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Abstract

Huntington’s disease is a progressive, fatal neurodegenerative disorder
caused by a polyglutamine (polyQ) expansion in exon 1 of the huntingtin gene
(HDx1). A hallmark of the disease is the formation of fibrillar aggregates within
cells. In vitro, HDx1 with a polyQ expansion forms fibrils that have a cross beta
structure common to amyloid fibrils, but little else is definitively known about HDx1
fibril structure. We used electron paramagnetic resonance spectroscopy to study the
organization of the major domains (N-terminus, polyQ, C-terminus) of HDx1 with
46Q within the fibril. Our data show that HDx1 fibrils do not have a parallel, in-
register structure like most other disease-associated amyloid fibrils. The C-terminus
is highly dynamic and is attached like a tail to the polyQ domain, which is mostly
immobilized and forms the core of the fibril. However, the C-terminal portion of the
polyQ lies outside the core and has a mobility similar to the C-terminus. The N-
terminus produced heterogeneous spectra, indicating that it is able to sample
multiple conformations. In sum, our study excluded the parallel, in-register
arrangement of beta strands within HDx1 fibrils and represents a first step toward a

high-resolution structure of HDx1 fibrils.
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Chapter 1

Introduction

Clinical features of Huntington’s disease

Huntington’s disease (HD) is a progressive and ultimately fatal
neurodegenerative disorder affecting about 1 in 10,000 people in North America
and Europe (Harper, 1992). Although HD can manifest any time between the ages of
one and eighty, most patients are in middle age when they are diagnosed. Typical
patients are diagnosed when presenting with chorea (Walker, 2007). However, in
the prodromal phase, symptoms occur that are not unique to HD, such as depression
(Julien et al,, 2007), anxiety, apathy, irritability (Kingma et al., 2008; Kloppel et al.,
2010), extroverted hostility (Vassos et al., 2007), memory problems (Berrios et al.,
2002; Wolf et al,, 2009), as well as a host of other neuropsychiatric and subtle motor
symptoms that increase in severity as the onset of overt disease grows closer
(Biglan et al., 2009). There is no cure, and treatments are only available for a subset
of symptoms, i.e., psychiatric drugs for cognitive problems and tetrabenazine for
chorea (Mestre et al,, 2009). Symptoms grow progressively worse and most patients
die 15 to 20 years after diagnosis, usually from aspiration pneumonia, inanition,

dysphagia, or falls (Walker, 2007).

Classification and genetics
HD is one of nine known diseases (HD, spinobulbar muscular atrophy,

dentatorubral pallidoluysian atrophy, and spinal cerebellar ataxias (SCAs) 1, 2, 3, 6,
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7,and 17) that arise from a CAG expansion in the region of a gene coding for a
glutamine tract (Zoghbi and Orr, 2000). The mutated proteins in these
polyglutamine (polyQ) diseases are unrelated, being dissimilar in sequence outside
of the polyQ expansion, and diverse in cellular functions (Gatchel and Zoghbi, 2005).
HD is a monogenic, autosomal dominant disease, resulting from a CAG expansion in
the IT15 gene on chromosome 4p16.3 (The Huntington's Disease Collaborative
Research Group, 1993). The gene product of IT15, huntingtin (Htt), is a 348 kDa
protein with 57 exons. The polyQ tract occurs in the first exon (HDx1) and varies in
length in normal Htt. The vast majority of people have between 10 and 29 CAG
repeats, while fewer than one percent of the population has 30-35 repeats (Kremer
et al.,, 1994). Expansion of the polyQ beyond a threshold of about 39 causes HD. The
intermediate repeat lengths 35-39 are incompletely penetrant (McNeil et al., 1997;
Wexler et al., 2004; Quarrell et al., 2007), and there are several case reports of HD
with expansions normally considered nontoxic (Kenney et al., 2007; Groen et al.,
2010). The age of onset is negatively correlated with the repeat length (Andrew et
al,, 1993; Brinkman et al,, 1997). Most patients have repeats of 40-58Q and the
disease manifests at middle age. Longer repeat lengths are associated with a more
severe disease progression (Ravina et al., 2008). While there is no significant
difference in the age of onset for homozygotes versus heterozygotes (Wexler et al.,
1987; Alonso et al,, 2002; Wexler et al., 2004), the course of the disease may be
more severe in homozygotes (Squitieri et al., 2003). Repeats above 60Q are

associated with juvenile HD, defined as an onset before age 20. In contrast to adult-
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onset HD patients, juvenile HD patients present with dystonia, parkinsonism, and

seizures, and typically have little chorea (Geevasinga et al., 2006; Walker, 2007).

Neurodegeneration/gross structural changes

Although HD neuropathology is classically described as degeneration of the
striatum, especially the caudate (Vonsattel et al., 1985), with concomitant
ventricular enlargement (Vardi et al., 1979; Aylward et al., 1991), most brain
structures are affected in HD (Rosas et al., 2003; Fennema-Notestine et al., 2004;
Tabrizi et al., 2009). Striatal medium spiny neurons, especially those that express
enkephalin and project to the external globus pallidus, are particularly vulnerable
(Walker, 2007). The extent of striatal volume loss is correlated with the repeat
length (Rosas et al., 2001). The degeneration of the affected areas begins decades
before the onset of overt symptoms (Jurgens et al., 2008; Biglan et al., 2009). There
is regional thinning of the cortex in manifest (Rosas et al., 2002) and premanifest HD
(Rosas et al., 2005). This is predominantly due to the degeneration of projection
neurons in cortical layers V and VI (Hedreen et al., 1991). While not greatly affected
in adult-onset HD, cerebellar Purkinje cells degenerate markedly in juvenile HD

(Vonsattel and DiFiglia, 1998).

Aggregates
Another prominent neuropathological feature that is common to most polyQ
diseases—with the exception of SCA 2, 6, and 17—is that the mutant protein

aggregates intracellularly (Zoghbi and Orr, 2000). Amino-terminal fragments of Htt
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form ubiquitinated inclusions in nuclei and dystrophic neurites in the cortex and
striatum of HD patients (DiFiglia et al., 1997; Sieradzan et al., 1999). However, the
extent of aggregation does not correlate simply with cell death. Aggregates are
found to primarily form in cortical neurons, in comparison with the more severely
degenerated striatum, where only 1-4% of neurons are found to have Htt aggregates
(Gutekunst et al., 1999). There are also differences in the distribution of aggregates
among cortical regions. Neurons in the more severely affected motor cortex, which
makes major connections to the striatum, contain relatively few intranuclear
inclusions, compared with neurons in the superior frontal gyrus, which makes few
connections with the striatum (van Roon-Mom et al., 2006). Within the striatum,
aggregates are mainly found in the spared NADPH-diaphorase interneurons and
only rarely in the vulnerable calbindin-positive medium spiny neuron population
(Kuemmerle et al., 1999). In these studies, aggregates are found mainly in the
neuropil or perikarya; nuclear inclusions are only found in the most severe cases of
HD. However, in primary neuronal culture, cerebellar neurons readily develop

intranuclear inclusions, but do not die as quickly as cortical neurons (Tagawa et al.,

2004).

Huntingtin fibrils

Aggregates contain fibrillar, amyloid-like Htt (Huang et al., 1998), and HDx1
with expanded polyQ spontaneously forms similar fibrils in vitro (Scherzinger et al.,
1997). Fibril formation by HDx1 depends on polyQ repeat length, concentration, and

time (Scherzinger et al,, 1999). Aggregation proceeds through beta-sheet rich
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globular intermediates, which then assemble into protofibrils, and finally fibrils
(Poirier et al,, 2002). Oligomeric precursors are 6-7 nm in diameter, while fibrils are
10-12 nm in diameter and 100 nm to several micrometers in length (Scherzinger et
al,, 1997; Poirier et al., 2002). Individual fibrils bundle together and form aggregates
that can appear ribbon-like (Scherzinger et al.,, 1997; Poirier et al., 2002). Another
atomic force microscopy (AFM) study of HDx1 fibrils described them as only about
5 nm in diameter and branched (Dahlgren et al., 2005). These would correspond
roughly to the size of protofibrils (4-5 nm) seen by Poirier when Congo red was
added to inhibit fibril maturation (Poirier et al.,, 2002). It is unclear whether the
small fibrils seen by Dahlgren et al. were immature, or whether there was another
factor that altered the morphology. One possible candidate might be the ionic
strength; Dahlgren only used one quarter of the amount of salt used by the other
groups. Another possibility is temperature. HDx1 fibrils have different toxicities and
other properties, depending on the temperature at which they are produced
(Nekooki-Machida et al., 2009).

With A, a key protein in Alzheimer’s disease, fibril morphology is known to
be sensitive to subtle variations in pH, buffer composition, temperature, and protein
concentration (Petkova et al,, 2005). It is also sensitive to agitation; fibrils formed
from agitated samples are morphologically different from those formed in quiescent
samples (Petkova et al.,, 2005; Tycko, 2006) and they differ in properties such as
toxicity (Petkova et al., 2005). Indeed, morphologically distinct A fibrils can form in

the same sample (Meinhardt et al., 2009).
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Some of the difficulties with fibril heterogeneity can be avoided by taking

advantage of a prion-like property of amyloid fibrils, i.e., premade fibrils will
faithfully propagate their own structure. Thus, fibril seeds can be made and added to
each reaction, and will produce daughter fibrils that have identical properties and
structures of the parent fibrils (Petkova et al,, 2005). Recently, it was shown that Htt

fibrils share this property (Nekooki-Machida et al., 2009).

Fibril toxicity

HDx1 contains three domains, the N-terminus, polyQ, and proline-rich C-
terminus. At some distance from the flanking regions, the polyQ region in soluble
Htt is disordered, with no appreciable, stable secondary structure (Crick et al., 2006;
Kim et al,, 2009). However, some antibodies directed at the glutamine region appear
to distinguish between different epitopes (Legleiter et al., 2009), implying that there
are a number of transient polyQ structures that can be stabilized or induced by
antibody binding. At least some polyQ conformations are likely to be toxic, since
intracellular antibodies directed against polyQ increase aggregation and toxicity
(Khoshnan et al., 2002).

There is some evidence that a soluble monomer or oligomer of Htt is the
toxic species. Fibrillar precursors of aggregates are generic toxins (Baglioni et al.,
2006). Blocking Htt inclusion formation increases the apoptosis of striatal neurons
in culture (Saudou et al.,, 1998). Htt aggregates themselves do not sensitize cells to
apoptotic stress, indicating that they may not be toxic (Chun et al., 2002), although

nuclear polyglutamine aggregates can kill cells (Yang et al., 2002). The hypothesis
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that inclusion formation is protective gains further support from automated
microscopy experiments, in which neurons that form aggregates early survive
longer than those that form aggregates later (Arrasate et al., 2004). In fact, in this
work, the levels of soluble mutant huntingtin correlate negatively with survival in
several cellular models of HD.

However, the controversy regarding the relevance of aggregates to toxicity
has not been resolved. Intracellular antibodies that reduce aggregation also reduce
toxicity (Khoshnan et al,, 2002; Colby et al., 2004; Southwell et al., 2008), and vice
versa (Khoshnan et al.,, 2002; Kvam et al., 2009). This may mean that the antibodies
stabilize a toxic species that is also prone to aggregation. Thus, some fibril
structures could be very closely related to the structure of the toxic soluble species.
One recent study shows that some oligomers are readily incorporated into fibrils,
indicating that only minor structural rearrangements must be made (Legleiter et al,,
2010). One potential implication is that the structure of the fibril could be closely
related to the structure of fibrillar oligomers, which are not stable and therefore
difficult to study. Another possibility is that some fibrils are themselves toxic, while
others are benign. Indeed, HDx1 fibrils made in vitro at low temperature are toxic to
cells, whereas fibrils made at physiological temperature are not (Nekooki-Machida
et al.,, 2009). Thus, even if they are not directly toxic, fibrils may still represent a
stable sink or reservoir of the toxic species. Understanding their structure may give
further insight into the structure of more ephemeral fibrillar species, which may be

toxic.



Amyloid structure

Fibrils of Htt appear to have an amyloid structure, i.e., they bind Congo red
with green birefringence (Huang et al., 1998) and are rich in beta sheets (Heiser et
al., 2000; Poirier et al., 2002). Amyloid is a structural motif that is common to
protein deposits found in more than twenty diseases, including Alzheimer’s and
Parkinson’s disease, type 2 diabetes, and the prionoses. Amyloid was classically
defined by its the ability to bind certain dyes. More recently, amyloid fibril specific
antibodies have been generated that bind to many amyloids that differ in their
primary sequence, indicating a common backbone structure (Kayed et al., 2007).
Amyloid fibrils have a common Fourier transform infrared spectroscopy (FTIR)
signature (Zandomeneghi et al., 2004), which is also found in Htt fibrils (Poirier et
al,, 2002). In x-ray diffraction studies, amyloid fibrils, including Htt (Perutz et al,,
2002b), display a meridional reflection at 4.8 A and an equatorial reflection around
10 A, although the exact location and intensity of the latter is variable and depends
on side chain composition (Sunde et al., 1997). This is known as a cross-beta
pattern. Beta strands are oriented perpendicular to the fibril axis, with main chain
hydrogen bonds running parallel to the fibril axis. The distance separating the main
chains gives rise to the meridional 4.8 A reflection. This results in beta sheets
running parallel to the fibril axis, made up of strands from different polypeptides
(Fig. 1). The approximately 10 A equatorial reflection arises due to lateral stacking

of sheets and can vary slightly with the side chain composition of the strands.



Fibril axis

4.8/‘3\1

Figure 1. Structure of a generic amyloid fibril. Beta strands separated by 4.8 A are perpendicular
to the fibril axis and can be parallel or antiparallel. Main chain hydrogen bonds run parallel to the

fibril axis and connect the strands, forming a beta sheet. Adjacent beta sheets are separated by about

10 A.

Although amyloid protofibrils classically share the two features of beta
strands running perpendicular to the fibril axis and intersheet stacking, these
requirements can be satisfied in a variety of ways. Thus, there is no unique amyloid
structure; they can differ substantially in their fine structure (Jahn et al., 2010). The
exact structure will be determined by the length of the strands, their arrangement
relative to one another, i.e., parallel versus antiparallel, and their connectivity, i.e.,
are the strands connected within the same sheet, between sheets, or not at all. The
fine structures of several amyloid protofibrils have been investigated using solid-
state nuclear magnetic resonance (NMR) or electron paramagnetic resonance (EPR).
AB amyloid structures can differ in the length of their amyloidogenic core regions as
well as the arrangement of beta strands. The smallest A amyloid, octanoyl Af3 (16-

22) has a core of seven amino acids with beta strands arranged parallel and in
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register, i.e., identical residues from adjacent proteins stack (Gordon et al., 2004).
Octanoyl AP is unusual, since nearly all amyloids containing cores of less than 20
amino acids have beta strands that are antiparallel, including Af3 (11-25) (Petkova et
al., 2004), AB (16-22) (Balbach etal., 2000), A (14-23) (Buetal., 2007), and A (34-
42) (Lansbury et al., 1995). Amyloid cores longer than 20 amino acids almost
exclusively form parallel, in-register beta sheets in which identical residues in
adjacent proteins stack in close proximity (Margittai and Langen, 2008). This
includes AB (1-40) (Balbach etal., 2002) and AP (1-42) (Antzutkin et al., 2002), as
well as other disease-associated amyloids, such as islet amyloid polypeptide (IAPP)
in type 2 diabetes (Jayasinghe and Langen, 2004; Luca et al., 2007), a-synuclein in
Parkinson’s disease (Der-Sarkissian et al., 2003; Chen et al.,, 2007), tau in
tauopathies (Margittai and Langen, 2004, 2006), human prion protein in
transmissible spongiform encephalopathies (Cobb et al., 2007) and beta 2

microglobulin in dialysis related amyloidosis (Iwata et al., 2006).

Polyglutamine structure

Molecular mechanics calculations indicate that poly-L-amino acid chains can
spontaneously form a p-helix, which contains a central pore (Monoi, 1995).
Polyglutamine is especially stable and can permeabilize membranes when more
than 37Q are in the chain (Monoi et al., 2000). However, this structure does not
explain the observed reflections of polyQ aggregates (Sharma et al., 2005). Based on
an x-ray diffraction study of poly-L-glutamine (D2Q15K>), Perutz originally proposed

that polyglutamine formed beta sheets held together by main chain and side chain
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hydrogen bonds (Perutz et al., 1994). However, based on the same data, but ignoring

a major reflection at 8.34, Perutz later proposed a different model for amyloid fibrils
consisting of a beta helix with each turn of the helix consisting of 20 glutamines
(Perutz et al,, 2002a). Main chain hydrogen bonds along the fibril axis provide
stability, when more than one turn is present, forming a hollow, water-filled
nanotube. The side chain amides also form hydrogen bonds running roughly parallel
to the axis of the fibril, stabilizing the structure. Perutz speculated that this structure
could explain why fewer than 40 CAG repeats are not toxic in poly(Q diseases, since
two turns (40Q) would be required to form a stable hydrogen-bonded structure.
Many amyloid proteins share an ability to permeabilize membranes (Kayed et al.,
2004; Glabe and Kayed, 2006). Similarly to the p-helix, the Perutz structure
suggested a means of toxicity, in which the nanotube inserts itself into a cell
membrane, increasing its permeability to ions (Singer and Dewji, 2006). This
initially made the beta helix nanotube an attractive generic amyloid structure.
Molecular dynamics studies have confirmed that Perutz’s structure is at least
theoretically possible. Its stability increases greatly when the number of glutamines
exceeds 30, if one begins with a fully hydrogen bonded structure (Ogawa et al.,
2008). One study predicted a compact ellipsoid structure with 41Q and hollow
nanotubes with higher numbers of Gln residues (Merlino et al., 2006). Another study
concluded that circular geometries are unfavorable but that a triangular
arrangement with 18 residues per coil is stable (Stork et al., 2005), more in line with
the toxicity threshold of Htt of 36Q. Although direct experimental evidence for the

structure is lacking, annular intermediates have been observed for Htt (Wacker et
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al., 2004; Legleiter et al., 2010), which form spontaneously in computational studies
modeling polyQ (Marchut and Hall, 2006).

However, hydrogen/deuterium exchange experiments have cast doubt on the
Perutz model as a general model for amyloid fibrils (Dzwolak et al., 2006). Also, x-
ray diffraction experiments using polyQ peptides of various lengths show no
structural changes in peptides larger than 40Q (Sharma et al,, 2005). In this study,
the polyQ peptides form slabs of beta sheets and do not form nanotubes.
Furthermore, the calculated diffraction pattern for a hollow nanotube does not
match the experimentally observed pattern (Jahn et al., 2010).

An alternative interpretation of Perutz’s x-ray data was offered by Sikorski
and Atkins (Sikorski and Atkins, 2005), who argue that the data support an
antiparallel beta-sheet structure formed by hairpins of the D2Q15K> peptide, in
which the intersheet distance is shifted to 8.3 A (not 10 A) due to interdigitation of
the glutamine side chains. In this model, the mainchain hydrogen bonds along the
fibril axis alternate between intra- and intermolecular bonds. The calculated
diffraction pattern from this model matches very well with the experimental data
(Jahn etal,, 2010).

Another group obtained crystal structures of assemblies formed by
polyglutamine peptides of different lengths (Q8, Q15, Q45)(Sharma et al., 2005).
Although it is not clear what relation these assemblies bear to fibrils, all form similar
beta crystallites, in which extended antiparallel beta strands stack to form sheets.
The model for Q45 indicates that it has multiple reverse turns and four strands that

each has seven Gln residues (Fig. 2). These four strands form a beta sheet, which can
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then assemble head to tail with other beta sheets along the fibril axis. This model is
supported by kinetic experiments, in which Q45 appears to form an antiparallel beta
sheet structure consisting of strands of five to eight glutamines connected by four-
residue reverse turns induced by interspersed proline/glycine pairs or D-proline
(Thakur and Wetzel, 2002). In an extension of this work, Poirier introduced
proline/glycine pairs into the polyQ region of HDx1 to induce reverse turns. In this
case, HDx1 maintains its aggregation potential, as well as its toxicity (Poirier et al.,
2005), indicating that antiparallel beta sheets may be important in the formation of
Htt fibrils. While these experiments may support a beta sheet that has reverse turns,
the interspersed residues may also accommodate other types of turns, as there are
few conformational constraints in mixed chiral (D-L) amino acid sequences

(Venkatraman et al,, 2001).

Fibril axis

4.8AI

7 82A

Figure 2. A beta reverse turn model for polyglutamine and HDx1. Reverse turns connect beta
strands, forming a beta sheet that is parallel. Each molecule contributes multiple beta strands to each

sheet.
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In a possible contradiction to the antiparallel beta sheet model, fluorescence
energy transfer occurs in mutant Htt when the donor and acceptor molecules are on
the same end of the polyglutamine strand, indicating that a parallel beta strand may
be dominant (Takahashi et al.,, 2008). However, although other glutamine containing
proteins did not give FRET signals when the fluorophores were on opposite sides of
the molecules, this was not specifically tested for Htt. Furthermore, since the
distances measured by FRET are relatively large, this may merely indicate that the
C-termini are within FRET distance (<1004) of each other, rather than speak to the

arrangement of strands within the glutamine region.

Flanking regions

Recent work on Htt has focused on the role of flanking regions in modulating
fibril formation. Removal of the polyproline sequences C-terminal to the glutamine
caused aggregation of a GST-HDx1 fusion protein without cleavage of the GST
moiety (Hollenbach et al., 1999). In a crystal structure of monomeric, nonfibrillar
Htt, the polyproline region C-terminal to the polyQ stretch adopts a polyproline
helix conformation (Kim et al., 2009), which can propagate into the polyQ region. In
synthetic peptides, polyproline stretches reduce the tendency of polyglutamine to
adopt a beta sheet structure (Darnell et al.,, 2007; Darnell et al., 2009), as well as
reduce the kinetics of aggregation (Bhattacharyya et al., 2006; Thakur et al., 2009).

The 17 amino acid N-terminus may transiently adopt an alpha helical

structure (Atwal et al., 2007; Kim et al., 2009; Thakur et al., 2009), which can
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similarly extend into the polyQ region (Kim et al., 2009). As the polyQ length

increases, the N-terminal sequence greatly accelerates aggregation, whether it is N-
terminal or C-terminal to the polyQ region (Thakur et al., 2009). As the polyQ length
increases, the N-terminus becomes elongated (Thakur et al., 2009) and either
disordered (Williamson et al., 2009) or possibly adopts beta sheet conformation
(Lakhani et al,, 2010). Finally, the N-terminus interacts with other unfolded N-
termini, which may initiate a complex aggregation mechanism (Thakur et al., 2009).
Indeed, the nonpolar face of the alpha helical region (amino acids 4-12) may
normally interact homotypically with other N-termini (Tam et al., 2009) and

heterotypically with membranes (Atwal et al., 2007).

Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) is a spectroscopic method
that takes advantage of the splitting of electron spin energy levels of unpaired
electrons in an applied magnetic field. When an external magnetic field is applied,
the electron spin of an unpaired electron will tend to align with the field or against
it. This separation of the energy levels is known as the Zeeman effect, and the
amount of the energy required to flip the spin of the electron depends on the
magnitude of the applied magnetic field. It is this energy that is measured in EPR. In
order to measure the EPR spectrum, either the microwave-frequency energy used to
excite the electron or the magnetic field is held constant, while the other is swept. In

a typical experiment, the energy is held constant, while the magnetic field is swept.
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This gives an EPR spectrum, which is reported as the first derivative of the
absorbance plotted against magnetic field.

Furthermore, the electron is influenced by magnetic fields stemming from
the nucleus of its atom, leading to hyperfine coupling. It is well known that this
interaction is orientation dependent and leads to anisotropic broadening of the EPR
spectrum. However, if the motion of the nucleus relative to the electron is fast on the
EPR timescale (<1 nanosecond), the field experienced by the electron averages out
and the broadening disappears. This makes EPR-sensitive electrons useful reporters

of molecular motion.

Site-directed spin labeling

In site-directed spin labeling (SDSL), a cysteine is introduced into a protein
using site-directed mutagenesis. This cysteine is then labeled with an EPR-sensitive
spin label, usually a disulfide-coupled nitroxide radical (Figure 3A). An EPR
spectrum is then collected, which gives information on the backbone mobility
(Columbus and Hubbell, 2002). Mobile residues will have three sharp lines (Figure
3B), while broadening occurs at immobile residues (Figure 3B). If labels approach to
within 204, as is expected for amyloid fibrils, the labels can interact, leading to
broadening of the spectrum and a decrease in amplitude of the central line (Figure
3C). This broadening can be exploited to get distance information by comparing
fully labeled protein spectra with those of sparsely labeled protein and calculating a
broadening function (Altenbach et al., 2001). If multiple labels are very close, such

that their electron orbitals overlap, spin exchange occurs (Figure 3D). This is
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common in disease-associated amyloid fibrils and indicates a parallel in-register
structure (Margittai and Langen, 2008). Finally, paramagnetic reagents can be used
to probe whether a site lies buried or at the surface and at what distance it is from
the hydrophobic interface (Altenbach et al,, 2005). Taken together, these methods
can give atomistic resolution structures (Jao et al., 2008) comparable with nuclear

magnetic resonance or X-ray crystallography structures.
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Figure 3. Principles of SDSL EPR. A. [1-0xy-2, 2, 5, 5-tetramethyl-pyrroline-3-methyl]-
methanethiosulfonate (MTSL) is commonly used to label cysteines for EPR. B. Changes in a site as it
goes from mobile to immobilized (red spectrum). C. Spectral changes in a weakly interacting site. D.

Spin exchange in an amyloid fibril that is parallel and in-register.
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Application to HDx1 fibrils

A very brief summary of what is definitively known about the structure of
HDx1 fibrils is that they have a cross-beta structure. Beyond that, much is inferred
from circumstantial evidence derived from naked glutamine homopolymers and the
soluble HDx1 protein. There is little direct evidence from structural experiments to
support or exclude any specific model. It is not clear which residues form the
amyloid core, what the arrangement of the strands is, or how the flanking regions
are accommodated in the fibril. EPR can be used to obtain structural information at
several levels of resolution and has been successfully used to derive structures for
disease-associated amyloid fibrils (Margittai and Langen, 2008). It is an ideal

technique to begin to more closely define the structure of HDx1 fibrils.
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Chapter 2

Domain Organization of Mutant Huntingtin Fibrils

Charles W. Bugg, Torsten Fischer, Paul H. Patterson, and Ralf Langen

INTRODUCTION

Huntington’s disease (HD) is a progressive, fatal neurodegenerative disorder
caused by a polyglutamine (polyQ) expansion mutation in the first exon of
huntingtin gene (Htt), a large protein with 57 exons (The Huntington's Disease
Collaborative Research Group, 1993). Like other polyQ diseases (Zoghbi and Orr,
2000), there is a threshold of about 40Q beyond which the patient gets the disease,
and the age of onset of the disease (Brinkman et al.,, 1997) and the severity (Ravina
et al., 2008) are inversely correlated with the length of the expansion. Adult patients
typically have 40-58Q and are diagnosed in middle age after presenting with
dancelike motor symptoms known as chorea (Walker, 2007). Expansions beyond
60Q cause juvenile HD (age of onset <20) and are associated with symptoms of
dystonia, parkinsonism, and seizures with relatively little chorea (Geevasinga et al,,
2006). HD is associated with neurodegeneration, especially of the caudate nucleus
of the striatum (Vonsattel et al.,, 1985), and the severity of neurodegeneration
correlates with polyQ length (Rosas etal., 2001).

Expressing mutant Htt in mice as a transgene causes motor deficits that
resemble the human disease. Expression of Htt exon 1 (HDx1) with a polyQ
expansion is sufficient to cause disease in mice (Mangiarini et al., 1996). These mice

have several symptoms of HD, including choreiform movements. Mouse models that
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express HDx1 have a more severe and shorter disease course than those that
express full-length mutant Htt (Hodgson et al., 1999; Reddy et al., 1999).

A hallmark of HD in mice and humans is the formation of intracellular and
intranuclear inclusions. In patients, these inclusions consist largely of N-terminal
fragments of mutant Htt that are often ubiquitinated (DiFiglia et al., 1997; Sieradzan
et al., 1999). Aggregates purified from HD patients’ brains bind Congo red with
green birefringence, indicating that they have an amyloid structure (Huang et al.,
1998). In vitro, mutant HDx1 spontaneously forms fibrils that similarly bind Congo
red (Huang et al,, 1998). Fourier transform infrared spectrometry was used to show
that these fibrils have a beta sheet signature similar to amyloid fibrils (Poirier et al.,
2002). Furthermore, HDx1 fibrils have an x-ray diffraction pattern consistent with
the cross-beta structure characteristic of amyloid fibrils (Perutz et al., 2002b). In the
cross-beta structure, beta strands separated by 4.8 A run normal to the fibril axis
and form a sheet that is parallel to the fibril axis. Sheets associate laterally at an
intersheet distance of 8-10 A.

Building on the basic skeleton provided by the cross-beta model, amyloid
fibrils mainly differ in the length of the strands, the arrangement of their strands
(parallel vs. antiparallel), as well as their connectivity (within the same sheet or
between adjacent sheets), which determines the number of strands a single
molecule contributes to a sheet. Altering these parameters gives rise to amyloid
models consisting of single unconnected beta strands (Gordon et al., 2004), beta
sandwiches (Petkova et al., 2002; Luca et al., 2007) and superpleated sheets (Kajava

et al.,, 2004), in which the connection runs between adjacent sheets, and antiparallel
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beta sheets in which strands within a sheet are connected by hairpin turns (Thakur
and Wetzel, 2002; Poirier et al., 2005; Sharma et al.,, 2005). Notable exceptions to
this architecture are beta solenoids (Wasmer et al., 2008) and beta helices (Perutz et
al,, 2002a). Computational modeling of the beta helix suggests that it may flatten to
resemble a compact ellipsoid (Merlino et al., 2006), in which case it could closely
resemble the cross-beta architecture with each molecule contributing two or more
strands to each of two adjacent sheets. Most disease-causing amyloids, including A3
(Alzheimer’s disease), a-synuclein (Parkinson’s disease), tau (tauopathies), islet
amyloid polypeptide (type 2 diabetes), and prion protein (transmissible spongiform
encephalopathies), have a parallel, in-register arrangement of beta strands, in which
identical residues in adjacent strands stack (Margittai and Langen, 2008). However,
it is unknown what the structure of the HDx1 fibril core is.

HDx1 consists of three domains, the N-terminal 17 amino acids, the
glutamine region that is thought to form the cross-beta structure, and a C-terminus
that is rich in prolines. The flanking regions in HDx1 modulate its aggregation.
Aggregation may be promoted by the N-terminus, which may be alpha helical in
nonfibrillar Htt, but becomes unfolded when a polyQ expansion is present (Thakur
et al.,, 2009). The proline-rich C-terminus is thought to retard fibril formation by
preventing the structural transition of the polyQ region. Its removal causes
aggregation of an otherwise soluble GST-HDx1 fusion protein (Hollenbach et al.,
1999). A crystal structure for soluble wildtype Htt supports this hypothesis (Kim et
al., 2009). In this structure, a polyproline helix extends from the C-terminus into the

polyQ domain. Similarly, an N-terminal alpha helix extends into the glutamine
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domain while the interior of the polyQ remains disordered. Thus, there is a
considerable literature describing the role of flanking regions in soluble, nonfibrillar
HDx1, but the arrangement of the flanking regions in the fibril has not been
investigated.

We have used electron paramagnetic resonance to characterize the domain
organization of HDx1 aggregates. We show that much of the polyQ region is
immobilized in the fibril, but does not have the parallel, in-register signature
characteristic of many other disease-causing amyloid structures. The C-terminus
remains mobile and acts to increase the mobility of the C-terminal portion of the
polyQ region. Finally, the N-terminus has complex EPR spectra, indicating that it can

assume different conformations, either within the same fibril or in different fibrils.

RESULTS
HDx1 forms fibrils and becomes less mobile

HDx1 with 46Q and an N-terminal thioredoxin fusion protein was labeled at
specific sites (Figure 1A) using the EPR-sensitive spin label, MTSL. Upon cleavage of
the fusion partner, HDx1 forms fibrils (100-500 nm length, 10-12 nm diameter) that
are predominantly found in bundles of laterally associated fibrils (Figure 1B). Our
findings are consistent with fibril dimensions and morphology found in previous
studies (Scherzinger et al., 1997; Scherzinger et al., 1999; Poirier et al., 2002).

As shown for a representative site, the fusion protein has three sharp lines
characteristic of a mobile site in a non-globular protein (Figure 1C, black spectrum).

Upon fibril formation, the EPR spectrum broadens and decreases in amplitude as
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the site becomes immobilized in the fibril (Figures 1C and 1D, red spectra). The
shapes of EPR spectra depend on both mobility and spin-spin interaction. To
distinguish between the two one can do sparse labeling, i.e., only 1-10% of fibrils are
labeled. This was done as indicated with the representative sites (Figures 1D and
1E, blue spectra). While some effect of spin-spin interaction is present, overall the
spectral features are very similar indicating that the spin-spin interaction does not
cause significant spectral distortions. This is different from the case of tau (and
other proteins with parallel, in-register structure) where the stacking of multiple
residues causes spin exchange (Figure 1F). Thus, neither of the sites shown is

located in a region of parallel, in-register structure.

TRX-HDx1 fusion protein is an extended, random-coil protein

EPR spectra were collected from the uncleaved fusion protein
mutants (Figure 2). All spectra consist of three sharp lines typical of highly mobile
sites. Some broadening is evident at the N-terminal and the glutamine sites that is
not present in the C-terminus. The fusion protein is large enough (28 kDa calculated
MW) that the mobility is not due to rapid tumbling of the protein. We were unable
to measure the mobility of soluble HDx1 without its fusion partner, since it
aggregates rapidly upon cleavage. The mobility indicates that no sites are buried,

consistent with an extended, non-globular structure.
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HDx1 fibrils do not have a parallel, in-register EPR signature

HDx1 fibrils do not exhibit any evidence of spin exchange. There are no broad
single resonance lines in any domain (Figure 3, red spectra) that would be an
indication of multiple labels stacking in close proximity. Thus, the HDx1 aggregates
formed in this study do not have the parallel, in-register EPR signature common to
other disease-causing amyloid fibrils.

Across the entire molecule, there is little evidence of spin-spin interaction, as
shown by the modest changes in the spectra upon dilution of labeled HDx1 with
unlabeled HDx1 (Figure 3, blue spectra). The changes upon dilution were most
notable in the N-terminus and polyQ region, showing that labels in this region

interact with each other more strongly than in the C-terminus.

HDx1 C-terminus lies outside the fibril core

All the C-terminal sites examined have three easily discernible, relatively
sharp resonance lines upon fibril formation (Figure 3). Hence, these sites remain
very mobile and there is a notable increase in mobility the more distal the site is
from the glutamine region. These data indicate that the C-terminus represent a
highly dynamic and poorly ordered tail that is anchored at the glutamine region and
has an ever-larger range of motion the farther away from the dock one gets. Thus,
the C-terminus is not part of a highly ordered core of the fibril, where one would

expect strong immobilization.
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Glutamine domain is mostly immobilized in fibrils

In marked contrast to the behavior observed for C-terminal sites, fibril
formation causes significant line broadening for sites in the glutamine region
(Figure 3). All of the spectra are characteristic of the strong immobilization
typically seen at the core of amyloid fibrils. Only position 63, which is adjacent to the
proline region in the C-terminus exhibits an additional, more mobile component
(Figure 3, see arrow), indicating that this residue is not as ordered and likely resides
in a transition region between the highly ordered glutamine region and the C-
terminus. The existence of such a gradual transition region is further supported by
the spectrum for position 64. This residue is the first position in the proline region

and exhibits spectral features similar to those at position 63.

N-terminus exhibits complex spectra, indicative of multiple conformations
While the spectra from most sites in the glutamine region or C-terminus can
either be classified as highly buried or highly dynamic, the N-terminal spectra are
more complex, indicating multiple structural states. All sites clearly have a sharp,
mobile component in addition to various broader, more immobile components.
These results indicate that N-terminal site can exist in different states, some of
which can be highly dynamic and some of which are much more immobilized. These
sharp lines, although similar to those of the fusion protein, are not due to uncleaved
fusion protein, as the fusion protein spectra could not be used to fully subtract out
the sharp lines, and no evidence of fusion protein is found in the spectra for sites

outside the N-terminal region. Similarly, we also tested whether potentially
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unpolymerized or soluble material could account for the sharp lines. Subtraction of
the supernatant containing the soluble material remaining after fibril formation
does not account for the sharp lines, however. In sum, we infer that the N-terminus

takes on multiple conformations under the present conditions.

Distances between labels are broadly distributed

Distances between labels can be obtained by deriving a broadening function
from the difference in spectra obtained from fully labeled and sparsely labeled
fibrils. In the present study, deconvolution of the fully labeled and underlabeled
spectra reveals that the distances are broadly distributed across the entire protein.
Several representative distributions (Figure 4) show that there is a peak between 9
and 10 A, which is within the expected intersheet distance in the cross-beta
structure. Besides the intersheet distance, there are no other distinct peaks, only
broad distributions that are probably due to labels that are at many different
distances within the same sheet as well as on neighboring sheets. The distance
distributions are generally centered around 12-15 A for the N-terminus and polyQ,
and beyond 15 A for the C-terminus. Continuous wave EPR can only resolve
distances less than 20 A, so the distances in the C-terminus are near the limit of
what can be measured in our experiment. The intersheet peak is also noticeably
smaller in the C-terminus, indicating that the C-terminus is largely outside of the

cross-beta structure.
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DISCUSSION

The goal of this study was to characterize the domain organization of mutant
HDx1 fibrils. To this end, we generated 19 spin labeled derivatives of mutant HDx1
and used EPR to characterize the mobility of the three major domains of HDx1 in
solution and within fibrils. Importantly, our study reveals that, unlike other disease-
associated amyloid fibrils, HDx1 fibrils in our experiment do not have a parallel, in-
register structure under our conditions. This indicates that HDx1, or possibly polyQ
proteins as a class, may be unique among disease-associated amyloids.

Mobilities of residues can be compared by drawing a line width plot, which is
actually calculated from the inverse of the width of the central resonance line for
each site. As revealed by the line width plot (Figure 5), prior to aggregation, HDx1 is
an extended, non-globular protein with high mobility at all the sites examined.
These results are in agreement with a previous circular dichroism and nuclear
magnetic resonance study of this same thioredoxin-HDx1 fusion protein without
cysteine mutations, which indicated that HDx1 is a random coil without significant,
stable alpha helix or beta sheet secondary structure (Bennett et al., 2002). In our
study, there is some broadening that remains relatively constant throughout the N-
terminus, persists until residue 30 in the glutamine region, and then decreases
steadily until the C-terminus. This is unlikely to be an effect of the fusion partner,
since one would expect a steady decrease throughout the N-terminus in that case.
Moreover, there is a flexible linker between the thioredoxin and HDx1 domains.
Immobilization of a site, such as by binding with an antibody, can be detected by a

decrease in mobility up to about ten residues away. Thus, this linker is long enough
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(22 amino acids) that there should be no immobilization due to the thioredoxin
apparent in the N-terminus. Consequently, it is more likely that the decreased
mobility in the N-terminus and beginning of the glutamine is due to the formation of
either a transient inter- or intramolecular interaction or a transient secondary
structure. Recent data indicate that N-termini can interact homotypically (Tam et al.,
2009) and that this interaction initiates aggregation (Thakur et al., 2009). However,
if only the N-terminus interacted, one would expect broadening to steadily decrease
in the polyQ region and disappear within ten residues of the last immobilized N-
terminal residue, i.e., by residue 27. Since the broadening only diminishes beyond
residue 30, there are likely to be additional weak intramolecular interactions
between glutamines, or the glutamine region and other domains. In support of this,
a recent computational study indicated that in polyQ peptides attached to the N-
terminus of Htt, intramolecular interactions between glutamines increased with
polyQ length (Williamson et al., 2010). Another study found a weak ability of the
glutamine to cross-link to the N-terminus (Tam et al., 2009). Another possibility is
that there is a structure to the N-terminus that persists into the glutamine region. A
recent crystal structure of soluble wildtype HDx1 supports this interpretation. In
that study, the N-terminus adopted an alpha helical structure that extended from 1
to 14 residues into the glutamine region (Kim et al., 2009). More extensive EPR
studies will be needed to clarify what causes the broadening.

Upon fibril formation, most of the polyQ domain becomes
immobilized. The immobilization extends from the N-terminus to at least residue 48

in the glutamine region, as seen in the line width plot (Figure 5). This is consistent
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with the burial of this region within the amyloid core, which is further supported by
the presence of a peak at the expected intersheet distance. The distance analysis
indicates that at least some N-termini lie within the amyloid core, judging from the
presence of a peak corresponding to the expected intersheet distance (Figure 4).
Taking the N-terminus and the glutamine region together, the amyloidogenic core is
atleast 31 to 48 residues in length (231Q and possibly 17 N-terminal amino acids).

No part of the amyloid core shows any evidence of spin exchange, which
indicates that there is no stacking of multiple residues in a parallel, in-register
arrangement of beta strands. While unusual, since nearly all reported fibrils with
amyloid cores over 20 amino acids in length have a parallel, in-register beta strand
arrangement, this is not necessarily surprising. The parallel, in-register
arrangement may be preferred by many proteins because it maximizes hydrophobic
contacts, since like residues stack with each other. However, since polyQ is a
homopolymer and one glutamine is as hydrophobic as the next, there is no intrinsic
reason for residues at identical sites in the primary sequence to stack. Indeed, the
broad distance distributions indicate that there may be no true fixed positions
within the fibril; i.e., in two different molecules, the same residue in the primary
structure may be at different positions in the secondary structure. This could
increase the number of distances exponentially.

The immobilization of the glutamine region diminishes beyond residue 48 to
such an extent that glutamine 63, the final glutamine of the polyQ domain, is as
mobile as the adjacent proline residue 64. Within the C-terminus, the mobility

increases steadily, reaching a value nearly identical to the fusion protein by residue
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111 (Figure 5). Thus, the end of the glutamine region and the entire C-terminus lie
outside of the core of the amyloid fibril. It is interesting that instead of becoming
immobilized by the glutamines, the C-terminus seems to impose its mobility upon
the adjacent polyQ region. It has been shown that C-terminal proline stretches
inhibit aggregation of polyQ (Bhattacharyya et al.,, 2006) and HDx1 (Hollenbach et
al,, 1999; Thakur et al,, 2009), possibly by inducing a polyproline helix within the
glutamine stretch (Darnell et al., 2007). It is unclear how far into the glutamine
region this effect on mobility extends. In a recent crystallography study of soluble
wildtype HDx1, the four glutamines adjacent to the C-terminus were in an extended
conformation, instead of random coil (Kim et al., 2009). While the extension of the
proline results from the soluble HDx1 to the fibril is attractive, we cannot rule out
that there is simply some overhang of glutamines at the end of the amyloid core that
is insufficiently long to form a stable beta strand. Experiments using different polyQ
lengths may shed some light on this. Further study will be necessary to define the
structure of the C-terminus, as well as the C-terminal portion of the glutamine
region, although we have already obtained some promising data using another EPR
technique, known as double electron-electron resonance.

For the fibrils, the line width plot (Figure 5) for the N-terminus obscures its
heterogeneity, since nearly every residue has two components. It is not clear
whether the heterogeneity of the N-terminus is due to different morphology of
fibrils or whether different conformations occur within the same fibril. Additionally,
many of our fibril reactions still contain some large amorphous oligomers, so we

cannot exclude that these contribute to the heterogeneity N-terminal spectra. One
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can imagine that with a homopolymer, which lacks an intrinsic anchoring point,
some N-termini could be sandwiched between two polyglutamine beta strands,
while others may extend out from the amyloid core and have varying degrees of
mobility, like a frayed rope. A recently published computational study found that in
HDx1 with 47Q, the N-terminus could indeed adopt a beta strand conformation and
become sandwiched between two glutamine strands (Lakhani et al., 2010).
Alternatively, HDx1 fibrils may contain mixed parallel/antiparallel beta sheets. In
this case, some N-termini in adjacent proteins would be on the same side of the
sheet and could interact and become immobilized. Other N-termini would be on
opposite sides of the fibril core and could not interact and would be quite
heterogeneous in structure.

Since the broad distance distributions (Figure 4) likely represent residues in
the same sheet and in nearby sheets, we are unable to exclude any specific structure
except the parallel, in-register structure. A parallel structure is still possible,
provided that there is no close stacking of multiple labels. One study found that
FRET in mutant HDx1 fibrils only occurred when donor and acceptor fluorophores
were on the same end of the protein, indicating that there may be a parallel beta
strand structure in the fibril (Takahashi et al., 2008). Other evidence indicates that
polyQ polymers (Thakur and Wetzel, 2002; Sharma et al., 2005) and HDx1 (Poirier
et al,, 2005) may form antiparallel beta sheets consisting of strands seven or eight
glutamines in length, connected by beta hairpin turns. In that case, small beta sheets
formed from individual HDx1 molecules would stack head to tail, forming a larger

beta sheet parallel to the fibril axis. Such an arrangement would also preclude the
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stacking of multiple labels in close proximity, since multiple intervening beta
strands would separate them. In this case, the number of beta strands would
determine the exact distance between the labels within a sheet. Other possible
models include a beta solenoid (Wasmer et al., 2008) or a beta helix (Perutz et al,,
2002a).

We have elucidated the domain organization of HDx1 in fibrils. Our study
represents a first step toward a high-resolution structure of HDx1 fibrils. Future
studies using a more exhaustive set of distance constraints from single- and double-
labeled mutants will allow us to obtain a more precise idea of the arrangement of
glutamine strands, as well as the various conformations of the N-terminus. Recent
spin labeling work, which has combined continous wave EPR, pulsed EPR and
computational refinement has shown that detailed 3-dimensional structures can be

obtained using this approach (Jao et al., 2004).

MATERIALS AND METHODS
Protein expression, labeling, and purification

Using site-directed mutagenesis, both thioredoxin cysteines were mutated to
serines in pET32a-HD46Q to create a parent construct for making cysteine mutants
of Htt. Cysteine mutations were introduced by site-directed mutagenesis into the
parent construct, which expresses a thioredoxin fused to the N-terminus of Htt that
has 46 glutamines and a C-terminal His tag. Overnight cultures of BL21(DE3) were
diluted fiftyfold into LB medium and grown at 37°C to 0.6 ODsoo. IPTG was added to

1 mM and the temperature was reduced to 30°C for 4 hours. Pellets were collected
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by centrifugation at 3500 g, resuspended in 20 mM Tris-HCI pH 8.0, 300 mM Na(l,

and 10 mM imidazole containing 1X CelLytic B Cell Lysis reagent (Sigma, St. Louis,
MO) and incubated for 20 minutes at room temperature on a rocker. Lysates were
clarified by centrifugation at 21,000 g for 10 minutes and incubated with Ni-NTA
agarose beads (Qiagen, Valencia, CA) for 1 hour at 4°C on a rocker. Beads were
decanted into an Econo-Pac chromatography column (Biorad, Hercules, CA) and
washed with several column volumes of 20 mM Tris-HCl pH 8.0, 300 mM Nac(l, 20
mM imidazole. Purified proteins were eluted with 20mM Tris-HCl, pH 8.0, 300mM
NaCl, 250 mM imidazole. Volumes were reduced to approximately 250 ul using an
Amicon Ultra-4 or Ultra-15 3000 MWCO centrifugal filter (Millipore, Billerica, MA),
after which the protein was incubated with an equal volume of immobilized TCEP
disulfide reducing gel (Pierce, Rockford, IL) for 1 hour at room temperature.
Following reduction, the disulfides were spin-labeled by incubation with a 5 to 15-
fold excess of MTSL spin label (Toronto Research Chemicals, Inc., North York,
Ontario, Canada) for one hour at room temperature. Labeled protein was FPLC
purified on a Superdex-75 gel-filtration column (Pharmacia, Uppsala, Sweden) using
phosphate buffered saline (137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.76 mM
NaH>PO04), adjusted to pH 6.8 with phosphoric acid, containing 1mM EDTA. For
dilution spectra, unlabeled fusion protein without cysteines was purified in the
same manner, except no MTSL was added. Unlabeled fusion protein without
cysteines used to make seeds was purified similarly, except during FPLC, 50 mM

Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA was used.
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Seeds

Unlabeled fusion protein without cysteines in 50 mM Tris-HCl pH 8.0,
150 mM NaCl, 1 mM EDTA was diluted to 5 pM (225 pg/ml). To cleave the
thioredoxin tag and initiate fibril formation, EKMax (Invitrogen, Carlsbad, CA) was
added to 1 unit per 10 pg NTRX-Q46. The reaction was incubated without agitation
at 4°C for three days, until fibril formation appeared complete by electron
microscopy. Fibrils were collected by ultracentrifugation at 150,000 g for 20
minutes and resuspended in one tenth of the original volume. To fragment the
fibrils, this suspension was then sonicated on maximum power for 10 minutes at 30

second intervals. Sonicated seeds were stored at —80°C.

Fibril Formation

All Htt protein concentrations were measured by BCA assay and adjusted to
225 pg/ml (5 uM) for fibril formation. For mobility measurements, reactions were
set up using 10% labeled mutant protein and 90% unlabeled protein without
cysteines. To measure spin-spin interactions, reactions containing 100% labeled
protein were used. To ensure that all mutants formed fibrils with the same
morphology, all reactions were seeded with 10% preaggregated seed fibrils and
fibril formation was initiated by the addition of 1 unit EKMax per 10 pg protein.
Reactions were incubated overnight at 4°C without agitation. Fibrils were collected
by ultracentrifugation at 150,000 g for 20 minutes and resuspended in 7ul PBS, pH

6.8, with 1 mM EDTA.
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Electron microscopy

Prior to ultracentrifugation, 6 pl of fibrils were removed and adsorbed onto copper
mesh electron microscopy grids (Electron Microscopy Sciences, Hatfield, PA) for two
minutes. These grids were negatively stained with 2% uranyl acetate for two
minutes. Subsequently, the grids were examined with a JEOL JEM-1400 electron

microscope at 100 kV and photographed using a Gatan digital camera.

Continuous wave EPR spectra

After ultracentrifugation, the resuspended fibrils were loaded into quartz
capillaries (0.6 mm inner diameter x 0.84 mm outer diameter) and EPR spectra
were recorded on an X-band Bruker EMX spectrometer at room temperature. The
scan width was 150 gauss at an incident microwave power of 12.60 mW. EPR
spectra of fusion proteins were also collected. All spectra were normalized to the
same number of spin labels using double integration. Dipolar broadening
simulations to obtain distance information (Altenbach et al., 2001) were performed
using the program ShortDistances100, developed by Christian Altenbach and
available for download at his website

http://sites.google.com/site /altenbach/Home.
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Figure 1. Outline of the experiment. Thioredoxin (TRX)-HDx1 with 46Q
(thioredoxin not to scale) is labeled at various sites (A; AA position numbers) using
an EPR-sensitive label. After cleavage, fibrils are formed (B) and the EPR spectrum
changes from mobile to immobile (C). In HDx1 fibrils, sites are typically relatively
mobile and interact only weakly, as shown by the changes from 100% labeled fibril
(red) to sparsely labeled fibril (blue) (D, residue 64), or relatively immobile and
interact appreciably (E, residue 48). When multiple labels come into close contact,
spin exchange occurs, which is typical of parallel, in-register amyloid fibrils, such as

tau (F).
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Figure 2. EPR spectra of the fusion protein. EPR spectra were collected for
thioredoxin-HDx1 fusion protein. All sites are mobile and some broadening is

evident in the N-terminus and polyQ region.
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Figure 3. EPR spectra of fibrils. 100% (red) and 10% (blue) labeled fibrils for each
site are overlayed. The N-terminus has complex, heterogeneous spectra, the polyQ
region is largely immobilized, and the C-terminus is mobile. There are only weak
spin-spin interactions between labels. The arrow denotes a mobile component in

the last residue of the polyQ stretch.
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Figure 4. Distance distributions for representative sites. A peak (arrow) is

present around the intersheet distance in all spectra, although it is very weak in the

C-terminus (76) and particularly strong in the polyQ region (48). The remaining

distances are very broad, except for in the C-terminus where there is little

interaction.
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Figure 5. Inverse line width plot for HDx1 fusion protein and sparsely labeled
fibrils. The inverse of the width of the central resonance line is plotted against

residue number to give a measure of mobility.
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Appendix A

Cell-Based Selection of Neuroprotective Intrabodies for Huntington’s Disease

Charles W. Bugg, Ali Khoshnan, and Paul H. Patterson

Huntington’s Disease is a one of several CAG repeat disorders, and is caused by
an expansion beyond a threshold of 36 of a stretch of glutamines in exon 1 of
huntingtin (Htt) (The Huntington's Disease Collaborative Research Group, 1993;
Zoghbi and Orr, 2000). Cells in the affected regions have aggregates of mutant Htt
(mHtt) in the nucleus and neuropil (Davies et al.,, 1997; DiFiglia et al., 1997),
although the role of the aggregates in HD pathogenesis is not clear (Ross and Poirier,
2005).

Evidence suggests that mutant Htt exon 1 takes on a toxic conformation (Chen
et al, 2002) and that monomers (Cong et al.,, 2006) or oligomers are the toxic
species (Ross and Poirier, 2005; Cong et al,, 2006), although the actual pathogenic
mechanisms are unclear. There is evidence that cell death can occur autonomously
(Cooper et al,, 1998; Martindale et al., 1998) and non-cell autonomously (Gu et al.,
2005; Kretzschmar et al,, 2005). Major hypotheses include transcriptional
dysregulation (Khoshnan et al,, 2004; Landles and Bates, 2004), impairment of the
ubiquitin-proteasome system (Venkatraman et al., 2004; Valera et al., 2005), Htt
processing (Graham et al., 2006; Kim et al., 2006; Schilling et al., 2006; Tanaka et al.,
2006), oxidative stress (Alexi et al., 1998; Giuliano et al., 2003; Puranam et al,,
2006), disruption of intracellular transport (Li and Li, 2004; Trushina et al., 2004),

excitotoxicity (Li et al.,, 2004; Ali and Levine, 2006) and synaptic dysfunction (Smith
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et al.,, 2005). In addition, mHtt may depend on other molecules to misfold and exert
toxicity (Meriin et al., 2002; Duennwald et al., 2006), other pathways may contribute
to toxicity (Giorgini et al,, 2005; Rubinsztein et al., 2005; Valenza et al., 2005; Abou-
Sleymane et al., 2006; Hoshino et al,, 2006), and mHtt may directly perturb or
permeabilize lipid bilayers (Kayed et al., 2004; Baglioni et al., 2006; Suopanki et al.,
2006). Furthermore, activation of the immune system may contribute to or protect
the HD brain from neurodegeneration (Bonifati and Kishore, 2006; Pavese et al.,
2006; Woodruff et al., 2006). Although much of the evidence favors a gain-of-toxic-
function mechanism, loss or impairment of normal Htt function may contribute to
pathogenesis (Rigamonti et al., 2000; Zuccato et al,, 2003).

One recent therapeutic approach is the development of recombinant single
chain intrabodies, which are intended to ameliorate HD by binding to particular
epitopes of mHtt inside the cell. The first intrabodies were derived from the
antigen-binding regions of full-size antibodies. These scFvs (single-chain fragment
variable) were comprised of the variable regions of the heavy and light chains,
containing the antigen-binding, complementarity determining regions, connected by
a peptide linker. More recently, single-domain intrabodies, consisting of either the
variable heavy (Vi) or variable light (V1) domains alone have been used. Unlike
scFvs, single-domain intrabodies have improved solubility and expression and do
not require preselection to find those capable of folding in the reducing intracellular
environment (Tanaka et al., 2003). Producing a novel intrabody usually involves
selection from a naive B-cell library or from a randomized library built on a scaffold

that is stable intracellularly. The selection techniques most often involve surface



66

display on phage or yeast, although yeast two-hybrid screens have also been used
(Stocks, 2004; Miller and Messer, 2005). A library is panned for binding to a specific
antigen target and the scFvs that bind are recovered. Published mammalian
selection protocols rely on display of the intrabody library on the surface of cells
(Ho et al., 2006) or on a two-hybrid format. However, the mammalian two-hybrid
system has only been used to confirm the binding activity of a scFv selected by yeast
two-hybrid screen and remains unvalidated as a primary selection tool (Visintin et
al,, 1999). Retrovirally encoded display libraries have been used to select protease
substrates (Buchholz et al., 1998; Schneider et al., 2003), antibody epitopes (Khare
et al.,, 2003), and more recently, laminin-binding scFvs (Urban et al., 2005). These
retroviral display techniques rely on binding of the antigen in vitro followed by
amplification of the scFv intracellularly in mammalian cells. A recent study is of
particular relevance, because it was the first unbiased selection in a mammalian cell
line. In this study, an scFv library was transfected into metastatic cancer cells and a
selection was performed based on the ability of the intrabody to block metastasis. A
functional intrabody that could block metastasis was selected using this method.
This protein was found to bind a signaling molecule involved in cell migration, but
not previously specifically associated with metastasis (Inoue et al., 2007).

Three groups have created anti-Htt intrabodies. Messer’s group used phage
display to isolate an anti-Htt scFv intrabody specific to the 17 N-terminal residues of
Htt (Lecerf et al.,, 2001). This intrabody, C4, reduces Htt aggregates and redox-
induced morbidity in organotypic brain slice cultures expressing mutant Htt as well

as in a fly model (Murphy and Messer, 2004; Wolfgang et al., 2005). Our group
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made intrabodies derived from anti-Htt monoclonal antibodies that bind different
domains of mutant Htt (Ko et al., 2001), and found that they have diverse effects on
mutant Htt toxicity and aggregation in cell culture, depending on the epitope
targeted (Khoshnan et al.,, 2002). One of these scFvs, MW7, protects against mutant
Htt in cultured cells, acute brain slices (D. Lo, P. Reinhart, A. Khoshnan and P.H.
Patterson, unpublished) and in a Drosophila HD model (G.R. Jackson, A. Khoshnan,
and P.H. Patterson, unpublished). Most recently, Wittrup’s group created a single-
domain, Vy, intrabody derived from a scFv isolated using yeast surface display (Colby
et al.,, 2004a). This intrabody, V1.12.3, after removal of the disulfide bonds, reduces
Htt aggregation and toxicity in S. cerevisiae and ST14A cells, and aggregation in
several other cell lines (Colby et al.,, 2004b).

Such approaches may not be the best way to cure the disease, however. Itis
unclear whether binding mHtt is the most effective way to attack the disease, and
certain anti-Htt intrabodies reliably exacerbate the toxicity of mutant Htt (Khoshnan
et al., 2002). Httis required for embryogenesis (Duyao et al., 1995; Nasir et al.,
1995; Zeitlin et al,, 1995); although its ablation by RNAi in adult organisms has
shown therapeutic promise, it remains to be seen how toxic these agents are in the
long term in vivo (Harper et al., 2005). Antibodies are a more versatile therapeutic
option than RNAI, and have the potential to not only neutralize mHtt or perturb
toxic interactions, but to preserve and stabilize beneficial interactions (Stocks,
2004). A high-throughput mammalian system that can directly select intrabodies
that prevent cell death would be an advantage in development of potential

therapeutics. Such a selection system would not be constrained to finding
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intrabodies that bind Htt, and could potentially identify novel molecules and

pathways not yet implicated in HD.

General outline of the selection system

As outlined below (Figure 1), a library of single-domain intrabodies will be
transfected into a mammalian cell model expressing mHtt (Aiken et al., 2004).
Induction of mHtt expression causes extensive cell death. Those cells that contain
an intrabody capable of preventing cell death caused by mHtt will survive.
Intrabody sequences will be rescued by RT-PCR from a lysate of the surviving cells.
To ensure that cell survival is mediated by the intrabody and not a random
protective mutation or insertion of the lentivirus into a key gene, the rescued
intrabody sequences will be subjected to another round of the same selection.
Although the probability that an inactive intrabody will survive two rounds of
selection is very low, the selection can be repeated until most of the cells are

protected, indicating that all nonfunctional sequences have been eliminated.
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Figure 1. Iterative cell-based selection for neuroprotective intrabodies for Huntington’s
disease. Intrabody library sequences are packaged in lentivirus and used to transduce PC12 cells,
which inducibly express mHtt. After induction, only those cells carrying a neuroprotective sequence
will survive and proliferate. Sequences are recovered and recycled through the selection until a large

number of cells are protected.

Selection of an appropriate cellular model

The single most important factor for the selection is the ability to control the
extent of cell death in the cellular model used. Ideally, mHtt will kill all cells, unless a
functional intrabody is present. PC12 cells were established from a transplantable

rat adrenal pheochromocytoma (Greene and Tischler, 1976). They differentiate in
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the presence of nerve growth factor (NGF) and have many characteristics of mature
neurons before and after differentiation. Schweitzer PC12 cells contain mutant Htt
exon 1 (103 glutamines) fused to GFP under control of the B. mori ecdysone-
inducible promoter (Suhr et al., 1998; Kazantsev et al., 1999; Aiken et al., 2004).
Addition of the ecdysone analog Muristerone A (MurA) to the culture medium
induces Htt expression, leading to extensive cell death. [ adjusted conditions so that
the extent of cell death is dependent on the MurA concentration, as well as the
incubation time. Maximal cell death of about 99% was reached by day 12 in the
presence of 5 uM MurA (Figure 2A). No significant increase in death was seen when
the dose of MurA is increased to 10 uM. Propidium iodide staining confirms that cell
death commences rapidly after induction with MurA (Figure 2). From the lack of net
cell death with 1 uM MurA at 37°C, there appears to be a threshold beyond which
the MTS assay can detect cell death. Since MTS only detects metabolically active
cells, this indicates that cell division is likely able to overcome cell death at low
MurA concentrations. We also tested ST14A cells with low serum concentrations, as
well as the proteasome inhibitor MG132. However, neither of these conditions

sensitized the cells to mHtt (data not shown).
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Cell death timecourse of PC12/PQ103 cells induced with
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Figure 2. Cell death timecourse of Schweitzer cells induced with various concentrations of
MurA at 37°C Schweitzer cells were plated on 96-well collagen I plates (~100,000 cells/well) and
incubated at 37°C overnight to allow adherence. MTS assays (CellTiter 96 AQueous Non-Radioactive
Cell Proliferation Assay, Promega, Madison, WI) were performed according to manufacturer
instructions; the number of living cells is proportional to the A490. After establishing a baseline
value, cells were induced with Muristerone A (Invitrogen, Carlsbad, CA) and MTS assays were
performed daily. The fraction of living cells was calculated (compared to day 0) and cell death was
inferred. Despite the lag phase apparent in the MTS assay, it is apparent from propidium iodide
staining that cell death occurs rapidly, with extensive death occurring within 24 hours of induction
with 5 uM MurA. Very little death occurs in uninduced cells. Propidium iodide (5 ug/ml) was added
and cells incubated for 5 minutes at 37°C before fluorescence microscopy. Propidium iodide stains

nuclei of dead cells red.

Validation of the selection system using a previously selected intrabody

[ initially planned to establish proof of principle by engineering the MW7 Vy
domain to function without the conserved disulfide bond. However, I could not
detect expression of MW7 Vy, so [ used intrabody V1.12.3 in the proof-of-principle

selection experiment. V112.3 was engineered to fold stably without the conserved
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disulfide bond (Colby et al., 2004b). The result is a very stable intrabody that

reduces aggregation and toxicity in HEK293 and ST14A cells when cotransfected
with PQ103. Thus, V.12.3 presents an excellent candidate for a proof-of-principle
selection. We attempted to express V1. 12.3 from AAV and lentivirus, but it failed to
significantly protect induced Schweitzer cells from death due to low expression
(data not shown).

Because of the failure of the viral delivery, a transfection strategy was pursued.
Since many copies of a vector are incorporated into a cell during transfection, the
resulting higher expression levels were considered advantageous. In addition,
incorporating multiple sequences per cell increased the total number of sequences
that could be screened, potentially by an order of magnitude or more. PC12 cells,
like many neuronal cell types, are difficult to transfect efficiently. I optimized
transfection using CombiMag Magnetofection Reagent (Boca Scientific, Boca Raton,
FL) in conjunction with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) to transfect
>90% of Schweitzer cells (Figure 3A). V,12.3 in pcDNA3.1 was transfected into
Schweitzer cells using the optimized transfection method and induced with 5pM
MurA for four days. Significantly enhanced survival was apparent under light
microscopy in cells transfected with VL12.3 (Figure 3B). Surprisingly, cells
expressing DsRed Monomer as a control also showed some protection from mHtt,

albeit much less than V.12.3.
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Figure 3. Transfected VL12.3 protects from MurA-induced cell death. (A) PC12/PQ103 cells
were transfected in a 6-well poly-D-lysine coated plate with 4 ug of Vi.12.3 expressed from an AAV
vector using 10 ul of Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in combination with 4 ul of
CombiMag Magnetofection Reagent (Boca Scientific, Boca Raton, FL). Cells were fixed after 96 hours
and immunostained for the presence of the HA tag on V12.3. Nuclei were stained with DAPIL.
Optimized transfection efficiency is >90%. (B) Cells were tranfected as in A. with either VL12.3 or
pDsRed Monomer-N1 (Clontech, Mountain View, CA) and induced with 5 uM MurA for four days at

37°C. Cells were inspected by light microscopy.
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Library construction

The Griffin.1 library (Hoogenboom et al., 1991; Winter et al., 1994) is a widely
used library that had previously been used in our lab for the selection of intrabodies
that bind the proline-rich repeat region of Htt (Southwell et al., 2008). Intrabodies in
the Griffin.1 libraries were originally cloned as Vy and Vi, domains connected by a
flexible linker into the pHEN2 phagemid vector. In our experience, however, many
selected clones are actually single domains. To avoid cleaving intrabodies within the
coding sequence, we decided to use the established restriction sites (Sfil and NotI)
that were originally used to generate the library. To find an appropriate expression
vector, | digested several mammalian expression vectors containing intrabody
sequences with Sfil and Notl and checked for the generation of a band on agarose
gel. Of seven vectors tested, one had the appropriate restriction sites, a pcDNA3
vector expressing another scFv. Previous experiments in our laboratory had
established that this vector could produce intrabody in mammalian cells. The
Griffin.1 library was recovered from phage according to the instructions
accompanying the library. It was subsequently amplified and cloned into the
expression vector after removal of the intrabody sequence from the vector. Eight
clones were sequenced and found to all be different and unlike the intrabody
originally encoded in the vector. This indicated that the intrabody originally
encoded in the parent vector likely did not contribute significantly to the library.

Although there was no affinity tag on the proteins, expression of the library was
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confirmed using a TnT Quick-Coupled T7 Transcription/Translation kit (Promega,

Madison, WI) with [3>S]-Met included in the reaction (data not shown).

Selection

The naive library encoded in the pcDNA3 vector—designated G.1.0—was
transfected into sufficient Schweitzer cells to cover the estimated complexity of the
library (107-108). The following day, 5 uM MurA was added to the plates. Fresh
media and MurA were added every other day. After seven days of incubation,
surviving cells were harvested after trypsinization. Total DNA was recovered using a
DNeasy Blood and Tissue kit (Qiagen). The intrabody DNA was amplified by PCR
using T7 promoter primer and BGH reverse primer. This yielded a band of the
expected size (~1kb) corresponding to a two-domain scFv and the flanking regions
derived from pcDNA3. This PCR product was then digested with Sfil and Notl in
parallel with the pcDNA3 vector. It was subsequently ligated into the digested
vector. The ligation was concentrated using a QiaQuick PCR Cleanup kit (Qiagen), so
that the entire recovered pool could be transformed into a sufficient amount of
competent cells and amplified. The amplified DNA—now designated G.1.1—was
recovered using a HiSpeed Plasmid Maxiprep kit (Qiagen). This pool was
subsequently put back through the selection system to generate another pool, and
so on, until five rounds of selection had been completed (G.1.5).

After each cycle of killing cells, the plates were visually inspected by light
microscopy in order to judge whether there was an increase in the number of

surviving cells. There was no apparent increase in survival, so the experiment was
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stopped before completion of the sixth round of selection. All six pools (naive and

five selected pools) were assessed for their ability to reduce aggregation and

toxicity of mHtt. There was no apparent improvement on either measure (Figure 4).

There was no trend that might indicate enrichment for functional sequences. While

we might not expect improvement in aggregation, since our selection criterion is cell

survival, no pool was markedly better than naive library at reducing toxicity as

measured by EtBr incorporation into the nucleus.
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Figure 4. No enrichment is apparent
after five rounds of selection. Pools
from selection were cotransfected
with mHtt carrying 103Q fused to GFP
into HEK293 cells. (A) After 72 h, the
extent of aggregation was assessed by
the number of green fluorescent
puncta. (B) Ethidium bromide was
added to cells. Cells with intact nuclei
exclude ethidium bromide, but dying
and dead cells do not. Cell death was
quantitated by counting red

fluorescent puncta.
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Repeat selection using reduced MurA

One concern with our system was that the expression levels might not be high
enough to overcome induction of large amounts of mHtt, especially during the first
round of selection, when only a single copy of each sequence may be represented in
the library. As the lack of net cell death at low concentrations of MurA (Figure 2)
was likely due to ongoing cell division at 37°C, I attempted to use lower
concentrations of MurA at 33°C to inhibit cell division. I found that 1uM MurA at
33°C was as efficient as 5uM at 37°C (Figure 5), indicating that cell division had
slowed sufficiently. Several rounds of selection were repeated using this condition
and naive library spiked with DNA from each selection round. After three rounds,

there was no apparent enrichment and the experiment was discontinued.

Cell death timecourse of PC12/PQ103 cells induced with various
concentrations of Muristerone A at 33 C
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Figure 5. Cell death time course with low concentrations of MurA. 1 uM Muristerone A kills 95%

of PC12/PQ103ccq cells in 9 days. Optimization is ongoing for lower concentrations. MTS assays

were performed as above, except cells were incubated at 33°C to inhibit cell division.
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Mutant Htt likely overwhelms intrabodies

It is likely that the selection failed because there is simply too much mHtt for
the intrabodies to deal with, especially in the crucial first selection round. In
retrospect, we should have been more wary after seeing the modest protection by
V112.3 (Fig. 3B). It is clear from that experiment that even a well-established
intrabody that reduces toxicity in several cellular models cannot completely block
the toxicity induced by the large amounts of induced mHtt in the Schweitzer cells.
Indeed it only rescued about 50-70% of the cells. Taking into account that during
transfection, each cell can take up many copies of plasmid DNA4, it seems unlikely
that a single copy of any intrabody would be equal to the task. It appears that
cellular models that are much more sensitive to lower concentrations of mHtt are
essential to be able to select intrabodies in an unbiased fashion as originally
envisioned in this project.

One way to redeem the selection using current technology might be to use a
pool that is already enriched in sequences that are protective or at least bind mHtt.
Although this negates one of the key advantages of the selection scheme, its
unbiased approach, it may be necessary in order to work. Since there is not always a
correlation between binding and reduction of toxicity, it would be advantageous to
have a high-throughput system to automatically select those sequences that are
protective. We had already begun generating a library based on Happ1 (Southwell et
al,, 2008), an intrabody directed to the proline-rich region of Htt, when the decision

was made to terminate the project.
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Appendix B

Recombinant Intrabodies as Molecular Tools and Potential
Therapeutics for Huntington's Disease
Ali Khoshnan, Amber Southwell, Charles Bugg, Jan Ko and Paul H. Patterson
In “Neurobiology of Huntington’s Disease, Applications to Drug Discovery,”
Edited by Don C. Lo and Robert E. Hughes (Frontiers in Neuroscience, Boca Raton,

FL: CRC Press, 2011), pp. 255-266

The therapeutic potential of intracellularly expressed, recombinant or single-
chain fragment variable (scFv) antibodies (intrabodies) is being explored for several
diseases including cancer, HIV, and neurodegenerative disorders. Intrabodies can
bind and inactivate toxic intracellular proteins, prevent misfolding, promote
degradation and block aberrant protein-protein interactions with extreme
molecular specificity. Neurodegenerative disorders are particularly attractive
candidates for these reagents, since many of these diseases involve protein
misfolding, oligomerization and aggregation (1). In particular, intrabodies have
shown efficacy in blocking the toxicity of the amyloidogenic protein fragment Af in
cell culture and mouse models of Alzheimer's disease, paving the way for clinical
trials of these reagents in brain disorders (2). In addition to their therapeutic
potential, intrabodies are also useful molecular tools to identify the pathogenic
epitopes in toxic proteins, which can be targets for other types of therapy. In this
chapter, we will review the strategies that have been used to develop intrabodies

specific for the huntingtin (htt) protein, and describe their testing in models of
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Huntington disease (HD) and their development as potential therapeutics for

clinical use in HD.

Strategies for Intrabody Construction

Intrabodies are recombinant antibody molecules usually derived from a
monoclonal antibody of interest by cDNA cloning of the antigen binding domain; the
variable heavy and light chains (Vi and VL) from the monoclonal antibody are then
joined together by a synthetic cDNA encoding a flexible polypeptide linker (Fig. 1).
Alternatively, naive intrabody libraries have been constructed and cloned in phage

or displayed on yeast for selection and binding to specific antigens.

VH & VL VH&VL |
cDNA synthesis —» amplification 98100 VH-linker-VL » Cloning

; L;m} i S ; expressing
IgG scFV Q

Figure. 1. Schematic representation of cloning of scFvs.

A major problem with intracellular expression of intrabodies is, however,
proper folding and low solubility in the reducing cytoplamic environment ((Biocca
et al., 1995). This is due to the presence of disulfide bonds in both the Vi and Vi,

which are required for efficient folding. While some intrabodies are inherently
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stable in the cytoplasm, selection of stable intrabody frameworks, which fold
efficiently in the absence of disulfide bonds, has also been achieved (4).
Additionally, a process known as in vitro maturation or reengineering, where the
disulfide bonds are removed, can be used to correct low solubility through several
rounds of random mutagenesis and antigen binding selection (5).

Single domain intrabodies. Recently, functional single domain (Vy or Vi,
but not both) intrabodies have also been developed and selected for specific targets.
These single domain intrabodies can block protein-protein interaction and are
favored for their stability and better folding (6). Moreover, in vitro maturation of
single domain intrabodies can further enhance their folding, specificity and

solubility (5).

Development of epitope-specific intrabodies against Htt

Epitopes in mutant huntingtin for intrabody development. Intrabodies
recognizing a variety of epitopes within mutant huntingtin (Htt) exon-1 (HDx1)
have been isolated and tested for their ability to block toxicity and aggregation (Fig.
1). Lecerf and colleagues have isolated an intrabody recognizing the 17 N-terminal
AA of Htt (C4) from a synthetic phage library and tested this intrabody for efficacy in
cell culture (7). C4 was found to block aggregation and interfere with malonate-
enhanced toxicity of mutant HDx1 (Murphy and Messer, 2004b). Due to its modest
efficacy, C4 was further matured and examined in a fly model of HD, where it was
found to protect against the toxicity of HDx1 during the larval stage and significantly

increase life span (Wolfgang et al., 2005a).
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Surprisingly, C4 increased the level of soluble mutant HDx1 in both fly and

culture models (9). This property of C4 raises the possibility that long-term
exposure to this intrabody could lead to buildup of soluble HDx1 and promote
oligomerization and toxicity. Recent studies suggest that mutant HDx1 monomers
can acquire a toxic conformation by switching from an a-helical to a 3-sheet
conformation (10). Furthermore, blocking the 17 N-terminal AA of Htt may also
have other undesirable consequences; for example, this motif is essential for vesicle
localization as well as Htt cytoplasmic retention and turnover (11, 12) and removal
of the N-terminal domain results in nuclear localization of HDx1, which has been
associated with enhanced toxicity (11, 12). Therefore, long-term expression studies
in transgenic HD mice will be important to examine if binding of C4 to the 17 N-
terminal AA of Htt has any detrimental effects in a therapeutic setting.

Another intrabody that binds the N1-17 domain of Htt (V1.12.3) was isolated
from a yeast surface display library as a single domain light chain and matured in
vitro through random mutagenesis and selection by yeast surface display (5).
V112.3, engineered for efficient intracellular expression and folding by removal of its
disulfide bond, is a more potent inhibitor of mutant HDx1 aggregation and toxicity
in cell culture than C4 (13). However, like C4, V1.12.3 increases the level of soluble
mutant HDx1; moreover, V1.12.3 promotes nuclear localization of mutant HDx1 (14).
This paradoxical inhibition of toxicity and aggregation together with enhancement
of nuclear localization of Htt may eventually shed light on the role of nuclear Htt in
toxicity. In fact, intrabodies such as V1,12.3 may have important research and

clinical potential in blocking association of soluble mutant HDx1 with nuclear
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targets. Examination of V1, 12.3 in animal models of HD is crucial for validating its

protective effects and further understanding of the role of N-17 AA in mutant Htt

toxicity.
V123 WW14:2 Happlé:3 EN4%
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Figure 2. Binding domains of different intrabodies that have been developed against

the HDx-1 peptide sequence

The polyglutamine and polyproline domains of Htt. Intrabodies
recognizing the polyglutamine (polyQ) and proline-rich motifs of HDx1 have also
been shown to influence toxicity. We generated a number of monoclonal antibodies
using either polyQ peptides or HDx1 recombinant proteins as antigens (15). The
intrabodies cloned from these antibodies display striking, epitope-specific
differences in their effects on mutant HDx1 toxicity. The MW7 intrabody, which
recognizes the polyproline (polyp) motifs of mutant HDx1, protects against toxicity
in several models of HD, including cell culture (Fig. 2), acute brain slice culture, and
Drosophila models (16, 17, Reinhart et al., unpublished data). This protection is
correlated with reduced aggregation and increased turnover of mutant HDx1 (14,
16).

In contrast, intrabodies that bind the expanded polyQ domain exacerbate the
toxicity and aggregation of mutant HDx1 in cell culture (16). One possible
explanation for this effect is that the MW1 and MW?2 intrabodies may bind and

stabilize a novel confirmation in HDx1 with expanded polyQ. In fact, several anti-
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polyQ antibodies bind Htt in different cellular compartments, supporting the

presence of distinct conformations of expanded polyQ (15). On the other hand, anti-
polyQ intrabody binding could aid in nucleation of monomeric mutant HDx1 and
accelerate oligomerization. In a study of the crystal structure of MW1 bound to
polyQ, the polyQ domain adopts an extended, coil-like structure with short sections
of polyproline type II helix and b-strand. Consistent with the linear lattice model
(18) for polyQ, linking MW1 intrabodies together in a multimeric form results in
tighter binding to longer compared to shorter polyQ domains and, compared with
monomeric Fv, binds expanded polyQ with higher apparent affinity (19). Whether
the affinity of the monomeric vs. multimeric form of MW1 influences the

oligomerization of mutant Htt remains unknown.

C MW2 MW7

Figure 3. MW7 prevents while MW2 promotes aggregation of mutant HDx1-EGFP in
PC12 cells. MW7 and MW2 cDNAs were cloned into ecdysone-inducible vectors and
transfected into PC12 cells that were engineered to express HDx1 in response to ecdysone
(26). Selected PC12 cell clones were then treated with ecdysone to induce simultaneous

expression of HDx1 and the scFv. A luciferase construct was used as control (far left panel).
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Clearly, a unified view on the role of aggregates in HD pathology will be
required to understand better how anti-polyQ intrabodies could be used to regulate
mutant htt toxicity. The initial studies on the effects of MW1 and MW2 on HDx1
toxicity and aggregation were done in non-neuronal cells and with 103 polyQ HDx1,
which may require a high concentrations of intrabody to counteract its toxicity.
Thus, reevaluation of anti-polyQ intrabodies is worthy of investigation, possibly
with shorter polyQ repeats or a multimeric form of MW1 (18). Indeed, in light of
recent findings that mutant HDx1 aggregation can be neuroprotective, anti-polyQ
intrabodies will be ideal tools to dissect the role of aggregation and toxicity in
neuronal models (20).

Conformation-specific intrabodies. Isolation of conformation specific
polyQ intrabodies may help in determining whether expanded polyQ can be a
potential target for intrabody therapy. This approach has recently been reported
for a-synuclein oligomers (21). These oligomer-specific intrabodies inhibit both
aggregation and toxicity of a-synuclein and have been useful tools for identifying
the pathogenic epitopes. Our laboratory, in collaboration with Ron Wetzel's group,
isolated a panel of monoclonal antibodies that specifically recognize oligomeric
forms of polyQ proteins. Interestingly, some of these antibodies also react with
fibrils formed by prion proteins and Af amyloid (22). This cross-reactivity suggests
the presence of common structural motifs in the fibrils of misfolded proteins that
cause neurodegeneration. A similar antiserum that also reacts with amyloid fibrils

of various misfolded proteins has been reported by Glabe's laboratory (23). It will
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be interesting to see if intrabodies derived from these antibodies can block
oligomerization and the toxicity of these diverse proteins in vivo.

The proline-rich domain of Htt. Finally, we have recently isolated two Vi,
domain intrabodies from a human scFv phage display library (24) that specifically
bind to the proline-rich epitope in HDx1 (which is between the two pure polyP
domains discussed above)(14). These single-domain intrabodies (Happ1 and 3, Fig.
1) are efficient in reducing HDx1 toxicity and aggregation. A novel feature of these
intrabodies, and of the anti-polyP intrabody MW?7, is their reduction of soluble
mutant HDx1 levels by increasing its turnover. It is intriguing that although the
proline-rich epitope is identical in mutant and wild-type (WT) Htt, the Happ
intrabodies have a greater effect on turnover of the mutant versus WT Htt (14). In
addition, the inhibitory effects of Happ1 and 3 suggest that the proline-rich domain
of Htt also contributes to Htt toxicity and may be involved in the misfolding of

mutant HDx1 or in its binding to partners critical for toxicity.

Intrabodies as research tools to dissect mechanisms of Htt disease
pathogenesis

While the therapeutic potential of intrabodies in mouse HD models remains to be
explored, anti-Htt intrabodies are powerful molecular tools that can be used to
identify and characterize the pathogenic epitopes in HDx1 that regulate
oligomerization, toxicity, and interactions with other disease mechanisms and

pathways. The findings that intrabodies directed against various epitopes of HDx1
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can either block or enhance aggregation and toxicity underscore the importance of
these domains.

For example, it is known that the first 17 amino acids of HDx1 regulate not
only its nuclear targeting but also its endoplasmic reticulum and mitochondrial
localization (11, 12). One hypothesis is thus that V1, 12.3 reduces toxicity by blocking
the localization of mutant HDx1 to mitochondria and thereby reducing
mitochondrial permeability. On the other hand, consistent with the role of the first
17 AA in cytoplasmic retention of HDx1, coexpression of Vi,12.3 with HDx1 also
promotes HDx1 nuclear localization (14). Thus, as noted above, while studies with
V112.3 confirm the importance of 17 N-terminal AA in cellular distribution of Htt
and the contribution of this motif to aggregation and toxicity (11, 12), they also raise
questions regarding whether and how nuclear localization contributes to toxicity.
One possibility is that although V1.12.3 promotes nuclear localization of HDx1, it may
also prevent its association with the transcriptional apparatus.

Similarly, the ability of anti-polyQ intrabodies to promote aggregation and
toxicity of mutant HDx1 (16) may be relevant for understanding the mechanism of
in vivo oligomerization. One theory is that anti-polyQ intrabodies function as
nucleating centers and recruit soluble HDx1, which then forms oligomers and
eventually aggregates. Alternatively, binding of anti-polyQ intrabodies may induce
or stabilize a conformation in the expanded polyQ domain that enhances
oligomerization. If so, this raises the question of whether there are endogenous
cellular modifiers that induce such conformation changes in this domain.

Understanding how MW1 and 2 promote aggregation may thus shed light on this
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process in vivo and enable discovery of modifiers of polyQ oligomerization. In this
context, it is intriguing that intracellular expression of a polyQ binding peptide
(PQBP1) blocks the toxicity of mutant HDx1 in tissue culture (25); this peptide
interferes with conversion of a non-toxic a-helical structure of polyQ to a toxic 3-
sheet conformation (10). While this conformation switch occurs in vitro with
purified protein, the existence of an endogenous modifier of polyQ toxicity is an
attractive area of investigation and intrabodies will help with the identification of
these potential regulators of toxicity.

The MW7 intrabody, on the other hand, was instrumental in identifying the
HDx1 polyP domain as a pathogenic epitope (16, 26). Several important signaling
proteins including NEMO /IKKy, CBP, WW domain proteins, dynamin and FIP-2
require the HDx1 polyP domain for binding to HDx1 (26-29). Therefore, the
protective mechanism of the MW7 intrabody may work through its reducing the
sequestration of important cellular proteins by mutant HDx1. In fact, we have
shown that MW7 blocks binding of the IkB-kinase (IKK) complex to the proline-rich
domain of mutant HDx1 and subsequently reduces HDx1-induced NF-kB activation
(26; Fig. 3). Moreover, both MW7 and genetic inhibitors of the IKK complex have
similar inhibitory effects on mutant HDx1 in cell and brain slice cultures (26). These
findings underscore the importance of intrabodies as molecular tools that can lead

to the identification of novel pathogenic epitopes and therapeutic targets.
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Figure 4. Schematic diagram showing the interaction of IKK complex and Htt. Binding
of HDx1 to the IKK complex requires the polyP domain of Htt and the N-terminus of IKKy.
Blocking the interaction of mutant HDx1 with the IKK complex reduces the toxicity in a
brain slice culture model of HD. Binding of MW7 intrabody to the poly-P domains of Htt

also prevents IKK-HDx1 interaction and thereby reduces the toxicity of mutant HDx1(16).

Novel targets for intrabody therapy in HD

To date, most of the intrabodies developed to perturb Htt function have been
targeted to HDx1, which is generated by proteolytic processing of full-length Htt.
However, a more upstream, primary therapeutic goal would be to prevent
proteolytic processing of mutant Htt using specific intrabodies. Httis cleaved by
several proteases, including caspases 3 and 6, and the calpains (30, 31). Cleaved
mutant Htt fragments are precursors to oligomers, and the species that accumulate
in the nucleus likely contribute to transcriptional dysregulation (2). Therefore,
blocking the cleavage of full-length Htt by intrabodies may be an effective strategy

to reduce the generation of fragments that misfold and induce toxicity.
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Indeed, such inhibition of Htt cleavage by intrabody binding to cleavage sites
may be preferred over small molecule inhibitors of the relevant proteases because
of the target specificity of antibody binding, and because small molecule inhibitors
can have systemic side effects. This technology has already been applied to reduce
production of B-amyloid in AD models. Intracellular expression of an intrabody that
binds an epitope in close proximity to the [3-secretase cleavage site of amyloid
precursor protein (APP) blocks production of amyloidogenic fragments and
promotes cleavage with a-secretase, which generates non-amyloidogenic A (32).
For HD, intrabodies specific to Htt cleavage sites can readily be isolated from phage
display libraries and tested in tissue culture for their effects on Htt processing. This
approach could be used to validate the role of these caspases on Htt processing and

toxicity and, importantly, would generate potential therapeutics for HD.

Delivery of intrabodies to the HD brain

In principle, viral vector-based gene therapy is the ideal method for the
delivery of therapeutic intrabodies to the brain. Optimal delivery of gene therapy
vectors into the diseased brain remains an important research area and represents
the best mode of delivery for long-term expression. Among these, adeno-associated
viruses (AAV) are the most promising vectors, since they are largely non-pathogenic
and the virus is already widespread and non-toxic in human populations. AAV is
capable of infecting both dividing and non-dividing cells and generating long-term
expression of transgenes. The existence of several serotypes offers varied tropism

allowing expression in a wide range of cell and tissue types. AAV vectors also
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appear to be safe and well tolerated, as no obvious side effects have been reported
following a phase 1 clinical trial of AAV-mediated delivery of glutamic acid
decoarboxylase (GAD) to the brains of human Parkinson'’s disease patients (Kaplitt
et al.,, 2007). Intracerebral delivery may also avoid systemic complications outside
of the CNS.

In animal models of AD, several successful approaches have been reported
for delivery of anti-Ap intrabodies (2, 34). Intracranial delivery of AAV encoding
anti-Ap scFvs, which can be secreted and enter the circulation, has been effective in
reducing amyloid plaque loads, neurotoxicity and correcting behavioral
abnormalities (2). Viral injections in this model were performed at PO, which
allowed widespread distribution and expression. Intrabody delivery to HD models
may be more challenging, since the toxic protein remains intracellular, in contrast to
AB, which is secreted. Nonetheless, success has been obtained with systemic
vaccination approaches in mouse models of Parkinson's disease, in which the
targeted antigen, a-synuclein, is also thought to be intracellular (35). Moreover, we
find that anti-Htt antibodies display specific binding to the surfaces of live cells
expressing mutant HDx1, suggesting that systemic and/or extracellular delivery of

intrabodies may also be beneficial in combating Htt toxicity (Fig. 5).
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Figure 5. The anti-huntingtin antibodies/intrabodies, anti-N1-17, MW7 and MW8,

stain living striatal cells with a punctate pattern (red) similar to an anti-dopamine D2
receptor (D2R) antibody. The striatal ST-14 cell line was transduced with HDx1-EGFP
(PQ103) lentivirus and live cells were incubated with either control antibodies (mouse Ig2b,
and a non-neuronal anti-CD9 (ROCA), or anti-Htt antibodies/intrabodies as indicated. A
polyclonal antibody against D2R was used as positive control for cell surface staining. Alexa
568-conjugated secondary antibody was used to visualize staining (red); the green

fluorescence is native HDx1-EGFP.

Direct viral delivery to the striatum has also proven to be effective. A single
injection of an AAV vector encoding an RNAI targeted against Htt results in
extensive spread, reduced HDx1 oligomerization, enhanced DARPP-32 expression in
striatal neurons, and amelioration of HD neuropathology (36, 37). Significant
neuroprotection by AAV-mediated delivery of the neurotrophins GDNF and BDNF to
striatum has also been demonstrated in the quinolinic acid model of HD (38). Thus,

direct delivery of intrabody viral vectors to the striatum may be realistic and it is
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expected that intrabodies will have fewer off-target effects than either RNAi or
neurotrophins, due to the high degree of specificity of antibodies. In fact, an
intrabody constructed from the EM48 monoclonal antibody, which targets the C-
terminus of HDx1 provides significant protection against mutant HDx1 in vivo (39).
Injection of an adenvovirus expressing EM48 intrabody in the striatum of N-171-
82Q HD mice reduces the overall toxicity and decreases the aggregation of mutant
Htt in the neuropil. Moreover, expression of EM48 in the striatum improves some of
the behavioral deficits in the HD mice. EM48 does not, however, extend the life span
(39). In a lentiviral model of mutant HDx1, which causes substantial degeneration in
the striatum of injected mice, coinjection with an AAV expressing V1,12.3- or Happ1
reduces aggregation and ameliorates the loss of DARP-32 expression in the adult.
Preliminary results indicate that AAV-V.12.3 and AAV-HAPP-1 also improve the
amphetamine-induced rotation bias seen with unilateral mHtt lentivirus injection

(40).

Future directions for intrabodies in HD therapy

Development of intrabodies for therapeutic purposes and as novel molecular
tools to perturb protein function in vivo is an exciting emerging field. Some
intrabodies have already reached clinical trials and others have been used as novel
diagnostic tools (40). As optimization of delivery vehicles progesses, anti-Htt
intrabodies will hold great promise for HD therapy in the future. However, many

milestones, including the identification of the best targets, the most potent and
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effective intrabodies, and the most effective methods to ensure a widespread
delivery to the CNS must first be achieved. With rapid progress in proteomics,
intrabodies can also serve as excellent tools for in vivo functional knock-down, for
inactivating specific protein domains, and for inhibiting interactions between
particular proteins. The HD field can also benefit from intrabody technology for
inactivating other intracellular targets that enhance Htt toxicity such as caspases,

p53, and IKKs.
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Appendix C

Intrabodies binding the proline-rich domains of mutant
huntingtin increase its turnover and reduce neurotoxicity
Southwell AL, Khoshnan A, Dunn DE, Bugg CW, Lo DC, Patterson PH

J Neurosci. 2008, 28(36): 9013-20.

Introduction

Huntington’s disease is an autosomal dominant, progressive,
neurodegenerative disorder that results from the expansion of a polyglutamine
(polyQ) tract in HDx1 (The Huntington's Disease Collaborative Research Group,
1993). At least nine other neurodegenerative diseases are caused by the expansion
of a polyQ tract, including several types of spinocerebellar ataxia (Orr et al., 1993;
Kawaguchi et al., 1994; Imbert et al., 1996; David et al., 1997), dentatorubral
pallidoluysian atrophy (Koide et al., 1994), and spinobulbar muscular atrophy
(Spada et al., 1991). In each case, the polyQ expansion is in a different protein, and
although the mutant protein is expressed widely, only a specific subset of neurons
unique to each disease die. Although expression of pure polyQ is sufficient to cause
toxicity (Marsh et al., 2000; Yang et al., 2002b), it is the protein context surrounding
the polyQ expansion that makes particular neurons susceptible in each disease. In
HD, the mutant protein exhibits toxic gain of function, which includes aggregation,
sequestering of important cellular proteins such as transcription factors, and
aberrant protein-protein interactions, including disruption of the ubiquitin

proteasome (Duyao et al,, 1995a; Ross, 1997; Wanker, 2000; Jana et al., 2001;
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Ramaswamy et al., 2007). This leads to chorea, dementia and loss of medium spiny
striatal as well as some cortical neurons (Reddy et al., 1999a; Zoghbi and Orr,
2000b; Nakamura and Aminoff, 2007). HDx-1 consists of 17 N-terminal amino acids
followed by the polyQ tract, the PRR, which consists of two polyP stretches that are
separated by a P-rich domain, and 13 additional AAs (Fig.1A). The non-polyQ
domains in HDx-1 are known to modulate the toxicity of the mutant protein,
although the mechanisms by which this occurs are not well understood (Duennwald
et al.,, 2006a). Understanding how these non-polyQ domains contribute to the
toxicity and specificity of mHtt could lead to new therapeutic strategies.

Classically, the function of a protein domain would be studied by removal of
that domain followed by functional testing. Although a great deal of knowledge has
been acquired through such methods, the deletion of a domain may cause altered
folding of the remaining protein or otherwise generate effects not related directly to
the function of the missing domain. Perturbation of a protein domain by intrabody
binding is a more specific method for exploring function. Intrabodies are
intracellular, recombinant, single chain antibody fragments (scFv) that contain the
heavy and light antigen-binding domains (Vi and V1) connected by a linker.
Alternatively, single domain antibody fragments consist of either Vy or V..
Intrabodies are highly specific reagents that can be targeted to subcellular
compartments, distinct protein conformations, posttranscriptional modifications, as
well as to non-protein targets such as oligosaccharides (Biocca and Cattaneo, 1995;

Stocks, 2005; Messer and McLear, 2006; Lo et al,, 2008). Intrabodies thus have great
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potential to increase our understanding of the functions of individual protein
domains in living cells.

We sought to use intrabodies to better understand the role of the polyP and
P-rich domains (the PRR) of Htt in HD pathology. The PRR is known to be important
for mHtt toxic gain of function (Passani et al., 2000; Steffan et al.,, 2000; Modregger
et al,, 2002; Khoshnan et al., 20044a; Qin et al., 2004), and although a number of
binding partners, including WW domain-containing proteins, vesicle-associated
proteins, P53, and IKKg, have been identified, the mechanism of the modulation of
mHtt toxicity by these domains remains unclear. The role of the P-rich domain is not
known. To investigate this aspect of PRR function we used MW7, a scFv intrabody
that binds polyP. MW7 reduces mutant Htt (mHtt)-induced aggregation and
promotes cell survival in culture (Khoshnan et al,, 2002a). It also inhibits mHtt-
induced neurodegeneration in a Drosophila HD model (Jackson et al., 2004).
However, the specificity of this intrabody for pure polyP could allow binding to
other cellular proteins containing a polyP domain, although there is no evidence of
the latter binding to date. To characterize the role of the PRR, we produced novel
intrabodies (Happs) against the P-rich domain of Htt. Happ1 and 3 are single
domain, light chain intrabodies (Vis) that bind mHtt in a PRR-dependent manner.
We then tested the Happs, MW7 and V.12.3, a single domain light chain intrabody
that binds the 17 N terminal AAs of Htt (Colby et al., 2004b), for efficacy in blocking
mHDx-1 aggregation and toxicity, as well as their effects on sub-cellular localization
and mHDx-1 protein levels. The most striking findings are that both the anti-polyP

and anti-P-rich intrabodies reduce toxicity by increasing mHtt turnover and



115

lowering the mHtt levels, while the anti-N-terminal intrabody appears to reduce

mHtt toxicity by a different mechanism.

Materials and Methods

Cell culture. HEK 293 (ATCC, Manassas, VA.) or ST14A striatal precursor
(Elena Cattaneo, 1998) cells were grown in DMEM (Invitrogen, Carlsbad, CA.)
supplemented with 10% heat-inactivated fetal bovine serum, 2 mM glutamine, 1 mM
streptomycin and 100 international units of penicillin (Invitrogen). Cells were
maintained in 37°C (293) or 33°C (ST14A) incubators with 5% CO2 unless otherwise
stated. Transfections were performed using lipofectamine 2000 transfection
reagent (Invitrogen) according to the manufacturer’s protocol.

Immunoblotting. Protein concentration was determined using a BCA assay
(Pierce, Rockford IL.). Seventy five milligram total protein/sample in a volume of 30
ml was combined with 6 ml 6X protein loading buffer (Ausubel F.M., 1993), and
boiled for 5 minutes. Samples were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS/PAGE) using 4-20% criterion precast gels
(Biorad, Hercules, CA.) and precision plus protein kaleidoscope molecular weight
standard (BioRad). Samples were then transferred overnight to nitrocellulose
membranes for immunoblotting. Appropriate primary and horseradish peroxidase
(HRP)-conjugated secondary antibodies were then applied as described in (Ausubel
F.M,, 1993). Super signal west dura (Pierce) substrate was applied to membranes

according to the manufacturer’s protocol. Chemiluminescence was detected and
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densitometry was performed using a Fluorchem 8900 (Alpha Innotech, San Leandro
CA.) gel doc system.

Selection of phage display library for binding to P-rich epitope of Htt.
Intrabodies were selected from the Griffin.1 human recombinant, scFv phage
display library (Griffiths et al.,, 1994). One well of a six-well plate was coated with a
synthetic peptide (200 ug /ml) derived from the P-rich epitope of Htt
(PQLPQPPPQAQP) located between the two poly P stretches by incubating at 4°C
overnight. The coated well was then used to select phage expressing intrabodies
specific for this epitope according to the provider’s instructions. After the fourth
round of selection, the P-rich enriched phage library was purified by PEG/NaCl
precipitation and suspended in 2 ml PBS.

Generation of bait peptide for isolation of Happ intrabodies. A plasmid
encoding PQ50-GST (Scherzinger et al., 1997a) was transformed into XL-10 gold
ultracompetent bacteria (Stratagene, La Jolla, CA.) according to the manufacturer’s
protocol. Cells were grown to an OD of 0.6 at 600 nm and induced with 1 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG) for 4 hours. Bacteria were collected
by centrifugation, and GST fusion proteins were isolated in 1 ml 50% Glutathione
Sepharose bead slurries containing bound peptide (Ausubel F.M., 1993). 25 ml of
each bead slurry was added to 10 ml protein loading buffer, boiled for 5 minutes
and separated by SDS/PAGE. Peptide expression was verified by Coomassie
staining of PAGE gels and comparison to a protein molecular weight marker (data

not shown).
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Selection of Happ intrabodies from P-rich-specific phage display

library. One milliliter of the preselected P-rich-specific phage was selected with
PQ50-GST as described in the library provider’s instructions. Briefly, GST-fusion bait
peptide bound to glutathione agarose beads was incubated with replication
deficient phage displaying preselected, P-rich scFvs and then washed in PBS with
0.1% triton X-100 to remove any unbound phage particles. Bound phage were
allowed to infect log phase bacteria. To repeat selection, M13 helper phage, which
do not display scFvs but enable the replication of scFv displaying phage from pre-
infected bacteria, were used to recover selected phage. This selection was repeated
an additional two times. After the final round of selection, individual clones were
selected and screened for inserts by the polymerase chain reaction (PCR)(Griffiths
et al.,, 1994). Six clones with inserts were identified (Happ1-6). Inserts were
sequenced and analyzed for open reading frames (ORFs). Three clones were found
to contain ORFs, two of which were redundant. The two unique ORFs (Happ1 and
3) were amplified by PCR using primers designed to add both appropriate
restriction sites and a C-terminal hemaglutinin (HA) epitope tag, and cloned into the
AAV (adeno-associated virus genome plasmid)(Stratagene) mammalian expression
vector for characterization in cell culture, and into the pGEX-6p1 GST fusion
(Amersham Biosciences, Piscataway, NJ.) bacterial expression vector for protein
purification. A control intrabody that does not bind HDx-1 (CVL) was also isolated
from the library and cloned into these vectors. Cloning was performed according to

the Invitrogen One-shot top 10 competent cell protocol.
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Htt aggregation and toxicity assays. HEK 293 cells were cotransfected

with HDx-1-GFP and intrabody in poly-D-lysine-coated 24-well plates at ~60%
confluency. Each well received 0.2 mg PQ103 DNA in pcDNA3.1 vector and
intrabody (Vi.12.3, MW7, Happ1, Happ3, or CV.) DNA in AAV vector at various ratios
to HDx-1 (0.5:1, 1:1, 2:1, 3:1, 4:1). DNA levels were normalized to 1 mg per well
using CVy, in AAV vector. Non-transfected wells were used as a negative control, and
each condition was performed in triplicate. Cultures were moved to a 33°C
incubator 8 hours posttransfection to slow cell division and maintain a monolayer.
At 40 hours posttransfection, cells were incubated in medium containing 1 mM
ethidium homodimer-2 (EthD-2)(Invitrogen) for 15 minutes at 33°C for detection of
dead cell nuclei. Cells were then fixed in 4% PFA at 4°C for 30 minutes and
permeabilized with PBS containing 0.1% triton for 15 minutes. For detection of all
nuclei, cells were treated with PBS containing 0.5 mg/ml DAPI. Fluorescence
microscopy was used to visualize dead cells (red channel), large Htt aggregates
(green channel), and total cell number (blue channel). Three representative
microscope fields were analyzed for each well (9 per condition). Dead cells and
aggregates were counted for each field and normalized to the total cell number. P
values were computed using Student’s t-test.

Brain slice neurodegeneration assay. All animal experiments were
performed in accordance with the institutional Animal Care and Use Committee and
Duke University Medical Center Animal Guidelines. Brain slice preparation and
biolistic transfection were performed as previously described (Lo et al., 1994;

Khoshnan et al., 2004a). Briefly, brain tissue was dissected from euthanized
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postnatal day 10 (P10) CD Sprague-Dawley rats (Charles River Laboratory, Raleigh,

NC) and placed in ice-cold culture medium containing 15% heat-inactivated horse
serum, 10 mM KCI, 10 mM HEPES, 100 U/ml penicillin/streptomycin, 1 mM MEM
sodium pyruvate, and 1 mM L-glutamine in Neurobasal A (Invitrogen). Brain tissue
was cut into 250 mm thick coronal slices using a Vibratome (Vibratome, St. Louis,
MO) and incubated for 1 hr at 37°C under 5.0% CO: prior to biolistic transfection.
Gold particles (1.6 mm gold microcarriers; Bio-Rad, Hercules, CA) were coated with
the appropriate DNAs (see below) as per manufacturer's instructions and loaded
into Tefzel tubing (McMaster-Carr, Atlanta, GA) for use with the Helios biolistic
device (Bio-Rad) which was used at a delivery pressure of 95 psi. Gold particles
were coated with expression constructs encoding yellow fluorescent protein (YFP)
as a morphometric marker, cyan fluorescent protein (CFP)-tagged mHDx-1 Q-73,
and the relevant intrabody; for control transfections, particles were coated with YFP
+ CVy, YFP + mHDx-1Q73 and vector backbone DNA, or YFP + mHDx-1Q73 + CV..
For each condition, transfections were done on 12 brain slices and numbers of
healthy medium spiny neurons (MSNs) expressing the YFP reporter were assessed
4-5 days after brain slice preparation and transfection using fluorescence
microscopy. MSNs with normal-sized cell bodies, even and continuous expression of
YFP in the cell body and dendrites, and having >2 discernable primary dendrites > 2
cell bodies long were scored as healthy. P values were computed using Student’s t-
test.

Immunohistochemical HDx-1 localization. ST14A cells were grown in 6-

well plates containing coverslips and cotransfected with HDx-1-GFP and intrabody
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in 6 well plates at ~60% confluency. Each well received 1 mg PQ103 and intrabody

DNA at optimal ratios. Non-transfected wells were used as a negative control. At 48
hours posttransfection, cells were fixed and permeabilized as described above.
Intrabodies were then labeled using M2 anti-Flag for MW7 and 3F10 anti-HA for
V112.3, Happ1, and Happ3. Secondary antibodies were conjugated to Alexa fluor 568
(Molecular Probes)(S. Hockfield, 1993). Cells were processed for microscopy as
above. Mean fluorescence intensity for whole cell and nuclear HDx-1 (green
channel) and intrabody (red channel) was measured in 3 microscope fields per well.
The ratio of nuclear HDX-1 or intrabody to cellular HDx-1 or intrabody was
determined by (mean intensity of nucleus/mean intensity of whole cell). P values
were computed using Student’s t-test.

HDx-1 immunoblot assay. HEK 293 cells were cotransfected with HDx-1-
GFP and intrabody in 10 cm dishes at ~80% confluency. Each dish received 4 mg of
PQ103 or PQ25 DNA in pcDNA3.1 vector and intrabody DNA in AAV vector at the
optimal ratio for each intrabody (4 mg V.12.3, 16 mg MW7, 8 mg Happ1 and
Happ3). A non-transfected dish was used as a negative control. Cells were
dislodged by mechanical dissociation and pipetting 48 hours posttransfection,
harvested by centrifugation, washed with PBS and lysed by sonication in 500 ml
lysis buffer (25 mM Hepes, 50 mM NaCl, 1 mM MgClz, 0.5 % triton) containing 1
Complete, Mini, EDTA-free; Protease Inhibitor Cocktail tablet (Roche) per 7 ml
buffer. The soluble protein fraction was collected by centrifugation for 20 min at 4°
Cat 20,000x g. The insoluble pellet was sonicated in 150 ml 6 M urea and incubated

for 20 min at RT. Immunoblots were then performed using rabbit anti-GFP (1:1000
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Molecular Probes, Carlsbad CA) as primary antibody and HRP-conjugated, goat anti-

rabbit (1:10,000 Santa Cruz Biotechnology, Santa Cruz, CA) as secondary antibody
to detect HDx-1-GFP. For a loading control, membranes were stripped using Restore
Western blot stripping buffer (Pierce) and reprobed with mouse anti-b-tubulin
(1:1000 Sigma) as primary and HRP-conjugated, goat anti-mouse (1:10,000 Santa
Cruz Biotechnology) as secondary antibody. Densities of HDx-1 and b-tubulin bands
were determined. Each HDx-1 band was normalized to the level of the b-tubulin
band for that sample. The ratio of HDx-1 level in the presence of intrabody to HDx-1
level alone was determined by (density of intrabody plus HDX-1/density of
intrabody plus HDx-1 tubulin)/(density of HDx-1 alone/density of HDx-1 alone
tubulin). The experiment was repeated three additional times giving an N of 4. P
values were computed using Student’s t-test.

HDx-1 turnover assay. ST14A cells were grown in 6 well plates containing
coverslips and cotransfected with HDx-1-SNAP and intrabody at ~60% confluency.
Each well received 1 mg of either PQ97-SNAP (97Q-HDx-1 fused to the SNAP tag) or
PQ25-SNAP (25Q-HDx-1 fused to the SNAP tag) DNA in pSEMXT-26m vector
(Covalys Witterswil, Switzerland) and intrabody DNA in AAV vector at optimal
ratios (1 mg V.12.3, 4 mg MW7, 2 mg Happ1 and Happ3). Non-transfected wells
were used as a negative control, and each condition was performed twice. To
covalently label HDx-1 present at 24 hours posttransfection, cells were treated with
DAF green fluorescent SNAP-substrate (Covalys) according to the manufacturer’s
protocol. After labeling, cells were handled in low light conditions to avoid

photobleaching the DAF substrate. One well of each condition was then fixed and
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permeabilized as described above. For detection of all nuclei, cells were treated
with blocking solution (3% BSA w/v, 10% NGS, 0.1% Triton X-100 in PBS)
containing 1:2000 Toto-3 iodide (Molecular Probes). Coverslips were then mounted
with Prolong gold anti-fade reagent (Molecular Probes). The remaining well of each
condition was incubated for an additional 24 hours (48 hours posttransfection) to
allow turnover of labeled HDx-1, and processed for microscopy as above. Mean
fluorescence intensity of individual cells was observed in 3 microscope fields per
well using LCS software (Leica Wetzlar, Germany). Mean cellular fluorescence
intensities were computed for both 24 and 48 hour conditions. The percentage of
labeled HDx-1 at 24 hours and remaining at 48 hours was determined by ((mean
intensity at 48 hours/mean intensity at 24 hours) x 100). The experiment was
repeated three additional times giving an N of 4. P values were computed using

Student’s t-test.

Results

Isolation of Happ intrabodies. Novel intrabodies against the PRR domain
were selected in a two-stage protocol. First, a non-immune, human recombinant
scFv phage library (Griffin.1)(Griffiths et al., 1994) was used to select clones that
bind a unique, P-rich sequence between the two polyP domains in mHDx-1. The
second stage involved three rounds of selection using PQ50 (HDx-1 containing 50 Q
and the PRR)(Scherzinger et al., 1997a). Following the second stage, individual
clones were analyzed for inserts containing ORFs. Although the Griffin.1 library

consists of full scFv fragments, the two clones selected had only the Vi, ORFs. A



123
control Vi, that does not bind Htt (CVy) was also isolated from the library. These

three Vis (Happ1, Happ3 and CVL.) were then inserted into a mammalian expression
vector for cell culture and brain slice studies. To verify the specificity of these
intrabodies, they were expressed as GST fusion proteins and used as primary
antibodies to stain membranes containing the lysates of 293 cells transfected with
HDx1 or HDx1DPRR. The lysates of non-transfected cells were used to test for
binding non-Htt cellular proteins. As expected, MW7 and the Happs bind only to
HDx1 containing the PRR while V1,12.3 binds both forms of HDx1. None of the
intrabodies bind the non-transfected lysates. These results confirm that the Happs
require the Htt PRR epitope for binding.

The intrabodies reduce mHDx-1 aggregation and toxicity. Each of the
intrabodies was tested at various ratios to mHDx-1 (0.5:1, 1:1, 2:1, 3:1, and 4:1) for
effects on mHDx-1 toxicity by counting EthHD-2-positive dead cell nuclei (Fig. 1B),
and aggregation by counting green foci of the HDx-1-GFP fusion protein (Fig. 1C).
While V1.12.3, Happ1 and Happ3 demonstrate dose-dependent, saturable beneficial
effects on aggregation, MW7 demonstrates a threshold effect requiring a 4:1 ratio
for benefit. This may be the result of its specificity for pure polyP. As there are two
polyP stretches that can each accommodate binding of two intrabody molecules,
reduction of aggregation by polyP binding may require complete blockade of these
epitopes. Interestingly, this does not appear to be the case for the toxicity induced
by mHDx-1. The V112.3 intrabody is the most effective in reducing toxicity, with an
optimal ratio to mHDx-1 of 1:1. MW7 is optimal at a ratio of 4:1, while Happ1 and 3

each show an optimal ratio of 2:1, with significant beneficial effects at 1:1. Similar
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effects on mHDx-1-induced toxicity were seen when measuring lactate
dehydrogenase (LDH) activity (data not shown). These results confirm previous
findings with the N-17 AA epitope and further demonstrate that the PRR also
regulates HDx1 toxicity. As CVi. shows no dose-dependent effects (data not shown),
the median ratio of 2:1 was used as a baseline level of mHDx-1-induced toxicity or
aggregation (Fig 1B, zero point).

The intrabodies reduce mHDx-1-induced neurodegeneration in a
cortico-striatal brain slice model of HD. Rat brain slices, which preserve much of
the intrinsic circuitry, were biolistically cotransfected with YFP, mHDx-1-CFP and an
intrabody. The number of morphologically healthy, transfected medium spiny
neurons (MSNs) in the striatum of each slice was then assessed using YFP
fluorescence as an independent reporter of cell type and vitality 4-5 days after slice
preparation and transfection (Fig. 2). The number of healthy MSNs per brain slice
was compared between a positive control (brain slices transfected with YFP + CVy),
a negative control (transfected with YFP + mHDx-1 + vector backbone DNA), and the
test condition transfected with YFP + mHDx-1 + anti-Htt intrabody). Cotransfection
of mHDx-1 with CVy, results in significantly reduced numbers of healthy MSNs, as is
seen in slices transfected with mHDx-1 and vector. In contrast, cotransfection of
mHDx-1 with V1 12.3 or Happ1 results in numbers of healthy MSNs that are similar
to slices transfected with YFP + CV.. Cotransfection of slices with mHDx-1 + MW7
yields intermediate results, with significantly greater numbers of healthy MSNs than
with mHDx-1 + CVy, but fewer than with YFP + CVy. These results extend the

findings from 293 cells to MSNs in a semi-intact milieu.
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V.12.3 alters cytoplasmic vs. nuclear trafficking of mHDx-1. To evaluate

the effect of the intrabodies on HDx-1 intracellular trafficking, ST14A striatal
neuronal precursor cells were cotransfected with mHDx-1-GFP and intrabody and
incubated for 48 hours. Cells were fixed, stained for both intrabody and nuclei, and
then mounted for analysis by confocal microscopy. GFP fluorescence intensity was
used to compare levels of mHDx-1 in the whole cell vs. the nucleus (Fig. 3). The
PRR-binding intrabodies do not alter the cytoplasmic/nuclear mHDx-1 ratio, while
V112.3 causes a dramatic increase of nuclear Htt. In terms of localization of the
intrabodies themselves, V1,12.3, Happ1 and Happ3 display a slight preference for the
nucleus while MW?7 is slightly more cytoplasmic (Fig. S2). This could be the result of
the larger size of the MW7 scFv compared to the single domain intrabodies. No
significant differences are seen between V1,12.3, Happ1 and Happ3, and the slight
preference of V1,12.3 for the nucleus is too small to account for the increased nuclear
HDx-1 in the presence of V1 12.3, indicating that this change in localization is not the
result of intrabody localization. Thus, intrabody binding to the N-terminus of Htt
disrupts cytoplasmic vs. nuclear trafficking of Htt, which may influence its nuclear
functions. Since the amount of nuclear mHtt correlates with toxicity (Truant et al,,
2007), this result suggests that Vi, 12.3 may not be ideal as a therapeutic intrabody
despite its clear effects on blocking mHtt toxicity.

The intrabodies differentially alter the level of soluble mHDx-1. To
determine the effects of the intrabodies on mHDx-1 levels, 293 cells were
cotransfected with intrabody and either wtHDx-1 or mHDx-1, using each intrabody

at its optimal ratio to HDx-1, and incubated for 48 hr. Soluble and insoluble cell
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fractions were then assayed for HDx-1 by immunoblotting and densitometery (Fig.
4). Each of the intrabodies dramatically reduces the level of insoluble mHDx-1.
However, the three PRR-binding intrabodies (MW7, Happ1, Happ3) also
significantly reduce the level of soluble mHDx-1, while V1,12.3 has no significant
effect on soluble m- or wtHDx-1 levels. From a therapeutic standpoint, it is
important that only a slight reduction of wtHDx-1 protein is seen, indicating that
anti-PRR intrabodies are selective for the mutant form. Although these intrabodies
bind wtHDx-1, their preference for the mutant form is not unexpected as the
interaction of endogenous Htt PRR-binding partners with Htt is known to increase
with increasing polyQ repeat length (Passani et al., 2000; Holbert et al., 2001).

The PRR-binding intrabodies increase mHDx-1 turnover. To further
investigate the reduction of soluble mHDx-1 a SNAP tag fusion labeling experiment
was performed (Jansen et al., 2007). A traditional pulse chase experiment was not
used because mHDx-1 is known to affect transcriptional regulation. This property
of mHDx-1 could conceivably be altered by intrabody binding leading to variable
transcription rates of HDx-1 in the presence of the various intrabodies. Traditional
pulse-chase experiments require equal transcription and translation of the target
protein in all conditions within the labeling period. The SNAP tag fusion system
allows labeling of all preexisting HDx-1. By measuring the amount of Htt at the time
of labeling and again at a later time point, we are able to measure a rate of turnover
independent of transcription or translation rate. This system also offers greater

specificity as only the SNAP tag fusion protein is labeled as opposed to all cellular
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proteins translated during the labeling period as with traditional pulse-chase
experiments.

To investigate HDx-1 turnover using the SNAP tag fusion system, 293 cells
were cotransfected with intrabody and HDX-1 fused to the SNAP tag. Twenty-four
hours posttransfection, HDx-1 was labeled using a fluorescent, cell permeable SNAP
substrate. This substrate undergoes a covalent binding reaction with the SNAP tag
and remains fluorescent until the SNAP-tag fusion protein is broken down. Some
cultures were immediately examined for HDx-1 levels while others were incubated
for 48 hours posttransfection to allow turnover of labeled HDx-1. Fluorescence
intensity of HDx-1-SNAP was used to determine the percentage of HDx-1 labeled at
24 hours that is still intact at 48 hours (Fig. 5). Cells transfected with HDx-1-SNAP
alone were used to determine a baseline level of turnover. While the percentage of
mHDx-1 remaining in the presence of Vi12.3 is equivalent to that in the control, this
percentage is significantly reduced in the presence of MW7, Happ1 or Happ3,
indicating an increase in the rate of mHDx-1 turnover specifically in the presence of
the PRR-binding intrabodies (Fig. 5B). The lack of effect of V112.3 provides a
convenient control for non-specific effects of intrabody binding to mHDx-1.
Although the mechanism by which this increase in mHtt turnover occurs is not yet
clear, the levels of intrabody protein are increased in the presence of mHtt (data not
shown), suggesting that mHtt is not broken down as a part of a complex with
intrabody. This novel ability of PRR-binding intrabodies to increase turnover of

mHtt suggests that this region of the protein is important for stability. Further
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evidence of the specificity of the intrabody effects is shown by the fact that none of

the anti-Htt intrabodies significantly changes the rate of wtHDx-1 turnover (Fig 5C).

Discussion

While anti-N-terminal and anti-PRR intrabodies ameliorate the negative
effects of mHtt in cell culture and brain slice models of HD, they do so with different
efficacy and by different mechanisms. These different mechanisms offer clues to the
specific functions of their target domains.

The V112.3 intrabody was isolated from a yeast surface display library and
initially required a 5:1 ratio to mHtt to reduce aggregation (Colby et al., 2004a). It
was then reengineered, including removal of the disulfide bonds, which do not form
in the reducing environment of the mammalian cytoplasm (and can cause mis-
folding of intrabodies (Biocca et al.,, 1995)), and mutated for greater binding affinity
to Htt (Colby et al,, 2004c). In addition to inhibiting mHtt-induced toxicity and
aggregation, we find that V1,12.3 also alters cytoplasmic vs. nuclear trafficking of
HDx-1.

Modulation of Htt intracellular targeting by the N-terminus has been recently
characterized. Removal of this amphipathic alpha helix causes an increase in the
level of nuclear Htt, indicating that it functions as a cytoplasmic retention signal
(Rockabrand et al., 2007). Mutation of hydrophobic residues, or the introduction of
a helix breaking proline residue in the N-terminal domain results in increased
nuclear Htt, suggesting that cytoplasmic retention by the N-terminus is the result of

association with organelle and vesicle membranes (Atwal et al., 2007b). Although
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the N-terminus is not a dimerization domain, disruption of the helical structure also
prevents the aggregation of mHtt, which is accompanied by an increase in the
toxicity of the protein. Thus, the N-terminus of Htt is required for cytoplasmic
localization and the formation of aggregates. The effect on toxicity seen in these
experiments may be related to the prevention of aggregation, since mHtt-expressing
neurons without aggregates exhibit more toxicity than those with aggregates
(Arrasate et al,, 2004b). Toxicity related to the N-terminus may also involve altered
Htt localization, as the addition of a nuclear localization signal to mHtt increases its
toxicity in both cell culture and mouse models of HD (Peters et al., 1999; Schilling et
al., 2004). Interestingly, while removal or mutation of the N-terminus results in
increased toxicity, V.12.3 binding results in reduced toxicity, suggesting that V12.3
may inhibit formation of a toxic conformation or an oligomerization seed molecule.
Thus, this intrabody may ameliorate toxicity regardless of mHtt localization or
aggregation state.

The polyP and P-rich domains of mHtt are implicated in a number of
aberrant protein interactions. These domains are required for mHtt binding to, and
sequestering of, several SH3 domain-containing proteins, including proteins
associated with vesicle function (Modregger et al., 2002; Qin et al., 2004). The PRR
of Htt is required for interaction with WW domain-containing proteins (Staub and
Rotin, 1996; Faber et al., 1998). These include transcription factors, and these
interactions are enhanced with increased polyQ repeat length (Passani et al., 2000;
Holbert et al., 2001). These domains are the site of interaction with IKKg, a

regulatory subunit of the IkB kinase complex. Activation of this complex is known
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to promote aggregation and nuclear localization of mHtt (Khoshnan et al.,, 2004a).
The PRR of Htt is also the site of P53 interaction and is required for transcriptional
repression of P53-regulated genes (Steffan et al., 2000). Again, this interaction is
enhanced by increased polyQ repeat length.

MW?7, an intrabody recognizing pure polyP, reduces mHtt-induced
aggregation and toxicity in cell culture and in Drosophila models of HD (Khoshnan et
al., 2002a; Jackson et al., 2004). We find that it is also effective in an acute brain
slice model of HD, and that it increases the turnover of HDx-1, with greater effect on
the mutant than the wild type form. We also produced novel intrabodies, Happ1
and 3, which recognize the unique, P-rich epitope between the two polyP domains of
Htt. The Happ intrabodies exhibit beneficial properties similar to those of MW7
such as preferential effects on the mutant form of Htt and increasing turnover
without altering localization, but the Happs are effective at lower ratios to Htt than
MW?7. We found no evidence that the anti-PRR intrabodies bind to previously
aggregated mHtt, suggesting that the observed reduction in aggregation is the
indirect result of increased turnover of the soluble form of the protein, causing a
shift away from the aggregated state. The increased turnover of HDx-1 in the
presence of either anti-polyP or anti-P-rich intrabodies suggests that this effect is a
direct result of blocking these epitopes and therefore that this domain has a role in
modulating stability of the mutant protein.

Disruption of mHtt stability by Happ binding could have therapeutic
potential. The success of RNAi experiments show that reduction of mHtt levels is an

effective therapeutic strategy (Harper et al., 2005a; Rodriguez-Lebron et al., 2005;
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Machida et al,, 2006). Unlike RNAi however, these intrabodies can distinguish

between the wildtype and mutant forms of Htt, which is preferable, as the loss of
normal Htt function can have negative effects (Dragatsis et al., 2000; Leavitt et al.,
2001; Zuccato et al.,, 2001). The ability of the Happ intrabodies to increase turnover
of mHtt may ameliorate the disruption of the ubiquitin proteasome seen in HD,
although it is presently unclear if this increased turnover occurs through a
ubiquitin-dependent pathway. As the levels of intrabody protein are increased in
the presence of Htt, it is likely that the intrabodies direct the breakdown of mHtt
without themselves being degraded. Moreover, the Happs, although significantly
more effective than the original intrabody isolated and matured to become V1,12.3,
have yet to undergo any reengineering and could potentially be improved by
removal of disulfide bonds and mutation for greater Htt binding affinity. In addition,
the present results with the Happ intrabodies highlight the importance of the

unique, P-rich domain in mHtt toxicity.
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Figure 1. The anti-Htt intrabodies reduce mHDx-1-induced toxicity and
aggregation in cell culture. (A) The epitopes in HDx-1 for the various intrabodies
are depicted. (B) To quantify mHtt toxicity, 293 cells were cotransfected with
mHDx-1-GFP and intrabody at various intrabody/Htt ratios and incubated for 48
hours. Cells were stained with EthD-2 to identify dead cell nuclei, fixed, and stained
with DAPI to identify all cell nuclei. The number of dead cells was normalized to
total cell number. All of the intrabodies reduce mHDx-1-induced cell death in a
saturable, dose-dependent manner, with maximal effects at different intrabody/Htt
ratios (1:1 for V112.3, 2:1 for Happ1 and 3, and 4:1 for MW7). (C) Aggregation was

determined by counting GFP foci and normalizing to total cell number. * = Differ
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from V.12.3 at p<0.05, **=p<0.01. The point labeled as 0 on the intrabody:Htt axis

corresponds to the value for HDX-1 + CVj.



142

A 1
100 4
'd
=2
"
=
=
=
=
QU
ke
B *
100 l[— %
o
=
w
=
>
=
=
Q
- -

0" 4
> )
& 6&

Figure 2. Protective effects of anti-Htt intrabodies against mHDx-1-
induced neurodegeneration in cortico-striatal brain slice explants. Cortico-
striatal brain slices were biolistically transfected with plasmid expression
constructs encoding YFP, mHDx1(N1-66 with 148 Q), and the indicated intrabody.
The number of healthy medium spiny neurons in the striatal region of each slice was

scored visually 4-5 days after slice preparation and transfection. (A) Slices were
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transfected with either YFP + CVy; YFP + CVL, + mHDx1; YFP + mHDx1 + V.12.3; or

YFP + mHDx1 + Happ1. * = Differ from YFP at p<.01. (B) Slices were transfected with
YFP + CVy; YFP + vector + mHDx-1; YFP + CV. + mHDx1 or YFP + mHDx1 + MW7. * =

p<0.01. The data in A and B are from independent experiments.
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Figure 3. VL12.3 increases the level of nuclear HDx-1. ST14A cells were
cotransfected with mHDx-1-GFP with 103Q and intrabody at optimal ratios. (A) At
48 hours posttransfection, cells were fixed, stained for the appropriate intrabody
and cell nuclei, and analyzed by confocal microscopy. (B) Mean whole cell
fluorescence intensity (int.) and mean nuclear fluorescence intensity of HDx-1 were
compared. While MW7, Happ1 and Happ3 have no effect on HDx-1 localization,

V112.3 significantly increases nuclear HDx-1. *=Differ from HDx-1 at p<0.01
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Figure 4. All of the anti-Htt intrabodies reduce insoluble HDx-1, while
only the anti-PRR intrabodies also reduce soluble HDx-1. 293 cells were
cotransfected with intrabody and mHDx-1 (76 kD) or wtHDx-1 (40 kD) at the
optimal ratio for each intrabody. (A) At 48 hours posttransfection, cells were lysed
with detergent. The soluble protein fraction was recovered and the insoluble
fraction was treated with urea. Samples were then separated by SDS-PAGE and
blotted for HDx-1. Non-transfected cells (NEG) were used as a negative control.

(B) Quantification of bands shows that reduction of HDx-1 by PRR-binding
intrabodies is significantly greater for the mutant form of Htt. Chemiluminescence
densitometry was used to compare the levels of soluble m- and wtHDx-1. Each band
was normalized to the level of b-tubulin (54 kD) in that sample. Bands for HDx-
1+intrabody (iAb) were then normalized to the level of soluble HDx-1 for that blot.
N = 4 independent experiments, and values for each blot were used to compile a

mean. * = p<0.01
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Figure 5. Anti-PRR intrabodies increase mHDx-1 turnover. ST14A cells
were transfected with mHDx-1-SNAPtag 97Q (A and B) or wtHDx-1-SNAPtag 25Q
(C) and intrabody at the optimal ratio for each intrabody. DAF green fluorescent
SNAP substrate was added to cultures at 24 hr posttransfection. Some cultures

were then fixed and stained with Toto-3 iodide nuclear marker while others were

incubated an additional 24 hr to allow turnover of labeled HDx-1. Mean fluorescence

intensity of cells at 24 hr was compared to intensity at 48 hr to determine the
percentage of labeled HDx-1 remaining. V112.3 has no effect on m- or wtHDx-1
turnover while MW7, Happ1 and Happ3 significantly increase the rate of mHDx-1

turnover. N = 4, * = p<0.01
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Figure S1. MW7, Happ1 and Happ3 bind Htt in a PRR-dependent
manner. 293 cells were transfected with HDx-1 (PQ25) or HDx-1DPRR (Q23). After
48 hours, cell lysates were separated by SDS/PAGE and blotted with intrabodies.
Non-transfected cells (NEG) were used as a negative control. While V;12.3 binds
both forms of HDx-1, MW7, Happ1 and Happ3 bind only the form containing the

PRR. CVy does not bind HDx-1.
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Figure S2. VL12.3 increases the level of nuclear HDx-1. ST14A cells were
cotransfected with mHDx-1-GFP and intrabody at optimal ratios. (A) At 48 hours
posttransfection, cells were fixed, stained for the appropriate intrabody (iAb) and
cell nuclei, and analyzed by confocal microscopy. (B) Mean whole cell fluorescence
intensity (int.) and mean nuclear fluorescence intensity of HDx-1 were compared.
While MW7, Happ1 and Happ3 have no effect on HDx-1 localization, V112.3

significantly increases nuclear HDx-1. * = Differs from HDx-1 at p<0.01. (C) Mean
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whole cell fluorescence intensity and mean nuclear fluorescence intensity of the
intrabodies themselves were compared. MW7 is slightly more cytoplasmic than the

other intrabodies, possibly due to its larger size.

Supplemental methods

Expression and purification of intrabody proteins. Intrabodies in pGEX-
6p1 vector were transformed into ArcticExpress competent bacteria (Stratagene),
and cells induced according to the manufacturer’s protocol. GST fusion proteins
were harvested from bacterial cultures as described above. Intrabody protein was
verified by Coomassie staining of PAGE gels and comparison to protein molecular
weight standards (data not shown). Relative expression levels of intrabodies were
determined by intensity of Coomassie staining, and slurry volumes normalized to
obtain approximately equal concentrations of intrabody protein. Intrabodies were
eluted from glutathione beads and suspended in 1 ml PBS (Ausubel F.M., 1993).

Intrabody binding assays. HEK 293 cells in 10 cm dishes at ~80%
confluency were transfected with 10 mg 23Q-HDx-1-CFP lacking the PRR (Q23) or
25Q-HDx-1-GFP (PQ25) in pcDNA3.1 vector (Invitrogen). A non-transfected dish
was used as a negative control. Cells were dislodged by mechanical dissociation and
pipetting 48 hours posttransfection, harvested by centrifugation, washed with PBS
and lysed by sonication in 500 ml whole cell lysis buffer (0.2 M Tris-HCI, 140 mM
SDS, 50% glycerol). Samples were analyzed by SDS/PAGE and immunoblotting.
Intrabody protein eluates dissolved in 15 ml 3% milk were used as primary

antibody. Secondary antibodies were HRP-conjugated M2 anti-flag (1:1000 Sigma,
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St. Louis, MO.) for detecting MW7, and HRP-conjugated 3F10 anti-HA (1:1000

Roche, Indianapolis, IN.) for detecting V1,12.3, Happ1, Happ3 and CV..
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Appendix D

Perturbation with intrabodies reveals that calpain cleavage is required for
degradation of huntingtin exon 1
Southwell AL, Bugg CW, Kaltenbach L, Dunn D, Butland S, Weiss A, Paganetti P, Lo
DC, Patterson PH

(Submitted)

Introduction

Huntington’s disease (HD) is caused by the expansion of a polyglutamine
(polyQ) tract in the first exon (HDx-1) of the large protein, huntingtin (Htt)
(Huntington's Disease Collaborative Research Group, 1993). Mutant Htt protein
(mHtt) perturbs many cellular processes by both gain of toxic function and loss of
normal function. These include axonal transport, mitochondrial metabolism,
transcriptional regulation and the ubiquitin proteasome system (UPS) (Imarisio et
al,, 2008). There is an age-dependent accumulation of mHtt protein in HD (Gil and
Rego, 2008), which may be partially responsible for the adult onset of symptoms
despite the lifelong expression of mHtt. Increasing the clearance of mHtt could
prevent this accumulation and thereby delay or prevent the onset of symptoms.

Degradation of mHtt occurs through several mechanisms, suggesting a
number of potential therapeutic opportunities for enhancing removal. Caspases and
calpains cleave Htt, generating N-terminal fragments, some of which are more toxic

than the full-length protein (Qin and Gu, 2004). Increasing polyQ tract length leads
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to increased caspase and calpain activation and enhanced production of toxic N-
terminal fragments in the HD brain (Majumder et al., 2007). These fragments are
degraded by additional protease cleavage, the UPS and autophagy, which can
involve isolation in an autophagosome and introduction to the lysosome by fusion,
macroautophagy, or delivery to the lysosome by chaperone proteins (chaperone-
mediated autophagy, CMA) (Todde et al., 2009). Certain cleavage events generate
toxic fragments, and selective prevention of these events dramatically reduces the
toxicity of mHtt by the generation of other, less toxic N-terminal cleavage products
(Gafni et al.,, 2004; Graham et al,, 2006). Posttranslational modifications such as
phosphorylation also play a role in regulating Htt proteolysis (Thompson et al.,
2009; Warby et al., 2009), and phosphorylated mHtt can be more toxic than
unphosphorylated mHtt (Thompson et al., 2009). Thus, the dichotomy of mHtt
processing: while some modifications increase the toxicity of the protein, these
more toxic forms are intermediates in the process leading to total degradation. Since
enhancing total degradation represents a powerful therapeutic strategy, a better
understanding of this process is warranted. As the site of the disease-causing
mutation, insight into the clearance of HDx-1 is particularly salient.

We have used intrabodies (iAbs), intracellularly expressed antibody
fragments directed against various sites in HDx-1 to gain such insight. Intrabodies
retain the high target specificity of antibodies but lack the immunogenic constant
domains. These reagents have shown significant promise as therapeutics for

proteinopathies including HD (Southwell and Patterson, 2010). Moreover, iAbs are
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also powerful molecular tools for probing the functions and interactions of their
targets when expressed in living cells.

We have previously shown that binding of the iAb Happ1, which recognizes
the proline rich region of HDx-1, results in a selective increase in the turnover of the
mutant form (mHDx-1) (Southwell et al.,, 2008). Here we report on the mechanism

of Happ1-induced turnover of mHDx-1.

Methods

Cell culture. HEK 293 cells (ATCC) and ST14A cells (Elena Cataneo, Milan,
[taly) were grown in DMEM (Invitrogen) supplemented with 10% heat inactivated
fetal bovine serum, 2 mM glutamine, 1 mM streptomycin and 100 international units
of penicillin (Invitrogen). Cells were maintained in 37°C (293) or 33°C (ST14A)
incubators with 5% COz. Transfections utilized calcium phosphate.

Ubiquitination of Htt. HEK 293 cells were transfected with mHDx-1-GFP
plus iAb (HDx-1:iAb = V112.3, 1:1; Happ1, 1:2). Thirty-six hours posttransfection,
cells were collected for Western blotting and immunoprecipitation (IP) as in
Southwell et al., 2008. Briefly, cells were dislodged by pipetting, pelleted by
centrifugation, rinsed with PBS, and lysed by sonication in lysis buffer. Insoluble
material was removed by additional centrifugation, and the protein concentration
was determined by BCA assay (Pierce). Htt protein was immunoprecipitated from
the lysate by combining 400 mg lysate protein with 50 mg anti-GFP antibody
(Invitrogen) conjugated to protein G sepharose beads and rocking for 4 hr at room

temperature. Beads were washed 4 times in PBS containing 0.1% Triton X100 to
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remove unbound protein. Seventy-five milligram total lysate protein samples and
bound IP samples were boiled in 6X protein loading buffer containing 20% b-
mercaptoethanol (BME), separated by polyacrylamide gel electrophoresis (PAGE),
transferred to nitrocellulose membrane, and immunoblotted for ubiquitin.
Membranes were then stripped with Restore Western blot stripping buffer (Pierce)
and reblotted for Htt. Membranes were stripped a second time and immunoblotted
for b-tubulin, used as a loading control. The ratio of immunoprecipitated ubiquitin
(ubiquitinated Htt) to immunoprecipitated Htt (total Htt) was assessed using
chemiluminescence densitometry. Each band was first normalized to the density of
the b-tubulin band for that sample. Imnmunoprecipitated Htt and ubiquitin levels
were compared by computing the ratio of the density of the band in the presence of
Happ1 to the density of the band in the presence of Vi,12.3. The ratio of
immunoprecipitated ubiquitin:Htt in the presence of Happ1 vs. V1.12.3 was then
compared. The experiment was repeated two additional times.

Htt levels. HEK 293 cells were transfected with mHDx-1-GFP plus iAb
(VL12.3, 1:1; Happ1, 2:1) or mHDx-1DPRR (lacking the proline-rich region) plus iAb
as a control for non-specific effects of Happ1. Inhibitors of proteolytic processing
were added to the culture medium 24 hr posttransfection in the following
concentrations: lactacystin (Sigma), 10 mM; epoxomicin (Sigma), 10 mM; 3-MA
(Sigma), 10 mM; bafilomycin A1 (Sigma), 100 nM; caspase inhibitor [ (NBD
Biosciences), 50 mM; calpain inhibitor I (Sigma), 50 mM. Cell lysates were prepared
for Western blotting 48 hr posttransfection as described above. Membranes were

blotted for Htt, and stripped and blotted for b-tubulin as a loading control. Htt levels
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were compared by chemiluminescence densitometry. The density of each band was
normalized to the density of the b-tubulin band for that sample. The ratio of Htt
levels in the presence of Happ1 to Htt levels in the presence of V1.12.3 was then
compared. The experiment was repeated 3 times, giving an N of 4.

Htt turnover. Htt turnover was assayed using the SNAP-tag fusion system
for in vivo protein labeling (NEB) as described by Southwell et al., 2008. Briefly,
ST14A cells were transfected with mHDx-1-SNAP alone or with iAb. To control for
non-specific effects of Happ1l, mHDx-1DPRR-SNAP alone or with iAb was used.
Green fluorescent SNAP-substrate was added to cells 24 hr posttransfection to label
all mHDx-1. Immediately after labeling, some samples were fixed in 4% PFA, stained
for cell nuclei (topro-3-iodide, Invitrogen) and mounted for confocal microscopy.
Inhibitors of proteolytic processing were then added to the medium of the
remaining cultures. At 48 hr posttransfection, these cells were fixed, stained and
mounted as above. Mean intensity of green fluorescence in cells in three microscope
fields per well and three wells for each condition was used to determine average Htt
levels. The ratio of mean cell intensity at 24 hr to mean cell intensity at 48 hr was
computed to determine rate of Htt turnover. The experiment was repeated twice,
giving an N of 3.

Calpain cleavage site prediction in HDx-1. Calpain 1 and calpain 2
cleavage sites in HDx-1 were predicted using the SitePrediction tool with the pre-
computed cleavage site profiles "calpain-1_Homo_sapiens_4_2" and "calpain-
2_Homo_sapiens_4_2" (Verspurten et al., 2009). The HDx-1 sequence was obtained

from the February 2009 human reference sequence (GRCh37) through the UCSC
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Genome Browser (Kent et al., 2002). PolyQ tract lengths of 17 and 42 AAs were used

to determine if cleavage is modified by polyQ length.

In vitro calpain cleavage of HDx-1. HDx-1 Q46 fused to a thioredoxin tag
(TRX) to promote solubility (mHDx-1-TRX) was purified as reported previously
(Bennett et al., 2002) and exchanged into diluent (20mM Tris-HCI, pH 7.4 containing
150 mM NaCl and 2 mM CaZ2+*) using a disposable PD10 desalting column (GE
Healthcare). 20 pg purified mHDx-1-TRX was incubated with 1 pg calpain 1 (Sigma)
at 37°C for 1 hour. As a control for possible calpain cleavage in the TRX tag or linker
sequence, mHDx-1-TRX was cleaved with enterokinaseMax (EKMax) (Invitrogen), a
peptidase known to remove the entire TRX-linker sequence from mHDx-1-TRX
according to the manufacturer’s specifications. Cleavage reactions were separated
byPAGE and stained with coomassie to visualize protein bands. Molecular weight of
protein bands was determined by comparison to precision plus dual protein
molecular weight standard (Biorad) using a FluorChem 8900 (Alpha Innotech) gel
documentation system and Alphalmager software. A reaction containing only
mHDx-1-TRX and diluent was used to assess uncleaved protein and reactions
containing either calpain 1 or EKMax and diluent in the absence of mHDx-1-TRX
were used to visualize bands corresponding to these proteins.

Peptide array mapping of the V.12.3 binding site. A 14-mer 7-peptide
array covering Htt N1-32 in steps of three AAs was purchased from Mimotopes.
Peptides were dissolved in 80% DMSO/20% water to an average concentration of 5
mg/ml. Peptides were further diluted 100-fold in water and 2 ml of each peptide

was blotted onto nitrocellulose and allowed to dry. Nitrocellulose membranes were
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blocked with 1% milk in PBS for one hour at room temperature. GST-V112.3

generated as previously described (Southwell et al., 2008) was added as primary
antibody and incubated overnight at 4°C. After washing in PBS with 0.1% Tween,
anti-HA tag antibody 3F10 coupled to HRP (Roche) was added for 1 hour at room
temperature. Dot blots were developed by exposure to X-ray film.

Organotypic brain slice cultures. Brain tissue was removed from
euthanized postnatal day 10 (P10) CD Sprague-Dawley rats (Charles River
Laboratory, Raleigh, NC) in accordance with Duke University Medical Center
Institutional Animal Care and Use Committee guidelines and approvals, and as
described previously (Lo et al., 1994; Southwell et al., 2008). 250 pm thick coronal
slices containing both striatum and cortex were cut using Vibratomes (Vibratome,
St. Louis, MO) in ice-cold culture medium containing 15% heat-inactivated horse
serum, 10 mM KCI, 10 mM HEPES, 100 U/ml penicillin/streptomycin, 1 mM MEM
sodium pyruvate, and 1 mM L-glutamine in Neurobasal A (Invitrogen).
Corticostriatal brain slices were then incubated at 37°C under 5% CO2 for 1 hr
before biolistic transfection with 1.6 um gold particles coated with DNA constructs
expressing yellow fluorescent protein (YFP) as a vital marker, mHDx-1 Q-73, and
either V. 12.3 or the CVy, non-targeting intrabody. For control transfections, gold
particles were coated with YFP alone plus vector backbone DNA. For time-resolved
Forster resonance energy transfer (TR-FRET) analysis, brain slices were triturated
10x through 26-gauge needles in ice-cold lysis buffer (50 mM Tris-HCI, 150 nM Na(l,
2 mM EDTA, 1% NP-40, 0.1% SDS + Roche protease inhibitor cocktail tablet) and

centrifuged at 12,000 g for 10 min. at 4°C. The supernatants were collected and



158

stored at -80°C until TR-FRET analysis. Experimental conditions were run in
triplicate using a single brain slice per lysate.

Primary neuron co-culture. Cortico-striatal cocultures were prepared as
described in (Kaltenbach et al., 2010). Briefly, cortices and striata from embryonic
day 18 (E18) rat brains were dissected then separately dissociated with
papain/DNase (Worthington biochemicals). Dissociated striatal and cortical
neurons were counted and 5x10° cells each were separately cotransfected by
nucleofection (Amaxa, Lonza AG) with plasmids encoding Httexon1 carrying 73 CAG
repeats or empty vector and either Vi,12.3 or the preimmune control CVy. After
electroporation, striatal and cortical cells were combined and 60,000 cells/well
were plated onto an established bed of astroglia in 96-well plates. Astroglial feeder
layers were generated by dissection of E18 cortices followed by three serial
passages to establish an enriched population of astroglia. Astroglia were plated into
96-well plates at a density of 2000 cells/well three days before neuron plating.
Neurons were cultured in Neurobasal media (Invitrogen, Carlsbad, CA)
supplemented with 5% fetal calf serum (Sigma-Aldrich, St. Louis, MO), 2 mM
glutamine (Glutamax, Invitrogen), 10 mM potassium chloride, and 5 pg/mL
gentamicin at 37°C in 95% 02/5%CO:2 for 4-6 days before analysis.

For TR-FRET analysis, cells were harvested by scraping from wells and
triturating as described above for brain slice explants

Soluble mHtt-TR-FRET assay. TR-FRET detection of soluble mHtt was
previously described (Weiss et al., 2009). In brief, samples were lysed in PBS, 0.4%

TritonX100 and Complete Protease Inhibitor (Roche). 5 ul sample plus 1 pl antibody
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mix diluted in assay buffer (50 mM NaH;PO4, 400 mM NaF, 0.1% BSA and 0.05%

Tween) were pipetted per well of a low-volume 384 microtiter plate (Sigma). Final
antibody amount per well was 1 ng 2B7-terbium cryptate-labeled antibody and 10
ng MW1-D2-labeled antibody. Plates were incubated for 1 hr at 4°C and measured
with a Xenon-lamp Envision Reader (PerkinElmer) after excitation at 320 nm. Signal
measured at 620 nm resulted from the emission of the terbium cryptate-labeled
antibody and was used as a normalization signal for possible assay artifacts due to
scattering, quenching, absorption or sample turbidity. Mutant Htt specific signal
which resulted from the time-delayed excitation of the D2-labeled MW1 antibody
after excitation by the terbium cryptate was detected at 665 nm. 665/620 nm signal

ratio was calculated as “TR-FRET signal” specific for soluble mutant Htt.

Results

Happ1 does not increase mHDx-1 ubiquitination. To assess the effects of
Happ1 on ubiquitination of mHDx-1, HEK 293 cells were cotransfected with mHDx-
1-GFP plus Happ1 or V1.12.3. V.12.3 was used as a control for non-specific iAb
effects as we have previously shown that this iAb binds mHDx-1 but has no effect on
its levels in this system (Southwell et al., 2008). Huntingtin was immunoprecipitated
from transfected cell lysates and immunoblotted for both Htt and ubiquitin.
Densitometry was used to determine the ratio of ubiquitinated mHDx-1 to total
mHDx-1 in the presence of Happ1 versus V1.12.3 (Fig. 1). There is no differential

effect of iAb treatment on this ratio, indicating that Happ1 does not increase mHDx-
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1 ubiquitination and therefore likely does not work through a UPS-dependent

mechanism.

Happ1-induced reduction of mHtt levels requires calpain activity and
maintenance of lysosomal pH. We previously showed that Happ1 stimulates mHDx-
1 turnover (Southwell et al., 2008). To determine which proteolytic pathway is
involved, soluble lysates of HEK 293 cells cotransfected with mHDx-1 plus iAb, or
mHDx-1DPRR plus iAb, and treated with various inhibitors of proteolytic processing
were immunoblotted for Htt. The ratio of the Htt level in the presence of Happ1 to
the Htt level in the presence of V1.12.3 was compared among the various inhibitors.
In unperturbed cells, or in the presence of DMSO vehicle, the level of Htt in the
presence of Happ1 is reduced compared to the level of Htt in the presence of V1,12.3.
This ratio is unchanged by the addition of various inhibitors: lactacystin, a
proteasome inhibitor that also affects cathepsin A of lysosomes; epoxomicin, a
proteasome inhibitor; 3-MA, an inhibitor of autophagosome formation; or caspase
inhibitor I, an irreversible pan-caspase inhibitor. In contrast, the addition of
bafilomycin A1, an inhibitor of the vacuolar-type H(+)-ATPase that is known to
inhibit autophagosome/lysosome fusion as well as lysosomal pH; or calpain
inhibitor I, a pan-calpain inhibitor, significantly increases the ratio of Htt in the
presence of Happ1 to Htt in the presence of Vi,12.3 (Fig. 2). Thus, these latter two
inhibitors interfere with the mechanism by which Happ1 reduces the level of mHtt.
The levels of HDx-1 in the presence of calpain inhibitor I or bafilomycin A1 are
quantitatively very similar to those found using the HDx-1 construct lacking the

proline-rich region to which Happ1 binds. Thus, it appears that these inhibitors
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completely abolish the effect of Happ1l on mHDx-1 clearance. The effect of

bafilomycin A1 is likely due to disrupted lysosomal pH rather than inhibition of
autophagosome/lysosome fusion as evidenced by the lack of effect by 3-MA, which
should act upstream of bafilomycin Al in the macro-autophagy pathway. Therefore,
we infer that Happ1 reduces mHDx-1 level by a calpain-CMA-dependent mechanism.

Happ1-induced stimulation of mHtt turnover requires calpain activity
and maintenance of lysosomal pH. In another approach to defining how Happ1
stimulates mHDx-1 clearance, mHDx-1 was labeled with the SNAP reagent and the
loss of the label followed over time (Jansen et al., 2007). A traditional pulse chase
experiment was not used because mHDx-1 is known to affect transcriptional
regulation. This property of mHDx-1 could conceivably be altered by iAb binding,
leading to variable transcription rates of HDx-1 in the presence of the various iAbs.
The SNAP tag fusion system allows labeling of all preexisting HDx-1. By measuring
the amount of Htt at the time of labeling and again at a later time point, we are able
to measure a rate of turnover independent of transcription or translation rate. This
system also offers greater specificity, because only the SNAP tag fusion protein is
labeled as opposed to all cellular proteins translated during the labeling period as
with traditional pulse-chase experiments. ST14A cells were transfected with mHDx-
1-SNAP alone or with iAb, as well as mHDx-1DPRR-SNAP alone or with iAb. Green
fluorescent SNAP substrate was used to label mHDx-1 protein 24 hr
posttransfection. Cells were allowed to incubate an additional 24 hr in the presence
of various inhibitors of proteolytic processing or vehicle. The mean fluorescence

intensity of cells at 24 hr and at 48 hr was compared to determine the amount of
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mHDx-1 labeled at 24 hr that still remained at 48 hr.

Compared to that in the presence of Vi,12.3, there is significantly less mHDx-1
remaining at 48hr in the presence of Happ1 (Fig. 3). Addition of epoxomicin or 3-MA
has no effect on the turnover rate of mHDx-1 in the presence of Happ1, reinforcing
the conclusion that Happ1 does not increase mHDx-1 turnover by enhancing
proteasome or macroautophagy function. On the other hand, addition of bafilomycin
A1 or calpain inhibitor [ completely blocks the Happ1 stimulation of mHDx-1
turnover, leading to turnover levels equivalent to those with mHDx-1 alone or in the
presence of V1.12.3 (Fig. 3). These results support the finding with total HDx-1 levels
(above) that Happ1 increases turnover of mHtt by enhancing calpain cleavage and
CMA.

A turnover rate could not be assessed for mHDx-1DPRR due to the increased
toxicity and aggregation of this construct, leading to a paucity of morphologically
normal cells or soluble HDx-1 at 48 hr (Fig. 4). There is still significant soluble HDx-
1 in the presence of V1,12.3 at this time point, indicating that, as expected from our
previous work, this iAb inhibits aggregation of this modified HDx-1, while Happ1
does not.

There are putative calpain cleavage sites at AA 15 and AA 8 of HDx-1. To
identify the site of calpain action, human HDx-1 amino acid sequence was analyzed
for potential calpain 1 and 2 cleavage sites using the web application SitePrediction
(Verspurten et al., 2009). Using this program, AAs 12-17 with cleavage between 15
and 16, (ESLK.SF), is predicted to be the most likely site for both proteases, with

greater than 99.9% specificity for calpain 1 and greater than 99% specificity for
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calpain 2. A secondary site at AAs 5-10, with cleavage between 8 and 9, (EKLM.KA),

is predicted to have greater than 99% specificity for calpain 1 and greater than 95%
specificity for calpain 2 (Fig. 5).

Calpain 1 cleaves mHDx-1 in vitro. To determine if calpain directly or
indirectly promotes clearance of mHDx-1 we incubated purified, recombinant
calpain 1 and mHDx-1 protein in vitro. A thioredoxin tag (TRX) was fused to mHDx-1
to promote solubility. Cleavage at the predicted calpain recognition sites would
result in N-terminal fragments consisting of the TRX tag and linker and N1-8 or N1-
15 (Fig. 6a) As a control for cleavage within the TRX tag, mHDx-1 was also incubated
with EKMax, which removes the entire tag and linker sequence. Reactions
containing either no protease or no HDx-1 were used as controls. Reactions were
separated by PAGE and visualized with coomassie to evaluate cleavage. In the
absence of protease, mHDx-1 protein appears as a single band of approximately 46
kDa. In the presence of calpain 1, mHDx-1 is cleaved resulting in three smaller
products (Fig. 6b). The smallest of these are 15.2 and 16.0 kDa which are very close
to the predicted sizes for N1-8-TRX and N1-15-TRX of 15.1 and 15.9 kDa supporting
cleavage at the predicted sites. These products are larger than those generated by
EKMax cleavage indicating that calpain cleavage is occurring within mHDx-1.

V112.3 binds to the putative calpain cleavage site at AA 15. The iAb V112.3
was selected for binding to an N1-20 AA fragment of HDx-1 (Colby et al.,, 2004), a
domain that encompasses but is not limited to the predicted calpain cleavage sites.
To determine the exact location of V1.12.3 binding we used a 3 AA stepped peptide

array binding assay. The results show that V1,12.3 binds to peptides 3, 4 and 5 which
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are N7-20, N10-23 and N13-26, respectively (Fig. 7). This demonstrates that V12.3

requires AAs 15-18 at the minimum and 13-20 at the maximum for binding. Thus,
V112.3 binding would be expected to interfere with cleavage at AA 15 and possibly
sterically hinder cleavage at AA 8.

Blocking cleavage at AA 15 by V1,12.3 binding prevents clearance of soluble
mHDx-1. To determine the effect of compromising cleavage at AA 15 on mHDx-1
clearance, we performed a TR-FRET assay to measure soluble mHDx-1 levels in
lysates of organotypic brain slice cultures biolistically transfected with mHDx-1
alone or with either V1,12.3 or CVy, a control iAb. Soluble mHtt levels were compared
1, 2 and 3 days posttransfection by measuring the TR-FRET signal between a donor
fluorophore-labeled antibody, 2B7, recognizing N1-17 of HDx-1, and an acceptor
fluorophore-labeled antibody, MW1, recognizing polyQ (Weiss et al., 2009). This
system is more suited to the measurement of reduced mHDx-1 turnover than the
SNAP-tag fusion system described above, in which we observed no effect of V,12.3
on turnover rate. The brain slice culture system allows for longer experimental time
frames during which, unlike the SNAP-tag system, significant normal mHDx-1
clearance is observed. As expected, the level of soluble mHDx-1 in the presence of
CVL. declines over time, reflecting normal clearance. In the presence of Vi,12.3, there
is no change in mHDx-1 levels over time indicating a complete block of clearance
(Fig. 8a). To extend our observation period even further, we have utilized a primary
neuronal coculture system consisting of striatal and cortical neurons as well as glia
(Kaltenbach et al., 2010). Primary neurons were transfected with iAb or mHDx-1

plus iAb and plated on a previously generated glial bed. Lysates were collected 4, 5
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or 6 days later, and mHDx-1 protein level was assessed by TR-FRET. At these later

time points, there is dramatically more mHDx-1 protein in the presence of V;12.3
than in the presence of CVy, (Fig. 8b). This suggests that clearance of mHDx-1
requires calpain cleavage at AA15, and that this cleavage event likely occurs

upstream of CMA degradation.

Discussion

Huntington’s disease is a devastating neurodegenerative disease for which
there is currently no disease modifying therapy. One of the difficulties with HD
therapy development is the complex web of dysfunction resulting from the presence
of the mutant protein that affects a great many processes and pathways in
susceptible neurons. As a result, lowering the levels of mHtt protein either by
silencing expression or increased clearance remains the most promising therapeutic
approach for HD. For this reason, understanding the mechanism of mHtt
degradation is important.

Huntingtin degradation involves numerous pathways, with differential
toxicity regulated by posttranslational modifications. Transgenic mice expressing
mHtt that is resistant to caspase-6 cleavage at amino acid (AA) 586 do not develop
the HD-like symptoms seen in their caspase-6 sensitive counterparts, despite the
presence of other caspase cleavage products in the brain (Graham et al., 2006).
Phosphorylation of serine 421 shifts processing toward these less toxic products by
inhibiting cleavage at AA 586 (Warby et al.,, 2009). Moreover, calpain-resistant mHtt

lacking the AA 469 and AA 536 cleavage sites is less toxic and aggregation-prone
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than calpain cleavage-sensitive mHtt (Gafni et al., 2004 ). Phosphorylation of serine
536 inhibits cleavage at AA 536, which also results in reduced toxicity (Schilling et
al., 2006). Modifications of mHtt can also regulate non-protease degradation events.
Phosphorylation of serines 13 and 16 increases proteasomal and lysosomal
degradation of Htt in turn reducing toxicity. In Drosophila, presumably due to the
absence of mammalian degradative machinery and mechanisms, this modification
leads to increased toxicity due to accumulation of the more toxic phosphorylated
form of mHtt (Thompson et al., 2009). A better understanding of the complex
process of mHtt proteolysis could eventually lead to the development of
therapeutics that shift processing toward less toxic pathways and/or enhance
removal. Although the generation of N-terminal mHtt fragments by caspase and
calpain cleavage has been previously characterized, the subsequent degradation of
the highly toxic HDx-1 fragment has remained unclear.

With their high target specificity, iAbs are an ideal molecular tool for
elucidating protein interactions and functions. For example, the 17 N-terminal AAs
of HDx-1 are required for aggregate seeding and cytoplasmic retention (Atwal et al.,
2007; Rockabrand et al., 2007). Blockade of this region by the binding of the iAb
V112.3 results in nuclear translocation and a potent inhibition of aggregation of
HDx-1, illustrating the informative relationship between iAb effects and target
function (Colby et al., 2004; Southwell et al., 2008). Happ1 recognizes the proline
rich region of HDx-1 and increases clearance of mutant but not wildtype HDx-1
(Southwell et al., 2008). We have exploited this effect of Happ1 binding to gain

insight into the mechanism of HDx-1 proteolysis.
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Htt undergoes a variety of proteolytic processing steps including protease
cleavage, proteasomal degradation, and lysosomal/autophagic degradation. In order
to determine the initiating or rate-limiting step in mHDx-1 degradation, we tested
inhibitors of each of these pathways in the presence and absence of Happ1. An
important control in our experiments is the use of mHDx-1DPRR, which lacks the
Happ1 binding site. Levels of this protein are not affected by Happ1, indicating that
the reduced mHDx-1 levels in the presence of Happ1 do not result from non-specific
iAb actions such as activation of the unfolded protein response (Schroder and
Kaufman, 2005).

The proteasome inhibitors epoxomicin and lactacystin do not disrupt Happ1
stimulation of HDx-1 turnover, and Happ1 does not increase ubiquitination of HDx-
1. These results indicate that Happ1 does not accelerate proteasomal degradation of
Htt. We also find that 3-MA, an inhibitor of autophagosome formation and the
macroautophagy pathway, does not interfere with Happ1-accelerated mHDx-1
degradation. In contrast, bafilomycin A1, a vacuolar-type H(+)-ATPase inhibitor that
hinders lysosome-autophagosome fusion as well as disrupting lysosomal pH,
prevents Happ1l-induced changes in mHDx-1 clearance rate. Due to the lack of effect
of 3-M4, it is unlikely that the action of bafilomycin A1 on autophagosome/
lysosome fusion is responsible for disrupting Happ1 function. It is more likely that
bafilomycin A1 disrupts Happ1 function by disrupting lysosomal pH. This indicates
arole for CMA, which is an autophagosome-independent lysosomal degradation

process, in Happ1l-enhanced mHDx-1 clearance.



168

We next evaluated the sensitivity of the Happ1 effects to the caspase and
calpain proteases. While caspase inhibition has no effect on Happ1 function, calpain
inhibition is effective in blocking the ability of Happ1 to both decrease the level of
soluble mHDx-1 and increase its turnover. These results indicate that Happ1 likely
increases mHDx-1 clearance through enhanced calpain cleavage, which is
particularly interesting because of the lack of a known calpain cleavage site in HDx-
1. Calpain inhibitor I has, however, been reported to cause accumulation and
increased aggregation of N-terminal Htt fragments including HDx-1, and calpain 1 is
known to increase degradation of these fragments in the lysates of transfected PC12
cells (Ratovitski et al.,, 2007). These results indicate that calpains participate either
directly or indirectly in the degradation of mHDx-1. Analysis of the AA sequence of
human HDx-1 using the web application SitePrediction identifies AAs 12-17 as
having the highest degree of specificity for both calpain 1 and calpain 2 with a
secondary recognition site at AA 5-10. Cleavage at these sites, which is not predicted
to be modulated by increasing polyQ length, would result in the removal of 15 of the
17 N-terminal AAs of Htt, effectively removing the N-terminus. The N-terminus of
Htt is the site of many posttranslational modifications including phosphorylation,
acetylation and sumoylation (Steffan et al., 2004; Aiken et al., 2009). It is interesting
to note that phosphorylation of this putative calpain cleavage site is known to
increase mHDx-1 nuclear localization followed by degradation (Thompson et al.,
2009) and that removal of the N-terminus is known to increase nuclear localization

(Atwal et al., 2007; Rockabrand et al., 2007).
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Calpain I cleaves purified mHDx-1 in vitro generating cleavage products of
the expected sizes showing that this protease can act directly on HDx-1 and
supporting the site prediction. We employed iAb blockade of the N-terminal 12-17
AA site to determine the importance of cleavage here in the degradative process.
V112.3 was raised against a peptide of AAs 1-20 of Htt and therefore binds
somewhere in this region (Colby et al., 2004), which includes but is not limited to
the putative calpain cleavage sites identified here. Peptide array epitope mapping
shows that V112.3 binding requires at a minimum, AAs 15-18 of HDx-1 for binding, a
region that includes the putative calpain cleavage site at AA 15. As V.12.3 binding is
known to prevent interactions of HDx-1 that require this domain, such as aggregate
seeding and cytoplasmic retention (Southwell et al., 2008), it is reasonable to
postulate that Vi,12.3 would also compromise cleavage here. If calpain cleavage at
this site is involved in the degradation of mHDx-1, V1. 12.3 binding would be
expected to reduce turnover. We have previously shown that Vi,12.3 binding has no
effect on mHDx-1 protein level or turnover rate in cultured 293 and ST14A cells
respectively (Southwell et al., 2008). These systems are, however, temporally
constrained by the toxicity of transfection reagents and mHDx-1 as well as cell
proliferation. These factors limit our experimental time frame to 24 hr, an interval
in which we observe very little normal mHDx-1 clearance, and any decreases in
clearance may be below the sensitivity threshold of the assays. As a result, these
systems, though sufficient for evaluating increased turnover, are inadequate for
evaluating decreased turnover. Moreover, these systems lack differentiated neurons

and connectivity, which are integral to HD pathology. In an effort to overcome these
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caveats, we used a TR-FRET assay to evaluate the effect of V1.12.3 on mHDx-1

clearance in biolistically cotransfected brain slice explants and in primary
corticostriatal neuronal cocultures, which allow longer experimental time frames of
up to 3 and 6 days respectively, in more relevant, partially intact neuronal systems.
In these systems in the presence of CVy, an iAb that does not bind HDx-1, the level of
mHDx-1 protein appears to decline over the first three days, reaching a plateau that
is maintained for the subsequent 3 days, reflecting normal turnover. Conversely,
during the observed time period there is no change in mHDx-1 level in the presence
of V.12.3, demonstrating a lack of normal turnover when the putative calpain
cleavage site is bound by the iAb. These results suggest that calpain-mediated
removal of the N-terminus of mHDx-1, which is likely followed by CMA degradation,
is required for clearance of this toxic protein and that selective regulation of this

cleavage event could prove beneficial in the treatment or prevention of HD.
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Figure 1. Happ1 does not increase ubiquitination of mHDx-1. mHDx-1 was

Ratio of protein levels

immunoprecipitated from the lysates of HEK 293 cells cotransfected with mHDx-1
and iAb. Lysates and IPs were Western blotted for Htt and ubiquitin. The ratio of
immunoprecipitated Htt (total mHDx-1) to immunoprecipitated ubiquitin
(ubiquitinated mHDx-1) was compared. There are no iAb specific effects on this

ratio. N =3
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Figure 2. Happ1l-mediated reduction of mHDx-1 protein levels is calpain-
dependent. HEK 293 cells were cotransfected with mHDx-1 and iAb in the presence
of inhibitors of proteolysis or DMSO vehicle. mHDx-1 protein levels in transfected
cell lysates was compared by Western blotting and densitometry. There is less
mHDx-1 protein in the Happ1 transfected cells as compared to the V;,12.3
transfected cells in the presence of vehicle, Lactacystin, epoxomicin, 3-MA or
caspase inhibitor 1. Happ1l-mediated reduction of mHDx-1 levels is blocked by
bafilomycin A1 or calpain inhibitor 1 to the same level as mHDx-1 lacking the Happ1

binding site. *=p<0.05, N = 4
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Figure 3. Happ1l-enhanced mHDx-1 turnover is calpain-dependent. ST14A cells
were cotransfected with mHDx-1-SNAP alone or with iAb in the presence of
inhibitors of proteolytic processing or DMSO vehicle. To measure Htt turnover,
mHDx-1 protein was labeled 24 hr posttransfection, and the mean cell intensity of
label at 24 hr vs. 48 hr was used to determine the percentage of mHDx-1 labeled at
24 hr that still remained at 48 hr. In the presence of epoxomicin or 3MA there is no

change in Happ1-enhanced mHDx-1 turnover as compared to in the presence of
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DMSO. In the presence of bafilomycin Al or calpain inhibitor 1, mHDx-1 turnover is

not increased by Happ1. *=p<0.05, **=p<0.01, N=3
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HDx-1APRR HDx-1APRR+Happ1 HDx-1APRR+V 12.3

24 hrs

M 48 hrs

Figure 4. Happ1 does not inhibit aggregation of mHDx-1DPRR. ST14A cells were
cotransfected with mHDx-1DPRR-SNAP alone or with iAb. HDx-1-SNAP fusion
protein was labeled 24 hr posttransfection, and labeled protein was observed 24 hr
later. As expected, Happ1 has no effect on aggregation of mHDx-1 lacking the Happ1
binding site. Conversely, V1,12.3 is still efficient at preventing aggregation of this

modified mHDx-1.
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site prediction for human HDx-1
Calpain 1

N C

rank position site Eragmant FrSuuant specificity

B 14 to 19 LEKSF.QQ 2.0 kD 8.2 kD >95%
Calpain 2
rank position site N = specificity
fragment fragment
| 3] 2e027 Jesmse| 17| eske] >oov |
2 5 Ee EKLM. KA 0.9 kD go 3 1R >95%
= 2l E® 596 PQLP. QP 6.3 kD 3.9 kD >95%
4 57 to 62 PPQA. QP 6.9 kD 8.8 2D >95%
5 62 to 67 PLLP. QP 7.5 kD B 1ZD) >95%
6 61 to 66 QPLL. PQ 7.4 kD Bol@ IZD >95%
7 80 to 85 PAVA.EE g & 1ED) ilo [@ 1=ID) >95%

Figure 5. There are predicted calpain cleavage sites at AAs 12-17 and 5-10 of
HDx-1 with high specificity for calpains 1 and 2. Human HDx-1 sequence was
analyzed using the web tool SitePrediction for predicted calpain 1 and 2 cleavage
sites. This analysis determined that AAs 12-17 is predicted to have the greatest
specificity for both proteases. There is a secondary predicted cleavage site at AA 5-

10 that is also predicted to be highly specific for both calpain 1 and 2.
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A EKMax -16 -1

TRX  Linker N1-17 Q46 pp JBSRiEH] PP

Calpainl g 15

Predicted: Measured:
< > 15.9 kDa 16.0 kDa
< > 15.1 kDa 15.2 kDa
€ > 14.1 kDa 14.0 kDa
€———> 12.4kDa 12.0 kDa
B mHDx-1-TRX +  + - —
Calpain1 _ + — + -
EKMax — — —

100 kD
75 kD
50 kD
mHDx-1-TRX —

37 kD

mHDx-1
mMHDX-1AN1-15 — x 25 kD
20 kD

N1-15-TRX

N1-8-TRX — TRX-linker 15 kD

TRX
10 kD

Figure 6. Purified calpain 1 cleaves HDx-1 in vitro generating cleavage
fragments consistent with the predicted sites at AA8 and AA15. HDx-1 Q46
fused to thioredoxin (mHDx-1-TRX) was incubated with purified calpain 1 in vitro,
separated by PAGE and stained with coomassie to assess cleavage. (A) mHDx-1-TRX
construct showing known EKMax cleavage sites and predicted calpain 1 cleavage
sites. (B) Coomassie stained PAGE gel showing mHDx-1-TRX in lane 1, which
appears as a single band. Cleavage by calpain 1 in lane 2 yields 3 smaller bands
which correspond to the predicted products after cleavage at AA 8 and AA 15.
Cleavage by EKMax in lane 3 yields 3 bands which correspond to the known

cleavage sites. The N-terminal fragments generated by EKMax cleavage, which
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include the entire TRX tag and linker, are smaller than those generated by calpain
cleavage indicating that calpain cleavage must occur within HDx-1. Lanes 4 and 5

are calpain 1 alone and EKMax alone respectively.
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A
Peptide Position Sequence Binding

il N1-14 MATLEKLMKAFESL No
2 N4-17 LEKLMKAFESLKSF No
5 N7-20 LMKAFESLKSFQQQ @S
4 N10-23 AFESLKSFQQQQQQ Yes
5 N13-26 | SLKSFQQQQQQQQQ Yes
6 N16-29 | SFQQQQQQQQQQQQ No
7/ N19-32 |QQQQQQQQQQQQQQ| No

B 41 2 3 4 5 6 7

Figure 7. V112.3 recognizes AAs 13-20 of HDx-1. Three AA stepped 14-mer

peptides were spotted onto nitrocellulose and binding of V1,12.3 was assessed.

(A) Peptide table. (B) Dot blot showing binding of peptides 3, 4 and 5 illustrating

that V112.3 requires AAs 15-18 at the minimum and 13-20 at the maximum for

recognition of Htt.
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Figure 8. V1 12.3 binding prevents turnover of HDx-1. (A) Organotypic brain slice

cultures were cotransfected with mHDx-1 and V.12.3 or CVy, a control iAb. Soluble

mHDx-1 protein level was assessed in lysates collected 1, 2 or 3 days

posttransfection by TR-FRET. The level of mHDx-1 protein declines over time in the

presence of CVy, but not in the presence of V,12.3 indicating impaired clearance. (B)

Primary striatal and cortical neurons co-cultured with astroglia were transfected

with iAb or mHDx-1 plus iAb. Soluble mHDx-1 protein level was assessed in lysates

collected 4, 5 or 6 days posttransfection by TR-FRET. At these later time points,

there is dramatically more mHDx-1 protein in the presence of V1.12.3 as compared

to CVL.
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