.0 Introduction

Spinocerebellar ataxia type 5 (SCAD) is a rare neurodegenerative disease caused
by autosomal dominant mutations within the SPTBN2 gene encoding B-111-spectrin. Beta-
I11-spectrin is enriched in cerebellar Purkinje neurons [65], localizing to the cell body and
dendrites [65,66]. SCA5 pathogenesis targets Purkinje neurons of the cerebellar cortex
[69]. In vivo studies of mouse and cultured neurons showed that B-I11-spectrin is required
for spine morphology, dendritic arborization, and synaptic signaling [66-68,73,85].
Similarly, the Drosophila melanogaster homolog, 3-spectrin, is required for the
stabilization of complex dendritic arbors extended by class 1V dendritic arborization (da)
sensory neuron population [91]. Beta-spectrin contains an N-terminal actin-binding
domain (ABD) comprised of tandem calponin homology domains (CH1 and CH2)
followed by 17 spectrin repeat domains (SRD) and a C-terminal pleckstrin homology
(PH) domain. SCAS mutations cluster in the ABD and along the SRDs, supporting the
functional significance of these regions to the normal biology of B-I11-spectrin. Beta-
spectrin forms an anti-parallel heterotetramer with a-spectrin to crosslink actin filaments,
forming a spectrin-actin cytoskeletal network underlying the plasma membrane.

Since the initial mapping of three SCA5 mutations to the SPTBN2 gene in 2006,
numerous additional mutations have been identified [58,69,78-81,84,88-90]. The L253P
missense mutation was the first ABD-localized mutation identified and is associated with
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adult-onset symptoms including atrophy of the cerebellar cortex, progressive upper and
lower limb ataxia, unclear speech and patterns of abnormal eye movements [76,77,113].
A subset of more recently identified ABD-localized mutations also are associated with
adult-symptoms [84,89]. However, other ABD-localized mutations were found in infants
and children [78-81]. Many of these early onset SCA5 cases are additionally associated
with motor and cognitive delays [78-81]. It is not clear why some ABD-localized
mutations are associated with severe infantile-onset symptoms versus relatively mild
adult-onset symptoms.

Prior studies showed that many ABD-localized mutations impact -111-spectrin
actin binding. The originally characterized L253P mutation was found to cause ~1000-
fold increase in actin binding affinity (Avery 2016). L253P localizes to the interface of
CH1 and CH2 ABD subdomains. The large increase in actin binding affinity results from
the effect of L253P to destabilize the CH1-CH2 interface (Avery 2016). This promotes
opening of the interface, which is required to expose CH1 residues that directly bind
actin, and to prevent steric clash between CH2 and actin [19]. Recently we characterized
nine additional SCA5 ABD-localized missense mutations. Like L253P, all of these
mutations localize at the CH1-CH2 interface. Further these mutations are all
destabilizing, although much less so than L253P [111]. Consistent with these
observations, we found that all nine mutations increased actin binding affinity [57,111].
Of the mutations, L253P increases actin-binding affinity the most. Further, we suggested
that higher actin binding affinity is associated with earlier onset of symptoms. However,
L253P is a major outlier in this correlation, as L253P causes the highest actin-binding
affinity yet is associated with adult-onset disease. These studies established that many
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ABD-localized mutations increase actin binding. However, it still remains unclear why
some mutations are associated with different severity of SCA5 disease.

We previously used the Drosophila system to explore the impact of the L253P
mutation on neuron function and dendritic arborization. In these studies, fly-lines were
generated that contain a wild-type fly B-spectrin transgene or a fly B-spectrin transgene
containing the human L253P mutation (L246P in Drosophila). Expression of the
transgenes using a pan-neuronal driver showed that the L246P mutant was highly
neurotoxic, causing lethality before flies reach the adult life stage [91]. In class IV da
neurons, the L246P mutant strongly reduced dendritic arborization. This loss of
arborization was also associated within an accumulation of the mutant in the soma and
proximal dendrites, with little mutant spectrin localizing to distal dendrites. However, it
is not known how other ABD-localized SCA5 mutations impact neuron function or
dendritic arborization. Perhaps ABD-localized mutations associated with severe,
infantile-onset symptoms will show more pronounced or distinct phenotypes compared to
adult-onset SCA5 associated mutations such as L253P (L246P)? Alternatively, if the fly
neuron phenotypes reflect differences in actin-binding affinities, then the L253P (L246P)
may be the most neurotoxic and disruptive to arborization. Here, using newly generated
transgenic fly lines, we studied the neuronal impact of several additional ABD-localized
SCADS mutations in Drosophila.

4.1 Materials and Methods

4.1.1 Drosophila stocks

All fly stocks were maintained in Bloomington Formulation cornmeal and soy
based standard food. All experiments were performed at 22°C. The following stocks were
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obtained from Bloomington Drosophila Stock Center: 477-Gal4/Cyo, ppk-CD4-tdTom
(10a)/Tm6,Th, ppk-CD4-tdGFP(1b), and elav-Gal4. A fly line containing a recombinant
X chromosome containing the recessive lethal loss-of-function Bspec®™?! allele and pan-
neuronal elav-Gal4 driver was previously described [91]. The attP154 fly stock was
kindly provided by Norbert Perrimon, Harvard Medical School, Boston [125]. The UAS-
Bspec’T, UAS-fspect?4P UAS-fspecVT-CFP and UAS-Bspect-?46P-CFP fly lines were
previously generated and reported by our group [91,92].

4.1.2 Generation of UAS-Bspec transgenic fly lines

Using the previously generated pUASTattB-B-spectrin wild-type construct as a
template, a 3kb N-terminal fragment was PCR amplified using the following primers 5’-
AGCGGAGACTCTAGCGAG-3’ and 5°-
AAATCTAGAACCGGTCAGATCCATCTCCAGACTGTCGG-3’ [91]. The resulting
PCR product was digested with Kpnl and Xbal restriction enzymes and ligated (T4 DNA
ligase, Thermoscientific) into pcDNA3.1 using the same restriction sites. Mutations were
introduced into the generated pcDNA3.1-fly-Bspec-3kb intermediate construct through
site directed PCR mutagenesis (PfuUltra High-Fidelity DNA Polymerase, Agilent) using
the primers outlined in Table 4.1. Mutant DNAs were digested with EcoRI and Agel
restriction enzymes were ligated (T4 DNA ligase, Thermoscientific) into the previously
generated pUASTattB-B-spectrin wild-type [91] plasmid using the same restriction
enzymes. The resulting constructs; pUASTattB-B-spec-T551, pUASTattB-p-spec-F153C,
pUASTattB-p-spec-T2641, pUASTattB-p-spec-Y265H, and pUASTattB-p-spec-H271R,
were sequence verified and inserted into the attP154 landing site using the PhiC31
integrase mediated transgenesis at BestGene, Inc.
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Table 4.1: Mutagenic primers used for introduction of mutations into the Drosophila 3-
spectrin coding sequence.

Mutation | Sense Primer Antisense Primer

T551 GAGAGTGTGCAAAAGAAGAT | AATTGACCCACTTGGTGAATA
ATTCACCAAGTGGGTCAATT TCTTCTTTTGCACACTCTC

F153C TGGACCATCATCCTGCGCTGC | TGGTGATGTCCTGGATCTGGC
CAGATCCAGGACATCACCA AGCGCAGGATGATGGTCCA

T2641 CCGGACGAGAAGTCCATCATC | GATAGTAGGTGACCACGTAGA
ATCTACGTGGTCACCTACTAT | TGATGATGGACTTCTCGTCCGG
C

Y265H GACGAGAAGTCCATCATCACC | GTGATAGTAGGTGACCACGTG
CACGTGGTCACCTACTATCAC | GGTGATGATGGACTTCTCGTC

H271R CTACGTGGTCACCTACTATCG | GCTTGAGTTTGCTAAAGTAGC
CTACTTTAGCAAACTCAAGC GATAGTAGGTGACCACGTAG

4.1.3 Generation of SCA5 mutant UAS-Bspec®™ transgenic fly lines

The previously generated pUASTattB-B-spectrin-mEGFP wild-type construct was

used as a template for generation of SCA5 ABD GFP-tagged fly B-spec mutants [92].

The newly generated pUASTattB-B-spec-T551, pUASTattB-B-spec-F153C, pUASTattB-

B-spec-Y265H, and pUASTattB-B-spec-H271R were digested with Mrel and Xbal

restriction enzymes and ligated (T4 DNA ligase, Thermoscientific) into the previously

generated pUASTattB-B-spectrin-mEGFP wild-type construct using the same restriction

enzymes. The final sequence verified constructs; pUASTattB-p-spec-T551-mEGFP,

pUASTattB-p-spec-F153C-mEGFP, pUASTattB-p-spec-Y265H-mEGFP, and

pUASTattB-p-spec-H271R-mEGFP were inserted into the attP154 landing site at

BestGene, Inc.

4.1.4 Rescue experiments

Crosses of female flies harboring a recombinant X chromosome fspec®™?, elav-

Gal4, over the balancer FM6 and male flies homozygous for UAS-Sspec transgenes with
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and without GFP tags or attP154 landing site, on the third chromosome were performed
at 22°C incubation. All adult progenies were scored within 24 hours of emerging.

4.1.5 Western Blot

Crosses of female flies harboring Sspec®™??, elav-Gal4/FM6 and male flies
homozygous for UAS-Sspec-GFP transgenes or attP154 landing site were performed at
22 °C incubation. Adult female progeny containing both Sspec®™?!, elav-Gal4 and UAS-
Pspec-GFP transgenes were collected and stored at -80 °C within 24 hours of emerging.
Fly heads were separated from bodies with vigorous shaking of 15 mL conical tubes,
frozen in liquid nitrogen, containing the pooled females for each genotype. Heads were
collected from bodies using mesh sieves No. 25 to retain bodies and No. 40 to retain
heads. Heads were collected for each genotype and proteins extracted as previously
described [92]. SDS-PAGE was performed on the soluble and insoluble samples using 4-
20% gradient TGX gels (Bio-Rad). Using Immobilon-FL membranes (Millipore),
proteins were transferred from the gels. Membranes were blocked with 1% casein
(Hammersten; Alfa Aesar) in 1X PBS-L (9 g NaCl, 2 g Na2HPO4, 0.83 g
NaH2PO4-H20, dissolved in 1 L H20) for 1 hour at room temperature with shaking.
Membranes were probed overnight at 4 °C with either a-actin JLA20 (mouse)
(Developmental Studies Hybridoma Bank) of a-GFP (rabbit) (Millipore), both diluted
1:2000 in 1X PBS-L with 1% casein and 0.1% Tween 20 with gentle rocking. Following
incubation, primary antibodies were removed, and membranes were washed with 1X PBS
and 0.1% Tween 20. Membranes were probed with either a-mouse IRDye 800CW (LI-
COR Biosciences) or a-rabbit IRDye 680RD (LI-COR Biosciences) secondary antibodies
diluted 1:5000 in 1X PBS-L with 1% Casein, 0.1% Tween 20, and 0.01% SDS for 1 hour
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with gentle rocking, protected from light. Membranes were washed of secondary
antibodies with 1X PBS-L and 0.1% Tween 20. Membranes were imaged on the 680 nm
and 800 nm channels of a Sapphire scanner (Azure). Quantitation of protein band
fluorescence intensities was performed in ImageStudio lite (LI1-COR Biosciences).
Identical boxes were placed around each band and background was subtracted using
median pixel intensity to the left and right bounds of each box.

4.1.6 Dendritic Arbor Analysis

UAS-fspec transgenic male flies were crossed with female flies carrying
477Gal4; ppk-Cd4-tdGFP/TM6 transgene at 22 °C incubation. Crosses were able to mate
for 24 to 48 hours prior to egg laying on grape juice plates. Flies were allowed to lay eggs
on grape juice plates containing yeast paste for four-hour time spans. Grape juice plates
containing eggs were incubated at 22 °C for 120 hours, yielding third-instar larvae.
Female larvae were imaged using HC PL APO 20x/0.80 NA dry objective on a Leica
DMui8 inverted microscope with an attached X-Light V2 spinning-disc (CrestOptics), LDI
laser unit (89 North), and photometrics Prime 95B CMOS camera. Z-stack images of
class IV da neurons at a slice depth of 0.5 um were obtained in quadrants from abdominal
segments A3 and A4 (one to four neurons per larva). Images were processed in ImagelJ
software to obtain maximum intensity projections [91,126]. Quadrants of arbors were
reconstructed in Adobe Photoshop 21.0.1. ImageJ software was used to quantify total
branch length, branch points and Sholl analysis, as previously described [91,126].
Statistical analysis was performed on total branch length and number of branch points in

Prism 10.3.1 (Graphpad) using two-tailed unpaired t tests with Welch’s correction (n =
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22 for Bspec'™, n = 16 for Bspec-?*%P and BspecT™>3C, n = 15 for Bspec™, fspec™®H,

Bspec?5H, and fspect?TIR),

4.1.7 Subcellular localization

UAS-fspec-GFP transgenic male flies were crossed with female flies carrying
477Gal4; ppk-Cd4-tdTom/TM6 transgene at 22 °C incubation on standard Bloomington
Formulation soy and cornmeal food. Female third instar larvae were imaged using HC PL
APO 63x/1.40-0.60 OIL oil-immersion objective on a Leica DMi8 inverted microscope
with an attached X-Light V2 spinning-disc (CrestOptics), LDI laser unit (89 North), and
photometrics Prime 95B CMOS camera. Z-stack images of class IV da neurons at a slice
depth of 0.25 um were obtained in abdominal segments A3 and A4 (1 to 4 neurons per
larva). Images were taken of cell bodies and primary dendrites. Analysis was performed
in the imaging software, Metamorph (Molecular Devices) as previously described [91].
GFP fluorescence was measured in place of mEos3.2 and a six-pixel-wide line scan was
used in place of a three-pixel-wide line scan. Statistical analysis was performed in Prism
10.3.1 (Graphpad) using two-tailed, unpaired t tests with Welch’s correction (n =13 for
PspecVTCFP n=5 for fspect?4P-CFP n = 16 for fspec™"CFP, n = 10 for Bspec™53C-CFP,
and n = 15 for Bspec'?5HCFP and Bspectt?7iR-CFP),

4.2 Results

4.2.1 Genetic Rescue Experiments

We used the Drosophila system to explore the cellular impact of five additional
SCAD5, ABD-localized missense mutations: T621, F160C, T2711, Y272H and H278R.
Previously we showed that all of these mutations cause increased actin-binding affinity in
vitro, although none increase actin binding as much as L253P (~75 nM Kd). We recently
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reported the following Kd values: T62I1 (2.4 uM), H278R (6.7 uM), F160C
(submicromolar), T2711 (submicromolar), Y272H (15 uM), compared to 55 uM for wild-
type [111]. Most of these mutations are associated with infantile-onset SCA5 (T621,
F160C, T2711) or adolescent-onset (H278R). Y272H, which caused the smallest increase
in actin binding, and was identified in as a compound mutation (with W2065%) in an
infantile-onset patient. An adult parent carrying Y272H by itself (Y272H/+) was not
symptomatic. To test the impact of these ABD-localized SCA5 mutations on neuron
function and dendritic arborization, new fly-lines were generated containing transgenes
with the upstream activation sequence (UAS) fused to the Drosophila B-spectrin cDNA.
All of these mutations occur amino acids conserved in fly B-spectrin. The equivalent
mutations in Drosophila B-spectrin are as follows: Human T621 (T551 in Drosophila),
F160C (F153C), T2711 (T2641), Y272H (Y265H), and H278R (H271R), see Table 4.2.

Table 4.2: Conservation of residues between human B-11l-spectrin and Drosophila f3-
spectrin allowed homologous residues to be mutated.

Mutation in human B-111-spectrin Mutation in fly B-spectrin
T62I T55I

F160C F153C

T2711 T2641

Y272H Y265H

H278R H271R

L253P L246P

In addition, for all mutations except T2711, a complementary set of transgenic fly
lines were generated in which the GFP coding sequence was fused in-frame to the 3’ of
the B-spectrin cDNA. All transgenes were inserted into the attP154 genomic locus for
equal expression at the level of transcription [125]. To test if the Sspec transgenes are

functional, genetic rescue experiments were performed using a recessive lethal loss-of-
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function allele (Bspec®™?Y). The Sspec®™?* allele contains a nonsense mutation in the
endogenous fspec gene, resulting in a B-spectrin protein truncated in the thirteenth
spectrin repeat domain [92]. Bspec®™?! is lethal in males (Bspec®™?Y/Y) and homozygous
(Bspec®™Bspec®™?) females. However, heterozygous females (Bspec™?!/+) are healthy.
In these rescue experiments, we used a fly line containing a recombinant X chromosome
containing the Bspec®™?! allele and the pan-neuronal driver, elav-Gal4, balanced over
FM6 (Bspec®™, elav-Gal4/FM6). FM6 is an X chromosome that contains the native
wild-type Bspec gene and multiple DNA rearrangements to prevent recombination.
Female Sspec®™?*, elav-Gal4/FM6 flies were crossed to male flies homozygous for Sspec
transgenes. To determine rescue, we scored the number of adult male progeny that
contained Sspec®™?! together different Sspec transgenes (Bspect™/Y; Bspecl+). The wild-
type B-spectrin transgene (Bspec'T) without GFP fusion rescued adult lethality in 32% of
male progeny harboring Bspec®™?, Table 4.3.

Table 4.3: Rescue of fspec™! lethality by UAS-Bspec transgenes at 22°C. Females
carrying the Bspec®™!, elav-Gal4 recombinant chromosome balanced over the FM6 were

crossed to males homozygous for U4S-fispec transgenes on the 3™ chromosome inserted
at the attP154 landing site.

Transgene Progeny class: total number of adults
em21, elav- FM6/Y; em21, elav- FM6/+;
Gal4ly; transgene/+ | Gal4/+; transgene/+
transgene/+ transgene/+
attpl54 0 144 118 112
UAS-BspecT 72 224 265 257
UAS-fspec-24P 0 156 0 221
UAS-Bspec™! 35 155 165 158
UAS-fspect53¢ 35 141 185 162
UAS-Bspec®4! 31 251 266 298
UAS-Bspec"?®°H 44 87 93 83
UAS-fspect?’IR 55 109 107 125
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Further, the wild-type B-spectrin transgene with GFP fusion (SspecT-67P) rescued
57% of male progeny harboring the Sspec®™?! allele, Table 4.4.

Table 4.4. Rescue of Bspec®™! lethality by UAS-Bspec-GFP transgenes at 22°C. Females
carrying the fspec®™’!, elav-Gal4 recombinant chromosome balanced over FM6 were
crossed to males homozygous for UAS-Bspec-GFP transgenes on the 3™ chromosome
inserted at the attP154 landing site.

Transgene em21, elav- | FM6/Y; em21, elav- | FM6/+;
Gal4lY; transgene/+ | Gal4/+; transgene/+
transgene/+ transgene/+

attp154 0 144 118 112

UAS-Bspec'VT-CFP 107 185 203 210

UAS-Bspect?4PCFP | o 118 0 159

UAS-Bspec™>!-6FP 31 198 206 235

UAS-Bspect153¢-CFP | 5g 116 137 134

UAS-Bspec?®HCFP 1 74 143 188 128

UAS-Bspec?/IRCFP | 65 109 124 122

In agreement with our previous reporting, the Sspec-?4%" mutant transgene [91],
with or without GFP, failed to rescue Bspec®™* lethality. Further, the Sspect46P
transgene dominantly induced lethality in Bspec®™?!, elav-Gal4/+ females. In contrast, the
Pspec transgenes carrying other mutations (T55I, F153C, T264l, Y265H, H271R) were
capable of rescuing lethality in Sspec®™* males. For the non-GFP tagged SBspec
transgenes, the lowest rescue percentages observed were for T2641 (12%) and T55I
(23%). Similarly, for GFP-tagged transgenes, T551 showed low rescue (a GFP transgene
was not available for T2641). This indicates that the T55I, F153C, T2641, Y265H,
H271R mutations do not eliminate 3-spectrin function in neurons. However, the lower
rescue percentages observed for T2541 and T551 suggest these mutations partially reduce
spectrin function. Further, none of the newly tested mutations induced lethality in
females heterozygous for Sspec®™?L. This strongly suggests the newly tested mutations are
far less toxic than L246P in Drosophila neurons.
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Figure 4.1. Dendritic arborization defects induced by B-spectrin transgenes. A.
Representative images of transgenic: wild-type B-spectrin (top), T2641 B-spectrin
(middle), and L246P B-spectrin (bottom) in Drosophila class IV da neurons. B. Sholl
analysis of B-spectrin transgenes. Only L246P B-spectrin reduced dendritic outgrowth
relative to the soma (top and bottom). T2641 B-spectrin induced a thinning of dendrite
density (middle). C. Total branch length was significantly reduced by mutations L246P
(**P=0.0012) and T2641 (**P = 0.0023). For wild-type, n=22 neurons. For L246P and
F153C, n=16 neurons. For T55I, T2641, Y265H and H271R, n=15 neurons. One to three
neurons were imaged for each larva. Statistical significance determined by Unpaired t test
with Welch’s correction in GraphPad Prism 10.3.1. D. Branch point was significantly
reduced by mutations L246P (****P < (0.0001), F153C (*P =0.0185), T264I (***P =
0.0001), and Y265H (*P = 0.0116). For L246P and F153C, n=16 neurons. For T55I,
T2641, Y265H and H271R, n=15 neurons. One to three neurons were imaged for each
larva. Statistical significance determined by Unpaired t test with Welch’s correction in
GraphPad Prism 10.3.1.

4.2.2 Impacts of SCA5 Mutants on Dendritic Arborization

To test how the SCA5 mutations impact dendritic arborization, the wild-type and
SCAS5 mutant Sspec transgenes were expressed in class IV dendritic arbor (da) sensory
neurons using the 477-Gal4 driver. Consistent with our previous reporting, Sspec-24%
caused a pronounced a reduction in arborization compared to control neurons expressing
PspecT (Figure 4.1). Specifically, Sholl analysis shows that the L246P mutation shifts
the position of most dendrites towards the cell body. Further, L246P causes a ~10%
decrease in total dendritic branch length, and a ~25% reduction in number of branch
points, consistent with our prior characterization of this mutation [91,92]. Notably, the
larger effect of the mutation on number of branch points compared to total dendritic
branch length (25% vs 10% reduction) suggests that number of branch points is a more
sensitive measure of SCA5-induced arbor defects. Of the newly tested SCAS5 mutations,
T2641 also caused both a statistically significant decrease in number of branch points

(14%) and total branch length (9%). F153C caused a 9% decrease in number of branch

70



points and Y265H showed an 11% decrease in branch points. Number of branch points
trended down for H271R, but did not reach statistical significance. Further, none of the
newly tested SCA5 mutations shifted the position of most dendritic branch points, as
observed for L246P. In sum, many of the newly tested SCA5 mutations caused defects in
arborization, but these defects were smaller than those caused by L246P.

4.2.3 Subcellular Localization of B-spectrin in Neurons

To evaluate the subcellular localization of wild-type and SCAS5 mutant 3-spectrin,
live imaging of B-spectrin-GFP proteins in class 1V da neurons was performed in
Drosophila larvae. In agreement with our prior findings [91], the wild-type B-spectrin
protein is observed in the soma and throughout the dendritic arbor, (Figure 4.2). In
contrast, the L246P mutant accumulated in the soma and proximal dendrites but was
absent from distal dendrites, as we previously reported [91]. We further assessed the
localization of the T551, F153C, Y265H and H271R mutants (a GFP-tagged version of
T2641 was not available). Of the available GFP-tagged SCA5 mutants, T551 showed a
small but statistically significant accumulation in the cell body. In contrast, F153C
showed a small but statistically significant decrease in cell body localization, relative to
the wild-type protein. None of the GFP-tagged mutant [3-spectrin proteins showed a
statistically significant difference in localization to distal dendrites, although T551 and
H271R trended upward. Altogether, these data indicate that of the newly tested SCA5
mutations, only T551 and F153C, were associated with small changes in the amount j3-
spectrin present in the soma. This contrasts with the large changes in subcellular

localization caused by L246P.
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Figure 4.2. Subcellular localization of GFP tagged B-spectrin in cell bodies and dendrites
of class IV da neurons. A. B-spectrin-GFP signals were quantified in the cell bodies of
transgenic larvae. For wild-type, n=13 neurons from one to three neurons per larva. For
L246P, n=5 neurons from one to three neurons per larva. ***P = (0.0005. For T551, n=16
neurons from one to three neurons per larva. *P = 0.0275. For F153C, n=10 neurons from
one to three neurons per larva. *P =0.0225. For Y265H and H271R, n=15 neurons from
one to three neurons per larva. Statistical significance determined by Unpaired t test with
Welch’s correction in GraphPad Prism 10.3.1. B. B-spectrin-GFP signals were quantified
in primary dendrites of 50 um in length beginning 100 um from the cell body. For wild-
type, n=13 neurons from one to three neurons per larva. For L246P, n=5 neurons from
one to three neurons per larva. ***P =(.0001. For T55I, n=16 neurons from one to three
neurons per larva. For F153C n=10 neurons from one to three neurons per larva. For
Y265H n=15 neurons from one to three neurons per larva. For H271R n=14 neurons from
one to three neurons per larva. Statistical significance determined by Unpaired t test with
Welch’s correction in GraphPad Prism 10.3.1. C. Confocal images of class IV da neurons
expressing B-spectrin-GFP transgenes. WT (top left), T551 (top right) and F153C (bottom
right) B-spectrin-GFP localize throughout the cell body and primary dendrites. L246P -
spectrin-GFP (bottom left) localizes primarily to the cell body and proximal primary
dendrites but is absent from distal dendrites. (Scale bar, 25 um). Error bars are
representative of SD in all graphs.
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4.2.4 SCA5 Mutations Cause Increased B-spectrin Protein Levels

To determine the impact of the SCA5 mutations on B-spectrin protein levels, the
wild-type and mutant Sspec®™™ transgenes were expressed with the pan-neuronal elav-
Gal4 driver and head extracts were prepared from adult flies. Soluble and insoluble

fractions were probed by western blot using GFP antibody, or for loading control, actin
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Figure 4.3. ABD mutations impact -spectrin protein levels. A. Western blot of prepared
head extracts from adult female Drosophila pan-neuronally expressing U4S-Bspec®’”
transgenes driven by elav-Gal4. Head extracts from adult female Drosophila containing
the attP154 landing site were used as a control. GFP tagged B-spectrin proteins were
visualized through probing with a GFP antibody. Actin was probed as a loading control.
GFP and actin western blot images were cropped to the regions showing GFP and actin
proteins.

antibody (Figure 4.3). The GFP-tagged B-spectrin proteins were present in both the
soluble and insoluble fractions, but protein bands were most well resolved in the
insoluble fractions. Here the B-spectrin proteins run just over 250 kDa, consistent with
the predicted 293 kDa size of the full-length, GFP-tagged protein. An additional lower
running band is present, ~125 kDa, consistent with a known major proteolytical fragment
[92]. Quantitation shows that all the mutants accumulate in the insoluble fraction, which
is enriched in F-actin associated with membrane material. The accumulation of the
mutants in the insoluble fraction is similar to our prior finding that the L246P mutant
accumulates in the soma [91]. However, L246P caused a ~20-fold increase in amount of
B-spectrin in the insoluble fraction, relative to wild-type. In contrast, the newly
characterized SCA5 mutants accumulate in the insoluble fraction by ~2-4-fold relative to
wild-type. Previously, we found that the L246P mutant also was ~5-fold more abundant
than wild-type in the soluble fractions. Similarly, most of the newly tested SCA5
mutants show slight increased abundance (~2-fold) in the soluble fraction. In sum, all the
newly tested SCAS mutation cause clear accumulation of 3-spectrin protein in the
insoluble fraction, as observed previously for L246P. This accumulation in the insoluble
fraction is consistent with the effect of the mutations to increase actin-binding affinity, as

the insoluble fraction is enriched with F-actin.
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4.3 Discussion

Many SCA5 missense mutations are known to localize to the B-I11-spectrin ABD.
Interestingly, some of these mutations are associated with severe infantile-onset SCA5,
while others are associated with milder adult-onset SCAS5. In total, our group has tested
ten of the mutations for an impact on actin binding in vitro [57,111]. All ten mutations
were found to increase B-111-spectrin actin binding, supporting a shared molecular
consequence. However, the actin-binding affinities varied greatly across the mutations.
We suggested a positive correlation between increased actin-binding affinity and earlier
onset of symptoms [111]. However, L253P, which causes the largest increase in affinity
is a major outlier, as it is associated with adult onset SCA5. Previously we showed that
L253P (L246P in Drosophila) causes pronounced dendritic arbor defects in flies. Here
we tested how five additional ABD-localized mutations (T621, F160C, T271l, Y272H
and H278R) impact neuron function and dendritic arborization using the fly system.

In the Drosophila studies presented here, we anticipated two possible outcomes:
1) ABD-localized mutations associated with severe, infantile-onset symptoms will show
more pronounced neuronal phenotypes compared to adult-onset SCA5 mutations, such as
L253P. Or 2), the severity of neuron phenotypes will mirror differences in actin-binding
affinities. In the second possibility, the L253P would be expected to cause the most
severe phenotypes because it causes the largest increase in actin binding affinity. Our
Drosophila data on the newly tested mutations is most consistent with the second
possibility. The L253P mutation rendered fly B-spectrin not functional in genetic rescue
assays. Further the L253P mutant was highly neurotoxic, inducing lethality in otherwise
healthy flies. The L253P mutation also caused a strong reduction in dendritic arborization
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and accumulation of the mutant protein in the soma, and the insoluble fraction of head
extracts. In contrast, the five newly tested mutations (T621, F160C, T271l, Y272H and
H278R) caused much milder or no neuronal phenotype. Specifically, all of the five
newly tested mutation were capable of rescuing Sspec®™?! lethality to some extent. T2711,
which causes an increase actin-binding affinity second to only L253P, had the lowest
rescue efficiency. Further, none of the newly tested mutations in fly B-spectrin
dominantly induced lethality when expressed with a pan-neuronal driver. This strongly
supports that the five newly tested SCA5 mutations are far less neurotoxic in the fly
system, compared to L253P. In arborization studies, most of the mutations caused mild
dendritic defects. Of the five newly tested mutations, arbor defects were most
pronounced for T2711 and T62l. Of the five newly tested mutations, these two are
associated with high affinity actin binding. We did not observe striking changes in the
neuronal subcellular localization of the newly tested mutants. However, all of the
mutations caused B-spectrin to accumulate in the insoluble fraction of fly head extracts,
similar to L253P. However, this accumulation in the insoluble fractions was much lower
than that observed previously for L253P. Because the insoluble fraction is enriched in F-
actin (associated with membrane material), the accumulation of the mutants in the
insoluble fraction is consistent with increased actin binding. In sum, the impact of the
ABD-localized SCA5 mutations on neuron structure and function in Drosophila appears
to correlate with how severely the mutations alter actin binding.

Why are many SCA5 mutations that cause high-affinity actin binding, like T62I,
F160C and T271l, associated infantile/early onset SCAS, while the L253P, which causes
the largest increase in actin-binding affinity, is associated with adult-onset SCA5? One
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clue may stem from our Drosophila studies on the effect of these mutations on the
neuronal subcellular localization of the mutant spectrins. The L253P mutation traps the
mutant spectrin in the soma, presumably due to a reduced mobile pool, as the mutant is
attached to F-actin. In contrast, the other mutants that bind actin with lower affinity
(relative to L253P) are more mobile and can better penetrate the dendritic arbor. In the
SCAS target neuron, cerebellar Purkinje cells, wild-type B-111-spectrin localizes
throughout the dendritic arbor. It is plausible that a mutant spectrin that binds actin with
high affinity and can enter dendrites, will interfere with the dendritic functions of spectrin
in ways that are distinct (and more severe), than a mutant that binds actin with high

affinity, but cannot enter dendrites.
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CHAPTER FIVE

DISCUSSION

The evolutionarily linked, spectrin superfamily of cytoskeletal proteins are found
in many molecular organizational roles at the cell membrane. The work presented in this
dissertation explored impacts on the structure and function of disease associated
mutations within the actin binding domain (ABD) of two actin-crosslinking proteins: a-
actinin-2 and B-I11-spectrin. We sought to understand the significance of disease
associated mutations localizing to the ABDs of both proteins. Clustering of the disease
associated mutations in both proteins to the ABD supports the functional significance of
this region. We predicted that mutations localizing to the ABD would impact actin-
binding affinity and that the aberrant actin-binding affinity contributes to disease
pathogenesis.

Our characterization of the ABD-localized mutations builds upon previous works
to characterize the L253P missense mutation in B-111-spectrin. In previous studies, in vitro
binding assays showed that the L253P mutation results in a 1000-fold increase in the
actin-binding affinity for the B-I11-spectrin ABD [57]. The L253 residue resides in a
hydrophobic pocket at the CH1-CH2 interface [57]. Biophysical analysis indicated the
introduction of the L253P mutation results in an opening of the CH1-CH2 interface,
allowing a distinct actin-binding surface of CH1 to bind actin without the steric
interference of CH2 [19]. Significantly, this mechanism is supported by observations in
other spectrin superfamily proteins [22,23]. In the closed conformation of the B-111-
spectrin ABD, residues of CH1 and CH2 localizing to the interface are predicted to form
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an interaction network that is likely important in bridging the two subdomains of the
ABD [57,111]. We wondered if other ABD localized mutations clustering to the interface
of CH1 and CH2 or the actin-binding surface of CH1 lead to altered actin-binding
affinity. Additionally, we wanted to understand structural changes to ABD proteins upon
introduction of disease related mutations.

These studies revealed a common molecular consequence of ABD mutations that
localize to the CH1-CH2 interface. In vitro binding assays showed that like the L253P
mutation in B-I11-spectrin, nine additional mutations (V58M, K61E, T62Il, K65E, F160C,
D255G, T2711, Y272H, and H278R) in B-111-spectrin localizing to the interface cause
increased actin-binding affinity. Though several mutations induced submicromolar actin-
binding affinity (K61E, K65E, F160C, and T2711), none of the mutations increased actin-
binding affinity as much as L253P. Other mutations induced more modest increases in
actin-binding affinity (V58M (10.2 uM), T621 (2.4 uM), D255G (7.3 uM), Y272H (15.3
uM) and H278R (6.7 uM)). Two mutations in a-actinin-2 (T247M and M228T) also
localize to the CH1-CH2 interface and resulted in increased actin-binding affinity. In
contrast, the A119T mutation within a-actinin-2 localizes to an actin-binding surface of
CH1, and as predicted, reduced actin-binding affinity a-actinin-2 ABD protein. Notably,
L253 and M228, and T271 and T247, are equivalent residues in B-111-spectrin and -
actinin-2, respectively, and mutation of these residues resulted in high-affinity actin
binding with submicromolar dissociation constants. Additional in vitro circular dichroism
studies assessing the folded-state of wild-type and mutant B-111-spectrin and a-actinin-2
revealed that none of the mutations significantly reduced the highly alpha-helical fold of
the ABDs.
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Further in vitro biophysical studies showed that the mutations induce
destabilization of the ABD proteins. Previous characterization of the L253P mutant ABD
showed a cooperative unfolding pattern characterized by a two-state single transition melt
curve with a 15°C decrease in melting temperature compared to the wild-type ABD
protein [57]. Thermal denaturation of the nine additional B-I11-spectrin ABD mutants also
revealed statistically significant decreases in thermal stability, maintaining a cooperative
unfolding pattern. Interestingly, like the in vitro actin-binding assays, none of the
mutations reduced melting temperature as drastic as the L253P mutation. Analysis of the
a-actinin-2 ABD proteins likewise revealed thermal destabilization. However, the melt
curves for the a-actinin-2 ABD also showed a loss of cooperative unfolding,
characterized by multiple intermediate unfolding events. Thus the mutations in the o-
actinin-2 ABD appears to causes ABD substructures (CH1 vs CH2, or subregions within)
to unfold separately from each other. To our knowledge this type of unfolding has not
been reported for other spectrin superfamily proteins, including our studies of p-111-
spectrin. Thus, we think the unique unfolding patterns observed for the mutant a-actinin-
2 ABDs suggest that the a-actinin-2 substructures are more weakly associated with each
other.

Drosophila melanogaster expresses pB-spectrin and a-actinin proteins that are
highly similar to human B-1l1-spectrin and a-actinin-2, respectively. Thus, Drosophila
provides a tractable system to gain insights into the function of human B-I11-spectrin and
a-actinin-2 and how human disease mutations impact the function of these proteins.
Using Drosophila, we previously showed a human SCAS L253P mutation in fly -
spectrin causes defects in neuron structure and function. Expression of the L253P (-
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spectrin in class IV dendritic arborization sensory neurons induced pronounced defects in
dendritic arborization. Specifically, the mutant decreased number of branch points, total
branch length and arbor radius, determined through Sholl analysis. Rescue experiments
found that the L253P mutation not only failed to rescue lethality caused by a nonsense
mutation in the native Sspec gene, but also induced lethality in flies containing the wild-
type fBspec gene. Further, western blot analyses showed an accumulation of L253P
mutant protein in neuronal tissue. Based on this earlier work, we performed similar
studies for several B-spectrin ABD localized mutations (T621, F160C, T2711, Y272H and
H278R). For these mutations, we observed milder disruptions to dendritic arborization
and far less neurotoxicity. These milder disruption to spectrin function in vivo are
consistent with the milder impact these mutations had on actin binding, compared to
L253P. Drosophila studies could likewise be performed for the human a-actinin-2
mutations, to determine how fly a-actinin protein function in muscle tissue is impacted
by introduction of the human cardiomyopathy-associated variants. We anticipate that the
mutations would disrupt incorporation of the a-actinin protein into muscle sarcomere Z-
disk, resulting in defects in muscle contractions.

Notably, the spectrin superfamily of proteins contains several disease associated
proteins, including, B-11, 111, and IV-spectrin, a-actinin-1, -2, and -4; and dystrophin
[8,57—64]. This indicates the importance of the undisturbed function of these proteins in a
healthy cellular environment. While a-actinin and -spectrin are closely related proteins,
the process of evolution and cellular specialization has facilitated acquisition of diverse
roles, new structural elements and distinct tissue expression patterns. Thus, the mutations

in two evolutionarily linked proteins, such as B-11l-spectrin and a-actinin-2, result in
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drastically different diseases. However, our studies indicate that some B-111-spectrin and
a-actinin-2 mutations/variants have similar molecular consequences. Our group has
recently made progress in identifying a small molecule that modulates B-111-spectrin
binding to actin, supporting SCA5 therapeutic development [93,127]. Additional drug
screening may be useful in identifying small molecule therapeutics aiming to selectively

target aberrant actin binding caused by mutations in the a-actinin-2 ABD.
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