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Genetic mutations in TBC1D24 have been associated with multiple phenotypes, with epilepsy being the main clinical manifestation.

The TBC1D24 protein consists of the unique association of a Tre2/Bub2/Cdc16 (TBC) domain and a TBC/lysin motif domain/

catalytic (TLDc) domain. More than 50 missense and loss-of-function mutations have been described and are spread over the entire

protein. Through whole genome/exome sequencing we identified compound heterozygous mutations, R360H and G501R, within

the TLDc domain, in an index family with a Rolandic epilepsy exercise-induced dystonia phenotype (http://omim.org/entry/

608105). A 20-year long clinical follow-up revealed that epilepsy was self-limited in all three affected patients, but exercise-induced

dystonia persisted into adulthood in two. Furthermore, we identified three additional sporadic paediatric patients with a remark-

ably similar phenotype, two of whom had compound heterozygous mutations consisting of an in-frame deletion I81_K84 and an

A500V mutation, and the third carried T182M and G511R missense mutations, overall revealing that all six patients harbour a

missense mutation in the subdomain of TLDc between residues 500 and 511. We solved the crystal structure of the conserved

Drosophila TLDc domain. This allowed us to predict destabilizing effects of the G501R and G511R mutations and, to a lesser

degree, of R360H and potentially A500V. Next, we characterized the functional consequences of a strong and a weak TLDc

mutation (TBC1D24G501R and TBC1D24R360H) using Drosophila, where TBC1D24/Skywalker regulates synaptic vesicle traffick-

ing. In a Drosophila model neuronally expressing human TBC1D24, we demonstrated that the TBC1D24G501R TLDc mutation

causes activity-induced locomotion and synaptic vesicle trafficking defects, while TBC1D24R360H is benign. The neuronal pheno-

types of the TBC1D24G501R mutation are consistent with exacerbated oxidative stress sensitivity, which is rescued by treating

TBC1D24G501R mutant animals with antioxidants N-acetylcysteine amide or a-tocopherol as indicated by restored synaptic vesicle

trafficking levels and sustained behavioural activity. Our data thus show that mutations in the TLDc domain of TBC1D24 cause

Rolandic-type focal motor epilepsy and exercise-induced dystonia. The humanized TBC1D24G501R fly model exhibits sustained

activity and vesicle transport defects. We propose that the TBC1D24/Sky TLDc domain is a reactive oxygen species sensor

mediating synaptic vesicle trafficking rates that, when dysfunctional, causes a movement disorder in patients and flies. The

TLDc and TBC domain mutations’ response to antioxidant treatment we observed in the animal model suggests a potential for

combining antioxidant-based therapeutic approaches to TBC1D24-associated disorders with previously described lipid-altering

strategies for TBC domain mutations.
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Introduction
Over the last several years, more than 50 mutations in

TBC1D24 have been associated with multiple phenotypes,

with drug-resistant epilepsy and DOORS syndrome being

the most frequent (Balestrini et al., 2016). More rare

phenotypes include hearing loss, intellectual disability, cere-

bellar dysfunction, alternating hemiplegia and signs of neu-

rodegeneration (Appavu et al., 2016; Balestrini et al., 2016;

Ngoh et al., 2017; Ragona et al., 2017).

TBC1D24 consists of the unique association of a Tre2/

Bub2/Cdc16 (TBC) and a TBC/Lysin Motif Domain/

Catalytic (TLDc) domain. Missense and loss-of-function mu-

tations are spread over the entire protein, but most affected

individuals are bi-allelic mutant in the TBC domain or com-

pound heterozygous for both the TBC and TLDc domains.

Only two patients harbouring bi-allelic missense mutations in

the TLDc domain have been reported, both homozygous and

exhibiting as different phenotypes as DOORS syndrome (Atli

et al., 2018) and progressive myoclonus epilepsy (Muona

et al., 2015).

TBC1D24 is well conserved across species, including its

Drosophila counterpart Skywalker (Sky). The TBC domain

regulates vesicular membrane trafficking at synapses by

acting with Rab-GTPases, such as Arf6 and Rab35, and

docks to phosphoinositides in the membrane (Falace et al.,

2010; Frasa et al., 2012; Fischer et al., 2016). The function of

the TLDc domain is less known, though a function in oxida-

tive stress sensing or resistance has been demonstrated in cell

culture (Finelli et al., 2016; Finelli and Oliver, 2017). Loss of

TBC1D24/Sky causes synaptic vesicle-associated proteins to

excessively traffic to endosomes, where they are sorted and

sent to the lysosome for degradation (Uytterhoeven et al.,

2011; Fernandes et al., 2014). Hence, TBC1D24/Sky controls

protein homeostasis at synapses, and disrupting the function

of TBC1D24/Sky or pathogenic mutations in the TBC

domain result in severe synaptic defects and epileptic seizures

in fruit flies (Fischer et al., 2016) as well as neuronal archi-

tectural defects in rodent neurons (Falace et al., 2010, 2014;

Milh et al., 2013). In vivo experiments in rodents confirm

that genetic disruption of Tbc1d24 impairs vesicle trafficking

and spontaneous neurotransmission, resulting in seizures and

early death (Finelli et al., 2019; Tona et al., 2019).

Here we demonstrate that the three affected individuals

of the original Rolandic epilepsy (RE)-writer’s cramp-exer-

cise induced dystonia (EID) pedigree (Guerrini et al., 1999)

(http://omim.org/entry/608105) harbour compound hetero-

zygous missense mutations in the TBC1D24 TLDc domain.

Through a two-decade follow-up we observed that while

epilepsy had a self-limited course, EID persisted into
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adulthood in two of the three patients, though with

reduced severity. Furthermore, we identified three sporadic

patients of paediatric age with a remarkably similar RE-

EID phenotype who harboured bi-allelic TBC1D24 muta-

tions, each including an amino acid substitution in close

proximity in the TLDc domain. By solving the crystal struc-

ture of the TLDc domain we show how the mutations

could destabilize and/or affect its fold. Using Drosophila

as a model, we found that the TLDc domain mediates re-

active oxygen species (ROS)-induced defects in synaptic

vesicle trafficking. Indeed, TLDc pathogenic mutations

cause a molecular phenotype comparable to that of high

ROS load. Both cellular and behavioural defects of mutant

animals are rescued by antioxidant feeding. We propose

here that the TBC1D24/Sky TLDc domain is a direct or

indirect ROS sensor mediating synaptic vesicle trafficking

rates that, when dysfunctional, causes a movement disorder

in patients and flies.

Materials and methods

Patients

Original RE-EID pedigree

A brother, sister and their first cousin were products of con-
sanguineous marriages between two brothers and two sisters
(Patients 1-VII:2, 2-VII:3 and 3-VII:4) (Fig. 1A) of Italian an-
cestry. They exhibited a syndrome with onset in infancy, fea-
turing focal seizures, often hemifacial, centro-temporal EEG
abnormalities, and paroxysmal dystonia precipitated by sus-
tained exercise (Guerrini et al., 1999). They also exhibited
forearm dystonia that caused writing to progressively become
scribbling and then made it impossible after a few minutes.
This manifestation is more akin to EID involving forearm
muscles than to classical writer’s cramp in which dystonic
posturing appears as soon as writing starts. These three pa-
tients, aged 11, 22 and 23 years at the time of our original
description (Guerrini et al., 1999) have been under clinical
follow-up for 20 further years.

Patients 4–6

These three sporadic patients were identified as exhibiting a
phenotype similar to the original RE-EID family during an
international paediatric movement disorders workshop in
Barcelona, Spain, in February 2019. Clinical histories, video-
recordings of seizures and EID attacks and next generation
sequencing data were shared and reviewed. Patients 4 and 5
were studied in the USA and were of Italian and Han Chinese
ancestry, respectively; Patient 6 was studied in Taiwan and
was of Han Chinese ancestry.

WES and WGS analysis

All participants had signed an informed consent for research
or diagnostic whole exome/genome sequencing (WES/WGS) in
the participating institutions. Consent was obtained according
to the Declaration of Helsinki. Written consent was also ob-
tained for the video recordings shown in the Supplementary

material. The study was approved by the Paediatric Ethic
Committee of the Tuscany Region in the context of the
DESIRE project (EC, Seventh Framework Programme, grant
agreement 602531). Methods used for WES and WGS are re-
ported in detail in the Supplementary material.

Bioinformatic impact predictions

We evaluated mutations’ pathogenicity of TBC1D24 variants
through in silico prediction using the dbNSFP database (v3.3a)
(Liu et al., 2016) and the scores obtained from Revel
(Ioannidis et al., 2016), M-CAP (Jagadeesh et al., 2016) and
Eigen (Ionita-Laza et al., 2016), three different tools to evalu-
ate the pathogenicity of rare variants.

To improve the information obtained by the variant-level
CADD, PolyPhen-2 and SIFT impact predictions, we also
used the mutation significance cutoff (MSC) server (http://
pec630.rockefeller.edu:8080/MSC/), a quantitative approach
that provides gene-level and gene-specific phenotypic impact
cut-off values.

Finally, a multiple sequence alignment of the TBC1D24
orthologous protein sequences was generated by the Jalview
software (http://www.jalview.org) with colour-coding for phy-
sicochemical properties (Zappo colour scheme).

Drosophila stocks and genetics

Fly stocks were maintained on standard medium at 21�C and a
12-h light/dark cycle. Larvae or adult animals were selected for
the correct genotype and age-matched flies of other conditions
and genotypes were selected for testing. After assigning letters to
each experimental group, the order of testing was randomized.
Neuronal human TBC1D24 was expressed in sky mutation back-
ground (Uytterhoeven et al., 2011). The ROS scavengers, anti-
oxidants N-acetylcysteine amide (AD4, 40mg/ml) (Jung et al.,
2017) or �-tocopherol (vitamin E, 20mg/ml) (Driver and
Georgeou, 2003), were added to the food source and refreshed
in adult food source 48 h prior to testing. To optimize solubility,
�-tocopherol (vitamin E) was dissolved in water and 0.0005 final
volume per cent ethanol in two consecutive steps. AD4 was dis-
solved in pure water. For controls, solvent (H2O) without anti-
oxidants was added. Transgenic flies were generated (Fischer
et al., 2016) from gBlocks (IDT) of the human coding sequences
(Supplementary Table 1). pUAST.attB-GFP::TBC1D24WT under
a 5xUAS-hsp70 promoter and three pathogenic alleles were gen-
erated by site-directed mutagenesis: G501R and R360H as well
as TBC domain mutation R40C (Supplementary Table 2) and
verified by sequencing analysis. For the �TLDc construct,
pUAST.attB-GFP::TBC1D24WT was digested with KpnI-EcoRI,
resulting in the deletion of the cDNA of TBC1D24. TBC1D24
without the TLDc domain was synthesized by performing a PCR
reaction on this plasmid with primers FW TBC1D24-�TLDc
(GCTGTACAAAGGTGGGGGT) and RC TBC1D24-�TLDc
(TTCACAAAGATCCTAAGCTTGAATTCTACAACGCTTTTT-
CGTTGG). This PCR fragment was introduced in the digested
vector by Gibson Assembly. The resulting plasmid pUAST.attB-
GFP::TBC1D24�TLDc was confirmed by sequencing. For crystal
structure analysis, the DNA sequence coding for the TLDc
domain of Skywalker (residues 401–587) was amplified from
Drosophila sky (CG9339, isoform A), inserted into plasmid
pet28-Sky401–587 and sequencing verified plasmid transformed
into E. coli C41(DE3) (Novagen).
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Figure 1 Patients and mutations. (A) Original RE-EID pedigree. Sequencing identified a novel pathogenic human TBC1D24 TLDc domain

compound heterozygous variant, TBC1D24G501R / TBC1D24R360H in three patients in the same generation. The phenotype of epilepsy and

paroxysmal EID (with writer’s cramp) was autosomal recessive for all patients. *Whole exome sequencing performed; *§Whole exome and

genome sequencing performed. (B) TBC1D24 domain organization depicting the location of the mutations identified in the original RE-EID

pedigree (Patients 1-VII:2, 2-VII:3 and 3-VII:4) and in the additional unrelated patients with the same phenotype (Patients 4–6). (C) Multiple

sequence alignment between human TBC1D24 and orthologous sequences. Residues were coloured according to their physicochemical
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Behaviour assays

Single-blinded behaviour experiments were performed on
third-instar larvae and adults. Animals were optically screened
for correctly folded wings and healthy walking behaviour.
Male adults 2–5 days after enclosure were tested by flight
and seizure assays (Fischer et al., 2016), with seizure assays
starting set to two 1-min steps, with 1-min rest. Activity scores
for paralysed, slowed and unaffected flies were measured and
testing repeated after 5 min.

Negative geotaxis assays measured five repetitions of sus-
tained climbing activity (Benzer, 1967) in 30-s steps, repeated
after 5 min. Larval light-avoidance determined coordinated
movement (Sawin-McCormack et al., 1995).

Protein expression and purification

The DNA sequence coding for the TLDc domain of Skywalker
(residues 401–587) was amplified from the Drosophila sky
gene (CG9339, isoform A), and cloned into the pet28 plasmid
(Novagen). Expression and purification of the His-tagged
TLDc domain, using a HisTrap column and size-exclusion
chromatography, were performed as previously described for
the Sky TBC domain (Fischer et al., 2016). Prior to the gel
filtration step, the 6xHis tag was removed by overnight incu-
bation with 1% mg/mg thrombin protease followed by a
second passage over a HisTrap column to remove uncleaved
protein. The protein was concentrated to 10 mg/ml in a buffer
containing 25 mM HEPES pH 7.5, 150 mM NaCl and 10%
glycerol, flash-frozen in liquid nitrogen and stored at �80�C.

Crystallization and structure
determination

Crystals of the Sky401–587 protein were obtained at 4�C in
28% PEG 3350, 0.1 M HEPES pH 7.5 and 0.6 M ammonium
citrate. Prior to freezing in liquid nitrogen, the crystals were
transferred to cryoprotectant solution consisting of the mother
liquor with 20% glycerol.

The Sky401–587 crystals diffracted to 2.05 Å resolution. A
complete dataset was collected at 100 K on the Proxima 2
beamline (SOLEIL synchrotron). Data processing and scaling
was carried out using XDS and XSCALE (Kabsch, 2010). The
structure was solved by molecular replacement using the zeb-
rafish Oxr1 structure as a model (pdb 4ACJ) with Phaser
(McCoy et al., 2007). The model was then improved by itera-
tive cycles of refinement with Phenix and manual building in
Coot (Emsley et al., 2010). MolProbity was used for structure
validation (Chen et al., 2007). X-ray data collection and re-
finement statistics are listed in Supplementary Table 3. All

structural figures were produced with PyMOL (http://www.
pymol.org/).

Protein folding free energy prediction

Calculation of the folding stability was performed using
PoPMuSiC-2.0 (Dehouck et al., 2009) and Site Directed
Mutator (SDM) (Worth et al., 2011).

Imaging

FM1–43 dye uptake

Neuromuscular FM1–43 (4 mM) (Invitrogen) dye uptake at
larval muscle 6/7 NMJs (neuromuscular junctions) was carried
out as previously described (Fischer et al., 2016) to quantify
FM1–43 foci from 0.4 mm optical slices in single-blinded
analysis.

Transmission electron microscopy

Third-instar larval NMJs were prepared for transmission elec-
tron microscopy (TEM) and imaged as described previously
(Fischer et al., 2016). To analyse double-blinded synaptic
bouton data, ultrastructural profile areas and synaptic-vesicle
content were quantified in ImageJ as previously described
(Fischer et al., 2016).

In vivo fluorescence imaging

Third-instar larvae expressing GFP-tagged TBC1D24 were dis-
sected in HL-3 on Sylgard plates, and the NMJs of third-instar
larvae were recorded by live imaging with a Nikon A1R con-
focal microscope and a �60, 1.0-NA water immersion lens in
stacks of 0.5 mm optical sections with standard GFP optics.
Images are the maximum intensity projections of three con-
secutive slices through the NMJ.

Peroxide stimulation

To induce oxidative stress at the Drosophila larval NMJ, we
incubated dissected larvae in HL-3 physiological solution con-
taining 50 mM H2O2 for 15 min (Slabbaert et al., 2016).
Before nerve cell stimulation, animals were washed with HL-
3 and nerve cords were cut prior to application of 90- or 60-
mM stimulation solution for FM1–43 labelling or for TEM,
respectively.

Statistical analysis

Gaussian distribution per genotype and condition was determined
with D’Agostino-Pearson normality tests, following respective
Welch’s or Mann-Whitney t-tests. Multiple comparisons with

Figure 1 Continued

properties (Zappo colour scheme). Residues affected by the identified mutations are indicated. (D) X-ray crystal structure of the TLDc domain of

the fly TBC1D24 orthologue (Sky) and mapping of the residues affected by pathological mutations. The structure of the TLDc domain (residues

403 to 587) of the fly TBC1D24 orthologue is shown in cartoon representation, with b-strands, �-helices and loops coloured in different shades

of grey. A flexible loop region (residues 517 to 520) that could not be modelled in the structure is indicated by a dotted curved line. Residues

affected by mutations in patients identified in this study are shown in sphere representation with carbon atoms coloured yellow. Residues

corresponding to patient mutations that have been reported previously, but are discussed in this paper, are shown as spheres with carbon atoms

coloured cyan. Close-up views of the region surrounding these affected residues are shown in Supplementary Fig. 2.
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one-way ANOVA utilized Dunnett’s or Kruskal-Wallis tests based
on the outcome of normality tests. H2O2 stimulation effects were
determined by two-way ANOVA for significant effects of either
genotype, peroxide stimulation or both conditions. Box plots are
described in the figure legends; bar graph error bars represent the
standard error of the mean (SEM).

Data availability

The authors confirm that the data supporting the findings of this
study are available within the article and/or its Supplementary
material. Raw sequencing data of this study are available from
the corresponding author on request. Structure coordinates and
structure factors have been deposited in the PDB with accession
code 6R82.

Results

Mutations in the TBC1D24 TLDc
domain cause RE-EID

Patients 1-VII:2, 2-VII:3 and 3-VII:4, first described in the

initial report of familial RE-EID are now aged 31, 42 and

43 (Table 1). Focal motor seizures, which manifested infre-

quently since infancy, never relapsed under carbamazepine

or oxcarbazepine treatment after ages 16, 18 and 22

(Supplementary Video 1). Exercise-induced dystonia

(Supplementary Videos 2 and 3) was instead still present

at last follow-up in two patients, although attacks became

much less frequent in adulthood, with both patients report-

ing to have learned how to limit fatigue or physical exercise

by modulating their activities. All three patients still ex-

hibited mild nystagmus and postural tremor of the hands

and were treated with trihexyphenidyl as an anti-tremor

drug. Treatment with carbidopa/L-DOPA and acetazola-

mide failed to prevent dystonic attacks. Treatment with

ubidecarenone was tentatively started at 30 years of age

in Patient 3-VII:4 who reported no sizeable overall benefits

and ceased medication after 2 months, as seizures had long

been under remission and attacks of EID were rare at the

time. Brain MRI, repeated in adulthood, has remained

normal in all three patients.

In our original description, we linked the disease locus to

a large homozygous region on chromosome 16 (Guerrini

et al., 1999). Sequencing of the critical region (mean depth

of 136) for identifying the causative gene under a recessive

consanguineous model (multiple loops of consanguinity are

present in the pedigree) and, therefore, looking for a con-

sistent homozygous mutation common to the three individ-

uals, failed (Supplementary Table 4). We finally extended

the analysis to a recessive model including compound het-

erozygous mutations.

Only two genes, ZNF717 and TBC1D24, qualified for the

compound heterozygous model (Supplementary Table 5).

As the ZNF717 gene is prone to misinterpretation of patho-

genicity (Kwak et al., 2017), the TBC1D24 gene remained

the only candidate, displaying both mutations within the T
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TLDc domain (accession NM_001199107.1), c.1079G4A

(p.R360H) and c.1501G4A (p.G501R) (Fig. 1B and

Supplementary Fig. 1). The c.1501G4A variant was not re-

ported in the Genome Aggregation Database (gnomAD -

https://gnomad.broadinstitute.org/) whereas the c.1079G4A

variant was reported in gnomAD with a low frequency

(4/267 568 alleles) (Supplementary Table 6A). The two mis-

sense substitutions involved evolutionarily conserved residues

in orthologues (Fig. 1C) and were predicted to be damaging

by MSC CADD, PolyPhen-2 and SIFT corrected scores

(Supplementary Table 6B).

Patient 4 is a 13-year-old female. In the first year of life,

lateralized clonic jerks of the hand and face were first noticed.

These episodes, which have the semiology of Rolandic seizures

(Supplementary Video 4) still occur occasionally, lasting a few

minutes. At age 2 years, she developed episodes of dysarthria

and swallowing difficulties, which would last for hours and

resolve with sleep. Interictal EEGs were normal but these epi-

sodes were never recorded. Starting in early childhood, she

experienced episodes of paroxysmal truncal dystonia with

arching of the back and involuntary movements, which

would last seconds to minutes, often prompted by fatigue or

excitement (Supplementary Video 5). All episodes were more

frequent when she was sleep deprived. With oxcarbazepine

and carbidopa/levodopa treatment and using clonazepam

prophylactically when exposed to a known trigger, episodes

of dystonia have not recurred in the last 3 years. However,

she has a tight right-hand grip while writing (Supplementary

Video 6) and bilateral arm tremor when performing fine motor

tasks. She had exertional components also related to speech

and voice, with shaking of jaw and tongue by chewing harder

foods or stuttering triggered by talking or singing for longer

periods. Her neurological function is otherwise normal and

brain MRI is unremarkable. WES identified two heterozygous

mutations in the TBC1D24 gene: c.545C4T (p.T182M) (pa-

ternally inherited) and c.1531G4A (p.G511R) (maternally in-

herited) (Fig. 1B and Supplementary Fig. 1). The c.545C4T

variant was reported in gnomAD with a low frequency

(1/248 856 alleles) whereas the c.1531G4A variant was not

reported in gnomAD (Supplementary Table 6A). The two

novel missense substitutions involved evolutionarily conserved

residues in orthologues (Fig. 1C) and were predicted to be

damaging by MSC CADD, PolyPhen-2 and SIFT corrected

scores (Supplementary Table 6B).

Patient 5 is an 8-year-old female who first manifested brief

jerking episodes that were exacerbated by fever and inter-

preted as myoclonic jerks at 11 months. These manifestations

subsequently intensified and clearly involved the face, causing

drooling and dysarthria, or the hand, on either side, consist-

ently with Rolandic-type focal motor seizures (Supplementary

Video 7). At around age 4, EID also appeared with promin-

ent truncal arching (Supplementary Video 8) and inability to

stand, lasting several minutes. Levetiracetam, oxcarbazepine

and valproic acid provided no benefit to clinical manifest-

ations, which were, however, less frequent and shorter

under benzodiazepine treatment. Brain MRI was normal.

Interictal EEG showed left temporal sharp waves.

Neurological examination was normal. WES identified two

heterozygous mutations in the TBC1D24 gene:

c.241_252delATCGTGGGCAAG (p.I81_K84del) (maternally

inherited) and c.1499C4T (p.A500V) (paternally inherited)

(Fig. 1B and Supplementary Fig. 1).

Patient 6 is a 12-year-old male who exhibited episodes of

involuntary movements and weakness since infancy. These

episodes could affect either side and last from several mi-

nutes to hours but it became apparent over time that they

occurred after prolonged exercise and that resting would

reduce their duration. They were not improved by flunar-

izine or acetazolamide. Tremor of the hands was also

noticed. When the boy was 6 months old, focal motor

seizures also appeared, which remained rare but could at

times be prolonged up to 20 min. Treatment with lacosa-

mide and clobazam had limited effect, and lamotrigine was

beneficial. His last seizure occurred when he was aged 9,

but episodes of EID are still present. Brain MRI was

normal. EEG showed diffuse and focal discharges over

both fronto-central areas. WES identified compound het-

erozygous mutations identical to Patient 5 (I81_K84del

and A500V) (Fig. 1B and Supplementary Fig. 1).

The Han Chinese ancestry common to Patients 5 and 6

might suggest a founder effect. Both mutations are present

in databases, where the TLDc mutation A500V is very rare.

In contrast, the in-frame deletion I81_K84del within the

TBC domain is quite frequent among East Asian individ-

uals, reaching a frequency of 1.2 � 10�3 (Supplementary

Table 6A).

The two mutations identified in Patients 5 and 6 involve

evolutionarily conserved residues in orthologues (Fig. 1C)

and the A500V missense substitution is predicted to be

damaging by MSC CADD, PolyPhen-2 and SIFT corrected

scores (Supplementary Table 6B). The I81_K84del in-frame

deletion has been identified, as homozygous variant, in a

patient with epilepsia partialis continua and generalized

tonic-clonic seizures (Zhou et al., 2018). The A500V mis-

sense substitution had been identified twice previously. In a

first report it occurred in trans with the F229S missense

substitution, in a 2-year-old male whose clinical character-

istics are succinctly described as episodes of ‘myoclonic

jerking of the face and arms’ (Balestrini et al., 2016).

In the second report it occurred in trans with the

S473Rfs�43 frameshift mutation, in a 4-year-old female

who had manifested ‘rhythmic unilateral facial spasms’ in

the first year of life, cerebellar ataxia and episodes ‘non-

convulsive status epilepticus’ (Li et al., 2018). While for

both patients the above descriptions appear to include

focal motor seizures involving the face, as observed in

our patients, their young age precludes knowledge of

whether they also developed EID.

Among the 450 patients carrying bi-allelic TBC1D24
mutations reported to date (Balestrini et al., 2016), only

two have homozygous missense mutations in the TLDc

domain (Muona et al., 2015; Atli et al., 2018). One pa-

tient, homozygous for p.R360L, exhibited progressive myo-

clonus epilepsy (Muona et al., 2015). The other patient,
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homozygous for p.G428R, exhibited DOORS syndrome

(Atli et al., 2018). There are no previous reports of patients

harbouring compound heterozygous missense substitutions

both residing within the TLDc domain. All the RE-EID

patients reported here harbour bi-allelic TBC1D24 muta-

tions that can be described as hypomorphic TBC mutations

(or mildly affecting the protein function as the R360H)

coupled to severe TLDc missense mutations clustering

within 500 to 511 residues, which seems to be the hallmark

for this condition. Among all TBC1D24 missense muta-

tions reported previously, only A515V is located in the

proximity of these residues. Functional experiments suggest

that the A515V mutation, observed in trans with the

D147H mutation in a family with infantile myoclonic epi-

lepsy, impaired neurite growth and length compared to

wild-type TBC1D24 (Falace et al., 2010) but did not influ-

ence neuroprotective properties to oxidative stress response

assays (Finelli et al., 2016).

The TLDc crystal structure predicts
an effect of mutations on protein
stability and/or conformation

To understand how the mutations we identified in patients

with epilepsy and EID might affect TLDc domain integrity

and functionality, we solved the X-ray crystal structure.

While we have not been able to crystallize the human

TLDc domain, this domain is well conserved across species

and the Drosophila Sky TLDc domain (Sky401–587) was

crystallized. Sky401–587 crystallizes in the P43212 space

group with two (monomeric) protein molecules in the

asymmetric unit and crystals diffracted to 2.05 Å. The

structure was solved by molecular replacement using

Oxr1 from zebrafish as a model (pdb 4ACJ) (Blaise et al.,

2012). Clear electron density is present for most of the

peptide chain except for the residues 401–402 and 517–

520 from monomer A, and residues 401–412, 485–489

and 517–519 from monomer B (using the Drosophila Sky

residue numbering), which are not modelled. The overall

fold of Sky401–587 is similar to Oxr1 with the protein

adopting an � + b fold constituted of 11 b-strands orga-

nized in a six-stranded and a five-stranded anti-parallel

b-sheet that are stacked together, and five surrounding

short �-helices (Fig. 1D). However, Sky401–587 contains

two long and flexible loops with additional amino acids

(residues 474–498 and 511–528) when compared to Oxr1.

Next, we mapped the pathogenic mutations on the TLDc

structure. The residues G501, G511 and A500 that are

found mutated in Patients 1–3, Patient 4 and Patients 5

and 6, respectively, are located on the same side of the

protein and correspond to A531, G541 and A530 in

Drosophila Sky (Fig. 1D). An A515V mutation that was

previously identified in a family with infantile myoclonic

epilepsy (see above, Falace et al., 2010) also locates to

the same site, with A515 corresponding to A545 in Sky.

The Sky401–587 crystal structure shows that G501/A531 is

buried in the protein (Supplementary Fig. 2), and a G501R/

A531R mutation would cause very severe steric clashes and

thus a loss of protein domain stability. This is supported by

in silico calculation of the thermal stability of the G501R/

A531R mutant, using two different predictors (PopMusic-

2.0 and SDM) (Table 2). While amino acid residue G511/

G541 is rather solvent exposed, its mutation to an arginine

residue could cause steric clashes with the surrounding

T494/S524 and M497/L527 residues (Fig. 1D and

Supplementary Fig. 2). Moreover, G511/G541 is part of a

conserved glycine-rich region at the tip of a loop region

connecting two b-strands. Mutating one of these glycines

to a conformationally more restrained arginine residue

could destabilize this loop or affect its functionality.

In agreement, both PopMusic-2.0 and SDM predict a

strong destabilizing effect of the G511R/G541R mutation

(Table 2). In contrast to G501/A531, which points toward

the interior of the protein, A500/A530 points with its side

chain toward the outside of the protein. Consequently, the

stability predictors do not predict an effect of the corres-

ponding A500V/A530V mutation on overall protein stabil-

ity (Table 2). Nevertheless, closer inspection of the

structure shows that a A500V/A530V mutation would

lead to a steric clash of the valine side chain with the

side chain of F424/Y492 (Supplementary Fig. 2).

Movement of the F424/Y492 side chain to accommodate

the A500V/A530V mutation could in turn affect the con-

formation and function of the loop containing both G511/

G541 and A515/A545. In turn, A515/A545 is pointing

toward the interior of the protein, and based on the struc-

ture, a A515V/A545V mutation is expected to lead to steric

strain and destabilization (Supplementary Fig. 2).

Nevertheless, only one of the two predictors (SDM) pre-

dicts a destabilization caused by the A515V/A545V muta-

tion (Table 2). The R360/R425 and G428/G496 residues

are located on the opposite side of the structure in com-

parison to the previously discussed residues (Fig. 1D) and

are indirectly connected via a salt bridge between the side

chains of R360/R425 and E429/E497, just adjacent to

G428/G496 (Supplementary Fig. 2). An R360H/R425H

or R360L/R425L mutation would disrupt this salt bridge.

These mutations are predicted to only cause a mild effect

on protein stability but could change the conformation of

the involved peptide loops. Correspondingly, also a

G428R/G496R mutation could change the conformation

of these loops, and, moreover, introduction of the bulky

arginine side chain could cause a destabilization of the

local fold by steric hindrance with respect to the adjacent

and conserved W444/W512 residue (Supplementary Fig. 2).

TBC1D24 TLDc domain mutations
do not affect protein localization in
neurons

We continued further studies with a strongly and a weakly

destabilizing TLDc domain point mutation, located at
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opposite sides of the structure: G501R and R360H, re-

spectively. To start testing the functional effects in vivo,

we generated fruit flies expressing wild-type and mutant

GFP-tagged human TBC1D24 instead of the endogenous

fly homologue Sky (Uytterhoeven et al., 2011). Sky mutants

die during development, but mutants expressing wild-type

human TBD1C24 in their neurons (nSyb-Gal4) survive.

Similarly, sky mutants that express pathogenic mutant

GFP-tagged TBC1D24 also live, albeit with behavioural

defects (see below). These data indicate that human

TBC1D24 is functional in flies and can compensate for

the loss of fly sky.
GFP-TBC1D24 expressed in neurons of sky mutants is

transported to synaptic terminals and localizes to presynaptic

boutons of the NMJ; very little TBC1D24 localizes to the

inter-bouton regions or axons, likewise to wild-type

Drosophila Sky (Uytterhoeven et al., 2011) (Fig. 2).

Similarly, pathogenic mutant TBC1D24G501R or

TBC1D24R360H concentrate at presynaptic boutons (Fig. 2

and not shown). These data indicate that human TBC1D24

expressed in neurons preferentially localizes to synaptic re-

gions, resembling endogenous wild-type fly Sky, and that

the pathogenic G501R and R360H in TBC1D24 do not no-

ticeably affect protein abundance or localization.

TLDc domain mutations induce
sustained-activity locomotion defects

Reported mutations in the TBC domain of TBC1D24 or

Sky cause seizures in patients (Balestrini et al., 2016) and in

fruit flies (Fischer et al., 2016). To determine if the TLDc

mutations we selected for experimental purposes cause seiz-

ure-like behaviour in fruit flies, we performed seizure assays

with the respective genotypes. While sky mutants that

Figure 2 Human GFP::TBC1D24 protein distribution following expression at the Drosophila NMJ. Expression levels (top graph) and

synaptic distribution (bottom graph) of the GFP::TBC1D24 fusion protein compared to antibody-labelled CSP at third-instar NMJs of TBC1D24WT

and TBC1D24G501R animals indicates that TBC1D24, like Skywalker, is localized predominantly in the periphery of synaptic boutons. Scale

bar = 5mm. One-way ANOVA: ns = not significant P4 0.05.

Table 2 Prediction of the effect of the clinical mutations on the stability of the Sky TLDc domain

Mutation TBC1D24/

Skywalker

Patient Prediction method (�G in kcal/mol)

PopMusic-2.0 SDM

R360H / R425H 1, 2 and 3 �0.2 �0.6

R360L / R425L Muona et al., 2015 0.0 0.0

G428R / G496R Atli et al., 2018 �1.0 �1.5

A500V / A530V 5 and 6 + 0.2 + 0.9

G501R / A531R 1, 2 and 3 �0.9 �2.1

G511R / G541R 4 �1.5 �4.1

A515V / A545V Falace et al., 2010 + 0.2 �0.7

��G: Negative values of �G indicate a destabilization; the larger the destabilizing effect the more negative the �G value.

SDM = site direct mutagenesis.
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express TBC1D24 with mutations in the TBC domain (e.g.

TBC1D24R40C) (Fig. 3A) show severe and long-lasting seiz-

ure-like activity (Fischer et al., 2016) (Fig. 3B), sky mutants

that express TLDc domain mutations TBC1D24G501R or

TBC1D24R360H (Fig. 3A) do not and they are very similar

to sky mutants that express wild-type human TBC1D24

(Fig. 3B). We quantified the activity of TBC and TLDc

mutant flies by calculating an activity score based on the

time it takes the flies to recover after the vortex stimulation,

in comparison to controls expressing TBC1D24WT. These

data indicate that pathogenic mutations in the TLDc

domain do not result in obvious seizure-like activity in

fruit flies.

Next, we assessed other locomotion-based behaviour. We

tested sustained activity by assessing if flies sustain climbing

activity (negative geotaxis) over the course of five-step trials.

We found that sky mutants that express TBC1D24G501R dis-

play a significantly lower activity score compared to controls

(sky mutants that express TBC1D24WT; Fig. 3C). Sky mu-

tants that express TBC1D24R40C do not show a defect in this

assay, while TBC1D24R360H display even more activity.

We also tested coordinated movements based on larval

light-avoidance and determined whether sky mutant larvae

that express wild-type or mutant TBC1D24 are able to

sense and leave bright areas. We found that the preference

indices (PI) to move to a non-lit area of animals expressing

TBC1D24G501R are significantly lower than those of controls

but also of those of animals expressing TBC (TBC1D24R40C)

or weak TLDc (TBC1D24R360H) mutants (Fig. 3D). Hence,

the data are consistent with TBC1D24G501R being a more

severe mutation than TBC1D24R360H and they also indicate

the TBC1D24G501R mutation causes a distinct phenotype

from the TBC domain mutation including sustained and coor-

dinated movement defects.

Synaptic trafficking defects in
TBC1D24-TLDc mutants

Sky/TBC1D24 acts via Rab35-dependent synaptic vesicle

transport (Uytterhoeven et al., 2011; Falace et al., 2014;

Sheehan and Waites, 2019) and controls protein homeostasis,

as sky loss promotes protein trafficking to recycling endo-

somes where these synaptic vesicle proteins are sorted for deg-

radation (Uytterhoeven et al., 2011). To assess synaptic vesicle

trafficking efficiency in sky mutant animals expressing TLDc

domain mutations, we used FM1–43. FM1–43 is a lipophilic

dye that upon nerve stimulation is internalized in newly

formed synaptic vesicles and allows us to follow the fate of

newly endocytosed vesicles at synaptic terminals (Ramaswami

et al., 1994). In controls, FM1–43 uniformly labels the syn-

aptic vesicle pool that organizes in a typical doughnut-like

shape (Estes et al., 1996) (Fig. 4A), but in severe hypomorphic

sky1/2 or sky2/d0 mutants FM1–43 frequently concentrates in

puncta (Fig. 4A, middle and B, arrowheads) that we demon-

strated previously to have endosome identity (Uytterhoeven

et al., 2011). Similarly, we found FM1–43 puncta in sky

Figure 3 Behaviour. Patient mutations cause activity-related defects in adult and larval Drosophila model. (A) Colour-coded schematic of the

TBC and TLDc domain mutations in TBC1D24 protein. (B) Neuronal overexpression of the human TBC1D24R360H or TBC1D24G501R mutations

on sky1/2 deficiency background. Adult fly seizure-like behaviour assays indicated no difference in the activity scores of either mutation in

comparison to wild-type w1118 and to wild-type TBC1D24 controls. (C) In contrast, sustained activity of TBC1D24G501R animals is significantly

impaired compared to TBC1D24WT. n = 30–60 animals in two technical replicates (negative geotaxis), one-way ANOVA TBC1D24WT versus

TBC1D24R40C, TBC1D24R360H, TBC1D24G501R: *P = 0.032, ns = not significant. TBC1D24G501R third-instar larvae exhibit deficits in coordinated

movement. (D) In TBC1D24G501R animals, the light-avoidance reaction is absent in comparison to TBC1D24WTand TBC1D24R360H. Adult assays,

tested in two technical replicates per group of 10 animals. Graphs show box-and-whisker plots defined by a bar for the median. Interquartile

intervals are visualized as boxes and minimum/maximum as whiskers. Dunnett’s test (seizure-like behaviour): TBC1D24WT versus TBC1D24R40C,

TBC1D24R360H, TBC1D24G501R: *P = 0.0124, ns = not significant P = 0.2476, ns = not significant P4 0.9999. n = 30–80 animals. Holm-Sidak’s test

(negative geotaxis): TBC1D24WT versus TBC1D24R40C, TBC1D24R360H, TBC1D24G501R: ns = not significant P = 0.9732, **P = 0.0076,

**P = 0.0088. n = 30–60 animals. Larval assays, tested in two technical replicates per group of 10 animals: Dunnett’s test: TBC1D24WT versus

TBC1D24R40C, TBC1D24R360H, TBC1D24G501R: ns = not significant P = 0.0575, ns = not significant P = 0.5029, *P = 0.029. n = 30–40 animals.
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mutants that express TBC1D24G501R (Fig. 4A and C). Note,

however, that this phenotype is much milder than in the

strong hypomorphic sky mutants, but similar to the pheno-

type we observed previously in sky mutant animals that ex-

press the pathogenic TBC domain mutation (TBC1D24R40C)

(Fig. 4C) (Fischer et al., 2016). Only a non-significant trend

towards an increase in puncta density was measured in

the weak TLDc mutation TBC1D24R360H. Finally, the

total amount of FM1–43 dye uptake was also not affected

by the mutants (Fig. 4E). This indicates that mutations in

the TBC and TLDc domain affect synaptic membrane

trafficking but not the uptake of membrane by endocyto-

sis per se.

To test if the loss of TBC1D24 function in TBC1D24G501R

mutants is the result of a loss of TLDc function we created

sky mutant flies that express only the TBC domain

(TBC1D24�TLDc). Interestingly, these animals did not show

a defect in FM1–43 distribution (Fig. 4C) and they behave

normally (not shown). Collectively, this suggests that under

these conditions, the TLDc domain is dispensable for

TBC1D24 function and that the TBC1D24G501R mutation

exerts a negative effect on the function of the TBC domain.

Figure 4 FM1–43. The TBC1D24G501R mutation or oxidative stress increase endocytic vesicle cycling, indicated by accumulations of FM1–43

dye inside the NMJ. (A and B) The density of endocytic vesicle accumulations in sky1/2 or in sky2/d0 mutants without overexpression of human

TBC1D24 protein is very high even compared to a patient mutation background. These mutants produce high accumulation densities (white

arrows) when stimulated immediately or extended incubation in ringer solution. Scale bar = 5 mm. One-way ANOVA: ns = not significant

P = 0.8382. n = 4–5 animals. (C) These accumulations occur significantly less often in controls expressing TBC1D24WT. Stimulated

TBC1D24G501R NMJ harbour an average of 0.03 puncta/mm2 compared to a density of� 0.01 puncta/mm2 in TBC1D24WT NMJ. (D) Oxidative

stress at the NMJ increases the FM1–43 accumulation density in stimulated boutons of wild-type and TBC domain mutant animals. The R40C

mutation in another domain, the TBC domain, results in accumulation numbers comparable to those in TBC1D24G501R in absence of oxidative

stress. ROS induced via application of 50 mM H2O2 increased the density of endocytosed accumulations in TBC1D24WT and TBC domain

mutation TBC1D24R40C 1.6-fold, whereas in the TLDc mutation TBC1D24G501R accumulation density was unchanged by ROS, indicating that the

TLDc domain mutation makes TBC1D24 insensitive to oxidative stress. Removal of the entire TLDc domain had no effect on accumulation

density, either. One-way ANOVA Kruskal-Wallis test for HL-3-treated TBC1D24WT versus TBC1D24R40C, TBC1D24R360H, TBC1D24G501R,

TBC1D24�TLDc: *P = 0.0111, ns = not significant P = 0.1158, *P = 0.0015, ns = not significant P = 0.7339. Two-way ANOVA: F(3,130) = 3.05,

*P = 0.0312. Holm-Sidak’s multiple comparison test for HL-3 versus H2O2: TBC1D24WT *P = 0.0293, TBC1D24R40C *P = 0.0155, TBC1D24G501R

ns = not significant P = 0.9526, TBC1D24�TLDc ns = not significant P = 0.9974. (E) Endocytic vesicle uptake rates are unchanged by TLDc mu-

tations. FM1–43 uptake measured as MFI of dye retention in synaptic boutons showed comparable uptake rates for mutant and wild-type

TBC1D24 variants. Dunnett’s test, TBC1D24WT versus TBC1D24R360H: ns = not significant P = 0.9682, versus TBC1D24G501R: ns = not signifi-

cant P = 0.8347. n = 3–9 animals.
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Synaptic trafficking defects in
TBC1D24G501R mutants are caused
by ROS

The TLDc domain of TBC1D24 has been implicated in

sensing and/or conferring protection to ROS (Finelli

et al., 2016). Therefore, we assessed if ROS affects Sky

localization and Sky-dependent synaptic vesicle trafficking.

First, we exposed synapses that express wild-type and

mutant GFP-tagged TBC1D24 to 50 mM H2O2 for

15 min but did not observe an effect of ROS on Sky protein

abundance or localization (Fig. 2 and Supplementary Table

7).

Next, we determined the effect on FM1–43 labelling fol-

lowing a 15-min H2O2 exposure. While untreated control

synapses (sky mutants that express TBC1D24WT) show

very few accumulations of FM1–43, H2O2 treatment

causes a 1.5-fold increase in the number of FM1–43 accu-

mulations (Fig. 4D). This indicates that ROS acutely affects

coordinated vesicle trafficking, consistent with previous stu-

dies (Wang and Floor, 1998; Afuwape et al., 2017). Next,

we tested the effect of pathogenic mutations. The number

of FM1–43-labelled accumulations in H2O2-treated sky

mutants with a mutation in the TBC domain

(TBC1D24R40C) was also increased 1.5-fold (Fig. 4D). In

contrast, we found that the number of FM1–43 accumula-

tions is neither increased in H2O2-treated sky mutants that

express TBC1D24G501R nor in sky mutants that express

TBC1D24�TLDc; in the latter case, the number of FM1–

43 accumulations remains close to zero (Fig. 4D). These

results suggest that the vesicle trafficking defect induced

by H2O2 requires a functional TLDc domain and that

TBC1D24G501R mutant affects this role of the TLDc

domain.

We investigated the defects in synaptic vesicle trafficking by

TEM of synaptic boutons further (Fig. 5A–E). Notably, the

total area of large cisternae with a minimum diameter of

80 nm is increased in sky mutant boutons that express

TBC1D24G501R. This is consistent with previous observations

in sky loss of function mutants that show an increased

number of large cisternae, but here too the phenotype was

much stronger (Uytterhoeven et al., 2011; Fischer et al.,

2016). This result parallels the increased number of FM1–

43 accumulations we observed in animals expressing

TBC1D24G501R (Fig. 5A, red arrows). Consistent with func-

tional imaging results, TBC1D24R360H showed only a trend

towards an increase in large vesicle surface compared to con-

trols (Supplementary Fig. 3).

We also treated synapses with H2O2 before TEM, result-

ing in increased cisternae in control synapses; however, the

number of cisternae in H2O2-treated sky mutants that ex-

press TBC1D24G501R did not change significantly, in line

with the FM1–43 phenotype (Fig. 5B and C). Examination

of ultrastructural features are comparable between control

synapses (sky mutants that express TBC1D24WT) and sky

mutants that express TBC1D24G501R, including the number

of active zones and mitochondria (Fig. 5D and E). These

data further confirm that ROS-induced vesicle trafficking

defects require a functional Sky TLDc domain. Our data

are consistent with a model in which pathogenic TLDc

domain mutants impair ROS-sensing and protective func-

tion of TBC1D24.

Antioxidants rescue defects induced
by TLDc mutations

There are two possibilities that might explain our results:

(i) the TLDc mutation TBC1D24G501R impairs TLDc func-

tion with a consequent TBC-dependent block of vesicle

trafficking under control of TBC1D24; and (ii) the muta-

tion causes hypersensitivity to ROS with endogenous ROS

levels being high enough to inactivate the mutant TLDc

domain, again inhibiting TBC1D24-dependent vesicle traf-

ficking. To distinguish between these possibilities, we

treated sky mutants that express TBC1D24G501R with N-

acetylcysteine amide (AD4) or with �-tocopherol (vitamin

E). Treatment with AD4 caused a significant rescue of the

vesicle trafficking defects as gauged by FM1–43 (Fig. 6A

and B). In addition, AD4 also significantly rescued the ac-

tivity-dependent movement phenotype we observed in sky

mutants that express TBC1D24G501R (Fig. 6C). �-

Tocopherol showed a trend towards rescue in both assays

but was not as effective (Fig. 6B and C). It should be noted

that neither AD4 nor �-tocopherol increase the activity of

TBC1D24WT controls. Feeding with AD4 reduced seizure

rates in TBC domain mutant flies as indicated by increased

activity scores (Fig. 6D). These results are consistent with a

model where the pathogenic mutations that destabilize or

affect the conformation of the TLDc domain of TBC1D24,

including TBC1D24G501R, cause hypersensitivity to ROS.

Discussion
A 20-year-long follow-up of the original RE-EID family we

described in 1998 showed that while epilepsy subsided,

with patients experiencing 15 to 22 years seizure freedom,

EID attacks persisted in two of the patients. Through

sequencing we identified these three patients as the first

carriers of compound heterozygous missense mutations

within the TLDc domain of TBC1D24, the R360H and

G501R mutations, and studied the role of this domain

in vivo. Furthermore, we identified three additional spor-

adic patients with a remarkably similar RE-EID phenotype,

all carrying a missense mutation in the TLDc domain, the

A500V in two and the G511R in the third. Therefore, all

six patients reported here carried a missense mutation caus-

ing an amino acid substitution in the TLDc domain, be-

tween residues 500 and 511, further highlighting the role of

this region of the TBCD124 protein in relation to the RE-

EID phenotype. In all patients, epilepsy and EID had a

maximum of expression in infancy or early childhood.

While epilepsy was self-limited or had a relatively benign
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Figure 5 TEM. TEM of stimulated synaptic boutons treated with control buffer or peroxide. (A) TBC1D24G501R overexpression on sky1/2

deficiency background results in high levels of synaptic vesicles4 80 nm. Red arrows point at enlarged synaptic vesicles. Following H2O2

treatment delivering oxidative stress to the synapse, stimulated boutons contain a larger fraction of synaptic vesicles in TBC1D24WT compared to

the non-treated condition. (B) In contrast, TLDc domain mutant TBC1D24G501R animals show no significant peroxide-induced change in large

synaptic vesicle areas, while a strong increase is detected in TBC1D24WT following peroxide treatment. Scale bar = 1 mm. (C) Quantification of

large synaptic vesicle density in peroxide-treated versus non-treated condition. One-way ANOVA, Dunnett’s test (cisternal/bouton area):

TBC1D24WT versus TBC1D24G501R, TBC1D24WT + H2O2, TBC1D24G501R + H2O2: *P = 0.0441, *P = 0.0124, *P = 0.0284. Two-way ANOVA,

F(1,40) = 4.306, *P = 0.0445. Sidak’s test for HL-3 versus H2O2: TBC1D24WT **P = 0.0090, TBC1D24G501R ns = not significant P = 0.9995. (D)

NMJ synaptic vesicle release sites and (E) mitochondria density are unchanged by the G501R and R40C (not shown) mutation at presynaptic

terminals. Dunnett’s test (T bar): TBC1D24WT versus TBC1D24G501R ns = not significant P = 0.8691, versus TBC1D24R40C ns = not significant

P = 0.4534. Kruskal-Wallis test for TBC1D24WT and TBC1D24G501R, all conditions: ns = not significant P = 0.4991. Dunnett’s test (mitochondria):

TBC1D24WT versus TBC1D24G501R ns = not significant P = 0.4202, versus TBC1D24R40C ns = not significant P = 0.7951. One-way ANOVA for

TBC1D24WT and TBC1D24G501R, all conditions: ns = not significant P = 0.2502.
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Figure 6 ROS protection rescues TBC1D24G501R phenotype. (A and B) ROS scavenger efficiently rescued endosomal trafficking defects,

indicated by a significant decrease in FM1–43 dye accumulation density in stimulated boutons. Animals were fed with antioxidant N-acetylcysteine

amide (AD4) or with �-tocopherol (vitamin E) and incubated in physiological HL-3 ringer solution. Compared to animals raised on the same food

without supplements, FM1–43 the density of accumulations (white arrow) was significantly lower in the AD4-treated condition. Scale bar = 5mm.

One-way ANOVA: FM1–43, Dunnett’s test: TBC1D24G501R (without supplement) versus TBC1D24G501R (AD4): **P = 0.0065, TBC1D24G501R

(without supplement) versus TBC1D24G501R (VitE): ns = not significant P = 0.1107. n = 5–6 animals. (C) Negative geotaxis performance was sig-

nificantly higher in AD4-treated TBC1D24G501R animals compared to wild-type controls. Dunnett’s test: TBC1D24WT(without supplement) versus

TBC1D24WT(AD4) ns = not significant P = 0.9998, versus TBC1D24WT(VitE) ns = not significant P = 0.3751, versus TBC1D24G501R (without sup-

plement) ***P = 0.0004, versus TBC1D24G501R(AD4) ns = not significant P = 0.3457, versus TBC1D24G501R(VitE) ns = not significant P = 0.3751;

TBC1D24G501R (without treatment) versus TBC1D24G501R (AD4) *P = 0.0227, versus TBC1D24G501R(VitE) ns = not significant P = 0.3135. n = 100–

130 animals. VitE = vitamin E. (D) Seizure-like behaviours in the TBC domain mutant TBC1D24R40C are significantly rescued by treatment with

antioxidant AD4. Unpaired t-test: TBC1D24R40C versus TBC1D24R40C(AD4) *P = 0.0322. n = 70 animals.
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course, with subsequent attenuation, EID was a more

prominent and, in some of the patients, longer lasting

manifestation.

ROS affects synaptic function (Wang and Floor, 1998;

Kaneai et al., 2012) and we show here that the TLDc

domain of TBC1D24 can function as a ROS sensor that

regulates synaptic vesicle trafficking by controlling

TBC1D24 function. Based on the solved crystal structure

of the TLDc domain and on functional data, we propose

that the RE-EID-associated mutations in the TLDc domain

impact on protein domain stability or on the local protein

conformation, hence rendering the protein hypersensitive to

physiological levels of ROS. We also show that treating

animals carrying the RE-EID mutations with antioxidant

compounds rescues both clinical (the movement dysfunc-

tion) and cellular phenotypes (the synaptic vesicle traffick-

ing defect). Taken together, our work suggests an

important role for ROS-load in TBC1D24 pathology.

Several proteins contain TLDc domains, where in vitro

experiments have suggested a function in oxidative stress

protection (Finelli and Oliver, 2017; Finelli et al., 2016,

2019). How the TLDc domain senses ROS is not known,

but the stability or conformation of the domain seems to be

important, because the targeted mutations in the evolution-

arily conserved amino acids involved in ROS protection, as

well as the pathogenic mutations we studied here, are pre-

dicted to either destabilize the domain or cause changes in

the conformation of certain loop regions. We surmise that

when the TLDc domain is destabilized or when its struc-

tural conformation is locally perturbed, ROS access to crit-

ical regions of the protein domain is facilitated. In this

scenario, destabilizing mutations would be more sensitive

to ROS to the degree that endogenous ROS levels may

already suffice to affect the TLDc domain. This is consist-

ent with our observations because (i) the effects of the

TBC1D24G501R mutant are rescued by antioxidants; (ii)

the vesicle trafficking defect of TBC1D24G501R is not wor-

sened when synapses are exposed to additional ROS; (iii)

defects caused by mutations in the TBC domain that are

not expected to destabilize the TLDc domain are signifi-

cantly exacerbated in the presence of ROS; and (iv)

TBC1D24 mutants that lack the TLDc domain do not

show vesicle trafficking defects under endogenous condi-

tions or under high ROS conditions. Although rescue by

antioxidants may intuitively suggest forthcoming clinical

applications, an appropriate trial design would be required

to explore if our experimental findings have translational

consequences in human pathology. At this stage, we cannot

draw any conclusion from the seemingly unsuccessful ad-

ministration of ubidecarenone in one of our adult patients,

due to the brief treatment period and the uncontrolled

nature of the observation.

Skywalker/TBC1D24 regulates synaptic vesicle traffick-

ing, a function encompassed by the TBC domain that inter-

acts with small Rab-GTPases (Frasa et al., 2012). Indeed,

pathogenic mutations located in the TBC domain cause

synaptic vesicle trafficking defects in fruit flies (Fischer

et al., 2016). We show here that mutations in the TLDc

domain of human TBC1D24 also result in synaptic vesicle

trafficking defects in fruit flies, suggesting a functional

interaction between TLDc and TBC domains. Our attempts

to generate full-length TBC1D24/Skywalker crystals have

not yet been successful. Hence, we do not know the

nature of possible physical interactions between TLDc

and TBC, but several lines of evidence are pointing to the

potential cooperation between the two domains. Indeed,

mutations in the TLDc domain of another protein, Oxr1,

result in severe loss-of-function of the full-length isoform

suggesting that mutating the TLDc domain was sufficient to

affect the rest of the protein (Finelli and Oliver, 2017).

Our work suggests a model where part of the function of

a major regulator of synaptic vesicle trafficking, TBC1D24/

Sky, is regulated by ROS levels. High ROS load causes

damage to biomolecules, temporary neuronal hyperactivity

and neuronal loss (Wang and Floor, 1998; Aguiar et al.,

2012; Kaneai et al., 2012), but, as we suggest here, it also

appears to target the TLDc domain of TBC1D24/Sky, caus-

ing the entire protein to become less active. Our previous

work shows that inactive TBC1D24/Sky results in increased

trafficking of vesicles to endosomes where dysfunctional

proteins are sorted for degradation (Uytterhoeven et al.,

2011; Fernandes et al., 2014; Sheehan et al., 2016). We

assume that the TLDc domain’s role as a potential ROS

sensor in TBC1D24/Sky may be particularly relevant at

synapses. These compartments are often maintained far

from the cell body and need to cope with dysfunctional

proteins and lipids autonomously from the neuronal cell

body (Vijayan and Verstreken, 2017). We propose that

the TLDc domain senses higher synaptic ROS levels and

this causes inactivation of the entire TBC1D24, thus

promoting vesicle protein trafficking to, and sorting at,

endosomes and finally maintaining synaptic protein homeo-

stasis. This also explains why TBC1D24�TLDc remains inert

in the presence of ROS.

Mutations in TBC1D24 cause a spectrum of phenotypes,

with epilepsy being a major manifestation, yet varying in

type and severity. Our observation adds another class of

phenotypes that encompass an epilepsy-EID syndrome and

is caused by compound heterozygous missense mutations

with involvement of the TLDc domain, particularly be-

tween amino acid residues 500 to 511. In patients with

mutations limited to the TBC domain, EID has not been

reported and epilepsy is often severe and not self-limited.

In most sporadic patients and dominant families with

EID, causative mutations affect the PRRT2 gene and

benign infantile seizures are also observed (Marini et al.,

2012). PRRT2 (OMIM*614386) is a proline-rich trans-

membrane protein. Although its function remains relatively

unknown, yeast two-hybrid studies suggest that PRRT2

interacts with synaptosomal-associated protein 25 kD

(SNAP25) (Stelzl et al., 2005). PRRT2 knockout primary

cultures and acute hippocampal slices show slowdown of

the kinetics of exocytosis in excitatory neurons with wea-

kened spontaneous and evoked synaptic transmission,
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while inhibitory neurons show strengthening of basal syn-

aptic transmission and faster depression (Valente et al.,

2018).

EID, often associated with epilepsy, is also observed in pa-

tients with mutations of SLC2A1 (or GLUT1)

(OMIM*138140), a gene coding for the glucose-transporter-

type-1, which assures the energy-independent, facilitative

transport of glucose into the brain (Thorens and Mueckler,

2010). A similar phenotype is rarely observed also in carriers

of mutations causing early-onset parkinsonism (such as

parkin, PRKN, OMIM*602544) or DOPA-responsive dys-

tonia (such as GCH1, OMIM*602544) (Silveira-Moriyama

et al., 2018). The clinical context of the latter conditions,

however, does not require differential diagnosis with the

TBC1D24 phenotype we are describing.

Sky mutant fruit flies that express human pathogenic

TLDc mutations show motor defects but no apparent seiz-

ure-like behaviour, consistent with the idea that ‘TLDc

only’ mutations may be at one extreme of the TBC1D24

phenotypic spectrum. However, epilepsy was mild and only

expressed in a narrow age range in RE-EID patients and

mild seizure-like attacks in flies might have escaped recog-

nition. Descriptions of additional patients carrying ‘TLDc

only’ mutations will clarify this notion. We observed vesicle

trafficking defects both in flies expressing TBC mutations

and in those expressing TLDc mutations; the difference be-

tween them being that synapses of flies expressing ‘TLDc

only’ mutations lost the ROS sensitivity to regulate

TBC1D24-dependent vesicle trafficking, which might

underpin the observed phenotype differences.

We describe a new genetic cause of EID co-occurring

with mild age-related epilepsy, likewise observed in patients

with PRRT2 mutations. We previously reported the effect

of TBC mutations on the molecular structure of the TBC

domain, where mutations in a unique positively charged

pocket that binds the lipid PI(4,5)P2, or other 5-phosphory-

lated phospholipids, lead to a decreased affinity for these

lipids (Fischer et al., 2016). This is resolved by genetically

enhancing PI(4,5)P2 levels, which rescues the clinical defects

of the mutant animal model (Fischer et al., 2016). Now we

add another tile to a possible therapeutic strategy for

TBC1D24-associated diseases, namely combining agents

that increase synaptic PI(4,5)P2 levels, targeting TBC dys-

function, together with antioxidants, which target TLDc

mutant hypersensitivity to ROS.
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