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Abstract

Background
Mitochondrial dynamics are essential for neuronal function, with dynamin-related protein 1 (DRP1),
encoded by the DNM1L gene, playing a key role in mitochondrial fission. Pathogenic variants in DNM1L
are associated with a spectrum of severe neurodevelopmental and neurodegenerative disorders. This
study aimed to characterize the clinical, genetic, and pathological features of a novel DNM1L variant and
to elucidate its impact on DRP1 function and mitochondrial physiology.

Results
A case study was performed by integrating clinical phenotyping, metabolic and neuroimaging evaluation,
whole-exome sequencing, in silico modeling, postmortem histopathology, and functional analyses using
western blotting and neuronal assays to assess DRP1 expression and mitochondrial morphology. The
patient, a 12-year-old female, presented with developmental delay, microcephaly, ataxia, refractory
seizures, and behavioral disturbances. Brain MRI was unremarkable, but metabolic testing revealed
elevated lactate levels and abnormal EEG patterns. Whole-exome sequencing identified a novel
heterozygous de novo DNM1L variant (c.1093A > G; p.Arg365Gly) located in the DRP1 middle domain
and classified as likely pathogenic. In silico modeling predicted disruption of stabilizing intramolecular
interactions and altered protein packing. Postmortem neuropathology revealed widespread
neurodegeneration, neuronal loss, and gliosis. Functional assays demonstrated decreased levels of
monomeric and oligomeric DRP1 and pronounced mitochondrial hyperfusion, consistent with defective
mitochondrial fission due to impaired DRP1 oligomerization.

Conclusions
This work identifies and functionally characterizes a novel DNM1L variant, broadening the clinical and
genetic spectrum of DRP1-associated mitochondrial disorders. The findings underscore the importance
of integrated clinical, genetic, structural, and functional analyses to elucidate the mechanistic basis of
rare mitochondrial diseases.

Introduction
Mitochondrial fission and fusion are highly dynamic processes that are essential for maintaining
mitochondrial homeostasis within the nervous system and other tissues. Disruptions in the proteins
regulating these processes can impair mitochondrial dynamics, leading to abnormal fission and fusion,
which are associated with a range of clinical disorders [1].
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In humans, Dynamin-Related Protein 1 (DRP1) is an 81.8 kDa protein that plays a critical role in
mitochondrial and peroxisomal fission. It is encoded by the dynamin 1-like (DNM1L) gene, located on
chromosome 12p11.21 (21 exons), and shares high homology with other dynamin family proteins. DRP1
contains an N-terminal GTPase domain (GD), responsible for generating the mechanical force required
for membrane constriction, a middle domain (MD) that mediates DRP1 oligomerization, and a C-terminal
GTPase effector domain (GED), which enhances GTPase activity and stabilizes the DRP1 homodimer
complex. In addition, DRP1 harbors a non-conserved variable domain (VD) that modulates protein
function [2–5].

DRP1 is a cytosolic protein that forms homodimers and is recruited to the outer mitochondrial
membrane and peroxisomal surface, where it mediates fission. This process occurs through a GTP
hydrolysis–dependent mechanism in which DRP1 wraps around the scission site, constricts, and
ultimately severs the membrane [6]. Excessive activation or upregulation of DNM1L is linked to aberrant
mitochondrial fragmentation, contributing to neuronal damage in distinct neurodegenerative disorders
[7]. Moreover, studies in a neural cell–specific Drp1-/- mouse model highlight the crucial role of DRP1 in
embryonic forebrain and cerebellar development, as well as synapse formation [8–9].

Pathogenic variants in DNM1L underlie two neurological disorders (Online Mendelian Inheritance in Man;
MIM*603850): Encephalopathy, lethal, due to defective Mitochondrial and Peroxisomal Fission 1
(EMPF1, MIM #614388) and Optic atrophy 5 (OPA5, MIM #610708). EMPF1, caused by either
monoallelic or biallelic DNM1L variants, is commonly associated with developmental delay, hypotonia,
refractory epilepsy, and premature death [10]. To date, at least 79 affected individuals with 40 distinct
pathogenic variants have been reported: 21 cases with 16 variants in the GD of DRP1, 51 cases with 18
variants in the MD, 1 case with a variant in the VD, and 6 cases with five variants in the GED (Table 1) [3,
10–56].

Here, we report a pediatric patient carrying a novel heterozygous DNM1L variant, c.1093A > G
(p.Arg365Gly), located in the MD of DRP1. The patient presented profound developmental delays and
severe neurological impairment. To our knowledge, this variant has not been previously described. We
provide a detailed characterization of the clinical features and the associated cellular phenotype.

Material and methods

Participants and samples
The patient, family members, and three unrelated pediatric controls were recruited under informed
written consent, as approved by the Institutional Review Boards of the University Hospital of Salamanca
and the Neurological Tissue Bank at the Institute of Neuroscience of Castilla y León (BTN-INCYL). Tissue
samples, including frozen brain sections, were provided by BTN-INCYL and analyzed anonymously.
Sample transfer was conducted in accordance with national regulations governing research on human
biological materials. Postmortem tissue handling and preparation followed the standard BTN-INCYL
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protocol. Neuropathological autopsy was performed within 10 hours of death, initiated upon notification
by the donor's proxies. The right hemisphere of the brain was sectioned and frozen at − 80°C, while the
left hemisphere was fixed in 4% phosphate-buffered formaldehyde for at least three weeks.

Whole-exome sequencing
Genomic DNA was extracted from peripheral blood using a magnetic bead–based method on a
MagnaPure Instrument (Roche Diagnostics, Switzerland). Libraries were prepared using TruSeq (Illumina,
San Diego, CA) and xGen Exome technology (Integrated DNA Technologies, Coralville, IA). Sequencing
was performed on a NextSeq500 platform (Illumina). Bioinformatic analysis was carried out using the
GRCh37/hg19 reference genome.

In-silico protein 3D structure analysis and modeling
An in-silico workflow adapted from Díaz-Rodríguez et al. [57] was applied to evaluate the structural and
functional consequences of the DNM1L c.1093A > G variant. Protein structure prediction for wild-type
and p.Arg365Gly mutant DRP1 was performed using AlphaFold2, which predicts amino acid distance
distributions via deep learning and generates 3D atomic coordinates. Molecular graphics, including
mesh and helix/loop representations, were rendered with PyMOL (Version 1.8, Schrödinger, LLC).
Dynamic visualization was generated from VRML files using Cortona Movie Maker (Parallel Graphics,
Boston, MA) at 1024 × 768 resolution. Interatomic interactions were assessed with Arpeggio. Solvent
Accessible Surface Area (SASA) was measured with PyMOL, and ΔSASA values (ΔSASA = SASAMutant −
SASAWT) were calculated to evaluate changes in solvent exposure. Residue-level ΔSASA values were
plotted in Microsoft Excel.

To evaluate the thermodynamic impact of the mutation on protein stability, five in silico prediction tools
were employed, including DynaMut2, INPS3D, FoldX5.1, MAESTRO, and PremPS [57–59]. These tools
estimate changes in Gibbs free energy (ΔΔG), with destabilizing mutations defined as ΔΔG < 0 for
DynaMut2 and INPS3D, and ΔΔG > 0 for FoldX5.1, MAESTRO, and PremPS. DynaMut2 integrates
molecular dynamics and normal mode analysis to evaluate stability changes with atomic-level precision,
while INPS3D incorporates sequence-based features, physicochemical properties, and structural
determinants such as solvent accessibility and local energy variations [57–58]. FoldX5.1 applies an
empirical force field to assess the effects of mutations on protein folding, stability, and interactions,
whereas MAESTRO employs statistical scoring functions and machine learning-based ensemble
predictions to determine stability alterations [57]. PremPS, which relies on ten evolutionary and structural
features, is trained on a balanced dataset of stabilizing and destabilizing mutations, enhancing
predictive accuracy, particularly for stabilizing variants [59].

Histology, immunohistochemistry and image analysis
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Fixed brain tissue was routinely processed, paraffin-embedded, and sectioned at 6 µm. Sections were
deparaffinized, rehydrated through graded alcohols, and stained with hematoxylin and eosin (H&E)
following standard protocols to assess cytoarchitecture and cellular morphology. Brightfield images
were captured on a Leica DMRB microscope (Leica Biosystems) fitted with a DP50 digital camera
(Olympus) using 4×, 10× and 20× objectives for low magnification and 40× or 100× oil objectives for
higher magnification. Morphometric measurements and cell-dot mapping were carried out with the
open-source software ImageJ (version 1.53c; NHI, USA). Additionally, DRP1 and the mitochondrial
marker TOMM20 were evaluated by immunofluorescence in the cerebellum and prefrontal cortex using
confocal microscopy. To accomplish this, deparaffinized tissue sections were subjected to heat-induced
epitope retrieval using 10 mM citrate buffer (pH 6.0) at ≥ 100°C for 15 min. Sections were blocked in 5%
normal goat serum, 2% bovine serum albumin and 0.25% Triton X-100 and incubated overnight at 4°C
with primary antibodies: rabbit anti-DNM1L (DRP1; PA1-16987, Invitrogen) at 1:500 and rabbit anti-
TOMM20 (MA5-32148, Invitrogen) at 1:200. After washes, sections were incubated with Alexa Fluor–
conjugated secondary antibodies (anti-rabbit Alexa Fluor 555, 1:500), nuclei counterstained with DAPI,
and nonspecific autofluorescence quenched using 0.3% Sudan Black. Confocal image acquisition was
performed on a Leica Stellaris 8 confocal microscope using a 63×/NA 1.4 oil objective. Z-stacks were
collected with optical sectioning appropriate to the objective (≈ 0.3 µm steps), and three-dimensional
projections were generated by maximum intensity and stereo z-projection. Negative control sections
processed without primary antibody showed no specific signal. All photomicrographs used in the figures
underwent only minor and uniform adjustments to brightness and contrast, along with removal of tissue-
free background in Adobe Photoshop® CS3 (Version 10.0) and were subsequently assembled in Canvas
14.

Western blot analysis
Protein extracts from cerebellum and prefrontal cortex were prepared in lysis buffer (10 mM Tris, pH 7.4;
150 mM NaCl; 2 mM EDTA; 1% NP-40; protease and phosphatase inhibitors). Lysates were clarified by
centrifugation, denatured in Laemmli buffer, and subjected to SDS-PAGE. Proteins were probed with
rabbit anti-DNM1L (1:500, Invitrogen, #PA1-16987) and rabbit anti-βIII-tubulin (1:6000, Sigma, #T2200).
Secondary antibody detection was performed with peroxidase-conjugated goat anti-rabbit IgG (1:8000,
Jackson ImmunoResearch, #111-035-003). Signals were imaged using a MicroChemi 4.2
Chemiluminescence System.

Statistical analysis
Statistical analyses, including quantification of western blot band intensities, were performed with SPSS
v20 (IBM, Chicago, IL, USA). Group comparisons were assessed by ANOVA (Fisher's post hoc test) and
Student's t-test. Results with p < 0.05 were considered statistically significant (*). Quantitative data are
presented as mean ± standard deviation (SD) and were plotted using GraphPad Prism v8.
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Results

Case presentation and clinical manifestation
The patient was a 12-year-old female, second child of non-consanguineous Caucasian parents, born at
38 weeks from a twin pregnancy complicated by fetal growth restriction. The family pedigree is shown in
Fig. 1A. At birth, she presented low weight (1,570 g) and length (40 cm) and was treated with growth
hormone. From infancy, she exhibited severe global developmental delay, microcephaly, and
encephalopathy. Motor development was markedly delayed, with independent walking at 3 years and
persistent ataxia with pyramidal signs. Speech was significantly impaired, with limited vocabulary
acquisition. Behavioral disturbances included hyperactivity, impulsiveness, and aggression, along with
episodes of motor regression. At 9 years, she developed refractory status epilepticus triggered by
influenza A, followed by recurrent convulsive and non-convulsive episodes, often infection related. Her
condition progressed to dysphagia and chronic respiratory failure requiring non-invasive ventilation. No
dystonia, neuropathy, or sensory deficits were observed, and cardiological and ophthalmological
evaluations were normal. She died at 12 years.

Metabolic studies showed transient lactate elevation (< 3.3 mmol/L) during seizures, with otherwise
normal biochemical profiles. Brain Magnetic Resonance Imaging (MRI) at 3 and 10 years was
unremarkable. Serial electroencephalograms (EEGs) revealed generalized slowing without interictal
epileptiform activity, while seizures showed multifocal patterns, including right parieto-occipital and left
frontotemporal involvement.

Conventional karyotyping revealed no abnormalities, while chromosomal microarray analysis (array-
CGH) identified a ~ 730 kb interstitial gain at 18q22.1b of uncertain significance. Whole-exome
sequencing identified a heterozygous DNM1L c.1093A > G variant (NM_012062.4) in exon 10, resulting in
a p.Arg365Gly substitution (NP_036192.2) within the MD of DRP1. The variant was confirmed by Sanger
sequencing. Segregation analysis showed that both parents and the healthy sibling carried the wild-type
allele, confirming a de novo origin (Fig. 1A). This variant has not been previously reported and was
classified as likely pathogenic according to ACMG/ACGS guidelines [60]. It has been submitted to the
Leiden Open Variation Database (ID #00466853). The affected residue (Arg365) is highly conserved
across species, and no other pathogenic variants explaining the phenotype were identified.

Structural impact of the p.Arg365Gly variant in DNM1L

To investigate the molecular consequences of the missense variant in exon 10 of the human DNM1L
gene (c.1093A > G; p.Arg365Gly), we generated a predicted 3D model of the encoded protein. This
substitution replaces arginine with glycine at position 365 within the MD, potentially affecting DRP1
structure and function (Fig. 1B-F and Supplementary Material 1). Structural analysis using AlphaFold2
models of wild-type and mutant DRP1 revealed local conformational changes in the MD (Fig. 1B). In the
wild type, Arg365 is surface-exposed, whereas Gly365 in the mutant becomes more buried (Fig. 1C). This
substitution removes a bulky, positively charged residue, allowing surrounding residues to shift inward
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and tighten local packing. Although both residues remain within the same α-helix, the mutation alters the
local structural environment (Fig. 1B-C). Detailed interaction analysis showed a marked loss of
stabilizing contacts in the mutant protein, including reductions in van der Waals interactions, hydrogen
bonds, and polar interactions, along with complete loss of hydrophobic and ionic interactions (Fig. 1D;
Supplementary Material 1). These changes indicate disruption of the native interaction network. SASA
analysis demonstrated an 11% decrease in exposure at residue 365 (Fig. 1E), with compensatory
increases in nearby residues (+ 11% -Tyr368-, 7% -Glu359-; Fig. 1E), suggesting localized structural
rearrangements. Energetic predictions using multiple stability algorithms (DynaMut2, INPS3D, FoldX,
MAESTRO, and PremPS) consistently indicated a destabilizing effect of the mutation, with ΔΔG values
ranging from − 1.69 to + 1.06 kcal/mol (Fig. 1F; Supplementary Material 1).

Neuropathological findings in the postmortem brain
Macroscopic examination revealed a markedly atrophic brain weighing 670 g (< 50% of the expected
weight for age), without focal lesions or malformations. There was diffuse cortical atrophy with
moderate ventricular dilation (Fig. 2). Microscopically, cortical regions showed disruption of normal
laminar architecture, with extensive neuronal loss, gliosis, and neuropil rarefaction (Figs. 3 and 4). These
changes were most prominent in deeper layers (V–VI), particularly in frontal, insular, and occipital
cortices, and in some areas extended through the full cortical thickness (Fig. 3A–B). The neuropil
displayed a microvacuolated (spongiform) appearance, with numerous small, clear spaces reflecting
tissue rarefaction. Neurons appeared shrunken with eosinophilic, achromatic cytoplasm, consistent with
advanced degeneration, alongside mild gliosis (Fig. 3a1–B). In addition to the cortical involvement, the
juxtacortical white matter exhibited prominent gliosis, vascular proliferation, and moderate spongiform
change (Fig. 3c1). The hippocampus showed distorted cytoarchitecture and marked vacuolization,
indicating severe parenchymal disorganization (Fig. 4A, 4a1). Subcortical regions, including the nucleus
basalis of Meynert, demonstrated neurons with granular, achromatic cytoplasm, suggestive of metabolic
or degenerative changes. The hypothalamus and thalamus showed moderate to severe gliosis with
significant neuronal loss and reactive changes (Fig. 4B, 4b1). In the brainstem, gliosis and neuronal loss
were observed in the midbrain, substantia nigra, and oculomotor nuclei, with similar changes in pontine
and medullary motor nuclei. Some neurons exhibited cytoplasmic microvacuolation, consistent with
early degeneration (data not shown). The cerebellum largely preserved its laminar organization, with
most Purkinje cells appearing morphologically normal (Fig. 4C, 4c1). However, occasional Purkinje cells
showed microvacuolation, and axonal spheroids were present, indicating focal degeneration (Fig. 4c2).
Finally, gliosis was also noted in the dentate nucleus without significant neuronal loss (data not shown).

DRP1 protein levels and immunohistopathological findings
To evaluate the effect of the DNM1L variant (c.1093A > G; p.Arg365Gly) on DRP1 protein levels, Western
blot analysis was performed on lysates from the prefrontal cortex and cerebellum, compared with
pediatric controls (Fig. 5). Two bands (~ 75 kDa and ~ 280 kDa) corresponding to monomeric and
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oligomeric DRP1 were detected. Mutant samples showed a marked reduction in both forms, particularly
the oligomeric fraction.

Immunohistochemistry further assessed mitochondrial morphology. Cerebellar neurons harboring the
mutation exhibited pronounced mitochondrial hyperfusion, with enlarged, balloon-like structures absent
in controls (Fig. 6). These neurons also showed increased DRP1 immunostaining (Fig. 6). In contrast,
staining for the mitochondrial marker TOMM20 was significantly reduced compared to controls (Fig. 7).
Similar alterations were observed in prefrontal cortex neurons (data not shown).

Discussion
Mitochondria are highly dynamic organelles that continuously undergo fission, fusion, and migration. The
genes encoding mitochondrial dynamics–related proteins are nuclear, and variants in these genes can
lead to mitochondrial diseases and neurodegenerative disorders such as Parkinson's disease,
Alzheimer's disease, and amyotrophic lateral sclerosis [1, 7]. Alterations in the DNM1L gene, which
encodes DRP1, have been associated with de novo dominant-negative mutations that cause early-onset
encephalopathy and lethality due to defective mitochondrial and peroxisomal fission. To date, at least 79
EMPF1 patients have been reported, harboring at least 40 distinct DNM1L variants (Table 1). All cases
exhibit neurocognitive dysfunction attributable to mitochondrial impairment, though the spectrum and
severity of symptoms vary widely. Clinical phenotypes range from severe neonatal hypotonia leading to
early death to developmental delay or regression with or without epilepsy. In general, pathogenic variants
affecting the DRP1 MD appear to be more severe than those involving the GD or GED domain. For
example, psychomotor retardation and epilepsy were less common in patients with GD variants
compared with those carrying MD variants [10, 42]. As summarized in Table 1, at least 18 pathogenic MD
variants have been reported in 51 patients [12–19, 21, 25–27, 31–32, 34–35, 37–41, 43–44, 47–51, 53–
54, 56]. These variants are thought to impair oligomerization, disrupt GTPase-dependent conformational
contraction, and ultimately compromise mitochondrial fission [4]. Most are de novo mutations and are
associated with a high incidence of developmental delay/regression and epilepsy. Furthermore, in a large
proportion of these patients, biochemical, neuroimaging, and electrophysiological studies revealed
elevated lactate levels, abnormal brain MRI findings, and abnormal EEG [10].

In this study, we describe a novel heterozygous DNM1L variant, c.1093A > G (p.Arg365Gly), in a 12-year-
old female patient. This variant, located in the DRP1 MD and predicted to be likely pathogenic according
to ACGS/ACMG guidelines, was associated with significant developmental delay and neurological
impairment. Notably, the most distinguishing clinical feature of this case is the presence of ataxia with
no brain MRI abnormalities. In summary, the patient presented with developmental delay, microcephaly,
encephalopathy, ataxia, behavioral problems (hyperactivity, impulsivity, and aggression), generalized
tonic–clonic seizures, and refractory status epilepticus. No dystonia, peripheral neuropathy, pain
insensitivity, dysarthria, strabismus, or MRI abnormalities were observed.
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Compared with the lethal DNM1L variants p.Ala395Asp and p.Cys431Tyr [13, 51, 53], the phenotype in
our case resembles that described by Vanstone et al. [48] with a Gly362Asp mutation, where the patient
showed prolonged survival, nonspecific refractory epilepsy, and fewer clinical manifestations. Another
case involving a different substitution at the same DRP1 position (p.Gly362Ser) was also characterized
by postnatal microcephaly and developmental delay [43]. However, that patient exhibited pain
insensitivity, likely due to sensory neuropathy [43], which was not observed in our case. Whitley et al. [53]
described a patient with a milder phenotype associated with a missense variant at position Ala395
compatible with survival (p.Ala395Gly), as well as another patient with the recurrent p.Arg403Cys variant,
reported in nine additional cases [12, 15–16, 21, 26, 32, 34–35, 37, 40–41, 49–50, 53–54].The
phenotypic differences between p.Ala395Asp and p.Ala395Gly, as well as between p.Gly362Asp and
p.Gly362Ser, highlight the functional sensitivity of this region of DRP1 while underscoring that the
ultimate effect depends on the specific physicochemical properties of the substitution.

Our in silico structural analysis provides a mechanistic explanation for the pathogenicity of the
p.Arg365Gly variant. Using AlphaFold2-generated 3D models, we observed that although both Arg365
and Gly365 lie within the same α-helical segment, the substitution induces substantial changes in local
residue environment and surface topology. Arg365, solvent-exposed in the wild-type configuration,
becomes significantly buried when replaced by glycine, a finding quantitatively supported by a ΔSASA of
− 11%. This is consistent with the physicochemical contrast between arginine, which forms extensive
stabilizing interactions via its guanidinium group, and glycine, which lacks a side chain and thus reduces
steric and interaction potential. The substitution permits inward shifting of neighboring residues,
compacting the local structure and effectively burying Gly365 deeper within the protein. Compensatory
increases in solvent exposure for Tyr368 and Glu359 further suggest local rearrangement consistent
with core-packing defects [61].

Structural modeling also revealed a loss of key intermolecular contacts at the mutation site. The
p.Arg365Gly substitution led to a marked reduction in van der Waals forces, hydrogen bonds, and polar
interactions, as well as a complete loss of hydrophobic contacts, ionic bonds, and cation–π interactions.
This collapse of the local interaction network underscores the critical role of Arg365 in stabilizing the
MD. Importantly, all five computational stability predictors used in this study (DynaMut2, INPS3D, FoldX,
MAESTRO, and PremPS) independently classified the p.Arg365Gly mutation as destabilizing. Notably,
this consensus was observed despite differences in their underlying algorithms and ΔΔG interpretation
thresholds. The convergence of these predictions reinforces the conclusion that the mutation
compromises the thermodynamic stability of DRP1. This aligns with previous benchmarking studies,
which have demonstrated that such agreement among diverse prediction tools reflects their overall
reliability in identifying destabilizing mutations [62].

Such destabilization is likely to impact higher-order DRP1 assembly. DRP1 co-assembles with
mitochondrial receptor MID49 to form helical oligomers essential for mitochondrial membrane scission
[63]. The MD, where Arg365 resides, is central for both self-assembly and receptor interactions
[mitochondrial fission factor (MFF) and mitochondrial dynamics proteins (MID49 and MID51] [64].
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Recruitment of DRP1 to mitochondria and subsequent GTP hydrolysis trigger conformational changes
necessary for oligomerization and membrane fission [1, 6]. Thus, disruption of the MD, as seen with
p.Arg365Gly, likely impairs oligomerization and compromises fission activity.

Postmortem brain analysis of our patient revealed moderate ventricular dilation and widespread
neurodegenerative changes affecting multiple cortical (frontal, insular, occipital, entorhinal, and
perirhinal) and subcortical (hypothalamus, thalamus, midbrain, and cerebellum) regions, characterized
by marked neuronal loss and gliosis. Similar findings have been reported in patients with the
p.Arg403Cys variant [32, 40]. Additional pathological changes observed in our patient, such as
cytoplasmic achromasia, granular patterns, and neuronal microvacuolation, are consistent with neuronal
degeneration described in other DNM1L-related cases [37].

Biochemical analysis confirmed decreased DRP1 expression in cerebellar and prefrontal cortex extracts,
affecting two distinct bands of approximately 75 kDa and 280 kDa in our samples, corresponding to the
monomeric and oligomeric forms of DRP1, respectively [3]. These oligomers represent homotetramers,
consistent with the mechanism of DRP1 association with the mitochondrial membrane [6]. This mirrors
findings in fibroblasts from patients with other pathogenic DNM1L variants, including p.Thr59Asn and
p.Arg710Gly [28, 38], as well as compound heterozygous cases [36]. Conversely, some variants such as
p.Gly401Ser and p.Arg403Cys have been associated with normal DRP1 levels, while p.Phe370Cys was
linked to increased levels [30, 38, 49]. Taken together, our data suggest that p.Arg365Gly disrupts
oligomerization, consistent with the effects of neighboring variants Gly363Asp and Gly401Ser [38] and
other stalk domain mutations, including lethal p.Ala395Asp and p.Gly350Arg [13].

We further observed profound mitochondrial hyperfusion in patient neurons, with giant balloon-like
organelles resembling nucleoid aggregation, a phenotype previously linked to DRP1 downregulation [65].
Impaired mitochondrial fission produces hyperfused networks, as shown in neurons of the basal ganglia
of Dnm1l knockout mice [8–9,70] and in multiple pathogenic variants (p.Gly32Ala, p.Asp146Asn,
p.Gly363Asp, p.Ala395Asp, p.Gly401Ser, p.Arg403Cys, p.Cys431Tyr, p.Arg710Gly) and a GTPase-deficient
recombinant mutant (p.Lys38Ala) [13, 30, 38, 51, 53]. Importantly, Longo et al. [17] demonstrated that
mitochondrial hyperfusion in p.Asp146Asn fibroblasts impairs mitostasis by slowing degradation due to
steric hindrance of enlarged mitochondria, not defective autophagy. Interestingly, while p.Asp146Asn
fibroblasts did not show increased mitochondrial mass; our patient with p.Arg365Gly displayed reduced
TOMM20 immunoreactivity, consistent with impaired mitochondrial distribution, similar to variants
p.Gly223Val, p.Phe370Cys, and p.Arg403Cys [49]. These findings support a dominant-negative
mechanism, in which impaired oligomerization causes widespread hyperfusion and defective
mitochondrial fission.

Conclusion
This study shows a novel de novo heterozygous DNM1L variant, p.Arg365Gly, in a Spanish patient with
clinical features overlapping those of previously reported cases. Our findings expand the spectrum of
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DNM1L-related disorders and emphasize their heterogeneity. Genetic testing remains essential for
diagnosis, given the broad phenotypic variability. This study provides new insights into the structural and
functional consequences of MD variants in DRP1 and contributes to a deeper understanding of their role
in mitochondrial pathology, with potential implications for clinical diagnosis and management.
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Table 1 is available in the Supplementary Files section.
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Figure 1

Identification of de novo p.Arg365Gly variant in DNM1L and structural consequences on the DRP1
protein. (A) Family pedigree showing the proband (II-2). The affected individual is shaded in black;
squares denote males, circles denote females, and a diagonal line indicates a deceased individual.
Sanger sequencing confirmed the heterozygous DNM1L variant c.1093A>G (p.Arg365Gly) in the proband.
The panel below depicts the architecture of human DRP1 (736 amino acids), including its four domains:
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GD, MD, VD and GED. (B) Ribbon representation of the predicted monomeric DRP1 structure, with
domains color-coded as in panel A. Close-up views of the MD (green) display the wild-type Arg365 (left)
and the mutant Gly365 (right). Side-chain atoms and neighboring residues are shown as sticks;
molecular interactions are indicated with colored dashed lines. (C) Mesh representation and secondary-
structure annotation at the mutation site. Helices are shown in light blue and loops in magenta. (D)
Backbone views corresponding to panel C highlight the reduction in stabilizing interactions in the
mutant. The upper panels show fewer van der Waals contacts (white arrowheads) and diminished
hydrogen bonds and polar interactions (white arrows). A 180° rotation reveals complete loss of
hydrophobic contacts (black arrows), ionic interactions (black arrowhead), and the aromatic cation–π
interaction present in the wild-type residue (black star). (E) Solvent-accessible surface area (ΔSASA, %
difference) at the mutation site. (F) Predicted change in protein fold stability (ΔΔG, kcal/mol). Although
stability criteria vary among predictors, all consistently classify the p.Arg365Gly substitution as
destabilizing.

Figure 2
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Macroscopic brain analysis. (A) Left hemisphere after midsagittal section. (B–C) Right hemisphere after
midsagittal section. (D) Serial coronal sections of the left hemisphere showing moderate ventricular
enlargement.

Figure 3

Histopathological alterations in the cerebral cortex and juxtacortical white matter. (A) H&E-stained
section of the orbitofrontal cortex shows marked disruption of the normal laminar cytoarchitecture, with
pronounced spongiosis and gliosis. (a1) Higher magnification of the boxed area in A shows fine
microvacuolation of the neuropil (spongiosis, black arrowheads), shrunken neuronal somata, and
numerous small, hyperchromatic glial nuclei indicative of gliosis (white arrowheads). (B) Higher
magnification of the insular cortex showing similar features of spongiosis (black arrowheads) and
gliosis (white arrowheads). (C) H&E-stained section and corresponding cell-dot scheme of the frontal
cortex illustrating cortical delamination, spongiosis and gliosis at the cortico–subcortical boundary
extending ventrally into the underlying white matter (area in magenta). (c1) Higher magnification of the
boxed area in C depicting spongiform changes (black arrowheads) and reactive gliosis (white
arrowheads). A schematic coronal brain section adapted from the Human Allen Brain Atlas indicates the
approximate localization of the representative H&E section. Abbreviations: GM, grey matter; WM, white
matter.  Scale bars = 200 mm in A; 500 mm in C; 20 mm in a1, B and c1.
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Figure 4

Histopathological alterations in the hippocampus and subcortical regions. (A) H&E-stained section of
the hippocampal white matter showing moderate and widespread spongiosis (black arrowheads). (a1)
Higher magnification of the boxed area in A detailing vacuolation within the neuropil. (B) H&E-stained
section of the posterior hypothalamus exhibiting widespread gliosis. (b1) Higher magnification of the
boxed area in B showing glial proliferation and hypertrophy (white arrowheads) accompanied by
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vacuolization (black arrowheads). (C) H&E-stained section of the cerebellar cortex showing preservation
of its characteristic laminar organization, composed of three distinct layers: molecular layer (ML),
Purkinje cell layer (PL), and granular layer (GL). (c1-c2) Higher magnification of the boxed areas in C
shows preserved Purkinje cell organization, where the pale-staining neurons exhibit dendrites extending
clearly into the molecular layer (arrows) and cytoplasmic microvacuolation. A schematic coronal brain
section adapted from the Human Allen Brain Atlas indicates the approximate localization of the
representative H&E sections. Scale bars = 100 mm in A and B; 20 mm in a1 and b1; 200 mm in C; 50 mm
in c1; 20 mm in c2.

Figure 5

Western blot and quantification of DRP1 expression. Whole-cell lysates from cerebellum (A) and
prefrontal cortex (B) of three controls (Ct1, Ct2 and Ct3) and the p.Arg365Gly variant, probed with DRP1
and Tubulin antibodies. Tubulin was used as a loading control. (C) Quantification of DRP1 expression
levels. Data are presented as mean ± SD. *p < 0.05.
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Figure 6

DRP1 immunofluorescence in cerebellar neurons. Confocal images of cerebellar neurons from the
patient with the p.Arg365Gly variant compared to two pediatric controls (Ct1 and Ct2). DRP1 is shown in
red. Scale bar: 10 μm.

Page 25/26



Figure 7

Mitochondrial morphology in cerebellar neurons. Confocal images of cerebellar neurons from the patient
with the p.Arg365Gly variant compared to two pediatric controls (Ct1 and Ct2). Mitochondria are labeled
with anti-TOMM20 (red). Scale bar: 10 μm.
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