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ABSTRACT

MOLECULAR MECHANISMS OF B-I1I-SPECTRIN IN DENDRITIC
ARBORIZATION AND SPINOCEREBELLAR ATAXIA TYPE 5

by

SARAH DENHA

Adviser: Adam W. Avery, Ph.D.

B-111-spectrin is a membrane-associated cytoskeletal protein predominantly
expressed in the cerebellum, and is essential for the maintenance and development of the
complex dendritic arbors extended by Purkinje neurons. Mutations in various functional
domains of B-111-spectrin cause the neurodegenerative disease spinocerebellar ataxia type
5 (SCA5). My dissertation has focused on understanding the molecular mechanisms by
which B-111-spectrin supports neuronal structure and function and how SCAS5 mutations
disrupt this function. Specifically, my work has shown that the B-111-spectrin N-terminal
domain, preceding the actin-binding domain, is required for SCA5-induced high-affinity
actin binding and arborization defects in vivo. Furthermore, through characterizing the
molecular consequences of SCA5 mutations in the spectrin-repeat domains (SRDs) of -
I11-spectrin, 1 have shown that SRD2- and SRD3-localized mutations disrupt the physical
interaction of B-I1l-spectrin with actin and a-11-spectrin. My dissertation work has
provided significant insights into the role of B-I1l-spectrin in the actin cytoskeleton and
the mechanisms underlying SCAS5, laying the groundwork for developing a drug

compound to treat this currently untreatable disease.
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CHAPTER ONE

INTRODUCTION

1.0 Spectrin

Spectrins are plasma membrane-associated cytoskeletal proteins expressed in
metazoans and found in all tissue types. Spectrins were first identified as components of
the erythrocyte plasma membrane (1). The name spectrin is derived from the Latin and
French words for ghost “spectra” because spectrin was the major isolated protein
component of the denatured erythrocyte membrane “ghosts”, which are the plasma
membrane remains. On SDS-PAGE gels, spectrin runs as two protein bands of high
molecular weight ~240 kDa and 220 kDa, which were named later as a-spectrin and -
spectrin, respectively (2). Later, other spectrin proteins were identified in other cells
including neurons, cardiomyocytes, and skeletal muscles, and were referred to as non-
erythroid spectrin proteins (3-8). In mammals, seven genes in multiple chromosomal loci
have been identified to encode two a-spectrin proteins and five B-spectrin proteins.
Although there are only seven genes, multiple spectrin splice-forms are generated
through alternative RNA splicing (9, 10). The SPTAL and SPTAN1 genes encode
erythroid a-I-spectrin and non-erythroid a-I1-spectrin, respectively (11, 12). The SPTB
gene encodes both erythroid-specific B-1-spectrin splice-form and a non-erythroid splice-
form that is abundantly expressed in the nervous system (13-15). The SPTBN1, SPTBN2,
SPTBN4, and SPTBNS genes encode non-erythroid p-11-spectrin, B-111-spectrin, B-1V-
spectrin, and B-V-spectrin, respectively (15-18). In invertebrates, like Drosophila

melanogaster and Caenorhabditis elegans, only a single a-Spectrin protein is present,
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which is homologous of the mammalian a-11-spectrin (19, 20). Invertebrates also express
two B-spectrin proteins. In Drosophila, these are known as B-spectrin and -H-spectrin.
Invertebrate B-spectrin is most similar to vertebrate -1, B-II and B-111-spectrin.
Drosophila B-H-spectrin is homologous to vertebrate B-V-spectrin (15, 21, 22).

Although spectrins are ubiquitously expressed, several types of spectrins have
distinct tissue or subcellular localization patterns. Alpha-I-spectrin is strictly expressed in
erythrocytes while a-11-spectrin is found in all other cell types including neurons (10, 23).
Beta-I-spectrin is expressed abundantly in erythrocytes, and a different splice-form of -
I-spectrin was also identified in neurons. Although moderate levels of B-V-spectrin were
traceable in the cerebellum, B-V-spectrin expression was found to be enriched in the
photoreceptor and auditory hair cells (18, 24, 25). Within the neurons, various types of
spectrin are localized to specialized subcellular domains (26). Beta-1-spectrin is found in
the cell body (soma) of cerebellar Purkinje neurons and granule cells (27). While B-11-
spectrin is enriched in the axons and synapses of most neurons, -111-spectrin is abundant
in the dendrites and cell bodies of cerebellar Purkinje neurons (16, 28-30). The axon
initial segment (AIS) and nodes of Ranvier are enriched with B-1V-spectrin (31).

Spectrins contain multiple functional domains. The N-terminus of most -
spectrins is comprised of an actin-binding domain (ABD), Figure 1.1. The ABD is
followed by seventeen spectrin-repeat domains (SRDs) in all B-spectrin proteins except
for B-V-spectrin and the invertebrate homolog B-H-spectrin, which contain thirty SRDs
instead (18). The C-terminus is not conserved among B-spectrin proteins. Neuronal -1-
spectrin and B-111-spectrin contain a pleckstrin homology (PH) domain at the C-terminus
that targets the protein to the cell membrane through interaction with membrane
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phospholipids (32, 33). However, different a splice-form of B-11-spectrin is expressed in
the liver and lacks the PH domain (34). On the other hand, a-spectrin is comprised of
twenty-one SRDs followed by a C-terminal EF-hand domain. In addition, a-Spectrin

contains a Src homology (SH3) domain within SRD10.

B-lll-spectrin Spectrin-Repeat Domains (SRDs)

a-ll-spectrin Spectrin-Repeat Domains (SRDs)

N-term C-term

Figure 1.1. Domian diagrams of p-111-spectrin and a-11-spectrin. Diagrams generated
using BioRender.com

The functional unit of spectrin is a tetramer of two a/f-spectrin heterodimers. The
heterodimer is formed by anti-parallel side-to-side non-covalent interaction of a-spectrin
and B-spectrin. The two heterodimers associate by non-covalent head-to-head interactions
to form the spectrin heterotetramer. The spectrin heterotetramer has an overall filament
structure with contractible, flexible conformation measuring up to 190-200 nm at the
extended form (35, 36). The N-terminal ABDs of the two B-spectrin subunits are located
at the opposite ends of the spectrin tetramer. This arrangement allows the spectrin
tetramer to cross-link actin filaments, Figure 1.2A. In this way, spectrin and actin
interact to form a spectrin-actin cytoskeleton that lines the cytoplasmic side of the plasma
membrane. In erythrocytes, the spectrin-actin cytoskeleton has a 2-D hexagonal

arrangement (37). On the other hand, the spectrin-actin cytoskeleton has a distinct
3



arrangement in neurons, Figure 1.2B. In the axons and dendrites, actin filaments form a
ring structure (35, 38). Each actin ring lines the plasma membrane and is centered on the
longitudinal axis of the neurite. Multiple actin rings are present along the axons or
dendrites with a highly periodic spacing of ~190 nm. Spectrin tetramers, with an
extended length of 190 nm, cross-link consecutive actin rings. This arrangement of the
spectrin-actin cytoskeleton is called the membrane periodic skeleton (MPS). Beta-
spectrin links the spectrin-actin cytoskeleton to the inner leaf of the plasma membrane
through multiple mechanisms. Beta-spectrin either directly interacts with membrane
phospholipids through the PH domain or interacts with adaptor protein ankyrin, which in

turn interacts with transmembrane proteins (39, 40).
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Figure 1.2. Spectrin-actin cytoskeletal arrangement in neurites. (A) Two ao/p-spectrin
heterodimers form a heterotetramer that cross-links actin filament (F-actin) through f3-
spectrin. (B) Periodic spectrin-actin cytoskeleton arrangement in neurons. Generated
using BioRender.com.

Spectrins contribute to a variety of cellular processes and functions in different
tissues. In general, spectrins function to maintain the structure and integrity of the plasma
membrane. Numerous studies have shown that spectrins are required for the unique cell
morphologies adopted by neurons. Loss of B-spectrin in C. elegans leads to axonal
breakages (41). Knocking down B-spectrin in Drosophila causes presynaptic retraction,
synapse elimination, and a reduction of the complex dendritic tree extended by class IV
da neurons (42, 43). Knockout or knockdown of B-111-spectrin in Purkinje and
hippocampal neurons decreases dendrite length and reduces density of dendritic spines,

highlighting a requirement of B-111-spectrin in dendrites (44-46). In addition, B-spectrin is
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required to stabilize transmembrane proteins and cell-adhesion molecules at discrete
membrane domains. Loss of B-1V-spectrin causes abnormal AlS, nodal membrane
disruption, and abnormal clustering of sodium and potassium channels (47-49).
Furthermore, the stabilization of EAAT4 glutamate transporters at the plasma membrane
of Purkinje cells is reduced in B-I11-spectrin knockout mice, supporting an important role
in glutamate neurotransmission (50). Spectrins also contribute to cellular signaling and
intracellular transport by maintaining the structure of the AIS and associating with
different motor proteins, including myosin, dynein, and kinesin (26, 51).

Mutations in spectrins cause a wide spectrum of diseases. Mutations in erythroid
a-I-spectrin and B-1-spectrin cause hemolytic anemia, characterized by fragile red blood
cell membranes (52-54). On the other hand, mutations in neuronal B-I-spectrin are linked
to autism and spinal cord diseases (55-57). Alpha-1l-spectrin mutations cause early
infantile epileptic encephalopathies type 5 (EIEE5; A.K.A West syndrome) and juvenile-
onset hereditary motor neuropathy (58). EIEES5 is characterized by severe infantile
spasms, developmental and cognitive delay (59-64). Mutations in -11-spectrin result in
neurodevelopmental syndrome, characterized by global developmental delay, language
and motor deficits, and behavioral abnormalities (65). Dominant mutations in B-111-
spectrin cause infantile or late onset spinocerebellar ataxia type 5 (SCA5), while
recessive mutations lead to spinocerebellar ataxia autosomal recessive type 14 (SCAR14)
(also known as spectrin-associated autosomal recessive cerebellar ataxia type 1
(SPARCAL)) (66-83). Both SCA5 and SCAR14/SPARCAL are characterized by ataxia
of upper and lower limbs and cerebellar cortex degeneration (84-86). In addition,
developmental or intellectual delays are seen in infantile onset SCA5 and
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SCAR14/SPARCA1. Mutations in B-1V-spectrin cause congenital hypotonia, motor
axonal neuropathy, and deafness (87, 88). The focus of my dissertation research is to
uncover the molecular mechanisms by which mutations in different functional domains

of B-I11-spectrin lead to adult onset and infantile onset SCAb.

1.1 Spinocerebellar Ataxia Type 5

Spinocerebellar ataxia (SCA) is a group of rare genetic neurodegenerative
disorders. There are more than forty genetically distinct SCA subtypes known so far.
These disorders are monogenic and stem from mutations in distinct genes, such as those
encoding transcription factors or ion channel proteins (89). As the name suggests, SCA
disorders affect both the spinal cord and the cerebellum. However, some SCAs, like
SCADS, are restricted to the cerebellum, while others, like SCAL, affect additional regions
of the nervous system, including the peripheral nerves, brainstem, and basal ganglion (90,
91). Inherited autosomal dominant mutations are the primary cause of SCAs; however,
sporadic autosomal dominant, autosomal recessive, and X-linked mutations are also
associated with some SCAs (92, 93). Clinical phenotype includes progressive loss of
motor coordination of the proximity, wide gait, slurred speech, abnormal eye movements,
and degeneration of the cerebellum observed in MRI images (94). Most cases present late
onset motor incoordination symptoms; however, some severe cases are early onset, and
are additionally characterized by developmental and intellectual disabilities (95). Many
SCA s result from GAC repeat expansion, causing long uninterrupted stretches of
glutamines in the disease proteins (A.K.A poly-Q ataxias) including SCA1, SCA2, and
SCA3 (96). Other SCAs, including SCAS5, SCA11 and SCAL13, stem from traditional

mutations including missense, frame shift, and nonsense mutations (97). At the tissue
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level, degeneration of the cerebellum, the spinal cord, and loss of the Purkinje neurons
has been reported for SCAs (66, 98-100). Among the various SCAs, our lab focuses on
the understudied pathogenesis of spinocerebellar ataxia type 5 (SCA5S).

Unlike other SCAs targeting nuclear and ion channel proteins, SCAS is typically
caused by inherited autosomal mutations in SPTBN2 gene in chromosome 11 encoding
the cytoskeletal protein B-111-spectrin (66). SCAD, like other SCAs, is characterized by
limb and gait ataxia, slurred speech and abnormal eye movements (nystagmus). The
typical age for symptoms onset is in the third or fourth decade of life, averaging around
the early 30s. MRI images and autopsy tissues taken from SCAb patients show
progressive degeneration of the cerebellar cortex with loss of Purkinje neurons and
thinning of the molecular layer of the cerebellum (66, 85). However, recently reported
SCAS cases, caused by sporadic dominant mutations in -111-spectrin, show more severe
clinical features including infantile onset of nonprogressive cerebellum degeneration,
global developmental, and intellectual defects (80). These symptoms mimic the more
severe and early onset SCAR 14 recessive mutations in -111-spectrin (79). Thus, a new
category of SCA5 has emerged and is referred to as infantile/early onset SCA5 or
SPTBN2-associated nonprogressive cerebellar ataxia (NPCA) (82, 101). SCA5 missense
and in-frame deletion mutations localize to multiple functional domains of B-I11-spectrin,
including the N-terminal ABD and the proximal SRDs (SRDs 1-6), Figure 1.3. However,

the molecular consequences of these SCAS5 mutations are poorly understood.



Spectrin-Repeat Domains (SRDs)

L

i L L L E——=
T62I/N L253P R437W ES32_M544del R721S T820M E870del W2065*
K65E D255G R437Q K551_Q1426del R883L
F160C T2711 R437G L629_R634del.insW
1162M Y272H T472M
H278R R480W

F515L
Figure 1.3. Dominant mutations in $-111-spectrin lead to SCA5. Mutations in red are

associated with early onset SCA5 and in black are associated with late onset SCAb.
However, Y272H in the ABD and W2065* in SRD17 were found to be a compound
mutation in a reported early onset case with non-symptomatic parents carrying only a
single mutation (79).

In general, SCAs remain incurable without any FDA-approved treatments used
currently. However, there are some pharmacological drug treatments and other non-
pharmacologic treatments that have reached clinical trials. The non-pharmacologic
treatments include physical therapy, non-invasive neurostimulation, and branched-chain
amino acids (BCAAS) treatments have shown to be affective to alleviate the severity of
common SCAs diseases, like SCA1 and SCA3 (102). Other promising treatments that
repair SCA at DNA or RNA level, including gene therapy, CRISPR editing, antisense
oligonucleotides (ASOs), adeno-associated virus (AAV)-mediated gene therapy, and
DNA mismatch repair, are still in their early stages (102). Most of these treatments are
focused on poly-Q based ataxias. For SCAb, there are no known clinical trials. However,
the Avery lab has initiated the development of pharmacological treatments for SCADb.
Using a novel high-throughput FRET screening assay combined with biochemical co-
sedimentation binding assays, Avery lab with collaborators at University of Minnesota

screened a library of ~3,000 FDA-approved small molecule compounds (103, 104). This

screening revealed that ginsenoside Rb1 and micafungin can alleviate the high-affinity
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actin binding caused by a specific ABD-localized SCA5 mutation (104). Increased actin
binding is a shared molecular consequence of other cytoskeletal proteins targeted by
disease mutations including a-actinin, utrophin and dystrophin. Thus, developing an
effective pharmacological drug capable of restoring the dynamic interaction between

spectrin and the actin may prove effective as a SCA5 therapeutic.

1.2 The N-Terminus

Actin monomers assemble into various types of filament structures. These
different actin filament structures are further organized into distinct cytoskeletal networks
or lattices with different shapes. The structure of different actin-cytoskeleton lattices is
formed and maintained by a group of actin-binding proteins (105). Two tandem calponin
homology (CH1-CH2) domains are typically located at the N-terminus of various actin-
binding proteins including spectrin, a-actinin, filamin, utrophin and dystrophin (106).
These tandem CH1-CH2 domains form the actin-binding domain (ABD) in these
proteins. Each CH domain consists of six or seven a-helices, and are assembled into a
compact a-helical globular structure (107, 108), Figure 1.4A. Cryo-EM and AlphaFold
structures of B-111-spectrin ABD bound to actin show that only the CH1 domain interacts
directly with actin filaments (109, 110), Figure 1.4B. On the other hand, the CH2 domain
has never been resolved experimentally in the actin bound state, and is predicted to
position away from actin. Recently, novel N-terminal helices preceding the CH1 domain

were also found to directly bind to actin in B-111-spectrin and utrophin (110, 111).
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N-terminus
N-terminus helix

B-lll-spectrin ABD bound to actin filament

2

Figure 1.4. AlphaFold predicted structure of p-111-spectrin ABD bound to actin. (A)
Structure of B-111-spectrin ABD showing that the ABD is comprised of tandem CH1 and
CH2 subdomains. (B) Predicted structure of the ABD bound to actin showing that both
CH1 (orange) and the experimentally resolved N-terminal helix (yellow) are directly
bound to actin. The CH2 (olive) is predicted to be positioned away from actin. Notability,
there are thirty-six amino acids preceding the N-terminal helix (wheat) never resolved
experimentally; however, this structure is predicted to form another helix and is linked to
the yellow N-terminal helix through a loop.

The affinity of the CH1-CH2 ABD for actin filaments is regulated by multiple
mechanisms. Overlaying the cryo-EM structures of known ABDs, in their actin-bound
states, with the corresponding crystal structures, in their unbound states, reveals the CH1-
CH2 interface must shift to an open conformation (112, 113). This conformation change
removes the steric hindrance exerted by CH2, thereby exposing the actin-binding surface
on CH1. The ABD-localized SCA5 mutations disrupt this dynamic equilibrium between
the open and the closed states of the CH1-CHZ2 interface. In particular, the CH2-localized

L253P mutation, found at the interface of CH1-CH2 domains, was experimentally shown
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to shift the equilibrium toward a more open conformation, enhancing actin-binding
affinity by 1000-fold (110, 114). Furthermore, the affinity of ABD for actin can be
modulated by the linker sequence that connects CH1 and CH2 (111, 115). Swapping the
linker sequence of utrophin with that of dystrophin reduced the aberrant affinity of
utrophin for actin, and vice versa. Additionally, replacing the linker sequence with that of
filamin A resulted in a two-fold increase of utrophin binding affinity for actin. The actin-
binding affinity of the CH1-CH2 ABD is further regulated by an N-terminal sequence
preceding the CH1 domain. These N-terminal sequences are highly variable in length and
amino acids among different actin-binding proteins, suggesting unique biological
function. Truncation of the N-terminus reduces utrophin ABD affinity for actin (116).
Additionally, the N-termini of both dystrophin and utrophin have been shown to impact
the targeting of ABDs to various actin isoforms and structures in cultured cells (111,
117). Furthermore, multiple phosphorylation sites have been identified in the N-terminus
of a-actinin, and were shown to modulate the binding of the ABD to actin (118).
Similarly, the cryo-EM structure of the SCAS5 mutant B-111-spectrin ABD bound to actin
revealed a short a-helical sequence of sixteen amino acids within the N-terminus that
directly interacts with actin filaments in addition to the CH1 domain (110). Truncating
the N-terminus abolishes the affinity of the wild-type B-I11-spectrin ABD for actin in
vitro, indicating that the N-terminus is essential for binding. However, the functional
significance of the N-terminus in vivo and its functional interaction with ABD-localized

SCADS mutations has yet to be explored.
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1.3 Spectrin-Repeat Domains

A common feature of the spectrin family of proteins, including a-spectrin, -
spectrin, a-actinin, utrophin and dystrophin, is the presence of multiple spectrin-repeat
domains (SRDs) arranged in tandem (119). Each SRD consists of 106-114 amino acids
that form a coiled-coil structure comprised of three anti-parallel a-helices (termed helices
A, B, and C), Figure 1.5A. Within each SRDs, the three a-helices are connected by
flexible, unstructured loops. However, two consecutive SRDs are connected by an
extended a-helix linking helix C of the first SRD with helix A of the next SRD, Figure
1.5B. These elongated coiled-coil helices confer an overall rod-shape structure to the
protein. The amino acid sequence is not highly conserved among different SRDs, but the
overall secondary and tertiary structures are similar. Furthermore, the number of SRDs
varies among different proteins, ranging from 4 to 72. This range in SRD numbers is
likely due to the duplication events that led to the addition of multiple SRDs to the four
SRDs of the ancestral a-actinin protein (120). In particular, a-actinin shares similarity
with both a-spectrin and B-spectrin. Alpha-actinin is comprised of an N-terminal tandem
CH1-CH2 ABD, central four SRDs, and C-terminal EF-hand domain. Evolution
progression added multiple SRDs to a-actinin. These duplication events resulted in an
elongated protein that separated into a-spectrin and B-spectrin. Alpha-spectrin contains
twenty-one SRDs fused to a C-terminal EF-hand domain, similar to the a-actinin C-
terminus. On the other hand, B-spectrin consists of an N-terminal ABD followed by
seventeen SRDs, which is similar to the a-actinin N-terminus. SRDs 20-21 of a-spectrin
and SRDs 1-2 of B-spectrin are homologous to a-actinin SRDs 3-4 and SRDs 1-2,
respectively.

13



SRD 4 SRD §

Figure 1.5. Structure of the B-111-spectrin SRDs. (A) AlphaFold structure of -111-
spectrin SRD4 showing the typical three a-helices comprising the overall structure of
SRDs. (B) Predicted structure of B-I11-spectrin SRD4 and SRD5 showing the helical
linker connecting both SRDs.

Our understanding about the function of the SRDs has greatly expanded over
time. Traditionally, SRDs were considered to be a molecular spacer shaping the
architecture of the spectrin-actin cytoskeleton (121). Due to their flexible conformation,
the SRDs were also thought to confer mechanical resilience to the plasma membrane,
allowing erythrocyte deformation as they pass through small capillaries (122, 123).
Furthermore, SRDs have been proposed to be a docking platform for multiple membrane-

associated proteins including transmembrane, adaptor, and signal transduction proteins

(119). B-spectrin SRDs 15-16 are well established to bind the adaptor protein, ankyrin.
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Ankyrin directly binds diverse transmembrane proteins. Thus, B-spectrin binding to
ankyrin provides a link between the spectrin-actin cytoskeleton and the plasma
membrane (40). In addition, SRDs 1-2 of B-spectrin binds to a-spectrin SRDs 21-20, to
nucleate o/B-spectrin heterodimer formation (124, 125), Figure 1.6. This nucleation of
the dimer is thought to force the remaining complementary SRDs along the length of the
proteins to weakly interact further enhancing the overall stability of the a/p-spectrin
dimer. Similarly, SRDs 1-2 of one a-actinin interact with SRDs 3-4 of another a-actinin
forming an antiparallel homodimer (126). Moreover, SRD17 of B-spectrin interacts with
SRD1 of a-spectrin to form a-p-spectrin tetramer (127, 128). The SRDs were also found
to interact with actin or regulate the ABD affinity for actin. Specifically, SRD1 was
shown to enhance the affinity of B-spectrin ABD for actin (129). In dystrophin, SRDs 11-
17 bind directly to actin filaments and increases the overall affinity of dystrophin for
actin (130). SCA5 mutations target multiple SRD domains emphasizing the significance
of the SRDs to the function of B-11I-spectrin in neurons. However, the protein-protein
interactions of various SRDs in B-I11-spectrin are poorly understood and thus hinder our

understanding of SCA5 disease mechanisms.
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Figure 1.6. a/p-spectrin heterodimer. (A) Diagram showing the o/p-spectrin dimer is
nucleated first by the interaction of SRDs 1-2 of B-spectrin with SRDs 21-20 of a-
spectrin. The remaining repeats come together via weak interaction along the length of
the protein. (B) AlphaFold prediction showing the N-terminal SRDs 1-4 of B-I11-spectrin
bound to the C-terminal SRDs 18-21 of a-Il-spectrin.

1.4 Dissertation Aims

This dissertation aims to understand the molecular function of multiple domains
of B-111-spectrin and how B-111-spectrin function is disrupted by SCA5 mutations. One
goal is to determine the significance of the N-terminus to high-affinity actin binding
caused by an ABD-localized SCA5 missense mutation, L253P. Further, my work seeks
to understand the significance of the N-terminus to B-spectrin function and SCA5
neurotoxicity in vivo using Drosophila. A second research goal is to reveal the molecular

consequences of SRD-localized SCAS mutations to B-111-spectrin function. In particular,
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my research seeks to shed light on the molecular impacts of an early onset SCA5
mutation, R480W, in B-I11-spectrin SRD2 and a late onset SCA5 mutation,
E532_Mb544del, in SRD3. By characterizing the molecular consequences of SCA5
mutations across multiple functional domains of B-I11-spectrin, targeted therapies for
SCAJ5 may be developed to address specific molecular mechanisms underlying the

disease.
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CHAPTER TWO

BETA-III-SPECTRIN N-TERMINUS IS REQUIRED FOR HIGH-AFFINITY
ACTIN BINDING AND SCA5 NEUROTOXICITY

2.0 Summary

Recent structural studies of B-IlI-spectrin and related cytoskeletal proteins
revealed N-terminal sequences that directly bind actin. These sequences are variable in
structure, and immediately precede a conserved actin-binding domain composed of
tandem calponin homology domains (CH1 and CH2). Here we investigated in Drosophila
the significance of the B-spectrin N-terminus, and explored its functional interaction with
a CH2-localized L253P mutation that underlies the neurodegenerative disease
spinocerebellar ataxia type 5 (SCAS). We report that pan-neuronal expression of an
N-terminally truncated B-spectrin fails to rescue lethality resulting from a B-spectrin
loss-of-function allele, indicating that the N-terminus is essential to B-spectrin function in
vivo. Significantly, N-terminal truncation rescues neurotoxicity and defects in dendritic
arborization caused by L253P. In vitro studies show that N-terminal truncation eliminates
L253P-induced high-affinity actin binding, providing a mechanistic basis for rescue.
These data suggest that N-terminal sequences may be useful therapeutic targets for small
molecule modulation of the aberrant actin binding associated with SCAS B-spectrin and

spectrin-related disease proteins.

2.1 Introduction

B-spectrin, in a heterotetrameric complex with a-spectrin, binds actin filaments to
form a spectrin-actin cytoskeleton that lines the cytoplasmic surface of the plasma

membrane. Recent studies in neurons showed that the spec- trin-actin cytoskeleton
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confers mechanical resiliency to axons (1-3), regulates axon diameter (4,5), organizes
microtubule tracks (2,6), assembles and maintains axon initial segments and nodes of
Ranvier (7-9), and enables intracellular transport (5, 10). Moreover, the mammalian B-111-
spectrin isoform and the Drosophila homolog, B-spectrin, are required for morphogenesis
and stability of the large, complex dendritic arbors extended by cerebellar Purkinje cells
(11-13) and dendritic arborization (da) sensory neurons (14), respectively. Dominant
mutations in B-111-spectrin cause the neurodegenerative disease spinocerebellar ataxia
type 5 (SCAD) (15), which is characterized by atrophy of the cerebellar cortex containing
Purkinje cell dendrites (16). A SCA5 missense mutation, L253P, localizes to the B-111-
spectrin actin-binding domain (ABD) and induces a ~ 1000-fold increase in actin affinity
(17). In Drosophila, this mutation is neurotoxic, and reduces dendrite stability and arbor
outgrowth in class 1V da neurons (14). The SCA5 L253P mutation highlights the
importance of proper binding of B-spectrin to actin to support neuronal structure and
function.

B-spectrin proteins bind actin through an ABD composed of two calponin
homology domains (CH1 and CH2) in tandem. The two CH domains are conserved
evolutionarily in B-spectrins, and in spectrin-related proteins including a-actinin, filamin
and utrophin (18). Structural studies of numerous tandem-CH ABDs showed that in the
absence of actin, CH1 and CH2 are bound to each other in a compact structural state (19—
22). Cryo-EM studies of the B-111-spectrin (23), filamin A (24) or utrophin (25) ABD in
complex with actin showed that actin binding is directly mediated by CH1. CH1
engagement with actin requires an ABD conformational “opening” in which CH2 is
repositioned to expose an actin-binding site in CH1, and to prevent steric clash between

38



CH2 and actin. The B-1l1-spectrin SCA5 L253P mutation, which localizes to CH2, shifts
the ABD conformational equilibrium towards the open state23, explaining the increased
actin affinity induced by L253P.

Intriguingly, the recent structural studies of tandem-CH ABDs bound to actin
revealed N-terminal sequences, immediately preceding CH1, that also bind actin. Unlike
the CH domains, these N-terminal sequences vary greatly in amino acid composition and
secondary structure. In the actin-bound state, both the B-111-spectrin and utrophin N-
termini take the form of an extended helix (23, 25), while the filamin A N-terminus forms
a helix-loop structure (24). Truncation of the N-terminus of filamin A (24) or utrophin
(26, 27) decreases actin binding. Significantly, truncation of the N-terminal sequence
preceding the B-I11-spectrin CH domains abolishes actin binding (23). The divergence of
N-terminal sequences among spectrin-related proteins suggests the N-termini also confer
unique functionality. Indeed, a recent study of the utrophin terminus suggests it directs
binding of utrophin to specific actin structures in cells (27). Further, studies of a-actinin
(28) and plectin (29) suggest that N-terminal phosphorylation and calmodulin binding
regulate actin binding. The in vivo significance of the B-111-spectrin N-terminus, in any
species, has yet to be established.

Here, using new Drosophila transgenic lines, we examine the functional
significance of the B-spectrin N-terminus in vivo. We further explore the functional
interaction of the N-terminus with the SCA5, CH2-localized L253P mutation that induces

high-affinity actin binding

39



2.2 Results

2.2.1 Delineation of the B-111-spectrin N-terminus

Prior cryo-EM analysis showed that the N-terminus of B-I11-spectrin forms an
extended a-helix that is tightly associated with actin, and is contiguous with helix A of
CHL1. To clarify the boundary between N-terminus and CH1, the B-I11-spectrin sequence
was aligned to other tandem-CH ABD proteins to assess amino acid conservation. The
alignment shows low conservation of residues in the N-terminal region corresponding to
B-111-spectrin residues 1-52, Figure 2.1A. In contrast, beginning at B-I11-spectrin residue
D53, sequence conservation is clearly elevated. Thus, we define D53 as the first residue
of the conserved CHL1, similar to a prior CH1 demarcation (18); the novel N-terminal a-
helix identified by cryo-EM is composed of N-terminal residues S37 to A52, and is
contiguous with CH1 helix A that begins at residue D53, Figure 2.1B. The N-terminal
sequence is well-conserved between human B-111-spectrin and Drosophila -spectrin

(Figure 2.1C), supporting the functional importance of the N-terminus across species.
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Figure 2.1. Delineation of N-terminus. (A) Alignment of N-terminal amino acid
sequences preceding CH1. Tall and dark red bars indicate high conservation, while short
and dark blue bars indicate low conservation. Based on increased conservation, we define
the first residue of B-11l-spectrin CH1 as D53. Amino acids 1-52 constitute the N-
terminus. (B) Structure of B-111-spectrin CH1 (green) and N-terminal residues N35-A52
(magenta) in complex with actin (grey) (PDB: 6ANU). N-terminal residues S37-A52
form a helix that is continuous with helix A of CH1. (C) Alignment of human (Hs) and
Drosophila (Dm) B-spectrin showing high conservation in N-terminal residues. Arrow
indicates the site of N-terminal truncation chosen for Drosophila AN transgenes and
binding assays.

2.2.2 N-terminus is required for B-spectrin function and SCADS toxicity in Drosophila

Our prior biochemical truncation studies showed that N-terminal residues 1-51
are required for binding of the B-111-spectrin to actin in vitro. To evaluate the importance
of the N-terminus to -spectrin function in vivo, new Drosophila lines were generated
carrying transgenes consisting of an upstream activation sequence (UAS) fused to the
Drosophila B-spectrin coding sequence, with or without the N-terminal truncation (AN;
see Figure. 2.1C). The UAS- fspec transgenes were inserted into the attP154 genomic
locus (30) for equal expression. Rescue experiments were performed to assess the ability
of the Bspec transgenes to support viability. Males carrying fspec transgenes were
crossed to females carrying an X-chromosome containing the pan-neuronal driver, elav-
Gal4, and an ems-induced mutation (em21) in the endogenous fspec gene. fspec®™! is a
recessive, loss-of-function allele containing a nonsense mutation in the thirteenth
spectrin-repeat domain (31), resulting in low level expression of a truncated B-spectrin
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protein, Figure 2.2. The Sspec®™?! allele causes lethality in males and homozygous
females. In contrast, females heterozygous for Bspec®™?! are healthy. Pan-neuronal
expression of transgenic wild-type B-spectrin (Bspec'™) rescued adult viability in ~ 25%
of male progeny receiving the Bspec®™' mutant X-chromo- some, Table 2.1. In contrast,
expression of N-terminally truncated B-spectrin (Bspec® ') failed to rescue Sspec®™?*
lethality. This indicates that the N-terminus is required for B-spectrin function in vivo. In
addition, expression of N-terminally truncated p-spectrin (Bspec® "T) in heterozygous
Bspec®™* females reduced viability by ~ 30%. This indicates that the N-terminal
truncation mutant is mildly neurotoxic. Moreover, raising Drosophila incubation
temperature from 22 to 25 °C, to increase expression of the N-terminal truncation mutant,
reduced survival by ~ 95%, Table 2.2 This indicates that toxicity of the N-terminal
truncation mutant is dose responsive, consistent with a dominant negative mechanism.
Additionally, pan-neuronal expression of Sspec®*WT in the absence of Bspect™*also
caused lethality (Table 2.3), indicating that Bspec*¥™WT neurotoxicity is not due to a
possible functional interaction with the Bspec®™?! protein fragment. Using the rescue
assay, we further tested how the N-terminus functionally interacts with the CH2-localized
L253P mutation. In agreement with our prior results (14), pan-neuronal expression of 3-
spectrin carrying the SCA5 missense mutation (L246P in Drosophila B-spectrin;
PspecS"®) failed to rescue lethality of Sspec®™? males, and dominantly induced lethality
in females heterozygous for fspec®™?, Table 2.1. In contrast, the SCA5 mutant with N-
terminal truncation (Bspec®A%) did not induce lethality in female fspec™?
heterozygotes (Table 2.1), even when the temperature was elevated to increase transgene
expression, Table 2. This indicates that the N-terminus is required for L253P-induced
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neurotoxicity. Further, the N-terminally truncated SCA5 mutant did not rescue lethality in
Bspec®™! males at 22 °C or 25 °C. Altogether, these data suggest that the N-terminally

truncated SCA5 mutant is neither toxic nor functional.
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Figure 2.2. The Bspec®™?* allele encodes a truncated protein with reduced expression
level. Drosophila head extracts were prepared from flies homozygous for the FM6 X-
chromosome balancer containing the endogenous, wild-type fSspec gene, or flies
containing the FM6 balancer in combination with the Sspec®™?* mutant X-chromosome
(FM6/Bspec™*). Western blotting of extracts was performed using an antibody specific
to Drosophila B-spectrin, spectrin-repeat domains 7-11(1). Western blot of FM6/FM6
extracts shows a two-band pattern: one band at ~250 kDa, corresponding to full-length f3-
spectrin, and a second band at ~150 kDa, corresponding to a degradation product. In flies
containing the FM6/Bspec®™, an additional band running at ~170 kDa is present. This
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170 kDa band corresponds to the truncated em21 protein terminating in spectrin-repeat
domain 132. Full-length B-spectrin protein is ~50% lower in abundance in FM6/Bspec®™*
extracts relative to FM6/FM6 extracts, consistent with the 50% reduction in wild-type
Bspec allele number in FM6/FM6 versus FM6/fBspec®™? flies. In FM6/Bspec®™ extracts,
the full-length B-spectrin protein is ~2-fold more abundant than the truncated em21
protein.

Table 2.1

Rescue of lethal em21 mutation by UAS-fspec transgenes at 22 °C.

Transgene Progeny class: total number of adults
em21, elav-Gal4/Y; FMe6/Y; transgene/ emZ21, elav-Gald/ +; FMe6/ +; transgene/
transgene/ + + transgene/ + +
attP154 0 60 97 68
UAS-BspecT 42 163 161 162
UAS-Bspec®¥WT ¢ 147 112 162
UAS-fspec™™S 0 122 0 163
UAS-fspec®™- 0 130 133 148
SCAS

Males homozygous for UAS-fspec transgenes or the 3rd chromosome attP154 landing site, were crossed to females carrying the fspec®™?1,

elav-Gal4 recombinant chromosome balanced over the FM6 chromosome.

Table 2.2

Rescue of lethal em21 mutation by UAS-gspec transgenes at 25'C

Progeny class: total number of adults

em21, elav-Gald/y; FMG/Y; em21, elav-Gald/+; FM&/+;
transgene transgene/+ transgene/+ transgene/+ transgene/+
attP154 0 147 172 173
UAS-Bspect™ 19 125 145 145
UAS-BspecT 0 123 9 157
UAS-fspeci™ts 0 88 0 150
UAS-gspec™-=cas 0 a7 158 138

Males homozygous for LIAS-gspec transgenes or the 3™ chromosome attP154 landing site, were crossed to females carrying the
Bspec™™, elav-Gald recombinant chromosome balanced over the FME chromosome

Table 2.3

Neurotoxicity of UAS-Bspec transgenes at 25°C

elavGald/+;; transgene/+

MNumber Number %o
transgene Pupal cases Adults Adults/pupal cases
attP154 247 259 104
UAS-Bspec™™ 298 292 98.0
UAS-AN-Bspec™” 361 156 409
UAS-fspecs™s 335 16 478
UAS-AN-gspec=* 338 321 95.0

Males homozygous for UAS-gspec transgenes or the 3™ chromosome attP154 landing site, into which UAS-gspec transgenes are
inserted, were crossed to females homozygous for elav-Gal4 transgene.
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2.2.3 N-terminal truncation alleviates SCA5-induced dendritic arbor defects

To determine how N-terminal truncation impacts SCA5-induced dendritic
arborization defects, Bspec transgenes were expressed using the 477-Gal4 driver
in Drosophila class IV da neurons. Relative to neurons expressing Sspec'T, neurons

expressing Bspec

showed reduced arborization characterized by a loss of distal
dendrites in Sholl analysis, and decreased total branch length and number of branch
points (Figure 2.3), consistent with our prior characterization (14). In contrast, neurons
expressing Bspec™-SCAS displayed a dendritic arbor morphology indistinguishable from
control neurons expressing the wild-type transgene. This indicates that the N-terminus is
required for the SCA5 mutation to induce dendritic arbor defects. Moreover, the N-

terminally truncated wild-type B-spectrin (Bspec®™""T) did not reduce arborization,

consistent with mild neurotoxicity observed in rescue assays at 22 °C.
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Figure 2.3. N-terminal truncation alleviates SCA5-induced arborization defects. (A)
Dendritic arbors of class IV da neurons expressing wild-type Drosophila B-spectrin
(Bspec"™), N-terminally truncated B-spectrin (Bspec?™VT), SCAS (L246P) B-spectrin with
intact N-terminus (Bspec>“"®), and N-terminally truncated SCAS B-spectrin (Bspec’™”
SCASY, Dendritic arbors were documented by fluorescence confocal microcopy in live third
instar larvae, 120 h after egg laying (AEL). (B) Top, Sholl analyses showing

that Bspec>°™, but not Sspec™ T nor fspec?™SCA°, alter the position of dendritic branches
relative to the soma. Middle, quantitation of total branch length showing that

only Bspec>* significantly alters total branch length relative to SspecVT. Bottom,
guantitation showing that only BspecS*® impacts total branch points. n=11-14 neurons
for each genotype. Statistical significance was determined by One-way ANOVA
followed by multiple comparisons post hoc test. P-values are reported to the right of
panels.

2.2.4 N-terminus modulates B-spectrin protein level in neurons

To evaluate the potential impact of N-terminal truncation on -Spectrin protein
level, an additional set of Drosophila lines were generated containing UAS-transgenes,
consisting of B-spectrin, with or without N-terminus, fused at the C-terminus to GFP. The
transgenes encoding the B-spectrin-GFP fusion proteins were inserted into

the attP154 genomic locus, as performed for the untagged B-spectrins. In rescue assays,
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the B-spectrin-GFP fusions performed similar to their untagged counterparts (Table 2.4),
indicating that the GFP tag does not interfere with function. To assess relative abundance
of wild-type and N-terminally truncated B-spectrins, female Bspec®™?! heterozygotes
expressing UAS-Sspec®FP transgenes under the pan-neuronal elav-Gal4 driver were
collected from rescue assays at 18 °C and head extracts prepared. Using a GFP antibody,
western blot analysis of UAS-BspecVT°FP extracts revealed a prominent band running
over 250 kDa, consistent with the predicted size (293 kDa) of the full-length B-spectrin-
GFP protein, Figure 2.4. Significantly, in the soluble fraction, N-terminally truncated
wild-type B-spectrin was ~ fivefold more abundant than wild-type B-spectrin with intact
N-terminus. This suggests that the inability of the N-terminally truncated B-spectrin to
support viability is not due to insufficient protein level. Instead, it suggests that the N-
terminus is essential for B-spectrin function in neurons, presumably to enable actin
binding. Moreover, the increased steady-state B-spectrin protein level potentially reflects
the effect of N-terminal truncation to stabilize wild-type B-spectrin protein, as observed

in thermal denaturation studies (23).

Table 2.4

Rescue of lethal em21 mutation by UAS-gspec®™ transgenes

Progeny class: total number of adults

em21, elav-Gal4/y; FM6/Y; em21, elav-Gald/+; FMG6r+;
transgene transgene/+ transgene/+ transgene/t+ transgene/+
attP154 0 172 192 156
UAS-fspec™Ter 32 206 205 173
UAS-BspectWTere 0 175 3 173
UAS-fspecitassre 0 164 0 179
UAS-pspecti-cascre 0 130 195 216

Males homozygous for UAS-Gspec-GFP fransgenes, or the 3™ chromosome aftP 154 landing site, were crossed to females carrying
the fspec®™, elav-Gald recombinant chromosome balanced over the FM6 chromosome
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We likewise evaluated the abundance of SCAS5 B-spectrin protein, with and
without N-terminus. At 18 °C, a fraction of female Bspec®™?! heterozygotes expressing
the toxic SCAS mutant B-spectrin survive to adulthood, enabling evaluation of SCA5
mutant protein abundance in head extracts. For SCAS B-spectrin with intact N-terminus,
western blot analysis revealed that soluble SCAS5 B-spectrin protein is ~ threefold more
abundant than wild-type B-spectrin with intact N-terminus, Figure 2.4. SCAS5 B-spectrin
was also more abundant than wild-type in the insoluble fraction. The increased SCAS5 B-
spectrin in the insoluble fraction may reflect its high affinity for actin, as the insoluble
fraction is enriched in actin. Altogether, the data indicate that the SCA5 mutation, in
addition to causing high-affinity actin binding, also causes the mutant B-spectrin protein
to accumulate in neurons. It is possible that a high-affinity complex formed between
SCAS5 B-spectrin and F-actin is resistant to protein turnover. Interestingly, western
blotting revealed a fraction of actin with reduced gel mobility in SCAS B-spectrin head
extracts, Figure 2.4. Potentially high-affinity binding of SCAS B-spectrin to F-actin
results in post-translational or structural modifications to actin.

Further, the average level of soluble, N-terminally truncated SCAS B-spectrin
protein was 67% lower than wild-type -spectrin with intact N-terminus, and 89% lower
than SCAS B-spectrin, Figure 2.4. In addition, the N-terminally truncated SCAS5 B-
spectrin did not accumulate in the insoluble fraction, nor cause reduced gel mobility of
actin, as observed for SCAS B-spectrin with intact N-terminus. The lower abundance of
the N-terminally truncated SCAS B-spectrin likely contributes to its the lack of toxicity.
However, toxicity was not observed for N-terminally truncated SCAS B-spectrin when
incubation temperature was elevated to increase transgene expression, Table 2.2. This
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suggests that the lack of toxicity of N-terminally truncated SCAS B-spectrin is not solely
due to reduced protein level. Instead, N-terminal truncation may cause loss of a toxic

functional property conferred by the SCA5 mutation.
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Figure 2.4. N-terminal truncation impacts -spectrin protein level. Left, western blot
of head extracts from adult Drosophila expressing UAS-Aspec®FP transgenes under the
pan-neuronal driver elav-Gal4. As a control, head extracts were also prepared from adult
Drosophila containing the attP154 landing site, into which all UAS-Bspec®™ transgenes
were inserted. 3-spectrin proteins were identified by probing with a GFP antibody. Total
actin was probed as a loading control. The GFP and actin western blot images were
cropped to show the regions of the blot containing GFP and actin proteins. The full-size
gel images are provided in Figs. S2 and S3. Right, quantitation of B-spectrin-GFP protein
levels from western blot. Head extracts were prepared a total of three times for each
genotype. Statistical analysis was performed by One-way ANOVA followed by multiple
comparisons post hoc test. P-values are reported to the right of panels.

We evaluated whether the SCA5 mutation or N-terminal truncation impacts the
binding of B-spectrin to a-spectrin. Co-immunoprecipitation assays showed that neither
the SCA5 mutation nor N-terminal truncation disrupts the co-association of the mutant -
spectrin proteins with a-spectrin in head extracts, Figure 2.5 and 2.6. This indicates that

the mutant B-spectrin proteins are not impaired in their ability to bind a-spectrin nor

assemble into a spectrin heterotetramer.
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Figure 2.5. B-spectrin-GFP fusion protein runs as a distinct, high molecular weight
band relative to endogenous, untagged B-spectrin. Head extracts from FM6/FM®6 or
em21-elav-Gal4/+;;UAS-SspecWT-GFP/+ flies were subjected to SDS-PAGE followed
by western blotting using GFP or B-spectrin antibody. Left, western blot using B-spectrin
antibody of FM6/FM6 flies expressing endogenous B-spectrin. Full-length endogenous f-
spectrin runs near the 250 kDa protein ladder band, in agreement with the predicted
molecular weight of 266 kDa. Middle, western blot using GFP antibody of em21-elav-
Gal4/+;;UAS-LspecWT-GFP/+ flies shows full-length B-spectrin-GFP runs above the
250 kDa protein ladder band, in agreement with the larger, 293 kDa size of the fusion
protein. Right, re-probing of the GFP blot (middle panel) with B-spectrin antibody reveals
the lower molecular weight endogenous B-spectrin protein. Thus SDS-PAGE resolves [3-
spectrin-GFP and endogenous B-spectrin proteins as two distinct bands.
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Figure 2.6. SCAS5 and N-terminally truncated B-spectrin mutants bind a-spectrin.
Head lysates were prepared from em21-elav-Gal4/+;;attP154/+ control flies or em21-
elav-Gal4/+;;UAS-fspecGFP/+ flies expressing different $-spectrin-GFP fusion
proteins. Immunoprecipitation was performed using a-spectrin or control 1gG antibodies.
In co-IP samples, endogenous B-spectrin (~250 kDa) is enriched in a-spectrin antibody
samples relative to control 1gG samples. Higher molecular weight wild-type, SCA5 and
AN-B-spectrin-GFP fusion proteins are likewise enriched in the a-spectrin antibody co-IP
samples relative to IgG control. AN-SCAS B-spectrin-GFP, which is present at low
abundance in lysate, is present as a faint band in the a-spectrin antibody co-IP sample,
but not in controls (IgG or attP154).
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2.2.5 L253P causes protein destabilization independent of the N-terminus

To assess how N-terminal truncation impacts the folded state and stability of the
SCAS mutant B-spectrin, circular dichroism spectroscopy was performed. As previously
reported, the B-111-spectrin L253P ABD with intact N-terminus showed a pronounced a-
helical absorption profile consistent with a well-folded ABD, Figure 2.7A. Further,
thermal denaturation studies showed that the L253P ABD unfolded in a cooperative, two-
state transition with a melting temperature (Tm) of 44.9 °C, Figure 2.7B. This Tm is 14.8
°C lower than the Tm of the wild-type ABD with intact N-terminus (59.7 °C). The
circular dichroism absorption spectra of the N-terminally truncated L253P ABD similarly
showed an a-helical absorption profile indicating a well-folded protein, Figure 2.7 A.
Significantly, the N-terminally truncated L253P ABD unfolded with a Tm of 46.1 °C.
Thus, the N-terminally truncated L253P ABD, like the L253P ABD with intact N-
terminus, is highly destabilized relative to wild-type. Notably, N-terminal truncation of
the L253P ABD or wild-type ABD raised the Tm by ~ 1 °C relative to the L253P or wild-
type ABD with intact N-terminus, respectively. We previously reported a 1 °C increase in
Tm for the N-terminally truncated wild-type ABD (23), and suggested that this reflects

the loss of an N-terminus that is structurally disordered when not bound to actin.
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Figure 2.7. Structural and functional characterization of N-terminally truncated
ABDs. (A) Circular dichroism (CD) absorption spectra for wild-type and L253P B-111-
spectrin ABDs, with or without N-terminus. All ABDs show pronounced a-helical
absorption profiles characterized by minima at 208 and 222 nm. (B) CD thermal
denaturation curves generated by monitoring absorption at 222 nm. All ABDs unfolded
with a cooperative, two-state transition, indicating well-folded proteins. Introduction of
L253P decreases the Tm’s by ~ 15 °C. In contrast, N-terminal truncation increases the
Tm’s by ~ 1 °C. (C) In vitro co-sedimentation assays showing that N-terminally truncated
human B-111-spectrin ABD with L253P mutation (AN-L253P) binds actin with Kd of

234 uM (95% confidence interval: 215.5-253.8 uM), compared to the L253P ABD
which is entirely bound at all actin concentrations, or to the wild-type ABD with intact N-
terminus (WT) that binds actin with a Kd of 73.6 uM (95% confidence interval: 68.0—
79.3 uM). Duplicate data points are plotted for each actin concentration. (D) FRET
assays monitoring the binding of ABDs to F-actin in live HEK293 cells. L253P increases
FRET relative to wild-type. N-terminal truncation blocks L253P-induced actin binding.

n = 3. Statistical significance determined by One-way ANOVA followed by multiple
comparison post hoc test. P-values are reported to the right of the panel.

2.2.6 N-terminus is required for L253P-induced high-affinity actin binding

To determine whether N-terminal truncation impacts L253P-induced high-affinity
actin binding, in vitro co-sedimentation assays were performed. Consistent with high-

affinity binding previously reported (17), the L253P ABD with intact N-terminus was
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entirely bound to F-actin at all actin concentrations tested (3—-140 uM), Figures

2.7C, 2.8 and 2.9. In contrast, the N-terminally truncated L253P ABD bound actin with
very low affinity (Kd =234 uM). Indeed, the actin-binding affinity of the N-terminally
truncated L253P ABD is ~ 3000-fold lower than the affinity of the L253P ABD with
intact N-terminus (Kd =75 nM; (17), and threefold lower than the affinity of the wild-
type ABD with intact N-terminus (74 uM). The binding affinity of the N-terminally
truncated L253P ABD is higher than that of the N-terminally truncated wild-type ABD,

which did not bind actin with measurable affinity.
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Figure 2.8. Sedimentation of L253P ABD is dependent on F-actin. Actin co-
sedimentation reactions were performed for wild-type (WT) and L253P mutant ABD
with varying amounts of F-actin. After ultracentrifugation to pellet F-actin, supernatant
(S) and pellet (P) samples were collected, followed by SDS-PAGE and Coomassie blue
staining. In the absence of F-actin, wild-type and L253P ABDs (2 uM) are present in the
supernatant samples, and only a trace amount of either ABD is detected in the pellet
samples. In reactions containing 3 or 10 uM F-actin, almost all L253P ABD is in the
pellet, consistent with high-affinity binding. In contrast, in reactions containing 3 or 10
uM F-actin, only a small amount of wild-type ABD shifts to the pellet, consistent with
low affinity binding. For all reactions containing F-actin, the majority of F-actin is
present in the pellet. The trace amount of actin in the supernatant may reflect the G-actin
that is in equilibrium with F-actin.
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To confirm the in vitro co-sedimentation data, we employed a recently developed
Forster resonance electron transfer (FRET) assay that detects the binding of the B-111-
spectrin ABD to F-actin in live cells (32). In this assay, HEK293T cells are transfected
with a DNA construct consisting of the ABD fused to GFP, and a second construct
consisting of the actin-binding peptide Lifeact fused to mCherry. FRET between GFP
and mCherry results from the formation of a ternary complex consisting of the ABD-GFP
and Lifeact-mCherry bound to an actin filament. Co-expression of the wild-type ABD
and Lifeact-mCherry resulted in an average FRET efficiency of 3.9%, Figure 2.7D. In
contrast, the L253P mutant ABD showed an increased FRET efficiency of 8.4%,
indicating that the L253P mutation causes increased actin binding in live cells.
Significantly, N-terminal truncation of the wild-type ABD or L253P ABD lowered the
FRET efficiency to 2.1% and 2.4%, respectively. Altogether, the biochemical and live
cell FRET binding assays demonstrate that the N-terminus is required for the L253P

mutation to induce high-affinity actin binding.
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Figure 2.9. Wild-type and L253P ABDs show similar band patterns on native gel.
Wild-type or L253P ABD, at different concentrations (2, 4 or 8 uM), were loaded onto a
12% native polyacrylamide gel. Following electrophoresis, Coomassie blue staining was
performed. The wild-type and L253P ABD proteins show similar band patterns. This
suggests that the wild-type and L253P ABD proteins are in a similar
monomeric/oligomeric state. In contrast, bovine serum albumin (BSA) separates into
distinct bands, as previously described (3).

2.3 Discussion

The binding of B-spectrin to actin is required for the formation of the plasma
membrane-associated spectrin cytoskeleton that is implicated in numerous neuronal
functions. Here we investigated the in vivo functional significance of the pB-111-spectrin N-
terminus, which flanks the conserved tandem-CH ABD, and was recently discovered by
cryo-EM, to bind actin. Using Drosophila, we demonstrated that the N-terminus is
essential for B-spectrin function in neurons. Moreover, we showed that the N-terminus is
required for neurotoxicity and dendritic arborization defects induced by L253P. We

further demonstrated that the N-terminus is required for L253P-induced high-affinity
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actin binding, which provides a mechanistic explanation for how N-terminal truncation
rescues SCAbS neurotoxicity.

The requirement of the N-terminus for L253P-induced high-affinity actin binding
emphasizes the critical role of the N-terminus in the actin-binding mechanism. The N-
terminus supports 3-spectrin actin binding, at least in part, through its direct interaction
with actin. The N-terminus is also destabilizing, Figure 2.7. Structural instability
conferred by the N-terminus may promote the conformational opening of the CH1-CH2
interface that is required for CH1 to bind actin. Potentially the N-terminus supports actin-
binding by additional mechanisms. The N-terminal helix is continuous with CH1 helix A
(Figure 2.1), which makes contacts with CH2 residues, including L253. Possibly binding
of the N-terminus to actin alters CH1-CH2 contacts to facilitate opening of the CH1-CH2
interface. In addition, the N-terminus may be a site of regulation for B-spectrin actin-
binding activity. Several amino acids in the B-spectrin N-terminus have been reported to
be phosphorylated (33, 34). Phosphorylation of the a-actinin N-terminus reduces actin
binding (28). Potentially B-spectrin phosphorylation modulates the function of the N-
terminus to promote actin binding.

Here we showed that the SCAS5 L253P mutation, in addition to causing high-
affinity actin binding, also causes the mutant 3-spectrin protein to accumulate in neurons,
Figure 2.4. It is possible that this accumulation also contributes to SCA5 neurotoxicity. In
contrast, the N-terminally truncated SCA5 mutant did not accumulate, and instead
showed decreased abundance relative to wild-type. N-terminal truncation, by itself, is not
destabilizing. Rather, we showed that N-terminal truncation increases protein stability
(Figure 2.7), and that the N-terminally truncated wild-type p-spectrin was more abundant
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than wild-type B-spectrin with intact N-terminus, Figure 2.4. On the other hand, the
L253P mutation is strongly destabilizing, in the presence or absence of the N-terminus,
Figure 2.7. L253P destabilization may reflect solvent exposure of hydrophobic residues
at the CH1-CH2 interface. For example, an X-ray crystal structure of filamin A showed
that CH1 residue W142 is buried at the CH interface in the “closed”, actin-unbound state
(35). Cryo-EM of the filamin ABD-actin complex showed that in the “open”
conformation, W142 makes hydrophobic contacts with actin (24), avoiding solvent
exposure. Actin binding may stabilize the L253P ABD by burying hydrophobic residues
that would otherwise be solvent exposed. In contrast, the N-terminally truncated L253P
ABD has very low affinity for actin, and thus remains destabilized and prone to
misfolding and protein turnover.

A currently pursued therapeutic strategy for SCA5 is to identify small molecules
that bind the L253P B-111-spectrin ABD and reduce its binding to actin (32). The critical
role of the N-terminus in actin binding suggests that small molecules that target the N-
terminus may effectively reduce actin binding, similar to N-terminal truncation. In
addition, it is possible that the large difference in stability of L253P B-1l1-spectrin versus
wild-type may be leveraged to selectively target mutant -111-spectrin. We suggest that
the reduced protein level of N-terminally truncated SCAS B-spectrin, but not N-
terminally truncated wild-type B-spectrin, is due to enhanced protein turnover of a
destabilized SCAS B-spectrin that cannot bind actin. Thus, a small molecule that reduces
actin binding may enhance turnover of the destabilized L253P B-1l1-spectrin, but not the

more stable wild-type protein.
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2.4 Materials and Methods

2.4.1 Drosophila stocks

All stocks were maintained on standard food. The following stocks were obtained
from the Bloomington Drosophila Stock Center: 477-Gal4/CyO, ppk-CD4-tdTom
(10a)/TM6, Th, and elav-Gal4 (C155). attP154 transgenic flies were kindly provided by
Norbert Perrimon, Harvard Medical School, Boston. The Bspec®™?! line was obtained
from Ronald Dubreuil, University of Illinois at Chicago, Chicago. We previously

generated UAS-fspec'™ and UAS-Bspec " fly lines (14).

2.4.2 Generation of UAS-Bspec®Ntransgenic fly lines

A multi-step protocol was followed to fuse mEGFP to the 3’ end of the fly B-
spectrin coding sequence. PCR were performed to amplify a 3' region of the fly -
spectrin coding sequence, using pUASTattB-p-spectrin wild-type as template, together
with forward primer, AAACGCCGGCGAGGGTCACGAAGG and the reverse primer,
CTCCTCGCCCTTGCTCACCATCTTTTTCTTTAAAGTAAAAAACG. The reverse
primer contains sequence complementary to the 3’ end of the B-spectrin coding sequence
and sequence complementary to the 5’ end of mEGFP. A second PCR was performed to
amplify mEGFP using the forward primer, ATGGTGAGCAAGGGCGAGGAG and the
reverse primer,
AAATCTAGACTCGTTCTTCTCTTGCTTATGGTTGCGTTACGGCTGTTACTTTAC
TTGTACAGCTCGTCCATGCC. The reverse primer includes a short B-spectrin 3’UTR
sequence, attached to the 3’ end of the mEGFP coding sequence. The mEGFP DNA used
as template in the PCR was synthesized by IDT DNA Technologies. A third PCR was

performed to fuse the PCR products generated in the first two PCRs. In the third PCR, the
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PCR products from the first two PCRs were used as template, and combined with the
forward primer, AAAGGTACCCGCCGGCGAGGGTCACGAAGG, containing Kpnl
and Mrel restriction sites, and the reverse oligo
AAATCTAGACTCGTTCTTCTCTTGCTTATGGTTGCGTTACGGCTGTTACTTTAC
TTGTACAGCTCGTCCATGCC, containing Xbal site. The resulting PCR product was a
fusion of the 3’ coding sequence and mEGFP. The fusion DNA was inserted KpnI-Xbal
into pcDNAS3.1 digested with the same restriction enzymes, to generate the intermediate
construct termed pcDNA3.1-fly-B-spec CT-GFP. The B-spectrin 3’ coding sequence with
GFP fusion was subcloned from pcDNAS3.1-fly-p-spec CT-GFP into pUASTattB-f3-
spectrin constructs using Mrel and Xbal restriction enzymes. The final pUASTattB-f3-
spectrin-mEGFP constructs were sequence verified and transgenesis performed using

the attP154 landing site at BestGene, Inc.

2.4.3 Rescue experiments

Female flies containing a recombinant X chromosome fspec®™?!, elav-
Gal4, balanced over FM6, were crossed to male flies homozygous for UAS-
Pspec transgenes, or attP154 landing site, on the third chromosome. All classes of adult
progeny were scored. Fly incubation temperature ranged from 18 to 25 °C, as indicated in

the Tables containing rescue assay data

2.4.4 Dendritic arbor analysis

In Figure 2.3, female flies carrying 477-Gal4; ppk-CD4-tdTom/TM6 transgene
were crossed to UAS-fspec males at 22 °C. Eggs were collected from grape juice plates
containing yeast paste every 4 h. Third-instar female larvae 120 h after egg laying (AEL)

were imaged using HC PL APO 20x/0.80 NA dry objective and a Leica DMi8 inverted
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microscope equipped with 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 were obtained from A3 and A4 abdominal segments (1-3 neurons per larva) and
processed to generate maximum intensity projections using Metamorph software.
Reconstructions of the arbors were generated using Photoshop 21.0.1. Sholl analysis, and
total branch length and branch point quantitation were performed as previously described
using ImageJ software (14, 36). Statistical analyses on total branch length and number of
branch points were performed in Prism 8 (GraphPad) using unpaired two-tailed t test
(n= 10 for Sspec’'T and BspecS°*®, n =11 for Bspec®*™WT and fspecVSCA9).

2.4.5 Western blot analysis

Males homozygous for UAS-Sspec-GFP transgenes or attP154 landing site were
crossed to females containing Bspec®™?!, elav-Gal4/FM6. Flies were incubated on
standard food at 18 °C. Adult female progeny containing Sspec®™?!, elav-

Gal4 and UAS- fspec-GFP transgenes were collected and stored at — 80 °C. To separate
fly heads from bodies, a microtube containing flies was frozen in liquid nitrogen and then
vigorously shaken. Heads were collected and homogenized using a G-tube with pestle
(Bio Plas, Inc) in RIPA buffer (0.05 M HEPES, 0.001 M EDTA, 0.5 M lithium chloride,
Complete protease inhibitor cocktail, no EDTA (Roche), 1% IGEPAL CA-630, and 0.7%
DOC) at a ratio of 2 puL buffer per head. The supernatants containing soluble proteins
were mixed with 4X Laemmli sample buffer (Bio-Rad) after centrifugation at 17,000
RCF and 4 °C for 15 min. The pellets (insoluble fraction) were resuspended in 1X sample
buffer. SDS-PAGE was performed on soluble and insoluble protein samples using 12%

SDS-acrylamide gels. Proteins were transferred from gels to Immobilon-FL membranes

61



(Millipore). Membranes were blocked with 1% casein (Hammersten; Alfa Aesar) in

1 x PBS-L (9 g NaCl, 2 g Na;HPO4, 0.83 g NaH2PO4-H0, dissolved in 1 L H20) for 1 h
at room temperature. Then the membranes were probed overnight at 4 °C with the
following primary antibodies diluted in 1 x PBS-L with 1% casein and 0.1% Tween 20:
1:2000 a-actin JLA20 (Developmental Studies Hybridoma Bank), 1:2000 a-GFP
(Millipore) or 1:1000 Drosophila -spectrin antibody. Primary antibody solution was
removed, and membranes washed with 1 x PBS plus 0.1% Tween 20. The membranes
were probed for 1 h with the following secondary antibodies: a-mouse IRDye 800CW
(LI-COR Biosciences), a-rabbit IRDye 680RD (LI-COR Biosciences), or a-guinea pig
IRDye 680RD (LI-COR Biosciences), diluted to 1:5000 in 1xPBS-L with 1% Casein,
0.1% Tween 20, and 0.01% SDS. Secondary antibodies were removed, and membrane
washed with 1 x PBS plus 0.1% Tween 20. Membranes were imaged on a Sapphire
scanner (Azure) using 680 nm and 800 nm channels. Protein band fluorescence
intensities were quantified in ImageStudio lite (LI-COR Biosciences) by drawing
rectangular boxes of uniform size around each protein band. Local fluorescence
background signal was subtracted using the median pixel intensity measured under the

upper and lower bounds of each measurement box.

2.4.6 Co-immunoprecipitation assay

Drosophila head extracts were prepared as described above. After
homogenization and clarification by centrifugation, a Bradford assay was performed to
determine lysate protein concentrations. A sample of each lysate (80—100 pug) was
collected and mixed with 2 x Laemmli sample buffer. Remaining lysate supernatants

were clarified by inversion with Protein A agarose resin for 1 h at 4 °C. Then ~ 500 pg
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total lysate protein was incubated with either 10 pg anti-Drosophila a-spectrin 3A9
(Developmental Studies Hybridoma Bank) or 10 pg normal mouse IgG (Millipore)
antibodies for 1 h at 4 °C, with inversion. Protein A agarose beads equilibrated with
RIPA buffer was then added to lysate/antibody mixtures and incubated with inversion
overnight at 4 °C. Then, Protein A agarose beads were pelleted at 760xg for 1 min and
washed 3 x with RIPA buffer. The protein samples were eluted by boiling the beads with

1X Laemmli sample buffer for 5 min at 85 °C.

2.4.7 Protein expression and purification

The coding sequences for L253P B-111-spectrin ABD with or without N-terminus
were PCR amplified from pET-30a-ABD L253P (17) using the following forward
primers for intact N-terminus
AAACACCTGCAAAAAGGTATGAGCAGCACGCTGTCACCC or truncated N-
terminus AAACACCTGCAAAAAGGTGCAGATGAACGAGAAGCTGTGC, and the
reverse primer AAATCTAGACTACTTCATCTTGGAGAAGTAATGGTAGTAAG.
PCR products were digested with Aarl and Xbal restriction enzymes and ligated into the
compatible ends in pE-SUMOpro (LifeSensors) generated by Bsal digestion. The final
constructs, pE-SUMO-ABD L253P and pE-SUMO-A52-ABD L253P, together with the
previously generated pE-SUMO-ABD WT and pE-SUMO-A52-ABD WT constructs
(23), were transformed into Rosetta 2 (DE3) E. coli (Novagen). Bacteria were gown in 1
L of LB broth with ampicillin (100 pg/mL) and chloramphenicol (34 pg/mL) and
SUMO-ABD protein expression induced with 0.5 mM IPTG, for 6 h, at 300 rpm and
room temperature. Bacteria were pelleted at 4000 rpm and 4 °C for 30 min, and pellets

stored at —20 °C until further use. Protein extraction and purification proceeded as

63



described previously (23), except that a final gel filtration chromatography step was not
performed due to high purity of ABD protein. Buffer exchange was performed by dialysis
in 10 mM Tris, pH 7.5, 150 mM NaCl, 2 mM, MgClz, and 1 mM DTT using Slide-A-

Lyzer, 10,000 MWCO cassettes (Thermo Scientific).

2.4.8 Circular dichroism spectroscopy

Purified ABD proteins were diluted to 200 ng/pL in buffer containing 10 mM
Tris, pH 7.5, 150 mM NaCl, 2 mM, MgCl,, and 1 mM DTT. Circular dichroism
absorption spectra and thermal denaturation data were collected in a Jasco J-810
spectropolarimeter with Peltier temperature controller, as described previously (23). Raw
absorption data was converted to mean residue ellipticity using an equation described
previously (23). For thermal denaturation absorption data measured at 222 nm, melting
temperatures were calculated in Prism 8 (GraphPad) using nonlinear regression to fit a

two-state transition equation previously described (23).

2.4.9 Actin co-sedimentation binding assays

Actin was purified from rabbit muscle acetone powder acquired from Pel-Freez
Biologicals. To extract actin, acetone powder was incubated in pre-chilled water (1 g/
20 mL) for 30 min followed by vacuum-filtration using Whatman #4 filter paper. One
Complete protease inhibitor cocktail, without EDTA, mini tablet (Roche) was added to
the filtrate. Actin was then polymerized to F-actin by addition of 30 mM KCI for 1 h at
room temperature. F-actin was pelleted by centrifugation at 80,000 RPM at 4 °C, for
30 min, in a TLA-100.3 rotor (Beckman). Supernatants were decanted and F-actin
depolymerized by resuspension and homogenization in G-buffer containing 5 mM Tris,

pH 7.5, 0.5 mM ATP, and 0.2 mM CaCl,. Homogenized actin was clarified by
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centrifugation at 70,000 RPM and 4 °C for 10 min in a TLA-100.3 rotor. Actin was
polymerized to F-actin by addition of 2 mM MgClI> for 30 min at room temperature. F-
actin was pelleted at 80,000 RPM for 30 min at 4 °C in a TLA-100.3 rotor. The F-actin
was resuspended and homogenized in F-buffer containing 10 mM Tris, pH 7.5, 150 mM
NaCl, 0.5 mM ATP, 2 mM MgClz, 1 mM DTT. Immediately before binding assays, ABD
proteins were clarified by centrifugation at 40,000 RPM for 30 min at 4 °C in a TLA-
100.3 rotor. ABD and F-actin concentrations were determined by Bradford assay.
Binding reactions were performed by combining 2 uM ABD with varying concentrations
for F-actin (3—160 uM), and incubating reactions for 30 min at room temperature. To
pellet F-actin and actin-bound ABD, binding reactions were centrifuged at 50,000 RPM,
for 30 min at 25 °C, in a TLA-100 rotor (Beckman). Supernatants containing unbound
ABD protein were sampled and mixed with 1X Laemmli sample buffer. In Figure 2.8,
pellet samples were also resuspended in 1X Laemmli sample buffer. Supernatant samples
were separated by SDS-PAGE and gels stained using Coomassie Brilliant Blue R-250
solution. Destained gels were imaged using the 680 nm channel of an Azure Sapphire
imager. ABD band intensities were quantified from fluorescent gel images using Image
Studio Lite version 5.2 software. Raw fluorescence intensity data were converted to ABD
protein concentration using a standard curve generated from a Coomassie stained gel
loaded with varying amounts of ABD protein. Dissociation constants (Kd) were
determined in Prism 8 (GraphPad) by nonlinear regression to fit a one site specific

binding equation with Bmax constrained to 1, as described previously (17).
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2.4.10 Native-PAGE

ABD and BSA proteins were clarified by centrifugation at 40,000 RPM for
30 minat 4 °C ina TLA-100.3 rotor. ABD and BSA concentrations were determined by
Bradford assay. Varying concentrations of ABD proteins (2-8 uM) were prepared in F-
buffer containing 10 mM Tris, pH 7.5, 150 mM NacCl, 0.5 mM ATP, 2 mM MgClz, 1 mM
DTT. BSA protein was prepared at concentration of 2 uM, also in F-buffer. Samples
were mixed with 2X Native Sample Buffer (Bio-Rad). Native-PAGE was performed
using a 12% acrylamide gel and ice-cold Tris—glycine buffer (Bio-Rad). Gels were
stained using Coomassie Brilliant Blue R-250 solution. The destained gel was imaged

using the 785 nm channel of an Azure 600 imager.

2.4.11 Live cell FRET binding assays

Mammalian cell DNA constructs were generated to express ABD proteins fused
at the C-terminus to mEGFP, to be used as FRET donors. For these constructs, the
MEGFP coding sequence was PCR amplified using the forward primer
CTTGGTACCACCATGGTGAGC, containing a Kpnl site, and the reverse primer
AAATCTAGACTACTTGTACAGCTCGTCCATGCC, containing a Xbal site, followed
by digestion and ligation into pcDNAZ3.1, resulting in the intermediate construct
pcDNA3.1-mEGFP. For PCR amplification of the ABD coding sequence, the forward
primer AAAAAGCTTACCACCATGAGCAGCACGCTGTCACCC, or
AAAAAGCTTACCACCATGGCAGATGAACGAGAAGCTGTGC, for full-length or
N-terminally truncated ABD, respectively, was used with the reverse primer
AAAGGTACCCTTCATCTTGGAGAAGTAATGG. The amplified ABD sequences

were digested with HindIII and Kpnl, and ligated 5’ of mEGFP in pcDNA3.1-mEGFP.
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The final FRET donor constructs pcDNA3.1-B-111-spectrin ABD-mEGFP with or without
the N-terminal truncation were sequence verified. The pcDNA3.1-Lifeact-mCherry
FRET acceptor construct was previously described (32). HEK293T cells were acquired
from the American Tissue Culture Collection (ATTC) and were transiently transfected
using Lipofectamine 3000 (ThermoFisher Scientific) with either pcDNA3.1-B-111-spectrin
ABD-mEGFP donor construct (D), or co-transfected with pcDNA3.1-B-111-spectrin
ABD-mEGFP and pcDNA3.1-Lifeact-mCherry donor and acceptor constructs (DA), in 6-
well microplates. Cells were harvested 24 h after transfection by dissociation with
TrypLE (Gibco), followed by TrypLE inactivation in 1 x DMEM (4.5 g/L D-glucose and
110 mg/L sodium pyruvate) supplemented with 10% FBS (Gibco) and 1%
penicillin/streptomycin (Gibco), and then washing in 1 x DPBS (Gibco). Fluorescence
lifetime measurements were performed using time-correlated single photon counting
method in a FS5 spectrofluorometer equipped with an EPL-472 pulse laser with 5 MHz
frequency (Edinburgh Instruments). mEGFP emission signals were detected at 510 nm
until the fluorescence decay reached 1000 photon counts within a 50 ns time window.
The lifetime (1) of mMEGFP in D and DA samples was obtained by fitting the fluorescence
decay data using Fluoracle software (Edinburgh Instruments) reconvolution analysis with
instrument response function correction. The FRET efficiency was calculated using the

equation:

E=1-22 1)

2.4.12 Sequence alignments

For Figure 2.1, amino acid sequences of -spectrin and related proteins were

aligned using Clustal Omega 1.2.4 algorithm in SnapGene 5.1.7.
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CHAPTER THREE

MOLECULAR CONSEQUENCES OF SCA5 MUTATIONS IN THE SPECTRIN-
REPEAT DOMAINS OF B-11I-SPECTRIN

3.0 Summary

Spinocerebellar ataxia type 5 (SCAS) mutations in the protein B-I11-spectrin
cluster to the N-terminal actin-binding domain (ABD) and the central spectrin-repeat
domains (SRDs). We previously reported that a common molecular consequence of
ABD-localized SCA5 mutations is increased actin binding. However, little is known
about the molecular consequences of the SRD-localized mutations. It is known that the
SRDs of B-spectrin proteins interact with a-spectrin to form an o/f-spectrin dimer. In
addition, it is known that SRDs neighbouring the 3-spectrin ABD enhance actin binding.
Here, we tested the impact of the SRD-localized R480W and the E532_M544del
mutations on the binding of B-I1l-spectrin to a-11-spectrin and actin. Using multiple
experimental approaches, we show that both the R480W and E532_M544del mutants can
bind a-11-spectrin. However, E532_M>544del causes partial uncoupling of
complementary SRDs in the o/f-spectrin dimer. Further, the R480W mutant forms large
intracellular inclusions when co-expressed with a-11-spectrin in cells, supporting that
R480W mutation grossly disrupts the a-1I/B-111-spectrin physical complex. Moreover,
actin-binding assays show that E532 M544del, but not R480W, increases B-I11-spectrin
actin binding. Altogether, these data support that SRD-localized mutations alter key

interactions of B-111-spectrin with a-I1-spectrin and actin.
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3.1 Introduction

Mutations in the SPTBN2 gene encoding the protein B-I11-spectrin are associated
with multiple neurological disorders including spinocerebellar ataxia type 5 (SCA5) and
spinocerebellar ataxia autosomal recessive type 14 (SCAR14) (also known as spectrin-
associated autosomal recessive cerebellar ataxia type 1 (SPARCAL)). SCAS5 is caused by
autosomal dominant missense or in-frame deletion mutations (1-6). Three SCA5
mutations were initially described in large kindreds of different nationalities (American,
French and German) (1). Within these families, ataxic symptoms began in the third or
fourth decade of life, on average, and were associated with cerebellar degeneration (7-9).
In contrast, SCAR14/SPARCAL is a recessive disorder, typically caused by mutations
that truncate the B-111-spectrin protein (10-12). SCAR14/SPARCAL causes cerebellar
atrophy, severe infantile onset of ataxia and global motor and cognitive impairments.
Recent clinical studies have also reported infants or adolescents, carrying de novo
heterozygous dominant SPTBN2 missense mutations, presenting with severe symptoms
that mimic SCAR14 (13-23). These cases have been referred to as infantile SCAS or
SPTBN2-associated nonprogressive cerebellar ataxia (NPCA) (21). The association of
these mutations with severe, early onset symptoms suggests a strong disruption to
spectrin function. However, our current understanding of the molecular mechanisms of
SCAGS pathogenesis is limited.

B-111-spectrin is a cytoskeletal protein with prominent expression in the soma and
dendrites of cerebellar Purkinje neurons (24). B-I11-spectrin is comprised of an N-terminal
actin-binding domain (ABD), a central region containing 17 spectrin-repeat domains
(SRDs), and a C-terminal pleckstrin homology domain (PH). B-spectrin proteins are
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known to form an antiparallel dimer with a-spectrin (25). Two heterodimers then
associate to form a heterotetramer, which can cross-link actin filaments through the
terminal B-spectrin ABDs (26-28). In cultured neurons, B-111-spectrin, like other neuronal
B-spectrin proteins, was shown to form a sub-plasma membrane cytoskeleton composed
of spectrin tetramers and actin filaments (29). Prior studies on erythrocyte B-1-spectrin
and the broadly expressed B-11-spectrin indicate that dimerization critically depends on a
high affinity, electrostatic interaction between N-terminal SRDs 1-2 of B-spectrin and the
C-terminal SRDs 20-21 of a-spectrin (30-33). Following this nucleating interaction, the
dimer is further stabilized by weak interactions between complementary SRDs that
laterally associate along the two spectrin molecules (25, 30, 32, 33). It is also known that
SRDs proximal to the ABD can enhance B-spectrin actin binding. Specifically, it was
shown that a B-11-spectrin protein fragment containing the ABD and SRD1 has increased
actin-binding affinity compared to the ABD by itself (34).

SCAS5 mutations cluster within the N-terminal ABD and neighboring SRDs. We
previously showed that many ABD-localized mutations, including L253P (German
family), cause increased actin binding (35, 36). The magnitude of the increase in binding
varies among the mutations, and we suggested a correlation between magnitude of actin-
binding affinity and age of onset/severity of symptoms. In contrast to the ABD-localized
mutations, very little is known about the molecular consequences of the SRD-localized
mutations. However, the position of the SCA5 mutations within the N-terminal SRDs
suggests that they interfere with heterodimerization or actin binding.

Here, we explored the molecular consequences of two SRD-localized SCA5
mutations: R480W, located in SRD2, and E532_Mb544del, located in SRD3. The
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R480W missense mutation is a de novo mutation reported in four unrelated patients with
infantile onset of symptoms including global developmental delay that leads to ataxia and
intellectual disability (13-15, 20). E532_M>544del was clinically characterized in the
American SCAS5 family that descends from the paternal grandparents of the United States
President Abrahem Lincoln (7). E532_Mb544del causes an in-frame deletion of 13 amino
acids in SRD3 and is associated with late onset SCA5. We performed biochemical and
cell-based experiments to assess the impact of the mutations on B-111-spectrin folded
state, dimerization with a-11-spectrin, and actin binding. Our findings support that both
mutations alter how B-I11-spectrin physically associates with a-I1-spectrin, and that the

E532_Mb544del mutation additionally impacts actin binding.
3.2 Results

3.2.1 Impact of R480W and E532 M544del on B-111-spectrin folded state and

conformation

Numerous SCA5-associated missense and in-frame deletion mutations localize to
SRDs 2-6 of B-111-spectrin, Figure 3.1A. However, little is known about the molecular
consequences of these mutations. Here we investigated the molecular consequences of
the SRD2-localized R480W and SRD3-localized E532_M544del mutations. To study the
impact of these mutations in vitro, we purified B-111-spectrin proteins containing the N-
terminal ABD and first seven SRDs (amino acids 1-1066), Figure 3.1B. For tandem
affinity purification, the B-111-spectrin proteins were fused to an N-terminal His-SUMO
tag and a C-terminal FLAG tag. The N-terminal His-SUMO tag was removed using Ulpl
protease, and the resulting purified B-111-spectrin proteins run at the expected molecular

weight (~122 kDa) following SDS-PAGE, Figure 3.1B. Both the N-terminal ABD and
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SRDs are known to adopt highly a-helical folds (37-39). X-ray crystallography and cryo-
EM structural data for spectrin proteins showed that the SRD consists of three a-helices
(termed A, B, and C), bundled into an anti-parallel coiled-coil structure. This coiled-coil
structure confers an overall rod-like shape to the SRD (40-44). Consecutive SRDs are
linked to each other by a continuous helix formed by helix C of the first SRD and helix A
of the second. To experimentally assess the folded state of the purified B-111-spectrin
proteins, circular dichroism (CD) spectroscopy was performed. The wild-type protein
shows a pronounced a-helical absorption profile characterized by two negative peaks
near 208 and 222 nm, Figure 3.1C. This absorption profile is thus consistent with the
known a-helical fold of both the ABD and SRDs. Both R480W and E532_M544del
mutant B-111-spectrin proteins also exhibit a-helical absorption profiles, indicating that the
mutant proteins are also rich in a-helical content.

To assess how the mutations impact the stability of the B-I11-spectrin proteins,
thermal denaturation studies were performed while monitoring the CD peak absorption at
222 nm. Wild-type B-111-spectrin unfolded in a single sharp transition between two states,
with a Tm of 44.0 £0.2 °C, Figure 3.1D. This melt curve is indicative of highly
cooperative unfolding. Similarly, the melt curves for R480W and E532_M544del mutants
show single step transitions with similar Tm values (44.9 £0.3 °C for R480W and 44.2
+0.7 °C for E532_M544del). The E532_M544del melt profiles repeatedly showed a less
sharp/more gradual transition to the unfolded state, compared to wild-type and R480W
mutant. This slight flattening of the melt curve suggests a modest reduction in

cooperative unfolding (45) for the E532_M544del protein.
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Complementing our CD structural studies, AlphaFold structure prediction
software (46) was used to assess the impact of the R480W or E532_M544del mutation on
the local SRD structure and overall protein conformation. In the wild-type protein, R480
localizes to helix B of SRD2. In contrast, the 13 amino acids deleted by E532_M544del
mutation localize to the N-terminus of SRD3 helix A, Figure 3.1E. The R480W mutant
structure shows no loss in secondary structure relative to wild-type. Further, the predicted
wild-type and R480W structures adopt similar overall conformations. In contrast, the
E532 M544del mutation is predicted to replace the a-helical structure at the N-terminus
of SRD3 helix A with an unstructured loop. The E532_M544del mutation thus eliminates
the helical linker connecting SRD2 and SRD3. As a result, the unstructured loop
introduces a hinge point, increasing conformational flexibility, such that the C-terminus
of the protein can fold back towards the N-terminus. This loss of structured linker
between SRD2 and SRD3 may account for partial reduction in cooperative unfolding of

the E532_M544del mutant in our CD denaturation studies.
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proteins. (A) Domain diagram showing the N-terminal ABD, central 17 SRDs and C-
terminal PH domain of B-111-spectrin. Many SCA5 mutations cluster in the ABD and the
proximal SRDs (SRDs 2-6). Mutations in red are associated with early onset SCA5 and
in black are associated with late onset SCA5. Y272H and W2065* were found together in
a patient with early onset SCA5, as compound heterozygous variants Y272H/W2065*
(18). SRD2-localized R480W and SRD3-localized E532_M>544del mutations, which we
characterized in this study, are marked with yellow stars. Domain diagrams were
generated using BioRender.com (B) Top, domain diagram of the N-terminal fragment
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(amino acids 1-1066) of B-111-spectrin used in this study for in vitro biophysical and
binding studies. The B-111-spectrin fragment is fused at the C-terminus to a FLAG epitope
tag for purification purposes. Bottom, SDS-PAGE gel showing the purified B-I11-spectrin
proteins. The wild-type, R480W and E532_M544del mutant proteins run at the expected
molecular weight (120.6-122.3 kDa). (C) Representative CD a-helical absorption profiles
measured over the range of 200-260 nm. (D) CD melting curves measured at 222 nm.
Each curve is the average of three independent denaturation curves and error bars are
equal to standard deviation. Tm values equal the average of three Tm values fitted in the
three replicate denaturation curves, with error given as standard deviation. Statistical
significance was determined by Ordinary one-way ANOVA tests followed by Dunnett's
multiple comparisons test, n = 3. (E) AlphaFold structural predictions of wild-type and
mutant B-111-spectrin proteins (1-1066 amino acids). R480 is located to helix B of SRD2
while E532-M544 residues are located at the start of SRD3 helix A. E532_M544del
mutation is predicted to induce a disorder region to the continuous a-helix formed by
SRD2 helix C and SRD3 helix A.

3.2.2 R480 and E532-M544 residues are predicted to localize to the o/f dimer interface

Prior biochemical studies using N-terminal (3-11-spectrin fragments and C-terminal
a-1l-spectrin fragments showed that B-11-spectrin SRDs 1-2 and a-11-spectrin SRDs 20-21
are necessary and sufficient for heterodimerization (33). A similar conclusion was drawn
using N-terminal and C-terminal fragments of B-1-spectrin and a-I-spectrin, respectively
(30,33). The high-affinity binding of B-spectrin SRDs 1-2 to a-spectrin SRDs 20-21 is
thought to nucleate the pairing of additional B-spectrin and a-spectrin SRDs,
strengthening the dimer. To explore whether the SRD-localized SCA5 mutations impact
dimerization, we used AlphaFold to predict the structure of an a-II/p-111-spectrin dimer
consisting of B-I11-spectrin SRDs 1-4 and a-l1-spectrin SRDs 18-21, Figure 3.2A. In this
structure, B-I11-spectrin SRD2-localized R480 is closely positioned to a-ll-spectrin
SRD20 residues, Figure 3.2B. A closer inspection shows that the R480 sidechain
guanidinium group is predicted to form a charge-polar contact with the sidechain of a-11-

spectrin residue N2109, and a salt bridge with a-11-spectrin E2108 sidechain, Figure
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3.2B. In addition, R480 is predicted to interact with both R437 and Y477 within B-I11-
spectrin SRD2. These contacts are supported by a recent cryo-EM structure of the blood
a-1/B-1-spectrin dimer (44). In the a-1/B-1-spectrin dimer, the B-111-spectrin R480
equivalent, R477, interacts with a-I-spectrin N2059, equivalent of a-Il-spectrin N2109,
Figure 3.2C. The equivalent residue to E2108 in a-I-spectrin (E2058) was not shown to
interact with B-1-spectrin R477. However, the structure resolved similar interactions
within B-I-spectrin, as R477 contacted R434 and Y474 (equivalent to B-111-spectrin R437
and Y477). Altogether, these analyses support that B-111-spectrin R480 participates in
direct interactions with a-11-spectrin. This suggests that the R480W mutation is in
position to alter binding of B-111-spectrin to a-11-spectrin.

We similarly assessed the position of SRD3 amino acids E532-M544. In the
AlphaFold structure, these 13 amino acids are positioned near the interface with a-I1-
spectrin SRD19, Figure 3.2D. However, no direct interaction of these residues with a-11-
spectrin is predicted. Moreover, the resolution of the equivalent region in a-1/B-I-spectrin
dimer is poor, precluding a direct comparison in the experimentally derived structure.

In sum, while E532-M544 residues are not predicted to directly contact a-I1-
spectrin, the position of the residues at the dimer interface supports that their deletion

could disrupt dimer assembly.
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Figure 3.2. a/B-spectrin dimer structure. (A) Top, domain diagram of a-II/p-I11-
spectrin dimer. By analogy to other spectrin proteins, high affinity binding of N-terminal
B-111-spectrin SRDs 1-2 to C-terminal a-11-spectrin SRDs 20-21, nucleate formation of an
anti-parallel dimer in which complementary a-1I/ B-111-spectrin SRDs laterally associate.
Domain diagram generated using BioRender.com. Bottom, AlphaFold predicted structure
showing the lateral association of SRDs 1-4 of B-111-spectrin with SRDs 18-21 of a-11-
spectrin. Each SRD consists of a 3-helix bundle (helices A, B, and C). Consecutive
SRDs are linked by a continuous helix formed by helix C of the first SRD and helix A of
the next SRD. (B) Close-up view showing the location of R480 residue in SRD2 helix B
and its predicted contacts in a-l1-spectrin. R480 is predicted to interact with N2109 and
E2108 residues on SRD20 of a-ll-spectrin. Within B-111-spectrin, R480 is closely
positioned to R437 and Y477. (C) Cryo-EM structure (PDB: 81AH) of the erythrocyte a-
I/B-I-spectrin dimer. The B-I1l-spectrin R480 equivalent in B-1-spectrin is R477. B-I-
spectrin R477 is closely positioned to similar residues in -I-spectrin and a-I-spectrin,
supporting the accuracy of the AlphaFold model in panel B. (D) Close-up view showing
the predicted location of E532-M544 residues at the N-terminus of SRD3 helix A of -
I11-spectrin. E532-M544 residues are positioned at the interface with a-I1-spectrin,
although direct binding (< 4 A) of these amino acids to o-I1-spectrin is not predicted.
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3.2.3 E532 M544del partially opens o/ dimer interface

Several experimental approaches were taken to assess the impact of the R480W
and E532_Mb544del mutations on binding of B-111-spectrin to a-l1-spectrin. In one
approach, we performed a cell-based FRET assay that provides a readout of dimerization.
In this assay, HEK293T cells are transfected with a B-111-spectrin fragment (amino acids
1-1066), fused at the C-terminus to GFP (B-111-spectrin-GFP), together with the
complementary fragment of a-11-spectrin (amino acids 1545-2473), fused at the N-
terminus to mCherry (mCh-a-11-spectrin), Figure 3.3A. Binding of these fragments is
predicted to bring the C-terminal GFP of B-111-spectrin in close apposition to the N-
terminal mCherry attached to a-l1-spectrin. Indeed, cells co-expressing wild-type B-111-
spectrin with a-11-spectrin generate an ~8% FRET efficiency, Figure 3.3A. In contrast,
control cells expressing GFP (no B-I11-spectrin fusion) together with mCherry-a-11-
spectrin produced only a ~2% FRET efficiency. Similar to wild-type, the R480W mutant
produced an ~8% FRET efficiency, suggesting that R480W does not impact formation of
the dimer. In contrast, E532_M>544del decreased FRET efficiency to a similar level as the
GFP control, suggesting a strong decrease in dimerization.

To confirm the decrease in dimer formation caused by E532_M544del, the co-
association of the B-Il1-spectrin and a-11-spectrin proteins was assessed by co-
immunoprecipitation (co-IP) binding assays. In the co-IP assays, the -111-spectrin-GFP
and mCh-a-11-spectrin proteins (same fragments used for FRET assays described above)
were expressed in HEK293T cells. Wild-type and mutant -111-spectrin proteins were
immunoprecipitated using GFP antibody, and the co-associated a-11-spectrin protein
levels were quantified on western blots, Figure 3.3B. Surprisingly, a similar amount of
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mCh-a-I1-spectrin is present across the wild-type, R480W and E532_M>544del mutant IP
samples. This suggests that neither mutation causes a strong reduction in binding affinity
of B-I1l-spectrin to a-1l-spectrin.

We further tested binding of B-11l-spectrin to a-I1-spectrin using a biochemical,
native PAGE mobility shift assay. Purified B-111-spectrin fragments (amino acids 1-
1066), Figure 3.1B, were incubated with the complementary a-11-spectrin fragment
(amino acids 1545-2473). In native PAGE, control samples containing 0.5 uM a-I1-
spectrin or B-I11-spectrin show that the a-I1-spectrin protein migrates faster and in a more
well-defined band compared to the B-111-spectrin proteins, Figure 3.3C. Of the B-111-
spectrin proteins, the E532_M544del mutant is most poorly resolved, supporting that the
mutant adopts an altered conformation(s) compared to wild-type or R480W, in agreement
with our AlphaFold prediction. In samples containing -I11-spectrin combined with a-I1-
spectrin, the a-1l-spectrin and B-I11-spectrin proteins shift up (migrate more slowly) to
form a new single intense band, representing a physical complex between B-111-spectrin
and a-11-spectrin. For wild-type and R480W, the a-1I/B-111-spectrin complex bands
migrate at a similar position, located just above the B-111-spectrin band observed in the
wild-type or R480W B-111-spectrin only control. In contrast, for E5S32 M544del, the a-
11/B-111-spectrin band migrates more slowly (at a higher position in the gel), suggesting a
distinct conformation for the E532 M544del a-11/B-111-spectrin complex. Because the a-
I1-spectrin band was well-defined and well-separated, the extent of B-111-spectrin binding
to a-1l-spectrin was determined by quantifying depletion of the a-1l-spectrin band upon
addition of B-111-spectrin. Notably, as a further loading control, the spectrin proteins were
analysed by denaturing SDS-PAGE, Figure 3.3C, bottom left. Quantitation of a-11-
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spectrin band depletion, relative to the amount of B-111-spectrin loaded, shows that the
wild-type and mutant B-111-spectrin proteins bind a similar amount of a-11-spectrin. This
in vitro assay is thus consistent with the similar binding of wild-type and mutant p-I11-
spectrin proteins to a-1l-spectrin measured by our cell-based co-IP assays.

We further explored the interaction of the wild-type and E532 M544del B-111-
spectrin (SRDs 1-4) with the a-11-spectrin (SRDs 18-21) using AlphaFold-Multimer (47).
For wild-type, B-111-spectrin SRDs 1-4 lay alongside and antiparallel to a-11-spectrin
SRDs 18-21, Figure 3.3D. In contrast, for E532 _MS544del, only B-Il11-spectrin SRDs 1-2
are in contact with a-I1-spectrin. Following the E532_M544del mutation, SRDs 3-4 are
positioned away from a-11-spectrin. This suggests that the E532_M544del mutation does
not disrupt nucleation mediated by binding of B-I11-spectrin SRDs 1-2 to a-1I-spectrin
SRDs 20-21. However, the E532 M544del disrupts the coupling of B-111-spectrin SRDs
to a-11-spectrin SRDs outside of the high affinity nucleation site. This structure prediction
explains why E532_Mb544del mutation abolishes binding in our FRET assay that requires
association of the B-111-spectrin C-terminal SRDs with a-I1-spectrin, but does not impact
overall binding in the co-IP and native PAGE assays. Further the predicted open
confirmation of the E532 MS544del o-11/B-I11-spectrin dimer explains the slower

migration of complex, relative to wild-type or R480W, in native PAGE.
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Figure 3.3. Cell-based, biochemical and in silico analyses of the impact of R480W
and E532_M544del mutations on a-11-spectrin binding. (A) Live-cell FRET binding
assays. Left, the FRET donor consists of B-111-spectrin fragment (amino acids 1-1066)
fused at the C-terminus to GFP. The FRET acceptor contains a-l1-spectrin fragment
(amino acids 1545-2473) fused at the N-terminus to mCherry. Right, FRET binding data.
(B) HEK293T cell co-immunoprecipitation (co-IP) assay using the B-111-spectrin and a-
I1-spectrin FRET assay protein fragments. Top, representative western blot of co-1P and
lysate samples. Bottom, quantitation of a-1I-spectrin protein in co-1P samples. (C) In
vitro native PAGE mobility shift assay using purified, recombinant -I11-spectrin (amino
acids 1-1066) and o-11-spectrin (amino acids 1545-2473) proteins. Top, representative
native gel (Coomassie blue stained) showing the migration patterns of the a-I1-spectrin
C-terminal fragment in the absence of B-111-spectrin, B-I11-spectrin N-terminal fragments
in the absence of a-ll-spectrin, and a-1I/B-111-spectrin complexes. Protein concentration
for B-111-spectrin or a-11-spectrin equaled 0.5 uM. Bottom left, SDS-PAGE denaturing
gel loaded with the individual B-I11-spectrin proteins used in the native-PAGE binding
assay. Bottom right, quantitation of depletion of the fast-running a-I1-spectrin band in
native PAGE binding assays, showing that both mutants bind a similar amount of a-I1-
spectrin compared to wild-type. (D) AlphaFold-Multimer predicted structures of the N-
terminal SRDs 1-4 of B-111-spectrin bound to the complementary C-terminal SRDs 18-21
of a-ll-spectrin for B-111-spectrin wild-type (left) versus the E532_M544del mutant
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(right). E532 M544del is predicted to open the interface between B-111-spectrin and a-11-
spectrin beginning at the site of the mutation in SRD3. Statistical significance was
determined using the Ordinary one-way ANOVA test followed by Tukey’s multiple
comparisons test for FRET and co-IP assays and Dunnett’s multiple comparisons test for
native PAGE assay, n = 3 independent experiments.

3.2.4 R480W and E532 M544del B-111-spectrin proteins co-localize with a-11-spectrin at

the plasma membrane and cytoplasmic inclusions

Previously we showed in transfected HEK293T cells that full-length wild-type B-
I11-spectrin is predominantly localized to the plasma membrane (48). To determine
whether the R480W or E532_M>544del mutation impacts the subcellular localization of B-
I11-spectrin or a-l1-spectrin, HEK293T cells were co-transfected with full-length, GFP-
tagged PB-111-spectrin proteins (GFP-B-111-spectrin) and full-length, mCherry-tagged a-11-
spectrin (a-11-spectrin-mCherry). In agreement with our prior observation, wild-type f-
I11-spectrin shows prominent localization to the plasma membrane. Further, a-11-spectrin
co-localizes with wild-type B-111-spectrin at the plasma membrane (Pearson correlation
coefficient ~0.7), Figure 3.4. In contrast, in control cells expressing a-11-spectrin with a
plasma membrane GFP tagged marker (PM-GFP), a-I1-spectrin localization appears
diffuse in the cytoplasm and less cortically localized (Pearson correlation coefficient
~0.5). This suggests that B-11l-spectrin recruits a-1l-spectrin to the plasma membrane.
The R480W and E532_Mb544del mutants also show pronounced co-localization with a-
I1-spectrin at the cell cortex (with Pearson correlation coefficients of ~0.9), supporting
that both mutants interact with a-I1-spectrin for recruitment to the plasma membrane.
Notably, for the R480W mutant, in addition to co-localizing with a-l1-spectrin at the

plasma membrane, large, spherical cytoplasmic inclusions are present that contain both
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the B-111-spectrin mutant and a-I1-spectrin, Figure 3.4A. Altogether, these data support

that both full-length mutant proteins bind a-11-spectrin in cells.
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Figure 3.4. Wild-type and mutant -111-spectrin proteins recruit a-11-spectrin to the
plasma membrane. (A) Representative images of HEK293T cells co-expressing full-
length GFP-tagged B-111-spectrin and mCherry-tagged a-11-spectrin. Each image is the
average intensity of three z-stack planes in the middle of the cell. Wild-type B-111-
spectrin localizes primarily to plasma membrane. o-lI-spectrin shows pronounced co-
localization with wild-type B-I11-spectrin at the plasma membrane. In contrast, in cells
expressing the plasma membrane-targeted GFP (PM-GFP), a-11-spectrin shows little
plasma membrane localization and is instead diffusely localized in the cytoplasm. This
suggests that wild-type B-11l-spectrin recruits a-11-spectrin to the plasma membrane. Like
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wild-type, R480W and E532_M>544del mutants also localize to plasma membrane and
recruit a-l1-spectrin to the plasma membrane. In addition to plasma membrane
localization, R480W is also present in large cytoplasmic inclusions that contain a-11-
spectrin. (B) Representative line scans of GFP and mCherry fluorescence intensities
measured along the pink dash lines crossing the plasma membrane of the cells shown in
A. Wild-type and mutant B-111-spectrin show peak intensities at the cell membrane which
overlap with the a-l1-spectrin peak intensities. In contrast, in PM-GFP control cells, a-11-
spectrin intensities appear flatter along the measured distance. (C) Co-localization
quantitation using Pearson correlation coefficient. GFP and mCherry fluorescence
intensities were measured along lines crossing the plasma membrane, as shown in panel
A. R480W and E532_Mb544del show similar or slightly higher Pearson correlation
coefficients compared to wild-type. Statistical significance is determined using Brown-
Forsythe and Welch ANOVA tests followed by Dunnett’s T3 multiple comparisons test,
n=11-25.

To determine if the R480W inclusions form in the absence of a-11-spectrin co-
expression, the R480W mutant was expressed with and without a-11-spectrin in
HEK293T cells. Interestingly, in cells not expressing a-I1-spectrin, the R480W mutant
shows little localization to inclusions, Figure 3.5A, B. The few R480W inclusions
present appear small and irregularly shaped, similar to the occasional inclusions observed
in cells expressing wild-type or the ES32 M544del mutant (in the absence of a-11-
spectrin). Indeed, in the absence of a-1l-spectrin co-expression, the percentage of cells
showing B-111-spectrin inclusions was similar among wild-type, R480W and the
E532_M544del mutant (~50%), Figure 3.5B. This supports that neither mutation causes
internal accumulation of B-I11-spectrin, which may result from possible protein
destabilization/unfolding. This is consistent with our CD data showing that the mutations
do not cause protein destabilization. In contrast, when a-1l-spectrin is co-expressed,
~100% of cells expressing the R480W mutant show inclusions. These inclusions appear
larger and more spherical compared to the inclusions observed for R480W in the absence

of a-l1-spectrin, Figure 3.5A. Also, with a-ll-spectrin co-expression, for E532_M544del,
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the percentage of cells showing inclusions (~70%) was higher than for wild-type (~40%),
Figure 3.5B. Like R480W, the E532 M544del inclusions contained a-11-spectrin.
However, unlike R480W inclusions, the E532_M544del inclusions appeared small and

less regularly shaped (not round).
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Figure 3.5. R480W and E532_M544del mutants form inclusions when co-expressed
with a-11-spectrin. (A) Representative z-stack max projection images of HEK293T cells
showing inclusions containing full-length GFP-B-111-spectrin protein, in the absence (left)
or presence (right) of a-1l-spectrin-mCherry. In the absence of a-I1-spectrin co-
expression, wild-type and mutant B-111-spectrin inclusions (white arrows) appear
similarly small and irregularly shaped. Co-expression of a-11-spectrin does not change
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the appearance of wild-type B-111-spectrin inclusions. In contrast, co-expression of a-I1-
spectrin causes the R480W mutant to localize to large, spherical inclusions that contain
a-11-spectrin. (B) Quantitation of cells containing spectrin inclusions. In the absence of
a-11-spectrin expression, approximately 40-50% of cells show inclusions for wild-type or
mutant B-111-spectrin (left). In contrast, with a-11-spectrin co-expression (right), ~30% of
wild-type B-111-spectrin cells show inclusions. The number of cells showing inclusions
increases to ~95% when R480W mutant is co-expressed with a-11-spectrin and to ~70%
when o-11-spectrin is co-expressed with E532_M>544del mutant. Statistical significance
was determined using Ordinary one-way ANOVA followed by Dunnett’s multiple
comparisons test, data represent three independent experiments, with 77-180 cells scored
per wild-type or mutant sample, in each replicate.

Altogether, these data support that both R480W and E532_M544del proteins
physically associate with a-11-spectrin in cells. However, the incorporation of both
mutants into inclusions, by a mechanism dependent on a-ll-spectrin co-expression,
supports that both mutations disrupt the o-II/B-111-spectrin complex. In particular, the
striking large and spherical inclusions observed for R480W suggest that the mutation

grossly alters the a-I1/B-111-spectrin complex in a way that is not captured by our FRET,

co-1P nor native PAGE binding assays.

3.2.5 E532 M544del increases B-111-spectrin actin binding

A shared molecular consequence for many ABD-localized SCAS5 mutations is
increased actin-binding affinity (35,36). Previously, it was shown for B-11-spectrin that
attachment of the proximal SRDs to the N-terminal ABD enhances actin binding (34).
This indicates that the SRDs might contribute to actin binding by a direct or indirect
mechanism. Due to proximity of R480W and E532_M544del to the N-terminal ABD, we
tested the impact of the R480W and E532_M>544del mutations on actin binding. Co-
sedimentation assays were performed using a fixed concentration (0.5 uM) of purified B-

I11-spectrin proteins (amino acids 1-1066) and increasing concentrations of F-actin (0-120
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UM). Wild-type B-I11-spectrin binds actin with Kd = 24.6 £ 12.0 uM, Figure 3.6A. This
affinity is higher than the ABD by itself (Kd ~75 uM) (35,49), supporting a role for the
B-111-spectrin SRDs to enhance actin binding. The R480W mutant binds actin with a Kd
of 34.9 + 14.4 uM, indicating that the mutation has no significant impact on B-1l1-spectrin
actin binding. In contrast, over the same actin concentrations, E532_M>544del is
completely bound to actin. This supports that E532_M544del causes a large increase in
actin binding, likely with a sub-micromolar Kd.

Previously, we showed that the L253P mutation, which causes high-affinity actin
binding (Kd ~75 nM), causes the full-length B-111-spectrin protein to be absent from
lamellipodia and filopodium-like protrusions in HEK293T cells (48). We suggested that
increased actin binding limits the pool of free B-I11-spectrin available to enter dynamic
membrane extensions. To test whether the E532_M>544del mutant shows a similar
mislocalization to the cellular protrusions, the full-length E532 _M544del B-111-spectrin
mutant was co-expressed with a mCherry-tagged membrane marker (mCherry-Mem) in
HEK293T cells. As reported previously (48), the wild-type B-111-spectrin is detected in
filopodium-like and lamellipodia plasma membrane extensions, Figure 3.6B. The
presence of wild-type B-111-spectrin in these membrane extensions causes cells stained for
B-111-spectrin to have a highly textured or “rough” surface. Similar to wild-type, the
R480W mutant is present in membrane extensions. In contrast, the E532_M544del
mutant is absent from filopodium-like and lamellipodia extensions counter-labelled with
mCherry-Mem. The lack of the E532_M544del mutant in cell surface extensions causes
cells stained for B-11l-spectrin to have a cell surface that appears untextured or “smooth”.
Indeed, ~85% of cells expressing the E532_M544del mutant show a smooth cell surface,
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compared to ~10% of cells for wild-type or R480W. These data support that the
E532_Mb544del mutant binds actin with increased affinity in cells, consistent with our in

vitro actin co-sedimentation assays.
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Figure 3.6. E532_M544del mutation increases f-111-spectrin binding to actin. (A) In
vitro actin co-sedimentation binding data. Statistical analysis of Kd was performed by
unpaired t test. For Bmax, Ordinary one-way ANOVA followed by Dunnett’s multiple
comparisons test was used for statistical analysis, n = 4-9 (B) Left, representative z-stack
max projection images of HEK293T co-expressing GFP tagged full-length B-111-spectrin
proteins and plasma membrane targeted mCherry (mCherry-Mem). Both wild-type and
R480W p-I11-spectrin proteins localize to filopodia and lamellipodia-like cellular
protrusions (white arrow). As a result, images of wild-type and R480W B-111-spectrin
proteins give cells a highly textured or “rough” cell surface, similar to images of the
mCherry-Mem. The E532_M544del mutant also localizes to the cell cortex. However, the
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E532_Mb544del mutant shows reduced localization to filopodia and lamellipodia-like
cellular protrusions (labeled with mCherry-Mem). Thus, images of the E532_M544del
mutant show a less textured, “smooth” cells surface. Right, quantitation of percentage of
cells showing “smooth” cell surface based on B-111-spectrin localization. Approximately
85% of cells expressing the E532_M544del mutant appear smooth compared to ~20% of
cells expressing R480W or wild-type. Statistical significance was determined using
Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test, data
represent three independent experiments, with 79-145 cells scored per wild-type or
mutant sample, in each replicate.

3.3 Discussion

Multiple SCA5 mutations localize to the B-111-spectrin SRDs. However, little is
known about the molecular consequences of these mutations. Here we assessed the
molecular impact of the SRD2-localized R480W mutation, which is associated with early
onset and severe symptoms. We also characterized the SRD3-localized E532_M544del
mutation that is associated with late onset and relatively mild symptoms. Based on the
position of these mutations in the N-terminal SRDs, we hypothesized that they would
impact actin binding and dimerization with a-I1-spectrin. Our results support that these
mutations differentially impact the association of B-111-spectrin with actin and a-I1-
spectrin. R480W has no impact on actin binding. However, R480W causes the formation
of large intracellular inclusions containing the mutant p-111-spectrin and a-11-spectrin.
The R480W mutant forms these inclusions only when it is co-expressed with a-11-
spectrin, suggesting that R480W grossly alters the a-1I/B-111-spectrin complex. In
contrast to R480W, the E532_M544del mutation causes B-111-spectrin to bind actin with
increased affinity. E532 M544del additionally alters the physical association of B-I11-

spectrin with a-1l-spectrin. Specifically, the E532_M>544del mutation causes a loss in
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coupling of B-I11-spectrin SRDs, beginning with SRD3, to the complementary SRDs of a-
I1-spectrin.

The R480W mutation is located in SRD2, a domain known to be required for
nucleating o/B-spectrin dimer through electrostatic interactions (31,32). Our AlphaFold
modelling of the a-1I/B-111-spectrin nucleation site and the recent cryo-EM analyses of the
erythrocyte a-1/B-I-spectrin dimer support that R480 directly contacts a-11-spectrin (44).
Thus, we expected that substitution of R480 with a hydrophobic tryptophan residue
would alter dimer formation. However, we did not detect a decrease or increase in
binding of R480W [-1l1-spectrin to a-1l-spectrin in FRET, co-IP nor native PAGE
mobility shift assays, using N-terminal and C-terminal fragments of B-111-spectrin and a-
I1-spectrin, respectively. Thus, any change in binding of the R480W mutant to a-11-
spectrin is below the sensitivity of these assays. Strikingly, co-expression of a-11-spectrin
with the R480W B-111-spectrin mutant induces the formation of large, spherical
cytoplasmic inclusions containing both the R480W mutant and a-11-spectrin. The
dependence of R480W inclusion formation on the co-expression of a-11-spectrin supports
that the a-11/B-111-spectrin complex is grossly altered by R480W, even though the
mutation did not otherwise cause a detectable change in binding of the two proteins in
our other experiments.

The spherical shape of the R480W inclusions is reminiscent of phase-separated
condensates. Interestingly, a-1I/p-11-spectrin phase-separated condensates were recently
suggested to be present in developing neurites (50). Spectrin condensate formation
appeared to be mediated by the spectrin-repeat domains (50). Thus, it is possible that the
R480W mutation traps the a-1I/B-111-spectrin complex in a biomolecular condensate that

95



is relevant to normal spectrin biology in neurons. Of note, the inclusions caused by
R480W appear distinct from the inclusions we previously observed for L253P, which
appear as a cluster of small vesicles (48). We suggest that the formation of the R480W
inclusions contributes to SCA5 pathogenesis and the associated early onset, severe
symptoms. By forming these intracellular accumulations, R480W likely reduces the
amount of B-111-spectrin and a-I1-spectrin at the plasma membrane, where the wild-type
protein normally localizes. In future work, it will be important to study the R480W
mutation in an animal model or primary neurons at endogenous spectrin protein levels to
determine if R480W causes inclusion formation.

Interestingly, R480 is closely positioned to B-111-spectrin residue R437. These two
arginine residues share Y477 as a contact within B-111-spectrin, and both arginine residues
contact a-11-spectrin. Several R437 missense mutations have been reported that cause
severe symptoms similar to those caused by R480W (16-18). Thus, it will be important to
test whether R437 mutations also cause inclusion formation.

Our data show that SRD3-localized E532 M544del impacts B-111-spectrin
interaction with both actin and a-11-spectrin. Our co-IP and native PAGE binding
experiments with the N-terminal B-I11-spectrin fragment (amino acids 1-1066) and
complementary C-terminal a-l1-spectrin fragment (amino acids 1545-2473) show that the
E532 M544del mutant can bind a-11-spectrin. However, our FRET data indicate that the
mutation decreases the apposition/coupling of a-1I/-111-spectrin SRDs outside of the
high-affinity dimer nucleation site. Our AlphaFold modelling suggests that the
E532_M544del introduces a disordered region at the N-terminal half of SRD3 helix A.
This disordered region likely acts as a hinge, increasing conformational flexibility of the

96



E532 M544del mutant and interfering with the pairing of downstream o-II/B-111-spectrin
SRDs. The E532_Mb544del mutant can still form a dimer at the nucleation site (SRDs 1-
2 of B-1l1-spectrin), but the C-terminal SRDs do not associate with a-l1l-spectrin. This
unique dimer conformation is supported by our FRET data and the slower migration of
the E532 M544del a-I1/B-111-spectrin complex in native PAGE compared to wild-type.
The uncoupling of SRDs in the spectrin heterodimer would further be expected to
interfere with the co-association of two dimers to form a tetramer. A loss in tetramer
formation would impede the actin cross-linking function of B-111-spectrin.

We also found that the E532_M544del mutant causes increased actin binding.
The mechanism by which E532_M544del increases actin binding is not clear. It is
possible that the E532_M544del causes direct binding of SRDs to actin or that the
mutation allosterically enhances actin binding of the N-terminal ABD. In addition, our
AlphaFold model showed that the E532_M544del mutation allows the C-terminus to fold
back onto the B-111-spectrin N-terminus. It is possible that a novel contact between SRDs
and the N-terminal ABD enhances binding of the ABD to actin.

Numerous ABD-localized mutations, including L253P, increase actin binding
(35,36). As we reported for L253P (48), the E532_M>544del mutation decreases the
localization of B-111-spectrin to filopodium-like and lamellipodia cellular protrusions in
HEK?293T cells. Further, our prior experiments in Drosophila showed that the L253P
mutation decreases B-spectrin localization to dendritic extensions (48). Fujishima et al
confirmed in cultured Purkinje neurons that the L253P mutation decreases B-111-spectrin
dendritic localization (51). Fujishima et al further showed that the E532_M544del mutant
was also restricted to the soma and absent from Purkinje cell dendrites (51). We suggest
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that increased actin binding decreases the mobile pool of B-I11-spectrin, reducing
expansion of the spectrin cytoskeleton into dendrites.

A SCAS5 mouse model was previously reported in which a human E532_M544del
B-111-spectrin transgene was expressed in Purkinje neurons (52). This SCA5 mouse is
ataxic and exhibits thinning of the cerebellar molecular layer containing Purkinje cell
dendrites. Interestingly, mGluR1a receptor clustering was found to be reduced in
Purkinje cell dendritic spines. This is consistent with a knockout mouse study showing
that B-111-spectrin is required for normal spine density and morphology, and the proper
localization of other membrane proteins involved in glutamate signalling (53). In the
SCAS5 mouse model, the E532 M544del mutant B-111-spectrin appears present in
dendritic arbores, although quantitation of dendritic localization of the mutant versus
wild-type protein was not performed. It is possible that the E532_M544del slows, but
does not completely block, the entry of B-I1l-spectrin into dendrites. We think it is likely
that quantitative analysis of the E532_M544del mutant subcellular localization, as
performed by Fujishima et al. with cultured neurons (51), will reveal a reduction of
dendrite-localized B-I11-spectrin in the SCA5 mouse model, at least at early
developmental time points. We suggest that either a reduction in E532_M>544del mutant
localization to dendrites, and/or impaired a-1I/B-111-spectrin heterodimer/tetramer
formation, is responsible for the decrease in clustering of mGluR 1o in dendritic spines.

A second late onset SCA5 mutation that localizes to SRD3 also causes an in-
frame deletion (L629_R634delinsW; French family). Similar to E532_M>544del, the
L629 R634delinsW mutant showed reduced localization in the dendrites of cultured
Purkinje neurons (51). This similar mislocalization suggests that the L629_R634delinW
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mutation also increases actin binding. Moreover, AlphaFold predicts that
L629 R634delinsW introduces a disordered region that acts as flexible hinge near the
linker connecting SRD3 to SRD4. Thus, we expect that L629 R634delinsW, like

E532_Mb544del, will also disrupt coupling SRDs in the a-II/B-I11-spectrin dimer.

3.4 Materials and methods

3.4.1 Expression constructs

GFP and mCherry intermediate constructs. To fuse GFP at the N-terminus of
full-length B-I11-spectrin, pcDNA3.1-mEGFP-N intermediate construct was generated as
follow: the coding sequence for mMEGFP was PCR amplified using pcDNA3.1-mEGFP
(49) as a template, the forward primer AAA GGT ACC ATG GTG AGC AAG GGC
GAG GAG CTG TTC A and the reverse primer AAAGAA TTC CTT GTA CAGCTC
GTC CAT GCC GAG AGT GAT. The PCR product was digested with Kpnl and EcoRI
restriction enzymes and ligated into pcDNA3.1(+) vector. To fuse GFP tag at the C-
terminus of B-I11-spectrin fragment proteins (amino acids 1-1066), pcDNA3.1-mEGFP-C
intermediate construct was generated as follow: the coding sequence for mMEGFP was
PCR amplified using pcDNA3.1-mEGFP (49) as a template, the forward primer GGT
ACC ACC ATG GTG AGC AAG GGC GAG GAG CTG TTC ACC GGG GTG GTG
CC and the reverse primer AAATCT AGACTCGTTCTTCTCTTGCTT ATG GTT
GCGTTACGGCTGTTACTTTACTTG TAC AGC TCG TCC ATG CC. The reverse
primer introduces a stop codon at the 3’ sequence of mEGFP. The PCR product was
digested with Kpnl and Xbal, and inserted into pcDNA3.1(+) vector.

To fuse mCherry tag at the C-terminus of full-length a-I1-spectrin, pcDNA3.1-

mCherry-C intermediate construct was generated as follow: the coding sequence for
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mCherry was PCR amplified using LifeAct-mCherry construct (a gift from Micheal
Davidson; Addgene plasmid #54491) as a template , the forward primer AAA CTC GAG
ATG GTG AGC AAG GGC GAG GAG GAT AAC ATG GCC ATC ATC AAG GAG
TTC AT and the reverse primer AAATCT AGA TTACTT GTA CAG CTC GTC CAT
GCC GCC GGT G. The reverse primer introduces a stop codon at the 3’ sequence of
mCherry. The PCR product was digested with Xhol and Xbal, and ligated into
pCDNAS3.1(+) vector. To fuse mCherry at the N-terminus of a-ll1-spectrin fragment
protein (amino acids 1545-2473), pcDNA3.1-mCherry-N intermediate construct was
generated as follow: the coding sequence for mCherry was PCR amplified using LifeAct-
mCherry construct (a gift from Micheal Davidson; Addgene plasmid #54491) as a
template, the forward primer AAA CTC GAG ATG GTG AGC AAG GGC GAG GAG
GAT AAC ATG GCC ATC ATC AAG GAG TTC AT and the reverse primer AAA CTC
GAG TTACTT GTACAG CTC GTC CAT GCC GCC GGT G. The PCR product was
digested with Kpnl and Xhol, and inserted into pcDNA3.1(+) vector.

The (N) and (C) at the end of pcDNA3.1-mEGFP/mCherry intermediate
constructs refer to whether GFP/mCherry is fused to the N-terminus (N) or the C-
terminus (C) of the spectrin proteins.

Bacteria expression constructs. For N-terminal B-111-spectrin-FLAG fragment
proteins (amino acids 1-1066), the wild-type (1-3198 bp) and E532_M544del (1-3159
bp) coding sequences were PCR amplified using pcDNA3.1-myc-B-I11-spectrin (48) and
pUASp-hSPAM (54) as templates, respectively, the forward primer AAA CAC CTG
CAA AAA GGT ATG AGC AGC ACG CTG TCA CCC and the reverse primer AAA
TCTAGATTACTT GTC GTCATCGTC TTT GTAGTC CCG CCG CGC CTC CCC

100



CAG CGA C. The reverse primer contains FLAG epitope sequence to attach FLAG tag
at C-terminus of B-1l1-spectrin proteins (amino acids 1-1066). The PCR products were
digested with Aarl and Xbal, and were ligated into Basl digested pE-SUMOpro
(LifeSensors). This ligation resulted in pE-SUMO--111-spectrin-FLAG wild-type (1-
3198 bp) or E532_M544del (1-3159 bp) mutant construct. pE-SUMO-B-I111-spectrin (1-
3198 bp) with R480W mutation was generated with site-directed mutagenesis using pE-
SUMO-B-I11-spectrin-FLAG wild-type (1-3198 bp) as a template, the sense primer ACA
TCG TGG CCT ACA GCG GCT GGG TGC AGG CAG TGG ACG CC and the anti-
sense primer GGC GTC CAC TGC CTG CAC CCA GCC GCT GTA GGC CAC GAT
GT.

For C-terminal mCherry-a-I1-spectrin-HA (amino acids 1545-2473) protein, the
3’ coding sequence (4742-7419 bp) of a-11-spectrin was PCR amplified using pcDNA3.1-
mCherry-a-1l-spectrin (4742-7419 bp) (described below for HEK293T cell expression
constructs) as template, the forward primer AAA CAC CTG CAA AAA GGT ATG
GTG AGC AAG GGC GAG GAG G and the reverse primer AAA TCT AGA CTA AGC
GTA ATC TGG AAC ATC GTATGG GTA AAC GTT CAC GAA AAG CGA. The
forward primer anneals to the 5” sequence of mCherry, and
amplifies the mCherry sequence fused to a coding sequence corresponding to the C-
terminal region of a-l1-spectrin (4742-7419 bp). The reverse primer inserts HA epitope
coding sequence at the 3’ sequence of a-1l-spectrin. The PCR product was digested with
Aarl and Xbal and inserted into pE-SUMOpro vector (LifeSensors) digested with Bsal.

HEK293T cell expression constructs. Full-length pcDNA3.1-mEGFP-f-111-
spectrin wild-type and E532_M544del constructs were generated in two steps. First, the
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5’ coding sequence (1-2025 bp) for B-I11-spectrin wild-type and E532_M544del were
PCR amplified using pcDNA3.1-myc-B-111-spectrin template for wild-type (48), pUASp-
hSPAM template for E532_M544del (54), the forward primer AAA GAA TTC ATG
AGC AGC ACG CTG TCA CCC ACA G and the reverse primer AAA TCT AGA ACC
GGT CAG GTC TCG GCC. The PCR products were digested with EcoR1 and Xbal
restriction enzymes, and inserted into pcDNA3.1-mEGFP-N intermediate construct
digested with the same enzymes. This insertion resulted in pcDNA3.1-mEGFP-B-111-
spectrin (1-2025 bp) intermediate wild-type and E532_M544del constructs. Second, the
3’ coding sequence (2026-7173 bp) of B-111-spectrin was digested with Agel and Xbal
from the pcDNA3.1-myc-B-I11-spectrin construct, and ligated into pcDNA3.1-mEGFP-p-
I11-spectrin (1-2025 bp) intermediate construct digested with the same restriction
enzymes. R480W mutation was introduced using site-directed mutagenesis with the
pcDNAS3.1-mEGFP-B-I11-spectrin (1-2025 bp) intermediate construct as a template, the
sense primer ACA TCG TGG CCT ACA GCG GCT GGG TGC AGG CAG TGG ACG
CC and the anti-sense primer GGC GTC CAC TGC CTG CAC CCA GCC GCT GTA
GGC CAC GAT GT. The PCR resulted in pcDNA3.1-mEGFP-B-111-spectrin (1-2025 bp)
intermediate construct with R480W mutation. The B-111-spectrin sequence containing
R480W mutation was digested with EcoRI and Agel from the intermediate construct, and
inserted into EcoRI and Agel digested pcDNA3.1-mEGFP--111-spectrin construct
generated above.

Full-length pcDNA3.1-a-11-spectrin-mCherry was generated in four steps. First,
the Sbfl recognition sequence in mCherry was mutated using pcDNA3.1-mCherry-C
intermediate construct as a template, the forward primer CAG GAC TCC TCC CTG
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CAA GAC GGC GAG TTC ATC and the reverse primer GAT GAA CTC GCC GTC
TTG CAG GGA GGA GTC CTG. This resulted in pcDNA3.1-mCherry-C construct with
mutated Sbfl site (p)cDNA3.1-mCherry-C-ASbfl). Second, the 5 coding sequence (1-
3932 bp) of a-l1-spectrin was PCR amplified using pF1KB5523-a-11-spectrin (provided)
as a template, the forward primer AAA GGT ACC ATG GAC CCA AGT GGG GTC
AAA GTG C and the reverse primer AAA GAATTC CCT GCAGGT CTT CTG GTG
AC. The PCR products were digested with Kpnl and EcoRI, and were inserted into
pcDNA3.1-mCherry-C-ASDbfl construct digested with the same enzymes. This insertion
resulted in pcDNA3.1-a-11-spectrin-mCherry-C-ASbfl (1-3932 bp). Third, the 3’
sequence (3933-7419 bp) of a-l1-spectrin was PCR amplified using pF1KB5523-a-11-
spectrin (provided) as a template, the forward primer AAA CCT GCA GGA AAA GTC
CAC AGA GTT AAA C and the reverse primer AAA CTC GAG AAC GTT CAC GAA
AAG CGA GCG. The PCR product was digested with Sbfl and Xhol, and was inserted
into pcDNAS3.1-a-11-mCherry-C-ASbfT (1-3932 bp) construct digested with the same
enzymes. After sequencing the final product (o)cDNA3.1-a-1l-spectrin-mCherry-ASbfl),
an insertion mutation was found within mCherry sequence. Thus, mutated mCherry
sequence was corrected by swapping in the correct mCherry sequence, obtained from
pcDNA3.1-mCherry-C, using Xhol and BsrGl.

For N-terminal B-I11-spectrin-GFP proteins (amino acids 1-1066) used for FRET
and co-IP experiments, the 5’ sequence of B-111-spectrin wild-type (1-3198 bp) was PCR
amplified using the full-length pcDNA3.1-myc-B-111-spectrin (48) as a template, the
forward primer AAA GCT AGC ATG AGC AGC ACG CTG TCA CCC and the reverse
primer AAA GGT ACC CCG CCG CGC CTC CCC CAG CGA C. The PCR product
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was digested with Nhel and Kpnl, and was inserted into pcDNA3.1-mEGFP-C
intermediate construct digested with the same enzymes. The final product of this
insertion is pcDNA3.1-B-111-spectrin-mEGFP (amino acids 1-1066). For R480W and
E532 M544del B-111-spectrin-GFP (amino acids 1-1066) proteins, Hindlll and Agel
digestion was performed to isolate B-111-spectrin sequence containing R480W or
E532_Mb544del from pE-SUMO-B-I11-spectrin-FLAG constructs generated above. The
digestion products were inserted into pcDNA3.1-B-111-spectrin-mEGFP (amino acids 1-
1066) digested with the same enzymes. The final products are pcDNA3.1-B-I11-spectrin-
MEGFP (amino acids 1-1066) R480W and E532_M>544del constructs. For mCherry-a-11-
spectrin (amino acids 1545-2473) proteins, the 3° coding sequence (4742-7419 bp) of a-
I1-spectrin was PCR amplified using pF1KB5523-a-11-spectrin (company) as a template,
the forward primer AAA CTC GAG GGA GAA TCT CAA ACC CTC C and the reverse
primer AAATCT AGA TTA AAC GTT CAC GAA AAG CGA G. The PCR products
were digested with Xhol and Xbal, and inserted into pcDNA3.1-mCherry-N digested
with same enzymes. This insertion resulted in pcDNA3.1-mCherry-a-1l-spectrin (amino
acids 1545-2473) construct.

PM-GFP was a gift from Tobias Meyer, Stanford University, Stanford, CA
(Addgene plasmid #21213). mCherry-Mem was purchased from Addgene (Plasmid
#55779). PCR amplifications were performed using iProof-HF polymerase (BioRad).
Site-directed mutagenesis was performed using PfuUltra polymerase (Agilent). All
constructs were sequence verified. The NCBI reference cDNA sequence for B-I11-spectrin

is NM_006946.4 and a-11-spectrin is NM_001375314.2.
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3.4.2 Protein expression and purification

For N-terminal B-I11-spectrin-FLAG (amino acids 1-1066) expression, pE-
SUMO-B-I11-spectrin-FLAG constructs were transformed into Rosetta2 (DE3) E. coli
(Sigma). After transformation, single colonies were grown overnight at 250 rpm and 37
°C ina 50 mL LB broth (Miller) supplemented with 100 pg/mL ampicillin and 34 pg/mL
chloramphenicol antibiotics. Each overnight culture was expanded into four flasks each
containing 250 mL LB broth (Miller) supplemented with the same antibiotics, and grown
at 37°C and 250 rpm until the culture ODsso reached 0.5-0.7. Protein expression was
induced with 0.3 mM IPTG (Fisher bioreagents), and incubated at 16 °C and 250 rpm for
16-24 hours before pelleting.

For purification, the bacteria pellets were resuspended in lysis buffer (50 mM Tris
pH 7.5, 300 mM NacCl, 25% sucrose, 1X cOmplete, EDTA-free protease inhibitors
(Roche) and 4:1 (w/v) Lysozyme (GoldBio)), and agitated at 4 °C for 30 minutes. Further
protein extraction was achieved with sonication at 15 seconds on and 45 seconds off
cycles for total time of 3 minutes at 45% amplitude, using a Branson 250 sonifier with tip
size of ¥z inch. Lysate supernatants were collected after centrifugation at 40,905 x g and
4°C using Sorvall SS-34 rotor for 30 minutes. The supernatants were clarified using 0.45
pum disk filters, and loaded into Poly-Prep chromatography column (BioRad) packed with
equilibrated Ni-NTA agarose beads (Invitrogen). Following three washes with 50 mM
Tris pH 7.5, 300 mM NaCl and 20 mM imidazole buffer, SUMO-B-111-spectrin-FLAG
proteins were eluted off the columns with 50 mM Tris pH 7.5, 300 mM NaCl and 150
mM imidazole buffer. After adding 1:1 volume ratio of 25 mM Tris pH 7.5, 150 mM
NaCl, and 5 mM 2-Mercaptoethanol buffer to the eluted proteins, SUMO tag was
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digested with 1:100 mass ratio of Ulpl SUMO protease to total eluted protein for 30
minutes at 4°C. Then, digested proteins were loaded into 10,000 MWCO Slide-A-Lyzer
cassettes (Thermo Scientific) for buffer exchange into 50 mM Tris pH 7.5 and 150 mM
NaCl, and incubated at 4 °C stirring for 4-6 hours to remove 2-mercaptoethanol. After
dialysis, the proteins were loaded into Poly-Prep columns packed with equilibrated anti-
FLAG M2 affinity gel beads (Sigma) at 4 °C. After several washes with 50 mM Tris pH
7.5 and 150 mM NaCl buffer, B-111-spectrin-FLAG (amino acids 1-1066) proteins were
eluted with 10 mM Tris pH 7.5, 150 mM NaCl and 200 ng/puL FLAG peptide (Sigma)
buffer. Final buffer exchange into 10 mM Tris pH 7.5, 150 mM NaCl, 2 mM MgCl; and
1 mM DTT buffer was performed using 10,000 MWCO Slide-A-Lyzer cassettes stirring
overnight at 4 °C. Pure B-111-spectrin-FLAG proteins were supplemented with 25%
sucrose before snap-freezing and storage at -80 °C.

Similar expression protocol was followed for C-terminal mCherry-all-spectrin-
HA (amino acids 1545-2473) fragment. For protein purification, SUMO-mCherry-a-11-
spectrin-HA protein was purified by Ni-NTA beads, followed by cleavage of the His-
SUMO tag using Ulpl protease. The digest was then loaded onto a GE S100 size
exclusion column equilibrated in 10 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl;

and 1 mM DTT buffer, and fractions containing mCherry-a-11-spectrin-HA collected.

3.4.3 Circular dichroism spectroscopy

Purified B-111-spectrin-FLAG fragment proteins (amino acids 1-1066) were
thawed and clarified at 100,000 x g and 4 °C for 15 minutes using TLA 100.3 rotor
(Beckman). Bradford assay was performed to determine the protein concentration. B-111-

spectrin-FLAG proteins (amino acids 1-1066) were diluted to a final concentration of 150
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ng/mL in 10 mM Tris pH 7.5, 150 mM NaCl, 2 mM MgClz, 1 mM DTT buffer. Jasco J-
810 spectropolarimeter with Peltier temperature controller was used to collect absorption
profiles and thermal denaturation data as was described previously (38). Absorption data
were reported as mean residue ellipticity (degrees cm? dmol™) after converting the raw
data (38). Thermal denaturation data were measured at 222 nm, and melting temperatures
were calculated as described previously using Prims 10 (GraphPad) and non-linear

regression to fit a two-state transition equation (38).

3.4.4 Live-cell FRET assay

HEK293T cells (ATTC) were either transfected with 0.5 pug pcDNA3.1-B-111-
spectrin-mEGFP (amino acids 1-1066) FRET donor constructs (D) only, or co-
transfected with 2 pg pcDNA3.1-mCherry-a-11-spectrin (amino acids 1545-2473) FRET
acceptor construct (A) following Lipofectamine 3000 protocol (ThermoFisher Scientific)
in a 6-well plate. Twenty-Four hours following transfection, cells were harvested and
prepared for GFP fluorescence lifetime measurement as previously described (49). FS5
spectrofluorometer equipped with an EPL-472 pulse laser with 5 MHz frequency
(Edinburgh Instruments) was used to collect and calculate GFP lifetime (t) in donor (D)
and donor acceptor (DA) samples. FRET efficiency was calculated using the following

equation:

E=1-24 (1)

D

3.4.5 Co-immunoprecipitation assay

For B-I11-spectrin-GFP (amino acids 1-1066) and mCherry-a-11-spectrin (amino

acids 1545-2473) co-immunoprecipitation (co-IP) assay, 0.5 pg of pcDNA3.1-B-111-
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spectrin-mEGFP constructs were co-transfected with 2 ug pcDNA3.1-mCherry-a-11-
spectrin in HEK293T cells in a 6-well plate, using Lipofectamine 3000, as described for
FRET assays. Twenty-four hours post transfection, cells were washed once with 1X
DPBS (Gibco), resuspended in ice-chilled lysis buffer (10 mM Tris pH 7.5, 150 mM
NaCl, 320 mM sucrose, 2 mM EDTA, 1% Triton X-100, 0.5% IGEPAL CA-630, 0.1%
SDS, 1X cOmplete mini, EDTA-free protease inhibitor (Roche)) and incubated on ice for
30 minutes with gentle swirling every 10 minutes. Supernatants were collected after
spinning the lysates at 16,000 x g and 4 °C for 10 minutes. A small volume of clarified
supernatants was mixed with 4x Laemmli sample buffer (BioRad) and saved at -20 °C for
lysate/input analysis on western blots.

To precipitate -111-spectrin-GFP proteins, GFP-Trap magnetic agarose
(Chromotek) beads were first equilibrated with 10 mM Tris pH 7.5, 150 mM NacCl, 2 mM
EDTA buffer, and then were incubated with the supernatant samples rotating at 4 °C for 1
hour. After several washes with 10 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA buffer,
IP samples were eluted into 4x Laemmli sample buffer and heated to 95 °C for 5 minutes.

For western blot analysis, IP and lysate/input samples were resolved by SDS-
PAGE and transferred to Immobilon-FL membranes (Millipore). Membranes were
blocked with 1X PBS-L (48) containing 1% casein (Hammarsten; Affymetrix). Primary
antibodies were diluted in 1X PBS-L, 1% casein and 0.1% Tween 20 buffer, and
incubated with the membranes overnight at 4 °C. Primary antibodies included: anti-GFP
(1:2000; Millipore), anti-a-I1-spectrin C-11 (1:200; Santa Cruz); anti-mCherry (1:2000;
Invitrogen). Membranes were washed with 1X PBS-L containing 0.1% Tween 20.
Secondary antibodies were diluted to 1:5000 in 1X PBS-L supplemented with 1% Casein,
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0.1% Tween 20 and 0.01% SDS, and incubated with the membranes for 1 hour at room
temperature. Secondary antibodies used include anti-mouse IRDye 800CW (LI-COR
Biosciences) and anti-rabbit IRDye 680RD (LI-COR Biosciences). Membranes were
washed with 1X PBS-L containing 0.1% Tween 20 and imaged on a Sapphire scanner
(Azure) using 680 nm and 800 nm channels. Fluorescence protein band intensities were

quantified using ImageStudio Lite (LI-COR Bioscience) as described previously (49).

3.4.6 Fluorescence subcellular localization assays

Glass coverslips (22 x 22 mm; #1.5; Thermo Fisher Scientific) were cleaned with
70% ethanol, placed in 6-well plate and washed with Ultrapure water (Gibco). The
coverslips were incubated with 0.1 mg/mL poly-D-lysine, 70-150 kDa (Sigma) solution
for 20 minutes at room temperature. Poly-D-lysine solution was discarded, coverslips
washed multiple times with Ultrapure water and sterilized under UV light for 1 hour.
HEK293T cells were plated on the coated glass coverslips at 0.3x 106 cells per well, and
incubated for 2-4 hours at 37°C and 5% CO2. The cells were co-transfected with
Lipofectamine 3000 and 0.5 pg full-length pcDNA3.1-mEGFP-B-111-spectrin or 0.25 g
PM-GFP with or without 0.5 pg full-length pcDNA3.1-a-11-spectrin-mCherry, or with
0.25 pg mCherry-Mem. Twenty-four hours post transfection, the cells were washed with
1X DPBS and fixed with 4% paraformaldehyde in 1X DPBS for 15-30 minutes at room
temperature. The cells were washed again with 1X DPBS, and mounted ona 1 mm
microscope slide (VWR) using Prolong Diamond antifade with DAPI (Invitrogen). After
24 hours, the cells were imaged using a HC PL APO 63x/1.40-0.60 OIL oil-immersion
objective on a Leica DMi8 inverted microscope equipped with X-Light V2 spinning-disk

(CrestOptics), LDI laser unit (89 North) and Photometrics Prime 95B CMOS camera. Z-
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stack images were processed using ImageJ (NIH) or Photoshop software (Adobe).
Representative intensity vs distance profiles were obtained using ImageJ line tool and
RGB Profile plugin. Pearson correlation coefficient was calculated in Prism 10
(GraphPad) after measuring GFP and mCherry intensities using the Line and Plot Profile
tools in ImageJ. Images of cells expressing GFP-B-111-spectrin proteins were visually

scored for inclusions or smooth cell surface.

3.4.7 Actin co-sedimentation assay

Purified B-111-spectrin-FLAG proteins (amino acids 1-1066) were thawed and
clarified at 43,000 rpm using TLA-100.3 rotor (Beckman). Actin was extracted from
rabbit muscle acetone powder (Pal-Freez Biologicals) and polymerized into F-actin as
described previously (49). Bradford assay was performed to measure the concentration of
the proteins. B-111-spectrin-FLAG proteins were diluted to 0.5 uM and mixed with
varying 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 MgCI2, 1 mM DTT). For standard curve, B-I11-spectrin-
FLAG proteins were diluted to 0.5 uM and 0.175 puM. The samples were incubated at
room temperature for 30 minutes. Then, the samples were centrifuged at 50,000 rpm and
25 °C for 30 minutes using TLA-100 rotor (Beckman) to pellet F-actin and bound B-111-
spectrin-FLAG proteins. Supernatant samples containing unbound B-111-spectrin-FLAG
proteins were collected and mixed with 4x Laemmli sample buffer. Supernatant samples
were separated by SDS-PAGE using 12% acrylamide gels. Gels were stained with
Coomassie R-250, and imaged using a Sapphire fluorescence scanner (Azure).
Fluorescence protein band intensities were quantified using ImageStudio Lite software

(LICOR) and dissociation constant (Kd) and Bmax calculated in Prism 10 (GraphPad)
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using the equation: Y = Bmax*X/(Kd + X), where Y is the bound protein fraction and X
is the free F-actin fraction (55).
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CHAPTER FOUR

CONCLUSION

4.0 The N-Terminus

Here we will summarize key findings and interpretations of our studies of the j3-
spectrin N-terminus, and discuss remaining questions and future directions. We examined
the significance of the N-terminal sequence preceding the conserved, tandem-CH ABD,
to B-spectrin function in neurons. Previously we showed in vitro that N-terminal
truncation abolishes actin binding of the wild-type B-I11-spectrin ABD (1). Actin binding
is required for B-spectrin proteins to crosslink actin filaments and to form a sub-plasma
membrane spectrin-actin cytoskeleton in neurons (2, 3). Thus, we predicted that the N-
terminus would be required for B-spectrin function in neurons. In viability rescue assays,
using the elav-Gal4 pan-neuronal driver, we showed that the N-terminus is essential for
B-spectrin function in neurons. In these assays, expression of a wild-type -spectrin
transgene with intact N-terminus rescued ~25% of the flies homozygous for the recessive
lethal Bspec®™* loss-of-function allele. In contrast, the expression of the N-terminally
truncated wild-type B-spectrin transgene did not rescue Sspec®™?* lethality. We also
showed that the inability of the N-terminally truncated wild-type transgene to rescue
lethality was not due to low B-spectrin protein level. On the contrary, the N-terminally
truncated wild-type protein was 5-fold more abundant than wild-type protein, in
Drosophila head extracts. This increase in protein level may reflect the 1 °C increase in
thermostability that we observe in CD denaturation studies of the purified B-I11-spectrin

ABD lacking the N-terminus, compared to ABD with intact N-terminus (1, 4).
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Altogether, these experiments highlighted that the N-terminus is essential for B-spectrin
function in neurons, likely to support spectrin actin-binding activity.

We also showed that expression of the N-terminally truncated wild-type transgene
is mildly neurotoxic when expressed broadly in neuronal tissue with elav-Gal4, causing a
~33% reduction in viability of flies heterozygous for Sspec®™? (Bspec®™?* heterozygotes
are otherwise healthy), or in a wild-type genetic background (no Bspec®™?'). This suggests
that the N-terminally truncated B-spectrin may function as a dominant negative mutant in
vivo. How would the N-terminally truncated B-spectrin act as a dominant negative? One
possibility is that the mutant is incorporated into spectrin heterotetramer containing
endogenous wild-type B-spectrin and a-spectrin. Incorporation of the transgenic N-
terminally truncated B-spectrin into the endogenous spectrin heterotetramer would
“poison” the heterotetramer by blocking the actin crosslinking activity of the
heterotetramer. We also tested whether the N-terminally truncated B-spectrin dominantly
interferes with dendritic arborization. For these experiments, -Spectrin transgenes were
specifically expressed in class IV dendritic arborization (da) neurons using the 477-Gal4
driver. However, we did not observe dendritic arbor defects in class IV da neurons
expressing the truncated B-spectrin. This is consistent with the mild neurotoxicity
observed when the mutant is expressed with the pan-neuronal elav-Gal4 driver. We
expect that we would observe dendritic defects if expression of the truncated -spectrin in
da neurons was increased, for example by using a stronger class IV da neuron driver,
such as ppk-Gal4 driver (5).

In addition, we studied the functional interaction between the N-terminus and the
SCAS ABD-localized mutation, L253P. In vitro, we previously showed that the L253P
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mutation causes a 1000-fold increase in actin-binding affinity of the B-111-spectrin ABD
(6). The L253P mutation localizes to the CH2 sub-domain and is positioned at the CH1-
CH2 interface (6). Biophysical analyses indicated that the high-affinity actin binding
induced by L253P is due to the effect of the mutation to open the CH1-CH?2 interface.
This allows CHL1 to directly bind actin by unmasking actin-binding residues in CH1, and
by repositioning CH2 to avoid steric clash between CH2 and actin (1). We wondered
whether the N-terminus was also required for L253P to induce high-affinity actin
binding, or for L253P neurotoxicity and dendritic arbor defects in flies. Intriguingly, our
in vitro co-sedimentation assays showed that truncation of the N-terminus eliminated
high-affinity actin binding of the L253P ABD. The N-terminally truncated L253P ABD
still bound actin. However, it bound actin with lower affinity (Kd ~ 200 uM) than the
wild-type ABD with intact N-terminus (Kd ~75 uM). In Drosophila, pan-neuronal
expression of the L253P mutant with intact N-terminus caused ~100% lethality (4, 7). In
contrast, expression of the N-terminally truncated L253P B-spectrin transgene did not
cause lethality. Moreover, in class IV da neurons, the N-terminally truncated L253P (-
spectrin did not induce dendritic arbor defects, as were observed for the L253P mutant
with intact N-terminus. We further analyzed head extracts to determine the protein level
of the SCA5 mutant with and without the N-terminus. The SCAS5 mutant with intact N-
terminus showed higher protein level compared to the wild-type protein with intact N-
terminus. In contrast, the N-terminally truncated SCA5 mutant had a protein level lower
than both the SCAS mutant and wild-type with intact N-terminus. Our CD thermal
denaturation studies showed that the L253P mutation causes ~15 °C decrease in
thermostability of the B-I11-spectrin ABD. This reduced thermal stability likely reflects
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the opening of the CH1-CHZ2 interface and the exposure of hydrophobic surfaces. The N-
terminal truncation increases the thermal stability of the L253P ABD by ~1 °C. If N-
terminal truncation slightly increases thermal stability, why does the N-terminally
truncated L253P mutant have lower protein level than the L253P mutant with intact N-
terminus, in Drosophila? We suggest that L253P mutant has increased protein level
because it can bind actin with high affinity, generating a stable L253P spectrin-actin
complex. In contrast, the N-terminally truncated L253P mutant binds actin very weakly.
Thus, the N-terminally truncated L253P mutant remains in a highly unstable state, due to
the effect of L253P to expose the hydrophobic surfaces and the inability of the truncated
mutant to bury these hydrophobic residues by binding actin. The N-terminally truncated
L253P mutant is thus likely to have a high protein turnover rate compared to the L253P
mutant with intact N-terminus, resulting in low steady state protein level for the truncated
mutant. However, we have not determined experimentally the protein turnover rates of
the mutant proteins, and thus this proposed mechanism remains to be confirmed.

Why is the N-terminus so important to the binding of B-111-spectrin to actin? Prior
structural analyses of filamin A ABD showed that the beginning of CH1 helix A is
deformed, repositioned by ~3 angstroms, upon actin binding (8). Iwamoto et al suggested
that this structural-induced change, upon the binding of the N-terminal residues to actin,
allows CH1 residues to position close and to directly interact with actin. Similarly, we
overlayed a homology structure of B-I11-spectrin ABD, in the actin unbound state, with
the cryo-EM structure of the B-111-spectrin ABD, in bound state. Figure 4.1. The
homology model predicted that the N-terminus is extended linearly and is continuous
with helix A of CH1. In the cryo-EM structure of the actin-bound ABD, a pronounced

123



bend is present at the junction of the N-terminus and CH1. Further structural analysis
shows that residues at the beginning of CH1 (R55, V58, Q59) are predicted to contact
CH2 residue, D265 in the actin unbound state. Interestingly, these residues on CH1 are
shown to be repositioned by several Angstroms when the ABD is bound to actin. Thus,
we suggest a model where the binding of the N-terminus to actin induces a mild
conformational change that alters contacts between CH1 and CH2. This conformational
change loosens the interface, helping to reposition CH1 residues away from CH2 and
exposing the actin-binding sites in CH1. This proposed model may explain why N-
terminally truncated wild-type ABD cannot bind actin: the N-terminus is first needed to
bind actin, to induce opening of the interface between CH1 and CH2. We observed that
the N-terminus is required for L253P-induced high affinity binding. Thus, if our
proposed model of the N-terminus is correct, then the L253P mutant must only modestly
shift the equilibrium of the ABD from the closed to open state. The N-terminus is needed
for L253P to substantially shift the equilibrium to the open, actin binding state. An
alternative, but not mutually exclusive, model is that the N-terminus contributes more to
direct actin binding than just the N-terminal residues that make up the actin-binding helix
(colored magenta in Figure 1). The 6.9 Angstrom cryo-EM structure only resolved this
actin-binding helix, which constitutes residue 37-52. Residues 1-36 are predicted to be
unstructured in previous homology models of the ABD; however, AlphaFold predicted
structure shows that part of the unstructured region (residues 7-24) forms a helix (Figure
1 in chapter one). It is possible that residues 1-36 also make direct contact with actin.
This unstructured region would not be detectable, if bound to actin, at 6.9 Angstrom
resolution. If residues of the unstructured region bind actin, then their contacts, together
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with those of the actin-binding helix, would contribute significantly to the overall actin-
binding surface area and affinity. Future studies should truncate only the N-terminal
unstructured region to determine its contribution to actin binding and spectrin function in

Vivo.

Figure 4.1. Structural analysis of the N-terminus. (A) Imposing B-I1l-spectrin ABD
homology model (yellow) in the actin unbound state on L253P mutant ABD cryo-EM
structure (green and magenta) in actin bound state. (B) homology model of B-I11-spectrin
ABD showing the predicted contacts of CH1 residues with CH2 residue in the actin
unbound state.

4.1 Spectrin-Repeat Domain Mutations

Here we summarize key findings, and discuss open questions and future
directions pertaining to our studies of the SRD-localized SCA5 mutations. We focused on
understanding the molecular consequences of two SCA5 mutations: 1) the SRD2-
localized missense mutation, R480W, and 2) the SRD3-localized thirteen amino acid in-
frame deletion, E532_Mb544del. The R480W mutation was reported in several unrelated
patients with infantile onset of ataxia and developmental delay (9-12). The
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E532_Mb544del was reported in American kindred descending from the paternal
grandparents of the United States President Abraham Lincoln. Affected family members
presented with adult onset ataxia that was slowly progressive (13). The difference in age
of onset and symptom severity suggested that these mutations disrupt spectrin function by
different mechanisms.

The N-terminal SRDs are known to influence spectrin actin-binding activity and
to nucleate heterodimer formation with a-I1-spectrin. Thus, our experiments focused on
testing how these mutations impacted the physical interaction of B-Il1-spectrin with a-I1-
spectrin and actin. Using a variety of binding assays, including cell-based FRET, co-
immunoprecipitation, native PAGE mobility shift, and co-sedimentation, we did not
detect any difference in the binding of the wild-type versus R480W mutant to a-1I-
spectrin or actin. Our binding data suggested that R480W did not impact these key
interactions. However, co-expression of full-length a-I1-spectrin and R480W -111-
spectrin proteins in HEK293T cells revealed large cytoplasmic spherical inclusions,
which were not observed in control cells expressing the wild-type proteins. These
inclusions contained both R480W -111-spectrin and a-11-spectrin. Moreover, the
inclusions are not observed when the R480W mutant is expressed by itself (no a-1-
spectrin). This strongly suggests that the inclusions result from a grossly abnormal
interaction between the R480W mutant to a-11-spectrin. The molecular mechanism by
which R480W causes a-11/B-111-spectrin inclusion formation is unclear, as we did not
detect an altered interaction in other binding assays. However, a clue to the molecular
mechanism may stem from our circular dichroism denaturation studies on the purified [3-
I11-spectrin fragments (amino acids 1-1066). These studies showed that R480W mutant
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protein unfolds at a ~1°C higher temperature than wild-type. This indicates that R480W
mutation confers higher thermal stability to B-111-spectrin. Indeed, prior in silico analyses
have predicted similar stability conferred by both R480W, and another SRD2-localized
SCAS5 mutation, R437Q (11, 14). We suggest similar to Nuovo et al that this increase in
stability might result in a “stiff”” protein that adopts a limited pool of conformational
states compared to wild-type. Perhaps the R480W mutant locks the a-II/B-111-spectrin
complex in a rigid conformation unfavorable for incorporation or retention of the
complex in a sub-plasma membrane spectrin-actin cytoskeleton. The formation of o/p-
spectrin inclusions has been reported recently in developing axons (15). Boyer et al
reported that these inclusions show liquid-liquid phase separation behavior, and that
formation of these inclusions was shown to be mediated directly by the SRDs.
Interestingly, these spectrin inclusions were suggested to form before incorporation of the
spectrin into the sub-plasma membrane cytoskeleton. Potentially, R480W induces
inclusion by promoting the formation of a naturally occurring, biologically relevant,
biomolecular spectrin condensate. Future studies should determine whether R480W
induced inclusions are liquid or solid in physical state, whether these inclusions form in
neurons, and whether they form at endogenous protein levels. Moreover, it is important
to determine whether other SRD mutations that cause infantile onset of symptoms, such
as R437Q, induce formation of similar inclusions.

We found that ES32 M544del disrupts B-I11-spectrin binding to a-1I-spectrin and
actin. Our co-immunoprecipitation, native PAGE mobility shift and cell co-localization
assays showed that E532 MS544del binds a-l1-spectrin. However, live-cell FRET,
reduced mobility of the E532 M544del B-111/a-11-spectrin complex in native PAGE and
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AlphaFold predictions indicated that the C-terminal SRDs of B-111-spectrin do not
associate with the complementary SRDs of a-Il-spectrin. Collectively, our data supports
a model where E532 M544del mutation opens the a-11/B-111-spectrin interface following
the dimer nucleation site (B-111-spectrin SRDs 1-2). This reduced coupling of SRDs in
the o-1I/B-111-spectrin dimer may further reduce assembly of dimers into tetramer.
Reduced tetramer formation would impede the actin crosslinking function of spectrin,
and interfere with the assembly of a plasma membrane associated spectrin-actin
cytoskeleton. The E532_M544del mutation also caused an increase in the presence of
cytoplasmic inclusions containing the mutant B-111-spectrin and a-11-spectrin. These
inclusions may reflect improperly formed spectrin dimers. The E532 M544del o-11/-111-
spectrin inclusions are small, irregularly shaped, and less frequently observed, compared
to the large spherical inclusions formed by the R480W a-II/B-111-spectrin, present in
nearly all cells. Thus, both E532_M544del and R480W disrupt the physical association of
B-111-spectrin to a-11-spectrin, but by distinct mechanisms.

Actin co-sedimentation assays showed that the E532_M544del mutant
additionally binds actin with high affinity. In HEK293T cells, the E532_M>544del mutant
is abundantly localized to the cell cortex, but shows reduced localization to plasma
membrane protrusions such as filopodia and lamellipodia. We observed a similar
localization phenotype for the L253P mutant, which binds actin with high affinity (7).
Our interpretation is that increased actin binding reduces the mobile pool of spectrin that
is available to enter dynamic plasma membrane extensions. This reduced mobility is
supported by the reduced localization of the E532_M544del and L253P mutants in the
dendrites of transfected primary mouse Purkinje neurons (16). The impact of
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E532_Mb544del on spectrin dimer or tetramer assembly and actin binding is expected to
alter localization or remodeling of the spectrin cytoskeleton in dendritic shafts or spines,
and is consistent with the reported mislocalization of glutamate receptors in the spines of
mouse Purkinje neurons expressing the E532_M544del mutant (17). We predict that an
additional SRD3-localized mutation, L629 R634delinsW (18), will similarly alter actin
binding and dimerization.

How the SRD3-localized E532_Mb544del increases actin binding is not clear.
Possibly that the mutation allosterically impacts the N-terminal ABD, promoting a shift
in ABD conformation to the open, actin binding state. Alternatively, the mutation may
expose or generate a de novo actin-binding site in the SRDs. We attempted to resolve
these two possibilities by truncating the N-terminal ABD and testing if the truncated
E532_Mb544del mutant binds actin. However, difficulties in protein purification
precluded performance of these experiments. Our AlphaFold model for the
E532_Mb544del mutant shows that the mutation introduces a disordered region that acts
as a flexible hinge. The model shows that the C-terminal SRDs are closely positioned to
the N-terminal ABD. Thus, a third possibility is that E532_M>544del-induced actin
binding results from a novel contact between the N-terminal ABD and C-terminal SRDs.
Future FRET experiments using GFP and RFP tags at opposites ends of the spectrin
protein may experimentally support a novel contact between the C-terminal SRDs and N-
terminal ABD.

Increased actin binding was shown to be a common molecular consequence of
many ABD-localized mutations (19), and here we showed that some SRD mutations,
such as E532_M544del, can also increase affinity for actin. Our lab has engaged in
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translational work to identify small molecule modulators of spectrin actin binding, for
SCAS5 therapy (20, 21). If increased actin binding is the driver for E532_M544del
neurotoxicity, then small molecules may be useful for both the ABD-localized mutations,

and a subset of SRD-localized mutations.
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