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ABSTRACT

Despite the ubiquity of membrane occupation recognition nexus (MORN) motifs across diverse species in both eukaryotic and
prokaryotic organisms, these protein domains remain poorly characterized. Their significance is underscored in the context
of the Alsin protein, implicated in the debilitating condition known as infantile-onset ascending hereditary spastic paralysis
(IAHSP). Recent investigations have proposed that mutations within the Alsin MORN domain disrupt proper protein assembly,
precluding the formation of the requisite tetrameric configuration essential for the protein’s inherent biological activity. However,
a comprehensive understanding of the relationship between the biological functions of Alsin and its three-dimensional molec-
ular structure is hindered by the lack of available experimental structures. In this study, we employed and compared several
protein structure prediction algorithms to identify a three-dimensional structure for the putative MORN of Alsin. Furthermore,
inspired by experimental pieces of evidence from previous studies, we employed the developed models to predict and investigate
two homo-dimeric assemblies, characterizing their stability. This study's insights into the three-dimensional structure of the
Alsin MORN domain and the stability dynamics of its homo-dimeric assemblies suggest an antiparallel linear configuration
stabilized by a noncovalent interaction network.

1 | Introduction underlying molecular mechanisms, through the use of com-

putational methods which facilitate an atomistic-level investi-

Infantile-onset ascending hereditary spastic paralysis (IAHSP)
is a rare genetic disease associated with improper tetrameriza-
tion of a protein known as Alsin, encoded by the ALS2 gene.
The Alsin protein consists of five structured domains [1], and
the manifestation of IAHSP has been connected to mutations
in these domains, ultimately leading to improper Alsin tetram-
erization [2-5]. Unfortunately, a thorough understanding of the
mechanical and biological functions of Alsin in both physiolog-
ical and pathological conditions is currently hindered by the
absence of a three-dimensional experimental structure of the
protein. As a matter of fact, three-dimensional protein structure
models enable the exploration of structural characteristics and

© 2024 Wiley Periodicals LLC.

gation of protein biophysics and behavior. This approach helps
unravel the complex relationships between protein structures
and their biological functions, which is particularly relevant in
the investigation of proteins associated with rare diseases [6-9].
In this context, we recently developed and characterized molec-
ular models for three of the five structured domains of Alsin,
namely the RCC-like domain (RLD) [6], the Dbl homology and
Pleckstrin homology (DH-PH) domain [7], and the vacuolar pro-
tein sorting (VPS9) domain [8].

In the present work, we focus on the membrane occupation
and recognition nexus (MORN)-like domain, which has been
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suggested to be located in the region between the DH-PH and
VPS9 domains of Alsin [10, 11]. MORNS are protein domains
formed by several structural repetitions and are found ubiqui-
tously in both eukaryotes and prokaryotes [12]. The name de-
rives from the originally proposed role of mediating plasma
membrane association, which was hypothesized when this
assembly was first discovered as a domain of eight repetitions
in junctophilins [13]. The analysis of the sequences of MORN-
containing proteins showed that the number of MORN repeti-
tions varies greatly (from 2 to 20) and that MORN motifs can
be found in combination with several other domains, making
a complete understanding of their biological roles challeng-
ing. The limited structural and biological characterization of
MORN domains has been for a long time the primary obstacle
to comprehending these ubiquitous motifs and their roles in the
biological processes they participate in [12]. Even though these
domains are generally assumed to be lipid-binding sites [13, 14],
there is no direct evidence of this biological function, and exper-
imental data are often conflicting and ambiguous. [13, 15, 16].

Three MORN domains have been recently solved by x-ray crys-
tallography, obtained from three different all-MORN proteins
found in Trypanosoma brucei (Tbh), Toxoplasma gondii (Tg),
and Plasmodium falciparum (Pf). Following the comparison
of these structures, the MORN unit was described as a 23-24
amino acid domain [14, 17, 18] with a highly conserved sec-
ondary structure, comprising an all-f-strand motif featuring a
B-hairpin structure, consisting of a strand-loop-strand pattern.
Furthermore, the crystallographic structures led to a new hy-
pothesis regarding the biological function of MORN motifs, sug-
gesting a potential role as mediators in homophilic interactions
[19]. Most interestingly, the three MORN structures exhibited
two potential homo-dimeric spatial arrangements: linear and
V-shaped conformations. Specifically, the Tb-MORN structure
displayed a preference for a linear assembly, the Tg-MORN
structure showed both linear and V-shaped arrangements, and
the PAMORN structure was characterized by a preferentially V-
shaped arrangement [19]. Interestingly, the interaction between
adjacent homo-dimers is coordinated by a Zn?* ion in V-shaped
configurations of the Tg- and Pf~MORNSs: these structures con-
serve a cysteine (CYS), a glutamic acid (GLU), and an aspartate
(ASP) at the same sequence position and the interface between
adjacent monomers [19]. In the context of the Alsin protein, ex-
periments have highlighted that its aggregation process may be
facilitated through its MORN domain, specifically regions of
amino acids between 1233-1351 and 1351-1454 [10, 11].

Based on this hypothesis that the MORN domains of Alsin play
a role in the protein's tetramerization process and given that
improper tetramerization is linked to IAHSP pathology, we
conducted a computational modeling investigation to examine
the MORN domain of Alsin along with two potential dimeric
assemblies.

After characterizing the monomer, we examined the stability
of the dimeric interface and identified peculiarities among dif-
ferent dimeric assemblies. This study lays the groundwork for
understanding potential mechanisms of protein domain interac-
tions associated with physiological Alsin aggregation processes.
In particular, whereas the presence of specific amino acid rep-
etitions in the Alsin MORN sequence might suggest that the

Alsin could have a stable linear and V-shaped conformation, our
computational investigation suggested that the Alsin could form
an interface more compatible with a linear assembly than with
a V-shaped one.

This study is situated within a broader context focused on
characterizing and comprehending the molecular features that
underlie the functions and pathological behavior of the Alsin
protein. The employed approach constitutes a crucial step to-
ward understanding the aggregation mechanism of this com-
plex multidomain protein and how it is impaired by gene-related
mutations, such as those associated with IAHSP pathology.

2 | Materials and Methods
2.1 | Alsin MORN Model Building

In this section, the detailed materials and methods employed to
build the molecular structures of the Alsin MORN (A-MORN)
and the linear/V-shaped Alsin dimeric assemblies (L-ALS/
V-ALS) are described in detail.

2.2 | Alsin MORN (A-MORN)

Since no experimental structure of Alsin MORN was available
on the Protein Data Bank (PDB) database, three different pro-
tein structure prediction techniques have been employed to
generate a three-dimensional structure for the Alsin MORN
starting from its primary sequence. In detail, we used (i) classi-
cal template-based homology modeling, (ii) I-TASSER [20, 21],
and (iii) the Alphafold v2 algorithm [22].

For the template-based homology modeling, the MORN domain
sequence was extracted from the complete human Alsin pro-
tein sequence (UniProtKB accession: Q96Q42) available in the
UniProt database. The specific region employed encompassed
amino acids 1049-1244 [23]. Sequence alignment was then
performed against the highest resolution structures of MORN
domains currently available on the RSCB database (PDB IDs:
6T4D [19], 6T6Q [19], 6T4R [19], 7JR9 [24], 1H3I [25], and 6JLE
[24]) using the Molecular Operating Environment (MOE) soft-
ware [26]. Homology modeling was performed using MOE's ho-
mology tool, using as a template the structure with the highest
identity and similarity percentages. The obtained model will be
referred to as A-MORNHO in the following.

I-TASSER suite [20] [21] was also used to produce the molecular
structure of the Alsin protein: we selected the same sequence em-
ployed for the classical homology modeling procedure (aa 1049-
1244) as input, then the best model was selected according to the
best C-score (1.81) and TM-score (0.97+0.05). The I-TASSER
model will be referred to as A-MORN!T in the following.

The third model was extracted from the whole Alsin model
downloaded from the Alphafold protein structure database
(https://alphafold.ebi.ac.uk/entry/Q96Q42) and will be referred
to as A-MORNAT, From a visual inspection of the whole Alsin
model predicted by Alphafold, the MORN [-sheet region in-
volves amino acids ranging from 1031 to 1265. Thus, since the
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amino acids of the C-terminal tail are involved in the dimeric
interface, the residues comprising this area have been kept in
the 3D structure. The quality of A-MORNAF prediction was eval-
uated in terms of average per residue confidence score (mean
pLDDt=90.08).

The models were evaluated by assessing the stereochemical
quality through the Ramachandran plots generated by the MOE
software. They were also compared in terms of root mean square
deviation (RMSD) and TM-Score, evaluated by the TM-Align
tool [27]. The best structure among the three obtained A-MORN
models, that is, A-MORNHO, A-MORN!T, and A-MORNAF, was
chosen based on the Z-score, obtained using the ProSA web
server [19]. The Z-score of a model is the energy deviation of its
structure from a set of random configurations and, therefore,
can be considered as a measure of the overall quality of a model
[17, 18].

2.3 | Linear and V-Shaped Alsin Dimeric
Assemblies (L-ALS and V-ALS)

The best A-MORN model was considered for the following
analysis and was employed to build the two dimeric assem-
blies conformations. Using the MOE software, we recreated
the target spatial arrangements employing the superposition
tool to align the model chains to the interfaces of the linear
and V-shaped structures of the PfMORN and Th-MORN
(PDB ID: 6T4D and 6T4R [19]), respectively. As previously
mentioned, the dimeric assembly of the V-shaped confor-
mations is coordinated by a Zn?* ion thanks to the presence
of a conserved quadruplet sequence formed by residues

N-ter

CYS306-x-GLU308-ASP309 [19]. Since the Alsin MORN
sequence presented a similar group of residues (SER1215-
GLU1216-ASP1217-ASP1218) in a similar sequence position,
the Zn?* ion was preserved in the V-shaped super-assembly.
Then, for both the linear and V-shaped Alsin MORN, energy
minimizations were performed with MOE standard parame-
ters, and the Ramachandran plots were analyzed to assess the
stereochemical quality of the models. The linear and V-shaped
models will be referred to as L-ALS and V-ALS, respectively,
and are represented in Figure 1.

2.4 | Molecular Dynamics Investigation of Alsin
MORN Monomer and Dimeric Assemblies

Molecular dynamics (MD) simulations were carried out for
the A-MORNAF monomer model and the two dimeric assem-
blies, that is, L-ALS and V-ALS, employing GROMACS 2020.4
[28]. The systems were inserted into a dodecahedral box with
periodic boundary conditions imposing a minimum distance
between the protein and the box edge of 1.5nm. Each system
was solvated by the explicit TIP3P water model [29] imposing
physiological Nat/Cl~ salt concentration conditions (0.15M)
to counterbalance the net charge of the systems. The steepest
descent method was applied for 5000 steps during the energy
minimization phase. Then, each system undergoes two equil-
ibration steps with constant volume and temperature (NVT)
and with constant pressure and temperature (NPT), respec-
tively. The NVT and NPT equilibration steps were performed
using position restraints on the protein-heavy atoms and with
reference values for temperature and pressure of T=300K and
P=1.0bar, respectively. Berendsen thermostat [30] was used

FIGURE1 | Protein structures rendering of the Alsin MORN models, that is, (A) A-MORNAY, (B) L-ALS, and (C) V-ALS. The structure is rendered
as a new cartoon representation and colored according to the secondary structure (red for 3-sheet, yellow for coil, and orange for a-helix). For the

V-ALS the zinc ion (violet) is rendered as Van der Waals.
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for NVT equilibration (r=0.1), whereas Parrinello-Rahman
[31] isotropic coupling was selected for NPT equilibration
(r=2.0). The total time for the NVT/NPT equilibration phase
was 1ns. After finishing the equilibration step and removing
the position restraints, the production phase in an NPT en-
semble was performed for 200 ns for the monomer and 1000 ns
for the dimeric assemblies. The simulation time step was im-
posed to 2fs, and the AMBER ff99SB-ILDN force field [32]
was employed for the system parametrization. Electrostatic
interactions were treated using the PME scheme [33] with a
cutoff of 1 nm for both Van der Waals and Electrostatic inter-
actions. Three replicas for each system were made to increase
the statistics of the data and ensure the repeatability of the
results. Therefore, a total of 600ns for the monomer system
and 3 us for each dimeric system during the unrestrained sim-
ulation phase were performed.

2.5 | Conformational Analysis

For the dimeric assemblies, the two chains were named and
analyzed separately: the first Alsin MORN monomer was
defined as Chain A and the second monomer was defined as
Chain B.

After the MD simulations, analyses to assess the stability of
the systems were performed by RMSD and root-mean-square
fluctuations (RMSF) calculations. In the case of the two super-
assemblies, RMSD was evaluated (i) separately on each chain
after removing translational and rotational artifact fitting the
coordinated on the position of the a-Carbons (Ca), (ii) for the
complex after fitting the coordinates of the dimer on the Ca and
(iii) on the Ca atoms in the C-terminal regions (aa 1216-1267)
of both chains. RMSF analysis was performed on the Ca of each
chain independently to avoid artifact generation due to global
structure movements. The probability of an amino acid being
involved in a secondary structure (i.e., a-helix, §-sheet, turn,
or coil) was assessed using the MDTraj python library that uti-
lized the Dictionary of Protein Secondary Structure (DSSP) pro-
gram [34] as the backend. The secondary structure probability
for each amino acid was calculated by dividing the total count
of occurrences of a specific secondary structure by the total
number of frames in the concatenated trajectories, as done pre-
viously [6, 9]. The probability of a specific interaction between
the two chains of the dimer (i.e. hydrogen bonds, hydrophobic
interactions, salt bridges, metal complexes, etc.) has been evalu-
ated using the PLIP python library [35] on each frame and then
averaging the number of the occurrences on the total number
of frames. Interactions with a probability higher than 50% were
selected, according to previous studies [6, 9].

To further investigate the hypothesis that the triplet of residues
formed by the SER1214, GLU1215, and ASP1216 could act as
a zinc coordination motif, as reported in previous literature for
other MORN motifs [19], the minimum distance between the ox-
ygens of the side chains of the putative amino acids and the Zn?*
ion was evaluated throughout the simulation. Analyses were
performed employing GROMACS tools [28], specific Python
packages, that is, MDAnalysis [36] and MDTraj [37], and in-
house scripts. Analysis plots were obtained with the Matplotlib
library [38], whereas molecular system rendering and visual

inspections were made with the Visual Molecular Dynamics
(VMD) software [39].

3 | Results

3.1 | Analysis of Alsin MORN Sequence and Model
Building

The Alsin MORN sequence was compared with other six
MORN protein domains (PDBID: 6T4D [19], 6T6Q [19], 6T4R
[19], 7JR9 [24], 1H3I [25], and 6JLE [24]). Results revealed that
the higher identity (34.7%) and similarity (49.5%) were achieved
by the Tg-MORN sequence (PDBID: 6T6Q) followed by the Pf-
MORN (PDBID: 6T4D) sequence (see also Table S1). The Alsin
MORN sequences, together with the Tg-MORN and Pf-MORN
sequences, were split to carry out a comparative analysis across
MORN family, similarly to a previous consensus study [19]. The
most conserved residues, observed in each repetition of MORNSs,
were the glycine amino acids in the starting position and the
glycines in position 10 (Figure 2). Regarding the presence of a
YEGEW motif in positions 13-17, in the Alsin sequence com-
pared with the other MORNS, the TRP17 is partially replaced
with another apolar amino acid (PHE) and the conservation of
GLU16 is lost (Figure 2).

All the 3D-developed models (i.e., A-MORNHO, A-MORN!T, and
A-MORNAF) were then compared with select the best one for
further investigation. All models showed negative Z-score (A-
MORNAF: —5.46; A-MORNIT: —4.81; A-MORNH!O: —4.7) in the

B-Sheet B-Sheet

Tg-MORN
I

Pf-MORN
-

ALSIN-MORN

1234567 891011121314151617181920212223
position

FIGURE 2 | Consensus analysis of the repetitions of the three
MORN protein structures, that is, PAMORN, Tg-MORN, and Alsin
MORN. Residues are colored according to hydrophobicity, with black for
hydrophobic, green for slightly hydrophobic, and blue for hydrophilic.
Key motifs reported in previous literature [19] are highlighted by gray
and yellow shades.

1346

Proteins: Structure, Function, and Bioinformatics, 2024

85UB0| SUOLULLIOD BAER1D 3|ceotidde U3 Aq pauseob 8. S3o1e O 88N JOSBINI 104 ATeiq1 BUIIUO AB|IM UO (SUOIPUOD-PUB-SLLLB}/ WO A | I Ae.q1 U |UO//SdIY) SUORIPUOD PUE SWIS L 83 88S *[7202/TT/2T] uo ARigiTauliuo A8|im ‘outio L 1d 1iod Bd (18 SIS ouLio . 1 0osliiod Aq 82292°101d/200T 0T/10p/wo0" A3 1m Aeq1jeutjuo/sdiy oy pepeojumod ‘TT ‘7202 ‘vET0L60T



region of experimentally resolved structures (see also Figure S1).
The Ramachandran plot showed a good stereochemical quality
of the models with no amino acids in the disallowed region for
the A-MORNAF and only two residues in the disallowed region
for A-MORN!T and A-MORNHO (see also Figure S2). Then the
structural similarities across the models were evaluated in
terms of RMSD and TM-Score (see also Table S2). The RMSDs
between the models were below 4 A for each couple with a TM-
Score above 0.5, indicating that the models correspond to the
protein pairs of similar fold [20]. Thus, given the structural
similarity between the three models (see also Figure S3), we
selected the A-MORNAF model, for the following reasons: the
lowest Z-score, the lowest number of amino acids in the disal-
lowed region and since it includes terminal regions, which could
be involved in the dimerization. The model selected has been
employed for further MD investigations and to build the dimeric
assembly (Figure 2).

The selected model for the Alsin MORN domain, namely the
A-MORNAF model, is structurally characterized by an all-B-
secondary structure, formed by nine repetitions, with each (-
strand connected by flexible loops (Figure 1A).

3.2 | Alsin MORN (A-MORN) Conformational
Dynamics

Structural integrity and dynamical behavior were assessed
through the analysis along the three replicas of 200ns trajectory
produced by MD simulations of the A-MORNAF model. The evalu-
ation of the RMSD showed that the structure quickly reached equi-
librium around the value of 0.40+0.04 nm (see also Figure S4). All
ensemble averages have been performed on the last 50ns of each
replica, extracting a sample every 100ps. On average, the $-sheet
repeat motif is maintained for the nine structural repetitions, with
a slight tendency of the C-terminal 3-strand to transit to a coil con-
formation (Figure 3A). The RMSF analysis showed four regions
with high fluctuations: (i) the N-terminal tail, especially around
SER1031 (0.35+£0.09nm), (i) the C-terminal tail, especially
around LEU1268 (0.44+0.03nm), (iii) the coil region composed
of residues LYS1092 (0.31 +0.04nm) and ALA1093 (0.35+0.04),
and (iv) the loop formed by LEU1143 (0.35+0.04nm), THR1144
(0.37+£0.06nm), SER1145 (0.35+0.049nm), and SER1146
(0.32+0.09nm) (Figure 3B,C).

3.3 | Conformational Dynamics of Alsin MORN
Dimeric Assemblies (L-ALS and V-ALS)

Following the hypothesis that the MORN family could act as a di-
merization domain and the evidence that the region comprising
the Alsin MORN is fundamental for its proper tetramerization
[10], two models of Alsin MORN homodimer were developed and
simulated. The two models were built on the previously described
experimental arrangements of the MORN dimeric assemblies,
namely the linear and the V-shaped conformations [19]. The ob-
tained linear and V-shaped models are referred to as L-ALS and
V-ALS, respectively. Both models were simulated in three differ-
ent replicas of 1000 ns each, and ensemble averages were extracted
from the last 600ns of each replica every 100ps.

A

SS (%)

AT

N 20 A 0N RN AN 0D O oo
SESESELEL ESSSFRS

Residue

RMSF [nm] =

\‘r,,ar’ V) CAEX K ?‘.‘v S
N-ter . C-ter
|
. RMSF (nm) s

FIGURE3 | (A)Probability distribution of secondary structures over
time for the A-MORNAY (red for -sheet, yellow for coil, and orange for
a-helix). (B) RMSF of the A-MORNAF during the equilibrium reported
as mean (black line) and confidence interval at 98% (+1.980) (gray
shade). (C) RMSF values reported on the Alsin MORN 3D model and
colored according to a reddish color scale.

To evaluate the structural integrity of the single chains of L-ALS
and V-ALS, the RMSD on the C-alpha carbons with respect to
the initial configurations was calculated for each chain sepa-
rately after removing the rotational and translational artifacts.

The secondary structure probability and the RMSF were em-
ployed to assess the effect of dimerization on the dynamic
behavior of the domain. An analysis of the amino acids most
probably involved in the interface was performed to shed light
on the residues fundamental for the stability of the complex.

3.3.1 | Structural Analysis and Interface
Characterization of the Linear Alsin Dimer (L-ALS)

The RMSD evaluated on every single chain shows that each
monomer in the complex does not undergo major conformational
changes, and it is stabilized at 0.30+0.05nm for Chain A and
0.35+0.05 for Chain B (see also Figure S5). On the other hand, the
RMSD evaluated on the complex stabilized to higher values around
0.73+£0.21nm (see also Figure S6). RMSD analysis of the heavy
atoms of the C-tails, which are involved in the interface, showed
a plateau across the three replicas with an average value between
the last frames of each replica of 0.27+0.03nm (Figure S7).
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The secondary structure of each chain in the linear confor-
mation is stable during the simulation time and similar to the
single monomer one, but with a greater stabilization for the
C-terminal region (Figure 4A). In contrast to the monomeric
Alsin, the C-terminal segment was stable in a $-sheet conforma-
tion created by the C-terminal regions of the two adjacent mono-
mers forming an antiparallel dimeric interface (Figure 4C).
Analysis of the RMSF showed several peaks corresponding to
the loops connecting each -strand and the ending termini.
Interestingly, each chain reported a similar behavior to its coun-
terpart and to the Alsin MORN monomer: the highest fluctu-
ations are exhibited around residues SER1031 (0.43 +0.05nm)
belonging to the N-terminal, in the loop composed by residues
LEU1143 (0.4+0.02nm), THR1144 (0.49+0.08 nm), SER1145
(0.49+0.14nm), SER1146 (0.4+0.09nm), and around residues
SER1267 (0.35+0.43nm) and LEU1268 (0.46 +0.08 nm) within
the C-terminal (Figure 4B).

The most occurring interactions during MD simulations be-
tween the L-ALS monomers (Chain A and Chain B) are listed
in Table 1. As also highlighted in Figure 4C, the dimeric inter-
face was characterized by hydrophobic interactions, hydrogen
bonds, and a salt bridge. In greater detail, a symmetric pattern
of hydrophobic interactions between the amino acids ILE1259
and TYR1263 of the two chains was emphasized. Moreover,
the results highlighted a symmetric pattern of hydrogen

bonds formed by TYR1219-ILE1257 and ILE1259-GLY1261
between the two chains and a nonsymmetric hydrogen net-
work of THR1219-LYS1265 and ASN1241-ASP1217 belonging
to Chain A and Chain B, respectively. Finally, a symmetric
salt bridge interaction between ASP1217-LYS1265 of chains A
and B was observed.

3.3.2 | Structural Analysis and Interface
Characterization of the V-Shaped Alsin Dimer (V-ALS)

The RMSD of the V-ALS stabilized at 0.33+0.05 and
0.31£0.02nm for Chain A and Chain B, respectively, showing
no major conformational changes on the single monomer (see
also Figure S8). On the other hand, the RMSD on the whole
complex stabilized on higher values around 0.63 £ 0.24nm (see
also Figure S9). RMSD of Ca of the C-tails interfacial residues
deviated from the initial configuration, assuming an average
value between the last frames of each replica of 0.43 +0.16 nm.

The secondary structure of the V-ALS was stable and comparable
for both chains during simulation except for (i) the region com-
prising residues 1226-1235 of Chain B, which lost the second-
ary structure arrangement and (ii) the C-terminal part of both
chains, which showed a transition to an unstructured conforma-
tion similar to the case of the single Alsin monomer (Figure 5A).
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FIGURE4 | (A) Probability distribution of secondary structure for Chain A (upper) and Chain B (lower) of the L-ALS structure (red for 8-sheets,
orange for a-helix, and yellow for unstructured). (B) RMSF evaluated on the single chain reported as mean (solid line) and standard deviation

(shaded area). (C) Rendering of the L-ALS dimer with amino acids most involved in the interaction interface colored according to the specific type

of interaction (red for salt bridges, orange for H-bonds, and green for hydrophobic interactions). The amino acid labels with the “*” character denote

residues belonging to Chain B.
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TABLE 1 | Contact probability of the most recurring amino acids involved in the interaction interface between L-ALS monomers (Chain A and

Chain B).
Type Chain A Chain B Probability
Hydrophobic interaction ILE1259 TYR1263 70%
Hydrophobic interaction TYR1263 ILE1259 70%
Hydrogen bond ILE1257 TYR1263 67%
Hydrogen bond ILE1259 GLY1261 67%
Hydrogen bond GLY1261 ILE1259 67%
Hydrogen bond TYR1263 ILE1257 67%
Hydrogen bond THR1219 LYS1265 56%
Hydrogen bond ASN1241 ASP1217 54%
Salt bridge LYS1265 ASP1217 77%
Salt bridge ASP1217 LYS1265 83%

Note: Types of interactions are colored according to the color code used in Figure 4, that is, red for salt bridges, orange for H-bonds, and green for hydrophobic

interactions.
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FIGURE 5 | (A) Probability distribution of the secondary structures for Chain A (upper) and Chain B (lower) of the V-ALS dimeric assembly
(red for B-sheets, orange for a-helix, and yellow for unstructured regions). (B) RMSF evaluated on the single chain reported as mean (solid line) and
standard deviation (shaded area). (C) Rendering of the V-ALS dimer in complex with the zinc ion. Amino acids most involved in the interactions

are rendered in violet according to the specific type of interaction (metal complex). The amino acids labels with the

G

character denote residues

belonging to Chain B. (D) Distribution of the distance between the putative coordination residues and the zinc ion, reported for each chain (solid bar

for Chain A and hatched bar for Chain B) as median and interquartile range.

Analysis of the RMSF did not show any major effect on the resi-
due fluctuations. Indeed, similarly to the single Alsin monomer
and the L-ALS, several peaks were observed in the V-ALS in the
positions corresponding to the loops connecting each f-strand

and in the ending termini. Moreover, as for the L-ALS, the
chains reported almost identical behavior in terms of residue
fluctuations. The highest fluctuations for both V-ALS chains
were demonstrated by the N-terminal SER1031 (0.54+0.09 nm),
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the loop formed by residues LYS1092 (0.37+0.09nm) and
ALA1093 (0.39+0.06nm), a second loop comprising THR1144
(0.36+£0.07nm), SER1145 (0.36+0.15nm), and SERI1146
(0.34+0.09nm), and residues SER1267 (0.37+0.04nm) and
LEU1268(0.5+0.03nm) belonging to the C-terminal (Figure 5B).

Differently from the L-ALS, which forms a stable network of
interactions, the V-ALS interactions are not stable during the
simulation, meaning that there are no interactions with prob-
ability above the threshold of 50%. However, ASP1217 of both
chains was able to form a stable metal complex interaction with
the zinc ion for all the configurations sampled during simula-
tions (Figure 5C). To further investigate the hypothesis that
the triplet of residues formed by the serine (SER1215), glutamic
acid (GLU1216), and aspartic acid (ASP1217) could act as a zinc
coordination motif as for the other MORNS s reported in the lit-
erature, each minimum distance between the oxygens of the
side chains of the putative amino acids and the Zn?* ion has
been evaluated. Results reported as the median and interquar-
tile range for each chain are not compatible with distances for
metal site interactions [40] except for ASP1217 which reported
values of 0.180 [0.177-0.183] nm for both chains, in line with
the above-mentioned contact probability analysis (Figure 5D).

4 | Discussion

MORN is a class of poorly characterized protein domains found
across diverse species. Recent studies suggested the possibil-
ity of these motifs forming dimeric structures, indicating two
possible modes of interaction, namely the linear and V-shaped
configurations [19]. Starting from these findings and from the
hypothesis that the MORN domain can be a crucial domain for
the oligomerization process in the Alsin protein, the present
study proposed and characterized molecular models for the sin-
gle Alsin MORN monomer and the relative dimeric structures in
the linear and V-shaped configurations.

Due to the lack of an experimental structure of the human
Alsin MORN domain, we tried different computational strat-
egies (classical homology modeling, I-TASSER webserver,
and Alphafold v2) to develop a reliable molecular model. The
most promising model in terms of stereochemical quality
and the Z-score was obtained with Alphafold v2. This model
was therefore considered for the subsequent simulations and
molecular refinements. Compared with the most similar
MORN sequences available in the literature, that is, Pf- and
Tg-MORNSs, the most conserved residues in each repetition of
MORNSs were the glycine amino acids at the starting position
and the glycines in position 10 (Figure 2). This analysis is in
good agreement with previous pieces of literature which un-
derlined, through a consensus sequence alignment among ex-
perimental MORNS, the presence of a highly conserved GX G
motif at the start of the sequence and a conserved glycine at
position 10 (GLY10) [19]. However, in the Alsin sequence,
there was a partial replacement of TRP17 with another apolar
amino acid (PHE), and the conservation of GLU16 was lost
(Figure 2), in contrast to the conservation of the YEGEW motif
in positions 13-17 highlighted in previous literature for Tbh-,
Tg-, and Pf-MORNSs [19]. Moreover, the Alsin MORN model
developed is formed by nine repetitions, differently from the

previous literature that suggested an eight-repetition motif
[10, 41]. Despite these small differences between the Alsin
MORN and the available experimental MORN structures, the
overall fB-sheet repeated motif was preserved stable during
the simulations, except for a slight tendency toward a coil
structure in the C-terminal $-strand (Figure 3A). Moreover,
the most fluctuating regions within the protein structure are
located in the N- and C-terminal tail and two major loops at
sequence positions 1092-1093 and 1143-1146 (Figure 3B,C).

Starting from the above-mentioned Alsin MORN model, we
built two homo-dimeric assemblies: we recreated the de-
sired spatial arrangements aligning the model chains with
the interfaces of the linear and V-shaped structures of the
Pf-MORN and Th-MORN (PDB ID: 6T4R and 6T4D [8]), re-
spectively. Therefore, the linear and the V-shaped conforma-
tion of Alsin have been obtained and referred to as L-ALS and
V-ALS, respectively. Both dimers have an antiparallel shape,
which involves the C-terminal region of the Alsin monomer.
Interestingly, the L- and V-ALS showed an interface formed
by amino acids ranging from 1216 to 1268 in agreement with
regions indispensable for the proper Alsin tetramerization
reported in previous experimental studies [10]. We then em-
ployed MD simulations to characterize the proposed dimeric
structures, with particular focus on the dimeric interface. The
L-ALS showed a symmetric pattern of interactions forming a
continuous f-sheet-like structure (Figure 4A). Overall, the L-
ALS converged to a stable interface, formed by the C-terminal
tails, in all three analyzed replicas (Figure S7). As for the
experimental Th-MORN, the interface of the L-ALS mono-
mers seemed to be stabilized by symmetric hydrophobic in-
teractions, symmetric and asymmetric hydrogen bonds, and a
symmetric salt bridge [19] (Figure 4C). On the other hand, the
dimeric interface of the V-shaped conformation tends to con-
siderably deviate from the imposed initial structure without
forming stable interactions during simulations (Figure S10).

This is also confirmed by the observation that the V-shaped
conformation, coordinated by a Zn** ion, showed less stable
contact in the ensemble of configurations sampled during
simulations. The only stable interaction was the symmetric
metal complex between the Zn?* ion and ASP1217 of both
chains. Interestingly, this aspartic acid is in a position in the
sequence close to a glutamic acid and a serine. However, both
the contact probability (Figure 5C) and the distance analyses
(Figure 5D) highlighted that the Alsin V-shaped conformation
did not permit stable intermonomer contacts reducing the sta-
bility of the overall dimeric assembly. Previous work indicated
that the V-shaped and linear conformation exhibited from the
Pf- and Tg- MORN requires the presence of a triplet of aspartic
acid, cysteine, and glutamic acid as crucial to stabilizing a V-
shaped conformation [19]. In the Th-MORN the cysteine resi-
due is replaced with a leucine, and linear assembly is observed
but not V-shaped. The results on the V-shaped conformation
for the Alsin MORN observed in this work are in agreement
with previously reported literature, suggesting that the pres-
ence of an aspartic acid conserved is not sufficient to maintain
the V-shaped interface [19]. Indeed, not only is the presence of
aspartic acid necessary for coordinating Zn?*, but it also re-
quires the presence of cysteine to stabilize the V-shaped con-
formation. Therefore, since the cysteine is not conserved in
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the Alsin sequence, similar to Th-MORN, it results in reduced
stability of the V-shaped interface.

5 | Conclusion

MORN motifs play roles in various physiological and patho-
logical biological functions. In the Alsin protein, sequence
variations in the MORN structures are suggested to be linked
to incorrect protein aggregation, associated with the onset of
TAHSP. However, the characterization of MORN motifs is still
limited due to the lack of experimental molecular structures.
Building upon the hypothesis that MORN motifs may act
as interaction domains, this study, using in silico molecular
methods, investigated the structure and interaction properties
of Alsin MORN domains. The current investigation, through
the comparison of various structure prediction approaches and
the utilization of extensive MD simulations has produced an
ensemble of configurations of the molecular model concerning
the Alsin MORN domain. These ensemble of configurations,
together with previously released models of Alsin domains by
our group, serves as a starting point for a comprehensive un-
derstanding and characterization of the Alsin protein (https://
crystal.m3b.it/results/). Furthermore, the creation of linear
and V-shaped dimeric assemblies of the Alsin MORN provides
insights into the stabilities of these aggregates, highlighting
similarities and differences with similar experimental struc-
tures. Specifically, the linear conformation of Alsin MORN
demonstrated stable interactions during simulations, suggest-
ing a stable dimeric interface. On the contrary, the V-shaped
assembly showed only a single residue involved in the inter-
monomer interaction, indicating a less stable dimeric interface.

These insights can lay the foundation for further in vitro and
in silico investigations. For example, wet lab experiments, such
as small x-ray light scattering or native mass spectroscopy,
could confirm findings on the molecular shape of dimeric Alsin
MORN. Moreover, alanine scans and aggregation experiments,
aimed at investigating the role of the interfacial amino acids
identified in this work, can provide further insights into the
oligomerization process of Alsin. Furthermore, an enhanced
sampling approach could be used to energetically characterize
the Alsin MORN dimer and the effect of mutations on its sta-
bility. More specifically, techniques such as umbrella sampling
can be used to characterize the free energy difference between
the bound and unbound states of the dimeric conformations
described here and to characterize the assemblies from a ther-
modynamic point of view. This approach could also be a future
development of the current study to characterize the effect of
mutation on the stability of the dimeric assembly.

This and future works are pivotal to unraveling the intricate
relationships between Alsin's structural properties and its im-
pact on biological processes, and thus understanding the mech-
anisms underlying IAHSP disease.
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