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Spinal bulbar muscular atrophy (SBMA) is a rare
hereditary neuromuscular disease caused by the elongation
of a (polyQ) tract in the N-terminal region of the transactivation
domain of androgen receptor. Although the molecular basis of SBMA is
not yet fully understood, the observation of nuclear inclusions containing AR
fragments in specific tissues of SBMA patients has led to the suggestion that it
is linked to AR aggregation. To characterize the molecular mechanism of this
process we have investigated the structural properties of the polyQ tract present
in AR as well as the early stages of its oligomerization in vitro by nuclear magnetic
resonance spectroscopy.
To study the structural properties of AR aggregates in tissue, the Seprion ligand was
used for quantification of AR aggregate load in a SBMA mouse model. A combination
of atomic force microscopy, transmission electron microscopy and high-resolution
microscopy was used to investigate the Seprion ligand captured aggregates from
muscle and spinal cord tissue. The results indicated that aggregated structures from
spinal cord extract differ remarkably from the fibrillar species isolated from muscle
tissue. We found that the AR fibrils in the muscles accumulate and grow in their length
as the animals age.
We hypothesize that there are differences between androgen receptor variants in
muscle and spinal cord, with more N-terminally truncated AR found in muscle
compared to spinal cord. We believe that truncated AR goes into aggregates and leads
to AR fibrillar species in muscles. We postulate further that mutant AR97Q plays a role
in the recruitment of partner interacting proteins in an age-related fashion.
Our studies into the elucidation of the early stages of oligomerization indicated that
the polyQ tract is partially a-helical, a propensity that increases with its length. In
addition, a specific region of the N-terminus of the NTD, distinct from the polyQ
tract, appears to be responsible for the intermolecular interactions that nucleate
AR aggregation.
Studying the interactions between AR and the molecular chaperones Hsp40
and Hsp72 respectively, by NMR spectroscopy we found that the Hsp72 and
Hsp40 both bind to 23FQNLF27 motif, whereas the Hsp40 binds also to
541111QQQQ#EL. These findings provide a simple mechanism for the
disassembly of the complex between AR and molecular chaperones
required for androgen receptor function. Our findings emphasize
the therapeutic potential of allosteric regulators of Hsp72 and
Hsp40 and provide new insights into the role of the
chaperone machinery in protein quality control
in neurodegenerative diseases.
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Abstract of the thesis

Spinal bulbar muscular atrophy (SBMA) is a rare hereditary neuromuscular disease
caused by the elongation of a polymorphic polyglutamine (polyQ) tract in the N-
terminal region of the transactivation domain (NTD) of androgen receptor (AR).
Although the molecular basis of SBMA is not yet fully understood, the observation
of nuclear inclusions containing AR fragments in specific tissues of SBMA patients
has led to the suggestion that it is linked to AR aggregation. To characterize the
molecular mechanism of this process we have investigated the structural
properties of the polyQ tract present in AR as well as the early stages of its
oligomerization in vitro by nuclear magnetic resonance (NMR) spectroscopy in
solution.

To study the structural property of the AR aggregates in tissue, the Seprion ligand
was used for quantification of AR aggregate load in a SBMA mouse model. A
combination of atomic force microscopy (AFM), transmission electron microscopy
(TEM) and high-resolution microscopy was used to investigate the Seprion ligand
captured aggregates from muscle and spinal cord tissue. The results indicated that
aggregated structures from spinal cord extract differ remarkably from the fibrillar
species isolated from muscle tissue. We found that the AR fibrils in the muscles
accumulate and increase their length as the animals age.

Our results indicate that there are differences between the AR variants in muscle
and spinal cord, with more N-terminally truncated AR found in muscle compared
to spinal cord. We propose that truncated AR forms aggregates and leads to AR
fibrillar species in muscles and that mutant AR97Q plays a role in the recruitment
of proteins in an age-related fashion.

Our studies into the elucidation of the early stages of oligomerization indicated
that the polyQ tract is partially a-helical, a propensity that increases with its
length. In addition, a specific region of the N-terminus of the NTD, distinct from
the polyQ tract, appears to be responsible for the inter-molecular interactions that
nucleate AR aggregation.

Studying the interactions between AR and the molecular chaperones Hsp40 and
Hsp72 respectively, by solution NMR spectroscopy we found that the Hsp72 and
Hsp40 both bind to 2FQNLFY motif, whereas the Hsp40 binds additionally to
*LLLLQQQQ®. These findings provide a simple mechanism for the disassembly of
the complex between AR and molecular chaperones required for AR function and
emphasize the therapeutic potential of allosteric regulators of Hsp72 and Hsp40
and provide new insights into the role of the chaperone machinery in protein
quality control in neurodegenerative diseases.
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1.1. Spinal Bulbar Muscular Atrophy (SBMA)

1.1.1 SBMA or Kennedy disease: a neuromuscular disorder

Spinal and bulbar muscular atrophy (SBMA, Kennedy’s disease) is an X-linked
inherited neuromuscular disorder characterized by adult onset proximal muscle
weakness due to lower motor neuron degeneration. SBMA patients also display
signs of androgen insensitivity, including gynecomastia, reduced fertility and
testicular atrophy (1, 2). This finding, together with the X-linked inheritance, led to
analysis of the androgen receptor (AR) gene as the potential cause of SBMA. While
a CAG repeat in the first exon of the AR gene varies in length from 5-34 triplets in
normal individuals, SBMA patients were found to harbor repeats ranging from 37—
66 CAG repeats (3, 4). For decades, researches into the basis of neurological
disease have focused upon the contribution of neuronal dysfunction to disease
pathogenesis. However, over the last 15 years, there has been a growing
appreciation of the importance of non-neuronal cells in maintaining neuron
function and contributing to neurological disease pathogenesis (5).

SBMA patients with neuromuscular symptoms, very often are misdiagnosed for
amyotrophic lateral sclerosis (ALS). The clinical features of both diseases are very
similar, but the progression in ALS is much faster than SBMA. Recent researches in
the field of neuromuscular disease have provided convincing evidence of the
involvement of motor neurons in ALS, while more muscle problems are diagnosed
in SBMA (6, 7).

Skeletal muscle is a major source of trophic support for innervating motor
neurons and has been shown to contribute not only to neuron survival during
development, but also to synaptic activity and axonal function (8). SBMA patients
often exhibit features of myopathy, as progressive muscle weakness occurs in the
context of elevated serum creatine kinase levels (9). Muscle biopsies of SBMA
patients reveal mixed pathological findings, with both myopathy and neurogenic
atrophy features (10) and presence of intranuclear inclusions (Fig. 1-1).

As shown in figure 1-2, in 2002 Christopher A Ross published a model (11) for the
mechanism of toxicity of AR with an expanded polyQ in SBMA. The mechanisms of
neurodegeneration in the CAG repeat polyQ diseases, including Spinal and Bulbar
Muscular Atrophy (SBMA), Huntington's disease (HD), DentatoRubral and
PallidoLuysian Atrophy (DRPLA), and Spino-Cerebellar Ataxia (SCA) have been
controversial and there is still no clear mechanism which can explain the whole
disease pathology. Proposed mechanisms have included activation of Caspases
(12, 13) or other triggers of apoptosis, mitochondrial or metabolic toxicity and
interference with gene transcription.
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One of the main features of SBMA pathology is the presence of nuclear inclusions
of AR in spinal cord and skeletal muscle cells (Fig. 1-1) (14). It was demonstrated in
2005 (15) that diffuse nuclear accumulations of mutant AR frequently and
extensively were distributed in CNS and even in visceral organs and this was not
limited to spinal cord and muscles. But it was noted that spinal cord and skeletal
muscles comprised mainly nuclear inclusions and not the cytoplasmic variants of
AR. Recent studies have revealed that although different variants of AR
aggregates, intracellular, in cytoplasm or intranuclear exist, mainly the
intranuclear ones show toxic properties.

Figure 1-1: a) Nuclear inclusions of AR. AR
- aggregates were stained using 1C2
o ¥ antibody in anterior horn neurons. b)
(< - Web-like pattern of nuclei in presence of
‘ aggregates of AR in anterior horn
3 - neurons. Adapted from (15).

Figure 1-2: Model for SBMA
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binding results in association with androgen response elements (ARE), which leads to the recruitment
of co-activators and the activation of gene transcription. By contrast, antagonist binding results in
nuclear translocation without targeting to the androgen response elements or recruitment of co-
activators and thus, no gene transcription The pathogenesis of SBMA may result from targeting of
the mutant receptor to the nucleus. The expanded polyQ tract causes an altered conformation of the
protein. Upon binding of either agonist or antagonist, the receptor translocates to the nucleus. After
proteolytic cleavage (either in the nucleus or the cytoplasm), the polyQ stretch assumes an altered
conformation, leading to aggregation and the formation of intranuclear inclusions. The mutation
may confer a gain of a novel toxic property on the AR, such as abnormal interactions with CBP,
leading to a loss of neuronal survival signaling. Adapted from (11).
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1.1.2 SBMA and involvement of AR

AR is a member of the steroid hormone receptor family of ligand-dependent
nuclear receptors. AR functions include gene expression via action as a DNA-
binding transcription factor, cell cycle/proliferation regulation, cell-to-cell
signaling and intracellular signal transduction, leading to the regulation of
biological processes such as development, cellular proliferation, differentiation
and apoptosis. The presence of AR is required in the development of the male
phenotype including muscle growth and male pattering of the brain. Its gene is
located on the long arm of the X chromosome, Xq11-12, and consists of 8 exons
(Fig. 1-3).
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Figure 1-3: Schematic representation of the human AR gene, AR mRNA and the AR protein with
indicated regulatory regions, adapted from (16).

In 1991 X-linked spinal bulbar muscular atrophy or Kennedy’s disease was
introduced by Kenneth Fischbeck and his colleagues (4) as an adult onset form of
motor neuron disease, which may be associated with signs of androgen
insensitivity. They investigated whether the AR gene on the proximal long arm of
the X-chromosome was a candidate gene for this disease. They found AR gene
mutations with increased size of a polymorphic tandem CAG repeat in the coding
region. These amplified repeats were clearly associated with the disease, being
present in 35 unrelated patients and none of the 75 controls and showed that the
mutations were segregated with the disease in 15 families, and all the genetic
probability calculations made the association unlikely to be due to linkage
disequilibrium. Therefore, they concluded that the enlargement of the CAG repeat
in the AR gene is the most likely cause of this neuromuscular disorder (4).

In SBMA, the expansion of an unstable CAG repeat in the coding region of the AR
gene causes the protein to aggregate and to lose its functionality. The number of
CAGs in inversely correlated with the age of onset of the disease.
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Intergenerational CAG repeat expansion is observed predominantly in parental
rather than maternal transmissions, suggesting that particular instability of the
CAG repeat occurs in spermatogenesis (17).

1.1.3 SBMA and general features of other polyQ diseases

As CAG encodes the amino acid glutamine (Q), SBMA was the first disorder
identified to result from expansion of a polyQ repeat tract. Eight other inherited
neurodegenerative disorders were subsequently found to be caused by expanded
CAG repeats (18). PolyQ disorders are diseases of the central nervous system with
involvement of muscle disorders, caused by a CAG triplet expansion in the
affected genes, that leads to protein aggregation, in which muscular and neuronal
inclusion formation by the mutant protein hallmarks the disease (19-21). The 9
neurodegenerative disorders, caused by these usually unstable trinucleotide
tracts are: spinal bulbar muscular atrophy (SBMA, Kennedy’s disease), Huntington
disease (HD), DRPLA (dentatorubropallidoluysian atrophy) and the spinocerebellar
ataxia’s (SCA1, 2, 3, 6, 7, and 17) (19). These neurological disorders are autosomal
dominant, except for SBMA, which is an X-linked recessive disease (21-23). The
disorders usually start in midlife and slowly progress, often leading to wheel chair
dependency in 10-20 years and causing a progressive increasing of neuronal
dysfunction and neuronal cell loss and muscle dysfunction (20). Table 1-1
summarizes the main characteristics of each disorder. Tables 1-2 and 1-3
summarize the affected brain regions in every disorder, and the corresponding
symptoms.

The age of onset (AO) of all polyQ diseases is inversely correlated with the CAG
repeat length: the longer the repeat, the earlier the onset and the severity of the
disease. The expanded repeats are unstable and tend to expand further over
generations, especially when the father is affected, leading to earlier age of onset
and more severe phenotypes (24, 25). On average, the AO of all polyQ disorders is
determined by the length of the CAG repeat (24, 26); this implies that the rest of
the variation is likely to be determined by environmental and other genetic
factors which are thought to modify the course of the disease and can form the
basis for a therapy delaying the AO (27) or a phenotypes modifying therapy.

Table 1-1 summarizes the characteristics of each disorder. The mutated gene
encoding the affected protein, the limit for the CAG repeat in normal (CAG<) and
disease (CAG>) conditions, the average age of onset (AO): the age of the patient
when the first signs of disease were observed, (CAG-AO) the percentage in which
the CAG repeat length determines the age of onset, and the localization of the
inclusions (NI= nuclear inclusions, Cl=cytoplasmic inclusions). Adapted from (21).
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Disorder Gene CAG < CAG> AO CAG-AO Inclusions
SBMA Androgen 9-36 38-62 40 60% NI
receptor
HD HD gene 1-34 36-121 40 50% NI and CI
SCA1 Ataxin 1 6-44 39-82 35 66% NI
SCA2 Ataxin 2 15-24 32->100 35 73% CI
SCA3 Ataxin 3 13-36 55-84 40 45-60% NI (a few CI)
SCA6 CACNALA 4-18 20-33 50 44% CI
SCA7 Ataxin 7 4-35 37-300 30 75% NI
SCA17 TATA binding  25-42 47-63 30 42%
protein
DRPLA  Atrophin-1 7-34 49-88 30 50-68% NI

Table 1-1: Characteristics of polyQ disorders (Adapted from 21)

Disorder Affected regions

SBMA Anterior horn, dorsal root ganglia

HD Striatum, cortex

SCA1 Cerebellum, dentate nucleus, brain stem

SCA2 Cerebellum, brain stem, fronto-temporal lobes
SCA3 Cerebellum, basal ganglia, brain stem, spinal cord
SCA6 Cerebellum, dentate nucleus, inferior olive

SCA7 Cerebellum, brain stem, macula, visual cortex
SCA17 Cerebellum, cortex, basal ganglia

DRPLA Cerebellum, cortex, basal ganglia

Table 1-2: Affected brain regions in polyQ disorders (Adapted from 21)

Disorder Main clinical features

SBMA Motor weakness, swallowing, gynecomastia, decreased fertility

HD Choreia, dystonia, cognitive deficits, psychiatric problems

SCA1 Ataxia, dysathria, spasticity, cognitive impairments

SCA2 Ataxia, polyneuropathy, slow saccades

SCA3 Ataxia, parkinsonism, spasticity, extra pyramidal signs, polyneuropathy
SCA6 Ataxia, dysarthria, nystagmus

SCA7 Ataxia, blindness, dysathria, extra pyramidal signs

SCA17 Ataxia, cognitive decline, seizures, and psychiatric problems

DRPLA  Ataxia, seizures, choreoathetosis, dementia

Table 1-3: Main clinical features of polyQ disorders (Adapted from 21)

Table 1-3 summarizes the main symptoms of polyQ disorders. Gynecomastia:
Abnormal development of large mammary glands in males. Choreia: Dance like
abnormal involuntary movements. Choreoathetosis: Occurrence of involuntary
movements. Dystonia: repetitive movements or abnormal postures by muscle
contractions. Dysarthria: poor articulation. Nystagmus: Involuntary eye
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movement. Polyneuropathy: simultaneous malfunction of peripheral nerves.
Adapted from (21).

As stated above, polyQ disorders are a heterogeneous group of
neurodegenerative diseases caused by a CAG expansion in unrelated proteins,
leading to the formation of insoluble, fibrillar aggregates in muscles and neurons
containing elements of protein quality controls like molecular chaperons,
ubiquitin, proteasomes and transcription factors (28). These resemblance indicate
that some of the mechanism of pathogenesis that connect the disorders might be
conserved, but each with specific elements in each disease.

Despite extensive research, the molecular mechanism of polyQ aggregation and
its cellular toxicity is not well explained yet. Moreover, the data on the role of
polyQ inclusions’ toxicity is contradicting, making it difficult to determine whether
inclusions are protective, toxic or both (29-31). In the following, various general
mechanisms in polyQ disease progression are discussed.

1.1.4 Protein Inclusions: pathogenic or not

Similar to other neurodegenerative disease, one of the major hallmarks of all
polyQ diseases is the large protein inclusion found both in nucleus and the
cytosol, comprising amyloid structures. Evidence for the toxicity of inclusions is
based on the observation that inclusion formation in cultured cells correlates with
cell death (32). Moreover, in animals the amount of polyQ aggregates correlates
with the disease progression (33), increases when the disease progresses and is
reversed when the expression of the mutant protein is turned off (34). Molecules
able to interfere with the formation of aggregates in Alzheimer’s disease or
Parkinson’s disease, like Congo red, Thioflavine and green tea have reduced
toxicity in cellular and animal models (35-37); also Hsps inhibiting protein
aggregation decrease the polyQ toxicity (38—40). However, other evidence has
suggested that these aggregated entities may not be the primary toxic events
causing the manifestations of the disease (41). In human HD post-mortem brains,
the presence of inclusions is not directly correlated with neuronal cell loss, as the
highest numbers of neurons containing inclusions are found in non-degenerating
neurons (29, 42), and degenerated areas sometimes lack inclusions. Moreover the
HD shortstop mouse model, which expresses a short fragment of human
Huntingtin (Htt) with an expanded polyQ repeat shows widespread Htt inclusions
in tissues with no clear pathology (31). Also in experimental in vitro cellular
models, inclusions are often not correlated with cell death (41, 43).

In spite of these apparent controversies, oligomerization does seem to be crucial
for the pathogenesis of polyQ diseases (37). It is assumed that early intermediates
in the aggregation pathway (monomers, disordered oligomeric fragments or
aggregates) are the most toxic species (44) and that the formation of inclusions
represents a last attempt of the cells to protect themselves against these toxic
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species. However, as | will show the aggregated species of AR are highly important
in molecular mechanism of SBMA disease.

1.1.5 Models for toxicity of polyQ proteins in skeletal muscle cells
and neurons

How the toxic species, whether monomeric or higher order aggregates, initiate
the cascade of pathogenic protein-protein interactions that trigger neuronal
dysfunction is still not well understood. A few of the hypothesis are described in
the following.

1.1.5.1 Protein quality control (PQC) system impairment

Molecular chaperones and Ubiquitin-proteasome system (UPS) components have
been found to be associated with polyQ inclusions in which they may be
sequestered, leading to loss of function (28, 34). It is known that polyQ proteins
sequester other proteins with specific sequence properties, either rich in Q/N
(GIn/Asn) or small elongations of Gln tracts (45-47). These might be one of the
possibilities for impairment of protein quality control. In addition, direct clogging
up the proteasome may occur during the digestion of soluble expanded polyQ
proteins (34, 48, 49). These events, together with a normal increase in metastable
proteins during ageing (43, 50) and an age-dependent decline in these PQC
systems, will impair protein homeostasis leading to a self-perpetuating and
progressive global cellular dysfunction which ultimately causes cell death.

1.1.5.2 Transcriptional impairment/dysregulation

It has been shown by microarray gene expression profiling, that in presence of
polyQ proteins, the expression of many genes is altered, some of which are
protein context dependent, but others seem to be generally dysregulated in all
polyQ diseases (51-53) As previously mentioned, transcriptional dysregulation
and toxicity could arise from the recruitment of other polyQ containing proteins
during the aggregation process into the aggregate that hereby may lose their
physiological function (47, 54-56). Interestingly, a number of transcriptional
regulators become trapped in nuclear inclusions (54, 57-60). For example, the
transcriptional co-activator CREB-binding protein (CBP) with a polyQ tract is
inactivated in polyQ expressing cells and toxicity and can be partially prohibited by
its re-introduction (61-64).

1.1.5.3 Axonal transport impairment

Similar to most of the neurodegenerative diseases with presence of large amyloid
proteins intracellular or extracellular of the cells (65, 66), perturbations in
transport pathways within the long, narrow-caliber axons are likely to be an early
event also in (some) polyQ disorders, causing neuronal dysfunction, neuronal
death and eventually muscle cells impairment (57). These axonal transport
disruptions have been observed in Drosophila HD models, which are characterized



Chapter 1. General Introduction

by the presence of aggregate in the cytoplasm, sequestering other polyQ
containing proteins in the cytoplasm leading to the disruption of the axonal
transport and an accumulation of aggregates at synapses (67). Moreover, this
phenomenon was also observed in HD mice where degenerated axons were
observed with Htt aggregates associated with degenerated mitochondria (68), and
dystrophic neurites, which are extracellular structures containing axonal
processes. Consistently, in brains of e.g. HD and SCA3 patients’ axonal inclusions
have been also detected (69, 70).

The above-mentioned toxicity pathways are not mutually exclusive (e.g.
transcriptional dysregulation could be failure of PQC systems to chaperone
transcription factors) and they may occur in parallel or sequentially with other
events. This may also be relevant to the discussion of nuclear versus cytoplasmic
aggregation and their role in polyQ proteins toxicity (15). The finding that nearly
all polyQ disorders display predominantly nuclear inclusions prompted the
hypothesis that nuclear aggregation is required and sufficient for pathogenesis
(15, 17). Indeed, in many experimental models, modulating the localization of
polyQ proteins has shown effects on the disease manifestation. As an example,
preventing nuclear entry attenuated nuclear localization and enhanced cellular
toxicity (15, 41, 42) and disease onset in mice. Requirement of nuclear
aggregation can also be easily explained in terms of the transcriptional
dysregulation hypothesis (71) and with the findings that especially due to the
absence of most of the molecular chaperons or their low expression level, the
nucleus is an aggregation-prone environment (72), it might be also because
systems like autophagy are not operational in nuclei (73) and therefore the
nuclear fragments escape the cytoplasmic quality control (74). Indeed, in several
polyQ diseases like SCA2 (75), SCA6, HD (69) and even recently in SCA3 (70)
protein aggregates have been identified exclusively or additionally in the
cytoplasm. These cytoplasmic inclusions may impair axonal transport and
contribute to degeneration of skeletal muscles and nerve cells (57). Moreover, in
some cases, the observed toxicity might be independent of the formation of
aggregates but might be caused by the destabilization of the microtubules for
examples by full-length mutant Htt (76).

It is important to note that early events in the progression of the disease should
be also taken into account. Studying the late stage characteristics of amyloid
diseases may clarify many aspects of the disease, however, a detailed look into
the whole procedure of disease progression from pre-onset to postmortem is
mandatory for polyQ diseases field.

1.1.5.4 Tissue specificity

Despite the widespread expression of all of the mutant polyQ proteins throughout
the body, in most of these diseases, with the exception of SBMA, the central
nervous system is particularly vulnerable and neurodegeneration is causative for
the devastating (19, 77, 78). As neurons are post mitotic cells, their ability to cope

10
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with misfolded proteins may be different from that of other tissue which can
proliferate and regenerate. Identical reasons for muscle tissue vulnerability also
exist. Although neurons are a distinct target of polyQ-mediated toxicity,
pathological changes in non-neuronal cells also play a role in the development of
neurodegeneration (79, 80). Special features of skeletal muscle tissues make them
highly susceptible to the presence of aggregates, not only due to their chemical
and structural properties, but also their physical features like size and stability.
Muscle tissue highly compact with a unique cytoplasmic environment that may
not withstand the formation of large aggregates of AR. Large aggregates could
work as physical hindrance and therefore result in loss of elasticity in muscle cells.

Myopathic changes in muscle biopsy specimens and elevated serum creatine
kinase levels in patients with SBMA imply a direct involvement of the skeletal
muscle (81). Morphologic and molecular changes associated with myopathy are
detectable before the initiation of neurodegeneration in a knock-in mouse model
of SBMA (82, 83). Additionally, the targeted overexpression of Wt rat AR in
skeletal muscle induces motor axon loss in mice. These observations suggest that
AR-mediated myopathy contributes to non-cell autonomous degeneration of
spinal motor neurons (84).

Asymmetric segregation of accumulated protein damage during cell division (85)
seems to serve the stem cell rejuvenation and preserve highly regenerative
tissues. This may explain the hypersensitivity of the neurons and muscle tissue to
protein misfolding. But also within post-mitotic regions of central nervous system,
large differences in sensitivity toward degeneration seem to present with each
polyQ disorder showing degeneration in different areas of the central nervous
system (20).

This indicates that function and/or metabolism of the affected protein and the
protein context outside the CAG-repeat also plays an important role in cell-type
and area-specific degeneration. Therefore, despite the various similarities
between the diverse polyQ diseases, there are substantial involved regional
differences between in different polyQ disorders.

1.1.6 SBMA treatment strategies

During the two decades since the discovery of the AR gene mutation in SBMA,
basic and clinical research lead to a deep understanding of the disease
manifestations and pathophysiology (Fig. 1-4). However, despite positive results in
animal studies, no therapy has proven to be effective in clinical trials, suggesting a
need to elucidate the entire disease mechanism, the early initiation of therapeutic
intervention and sensitive outcome measures need to evaluate drug effects. In
addition, the efficacy of non-pharmacological approaches, including physical
therapy, should also be rigorously tested. Further basic and clinical studies are
needed to elucidate the pathogenesis of SBMA and develop effective therapies.

11
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The ubiquitin-proteasome system and autophagy constitute the most important
cellular defense machineries against the accumulation of misfolded proteins.
Treatment with 17-allylamino-17 demethoxygeldanamycin, a potent Hsp90
inhibitor, facilitates the proteasomal degradation of pathogenic AR and thereby
ameliorates the motor deficits in a mouse model of SBMA (86). Pathogenic AR
retained in the cytoplasm is subjected to protein degradation via the
autophagic/lysosomal pathway. Pharmacological activators of autophagy,
including Rapamycin, also suppress neuronal damage in cellular and Drosophila
models of SBMA (87). Hsps mitigate polyQ-mediated cytotoxicity by refolding and
solubilizing the pathogenic proteins. Overexpression of the inducible form of
human Hsp70 facilitates the proteasomal degradation of abnormal AR protein and
markedly ameliorates the symptomatic and histopathological phenotypes in
SBMA mice (39). Favorable effects are also exerted by a pharmacological
induction of molecular chaperones.
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Figure 1-4: Pathophysiology and potential therapies for SBMA. Ligand-dependent nuclear
accumulation of the pathogenic AR has been construed as the initial step in the neurodegeneration
process of SBMA, however, DNA binding, interdomain N/C interaction and recruitment of co-
regulators are also required for AR toxicity. PolyQ-expanded AR dysregulates the transcription of
several genes including peroxisome proliferator-activated receptor y coactivator 1 (PGC-1), dynactin
1, and type Il transforming growth factor-8 (TGF-8) receptor (T8RIl), leading to mitochondrial
dysfunction, axonal transport defects, and disruption of TGF-8 signaling. Pathogenic AR also
activates the c-Jun N-terminal kinase (JNK) pathway, culminating in apoptosis. Several potential
therapies for SBMA have emerged from animal studies, e.g, hormonal interventions (leuprorelin,
dutasteride, and bicardamide), enhancers of protein degradation (rapamycin and 17-allylamino-17-
demethoxygeldanamycin [17-AAG]), an inhibitor of co-regulator recruitment (5-hydroxy-1,7-bis[3,4-
dimethoxyphenyl]-1,4,6-heptatrien-3-one [ASC-J9]), mitochondrial modulators, histone deacetylase
(HDAC) inhibitors, and trophic factors (vascular endothelial growth factor and insulin-like growth
factor 1). DHT indicates dihydrotestosterone. Adapted from (9).
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PolyQ AR is expressed by both lower motor neurons and skeletal muscles.
Although viewed as a motor neuronopathy, data from patients and mouse models
suggests that muscle contributes to disease pathogenesis. In recent studies, this
hypothesis has been tested using AR113Q knock-in and human bacterial artificial
chromosome/clone (BAC) transgenic mice that express the full-length polyQ-AR
and display androgen-dependent weakness, muscle atrophy, and early death (88).
Antisense oligonucleotides were developed that suppressed AR gene expression
in the periphery but not the CNS after subcutaneous administration (Fig. 1-5)(89).
Suppression of polyQ-AR in the periphery, rescued deficits in muscle weight, fiber
size, and grip strength, reversed changes in muscle gene expression, and extended
the lifespan of mutant males. The results concluded that polyQ-AR expression in
the periphery is an important contributor to pathology in SBMA mice and that
peripheral administration of therapeutics should be explored for SBMA patients.

AR Antisense Oligonuclectide

e w -3 Antisense
N omikhimens mediated
g,”""‘ N AR lowering
s O TN .
ARmMANA Recognizes Duplex ~—3» Trophic
X 1 | survival
supports

Figure 1-5: Peripheral AR gene suppression rescues disease in mouse models of SBMA. AR-targeted
antisense oligonucleotides suppressed gene expression in mice. Subcutaneous delivery suppressed AR
gene expression in the periphery but not the CNS. Subcutaneous administration rescued disease in
two mouse models of SBMA Peripherally expressed polyQ AR contributes to disease and is a
therapeutic target. Adapted from (90).

Miyazaki et al. in a Nature Medicine paper (91) showed that SBMA can be treated
by modulating the organism's natural biology via a specific miRNA (fig. 1-6).
Initially, they observed that five miRNAs (miR-196a, miR-196b, miR-496, miR-323-
3p and miR-29b) were upregulated in the spinal cords of SBMA transgenic mice
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and individuals with SBMA. By overexpressing one of these miRNAs both the
mutant CAG-expanded AR transcript and the mutant protein in SBMA mice were
down regulated, leading to an improved neurology, body weight and survival. This
notable broad-spectrum improvement in the disease phenotype is probably due
to the mode of delivery of the therapeutic miR-196a using a recombinant adeno-
associated virus (AAV) vector. The AAV vector was efficiently transported via the
blood from skeletal muscle to the brain and the motor neurons of the spinal cord.
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Figure 1-6: miR-196a, along with four other miRNAs, is upregulated in SBMA. The authors found that
miR-196a destabilizes the CELF2 transcript, which encodes an RNA-binding protein, CELF2 that
normally stabilizes the AR transcript, presumably by binding to a short CUG tract upstream of the
CAG repeat in the AR transcript. Thus, administration of AAV overexpressing miR-196a targets CELF2,
leading to the degradation of the AR transcript and reduced translation of the AR protein, and
improves the phenotype of transgenic mice modeling SBMA. Adapted from (91).

1.1.7 SBMA transgenic mouse models

SBMA is a gender-specific disease only males are fully affected. Females, even if
homozygous for the mutation, have few if any symptoms (23). In both transgenic
and knock-in mouse models of SBMA, male but not female mice expressing
mutant AR develop full disease manifestations (92, 93). Importantly, reduction of
testosterone levels in male mice ameliorates disease manifestations, suggesting a
potential therapy for SBMA (94). Indeed, a phase 2 clinical trials shows the
benefits of androgen deprivation by leuprorelin acetate (94—-96). However, the use
of anti-androgens as therapy may have undesired side effects.

In looking for transgenic animals of SBMA to perform our in vivo studies, all
available SBMA transgenic mice with either truncated or full-length human AR
(Table 1-4) were compared. Transgenic mice were first created using the full-
length AR containing 45 CAGs, which is equivalent to the repeat length observed
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in SBMA patients, driven by the interferon-inducible Mx promoter or the neuron-
specific enolase (NSE) promoter. Expression of mutant AR was found in mice with
the inducible Mx promoter, but at a lower level than normal endogenous
expression. The mice demonstrated neither disease manifestations nor repeat
length instability. Another transgenic mouse model was created with yeast
artificial chromosomes (YACs) carrying the AR gene in the context of flanking non-
coding sequences (82, 97).

Studies on independent lines of AR YAC transgenic mice carrying 45 CAGs,
revealed intergenerational instability. However, this model failed to show the
expression of mutant AR in RT-PCR or Western blot (WB) analysis. In order to
enhance the toxicity of mutant AR, a transgenic mouse model was created with
human AR containing 66 CAGs, which was longer than the longest repeat
observed in SBMA patients, driven by the NSE promoter or the neurofilament light
chain (NFL) promoter. Although expression levels of mutant AR were 2-5 times
the endogenous AR levels, these mice showed no neurological symptoms,
presumably because the CAG repeat was not long enough. Therefore, in 2002,
Prof. Sobue laboratory generated transgenic mice expressing the full-length
human AR containing 24 or 97 CAGs under the control of the cytomegalovirus
enhancer and the chicken R-actin promoter (92). This model recapitulated not
only the neurologic disorder, but also the phenotypic differences with gender,
which is a specific feature of SBMA.

A full characterization of 97Q animals are summarized in figure 1-7 adapted from
(92).

Reference Transgene construct CAG repeat Motor impairment Neuropathology Muscle pathology
instability Symptoms Gender effect  Nuclear inclusions  Cell loss
Bingham et al,, 1995  Mx or NSE promoter, full-length “) “) -) “) (3] )
human AR with 45 CAGs
LaSpada etal., 1998  YAC transgenic full-length human ~ mild ) -) ) =) )
AR, with 45 CAGs
Meny etal, 1996 NSE or NFL promoter, full-length ) ) -) -) =) &)
human AR with 66 CAGs
Adachi etal,, 2001 human AR promoter, sole 239 CAGs mild weakness, amyotrophy,  (-) spinal cord, cerebrum (<) &)
incoordination cercbellum
Abel et al., 2001 NFL promoter, trancated human AR (=) weakness, foot clasping (=) spinal cord, cerebrum (=) &)
with 112 CAGs ‘brainstem
Abel et al., 2001 PrP promoter, truncated human AR~ (=) hypoactivity, foot clasping, (-) all neurons () )
with 112 CAGs tremor, seizure
Katsuno etal,, 2002 chicken B-actin promoter, full-length  (-) weakness, amyotrophy significant spinal cord, cerebrum (-) grouped atrophy
human AR with 97 CAGs brainstem
McM; ctal, cytomegalovirus promoter, full-length (<) weakness, amyotrophy, mild - ) grouped atrophy
2002 human AR with 120 CAGs foot clasping fiber-type grouping
hypertrophic fiber
Kennedy etal,, 1968 SBMA patients mild weakness, amyotrophy, significant spinal cord, ) grouped atrophy
Sobue ctal., 1989 fasciculation ‘brainstem fiber-type grouping
hypertrophic fiber

Table 1-4: Full characterization of introduced transgenic mouse models of SBMA (Adapted from

(33)).

Table summarizing the list of introduced transgenic mouse models of SBMA.
Length of the polyQ, and main clinical features of SBMA pathology in each line
have been compared.
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Figure 1-7: Effects of castration on symptomatic phenotypes of male AR-97Q mice. (A, B, C and D).
Body weight (A), rotarod task (B), cage activity (C), and survival rate (D) of castrated (E, n = 6) and
sham-operated (n = 6) male AR-97Q mice. All parameters are significantly different between sham-
operated male AR-97Q mice and castrated male AR-97Q mice or castrated male littermates (n = 2) (P
= 0.0001, P<0.0001, P = 0.006, and P = 0.0006, respectively). (E) A castrated AR-97Q mouse (top)
shows no muscular atrophy, which is striking in a sham-operated male AR-97Q mouse (bottom) (#2-
6, 12-week-old). (F) Footprints of 12- week-old castrated (C) and sham-operated (S) male AR-97Q

mice. Front paws are in red, and hind paws in blue. Adapted from (92).

Emerging evidence suggests a role for muscle in SBMA pathogenesis. Histological
and molecular signs of muscle pathology are detectable before the appearance of
pathological abnormalities in the spinal cord in a knock-in mouse model of SBMA
(93), suggesting that mutant AR may exert a direct toxic effect on skeletal muscle.
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In support of this notion is the observation that over-expression of normal AR in
the skeletal muscle induces a phenotype similar to SBMA (84, 98). Analysis of
muscle biopsy samples derived from SBMA patients suggests a mixed pathology
with both myopathic and neurogenic features (10). However, the extent of
weakness in later stages in SBMA is a consequence of motor neuron damage.

Knock-in mice expressing AR with 113 glutamines (AR113Q) develop early
myopathy findings with little or no significant motor neuron loss until late in their
disease course (93), consistent with muscle as a key site for SBMA disease
pathogenesis. Moreover, while widespread transgenic expression of human
AR20Q at levels comparable to endogenous AR does not produce a
neuromuscular phenotype (82), skeletal muscle-specific overexpression of wild-
type AR (AR22Q) in mice is sufficient to produce a SBMA-like neuromuscular
disease, accompanied by denervation of target muscle and motor neuron axon
degeneration, complete with androgen dependence, gender bias, axonopathy,
and muscle wasting (84). Additionally, testosterone treatment of asymptomatic
female transgenic mice overexpressing the AR22Q transgene in muscle, yielded
pronounced neuromuscular deficits, but no detectable motor neuron pathology
(83).

Although development of SBMA-like disease manifestations upon skeletal-muscle-
specific expression of AR22Q may simply stem from the very high level of AR
transgene overexpression in this model (84), the SBMA-like phenotype in males
can be reversed upon cessation of testosterone treatment. These findings indicate
that muscle-restricted AR toxicity may underlie SBMA disease pathogenesis and
therapies targeting skeletal muscle may prove beneficial for patients. In support of
this thesis, transgenic expression of anabolic insulin growth factor-1 (IGF-1)
directed to muscle can rescue nerve pathology in SBMA transgenic mice,
producing a significant extension in the life span (87).

1.2. Androgen receptor (AR)

1.2.1 AR function

The human AR is a 919-residue nuclear receptor (NR) that is expressed in most
tissues including the brain, liver, kidneys, muscle, skin, bone and prostate and is
important for the development of the male sexual phenotype (99, 100). Its gene is
located in the long arm of the X chromosome, Xq11-12, and consists of 8 exons
(Fig. 1-8). Exon 1 codes for the N-terminal domain (NTD), exons 2 and 3 for the
DNA binding domain (DBD) and exons 4 to 8 for the hinge region and the ligand
binding domain (LBD). In the late 1980s several groups cloned the human AR
complementary DNA (cDNA), which paved the way for the structural and
functional characterization of the protein (101, 102). Androgens mainly exert their
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physiological roles via binding to the AR, which leads to nuclear translocation,
binding to DNA and regulation of the transcription of AR target genes.

q1112

X chromosome ( Y g_ )

AR protein D o 7 120 )
| |

)
1 559 623 670 919
Figure 1-8: Schematic representation of the human AR gene and the AR protein Adapted from (103) .

1.2.2 AR structure

The AR is a member of the nuclear receptor (NR) superfamily, and belongs to the
group of steroid receptors (SRs), together with the estrogen receptor (ER), the
glucocorticoid receptor (GR), the mineralocorticoid receptor (MR) and the
progesterone receptor (PR) (104, 105). Nuclear receptors are ligand-activated
transcription factors and the members of this superfamily share a specific domain
organization.

In AR, the NTD is located between residues 1 and 559 and contains activation
function 1 (AF1), which is important for AR transactivation. The DBD between
residues 560 and 622 contains two Zn fingers and mediates DNA-binding of the
AR. A flexible hinge region (H, residues 623-670) separates the DBD from the LBD.
Finally, the LBD is located between resides 671 and 919, is the domain of the
protein to which androgens bind and contains activation function 2 (AF2) (Fig. 1-
9).

NTD -0 LBD

AF-2

LBD
670919
PDB : 2AM9

PDB : IR41

Figure 1-9: The domain structure of AR. a) The AR contains the NTD, the DBD, the flexible H, and the
LBD. The structures of the folded domains resolved by X-ray crystallography and the corresponding
residue numbers are indicated.
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The main domain of AR involved in SBMA is the NTD, but a brief explanation about
the interaction between C-terminal LBD and N-terminal domain FQNLF is
important for a better understanding of the protective role of Hsp70, suggested
by the results presented in this thesis.

Typically, the AF2 region of NRs interacts strongly with LxxLL signature motifs - in
which L is leucine and X is any amino acid- present in several NR co-activators, like
the family of p160 co-activators (SRC-1, SRC-2 and SRC-3) (106) As shown in figure
10, LxxLL motifs adopt a helical conformation and dock into the hydrophobic cleft
formed by AF2 on the surface of the LBD. After hormone binding two charge
clamp residues, K720 (in helix 3) and E897 (in helix 12), form part of the AF2
surface and stabilize further the interaction between AF2 and these co-activator
motifs. The AF2 of AR is unique among NRs that it does not have a high affinity for
such LxxLL signature motifs, even though it can accommodate LxxLL containing
peptides. Instead, the AR AF2 preferentially binds FxxLF motifs, in which F is
phenylalanine, L is leucine and X is any amino acid, as is the case in the 22FQNLF*’
motif found in the NTD of the AR. This leads to an N/C interaction that is essential
for AR transactivation and is regulated in a spatiotemporal fashion (107). This
interaction will be discussed further in this section. FxxLF motifs are also present
in AR co-regulators, such as ARA70, and can bind to the AF2 cleft (Fig. 1-10). The
importance of these motifs in protein-protein interaction will be discussed further
in results part.
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Figure 1-10: Structure of the AR FxxLF peptide bound to the AR LBD. (a) Global architecture of the AR
FxxLF peptide (brown ribbon) and R1881 (space filled atoms; yellow, carbon; red, oxygen) bound to
AR LBD (white ribbon) with helices 3, 4, 5 and 12 (green ribbon) forming the coactivator binding site.
Conserved charged residues (blue, positively charged lysine; red, negatively charged glutamic acid) at
the opposite ends of the groove are indicated. (b) Close-up view of the AR coactivator-binding
groove. Helices 3, 4, 5 and 12 are shown (green ribbon). Side chains of residues composing the
groove are shown as sticks. (c)—(f) Different representations of AR FxxLF (c and d) and TIF2 box Il
LxxLL (e and f) peptides bound to the AR LBD. Compared to FxxLF peptides, LxxLL peptides are shifted
in the groove towards K720, resulting in different interactions, and thus stabilizations, between the
two types of peptides with the AR LBD surface. Peptide backbones are shown as orange and magenta
C-alpha coils, respectively. Side chains of the amino acid residues at positions +1, +4, and +5 are
shown as sticks. The charged residues K720 and E897 are indicated for orientation. Adapted from
(108).

In addition to these local effects, ligand binding also causes conformational
changes in other domains of the AR. It exposes for instance the nuclear
localization signal (NLS), located in part in the DBD and in part in the hinge region,
which allows interaction with proteins that translocate the AR to the nucleus (104,
109). Ligand binding further induces the N/C interaction between the NTD and the
LBD and the concomitant release of molecular chaperones, which changes the
conformational properties of the NTD and possibly other parts of the AR (107,
108). Binding of the AR DBD to AREs does not only cause conformational changes
in the DBD, but was also shown to induce a certain degree of helicity in the NTD
(110).

This was proposed to act as a mechanism to regulate gene expression by
enhancing the interaction of the NTD with co-activators (110-112). Furthermore,
the AR NTD also modulates the DNA binding properties of the DBD by reducing its
binding affinity for androgen response elements (AREs).
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The ligand-induced N/C interaction between the NTD and LBD of the AR is the
best characterized interdomain interactions of the protein. It has been described
as necessary for its full transcriptional activity depending on the context, including
the promoter sequence (113). It can occur by direct interaction between the NTD
and the LBD or, instead, via the binding of SRC co-activators to both the NTD and
the LBD of the AR. The regions of AR involved in the direct N/C interaction are the
2FQNLF?” motif in the NTD and the AF2 in the LBD.

The 2FQNLF?’ motif is located close to the N-terminus of AR and plays an
important role in transactivation. It is highly conserved among different species
(124). Its binding to the AF2 is androgen-dependent and involves the folding-
upon-binding of this region of sequence into a helix (115).

It was shown that amino acids 3-13 further modulated the N/C interaction
without directly interacting with the LBD. The binding affinity between the
2FQNLFY motif and the AF2 pocket was determined to be 1.2+0.2 pM by
isothermal titration calorimetry (ITC) (116) and 9.2+0.4 uM by fluorescence
polarization. Further binding partners of this specific sequence will be introduced
in the result part.

Several amino acid repeats are present in the NTD, including two large
polymorphic GIn and Gly repeats (residues 58-78 and residues 449-472,
respectively), two shorter GIn repeats of six and five residues (residues 84-89 and
residues 193-197) and short repeats of five Ala (residues 398-402) and eight Pro
residues (residues 372- 379).

The roles of the polymorphic polyQ and polyG repeats have not been fully
elucidated, but they have been proposed to provide inhibitory control over the
NTD (117). Shorter polyQ and polyG repeat lengths are associated with increased
AR activity, and deletion of the polyQ stretch results in a much more active AR.
The N/C interaction was also found to be stronger for shorter repeat lengths.
Furthermore, the length of both the polyQ and polyG stretch is inversely
correlated with the risk of developing prostate cancer (PC) (118) and somatic
mutations that shorten the CAG repeat are commonly observed in PC patients
(129). In contrast, longer polyQ repeats correlate with an increased risk of SBMA
and an earlier age of onset of this disease.

1.2.3 AR, a protein with a large intrinsically disordered domain
1.2.3.1 Intrinsically disordered proteins

Over the past century, evidence steadily was accumulated that a well-defined
structure is the prerequisite of protein function. The success of the protein
structure—function paradigm was thought to suggest that a protein could only
function with a well-defined three-dimensional structure. This view is based on
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more than 60,000 high-resolution structures in the Protein Data Bank, which in
many cases enable the interpretation of function in terms of structure. Although
deviations from this norm were always expected, they had, until recently, been
neglected or ignored. There are many observations that argue for a novel family
of proteins, which apparently exist and function without a well-defined structure.
Based on predictions, we know that the structural disorder is abundant in all
species, and due to its strong correlation with regulatory and signaling functions,
its level is significantly higher in eukaryotes than prokaryotes (120). About 15-45%
of eukaryotic proteins contain significant disorder of at least 30 residues in length
(121, 122). Studies of these intrinsically disordered proteins (IDPs) are in the
spotlight of current structural biology, leading to a rapid extension and
transformation of the structure—function paradigm. These intrinsically disordered
proteins/regions (intrinsically disordered protein IDPs/intrinsically disordered
region IDRs) resemble the unfolded and denatured states of globular proteins.
Unlike the latter, however, IDPs/IDRs carry out important functions often related
to signaling or regulation (123) including specificity without strong binding,
adaptability, involvement in post-translational modifications and rapid interaction
with partners.

Therefore, the most important question of the field is the physiological functional
mode of IDPs. Recent studies have indicated that structural disorder provides
multiple functional advantages and IDP functions either originate from their
disorder or from molecular recognition, when they undergo induced folding
(disordered to ordered transition) upon binding to a partner protein (124, 125).
These behaviors induce specific functional modalities, such as adaptability in
binding, weak but specific binding and frequent regulation by post-translational
modification. The concept of structure adaptability suggests that IDPs move to a
structured state and become ordered upon binding to the partner. Binding by
these motifs is usually weak, transient and possibly of limited specificity, which
can become more specific and/or stronger, when influenced by their flanking
regions (126-128).

The functional role of structural disorder from a biological process point of view
addresses what type of cellular functions benefit most the lack of the stable
structure. Several bioinformatics studies have indicated that IDPs are generally
thought to be involved in processes of signaling and regulation as mentioned
before.

1.2.4 Structural properties of AR-NTD

Unlike the DBD and LBD, the NTD has no stable secondary or tertiary structure. It
is predicted to be an IDP and according to biophysical experiments it can be
considered as IDP. The NTD of other NRs is similarly disordered and this flexibility
is related to the function of this domain. The AR, in isolation, was shown to
contain 13-16% helical secondary structure by circular dichroism (CD) and Fourier
transform infrared spectroscopy (FTIR) (118, 129, 130). However, as described in
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the previous section, interdomain communication and allosteric mechanisms can
increase the helical content of AF1. The N/C interaction induces an a-helical
conformation in the 2FQNLF?’ binding motif and it has been proposed to affect
the conformational properties of other regions in the NTD and possibly other
domains of the AR. When the NTD is linked to the DBD, binding to DNA will also
induce helicity in the NTD. This illustrates that in the context of full-length AR
and/or when the AR is bound to DNA, the NTD adopts a more folded
conformation than when it is studied in isolation. In addition, DNA binding of the
AR and binding of co-regulatory proteins to the NTD can induce a more helical
conformation and/or stabilize a particular conformation from this ensemble. This
further facilitates interaction of other co-regulatory proteins and the assembly of
a transcriptionally competent AR complex. Such a model, in which structure can
be induced in the NTD and new binding sites can be created, allows for specificity
and multiple target protein binding to the NTD. Some interactions possibly induce
folding, whereas others require a more ordered conformation to interact with the
NTD.

1.2.5 Importance of NMR to study IDPs

Although the initial name “unstructured” implied that IDPs might completely lack
structure, it is now apparent that they have potentially function-related short and
long-range structural organization that now can be studied in great detail by
several experimental techniques with the most spectacular advances achieved
through multi-dimensional NMR. NMR parameters that are sensitive to local
structure, such as chemical shift, heteronuclear Overhauser effect (hetNOE),
relation and residual dipolar coupling (RDC) values, can be determined. From a
large number of possible disordered conformations, limited structural states are
then selected to describe data collectively. IDPs are now also studied at the single-
molecule level. Single-molecular fluorescence resonance energy transfer (smFRET)
measurements, dSTORM or AFM also enables either the study of the dynamics of
the structural ensemble of IDP molecules or the visualization of conformational
changes. Therefore, we have used a selection of these approaches to study AR in
SBMA pathology.

NMR plays a strategic role in the characterization of IDPs, as it is the only
spectroscopic technique that can access atomic-resolution and structural as well
as dynamic information on macromolecules. The key role of NMR in the
characterization of the structure and dynamics of well-structured proteins has
been discussed extensively in the last decades and the recent tremendous
progress in this area is stimulating new experimental methods and computational
approaches for the detailed characterization of IDPs/ IDRs and their interactions
(131, 132). These atomic-resolution experimental results are going to contribute
to the understanding of the functional role of dynamic and structurally
heterogeneous protein modules, permitting the extension of the structure—
function paradigm to also include the idea of disorder and flexibility. The first
important consequence of the highly flexible nature of IDPs consists of extensive
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conformational averaging, which drastically reduces nuclear chemical shift
dispersion. Among the nuclear spins of interest for high-resolution protein NMR
studies, 'H is characterized by an intrinsically lower chemical shift dispersion,
which, however, increases in *C and *N. The use of multinuclear experiments
therefore had a great impact in protein studies, in general, and in the study of
unfolded protein states, in particular, thanks to the improved chemical shift
dispersion of heteronuclei compared to protons (133). More recently, the
introduction of 3C direct detection experiments permitted maximum advantage
to be gained from the high heteronuclear chemical shift dispersion by only
exploiting heteronuclear chemical shifts (133, 134). Once the sequence-specific
assignment of the protein has been achieved, chemical shifts can be analyzed to
understand whether specific regions of the polypeptide of an IDPs have secondary
structure (135, 136). Chemical shifts, particularly heteronuclear shifts, do contain
structural information and can be used as structural constraints to determine
three-dimensional structures of folded proteins (137, 138). In the presence of
extensive conformational averaging, deviations from random-coil chemical shifts
can be used to estimate the so-called secondary structural propensities (SSP).
Compact conformations typical of a-helices and the elongated conformations
typical of B-strands do cause chemical shift variations in opposite directions for
the various nuclei (139, 140). Therefore, when chemical shifts are available for
several nuclei within each amino acid, they can provide information on the
secondary structural propensities of different portions of the polypeptide, in
particular when identified for several consecutive residues. This means that **C
NMR can give information about chemical shifts of different nuclei and explores
the presence of motifs with secondary structure propensities in sequences
predicted as ID.

1.2.6 Use of NMR in the characterization of IDPs

Once the protein has been expressed and purified as well as enriched with stable
isotopes (*°N and 3C), the next step consists of evaluating the feasibility of a
complete structural and dynamic characterization through NMR. Then planning
the proper set of experiments to perform a complete sequence specific
assignment of the protein and to determine additional observables that can
provide structural and dynamic information takes place. The most suitable NMR
experiments to evaluate the feasibility of a complete NMR characterization of the
protein are the two-dimensional experiments correlating the amide nitrogen with
the directly bound amide proton (‘H-N heteronuclear single quantum
coherence- HSQC).

As extensive overlap may occur in IDPs, it might also be interesting to look for
cross-peaks of residues with characteristic chemical shifts falling in isolated
regions, such as those of Gly residues in HN HSQC/CON spectra and of Pro
residues in CON spectra. The number of observed versus expected cross-peaks
already gives an indication on whether it will be possible to characterize the entire
protein. From a more technical point of view, it is important to evaluate the
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resolution and overall time to acquire a two-dimensional experiment as well as to
evaluate the best experimental approach and pulse sequence to identify a specific
kind of correlation. As an example, heteronuclear correlations involving backbone
nitrogen nuclei, both for HN and CON, can be detected with several different
variants of the experiments that may help to increase the sensitivity, increase the
resolution, decrease experimental time and increase the number of detected
cross-peaks. Provided the two-dimensional experiments can be collected with
good sensitivity and resolution in a limited amount of time and that a large share
of the expected cross-peaks can be identified, complete structural and dynamic
characterization of the protein is feasible. The spectral quality can often also be
improved through minor changes in the experimental conditions (temperature,
pH, buffer, salt, etc.), of course remaining in a meaningful range. This therefore
constitutes another important check to be performed before collecting the NMR
experiments. Finally, determination of the N relaxation rates provides accurate
information on the motional properties of the backbone for each amino acid
relatively quickly. The N relaxation rates are also very useful to have a general
estimate of the expected transverse relaxation rates, which have a large impact
on the overall sensitivity of multidimensional NMR experiments.

The suite of experiments generally used for the sequence-specific assignment of
well-folded proteins can also be applied to disordered ones, taking care to
optimize the experimental setup for the resolution (i.e., a high number of
acquired data points). The favorable relaxation properties of IDPs and IDRs
generally provide good sensitivity, enabling the optimization of the experiments in
terms of the resolution (i.e., compromising the number of scans for the number of
data points). The list of the most suitable three-dimensional NMR experiments
either based on 'H detection or on 3C detection, as well as the correlations
expected in each experiment are have been reported (141) The necessary number
of experiments of course depends on the complexity of the protein. For a protein
of intermediate size, a subset of those indicated may be sufficient, while for larger
proteins the more information that can be collected, the more robust will be the
resulting sequence-specific assignment. Counter-intuitively, a larger set of three-
dimensional spectra to be recorded and analyzed (which at first glance might
seem to imply more experimental work) actually reduces the time necessary for
the assignment, as there are more chances to solve ambiguities. Recently, several
approaches to reduce experimental time by decreasing the amount of acquired
data points in indirect dimensions of multidimensional NMR experiments or the
combined evolution of different shifts in one dimension have actually enabled the
collection of multidimensional NMR experiments with higher dimensionality than
three-dimensional in a reasonable amount of time. These experiments have been
proposed both in the 'H- and *C-detected modes and will have an impact on
reducing ambiguities and in speeding up the assignment procedure. In addition to
chemical shifts and N relaxation rates that we used in this thesis, a variety of
different observables can be determined that contain information on different
features of the environment experienced by different nuclear spins. While a lot of
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information is directly available from chemical shifts and relaxation rates, a very
accurate picture describing the structural and dynamic properties of the
conformational ensemble can be achieved by a comparative analysis of additional
NMR data, such as exchange effects with the solvent, scalar couplings (both *J
and, if measurable, scalar couplings mediated by hydrogen bonds), residual
dipolar couplings, 'H-="H NOEs, and PREs. The combined qualitative interpretation
of this set of experimental data is able to give a very good idea of the structural
and dynamic properties of the protein. As handling structural and dynamic aspects
in a quantitative way is not trivial, several elegant approaches to also obtain
guantitative information have recently been proposed. These either enable the
selection of a subset from a large ensemble of generated conformers, which can
reproduce experimental data, or make use of molecular dynamics simulations to
account for flexibility and conformational changes. Due to the complex NMR
experiments and limitations of time, we limited our approaches to use chemical
shifts and relaxation rate in this work, and, fortunately, we have obtained a
complete dataset of all necessary information for dynamic and structural
characterization of AR N-terminal domain constructs with either 25 or 4 GIn
residues.

1.3. PolyQ proteins and coiled-coil interactions

PolyQ proteins belong to protein families with many different functions, but a
high number of them are transcription factors and nuclear proteins (Fig. 1-11 and
1-12) (142). The conservation of polyQ regions and their evolutionary patterns in
protein families such as Htt and others, suggest that they have an important
biological function (Fig. 1-14). Encouraged by this evidence, the function of polyQ
tracts by association to features in proteins bearing polyQ tracts or interacting
with those, have been recently studied (45). And the following strong correlations
were found: (i) proteins with longer polyQ tracts have a higher number of
interactors than proteins with short polyQ tracts or without such sequences and
(ii) there is a statistically significant presence of predicted coiled-coil (CC) regions
next to polyQ regions. A CC domain consists of parallel or antiparallel a-helices
that further fold like the strands of a rope (Fig. 1-12). These domains facilitate
protein dimerization and are present in proteins with many biological
functions (143).
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Figure 1-11: Overrepresentation of CCs in Q/N-rich and PolyQ Proteins and Their Interactomes (A)
Per-residue CC probability (0 to 1) for Hsp104, CHIP, PQBP, and HIP-1 obtained with Coils. Peaks with
the highest probability (0.8-1) are highlighted in black. (B) Proportion of CC proteins among
interactors of Ure2, apCPEB, and Htt, and among known and candidate yeast prions (144), and
human polyQ expansion proteins, as compared with eukaryotic proteomes. (C) CC probability for
prions and amyloidogenic proteins, compared with proteins with known CC structure, obtained with
Paircoil2 and Coils (145). Red bars represent Q/N-rich (>15%) or polyQ regions.
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Figure 1-12: Heptad Repeats in Q/N-rich and PolyQ Proteins (A) Scheme of two coiled alpha-helices.
(B and C) Lateral and zenithal view of two coiled helices. Red circles, heptad positions a/d; green
circles, g/e; and cyan-to-blue circles, b, ¢, and f. (D). Note the vertical alignment of a/d residues, and
the grouping of a/d hydrophobic residues in discrete clusters along the helices (146).
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Coiled coils (CCs) are a-helical super secondary structures mediating protein-
protein interactions (Fig. 1-13), oligomerization, and other functions through the
coiling of helices belonging to the same or different polypeptide chains (146). The
finding of CC proteins in the interactomes prompted the researchers to look for
CC regions in the Q/N-rich and the polyQ proteins themselves, which could serve
both as substrates of interaction with other CCs and mediators of aggregation.
Previous analysis revealed heptad repeats typical of CCs in regions flanking or
overlapping with Q/N-rich domains and polyQ tracts (Fig. 1-12) (45-47).

Normal polyQ protein Normal polyQ protein : CC partner
polyQ
disordered
C) D)

Toxic polyQ protein Toxic polyQ protein : CC-partner

olyQ
beta-ggg\:egates

nhan

Normal polyQ : nonCC partner Toxic polyQ : nonCC partner

WM

polyQ
disordered

polyQ
suppressed beta-agaregates

Figure 1-13. Cartoon models of interactions of polyQ Wt and mutant proteins with CC and non-CC
partners. (A) A wild-type polyQ protein contains a CC region near a disordered polyQ tract
(red). (B) Upon interaction with a CC partner (blue), the polyQ region adopts a CC conformation and
modulates the interaction. (C) The mutant polyQ protein with an expanded polyQ tract adopts a 8-
strand conformation and forms B-sheet aggregates. (D) The CC partner of the wild-type polyQ
protein interacts with the aggregates and enhances them. (E) A non-CC partner of the wild-type
polyQ protein (green) binds at a different domain. (F) This non-CC partner binds to the aggregates of
the mutant polyQ protein, sequesters the toxic protein and sterically impedes its aggregation.
Adapted from (47).
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polyQ protein Figure 1-14. Cartoon of proposed polyQ
unbound '\ function in protein-protein interactions. Left:
N-terminal a polyQ protein contains a coiled-coil (blue),

followed by a polyQ region (red) and a polyP
region (green). In the unbound state, the

extended polyQ region is disordered. Right: upon

coiled coil St

interaction with a protein partner X, the
poly@  olyQ region adopts a coiled-coil structure
that extends the original coiled-coil. The

polyQ
disordered

polyP polyP region remains unstructured capping
precisely the extension of the coiled-coil.
Adapted from (45).

C-terminal

In conclusion, several lines of evidence indicate that: (i) CC proteins that interact
with a wild-type polyQ protein also interact with the corresponding pathogenic
polyQ-extended protein, and (ii) these CC protein partners promote the
aggregation of the pathogenic polyQ-extended protein. A careful analysis of these
interactions should help us to develop therapeutic strategies that might prevent
neurodegeneration in humans. More information on role of CC super secondary
structure will be discussed in results.

1.4. Introduction to heat shock proteins and to their
involvement in protein misfolding diseases

1.4.1 Protein quality control

The three dimensional fold of proteins is determined by the protein’s amino acid
sequence (147). However, since the cellular environment is extremely crowded,
an unassisted folding is often not feasible and could lead to potentially cytotoxic
protein aggregation (148). Moreover, throughout their lifetime proteins may
become damaged by various stresses (149). Therefore, a sophisticated protein
quality control (PQC) system has evolved to assist folding of proteins and prevent
cellular dysfunction caused by damaged proteins and other aberrant proteins
resulting from errors in transcription, translation or which become misfolded due
to the presence of genetic mutations, as observed in most of amyloid diseases.

1.4.1.1 Molecular chaperones

The molecular chaperones represent a first line of defense in the PQC and have
assisted in the folding of polypeptides from the moment they are translated by
the ribosomes (148). They bind to the folding intermediates of polypeptides,
preventing their aggregation and in some cases, actively assisting them in the
folding through cycles of binding and release as in Hsp70 machinery system (148,
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150), but do not become part of the final functional structure of protein
complexes (151). If the native conformation of the proteins cannot be achieved,
chaperones can facilitate degradation, either passively by preventing aggregation,
and keeping their clients competent for proteolysis or actively by directing clients
to degradation machines (150).

1.4.1.2 Hsp’s and their function

The heat shock proteins (Hsp) are a family of structurally unrelated proteins,
belonging to the much larger family of the molecular chaperones. The human
family comprises 5 subgroups, including the HspA (Hsp70), HspB (small Hsp), HspC
(Hsp90), HspD (Hsp60), HspH (Hsp110) and the DNAJ (Hsp40) families of proteins
(152). The number of genes encoding the Hsp family varies largely for each
organism, ranging for the DNAJ proteins from 6 in E.Coli to 50 in H. Sapiens (153).
It is not clear why the genome encodes such a large amount of Hsp members, but
compartmentalization, cellular specialization (substrate specificity) and
developmental (regulation) purposes may explain such an expansion (153). In
addition, evolution may have occurred for functional diversity (substrate
processing). Hsps have been named after their inducibility upon heat shock, and
this is how they were initially defined (154). But as the human genome was
uncovered, it was found out that many additional sequence or structural
homologs existed, among those, some are not heat inducible at all. Nowadays, we
know that many members are also constitutively expressed in different cell
compartments, induced by many different forms of either intrinsic or external
forms of stress or up-regulated under specific conditions of differentiation (153).

1.4.1.3 The Hsp70 machine

The heat inducible Hsp70 (HspA family) and the constitutively expressed cognate
HSC70 are involved in many cellular processes affecting protein folding and
unfolding (155). The Hsp70’s do not work alone, but work together with several
chaperones, co-chaperones and cofactors forming an ‘Hsp70 machine’ (150). So
far, all characterized Hsp70’s can, in a rather non-selective and promiscuous
manner, bind substrates through their C-terminal substrate binding domain (SBD)
and prevent aggregation of the substrates by providing a time window for the
client proteins to obtain their native conformation. The binding/release cycle of
Hsp70 family members is regulated by nucleotides. When ATP is bound (to the N-
terminal ATPase domain) Hsp70s are in an “open conformation” with low
substrate affinity allowing fast substrate binding and release (Fig. 1-15). Upon ATP
hydrolysis, which is stimulated by both client binding and by DNAJ proteins (Hsp40
family), a conformational change in the peptide binding domain is induced that
closes the so-called “lid” and results in a high affinity ADP-bound ‘closed
conformation’ stabilizing substrate binding (148, 156, 157) Upon ADP-ATP
exchange, which is regulated by nucleotide exchange factors (NEF), the lid opens
up again and substrates can be released. If not yet folded properly, clients may
rebind and the cycle starts again until functional folding occurs or, if folding
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remains unsuccessful, released clients are recognized by the proteolytic systems
and subsequently degraded (150).

It is still not well understood, whether all Hsp70 family members have the same
mode of action, are functionally interchangeable or use all the same co-factors
(153). Except for two of family members (HspA12 and HspA14), which lack the
conserved substrate binding domain, the sequence similarity of all human Hsp70s
is very high and all of them are highly homologous to Hsp70 from other species,
including E.Coli, suggesting limited functional differentiation (150).

1.4.1.4 DNAJ proteins (Hsp40s): the co-regulators of the Hsp70 machinery system

Apart from the presence of the J- domain that identifies the DNAJ proteins, in
contract to Hsp70 family, the DNAJ family is more heterogeneous, with various
additional domains (150). The DNAJ proteins were primarily divided into three
groups: DNAJA, DNAJB and the DNAIJC proteins, but this classification does not
relate to the biochemical function. With respect to their function, the DNAJ
proteins can be divided into four groups: DNAJ proteins with promiscuous-,
selective, no-substrate binding and a small group with unclear capacity to bind
substrates (150). Within the group of promiscuous binders, some DNAJ proteins
have an important role in de novo protein folding (158, 159), while other
members have specific functions in preventing protein aggregation (38) and/or
support protein degradation(160) or specifically target substrates towards
degradative pathways (161). Therefore, the DNAJ proteins are considered to be
the responsible entities for the multi-functionality of the Hsp70 machine (150).
Figure 1-15, models the co-regulatory function of Hsp40 and Hsp70 in protein
folding process.

Among DNAJ family, previous studies have indicated that DNAJB1 play an
important role in aggregation suppression and toxicity of polyQ proteins. DNAJB1
suppressed AR aggregation and toxicity in cell models, probably by enhancing the
degradation of soluble AR (162, 163). DNAJB1 was also protective against Htt
aggregates and toxicity in various cellular models (40, 164, 165) Clearly, the
DNAJB1 action was fully dependent on its interaction with Hsp70 members, as J-
domain mutant without full functional collaboration with Hsp70 were ineffective
(38). The protective effect of DNAJB1 against Htt aggregation was also lost when
longer polyQ stretches were used (38). Yet, DNAJB1 could also partially suppress
neurodegeneration in HD flies (166). Overall, DNAJB1 seems a rather generic
suppressor of polyQ aggregation and toxicity. However, dependent on interaction
with Hsp70s, its action generally does not require Hsp70 co-upregulation. Given
the fact that DNAJB1 is the most abundantly expressed DNAJB member, including
the brain (165), it may represent a first line of defense against polyQ pathology,
which fails in the course of time or when the folding problems exceed its capacity
(longer Q repeats). Not only Hsp40, but also nucleotide exchange factors play an
important role in the functionality of Hsp70.
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Figure 1-15: Hsp40 (with a conserved J-domain) interacts with Hsp70. During protein folding process
Hsp70s do not function individually. They form a complex with J-proteins to form the folding-
machine. Since the intrinsic ATPase activity of Hsp70 is very weak for stoichiometric coupling to the
substrate binding-release cycle, J-proteins act as accessory factors for Hsp70 and can serve more
than one Hsp70 molecule. They stimulate Hsp70 ATPase activity by transiently interacting with it. In
a chaperone cycle, Hsp70 proteins have two distinct conformations; ATP-bound state that transiently
interacts with client proteins and ADP-state that stably bind to the substrate. A client protein
interacts with Hsp70 in its ATP bound state. Few subclasses of J-proteins directly sequester substrates
into the peptide-binding cleft of an Hsp70 and are coupled to the stimulation of ATP hydrolysis by J-
domains of Hsp40s that interact with the ATPase domain of Hsp70. The conversion of Hsp70 to ADP
bound state stabilizes the interaction of Hsp70 with the client protein. Nucleotide exchange factors
replace ADP with ATP resulting in dissociation of the bound peptide and hence prime Hsp70 for a
second cycle of interaction. Adapted from Hsp information resource (156).

1.4.1.5 Nucleotide exchange factors (NEF’s): the co-regulators of the Hsp70
machine

Despite the fact that the DNAJ proteins may be the main drivers of the functional
diversity of the Hsp70 machines, the NEFS may also play important roles. In
humans, 4 different groups of NEF’s exist working via different mechanisms of
nucleotide exchange (167). These 4 different NEF’s are HspB1 and BAP, the HspA
like NEFs, consisting of HspH1 - HSPH4 (Hsp110), and the BAG family (Bcl-2
associated athanogene, BAG1-6). In contrast to the other NEF’s, HSPB1 and BAP
only seem to function in protein folding (150, 168—170). The BAG family members
1, 2, 3 and 6 interact directly with HspA (Hsp70) (168). BAG-1 is the best-studied
member and acts, depending on its concentration, as a positive (low levels) or
negative (high levels) regulator of folding reactions. It was also shown that BAG-1
interacts with the proteasome and act as a coupling factor between the folding
and the proteasomal system (171). Another BAG family member (BAG-3) has been
linked to the stimulation of autophagy, although this seems linked more to its
association with small Hsp rather than with Hsp70s (172). How other members of
the BAG family affect Hsp70 dependent reactions remains to be elucidated.
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1.4.2 Protein folding diseases

The long-term health of the cell is dependent on a proper function of the protein
quality control (PQC) system, generating a protein homeostasis where
biosynthesis, folding, translocation, assembly/disassembly and clearance are
tightly balanced (173). Aging is accompanied by a decline in the cellular
proteolytic capacity, which causes defects in the chaperone induction, function
and capacity (174). In parallel, the protein damage accumulating during ageing,
results in an overload of the cellular PQC (174), which is even more pronounced in
post-mitotic cells, such as neurons and muscles. This overload of neuronal PQC
during aging may be one of the reasons for age related onset of several
misfoldings related to neurodegenerative disorders like Alzheimer’s disease and
Parkinson’s disease. Moreover, genetic disorders like polyQ diseases are also
characterized by an age-related onset, usually earlier than non-hereditary folding
diseases due to an earlier occurrence of the protein homeostasis imbalance
caused by the expression of the diseases protein chronically (165).

1.4.3 Heat shock proteins and polyQ degradation

The causative mutations in AR that results in expansion of the CAG repeat and
which promotes hormone dependent AR misfolding and oligomerization are
critical to toxicity. In parallel to our observations from other studies, we have
focused on understanding the proximal mechanism that regulates the degradation
of polyQ AR, with the goal of finding a pathway to diminish amounts of toxic
protein and ameliorate the disease phenotype. The nuclear inclusions consisting
of the mutant AR protein are characteristic and combine with many components
of ubiquitin—proteasome and molecular chaperone pathways, raising the
possibility that misfolding and altered degradation of mutant AR may be involved
in the pathogenesis. It has been reported that the overexpression of Hsp
chaperones reduces mutant AR aggregation and cell death in a neuronal cell
model (175, 176). To determine whether increasing the expression level of
chaperone improves the phenotype in a mouse model, the authors cross-bred
SBMA transgenic mice with mice in Prof. Sobue’s laboratory in Nagoya
overexpressing the inducible form of human Hsp70 and demonstrated that high
expression of Hsp70 markedly ameliorated the motor function of the SBMA model
mice (86, 163). In double-transgenic mice, the nuclear-localized mutant AR
protein, particularly the one of the large complex form, was significantly reduced.
Monomeric mutant AR was also reduced in amount by Hsp70 overexpression,
suggesting the enhanced degradation of mutant AR. These findings suggest that
Hsp70 overexpression ameliorates the SBMA phenotypes in mice by reducing
nuclear-localized mutant AR, probably caused by enhanced mutant AR
degradation (163). This study provided the basis for the development of an Hsp70-
related therapy for SBMA and other polyQ diseases.

Another main cellular machinery with the dominant role of regulating proteostasis
of the AR is the Hsp90 and Hsp70- based chaperones which function together as a
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multi-protein complex (177, 178). Access of ligand to the steroid binding clefts of
nuclear receptors, including the AR, is dependent upon the Hsp90/Hsp70
chaperone machinery. Furthermore, as a client of the chaperone machinery, the
polyQ AR is stabilized by its interaction with Hsp90. Although Hsp90 interaction
with AR is of high importance, there is still not a safe way to modulate its activity
in a controlled fashion (39, 179). Hsp90 inhibitors ameliorate the phenotype of
SBMA transgenic mice, however, those inhibitors induce a stress response at the
same time, whereas there is genetic evidence of the central role of Hsp70 in
promoting clearance of the polyQ AR. Overexpression of Hsp70 or its co-chaperon
Hsp40 promote polyQ AR degradation and diminishes toxicity in cellular models of
SBMA (164, 176, 180). Similarly, transgenic overexpression of Hsp70 (163) or
Hsp70-dependent E3 ubiquitin ligase C terminus of Hsc70-interacting protein
(CHIP) (181) rescues the phenotype of the SBMA mice. Therefore, targeting Hsp70
and Hsp40 seems reasonable for further investigation, as these studies have not
yet revealed how these chaperones should be pharmacologically manipulated to
favor polyQ degradation. Wang et al., 2013 in Nature Chemical Biology, suggested
a complete model of Hsp90/Hsp70 interaction as shown in figure 1-16.

Final Heterocomplex

No Ubiquitination

Ubiquitination

Proteasomal
Degradation

Ubiquitin
HIP/

YM-1

Figure 1-16: Model of the Hsp90/Hsp70-based chaperone machinery and regulation of polyQ AR
degradation Hsp90 and Hsp70 form a heterocomplex to stabilize the polyQ AR, enable ligand binding
(depicted as white steroid within AR) and guide intracellular localization (top left). Dissociation of
Hsp90 following the addition of small-molecule inhibitors or ligand dependent conformation change
of the polyQ AR permits unfolding of the mutant protein. Substrate-bound Hsp70 then recruits
chaperone dependent ubiquitin ligases such as CHIP to promote degradation through the
proteasome. We note that CHIP and Hip both bind Hsp70 via tetratricopeptide repeat domains,
although it is unknown whether this binding occurs simultaneously. Furthermore, we note that other
chaperone dependent ubiquitin ligases may function redundantly with CHIP. We demonstrate here
that allosteric activators of Hsp70, including Hip and YM-1 (in green), increase substrate-binding
affinity, facilitate client protein ubiquitination and promote polyQ AR clearance by the proteasome.
This strategy alleviates polyQ toxicity by facilitating degradation of the mutant protein. The broken
line for Hsp70 in the final hetero complex indicates that it is present in substoichiometric levels with
respect to the receptor. IMM, immunophilin. Adapted from (39).
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There are many well-studied works published by different groups, nevertheless,
there are still some controversies in the field, which makes it difficult to look for
some specific therapeutics strategies dealing with Hsps and their interaction with
AR. Therefore, we proposed high resolution data on interactions of AR with
different Hsps to answer many of yet unsolved controversies but also in order to
use this approach for lead compound studies and drug design in SBMA and other
polyQ diseases.
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Chapter 2. Thesis aim and objectives

2.1. Thesis objectives

A multi-disciplinary approach combining structural Biology, Biochemistry and
Biomedicine was used in the experimental part of this work. To achieve our aim
we have divided the work in 2 main objectives.

The goal of this thesis is to study the structural aspects of AR aggregation in vitro
and in a transgenic mouse model of SBMA. For the first goal, we expressed and
purified two constructs of the intrinsically disordered N-terminal domain of AR of
approximately 150 amino acids comprised of either 4Q (135aa) or 25Q (156aa).
We carried out a thorough high-resolution characterization of both constructs
using NMR. Furthermore, we mapped the binding epitopes of interaction
between 2 main Hsps involved in the polyQ disease, Hsp72 and Hsp40, using NMR.
For the second aim, we used human AR expressing mouse lines (97Q-24Q) to
investigate the aggregates formation of AR and characterize the structural
properties of aggregates isolated from transgenic mouse tissue homogenates
(Including mainly spinal cord and muscles). 97Q transgenes with longer polyQ
show dramatic movement impairment during their life span, while the 24Q
doesn’t show any phenotype; therefore this model is the most used transgenic
model among different research groups.

Moreover, similar to the human patient cases, AR intra-nuclear aggregates can be
detected using various specific anti- AR antibodies.

First aim: Structural characterization of 4Q and 25Q by NMR and mapping of
binding epitopes of Hsp72 and Hsp40

We were primarily interested in finding out the role of the flanking regions of
polyQ in AR as in the case of Huntington disease; they have shown to play an
important role in aggregation properties of N17 construct of Htt. To study the
initiation of the aggregation formation of AR and the role of flanking regions, we
have expressed a construct of N-terminal part of AR that comprises either 4Q or
25Q. The construct with 4Q gives us the opportunity to study the flanking regions
of protein without bringing the protein to the aggregated state. We expressed N,
3¢ labeled protein; purified and assigned all the nuclei (more than 97%) and by
using the chemical shift information we have managed to find the secondary
structure propensities of 4Q. We also have expressed, purified and surprisingly
managed to assign the larger construct with 25Q and characterize the secondary
structure properties of this construct. Comparing 4Q with 25Q, we indicated the
effect of increase in the number of the Q in the secondary structure propensities.
SSP (secondary structure propensities) plot from 4Q show an alpha-helical region
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in the >’LLLL*® region just flanked to 4Q, while increasing the number of polyQ
from 4 to 25 led to a dramatic increase in the alpha helical propensity of 25Q,
which initiates from *’LLLL*® and continues along the polyQ region. Therefore, we
can conclude that *LLLL*® motif is the initiation of a-helix formation in a 4Q
construct, while increasing the number of polyQ in the context of 25Q construct
stabilized the a-helix in the polyQ region. These results are the first high-
resolution report of the full backbone assignment and structure of a polyQ protein
from the group of 9 polyQ proteins. While the role of the polyQ stretch in normal
AR activity remains unknown, expansion of the polyQ stretch clearly have
profound effects on the function of AR. And therefore, we have also compared the
relaxation rates of N-terminal domain construct of AR in 4Q and 25Q by using
hetero-nuclear NOEs, R1 and R2. The R2 data indicate 3 main regions of interest
with less flexibility in the constructs, including **FQNLF?®, *>LLLL*® and ®*GPTGYL™.
Among the 3 regions, °LLLL* region followed by polyQ in 25Q shows a dramatic
increase in rigidity when the number of Q increases.

Having obtained the backbone assignment of these proteins, we mapped the
binding epitopes of Hsp72 and Hsp40 on AR- 4Q and AR-25Q. *FQNLF? and its
close flanking regions is the binding motif shared between Hsp72 and Hsp40,
while Hsp40 additionally binds to *°LLLL*® and polyQ regions and work in close
collaboration with Hsp72.

Second aim: Structural characterizing of the tissue homogenate from 97Q mice,
comparing with 24Q and Wt mice, quantifying the aggregate loads of 97Q and find
the toxic species among different tissue homogenates.

For this purpose we have taken tissue homogenate from 97Q, 24Q and Wt mice
and used our biochemical and biophysical methods to find the fraction of tissue
homogenate that can play the critical role as a seed (the nucleus for aggregation
formation) for intranuclear AR aggregates. The challenge was mainly to prepare
the tissue homogenate and detect the aggregates. We tried different methods
and experimental conditions, which finally succeeded to detection of not only AR
aggregates in the stacking part of WB gels (due to their SDS resistance nature) but
also the monomeric form of the 97Q and 24Q AR.

We also have quantified the aggregates in different tissues using Seprion ELISA kit.
Seprion ELISA kit works very similarly to the conventional ELISA except for the
presence of a specific hydrophobic Seprion ligand at the surface of the 96 well
microplates and selectively recognizes the aggregated form of the protein based
on the arrangement of polar and hydrophobic groups in aggregates, that will not
occur in monomeric form of the protein. By using the Seprion ELISA, we have
shown that there is a significant difference between the tissue homogenates of
97Q and 24Q animals. With this optimized method, we are now able to quantify
the aggregation amounts in different tissues and this would certainly be a useful
read out for a drug/lead compound versus placebo study.
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We used similar method but with magnetic bead system (PAD beads) and isolated
the aggregates from spinal cord and muscle tissues of 97Q mice in three different
groups of young (before the onset of the disease), middle age (at the beginning of
the onset of the disease) and old (without any cage activity). We used atomic
force microscopy and investigated the aggregated species in different tissues.
Surprisingly, we found two totally different species in spinal cord and muscle, and
additionally we have found a correlation between the age of the animals and the
length and number of aggregates in 97Q muscle and spinal cord. Now we have a
clear idea about the structure of these species, their size and even about their
toxic effects in Neuroblastoma cells.
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Chapter 3. Materials and Methods

3.1. Molecular Biology methods

3.1.1 Recombinant Gateway technology

The recombinant Gateway® Technology with Clonase™ Il of LifeTechnologies
(Cat.No. 12535-029 and 12535-037) was used for cloning of 2 AR constructs,
named 25Q and 4Q with an N-terminal HisMBP-tag. This technology allows
cloning of DNA sequences of interest via recombination into a donor vector and
subsequently transferring it from the donor vector to a wide range of available
destination vectors (bacterial expression vectors, mammalian vectors and
Baculovirus vectors).

The Gateway technology is based on the bacteriophage lambda site-specific
recombination system that facilitates the integration of lambda into the E. coli
chromosome. The recombination involves two major components: the DNA
recombination sequences (attachment sites (att sites)) and the enzymes that
mediate the recombination reaction, i.e. Clonase Il enzyme mix.

The lambda recombination occurs between site-specific att sites: attB sites on the
E.coli chromosome and attP sites on the lambda chromosome. The att sites serve
as the binding site for the recombination enzymes. These enzymes bring together
the target sites to which they bind, cleave them and covalently attach the DNA
again after the recombination. The DNA segments flanking the recombination
sites are switched such that, after recombination, the att sites are hybrid
sequences comprised of sequences donated by each parental vector. For example,
a recombination between attB and attP sites gives rise to attL and attR sites. The
two recombination reactions that constitute the basis of the Gateway technology,
the BP reaction and the LR reaction, are based on this recombination principle
(Fig. 1). The BP reaction facilitates recombination of an attB substrate (attB-PCR
product or a lineralized attB expression clone) with an attP substrate (donor
vector) to create an attL-containing entry clone (Fig. 3-1a). A BP Clonase Il enzyme
mix catalyzes this reaction. The LR reaction facilitates the recombination of an attL
substrate (entry clone) with an attR substrate (destination vector) to create an
attB-containing expression clone
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a) BP reaction

attB attB attL attL attR attR

= BP Clonase™ Il + I: E
ttB-flanked PCR —— -
aprodﬁ::]t gr attB a’;‘nﬂé by-product

expression clone

b) LR reaction

attL attL attR attR attP attP
-
LR Clonase™ Il
entry destination —_— expression by-product
clone vector clone

Figure 3-1: The Gateway recombination reactions. a) The BP reaction inserts the gene of interest,
flanked by attB recombination sites, in a donor vector that contains attP recombination sites. This
creates an entry clone containing the gene of interest. b) The LR reaction to further transfers the
gene of interest from the entry clone (attL recombination sites) to a destination vector (attR
recombination sites) to create an expression clone containing the gene of interest. Figure adapted
from the Gateway manual available on the website of Life Technologies.

The pDONR (Life Technologies) was used as a donor vector. The designed AR
constructs were further cloned in pDEST-HisMBP (Addgene™-Appendix). This is a
bacterial expression vector that produces an N-terminal fusion protein
corresponding to the inserted gene and a specific N-terminal tag. The pDEST-
HisMBP vector adds an N-terminal tag containing both consecutive histidine
residues and maltose binding protein (HisMBP-tag). Maltose binding protein
(MBP) is a soluble protein and for this reason is frequently used to promote
solubility of the expressed protein of interest fused to the tag.

To enable re-combinational cloning and efficient selection of entry or expression
clones, most Gateway vectors, including the ones used in this thesis, contain two
att sites flanking a cassette containing the ccdB gene for negative selection and a
chloramphenicol resistance gene for counter selection. After a BP or LR
recombination reaction, this cassette is replaced by the gene of interest to
generate the entry clone and expression clone, respectively (Fig. 3-1). The ccdB
protein is lethal for most E. coli strains. Cells that take up unreacted vectors
carrying the ccdB gene or the by-product molecules retaining the ccdB gene will
consequently fail to grow. This allows high-efficiency recovery of the desired
clones.

To be suitable as substrate in a Gateway BP recombination reaction with a donor
vector, the PCR product of the gene of interest needs to contain attB sites.
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3.1.2 AR construct preparation

Two AR constructs (Fig. 3-2) were designed for biophysical studies of the AR-4Q
corresponding to AR residues 1-136 and 25Q corresponding to the AR residues 1-
156. These were cloned into bacterial expression vectors using the Gateway
technology.

The protein constructs were designed to include an N-terminal fusion tag
(HisMBP-tag), followed by a TEV protease cleavage site (amino acids ENLYFQG) to
remove the tag during purification and the AR residues corresponding to the
designed constructs. The TEV cleavage site was introduced in the PCR product
before inserting the DNA into the donor vector.

Due to the instability of length of the polyQ in the 25Q construct and the
importance of stable length of the polyQ in biophysical characterizations of the
proteins, we decided to order the plasmid of 4Q and 25Q in the pDEST-HisMBP
vector (GeneArt®). During the preparation of the 4Q, the gene of interests in the
pDONR were transformed into OmniMAX 2 T1 phage-resistant cells1 (1 pl Plasmid
to 20 pL cells) and plated on LB agar plates (Life Technologies). The plates were
incubated for 16 hours at 372C after which they were stored at 42C until individual
colonies were picked and grown in 5mL Lennox L Broth (LB) medium (Melford) (16
hours at 37. and 220 rpm). After 16 hours of growth, DNA was extracted from
these saturated cultures by using the NucleoSpin® Plasmid purification kit
(Macherey-Nagel, miniprep). The concentration of the extracted DNA was
measured with a NanoDrop Spectrophotometer and the purity was estimated
based on the 260/280 ratio. Afterwards the DNA was sequenced (GATC Biotech).

The pDONR Plasmid containing the gene of interest was further cloned into
pDEST-HisMBP vectors via the LR recombinant reaction, following the Gateway
protocol. Similarly, the reaction components (see below) were mixed, vortexed
and spun down. The reaction was placed at 252C for 4-5 hours. The reaction was
terminated by adding 1 pL of Proteinase K solution, and further incubated for 10
min at 372C. Following the incubation; the LR products were transformed into
OmniMAX cells (1 ul LR reaction to 20 ulL cells) and plated on LB agar plates
containing 100pg/mL ampicillin (Melford). The plates were incubated for 16 hours
at 379C, and stored at 42C until individual colonies were picked and grown in 5mL
LB medium with ampicillin for selection. After 16 hours of growth, DNA was
extracted from these saturated cultures using the NucleoSpin® Plasmid
purification kit. The concentration of the extracted DNA was measured with a
NanoDrop Spectrophotometer and the purity was estimated based on the
260/280 ratio. Afterwards, the DNA was sequenced (GATC Biotech). The
sequenced expression vectors obtained from the minipreps of the LR reaction
products were stored at -202C This DNA was further transformed into the
Rosetta(DE3)plLysS E.coli expression strain (purchased from the PECF, IRB
Barcelona) for the expression of the various protein constructs. Rosetta(DE3)pLysS
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cells are also commercially available from Novagen®/Merck and will be referred to
as “Rosetta cells" from now on.

Cells were thawed on ice and transferred to autoclaved eppendorfs. Depending
on the concentration, 1 to 2 ul DNA (pDEST-HisMBP clone) was added to one
aliquot of cells. After incubation of 30 min on ice the DNA was internalized by a
heat shock of 30 seconds at 422C, after which the cells were placed back on ice.
1mL of autoclaved LB medium was added and cells were further incubated for 1 h
at 372C and 500 rpm. After incubation, the cells were spun down gently (3 min on
the bench rotor), the supernatant was removed and the cells were gently
resuspended in the remaining supernatant. The resuspended cells were plated on
selective LB agar plates (for OmniMAX cells: 100 pg/mL ampicillin for pDEST-
HisMBP clones; for Rosetta cells: 100 pg/mL ampicilin + 50 pg/mL
chloramphenicol (Melford). Colonies on the plates were left to grow for 16 hours
at 379C.
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Figure 3-2: Schematic picture of full-length human AR and the constructs of interest. a) Full-length AR
and respective AR-25Q construct from N-terminal domain of AR was indicated. b) AR-4Q, AR-25Q and
AR-51Q constructs with the critical motifs of 2roNLF® L and adjacent polyQ with different
lengths have been indicated.
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3.2. Protein expression and purification

Proteins were purified by fast protein liquid chromatography (FPLC) using an AKTA
Purifier or AKTA Explorer system (GE Healthcare). Expression and purification
protocols of His-tagged AR-4Q and AR-25Q starting from pDEST-HisMBP were
developed and optimized in our lab (Fig. 3-3). For the production of non-
isotopically labeled proteins, LB medium was used, whereas the production of
uniformly single (*°N) or double (**cC, °N) isotopically labeled proteins was
performed in minimal MOPS medium to which “NH,Cl was added as nitrogen
source and C-glucose (double isotopically labeled sample) or unlabeled (single
isotopically labeled sample) glucose as carbon source.

The polyQ fragment was cloned in a pDEST-HisMBP vector, obtaining a fusion
protein containing a His-Tag, commonly used for purification and a Maltose
Binding Protein, which is used to increase the solubility of the polyQ fragment.
This recombinant protein was expressed in Rosetta E.coli cells, grown in LB at
379C until the OD bacteria reached 0.7 and then were induced with 0.5mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG) for 3.5hs at 282C.

Domain Sequence MW (Da)

4Q GMEVQLGLGR VYPRPPSKTY 14.513
RGAFQNLFQS VREVIQNPGP
RHPEAASAAP PGASLLLLQQ
QQETSPRQQQ QQQGEDGSPQ
AHRRGPTGYL VLDEEQQPSQ
PQSALECHPE RGCVPEPGAA
VAASKGLPQQ LPAPP

25Q GMEVQLGLGR VYPRPPSKTY 17.203
RGAFQNLFQS VREVIQNPGP
RHPEAASAAP PGASLLLLQQ
QQETSPRQQQ QaaQaaaaaa
QaQaaaaaa QQQQGEDGSPQ
QAHRRGPTGY LVLDEEQQPS
QPQSALECHP ERGCVPEPGA
AVAASKGLPQ QLPAPP

Table3.1: Sequence of both NTD construct of AR after TEV cleavage of the HisMBP tag.
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Figure 3-3: Summary of molecular Biology methods for protein expression and purification (Adapted
with modification from Dr. Albert Escobedo).
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3.2.1 Expression of isotopically labeled protein

The pDEST17-clone containing the AR construct of interest was transformed into
Rosetta cells and plated on an LB agar plate containing 100ug/mL ampicillin for
selection, 35ug/mL chloramphenicol and glucose 1%w/v. The colonies were grown
for 16 hours at 372C, after which the plate was stored at 42C until a single colony
was picked to inoculate 5mL autoclaved LB medium containing 100 pg/mL
ampicillin and 35pg/mL chloramphenicol.

Alternatively, a glycerol stock of the pDEST17-clone in Rosetta cells from a
previous expression was used to inoculate 5mL autoclaved LB medium containing
the two antibiotics. The LB pre-culture was incubated for 16 hours at 372C and
250 rpm. Minimal MOPS medium to which *NH,Cl was added as nitrogen source
and C-glucose (double isotopically labeled sample) or unlabeled (single
isotopically labeled sample) glucose as carbon source was inoculated 1/50 with
the saturated LB pre-culture and grown for 16 hours at 372C and 220 rpm to
obtain a saturated MOPS pre-culture. A glycerol stock was prepared from the
saturated LB pre-culture by adding 625uL autoclaved 80% glycerol to 375 pL cells
(final concentration glycerol is 50%), and was stored at -809C. After 16 hours of
incubation of the MOPS pre-culture, minimal MOPS medium containing 100
pug/mL ampicillin and 35 pg/mL chloramphenicol, was inoculated 1/30 with the
saturated MOPS pre-culture. Cells were grown at 372C and 220 rpm to optical
density (OD) measured at 600nm of 0.7 and induced with isopropyl -D-1-
thiogalactopyranoside (IPTG) (final concentration 0.5mM). Induced cultures were
further incubated for 4 hours at 282C and 220 rpm. After 4 hours of incubation,
the cell cultures were centrifuged (Beckman Avanti J-25 centrifuge, rotor JA-10,
6000 g, 4°C, 20 min), pellets were resuspended in lysis buffer (the recipe in
following) and protease inhibitor cocktail (PIC, Sigma) was added (500 uL PIC to
resuspended cells from 2 L expression). The resuspended pellets were stored at -
802C until purification.
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MOPS minimal medium MOPS medium was prepared based on the
protocol by
(182)Neidhardt et al.

(MOPS = 3-(N-morpholino) | * 440mL autoclaved milliQ water

propanesulfonic acid, 4

morpholinepropanesulfonic * 50mL of 10X MOPS

acid) For the preparation of
500mL MOPS minimal media,
the following components were

e 5mL of 0.132M K2HPO4

e 5mL of filter-sterilized glucose solution (7.56 g

mixed: glucose in 21mL milliQ water)
e 2.5mL of 15NH4CI filter-sterilized solution (1.05 g
NH,Cl in 10.5mL milliQ water)
® 500 pL chloramphenicol (stock: 35 mg/mL)
¢ 500 pL ampicillin (stock: 100 mg/mL)
Core buffer Lysis buffer
50mM NaH,SO, 1:1 Core buffer
500mM NaCl 1: 500 PIC
5% Glycerol 1: 500 PMSF
1mMB-mercapto-ethanol 1:1000 Lysozyme
oH 8.0 1:2000 DNase

The 10X stock of MOPS minimal medium was prepared as follows.

1. Add 83,72 g of MOPS (Sigma, M1254-250G) and 7.17 g tricine (Sigma) to ca.
300mL autoclaved milliQ water in a 1 L beaker with a stir bar.

2. Add 10M KOH to a final pH of 7.4 and adjust the total volume to 440mL by
adding autoclaved milliQ water.

3. Prepare a solution of 10mM FeSQ,4.7H,0 (28 mg FeS0,4.7H,0 in 10mL autoclaved
milliQ) and add it to the MOPS/tricine solution.
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4. Add the following solutions to the MOPS/tricine/FeS0Q,.7H,0 solution in the
indicated order.

10mL of 0.276M K,SO,

0.25mL of 0.02M CaCl,.2H20

2.1mL of 2.5M MgCl,

100mL of 5M NaCl

0.2mL of micronutrient stock (see below)

447mL of autoclaved milliQ water

5. Filter-sterilize under sterile conditions, using a filter with pore size 0.22 um.
6. Store in 500mL volumes at room temperature.

The 0.132M K,HPO, stock solution was prepared by solubilizing 23 g K,;HPO, in 1L
MilliQ water. The stock solution was autoclaved and stored at room temperature.
The stock solution of glucose was prepared just before use by solubilizing 7.56 g
glucose (**C-labeled or unlabeled) in 21mL autoclaved milliQ water (for 2L
expression) and sterilizing it by passing it through a filter with pore diameter 0.22
um. Likewise, the stock solution of NH.Cl was prepared just before use by
solubilizing 1.05 g >NH,Cl in 10.5mL autoclaved milliQ water (for 2 L expression)
and sterilizing it by passing it through a filter with pore diameter 0.22 um.

3.2.2 Protein purification
3.2.2.1 Ni* affinity chromatography

The frozen resuspended cell pellets were thawed and incubated with Lysozyme
and DNases (Sigma, 25uL to cell lysate from expression of 2L culture) for 2 hours
at 42C turning on a wheel. After incubation with DNases, the cells were lysed by
sonification (an electric sonicator for 20 min), Protease inhibitor
phenylmethylsulfonyluoride (PMSF: Melford) and protease inhibitor cocktail (PIC)
was added immediately to the lysed cells (500uL at 100mM PMSF to cell lysate
from 2L expression). Lysed cells were centrifuged (Beckman Avanti J-25
centrifuge, rotor JA-25.50, 25000 rpm, 49C, 30 min) to separate the soluble from
the insoluble fraction. The fusion proteins were expressed as soluble proteins and
were accumulated in the supernatant, which was then filtered before loading on a
HisTrap HP 5mL column (GE Healthcare) for Ni** affinity chromatography. The
column was equilibrated in lysis buffer and proteins samples were loaded at a rate
of 3mL/min. The His-tagged fusion proteins were retained on the column. After
loading the sample, lysis buffer was passed at 5mL/min (the double volume of the
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loaded sample volume) to remove unspecifically bound species. Subsequently, the
protein was eluted with an imidazole gradient (ImM imidazole to 500mM
imidazole over 60 column volumes (CV), i.e. from 0% imidazole in elution buffer to
100% imidazole. The HisTrap HP 5ml column was used to purify the protein. This is
a pre-packed column with Ni** Sepharose for preparative purification of the His-
tagged recombinant proteins. As Ni** Sepharose is charged, it will selectively
retain any protein, which could make a suitable complex with Ni**. Therefore, the
proteins with extra Histidine will have a better affinity to attach to the column and
will stay in the column, while impurities will pass through the column. An
additional elution step is needed to release the attached protein from the column
using a solution carrying a competitor for this affinity, which in this case is
imidazole. Therefore, the concentration of the imidazole is crucial during the
elution step. Imidazole will attach to Ni** with a higher affinity and cause His-
tagged protein to be released and come to the sample collector. The following
tables have the information about the buffers and conditions, in which
chromatography was performed.

Injection Buffer A Buffer B
Flow rate 1ml/min Core Core buffer
buffer
Fractionation 50ml
3mM 500mM Imidazole
% Imidazole 0 (3mM) Imidazole
ml of run 100 (50+50)
Column
Wash specifications ‘
i
Flow rate 1.5ml/min Max flow 5ml/min !
Fractionation 50ml Max pressure 0.3mPa
% Imidazole 4% (11mM) Bed volume 5.17mL
Elution
Flow rate 1.5ml/min
Fractionation 2ml
% Imidazole 4->100%
mL of run 100ml
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3.2.2.2 Size exclusion chromatography

Size-exclusion chromatography (SEC) (Fig. 3-4) uses porous particles to separate
molecules of different sizes. It is generally used to determine molecular weights and
molecular weight distributions of polymers. Molecules that are smaller than the pore
size can enter the particles and therefore have a longer path and longer transit time
than larger molecules, which cannot enter the particles. Using this method
additionally to the NiZ* affinity, we can purify the protein based on the size. Usually,
the protein samples coming from Ni%* column should go through the size exclusion
column to improve the purity of the protein of interest. Size exclusion
chromatography with Superdex 75 and Superdex 200 was performed, using the
buffers and conditions as shown below. Comparing the NiZ affinity products with size
exclusion samples usually shows that there is a significant decrease in the impurities
of the sample approved by Coomassie gel staining.

Size Exclusion
Size Exclusion buffer

Flow rate 1ml/min
500mM NacCl
Fractionation 4Aml
12mM NaH,S0,
mL of run 317

5% Glycerol

Column specifications

1mM DTT
pH 7.5 Bed volume 317ml
Max flow rate 2ml/min
Max pressure 0.3 mPa
i Void volume 80ml
b
Crossinked Agarose
oern P
>~ o >~\ _}ﬁ/ 'ﬁ Figure 3-4: The basis of gel filtration
N \_\.\ chromatography. a) Gel filtration resin
can be thought of as beads, which
' contain pores of a defined size range. b)
After the injection of a protein sample to
column, large proteins, which cannot
@ enter these pores pass around the
c outside of the beads. c) An example of a

high superdex 75 size exclusion column.

Absorbance m\:)liee‘(chélflf Smaller proteins that can enter the pores
of the beads have a larger volume that

1"'“‘,” they can explore. Both large and small
: molecules experience the same flow rate
of mobile phase (i.e. L/min). Thus, a

sample of proteins passing through a gel

void volume V, filtration column will separate based on
wtalcoumnvolume Ve molecular size: the large ones will elute
| Tov | first and the smallest ones will elute last
(b) (Adapted from Anna Montaner

sample
injection

|

intermediate
molecular weight

equilibration

Domenec- IRB Barcelona and GE healthcare webpage).
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3.2.2.3 TEV cleavage and Reverse Nickel

The pure protein was then incubated with TEV protease and dialyzed over night in
an appropriate buffer (20mM NaH,P0O,4, 100mM NaCl, 0.5mM EDTA). The solution
was then dissolved in 6M Urea, to dissolve the aggregates and allow a proper
purification step. A further Nickel Affinity chromatography was performed. Since
the protein does not contain anymore the His-Tag, it will be collected into the flow
through of the column while the column will retain the used TEV protease, the
cleaved HisMBP and the uncleaved protein. The product of this final step of
purification was either dialyzed to sodium phosphate (20mM) for NMR
experiments or dialyzed to water.

3.3. Isothermal titration calorimetry (ITC)

3.3.1 Principles and instrumentation

Isothermal titration calorimetry (ITC) is a biophysical technique that allows the
simultaneous measurement of several thermodynamic parameters associated
with any intermolecular interaction, including protein-ligand binding (183). The
association constant (KA, uM™), the reaction stoichiometry (n) and the binding
enthalpy (AH, kJ mol-1) are directly measured with no need of labeling or chemical
derivatization of neither the protein nor the ligand (184). Using Equations 3.1 and
3.2, the values of the dissociation constant (KD, uM, often referred to as the
affinity constant), the Gibbs energy (AG, k) mol™) and the entropy (A4S, kJ K*) can
be deduced.

K—l
3.1 A—KD

3.2 AG=AH—-TAS

The instrument is composed of two equivalent cells (Fig. 3-5) made of a highly
efficient thermal conducting material, typically gold. Each cell is equipped with a
heater. A protecting adiabatic jacket avoids thermal exchange with the outside.
The temperature of both cells is measured simultaneously. One of the cells is filled
with buffer and used as a reference. Its heater applies a constant power to
maintain the temperature stable along the experiment. The other cell is filled with
the protein sample dissolved in the same buffer, and its heater initially applies the
same power.

The experiment is performed at a constant temperature by titrating one binding
partner (called the ‘titrant’, e.g. L) into a solution containing the other binding
partner (called the ‘titrand’, e. g. M) in the sample cell of the calorimeter. After
each addition of a small aliquot of L, the heat released or absorbed in the sample
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cell is measured with respect to a reference cell filled with buffer. The heat
change is expressed as the electrical power (J s™), which is required to maintain a
constant small temperature difference between the sample cell and the reference
cell, which are both, placed in an adiabatic jacket. Addition of L is automated and
occurs from a precision syringe driven by a computer-controlled stepper motor.
The contents of the sample cell are stirred to effect rapid mixing of the reactants.
In commercially available instruments, volumes of sample cells are in the range
0.2-1.4ml. The amount of titrant required per experiment depends on the
magnitude of the heat change; 10-100 nmol of protein are typical.
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Black line = injections of compounds inlo protein
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| ‘ ‘J |.!..||i|'|:|n1:1ll| b
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Constant power " Power supplicd luuupk_
supplied to cell feedback heater is
reference cell proportional to AT

Figure 3-5: a) Schematic diagram of an isothermal titration calorimetric instrument, consisting of a
sample cell that contains one binding component, an automated syringe that contains the other
binding partner and a reference cell. b) Differences between the sample-cell and reference-cell
temperatures induced by binding are initially translated to the power needed to bring the two
samples back to temperature, before conversion to a binding enthalpy in molar terms. (Adapted from
International Union of Crystallography 2007).

3.4. Fluorescence polarization substrate competition (FPSC)

Fluorescence polarization (FP) is a homogeneous method that allows rapid and
guantitative analysis of diverse molecular interactions and enzyme activities. This
technique has been widely utilized in clinical and biomedical settings, including
the diagnosis of certain diseases and monitoring of therapeutic drug levels in body
fluids. Recent developments in the field have been symbolized by the facile
adoption of FP in high-throughput screening (HTS) and small molecule drug
discovery of an increasing range of target classes. This method is also being widely
used in studies about the protein-protein interactions, especially for proteins with
known affinities to each other, like Hsps and their binding partners.

In my work, we used this system to study the binding affinity of Hsp72 and Hsp40
to AR with 2 different sizes of polyQ. The solutions of proteins with known
concentrations in PBS were prepared and the binding affinities of our proteins of
interest were compared with known binding affinities in this case with tau protein
and a peptide from tau protein with identified binding affinity to Hsp72. Figure 3-6
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(Adapted from SGC web page) is a schematic picture of fluorescence polarization
assay. In this assay the peptide is typically end-labeled with fluorescein, which has
a fluorescence lifetime and allow the changes in polarized signal to be detected
over a wider range of molecular masses. In cases in which the peptides are known
to bind to proteins, such as those in our experiments, interacting with tau protein
or Hsp72 substrate binding domain, the optimum FP signal can be used to obtain
information on the binding affinity of other proteins or peptides in a competition
assay with the known interacting peptide.

Polarization
. emission
Slow tumbling filter
Fluorescent
e s Peptide
Polarization a
excitation 9 ¢ ¢ $ w
filter !
Higher FP [Protein]
signal
> -=> Fast tumbling
Depolarized Polarized Compound i
excitation excitation \ -
light light ﬁ)’ ¢ &
Lower FP [Compound]
signal

Figure 3-6: Fluorescence Polarization Assays (Adapted from SGC web page: Binding assay Using
peptide displacement monitored by Fluorescence Polarization).

3.5. NMR spectroscopy of Biomolecules

3.5.1 Theoretical and practical aspects

In this section, the basic theoretical and practical concepts behind the NMR
experiments that are the basis for the results presented in this thesis are
summarized. An extensive theoretical description of NMR can be found
elsewhere, both for initiated and non-initiated readers (185). Practical aspects of
NMR are extensively described in the literature (186, 187).

3.5.2 Basic NMR characterization of a protein: 1D and HSQC

The acquisition of a 'H 1D experiment is usually the first step in the
characterization of a protein sample. This experiment does not require the
isotopic enrichment of the sample and gives information on the protein fold and
stability. In a folded protein, protons sample a large variety of well-defined
chemical environments, so signals in the spectrum are dispersed in a wide range
of frequencies ranging from 9 to almost 0 ppm. Unfolded proteins yield 1D spectra
with much lower signal dispersion, which is also seen in NMR spectra of
intrinsically disordered protein (IDP), as previously discussed. However, the
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number of protons in a protein is large and many signals cannot be resolved.
Therefore, the complexity of 1D experiments is too high to obtain further
information.

3.5.2.1 [*H,">N]-HSQC

The ['H,°N]-HSQC (Heteronuclear Single Quantum Correlation) experiment
provides a fingerprint spectrum of the protein and is the NMR experiment that
was most frequently used in this thesis. Isotopic enrichment of the protein with
N allows the acquisition of the HSQC experiment. This heteronuclear NMR
experiment correlates the amide proton and amide nitrogen of each amino acid in
the protein backbone. It involves excitation of the proton (‘H), followed by
transfer of magnetization to the N heteronucleus and subsequent reverse
polarization transfer to the proton for detection, as it is highly advantageous from
a sensitivity point of view to detect magnetization on the proton (Fig. 3-7). In the
resulting [*H,”°N]-HSQC spectrum, a cross peak is visible for every amino acid of
the protein (construct) under study, except for proline residues and the amino-
terminal residue. Proline side chains do not contain an amide proton and
therefore do not have a corresponding peak in an ['H,”°N]-HSQC spectrum. The
same is true for the amino-terminal residue of the protein (construct) that
contains an NH*® group at physiological pH. Therefore, a peak is obtained for each
amino acid’s backbone amide group (except for Pro), as well as for the amino
groups in Lys and the aromatic rings of His and Trp; the amide groups in the side-
chains of Asn and GIn; and the guanidinium group in the side-chain of Arg.
Consequently, each peak is considered to roughly represent the chemical
environment of each amino acid in the sequence.

Each cross peak corresponds to the chemical shifts of the amide proton and amide
nitrogen from a particular residue of the protein backbone. Backbone assignment
of the AR-25Q and AR-4Q constructs used in this thesis revealed the identity of
the corresponding amino acid for every observed peak in the [‘H,’N]-HSQC
spectra.

(—{ep—ry)  (—{cy—r)
I I Figure 3-7: lllustration of a [lH,ISN]HSQC experiment. The
( H—p—m:p —{( H—p ) H};»—Cg — H}}) backbone of the peptide is represented. In red,
- T - - T - magnetiz?;.‘ion is transferred from hydrogen to
) N o attached N nuclei via the J-coupling. The chemical shift
! N F—Ce)—C (Ce)— c) is evolved on the nitrogen and the magnetization is then
T T " T ][ transferred back to the hydrogen for detection (Adapted

'HrJ (0) (Ho) (O) from (188)).
N ~ N ~ J

-1 i
Similar to the 1D experiments, the HSQC spectrum of a folded protein displays
well dispersed and sharp signals in the 6 — 10 ppm range in the 'H dimension and
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in the 135 —105 ppm range in the >N dimension, whereas this is not the case for
IDP with more signal overlaps.

HSQC experiments are very useful to characterize the interaction of a protein with
another one, a peptide or a small ligand. In general, a series of HSQC experiments
are acquired to monitor the protein resonances while titrating progressively
increasing amounts of the interacting partner. Ligand binding will cause changes
in the electronic environment of residues directly involved in the interaction and
those also get involved in structural rearrangements. These changes will be
reflected in the spectra as chemical shift perturbations (CSP) and/or peak signal
intensities changes.

The HSQC experiment has been extensively used in this thesis to characterize the
protein- protein interaction in studies of Hsp40/Hsp72 with AR.

Uniformly single *°N-labeled protein samples were used to measure ['H,"’N]-HSQC
experiments. For interaction studies, the “N-labeled partner was observed by
NMR, whereas the binding partner was not labeled with N and therefore NMR-
silent.

3.5.3 Sequential assignment of backbone resonances

Both the interpretation of the HSQC epitope-binding experiment and NMR time
resolved experiments in identification of AR oligomerization process, requires the
assignment of each resonance in the spectrum to a particular residue in the
protein sequence. Due to high number of prolines in our constructs (20 Prolines),
the sequential assignment of 4Q and 25Q were performed using *C direct
experiments.

3.5.3.1 *C-direct NMR experiments

All *C-direct NMR experiments were done in CERM European NMR facility in
collaboration with Prof. Isabella Felli. The strategy exploits the use of **C direct
detection both to avoid the problem of amide proton exchange as well as to
increase the chemical shift dispersion in the direct dimension of the experiments.
The superior chemical shift dispersion of the heteronuclei with respect to protons
is exploited by exclusively labeling the chemical shifts of the backbone’s
heteronuclei, using protons only as a starting source of magnetization to increase
the overall sensitivity of the experiments. The resolution of the experiments has
been maximized correlating five different frequencies in five different dimensions,
all built up using long evolution times exploiting the favorable relaxation
properties of IDPs. To substantially reduce the experimental time and maximize
resolution, non-uniform sampling (NUS) was employed in all the proposed
experiments. Since data sampled at not uniform intervals cannot be treated with
the Fast Fourier transform (FFT), the 5D experiments were processed using the
Sparse Multidimensional Fourier Transform (SMFT) algorithm (Fig. 3-9) (189). The
features of this type of processing greatly simplify the visualization of the
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multidimensional spectra, since the analysis of the 5D spectra is reduced to the
inspection of a series of 2D cross-sections extracted from the full spectra at some
fixed triads of frequencies.
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Figure 3-8: The various scalar couplings that can be exploited to design multidimensional NMR
experiments, as well as the correlations expected in several B3¢ detected exclusively heteronuclear
experiments are shown on the right panel. The increase in resolution by progressively expanding the
dimensionality of NMR experiments is schematically depicted on the left. Adapted from (190).

We used the CON experiment in parallel to HSQC to obtain chemical shift
information on Prolines. The CON experiment (Fig. 3-8) is a heteronuclear
experiment that results in a spectrum with cross peaks for the backbone amide
nitrogen °N and the carbonyl *CO of the preceding residue. Since the detection
of magnetization in this experiment occurs on carbon (**C), the sensitivity is low
and thus longer acquisition times are required. This experiment is especially useful
as cross peaks are obtained for proline residues, which are not detectable in
['H,"N]-HSQC spectra as explained before. Therefore, it allows the determination
of the amide nitrogen chemical shift of proline residues.

3.5.3.2 4Q construct samples preparation for assignment

A 0.4mM sample of *C,°N double-labeled 4Q construct in 20mM Sodium
phosphate, 1mM TCEP, pH 7.4 was prepared. 10 % D,0 was added for the lock.
The sample was divided in several aliquots that were used to acquire the NMR
experiments for the resonance assignment and those to follow the temperature
dependence. An identical sample, but exclusively enriched in N, was used to
acquire the N relaxation experiments.

3.5.3.3 Resonance assignment

In collaboration with Alessandro Piai in CERM European NMR facility in Florence,
all the multidimensional NMR experiments tailored for sequence-specific
assignment were acquired at 278 K. **C-detected 4D HCBCACON, 4D HCBCANCO,
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4D (HCA)CON(CA)CON and 4D (HN)CON(CA)CON experiments were acquired at
16.4 T on a Bruker Avance spectrometer operating at 700.06 MHz 'H, 176.03 MHz
13C and 70.94 MHz N frequencies, equipped with a cryogenically cooled
probehead optimized for *C-direct detection (Fig. 3-8). ‘H- detected 4D TROSY
HNCO, 4D TROSY (H)NCO(CA)NNH and 4D TROSY HN(COCA)NNH experiments
were performed at 22.3 T on a Bruker Avance lll spectrometer operating at 950.20
MHz 'H, 238.93 MHz *C and 96.28 MHz N frequencies, equipped with a
cryogenically cooled probehead. On-grid non-uniform sampling (NUS) was
employed to increase the spectral resolution and to speed up the acquisition of
the experiments. The parameters used for the acquisition of the experiments are
reported in the Appendix.

3.5.3.4 Temperature dependent experiments

A series of 2D 'H-">N HSQC and 2D CON-IPAP spectra were collected in the range
278-308 K, with steps of five degrees, at 16.4 T on a Bruker Avance spectrometer
operating at 700.06 MHz 'H, 176.03 MHz *C and 70.94 MHz N frequencies,
equipped with a cryogenically cooled probe head optimized for “*C-direct
detection. The parameters used for the acquisition of the experiments are
reported in the Appendix.

3.5.3.5 Backbone dynamics experiments

N relaxation experiments (R;, R, and N{'H} NOEs) were performed at 278 K at
16.4 T on a Bruker Avance spectrometer operating at 700.13 MHz 'H, 176.05 MHz
3¢ and 70.94 MHz N frequencies, equipped with a cryogenically cooled probe
head. The parameters used for the acquisition of the experiments are reported in
the Appendix.

3.5.3.6 25Q construct samples preparation for assignment

A 0.4mM sample of *C,°N double-labeled 4Q construct in 20mM Sodium
phosphate, 1ImM TCEP, pH 7.4 was prepared. 10 % D,0 was added for the lock.
The sample was divided in several aliquots, which were used to acquire the NMR
experiments for the resonance assignment. Three additional **N-labeled samples
of different concentrations (0.5, 0.25 and 0.125 mM) were used to acquire the °N
relaxation experiments.

3.5.3.7 Resonance assignment

All the multidimensional NMR experiments tailored for sequence-specific
assignment were acquired at 278 K. '*C-detected 4D HCBCACON, 4D
(HN)CON(CA)CON and *H- detected 3D HNCO experiments were acquired at 16.4 T
on a Bruker Avance spectrometer operating at 700.06 MHz 'H, 176.03 MHz “C
and 70.94 MHz N frequencies, equipped with a cryogenically cooled probeheads
optimized for *C-direct detection. ‘H- detected 4D TROSY HN(CA)CO and 4D
TROSY HN(COCA)NNH experiments were performed at 22.3 T on a Bruker Avance
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Il spectrometer operating at 950.20 MHz *H, 238.93 MHz *C and 96.28 MHz ©°N
frequencies, equipped with a cryogenically cooled probeheads. On-grid non-
uniform sampling (NUS) was employed to increase the spectral resolution and to
speed up the acquisition of the experiments. The parameters used for the
acquisition of the experiments are reported in the Appendix.

To obtain information on the backbone dynamics, N relaxation experiments (R,
R, and N{'*H} NOEs) were performed at 278 K at 16.4 T on a Bruker Avance
spectrometer operating at 700.13 MHz 'H, 176.05 MHz **C and 70.94 MHz N
frequencies, equipped with a cryogenically cooled probe head. The parameters
used for the acquisition of the experiments are reported in the Appendix.
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Figure 3-9: Using 5D approach for backbone assignments of IDPs. The CON peak that correlates the
same Ci-1 —Ni frequencies as the associated peak in the basis spectrum is marked by an asterisk. On
the right part of the figure, the nuclei involved in the coherence transfer pathways are highlighted on
the backbone of the protein. Adapted from (133).

3.5.3.8 Sample preparation for interaction studies with Hsp40 and Hsp72

For NMR experiments, purified protein and peptide solutions containing 10% D20
were adjusted to pH=7.4 when required and loaded into conventional or Shigemi
tubes (Shigemi, Tokyo, Japan). 25Q and 4Q samples were prepared as mentioned
in the assignment experiments. Hsp40 and Hsp72 were expressed and purified by
Prof. Gestwicki’s laboratory in UCSF and sent to us. The pH and buffers condition
of samples were adjusted by an overnight dialysis to a compatible buffer for NMR
experiments.

3.5.3.9 NMR acquisition for interaction studies between AR and Hsps

The [*H,"N]-HSQC spectra were acquired in the Bruker 800 spectrometer with the
following parameters: 2048 complex points in the F2 dimension (*H) and 512
increments in the F1 dimension (*°N). The SW was set to 8013 Hz (10 ppm) (*H)
and 1784 Hz (22 ppm) (*N), and the number of scans to 16. The x-carrier
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frequency was determined by referencing to internal DSS-d6. The DSS-d6
frequency was obtained from a 1D experiment, recorded immediately before the
2D [*H,"N]-HSQC. Indirect referencing was used in the >N dimension by the use
of the conversion factors from Wishart et al (191).

3.5.4 Secondary structure propensity

Following the assignment of proteins, secondary structure propensities were
characterized based mainly on their *Ca chemical shifts. These chemical shifts are
sensitive indicators for secondary structure elements in folded proteins and
residual secondary structure in IDPs.

The main method for determining secondary structure propensity of a protein is
the analysis of its secondary chemical shifts. These are given by subtracting so-
called “random coil" chemical shifts from the experimental chemical shifts.
Random coil chemical shifts are empirically determined chemical shifts for a
residue in a completely disordered conformation. Typically, those have been
determined either by studying a series of short disordered peptides (137, 192) or
by using available data for coil regions of proteins in the Protein Databank (PDB),
the NMR chemical shift assignments of denatured proteins or IDPs that have been
deposited in the BioMagResBank (BMRB) database. Since chemical shifts are
strongly dependent on the type of amino acid, the random coil value of the
corresponding amino acid type is subtracted from the observed chemical shift.

The C® and C? chemical shifts are strongly dependent on the amino acid type. The
most common values for each amino acid type are extensively characterized.
Therefore, a particular *H-""N resonance in the HSQC spectrum can be assigned to
a particular residue in the protein sequence. The chemical shifts are strongly
correlated with local structure. Thus, the values of the C* and C? chemical shifts
assigned to a particular residue are informative on the secondary structure
element where it is located. This information can be extracted by calculating the
secondary chemical shift A5 (Equation 3.3).

3.3 Ab= 6observed - 5random coil

Thus, the observed chemical shift of a particular residue in the protein sequence is
compared to the chemical shift of this residue type in a random coil. This is a
reference value corresponding to the average of chemical shifts that a certain
amino acid type can have in unstructured or disordered parts of a protein
(random coils). Depending on the value of A§, the main secondary structure
elements can be discerned (193) :

e For residues located in a helices ASC* values tend to be positive, whereas ASCP
are generally negative. In this case, ASC® - ASCP will be positive.

e For residues located in B sheets ASC* values are most likely negative, while ASCP
tend to be positive. In this situation, ASC* -0A8CP will be negative.
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3.5.5 Relaxation and dynamics

Relaxation is the process by which coherent (processing in phase) transversal
magnetization is converted into de-phased magnetization aligned with the z-axis
(longitudinal). There are two relaxation mechanisms:

¢ Longitudinal relaxation T, is the name given to the re-alignment of transversal
magnetization with the z-axis (By). Typical values found in proteins are in the
range of several hundred milliseconds to a few seconds.

e Transverse relaxation T, consists in the de-phasing of the transverse
magnetization in the x-y plane causing the loss of coherence. It is caused by
stochastic fluctuations of the magnetic field B, that have different effects on the
molecules of the sample. In proteins, it has values in the order of several tens of
milliseconds.

Both T, and T, depend on molecular tumbling, described by the correlation time
T.. To probe the dynamics of AR-25Q and AR-4Q, we recorded N transverse
relaxation (T,) experiments for these constructs. The corresponding relaxation
rates (R,) report on time scales in which conformational transitions occur (us to
ms).

Generally, N longitudinal and transverse relaxation rates (R; and R,, respectively)
and heteronuclear NOE (hetNOE) of the backbone amides are measured to
characterize the dynamical properties of a protein backbone. The *°N R, relaxation
rates were, however, found to be particularly sensitive to any deviation from the
random coil (194) as they showed larger variations than the other two relaxation
parameters. The very same observation on sensitivity of R, was seen in 25Q and
4Q relaxation experiments.

Furthermore, for several unfolded proteins, the observed variations in R,
relaxation rates clustered in certain regions of the sequence while they seemed to
be more randomly distributed in R; relaxation rates and hetNOE (194). Therefore,
the R, relaxation rates are particularly informative when characterizing the
motional properties of a disordered polypeptide chain.

Flexible parts of a protein relax slower than more rigid parts of the sequence and
are therefore characterized by lower R, relaxation rates. By contrast, high R,
relaxation rates are indicative of secondary structural elements, tertiary contacts,
local collapse or other phenomena that give the polypeptide chain a certain
degree of rigidity. Chemical exchange can also contribute to transverse relaxation.

Internal flexibility measurements are often complemented with the measurement
of the "H-""N heteronuclear NOE experiment, which provides information on the
motion of backbone amide N-H bonds. The relative NOE intensity between these
two nuclei is obtained from two HSQC spectra with and without proton
presaturation, which are acquired in an interleaved manner. Residues in folded
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regions display ls/linsat ratio values around 0.8, while those located in flexible
areas display smaller values.

3.5.6 °N Relaxation and heteronuclear NOEs

When the system investigated is simplified and the local structure does not have a
significant impact on the NMR observable, as in the case of the N auto and
crossrelaxation rates, the analysis of the experimental data can highlight regions
with different characteristics. For instance, the nitrogen relaxation rates (“’NR1,
NR,, '"H-""N NOEs) can be used to identify parts of the polypeptidic chain
characterized by different motional properties (195, 196). Among them, in the
case of flexible systems, the heteronuclear NOE is the most sensitive reporter of
fast local motions as it is primarily determined by high-frequency spectral density
functions. Indeed, the heteronuclear NOEs, depending on the local effective
correlation time, span a large range from —4 to +1 and for this reason provide very
effective information on the regions of the protein characterized by different
mobility. This can be combined with the analysis of transverse relaxation rates
that, in addition to fluctuations depending on the local correlation time, are also
sensitive to exchange processes.

3.5.7 Proton—proton NOEs

Proton—proton (H-H) NOEs are the observables with the richest structural
information for the structural determination of globular proteins. Indeed, for well-
folded proteins, conformational averaging and differential local dynamics affect
the H-H NOEs to a minor extent, as they largely depend on an overall correlation
time and can thus provide information on internuclear distances. In the case of
the structural and dynamic heterogeneity typical of IDPs, this is obviously not a
good approximation and the difficulty consists of separating the structural and
dynamic information. In general, proton—proton NOEs are reduced in intensity
due to averaging as well as to generally smaller effective local correlation times —
two aspects that reduce the cross peak intensities. Moreover, they involve
protons, which generally overlap extensively in IDPs and are thus not easy to
assign in an unambiguous way. Various experimental solutions to this problem
have been proposed in which heteronuclei are frequency labeled to reduce the
ambiguities in the assignment. In general, the most intense cross-peaks in the
spectra arise from intra-residue or sequential NOEs, while long range NOEs are
not easy to detect but, if detected, they are very informative of partial local
structured conformations present at equilibrium.

3.5.8 Chemical shift perturbation experiments

Protein-protein HSQC binding studies were performed using a constant
concentration of the ™N-labelled AR construct (33uM) and adding different
equivalent of Hsp72 and Hsp40. The signal intensity of the peaks was analyzed and
compared in presence and in absence of binding partners. The signal intensity
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loss is a direct indication of involvement of one specific motif in binding and
interaction with another protein. Different equivalent of Hsp72 and Hsp40
showed a concentration dependent signal intensity loss in HSQC spectra.

The analysis of chemical shift perturbations in all experiments was performed
using the CCPNMR Analysis software (197) using a 0.2 weighting of the N
dimension relative to 'H (Equation 3.4).

, ASBNY’
3.4, (AS'H)® + ( =
AS = —

3.6. Transgenic mouse colony maintenance

The transgenic mice Carrying Full-Length Human AR with 97 CAGs Showed Sexual
Differences in Symptoms, Transgene Expression, Pathology and Symptomatic
differences with gender. We transferred transgenic mice from Japan (Riken
institute) expressing the full-length human AR containing 24 or 97 CAGs under the
control of a cytomegalovirus enhancer and a chicken B-actin promoter (Fig. 3-10).
Three lines of animals with 24 glutamines (AR-24Q) and 5 lines with 97 glutamines
(AR-97Q) were established in Japan (Nagoya Medical school). Copy numbers of
the transgene were 1 to 5 in AR-24Q mice and 1 to 3 in AR-97Q mice. They
assessed the 24 or 97 CAG repeat in the transgene by the genotyping on the tail
DNA using a fluorescently labeled primer, and a subsequent size determination on
the polyacrylamide gel did not show unequivocal intergenerational instability in
the CAG repeat number (198).

Three of five lines with AR-97Q (#2—6, #4—6, #7-8) exhibited progressive motor
impairment, although no lines with AR-24Q showed any manifested phenotypes
up to the latest age examined which was 30 weeks old. All three symptomatic
lines showed a small body size, a short life span, a progressive muscle atrophy and
weakness, as well as reduced cage activity, all of which were markedly
pronounced and accelerated in the male AR-97Q mice, but not observed or far
less severely in the female AR-97Q mice regardless of the line. The first detectable
phenotype is a muscle atrophy of the trunk and hind limbs followed by weight loss
and impairment of the rotarod task. The onset of motor impairment were
detected by the rotarod task at 8 to 9 weeks of age in the male AR-97Q mice,
while after 15 weeks or more in the female mice. The affected mice were
hypoactive and dragged their hind limbs. The forelimbs were not involved until
hind limb atrophy became severe. Males showed a markedly faster and earlier
motor deficit than females, and shorter life span. The 50% mortality ranged from
66 to 132 days of age with the male AR-97Q mice of 3 lines, whereas mortality of
the female AR-97Q mice remained only 10% to 30% at more than 210 days in the
three lines. AR-24Q mice showed no pathologic abnormalities at the age of 12
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weeks. In AR-97Q mice, diffuse nuclear staining and less frequent NIs were
detected with 1C2, an antibody specifically recognizing the expanded polyQ over
38 (199).

3.6.1 Re-characterization of SBMA transgenic mice

In collaboration with Prof. Sobue laboratory in Nagoya Medical School, transgenic
mouse models of SBMA harboring human AR with 2 different size of polyQ, called
24Q and 97Q were generated from a cryo-preservation. The animals express the
full length human AR contain 24 or 97 CAGs under the control of a
cytomegalovirus enhancer and a chicken beta-actin promoter (92). The AR-97Q
males exhibit progressive motor impairment, while no AR-24Q mouse showed any
phenotype during their life span. By direct DNA sequencing, the presence of 24
and 97 CAG repeated sequences was confirmed. All animals were genotyped by
Transnetyx genotyping company® (USA). Ethical approval for these studies was
obtained from ethical committee on animal experiments at the Institute for
Research in Biomedicine (IRB).

(CAG)97 Figure 3-10: Scheme of 24Q and 97Q transgene. To
AN

ARSTQ [ E_Pro ¢z hAR polyA generate the transgenic mouse model of SBMA,
- H—_ H ] . ; . .
Y human AR with 2 different size of the polyQ, either
55kb i 97 or 24 have been over expressed, using a chicken
CAG)24 -actil
E Pro ( 2 } hAR — S-actin promoter. Adapted from (92).

AR-24Q | HH— H—1

——28 kb1

5.3kb

3.6.2.Transgenic mouse embryo transfer from Japan

The transgenic mouse model of SBMA we used for our experiments has been
generated by laboratory of Prof. Gen Sobue. Among different introduced
transgenic lines in SBMA field, we found this model the most appropriate one for
our research and the questions we wanted to answer, as thoroughly explained in
the previous part (re-characterization of transgenic animals).

We received the transgenic animal embryos of 24Q (B6D2-Tg(CAG-AR*24Q)5-
5Sobu) and 97Q (B6D2-Tg(CAG-AR*97Q)7-8Sobu) animals from Riken Institute in
Japan. They provided us with 100 embryos from each line and also the recovery
protocol. Thanks to Embryo Transfer facility in IRB, they provided us with a
number of positive and negative embryos. In the following, there is a summary of
the recovery and embryo transfer procedure (Fig. 3-11).

1) The temperature of the thawing media and the duration of embryo exposure to
them are critically important for the survival of embryos. We compared the
morphology of our embryos with that of embryos in the photos shown above. One
may extend the period for the first thawing medium (TS1) until the embryos
recover from a shrunken morphology.
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2) The embryos just after thawing are very sensitive to physical damages. It is
strongly suggested to handle them as gently as possible.

3) We started to first thaw the C57BL/6 Wt and 24Q embryos and made sure that
the embryos finally look normal in the M16 medium, as the 97Q transgenes were
more complicated.

4) Embryos should be transferred into day 0.5 (on the day of viginal plug) oviducts
on the day of thawing. Ideally, 16-20 embryos are to be transferred per female so
that they may get pregnant efficiently. And therefore, we started with 5 females.

Pipette 800ul of TS1 (37°C)

Silicon oil or
mineral oil

m

10ul drops of M16

Mix gently by pipetting

23
Retrieve a tube from
the liquid nitrogen. Shortly after recovery
inTS-1

Discard the liquid
nitrogen and wait
for30s.

Culture in M16 at 37°C.

Figure 3-11: Schematic picture of the embryo transfer procedure. 1-(left) Prepare the culture dish
with 10ml aliquots of M16 and warm the TS1 to 370C. 2- Put on the facemask and cryogloves and
retrieve a cryotube from the liquid nitrogen container using forceps. 3- Quickly discard the liquid
nitrogen in the tube, and let it stand for 30 s at room temperature. 4- Put 800 ml of TS1 (370C) into
the tube by a single out-pipetting, and then mix the solution gently by pipetting ten times in 25 sec.
Make sure that the solution is evenly dissolved. 5-Using a 1000 ml pipette, transfer the entire volume
to a watch glass or 50 mm petri dish. Hereafter, embryos are handled at room temperature until they
are placed in M16. 6- Set the timer for 3 min and start it. Spread the solution over the surface of the
watch glass or petri dish by gentle shaking.

Dispersion of the solution makes it easier to spot the embryos. 7- After 3 min of
warming, retrieve the embryos using a sterile mouth-pipette, and transfer them
from the drop of TS1 to a drop of TS2. Set the timer for 3 min and start it. 8-
Transfer the embryos to the second drop of TS2. Then, transfer them to the third
drop of TS2. 9-After 3 minutes transfer the surviving embryos to 10 ml drops of
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M16. Incubated embryos under 5% CO2 in air at 370C until transfer to the
oviducts.

3.6.3 Transgenic mouse breeding plan

To start with the breeding strategies, we had to take 4 points into account (Fig. 3-
12).

1. Age: The 97Q animals start to have phenotype by age of 9 to 10 weeks. And due
to their disease progression and due to presence of the transgene, they need to
be sacrificed by maximum 5 months of age (usually the average is by 3 months).

2. Number of mice: While 24Q animals follow the Mendelian female/male ratio, in
97Q animals less than 50% of the pups are male, which is the main restriction for
maintaining a large enough number of positive animals.

3. Gender: Our experimental mice are only male groups, as the disease
progression is Testosterone (DHT) dependent, and only male mice show the
phenotype of the disease. Therefore, these selective experimental conditions
clearly constrain our experimental plan.

4. Healthy male mice are a necessity for mating and breeding: As we already
mentioned, the SBMA transgenic animals are very similar to patients of the
disease and start to lose their male sexual activity as the disease progresses. In
these mice, additionally, skeletal muscle atrophy in legs is the main reason for
their inability of mating behaviors. Therefore, we considered all these points and
were able to increase the number of positive 97Q and 24Q animals.

Our final breeding strategy is shown in the following scheme.

Time weeks

T=0 T=3weeks T=4 weeks T=8 weeks T=15 weeks T=20
4 ) 1 ) 4 )

) ’ ’ 4 ’ ’
& i 7 7 ’ i

Embryo T
weaning/ separation/ I T

ear punch for Onset of the phenotype 97Q Animals die due to
genotyping in 97Q animals muscle/neurodegeneration.

we already lose animals ~ breeding for next generation,
during this time. therefore can’t be studied.

Figure 3-12. Scheme of Breeding strategy and challenges of maintaining the SBMA transgenic mouse
model.
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3.7. Transgenic mouse tissue homogenate characterization

3.7.1 Biochemical characterization
3.7.1.1 Tissue dissection and homogenate preparation

For biochemical characterization of transgenic animal tissue, 3 tissues of interest
were dissected. According to the literature, the mainly involved tissues in SBMA
pathology in this transgenic mouse model are Spinal cord and hind limb muscles.
Full Brain attached to spinal cord was removed with surgical scissors and spinal
cord, brain stem and frontal cortex have been separated (as shown in figure 3-13)
and instantly froze on dry ice. Hind limb muscles were dissected as shown below
from both legs and froze at -802C. The samples were kept in -80C until the day of
homogenate preparation. As it is shown in figure 3-13 we used a tissue douncer
and not an electric tissue homogenizer. We have found out that it is critical for the
experimental condition and the idea was adapted from Prof. Sobue laboratory.

Figure 3-13. a) For biochemical and biophysical characterization of tissues involved in SBMA, spinal
cord and Brain of transgenic mice was dissected and separated in 3 parts of interest. b) Hind limb
muscle was separated carefully and analyzed with biochemical analysis. c) A dounce tissue grinder
has been used to prepare the tissue homogenate (Adapted from (200)).

3.7.1.2 Protein expression analysis in tissue homogenate (Western blot)

We exsanguinated the mice under ketamine-xylazine anesthesia and have frozen
the tissues on dry ice. Afterwards, the tissue (0.1 g wet weight) was homogenized
in a cellLytic®™M lysis reagent and homogenizing buffer (Sigma), 1mM 2-
mercaptoethanol with ImM PMSF and aprotinine at 6ug/ml and was centrifuged
in 2500 g for 15 min at 4°C. Protein concentration of the prepared tissues was
measured using DC® protein assay from Bio-Rad. Each lane on a 5%—20% SDS-
PAGE gel was loaded with protein 200 pg for nervous tissue, and 80 pg for
muscular tissue from the supernatant fraction, which was transferred to Hybond-
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P® membranes (Amersham Pharmacia Biotech, Buckinghamshire, England), using
25mM Tris, 192mM glycine, 0.1% SDS, and 10% methanol as transfer buffer. After
immuno-probing with rabbit anti-AR antibody H280 (1:1000) (Santa Cruz
Biotechnology, Santa Cruz, California), we performed second antibody probing
and detection using the ECL+plus kit (Amersham Pharmacia Biotech).

3.7.2 RNA quantification analysis

Mice were exsanguinated under ketamine-xylazine anesthesia, and we snap-froze
their tissues with liquid N, and extracted the total RNA from the tissues with
Trizol® (Life Technologies/Gibco® BRL, Gaithersburg, Maryland), and reverse
transcribed the RNA using SUPERSCRIPT Il reverse transcriptase (Life
Technologies/Gibco® BRL). We used 5'-TTCCACACCCAGTGAAGC-3' and 5'-
GGCATTGGCCACACCAAGCC-3' as primers for specific transgene RNA detection.
gPCR was used to amplify the cDNA and the intensity of the qPCR products signals
were compared with those of GAPDH mRNA levels, which have been separately
amplified as a host gene control. For each experiment 4-independet gPCR have
been performed.

3.7.3 Antibodies

For all biochemical studies, immunohistochemistry and immunofluorescence
staining the following antibodies have been used.

H280 (Santa Cruz Biotechnology, California) is a polyclonal rabbit antibody that
was raised against amino acids 91 to 370 of AR of human origin. C19 and N20
(Santa Cruz) are also both polyclonal rabbit antibodies that were raised against
the very C-terminal and N-terminal regions of human ARs. F39.4.1. mouse
monoclonal antibody from Biogenex® (Netherlands) specific for N-terminal
domain of AR was used for WB analysis and immunofluorescence staining. For
immunohistochemical analysis, IC2 antibody (Millipore®), a mouse monoclonal
antibody specific for polyQ length over 38, was used. This antibody specifically
detects the polyQ aggregates with higher polyQ tract numbers. For
immunofluorescence staining of AR, Alexa-Flour-488 and Alexa-Flour-568 from
Life technologies were used. For immunofluorescence staining, the membrane
staining was done by Alexa® Fluor 594 wheat germ agglutinin (WGA) from Life
Technologies.

DAPI (4',6-diamidino-2-phenylindole) is a fluorescent stain that binds strongly to
A-T rich regions in DNA. It is used extensively in fluorescence microscopy for
nuclear staining. As DAPI can pass through an intact cell membrane, it can be used
to stain both live and fixed cells.
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3.8. Quantification of aggregate amount in tissue
homogenate

3.8.1 Seprion ligand for the study of Protein Aggregation Diseases

Seprion kits (Microsense Biotechnologies, UK) easily and efficiently enable the
detection of abnormal aggregated protein (Fig. 3-14). Applications include the
study and monitoring of protein aggregation diseases in human and animal
samples and drug screening in vitro and in vivo. To date, the Seprion ligand
products have been demonstrated to work with B-amyloid, tau, a-synuclein, Htt
and prion proteins. Evaluation kits are available for other applications.

The Seprion ligand is available in two forms, coated onto microplates (Seprion
ligand ELISA) or coated onto magnetic beads (PAD-beads®).

The Seprion-coated microplates are available in two options, SEP1 and SEP2 and
are used in an ELISA format. Upon incubation of samples in the microwells,
aggregated proteins (but not the normal unaggregated proteins) bind to the
Seprion ligand. After washing, the immobilized aggregated protein is then
detected with an appropriate antibody. For these experiments, H280 antibody
specific for AR N-terminal domain was used.

The Seprion-coated magnetic beads (PAD-beads®) have extracted aggregated
proteins from a larger volume of the sample. After the capture onto the bead, the
aggregates have been eluted and detected in an ELISA that is specific for the
protein of interest.

The Elution step can be performed afterwards by KCI, SDS 0.75% or HCl, when it is
immediately neutralized by NaOH.

3.8.2 Seprion ligand ELISA

Brainstem attached to spinal cord and hind limb muscle tissues from SBMA
transgenic mice and Wt mice were dissected, frozen on dry ice and stored at -80°C
until required. A 10%v/w lysate was prepared in homogenizing buffer (Sigma),
1mM b-mercaptoethanol; 1ImM PMSF; 1mM DTT,; protease inhibitor cocktail
(Roche)). The total tissue homogenate concentration was measured using DC
protein assay (Bio-rad). Identical concentrations of tissues were transferred to the
well of a Seprion ligand-coated ELISA plate and were incubated with shaking for 1
h at room temperature (RT). After the removal of the lysate, the well was washed
5x in PBS-T (PBS; 0.1% Tween) and 100ul primary antibody (diluted 1:2000 in
conjugate buffer (150mM NaCl; 4% BSA (98% electrophoretic grade); 1% non-fat
dried milk; 0.1% Tween 20 in PBS) was added and incubated with shaking for 1 h
at RT. After five washings with PBS-T, 100 ml horseradish peroxidase (HRP)-
conjugated rabbit anti-goat secondary antibody (DAKO®) (1:2000 in conjugation
buffer) was added and incubated while shaking for 45 min at RT. After washing
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five times with PBS-T, 100 ml of TMB substrate (SerTec) at RT was added and
incubated in the dark (wrapped in foil) at RT for 30 min. Reactions were
terminated by the addition of 100 ml 0.5 M H,S0,4 and the absorption at 450 nm
was measured using a plate reader (Bio-rad).

Enzyme: HRP Figure 3-14: Schematic image of a Seprion ligand.
High molecular weight polymeric ligand (blue)
consists of repeating charged and hydrophobic
chemical groups that interact with similar
repeating groups that occur on aggregated
proteins. The selectivity for aggregated proteins
is based on the arrangement of large numbers of
polar and hydrophobic regions in aggregated
proteins (yellow) that occur to a much lesser
extent in a single unaggregated protein molecule
(Adapted from CalBioreagents® web page).

Seprion™ ligand (schematic)

Microplate
surface

Aggregated IgG (schematic)

lgG specific anibody

3.9. Isolation of aggregated species from ex vivo material

3.9. 1 Seprion ligand bead capture (PAD-beads)

10% w/v tissue homogenates were prepared as explained before. Seprion-coated
magnetic beads of 100 ul (Microsens Biotechnologies®) were transferred to a low-
bind eppendorf tube on a magnetic particle concentrator (Millipore). The
supernatant was removed and replaced with 100 pl of ultrapure water prior to the
use in the assay.

About 100 pl of homogenate was diluted to 700 pl with water and made up to 1
ml with 100 pl capture buffer (Microsens Technologies®) and 100 ul of coated
beads. The tube was shaken on Vibrax shaker (VXR basic IKA Vibrax®) for 1 h at
700 mot/min at RT, transferred to the magnetic concentrator and the supernatant
was removed. The beads were washed with 500 ul of capture buffer (wash buffer
1) followed by 1 ml of TBS (wash buffer 2)(Microsens Biotechnologies®) and 300
ml of TBS. Traces of TBS were removed by pipette after quickly spinning in a
microfuge. The captured material was eluted by mixing with 20 ml of 1% SDS in
case of WB analysis or with KCIl and heating at 1002C for 5 min in a heating block.
For a better efficiency of capturing large aggregated species by the Seprion ligands
on the beads, the shaking step can be prolonged to an overnight incubation at
49C,

3. 10. Cell culture and immunofluorescence staining
Direct comparison between direct immunohistochemistry and immuno-

fluorescence is shown in figure 3-15. In our experimental setting, human
neuroblastoma cells SK-N-SH were maintained in DMEM medium supplied with
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10% fetal bovine serum (FBS). 25x 10° cells were seeded onto an 8 wells Nunc™
Lab Tek™ Il chamber and were incubated for 24h and 48h with 20%(w/v) tissue
homogenates from 97Q, 24Q and Wt animals. After 24h and 48h, the cells were
washed with cold PBS and prepared for membrane staining. Cells were fixed with
4% formaldehyde for 20 min at room temperature. Wheat Germ Agglutinin
conjugates solution were prepared in PBS (invitrogen®). 10ug/ml of solution was
used in each well and incubated for 10 min at room temperature. The cells were
washed twice and permeabilized with 0.1% Triton-100 for 5 min. To block the
unspecific biding of the first antibody, the cells were incubated with 3%FCS in PBS
for one hour and incubated with primary anti-AR antibody for one hour. Finally,
the cells have been incubated with secondary fluorescent mouse antibody Alexa-
Flour-488. A confocal Leica microscope was used to capture images. Image
analysis was completed with the same microscope and image J software. From
each sample, 100 cells were counted and used for quantification analysis of
presence of nuclear staining or cytoplasmic staining.

Indirect Inmunohistochemistry

Colored g
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r—»".“ .‘h)'r
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Figure  3-15: Schematic = comparisons  between  direct immunohistochemistry  and
immunofluorescence. Both methods have been used in this thesis. Brief description of
immunohistochemistry comes in the following chapter (Adapted from Leinco® Technologies, Inc).

3.10.1 Cellular uptake and cell toxicity studies

Human neuroblastoma cells SK-N-SH were maintained in DMEM medium supplied
with 10% fetal bovine serum (FBS). 5x 10° cells were seeded onto a 96 wells plate
and were incubated for 24h and 48h with 20%(w/v) tissue homogenates from
97Q, 24Q and Wt animals (Fig. 3-16). 20%w/v total tissue homogenates from
transgenic animals of 97Q and 24Q were prepared as explained before. Wt mouse
tissues with identical age were also prepared. CellTiter®-Blue cell viability assay
was done in 96-well plates. 20ul of CellTiter®-Blue Reagent is added directly to
each as well, the plates were incubated at 37°C to allow cells to convert resazurin
to resorufin and after shaking the plate for 10 sec, the fluorescence signal was
measured at 560/590¢, nm. The average of fluorescence values of the culture
medium background was subtracted from all experimental wells.
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Figure 1, Conversion of resazurin to resorufin by metabolically active cells results in the generation
of a fluorescent product. The fluorescence produced is proportional to the number of viable cells.
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Figure 3-16. Scheme of CellTiterBlue cell viability assay. The visible light absorbance properties of
this reagent undergo a blue shift upon reduction of resazurin to resorufin. Fluorescence was used to
record the results, as it is more sensitive (Adapted from CellTiterBlue® web page).
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3.11. High-resolution microscopy of AR aggregated species

3.11.1 dSTORM (Direct stochastic optical reconstruction microscopy)

Direct stochastic optical reconstruction microscopy (Fig. 3-17) is a class of super-
resolution techniques that operates on the principle of single molecule
localization imaging (Fig. 3-18). Through the use of photoswitchable dyes (Fig. 3-
19) and imaging molecules one by one, it is possible to locate their spatial position
within a sample with a resolution of about one fiftieth of the wavelength of light
(cal0 nm). Prof. Kaminski’s laboratory at the University of Cambridge has
developed a setup that permit to us to resolve two colors and is flexible to use
most of the dyes commonly used in super resolution microscopy. They develop
algorithms to improve localization precision and speed and constantly improve
and refine experimental strategies in this area (Fig. 3-20). Many improvements in
this system make it possible to use this tool to image and study toxic amyloid
proteins in nano scale and use it to study the prion like propagation of misfolded
protein species. Two-color dSTORM is a tool to directly visualize how misfolded
species evolve along in time (201). These results provide unprecedented
mechanistic insights into the molecular origins of diseases such as Alzheimer,
Parkinson’s and polyQ neurodegenerative diseases. In our experiment’s set up
10% w/v muscle and spinal cord tissue homogenates from two transgenic mouse
models of SBMA (either with 24Q (a: muscle and b: spinal cord) or 97Q (c: muscle
and d: spinal cord)) were stained with two primary antibodies, mouse anti human
AR antibody specific for N-terminal domain and rabbit anti human AR antibody
specific for C-terminal. Mouse and rabbit specific secondary antibodies with Alexa
647 and Alexa 568 were used for the dSTORM microscopy.

Figure 3-17: Schematic illustration of layout of the STORM optics. Fibre coupling (of the 650 nm laser)
is omitted for simplicity (Laser analytics group, Cambridge)
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Figure 3-18: The dSTORM concept. The
target molecule of interest is labeled
with photoswitchable fluorophores.
The top image on the right side shows
labeled microtubules in a mammalian
cell. At the beginning of the
experiment, all fluorophores are
transferred to the non-fluorescent OFF
state upon irradiation with light of
appropriate wavelength and intensity.
Either spontaneously or photo-induced
upon irradiation with a second laser
wavelength, a sparse subset of
fluorophores is reactivated. If the
probability of activation is sufficiently

low, then the activated fluorophores
residing in their ON state are statistically spaced further apart than the resolution limit and their
positions can be precisely determined. Repetitive activation, localization and deactivation allow a
temporal separation of spatially unresolved structures in a reconstructed image (image below). Scale
bar, 2 um (Biozentrum Universitdt Wiirzburg) (202).
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Figure 3-19: Photoswitchable dyes are used for dSTORM. Reversible photoswitching of Alexa Fluor
and ATTO dyes in the presence of thiols. (a) The fluorophore is either cycled between its singlet
ground and excited state emitting fluorescence photons or can undergo intersystem crossing with
rate ki upon irradiation. The triplet state (3F) can react with molecular oxygen to recover the singlet
ground state and produce singlet oxygen or react with the thiolate with rate k.4 to form the radical
anion of the fluorophore (Fe) and the corresponding thiyl radical. The radical anion can be oxidized
by oxygen with rate k,, to recover the singlet ground state. Because radical anions of most
rhodamine and oxazine derivatives show pronounced absorption at ~400 nm irradiation, for
example, at 405 nm promotes recovery of the fluorescent form (i.e., OFF- and ON-switching are
photoinduced). Whereas the thiyl radicals formed react efficiently with molecular oxygen to produce
superoxide radicals and hydrogen peroxides, the fluorophore radical anion is very unreactive and
survives for up to several seconds even in the presence of molecular oxygen. Fluorophores such as
ATTO 655 and ATTO 680 accept a second electron to the fully reduced leuco-form (FH). Oxidation of
FH with oxygen also recovers the ON state. (b) Absorption spectra of Alexa Fluor 488 in PBS (pH 9.3)
in the presence of 100 mM MEA. After irradiation at 488 nm (light blue), the absorption at 488 nm
decreases and the radical anion absorbing maximally around 400 nm appears. The fluorescent state
is recovered spontaneously or by direct excitation of the radical anion at ~400 nm (dark blue). The
stability (lifetime) of the radical anion is mainly determined by the oxygen concentration and can
easily exceed several hours (Biozentrum Universitdt Wiirzburg) (202, 203).
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dSTORM
Snapshot Fluorescence single-molecule images image
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Figure 3-20: dSTORM acquisition procedure exemplified for Alexa Fluor 647-labeled 8-tubulin in a
COS-7 cell. (a,b) A fluorescence image of the structure is measured at low excitation intensity (a) (<
0.1 kW cm- 2 see red line in b). In the next step, higher irradiation intensity is applied to transfer the
majority of fluorophores into a non-fluorescent OFF state until a sufficiently low spot density is
reached. Finally, a super-resolved image is reconstructed from all localizations. (b) Number of
localizations per image frame (approximately ten, corresponding to ~0.1 spots per um2) plotted
against the frame number and time, respectively. The images were acquired with a frame rate of 885
Hz at an excitation intensity of 30 kW cm- 2 at 641 nm and additional irradiation at 488 nm (blue
line) with 0-0.5 kW cm- 2. Direct excitation of the OFF state at 488 nm increases the number of
fluorophores residing in the ON state and has to be carefully controlled. (c) Image reconstruction
showing that a highly resolved image can already be reconstructed from 20,000 images
corresponding to a total acquisition time of ~20 s. The structure cannot be fully resolved after
analysis of <2,000 frames. 5, the number of localizations used to reconstruct the dSTORM image.

Scale bars, 1 um (202).
3.11.2 STED (Stimulated emission depletion microscopy)

STED microscopy shares principles of confocal laser scanning microscopy and
structured illumination microscopy. In traditional confocal microscopy, a laser
beam is focused to diffraction-limited spot, referred to as the point spread
function, PSF. The PSF has a diameter of ca 250 nm and excites fluorescence in
the sample, which is collected as the beam is raster-scanned across the region of
interest (Fig. 3-23). One can think of the laser beam as a paintbrush - the thinner
the tip, the finer the detail we can recover from the sample ('Excitation beam'
shown in blue in figure below). The idea behind STED, or more generally the
RESOLFT principle, is to 'shape' the tip into a spot much smaller than the 250 nm
diffraction limit, by using a so-called depletion beam, which has a doughnut
shaped intensity distribution, with zero intensity in the middle and high intensity
in an annular region around the central position (‘STED beam' in Fig. 3-
21). Superimposing this depletion beam on the excitation beam prevents
spontaneous emission (fluorescence) from fluorophores anywhere except in a
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very small central region, thus yielding an effective PSF of only 30 to 90 nm in
diameter (Fig. 3-21 and 3-22). This permits one to gain information on a much
smaller scale than possible with standard confocal imaging. The technique works
at a reasonable depth and is thus useful to look at distribution of molecules deep
within cells.

) Q Effective spot size
; 50 nm
: —

250 nm

Figure 3-21: STED is a confocal technique, which uses a doughnut shaped laser beam to ‘switch off’
fluorescence outside of the centre of the beam (Laser analytics group, Cambridge).
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Figure 3-22: Principle of Stimulated Emission Depletion microscopy (STED)(Adapted from Pierre
Mahou, Cambridge)

The excitation of various fluorophores is enabled by a super-continuum source
generated by pumping a photonic crystal fiber and the STED beams is produced by
a spatial light modulator that also corrects for the optical aberrations of the
system. This microscope has been successfully evaluated with ideal test samples
(Fig. 3-23 a-b) and is now being used to monitor the formation of amyloid fibrils in
vitro (Fig. c). In this thesis, 20%w/v total muscle tissue homogenate of 97Q and
24Q, mice were dried and fixed on a Lab-Tek™ chamber. Using specific primary
antibody for elongated version of polyQ tract (1C2) and STED compatible
secondary antibody (ATTO 647 anti-mouse antibody), the aggregates in mouse
muscle total tissue homogenate have been stained and imaged using 647nm
Laser.
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Figure 3-23. Evaluation of the performance of the lab-built STED microscope from ideal calibration
samples. (a) Estimation of the resolution of the confocal/STED modality from 40nm beads. The
resolution enhancement is on the order of 3.5. (b) Performance of the STED modality in a case of a
dense sample formed by 100nm beads. (c) Confocal/STED images of amyloid fibrils labeled with the
dye STAR 635P (Laser analytics group, Cambridge).

3.12. Atomic force microscopy (AFM)

Aggregates were captured by Seprion beads and eluted with 50 pl 0.75%SDS.
From each preparation 5ul was deposited on freshly cleaved mica plate (Ted Pella
Inc, Redding, CA) and incubated overnight at RT to get dry. The captured material
was washed with 200 ml of ultrapure water and dried under a gentle stream of
air. Aggregates from tissue homogenates were prepared by using Seprion beads
as described previously. Each deposition was imaged using a Bruker Dimension
FastScan® AFM microscope Images were taken with silicon cantilevers with a
nominal spring constant of 40 N/m and resonance frequency of approximately
300 kHz (Fig. 3-24). Typical imaging parameters were: drive amplitude 150-500
mV with set points of 0.7-0.8 V, scan frequencies of 2—4 Hz, image resolution
512x512 points, and scan size of 3 um. All the experiments were performed in 5
different tissues from each group of animals and with many replicas for each
guantitative data. Several images were obtained from separate locations across
the mica surfaces to ensure reproducibility. For quantitative analysis of AFM
images, size analysis of aggregates observed by AFM was performed and images
were analyzed with the image processing toolbox program. Individual aggregates
in an AFM image are automatically located and their volumes and heights and
other geometrical characteristics are measured, facilitating a quick analysis of
thousands of individual aggregates.
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Figure 3-24: (a) Schematic description of an AFM. (b) Cantilever deflection and laser spot on the
photodiode, (c) schematic of the tapping mode operation. Adapted from (204).

3.13. Transmission electron microscopy (TEM)

The TEM operates on the same basic principles as the light microscope (Fig. 3-25)
but uses electrons instead of light. Because the wavelength of electrons is much
smaller than that of light, the optimal resolution attainable for TEM images is in
many orders of magnitude better than that from a light microscope. Thus, TEMs
can reveal the finest details of internal structure - in some cases as small as
individual atoms. Transmission electron microscopy uses high-energy electrons
(up to 300 kV accelerating voltage) that are accelerated to nearly the speed of
light. The electron beam behaves like a wavefront with wavelength about a
million times shorter than light waves. When an electron beam passes through a
thin-section specimen of a material, electrons are scattered. A sophisticated
system of electromagnetic lenses focuses the scattered electrons on an image or a
diffraction pattern, or a nano-analytical spectrum, depending on the mode of
operation.

Each of these modes offers a different insight about the specimen. The imaging
mode provides a highly magnified view of the micro- and nanostructure and
ultimately, in the high resolution imaging mode a direct map of atomic
arrangements can be obtained (high resolution EM = HREM). The diffraction mode
(electron diffraction) displays accurate information about the local crystal
structure. The nanoanalytical modes (x-ray and electron spectrometry) tell
researchers which elements are present in the tiny volume of material. These
modes of operation provide valuable information for scientists and engineers in
search of stronger materials, faster microchips, or smaller nanocrystals.

In our experiment, for immune labeling, 20ul eluted material from the Seprion
bead capture assay was dried at 952C in a heating block and resuspended in 5ul
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ultrapure water. Three microliters were transferred to a freshly glow-discharged
Formvar/carbon-coated grid and incubated at RT for 1 min. Excess solution was
removed and the grid allowed to air-dry for 5 min. Grids were rinsed briefly in PBS
and transferred to blocking solution (0.1% BSA-CTM (Aurion) in PBS) for 15 min.
This was followed by incubation with H280 primary antibody (1:200) diluted in
blocking solution for one hour.
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Figure 3-25: Schematic comparison between transmission electron microscope (TEM) and light
microscope (LM) (Adapted from Martin Saunders, CMM,).

The grids were washed six to eight times in a drop of blocking solution (2
min/drop) and transferred to Rabbit secondary antibody conjugated with 10 nm
colloidal gold particles (BB International) diluted 1:200 in blocking solution for 1 h.
The grids were washed as above, followed by two rinses in a drop of ultrapure
water (1 min/drop) and air-dried for 3 min. False positive or negative staining
were performed by adding 3 ul of 1% uranyl acetate for 45 s, excess stain was
removed with hardened filter paper and grids allowed to air-dry or the procedure
terminate with a quick ultrapure water wash. Images were taken with a
transmission electron microscope at 120 kV.

3.14. Immunohistochemical analysis
Immunohistochemistry (IHC) combines histological, immunological and

biochemical techniques for the identification of specific tissue components by
means of a specific antigen/antibody reaction tagged with a visible label. IHC
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makes it possible to visualize the distribution and localization of specific cellular
components within a cell or tissue. In contrast to western blotting and ELISA,
immunohistochemistry (IHC) allows the study of the distribution and localization
of specific cellular components in cells or tissues. However, IHC still uses labeled
antibody to trace antigen-antibody interactions and the antibody can be detected
by several methods. Most commonly, a secondary antibody conjugated to an
enzyme (horseradish peroxidase or alkaline phosphatase) is used; this binds to the
primary antibody and indirectly stains the antigen of interest. A similar technique
involving fluorophore-conjugated secondary antibodies is called immuno-
fluorescence. Here, some major aspects of IHC, including sample preparation,
antigen retrieval, as well as schematic steps in immunohistochemical staining
were explained (Fig. 3-26).

Z
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ﬂ Antigen Retrieval

=

ﬂ Block unoccupied sites

Figure 3-26: Schematic steps in immunohistochemical staining (Adapted from Proteintech® web
page).

1. Sample preparation: Prompt and adequate tissue preparation is crucial in
immunohistochemistry. Although there is no single universal method for tissue
fixation, many antigens can be successfully detected in formalin-fixed paraffin-
embedded tissue sections. Alternatively, sections may be prepared by snap
freezing in liquid nitrogen and sectioned with a cryostat, followed by fixation with
cold acetone or alcohol. However, there are several disadvantages associated with
frozen sections, including poor morphology, poor resolution at higher
magnifications, the need for special storage, only limited retrospective studies
possible and the current cutting difficulty. Paraffin-embedded sections overcome
most of these problems and are the most widely used preparation method. This is
the same approach we used in our experiments.
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2. Antigen retrieval Pre-treatment with the antigen retrieval reagent is needed to
break the protein cross-links formed by formalin fixation in order to uncover
hidden antigenic sites. The methods used include the application of heat (HIER:
Heat Induced Epitope Retrieval), use of digestive enzymes (PIER: Proteolytic
Induced Epitope Retrieval) or a combination of the two. While heat-mediated
antigen retrieval is commonly performed by a microwave, a pressure cooker or an
autoclave, enzyme-mediated antigen retrieval uses a combination of digestive
enzymes such as proteinase K, trypsin, chymotrypsin, pepsin and pronase.
However, the use of enzyme digestion could inconsistently destroy some epitopes
and tissue morphology, leading to false negative results.

In our experimental condition, we perfused 20 ml of a 4% paraformaldehyde
fixative in phosphate buffer (pH 7.4) through the left cardiac ventricle of mice
deeply anesthetized with ketamine-xylazine, postfixed tissues overnight in 10%
phosphate-buffered formalin, and processed tissues for paraffin embedding. Then
we deparaffinized 4 um thick tissue sections dehydrated with alcohol, treated in
formic acid for 5 min at room temperature. The tissue sections were blocked with
normal horse serum (1: 20) and incubated with mouse anti-expanded polyQ, 1C2
(1: 20 000, Chemicon®, Temecula, CA, USA). The sections were then incubated
with biotinylated anti-mouse IgG (1: 1000, Vector Laboratories, Burlingame, CA,
USA). Immune complexes were visualized using streptavidin—horseradish
peroxidase (Dako®, Glostrup, Denmark) and 3,3'-diaminobenzidine (Dojindo,
Kumamoto, Japan) as described before (163).

3.15. Synchrotron micro-computed tomography

During the last decade, many progresses in the field of tomography have been
made. Scientist used the concept of tomography to go beyond histology. Micro-
tomography started to be used as a methodology for the biological tissue
characterization.

Current light microscopy methods such as serial sectioning, confocal microscopy
or muti-photon microscopy are severely limited in their ability to analyze rather
opaque biological structures in three dimensions, while electron optical methods
offer either a good three-dimensional topographic visualization (scanning electron
microscopy) or high resolution imaging of very thin samples (transmission electron
microscopy). However sample preparation commonly results in a significant
alteration and the destruction of the three-dimensional integrity of the specimen.
Depending on the selected photon energy, the interaction between X-rays and
biological matter provides semi-transparency of the specimen, allowing
penetration of even large specimens. Based on the projection-slice theorem,
angular projections can be used for tomographic imaging. This method is well
developed in medical and materials science for structure sizes down to several
micrometers and is considered as being non-destructive. Achieving a spatial and
structural resolution that is sufficient for the imaging of cells inside biological
tissues is difficult due to several experimental conditions. Major problems that
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cannot be resolved with conventional X-ray sources are the low differences in
density and absorption contrast of cells and the surrounding tissue. Therefore, X-
ray monochromatization coupled with a sufficiently high photon flux and coherent
beam properties are key requirements and currently only possible with
synchrotron-produced X-rays. In this study, we report on the three-dimensional
morphological characterization of muscle tissues and neuromuscular junctions
using synchrotron-generated X-rays demonstrating the spatial distribution of
single cells inside the tissue, single cell degeneration and their quantifications,
while comparing our findings to conventional histological techniques.

In this thesis, we used this approach to see the structural differences between
different muscle tissues of Wt and transgenic mice of SBMA. Hind limb muscle
tissues and spinal cord have been prepared in 2-3 mm in diameter and 5-6mm in
length and fixed in 4% Para-formaldehyde (PFA) for minimum of 24h and aligned
in agarose gel. The samples were introduced to synchrotron. The analyses have
been done in Advanced Photon source (APS) operated by the University of
Chicago. This work was done in collaboration with the Karlsruhe Institute of
Technology (KIT) and KIT managed all the data analysis.

3.16. Statistical analysis
Statistical tests were performed using the GraphPad Prism program. For column

statistics, one-way ANOVA with Bonferroni or Tukey's multiple comparison tests
was performed. P < 0.05 was considered significant.
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Chapter 4. Sequence determinants of
AR oligomerization in SBMA

4.1. Introduction

Spinal bulbar muscular atrophy (SBMA) is a rare neuromuscular disease, with a
prevalence of one per 50,000 males that belongs to a group of nine hereditary
disorders termed polyglutamine (polyQ) diseases. These occur as a result of the
expansion of polymorphic polyQ tract in proteins that are otherwise unrelated
(19). The unstable nature of such tracts is due to the propensity of CAG and GTC
codons repeats that codify for them and that form non-B-DNA structures, such as
hairpins that cause DNA slippage during replication (205, 206) As a consequence
of this expansion, the codified proteins are often found to misfold, oligomerize
and aggregate to form fibrillar species resembling amyloid fibrils (207-209).

The polyQ tract responsible for SBMA is found in the N-terminal transactivation
domain (NTD) of AR. AR is a nuclear receptor activated by androgens such as
dihydrotestosterone (DHT) that regulates the expression of the male phenotype
(Fig. 4-1A). Although the molecular basis of SBMA is not yet fully established,
there are strong indications that AR aggregation is the main cause of the disease.
In fact, this hypothesis is supported by the observation that SBMA patients exhibit
AR loss of function symptoms attributed to the depletion of the soluble receptor,
such as gynecomastia and infertility, as well as a gain of function symptoms, such
as progressive muscle cramps, fasciculations and dysphagia (210), caused by the
specific toxicity of AR aggregates to muscle cells and motor neurons (22, 207,
211-214).

Prior to activation by androgens, AR is a cytosolic protein in complex with
molecular chaperones that bind to the NTD (residues 1-558), which is intrinsically
disordered (215), and stabilize it against degradation and aggregation. Androgen
binding to the ligand-binding domain (LBD) (residues 670-919, Fig. 4-1A) leads to a
collective conformational change that causes the disassembly of this complex and
targets the receptor to the nucleus by exposure of a nuclear localization signal
found in the hinge region that connects the LBD with the DNA-binding domain
(559631, Fig. 4-1A). The DBD of nuclear AR interacts with specific DNA sequences
known as androgen response elements (AREs) found in promoters and enhancers
of genes regulated by AR. Once AR is bound to DNA, the NTD recruits the general
transcription factors and transcriptional co-regulators needed to assemble the
transcription machinery, leading to transactivation.

The polymorphic polyQ tract in AR starts at position 58 and can be between 14 to
34 residues long in healthy individuals. Sizes over 37 residues are associated with
SBMA and the length of the polyQ tract anti-correlates with the age of onset
(216). Although the function of the polyQ tract is not yet known there are
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indications that it plays a role in the regulation of AR function as individuals with
short polyQ tracts exhibit a higher propensity to suffer from prostate cancer, a
condition that relies on AR expression and activation for its progression (217—-
219).

There is evidence from Drosophila and mice models that the development of the
SBMA phenotype requires AR activation (84, 220). These observations are in
agreement with a pathogenesis mechanism in which AR aggregation occurs when
its complex with molecular chaperones is dissociated after androgen binding.
Given that activation leads to nuclear translocation, this hypothesis is also in
agreement with the nuclear localization of AR aggregates, known as nuclear
inclusions (NIs). Finally, additional support results from studies of the effect of AR
antagonists on mice expressing human AR with an elongated polyQ tract; whereas
untreated mice have a phenotype closely resembling that of SBMA patients, those
treated with AR antagonists appear healthy (94, 163, 221, 222).

Although the polyQ tract of AR is likely to play an important role in the early
stages of AR aggregation in SBMA, neither the structure of the tract nor the
oligomerization mechanism of the receptor have been characterized. This acts as
an important hurdle for the identification of therapeutic approaches based on the
inhibition of AR aggregation by small molecules or biologics. To remedy this, we
have used NMR in solution to study the structural properties of an N-terminal
fragment of AR, found in AR aggregates linked to SBMA (223, 224), that is the
product of proteolytic cleavage by caspase 3 (residues 1-153, Figs. 4-1A and 4-1B)
and whose aggregation is thought to play a key role in the onset of the disease.

Despite the presence of a large number of consecutive amino acids of the same
type, the NMR strategy that we have used enabled us to characterize the
structural and dynamical properties of every residue. Our findings indicate that
although the protein is intrinsically disordered the polyQ tract displays substantial
helical propensity, which increases with the length of the tract to reach values
compatible with the formation of a helix. We also observe that the
oligomerization rate of the protein does not greatly depend on the length of the
polyQ tract because it is driven by inter-molecular interactions involving a region
of sequence, with sequence ?GAFQNLFQSVREVIQ®, that is separated from it by
20 residues (Fig. 4-1B).

Our results provide a striking example on how the regions flanking the polyQ tract
can influence both the structural properties of the tract and its mechanism of
aggregation. In addition they identify the region of sequence that nucleates the
oligomerization of AR in SBMA, the region *GAFQNLFQSVREVIQ®*, as a
therapeutic target for this currently incurable and relatively neglected rare
disease.

85



Chapter 4. Sequence determinants of AR oligomerization in SBMA

A) NTD hinge
[ 3 1 mM
caspase-
clalvage Dio LiD
1 5878 153 659 631 670 919
s [T [T
LLL e
B) “GA_I-_‘QNEQSERE_V!Q” =g IOPEYLVLYY  'MGARVARS M
10 =
% B
s 64
3 4
2 2- f \
pa |
5 1™ |
5% 0.8 -
25 06 -
28 04
ox
0.2 =
0 -
I I | 1 1 1 I I
1 20 40 60 80 100 120 140
residue
C) »Q* *'TGYLVLD™  'GAAVARS'

v v
sa | B L | I
“/GAFQNLFQSVREVIQ™ }”M”

v

= [ TN T Ll L1 |

wigh eTEYLVLD '“GM!AAS“"

Figure 4-1: A) Domain organization of AR with an indication of the position of the polymorphic polyQ
tract in purple, of the Caspase 3 cleavage site and, in the resulting fragment, of the
2GAFQNLFQSVREVIQ®, °LLLL*®, °TGYLVL™ and **GAAVAAS™ motifs, which are colored red,
green, blue and orange, respectively; in this and the following panel the residues are numbered
according to the Uniprot entry for AR (www.uniprot.org/uniprot/P10275) B) AABUF, predicted
helicity and disorder propensity of the fragment reported as a function of residue number. C) 4Q and
25Q constructs used in this work, where the difference in the numbering with panels A and B, is due
to the addition of a residue at the N-terminus after cleavage of the MBP by using the TEV protease.
In the motifs highlighted in the figure, hydrophobic residues are underlined and Q and N residues are
shown in bold.
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4.2. Results

4.2.1 Preparation of solutions of monomeric AR fragments

Preparing solutions of monomeric aggregation-prone proteins is challenging due
to the propensity of these species to form aggregates, but essential for
characterizing reproducibly and reliably their structural properties (225, 226). We
expressed two AR constructs containing a polyQ tract of 4 and 25 GlIn residues (4Q
and 25Q- Fig. 4-1C), fused to Hisg-tagged maltose binding protein (MBP) in E. coli.
After purification by affinity and size exclusion chromatography and cleavage of
the fusion protein by the tobacco etch virus (TEV) protease, the fragments were
rendered monomeric by applying a stringent disaggregation procedure based on
the one recently put forward for the preparation of monomeric AB14, solutions
(226).

After the disaggregation procedure, solutions of 4Q and 25Q were proven to be
more than 98% monomeric according to the relative volume distribution of
dynamic light scattering (DLS) data (Fig. 4-2A). The hydrodynamic radius of 4Q and
25Q calculated from the DLS data was ca 3.5 nm, which is in good agreement with
the values determined from the elution volume obtained by size exclusion
chromatography (SEC). The oligomeric state of the samples was also analyzed by
sedimentation velocity analytical ultracentrifugation (SV-AUC) analysis, which
yielded a narrow distribution of particles centered on a main species with a
sedimentation coefficient of 1.1 S (for 4Q) and 1.3 S (for 25Q). Data fitting
performed by the software SEDFIT (227) revealed a low but detectable population
of a second species (1-3%), with a sedimentation coefficient of 2.6 S (4Q) and 2.8 S
(25Q). By comparison of the experimental frictional ratios with their theoretical
counterparts for different oligomers we obtained that, for both constructs, the
major species corresponded to the monomer whereas the minor species likely
corresponded to a tetramer (Fig. 4-2B). A similar distribution of oligomeric states
was recently described for synthetic peptides corresponding to exon 1 of the Htt
that also harbors a polyQ tract (22).
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Figure 4-2: A) Dynamic light scattering size distribution by volume of 20uM 4Q (blue) and 25Q (red)
immediately after preparation at 37°C. The mean size value is 5.6 nm and 6.1 nm respectively. B)
Sedimentation velocity analytical ultracentrifugation of 4Q (blue) and 25Q (red) of stock solutions of
respectively 310 uM and 280uM protein immediately after preparation.

4.2.2 Analysis of AR oligomerization

To characterize the oligomerization process of 4Q and 25Q, we monitored the
time evolution of 20 mM samples of these constructs by time resolved dynamic
light scattering (DLS), a technique that is very sensitive to the presence of soluble
oligomers. An analysis of the weighted mean diameter of the ensemble of
particles (Z-average) revealed that oligomerization occurs in solutions both of 4Q
and 25Q (Fig. 4-3A). These results indicated that oligomerization occurs
independently of the length of the polyQ tract and is therefore likely to be
triggered by a different region of sequence.

To characterize the structural properties of the monomeric proteins and their
evolution during oligomerization, we used circular dichroism (CD) and nuclear
magnetic resonance (NMR) spectroscopies. CD spectra collected immediately
after preparing the monomeric protein solutions indicated that the constructs
were substantially disordered, but with a fractional content of a-helix, which was
higher for 25Q than for 4Q (Fig. 4-3C). These measurements, in agreement with
previous studies (228), suggest that the polyQ tract of AR is partially helical. To
study how the secondary structure evolved with time, a solution of 20 uM 25Q
was analyzed both by CD and DLS at various time points within 150 hours of
incubation. The CD spectra showed no apparent change in secondary structure as
oligomerization progressed which indicates that the soluble oligomers are
essentially disordered or that they represent a small fraction of the sample and
therefore contribute slightly to the CD signal (Fig. 4-3B).
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Figure 4-3: A) Time resolved analysis of 20 uM solutions of 4Q and 25Q oligomerization by DLS. B) CD
spectrum of 20 uM SDP solution 25Q after 0 h, 96 h and 170 h of incubation at 37°C C). CD spectrum
of 130uM solutions 4Q and 25Q immediately after sample preparation.

Time-resolved NMR experiments were performed in an attempt to identify the
regions of sequence involved in the inter-molecular interactions that stabilize the
oligomers. °N-labeled 50puM samples of 25Q were incubated at the same
conditions used for the DLS and CD measurements and "H-">N HSQC experiments
were acquired at 18.8 T (800 MHz) at various time points. A fraction of the cross-
peaks were observed to evolve upon oligomerization mainly by decreasing in
intensity but also, in some cases, by splitting in two or, in one case, in three (Fig.
4-4). That only a fraction of the resonances evolve with time indicates that the
changes in chemical environment that occur as a consequence of oligomerization
are specific to certain residues.

In some instances the time-evolution of the resonances allowed observing the
build-up and decay of signals with well-defined chemical shifts, as illustrated in
Figure. 4-9, indicating that oligomerization occurs with the formation of specific
on-pathway intermediates. The time-evolution of 25Q samples under these
conditions, due to oligomerization, precluded assignment of the resonances by
using multidimensional NMR and it therefore became necessary to identify a
sample preparation procedure that led to samples that were sufficiently
kinetically stable for this purpose.
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4.2.3 Preparation and structural characterization of a kinetically
stable sample by NMR

In an attempt to produce kinetically stable samples, a 400mM solution of 25Q was
incubated in 6 M urea overnight and then dialyzed (1:1000) against 20 mM
sodium phosphate buffer pH 7.4. The 'H->N HSQC spectrum of the sample
obtained by this procedure (urea incubation followed by dialysis, UID) was very
similar to that of the 25Q obtained by SDP and did not change significantly over
the period of time required to acquire the multidimensional NMR experiments
needed for the assignment of all the resonances. In addition, DLS analyses
confirmed that the samples were kinetically stable.

Sequence-specific assignments for both UID 25Q and 4Q were obtained by
acquiring a set of 4D C-detected NMR experiments selected among those
proposed by Bermel et al. 2012 (133, 229). Heteronuclei were exploited to take
advantage of their improved chemical shift dispersion relative to that of protons
and their reduced sensitivity to exchange processes. The problem of extensive
cross-peak overlap in the spectra was overcome by acquiring high-dimensional
experiments, exploiting non-uniform sampling (NUS) to reduce the experimental
time while preserving high spectral resolution in the indirect dimensions. In
addition, two 4D TROSY 'H"-detected experiments, variants of those proposed by
(230, 231), were recorded to confirm the assignment obtained with the *C-
detected experiments. The assignments of HY HY HB, c', c® c? and N resonances
of 4Q and 25Q are reported in the BMRB (http://www.bmrb.wisc.edu/).

The complete 2D "H-""N HSQC (Fig. 4-4) and 2D CON-IPAP (Fig. 4-5A) spectra of 4Q
and 25Q and the central regions of both spectra are shown in Figure. 4-5B, which
illustrates that the spectral differences caused by the elongation of the polyQ tract
are limited to the resonances of the tract itself and to the regions of sequence
immediately adjacent it, particularly at its N-terminus. The assignment of the
polyQ tract of 25Q appeared as particularly challenging due to the expected
extensive overlap of the glutamine resonances in all spectra. Interestingly,
however, both in the 2D *H-">N HSQC and 2D CON-IPAP spectra, the resonances of
the tract were arranged along a pseudo-diagonal in which the cross-peaks appear
as ordered according to the position of the corresponding residue in the
sequence.
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Figure 4-4: The complete "H-®N HsQC spectrum and with an indication of the resonances that
experiences the largest shifts upon increasing the length of the polyQ tract.
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Analysis of the secondary structure propensity (SSP) of the polypeptide was
performed to characterize the conformational properties of 4Q and 25Q from
their heteronuclear backbone chemical shifts (232) (Fig. 4-6A). For 4Q, it identified
one region of sequence with significant a-helical propensity, between residues 50
and 73 that contains the polyQ tract. For 25Q, the results were very similar for
most of the sequence, with the exception of the polyQ region (residues 55-80) as
elongation of the tract from four to 25 residues increased very substantially the a-
helical propensity of this region, which reached values compatible with a fully-
formed a-helix.

The backbone dynamics of 4Q (Fig. 4-7) and 25Q (Fig. 4-8) were studied by
measuring N relaxation data. °N longitudinal (R;) and transverse (R,) relaxation
rates, as well as steady-state heteronuclear "N{"*H} NOEs, were determined for
all non-proline backbone amide *°N at 16.4 T (700 MHz) (Figs. 4-6B). As it was the
case for the SSP analysis, the one of °N relaxation rates provided almost identical
results for 4Q and 25Q, except for the polyQ tract and the regions of sequence
adjacent to it (Fig. 4-6B and Fig. 4-8). We found the R, values to exhibit a
substantial dispersion and detected three regions of sequence characterized by
faster than average transverse °N relaxation: those centered around the motifs
22GAFQNLF?® and *’LLLLQQQQY and ¥TGYLVLD® in 4Q, the last corresponding to
residues 108-114 in 25Q.

The *?GAFQNLF®® motif corresponds to a region of sequence with low disorder
propensity that in full-length androgen bound AR can interact with activation
function two (AF-2) in the LBD (107, 109, 233) . The second motif was identified by
the SSP analysis as partially a-helical and it is therefore reasonable to attribute the
high values of transverse N relaxation that it displays to the relatively long local
correlation times caused by helix formation. The third motif corresponds to a
region of relatively high hydrophobicity with some propensity to form helical
conformations. A comparison of the transverse °N relaxation rates of 4Q and 25Q
reveals substantially higher values for the *°LLLLQQQQ®* motif of the latter, which
it is reasonable to attribute to the increase in secondary structure propensity
arising from the elongation of the polyQ tract.
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Figure 4-6: A) Secondary structure propensity of 4Q and 25Q based on an analysis of the C', C°, o
and N backbone chemical shifts carried out by using the software SSP developed by Forman-Kay and
co-workers (234). B) By R, relaxation rates reported as a function of residue number for 4Q and 25Q.
In A) and B) 4Q is reported with a gap of 21 residues, corresponding to the difference in length of 4Q
and 25Q polyQ tract in order to facilitate their comparison; residues 55 to 62 of both 4Q and 25Q are
shown in blue to highlight the influence of the length of the polyQ tract on their structural properties.
In the motifs mentioned in the figure, hydrophobic residues are underlined and Q and N residues are
shown in bold.
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The details of backbone dynamics of 4Q are illustrated in figure 4-7. Three regions
with higher R, values are indicated in colors. These are the similar regions that
have already been discussed. As it is indicated, heteronuclear NOE and R; values
are not as sensitive as R, values, as previously mentioned in Materials and
Methods. The NOE values in this rage are a clear indication of an IDP, which in this
example comprises small regions with more structural propensities and higher
rigidity. Increasing the number of Q, exclusively affect the **LLLLLQQQQ® region,
with no effect on rest of construct.
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Figure 4-7: By Ry, R, relaxation rates and hetero-nuclear NOE reported as a function of residue
number for 4Q. Among these data only R is sensitive for our study. Three regions with higher R,
have been indicated in pink (*FQNLF?), violet (polyQ) and green 8TGYLVLD®. The higher R, is an
indication of the presence of more rigid and structured regions in these motifs.
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Figure 4-8: By R1, R, relaxation rates and hetero-nuclear NOE of 4Q in red and 25Q in blue reported
as a function of residue number for 4Q and 25Q. Among these data only R is sensitive for our study.
In a comparison between 4Q and 25Q, the elongation in polyQ region shows the only difference in R,
rate, while the rest of the construct looks completely identical. The higher R, in *1111QQQaQ® in
25Q compared to 4Q is another validation of the presence of an a- helical structured region in this
motif in 25Q.

4.2.4 Identification of the residues undergoing structural changes
during oligomerization of 25Q

The remarkable similarity of the *H-">N HSQC spectra of SDP and UID samples of
25Q, allowed us to transfer the 'H and N backbone chemical shift assignments
from the latter to the former and therefore to identify the residues of 25Q that
underwent changes in chemical environment during oligomerization (Fig. 4-9).
This analysis revealed that the regions of sequence where these residues are
found are *GAFQNLFQSVREVIQ®, " GAAVAAS'™ and, to a lesser extent, the
polyQ tract itself. GAFQNLFQSVREVIQ?®, that contains the “GAFQNLF*® motif
with fast °N transverse relaxation discussed in the previous section, has a high
content in glutamines and hydrophobic residues, a high propensity to fold, a
relatively high helical propensity and a high AABUF. *°GAAVAAS™ is a region of
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relatively high helical propensity and low AABUF and propensity to fold (Fig. 4-1B).
The polyQ tract is a region of high helicity in Q25 and relatively high AABUF.

A detailed analysis of the temporal evolution of the position and intensity of the
peaks of the HSQC reveals that the different regions of sequence undergo
conformational changes of different nature that occur with different rates. The
first of these changes, which leads to a drop of signal intensity (I/ly = 0.5) that is
clearly noticeable after two days of incubation, affects the first of these motifs
and, to a lesser extent, the C-terminal one (l/ly = 0.65). Incubation of the sample
for two additional days leads to further decreases in the signal intensity of these
motifs to values of I/l of 0.30 and 0.45, respectively, and to the observation of a
modest (I/ly = 0.70) decrease in the region defined by residues 50 to 85, which
includes the polyQ tract and the residues flanking it. Further incubation for a total
of seven days leads to important decreases in intensity of the signals
corresponding to residues in the N-terminal motif, which in many cases can no
longer be observed (I/l, = 0), and to an enhancement of the effects observed in
the polyQ tract and the C-terminal motif (I/lo = 0.6 and 0.3) (Figs. 4-9B and 4-10A).

As already mentioned the resonances of a small number of residues split into two
or in one case more peaks in addition to decreasing in intensity. These
resonances, which are among those that decrease in intensity the earliest,
correspond to the motif *QSVREVIQ?®, which is rich in both GIn and hydrophobic
residues and has a predicted high helical propensity (Fig. 4-1B). This indicates that
oligomerization proceeds via the formation of species with well-defined chemical
shifts stabilized by intermolecular interactions involving side chains of this region
of sequence. A particularly striking case is Val 31, shown in detail in Figure 4-9C,
which evolves via the formation of at least one intermediate with chemical shifts
that have values between those of the monomer and those observed at the end
of incubation period (Fig. 4-9).

A comparison of the 'H-">N HSQC spectra and DLS results obtained for SDP and
UID 25Q shortly after sample preparation suggests that the kinetically stable
samples contain oligomeric species that are in intermediate exchange and,
therefore, in apparent equilibrium with monomeric 25Q: although the cross-peaks
in the 'H-">N HSQC spectra are in the same positions, allowing the transfer of the
assignments, the intensities of the resonances of the sample treated with urea are
markedly lower than those of the spectra of samples that were disaggregated,
indicating that oligomers are present and in intermediate exchange with
monomeric 25Q. In addition, whereas the Z-average of the SDP samples was very
low shortly after dissolution (ca. 8 nm), but quickly increased as oligomerization
took place, that of the UID samples had a relatively low value of ca. 100 nm and
hardly increased during incubation, indicating that the sample contained
oligomers but that their concentration increased very slowly.

These observations strongly suggest that UID generates a kinetically stable
distribution of oligomeric species that can be used to study the nature of inter-
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molecular interactions that stabilize the oligomers. With this purpose, we
acquired 2D 'H-"N HSQC spectra of UID samples at various concentrations (125,
250 and 500 mM) and observed that the relative intensity of the resonances of
residues belonging to the motif 2GAFQNLFQ” decreased with concentration (Fig.
4-11A). Further measurements of *°N transverse relaxation rates (R,) at equivalent
25Q concentrations confirmed that the decrease in signal intensity was indeed
due to the concentration-dependence of the °N transverse relaxation rates,
which we attribute to the contribution of exchange processes (R.) due to
oligomerization (Fig. 4-11B).

In summary our results indicate that all regions of sequence that are involved in
the early stages of AR oligomerization in SBMA have predicted helical propensity
and, in addition, that monomeric Q25 is in equilibrium with oligomeric species
stabilized by inter-molecular interactions established by residues in the motif
*GAFQNLFQ”.

We have characterized the residues that experience chemical shift perturbations
during the oligomerization of 25Q in a SDP sample (Figs. 4-9 and 4-10A). The
region of sequence where most of such residues are found is the motif
*SVREVIQ®*, of predicted high helicity, that is part of the region
22GAFQNLFQSVREVIQ®® and is directly adjacent to the motif 2GAFQNLFQ*. That
the species with different chemical shifts in the **SVREVIQ®*® motif are in slow
exchange with monomeric 25Q indicates that they correspond to well-defined
oligomeric species of a size that is compatible with their characterization by
solution NMR. We conclude that the second step in the oligomerization of 25Q is
the formation of oligomers stabilized by inter-molecular interactions involving
mainly residues in the motif **SVREVIQ® (Fig. 4-10B).
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Figure 4-9: A) Overlay of the 'H-N HSQC spectra of a freshly prepared 5;);1M N-labeled 25Q
sample (black) and after seven days incubation at 37°C (red). B) Intensity ratios (I/l,), where | is the
normalized intensity of 25Q resonances after incubation at 372C for two (green), four (blue) and
seven (red) days and I, is the normalized intensity of 25Q resonances at time zero. The amino acid
sequence of the most affected regions is indicated. C) Expansions of the H-2N HSQC spectra of Bp-
labeled 25Q (50 uM) at time zero (black) and after incubation at 37°C for two (green), four (blue) and
seven (red) days highlighting the behavior of selected 25Q resonances.
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Figure 4-10: A) Perturbation of the chemical shifts (Ab, top) observed after 7 days of incubation and
decreases in signal intensity, relative to that after sample preparation (I/l,-p4, bottom) reported as a
function of residue number and as a function of time. AS values shown as blue dots correspond to the
difference in chemical shift between two peaks in slow exchange originating from a peak of
monomeric 25Q that split during oligomerization. B) Scheme of the mechanism of oligomerization

proposed for the N-terminal AR fragment based on the results obtained in this work.
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Figure 4-11: A) Peak signal intensities and B) BN R, relaxation rates for 25Q reported as a function of
residue number at three different protein concentrations: 125, 250 and 500uM. All the regions of
construct show similar behavior in different concentrations, except for FQNLFQSVREVIQ®® region
that shows decrease in signal intensity and increase in R2. This is an indication of intermolecular
interactions between monomers of 25Q. The error bars have been removed from the figure to
facilitate the comparison and are included as supplementary information.
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4.2.5 Predictions of the structural properties of 4Q and 25Q by
bioinformatics tools

A thorough characterization of 25Q and 4Q was previously explained in detail. In
the following, we add some supplementary information, which helped us with a
better understanding of properties of 25Q and 4Q.
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Figure 4-12: Disorder (PONDR) and % of helicity (Agadir) prediction of 25Q and 4Q have been
indicated. (A) The PONDR score of “rQNLF is well below the 0.5 median normally associated with a
tendency toward being structured, the PONDR score of rest of the falls above the 0.5 median,
suggesting a negligible tendency toward order, whereas in the (B) Agadir predictor indicated two
regions with higher helical propensity, rQNLF and *°LLLLQQQAQ%, both in 4Q and 25Q.

The interesting observation of predictors’ data on disorder properties (Fig. 4-12A)
and helicity (Fig. 4-12B) did not agree with our experimental data. The PONDR
predictor indicates the disorder properties of a construct (235). In both 4Q and
25Q, the PONDR score of only 2FQNLF?® is below the 0.5 median that is normally
associated with a tendency toward being structured, in contrast to Agadir, which
indicated in both 4Q and 25Q two regions with higher helical propensity. Thus,
this it is to note that our experimental data does not support the predictors and
this could be an example of flaws in the predicted data in structural biology.

4.2.6 4Q construct temperature dependence behavior observed by
NMR

A series of 2D "H-">N HSQC and CON-IPAP NMR spectra were acquired on the 4Q
construct at different temperatures, in the range 278-308 K, with steps of five
degrees. The spectra are reported in Figures 4-13 and 4-14.
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Figure 4-13: 2D TH-BN HSQC NMR spectra acquired at different temperatures (from 278 to 308 K).
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Figure 4-14: 2D CON-IPAP NMR spectra acquired at different temperatures (from 278 to 308 K).

As clearly visible, the quality of the 2D 'H-N HSQC spectrum is reduced with
increasing temperature, due to the faster chemical exchange rate of amide
protons with the solvent ones. Instead, the CON-IPAP NMR spectrum, insensitive
to exchange processes benefits from higher temperature for the improved
molecular tumbling.
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4.3. Summary

Our data summarizes itself into two main findings. By using the nuclear magnetic
resonance approach, two constructs of N-terminal domain of AR with 4Q and with
25Q were successfully assigned. Backbone amide assignment and information of
chemical shifts of different nuclei have illustrated that although the whole polyQ
diseases field believes in polyQ adapting a random coil structure, our data showed
for the first time that in 4Q, the >’LLLL*® region just adjacent to polyQ has some
helical propensity, while when the number of the Q was increased, the whole
region -not only the polyQ tract but also the *’LLLL*® region- changes its a-helical
propensity extensively from 0.4 to almost 1. Therefore, we have a clear evidence
that N-terminal domain of AR comprises a polyQ part (even in Wt tract size),
which forms a helix.

In context of full-length AR, the presence and formation of this helix is critical for
AR intrinsic function. AR as a transcription factor is dependent on many protein-
protein interactions. We suggest, as other studies have also shown, that the helix
is involved in coiled-coil interactions with other proteins capable of coiled-coil
formation. Thus, we assume, that in case of higher number of Q, the structural
properties of this helix might change and could directly affect its binding partners.
The new coiled-coil partners replace the older ones and this could explain the cell
toxicity of CAG repeats due to a higher number of Q.

The second result, but as interesting as the first one, was the sequence
determination of AR-NTD that initiates the oligomerization of AR and
consequently brings the protein to aggregated state. We identified a motif in a
distant N-terminal flanking region to polyQ. This region does not show any
secondary structure propensities similar to what we have illustrated in polyQ
region, whereas it has specific sequence and structural properties, which make it
highly prone to form intermolecular interactions. These regions of interest,
*FQNLF? and its proximate flanking regions are the main regions in 25Q and 4Q,
that due to their hydrophobic nature and their helical propensities initiate the
oligomerization. The first hints for intermolecular interactions originated from
signal intensity loss in this region in the time evolution studying of aggregation.
Relaxation experiment data introduced this region as the least flexible region in
the whole construct, suggesting the presence of intermolecular interactions. And
finally, the data on concentration dependent signal intensity loss and respective
relaxation rates comparison validated the hypothesis that the **FQNLF?® region
initiates the intermolecular interaction and any interference with this interaction
could be a potential strategy for drug discovery.
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Chapter S. Interaction of Hsp40 and
Hsp72 with AR

5.1. Introduction

A network of heat shock proteins (Hsps) mediates cellular protein homeostasis
and plays a fundamental role in preventing aggregation associated with neuro-
degenerative diseases. An orchestrated action of conserved families of molecular
chaperones is necessary to keep the balance between protein folding and
misfolding and to provide the cell with a protein homoeostasis machinery.

Spinal and bulbar muscular atrophy (SBMA) is an inherited motor neuron disease
caused by the expansion of the polyQ tract within the AR. The nuclear inclusions
consisting of the mutant AR protein are characteristic and combine with many
components of ubiquitin—proteasome and molecular chaperone pathways (236),
raising the possibility that misfolding and altered degradation of mutant AR may
be involved in the pathogenesis. It has been reported that the overexpression of
Hsp chaperones reduces mutant AR aggregation and cell death in a neuronal cell
model (176). To determine whether increasing the expression level of chaperone
improves the disease manifestations in a mouse model, a group in the University
of Nagoya crossbred SBMA transgenic mice with mice overexpressing the
inducible form of human Hsp70 (237). They demonstrated that high expression of
Hsp70 markedly ameliorated the motor function of the SBMA model mice. In
double-transgenic mice, the nuclear-localized mutant AR protein, particularly that
of the large aggregates with positive IC2-AR staining, was significantly reduced.
Monomeric mutant AR was also reduced in amount by Hsp70 overexpression,
suggesting the enhanced degradation of mutant monomeric AR with elongated
polyQ (39). These findings suggest that Hsp70 overexpression ameliorates SBMA
phenotypes in mice by reducing nuclear-localized mutant AR, probably caused by
enhanced mutant AR degradation (163). This study provides the basis for the
development of an Hsp70-related therapy for SBMA and other polyQ diseases.

In SBMA, nuclear inclusions (NlIs) containing mutant AR have been observed in the
brainstem motor-nuclei, spinal motor neurons and some other organs (17). Such
neuronal inclusions are common pathological features in polyQ diseases and are
also co-localized with many components of the ubiquitin—proteasome and
molecular chaperones (23, 75, 163, 238), raising the possibility that misfolding and
altered degradation of the mutant protein is involved in the pathogenesis of
SBMA as well as other polyQ diseases (239, 240). Furthermore, these chaperones
and proteasome would facilitate refolding or proteolysis of the mutant protein
and may play a role in protecting neuronal cells against the toxic properties of the
expanded polyQ (176, 241).
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Hsp70 overexpression has been reported to enhance the solubility and
degradation of mutant AR (162). Hsps have also been shown to suppress
aggregate formation and cellular toxicity in a wide range of polyQ disease models
(238, 241). Recently, overexpression of the inducible form of rat Hsp70
ameliorated neurologic deficits and the neuronal degeneration of spinocerebellar
ataxia type 1 (SCA1) transgenic mice, whereas the Nls consisting of mutant ataxin-
1 were not reduced (237).

In addition to Hsp70, which plays a critical role in various neurodegenerative
diseases including polyQ diseases, one of its closest functional partners, the Hsp40
family of molecular chaperones, (Dnal) contributes to suppressing the toxicity of
various amyloid proteins. The evolutionarily conserved J domain protein,
DNAJ/Hsp40 functions primarily by stimulating the adenosinetriphosphatase
(ATPase) activity of other chaperones, such as Hsp70. Higher eukaryotes have a
variety of Hsp40 family members to regulate the substrate specificity of
chaperones (160). A few types of Hsp40 proteins have been shown to dramatically
suppress toxicity in polyQ disease models.

Overexpression of Hsp70 or combination of Hsp70 and Hsp40 reduced aggregate
formation and provided cellular protection, which suggests that Hsp70 and Hsp40
might function together in chaperoning aggregation-prone proteins. The essential
molecular chaperones are highly efficient in selectively recognizing misfolded
proteins and maintaining them in soluble states. Hsp110 forms high—molecular
weight complexes with Hsp70, and facilitates the nucleotide exchange of Hsp70.
Recent studies have suggested that Hsp110 associated with protein aggregation
and introducing Hsp110 prevented the toxicity of aggregation-prone proteins
(242). As the Hsp70 homolog, it is possible that Hsp110 functions with Hsp40 in
preventing the toxicity of aggregation-prone proteins. Recent studies have shown
that 70 kDa heat-shock cognate protein cb (HSC70cb) is a family member of
Hsp110, interacts physically and genetically with DNAJ-1 in vivo and that HSC70cb
is necessary for DNAJ-1 to suppress polyQ-induced cell death in Drosophila. Co-
expression of DNAJ-1 and HSC70cb had a dramatic protective effect on the polyQ
disease and HD models and knocking down of hsc70cb, has largely reduced the
protective effect of DNAJ-1 on polyQ toxicity. To date, all this data has provided us
with an overview of the importance and role of molecular chaperones in reducing
the toxicity of aggregates. There is also convincing data on co-functionality
between Hsp70 and Hsp40 for their protein homoeostasis activity. However, to
date no demonstration of the mechanism of action of Hsps in a high-resolution
exists. In this work, we have collected all the in vivo, in cell experiments data and
analyzed the interaction of full length Hsp72 and DnalB1 (Human Hsp40) with an
AR N-terminal domain construct with a polyQ tract containing either 4 or 25
glutamine residues. We have studied these natural disease associated complexes
with solution state NMR.
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5.2. Experimental procedure

All [*H,"N]-HSQC were acquired at pH 7.4 and 5°C on a 800 MHz spectrometer.
Two “°N-labeled AR constructs, 4Q and 25Q, were used. The 4Q and 25Q
constructs comprise the first 135 and 155 amino acids of the N-terminal part of AR
(Fig. 4.1). 4Q has only 4Q, whereas 25Q comprises the elongated polyQ tract with
25Q. We assigned both constructs (Figs. 4-4 and 4-5) and as well studied the
interaction of Hsp40 and Hsp72 with AR. Jennifer Rauch in the laboratory of Prof.
Gestwicki in UCSF expressed and purified Hsp70 and Hsp40.

5.3. Results

We identified the binding epitope of the molecular (co) chaperones Hsp40, Hsp72
in a 135-residue and 156-residue N-terminal constructs (residues 1 to 135 and | to
156, that we call 4Q and 25Q) (See Fig. 4-1), corresponding to an AR fragment,
produced by proteolytic cleavage by Caspase 3, found in AR aggregates linked to
SBMA (12, 13, 243).

Our strategy was to start with 4Q. Along the time, 4Q evolves less compared to
25Q (Fig. 4-3A) and therefore it would be easier to optimize the experimental
conditions. The interaction studies were initially performed on 4Q and in following
with 25Q. This set of experiment with 25Q was necessary, as recent NMR
experiments carried out in our lab indicated that the secondary structure of the
polyQ tract changes drastically with the number of Q residues (Fig. 4-6A).

This information was obtained by analyzing the ['H,">’N]-HSQC NMR spectrum of
samples of 4Q and 25Q, enriched in °N in the absence and in the presence of
increasing concentrations of these potential interactors. More details of results
are illustrated in the following.
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5.3.1 Heat shock protein72 (Hsp72) recognizes the FQNLF motif and
its flanking region in AR 4Q and 25Q

Previous studies showed that AR interacts with Hsp72 and the interaction is
important for Wt AR function (244, 245), but it also plays a critical role in SBMA
pathology (176). Therefore, we set out to map its binding site on AR by NMR. We
acquired ['H,"N]-HSQC spectra on °N-labeled AR-4Q and AR-25Q in absence and
presence of different concentrations of unlabeled full-length Hsp72 provided by
laboratory of Prof. Jason Gestwicki at the UCSF (Fig. 5-1). This method provides a
fingerprint of all amine bonds of a protein, which allows mapping interaction sites
by recording changes in position and/or intensity of individual peaks. A subset of
signals decreased their intensities upon Hsp72 binding, including **FQNLF? (Fig. 5-
3). The spectra revealed an important decrease in intensity in region between
residues 2-35 upon Hsp72 binding. We repeated the experiment with three
different concentrations of Hsp72, while the concentration of 4Q and 25Q kept
constant.
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Figure 5-1: [*H,NJ-HsQC of 33uM 4Q at 278 K in the absence (red) and in the presence of 1 (cyan)
and 2.4 equivalents (blue) of Hsp72. Many resonances of 4Q are weakened in presence of Hsp72.

The reduction in signal intensity is a commonly observed phenomenon in protein
NMR, which is typically caused by the combined effects of (1) the increase in
molecular weight upon complex formation, which increases transverse relaxation
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rates and thereby line width, and (2) the chemical exchange at the contact surface
(246—249). The reduction in intensity is consistent with Hsp72-AR binding in the
intermediate exchange time scale and also consistent with the affinity that was
determined with fluorescence polarization substrate competition. Loss of peak
intensity in this region confirms the direct interaction of AR with Hsp72 (Fig. 5-3
and 5-4).

The Hsp72 binding region contains the entire well-studied C-terminal binding site,
including the **FQNLF?. This motif is crucial for N/C interaction of AR upon
binding of DHT (dihydrotestostrone) (105, 107, 108, 233) to its binding pocket in
C-terminal domain (250, 251). This region shows most loss in signal intensity
within the broad Hsp72 binding site (Fig. 5-4), indicating particular importance for
the interaction in this region. This segment, which is representing the minimum in
intensity, is characterized by large hydrophobic and aromatic side chains. It is
already known from our NMR studies that this part of protein is highly prone to
make intermolecular interactions (Fig. 4.11B). We therefore conclude that, it is
not only the disordered nature of this motif that favors the binding of AR to
chaperones, but also the presence of a hydrophobic pocket in this region make it
highly favored for interaction with Hsps.

Interestingly though, our results do not validate the predictor’s data (Fig. 5-2). We
ran Hsp70 binding site prediction tool on the full length human AR sequence and
it provided the following predicted Hsp70 binding sites (252).

Entry name Position Sequence Score

sp|P102751ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 53-59 16.
sp|P10275| ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 54-60 14.
sp|P10275| ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 103-109 11.
sp|P102751ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 433-439 18.

sp|P102751ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 550-556 DYYFPPQ 11.
sp|P10275| ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 604-610 DKFRRKN 11.
sp|P102751ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 713-719 VHVVKWA 13.
sp|P102751ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 742-748 MGLMVFA 12.
sp|P10275| ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 746-752 VFAMGWR 19.
sp|P102751ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 796-802 WLQITPQ 19
sp|P102751ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 807-813 MKALLLF 13.
sp|P10275| ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 8@9-815 ALLLFSI 12.
sp|P10275| ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 829-835 ELRMNYI 12.
sp|P10275| ANDR_HUMAN Androgen receptor 0S=Homo sapiens GN=AR PE=1 SV=2 879-885 DLLIKSH 11.

0O, BOONNONW®OPD N

Figure 5-2: Prediction of DnaK (Hsp70 homologue) and full length human AR binding via molecular
modeling and experimental data. The first three specified residues of interest in our construct are
indicated in pink (Online software used from Limbo webpage (252)).

The data in Figure 5-2 shows that the prediction algorithms are not entirely
reliable, as they didn't predict FQNLF region as the main binding motif of Hsp72
on AR. However, interestingly enough, two other interacting motifs on AR, though
with much less affinity compare to FQNLF region, were predicted. These regions
are indicated in red (SLLLLQQQ and TGYLVLD). It is to note that the predictor was
trained with the E.coli Hsp and it may be the reason that the specificity is different
for human Hsp.
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Figure 5-3: The top left panel illustrates that addition of Hsp72 decreases the intensity of the signals
of the NMR spectrum of 4Q. The smaller panels on the right correspond to two regions of the
spectrum, shown as boxes, which we wish to highlight. In these boxes, we show the assignment of
the signals to illustrate how they decrease in intensity as the interactors are added. The plot at the
bottom represents the intensities of the signals, relative to that of the free 4Q construct, in the
presence of 0.5 and 1 molar equivalents of Hsp72.
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Figure 5-4: Ratio (I/l;) of Normalized 25Q resonance intensities in the presence of 0.5 (top), 1.0
(bottom) molar equivalents of Hsp72. Hsp72 binds to 2rQNLF with high affinity.

5.3.2 Heat shock protein 40 (Hsp40) binds less specifically to AR

As explained in the introduction, one of close partners of Hsp70 for its activity is
Hsp40. There is evidence of the importance of the presence of both Hsp and their
functions in different neurodegenerative diseases like Alzheimer’s disease as well
as in polyQ diseases (164, 175) . Therefore, we used the similar approach of using
NMR to understand the binding regions of Hsp40 to AR-4Q and AR-25Q. We
followed the interaction of Hsp40 by acquiring [*H,°N]-HSQC spectra of N-
labeled proteins in absence and presence of different concentrations of Hsp40
(Fig. 5-5). Using the fingerprint of all the amide bonds of AR, we mapped the
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interaction site by recording changes in the intensities of individual peaks (Figs. 5-
6 and 5-7). Interestingly, some of the peaks overlapped with Hsp72, but some
new subsets of peaks signal intensities also decreased upon Hsp40 binding (Fig. 5-
3 and 5-6).
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Figure 5-5: [*H,NJ-HsQc of 33uM 4Q at 278 K in the absence (red) and in the presence of 1 (light
green) and 2.4 equivalents (dark green) of Hsp40. The effect of incubation with Hsp40 is similar to
that caused by Hsp72 but stronger.

The binding regions of AR to Hsp40 include the motifs, 2FQNLF?®, °LLLL*® and
18GPTGYLVL™. Upon binding of AR to Hsp40, the spectra revealed an important
decrease in a concentration dependent manner in peak signal intensity in *°LLLL*®
flanking region to polyQ tract and '*GPTGYLVL'* motif (Figs. 5-6 and 5-7). The
decrease in intensity was higher in interaction with 4Q compared to 25Q
(compare Fig. 5-6 and Fig. 5.7).

Interestingly, these two identified regions share some similarities; they both
comprise hydrophobic residues with high AABUF values (Fig. 4-1B) and are shown
to have similar relaxation properties (see Figs. 4-7 and 4-8). The reduction in peak
signal intensity in these regions is also consistent with the Hsp40-AR binding
affinity data determined by ITC (Fig. 5-13). Our data suggests that Hsp40
compared to Hsp72 shows less specificity for binding to its client protein. Hsp40
binds mainly to disordered regions and motifs with high content of hydrophobic
residues.
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GMEVQLGLGR VYPRPPSKTY RGAFQNLFQS VREVIQNPGP RHPEAASAAP PGASLLLLQQ QQETSPRQ
QQQQQGEDGSPQ AHRRGPTGYL VLDEEQQPSQ PQSALECHPE RGCVPEPGAAVAASKGLPQQLPAPP

Figure 5-6: The top left panel illustrates that addition of Hsp40 decreases the intensity of the signals
of the NMR spectrum of 4Q. The smaller panels on the right correspond to two regions of the
spectrum, shown as boxes, which we wish to highlight. In these we show the assignment of the
signals to illustrate how they decrease in intensity as the interactors are added. The plot at the
bottom represents the intensities of the signals, relative to that of the free 4Q construct, in the
presence of 0.5 and 1 molar equivalents of Hsp40. The peak intensity ratio shows that Hsp40 binds
mainly in 3 regions, which includes the relatively hydrophobic motifs 2roNLF® LI and
BGPTGYLVLD®. The observed effects are similar to those observed for Hsp72 but stronger in
2roNLF® region.
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GMEVQLGLGRVYPRPPSKTYRGAFQNLFQSVREVIQNPGPRHPEAASAAPPGASLLLLQQQ
QQQQQa0000000a000000QQQQETSPRQQAAQAGEDGSPQAHRRGPTGYLVLDEE
QQPSQPQSALECHPERGCVPEPGAAVAASKGLPQQLPAPP
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Figure 5-7: Ratio (I/l;) of Normalized 25Q resonance intensities in the presence of 0.5 (top) and 1.0
(bottom) molar equivalents of Hsp40. The peak intensity ratio shows that Hsp40 binds mainly to
2rQNLF®, Other hydrophobic motifs, such as 21001 and MLvi™ were also affected, however to a
lesser extent to that of 4Q. The result indicates that the interaction of Hsp72 with the FQNLF motif is
not affected by an extension of the polyQ tract but the interaction of Hsp40 with the polyQ and the
6 GpTGYLVLD™ motif are instead affected.

Looking back at figure. 4-1B in chapter 4, it is interest to note that these three
identified regions have the highest AABUF value among all the residues. These
observations suggest that hydrophobicity is the driving force for interaction of
these chaperones with AR.
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Previous studies have shown that Hsp40 and Hsp70 are partners and have
complementory functions (175) (See Fig. 1.15) . Therefore, we studied the
interaction of both Hsp72 and Hsp40 together with AR.
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Figure 5-8: Ratios of normalized 4Q (top) and 25Q (bottom) cross-peaks intensities in the presence of
0.5 equivalents of both Hsp40 and Hsp72.

As illustrated in figure 5-8, Hsp40 and Hsp72 have additive binding affinity in both
4Q and 25Q ( for 4Q, compare with Fig 5-6 and 5-3 in presence of 0.5 equivalent
of Hsps and for 25Q, compare with Fig 5-7 and 5-4). This implies that in presence
of both Hsp72 and Hsp40, the signal intensity loss is equal to addition of the
conditions, when Hsp72 and Hsp40 were solely added. Therefore, we suggest that
in this experimental conditions, there is no considerable increase or decrease in
binding of any of these two Hsps, while the other binding partner is present. Our
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data suggest that a clear cooperativity was not observed in this experimental
conditions. To have a strong statement about the cooperativity of function of
Hsp70 and Hsp40, more in vitro and in cell experiments will be necessary.

5.3.3 Presence of ATP does not significantly change the binding
affinity of Hsp70

Hsp70 family of molecular chaperones has an essential role in folding and
translocation of unfolded and folded peptides. While the general features of
these activities are well studied, much less is understood about the regulation of
these activities. Hsp70 interacts with non-native protein substrates in an ATP-
dependent reaction cycle (253) regulated by J-domain proteins (an example of this
is DnaJB1 or Hsp40) (254) and nucleotide exchange factors (NEFs) (170, 255, 256).
Since the intrinsic ATPase activity of Hsp70 is very weak for stoichiometric
coupling to the substrate binding-release cycle, J-proteins act as accessory factors
for Hsp70 (257).

Thus, it was interesting to investigate the effect of ATP on the binding affinity of
Hsp72 to AR (both 25Q and 4Q), using ATPgS and ATP. The pattern of NMR signals
in ATP state changed for few of the peaks, whereas the signal intensities was
identical to the conditions where no ATP was present, given the fact that the
binding affinity of the ATP state did not change as shown in figure 5-9. Thus, we
can not conclude that presence of ATP can modulate the interaction of Hsp72 and
AR.

As it was illustrated in figure 5-10, the possibile effect of presence of Hsp40 on
ATPase activity of Hsp77 and its binding affinity to AR was studied. In presence of
both Hsp40 and Hsp72, presence of ATP didn’t induce any binding affinity changes
in 4Q. A general overal decrease in binding was found in interaction between 4Q
and Hsp72/Hsp40 complex. Similar observations in 25Q confirmed that in our
experimental condition, presence and absence of ATP, although it induces few
changes in peak positions, it does not significantly affect the interaction between
AR and Hsp72/Hsp40 complex.
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Figure 5-9: Normalized 4Q cross-peaks intensities in the presence of (top) both 0.5 equivalents of
Hsp72 and Hsp40 and (bottom) 0.5 equivalents of Hsp72 in presence of ATP (ImM) and ATPgS
(ImM).
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Figure 5-10: Normalized 4Q (top) and 25Q (bottom) cross-peaks intensities in the presence of both
0.5 equivalents of Hsp72 and Hsp40 in absence and presence of ATP (1ImM).
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Our findings support a model of chaperone machinery function, whereby Hsp40
and Hsp72 have collaborative roles in AR protein quality control (Fig. 5-11). Two
main regions of interest, *FQNLF? and *’LLLLQQQQ®, are main binding epitopes
of Wt AR, as well as AR with elongated polyQ tract.

A monomeric AR comprises one LBD, one DBD and a large unfolded intrinsically
NTD. In our model, based on our NMR data from chapter 4 and this chapter, we
hypothesize that Hsp72 mainly binds to *FQNLF? and its adjacent flanking region,
while Hsp40 shares the same binding motif with but additionally binds to
*LLLLQQQQ%.

[S)

Figure 5-11: Our proposed model of interaction of the molecular chaperones Hsp40 and Hsp72 with
the transactivation domain of AR A) Model for monomeric full-length AR with indicated LBD (ligand
binding domain), DBD (DNA binding domain) and intrinsically N-terminal domain. B) Hsp Hsp72 and
Hsp40 interact with AR intrinsically N-terminal domain in cytoplasm. Hsp72 and Hsp40 bind to NTD
and to the respective binding motifs in blue (PFQNLF”®) and in green (**1LLLQQQQ®Y). In the presence
of DHT and its binding to LBD, Hsps will be detached from AR and 2roNLF® motif in NTD interacts
with LBD. Consequently, 2 monomers of AR (either with heat to head or head to tail conformations)
will move to nucleus. DBD will binds to DNA and DNA binding domains arrangements will induce the
formation of head to head AR homo-dimers on DNA level.

Consistent with our model, we can explain that N/C interaction is necessary for
the function of AR in presence of hormone in cytoplasm. This interaction plays a
crucial role as the internal chaperone by binding to **FQNLF*® region and
protecting it, when no Hsps present to protect the protein.
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5.3.4 Biophysical characterization of binding affinity of Hsp40 and
Hsp72 to 25Q and4Q

We mapped the binding site of the full length human Hsp72 and Hsp40 on AR N-
terminal domain. The complexes we have studied consisted of Hsp full-length
proteins and a biologically relevant construct of AR truncated by Caspase
cleavage, which is suggested to be the main species in SBMA aggregates (12, 13).

It was remarkable to show for the first time, how and where exactly Hsp40 and
Hsp72 interacts with AR N-terminal domain. To illustrate in more details the
binding affinity of these proteins to AR, Isothermal titration calorimetry (ITC) and
fluorescence polarization substrate competition were used. Both techniques were
well used to study protein-protein interaction (258-261).

Protein-protein interactions (PPls) are emerging as novel therapeutic targets (262,
263), and there are ample examples of PPl disrupters based on antibodies,
proteins or peptides. However, it is of interest to pursue “drug-like” small
molecules as biochemical tools or potential compounds for therapeutic agents, to
complement or replace the existing protein therapeutics. In our examples of
protein-protein interaction, there are well-studied data on the importance of
modification of Hsp interactions with AR, not only as therapeutic option in SBMA
but also in prostate cancer (264).
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5.3.5 Both Hsp72 and Hsp40 interacts with AR with 1uM affinity

In collaboration with Prof. Gestwicki laboratory in UCSF, Jennifer Rauch, a PhD
candidate in his laboratory, performed ITC experiments with AR4Q and AR25Q
with Hsp72 full length, SBD of Hsp72, BAG1, and DJA2 (Hsp40). AR was chosen as
the cell reactant (20uM) and Hsps were concentrated to (200uM) for the syringe

reactant.

The presence of several binding sites for both Hsp72 and Hsp40 is reflected in ITC
experiments by a complex binding behavior, and therefore we refer to these
binding affinities as “effective” affinity.
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Figure 5-12: Hsp72 shows variable binding to AR4Q (A&B) and AR25Q(C&D). These low affinity
interactions will need higher concentrations to determine accurate affinity values. We propose that
the complex binding behavior of full-length Hsp72 and AR (multi binding motifs) can explain the low
quality of ITC data and complicated curve fittings.
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Varying results were seen for AR4Q-Hsp72 binding (Fig. 5-12). Due to the inherent
weak nature of the interaction, apparent affinities ranged from no binding to
15uM (Fig. 5-12A) were observed. However, even binding was detected, overall
signal was very low (Fig. 5-12B). Therefore, the affinity constants obtained should
be taken with low confidence. While some heat is observed upon binding, higher
concentrations of samples would be needed to fully elucidate binding affinities.
Similar results for AR25Q-Hsp72 were achieved (Figure 5-12C & D). Higher
concentrations of partners will be needed to report accurate binding affinities.
Repeating the experiments with only substrate binding domain of Hsp72 indicated
a more precise binding affinity information on interaction of both 4Q and 25Q
with Hsp70 substrate binding domain (Fig. 5-15B). Moreover, this observation
suggests that in the main binding motif of Hsp72 to AR, is the substrate binding
motif.
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Figure 5-13: (A) DJA2-AR4Q ITC (B) BAG1-AR25Q ITC (C) Table of values from one replicate.

DJA2 (Hsp40) & BAG1 (another Hsp70 binding partner) binding to AR-4Q and 25Q
showed more promising ITC results with affinities listed in Fig. 5-13. While signal
was still low for these proteins as well, less noise in the control samples (syringe
reactant into buffer) made data interpretation cleaner. (Fig. 5-13)
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5.3.6 Fluorescence polarization substrate competition validates the
interaction between Hsp72 substrate binding domain and AR

Due to complex binding behavior of both Hsp40 and Hsp72 and presence of
multiple binding sites on AR, high error rates were observed in ITC studies.
Therefore, FP assays were performed, assuming that AR binds to Hsp72 in the
substrate-binding pocket, Jennifer Rauch was able to use a FP platform to look at
competition between AR constructs and the known Hsp72 peptide binders.

The first experiment performed, used a tracer from a known Hsp72 client human
leukocyte antigen (HLA). Hsp72 binds the HLA tracer with a 1 + 0.2uM. Keeping a
constant concentration of Hsp72 and HLA tracer, AR4Q and AR25Q were titrated
to compete for binding. Experiments were performed in duplicate and repeated
twice on two independent days with an average ICsq listed below (Fig. 5-14).
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Figure 5-14: Fluorescence polarization substrate competition studies of interaction of AR with Hsp72.
In independent experiments, 4Q and 25Q were titrated to compete for binding to Hsp72, while Hsp72
and HLA tracer were present in the solution.

In the second FP experiment, a tracer (LVEALY) from a known Hsp72 client Tau
was used (265). This tracer binds with a large mP signal to the Hsp72 SBD
(residues 394-540) and with an affinity of 1.5 + 0.3uM. AR25Q was highly potent
in competing with this tracer, again supporting that AR25Q binds specifically to
the SBD of Hsp72 in a canonical Hsp70-client protein interaction. These
experiments were performed in duplicate and repeated on three independent
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days with an average ICso reported below (Fig. 5-15- upper panel). Indicating that
SBD of Hsp72 interacts with AR, similar ITC experiments were performed with
Hsc70 SBD (394-540) and more convincing results were obtained (Fig. 5-15 lower
panel).
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Figure 5-15: AR binds the SBD of Hsp70 and competes with known substrates of Hsp70. (A)
Fluorescence Polarization (FP) assay with the SBD of Hsp72 and a substrate tracer LVEALY-FAM.
AR4Q and AR25Q compete for binding to Hsp72 with average IC50s of 1.5 + 0.04uM and 1.7 + 0.5uM
respectively, while a known peptide substrate of Hsp70 (NR) competes with an average IC50 of 18 +
5uM. Experiments were performed in triplicate, error is SEM and a representative experiment is
shown (B) Isothermal Titration Calorimetry (ITC) experiments show that AR4Q and AR25Q bind the
SBD of Hsp72 with uM affinity. Experiments were performed in triplicate, error is SEM and a
representative ITC is shown for each.
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5.3.7 The *’FQNLF? region is necessary for the interaction of Hsp72
with AR in vivo

Hsp70 is known to preferentially recognize extended peptide segments that are
enriched in hydrophobic residues, such as leucine and isoleucine (164). As
previously explained, we have identified the biding epitope of AR NTD to Hsp72.
Hsp72 binds explicitly to the hydrophobic pocket region of **FQNLF? and its very
proximate flanking region. To validate the mapped region, a mutant of full-length
human AR was designed. Our aim was to design a mutant that totally disrupts the
interaction between AR and Hsp72. If we hypothesize that Hsp72 binds to AR
exclusively by this motif of interest, removing the properties of this hydrophobic
pocket by a triple mutant of 2FQNLFY to 2*AQNAA* should disrupt the
interaction. In collaboration with Claudio di Sanza, who did the experiments and
with help of the protein expression facility in IRB, the mutant of full-length
construct with a FLAG-tag was transfected to HEK293T cells and proximity ligation
assay (PLA) was used to observe the interaction between endogenous Hsp72 and
transfected AR- AQNAA.

DAPI

EV-Flag

Flag-AR wt

Flag-AR M7

Figure 5-16: Hsp72 interacts with full-length human AR in a sequence specific fashion in HEK293T
cells. The cells were transfected with human FLAG-AR construct. Confocal microscopy analysis shows
in A) transfected cells with empty vector (EV-FLAG), no positive staining was observed. In B) the
transfected cells with FLAG-AR show positive cytoplasmic staining for Hsp72. In C) no positive
staining for Hsp72 was seen. The mutant of BronLe” region to AQNAA, extensively reduces the
binding affinity of Hsp72 to FLAG-AR. Images were obtained using a confocal microscope. A
representative region from each condition was shown with higher magnification.
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As it is illustrated in figure 5-16, confocal microscopy images show that Wt FLAG-
AR interacts with Hsp72 and the PLA assay indicated the positive fluorescent
immunostaining for Hsp72 in pink. Although, this indicates that AR and Hsp72
interact, it does not have any information about the epitope involved in the
interaction. In the lower panel, HEK293 cells were transfected with a triple mutant
of AR (AR-AQNAA) from which the hydrophobic residues where removed. An
extensive disruption on interaction between AR and Hsp72 is visible by PLA assay
(no positive staining). This stresses that the mapped epitope of interaction of full
length human AR with Hsp72 is exclusively the **FQNLF*’ region, and no other
region on the protein. This is the first demonstration of a precise interaction
mapping between AR full-length and the Hsp72.

5.3.8 Over expression of Hsp72 and Hsp40 in C4-2 cells decreases the
amount of SDS resistant AR species

For further investigations of the effects of Hsp72 and Hsp40 on polyQ aggregation,
C4-2 prostate cancer cells were transfected with two constructs of full length
human AR with two different sizes of polyQ (81Q and 25Q). Some of the wells
were double transfected with AR and either Hsp40 or Hsp72. As it is shown in
figure 5-17, the SDS resistant species of aggregated AR is visible in stacking gel
blotted with F39.4.1 mouse monoclonal antibody to the AR N-terminal domain.
The cells with over expression of 81Q contain most of the aggregates, while less
species in stacking gel seen in 25Q-transfected cells. Our results demonstrate that
over expression of Hsp72 in both cells with 81Q and 25Q decrease the positive
staining in stacking gel. As well, the overexpression of Hsp40 reduced the
aggregated species load (Fig. 5-17).

A
| SDS resistance
% species

Figure 5-17: Over expression of Hsp72 and Hsp40 in C4-2 cells transfected with full-length human AR
decrease the aggregated species of AR in stacking gel. From left to right, cells were transfected with
AR-81Q, AR-25Q, 25Q/Hsp72, 25Q/Hsp40, 81Q/Hsp72 and 81Q/Hsp40 and were blotted for AR NTD.

The observation of effects of Hsp72 and Hsp40 on aggregation level of AR were
not the key point of this experiment, as it has been previously discussed by other
groups (175), but it was important to reproduce the results also in our system, as
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our main focus is on the high resolution NMR data. The same cell samples were
blotted for Hsp72 antibody. On the left panel, two tissue homogenates of 97Q
muscle and spinal cord were also blotted for Hsp72 (Fig. 5-18). These data shows
that Hsp72 is present probably together with many truncated variants of AR in
tissue homogenates. (It is clear from the rest of the blot that the antibody is very
specific for Hsp72 and does not show unspecific binding for other proteins).
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In figure 5-18, the endogenous level of Hsp72 in cells was indicated with neither
any transfection of AR nor Hsp72. This blot serves, as complementary information
to the figure 5-17 in order to explain that over expression of Hsp is the main
reason for the decrease in aggregated species.

5.4. Summary

Due to the importance of Hsps in many neurodegenerative diseases and their
multi-functionality which complies with different amyloid proteins, whose nature
is not yet well-studied and characterized, we have focused on the identification of
interacting epitope of AR with Hsp72 and Hsp40 in this work. These investigations
are critical for SBMA research as well as prostate cancer therapeutics strategies
(163, 266).

Due to our main interest on role of Hsp72 and Hsp40 in SBMA, in our study, we
mapped the interaction between full length Hsp72 and Hsp40 with two constructs
from the N-terminal domain of AR. To determine a precise binding region for both
Hsp, the binding sites were mapped by NMR. We acquired HSQC spectra of AR-
25Q and AR-4Q in absence and presence of different concentrations of Hsp40 and
Hsp72 and checked the signal intensity of each individual peaks. This is the most
precise way of mapping a protein-protein interaction. We found all segments of
specific binding of AR with Hsp40 and Hsp72. Surprisingly, for Hsp72, the main
binding motif was not one of the predicted residues. Our studies have show that
Hsp72 mainly binds to **FQNLF?® regions and protect this hydrophobic pocket
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from forming intermolecular interactions, which may lead to oligomerization and
aggregation of AR (see Figs. 4-9 and 4-10).

While Hsp72 exclusively interacts with AR-25Q and AR-4Q by **FQNLF? region,
Hps40 shares the same motif with Hsp72, though with less specificity and as well
binds to two other hydrophobic segments of 4Q and 25Q proteins in
>LLLLQQQQ and *GPTGYLVL™ regions.

Interestingly, our complementary studies in cells have shown that for Hsp72, the
**FQNLF? region is exclusively the binding region in full-length AR and therefore
disruptions of this hydrophobic binding pocket by mutation completely eliminate
the interaction.

NMR experiments in which 4Q and 25Q were incubated with two of such potential
interactors, supposed to illustrate the potentive presence of positive or negative
cooperativity i.e. whether the presence of one interactor affected the interaction
of 4Q with a second one. However, our results indicated no clear cooperativity in
presence of both Hsp40 and Hsp72.

Considering the ATPase activity of Hsp72, carrying out experiments in the
presence of ATP, we studied whether this compound influenced the interaction of
4Q and 25Q with Hsp40 and Hsp72 as well as the degree of cooperativity of the
interaction. We observed few small changes in peak intensities in both 4Q and
25Q, in presence of ATP. More investigation is needed to elucidate the role of ATP
in vitro in these experimental conditions.

There are already many studies on the importance of Hsp in SBMA pathology and
therapeutics (175, 176); the mapping data on the interaction of AR with Hsp72
and Hsp40 is now fully available. Thus, we propose that Hsp interaction-
modulators (39) with their potential use for drug screening and therapeutics can
be easily studied using our system.

Our findings highlight the therapeutic potential of allosteric regulators of Hsp70
and Hsp40 and provide new insights into the role of the chaperone machinery in
protein quality control (267).

This is to note that the therapeutic strategies are not only beneficial for SBMA
patients, but also in prostate cancer studies (244, 264). Now is the correct time to
design small molecules that could strengthen or weaken the interactions between
Hsps and amyloid proteins (Hsp-modulators). Thus, we suggest that targeting
Hsp70 and Hsp40 interaction with AR, not only with elongated polyQ but also in
Wt variants, can lead to new therapeutic approaches for SBMA and prostate
cancer (179, 264, 266, 268, 269).
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Chapter 6. Structural characterization
of AR aggregates in tissues

6.1. Introduction

To characterize the AR aggregates that form in vivo, we brought the colony of
transgenic mouse models of SBMA generated in Prof. Sobue laboratory at
University of Nagoya, carrying full-length AR with either 97Q or 24Q (33). Three of
the five lines showed progressive muscular atrophy and weakness as well as
diffuse nuclear staining and nuclear inclusions consisting of mutant AR. These
phenotypes were markedly pronounced in male transgenic mice and rescued by
castration (94). Female transgenic mice showed only mild phenotype, a few
manifestations, which increased by aging of the females, however markedly
deteriorated with testosterone administration. This SBMA mouse model can be
considered as the best one, as the animals either show no phenotype and look
identical to Wt mice when they comprise the 24Q AR gene or show a significant
SBMA pathology when the polyQ length extends to 97 (33, 94). Therefore, the
colony was generated from embryos in Barcelona, as previously explained in
Materials and Methods.

To date, many studies on transgenic mouse models of SBMA have characterized
the pathology and histology of the disease (33, 82, 198). Other studies have
investigated different approaches for developing therapeutic strategies to tackle
the disease or improve the life conditions of the patients (270). From our point of
view, what is still missing and might be the possible reason for not yet being close
to a cure or preventive medication is that the molecular basis of the disease has
not been completely studied.

One of the problems in studying neurodegenerative diseases is that most of the
time scientists look for similarities between different diseases’ manifestations and
use the best-generalizing approach to study different diseases in very similar way.
It seems that this happens also in the polyQ diseases field of research. Therefore,
in this work, we decided to go one step back and study the missing points in
pathology of SBMA, without accepting it as a neuromuscular disease with central
nervous system as the main starting point of the disease.

For this, we performed a thorough biophysical and biochemical characterization of
tissue homogenates of SBMA transgenic mice and suggested a possible
explanation for the mechanisms of toxicity of AR aggregates in SBMA pathology.
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6.2. Results

6.2.1 Histological and biochemical characterization of 97Q and 24Q
tissue homogenates

In this SBMA transgenic animal model, the overexpressed human AR with 97Q
elongated tract aggregates and forms intranuclear inclusions in spinal cord and
skeletal muscle. These aggregates are detectable with specific antibody (IC2). In
24Q animals, the overexpressed human AR with only 24 GIn does not aggregate
and the animals do not show any SBMA-like pathology.

In figure 6-1 and 6-2, immunohistochemical analyses of muscle and spinal cord
tissues in 97Q and 24Q are compared. For immunohistochemistry analysis of
paraffin-embedded tissues, the 5um cuts of muscle and spinal cord tissues were
fixed and prepared as previously described and finally were blotted by using the
IC2 antibody. Staining results of aggregated species with higher number polyQ
over 38 revealed that (1) 24Q animals have no positive staining neither in muscle
cells nor in spinal cord and (2) the number of aggregated species detected in

muscles of 97Q animals is significantly higher than in their spinal cord.
i 97Q Imuscle . 24Q muscle Figure 6-1: Immuno-histochemical analysis of muscle
{ B e N\ e tissue of 97Q and 24Q transgenic mice of SBMA by
) g 1w Ve :
Wil oy e 0 : .| mouse monoclonal IC2 antibody (1:50000) specific for

N W= B
> \«:-;' g ity A 2 elongated polyQ over 38. In 97Q males diffuse nuclear
Iy IR . N, staining presents while in 24Q animals neither in
e VAl B . | muscle nor in spinal cord tissues no positive staining

was observed. Scale bar= 20um

‘£ . " — 97Q spinal cord 24Q spinal cord

Figure 6-2: Immuno-histochemical analysis of : 4
spinal cord tissue of 97Q and 24Q transgenic ™ f

mice of SBMA by mouse monoclonal 1C2 { /
antibody (1:50000) specific for elongated , N
polyQ over 38. In 97Q males diffuse nuclear o '\.\
staining presents while in 24Q animals neither .
in muscle nor in spinal cord tissues no positive
staining was observed. Scale bar= 20um

#
e
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The immunohistological data were accompanied by biochemical characterization
of tissue homogenates of 97Q and 24Q animals (Fig. 6-3).

WB analyses of total homogenates from muscle and spinal cord tissues of male
AR-97Q and AR-24Q (12-week-old) mice were immunolabeled by an antibody
(H280) for the AR N-terminal domain. Mouse AR was hardly but still detectable.
Most of the lower bands in transgenic mice represent truncated human AR (Fig. 6-
3 and 6-4).

As indicated in figure 6-4, similar to the immunohistological staining results,
aggregated AR is present in much higher quantity in muscles compared to spinal
cord. Protein species in stacking gel reveal the presence of higher molecular
weight aggregates of AR in 97Q mouse tissues, while in 24Q animals no stacking
material was detected.

A single band of AR monomer consistent with 24 and 97 glutamines and truncated
fragments of mutant AR in all symptomatic lines is shown in figure 6-3 and figure
6-4. This is another representative WB of total tissue homogenates of three
different tissues extracted from AR-97Q and AR-24Q.

" ‘ AR aggregates
, in stacking gel

Monomeric 97Q
AR band

Monomeric 24Q |
AR band

L 24Q97Q 97Q E 24Q 97Q97Q E 97Q(+) 97Q treated

Spinal cord Muscle Muscle control

Figure 6-3: WB analysis of AR in tissue homogenates of AR-24Q and AR-97Q animals. Spinal cord and
muscle tissue from 24Q male mouse and spinal cord and muscle samples from 97Q mice were
analyzed and were immunoblotted by H280 antibody. The monomeric bands of A- 97Q and AR-24Q =
110kDa are indicated. The lower bands present in AR 97Q animals (at the same level as 24Q- AR
band) indicate the endogenous mouse AR. AR aggregates in stacking gel are indicated.

Due to problems in preparing the tissue homogenate to identify the aggregated
species at the beginning, this WB has been repeated overly, until the reproducible
protocol was achieved.

In figure 6-4, three different tissues (Spinal cord, brain stem and muscles) from
97Q and 24Q animals were blotted against human AR. It was shown that Central
nervous system (CNS) comprised less aggregated species compared to muscle
tissue, not only in 97Q, but also in 24Q. 80ug of muscle tissue and 120ug of CNS
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tissues were immunoblotted, however the difference between aggregate
guantities is still significant.

Figure 6-4: WB analysis of AR in tissue
homogenates of AR-24Q and AR-97Q animals.
80ug muscle tissue and 120ug spinal cord and
brain stem tissue from each group of animals
were prepared and immunoblotted by H280 N-
terminal domain antibody. Monomeric AR of
both 97Q and 24Q are indicated. A blue arrow
marks stacking gel containing the SDS resistance
W material.
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Our observation on different quantities of proteins in spinal cord and muscle as
well the difference between 97Q and 24Q in immunohistochemical analysis,
hinted us to check the protein expression level by measuring the relative total AR
mRNA level in transgenic animal tissues. In figure 6-5, expression levels of AR in
muscle and spinal cord in both transgenic animals of SBMA are compared.

Figure 6-5: Expression levels of AR
in muscle and spinal cord of 12

Relative AR mRNA/GAPDH level weeks old 97Q and 24Q transgenic
animals of SBMA. Quantification of
3 AR mRNA levels relative to GAPDH
25 by RT-PCR analysis shows a
2 significant difference between the
level of AR in spinal cord and
1.5 muscle in both groups. n=3
1
0.5
0 —_— ]

SC24 SC97
M24 M7

The expression level of AR was measured relative to GAPDH reporter gene in 4
tissues. Comparing the biochemical analysis by WB and protein expression level by
RT-PCR showed that the increase in protein level and mRNA level have similar
trends. This data strongly suggests that the amounts of aggregated species are
different in various tissues and this is mainly due to differences in the protein
expression level.
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6.2.2 PolyQ AR aggregates are SDS resistant, but not Proteinase-K
(PK) resistant

Previous observations have shown that polyQ aggregates, independent of their
amino acid composition, are SDS resistant. PolyQ aggregates prepared in vitro
from Htt exon-1 by Ronald Wetzel laboratory, Htt aggregates isolated from tissue
homogenates of HD patients and AR in tissue homogenates of SBMA transgenic
animals all share one similarity in their biochemical properties on WB. All of these
aggregated species are SDS resistant. This explains the presence of positive
antibody staining in the stacking gel in WB. SDS is usually used to denature the
proteins and make a linear protein structure that can easily run on the gel. In case
of polyQ aggregates, the extensive strong intermolecular interaction between
monomers of proteins avoid SDS to solubilize them and therefore, they stay as
aggregates in the stacking part of the gels. The SDS resistant property belongs
only to polyQ proteins and none of the other amyloid proteins, while in other
proteins like AB aggregates in AD or prion proteins; the toxic aggregates show
Proteinase K (PK) resistance. Therefore, it was interesting to check the properties
of AR aggregates by PK digestion.

To further characterize the properties of tissue homogenates of SBMA transgenic
animals, we digested 10%w/v total muscle tissue homogenates of 24Q and 97Q
and added 50uM PK and digested them for 1h at 372C. To have a closer look into
general properties of AR aggregates, two N-terminally truncated AR recombinant
constructs with 51Q and 25Q aggregates were prepared and used as controls. The
respective samples were also digested with different concentrations of PK.

Total tissue homogenates of 24Q and 97Q Figure 6-6: PolyQ AR aggregates are SDS resistant but
muscle tissue homogenate digested with/with  not Proteinase- K (PK) resistant. For 1h at 37°C, total

out PK (50uM) muscle tissue homogenates from 24Q and 97Q mice
-~ - and recombinant 25Q and 51Q N-terminal construct

of AR were digested by PK and immunoblotted by

- - * H280. SDS resistant species in stacking gel indicate

only the presence of these species in 97Q muscle
tissue and in absence of PK. while in 24Q tissue

* * homogenates neither SDS resistant nor PK resistance

- species identified. 51Q recombinant proteins are PK
sensitive and show a concentration dependent
behavior.
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As it was shown in figure 6-6, polyQ aggregates are sensitive to PK digestion and
even the SDS resistance species did not withstand the PK treatment. PolyQ
aggregates from 51Q recombinant protein showed concentration dependent PK
sensitivity.

6.2.3 PolyQ AR aggregates in muscle comprise truncated N-terminal
AR; spinal cord contain mainly C-terminal species

In order to further characterize the tissue homogenates of 97Q SBMA mice, two
different antibodies staining on WB biochemical analysis were performed. Our
previous results showed that H280 antibody; specific for the epitope of 91-370 of
human AR-NTD, stained the SDS-resistant material in stacking gels. This indicates
that these materials comprise the N-terminal part of AR, either the whole or a
truncated variety of it. It is not yet clear in the field, similar to what is the case in
HD, where Htt exon-1 is the main involved species in aggregation, if only N-
terminal fragment of AR is critical for SBMA pathology or the full length protein is
mandatory for toxicity. Therefore, we investigated this using a specific antibody
for C-terminal part of the protein (Fig. 6-7).

Comparison of N and C Terminal Antibody Figure 6-7: Aggregates in stacking gel
H280 for N-terminal (a) and C19 for C-terminal (b) comprise the N-terminal domain of AR but

not the C-terminal. 10%w/v total tissue
R "!"j‘ homogenate of muscle and spinal cord of

‘é . young and old SBMA transgenic mice
£ were prepared and blotted by H280 (left)
- .."% and C-19 (right). The SDS resistant
| material in muscle tissues is only positive
z 2
a6 s g and detectable by N-terminal specific
- antibody.
—
AR N N S
FeeHS &8 &
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The biochemical analysis showed that the AR aggregates in the stacking gel are
not positive for C-19 staining (Fig. 6-7-right), whereas they are positive for H280
(Fig. 6-7-left). This clearly indicates that the aggregates do not comprise the C-
terminal part of AR. We characterized these features of aggregates in more
optimized conditions and with more 97Q transgenic animal’s muscle and spinal
cord tissues. Figure 6-8, shows the biochemical analysis of spinal cord (SC) and
muscle (M) tissue homogenates of four different 97Q SBMA mice. In the upper
panel, C-19 blotted samples and in the lower panel the same samples only blotted
by H280, were shown.
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4
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’ w4 | species Figure 6-8: Aggregates from muscle tissues in

stacking gel comprise the N-terminal domain of

AR whereas C-terminal positively high molecular

[ weight species were detected only in spinal cord.

- - 10%w/v total tissue homogenate of muscle and
.. - - spinal cord of four SBMA transgenic mice were
H prepared and blotted by C-19 (upper panel) and

M SCM SCMSC MSC H280 (lom./er panel) a'ntibod.ies. The SD.S' resistant
] material in muscle tissues is only positive for N-

4 .
| SDSresistance o ming) gntibody while spinal cord tissue
i Higher molecular . i . i .
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Four different muscle and spinal cord total tissue homogenates from middle age
and old SBMA 97Q mice were characterized by C-19 and H280 antibodies. The
lower panel indicates the SDS resistant species positive for H280 N-terminal
domain antibody as expected. Interestingly, in contrast, we observed (upper
panel) that in all groups of spinal cord tissues, C-19 detects higher molecular
weight oligomeric species exclusively, whereas no positive staining was detected
in muscles. This may explain the main yet unclear differences between the
aggregates in muscle and spinal cord.

To summarize these data, it is to note that (1) AR aggregates in muscles differ
from spinal cord, not only in their structures as it was observed by AFM (in the
following- Fig. 6-13), but also in their biochemical properties (fig. 6-8). (2)- Muscle
tissue aggregates comprise AR-N terminal domain, whereas there is no proof of
presence of C-terminal (LBD) (no positive staining with C19). Nevertheless,
interestingly, (3) spinal cord aggregates, show much less SDS resistant material
and there is clear proof of presence of positive C-terminal staining, which refers to
high molecular weight oligomers.

6.2.4 Seprion ligand specifically captures AR aggregates in total
tissue homogenates of SBMA transgenic animals and provides a
highly quantitative assay

The Seprion ligand has been previously used to isolate and quantify aggregated
forms of prion protein (271). It is a high molecular weight polymeric ligand that
consists of repeating charged and hydrophobic chemical groups that interact with
similar repeating groups that occur on aggregated proteins (previously described
in M&M). The selectivity of aggregated proteins is based on the arrangement of
large numbers of polar and hydrophobic regions in aggregating protein, which
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occur to a much lesser extent in a single unaggregated protein molecule. We used
the Seprion ligand. It is developed as an ELISA-based plate assay, by which
aggregated AR from tissue lysate were captured and subsequently detected by
immunoprobing against H280 antibody specific for N-terminal of AR. The amount
of aggregate load in brain stem, spinal cord and muscle tissues of 14 weeks 97Q
and 24Q SBMA transgenic mice were quantified (Fig. 6-9). Monomeric polyQ
were prepared in vitro as a control. Immunoblotting controls of primary and
secondary antibodies were also analyzed.

Our results indicated that the Seprion kit detects exclusively AR aggregates and
none of the monomeric form of AR. Therefore; there was no positive ELISA signal
from fluorescence absorbance in 450nm for polyQ monomers, neither in control
wells for antibodies nor in 24Q animals (Fig. 6-9). The samples from 97Q animals
showed positive signal in ELISA kit. The signal intensity was very high in muscle
samples; much less in spinal cord and very little signal was detected in brain stem
(not significant).

Therefore the Seprion ELISA might provide a highly sensitive method of
guantifying the amount of aggregate loads in tissues from not only the mouse
model of SBMA but also other polyQ diseases. This assay has great potential to be
used as a readout measuring system, either in preclinical drug trials to test the
effects of potential therapeutic interventions or in transgenic animal generation,
as it provides us with very quick data regarding the aggregates load. And finally,
this is to emphasize that this is the first well-optimized system used for polyQ
aggregation detection of ex vivo material.

Finally, our results illustrate that among all different tissues, muscle tissue has
significantly much higher loads of aggregated species. It is interesting to see that,
similar to IHC data, AR aggregate loads in muscle keeping the same trend compare
to Spinal cord.

B 97Q spinal cord Figure 6-9: Seprion ligand
1.0 I 97Qbrain stem ant'f’cat'on Of aoaregate
. B 97Qmuscle qu I.I .I ggreg
© 08 B 24Q spinal cord load in tissues from SBMA
<06 24Qbrain stem mouse model. Quantification
g Bl 24Qmuscle of aggregate loads in brain
2 0. I polyQ monomer )
5 Bl primaryisecondary region and muscle shows a
g 02 antibody significant difference in the
0.0 B secondaryantbody  gmoynt of aggregates in 97Q
> ¢ O ¢ & 8 8 i
\o°‘ e&&&p\oé e@&y“\ O&z'\@b‘&& animals compared to 24Q
Lot 0 @0“6@06,,,0‘ animals. 97Q muscle tissue
&) CANS) (e
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() . . .
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2 . . ape
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tissue.
ANOVA summary
F 51.75
P value <0.0001
P value summary ek
Are differences among means statistically significant? (P < 0.05) | Yes
R square 0.9474
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6.2.5 Seprion ligand-coated magnetic beads capture AR aggregated
species for biophysical characterization

We employed the same Seprion ligands developed as magnetic beads in order to
capture the aggregated species and pull down the aggregates from tissue extracts.
In spite of the similarity of Seprion ligand and convectional pull down or immuno-
precipitation, Seprion kit provided us with many advantages over conventional
methods. With Seprion magnetic beads, we avoided using any antibodies. In most
of amyloid proteins, as the binding epitopes of amyloid proteins are hidden in the
aggregates core, it is challenging to use antibody to capture the protein of
interest. Therefore, an antibody free system could be highly favored. Moreover,
due to the same reason, the samples prepared by Seprion ligand are free from any
antibodies contamination (use for immunoprecipitation), which are usually
troublesome in any mass spectroscopic analysis.

We employed SDS-PAGE and WB analysis to investigate the aggregated, SDS
resistant materials that were captured from muscle tissues lysate and eluted from
the Seprion ligand. Our results indicate (Fig. 6-10) that eluted material from
Seprion ligand from transgenic mouse tissue contains only aggregated species,
which remain in stacking gel. No monomeric form of protein was detected.

PAD beod PAD bead
Total tissue captured coptured

h
hor

24QM- 97QM- 24QM- wiM- 9TQM- 24QM- wiM- 97QM

SDS-resistant
Molecular weight species - # species

Monomeric AR 97Q
Monomeric AR 24Q

Figure 6-10: SDS—PAGE and immunoblotting of Seprion bead-captured aggregates from Wt and
SBMA transgenic mouse muscle tissue. Seprion ligand bead-captured materials were fractionated by
5-20% SDS—PAGE alongside the corresponding mouse lysates. Blots were immunoprobed with H280
antibody. High molecular bands detected by H280 that stay in the stacking gel are indicated in violet.
Indicate fragments that resolve at a size similar to monomeric AR, are differentially recognized by the
similar AR antibody in total tissue homogenates. The order of the samples in gel: 24Q muscle, 97Q
muscle, and 24Q-Wt-97Q captured aggregates in SDS, 24Q-Wt-97Q captured aggregates in SDS and
heating condition.

In figure 6-10, total tissue homogenates of 24Q and 97Q muscles were blotted
beside the Seprion ligand captured material from 24Q, Wt and 97Q muscles.
Aggregates from two mice from each group were analyzed and only in 97Q mice
muscle tissue SDS resistance aggregated species were detectable (identified by

138



Chapter 6. Structural characterization of AR aggregates in tissues

color). It took some months to have this capturing detection system optimized,
but as soon as we found the condition, it was reproducible, and therefore |
enclosed also two more blots of Wt, 24Q and 97Q animals, which show all the
same pattern in detected material by Seprion beads (Fig. 6-11).

Finding a method to capture and quantify the aggregated species led us to further
characterization of the captured aggregated species. We isolated the aggregated
species from tissues and visualize them by using AFM and TEM in a time-lapsed
fashion. We were interested in correlating the disease manifestations with the
presence of toxic species that are responsible for the disease pathology.

Two Seprion Trial stained with H280

Figure 6-11: SDS-PAGE and immunoblotting of Seprion bead-
captured aggregates from Wt, 24Q and 97Q animals’ muscle
tissue. Both panels show 2 mice samples from all three groups
of animals. Only positive SDS resistant aggregates were found
in 97Q muscle tissue.

Stacking gel

Therefore, different ages of the animals’ tissue were compared (Fig. 6-12). We
found that as the animal ages, the aggregated species also increase in load. This
interesting observation prompted us to explore further the structural properties
of tissue homogenates by capturing the aggregates and study them by high-
resolution methods with the hope of explaining the disease mechanism.

Total tissue homogenates of various 97Q animals with different
ages have been compared. Staining with H280 Ab

% Figure 6-12: Total tissue
%I homogenates of various ages of
a 4 97Q animals show an age
£ dependent aggregate loads in
stacking gel. Muscle tissues (left)
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A‘a § compare to spinal cord (right).
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6.2.6 Fibrillar aggregates species from SBMA transgenic animals
muscle tissue have identical structural properties as those
generated from N-terminal truncated AR construct in vitro

We applied AFM and TEM to provide more information on the structural
properties of aggregates in muscle and spinal cord of SBMA 97Q mouse. The
aggregates were captured by the Seprion ligand as was previously explained. As
we were mainly looking for SDS-resistance species of AR aggregates in tissue, we
eluted the aggregates from beads by SDS. We optimized this condition to be
certain that all large species are released from beads.

Three different groups of animals in three age groups of young animals (5-6 w
old), middle age (9-10 w old) and old animals (14-17 w old) were studied. Our
strategy to group the animal was based on the manifestations of the disease. The
animals, which show no phenotype for the disease and look identical to Wt and
24Q mice of the same age, belong to the “young” or pre-onset group. In the
middle age animal group, the first signs of the disease are visible, but they still
have cage activity and can easily access their food, however they have muscle
mass loss (Pre-symptomatic). The animals with no cage activity belong to the “
old” group; these are mostly end stage animals with clear muscle atrophy.

Age correlation studies in figure 6-13 indicated that (1) surprisingly; the capture
and eluted aggregated species in muscle and spinal cord tissue obviously differ
(Fig. 6-13 and 6-15). In muscle tissue, mainly fibrillar-aggregated species were
found, whereas in spinal cord more of globular pre-fibrillar aggregates were
captured. (2) In young animals, in both muscle and spinal cord, only oligomeric
species of AR aggregates were found. These species, exclusively in muscles,
evolved along the time as the animal ages, not only the size of these species, but
also number of these fibrils increased during aging and progression of the disease.
In contrast, no significant changes were observed neither in size nor in quantity of
aggregates in spinal cord.

In the group of old animals the captured species were mainly fibrillar species with
an average size of 1um in length. Interestingly, the fibrillar species appeared to be
identical to those that had been previously generated in vitro by AR N-terminal
truncated constructs (Fig. 6-14). This information was another hints to the role of
N- terminal AR variant in AR aggregation in vivo.

As it was previously discussed, our biochemical analysis of muscle tissue
homogenates of 97Q animals by WB validates that the antibody specific for N-
terminal domain of AR did only detect the SDS-resistance material in stacking gel,
whereas the C-terminal specific antibody did not recognize any epitope for
binding (Fig. 6-7). Therefore, we hypothesize that the main species in fibrillar AR
aggregates in muscle comprise mainly the N-terminal the Caspase-cleaved
truncated AR and not the full-length. As it is shown in figure 6-14, the structural
features of aggregates in 97Q muscle captured aggregates are very similar to
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recombinant protein from N-terminal truncation of AR construct (51Q). This is
another strong suggestion that the aggregated species do not comprise full-length

AR.
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Figure 6-13. AFM analysis of nanometer fibrillar aggregates from 97Q male SBMA mouse muscle.
AFM of Seprion ligand- captured material from 97Q muscles at 3 different age groups indicated that
there is a correlation between the numbers of fibrillar species and their length with age.
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Figure 6-14: AFM image comparison of 51Q N-terminal domain AR recombinant protein (left) and
AR captured aggregates from 97Q mouse muscle tissue homogenate (right) shows a close similarity
in the appearance (form and size) of ex vivo aggregated species to in vitro N-terminally truncated
variant of AR. The fibrillar species are in size order of 300nm to 1um long.

In collaboration with Dr. Tobias Jochum, we carried out a detailed quantification
of AFM data to have a complete characterization of all structural variants of AR in
muscle and spinal cord tissue homogenates of 97Q animals. Three groups of
aggregates were quantified in both tissue homogenates, amorphous, globular and
fibrillar species (Fig. 6-16). In all three groups, we quantified a higher total
number of species in muscle tissue compared to spinal cord. It was already
predicted from our data that AR present and aggregates in much higher quantity
in muscle cells compared to spinal cord and therefore, it was obvious that the
captured species would be also in large amounts in muscles. Interestingly, the
globular and amorphous aggregates percentage is almost constant in three
different ages of animals in muscle tissue, while the fibrillar species increase
significantly as the animals get older (Fig. 6-16). Our results in figure 6-17
indicated that total amount of SDS resistance species of AR aggregates in muscle
tissue increase, as the animals get older. Moreover, the amount of aggregated
species in old and symptomatic mice with no cage activity is significantly higher
than other groups. This data is a clear validation for the importance and the role
of AR in muscle tissue in disease features and pathology. Based on our
observations, we suggest that the main tissue involved in the disease is muscle
and there is a clear correlation between the number and length of aggregated
species and phenotype in SBMA 97Q animals.

This is the first report at molecular level resolution on the importance of muscle
tissue in SBMA pathology (90). These observations open new windows to the
molecular mechanisms of the disease and pathology. We hope that our high-
resolution data provides the field with better definition for SBMA; muscle
degeneration prior to motor neuron degeneration.
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Figure 6-15: AFM analysis of nanometer granular and pre-fibrillar aggregates from 97Q male SBMA
mouse spinal cord. AFM of Seprion ligand- captured material from 97Q spinal cord at 3 different age
groups indicated that there is a correlation between the numbers of pre-fibrillar species and their
length with age.

143



Chapter 6. Structural characterization of AR aggregates in tissues

Amorphous

percent
X

1004

T

50+

percent

Se

10+

(e]
percent

O

Il muscley
[ muscle m
B muscle o
= scy
Bl scm
B sco

Globulars

I— Il muscley
B musclem
B muscle o
m scy
I sco
Il scm

Hl muscley
muscle mo
muscle vo
scy

scmo
scvo

Fibrils

ERINN

L1k

2%
4,

Figure 6-16: Seprion ligand quantification of aggregates types from AFM data. Three groups of
observed aggregates in AFM data (amorphous (a), Globular (b) and fibrillar species (c)) were
quantified. Three groups of animal’s muscle tissue (m) and spinal cord (sc) were compared, young
animals (y- pre-symptomatic), middle age animals (m- beginning of onset of the disease) and old

animals (o- no cage activity) were compared.
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Figure 6-17: Total percentage of Seprion ligand captured aggregates imaged and analyzed by AFM,
shows a significant increase in the SDS resistant AR species in Seprion captured material in the group
of old animals. Each column shows the total percentage of captured aggregates from Seprion beads.
Six groups of muscle young (y), muscle middle age (m), muscle old (o), spinal cord young (sc y), spinal
cord middle age (sc m) and spinal cord old (sc o) were compared.

The quantified data summarize that small, middle size and large fibrils exist in
higher quantity in mice with no cage activity compared to rest of the groups. As it
was shown in figure 6-17, the total percentage of captured aggregates is also
significantly higher in muscle tissue of an end stage mouse. The progression is
slower at the beginning of the disease’s onset, while it increases exponentially in
the later stages of the disease.

To summarize this data and the biochemical characterizations of muscle and
spinal cord, we hypothesize that for AR to make fibrillar aggregates in muscles, as
it is shown in our AFM data (Fig. 6-13), it might truncate and comprise only the N-
terminal fragments, while AR aggregates in spinal cord contain the C-terminal
domain and might not go under any modifications which make the protein prone
to aggregation, unless they change in later stages of the disease. This may explain
the absence of fibrillar species in the spinal cord.

6.2.7 AR aggregates have well-defined fibrillar structures in muscle
tissue of 97Q males of SBMA

Our AFM results provided us with more evidence in the importance of the fibrillar
species in muscle tissues of 97Q mice; therefore the in vivo fibrils were also
analyzed by TEM. Due to the fact that AFM images in tapping mode only reflect
the structural properties of specimens on the mica’s surface, it was
complementary for us to visualize the structures of the fibrils by directly TEM. AR
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containing tissue homogenates were prepared and aggregates were captured by
Seprion kit as was previously explained. The aggregates were spotted on copper
grids and false positively stained. As it is shown in figure 6-19, the captured
aggregates from in vivo material were visualized for the first time by TEM. Clear
fibrillar species, similar to our observations in AFM, were detected in muscles
tissue homogenates.

Figure 6-19: EM analysis of captured aggregates from 97Q mouse muscle tissue. Representative AR
aggregates in total tissue homogenates (a) or (b) Seprion captured from 97Q muscle tissue
homogenate from animals of 17w old were visualized. The captured aggregates in (b) indicated that
the sticky fibrillar species in muscle cells come together and this might be a reason for muscle cell
function disruption considering the highly specific form and shape of the muscle cells.

We detected the aggregates in Seprion separated material primarily (Fig. 6-19b),
but due to very little quantity of the enriched material, we optimized the
condition to use total tissue homogenates for our TEM studies, as shown in figure.
6-19a, the extended fibrillar aggregates do present in tissue homogenate and
similar to AFM data, they increase in their size and numbers as the animal ages.
Our success in optimization of the condition of TEM imaging of in vivo material
helped us to move one step forward and look into immuno-TEM images of fibrils
stained with AR specific antibodies. In figure 6-20, fibrillar aggregates in intact 97Q
muscle mouse tissue homogenate look identical to in vitro fibrils of amyloid
proteins. The immuno-gold dots on the fibrils look to be few but significant. We
did all different control conditions to come to this point that the fibrillar species in
tissue comprise AR, however as it is visible in TEM images, there are also other
proteins involved in formation of fibrillar species. Usually it is challenging to find a
condition that antibodies can detect their binding epitopes in amyloid proteins, as
more often the binding epitopes enter to the core of aggregates and become
inaccessible.
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Figure 6-20: Immuno-EM analysis of captured material from 97Q mouse muscle tissue.
Representative immuno-gold labeling of AR aggregates with H280 antibody from 97Q muscle tissue
homogenate from animals of 14w old. Scale bars are 100nnm.

Our Immuno-TEM data in collaboration with Dr. Janet Kumita in Department of
Chemistry in University of Cambridge, shows that fibrillar aggregates in muscle
tissue of 97Q male SBMA mouse contain AR but in high probability also other co-
aggregating proteins. The Immuno-gold labeling of the samples were performed
on intact total tissue homogenates to avoid any possible changes to the structure
of fibrils. Our visualized data summarize that fibrillar species in muscle tissues
contain AR and accompaniment of other proteins, which we assume that might be
the reason for the toxic role of these species in muscles.

6.2.8 Only muscle tissue homogenate of SBMA transgenic mice
induced cell toxicity in Neuroblastoma cells

To identify whether distinct species in total tissue homogenates of Wt and
transgenic animals are toxic for the cells, we seeded 10,000 cells in 96-wells plate
and treated them with identical concentrations of total tissue homogenates.
Finally we analyzed the activity of the cells after 24h. This type of cell toxicity
experiment is only based on apoptosis and therefore does not give any detailed
information on the main involvement of specific signaling pathway in toxicity or
disrupted cascades, however enough informative for our primary observations.
Interestingly, our results illustrated that only 97Q muscle tissue homogenate
induce toxicity, whereas the spinal cord tissue did not show any significant
difference to Wt and 24Q tissues (Fig. 6-21). This experiment stressed that some
variants of AR, either a specific structural variant or truncated variants present in
the muscle tissue and not in the spinal cord, which cause cell toxicity in the
neuroblastoma.
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Figure 6-21: AR dependent cytotoxicity of fibrillar species formed in muscle cells and not in spinal
cord in SK-n-SH. Neuroblastoma cells were treated with identical concentration of muscle and spinal
cord total tissue homogenates of three groups of animals, Wt, 24Q and 97Q. Only 97Q muscle tissue
homogenates show significant cytotoxicity in neuroblastoma cells in our experimental condition.
Summary of ANOVA and Dunnett test are indicated.

6.2.9 AR’s toxicity in muscle tissue homogenate is due to the
formation of intranuclear aggregates

Further investigation was necessary to explain the cause of muscle tissue toxicity.
Therefore, 25.000 cells were seeded in Lab Teck™ chambers and were treated
with tissue homogenates from Wt, 24Q and 97Q animals. As it is shown in figure
6-22, lab Teck’ chambers are very appropriate for immunofluorescent staining.
After 24h and 48h, the cells were washed and fixed for immunostaining.
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a
2500085K-rSH cells

Figure 6-22: a) Representative picture of a Lab Teck™ chamber used for Immuno-Fluorescence
staining. b) Immuno-fluorescence images of neuroblastoma cells treated with 24Q muscle (upper
left), 24Q spinal cord (lower left) and Wt (right) muscle tissue homogenates. 25.000 cells in Lab Teck
chambers were treated with identical concentration of total protein from Wt and 24Q muscle tissues.
DAPI nuclear staining in blue, cell membranes staining in red and AR staining in green are indicated.

As it was shown in figure 6-22, tissue homogenates of Wt and 24Q mouse did not
show any positive staining in cells, except for very slight positive staining in
cytoplasm of 24Q treated cells. It is to note that AR is a nuclear receptor, however
in Wt and 24Q, no positive staining was found co-localized with DAPI staining.

In cells treated with 97Q tissue homogenates, both spinal cord and muscles
contains some fragments of AR, which can enter the cells (Fig 6-23 and 6-24).
Strikingly, only in the cells treated with muscle tissue homogenate, co-localization
of DAPI (nuclear) staining and AR positive staining was observed (Fig. 6-24c). We
hypothesize that the nuclear positive staining is the indication that aggregated
species could be taken up and co-aggregate with endogenous AR. The aggregated
species in nucleus could recruited functional nuclear proteins and be the reason
for cell toxicity. While in spinal cord tissue, neither nuclear aggregates nor toxicity
were observed.
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Afer 24h Figure 6-23: a) Representative Immuno-fluorescence
staining images of neuroblastoma cells treated with
97Q spinal cord tissue for 24h. b) Higher
magnification of neuroblastoma cells treated with
spinal cord total tissue homogenate. DAPI nuclear
staining in blue, cell membranes staining in red and
AR staining in green are indicated. Positive green
positive cytoplasmic staining is indicated in both
images.

Further studies will be needed to explain the properties of these aggregates and
their ability to enter to cytoplasm, while at the same time no entry to the nucleus
occurs. We hypothesize that the observed structural differences by AFM and TEM
are the main reason for the observed difference in toxicity behavior.

In the following figure, 6-24, neuroblastoma cells were imaged after 24h and 48h.
In muscle tissue treated cells, after 24h, the aggregated species in cytoplasm are
not the diffuse observed aggregates of 24Q and 97Q spinal cord tissue, but rather
they appear as more granulated and punctuated species with closer proximity to
the nucleus. Interestingly, when these cells were incubated for 48h, these
aggregated species entered to nucleus and showed co-localization with DAPI
staining.
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After 24h

Figure 6-24: AR aggregates enter the nucleus and cause cell toxicity. a) and b) two Immuno
fluorescence images of two independent experiments where human AR was stained in
neuroblastoma cells treated for 24h with muscle total tissue homogenate from 97Q SBMA mice. c)
Higher magnification of cells with positive stained punctuated AR aggregates in cytoplasm and
nucleus. d) After 48h incubation of cells with muscle tissue homogenates, the aggregates appear to
be co-localized with DAPI nuclear staining. DAPI nuclear staining in blue, cell membranes staining in
red and AR staining in green are indicated. Positive cytoplasmic staining is indicated in both images.

These results show for the first time that AR with elongated polyQ has cell toxicity
properties, not only due to the presence of higher number of Q residues, which
makes the protein aggregate, but also due to the specific structural properties
that aggregated AR adapts in mouse muscle cells. Moreover, these results
illustrate that nuclear aggregates are the toxic species while cytoplasmic AR does
not show any toxicity in neuroblastoma cells.

Our study showed that cell specificity does play an important role and this
explains that, although AR expresses in all tissues in body (272), aggregation
happens only in some specific cells. We believe that this behavior relates directly
to proteome of the cells. Cell specificity in neurodegenerative disease is a topic
that has been little explored (273). Few studies in well-studied neurodegenerative
disease, like Alzheimer’s and Parkinson’s disease have been done (274-276), while
the necessity of these studies is obvious for the field. Therefore, we hope that
further studies in this area could provide us with more explanations in the cell
toxicity and disease mechanisms in different neurodegenerative diseases.
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6.2.10 X-ray phase contrast characterization of muscular
degeneration in young and old SBMA transgenic mice

Our step by step approach to illustrate the pathology of SBMA in more details
brought us to high resolution X-ray phase contrast micro-tomography method. As
briefly described, X-ray phase contrast methods were widely used in the clinic
(277-279), but not for high-resolution studies. During the last decade,
improvements in this method have made scientists use the concept of
tomography to go beyond histology (280, 281). Accurate knowledge of the
morphology of the tissue is required for minimally or non-invasive surgical
interventions. On the (sub-) cellular level, human tissue is generally characterized
using optical microscopy, which allows extracting morphological features with a
wide spectrum of staining procedures. The preparation of the histological slices,
however, often leads to artifacts resulting in imperfect morphological data. In
addition, the generation of 3D data from those is time-consuming. We used
synchrotron radiation-based micro computed tomography (SRuCT) avoiding
preparation artifacts and giving rise to the 3D morphology of features such as
muscle fiber and neuromuscular junctions on the micrometer level. One can
differentiate between appearance, shape and all physical and structural
properties of tissue without any staining procedure because of different X-ray
absorption values. The tomography data allows quantifying the local strains in the
histological images using registration algorithms.

Micro-tomography started to be used as a methodology for biological tissue
characterization (282). The advantage of this method over histology is that no
samples preparation step is needed, which not only makes it less time consuming,
but it also keeps the tissue more intact.

Before data acquisition, muscle and spinal cord tissues were collected from 97Q
animals in two age groups of young (young: Pre-onset) animals and animals with
no cage activity (old). The tissues were 2-3 mm in diameter and 4-5 mm in length.
Tissues were fixed for 24h in 4% PFA and the samples were aligned vertically in
agarose gel. This work was done in collaboration with Dr. Ralf Hofmann and Dr.
Tobias Jochum in Karlsruhe Institute of Technology (KIT). The data was acquired in
synchrotron in Chicago (Advanced Photon Source (APS) and analyzed in (KIT) in
Germany.
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Figure 6-25: Overexpression of Wt AR in muscle fibers of transgenic male mice leads to muscle
pathology. H&E staining of Extensor Digitorum Longus (EDL) muscle of Wt and transgenic male mice
indicate that transgenic muscles contain both abnormally small, angular fibers (black arrow) and
hypertrophied fibers (white arrow). Both fiber types contain internal nuclei (stars) Adapted from
Michigan State University webpage, The Jordan lab).

In figure 6-25, representative hematoxylin and eosin (H&E) staining images of (On
left) healthy muscle tissue with expression of Wt AR and (on right) an AR over
expression mouse muscle tissue were compared. In healthy skeletal muscle
tissue, the cells maintain a well round shape with a very thin layer of connective
tissue that separates the cells, while on the right side, the cells shrink to
abnormally small cells with angular forms and hypertrophied fibers with
replacement of thick layer of connective tissue (10, 283, 284).

Our observation from the conventional histology methods and our interest in
more high-resolution data, we investigated more the muscle tissue properties
with X-ray.

Connective tissues

Muscle tissue of 5 week 97Q  Muscle tissue of 15 week 97Q
mouse without phenotype mouse with phenotype

Figure 6-26: Visualization of muscle tissue properties in 5w and 15w old 97Q mice. A representative
stack of sagital cut of muscle tissues from young (left) and old (right) 97Q mice indicate that the
healthy muscle fibers (round in sagital and extended in langitudinal cut) decrease in number in old
mouse with no cage activity. In old muscle tissue only very few numbers of round, well shaped fibers
are visible (black arrow). The connections of neruons also indicated by black arrows.
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In figure 6-26, acquired and analyzed data by synchrotron from two stacks of a
young and an old mouse muscle tissue are shown. The image on the left side
visualizes 5w old mouse (pre-symptomatic) with healthy muscle tissue features
(285). On the right side, in old 97Q mouse a clear degeneration of cells is visible
(286). The synchrotron data contains over 10000 stacks that were acquired
through the whole length of tissue. This implies that each stack contains
information that can be followed sequentially in other stacks. Using this approach,
we followed the nerve branching systems in specific selected regions of interest
(Neuromuscular Junction) in 10000 stacks and every 50 stacks we reconstructed
the image (280, 281). Finally, all the reconstructed images were merged in one
single image (Fig. 6-27).

3D reconstruction of skeletal
muscle of 97Q young mouse

Muscie

es /

Figure 6-27: 3D reconstructed image from sum of series of axial stacks of a young 97Q mouse muscle
tissue. Two different views of transverse muscle fibers and longitudinal muscle fibers were
reconstructed from series of images acquire from a 5w old mouse muscle tissue.

As it was shown in figure 6-27, the acquired data from synchrotron provides us
with high-resolution information on muscle cells properties. As illustrated, in
young 97Q mouse muscle tissue, the healthy muscle fibers usually look either
extended in longitudinal cut or well-shaped round in transverse plane (287, 288).
As well, we followed a small population of nerves through 10000 stacks and
summed the images in Figure 6-28. The reconstructed image is presented with
colors representative of each tissue type.

Neuromuscular junction (NMJ) is the spot where motor neurons meet the muscle
cells. Changes in NMJ are correlated to aging and neuromuscular diseases (66,
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289-291). To date, there is no clear data available on the NMJ changes in SBMA
pathology, if they change their structures, or increase in number or even
disappear or lose their functionalities (292). We were able to show that using this
high- resolution method, it is possible to reconstruct and characterize individual
NMJ, not only with regard to appearance of NMJ but also in a quantitative way.
Further characterizations of muscles and spinal cord tissues are planned for
future.

3D reconstruction of neuromuscular junction on skeletal
muscle of 97Q young mouse

Longitudinal Muscle fibers

Neuronal branching among muscle fibers

Figure 6-28: 3D reconstruction of neuronal branching and neuromuscular junction in a 97Q young
muscle tissue. Connective tissue in cream, muscle tissues in reddish brown and nerves in blue were
indicated. The image is a reconstruction of a series of axial stacks where we followed a specific nerve
region showed in blue here.

Our data shows the possibility of getting high-resolution information from
structural changes in muscles as the animal ages. This data will include changes in
shapes and forms of muscle cells, differences in number of NMJ and variations in
connective tissue properties (293). We hypothesize that by comparing the 5w old
97Q mouse with 15w old mouse of the same genetic background and genotype,
we can see details of changes, which correlate with the disease manifestations
and pathology.

6.2.11 High-resolution single molecule microscopy, a better way to
illustrate the fibril structures

The details of STORM and STED microscopy have been previously discussed in
M&M. Our previous data from TEM and AFM provided us with a detailed
characterization of mouse tissue homogenates of 97Q mice. However, our interest
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in applying new high-resolution methods, as well as their complementary
information motivated us to investigate the fibrillar species in total tissue
homogenate using AR specific antibody. This work was done in collaboration with
Dr. Pierre Mahou, in the laboratory of Prof. Kaminski at University of Cambridge.

Figure 6-29: PolyQ-mouse-97Q Confocal-Excitation 640nm Power = 100%, FOV = 40um, Pixel size =
20nm

Figure 6-30: PolyQ-mouse-97Q Confocal-Excitation 640nm Power = 100%, Depletion 765nm Power=
100%, FOV = 40um, Pixel size = 20nm, 30us/pixel

Using a specific primary antibody for elongated version of polyQ tract (1C2) and a
STED compatible secondary antibody (ATTO 647 anti-mouse antibody), the
aggregates in mouse muscle total tissue homogenate were stained and imaged
using a 647nm Laser. Aggregated species were intact and the structures were not
affected by any pre-treatment or sample preparation procedure. As it is shown in
figure 6-29 and 6-30, polyQ positive AR aggregates in muscle tissue form 3D
structures of fibrillar species that were only found in muscle tissues. The upper
image (Fig. 6-29) is a confocal image of two representative aggregates composed
of fibrillar species of polyQ AR, while the lower image is the STED image with
improved resolution (Fig. 6-30). The single molecule resolution of STED images
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visualizes the arrangements of single positive stained spot along the length of
fibrils.

Beside STED microscopy, we looked also into the very similar tissue samples by
dSTORM, which in practice is based on blinking of each single molecule, which
contains one fluorophore induced by a blinking solution (previously explained in
M&M). We imaged 10,000 stacks of each area, while each single point was
blinking. The number of the photons received by camera were counted and we
used a MATLAB based program to analyze the acquired blinking of 10,000 stacks
and to obtain a sum of blinking points (imagining a fibril composed of 100
monomeric proteins that have 100 secondary antibodies blinking on it).

In this method, we stained the aggregates by anti AR specific primary antibody
and used an Alexa-fluor568 secondary antibody to visualize AR by fluorescence
microscopy. In a conventional way we cannot resolve these 100 points in very
close proximity, as they will all blink as one single large species, whereas if we
make them blink in different time order, in each image only some of the dyes will
blink and eventually all the images will be summed up to provide the last STORM
images with resolved information from each individual point.

STORM images have a resolution of 20nm. This means that only the positive
stained points in closer proximity than 20nm cannot be high-resolution resolved.
In figure 6-31, we compared the muscle and spinal cord total tissue homogenate
aggregates in 97Q and 24Q transgenic mice. It is not clear if the AR aggregates are
composed of only N-terminal truncated AR or the full length AR. We stained the
aggregates with two primary antibodies, one specific for N-terminal and one
specific for C-terminal domains. Two secondary antibodies with fluorophore were
used. The tissues were directly spotted on lab Tek™ wells and imaged with green
laser (568nm) and red (647nm) in presence of specific secondary antibodies.

As it is shown in figure 6-31, in samples from 24Q mice, we have significantly less
population of green and red staining compared to 97Q animals. This is another
validation of the presence of a higher number of aggregated species in 97Q
animals (a and b with c and d).

Figure 6-31 in lower panel illustrates the mean area of the stained AR species by
either green (for N-terminal) or red (for C-terminal) in different tissues of 97Q and
24Q. In the spinal cord samples of 97Q and muscle samples of 24Q, no significant
difference between the areas of green and red staining were observed. This
support our hypothesis that most of the AR presents as full length, whereas in
muscle tissue of 97Q animals, the stained area with green antibody specific for N-
terminal domain were significantly higher compare to the red stained area, which
suggest that most of the aggregates in muscle tissue comprise only the N-terminal
truncated variants of AR.

157



Chapter 6. Structural characterization of AR aggregates in tissues

150000+ .
I 1

g )
©
@ 100000+
2
G
o
c 50000+
©
[
=

0-

(e
3\

N-terminal C-terminal

Figure 6-31: (Upper panel) 10%w/v muscle and spinal cord tissue homogenates from two transgenic
mouse models of SBMA (either with 24Q (a: muscle and b: spinal cord) or 97Q (c: muscle and d:
spinal cord)) were stained with two primary antibodies, mouse anti human AR antibody specific for
N-terminal domain and rabbit anti human AR antibody specific for C-terminal. Mouse and rabbit
specific secondary antibodies with Alexa 647 and Alexa 568 were used for the dSTORM microscopy.
The scale bar is 1um in all the images. (Lower panel) mean particle are of AR aggregates in muscle
and spinal cord tissues stained with H280 and C19 were compared.
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6.2.12 Anlel38b: Could a novel oligomer modulator for
disease-modifying therapy of neurodegenerative diseases such as
prion and Parkinson’s disease also affect SBMA mice pathology?

In neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease
and prion diseases, deposits of aggregated disease-specific proteins are found.
Oligomeric aggregates are presumed to be the key neurotoxic agent (294, 295).
Here, we describe the novel oligomer modulator anle138b [3-(1,3-benzodioxol-5-
yl)-5-(3-bromophenyl)-1H-pyrazole], an aggregation inhibitor, developed based on
a systematic high throughput screening campaign combined with medicinal
chemistry optimization at the Max Plank Institute in Goettingen.

In vitro, anle138b blocked the formation of pathological aggregates of prion
protein (PrPSc) (296), of a-synuclein (a-syn) deposited (297) in PD and other
synucleinopathies such as dementia with Lewy bodies (DLB) and multiple system
atrophy (MSA) (294). Notably, anle138b strongly inhibited all prion strains tested
including BSE-derived and human prions. Anle138b showed structure-dependent
binding to pathological aggregates and strongly inhibited formation of
pathological oligomers in vitro and in vivo both for prion protein and a-synuclein.
Both in mouse models of prion disease and in three different PD mouse models,
anle138b strongly inhibited oligomer accumulation, neuronal degeneration, and
disease progression in vivo. Anle138b had no detectable toxicity at therapeutic
doses and an excellent oral bioavailability and blood—brain-barrier penetration.
These findings indicated that oligomer modulators provide a new approach for
disease-modifying therapy in these diseases, for which only symptomatic
treatment is available so far. Moreover, these findings suggested that pathological
oligomers in neurodegenerative diseases share structural features, although the
main protein component is disease-specific. This indicates that compounds such
as anle138b that modulate oligomer formation by targeting structure-dependent
epitopes can have a broad spectrum of activity in the treatment of different
protein aggregation diseases.

Based on the published data on this compound and its effect on the improvement
of disease phenotype in Prion disease and PD transgenic animals, we decided to
study the effects of this general oligomer modulator in SBMA transgenic animals.
We started with two groups of transgenic animals and one group of Wt mouse as
a control (Fig. 6-32). The group of Wt animals didn’t show any toxicity as was
expected. Survival plots indicated a significant difference between the groups
treated with compound and the placebo treated one (Fig. 6-33).
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Anle138b: a novel oligomer modulator for
disease-modifying therapy of
neurodegenerative diseases such as prion and
Parkinson’s disease
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Figure 6-32: a) Chemical structure of anle138b. This compound is chosen from a library of 10,000
chemically diverse drug-like compounds with regard to inhibition of prion protein aggregation in a
molecular screening assay. b) Experiment design for life span analysis studies. Two groups of 97Q
male transgenic animals with similar age and randomly chosen from different breedings were fed
with either placebo (6g/day) or drug (6g/day). One group of Wt mice was just tested for toxicity.
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Figure 6-33: Influence of daily anale138b treatment on SBMA pathology transgenic animals. Our life
span analysis data did not show a significant difference between the drug (violet) and placebo
(green) in animals in the early stage of the disease, while in older animals, it showed a significant
(with one *) effect on increasing of the life span. Mantel-Cox test used to compare the survival
distribution of two unpaired samples.

Log-rank (Mantel-Cox) test: to compare survival distribution of two unpaired samples Chi square=
4.179, df= 1, P value = 0.0409- P value summary *, Are the survival curves sig different? Yes
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Figure 6-34. Maximal treadmill running distance for mice of indicated groups. Data represented
mean +s.d of 6 mice per group (20 w old). Three groups of Native (Wt mice), Placebo and drugs all
were fed by age of three weeks are indicated. There is a significant difference between placebo and
drug treated groups.

In figure 6-33, two groups of 97Q animals (6 animals in each) were fed either by
placebo or drug starting at the age of three, six or ten weeks. We followed specific
criteria to make the groups, based on their family background. Animals with the
same age, no sibling and in healthy conditions at age of three weeks were chosen
for experiments. A group of Wt animals with the same age were fed by drug and
life span was checked for toxicity. No toxicity was observed in this group and they
had a life span similar to non-treated animals.

Life span analysis data from a large number of animals in both group of placebo
and drug did not show any significant difference in animals with age less than 20
weeks while it started to show a significant difference as the animals got older
(Fig. 6-33).

Two groups of six 97Q mice were trained for three times every other day and on
the 4™ day were tested. From all the parameters we obtain from treadmill analysis
(1- distance, 2-speed and 3- time), we focused on distance. There are some
suggested protocols for small animal treadmills, which we optimized for our study.
In groups of animals with treatment started from third week after birth, motor
function analysis was done using a treadmill test at age of 20 weeks.

Treadmill parameter adjustment:

0.1mA for the electric shock zone

Leave the animals for 5-10 min in the treadmill room
Animals trained for 10 min in 14 cm/s

Each training was in a two days distance
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At least six animals in each group

The motor function analysis by treadmill showed that the animals treated by drug
have a significantly better performance compared to the animals treated with
placebo (Fig. 6-34). It is noteworthy that the treatment showed its effect in
animals that got the treatment from the 3" week after birth, while the drug
showed less effect in groups starting with older age (9-10 weeks old- data not
shown). Therefore, we hypothesized that in SBMA drug development strategies,
we might need to consider that early-stage treatment of the patients is more
effective and therefore, it is highly suggested to look for biomarkers of the disease
for pre-symptomatic diagnosis of all polyQ diseases, as this could bring us to
earlier and more effective therapeutic strategies.

6.2.13 AR and its interacting partners

IDPs, while structurally poor, are functionally rich by virtue of their flexibility and
modularity (120, 298). However, how mutations in IDPs elicit diseases, remain to
discuss. For AR function as a transcription factor; it is necessary to activate the
whole transcription machinery system with its almost 500 residue intrinsically
disordered domain. Using published data in literature; we elucidated the binding
partners of AR N-terminal domain that might play a role in SBMA disease
mechanisms (299, 300). We started with a simple approach and used
bioinformatics tools to look into all interacting proteins already suggested in
literature. We generated a primary interactome of AR and its 318 interacting
protein shown partly in figure 6-36 and 6-37. This data was transferable to other
bioinformatics tools to answer more biologically relevant questions. Using
bioinformatics plugin (301, 302), we analyzed the data and distributed the
information in groups based on their molecular functions; cellular compartments
they are involved in and biological processes they are involved in (Fig. 6-37). The
idea was to take the literature-extracted list and add experimental data to it (Fig.
6-38).

Therefore, we used Cytoscape program (UCSD, California) to integrate
biomolecular interaction networks of AR from literature with high-throughput
expression data and other molecular states, into a unified conceptual framework.
Although applicable to any system of molecular components and interactions,
Cytoscape is most powerful when used in conjunction with large databases of
protein-protein, protein-DNA and genetic interactions that are increasingly
available for humans and model organisms (302-304). We prepared a list of AR-
interacting protein from literature, and made a network of protein-protein
interaction (Fig. 6-35 and 6-36). Cytoscape gives a visualization of interactions and
the components of nodes (interacting proteins) and edges (interactions), which
can be valued based on their probability of being true. In figure 6-37, an example
of AR interacting protein and a zoom in the main region with visualized nodes and
edges, are indicated. It is to note that nodes and edges in Cytoscape are not only
connected to AR, but also contain information about the interacting partners. The
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whole network prepared in Cytoscape was analyzed also in a Plug in of Cytoscape,
named BiNGO. The Biological Networks Gene Ontology tool (BiNGO) is a Java tool
to determine which Gene Ontology (GO) terms is significantly overrepresented in
a set of genes. BiNGO can be used either on a list of genes, pasted as text, or
interactively on subgraphs of biological networks visualized in Cytoscape. BiINGO
maps the predominant functional themes of the tested gene set on the GO
hierarchy (301), and takes advantage of Cytoscape's versatile visualization
environment to produce an intuitive and customizable visual representation of
the results (302, 304). Figure 6-38 and 6-39 are two examples of the presentation
of data in BiNGO. It gives a quick overview in which cascades and biological
component, AR and its interacting partners are over presented. The primary
interactome of Wt AR was used to extract interacting protein data for further
analysis of experimental data.

But we realized that the bioinformatics data from our initial interactome need to
be optimized for specific proteins which interact with NTD or are involved in
aggregation formation of AR. Our hypothesis, as it was pointed out in this work,
similar to some other groups, is that AR sequester many other critical and
functional proteins while it is aggregating (239, 305). Based on our NMR data and
discussed coiled-coil interactions (47), we believe that the sequestration of other
proteins into polyQ aggregates is very selective with importance for both
structure and sequence of these proteins (45).
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Data Panel

D . Column 1 Column 2 Column 3 canonicalName cytoscape.alias list NTD interactiot

NSD1 NSD1 Q96L73 Histone-lysine N-methyltransferase, H3 lysine-... NSD1 [NSD1] yes
AES AES Q08117 Amino-terminal enhancer of split AES [AES] yes
GTF2F2 GTF2F2 P13984 General transcription factor IIF subunit 2 GTF2F2 [GTF2F2] yes
DDC DDC P20711 Aromatic-L-amino-acid decarboxylase DDC [DDC] yes
CDK7 CDK7 PS0613 Cyclin-dependent kinase 7 CDK7 [CDK7] yes
CCNEL CCNE1 P24864 G1/5-specific cyclin-E1 CCNE1 [CCNE1] yes
SFPQ SFPQ P23246 Splicing factor, proline- and glutamine-rich SFPQ [SFPQ] yes
STAT3 STAT3 P40763 Signal transducer and activator of transcription 3~ STAT3 [STAT3] yes
COXSB COXSB P10606 Cytochrome ¢ oxidase subunit 5B, mitochondrial ~ COXSB [COX5B] yes
PIAS3 PIAS3 QIY6X2 E3 SUMO-protein ligase PIAS3 PIAS3 [PIAS3] yes
HSPB2 HSPB2 Q16082 Heat shock protein beta-2 HSPB2 [HSPB2] yes
NRIP1 NRIP1 P48552 Nuclear receptor-interacting protein 1 NRIP1 [NRIP1] yes
CASP8 CASP8 Q14790 Caspase-8 CASP8 [CASP8] yes
IDE IDE P14735S Insulin-degrading enzyme IDE [IDE] yes
CREBBP CREBBP Q92793 CREB-binding protein CREBBP [CREBBP] yes
SviL SVIL 095425 Supervillin SVIL [Svil] yes
NCOA4 NCOA4 Q13772 Nuclear receptor coactivator 4 NCOA4 [NCOA4] yes
NR2C2 NR2C2 P49116 Nuclear receptor subfamily 2 group C member 2 NR2C2 [NR2C2] yes
GSK3B GSK3B P49841 Glycogen synthase kinase-3 beta GSK3B [GSK3B] yes
NCOA2 NCOA2 Q15596 Nuclear receptor coactivator 2 NCOA2 [NCOA2] yes
RB1 RB1 P06400 Retinoblastoma-associated protein RB1 [RB1] yes
PKN1 PKN1 Q16512 Serine /threonine-protein kinase N1 PKNL1 [PKN1] yes
NCOR1 NCOR1 075376 Nuclear receptor corepressor 1 NCOR1 [NCOR1] yes
PA2G4 PA2G4 Q9uQso Proliferation-associated protein 2G4 PA2G4 [PA2G4] yes
APPEP2 APPBP2 Q92624 Amyloid protein-binding protein 2 APPBP2 [APPBP2] yes
GTF2F1 GTF2FL P35269 General transcription factor IIF subunit 1 GTF2F1 [GTF2F1] yes
CEBPA CEBPA P49715 CCAAT/enhancer-binding protein alpha CEBPA [CEBPA] yes
MACROD1 MACROD1 Q9BQ69 MACRO domain-containing protein 1 MACROD1 [MACROD1] yes
REM14 RBM14 QI96PK6 RNA-binding protein 14 RBEM14 [RBM14] yes
CALM1 CALM1 P62158 Calmodulin CALM1 [CALM1] yes
KDM1A KDM1A 060341 Lysil pecific histone di hyl: 1A KDM1A [KDM1A] yes
PQBEP1 PQBP1 060828 Polyglutamine-binding protein 1 PQBP1 [PQBP1] yes
CDK11B CDK11B P21127 Cyclin-dependent kinase 11B CDK11B [CDK11B] yes
NCOR2 NCOR2 Q9Y618 Nuclear receptor corepressor 2 NCOR2 [NCOR2] yes
NROB2 NROB2 Q15466 Nuclear receptor subfamily 0 group B member 2 NROB2 [NROB2] yes
ZNF318 ZNF318 QSVUA4 Zinc finger protein 318 ZNF318 [ZNF318] yes
TNK2 TNK2 Q07912 Activated CDC42 kinase 1 TNK2 [TNK2] yes
RANEP9 RANBP9 Q96559 Ran-binding protein 9 RANBP9 [RANBP9] yes
NONO NONO Q15233 Non-POU d in- ining oct: binding... NONO [NONO] yes
ETVS ETVS P41161 ETS translocation variant S ETVS [ETVS] yes
CAvl CAV1 Q03135 Caveolin-1 CAV1 [CAV1] yes
FOXH1 FOXH1 075593 Forkhead box protein H1 FOXH1 [FOXH1] yes
NCOA3 NCOA3 Q9Y6Q9 Nuclear receptor coactivator 3 NCOA3 [NCOA3] yes
GAK GAK 014976 Cyclin-G-associated kinase GAK [GAK] yes
ZMIZ1 ZMIZ1 Q9uys6 Zinc finger MIZ domain-containing protein 1 ZMIZ1 [Zmiz1] yes
MAGEA11l MAGEAL11 P43364 Melanoma-associated antigen 11 MAGEAL1 [MAGEAL1] yes
MCM7 MCM7 P33993 DNA replication licensing factor MCM7 MCM7 [MCM7] yes
ESR1 ESR1 P03372 Estrogen receptor ESR1 [ESR1] yes
Davy na naLEe Danth dasai intad neatain & na InAvY1

f Node Attribute Browser| Edge Attribute Browser = Network Attribute Browser ]

Figure 6-35: An example of Data panel window from Cytoscape program. All the data extracted from
literature on AR interacting proteins were loaded and a network was built in Cytoscape. This will give
an overview of all interacting proteins based on chosen criteria (in this case interaction with NTD of
AR).
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Figure 6-36: Wt AR N-terminal domain primary interactome visualized by Cytoscape. a) 318
interacting protein with N-terminal domain of AR has been identified in literature. Based on our
proteomics analysis, there are more proteins that are interacting with N-terminal domain which are
yet to be determined. b) a zoom of the central part of interactome. The proteins with direct
interaction with AR-NTD are identified in red circle (nodes) and the ones with indirect interaction are
shown in violet. (Visualization tool: Cytoscape).
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Figure 6-37: a) Overrepresented gene ontology categories in the set of AR interactome. a) Complete
overview of BiINGO data from AR interactome.
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Figure 6-38: Overrepresented gene ontology categories in the set of AR interactome. a) Complete
overview of BiNGO data from AR interactome. b) Zoom in a representative region. BiNGO (the
Biological Network Gene Ontology tool) analyses representing over-represented categories of the
ontology Biological Process among the genes that are marked by AR and significantly interact with
AR. The size of the nodes is proportional to the number of genes in the test set which are annotated
to that node. Colored nodes are significantly over-represented, with a color scale ranging from yellow
(p-value =0.05) to dark orange (p-value = 5.00E-7). Statistical testing was as described by Maere et al.
(2005)(301).

167



Chapter 6. Structural characterization of AR aggregates in tissues

6.2.14 PolyQ expanded protein and its interacting partners

Intriguingly, although proteins mutated in polyQ diseases have very different
biological functions and are widely expressed in various tissues, their mutant
forms cause neurodegenerative diseases, preferentially in specific muscular and
neuronal cell types. A major question that remains unanswered is why particular
cells are more susceptible to degeneration than others (some ideas were
previously discussed). For example, in the case of SCA1 from the polyQ diseases
family, which is caused by mutant ATXN1 protein a gradual atrophy and loss of
cerebellar Purkinje neurons is observed (306). PolyQ-expanded ATXN1 likely
destabilizes its interaction with the partner protein ROR-a (307), which is a known
regulator of development and function of Purkinje neurons (308).

As previously discussed at end of chapter 4, our observations suggest that
abnormal interactions between a polyQ-expanded protein and its interacting
partners might be responsible for toxicity and cell loss in polyQ diseases (309). A
characteristic pathological hallmark in polyQ diseases is the formation of large
inclusion bodies with insoluble protein aggregates in the nuclei of affected
neurons. These inclusions mostly consist of polyQ proteins, but also contain
ubiquitin and components of the protein clearance machinery (310).

The idea of the polyQ expanded protein and its interacting partners, originally
proposed by Perutz (311, 312) and supported by data from the labs of Housman,
Paulson, and others, stated that the mutant polyQ assumes an altered
conformation and binds to short polyQ stretches normally present in many
transcription factors and transcriptional co-activators, such as Cyclic Adenosine
Monophosphate Response Element Binding Protein (CBP) (61). This polyQ
interaction is postulated to alter CBP's structure. Cell transfection studies have
shown that this effect can remove CBP from its normal site of survival-promoting
action within cells, causing toxicity (61, 64, 121). This is only seen with the mutant
protein, consistent with the idea of a gain of a novel function. However, at
present, in vivo support for this mechanism is still missing. When considering the
issue of aggregation, it may be too simplistic to limit the models for the postulated
toxic species to either soluble monomers or insoluble fibrillar aggregates. It
suggests that not only the structural aspects of the protein (aggregated or
monomeric) are important, but also the protein contents and their interacting
partners. The observation that Wt-AR can also aggregate and re-capitulate the
SBMA manifestations (84) shows that cell toxicity might be mainly due to its
interacting partners due to aggregation. However, the interacting partners -the
ones that will be captured to aggregates- are not critical for cellular function, the
cells can cope with them.
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6.2.15 Identification of AR aggregates associated proteins

The neurotoxicity of expanded polyQ proteins involves structural transitions,
mostly believed, from a-helical structure to B-sheets. As it has been previously
explained, it is known that polyQ proteins sequester other Q/N rich proteins (305),
but no experimental data yet supported this. It was also emphasized before that
coiled-coil interaction has one of the main decisive roles in selecting the
interacting partners of polyQ proteins (45). Previous work on the analysis of
interacting partners of polyQ proteins has shown a recurrent presence of coiled-
coil domains in segments that overlap or flank the polyQ region. Our studies on
characterization of tissue homogenates of SBMA transgenic mice as well, showed
that AR is not the only species present in aggregates, and that other proteins co-
aggregate with AR, which could cause the toxicity.

For all polyQ diseases, the protein-induced toxicity is believed to be due to
aberrant protein interactions, followed by loss of function of cellular cascades.
Accordingly, identification of AR aggregates-associated proteins can provide a
powerful tool to assess the involvement of elongated polyQ AR in different
cellular pathways. To date, due to complexities in proteomics analysis of
aggregation prone proteins, mainly due to their intrinsic properties in being
resistant to enzymatic digestions, no studies have identified meaningful AR
interactome, neither for polyQ-AR nor for Wt AR involved in prostate cancer.

There are some studies with other polyQ proteins like Htt (313), but none can be
directly adapted to our tissues of interest, muscle and spinal cord. Therefore, we
optimized all the conditions to identify the proteins that are involved in
aggregates of AR in muscles and spinal cord. As it has been previously also
emphasized, we were interested in the time evolution studies of how a process
evolves along the time. Hence, the main aim of this study was to see if we find a
trend in proteins that co-aggregate or co-present in polyQ aggregates analyzed by
mass spectrometric approach.

In this case, we were interested in identifying the proteins that show some
elevation in the SBMA 97Q mouse tissue homogenates, which includes either a
significant decrease or an increase in abundance of some proteins, as the mice
age. We focused on a significant number of 97Q mice muscle tissue homogenates
from three age groups of pre-symptomatic mice with age around 4-6 weeks,
middle age mice and the ones with no cage activity around 15-17 weeks old. The
total tissue homogenates from muscle and spinal cord were prepared as explained
before and were analyzed By Ricard Rodriguez-Mias in the proteomics facility at
the Washington University in Seattle.

Data analyses from three groups of young, middle age and old 97Q muscle tissue
homogenates showed striking results. The data demonstrated that comparing
these groups, there are some proteins that have an extensive decrease or increase
as the mice age. From the preliminary list of almost 2000 proteins found in
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aggregates mixture of AR (in index), we identified around 250 proteins with either
extremely lower abundance or higher abundance in tissue homogenates. Detailed
data analysis of the list demonstrated that most of the proteins, which become
extremely affected by aging (either increase or decrease) are involved in
physiological muscle functions (Fig. 6-39), either as structural proteins of muscle
(for muscle contraction) or proteins involved in muscle metabolic functions.

These data may serve as a further validation for the importance of muscle cells
and their very specific structure and function in SBMA. Ultimately, we can
hypothesize that elongated polyQ-AR in muscle cells sequester different proteins
from functional cycles of cells and make the intranuclear fibrillar aggregates. The
presence of these aggregates cause cell loss and toxicity in muscle cells, while in
spinal cord, due to slow progression of the disease, the cell loss will be observed
in a later stage of the disease.
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Figure 6-39: An overview on experimental data on the AR interacting protein (upper) and their
biological functions (lower panel) involved in muscle degeneration procedure of SBMA male
transgenic animals. Proteins with high or low abundance were selected from three different age

groups of 97Q young, old and very old male mice. These proteins are mainly involved in muscle
function. The details of this figure are shown as tables in the Appendix.
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6.3. Summary

Transgenic animals of SBMA with an elongated polyQ (97Q) have been already
characterized (92). AR 97Q males exhibit hormone and age dependent weakness
beginning at 10 weeks of age (314).

To summarize our main findings, it is to mention that we characterized the total
tissue homogenates of two main tissues (muscle and spinal cord) involved in
SBMA. We demonstrated that SDS-resistant aggregated species in stacking gels,
positive for H280 antibody, are only present in 97Q animals while no 24Q mice
revealed presence of any of these species. Comparing the spinal cord and muscle
tissue homogenates of 97Q animals showed that less SDS resistant aggregates
present in spinal cord compared to muscles using specific AR N-terminal antibody.
Beside this validation that we have less aggregation in spinal cord compared to
muscle, this data proves that the aggregated species in muscles comprise mainly
AR-NTD while spinal cord tissue homogenates were positively stained by C-
terminal antibody (presence of LBD).

We did a time-lapse tissue homogenate characterization of 97Q animals with
different ages and our results showed that a combination of WB analysis and
various high-resolution characterization demonstrates a correlation in amounts of
aggregates with aging.

For the first time by using AFM and TEM, two distinct Seprion captured- species of
fibrillar aggregates in skeletal muscle and pre- fibrillar aggregated species in spinal
cord tissues were visualized. It also showed that while 97Q males aging, there is a
direct correlation between age and amount of aggregating species. The animals
show an increase in the number of fibrillar species in muscle also in the length of
fibrils in muscles tissue, as well the amount of aggregating protein in spinal cord
increases. Not only the structures, which differ, but also the aggregates from
different origins showed different cytotoxicity in cell toxicity assays.

Additionally, among different tissue homogenates of transgenic and non-
transgenic animals, only the muscle tissue extracted caused cell toxicity. Finally,
thank to our proteomics studies, we identified some critical proteins in tissue
homogenates of SBMA 97Q mice that showed significant changes in their
abundance as the disease progressed. We assume that these significant changes
in the level of these proteins (either decrease or increase) are a direct indication
of involvement of these proteins in progression of the disease and pathology.
Further investigations on role of each protein and their structural propensities are
inevitable.
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7. Discussion

7.1. Structural characterization of N-terminal domain of AR
by Nuclear Magnetic Resonance (NMR)

The polyQ tract in AR is helical

Characterizing the structural and dynamical properties of polyQ tracts is crucial for
understanding why their elongation causes protein aggregation and the molecular
basis of polyQ diseases. However, they are generally considered very challenging
targets for conventional structural biology approaches such as X-ray
crystallography and NMR in solution. This is due, in addition to their low solubility,
to their high propensity to be intrinsically disordered (ID), which in general
precludes crystallization, and to the highly repetitive nature of their sequences,
which can render the assignment of their NMR resonances very challenging due to
spectral overlap. A number of pioneering studies attempted to determine the
structure of polyQ tracts but, to date, it has not been possible to report on the
structure of a one such tract in its native context and without fusing it to a
solubilizing moiety such as the Glutathione-S-transferase (315).

To accomplish this and, most importantly, to determine how the structural
properties of the protein are modified when the tract is elongated, we used
relatively sophisticated sample preparation methods and a battery of newly
developed solution NMR techniques such as direct *C detection experiments and
NUS that are well suited to the characterization of ID proteins. The results that we
obtained, allowed, for the first time, to fully assign the backbone resonances of
the protein, including the polyQ tract, and to derive from the assignments the
secondary structure propensity of every residue belonging to it. Contrary to what
is the case for the vast majority of such tracts studied to date, our results indicate
that the polyQ tract of the NTD of AR has a strong propensity to adopt an a-helical
secondary structure (315-317).

When the tract is very short, as is the case for 4Q, the helicity is modest (SSP =
0.3) but when the length of the tract reaches values in the physiological range, as
is the case for 25Q, the helicity is essentially complete for the first residues of the
tract (SSP = 1) and then decays along the sequence until it becomes comparable to
that of the rest of the residues of the protein (SSP = 0.2) (Fig. 4-6). The wide range
of helical propensities observed in the tract is likely responsible for the relatively
wide dispersion of 'H, N and, especially, **C chemical shifts that is apparent in
the 2D spectra shown in Figure 4-5 and that was instrumental for obtaining the
essentially complete set of assignments that is the basis of this work.

Detailed inspection of both the spectra shown in Figure 4-5B and the SSP and N
R, values shown in Figure 4-6B reveals that the induction of helicity due to
elongation is not limited to the tract but affects the residues flanking it at its N-
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terminus. The four Leu residues of the motif ’LLLL*® that precede the tract
undergo very substantial *H, >N and *C chemical shift changes upon elongation
and increase their helical propensity as much as GIn residues 59 to 62; by contrast
the chemical shifts and, therefore, the structural properties of the rest of residues
of the protein remain unaltered. This result indicates a certain degree of
cooperativity in the conformational transition caused by elongation and strongly
suggests that the *’LLLL*® motif nucleates the helical conformation of the polyQ
tract. This hypothesis is supported by a substantial body of literature describing
polyQ sequences as random coils (318, 319) and by the high helical propensity of
Leu residues (320).

The regions flanking polyQ tracts have been the focus of much attention because
their presence alters the kinetics of aggregation by facilitating nucleation or, as
has been suggested, by modifying the structural properties of the tract (321-323).
Here we show a rather extreme case of the latter as the presence of a LLLL motif
N-terminal to a polyQ tract appears to nucleate a helical conformation in the tract
to the extent that a substantial part of it forms a fully formed helix. It is interesting
to speculate about the evolutionary advantage provided by the LLLL motif:
although it is possible that it plays a functional role, it can also act as a mechanism
to prevent or at least slow down the rate of aggregation by folding the tract into a
helical conformation, which has a intrinsically low propensity to aggregate (324).

Oligomerization is triggered by a motif distant from the polyQ tract

Studies of the mechanism of aggregation of proteins with polyQ tracts such as AR
mainly relied on comparing the aggregation rates of synthetic peptides with tracts
of different lengths and after introducing various changes in the sequence of the
flanking regions (325, 326) These studies have showed a strong correlation
between the length of the polyQ and the rate of aggregation of the corresponding
peptide (327) and, importantly, have suggested that the flanking regions can play
a key role in the early stages of the mechanism of aggregation by becoming
involved in intermolecular interactions that stabilize on-pathway oligomers (328).
Our results provide new insights into how 25Q self assembles by directly reporting
on the specific residues that undergo changes in structure and dynamics as
oligomerization progresses which is, as far as we are aware, unprecedented in the
study of protein oligomerization.

The results that we obtained with the urea incubation followed by dialysis (UID)
sample indicate that under conditions where oligomerization is very slow, 25Q is
in equilibrium with an oligomeric form of the protein stabilized by inter-molecular
interactions involving residues in the motif GAFQNLFQ? (Fig. 4-11). This motif is
in a region of sequence of low helical propensity but high AABUF (Fig. 4-1),
suggesting that the interactions that stabilize the oligomers that form earliest are
hydrophobic in nature. Given that the equilibrium between monomeric 25Q and
these oligomers is relatively fast in the NMR timescale, it is unlikely that 25Q
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undergoes substantial structural changes of the type that are observed in the SDP
sample discussed below, indicating that they are disordered.

We characterized the residues that experience chemical shift perturbations during
the oligomerization of 25Q in a SDP sample (Fig. 4-9). The region of sequence
where most of such residues are found is the motif *°SVREVIQ?®, of predicted high
helicity, that is part of the region *GAFQNLFQSVREVIQ® and is directly adjacent
to the motif 2GAFQNLFQ”. That the species with different chemical shifts in the
SVREVIQ®* motif are in slow exchange with monomeric 25Q indicates that they
correspond to well-defined oligomeric species of a size that is compatible with
their characterization by solution NMR. We conclude that the second step in the
oligomerization of 25Q is the formation of oligomers stabilized by inter-molecular
interactions involving mainly residues in the motif *°SVREVIQ® (Fig. 4.9B).

The chemical shift perturbations observed in the **SVREVIQ® occur concomitantly
with decreases in signal intensity in the resonances of monomeric 25Q (Fig. 4.9B).
It is important to clarify that this observation is specific to a subset of the
resonances, as a substantial number of residues of 25Q (residues 1-10 and 90-120
in Fig. 4-9B) do not experience a decrease in signal intensity. This observation
confirms that the phenomenon reported in Fig. 4-9B is not due to the aggregation
of 25Q but, rather, to the changes occurring in the structure and the dynamics of
the protein as it oligomerizes (Fig. 4-10B).

By using the decreases in signal intensity as reporters of structure formation in the
oligomers, we can determine the order in which the various regions of sequence
of 25Q become partially folded. Based on this principle, we can conclude that the
polyQ tract and the regions of sequence immediately flanking undergo
conformational changes only after the region “GAFQNLFQSVREVIQ* becomes
partially structured. This is clearly illustrated by the intensities reported at t = 2d
in  Figure 3B, which are substantially decreased in the region
22GAFQNLFQSVREVIQ?® but remain essentially unchanged in the polyQ tract. We
thus conclude that the third step in the oligomerization of 25Q is a conformational
change in the polyQ region and that it occurs in an on-pathway oligomer stabilized
by intermolecular interactions involving the region GAFQNLFQSVREVIQ* and,
especially, the motif *>SVREVIQ®® (Fig. 4.9B)

Implications for the early stages of AR aggregation in SBMA

The oligomerization mechanism described above for 25Q is similar to the one put
forward for exon 1 of the Htt on the basis of the effect of mutations in the flanking
regions on the rate of monomer depletion (323). For this case it was suggested
that the interactions between flanking regions that stabilize the oligomers are
equivalent to those occurring in coiled coils, which are frequent in transcription
factors. This was based on predictions by bioinformatics tools as well as on the
observation that the main flanking region in Htt has helical character according to
both CD and NMR spectroscopies (45, 329, 330).
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An analysis of the sequence of 25Q in the single region that experiences the
earliest and largest decreases in signal intensity during oligomerization as well as
the largest chemical shift perturbations indicates that it has some of the features
expected in a sequence that forms coiled coil such as the presence of hydrophobic
residues in positions a and d of two consecutive imperfect heptad repeats starting
at positions F24 and V31. This, together with the observation that the two motifs
that most decrease in intensity as oligomerization progresses have some
predicted helical propensity strongly suggest that, as proposed for Htt, the on-
pathway oligomers that form during the aggregation of 25Q are stabilized by
coiled coil interactions established by partially helical motifs.

The results that we present in this work have implications for our understanding
of the mechanism of oligomerization in vivo and for the identification of
therapeutic strategies for SBMA. As already mentioned, the motif that establishes
the earliest inter-molecular interaction in 25Q, *GAFQNLF?®, binds to AF-2 in the
LBD after activation of AR by androgens. Our identification of this motif as the site
of initiation of aggregation can provide a simple explanation of why cleavage of
AR by Caspase-3 facilitates oligomerization and the onset of SBMA. Proteolysis by
Caspase-3 produces two AR fragments, one containing the GAFQNLF? motif and
another one containing the LBD. Although cleavage does not physically prevent
the motif and the LBD from interacting, it is certain to substantially decrease the
affinity between these two moieties by increasing the entropic cost of binding.
This decrease in affinity will inevitably lead to an increase in the concentration of
free N-terminal fragment and, given the properties of the motif, to an acceleration
of its oligomerization and the onset of SBMA. Finally, we note that our work
clearly identifies the region ?GAFQNLFQSVREVIQ®* and the *?GAFQNLF*® motif in
particular as therapeutic targets for the development of treatments for SBMA (Fig.
4-108B).

7.2. Mapping of Hsps binding to AR

There has been a great interest in understanding how the molecular chaperones
DnaK (Hsp70) and Dnal (Hsp40) interact with substrates to assist their folding.
Although many investigations have been performed to explore the role of Hsps in
pathology of SBMA (39, 160, 163, 176, 180), there is yet not even one high-
resolution information on the direct interaction between Hsps and Wt AR. Many
groups have been studying the involvement of Hsp machinery in different
neurodegenerative diseases’ models in cells and Transgenic animals (39, 179, 238,
331). However, none was able to validate the properties, kinetics or motifs
involved in amyloid proteins-Hsp interaction, except for the recent data on tau
protein interaction with Hsp90 (265).

In this work, thank to our parallel solution state NMR approach, which helped us
to fully characterize the AR N-terminal domain (Chapter 4), we indicated for the
first time that both Hsp40 and Hsp72 bind to AR.
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Due to our primarily interest on the role of Hsp40 and Hsp72 with regard to SBMA
pathology, instead of a full-length AR N-terminal domain, we studied the
biologically relevant N-terminally truncated polyQ AR with two different sizes of
the polyQ (Fig. 4-1A and 4-1C). Interestingly enough, the mapped regions on the
short construct of N-terminal domain of AR made it possible for us to have a clear
view of how Hsps play their protective role on AR.

Our studies showed that both Hsp72 and Hsp40 bind to three motifs on AR,
however with different binding affinity. Our results demonstrated that Hsp72
mainly binds to specific residues of **FQNLFQSVREVIQ®* with a main core of
interaction on **FQNLF? region in both 4Q and 25Q, while Hsp40 binds with less
specificity to two additional regions with also high hydrophobicity, a typical trigger
for chaperon interaction (332) (Fig. 4-1B). These motifs are >LLLL*®* and
18GPTGYLVL™™. A higher affinity for °LLLL*® region has been shown in the 4Q
construct compared to 25Q.

It is well accepted in the Hsp field that most of the Hsps bind to the least
structured parts of a protein and manage the folding of the proteins. Recent data
showed that most of these Hsp’s binding pockets are composed of hydrophobic
amino acids (265) and are therefore prone to form intermolecular interactions. In
case of the AR, the very same properties were also observed for binding epitopes
of both Hsp40 and Hsp72. The three main binding motifs on AR are exactly those
regions of sequence with highest AABUF (Fig. 4-1).

The **FQNLF? region and its proximate flanking amino acids are (1) the initiation
of the oligomerization in this AR construct (Fig. 4-10B), (2) this region of the
protein in Wt AR has well identified interaction with C-terminal domain of the
protein and is responsible for the well-characterized N/C intramolecular
interaction (108). Therefore, from an evolutionary point of view, it is necessary for
the cells to protect this region of protein, since the high intramolecular interaction
propensities of the motif might result either to aggregation or to inappropriate
protein-protein interactions.

To summarize, while AR is in cytoplasm and has no transcriptional activity, Hsp72
protects “*FQNLF?® region from aggregation and non-functional protein-protein
interactions. In presence of DHT and its binding to ligand binding domain (LBD),
the higher affinity of C-terminal region to **FQNLF*® motif, makes the Hsps leave
and prepare the protein for translocation to the nucleus. Hereby, we propose that
LBD in full-length AR functions as internal chaperone to compensate the absence
of the Hsps, while protein is translocating to nucleus. Our findings highlight the
therapeutic potential of allosteric regulators of Hsp70 and Hsp40 and provide new
insights into the role of the chaperone machinery in protein quality control.
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7.3. Characterization of AR aggregates in SBMA transgenic
mouse model

To date, studies of the patients with SBMA and other polyQ diseases or respective
mouse models were not able to provide any structural information, which explains
the toxicity of polyQ aggregates and their relation to the mechanism and
pathology of the disease. Previous studies illustrated that the intranuclear
aggregates of AR are the main entities in the polyQ disease mechanism (15, 220),
while no thorough explanations of how this protein can have toxic properties and
how polyQ aggregates can attenuate the cell cascades activities, have been
provided. Therefore, it has not been feasible to find a correlation between the
presence of specific species and their toxicity as the disease progresses.

Previous work from Prof. Sobue’s laboratory has detected AR aggregates in the
stacking gels of WB analysis (33, 94). Different groups have been doing
biochemical characterizations of intermediate and late stage aggregated species in
the disease models (87, 92); however, no studies characterized the morphology of
different toxic species in an age-dependent manner in SBMA transgenic mice.
Structural studies are limited only to AR aggregates prepared in vitro (333). There
is still no high-resolution structural information about the SDS-resistant
aggregated species of AR.

In this work, we presented the first evidence that structurally speaking, there are
two thoroughly distinct species of AR toxic protein that present in spinal cord and
skeletal muscle tissue (Figs. 6-13 and 6-15). Our high-resolution structural
information from AFM in a time resolved fashion and various microscopy
methods, illustrated that there is a structure-activity relationship between the
presence of unique fibrillar species and their toxicity as well as the disease
phenotype. Our studies link the structure to the onset and progression of the
disease. The aggregates captured from muscle tissues are fibrillar and have a
well-ordered structure and length, which is interestingly in the size order of the in
vitro produced fibrillar species of N-terminally truncated AR (Fig. 6-14), while the
captured material from spinal cord comprises mainly the pre-fibrillar globular
species. The aggregates in muscles increase in their length and number as the
disease progress, whereas the non-fibrillar spinal cord aggregates don’t change
significantly by aging. These data suggest that muscle degeneration is prior to the
motor neuron degenerations in spinal cord and if any propagation of aggregated
species could potentially happen, then it will be from muscle to spinal cord and
not vice versa.

The identification of the main toxic protein and its involvement in the mechanism
of the disease can hold great promises in the future view of the SBMA field. Due
to the presence of more than one toxic species in SBMA transgenic animals, an
anti-aggregatory approach needs to be directed more to specific structural
variants and as well to specific tissue.
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Current knowledge obtained from our experiments suggests that involvement of
skeletal muscles as the primary event in the phenotype of the positive 97Q mice
could open new approaches and views toward a therapy for SBMA. With new
available data in the field, further investigations could explain the whole
mechanism of the pathology in skeletal muscle tissue and consequently in the
central nervous system. This might also be the time to bring up a new definition
for SBMA, changing from motor neuron disease to a muscle degenerative disease.
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8. Concluding remarks

The experimental work reported in this thesis provides a structural and
biophysical perspective that contributes to expanding the current knowledge
about the mechanism of the aggregation formation of AR and its toxicity in the
Spinal Bulbar Muscular Atrophy (SBMA).

In three projects that | was involved in during my PhD, | tried to bring the in vitro
data to the in vivo data and provide a complete view on both structural and
molecular mechanism of SBMA pathology.

1- Our in vitro work with solution state NMR as the main tool, made it possible, for
the first time, to assign a polyQ protein. Assignment of all the residues of the N-
terminal truncated AR construct, we obtained information on the structure and
the dynamics of this protein. The results that we present in this work have
implications for our understanding of the mechanism of oligomerization in vivo
and for the identification of therapeutic strategies for SBMA. Our work clearly
identifies the region *GAFQNLFQSVREVIQ®® and the *GAFQNLF?® motif in
particular as therapeutic targets for the development of treatments for SBMA.

2- In a parallel work on importance of the Hsps interacting with polyQ proteins,
for the first time, we identified the binding epitopes of Hsp72 and Hps40 on the
AR N-terminal domain. These findings provided us with high-resolution binding
site information, which was validated as well with cell experiments. These findings
may provide the Hsps and the polyQ diseases’ fields with the opportunity to use
biophysical methods as screening tools in study of the small molecule
therapeutics and drug development based on Hsps modulators.

3- Our in vivo work with transgenic mouse model of SBMA revealed a possible
explanation for the mechanism of the disease and the involvement of skeletal
muscle cells preferred over motor neurons, in the progression of the disease. Our
data demonstrate the toxicity of AR protein in the context of in vivo system for the
first time.

The general conclusions arising from these findings can be summarized as
following:

1. The N-terminal domain of AR is predicated as an intrinsically disordered protein
(IDP), but our studies showed that this domain comprises small motifs with
secondary structure propensities. We identified two critical regions in AR that are
not only important in SBMA pathology, but also in the intrinsic function of AR and
its role in the mechanism of prostate cancer. Based on the structural
characterization prediction data, 2*FQNLF*® does not have a well-defined
secondary structure; nevertheless, this does not mean that it does not get any
secondary structure upon binding. In our study, this region was indicated as the
initiation site for oligomerization of the AR. Therefore, we propose that, this
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region is also critical for the intrinsic function of AR dimer formation. Moreover,
the region of interest >LLLLQQQQ®, which is just flanking to the elongated polyQ,
adopts an a-helical structure, which initiates from *°LLLL*® part in flanking regions
of polyQ.

2. Both Hsp72 and Hsp40 bind to AR in a sequence specific fashion. They both
share the **FQNLF® as the binding motif, while Hsp40 has two more binding
regions. Hsp40 binds additionally to >’LLLLQQQQ® and *GPTGYLVLD'" regions in
both 25Q and 4Q. These distinct sequences comprise specific structural properties
due to the presence of highly hydrophobic residues, which triggers the
chaperones interaction. It is of high emphasis for cells to protect these three less
flexible hydrophobic regions by binding to Hsps, since otherwise; the intrinsic
function of AR would be diminished, as the protein could starts to oligomerize and
subsequently aggregate.

3. Structural differences in in vivo captured aggregates from 97Q animal’s tissue
homogenates suggest the mechanism of the disease and involvement of muscle
tissue as the main pathological tissue during the disease’s progression. We
hypothesize that the fibrillar species in skeletal muscles primarily sequester many
proteins into aggregates and attenuate the cellular functions. Nevertheless, in
later stages of the disease, the intranuclear aggregates will also form in the spinal
cord.

8.1. What are the next steps toward a treatment for
SBMA?

Kennedy’s disease (spinal and bulbar muscular atrophy) is a neuromuscular
disorder characterized by slowly progressive muscle weakness and atrophy, with
degeneration of primary motor neurons in the spinal cord and brainstem of
affected individuals (17). Traditionally, SBMA has been viewed as a cell-
autonomous, primary motor neuron disease (98). The neuronal death in SBMA
and other polyQ diseases is at least in part due to a toxic gain-of function in the
mutant protein. In addition to the toxic effects of the AR, loss of normal receptor
function also contributes to the disease phenotype, with some patients having
symptoms such as breast enlargement and reduced fertility (15).

And therefore, an approach aimed at reducing mutant protein levels without
exacerbating the effects of androgen deficiency, holds great promise as a
potential treatment for SBMA (94, 334).
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Figure 8-1. Reducing Mutant AR Expression in Muscle Has Beneficial Effects in SBMA Mouse Models
(Adapted from (90))

A number of different treatments have been shown to protect against expanded
polyQ AR toxicity in SBMA animal models (see the introduction); nevertheless,
they have so far failed to result in an effective treatment in human clinical trials
(270, 335, 336). This failure can be partly due to complications in preclinical
research, such as a lack of blinding and starting treatment before the onset of
manifestations of the disease, which is difficult to do in clinical trials.

The development of therapeutics would also benefit from an improved
understanding of the mechanism of muscle and motor neuron degeneration in
SBMA. Non-neuronal cells such as glial cells and muscle probably play a critical
role in the pathogenesis of motor neuron diseases (90). Appreciation of this role
not only gives a better insight into the disease mechanism, but also opens new
treatment strategies, which are particularly desirable for these disorders. For
example, cells outside the CNS may play a primary role in spinal muscular atrophy
(SMA). Peripheral targeting of antisense oligonucleotides (ASOs) to restore the
expression of survival motor neuron protein, the deficiency of which causes SMA,
robustly ameliorates the disease manifestations in SMA mice (337). Moreover,
muscle-specific conditional rescue in SMA mice leads to a significant improvement
in weight, survival, and motor behavior (338). Reports by Cortes et al., 2014 in
Neuron (88) and Lieberman et al., 2014 in Cell (89) challenged the traditional view
of SBMA as a primary motor neuron disease. These studies establish the muscle as
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the main site of mutant AR toxicity and suggested that targeting mutant protein
expression in this tissue is the approach for treating the SBMA (Fig. 8-1).

Several lines of evidence from previous studies support a primary contribution of
skeletal muscle in the disease pathogenesis: (1) muscle biopsies of SBMA patients
show features of both denervation and myofiber degeneration (10) ; (2) knock-in
mice expressing polyQ- expanded AR develop early signs of myopathy with little or
no motor neuron loss (93); (3) muscle-specific overexpression of Wt and non-
expanded AR in mice is sufficient to produce a SBMA-like neuromuscular disease
(98) ; and (4) genetic overexpression of muscle specific IGF-1 or peripheral IGF-1
administration has been shown to reduce SBMA phenotype in the transgenic mice
models (87, 339). Based on the recent studies in this field, selective suppression of
the AR transgene in skeletal muscle is the new approach, which the whole field is
moving towards. It has been shown that, muscle-specific removal of AR, increased
survival, suppressed weight loss and weakness and increased the diameter of
motor axons (89). Consequently, this study demonstrated a primary role of
skeletal muscle in SBMA pathogenesis in these mice and thus justifies the AR gene
silencing in muscle tissues as a potential disease-modifying strategy for patients
(90).

By targeted reduction of mutant AR using ASO technology, Lieberman et al., 2014,
took this approach one step closer to the clinic. In various mouse models of SBMA,
ASOs were delivered subcutaneously, before or at the time of disease onset and
they have turned out to significantly suppress AR expression in skeletal muscle,
but not spinal cord. The ASO treatment rescued weight loss, muscle weakness,
abnormal gene expression and lethality in the mice, without altering testosterone
levels.

In particular, AR suppression by ASOs was maintained up to 10 weeks after
terminating of the treatment. Decreasing the AR expression level in the spinal
cord was also achieved through intraventricular delivery of ASO, but surprisingly
did not modify disease manifestation, indicating that the main problem in these
mice is not in the CNS and that the best way to improve it is with peripheral rather
than central treatment strategies.

There are practical advantages in targeting the periphery for treatment over the
delivery to the CNS. This approach would limit the known adverse effects of
androgen reduction therapy related to AR reduction in the CNS, such as decreased
libido. Moreover, skeletal muscle is easily accessible; it can be biopsied for
pharmacodynamics measures of drug effects; unlike the spinal cord.

Based on our structural and biophysical data and the recent publications, it is
tempting to think of SBMA as a muscle disease rather than a motor neuron
disease and therefore we have to try to mainly address this tissue in our
therapeutic strategies.
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9.1. AR sequence and residue numbering used in this
thesis, according to Uniprot

The AR sequence deposited in the Uniprot database (entry P10275, isoform 1),
corresponding to 919 residues for the full-length protein, and with 21 glutamine
residues in the polymeric glutamine stretch (between residues 58 and 78) and 24
glycine residues in the polymorphic glycine stretch (between residues 449 and
472). The residue numbering corresponding to this AR sequence is used
throughout the thesis. But as the construct of A-25Q and AR-4Q both after TEV
cleavage site have a G before the first M, the whole numbering of residue has
changed from i to i+1.
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The data were recorded at 425uM 4Q, in 20mM sodium phosphate buffer and

1mM TCEP, at pH 7.4 and 278 K.

Assignment wl w2
E3N-E3H 123.227 8.877
V4N-V4H 122.468 8.385
Q5N-Q5H 124.838 8.603
L6N-L6H 124.356 8.53
G7N-G7H 109.591 8.559
L8N-L8H 121.63 8.284
GON-GYH 109.702 8.602

R10N-R10H 120.772 8.148
V11N-V11H 122.184 8.265
Y12N-Y12H 126.353 8.598
S17N-S17H 116.709 8.599
K18N-K18H 123.648 8.656
T19N-T19H 115.13 8.244
Y20N-Y20H 123.769 8.394
R21N-R21H 124.649 8.478
G22N-G22H 109.266 7.775
A23N-A23H 123.411 8.283
F24N-F24H 119.402 8.373
Q25N-Q25H 121.791 8.293
N26N-N26H 119.718 8.473
L27N-L27H 122.501 8.262
F28N-F28H 120.174 8.285
Q29N-Q29H 121.793 8.242
S30N-S30H 117.696 8.442
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V31N-V31H 122.156 8.321
R32N-R32H 125.038 8.474
E33N-E33H 123.027 8.505
V34N-V34H 123.151 8.417
I35N-135H 126.385 8.422
Q36N-Q36H 125.568 8.661
N37N-N37H 121.461 8.707
G39N-G39H 109.282 8.381
R41N-R41H 121.648 8.587
H42N-H42H 122.535 8.516
E44N-E44H 121.581 8.936
A45N-A45H 125.565 8.456
A46N-A46H 123.729 8.462
S47N-S47H 115.27 8.36
A48N-A48H 126.234 8.385
A49N-A49H 125.232 8.365
G52N-G52H 109.604 8.646
A53N-A53H 123.761 8.235
S54N-S54H 114.838 8.424
L55N-L55H 124.433 8.298
L56N-L56H 121.274 8.068
L57N-L57H 121.565 8.006
L58N-L58H 121.62 8.087
Q59N-Q59H 120.115 8.315
Q60N-Q60H 120.769 8.395
Q61N-Q61H 121.062 8.462
Q62N-Q62H 121.123 8.453
E63N-E63H 122.226 8.563
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T64N-T64H 115.176 8.348
S65N-S65H 119.8 8.434
R67N-R67H 121.45 8.551
Q68N-Q68H 121.778 8.547
Q69N-Q69H 122.019 8.609
Q70N-Q70H 121.864 8.591
Q71N-Q71H 122.072 8.595
Q72N-Q72H 122.258 8.656
Q73N-Q73H 122.271 8.675
G74N-G74H 110.619 8.623
E75N-E75H 120.847 8.519
D76N-D76H 121.32 8.585
G77N-G77H 109.932 8.496
S78N-S78H 117.401 8.287
Q80N-Q80H 120.117 8.539
A81N-A81H 124.786 8.342
H82N-H82H 118.219 8.297
R83N-R83H 122.468 8.377
R84N-R84H 122.678 8.618
G85N-G85H 110.32 8.454
T87N-T87H 112.083 8.336
G88N-G88H 110.619 8.339
Y89N-Y89H 120.192 8.104
L90ON-L90H 124.252 8.346
V91N-V91H 122.995 8.301
L92N-L92H 126.974 8.501
D93N-D93H 121.76 8.454
E94N-E94H 121.249 8.541
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E95N-E95H 121.733 8.549
Q96N-Q96H 121.418 8.473
Q97N-Q97H 122.876 8.596

S99N-S99H 117 8.628
Q100N-Q100H 122.984 8.542
Q102N-Q102H 121.334 8.754
S103N-S103H 117.536 8.521
A104N-A104H 126.322 8.54
L105N-L105H 120.778 8.22
E106N-E106H 121.411 8.346
C107N-C107H 120.601 8.37
H108N-H108H 122.964 8.665
E110N-E110H 121.522 9.11
R111N-R111H 122.364 8.468
G112N-G112H 109.948 8.548
C113N-C113H 119.058 8.354
V114N-V114H 124.722 8.451
E116N-E116H 123.053 8.639
G118N-G118H 109.681 8.688
A119N-A119H 123.782 8.123
A120N-A120H 123.603 8.439
V121N-V121H 120.214 8.216
A122N-A122H 128.15 8.492
A123N-A123H 123.635 8.435
S124N-S124H 115.362 8.378
K125N-K125H 123.419 8.449
G126N-G126H 109.677 8.442
L127N-L127H 123.047 8.26
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Q129N-Q129H 120.945 8.62
Q130N-Q130H 122.553 8.584
L131N-L131H 126.185 8.579

9.3. CON assignment of AR-4Q

The data were recorded at 425uM 4Q,
1mM TCEP, at pH 7.4 and 278 K.

Assignment wl w2
N26ND2-N26CG 113.121 176.963

N37ND2-N37CG 113.721 177.035
M2N-G1C 120.009 170.778
E3N-M2C 123.227 176.236
V4N-E3C 122.468 176.616
Q5N-V4C 124.838 176.224
L6N-Q5C 124.356 175.961
G7N-L6C 109.591 178.064
L8N-G7C 121.63 174.388
GON-L8C 109.702 178.18
R10N-G9C 120.772 173.875
V11N-R10C 122.184 175.715
Y12N-V11C 126.353 175.579
P13N-Y12C 136.644 173.751
P15N-R14C 138.792 174.017
P16N-P15C 135.599 174.671
S17N-P16C 116.709 176.977
K18N-517C 123.648 174.847
T19N-K18C 115.13 176.637
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in 20mM sodium phosphate buffer and
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Y20N-T19C 123.769 174.076
R21N-Y20C 124.649 175.624
G22N-R21C 109.266 176.259
A23N-G22C 123.411 173.555
F24N-A23C 119.402 177.812
Q25N-F24C 121.791 175.776
N26N-Q25C 119.718 175.213
L27N-N26C 122.501 175.218
F28N-L27C 120.174 177.218
Q29N-F28C 121.793 175.655
S30N-Q29C 117.696 175.543
V31N-S30C 122.156 174.579
R32N-V31C 125.038 176.138
E33N-R32C 123.027 176.141
V34N-E33C 123.151 176.202
135N-V34C 126.385 176.134
Q36N-135C 125.568 176.166
N37N-Q36C 121.461 175.324
P38N-N37C 136.731 173.234
G39N-P38C 109.282 177.088
P40N-G39C 134.299 171.619
R41N-P40C 121.648 177.024
H42N-R41C 122.535 176.021
P43N-H42C 137.591 173.733
E44N-P43C 121.581 177.074
A45N-E44C 125.565 176.472
A46N-A45C 123.729 177.689
S47N-A46C 115.27 177.974
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A48N-547C 126.234 174.157
A49N-A48C 125.232 177.052
P50N-A49C 137.206 175.004
P51N-P50C 135.956 174.895
G52N-P51C 109.604 177.816
A53N-G52C 123.761 174.355
S54N-A53C 114.838 178.467
L55N-S54C 124.433 175.28
L56N-L55C 121.274 178.019
L57N-L56C 121.565 177.933
L58N-L57C 121.62 178.052
Q59N-L58C 120.115 178.173
Q60N-Q59C 120.769 176.774
Q61N-Q60C 121.062 176.684
Q62N-Q61C 121.123 176.356
E63N-Q62C 122.226 176.273
T64N-E63C 115.176 176.809
S65N-T64C 119.8 174.506
P66N-S65C 137.959 172.655
R67N-P66C 121.45 177.2

Q68N-R67C 121.778 176.701
Q69N-Q68C 122.019 176.226
Q70N-Q69C 121.864 176.156
Q71N-Q70C 122.072 176.126
Q72N-Q71C 122.258 176.092
Q73N-Q72C 122.271 175.963
G74N-Q73C 110.619 176.502
E75N-G74C 120.847 174.29
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D76N-E75C 121.32 176.619
G77N-D76C 109.932 176.922
S78N-G77C 117.401 174.234
P79N-S78C 138.004 173.009
Q80N-P79C 120.117 177.325
A81N-Q80C 124.786 176.072
H82N-A81C 118.219 177.653
R83N-H82C 122.468 175.378
R84N-R83C 122.678 175.977
G85N-R84C 110.32 176.602
P86N-G85C 134.165 172.295
T87N-P86C 112.083 177.705
G88N-T87C 110.619 175.128
Y89N-G88C 120.192 173.668
L90ON-Y89C 124.252 175.432
V91N-L90C 122.995 176.63
L92N-Vv91C 126.974 175.945
D93N-L92C 121.76 177.011
E94N-D93C 121.249 176.403
E95N-E94C 121.733 176.705
Q96N-E95C 121.418 176.621
Q97N-Q96C 122.876 175.913
P98N-Q97C 137.233 173.992
S99N-P98C 117 176.99
Q100N-S99C 122.984 174314
P101N-Q100C 137.509 173.979
Q102N-P101C 121.334 177.045
S103N-Q102C 117.536 176.335
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A104N-5103C 126.322 174.509
L105N-A104C 120.778 177.887
E106N-L105C 121.411 177.626
C107N-E106C 120.601 176.106
H108N-C107C 122.964 173.984
P109N-H108C 137.613 173.387
E110N-P109C 121.522 177.196
R111N-E110C 122.364 176.838
G112N-R111C 109.948 176.918
C113N-G112C 119.058 173.875
V114N-C113C 124.722 174.566
P115N-V114C 139.681 174.395
E116N-P115C 123.053 176.545
P117N-E116C 138.16 175.015
G118N-P117C 109.681 177.855
0119N-G118C 123.782 174.108
A120N-0119C 123.603 177.863
V121N-A120C 120.214 178.16
A122N-V121C 128.15 176.394
A123N-A122C 123.635 177.806
S124N-A123C 115.362 178.167
K125N-5124C 123.419 174.838
G126N-K125C 109.677 177.014
L127N-G126C 123.047 173.736
P128N-L127C 136.447 175.496
Q129N-P128C 120.945 176.912
Q130N-Q129C 122.553 175.912
L131N-Q130C 126.185 175.673
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P132N-L131C 136.103 175.149
A133N-P132C 126.201 176.218
P134N-A133C 137.486 175.095
P135N-P134C 140.302 174.067

9.4. HSQC assignment of AR-25Q

The data were recorded at 375uM 25Q, in 20mM sodium phosphate buffer and
1mM TCEP, at pH 7.4 and 278 K.

Assignment wl w2
E3N-E3H 123.232 8.861
V4N-V4H 122.491 8.384
Q5N-Q5H 124.851 8.602
L6N-L6H 124.376 8.529
G7N-G7H 109.605 8.555
L8N-L8H 121.635 8.278
GON-GOH 109.696 8.594
R10N-R10H 120.782 8.141
V11N-V11H 122.202 8.264
Y12N-Y12H 126.373 8.598
S17N-S17H 116.759 8.607
K18N-K18H 123.699 8.66
T19N-T19H 115.182 8.243
Y20N-Y20H 123.824 8.389
R21N-R21H 124.687 8.471
G22N-G22H 109.287 7.742
A23N-A23H 123.411 8.278
F24N-F24H 119.411 8.369
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Q25N-Q25H 121.806 8.276
N26N-N26H 119.732 8.472
L27N-L27H 122.533 8.26
F28N-F28H 120.223 8.278
Q29N-Q29H 121.82 8.225
S30N-S30H 117.723 8.433
V31N-V31H 122.199 8.318
R32N-R32H 125.087 8.47
E33N-E33H 123.05 8.503
V34N-V34H 123.151 8.419
I35N-135H 126.447 8.425
Q36N-Q36H 125.616 8.661
N37N-N37H 121.506 8.71
G39N-G39H 109.269 8.38
R41N-R41H 121.692 8.588
H42N-H42H 122.373 8.526
E44N-E44H 121.645 8.911
A45N-A45H 125.627 8.463
A46N-A46H 123.763 8.463
S47N-S47H 115.297 8.362
A48N-A48H 126.258 8.383
A49N-A49H 125.241 8.367
G52N-G52H 109.492 8.648
A53N-A53H 123.727 8.249
S54N-S54H 114.829 8.429
L55N-L55H 124.537 8.226
L56N-L56H 120.463 7.986
L57N-L57H 120.643 7.868

9. Appendix

199



9. Appendix

L58N-L58H 120.743 7.975
Q59N-Q59H 119.381 8.288
Q60N-Q60H 120.304 8.424
Q61N-Q61H 120.254 8.395
Q62N-Q62H 120.206 8.297
Q63N-Q63H 120.261 8.298
Q64N-Q64H 120.295 8.306
Q65N-Q65H 120.341 8.321
Q66N-Q66H 120.388 8.335
Q67N-Q67H 120.407 8.34
Q68N-Q68H 120.422 8.344
Q69N-Q69H 120.48 8.351
Q70N-Q70H 120.5 8.356
Q71N-Q71H 120.551 8.366
Q72N-Q72H 120.588 8.37
Q73N-Q73H 120.624 8.378
Q74N-Q74H 120.664 8.382
Q75N-Q75H 120.719 8.392
Q76N-Q76H 120.799 8.402
Q77N-Q77H 120.835 8.407
Q78N-Q78H 120.871 8.416
Q79N-Q79H 120.984 8.429
Q80N-Q80H 121.233 8.456
Q81N-Q81H 121.337 8.484
Q82N-Q82H 121.63 8.515
Q83N-Q83H 121.628 8.517
E84N-E84H 122.561 8.622
T85N-T85H 115.452 8.364
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S86N-S86H 119.852 8.451
R88N-R88H 121.466 8.548
Q89N-Q89H 121.848 8.534
Q90N-Q90H 122.061 8.603
Q91N-Q91H 121.901 8.597
Q92N-Q92H 122.106 8.6
Q93N-Q93H 122.287 8.646
Q94N-Q94H 122.279 8.668
GI95N-G95H 110.634 8.621
E96N-E96H 120.849 8.506
D97N-D97H 121.329 8.574
G98N-G98H 109.911 8.486
S99N-S99H 117.406 8.273
Q101N-Q101H 120.119 8.531
A102N-A102H 124.827 8.331
H103N-H103H 118.194 8.315
R104N-R104H 122.544 8.387
R105N-R105H 122.732 8.623
G106N-G106H 110.346 8.452
T108N-T108H 112.15 8.329
G109N-G109H 110.647 8.335
Y110N-Y110H 120.225 8.097
L111N-L111H 124.292 8.336
V112N-V112H 123.079 8.29
L113N-L113H 127.026 8.495
D114N-D114H 121.788 8.445
E115N-E115H 121.272 8.528
E116N-E116H 121.779 8.531
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Q117N-Q117H 121.418 8.456
Q118N-Q118H 122.898 8.594
S120N-S120H 117.029 8.626
Q121N-Q121H 122.98 8.54
Q123N-Q123H 121.343 8.746
S124N-S124H 117.546 8.52
A125N-A125H 126.333 8.536
L126N-L126H 120.77 8.21
E127N-E127H 121.417 8.33
C128N-C128H 120.621 8.367
H129N-H129H 122.79 8.681
E131N-E131H 121.55 9.103
R132N-R132H 122.386 8.457
G133N-G133H 109.967 8.538
C134N-C134H 119.045 8.344
V135N-V135H 124.739 8.45
E137N-E137H 123.058 8.637
G139N-G139H 109.684 8.681
A140N-A140H 123.79 8.109
A141N-A141H 123.61 8.429
V142N-V142H 120.232 8.217
A143N-A143H 128.166 8.489
A144N-A144H 123.646 8.423
S145N-S145H 115.363 8.381
K146N-K146H 123.41 8.445
G147N-G147H 109.683 8.434
L148N-L148H 123.049 8.254
Q150N-Q150H 120.935 8.616
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Q151N-Q151H 122.533 8.581
L152N-L152H 126.183 8.579
A154N-A154H 126.21 8.508

9.5. pDEST-HisMBP vector

pDEST-HisMBP is a  Gateway® destination vector for the production of
recombinant proteins as fusions to the C-terminus of a dual His6-MBP tag in the
cytoplasm of E.coli (340, 341). The vector is a derivative of pMal-C2 (new England
Biolabs) with ColE1 replicon. The plasmid has antibiotic resistance for Ampicillin
with a tac promoter. The expression of protein in this vector can be induced by
IPTG (1mM).

lacl

ROP Apal (642)
pGEX_3_primer ORF frame 3
Ndel (7403) EcoRV (881)

Hpal (937)

Narl (1071)
tac_promoter
pBR322_origin M13_pUC_rev_primer
f1_origin 6xHIS
Balll (1905)
pDEST-HisMBP
8282 bp
ORF frame 2
Ampicillin ORF frame 1
MBP_F_primer
attR1
attR2
Notl (2782)
Eagl (2782)
lac_promoter
AmpR_promoter ) EcoRI (3102)
rrB_T2_terminator CAT/CamR
rrnB_T1_terminator ORF frame 3
rrnB_terminator Xmal (3971)
pTrcHis_rev_primer Smal (3973)
pBAD_rev_primer ccdB
lacZ_a

M13_pUC_fwd_primer
M13_forward20_primer
attiR1

atiR2

Sall (4230)

Pstl (4228)

Figure 9-1: Scheme of pDEST-HisMBP vector.
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9.6. Ni*? affinity chromatography

—— NIM:MBPNIZS0 07011410 UVA 2600m _— N Hisig) 701
= T NiHSMBPNIZEG 07011410 Inject = = NI HisMBP N1250 070114:1 Ogbock
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Figure 9-2: a) Nit? affinity chromatography and respective b)
SDS PAGE gels of the more relevant fractions for HisMBP AR-
25Q.

IETERES]

b e

204



9. Appendix

9.7. Size exclusion chromatography

SizF gl HisMBP Nt25Q 20713:10 U1 280nm SizExd HisMBPN{25Q 20713:10 UV2 254nm  —— —— SizExcl HisMBP Nt25Q 20713:10 Fractions
— T SiZExclHisMBPN{25Q 2071310 Injed  — ~ _SizExd HisMBPNt25Q 2071310 Logbook — — SizExel HisMBP Nt25Q 20713:10 P60 Flow

mAU

2000

1500

1000

x | x Jbsobohubsholuhobs| hii b bd_pobrbobobubsbobnfobskdksbof okl di{ bid bid_pobrbel os
0 100 150 0n 50 00 ml

N AS ASTATIBE BAB3 B2B1 C1 3 | Figyre 9-3: a) Size Exclusion chromatography and respective b) SDS

PAGE gels of the more relevant fractions for HisMBP AR-25Q —
e —- HisMBP AR-25Q is the peak relative to fractions B6-B3.
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9.8. Reverse Ni*’ chromatography
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Figure 9-4: A representative reverse Nit? purification after TEV protease cleavage. a) chromatogram
illustrates separated fractions of proteins, in this step, His-MBP and TEV proteins will be separated
from AR-25Q. b) 2 SDS-PAGE gel examples of purified fractions, on left, His-MBP on the top and TEV
protease are shown.
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9.9. Mass spectrometric analysis of 4Q and 25Q

After each protein expression and purifications, the samples were sent for mass
spectrometric (MS) analysis in mass spectroscopy facility in IRB, Barcelona.

Sample preparation for urea sample: Labeled N AR-25Q and non-labeled protein
prepared in 6M Urea: 10ulL of sample was desalted using a ZipTip® C4 and eluted
with 10uL of ACN/H,0 (70:30) with 1 % formic acid. The desalted sample was
diluted 1/10 with 1 % formic acid aqueous solution and 10uL were injected for MS
analysis.

Sample preparation for non-urea sample: The sample was diluted with 1% formic
acid aqueous solution to 5uM and 10uL (50pmols) were injected for MS analysis.

H200.1% FA
1003_15M_Nt25Q_RMN 2009 (20.794) M1 [Ev-225108 It38] (Gs.0.600,677 2532, 1 00 L33,R33), Cm (1974 2048) TOF MS ES+
500, 17436.000 101e5

-—— 17436.00

17477.000

117494000
17498.000
17660.000

— mass

(WY VI P PN " PSS T R

0_
10000 12000 14000 16000 18000 20000 22000 24000 26000

T

28000

Figure 9-5: N-25Q labeled sample for NMR experiments were prepared and the exact mass of the
protein were identified before each experiment. Isotopically labeled average molecular weight of
AR-25Q is 17437. 1328.
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H200.1% FA
1903_Nt25QCanada 1075 (20 440) M1 [EVO,1133] (Gs,0 8006693508 1 00,L33 R33). Cm (1952 2039) TOF S ES+
500 17203 000 1685
-
17245.000
4
17367.000
rd
17428.000
11469.001
1 L ol D () 4 A
T T T T T T T T T T T T T T T T T Y mass
10000 12000 14000 16000 18000 20000 22000 24000 26000 28000

Figure 9-6: Non-labeled sample for NMR experiments was prepared and the exact mass of the
protein was identified before each experiment. The theoretical molecular weight of AR-25Q is
17203.91.

H20 0.1% FA
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Figure 9-7: ®N-4Q labeled sample for NMR experiments was prepared and the exact mass of the
protein was identified before each experiment. Isotopically labeled average molecular weight of AR-
4Q is 14704.7051
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H20 0.1% FA

121217_PDEST3_4Q 877 (17.104) M1 [Ev-575314,1t61] (Gs,0.640,639:5907,1.00,L33,R33); Cm (857:1025) 1: TOF MS ES+
1004 14510.0010_ 2.99e€]
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|
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146100010
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Figure 9-8: Non-labeled sample for NMR experiments was prepared and the exact mass of the
protein was identified before each experiment. The theoretical molecular weight of AR-25Q is

14513.1
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Table S1 Experimental parameters used for the acquisition of the NUS NMR experiments

on the 4Q construct.

- + ; p Relative
Spectral widths and maximal evolution times No. of No. of Duration-of o
No.of | Inter-scan | complex :
2 i hypercomple the points
5 : - Direct scans | delays (s) points 5 ' 2
Indirect dimensions . . X points experiment density
dimension (aq)
(%)
000 HNMNS 2600Hz | gg40 He 1day, 10
4D HCBCACON CH) | (acamy | C3N) e 8 0.9 512 850 | Yo 0.07
20.0 ms 50.0 ms A
7.5 ms
12500
5000 Hz 2600 Hz
4D HCBCANCO (:He/8) HBMM\B (15N) mwmm.w.ﬁ 16 0.9 512 850 w“MW“Nt 0.11
35.7 ms 32.0ms
35.7 ms
2200Hz | 2600Hz | 2600 Hz
4D (HCA)CON(CA)CON (3¢ (5N) (5N) mwmm.%N 16 0.9 512 930 wmwwwo 0.34
24.1 ms 242 ms | 30.0ms
2200Hz | 2600Hz | 2600 Hz
4D (HN)CON(CA)CON (3¢ (15N) (15N) mﬂ.um.wa 32 0.5 512 910 4 wwwmﬁ 0.33
24.1 ms 242ms | 30.0ms
2700Hz | 2300 Hz
3D TROSY HNCO (3¢) (15N) Emw%uﬁ 8 1.2 1024 560 7 hours 20.00
20.7ms | 21.7ms
2300Hz | 2700Hz | 2300 Hz
4D TROSY 5N ) sy | 133001z s iz T2 Seeo 2 days, 20 S
(H)NCO(CA)NNH (1H) hours
204ms | 239ms | 239ms
1500 Hz | 2300Hz | 2300 Hz
4D TROSY HN(COCA)NNH |  (iH) (5N) (15N) waw%umn 8 1.2 1024 1450 1 mww.ﬂmw 1.60
200ms | 239ms | 239ms
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Table S2 Experimental parameters used for the acquisition of the N relaxation NMR
experiments on the 4Q construct.

Spectral widths and maximal Inter-scan
. . No. of scans
evolution times delays (s)
2100 Hz (°N) | 8400 Hz (*H)
2D *H-"N HsQC 2 1.0
24.0 ms 61.1 ms
2800 Hz (*N) | 5300 Hz (**C')
2D CON-IPAP 8 2.5
90.0 ms 96.8 ms

The spectra were acquired at the following temperatures: 278, 283, 288, 293,

298, 303 and 308 K.
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Table S3 Experimental parameters used for the acquisition of the time dependence NMR
experiments on the 4Q construct.

Spectral widths and maximal | No. of | Inter-scan
evolution times scans delays (s)

1600 Hz (*°N) | 10500 Hz (*H)

5N R, 8 3.0
156.8 ms 97.6 ms
1600 Hz (*°N) | 10500 Hz (*H)

PN R, 8 3.0
156.8 ms 97.6 ms

Steady-state 1600 Hz (*°N) | 10500 Hz (*H)

heteronuclear 64 6.0

N{*®H} NOEs 156.8 ms 97.6 ms

For the determination of R;, 10 experiments were acquired changing the
variable delay from 15 to 995 ms. For the determination of R,, 10 experiments
were acquired changing the variable delay from 30 to 565 ms.
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Table S4 Experimental parameters used for the acquisition of the NUS NMR experiments

on the 25Q construct.

: d il Relative
Spectral widths and maximal evolution times No. of No. of Duationot it
No.of | Inter-scan | complex -
. Y hypercomple the points
" . . Direct scans | delays (s) points . T .
Indirect dimensions SitEseian (aq) X points experiment density
(%)
12500
5000 Hz 2600 Hz
4D HCBCACON (*He/%) Hz sy (2809 Ha— g 0.9 512 850 i eap il 0.07
(13Ca/8) (3¢) hours
20.0 ms 50.0 ms
7.5 ms
2200 Hz | 2600 Hz | 2600 Hz
4D (HN)CON(CA)CON (=C) (15N) (15N) mw_oum%N 32 0.5 512 910 4 ﬂwku: 0.33
241ms | 242ms | 30.0 ms
2000 Hz | 2000 Hz
3D HNCO (13C) (*N) Howw%u:N 16 1.0 1024 1130 1 day 33.30
355ms | 24.0ms
1800 Hz | 2400 Hz 13300 Hz
3D TROSY HN(CA)CO (13C) (15N) (1H) 16 1.2 1024 580 14 hours 26.00
250ms | 20.8ms
1500 Hz | 2400 Hz | 2400 Hz
ADTROSYHN(COCA)NNH | (*H) | (SN) | (®N) amm.mﬁ 8 12 1024 1720 $ nwm.ﬂ wo 1.90
200ms | 229ms | 229ms
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Table S5 Experimental parameters used for the acquisition of the N relaxation NMR
experiments on the 0.5 mM 25Q construct.

NOEs

177.7 ms

97.6 ms

No.
Spectral widths and maximal 01? Inter-scan
evolution times delays (s)
scans
1600 Hz (*°N) | 10500 Hz (*H)
PN R, 8 3.0
156.8 ms 97.6 ms
1600 Hz (*°N) | 10500 Hz (*H)
PN R, 8 3.0
156.8 ms 97.6 ms
Steady-state 1600 Hz (*°N) | 10500 Hz (*H)
heteronuclear N{**H} 64 6.0

For the determination of R;, 10 experiments were acquired changing the
variable delay from 15 to 995 ms. For the determination of R,, 10 experiments
were acquired changing the variable delay from 30 to 315 ms.

R, values were determined also for 0.25 and 0.125 mM samples by acquiring,
respectively, 7 (16 scans) and 9 (24 scans) experiments changing the variable
delay from 30 to 315 ms.
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Table S6 list of proteins with high abundance isolated from total tissue homogenates of

SBMA transgenic mice.

spinal cord young

spinal cord old

spinal cord old

spinal cord old

muscle yo

musce old

muscle very old

mxs.3

s 1

mxs2

s 4

mxs.5

mxs.6

10812

10810

10811

10816

10813

10815

10814

Uniprot ID

TOTAL peptided

Biological fi

Protein type

sp|A2ASS6-2| TITIN_MOUSE

95

130 230

adult heart development

cardiac myofibril assembly
forward locomotion

heart morphogenesis

in utero embryonic development
muscle contraction
peptidyl-tyrosine phosphorylation
regulation of relaxation of cardiac
muscle

Kinase
Serine/threonine-
protein kinase
Transferase

sp|A2ASS6|TITIN_ MOUSE

11

37

53 101

adult heart development

cardiac myofibril assembly
forward locomotion

heart morphogenesis

in utero embryonic development
muscle contraction
peptidyl-tyrosine phosphorylation
regulation of relaxation of cardiac
muscle

Kinase
Serine/threonine-
protein kinase
Transferase

cytoskeleton organization
endocytosis

olfactory bulb development
positive regulation of glutamate
secretion

pyrimidine nucleobase catabolic
process

regulation of neuron differentiation
response to amphetamine
response to cocaine

response to drug

spinal cord development
synaptic vesicle transport

sp|008553 |DPYL2_MOUSE

29

31

49

28

| protein
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spl008599-2|STXB1. MOUSE

25

19

12

67

axon target recognition

long term synaptic depression
negative regulation of neuron apoptotic
process

negative regulation of synaptic
transmission, GABAergic
neuromuscular synaptic transmission
neurotransmitter secretion

positive regulation of calcium lon-
[dependent exocytosis

protein transport

synaptic vesicle maturation

vesicle docking involved in exocytosis

|splO08S99|STXB1_MOUSE

25

12

24

axon target recognition

long term synaptic depression

negative regulation of neuron apoptotic
process

negative regulation of synaptic
transmission, GABAergic

75

neur ynaptic tr
neurotransmitter secretion

positive regulation of calcium fon-
dependent exocytosis

protein transport

synaptic vesicle maturation

vesicle docking involved in exocytosis

|spl035295|PURB_MOUSE

15

12

21

75

DNA unwinding Involved in DNA
replication
apoptotic process
cell differentiation
cell proliferation

of

B Fes! ¥
DNA-dependent
transcription, DNA-dependent

Repressor

|spl070318|E41L2_MOUSE

12

16

10

50

actin cytoskeleton organization
cortical actin cytoskeleton organization
regulation of cell shape

sp|088569|ROA2_MOUSE

56

RNA splicing

RNA transport

mRNA processing

negative regulation of mRNA splicing,
via spliceosome
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sp|P08553|NFM_MOUSE

51

59

33

11

201

axon cargo transport

inter

diate filament bundle assembly
microtubule cytoskeleton organization
neurofilament cytoskeleton
organization

regulation of axon diameter

sp|P09411|PGK1_MOUSE

16

13

68

glycolysis

Kinase
Transferase

sp|P10922|H10_MOUSE

11

10

13

51

nucleosome assembly

sp|P11499|HS90B_MOUSE

61

cellular response to interleukin-4

negative regulation of proteasomal

ubiquitin-dependent protein ¢

process

placenta development

positive regulation of nitric oxide

biosynthetic process

protein folding

regulation of interferon-gamma-
=

hnli

d signaling pathway
regulation of type I interferon-
mediated signaling pathway
response to stress

Chaperone

sp|P13542|MYHB_MOUSE

16

33

45

99

ATP binding
motor activity

Motor protein
Muscle protein

Myosin
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sp|P14873|MAP1B_MOUSE

23

21

35

25

104

axon extension

dendrite development
establishment of monopolar cell
polarity

microtubule bundle formation
mitochondrion transport along
microtubule

negative regulation of intracellular
transport

positive regulation of axon extension

sp|P16330-2|CN37_MOUSE

17

16

35

32

108

adult locomotory behavior

aging

axonogenesis

cyclic nucleotide catabolic process
forebrain development

microtubule cytoskeleton organization
regulation of mitochondrial b

permeability
response to lipopolysaccharide
response to toxic substance

Hydrolase

sp|P16330|CN37_MOUSE

15

26

13

15

73

adult locomotory behavior

aging

axonogenesis

cyclic nucleotide catabolic process

forebrain development

microtubule cytoskeleton organization
lation of mitochondrial b

T
permeability
response to lipopolysaccharide
response to toxic substance

Hydrolase

sp|P16858|G3P_MOUSE

51

30

31

28

24

39

40

244

glycolysis

microtubule cytoskeleton organization
negative regulation of translation
neuron apoptotic process
peptidyl-cysteine S-trans-nitrosylation
protein stabilization

Oxidoreductase
Transferase
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sp|P17156|HSP72_MOUSE

71

male meiosis

positive regulation of cyclin-dependent
protein serine/threonine kinase
activity involved in G2/M transition of
mitotic cell cycle

response to stress

spermatid development

synaptonemal complex disassembly

Chaperone

sp|P17182|[ENOA MOUSE

10

23

20

18

25

17

16

130

glycolysis

Lyase

sp|P19157|GSTP1_MOUSE

12

10

12

14

17

79

cellular response to cell-matrix
adhesion

cellular response to epidermal growth
factor stimulus

cellular response to glucocorticoid
stimulus

cellular response to insulin stimulus
cellular response to lipopolysaccharide
common myeloid progenitor cell
proliferation

glutathione metabolic process
negative regulation of ERK1 and ERK2
cascade

negative regulation of I-kappaB
kinase/NF-kappaB cascade

negative regulation of JUN kinase
activity

negative regulation of acute
inflammatory response

negative regulation of apoptotic
process

negative regulation of extrinsic
apoptotic signaling pathway

negative regulation of fibroblast
proliferation

negative regulation of interleukin-1
beta production

Transferase
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sp|P19246|NFH_MOUSE

67

64

78

36

253

intermediate filament bundle assembly
microtubule cytoskeleton organization
neurofilament cytoskeleton
organization

peripheral nervous system neuron
axonogenesis

sp|P20029|GRP78_MOUSE

10

10

ER overload response
activation of signaling protein activity

] 1ded

70

in protein resp
cellular response to glucose starvation
cellular response to interleukin-4
cerebellar Purkinje cell layer
development
cerebellum structural organization

gative regulation of apoptoti

process
negative regulation of transforming
growth factor beta receptor signaling
pathway
positive regulation of embryonic
development
positive regulation of protein
ubiquitination
proteolysis involved in cellular protein
catabolic process

sp|P20152 |VIME_MOUSE

25

32

36

34

20

Bergmann glial cell differentiation
astrocyte development
diate filament organization

inter

209

lens fiber cell development
negative regulation of neuron
projection development

sp|P21550|ENOB_MOUSE

61

56

63

196

aging
glycolysis

response to drug

skeletal muscle tissue regeneration

Lyase

sp|P22752|H2A1_MOUSE

11

nucleosome assembly

61
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apoptotic process involved in
morphogenesis

cellular response to gamma radiation
glucose metabolic process

lens development in camera-type eye
microtubule polymerization or
depolymerization

muscle organ development

negative regulation of apoptotic
process

negative regulation of cell growth
negative regulation of cysteine-type

Fy

peptidase activity i in
apoptotic process
negative regulation of gene expression
negative regulation of intracellular
transport
negative regulation of reactive oxygen
species metabolic process
protein folding
protein homooligomerization
response to estradiol stimulus
response to hydrogen peroxide
response to hypoxia
stress-activated MAPK cascade

tubulin complex assembly Chaperone
sp|P23927|CRYAB_MOUSE B 1 44 24 77 Eye lens protein
glutamine metabolic process
long-term memory
positive regulation of insulin secretion
response to aluminum ion
tricarboxylic acid metabolic process
sp|P26443|DHE3_MOUSE 36 30 37 17 120 Oxidoreductase
muscle organ development
sp|P31001|DESM_MOUSE 26 95 B8 209 Muscle protein
acetyl-CoA biosynthetic process from
pyruvate
glycolysis
tricarboxylic acid cycle
sp|P35486|0DPA_MOUSE 44 38 45 47 43 11 36 264 Oxidoreductase

221



9. Appendix

sp|P42669|PURA_MOUSE

23

15

16

21

85

DNA unwinding involved in DNA
replication

apoptotic process

cell differentiation

cell proliferation

mitotic cell cycle checkpoint
negative regulation of transcription,
DNA-dependent

nervous system development
positive regulation of cell proliferation
transcription, DNA-dependent

Activator

sp|P45591|COF2_MOUSE

16

13

14

14

15

15

19

110

actin filament depolymerization

sp|P46460|NSF_MOUSE

10

34

24

27

95

positive regulation of receptor
recycling

potassium ion transport
protein transport

Hydrolase

73

62

89

275

cell differentiation

nervous system development
neurofilament cytoskeleton
organization

Devel | protein

sp|P46660|AINX_MOUSE

sp|P47708|RP3A_MOUSE

11

27

54

intracellular protein transport

sp|P47857|K6PF_MOUSE

25

15

14

10

10

20

22

116

fructose 6-phosphate metabolic
process

glucose homeostasis

glycolysis

muscle cell cellular homeostasis
positive regulation of insulin secretion

Kinase
Transferase
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sp|P47962|RL5_MOUSE

14

10

12

57

rRNA processing

)

T ] large subunit biog
translation

Ribonucleoprotein
Ribosomal protein

sp|P48036|ANXAS_MOUSE

14

25

27

27

17

23

25

160

blood coagulation
negative regulation of coagulation
response to organic substance

sp|P48758|CBR1_MOUSE

12

10

31

58

drug metabolic process
vitamin K metabolic process

Oxidoreductase

sp|P48962|ADT1_MOUSE

19

14

14

12

82

poptotic mitochondrial chang
negative regulation of necrotic cell
death

transmembrane transport

L

sp|P50518|VATE1_MOUSE

28

39

36

36

155

ATP hydrolysis coupled proton
transport

Hydrolase

sp|P51881|ADT2_MOUSE

11

13

53

chromosome segregation

negative regulation of mitochondrial
outer membrane permeabilization
positive regulation of cell proliferation
transmembrane transport

sp|P52480-2|KPYM_MOUSE

12

15

10

40

99

glycolysis

Kinase
Transferase

sp|P52480|KPYM_MOUSE

20

10

60

17

11

147

glycolysis

Kinase
Transferase
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ATP hydrolysis coupled proton
transport

ATP synthesis coupled proton
transport

angiogenesis

lipid metabolic process

negative regulation of cell adhesion
involved in substrate-bound cell
migration

regulation of intracellular pH

sp|P564B0|ATPB_MOUSE 36 19 15 30 25 5 19 166 Hydrolase
cilium assembly
protein localization to cilium
proton transport
sp|P57746|VATD_MOUSE B 36 34 41 30 2 11 164
translation Ribonucleoprotein
sp|P62242|RS8_MOUSE 9 12 13 10 11 3 13 71 Ribosomal protein
negative regulation of RNA splicing
translation Ribonucleoprotein
sp|P62301|RS13_MOUSE 27 22 25 26 34 10 18 162 Ribosomal protein
multicellular organismal development
positive regulation of cell proliferation
positive regulation of translation
translation Ribonucleoprotein
sp|P62702|RS4X_MOUSE 9 11 16 18 23 3 3 5] Ribosomal protein
negative regulation of megakaryocyte
differentiation
nucleosome assembly
sp|P62806|H4_MOUSE 10 74 3 10 2 11 17 73
ATP hydrolysis coupled proton
transport
ATP metabolic process
sp|P62814|VATBZ_MOUSE 14 11 14 12 b 52 Hydrolase

224



9. Appendix

sp|P62827|RAN_MOUSE

10

50

actin cytoskeleton organization

cell division

cellular protein complex localization
mitosis

positive regulation of protein binding
protein import into nucleus

small GTPase mediated signal
transduction

sp|P62900|RL31_MOUSE

17

15

22

19

94

translation

Ribonucleoprotein
Ribosomal protein

sp|P62908|RS3_MOUSE

11

11

11

51

translation

Ribonucleoprotein
Ribosomal protein

sp|P62918|RL8_MOUSE

13

20

22

20

22

13

114

translation

Ribonucleoprotein
Ribosomal protein

sp|P62962|PROF1_MOUSE

10

11

11

11

66

actin cytoskeleton organization
cellular response to growth factor
stimulus

neural tube closure

positive regulation of DNA metabolic
process

positive regulation of stress fiber
assembly

positive regulation of transcription
from RNA polymerase Il promoter
positive regulation of viral
transcription

regulation of transcription from RNA
polymerase Il promoter

ing of actin

sp|P63017|HSP7C_MOUSE

22

23

30

33

29

15

18

183

RNA splicing

chaperone mediated protein folding
requiring cofactor

mRNA processing

negative regulation of transcription,
DNA-dependent

regulation of cell cycle

p to stress
transcription, DNA-dependent

Chaperone
Repressor
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sp|P63038-2|CH60_MOUSE

12

13

B cell cytokine production

B cell proliferation
MyD88-dependent toll-like receptor
signaling pathway

T cell activation

activation of cysteine-type
endopeptidase activity involved in
apoptotic process

isotype switching to IgG isotypes
negative regulation of apoptotic
process

positive regulation of T cell activation
positive regulation of T cell mediated
i T to tumor cell

69

positive regulation of apoptotic process
positive regulation of interferon-alpha
production

positive regulation of interferon-
gamma production

positive regulation of interleukin-10
production

positive regulation of interleukin-12
production

positive regulation of interleukin-6
production

positive regulation of macrophage

activation

Chaperone
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B cell cytokine production

B cell proliferation
MyD88-dependent toll-like receptor
signaling pathway

T cell activation

activation of cysteine-type
endopeptidase activity involved in
apoptotic process

isotype switching to IgG isotypes
negative regulation of apoptotic
process

positive regulation of T cell activation

p regulation of T cell mediated
immune response to tumor cell
positive regulation of apoptotic process
positive regulation of interferon-alpha
production

positive regulation of interferon-
gamma production

positive regulation of interleukin-10
production

positive regulation of interleukin-12
production

positive regulation of interleukin-6
production

positive regulation of macrophage

splF |CH60_MOUSE 5 8 8 7 7 3 7 59 |activati Chap.
ib | small subunit assembly

translational elongation Ribonucleoprotein
sp|P63276|RS17_MOUSE 14 20 17 19 26 2 7 105 ib 1 protein

alpha-beta T cell differentiation

translation Ribonucleoprotein
sp|P67984|RL22_MOUSE i 10 13 15 13 2 % 67 ib 1 protein

isocitrate metabolic process

tricarboxylic acid cycle
sp|P70404|IDHG1_MOUSE 22 14 17 19 20 12 16 120 Oxi

brain development

cellular chloride ion homeostasis Kinase
sp|Q04447|KCRB_MOUSE 3 22 24 29 25 2 5 110 T

muscle contraction Motor protein

response to activity Muscle protein
sp|Q5SX39|MYH4_MOUSE 27 3 43 40 113 Myosin

ATP binding Motor protein

motor activity Muscle protein
sp|Q5SX40|MYH1_MOUSE 1 43 37 91 Myosin
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fatty acid beta-oxidation

negative regulation of insulin secretion
response to activity

response to drug

response to insulin stimulus

sp|Q61425|HCDH_MOUSE 20 11 8 9 10 20 18 96 Oxidoreductase
muscle contraction
sp|Q62234|MYOM1_MOUSE 9 25 19 53 Muscle protein
muscle contraction
sp|Q62425|NDUA4_MOUSE 19 20 16 21 18 7 14 115
adherens junction assembly
apical junction assembly
cell adhesion
epithelial cell-cell adhesion
lamellipodium assembly
morph is of an epitheli
protein localization to cell surface
regulation of cell migration
sp|Q64727|VINC_MOUSE 23 9 9 7 8 26 34 117
phosphocreatine metabolic process Kinase
sp|Q6P8]7|KCRS_MOUSE 34 2 3 24 31 94 Transferase
response to oxidative stress
sp|Q7TMF3|NDUAC_MOUSE 13 10 12 11 14 4 8 72
GTP catabolic process
sp|Q7TQ48-2|SRCA_MOUSE 26 6 19 51
acetyl-CoA biosynthetic process from
pyruvate
glucose metabolic process
tricarboxylic acid cycle Acyltransferase
sp|Q8BMF4|0DP2_MOUSE 23 18 18 28 30 5 7 129 "Transferase
fatty acid beta-oxidation
response to insulin stimulus Lyase
sp|Q8BMS1|ECHA_MOUSE 32 37 44 15 39 31 57 255 Oxidoreductase
fatty acid metabolic process
negative regulation of mitochondrial
outer membrane permeabilization Acyltransferase
sp|Q8BWT1|THIM_MOUSE 17 9 6 9 7 7 14 69 Transferase
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sp|Q8QZT1|THIL_MOUSE

16

15

19

17

B0

adipose tissue development
brain development
liver development

hric proximal

)

tubule development

protein homooligomerization
response to hormone stimulus
response to organic cyclic compound
response to starvation

Acyltransferase
Transferase

sp|Q8R164|BPHL_MOUSE

10

10

13

14

13

16

B4

hydrolase activity

Hydrolase

sp|Q99JYO|ECHB_MOUSE

26

16

16

18

20

16

24

138

fatty acid beta-oxidation

Acyltransferase
T

sp|Q99KIO|ACON_MOUSE

29

21

18

49

24

21

33

195

citrate metabolic process
isocitrate metabolic process
tricarboxylic acid cycle

Lyase

sp|Q99LC3|[NDUAA_MOUSE

10

13

12

59

L3, x 5

metabolic process
oxidation-reduction process
response to drug

sp|Q9ICPQB|ATPSL MOUSE

10

14

52

ATP synthesis coupled proton
transport

sp|Q9CQ69|QCR8_MOUSE

10

11

11

62

cerebellar Purkinje cell layer
development

hippocampus development
hypothalamus development
midbrain development

pons development

pyramidal neuron development
subthalamus development
thalamus development

sp|Q9CQC7|NDUB4_MOUSE

24

19

22

21

27

14

18

145

response to oxidative stress
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oxidation-reduction process

sp|Q9CQJB|NDUB9_MOUSE 15 13 15 17 15 6 11 92
ATP synthesis coupled proton
transport
sp|Q9CQQ7|AT5F1_MOUSE 13 5 12 11 11 3 5 60
oxidation-reduction process
response to oxidative stress
sp|Q9CQZ5|NDUA6_MOUSE 13 11 10 19 15 3 5 76
translation Ribonucleoprotein
sp|Q9D1B9|RM28_MOUSE B 7 10 11 10 2 5 53 Ribosomal protein
translation Ribonucleoprotein
sp|Q9D8E6|RL4_MOUSE 12 21 20 14 15 3 9 99 Rib 1 protein
ATP synthesis coupled proton
transport
sp|Q9DB20|ATPO_MOUSE 20 15 16 21 22 9 13 116
oxidation-reduction process
proteolysis
sp|Q9DB77|QCR2_MOUSE 37 32 26 34 38 12 30 209
oxidation-reduction process
sp|Q9DC69|NDUAI_MOUSE 22 13 10 13 3 4 65
mitochondrial respiratory chain
complex I assembly
sp|Q9DC70|NDUS7_MOUSE 14 10 8 13 14 3 8 70 Oxidored
oxidation-reduction process
sp|Q9DCW4|ETFB_MOUSE 24 16 17 ik 13 25 26 138
90S preribosome assembly
axial mesoderm development
middle ear morphogenesis
ossification
regulation of translation
sensory perception of sound
skeletal system development
translation Ribonucleoprotein
sp|Q9)JI8|RL38_MOUSE 5 1 10 8 15 51 Rib 1 protein

230



9. Appendix

cellular hyperosmotic response
cellular response to tumor necrosis
factor

fertilization

in utero embryonic development
male gonad development

negative regulation of apoptotic
process

negative regulation of intrinsic
apoptotic signaling pathway in

P to osmotic stress
negative regulation of necrotic cell
death
negative regulation of skeletal muscle
tissue development
positive regulation of organ growth
regulation of transcription, DNA-
dependent

transcription, DNA-dependent

sp|Q9)KB3-2|YBOX3_MOUSE 18 4 8 10 14 8 18 B0 Repressor

ATP metabolic process

cell cycle arrest

leoside triphosphate biosynthetic

process Kinase
sp|Q9ROY5-2|KAD1_MOUSE 26 1l 3 2 13 25 16 B6 T

ATP metabolic process

cell cycle arrest

process Kinase

jull Y5|KAD1_MOUSE 41 13 11 12 9 49 51 186 T

AMP metabolic process

GTP metabolic process

ITP metabolic process

UTP metabolic process Kinase
|sp|QIWTP7|KAD3_MOUSE 1 12 13 10 12 7 13 78 Transferase

succinate metabolic process

succinyl-CoA metabolic process

tricarboxylic acid cycle
sp|Q9WUMS|SUCA_MOUSE 47 38 34 32 38 32 41 263 Ligase
sp|Q9Z0U1|Z02_MOUSE 22 24 12 25 B3

ATP synthesis coupled electron

transport
|sp|Q9Z1P6|NDUA7_MOUSE 15 11 8 8 16 3 9 70

tricarboxylic acid cycle
sp|Q9Z219|SUCB1_MOUSE 19 15 13 15 13 8 14 97 Ligase
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sp|P01942|HBA_MOUSE

18

19

21

29

19

23

33

162

response to stilbenoid

sp|P03995-2|GFAP_MOUSE

16

39

39

18

Bergmann glial cell differentiation
astrocyte development
extracellular matrix organization

115

intermediate filament or ion
long-term synaptic potentiation
negative regulation of neuron
projection development

neuron projection regeneration
positive regulation of Schwann cell
proliferation

regulation of neurotransmitter uptake
response to wounding

sp|P03995|GFAP_MOUSE

68

47

97

53

Bergmann glial cell differentiation
astrocyte development
extracellular matrix organization

275

intermediate filament organization
long-term synaptic potentiation
negative regulation of neuron
projection development

neuron projection regeneration
positive regulation of Schwann cell
proliferation

regulation of neurotransmitter uptake
response to wounding

sp|P05202|AATM_MOUSE

21

15

17

53

aspartate biosynthetic process
aspartate catabolic process

fatty acid transport

glutamate catabolic process to 2-
oxoglutarate

glutamate catabolic process to
aspartate

oxaloacetate metabolic process
response to ethanol

Aminotransferase
Transferase
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hydrogen-exporting ATPase activity,
phosphorylative mechanism

tr|BOV2H4|BOV2H4_MOUSE 2 17 19 27 25 2 92
angiogenesis
cellular response to acid
collagen fibril organization
fibrinolysis
positive regulation of binding
tr|BOVZNS|BOVZN5_MOUSE 6 9 13 12 9 8 20 83
cellular response to starvation Motor protein
tr|B1AR69|B1AR69_MOUSE 11 3 33 37 B4 Myosin
rRNA processing
ribosomal large subunit biogenesis
translation
tr|B1ARA3|B1ARA3_MOUSE 9 8 10 12 10 3 4 56
glycolysis
tr|B1ARR7|B1ARR7_MOUSE 3 11 10 10 1 2 4 54
sarcomere organization
tr|B1ATY1|B1ATY1_MOUSE 15 17 17 13 19 11 13 129
skeletal muscle cell differentiation
tr|B2RS77|B2RS77_MOUSE 26 1 14 24 65
blastocyst formation
tr|B9EH]3|B9EH]3_MOUSE 15 10 7 20 52
TRNA processing
ribosomal small subunit biogenesis
ribosomal small subunit export from
nucleus
translation Ribonucleoprotein
tr|D3YTQ9|D3YTQ9_MOUSE 8 7 5 11 17 2 5 57 b 1 protein
ribosome biogenesis
tr|D3YU93|D3YU93_MOUSE 9 13 12 12 13 6 7 72
translation
tr|D3YUG3|D3YUG3_MOUSE| 12 17 16 16 24 4 9 98
translation Ribonucleoprotein
tr|D3YV43|D3YV43_MOUSE % 6 6 10 13 1 5 50 ib 1 protein
chaperone mediated protein folding
requiring cofactor
regulation of cell cycle
tr|D3YW43|D3YW43_MOUS] 10 16 14 18 17 B 12 111
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tr|D3Z1N9|D3Z1N9_MOUSE

17

16

16

19

87

translation

tr|D3Z2F2|D3Z2F2_MOUSE

14

15

14

13

14

B cell cytokine production

B cell proliferation
MyD8B-dependent toll-like receptor
signaling pathway

T cell activation

activation of cysteine-type
endopeptidase activity involved in
apoptotic process

isotype switching to 1gG isotypes
negative regulation of apoptotic
process

positive regulation of T cell mediated
immune response to tumor cell
positive regulation of apoptotic process
positive regulation of interferon-alpha
production

positive regulation of interferon-
gamma production

positive regulation of interleukin-10
production

positive regulation of interleukin-12
production

positive regulation of interleukin-6
production

positive regulation of macrophage
activation

protein refolding

Chaperone

25

20

27

30

34

17

160

cell differentiation
translation

Ribonucleoprotein
ib 1 protein

tr|D3Z6C3|D3Z6C3_MOUSE

|tr|D3Z6F5|D3Z6F5_MOUSE

101

134

140

106

123

61

87

761

ATP hydrolysis coupled proton
transport

ATP synthesis coupled proton
transport

embryo development

lipid metabolic process

negative regulation of endothelial cell
proliferation

tr|D3Z6W1|D3Z6W1_MOUS
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34
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microtubule cytoskeleton organization

tr|E9PUM3|E9PUM3_MOUSE
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26

39
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glycogen catabolic process

Glycosyltransferase
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positive regulation of mitochondrial
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tr|E9PZF4|E9PZF4_MOUSE
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actin cytoskeleton organization

tr|E9Q0J5|E9Q0)5.MOUSE
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26
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microtubule-based movement

Motor protein

tr|E9Q133|E9Q133_MOUSE
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binding of sperm to zona pellucida
protein folding

Chaperone

tr|E9Q1GB|E9Q1GB_MOUSE
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cell cycle
protein heterooligomerization

tr|E9Q5F4|E9Q5F4_MOUSE

53

axonogenesis

tr|F6RT34|F6RT34_MOUSE

27
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313
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20
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1358

membrane organization
myelination
response to toxic substance

tr|F6SVV1|F65VV1_MOUSE

26
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41
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rRNA processing
rib ] small subunit bi

translation

tr|F6XVM5|F6XVMS_MOUSE
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11

14
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ATP synthesis coupled proton
transport

tr|F7D3P8|F7D3PB_MOUSE
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18
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15
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ATP synthesis coupled proton
transport
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actin filament-based process
tr|D3YWB7|D3YW87_MOU: 4 48 74 126
translation Ribonucleoprotein
tr|D3YX54|D3YX54_MOUSE 11 11 13 10 15 3 8 71 Rib | protein
fatty acid beta-oxidation
tr|D3YXU1|D3YXU1_MOUSE 11 -] 9 11 11 7 12 69
glucose metabolic process
tr|D3YYI5|D3YYIS_MOUSE 96 65 62 64 60 B1 71 525 Oxidoreductase
axon cargo transport
intermediate filament bundle assembly
microtubule cytoskeleton organization
neurofilament cytoskeleton
organization
regulation of axon diameter
tr|D3YZ35|D3YZ35_MOUSE 5 130 126 147 77 4 28 517
GTP catabolic process
tr|D3YZ68|D3YZ6B_MOUSE 2 3 5 3 3 2 23 56
ATP binding
tr|D3YZY0|D3YZY0_MOUSE 20 20 24 18 22 20 25 162
tr|D3Z0L4|D3Z0L4_MOUSE 27 15 17 15 20 1 23 128
translation
tr|D3Z1N9|D3Z1N9_MOUSE z 17 16 16 19 4 B B7
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nitrobenzene metabolic process

biotic catabolic process

tr|A2AKU9|A2AKU9_MOUSE]|

33
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15
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ATP synthesis coupled proton
transport

tr|A2AQA9|A2AQA9_MOUSE

31
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lation of actin filament length
sarcomere organization

tr|A2AQB2|A2AQB2_MOUSE|

18

42
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lation of actin filament length
sarcomere organization

tr|AZARP5|A2ARPS_MOUSE

11

16

13

50

ATP binding
kinase activity

Kinase
Transferase

tr|A2ARP8|A2ARP8_MOUSE

67

67

75

93

303

microtubule cytoskeleton organization
sensory perception of sound

tr|A2BGG7|AZBGG7_MOUSE

19

15

71

in utero embryonic development
negative regulation of striated muscle
cell differentiation

negative regulation of transcription
from RNA polymerase Il promoter

tr|A6Z144|A6Z144 MOUSE

23

15

55

glycolysis

response to estrogen stimulus
response to heat

response to hypoxia

response to lipopolysaccharide
response to nicotine

Lyase

tr|ABDUK4|ABDUK4_MOUSE

24

41

58

61

36

35

64

322

heme binding

iron ion binding

oxygen binding

oxygen transporter activity

tr|BOQZL1|BOQZL1_MOUSE

11
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24
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25
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glycolysis

Lyase
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