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Abstract

Spinocerebellar ataxia type 2 (SCA2) and type 3 (SCA3) are two common autosomal-dominant
inherited ataxia syndromes, both of which are related to the unstable expansion of tri-nucleotide
CAG repeats in the coding region of the related ATXN2 and ATXN3 genes, respectively. The
poly-glutamine (poly-Q) tract encoded by the CAG repeats has long been recognized as an
important factor in disease pathogenesis and progress. In this study, using the I-TASSER method
for 3D structure prediction, we investigated the effect of poly-Q tract enlargement on the structure
and folding of ataxin-2 and ataxin-3 proteins. Our results show good agreement with the known
experimental structures of the Josephin and UIM domains providing credence to the simulation
results presented here, which show that the enlargement of the poly-Q region not only affects the
local structure of these regions but also affects the structures of functional domains as well as the
whole protein. The changes observed in the predicted models of the UIM domains in ataxin-3
when the poly-Q track is enlarged provide new insights on possible pathogenic mechanisms.
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Introduction

Spinocerebellar ataxia type 2 (SCA2) and type 3 (SCA3) are common autosomal-dominant
inherited ataxias which are related to unstable expansions of CAG repeats in the coding
region of the ATXN2 gene (Pulst et al. 1996) and ATXN3 gene (Kawaguchi et al. 1994),
respectively. The CAG sequence, which encodes glutamine, is translated into a consecutive
polyglutmaine (poly-Q) tract in the related proteins. Apart from SCA2 and SCAS3, eight
other neurodegenerative diseases, including Huntington’s disease and called polyglutamine
diseases, are also associated with CAG repeats (MacDonald 1993; Orr et al. 1993;
Kawaguchi et al. 1994; Yazawa et al. 1995; David et al. 1997).

The expansion of the poly-Q region has long been recognized as an important factor in
polyglutamine diseases progression and pathogenesis (Matilla-Duefias et al. 2014), but apart
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from the poly-Q tract, the proteins responsible for these disorders share little homology in
sequence and/or function (Margulis, Vigont, Lazarev, Kaznacheyeva & Guzhova 2013).
Individuals with poly-Q repeat numbers above certain threshold would show disease
symptoms in their life spans, with individuals presenting longer repeat tracks being
associated with an earlier age onset of the disease (Tang et al. 2000). For example,
individuals with 33 repeats tend to first experience signs of SCA2 symptoms in their late
adulthood (Fernandez et al. 2000), whereas individuals with more than 45 repeats usually
have the signs in their teens (Matilla-Duefias, Corral-Juan, Volpini & Sanchez 2012). Up to
now, the mechanisms of how the expansion of the poly-Q regions trigger pathogenesis are
not well understood (Matilla-Duefias et al. 2014).

The structures of poly-Q segments have long been an active research area. It has been
reported that poly-Q tracts with glutamine repeat numbers above certain threshold could
form *misfoled’ structures (Perutz 1999), which could lead to the aggregation of the poly-Q
proteins or their segments causing protein dysfunction (DiFiglia et al. 1997). Based on the
X-ray diagrams, Perutz and colleges provided the hypothesis that poly-Q segment could
form water-filled nano-tubes, which has been influential among the proposed structural
models for poly-Q aggregation. This model hypothesis, that single helix-turns with 20
glutamines are not stable, can partly explain the ‘repeat threshold’ for poly-Q diseases
(Perutz, Finch, Berriman & Lesk 2002), but Sikorski and Atkins suggested an alternative
model in which the poly-Q peptide formed a cross-beta structure within the amyloid fibrils
(Sikorski & Atkins 2005). The cross-beta structure was confirmed by solid state-NMR on
exactly the same D2Q15K2 peptides (Schneider et al. 2011) and both cross-beta and the
characteristic steric zipper of the side chains in poly-Q amyloid fibers have been shown by
simulations (Man, Roland & Sagui 2015). Other studies have shown that the structures of
the poly-Q segments, which depend on the length of the repeat track, temperature and other
experiment parameters (Vitalis, Wang & Pappu 2008; Deng, Wang & Ou-Yang 2012;
Buchanan et al. 2014), can exist in a-helical configuration (Kim, Chelliah, Kim,
Otwinowski & Bezprozvanny 2009), loop (Kim et al. 2009), B-hairpin (Kim 2013) and -
sheet (Miettinen, Knecht, Monticelli & Ignatova 2012; Buchanan et al. 2014).

Structural studies of poly-Q regions can shed light on the chemiphysical properties of poly-
Q segments, which may be useful to understand poly-Q diseases, but most of these studies
have been done on the isolated poly-Q tracts with no context of the poly-Q protein overall
sequences or even the limited flanking regions (Thakur et al. 2009; Lakhani, Ding &
Dokholyan 2010). Amino acid sequences flanking the poly-Q tract can influence the
aggregation of the poly-Q region, a hypothesis that has been tested in several poly-Q
proteins (Nozaki, Onodera, Takano & Tsuji 2001), such as ataxin-2, ataxin-3, huntingtin
(protein responsible for Huntington’s disease), and dentatroubral-pallidoluysian atrophy
protein (responsible for dentatorubral-pallidoluysian atrophy, DRPLA). These results show
that it is critical to include flanking sequences when studying the structures of poly-Q
regions and its changes upon enlargement. In the other hand, it should be considered that the
enlargement of the poly-Q region might also affect the structure of the protein functional
domains and even the entire protein (Tobelmann & Murphy 2011). For instance it has been
shown that when inserting an additional poly-Q segment into the helix region of Myglobin,
its structure shows increased proportions of p-structures (Tobelmann & Murphy 2011).
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Therefore, structural studies of the full-length poly-Q proteins could shed light on the
pathogenic mechanisms of poly-Q diseases from molecular structural point of view.

Ataxin-2 and ataxin-3 proteins are two of the best characterized poly-Q proteins (Invernizzi,
Lambrughi, Regonesi, Tortora & Papaleo 2013) and good candidates to perform studies on
the effects of poly-Q segment enlargement on 3D protein structure. They are also quite
different and this diversity may provide generalizable hypotheses to explain the
pathogenicity of poly-Q enlargements. The poly-Q tract of ataxin-2 lies in the N-terminus of
the protein, whereas for ataxin-3 the poly-Q tract lies in the C-terminus (Figure 1). The
threshold of glutamine repeats to trigger disease varies between these two proteins, for
SCA3 there is a large range between normal and abnormal number of repeats with full
penetrance, while this range for SCA2 is non-existent (Magana, Velazquez-Perez & Cisneros
2013), as the normal number of repeats can be up to 31 and individuals with 32 or more
repeats manifest the disease (Shao & Diamond 2007). These differences in the two systems
studied here have the potential to provide some general observations on the effect of poly-Q
enlargement on full 3D protein structure.

Ataxin-2 and ataxin-3 are large proteins with extensive disordered regions, which makes it
difficult to get high-resolution experimental structures of the whole proteins (Nicastro et al.
2005; Wang & Voth 2010). The experimental information available for the 3D structure of
ataxin-2 is limited to the PAM2 domain in a complex with poly-A (Kozlov, Safaee,
Rosenauer & Gehring 2010). The known 3D structures of active domains in ataxin-3 are the
structures of the isolated Josephin domain in the N-terminus of ataxin-3 (Mao et al. 2005;
Nicastro et al. 2005; Satoh et al. 2014) and those of the Ubiquitin Interacting Motif (UIM)
domains located between the Josephin domain and the poly-Q segment (Song et al. 2010).
Computational studies have also been limited to small segments of ataxin-2 and ataxin-3
(Albrecht, Golatta, Wullner & Lengauer 2004; Invernizzi et al. 2013).

In this paper we used these experimental references as guideposts to check the reliability of
3D structure prediction methods, which have also been validated by our previous study
showing that protein 3D structure prediction programs, like I-TASSER (Roy, Kucukural &
Zhang 2010), can successfully predict 3D structures of poly-Q proteins (Wen, Scoles &
Facelli 2014). We also demonstrated that 3D protein structure prediction is a reasonable
approach to study the effect of poly-Q expansion on the structure of full-length poly-Q
proteins like ataxin-2 and ataxin-3.

Using the I-TASSER approach in this paper we report a systematic analysis of how poly-Q
expansion affects the 3D predicted structures of ataxin-2 and ataxin-3. Our results show that
the expansion of the poly-Q tracts affect not only the local structures but also the global
structure of the whole ataxin-2 and ataxin-3 proteins.

Reference sequences and functional domains

Both ataxin-2 and ataxin-3 have different natural variances and splice variants. The reference
sequences used in this study are the longest transcription existing in the available references
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(Albrecht et al. 2004). The reference sequence of ataxin-2 (NCBI GI: 171543895)
corresponds to a large protein with 1313 residues. The poly-Q tract is located in the N-
terminus (Figure 1). Sequence annotations for ataxin-2 indicates that ataxin-2 have three
functional domain/motif(s): the Sm_like motif and LsmAD domain that are located in the N-
terminus, and the PAM2 domain that is located in the C-terminus. Ataxin-3 (Figure 1) is a
smaller protein with 376 residues (NCBI Gl: 215274161). The poly-Q tract lies in the C-
terminus with a Lysine (K) in between the third and fourth glutamine. In this study the
Lysine is accounted as part of the poly-Q tract (Kawaguchi et al. 1994), so the poly-Q tract
starts at residue 292 in the reference sequence. The Josephin domain, one of the important
functional domains in ataxin-3, is located in the N-terminus, which corresponds to the first
182 residues in the reference sequence (Figure 1). The longest transcription of ataxin-3 has
three UIM domains. Two of them, UIM1 and UIM2, lie between Josephin domain and poly-
Q tract, and the third one, UIM3, lies in the C-terminal after the poly-Q tract (Figure 1).
UIM1 expands between residues 224 to 243 (sequence: EDEEDLQRALALSRQEIDME),
UIM2 between residues 244 to 263 (sequence: DEEADLRRAIQLSMQGSSRN), and UIM3
between residues 343 to 360 (sequence: GKACSPFIMFATFTLYLT). There are four records
in the PDB database for the structure of the Josephin domain, 1YZB, 2AGA, 2DOS, and
2JRI. The structures are all from NMR experiments, PDB records 1YZB, 2AGA, and 2DOS
are the native structures of the Josephin domain while 2JRI corresponds to the complexed
structure of the Josephin domain with ubiquitin. The NMR structures of the ataxin-3 UIM1
and UIM2 domains complexed with ubiquitin correspond to the PDB ID: 2KLZ.

In order to study the structural changes as function of the length of poly-Q tract, different
numbers of glutamines were added to or subtracted from the end of poly-Q tract of the
reference sequences to construct ataxin-2 and ataxin-3 sequences with different number of
glutamine repeats. Sequences with a given number of repeats are named X-nQ, where X is
either ataxin-2 or ataxin-3 and n is the number of repeats. For ataxin-2, sequences with
repeats of 14Q, 22Q, and 31Q are normal, whereas repeats of 32Q, 37Q and 79Q are
pathological. Repeats of length 14Q for ATXNZ2 are exceedingly rare but have been observed
in the normal population (Figueroa et al. 2009). ATXN2 with 31 repeats is considered
moderately expanded, and moderate expansions in the ATXN2 gene are associated with
increased risk of ALS (Elden et al. 2010). For ataxin-3, structures with 27Q and 36Q are
normal, whereas structures with 64Q and 75Q are pathological, and those with 48Q and 56Q
were considered intermediate.

3D structure prediction

The I-TASSER suite was used for 3D structure prediction. Because I-TASSER is a template-
based prediction program, structures in the PDB database related to ataxin-2 and ataxin-3
were excluded from the template database to reduce prediction biases. The excluded
structures included four PDB records of the ataxin-3 Josephin domain (PDB: 1YZB, PDB:
2AGA, PDB: 2DQOS, and PDB: 2JRI), one PDB record of Josephin domain in ataxin-3-like
protein (PDB: 3065) and one record of the UIM domain (PDB: 2KLZ) of ataxin-3. The only
PDB record related to ataxin-2, a crystal structure of the PAM2 domain in a complex with
the Mlle domain of Poly-A binding protein (PDB: 3KTR), was not in the I-TASSER
template database. The I-TASSER code was modified to make it capable to generate random

J Biomol Struct Dyn. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 5

seeds under user control, making it possible to generate a large ensemble of representative
structures (Wen et al. 2014). For each sequence with a given number of repeats, I-TASSER
structure predictions were obtained for ten different random seeds for ataxin-3, but
considering the much higher computational cost, only five runs were done for each sequence
with a given number of repeats of ataxin-2. The best five 3D models of each run were
retained, leading to a total ensemble of 50 structural models for each sequence with a given
number of repeats of ataxin-3 and 25 structural models for each sequence with a given
number of repeats of ataxin-2.

Secondary structure

Secondary structures of each predicted model were calculated using the Dictionary of
Protein Secondary Structure (DSSP) program (Kabsch & Sander 1983). Secondary
structures calculated by the DSSP program are classified in an 8-state secondary structure
description, including a-helix (H), B-bridge (B), strand (E), 3-helix (G), 5-helix (1), turn (T),
bend (S), and coil (C). The 8-state secondary structure elements were mapped to a 3-state
secondary structure description using the following rules: 1) H, G and | were mapped to
helix (H); E and B were mapped to strand (E); S, T, and C were mapped to coil (C). For
better visualization of the secondary structure patterns, WebLogo 3.0 (Crooks, Hon,
Chandonia & Brenner 2004) was used to plot secondary structure logos for models/
structures with the same sequence. In these plots the overall height of the stack indicates the
degree of conservation of the secondary structure at that position, and the height of the
symbols within the stack indicates the relative frequency of each secondary structure type at
that position.

3D structure visualization

The 3D structures and the 3D structure superpositions were visualized using the UCSF
Chimera software, which is free program for visualization of biomolecules (Pettersen et al.
2004).

3D structure comparison

TM-align (Zhang & Skolnick 2005), a 3D structure comparison software, was used for 3D
structure alignment, and TM-scores were calculated to compare the structure similarity
(Zhang & Skolnick 2004). A TM-score between the two compared structures greater than
0.5 was used to infer that the two structures belong to the same structure folding class
(Zhang & Skolnick 2004).

Statistical analysis

All the results presented here refer to the averages over the structural ensembles described
above. This is very important because such ensemble calculations should be considered
much more representative of the structures of these proteins, which are known for their
configurational heterogeneity, than the results of a single 3D structure prediction calculation.
To assess significance, the Student’s t test was applied to data with normal distributions. The
significant level was set at 0.05. All the statistical work was done using the R environment,
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which is a free software environment for statistical computing and graphics (R Development
Core Team 2011).

Results

Structures of ataxin-2

Ataxin-2 models exhibit a mix of p-structures (~15%) and coils (~75%), with only a very
small proportion of helical structures (Figure 2). However, the models of ataxin-2-79Q show
a significant increase of helical structures and decrease of coil structures which is
statistically significant (p < 0.05). It is also noteworthy that the model structures for
ataxin-2-79Q show a much larger diversity, as indicated by the larger standard deviation in
their secondary structure. Most of the models predicted for ataxin-2 did not fold into
globular structures, a trend that was observed for all sequences studied here regardless of the
number of poly-Q repeats. This is consistent with the hypothesis that proteins with
sequences of low complexity are associated with intrinsically unstructured proteins (Tompa
2002).

Structures of poly-Q and flanking regions in ataxin-2

The secondary structure distributions of the poly-Q region in ataxin-2 for models with
different number of poly-Q repeats are depicted in Figure 3. The poly-Q regions show a
similar secondary structure pattern than the entire protein, but it is observed a small decrease
in the proportion of helical structures. In general, it appears that there is a greater diversity of
secondary structures (larger standard deviations) in the poly-Q region than in the entire
protein. Poly-Q regions in ataxin-2-31Q and ataxin-2-32Q do not have any helical structures
but a slight increase of helical structures is observed in the structures corresponding to
proteins with larger number of poly-Q repeats (Figure 3).

All the models studied here show B-hairpins within the poly-Q regions except ataxin-2-13Q.
Some of the B-structures in the proximity of the poly-Q region formed p-sheet
conformations either inside or including outside residues of the poly-Q region. p-sheet
conformations completely inside of the poly-Q regions were observed only for models
corresponding to pathological number of repeats, ataxin-2-32Q and ataxin-2-79Q.

The secondary structure of 25 residues before and after the poly-Q regions were extracted
from the full-length models for further analysis. The secondary structure logo analysis is
depicted in Figure 4. Compared with the full-length models, the flanking regions tend to
show less helical structures (with statistical significance, p smaller than 0.01 in all cases) in
ataxin-2-13Q, ataxin-2-22Q, ataxin-2-31Q and ataxin-3-32Q and marginal significance in
ataxin-2-37Q and ataxin-2-79Q (p = 0.073 and p = 0.078, respectively). The flanking
regions tend also to show less B-structures for all poly-Q track lengths considered here.
While the secondary structure logo from Figure 4 does not provide any clean cut difference
between the structures corresponding to normal and pathological number of repeats, it is
apparent that there is marked increase of the diversity of structures in the ensembles as the
number of poly-Q repeats increases.
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Structures of functional domains of ataxin-2

The effect of the enlargement of the poly-Q segment on the structures of the known
functional domains, Sm_like, LsmAD and PAM2, of ataxin-2 were also studied. From
Figure 5, it is apparent that the secondary structure of these domains show some common
patterns, but substantial changes can be observed as the length of the poly-Q repeat segment
changes.

Sm_like domain—The models predicted for the Sm_like domain are dominated by loops
with a few strands (Figure 5). Compared with the secondary structure proportions of the full-
length ataxin-2, the Sm_like domain tends to have less p-structures and more loops. Very
few helical structures appear in the Sm_like domain and the helix structures are concentrated
in the N-terminus of the Sm_like domain, a trend that is the same among all the models with
different number of repeats. The Sm_like domain in the ataxin-2-79Q models has more
helical structures, in average, than the models corresponding to structures with less number
of repeats. The Sm_like domain in ataxin-2-31Q has the largest proportion of helical
structures for models with a normal number of repeats, but the structure patterns of Sm_like
domain in ataxin-2-31Q and ataxin-2-79Q were different (Figure 5). Several models of
ataxin-2-31Q have a small helical region near middle of the Sm_like domain, whereas for
ataxin-79Q, several models show long a helical region in the C-terminus. The ataxin-2-37Q
results also show some models for which helical structures in the C-terminus of Sm_like
domain are present.

LsmAD domain—~For all the models considered here the LsmAD domain of ataxin-2 is
dominated by loops independent of the length of the poly-Q segment, but compared with the
full-length protein the LsmAD domain has more helix structures, with an average of 13.92%
among all models considered here. The helical structures are predominately in the middle of
the LsmAD domain and the relative frequency of helical structures in the middle of the
LsmAD domain decreases as the number of repeats increases. Helical regions are more
conserved in ataxin-2-13Q and ataxin-2-22Q than those in ataxin-2-37Q and ataxin-2-79Q.
The LsmAD domain of several ataxin-2-79Q models has helical regions in the C-terminus of
the domain, the pattern of which is not shown in models with other number of repeats.

PAM2 domain—The PAM2 domain lies in the C-terminal of ataxin-2 protein, and it is
farther from the poly-Q region than any of the other two functional domains in the protein.
Almost all of the PAM2 domains in the predicted models present only structures of B-strands
and helices, except for five ataxin-2-79Q models in which the PAM2 domain is dominated
by helical structures. For the PAM2 domain models the proportion of p-strand/bridge
decreases significantly as the number of repeats increases, whereas the proportion of loops
increases. The differences in the proportion of loops between ataxin-2-13Q and
ataxin-2-22Q models is marginally significant (p=0.09), but the ataxin-2-31Q models have
significantly more coils than those of ataxin-2-13Q and ataxin-2-22Q. The proportion of
loops in the models corresponding to pathological lengths of the poly-Q track decreased as
the number of repeat increased. Although the proportion of B-strand/bridge and coils among
ataxin-2-22Q, ataxin-2-32Q and ataxin-2-37Q are similar, the structural patterns among
them are different. Most positions in the PAM2 domain of the ataxin-2-32Q and
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ataxin-2-37Q models can form B-bridges whereas only three positions in ataxin-2-22Q
formed a p-bridge (Figure 5).

Overall structures of ataxin-3

The structures of the ataxin-3 models are more compact than those of ataxin-2 (Figure 6).
The ataxin-3 models are dominated by helices and coils and only a small proportion of the
residues form B-structures (Figure 7). There were some significant differences among the
models with normal number of repeats (ataxin-3-27Q and ataxin-3-36Q) and those with
pathological number of repeats (ataxin-3-64Q and ataxin-3-75Q). In average, models with a
pathological number of repeats have more helical conformations and less p-structures and
coils than the models corresponding to a normal number of repeats. Moreover, the diversity
of the model structures increase with increasing the number of repeats as measured by the
increase in the standard deviation (Figure 7). All these differences are statistically
significant.

Structures of poly-Q and flanking regions in ataxin-3

The poly-Q regions of the ataxin-3 models studied here have similar features independent of
the number of repeats (Figure 8). All ataxin-3 poly-Q regions are dominated by helices in a
proportion much higher than for the full-length models (p < 0.05). There are very few
residues forming p-structures and their numbers are in average much lower than for the full-
length models. The poly-Q flanking regions of ataxin-3 are also dominated by helices, but
the flanking regions with a pathological number of repeats have more helices than those with
normal repeats in average (p < 0.05). When compared with the full-length models, the
flanking regions of the ataxin-3-27Q, ataxin-3-36Q, ataxin-3-48Q, and ataxin-3-56Q models
have less helices, less p-structure, and more loops whereas flanking regions of the models of
ataxin-3-64Q and ataxin-3-75Q have different patterns. Ataxin-3-64Q have more helix, less
B-structure and less loops and ataxin-3-75Q have less helix, more B-structure and less loops.

Comparison of the experimental and predicted structures of the isolated Josephin domain

The secondary structure patterns of the different PDB structures of this domain are highly
conserved (Figure 9 (a), (b), (c) and (f)) with seven helical regions and six B-structure
regions, but also in some regions some noticeable secondary structure diversity is observed
among different PDB structures. Comparison of these 3D structures, show that the PDB
structures are very similar with TM-scores ranging from 0.9895 to 0.6155, for every possible
pairwise comparison. The structure of the Josephin domain is noticeable changed when
complexed with ubiquitin (Figure 9 (f)), with the 2JRI complexed structure showing more
hydrogen bonded turns (T) than the native models. Changes can also be observed in the first
and second helical regions, as some hydrogen bonded turns (T) shown in these two regions
whereas in the native structure these residues are conserved as helix.

The structure of the isolated Josephin domain, the first 182 residues in ataxin-3, was
predicted by I-TASSER using the procedures discussed above. The secondary structure of
the I-TASSER models show good agreement with the secondary structure patterns of the
PDB structures (Figure 9 (e)), showing also the seven helical regions and some of the p-
structure regions observed in the experimental structures. The I-TASSER models also
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reproduce well the experimental 3D structure of the Josephin domain, of the 3,000
superimposed structure pairs between experimental and predicted structures, the TM-scores
of 2,757 of these pairs are greater than 0.5, with the highest TM-score being 0.638 (Figure
10). Only 35 pairs have TM-score smaller than 0.3, and this corresponds to only one of the I-
TASSER models. This provides a strong justification for using the proposed simulation
method, I-TASSER, to study the structure of poly-Q proteins.

Josephin domain in ataxin-3 with different poly-Q repeats

The secondary structure of ataxin-3 Jospehin domain, embedded in the full protein structure
and predicted by the I-TASSER models for different number of poly-Q repeats are compared
in Figure 11. While these structures show similarities to the predicted isolated structure of
the domain (Fig 9 (e)) it is apparent that inclusion of the domain in the overall protein
produces observable changes and therefore different distribution of secondary structures can
be expected between an isolated and embedded functional domain. The predicted structures
present conserved regions, with seven helix regions which is the same as in the isolated
Josephin domain PDB native isolated structures and the corresponding predicted models.
The locations of each of the helical regions are almost the same as in the PDB structures
among all the ataxin-3 models with different number of repeats, but the length of the helical
regions are different than in the PDB structures and the models of the isolated domain. The
extended strand structures (E) are less prominent in the ataxin-3 Josephin I-TASSER models
than those of PDB structures and ataxin-3-75Q and ataxin-3-64Q models have much less
extended strands than the structures with less number of repeats. It is also observed that the
N-terminal region is much less conserved, with less coil structures and less p-strands in the
structures corresponding to a pathological number of repeats.

UIM domains in ataxin-3 with different poly-Q repeats

The secondary structure of the UIM1, UIM2 and UIM3, I-TASSER models with different
number of repeats are depicted in Figure 12. Both UIM1 and UIM2 domains are dominated
by a-helix structures, and these two UIM domains tend to form tandem helical structures,
with two helical regions connected by a flexible region with loops and bends in most of the
models (Figure 13 (a)—(f)), which is consistent with the solution structures in the work of
Song and coworkers (Song et al. 2010) (Figure 13 (g)). The linking region makes the helix-
coil-helix flexible conformation with the two helix regions forming diverse angles. The
agreement between the experimental and predicted structures is depicted in Figure 14.

The UIM1 models with pathological repeats have more helix and less loops than those with
normal repeats (Figure 12 (a)). For the UIM2 domain, the secondary structure distribution of
all models is similar (Figure 12(b)) and does not follow recognizable trend with the
enlargement of the poly-Q segment.

The flexible connection region linking the UIM1-2 domains get shorter as the number of
repeats reaches the pathological range. For residue 240 to residue 243, few helices are
observed for models with repeat numbers of 27Q (Figure 13 (a)), 36Q (Figure 13 (b)) and
even for the intermediate values of 48Q (Figure 13 (c)) and 56Q (Figure 13 (d)). However,
for models with a number of repeats in the pathological range, these four residues show the
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ability to form helical structures with their neighbor residues, and make the two UIM1-2
domains to form one long helical structure (Figure 13 (e), ().

Secondary structures of UIM3 domains are more flexible with half of the residues forming
loop structures in almost all models independently of the number of repeats (Figure 12 (c)).
Models with 75Q have the highest percentage of loops with the lowest percentage of helical
structures in the regions than models with other repeats. Although they show similar
proportions of each secondary structure types, the patterns of secondary structures can be
different among the UIM3 domains in ataxin-3 with different number of poly-Q repeats. For
example, the UIM3 domain form a helical structure in the middle of the domain except for
ataxin-3-75Q, and the helical regions in some ataxin-3-64Q models are shorter than in the
models corresponding to a normal and intermediate number of repeats. Only the UIM3
domains in ataxin-3-64Q and ataxin-3-75Q can form helical structures in the N-terminus
with the flanking regions.

Although the proportion of p-structures in UIM3 of ataxin-3-36Q and ataxin-3-75Q are
similar, the whole structures in which the B-structures are embedded are different (Figure
15). For ataxin-3-36Q, the structures are compact (Figure 15(a)—(c)), whereas for
ataxin-3-75Q the structures form into helical bundle structures (Figure 15 (d) and (e)) which
are not found in normal and intermediate repeats.

Discussion

Our results show that both ataxin-2 and ataxin-3 have the ability to fold into diverse 3D
structures, but they have very different structural properties and fold into different 3D
structures. Ataxin-2 is a large proteins with low sequence complexity and our results are
consistent with previous observations that indicate that structures of low sequence
complexity tend to be unstructured (Tompa 2002). Most of ataxin-2 models are non-
globular, with the only exception being the helical structures of ataxin-2-79Q. Ataxin-3
forms helical structures that dominate the globular structures found here for the any of the
lengths of the poly-Q tracts. The models with longer repeats (ataxin-3-64Q and
ataxin-3-75Q) tend to have more helical structures in the whole structures than those with a
normal number of repeats (ataxin-3-27Q and ataxin-3-36Q). This is also true for ataxin-2
models with the largest number of repeats, ataxin-2-79Q, for which we also found a higher
number of helical structures. We can conclude that this tendency is not dependent on the
location of the poly-Q segment, because for ataxin-2 the poly-Q is located in the N-terminus
whereas it is in the C-terminal ataxin-3. Our results are also consistent with the experimental
results (Tobelmann & Murphy 2011) that show that inserting a poly-Q tract into the N-
terminal of myglobin increases the number of helix in the experimental structures of
myglobin. It is also apparent that the folding of the poly-Q regions of ataxin-2 and ataxin-3
are quite different. In the first, these regions are dominated by coils, where in ataxin-3 are
dominated by helical structures. These results provide evidence that the folding of the poly-
Q track is highly dependent of the protein context, which may indicate that structural studies
of isolated poly-Q segments may not be informative on its properties when incorporated into
a larger protein structure. For both ataxin-2 and ataxin-3 the length of the poly-Q regions not
only affects the structures of this region and corresponding flanking regions, but also affects
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significantly the structures of protein regions far away from the poly-Q tract. There are also
substantial conformation changes observed in the functional domains of the proteins studied
here, when the length of the poly-Q track changes.

The results presented here show that the predicted structures agree well with the limited
structural information available for ataxin-3, supporting the use of protein structure
prediction methods to study molecular mechanisms of poly-Q diseases. Moreover, as
discussed above the enlargement of the poly-Q segment produces both local and remote
structural changes in ataxin-3. In particular, significant changes are observed for all the
active domains of ataxin-3, the Josephin and UIM1,2 domains, but because the functional
mechanisms of the UIM1,2 are better established it is possible for us to relate our
computational findings to possible mechanistic changes in the function of the UIM1,2
domains that could lead to pathogenesis.

The ubiquitin binding properties of ataxin-3 are associated with its normal function into the
protein surveillance pathway (Gomez-Sicilia, Sikora, Cieplak & Carrion-Vazquez 2015; Sun
et al. 2015). The solution structures of isolated ataxin-3 UIM1 and UIM2 show that they are
dominated by helical structures with the two UIM domains linked by unstructured linker
regions (Song et al. 2010). Our predicted structures show a similar secondary structure
pattern for the ataxin-3 wild type. Different from other ubiquitin binding domains, the
ataxin-3 UIM tandem have very short linkers between the UIM1 and UIM2 domains and the
two UIM domains cooperate in the ubiquitin binding (Song et al. 2010), for which the
flexible linker regions play an essential role. However, predicted structures with a
pathological number of repeats, ataxin-3-64Q and ataxin-3-75Q, show that this unstructured
flexible region is changed to a more structured helix, making in practice the UIM1-2
domains an extended helical structure. This structural change could affect the normal
ubiquitin binding function by losing the essential secondary structure features needed for
effective binding. It has been proposed that ataxin-3 is cleaved by proteolytic enzymes, in
particular by caspases and calpain, and several cleavage sites have been discovered both /n
vitroand in vivo (Berke, Schmied, Brunt, Ellerby & Paulson 2004; Darnell, Orgel, Pahl &
Meredith 2007; Simoes et al. 2012; Hubener et al. 2013; Kim 2014). Some of these possible
cleavage positions lie within the UIM domains, residues 241, 244 (Berke et al. 2004), and
260 (Hubener et al. 2013). Our prediction results show a great deal of structural change in
the region between residue 240 and residue 243, in which most of the structures in the
proteins with normal (27Q and 36Q) and intermediate (48Q and 56Q) number of repeats
show coils and bends, flexible structures that provide a convenient space for the incision of a
caspase to cut the proteins. However, structures with longer poly-Q segments have a
tendency to form helical structures for these proteolysis sites (residues 241 and 244), which
might impede the approach of the caspase therefore precluding the subsequent cleavage of
the protein. This is consistent with results showing that ataxin-3 with a pathological poly-Q
tract (ataxin-3-72Q) was proteolyzed to a much lesser extent than the ones with normal
repeats (ataxin-3-6Q and ataxin-3-26Q) (Kim 2014). In their /n vitro experiments,
ataxin-3-72Q was cleaved into longer fragments by caspase indicating that ataxin-3 with
pathological poly-Q repeat might lost the caspase cleavage sites in the UIM1-2 domain. The
conformational changes in the UIM domains induced by the enlargement of the poly-Q
segment found here are consistent with the experimental findings and support the argument
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that the structural modification changes the binding affinity of the proteolytic enzymes, and
results in different cleavage fragments of ataxin-3 with pathological repeats. The cause of
the structural modification of the functional domains, especially at the molecular level, is a
very important question but our current calculation do not provide sufficient information for
a defensible discussion. Future studies using ab initio 3D structure prediction methods in
atxin-2, ataxin-3 and other proteins related to polyQ diseases may be able to provide a
greater insight on this matter.

Conclusions

Poly-Q regions can fold into diverse structures in ataxin-2 and ataxin-3 and their structures
depend on the context sequences in which poly-Q are located. This may be an indication that
studies on the structure of isolated poly-Q tracks are not informative on their properties
when incorporated into larger proteins. The enlargement of the poly-Q regions can affect not
only the local structures, like the poly-Q flanking regions, but also regions far away from it,
such as the functional domains and even the global structures of the protein. So in future
studies it is important to consider the entire protein structures and not fragments amenable to
experimentation, as results in small fragments may not be informative of the structural and
functional changes induced by the enlargement of the poly-Q segment. While our studies did
not find a clearly identifiable cause of pathogenesis due to structural changes upon
enlargement of the poly-Q track, there is evidence that structural ensembles corresponding to
the models with the larger number of repeats are more diverse with less structural
conservation. This observation is consistent with the hypothesis of a pathogenic mechanism
associated with increase propensity to protein aggregation. The structural changes, upon
poly-Q segment enlargement, predicted for the UIM1-UIM2 tandem are consistent with
existent experimental evidence and argue for a possible mechanism for pathogenesis due to
inhibition of proteolysis due to a drastic structural changes in known cleavage sites.
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Figure 1.
Protein architectures of ataxin-2 and ataxin-3. The poly-Q region and functional domains are

illustrated as squares. Location of functional domains are listed as residue index in the
reference sequences, NCBI GI: 171543895 and NCBI Gl: 215274161, respectively.
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Secondary structure distributions of ataxin-2 models. The error bars indicate the standard
deviations of the percentage value observed in the overall ensemble of structures studied

here.
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Secondary structure distributions of poly-Q region in ataxin-2 with different repeats
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Figure 3.
Secondary structure distributions of poly-Q region in ataxin-2 models. The error bars

indicate the standard deviations of the percentage value observed in the overall ensemble of
structures studied here.
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Figure 4.
Secondary structure logo of poly-Q tract and 25-residue flanking regions of ataxin-2 with

different number of poly-Q repeats. H = alpha helix; B = residue in isolated beta-bridge; E =
extended strand, participates in beta ladder; G = 3-helix (3/10 helix); I = 5 helix (pi helix); T
= hydrogen bonded turn; S = bend; C = coil.
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Figureb.

Secondary structure logo depiction of the active domain of ataxin-2, Sm_like, LsmAD, and
PAMZ2, for models with different poly-Q segment lengths. H = alpha helix; B = residue in
isolated beta-bridge; E = extended strand, participates in beta ladder; G = 3-helix (3/10
helix); 1 = 5 helix (pi helix); T = hydrogen bonded turn; S = bend; C = coil.
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(b)

Figure 6.
Exemplar structures of ataixn-3. (a) ataxin-3-27Q, and (b) ataixn-3-75Q. The Poly-Q region

is depicted in red.
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Secondary structure distributions ataxin-3 with different repeats
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Figure7.
Secondary structure distributions of ataxin-3 models. The error bars indicate the standard

deviations of the percentage value observed in the overall ensemble of structures studied
here.
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Secondary structure distributions of poly-Q region in ataxin-3 models with different repeats
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Figure8.
Secondary structure distributions of poly-Q region of ataxin-3 models. The error bars

indicate the standard deviations of the percentage value observed in the overall ensemble of
structures studied here.
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Figure.
Secondary structure elements patterns of different Josephin domain models. (a) PDB

structures: 1YZB; (b) PDB structures: 2AGA,; (c) PDB structures: 2DOS; (d) PDB structures
of 1YZB, 2AGA, and 2DOS; (e) I-TASSER models; (f) PDB structures: 2RJI. H = alpha
helix; B = residue in isolated beta-bridge; E = extended strand, participates in beta ladder; G
= 3-helix (3/10 helix); | = 5 helix (pi helix); T = hydrogen bonded turn; S = bend; C = coil;
M = missing values.
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Figure 10.
Structure superimposition of the best I-TASSER — PDB structure comparison of isolated

Josephin domain with the highest TM-score. Tan: I-TASSER mode, sky blue: PDB: 2DOS
model 2. Structure alignment and visualization are from UCFS Chimera.
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Figure 11.
Secondary structure patterns of ataxin-3 Josephin I-TASSER models. From the top to the

bottom, they are Josephin domain from ataxin-3 with 27Q, Josephin domain from ataxin-3
with 36Q, Josephin domain from ataxin-3 with 48Q, Josephin domain from ataxin-3 with
56Q, Josephin domain from ataxin-3 with 64Q, and Josephin domain from ataxin-3 with
75Q. H = alpha helix; B = residue in isolated beta-bridge; E = extended strand, participates
in beta ladder; G = 3-helix (3/10 helix); | = 5 helix (pi helix); T = hydrogen bonded turn; S =
bend; C = coil; M = missing values.
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Page 27
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Secondary structure percentage of UIM domains. (a) UIM1, (b) UIM2, and (c) UIM3 for
different poly-Q lengths. The error bars indicate the standard deviations of the percentage

value observed in the overall ensemble of structures studied here.
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UIM1-2 domain of ataxin-3-27Q
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Figure 14.
Structure comparison of rigid helix-coil-helix UIM1-2 predicted structures with PDB ID:

2KLZ. Tan: PDB record, PDB ID: 2KLZ, ensemble of UIM domain complexed with
Ubiquitin the. C-terminal of this record is capped with poly-Q which shows random coil
here. Sky blue: the best matched predicted model from ataxin3-27Q.
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Figure 15.
Full-length protein structure of ataxin3-36Q and ataxin-3-75Q. (a) ataxin-3-36Q UIM3 with

B-sheet in the N-terminal. (b): ataxin3-36Q UIM3 with B-sheet in the C-terminal. (c):
ataxin-3-36Q UIM3 domain with loop. (d) and (f): 3-75Q models with UIM3 form into
hairpin. Orange: Josephin domain; Green: poly-Q; Red: UIM12 domain; Blue: UIM3
domain.
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