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Abstract 
Amyotrophic Lateral Sclerosis (ALS) is strongly associated with TDP43 proteinopathy, where mutations in 

TARDBP gene alter the protein’s stability, solubility, and RNA related functions. This study examines eight ALS-

linked missense mutations located in both the structured RRM domains and the intrinsically disordered C-terminal 

region, aiming to clarify how single residue substitutions perturb TDP43 structure and behavior. The full length 

TDP43 model was obtained from the AlphaFold database due to the absence of complete crystallographic 

structures. Each mutation was manually introduced into the appropriate domain using Molecular Operating 

Environment (MOE) software. Under appropriate conditions, Molecular Dynamics simulations were performed 

on wildtype and mutated structures; Wildtype and mutant proteins were then compared with respect to 

conformational changes, focusing on energetic profiles, surfaces, and electrostatics properties, considering how 

these variations can be related to effects of mutations found in literature. RRM domain mutations showed localized 

but mechanistically distinct alterations. D169G increased domain stability through a subtle β-turn rearrangement 

without affecting nucleic acid binding. K181E and K263E reversed local electrostatics, disrupting the positively 

charged RNA binding groove. C terminal mutations (Q331K, A315E, M337V, N345K, G298S) produced broader 

effects, including enhanced aggregation propensity, altered phase behavior, impaired DNA repair interactions, 

and increased protein half-life. Despite their heterogeneity, all mutations converge toward mechanisms that 

promote TDP43 misfolding, aggregation, and loss of nuclear function-key drivers of ALS pathology. The 

conclusions of this study indicate that even minimal local perturbations can result in significant functional 

consequences, reinforcing the importance of mutation-specific structural insights for future therapeutic strategies. 

Keywords: Amyotrophic Lateral Sclerosis, TDP43, TARDBP, missense mutations, Molecular Dynamics 

simulations. 

1. Introduction 

Amyotrophic lateral sclerosis (ALS or Lou 

Gehrig's disease) is a fatal neurodegenerative 

disease characterized by progressive 

degeneration of both the upper and lower 

motor neurons (UMN and LMN) (Chong & 

Souayah, 2025). As observed from autopsy, 

this degeneration is often associated with 

activation of neuroimmune cells within the 

central nervous system, such as microglia, 

astrocytes, and oligodendroglia (Ghasemi & 

Brown, 2018). It is not an easily diagnosable 

disease. In fact, most ALS cases are classified 

as sporadic (sALS), while only 10% are 

considered familial ALS (fALS). Due to the 

sporadicity and the rarity of the disease, 

diagnostic delays are very common, because 

physicians are often orientated towards more 

common pathologies (Rizea et al., 2024).  

The early symptoms of ALS disease often 

include muscle weakness, stiffness, and 

cramping1. With time, muscle wasting can 

spread to other parts of the body, progressing 

to  involve  all  the  limbs and bulbar  muscles.  
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ALS  patients  gradually  become  completely 

paralyzed, affected by hyperreflexia, and are 

unable to swallow or breathe on their own. 

Death usually occurs from respiratory failure 

(Ghasemi & Brown, 2018)2. From the time of 

diagnosis, the average survival time is about 

three years. However, many patients live 

longer: about twenty percent live five years or 

more, while five percent live twenty years or 

longer.2 

Some associated pathologies can sometimes 

decrease the life expectancy of ALS patients. 

For example, this is the case with 

frontotemporal dementia (FTD) (Rizea et al., 

2024). For these patients, which account for 

about 15% of the total, also neurons in 

prefrontal and temporal cortex are affected, 

leading to frontal executive malfunctions, 

speech production disorders and dementia 

(Ghasemi & Brown, 2018). Among them, 

some (ALS-plus syndromes) exhibit 

multisystem manifestations, often experience 

bulbar-onset ALS and pathogenic gene 

expansions or mutations, which are twice as 

frequent compared to those without the “plus” 

syndrome (Rizea et al., 2024). 

ALS and FTD can be considered divergent 

ends of the spectrum of a single heterogeneous 

disease. Moreover, classic ALS typically 

involves damage to both upper and lower 

motor neurons, but the continuum of disease 

ranges from exclusively UMN (primary lateral 

sclerosis or PLS) to exclusively LMN 

involvement (progressive muscular atrophy or 

PMA) (Ghasemi & Brown, 2018).  

The causes of the disease are still unclear, but 

some hypotheses have been advanced. Based 

on the investigations of the molecular biology 

of different mutant genes, more than forty 

genes have been identified as playing a role in 

the disease and the following three themes 

have emerged:  

1) Motor neuron death in ALS involves 

misfolding, aggregation, and 

deposition of some proteins that are 

often ubiquitinated and mostly 

cytoplasmatic. Moreover, mutant 

proteins may have prion-like 

properties, inducing misfolding in their 

wild-type counterparts (Ghasemi & 

Brown, 2018).  

2) Some other proteins are involved in 

interactions with RNA and DNA. 

Perturbations in multiple aspects of 

RNA function and homeostasis are 

toxic to motor neurons (Ghasemi & 

Brown, 2018).  

3) In most cases, there are disturbances of 

cytoskeletal architecture and dynamic 

function of distal axons and dendrites 

(Ghasemi & Brown, 2018).  

Among these, the mutations of four genes 

seem to be particularly important: C9orf72, 

SOD1, TARDBP, and FUS3.  TARDBP gene, 

which is six-exons-long, is located on 

chromosome 1 (Chong & Souayah, 2025). 

Aberrant expression of the transactive 

response DNA-binding protein of 43 kDa 

(TDP-43), encoded by exons 2-6, is closely 

associated with cytoplasmic inclusions in ALS 

disease (Chong & Souayah, 2025).  

TDP-43 plays a central role in the pathology of 

ALS. Under physiological conditions, the 

protein is predominantly localized in the 

nucleus, where it regulates important aspects 

of RNA metabolism, including transcription, 

splicing, RNA stability, and the processing of 

noncoding RNAs. It is capable of shuttling 

between the nucleus and the cytoplasm, 

allowing it to participate in mRNA transport, 

translation, and the formation of stress 

granules, processes that are critical in ALS 

(Boer et al., 2021). TDP-43 protein is formed 

by 414 amino acids and consists of different 

functional domains (Fig. 1), loosely connected 

by disordered regions: an N-terminal domain 

(NTD), two RNA-recognition motifs (RRM1 

and RRM2), and a disordered C-terminal 

domain (CTD) (Liu et al. 2025). 
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The N-terminal domain does not directly 

bind RNA but is essential for TDP43 

function because it mediates dimerization 

and higher order assembly, which are 

required for the protein to correctly engage 

RNA. In contrast, RNA recognition and high 

affinity binding are carried out by the two 

RRM domains (Boer et al., 2021). A key 

aspect of TDP-43's biology is the intrinsic 

vulnerability of its C-terminal domain, which 

contains low-complexity sequences and is 

prone to aggregation and is the region where 

most ALS-associated mutations are 

concentrated.  

Alterations in this domain can destabilize the 

protein, promoting its mislocalization in the 

cytoplasm and increasing its tendency to 

form insoluble aggregates, characteristics 

that represent the hallmark neuropathology 

of most ALS cases. These aggregates are  

typically hyperphosphorylated, 

ubiquitinated, and associated with a 

concomitant loss of  

nuclear TDP-43, resulting in toxic gain of  

function in the cytoplasm and loss of nuclear 

TDP-43, resulting in toxic gain of function in 

the  cytoplasm  and loss  of   function  in  the  

 

nucleus (Boer et al., 2021). These processes 

lead to dysfunction in various cellular 

systems, including stress granules, 

mitochondria, axonal transport, autophagy, 

and the stress response, contributing to 

neuronal death. 

Given the centrality of TDP-43 dysfunction 

in ALS, comparing the structural properties 

of the wild-type protein with those of its 

pathogenic variants is crucial to 

understanding how specific mutations alter 

its conformational stability, solubility, and 

interactions with RNA and other proteins. 

Such structural insights are essential to 

elucidating the mechanisms driving TDP-43 

aggregation and neurotoxicity and provide 

the basis for the development of targeted 

therapeutic strategies (Boer et al., 2021). 

Eight different mutations are considered here 

(see Table 1): of these, five are in the C-

terminal disordered domain, one is located 

inside RRM1, and two are located adjacent to 

RRM domains (respectively, RRM1 and 

RRM2). All the variants considered in this 

study  are missense mutations: single  amino 

 

Figure 1 (A) 3D structure of the TDP43 protein, with highlighted functional different domains; (B) 

sequence of TDP43 and corresponding domains. 
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Table 1 Shown here are the mutations studied in this paper with information on the position 

and on the amino acids involved, together with an indication of the sporadicity or familiarity 

of the mutation. 

Mutation AA change Position Domain ALS type 

D169G Asp → Gly 169 RRM1 Sporadic 

K181E Lys → Glu 181 RRM1 Not specified 

K263E Lys → Glu 263 RRM2 Familial 

Q331K Gln → Lys 331 Cterminal Sporadic 

A315E Ala → Glu 315 Cterminal Familial 

M337V Met → Val 337 Cterminal Familial 

N345K Asn → Lys 345 Cterminal Familial 

G298S Gly → Ser 298 Cterminal Familial 

acid substitutions in the TDP-43 sequence. 

These alterations occur singularly in ALS 

patients, and their location within the protein 

is particularly relevant because it can 

influence stability, solubility, and RNA 

binding capacity. Consistently with what was 

previously stated, most of the mutations 

analyzed are concentrated in the disordered 

C-terminal domain, the region most 

frequently associated with the pathogenesis 

and aggregation of TDP-43. The remaining 

variants are located within or near the RRM 

domains, where even small changes can alter 

the correct functioning of the protein. 

2. Analysis of key mutations 

The D169G mutation of TDP-43 is a rare 

ALS-associated variant located in the RRM1 

domain, a region essential for nucleic acid 

binding. The mutation consists of the 

substitution of the amino acid Aspartate (D) 

with Glycine (G) at position 169. This amino 

acid substitution consistently increases the 

protein's thermal stability in all constructs 

analyzed, with a particularly evident effect in 

the isolated RRM1 domain. Structurally, the 

mutation eliminates the hydrogen bond 

between D169 and T115, causing a slight 

shift in the β-turn. This rearrangement allows 

for better hydrophobic packing of the core 

and provides a molecular explanation for the 

increased stability. This increased stability 

has functional consequences: the D169G 

mutant is cleaved more efficiently by 

caspase-3, producing higher levels of the C-

terminal fragment TDP-35, considered 

pathogenic and associated with protein 

accumulation in cells (Chiang et al., 2016).  

The K181E mutation is located close to the 

RRM1 domain, in the connecting region 
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between RRM1 and RRM2 domains, so in 

the part of the protein which plays a 

dominant role in DNA and RNA binding. 

The original Lysine residue at 181, positively 

charged, is located inside the wall of a 

pocket-like cavity into which a guanine 

nucleotide, with a negative charge, can bind. 

When mutation occurs, positive Lysine is 

replaced by negative Glutamic acid which 

repels the nucleotide, reducing the affinity 

with RNA. The structure of the protein does 

not change in a significant way, but the 

protein becomes unable to bind and process 

RNA. Moreover, it binds to and sequesters 

TDP43, promoting the accumulation of 

insoluble aggregates in the nucleus and 

cytoplasm: the levels of hyper-

phosphorylated and insoluble TDP-43 

protein increase. This suggests that loss of 

interaction with RNA can be a factor 

contributing to the escalation of TDP43 

proteinopathy (Chen et al., 2019). 

The K263E mutation involves residue 263, 

which is located right after the end of RRM2 

domain and shares structural and functional 

homology with the K181 residue: Lysine 

contributes to form a positively charged 

groove into which the nucleotides can fit. As 

it happens with the previous mutation, the 

replacement of the Lysine with Glutamic 

acid abolishes RNA binding and leads to 

higher phosphorylation and reduced 

solubility, together with a higher probability 

of forming phosphorylated intra-nuclear 

aggregate, sequestering endogenous wild-

type TDP-43 and so disrupting RNA 

processing.  The role of RNA has been 

studied: not only does TDP43 protein protect 

neurons from toxic RNA, but also RNA may 

be important to keep TDP43 soluble and 

prevent it from aggregating. This is 

consistent with the fact that RNA-free 

TDP43 becomes hyperphosphorylated and 

aggregates in the nucleus and cytoplasm 

(Chen et al., 2019). 

The Q331K mutation is a sporadic missense 

variant located within the glycine-rich C-

terminal domain of TDP-43. At the 

molecular level, this substitution replaces a 

polar but neutral Glutamine (Gln) with a 

basic, positively charged Lysine (Lys). This 

chemical alteration triggers neuro- 

degeneration through a dual mechanism 

involving both nuclear loss-of-function and a 

gain of cytoplasmic toxicity. A hallmark of 

the Q331K variant is the protein's inability to 

act as a functional scaffold for the 

recruitment of the XRCC4-DNA Ligase 4 

complex. This failure prevents the nuclear 

translocation of the complex, severely 

inhibiting the repair of DNA double-strand 

breaks via the Non-Homologous End Joining 

(NHEJ) pathway. 

Cells harboring this mutation exhibit 

persistent accumulation of genome damage 

and increased levels of reactive oxygen 

species (ROS). These defects create a 

chronic oxidative stress environment that 

accelerates neuronal decline. These 

molecular defects correlate with a 

progressive shift of the protein from the 

nucleus to the cytosol. In the cytoplasm, 

mutant TDP-43 tends to form insoluble, 

poly-ubiquitinated aggregates. This 

sequestration not only depletes functional 

protein from the nucleus but also exerts a 

toxic effect on motor neurons, sensitizing 

them to apoptosis. By combining defects in 

genome repair with the induction of 

proteotoxic stress, this mutation represents a 

critical driver in the development of 

Amyotrophic Lateral Sclerosis (ALS) 

pathology (Guerrero et al., 2019). 

The A315E mutation, located in exon 6 of the 

TARDBP gene, involves a single base-pair 

change (C1078A) that substitutes a neutral 

Alanine with a negatively charged Glutamic 

Acid at position 315. Clinically, this familial 

variant is significant for its phenotypic 

heterogeneity; while it typically presents as a 

slowly progressing motor neuron disease, it 

can also manifest as "ALS-plus" syndrome, 

which includes extrapyramidal features such 

as parkinsonism (resting tremor, rigidity, and 

bradykinesia). Neuropathological findings 

associated with A315E include the presence 

of phosphorylated TDP-43-positive neuronal 

and glial cytoplasmic inclusions within the 
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anterior horn cells and hypoglossal nuclei. At 

the molecular level, this mutation 

fundamentally alters the protein's 

aggregation behavior by facilitating a 

"liquid-to-solid" phase transition toward 

irreversible aggregation. This pathological 

process is driven by the formation of N312–

E315 salt bridges between the positively 

charged N-terminus and the mutated residue, 

which enhances intermolecular interactions 

and results in the formation of highly 

compact oligomers with a stabilized 

hydrophobic core (Liu et al., 2022). 

The M337V mutation occurs in the C-

terminal, the Methionine in position 337 is 

replaced with another hydrophobic amino 

acid, Valine. This change induces a 

significant conformational shift in the 321–

340 region, enhancing its propensity for self-

assembly. It inhibits α-helix formation within 

the Alanine-rich N-terminal and C-terminal 

segments; conversely, it promotes the 

transition into extended β-sheet structures, 

thereby stabilizing the formation of rigid, 

pathological protein aggregates. M337V 

mutation weakens interaction between 

peptide and water promoting residue-residue 

bonding, making them stick together 

facilitating the transition from a liquid 

droplet to a solid amyloid fibril (Zeng et al., 

2024). In addition, tryptophan W334’s 

aromatic ring in wild type protein exhibits 

three distinct π-π stacking configurations: 

parallel, herringbone, and perpendicular but 

M337V mutation almost entirely abolishes 

the parallel configuration and significantly 

diminishes the herringbone pattern 

consequently weakens the intermolecular 

coupling between the two tryptophan 

residues. The TARDBP M337V causes a 

loss-of-function in the protein's regulatory 

capacity. In fact, transcriptional collapse 

occurs in motor neurons even when TDP-43 

protein levels and localization appear 

perfectly normal, specifically transcriptional 

chaos occurs long before these visible signs 

appear, the protein is exactly where it should 

be, yet it is failing to do its job. The impact 

of the M337V mutation is highly cell-type 

specific (Schweingruber et al., 2025).  

N345K mutation influences TDP-43 

pathological distribution and toxicity. Post-

mortem neuropathological analysis revealed 

several hallmark features of 

neurodegeneration, that is, it confirmed 

significant loss of lower motor neurons and 

"myelin pallor" (degeneration) in the 

anterolateral columns of the spinal cord and 

the presence of Bunina Bodies, small 

intracytoplasmic inclusions found within 

surviving lower and upper motor neuron, that 

appear as rounded or oval granules, often 

arranged in chains or clusters (Takeda et al., 

2019). In the ALS patients with the TARDBP 

N345K mutation, the compromised Blood-

Brain Barrier (BBB) is actively contributing 

to the disease by allowing toxins and 

inflammatory cells to enter the brain. This 

suggests that repairing the BBB via the Wnt 

pathway introducing a Wnt agonist—a small 

molecule designed to reactivate the dormant 

Wnt/β-catenin pathway (Matsuo et al., 

2024). 

The mutation G298 is in exon 6 and is a 

familial missense mutation. The C-terminal 

is a very flexible, glycine rich domain, so the 

introduction of a polar serine causes many 

changes in the structure, inducing backbone 

stiffening and a loss of conformational 

plasticity. The introduction of the hydroxyl 

group (-OH) enables the formation of novel 

intra- and inter-molecular hydrogen bond 

networks that stabilize more distended 

configurations. This structural alteration 

drastically increases metabolic stability, 

tripling the protein’s half-life (Ling et al., 

2010) and promotes pathological 

mitochondrial recruitment where TDP-43 

accumulation triggers early oxidative stress 

and bioenergetic dysfunction. The G298S-

induced conformational shift exposes cryptic 

domains that trigger irreversible cytoplasmic 

aggregation and pathological FUS/TLS 

binding, ultimately blocking axonal transport 

(Mori et al., 2025). 

3. Materials & Methods 

The structure of the protein used as reference 

for the aim of the study, called AF-Q13148-
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F1-v6 (correspondent to Q13148 in UniProt), 

was extracted from the AlphaFold Database. 

The software package Molecular Operating 

Environment (MOE) was used to analyze the 

different mutations one by one. First, the 

protein was cut using the sequence editor 

tool, taking the domains involved in the 

mutation. Then, the residue of interest was 

manually changed, and, after a first energy 

minimization, dynamic simulation of 2 ns 

was performed considering an implicit 

solvation to reduce computational costs. All 

procedures were made at a temperature of 

300 K and a pH of 7.4. 

For mutations located in the RRM domains, 

structural analysis was conducted on the 

single or double domain isolated and not on 

the entire protein, as it was observed that 

these mutations did not affect the overall 

folding of the protein, since these regions are 

more stable and better conformationally 

defined. The C-terminus is the most 

intrinsically disordered region of the protein, 

point mutations in this domain can trigger 

significant conformational shifts. 

Consequently, the comparative analysis was 

performed on the full-length protein structure 

before and after mutation, utilizing 

equilibrium structures obtained from 

Molecular Dynamics simulations. 

The parameters considered the most reliable 

to make a comparison for the aim of the study 

were calculated for both mutated and wild 

type structures: radius of gyration (Rog), 

SASA, hydrophobic surface area (Hphobic 

SA), hydrophilic surface area (Hphylic SA), 

total potential energy (E), bond angle energy 

(angle), torsional energy (tor), Van der Waals 

energy (VdW), electrostatic energy (ele). 

RMSD between wildtype and mutated 

protein was calculated, and the electrostatic 

surface was visualized in proximity to the 

residue involved in mutation, to appreciate 

variations of charge. When the mutation 

required it, some extra parameters were 

considered, such as the distance between two 

parts of the protein. 

4. Results 

For the D169G mutation the structural 

comparison was performed considering only 

the RRM1 domain where it is located. The 

mutation does not alter the overall topology 

of the domain nor the organization of the 

secondary structure elements (β sheets and 

αhelices), which are indistinguishable 

between wild type and mutant (helices), 

which are indistinguishable between wild 

type and mutant (Fig. 2A, B, C). Fig. 2C 

highlights the only appreciable local 

deviation between the two structures, 

corresponding to a subtle rearrangement of 

the β turn around residue 169. This small 

shift is consistent with the local structural 

adjustment described for the D169G 

mutation. The electrostatic surface 

comparison between the wildtype RRM1 

domain and the D169G mutant shows the 

expected local change in charge distribution. 

In the wildtype, Asp169 provides a 

negatively charged side chain that creates a 

distinct negative electrostatic patch on the 

surface (Fig. 2D). After the mutation, 

Aspartate is replaced by the neutral Glycine, 

which lacks a side chain, and this results in 

the loss of that negative potential, so the 

corresponding region in the mutant appears 

less negative or more neutral (Fig. 2E). 
Comparison of Ramachandran plots (Fig. 

2F, G) of the wild-type and mutated shows a 

nearly identical distribution of φ/ψ angles, 

thus the Asp→Gly substitution does not shift 

residues into forbidden regions, nor does it 

change the overall conformational stability. 

Table S1 illustrates that the mutation D169G 

does not alter the global fold: the effects are 

minimal and confined to the β-turn; the 

structural and energetic values are consistent 

with the loss of Asp charge and a slight local 

rearrangement, including the small reduction 

in the exposed hydrophobic surface area and 

the corresponding increase in the hydrophilic 

one due to the substitution with a smaller, 

side-chain-free glycine. 
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In the wild-type structure, Asp169 is close 

enough to Thr115 to allow a hydrogen bond 

to form (Fig. 2H), as indicated by the distance 

of 3.87 Å. After the D169G mutation, this 

distance increases to 5.19 Å, a value 

incompatible with a hydrogen bond. Since 

glycine lacks a side chain, the interaction 

observed in the wild type can no longer form, 

and the bond is therefore lost in the mutated 

structure (Fig. 2I). The previously discussed 

β-turn rearrangement is a structural 

consequence of the loss of the Asp169–

Thr115 hydrogen bond.   

 
 
 

 

The mutation K181E is located between 

RRM1 and RRM2 domains, so they are both 

considered in the analysis. According to the 

literature, the mutation causes a little change 

in conformation. What is registered from the 

software is a RMSD of 3,963 Å between wild 

type (Fig. 3A) and mutated protein (Fig. 3B), 

which is consistent with our expectation, as 

we can see in Fig. 3C. What is most important 

according to literature is the variation of 

charge: in fact, we can notice by comparing 

Fig. 3D and Fig. 3E that the wild type 

presents mainly a positive charge, while the 

mutated protein shows a strong prevalence of 

negative charge. 

 

 

 

 

 

 

 

 

 

Figure 2 (A) RRM1 wild type domain; (B) RRM1 domain with D169G mutation; (C) overlap between red wild 

type and green mutated domain; (D) wild type electrostatic surface around residue 189; (E) mutated protein 

electrostatic surface around residue 169; (F) RRM1 domain Ramachandran plot before D169G mutation; (G) 

RRM1 domain Ramachandran plot post D169G mutation; (H) H-bond in wild type; (I) loss of H-bond in the 

mutated protein. 

 

 

Figure 3 (A) RRM1 and RRM2 wild type domains; (B) RRM1 and RRM2 domains with K181E mutation; (C) 

overlap between red wild type and green mutated domain; (D) wild type electrostatic surface around residue 181; 

(E) mutated protein electrostatic surface around residue 181; (F) RRM1-RRM2 domains Ramachandran plot 

before mutation; (G) RRM1 domain Ramachandran plot post mutation. 
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Ramachandran plots show that all points fall 

in the possible region of the chart, both 

before (Fig. 3F) and after mutation (Fig. 

3G). So, we can proceed by comparing some 

parameters (Table 1). The first observation is 

that the mutation leads to a reduction of the 

radius of gyration, as well as the reduction of 

the SASA: the structure is slightly 

compressed Moreover, there is a decrease in 

the hydrophobic surface area, partially 

compensated by a small increase in 

hydrophilic surface area. Based on the 

energies shown in Table 1, protein with 

K181E is more stable than the wild type.   

The mutation K263E appears one residue 

after the end of RRM2 domain, in the linking 

region between RRM2 domain and C-

terminal: the structure we considered starts 

from RRM1 domain and ends with residue 

273 (Fig. 4A), right before the beginning of 

C-terminal domain. The 3D structure of the 

protein changes slightly when the mutation 

occurs (Fig. 4B), as we can see with the 

overlap (Fig. 4C). The mutated protein has a 

radius of gyration which is almost that of 

mutated wildtype; the SASA increases a 

little, together with hydrophobic surface, 

while hydrophilic surface decreases (Table 

1).

 

 

 

 

 

 

 

 

 

 

 

 

 

While the charge around residue is mainly 

positive in the wild-type protein (Fig. 4D), it 

becomes more negative when the mutation 

occurs (Fig. 4E). The Ramachandran plot of 

wild type domains (Fig. 4F) shows that from 

(Fig. 4G) exhibits one outlier. Even in this 

that point of view the conformation is 

reliable. Instead, the plot of mutated protein 

case, mutated conformation is more stable.  

 

The following mutations are in the  

intrinsically disordered C-terminal domain. 

The whole protein is considered for the 

analysis: we can observe in Fig. 5A the entire 

wild-type protein, while its Ramachandran 

plot, with some outliers, is represented in 

Fig. 5B.  

 

 

Figure 4 (A) RRM1 and RRM2 wild type domains; (B) RRM1 and RRM2 domains with K263E mutation; (C) 

overlap between red wild type and green mutated domain; (D) wild type electrostatic surface around residue 

263; (E) mutated protein electrostatic surface around residue 263; (F) RRM1-RRM2 domains Ramachandran 

plot before mutation; (G) RRM1 domain Ramachandran plot post mutation. 
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The Q331K mutation (Fig. 6A) acts as a 

molecular "blockade", it triggers a functional 

failure due to the introduction of a positive 

charge that disrupts nuclear DNA repair, and 

so the introduction of the basic Lysine 

residue prevents the protein from properly 

recruiting the XRCC4-DNA Ligase 4 

complex to the nucleus. In this way, the 

system converges to a pathological endpoint 

with the formation of toxic, insoluble TDP-

43 aggregates. It is more evident seeing the 

mutated and the Wild Type overlapped (Fig. 

6B). From the study of electrostatic maps, it 

is noticeable that the original Glutamine 

residue at position 331 is polar but  

uncharged, contributing to a neutral surface 

area that supports transient, fluid interactions 

(Fig. 6C). When it changes, the substitution 

 

   Figure 5 (A) Wild type TDP-43 protein; (B) the corresponding Ramachandran plot 

 

 

Figure 6 (A) TDP-43 protein with Q331K mutation; (B) overlap between red wild type and green mutated 
protein; (C) wild type electrostatic surface around residue 331; (D) mutated protein electrostatic surface 

around residue 331; (E) the corresponding Ramachandran plot post mutation. 
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of Glutamine with Lysine introduces a strong 

positive charge, represented by a prominent 

"blue spot" on the surface map. (Fig. 6D). 

Also from the Ramachandran, the stability is 

slightly lost due to the rise of the entropic 

contribution caused by the mutation leading 

to some configurations not allowed of left-

handed alfa-helices (Fig. 6E). On the other 

hand, the potential energy remains quite 

similar with only small variations towards 

the entropic state (Table S2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 shows the mutated protein with the 

A315E mutation alone (Fig. 7A) and one 

overlapped with the wild-type (Fig. 7B), with 

the substitution of the Alanine (ALA) at 

position 315 of the C-terminal with a 

Glutamic Acid (GLU). By comparison, it is 

noticeable how much it changes due to the 

presence of the mutation. Its substantia 

folding leads to an irreversible aggregation 

because the Glutamic acid is negatively 

charged and attracts the positive charges of 

the other amino acids. This folding also 

confirms the formation of the salt bridge 

between the Arginine (ARG) at position 293 

and the site of mutation itself 315. It can be 

highlighted measuring the distance between 

those two in the protein before (Fig. 7C) and 

after the mutation. It is reduced by half after 

the mutation (Fig. 7D), ensuring that the 

mutation induces the formation of the salt 

bridge which represents an obstacle, which 

encourages the constitution of highly 

compact oligomers. This could be confirmed 

also measuring other residues distances in the 

N-terminal, as analyzed previously. Also, the 

electrostatic map in the next figures allows us 

to see that from a neutral charge near the 

Alanine in the non-mutated protein (Fig. 7E), 

it changes to a negatively charged region 

with the Glutamic Acid (Fig. 7F) as stated in 

the previous paragraph. The Ramachandran 

plot was also used to put attention on the 

configurations assumed by the protein after 

simulation. Even if the C-terminal is 

expected to behave chaotically, most of the 

configurations are realistic, with a small 

percentage of amino acids lying outside the 

allowed regions (Fig. 7G). Table S2 

 

Figure 7 (A) TDP-43 protein with A315E mutation; (B) overlap between red wild type and green mutated 
protein; (C) measure of distance between Arg 293 and Alanine 315 in wild type; (D) measure of distance 

between Arg 293 and Glu 315 in mutated protein; (E) wild type electrostatic surface around residue 315; (F) 
mutated protein electrostatic surface around residue 315; (G) the corresponding Ramachandran plot post 

mutation. 
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confirms what was described above. The 

Radius of Gyration reduces significantly due 

to the folding, with a stable hydrophobic core 

because of the aggregation. What is 

remarkable is the level of potential energy, 

which is lower and lets us deduce that protein 

configuration becomes stable by the presence 

of the mutation and causes irreversible 

aggregation. Also, the RMSD illustrates the 

great variation the protein has from the 

perspective of the wild type.

 

 

 

 

 

 

 

 

 

 

 

 

 

The TDP-43 protein with the M337V 

mutation (Fig. 8A), as can be seen in Fig. 8B, 

assumes a very different conformation 

compared to the wild type protein (Fig. 5A) 

by replacing the long, sulphur-containing 

Methionine with the shorter, branched 

Valine. The protein collapses into a tighter, 

yet potentially more strained, configuration 

whose RMSD is equal to 39.5 Å and the 

radius of gyration decreases. Due to 

mutation, hydrophilic surface area decreases 

and hydrophobic surface increases  show 

significant differences, because both 

Methionine and Valine are hydrophobic, and 

(Table S2). The electrostatic surfaces before 

(Fig. 8C) and after mutation (Fig. 8D) do not 

show significant differences because both 

Methionine and Valine are hydrophobic, and 

they do not have a net charge on their lateral  

 

 

 

 

chain. Analysing Ramachandran plot in Fig. 

8E reveals that the TDP-43 wild-type 

structure is characterized by a significant 

population of residues in the β-sheet region 

(upper left quadrant). This suggests a stable 

structural core notwithstanding the inherent 

flexibility of the disordered loops. In 

contrast, the α-helical regions (lower left 

quadrant), while present, exhibit a lower 

density of residues, indicating that the 

protein's secondary structure is 

predominantly β-sheet driven. In Fig. 8F the 

distance between Tryptophan at 334 position 

and Methionine at 337 position is 20.06 Å 

owing to mutation this distance becomes 

shorter, equal to 15.03 Å (Fig. 8G); it can be 

explained by the tendence of the mutated 

protein to self-assembly and the Tryptophan 

to substantially exhibits perpendicular and 

fewer π-π stacking configurations. 

 

Figure 8 (A) TDP-43 protein with M337V mutation; (B) overlap between red wild type and green mutated protein 

(C) wild type electrostatic surface around residue 337; (D) mutated protein electrostatic surface around residue 

337; (E) entire protein Ramachandran plot post mutation; (F) distance between Tryptophan 334 and Methionine 

337 in wild type protein; (G) distance between Tryptophan 334 and Methionine 337 in mutated protein. 
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The value of RMSD between wild-type (Fig. 

5A) and protein with N345K protein (Fig. 

9A) is equal to 47.2 Å. This significant 

change is noticeable looking at the overlap of 

wild type and mutated protein (Fig. 9B) and 

at the difference in the radius of gyration 

between the wild type and mutated proteins: 

it shows a significant percentage decrease 

equal to 22.9% (Table S2). Both 

hydrophobic and hydrophilic surface   

decrease,  the   hydrophilic   one  by   almost  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10%.  The wild type of protein (Fig. 9C)   in 

position 345 had Asparagine which is 

neutral, the mutation replaces it with a 

Lysine, a basic and positively charged amino 

acid (Fig. 9D) which contains a long 

aliphatic chain ending in a primary amine 

group allowing it to form salt bridges with 

negatively charged residues like Aspartate or 

Glutamate. The Ramachandran plot of the 

mutated protein shows some outliers (Fig. 

9E). 

 

 

 

 

  

Figure 9 (A) TDP-43 protein with N345K mutation; (B) overlap between red wild type and green mutated protein; (C) 

wild type electrostatic surface around residue 345; (D) mutated protein electrostatic surface around residue 345; (E) 

the corresponding Ramachandran plot post mutation. 
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For the G298S mutation, Fig. 10A and Fig. 

10B demonstrate that the mutation 

introduces a huge conformation difference 

not only in the C-terminal domain, but in the 

entire protein, underlying the necessity to 

perform the molecular dynamics simulation 

on the entire structure to understand the 

pathological behavior of the mutation. The 

visual analysis of the electrostatic surface 

potential confirms the structural impact of 

the mutation (Fig. 10C); the polar nature of 

the serine residue shifts the interaction site 

from a peripheral (Fig. 10D) to a central 

position, establishing new bonds with 

adjacent segments of the polypeptide chain. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A significant number of residues currently 

fall into the outlier region of the 

Ramachandran plot (Fig. 10E), indicating 

areas where the backbone could be 

improved. The most distinctive result of the 

G298S mutation is the reconfiguration of the 

surface properties. The analysis shows a 

33.25% expansion of the hydrophobic 

surface area coupled with a 31.97% 

reduction in hydrophilic exposure (Table 

S2). The reduction of hydrophilicity makes 

the protein less soluble, while the 

hydrophobic parts may anchor the protein to 

the mitochondrial membranes. This result 

partially explains what is found in literature. 

5. Conclusions 

This computational study demonstrates that 

the various mutations of TDP-43 protein 

analyzed trigger neurodegeneration through 

distinct molecular pathways.  By integrating  

 

 

 

the research conducted on both familial and 

sporadic variants, this project highlights the 

complex relationship between a single amino 

acid substitution and the resulting 

proteinopathy. 

 

 

Figure 10 (A) TDP-43 protein with G298S mutation; (B) overlap between red wild type and green mutated protein; 

(C) wild type electrostatic surface around residue 298; (D) mutated protein electrostatic surface around residue 

298; (E) the corresponding Ramachandran plot post mutation 
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The computational and literature-based 

evidence suggests two primary mechanisms 

of toxicity. On the one hand, mutations such 

as A315E and M337V primarily drive a 

structural collapse. Molecular dynamics 

simulations revealed that these substitutions 

often involve charge inversions which 

facilitate a massive "drift" from a functional 

extended state to a compact globular form. 

This collapse, characterized by significant 

reductions in the radius of gyration and 

solvent accessible surface area (SASA), 

promotes an irreversible "liquid-to-solid" 

phase transition and the formation of a dense 

hydrophobic core. 

 

On the other hand, variants like N345K, 

Q331K and G298S exemplify a functional 

loss-of-function mechanism coupled with 

cytosolic gain-of-toxicity. These mutations 

disrupt the protein’s critical scaffolding role 

in the nucleus, particularly the recruitment of 

the XRCC4-DNA Ligase 4 complex required 

for repairing DNA double-strand breaks. The 

resulting genomic instability and chronic 

oxidative stress create a feedback loop that 

accelerates protein mislocation and the 

accumulation of poly-ubiquitinated 

inclusions. A similar effect is produced by 

variants K181E and K263E, which 

determines inability to bind and process 

RNA. 

 

In summary, despite the diverse biochemical 

nature of these mutations—whether 

involving the introduction of positive 

charges, negative charges or altering 

polarity—they all ultimately destabilize the 

delicate homeostasis of TDP-43. This 

comprehensive analysis confirms that the 

therapeutic stabilization of the C-terminal 

domain is a vital goal for ALS treatment, but 

even single point mutations in the other main 

domains can drive to pathological pathways 

even if not so entropic. Also, these findings 

underscore the importance of integrating 

molecular dynamics and biochemical data 

analysis to understand the heterogeneity of 

ALS.  

 

A better understanding of these varied 

molecular signatures, can lead to 

personalized biomedical strategies capable 

of preventing the irreversible aggregation 

that leads to motor neuron apoptosis and 

therapies aimed at either preventing the 

structural "drift" of mutated variants or 

restoring the nuclear scaffolding functions 

necessary for neuronal survival.
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Supplementary Material 

 

Table S1 Parameters calculated for the wild-type and mutated domains and their percentage 

variation, for mutations occurring in RRM domain (D169G, K181E, K263E)  

  

Rog [Å] 

 

SASA 

[Å2] 

 

Hphobi

c SA 

[Å2] 

 

HhilicSA

[Å2] 

 

E[kcal/mol] 
 

Angle 

[kcal/m

ol] 

 

tor 

[kcal/mol] 

 

VdW[kcal/

mol] 

 

Ele 

[kcal/mol] 

RMSD 

Mutated-

Wildtype 

[Å] 

Before 

mutation 

12.34 4795.1 2730.4 1856.6 -2948.74 129.810 584.476 -371.344 -2428.35  

D169G           

After 

mutation 

12.29 4784.8 2705.0 1872.4 -2878.91 130.267 569.759 -371.127 -2400.98 0.75 

 

Percentage 

change  

-0,4% -0,21% -,93% +0.85% +2,37% +0,35% -2,52% +0,06% +1,13%  

K181E           

Before 

mutation 

16,63 8564,3 4904,6 3193,4 -6410 304,384 1296,633 -884,783 -6227,1  

After 

mutation 

16,20 8322,6 4737,6 3222,3 -6502,600 296 1.305 -920 -6083,48 3.963 

Percentage 

change  

-2,58% -2,82% -3,41% +0,90% -1,445% -2,754% +0,663% +4,007% +2,306%  

K263E           

Before 

mutation 

16.48 8683.3 4924.5 3276.2 -7299,41 343,151 1414,387 -984,739 -6973,13  

After 

mutation 

16.58 9000.2 5321.8 3258.7 -7373,68 344,518 1413,15 -975,88 -7102,92 5.838 

Percentage 

change  

+0,6% +3,65% +8,07

% 

-0,53% -1,017% + 

0,398% 

-0,087% +0,90% - 1,861%  
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Table S2 Parameters calculated for the entire wild-type and mutated protein and their 

percentage variation, for mutations occurring in C domain (Q331K, A315E, M337V, N345K, 

G298S) 

  

Rog [Å] 

 

SASA [Å2] 
 

Hphobic 

SA [Å2] 

 

Hhilic 
SA [Å2] 

 

E[kcal/mol] 
 

angle 

[kcal/mol] 

 

tor 

[kcal/mol] 

 

VdW[kcal/

mol] 

 

Ele 

[kcal/mol] 

RMSD 

Mutated-

Wildtype 

[Å] 

Wild type C-

terminal 
28.60 17027.1 9731.3 6509.7 -16255.0 

 

814.685 

 

3627.499 -2480.49 -16368.2 

 

 

Q331K 

 

23.40 15946.6 9653.1 5393.9 -15933.9 770.971 3992.917 -2448.68 -15933.9 19.8 

Percentage 

change  

(Mutated-Wild 

type) 

-18.18% -6.35% -0.80% -17.14% -1.98% -5.37% +10.07 % -1.28% -2.65%  

A315E 20.17 13825.4 7721.2 5763.3 -17406.1 785.045 3633.796 -2560.43 -17202.1 23.24 

Percentage 

change  

(Mutated-Wild 

type) 

-29.48% -18.80% -20.66% -11.46% -7.08% -3.64% +0.17% -3.22% -5.10%  

M337V 

 

25.57 17218.2 10067.5 6403.8 -16248.7 799.671 3621.639 -2396.42 -15926.4 39.5 

Percentage 

change 

(Mutated-

Wildtype) 

-10.59% +1.12% +3.45% -1.63% -0.038% -1.84% -0.16% -3.39% -2.70%  

 

N345K 

 

22.14 15961.4 9221.4 6008.8 -16236.8 816.066 3639.563 -2502.24 -16715.7 47.2 

Percentage 

change  
-22.59% -6.26% -5.24% -7.70% -0.11% +0.17% +0.33% +0.88% +2.12%  

G298S 27.65 18288.4 12966.9 4428.8 -15982.4 931.86 3819.845 -2234.69 -18212.0 34.4 

Percentage 

change  
-3.32% +7.41% +33.25% -31.97% +1.68% +14.38% +5.30% +9.91% -11.26%  
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