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CHAPTER 1: POLYGLUTAMINE DISEASES AND POLYGLUTAMINE
PROTEINS

1.1 MISFOLDING DISEASES

The modern era has seen a rise in the importance of a family of age-related diseases that are
linked to neurodegeneration. A common feature of these diseases is their association with
the presence aggregates comprising one or more protein species in neurons. These
aggregates form what are known as amyloid plaques(1).

Alzheimer disease (AD) and Parkinson disease (PD) are two well-studied protein misfolding
diseases. AD is associated with the accumulation of the amyloid- protein (AR) in brain
tissue(2).ARis the product of the proteolytic cleavage of a trans-membrane protein, the R-
amyloid precursor protein (APP)(3).Another key protein that also aggregates in the brain
cells of AD patients is tau, which; however,the relationship between tau andAR is still
unclear (4). In contrast, PD is associated with the misfolding and aggregation of the partially
folded protein a-synuclein(5, 6).

Prion diseases, like kuru and Creutzfeld-Jakob disease, are another family of pathologies that
are linked to protein aggregation. In these conditions, a protein, called prion protein (PrP),
undergoes a conformational change (becoming PrP*‘) that radically modifies its properties.
The main characteristics of PrP* are its propensity to form insoluble aggregates and its
infectiousness, meaning that it is capable of propagating its alternative conformation to
other protein molecules(7).

The last class of misfolding disorders is the family of polyglutamine diseases, associated with
the anomalous genetic expansion of a polyglutamine tract present in the disease-related
protein. This topic will be discussed in detail further (Chapter 1.3).

While no effective treatment is available for any of these diseases, it has been possible to
isolate protein aggregates with common structural and functional features from patients.
Research into the structure and biophysical properties of these aggregates and the way they
are formed might help us to understand how toxicity arises.

1.2 STRUCTURAL CHARACTERIZATION OF AMYLOID FIBRILS

Protein misfolding diseases are characterized by the formation of insoluble aggregates.
These aggregates tend to sequester other protein molecules, a process that leads to
macromolecular assemblies called amyloid fibrils(8, 9).The definition of amyloid currently
adopted by pathologists is that of an unbranchedfibrillar aggregate that occurs in tissue
depositsin vivo and that shows green birefringence when stained with the dye Congo Red(10,
11).
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A more functional definition of amyloid fibrils describes them as a type of semi-crystalline
aggregate composed of protein in R-sheet conformation, stacked along the axis of
elongation, organized with translational symmetry, and held together by hydrogen bonds
established between the N-H and C=0 groups of the backbone of the amino-acid chains(12).
This definition is based mainly on the common structural properties found in fibrils formed
by six distinct proteins, each of which associated with a different disease(13). In an attempt
to find a correlation between toxicity and structure, considerable research efforts have been
devoted to the study of fibrils using a wide range of techniques.

Single-crystal X-ray diffraction of amyloid fibrils shows a diffraction pattern, called cross-R,
characterized by a meridian reflection at 4.8A and another diffuse reflection at =10A along
the equator. This means that the distance between a R-strand and another within the same
sheet is 4.8A, while the distance between sheets is ~10A(14).

Amyloid fibrils have been analyzed with more sophisticated techniques, such as solid-state
nuclear magnetic resonance (NMR)(15, 16), cryo-electron microscopy (cryo-EM)(17, 18), and
single-crystal X-ray diffraction(14). All of these findings point towards a high level of
structural organization within the fibril spine, where strands and sheets are relatively
oriented according to 8 geometries (Figure 1.1), grouped into two main categories, namely
parallel B-sheets and antiparallel B-sheets(19). The former are formed by adjacent strands
oriented in the same direction, while in the latteradjacent strandsare oriented in opposite
directions. Also, every strand with the same orientation presents its side chains in register
with those of the following strand, meaning that each side chain will be superimposed at a
distance of 4.8A for a parallel B-sheet or 9.6A for an antiparallel one(2x4.8A4)(19).

This highly packed structure is kept together by hydrogen bonds between the amides of the
backbone and hydrophobic interaction between side chains belonging to adjacent
strands(15, 20). The high level of organization produced and the density of interactions lead
to high thermodynamic stability. Once formed, amyloid fibrils are very difficult to
disassemble, and strong denaturing agents and organic solvents are generally required for
this purpose. It is important to note that sonication breaks the fibrils but fails to dissolve
them(21, 22).
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Figure 1.1.The eight classes off steric zipper. Two identical sheets can be classified by: the
orientation of their faces (face-to-face vs. face-to-back), the orientation of their strands, and
whether the strands within each sheet are parallel or antiparallel. Both side views (left) and
top views (right) show which of the six residues of the segment point into the zipper and which
point outward. Green arrows show two-fold screw axes, yellow arrows show translational
symmetry. Representative protein segments are listed below each class(19)

When treated and incubated under specific conditions, many proteins and small peptides
have the potential to produce amyloid fibrils(23, 24), and the fibrillar form has been
considered the most stable conformation of a protein, even more stable than the native
form, and it represents the global minimum in the energy landscape of many proteins,
separated from the native fold by a high energy barrier(25).

It has been proposed that the amyloid fold, due to its simplicity and repeatability,was the
first fold to form in the prebiotic world(26) and that other folds have evolved from it. This
would explain why this potentially noxious property of proteins is still common throughout
proteomes(27).
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However, how this fold is acquired and how monomeric proteins assemble to build an
amyloid fibril varies between protein species, and factors like the properties of the
sequence(28, 29), temperature, concentration, and composition of the environment(30, 31)
in which assembly occurs can play critical roles(32). Great efforts have been channeled into
developing kinetic models that predict the aggregation rates of protein solutions, taking into
account various physico-chemical properties, like the viscosity of the media, and sample
conditions, like concentration and temperature, in order to draw general conclusions on the
forces at play during aggregation reactions(33-35).

The complexity of assembly is also reflected in the difficulty to unravelhow the toxicity
arises: all the molecular species produced (monomer, unfolded monomer, oligomers, fibril)
can potentially be involved, but dissecting which one is actually responsible remains a
challenge, as reflected by the number of contradictory findings in the literature(36—38).

1.2.1 SECONDARY STRUCTURE TRANSITIONS AND AGGREGATION

Identifying how protein molecules change their structure during the aggregation is one of
the greatest challenges in the amyloid field, because of the low population of the transient
species, the range of sizes produced cannot be observed by a single technique, and the
structural species are highly heterogeneous.

Nevertheless, insights into the secondary structure of amyloid proteins and into the way
they evolve have been made by applying a wide range of techniques. These have revealed
that the critical step for the aggregation of the protein is the conversion of a disordered
seqguence into a B-sheet(39). The disordered state can be caused by denaturation, like in the
case of lysozyme(40, 41), transthyretin(42), and superoxide dismutase 1(43), can be intrinsic,
like AR peptide(44), or the protein can be in a partially disordered state, like R2-
microglobulin(45).

However, other proteins are described to aggregate after a double secondary structure
transition. « -synuclein and islet amyloid polypeptide (IAPP), or amylin, associate as a-
helical bundles and subsequently perform a slow a-to-B transition, where the a-helix unfolds
and acquires the B-sheet conformation, forming the fibrils. Nevertheless, this interpretation
has been matter of controversy, as other studies put forward the hypothesis that the a-
helical conformation is actually an off-pathway intermediate that is therefore protective
against the formation of fibrils(46).

1.3 POLYGLUTAMINE DISEASES

Another group of neurodegenerative disorders associated withthe incorrect folding of a
specific protein species arepolyglutamine diseases, a group that include nine pathologies,
the most studied of which is Huntington disease (HD)(47), and six spinocerebellar ataxias
(SCA 1-3, 6, 7, 17)(48)(49), dentatorubral-pallidoluysian atrophy (DRPLA)(50), and finally
spinobulbar muscular atrophy (SBMA)(51).SBMA will be described later in more detail
(Chapter 2).

15



Except for SBMA, which is X-linked, all these hereditary diseases are dominant and gain-of-
function conditions, which affect mostly neuronal cell. Each of these diseases is associated
with genetic expansion on a polymorphic site located in the disease-related gene. The
polymorphism involves a repetitive sequence of the codon CAG, coding for glutamine, and it
is referred to as the polyglutamine (polyQ) tract.

The clinical hallmarks of this family of pathologies are the presence of aggregates of
disease-related proteins inside neuronal cells, late onset of the disease, and a progression
that is faster and with earlier onset for patients with longer polyQ tracts, a phenomenon
called anticipation(52).1t is worth noting that linearity between symptoms and polyQ tract
length is not perfect. In fact, the symptoms occur only when the number of repeats is higher
than a certain threshold. This threshold varies from disease to disease, as it will be discussed
in more detail later in this chapter (Chapter 1.4).

The proteins of this family share little similarity in terms of sequence, cellular compartment,
function, and structure(53, 54). Also, each polyQ disease affects distinct tissues and,
althoughneurodegeneration is a common feature, different regions of the brain and neuron
cell subtype can be affected.

In all of these diseases, the only elements in common are the presence of aggregates of
proteins with an expanded polyQ tract and the development of these conditions. It is
therefore possible that similar mechanisms of toxicity underlie all polyQ diseases and that
these conditions are closely related to the formation of aggregates. Studying how these
aggregates are formed is therefore of primary importance for understanding such diseases.

1.4 POLYGLUTAMINE EXPANSIONS AT THE DNA LEVEL

Highly repetitive sequences are present across the entire genome and are generally
associated with polymorphic sites, meaning that the number of repeats can expand and
contract from replication to replication. So far, more than twenty hereditary diseases have
been identified to be associated with a genetic expansion, of which nine (the polyQ diseases)
present this expansion in a coding region of DNA: a polyCAG sequence(55).

As a general observation, these mutations are almost always dominant and determine a
gain-of-function, generally associated with a neurotoxic effect. The genetic expansions in
non-coding regions are better tolerated than those in coding ones(56) and they can span
between 55 and 200 units before any pathologic phenotype develops. For somatic
trinucleotide repeats (TRNs), the threshold is much lower, fluctuating between 30 and 40
units, depending on the protein associated.

This genetic instability is generally related to the propensity of the highly repetitive
sequence of forming non-classical DNA structures(57). Sequences like (CNG), or (CTTG), can
form hairpins, (GAA), repeats form triplexes, and (CGG), and (C,GC,GCG), repeats form G-
guadruplexes(56). A hairpin formed by a CAG/CTG repeat (Figure 1.3) determines the
slippage of the leading strand, which leads to a small-scale expansion(58, 59).Larger scale
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expansion may be associated with the sum of recurrent small-scale expansions or with other
mechanisms, which involve Base Excision Repair (BER) or Nucleotide Excision Repair
(NER)(60).

Figure 1.2 Slippage model for a change in trinucleotide repeat length(60)

As shown in Table 1, these polymorphic regions can expand and contract over generations,
but,beyond a certain number of repeats, the sequence becomes unstable and extra copies
are incorporated in each generation. The threshold for instability differs from that for the
onset of disease and are generally not strictly related, but the distance between the two can
also be a single trinucleotide, like in SCA6 (see table 1.1)..
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Repeat Repeat

Parent of origin [number |number
Location |of expansion (normal) |(pre-mutation)

coding TRNs
DRPLA CAG ATN1 paternal 6-35 35-48 49-88 Yes
(exon 5)
HD CAG HTT paternal 6-29 29-37 38-180  Yes
(exon 1)
Not found in
paternal and tissue
OPMD GCN PABPN1  maternal 10 12-37 >11 (hypothalamus)
(exon 1)
SCA1 CAG ATXN1 paternal 6-39 40 41-83 Yes
(exon 8)
SCA2 CAG ATXN2 paternal <31 31-32 32-200  Unknown
(exon 1)
SCA3
(Machado-
Joseph
disease) CAG ATXN1 paternal 12-40 41-85 52-86 Unknown
(exon8)
SCA6 CAG CACNAIN paternal <18 19 20-33 None found
(exon 47)
>36 to
SCA7 CAG ATXN7 paternal 4-17 28-33 >460 Yes
(exon 3)
paternal and
SCA17 CAG TBP maternal 25-42 43-48 45-66 Yes
(exon 3)
SBMA CAG AR paternal 13-31 32-39 40 None found
(exon 1)
non-coding TNRs
DM1 CTG DMPK maternal 5-37 37-50 250 Yes
(3'UTR)
DM2 CCTG CNBP uncertain <30 31-74 75-11000 Yes
(intron 1)
FRX-E GCC AFF2 maternal 4-39 40-200 <200 Unknown
(5'UTR)
FRDA GAA FXN recessive 5-30 31-100 70-1000 Yes
(intron 1)
FXS CGG FMR1 maternal 6-50 55-200 200-4000 Yes
(5' UTR)
HDLZ CTG JPH3 maternal 6-27 29-35 36-57 Unknown
(exon ZA)
SCAS CTG ATXN8OS maternal 15-34 34-89 89-250  Unknown
(3' UTR)
maternal and
SCA10 ATTCT  ATXN10  paternal* 10-29 29-400 400-4500 Yes
(intron 9)
maternal and
SCA12 CAG PPP2R2B  paternal** 7-28 28-66 66-78 None found
(5' UTR)
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Table 1.1.List of all the TNR expansion diseases. AFF2, AF4/FMR2 family, member 2; AR, androgen receptor;
ATN1, atrophin 1; ATXN, ataxin; ATXN8OS, ATXN8 opposite strand (non-protein coding); CACNA1A, calcium
channel, voltage-dependent, P/Q type, alpha 1A subunit; CNBP, CCHC-type zinc finger nucleic acid binding
protein;, DM, myotonic dystrophy;, DMPK, dystrophiamyotonica-protein kinase; DRPLA, dentatorubral-
pallidoluysian atrophy; FMR1, fragile X mental retardation 1; FRAX-E, mental retardation, X-linked,
associated with FRAXE; FRDA, Friedreich ataxia; FXN, frataxin; FXS, fragile X syndrome; FXTAS, fragile X-
associated tremor/ataxia syndrome; HD, Huntington disease; HDL2, Huntington disease-like 2; HTT,
huntingtin; JPH3, junctophilin 3; OPMD, oculopharyngeal muscular dystrophy; P, paternal; PABPN1, poly(A)
binding protein nuclear 1; PPP2R2B, protein phosphatase 2, regulatory subunit B; SCA, spinocerebellar ataxia;
SMBA, spinomuscular bulbar atrophy; TBP, TATA-box binding protein; TNR, trinucleotide repeat.; *smaller
changes when maternal; **smaller changes when paternal.(60)

Another phenomenon associated with the instability of these sequences is genetic
anticipation, which consists ofan earlier onset of the symptoms, together with a
progressively more severe disease phenotype at every generation from the first one
affected(52, 61).

It has been proposed that the expansion mutation occurs during meiosis, while
spermatogonia divide, or after meiosis in differentiated germ cells(62). In a mouse model of
Huntington disease (HD), the polyQ expansion increases over the lifetime of the animal(63),
a finding that was confirmed by screening patients over their lifetimes(64) and analysis of
postmortem brain samples(65). However, it is not clear whether this further expansionis a
general phenomenon as there is a lack of similar information on other diseases.

In spite of the widely reported relationship between a long polyQ chain (or a long polyCAG
sequence) and the onset of these diseases, the causes of toxicity are yet to be determined. A
considerable body of evidence was collected supporting the association of toxicity with a
gain-of-function of the RNA transcript to undergo a not entirely well-understood
conformational change, which sequesters proteins involved in the translation and splicing
and in the production of small silencing RNA(55, 66—68). The main research line regarding
toxicity of polyglutamine proteins addresses how they aggregate, how the aggregates
interact with the cell environment, and how this interaction can lead to cytotoxicity, as will
be discussed in the further sections.

1.5 BIOPHYSISCS AND STRUCTURE OF THE POLYGLUTAMINE PEPTIDE

To gain a thorough understanding of the aggregation ofpolyglutamine proteins, biophysicists
have channeled great effort into dissecting this process, starting from reductionist
approaches with polyglutamine peptides(69).

Glutamine is a polar residue; therefore it is counter-intuitive to think it would form amyloid
fibrils, which are generally associated with hydrophobic interactions and hydrogen bonding.
However, Max Perutz described the polyQ chain in an aqueous buffer as a polymer in a poor
solvent (70), or not optimal for its solvation. The solvent water is excluded from the
collapsed polymer chain, so that the polyQ chain is not as extended as a classical random
coil, but neither establishes long-range interactions or forms a specific structure. This degree
of compaction of the polyQ chain does not correlate with the number of repeats, as
observed by fluorescence correlation spectroscopy (FCS)(71), fluorescence resonance energy
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transfer (FRET)(72), and small-angle X-ray scattering (SAXS)(73). Another interesting feature
is the very high barrier to unfolding by extension in atomic force stretching experiments(74).
This behavior was explained by many simulations as the monomeric polyQ establishing
preferentially hydrogen bonds between amides of the side-chains and main-chains, instead
of water(75-77).

A monomeric polyQ chain is a random coil, andthere is little difference in secondary
structure between long and short polyQ chains, as polyQ peptides of different sizes
observed by circular dichroism and NMR are reported as random coil(78, 79). Nevertheless,
simulations isolated other low populations of secondary structure, such as the a-helix, B-
turn and PPll-helix(75, 76, 80), which are supported by little experimental data to
date.Recent Fourier transform infrared spectroscopy (FTIR) data show minor populations of
polyQ peptides in B-sheet conformation in a concentration- and repeatlength-dependent
fashion(81).

Further solution NMR studies were carried on a polyQ tract fused with glutathione-S-
transferaseto increase its solubility(82) and on the polyQ tract of Ataxin-3(83). In both
cases,heteronuclearsinglequantum coherence (HSQC) experiments identified the polyQ tract
as a cluster of collapsed peaks, a feature typical of resonances in disordered regions. Solid-
state NMR experiments explored the structure of polyQ tracts in the fibril state, confirming
its B-sheet nature but also describing an effect of the polyproline region at the C-terminus of
the polyQ peptide, which occurs exclusively in the monomeric form of the peptide. The
polyproline locks the adjacent polyQ tract in a PPIl helix conformation, preventing the
formation of the B-sheet; however, once the fibril is formed, none of the glutamines adopt a
PPIl conformation(84).

The Wetzel group performed an extensive study on the kinetics of aggregation of polyQ
peptides flanked by pairs of lysines (KKQ,KK). Applying charged residues as flanking motifs to
the polyQ peptide was required for solubility in aqueous solution(85).
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Figure 1.3 Sedimentation assay of KKQ3KK (a), KKQ,7KK (b) and KK3,KK (c) at several concentrations(86)

In vitro studies on polyQ peptides characterized their tendency to aggregate both in a repeat
length- and concentration-dependent fashion, determining that the threshold after which
the protein becomes toxic does not arise from different biophysical properties in the
peptides of pathogenic length(86, 87). Figure 1.3 shows also that the aggregation kinetics of
these peptides follows an evolution of hundreds of hours, suggesting that it is necessary to
overcome a high-energy barrier for the formation of a nucleus of aggregation to occur.
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focusedonsequence contour of the polyQ tract or the flanking regions. This topic is treated
extensively in the following sections.

1.6 A WELL-ESTABLISHED MODEL FOR POLYQ: HUNTINGTIN

Most of the studies on polyQ proteins are carried out on huntingtin (Htt), which is the 350
KDa protein associated with HD. In most of these studies, a peptide corresponding to the
first 30-50 residues of exon 1 of this proteinwas used as a model. This peptide is composed
of a N-terminal flanking region of 17 aminoacids (htt""), the polyQ tract, and a C-terminal
polyproline sequence of 10 residues, and it is thought to be the toxic element for HD(90). A
normal polyQ tract for Htt is between 6 and 37 repeats, while the toxic protein contains 38
repeats or more. The structure and function of these two flanking regions have been well
characterized(69, 91). These studies highlighted that htt""plays a crucial role in nucleating
the aggregation of polyQ peptides and in increasing the rate of aggregation significantly (86),
while the polyproline region (Pyo) at the C-terminus hampers the self-association of polyQ
peptides, as its removal results in a dramatic increase in aggregation rate and toxicity(92, 93).

A crystallographic study of the Htt peptide fused to MBP revealed that the htt"" is in a-
helical conformation, while the polyproline region (P,) at the C-terminus adopts a PPII helix
conformation. In the crystal, the short polyQ tract adopts a series of conformations, among
them the a-helix (94). It is possible that the strong packing of the crystal lattice forces the
helical conformation of htt"", as CD data are not completely in agreement with this finding.

A htt"" peptide with a small polyQ tract in solution has been observed as a random coil, with
some degree of helicity(95, 96). In this study, the helical content increased with
concentration (Figure 1.6B), but also with time of incubation (Figure 1.6C). This same study
describes that immediately after strong disaggregation, a solution of peptides containing
htt"" with a short polyQ tract is composed mainly by monomers, but with the presence of
low populations of tetramers and higher molecular weight species (Figure 1.7)(97).

It is remarkable to note that placing htt"'at the N-terminal or C-terminal of the polyQ tract
does not change its effect, while, for the the P,y motif, the positionis important for its
function(95). These observationssuggest that these two flanking regions have different
mechanisms of action: the polyproline region would lock the polyQ in a conformation
unfavorable to a transition to the B-turn thus preventing aggregation, while the htt"", with
its high self-affinity, would dramatically increase the local concentration of the polyQ chain,
encouraging the nucleation event.

The Wetzel group proposed another model of a multi-step oligomerization mechanism
(Figure 1.7), where a monomer adopts two conformations of htt"": the random coil
conformation is in equilibrium with the a-helical, but the a-helical monomer has high affinity
to oligomerize and can form transient oligomeric species (they identify the first one as a
tetramer(97)) that are stabilized by coil-coils interactions. Once this a-helical bundle is
formed, it can recruit more monomer, until the local concentration of the polyQ chain is
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high enough to overcome the energy barrier and reorganize as R-strand. This irreversible
event determines the formation of the fibrils and their subsequent elongation.
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Figure 1.6 Multistep oligomerization mechanism of the exonl polyQ peptide of Htt. A is the reaction
constant between a, the random coil monomer, and b, the helical bundle. B is the reaction constant
between a and g, the highly unfavorable monomer in 3-turn conformation. Species b, ¢ and d are in
equilibrium, but when the oligomer e is formed, the high local concentration allows the high energy
barrier to be overcome, thus allowing f3-sheet formation, and the equilibrium is shifted towards the
elonaation of the fibril(349).

1.7 THE ROLE OF THE FLANKING REGIONS

It is clear that flanking regions are critical in the nucleation process for huntingtin, but
similar scenarios have also been described for other systems. Ataxin-3, associated with
another polyQ expansion disease, contains a highly aggregation-prone domain (the Josephin
domain) that can form worm-like fibrils that are not resistant to SDS. Recombinant proteins
composed by the Josephin domain linked to short polyQ tracts aggregate with similar rates,
while longer polyQ tracts determine a higher rate of aggregation of these proteins(98).
Furthermore, the SDS-soluble aggregates formed by the Josephin domain are observed to
evolve to a more stable SDS-resistant fibril when the ataxin-3 protein carries a polyQ tract
(99). Experiments performed on a model system demonstrated the importance of the
flanking regions, by associating several different N- and C-terminal flanking regions to polyQ
tracts of different lengths and controlling their aggregation rates(100). This study revealed
that the insertion of a folded domain at C-terminal of the polyQ tract prevents the
aggregation of the protein, whereas polyQ tracts placed towards the N-terminal or C-
terminal endsof the polypeptide (also as a consequence of proteolytic cleavage) result ina
higher propensity to aggregate. In addition, the presence of a long polyQ tract within two
folded domains of a protein can destabilize the folding of the host protein and trigger its
aggregation(101, 102).
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The Hendrikson group performed seminal work in identifying common patterns of the
flanking regions(103). Using a bioinformatics approach, they found that Q/N-rich proteins (of
which polyQ proteins are a subgroup) are particularly enriched in coil-coil domains or motifs,
and these motifs are generally in proximity to Q/N-rich regions (such as polyQ). They then
validated this finding through biophysical techniques and mutagenesis. Furthermore, an
analysis of the sequence biases conserved throughout eukaryotes highlighted an over-
representation of aminoacids like Leu, Pro and His in the regions flanking the polyQ tract,
while Gly, Asp and Cysare under-represented(104). This could be explained by the
propensity for the former aminoacids to form secondary structures (many Pro residues may
force PPII helices, while many Leu residues a-helices), while Gly, Asp and Cyspromote [-
turns or introduce higher degrees of freedom, favoring the random coil structure. All
together, these data point tothe relevance of the coil-coil interaction for the oligomerization
of polyQ proteins, which can be read both as a mechanism by which the flanking regions act
in promoting the oligomerization in all the polyQ diseases, and may explain the physiological
functions of polyQtracts.

1.8 THE PHYSIOLOGICAL ROLE OF THE POLYQ TRACT

Given the instability of the DNA sequence and the propensity of proteins that carry a polyQ
tract to aggregate and form fibrils,why are these regions not disfavored by evolution?
Whilethe answer remains unclear, for the polyQ tractto have been conserved throughout
eukaryotes(105) and to be widespread in the human genome(106), this tractclearly must
have a physiologic function. The observation that the toxicity of polyQ diseases is often
caused by the sequesteringfrom the cell environment of important proteins that interact
with the host protein(107, 108)and its association with coil-coil prone regions point towards
a critical function of the polyQ tract in strengthening or establishing protein-protein
interactions. This hypothesis is also supported by the relationship found between the
number of glutamines in the polyQ tract of androgen receptor (AR) and the insurgence of
prostate cancer, where a low number of repeats is considered a risk factor for contracting
this type of cancer(109), while a high number of repeats is associated with spinal bulbar
muscular atrophy (SBMA), as will be discussed more in detail in the next chapter.

A possible explanation is that the polyQ tract extends a coil-coil interaction on a broader
surface, becoming part of the coil-coil itself. In this relationship, the length of the polyQ tract
determines the strength of the interaction, while the flanking regions provide the specificity.
This delicate system is also highly aggregation-prone, but it is regulated by the cell clearance
machinery, and the fast aggregation of proteins with polyQ tracts longer than a certain
threshold might overload it, thus causing toxicity(105).
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Figure 1.7 Model of physiological function for a polyQ protein. The polyQ acquires a helical
conformation and strengthens the coil-coil with the partner. (105)

1.9 PROTEOSTASIS AND PROTEIN AGGREGATION

Native proteins in their physiological environment are metastable(25) and are kept folded
and functional by sophisticated housekeeping processes in the cell. This active process is
called protein homeostasis, or proteostasis, and it is the combination of genetic regulation
and cellclearance. The genetic regulation involves a set of genes that controls the production
of proteins, switching their expression on and off. Cellclearance is obtained through a
network of proteins that maintain client proteins in solution and active, or commit them to
degradation when aggregated, erroneously expressed or misfolded(110).

The relationship between proteostasis and misfolding diseases has been extensively studied
using animal models of polyQ diseases, as they are age-related and can be controlled by
tuning the severity of the effects with the number of glutamines expressed (111).The age-
dependence has been demonstrated to be widespread in every animal model studied, but
the relative time of onset and severity with respect to the number of glutamine repeats are
organism-specific(112, 113).

The proteostasis network comprises three main classes of proteins, which perform three
different tasks respectively: chaperonins, molecular chaperones, and ubiquitin-proteasome
system (UPS).

Chaperonins are multiprotein complexes organized as a ring with a central cavity that can
host a single polypeptide chain. They assist protein folding by an ATP-mediated process,
moving the polypeptide through the pore and allowing it fold upon exit(114). Molecular
chaperones prevent protein aggregation by binding to exposed hydrophobic patches,
refolding aberrantly folded proteins, and actively dissociating protein aggregates. Among
molecular chaperones, heat shock proteins (Hsp) are the most widely studied(115).

Small heat shock proteins (sHsps) bind to misfolded proteins by hydrophobic interactions
and cooperate with the Hsp70 family of chaperones to actively refold through an ATP-
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dependent process. Another complementary protein called nucleotide exchange factor
(NEF) restores ATP and the system(116). Hsp70 can also form a complex with Hsp90 and a
set of cofactors to actively promote the folding of proteins involved in signal
transduction(117) and assists the targeting of aggregates to the lysosome, by recruiting p62
ubiquitin adaptor, through the cofactor Bag-3(118). All of these elements together
cooperate to maintain proteins folded, to prevent their aggregation, and to actively
disassemble aggregates(119)

The UPS is a broad network that comprises more than 600 proteins in the human
proteasome, both present in the cytosol and the nucleus. Its role, in parallel with autophagy,
is to clear the cell by degrading proteins that are in excess or terminally misfolded(120, 121).
The UPS and molecular chaperone machinery work in concert, as the ubiquitin ligase CHIP
binds to Hsp70 and Hsp90 and proteins in a non-native fold are more probable to spend
time in the Hsp-bound state and being recognized by CHIP(122) or being targeted to the
lysozyme through ubiquitin-independent pathways associated with Hsp70(123).
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Figure 1.8 Representation of the proteostasis network. In green the processes associated to synthesis and
trafficking of new proteins. In blue the remodeling and refolding of misfolded proteins and the disassembly of
aggregates mediated by molecular chaperones. In red, degradation processes through UPS or autophagy. Toxic
aggregates may be converted to less toxic, more stable species(110).

Therefore, proteostasis is maintained robust network with high redundancy, which regulates
the accumulation of aberrant protein species and aggregates. However, there is increasing
evidence of an association between ageing and a decrease in efficiency of the
proteostasis(124, 125). It has been demonstrated that Hsp70 is up-regulated less efficiently
in senescent fibroblast cultures taken from various animal species(126—128). It is possible
that, with a decreased capacity of the proteostasis network, aggregated species are
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sequestered by the proteasome, but cannot be degraded and consequently accumulate as
ubiquitylated species, stalling the system and preventing other proteins from being targeted
for degradation(129, 130).

These findings point to new opportunities for pharmacological intervention, by blocking or
delaying the aggregation of misfolded species and by extending the capacity of the
proteostasis network to cope with aberrant folding and accumulation of proteins.
Approaches in this regard have attempted with small-molecules, aimed to activate cytosolic
stress response pathways, such as overexpression of molecular chaperones(131) or
induction of autophagy(132), and by increasing the ability of the UPS to dispose of
proteins(133).
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CHAPTER 2: SPINAL BULBAR MUSCULAR ATROPHY OR
KENNEDY DISEASE

2.1 INTRODUCTION

Among polyglutamine diseases, spinal bulbar muscular
atrophy (SBMA, or Kennedy disease) was the first to be
identified as associated with the expansion of a polyQ
tract(134, 135). The disease has late onset and is
characterized by dysarthria, dysphagia, wasting and
fasciculation of the tongue, weakness of the proximal
muscles, and absence of tendon reflexes. However, life
expectancy is not reduced(51, 136).

SBMA is a hereditary disease that occurs in 1 in every 50000
males, with X-linked heritability(51, 137) in Caucasian and
Asian populations, with no cases observed in African and
Aboriginal populations(138) and a slight preponderance in
the Japanese population. However, this higher rate of SBMA
in the Japanese population is attributed to a founder effect,
instead of a higher propensity to develop genetic
expansion(139).

Fig 2.1 Patient with SBMA. Note
SBMA is also characterized by androgen insensitivity, which ~ the atrophy of the proximal

upper limb musculature and the

can occur independently of the neuro-muscular )
presence of gynecomastia(138)

degeneration and is manifested as breast enlargement,

reduced fertility, and testicular atrophy(51). Furthermore, the penetrance of this disease is
strongly male-related, with milder and later symptoms in heterozygous women(140) and a
negative correlation between levels of testosterone in patients and progress of the
disease(136).

The pathophysiology of SBMA strongly resembles that of amyotrophic lateral sclerosis (ALS).
Both diseases lead to degeneration of muscle tissue and motor neurons and this similarity
has led to misdiagnosis of ALS in SBMA patients. In many cases of SBMA, the symptoms
associated with androgen insensitivity were present before the onset of
neurodegeneration(141-143) and therefore could not be used to differentiate this disease
from ALS.Indeed, the only feature allowing the discrimination of these two diseases is the
rate of progress, with ALS evolving faster and leading to death. The increase in genetic
testing prevents misdiagnosis(144).

From the analysis of the symptoms and the heritability of the disease, early research into
SBMA focused on studying mutations on the AR gene that could cause the disease. The
polymorphic polyCAG tract in exon 1 immediately attracted the attention of the scientific
community. Observations of clinical cases disclosed that SBMA patients harbor 37 to 66
repeats in this region of DNA, while healthy individuals have 13 to 34 repeats, thereby
indicating a strong correlation between the number of repeats and onset of the disease(51,
135, 145).
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Biopsies of SBMA patients reveal degeneration of both muscle cells and motor neurons
(146), a process associated with the presence of nuclear inclusions (NIs), or nuclear
aggregates, which are positively stained by antibodies against AR(147, 148).NIs found in
muscles and the spinal cords of patients contain AR with an expanded polyQ tract. These
aggregates are SDS-insoluble and can be dissolved by formic acid(147, 149). Aggregates of
AR are also spread between nucleus and cytoplasm in cells from other tissues; however,
only Nls correlate well with toxicity(150).

2.2 MODEL SYSTEMS OF SBMA

SBMA has been studied using several model systems. Notably, the Sobue group developed
mouse models expressing an AR gene with polyQs of more than 90 residues(145). In this
model, as for others(151, 152), transgenic AR is expressed in the presence of endogenous AR,
therefore the mice do not show particular symptoms of androgen insensitivity.

The effect of testosterone levels on the severity of the disease was studied in a SBMA mouse
model, both by competition with androgen antagonists(153, 154) and by increasing the
testosterone levels in the organism(155). The action of antagonists like flutamide(154), as
well as surgical castration(151), partially rescue the SBMA phenotype in mice. Flutamide is
an AR antagonist extensively used for prostate cancer treatment in the current
pharmacopeia(156, 157).

Conversely, testosterone levels higher than physiological levels do not lead to an increase in
the severity of the disease, meaning that AR is saturated with testosterone in concentrations
that are close to the physiologic levels for this ligand (158). Another mouse study outlined
that the onset of cytoplasmic oligomers of AR protein can be found in the tissues before the
manifestation of the symptoms, thus supporting the hypothesis that the aggregation starts
in the cytoplasm(152).

Another valuable animal model usedin this line of research is Drosophila melanogaster, a fly
extensively used to study polyQ diseases(159-161), as the target gene can be expressed in
specific tissues and it is relatively quick and simple to obtain several fly lines for screening
mutants or conditions. A seminal work demonstrated that the full-length version of AR is
necessary to produce the toxic phenotype in Drosophilaand confirmed that AR binding to
testosterone is necessary for triggering toxicity in flies expressing the protein in different
tissues(162). That study also described that both the nuclear translocation of AR and its
binding to the DNA are necessary conditions but not sufficient for the onset of toxicity. They
finally put forward the hypothesis that AR with an expanded polyQ establishes a different
set of interactions than physiologic AR. This new network of interactions might be the cause
of toxicity (162).

A number of cell lines can be used to study how the cell environment changes in response to
the expression of polyQ AR. An immortalized motor neuron cell line (NSC34) transfected
with polyQ AR show lower survival and higher caspase-3 (Cas-3) activation than controls
(149). The same cell line was used to study the perturbation in the expression of polyQ AR
when induced by testosterone and the effects on its own transcript(163).

Cells that lack AR, like PC12 cells, were transfected with wild-type (wt) and polyQ AR to
study the relationship of this protein with the proteasome(164, 165).Stable transfection of
these cells with AR under an inducible promoter was used to demonstrate that cell death
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and the formation of aggregates occur only after inducing the expression of AR and only in
the presence of testosterone(166).

Muscle degeneration was studied by producing stable cell lines expressing normal and polyQ
AR from C2C12 cellsand a stable cell line was developed from muscle tissues of SBMA
patients, proving that cytotoxicity is not associated with only motor neurons, but also with
muscle tissue (167, 168).

More recently, SBMA-induced pluripotent stem cells (IPSCs), developed from patient tissues,
showed no interference in the differentiation into the motor neuron lineage(169). In
addition, a line of mesenchymal stem cells (MSCs) was derived from adipose tissue of SBMA
patients. MSCs offer the advantage of not requiring viral infections to establish the cell line
and are increasingly preferred to IPSCs (170). That study reported defects in differentiation
to adipocytes and reduced cell viability in SBMA MSCs, thereby pointing to defects in tissues
other than spinal cord and muscle contributing to the SBMA phenotype.
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Figure 2.2 Physiological (green) and pathogenic (red) function of androgen receptor. The protein in the cytoplasm
is @ monomer in complex with molecular chaperones. The binding of testosterone determines the dissociation of
the chaperones and triggers the oligomerization of polyQAR, which leads to the formation of aggregates in the
nucleus by a mechanism as yet not understood.

2.3 NUCLEAR INCLUSIONS AND MECHANISMS OF TOXICITY

Immunohistochemistry of SBMA patients using AR antibodies revealed the presence of AR in
NlIs (figure 2.3), particularly in anterior horn neurons and in myocytes. The abundance of
inclusions correlates well with the length of the polyQ tract (147, 148). Together with Nis,
other aggregates were found in a wide range of tissues, mostly in the cytoplasm or the Golgi
apparatus. Indeed, some studieshave put forward the hypothesis that not only Nis
areinvolved in the development of the pathology (150).

Nevertheless, the observation of Nis correlates with cell death in cultured cells(171), and the
amount of polyQ aggregates in animals correlates well with the progression of the
disease(145). Moreover, experiments with HD mouse models demonstrate that suppressing
the expression of the transgene of a conditional HD mouse mutant determines the clearance
of Nls, reverting the severity and followed by recovery from the disease(172). For all of these
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reasons, it is commonly believed that Nls are tightly associated with toxicity. However, it
remains unclear whether the toxicity is attributable to NIs or to some other intermediate
species on-pathway for their formation.

Some studies report an oligomeric species associated with the toxicity in cells (173) or
describe a truncated version of the polyQ AR as independently activating an apoptotic
cascade in a neuronal cell line(174). Also, others propose that the aggregates in fact have a
protective function, as they remove the neurotoxic particles from solution(175)
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Fig. 2.3 NiIs of AR. A) Web-like pattern of nuclei in the presence of aggregates of AR in anterior horn neurons.
B) AR aggregates stained using 1C2 antibody in an anterior horn neuron. Adapted from (150)

However, these controversies are outweighed by the increasing number of studies that
report a correlation between NIs and toxicity.Therefore we centered our interest in
discussing how the aggregates perturb the cell environment and what their properties are.

The mechanisms proposed for explaining the toxic effect of the fibrils range from the
deterioration of the cell clearance system to the degeneration of interactions with diverse
proteins. It cannot be excluded that many of the mechanism here listed coexist and
contribute to overall cell toxicity (Figure 2.4).

2.3.1 AGGREGATES INHIBIT CELL CLEARANCE MECHANISMS

Cell clearance is accomplished by two parallel mechanisms: proteasome-associated
proteolysis and autophagy. The proteasome processes misfolded and short-lived proteins
and specifically recognizes proteins marked by ubiquitination(121).

As previously mentioned, impaired proteasome function is generally associated with
neurodegeneration and misfolding diseases(176-178). The cell clearance system is
considered key in reverting the effect of the disease in an HD animal model, where
expression of the transgene in a conditional mouse mutant of HD was suppressed(172).

Furthermore, AR presents several sequences recognized by the proteasome complex or its
cognate proteins, and overexpression of proteins associated with the proteasome lead to
reduced toxicity in cell models of SBMA(179, 180).

Several Hsps cooperate with the proteasome to regulate aggregation. In cell and mouse
models of SBMA, the administration of compounds that increase the expression of Hsp70,
Hsp90 and Hsp109 lead to a decrease in cell death(181).
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However, it has been also observed that an inhibitor of Hsp90, a chaperone that stabilizes
client proteins in solution, ameliorates the phenotype of an SBMA mouse model. This can be
explained by a selection of the pathway for proteasome-related degradation of the polyQ AR,
in the absence of chaperones that stabilize the monomer(182).

Taken together, the proteasome and chaperone system collaborate to maintain the cell
clearance of aggregates, whether by preventing the formation of oligomers or by targeting
the aggregates already formed for degradation(110). The observation that this process
works less efficiently with age(183) may explain the late onset of the disease, as, with time,
the organism finds it increasingly more difficult to efficiently remove the aggregates, thus
giving rise to their accumulation.

In addition, the eukaryotic proteasome is not able to degrade polyQ peptides. These
polypeptides are released and accumulate and can be disposed of only through
autophagy(129).
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Figure 2.4Schematic representation of SBMA cellular pathogenesis. When polyQ-AR translocates into the
nucleus, the protein forms NIs, which can sequester other nuclear proteins, like CBP, thus altering the gene
transcription. The chaperone machinery and the proteasome contribute to keeping AR in the right fold or to
degradingmisfolded or aggregated AR. Toxicity may arise because of inability to degrade the aggregates
formed(184).

2.3.2 AGGREGATES SEQUESTER THE TRANSCRIPTION MACHINERY

Q/N-rich proteins can form strong interactions with polyQ proteins by coil-coil formation
(103, 105, 185).Q/N-rich proteins are characterized by an abundance of GIn and Asn
residues in their sequences, often organized in long runs of Q/N repeats and generally
associated with yeast prions(186). A polyQ protein can be considered a Q/N-rich protein,
and the involvement of a polyQ tract in coil-coil interactions has been already described in
Chapter 1.8.

A longer polyQ tract might strengthen some interactions, and it is therefore possible that
aggregates of AR accumulating in the nucleus sequester natural partners of this receptorby
their polyQ tract, thus altering the transcriptional machinery. An example can be found in
the interaction between polyQ AR and the CREB-binding protein (CBP)(187), another polyQ
protein. This observation suggests that many other molecules interacting with AR may be
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sequestered in the aggregates. To support these hypotheses, microarrays of cells expressing
polyQ AR were performed with cell lines belonging to different types of tissue(188, 189).
These studies identified a different up-regulation and down-regulation of the set of genes
controlled by AR, together with a decrease in the transcriptional properties of AR with an
increase in polyQ tract length.

However, results concerning gene expression must be analyzedcarefully, separating the
relationships of cause and effect between dis-regulation and presence of aggregates. The
expression pathways can also be altered in association with a generic stress response as a
result of the intrinsic toxicity of the aggregates, which has no correlation with sequestering
proteins belonging to the transcriptional machinery.

2.3.3 AGGREGATES HAVE ALTERED INTERACTIONS BETWEEN AR AND ITS PROTEIN
PARTNERS

More generically, given that AR has more than 236 interacting proteins(190), it is feasible
that each interaction between the N-terminal transactivation domain (NTD) of ARand its
natural partners are compromised, not only in the nucleus but also in the cytoplasm.

Changes in interactions associated with the length of the polyQ tract have been widely
reported. The deacetylase SIRT-1 is reported to interact with the polyQ AR and modulate its
aggregation and toxicity(191). Also, the cytochrome c oxidase subunit Vb (COXVb) interacts
with the polyQ AR with more affinity than wt AR and colocalizes in polyQ-AR aggregates but
not in those of wt AR. These observations point to an association between the disruption of
the cytochrome and cytotoxicity(192).

These observations are consistent with a scenario in which the polyQ tract is involved in
protein-protein interactions and its length is critical in favoring or disfavoring certain
interactions, by modifying the secondary structure of the protein(193) or by regulating the
strength of interaction with a coil-coil partner(103, 194).

2.3.4 MUSCULAR AND NEURONAL DEGENERATION

Neurodegeneration is a specific feature of protein misfolding diseases, andin HD aggregates
sequester proteins from the neuron environment, thus hindering trafficking and leading to
neuronal cell death. In addition, animal and cell models of SBMA show impaired axonal
transport(195-197).

However, degeneration in the myofibrils organization of the muscle cell has been proposed
as another cause of toxicity. AR aggregates present a different localization in muscle tissues
both in mouse models, and in SBMA patients. Also, muscle tissue of SBMA patients present
marks of denervation and myopathy, like fiber atrophy, fiber splitting, and the presence of
large fibers with central nuclei. These features also positively correlate with the degree of
disability(146). Similar results were also found in SBMA mouse models(198).

This new mechanism of toxicity might be associated with the localization of the AR protein in
skeletal muscle cells(168). Experiments in C2C12 cells revealed that AR also localizes at the
level of mitochondria and microsomes(167). An interaction with Caveolin-1 was also
reported, suggesting an additional localization in the plasma membrane(199)
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All the listed mechanisms described to explain the toxicity should not be taken as alternative
or mutually exclusive hypotheses, but instead as several aspects of a cytotoxic process in
which each of them may be involved at different stages of the disease(184).

2.4 NUCLEAR INCLUSIONS AND PROTEOLYTIC CLEAVAGE

In each of these studies, particular care is dedicated to the nature and composition of the
NlIs that are systematically found in every system, due to their tight relationship with the
onset of the toxicity.

Nevertheless, the structure, organization and properties of these aggregates are not
understood. It is known that antibodies aimed at recognizing the C-terminal domain of AR
fail to stain the aggregates, whereas antibodies directed against the N-terminus produce
positive staining in immuno-histochemistry experiments(148). These observations suggest
that the N-terminal AR is the main component of the aggregates.

For this reason, determining the effect of proteases that target AR is of considerable
importance. A line of research addressed the role of the apoptotic caspase-3 (Cas-3),
involved in a proteolytic cleavage of AR that produces three fragments. The N-terminal
fragment of 17-20KDa corresponds to the first 160-200 residues (depending on the number
of glutamines), which is the region containing the polyQ tract(200, 201).

NTD DBD LBD
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Figure 2.5Cleavage sites for caspase-3 in androgen receptor(200). The N-terminal fragment contains the
polyQ tract and is considered the smallest fragment necessarily present in the aggregate.

This study associates the cleavage of Cas-3 with an increase in toxicity of the polyQ AR(200),
so that a toxic fragment is released and freely interacts with other fragments to produce the
first oligomers. Other studies describe this proteolytic cleavage as a late event in the
progression of the toxicity, thus challenging this hypothesis(202). Nevertheless, it is true that
Cas-3 is the apoptotic protease that cleaves AR at the most N-terminal position, thus
determining the smallest fragment produced in a biological context.

It is therefore reasonable to assume that the AR fragment cleaved by Cas-3 would be the
fraction of protein necessarily present in the Nis. The characterization of the AR aggregation
using this fragment is therefore a reasonable model system.
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CHAPTER 3: ANDROGEN RECEPTOR

3.1 GENERAL INTRODUCTION

The protein AR belongs to the steroid nuclear receptor (NR) superfamily, which also includes
receptors for glucocorticoids (GR), progesterone (PR), estrogen (ER), and other thyroid
hormones, as well as prostaglandins and some vitamins. The activation of these
transcription factors is mediated by a specific ligand(203, 204), andthereforethey act as a
critical link between external stimuli and the transcriptional responses in the cell.

NRs share a common domain organization, which consists of the following: an N-terminal
domain, which is highly variable in sequence composition and length; a DNA-binding domain
(DBD), which is the most conserved region; and a ligand-binding domain (LBD) at the C-
terminus. The N-terminal region of these receptors is predicted to be intrinsically disordered
and presents one or more transactivation units. The DBD is well-conserved across the
members of the family and various species and is also involved in dimerization and DNA-
binding. Between the DBD and LBD, there is a flexible and poorly conserved region that acts
as a hinge and contains a nuclear localization signal (NLS), for the translocation to the
nucleus. The LBD of nuclear receptors has a highly conserved structure, whereas the
sequence is only moderately conserved(205).

domains: A/B C D E F RECEPTOR Total aa
NH- V//////////-COOM  coup-TFI 423
(/7777 viamin D Receptor 427
Thyroid hormone Receptorat 490

V777777
Thyroid hormone Receptor B 456
Estrogen Receptor « 595
Estrogen Receptor B 485 and 530
Glucocorticoid Receptor 777
Androgen Receptor 19
Progesterone Receptor B 934
Mineralocorticoid Receptor 984

DNA Ligand
Binding Binding
Domain  Domain (LBD)
(DBD)

Figure 3.1Relative lengths of several members of the steroid/nuclear hormone receptor superfamily, shown
schematically as linearized proteins with common structural and functional domains. Variability between
members of the steroid hormone receptor family is primarily due to differences in the length and amino acid
sequence of the amino (N)-terminal domain(206)

3.2 GENERAL BIOLOGY OF ANDROGEN RECEPTOR

Comprising 919 residues (110KDa), human AR is constitutively expressed and associated
with the development of the male sexual phenotype and other pathways mediated by
testosterone (207, 208). Common to all nuclear receptors, AR consists of an N-terminal
transactivation domain (NTD), a DBD, and a LBD at the C-terminus. The AR gene is located on
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the X chromosome, in position q11-12, and is organized in 8 exons: exon 1 codes for the NTD,
two exons are dedicated to DBD and the remaining five exons code for the LBD (Figure 3.1).
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Figure 3.2 Schematic representation of AR gene on X chromosome and relative transcript.
Important motifs are highlighted.(391)

Under physiological conditions, AR is present in the cytoplasm as a monomer associated
with molecular chaperones, such as Hsp40, Hsp70 and Hsp90. The binding of testosterone or
di-hydrotestosterone (DHT) to LBD causes a change of conformation. In this process, the
NLS in the hinge region is exposed, the chaperones are released, and the protein dimerizes.
Once the protein translocates to the nucleus as a dimer, it binds to a DNA sequence, called
the androgen response element (ARE), and recruits other transcription factors for initiating
transcription(209). AREs are specific sequences located close to genes controlling sex
differentiation and cell homeostasis in tissues such as bones(210) and neurons(211).

3.3 DOMAIN ORGANIZATION

AR, like all the members of the NR family, has three clearly defined domains: the NTD spans
residues 1 to 558, the DBD residues 559 to 622, the hinge region residues 623 to 669, and
the LBD residues 670 to 919. This numbering refers to the GenBank version of human AR
(GenBank: AH002607.1).
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Figure 3.3 3D representation of AR. The structure of LBD (670-919) is PDB code 2AM9, for
DBD (559-622) is PDB code 1R4l. NTD (1-558) and hinge (623-669) are an artistic
representation.
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The Protein Data Bank (PDB) holds 51 structures of the LBD (37 from human, 8 from
chimpanzee, 5 from rat and 1 from mouse) and 1 structure produced from the DBD (PDB
code 1R4l), but no structural information is available for the NTD, due to its disordered
nature (Figure 3.4).

The following sections describe the properties of each domain, with a particular emphasis
on the NTD.

3.4 N-TERMINAL TRANSACTIVATION DOMAIN

The NTD is the least conserved domain in NRs and the largest of the family. It constitutes
more than 60% of the AR sequence, of which only 15% is conserved with other NRs(212). A
substantial fraction of residues in the NTD is composed of highly repetitive sequences, which
are also called low-complexity regions. They include the polyQ tract in residues 58 to 77, 84
to 89 and 190 to 197, and at residues 371 to 379 and 448 to 472. All of these features
describe the NTD as an intrinsically disordered domain (for a detailed definition of
disordered proteins refer to Section 3.4.1). For this reason, a structural characterization of
AR NTD by X-ray crystallography is not possible, while its considerable size, comprising
almost 600 aminoacids, makes structural studies by NMR particularly challenging.

The only partial information about the structure of this domain comes from biophysical
studies, mostly by circular dichroism(212). The NTD is described mainly as disordered, but
with 13% of a-helical content in a region called activation function 1 (AF1), described in 3.4.2.

Section 3.4.3 presents an extensive description of the low-complexity regions in the NTD,
whereas Section 3.4.4 describes the short linear motifs that are reported to play key roles in
AR.
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Figure 3.4Sequence features of NTD (a) and relative secondary structure predictions of (b) disorder propensity
with PONDR and (c) helical propensity with Agadir. Key motifs are highlighted in red, the polymorphic polyQ is
highlighted in purple.Cas fragment is the N-terminal product of the cleavage by caspase-3, discussed in Chapter
2.4.

3.4.1 INTRINSICALLY DISORDERED PROTEINS AND DOMAINS

Intrinsically disordered proteins (IDPs) are a class of proteins that are characterized by a lack
of a well-defined three-dimensional fold(213). Eukaryotic proteomes are rich in proteins that
present disordered regions of at least 30 residues in length (15-45%), while this feature is
less abundant in prokaryotes (10-15%)(214).

As it is not possible to achieve a structural description of these proteins using the
conventional structure-function paradigm, a more extensive concept of ensemble of
conformations has been put forward(215). Particular emphasis is currently being placed on
understanding how these proteins retain the functions in the absence of a specific fold and
how these functions are regulated.

Many IDPs participate in signaling and regulation, due to their propensity to fold upon
association with partner proteins(214). This process may involve the entire protein, specific
regions or even single motifs, while the rest of the polypeptide chain often remains
unstructured(216). These complexes of partially folded proteins have also been called fuzzy
complexes (217). The hierarchy by which these two events (folding and binding) are
associated is a matter of controversy in the field of IDPs. The conformational selection model
describes the process as the recognition by the partner protein of a specific fold out of all
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the possible conformations in the ensemble(218). The induced fit or folding upon binding
model explains that the partner protein, once recognized and bound to the IDP, drives the
folding of the protein in the conformation that best fits its pocket(216). Recently, a unified
view was hypothesized, whereby one partner binds selectively not to one but to a limited
range of conformations of its counterpart and nucleates a folding process once bound(219).

This plasticity in the fold and the ability to undergo different conformations is a key feature
of domains associated with protein-protein interactions, because the same amino-acid chain
can sample a wide range of conformations, which fit a number of partner proteins(213).

IDPs show relatively low specificity and affinity in their protein-protein interactions(220). It is
possible that this relative promiscuity in interaction at low affinities is a critical aspect for
their regulation in very crowded environments, like the cell. Phosphorylations and other
post-translational modificationsare therefore required to regulate interactions between
distinctpartners and to provide specificity(221-223).

3.4.2 ACTIVATION FUNCTION 1 (AF-1)

AF-1 is the main interface for protein-protein interaction in the NTD, and several proteins in
the family of co-regulators of expression and transcription factors are reported to interact
with it (224, 225). Two regions, called tau-1 and tau-5, are considered key in the
transactivation of the AR, and mutations of these regions were found to be related to a form
of prostate cancer known as castration-resistant prostate cancer (CRPC)(226).

The binding of AF-1 to the large subunit of TFIIF, RAP74, induces a partial folding with an
increase in a-helical content(227, 228). TFIIF is a member of the transcription machinery
complex and, when present, causes an increase in the affinity between AF-1 and another
cofactor of the initiation complex, SRC-1 (225). The effect of TFIIF on the binding of AF-1 to
SRC-1 is a typical example of allosteric regulation of the binding event.

However, it is also possible that proteins belonging to the transcription machinery complex
interact with NTD and between each other, establishing interactions characterized by low
affinities, but that stabilize each other(229).This feature would allow easy disassembly of the
complex by means of post-translational modifications that can change the affinity of the
partners.

3.4.3 SHORT LINEAR MOTIFS IN NTD

The NTD contains three linear motifs that play important roles in the transactivation of AR or
in the interaction of the NTD with other cofactors. These motifs closely resemble LxxLL, a
key motif present in several coactivators of nuclear receptors, such as the family of
p160(230). LxxLL forms ana-helix and has been reported to interact with the LBD of AR in a
hydrophobic cleft, formed by the second activation function region of the protein, AF-2
(further explained in 3.6).

Similarly, the two motifsFxxLF recognizable in the NTD (**FQNLF? and “**WHTLF**’) take part
in the most characterized interaction for this protein, namely the binding to AF-2 (231). This
event contributes to the N/C interaction, critical for the dimerization of AR and its
subsequent translocation to the nucleus(209, 232).
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ZEQNLF? is located at the very N-terminus of the protein and its sequence is highly
conserved across species(233). The binding to the LBD is mediated by the ligand and this
interaction involves a folding event of the 2FQNLF?’ motif, which acquires a-helical
conformation. This event is described by an X-ray crystallography study (PDB 1XOW)(234).
Isothermal titration calorimetry (ITC) measured an affinity of 1.2 £0.2 uM and fluorescence
polarization of 9.2 £ 0.4 uM by (234, 235).

The N/C interaction mediated by >*FQNLF*’ is critical not only for the translocation to the
nucleus, but also for the manifestation of the SBMA phenotype in cell culture(236).
BEQNLF? is also reported to interact with cyclin D1 and the co-activator melanoma antigen
gene protein 11 (MAGE-11), a protein that belongs tothe family of cancer germ-line
antigens(237, 238). Furthermore, >FQNLF? has close sequence similarity to another motif
on huntingtin, FQKLL, and both motifs arereported to regulate protein turnover by a
proteasome-dependent pathway(239).

The second LxxLL-like motif is °LKDIL*®?, located in AF-1. It is critical for the transactivation
of AR, as mutations on each hydrophobic residue dramatically decrease the transcriptional
efficiency. Furthermore, this motif is reported to interact with AF-2, but with less affinity
than 2FQNLF?’(226). In spite of this characterization, other AR partners that recognize this
motif are still undefined.

The last LxxLL-like motif is “**WHTLF**’, which is again involved in an interaction with the LBD
that takes place in the absence of hormone(240). In this case, however, it is not clear
whether the interaction occurs on the hydrophobic cleft of AF-2 or with another region of
LBD, which has not yet been recognized(241, 242).

3.4.4 AMINO-ACID REPEATS IN NTD

The polyQ region beginning in position 59 is the main topic of this thesis, but it is not the
only highly repetitive sequence of the protein. The NTD contains at least another two
shorter polyQ repeats, in positions 84-89 and 190-197, which are not polymorphic sites in
humans, but are polymorphic in other species. For instance, the polyQ region in position
190-197 is polymorphic in canidae(243).

The other important highly repetitive and polymorphic region is the polyglycine (polyG) in
position 449-472(244). This very flexible region is located in proximity to the beginning of
the LBD(Figure 3.3).

The polyQ and the polyG regions might play a role in the transactivation of AR and the
length of these two regions might influence the activity of the protein, as both short polyG
and short polyQ are associated with higher transcriptional activity(245—-247). In contrast,
long polyQ regions are associated with hyposensitivity to the hormone, (248),in addition to
their association with SBMA. Furthermore, shorter polyQ regions strengthen the N/C
interaction and their deletion determines a drastic increase in transactivation in vitro(246,
249). Consistent with in vitro observations, population studies on the polyQ and polyG
polymorphisms associates the presence of short polyQ and polyG tracts with a higher risk of
developing prostate cancer(250).
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3.5 DNA-BINDING DOMAIN AND HINGE REGION

The DNA-binding domain is the most conserved domain and presents a high degree of
conservation across the other nuclear receptors(251). This domain binds to specific regions
of the DNA, named androgen response elements (AREs), which are located in couples in the
enhancer region of androgen-related genes(252).

AR DBD AR DBD
Subunit A Subunit B

Figure 3.5 Crystal structure of AR DBD dimer bound to DL3 selARE DNA. PDB1R41(253)

The typical organization of the DBD on the NR is the Zn finger, a structure where 4 cysteines
are coordinated by a Zn atom, folding the polypeptide chain in four loops(254).

The DBD of AR has two Zn-fingers, the first folds in an a-helix that accommodates in the
major groove of the DNA and is responsible for the recognition of the ARE, while the second
is associated with dimerization upon DNA-binding (255). The dimerization of the DBD is
stabilized by hydrogen bonds between the residues of the two Zn-fingers and by
complementarity in their surfaces(209).

A crystal structure of the DBD is available in the presence of DNA (Figure 3.5). The resolved
structure of the DBD is that of a dimer with head-to-head orientation, in contrast to other
resolved structures of NRs that are head-to-tail oriented(253, 256). This orientation of the
DBD allows a higher stability of the dimer, due to a greater number of contacts compared to
those established by other NR dimers(253).

The DBD also contains the first part of the bipartite NLS, while the second part is contained
in the flexible and poorly conserved hinge region(255, 257). The NLS is formed by two
clusters of basic residues separated by a short flexible linker between position 613 and 633
(*"RKCYEAGMTLGARKLKK®®). The NLS is exposed once the testosterone binds to the LBD
and it facilitates the translocation in the nucleus. Mutations of this sequence determine
impaired nuclear translocation and reduced activity(244).

The hinge region is also important for the selectivity of the target DNA. Moreover, it
modulates the N/C interaction and recruits coactivators and corepressors(258).
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3.6 LIGAND-BINDING DOMAIN

The sequence similarity across the LBD of the various NRs is moderate, while considerable
structural conservation is retained.

Generally, LBDs are folded in a 12 a-helix bundle, but the one AR lacks helix 2. In spite of the
absence of this helix, the numbering remains the same in order to facilitate comparison with
other receptors(259, 260).

Ligand-bound AR LBD is organized in a helix bundle, with a central cavity that accommodates
the ligand. Testosterone establishes interactions with several residues in the inner part of
the cavity and particular importance is attributed to the position of helix 12, which moves at
the top of the cavity to lock testosterone in.

Holo-LBD

Figure 3.6 3D representations of LBD bound to testosterone. A) Schematic representation of the helix bundle of AR
LBD in the unbound (Apo-LBD) and bound state (Holo-LBD). AF-2 is shown in orange, the dimerization region in
green, and helix 12 in red(261). B) Crystal structure of AR LBD (i) bound to hormone R1881 (yellow, oxygen in red)
and to a peptide with FQNLF sequence (orange) interacting with AF-2 (green). In ii, AF-2 is isolated and the
residues forming the charge clamp are shown in red (E897) and blue (K720)(262).

As no successful attempt to crystalize unbound LBD has been reported, it is possible that the
unbound state shows considerably lower stability. A common view, supported by the fold
similarity to other NRs, is that helix 12 in the absence of ligand protrudes away from the rest
of the domain and folds back over the cavity upon binding(263).

The repositioning of helix 12 is a crucial event for the dimerization and binding of other
coregulators, as it determines the formation of the hydrophobic cleft (AF-2)(264).

In this regard, AF-2 is composed by helices 3,4,5 and 12(234) and is known to interact with
the LxxLL motif, which is carried by co-activators like the family of p160, as mentioned in
3.4.2. Residues K720 and E897 establish a charge clamp with the LxxLL motif in helical
conformation. As a result of the charged residues, this interaction provides selectivity.
However, AR AF-2 is peculiar among the AF-2 of other NRs, as it shows lower affinity for
LxxLL motifs and binds preferentially to FxxLF motifs, like BWHTLF*®” and 2FQNLF%, as
discussed in 4.3.3.
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CHAPTER 4: AIM OF THE RESEARCH AND OBIJECTIVES

As is the case for rare diseases, SBMA is relatively little studied and no treatment is currently
available.

The main goal of this project is to study how AR self-assembles to form the aggregates from
a biophysical perspective. Therefore, before any proper scientific achievement, a suite of
techniques had to be adapted from methods already in literature or tailored from scratch,
with the aim to obtain reproducible data.

For this reason, the goals of the research are split into two blocks: methodological and
scientific.

4.1 METHODOLOGICAL OBJECTIVES

1. Clone the recombinant protein designed from the Cas-3-cleaved fragment of AR.

2. Develop a protocol for the expression and purification of this recombinant protein and
obtain yields high enough for performing experiments.

3. Obtain a reproducible starting point for the kinetics measurements in terms of a highly
monodisperse and monomeric protein solution and validate this methodology.

4. Develop a set of techniques to monitor the oligomerization, aggregation and deposition of
fibrils in a reproducible and most quantitative manner possible.

4.2 SCIENTIFIC OBJECTIVES

1. Characterize the early stage of aggregation of the recombinant protein, in order to
understand whether other regions outside the polyQ tract contribute to its aggregation and
to what degree.

2. Confirm the correlation between polyQ length and aggregation rate, with special
emphasis on studying the role of flanking regions in this process.

3. Study the various steps of aggregation and the forces at play.

4. Characterize the aggregates formed by the recombinant protein and identify the
biophysical properties of each species of aggregate, with the final aim of breaking down the
process that leads to the formation of fibrils, from the early steps to the last species
observed.

The findings from all of these activities will help to fill the gap between the current
knowledge on polyQ diseases like HD and that on SBMA, In order to design new therapeutic
approaches.
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CHAPTER 5: MATERIALS AND METHODS

In this chapter, a brief description of each technique applied will be provided, together with
the conditions in which the experiments were performed. The results and the outcome of
each application will be treated extensively in the results section.

5.1 CLONING AND MOLECULAR BIOLOGY

Molecular biology techniques were used both to produce the first construct for the
expression of the wt Cas-3-cleaved fragment of AR (called Nt25Q) and for the introduction
of mutations in the oligomerization study.

Challenging mutations were outsourced to the custom-synthesis service of GeneArt. Each of
these products (Table 5.1) was codon-optimized for E.coli expression and was delivered in a
pDONR221 entry vector, provided with AttB sites for the Gateway transcloning system. The
coding sequence of the motif recognized by Tobacco Etch Virus (TEV) protease was added at
the 5’ end of each gene.

Nt51Q Nt25Q_ALLL Nt25Q_AAAA
Nt4Q Nt25Q_LALL Nt25Q_AL
Nt25Q_LLAL
Nt25Q_LLLA

Table 5.1 Constructs purchased from GeneArt codon optimized for E.coliin pDONR 221 vectors.

5.1.1 GATEWAY CLONING SYSTEM

The recombinant Gateway technology (Life Technologies) is a cloning system that takes
advantage of an enzyme mix with the commercial name of Clonase Il (Life Technology) to
integrate specific fragments of DNA in vectors of the Gateway family.

This system is based on the recombination system used by Lambda phage to integrate in the
E.colichromosome. Specific sequences, both on the DNA of the target (called attachment
sites B, or attB) and flanking the DNA to integrate (called attP), are recognized by a set of
proteins of the Lambda phage with the commercial name of Clonases. These sequences are
located at the 5’ and 3’ of the coding region and are called attB1 (or attP1) and attB2 (or
attP2),respectively. They are non-synonymous and non-palindromic, to avoid inverted
incorporations of the gene of interest (GOI).

48




Stepm®
Donor vector
ey Entry Clone
+ BPRlonasel
Big  ZB2
attB PCR product
StepR2B
ccdB ccdB
attL 1 attl? attR1 .‘ .. attRz  LAclonase  anpg .‘ -. attB2  attP1 attP2
Entry Destination — Expression Donor
clone + vector — clone + vector
BP clonase
Kan® Kan®
pDESTR.B

Figure 5.1 Gateway recombination system. Step 1 allows a PCR product provided with attB sites to be integrated
in a pPDONR by a BP Clonase reaction. Another Clonase mix, LR Clonase, allows the recombination of the GOl from
the entry vector to the destination vector (pDEST). The BP Clonase can revert this reaction and provide the GOl in
the entry vectoragain. Different antibiotic resistances allow negative selection, while positive selection is provided
by the removal of the toxic ccdB gene from the pDONR (in case of BP Clonase) or pDET (in case of LR
Clonase)(265).

A first set of enzymes, called BP Clonase, recognizes the attB site on the PCR fragment and
the attP site on the entry vector pDONR 221 and brings them together, exchanging the
sequence between attB1l and attB2 sites with that between attP1 and attP2 sites. This
recombination produces a new flanking sequence for the GOIl, called attL,which is
recognized by another set of enzymes, with the
commercial name of LR Clonase.

BP Reaction
LR CLonase mediates the recombination between the | PCR product 0.5 ul (63ng)
entry clone loaded with the GOI and the destination | pDONR 221 1 ul (150ng)
vector of the pDESTfamily. These vectors cover a wide | TE Buffer 6.5 ul
range of applications, from bacterial to human | LR Reaction
expression, and allow a choice between the most | |5ded pDONR 6.2 ul
applied tags, thus enabling this system to switch | 5pgsT 1 ul
rapidly from one expression vector to another. TE Buffer 6.5 ul

Another practical advantage is that the flanking  1,/0 5.3amounts applied for the
sequence produced by a LR reaction is aattP site,  Gateway reactions

thereby opening the possibility to move the GOI back

to the pDONR again through a BP reaction.

The negative selection is provided by a different set of antibiotic resistances, while the
ccdBgene provides positive selection. The toxic ccdBgene is under a constitutive promoter,
embedded between the attsites of both pDONR and pDEST vectors, so that those vectors
that do not participate in the reaction kill the E.coli cell in which they are transformed. A
successful BP reaction exchanges ccdBwith the GOI, providing positive selection(265).
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For this project, pDONR 221 was used as entry vector for every gene and pDEST17 (Life
Technologies) and pDESTHisMBP (Addgene)(266) plasmids were applied for expression.

The amountsof each reagent used for BP and LR reactions are described in Table 5.2. Reactions
were carried out at RT for 1-3 h and stopped with 1 pl of Proteinase K (provided with the kit)
and 10 minofs incubation at 37°C.

PCR-1

length

PCR-2

E illllhnalllli

A0 R VI A L6 s i g W

12 B B8 360 B 605+ 3105 DOL SOV ¥VD ¥v3 ¥ID
L GatewayRevp

0

Figure 5.25chematic representation of the PCR strategy. PCR 1 isolates the fragment (red) from the template
plasmid (black) and adds the TEV cleavage site (orange). PCR 2 completes the addition of the attB sites (yellow).

PCR 1 Time (s) PCR 2
942C 30 94°C
56.52C 60 59.62C X 35
72°C 60 72°C
720C 900 720C
40 40

Table 5.4 Thermocycler settings used for the two PCRs. The T,values differ due to the use of distinct primers.

An important condition for the success of these reactions was to maintain a 1:1
stoichiometry between the donor DNA molecule (whether the PCR product or the loaded
pDONR 221) and the acceptor DNA molecule. The amounts reported are based on this
rationale.

The whole reaction mix was used to transform OmniMAXE.coli chemically competent cells
(Protein Expression and Purification Facility, PECF, IRB Barcelona). The transformed cells
were plated on LB agar in presence of, respectively, Kanamycin for pDONR 221 transformed
cells and Ampicillin for pDEST transformed cells.

After 16 h of incubation at 37°C, colonies were picked and expanded for DNA extraction (kit
by Macherey-Nagel), and the concentration of the purified DNA was measured by a
Nanodrop2000 spectrophotometer (Thermofisher). The purity was assessed by evaluating
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the ratio of absorbance intensity at 260/280nm (267). The purified plasmids were finally
sent for sequencing (GATC Biotech).

5.1.2 POLYMERASE CHAIN REACTION (PCR)

PCR was used to isolate the fragment cleaved by Cas-3 and to add the AttB sites needed for
the Gateway cloning system explained above. PCR was also used for some of the mutations
(Section 5.1.3). The thermocycler wused for every PCR treated is an
EppendorfMastercylcerEpgradient S and all the primers were purchased from Sigma Aldrich
as a custom synthesis.

The enzyme kit of choice was AccuPrime GC-rich DNA polymerase (Life Technologies), due to
its high fidelity and efficiency in replicating highly repetitive and GC-rich templates. The
cloning strategy involved two PCR steps, as shown in Figure 5.2. First, the construct was
isolated from a plasmid containing the human cDNA of the full-length AR gene (purchased
from Addgene)(268), and a DNA sequence coding for the motif ENLYFQG was added at 5’.
This motif is recognized by the TEV protease and is required by the purification protocol
established (see 5.3). The second step amplifies the DNA fragment and adds the attB sites,
attB1 at 5’ and attB2 at 3’ respectively (Figure 5.2).

The primers used for each PCR are listed in Table 5.4, the amounts used were those
recommended by the supplier. The PCR conditions are listed in Table 5.5.

Between every PCR reaction, the PCR product was loaded on a freshly prepared 2% agarose
gel and run in TAE buffer (40mMTris Acetate, 1ImM EDTA) for 1 h at 100mV. 1-2 pul of SYBER-
SAFE (Life Technologies) is dissolved in the agarose gel for visualizing the DNA bands with a
UV light source.

This procedure allows determination of the length of the PCR fragment and separation from
other PCR products, by using a gel extraction commercial kit. The best performance was
obtained with an Illustra GFX Gel Band and PCR purification (GE Healthcare), following the
manufacturer’s instructions.After the BP reaction, the final product was sent for sequencing
(GATC Biotech).

PCR1 Tm* % GC nt
Forward o

AAC CTG TAC TTC CAG GGC atggaagtgcagttagggctg 61.2°C >4 39
Reverse o

GTACAA GAA AGCTGG GTectacggaggtgetgg cag ctg 67.3°C| 67 39
PCR 2

Forward

GGGG ACA AGT TTG TAC AAA AAA GCA GGC T GG AAC 713°C| 52 73
CTG TAC TTC CAG GGC atggaagtg cag ttagggctggga '

Reverse

GGGG ACCACTTT GTA CAA GAA AGCTGG 71.8°C | 59 51

GTcctacggaggtgctgg cag ctg

Table 5.5 Primer sequences and properties. T,*, melting temperature, considering only the overlap, %GC,
percentage of GC, nt number of bases.
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5.1.3 MUTAGENESIS

A Q5 Site-Directed Mutagenesis kit (New England Biolabs), which is designed for multiple
mutations in close distance, insertion of relatively long DNA fragments or vast deletions, was
used.

This strategy consists of two main steps: a linear PCR amplification and treatment with an
enzyme solution. In the former, the mutation is inserted via mismatching primers. The
enzyme mix comprises a kinase, a ligase,and the restriction factor Dpnl. The kinase and
ligase circularize the linear dsDNA, while Dpnl recognizes and cleaves only methylated
cytosine nucleotides (CpG) and therefore digests only the template DNA (269). Finally,
transformation in DH5-asupercompetent cells is required for maximizing the efficiency.

1. Exponential Amplification 2. Treatment and Enrichmant: 3. High-Efficiancy

{PCR) Kinaza, Ligass and Dpnl Tranzformation
= 35 Haot Start « 10X KLD = NEB 5-alpha
22 Master Mix Enzyma Mix Compatant Calls

& min. srmomrsmp.

N, 24 Phu@phuryluiion\\ 2B. Ligation \QC Tempilate Removal
F

—'  A¥=-00%00

Figure 5.3Q5mutagenesis strategy. The primers are designed for a linear amplification, and the product is
circularized and digested to remove the template DNA.

The primers were designed with the help of the NEB-BaseChanger software
(http://nebasechanger.neb.com/), and their properties are described in Table 5.6. The PCR
reactions were performed with the amounts recommended by the supplier and 1.5 ng of
template DNA. The DNA templates for each mutant are specified in Table 5.6.

The times and temperatures of the PCR reactionsused for these mutagenesis were those
indicated by the supplier. Particularly critical for the success of the reaction is the annealing
temperature (T,), which, in contrast to canonical PCR conditions, is higher than the melting
temperature (T,,)(Table 5.7)(269). The annealing of a parental DNA with the primer is
energetically disfavored,; however,when the replication of one fragment is completed, this
rare event will produce a PCR fragment with a much higher affinity for the primer and
therefore a higher T,than that of the other sequences in the mix. The mutated fragment is
therefore enriched at every cycle.
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Mutant Tm %GC nt

Nt25Q_AQNAA
(template: pDestHisMBPNt25Q)

Forward

tgcggccCAGAGCGTGCGCGAAGTG 67| 56 | 2

Reverse

ttctgggcAGCTCCTCGGTAGGTCTTG 64 52 27

Nt25Q_SAREAA
(template: pDestHisMBPNt25Q)

Forward

agcggccCAGAACCCGGGCCCCAGG 2| 88 | 25

Reverse

tcgegegcGCTCTGGAACAGATTCTGGAAAGCTC 671 56 | 34

Nt25Q_AQNAAQSAREAA
(template: pDestHisMBPNt25Q_AQNAA)

Forward

tgcggccCAGAGCGCGCGCGAAGCG 4| 80 25

Reverse

ttctgggcAGCTCCTCGGTAGGTCTTGGACG /4 8l sl

Table 5.6 Primers and relative properties for each mutant performed. The DNA templates are listed below the
name of each mutant, the locus of the mutation in capital letters. Tyare calculated with the NEB BaseChanger
software.

Temperatures (°C)

Time (s) AQNAA SAREAA | AQNAAQSAREAA
30 98
10 98
20 67 70 72 X25
420 72
600 72

Table 5.7 Temperature and times used for the PCR. Times are equal for the three mutations while temperature
differs only for the T, tuned on the primer design. 25 cycles were performed.

1 pl of PCR product was digested and ligated with the mix provided by the kit,following the
specifications of the supplier, and transformed in DH5asupercompetentE.coli cells (NEB).
From each successful transformation, 10 colonies were selected and expanded for DNA
extraction. The UV absorbance at 260 nm and 280 nm was measured for each purified
plasmid (Nanodrop 2000) and the DNA of each clone was sent for sequencing. Only one
plasmid among those with a confirmed sequence was used for expression.
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5.2 EXPRESSION SYSTEM

All expression constructs belong to the pDEST family. pDEST17 (Life Technologies) expresses
a 6xHis tag fused N-terminal to the recombinant protein under the control of a pLAC
inducible promoter, for expression triggered by the analog of lactose, Isopropyl B-D-1-
thiogalactopyranoside (IPTG).

pDESTHisMBP (Addgene) is derived from pDEST 17 and expresses the recombinant protein
as a fusion protein C-terminal to a maltose binding protein (MBP) that carries a 6xHis tag at
its N-terminus (His-MBP). The MBP was chosen as a fusion protein because of its high
solubility and the steric hindrance that opposes direct interactions of other monomers(270).
The recombinant protein is therefore expressed fused at the C-terminus of a His-MBP
protein.

All constructs were expressed in E.coli Rosetta BL21 cells (PECF-IRB), in LB media (Melford)
after induction with 0.5 mM IPTG (Sigma). This expression system was adapted from(271).
The expressed fusion proteins caried a TEV cleavage site between the MBP and the
recombinant protein in order to allow removal of the tag in the last step of purification.

Glycerol stocks of transformed cells were stored at -80°C and retransformed when the
expression levels appeared to drop. Expression of Nt51Q was performed onfreshly
transformed cells due to drastic decreases in yield from one preparation to one other.

A pipette tip was plunged into the frozen glycerol stock and then into a 200-ml LB pre-
culture. The LB pre-culture was grown for 16 h at 37°C and 220 rpm before dilution to 1:20
in the expression flasks containing 4L of LB.

The inoculated cells were grown at 37°C and 220 rpm, until reaching an optical density (OD)
of 0.7. The OD was monitored by subsequent measurements with a spectrophotometer Cary
50 Bio (Varian), set at 600 nm. The cultures were induced with 0.5 mM IPTG (Sigma), and
expression was carried out at 28°C and 200 rpm for 4 h.

N- and *C-labeled samples were produced in MOPS media (Melford) enriched with > NH,CI
and (when necessary) *C-glucose (Eurisotope) or non-isotopically labeled glucose (Sigma).
The expression protocol was adapted from(272).

The LB pre-culture was grown in LB for 16 h at 37°C and 220 rpm and then diluted 1:20 in a
fresh 8 Lof LB culture. The LB culture was grown until OD < 0.7 and pelleted by mild
centrifugation at 2000 g for 20 min at 4°C. The pellets were rinsed with MOPS buffer and
pelleted again with a 5000 g centrifugation for 10 min at 4°C. The pellet was then re-
suspended in 2 L of MOPS culture medium and incubated at 37°C 200 rpm for 1 h, in order
to allow the cells to adapt their metabolism to the new media. It is of critical importance to
maintain an OD between 0.6 and 0.7 and to concentrate the cells by a factor of 4 when
changing the medium This procedure ensures the maintenance of expression yields(272).

Finally, expression was induced with 0.8 mM IPTG for 4 h at 28°C in shaking conditions at
200 rpm.
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5.3 PURIFICATION STRATEGY

Ni buffer A Ni Buffer B Size TEV buffer RevNi A RevNi B
Exclusion
Buffer
20mM NaH,PO, 20mM NaH,PO, 20mM 20mM 20mM NaH,PO, 20mM NaH,PO,
NaH,PO, NaH,PO,
500mMNacl 500mMNacl 500mMNaCl 100mMNaCl  100mMNacl 100mMNacl
5% Glycerol 5% Glycerol 5% Glycerol  0.5mM 8M urea 8M urea
EDTA
1mMRBMeEtOH 1mMRBMeEtOH 1mM DTT RMeEtOH 1mM BMeEtOH 1mMRBMeEtOH
500mM Imidazole 500mM Imidazole

pH 8.0 pH 8.0 pH 7.5 pH 8.0 pH 8.0 pH 8.0

Table 5.8 Summary of the buffer used in the purification protocol.BMeEtOH stands for 3-mercapto-ethanol
andDTT forDithiothreitol.

All constructs were expressed and purified following the same protocol, unless otherwise
specified. This protocol was optimizedin order to obtain satisfactory performance with the
most difficult construct handled, Nt51Q, and it facilitated an efficient purification all the
other more manageable constructs.

Each centrifugation was performed on Beckman centrifuges and each purification in anAkta
Explorer (GE Healthcare) fast protein liquid chromatography (FPLC) instrument, maintained
at4°C.

The cell culture was pelleted by a 20-min centrifugation at 5000 G and 4°C and then
resuspended in 80 ml of Ni buffer A (Table 5.8). Generally,the protein was expressed in
cultures of 4 L. When larger expressions were required, a ratio of 20 ml of buffer per liter of
expression was used to resuspend the pellet.

The following were added to the resuspended pellet:

- Lysozyme (Sigma) 1.5 mg/ml in a dilution of 1:500
- Protease inhibitor cocktail (PIC, Sigma) in a dilution of 1:50
- Phenylmethylsulfonyl fluoride (PMSF, Sigma) in a dilution of 1:100

The lysate was incubated at 4°C under mild agitation for 40 min and then sonicated (Vibra-
cell, Sonics) for 20 min with pulses of 15 sec every minute. DNAse (Sigma) was added to the
lysate in a dilution 1:200 and incubated for 1h in the previous conditions.

The soluble protein was separated from the debris by centrifugation at 25000 G for 30 min
at 4°C, and the supernatant was passed through 0.22-mm sterile filters (Millex GP, Millipore)
and purified by Ni affinity chromatography using a Ni-NTA HisTrap HP column (GE
Healthcare). After passing the lysate through the column, it was extensively washed with 20
mM of imidazole (4% Ni buffer B, Table 5.8) in order to remove unspecific binders, and a
gradient from 4% to 100% (500mM imidazole) of Ni buffer B (Table 5.8) was used for elution.

The fractions containing the peak were collected and concentrated to 10 ml with 10 KDa
Molecular weight cut off (MWCO) concentrators (Millipore). This volume is small enough to
be purified by loaded gel filtration.The protein solution was passed through a 0.22-mm filter
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and injected in a Superdex 200 HiLoad 26/60 column (GE Healthcare), previously
equilibrated in size-exclusion buffer (Table 5.8), and separated according tosize.

The fractions of the peak associated with the monomeric intact fusion protein were
collected and incubated in presence of 1.2-1.8 mg of TEV protease in a dialysis bag with
MWCO of 3.5 KDa (SpectraPor) immersed in 5 L of TEV buffer (Table 5.8). Incubation was
performed at 4°C for 16 h under gentle stirring.

TEV protease specifically recognizes the sequence ENLYFQG and cleaves it between the
glutamine and the glycine, producing a fragment that carries a glycine at its N-terminus,
while the His-MBP retains most of the TEV site. The reaction was stopped by dissolving an
amount of urea (Sigma) in the protein solution to reach a concentration of 8 M. This step has
also the advantage of preventing aggregate formation and disrupting the early aggregates
formed after cleavage.

The protein and urea solution was then passed through a 0.22-mm filter and loaded in a
HisTrap HP column (GE Healthcare) previously equilibrated with RevNiA buffer (Table 5.8).
After complete loading, a linear gradient from 0% to 100% of RevNi B buffer was applied to
separate the target protein from the His-MBP protein.

After each purification step, SDS-PAGE electrophoresis (Life Technologies) was performed to
check the purity and integrity of the proteins,using precast SDS-PAGE acrylamide gels with a
5-12% gradient (Life Technologies).

Pure protein was concentrated with a 3 KDa MWCO concentrator to 3 ml and dialyzed
against 5 L of MilliQ water with a 3-ml dialysis cassette (Thermo Scientific), in order to
remove urea. The dialyzed protein was then flash frozen with liquid N,, lyophilized and
stored at -80°C until use.To confirm the MW of each protein, multiple checks with mass
spectrometry were performed at the end of the purifications.

5.4 MEASUREMENT OF CONCENTRATION

After size exclusion chromatography, the concentration of pure uncleaved protein was
measured by UV absorbance at 280 nm (Varian Cary Eclipse). The extinction coefficient € for
Nt4Q, Nt25Q and Nt51Q fused to His-MBP was 79425, calculated with the ProtParam
software (http://web.expasy.org/protparam/).

The concentration of the pure cleaved protein was measured by injecting a 10ul of sample
into an Agilent 1200 reverse phase high-pressure liquid chromatography (RP-HPLC),
equipped with a C-18 column (Phenomenex) and eluting it with a gradient of 0-90%
acetonitrile (Panreac) in 30 ml, monitored at 215 nm.

5.4.1 HIGH-PRESSURE LIQUID CHROMATOGRAPHY

All concentration measurements of pure protein were performed by HPLC as specified in
Section 5.4. In order to do this, it was necessary to produce a calibration curve with samples
of known concentration. Amino acid analysis of a stable Nt25Q sample was performed as an
independent approach to determine the exact concentration of protein. Amino acid analysis
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was performed by the Scientific and Technical Services of the University of Barcelona (CCiT-
UB).

The sample of known concentration was diluted to obtain a 5 point calibration curve, and
each dilution was measured by injecting 10 pl sample into the HPLC chromatograph.The
integrated value of intensity at 215 nm (Int A ,15) corresponding to the peak of the pure
protein was reported.

Given the similarity of the proteins studied, we assumed that all of them would have the
same residual absorption at 215 nm, thus allowingthe application of this calibration curve to
each protein measurement, correcting for the relative molecular weights. Intersperse checks
with samples measured by amino acid analysis of each construct were performed over time,
to assess the reliability of the measurement.

In a separate experiment, HPLC was also used to run analytical size exclusion
chromatography with a Yarra 3000 (Phenomenex) column. In this case, 10 ul of sample
wasere injected and eluted in 15 ml, with a flow of 1 ml/min in sodium phosphate buffer
(Table 5.10). The signal was recorded at 215 nm.

5.5 SECONDARY STRUCTURE PREDICTION SOFTWARE

A suite of on-line tools has been developed by several groups to obtain preliminary insights
into the secondary structure propensities of proteins analyzed. These software packages
analyze the amino-acid sequence and produce residue-specific plots, predicting
thepropensity of a given region to form a-helices, B-turns, coil-coils or whether it belongs to
a disordered region, depending on the software.

PONDRFIT (www.pondr.com) is a meta-predictor of disordered residues in a polypeptide
chain. The sequence is analyzed in windows of 21 aminoacids and their properties are
compared with a training library. The software produces as an output a value between 0 and
1 for the amino acid at the center of the window, where 0 means completely ordered and 1
completely disordered. The threshold for considering a residue as located in a disordered
region is 0.5(273).

Agadir (http://agadir.crg.es/)is an algorithm used to predict the helical propensity of
peptides. This algorithm was developed by performing an empirical analysis of experimental
data, to estimate residue-level energy contributions to the stability of a-helical
peptides(274). This database was used to train an algorithm that predicts the helical content
of a window of residues according to the Helix-coil transition model(275). Properties of the
solvent-like ionic strength and pH can be taken in account for the calculation.

Paircoil2 (http://groups.csail.mit.edu/cb/paircoil2/paircoil2.html) is the improved version of
Paircoil and is an algorithm that recognizes coil-coil motifs on a protein sequence(276). Both
Paircoil and Paircoil2 use pair-wise residue correlations obtained from a database of
peptides reported as coil-coil partners to identify new potential motifs that can establish
coil-coil interactions and distinguish simple a-helical motifs to helices that can establish this
interaction(277).
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5.6 PEPTIDE DESIGN AND SYNTHESIS

The peptides used in this project are summarized in Table 5.9 with the name used to refer to
them.

Name Sequence
KKQzsKK KKQQQ Q0000 Q0000000000000 QQKK
KKL,QysKK  KKLLL LOQQOQ QQ0Q0 QQQOQ0QQ0Q00Q0Q QKK
FQNLF Ac-YPRPP SKTYR GAFQN LFQSV REVIQ NP-NH,
C-term Ac-GPTGY LVLDE EQQPS QPQSA LE-NH,

Table 5.9 List of peptides and relative amino-acidic sequence

Peptides were purchased from Genscript through custom solid-phase peptide synthesis. The
design of KKQ,sKK and KKLLLLQ,sKK was chosen following the work on the kinetics of polyQ
peptides by the Wetzel group(85, 278, 279).

5.6 MONOMERIC SAMPLE PREPARATION

In order to obtain data in a reproducible fashion, a starting point with purely monomeric
protein was strictly required.

Chapter 7 of the result section explains in details the process to reach the final protocol and
the reasons of the choices done. Here are described the technical details of the two main
protocols applied for obtaining monomeric proteins, without explaining the theory.

5.6.1 DISAGGREGATION WITH TFA:HFIP (WETZEL METHOD)

This protocol was developed by the Wetzel group in the university of Pittsburgh, to
disaggregate efficiently polyQ peptides and peptides derived from Htt exon 1(85, 278).

Trifluoroacetic acid (TFA) is a very strong organic acid, due to the strong electronegativity of
the trifluoromethyl group. Hexafluoro-2-propanol (HFIP) is a fluorinated alcohol, used to
dissolve efficiently highly hydrophobic compounds. An extensive use of HFIP in
disaggregating AR fibrils and Htt peptides is described in the literature (280-283).

OH

j\ F\)\/F

HO™ “CFs ¢ ¢/ %

Figure 5.4 Structure of TFA (left) and HFIP (right)
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Due to the nature of these two compounds and the amounts used, this procedure is highly
hazardous and therefore carried out entirely under a fume hood, with double glove
protection.

The protein was dissolved in pure HFIP, to obtain a 1 mg/ml solution in a 20 ml glass flask in
the presence of a stirrer bar. An equal amount of TFA was then immediately added, in order
to obtain a 1:1 TFA:HFIP solution. The flask was sealed with parafilm and left stirring at RT
for 24 h.

The solvents were evaporated with a gentle Ar stream until disappearance of the liquid
phase and then the flask was moved into a desiccator for 24 h. This step is required for
removing traces of the two solvents, as it has been reported that traces of HFIP can
influence aggregation kinetics for amyloid proteins(284) and that this solvent is a strong a-
helix inducer(285, 286).

The protein layer was then dissolved in phosphate buffer (20mM NaH,P0O,, 100mM NaCl, pH
7.5, 0.05% NaN;) and transferred in aliquots of 200 ul in ultracentrifuge tubes for an
ultracentrifugation step of 3 h at 386000 g, 4°C in a Optima TLX or Optima MAX
ultracentrifuge (Beckman). The top % of protein solution were taken from each tube and
were considered the starting point of the experiment.

The final concentration was measured with HPLC as described in Section 5.4.

5.6.2 DISAGGREGATION WITH GUANIDINE THYOCYANATE 6M (LINSE METHOD)

This method was developed for AR peptide in
the group of Linse in the University of
Lund(31) and has been extensively used for

20m mM Na

GndSCN 6M buffer Phosphate buffer

measuring aggregation rates of the AR
peptide in several conditions, in order to
develop mathematical models of its
aggregation(25, 33, 287). The method had to

16.2 mM Na,HPO,
3.8 mM NaH,PO,

6 M GndSCN
5 mM TCEP
pH 7.4

16.2 mM Na,HPO,
3.8 mM NaH,PO,

1 mM TCEP
0.05% NaN;
pH 7.4

be further implemented, by introducing the
final ultracentrifugation step, used in the
Wetzel method.

Table 5.10 buffer composition of disaggregation
with Linse Method

A buffer containing Guanidiniumthyocyanate (GndSCN) 6M was freshly produced before
each experiment (Table 5.10), filtered with a 0.22 mm filter and used to dissolve the
lyophilized protein. The protein solution was kept in shaking at RT for 3.5 h. A 1:5 dilution of
the sample was measured by HPLC, to check the concentration and its oxidation state (see
results Chapter 7).

A 500 pl aliquot of GndSCN protein solution was loaded in a gel filtration (PD-10) column for
buffer exchange (GE Healthcare, MWCO 3.5 KDa), previously equilibrated in sodium
phosphate buffer (Table 5.10). The sample was collected by fractioning every 500 pl after
the void volume (2.5 ml) and measuring the UV absorbance spectrum with a Nanodrop 2000.
The most concentrated fraction was spun for 10 min at 13000 g and 4°C before injection in a
size exclusion column, equilibrated with phosphate buffer (Table 5.10).
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The size exclusion column used is a Superdex 75 10/300 GL and the two 250 pl fractions that
correspond to the peak of the monomeric protein are taken, pooled together and their
concentration is measured.

The monomeric protein was transferred in aliquots of 200 ul in ultracentrifuge tubes for an
ultracentrifugation step of 1 h at 386000 g, 4°C in a Optima TLX or Optima MAX
ultracentrifuge (Beckman).

For obtaining monomeric peptides, it was necessary to adapt the protocol, by taking into
account their small size. Therefore, the PD-10 gel filtration step was skipped, due to the
MW(CO (3.5KDa) being too close to the size of the peptides. Instead, just before injection in
the size exclusion column, the solution of 6M GndSCN was diluted 2:3 with phosphate buffer,
to decrease the concentration of GndSCN. This prevented the GndSCN from crystallizing in
the loop, due to the low temperature of the FPLC instrument.

The column applied was a Superdex Peptide 10/300 (GE Healthcare), able to separate
efficiently low molecular weight (MW) species, while the ultracentrifugation step was of 3 h
at 386000 G, 4°C.

In both cases, the top % of protein solution are taken from each tube and the concentration
was measured by HPLC. The beginning of the experiment was considered when the dilution
to the desired concentration was applied.

5.7 KINETIC MEASUREMENTS

A set of biophysical tools was adopted to follow kinetics of aggregation of the proteins and
the peptides analyzed.

5.7.1 THIOFLAVIN-T BINDING

Thioflavin-T (ThT) is a fluorescent dye CH
commonly used in biophysical studies to 3

"
identify the presence of amyloid fibrils in N ICHS
an aqueous solution. It is a planar \>_®7N‘
molecule (Figure 5.4) that interacts ch S CH,
selectively with amyloid fibrils and, when Cl
it does, shows birefringence. The
excitation and emission maxima are,  Figure 5.4Structure of Thioflavin-T (Sigma)
respectively, 350 nm and 440 nm in
aqueous solutions and with a relatively low quantum yield. ThT shows higher fluorescence
when in presence of cross--sheet rich deposits and its excitation and emission maxima shift
to 440 nm and 486 nm. The use of a spectrofluorimeter allows quantitative measurements
of the build-up of cross-B-sheet content by measuring the fluorescence intensity at 486 nm

with excitation at 440 nm (288).

The mechanism of action is not entirely understood, but the most accepted theory is that
the dye intercalates the fibril, binding to the hydrophobic residues that form the R-strands.
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The increase in rigidity given by the constraint of the two R-strands determines the shift in
emission and excitation maxima (289).

This assay was developed based on the protocol suggested by Dr. Natalia Carulla at IRB
Barcelona.

For practical reasons, stock solutions were performed before the beginning of the
experiment and conserved at 4°C:

- glycine-NaOH (Sigma) 300mM buffer pH 8.51
- Thioflavin-T (Sigma) 10mM

Aliquots of 25ul were taken from the incubating solution (generally of 20 uM concentration)
and mixed with the ThT stock and the glycine-NaOH buffer, to obtain a final 50 ul sample of
10uM protein, 10 uM ThT, 50 mM glycine-NaOH pH 8.51.

The sample was measured by exciting at 450 nm (filter 450/10) and recording the emission
at 486 nm (filter 486/20) in a spectrofluorimeterFLuoDia T70 (Photal), with 50 ms of
integration time and 10 accumulations at 25°C. Alternatively, a spectrofluorimeter Cary
Eclipse (Varian) was also used, by exciting at 440 nm and recording the spectrum of emission
from 480 nm to 500 nm with excitation slit at position 5 and emission slit at position 10.

Data were analyzed subtracting the Intensity signal at 486 nm of a blank sample of ThT with
buffer instead of protein.

5.7.2 SEDIMENTATION ASSAY BY ULTRACENTRIFUGATION

This assay was developed and extensively used by the Wetzel group of the University of
Pittsburgh (22, 278). The main concept stands in measuring the concentration of monomer,
or small oligomers, remained in solution, after a sedimentation step by ultracentrifugation.

As long as the monomers assemble forming oligomers that grow in size, the sedimentation
coefficient of the particle increases, together with the speed by which the particle forms
sediments. However, the sedimentation coefficients of monomer and small oligomers have
very small differences, so that a monomer will be hardly separable by preparative
ultracentrifugation in aqueous solutions by iteratively changing time the time and speed of
ultracentrifugation.

Therefore, we decided to set a centrifugation time and speed based on our experimental
data (see Chapter 7.5 in Results) and on data found in literature (278) with the awareness
that, in order to obtain a purely monomeric sample, a fraction of the monomer is necessarily
sedimented.

For the experiment in stirring conditions, the freshly disaggregated solution was keptina 1.5
ml sterile glass bottle provided with a stirrer and 2 aliquots of 50 pl were taken from the top
part of the solution. For the experiments in quiescent conditions, the freshly disaggregated
solution was split in aliquots of 55 pl and sealed with Parafilm. The incubation in each
experiment was performed at 37°C.

In both the described experimental conditions, two 50 ul aliquots for time point were taken
and ultracentrifuged in a Beckman Optima MAX or Beckman Optima TLX ultracentrifuge for
1 h at 386000 g (104000 rpm) at 4°C.

61



Immediately after the centrifugation, the upper 25 ul were taken and moved to eppendorf
tubes and the concentration is measured by HPLC.

Data were reported as mean of two values and they represent the fraction of monomer in
solution. The concentration of protein at each time point was normalized for the
concentration at ty, which is the first measurement taken immediately after preparing the
sample and before beginning the incubation at 37°C.

5.7.3 DYNAMIC LIGHT SCATTERING

Dynamic Light Scattering (DLS) is a tool extensively used to prove the monodispersity of a
sample and, as a consequence, it is very efficient in identifying the presence of oligomers,
also in low amounts.

The DLS instrument measures the Brownian motion of particles in solution by a laser beam
that explores a window in a quartz cuvette. A digital detector counts the number of photons
of scattered light over a defined time window. The speed by which a particle moves by
Brownian motion depends on the viscosity of the medium and on the size of the particle.
Particles of larger size will tumble more slowly across the window and scatter more light.
Differential absorption of the particles in the sample could introduce inhomogeneity in the
measurement, but this effect is prevented by using one single wavelength laser source that
provides high stability and low dispersion of the beam(290).

The direct measurement of scattered light takes advantage of the Rayleigh theory, which
correlates the hydrodynamic radius of a particle to the intensity of scattered light, according
to the following equation:

n?-1

)2
2

I = I,16m*RS %
Where | is the intensity of light scattered and /othe incident light, R is the radius of the
particle, n the relative refractive index of the particle and r the distance of the detector from
the scattering particle. From this equation is clear a very strong dependence of the scattered
light on the radius of the particle, so that large particles risk to overwhelm the signal of
other populations also when in low amounts. Another complication is the ratio between the
refractive index of the particle and the one of the medium, which is very low, further
decreasing the ability to sense populations of both large and small particles.

Instead of measuring directly the scattering of the particle, DLS measures the variation in
scattered light by particles in Brownian motion in the medium over a window of time.

A second order autocorrelation function is calculated from the sequence of intensity values
recorded:

L {@IE+ )
9% (q;0) = o2

An autocorrelation function, in simplicity, is a function generally used to extract repeating
patterns from a very noisy signal and it consists in correlating a value with itself at a
different point in time. In this second order autocorrelation function g°, the value of

62



intensity /, associated to a particular wave vector g,is correlated with the value of intensity
at the time t+t, where t is the delay.

In the most simple scenario of a sample that is monodisperse, it is possible to produce a first
order autocorrelation function and to resolve it as an exponential decay directly associated
to the translational coefficient of the particle analyzed, according to these equations:

g'(q;7) = Exp (-T1)
Where I is the decay rate:
I = q2D;
D, is the translational coefficient and:

_ 41‘[110
2

2

.0
q sin ()
In this equation, A is the incident laser wavelength, n, the refractive index of the sample and
© the angle of the detection. DLS instruments have generally fixed angles, therefore is
necessary to provide only ny to know the translational coefficient of a particle. The
translational coefficient is function of the size and the shape of the particle according to the
Stokes-Einstein equation:

kgT
D=
6mnR

Where k;z is the Boltzmann constant, T the temperature n the viscosity and R the radius of
the spherical particle(291).

However, the majority of the samples is in reality a mixture of particles of different size
(polydisperse) and the autocorrelation function produced will be the sum of all the
exponential decays associated to each particle and the treatment of this calculation is not
part of this thesis.

We used DLS mainly as a tool for knowing the size of the monomeric sample and to measure
the rate of oligomerization by monitoring a representative value of the polidispersity and of
the size of the oligomers produced, which is called z-average.

The z-average value (or cumulants mean) is the average of the sizes of all the particles in
solution, weighted by their size. Mathematically, it corresponds to the fit of a polynomial to
the log of the g* correlation function:

Ln(g') = a+ bt + ct? +dt3 +et* + ...

The value b is known as the second order cumulant fit or the z-average diffusion coefficient
and it is converted in size units, taking in account the viscosity and the fixed angles
parametrized by the software of the instrument.

The instrument used for these measurements is a Malvern Zetasizer Nano S equipped with a
He-Ne of 633 nm wavelength laser. For each experiment, 20 repetitions of 20 seconds were
recorded. Three measurements were performed at each time point.
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Before the measurements, samples were spun with a tabletop centrifuge at 42C for 10 min
at 13,000 rpm and then deposited in a quartz cuvette that was capped and sealed with
Parafilm.

Depending on the length of the experiment, the measurements were automatized with the
Malvern software, or repeated manually twice a day, keeping always the same settings and
the sample at 37°C between incubations.

5.7.4 NATIVE GEL ELECTROPHORESIS

This kind of electrophoresis is used to study behavior of proteins in non-denaturing
conditions, preserving the oligomeric state and the native structure of the protein analyzed.

Conceptually, this experiment is very similar to a conventional SDS-PAGE, with the
difference that no SDS and no reducing agents are present and that the sample is not
denatured before loading the gel. In this case, the sample can migrate according not only to
the MW, but also to the charge, the oligomeric state and the degree of compaction at its
native state. Oligomers will be visualized as multiple bands on the same lane.

The native gel was prepared for a neutral or acidic protein (Nt25Q, Nt4Q and Nt51Q have pl
6.33) in Native Tris buffer (Life technologies) with 8% of acrylamide (Sigma) and the samples
were prepared by adding 4 ul of loading buffer (Life Technologies) in 16 ul of sample.

The gel was run at 4°C for 16 h at 20 mV and then stained with the same Coomassie staining
solutions generally used for SDS-PAGE. Destaining procedure is analogue to the one used for
canonical SDS-PAGE.

5.7.5 ANALYTICAL SIZE EXCLUSION CHROMAOGRAPHY

Analytical size exclusion chromatography (SEC) is another method extensively applied to
know the size of a protein in solution, by passing the sample through a gel filtration column
previously calibrated with a set of protein of known size and MW.

Whereas for folded proteins size and MW are in good approximation proportional, IDPs tend
to adopt more extended conformations in solution and they present a larger size than folded
proteins with the same MW/(292). For this reason, it is necessary to accurately calibrate the
SEC according to the size, or hydrodynamic radius (R;), more than to the MW.

With this purpose a SEC column Superdex 200 10/300 GL (DGE Healthcare) was calibrated
with a set of proteins provided in the kits for both low MW and high MW column calibration
from GE Healthcare. Accurate measures of void volume Vy and total volume V; were
performed, obtaining the values V, = 7.9 ml and V; = 20.780 ml. These values were used for
resolving the following equation:

Ve — Vo
Vr = Vo

Kyy =

Kav is the partition coefficient and it is a way to represent with a single normalized number
the relative retention volume (Vg) of a protein in the column used. Knowing the
hydrodynamic radius of each of the protein used for the calibration, it is possible to develop
a calibration curve that correlates the log of K,y with R, (Figure 5.5).
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Figure 5.5Calibration curve for R, according to the elution volume in a Superdex 200 10/300 GL column
(R,=0.97612).

From this linear fitting it was possible to calculate the measured R, as:

And Rgis calculated in Angstrom (A) of radius.

The R, calculated was then compared with theoretical R, calculated from the MW by using a
set of equations developed by the Uversky group, that produce different values of R, taking
in account different degrees of disorder of the protein (Table 5.11)(292)

= Native

= Molten globule (natively folded protein on denaturing
conditions)

= Pre-molten glabule (natively folded protein on
denaturing conditions)

= Completely unfolded protein with urea

= Completely unfolded protein with guanidinum
hydrochlaride

= Natively unfolded protein in extended conformation
(coil)

= Natively unfolded protein in a collapsed conformation
(pre-molten globule)

Table 5.11Theoretical R, from MW of proteins in different states of disorder(292)

This equation can only predict with a good degree of accuracy the R,ofmonomeric proteins,
as other events of folding and compaction can occur upon oligomerization, increasing the
complexity of the behavior. Nevertheless, it was possible to compare the calculated Rswith
all the theoretic Rsfor the monomeric protein, to look for confirmation about the entity of
the main peak observed and to gain some insight about the level of compaction of the

protein.
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5.8 STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION

A suite of biophysical tools was applied to study the structural properties of monomeric and
aggregated protein and to characterize the morphology of the aggregates formed.

Tools like circular dichroism (CD), and Analytical Ultracentrifugation (AUC) can analyze
samples in monomeric or low-oligomeric state, while techniques like transmission electron
microscopy (TEM), atomic force microscopy (AFM) and Fourier transform infrared
spectroscopy (FTIR) work better with aggregates.

5.8.1 CIRCULAR DICHROISM (CD)

CD is a technique that measures the
difference in absorption of clockwise (R) and 8e+4 [ 1 — a-helix
anti-clockwise (L) polarized light in an R == M)

. . . 3 — disordered
optically active sample. Chiral compounds, 4 — collagen (triple helix)
like amino-acids, present different absorption 5 — collagen (denatured)
patterns of L and R polarized light and
proteins analyzed by CD will reveal
information on their structure.

6e+4
de+4
2e+4

Oe+0
The kind of information obtained depends on

the window of wavelengths explored.
Monitoring the wavelengths from 260 nm to
320 nm (near UV CD), in the spectrum of
absorption of the aromatic chains, gives Bosd : i : : ;
information about tertiary structure, however 190 200 210 220 230 240 250
the result can be of difficult interpretation,
due to heterogeneous contributions, like

exposure of each aromatic residue, degree of  Figure 5.6Examples of CD signals for a-helix (1),
freedom. excitation state S-sheet (2), random coil (3), collagen triple
’ ' helix(4)(392)

(8], deg. - cm?/dmol

-2e+4

-de+4

Wavelength, nm

For this reason, CD is more extensively

applied at low wavelengths (far UV CD), between 180 nm and 260nm, in the absorption
spectrum of the backbone, to acquire information about the secondary structure(293). In
this case, each type of secondary structure is characterized by one specific CD signal and it is
possible, at least in theory, to compute what proportion of sample in solution adopts one
specific secondary structure by linearly combining the signals for each secondary structure
visited by the sample.

The raw output signal of a CD experiment is the difference between the R and L polarized
light for each wavelength observed, called ellipticity (6,) and it is expressed in millidegrees
(mdeg).

The choice of the cuvette depends on the concentration of the sample and the buffer
conditions, and general guidelines for reliable measurements are to maintain the high
tension voltage (HT) of the instrument below the value of 600 mV and the absorbance below
1.0, to avoid excessive noise.
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For the measurements in this project, proteins were analyzed using a Quartz SUPRASIL 100-
QS 1 mm cuvette for proteins ranging from 10 to 30 uM and a Quartz SUPRASIL 100-QS 0.1
mm for proteins ranging from 100 to 150 pM.

The choice of buffer is another Component Absorbance (50 mM solution in 0.02 ¢m pathlength cell)
critical step for obtaining reliable 180 nm 190 nm 200 nm 210 nm
data. Depending on  the NaCl ~0.5 =05 0.02 0
absorption properties that each NaF 0 0 0 0
. NaClO, 0 0 0 0
buffer has at far UV and their Boric acid 0 0 0 0
concentration, they will be more Na borate 0.3 0.09 0 0
. (pH 9.1)
or less applicable to CD Na,HPO, ~05 03 0.05 0
spectroscopy. Table 5.12 NaH,PO, 0.15 0.01 0 0
summarizes their properties and Naacetate =03 703 0.17 0.03
prop Tris/H,S0s  >0.5 024 0.13 0.02
the suitability to CD. (pH 8.0)
HEPES/Na®  >0.5 =0.5 0.5 0.37
. (pH 7.5)
Sodium phosphate buffer (Table MES/Ng 05 099 099 0.07

5.10) is reasonably good for (pH 6.0)
measurements until 190 nm and
it was applied for all the CD Table 5.12 Absorption properties of common buffers in the far

measurements. UV. The higher the Abs at a given wl, the worst less suitable the
buffer is(293)

Measurements were performed

on freshly disaggregated monomeric samples with a JASCO 815 spectropolarimeter and the
spectra were acquired at aresolution of 0.2 nm with a scan rate of 50 nm/min and 10
accumulations per spectrum. Two channels were used, for monitoring both ellipticity and HT,
in order to have a quality control of the measurement. Data points at wavelengths with HT
higher than 600 mV were discarded.

The raw output of ellipticity in mdeg is converted in a normalized value, called mean residue
ellipticity (MRE). This conversion takes in account the number of peptide bonds of the
protein, the concentration and the path length of the cuvette, to produce normalized
spectra that can be compared across proteins. The MRE, value is calculated as follows.

el,sample (mdeg) - el,blank (mdeg)

MRE,(deg * cm? x dmol™1) = W — 1) = d(m) = c(m)

B,is the ellipticity value at the relative wavelength A for the sample and the blank and it is
expressed in mdeg, N is the number of residues of the protein, d is the path length
expressed in m and c the concentration of protein, expressed in mM.

Deconvolution of the CD data was performed by the web calculation tool Dichroweb
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml)(294, 295). This software analyzes the
CD spectrum provided, by fitting it to a library of CD spectra with known secondary structure.
It is possible to choose among a set of fitting algorithm and select the one that provides the
best fitting in terms of lowest root mean square deviation (RMSD). The software finally
interprets the spectrum as fractional compositions of a-helix, B-sheet and random coils. In
this project, the two main algorithms applied were K2D and CONTIN and the results showed
in the result section are the best fit, associated with the lowest RMSD from the simulated
spectra.

5.8.2 ANALYTICAL ULTRACENTRIFUGATION

67



Analytical ultracentrifugation (AUC) is the most reliable method to assess the purity of a
sample, its monodispersity and to obtain information about its size and oligomeric state, as
every term of the equations used can be determined experimentally.

AUC sedimentation experiments are performed with an ultracentrifuge that carries a UV
spectrophotometer and an interferometer, which measures the difference between the
refractive index of a buffer solution (as a reference) and the same solution in presence of
the particle analyzed (Rayleigh interference). The measurement is performed as the
ultracentrifuge spins the sample and the variation in absorbance or Rayleigh interference is
plotted as a function of the cuvette length. Two types of experiments are possible:
sedimentation velocity (SV-AUC) and sedimentation equilibrium (SE-AUC)(292).
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SV-AUC is the more extensively used method and is the one adopted in this thesis. In a SV-
AUC experiment, a sample solution is spun in a cuvette at a velocity w high enough to allow
relatively fast sedimentation of solute. The association between variation in concentration c,
ultracentrifugation time tand radial positionr (which is the position in the cuvette length) is
described by the Lamm equation:

dc 1 0 [ ( ) D 6C)]
—_— = — — % — % * —_ * —
Jat r or rE\eseT ar

The two values not provided experimentally are s and D that are respectively the
sedimentation coefficient, expressed in Svedberg unit (1 S =10™ s) and diffusion coefficient,
already described in 5.7.3. The Svedberg equation describes the relation s between the
values D and the mass M:

s=M( - pv)D/RT
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The value p is the solvent density, while the valuev is the partial-specific volume of the
macromolecule. Currently it is possible to obtain from the amino-acid composition and the
buffer composition theoretical values of ¥ and p from the software SEDNTERP
(http://sednterp.unh.edu/#).

Measurements were performed on Nt25Q and Nt4Q samples freshly disaggregated with an
Optima XL-A (Beckman) at 38,000 rpm. Sample displacement profiles were obtained by
interferometry and UV absorbance at 280 nm. Data analysis was performed with the
program SEDFIT 14.1(296, 297). This program calculates the s from the sedimentation profile
and provides insights on the oligomeric state by proceeding from some assumptions on the
shape of the macromolecule. The best fit among the various simulated values is the one
displayed in the analysis.

In case of a monomeric protein, it is possible to calculate the molecular weight by measuring
separately SV-AUC and DLS, obtaining s and Dwith orthogonal methods. Therefore, the value
swas obtained from SV-AUC and the value D was obtained from a parallel DLS experiment
with a DynaPro instrument (ProteinSolutions), while the values p=1.000416 g/ml and
=0.7201 ml/g were calculated with SEDNTERP.

By applying the Svedberg equation, it was possible to check whether the MW of the main
species observed by DLS and SV-AUC was corresponding to a monomer.

This experiment was performed at the Analytical Ultracentrifugation and Light Scattering
Facility at CSIC-CIBio, Madrid.

5.8.3 FOURIER TRANSFORM INFRARED SPECTROSCOPY
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In FTIR spectroscopy, a beam of light containing a wide range of wavelengths is used to
analyze the sample, by measuring the absorption of each wavelength. The beam of light is
split by a beam splitter and reflects on both a moving mirror and a fixed mirror. The moving
mirror determines a difference of optical path with the beam that is reflected by the fixed
mirror. The two beams are forced to collide again by a set of mirrors and when they do, they
produce interference. This new beam of light is called recombined beam and it is the one
that passes through the cuvette containing the sample, before reaching the detector. The
interferogram produced is deconvoluted by a Fourier transform in the single components of
absorption at each wavelength, represented by a series of peaks in intensity.
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The FTIR technique used is the attenuated total reflectance (ATR-FTIR) and it consists in
directing the light towards a crystal with an angle of incidence that is entirely reflected from
the crystal. The sample is deposited on top of the crystal and absorbs part of the reflected
light, so that the crystal emits only attenuated light. The light can be reflected several times
on the crystal and when it reaches the detector, it will carry the pattern of absorption of the
sample.

ATR-FTIR was applied on aggregated samples of Nt25Q and Nt4Q, after lyophilization. 500 pl
samples of Nt4Q and of Nt25Q were incubated at 37°C in sodium phosphate buffer for,
respectively, 40 and 50 days and lyophilized.

FTIR measurements were carried out by the technical and scientific service of the university
of Barcelona (CCIT-UB), with a scientific NICOLET iZ10 ATR instrument equipped with a
diamond detector DTGS.

5.8.4 ATOMIC FORCE MICROSCOPY

AFM is a microscopy technique with a resolution higher than light microscopy, due to its
peculiar design. The AFM microscope does not project light directly on the sample, but
instead scans its surface with a sharp tip tethered to a cantilever, similarly to a gramophone.
Laser light is directed towards the head of the cantilever is reflected with an angle that
depends on the position of the cantilever and essentially amplifies the motion done by the
cantilever when the tip encounters obstacles or roughness. This system allows appreciating
deflections of up to 0.1 nm and it is particularly valuable for studying nanomaterials, like
protein aggregates, especially in fibrillar or quasi-crystalline form. The advantage of AFM
over other high resolution microscopy technique is its quantitative nature, as the picture
formed, in reality, is produced by plotting a series of xyz coordinates of the cantilever
tip(298).

Aggregated protein samples were prepared of Nt25Q and Nt51Q after respectively 30 and 3
days of incubation in sodium phosphate buffer (Table 5.10) at 37°C.

10 microliters of sample were poured on top of a freshly cleaved mica surface glued on a
metallic disc with two-component epoxy cement. The sample was let to absorb for 5 min.
After that, the mica was dried under a nitrogen stream.

The method used for the experiment was Peak Force Scan Asyst mode (QNM, Brucker) and it
consists in performing the measurement by vibrating the cantilever at frequencies lower
than the classical Tapping mode, by applying the force with a sine wave, instead of with a
triangular wave. This prevents the cantilever to incur in unwanted lateral contacts (meaning,
contacts with the surface while scanning). The ScanAsyst allows to further fine-tune the
force applied to the cantilever (299).

The experiments were performed in air with a Multimode 8, Nanoscope V electronics,
equipped with an AFM probe SNL-10 (nominal spring constant: 0.35nN/nm, Bruker).

The AFM data collection was performed by the technical and scientific service of the
University of Barcelona (CCIT-UB).

70



5.8.5 TRANSMISSION ELECTRON MICROSCOPY

TEM operates with the same principle of light microscopy, with the only difference that,
instead of a light source, a high-energy electron beam (up to 300 kV) passes through the
sample and the image formed is due to the thickness and the composition of the material
analyzed. The beam projects the image on a CCD or a fluorescent screen.

The advantage of an electron beam, instead of a light beam, is the energy at which the
electron can be accelerated, which is orders of magnitude higher than the one of a photon,
producing therefore shorter wavelengths and higher resolution. Increases in magnification
can be produced by increasing the voltage at which a set of magnets focus the electron
beam (300).

As electron beams easily pass through protein layers, the absorption of thin layers of protein
aggregates is very low. To increase the electron density of the samples, it is necessary to
apply a staining solution that carries heavy atoms. Uranyl acetate is the most commonly
used staining solution in biological electron microscopy, as it binds very well to proteins,
nucleic acids and membranes (301).

TEM samples were prepared by depositing 6 ul of aggregated protein solution on Cu-carbon
coated grids (Agar Scientific) and incubating for 5 min. The excess of sample was removed
with filter paper (Whatman). Grids were stained for 5min with 1% (v/v) uranyl acetate for a
5-min incubation.Uranyl acetate excess was removed as for the sample and the grids were
washed rapidly with MilliQ water before drying and storage. Images were acquired with a
JEOL 1010 electron microscope.

5.8.6 LIMITED PROTEOLYSIS COUPLED TO MASS SPECTROMETRY

The core of a fibril is a very compact environment, protected from the effect of external
binders. For this reason, it is possible to obtain information from the residues buried in the
core of the aggregate, by degrading it with proteases in a time-controlled fashion. A
cleavage site buried in the core is less accessible than one protruding in the medium,
especially if the protein is disordered, taking longer to be cleaved. Therefore, by knowing
where a specific protease cleaves and exposing the sample to the protease for a range of
times, it is possible to rank the cleavage sites for degree of protection.

This experiment is generally applied on folded proteins to identify buried and exposed
loops(302, 303). However, by repeating the same experiment with both monomeric protein
and fibril, it is possible to know the difference in degree of protection between monomeric
and aggregated sample and therefore know what are the buried region(304-306).

The protein solution incubated with the protease is analyzed by mass spectrometry (MS) in
order to identify the peptides produced with proteomics software.
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Figure 5.9 Schematic representation of the experimental approach for the limited protease experiment. The
cleavage sites not visited by the protease at the time t, are protected by the aggregate (yellow), those visited
both in monomer and aggregate are exposed (blue).

Freshly disaggregated Nt25Q and Nt4Q and a solution of Nt25Q aggregated for 16 h in
stirring conditions were split in 50 pl aliquots and incubated with a 1:50 dilution of Trypsin
(MS grade, Promega) shaking at 37°C for 0 (ty), 10, 30 min, 1 h, 3 h and 16 h. The reaction
was quenched with addition of 1% formic acid (MS grade, Promega). A separate aliquot was
not treated with trypsin (t.1) as a control.

The samples were analyzed by HPLC-MS in the Mass Spectrometry Core Facility at IRB
Barcelona in a nanoAcquity UPLC (Waters) instrument, coupled to with a LTQ-FT Ultra mass
spectrometer (Thermo Fisher).

MS data were analyzed with Proteome Discoverer v1.3 software (Thermo Scientific) with
SEQUEST algorithm, while a prediction of the trypsin cleavage sites was performed with the
PeptideCutter software from ExPasy (http://web.expasy.org/peptide cutter/).
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PART IV: RESULTS

73



CHAPTER 6: PURE RECOMBINANT PROTEIN AND SECONDARY
STRUCTURE CHARACTERIZATION

AR is a 100 KDa protein and its dimensions are not compatible with E.coliexpression. In
addition, also a biophysical characterization of the NTD, or parts of it, can be a challenging
endeavor, as it is an intrinsically disordered region (Figure 6.1) with a propensity to
aggregate.
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Fig. 6.1 PONDR-FIT prediction of the full length AR with representation of the domains on top. The polymorphic
polyQ is shown in purple. The chosen fragment is from fragment 1 to fragments 153 in the PDB sequence. A value
of 1 corresponds to completely disordered regions.

The approach we adopted for this project, as for many other polyQ diseases, is to isolate the
region that is involved in the oligomerization of AR and to identify the main components
that explain this phenomenon.

This chapter describes the process to obtain pure recombinant protein and the
characterization of its secondary structure by biophysical and bioinformatics methods.

6.1 CHOICE OF THE FRAGMENT AND DESIGN OF THE CONSTRUCTS

The study of polyQ proteins and their aggregation have been previously carried out using
peptides of relatively small size. The well characterized Htt peptide consists of the first 17
residues at the N-terminus of exon 1, followed by the polyQ tract and a polyPro chain of 10
repeats, or Pro,o(69), however the huntingtin sequence is far more extended (3142 residues,
Uniprot: P42858) and other regions were discovered involved in the initiation of its
aggregation(307).

Studies on ataxin-7 have used the first 26 residues at the N-terminus of the polyQ in this
protein as a model (86), while others that have focused on the peculiar distribution of His
within the polyQ tract of ataxin-1 have used polyQ peptides flanked by Lys(96).
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Studies on full length polyQ proteins were performed with ataxin-3, which contains a folded
domain, the Josephin domain. This domain is aggregation prone and triggers the polyQ
aggregation(99).

In each of these cases, the regions involved in the first oligomerization (whether flanking or
far apart from the polyQ) were known, while for AR, little is known about the structural
properties of the NTD and about any organization in functional motifs.

It is known that proteolytic events produce fragments of AR in SBMA cells. Caspase-3 has
been described to cleave two sites on the AR sequence, the most N-terminal of which is the
sequence “'DEDD™’ and the cleavage is reported between the first aspartate and the
glutamate residues. The second cleavage site is less defined and it is located in the hinge
region (308). No other cleavage sites are reported for caspases on the NTD to our knowledge
and a search with the Expasy software PeptideCutter
(http://web.expasy.org/peptide_cutter/) does not identify other motifs recognized by the 10
caspases available.

The fragment cleaved by caspase-3 is the smallest fragment of AR containing a polyQ tract
that retains biological relevance, as it has been reported as a cleavage product during the
aggregation process(200) and the N-terminal part of the polyQ has been reported in the
nuclear aggregates(202).
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Figure 6.2Top, linear representation of AR full length and the N-terminal cleavage site. The fragment is expanded
and the regions of interests are colored. BEQNLFSVREVIQ™ (predicted to be helical and known interacting with
LBD in helical conformation(209)) is in red, the L motif flanking the polyQ is in green, the polyQ in purple.
Bottom, primary sequence of the 25Q protein and relative biophysical properties (ProtParam
http://web.expasy.org/protparam/)

During the design of the construct, a TEV cleavage site was introduced (ENLYFQG) at its N-
terminus, while the caspase-3 cleavage site was omitted from the sequence. Therefore, the
cleaved recombinant protein starts with a Gly residue N-terminal to the canonical Met
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residue, as a product of TEV cleavage, and terminates with the residues 10pappt3, right
before the caspase-3 cleavage site.

Once the extension of the construct was decided, it was possible to acquire some
preliminary information about its properties and its secondary structure by bioinformatics
tools. This would provide initial information on what regions could play a role in the
oligomerization of the protein.
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Figure 6.3predictions of AR N-terminal recombinant protein with 25 GIn repeats (25Q). Agadir predicts the helical
propensity per residue. PONDR predicts the disorder propensity. A P-score of 1 means completely disordered.
Paircoil2 predicts the probability to have each residue in a coil-coil interaction. Low P-values mean higher
probability. AABUF calculates the predicted average area buried upon folding (309) and suggests the composition
in hydrophobic residues of the sequence.

Figure 6.3 shows that the 25Q protein is mainly disordered, except for the region between
residues 23 and 27 that correspond to >>FQNLF?’ motif (mentioned in Chapter 3.4.3), which
has been described a-helical conformation when bound to LBDdescribed in a crystal
structure(241). This region is flanking at the N-terminus a region (**QSVREVIQ*)predicted to
be helical, but that is predicted as disorder by PONDR-FIT.

It is therefore possible that this sequence could sample transiently helical conformations,
but that this state is not the most stable in solution. The motif 2FQNLF*’and its adjacent
QSVREVIQ® present strong similarities, with hydrophobic residues in position i, i+3, i+4,
both in 2FQNLF?(Phe,3 LeuysPhe,;) and in 2QSVREVIQ*®(Valso, Valss, lless). Thus, both motifs
could adopt a 13-residue long amphipatic helix conformation when folded.
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The second region with interesting features is the flanking sequence of the polyQ, **LLLL*®,
and the polyQ itself. PONDR predicts this region as disordered, while the prediction of
Agadir shows the highest value of helical propensity in the plot across the 4 residues right
before the polyQ. This helicity decreases along the polyQ tract.

Consistent with Agadir, Paircoil2 predicts a high probability to form a coil-coil interaction for
the region that spans across the first polyQ tract and the second non-polymorphic polyQ
tract, formed by 6 Gln residues, separated by the 5 residue sequence ETSPR®, determining
a predicted coil-coil that covers 1/3 of the entire protein.

6.2 CLONING A POLYQ FRAGMENT

Cloning DNA sequences that contain GC-rich and highly repetitive regions can be a
complicated task, due to the number of secondary and tertiary structures that the template
DNA can adopt and the high stability that these structures obtain, due to the extra H-bond in
the guanosine-cytosine interface(310).

A PCR is the repetition in vitro and at larger scale of the DNA replication and highly
repetitive regions will reproduce the same behavior that gives rise to genetic instability. We
therefore tried to adopt other approaches, in order to minimize the number of PCRsof the
wt sequence.
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Figure 6.4 Original AR DNA sequence in the fragment of choice and relative translation. In purple the (CTG)s, in
green the polymorphic polyCAG tract. There are 21 repeats.

6.2.1 CLONING AND PCR STRATEGY

After several trials with different polymerase kits, settings and combination of primers, the
best result was obtained by applying the AccuPrime GC-rich DNA polymerase, specifically
chosen for the high efficiency in replicating GC-rich templates. This kit contains a set of
accessory proteins mixed in the polymerase buffer that maintain their activity throughout
the amplification reaction and help the polymerase to copy with high fidelity the template
DNA. This, in our hands, was the only approach that provided any positive result.
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Figure 6.5Agarose gels of the products of the two PCR reactions. All the PCR product was loaded on the gels, split
in equivalent lanes. The product of the first, once purified, was used as a template for the second PCR. The
purification of the DNA bands from the second PCR was used for the BP reaction for loading the pDONR.

The first PCR was performed using the cDNA of full-length AR gene and two bands were
produced in proximity to the 500 bp marker band (Figure 6.5). As there was no possibility to
distinguish which of the two bands was the real amplified product, we decided to purify
from the gel both bands separately and to use the purified DNA for performing two parallel
second PCR. The purified DNA for each reaction was transferred in the entry vector
pDONR221 by BP reaction in both cases and finally transformed.

The transformation was successful only for the pDONR221 loaded with the lower band and
the 7 colonies obtained were sent for sequencing after gel extraction. Of them, only 4
produced a correct sequencing, however we realized that the number of Gln repeats in each
of them was 25.

The template DNA, as well as the sequence deposited in the PDB, counts 21 GIn repeats,
meaning that an expansion of 4 trinucleotides occurred during the PCR steps, which can be
explained as an episode of simple slippage of the polymerase(60).

However, given the polymorphic nature of the polyCAG, we decided to keep this mutation,
as the number of repeats was still non-pathogenic and within the range of common polyQ
lengths across the population. The DNA construct and the protein obtained from this
procedure were called 25Q.

6.2.2 EXPANSION OF THE POLYQ TRACT

Two methods for expanding a polyQ tract are described in literature: one takes advantage of
mismatching primers (311) to expand an already present polyQ tract, while the second
inserts a de novo synthesized (CAGCAA), sequence, produced by the serial amplification of
long primers containing repeats of (CAGCAA) units(312).

The first approach would have been more appropriate for our work, but the expansions
introduced were producing a too large numbers of repeats. The second approach,
conversely, would fit well in terms of size of the expansion to our case, but it was founded
on inserting a polyQ tract in a protein that did not have any. The primer used (formed by
mixed units of (CAGCAA); and relative (CTGCTT)s) were designed to partially overlap one
another, without forming tertiary structures, but would anneal extensively on the polyQ
tract already present in the sequence of AR, with the risk of producing no expansion.
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Our approach was inspired by the one more recently developed involving serial
amplifications (312). We designed a protocol to introduce, without the use of PCR, one
single long expansion of 30Q, designed as a single forward primer containing (CAG)3, and a
single reverse primer containing (CTG),s. The two strands of DNA would anneal as a double
stranded DNA with 4 nucleotides protruding at 5’ of the reverse primer and a blunt end on
the other side (Figure 6.6).
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Figure 6.6 Primers for the polyQ insertion, workflow and resultingagarose gels.

The pair of primers for the polyCAG cassette was annealed by decreasing temperature over
a long period of time with a PCR machine (98°C to 25°C in 18 h), to minimize the formation
of tertiary structures.

The restriction enzyme Pstl cleaves the sequence CTGCAG in position 5 (CTGCA'G),
producing sticky ends right before the polyCAG (Figure 6.6, upper gel). Therefore we used
this enzyme to cleave the pDONR221 plasmid loaded with 25Q, practicing a double strand
cleavage in one single position between the codons for Leusg and Glnsg.

We introduced the polyCAG cassette and, with a T4 kinase, we added a 5’-phosphate to
each strand, in order to allow the ligation by T4 DNA ligase.

In this way, the sticky ends of the plasmid could join those of the cassette on the 5’ side,
while the blunt end of the cassette is left at 3/, with no possibility to be ligated to the other
end of the plasmid.

To adapt the 5’ sticky end of the plasmid to the 3’ blunt end of the cassette, Mung Bean
exonuclease was applied, which removes the 5’ and 3’ protruding nucleotides, producing
blunt ends wherever possible.

A new phosphorylation by T4 kinase and a new ligation were performed, to obtain, in
principle, a circularized plasmid containing the expanded 65Q gene (Figure 6.6, bottom gel).
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In reality, this process was attempted several times, by changing annealing conditions of the
pair of primers, temperature and times of ligations, DNA template (parallel trials,showed in
Figure 6.6, gel on the right, were performed with the linear dsDNA obtained from PCR2
described in 6.2.1,), exonuclease used (trials were performed with Exonuclease lll, that
removes selectively the 3’ protruding end) and by introducing cleaning steps after every
ligation. None of these attempts produced a DNA that, once sequenced, contained the
correct expansion.

The reason of this disappointing results lies, very likely, in the fact that the DNA sequence of
the polyCAG cassette, due to its highly repetitive sequence, could anneal in too many
combinations, producing protruding ends of different lengths, aberrant tertiary structures,
or self-anneal. Probably, a design closer to the one proposed by Murphy in the University of
Wisconsin(312), after a new round of optimization, would have produced the polyQ
expansion.

However, we considered a better investment to purchase a synthesized and codon
optimized version of the expanded polyQ recombinant protein with 51 GIn repeats. The
advantage of codon optimization for a specific host (E.coli in this case) are higher expression
yields(313, 314) and, in this case, increased DNA stability, as the polyCAG was substituted by
a non-polymorphic polyCAA. This choice resulted advantageous, as the yield of purified 51Q
was comparable to those of 25Q, contrary to what could be expected for a non-codon
optimized gene.

Given the positive outcome of the codon optimization for 51Q, a second construct was
purchased, with a vestigial polyQ tract of 4 GIn (4Q), codon-optimized with the same
conditions (Figure 6.7).

ZEQNLFSVREV 1Q% SLLLLQ ..

Figure 6.7 The three AR polyQ constructs, namely 4Q (top), 25Q (middle), 51Q (bottom)

6.3 EXPRESSION AND PURIFICATION STRATEGY

Once the challenge of obtaining polyQ constructs with different number of glutamines was
overcome, a strategy of purification was necessary. As seen in Figure 6.1 and 6.3, NTD is
intrinsically disordered and the NTD constructs under study contain a polyQ tract that makes
at least two of them aggregation prone. Therefore, two main complications had to be
addressed: fast protein degradation, due to the disordered nature, and aggregation.

A protocol available in literature(271) purifies successfully ataxin-3 by expressing the protein
for a short time (3 h) at a relatively low temperature (28°C), whereas ataxin-1 is produced by
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expressing the protein fused to the solubility tag glutathione S-transferase and a Hisg tag
(His-GST)(315).

In general, expressing difficult proteins fused with folded very soluble polypeptides is a
strategy increasingly applied in biotechnology and the mechanisms by which this occurs
might change from fusion protein to fusion protein(266, 316—318). In specific, MBP protein
has been reported to outperform other solubility tags in maintaining in solution proteins
that have the natural tendency to aggregate, like amyloid or polyQ(316).

6.3.1 EXPRESSION VECTOR AND CONDITIONS

The advantage of using a Gateway system is to easily switch from one expression vector to
one other, without requiring further molecular biology interventions, by using the BP and LR
Clonase kits, as explained in 5.1.1.

Preliminary trials were performed by expressing the 25Q protein fused with a Hisg tag
(pDEST17) with a set of expression conditions, by changing temperature (20°C, 25°C and
37°C), concentration of IPTG (0.1 mM, 0.5 mM) and induction time (2 h, 16 h). The SDS PAGE
gels relative to these trials are presented in Figure 6.8.

Unsurprisingly, these expression and purification trials had no positive outcome, as the only
protein obtained at the end of the purification (last gel, visualized by silver staining) was not
of the mass corresponding to 25Q, after a mass spectrometry analysis by HPLC-MS.
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Figure 6.8 Expression (first gel) and purification trials of His-25Q. The second gel is a Nickel chromatography; the
third gel is an analytical SEC with a Superdex 75 10/300 GL column as a last step of purification. The band
corresponding to the allegedly His-25Q protein is marked with a red arrow.

Our next approach was to express the three constructs 4Q, 25Q and 51Q fused with a His-
MBP tag (pDESTHis-MBP) for 4 h at 28°C with shaking. The combination of temperature and
time is apparently sub -optimal, as short expressions are generally carried out at 37°C, while
long expression (16 h or more) are carried out at lower temperatures than 28°C (generally
18-25°C). Nevertheless, as previously described,(271) this choice is the best tradeoff
between high expression rates and low stress for the cells and the consequent release of
proteases. Figure 6.9 shows the gel of SDS PAGE electrophoresis for the various steps of
expression and purification to obtain pure 25Q.

These conditions provided large amount of protein with substantial purity after the first Ni
affinity chromatography. However, a second main band was observed in the first step of
purification.
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A gel filtration as a second step of purification is generally not advised, due to the low
resolution of preparative size exclusion columns, especially compared to a carefully planned
gradient in an ion exchange chromatography. However, the ion exchange was not
considered suitable for the purposes of this purification, due to the necessity of maintaining
the NaCl concentration high (500 mM) and to the presence of glycerol, in order to prevent
protein-protein interaction and aggregation. Other approaches led to dramatic decreases in
yield.
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Figure 6.9Top row: SDS PAGE of every step of purification. Left to right: Ni affinity chromatography (the first lane
after the marker is the crude supernatant out of expression), preparative SEC, 2" affinity chromatography in 8 M
urea buffer and measurement of final concentration. Central row: HPLC measurements and purity check after the
last step of purification 4Q, 25Q, 51Q. Bottom row: average yields per expression (4 L of LB medium).

The refinement of the purification required maintaining the solubilization tag His-MBP fused
to the protein, so the cleavage of the His-MBP was kept to the last step. The pure protein
was separated from the tag by applying TEV protease and passed through a final Ni affinity
chromatography that retains the His-TEV and the His-MBP, while the flow-through contains
pure AR fragment. This step was performed in presence of 8 M urea, in order to prevent
aggregation.

Isocyanate ions can be present in urea solutions and can react with N-terminus -NH, Lys and
Arg(319) determining chemical modifications of these amino-acids. We took steps to
prevent this reaction by working at low temperature and maintaining the protein in urea
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exclusively for the time required for the purification. After collecting the pure protein, the
solution was dialyzed in a dilution of 1:2000 of MilliQ water before lyophilization and
storage.

Therefore, the complete sequence of purification steps consists in a Ni affinity
chromatography, a preparative SEC, the tag removal by TEV protease and a final Ni affinity
chromatography in denaturing buffer (8 M urea), for separating the pure protein from the
tag and the protease.

The quality of each step was checked with SDS PAGE, while HPLC was used to confirm the
purity of the final product. HPLC was also used to measure the concentration of the pure
protein, as explained in chapter 5.4.

6.4 STRUCTURAL CHARACTERIZATION

The majority of the secondary structure characterization of 25Q and 4Q was carried out in
collaboration with BaharehEftekharzadeh and the group of Isabella Felli in CERM, Florence.
Circular dichroism (CD) spectroscopy was carried out in IRB Barcelona, while the NMR
characterization was performed in CERM.

CD confirmed that 4Q and 25Q proteins are mainly disordered, as described by the minima
at =200 nm. However, 25Q presents a marked second minimum at 222 nm, which is barely
visible in 4Q, and a minimum at =200 nm more red-shifted (204 nm) than the one of 4Q (202
nm). These spectra can be compared to the result of the linear combination of a spectrum of
a random coil and the one of a-helix, where in 25Q the a-helical component is more
represented than in 4Q. Deconvolution of the spectra by using the CONTIN algorithm in the
Dichroweb suit calculated the 4Q as 12% helical (NRMSD = 0.11), while 25Q as 32% helical
(NRMSD = 0.18)(Figure 6.10).
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Figure 6.10 CD spectra, and relative deconvolutions, of 25Q 130 uM (blue) and 4Q 140 uM (green).

NMR experiments were performed to acquire higher resolution information about
secondary structure at a residue level. °N- and >N/**C-labeled proteins were produced and
were dialyzed from 6 M urea to Na phosphate buffer. This treatment was adequate in
preventing the protein from forming oligomers for a sufficient amount of time to perform
the experiments (Eftekharzadeh, Piai et al., under review).
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Figure 6.11 NMR experiments with 4Q (black) and 25Q (red). A) HSQC experiments for 4Q and 25Q. B) CON
experiments for 25Q and 4Q. For A) and B) full spectrum on the left, highlight of the central part of the spectrum
on the right.C) Zoom of the region relative to the polyQ tract both in the HSQC (top) and the CON experiments
(bottom)D) SSP analysis of 4Q (top) and 25Q (bottom). E) R? relaxation rates reported as a function of residue
number for 25Q at 125 uM (green) 250 uM (blue) and 500 uM (red) concentration. In D) 4Q is represented with a
gap of 21 residues (corresponding to the polyQ of 25Q) and the region of *°LLLL*®, that is more helical in 25Q, is
highlighted in blue (EftekharzadehPiai et al., under review).
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The assignment of the protein based on the chemical shifts was obtained by performing 4D-
transverse relaxation optimized spectroscopy (TROSY) experiments under conditions
developed for intrinsically disordered proteins(320).

Figure 6.11-A shows the Heteronuclear Single-Quantum Coherence (HSQC) experiments on
4Q and 25Q, which measure the chemical shifts of *H and *°N. Figure 6.11-B shows the CON-
IPAP experiment, which represents the cross-peaks of the *CO and the N of each peptide
bond, to have information about the backbone and to know the positions of the Pro
residues, otherwise not visible in an HSQC.

In both HSQC and CON experiments 4Q and 25Q mostly overlap, which made the
assignment more straightforward. Only the polyQ, and, interestingly, the N-terminal flanking
region presented a marked displacement of the cross-peaks. The peaks associated to the
polyQ region of 25Q are organized in a pseudo-diagonal, along which the cross-peaks
associated to each Gln residue appear in order, whereas the Leu residues of the **LLLL*®
motif were markedly shifted in 25Q respect to those of 4Q.

Analysis of the secondary structure propensity (SSP) for both 25Q and 4Q was performed
from their heteronuclear backbone chemical shifts(321). In this analysis, the chemical shifts
per residues are computed against the chemical shifts that the same amino acid would
adopt as a random coil. Positive values show propensity to form a-helices, negative values
show propensity to form R-sheets.

Again, 25Q and 4Q do not differ one another in secondary structure, both showing motifs
with little helical propensity, except for the motif immediately N-terminal to the polyQ, the
**LLLL®®. In 4Q this region shows moderate helicity, together with the following 4 GIn
residues, while in 25Q the **LLLL*® reaches values compatible with those of a stable a-helix in
the region across residues 54 and 62, decreasing towards the C-terminus, to return to values
closer to the random coil at the end of the polyQ (Figure 6.11-D).

Direct (R;), transverse (R;) relaxation rates and heteronuclear NOE of the backbone amides
are quantities that can characterize aspects of the dynamics of a protein backbone.
Measuring the R, relaxation of amino acids is a common experiment, as it presents larger
variations than the other two parameters and is therefore more sensitive in revealing
deviations from the random coil. Low values of relaxation are associated to flexibility, while
higher values of relaxation are indication of presence of secondary structures, tertiary
contacts, local collapse or in general any phenomenon that is associated to an increase in
rigidity(322).

Therefore, the backbone dynamics of 4Q and 25Q were studied with the analysis of N
longitudinal (R;) and °N transverse (R,) relaxation rates. As for the SSP analysis, little
difference was found between 4Q and 25Q, except for the values of R, relative to the polyQ
of the 25Q and its adjacent region *’LLLL*® (Figure 6.11-E). Three main regions had high
transverse °N relaxation rates: the motifs 2?GAFQNLF?, **LLLLQQQQ®* and ¥TGYLVLD®® in
4Q, or '®TGYLVLD™* in 25Q. Furthermore, the R, analysis of 25Q at different concentrations
shows progressively higher values of R, relaxation with the increase of concentration in the
region of “GAFQNLF?® and in the polyQ, which suggests that the 25Q protein forms
oligomers by interactions that take place mainly in these two regions (Figure 6.11-F). The
2IGAFQNLF*® motif also corresponds to a region predicted to have low disorder propensity
and that is already known to interact with LBD in AF-2 as an a-helix (209, 241).
>’LLLLQQQQ”motif presents higher values of relaxation for 25Q than for 4Q and this
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increase can be attributed to the increase in structural propensity observed using SSP
analysis in this region. Finally, the third motif corresponds to a region that is relatively
abundant of hydrophobic residues and has a modest helical propensity.

In this thesis we focused on studying the role of the motifs ?FQNLF?® and *’LLLLQQQQ® in
the oligomerization of AR.

6.5 SUMMARY AND CONSIDERATIONS

The lack of knowledge in the mechanism of aggregation of AR in SBMA is, in part, also
associated to the technical hurdles involved in the production of recombinant polyQ
proteins and the challenges in their characterization. Their coding sequences are difficult to
clone and these proteins generally also contain intrinsically disordered regions(54), which,
together with the aggregation propensity of the polyQ tract, can provide expression and
solubility issues.

Furthermore, the ID nature and the aggregation propensity of these proteins prevent
characterization using X-ray crystallography experiments. Therefore, more indirect
techniques are required for exploring their conformational space.

Nevertheless, in this first chapter of results, we have characterized the fragment of AR
produced by the cleavage of caspase-3. The coding sequence for this fragment has been
successfully cloned and recombinant protein of three polyQ lengths were developed. A
protocol for expressing and purifying these three proteins with yields high enough to sustain
the requirements of the research project was developed and this facilitated the
characterization of the secondary structure.

CD experiments suggest a correlation between polyQ length and degree of helicity in the
protein, while NMR data, not only supports this hypothesis, but also demonstrate that the
polyQ itself adopts a a-helical conformation, together with its N-terminal flanking motif
55 58

LLLL>".

PolyQ peptides have been widely described as random coil in solution both from CD
spectroscopy (72, 78, 79, 323), and from NMR(82, 83, 98)while polyQ fibrils are described as
R-sheet structures(81).

In recent years it has been suggested that polyQ polypeptides can adopt secondary
structures other than random coil and B-sheet., This is based on simulation studies(75, 76,
80) and solid state NMR experiments, where the polyQ of Htt peptide is observed in a PPII
helix conformation when in the presence of the Proo motif at its C-terminal(324, 325).

In this case, the *°LLLL*® motif, adjacent and N-terminal to the polyQ, suggests to have a
critical role in keeping the polyQ in ana-helical conformation. This effect extends at least
across the first 10-15 residues of the polyQ, as the tendency to form helices decreases along
the tract towards the C-terminus.

The data suggest cooperativity between the *’LLLL*® motif and the polyQ tract. A longer
number of repeats determines an increase in helicity, not only in the polyQ tract, but also in
its N-terminal flanking region >>LLLL*® motif.
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A well accepted theory describes the polyQ proteins as naturally involved in coil-coil
interactions (103, 194, 326) and both the high helicity of the polyQ and the prediction by
Paircoil2 of high propensity to form coil-coil interactions fit well in this scenario, however
this data do not directly support it.

The second finding, which will be followed up in the next chapters, is the presence in the
25Q protein of another region that shows self-interaction from the R, relaxation analysis,
the 2!GAFQNLF?® motif. This region has a prediction for moderate helicity by Agadir, however
the SSP analysis of chemical shifts does not highlight presence of stable helices. Nonetheless,
this motif is already known to acquire a helical conformation from a crystallographic
structure that shows the FQNLF peptide bound to LBD as a helix accommodated in the
hydrophobic pocket of AF2(209, 241).

Altogether, these findings pointed the direction of study for characterizing the
oligomerization and aggregation of this protein, as the next chapters will explain in details.
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CHAPTER 7: MONOMERIC PROTEIN AND METHODOLOGIES FOR
KINETIC MEASUREMENT

As in any reaction, differences in aggregation rate can be evaluated only when the starting
point is the same. One of the major challenges in measuring kinetics of aggregation is indeed
obtaining a starting point that is reproducible and identical over different sample
preparations.

The literature is rich in examples of methods tailored to start a kinetic measurement with
identical and reproducible conditions. A very straightforward approach is to keep the
protein fused to a highly soluble protein, like MBP, and remove the tag by applying TEV
protease to the sample at the beginning of the measurement(327). However, this system
assumes that the protease would cleave simultaneously all the protein in solution. Most
importantly, the MBP-fused protein can potentially interact with other monomers, forming
oligomers that would nucleate the aggregation right after the cleavage of the protein, while
other proteins are still fused to the MBP. This would produce a complex and non-
homogeneous environment, and is highly dependent on the quality of the TEV protease, the
amount of TEV protease added, the time of incubation, with the added risk of spurious
interaction with the MBP or the TEV and of the unspecific activity of the protease itself.

Therefore, we explored two protocols to obtain monomeric protein after purification. The
first uses an organic solvent, hexafluoro-2-propanol (HFIP) and a strong organic acid,
trifluoroacetic acid (TFA), to dissolve the protein and shield it with charges(328). The second
dissolves the protein in a potent chaotropic agent, guanidiniumthyocyanate(GndSCN), close
to saturating concentration (6 M) and then the monomer is purified by gel filtration
chromatography (31).

Parallel to the disaggregation, another challenge encountered was the development of
reliable assays for measuring kinetics of aggregation. Thioflavin-T (ThT) is a dye that works
very well with AR peptide, but is much less reliable when applied to other systems. We
adopted other biophysical tools, like sedimentation assay by ultracentrifugation and
dynamic light scattering to characterize the aggregation mechanism of the AR recombinant
fragments with different polyQ lengths.

The development of these tools and the development of a disaggregation protocol for the
AR protein occurred in parallel,but were closely related. For the sake of clarity, this chapter
describes, first, the process to obtain a monomeric sample and how we validated the
method developed and, second, the development of the methods for kinetic measurements.

7.1 PRELIMINARY EXPERIMENTS IN ABSENCE OF DISAGGREGATION

A set of preliminary experiments was performed to measure the aggregation rate of 25Q in
the absence of any treatment, directly after dialysis. The samples were frozen at the end of
the purification in buffer and used directly, without any further modification. The techniques
used were ThT binding monitored with a spectrofluorimeter and SDS PAGE. The
measurement was performed in stirring for the whole duration of the evolution and the
amount of protein required made it possible to perform measurements in triplicate.
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Figure 7.1Preliminary kinetic experiments with 25Q. A) ThT binding against SDS page after tabletop centrifugation
of the samples (picture under each table). Each band corresponds to a column in the plot in the ThT binding. B)
ThT binding of 25Q at three different concentrations, 5 uM (red), 25 uM (green) and 50 uM (blue).

Whilst promising, these data were biased by the fact that the protein was not in monomeric
conditions at the t; of the experiment, and thus little could be deduced in terms of
mechanistic description. Furthermore, the reproducibility between one set of experiments
and another was very low. For all of these reasons, we decided to disaggregate the protein
before every experiment.

7.2 DISAGGREGATION PROCEDURE: WETZEL METHOD

This method was developed to efficiently disaggregate polyQ peptides and other highly
aggregation prone peptides (huntingtin, ataxin-7)(86, 87, 89, 329). It should be noted that
other methods to dissolve amyloid peptides exist, such as using dimethyl sulfoxide (DMSO)
solution(330), transient treatment with volatile organic solvents(331), or by
ultracentrifugation in agueous solution(332).

Each of the mentioned methods presents advantages and potential drawbacks and generally
the decision of which one to apply depends on the requirements of the peptide and on the
experimental conditions. As this project is focused on polyQ protein aggregation, we focused
on procedures specifically used for disaggregating polyQ peptides.

TFA is a strong organic acid that extensively protonates the protein, but alone it fails to
dissolve polyQ peptide with a higher number of repeats(328). Mixing it with HFIP completely
dissolves the peptides, due to the physico-chemical properties of this organic solvent. HFIP is
a strong inductor of a-helicity, even stronger than trifluoro-ethanol (TFE)(286) and results as
a good solvent for hydrophobic residues than water, surrounding the protein molecule and
exposing the fluorine when mixed in aqueous solution.

According to the Wetzel method, 1-2 mg of dry protein were incubated with a 1:1 solution
of TFA:HFIP proportional to the amount of protein to obtain a 1mg/ml solution. The time of
incubation was adapted to maximize the recovery of protein in solution (Figure 7.3). After
incubation, the solution is evaporated with a stream of Ar and incubated in a desiccator for
16 h in order to remove entirely the HFIP(Figure 7.1). The presence of traces of HFIP may
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interfere with the outcome of the experiment(284, 285), introducing variability or artifacts,
so it is critical in this step to completely remove traces of solvents.
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Figure 7.2Representation of the steps in the Wetzel method. The protein is dissolved in a solution of TFA and HFIP,
incubated for 24 h at 25°C in stirring and evaporated for 24 h first with a jet of Ar, then with a desiccator. The
protein layer is dissolved in buffer and ultracentrifuged for 1 h at 4°C and 386000 g.

The success of the procedure and the integrity of the freshly dissolved protein were

monitored with HPLC measurements of the supernatant after an ultracentrifugation step of
3 h(328).

In our hands, the best conditions met were an incubation time in TFA:HFIP of 24 h in stirring
with an evaporation time of 24 h, divided between evaporation with the stream of Ar and 16
h incubation in a desiccator. The protein layer was then dissolved in aqueous solution. We
realized that aggregation buffer (pH 7.4, described in 5.6.1) worked better than 0.1% TFA
water pH 3, as originally described in the Wetzel method.
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Figure 7.3 Yield of recovery from TFA:HFIP incubation after volatilization of the solvent. HPLC measurements were
performed before and after the ultracentrifugation step after different incubation time and the same
volatilization time. The samples were dissolved in 0.1% TFA water pH 3.0, except for the sample 24 h*, that was
dissolved in sodium phosphate buffer.

7.2.1 VALIDATION OF THE DISAGGREGATION PROTOCOL

To evaluate the efficacy of the Wetzel method, we compared the first set of experiments
performed in absence of treatment with a new set of analogous experiments performed on
treated protein
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Figure 7.4ThT binding of 25Q at three different concentrations after TFA:HFIP treatment, 10 uM (blue), 20 uM
(red) and 40 uM (green).

In ThT binding of freshly disaggregated 25Q, measurements at three different
concentrations present a high signal-to-noise ratio and differences among concentrations
were difficult to appreciate.

Samples at 10 uM and 20 uM are similar to each other and do not appear to show high
intensities in fluorescence. Further, the increase in fluorescence could be also due to particle
scattering, than to real birefringence. Later in this chapter, the lack of efficiency in binding to
the ThT is discussed (Section 7.4).However, despite the low quality of these preliminary
results, the treatment causes a clear delay in aggregation, as shown by qualitatively
comparing Figure 7.1-B and 7.4.

7.2.3 PROTEIN DEGRADATION ISSUE

Constant problems with low yields of protein out of the TFA:HFIP incubation led us to closely
analyze the protein quality after the treatment. Unsurprisingly, HPLC chromatograms
showed more peaks in close proximity of the main peak of the protein, clear sign of protein
degradation (Figure 7.5).
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Figure 7.5 A) 25Q 5 uM in H,0. B) 25Q after lyophilization, incubation in TFA:HFIP and dissolution in sodium
phosphate buffer. The satellite peaks are attributable to degradation and make the measurement of
concentration more imprecise.
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Lyophilization was discarded as a possible cause of degradation, by checking the quality of
the lyophilized protein after dissolving the dry protein in 8 M urea. The total amount of time
spent in presence of TFA and HFIP, between incubation and volatilization, is 48 h at RT. In
(328) the possibility of peptide degradation is taken in consideration, therefore the long
incubation necessary can be the cause of the protein degradation. This phenomenon makes
the measurement highly imprecise, both due to the difficulty to find boundaries between
the peaks and by introducing uncontrolled amount of different protein fragment. After
different attempts of optimization to reduce the protein degradation, we decided to
abandon this approach and disaggregate the protein with other methods.

7.3 DISAGGREGATION PROCEDURE: LINSE METHOD

This disaggregation system was successfully applied for measuring the aggregation kinetics
of AR with a plate reader by ThT binding assays(25, 33). The protocol takes advantage of the
strong chaotropic agent guanidiniumthyocyanate (gndSCN)(322) to disaggregate and
produce an homogeneous solution of monomeric protein(31) To entirely remove the
chaotropic agent, a double step of gel filtration is performed, combining a desalting gravity
column (PD-10) and a size exclusion chromatography (SEC). This second step allows also
separating the oligomers of lower size from the monomer.

In order to adapt this method to 25Q and 51Q, a preliminary choice of denaturing agent was
performed, as well as of type of size exclusion chromatography, to better resolve the
monomer from the oligomers.

GndHCI successfully dissolved 4Q and 25Q (Figure 7.6-A), but failed to dissolve 51Q (Figure
7.6-B). To address this, the more potent GndSCN(333) was adopted for the disaggregation.
The procedure successfully disaggregated 51Q and also revealed that the disaggregation of
25Q with 6 M GndHCl was not complete, as emerges from comparing Figures 7.6A and 7.6C.
Therefore, incubation with 6 M GndSCN was applied to every protein (Figure 7.6-C) and the
incubation time was decided as described in 7.3.1.
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Figure7.6A) SEC samples of 4Q (green) and 25Q (blue) after incubation 3.5 h in 6 M GndHCI| and PD-10. B) SDS-
PAGE of 51Q incubated in 6 M GndHCI for 3.5 h. The upper bands correspond to high MW oligomers SDS-insoluble
of 51Q. The red box highlights the pellet of aggregated 51Q that does not enter the gel. C) SEC samples of 4Q
(green), 25Q (blue) and 51Q (red) after incubation 3.5 h in 6 M GndSCN and PD-10.
A Superdex 75 10/300 was used for all the SEC and the intensities are normalized by concentration for clarity.
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Repeated measurements of the rate of aggregation to validate this process initially failed to
show reproducibility, due to the presence of small oligomeric species within the monomer
peak. This problem is not encountered in case of studies on AR, due to the small size of the
AR peptide. Like in our case, the Linse group use in their procedure a Superdex 75
10/300(31), but AR has a MW of 4.5 KDa, which retention volume (14 ml) is larger than that
of the AR fragments, so that a better resolution of the monomer from the oligomers is
possible. A direct way to address this would be to change type of Superdex resin; however,
trials with a Superdex 200 column did not improve the reproducibility. A critical step in this
direction was to implement ultracentrifugation as last step of the protocol, before the
beginning of the experiment. This step required a careful characterization, as explained in
7.3.2.

Overall, the whole approach in its final version is summarized in Figure 7.8 and it is
composed of a disaggregation in 6 M GndSCN for 3.5 h, a buffer exchange with a gravity
column and a SEC. The fractions associated to the monomer undergo ultracentrifugation and
their supernatant is the material used for the experiments described in this thesis.

It is important to remark that each of these steps carries a recovery of, in average, 30% of
protein; therefore high amounts of material are required for every experiment, of which the
purely monomeric protein used for the experiments will count less than 10% of the applied
material. A relative advantage is that most part of the discarded material can be recovered,
pooled and lyophilized again for a new disaggregation.
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Figure 7.8Linse method adapted to kinetics for AR. The protein is dissolved in sodium phosphate buffer containing
GndSCN 6 M and 5mM TCEP and it is incubated until complete reduction (3.5 h). The solution is then transferred
into a desalting column and the most concentrated 500 ul sample (measured by Nanodrop) is used for a SEC with
a Superdex 10/300 column. The fractions of the peak corresponding to the dashed line are transferred in
ultracentrifuge tubes. The ultracentrifugation is of 1 h at 386000 g and 4°C and the upper 2/3 of solution are
separated from the pellet and used for the experiment.
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7.3.1 INCUBATION TIME IN 6 MGNDSCN

The choice of chaotropic agent has been already discussed, but the conditions of incubation
were also critical for a successful disaggregation of the sample. Interestingly, 25Q, as well as
4Q and 51Q, when not entirely reduced, are eluted in the RP-HPLC asmain peak at 26 min of
retention time, with a second pair of peaks displaced towards the beginning of the gradient,
at retention time 19 and 21 min.

A non-reduced sample was measured by HPLC and then reduced with 5 mM TCEP. Longer
incubations in presence of TCEP lead to a complete elimination of the peaks at 19 and 21
min RT.

Figure 7.94Q in

GndSCN before (A)

x| mon reduced 0 . wmn and after (B) 3.5 h of

protein ’ incubation with 5

l . ‘ mM TCEP. The two

peaks at20.6 and

21.3 min disappear

w | in  the  reduced
\ samole.

- = 26 min

20.6 min

"o 21.3 min |

We established experimentally that the time for complete disappearance of the peaks at 19
and 21 min was of 3.5 h and we considered this incubation time as sufficient for entirely
disaggregating and reducing the protein sample. Incubation times of up to 16 h in shaking
did not further enrich in monomer the protein incubated, as SEC performed after 3.5 h and
16 h of incubation present similar profiles.To further purify the monomer an
ultracentrifugation step was necessary.

7.3.2 CHOICE OF THE ULTRACENTRIFUGATION TIME

DLS is particularly efficient in detecting even low populations of oligomeric species and it
was used for monitoring the efficiency o the ultracentrifugation step in obtaining a solution
of pure monomer.

The DLS instrument used provides a set of values produced by the deconvolution of the
autocorrelation function. The z-average (Dy,,) is the weighted mean hydrodynamic size of the
ensemble of particles in solution and it is the primary and most stable parameter produced
by this technique. The polydispersity index (PDI) is another value that can vary between 0.2
(sample perfectly monodisperse, or a solution of particles of only one size) and 1 (sample
highly polydisperse, or characterized by particles of very different sizes), without accounting
for the dimension of the particles and it is calculated from a simple 2 parameter fit to the
correlation data. Altogether, they can provide a global view of how the sample is pure from
oligomers.
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Figure 7.10 ultracentrifugation tests. A) Protein in solution after ultracentrifugation at different time. B) PDI after
ultracentrifugation at different time. Longer centrifugations after 1h do not improve the monodispersity

However, is also important to take in account that monomeric proteins and small oligomers
in aqueous solutions have very similar sedimentation coefficients and therefore a clear
separation between low MW assembilies, like small oligomers, and monomeric protein is
impossible. Only using solvents of higher or increasing viscosity, like sucrose gradients,
would allow this kind of separation, but this approach is unviable for our experimental setup.
Nevertheless, it is possible to perform ultracentrifugation steps at a speed that would
determine the sedimentation of also part of the monomer, in order to entirely sediment the
oligomers and modulate the time of ultracentrifugation to find the best trade-off between
purity of the monomer and protein in solution.

Therefore, the concentration of the supernatant after ultracentrifugation was monitored by
HPLC, while the oligomeric state by DLS (Figures 7.10-A and B respectively). The best trade-
off between polydispersity and protein remained in solution was considered to be 1 h of
ultracentrifugation at 386000 g and 4°C. This increase in polydispersity can be explained
with the fact that a low population of small oligomers is in equilibrium with the monomer,
while the monomer keeps being pelleted, so that the overall amount of monomer decreases,
while a small amount of oligomer is constantly renewed in solution.

To further prove that the protein obtained was purely monomeric, we performed a series of
validating experiments.

7.3.3 VALIDATION OF THE DISAGGREGATION PROTOCOL

Native gels of samples at different stages of the process showed that the band, associated to
the low MW oligomer, decreases of intensity from the PD-10 to the SEC step and disappears
at the ultracentrifugation step (Figure 7.11-A).

Similarly, the z-average of the sample decreases at every step of purification (Figure 7.11-B).
In an ideal monodisperse solution, the z-average and the size of the monomer are equal.
Therefore, the progressively lower z-average is demonstration of increased purity of the
sample from oligomers. The final step (to, in green) has a value (D,,,= 13 nm) very close to the
one of monomeric 4Q (Dy, = 6.7 nm, Figure 7.11-C).
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Figure 7.11 Validation of the disaggregation protocol. A) native gel after the three steps of purification. B) final
settings for the preparation of monomeric protein. The z-average decreases at every step, to approach the value
of monomeric protein. C) DLS measurement showed in volume performed for 4 different disaggregation for both
25Q and 4Q. D) SV-AUC experiment for 310 uM 25Q (green) and 290 uM 4Q (blue)

Figure 7.11-C represents a collection of DLS measurements of 4 independent experiments
both for 25Q (top) and 4Q (bottom) where the size distribution is visualized by volume,
which is the type of deconvolution that better approximates the real distribution in the
sample. The size distributions highly overlap across the various experiments and the low
populations of oligomers detected are never higher than 1%.

The final evidence that the protocol produced essentially pure monomeric protein is
provided by sedimentation velocity (SD) AUC (Figure 7.11-D). This experiment was
performed with different concentrations, up to the highest possible for both 25Q and 4Q to
test the robustness of the method.

AUC separates species of different sedimentation coefficient (S) measured in svedberg (S)
and the fringe analysis identified monomeric 4Q as S= 1.1 S and monomeric 25Q as S=1.3 S.

S was used in association to the diffusion coefficients produced by DLS data to calculate the
MW of the particle analyzed (see materials and methods, Chapter 5.7.2). With this data, it
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was possible to univocally determine that the main species observed with SEC, DLS and AUC
is actually a monomer.

However, both for 4Q and for 25Q, a low population (2-3%) of oligomeric species was
observed, with sedimentation coefficient of respectively 2.4 S and 2.8 S, with no significant
difference in the distributions between the two proteins.

By using the software tool SEDFIT, we predicted the size of the oligomer, by simulating
different theoretical S, knowing the MW and the S of the monomer. The best fit was for a
compacted tetramer. Interestingly, a similar result was found for huntingtin peptide(97),
where a freshly disaggregated htt"'Q;oK, (the N-terminal peptide of huntingtin with 10 GIn
residues) is analyzed by SD-AUC and, together with a preponderant monomeric species, a
main oligomeric species is found, whose S fits well with a compacted tetramer, plus other
less abundant species with predicted MW comparable to an octamer and a 12-mer.

Altogether, these data prove that the Linse Method, modified to meet the requirements of
the AR recombinant protein, produces a solution of protein highly monomeric in a
reproducible way. The complete elimination of the oligomer is impossible, without a drastic
decrease of monomer available, which would put even more experimental constraints to the
system, and therefore we considered this approach robust enough to be used in repetitive
kinetic experiments.

7.4 THIOFLAVIN-T BINDING ASSAY

The most classical system to measure kinetics of aggregation in the amyloid protein field is
the ThT binding assay, especially for AR studies. Therefore, we tentatively applied this
method at first, but we soon realized that no ThT binding was occurring for any of the
recombinant proteins analyzed, even when the presence of fibrils was confirmed with TEM
micrographs (Figure 7.12).
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Figure 7.12 ThT binding assay of 20 uM 4Q (green), 25Q (blue) and 51Q (red), incubated respectively for 2 months
(4Q, 25Q) and 10 days (51Q). The presence of fibrils for 25Q and 51Q was confirmed by TEM micrographs. 15uM
AS fibril was used as a control and kindly gifted by the group of Natalia Carulla.

Difficulty in binding ThT by polyQ proteins has been previously mentioned (102, 271, 334)
and it is possible that polyQ proteins form fibrils that do not allow the ThT molecule to
intercalate. Conversely, ThT has been observed to bind to fibrils of huntingtin peptide(327)
in a quantitative way, while the mentioned observations of low or inefficient binding are
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associated to experiments with ataxin-3 protein(334, 335) or with a model system formed
by a polyQ tract artificially inserted between two folded domains of a model protein(102).

7.5 SEDIMENTATION BY ULTRACENTRIFUGATION ASSAY (SUA)

To measure the evolution of the AR recombinant proteins, a different approach to ThT
binding was considered, based on physical, instead of chemical properties.

The sedimentation by ultracentrifugation assay (SUA) is a method extensively used in the
Wetzel group (69) to monitor the fraction of monomeric peptide in solution over the time
frame of the experiment. It consists in repetitively taking samples from a solution of peptide
or protein in incubation and applying an ultracentrifugation step. The concentration of
peptide remained in solution is measured by HPLC, a plot is produced with the change of
concentration of supernatant against time(278).

From the characterization of the procedure of disaggregation, we knew exactly what
fraction of monomer is present when 386000 g of centrifugal force are applied for 1 h at 4°C.
This setting was therefore maintained for the measurement of the concentration of
monomer at every time point.

To verify if we could reproduce the quality of the data in literature, experiments with
K;QusK, peptide were performed (Figure 7.13-A), which produced an exponential decay,
similar to those shown in ref.(86).
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Figure 7.13 Sedimentation assays by ultracentrifugation. A) K,Q,sK, 43 uM in quiescent condition. B)
Sedimentation in stirring condition of 30 uM 4Q (green), 20 uM 25Q (blue), 10 uM 51Q (red). C) Sedimentation in
quiescent condition of 4Q (green), 25Q (blue), 51Q (red) all at 20 uM concentration.

Initially, kinetic experiments on the AR recombinant proteins were performed in stirring
conditions at 37°C (Figure 7.13-B) and confirmed the polyQ-dependence of the aggregation
rate. However, this experimental setting did not allow appreciating the lag phase of
aggregation and the rapidity of the reaction did not allow any kind of characterization other
than rate measurement.

Changing the experimental conditions to incubation in quiescence determined a longer
evolution and a modest improvement in the quality of the measurement that however
remained less accurate than kinetic measurements on the K,Q,sK, peptide (Figure 7.13-C).
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In this set of experiments, the polyQ dependence is maintained only between 25Q and 51Q,
while the evolution of 4Q and 25Q are hardly distinguishable, pointing that also 4Q, in spite
of not having a real polyQ tract, sediments in these conditions (Figure 7.13-C).Whereasin
stirring conditions (Figure 7.13-B) the relationship between length of polyQ and aggregation
rate is clear, this correlation is less clear in quiescent conditions (Figure 7.13-C).

This observation suggested that a second event of nucleation might occur
independentlyfrom the polyQ-driven aggregation and that these two events might follow
different rates. This complexity in the reaction could also explain the low accuracy
experienced when measuring the AR recombinant proteins. These findings will be described
in the next chapter.

7.6 TIME-RESOLVED DYNAMIC LIGHT SCATTERING

Dynamic Light Scattering (DLS) has been already successfully applied to detect low amounts
of oligomers in this project. The z-average value provides information on the average size of
the particles in solution and we hypothesized that this value changed in time with the
increase of the overall size of the aggregates. Therefore we monitored the feasibility of the
experiment by performing preliminary tests with a protein known to be stable in solution.

Commercial hen-egg white lysozyme (HEWL) was a convenient standard, as it does not form
any higher molecular assemblies as long as its structure is preserved. Partial or complete
denaturation by chemicals or heat do result in the formation of fibrils(40, 41, 336), but in
physiological conditions the protein is stable and monodisperse. In these conditions, the
only type of assembly reported for HEWL in solution at RT is a homo-dimer (337).
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Figure 7.14 Time-resolved DLS. A) DLS experiment with 27 uM HEWL after 1 h ultracentrifugation at 386000 g at
4°C. B) DLS experiment of freshly disaggregated 4Q (green) 25Q (blue) and 51Q (red) at 20 uM. C) Magnification
of B, focused on the first 150 h for 4Q and 25Q. Differences in aggregation rate are hardly visible. D) Comparison
of the experiments of sedimentation (blue) and DLS (red) for 20 uM 25Q.
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The aim was to determine if incubating at 37°C a sample directly in a sealed DLS cuvette
would produce noise in the measurement, due to convection or generation of bubbles.
Figure 7.14-A shows the preliminary experiment with 26 uM HEWL after an
ultracentrifugation step analogous to the one applied to AR recombinant proteins. The
protein is monodisperse and monomeric right after ultracentrifugation, but In 4 h at 37°C
equilibrates to form a dimer, as the z-average value doubles, and then remains stable with
very little fluctuation for the following 16 h.

The experimental settings were then adapted to the AR recombinant proteins and a set of
experiments with the same conditions of the sedimentation assays in quiescence was
performed to compare the techniques.

Figure 7.14-B shows the time-resolved DLS experiment for 4Q, 25Q and 51Q. The
aggregation rates of the three proteins shows polyQ-dependence, with 51Q aggregating
much faster than the other two. 25Q and 4Q show initially similar rates of aggregation that
later diverge towards 150 h (Figure 7.14-C).

We hypothesized that this difference cannot be observed by sedimentation assay, because
the two proteins oligomerize with a similar rate and the oligomers formed are equally
depleted from solution so that the second slower process that emerges at late stage, which
is polyQ-dependent, is not observable, as suggested by Figure 7.14-D.

Nevertheless, this system resulted the more reliable in our hands in revealing differences
among proteins studied and we applied alternatively sedimentation by ultracentrifugation
and time-resolved DLS along the study.

7.8 SUMMARY AND CONSIDERATIONS

Achieving exact and reproducible measurements of the kinetics of protein aggregation is a
major hurdle in aggregation studies. This obstacle is overcome by various approaches, both
from the perspective of sample preparation and that of measurement.

The two latest and most reliable methods for obtaining monomeric protein were developed
by Ronald Wetzel’s teamat the University of Pittsburgh(328) and by Sara Linse’s group at the
University of Lund(31).

The method described by Wetzel et al. is the latest in a series of chemical approaches to
disaggregate amyloid fibrils. Such methods use organic solvents, like DMSO(330) or
HFIP(331), or combinations of HFIP and TFA(338) and combine this method with a
purification of the monomer by ultracentrifugation(332). The resulting protocol is divided
into a disaggregation step, volatilization of the solvent, and an ultracentrifugation step.

Adapting the Wetzel method to the AR fragments caused a number of complications, the
most important of which was considerable protein degradation. Consequently, we
abandoned it in favor of the Linse Method.

This other approach takes advantage of the chemical properties of the strongest known
denaturant(339), GndSCN, at saturation.Despite the lack of knowledge about the

100



mechanism of actionused by Gnd’, this molecule is thought to interact preferentially with
the protein backbone instead of water surrounding the protein molecule, whereas the SCN
ion forms hydrogen bonds with the amides(333). A size exclusion chromatography step is
used to purify the monomer. This protocol has been successfully applied to measure the
kinetics of amyloid peptides, especially AR(34, 340, 341).

We adapted this method to disaggregate the AR fragments, but the relatively low resolution
of the chromatographic step did not fully separate the monomer from smaller oligomers and
a further ultracentrifugation step was implemented.

The efficiency of the entire protocol was tested with DLS, native gels and AUC experiments.
We confirmed that the species finally purified is a monomer and that it coexists with a not
eliminable minor species (< 3%) that we recognized as a compact tetramer.

This disaggregation protocol,at the expense of a considerable loss of material, allowed us to
perform kinetic experiments with a set of tools that had to be in turn optimized.

The most extensively used technique for measuring the formation of amyloid fibrils is the
Thioflavin-T binding and this system has been used very efficiently, especially with the AR
peptide(34). Nevertheless, we observed that 4Q, 25Q and 51Q bind very weakly ThT, at any
state of the aggregation. The observation that polyQ proteins bind weakly ThT is reported
also in other works(102, 334, 335). In these studies,the polyQ tract is hosted by proteins
with a large region that do not take part of the fibril and might interfere with the binding. It
is also possible that the combination of amorphous aggregates and fibrils (as will be
described in the next chapter) would decrease the available binder for the ThT.

Other experimental approaches were adopted. The first one was directly taken from the
Wetzel group, as it is extensively applied in measurement of kinetics of peptide with
different polyQ lengths(278). It is referred to as sedimentation by ultracentrifugation assay
(SUA) and measures the concentration of monomer after an ultracentrifugation step in
different points during the aggregation.

We optimized this method to obtain in the supernatant only monomeric protein and we
observed a clear polyQ-dependence of the aggregation rate between 25Q and 51Q. We also
found that 4Q tends to aggregate despite the short number of GIn and the rate of
aggregation was hardly distinguishable from that of 25Q.

In parallel, we developed a time-resolved DLS measurement method, which is very efficient
in revealing even low populations of oligomer. Also, this method has been effectively used in
different studies, both on polyQ proteins(327, 334) and on other amyloid or aggregation
prone proteins(342, 343). In this method, the buildup of the macromolecular assembly is
reported as the weighted average size of all the particles in solution, or z-average (Dy,).

With this system, we confirmed the polyQ dependence over the three AR recombinant
proteins, however the curves for 4Q and 25Q diverge only after 150 h. This data explains
why these two proteins have similar aggregation rates according to the sedimentation assay,
as they have very similar rates of formation of lower-size oligomers, whereas higher
assemblies are formed at different rates.

All of these observations suggest the presence of two phenomena of nucleation, only one of
which is polyQ dependent. Interestingly, also the difference in kinetics experiments carried
out in stirring and quiescent conditions can be explained in light of the independent
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nucleation events. It is possible that the non-polyQ oligomerization forms assemblies that
are easily disrupted in stirring conditions, allowing only the polyQ aggregation to occur.

The characterization of these two nucleation processes and the relationships between them
will be discussed in the next two chapters.
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CHAPTER 8: INDEPENDENT PATHWAYS OF AGGREGATION IN AR

As previously described in Chapter 7, the aggregation rates of 4Q and 25Q were hardly
distinguishable in the sedimentation by ultracentrifugation experiments. Also in the time-
resolved DLS experiments, the early evolution of 4Q and 25Q was similar, but the z-average
value of 4Q reached a plateau after 150 h, while the z-average value of 25Q increased for
the whole time span analyzed. These observations suggested that another aggregation
process occurs in 25Q and 4Q, independent of the aggregation caused by the polyQ tract.

We hypothesized that the second region involved in the oligomerization s
*FQNLFQSVREVIQ®. This hypothesis was based on the higher transverse relaxation rates
obtained in the concentration-dependent NMR experiments (See Figure 6.11-F) and on the
Agadir and PONDR predictions (see Figure 6.3). According to the predictors, this region is
predicted to have both helical propensity and propensity to form an ordered structure. In
addition, this region is characterized by a pattern of hydrophobic residues that recalls that of
an amphipatica-helix, like those involved in coil-coil interactions (typically characterized by
hydrophobic residues at positions i, i+3,i+4,i+7).However, the SSP data do not show high
helical propensity in this motif.

Altogether, this data suggest that the **FQNLFQSVREVIQ® region can acquire a-helical
conformation and nucleate oligomerization by an interaction between amphipathic helices,
resembling the coil-coil, but less organized.

The polyQ-dependence of the aggregation rate is well documented in literature(78, 86, 344),
as well as the contribution of flanking regions(54, 97, 100). However, less well characterized
is the contribution of regions away from the polyQ. Ataxin-3, for instance, is described to
contain a folded domain (the Josephin domain) with marked aggregation propensity and
capable of forming amyloid fibrils also in absence of the polyQ tract(98).

The experiments presented in this chapter are aimed to characterize these two independent
aggregation processes, to understand what forces are driving them and what are the key
residues involved.

8.1 AR FORMS AMYLOID-LIKE FIBRILS WITH A POLYQ DEPENDENT RATE

Transmission Electron Microscopy (TEM) micrographs taken at different times showed that
4Q, 25Q and 51Q aggregate by forming amorphous assemblies that evolve into fibrillar
species with a rate that depends on the length of the polyQ tract (Figure 8.1). 4Q does not
evolve into fibrils for the entire time-span, 25Q forms fibrils only after a long incubation (41
days), whereas 51Q is entirely fibrillar within 6 days and fibrils are already visible within the
first day of aggregation, immediately upon completion of the sedimentation by
ultracentrifugation experiment. Nevertheless, also in 51Q is possible to observe amorphous
aggregates in the TEM micrograph relative to the first day, while no amorphous aggregates
are found at 6 days.
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Figure 8.1 TEM micrographs of 4Q after 60 days (A), 25Q after 14 (B) and 41 days (E) and 51Q after 0.5 (C) and 6
days (F) and AFM image of 51Q after 6 days (D). The red line correspond to 500 nm, the blue line correspond to
100 nm.

The quality of the fibrils obtained by the incubation of 51Q allowed clear imaging by AFM.
Fibrils obtained were of 3-500 nm long and 5-6 nm thick in average, which are dimensions
compatible with those of classical amyloid fibrils(345). The AFM images obtained match well,
both for morphology and for size, also with others obtained from polyQ huntingtin
peptide(346).

Interestingly, both the TEM and the AFM images report morphologies that have been found
in fibrils extracted from mouse tissues, where the amorphous aggregates are found in non-
phenotypic animals, while fibrils are found extensively in degenerated muscles and spinal
cord of animals of an SBMA mouse model (Eftekharzadeh, et al. unpublished data).

8.1.1 FTIR ANALYSIS OF LATE STAGE AGGREGATES

Aggregates of 4Q and 25Q were incubated for40 and 50 days respectively and TEM
micrographs were taken to confirm the presence of fibrils in 25Q and of aggregates in 4Q.
The aggregating solution was lyophilized and sent for FTIR analysis to the CCIT-UB
spectroscopic facility.
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Figure 8.2 FTIR second derivative for 4Q (green) and 25Q (blue). The signal associated to secondary structure
properties and those associated to the side chain of glutamine are marked with arrows.

Study of the bands obtained from the second derivative of 4Q and 25Q spectra was
complicated by the strong signal associated to the N-H and to the C=0 bonds of glutamine
residues (Figure 8.2), but is possible to identify clear differences between the two spectra
(other than the signals related to glutamines). 25Q presents higher a-helical content than 4Q,
but also a strong signal associated with R-sheets. The bands were assigned according to
ref.(347). The presence of a band at wavenumbers relative to B—sheet for 25Q and their
absence in the 4Q sample, suggests that the 25Q fibrils are in B-sheet. However, the
presence of a band at a wavenumber relative to a-helix for both samples suggests that not
the whole 25Q protein is part of the fibril.

8.1.2 ONLY THE POLYQ AND ITS CLOSE SORROUNDINGS ARE PART OF THE FIBRIL

Limited proteolysis was performed in 25Q to understand which regions of the protein are
more buried in the fibril and what parts are exposed. Trypsin cleaves with high specificity at
the C-terminal of Lys and Arg residues and, with lower efficiency, when these residues are
followed by a Pro (Figure 8.3-A).

However, proteases cannot access regions that are sterically hindered, like regions in the
core of a protein or when they are part of aggregates or fibrils and thus are protected from
enzymatic cleavage. Therefore, a protected region will be cleaved less efficiently by the
protease. If the cleaved sample is studied by mass spectrometry, is possible to identify what
fragments are produced by the proteolysis and reconstruct which regions were exposed to
the effect of the protease. With increasingly longer times of incubations, also regions initially
difficult to cleave will be affected. In this way it is possible to establish a degree of
protection, expressed as the time required for observing peptides produced from a cleavage
event on this site.

This system is generally applied in structural studies of protein that are hard to crystalize, to
obtain low-resolution information on buried loops of the protein(302), and has been used
for mapping the regions of protein buried in the core of amyloid fibrils(304-306, 348).

In this case, 25Q was aggregated in stirring conditions for 24 h, to produce a homogeneous
solution of fibrils and digested with trypsin with a range of incubation times spanning from 5
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min to 3 h. A monomeric 25Q was treated in the same conditions, as a reference and the
degrees of protection were compared. Peptides were recognized by mass spectrometry,
matching the masses encountered in the analysis with the theoretical masses of the
cleavage products (Figure 8.3-B). The degree of protection (expressed in minutes of
incubation with trypsin), is defined as the time of the first observation of a fragment
produced by the cleavage site analyzed.
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Figure 8.3Limited proteolysis experiment on 25Q. A) Map of the cleavage sites for trypsin
(web.expasy.org/peptide_cutter/); B) Example of MS spectra with the relative abundance of each peptide found
and the assignment of each MW to a specific peptide. C) Resistance to cleavage for each site (categories) for
monomeric 25Q (grey, black borders) and fibrillar 25Q (black, red border). The fibrillar 25Q shows higher
resistance to cleavage in the sites in proximity of the polyQ and moderate resistance in those in proximity of
“FQNLFQSVREVIQ®.

Figure 8.3-C represents the degree of protection from trypsin digestion per each cleavage
site, expressed in minutes of incubation. Longer incubation times are associated to higher
resistance to cleavage, which means higher protection of the region where the cleavage site
is located. The monomeric 25Q is entirely accessible to the protease and its maximum
protection time is of 10 min.

The sites in close proximity of the polyQ tract (position 41) and, interestingly, the cleavage
site between the polyQ and the Glng non-expanded repeat (position 88) are highly protected
and are cleaved only after an incubation of 3 h (180 min). Also, the regions in proximity of
FQNLFQSVREVIQ® show a moderate protection respect to the monomeric 25Q.
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This experiment shows that most part of the protein is not involved in the formation of the
fibril, but is probably extended outside the fibril axis. The **FQNLFQSVREVIQ*® sequence
(positions 18 and 21) is more protected in the fibril than the monomer, but far less than the
region surrounding the polyQ. It is possible that the interaction on **FQNLFQSVREVIQ?® is
maintained in the aggregates, but the aggregates formed by this region oppose less
resistance to the protease, suggesting lower stability.

8.2 ATTEMPT TO BLOCK THE EARLY OLIGOMERIZATION

Experiments in literature showed that it is possible to block the oligomerization of the
huntingtin peptide by incubating it in presence of a smaller peptide that mimics the N-
terminal flanking region, which is the one that nucleates the oligomerization of the Htt
peptide(349).

For this reason, we incubated the 25Q protein in presence of a peptide spanning over the
2FQNLF?” region (Ac-YPRPPSKTYRGAFQNLFQSVREVIQNP-Am, called FQNLF peptide) and
with another peptide designed always from the sequence of 25Q, but based on a sequence
that shows no high R, relaxation, nor decrease in intensity in the time-resolved NMR
experiment (Figure 8.4-A). The control AR peptide was incubated also alone to make sure
that it does not form any aggregate (Figure 8.4-B).

For this experiment, 20 uM of 25Q was aggregated in presence of 6 equivalents (E) of the
FQNLF peptide or the AR control peptide and the evolution was monitored with the
sedimentation by ultracentrifugation technique, in order to avoid a misinterpretation of the
data, due to oligomerization of the protein with the peptide.

A B

FONLF Ac-YPRPPSKTYRGAFQNLFQSVREVIQNP-AmM

Control AR Ac-GPTGYLVLDEEQQPSQPQSALE-Am
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Figure 8.4 Aggregation of 25Q in presence of peptides. A) Description of the peptides. B) AR control peptides 120
uM incubated for 9 days. No formation of aggregates. C) Sedimentation experiment by ultracentrifugation of 20
uM 25Q without peptides (black), in presence of 6E of FQNLF peptide (red) and 6E of AR control peptide (green).
The % monomer in solution refers to 25Q monomer. D) 25Q incubated in presence of 6E FQNLF after 9 days of
incubation. The entire field shows fibrils. E) 25Q incubated with control peptide for 30 days. Aggregates are
formed as for the 25Q alone.
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Figure 8.4-C shows that, instead of blocking or delaying the aggregation, the FQNLF peptide
induces a slightly faster aggregation to 25Q. More strikingly, we found every field analyzed
for 25Q in presence of 6E FQNLF entirely covered with fibrils already after 9 days of
incubation, meaning that this peptide favors the fibrillization of 25Q.

These data show that it is not possible to block the aggregation of AR by using peptides
targeted against the region that nucleates the oligomerization. To find a possible
explanation, we further studied the behavior of the FQNLF alone.

8.3 THE FQNLF PEPTIDE AGGREGATES WITHOUT FORMING FIBRILS

To prove that the region *FQNLFQSVREVIQ* aggregates also when isolated from the protein,
we produced a synthetic peptide spanning over this region (and we monitored its
aggregation, compared to the same concentration of K,Q,sK, peptide (Figure 8.5).

The FQNLF peptide aggregates faster than K,Q,sK, (Figure 8.5-B), but produces a different
species of aggregates. K,QysK, forms amyloid-like fibrils and no amorphous aggregate is
observed (figure 8.5-C), while FQNLF peptide forms amorphous aggregates that never evolve
to fibrils for the time span analyzed (Figure 8.5-D,E).

A B

FONLF Ac-YPRPPSKTYRGAFQNLFQSVREV IQNP-Am

KQuK,  KKQQQQQQQRQQQRQQQRQQRQQQRQQRQQQQKK

05{ = “t

peptide in solution
u
ol

Figure 8.5Aggregation experiment on FQNLF peptide. A) Description of the peptides used. B) sedimentation by
ultracentrifugation assay of 20 uM FQNLF (blue) and K,Q,sK, (red). C) Fibrils of K,Q,sK, after 11 days of incubation.
D) Aggregates of FQNLF peptide after 23 days and (E) 52 days. In C,D,E, the red bar represents 100 nm.

This data clearly demonstrate that also the *FQNLFQSVREVIQ?® region forms aggregates and
with a faster rate than the polyQ. However, only the polyQ forms fibrils, meaning that the
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first amorphous aggregate observed in the AR recombinant proteins are due to the self-
assembly of the FQNLF region, while the fibril formation is a later event, as is suggested by
the different kinetics of the two peptides.

8.4 OLIGOMERIZATION OF **FQNLF*? PRECEDES THAT OF POLYQ IN AR

The slow oligomerization time experienced by the 4Q and 25Q proteins opened the
possibility to investigate changes in secondary structure along the oligomerization process.

From DLS data in the previous chapter, we knew that oligomeric species are visible
immediately after the first day of incubation after disaggregation, however the decrease in
monomer concentration is not apparent from the sedimentation by ultracentrifugation
assay, so that most of the protein is soluble for a time long enough to perform other assays.

We initially studied 30 uM of 25Q with circular dichroism at different time points along the
oligomerization time (Figure 8.5-A). No clear change in secondary structure was visible, but
this could be due to the small fraction of protein that is undergoing conformational
changes,relative to the rest of the protein that does not change secondary structure.

We repeated this experiment by studying 25Q by NMR, in collaboration with Dr.
BaharehEftekharzadeh and Dr. Jesus Garcia from IRB, performing a series of *H->N HSQC
experiments at 18.8 T 8800 MHz) on 50 puM freshly disaggregated °N-25Q in a time-resolved
fashion.

Unlike what observed for other faster aggregating proteins, like AR(350), it was possible to
distinguish specific cross-peaks decreasing in intensity or shifting, while the most part of the
resonances did not experience changes (Figure 8.5 B).
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Figure 8.6Analysis of oligomerization of 25Q by CD and NMR. A) CD experiment with 30 uM 25Q, measured after
disaggregation (0 h, black), 96 h (blue) and 170 h (red). B) *H->N HSQC spectrum of 50 uM freshly disaggregated
sample of 15N-labeled 25Q (black) and of the same sample after 7 days of incubation (red). C) Top: chemical shift
perturbations, where Ad=sqrt[AdH2+(AdN/5)2], observed after 7 days of incubation reported as a function of
residue number. Blue dots correspond to residues, which peaks experience splitting. Bottom: differences in
intensities compared to the HSQC at day 0 (I/l;-p4) reported as a function of residue number for 2 (green), 4 (blue)
and 7 (red) days. D) Details of the spectral changes observed in a specific region of the H-2N HsQc spectrum
immediately after disaggregation (black), and after 2 (green), 4 (blue) and 7 days (red) of incubation. In the motif
mentioned in the figure, hydrophobic residues are underlined and Q and N residues are shown in bold
(EftekharzadehPiai 2015).

From Figure 8.6-C is clear how a set of resonances associated to a specific region in the 25Q
protein is decreasing in intensity. Decreases in intensity and shifts in the resonances, like in
Figure 8.6-D, are often associated with protein-protein interactions.
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This scenario is compatible with a slow exchange between the monomer and a species too
large for being observed by NMR (an oligomer), which reflects in a set of residues that
experience a decrease in intensity, as they are in slow exchange with this second state.

The decreases in intensity are focused mainly on the regions of ?GAFQNLFQSVREVIQ?* and
B9GAAVAAS'™, while polyQ experiences it only towards day 7. The region of *?QSVREVIQ®,
is associated to the resonances that decrease most rapidly in intensity. This region also
experiences a splitting of the cross-peak, showing that these residue visit at least an
intermediate state still visible by NMR.

Altogether, these data suggest that the region **FQNLFQSVREVIQ?® drives the nucleation of
25Q oligomers, while the interaction at the level of the polyQ should occur only at a later
stage. However, these experiments could not address what forces are driving this
interaction or how the oligomer is formed. To address this, is necessary to perturb the
system, introducing mutations in the protein and evaluating their effect on the aggregation
mechanism.

8.5 HELICITY IN **FQNLFSVREVIQ?® IS IMPORTANT FOR OLIGOMERIZATION

We studied in closer details the sequence of **FQNLFQSVREVIQ®, and we observed that
hydrophobic residues are located in positions that closely recall those required for forming
an amphipathic a-helix, typical of a coil-coil interaction.

In protein engineering, a widely used method to evaluate the contribution of key residues in
cases of simple two-state kinetics of folding is the ®-value analysis. The stability of a protein
is expressed as the difference between the energy at its transition state (the state at higher
potential energy along the reaction coordinates, which is rate limiting) and the energy at its
denatured state (AG"°) and the ®-value is the ratio between the AG™® of the wild type and
the one of the mutant protein, where the mutation is generally a mutation to alanine or
another small side chain instead of the residue analyzed. A ®-value close to 0 means that
the interaction between the residue analyzed and its surroundings is poorly formed in the
transition state, which means that the transition state closely resembles the denatured state.
Conversely, values close to 1 mean that the transition state and the folded state are very
similar one another in the surroundings of the mutated residue(351).

This system works elegantly with simple kinetics of folding, which can be explained by a two-
state model, while becomes less straightforward when the energy landscape presents
several local minima, or, even worse, when it is very shallow, as in the case of IDPs.

Nevertheless, an approach with directed mutations could shed light on what sequence
properties are important to stabilize the oligomer, by mutating the regions that might be
involved in the interaction or in the key secondary structure changes.

We identified helicity as a main requirement for the formation of the oligomer. Alanine is a
very helical-prone and a poorly hydrophobic residue, such that substitutions of hydrophobic
residues, like Phe, Leu, Val or Ille would increase the helical content of the
ZFQNLFQSVREVIQ® motif(352).
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Therefore, we designed a series of mutations to Ala affecting the hydrophobic residues of
each motif (Figure 8.7-A). To monitor how the secondary structure would change as a
consequence of Ala substitutions, we performed a set of secondary structure predictions
with Agadir and of disorder predictions with PONDR (Figure 8.7-B,C), whereas the effect of
the mutation was monitored by time-resolved DLS (Figure 8.7 D).
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Figure 8.7Experiment with mutant in 2EQNLFQSVREVIQ™. A) Design of the mutants and legend: orange for
AQNAA mutant, brown for SAREAA mutant and red for AQNAASAREAA mutant. B) PONDR prediction for the three
mutants and wild type 25Q. AQNAA abolishes the predicted ordered region. C) Agadir prediction for the three
mutants and wild type 25Q D) Time-resolved DLS for the three mutants and wild type. In B, C, D 25Q is reported as
dotted black, AQNAA as orange, SAREAA as brown, AQNAASAREAA as red.

Comparison of Figure 8.7-C and Figure 8.7-D show a correlation between the predicted
helicity of this motif and its aggregation rate. Higher helical content determines higher
oligomerization rate. Conversely, hydrophobicity of residues in positions i, i+3, i+4, i+7 do
not seem to play a role in this interaction, so that probably the residues that form the
contacts that stabilize the tetramer are not the ones mutated. Examples of the importance
of helicity in the oligomerization process are found in aggregation studies of islet amyloid
polypeptide (IAPP)(353, 354) and a-synuclein(46). In both cases, an a-intermediate was
found on-pathway for the formation of the amyloid fibril and was reported to form the first
oligomeric assembly(46, 353).

In addition, the assembly of early oligomers is mediated by a-helical intermediates, which do
not necessarily change conformation once in the aggregate. TEM data already showed in
this chapter and limited proteolysis data demonstrate that the fibril is composed essentially
by the polyQ tract, while the rest of the protein is involved in an amorphous aggregation,
which could be called a-aggregation so that it can be distinguished from R-aggregation.

Nevertheless, this data do not show what are the residues responsible for the contact, but at
least point those that are not responsible, as mutating them does not decrease but instead
increases the aggregation rate. We therefore investigated the residues Glny, Asn,s, and
Glnyg as well as Ser,q, Args; andGlus,.
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8.6 IDENTIFICATION OF THE KEY RESIDUE FOR THE FQNLF INTERACTION

A close look at the sequence of the
>FQNLFQSVREVIQ* motif reveals that there are two
faces: a hydrophobic side, which is the one described
in 8.5 and a polar and charged side, represented by
the residues in position 24, 25, 28 and 38. This
organization would produce a polar spine opposite to
the hydrophobic phase.

Interestingly enough, the hydrophobic side is involved
in the N/C interaction, as it is binding to the
hydrophobic cleft of AF-2(241).

Therefore, the explanation of the results obtained in
8.5 could be that the stabilization of the helix by more
helical prone residues forces the motif in a-helical  Figyre 8.8 model of the heptad wheel of
conformation, so that the polar residues are the a-helix for the >FQNLFQSVREVIQ®

organized in a spine and can interact. region.  Hydrophobic  residues  are
colored in green, polar residues in

In order to identify which residues were key for the  Purple, the positively charged residue in

. . . . . red and the negatively charged residue
interaction, we decided to produce peptides derived in blue.

from the FQNLF peptide, to exploit its fast kinetics of

aggregation, to better appreciate reductions of the aggregation rate. A set of peptides
analogous to the FQNLF peptide was synthesized carrying a mutation to Ala or to Glu in
positions GIn24 and GIn28. We chose these two specific residues because mutations to Ala,
or to the analog charged residue Glu, do not change its helicity and that these two residues
are highly conserved throughout the phylogenetic tree in the species that bear the
ZFQNLFQSVREVIQ*® motif.

A
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FENLF YPRPPSKTYRGAFENLFQSVREVIQNP
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Figure 8.9 Kinetic experiment on mutation in position 24 and 28. A) Peptides used in the experiment and relative
names and color code. B) Agadir prediction of the effect of the mutation on helicity. In black the FQNLF wt peptide,
in blue FQNLFE, in red FENLF. C) Kinetics experiment by sedimentation by ultracentrifugation. The FQNLF (black)
peptide aggregate faster than the two mutants and FENLF (red) aggregates slower. The effect of mutation in
FQNLFE (blue) is lower, but it still aggregates less rapidly than FQNLF.
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Figure 8.9 shows how the mutations in position Gln,, and Gln,g affect the aggregation rate of
the FQNLF peptide. More specifically, mutation to Glu of Gln,, dramatically decreases the
aggregation rate of the peptide, whereas mutation on the second site is less effective, but
with a still noticeable decrease in aggregation.

This data defines that the residues key in the interaction between “FQNLFQSVREVIQ*
motifs are precisely Gln,; and Gln,g as exchanging GIn for a negatively charged Glu decreases
the aggregation rate of the peptide. Mutations to Ala determine an analogous effect. All
together, thesedata strongly suggest that the ‘polar spine’ comprised of residues 24, 25 and
28 mediates the first oligomerization.

8.7 SUMMARY AND CONSIDERATIONS

The set of techniques developed in Chapter 7 were tested using the current knowledge in
the polyQ field and we indeed confirmed the polyQ-dependence of the aggregation rate of
the AR recombinant proteins, as well as the capacity to form amyloid fibrils with a polyQ-
dependent rate. However, we realized that also the recombinant protein with the least
number of repeats (4Q) was aggregation-prone and oligomerized with the same initial rate
as 25Q.

To make clarity, we had to formulate a distinction between oligomers and aggregates, as in
literature there is little consistence in the terminology, also due to the fact that there is real
no separation between very broad oligomeric species and aggregates(355). We decided to
call oligomer all of those species with relatively low z-average value (<500 nm) in the time-
resolved DLS, that do not decrease the intensity of the CD spectrum and that are still visible
by NMR spectroscopy (Figure 8.5). Aggregates were those assemblies that did not fulfill each
of these requirements and that were also observable by TEM.

TEM micrographs revealed at least two different species of aggregates: an amorphous
aggregate and a more fibrillar aggregate. We confirmed that a polyQ peptide (K,QysK5)
incubated in the same conditions forms only fibrils, whereas we found that 25Q and 51Q
evolve in fibrils with different rates, with 25Q forming fibrils only after 40 days of incubation,
while heterogeneous populations of fibrils and amorphous aggregates are observed already
within the first day of incubation of 51Q.

The differences in morphology between late stage 25Q (mostly fibrillar) and 4Q (amorphous)
is reflected in a marked difference of FTIR spectra, where 25Q presents bands associated to
R-sheets that are not present in the 4Q sample. 51Q fibrils are markedly similar to those
isolated by other members of our group from SBMA mice (Eftekharzadeh, unpublished data).

Moreover, the experiments of limited proteolysis show that the fibrils formed by 25Q leave
most part of the protein accessible to the protease, with the exception of the region in
proximity of >FQNLF*’, which shows a moderate resistance in the fibril sample compared to
the monomeric sample, and the region in close proximity to the polyQ, which is almost
completely precluded to the protease.
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At the level of the oligomers, the time-resolved NMR study shows that the region
surrounding **FQNLF?, (**FQNLFQSVREVIQ®) is in slow exchange with at least two other
oligomeric states, as the resonances associated to this region experience both a decrease in
intensity and a shift in the position of the cross-peak chemical shifts. This phenomenon
occurs before that any change in chemical shift occur to the resonances of the polyQ region,
meaning that the two processes have two clearly different rates, with the
2FQNLFQSVREVIQ?® region aggregating faster than the polyQ tract.

As a further confirmation, a peptide designed over this region aggregates with a higher rate
than the K,Q,5K,, but it does not evolve into fibrils, as for the 4Q protein.

Altogether, this information points towards a scenario where 25Q forms oligomers by
interactions in the **FQNLFQSVREVIQ* region. This macromolecular assembly sediments as
an amorphous aggregate that evolves in fibrils with a polyQ-dependent rate

To understand what residues in 2*FQNLFQSVREVIQ® are interacting and with what rules, we
performed mutation analysis of this region, comparing the aggregation rates of different.
Mutants with increasingly higher helical propensity were found to aggregate with
increasingly higher rate.

We hypothesized that, if stabilizing the a-helix shifts the equilibrium towards the oligomer
formation, it is very likely that the 2*FQNLFQSVREVIQ?® region exists both in extended and in
a-helical conformation and that only the a-helical intermediate can form oligomers. IAPP
and a-synuclein are documented to experience a meta-stable oligomer formed by a bundle
of a-helices, that latter evolving into fibrils through a a-to-R transition(46, 353, 354, 356).

In this case, it is improbable that the a-helical intermediate undergoes a further change of
conformation towards the B-sheet, as we show by limited proteolysis experiments that the
region in proximity of 22FQNLF?’ does not take part of the fibril.

We then observed that residues Gln,s, Asn,s, Gln,g and Glnsg are located as i+3,i+4,i+7 and
i’+7 in the heptad repeat representation of an a-helix, forming a polar surface We
hypothesized that this ‘polar spine’ could form a loose polar zipper and a charge clamp with
the charged residues Glus, and Args; of a second molecule.

We tested this hypothesis by performing mutations on the highly conserved residues Glny,
and Gln,gand we reduced the propensity of the *FQNLFQSVREVIQ® region to aggregate,
thus confirming our hypothesis.
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CHAPTER 9: POLYQ FLANKING REGION AND HELICITY

From the previous chapters, we can begin to propose a scenario where AR aggregates via a
complex mechanism, by which two regions self-associate with different rates. Chapter 8 was
dedicated to describing the region of nucleation away from the polyQ, while we will discuss
in this chapter the N-terminal flanking sequences to the polyQ region.

In Chapter 6, the NMR study of the 25Q and 4Q protein revealed that the polyQ in both
constructs has helical propensity, which is stronger in 25Q. Interestingly, the same sequence
>’LLLLQQQQ® in the two constructs is more helical in 25Q than 4Q, suggesting cooperativity
of the polyQ in folding.

Nevertheless, there is wide description in literature of polyQ as a random coil. CD spectra of
polyQ peptides show the typical signal of random coils, however the slight red shift of the
main minimum (around 200 nm), together with the moderate second minimum at 220 nm,
suggest that these peptides present small populations of other secondary structures (295,
323, 344). Also FTIR data show polyQ peptides as random coils, which convert in R-sheet
with a polyQ-dependent rate, while aggregating(81).

HSQC NMR experiments both of ataxin-3 and of a model system (where a polyQ is fused to
GST protein) both indicate that the polyQ region have the typical collapsed organization of a
random coil(82, 83). However, ssNMR experiments show the polyQ as adopting a series of
different secondary structures, among which the PP-II helix when in presence of a polyPro
helix (Proyg) at its C-terminal(325). Interestingly, the Pro,, flanking region is described to
block the aggregation of the huntingtin peptide only when C-terminal of the polyQ, while
does not produce any effect when located at its N-terminus(357).

We identified the *’LLLL*® motif N-terminal to the polyQ as the N-terminal flanking region of
this protein and this chapter provides the evidence that this motif directly affects the
secondary structure of the polyQ tract. Furthermore, this chapter discusses the role of
>LLLL in respect to the aggregation propensity of the protein

9.1 A POLYQ PEPTIDE WITH A >>LLLL>® MOTIF IS HELICAL

The first approach for evaluating the effect of the *>LLLL*® motif is to compare a model of
polyQ peptide, already described in literature(344), with a similar version containing this
repeat. We already characterized the aggregation of K,Q,sK, and we used this peptide to
design the K,L;QysK, peptide (Figure 9.1-A), meaning a peptide in everything similar to
K,Qys5K,, with the insertion of 4 Leu residues between the N-terminal Lys and the polyQ.
Freshly disaggregated peptides of K,QysK,and K,L,Qu5K, were studied by CD at comparable
concentrations (113 uM and 140 uMrespectively).
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Figure 9.1Comparison of K,Q,sK, and K,L,Q,sK,. A) Description of the peptides. B) CD spectrum of 113 uM
K>L4Q,5K, (red) and of 140 uM K,Q,5K, (black streaked).

Figure 9.1-B shows the CD spectra of K,QysK, and K;L,QusK,. The signal related to K,QusK,
peptide is mainly that of a random coil, with a small component of helicity, in very good
agreement with the current literature(72, 323, 344). Conversely, the marked second
minimum at 222 nm of the spectrum related to K,;L,Q,sK,and the red shift of the minimum
from 200 nm to 204 nm are clear signs of increased helicity.

Nevertheless, to a close comparison with the NMR data, the K,L,Q;5K, peptide presents a
degree of helicity lower than what expected from the SSP analysis described in 6.4. The
lower level of helicity in the K,L;Q 5K;peptide can be attributed to the presence of two Lys
residues at C-and N-terminus. Lys is a relatively good C-capping residue, but a very bad N-
capping residue and the presence of Lys both at N- and C-terminus destabilizes the helix
(358).

A a-helix is stabilized by H-bonds between the backbone —NH in position i and the C=0 in
position j+4. To preserve this interaction also at the extremities of the helix, a charged
residue is often present at each side with different charge, each of which establishes an H-
bond with, respectively, the N-H or the C=0 on the backbone. In practice, placing positively
charged residues on both sides of the helix destabilizes the dipole and decreases the stability
of the helix. Probably, a better approach for capping the helix would have been to use pairs
of Asp or Glu residues at the N-terminus and a Lys residue at the C-terminus, but we were
limited by the requirements of solubility that a peptide containing exclusively GIn and Leu
would imply, as well as for their extended use in literature, which has been already
discussed.

We concluded that this experiment, however strongly suggestive, does not unequivocally
demonstrate that *>LLLL*® is the only cause of the strong helical propensity of the polyQ in
AR.
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9.2 THE >>LLLL® MOTIF PREVENTS FIBRIL FORMATION

The K;L,Qy5K, peptide was also used to monitor the effect of >SLLLL*® on the aggregation of a
polyQ peptide and on the eventual formation of fibrils.

A freshly disaggregated solution of 20 uM K,L,Q,sK, was incubated and monitored by
sedimentation by ultracentrifugation and TEM micrographs were performed at different
stages of the aggregation.
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Figure 9.2 Aggregation experiment of 20 uM K,L,Q,sK, and K,Q,sK,. A) Sedimentation by ultracentrifugation.
20uM K,L,Q,5K, B)TEM micrograph of K,L,Q,sK, after 16 days of incubation. Mixed field of amorphous
aggregates and fibrils. The red bar represents 500 nm

The sedimentation by ultracentrifugation assay does not show any distinguishable difference
in the kinetics of the two peptides (Figure 9.2-A). However, TEM micrographs of the
K,L4QusK, peptide after 16 days show a mixed population of amorphous aggregates and fully
formed fibrils, where fibrils and aggregates are never in the same bundle, but instead seem
to cluster separately (9.2-B).

All together, these data suggest that K,L,Q,sK, aggregates with a behavior similar to 25Q,
where a preliminary amorphous aggregate is formed, which then reorganizes in fibril. This
reorganization seems to be consequence of a nucleation episode, as aggregates that are
separate in space evolve independently.

9.3 MUTANTS IN THE LEUs5.59 REGION

Working on peptides provided good insights in the function of >>LLLL*®, but it did not provide
a definitive explanation of its relationship with the aggregation process.

We therefore approached the same issue by performing, in collaboration with Soranalftemi,
a set of mutations on 25Q, first substituting each Leu residue in the four positions with a less
hydrophobic Ala, then the whole region with an *AAAA* motif (called AAAA) (Figure 9.3-A).
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Agadir predictions suggested an overall increase in helicity of the polyQ tract and its flanking
region in each mutation to Ala (figure 9.3-B). Despite the predictions, only a modest
decrease in helicity was observed with CD (figure 9.3-D).
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Figure 9.3 Experiments on Leu2Ala mutants. A) Name and description of each mutant, the mutation to Ala is
marked in orange, the deletion with grey lines. B) Agadir prediction of each Leu 2Ala mutant. 25Q (wt) is the blue
straight line, AAAA the orange straight line, point mutations are dotted lines. C) Sedimentation assay of 20 uM
25Q (blue), 20 uM LALL (orange), 20uM LLLA (green). D) CD spectra of 25Q (blue) and AAAA (orange). E) Time-
resolved DLS of 25Q (blue) and AAAA (orange)’.
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In addition, the aggregation experiments did not provide clear results, as both
sedimentation by ultracentrifugation and time-resolved DLS failed to find differences in
aggregation or oligomerization rate among the mutants (Figure 9.3-C,E).

Given these inconclusive results, a new mutant of 25Q was designed, which carried a
deletion of the >’LLLL® motif. Again, CD spectra were recorded and aggregation assays
performed, trying to understand the correlation between any change in secondary structure
and the aggregation rate. This approach also had the advantage of being complementary to
the experiments performed on peptides.
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Figure 9.4 Experiments with Als,.s5. A) CD spectra of 130 uM 25Q (blue) and 130 uM Als,.sg (purple) and (B)
relative deconvolution by CONTIN. AAAA mutant is in orange and 4Q in green. (NRMSD of each simulation is
annotated in the same color on top of the boxplot) C) Time-resolved DLS experiment of 20 uM 25Q (blue) and
20uM ALs,.sg (purple). D) TEM micrographs of Als,.sg after 10 (i) and 20 days (ii) of incubation. The red bar
represents 100 nm.

These experiments show how >’LLLL>° affects secondary structure and aggregation
propensity in 25Q (Figure 9.4). The CD spectra of AlLss.sg and 25Q are markedly different, as
that of Alss.so shows with much less pronounced helicity (figure 9.4-A). A deconvolution of
the spectra with the algorithm CONTIN in Dichroweb allowed a straight comparison of the
helical content of 25Q, 4Q, Alsssg and AAAA mutant. 25Q and AAAA had no real difference
in helicity, while ALss.s9 presented a helical content even lower than 4Q. This demonstrates
that the removal of the *°LLLL*® motif, but not of the polyQ, completely abolishes helicity in
this protein.

Time-resolved DLS experiments show a higher aggregation rate of the Alss.sg protein than
25Q (figure 9.4-C), whereas TEM micrographs taken at different time points show the
presence of fibrils far earlier than for 25Q wt (10 days against the 41 days of 25Q) and in 20
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days it is already possible to observe perfectly formed fibrils, similar to those of 51Q or the
late stage 25Q (figure 9.4-D).

Altogether, these data strongly support the hypothesis that *’LLLL*°nucleates the a-helix
formation in the polyQ tract and stabilizes this conformation, preventing the conversion to
R-sheet and the consequent formation of fibrils. Conversely, lacking this motif, the polyQ
adopts random coil conformation, which has a lower entropic cost of a conversion to R-
sheet, leading to a prompt fibril formation. This mechanism finds strong similarities with the
effect of the Proy, repeat C-terminal to the huntingtin peptide(91, 359).

9.4 POLYQ IS UNSTRUCTURED IN THE Alss.5¢ MUTANT PROTEIN

The Asss protein was studied by NMR to know at a residue level the effect of *°LLLL*®.An
HSQC spectrum was recorded of freshly disaggregated 50 UM ALssso"N-labeled protein, in
collaboration with Daniele Mungianu and Dr. Jesus Garcia and then compared to an HSQC
performed on an analogous preparation of 25Q.
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Figure 9.5 Overlay of the HSQC experiment for 25Q (black) and ALss.sg (green). The Leu residues missing in ALss.
soare circled in black. Examples of regions that do not change their chemical shifts are marked with blue arrows,
region that experience shift in the cross-peaks are pointed with red arrows.

The transfer of the assighnment was facilitated by the overlay of most part of the spectra,
however it was not possible to reassign the peaks associated to the polyQ, due to the broad
shift of the cross-peaks in the central region of the spectrum. Furthermore, the region
flanking *’LLLL>® experiences a large change in the positions of the chemical shifts: whereas it
was possible to reassign the peaks associated to Alas; and Alay, the positions of residues like,
among others, Sers, and Glys; were impossible to reconstruct.
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Interestingly, no shift was observed of the peaks associated to the *FQNLF?® motif, as well
as to the region right C-terminal to the polyQ (**ETSPR®).

The strong collapse of the peaks associated to the polyQ towards the center of the spectrum
means that, in Alss.so, every GIn residue in the tract explores very similar chemical spaces, a
scenario compatible with a random coil. It is also interesting that the cross-peaks associated
to the ®*ETSPR®® sequence, between the polyQ and the second polyQ (Glngin position 88-94)
do not experience shifts, meaning that the effect of *LLLL*® does not extend on the whole
polyQ, but decreases along the tract, as already suggested by the SSP analysis of 25Q
(Section 6.4).

9.5 POTENTIAL COEVOLUTION OF THE *’LLLL>® WITH THE POLYQ

We performed a sequence alignment with the T-Coffee Server (www.tcoffee.crg.cat) of a set
of 60 AR sequences, to check the degree of conservation of >>LLLL*® across chordata (figure
9.6). NTD is a poorly conserved domain, partly due to the presence of highly repetitive
species (two polyQ and a polyG), so that every conserved sequence has to play a crucial role
in the physiology of the protein.

It is clear from figure 9.6-A that both the polyQ length and *°LLLL* are poorly conserved. The
polyQ, as expected for polymorphic regions, presents a very wide variety across species, but
interestingly the last Leu residue before the polyQ is conserved in every species where the
polyQ tract is present.

It is also possible to recognize a correlation between the lengths of the repeat and the
phylogenetic distance to human. This association has been documented already for
huntingtin, where a phylogenetic analysis of this gene dates the first appearance of the
polyQ in sea urchin, the first representative of deuterostomes according to evolutionary
distance. In the work, is reported a progressive increase in the polyQ length across
evolution(360).
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Figure 9.6 A) representation of the best-conserved sequences of an alignment of 60 different sequences of AR
belonging to different species. The polyQ and its Leu-rich flanking region are framed in red). B) Agadir prediction
of helicity for mutations in the polyQ flanking regions that are found in prostate cancer cases C) Agadir prediction
of helicity mutations in the flanking region of polyQ that are associated in androgen insensitivity syndrome (AIS).
As a general observation, cancer-related mutations, with the exception of Qg2 R, tend to decrease the predicted
helicity of the tract, whereas mutations associated to AIS have higher predicted helicity on the polyQ.

We finally noticed a loose correlation between polyQ length and the length of Leu-rich
motifs (only in human 4 Leu residues are present): short polyQ tracts are almost never
preceded by Leu-rich motifs, except for the Damara mole-rat (fukomysdamarensis), unique
species found in our search containing a Leu-rich motif of 3 repeats associated to a polyQ of
only 4 repeats. Conversely, the only Leu-rich motifs N-terminal to the polyQ, other than the
human >’LLLL*, is found in the common chimpanzee (Pan troglodytes), with 3 repeats.

This particularly low conservation is typical of regions flanking a highly repetitive
polymorphic regionand in general of all the low-complexity regions (LCR)(361, 362) and it is
reported that regions surrounding LCRs have a probability of substitution that inversely
correlates with the distance from the polymorphic site: residues in closer positions have high
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variability, which decreases steeply with distance(363). In this work, extracting a pattern
from the highly variable sequences studied was possible only by using the very high number
of sequences of higher primates and humans, deposited in the 1000 Genome Project(364).
The high variability of these regions requires sampling from very evolutionary close species
or within human populations. Therefore, the dataset here analyzed is too limited to draw
any conclusion on the evolutionary pressure on >’LLLL*’, but the hypothesis remains
suggestive.

In parallel, from an overview of the McGill University database on known mutations of AR
associated to diseases(190), emerges that deletion of Leuss are found in cases of prostate
cancer, while addition of a further Leu in position 60 (with a total of 5 Leu residues) is
associated to mild androgen insensitivity syndrome and, more in general, mutations that
increase the helicity of this tract are associated to androgen insensitivity (AIS, figure 9.6-B,C),
suggesting a function of helicity of polyQ in the correct functioning of AR.

9.6 SUMMARY AND CONSIDERATIONS

The NMR studies discussed in Chapter 6 describe the polyQ tract as moderately helical in 4Q,
but highly helical in 25Q, at least in the N-terminal part, and progressively less helical
towards the C-terminal GIn residues. The highest values of SSP in both 4Q and 25Q were
observed between Leuss and Glngs and the *>LLLL* of 25Q presents values associable to a
fully formed a-helix.

From these observations, we hypothesized that >>LLLL*® was responsible of the helicity in the
polyQ tract and to prove it we adopted first a bottom-up approach, by designing a polyQ
peptide with a *°LLLL*’, and then a top-down approach, where this motif was deleted from
the 25Q protein.

In the bottom-up approach, we designed a peptide (K,L;Q5K,) that mimicked the polyQ of
AR. K;L4Qz5K;, showed markedly more helical content than its control peptide K,Qs5K,, as
reported by CD.

The degree of helicity of K,L;4Q,5K,, however, did not fully match with the NMR data on 25Q,
which suggest an even higher helical content in the polyQ tract of the protein. This
discrepancy between CD and NMR data can be due to the design of the peptides, where the
presence of positively charged residues in both sides of the polyQ destabilizes the helix
dipole(358).

Nevertheless, other valuable information was obtained from the study of the aggregation of
K;LsQy5K, peptide. Despite the difficulty to distinguish the oligomerization of this peptide
from the one of K,Q5K,, the aggregates formed present strong differences.

From Chapter 8, it is shown that K,Q,sK, peptide deposits as fibrils in the TEM grid (see
figure 8.4), whereas a sample taken from K,L,Q,sK, peptide aggregation after a similar
incubation time (16 days) presents a mixed population of amorphous aggregates and fibrils.
This suggests that the conversion to B-sheet is slower for K,L,Q,5K, than that of K,Q,sK, and
potentially it occurs when the aggregates are already deposited. In general, K,L,Q,sK, forms
aggregates and fibrils according to a similar mechanism as 25Q.
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These data were further confirmed by the top-down approach, where deletion of the
>LLLL* in 25Q completely abolishes helicity in the polyQ, as showed by the CD experiment
on Assse. This finding is also in good agreement with the NMR data from the HSQC
experiment on N-labeled Assso, where the chemical shifts associated to the polyQ are
positioned with the typical collapsed organization of the random coil.

Interestingly, aggregation of Ass.sq is faster and the aggregates reorganize in fibrils earlier
than for 25Q. The fibrils were analogous to those formed by 51Q, while the amorphous
aggregates were similar to those of 4Q and 25Q. This data suggest that the presence of
>LLLL* prevents the formation of fibrils, by increasing the energy barrier for the transition
to B-sheet. The a-to-R transition has a high cost, due to the double transition required, from
a-helix, to random coil, which has to overcome a first high-energy barrier, and then from
random coil to B-sheet(365), so that the polyQ in 25Q has to overcome a higher barrier than
that of Ass_se.

A very similar mechanism is observed for the huntingtin exon 1, where the Proi, motif C-
terminal to the polyQ hinders the aggregation by locking the C-terminal part of the polyQ
tract in PP-Il helix conformation(91, 325).

However, this mutation does not seem to alter the first mechanism of aggregation via
BEQNLFQSVREVIQ®, as the increase in aggregation rate can be explained as the additive
effect of the two mechanisms.
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PART V: DISCUSSION AND
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CHAPTER 10: DISCUSSION

10.1 A MODEL FOR POLYQ-NTD AGGREGATION

The data discussed in this project point towards a complex mechanism of aggregation of the
polyQ NTD, where more aggregation prone regions assemble by different mechanisms at
different rates.

The main players identified with the AR recombinant proteins used were the N-terminal
motif FQNLFQSVREVIQ®® and the polyQ tract beginning in position 59, controlled by the
SLLLL*® motif N-terminal to it, with a modest participation of a *°GAAVAAS™® motif that
needs yet to be addressed.

o
SALLLLSB
Fast process Slow process F|br||_
maturation

monomer tetramer sedimenting fibril

species

Figure 10.1 Model of aggregation of the Caspase-3 cleaved fragment of AR. The monomer is in fast exchange
with an unstable dimer, through an interaction via ZEQNLFQSVREVIQ®. The dimer evolves quickly into a
tetramer, which is the first stable species (visible by AUC) and the oligomerization becomes a slow process.
Oligomers are stabilized by amphipatichelix interactions and they grow in size up to sedimentation. Sedimented
species evolve in fibril, after ana-to-R transition with a polyQ-dependent rate. This transition is an independent
process respect to the ,3FQNLFQSVREVIQz¢ aggregation.

In this model, the first event of oligomerization occurs in the ZEQNLFQSVREVIQ?® region, is a
process in fast exchange and very unstable. In solution, 2FQNLFQSVREVIQ® exists in
equilibrium between a random coil and a low population in a-helical conformation and the
formation of the first oligomer is mediated by the a-helical intermediate that is stabilized by
a set of interactions that recalls the coil-coil but are less specific. We referred to them as
amphipatic helix interactions.
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The stabilization of the first oligomer is a slower process and it is the one that can be
followed by NMR and DLS. The low specificity of the amphipatic helix interaction brings
together polyQ tracts of different monomers, which can in turn interact, further stabilizing
and enlarging the oligomer, that finally sediments as amorphous aggregates.

This kind of aggregation has been described in the literature as a-aggregation(46, 366) or
coarse coil(367) and the proteins described undergo generally a slower a-to-R transition that
allows the formation of fibrils(368).

Despite the amorphous nature of the early aggregates, due to the spurious interactions that
drives them, the polyQ tracts present in the oligomer can rearrange to form fibrils, with a
rate that is polyQ-dependent In non-pathogenic proteins like 25Q, this process is slow and
can take weeks, while expanded polyQ proteins, like 51Q, can produce fibrils in a few hours.
This process and the a-aggregation are independent one another and an expanded polyQ is
very likely to overcome the aggregation via FQNLFQSVREVIQ®® and to progress rapidly
towards the fibril formation.

10.2 ROLE OF >’LLLL>® AND CHAMALEONIC PROPERTIES OF POLYQ

PolyQ tracts are known to be very flexible and in random coil conformations, however more
recently polyQ tracts have been described as folded in secondary structures, such as PP-I|
helices(325), when in the presence of the C-terminal Proj, motif of huntingtin. In this case,
the Pro-rich motif stabilizes the polyQ residues in this conformation, preventing its
conversion to a R-sheet(91).

Similarly, the *’LLLL*® motif nucleates a a-helix from the N-terminus of the polyQ with an
effect that goes dissipating along the tract. Locking the polyQ in a-helical conformation
imposes a high-energy barrier to the conversion in B-sheet and prevents the reorganization
in fibrils(365).

From an evolutionary point of view, it is known that regions flanking polymorphic sites have
variability increasingly higher in the positions next to the polymorphism(363) and it is
therefore possible that this Leu-rich motif coevolved rapidly in parallel to the elongation of
the polyQ tract, to cope with its propensity to acquire B-sheet conformation.

Moreover, another reported correlation between the polyQ sequences and their flanking
regions describes a sequence bias towards an over-representation of a subset of residues
(Pro, Leu and His) and an under-representation of others (Asp, Cys, Gly)(104) The over-
represented residues are strong inductor of a-helix (His and, even more, Leu) or PP-II helix
(Pro), both conformations that prevent the conversion to R-sheet, but their codons are also
not distant from CAG (CTG for Leu, CCG for Pro and CAC for His), so that point mutations can
switch a GIn residue to each of these residues. This provides genetic stability by breaking the
codon repeat (369). However, at the protein level, these same mutations induce the
formation of a secondary structure and can prevent the aggregation of the polyQ tract.

An elegant example is the polyQ of ataxin-1, which contains a His mutation that breaks the
CAG repeat and has been shown to increase the genetic stability of this tract(370-372).
Interestingly, a polyQ peptide with a His residue interrupting the homopolypeptide chain
aggregates slower than the same polyQ peptide without interruption (96). It is also possible

129



that these two functions are consequence of convergent evolution, where the same
mutation produces both genetic stability and increased protein stability.

The mechanisms described allow polyQ proteins to bear a long polyQ tract, without
incurring in the formation of nuclear aggregates with toxic properties. This means that the
length of the AR polyQ is critical for its functions, however it remains unclear how.

It is known that short polyQ in AR are a risk factor for prostate cancer(373), which suggests
that polyQ might work as a spacer between regions, to reduce the ability of transactivation.
It is also known that cases of prostate cancer were found with a deletion of a codon for Leu
in the *°LLLL®® motif, whereas an addition of one Leu codon is associated to mild androgen
insensitivity syndrome(190). It is enticing to draw the conclusion that the number of Leu
residues N-terminal to the polyQ determines the degree of stability of the helix, or
otherwise tunes the dissipation of their nucleating effect of *>LLLL®.

Altogether, these observations are suggestive that the polyQ needs to be long and with
some degree of flexibility to comply with its physiological functions, but to prevent the
aggregation, is necessary to impose structural constraints on the tract and this is performed
by the Leu-rich motif in AR and by the Pro-rich motif in huntingtin.

Finally, the effect of *°LLLL*® can potentially explain the difference between pathogenic and
non-pathogenic polyQ tracts in SBMA. The overlay of the HSQC spectra of 25Q and Ass.sg,
suggests that the last GIn residues are in random coil conformation, as the cross-peaks for
the **ETSPR® region do not change position, while the SSP analysis of 25Q shows that the
effect of helix nucleation of *>LLLL* dissipates along the polyQ. Therefore, it is possible that
AR with longer polyQ tracts has a broader portion of the tract prone to acquire random coil
conformation. The random coil part of the polyQ can nucleate the conversion to R-sheet and
convert the aggregates in fibrils and a longer polyQ in random coil conformation favors this
transition.

Therefore, longer polyQ tracts are less restrained by their flanking regions and it is possible
that more portion of the tract remains as random coil, which can favorably explore the 8-
conformation and nucleate the formation of a B-sheet. This could be a mechanistic
explanation of the threshold in toxicity, typical of polyQ diseases.

10.3 **FQNLFQSVREVIQ3® AND THE N/C INTERACTION

The interaction of FQNLF?® with LBD has been characterized and crystalized(209, 241) and
the crystal structure shows that 22FQNLF?® is accommodated in the hydrophobic cleft of AF-II
with the hydrophobic Phe,s, Leu,; and Phe,g pointing towards the inner part of the pocket
and probably stabilizing the interaction with LBD, while the residues Glny, and Asnys are
pointing outside the complex and are exposed to the solvent. (241).

From our study, we know that an increase in helicity in 2FQNLFQSVREVIQ®® significantly
favors the oligomerization of 25Q, suggesting that the a-helical intermediate is important
both for the N/C interaction and for the oligomerization of the AR fragment. We also
demonstrated that the interaction that stabilizes the oligomer do not involve the same
residues than the ones responsible for the binding to AF-ll, which means that both
interactions could take place in the same moment.
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The oligomerization of AR is still matter of controversy, as it is not clear whether the two
monomers form the dimer with a head-to-head or a head-to-tail geometry. The first
scenario is suggested by the only crystal structure of the AR DBD bound to DNA, while the
second one is considered the most probable scenario that takes in account the N/C
interaction (236, 253). In the first case, the two monomers are forming a parallel dimer, in
the second, an antiparallel dimer. This expands the controversy to the nature of the N/C
interaction, whether it involves domains of the same protein (a cis-interaction) or of
different monomers (a trans-interaction).

Our data suggests an enticing hypothesis whereby the N/C interaction that is required for
dimerization is actually a cis-interaction that leads to the formation of a parallel oligomer. In
this case, the interaction is established all along the NTD and is triggered by the interaction
between the ligand-bound LBD and the *FQNLFQSVREVIQ? in a-helical conformation. The
low population of NTD with the 22FQNLFQSVREVIQ*® motif in helical conformation suggests
that this interaction is more probable to occur as a cis-interaction, because ligand and binder
are tethered together and have more probability to find each other.

The helical 2FQNLFQSVREVIQ® is then stabilized in this conformation and the self-affinity
becomes higher, so that another BEQNLFQSVREVIQ?® in this conformation can be recruited.
It is therefore very likely that two monomers ligand-bound and **FQNLF*-bound start to
establish the contacts for the dimerization from 2FQNLFQSVREVIQ®*®, which then nucleates
all the other regions attributed to this interaction, described in (De Mol, in preparation).

This scenario clearly needs a considerable amount of data to be proven. However, providing
this information is not a straightforward task with the techniques applied so far for studying
the N/C interaction (374), the most successful of which has been Férster Resonance Energy
Transfer (FRET). Generally, FRET probes are connected to the extremities of the protein, but,
in this case, both the N-terminal and C-terminal of each monomer would be in close
proximity, as the proteins are folding back upon themselves, producing positive results both
for trans and for cis N/C interactions. Newly developed techniques or a new application of
the same techniques need to be developed in order to address this issue.

Finally, it is difficult to find a clear-cut explanation for the function of polyQ. It might play the
role of a spacer, preventing hyper-activation of AR, stabilize the dimerization via coil-coil
interactions, or favor protein-protein interaction via the same mechanism(103).

10.4 CAN THE CASPASE-3-CLEAVED FRAGMENT BE CONSIDERED THE
MINIMAL ETIOLOGIC ELEMENT FOR SBMA?

The findings reported in this project try to demonstrate that is possible to apply a
reductionist approach to the biophysical characterization of the AR aggregation in the same
way as huntingtin has been characterized in the current literature(307, 346, 349, 375), with
the added value of working with a protein fragment that is observed in the cell(376).

The nuclear localization of caspase-3 has been reported as a downstream event of the
apoptotic cascade(377, 378), but it is not clear at what stage AR undergoes proteolytic
cleavage in an SBMA cell.
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It is possible that the cleavage is in reality a relatively late event in the development of the
diseases, but still crucial, because it releases a highly toxic species, due to the higher
aggregation propensity.

In this picture, the formation of uncontrolled oligomers of AR NTD, in absence of chaperones,
is prevented by the interaction with LBD, but an expanded polyQ escapes this control due to
increased difficulty to perform the N/C interaction, forming early aggregates, the formation
of which the cell cannot dispose. This would activate the apoptotic pathway, which in turn
cleaves off the AR N-terminal fragment here characterized, decreasing its affinity to the LBD
because it is no more part of the same protein and favoring the self-assembly.

A possible experiment to prove the point that AR N-terminal fragment cleaved by caspase-3
is representative of the AR aggregation, would be to induce the nuclear transport of this
fragment with a range of polyQ lengths, by fusing a nuclear localization signal (NLS), and
check if there is formation of aggregates and the onset of any toxic phenotype.

10.5 POSSIBLE METHODS FOR INHIBITION OF THE AGGREGATION OF AR IN
SBMA

In this project we demonstrated that an already used strategy for blocking the aggregation
of a polyQ protein(379) is not effective for AR, probably because of the distance between
the nucleating region (*FQNLFQSVREVIQ*®) and the polyQ.

Nevertheless, the knowledge generated on the system, both by this project and with the
studies carried out by BaharehEftekharzadeh, allowed us to identify what species is toxic
and how this species is generated. Fibrils of AR were found in muscle tissue and spinal cord
of SBMA mice in advanced state of the diseases, while amorphous aggregates were found in
healthy individuals (Eftekharzadeh et al., in preparation). From the current study, it is known
that the amorphous aggregates form via an oligomerization process that involves interaction
of ampbhipatica-helices, while the fibrils are formed as a consequence of the a-to-B
transition of the polyQ.

Therefore, any approach that prevents the formation or disposes of the fibrils has good
potential to work as a remedy for this disease.

Disposing of the aggregates has been attempted by improving the functions of the
proteasome complex(175, 239), whereas preventing the formation of the fibrils can be
achieved by blocking one of the two transitions.

Increasing the chaperone activity would target the unfolded intermediate, isolating the
monomeric protein, and trials in this direction have been already implemented (380-382).
However, we propose a strategy that aims directly at the a-helical intermediate and
prevents the a-to-R transition, maintaining the aggregates in condition to be processed by
the proteasome complex, without thwarting the whole physiology of the cell.

The most straightforward approach would be to design conformational-specific antibodies
or nanobodies that selectively bind to the a-helical polyQ. To do this, we could take
advantage of the plasticity of the polyQ, by further increasing the number of Leu residues up
to a maximum value, which would force the whole polyQ in a-helical conformation.
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Agadir simulation already predicted successfully the effect of the Leu-rich motif deletion
from 25Q, so it is a good tool for screening what number of Leu residues is the best match
for stabilizing the a-helix. From figure 10.2 emerges clearly that just by adding 1 residue to
the Leu-rich motif, the helicity increases of a factor 3 and the highest values of helicity are
reached by doubling the number of Leu residues, so that, according to the simulation, the
polyQ should be completely folded as a a-helix with a total number of 7-8 Leu residues and
could be used easily enough to screen for antibodies aimed against this conformation.

L, Qs Q
1501
2
2
$ 1004
o
e
o
©
S 50-
(O]
°
0 T T T e |
50 60 70 80 90 100
residue n.
Delta L 5L — 9L
—-—- 25Q wt (4L) 6L — 10L
7L
— 8l

Figure 10.2 Agadir prediction of helicity of 25Q with variable number of Leu residues in SLLLL. AL is showed in
gray, 25Q in dotted black while the increase of the number of Leu residues follows a gradient from yellow to
violet. The region showed in the prediction corresponds to the part of the protein directly involved in the change
of conformation and its close surroundings, represented in the cartoonish representation on top.

Similar approaches have been already attempted with the IAPP protein, where insulin have
been found to interact with the helical intermediate species and stabilize this conformation,
preventing the progression to fibrils(354, 383).

In any case, whether this is a viable strategy or not, the knowledge produced with this
project opens new possibilities for treatment, not only of SBMA, but also for developing
therapies for other polyQ diseases, thanks to the insights in the common mechanismes.

10.6 THINKING OUTSIDE BIOMEDICINE: CAN THE PROPERTIES OF POLYQ
PEPTIDES AND PROTEINS HAVE OTHER APPLICATIONS?

The emerging field of synthetic biology has provided new perspectives for protein
engineering, by extensively applying it in biotechnological research. The field of protein
engineering has produced interesting studies on amyloid fibrils decorated with porphyrinic
groups with the aim of developing biocompatible nano-wires(384), or decorated with mussel
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foot protein (Msfp, used by Mytilusgalloprovincialis for tethering its shell to the sea floor)
for developing self-assembling adhesive nanofibers that work in aqueous conditions(385).

Also, several studies have been published about the assembly of domains with known
functions to perform new tasks. Interesting applications have already been discussed for the
Src Homology 3 (SH3) domain(386) and coil-coil-prone domains (387) for designing
artificially interacting proteins.

The coil-coil system proved particularly versatile for generating quaternary structures of
increasing complexity, from oligomers with a controlled geometry(388) up to an organized
lattice of coil-coil fibers(389).

On this topic, there is increasing interest in understanding how the polyQ tracts modulate
coil-coil interactions, as these motifs are often found close to regions with high coil-coil
propensity(105, 194). The inclusion of polyQ tracts in the protein engineering toolbox may
provide a system for producing libraries of coil-coil interactors with finely regulated
strengths.

Furthermore, we demonstrated the plasticity of the secondary structure of the polyQ tract
and believe that this property may have applications for the production of linkers with
secondary structure that can be tuned in response to changes in the environment. The Glu
side chain, for instance, presents different propensity to form a-helix with pH dependence.
Knowing that polyQ tracts acquire, to some extent, the secondary structure of their flanking
regions, it would be possible to design polyQ proteins with properties controlledby changes
in pH, like fibrils that are irreversibly deposited only upon a determined stimulus (pH change,
in this case). In the same way, Ser residues placed in a strategic position of the flanking
region can induce the formation of the helix upon phosphorylation, which then extends on
the polyQ tract.

A similar study has recently been carried out on a de novo designed IDP, tailored to tether
on a silica surface and protrude in the environment as entropic springs with variable
excursion depending on pH and ionic strength, with the aim of coating surfaces for reducing
non-specific interactions with cells or other proteins and exposing specific epitopes (390).

These examples of application are unlikely to be implemented in the near future, but further
characterization of polyQ tracts might help to find a use for this motif in the protein
engineering toolbox.
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CHAPTER 11: CONCLUSIONS

Also in this case, the conclusions will be split in two blocks: methodological and scientific
conclusions.

11.1 METHODOLOGICAL CONCLUSIONS

1. Three different recombinant proteins were designed corresponding to the fragment of AR
cleaved by caspase-3. The three proteins were produced with a vestigial number of GIn (4Q),
a physiologic number of GIn (25Q) and a pathogenic number of GIn (51Q). The three
fragments, together with the 8 mutants of 25Q developed, were successfully expressed and
purified with yields sufficiently high for sustaining the experimental requirements.

2. A method for reproducible disaggregation was implemented from previously available
methodological approaches and adapted to the requirements of the AR recombinant
fragments. The effectiveness of this method was tested with different biophysical
techniques. This new methodology is described in an article currently in preparation.

3. A set of biophysical tools was adapted for studying the effect on aggregation of different
lengths of the polyQ tract and mutation on the sequence of AR.

11.2 SCIENTIFIC CONCLUSIONS

1. The secondary structure of 25Q and 4Q was characterized in detail, producing high-
resolution data on the secondary structure of the polyQ tract. The polyQ tract is in a-helical
conformation, contrarily to what is reported for other polyQ proteins in the literature.

2. The residues that induce the helicity in the polyQ tract were identified as an>*LLLL*® motif
directly N-terminal to the polyQ tract. This motif substantially decreases the aggregation
propensity of the AR fragment.

The observations of conclusions 1 and 2 of this block resulted in an article currently under
review process.

3. The aggregation mechanism of the AR recombinant proteins was characterized. These
proteins aggregate in a multistep process, where the nucleation is mediated by a region N-
terminal and distant from the polyQ, *FQNLFQSVREVIQ®. This region is prone to
aggregation and forms amorphous aggregates, whereas the polyQ tract forms fibrils.
Therefore, the AR recombinant proteins aggregate with a complex mechanism where
ZEQNLFQSVREVIQ®®and the polyQ tract act independently, producing amorphous
aggregates or fibrils depending on the length of the tract. The rate of maturation of the
aggregates to fibrils depends on the length of the polyQ tract.

4. The early oligomerization of 25Q was studied in detail, especially in relation to the
EQNLFQSVREVIQ®® motif. The key feature of the formation of the oligomer is the helical
content of this motif. An increase in helical content causes a strong increase in the
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aggregation rate of mutant 25Q, whereas perturbing the hydrophobicity of the motif does
not decrease the aggregation rate of the protein. The key residues in the interaction were
recognized as the GIn positions 24 and 28. These observations allowed us to propose that
the nucleation of this protein is mediated by the GIn residues organized in a line along the
axis of the a-helix, to form a ‘polar spine’, which interact with the ‘polar spines’ of other
monomers by forming a polar zipper.

The observations of points 3 and 4 are currently material for an article in preparation.
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