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Ataxin-3 (AT3)is the protein that triggers the inherited neurodegenerative disorder spinocerebellar ataxia
type 3 when its polyglutamine (polyQ) stretch close to the C-terminus exceeds a critical length. AT3
consists of the N-terminal globular Josephin domain (JD) and the C-terminal disordered one. It cleaves
isopeptide bonds between ubiquitin monomers, an event involved in protein quality control mechanisms.
AT3 has been implicated in the pathway that sorts aggregated protein to aggresomes via microtubules,
in which dynein and histone deacetylase 6 (HDAC6) also seem to be involved. By taking advantage of

igr;ﬁig’s; small angle X-ray scattering (SAXS) and surface plasmon resonance (SPR), we have investigated the
HDAC6 interaction of AT3 with tubulin and HDACG6. Based on SAXS results, the AT3 oligomer, consisting of 6-7

subunits, tightly binds to the tubulin hexameric oligomer in a “parallel” fashion. By SPR analysis we
have demonstrated that AT3 binds to tubulin dimer with a 50 nM affinity. Binding fits with a Langmuir
1:1 model and involves a single binding interface. Nevertheless, the interaction surface consists of three
distinct, discontinuous tubulin-binding regions (TBR), one located in the ]JD, and the two others in the
disordered domain, upstream and downstream of the polyQ stretch. In the absence of any of the three
TBRs, the affinity is drastically reduced. By SPR we have also provided the first evidence of direct binding
of AT3 to HDACS, with affinity in the range 0.1-1 wM. These results shed light on the interactions among
the components of the transport machinery that sorts aggregate protein to the aggresome, and pave the
way to in vivo studies aimed at further clarifying their roles.

Tubulin dimer
Small angle X-ray scattering
Surface plasmon resonance

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Polyglutamine (polyQ) expansion diseases are hereditary neu-
rodegenerative disorders that develop when a CAG repeat present
in the respective encoding gene is expanded above a certain thresh-
old, mostly 40-50 consecutive residues. The expansion results
in misfolding and other structural rearrangements in the pro-
tein product, which lead to aberrant interactions of the expanded
protein and to the consequent formation of fibrillar amyloid-like
aggregates (Zoghbi and Orr, 2000; Gatchel and Zoghbi, 2005). The
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loss of function resulting from misfolding might also be involved in
the pathogenesis mechanisms (Zuccato et al., 2001, 2003).
Machado-Joseph disease is the most common form of auto-
somal dominantly inherited ataxia and its causative agent is the
polyQ protein ataxin-3 (AT3). AT3 is composed by a structured
globular N-terminal domain, the Josephin domain (JD), followed
by a flexible C-terminal tail containing the polyQ stretch (Burnett
et al.,, 2003; Masino et al., 2003). Different AT3 isoforms resulting
from alternative splicing have been described; the most common
in the human brain has three ubiquitin-interacting motifs (UIMs)
in the disordered domain, one located downstream of the polyQ
sequence (Harris et al., 2010). Even though its physiological role
is not yet fully understood, it has been established that AT3 is a
cysteine protease capable of cleaving isopeptide bonds between
ubiquitin monomers (Burnett et al., 2003), an event involved in
the protein quality control mechanisms (Doss-Pepe et al., 2003).
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It is also clear that AT3’s capability of binding polyubiquitylated
proteins via its UIMs is important to position polyubiquitylated
chains for the subsequent cleavage (Winborn et al.,2008; Chaietal.,
2004). Moreover, AT3 seems to play a role in the aggresome path-
way. Aggresomes are perinuclear proteinaceous aggregates, close
to the microtubule-organizing center (MTOC), to which misfolded
protein is sorted via microtubules when proteasomes are over-
loaded or their function compromised (Garcia-Mata et al., 1999).
In particular, it is known that AT3 co-localizes with aggresome and
preaggresome particles and co-precipitates with dynein and his-
tone deacetylase 6 (HDAC6) (Burnett and Pittman, 2005). HDAC6
plays a pivotal role in the formation of aggresomes: in particular,
the ubiquitin-binding activity of HDAC6 has been shown to medi-
ate the transport of polyubiquitylated proteins along microtubule
tracks to aggresomes (Kawaguchi et al., 2003). Recently, it has
been demonstrated that HDAC6 binds polyubiquitylated proteins
through the unanchored C-terminal diglycine motif of ubiquitin
that are likely to be released by the deubiquitinating activity of AT3
(Ouyang et al., 2012). Furthermore, in a previous work we demon-
strated that AT3 tightly binds tubulin dimers, the constituents of
microtubules (Mazzucchelli et al., 2009). Microtubules are essen-
tial components of the cytoskeleton that play a major role in many
cellular functions, including the retrograde transport of misfolded
proteins to the aggresomes at MTOC (de Forges et al., 2012).

Here, we present investigations aimed at providing further
insight into the mode of interaction of AT3 with the protein com-
ponents that are involved in sorting aggregated proteins to the
aggresome. In particular, by taking advantage of small angle X-ray
scattering (SAXS) and surface plasmon resonance (SPR) methods
we could model the scaffold of the AT3-tubulin complex. SAXS
data are consistent with the indication that the JD units contact
the tubulin surface at the region that would be external in a tubu-
lin protofilament. SPR measurements identify in AT3 three separate
tubulin interacting regions (TBR), one within JD and the two oth-
ers within the unstructured region. SPR experiments also provide
the first evidence of a direct binding of AT3 to HDAC6. Our findings
pave the way to a better understanding of the role of the individual
components of the machinery that sorts proteins to the aggresome.

2. Experimental procedures
2.1. Cloning and expression of AT3 variants

The truncated forms AT37_1g; and AT3{_,9; were cloned in
fusion with glutathione S-transferase in a pGEX-6P-1 (GE Health-
care LifeSciences, Little Chalfont, UK) as previously described
(Mazzucchelli et al., 2009). The truncated variants AT31g2_362,
AT31_544, AT31_319 were obtained by PCR reactions using 5'-
phosphorylated oligos and the construct pGEX6P1/AT3Q24 as a
template. These AT3 variants were expressed in E. coli strain BL21-
CodonPlus (DE3)-RIL (E. coli B F— ompT hsdS (rB— mB-) dcm+ Tetr
gal \ (DE3) endA Hte [argU ileY leuW Cam’] (Stratagene, La Jolla,
CA, USA) as GST-fusion proteins containing a PreScission Protease
recognition site. The wild type AT3Q24 was cloned in a pQE30 vec-
tor (Qiagen Hamburg GmbH, Hamburg, Germany) and expressed
as a His-tagged protein as previously described (Natalello et al.,
2011). The variants AT3Q6 and AT3Q24-3UIM were obtained by
PCR reactions using 5’-phosphorylated oligos and the construct
PQE30/AT3Q24 as template. These three variants were expressed in
SG13009 (E. coli K12 Nal®, StrS, RifS, Thi~, Lac—, Ara*, Gal*, Mtl—, F~,
RecA*, Uvr*, Lon*; Qiagen Hamburg GmbH, Hamburg, Germany) as
His-tagged proteins.

2.2. Purification of AT3 variants

The procedures adopted to purify either GST- or His-tagged AT3
variants shared the initial steps, the only difference being that

for the GST-tagged construct (i.e. AT3Q24 and AT31g,_362), cells
were grown at 37 °C in LB-ampicillin medium, for the His-tagged
in LB-ampicillin-kanamycin medium. In either case, they were
induced with 50 M IPTG at Aggp 0.8 for 3 h at 30°C. GST-tagged
proteins were purified by Glutathione Sepharose 4 Fast Flow affin-
ity chromatography. Except for AT3/JDA, GST was then removed
proteolytically using Prescission Protease. When purifying the His-
tagged variants, the procedure by Chow et al. (2006) was followed
with minor modifications. Before each experiment, purified protein
preparations were thawed, centrifuged at 15,000 x g for 15 min at
4°Ctoremove aggregates and then equilibrated with PBS buffer (for
further details see Supplementary Methods). Protein content was
determined using Coomassie brilliant blue G-250 (Thermo Fisher
Scientific, Rockford, IL, USA) and BSA as a standard protein. To
ensure that the protein variants under investigation were properly
folded, they were routinely subjected to FT-IR analysis to assess
secondary structure content (Natalello et al., 2011).

2.3. Small-angle X-ray scattering (SAXS)

SAXS patterns of AT3Q24, tubulin and AT3Q24-tubulin com-
plexes in PBS buffer were recorded at X33 EMBL beamline on
the storage ring DORIS-III (Hamburg, Germany) (Roessle et al.,
2007). The protein concentration of the measured samples ranged
between 2 and 10 mg/ml. The data were recorded at 10°C using
pixel 1M PILATUS detector (DECTRIS, Switzerland) (X33) at a
sample-detector distance of 2.7m, respectively, and a wave-
length of A =0.15nm, covering the range of momentum transfer
0.12nm '<s<55nm™! (s=4msinf/A, where 20 is the scattering
angle). No measurable radiation damage was detected by com-
parison of four successive time frames with 30s exposures. The
data were averaged after normalization to the intensity of the
incident beam, corrected for the detector response, and the scat-
tering of the buffer was subtracted. All data manipulations were
performed by using the program package PRIMUS (Konarev et al.,
2003). The program DAMMIF (Franke and Svergun, 2009), a fast
version of DAMMIN (Svergun, 1999), was used to reconstruct the
low resolution shape of AT3Q24, tubulin and AT3Q24-tubulin
complexes. The results of multiple DAMMIF runs (20 runs) were
averaged to determine common structural features using the pro-
grams DAMAVER (Volkov and Svergun, 2003) and SUPCOMB (Kozin
and Svergun, 2001). The aggregation states of the AT3Q24 and
tubulin proteins were estimated from their excluded (Porod, 1982)
volumes taking into account that for sufficiently large globular pro-
teins the hydrated volume in nm3 should numerically be about
twice the molecular mass in kDa. Molecular modeling for the
AT3Q24-tubulin complex was done using the NMR atomic model
of the JD of AT3Q24 (PDB code; 1YZB [Nicastro et al., 2005]) and
the crystallographic model of tubulin dimer (PDB code: 1TUB and
1SAO [Nogales et al., 1998; Ravelli et al., 2004]) by manual docking
to the ab initio model of the complex. The scattering pattern from
the constructed model was calculated from its atomic coordinates
by the program CRYSOL (Svergun et al., 1995) (see Supplementary
Methods).

2.4. Surface plasmon resonance (SPR)

A BIACORE X system (GE Healthcare Life Sciences, Little Chal-
font, England) was used to analyze molecular interactions by means
of SPR. Tubulin (dimer) and HDAC6 proteins were coupled to a
carboxymethylated dextran surface of two different CM5 sensor
chips by using amine-coupling chemistry at surface densities of
4000 and 3500 resonance units, respectively. Appropriate, multi-
ple concentrations of the interacting proteins (analytes in BIAcore
terminology)were injected at 25 °C(30 plinjections at a flow rate of
10 pl/min) in running buffer (10 mM HEPES, pH 7.4, 150 mM Nadl,
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3 mM EDTA containing 0.005% (v/v) Surfactant P20). After injection,
analyte solutions were replaced by running buffer at a continu-
ous flow rate of 10 pl/min. Surface regeneration was accomplished
by injecting 50 mM NaOH (10 pl/min; 0.5-min contact time). Each
sensorgram was subtracted for the response observed in the control
flow cell (no immobilized protein) and normalized to a baseline of 0
RU. The interaction rate constants were calculated by using the BIA
evaluation 4.1 SPR kinetic software (GE Healthcare Life Sciences,
Little Chalfont, England).

3. Results
3.1. SAXS analysis of the tubulin-ataxin-3 complex

Previous findings have shown that ataxin-3 (AT3) is part of the
transport machinery of misfolded proteins to the aggresome via
microtubules (Burnett and Pittman, 2005). We showed, in addition,
tight binding of AT3 (dissociation constant of 50-70 nM) to tubulin
dimers (Mazzucchellietal., 2009). Here we aim at providing a better
understanding of such mode of binding, and consequently of the
molecular mechanism by which AT3 fulfills such physiological role.

To obtain a structural description of the AT3Q24-tubulin com-
plex, we resorted to a strategy based on SAXS measurements and
molecular modeling validated by experimental data. We selected
the conditions whereby both proteins are less prone to oligomer-
ize and acquired and compared SAXS data for each of the isolated
individual components, as well as for the complex.
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The experimental curve for tubulin is shown in Fig. 1A,
upper panel. The estimated molecular weight of the solute
(MWexp =280+20kDa) indicates that the protein is composed
of three af3-dimeric units (each monomer having a theoretical
MW ~55 kDa) under the assayed experimental conditions. Accord-
ingly, the excluded volume of the particle in solution (Porod
volume) is V, =450 + 20 x 103 A3, noting that for globular proteins
the hydrated volume in A3 should numerically be about twice
the molecular mass in Da. The experimental radius of gyration
Ry and maximum size Dpgx (7.0£0.3 nm and 25+ 1nm, respec-
tively) point to an elongated particle structure. The low resolution
shape of hexameric tubulin, reconstructed ab initio using DAMMIN
(Svergun, 1999), has the overall size of about 40A x 60A x 2504,
fitting the experimental data with discrepancy x=1.05 (Fig. 1A).
High resolution modeling of the tubulin oligomer within the low
resolution ab initio shape resulted in a linear combination of three
af3-dimers similar to that seen in the tubulin protofilament (PDB-
code 1TUB) (Nogales et al., 1998, 1999). The oligomer is not fully
straight, with the terminal dimer slightly bent relative to the axis
of the preceding linear tetramer (Fig. 1A, lower panel), in a confor-
mation reminiscent of that found in the crystal structure of tubulin
in complex with the stathmin-like domain of RB3 and colchicine
(PDB-code 1SAO) (Ravelli et al., 2004). The SAXS curve computed
from our hexameric model yielded a good fit to the experimental
data with x=1.09.

AT3Q24 consists of the Josephin domain (JD; about 20kDa:
NMR structure PDB-code 1YZB) and a 20kDa unstructured
region (Nicastro et al., 2005). Fig. 1B, upper panel shows the
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Fig. 1. SAXS results. (A) Upper panel: experimental scattering curve on tubulin (dots), and the scattering from the models: (dashed line) ab initio bead model obtained by
DAMMIN and (continuous line) hexameric model based on the crystal structures (PDB-codes 1TUB and 1SAO0). The plot displays the logarithm of the scattering intensity as
a function of momentum transfer s =4 sin(0)/A, where 0 is the scattering angle and A =0.15nm is the X-ray wavelength. Lower panel: model of hexameric tubulin. Gray
beads show the ab initio model obtained by DAMMIN. The gray envelope is superimposed to the hexameric tubulin assembly, based on the crystal models (blue), drawn as
Ca trace. (B) Upper panel: experimental scattering curve on AT3Q24 (dots), and the scattering from ab initio bead model (dashed line). Lower panel: ab initio low resolution
shape model (gray beads) obtained by DAMMIN. (C) Upper panel: experimental scattering curve on the AT3Q24-tubulin complex (dots), the scattering from ab initio bead
model (dashed line), and from the model based on the crystal structure of the components (continuous line). Lower panel: model of the AT3Q24-tubulin complex. The gray
ab initio bead model, obtained by DAMMIN, is superimposed to the AT3Q24-tubulin complex based on the crystal structure of tubulin (blue: PDB-code 1TUB and 1SA0) and
on the NMR structure of the Josephin domain of AT3 (red: PDB-code 1YZB), both drawn as Ca traces. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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experimental SAXS curve for the AT3Q24. The estimated molecular
weight of the solute (MWexp =260 =+ 20 kDa) suggests that the AT3
oligomer should have 6-7 monomers under the assayed experi-
mental conditions. Accordingly, the excluded volume of the particle
in solution is V;, =425+ 20 nm?3. The experimental Rg=6.94+0.3nm
and maximum size Dpax =25 + 1 nm point to an elongated particle
structure. The low resolution shape of AT3Q24, reconstructed ab
initio using DAMMIN (Svergun, 1999), has the overall size of about
50A x 60 A x 240 A, fitting the experimental data with discrepancy
x =1.07 (Fig. 1B, upper panel). Overall, the AT3Q24 oligomer ab ini-
tio model is similar in size to that of tubulin, but it has a more
bent shape (Fig. 1B, lower panel). A high resolution model of AT3
oligomer cannot be built in the ab initio low resolution envelope,
considering that the JD (PDB-code 1YZB) is only half of the total
scattering mass of the protein.

The SAXS parameters calculated from measurement on
the AT3Q24-tubulin complex are MWexp=500=+30kDa,

=900+30nm?, Rg=84+04nm and maximum size
Dmax=30+2nm, distinctly different from those of the iso-
lated species. The low resolution shape of the AT3Q24-tubulin
complex, reconstructed ab initio using DAMMIN (Svergun, 1999),
has the overall size of about 60 A x 80 A x 280 A, fitting the exper-
imental data with discrepancy x=1.11 (Fig. 1C, upper panel).
A high resolution model of the complex was attempted based
on the following considerations: (1) the ab initio model shows
that the complex is more elongated than the single components
(tubulin and AT3Q24), and (2) the radius of the section of the
complex is much larger than the radius of the section of the single
components, but it is smaller than their summation. Therefore,
the scaffold of the complex was modeled by the linear addition
of tubulin o3 dimers with the JD intercalating laterally between
tubulin monomers, so as to minimize the increased radius of
the section (Fig. 1C, bottom panel). This is in agreement with
the expectation that the AT3Q24 oligomer interacts with the
tubulin oligomer in a “parallel” fashion, since under physiological
conditions the AT3Q24 protein should face and bind the external
part of the microtubule. Accordingly, in our model the JD units
contact the tubulin surface at the region that would be external
to the tubulin protofilament. Given that this model misses the
unstructured part of AT3Q24 and the relative position of tubulin
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and the JD is not uniquely defined, the computed curve displays
some deviations from the experiment at higher angles leading the
discrepancy value of x=1.65 (Fig. 1C, upper panel). Still, the fit
at low angles is rather good indicating that the tentative model
correctly represents the overall structure of the AT3Q24-tubulin
complex.

3.2. Optimal tubulin binding of AT3Q24 involves co-presence and
appropriate spacing of three separate amino acid stretches

Following the SAXS analysis, we performed SPR experiments to
achieve a more precise identification of the AT3 regions involved
in tubulin dimer binding. We studied real time association and dis-
sociation using a sensor chip coupled directly to tubulin dimer and
assaying different truncated forms of human AT3Q24 (N-terminal
His-tagged proteins) (Fig. 2). The binding and release of each variant
to and from the chip was monitored. To determine the Kp values,
we used a Langmuir 1:1 model fitting of simultaneous sensorgrams
at different concentrations with BIA evaluation software. No bind-
ing kinetics displayed appreciable deviations from such fitting (Fig.
S1).

Only for the variants AT3Q24, AT3Q24-3UIM, AT3;_9; and
AT3Q6 (constructs 1, 2, 4 and 8) measurable values could be
recorded, all other forms displaying binding below the detection
limit (Figs. 2, S2, and S3). In particular, we could assign to the
AT3Q24 splice variant (construct 1) an affinity as low as 50 nM,
in keeping with our previous report (Mazzucchelli et al., 2009).
The truncated AT31_,91 form (construct 4) was capable of binding
tubulin dimer , although with an about 20-fold lower affinity with
respect to the AT3Q24 wild type variant. Surprisingly, the longer
construct 3, in which the polyQ stretch is still present, lost any
detectable binding, suggesting that the polyQ region may interfere
with tubulin binding in the absence of region 319-362. These data
suggest that a tubulin binding region (TBR) is present downstream
of the polyQ. We will refer to this site as TBR3. The presence of
a binding region downstream of the polyQ was further supported
by comparing the affinities of the two AT3 splicing isoforms mainly
expressed in the central nervous system (Goto et al., 1997; Schmidt
etal, 1998),i.e.,AT3Q24 (construct 1) and AT3Q24-3UIM (construct
2), which only differ in the C-terminal region (Figs. 2, S2, and S4).

Fig. 2. Sequence and domain organization of the investigated AT3 variants, and the respective kinetic and equilibrium binding constants to either tubulin dimer or HDAC6.
Real time association and dissociation was assayed by SPR using a sensor chip CM5 coupled directly to the indicated proteins (His-tagged at the N terminus, unless otherwise
stated). The C-terminal AT3 domain was assayed in fusion with GST (GST-AT31g,-362 ). GST and GST-AT3Q24 were used as negative and positive, controls, respectively. No
detectable binding was observed for GST, whereas ko, and kg values measured for GST-AT3Q24 were not significantly different from those of AT3Q24 (kon: 5.4 x 103; kof:
1.5 x 1073; Kp: 2.8 x 10~7). UIM: ubiquitin-binding motif; b.d.: below detection; n.a.: not assayed. For other details see Section 2.
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Fig. 3. Association/dissociation kinetics for the binding between HDAC6 and
AT3Q24. (A) HDAC6 was immobilized on the sensor chip and the indicated concen-
trations of AT3Q24 were flowed onto the chip surface. (B) The Req values obtained
for each given protein concentration were used to generate the Scatchard plot. In
the inset the kinetic and equilibrium binding constants are given.

For the isoform AT3Q24-3UIM, a 2.7 uM Kp was determined, close
to that of the truncated AT3;_9; mutant, suggesting that TBR3 is
either absent or functionally inactivated in this splice variant. Also
noteworthy is that the AT3Q6 form (construct 8) displayed an affin-
ity well below that of AT3Q24, suggesting that a polyQ length above
a given threshold is required for the correct positioning of TBR3.

Further deletion of the disordered region (construct 5) resulted
in undetectable binding in the BIAcore assay, suggesting that one
binding region upstream of the polyQ is located in the stretch
244-291. We refer to this region as TBR2. Although JD did not show
any binding to tubulin in our SPR assay, it should be stressed that
our previous pull-down experiments also demonstrated that the
JD in isolation was capable of binding tubulin (Mazzucchelli et al.,
2009). We therefore assume that its affinity for tubulin dimer is
below the sensitivity of the BIAcore X instrument. Along with the
SAXS datareported in this work and the previous pull-down experi-
ments, the essential role of D in tubulin binding was also confirmed
by the lack of any detectable tubulin binding of the C-terminal
disordered domain in isolation (construct 6, GST-AT31g2_362)-

On the whole, these results support the idea that AT3 interacts
with tubulin dimer via three regions, one located in the JD and
the two others in the C-terminal disordered domain, namely in the
stretches 244-291 and 319-362, respectively.

3.3. Ataxin-3 directly binds HDAC6

A previous report has shown that in the transport machinery
of misfolded proteins to the aggresome via microtubules, HDAC6
recognizes protein aggregates by binding to polyubiquitylated pro-
teins at the diglycine motifs of the unanchored ubiquitin C-termini
generated by AT3 (Ouyang et al,, 2012). However, to date it is
unclear whether HDACG interacts directly with AT3. We therefore
performed further SPR experiments, using a sensor chip coupled
to HDACS, to assess the binding and release of the AT3 variants
under investigation. Actual sensorgrams are reported in Fig. 3
and summarized in Fig. 2. Direct binding of AT3 to HDAC6 was
substantiated by significant affinity values, in the range 10~7 to

108 M (Figs. 2 and 3). The two AT3Q24 and AT3Q24-3UIM iso-
forms displayed quite similar affinities (Figs. 2 and S5). However,
no significant binding by any of the truncated variants was detected
(Fig. S5). The 5-fold difference between the two isoforms suggests
that the HDAC6-binding site includes the C-terminal region of AT3
downstream of the polyQ region.

4. Discussion

Aggresomes are proteinaceous inclusion bodies that accumu-
late around the microtubule-organizing center in eukaryotic cells,
when cellular degradation machinery is impaired or overwhelmed,
leading to an accumulation of protein for disposal (Johnstron
et al., 1998). Their formation is regarded as a protective response,
sequestering potentially cytotoxic aggregates and also acting as
a staging center for eventual autophagic clearance from the cell
(Kawaguchi et al., 2003; Olanow et al., 2004; Ross and Poirier,
2005).

Several molecular players are involved in sorting mis-
folded proteins to aggresomes via microtubules. In particular,
polyubiquitin-tagged proteins are gathered by HDAC6, which
also binds the component dynactin/p1506Ued of dynein, the
microtubule-based motor protein (Kawaguchi et al., 2003; Ouyang
et al., 2012). Furthermore, previous work has suggested that the
ZnF-UBP domain of HDAC6 binds protein aggregates by interacting
with polyubiquitin moieties exclusively at the level of their unan-
chored C-termini. In addition, AT3 has been implicated as one of
the deubiquitinases responsible for exposing such termini on the
aggregates, so quite likely it plays a major role in their sorting to the
aggresome (Ouyangetal.,2012). A previous report (Rodrigues et al.,
2010) also added to the understanding of AT3’s physiological role
by showing that its depletion causes a significant disorganization
of the cytoskeleton, including microtubules, microfilaments and
intermediate filaments, in line with our previous finding that AT3
is capable of tightly binding to tubulin (Mazzucchelli et al., 2009).
Finally, HDACSG is also likely to be associated, at least reversibly,
with microtubules, given its well-known tubulin deacetylase activ-
ity (Valenzuela-Fernandez et al., 2008).

These data clearly indicate that the transport machinery of
aggregated proteins to aggresomes is a quite complex one, wherein
HDACG6 acts as the hub protein, interacting with at least dynein,
microtubules and polyubiquitin. Thus, the present investigation
was mainly aimed at providing a better understanding of AT3’s role
in such machinery.

We first characterized the AT3-tubulin dimer complex by SAXS,
which actually confirmed the capability of the two protein species
to tightly interact with each other. In particular, based on the
assumption that under physiological conditions AT3Q24 should
face and bind the external part of the microtubule, the data high-
light an interaction in which the AT3Q24 oligomer binds to the
tubulin oligomer in a “parallel” fashion with the JD units inter-
calating laterally between tubulin monomers (Fig. 1C, bottom
panel).

Consistently with SAXS data, SPR data show that tubulin dimer
and AT3 interact according to a Langmuir 1:1 model. Interac-
tion of AT3Q24 with tubulin takes place through a single binding
interface, since the secondary plot of In[d(RU)/d(time)] against
time shows a curve with a constant slope, indicative of a single
binding site (Fig. S1). Nevertheless, analysis of SPR data indicates
that this interaction surface is tripartite, being originated by three
discontinuous individual TBRs. Immunoprecipitation experiments
reported elsewhere show that the isolated JD may bind tubulin
dimer under different experimental conditions (Mazzucchelli et al.,
2009), although no binding is detectable by our SPR assay (construct
6). We refer to this tubulin interaction region as TBR1. TBR1 dele-
tion (construct 7) completely abolishes binding in our SPR assay.
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The bipartite interaction surface formed by TBR1 and TBR2 - that is
located between JD and PolyQ - has at least 100-fold less affinity for
tubulin, compared to the tripartite surface found in AT3Q24 (com-
pare constructs 1 and 4). When comparing constructs 4 and 8 with
the wild type (construct 1), it is apparent that a third TBR (referred
to as TBR3) is located downstream of the polyQ region. Notably,
the polyQ stretch plays a modulatory role on AT3-tubulin interac-
tion in a way dependent on the type of tubulin-interacting surface
present. Actually, comparison of constructs 1 and 8 indicates that
an extended polyQ stretch (Q24) promotes AT3-tubulin interac-
tion when the full tripartite structure can be formed. By contrast,
in the absence of TBD3, Q24 inhibits binding ability of the bipartite
interface formed by TBD1 and TBD2 (constructs 3 and 4). We spec-
ulate that in the case of construct 3, the polyQ might impair the
interaction TBD2/tubulin by intervening between the two binding
partners, and/or because of the intrinsically higher thermal factor
of an unanchored protein terminus, which would also result in less
stable interaction with tubulin by the adjacent TBD2.

Although Kps of the various isoforms and mutants analyzed in
this paper differ by more than two orders of magnitude, their k¢ are
remarkably similar - differing at most by a factor of 2 - indicating
that the tripartite structure plays a major role in establishing the
interaction, and a much less important role in maintaining it. In the
absence of TBR3 - and the more so in the absence of both TBR2 and
TBR3 - TBR1 has trouble in establishing a productive contact with
tubulin dimer. Once contact has been established, dissociation of
the tubulin-AT3 complex is mostly governed by TBR1 that remains
locked in place with similar efficacy, regardless of the number of
TBRs domains flanking it.

As mentioned above, an AT3 carrying a shorter polyQ (AT3Q6,
construct 8) displays an affinity well below that of AT3Q24, suggest-
ing that a polyQ length above a given threshold is required for the
correct positioning of TBR3. In line with our observations, a recent
paper highlights the crucial role of polyQ length in huntingtin func-
tion, as both its expansion and its deletion prevents the upstream
and downstream regions from interacting with each other (Caron
etal., 2013).

Interestingly, AT3Q24-3UIM - construct 2 — displays an about
50-fold lower affinity for tubulin than AT3Q24. This suggests that
the two isoforms may play different physiological roles, the former
likely being the one preferentially involved in the interaction with
microtubules.

All together these data indicate that formation of the binding
interface to tubulin dimer is governed by a complex intra-
molecular, inter-domain regulatory network similar to the one
found in the much larger human Sos protein (Sacco et al., 2012).
We also suggest that the earliest interaction is established with
the JD, which possibly helps the other TBRs more easily dock the
respective binding sites.

Besides a more in-depth characterization of the mode of
AT3-tubulin interaction, one major finding of the present paper
is the first evidence we provide of a direct interaction of AT3 with
HDACS6. Our data also suggest that HDAC6 binds to the C-terminal
stretch of AT3 downstream of the polyQ, as supported by the fact
that its removal resulted in loss of measurable affinity between
the two proteins. Given the comparable affinities of the AT3Q24
and AT3Q24-3UIM isoforms for HDAC6, we suggest that the bind-
ing site is located in the stretch 319-344, as it retains an identical
sequence in the two variants (Fig. S4).

Although much is still to be elucidated regarding the mech-
anisms by which the individual components of the transport
machinery participate in protein sorting to the aggresome, our
results pave the way to further studies that should aid in better
understanding their roles and mechanisms. This will be accom-
plished, in particular, by developing AT3 mutants impaired in their
ability to bind either HDACG6 or tubulin dimer, and analyzing the

impact of these mutations on the intracellular distribution of such
proteins, as well as on aggresome formation.
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