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A B S T R A C T   

Spinal muscular atrophy (SMA) is a disease that results from mutations in the Survival of Motor Neuron (SMN) 
gene 1, leading to muscle atrophy due to motor neurons degeneration. SMN plays a crucial role in the assembly of 
spliceosomal small nuclear ribonucleoprotein complexes via binding to the arginine-glycine rich C-terminal tails 
of Sm proteins recognized by SMN Tudor domain. E134K Tudor mutation, cause of the more severe type I SMA, 
compromises the SMN-Sm interaction without a perturbation of the domain fold. By molecular dynamics sim-
ulations, we investigated the mechanism of Tudor-SmD1 interaction, and the effects on it of E134K mutation. It 
was observed that E134 is crucial to catch the positive dimethylated arginines (DMRs) of the SmD1 tail that, 
wrapping around the acidic Tudor surface, enters a central DMR into an aromatic cage. The flexible cage residue 
Y130 must be blocked from the wrapped tail to assure a stable binding. 

The charge inversion in E134K mutation causes the loss of a critical anchor point, disfavoring the tail wrapping 
and leaving Y130 free to swing, leading to DMR detachments and exposition of the C-terminal region of the tail. 
This could suggest new hypotheses regarding a possible autoimmune response by anti-Sm autoantibodies.   

1. Introduction 

Spinal Muscular Atrophy (SMA) is an autosomal recessive neurode-
generative disorder considered the first genetic cause of infant mortality 
[1–3]. It affects especially motor neurons cells, being mostly charac-
terized by degeneration of anterior horn cells of the spinal cord, leading 
to progressive limb and trunk paralysis and muscular atrophy. Based on 
the age of onset, the gravity of the clinical picture, and the life span, SMA 
has been classified into four types (I – IV) by the International SMA 
Consortium (1992). In the early ‘90”s the locus of SMA was identified on 
chromosome 5q13 of the human genome. Actually, this locus contains 
two genes, SMN1 and SMN2, which produce an identical SMN protein. 
[2]. Unfortunately, a C-T transition in SMN2 gene specifically modifies 
the sequence of an exonic splice enhancer [4–6], causing the production 
of a protein lacking exon 7 in most transcripts (SMNΔ7), protein that is 
unstable and is rapidly degraded. Therefore, SMN2 does express only 10 
% of full-length transcripts, while the vast majority of full-length SMN 
protein comes from SMN1 gene, which represents the predominant 

contributor to SMN protein levels [7]. This justifies the fact that over 98 
% of all SMA patients carry homozygous mutations or deletions of SMN1 
gene. In fact, in these conditions the production of functional SMN 
protein will depend only on the low production levels of SMN2 gene, 
highly correlating with severity of SMA [8]. 

SMN is a 38 KDa − 294 residues protein found in the cytoplasm and 
nucleus of cells [9–12]. It harbors multiple domains interacting with 
several different protein partners, in particular: the N-terminal Gemin2 
domain, included in the lysine-rich nucleic acid-binding domain; a 
central Tudor domain; the proline-rich profiline-binding domain and a 
C-terminal YG domain. Excluding Gemin2, Tudor and YG domain, 
which are the only experimentally resolved SMN regions [13–19], the 
remaining large regions of the protein are unstructured [20], therefore 
the whole SMN structure was only predicted, both by RosettaCM [21] as 
was made by Singh and co-workers [20], and by AlphaFold [22](AF- 
Q16637-F1). This multifunctional protein has a role in numerous 
cellular processes and pathways, mainly regarding various aspects of the 
RNA metabolism [20,23]. Particularly relevant for this work – and the 
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mainly studied function - it is involved in snRNP assembly, forming a 
multimeric complex composed of SMN, Gemin proteins (Gemins 2–8) 
and of UNR-interacting protein (Unrip). The SMN complex mediates the 
assembly of the seven spliceosomal Sm proteins core (Sm B, D1–3, E, F 
and G) on their small nuclear RNA (snRNA) binding-sites, to form the 
assembled Small Nuclear Ribonucleoprotein (snRNP) particles, crucial 
components of the spliceosomal machinery [12,24–26]. In snRNP as-
sembly, as in several other biological pathways (e.g. in regulation of 
nuclear architecture, by interacting with coilin protein in Cajal bodies 
[27], and in regulation of transcription termination by interacting with 
RNA polymerase II subunit POLR2A [28]), the exon-3 encoded Tudor 
domain of SMN plays a critical role by interacting with symmetrically 
dimethylated arginine (sDMR) in the partner proteins. Symmetrical 
dimethylation of arginine is a very rare posttransaltional modification in 
humans, generated by placing one methyl group on each of the terminal 
guanidino nitrogen atoms. In snRNP assembly, the Tudor domain 
directly binds the symmetrically dimethylated arginines in the C-ter-
minal tail of Sm D1, D3 and B/B′, which are rich in arginine-glycine (RG) 
repeats [16,17,24,29,30]. It was demonstrated that the symmetrical 
dimethylation is critically important for SMN binding, strongly 
enhancing the binding affinity, and that the basic Tudor fold alone is 
sufficient for binding [17,19,31,32]. The Tudor domain exhibits a 
structure made by a five-stranded antiparallel β-sheet, strongly bent to 
form a barrel-like fold (Fig. 1) stabilized by conserved hydrophobic 
residues. An aromatic cage on the Tudor domain, made up of Tyr127, 
Tyr130, Asn132, Trp102 and Tyr109 (human SMN sequence 
numbering), seems to be responsible for mediating the binding with 
DMR by means of cation-π interactions and hydrophobic interactions. 
These are reinforced by the symmetrical demethylation, which gives to 
arginine hydrophobicity and bulkiness, without neutralizing the 
cationic charge. From titration experiments with single DMR residues, it 
was shown that the Tudor domain is able to accommodate a DMR res-
idue in the cage, but a cooperativity effect due to the other flanking 
DMRs was hypothesized to enhance the binding affinity [17,19]. This 
fact correlates with the presence of several negatively charged residues 
located at the Tudor surface. 

Six of the pathogenic missense mutations causing SMA are located in 
the SMN Tudor domain, interfering at different levels with the interac-
tion with Sm proteins. In particular, the E134K mutation strongly re-
duces such interaction, causing the more severe type I SMA [33,34]. This 
mutation involves one of the negatively charged residues placed at the 
domain surface and close to the cage residues, and it is of particular 

interest because, among the six mutations, it is the only one that does not 
perturbs the domain fold [16,19,29]. Therefore, this mutation would 
interfere somehow with the direct interaction of Tudor with Sm protein 
dimethylated tails, compromising the correct assembly of snRNP, which 
is fundamental for obtaining mature mRNA. Even if the introduction of 
new FDA-approved therapies such as SM2 splicing modifiers (nusinersen 
- Spinraza, risdiplam - Evrysdi), and gene replacement therapy (ona-
semnogene abeparvovec-xioi - Zolgensma) has already shown encour-
aging results in altering the natural course of the disease, studies have 
demonstrated that not all patients respond to therapy, especially those 
with one copy of SMN2 or those who receive post-symptomatic treat-
ment. In addition to this, not all patients have access to the above 
mentioned therapies due to cost, availability and physical condition, 
thus making necessary to search for new treatment approaches [35]. In 
this scenario, delving into the molecular basis of SMN structure and 
interaction may provide new insight into its disease-causing mutations 
and offer new ideas for the development of new therapies. Therefore, the 
present work focused, from a structural biology perspective, on the 
mechanism by which Tudor SMN interacts with the methylated C-ter-
minal tail of Sm proteins, and on the structural effects of the above 
mentioned deleterious mutation E134K on this interaction. The direct 
interference of the E134K mutation in SMN-Sm interaction, with the 
maintaining of Tudor domain fold, could help to better understand the 
key points of the binding mechanism. The SmD1 protein was chosen in 
this study, due to the reported dependence of the strength of the binding 
from the number of DMRs [17,19]. In fact, the SmD1 tail is characterized 
by nine consecutive RG repeats, all symmetrically dimethylated. The 
study was carried out by means of molecular dynamics (MD) simulation 
techniques, investigating the dynamic behavior of wild type and E134K 
mutated forms of the SMN Tudor domain, alone and in the presence of 
the C-terminal tail of SmD1 (residues 97–119, human SmD1 numbering, 
Fig. 1). With this approach we were able to monitor the formation of the 
complex between the Tudor and the SmD1 tail, gaining new insights into 
their interactions, or lack thereof in the mutated protein. The entering of 
a central DMR of the SmD1 tail in the Tudor aromatic cage and the 
wrapping of the other tail residues around the Tudor surface were 
observed. However, in the presence of E134K mutation it was followed 
by detachments and instability. The contribution of remarkable resi-
dues, and the conditions that must occur to stabilize the binding, were 
pointed out. In particular, the abolishing – with the E134K mutation - of 
a hydrogen bond triangle made by Tyr127, Glu134 and Gln136, that was 
hypothesized to impair the binding to DMR [19], was revised in light of 

Fig. 1. Starting structure of the wt SMN Tudor domain in the presence of the SmD1 tail. The structure of the SmD1 tail was initially built in extended conformation 
because it is known that this RG-repeats containing region is unstructured (see Section 2.1). Remarkable residues are labelled and represented in sticks. The mutant 
residue E134 is purple, the cage residues are green, acidic residues that come in contact with the SmD1 tail are red. In the underlying SmD1tail, DMRs are in blue, 
with the carbons of the symmetrical dimethylation in yellow balls. The two C-terminal not methylated arginines are also in blue. The cage and the H-bond network 
residues (Ser103, Tyr127, Glu134 and Gln136, connected with red dashed lines) are shown in the zoomed box. 
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a fourth residue involved. The role of the RG repeats flanking the DMR 
that enters the cage, involving their interaction with the conserved 
negatively charged patches on the surface of the Tudor domain, was also 
revealed. 

2. Methods 

2.1. Molecular dynamics simulations 

To investigate the mechanism of interaction between the SMN Tudor 
domain and the SmD1 C-terminal region, and the effects of the E134K 
mutation, MD simulations were carried out, in several replicas, on four 
systems: the Tudor domain alone, the Tudor domain in the presence of 
the SmD1 tail, the Tudor-E134K variant alone, and the Tudor-E134K 
variant in the presence of the SmD1 tail. (see Table 1 for number and 
conventional names of simulations replicas). 

For the building of the starting configuration of the system, the 
structure of the human SMN Tudor domain (residues 84-147) was 
extracted by the PDB databank [36], id code 4A4E [19]. After a careful 
comparison of all the available structures, this one was chosen because 
the cage was conformed to host a DMR, which is the ligand whose 
binding we want to investigate. Then, the DMR present inside the cage 
was removed, and the model 1 of the NMR ensemble was used. The 
E134K variant of the Tudor domain (Tudor-E134K) was built by means 
of the Swiss-Pdb Viewer software [37], replacing Glu134 with a lysine in 
the wt Tudor structure. 

The C-terminal region of SmD1 protein (also indicated in the text as 
“SmD1 tail”) was built by means of Hyperchem software (Hypercube, 
Inc.) in extended conformation, because it is known that this RG-repeats 
containing region is unstructured [38]. The last 23 residues of the SmD1 
human sequence (97–119, human SmD1 numbering, Uniprot code: 
P62314), containing nine RG-repeats, were used: 

G97RGR100GRGRGRGRGR110GRGRGGPRR119 

The underlined R means that this residue is known to be symmetri-
cally dimethylated. Only this region was used, because it is reported that 
the residues outside the RG-repeats do not contribute to the interaction 
with the Tudor domain [17]. Symmetrical dimethylation of arginine is a 
posttransaltional modification generated by placing one methyl group 
on each of the terminal guanidino nitrogen atoms. The symmetrical 
dimethylation was added to the indicated arginine residues of the RG- 
repeats with the same Hyperchem software package. 

Then, in the simulations in the presence of the SmD1 C-terminal 
region, the SmD1 tail was manually placed close to the Tudor cage 
(Fig. 1) by means of VMD software [39], at a distance that would favor 
the interaction of the SmD1 tail with the cage region, accelerating the 
recognition process, but without forcing the entering of a particular 
DMR and without assuming the formation of predefined interactions. 

The protein system (i.e. the Tudor domain alone or in the presence of 

the SmD1 tail) was then solvated with a water box 1 nm thick around the 
solute. Chlorine ions were added to the solvent to keep the system 
neutral. Both termini of the Tudor domain and the N-terminus of the 
SmD1 tail were kept in a neutral form, considering the absence of a net 
charge due to the presence of the rest of the protein. 

An energy minimization was first performed on the whole system up 
to a gradient of 100 kJ/(mol nm). Afterwards, a position-restrained 
dynamics was run for 100 ps to let the solvent relax around the solute. 
Full MD simulations were then run in multiple replicas 400 ns long at 
300 K and 1 bar. A time step of 0.002 ps was used. The NPT ensemble 
was used, and periodic boundary conditions were applied to the system 
both for position-restrained and for full MD. 

To perform MD simulations, the GROMACS software package [40] 
with the Gromos96 ffG53a6 force-field [41] was used. The DMR pa-
rameters for the force field (available in the Supplementary material) 
were calculated by means of the ATB server [42] and the partial charges 
were then manually adjusted, basing on the comparison with Gasteiger 
distribution [43]. The calculated parameters were compared with those 
used for analogous constructs and their validation was made with the 
first control simulation of the Tudor in the presence of the SmD1 tail, in 
which, in short time, a correct (compared with the available NMR 
complex) and stable insertion of a DMR inside the cage occurred. Also, 
the behavior of other DMRs was coherent with the chemical properties 
of this residue. 

Structural analyses were made by the routines embedded in the 
GROMACS package and by the VMD – Visual Molecular Dynamics 
software [44]. EP surface were calculated by means of Swiss-PDB 
Viewer software [37] with a cutoff of − 1.8 kbT/e for the negative 
value and 1.8 KbT/e for the positive one; the isosurfaces were then 
mapped onto protein molecular surface. Graphics were made by Ori-
ginPro, Version 2023 (OriginLab Corporation, Northampton, MA, USA). 
Dynamic contact maps were built by the Conan software [45]. 

2.2. Binding energy analysis 

In the simulations in the presence of the SmD1 tail, the analysis of the 
binding energy and the per residue energy decomposition was per-
formed by means of the g_mmpbsa software [46] that uses the MM/ 
PBSA method implemented for GROMACS, coupled with the APBS 
package [47]. The tool calculates the components of the binding energy 
(vacuum potential energy, polar solvation energy, non-polar solvation 
energy) in the single trajectory approach, with the exception of the 
entropic term, the calculation of which is computationally very expen-
sive (in particular here, due to the size of the system) [48]. However, 
even if the method is unable to give the absolute free binding energy, the 
tool is suited for calculating relative binding energies. For the calcula-
tions, we used the portion of the wt trajectories in which the complex 
Tudor-SmD1 was stable (looking at the RMSD plot and matrix of both 
the SmD1 tail and the Tudor domain) and a DMR was present inside the 
cage. For the analysis of E134K complexes, we chose only the E134K- 
SmD1_r1 trajectory that was the only one that shows both a DMR 
temporarily inserted correctly into the cage and the SmD1 tail wrapped 
around the domain. 

3. Results and discussion 

3.1. Control simulations of wt and mutated Tudor domain without the 
SmD1 tail 

Previously, a check on the stability of the structure of the wt Tudor 
domain alone was made, which, as expected, is confirmed by the RMSD 
plots and matrices, by the secondary structure evolution in time and by 
the behavior of radius of gyration (Rg) (Figs. S1 A, S2 A and S4 A; the 
RMSD matrices are available upon request). From the height of the 
peaks in the RMSF plots (Fig. 2 A) and from the higher oscillations in the 
RMSD plots of each single cage residue (Fig. 3 A), it appears that the 

Table 1 
Summary of the performed MD simulations and their conventional names. All 
the simulations are 400 ns long.  

Protein variant Replicas 

wt Tudor domain 
wt_r1 
wt_r2 

wt Tudor domain in the presence of SmD1 tail 

wt-SmD1_r1 
wt-SmD1_r2 
wt-SmD1_r3 
wt-SmD1_r4 
wt-SmD1_r5 

Tudor-E134K variant 
E134K_r1 
E134K_r2 

Tudor-E134K variant in the presence of SmD1 tail 

E134K-SmD1_r1 
E134K-SmD1_r2 
E134K-SmD1_r3 
E134K-SmD1_r4 
E134K-SmD1_r5  
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Fig. 2. RMSF plots of the atoms of the protein core (residues 92 to 139) for all the simulations. The alignment to the reference (mean) structure and the subsequent 
RMSF calculation (performed on all atoms) were restricted to the core region because of the high flexibility of the terminal regions. The RMSF was calculated on the 
last part of the trajectories, where the Tudor domain reached a stable structure, basing on the RMSD plots and matrices. Panel A shows the RMSF plots of the wt 
(orange) and E134K (green) simulations in the absence of the SmD1 tail; the slight shift in the last part of the E134K plot (from residue 134) is due to the higher 
number of atoms in the mutated residue K134. Panel B shows the RMSF in the wt-SmD1 trajectories, splitted in two graphics: the upper referring to the trajectories in 
which a DMR remains stable in the cage (namely, r1 (black), r3 (green), r5 (purple) and the last part of r4 (blue), named r4b); the lower referring to the trajectories in 
which a DMR is not stable in the cage (namely, r2 (red) and the first part of r4 (r4a, blue)). The division of r4 trajectory in two parts was made to underline the 
difference in flexibility of Tyr130 between the first part (very high peak) and the second part (the Tyr130 peak is almost halved), when this residue is blocked in the 
stacked position with DMR. Panel C shows the RMSF plots of the E134K-SmD1 simulations, progressively colored (r1 is black, r2 is red, r3 is green, r4 is blue, r5 is 
purple). 
The vertical green bands indicate the residues belonging to the cage (see the labels on the top); the purple one indicates the residue 134. The dashed blue lines delimit 
in order the β1-β2 and the β3-β4 loops. β2-β3 loop, corresponding to the three peaks in the center of the graph, is always very flexible. 
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Fig. 3. RMSD plots of each of the five cage residues in the different simulations. The RMSD was calculated on all the atoms of each single residue, after super-
imposition to the starting structure of the Cα atoms of the protein core (residues 92 to 139). The different kinds of simulations are labelled, following the 
nomenclature in Table 1: panels A and B correspond to the simulations without the SmD1 tail, panels C and D to the simulations in the presence of the SmD1 tail. The 
replicas of each simulation are progressively colored (r1 is black, r2 is red, r3 is green, r4 is blue, r5 is purple). 
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empty cage is more flexible than in the presence of the SmD1 tail, as 
usually happens for binding sites in the absence of their ligand. Excep-
tion is the Tyr127 residue that, being located in the inner part of the cage 
(Fig. 1) and linked in a strong H-bonds network (as we will discuss later), 
is always very stable. Flexibility concerns all the three loops: the β1-β2, 
β2-β3 and β3-β4 loops (Fig. 2 A and Fig. S3 A), the first and the last 
defining the walls of the cage and containing Trp102 and Tyr130 resi-
dues, respectively. They appear the more mobile residues of the cage in 
all the simulations. 

However, on the opposite side of the barrel, the structure of the free 
domain slightly enlarges and becomes less compact (Fig. S3 A), as can 
also be observed by the slight enhancement in the Rg plot (Fig. S4). This 

seems due to the break of the H-bond between Ser139 and Gln90 located 
at the beginning of the two long unordered terminal extremities (nine 
residues each) that, even if present in the PDB structure, are not actually 
part of the structured Tudor domain. Such regions are free to move and 
destabilize the barrel. In particular in wt_r1 simulation, in the last 70 ns 
of the trajectory, the structure undergoes a deformation due to a random 
interaction of the N-terminus with the β1-β2-loop (Figs. S1 A, S2 A and 
S3 A). The behavior of Rg, calculated on the core region (residues 
92–139) of the Tudor, confirms that the structured part of the domain 
maintains a very stable conformation (Fig. S4 A). 

As done for the wt structure, the stability of the mutated Tudor 
domain alone was checked, confirming the preservation of the fold, as 
was previously reported by NMR experiments [19] (Figs. S1 B, S2 B and 
S4 B; RMSD matrices are available upon request). Also, the flexibility of 
the loops and of the empty cage residues is comparable to the one of the 
wt structure (Figs. 2 A and 3 B), and the widening of the barrel on the 
opposite side from the cage, due to the oscillations of the N- and C-ter-
minals, is still present (Figs. S3 B and S4 B). 

3.2. MD simulations of wt Tudor domain in the presence of the SmD1 tail 

To the aim of investigating the mechanism of interaction of SMN 
with Sm proteins, which triggers the sequence of events leading to the 
formation of the snRNP particles, MD simulations were performed on a 
system in which the C-terminal tail of the SmD1 protein, containing nine 
symmetrically dimethylated RG repeats, was initially placed close to the 
cage side of the wt SMN Tudor domain (Fig. 1). That SmD1 region was 
selected because the residues outside the RG-repeats do not contribute to 
the interaction with the Tudor domain [17]. 

Fig. 5. Final conformation of wt-SmD1_r3 and _r5 trajectories. Remarkable 
residues are labelled, and colour code is as in Fig. 4; in orange is highlighted the 
DMR that enters the cage. 

Fig. 6. Final conformation of wt-SmD1_r2 and wt-SmD1_r4 trajectories. Remarkable residues are labelled, and colour code is as in Fig. 4. (A) In wt-SmD1_r2 the DMR 
comes out from the cage and the tail interacts with the acidic wall of the protein. (B) The two structures show the two behaviors of Tyr130 in wt-SmD1_r4: a) Tyr130 
is swinging, leaving the cage open; b) Tyr130 is blocked by the tail that maintains it in stacking with the inner DMR (orange), making the binding stable. 

Fig. 4. Highlighted steps of the wt-SmD1_r1 trajectory (chosen as a paradigmatic), next to the corresponding contact maps. Each contact map shows the contacts 
formed between the Tudor and the SmD1 tail at the indicated time. In the Tudor structure shown in cartoon (gray), remarkable residues (in licorice) are labelled (in 
green are the cage residues, in purple Glu134, in red the acidic residues that come in contact with the tail). The orange dashed circle in the first step (panel A) 
highlights the inward shift of Trp102 that leads a transient hydrophobic collapse of the cage. In the SmD1 tail the DMRs sidechains are in blue (the yellow balls are 
the methyl carbons), as well as the two C-terminal not methylated arginines; in orange is highlighted the DMR108 that enters the cage. In the contact maps the 
remarkable residues are highlighted with the same colour code as in Tudor structure, with the two red lines referring to Glu104 and Asp105. The horizontal orange 
line refers to the DMR that enters the cage: the spots formed in correspondence to the cage residues are evident. 
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During the 400 ns long trajectories of the complete system, the Tudor 
fold remains very stable and compact. Its stability was confirmed, also in 
this case, by the RMSD plot and matrices, by the pattern of secondary 
structure evolution in time and by the Rg plot (Figs. S1 C and S2 C and S4 
C; RMSD matrices are available upon request). Contrarily with what 

observed for the structure of the Tudor alone, the presence of the SmD1 
tail helps to maintain the compactness of the structure and the highly 
flexible terminals are less free to move (Fig, S5 A). 

In a short time, we were able to monitor the entrance of one of the 
tail's DMRs inside the aromatic cage. At the beginning of the simulation, 

Fig. 7. Distance between donor and acceptor atoms of sidechains of both residues Tyr127 and Gln136, with respect to residue 134, to monitor the formation of H- 
bonds. (A) and (C) refer to the wt Tudor trajectories, in the absence and in the presence of the SmD1 tail, respectively. Tyr127 (blue points) and Gln136 (green points) 
are donor (with atoms OH and NE2, respectively) and Glu134 is acceptor (with both atoms OE1 and OE2). (B) and (D) refer to the mutated Tudor trajectories, in the 
absence and in the presence of the SmD1 tail, respectively. Lys134 is donor (with atom NZ) and Tyr127 (violet points) and Gln136 (cyan points) are acceptor (with 
atoms OH and OE1, respectively). 
The horizontal dashed red line indicates the average distance for H-bond in proteins (about 3 Å). Each replica is labelled. 
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when the cage is still empty, a hydrophobic collapse of the aromatic 
residues occurs, where Trp102 in particular occupies the cage space with 
its bulky sidechain (Fig. 4 A). This behavior explains the observations 
made by Spranger and co-workers [17] about two different orientations 
of the aromatic residues of the cage in the NMR and X-ray structures of 

the free Tudor domain. 
As soon as Trp102 moves away, one of the DMR residues of the tail 

begins to enter the cage (Fig. 4 B). As a note, the residue that enters the 
cage is not necessarily the one just under the cage in the starting 
structure; however, a control simulation with a shifted tail was carried 

Fig. 8. Distance between donor and acceptor atoms of sidechains of residues Tyr127 and Gln136 in each simulation, to monitor the formation of H-bonds. (A) and 
(C) refer to the wt Tudor trajectories, in the absence and in the presence of the SmD1 tail, respectively. (B) and (D) refer to the mutated Tudor trajectories, in the 
absence and in the presence of the SmD1 tail, respectively. The distances were calculated both when Gln136 is donor (atom NE2) and Tyr127 acceptor (atom OH), 
green points, and when Tyr127 is donor (atom OH) and Gln136 acceptor (atom OE1), purple points. The horizontal red line indicates the average distance for H-bond 
in proteins (about 3 Å). Each replica is labelled. 
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out, and the independence of the entering DMR from its initial position 
was confirmed. 

With the entry of the DMR, the cage aromatic residues rearrange, 
dragging the DMR to penetrate more deeply. The final stable position of 
the DMR sidechain (Fig. 4 C) recovers the one detected in the NMR 
structure by Tripsianes and co-workers [19] in their work with single 
DMRs in solution. The ensemble of net charge, hydrophobicity, and 
bulkiness of the DMR strengthens the binding by means of cation-π in-
teractions, hydrophobic interactions, and tight fitting in the binding site. 
The big dimethylated arginine enhances nonelectrostatic contacts with 
the aromatic ring of the three tyrosines and the tryptophan of the cage. 

Contemporarily, the numerous cation-π interactions, both in stacking 
(Tyr130 and Trp102) and in T-shape (Tyr109 and Tyr127), force an 
orientation that shapes the binding pocket (Fig. 4 C). The “sandwich” 
conformation Trp102 / DMR / Tyr130 will be particularly important for 
the stability of the DMR inside the cage. Asn132 completes the walls of 
the cage even if it is involved more in a network of interactions with 
surrounding protein residues – in particular residue 134 – than with the 
DMR inside the cage. 

However, the presence of the whole tail of SmD1 is crucial for the 
formation of the complex and the stability of the binding. In fact, the 
other DMRs play an active role not only in the first interactions with the 

Fig. 9. Distance between donor and acceptor atoms of sidechains of residues 134 and Ser103 in each simulation, to monitor the formation of H-bonds. (A) and (C) 
refer to the wt Tudor trajectories, in the absence and in the presence of the SmD1 tail, respectively. Ser103 is donor (atom OG) and Glu134 is acceptor (atoms OE1 
and OE2), orange points. (B) and (D) refer to the mutated Tudor trajectories, in the absence and in the presence of the SmD1 tail, respectively. Lys134 is donor (atom 
NZ) and Ser103 is acceptor (atom OG), black points. The horizontal red line indicates the average distance for H-bond in proteins (about 3 Å). Each replica is labelled. 
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Tudor surface - which lead to the recognition of the binding site - but 
also in maintaining the binding by wrapping around the acidic surface of 
the domain (Figs. 4 C, 5, 6 Bb, and Fig. S7 A). The conserved negatively 
charged patches on the surface of the Tudor domain (Fig. S6 A), and 
particularly the ones near the cage (indicated by a green arrow in Fig. S6 
A), mediates the electrostatic interaction with the cations of the SmD1 
tail, which is the driving force of the binding. In fact, as monitored by the 
dynamic contact maps (Fig. 4, right side of each panel), the very first 
contacts occur between the basic DMRs and the acidic Glu104 and 
Asp105 located at the cage entrance in the flexible β1-β2 loop, and they 
involve quickly Glu134 that, turning itself outwards, catches the DMRs 
sidechains. In agreement with this, previously NMR experiments [17] 
report changes in chemical shifts that support the interactions of 
Glu104, Asp 105 and Glu134 with DMRs. Interestingly, these three 
acidic residues, together with Asp140 and Glu147, are the only ones that 
do not form salt-bridge with any other basic residue of the Tudor, and 
are also the ones with the most favorable binding energy (see the 
binding energy discussion below). Indeed, Asp140 and Glu147 are also 
involved in electrostatic interaction with the SmD1 tail, even if the salt 
bridges of DMRs with Glu105, Asp104 and Glu134 are much more 
persistent. Jumping from one salt-bridge to another, the tail will move to 
its final conformation, wrapped around the Tudor surface at the cage- 
side of the Tudor (Figs. 4 C, 5, 6 Bb and Fig. S7 A). The involvement 
of the whole DMRs tail in the binding can justify the experimentally 
observed enhance of affinity for the ligand in the presence of an 
increasing number of dimethylated RG-repeats [17,19]. 

However, not in all replicas does a DMR enter the cage in a stable and 
compact manner. Let's examine wt_SmD1_r2 and wt_SmD1_r4. In 
wt_SmD1_r2, the SmD1 tail reversed the positions of its terminals, and 
failed to wrap around the Tudor acidic surface (Fig. 6 A). Glu134 was not 
able to catch the DMRs tail and Tyr130 was free to swing, as is evident 
also from the RMSF plot in the region of 130 and 134 (Fig. 2 B2), which 
shows peaks comparable with those of wt Tudor alone. Therefore, even 
if a DMR entered the cage, the binding was unstable and the DMR was 
released quickly. In wt_SmD1_r4, the tail is wrapped around the Tudor, 
Glu134 is catched (Fig. 2 B and Fig. S8 C) and the DMR is correctly 
inserted in the site; however the binding becomes stable only when 
Tyr130 is blocked by the SmD1 tail and stops swinging. Fig. 2 B shows 
the RMSF of the two parts of r4 trajectory: in the first part Tyr130 is still 
free to move (Fig. 2 B2 r4a, very high peak of Tyr130), while in the 
second part the residue is blocked in a stacked position with the inner 
DMR (Fig. 2 B1 r4b, the Tyr130 peak is almost halved). An example of 
the two Tyr130 conformations is shown in Fig. 6 B. Also the RMSD per 
residue shown in Fig. 3 C, with the wide central oscillations of the blue 
line, confirms this behavior. 

Summing up, from the analysis of all the wt trajectories we have 

extrapolated some indispensable requirements for a stable binding: 1) 
the acidic residue 104, 105 and 134 must catch the basic DMRs on the 
SmD1 tail; 2) both the extremities of the SmD1 tail must be wrapped 
around the surface by means of salt-bridge interactions, in particular 
with the more acidic side of the surface; 3) the stacking Trp102 / DMR / 
Y130 must be compact, and the DMR “correctly” oriented inside the 
cage with the guanidinium group pointing towards Tyr109 (e.g. as in 
Fig. 4 C); 4) the very flexible cage residue Tyr130, located in the β3-β4 
loop, must be blocked by the SmD1 tail to ensure the stability of the cage 
around the ligand and the stacking previously described (as e.g. in 
Figs. 4 C and 5). Tyr130, in fact, is the only residue not placed in a beta 
structure but in a very flexible loop, therefore is capable of wide oscil-
lations (Figs. 2 and 3) that, opening the wall of the cage, highly desta-
bilize the binding of the inner DMR. In most cases, the observed 
blockage is efficiently obtained by cation-π interactions of the external 
DMRs with Tyr130 ring. Alternatively, also the steric hindrance of the 
tail is also sufficient. 

A network of H-bonds was reported to involve Tyr127, Glu134 and 
Gln136 and was hypothesized to be related to the strength of the binding 
[19]. In the starting structure (Fig. 1, zoom box) Tyr127 is a donor to 
Glu134, while Gln136 is a donor to both Glu134 and Tyr127. However, 
in wt-SmD1 trajectories Glu134 protrudes to the solvent to catch the 
DMRs tail, in this time breaking the H-bond with the other two residues. 
This is particularly evident in Fig. 7, where the distance of Glu134 as H- 
bond acceptor from Gln136 and Tyr127 are monitored. In Fig. 7 C, 
which is related to the wt-SmD1 trajectories, they break for wt-SmD1_r1, 
r3, r4 and r5, and not, as we said above, for r2. When this happens, 
Gln136 flips and becomes acceptor from Tyr127. Therefore, only the H- 
bond between Gln136 and Tyr127 is always present (Fig. 8 C). MD 
simulations carried out in the absence of the SmD1 tail confirm that the 
intrinsic flexibility of Glu134 (Fig. S8 A) makes its H-bonds with the 
other residues of the network not so persistent (Fig. 7 A), even if, in this 
case, the observed deformation of the barrel affects the whole H-bond 
network (Fig. 8 A). Such flexibility of Glu134 is in agreement also with 
its variable orientation observed in the NMR structure ensemble of the 
free Tudor domain (PDB id code 1G5V [16]) and with the high value of 
its beta factor in the analogous X-ray structure (PDB id code 1MHN 
[17]). 

Interestingly, the analysis of the trajectories revealed another H- 
bond, between Glu134 and Ser103, that is present in the starting 
structure (Fig. 1) and quite persistent in all the simulations both with 
and without the SmD1 tail (Fig. 9), bringing to four the number of res-
idues involved in the H-bond network. The formation of this H-bond 
likely allows the cage region to remain compact. However, in the sim-
ulations with the Tudor alone this H-bond is not always present (Fig. 9 A, 
r1), probably because, as we said, the structure is destabilized by the 
strong oscillations of the terminal regions. In addition, its presence is less 
needed when the SmD1 tail is able to strongly wrap around the cage 
region (Fig. 9 C, e.g. r1 and r5 trajectories). 

To better compare the stability of the binding and the contribution of 
specific residues, an analysis of the energy of binding was attempted (see 
Section 2.2. for details). To compare the results, we selected for the 
analysis the part of each trajectory in which all the conditions 1 to 4 
indicated above are satisfied. In such conditions, all the replicas of the 
wt complex has comparable binding energy (Table 2), with, as expected, 
a very high electrostatic contribution. 

The per residue energy decomposition was plotted for all wt trajec-
tories to show their similar behavior (Fig. 10 A) and more deeply 
analyzed for r1 trajectory to make a direct comparison with the E134K- 
SmD1 complex (Fig. 10 B), as we will discuss later. In Fig. S9 the 
different per residue contribution to the binding energy are shown. The 
dashed line in Fig. 10 and Fig. S9 separates the Tudor domain from the 
SmD1 tail. All the plots confirm the clear preponderant electrostatic 
interaction, evident from the highly favorable energy of all the nega-
tively charged residues in the Tudor domain and all the positive DMRs in 
the SmD1 tail. In fact, all the energy absolute values greater than 100 kJ/ 

Table 2 
Average and standard deviation of all energetic components and of the total 
binding energy (kJ/mol) calculated for selected trajectory intervals of each 
simulation.  

Energy 
terms 

van 
der 
Waal 

Electrostatic Polar 
solvation 

Non polar 
solvation 
(SASA 
model) 

Total 
binding 
energy 

Simulations 

wt-SmD1_r1 -294 
± 31 

− 2722 ±
158 

1138 ±
137 

− 36 ± 4 − 1914 ±
101 

wt-SmD1_r2 − 286 
± 36 

− 2867 ±
241 

1094 ±
184 

− 36 ± 5 − 2094 ±
134 

wt-SmD1_r3 
− 288 
± 26 

− 2389 ±
148 

893 ±
122 − 33 ± 4 

− 1817 ±
101 

wt-SmD1_r4 
− 276 
± 25 

− 2862 ±
122 

1214 ±
104 − 36 ± 3 

− 1959 ±
91 

wt-SmD1_r5 − 388 
± 32 

− 2891 ±
131 

1421 ±
132 

− 47 ± 4 − 1906 ±
92 

E134K- 
SmD1_r1 

− 237 
± 22 

− 1077 ± 96 599 ± 77 − 29 ± 2 − 743 ±
80  
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mol correspond to the charged residues present in the Tudor domain: 
negative values for acidic ones and positive values for basic ones. In 
particular, Glu104, Asp105 and Glu134, together with Asp140 and 
Glu147, have the lowest energy value, confirming their strong 
involvement in the binding. From the energy plots, also Glu135 shows a 
strong interaction, but its contact with the SmD1 tail takes place only in 
the second part of the trajectories, when the tail stabilizes by wrapping 
around the Tudor domain. The magnitude of DMRs contributions (again 
with an absolute value greater than 70 kJ/mol) depends on which of 
them fits into the cage, driving the positioning of the rest of the tail. As 
an example, in wt_r1 trajectory (Fig. 10 B) DMR108 is the one that enters 
the cage. 

3.3. MD simulations of Tudor-E134K variant in the presence of the SmD1 
tail 

To investigate the effects of the mutation E134K on the interaction of 
SMN with SmD1, MD simulations were performed on the Tudor-E134K 
variant in the presence of the SmD1 tail. 

In the first part of the trajectories, a DMR tries to enter the cage 
(Fig. 11 A), but it is unable to form a correct, stable and compact binding 
because the tail of DMRs is unable to wrap both their extremities around 
the cage. In fact, the charge inversion (from − 1 to +1) of residue 134 not 
only causes the loss of the second point of attachment, but also repulses 
the positively charged DMRs. Residue 134, in fact, is adjacent to the 
basic residue Arg133, so the mutation E134K highly increases the ba-
sicity of that region and, contemporarily, decreases the high acidity of 
that side of the Tudor surface (Fig. S6 B, yellow arrow). Due to the fact 

Fig. 10. (A) Per residue decomposition of average binding energy for wt trajectories. (B) Comparison between the per residue energy decomposition of wt-SmD1_r1 
and E134K-SmD1_r1 trajectories. Relevant residues are labelled. The cyan dashed line separates the Tudor domain from the SmD1 tail. All the bars in the Tudor 
domain with an absolute value greater than 100 kJ/mol correspond to acidic (negative values) or basic (positive values) residues. In panel A, all the bars in the SmD1 
tail with a negative value greater than 70 kJ/mol correspond to DMRs or arginine residues. In panel B, the less favored contribution of DMRs and arginines is evident; 
the two DMRs that enter the cage in the two simulations are indicated: DMR108 in wt-SmD1_r1 trajectory; DMR102 in E134K-SmD1_r1 one. 
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Fig. 11. Highlighted steps of the E134K-SmD1_r1 trajectory next to the corresponding contact maps. Each contact map shows the contact formed between the Tudor 
and the SmD1 tail at the indicated time. In the Tudor structure shown in cartoon (gray), remarkable residues (in licorice) are labelled and colored as in Fig. 4 (except 
that here in purple is Lys134), with the addition of Ser103 in orange. The SmD1 tail and the contact maps have the same colour code as in Fig. 4 too. 
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that the other side of the domain surface does not present an evident 
character of acidity or basicity, this new electrostatic configuration is 
unfavorable for the wrapping of the basic SmD1 tail. While the contacts 
of the N-terminal region of the tail with Glu104 and Asp105 residues in 
β1-β2 loop are strong and preserved, the tail C-terminal region shows 
several temporary detachments from the Tudor surface, causing the 
DMR to leave the site (Fig. 11 B). Then, the C-terminal of the tail tends to 
roll up or to wrap the surface catching acidic residues as Asp96, Asp140 
or Glu147, at the opposite side with respect to Lys134 and Tyr130 
(Fig. 11 C and Fig. S7 B). In Fig. 11, the trajectory E134K-SmD1_r1 is 
used as an example of the behavior described above. 

In all the trajectories, Tyr130 is free to swing widely (Fig. 3 D). Such 
oscillations, together with the interactions of the tail with the residues at 
the β1-β2 loop region, are able to destabilize all the cage, enlarging the 
binding cavity sometimes in an irreversible manner, as happens in 
E134K-SmD1_r3 (Figs. S5, S10 and Fig. 3 D green line). 

The oscillations of cage residues appear higher with respect to the wt 
structures (Figs. 2 C and 3 D), in particular regarding residues Trp102, 
Tyr130 and Asn132. However, the Tudor fold is stable (Figs. S2 D and S4 
D). Lys134 forms, in fact, new interactions with the opposite β1-β2 loop, 
in particular involving Asp104 (salt-bridge), Trp102 (cation-π) and 
Ser103 (H-bond); the latter is also more persistent then in the wt 
structures (Fig. 9) and help to preserve the folding of the domain. 

The mutation of residue 134 contemporarily causes a perturbation in 
the H-bonds network. Lys134 participates only sporadically in the H- 
bonds triangle with Gln136 and Tyr127 (Fig. 7 B and D), in particular in 
the presence of the SmD1 tail. On the contrary, its interaction with 
Ser103 is preserved and likely helps to prevent the unfolding of the cage 
and likely of the whole structure. As reported above, exception is E134K- 
SmD1_r3, in which 134–103H-bond breaks from about 160 ns (Fig. 9 D) 
causing a strong opening of the barrel at the cage side (Fig. S10). In 
addition, as already observed in the wt structures, the flip of Gln136 in 
the absence of residue 134 ensures the persistence of Tyr127 → Gln136 
H-bond (Fig. 7 B and D). The perturbation of the H-bonds network by 
E134K mutation was previously hypothesized to be related to the 
decrease of binding affinity to Sm proteins' tail [19]. Actually, the 
presence of the fourth interaction with Ser103, together with the results 
obtained for the wt simulations, showed that the involvement of residue 
134 in the network is not so critical, and its flexibility is important for 
the interaction with the SmD1 tail. 

The analysis of the binding energy in the complexes with mutated 
Tudor was more difficult due to the instability of the binding. Therefore, 
for comparison with the wt structures, we chose for the calculations only 
the trajectory E134K-SmD1_r1 that shows, temporarily, a DMR correctly 
inserted inside the cage and the tail wrapped around the domain. In fact, 
as for the other trajectories, E134K-SmD1_r2 replica shows a completely 
uncorrected insertion of the DMR in the cage (pointing towards Trp102 
in stacking with Tyr109) that eventually destroys the cage; E134K- 
SmD1_r3 and _r4 trajectories present only one of these two conditions 
(when a DMR is inside the cage, the tail is not wrapped and vice versa), 
while in E134K-SmD1_r5 no DMR is able to enter the cage. The E134K- 
SmD1_r1 total binding energy is highly less favorable than in the wt 
complexes. The direct comparison of the wt-SmD1_r1 and the E134K- 
SmD1_r1 per residue energy decomposition (Fig. 10 B and Fig. S9 B) 
clearly shows the reversal contribution of mutated residue K134 that, 
with its positive charge, is very unfavorable to a binding with the highly 
positively charged DMRs' tail. This affects not only all the contributions 
of the DMRs, that become less favorable as well (the more negative 
energy corresponding to the DMR that temporarily enters the cage), but 
also the van der Waals + electrostatic contribution of the other nega-
tively charged residues (Fig. S9). 

4. Conclusions 

The interaction between the SmD1 tail and the Tudor domain is 
primarily electrostatic, driven by the presence of acidic residues near the 

entrance of the aromatic cage and stabilized by the interactions between 
the positively charged DMR residues of the SmD1 tail and the negatively 
charged residues on the Tudor surface. Specifically, Glu104, Asp105, 
and Glu134 serve as important anchoring points for the DMRs tail and 
are essential for the initial “jumping” of the salt-bridges. In the native 
protein, a central DMR of the SmD1 tail rapidly and stably enters the 
cage, forming a network of both hydrophobic and cation-π interactions, 
in both stacking and T-shaped orientation. In particular, the stacking of 
this DMR with Trp102 and Tyr130 and the correct position of DMR 
pointing towards Tyr 109 contribute highly to stabilize the binding. The 
other DMRs of the RG-repeats play an active role in stabilizing the 
complex, wrapping around the acidic surface - and finally the cage re-
gion - of the Tudor domain. The stability of the binding is positively 
correlated with the centrality of the entering DMR, as the two regions of 
the tail on either side of this DMR wrap around the surface more 
effectively. In addition, the flexible cage residue Y130 must be blocked 
from the wrapped tail, to assure that the DMR remains inserted in the 
binding site. 

The E134K mutation results in charge inversion and destabilizes the 
binding, preventing the attachment of the DMRs tail to the surface and 
leading to an unstable or absent entrance of a DMR in the binding site. 
This causes temporary detachments of the C-terminal region of the tail. 

Residue E134 was reported to be involved in a hydrogen bonds tri-
angle together with Q136 and Tyr127, the latter belonging to the aro-
matic cage. The perturbation of the 134–136-127H-bonds network 
caused by the E134K mutation finally resulted not critical: the intrinsic 
flexibility of such a residue, evident also in wt protein, is necessary for 
the interaction with the SmD1 tail. Instead, is the always present 
interaction between residues 127 and 136 that helps to preserve an 
excessive flexibility of the cage. A fourth H-bond interaction involving 
residue 134 with Ser103 is found both in the native and mutated form, 
which seems to be relevant to avoid the unfolding of the cage region, and 
definitely of the whole domain, particularly when the SmD1 tail does not 
wrap around the cage surface. 

The loss of a strong Tudor-SmD1 interaction, if by one side causes the 
loss of a functional splicing machinery, by the other side causes the 
exposition of the detached Sm tails. This exposure could stimulate the 
recognition by anti-Sm autoantibodies, as reported in other diseases 
such as lupus erithematosus [49]. Further studies are now required to 
investigate whether the exposition of the Sm tails could lead to an 
autoimmune response, as this would imply new aspects of the patho-
genetic mechanism - that leads to neurodegeneration - in some types of 
SMA. 
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