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Amyloidoses are protein misfolding diseases caused by deposition of fibrillar proteins in
target organs. Nowadays, most of them are still incurable and their relevance to public
health system is growing, especially as a consequence of population aging. Spinocerebellar
ataxia type 3 is a member of this group of pathologies and its causative agent is ataxin-3
(ATX3). This is consists of a globular N-terminal (JD), followed by a flexible tail carrying
a poly-glutamine (polyQ) tract. An expanded polyQ tract triggers the aggregation. In this
work, I have investigated the capability of tetracycline (Tetra), epigallocatechin-gallate
(EGCQG), epigallocatechin (EGC), gallic acid (GA) and trifluoroethanol (TFE) to interfere
with ATX3 amyloid deposition. Tetra is an antibiotic recently re-evaluated as anti-
amyloidogenic compound. EGCG, EGC and GA, which are natural polyphenols, are
already known in literature for their anti-amyloidogenic effect; finally, TFE is an osmolyte
that stabilizes secondary structure, preferentially o-helix. Data obtained by aggregation
assay, spectroscopic analyses (NMR, FTIR) and morphologic characterisation clearly
demonstrated Tetra capability of increasing ATX3 aggregates solubility, without a
substantial remodelling of the internal structure. Nevertheless, this antibiotic reduced the
toxicity of the oligomeric species and ameliorated ataxic C. elegans phenotype. On the
contrary, the analysed polyphenols were capable to interfere with ATX3 aggregation but,
instead of preventing, they accelerated the aggregation rate redirecting the process towards
the formation of soluble, not toxic, off-pathway aggregates. All compounds were also
active against the JD in isolation, but only the polyphenols were capable to bind the
monomeric form. In particular, they overlapped specific aggregation-prone regions directly
involved in the fibrillation. This could explain their capability of redirecting the
aggregation pathway and the different mode of action with respect to Tetra. These
polyphenols showed a remarkable reduction of ATX3-mediated cytotoxicity and
mitigation of ataxic phenotype in C. elegans and E. coli models. However, the compounds
displayed a different efficacy, whereby EGCG was the most and GA the least effective. All
data strongly support the idea that GA is the minimal functional unit of EGCG. TFE did
not show the capability of preventing aggregation; in fact, even at very low concentration it
promotes a faster amyloid-like aggregation. Biophysical characterization of its effect on JD
aggregation, instead, provided evidence that ATX3 aggregation proceeds along a new
identified pathway by which protein misfolding follows protein aggregation. In fact, TFE
induces the formation of a native-like state almost indistinguishable from fully native

protein, but more aggregation prone.
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Introduction



1. Introduction

1.1 SPINOCEREBELLAR ATAXIA TYPE 3 AND ATAXIN-3

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD), is
the most common form of autosomal dominantly-inherited ataxia in the world,
representing almost 45% of all SCAs (1,2). It is a neurodegenerative disorder originally
described in people of Portuguese Azorean descent, but it has been reported also in Spain,
Italy, Germany, China, Taiwan, Japan, Australia, Brazil, United States and Canada.
SCA3/MID is caused by an abnormal repetition of the CAG triplet in the translated region
of ATXN3 gene and for this reason it is classified as trinucleotide repeat expansion disease
of class II. Neurodegeneration affects very specific neuronal populations leading to the
characteristic clinical symptoms and phenotype of SCA3/MJD patients, e.g., progressive
ataxia and many neuromuscular complication affecting posture, breath, view and speech
capability (3,4). Death usually occurs for pulmonary complications and cachexia, from 6 to
29 years after the disease onset, with an average survival of 21 years (5-7).

ATXN3 gene is located in the long arm of chromosome 14 (14q32.1) and encodes
for ataxin 3 (ATX3), a polyglutammine (polyQ) containing protein (8,9). The length of
polyQ tract is crucial for disease onset: between 50 and 87 repetitions are associated with
disease onset, healthy population can carry from 12 to 44 repetition and between 45 and 51
repetitions both phenotypes are possible (10,11).

ATX3 is wide distributed in the eukaryotic kingdom. In humans it is expressed in
almost all body tissues and cell types, despite in the pathology the neurodegeneration is
highly localized and cell-specific (12—-14). Even inside the cells it has a wide and
heterogeneous expression, with cytoplasmic and nuclear localization, with different
predominance depending on cell type. In the neurons, the cell population impaired in
SCA3/MID patients, it is mainly localized in the perikarya, but it can also be detected on
proximal process, axons and nuclei. ATX3 is actively transported across the nuclear
envelope, shuttling from cytoplasm to the nucleus and vice versa (13,15-21).

ATX3 is composed by N-terminal globular domain (Josephine domain, JD)
followed by a flexible tail in the C-terminous (22). JD is highly conserved among
evolution: it belongs to papain-like cysteine protease family and the catalytic triad has
strong homology with ubiquitin (Ub) C-terminal hydrolases and Ub-specific processing
proteases (23-26). It consists of the residue 1 to 182 and has Ub protease activity. It is
composed of two subdomains: a globular subdomain and a helical hairpin (23,26). The
catalytic site (C14, H119 and N134) and two Ub-binding sites, together with two nuclear

export signal, are located in this domain. Two Ub-interacting domains (UIM), a nuclear
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1. Introduction

localization signal and the polyQ tract are located in the flexible tail. Downstream of
polyQ tract, according to the isoform present, is possible to identify an additional third
UIM. ATX3 can be phosphorylated at UIMs level and can be ubiquitinated in the lysine
117 of the JD.

This protein is involved in many cellular pathways, and in particular in the
ubiquitin-proteasome pathway (UPP), one of the mechanism that regulate protein turnover
(27,28). ATX3 preferentially interacts with chains of no less than four K48-linked Ub
monomers; polyUb chains of four or more monomers are the ones involved in the targeting
of proteins for proteasomal degradation (26,29-31), in fact, trimming or editing of K48-
linked polyUb chains, in vitro, leads to decrease of proteasome-dependent degradation of a
polyubiquitinated protein model (32). However ATX3 is able to interact with both K48-
and K63-linked chains in a UIM-dependent manner and promotes the shortening of
polyUb chains rather than their complete disassembly (29,30,32-35). Winborn and
coauthors suggested for ATX3 a role as regulator of topologically complex polyUb chains,
in fact it preferentially cleaves K63-linked chains and chains of mixed K48 and K63
linkage (30). The two UIMs have a major role in recruiting target ubiquitinated proteins
and in their presentation to the catalytic site located in the JD; the role of the additional
third UIM present in one ATX3 isoform for the overall ubiquitin protease activity is still
not clear (26,28,36). The proteolytic activity in vitro is actually very slow, suggesting that
external factor(s) may be required for optimal proteolysis and it lacks and that probably it
requires its endogenous substrate(s) (30,37,38).

ATX3 capability to interact with p97/valosin-containing protein (VCP), HHR23A and
HHR23B, the human homologs of the yeast DNA repair protein Rad23, provides another
evidence of its involvement in UPP. Those ATX3-interactors are involved in many cellular
process, but they have an key role in the UPP as promoter of the shuttling of
polyubiquitinated substrates to the proteasome for degradation, particularly in endoplasmic
reticulum-associated degradation (ERAD) (23,26,39-44). ATX3 role in ERAD is still
debate: in particular it is not clear if it is associated with an increase or decrease of the
degradation ERAD-mediated (42,45). There are evidence of a direct association of ATX3
with the proteasome, but the nature and the strength of this interaction is not known
(27,46). However the interaction with VCP, HHR23A and HHR23B support the
hypothesis as ATX3 acts shortening polyUb chains of a substrate facilitating the action of
proteasome-associated DUBs, targeting the substrate for degradation editing its polyUb
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1. Introduction

chain or mediating the recognition of substrates when associated to the proteasome
(39.,47).

ATX3 is also associated with aggresome-autophagy pathway, in particular with

aggresome formation. This structure is formed when chaperone and ubiquitin proteasome
systems are overwhelmed; misfolded and aggregated proteins accumulated in aggresomes
are then degraded by lysosomes (48). ATX3 co-localize with aggresome and preaggresome
particles and associates with dynein, histone deacetylase 6 (HDAC6) and tubulin,
constituents of the complex responsible for the transport of misfolded proteins to the
MTOC. Its role could be the protection of misfolded proteins before they reach the
microtubule-organizing center or the stabilization of the proteins involved in the transport.
Recently it was also demonstrated that ATX3 is required for HDAC6 recruitment of
protein aggregates to aggresome (32,49-51).
The involvement in aggresome formation highlights the capability of this protein to
interact with cytoskeleton components, e. g. microtubule-associated protein 2 (MAP2) and
dynein (32). Those interactions are important for cytoskeleton organization, in fact ATX3
absence leads the disorganization of the several cytoskeleton constituents (microtubules,
microfilaments and intermediate filaments) and a loss of cell adhesions (52).

ATX3 action as DUBs may influence not only protein, but also transcription
regulators turnover, and specifically can interfere with repressor complex formation and
activity (52,53). The active role in transcription regulation is moreover exerted by
inhibiting transcription activators; by decreasing histone acetylation through interaction
with histone deacetylase 3 (HDAC3), nuclear receptor co-repressor (NCor) and histones
(53,54).

Expanded ATX3 forms nuclear and axonal polyubiquitinated inclusion in brain,
even if this protein has an ubiquitous expression in the body (55,56). The presence of this
amyloid aggregates is usually associated with the pathology but it is now well
demonstrated that this final aggregates are the mechanism that cells adopt as defence
against cytotoxicity exerted by oligomers and early and small aggregates (57). ATX3
aggregation mechanism is still not completely clear. It has been shown that aggregation
pathway consists of two steps; in fact the isolated JD has itself an intrinsic amyloidogenic
potential. The first step occurs in all ATX3 variant as a consequence of aberrant
interactions between monomers at JD level and gives rise to SDS-soluble oligomers and
protofibrils; the second step is accessible just to variants carrying expanded polyQ and

results in the formation of mature, SDS-insoluble fibrils. The latter ones are characterized
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by the formation of hydrogen bonds among polyQ side-chains giving them their
characteristic stability (58—61). Expanded variants display the fastest aggregation kinetics,
suggesting that the polyQ tract also affects the mode of JD aggregation (60). It has recently
demonstrated that this is due to the enhanced mobility of one critical a-helics in the JD if
the polyQ tract is expanded; in this scenario the aggregation prone regions (APRs) of JD
are exposed for a longer time compared to a wild type variant, increasing the probability of
aberrant interaction between monomers. This evidence highlights that polyQ expansion
does not impair protein stability, but its pathological role is due to the increase protein
fluctuation (62,63). The APRs overlap with the ubiquitin binding sites 1 and 2 suggesting a
direct link between protein function and aggregation. Intracellular interactors could
therefore protect against AT3 self-assembly, in keeping with the fact that Ub reduces in
vitro aggregation of the JD (64,65).

1.2 AIM OF THE WORK

Spinocerebellar ataxia type 3 (SCA3) is a severe neurodegenerative disease and its
invariably fatal outcome, like in the case of other amyloidoses, represents a challenge for
researchers. It is well reported SCA3 causative agent is ataxin-3 (ATX3) aggregation when
it carries an expanded poly-glutamine tract. In spite of this, the aggregation starts from the
folded domain, referred as Josephin domain. Even though several molecules have been
tested as ATX3 aggregation inhibitors, only few of them are effective. Our group
previously demonstrated that (-)-epigallocatechin-3-gallate (EGGC) and tetracycline
hydrochloride were capable to interfere with ATX3 aggregation.

This work aims to find and characterize new molecules capable to interfere with
ATX3 aggregation and to provide a deeper understanding of the mechanism of action of
these two previously identified compounds. We also investigated the effect of
epigallocatechin and of gallic acid, two molecules structurally related to EGCG using a
multi-disciplinary approach. We performed in vitro, in vivo, and in silico analyses, thus
identifying further compounds active against ATX3 aggregation and the minimal
functional unit of EGCG responsible for its anti-amyloid action.

In parallel, we also studied the effects of very low TFE concentrations on JD
aggregation, as this compound is a well-known secondary structure stabilizer. Instead, we
observed an accelerated amyloid-like aggregation provide a better insight into the
mechanism of amyloid aggregation of ATX3.

In conclusion, the main achievements of this thesis are a deeper insight into the
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mechanism of action of tetracycline and EGCG, the identification of two new drug

candidates (EGC and GA) for SCA3 treatment. Moreover, a new evidence that aggregation

precedes misfolding in the ATX3 deposition is reported.

1.3 CANDIDATE’S CONTRIBUTION

The candidate wrote the introduction autonomously.
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CHAPTER 2

How epigallocatechin-3-gallate and
tetracycline interact with the Josephin domain
of ataxin-3 and alter its aggregation mode



2. How EGCG and Tetracycline interact with the JD of ataxin 3 and alter its aggregation mode

2.1 INTRODUCTION

At present Spinocerebellar ataxia type 3 (SCA3/MID), like others amyloidoses, is incurable
and invariably fatal even though several effective compounds have been tested (1,2). The
common feature of these pathologies is the conversion of soluble peptides and proteins into
amyloid aggregates, through the formation of soluble oligomers that are responsible for
cytotoxicity. Many therapeutic strategies developed are aim at reducing amyloid production,
inhibit amyloid aggregation, destabilize the aggregated species and enhance their clearance
(3). Numerous compounds have been found to inhibit specific amyloid fibril formation in vitro
(4-6), particularly AP, PrP, and huntingtin (5,7,8). The interest in SCA3/MJD therapeutic
treatments is relatively recent. Several approaches have been tested but only few compounds
have been reported to be effective and even fewer obtained the approval for clinical trials. At
the moment (January 2017) only three clinical trials regarding SCA3/MJD are ongoing and
none of them have a therapeutic approach (9). Damfalpridine, varenicline, cabaletta, sodium
phenylbutyrate and lithium carbonate have been already tested on patients, but the results are
not available and/or they are not active anymore (9). Riluzole, an antiglutaminergic drug,
promotes a decrease in soluble ATX3 levels paralleled by the increase of aggregates, but when
tested in a mouse model it was not able to ameliorate the SCA3/MJD phenotype and also it
displayed Purkinje cells toxicity (10).

Alternative approaches might be targeted to internal cell machinery to decrease the
levels of pathological ATX3 by RNA interference. Many studies reported this approach as
effective, but the main problem is to reach the brain and, possibly, the neuronal population
affected in SCA3/MJD without altering the general levels of ATX3. The most promising
delivery might be the use of stable nucleic acid lipid particles (11), but this kind of therapy
needs an accurate safety study before being available for patients treatment.

Nevertheless, some promising approaches have been identified. Neuropeptide Y
overexpression ameliorates the pathological phenotype of two different murine models
improving motor coordination and other neuropathological parameters and decreasing
inflammation levels through up-regulation of some neurotrophic factors (12). Aripiprazole, an
atypical antypsichotic, modulates the general levels of ATX3 of two disease models (murine
and Drosophila melanogaster) through the activation of a general cellular response instead of

acting directly on ATX3 (13).
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Our group has previously demonstrated that tetracyclines and (—)-epigallocatechin-3-
gallate (EGCQG) are able to interfere with ATX3 fibrillation (14). Tetracyclines are a group of
structurally related antibiotics discovered in the late 1940s (15) and, like aripiprazole, they are
already being used in clinical and their pharmacological properties and toxicological profile
are well characterized (16—18). They are pluripotent drugs that affect many mammalian cell
functions including proliferation, migration, apoptosis and matrix remodeling. In the recent
years there was a growing interest in reassessing these molecules as antiamyloidogenic
compounds (19). The use of tetracyclines in treating amyloidoses could affect the main
pathological target, but they may also contribute to improve other pathological events
concurrent with amyloid deposit formation, e.g., inflammation, ROS generation with resulting
oxidative stress, apoptosis and uncoupling of metal homeostasis (20). It has been reported that
tetracyclines are able to inhibit the aggregation of prion protein fragments and amyloid  (AB),
destabilizing their aggregates and promoting
their degradation by proteases (21,22). In
particular, tetracyclines are able to sequester A3

oligomers and prevent further progression of the

¢ 1 OH tetracycline amyloid fibril growth, resulting in significant
(-)-epigallocatechin gallate (EGCG)

Fig. 1. Stucture and numbering of EGCG and reduction of peptide toxicity (21). They bind to

tetracycline. amyloid fibrils of PrP, hinder their assembly,
and revert the protease resistance of PrP aggregates extracted from brain tissue of patients with
Creutzfeldt- Jacob disease (17,22). In addition, these drugs have been described to behave as
fibril disrupters (23). There are few works regarding the effect of these drugs on HD as a
polyQ model and the results are conflicting. Recently, we have demonstrated that they are able
to interfere with ATX3 aggregation in vitro and ameliorating the SCA3/MJD phenotype of a
Caenorhabditis elegans model (14,24,25). In particular, we tested the effect of tetracycline
hydrochloride (structure reported in Fig. 1) and observed that it is able to increase the
solubility of an expanded variant of ATX3 carrying 55 glutamine repeats. The aggregates
formed in the presence of this drug are structurally very similar to the untreated ones, but
morphological analyses revealed some differences. Furthermore, these aggregates are less
toxic to mammalian cells.

In parallel, we have demonstrated that EGCG (structure reported in Fig. 1) is able to

interfere with ATX3 deposition too, albeit in a completely different manner (14). The
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advantage of using this molecule is that it is a natural compound, being the most abundant
green tea catechin (50 to 80% of total catechins) (26-28). This family of molecules has been
used since hundreds of years for their potent antioxidant action: they act via direct scavenging
of reactive oxygen and nitrogen species, induction of defense enzymes and binding and
chelation of divalent metals, such as copper and iron (29). In particular, EGCG is a potent
inhibitor of Fe*" and iron ascorbate toxicity and in vivo it increases expression and activity of
antioxidant enzymes (30). Furthermore, EGCG crosses the blood—brain barrier in mammals
and is reported to be safe for humans when tested in clinical studies (30,31). Recently it has
been demonstrated to be able to modulate the early steps in the aggregation process of
huntingtin in vitro and to prevent a-synuclein amyloid deposition (32,33). Thus, EGCG
interferes with a very early step of amyloid formation pathway and suppresses the assembly of
on-pathway amyloidogenic oligomers and protofibrils (34). EGCG seems to inhibit amyloid
fibrillogenesis by stabilizing the unstructured state of the natively unfolded oa-synuclein
protein and reinforces the inhibitory intramolecular interactions in the protein (35). Instead of
amyloid fibrils, highly stable spherical oligomers are formed in EGCG-treated aggregation
reactions, indicating that the compound redirects aggregation-prone molecules into an
assembly pathway distinct from the amyloid formation cascade (33). Likewise, EGCG also
redirects Af34, aggregation and thus prevents the formation of toxic, B-sheet-rich aggregation
products such as amyloid oligomers or protofibrils (33). Moreover, EGCG is capable of
converting large, mature a-synuclein and amyloid-f fibrils into smaller, amorphous protein
aggregates that are non-toxic to mammalian cells through direct binding to -sheet aggregates.
It mediates this conformational change without their disassembly into monomers or small
diffusible oligomers (36). We confirmed a similar effect on an expanded ATX3 aggregation,
albeit we did not observe a disaggregating ability of preformed ATX3 fibers. The in vitro
treatment with EGCG leads to a rapid decrease in monomer content in favor of large and
soluble off-pathway SDS-resistant aggregates. As observed with other amyloid proteins, these
aggregates do not have a defined structure and are safe for the cells. We also observed an
improvement in the pathologic phenotype of a SCA3 C. elegans model (14).

Both tetracycline and EGCG are capable to interfere with amyloid deposition of many
proteins, suggesting a non-specific interaction. Probably they recognize a structural pattern
common to all this amyloid oligomers/protein instead of a specific domain in the target

protein.
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This work is amied at improving our understanding of the mechanism of interaction of
tetracycline and EGCG with the JD. We performed spectroscopic analyses, i.e., NMR, FT-IR,
as well as protein solubility assays, thus showing that both compounds are able to interfere

with JD aggregation in a way similar to that observed in the case of expanded ATX3.

2.2 RESULTS AND DISCUSSION
EGCG and tetracycline differently affect JD aggregation

In a previous work, we demonstrated that EGCG and tetracycline differently modulate the
aggregation pathway of an expanded AT3 variant (14), the former generating SDS-resistant, 3-
sheet-poor, soluble aggregates, the latter giving rise to aggregated species resembling those
arising in the absence of any compound, but substantially more soluble. To further elucidate
the mechanism of action of the two compounds, we have examined whether they exert the
same effect on JD aggregation, that is, aggregation of the structured N-terminal protein
domain. The rationale of our approach relies upon the well-established notion that the
aggregation process of full-length AT3, irrespective of the polyQ size, starts with JD
misfolding and aggregation, which triggers the earliest steps of expanded AT3 fibrillation
(41,42). Thus, quite plausibly, any treatment affecting or preventing JD aggregation would
also affect or prevent the process at the level of full-length AT3.

A His-tagged JD was purified by affinity chromatography and the monomeric form
was isolated by size-exclusion chromatography (Fig. S1 in the Supporting Information). The
protein was then incubated at 37 °C in the presence or the absence of either compound at
molar ratios of protein/drug of 1:5. Aliquots were taken at different incubation times and the
soluble fraction was isolated as the supernatant from a centrifugation at 14000 g. The SDS-
soluble protein fraction was quantified by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) of the supernatants and subsequent densitometric analyses.

Starting from the earliest incubation time (i.e., 1 h), EGCG treatment resulted in a
significant reduction in the SDS-soluble amount of the protein (Fig 2 A, C and D). Based on
previous work, EGCG may undergo structural changes such as epimerization and dimerization
(44). This prompted us to check its stability. Under our working conditions, the molecule
proved to be completely stable, as assessed by 'H NMR spectroscopy, over a time span of 72 h
(Fig. S2 in the Supporting Information).
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Fig. 2. SDS-soluble protein fraction analysis of the JD incubated with EGCG or tetracycline. A 150 uM solution of JD
was incubated at 37 °C in the presence or absence of: A) EGCG, or B) tetracycline. The amount of SDS-soluble protein
was quantified by centrifuging the incubation mixtures, subjecting the supernatants to SDS-PAGE, and to subsequent
densitometric analysis. Signals were normalized at zero-time protein content. Error bars represent standard errors and are
derived from at least three independent experiments. * = P < 0.01. SDS-PAGE (16 %) of the soluble protein fraction of:
C) JD, D) JD/EGCG 1:5, and E) JD/tetracycline 1:5. The gels were stained with IRDye blue protein stain (LiCor). The
monomeric and the soluble, aggregated, SDS-resistant species are indicated by arrows.

In contrast, tetracycline significantly retarded SDS-soluble species disappearance, in
particular at the longest incubation times (Fig.s 2B, C, and E). Size exclusion chromatography
(SEC) analyses of the incubation mixtures showed that in the control sample (i.e., JD alone,
Fig.3A), higher molecular weight species appeared in the void volume starting from 6 h of
incubation. Their estimated molecular mass is 300 kDa or higher. Scanty, if any, accumulation
of intermediate forms between the void volume and the monomeric protein was observed.
EGCG treatment (Fig. 3 B) resulted in a much faster disappearance of the monomeric form
and accumulation of aggregates. This fits well with the aggregation pattern determined by
using SDS-PAGE (Fig.s 2 A and D). In contrast, tetracycline treatment (Fig. 3 C) did not
appreciably alter the JD aggregation pattern as detected by using SEC, which apparently
contrasts with our SDS-PAGE results, whereby a much larger accumulation of SDS-soluble
species was detected at later times.

One possible explanation might be that there are SDS-soluble aggregated species,
which can only be detected by SEC analysis, as already observed in the case of full-length,
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Fig. 3. SEC profiles of JD incubated with EGCG or tetracycline. An amount of 500 pg of: A) JD, B) ID/EGCG 1:5, and
C) JD/tetracycline 1:5 was loaded onto a Superose 12 10:300 GL column equilibrated in phosphate buffered saline
solution after the indicated incubation times. Adapted from (43)

expanded AT3 (14).The much higher intensity of the void-volume peak detected in the
presence of either compounds, as compared to the control sample, quite likely results from a

tight protein-drug interaction, as supported by our observations (data not shown).

EGCQG, but not tetracycline, strongly affects the structural features of the aggregation
intermediates, as shown by FTIR spectroscopy

The effects of EGCG and tetracycline on the JD misfolding and aggregation were also studied
by FTIR spectroscopy in the attenuated total reflection (ATR) mode. The ATR/FTIR
absorption spectrum of freshly purified JD is reported in Fig. 4 A in the amide I band, mainly
due to the C=0 stretching vibrations of the peptide bond, which is particularly sensitive to
protein secondary structures (45). To disclose the different amide I components, we calculated
the second derivative spectrum, whose minima correspond to the absorption maxima (46).

In agreement with previous FTIR characterization of the JD (38,39), the second derivative
spectrum of the native protein (Fig. 4 B) displayed a major component at approximately
~1635 cm’' that, along with the component at around ~1690 cm™, can be assigned to the native
intramolecular B-sheet structures. The component at about ~1657 cm™ occurs in the spectral
region of a-helical and random coil structures. During incubation at 37 °C in PBS solution, the
amide I peaks of the native protein decreased in intensity and two new components appeared
in the spectra at approximately ~1693 and 1623 cm™ (Fig. 4 B), which were assigned to the
formation of intermolecular B-sheet structures in the protein aggregates (38). A different
behavior was observed in the presence of EGCG (JD/compound 1:5) in comparison with JD
alone. Indeed, the second derivative components of the native protein decreased in intensity

immediately after EGCG addition, and the peak at about ~1635 cm™ appeared to be down-
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shifted to approximately ~1630 cm™, in the typical spectral region of intermolecular B-sheet
structures of protein aggregates (Fig. 4 C). Very similar spectral changes were previously
observed for the full-length expanded AT3 in the presence of EGCG (14). The presence of an
almost constant peak at about ~630 cm™ suggests that EGCG is able to redirect JD aggregation
from the fibril-formation process to off-pathway aggregates. JD second derivative spectra
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Fig. 4. JD misfolding and aggregation studied by using FTIR spectroscopy. A) ATR/FTIR absorption spectra of freshly
purified JD and of the pellet collected after incubation of the protein at 37 °C for 312 h. Spectra are reported in the amide
I spectral region. B) Second derivatives of the absorption spectra of the JD (150 uM) collected at different incubation
times at 37 °C. The assignment of the main components to protein secondary structures are reported. Arrows point to the
spectral changes occurring at increasing incubation time. C) Second derivatives of the absorption spectra of 150 uM JD
incubated in the presence of 750 uM EGCG (i.e., ID/EGCG 1:5) and otherwise under the conditions reported for panel B.
D) Second derivatives of the absorption spectra of 150 pM JD incubated in the presence of 750 uM tetracycline (i.e.,
JD/tetracycline 1:5) and otherwise under the conditions reported for panel B. E) Second derivative spectra of the pellet
collected from a solution of JD incubated in isolation for 312 h at 37 °C, or JD in the presence of EGCG, or of
tetracycline. The positions of the main peak, due to B-sheet structures, is indicated. Spectra are shown after normalization
at the peak around ~1515 cm™ of tyrosines to compensate for possible differences in the protein content. F) Time course
of the components at ~1635 and 1623 cm™' (assigned to native JD B-sheets and to intermolecular B-sheet structures of the
protein aggregates, respectively) reported for either the JD alone, or incubated in the presence of EGCG or tetracycline.
The intensities are taken from the second derivative spectra after normalization of the tyrosine peak approximately
appearing at ~1515 cm™.

collected at different incubation times in the presence of tetracycline at a JD/compound molar
ratio of 1:5 (Fig. 4D) indicate that tetracycline does not prevent JD misfolding and

aggregation.
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However, the final aggregates obtained in the presence of this compound displayed a
minor reduction in intensity of the intermolecular 3-sheet component, which also occurred at
slightly higher wavenumbers compared with the JD alone as shown in Fig. 4 E, where the
second derivative spectra of the pellets obtained after 312 h of protein incubation at 37 °C are
reported. In contrast, pellets obtained after incubation with EGCG confirmed the
aforementioned downshift to approximately ~1630 cm™, which is indicative of an off-pathway
aggregation mode. The time courses of the intensities of native and intermolecular B-sheet
structures in the JD aggregates are reported in Fig. 4 F. Noteworthy, under our conditions, JD
misfolding and aggregation at 37 °C in the presence of EGCG was almost completed after an
incubation period of 1-2 h, whereas it took about 48 h in the presence of tetracycline, the latter
being a pattern essentially indistinguishable from that of the control sample. These results
suggest that, unlike tetracycline, EGCG binds to the native JD, leading to the formation of

misfolded, aggregation-prone intermediates that are off-path- way of fibrillogenesis.

NMR spectroscopy highlights different interaction modes of EGCG and tetracycline with
the JD

Recently, we have extensively exploited STD NMR spectroscopy (47—54) to characterize the
binding of several natural (55-58) and synthetic ligands (59—63) to amyloid oligomers, thus
demonstrating the reliability and versatility of this technique. Moreover, Melacini and co-
workers validated STD NMR methods in characterizing the amyloid oligomer interaction with
soluble proteins (in particular AB peptide oligomers) (64,65) and in also mapping peptide early
self-association events (66). In general, when an STD NMR experiment is acquired on a
mixture containing the target protein and a potential ligand, the detection of NMR signals of
the test molecule in the STD spectra is a clear-cut evidence of an interaction. Here, we have
employed STD NMR experiments to investigate the nature of the interactions of EGCG and
tetracycline with both JD monomers and oligomers at the atomic level.

To a solution containing 1.5 mM EGCG or tetracycline in PBS solution, pH 7.2 at 5
°C, an aliquot of monomeric JD was added to a final concentration of 7 uM. Under these
conditions, the monomeric state is preserved for at least one day. This is a time suitable for the
acquisition of several STD spectra at different saturation times. The same experiments were
performed after a pre-incubation period of 5 d at 37 °C of the sole JD. This treatment promotes

protein aggregation, with resulting enrichment in JD soluble oligomers, as supported by SEC
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analysis (Fig. S3 in the Supporting Information). STD spectra (Fig. 5) unambiguously
highlighted a different binding mode by the two compounds. In fact, EGCG resonances appear
in both STD spectra depicted in Fig. 5 A (spectra 2 and 4, recorded in the presence of the JD
monomer or the oligomer, respectively), whereas the tetracycline signals are only detected in
the STD spectrum recorded in the presence of protein oligomers (Fig. 5 B, spectrum 4). Thus,
the sole EGCG is capable of interacting with the monomeric form, which might, at least in
part, account for the different effects of the two compounds in affecting oligomerization.

The binding epitopes identified on either compounds (Fig. 6; Fig.s S4 and S5 in the
Supporting Information for the corresponding STD build-up curves) indicate that the whole
ligand structure is involved in the receptor recognition process, which is in agreement with
previous findings concerning EGCG interaction with AT3Q55 oligomers (55) and tetracycline
binding to AR oligomers (56).

In this latter case, we reported in particular the formation of supramolecular colloidal
particles presenting a disordered and non-homogeneous internal structure that justifies the
absence of a specific ligand binding epitope. We hypothesize the formation of similar
supramolecular complexes also in the presence of JD oligomers.

T o provide a complementary insight into the nature of the EGCG interaction with the
JD monomers, titration of the '’N-labelled protein with increasing ligand concentrations was
performed, and the changes in the protein NMR fingerprint were monitored by acquisition of
"N-SOFAST-HMQC spectra (Fig. 7) (67).

First, a SOFAST-HMQC spectrum was acquired on a sample containing 0.3 mm ""N-
labelled JD dissolved in PBS solution, pH 6.5 at 25 °C, to verify the match with the backbone
amide assignments previously published (68). Then, the protein was titrated with EGCG
(JD/compounds ratios 1:0.5, 1:1, 1:2, 1:3, and 1:4) and the corresponding SOFAST-HMQC
spectra were collected (Fig. 7). The most significant variation observed is the intensity of the
protein cross- peaks, which decreased at each step of titration. This decay correlated with the
appearance of a white pellet at the bottom of the NMR tube, occurring after each addition of
the ligand, di- agnostic of the precipitation of a certain amount of sample. This suggests that
the main effect induced by EGCG probably consists in a conformational change of the JD, as
already observed by FTIR spectroscopy (Fig. 4), which, in turn, promotes fast protein
aggregation and precipitation.

The protein sample stability over time in the absence of EGCG was assessed by

21

V4



2. How EGCG and Tetracycline interact with the JD of ataxin 3 and alter its aggregation mode

N J\_JLJW,L WWWWW P Ld \

.\ |
JA_J\L /n‘\ //k_‘ ‘M\; L\_N
B B S ' Jl ,
2 x CH,N CH,
5
proS
- A,,,,}Ling, Jki I UV Y S| G . SR W ,»JM J&k,,,ﬂ, )LL kn
27,67 2°,6° 6,8 3 4eq 4ax 879 4 5a 4a 5me
7 6 4 3 [ppm] 8 7 6 4 3 2 1

Fig. 5. STD NMR characterization of EGCG and tetracycline binding to the JD monomer and oligomers. A) 1) 'H
NMR spectrum of a mixture containing JD (7 pM) immediately after purification and 1.5 mM EGCG. 2) STD NMR
spectrum of the same mixture investigated in spectrum 1 at a saturation time of 3 s. 3) "H NMR spectrum of a mixture
containing JD (7 uM) five days after purification and 1.5 mM EGCG. 4) STD NMR spectrum of the same mixture
investigated in spectrum 3 at a saturation time of 3 s. B) 1) 'H NMR spectrum of a mixture containing JD (7 uM)
immediately after purification and 1.5 mM tetracycline. 2) STD NMR spectrum of the same mixture investigated in
spectrum 1 at a saturation time of 3 s. 3) '"H NMR spectrum of a mixture containing JD (7 uM) five days after
purification and 1.5 mM tetracycline. 4) STD NMR spectrum of the same mixture investigated in spectrum 3 at a
saturation time of 3 s. All samples were dissolved in PBS solution, pH 7.2, 5 °C. The spectrometer frequency was 600
MHz. The EGCG H2 signal is overlapped by water resonance. Ligand proton assignment is reported under spectra A1 for

EGCG and B1 for tetracycline. All the spectra were recorded at 600 MHz.
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comparing the SOFAST-HMQC spectra of the JD recorded immediately after
purification (Fig. 7 A)and after an incubation period of 20 h (which is longer than a full
titration experiment) at 25 °C (Fig. 7 F). In particular, the protein sample was split into two
aliquots, one being employed for the titration experiments (Fig.s 7 A-E), the other being
incubated at 25 °C in the absence of EGCG (Fig. 7 F). The spectra given in Fig.s 7 A and F are
identical, supporting the stability of the protein under these experimental conditions.

Thus, protein precipitation is a direct consequence of EGCG addition to the JD sample.
From the comparison of spectra A and C in Fig. 7 we derived that, for a protein/ligand molar
ratio of 1:1, the amino acid residues most affected by signal broadening are those colored blue
in Fig. 7 G. They map to the six-stranded antiparallel 3-sheet constituting the “core” of the C-
terminal subdomain of the JD. Thus, we can infer that the EGCG-induced processes of
misfolding and self-aggregation of the JD start in this structural region. Also, small chemical
shift deviations (CSDs) were observed, mainly assigned to residues belonging to the a-helical
hairpin moiety (Fig. 7 H, pink color). This is a structural motif endowed with high
conformational flexibility, likely playing a key role in molecular-recognition and
interaction/aggregation processes (69,70).

Notably, even at high JD/compound ratios and after significant protein precipitation,
the ligand resonances were not visible in the '"H NMR spectra of the mixture (Fig. S6 in the
Supporting Information). This suggests that the stoichiometry of the JD/compound complex
should be higher than 1:1 and that at least a part of the ligand precipitates together with the
protein aggregates. This is also supported by the dramatic reduction in the diffusion coefficient
of EGCG when co-incubated with JD in large stoichiometric excess to JD (JD/EGCG 1:30), as
measured by NMR diffusion-ordered spectroscopy (DOSY). The diffusion co-efficient of
EGCG in the free state (1.5 mM, PBS solution, pH 7.4, 25 °C) was 4.98 m’s”, whereas after
addition of 50 uM JD, it dropped to 1.96 m*s" (reduction of 61%), which supports the
existence of an equilibrium free/bound state of the ligand molecules. In the 'H NMR spectra
recorded on the same sample prepared for the DOSY acquisition, the EGCG resonances were

visible only because of the large ligand stoichiometric excess.
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Fig. 7. "N-SOFAST-HMQC titration experiments for the characterization of the EGCG interaction with the JD
monomer. The N -SOFAST-HMQC spectra were recorded in a solution containing: A) 0.3 mM "N -JD in PBS
solution, pH 6.5 at 25 °C; B) 0.3 mM '"N-JD and 0.15 mM EGCG in PBS solution, pH 6.5 at 25 °C; C) 0.3 mM '“N-JD
and 0.3 mM EGCG in PBS solution, pH 6.5 at 25 °C; D) 0.3 mM 5N -JD and 0.6 mM EGCG in PBS solution, pH 6.5 at
25°C; E) 0.3 mM "N -JD and 1.2 mM EGCG in PBS solution, pH 6.5 at 25 °C, F) 0.3 mM "°N -JD in PBS solution, pH
6.5, after an incubation period of 20 h at 25 °C. All the spectra were recorded at 600 MHz. G) Residues affected by either
signal broadening (blue) or chemical shift perturbation (pink) mapped on the structure of the monomeric JD (PDB ID:
1ZYB).
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Fig. 8. Association/dissociation Kkinetics for the binding
between JD and EGCG. A) JD was imobilized on the sensor
chip and the indicated concentrations of EGCG were flowed
onto the chip surface. B) The R,y values obtained for each
given EGCG concentration were used to generate the
Scatchard plot. C) Overlay of the BlAcore sensograms
showing the different binding capacity of EGCG and
tetracycline (injected at a concentration of 750 mm) for the
JD, immobilized on the surface of the sensor chip.

2.3 CONCLUSION

SPR provides evidence of weak JD-
EGCG interaction
We performed SPR analyses to determine

the binding affinity of the JD-EGCG and
JD—tetracycline complexes. In particular,
we studied the real time association and
dissociation of EGCG or tetracycline
to/from JD (Fig.s 8 A and B) coupled
directly to the sensor chip CMS5 by
monitoring the binding and release of
EGCG or tetracycline to and from the chip.
of EGCG, the

In the case

experiments  provided evidence of
compound binding to the JD. A good
fitting was obtained by using the Langmuir
1:1 and BIA evaluation 4.1 software (BIA-
core). As the presence of multiple binding
EGCG would yield an

sites  for

undistinguishable curve, the Kp value
reported in the caption of Fig. 8 should be
regarded as an apparent one.

No interaction was determined by
using tetracycline as an analyte (Fig. 8 C),
which is suggestive of a much lower
affinity toward the monomer compared to

EGCG, which is in accordance with the
NMR data (Fig. 5).

In a previous work, we investigated the capability of EGCG and tetracycline to contrast

amyloid aggregation and toxicity of full-length expanded variants of AT3 (14). We observed a
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significant protective effect by both compounds, but also demonstrated substantially different
mechanisms of action. Actually, in the presence of EGCG, off-pathway, SDS-resistant soluble
aggregates arose, whereas tetracycline did not produce major alterations in the structural
features of the aggregates compared with the control, but substantially increased their
solubility.

We have thus undertaken the present work to provide in- sight into how either
compound precisely interact with AT3. To this end, we have taken advantage of NMR
spectroscopy to identify the individual moieties of the protein and compounds involved in the
interaction. However, we have examined their effects on the aggregation of the sole N-
terminal JD, as the C-terminal disordered domain would severely hinder NMR measurements.

Our results show that both EGCG and tetracycline affect JD aggregation in a fashion
qualitatively similar to that they exert on the full-length, expanded AT3. Most notably, NMR
experiments have enabled us to also identify the individual binding epitopes on either
compound, which show that the whole ligand structure participates in the protein binding. This
points to a nonspecific interaction mode, as also supported by the Kp values assessed by SPR
analysis. Not less important, we have also shown that EGCG is able to bind both the
monomeric and the oligomeric form of the JD, whereas tetracycline only inter- acts with the
oligomeric one. A possible concern regarding the effects of the two compounds assayed is that
they might sequester functional AT3 with a resulting loss of function. However, this should
not result in any detrimental effect, as previous work showed that knock-out mice were viable
and fertile and did not present a reduced life span (71). In conclusion, our results suggest that
the JD in isolation is a suitable model for assessing the effect of potential antiamyloid agents
on AT3, which should significantly speed up re- search designed for this purpose. This work
also provides a more in-depth understanding of the interaction mode between AT3 and the
compounds under investigation, which might provide hints to rationally design more effective

variants thereof.

2.4 MATERIAL AND METHODS

JD purification. The JD-encoding gene was cloned in a pET21-a vector and the protein was
expressed in Escherichia coli BL21 Tuner (DE3) pLacl (E. coli B F ompT hsdSB (rB mB ) gal
dem lacY1(DE3) pLacl (CamR); Novagen, Germany) as a His-tagged protein. Cells were
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grown at 37 °C in LB low salt-ampicillin medium, induced with 0.2mM isopropylthio-B-d-
galactoside (IPTG) at OD,, 0.8 for 2 h at 30 °C. Protein purification was performed as

previously described for the expanded form (14). To express the °’N-labeled JD, cells were
grown at 37 °C in 2 L of LB low salt-ampicillin in ’N-free medium. At OD s00 0-7, the cells

were centrifuged for 30 min at 5000 g. The pelleted cells were resuspended in isotopically
labeled minimal medium (3 g L! KH,PO4, 6 g L' Na,HPO,7 H,0,0.12 g Lt MgS04, 0.2 g
L' NaCl, 1 g L' "NH,CI, 0.4% glucose), then incubated to allow the recovery of growth and
clearance of unlabeled metabolites. After 1 h, protein expression was induced with 1 mM
IPTG for 2 h at 30 °C (37). Purification of the labeled protein was performed according to the

same protocol as for the unlabeled protein.

SDS-PAGE and densitometry analysis of the soluble protein fraction. The purified JD (150
uM) was incubated at 37 °C in PBS solution in the presence or absence of EGCG or
tetracycline (Sigma—Aldrich, USA) at a protein/compound molar ratio of 1:5. JD aliquots at
different times of incubation (0, 1, 3, 6, 24, 48, and 72 h) were centrifuged at 14000 g for
15min and 3 pl of the supernatants were subjected to SDS-PAGE. The gels were stained with
IRDye Blue Protein Stain (LiCor, USA), scanned at 700 nm with the Odyssey Fc System
(LiCor) and analyzed with the Image Studio software (LiCor).

SEC analysis. The purified JD (150 uM) was incubated at 37 °C in PBS solution in the
presence or absence of EGCG or tetracycline at a protein/com- pound molar ratio of 1:5.
Aliquots of the protein samples (500 ng) were withdrawn at different times of incubation (0, 1,
6, 24, and 48 h) and loaded onto a Superose 12 10:300 GL gel filtration column (GE
Healthcare, Life Sciences, UK), pre-equilibrated with PBS solution (25 mM potassium
phosphate, pH 7.2, 150 mM NaCl), and eluted at a flow rate of 0.5 mL min".

Fourier transform infrared (FTIR) spectroscopy. FTIR analyses were performed following
the experimental procedures already optimized and described in previous FTIR
characterizations of JD (38,39) and of expanded AT3 (14,38). In particular, a sample (600 pL)
of the purified JD (150 uM in PBS solution) was incubated in the test tube at 37 °C in the
presence or absence of EGCG or tetracycline at a protein/compound molar ratio of 1:5. An

aliquot (3 pL) was taken at different times of incubation and deposited on the diamond
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element of the device for measurements in the attenuated total reflection (ATR) mode. The
Golden Gate (Specac, USA) device with a single reflection diamond crystal was employed.
The FTIR spectrum was collected after solvent evaporation, which took place in about 1 min.
The formation of a semi-dry film was expected following this procedure (40). ATR/FTIR
spectra were collected by using a Varian 670-IR spectrometer (Varian Australia Pty Ltd,
Mulgrave VIC, Australia) equipped with a nitrogen-cooled mercury cadmium telluride
detector under the following conditions: 2 cm™ spectral resolution, 25 kHz scan speed, 1000
scans co-addition, and triangular apodization. The ATR/FTIR spectra of a PBS solution and of
the two compounds at a concentration of 600 uM in PBS solution were also collected at each
incubation time at 37 °C and were subtracted from the protein spectra (38). Second derivatives
of the spectra were obtained, after the smoothing of the measured spectra by the Savitzky—
Golay algorithm, by using the software Resolutions Pro (Varian Australia Pty Ltd, Mulgrave
VIC, Australia).

NMR spectroscopy. NMR experiments were recorded on a Varian 400 MHz Mercury or a
Bruker 600 MHz Avance III spectrometer equipped with a QCI cryo-probe, with a z-axis
gradient coil. EGCG and tetracycline were dissolved in PBS solution, pH 7.2 and, for ligand—
receptor interaction experiments based on ligand observation, an aliquot of the protein
solution, dissolved in the same buffer, was added to reach the final concentration required.
Conversely, for experiments based on protein observation, small aliquots of a 12 mM EGCG
solution in PBS solution, pH 6.5, were added to a sample containing the '"N-la- belled JD,
with a final maximum dilution of the initial protein concentration of 10%. Sodium azide
(0.05%; w/v) was added to the sample to prevent protein degradation by bacteria. Basic
sequences were employed for '"H NMR, STD NMR, ""N-SOFAST-HMQC spectroscopic and
diffusion experiments.

Solvent suppression was performed by excitation sculpting. '"H NMR spectra were acquired
with a number of transients ranging from 8 and 256 and 2 s recycle delay. For the STD NMR
experiments, a train of Gaussian-shaped pulses each of 50 ms was employed to saturate
selectively the protein envelope; the total saturation time of the protein envelope was varied
between 3 and 0.15 s, 1024 scans; acquisitions were performed at 5 °C. ""N- SOFAST-HMQC
experiments were acquired with a number of transients ranging from 8 and 32, and 640

increments; acquisitions were performed at 25 °C. Diffusion experiments were acquired
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employing an array of 30 spectra for each experiment (128 scans, with 2 s recycle delay)
varying the gradient strength from 3.33 to 19.4 G cm™. The lengths of and delays between the
gradient pulses were optimized depending on the experimental conditions and ranged between
0.002 and 0.005 s and 0.2-0.7 s, respectively; acquisitions were performed at 25 °C. Data
fitting and diffusion coefficient determinations were performed by using the software

Dosytoolbox (http ://personalpages.manchester.ac.uk/staff/mathias. nilsson/software.htm)

Surface plasmon resonance (SPR). Surface plasmon resonance experiments were carried out
with a BIAcore X system (GE Healthcare). JD and AT3Q55 proteins were coupled to a
carboxymethylated dextran surface of two different CMS5 sensor chips by using amine
coupling chemistry at surface densities of 5000 and 4000 resonance units, respectively, by
injecting 60 pL of each protein at the concentration of 50 pg mL™" resuspended in 10 mM
sodium acetate buffer, pH 4 (flow rate of 5 uL min™). A reference cell was saturated with 1 M
ethanolamine, pH 8.5. Different concentrations of EGCG, diluted in the running buffer (10mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4, 150mM NaCl, 3mM
ethylenediaminetetraacetic acid (EDTA), 0.005% v/v Surfactant P20), were tested twice over
the surface of sensor chip CMS5 for 4 min (40 pL injections at flow rate of 10 mL min™).
Surface regeneration was accomplished by injecting 50 mM NaOH (30 s contact) two or three
times. The interaction rate constants were calculated by simultaneous fitting of the binding
curves obtained with different concentrations of analyte, by using the BIAevaluation 4.1

software (BIAcore).

2.5 CANDIDATE’S CONTRIBUTION
The candidate contributed to the aggregation assays and the relevant SDS-PAGE and SEC

analyses and Biacore experimentations. She also prepared the protein for FT-IR and NMR
analyses, which were performed in collaboration with Drs. Antonino Natalello and Cristina

Airoldi, respectively. The candidate contributed to perform the statistical analysis.
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2.7 SUPPORTING INFORMATION
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Fig. S1. SEC profiles of JD (A) 6 mg His-tagged JD were loaded onto a Superose 12 10/300 GL column equilibrated in PBS

buffer. The arrow indicates the peak corresponding to JD monomeric form. (B) 300 pg monomeric JD were reloaded onto the
same column.
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Fig. $2. '"H NMR monitoring of EGCG stability at 37 °C, pH 7.4 or 6.5. '"H NMR spectra were recorded on a solution
containing 2 mM EGCG dissolved in PBS, pH 7.4 (A) or 6.5 (B) immediately after dissolving the compound (1) or after 72 h
(2) of incubation at 37 °C. No significant changes of compound resonances were observed.
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Fig. S3. SEC profiles of aggregated JD. 300 pg JD were loaded onto a Superose 12 10/300 GL column equilibrated in PBS

buffer after a 6-d incubation.
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Fig. S4. STD NMR characterization of EGCG/JD oligomer interaction. Fractional STD effect for each non-overlapping signal
of EGCG was calculated by (Io-I)/ Iy, in which (Ip-I) is the peak intensity in the STD NMR spectrum and I, is the peak

intensity in the off-resonance spectrum.
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Fig. S5. STD NMR characterization of tetracycline/JD oligomer interaction. Fractional STD effect for each signal of
tetracycline was calculated by (Io-1)/ Iy, in which (Ip-I) is the peak intensity in the STD NMR spectrum and I, is the peak
intensity in the off-resonance spectrum.
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Fig. $6. 'H NMR titration experiments for the characterization of EGCG interaction with JD monomer. 'H NMR spectra
recorded in a solution containing (A) 1 mM EGCG, in PBS, pH 6.5 at 25 °C; (B) 0.3 mM 'SN-JD in PBS, pH 6.5 at 25 °C; (C)
0.3 mM "N -JD and 0.15 mM EGCG in PBS, pH 6.5 at 25 °C; (D) 0.3 mM "N -JD and 0.3 mM EGCG in PBS, pH 6.5 at 25
°C; (E) 0.3 mM N -JD and 0.6 mM EGCG in PBS, pH 6.5 at 25 °C; (F) 0.3 mM "N -ID and 1.2 mM EGCG in PBS, pH 6.5
at 25 °C; (G) 0.3 mM N -ID in PBS, pH 6.5, after a 20-h incubation at 25 °C. All the spectra were acquired with 128
transients.
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CHAPTER 3

EGCG and related phenol compounds redirect
the amyloidogenic aggregation pathway of
ataxin-3 towards non-toxic aggregates and

prevent toxicity in neural cells and

Caenorhabditis elegans animal model
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3.1 INTRODUCTION

In recent years, plenty of investigations have highlighted the beneficial effects of
polyphenols in preventing and/or mitigating several disorders such as cancer, stroke and
neurodegenerative diseases (1-3). Polyphenols are a large and diverse class of chemical
compounds present in beverages obtained from fruits, vegetables, teas, cocoa and other
plants. They are divided into several subclasses, the largest being represented by
flavonoids. The latter share a basic structure consisting of two aromatic rings bound
together by three carbon atoms that form an oxygenated heterocycle. Catechins, quercetin,
myricetin are among the most common flavonoids (4). Fresh tea leaves contain a high
amount of catechins, known to constitute 25-35% of the solid green tea extract and
consisting of eight related compounds, namely (+)-catechin (C), (—)-epicatechin (EC), (+)-
gallocatechin (GC), (—)-epigallocatechin (EGC), (+)-catechingallate (CG), (—)-epicatechin
gallate (ECG), (+)-gallocatechin gallate (GCG) and (—)-epigallocatechin-3-gallate
(EGCG). EGCG is the most abundant catechin, with an estimated content of about 90 mg
per cup of green tea (2.5 g of green tea leaves/200 ml of water), and is thought to make a
substantial contribution to the beneficial effects ascribed to this beverage, in particular to
its neuroprotective properties (5).

It was formerly believed that EGCG protection against neurotoxicity could be
essentially accounted for by its antioxidant activity, with resulting reduction of the harmful
effects of oxygen-derived free radicals (6). Actually, oxidative damage and increased
accumulation of iron in specific brain areas are considered major pathological features of
Parkinson’s disease (7), Alzheimer’s disease (8) and amyotrophic lateral sclerosis (9), so
special interest has been given to the therapeutic potential of nutritional antioxidants in
neurodegenerative diseases. More recently, however, EGCG was also shown to directly
interfere with amyloid fibril formation from several peptides and proteins and to remodel
preformed fibrils, thus generating non-toxic species (10—13). In keeping with this idea, we
previously observed that EGCG affects the aggregation pathway of ataxin-3 (ATX3), the
protein responsible for spinocerebellar ataxia type 3 (SCA3), by a mechanism similar to
that reported for the other mentioned amyloidogenic proteins. Specifically, EGCG
interferes with the early steps of ATX3 aggregation, thus leading to the formation of off-
pathway, non-toxic, SDS-stable final aggregates (14).

Unfortunately, one major constraint in the employment of EGCG as a
pharmaceutical tool is its limited bioavailability, mainly due to poor systemic absorption,
especially when administered orally (15). Several factors contribute to this outcome: its
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chemical instability at the intestinal pH of 8.5; the time required to cross the mucolytic
layer and to be absorbed by the small intestinal epithelial cells; the transporters involved in
its transport and the efflux transporters that recycle EGCG back into the lumen of the
intestine; finally, the phase II enzymes involved in its transformation (16). EGCG also
causes cytotoxicity at high concentrations (17). No less important, it displays a scanty

capability to cross the blood-brain barrier (BBB) (18).

™Mo Searching for more effective treatments
“O\E;QOJ"‘ oH based on the administration of cathechins, we
.,lo . . .
OH OX(;[OH report here a study aimed at assessing the action
OH

mechanisms and the neuroprotective effects of also
EGCG

&OH / \ coon  EGC and gallic acid (GA) (Fig.1). This approach is
HO\@;’) OH Ho” o Von justified by two reasons. First, EGC and GA have
OH EGCOH caA simpler structures compared with EGCG, hence
Figure 1. Structure of EGCG, EGCand GA-— hoy might be less subject to chemical and
enzymatic degradation after administration; second, a controlled conjugation of GA to
nanodevices is an attainable goal, due to its structural simplicity and the presence of an
unesterified carboxyl group, unlike the case of EGC and EGCG. Conjugation of
therapeutic compounds to nanodevices offers a considerable advantage, as it makes it
possible, in principle, their targeted delivery to the CNS (19,20). Furthermore, the
therapeutic potential of GA has been already reported, in that it is capable of inhibiting
fibril formation by amyloid B (AP) peptide (10), a-synuclein (21) and insulin (22).
Additionally, a comparative analysis of the effects of the three mentioned catechins might
provide a deeper insight into their action mechanism, particularly at the molecular level.

As already commented for tetracycline and EGCG (Chapter 1, introduction), EGC
and GA probably recognize a common structural feature between several proteins
undergoing aggregation, instead of a specific pattern in the target protein.

We therefore characterized in parallel the effects of EGCG, EGC and GA on the
aggregation mode of both a pathogenic variant of ATX3 carrying 55 consecutive
glutamines (ATX3-Q55), and its N-terminal globular domain (Josephin domain, JD).
Although the polyglutamine stretch is close at the C-terminus, it has been clearly
established that the aggregation process starts at the level of the JD (23,24), which
prompted us to analyze the effects of the catechins on also this protein moiety in isolation.
We also assessed the neuroprotective effect of EGCG and GA in a transgenic

Caenorhabditis elegans SCA3 model.

41



3. EGCG and related compounds redirect ATX3 amyloidogenic pathway and prevent its cytotoxicity

The molecular mechanisms of the interaction between the catechins and ATX3
were mainly investigated by molecular docking simulations, Fourier transform infrared
(FTIR) spectroscopy, atomic force microscopy (AFM) and saturation transfer difference
(STD) NMR experiments. Our results strongly support the idea that the GA moiety of
EGCQG is the minimal functional unit, although somewhat less neuroprotective than EGCG
itself. Thus, thanks to its substantial stability and structural simplicity, it could be

employed in the future development of pharmaceutical nanodevices.

3.2 RESULTS

EGC and GA affect JD and ATX3-QS55 aggregation Kinetics and structural features
in the same way as EGCG

To evaluate the effect of epigallocatechin (EGC) and gallic acid (GA) on ataxin-3 (ATX3)
aggregation, freshly prepared His-tagged JD and ATX3-Q55 (an expanded form carrying
55 consecutive glutamines) were incubated at 37°C in PBS at a final concentration of 100
uM and 25 uM, respectively, in the presence or the absence of EGCG, ECG or GA at a 1:5
molar ratio protein:compound (Fig. 2). Besides a full-length expanded form of the protein,
we also analyzed the JD as plenty of data show that the amyloid aggregation process starts
from this domain (23-25). Aliquots were taken at different times of incubation and the
soluble fraction obtained by centrifugation and pellet removal was analyzed by SDS-
PAGE (Fig. 2A and B) and densitometric quantification of the SDS-soluble fraction (Fig.
2C and D). The latter is identified as the protein migrating in monomeric form in the SDS-
gel. We confirmed that, for both proteins, EGCG treatment induced a rapid decrease in the
SDS-soluble fraction starting from the earliest time of incubation compared with untreated
samples (Fig. 2A-D). It also induced the formation of SDS-resistant species that are large
and do not enter the separating gel, as previously reported (14,26) (Fig. 2A and B). In the
case of JD, the much scantier amount of such species can be only justified by the formation
of large aggregates, which are therefore discarded by centrifugation (Fig. 2A).
Furthermore, both EGC and GA promoted a faster decrease in the JD SDS-soluble
fraction in comparison with the untreated sample, like in the case of EGCG (Fig. 2A and
C), although the latter exerted a much more pronounced effect. At the earliest times (1-6 h
of incubation), the decrease in soluble fraction was also paralleled by the appearance of

soluble, SDS-resistant species (Fig. 2A).

42



3. EGCG and related compounds redirect ATX3 amyloidogenic pathway and prevent its cytotoxicity

control EGCG EGC
A |3 6 24 48 : 0 1 3 6 24 48

RS 4

JD

0
g
2
<
—~ 100 A oJD ;g. 100 OATX3-Q55
§ BJD:EGCG {2 BATX3-Q55:EGCG
§ 801 MOSEOC § s, BATX3-Q55:EGC
z BDJD:GA g % ¥
® OATX3-Q55:GA
& 60 A E 601
Q 2 -
S w0 :3 a0 %
]
% @ 2
20 4 g
@ 7] ﬁl:l
0+ o .
1 3 6 24 48 1 3 6 24 48
Time of incubation (h) Time of incubation (h)

Figure 2. SDS-PAGE analysis of JD and ATX3-Q55 soluble fraction. (A) SDS-PAGE (16%) of the soluble protein
fraction obtained by centrifugation of aliquots of 125 uM JD incubated at 37°C in the absence or the presence of
EGCG, EGC or GA at a molar ratio protein:compound 1:5. (B) SDS-PAGE (12%) of the soluble protein fraction
obtained by centrifugation of aliquots of 25 pM ATX3-QS55 incubated at 37°C in the absence or the presence of
EGCG, EGC or GA at a molar ratio protein:compound 1:5. The gels were stained with IRDye Blue Protein Stain
(LiCor, USA). (C-D) SDS-soluble protein amounts of JD (C) and ATX3-Q55 (D) were quantified by densitometry.
Signals were normalized at t, protein content. Error bars represent standard errors and are derived from at least three
independent experiments. * P < 0.05; ** P <0.01.

Likewise, also in the case of ATX3-Q55, the addition of EGC or GA induced a
rapid decrease in the SDS-soluble fraction and the appearance of large, soluble SDS-

resistant species but to a lesser extent with respect to EGCG (Fig. 2B and D).

EGCG, EGC and GA drastically affect the structural features of JD and ATX3-Q55
aggregation intermediates

The effects of GA and EGC on JD secondary structure and aggregation were also
investigated by Fourier transform infrared (FTIR) spectroscopy and were compared with
those of EGCG (Fig. 3). In the Amide I spectral region (1600-1700 cm™), the second
derivative spectrum of the freshly purified JD displayed minima, corresponding to maxima
of the absorption spectrum, at ~1635 cm™ and ~1690 cm™', both assigned to intramolecular
B-sheets, and at ~1657 cm™ due to o-helical and random coil structures of the native
protein (27). During incubation at 37°C in PBS, the component assigned to the protein

native secondary structures decreased in intensity and two new peaks appeared in the
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Figure 3. FTIR analyses of the effects of EGCG, EGC and GA on JD misfolding and aggregation. (A-D) Second
derivatives of absorption spectra of JD (150 pM) in the presence or the absence of compounds (750 pM), collected at
different incubation times in PBS at 37 °C. Peak positions of the main components and their assignment to the protein
secondary structures are reported in (A). The arrows point to increasing incubation times. (E) Time course of the
component assigned to native B-sheets. (F) Time course of the component assigned to intermolecular -sheets. (G)
Peak position of the component assigned to intermolecular B-sheets taken from second derivatives of spectra collected
from JD samples incubated for two weeks (2 ws) at 37 °C in the presence or the absence of compounds. (H) Second
derivative spectra of the pellet collected from JD samples incubated for two weeks at 37 °C in the presence or the
absence of compounds. Second derivative spectra were normalized at the tyrosine peak at ~1515 cm™.

spectra at ~1693 cm™ and ~1623 cm’, in the typical spectral region of intermolecular B-
sheets in protein aggregates (Fig. 3A). These results indicate the loss in native secondary
structures and the formation of protein aggregates, in agreement with previous reports
(26,27). FTIR analysis was also performed in the presence of GA at 1:5 of protein:ligand
molar ratio (Fig. 3B). Compared with JD alone, GA induced an earlier intensity decrease
of the native B-sheet peak (Fig. 3B and E) and an increase in the intermolecular 3-sheet
component (Fig. 3B and F), which at the end of the incubation reached a lower intensity
compared with the control. Moreover, the peak position of the intermolecular B-sheets was
upshifted to ~1627 cm™ in the sample incubated with GA (Fig. 3G and H), suggesting the
formation of slightly loosely packed aggregates in the presence of this compound. Similar
effects on JD misfolding and aggregation were also observed in the presence of EGC (Fig.
3C and E-H) and, more markedly, in the presence of EGCG (Fig. 3D-H). In a previous
work (26), we showed that EGCG is able to induce JD and full-length ATX3 misfolding,
leading to the formation of aggregates that are off-pathway with respect to fibrillogenesis.
The FTIR analyses here reported indicate that both GA and EGC are able to exert effects

similar to those of EGCG on the structural properties of JD aggregation intermediates,
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albeit to a reduced extent, with the following order of decreasing -efficacy:
EGCG>EGC>GA (Fig. 3E-H).

FTIR analyses were also performed on full-length, expanded ATX3-Q55. During
incubation at 37°C in the absence of any compound added, the IR peak at ~1635 cm™, due
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Figure 4. FTIR analyses of the effects of EGCG, EGC and GA on ATX3-Q55 aggregation. (A-D) Second derivatives
of absorption spectra of ATX3-Q55 (25 uM) in the presence or the absence of compounds (125 pM), collected at
different incubation times in PBS at 37°C. The assignment of the main components is reported in (A). The arrows
point to increasing incubation times. (E) Time course of the component assigned to native f-sheets. (F) Time course
of the component assigned to intermolecular B-sheets. Second derivative spectra were normalized at the tyrosine peak
at~1515 cm™.

to native B-sheets, decreased in intensity and a new peak appeared at ~1624 cm™ (Fig. 4A).
This new component, along with that detected at ~1694 cm™, has been assigned to the
formation of intermolecular B-sheet structures in the protein aggregates (26,27). The ~1657
cm’' component (due to a-helical and random coil structures in the freshly purified protein)
decreased in intensity at the beginning of the incubation, then increased again at later
times, with a parallel appearance of a new component at ~1604 cm™. In a previous work
(27) we unambiguously assigned the ~1657 cm™ and ~1604 cm™ bands to glutamines
involved in strong side chain-side chain (and possibly side chain-backbone) hydrogen

bonding in the ATX3-Q55 mature amyloid aggregates. In the presence of GA ata 1:5
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protein:compound molar ratio, a faster intensity decrease of the native B-sheet peak at
~1635 cm™ (Fig. 4B and E) was observed in comparison with ATX3-Q55 alone.
Moreover, the components assigned to intermolecular B-sheets and side-chain H-bonded
glutamines, respectively at ~1624 cm™ and at ~1604 cm™, in the presence of the compound
reached a lower intensity compared with the control (Fig. 4B and F). These results suggest
that GA is able to induce a partial unfolding of ATX3-Q55 and to decrease the fraction of
the protein forming mature amyloid aggregates. Similar effects on ATX3-Q55 aggregation
were observed for EGC at 1:5 of protein:compound molar ratio (Fig. 4C, E, and F).
Interestingly, these effects were more evident in the case of EGC compared with GA. In
the presence of EGCG at a 1:5 ATX3-Q55:compound molar ratio, the 1635 cm’
component immediately decreased in intensity with a simultaneous appearance of a
shoulder at lower wavenumbers, which slightly increased with times (Fig. 4D-F). These
results are in agreement with a previous study, whereby it was shown that EGCG induces
the formation of ATX3-Q55soluble, SDS-resistant aggregates of ATX3-Q55, with low -
sheet content and without ordered side-chain hydrogen bonding (14). Overall, the FTIR
data indicate that GA, EGC, and EGCG are able to induce ATX3-Q55 misfolding,
redirecting its fibrillogenic process toward off-pathway aggregates. As in the case of JD,
the efficacy of these compounds is in the following order: EGCG>EGC>GA (Fig. 4).
Under all conditions, a fraction of the protein formed mature amyloid aggregates with an
ordered array of H-bonded glutamine side chains, as indicated by the FTIR spectra of the
pellet collected after two weeks incubation at 37 °C of ATX3-Q55 with and without the

different compounds (Supplementary information Fig. S1).

EGCQG, EGC and GA inhibit ATX33-Q5S fibrillogenesis

Tapping mode atomic force microscopy was employed to obtain information on the effects
of EGCG, EGC and GA on ATX3-Q55 aggregate morphology. Figure 6 compares
representative images obtained after 48 h aggregation of 25 uM ATX3-Q55 in the absence
and in the presence of EGCG, EGC and GA at a molar ratio protein:compound of 1:5.
ATX3-Q55 alone formed fibrils arranged into bundles of height between 20 and 60 nm
(Fig. 6A), in agreement with previous obervations (14,27). The mean bundle length was
1100 £ 200 nm and the mean bundle height, measured at the middle of the bundle, was 43
+ 8 nm. In the presence of EGCG (Fig. 6B), fibrillation was completely suppressed and

clusters of non fibrillar material were observed, with cluster height between 20 and 80 nm
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and typical cluster size in the scan
plane of 0.5 — 1 wum, in agreement
with previous findings (14).

In the presence of EGC and
GA, fibrillation was not completely
suppressed. The fibril bundle lengths
were 900 = 100 nm for EGC and
800+200 nm for GA, and the bundle
heights were 40£10 nm and 44 + 10

nm respectively. These results
Figure 5. AFM analysis of AT3XQ55 aggregates obtained in

absence and in the presence of EGCG, EGC and GA. Tapping indicate that these compounds were
mode AFM images (height data) of ATX3QS55 aggregates

obtained after 48 h incubation of 25 uM ATX3Q55 in the absence  less effective than EGCG. However,
(A) and in the presence of EGCG (B), EGC (C), GA (D) at a

molar ratio protein:compound 1:5. Scan size 3.0 um, Z range 120 in the presence of EGC bundles of
nm (A), 50 nm (B), 80 nm (B, C, D).

modified morphology were often
observed (Fig. 6C) and for both EGC and GA, non-fibrillar and relatively flat aggregates of
height between 10 and 12 nm were also found (Fig. 6C and D). These results suggest the

formation of off-pathway species.

Molecular docking investigations show that EGCG, EGC and GA bind the JD in the
same regions

In order to get insight into the binding mode of the ligands EGCG, EGC and GA to the JD,
molecular docking investigations were carried out for all ten conformations presented in
the 1YZB pdb file (28,29). Our results reveal that the interaction of GA, EGC and EGCG
with the protein is non-specific, as supported by the fact that different binding sites were
found over the whole surface of JD for all ligands (Fig. 6; Supplementary Material, Fig.
S2). We focused our attention on the best pose of each ligand in all JD NMR structures
(Table 1).

This analysis highlights for all compounds three binding sites located at the top,
middle and bottom regions of the protein, respectively. In the case of GA and EGCQG, the
best binding site is located in the middle region around the amino acids 120-166 (Fig. 6A
and C). This region is involved in the binding event in seven NMR structures, in the case
of GA, and in eight NMR structures in the case of EGCG. In contrast, EGC showed a
higher affinity for the top and bottom region, around the amino acids 37-78 and 74-118,
respectively (Fig. 6B). In such case, EGC binding to the central region was observed in

two NMR structures only.
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Figure 6. Best scoring poses for EGCG (A), EGC (B) and GA (C) docked on JD structure derived from
1YZB-PDB code. Molecular docking was performed with Glide software.
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STD NMR analysis provides evidence of EGCG and EGC binding to monomeric JD
To provide experimental evidence of the binding mode of EGCG, EGC and GA to JD, we
performed Saturation Transfer Difference (STD) NMR experiments (28,29). STD NMR is
a robust method allowing to detect and characterize receptor-ligand interactions in
solution, based on the observation of the signals of the small molecule (ligand). In previous
works, we have exploited it to characterize the molecular interaction of different natural
(30-32) and synthetic ligands (33—-35) with amyloid peptide and proteins, including ATX3-
Q55 (36) and JD (26).

Here, we have carried out experiments on ligand/protein mixtures dissolved in
deuterated phosphate buffer, pH 7.2, 5 °C. The selective saturation of some aliphatic
resonances of JD was achieved by irradiating at -1.00 ppm (on-resonance frequency). In
fact, when the experimental conditions are chosen properly to assure the absence of direct
irradiation of the test compound (verified through blank experiments on a sample
containing the potential ligand only), the presence of its NMR signals in the STD spectrum
unequivocally indicates its interaction with the receptor. On the other hands, any signal
coming from non-binding compounds is erased in the STD spectrum, thus demonstrating
that the molecule is not a ligand (Fig. 7).

STD NMR spectra recorded on samples containing 7 uM JD and each of the three
potential ligands EGCG, EGC and GA, are depicted in Figures 7B, D and F respectively.
In agreement with data reported on the interaction of these compounds with ATX3-Q55
(36), EGCG and EGC are ligands of JD monomers, as demonstrated by the presence of
some their resonances in STD spectra B and D, while no evidence of binding to the protein
was obtained for GA, whose STD spectrum (Fig. 7F) shows no resonances from this
molecule. As GA also has an effect comparable to, although somewhat weaker than that of
EGCG and EGC in redirecting amyloid aggregation, we suggest that the failure to detect

binding may be accounted for by a weaker interaction by the former.

EGCQG, EGC and GA inhibit ATX3-QS55 aggregate toxicity in neural cells

It has been previously reported that the interaction of ATX3-Q55 amyloid aggregates with
neural cell membranes induces an increase in membrane permeability, resulting in the
disruption of calcium homeostasis and subsequent cytotoxicity (37). To test the ability of
EGCG, EGC and GA to inhibit such cytotoxic effectsATX3-QS55, rat cerebellar granule

cells were loaded with the calcium-sensitive fluorescent dye Oregon Green, to monitor
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calcium influx induced by protein aggregates. Cells were incubated for 24 h with 48 h-

aged ATX3-Q55 aggregates formed in the absence or the presence of EGCG, EGC and

GA. Figure 8 reports the corresponding fluorescence increase, resulting from calcium

influx, measured with respect to control cells incubated without protein aggregates. In the

presence of EGC or EGC, the increase in intracellular calcium levels elicited by protein

aggregates was completely suppressed. However, even GA reduced calcium influx by as

much as 75%.

Figure 7. STD NMR characterization of EGCG, EGC and GA to ID. (A) 'H NMR spectrum of a mixture containing
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JD (7 uM) and 1.5 mM EGCG. (B) STD NMR spectrum of the same mixture of spectrum A at a saturation time of 3

s. (C) '"H NMR spectrum of a mixture containing JD (7 pM) and 1.5 mM EGC. (D) STD NMR spectrum of the same
mixture of spectrum C at a saturation time of 3 s. (E) '"H NMR spectrum of a mixture containing JD (7 uM) and 1.5

mM GA. (F) STD NMR spectrum of the same mixture of spectrum E at a saturation time of 3 s. All the samples were
dissolved in PBS solution, pH 7.2, 5 °C. The spectrometer frequency was 600 MHz. The EGCG H, signal is
overlapped by water resonance.
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Figure 8. Fluorescence analysis of the effect of EGCG,
ECG and GA on ATX3-Q55 aggregate toxicity in
primary neuronal cells. Oregon Green fluorescence
increase, indicating Ca®" influx, recorded in rat
cerebellar granule neurons after 24 h incubation with
48 h aged ATX3-Q55 aggregates obtained in the
absence or the presence of EGCG, EGC, GA.
Fluorescence changes were measured with respect to
control cells incubated without protein aggregates.
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EGCG, EGC and GA ameliorate the pathological phenotype of a SCA3 C. elegans
model

A SCA3 C. elegans model was used to evaluate the effects of EGCG, EGC and GA on
worm pathological phenotype. A wild type variant (ATX3Q17-GFP) and a pathological
one (ATX3QI130-GFP) were expressed in the nervous system in fusion with GFP and
under the control of the unc-119 promoter. Wild type Bristol N2 strain was used as a
control. The compounds were directly added to E. coli OP50 suspension used to feed
worms. Their effect was evaluated by monitoring life span and quantifying body bends
frequency after 24 h (Fig. 9A) and 48 h (Fig. 9B) of incubation. None of these compounds

was able to increase in a statistically significant manner worms’ survival (data not shown).
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Figure 9. Pharmacological assay on ATX3 transgenic worms. One-day synchronized adult worms were placed on a
plate seeded with E. coli in the presence or the absence of 0.1 mM EGCG, EGC or GA, and cultured at 25 °C.
Number of body bends/20 sec were scored after 24 h (A) and 48 h (B) of treatment. Data were also expressed as
percentage of motility increase with respect to the untreated animals after 24 h (C) and 48 h (D) of treatment. Error
bars represent standard errors. Plots are representative of at least three independent experiments. * P < 0.05; ** P <
0.001

However, after 24 h of treatment, all compounds promoted a statistically significant
increase in worm mobility in the Q130-GFP strain with respect to untreated worms. This
increment was 30, 17 and 12 % in the presence of EGCG, EGC and GA, respectively (Fig.
9C). A statistically significant increase in mobility was also observed after 48 h of
treatment in Q130-GFP strain (25, 12, 8 % in the presence of EGCG, EGC and GA
respectively, Fig. 9D).
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3.3 DISCUSSION

In a previous report we demonstrated EGCG capability to redirect ATX3 aggregation
pathway towards non-amyloid, non-toxic aggregates and to ameliorate the ataxic
phenotype of C. elegans (14). However, in view of its employment as a drug for the
treatment of the relevant disease, its major flaw is that it can undergo chemical
modifications with resulting loss of antiamyloid efficacy and scanty bioavailability (15,16).
This prompted us to assay the efficacy of simpler compounds, yet structurally related to
EGCQG, i.e., EGC and GA. Furthermore, simpler structures should make possible, in
principle, to easily accomplish their derivatization to specific vectors, such as
nanoparticles, with enhanced brain delivery (35,38). This prompted us to perform an
extensive characterization of their action at the molecular and cellular level, as well as on
the C. elegans animal model.

In particular, we analyzed the effects of the three compounds on expanded ATX3-
Q55 and JD aggregation, the latter being assayed because of its well-known involvement in
the earliest events of aggregation (23-25). On the whole, our SDS-PAGE and FTIR
analyses have clearly shown that the effects exerted by the three compounds on ATX3
amyloidogenesis are qualitatively similar, as all of them redirect the aggregation process
towards soluble, SDS-resistant and non-amyloid off-pathway aggregates. In particular,
FTIR spectra collected during the progress of ATX3-Q55 aggregation showed the absence
of the 1604 cm™ peak, assigned to glutamine side-chain hydrogen bond network, which is
the hallmark of amyloid aggregation of proteins carrying expanded polyglutamine stretches
(14). AFM data also support this hypothesis in that clear morphological differences were
observed between aggregates generated by ATX3-Q55 in the presence or the absence of
the compounds. Indeed, all treatments resulted in formation of clusters of non-fibrillar
material. Nevertheless, the data show a different efficacy among the treatments with the
following order: EGCG>EGC>GA.

To better understand the mode by which the three compounds prevent
amyloidogenesis, we also performed molecular docking and NMR analyses on the JD.
Molecular docking analyses on the JD highlighted three interacting regions which point to
a non-specific binding mode. All three compounds bound to each of them, although with
different patterns. Noteworthy, all three compounds bound to the previously identified
aggregation-prone regions (APR) (23,24).

STD NMR confirmed that EGCG and EGC are capable to bind to the monomeric
form of the protein, whereas the failure of detecting GA binding is quite likely due to a
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weaker and/or transient interaction by this compound. A previous work reports a similar
failure to detect in NMR spectroscopy the interaction of this compound with monomeric o.-
synuclein (39). Overall, these results provide a possible interpretation of the mechanism by
which these compounds prevent ATX3 fibrillogenesis, given their capability of directly
binding to the APR, which suggests that the interaction occurs at the very beginning of the
aggregation process.

Provided that the compounds antiamyloid action relies upon their capability of
preventing intermolecular interactions among APR, a still unanswered issue is how this
initial effect give rises to non-amyloid aggregates. Wobst and coworkers recently reported
that EGCG can prevent the tau protein aggregation into toxic oligomers (40), whereby they
also observed that such capability interferes with the formation of B-sheet-rich oligomeric
tau species. Thus, it might be that EGCG’s primary effect on the APR, and/or subsequent
as yet unidentified interactions, results in an altered pattern of f-sheet formation, as
actually showed by our FTIR data. It should be also mentioned, however, that, according to
a recent analysis on fourteen disease-related proteins and peptides, EGCG would bind to
cross-f3 sheet aggregation intermediates (41). Thus, the case of ATX3 does not conform to
this generally observed pattern, given the capability of the compound to first bind to
monomeric protein, as actually also reported for other proteins (42).

Noteworthy, tetracycline, another well-known antiamyloid agent, was proven to
interfere with ATX3 fibrillogenesis and prevent toxicity by a substantially different
mechanism compared with that displayed by EGCG, EGC and GA. In fact, tetracycline did
not change the structural features of the aggregated species, but drastically increased their
solubility (14). This effect is mediated by its capability to only bind oligomers (26), in
keeping with our docking results that did not detect any possible binding mode between the
antibiotic and JD in monomeric form (unpublished results).

The protective effect of the three compounds was demonstrated in vivo using both
neural cells and the C. elegans animal model. In the first approach, we preincubated
ATX3-Q55 with EGCG, EGC and GA, which resulted in the formation of aggregates
displaying a substantially lower calcium-mediated cytotoxicity, compared with those
formed by the untreated protein. Furthermore, all three compounds ameliorated the
pathological phenotype of diseased worms, as shown by their improvement in locomotion.
Both experimentations also confirmed the aforementioned order of efficacy, i.e.,
EGCG>EGC>GA. It should be stressed, nevertheless, that even GA displayed a significant

capability of preventing cytotoxicity.
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As regards the mechanisms underlying the effects detected, the protective action on
neural cells must be only fulfilled via prevention of toxic amyloid aggregates formation. In
contrast, the outcome detected in C. elegans quite likely results from a combination of
effects exerted at the cellular level, along with those specifically acting on aggregate
formation. This hypothesis is in agreement with other literature reports, wherein the
cytoprotective role of phenolic compounds mainly occurs via protection against oxidative
stress and/or autophagy stimulation (43—45).

In conclusion, we have demonstrated that EGC and GA display a mechanism of
action similar to that observed for EGCQG, irrespective of whether they act at the molecular,
cellular, or whole animal level. However, we observed a different efficacy by the three
compounds, as above outlined. It is worthwhile to mention that GA represents the minimal
functional unit of EGCG and, in general, of related phenolic compounds. This finding
stimulates our interest in GA-mediated effects because, due to its relatively simple
structure, it is suitable for conjugation to nanovectors, which may be bound to molecules

enabling them to cross the blood brain barrier.

3.4 MATERIALS AND METHODS

ATX3 purification. ATX3-Q55 cDNA was previously subcloned in the pQE30 vector and
the protein expressed in the Escherichia coli strain SG13009 (E. coli K12 Nals, StrS, RifS,
Thi2, Lac2, Arat+, Gal+, Mtl2, F2, RecA+, Uvr+, Lont+; Qiagen Hamburg GmbH,
Hamburg, Germany) as His-tagged protein (Natalello et al. 2011). JD cDNA was
previously subcloned in pET21a vector and the protein expressed in the E. coli strain BL21
Tuner (DE3) pLacl (E. coli B F- ompT hsdSB (rB- mB-) gal dem lacY1(DE3) pLacl
(CamR); Novagen, Germany) as His-tagged protein. Proteins were purified as previously

described (14,26).

SDS-PAGE and densitometry analysis of soluble protein fraction. Freshly purified
ATX3-Q55 (25 uM) or JD (150 uM) was incubated at 37°C in PBS solution (25 mM
potassium phosphate, pH 7.2, 150 mM NaCl) in the presence or the absence of EGCQG,
EGC or GA (Sigma-Aldrich Inc., St Louis, MO, USA) at a protein:compound molar ratio
of 1:5. Protein aliquots at different times of incubation (0, 1, 3, 6, 24, 48, and 72 h) were
centrifuged 15 min at 14000 x g and 10 pL for the expanded form or 3 pL for the JD of the
supernatants were subjected to SDS-PAGE. The gels were stained with IRDye Blue

Protein Stain (LiCor Biosciences, Lincoln, NE, USA), scanned at 700 nm with the
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Odyssey Fc System and analyzed with the Image Studio software (LiCor Biosciences,

Lincoln, NE, USA).

FTIR spectroscopy. FTIR analyses were performed using a previously optimized approach
(14,26,27,46). Briefly, 2 uL of the sample solution, taken at different times of incubation at
37 °C in PBS, were deposited on the diamond surface of the single reflection device
(Quest, Specac, UK) for measurements in Attenuated Total Reflection (ATR). After
solvent evaporation, in order to obtain a protein hydrated film, the ATR/FTIR spectra were
collected using a Varian 670-IR spectrometer (Varian Australia Pty Ltd, Mulgrave, VIC,
Australia) equipped with a nitrogen-cooled mercury cadmium telluride detector under the
following conditions: 2 cm™ spectral resolution, 25 kHz scan speed, 1000 scans co-
addition and triangular apodization. The protein spectra were obtained by subtraction of
the proper reference spectra (14,27). Second derivatives of the spectra were obtained after
Savitzky-Golay smoothing. Spectra collection and analyses were performed using the

ResolutionsPro software (Varian Australia Pty Ltd, Mulgrave, VIC, Australia).

Atomic Force Microscopy (AFM). ATX3-Q55 was incubated at 37 °C in PBS buffer at a
concentration of 25 uM in the presence or the absence of EGCG, ECG or GA at a molar
ratio protein:compound of 1:5. At fixed aggregation times, a 10 pl aliquot was withdrawn,
incubated on a freshly cleaved mica substrate for 5 min, then rinsed with Milli-Q water and
dried under mild vacuum. AFM images were acquired in tapping mode in air using a
Multimode Scanning Probe Microscope equipped with “‘E’’ scanning head (maximum
scan size 10 um) and driven by a Nanoscope V controller (Bruker). Single beam uncoated
silicon cantilevers (type OMCL-AC160TS, Olympus) were used. The drive frequency was
between 270 and 320 kHz, the scan rate between 0.25 and 0.5 Hz. Aggregate size was
measured from the cross-sections of topographic AFM images. Errors were calculated

according to Student’s statistics assuming a confidence level of 95%.

Docking analysis. The NMR resolved three-dimensional structure of JD protein was
retrieved from the protein data bank (PDB ID: 1YZB) (47,48). Docking analysis were
performed using Glide software from Schrodinger suite (49). All 10 NMR conformations
of the PDB file were used in the docking procedure. The ligands EGCG, EGC and GA

were prepared with the specific tool LigPrep, generating any possible protonated states at
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pH 7.2+ 0.2. The XP Scoring function was used to score and rank of the compounds poses
(49).

NMR analysis. NMR experiments were recorded on a Bruker 600 MHz Avance III
equipped with a QCI cryo-probe, with a z-axis gradient coil. EGCG EGC and GA were
dissolved in PBS, pH 7.2 and an aliquot of protein solution, dissolved in the same buffer,
was added to reach the final concentration required. Basic sequences were employed for 'H
and STD-NMR experiments.

Solvent suppression was performed by excitation sculpting. 'H spectra were acquired with
128 scans and 2 s recycle delay. For STD-NMR experiments, a train of Gaussian-shaped
pulses each of 50 ms was employed to saturate selectively the protein envelope; the total
saturation time of the protein envelope was varied between 3 s and 0.15 s, 1024 scans;

acquisitions were performed at 5 °C.

Granule cell preparation. Sprague-Dawley rats were housed in the animal facility of the
Department of Pharmacy, Section of Pharmacology and Toxicology of Genoa University.
Experimental procedures and animal care complied with the EU Parliament and Council
Directive of 22 September 2010 (2010/63/EU) and were approved by the Italian Ministry
of Health (protocol number 2207) in accordance with D.M. 116/1992. All efforts were
made to minimize animal suffering and to use the minimum number of animals necessary
to produce reliable results. Granule cells were prepared from cerebella of 7-8 day old rats
as previously described (50). The cells were plated at a density of 1x10° per dish on 20 mm
poly-L-lysine-coated glass coverslips and maintained in Basal Eagle’s culture medium,
containing 10% fetal calf serum, 100 ug/ml gentamicin and 25 mM KCI, at 37 °C in a
humidified 95% air, 5% CO, atmosphere. Cultures were treated with 10 uM cytosine
arabinoside from day 1 in order to minimize proliferation of non-neuronal cells.

Experiments were performed in cultures between days 6 and 10 after plating.

Intracellular Ca’* concentration measurements in rat cerebellar granule cells. Granule
cells were incubated at 37 °C for 40 min in a 6 uM solution of the cell-permeant AM ester
of Oregon Green (Molecular Probes, Eugene, OR) and then washed several times with
washing solution (135 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,, 1.0 mM MgCl,, 5.0 mM
Hepes, 10 mM glucose, pH 7.4). Then they were transferred to a recording chamber

mounted onto a Nikon Eclipse TE300 inverted microscope. Cells were visualized using a
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%100 objective in oil (N.A. 1.3) as previously described (51). The fluorescence signal was
detected using a Hamamatsu digital CCD camera with a 450490 nm excitation filter, a
505 nm dichroic mirror, and a 520 nm emission filter (Nikon Italia, Florence, Italy).
Images were acquired with the Simple PCI software (Hamamatsu, Sewickley, PA).
Fluorescence intensity was calculated in arbitrary units by building a scale of the pixel
intensity located in the region of interest. Fluorescence intensity changes were calculated
as

(F — Fo) x 100/F,

where F is the fluorescence intensity measured with protein aggregated for 24 h after

treatment and F the basal fluorescence level (Fig. S3).

C. elegans strains and maintenance. ATX3Q17 and ATX3Q130 cDNAs were previously
cloned in pPDP 95.77 vector as GFP fusion protein under control of pan neural unc-119
promoter as reported in (14). Bristol N2 wild type was used as control. Worms were
cultured at 25 °C on solid nematode growth medium (NGM: 50 mM NaCl, 2.5 g/L
peptone, 17 g/L agar; 1 mM CaCl,, 1 mM MgSO,, 5 pg/ml cholesterol in ethanol) and

seeded with E. coli as food source, according to the standard procedure (52).

Worms age synchronization. To generate an age-synchronized population, a small plate (3
ml) of nematodes was transferred onto a new large plate (25 ml) to obtain many eggs.
After 2 d, the population was collected in 2.5 ml of M9 buffer (42 mM Na HPO,, 22 mM
KH,PO,, 86 mM NaCl, I mM MgSO,) and an equal volume of 4% glutaraldehyde was
added. After 4 h of incubation at 4 °C, the suspension was centrifuged 5 min at 1500 g.
The eggs were washed twice in M9 buffer and plated in the half uninoculated sector of a
moon large plate (plate seeded with E. coli OP50 only in half section of plate) (52).
Fluorescent ATX3Q17 and ATX3Q130 worms were selected using SteREO
Discovery.V12 (Zeiss, Oberkochen, Germany).

Pharmacological assay. One day-synchronized adult worms were placed onto a new plate
in the presence or in the absence of 0.1 mM EGCG, EGC or GA. All compounds were
added on the E. coli OP50 suspension before seeding the plates. Body bends were recorded

for 20 sec after 24 and 48 h of treatment. For each treatment, at least 20 worms were used.
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3.5 CANDIDATE’S CONTRIBUTION

The candidate performed the aggregation assays and the relevant SDS-PAGE and compound

validation on C. elegans model. She also prepared the protein for FT-IR", AFM®, Calcium influx®

and NMR analyses§ (performed in collaboration with: Dr. Antonino Natalello”; Prof. Annalisa

Relini®; Dr. Cristina Airoldi®). Docking analyses were performed in collaboration with Prof. Luca

De Gioia and coworkers. The candidate contributed to statistical analyses.
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3.7 SUPPORTING INFORMATION
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Figure S1. Second derivative spectra of the pellet collected from ATX3-Q55 samples incubated for two weeks at 37°C in
the presence or the absence of compounds.
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Figure S2. Binding sites of EGCG (yellow), EGC (blue) and GA (red) to the JD, as detected during the docking
simulations in the 10 NMR structures of the protein.
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Figure S3. Rat cerebellar granule cells loaded with Oregon Green. Representative images of: A) control cells exhibiting
basal fluorescence; B) cells incubated for 24 h with 48h-aged ATX3-Q55 aggregates, showing an increase in
fluorescence intensity due to calcium influx induced by protein aggregates. The fluorescence increases reported in Fig 7
were obtained as (F — Fg) x 100/Fy, where F is the fluorescence intensity measured in cells exposed to ATX3-Q55
aggregates formed in the absence and the presence of GA, EGC, EGCG, and F, the basal fluorescence level measured in
untreated cells.
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4. The effects of EGCG and GA on ATX3 aggregation: an in situ study

4.1 INTRODUCTION

Plenty of molecules have been tested as inhibitors of ataxin-3 (ATX3) aggregation and
only few succeed in doing so; (-)-epigallocatechin-3-gallate (EGCG) is one among these.
However, instead of preventing, this molecule promotes an even accelerated, but off-
pathway, aggregation. Moreover, aggregates formed in its presence are safe for cells (1,2).
Epigallocatechin (EGC) and gallic acid (GA) are two molecules structurally related to
EGCG and their effect is very similar to the one exerted by the whole molecule, although
with a different extent (Visentin ef al., submitted). Protein co-incubation with EGCG, EGC
or GA results in formation of large, soluble and SDS-resistant aggregates, morphologically
and structurally different from the “classical” fibrillar aggregates formed by untreated
protein (1, Visentin et al., submitted). Safety and effectiveness of all of them was assayed
in a Caenorhabditis elegans model of spinocerebellar ataxia type 3, in which they were
shown to be effective in ataxic phenotype mitigation (1, Visentin ef al., submitted). None
of our previously analyses provide information on their effect on intracellular aggregation.

Escherichia coli is a prokaryotic organism, which reacts to stress conditions (e.g.,
aging, rate of protein synthesis, environment changes or expression of recombinant
protein) by forming inclusion bodies (IBs) at one extremity of the cell. IBs formed by
amyloidogenic proteins display amyloidogenic features as well. Even being a simple
prokaryotic system, it has a protein quality control. Taking in account all this
characteristics, it has been recently re-evaluated as model to study protein aggregation (3—
5), also in living cells (6-8).

Several approaches are exploited to study IBs and their formation in situ. One of
the most common is to express the target protein in fusion with another fluorescent protein,
i.e., green fluorescent protein and its variants. These chimera proteins permit not only to
visualize where the aggregates are located in the cells (9), but also to investigate a protein
deposition process at the single cells level (10). Another strategy to study IBs and follow
aggregation in vivo using fluorescence is to label a target protein with a tetra-cysteine
sequence. Bis-arsenical fluorescein-based dye specifically recognise this tag. The resulting
aggregates will be visualised as hyperfluorescent spot inside the cell (11).

Conformational dyes are based on fluorescence changes too. In fact, these
compounds change their spectroscopic features upon interaction with amyloid aggregates.
One of the most common is thioflavin-S but it presents several limitations: many cellular
components interfere with the reported signal and, moreover, it cannot be used to study the

effect of compounds carrying aromatic groups. In the last years, a new dye has been
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developed: ProteoStat® (12). This is a rotor molecule with a strong red shift relative to
other dyes commonly used and with an absorption and emission maxima at 500 nm and
600 nm, respectively. Its fluorescence in vivo is less influenced by intracellular
components and in vitro promotes an higher enhancement in the presence of aggregated
protein (12). This dye also allows a better discrimination between amyloid-like deposits
and non-ordered aggregates (5,13).

Spectroscopic techniques can also be applied to study aggregates in vivo. For
instance, nuclear magnetic resonance gives information about structural properties and
heterogeneity of protein embedded within IBs. However, to acquire these data, backbone
carbonyl and nitrogen labelling is required (14). Fourier transform infrared (FTIR) is
instead a label-free technique. Protein aggregates are characterized by the presence of
intermolecular B-sheet that can be assigned to a specific marker band (15,16), which is also
detectable in IBs (17). Moreover, IR spectra highlight possible structural alterations of cell
membranes promoted by protein aggregation and IBs formation (18).

In this work, we characterized the effect of EGCG and GA on E. coli cells
expressing two ATX3 variants carrying 24 and 55 glutamine repeats, respectively, which
represent a normal and an expanded, pathogenic variant, respectively. We investigated the
effect of the two compounds by analyzing ProteoStat® binding to IBs on intact cells and

recording FT-IR spectra of whole cells.

4.2 RESULTS

ATX3-Q55 and ATX3-Q24 strains characterization
EGCG and GA are two flavonoids active against ATX3 aggregation. We have previously
characterised their action in vitro and in a C. elegans model of spinocerebellar ataxia type
3. In order to better understand the effects of the two flavonoids in vivo, we analysed their
effect on IBs formed by E. coli cells expressing a wild type variant (ATX3-Q24), as a
control, and an expanded one carrying 55 glutamine repeats (ATX3-Q55).

We first verified protein expression levels of the two strains after 4 h of induction at
37 °C, using uninduced strains as a control. As reported in Figure 1 A, upon 4 h of
induction both ATX3-Q55 and ATX3-Q24 were mainly located in the insoluble fraction,
whereas in the uninduced control no protein was detected. Insoluble fraction was obtained
by centrifugation of crude extract: supernatant was referred to as soluble fraction and pellet
as insoluble. We proceeded with ProteoStat® staining, a new dye recently developed for

protein aggregates detection (12). Upon protein expression, we recorded an increased
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Figure 1. ATX3-Q24 and ATX3-Q55 strains characterization (A) Western blot analysis. Cell extract of ATX3-Q24
and ATX3-Q55 strain in the presence or the absence of induction was analysed by western blot. In the induced
samples soluble and insoluble fraction were separated by centrifugation and individually analysed. (B) ProteoStat
fluorescence spectra of ATX3-Q24 and ATX3-Q55 cells. ProteoStat emission spectra of induced and non-induced
ATX3-Q24 and ATX3-Q55 cells. (C) Confocal microscopy of ATX3-Q24 cells. Control cells without IPTG (i, ii)
and expressing ATX3-Q24 (iii, iv) after ProteoStat staining were analysed by confocal microscopy. Images acquired
in transmission mode are reported on the left, fluorescence images on the right. (D) Confocal microscopy of ATX3-
Q55 cells. Control cells without IPTG (i, ii) and expressing ATX3-Q24 (iii, iv) after ProteoStat staining were
analysed by confocal microscopy. Images acquired in transmission mode are reported on the left, fluorescence
images on the right. In fluorescence images colours are represented as spectrum palette. Scale bar correspond to 10
pm.

signal compared to uninduced cells; moreover, ATX3-Q55 promoted a stronger
fluorescence increment compared with ATX-Q24 (Fig. 1B). In Figures 1C and D we report
images obtained by confocal microscopy analysis of ATX3-Q24 and ATX3-Q55 cells,
respectively. After induction, in both strains we observed inclusion bodies (IBs), which
were positive to ProteoStat® staining. However, those formed by ATX3-Q55 were more

fluorescent compared with those detected in ATX3-Q24 cells (Fig. 1B and C).

EGCG and GA effects studied by protein distribution analyses and ProteoStat®
fluorescence

The same analyses were performed on the two strains upon treatment with 10 uM (-)-
epigallocatechine-3-gallate (EGCG) or gallic acid (GA). To allow compounds to enter the
cells, they were added in the medium 40 min before inducing protein expression.

We observed that EGCG treatment promoted an increase in the insoluble fraction in
both ATX3-Q24 and ATX3-Q55 strains (Fig. 2) compared to untreated samples. Indeed, in

the soluble fraction of protein-expressing cells in the absence of compounds in the
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Figure 2. Western blot analysis of ATX3-Q24 and ATX3-Q55 expression in the presence of EGCG and GA. On the
left panel is reported western blot analysis of ATX3-Q24 expression in the presence of 10 uM EGCG or 10 uM GA;
on the right panel ATX3-Q55 expression in the same conditions. In the induced sample, soluble and insoluble
fraction were separated and analysed individually. Immunodecoration was performed using an anti-ATX3 antibody
and anti-rabbit as secondary antibody.

medium, a small amount of protein was still detectable in the soluble fraction (Fig. 1A).
On the contrary, GA treatment promoted an increase in soluble fraction (Fig. 2) compared
to untreated cells (Fig. 1A). A similar effect was observed in both strains.

Initially, we recorded ProteoStat® fluorescence spectra of stained cells; then, an
aliquot of the same cells was analysed by confocal microscopy. As reported in Figure 3A
and B, compared to untreated cells EGCG treatment promoted a 20% and an almost 40%
increase in ProteoStat® fluorescence, in cells expressing wild type ATX3 and expanded
ATX3, respectively. This analysis confirms an opposite effect by GA compared that
exerted by EGCG. In fact, fluorescence of cells treated with this small compound was even
lower than that of the untreated cells. In agreement with this results, the aggregation
propensity factor (APF; see Materials and Methods) values calculated for cells treated with
EGCG were 18,5 and 21,9 for ATX3-Q24 and ATX3-Q55 cells respectively, while in the
GA treatment APF values were negative (-6,9 for ATX3-Q24 and -7,9 ATX3-Q55, Fig.
30).

Confocal microscopy images reported in Figure 3D (panels i and iii) highlighted in
both strains the formation of very large IBs positive to ProteoStat® staining upon EGCG
treatment. Actually, the IBs observed were more fluorescent and even bigger compared to
the ones of untreated cells. IBs formed by ATX3-Q55 were more fluorescent than the
ATX3-Q24 ones. Cells treated with GA, on the contrary, showed very low fluorescence for
both ATX3-Q24 and ATX3-Q55 cells (Fig. 3D ii and iv), suggesting low dye binding.

In keeping with confocal microscopy and fluorescence observations, flow
cytometry analysis highlighted an increase in fluorescence after EGCG treatment, whereas
in the presence of GA a decrease was recorded (Table 1). Both compounds were more
efficient towards ATX3-Q55 cells: EGCG promoted a 18% increase with respect to the
untreated sample, while in ATX3-Q24 the increase was almost 10%. Instead, GA

decreased fluorescence by 18% and 9% in the expanded and wild type strain, respectively.
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Flow cytometry assays were also performed, whereby cells were plotted on SSC-H vs

FSC-H dot plots. Populations (P1) were then gated as reported in figure S1 and analyzed

for ProteoStat® fluorescence in FL-3.

{aan)

ProteoStat Muarescence

ProteoStat Duorescence

C Wavelength (nm) D

Wavelength (nm)
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BATY085
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Figure 3. ATX3-Q24 and ATX3-Q55 expressing cells in the presence or the absence of EGCG and GA. (A-B)
ProteoStat fluorescence spectra. ProteoStat emission spectra of induced ATX3-Q24 (A) and ATX3-Q55 (B) cells in
the presence of 10 uM EGCG or GA. (C) APF value. APF value calculated for ATX3-Q24 and ATX3-Q55 cells
treated with EGCG or GA. (D) Confocal analysis (i-ii) ATX3-Q24 expressing cells. Cells expressing ATX3-Q24 in
the presence of EGCG (i) and GA (ii) were analysed by confocal microscopy after ProteoStat staining. (iii-iv) ATX3-
Q55 expressing cells. Cells expressing ATX3-Q55 in the presence of EGCG (iii) and GA (iv) were analysed by
confocal microscopy after ProteoStat staining. Fluorescence images are reported using spectrum colours palette.
Scale bar correspond to 10 pm.

Table 1. Fluorescent values derived from flow cytometry analysis. Fluorescence maximum, median and relative
standard deviation are reported for ATX3-Q24 and ATX3-Q55 expressing cells in the presence of vehicle, EGGC
and GA an, as control, non-induced cells.

Uninduced Induced +EGCG +GA
(vehicle)
Median 1070 =95 1730 + 225 1852 + 250 1513 £ 90
Q24
Max fluorescence 62306 179085 26214 49769
Median 1240 + 250 2162 + 237 2548 + 320 1351 + 132
Q55
Max fluorescence 119087 201536 248986 117395

ATX3-Q24 and ATX3-QS5S5 expressing cells analysed by FTIR microspectroscopy.
E. coli viable cells expressing ATX3-Q24 and ATX3-Q55, as well as their negative

uninduced controls, were analyzed by FTIR microspectroscopy. In addition, the effects on

E. coli cells of the two anti-amyloidogenic compounds, i.e., EGCG and GA, were

investigated in situ. In particular, cells were washed with 0.9% NaCl and resuspended in
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this physiological solution. Few microliters of cell suspension were deposited on BaF,
windows and dried at room temperature in a laminar flow hood, in order to remove the
excess water.

FTIR spectra were acquired in transmission mode, between 4000-800 cm™, at 2 cm’
! spectral resolution and by the coaddition of 512 scans. At least five spectra for each
sample were measured to evaluate possible heterogeneity and three independent
experiments were performed to verify data reproducibility.

As an example, in Figure S2 the IR absorption spectrum of uninduced E. coli intact
cells is shown and the absorption of the main biomolecules is indicated. To assign the IR
absorptions to specific biomolecules, we analyzed the second derivatives of the absorption
spectra that allow to better resolve the overlapped components of the IR complex bands.
Second derivative spectra have been first analyzed in the Amide I band region, due to the
C=0 stretching of the peptide bond, that gives information on protein secondary structures
and aggregation. For comparison, second derivatives have been obtained after
normalization of the absorption spectra at the Amide I band area.

In Figure 4A, are reported the second derivative of the spectrum of E. coli cells
expressing ATX3-Q24, that of uninduced control cells, as well as of induced cells treated
with EGCG and GA. The second derivative spectra of the uninduced cells are
characterized by two main components at ~1657 cm™, due to o-helix and random coils
structures of the whole cell proteins, and at ~1639 cm™, assigned to intramolecular native
B-sheets. In addition, two absorptions at ~1692 cm™ and at ~1680 cm™', respectively due to
3-sheets and B-turns, were detected. These spectral features were found to change in part in
cells expressing ATX3-Q24. In particular, compared to uninduced cell spectra, we detected
an increase in the intensity of the a-helix/random coil band, accompanied by an intensity
reduction of the intramolecular B-sheet component and the appearance of a shoulder below
1632 cm’, indicating the appearance of a new B-sheet structure, likely due to protein
aggregates. Interestingly, the treatment with EGCG and GA led in particular to a decrease
in the a-helix/random coil absorption and to a broadening of the B-sheet shoulder, more
evident in the case of EGCG.

To investigate whether the expression of the recombinant protein and the
subsequent treatment with EGCG and GA affected someway the IR cell response, the
absorption of other biomolecules was studied. In particular, we analyzed the spectral range
3050-2800 cm™' (Fig 4B), dominated by the absorption of lipid hydrocarbon tails, which

can give information mainly on membrane lipids. In this spectral range, the second
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Figure 4. Amide I band, lipid hydrocarbon tail stretching region and lipid hydrocarbon tail and head group
absorption of analyses after 4 h of induction of ATX3Q24 and ATX3Q55 expressing cells. (A) Second derivative
spectra of ATX3-Q24 expressing cells, of uninduced control and of induced cells treated with EGCG and GA, have
been reported in the Amide I region. (B) Second derivative spectra of ATX3-Q24 expressing cells, of the uninduced
control and of cells treated with EGCG and GA, have been reported in the lipid hydrocarbon tail absorption region.
(C) Second derivative spectra of ATX3-Q24 expressing cells, of the uninduced control and of cells treated with
EGCG and GA, have been reported in the lipid hydrocarbon tail and head groups absorption region. (D) Second
derivative spectra of ATX3-Q55 expressing cells, of uninduced control and of induced cells treated with EGCG and
GA, have been reported in the Amide I region. (E) Second derivative spectra of ATX3-Q55 expressing cells, of the
uninduced control and of cells treated with EGCG and GA, have been reported in the lipid hydrocarbon tail
absorption region. (F) Second derivative spectra of ATX3-Q55 expressing cells, of the uninduced control and of cells
treated with EGCG and GA, have been reported in the lipid hydrocarbon tail and head groups absorption region. (A,
C, D, F) Second derivative spectra have been obtained after normalization of the absorption spectra at the Amide I
band area. (B and E) Second derivative spectra have been normalized at the 2960 cm’! CH; band.

derivative spectra of uninduced cells are characterized by four main components: at ~2959
cm™ and ~2873 ecm™', due to CH; stretching vibrations, and at ~2922 cm™ and ~2852 cm’
due to CHj; stretching vibrations. Notably, these spectral features were found to be almost
identical in cells expressing ATX3-Q24, as well as in EGCG and GA treated cells, with the
exception of the CH, 2852 cm’' that showed higher intensity in cells treated with GA and
even more with EGCG. In Figure 4C, we report the analysis in the spectral range 1500-
1350 cm™, due to the bending vibrations of the CH,/CH; groups from hydrocarbon tails
and head groups, sensitive to hydrocarbon chain packing and conformational variations. In
particular, the second derivative spectra of uninduced cells are characterized by a peak at ~
1468 cm™, due to the overlapping absorption of CH, and CHs, and at ~1454 cm™, due to
CHs; furthermore, the component at ~1399 cm™ can be mainly assigned to the CH; of the
N(CHj3); group, typical of choline. Interestingly, we found very similar spectral features in
cells expressing the protein, while these bands were found to slightly increase in intensity
in cells treated with the two anti-amyloidogenic compounds, being more pronounced in the
case of EGCG.

We also analyzed the effects of EGCG and GA in intact E. coli cells expressing
ATX3 Q55. In Figure 4D, the second derivatives of E. coli cells expressing ATX3 Q55, of
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uninduced cells, as well as of induced cells treated with EGCG and GA are shown.
Compared to control cells, the second derivative spectra of cells expressing the ATX3-Q55
variant displayed an increase in the intensity of the a-helix/random coil band at ~1657 cm’
! and a reduction of the intramolecular B-sheet component at 1639 cm’. In addition, a
shoulder below 1632 cm™, mainly due to intermolecular beta sheets, appeared. As found
for cells expressing the ATX3-Q24 variant, the treatment with EGCG and GA led to a
decrease in the a-helix/random coil absorption and to a broadening of the B-sheet shoulder,
more evident for EGCG.

Concerning lipid absorption between 3050-2800 cm™ (Fig. 4E), we detected an
increase in the intensity of the CH, bands at ~2922 cm™ and ~2852 cm™ in induced cells
expressing the ATX3-Q55 variant and in GA and EGCG treated cells, compared to the
uninduced control. This suggests that the expression of the protein led to a rearrangement
of the hydrocarbon tail length and that, in particular the treatment with EGCG, caused a
further increase in acyl chain length. This was confirmed by the spectral analysis between
1500-1350 cm™ (Fig. 4F). Indeed, the same spectral behavior was detected for the ~1468
cm™ (CH, and CH3) and the ~1454 cm-' (CHs) bands, as well as for the phosphat marker
at ~1399 cm™.

4.3 DISCUSSION

We previously reported the capability of (-)-epigallocatechin-3-gallate (3) and of two
structurally related molecules, i.e., epigallocatechin (EGC) and gallic acid (GA), to
interfere with ataxin-3 (ATX3) aggregation. All these molecules mediate the anti-
amyloidogenic effect by the same mechanism (1, Visentin ef al., submitted): they redirect
the aggregation pathway toward the formation of large SDS-resistant aggregates, and also
mitigate the ataxic phenotype of a C. elegans model. In particular, our data pinpoint GA as
the minimal functional unit of EGCG.

In the present work, we studied the effect of EGCG and GA on entire E. coli cells
expressing ATX3-Q24 and ATX3-Q55. Our attention was especially focused on the effect
on IBs and on cell membrane.

A preliminary analysis on protein expression revealed that after 4 h of induction,
both variants were mainly localised in the insoluble fraction, even if a small amount of
protein was still detectable in the soluble fraction, according to a previous report by

Invernizzi and coworkers (8). The same analysis on cells treated with EGCG and GA

74



4. The effects of EGCG and GA on ATX3 aggregation: an in situ study

showed a different protein distribution. In fact, EGCG promoted an increment in insoluble
fraction; on the contrary, in the presence of GA the soluble fraction was comparable to that
of untreated cells or slightly more populated. In keeping with these data, confocal analyses
highlighted the presence of IBs in expressing cells, not detectable in uninduced ones.
These IBs increased in size in the presence of EGGC, whereas in the presence of GA their
size was comparable to that observed in untreated cells.

In ProteoStat® fluorescence analysis, we observed a signal enhancement upon
EGCG treatment compared to induced untreated samples, whereas GA promoted a drastic
signal decrease. This effect was detected in both strains and, remarkably, the fluorescence
recorded in ATX3-Q55-expressing cells attained higher fluorescence values, consistent
with its amyloid behaviour. These data suggest that EGCG is capable to interfere with
ATX3 aggregation also in living cells, which confirms its pro-aggregational action already
observed in vitro (1,2). GA action is also in keeping with previous in vitro data, as we
reported that this small compound exerts an effect similar to EGCG, but with a different
time course (Visentin et al., submitted) and a smaller increment in protein solubility
compared to the treatment with the whole molecule.

Amide I region of IR spectra of intact E. coli cells expressing ATX3 highlighted the
presence of protein aggregates after 4 h of protein expression (~1632 cm™ shoulder) (15),
paralleled by the decrease in a-helix/random coil signal. The signal of the aggregates was
remarkably more pronounced in the presence of EGCG, in agreement with protein
distribution analyses. This shift of the intermolecular B-sheet peak can be explained by the
bigger size of IBs formed in the presence of this compounds, but it can also be attributed to
the formation of structurally different aggregates, as observed in vitro (1,2). Probably,
under this particular condition, the broadening of the signal is accounted for by the
contribution of both effects, justifying also the increased ProteoStat® signal. In the
presence of GA, as expected because of increased protein solubility, the amount and the
shape of intermolecular B-sheet peak was similar to that of the untreated sample.

IR spectra analysis provides also information on membrane composition and
fluidity. In particular, ATX3-Q24 expression mediated the only detected increment in
phosphatidylcoline signal (PC, ~1399), especially in the presence of EGCG, and no
significant lipid modification. This suggests a reorganization of membrane packing,
resulting in increased membrane fluidity, without major lipid changes. In ATX3-Q55
expressing cells, we observed the same effect on PC, but in this case it was paralleled by a

significant increase in the CH; band intensity, usually associated with increased acyl chain
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length. Therefore, in this case we observed a membrane rearrangement towards a fluidity
increment, but also general lipid structural changes. This suggests that ATX3-Q55 itself
exerts an effect on cell membrane, not detectable in ATX3-Q24 expressing cells.

Plasma membrane can be regarded not only as a barrier between extra- and intra-
cellular environments, but also as stress sensor. Due to this capability, its composition and
fluidity can be modulated in response to stressing stimulations. Protein aggregation
represents one of these stress conditions, resulting in significant reorganization of cell
membrane (18). In keeping with these reports, increased PC levels could be due to
increased membrane fluidity as a reaction to IBs formation to avoid cell lysis. Finally,
plasma membrane has a critical role in signal transduction and PC represents an important
source of lipid signalling molecules. The observed increment in the level of this lipid could
reflect an increased cellular trafficking, especially after EGCG treatment and, to a minor
extent, after GA treatment.

Overall, our data confirm that EGCG and GA can interfere with ATX3 amyloid
deposition and highlight their capability to exert these effects in living cells. We also
observed differences in their mechanism of action, which can be explained based on

previous in vitro results but that need further studies to be fully understood.

4.4 MATERIALS AND METHODS

Ataxin-3 expression. ATX3-Q24 and ATX3-Q55 cDNA were cloned in pET21a plasmid
(8) and expressed in E. coli BL21 (DE3) Competent Cells. Cells were grown at 37 °C in
LB-ampicillin medium in the presence of 5% glucose until they reach ODggo 0.2. Cells
were divided in two tubes and collected 10 min at 4000 rpm; in one tube the pellet was
resuspended in LB-ampicillin medium in the presence of 5% glucose (not induced), the
pellet in the second tube in LB-ampicillin medium (induced). In all the samples the
compound (epigallocatechin-3-gallate or gallic acid), or an equal buffer volume, was added
at a final concentration of 1 mM. After 40 min of incubation at 37 °C in agitation, protein
expression was induced in the tubes without glucose adding 1 mM isopropil b-D-1-
tiogalattopiranoside. Cells were collected after 4 h of induction, resuspended in 2%

paraformaldehyde and stored at 4 °C.

SDS-PAGE and western blot analyses. Protein expression was monitored by western blot.
Two ODggo of cells were collected 5 min at 6000 rpm at the end of induction and the

corresponding pellet was stored at -20°C. After thawing, the pellet was resuspended in 1
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mL of PBS (25 mM potassium phosphate, pH 7.2, 150 mM NaCl) and sonicated 40 sec
with 0.1 s on and 0.1 pulse off at 30% amplitude. 500 pl of induced samples were
transferred into a new eppendorf and centrifuged 30 min at 16000 g; supernatant
represented the soluble fraction, whereas the pellet resuspended into equal volume was the
insoluble fraction. Cellular extracts were subjected to SDS-PAGE and transferred into
Immobilon PVD-F, previously activated with methanol. The membrane was saturated 1 h
at room temperature and then Z46 antibody (Paolo Tortora, Milano) was added at 1:5000
dilution in 5% milk in TTBS. After 1h at room temperature and 3 washings of 10 min in
TTBS (0.1% Tween 20, 50 mM TrisHCL, pH 7.5, 150 mM NaCl), Goat Anti-Rabbit IgG
H&L (HRP, Abcam) was added at 1:10000 dilution in 5% milk in TTBS and incubated 1 h
at room temperature. Membrane was washed 3 times for 10 min in TTBS and reviled with
ECL Chemiluminescent HRP Substrate (Millipore) according to the manufacturer’s

protocols in a Biorad Versadoc.

ProteoStat® staining. Fixed cells were washed in PBS to remove paraformaldehyde
residues and resuspended in ProteoStat® dye (Enzo Life Sciences) diluted 1:5000 in PBS
for FACS analysis and 1:3000 for fluorescence analysis and confocal microscopy. Before

proceeding with the assay cells were incubated 30 min at room temperature in the dark.

Fluorescence analysis. Fluorescence spectra of cells stained as reported above were
recorded on a JASCO FP-8200 fluorescence spectrophotometer at ODgoo 0.2 at 25 °C
recording emission between 500 and 650 nm after exiting the samples at 484 nm.

Aggregation propensity factor (APF) for cells treated with EGCG or GA was calculated as:
APF = 100 (MFIcompound_ MFIcontrol)/ MFIcompound.

Where MFlcompound corresponds to ProteoStat® maximum fluorescence intensity in the
presence of compound and MFI oo to ProteoStat® maximum fluorescence intensity in

the absence of this compound (induced cells).

Confocal microscopy analisys. Ten pL of ProteoStat® stained cells were deposited on the
top of a glass slides and analyzed with a laser scanning confocal microscope (Leica SP5
AOBS equipped with a HCX PL APO 63 1.4 oil immersion objective, Germany) using a
488-nm argon laser and a 500/600 nm emission filter. Images were digitally captured and

analysed with LAS AF 579 Lite Software (Leica Microsystems, Germany).
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Flow cytometry. ProteoStat® stained cells were analyzed using a BD FACSCanto flow
cytometer (BD Biosciences, San Jose, California, USA) using the protocol previously
described in (5). Briefly, P1 population was gated by forward scatter (FSC) and side scatter
(SCC). Cells in P1 were then analysed in the fluorescence channel FL-3 (530/30 nm band
pass filter) using a 488 nm laser source (PE-A). A total of 50,000 events were acquired.
Data analysis was performed with the FACSDiva Sofware (BD Bio-sciences).

Fourier transform infrared spectroscopy. After 4 h of induction in the presence or the
absence of 10 uM EGCG or GA, 1 ODgg of cells were collected by centrifugation and
resuspended in 0.9% NacCl, after three washes in the same buffer. Five pl of the suspension
were deposited onto a BaF, window and dried at room temperature for about 30 min. FT-
IR absorption spectra from 4000 to 600 cm™ were acquired in the transmission mode by
coupling the UMA 500 infrared microscope equipped with a nitrogen cooled MCT
detector (narrow band, 250 pl) — to a FTS 40A spectrometer (Digilab-USA) at 2 cm’
resolution, 20 kHz speed, 256 scan co-additions, and triangular apodization. Absorption
spectra with a low noise level were obtained by setting the microscope aperture at about
100 um x 100 um (19). The background spectrum was collected before each measurement
and no baseline correction was required on the spectra. Spectra were only corrected for
possible residual water vapour. A second derivative analysis of the spectra in the Amide I
and Amide II region was performed after a 15 point smoothing by the Savitzky—Golay
method (3rd polynomial, 13 smoothing points), using the GRAMS/32 software (Galactic
Industries, USA). To compare data from different growing cultures, the second derivative
spectra were always normalized at the tyrosine band around 1515 cm, in order to account

for possible differences in the total protein content.

4.5 CANDIDATE’S CONTRIBUTION

The candidate prepared all cellular samples and personally performed protein expression
analysis and fluorescence measurements. Under the supervision of Dr. Susanna Navarro,
the candidate performed FACS and confocal analyses. FT-IR measurements were acquired

by Dr. Diletta Metelli.
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4.7 SUPPORTING INFORMATION
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Figure S1. Representative population gating. Left image shows SSC-H vs FSC-H dot plot from 50,000 total events. P1
population was gated and represented in a fluorescence histogram (central panel). Right panel shows PE-W vs FSC-W

dot plot.
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Protein environment: a crucial triggering factor
in Josephin domain aggregation.

The role of trifluorethanol.
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5.1 INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3) is one of the nine known polyglutamine (polyQ)
disease (1). Those disorders are caused by the repetition of CAG triplet over the critical
threshold (30-40 repeats) in the coding sequence of the respective gene. The only common
feature of this disease-related protein is the presence of polyQ tract that trigger protein
aggregation in the presence of the expansion (2,3). The resulting intra-neuronal amyloid
aggregates are considered hallmark of the pathology.

Ataxin 3 (ATX3), the causative protein of SCA3, is a deubiquitinating enzyme with
nuclear and cytoplamatic localization (4). It consists of a globular N terminal domain
(Josephin domain, JD) and a disordered C-terminal tail in which the polyQ tract and one or
two ubiquitin-interacting motif are present (5). SCA3 onset is triggered by protein carrying
more than 55 glutamines. The aggregation process consists of two stages: the first one is
polyQ independent and occurs in all ATX3 variants, whereas the second one starts only in
the presence of an expanded polyQ and results in final amyloid-like fibrils generation (6—
8). However, the expanded polyQ tract does not significantly affect protein stability but
enhances local structural fluctuation of the flanking region, in particular of two critical a-
helices of the JD. The aggregation-prone regions (APR) are located in these a-helices.
APR exposure is prolonged in the presence of expanded polyQ, enhancing the probability
of aberrant interactions with other ATX3 monomers and leading to the critical transition o-
helix to B-sheet, which initiates the aggregation. Moreover, the expanded polyQ tract
stabilizes the final fibrils, generating glutamine side-chain hydrogen bonds but without
remodelling the fibrils core (9,10).

The fluorinated alcohol 2,2,2-trifluoroethanol (TFE) is an osmolyte extensively
used to study protein dynamics, stability and aggregation. The action of this compound can
be accounted for two major effects: (i) tertiary structure disruption and (ii) stabilization of
the secondary structure, especially a-helix but also B-hairpin. The stabilized secondary
structure is sequence dependent (11) and reflects the native composition (12). TFE addition
creates a highly hydrophobic local environment with reduced polarity. Under these
conditions, hydrogen bonds among side chains are promoted and the secondary structure
stabilized. At high concentration, the formation of partially folded states occurs because
the hydrophobic contacts in the protein core are disrupted and the protein loses its tertiary
structure. This conformation is aggregation prone, and for this reason TFE is often used to
promote and study protein aggregation. The action of this alcohol on all a-helical (13—15)

or all B-sheet (14) proteins is well characterized, whereas little is known about protein
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composed of both.

In this study, we characterized the effect of TFE on JD aggregation using a
biophysical approach. By circular dichroism we evaluated its impact on secondary
structure, then, by spectroscopic analysis, we studied its effects at time 0 and after 24 h of
co-incubation. By electron microscopy and Fourier transform infrared spectroscopy we
provided a morphological and structural characterization of the final aggregates. Chemical
and thermal stabilities were also studied. Finally, we also performed some in silico

predictions.

5.2 RESULTS

TFE increases a helix content of JD

Trifluoroethanol is an alcohol known for its capability to stabilize secondary
structures, preferentially a-helices. Recently, it has been demonstrated that the aggregation
of expanded ATX3 starts from the conversion of a critical a-helix located in the JD
(structure reported in Fig. 1) into a B-sheet after an
aberrant interaction with other ATX3 monomers. For
this reason, we decided to assess whether TFE is
capable to prevent ATX3 aggregation via o-helix
- stabilization.

To monitor the effect of TFE on JD structure,

we recorded CD spectra in far and near UV (Fig. 2A-
B) in the presence of 0, 1, 2, 5, 10, 20% TFE (v/Av).

Figure 1. Ribbon representation of the JD

structure. The Protein Data Bank accession  As reported in Figure 2A, the untreated JD structure
code for the structure is 1ZYB with

tryptophan residues highlighted in blue.  is mainly a-helical but is also displays a high
The figure was prepared with PyMOL.
contribution of B-sheet. After TFE addition, we
observed an increase in the a-helix signal, which was directly related to the amount of TFE
added (Fig. 2C). In contrast, in the near UV, we observed a decrease of the signal in the
presence of increasing amount of TFE and, in the presence of the highest concentration
tested (10 and 20%), the signal was almost completely lost. The disappearance of signal in
the near UV in the presence of the highest TFE concentration points to tertiary structure
loss, so we decided to perform all other experiments using TFE (v/v) in the range 0-5%.

Overall, these results indicate that TFE disrupts tertiary structure, whereas the secondary is

even strengthened.
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Low TFE concentrations do not significantly alter JD structure

To better understand the effect of TFE on the protein structure, we analysed
tryptophan fluorescence after the addition of 0, 1, 2, 5% (v/v) of the compound to a
solution of 80 uM freshly purified JD. As reported in the Figure 3A, there was some
decrease of the signal at all concentrations tested relative to the untreated protein. This

decrease was related to the amount of TFE added. 1H-NMR analysis confirmed that in the
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Correlation between TFE concentration and CD signal at 222nm. Plot of correlation between TFE amount added
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Figure 4. Aggregation properties of JD in the presence of
Figure 3. JD structural properties after TFE  different TFE concentrations after 24h of incubation at 37 °C.
addition at time 0. (A) Tryptophan  (A) Tryptophan fluorescence. Tryptophan intrinsic fluorescence
fluorescence. Tryptophan intrinsic fluorescence  of aggregated JD in the presence of 0, 1, 2 and 5% of TFE (v/v).
of freshly purified JD in the presence of 0, 1,2 (B) bisANS binding assay. bisANS binding of aggregated JD in
and 5% of TFE (v/v) (B) bisANS binding the presence of 0, 1, 2 and 5% of TFE (v/v). (C) Congo red
assay. bisSANS binding of freshly purified JD in binding assay. Congo red binding of aggregated JD in the
the presence 0, 1, 2 and 5% of TFE (v/v) (C) presence of 0, 1, 2 and 5% of TFE (v/v). Data are represented as
IH-NMR titration. 1H-NMR spectra recorded  differential absorbance spectra. (D) Light scattering. Light
in solution containing 0% (i), 1 (ii), 2 (iii) and 5 scattering of aggregated JD in the presence of 0, 1, 2 and 5% of
(iv)% of TFE (v/v). All the measurements were  TFE (v/v). All the measurements were performed at 25 °C.
performed at 25 °C.
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presence of TFE there were small changes in protein structure. Although they w ere more
evident at 5% (Fig. 3B iv), at 0, 1 and 2% (Fig. 3C 1, ii and iii respectively) such changes
were minimal. Further characterization using other chemical-physical methods (bisANS,
Congo red spectra and light scattering), reinforced even more the hypothesis that TFE
negligibly affects JD structure (Supplementary information Fig. S1).

TFE promotes aggregation of purified JD

Solutions of 80 uM freshly purified JD in the presence of 0, 1, 2 and 5% TFE (v/v)
were incubated for 24 h at 37 °C in static condition. Tryptophan fluorescence
measurements performed after the incubation showed that TFE-induced signal decrease
was much stronger than that observed at 0 time (Fig. 4A and 3A), consistent with a higher
extent of aggregation, as outlined below. BisANS measurements performed on the

aggregated JD displayed an essentially

presence of TFE, no appreciable

10 + O

* . 0_;_-:? "B unchanged signal up to 2% TFE,

B —% whereas at 5% concentration the signal

- . was appreciably lower (Fig. 4B). In the

€ .. " Congo red assay, all samples displayed

v att i ) the typical signal shift at 540 nm, which

g ] i ( I_ cmrens however was much stronger in the
T

TFE E

Figure 5. Aggregation kinetics of JD in the presence of  difference being detected among the

different TFE concentrations. (A - B) Aggregation assay. . . .

SDS-PAGE of total (B) and soluble (A) fraction of JD  different concentrations (Fig. 4C). We

incubated in the presence of 0, 1, 2 and 5 % of TFE (v/v). . . .

Gels were stained using BluSafe Reagent. (C) Densitometric then proceeded with llght scattering

analysis. Densitometric analysis of SDS-soluble band of

total and soluble fraction is reported. assays that revealed a TFE-dependent

increase in the signal recorded: the

maximum value was detected in the presence of 5% TFE (v/v) (142 a.u.) and the minimum
in its absence (77 a.u.), whereas 1 and 2% TFE (v/v) samples had intermediate values (Fig.
4C).

An aliquot of each sample was centrifuged for 30 min at 14000 g to separate the
soluble fraction, which was then subjected to SDS-PAGE and densitometric analysis. This
revealed that after 24 h about 44% of protein of the untreated sample was still soluble, but
only 5% at 1% TFE (v/v) and none at 2 and 5% TFE (v/v) (Fig. 5SA and C). An aliquot of
these samples was subjected to SDS-PAGE before centrifugation. SDS-soluble protein was

detected in all samples corresponding to 62, 46, 30 and 24% of the initial protein in the
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Figure 6. TEM and FTIR analyses of the JD aggregates in the presence of of different TFE concentrations. (A — D)
TEM images of JD after 24 h of incubation in the presence of TFE. TEM images of negatively stained aggregates
formed in the presence of 0 (A), 1 (B), 2 (C) and 5 % (D) of TFE (v/v) after 24 h of incubation at 37 °C. (E - N) FTIR
spectra of JD in the presence of TFE. ATR/FTIR spectra of JD after 0 h (E - H) and 24 h (I — N) in the presence of 0,
1, 2 and 5% of TFE (v/v). All the spectra were acquired in the amide I region and the fitted individual bands after
Gaussian deconvolution are shown (grey lines).

presence of 0, 1, 2 and 5% TFE (v/v), respectively. In the stacking gel, it was also possible
to detect SDS-resistant aggregates that did not to enter the separating gel (Fig. 5B and C).

We then proceeded with the morphological analysis of the aggregates formed after
24 h of incubation by transmission electron microscopy. In Figure 6A-D it is apparent that
the aggregates formed under all conditions were ordered, but TFE promoted an increase in
size. Furthermore, in the absence and in presence of 1% TFE (v/v) small oligomers were
observed.

We next analysed the structural features of these aggregates by recording the amide
I region of the Fourier transform infrared spectroscopy, corresponding to the absorption of
the carbonyl peptide bond. After spectra deconvolution, it was possible to assign each peak
to the corresponding secondary structure and calculate the relative contribution to the main
absorbance signal. At 0 time, the main difference was the peak at 1657 cm™ corresponding
to a-helix. In fact, this signal increased in parallel with the amount of TFE added. After 24

h there was a general decrease in native peaks (native B sheet: 1635 and 1687 cm’'; a helix:
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Table 1. Secondary structure of fresh and aggregated JD in the presence of different TFE concentrations. Assignment
of secondary structures of ATR/FTIR spectra acquired after 0 and 24 h of incubation at 37 °C in the presence of 0, 1,
2 and 5% TFE (v/v). All the deconvolutions were performed using PickFit software.

JD + 0% TFE JD +2% TFE JD +2% TFE JD + 5% TFE
to t24 to t24 to 124 to t24
Area (%) Area (Yo) Area (%) Area (V) Area (%) Area (%) Area (") Area (%)
1628 B3-sheet (inter) 321 353 36.6 41.1
1635/1687 I-sheet (intra) 353 6.5 343 6.2 35.7 8.3 33.6 393
1657 a-helix 44,0 41.1 453 38.7 45.7 354 459 17.6
1672/1681 turns 207 20.2 20.5 19.7 18.9 198 204
-1 -1
- 1657 cm™; turns: 1672 and 1681 cm™)
- ® ID+0%TFE
= l'i R e o..m  paralleled by the appearance of a new
.g £ _’m'.‘./.‘.\‘-"’y":‘-\‘lé\"’r‘a: ID+ 2% TFE -1 .
B 08| L e omme  peak at 1628 cm assigned to
3] I e el
>4 0.6 -
04 {1 intermolecular 3 sheet. The extent of
LY.
0.2 1
g ‘ ‘ ‘ these changes was related to the amount
0 100 200 300 400 500 . .
Time (min) of TFE added: indeed, in the presence of

I, 2 and 5% osmolyte the peak

Figure 7. Aggregation kinetics of JD in the presence of
different TFE concentrations. Aggregation kinetics of 40
uM JD in the presence of 0, 1, 2 and 5% TFE (v/v) was
monitored following the ThT fluorescence signal at 37 °C
for 500 min.

corresponding to the intermolecular B

sheet was 10% 14% and 28%,
respectively, relative to the unt reated control (Fig. 6E-N and table 2). Next, we assessed
the aggregation kinetics of 40 uM JD in the presence of 0, 1, 2 and 5% TFE at 37 °C by
monitoring ThT fluorescence. As reported in Figure 7, TFE accelerated the process and

lead to an increase in the final fluorescence values.

TFE impacts on thermal but not on chemical stability of TFE

To assess whether TFE impacts on protein stability, we performed thermal unfolding
monitoring CD signal at 222 nm and tryptophan fluorescence at 350 nm (Fig. 8A-B).
These two techniques provide information on changes in secondary and tertiary structure,
respectively. We followed the unfolding in the temperature range 20-80 °C, with a heating
rate of 1 °C/min. When monitoring far UV signal of JD in PBS, we observed a
conformational transition between 45 and 65 °C with a melting temperature (T,) of
approximately 60 °C. TFE promoted a shift of T,, to a temperature lower by about 4 °C in
the presence of 1% TFE (v/v), 6° C in the presence of 2% and 12 °C in the presence of 5%
(Fig. 8 A). When monitoring tryptophan fluorescence, the main transition in the absence of
TFE occurred between 45 and 55 °C, with a T,, of approximately 50 °C; in the presence of
1, 2, or 5% TFE (v/v) it was at about 47 °C, 45 °C and 42 °C, respectively. Under the latter

condition, the transition was still detectable but was scanty (Fig. 8B). To assess chemical
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Figure 8. Thermal and chemical stability of JD in the presence of different TFE concentrations. (A) Thermal
unfolding monitored at 222 nm. Unfolding profile monitored by CD recording the far-UV signal with a rate of 1 °C/
min in the presence of 0, 1, 2 and 5% of TFE (v/v). (B) Thermal unfolding monitored at 350 nm. Unfolding profile
monitored by fluorescence recording the tryptophan signal at 350 nm with a rate of 1 °C/ min in the presence of 0, 1,
2 and 5% of TFE (v/v). (C) JD unfolding induced by guanidinium chloride. Equilibrium unfolding curves induced by
GuHCI in the presence of 0%. 1% and 2% of TFE (v/v). (D) JD unfolding induced by urea. Equilibrium unfolding
curves induced by urea in the presence of 0%. 1% and 2% of TFE (v/v). Fluorescence emission were recorded at 25
°C and emission signal at 360 nm were plotted as function of denaturant concentration.

stability we monitored unfolding curve in the presence of guanidinium hydrocloride
(GuHCl) and urea. The reactions were left overnight at room temperature to reach
equilibrium and then we measured tryptophan fluorescence. In the presence of both
denaturants there was no difference between protein with and without TFE (v/v). In the
presence of GuHCI we obtained a complete protein unfolding whereas in the presence of
urea the unfolding process was not complete even at the highest concentration, in keeping
with previous reports (Fig. 8C-D). Next, we tested the dynamic unfolding using stopped
flow technique and urea as denaturant. According to the unfolding curve, we did not
observe significant differences between the sample in the presence or the absence of TFE

(Supporting information Fig. S2).

TFE has several binding sites in JD

In Figure 9 and table 2 we report results of Aggrescan3D predictions of the aggregation-
prone region on protein surface. The simulation in static condition identified residues 31,
86-87, 136-137, 146-147 and 150-151 as aggregation-prone residues (A3D score > 0.5).
Simulation in dynamic conditions that take in account possible structural fluctuations
identified the same residues, albeit with higher scores, and some other additional residues,

i.e., 27, 149-151 and 163.
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Table 2. Aggrescan 3D results. Residues with A3D score >
2 0.5 are reported.

W Static
A3D score

simulation

g 0 : S» static dynamic

o 5= ®oynamic 5 F 1.0307
21 | i simulation 27 Y 0.6525

i 30 P 0.529

-2 ‘ 31 \Y 1.0259 1.0731

86 v 07132 13801

3 87 W 0.1934 0.913

136 L 0.873 1.6143

N 1D residue number 137 L 0.1736 2.0413

146 T 0.4577 0.5447

147 Y 1.5224 1.7854

. .. 149 A 0.8808
Figure 9. Aggrescan 3D prediction. A3D 150 L 1.5889 1.6524
prediction of aggregation prone regions of JD. 151 F 05956  0.6121
163 F 0.5957

Predictions were performed using static (black)
and dynamic (grey) condition.

Figure 10. Molecular docking. Distribution of sampled poses in docking sites on 1YZB. All ligand configurations for
each mainly populated cluster are shown.

We also performed molecular docking between JD and TFE as reported in Figure
10 and table S1. Ensemble docking calculations resulted in 200 docking modes, 20 per
each 1YZB initial conformation. We predicted 14 clusters and 90% of sampled ligand
poses were contained in six of them. These six mainly populated clusters are shown in Fig.
9. For each ligand configuration cluster we showed the identified protein residues involved
in the interaction. In a greater detail, the residue contact probability is shown. This quantity
has been calculated as previously reported (25) using the following procedure: for each
snapshot (i.e., each mode pertaining to a certain cluster), the distance between the ligand
and all residues of 1YZB was calculated. If, at least one distance value among the
computed ligand-residue distances was equal or less than a chosen threshold (0.5 nm), the
residue was considered as in contact with the ligand. The number of “contact snapshots”
divided by the number of total snapshots is defined as the contact probability associated

with the residue (25).
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5.3 DISCUSSION

In the treatment of amyloid-related neurodegenerative diseases, the prevention of protein
aggregation represents one feasible strategy. ATX3 is a polyQ-containing, aggregation-
prone protein that triggers spinocerelbellar ataxia type 3 (SCA3) when its polyQ stretch
exceeds a critical threshold (1). Its aggregation process consists of two different stages: the
first one is polyQ independent and leads to proto-fibrillar aggregates, whereas in the
second the polyQ tract drives the formation of final amyloid aggregates (9,10). Recently, a
major role in this process has been assigned to a specific a-helix of the JD (04) that is
converted into B-sheet after aberrant interactions with other JD monomers (9). To confirm
the mentioned role of this a-helix, we assessed the effect of TFE on the JD in isolation for
its well-known capability to stabilize secondary structure. We used isolated JD because
this is the ATX3 domain the aggregation pathway starts from and also determines shape
and structure of the final fibrils (7). For this purpose, we used very low TFE
concentrations: maximum values is 5% (v/v), which is no greater than half the value
generally adopted in other studies (13,26-28). These working concentrations were chosen
taking into account that at 10 and 20% TFE (v/v) CD spectra not only revealed an increase
in a-helix signal but also a loss of tertiary structure, in keeping with a well-known
mechanism of action of TFE. All the subsequent analyses were therefore performed at 1, 2
and 5% TFE (v/), so as to select conditions whereby it stabilizes a-helices while
preserving tertiary structure, as supported by scanty changes observed in tryptophan and
bisANS fluorescence, near and far CD and '"H-NMR spectra. These data suggest that TFE
promotes the formation of a native-like state largely indistinguishable from the fully native
one. Similar effect were previously observed also in the case of acylphosphatase (26, 27).
Surprisingly, in the presence TFE, the aggregation was faster and the resulting aggregates
larger compared to those generated by untreated protein, although our spectroscopic data
point to a tighter structure in terms of a-helix content, exposure of tryptophan and
plausibly of aggregation-prone regions (APR). Concurrently, in the presence of TFE the
JD also displayed a lower binding to bisANS and a higher one to Congo red. Thus, our
results suggest that these aggregates are very similar, if not identical, to those formed by
the protein in aqueous solution, although this native-like state is more aggregation prone
compared to the fully native protein.

Although TFE affected JD thermal stability, it did not perturb chemical on, either at

equilibrium or in dynamic conditions.

91



5. Protein environment: a crucial triggering factor in JD aggregation. The role of TFE

Simulation experiments presented in previous reports (9,10) lead to identify APR,
mainly located in the pocket between the two JD subdomains. We also performed
simulations using Aggrescan3D, which lead us to find new ones located on the protein
surface. However, in the previous works the authors used different predictors, mainly
focused on primary sequence, while A3D takes in account the three-dimensional structure
of the protein. Thus, our predictions are not at odds with the previously identified ones.

We also performed molecular docking using JD and TFE, whereby we identified
several binding sites, most of which overlapped with APR identified by A3D. The
presence of several TFE-binding sites on JD surface might justify the compound’s
capability to affect JD behaviour even at low concentrations, as outlined above.

Our results also highlight the role of the environment in affecting the mode of
ATX3 aggregation. In fact, TFE is known to generate a hydrophobic environment very
similar to that present in membranes (30). This in turn, would be sufficient to induce the
formation of a native-like state, which is more aggregation-prone than the fully-native
protein. Our data are in agreement with those by Ruggeri and coworkers (37), who report
that ATX3 aggregation conforms to a novel, recently described pathway of amyloid
aggregation, whereby aggregation precedes misfolding (29). Thus, according to the model,
globular protein aggregation starts from a native-like state without the need of crossing the

high-energy barrier associated with misfolding events.

5.4 MATERIAL AND METHODS

Josephin domain purification. The JD-encoding gene was previously cloned in a pET21-a
vector and the protein was expressed in Escherichia coli BL21 Tuner (DE3) pLacl (E. coli
B F ompT hsdSB (rB mB ) gal decm lacY1(DE3) pLacl (CamR); Novagen, Germany) as a
His-tagged protein (16). Cells were grown at 37 °C in Luria Bertani - ampicillin medium
and protein expression was induced adding 0.1mM isopropil-p-D-1-tiogalattopiranoside at
ODgoo 0.8 for 3 h at 30 °C. Cells were resuspended in Sml/g wet weight of lysis buffer (25
mM potassium phosphate, pH 7.2, 150 mM NaCl, 0.5 mM phenylmethanesulfonyl
fluoride, 10 mM imidazole, 10% glycerol, I mM 2-mercaptoethanol, 2 pg/ml aprotinin, 5
mM benzamidine, 1pg/ml pepstatine A), incubated for 30 min at 4 °C in agitation and
further sonicated. After DNase I (0.2 mg/g of cells, wet weight) addition, cell suspension
was incubated 30 min at room temperature and then centrifuged 45 min at 20000 g. His-
tagged JD was purified with a HisTrap FF Column (GE Healthcare) previously
equilibrated in washing buffer (25 mM potassium phosphate, pH 7.2, 150 mM NaCl, 2

92



5. Protein environment: a crucial triggering factor in JD aggregation. The role of TFE

mM phenylmethanesulfonyl fluoride, 10 mM imidazole, 10% glycerol, 1 mM 2-
mercaptoethanol); before injection, the sample was filtered through a 0.45 puM pore
membrane. Protein was eluted with elution buffer (25 mM potassium phosphate, pH 7.2,
150 mM NaCl, 2 mM phenylmethanesulfonyl fluoride, 150 mM imidazole, 10% glycerol,
1 mM 2-mercaptoethanol) and then subjected to Sephadex G-25 PD10 desalting column
equilibrated with PBS (25 mM potassium phosphate, pH 7.2, 150 mM NaCl). Protein

concentration was determined by UV absorption, with extinction coefficient at 280 nm of

24,750 M~} em!,

Josephin domain aggregation and soluble fraction analysis. Freshly purified JD was
diluted to a final concentration of 80 uM in PBS in the presence of 0, 1, 2, 5% TFE and
incubated 24 h at 37 °C in static condition. For soluble fraction analysis, 15 pl of fresh and
incubated protein were centrifuged 15 min at 14000 g and 3 pl of the supernatant were
subjected to SDS-PAGE. For total fraction analysis, 3 pl of protein mixtures were
subjected to SDS-PAGE before centrifugation. The gels were stained with BluSafe® for

30 min at room temperature.

Spectroscopic methods. Circular dichroism (CD) measurements were performed in PBS at
25 °C using quarz cuvette with 1 mm pathlengths on a Jasco-810 spectropolarimeter
equipped with PTC-348 Peltier temperature-control system. Protein concentration was 15
uM for far UV and 60 uM for near UV. Thermal unfolding was performed monitoring the
CD signal at 222 nm and increasing temperature from 20 °C to 80 °C at 1 °C/min.
Fluorescence measurement were performed in PBS at 25 °C using a 1 cm path length
quartz cuvette on a Jasco FP-8200 spectrofluorometer equipped with PTC-348 Peltier
temperature-control system. Protein spectra were recorded by exciting the sample at 280
nm and detecting the emission in the range 300 to 400 nm. Each trace was the average of 3
accumulated spectra. Thermal unfolding was performed monitoring the signal at 350 nm
and increasing temperature from 20 °C to 80 °C at 1 °C/min. JD concentration was 20 pM.
Light scattering of fresh and preincubated JD was performed by exciting the sample at 330
nm and recording the emission 320 to 340 nm. Each trace was the average of 3

accumulated spectra at 25 °C.

Congo red binding. JD incubated 24 h at 37 °C in the presence of 0, 1, 2, 5% TFE (v/v)
was diluted at 20 uM in PBS in the presence of 20 uM Congo red. Optical absorption
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spectra were recorded from 400 to 700 nm at room temperature on a Analytik Jena
Specord®200 plus. Spectra of protein and CR alone were recorded to subtract protein

scattering and dye contribution.

bis-ANS binding. Fresh and incubated JD was prepared at a final concentration of 80 pM
in PBS in the presence of 0, 1, 2, 5% TFE (v/v) and 25 uM 4,4'-Dianilino-1,1'-binaphthyl-
5,5'-disulfonic acid dipotassium salt (bis-ANS) was added. The samples were excited at
370 nm and spectra recorded following the emission from 400 to 600 nm at 25 °C in a
Jasco FP-8200 spectrofluorometer equipped with PTC-348 Peltier temperature-control
system. A l-cm path length quartz cuvette was used. Each trace was the average of 3

Spectra.

Aggregation kinetics. Freshly purified JD was prepared at 80 uM in PBS in the presence
of 0, 1, 2, 5% TFE (v/v) and thioflavin T (ThT) was added at final concentration of 25 uM;
200 pl of reaction were loaded in 96-well plate and followed for 500 min at 37 °C in a
Perkin Elmer - Victor TM3 multilabel plate reader. Each reaction was prepared in

triplicate. The signal at 535 nm, after excitation at 445 nm, was recorded every 3 min.

Fourier transform infrared (FTIR) spectroscopy. Five pl of fresh and aggregated JD at 80
uM in PBS in the presence of 0, 1, 2, 5% TFE (v/v) were deposited on the diamond
element of a Bruker Tensor 27 FTIR spectrometer. Measurements were performed in
attenuated total reflection (ATR) mode after solvent evaporation. Data are reported as

absorbance profile and fitted with a Gaussian distribution.

Electron microscopy. For electron microscopy analysis, aggregated JD in the presence of
0, 1, 2, 5% TFE (v/v) was diluted to a final concentration of 10 uM in PBS. Ten pl of
sample was deposited on a carbon-coated copper grid and incubated 5 min at room
temperature. The grid was than washed with distilled water, stained 1 min with 2% uranyl
acetate (v/v) and analyzed with a HITACHI H-7000 transmission electron microscope

operating at an accelerating voltage of 75 kV.

Chemical denaturation. Two stock solution containing 0 M and 8 M guanidinium chloride
or urea were prepared with freshly purified JD at a final concentration of 5 uM and in the

presence of 0, 1, 2 % TFE (v/v). The two solutions were combined to obtain proper
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denaturant concentration in a range between 0 M and 7 M (GuHCI) or 8 M (urea). The
samples were kept at room temperature overnight to allow equilibrium attainment and
protein spectra were analysed as described in the Spectroscopy section. Signal at 360 were

plotted.

Stopped-flow fluorescence. Unfolding reactions were followed recording changes in
fluorescence in a Bio-Logic SFM-3 stopped-flow instrument at 25 °C using excitation at
280 and 350 nm fluorescence cut-off filter. Unfolding reaction was promoted by dilution
of 25 uM protein stock in PBS in the presence of 0, 1, 2 % TFE (v/v) with appropriate
volumes of the same buffer containing 10 M urea.

Protein System and Compound. The 1YZB PDB code (17,18) was considered for
Aggrescan3D simulations an docking analyses. The TFE chemical formula CF;CH,OH

has been considered as compound to be docked on the 1YZB model.

Aggrescan3D simulation. We performed Aggrescan3D (19) simulations using 1YZB PBD
code. The simulations were run in both static or dynamic mode without introducing

mutation and setting 10 A as distance of aggregation.

Molecular Docking. Molecular docking was performed using Autodock-Vina (20). The
protein and ligand structures were prepared by removing nonpolar hydrogen atoms and
rebuilding polar hydrogen atoms with AutoDock tools (21), followed by the assignment of
partial charges based on Gasteiger-Marsili method (22). Ensemble docking procedure was
employed by considering all steps contained in the 1YZB file (10 different configurations).
The exhaustiveness parameter was set to 200, and the number of generated poses was 20
for each docking run. The docking was blind. At the end of the docking procedure, all
obtained modes, each characterized by an affinity value, were clusterized on the basis of
their position in the sample domain. In a greater detail, the distribution of docking ligand
poses on 1YZB has been clusterized by using a RMSD clustering method (GROMACS-
linkage (23,24)) with a cut-off of 0.5 nm.

5.5 CANDIDATE’S CONTRIBUTION
The candidate performed the aggregation assays and the relevant SDS-PAGE, dye-binding,

spectroscopic analyses and A3D simulations. TEM was performed under the supervision

of Dr. Susanna Navarro. Docking simulations were performed by Dr. Gianvito Grasso and
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coworkers; NMR analyses were performed by the spectroscopic service of the Universitat

Autonoma de Barcelona.
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5.7 SUPPORTING INFORMATION
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Figure S1. Aggregation properties of JD in the presence of different TFE concentrations at 0 time. BisANS (A), Congo
red (B) binding assays and light scattering of 80 pM fresh JD after the addition of 0, 1, 2 and 5% TFE (v/v). All the
measurements were performed at 25 °C.
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Figure S2. Stopped-flow unfolding of JD in the presence of different TFE concentrations. Representative stopped-flow
traces for JD in the presence of 0, 1 and 2% TFE (v/v) at 7.8 M urea.

Table S1. Mainly populated clusters together with the percentage over the whole number of obtained modes, average of
interaction energies and best configuration energy for each cluster.

Ligand cluster % over the all Average Interaction Energy Mode with the best Interaction
modes (kcal/mol) Energy (kcal/mol)
Cluster 01 10% -3.25+0.09 -3.4
Cluster 02 17% -3.5040.21 -3.3
Cluster 03 14% -3,2510.12 -3.2
Cluster 05 13.5% -3.2840.19 -3.1
Cluster 08 23.5% -3.7040.38 -4.3
Cluster 09 12% -3.3940.11 -3.5
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The polyglutamine (polyQ)-containing protein ataxin-3 (AT3) triggers the neurodegenerative disease spinocer-
ebellar ataxia type 3 (SCA3) when its polyQ tract is expanded beyond a critical length. This results in protein ag-
gregation and generation of toxic oligomers and fibrils. Currently, no effective treatment is available for such and
other polyQ diseases. Therefore, plenty of investigations are being carried on to assess the mechanism of action
and the therapeutic potential of anti-amyloid agents. The polyphenol compound epigallocatechin-3-gallate
(EGCG) and tetracycline have been shown to exert some effect in preventing fibrillogenesis of amyloidogenic
proteins. Here, we have incubated an expanded AT3 variant with either compound to assess their effects on
the aggregation pattern. The process was monitored by atomic force microscopy and Fourier transform infrared
spectroscopy. Whereas in the absence of any treatment, AT3 gives rise to amyloid pB-rich fibrils, whose hallmark
is the typical glutamine side-chain hydrogen bonding, when incubated in the presence of EGCG it generated sol-
uble, SDS-resistant aggregates, much poorer in B-sheets and devoid of any ordered side-chain hydrogen bond-
ing. These are off-pathway species that persist until the latest incubation time and are virtually absent in the
control sample. In contrast, tetracycline did not produce major alterations in the structural features of the aggre-
gated species compared with the control, but substantially increased their solubility. Both compounds signifi-
cantly reduced toxicity, as shown by the MTT assay in COS-7 cell line and in atransgenic Caenorhabditis elegans
strain expressing in the nervous system an AT3 expanded variant in fusion with GFP.

INTRODUCTION

Amyloidoses are clinical disorders caused by deposition of pro-
teins that abnormally self-assemble into insoluble fibrils and
impair tissue—organ function. More than 20 unrelated precursor
proteins can undergo misfolding, which is followed by protein ag-
gregation into (3-sheet rich, amyloid fibrils (1,2). Increasing evi-
dence suggests that the most toxic species in cells are not the
mature amyloid fibrils, but the pre-fibrillar oligomeric structures

(3,4). Inline with this idea, some evidence also suggests that forma-
tion of mature fibrillar aggregates may even be a defense mechan-
ism for the cell (5). The discovery of molecules that inhibit protein
deposition or reverse fibril formation could certainly disclose new
avenues for developing therapeutic strategies aimed at preventing
or controlling the corresponding amyloid-related diseases. Differ-
ent classes of structurally unrelated compounds have been investi-
gated for their ability to interfere with protein self-aggregation and
stability of amyloid fibers (6). Among these, the flavonoids
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represent a large group of naturally occurring polyphenolic sub-
stances, well tolerated and abundant in some foods (7). Epigalloca-
techin-3-gallate (EGCG) is the most represented tea catechin (50—
80% of total catechins) and it is known as a potent antioxidant via
direct scavenging of reactive oxygen species (ROS) and reactive
nitrogen species, induction of defense enzymes and binding of di-
valent metals, such as copper and iron (8,9). Furthermore, EGCG
was reported to cross the blood—brain barrier in mammals (10) and
to be safe for humans when tested in clinical studies (11). Current
data also show that EGCG interacts with a large variety of amyloid-
forming proteins such as amyloid beta (AB) (12), a-synuclein (13),
transthyretin (14) and huntingtin (15), producing unstructured, oft-
pathway oligomers and reducing toxicity.

Another well-studied group of inhibitors are tetracyclines, a
class of drugs capable of crossing the blood—brain barrier and
already used in clinical practice, offering the advantage of a safe
toxicological profile and well-characterized pharmacological
properties (16—18). Ithas been shown that such compounds, to dif-
ferent extents, prevent fibrillogenesis of prion protein (PrP) (17),
transthyretin (19), a-synuclein (20), B2-microglobulin (21) and
AB (22,23). In most of these cases, tetracyclines are also able to
redissolve mature fibrils. Although the exact mechanism of anti-
amyloidogenic activity of tetracyclines is largely unknown, it is
likely related to their ability to interfere with the formation of fi-
brillar aggregates (17,24). They may also contribute to improving
other pathological events associated with amyloid deposit forma-
tion, including inflammation, ROS generation causing oxidative
stress, apoptosis and uncoupling of metal homeostasis (25).

In this study, we sought to evaluate the effect of EGCG and
tetracycline on the aggregation process and toxicity of the
expanded ataxin-3 (AT3), the polyglutamine (polyQ)-containing
protein responsible for spinocerebellar ataxia type 3 (SCA3). To
date, no effective treatment has been developed for such disease
and no compounds have been tested for their effect on AT3
aggregation process. We therefore studied the in vitro effects of
EGCG and tetracycline on expanded AT3 aggregation by
taking advantage of different analytical methods, in particular
Fourier transform infrared (FTIR) spectroscopy and atomic
force microscopy (AFM). We demonstrated that the two com-
pounds differently modulate the protein aggregation. EGCG
interferes within the early steps of aggregation, accelerating the
misfolding of the Josephin domain (JD) and preventing the for-
mation of mature fibrils; in contrast, tetracycline modulates the
process by increasing the solubility of aggregated species, with
no major alterations in their structural features. In both cases,
co-incubation of AT3 with these compounds reduces the toxicity
of protein aggregates in COS-7 cells. We also confirmed
the effects of the two inhibitors in vivo, using transgenic
Caenorhabditis elegans as a simplified SCA3 model, which pro-
vides a clear evidence of the beneficial effect of the two com-
pounds on the disease, although neither EGCG nor tetracycline
were able to disassemble preformed AT3-amyloid fibrils irn vitro.

RESULTS

EGCQG and tetracycline differently affect AT3 aggregation
kinetics and solubility

In recent years, plenty of evidence has highlighted a critical role
for soluble oligomeric amyloid species in triggering cellular

toxicity (26,27). Here, we have examined whether and how
EGCG or tetracycline affect the amyloid aggregation pattern of
an expanded variant of AT3, thus preventing its toxic effects.
We produced His-tagged, monomeric AT3Q55 to a degree of
purity of at least 93%, as assessed by densitometric analysis of
SDS-gels (Supplementary Material, Figs S1 and S2A). Also, no
cross-reactive degradation products were detected by western
blotting in preparations of freshly purified AT3Q55 (Supplemen-
tary Material, Fig. S2B). The protein (25 M) was then incubated
at 37°C in the presence or the absence of either compound at 1 : 1
or 1 : 5 protein—drug molar ratios. Aliquots were taken at different
incubation times and the soluble fraction isolated as the super-
natant from a centrifugation at 14 000g. The protein content was
determined using Bradford assay. Compared with the control,
both treatments resulted in a substantially slower decline in
soluble protein content starting from 24 h of incubation (Fig. 1A
and B). SDS-soluble protein fraction was also quantified by
SDS—PAGE of the supernatants and subsequent densitometric
analyses. Starting from the earliest incubation time (3 h), EGCG
treatment resulted in a significant reduction in SDS-soluble
amount of the protein (Fig. 1C, E and F; Supplementary Material,
Fig. S3). In contrast, tetracycline somewhat retarded its disappear-
ance (Fig. 1D, E and G; Supplementary Material, Fig. S3). The
effects were best detected at the highest protein—drug molarratios.

Surprisingly, the reduced solubility of EGCG-treated protein
was paralleled by the appearance of large SDS-resistant aggre-
gates in the soluble fraction (Fig. 1F). These soluble aggregates
are large in size and do not enter the separating gel (>250 kDa).
In contrast, in time course experiments without EGCG, large
SDS-resistant complexes were hardly detected in the soluble
fraction (Fig. 1E). Tetracycline treatment yielded a pattern
qualitatively similar to that of untreated protein, as regards
SDS-resistant species accumulation (Fig. 1G). Further charac-
terization of the aggregation products was performed by SEC
(Supplementary Material, Fig. S4). In the control sample
(Supplementary Material, Fig. S4A), higher molecular-weight
products appeared in the void-volume starting from 3 h of incu-
bation, which correspond to a molecular mass of 300 kDa or
higher. Scanty, if any, accumulation of intermediate forms
between void-volume and monomeric protein was observed.
Tetracycline treatment (Supplementary Material, Fig. S4C)
did not appreciably altered this pattern, the only significant dif-
ference being a somewhat faster formation of higher molecular-
weight forms compared with the control sample. In contrast,
EGCQG treatment (Supplementary Material, Fig. S4B) resulted
in amuch faster disappearance of the monomeric form and accu-
mulation of aggregates, with also appreciable accumulation of
intermediate forms. This fits well with the aggregation pattern
determined in SDS—PAGE (Fig. IE—G). The much higher
void-volume-peak detected in the case of EGCG treatment
quite likely results from tight protein—drug interaction, as sub-
stantiated by our observations (data not shown).

EGCG,but not tetracycline, drastically affects the structural
features of the aggregation intermediates

By FTIR spectroscopy, we investigated the structural features of
AT3Q55 aggregation products arising in the presence of either
compound. This technique provides insights into protein
secondary structures through the analysis of the amide I band
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Figure 1. Soluble protein fraction analysis of AT3Q55 incubated in the presence or the absence of EGCG or tetracycline. (A and B) Protein quantification of the soluble
fraction obtained by centrifugation of aliquots of 25 uM AT3QS55 incubated at 37°C in the presence or the absence of EGCG (A) or tetracycline (B) at a molar ratio
protein—compound of 1 : 1 or 1 : 5. The data were expressed as percentage of protein amount with respectto # = 0. Error bars represent standard errors and are derived
from at least three independent experiments. *P < 0.05, **P < 0.01. (C and D) SDS-soluble protein amounts of AT3Q55 incubated in the presence or the absence of
EGCG (C) or tetracycline (D) were quantified by densitometry. Signals were normalized at # = 0 protein content. Error bars represent standard errors and are derived
from at least three independent experiments. *P < 0.05,**P < 0.01. (E—G) SDS—PAGE (12%) of the soluble protein fraction of AT3Q55 (E), AT3Q55-EGCG 1:5
(F) and AT3Q55-tetracycline 1 : 5 (G). The gels were stained with Imperial Protein Stain (Thermo Fisher Scientific).

(1700—1600 cm ' spectral region), due to the C=0 stretching
vibration of the peptide bond. Noteworthy, it also makes it pos-
sible to detect intermolecular (3-sheets in protein aggregates
(28,29). The second derivative spectrum of freshly purified
AT3Q55 (25 wm) in the amide I region is reported in
Figure 2A. This mathematical procedure allows disclosing the
different absorption components, which in the derivative spec-
trum appear as negative peaks (30). The spectrum of the native
protein (Fig. 2A) is dominated by the component at
~1657 cm ', assigned to a-helices and random coils, while
the band at ~1635cm ', along with the shoulder at
~1690 cm ™!, is due to intramolecular B-sheets, as previously
discussed (31). We then collected spectra of AT3 incubated at
37°C in the presence of either drug. The complete incubation
mixture was analyzed, i.e. without prior centrifugation. During
the incubation of untreated protein, the component at
~1635 cm™ ! decreased in intensity, almost disappearing after

24 h. Instead, the component at ~1657 cm™ ' first slightly
decreased and subsequently increased again. Moreover, after
6 h two new components at ~1624 and ~1694 cm™ ' were
seen in the spectra. Finally, at longer incubation times, a new
component appeared at ~1604 cm ™' (Fig. 2B). These spectral
changes are in agreement with our previous FTIR study (31),
whereby we demonstrated that the disappearance of the
1635 cm ™' component is representative of native intramolecular
[B-sheets disruption, while the appearance of the ~1624 and
~1694 cm ™' peaks is due to the formation of intermolecular
B-sheets. We also could unambiguously assign the components
at 1604 and at 1657 cm ™" in the final aggregates to ordered side-
chain hydrogen bonding of expanded polyQ tracts, a hallmark of
AT3 mature and SDS-insoluble amyloid fibrils (31).

Spectral changes observed upon incubation of AT3Q55 in the
presence of EGCGata 1 : 5 molar ratio were substantially differ-
ent from those of the control sample (Fig. 2C). In particular, the
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Figure 2. FTIR spectra of freshly purified AT3Q55 and kinetics of aggregation of AT3QS55 incubated in the presence or the absence of EGCG or tetracycline. (A)
Absorption spectrum in the amide I region (dotted line), and its second derivative (continuous line), of freshly purified AT3Q55. (B—D) Second derivative spectra
of AT3Q55 (25 M) in the presence or the absence of compounds (125 wM) collected at different times of incubation in PBS at 37°C. Arrows point to increasing

time. Band assignment of the main components is indicated.

~1635 cm” ' component, assigned to native (3-sheets, strongly
decreased immediately after EGCG addition, indicating that
this compound induces unfolding/misfolding of the protein.
Two shoulders at 21628 and ~1691 cm™' appeared in the
spectra and increased in intensity only at longer times of incuba-
tion (Fig. 2C). The comparison of the spectra in Figure 2C and B
demonstrates that EGCG induces the formation of intermolecular
[3-sheet structures to a much lesser extent compared with those
observed in its absence. Noteworthy, the 1604 cm™ ' peak,
assigned to the glutamine side-chain hydrogen bond network,
was not detected in the spectra of the AT3Q55-EGCG solution,
although most protein in solution was found to be SDS-resistant
(Fig. 1F). Under these conditions, only a very small protein pellet
was obtained by centrifugation at 14 000g after 2 weeks of incu-
bation, whose FTIR spectrum was very similar to that of
SDS-insoluble fibrils (data not shown). It displayed, in particular,
the peaks assigned to glutamine side-chain hydrogen bonding
(31).

The spectral changes observed upon incubation of AT3Q55 in
the presence of tetracycline at a 1 : 5 molar ratio (Fig. 2D) were,
instead, very similar to those found for the untreated protein
(Fig. 2B).

Incubation of AT3 in the presence of EGCG or tetracycline
gives rise to aggregates displaying different morphologies

AT3Q55 solutions incubated in the presence or the absence of
either compound were analyzed by tapping mode AFM to get
insight into the morphology of the resulting aggregates. Repre-
sentative images are reported in Figure 3. Bundles of fibrils
were observed for AT3Q55 alone after 24 and 48 h. The height
ofthese bundles was between 20 and 60 nm, in keeping with pre-
vious observations (31). Instead, in the presence of EGCG, no
such bundles were detected. Actually, after 24 h the sample
mainly consisted of globular particles of height between 2.0
and 3.5 nm, isolated or associated in small clusters. After 48 h,
large clusters of non-fibrillar material were found. The cluster
height was between 20 and 80 nm and the typical cluster size
in the scan plane was 0.5—1 pum.

In contrast, tetracycline did not significantly affect the aggre-
gation pattern. Indeed, fibrils morphologically indistinguishable
from those observed in the control sample were found at both in-
cubation times, although many irregular, compact and relatively
flat aggregates with height of 26 + 2 nm and irregular edges also
appeared along with mature fibrils.
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Figure 3. Tapping mode AFM images (height data) of AT3Q55 aggregates obtained after 24 h (top) or 48 h (bottom) incubation in the absence of inhibitors (left), in the
presence of EGCG (middle) or tetracycline (right). Scan size 1.9 wm. The scale bars correspond to a Z range of (from top to bottom): AT3Q55, 110, 150 nm;

AT3Q55-EGCG, 20, 80 nm; AT3Q55-tetracycline, 200, 100 nm.

EGCG and tetracycline do not disrupt AT3Q55
preformed fibrils

To assess the effect of EGCG or tetracycline on preformed
amyloid aggregates, we first produced AT3Q55 fibrils by incu-
bating the protein at 37°C for 2 weeks in PBS buffer. The
FTIR spectrum of the pellet of the resulting sample (Supplemen-
tary Material, Fig. SSA) displayed four main components: 1695
and 1624 cm™ ' due to intermolecular B-sheets, 1657 and
1604 cm ™! assigned, respectively, to the C=0 stretching and
NH, deformation modes of glutamine side chains involved in
strong hydrogen bonding (31). The fibrils were resuspended in
PBS alone (Supplementary Material, Fig. S5B), in PBS in the
presence of EGCG (Supplementary Material, Fig. S5C) or tetra-
cycline (Supplementary Material, Fig. S5D) at a molar ratio of
1:5 (protein compound). No significant spectral changes were
observed in the three samples during a 1-week incubation at
37°C, indicating that EGCG and tetracycline are not able to
redissolve mature AT3Q55 fibrils.

Both EGCG and tetracycline treatments reduce
AT3QS5S cytotoxicity

We also examined the toxicity of AT3Q55 species formed in the
presence or the absence of EGCG (Fig. 4A) or tetracycline
(Fig. 4B) on the COS-7 cell line. AT3Q55 aliquots were added
to the cellular medium and toxicity was assessed using the MTT
assay (Fig. 4). When 3- or 6 h-preincubated AT3QS55 preparations
were added to the cell cultures, MTT reduction dropped to ~60%
of the untreated cells. However, a statistically significant lower
toxicity was determined when administering AT3Q55 aggregates
generated in the presence of either EGCG (Fig. 4A) or tetracycline
(Fig. 4B). The lack of any statistically significant differences

between treated and not treated cells after a 24-h preincubation
can be quite plausibly justified by the fact that oligomeric, toxic
forms of amyloidogenic proteins, including AT3, evolve into non-
toxic fibrils at later incubation times (31,32).

Transgenic worms expressing AT3 variants display
a SCA3 phenotype

To evaluate the effect of the two compounds on AT3 toxicity
in vivo, we used a SCA3 C. elegans model. A wild type (Q17) and
an expanded form (Q130) of AT3 were expressed in the nervous
system in fusion with GFP under the control of the pan neuronal
promoter unc-119. The expression of the two proteins was moni-
tored by confocal analysis using GFP fluorescence (Supplemen-
tary Material, Fig. S6). We observed that the fluorescence of
both proteins was diffuse in the young animals (1 day; Supplemen-
tary Material, Fig. S6A) but in the older animals (4 days) a focal
fluorescence distribution was detected in both nematode strains,
although to a lesser extent in the AT3QI17-GFP-expressing
worms (Supplementary Material, Fig. S6B). The amyloid nature
of the aggregates formed only by the expanded protein was con-
firmed by X-34 staining (Supplementary Material, Fig. S6C).

We then evaluated the effect of AT3 expression on worm sur-
vival, which highlighted a significant reduction in lifespan com-
pared with the wild-type strain (Fig. 5A; median survival: 6 days
for N2, 4 days for AT3Q17-GFP and 3 days for AT3Q130-GFP
strains). Since the lack of movement coordination is a hallmark
of SCA3, we monitored the changes in mobility of the transgenic
worms and determined the locomotion activity using the body
bends assay (Fig. 5B). AT3Q130-GFP-expressing worms dis-
played an age-dependent uncoordinated movement, whereas
older transgenic AT3Q17-GFP expressing worms showed a be-
havior similar to that of the N2 worms (data not shown). The
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Figure 4. AT3Q55 toxicity assay. 25 wm AT3Q55 was incubated alone, with
EGCG (A) or tetracycline (B) (molar ratio 1:1 and 1:5) for the indicated
times, and aliquots were diluted in cell culture medium to a protein final concen-
tration of 2.5 um. Metabolic activity was monitored by MTT reduction. Bars
represent standard errors and are derived from at least three independent
experiments. Values are normalized to untreated cells; *P < 0.05, **P < 0.01.

quantification of locomotion revealed a significant reduction in
the number of body bends per min in AT3Q130-GFP worms
in all days tested. A lesser reduction was also observed in
AT3Q17-GFP transgenic worms (Fig. 5B). This characterization
confirms the robustness of the model and supports the goodness of
the body bends assay to test the pharmacological effect of drugs.

EGCG and tetracycline protect against AT3 toxicity
in C. elegans model

We performed the body bends assay on worms treated with
0.1 mm EGCG (Fig. 6A) or 0.1 mm tetracycline (Fig. 6B). After
24 and 48 h of EGCG treatment, AT3Q130-GFP-expressing
worms displayed a statistically significant increase in the
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Figure 5. Phenotype of AT3 transgenic worms. (A) Kaplan—Meier survival
curves of N2, AT3Q17-GFP and AT3Q130-GFP animals. One day-synchronized
adult worms were placed in plates seeded with E. coli, cultured at 25°C and trans-
ferred to fresh plates for the following days. Survival rate was scored every day
and expressed as probability of survival. Plots are representative of at least three
independent experiments (40 animals for each strain). (B) Body bends on plate of
N2, AT3Q17-GFP and AT3Q130-GFP worms. Worms were transferred daily on
a new plate and body bends were counted for 20 s. Data are expressed as body
bends/min and error bars represent standard errors. Plots are representative of
at least three independent experiments (20 animals for each strain). *P < 0.05,
**P < 0.01.

number of body bends, i.e. 30 and 25%, respectively, compared
with untreated worms (Fig. 6A). In the presence of tetracycline,
we also observed a statistically significant increase, by 48 and
23%, respectively (Fig. 6B). Both compounds did not elicit
any effect in AT3Q17-GFP-expressing worms, except for the
treatment with EGCG for 48 h (15%; Fig. 6A). N2 motility
was not affected at any times. For both compounds, no signifi-
cant differences in motility were detected at earlier and later
times of treatment (data not shown).

DISCUSSION

The green tea polyphenol EGCG and the antibiotic tetracycline
are attractive candidates for the treatment of neurodegenerative
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Figure 6. Pharmacological assay on AT3 transgenic worms. One day-
synchronized adult worms were placed on a plate seeded with E. coli in the pres-
ence or absence of 0.1 mm EGCG (A) or 0.1 mwm tetracycline (B) and cultured at
25°C. Body bends/min were scored after 24 or 48 h of treatment. Data are
expressed as percentage of motility with respect to the untreated strain and
error bars represent standard errors. Plots are representative of at least three inde-
pendent experiments (15 animals for each strain). *P < 0.05, **P < 0.01.

diseases for their well-established anti-amyloidogenic effect
(33-35), proven safety record in humans and blood—brain
barrier permeability (16,36). As no cure or suitable therapeutic
compound is available to date for SCA3 treatment, this study
was undertaken to verify possible anti-amyloidogenic activity
of EGCG and tetracycline on AT3 aggregation.

As regards the effects that the polyphenol EGCG exerts on
AT3Q55 aggregation kinetics, we observed that, starting from
24 h, it substantially retarded the disappearance of soluble
matter from supernatants of protein solutions incubated under
aggregative conditions. Although this observation points to
the compound capability to contrast amyloidogenesis, we
observed that it also induced a significantly faster decline in
the SDS-soluble fraction of the supernatants, especially at the
molar ratio 1 : 5 protein-EGCG (Fig. 1A and C). This, in turn,
was paralleled by a substantial accumulation of soluble,
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SDS-resistant species, which were unable to enter the separating
gel (Fig. 1E and F). This pattern can be represented quantitatively
(Supplementary Material, Fig. S7A and B) as time courses of
SDS-soluble, SDS-resistant soluble and insoluble (pelleted)
species. This makes it apparent that the massive appearance of
soluble, SDS-resistant species is a hallmark of EGCG treatment,
as in its absence they are scanty, if any, at any time.

Our findings raise the question as to whether soluble,
SDS-resistant species are on- or off-pathway intermediates.
Aggregation kinetics support the latter hypothesis, as they do
not evolve into insoluble material, either after 72 h or even
after a 2-week incubation, as outlined below. This idea was
even more reinforced by FTIR analyses that highlighted dramat-
ic structural differences between soluble, SDS-resistant species
appearing in the presence of EGCG, and pelleted final aggrega-
tion products that accumulate in its absence. In particular, the
former differ from final insoluble aggregates in that they do
not display the 1604 cm ™' peak, assigned to glutamine side-
chain hydrogen bond network, and also are much poorer in inter-
molecular (3-sheets (peaks at ~1635 and 1690 cm ™ '). Thus,
EGCG quite likely interferes at a very early step of the
amyloid pathway, accelerating misfolding of the JD and redir-
ecting the protein toward off-pathway aggregates, whose
precise structural features have still to be defined in detail.
Albeit not conclusively, our data support the idea that the drug
is capable of binding monomeric rather than oligomeric AT3,
as substantiated by the appearance of peculiar structural
changes from the very beginning of the incubation (1 h), when
the untreated protein has not yet undergone any appreciable
structural modification. This plausibly suggests that EGCG
directs AT3 towards the off-pathway by primarily acting on
the monomeric protein. In keeping with this assumption, a previ-
ous report shows interaction of the drug with monomeric human
serum albumin (37). Interestingly, another report shows that
EGCQG binds transthyretin tetramer, thus preventing its dissoci-
ation into monomers, which is the rate-limiting step for amyloid
fibril formation (38). This finding also supports the view that the
drug can interact with proteins before they undergo amyloid
aggregation.

Consistent with the proposed aggregation pattern, AFM ana-
lysis confirmed substantial structural differences between the
aggregates arisen in the presence and those in the absence of
EGCG. In its presence, no mature fibrils were generated, but
only larger spherical amorphous species, possibly resulting
from oligomer clustering. Our results fit with the common
hypothesis that EGCG prevents on-pathways, which lead to
toxic amyloid oligomers and protofibrils (15). Actually, highly
stable, off-pathway aggregates were assembled. This substantial
change in the aggregation pattern quite likely underlies the pro-
tective effect of the drug we have detected on COS-7 cells by the
MTT assay. The beneficial effect of the compound was also
confirmed in the SCA3 C. elegans model, in which the EGCG
treatment resulted in a significant increase in motility and im-
provement in locomotion in the diseased worms only.

Unlike EGCQG, tetracycline did not apparently impact on the
structural features of the aggregation intermediates, but drastic-
ally reduced the formation of insoluble (pelleted) aggregates,
with scanty accumulation of soluble, SDS-resistant species
(Supplementary Material, Fig. S7C). This was substantiated by
both FTIR spectroscopy (Fig. 2D) and AFM analyses (Fig. 3).
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FTIR did not demonstrate substantial modifications in aggrega-
tion kinetics and secondary structure compared with the untreat-
ed protein; in addition, AFM confirmed the formation of mature
amyloid fibrils along with irregular and compact aggregates.
Thus, although tetracycline treatment also results in some accu-
mulation, at the latest incubation times, of soluble, SDS-resistant
species (Fig. 1G; Supplementary Material, Fig. S7C), these are
quite likely on-pathway intermediates committed to evolve
into final insoluble fibrils, with which they share internal struc-
ture, as assessed by FTIR.

Unlike the present study, previous reports show that tetracyc-
line dramatically inhibits fibrillogenesis of a set of other amyloi-
dogenic proteins, notably PrP and a-synuclein (21). In spite of
the lack of such an effect, our treatment also leads to a significant
reduction in toxicity, as shown in the COS-7 cell line and the
SCA3 C. elegans model. We suggest that the drug might bind
to the surface of the growing oligomers and fibrils, with resulting
substantial increase in their solubility (Fig. 1B, D and G; Supple-
mentary Material, Fig. S5C), but with no major changes in their
structural features (Figs 2D and 3). This, in turn, might also
explain how the drug can substantially prevent the toxic
effects of the oligomeric species, i.e. by masking the exposed
hydrophobic patches. This does not rule out, of course, that
subtle structural changes in the AT3 aggregates, undetectable
by our analytical methods, may also occur.

Although previous reports show that EGCG and tetracycline
are capable of remodeling and redissolving mature amyloid
fibrils of different proteins (13,25), our FTIR results clearly dem-
onstrate that these drugs do not affect the secondary structures of
the AT3 mature fibrils (Supplementary Material, Fig. S5). This
might be plausibly accounted for by the presence of glutamine
side-chain hydrogen bonding that cooperatively contributes to
the stability and irreversible aggregation of the SDS-insoluble
polyQ mature fibers (31). Based on these observations, we con-
clude that the remodeling action does not represent an essential
prerequisite for the protective effect to be exerted.

Our findings might also help better clarify previous results
showing the drug protective effect towards a set of amyloid-
generating proteins (39), considering in particular another
polyQ-containing peptide, i.e. huntingtin exon-1 (15).

We are currently carrying on further structural analyses by
NMR spectroscopy to precisely elucidate the mode of interaction
between AT3 and either compound, including the functional
groups involved, thus clarifying their different mechanisms of
action. Finally, our work also confirms that our SCA3 C. elegans
model proves to be a suitable tool for assessing a drug’s capabil-
ity of counteracting AT3 toxicity in living organisms.

MATERIALS AND METHODS
AT3QS5S5 purification

AT3Q55 gene was previously cloned in pQE30 vector and the
protein was expressed in SG13009 (Escherichia coli K12 Nals,
StrS, RifS, Thi—, Lac—, Ara+, Gal+, Mtl—, F—, RecA+,
Uvr+, Lon+; Qiagen Hamburg GmbH, Hamburg, Germany)
as His-tagged protein (31). Cells were grown at 37°C in 2TY -
ampicillin—kanamycin medium, induced with 1 mm IPTG at
ODgo0 0.8 for 45 min at 30°C. To obtain crude extract, pelleted
cells were resuspended in lysis buffer (5 ml/g wet weight;

25 mm potassium phosphate, pH 7.2, 150 mm NaCl, 0.5 mm phe-
nylmethanesulfonyl fluoride, 10 mm imidazole, 10% glycerol,
1 mm 2-mercaptoethanol, 1 mg/ml lysozyme plus protease inhi-
bitors cocktail) and incubated for 30 min at4°C. The cell suspen-
sion was then sonicated in three pulses of 30 s each. DNase I
(0.2 mg/g of cells, wet weight) was added, and the sample
further incubated for 30 min at room temperature. Finally, it
was centrifuged for 45 min at 20 000g. The supernatant was fil-
tered through a 0.45-pm pore size SFCA membrane (Corning),
loaded onto HisPur™ Cobalt Resin (Thermo Fisher Scientific,
Rockford, IL, USA) and washed with 20 bed volumes of wash
buffer (25 mm potassium phosphate, pH 7.2, 150 mm NaCl,
2 mm phenylmethanesulfonyl fluoride, 10 mm imidazole, 10%
glycerol, 1 mm 2-mercaptoethanol). The bound protein was
then eluted with elution buffer (25 mm potassium phosphate,
pH 7.2, 150 mm NaCl, 2 mm phenylmethanesulfonyl fluoride,
150 mm imidazole, 10% glycerol, 1 mm 2-mercaptoethanol).
Protein was stored at —80°C. Before each experiment, protein
fractions were thawed and loaded onto a Superose 12 10/
300 GL gel filtration column (GE Healthcare, Life Sciences,
Little Chalfont, UK), pre-equilibrated with PBS buffer (25 mm
potassium phosphate, pH 7.2, 150 mm NaCl). Elution was per-
formed at a flow rate of 0.5 ml/min in the same buffer. Fractions
were collected and protein content determined using Coomassie
brilliant blue G-250 (Thermo Fisher Scientific) and bovine
serum albumin as a standard protein.

SDS-PAGE and densitometry analysis of soluble protein
fraction

Purified AT3Q55 (25 M) was incubated at 37°C in PBS buffer
in the presence or the absence of EGCG or tetracycline
(Sigma-Aldrich, St. Louis, MO, USA) at a protein—compound
molar ratio of 1: 1 or 1:5. AT3 aliquots at different times of
incubation (0, 3, 6, 24, 48 and 72 h) were centrifuged at
14 000g for 15 min and 10 pl of the supernatants were subjected
to SDS—PAGE. The gels were stained with Imperial Protein
Stain (Thermo Fisher Scientific), scanned at 700 nm with Odys-
sey”™ Fc System (LiCor, Lincoln, NE, USA) and analyzed with
Image Studio software (LiCor).

FTIR spectroscopy

For FTIR analyses, purified AT3Q55 (25 M, corresponding to
~ 1 mg/ml) was incubated at 37°C in PBS buffer (25 mm potas-
sium phosphate, pH 7.2, 150 mm NaCl) in the presence or the
absence of EGCG or tetracycline at a protein—compound molar
ratio 1:5. FTIR measurements of the protein semi-dry films
were performed in attenuated total reflection (ATR) (40) as previ-
ously described (31,41,42). Briefly, a 3-p.1 aliquot of the samples
at different times of incubation (0, 1, 3, 6, 24, 30, 48, 144 h and 2
weeks) was deposited on the single reflection diamond ATR plate
(Golden Gate, CA, USA) and dried at room temperature so as to
obtain a semi-dry protein film. ATR/FTIR spectra were measured
using a Varian 670-IR spectrometer (Varian Australia Pty Ltd,
Mulgrave, VIC, Australia) equipped with a nitrogen-cooled
mercury cadmium telluride detector under the following condi-
tions: 2 cm™ ' spectral resolution, 25 kHz scan speed and 1000
scans co-addition and triangular apodization. The ATR—-FTIR
spectra of PBS and of the two compounds at 125 pm in PBS
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were also collected at each incubation time at 37°C. The AT3Q55
spectra were obtained by subtraction of the proper reference
spectra (Supplementary Material, Fig. S8). Second derivatives
of the spectra were obtained by the Savitzky-Golay algorithm (5
points), after an 11-point binomial smoothing of the measured
spectra, using the software Grams/Al (Thermogalactic, MA,
USA). Ina control experiment, the FTIR spectrum of freshly puri-
fied AT3Q55 in form of a semi-dry film was also measured in the
transmission mode by an infrared microscope. In particular, a 3-p.l
aliquot of AT3Q55 in PBS was deposited on a BaF, window and
dried at room temperature. The microFTIR absorption spectrum
was acquired in the transmission mode using the Varian 610-IR
infrared microscope coupled to a Varian 670-IR spectrometer
(43,44). The second derivative of the absorption spectrum col-
lected in the transmission mode (data not shown) displayed the
same spectral features of that collected in the ATR mode, indicat-
ing that the ATR spectra are not affected by the interaction of the
protein with the diamond surface of the ATR device.

Atomic force microscopy

AT3Q55 was purified by gel filtration, frozen at —80°C and
thawed before the AFM experiments. AT3Q55 (25 uM) was
incubated at 37°C in PBS buffer in the presence or absence of
EGCG and tetracycline at a molar ratio protein—compound of
1:5. At fixed aggregation times, a 10-pl aliquot was withdrawn,
incubated on a freshly cleaved mica substrate for 5 min, then
rinsed with Milli-Q water and dried under mild vacuum. AFM
images were acquired in tapping mode in air using a Dimension
3100 Scanning Probe Microscope equipped with a ‘G’ scanning
head (maximum scan size 100 pm) and driven by a Nanoscope
Ila controller, and a Multimode Scanning Probe Microscope
equipped with ‘E’ scanning head (maximum scan size 10 pm)
and driven by a Nanoscope IVcontroller (Digital Instru-
ments—Bruker). Single beam uncoated silicon cantilevers
(type OMCL-AC160TS, Olympus) were used. The drive fre-
quency was between 270 and 330 kHz, the scan rate between
0.5 and 0.8 Hz.

MTT assay

COS-7 cells were cultured in DMEM supplemented with 10%
(v/v) fetal bovine serum, 100 U/ml penicillin, 100 pg/ml strep-
tomycin and 4 mm L-glutamine, maintained at 37°C in a humidi-
fied 5% CO, incubator. For MTT assays, cells were trypsinized
and plated at a density of 10 000 cells per well on 96-well plates
in 100 pl fresh medium without phenol red. After 24 h, 25 um
AT3Q55 alone or co-incubated with the two compounds (1 : 1
and 1:5 molar ratio) at different times (3, 6 and 24 h) was
added to the cell medium at a final concentration of 2.5 um
and cells were further incubated for 1 h at 37°C. Then MTT
was added to the cells at a final concentration of 0.5 mg/ml. Ab-
sorbance values of formazan were determined at 570 nm with an
automatic plate reader after 2 h.

Caenorhabditis elegans strains

AT3Q17 (wild type) and AT3Q130 (pathological form) cDNAs,
cloned in pPD95.77 plasmid in frame with GFP, under control of
pan neural promoter unc-119, were kindly provided by Dr
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Nobuyuki Nukina (45). The recombinant DNAs were injected
at concentration of 5—20 ng/ml into the lin-15(n765ts) strain to-
gether with the LIN-15 rescuing plasmid. A wild-type Bristol N2
strain was used as control. All strains were grown at 25°C on
solid nematode growth medium (NGM) seeded with E. coli
(OP50) for food according to standard procedures (46). At
least three independent lines for each construct were tested for
the phenotype.

Worms age synchronization

To prepare age-synchronized animals, a small plate (3 ml) of
nematodes was transferred onto a new large plate (25 ml) with
fresh NGM agar seeded with E. coli (OP50) to obtain many
eggs. After 2 or 3 days of incubation at 25°C, the population
was collected in 2.5 ml of M9 buffer (42 mm Na,HPO,4, 22 mm
KH,PO,, 86 mM NaCl and 1 mm MgSO,) and an equal volume
0f 4% glutaraldehyde was added. The suspension was incubated
for 4 h at 4°C and, after a brief centrifugation, washed twice in
M9 buffer. Half sector of a 25 ml plate was seeded with
E. coli. Collected worms were put down to uninoculated sector
of plate and incubated at 25°C (46).

Life-span assay

One day-synchronized adult worms were isolated and placed
daily onto a fresh plate seeded with E. coli at 25°C. Surviving
and dead animals were counted daily until all worms had died.
The test was performed on 40 animals for each strain.

Body bends frequency test

One day-synchronized adult worms were placed onto anew plate
and body bends per minute were counted under a microscope
(Leica MZ FLIII, Leica Microsystem). The test was performed
on 20 animals.

Pharmacological test

One day-synchronized adult worms were isolated and placed
onto a fresh plate in the presence or the absence of 0.1 mm
EGCG or tetracycline. The body bends test was performed
after 24 and 48 h. For each treatment, 15 animals were used.

Statistical analysis

All experiments were done at least in triplicate. Data are pre-
sented as means + SE. P-values were calculated using the Stu-
dent’s t-test. (*P < 0.05, **P < 0.01). For the life-span assay,
animal survival was plotted using Kaplan—Meier survival
curves. Significant differences at the P << 0.05 level were calcu-
lated by one-way ANOVA.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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SUPPORTING INFORMATION
Materials and Methods
Fluorescence microscopy and amyloid staining

1-day or 4-days transgenic worms were placed in PBS buffer drop with 5% glycerol and anesthetized
with 1% sodium azide. GFP fluorescence was observed using a Leica Mod. TCS-SP2 (Leica Microsystem)
and image processing was performed with Leica Confocal Software (LCS). For the X-34 staining, worms

were incubated with 1 mM X-34 in 10 mM Tris/HCI pH 8.0 for 2 h, and then analyzed as above.

Fig. S1 SEC profiles of AT3QS55 on a Superose 12 10/300 GL in PBS buffer. (A) 10 mg His-tagged
AT3Q55 was loaded onto a gel filtration column. The arrow indicates the peak corresponding to the

AT3Q55 monomeric form. (B) 2 mg of monomeric AT3Q55 was reloaded onto the same column.

Fig. S2 SDS-PAGE (12%) of freshly purified AT3QS55. (A) SDS-gel (5 pg protein) stained with Imperial
Protein Stain (Thermo Scientific Rockford, IL USA), along with molecular weight markers; (B) western blot

(1 pg protein) performed using anti-AT3 Z46 polyclonal antibody, as previously reported (31).

Fig. S3 SDS-PAGE (12%) of the soluble protein fraction of AT3QS5-EGCG 1:1 and AT3QS55-

tetracycline 1:1. The gels were stained with Imperial Protein Stain (Thermo Scientific Rockford, IL USA).

Fig. S4 SEC profiles of AT3Q55 on a Superose 12 10/300 GL in PBS buffer after incubation with
either EGCG or tetracycline. 500 pg AT3Q55 was loaded onto a gel filtration column after the indicated

incubation times with either drugs. Other details are reported in the Section Materials and Methods.

Fig. S5 FTIR spectra of AT3QS5S fibrils. (A) Absorption spectrum (bold line) and its second derivative in
the amide I region of AT3Q55 fibrils obtained by centrifugation of the protein solution upon incubation at
37°C for two weeks. (B-C-D) Second derivative spectra of AT3Q55 fibrils resuspended in PBS (B), EGCG
(C) and tetracycline (D) collected at different times of incubation at 37°C. Band assignment of the main

components is reported in (B).
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Fig. S6 Confocal microscopy analyses of AT3 expression. AT3Q17-GFP and AT3Q130-GFP expression
in the 1-day animals (A) and in the 4-days animals (B) grown at 25°C was detected by GFP fluorescence. 4-

days animals expressing the AT3 variants were stained for 2 h with 1 mM X-34 dye (C).

Fig. S7 Effect of EGCG and tetracycline on the time course of AT3Q55 aggregation. No drug added
(A), EGCG (B), tetracycline (C). Protein-drug molar ratio was 1:5. Total soluble protein fraction was
determined by the Bradford assay on supernatants after centrifuging the incubation mixtures at 14.000 x g.
SDS-soluble fraction was quantified densitometrically in SDS-PAGE of the supernatants. Both were
expressed as percentage of zero time. Soluble, SDS-resistant fraction was quantified by subtracting SDS-
soluble from total soluble fraction. Insoluble fraction (expressed as percentage of total protein) was

calculated as: 100 — total soluble fraction.

Fig. S8 Subtraction procedure in the ATR/FTIR analyses. A representative spectrum substraction
procedure is shown, as accomplished in the case of AT3Q55 in the presence of tetracycline. The following
absorption spectra (bottom panel) are shown: 25 uM freshly purified AT3Q55 in PBS and in the presence of
125 uM tetracycline (A); 125 uM tetracycline in PBS (B); AT3Q55 after reference spectrum subtraction
(C=A-B). In the second derivative (top panel) of AT3Q55 subtracted spectrum (D) the = 1595 cm’

tetracycline peak (see spectra D and E) is not present, highlighting a successful subtraction procedure.
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How Epigallocatechin-3-gallate and Tetracycline Interact with the
Josephin Domain of Ataxin-3 and Alter Its Aggregation Mode
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(Abstract: Epigallocatechin-3-gallate (EGCG) and tetracycline
are two known inhibitors of amyloid aggregation able to
counteract the fibrillation of most of the proteins involved in
neurodegenerative diseases. We have recently investigated
their effect on ataxin-3 (AT3), the polyglutamine-containing
protein responsible for spinocerebellar ataxia type 3. We pre-
viously showed that EGCG and tetracycline can contrast the
aggregation process and toxicity of expanded AT3, although
by different mechanisms. Here, we have performed further
experiments by using the sole Josephin domain (JD) to fur-
ther elucidate the mechanism of action of the two com-
pounds. By protein solubility assays and FTIR spectroscopy
we have first observed that EGCG and tetracycline affect the

N

\

JD aggregation essentially in the same way displayed when
acting on the full-length expanded AT3. Then, by saturation
transfer difference (STD) NMR experiments, we have shown
that EGCG binds both the monomeric and the oligomeric JD
form, whereas tetracycline can only interact with the oligo-
meric one. Surface plasmon resonance (SPR) analysis has
confirmed the capability of the sole EGCG to bind monomer-
ic JD, although with a Kj value suggestive for a non-specific
interaction. Our investigations provide new details on the JD
interaction with EGCG and tetracycline, which could explain
the different mechanisms by which the two compounds
reduce the toxicity of AT3.

/

Introduction

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-
Joseph disease, is one among several polyglutamine (polyQ)
diseases, autosomal dominantly inherited neurodegenerative
disorders that also include Huntington’s disease. They are
caused by unstable expansions of (CAG), trinucleotide-repeat-
ed sequences at disease-specific gene loci that are translated
into elongated polyQ tracts."® Ataxin-3 (AT3) is the protein
that triggers SCA3 when its polyQ stretch exceeds a critical
length of about 55 consecutive residues.**’ AT3 consists of
a globular N-terminal domain, the so-called Josephin domain
(JD), and a flexible tail containing the polyQ tract.”’ By compar-
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ing different polyQ proteins, it appears that the protein con-
text surrounding the polyQ tract can differently affect aggrega-
tion pathways and kinetics. In the case of AT3, extensive stud-
ies have focused on the intrinsic amyloidogenic properties of
the JD, as well as on the role of the polyQ expansion on pro-
tein stability and aggregation kinetics.”® It is known that the
expansion of the polyQ tract beyond a critical threshold trig-
gers misfolding and protein aggregation into sodium dodecyl
sulfate (SDS)-insoluble amyloid fibrils.”) Nevertheless, it has
been demonstrated that the first step of the fibrillation is re-
versible, polyQ-independent, and proceeds through aggrega-
tion of the JD.I'*™

Recently, we further characterized the aggregation inter-
mediates of an expanded AT3 variant."? This is a prerequisite
to correlate the protein structure with the toxicity and to de-
termine the capability of specific compounds to counteract
one or both steps of AT3 aggregation. In fact, by biochemical
and biophysical approaches, we have recently demonstrated
that epigallocatechin-3-gallate (EGCG) and tetracycline
(Figure 1) can contrast the aggregation and toxicity of expand-
ed AT3, although by different mechanisms."” EGCG is a poly-
phenolic flavonoid widely considered to be the key bioactive
ingredient of green tea. It has been extensively studied, pri-
marily for its beneficial effects, ranging from antitumor and
anti-inflammatory properties to neuroprotective behavior. In
fact, EGCG has been reported to affect multiple biological
pathways, such as gene expression, growth-factor-mediated
signaling, and antioxidant pathways.'*'® Also, it is endowed
with well-established metal-chelating properties."”” However,
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Figure 1. Structure and numbering of EGCG and tetracycline.

a wealth of data indicates that the antioxidant/metal-chelating
capability of EGCG is unlikely to be the sole explanation for its
neuro-rescue capacity. Plenty of works report on the capability
of EGCG to interfere with the aggregation process of many
amyloid proteins. It has been demonstrated that EGCG is able
to inhibit the formation of toxic oligomers by steering misfold-
ed AR a-synuclein, transthyretin,”” and mutant hunting-
tin®" away from folding pathways that lead to amyloidogenic
[-sheet-rich structures toward unstructured, non-toxic forms,
either by binding the protein directly or possibly by acting as
a protein chaperone. However, how EGCG works is not entirely
clear. Its action seems to be largely independent of the primary
sequence of the protein, given its capability to bind to unfold-
ed bovine serum albumin®™ just as readily as to AB and a-syn-
uclein? A recent paper of ours also supports this view, as we
characterized by saturation transfer difference (STD) NMR spec-
troscopy the binding of EGCG and other catechins to Af,
PrP106-126, and AT3 oligomers.”* All these data suggest that
EGCG targets the only feature shared by the diverse proteins,
that is, the polypeptide main chain.

Another well-studied class of natural compounds are tetracy-
clines, bacteriostatic agents with anti-inflammatory and re-
markable neuroprotective properties. Major biological effects
of tetracyclines are the inhibition of microglial activation, the
attenuation of apoptosis, and the suppression of the produc-
tion of reactive oxygen species.” These mechanisms are in-
volved in the pathogenesis of several neurodegenerative dis-
eases. Furthermore, numerous studies have demonstrated that
such compounds are able to prevent fibrillogenesis of prion
proteins (PrPs),”® transthyretin,*” a-synuclein,”® B2-microglo-
bulin,® and AB,?*3*® and, in most of these cases, to dissolve
mature fibrils. In particular, it has been established that fibrillo-
genesis inhibition is a result of non-specific interactions with
the different proteins. In this respect, by combining NMR spec-
troscopy, atomic force microscopy (AFM), FTIR spectroscopy
and surface plasmon resonance (SPR) spectroscopy, we
showed that co-incubation of tetracycline with Af} oligomers
leads to the formation of colloidal particles that specifically se-
quester oligomers, thus preventing the progression of the
amyloid cascade.?"

In a previous work, we have demonstrated that EGCG affects
the AT3 aggregation pathway by a mechanism similar to that
reported for the other mentioned amyloid proteins. In fact,
EGCG is able to interfere with the early steps of AT3 aggrega-
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tion and leads to the formation of off-pathway, non-amyloid,
SDS-stable final aggregates. In contrast, tetracycline does not
produce major alterations in the structural features of the ag-
gregation intermediates but substantially increases their solu-
bility. Nevertheless, both compounds reduce the toxicity of
protein aggregates, as confirmed by their beneficial in vivo ef-
fects by using the transgenic Caenorhabditis elegans SCA3
model."

Here, we report NMR investigations aimed at providing in-
sight into the mode of interaction of these compounds with
the JD, the sole structured part of AT3. For this purpose, we
employed both ligand-based and receptor-based NMR meth-
0ds.*? We have demonstrated, by using protein solubility
assays and FTIR spectroscopy, that the mechanism by which
both compounds, EGCG and tetracycline, affect JD aggregation
is essentially the same as that observed in the case of expand-
ed AT3."¥ These results further demonstrate the direct involve-
ment of the JD in full-length AT3 fibrillation. By STD NMR ex-
periments we have clearly shown that EGCG is able to bind
both the monomeric and the oligomeric JD form, whereas tet-
racycline can only interact with the oligomeric one. These re-
sults strongly support the hypothesis that the capability of
EGCG of interfering with the early steps of AT3 aggregation
and redirect the process towards a different pathway is due to
its ability to bind the monomeric JD. This could account for
the different action mechanisms of the two compounds.

Results and Discussion
EGCG and tetracycline differently affect JD aggregation

In a previous work, we demonstrated that EGCG and tetracy-
cline differently modulate the aggregation pathway of an ex-
panded AT3 variant,"® the former generating SDS-resistant, f3-
sheet-poor, soluble aggregates, the latter giving rise to aggre-
gated species resembling those arising in the absence of any
compound, but substantially more soluble. To further elucidate
the mechanism of action of the two compounds, we have ex-
amined whether they exert the same effect on JD aggregation,
that is, aggregation of the structured N-terminal protein
domain. The rationale of our approach relies upon the well-es-
tablished notion that the aggregation process of full-length
AT3, irrespective of the polyQ size, starts with JD misfolding
and aggregation, which triggers the earliest steps of expanded
AT3 fibrillation."®™ Thus, quite plausibly, any treatment affect-
ing or preventing JD aggregation would also affect or prevent
the process at the level of full-length AT3.

A His-tagged JD was purified by affinity chromatography
and the monomeric form was isolated by size-exclusion chro-
matography (Figure S1 in the Supporting Information). The
protein was then incubated at 37°C in the presence or the ab-
sence of either compound at molar ratios of protein/drug of
1:5. Aliquots were taken at different incubation times and the
soluble fraction was isolated as the supernatant from a centrifu-
gation at 14000g. The SDS-soluble protein fraction was quanti-
fied by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) of the supernatants and subsequent densito-
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Figure 2. SDS-soluble protein fraction analysis of the JD incubated with EGCG or tetracycline. A 150 um solution of JD was incubated at 37 °C in the presence
or absence of: A) EGCG, or B) tetracycline. The amount of SDS-soluble protein was quantified by centrifuging the incubation mixtures, subjecting the superna-
tants to SDS-PAGE, and to subsequent densitometric analysis. Signals were normalized at zero-time protein content. Error bars represent standard errors and
are derived from at least three independent experiments. *=P < 0.01. SDS-PAGE (16 %) of the soluble protein fraction of: C) JD, D) JD/EGCG 1:5, and E) JD/tet-
racycline 1:5. The gels were stained with IRDye blue protein stain (LiCor). The monomeric and the soluble, aggregated, SDS-resistant species are indicated by

arrows.

metric analyses. Starting from the earliest incubation time (i.e.,
1 h), EGCG treatment resulted in a significant reduction in the
SDS-soluble amount of the protein (Figures 2A, C and D).
Based on previous work, EGCG may undergo structural
changes such as epimerization and dimerization.®® This
prompted us to check its stability. Under our working condi-
tions, the molecule proved to be completely stable, as as-
sessed by 'H NMR spectroscopy, over a time span of 72 h (Fig-
ure S2 in the Supporting Information).

In contrast, tetracycline significantly retarded SDS-soluble
species disappearance, in particular at the longest incubation
times (Figures 2B, C, and E). Size exclusion chromatography
(SEC) analyses of the incubation mixtures showed that in the
control sample (i.e., JD alone, Figure 3A), higher molecular
weight species appeared in the void volume starting from 6 h
of incubation. Their estimated molecular mass is 300 kDa or
higher. Scanty, if any, accumulation of intermediate forms be-
tween the void volume and the monomeric protein was ob-
served. EGCG treatment (Figure 3B) resulted in a much faster
disappearance of the monomeric form and accumulation of
aggregates. This fits well with the aggregation pattern deter-
mined by using SDS-PAGE (Figures 2A and D). In contrast, tet-
racycline treatment (Figure 3C) did not appreciably alter the
JD aggregation pattern as detected by using SEC, which appa-
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rently contrasts with our SDS-PAGE results, whereby a much
larger accumulation of SDS-soluble species was detected at
later times.

One possible explanation might be that there are SDS-solu-
ble aggregated species, which can only be detected by SEC
analysis, as already observed in the case of full-length, expand-
ed AT3."3 The much higher intensity of the void-volume peak
detected in the presence of either compounds, as compared
to the control sample, quite likely results from a tight protein-
drug interaction, as supported by our observations (data not
shown).

EGCG, but not tetracycline, strongly affects the structural
features of the aggregation intermediates, as shown by FTIR
spectroscopy

The effects of EGCG and tetracycline on the JD misfolding and
aggregation were also studied by FTIR spectroscopy in the at-
tenuated total reflection (ATR) mode. The ATR/FTIR absorption
spectrum of freshly purified JD is reported in Figure 4A in the
amide | band, mainly due to the C=0 stretching vibrations of
the peptide bond, which is particularly sensitive to protein sec-
ondary structures.®” To disclose the different amide | compo-
nents, we calculated the second derivative spectrum, whose

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SEC profiles of JD incubated with EGCG or tetracycline. An amount
of 500 ug of: A) JD, B) JD/EGCG 1:5, and C) JD/tetracycline 1:5 was loaded
onto a Superose 12 10:300 GL column equilibrated in phosphate buffered
saline solution after the indicated incubation times.

minima correspond to the absorption maxima.? In agreement
with previous FTIR characterization of the JD,!'**% the second
derivative spectrum of the native protein (Figure 4B) displayed
a major component at approximately 7=1635cm™' that,
along with the component at around 7= 1690 cm™, can be as-
signed to the native intramolecular p-sheet structures. The
component at about 7#=1657 cm™' occurs in the spectral
region of a-helical and random coil structures. During incuba-
tion at 37°C in PBS solution, the amide | peaks of the native
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protein decreased in intensity and two new components ap-
peared in the spectra at approximately 7=1693 and
1623 cm™' (Figure 4B), which were assigned to the formation
of intermolecular B-sheet structures in the protein aggre-
gates."? A different behavior was observed in the presence of
EGCG (JD/compound 1:5 ) in comparison with JD alone.
Indeed, the second derivative components of the native pro-
tein decreased in intensity immediately after EGCG addition,
and the peak at about #=1635cm™' appeared to be down-
shifted to approximately 7=1630 cm™, in the typical spectral
region of intermolecular B-sheet structures of protein aggre-
gates (Figure 4 C). Very similar spectral changes were previously
observed for the full-length expanded AT3 in the presence of
EGCG.™ The presence of an almost constant peak at about
7#=1630 cm™' suggests that EGCG is able to redirect JD aggre-
gation from the fibril-formation process to off-pathway aggre-
gates. JD second derivative spectra collected at different incu-
bation times in the presence of tetracycline at a JD/compound
molar ratio of 1:5 (Figure 4D) indicate that tetracycline does
not prevent JD misfolding and aggregation.

However, the final aggregates obtained in the presence of
this compound displayed a minor reduction in intensity of the
intermolecular B-sheet component, which also occurred at
slightly higher wavenumbers compared with the JD alone as
shown in Figure 4E, where the second derivative spectra of
the pellets obtained after 312 h of protein incubation at 37°C
are reported. In contrast, pellets obtained after incubation with
EGCG confirmed the aforementioned downshift to approxi-
mately #=1630 cm~', which is indicative of an off-pathway ag-
gregation mode. The time courses of the intensities of native
and intermolecular -sheet structures in the JD aggregates are
reported in Figure 4F. Noteworthy, under our conditions, JD
misfolding and aggregation at 37°C in the presence of EGCG
was almost completed after an incubation period of 1-2 h,
whereas it took about 48 h in the presence of tetracycline, the
latter being a pattern essentially indistinguishable from that of
the control sample. These results suggest that, unlike tetracy-
cline, EGCG binds to the native JD, leading to the formation of
misfolded, aggregation-prone intermediates that are off-path-
way of fibrillogenesis.

1

NMR spectroscopy highlights different interaction modes of
EGCG and tetracycline with the JD

Recently, we have extensively exploited STD NMR spectrosco-
py® ™ to characterize the binding of several natural® 3442
and synthetic ligands™" to amyloid oligomers, thus demon-
strating the reliability and versatility of this technique. More-
over, Melacini and co-workers validated STD NMR methods in
characterizing the amyloid oligomer interaction with soluble
proteins (in particular AP peptide oligomers)“***? and in also
mapping peptide early self-association events.®” In general,
when an STD NMR experiment is acquired on a mixture con-
taining the target protein and a potential ligand, the detection
of NMR signals of the test molecule in the STD spectra is
a clear-cut evidence of an interaction. Here, we have employed
STD NMR experiments to investigate the nature of the interac-
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Figure 4. JD misfolding and aggregation studied by using FTIR spectroscopy. A) ATR/FTIR absorption spectra of freshly purified JD and of the pellet collected
after incubation of the protein at 37 °C for 312 h. Spectra are reported in the amide | spectral region. B) Second derivatives of the absorption spectra of the
JD (150 um) collected at different incubation times at 37 °C. The assignment of the main components to protein secondary structures are reported. Arrows
point to the spectral changes occurring at increasing incubation time. C) Second derivatives of the absorption spectra of 150 pm JD incubated in the presence
of 750 um EGCG (i.e., JD/EGCG 1:5) and otherwise under the conditions reported for panel B. D) Second derivatives of the absorption spectra of 150 um JD in-
cubated in the presence of 750 pm tetracycline (i.e., JD/tetracycline 1:5) and otherwise under the conditions reported for panel B. E) Second derivative spectra
of the pellet collected from a solution of JD incubated in isolation for 312 h at 37°C, or JD in the presence of EGCG, or of tetracycline. The positions of the
main peak, due to B-sheet structures, is indicated. Spectra are shown after normalization at the peak around #=1515 cm™' of tyrosines to compensate for
possible differences in the protein content. F) Time course of the components at #=1635 and 1623 cm™' (assigned to native JD B-sheets and to intermolecu-
lar B-sheet structures of the protein aggregates, respectively) reported for either the JD alone, or incubated in the presence of EGCG or tetracycline. The in-
tensities are taken from the second derivative spectra after normalization of the tyrosine peak approximately appearing at #=1515cm™".

tions of EGCG and tetracycline with both JD monomers and
oligomers at the atomic level.

To a solution containing 1.5 mm EGCG or tetracycline in PBS
solution, pH7.2 at 5°C, an aliquot of monomeric JD was
added to a final concentration of 7 um. Under these condi-
tions, the monomeric state is preserved for at least one day.
This is a time suitable for the acquisition of several STD spectra
at different saturation times. The same experiments were per-
formed after a pre-incubation period of 5 d at 37°C of the sole
JD. This treatment promotes protein aggregation, with result-
ing enrichment in JD soluble oligomers, as supported by SEC
analysis (Figure S3 in the Supporting Information). STD spectra
(Figure 5) unambiguously highlighted a different binding
mode by the two compounds. In fact, EGCG resonances
appear in both STD spectra depicted in Figure 5A (spectra 2
and 4, recorded in the presence of the JD monomer or the oli-
gomer, respectively), whereas the tetracycline signals are only
detected in the STD spectrum recorded in the presence of pro-
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tein oligomers (Figure 5B, spectrum 4). Thus, the sole EGCG is
capable of interacting with the monomeric form, which might,
at least in part, account for the different effects of the two
compounds in affecting oligomerization.

The binding epitopes identified on either compounds
(Figure 6; Figures S4 and S5 in the Supporting Information for
the corresponding STD build-up curves) indicate that the
whole ligand structure is involved in the receptor recognition
process, which is in agreement with previous findings concern-
ing EGCG interaction with AT3Q55 oligomers® and tetracy-
cline binding to AP oligomers.®"

In this latter case, we reported in particular the formation of
supramolecular colloidal particles presenting a disordered and
non-homogeneous internal structure that justifies the absence
of a specific ligand binding epitope. We hypothesize the for-
mation of similar supramolecular complexes also in the pres-
ence of JD oligomers.
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intensity of the protein cross-
peaks, which decreased at each
4 step of titration. This decay cor-
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‘ | l I l 3 each addition of the ligand, di-
SO VRN W agnostic of the precipitation of
a certain amount of sample. This
suggests that the main effect in-
2 duced by EGCG probably con-
sists in a conformational change

of the JD, as already observed
by FTIR spectroscopy (Figure 4),
which, in turn, promotes fast
protein aggregation and precipi-
tation.

The protein sample stability
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Figure 5. STD NMR characterization of EGCG and tetracycline binding to the JD monomer and oligomers.

A) 1) "H NMR spectrum of a mixture containing JD (7 um) immediately after purification and 1.5 mm EGCG. 2) STD
NMR spectrum of the same mixture investigated in spectrum 1 at a saturation time of 3 s. 3) "H NMR spectrum of
a mixture containing JD (7 pm) five days after purification and 1.5 mm EGCG. 4) STD NMR spectrum of the same
mixture investigated in spectrum 3 at a saturation time of 3 s. B) 1) "H NMR spectrum of a mixture containing JD
(7 um) immediately after purification and 1.5 mm tetracycline. 2) STD NMR spectrum of the same mixture investi-
gated in spectrum 1 at a saturation time of 3 s. 3) "H NMR spectrum of a mixture containing JD (7 um) five days
after purification and 1.5 mm tetracycline. 4) STD NMR spectrum of the same mixture investigated in spectrum 3
at a saturation time of 3 s. All samples were dissolved in PBS solution, pH 7.2, 5°C. The spectrometer frequency
was 600 MHz. The EGCG H2 signal is overlapped by water resonance. Ligand proton assignment is reported under
spectra A1 for EGCG and B1 for tetracycline. All the spectra were recorded at 600 MHz.
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Figure 6. Binding epitopes of EGCG and tetracycline calculated for the inter-
action with the JD oligomers. In each case, the largest absolute STD effect
has been scaled to 100%. The EGCG H2 signal is overlapped by water reso-
nance and thus its STD effect was not calculated.

To provide a complementary insight into the nature of the
EGCG interaction with the JD monomers, titration of the °N-la-
belled protein with increasing ligand concentrations was per-
formed, and the changes in the protein NMR fingerprint were
monitored by acquisition of '"N-SOFAST-HMQC spectra
(Figure 7).°"

First, a SOFAST-HMQC spectrum was acquired on a sample
containing 0.3 mm "N-labelled JD dissolved in PBS solution,
pH 6.5 at 25°C, to verify the match with the backbone amide
assignments previously published.*? Then, the protein was ti-
trated with EGCG (JD/compounds ratios 1:0.5, 1:1, 1:2, 1:3, and
1:4) and the corresponding SOFAST-HMQC spectra were col-
lected (Figure 7). The most significant variation observed is the
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over time in the absence of
EGCG was assessed by compar-
ing the SOFAST-HMQC spectra of
the JD recorded immediately
after purification (Figure 7A) and
after an incubation period of
20 h (which is longer than a full
titration experiment) at 25°C
(Figure 7F). In particular, the pro-
tein sample was split into two
aliquots, one being employed
for the titration experiments
(Figures 7 A-E), the other being
incubated at 25°C in the absence of EGCG (Figure 7F). The
spectra given in Figures 7A and F are identical, supporting the
stability of the protein under these experimental conditions.

Thus, protein precipitation is a direct consequence of EGCG
addition to the JD sample.

From the comparison of spectra A and C in Figure 7 we de-
rived that, for a protein/ligand molar ratio of 1:1, the amino
acid residues most affected by signal broadening are those col-
ored blue in Figure 7G. They map to the six-stranded antiparal-
lel B-sheet constituting the “core” of the C-terminal subdomain
of the JD. Thus, we can infer that the EGCG-induced processes
of misfolding and self-aggregation of the JD start in this struc-
tural region.

Also, small chemical shift deviations (CSDs) were observed,
mainly assigned to residues belonging to the a-helical hairpin
moiety (Figure 7H, pink color). This is a structural motif endow-
ed with high conformational flexibility, likely playing a key role
in molecular-recognition and interaction/aggregation process-
es_[53,54]

Notably, even at high JD/compound ratios and after signifi-
cant protein precipitation, the ligand resonances were not visi-
ble in the 'H NMR spectra of the mixture (Figure S6 in the Sup-
porting Information). This suggests that the stoichiometry of
the JD/compound complex should be higher than 1:1 and that
at least a part of the ligand precipitates together with the pro-
tein aggregates.
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Figure 7. "N-SOFAST-HMQC titration experiments for the characterization of the EGCG interaction with the JD monomer. The ®N-SOFAST-HMQC spectra were
recorded in a solution containing: A) 0.3 mm "°N-JD in PBS solution, pH 6.5 at 25°C; B) 0.3 mm ”N-JD and 0.15 mm EGCG in PBS solution, pH 6.5 at 25°C;

() 0.3 mm "N-JD and 0.3 mm EGCG in PBS solution, pH 6.5 at 25°C; D) 0.3 mm "N-JD and 0.6 mm EGCG in PBS solution, pH 6.5 at 25°C; E) 0.3 mm "N-JD and
1.2 mm EGCG in PBS solution, pH 6.5 at 25°C, F) 0.3 mm "°N-JD in PBS solution, pH 6.5, after an incubation period of 20 h at 25 °C. All the spectra were record-
ed at 600 MHz. G) Residues affected by either signal broadening (blue) or chemical shift perturbation (pink) mapped on the structure of the monomeric JD

(PDB ID: 1ZYB).
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This is also supported by the dramatic reduction in the diffu-
sion coefficient of EGCG when co-incubated with JD in large
stoichiometric excess to JD (JD/EGCG 1:30), as measured by
NMR diffusion-ordered spectroscopy (DOSY). The diffusion co-
efficient of EGCG in the free state (1.5 mm, PBS solution,
pH 7.4, 25°C) was 4.98 m%~', whereas after addition of 50 pm
JD, it dropped to 1.96 m%*s™' (reduction of 61%), which sup-
ports the existence of an equilibrium free/bound state of the
ligand molecules. In the "H NMR spectra recorded on the same
sample prepared for the DOSY acquisition, the EGCG resonan-
ces were visible only because of the large ligand stoichiometric
excess.

SPR provides evidence of weak JD-EGCG interaction

We performed SPR analyses to determine the binding affinity
of the JD-EGCG and JD-tetracycline complexes. In particular,
we studied the real time association and dissociation of EGCG
or tetracycline to/from JD (Figures 8 A and B) coupled directly
to the sensor chip CM5 by monitoring the binding and release
of EGCG or tetracycline to and from the chip.

In the case of EGCG, the experiments provided evidence of
compound binding to the JD. A good fitting was obtained by
using the Langmuir 1:1 and BIA evaluation 4.1 software (BIA-
core). As the presence of multiple binding sites for EGCG
would yield an undistinguishable curve, the K; value reported
in the caption of Figure 8 should be regarded as an apparent
one.

No interaction was determined by using tetracycline as an
analyte (Figure 8C), which is suggestive of a much lower affini-
ty toward the monomer compared to EGCG, which is in ac-
cordance with the NMR data (Figure 5).

Conclusion

In a previous work, we investigated the capability of EGCG and
tetracycline to contrast amyloid aggregation and toxicity of
full-length expanded variants of AT3."® We observed a signifi-
cant protective effect by both compounds, but also demon-
strated substantially different mechanisms of action. Actually,
in the presence of EGCG, off-pathway, SDS-resistant soluble ag-
gregates arose, whereas tetracycline did not produce major al-
terations in the structural features of the aggregates compared
with the control, but substantially increased their solubility.

We have thus undertaken the present work to provide in-
sight into how either compound precisely interact with AT3. To
this end, we have taken advantage of NMR spectroscopy to
identify the individual moieties of the protein and compounds
involved in the interaction. However, we have examined their
effects on the aggregation of the sole N-terminal JD, as the C-
terminal disordered domain would severely hinder NMR meas-
urements.

Our results show that both EGCG and tetracycline affect JD
aggregation in a fashion qualitatively similar to that they exert
on the full-length, expanded AT3. Most notably, NMR experi-
ments have enabled us to also identify the individual binding
epitopes on either compound, which show that the whole
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Figure 8. Association/dissociation kinetics for the binding between JD and
EGCG. A) JD was immobilized on the sensor chip and the indicated concen-
trations of EGCG were flowed onto the chip surface. B) The R, values ob-
tained for each given EGCG concentration were used to generate the
Scatchard plot. C) Overlay of the BlAcore sensograms showing the different
binding capacity of EGCG and tetracycline (injected at a concentration of
750 pm) for the JD, immobilized on the surface of the sensor chip.

ligand structure participates in the protein binding. This points
to a nonspecific interaction mode, as also supported by the Ky
values assessed by SPR analysis. Not less important, we have
also shown that EGCG is able to bind both the monomeric and
the oligomeric form of the JD, whereas tetracycline only inter-
acts with the oligomeric one. A possible concern regarding the
effects of the two compounds assayed is that they might se-
quester functional AT3 with a resulting loss of function. How-
ever, this should not result in any detrimental effect, as previ-
ous work showed that knock-out mice were viable and fertile
and did not present a reduced life span.**
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In conclusion, our results suggest that the JD in isolation is
a suitable model for assessing the effect of potential antiamy-
loid agents on AT3, which should significantly speed up re-
search designed for this purpose. This work also provides
a more in-depth understanding of the interaction mode be-
tween AT3 and the compounds under investigation, which
might provide hints to rationally design more effective variants
thereof.

Experimental Section
JD purification

The JD-encoding gene was cloned in a pET21-a vector and the
protein was expressed in Escherichia coli BL21 Tuner (DE3) pLacl (E.
coli B F~ ompT hsdSB (rB~ mB~) gal dcm lacY1(DE3) pLacl (CamR);
Novagen, Germany) as a His-tagged protein. Cells were grown at
37°C in LB low salt-ampicillin medium, induced with 0.2 mm iso-
propylthio-f3-p-galactoside (IPTG) at ODg, 0.8 for 2 h at 30°C. Pro-
tein purification was performed as previously described for the ex-
panded form." To express the "°N-labeled JD, cells were grown at
37°C in 2L of LB low salt-ampicillin in "N-free medium. At
ODgq 0.7, the cells were centrifuged for 30 min at 5000g. The pel-
leted cells were resuspended in isotopically labeled minimal
medium (3 gL' KH,PO,, 6 gL™" Na,HPO,-7H,0, 0.12gL™' MgSO,,
0.2gL™" NaCl, 1gL™" ®NH,Cl, 0.4% glucose), then incubated to
allow the recovery of growth and clearance of unlabeled metabo-
lites. After 1 h, protein expression was induced with 1 mm IPTG for
2 h at 30°C.¥ Purification of the labeled protein was performed
according to the same protocol as for the unlabeled protein.

SDS-PAGE and densitometry analysis of the soluble protein
fraction

The purified JD (150 pm) was incubated at 37°C in PBS solution in
the presence or absence of EGCG or tetracycline (Sigma-Aldrich,
USA) at a protein/compound molar ratio of 1:5. JD aliquots at dif-
ferent times of incubation (0, 1, 3, 6, 24, 48, and 72 h) were centri-
fuged at 14000g for 15 min and 3 pL of the supernatants were
subjected to SDS-PAGE. The gels were stained with IRDye Blue Pro-
tein Stain (LiCor, USA), scanned at 700 nm with the Odyssey Fc
System (LiCor) and analyzed with the Image Studio software
(LiCor).

SEC analysis

The purified JD (150 pm) was incubated at 37°C in PBS solution in
the presence or absence of EGCG or tetracycline at a protein/com-
pound molar ratio of 1:5. Aliquots of the protein samples (500 ug)
were withdrawn at different times of incubation (0, 1, 6, 24, and
48 h) and loaded onto a Superose 12 10:300 GL gel filtration
column (GE Healthcare, Life Sciences, UK), pre-equilibrated with
PBS solution (25 mm potassium phosphate, pH 7.2, 150 mm NaCl),

and eluted at a flow rate of 0.5 mLmin™".

Fourier transform infrared (FTIR) spectroscopy

FTIR analyses were performed following the experimental proce-
dures already optimized and described in previous FTIR characteri-
zations of JD'"%3% and of expanded AT3.'* ™ In particular, a sample
(600 pL) of the purified JD (150 um in PBS solution) was incubated
in the test tube at 37°C in the presence or absence of EGCG or tet-
racycline at a protein/compound molar ratio of 1:5. An aliquot
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(3 pL) was taken at different times of incubation and deposited on
the diamond element of the device for measurements in the atte-
nuated total reflection (ATR) mode. The Golden Gate (Specac, USA)
device with a single reflection diamond crystal was employed. The
FTIR spectrum was collected after solvent evaporation, which took
place in about 1 min. The formation of a semi-dry film was expect-
ed following this procedure.®”” ATR/FTIR spectra were collected by
using a Varian 670-IR spectrometer (Varian Australia Pty Ltd, Mul-
grave VIC, Australia) equipped with a nitrogen-cooled mercury cad-
mium telluride detector under the following conditions: 2 cm™
spectral resolution, 25 kHz scan speed, 1000 scans co-addition, and
triangular apodization. The ATR/FTIR spectra of a PBS solution and
of the two compounds at a concentration of 600 um in PBS solu-
tion were also collected at each incubation time at 37°C and were
subtracted from the protein spectra.® Second derivatives of the
spectra were obtained, after the smoothing of the measured spec-
tra by the Savitzky-Golay algorithm, by using the software Resolu-
tions Pro (Varian Australia Pty Ltd, Mulgrave VIC, Australia).

NMR spectroscopy

NMR experiments were recorded on a Varian 400 MHz Mercury or
a Bruker 600 MHz Avance lll spectrometer equipped with a QCl
cryo-probe, with a z-axis gradient coil. EGCG and tetracycline were
dissolved in PBS solution, pH 7.2 and, for ligand-receptor interac-
tion experiments based on ligand observation, an aliquot of the
protein solution, dissolved in the same buffer, was added to reach
the final concentration required. Conversely, for experiments based
on protein observation, small aliquots of a 12 mm EGCG solution in
PBS solution, pH 6.5, were added to a sample containing the °N-la-
belled JD, with a final maximum dilution of the initial protein con-
centration of 10%. Sodium azide (0.05%; w/v) was added to the
sample to prevent protein degradation by bacteria. Basic sequen-
ces were employed for '"H NMR, STD NMR, "*N-SOFAST-HMQC spec-
troscopic and diffusion experiments.

Solvent suppression was performed by excitation sculpting.
'H NMR spectra were acquired with a number of transients ranging
from 8 and 256 and 2s recycle delay. For the STD NMR experi-
ments, a train of Gaussian-shaped pulses each of 50 ms was em-
ployed to saturate selectively the protein envelope; the total satu-
ration time of the protein envelope was varied between 3 and
0.15s, 1024 scans; acquisitions were performed at 5°C. "N-
SOFAST-HMQC experiments were acquired with a number of transi-
ents ranging from 8 and 32, and 640 increments; acquisitions were
performed at 25 °C. Diffusion experiments were acquired employ-
ing an array of 30 spectra for each experiment (128 scans, with 2's
recycle delay) varying the gradient strength from 3.33 to
19.4Gem ™% The lengths of and delays between the gradient
pulses were optimized depending on the experimental conditions
and ranged between 0.002 and 0.005 s and 0.2-0.7 s, respectively;
acquisitions were performed at 25°C. Data fitting and diffusion co-
efficient determinations were performed by using the software
Dosytoolbox (http://personalpages.manchester.ac.uk/staff/mathias.
nilsson/software.htm)

Surface plasmon resonance (SPR)

Surface plasmon resonance experiments were carried out with
a BlAcore X system (GE Healthcare). JD and AT3Q55 proteins were
coupled to a carboxymethylated dextran surface of two different
CM5 sensor chips by using amine coupling chemistry at surface
densities of 5000 and 4000 resonance units, respectively, by inject-
ing 60 uL of each protein at the concentration of 50 ugmL™" resus-
pended in 10 mm sodium acetate buffer, pH4 (flow rate of

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

XXX


xxx


\\l"* ChemPubSoc
bt Europe

5 uLmin~"). A reference cell was saturated with 1m ethanolamine,
pH 8.5. Different concentrations of EGCG, diluted in the running
buffer (10 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.4, 150 mm NaCl, 3 mm ethylenediaminetetraacetic
acid (EDTA), 0.005% v/v Surfactant P20), were tested twice over
the surface of sensor chip CM5 for 4 min (40 plL injections at flow
rate of 10 uLmin~"). Surface regeneration was accomplished by in-
jecting 50 mm NaOH (30 s contact) two or three times. The interac-
tion rate constants were calculated by simultaneous fitting of the
binding curves obtained with different concentrations of analyte,
by using the BlAevaluation 4.1 software (BlAcore).
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Figure S1. SEC profiles of JD (A) 6 mg His-tagged JD were loaded onto a Superose 12 10/300 GL column equilibrated in PBS buffer. The
arrow indicates the peak corresponding to JD monomeric form. (B) 300 ug monomeric JD were reloaded onto the same column.
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Figure S2. '"H-NMR monitoring of EGCG stability at 37 °C, pH 7.4 or 6.5. "H-NMR spectra were recorded on a solution containing 2 mM
EGCG dissolved in PBS, pH 7.4 (A) or 6.5 (B) immediately after dissolving the compound (1) or after 72 h (2) of incubation at 37 °C. No

significant changes of compound resonances were observed.
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Figure S3. SEC profiles of aggregated JD. 300 pg JD were loaded onto a Superose 12 10/300 GL column equilibrated in PBS buffer
after a 6-d incubation.
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EGCG was calculated by (lo-l)/lo, in which (l¢-l) is the peak intensity in the STD NMR spectrum and |, is the peak intensity in the off-
resonance spectrum.
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Figure S6. 1H-NMR titration experiments for the characterization of EGCG interaction with JD monomer. 1H-NMR spectra recorded
in a solution containing (A) 1 mM EGCG, in PBS, pH 6.5 at 25 °C; (B) 0.3 mM "N-JD in PBS, pH 6.5 at 25 °C; (C) 0.3 mM "N-JD and 0.15
mM EGCG in PBS, pH 6.5 at 25 °C; (D) 0.3 mM "N-JD and 0.3 mM EGCG in PBS, pH 6.5 at 25 °C; (E) 0.3 mM "°N-JD and 0.6 mM EGCG
in PBS, pH 6.5 at 25 °C; (F) 0.3 mM N-JD and 1.2 mM EGCG in PBS, pH 6.5 at 25 °C; (G) 0.3 mM "°N-JD in PBS, pH 6.5, after a 20-h
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Abstract

Ataxin-3 (AT3) is a deubiquitinating enzyme that triggers an inherited neurodegenerative
disorder, spinocerebellar ataxia type 3, when its polyglutamine (polyQ) stretch close to the
C-terminus exceeds a critical length. AT3 variants carrying the expanded polyQ are prone to
associate with each other into amyloid toxic aggregates, which are responsible for neuronal
death with ensuing neurodegeneration. We employed Saccharomyces cerevisiae as a eu-
karyotic cellular model to better clarify the mechanism by which AT3 triggers the disease.
We expressed three variants: one normal (Q26), one expanded (Q85) and one truncated for
a region lying from the beginning of its polyQ stretch to the end of the protein (291A). We
found that the expression of the expanded form caused reduction in viability, accumulation
of reactive oxygen species, imbalance of the antioxidant defense system and loss in cell
membrane integrity, leading to necrotic death. The truncated variant also exerted a qualita-
tively similar, albeit milder, effect on cell growth and cytotoxicity, which points to the involve-
ment of also non-polyQ regions in cytotoxicity. Guanidine hydrochloride, a well-known
inhibitor of the chaperone Hsp104, almost completely restored wild-type survival rate of both
291A- and Q85-expressing strains. This suggests that AT3 aggregation and toxicity is medi-
ated by prion forms of yeast proteins, as this chaperone plays a key role in their propagation.

Introduction

The expansion of an unstable translated CAG repeat causes at least ten dominantly inherited
neurodegenerative disorders known as polyglutamine (polyQ) diseases. These include Hun-
tington disease, spinal and bulbar muscular atrophy, dentatorubropallidoluysian atrophy, and
seven autosomal dominant spinocerebellar ataxias (SCA1, 2, 3, 6,7, 12 and 17) [1-3]. In all
these diseases, a polyQ stretch expanded beyond a critical threshold leads to misfolding of the
respective protein, its aggregation into large intracellular inclusions, cytotoxicity and finally
dysfunction and demise of specific neurons [4]. The loss of function resulting from misfolding
might also be involved in the mechanisms of pathogenesis [5,6]. Machado-Joseph disease,
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otherwise known as spinocerebellar ataxia type-3 (SCA3), is the most common form of autoso-
mal dominantly-inherited ataxia, and characterized by pyramidal symptoms associated in
varying degrees with a dystonic-rigid extrapyramidal syndrome or peripheral amyotrophy
[7,8]. The gene causatively associated with SCA3 is atxn3, which encodes a polyQ-containing
protein known as ataxin-3 (AT3) [9]. This is a conserved and ubiquitous protein with a wide
distribution in the brain, although different regions present varying expression levels [10]. AT3
is composed of a structured globular N-terminal domain, the Josephin domain (JD), which dis-
plays ubiquitin hydrolase activity, followed by a disordered C-terminal tail containing two ubi-
quitin-interacting motifs (UIMs) and the polyQ stretch of variable length, whose expansion
beyond a certain threshold triggers SCA3 [11,12]. To date, the mechanism by which polyQ-ex-
panded AT3 leads to SCA3 pathogenesis has not been fully clarified. It has been largely re-
ported that the polyQ expansion induces transition to aggregation-prone conformations [13-
15]. As for most amyloid-forming proteins, several pathways may drive the conversion of the
soluble protein to amyloid aggregates, although small aggregates and oligomers are the species
responsible for cytotoxicity [16-19]. It has been suggested that the soluble amyloid oligomers
have common mechanisms of toxicity [20], for example being able to destabilize the cellular
membrane or to sequester quality control system components and transcription factors, caus-
ing proteotoxic stress and transcriptional dysregulation [21-23]. Consequently, this investiga-
tion is aimed at clarifying the mechanisms underlying AT3 aggregation and how the different
protein variants exert their cytotoxicity. To provide insight into this issue, we have used the
budding yeast Saccharomyces cerevisiae, an eukaryotic model organism widely used in studies
on neurodegenerative diseases [24] including the case of polyQ toxicity and aggregation [25]
despite the lack of any AT3 homologous in yeast. Nevertheless, most processes involved in
neurodegenerative disorders such as apoptosis and necrosis [26], mitochondrial damage, oxi-
dative stress, protein aggregation and degradation can be analyzed within yeast [27]. Models of
protein aggregation disorders in S. cerevisiae have provided new insight into Parkinson’s dis-
ease [28,29], amyotrophic lateral sclerosis [30,31], and Huntington’s disease [32-34]. Also,
nucleocytoplasmic shuttling activity of AT3 has been investigated, which showed active import
and export from the nucleus [35]. Here, we have characterized the mechanisms of toxicity ex-
erted by AT3 variants: one normal (AT3-Q26), one expanded-pathological (AT3-Q85), and
one truncated for a region lying from the beginning of its polyQ stretch to the end of the pro-
tein (AT3-291A). Normal AT3 variants have polyQs in the range 10-51; expanded, pathogenic
ones, 55-87 [36]. All the proteins were expressed in fusion with the green fluorescent protein
(GFP) at the C-terminus. First, we have shown that the expression of the expanded form causes
a significant viability reduction compared with the normal, wild type strain. We have demon-
strated that the toxicity is associated with an accumulation of reactive oxygen species (ROS),
an increase of catalase (CAT) activity, an alteration in the balance of reduced glutathione
(GSH) and an induction of necrosis. We have assayed the truncated variant to assess the role of
the protein context in polyQ toxicity. Actually, we have previously demonstrated the toxic ef-
fects of this truncated form in Escherichia coli [37]. Here, we demonstrate an effect also on
yeast cell growth and some markers of toxicity in a way comparable to that of the full-length,
expanded form. This implies that AT3 regions outside the polyQ tract could also determine its
pathological features.

Materials and Methods
Yeast strains and plasmids

Experiments were carried out in W303 (MATa canl-100 ade2-1 his3-11, 15 trpl-1 ura3-1
leu23,112) yeast strain. p426GALhtt103QGFP plasmid (Addgene) [38] was digested with
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BamHI restriction enzyme to excise huntingtin gene. AT3-Q26, AT3-Q85 and AT3-291A
genes were digested with BamHI and the resulting fragments were subcloned into the digested
plasmid in frame with GFP protein at the C-terminus. Transformation of yeast was performed
by the lithium acetate method [39]. Yeast cells transformed with the p426GGAL empty vector
were used as a control.

Yeast growth conditions

Cells were grown overnight in selective media containing glucose (2%), washed three times in
sterile water and diluted to an ODggq of 0.1 in selective media containing 2% galactose as induc-
er of AT3 expression. Analyses were performed after 16, 24 or 48 h of induction, unless
otherwise noted.

Confocal microscopy analysis of protein aggregation

Fluorescence microscopy was performed to detect protein aggregation using a Leica Mod.
TCS-SP2 confocal microscope (Leica Microsystem, Wetzlar, Germany) and the fluorescence of
GFP was excited with the 488 nm line.

Clonogenic growth assay

About 100 cells derived from the overnight cultures were grown in the presence or the absence
of one of the following: i) 100 pM tetracycline, ii) 100 uM epigallocatechin-3-gallate (EGCG),
iii) 5 mM guanidine hydrochloride (GuHCI). Then, cultures were washed in water, spread on a
plate with selective medium containing glucose as the sole carbon source and on another plate
with selective medium containing galactose as the sole carbon source. The colony-forming abil-
ity was plotted as the ratio of the number of cells grown on galactose to those grown on glucose
and expressed as percentage.

Filter trap assay and dot blot analysis

For each strain, 1 ml of culture was harvested after 24 h of induction. Total protein extracts
were obtained as previously described [40] and the concentration in different samples were de-
termined by the Bradford assay (Coomassie Plus Protein Assay Reagent, Thermo Scientific,
Rockford, IL, USA). Equal amounts of the different samples were subjected to either a filter
trap assay or dot blot analysis as previously described [41], using an anti-AT3 Z46 rabbit poly-
clonal primary antibody [42] and anti-rabbit fluorescent secondary antibody (Donkey anti-
rabbit IRDye 800 CW, Li-Cor, Lincoln, USA). Dot blots were also performed, using OC anti-
bodies that specifically recognize soluble fibrillar oligomers [43]. Western blotting was per-
formed using primary anti-AT3 Z46 and anti-rabbit fluorescent secondary antibody.
Membranes were imaged using a LiCor Odyssey Fc scanner.

MTT assay

The MTT [3-(4,5-dimethylthiazoyl-2-yl) 2,5-diphenyltetrazolium bromide] assay was per-
formed as described by Tepari¢ [44] with minor modifications. The assay quantifies the capabil-
ity of actively respiring cells to reduce the water-soluble MTT to an insoluble purple formazan.
Cells from 1 ml of culture were harvested and resuspended in 0.4 ml 5 ug/mL MTT. The mix-
ture was incubated at room temperature under shaking for 2 h. Then, cells were harvested and
resuspended in 1 ml acid 2-propanol (0.04 M HCl in 2-propanol). The suspension was shaken
for 10 min and then centrifuged at 7000 x g for 10 min. ODs,4 of the supernatant was measured.
Data were expressed as percentage of MTT reduction with respect to the control.
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ROS assay

H,O0, levels were monitored using the Red Hydrogen Peroxide Assay Kit (Enzo Life Sciences)
according to the manufacturer’s protocol. Cells from 3 ml of culture were harvested and resus-
pended in lysis buffer (20 mM phosphate buffer, 5 mM EDTA, 0.2 mM PMSF, pH 7.2). Cells
were broken using glass beads (0.5 mm diameter) by vortexing five times for 1 min with inter-
vals of 1 min on ice. Cell debris was pelleted and the supernatants used for the test. The conver-
sion of red peroxidase substrate to resorufin was determined measuring ODs;¢. Data were
expressed as fold increase with respect to the empty vector strain level.

Determination of glutathione levels

Reduced (GSH) and total glutathione content was determined by the method of Boyne and Ell-
man [45], using 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB). 10 ml of cells culture were har-
vested, washed twice with PBS (25 mM potassium phosphate, 150 mM NaCl, pH 7.2) to
remove any trace of growth medium, and resuspended in ice-cold 5% perchloric acid. Cells
were then broken with glass beads as described above and incubated on ice for 15 min. Cell de-
bris and proteins were pelleted at 18,000 x g for 15 min at 4°C and the supernatant neutralized
with 100 mM sodium phosphate, 5 mM EDTA, pH 7.5. To assess GSH levels, 600 uM Ellman
reagent was added to samples and OD,;, measured. To assess total glutathione, the neutralized
supernatants were incubated at 37°C for 10 min in the presence of 1 U/ml of glutathione reduc-
tase and 0.2 mM NADPH and then the GSH content was determined. GSH concentration was
determined using a GSH standard curve. Data were expressed as the ratio of GSH to total gluta-
thione content in percentage.

Antioxidant enzyme activity determination

CAT activity was determined as described by Shangari [46] by measuring the rate of H,O, de-
composition with the ferrous oxidation. 3 ml of cell culture were harvested and resuspended in
hypotonic lysis buffer (10 mM HEPES, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT, 0.2 mM
PMSF, pH 7.9) and broken as described above. Data were expressed as fold increase with re-
spect to the empty vector strain level.

Superoxide dismutase (SOD) activity was measured using the protocol of enzymatic assay
described by Sigma [47]. 3 ml of cell culture were harvested and resuspended in lysis buffer (20
mM phosphate buffer, 5 mM EDTA, 0.2 mM PMSF, pH 7.2) and broken as described above.
Data were expressed as fold increase with respect to empty vector strain level.

Propidium iodide staining

500 pl of cell culture of induction were harvested after 48 h and resuspended in 250 pl of PBS,
incubated for 30 min in the dark with 10 pg/ml of propidium iodide (PI). Then, cells were ap-
plied to a microscopic slide and observed using a Leica Mod. TCS-SP2 confocal microscope
(Leica Microsystem, Wetzlar, Germany). PI fluorescence was excited with the 488 nm line. As
a positive control, cells were treated for 15 min with 70% ethanol prior to incubation with PI.
Data were expressed as percentage of PI-positive cells.

Statistical analysis

All experiments were done at least in triplicate. Data are presented as means + standard error
of fold increase or percentage. Values were compared by the Student t test. P < 0.05 was
considered significant.
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Results
A yeast model of ataxin-3 toxicity

To provide insight into the mechanisms of AT3 cytotoxicity in a eukaryotic system, we express-
ed three variants in S. cerevisiae, i.e. a wild type and a pathogenic one, carrying 26 (AT3-Q26)
and 85 (AT3-Q85) consecutive glutamines respectively, and a variant truncated for a region
lying from the beginning of its polyQ stretch to the end of the protein (AT3-291A). All con-
structs were in fusion with GFP at the C-terminus, under the control of the GAL1 promoter
and induced by galactose (Fig 1A). Dot blot analysis of whole cell lysates did not show any sig-
nificant difference in expression among the three variants at different times of induction, nor
did the expression level decline significantly with time (Fig. A in S1 File, panel A). SDS-PAGE
analysis confirmed the presence of the three variants and their expression levels (Fig. A in S1
File, panel B).

AT3-Q85 expression leads to the formation of SDS-insoluble aggregates

It has been reported that polyQ expansion in AT3 leads to the formation of intracellular SDS-
insoluble aggregates [48]. To check whether this also occurs in our model yeast, we exploited
protein constructs in fusion with GFP to monitor their distribution in cells by confocal micros-
copy analysis (Fig 1B). The results show that the expression of the wild type and of the truncat-
ed forms resulted in the appearance at all times from the induction of a largely diffused
cytoplasmic fluorescence. In contrast, the expanded variant formed intracellular inclusions
starting from 16 h (Fig 1B). Filter trap analysis on whole protein extracts of the three strains at
24 h of induction provided clear evidence in support of a qualitative difference between
AT3-Q85 inclusions and those generated by the two other forms, in that the sole AT3-Q85 gave
rise to SDS-insoluble aggregates (Fig 1C). To provide more information regarding the nature of
such aggregates, we also performed dot blots using OC antibodies that specifically recognize sol-
uble fibrillar oligomers [43]. A strong signal was apparent until 24 h in the case of yeast cell
lines expressing AT3-291A and AT3-Q85, which faded at the latest time (48 h), suggestive of
oligomer evolution into further aggregation forms (Fig 1D). The weak background signal de-
tected under all other conditions, including cells transformed with the vector alone, may be ac-
counted for by amyloidogenic, prion-like yeast proteins, as further outlined in the Discussion.

AT3-291A and AT3-Q85 expression impairs cell growth

To check whether the expression of the AT3 variants under investigation results in cytotoxicity,
we first analyzed their effect on yeast survival rate by a clonogenic assay. Briefly, cells were pre-
grown in a medium that repressed expression of the AT3 variants. Then, a fixed amount of
cells was plated in parallel onto two different media: without and with inducer (glucose and ga-
lactose, respectively) and incubated at 30°C. Their colony-forming ability was determined
under either condition (Fig 2A). Results revealed a significant growth-inhibitory effect of
AT3-Q85 expression. The AT3-291A-expressing strain also showed a decrease in growth capa-
bility, although statistically non-significant (Fig 2A).

A significant cytotoxic effect in yeast strains expressing both pathological and truncated var-
iants was also detected by the MTT assay (Fig 2B).

As an alternative approach to assess the effect of the expression of the AT3 variants on yeast
survival, we determined the generation time, which yielded results consistent with those of the
clonogenic assay. In particular, AT3-Q85 expression resulted in a small but statistically signifi-
cant increase in duplication time compared to the control (i.e., a yeast cell line transformed
with the vector: fig. B in S1 File).
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Fig 1. Morphological analysis of AT3 aggregation. A) Sequence and domain organization of the AT3 variants under investigation. UIM: ubiquitin
interacting motif, GFP: green fluorescent protein. B) Cells expressing the indicated AT3-GFP fusion proteins were analyzed by fluorescence microscopy
(Scale bar: 10 um) at the indicated times of induction. C) Whole protein extracts of the three strains after 24 h of induction were subjected to filter trap analysis
to detect SDS-insoluble aggregates. The immunodecoration was performed using anti-AT3 antibody and anti-rabbit fluorescent secondary antibody. Dot-blot
analysis was performed as a loading control. D) Whole protein extracts of S. cerevisiae strains expressing the AT3 variants were subjected to dot blot at
different times after induction and immunodetected using OC antibody and anti-rabbit fluorescent secondary antibody.

doi:10.1371/journal.pone.0129727.g001

In our previous experimentation, we observed that EGCG and tetracycline reduce AT3 toxici-
ty in both a COS-7 cell line and a transgenic Caenorhabditis elegans strain [49]. Thus, as a fur-
ther validation of our yeast cellular model, we also assayed the effects of these compounds. As
expected, they both exerted an almost complete suppression of AT3 toxicity (Fig. C in S1 File).
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Fig 2. Effect of the AT3 variants expression on cell growth and toxicity. A) Clonogenic assay: about 100
cells from the different cultures were spread onto either glucose or galactose plates and their colony-forming
ability expressed as percentage ratio of cells grown under inducing (galactose) versus non-inducing (glucose)
conditions. Bars represent standard errors and are derived from at least three independent experiments

(P <0.05). B) MTT assay: the experiment was performed on cultures after the indicated induction times. Data
are expressed as percentage ratio of MTT reduction versus the control (empty vector). Bars represent
standard errors and are derived from at least three independent experiments (P < 0.05).

doi:10.1371/journal.pone.0129727.9002

AT3-291A and AT3-Q85 toxicity is likely to be mediated by the action of
the molecular chaperone Hsp104

A previous report showed that the deletion of the molecular chaperone Hsp104 in yeast signifi-
cantly suppresses the aggregation of an artificial polyQ-carrying protein (103Q) [32]. Further-
more, it is well known that Hsp104 is also required for prion maintenance [50]. These findings
point to the involvement of yeast prion protein in polyQ toxicity, as also supported by its sub-
stantial reduction following prion-encoding gene deletion [32,51]. This prompted us to check
the effect of GuHCI on AT3 toxicity, as this compound in the millimolar range is capable of in-
hibiting Hsp104 [32,50,52]. Actually, GuHCI pretreatment almost completely restored wild-
type survival rate of both AT3-291A- and AT3-Q85-expressing strains (Fig 3), which confirms
arole for Hsp104 and possibly for prion protein in AT3 toxicity.

AT3-291A and AT3-Q85 expression induces oxidative stress

Besides quantifying cytotoxicity, MTT assay is a marker of mitochondrial stress. To assess
whether the growth inhibitory effect observed in the presence of mutant AT3 forms may be
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Fig 3. GuHCI restores normal cell growth. About 100 cells grown in the presence or in the absence of 5
mM GuHCI were spread onto either glucose or galactose plates and their colony-forming ability expressed as
percentage ratio of cells grown under inducing (galactose) versus non-inducing (glucose) conditions. Bars
represent standard errors and are derived from at least three independent experiments (P < 0.05).

doi:10.1371/journal.pone.0129727.g003

ascribed to increased oxidative stress, we first evaluated ROS levels in the three strains. We
found that already 16 h after induction, H,O, levels were significantly higher in yeast express-
ing AT3-Q85 and AT3-291A compared to AT3-Q26 (1.9 and 1.4 fold increase, respectively)
(Fig 4A). At 24 h, the increase was significant only for the strain expressing the expanded form
(1.6-fold increase) and, at the latest time, the levels of the three strains were comparable. We
then assessed glutathione redox state in the yeast strains at different induction times, by deter-
mining the ratio of reduced (GSH) to total glutathione content. Results indicate that at 16 h
after induction the ratio in the AT3-Q85 strain underwent a small but statistically significant
decrease (by about 1.2 fold), unlike the AT3-291A strain that did not show any significant vari-
ation at all times assayed (Fig 4B).

The activity of antioxidant enzymes is increased in strains expressing
AT3-291A and AT3-Q85

Enzymatic components in the antioxidant defense system play critical role(s) against oxidative
stress. For this reason, we measured CAT and SOD activities to determine whether the detected
increase in ROS levels may induce changes in the activity of certain antioxidant enzymes. Our
results revealed markedly increased activity of CAT at 16 h of induction in the yeast expressing
AT3-Q85 and AT3-291A compared to AT3-Q26 (1.5 and 1.7 fold, respectively) (Fig 5A). At 24
h, the increase was significant only for the expanded form (1.5 fold) and at 48 h there were no
appreciable differences. As regards SOD, we observed a significant activity increase in the AT3-
291A strain at 24 and 48 h of induction (1.4 and 1.3 fold, respectively), whereas in the case of
AT3-Q85 a significant increase (1.5 fold) was detected only at 48 h of incubation (Fig 5B).

AT3-Q85 expression affects membrane integrity but does not induce
apoptosis

To assess whether the expression of the pathological AT3 variant causes membrane damage,
we performed propidium iodide (PI) staining, a membrane impermeable dye that binds to dou-
ble-stranded DNA with resulting fluorescence enhancement. We observed that close to 10% of
AT3-Q85-expressing cells took up the dye after 48 h of induction, which is over three-fold
compared with the control strain (empty vector) and over two-fold compared with the wild
type AT3-expressing strain, indicating loss of plasma membrane integrity and cell necrosis. In
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Fig 4. Oxidative stress level in cells expressing AT3 variants. A) ROS levels: intracellular H,O, levels
were determined using the Red Hydrogen Peroxide Assay Kit. The conversion of red peroxidase substrate to
resorufin was determined by measuring the absorbance at 576 nm. Data were expressed as fold increase
with respect to the empty vector strain level. Bars represent standard errors and are derived from at least
three independent experiments (P < 0.05). B) Glutathione levels: GSH and total glutathione content was
determinate using the Ellman reagent. Data were expressed as the ratio of GSH to total glutathione content in
percentage. Bars represent standard errors and are derived from at least three independent experiments

(P <0.05).

doi:10.1371/journal.pone.0129727.g004

contrast, the percentage of PI-positive AT3-Q26- and AT3-291A-expressing cells were similar
to control cells (Fig 6). Finally, we evaluated cytochrome c release from mitochondria in order
to verify the presence of apoptotic cells [53]. AT3-expressing strains did not show any signifi-
cant difference in the amount of cytochrome c released at any time (Fig. D in S1 File).

Discussion

S. cerevisiae has been long exploited as a model system to investigate the molecular mechanisms
underlying neurodegenerative diseases [24]. This became possible thanks to the development of
yeast genetic tools, as well as the high conservation of fundamental biological processes and path-
ways associated with neurodegeneration, including protein folding, cellular trafficking and secre-
tion [54] It is noteworthy that about one-fifth of yeast genes are members of orthologous gene
families associated with human diseases [55]. We therefore took advantage of the yeast model to
study the mechanisms of toxicity related to the expression of AT3, the protein responsible for
SCA3. We employed three AT3 variants: a wild type and an expanded one, carrying 26
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Fig 5. Antioxidant enzyme activity determination. A) CAT activity: the rate of H,O, decomposition was
determined using the ferrous oxidation assay and absorbance was measured at 560 nm. Data are expressed
as fold increase with respect to the empty vector strain level. Bars represent standard errors and are derived
from at least three independent experiments (P < 0.05). B) SOD activity was determined as the rate of
reduction of oxidized cytochrome c at 550 nm. Data are expressed as fold increase with respect to the empty
vector strain level. Bars represent standard errors and are derived from at least three independent
experiments (P < 0.05).

doi:10.1371/journal.pone.0129727.g005
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Fig 6. Propidium iodide staining of AT3-expression strains. After a 48-h induction, Pl positive cells were
counted from > 300 cells from different field views. Bars represent standard errors and are derived from at
least three independent experiments (P < 0.05).

doi:10.1371/journal.pone.0129727.g006
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(AT3-Q26) and 85 (AT3-Q85) consecutive glutamines, respectively, and a variant truncated for a
region lying from the beginning of its polyQ stretch to the end of the protein (AT3-291A). All
proteins were expressed in fusion with GFP at the C-terminus. By employing such fusion proteins
not only could we monitor their aggregation, but also express the expanded AT3 variant, whose
authentic form proved to be otherwise refractory to expression. It should be noted, on the other
hand, that AT3-Q26 in fusion with GFP did not significantly affect any parameter under investi-
gation, which clearly substantiates the idea that AT3-Q85 toxicity is independent of GFP.

We demonstrated that the expression of the expanded form induces a significant growth-in-
hibitory effect. Although statistically non-significant, the AT3-291A-expressing strain also ex-
erted some effect, supporting the hypothesis that the polyQ-harboring context is also involved
in fibrillogenesis and in protein toxicity, as confirmed by the MTT assay. Noteworthy, a toxic
effect by AT3 variants truncated in the disordered, C-terminal domain, including the polyQ
stretch, was previously demonstrated in both Escherichia coli [37] and mice either homozygous
or heterozygous for the truncated AT3-259A, which developed severe motor coordination dys-
function and altered behavior, followed by premature death [56]. Thus, the capability of trun-
cated variants to trigger toxic effects is a well-established phenomenon that develops
irrespective of the biological milieu.

A hallmark of SCA3 pathology is the presence of amyloid aggregates in the brain. Through
fluorescence microscopy analysis, we showed the formation of aggregation foci in the
AT3-Q85-expressing strain starting from 16 h after induction. This phenotype should be ac-
counted for by the intrinsic properties of the protein, rather than by its overexpression, as sub-
stantiated by the fact that AT3-Q26- and AT3-291A-expressing strains did not show any such
aggregates, although the three variants were expressed at similar levels. Filter trap analysis
showed that SDS-insoluble aggregates only arose from the expanded variant after a 24 h-induc-
tion (Fig 1C), whereas at 16 h no such aggregates were generated by any of the AT3 forms
(data not shown), in agreement with a previous study [37]. This suggests that intracellular ag-
gregates observed at 16 h are pre-fibrillar species rather than SDS-insoluble mature fibrils.
Thus, the fact that the aggregation patterns of AT3-291A and AT3-Q85 are somewhat different
from each other, suggests that the toxicity mechanisms must also differ, at least to some extent.

To further clarify the mechanisms of AT3 toxicity, we checked the effect of GuHCI on cell
growth using the clonogenic assay. GuHCl is a well-known inhibitor of the yeast chaperone
Hsp104 [32,50,52], which in turn has been implicated in prion maintenance [50]. GuHClI treat-
ment almost completely restored normal cell growth in AT3-Q85 and AT3-291A strains. This
strongly supports the idea that Hsp104 promotes AT3 aggregation and toxicity by propagating
prion forms of yeast proteins, such as [PSI"] or [PIN"] [32,50,52]. We suggest that such forms
might act to seed AT3 aggregation, thus substantially accelerating the process and boosting
toxicity. Noteworthy, the toxicity of the truncated form, although devoid of the polyQ tract,
was also mitigated.

MTT assays highlighted a significant toxic effect induced by the expanded and truncated
variants, unlike the wild type. Thus, seeking for mechanisms of toxicity, we assessed possible
oxidative stress. Indeed, it is known that amyloid aggregates may boost reactive oxygen species
(ROS), which in turn results from mitochondrial dysfunction [57]. We found that, already 16 h
after induction, H,O, levels were significantly higher in yeast expressing AT3-Q85 and AT3-
291A, compared to AT3-Q26. At 24 h, the increase was significant only for the expanded form
and, at the latest time, the levels of the three strains were comparable. However, this pattern
may due to culture aging, which implies progressive ROS-induced cellular damage in all organ-
isms [58], including yeast [59]. Actually, H,O, level underwent a substantial increase at the lat-
est time (48 h) independent of the toxic effects of the AT3 variants, as detected in the empty
vector strain (data not shown). This likely overshadowed the effects related to protein toxicity,
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which prevented the possibility to investigate them at the latest time. Thus, our results provide
evidence that oxidative stress is implicated in AT?3 toxicity and suggest its involvement in the
early events occurring at the onset of disease. Alterations in the antioxidant defense system
were also demonstrated by the imbalance of the ratio reduced (GSH) to total glutathione. In
fact, this was significantly lower in cells expressing AT3-Q85 with respect to the two other
strains, whilst total glutathione was not affected by protein expression (data not shown).

To further dissect the mechanisms that mediate the altered redox status in our model, we
examined the cellular enzymatic defense system against oxidative stress by assaying CAT and
SOD levels. Our results revealed markedly increased activity of CAT at 16 h after induction in
the yeast expressing AT3-Q85 and AT3-291A compared to AT3-Q26. At 24 h, the increase was
significant only for the expanded form. Similar to the case of H,O,, SOD levels at 48 h also sub-
stantially increased in the control strain (empty vector), and concurrently no apparent toxic ef-
fect of protein expression was detectable at that time. In contrast, SOD levels kept essentially
constant in the control strain, but significantly increased in the AT3-291A strain at both 24 and
48 h of induction, whereas in the case of AT3-Q85 the increase was significant at 48 h only.
Previous investigations evaluated oxidative stress biomarkers in SCA3 mammalian cells [60]
and patients [61]. In either case, a drop in reduced thiols was detected, in keeping with our re-
sults. However, data regarding the level of antioxidant enzymes in diseased cells/patients com-
pared to the controls are conflicting, as CAT was increased in patients, similar to our yeast
model, whereas in mammalian cells both CAT and SOD dropped compared to the controls.
We have no obvious explanation for such discrepancy, although the decline in CAT and SOD
activity in cell cultures might be accounted for as a consequence of oxidative damage [60].

Summarizing, in the AT3-Q85-expressing strain an increase in ROS levels was paralleled by
a fast GSH drop and a significant increase in CAT activity, whereas SOD activity increased
only after 48 h of induction. The observed pattern may be possibly accounted for by the failure
of AT3-Q85 and AT3-291A strains to effectively degrade excess of H,O, by thiol groups, al-
though there seems to be a compensatory mechanism that increases CAT and SOD levels com-
pared to the control. Moreover, these data suggest that the appearance of SDS-soluble
aggregates at 16 h (Fig 1B and 1C) induces mitochondrial damage, increases in ROS species
and a consequent imbalance of the antioxidant defense system. These findings are in line with
the hypothesis that oligomeric and pre-fibrillar species formed at the initial stages of the aggre-
gation process are those responsible for cellular toxicity. Moreover, expression of AT3-291A
also showed a toxic effect, albeit milder than that of the expanded form, which also is likely to
be related to its proven capability to form oligomeric species [37].

Another toxicity mechanism involved in neurodegenerative diseases is the direct interaction
of amyloid aggregates with lipid membranes and their consequent permeabilization [62-64].
This prompted us to perform PI-staining analyses. Our data show that close to 10% of
AT3-Q85-expressing strain underwent loss of plasma membrane integrity and cell necrosis
after 48 h of induction. In contrast, neither the AT3-291A strain nor the one expressing wild-
type protein showed any necrosis marker. Based on our data, the causal relationship between
the toxic effects resulting from AT3-Q85 expression and membrane damage cannot be precise-
ly established. It is possible that both ROS and AT?3 oligomeric forms affect membrane integri-
ty, as observed in previous reports [65-67].

No apotosis was observed in our yeast model using the cytochrome c assay, although we
previously reported the capability of the aggregates formed in vitro by AT3-291A and
AT3-Q55 to induce apoptosis in rat cerebellar granule neurons when added to cell medium.
This apparent contradiction is probably due to different experimental strategies, as in the yeast
model the protein was expressed in the intracellular environment and targeted by the cellular
defense system, whereas in the case of rat neurons it was added to the medium.
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In conclusion, this work shows that S. cerevisiae is a suitable model to study the mechanisms
of SCA3 pathogenesis. Actually, not only did our investigations in yeast detect the toxicity of
both expanded and truncated AT3, in keeping with data collected in other cellular milieus
[37,65] and animal models [56], but could also reveal differences in behavior between the two
forms, in terms of aggregation patterns in vivo and toxicity. Thus, it is plausible that such dif-
ferences also rely upon qualitatively different cellular mechanisms, which might justify the
milder phenotype of the truncated form compared to the expanded one. In any case, our results
strongly support the idea that AT3 toxicity could be correlated with the formation of oligomer-
ic and pre-fibrillar aggregates that cause oxidative stress in the short-term, whereas long-term
effects might affect cell membrane integrity, at least in the case of the expanded form.

Supporting Information

S1 File. This file contains methods, figures and captions of: A) expression level quantification
of the AT3 variants; b) growth rates assessed by duplication time; c) the effects of EGCG and
tetracycline on colony-forming abilities of AT3 expressing strains; d) cytochrome C

release assay.
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Summary

The protein ataxin-3 triggers neurodegeneration in humans when its polyglutamine stretch
close to the C-terminus exceeds a critical threshold. Ataxin-3 consists of the globular N-terminal
Josephin domain, followed by a disordered C-terminal one. For this protein, a role as a
transcriptional regulator and as a ubiquitin hydrolase has been proposed, the latter being
involved in handling proteins destined for degradation. Here, we report that, when expressed in
the yeast Pichia pastoris, full-length ataxin-3 enabled almost normal growth at 37°C, well above
the optimum of 30°C. The Josephin domain in isolation was also effective but significantly less,
whereas a catalytically inactive variant was completely ineffective. MudPIT proteome analysis
demonstrated persistent upregulation of mitochondrial energy metabolism enzymes during
growth at 37°C in the strain expressing full-length, functional ataxin-3, compared with a control
strain (transformed with the empty vector). Concurrently, at 37°C intracellular ATP in the
transformed strain was even higher than at 30°C, whereas a control strain displayed ATP
depletion. Elevated ATP was paralleled by upregulation of enzymes involved in protein
biosynthesis and biosynthetic pathways, as well as of several stress-induced proteins. These
effects required ubiquitin hydrolase activity of ataxin-3. We suggest that they mostly result

from mechanisms of transcriptional regulation.

Introduction

Ataxin-3 (ATX3) is one among several proteins containing stretches of consecutive
glutamines that are responsible for different, albeit related, neurodegenerative diseases in

humans, when their size exceeds a critical threshold (1-3). ATX3 triggers the Machado-Joseph
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EGCG and related phenol compounds redirect the amyloidogenic aggregation pathway of
ataxin-3 towards non-toxic aggregates and prevent toxicity in neural cells and

Caenorhabditis elegans animal model
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ABSTRACT

The protein ataxin-3 (ATX3) triggers an amyloid-related neurodegenerative disease when its
polyglutamine stretch is expanded beyond a critical threshold. We formerly demonstrated that the
polyphenol epigallocatechin-3-gallate (EGCG) could redirect amyloid aggregation of a full-length,
expanded ATX3 (ATX3-Q55) towards non-toxic, soluble, SDS-resistant aggregates. Here, we have
characterized other related phenol compounds, although smaller in size, i.e., (-)-epicatechin
gallate (ECG), and gallic acid (GA). We analyzed the aggregation pattern of ATX3-Q55 and of the
N-terminal globular Josephin domain (JD) by assessing time course of soluble protein, as well its
structural features by FTIR and AFM, in the presence and the absence of the mentioned
compounds. All of them redirected the aggregation pattern towards soluble, SDS-resistant
aggregates. They also prevented the appearance of ordered side-chain hydrogen bonding in
ATX3-Q55, which is the hallmark of polyQ-related amyloids. Molecular docking analyses on the JD
highlighted interactions in its aggregation-prone region by all three compounds, thus accounting for
their capability to prevent amyloidogenesis. However, a decreasing number of interactions, in the
order EGCG>EGC>GA, was detected. Saturation transfer difference NMR experiments also
confirmed EGCG and EGC binding to monomeric JD. ATX3-Q55 preincubation with any of the
three compound prevented its calcium-influx-mediated cytotoxicity towards neural cells. Finally, all
the phenols significantly reduced toxicity in a transgenic Caenorhabditis elegans strain expressing
an expanded AT3. Although GA is somewhat less effective than the other compounds, it has a
much simpler structure and a higher chemical stability, so it is more suitable for controlled

conjugation to nanodevices.
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