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ABSTRACT It has increasingly become clear over the last two decades that proteins can contain both globular domains and
intrinsically unfolded regions that can both contribute to function. Although equally interesting, the disordered regions are difficult
to study, because they usually do not crystallize unless bound to partners and are not easily amenable to cryo-electron micro-
scopy studies. NMR spectroscopy remains the best technique to capture the structural features of intrinsically mixed folded pro-
teins and describe their dynamics. These studies rely on the successful assignment of the spectrum, a task not easy per se given
the limited spread of the resonances of the disordered residues. Here, we describe the structural properties of ataxin-3, the pro-
tein responsible for the neurodegenerative Machado-Joseph disease. Ataxin-3 is a 42-kDa protein containing a globular N-ter-
minal Josephin domain and a C-terminal tail that comprises 13 polyglutamine repeats within a low complexity region. We
developed a strategy that allowed us to achieve 87% assignment of the NMR spectrum using a mixed protocol based on
high-dimensionality, high-resolution experiments and different labeling schemes. Thanks to the almost complete spectral
assignment, we proved that the C-terminal tail is flexible, with extended helical regions, and interacts only marginally with the
rest of the protein. We could also, for the first time to our knowledge, observe the structural propensity of the polyglutamine re-
peats within the context of the full-length protein and show that its structure is stabilized by the preceding region.
INTRODUCTION
Ataxin-3 is a human 42-kDa protein involved in the neurode-
generative disease spinocerebellar ataxia type-3, orMachado-
Joseph disease (MJD) (1). The age of onset and the severity of
this terminal and currently incurable disease depends on the
length of a polymorphic tract of polyglutamine (polyQ) in
the C-terminal half of ataxin-3. The disease is thought to be
caused by the aggregation of the protein promoted by the
polyQ tract (2,3),which, inMJD, is expanded beyond the non-
pathological level (ca. 42–50 repeats). Ataxin-3 is a deubiqui-
tinating enzyme that recognizes and cleaves preferentially
polyubiquitin chains of at least four subunits and is supposed
to play an important role in the ubiquitin-proteasome pathway
(4,5). Several other cellular partners are recognized by
ataxin-3 (4,6–10), among which is the valosin-containing
protein, an important component of the regulation of protein
degradation by the proteasome (11,12).

Ataxin-3 is an excellent example of a ‘‘mixed folded pro-
tein’’ (MFP), that is, a protein containing both globular and
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intrinsically unfolded regions. This class of proteins is
distinct from that of globular proteins, which adopt a well-
defined stable tertiary structure (13). It is also more complex
than the so-called intrinsically unfolded proteins (IUPs or
IDPs), which are devoid of a three-dimensional (3D) struc-
ture but can adopt it when and if needed (14). The architec-
ture of ataxin-3 consists of an N-terminal 21-kDa domain,
Josephin, followed by a region containing two or three (de-
pending on the isoform) ubiquitin-interacting motifs (UIMs)
and the polyQ repeats (15). Ubiquitin is recognized by
ataxin-3 through multiple surfaces of the protein, distributed
both along the Josephin domain and in the C-terminus
(16,17). Although the structure of the globular Josephin
domain was solved early on after the identification of
ataxin-3 (18), little is known about the intrinsically unfolded
C-terminus. Solving the structure of ataxin-3 by crystallog-
raphy has proven arduous, presumably because of the diffi-
culty of obtaining ordered crystals of the full-length protein.
Of the other two main methodologies able to describe struc-
tures at atomic resolution (NMR and, more recently, cryo-
electron microscopy), NMR has proven most helpful in
the characterization of IDPs and MFPs because it can
operate directly in solution, capture molecular motions,
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and observe flexible structures. Despite the advantages
mentioned, these studies have proven difficult because of
inherent technical limitations. The first and possibly most
important one is the fact that, as opposed to the generally
good chemical shift dispersion that characterizes the NMR
spectrum of folded proteins, IDPs and intrinsically unfolded
regions suffer from an inevitable and inherent severe reso-
nance overlap. Because the assignment of an NMR spec-
trum to each of the atoms along the sequence depends on
the tracing of the magnetization transfer, that is, the transfer
from one atom to the next as in a network, spectral overlap
has the consequence of limiting the possibility of uniquely
tracing the chain. Several strategies have been suggested
to circumvent this problem. Yet no definite answer has
been given to the question, and new ideas must be consid-
ered to eventually find, if possible, a unique and universal
strategy. Additionally, ataxin-3 is prone to aggregate, and
this makes it difficult to keep the protein in solution for
the time (days or weeks) required for the formation of crys-
tals or for the acquisition of complex NMR data sets.

Here, we describe a study of the structural properties of
full-length ataxin-3 based on NMR. Despite the intrinsic
difficulties, we successfully developed a strategy that al-
lowed us to obtain the assignment of 87% of the spectrum
and gain a clear map of ataxin-3 structure and flexibility.
We could clearly observe the secondary structure propensity
of the unfolded and flexible chain. Within this, the polyQ
tract has a strong tendency toward helical conformation sta-
bilized by the preceding region. We could also infer the
dynamical properties of the C-terminal tail and compare
them with those of Josephin. Our results provide a solid ba-
sis for a complete structural understanding of ataxin-3 and
the essential prerequisite for any further study of the interac-
tions between ataxin-3 and other cellular partners. In addi-
tion, the approaches developed provide, to our knowledge,
new tools for the investigation of MFPs.
MATERIALS AND METHODS

Construct choice and cloning

The plasmid used for ataxin-3(Q13) recombinant over-expression is a de-

rivative of pMAL-c5� (New England Biolabs, Ipswich, MA), hereafter

referred as pMht-atx3(Q13). The plasmid encodes maltose-binding protein

(MBP) followed by a hexahistidine tag, a tobacco etch virus protease

(TEVp) cleavage site, and the sequence encoding ataxin-3(Q13). The

expression plasmid for the isolated Josephin domain (pMht-jos) was ob-

tained by replacing the codon encoding residue 183 of ataxin-3 with a

TAA stop codon via inverse polymerase chain reaction (PCR) site-directed

mutagenesis. The mutants of ataxin-3(Q13) were obtained via inverse PCR

site-directed mutagenesis using pMht-atx3(Q13) as a template. The desired

mutation was inserted at the 50-end of the forward mutagenic primer. After

PCR amplification, the linearized plasmid was purified using Zyppy

Plasmid Miniprep Kit (Zymo Research, Irvine, CA). The DNA was then

incubated with DpnI (New England Biolabs), T4 polynucleotide kinase

(New England Biolabs) and QuickLigase (New England Biolabs) to

degrade the template, phosphorylate the 50 ends, and recircularize the

plasmid, respectively. The ligation mix was used to transform directly
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DH5a cells (New England Biolabs), and the cells were plated overnight

on Luria-Bertani broth agar plates at 37�C. The outcome of the mutagenesis

was checked by Sanger sequencing (GATC Biotech, Konstanz, Germany).
Protein production

The isolated Josephin domain, ataxin-3(Q13) wild type, and mutants were

produced in a recombinant form using the pMht series plasmids described

in the previous section and the Escherichia coli strain BL21 (New England

Biolabs). Slightly different protocols were needed for producing the uni-

formly or selectively labeled samples. 15N-13C and 15N uniformly labeled

proteins were expressed in M9 medium containing 15N ammonium sulfate

and 13C-D-glucose (Cambridge Isotopes Laboratories, Tewksbury, MA) as

the sole source of nitrogen and carbon, respectively. The cells were grown at

37�C until an OD600 of 0.8 was reached. Protein overexpression was

induced by adding isopropyl b-D-1-thiogalactopyranoside (Generon,

Slough, UK) to a final concentration of 1 mM. The cells were further incu-

bated under shaking at 37�C for 3 h.

Selective labeling was achieved by first growing the cells in M9 medium

supplemented with natural abundance ammonium sulfate, glucose, and

amino acids. When the cells reached an OD of 0.8–1.0, 100 mg of the

desired 15N labeled amino acid and 1 g of all other unlabeled amino acids

were added to 1 L of culture. The cells were incubated under shaking. For
15N-glutamine selective labeling, 75 mg of 6-diazo-5-oxo-L-norleucine,

180 mg of L-methionine sulfoximine, and 180 mg of L-methionine sulfone

(Sigma-Aldrich, St. Louis, MO) were also added to the culture. For
15N-glutamate selective labeling, 1 g of L-methionine sulfoximine, 1 g of

L-methionine sulfone, 250 mg of disodium succinate, 250 mg of disodium

maleate, and 250 mg of aminooxyacetate (Sigma-Aldrich) were added to

the culture (19). After incubating the cells under shaking at 37�C for

15–20 min, isopropyl b-D-1-thiogalactopyranoside was added to a final

concentration of 1 mM, and protein overexpression was allowed for 90 min.

All cultures were harvested by centrifugation at 6000� g for 20 min on a

Beckman Avanti centrifuge (Beckman Coulter Life Sciences, Indianapolis,

IN). The cell pellet was transferred to 50 mL tubes and frozen at �20�C.
The cell pellet was defrosted and resuspended in 20 mM sodium phosphate,

200 mM NaCl (pH 7.5) (buffer A) supplemented with DNase and lysozyme

(Sigma-Aldrich). After sonication, ataxin-3 was purified by NiNTA-

agarose (Generon) affinity chromatography using 20 mM sodium phos-

phate, 200 mM NaCl, 250 mM imidazole (pH 7.5) (buffer B) for elution.

The 6�His-MBP tagged protein was then buffer-exchanged to buffer A,

and hexahistidine-tagged TEVp was added to release untagged ataxin-

3(Q13). The cleavage mixture was incubated with NiNTA-agarose resin

to remove 6�His-MBP and 6�His-TEVp. The cleaved protein was concen-

trated with centrifugal filters and run on a Superdex 75 26/60 size-exclusion

chromatography column (GE Healthcare, Little Chalfont, UK) to remove

small traces of aggregates or impurities and exchange the protein into

20 mM sodium phosphate buffer, 2 mM TCEP (pH 6.5). The elution vol-

umes obtained from size-exclusion chromatography confirmed that all the

proteins were monomeric in solution. A final purity higher than 95% was

assessed by SDS-PAGE.
NMR spectroscopy and sequential assignment

All NMR experiments were performed in 20 mM sodium phosphate buffer

at pH 6.5 and 2 mM TCEP at 25�C. A protein concentration of 250 mMwas

used for all the experiments. Data were acquired at 600, 700, 800, and

950 MHz on Bruker Avance instruments (Bruker, Karlsruhe, Germany)

equipped with cryogenic probes. HNCO, HNcaCONH, and HabCabCONH

experiments were acquired with four scans per increment. The HNCO was

acquired with an interscan delay of 1.5 s and spectral widths of 10416.7 Hz

(acquisition dimension), 2594.7 Hz (15N), and 1810.94 Hz (13C0). Nonuni-
form sampling of the indirectly detected dimensions was applied. A five-

dimensional (5D) HNcaCONH experiment was acquired with an interscan
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delay of 1.5 s and spectral widths of 10416.7 Hz (acquisition dimension),

2594.8 Hz (15N), 1811.1 Hz (13C0), 2594.8 Hz (15N), and 960.2 Hz (1H).

The maximal evolution times were 50 ms for t1, t2, and t4 (1H and 15N)

and 26.5 ms for t3 (13C0). The 5D HabCabCONH experiment was acquired

with an interscan delay of 1.5 s and with spectral widths of 10416.7 Hz

(acquisition dimension), 2594.8 Hz (15N), 1810.9 Hz (13C0), 12474.8 Hz

(13Caliph), and 6401.2 (1Haliph). The maximal evolution times were 10 ms

for the 1Haliph, 6.7 ms for 13Caliph, 26.4 ms for 13C0, and 49.3 ms for 15N in-

direct dimensions. In both experiments, a total number of 1910 points was

acquired in the indirect dimensions. Nonuniform sampling was used for the

indirectly detected dimensions. The time schedule was generated using a

Poisson disk sampling (20). The whole data set of HNCO, HNcaCONH,

and HabCabCONH experiments was acquired on the same protein sample

in �65 h. Additional 15N-1H heteronuclear single quantum spectroscopy

(HSQC) experiments were recorded immediately before and after each

higher-dimensionality experiment to assess the spectral integrity of the pro-

tein. In all cases, the two HSQC spectra did not show discrepancies, sug-

gesting sample stability, which is necessary to acquire high-quality data

of high dimensionality.

The 3D nuclear Overhauser effect spectroscopy (NOESY)-15NHSQC

experiment was acquired with an interscan delay of 1.0 s and a mixing

time of 150 ms. The direct acquisition time (1H) was 85 ms, and the indirect

evolution times were 15 ms for 1H and 18 ms for 15N. The 3D band-selec-

tive excitation short-transient (BEST)-transverse relaxation-optimized

spectroscopy (TROSY) HNCACB experiment was acquired with an inter-

scan delay of 0.12 s. The direct acquisition time (1H) was 91 ms, and the

indirect evolution times were 7.5 ms for 13Ca,b and 23 ms for 15N.

HSQC-based interleaved relaxation data were acquired as pseudo-3D ex-

periments at 800 MHz. For the isolated Josephin domain, delays of 100,

200, 400, 700, 1200, 1800, and 2500 ms and 16, 32, 64, 96, 144, and

192 ms were used for T1 and T2 measurements, respectively. For ataxin-

3(Q13), delays of 100, 200, 400, 700, 1000, 1500, 2500, and 4000 ms

and 16, 32, 48, 64, 96, 128, 160, 192, and 240 ms were used for T1 and

T2 measurements, respectively. Average T1 and T2 values for Josephin

and for ataxin-3(Q13) were calculated by fitting the area under the spectra

in the range 7.7–10.5 ppm to an exponential function. The relaxation rates

for Josephin residues within ataxin-3(Q13) were obtained by fitting the

HSQC peak intensities. The correlation times were estimated using the for-

mula 1=4pnN
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6ðR2=R1Þ � 7

p
(21).

The spectra were processed with NMRPipe based scripts and NMRDraw

(22). The HNCO and the 5D experiments were processed with the multidi-

mensional Fourier transform (23,24) and the sparse multidimensional Four-

ier transform (25) algorithms. The assignment of the NMR spectra was

performed with the software Sparky 3.115 (T. D. Goddard and D. G. Knel-

ler, University of California, San Francisco, CA) and CcpNmr Analysis 2.4

(26). The relaxation rates were calculated and analyzed using nmrglue (27),

nmrPipe, and CcpNmr Analysis 2.4. The assignment was submitted to the

Biological Magnetic Resonance Bank database (accession number 27380).
RESULTS

Strategy for spectral assignment of ataxin-3

Assignment of full-length ataxin-3 was performed on iso-
form 2 (UniProt: P54252-2) with an interrupted tract of 13
polyQ repeats, Q3KQ10—hereafter referred to as ataxin-
3(Q13). This isoform contains three UIMs in the C-terminus
at variance with isoform 1 (used in previous studies of our
group (15,28)), which has only two UIMs. We first reasoned
that the problem of overlap would be significantly reduced
by producing the recombinant C-terminal tail in isolation,
assigning it, and then transferring the information to full-
length ataxin-3. Unfortunately, we realized that the isolated
tail easily degrades in the absence of the N-terminus (data
not shown). We also tried to purify the tail using chimeric
constructs in which the C-terminus could be released by
protease cleavage. Once free in solution, the C-terminus
aggregated rapidly. We thus had to work straightaway on
full-length ataxin-3(Q13).

Two features of ataxin-3 had to be considered when
choosing a suitable assignment strategy. Since ataxin-3
tends to aggregate with time, 15N-1H HSQC spectra were
recorded before and after each experiment to assess whether
the protein remained mainly in a monomeric state
throughout the experiment. The spectra were assessed for
variations of the peak volumes and of the resonance
positions. Typically, a fresh sample of ataxin-3(Q13) at
250 mM could be used for at least 3 days in the NMR
tube at 25�C. No significant changes in both peak intensity
and position could be detected over this time frame. The
sequence of the C-terminus of ataxin-3(Q13) (residues
183–361) contains multiple repetitive stretches, including
three UIMs and the polyQ tract. The HSQC spectrum of
ataxin-3(Q13) clearly shows the coexistence of well-
dispersed resonances, with regions characterized by poor
dispersion and high resonance overlap (Fig. 1 A). Spectral
overlap and crowding were encompassing the frequency
range 117–126 ppm (in the 15N dimension) and 7.9–8.7
ppm (in the 1H dimension). This is a hallmark of the
intrinsic high flexibility of the C-terminus, as expected
from the sequence. Another important feature is that the in-
tensities of the resonances are highly uneven, with many
resonances being extremely broad. This suggests different
dynamical properties and/or solvent exchange regimes.
Taken together, these data show that the tail of ataxin-3
has features of an intrinsically unfolded or partially struc-
tured system.
The Josephin domain does not significantly
interact with the C-terminus

To identify the already assigned resonances of the smaller
Josephin domain (residues 1–182) within the much more
crowded spectrum of ataxin-3, we superimposed the
15N-1H HSQC spectra of isolated Josephin with that of
full-length ataxin-3(Q13) (Fig. 1 A). Most of the well-
dispersed Josephin resonances in the spectrum of full-length
ataxin-3 overlap with those of the isolated domain. This al-
lowed facile identification of several resonances. Some
peaks, however, shift because of a change in the chemical
environment. This could be a consequence of either interac-
tion between the structured and unstructured regions or of
minor changes in the experimental conditions. Although
the latter effect can be minimal in a well-dispersed protein
spectrum, unambiguous assignment of a spectrum of this
complexity becomes prohibitive without further support.
Initially, we could tentatively assign 124 out of the 174 non-
proline resonances of Josephin (70%). Each of the NH
Biophysical Journal 115, 59–71, July 3, 2018 61



FIGURE 1 Assignment of the NH backbone resonances of the Josephin

domain within the ataxin-3(Q13) construct. (A) Superimposition of the
15N-1H HSQC spectrum of the isolated Josephin domain (red) and ataxin-

3(Q13) (blue). The spectra were recorded at 800 MHz and 25�C. (B) Chem-

ical shift perturbation of JosephinNHbackbone resonances in ataxin-3(Q13)

with respect to the isolated domain. (C) Mapping of the chemical shift

perturbations on the structure of the Josephin domain. Light orange, chemi-

cal shift perturbation > average þ 0.5 SD; orange, chemical shift perturba-

tion> averageþ 1 SD; red: chemical shift perturbation > averageþ 2 SD.

The C-terminal arginine is colored in blue. The chemical shift pertur-

bation (DdH-N) was calculated according to the formula DdH�N ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2H þ ad2N=2

q
, where a ¼ 0.14 for glycine and a ¼ 0.20 for any other res-

idue. To see this figure in color, go online.
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correlations in the spectrum of the isolated Josephin domain
was used to guide the search for the corresponding reso-
nance of the full-length protein. The identity of the NH res-
onances of Josephin in ataxin-3(Q13) was further confirmed
by inspection of the HNCACB spectrum (29). Given the un-
favorable tumbling time of the Josephin domain in the
62 Biophysical Journal 115, 59–71, July 3, 2018
context of the full-length protein, this experiment yielded
weak signals for the Ca and Cb resonances and no correla-
tions with the preceding residue for most of the Josephin NH
resonances. This partial information nevertheless proved
very valuable for assigning the amino acid type, yielding un-
ambiguous assignment in most cases. The assignment of the
majority of the well-dispersed resonances of the Josephin
domain could be achieved with confidence by superimposi-
tion of the spectrum of the isolated domain. The Ca and Cb
resonances proved helpful in confirming the amino acid
type. The assignment of most of the residues resulted overall
straightforward despite the limited chemical shift perturba-
tion induced by the presence of the C-terminal tail. In
contrast, the resonances of Josephin located in the highly
degenerate central area of the HSQC spectrum demanded
the use of information on the amino acid type from Ca
and Cb carbons and careful inspection of the carbon planes
to avoid misassignments. This task was nevertheless
facilitated by the low degree of overlap of the carbon reso-
nances associated to Josephin and to the C-terminal tail,
respectively.

To extend further the assignment of the Josephin reso-
nances within the full-length ataxin-3(Q13) spectrum, we
compared the 3D NOESY-HSQC spectra of ataxin-3(Q13)
and of the isolated Josephin domain (Fig. S1). This allowed
the assignment of 20 additional resonances, reaching a
sequence coverage of 83% of the Josephin resonances. A
few Josephin resonances in the HSQC spectrum of ataxin-
3(Q13) showed a low signal-to-noise ratio and did not yield
carbon correlations in the HNCACB spectrum or NOESY-
HSQC amide or aliphatic proton patterns that could be iden-
tified in the spectrum of the isolated Josephin domain. To
identify these resonances, we acquired a BEST-TROSY
HSQC (30) and overlapped it with the conventional
HSQC spectra of ataxin-3(Q13) and of the isolated Josephin
domain. The overall increase in the signal-to-noise ratio of
the BEST-TROSY HSQC spectrum made it possible to
detect the previously invisible NH Josephin resonances
and assign them. The combination of these experiments
helped us to obtain an assignment coverage of 91% of
the Josephin spectrum, which corresponds to an �55%
coverage of full-length ataxin-3. These results strongly indi-
cate that the assignment of difficult proteins can be achieved
only by exploiting a broad repertoire of experiments, each
designed to fulfill different purposes. This includes experi-
ments that would not usually be considered as a first choice
for protein assignment, such as the NOESY-HSQC.

The chemical shift perturbations observed in Josephin
within ataxin-3(Q13) as compared to the isolated domain
are small (overall within a standard deviation below or equal
to 0.5) (Fig. 1 B). The only resonances with more appre-
ciable variations are in the N- and C-termini and at residue
G127. This is reasonable, because the N- and C-termini of
Josephin are close in space. G127 is spatially close. This ev-
idence demonstrates convincingly lack of tight interactions
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between the Josephin domain and the C-terminal tail of
ataxin-3, which thus behaves semi-independently.
Walking through the assignment of ataxin-3
C-terminus

Triple resonance experiments (HNCA, HNCACB,
CBCAcoNH) were initially performed to assign the ataxin-
3(Q13) C-terminus (Fig. S2). The low dispersion of the
1H/15N/13C resonances associated to residues within repeti-
tive regions impeded progress in the assignment, suggesting
the necessity of ultra-high-resolution techniques. We ex-
ploited a strategy developed for intrinsically disordered pro-
teins that uses 5D pulse sequences (20). The high resolution
resulting from the higher dimensionality of these experi-
ments has been shown to be particularly successful for sys-
tems that are not only intrinsically unfolded but also highly
degenerate in sequence (31–33). In this strategy, a HN(CA)
CONH experiment is used to provide sequential connectivity
by linking the 15N-1H chemical shifts of consecutive resi-
dues, whereas a HabCabCONH spectrum is used to identify
amino acid types from their Ca and Cb resonances (20). The
data are acquired using a nonuniform sampling scheme in
which only 2% of the total data points are collected. The
spectra are subsequently reconstructed using the sparse
multidimensional Fourier transform algorithm (25). This
strategy resulted in a reduction of the total acquisition time
needed for a full set of assignment experiments from weeks
to �2.5 days, a time frame in which the ataxin-3 spectral
properties are unperturbed, indicating that the protein re-
mains mainly monomeric. We first acquired a reference
high-resolution HNCO spectrumwith nonuniform sampling,
which was used to extract the chemical shift values for each
1H/15N/13C0 resonance from the parent CON and CabHab
two-dimensional planes of the 5D HNcaCONH and
HabCabCONH data sets, respectively. The CON plane con-
tains a weak resonance related to the HNCO peak of residue
i and a stronger resonance related to the HNCO peak of res-
idue i�1. The CabHab planes contain the Ca, Cb, Ha, and
Hb resonances of residue i�1. The 5D spectra were of excel-
lent quality and confirmed the initial assignment obtained via
triple resonance experiments. Additional residues could be
assigned, resulting in the coverage of �50% of the reso-
nances of ataxin-3 C-terminus (Fig. 2). Assignment of the
1H, 15N, and 13C0 resonances was possible for residues
214–226, 240–246, 263–274, 298–312, and 319–360.Within
these regions, the Ca chemical shifts were assigned for all the
residues with the exception of residues 214, 218, 220, 227,
246, 268, 273, 274, 306, 310, 312, 324, 327, 331, 339, 359,
and 360, forwhich it was not possible to detect a C0 resonance
in the sequential assignment. TheCb chemical shifts could be
assigned for all the residues with the exception of residues
227, 246, 274, 312, and 360, for which no signals could be
detected in the CabHab planes of the 5D HabCabCONH
experiment.
In the course of this analysis, we noticed that only a sub-
set of the expected resonances could be detected. 5D exper-
iments are optimized for highly disordered systems. The
long polarization transfer pathway used in these experi-
ments allows ultra-high resolution but also results in a
considerable loss of signal-to-noise ratio. Consequently,
fast-relaxing resonances located in rigid or semirigid por-
tions of the polypeptide chain are usually nondetectable,
whereas the effect is much less pronounced for the slowly
relaxing resonances from highly flexible regions. Therefore,
the mere fact that only a subset of the expected resonances
could be detected in the 5D experiments indicates that the
residues in the C-terminal tail of ataxin-3 have a wide range
of dynamical properties. In particular, the ultra-high resolu-
tion of high-dimensionality experiments allowed sequential
assignment of 8 out of 13 glutamine residues in the polyQ
tract (residues 298–305). The signal-to-noise ratio of the
carbon resonances in this region progressively increases
from the N-terminus to the C-terminus. This observation
suggests a higher flexibility of the polyQ tract at the
C-terminus.
Systematic mutation of key residues

Additional resonances could be assigned by integrating the
information obtained from the 5D experiments and from tri-
ple resonance experiments. Despite this, the information was
still insufficient to obtain a satisfactory assignment coverage.
For some amide resonances, a correlation with the previous
or following residue was impeded by the absence of the cor-
responding Cai�1 in the HNCACB spectra. An additional
problem was posed by the ambiguity of many Ca-Cai�1 cor-
relations, leading to multiple equally likely candidates for
sequential assignment. To overcome these problems, a sys-
tematic mutation strategy was exploited. Mutations were
introduced at different sites within both assigned and unas-
signed regions. HSQC spectra were acquired for eachmutant
that could be purified and was stable. This assignment strat-
egy relies on the fact that the resonance in the spectrum of the
wild-type protein that is associated to the mutated residue
will not be detectable in the spectrum of the mutant, whereas
a resonance with different 1H and 15N chemical shifts, asso-
ciated with the new residue, is expected to appear. Because
the C-terminal tail of ataxin-3 is flexible and does not seem
to form stable tertiary structures, a mutation at one site of
the protein is expected to cause a chemical shift perturbation
only for the amide NH resonances of residues proximal to the
mutation. It is reasonable to expect that this perturbation is
roughly inversely correlated with the distance in sequence
from themutated site in a flexible and largely solvent exposed
chain. The mutants G193A, T207A, L213I, D228E, S256A,
S260A, R282H, R284H, R285H, and C316A were success-
fully used to assign resonances for which a through-bond
correlation could not be detected in triple resonance experi-
ments. For example, the analysis of the HSQC spectrum of
Biophysical Journal 115, 59–71, July 3, 2018 63



FIGURE 2 Assisting assignment with 5D HNcaCONH experiments. (A) 13C-1H, (B) 15N-1H, and (C) 15N-13C projections of the HNCO experiment.

(D) 15N-1H planes of consecutive residues associated to HNCO peaks in the 5D HNcaCONH experiment. (E) Superimposition of the HSQC spectrum of

ataxin-3(Q13) (gray) with the 15N-1H projection of the HNCO spectrum used as reference for the 5D HNcaCONH (black).
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the mutant T207A in conjunction with the triple resonance
experiments of the wild-type protein allowed unambiguous
assignment of residues 206–208, based on the combination
of the chemical shift perturbation observed and on informa-
tion about the amino acid type from Ca and Cb resonances
obtained from the HNCACB experiment. Analogously, the
spectrum of the mutant D228E helped to validate the assign-
ment of a number of residues obtained both through triple
resonance and 5D experiments (Fig. S3).
Further assignment using amino acid selective
labeling

An amino acid selective labeling approach was used to
resolve the ambiguities caused by the overlap of resonances
associated with residues whose b carbons share similar
chemical shifts. 14N-1H-labeled ataxin-3(Q13) samples
were produced that incorporated a single 15N-labeled amino
64 Biophysical Journal 115, 59–71, July 3, 2018
acid (15N-alanine, 15N-isoleucine, 15N-leucine, 15N-lysine,
15N-methionine, 15N-valine, 15N-arginine, 15N-glutamine,
15N-glutamate, 15N-tyrosine, and 15N-phenylalanine) (19).
The samples resulted in an overall high labeling yield and
selectivity, suggesting that amino acid metabolic scrambling
was suppressed efficiently. Only the spectrum of selectively
labeled 15N-glutamate showed considerable scrambling
from glutamate to glutamine, aspartate, and alanine and
some isotope dilution (Fig. S4). Despite this, a critical anal-
ysis of the spectrum, helped by comparison with the spectra
of the other amino acid selectively labeled spectra, aided in
discerning selective labeling from scrambling. This allowed
unambiguous identification of amino acid types throughout
the spectra (Table S1).

The assignment of overlapping resonances for which the
chemical shifts of Cai�i�1 and Cbi�i�1 connectivity could
be detected in HNCACB spectra was straightforward.
When the Cai�1 and Cbi�1 were not detectable, assignment
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was obtained by producing amino acid selectively labeled
mutants. For each labeling, the HSQC spectrum of wild-
type ataxin-3 was compared with the HSQC of the
corresponding point mutant. In this way, we could identify
unambiguously V183, H187, L191, E194–A197, Q202–
V204, K206, E210, R231, A232, R237, Q238, R251,
A252, Q254, L255, M257, Q258, R262, E279–F289, and
R318 (Fig. 3; Fig. S4).

The NH resonances from most of the residues in the tract
183–192 could not be detected in the spectra of selective
amino acid labeled samples. This fact and the lack of NH
resonances of residues in the spatially close N- and
C-termini of the Josephin domain suggest that this region
is in an intermediate exchange regime.
The use of BEST-TROSY HNCACB to assist
assignment

In an attempt to increase the signal-to-noise ratio further,
BEST experiments were performed in association with
TROSYusing the BEST-TROSY HNCACB pulse sequence
(34). This experiment achieves a longitudinal relaxation opti-
mization, allowing fast pulsing and rapid acquisition of
spectra with higher resolution and signal-to-noise ratio.
The combination of BEST with TROSY enhances further
these effects. It has been shown that the BEST sequence en-
hances preferentially resonances from transiently structured
FIGURE 3 15N-1H HSQC spectra of 15N-Leu selectively labeled wild-

type and mutated ataxin-3(Q13). The spectrum of the wild-type protein

(red) is superimposed to the spectra of three mutants (L191I: blue,

S256A: green, R282H: orange). The counter levels were adjusted to

show only the sharper resonances related mainly to residues in the C-termi-

nal tail. The resonances of at least eight more leucines were also detectable

in the experiment but with lower intensities. They all correspond to Jose-

phin leucines. Minor scrambling was observed at the noise level. To see

this figure in color, go online.
regions, which usually have a low signal-to-noise ratio.
The increased signal-to-noise ratio of the BEST-TROSY-
HNCACB experiment was used to confirm weak carbon res-
onances throughout the sequence of ataxin-3. This technique
proved especially helpful in the sequential assignment of res-
idues E279 and E280. These residues could not be assigned
sequentially through the HNCACB experiment, because car-
bon correlations were below the detection limit. Conversely,
BEST-TROSYHNCACB allowed us to detect the Cai�1 and
Cbi�1 correlations of residues E279 and E280 to the preced-
ing serine and glutamate, respectively (Fig. S5). The combi-
nation of this information with glutamate 15N-selective
labeling of wild-type ataxin-3 and of the R282H mutant led
to unambiguous assignment of these residues.

Almost all the detectable resonances in the HSQC spec-
trum could be assigned unambiguously, reaching a coverage
of the C-terminus of ataxin-3(Q13) of 158 out of 176 (90%)
nonproline residues and coverage of 87% of the full-length
protein (Figs. 4 and S6).
Structure of the C-terminal tail of ataxin-3

We exploited the chemical shifts obtained from our assign-
ment strategy to gain structural information on the C-termi-
nal tail within the context of the full-length protein. We
used the algorithms SSP (35) and CSI (36) to generate scores
indicating the propensity of each residue to populate
helical, extended, or random coil secondary structure motifs
(Fig. 5,A andB). The secondary chemical shifts of thea andb
carbons, that is, the differences between the observed chem-
ical shifts and the reference values in a random coil confor-
mation, confirm and strengthen the conclusions obtained by
the other two methods (Fig. 5, C and D). Overall, the C-ter-
minal tail is mostly unstructured but with regions of strong
helical propensity throughout, with maximal values in the
three UIMs (residues 224–240, 244-263, and 331–348), in
agreement with reports on peptides spanning the isolated
UIMs (17). Interestingly, also the residues in the polyQ tract
that could be assigned (298–305) exhibit some helical pro-
pensity. This supports the structure of a complex of a polyQ
peptidewith an antibody (37) but disagrees with our previous
data showing that polyQ repeats C-terminally fused to a car-
rier protein (glutathione-S-transferase) are random coils
independently of their length (38). Because, however, resi-
dues 278–289, which precede the polyQ repeats, have a heli-
cal propensity even higher than that of the UIMs, we can
reasonably assume that the polyQ helicity is induced and sta-
bilized by the preceding region. In agreement with this hy-
pothesis is the fact that the a-helicity of the polyQ tract
progressively decreases, moving from Q298 to Q305.
The C-terminal tail is highly flexible

The 15N-1H relaxation values informed us of the dynamical
properties of the C-terminal tail and allowed comparison
Biophysical Journal 115, 59–71, July 3, 2018 65



FIGURE 4 Summary of the assignment. (A)Highly

degenerate areas of the 1H-15NHSQC spectrum

of ataxin-3(Q13) annotated with the assignment.

(B) Final achieved assignment reported on these-

quenceof ataxin-3(Q13).Thebar colors are associated

to the technique used for assignment. The backbone

NH pairs of the Josephin domain (residues 1–182)

were assigned by comparison with the spectrum of

the isolated domain without (gray bars) or with the

aid of 15N-amino acid selective labeling (red bars)

or BEST-TROSY HSQC (red stars). Residues

assigned by comparison of the NOESY-HSQC of

ataxin-3(Q13) with that of the isolated Josephin

domain are indicated by blue bars. The C-terminal

tail was assigned via HNCACB and CBCAcoNH

(black bars), 5D HNcaCONH and HabCabCONH

(green bars), selective 15N-amino acid labeling (red

bars), BEST-TROSY-HNCACB (black stars), and

single-point mutations (black circles). To see this

figure in color, go online
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with the properties of isolated Josephin. We reasoned that
the strong spectral overlap would prevent us from gaining
statistically significant per-residue relaxation times. We
thus estimated the overall T1 and T2 relaxation times of
full-length ataxin-3 by fitting the area of the resonance
envelop over the 1H region 7.7–10.5 ppm of the ataxin-
3(Q13) spectrum. Despite its obvious limitations, this
approach can still provide valuable overall information.
The T1 and T2 relaxation times are 902.2 and 176.1 ms,
respectively, as opposed to values of 1322.8 and 61.3 ms
for the isolated Josephin domain (Fig. 6, A and B).
66 Biophysical Journal 115, 59–71, July 3, 2018
Assuming a spherical and rigid polypeptide chain, the aver-
aged correlation time obtained from the T1/T2 ratios of the
isolated Josephin domain is 10.9 ns. This value is in excel-
lent agreement with the value previously reported (18) and
corresponds to that expected for a protein with a molecular
weight of �18 kDa (39). Under the same assumptions, we
estimated an average value of 4.8 ns for full-length ataxin-
3(Q13). This marked underestimation clearly indicates
that the assumptions do not pertain to this case and that
the C-terminal tail is flexible and contributes by signifi-
cantly lowering the apparent correlation time. To estimate



FIGURE 5 Secondary structure of the C-terminus of ataxin-3(Q13).

(A) SSP algorithm. Values around zero indicate random coil regions; posi-

tive and negative values indicate a-helical or b-sheet conformations,

respectively. (B) CSI values (�1 indicates a-helix, 0 random coil,

and þ1 b-strand). (C) Secondary Ca chemical shifts. (D) Secondary Cb

chemical shifts.

FIGURE 6 Description of the dynamics of ataxin-3(Q13). (A) Longitudi-

nal and (B) transverse relaxation of the spectrum of the isolated Josephin

domain (continuous line) and ataxin-3(Q13) (dashed line) in the range

7.7–10.5 ppm. (C) Correlation times (tC) of well-dispersed resonances of

Josephin within the spectrum of ataxin-3(Q13). The dashed line indicates

the average tC.
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the correlation time of Josephin within ataxin-3(Q13), we
selected a set of well-dispersed isolated resonances of Jose-
phin and measured their relaxation rates by traditional ex-
periments (Fig. 6 C). The resulting averaged correlation
time (16.4 ns) is that expected for a protein with a molecular
weight of �25 kDa (29). These data clearly show that the
C-terminal tail has higher flexibility than the Josephin
domain.
DISCUSSION

Ataxin-3 is an interesting protein, not only because it is
associated to the neurodegenerative MJD, but even more
because it is a deubiquitinating enzyme with very specific
fold and features (18,40,41). The first biophysical studies
on this protein date to around 2000, although much of the
original interest was devoted toward the aggregation proper-
ties of the protein, because they seem to be directly related
to disease (2,42,43). In 2003, we proved that ataxin-3 is an
MFP that contains an N-terminal Josephin domain present
in a restricted number of other eukaryotic species and a
C-terminal tail (15). The first NMR structure of Josephin
was published in 2005 and validated the year after
(18,44), whereas no direct information has been available
for the ataxin-3 C-terminal tail other than the generic deduc-
tion that it should be more disordered based on the NMR
spectrum (15). It is only now that we can report full assign-
ment of the NMR spectrum of ataxin-3. Spectral assignment
was indeed not trivial because of the several problems
Biophysical Journal 115, 59–71, July 3, 2018 67
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imposed by an MFP of this size: the NMR spectrum of
ataxin-3 fully reflects a mixture of globular and unstructured
regions. As such, the assignment strategy was far from
standard, and we had to develop an ad hoc procedure that
combined different independent routes. We found the appli-
cation of 5D techniques indispensable to achieve the resolu-
tion necessary to assign highly degenerate regions. Despite
this, the use of 5D experiments was limited by the high dy-
namic heterogeneity and the presence of resonances in or
near an intermediate exchange regime, as supported by se-
lective labeling. Judicious introduction of site-specific mu-
tations helped us to push the assignment coverage and
confirm the information obtained independently. This vali-
dation proved essential to exclude incorrect tracing given
the high complexity of the system.

In addition to the techniques adopted in this study, carbon-
detected experiments may have potentially been an excellent
choice (45). These methods have several advantages over
proton-detection methods, as they provide high-resolution
spectra and permit the ability to overcome signal-to-noise ra-
tio problems caused by unfavorable local proton solvent ex-
change regimes. However, the intrinsically low sensitivity of
carbon detection compared to conventional proton detection
usually demands protein concentrations above 0.5 mM for
low molecular weight proteins, both structured and flexible
(46–48), and of 1 mM or higher for medium molecular
weight proteins (45). Small, well structured, well known ag-
gregation-prone proteins were studied at lower concentra-
tions by two-dimensional carbon detected experiments (49)
but not by higher dimensionality experiments. For higher
molecular weight proteins, only those with high solubility
and stability over a sufficiently long experimental time-frame
are amenable. This condition is generally difficult to achieve
with aggregation-prone proteins such as ataxin-3(Q13), for
which millimolar concentrations would be unattainable.
The concentration used in this study (250 mM) was in fact
carefully chosen to yield acceptable signal-to-noise ratios
while delaying aggregation.

Our effort resulted in an overall 87% coverage assign-
ment that extends over the whole protein. Although we
cannot exclude the possibility that the unassigned residues
have resonances perversely overlapping, independent evi-
dence suggests the presence of conformational and/or sol-
vent exchange of some residues, especially in the region
between Josephin and the C-terminal tail. It was also para-
doxically difficult to identify some of the Josephin reso-
nances despite the almost complete assignment previously
achieved (50). These resonances, which correspond to resi-
dues equally distributed along the Josephin domain, were
genuinely not observed in the full-length ataxin-3 spectrum
and undetectable in the residue-specific selectively labeled
samples, indicating that the full-length protein has different
exchange regimes as compared to the isolated domain.

This is the first time, to our knowledge, that we can assess
directly both the structure in solution and the dynamical
68 Biophysical Journal 115, 59–71, July 3, 2018
behavior of one of the nine polyQ-containing proteins associ-
ated with disease within the context of the full-length protein.
Because of the difficulties in resolving polyQ protein struc-
tures at sufficient resolution, previous studies were all based
on fragments (51–54) or on anti-polyQ antibodies, such as
the monoclonal antibodies MW1–5, 1F8, 3B5H10, and 1C2
that specifically bind to polyQ (37,55–60). Despite being
overall highly flexible, the C-terminal tail of ataxin-3 contains
several stretches of well-defined secondary structure. The
three UIMs are helical, in agreement with a previous study
of a construct containingUIM1 and2 (17). In addition to these
regions, a helical tract was observed also between residues
278and289,which directly precede the polyQ tract. The iden-
tification of a stable a-helix in this region was recently sug-
gested by a crystallographic study on a construct containing
ataxin-3 residues 278–305 fused toMBP and a short C-termi-
nal crystallization tag (61). Interestingly, two different
crystals were obtained in this study. One included the mono-
meric MBP with the ataxin-3 region 278–305 exposed to the
solvent. In this structure, residues 278–284 form two helical
turns, whereas the other residues could not be modeled
because of absence of electron density. In the second crystal,
the protein forms a dimer inwhich the tract 278–304 is helical,
partially shielded from the solvent and stabilized by contacts
withMBP.We performed our structural analysis of full-length
ataxin-3 in solution, under near-physiological conditions, and
without using any tag that could potentially interfere with the
structure of the protein. We can thus conclusively affirm that
the 278–289 tract forms a helical conformation in solution
when in a monomeric state.

We should also put our observations on the polyQ tract
(residues 292–305) within the context of other studies.
The importance of the regions flanking the polyQ tract
has increasingly been stressed (62–64). A number of studies
have shown that the regions immediately N- and C-terminal
to the polyQ repeats play an important role in modu-
lating protein self-assembly and aggregate morphology
(51,53,62–66). A recent bioinformatics study based on
the analysis of the currently available structures has, for
instance, revealed that the secondary structure in polyQ vi-
cinity is predominantly random coil or helical and found
that the helix is preferentially N-terminal to the polyQ mid-
dle position, whereas the random coil is preferentially C-ter-
minal (65). Based on this analysis, the authors suggested
that the polyQ function could be linked to a helix/random
coil structure context and that even short stretches of repeats
can serve this function. We could not obtain sequential
assignment and hence estimate the structure of residues
292–297. It is likely that these residues have a shorter T2,
as also suggested by the fact that their resonances are below
the detection threshold of 5D experiments. This could be
caused by several effects, as for instance intramolecular in-
teractions or chemical exchange, but not by an intermediate
exchange regime, because the associated H, N, Ca, and Cb

resonances were detectable in the HNCACB experiment,
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albeit not sequentially assignable because of severe overlap.
The minor helical tendency observed within the following
polyQ repeats suggests anyway that the whole polyQ has
an appreciable tendency to adopt a helical conformation sta-
bilized by the preceding residues. This hypothesis is further
supported by the crystal structure of exon I of huntingtin
(54), another well-characterized member of the polyQ fam-
ily, in which the whole region is helical. Another study on an
intrinsically unfolded fragment of the androgen receptor
also showed that the polyglutamine tract and a stretch of
four N-terminally flanking residues (55LLLL58) have a pro-
pensity to form a helical structure. The helicity of both the
polyQ tract and the LLLL region increases remarkably
upon expansion from 4 to 25 glutamines. Deletion of the
LLLL stretch led to a decrease in polyQ helicity and in-
crease in disorder. Interestingly, the authors showed that
both the helicity and the flexibility of the polyQ tract
decrease progressively when moving from the LLLL region
toward the C-terminus in a way reminiscent of our observa-
tions. In the case of ataxin-3, it could be speculated that the
278–289 tract has a role in propagating its helicity to the
polyQ tract in a repeat-dependent fashion.

The evidence discussed here brings new light into the
debate whether the polyQ toxicity follows the ‘‘Linear Lat-
tice’’ or the ‘‘Structural Toxic Threshold’’ (or the ‘‘Confor-
mation Emergence’’) model (37,57,59,67,68). The first
model states that polyQ toxicity is a linear function of the
repeat length (57,69). The latter postulates that polyQ can
adopt several different conformations, among which is a
toxic one (59,67,68). It is clear that polyQ is a chameleon
sequence, as it can adopt different conformations according
to the context. In 2002, we demonstrated conclusively that,
when attached to a noninteracting carrier protein and in a
monomeric form, polyQ is in a random coil conformation
(38). Solid-state NMR data have instead indicated the pres-
ence of b-structures for polyQ aggregates (70,71). Yet no
conclusive evidence shows that this behavior is exclusive
for polyQ in the pathological range. We could thus suggest
that the two models are not mutually exclusive: the same
toxic species may form in short and long polyQ without a
clear threshold, but the longer the polyQ tract, the more sta-
ble that structure is, thus resulting in higher toxicity.

The inherent flexibility of the C-terminal tail and the lack
of interactions with Josephin support the hypothesis that
ataxin-3 is a ‘‘molecular ruler’’ able to select polyubiquitin
chains with at least four repeats (16). The flexible C-termi-
nus is likely to act as a ‘‘tentacle’’ that hooks the ubiquitin
chain and brings it back to the catalytic site for cleavage.
The intrinsically unfolded nature of the C-terminal tail
may help tune the affinities of the interaction. The helicity
of the region preceding the polyQ tract will instead promote
interactions with other proteins such as valosin-containing
protein, whose binding site is supposed to be located in
the region that includes the basic motif RKRR in the C-ter-
minal tail (72).
CONCLUSIONS

In conclusion, the data presented in this study allowed us to
assess for the first time, to our knowledge, the structural
behavior of full-length ataxin-3 in solution. This work paves
the way to a better understanding of ataxin-3 normal and
pathological functions and will help in future investigations
of interactions of ataxin-3 with other proteins. In particular,
the ability to obtain detailed structural information of the
full-length protein rather than protein fragments will allow
us to draw a complete picture of the complex multisite inter-
actions and molecular mechanisms simultaneously involving
the Josephin domain and the C-terminal tail. Furthermore,
our work may potentially be important for the advancement
of our understanding of ataxin-3 aggregation.
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