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ABSTRACT
In this paper, we report the results of molecular dynamics simulations of AXH monomer of Ataxin-1. The AXH domain
plays a crucial role in Ataxin-1 aggregation, which accompanies the initiation and progression of Spinocerebellar ataxia type
1. Our simulations involving both classical and replica exchange molecular dynamics, followed by principal component analysis of the trajectories obtained, reveal substantial conformational fluctuations of the protein structure, especially in the Nterminal region. We show that these fluctuations can be generated by thermal noise since the free energy barriers between
conformations are small enough for thermally stimulated transitions. In agreement with the previous experimental findings,
our results can be considered as a basis for a future design of ataxin aggregation inhibitors that will require several key conformations identified in the present study as molecular targets for ligand binding.
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INTRODUCTION
Spinocerebellar ataxia type 1 (SCA1) is an inherited neurodegenerative disease belonging to the class of polyglutamine (polyQ) diseases. In fact, it is well established that
SCA1 is mainly caused by polyQ expansion in Ataxin-1
(ATXN1), a nuclear protein constituted by 820 residues.1
However, parallel to the well-established correlation
between polyQ expansion and disease onset and severity,2
other findings have demonstrated the importance of the
AXH domain of ATXN1 in both modulating the development of the disease and influencing the aggregation process.3–6 The structure of the AXH domain, the only
globular region so far identified in ATXN1, is an asymmetric homodimer,1 whose interface is characterized by 20residue motifs, which mutually adapt, but are different.7
Recent findings have shown that ATXN1 aggregation is
strongly reduced by replacement of AXH domain with the
homologous sequence of the transcription factor HBP1,5
confirming the important role of AXH in modulating the
aggregation mechanism. Moreover, it was reported that
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the isolated AXH has the tendency to misfold and aggregate into fibers without any destabilizing factor, such as
temperature increase or chemical denaturants.5
AXH plays a key role in physiological functions of
ATXN1. It is involved in most of the known interactions
that ATXN1 forms with other proteins, suggesting that it
could fold as an independent domain and forms a novel
protein–protein and RNA recognition motif.8
The fact that AXH is an unusual chameleon protein
representing the first known example of the existence of
alternative conformations,9 has made the AXH domain
the object of several experimental studies aimed at
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characterizing its behavior in solution under different
conditions.1,7,8,10–12
The emerging picture is that the AXH domain shows
different structural properties leading to asymmetric
dimeric interfaces.9 More in depth, despite the wellpreserved tertiary and quaternary structure, the AXH
domain is characterized by local structural plasticity at the
N-terminal regions of each monomer, which is involved in
the dimer interface.9 Moreover, it was reported that the
dimer appears to be the predominant AXH species in solution,10 unlike the homologous sequence HBP1, which is a
monomer.8 While the existence of the AXH monomeric
species has already been demonstrated, the conformational
stability of the AXH monomer (hereinafter called AXHm)
in solution is a debated issue.9 Previous works have also
highlighted that the monomer is unstable in water with a
tendency to aggregate.9 Recently, it was demonstrated that
the extraordinary structural plasticity of the AXHm plays
an essential role in determining the equilibrium between
the physiological and pathological interactions of ATX1.13
Despite the large number of experimental studies focused
on the AXH domain, a similar effort has not been put on
the side of molecular modelling to investigate structural
and dynamics of ATHm till now. However, molecular modeling, and in particular molecular dynamics has been
widely demonstrated to provide important or even exceptional insights to better understand molecular mechanisms
at the basis of subcellular phenomena,14–21 such as the
ones that drive protein aggregation and protein misfolding
in neurodegenerative diseases.20,22
This article reports on the first molecular dynamics
investigation of AXH monomer conformational properties and dynamics. We made use of both biased and
unbiased MD techniques. Whereas classical MD simulation have revealed the extensive conformational fluctuation of the N-terminal tail of the AXH monomer in
solution, replica exchange molecular dynamics (REMD)
provided a better sampling of the AXHm state space and,
the estimation of the free energy landscape characterizing
the AXHm conformational changes. In the present study,
we have paid particular attention to the dimensionality
reduction of the MD trajectories, applying the widely
used principal component analysis (PCA) to elucidate
the large-scale molecular phenomena characterizing the
AXHm folding pathway. Surprisingly with respect to previous hypothesis, our results depict the AXH monomer
as a relatively stable structure with, in general, highly
conserved domains except for the N-terminal tail switching among several arrangements.
MATERIALS AND METHODS
Classical molecular dynamics

The AXH monomer model coordinates ware extracted
from the recently refined structure of the AXH domain9

(for consistency with previous literature,9 residue numbering refers to the UniProtKB/Swiss-Prot entry No.
P54253 1 1). The system was fully solvated in explicitly
modeled water23 where the minimum distance between
the protein and the edge of the box was 1.2 nm. The net
charge of the system was neutralized by the addition of
Cl2 and Na1 ions. The above mentioned system
(20,000 interacting particles) was first minimized by the
steepest descent energy minimization algorithm followed
by two preliminary position restraint MD simulations of
100 and 50 ps in NPT and NVT ensemble, respectively.
The production run was performed for 1 ms in the NVT
ensemble. GROMACS 4.6 package has been used for all
MD simulations and data analysis.24 AMBER99-ILDN
force field25,26 was used to define the protein topology,
since its ability to provide an accurate description of
protein conformational ensembles was widely demonstrated.25,27 The TIP3P model28 was used for representing water molecules. Electrostatic interactions were
calculated at every step with the particle-mesh Ewald
method with a short-range electrostatic interaction cutoff
of 1.2 nm. A cutoff of 1.2 nm was also applied to Lennard–Jones interactions. The LINCS algorithm29
approach has allowed an integration time step of 2 fs.
The GROMACS v-rescale thermostat30 was used to keep
simulation temperature constant at 310 K. The visual
molecular dynamics (VMD)31 package was used for the
visual inspection of the simulated systems. Dedicated
GROMACS tools were used for a quantitative analysis in
terms of root-mean-square deviation (RMSD) and rootmean-square fluctuation (RMSF). Analysis of secondary
structure (SS) dynamics was performed by applying the
STRIDE software.32,33 Ramachandran plots, produced
using PROCHECK,34 were used for better insight into
the atomistic changes of the AXH residues.
Replica exchange molecular dynamics and
cluster analysis

REMD35 was applied to explore the conformational
ensembles of the AXH domain. In particular, 64 replicas
were simulated for temperatures ranging from 310 to
480 K. Temperatures were distributed across the replicas
in a geometric progression, i.e., with the same ratio used
to scale each temperature from the one below it, keeping
the overlap of the potential energy distributions constant
across the temperature space (Supporting Information
Fig. S1). The resulting exchange probability was 0.4. The
exchange of replicas was attempted every 1 ps. This time
interval was chosen to be large enough compared to the
coupling time of the heat bath (s 5 0.1 ps). Each replica
was simulated for 50 ns, obtaining a cumulative simulation time of 3.2 ms. To obtain the canonical average of
each physical quantity at a specific temperature, the
computational data were analyzed as time average over
all trajectory steps corresponding to the chosen
PROTEINS
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Figure 1
(a) C-alpha/C-alpha root mean square deviation (RMSD) calculated over the classical MD trajectory. The stability regions of the RMSD plot are
highlighted by circles. For each stability point (I, II, III, and IV), the corresponding AXH monomer conformation is represented on panel c. (b)
Root mean square fluctuation (RMSF) calculated over the classical MD trajectory of the AXH monomer in water. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

temperature, as usually done in REMD.36 Structure
based clustering approach has been carried out to get
insight into likeliness of AXH N-ter arrangements. GROMOS approach,37 implemented in GROMACS package,
was applied to the replica exchange molecular dynamics
trajectory at 310 K.
Principal component analysis and free
energy reconstruction

Principal component analysis (PCA) was applied to
reduce the dimensionality of the system, elucidating
large-scale and low-frequency modes, respectively, thus
yielding collective motions directly related to a specific
molecular event.38 After the alignment of the AXHm Calpha Cartesian coordinates, the covariance matrix was
calculated and diagonalized. To estimate the free energy
landscape of the AXHm, the first two eigenvectors
derived from the PCA were used as reaction coordinates.
The corresponding free energy surface along the 2dimensional space V 5 (pca1,pca2) is given by:
DGðV Þ52Kb T 3½lnPðV Þ2lnðPmax Þ

(1)

where P(V) is the probability distribution obtained from
the histogram of the computational data taken from the
MD trajectory. Pmax, representing the maximum of the
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distribution, was used to ensure that DG 5 0 for the
lowest free-energy minimum.
RESULTS
Classical MD

A MD simulation of 1 ms was performed to analyze
the AXHm structural properties in solution. The Calpha-C-alpha RMSD reported in Figure 1(a), shows that
the AXHm undergoes several conformational transitions
until the stability is reached (from 600 to 1000 ns). Analyzing the RMSF of the AXHm residues [Fig. 1(b)], it is
possible to identify the N-terminal domain (residues
Ala565-Ile580) as mainly responsible for the protein conformational fluctuations mentioned above (RMSF5
1.5 nm). The visual inspection of the AXHm conformational states corresponding to the stability region of the
RMSD plot [reported in Fig. 1(a)] are shown in Figure
1(c), confirming the leading role of the N-terminal
domain as responsible for the conformational fluctuation
of the AXHm. In greater detail, once the RMSD stability
is reached (from 600 to 1000 ns), the N-terminal tail
(Ala565-Pro568) is packed against Gly680-Leu688 and
Asp608-Glu620 [Fig. 1(c), IV]. Figure 2 shows the
AXHm secondary structure probability, calculated by
averaging the 4 monomer configurations taken from

AXH Conformational Fluctuations

(Supporting Information Fig. S2), providing support for
the model’s correctness.
Replica exchange molecular dynamics

Figure 2
Secondary structure probability calculated over the monomer conformation taken from APT (as average), the classical MD simulations at
the equilibrium, and REMD ensemble at different temperature.

4APT9 and 400 configurations taken every 1000 ps from
the MD equilibrium trajectories (from 600 to 1000 ns).
The protein secondary structure resulted to be highly
conserved, with the exception of a2 and partially
a3, both characterized by an intrinsic tendency of helixcoil transition in water environment. [mt]99% of the
protein residues were found in the most-favoured and
additional-allowed regions of the Ramachandran plots

From the REMD simulations, (i) all the temperatures
were explored numerous times by each replica and (ii)
acceptance ratios of more than 0.4 were obtained. The
computational data were analyzed as time averages over
all trajectory steps corresponding to a specific temperature, as is usually done in REMD,36 to study the conformational variation of the AXHm at that temperature.
Interestingly, it was observed that the AXHm secondary
structure is highly conserved in the temperature range
from 310 to 450 K, with the exception of a2 and (partially) a3, confirming data coming from the classical MD
trajectory.
The application of the principal component analysis
(PCA) allowed to highlight the large-scale and lowfrequency modes mainly related to a specific protein
conformational change. After the alignment of the
AXHm C-alpha atoms, the MD trajectory at 310 K was
filtered to show only the motion along the first and second eigenvector, calculated by the covariance matrix
diagonalization. The AXHm RMSF calculated over the filtered trajectory (Figs. 3 and 4) clearly shows that, as
expected, the first and second PCA eigenvectors are able
to effectively describe the conformational changes of the
N-terminal region (RMSFPCA1 5 0.9 nm and RMSFPCA2 5
0.5 nm). The free-energy landscape of AXHm was
calculated by applying [Eq. (1)] to the probability distribution of the projections along PCA1 and PCA2 taken
from the REMD trajectory at 310 K. Thus, the free
energy landscape shown in Figure 5 is reported in a 2dimensional space E 5 (pca1, pca2), where several free
energy wells can be identified.

Figure 3
(a) and (b) Visual inspection of the extreme extensions along the first principal component eigenvector; (c) root mean square fluctuation calculated
over the classical MD trajectory filtered on the first principal component eigenvector. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4
(a) and (b) Visual inspection of the extreme extensions along the second principal component eigenvector. (c) Root mean square fluctuation calculated over the classical MD trajectory filtered on the second principal component eigenvector. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

A structure based clustering approach to get insight
into other possible AXHm conformational states, was
applied to the REMD trajectory at 310 K (Fig. 6). The
most populated clusters are represented in Figure 6,
whereas clusters characterized by a percentage population
lower than 2% over the whole trajectory steps have not
been considered. Clusters A,B, C, and D are the most
populated and refer to 4 N-ter different arrangements.

Moreover, cluster centroids have been also represented
(in terms of first and second principal component projection values) on the free-energy landscape in Figure 5.
It is worth noticing how, cluster centroids are positioned
on energy wells covering mostly the whole free-energy
landscape. As expected, centroids representing the most
populated clusters (A,B, C, and D) fall in deepest energy
minima.

Figure 5
On the left the free-energy profile (kJ/mol) of the AXHm are represented as function of the first and second principal component projection. Labels
indicate the position on the free-energy landscape (in term of first and second principal component projection values) of cluster centroids obtained
by structure based clustering approach on the REMD trajectory at 310 K. The 1D free energy profiles as function of each principal component projection are reported on the right panels.
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Figure 6
Structure based clustering analysis on REMD trajectory at 310 K. Cluster centroids are also shown and labeled. Clusters not shown are characterized by a percentage population lower than 2% over the whole trajectory steps. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The free energy barrier that separate the previously
mentioned minima lie in range 5–10 kJ/mol demonstrating that the AXHm may overcome the energy barriers
under the thermal fluctuation, moving from one state to
another. These findings suggest that, despite the welldefined and conserved secondary structure (Fig. 2), the
AXHm alone in water environment is characterized by
extensive conformational fluctuation of the N-terminal
region, as previously reported for classical MD simulation.
In view of already known AXH crystal structure,1,9 it
is interesting to highlight how the experimentally solved
conformations fall in the estimated free-energy landscape
(Supporting Information Figs. S3–S5).
The three available Protein Data Bank (PDB) models
containing AXH tetramers (1OA8, 4APT, and 4AQP)
have been represented in terms of first and second principal component projection values for each monomer,
called a, b, c, and d (Supporting Information Figs. S3–
S5). In all cases, PDB models fall in free energy areas
close to those covered by clusters B and H, suggesting
that our results in term of free energy landscape are consistent with experimental observations. Of interest is the
finding that none of the PDB models fall into energy
wells close to cluster A (the most populated REMD clus-

ter) indicating that this specific N-ter arrangement is not
achieved in a dimeric or tetrameric form.
DISCUSSION
Ataxin-1 is an RNA-binding protein responsible for
the spinocerebellar ataxia type 1, a neurodegenerative
disease associated with protein misfolding and aggregation. Despite the well-established relationship between
polyglutamine tract expansion and disease onset and
severity, the AXH domain of Ataxin 1 is involved in the
protein aggregation mechanism, modulating the aggregation of the full-length protein.5 The isolated AXH
domain spontaneously misfolds and forms amyloid fibers
in vitro without the presence of any destabilizing conditions.5 Moreover, the replacement of the AXH domain
with the homologous sequence from the transcription
factor HBP1, which has no tendency to spontaneously
aggregate, has determined the reduction of Ataxin-1
aggregation. On the other hand, the AXH domain plays
also a key role in the physiological function of Ataxin-1,
because of its transcriptional repression activity and of
its role in a huge number of intermolecular interactions
PROTEINS
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with different cellular partners9 including SMRT/
SMRTER and Capicua proteins.11 The crystal structure
of the isolated AXH domain contains two globular
dimers (i.e., four AXH molecules), with the protomers
characterized by asymmetric dimer interfaces. Despite
the sharing of the secondary structure, the N-terminal
region of the AXH domain is characterized by a conformational heterogeneity already described by experimental
works.7 These findings have raised the interesting issue
of whether the conformational flexibility is (i) an intrinsic feature of the AXH monomer, (ii) an artifact of
crystallization or, (iii) dependent on the monomer–
monomer interaction.9 A recent experimental study has
demonstrated that the AXH aggregation and misfolding
are impaired by the interaction between AXHm and its
cellular partner, i.e. the transcriptional regulator CIC
peptide.13 This finding has led to suggest a strategy for
preventing AXH aggregation by using CIC peptide as a
template to design peptide-mimetic molecules able to
stabilize the AXHm.13 In detail, the AXH physiological
interactions are able to shift the equilibrium between
monomeric and dimeric species toward the monomer. A
leading role in these physiological interactions is played
by the AXH domain N-terminus; that is, drastically
stabilized.
In this connection, here we have provided the first
computational description of the AXHm conformational
fluctuations through a characterization at atomistic level
of the AXH monomer in water by means of both biased
and unbiased MD simulations. We have applied an
approach that combines the extraction of collective
motions with the sampling of its free energy surface, as
was successfully previously done in literature.36,39 This
method brings together the efficient sampling of REMD
with a dimensionality reduction technique. In particular,
PCA was used to elucidate the collective motion maximally related to the conformational fluctuation of the Nterminal region of the AXHm, and the REMD simulation
was carried out to deeply sample the state space and to
calculate the corresponding free-energy landscape.
Recently, it has been suggested that the AXHm might
be unstable because its sickle-cell shape leaves the protein
hydrophobic core exposed.9 Here, we have shown that
the AXHm in water environment is generally stable for
temperature ranging from 310 to 450 K, with the exception of the N-terminal region (Figs. 1 and 5). In fact,
one of the most important result of the present work is
that, although the AXHm is characterized by a wellpreserved secondary structure (Fig. 2), the N-terminal
region has shown an intrinsic tendency to accomplish a
wide range of conformational changes (Figs. 1 and 5).
These structural fluctuations are well described analyzing
the MD trajectory along the first two Principal Components (Figs. 3 and 4), used in this work to estimate the
corresponding free energy landscape. The identified free
energy wells (Fig. 5) are separated by an energy barrier
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of about 5–10 kJ/mol demonstrating that the AXHm may
overcome this barriers under the thermal fluctuation,
moving from one low-energy state to another. These
findings suggest that, despite the well-defined and conserved secondary structure (Fig. 2), the AXHm alone in
water environment is characterized by extensive conformational fluctuations of the N-terminal region (clusters
A to H, Figs. 5 and 6). Moreover, our results have highlighted that available PDB models fall only in free energy
areas corresponding to clusters B and H (Supporting
Information Figs. S3–S5). Therefore the specific N-ter
arrangement characterizing cluster A (the most likely for
the AXHm) has never been observed in a dimeric or tetrameric form.1,9 It is plausible that the interactions leading to the dimer formation might be able to stabilize the
N-ter region of the AXHm, which is involved in the
dimeric interface or, viceversa, that this arrangement
favors the dimerization by affecting the kinetics.
Starting from the assumption that the equilibrium of
the monomer/dimer/tetramer species of the AXH represents an important point of the aggregation pathway of
the Ataxin-1,40 further work is needed to better clarify
the importance of the monomer–monomer interaction
in the structural and dynamics properties of the AXH
domain. In agreement with previous experimental findings,13 our results can be considered as a basis for a
future design of ataxin aggregation inhibitors that will
require several key conformations identified in the present study as molecular targets for ligand binding.

CONCLUSIONS
Our work points out the attention on N-terminal fluctuations of Ataxin 1 providing evidences on several possible conformations which may be accessible in the AXH
monomeric form. Those monomeric conformations fall
into energy minima separated by low energy barriers,
indicating that the AHXm N-terminal arrangement can
switch continuously from a configuration to another
under the effect of thermal fluctuations. Nevertheless,
experimental data on AHX dimers and tetramers suggest
that few of the above shown N-ter conformational states
are actually accessible in aggregated AHX. Therefore, a
relationship may possibly exist between AXH dimerization kinetics and N-ter flexibility. In this sense, our work
provides a number of AXH models for further investigations on AXH dimers to shed light on molecular mechanism behind AXH aggregation. Moreover, on the basis of
insights coming from these further studies, novel aggregation inhibitors might be designed to drive N-ter conformational changes in order to reduce the monomer–
monomer binding affinity and destabilize dimeric and
tetrameric aberrant aggregates.
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