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Abstract

Spinocerebellar ataxia (SCA) 3, the most common form of SCA, is a neurodegenerative rare disease characterized by
polyglutamine tract expansion and self-assembly of Ataxin3 (At3) misfolded proteins into highly organized fibrillar
aggregates. The At3 N-terminal Josephin Domain (JD) has been suggested as being responsible for mediating the initial
phase of the At3 double-step fibrillogenesis. Several issues concerning the residues involved in the JD’s aggregation and,
more generally, the JD clumping mechanism have not been clarified yet. In this paper we present an investigation focusing
on the JD protein-protein interaction by means of molecular modeling. Our results suggest possible aminoacids involved in
JD contact together with local and non-local effects following JD dimerization. Surprisingly, JD conformational changes
following the binding may involve ubiquitin binding sites and hairpin region even though they do not pertain to the JD
interaction surfaces. Moreover, the JD binding event has been found to alter the hairpin open-like conformation toward a
closed-like arrangement over the simulated timescale. Finally, our results suggest that the JD aggregation might be a multi-
step process, with an initial fast JD-JD binding mainly driven by Arg101, followed by slower structural global
rearrangements involving the exposure to the solvent of Leu84-Trp87, which might play a role in a second step of JD

aggregation.

Dynamics. PLoS ONE 9(9): e108677. doi:10.1371/journal.pone.0108677
Editor: Dennis Salahub, University of Calgary, Canada

Supporting Information files.

Funding: The authors have no support or funding to report.

* Email: marco.deriu@supsi.ch

® These authors contributed equally to this work.

Citation: Deriu MA, Grasso G, Licandro G, Danani A, Gallo D, et al. (2014) Investigation of the Josephin Domain Protein-Protein Interaction by Molecular

Received May 28, 2014; Accepted August 23, 2014; Published September 30, 2014

Copyright: © 2014 Deriu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its

Competing Interests: The authors have declared that no competing interests exist.

Introduction

A wide range of neurodegenerative diseases is characterized by
the self-assembly of specific misfolded proteins into highly
organized fibrillar aggregates [1]. The most diffused family among
these disorders is the polyglutamine (poly-Q) expansion disease,
encompassing nine members: dentatorubral-pallidoluysian atro-
phy, Huntington’s disease (HD), spinal and bulbar muscular
atrophy and spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7 and
17.

SCAS3, also known as Machado-Joseph disease (MJD), repre-
sents the most common form of spinocerebellar ataxia. The gene
associated with MJD, a pathology characterized by the poly-Q
mstability, is the Ataxin3 (ATXNS3), located on chromosome 14
(14g32.1) [2,3]. It encodes a 42 kDa protein (At3) consisting of the
N-terminal Josephin Domain (JD), and the C-terminal unstruc-
tured tail. It is well recognised that not only a threshold of almost
51 repeats determines the pathology insurgence, but also that a
correlation exists between cytosine-adenine-guanine (CAG) se-
quence number and both the age of onset (negative correlation)
and symptoms severity (positive correlation) [4-8]. Many efforts
have been made to better understand the mechanisms of At3

PLOS ONE | www.plosone.org

aggregation and fiber formation, because of their implication in
the MJD [2,3]. Recent findings have indicated a double-step
process for At3 fibrillogenesis, composed by an initial phase JD-
mediated but polyQ-independent, followed by a polyQ-dependent
step [9-11].

The JD atomic structure has been the subject of several studies,
and two different JD NMR structures (PDB entry 1YZB [12] and
2AGA [13] — UNIPROTID: P54252) are available in the
literature. The two structures, both determined by NMR, differ
significantly in the hairpin region (Val31-Leu62). In the 1YZB
model [14], the JD is in an open semi-elongated L-shape
conformation, while the 2AGA is characterized by the hairpin
region packed against the rest of the structure. The dynamic
behaviour of the JD has been experimentally investigated using
various imaging techniques, such as fluorescence spectroscopy
[15], NMR spectroscopy [16,17], size exclusion chromatography
[10], transmission electron microscopy [18] and atomic force
microscopy [19].

JD is thought to have an intrinsic amyloidogenic potential [20],
with an aggregation kinetics mainly driven by Ile77-GIn78, and
Trp87, part of JD Ubiquitin binding site 1 (UbS1) and site 2
(UbS2), respectively [20]. Several issues concerning both residues
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involved in the JD’s aggregation process and, more in general, the
dimerization mechanism have not been clarified yet.

In this connection, computational approaches and in particular
molecular dynamics (MD) allow us to investigate protein
aggregation with an atomic resolution [21,22] and have often
demonstrated to be helpful in adding valuable quantitative
information to experimental data [23-35].

Recently, a combined experimental and computational study
has provided indications on how hydrophobic/charged-surface
induce structural changes of JD protein structure [23]. Specifically,
residues ArglOl and Argl03 have been identified as mainly
responsible for JD interaction with hydrophobic and hydrophilic
surfaces [23].

In this paper we present an investigation focusing on JD-JD
interactions by means of MD simulations. Our results provide an
atomistic investigation of the JD-JD binding, pointing out the
attention to z) the most likely interacting areas of the bound JD-JD
complex; and ) the local and non-local structural rearrangements
following the JD-JD binding. We found residue ArglOl mainly
involved in the JD-JD interaction surface. The JD-JD binding
might also be responsible for exposure of Trp87, which has been
supposed to drive JD aggregation kinetics in a recent study [20].
Moreover, our results indicate that JD binding might alter the
hairpin conformation from an open-like toward a closed-like
arrangement.

Materials and Methods

The atomic structure of the JD was obtained from RCSB
Protein Data Bank-PDB entry 1YZB.pdb [12]. A preliminary
100 ns MD simulation in explicitly solvated environment was
carried out at 300 K in the NVT. Detailed results and comparison
with experimental data are reported in a previous work [23].
Starting from the above-mentioned 100 ns equilibrated output
structure, we set up two different molecular systems: 1) the single
JD in explicitly modelled water [36], the so-called JDW*; 2) two
JDs in explicitly modelled water [36], the so-called JD-JD. The
JDW simulations have been used as comparison for conforma-
tional analysis of interacting JDs.

JDW (system size of about 40000 interacting particles) was
investigated by running 150 ns MD simulations on three
“replicas” with different imposed random initial velocities by
following a Maxwell-Boltzmann distribution. The last 50 ns taken
from MD trajectories of these three replicas have been analyzed as
ensembles for conformational analysis of the single JD in water.

JD-JD dynamics was simulated by employing the following set-
up. Both JDs were randomly oriented in a box and positioned with
a starting protein-protein separation distance of about ~1 nm.
Each system, fully solvated, consisted of about 50000 interacting
particles. Ten replicas (Movie S1) of the JD-]JD system (different
mitial JD orientations and atom velocities) were generated and
simulated for 150 ns. The last 50 ns taken from MD trajectories of
the ten replicas have been analyzed as ensemble data for analysis
of interacting JDs. Alanine mutation simulations have been also
carried out to verify the role of residues identified as mainly
involved in JD protein-protein interaction.

All the simulations were carried out by GROMACS 4.6
package [37]. Periodic boundary conditions were applied along
the xyz coordinates. The 5326 GROMOS force field [38—40], was
used for defining protein topology. A 500-step energy minimiza-
tion by steepest descent was carried out followed by a preliminary
position restrain MD of about 50 ps (with a time step of 2 f5). In
details, restraining potentials were applied to the protein backbone
and the MD simulation were carried out in the isothermal-isobaric
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(NPT) ensemble at 300 K and 1 atm. Temperature (v-rescale) and
pressure (berendsen) were controlled by using weak coupling
thermostats [41,42]. Electrostatic interactions were treated by
means of Particle Mesh Ewald (PME) approach. Lennard-Jones
interactions were cut-off at a distance of 12 A, with a smooth
switch-off starting at a distance of 11 A. MD were performed at
300 K in the canonical (NVT) ensemble as explained above. By
associating heavy atoms and virtual site approach [38] to the
LINCS constraint solver (selecting all-bonds constraints) [43], a
time step of 5 fs was used. The Visual Molecular Dynamics (VMD)
[44] package was employed 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), Root-Mean-Square Fluctuation (RMSF), Solvent Acces-
sible Surface (SAS) [45,46], Contact Surface, Radius of Gyration
(RG) and Contact Maps. This allowed us to identify residues
involved in the contact surface after the binding event. Residue
mainly responsible for JD-JD interaction has been identified by
contact probability plots. Contact probability for each residue was
calculated using the following procedure. Trajectory snapshots are
extracted in the last 50 ns of each MD simulation (e.g., for the JD-
JD, one snapshot is taken every 50 ps for all the simulations in the
last 50 ns). For each snapshot the distance between a residue in a
monomer and all residues of the interfacing monomer is
calculated. If; at least one distance value among the residue-
residue distances is equal or less than a chosen threshold
(0.28 nm), the residue is considered in contact with the interfacing
monomer in that snapshot. The number of “contact snapshots”
divided by the number of total snapshots taken out from the MD
trajectories is the contact probability associated with the residue.

Analysis of secondary structure (SS) dynamics was performed by
applying both the Dictionary of Protein Secondary Structure
(DSSP) [47,48], STRuctural IDEntification (STRIDE) [49,50],
and Ramachandran plots, produced by using PROCHECK [51].

Results

JD"** simulations

The last 50 ns of the three replicas of JD"* MD simulation
trajectories were taken together as ensemble data for statistical
analysis. Protein/Co. RMSD values ranging from 0.5 nm to
0.7 nm (Figure S1 in File S1) were detected for each simulated
model, with a reasonable stability to the RMSD for the protein
core. In all cases, the variation of the RMSD value for the globular
core, is less then 0.1 nm in the last 50 ns, while the hairpin region
(Val31-Leu62) is characterized by higher continuous RMSD
fluctuations (Figure S2 in File S1). Concluding, a large contribu-
tion to the RMSD can be attributed to the hairpin region,
according to the computational findings of Nicastro and coworkers
[16].

Figure 1 shows the JD’s secondary structure probability,
calculated by averaging the available 10 NMR configurations
contained in 1YZB [12] (Figure la) and the configurations taken
every 50 ps from JD"V™ trajectories (Figure 1b) between 100 and
150 ns. The JD secondary structure is highly conserved, with the
exception of o5 and, partially, a3 and a6, characterized by an
intrinsic tendency of helix-coil transition in the water environment.

Ramachandran plots generated for all snapshots collected
indicated that more than 97% of the protein residues were always
in the most-favoured and additional-allowed regions (Figure S3 in
File S1) providing support for the model’s correctness.

Figure 2a shows the Radius of Gyration (RG) probability
distribution interpolated by using Gaussian interpolation. The RG
distribution’s (Figure 2a), characterized by Hrg=1.71 nm and
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Figure 1. Secondary structure percentage, calculated over the available NMR configurations contained in 1YZB (a), the
configurations are taken every 50 ps from JD'(b), JD-JD (c), and JDA'°"/A1%3 (d) in the last 50 ns of the MD trajectories. Secondary
structures are indicated by different colours in the figure: green (coil), blue (helix), red (B-sheet).

doi:10.1371/journal.pone.0108677.9001

6=0.03 nm is in close agreement with the experimental data
(PDB entry 1YZB.pdb [12], u=1.73 nm, ¢=0.01 nm). In
Figure 2a is also indicated the RG value of the “closed-like” JD
model, also solved by NMR (PDB entry 2AGA.pdb [13],
U_rG=1.65 nm, 6 =0.02 nm).

JD-JD simulations

Ten JD-JD simulations, corresponding to ten different initial
JD-JD orientations, were carried out for 150 ns in the NVT
ensemble. Along the overall MD simulations two distinct phases
can be identified (Figure S5 in File S1). A first phase (0-100 ns),
characterized by the binding event, with the two JDs approaching
and non-covalently binding; a second phase (100-150 ns) with the
two JDs in contact with a contact area ranging from 3 nm” to
11 nm?, depending on the starting configuration. The last 50 ns of
the ten JD-JD simulations have been considered for protein
conformational analysis as a statistical data ensemble. In
particular, RG and secondary structures have been calculated
for each single JD (two monomers for each simulation) involved in
the dimerization process. In Figure 2b the RG distributions of the
JDs, interpolated by using Gaussian Interpolation, show that the
mixture of two normal distributions correctly describes the
sampled configurations (L_rG1=1.73 nm, c=0.3 nm,
U_rGe =1.65 nm, ¢ =0.2 nm). Interestingly, each Gaussian peak
falls near the experimental RG of the two Josephin Domain NMR
models (1YZB [12] and 2AGA [13]).

A visual inspection revealed the more compact globular shape
(RG =1.65 nm) as a consequence of the hairpin closure (Figure 3).
At the simulated timescale, in contrast to JDWM simulations,
during the dimerization process both conformations (open/closed
hairpin) are sampled.

We calculated the JD-JD residues’ contact probability (Figure 4)
applying a distance cut-off of about 0.28 nm (roughly the diameter
of a water molecule).

As a result, ArglO1 has been found to be the residue most
frequently involved in the JD-JD dimerization interface. In
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particular, ArglO1 is part of the contact area over the 65% of
the total sampled configurations. Two additional residues, Lys128
and Aspl4), are characterized by high contact probability (55%
and 50%, respectively). Moreover, also C-terminal (in particular
Leul78/Argl82), seems to be involved in JD-JD interaction
interface with a contact probability around 40%.

Interacting interfaces involving Argl01 are essentially charac-
terized by charged and polar residues (Table S1 in File S1). This
result may indicate a JD-JD dimerization mainly driven by
electrostatic interactions, such as for example the interaction
between positively charged Argl01 of one monomer and negative
Asp57 of the second one.

Secondary structure analysis (Figure 1c) highlights a remarkable
(35% of the sampled JD configurations) helix-coil transition
involving o4, and in particular Leu84-Trp87. The structural
flexibility characterizing Leu84-Trp87 during the aggregation
process, caused by the partial unfolding of the site, is also
confirmed by a significant raise in RMSF if compared with JD™*
simulations (RMSF o4 =0.2 nm, RMSF o4 =0.38 nm), as
shown in Figure 5. The RMSF increase of a4 is directly related to
a higher solvent exposure after a partial unfolding. The a4 (in
particular Leu84-Trp87) exposure is highlighted by plotting the
a4/protein-centre-of-mass distance distribution, compared with
JDW data (Figure 6). It is worth noticing that a subset of sampled
configurations reveal o4 moving far from the protein centre of
mass (Figure 7 and Movie S2), and more exposed to the solvent.
JDATOVATO simulations

Results from wild JD-JD simulation have evidenced a leading
role of Argl01 in the JD dimerization mechanism. This result is in
close agreement with a very recent experimental/computational
study [23] demonstrating Argl01/Argl03 as mainly responsible
for JD interaction with hydrophobic/hydrophilic substrates.

To carefully test this hypothesis, we run again the same set of
ten JD-JD simulations (150 ns, starting from exactly the same
initial conditions) by replacing the native Argl01/Argl03 residues
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with Alanine (we will refer to this set of simulations using the
designation JDAIOT/ALOR

Comparison with JD-JD simulations, in terms of the RG
distribution (Figure 2b and c), provides evidence that Argl01/
Argl03 mutations have a global significant influence on the JD
structural properties, while secondary structure is still conserved
(Figure 1d). In case of Alanine-mutation, Gaussian peaks
M_rc1=1.7 nm, =02 nm, W _rge=161nm, c=0.1 nm)
no longer match the experimental data. The mutations have a
strong effect on the JD-JD interaction propensity (Figure 4),
providing a generalized reduction of the contact probability
distribution, not only on the mutated residues Alal01 (from 65%
to 25%), but also on residues Lys128 (from 55% to 18%) and
Asp145 (from 50% to 18%). The dimerization interface contains
mainly the unstructured coil (residues Leul78-Argl82) with a
contact probability value of 60% over the sampled configurations.
It worth mentioning that 50% of interacting residues are from the
C-terminus of the interfacing monomer. Hence, a mutated JD-JD
interface is principally characterized by tail-tail interactions (Table
S2 in File S1).

Moreover, our data show that Argl01/Argl03 substitution did
not result in any o4 unfolding tendency (Figure 1) as shown for the
JD-JD simulations. This finding is also consistent with the RMSF

PLOS ONE | www.plosone.org

Josephin Domain Protein-Protein Interaction by Molecular Simulations

Figure 3. JD configuration in the open-like shape (top). The
more compact (bottom) JD globular shape is the consequence of the
hairpin closure dynamics. Several possible configurations of open/close
hairpin are superimposed.

doi:10.1371/journal.pone.0108677.g003

curve (Figure 5) highlighting a remarkable reduction of o4
fluctuations in case of mutated JD (RMSF a4°J”=0.38 nm,
RMSF a4/P-4103/193 = 9 nm) and a4 exposure (Figure 6) with
respect to the JD-JD simulations. In particular, the o4/protein-
centre-of-mass distance distribution is characterized by the same
curve shape and value as JD™* sampled configurations.

Discussion

In this study, molecular dynamics has been used to investigate
JD protein-protein interactions. Our simulations have been based
on the 1YZB model rather than 2AGA. The choice of the 1YZB
model rather than 2AGA has been dictated by a previously
published work of Nicastro et al. [14], providing a validation of the
1YZB model through a quality, accuracy and mutual consistency
analysis of the Josephin Domain available structures (1YZB and
2AGA).

We carried out 150 ns MD simulations of 2 JDs in the water
environment, with 10 different initial JD-JD orientations, for a
total simulation time of 1.5 ts. While atomistic models describing
the JD-JD complex are not available in literature, a clear
identification of the most likely JD interacting sites is here
provided. JD-JD models are also provided as supporting informa-
tion (File S2). Moreover, the last 50 ns of MD trajectories for each
JD were analyzed as ensemble, allowing the description of the
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protein conformational changes characterizing the dimerization
process. Our results suggest Argl01, Lys128 and Aspl145 as the
most likely JD-JD interacting sites. In particular, our findings show
that Argl01 plays a major role in the JD-JD interacting interfaces,
given that it is involved in the 65% of the sampled JD-JD binding
surface. A very recent computational and experimental study [23]
has highlighted the tendency of the JD to interact with gold and
mica surfaces through Argl01/Argl03 residues. These results
suggest a key role for this site in approaching and binding other
proteins or interacting surfaces [23]. In order to further confirm
our assumption, we considered a_JD*'?"A1%% mutant, in which the
native residues are replaced by Alanine. Starting from the same 10
JD-JD initial orientation (and same starting conditions), the
JDAOVALS gimerization was again investigated through 150 ns
MD simulations, for a total simulation time of 1.5 ps. It was
observed that Arginine substitution dramatically reduces the JD-
JD contact probability not only on the mutated residues, but also
on Lys128 and Asp145 (Figure 4). It is opinion of the authors that
this evidence strongly confirms the critical role of the Argl01/
Argl03 in enhancing the JD interaction propensity. Instead,
mutated intermonomer interface is principally characterized by C-
terminal interactions.
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Figure 5. Single JD root-mean-square fluctuations (RMSF).
Fluctuations of a4 are zoomed in the top-right panel where it is worth
noticing that residues Leu84-Trp87 increase the RMSF as a consequence
of JD dimerization (black curve). After Ala-mutation (gray curve) on
Arg101-/Arg103 the RMSF value decrease to the value achieved by
JD™ (light gray curve).

doi:10.1371/journal.pone.0108677.g005
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A recent experimental study [17], aimed at investigating the
JD’s aggregation-prone regions, has proposed the sites Ile77/
GIn78 and Trp87, part of the Ubiquitin binding site 1 (UbS1) and
site 2 (UbS2) as having the highest aggregation propensity. In
addition, Masino and co-workers [14] have provided evidence that
both aberrant aggregation and physiological function involve the
same sequence patterns. Hence, the protein’s non-pathological
deubiquitinating function [13,17] can play an active role in
preventing aberrant fibrillization.

On the basis of our data, we did not identify Ile77/GIn78 and
Trp87 residues as part of the JD-JD contact surface (Figure 4).
However, a4 (and in particular Leu84-Trp87) has shown the
propensity to undergo high conformational changes as a
consequence of the JD-JD binding in a subset of sampled
monomer conformations in JD-JD simulations. The secondary
structure analysis has highlighted a remarkable helix-coil transition
involving Leu84-Trp87 (Figure 1). Moreover, conformational
changes with consequent exposure of the site was detected
(Figure 5, Figure 6). The a4 helical loss and its solvent exposure,
was detected only after the binding event. The a4 shift is probably
an indirect effect of the dimerization depending on many
variables. In particular, the JD binding interface and direct effects
on motion of residues pertaining to JD-JD contact interfaces might

8% [— —JD-JD
JDA101/103 —
JDWat

6%
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Probability density function

0
1.0 1.2 1.4 1.6 1.8 2.0
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Figure 6. a4-Protein/centre of mass (COM) distribution. Similar
behavior (Gaussian-like) is shown for JDW** (light grey curve) and JD*'°"
A103 (gray curve). A subset of sampled JD-JD configurations (black
curve) reveals a4 moving far from the protein centre of mass.
doi:10.1371/journal.pone.0108677.g006

September 2014 | Volume 9 | Issue 9 | 108677



w Hairpin region

AN | Val31-Leu62
) &S
e 4

) ) Arg101
‘{{ ‘f Arg103

Figure 7. The visual inspection of MD trajectories reveals
Leu84-Trp87 conformational change and solvent exposure
after the JD-JD binding. Four snapshots throughout the MD are
shown (red, green, yellow, and brown); the 1YZB conformation of
Leu84-Trp87 is shown in black. The JD structure is transparent and grey.
Hairpin region and Arg101/Arg103 residues are labeled.
doi:10.1371/journal.pone.0108677.9g007

finally affect the motion of o4.

Our data highlighted that Argl01 plays a dominant role in the
JD-JD contact surface (Figure 4), whereas Argl01/Argl03 muta-
tions significantly influence the contact probability values, not only
on the mutated residues Alal01/Alal03 (from 65% to 25%), but
also on residues Lys128 (from 55% to 18%) and Aspl45 (from
50% to 18%). On the other hand, Argl01 per se, has shown to not
be directly responsible for affecting the o4 conformational
changes, as demonstrated by the comparison between JDV™ and
JD-JD simulations (Figure 1, Figure 5, Figure 6). Hence, Argl01
may have an indirect role in the a4 conformational changes. This
is confirmed by the fact that all JD dimers characterized by o4
exposure are also characterized by Argl01 involved in the binding
interface.

Our work suggests the JD aggregation might be a multi-step
process with an initial fast electrostatic JD-JD binding, mainly
driven by Argl01, followed by slower structural global rearrange-
ments. In this process, 04 (and in particular Leu84-Trp87) might
play a role in a second step of aggregation, being totally exposed to
the solvent only after the JD-JD binding. Further investigations are
needed to verify this hypothesis.

Our results also suggest the JD binding playing a role in altering
JD monomer conformation. The JD solution structure is still a
debated topic, especially as regards the hairpin region [14], since
two different NMR  structures are available in the literature
[12,13]. In general agreement, the two structures differ signifi-
cantly in the hairpin region (Val31-Leu62): in the open-like 1YZB
the hairpin is flexible and protruding out in solution, thus creating
a cleft in which other ligands could be inserted, whereas in the
closed-like 2AGA, the hairpin is close to the globular domain. Our
data (Figure 2a), have shown, that JD-JD binding may destabilize
the JD monomer structure, therefore shifting a open-like hairpin
(1YZB) to a closed-like hairpin structure (2AGA).

Data coming from our JD"* simulations, have shown sampled
conformation only close to the 1YZB. However, considering that
the sampling of JD* is based on 3 simulation of 150 ns duration
and that the starting configuration was 1YZB, this result does not
allow us to conclude that the 1YZB state has a lower free energy
than the 2AGA. To prove the 1YZB as more likely accessible by
classical MD, it would be necessary to show not only that there is
more sampling in the 1YZB state than in the 2AGA state, but also
that many transitions between the states represented by 1YZB and
2AGA are sampled during the simulation. In a longer time of
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observation, the JD alone in water environment (JD“*) might
undergo structural rearrangements providing a deeper sampling of
the state space, including the closed-like structure. For this reason,
data obtained from JD"*' simulations should be more suitable as a
comparison term for the JD-JD simulations. Nevertheless, our data
highlighted that the closed like configuration is sampled in the case
of JD-JD simulations. Considering that JD“* and JD-JD
simulations have the same monomer starting configuration
(1YZB), our results suggest that the dimerization event might
drive the opening/closing kinetics of the hairpin, destabilizing the
JD structure during or after the binding. The closed-like structure,
achieved after the binding event (Figure 2b), is in agreement with
the NMR model provided by Mao and coworkers [13]. Outcomes
of this work highlight the strong reduction in sampling ability of
the closed-like conformation (which generally follows the JD
binding) and also provide new information based on the
investigation of the hairpin region’s dynamics on a timescale of
hundreds of nanoseconds.

The intrinsic flexibility of the hairpin in the free JD, might be
relevant to optimize the relative JD-Ub orientation through an
excellent sampling of the space [12,14,16]. Moreover, JD hairpin
plays an important physiological role in target recognition defining
the specificity of the Ub-hydrolase activity. Further investigations
are needed, especially involving longer time scales and more
robust sampling methods to better elucidate the hairpin dynamics
behavior, and its local and non-local motion correlation to other
parts of the monomer.

In particular, the haipin closure dynamics might be related to
the dynamics of region Asp57-Leu62 (a3, Figure 1). In both JD™*
and JD-JD (wild/mutated) dynamics, the region o3, seems
characterized by an intrinsic tendency of helix-coil transitions in
the water environment. It can be noticed that, the lack of the
helical region o3 highlighted in Figure 1, involves 50% of the
sampled configurations. In other words, a metastable secondary
structure characterizes the helix o3 in all cases. However, Figure 5
shows that the same region has RMSF values that are very
different in a single JD structure or in an aggregated JD pair (wild/
mutated JD). The reason for the different RMSF values between
the single and the aggregated JD might lie in the closure dynamics
of the hairpin. In particular, the protein structural ensemble of the
JD-JD and JDAVA9 includes JD configurations characterized
by the hairpin in open-like, closed-like and intermediate states
(Figure 7). Only the intermediate state is responsible for higher
fluctuation values, with respect to the open-like and the closed-like
conformation (Figure S8 in File S1), thus suggesting a relationship
between hairpin closure and a3 fluctuations.

Conclusion

In the present study the JD protein-protein interaction has been
investigated by molecular dynamics. Our data have highlighted
residues Argl101, Lys128 and Asp145 as mainly involved in the JD-
JD contact interface. JD dimer models are provided as supporting
information to this paper. Moreover, our results highlighted that,
as a consequence of the JD-JD binding, a4 (and in particular
Leu84-Trp87) may undergo conformational changes followed by a
total exposure to the solvent. Based on the results obtained in this
study, we propose that, although the peptide sequence Leu84-
Trp87 has been indicated as relevant for JD aggregation in recent
publications on this topic, it might play a role in a second step of
the JD aggregation, the first step of the JD-JD binding being
mainly mediated by other residues such as Argl01. Further work is
required to confirm our hypothesis. Moreover it is necessary to
better clarify the dynamic behavior of Leu84-Trp87 region, whose
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key aggregation role was suggested by previous publications in this
arca [17]. Moreover, ad hoc experimental studies aimed to
validate the direct involvement of ArglOl in the JDs binding
mechanism are needed.

In conclusion, our computational results could also be a starting
point for a better understanding of SCA3 molecular pathogenesis,
through a deeper investigation of the JD role into the At3
aggregation by considering also the presence of poly(Q) expanded
tracts.

Supporting Information

File S1 Figures, tables and additional information to
support “MATERIALS AND METHODS’’ and ‘RE-
SULTS”’ sections of this paper.

(PDE)
File S2 Ten docked JD-JD models (Protein Data Bank

format). The last frame of each JDJD simulation is provided
together with an estimation of the associated binding free energy.
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