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Abstract 

The AXH domain of protein Ataxin 1 is thought to play a key role in the misfolding and 

aggregation pathway responsible for Spinocerebellar ataxia 1. For this reason, a molecular level 

understanding of AXH oligomerization pathway is crucial to elucidate the aggregation mechanism 

which is thought to trigger the disease.  

The present study employs classical and enhanced molecular dynamics to identify the structural 

and energetic basis of AXH tetramer stability. Results of the present work elucidate molecular 

mechanisms behind the destabilizing effect of protein mutations which lately affect the AHX 

tetramer assembly.  

Moreover, results of the study point the attention, for the first time, on R638 protein residue, which 

shown to play a key role in AXH tetramer stability. Therefore, R638 might be also implicated in 

AXH oligomerization pathway and stands out as a target for future experimental studies focused 

on self-association mechanisms and fibril formation of full-length ATX1. 

keywords 

Neurodegenerative disease, spinocerebellar ataxia, molecular dynamics, AXH domain, 

metadynamics, free energy landscape, protein-protein interactions, tetramer, principal pomponent 

analysis, conformational stability. 
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Introduction 

Protein misfolding and aggregation have been recognized as closely related to the onset of several 

neurodegenerative disorders [1,2] such as polyglutamine (polyQ) diseases, caused by expanded 

cytosine-adenine-guanine (CAG) repeats encoding a long polyQ tract in the respective proteins. It 

has been also experimentally demonstrated that structured protein domains far from the polyQ 

tract play a key role in the pathogenesis [3–6]. A clear example of this mechanism is given by the 

structured Josephin Domain, that is fundamental in promoting  the first step of Ataxin-3 

aggregation pathway [7–13], in Spinocerebellar Ataxia Type 3. This is also the case of the 

misfolding process of Ataxin-1 (ATX1), a polyQ protein responsible for the neurodegenerative 

disease Spinocerebellar Ataxia Type 1 [1,5]. Despite polyglutamine expansion is an essential step 

in the disease onset, it is now established that it is the AXH domain of ATX1, so far the only 

structured globular region identified along the protein sequence, that modulates ATX1 misfolding 

and aggregation pathway [1,2,14–17]. The observed significant reduction of Ataxin-1 aggregation 

as a consequence of the replacement of AXH domain with the homologous sequence of the 

transcription factor HBP1 [15], has demonstrated that the AXH domain is fundamental in driving 

the ATX1 aggregation mechanism. At the same time, an intrinsic tendency to form fibers in the 

absence of chemical and/or thermal destabilization was observed in the isolated AXH [15]. 

Experimental [4,18] and in silico [19,20] studies have already highlighted  the presence of a well-

preserved tertiary and quaternary structure for the AXH domain, apart from the N-terminal (Nter) 

region of each AXH monomer (AXHm), which is involved in the dimer interface. More in detail, 

the AXH domain is constituted by an asymmetric homo-dimer [5,18] with an interface 

characterized by 20-residue motifs mutually adapting, although different [4].  
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A recent study pointed the attention on the conformational fluctuations characterizing the AXHm 

in solution [19]. Our results depicted the AXH protein as characterized by a relatively stable 

structure, except for the Nter tail switching between several conformations. Moreover, an in-depth 

analysis of the AXH monomer-monomer interface highlighted the self-association mode for the 

AXH dimer. Based on these findings and in accordance with previous experimental observations 

[18], Grasso and colleagues concluded that the interactions leading to the dimer formation might 

be able to stabilize the Nter region of the AXH, which is in turn involved in the dimeric interface 

[19]. 

The main AXH inter-dimer interactions identified in experimental studies [5,18] suggest a protein 

organization into higher order tetramers. All the previously mentioned tetramer models are very 

similar in terms of unit cell dimensions, crystal packing, asymmetric unit content, and quaternary 

and monomeric backbone structures, as demonstrated in recent literature [18]. A number of AXH 

mutations have been also experimentally tested to identify residues responsible for the 

destabilization of the monomer/dimer/tetramer equilibrium [18]. In detail, the tetramer population 

was noticeably reduced by residue I580 mutation, thus identifying the above mentioned residue as 

a key player in mediating the AXH self-association [18].  

However, the AXH self-association mechanism is not yet clarified and several questions remain 

open. For example, it is unclear how the residue I580, located in the monomer-monomer interface 

(intra-dimer), is able to drive the tetramer assembly [18].  Unanswered questions like this make of 

great interest the investigation of non-local molecular effects consequence of single point 

mutations, and closely related to modifications in AXH self-assembly tendency.  

In this study, molecular modeling was applied to fully characterize structural and energetics of the 

AXH tetramer assembly. Classical and enhanced molecular dynamics (MD) have allowed to 
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elucidate those non-local molecular events triggered by a protein mutation which  lately affect the 

conformational feature of the whole AHX tetramer assembly. Moreover, first in literature, the free 

energy landscape associated to the AXH tetramer formation process was estimated in presence of 

amino acid substitutions. Such a picture of the free energy landscape is crucial for a clear 

understanding of the molecular processes driving protein assembly and aggregation. 

Our data confirm the key role of I580 and suggest R638 as a further residue mainly determining 

AXH tetramer stability. Outcome of the present work may be of interest for both (1) a better 

understanding of the self-association mechanism characterizing AXH dimers, and (2) identifying 

novel modulators of the AXH protein-protein interaction predicted in the present work as 

important for AXH tetramer stability. 

Materials and Methods 

 

Classical Molecular Dynamics on AHX Dimers 

The AXH dimer model was extracted from the 4APT [18] model, as in previous studies [19,20]. 

For consistency with previous literature, residue numbering refers to the UniProtKB/Swiss-Prot 

entry No. P54253 +1. Here, two different AXH dimer molecular systems were investigated, the 

wild type AXH dimer (AXHd-WT simulation) and the mutated AXH dimer (AXHd-I580A). Based 

on recent experimental evidences [21], the alanine mutation on residue I580 was considered. 

Simulations were carried out by applying the computational scheme described below.  

Each AXH dimer was placed in a dodecahedron box where the minimum distance between the 

protein and the edge of the box was set to 1.2 nm. The box was then fully solvated in explicitly 

modeled water and the total charge was neutralized by the addition of Cl− and Na+ ions. Each 

dimer system in water consisted of about 40,000 interacting particles. Following an initial energy 

minimization of 1000 steps of steepest descent, two preliminary position restraint MD simulations 
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(each one of the duration of 100 ps) were carried out in NVT and NPT ensemble, respectively, 

where the heavy atoms of the proteins were restrained using a force constant of 1000 kJ mol-1nm-

2. During the first restrained MD simulation, involving MD in the NVT ensemble, protein and non-

protein atoms were coupled separately to temperature baths using a v-rescale coupling algorithm 

[22] with a coupling time of 1 ps. Subsequently, the second restrained MD simulation was 

performed keeping the pressure at 1 bar by applying Berendsen’s weak coupling method [23] with 

a time constant of 5 ps. Finally, 600 ns of production MD was simulated in NPT ensemble. The v-

rescale coupling algorithm [22] was applied again to maintain the system’s temperature at 310 K 

(time constant of τT=0.1 ps) and the pressure was maintained at 1 bar using the Parrinello-Rahman 

[24,25] barostat (time constant of τP=2ps) in the isobaric-isochoric ensemble with long-range 

dispersion correction applied for both the energy and pressure terms. AMBER99-ILDN force-field 

[26,27] and TIP3P model [28] were employed to define the protein topology [26,29] and water 

molecules, respectively. Gromacs-5.1.2 [30] with the PLUMEDv2.3 patch [31] were employed for 

MD simulations and data analysis [32]. Conformational stability is reported in Supporting 

Information (S1.1) Visual Molecular Dynamics (VMD) [33] package was employed for the visual 

inspection of the simulated systems. The computational data taken from the Classical MD 

trajectory were analyzed to characterize the AXH dimer-dimer interface. 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 [34]. After the alignment of the AXHm C-alpha (Cα) Cartesian 

coordinates, the covariance matrix was calculated and diagonalized. 
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AHX tetramers free energy landscape estimation 

Also in this case, two different AXH tetramer molecular systems (constituted by monomer A, B, 

C and D) were investigated, the wild type AXH tetramer (AXHt-WT simulation) and the mutated 

AXH tetramer (AXHt-I580A). The AXH tetramer structure (PDB code 4APT[18]) was fully 

solvated in a dodecahedron box where the minimum distance between the protein and the edge of 

the box was set up to 2.5 nm. The total charge was neutralized by the addition of Cl− and Na+ 

ions. The resulting system placed in water consisted of about 220,000 interacting particles.  

Classical 300 ns MD equilibration were carried out on both systems, applying the same scheme as 

for the 4APT dimer models. 

Starting from the equilibrated system obtained by classical MD simulation, Metadynamics was 

applied for the estimation of the dimer-dimer binding free energy.  Metadynamics [35,36] is a 

powerful technique able to enhance sampling in MD simulations by adding a history dependent 

bias potential on the subspace identified by a set of user-defined Collective Variables (CVs). In 

detail, Gaussian deposition rate of 0.2 kJ/mol·ps was initially applied on the AXH inter-dimer 

distance and gradually decreased on the basis of an adaptive scheme. A Gaussian width of 0.2 Å 

was used following a well-established scheme [37,38]. In particular, the Gaussian width value was 

of the same order of magnitude as the standard deviation of the distance CV, calculated during 

unbiased simulations. Each system was simulated (2 fs time step) until convergence was reached. 

The reconstruction of the free-energy surface was performed by the reweighting algorithm 

procedure [39], allowing the estimation of the free energy landscape as a function of two CVs : a) 

distance between dimer AB and dimer CD, and b) the cosine of the angle between vectors 

connecting the center of mass of two distinct AXH regions per dimer (identified as “cosine CV” 

in the following). Exhaustive details on the definition of the CVs (Supporting Information, S1.2) 
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and the convergence of the Metadynamics simulations (Supporting Information, S1.3), are 

presented as Supporting Information.  

Results 

Wild type and Mutated AXH Molecular Dynamics: Dimer Level 

Protein structural stability of systems AXHd-WT and AXHd-I580A was analyzed by monitoring 

the time evolution of the Root Mean Square Deviation (RMSD). It can be observed that protein 

conformational stability was satisfactorily reached in the last 100 ns of the simulations (Supporting 

Information, S1.1). The dimerization interface in both AXH-WT and AXH-I580A simulations 

buried 14.5 nm2 of solvent accessible surface, in agreement with previous literature [20]. The 

application of PCA highlighted the large-scale and low-frequency modes mainly related to a 

specific protein conformational change. After the alignment of the AXH C-alpha atoms, the 

covariance matrix was calculated and diagonalized for each system (AXHd-WT and AXHd-

I580A).  

The MD trajectory of both AXHd-WT and AXHd-I580A system was filtered along the first and 

second PCA eigenvector. The Root Mean Square Fluctuation was calculated over the filtered MD 

trajectory (Figure 1a, AXHd-WT system; Figure 1b, AXHd-I580A system) to highlight 

fluctuations related to major motion modes of the dimer.  
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Figure 1. a) Visual inspection of the AXH-WT conformational arrangement at the equilibrium (left). The 

Root Mean Square Fluctuation (RMSF) is reported in the right panel and represented on the protein 3D 

structure (center). b) Visual inspection of the AXH-I580A conformational arrangement at the equilibrium 

(left). The Root Mean Square Fluctuation (RMSF) is reported in the right panel and represented on the 

protein 3D structure (center). 

 

 

By comparing the RMSF curves (Figure 1a and Figure 1b, right), it can be noticed that  the I580 

mutation may lead to a destabilization of the AXH N-terminal tail (AXH d-I580A RMSFNter=0.23 

nm, Figure 1b, pink dashed line) on one monomer (e.g., monomer A in Figure 1b). Notably, the 

RMSF profile of the interacting monomer (Figure 1b, monomer B), is instead characterized by a 

relevant fluctuation peak of residue R638 (AXHd-I580A RMSFR638= ~ 0.35 nm). Interestingly, 
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the R638 on monomer B is spatially close to the N-terminal tail of monomer A and relatively far 

from residue I580 (Figure 1). These findings suggest a non-local correlation between residue I580 

in one monomer and residue R638 in the interacting one, mediated by the N-terminal tail. In a 

greater detail, the increased fluctuation of the N-terminal tail, as induced by I580 mutation, drives 

a conformational modification of residue R638 on the interacting monomer. Interestingly R638 

participates to dimer-dimer interaction in AXH tetramerization. Therefore, it is meaningful 

pointing the attention on the conformational behavior of residue R638 in AXH tetramer dynamics 

as done in the following. 

Wild type and Mutated AXH Molecular Dynamics: Tetramer level 

Using the same protein model (PDB code 4APT[18]), two different AXH tetramer systems were 

considered, the wild type AXH tetramer (AXHt-WT simulation) and the mutated AXH tetramer 

(AXHt-I580A). Classical 300 ns long MD equilibration was performed on both systems. The two 

AXH tetramer systems are initially characterized by the same interdimer contact regions: T596-

I600, V653-T658 and G680-K689 of monomer B and T596-T615, G635-Q640, V653-T658 and 

G680-K689 of monomer C. Dimer-dimer conformational arrangement is quite conserved during 

the AXHt-WT simulation, as also demonstrated by the stable RMSD plot observed from 50 to 300 

ns (Figure 2a, top). The previously mentioned arrangement is characterized by residues R638B 

and R638C non-covalently bound by two hydrogen bonds between the guanidinium group on one 

residue and the backbone carbonyl oxygen on the other one (Figure 2b-I, Movie-S1). In the AXHt-

I580 system hydrogen bonds are lost, weakening the interdimer interaction (Figure 2b-II, Movie-

S2).  
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Figure 2. Backbone RMSD throughout the overall MD simulation for wild type (grey) and mutated protein 

(brown). b) Visual inspection of the molecular systems at the equilibrium in case of AXHt-WT (I) and 

AXHt-I580A system (II). c) Scheme illustrating the main structural modifications characterized by a 

relative rotation between dimers AB and CD. 

 

This result is also confirmed by the Radial Distribution Function (RDF) of the guanidinium group 

amine nitrogen atoms with respect the backbone carbonyl oxygens of the interacting arginine 

(Figure 3a). The peak at 2.8 Å characterizing the AXHt-WT trajectory (Figure 3a, black curve) 

does indicate the presence of a strong primary interaction (hydrogen bond) between R638B and 

R638C. In summary, the I580 mutation destabilizes the protein region containing the R638 

residues, as already observed (Figure 1), thus leading to a less stable interaction between R638B 

and R638C, as highlighted by the RDF analysis (Figure 3a, brown curve). Consequently, it was 

observed a relative rotation between dimers AB and CD in the AXHt-I580A, inducing a marked 

decrease of dimer-dimer contact area, when compared to AXHt-WT (AXHt-WTburied=14.7±0.8 

nm2; AXHt-I580Aburied=11.9±0.5 nm2). The rotation between dimers AB and CD can be described 
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computing the cosine of the angle between vectors connecting the center of mass of two distinct 

AXH regions per dimer (Figure 2a, bottom).  

 

 

 

 

Figure 3. (a) RDF of the amine nitrogen atoms of guanidinium group with respect the backbone carbonyl 

oxygens of the interacting arginine residue. Only R638B and R638C are considered for the calculation. 

Two different peaks at 2.8 Å and 4.7 Å can be identified. The first peak is related to the primary interaction 

resulting from the hydrogen bond between the amine hydrogen atoms and the backbone oxygen, while the 

second peak indicates the water-mediated hydrogen bonding [57]. The hydrogen bonds between the R638B 

and R638C residues are also represented in (b) and (c). 
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Wild type and mutated AXH tetramer free energy landscape and unbinding pathway  

Starting from the equilibrated systems obtained by classical MD simulations, the process of dimer-

dimer unbinding was investigated by metadynamics. An overall picture of the dimer-dimer free 

energy landscape of AXHt-WT and AXHt-I580A systems is provided in Figure 4, where the free 

energy surface was expressed as a function of two collective variables: the AXH dimer-dimer 

distance, and the cosine CV. 

 

 

 

Figure 4. a) Free energy profile (kJ/mol) of the AXHt-WT, AXHt-I580A, and AXHt-R638A molecular 

systems (b), represented as function of two collective variables: the AXH dimer-dimer distance and the 

cosine of the angle between vectors connecting two distinct AXH regions per dimer. 

 

 

A first difference between the two systems concerns the dimer-dimer binding free energy. In detail, 

AXHt-WT is characterized by the highest binding affinity (ΔGAXHt-WT=85 kJ/mol; ΔGAXHt-I580A=46 

kJ/mol, Table 1).  
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Table 1. Tetramer binding affinity values estimated in the present work and compared with a recent 

experimental work reporting the experimental tetramer percentage in solution [18]. 

Molecular System Tetramer ΔG [kJ/mol] Exp.Tetramer %  

AXH-WT 85 ± 3 26 % (18) 

AXH-I580A 46 ± 2 8 %   (18) 

AXH-R638A 35 ± 3 // 

 

 

Therefore, the I580 alanine substitution results in a lower energetic cost for the dimer-dimer 

unbinding. This interesting result is in agreement with recent experimental findings [18] 

demonstrating that the I580 mutation leads to a significant reduction of AXH tetramer percentage 

in solution (Table 1). Moreover, a difference between the first binding pose can be noticed 

comparing the cosine CV value corresponding to the deepest energy well in case of AXHt-WT 

(cos(α)WT=0.8) and the AXHt-I580A (cos(α)I580A=0.5). This result in agreement with Classical 

MD outcome (Figure 2, Figure 3), indicates a relative rotation between dimers AB and CD as a 

consequence of I580 mutation, lowering the energetic cost of the dimer-dimer unbinding (Table 

1).  

Summarizing, from our findings and in agreement with a recent study [18], there is evidence that 

the I580 mutation affects the dimer-dimer free energy landscape in terms of binding affinity and 

binding pose. Based on the results of this study, we conjecture this mechanism significantly driven 

by the destabilization of the R638 residue. To further test this hypothesis, we performed classical 

MD and metadynamics simulation by replacing the native R638 residues with Alanine (AXHt-

R638A), instead of mutating the I580. The results, reported in Figure 4, clearly show that Arginine 

substitution of R638 dramatically reduces the binding affinity (ΔGAXHt-R638A=35 kJ/mol) if 

compared with AXHt-WT and AXHt-I580A (Table 1). Moreover, the comparison between the 
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cosine CV value corresponding to the deepest energy well in case of AXHt-I580A and AXHt-

R638A simulation (cos(α)I580A=cos(α)R638A=0.5) demonstrate that both molecular systems are 

characterized by similar binding poses (Figure 4). This outcome provides a convincing evidence 

on the importance of R638 as the key player in AXH tetramer stability.  

Discussion 

The present study is mainly focused on the protein-protein interactions driving the AXH tetramer 

stability, which is thought to play a role in the self-association process of full-length ATX1 and 

amyloid fibril formation [15]. Previous experimental studies have demonstrated the presence of 

monomers, dimers, and tetramers in solution [18]. Moreover, the structural consequence of 

selected mutations, designed to disrupt specific intermolecular interfaces, was analyzed in order 

to identify residues, which are mainly responsible for determining the monomer/dimer/tetramer 

equilibrium [18]. Experimental studies have shown that tetramer population was noticeably 

reduced by I580 mutation, demonstrating that I580 plays an important role in mediating the AXH 

self-association [18]. However, it was unclear how a centrally located residue in the monomer-

monomer interface can affect the tetramer formation mechanism. In this regard, the lack of clear 

knowledge of the AXH species present in solution makes experimental, more quantitative analysis 

(i.e., an estimate of the dissociation constants) of the systems very challenging [18]. In this 

connection, computational approaches have demonstrated to be effective in predicting physical-

chemical properties of biomolecular systems [11,40–52],  in particular the effect of amino acid 

mutations on protein-protein [10,20,53] and protein-substrate [54,55] interactions, allowing the 

free energy estimation corresponding to individual residue substitutions.  
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In the present work we used classical MD and metadynamics to investigate the structural and 

dynamic consequences of the I580 mutation, by applying the Principal Component Analysis (PCA) 

which has already demonstrated to be able to elucidate the large-scale and low-frequency modes 

mainly related to the AXH conformational changes in monomeric [19] and dimeric [20] form. 

Here we demonstrated that I580 mutation on AXH dimer leads to the destabilization of the N-

terminal tail. Moreover, we observed that the residue R638, spatially close to the fluctuating N-

terminal tail, is characterized by a high degree of conformational flexibility (Figure 1). This is an 

important molecular event, considering that the MD simulation of the wild-type AXH tetramer has 

demonstrated the non-covalent interaction between the guanidinium groups and the backbone 

carbonyl oxygens of residues R638B and R638C (Figure 3). Moreover, a less stable interaction 

between R638B and R638C was observed in case of I580 mutation on AXH tetramer, suggesting 

a possible explanation for the role played by a centrally located residue in the monomer-monomer 

interface in reducing the AXH tetramer stability. Starting from the well-established observation 

that the AXH domain of ATX1 adopts different topologies leading to the asymmetry of monomer-

monomer interface [4,5,18–20,56], we hypothesized that the overall tetramer topology may be 

dependent on the structural fluctuation of the AXH dimer caused by single-point mutation.  

To provide further insight into this issue, we applied the metadynamics to estimate the free energy 

landscape governing the tetramer formation process in case of wilt-type and mutated AXH tetramer 

system. We observed that I580 alanine substitution resulted in a decreased binding free energy, 

lowering the energetic cost for the dimer-dimer unbinding. Those findings are in agreement with 

experimental observations [18] that I580 mutation leads to a significant reduction of AXH tetramer 

percentage in solution (Table 1). More interestingly, the simulations performed in this study shed 

light on the importance that the hydrogen bond between R638B and R638C has in driving the 
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dimer-dimer unbinding event. The effect of R638 conformational instability because of I580 

protein mutation leads to a different protein-protein detachment pathway, lowering the energetic 

cost of the dimer-dimer unbinding (Figure 4). A proof of evidence for this mechanism was 

provided by the dramatic reduction of binding affinity caused by the replacement of R638 residues 

with Alanine, and hence demonstrating the importance of R638 residue in driving the AXH 

tetramer stability (Figure 4).  

Taken together, these findings suggest that residue R638 plays a key role in AXH tetramer 

stability, and candidates to be the target for future experimental designs of ATX1 mutations able 

to reduce the phenomenon of self-association of full-length ATX1, that leads to amyloid fibril 

formation and, ultimately, to neurodegenerative disease.  

Conclusions 

Outcomes of the present study may be of relevance in the field of SCA1 research with particular 

focus on AXH aggregation mechanism. The R638 residue, identified as mainly responsible for 

dimer-dimer interaction, may be considered for further ad hoc experimental tests, aimed at: i) 

validating the results presented in this paper and ii) elucidating disease-causing aggregation 

mechanism.  
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Figure Legends 

Figure 1. a) Visual inspection of the AXH-WT conformational arrangement at the equilibrium 

(left). The Root Mean Square Fluctuation (RMSF) is reported in the right panel and represented 

on the protein 3D structure (center). b) Visual inspection of the AXH-I580A conformational 

arrangement at the equilibrium (left). The Root Mean Square Fluctuation (RMSF) is reported in 

the right panel and represented on the protein 3D structure (center). 

 

Figure 2. Backbone RMSD throughout the overall MD simulation for wild type (grey) and mutated 

protein (brown). b) Visual inspection of the molecular systems at the equilibrium in case of AXHt-

WT (I) and AXHt-I580A system (II). c) Scheme illustrating the main structural modifications 

characterized by a relative rotation between dimers AB and CD.  

 

Figure 3. (a) RDF of the amine nitrogen atoms of guanidinium group with respect the backbone 

carbonyl oxygens of the interacting arginine residue. Only R638B and R638C are considered for 

the calculation. Two different peaks at 2.8 Å and 4.7 Å can be identified. The first peak is related 

to the primary interaction resulting from the hydrogen bond between the amine hydrogen atoms 

and the backbone oxygen, while the second peak indicates the water-mediated hydrogen bonding 

[57]. The hydrogen bonds between the R638B and R638C residues are also represented in (b) and 

(c). 

 

Figure 4. a) Free energy profile (kJ/mol) of the AXHt-WT, AXHt-I580A, and AXHt-R638A 

molecular systems (b), represented as function of two collective variables: the AXH dimer-dimer 

distance and the cosine of the angle between vectors connecting two distinct AXH regions per 

dimer.  

 

Table Legends 

Table 1. Tetramer binding affinity values estimated in the present work and compared with a recent 

experimental work reporting the experimental tetramer percentage in solution [18]. 
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