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CHAPTER 1

INTRODUCTION
Movement disorders comprise a heterogeneous group of neurological disorders of varying aetiologies
in which normal movement is either hampered (hypokinetic movement disorders) or mixed with
involuntary, excessive movements (hyperkinetic movement disorders). Some movement disorders are the
consequence of neurodegeneration, such as Parkinson’s disease; dysfunction rather than degeneration
appears to underlie others, as in the case of essential tremor. Furthermore, movement disorders can occur
as a consequence of a genetic condition, sometimes mediated by neurodegeneration (e.g. in Huntington’s
disease), but not necessarily so (e.g. paroxysmal kinesiogenic dyskinesia). The diversity of these disorders,
united only by neurological impairment of normal movement as part of their symptomatology, is vast:
not only in the cardinal type of movement disorder(s) caused by a given disease, but also in terms of
disease course, prognosis, heritability, extracerebral symptoms and treatment possibilities. This diversity
is particularly abundant in movement disorders manifesting in childhood, where the differential diagnosis
comprises conditions of genetic, degenerative, metabolic, toxic, developmental, (post)infectious and
idiopathic aetiology. Clinical phenotyping of these disorders can be quite challenging and is often
complemented by imaging and laboratory studies in order to arrive at a diagnosis.
Genetic delineation of paediatric movement disorders is rapidly evolving, benefiting from advances
made in the field of genetics, in particular next generation sequencing techniques such as wholeexome sequencing (WES). Whereas classification used to rely on symptomatology and/or imaging and
laboratory findings, the number of diseases now primarily diagnosed by demonstration of a genetic
abnormality is increasing1. This molecular and aetiological classification results in genetically stratified
patient categories, which may have varying clinical phenotypes, but which could theoretically facilitate
more specific and cause-related scientific research. In addition, homogenous patient groups classified
according to their molecular defects could enhance the future implementation of targeted therapies.
However, as a consequence of this strict demarcation and classification based on molecular defects,
clinical research into genetic childhood-onset movement disorders is often hampered by the fact that
this usually concerns small patient cohorts, making it difficult to answer clinically relevant questions about
a particular patient category.
A solution to this problem of answering clinical questions in small sized cohorts of patients with rare
disorders is found in the use of model organisms. By the virtue of their aetiology, genetic movement
disorders are often readily translated to a laboratory model, thus limiting the exploratory phase of research
that needs to be done in a patient cohort. Examples of model organism research include unbiased testing
of large compound screens (e.g. drugs approved for other diseases), which could lead to unexpected
and novel therapeutics, as well as studying the pathophysiology of diseases; in other words, the disease
process itself with the crucial cellular events involved in the cascade leading to the observed phenotypes,
as well as potential interventions. Both these approaches in model systems could yield important
information that can be translated to patients, avoiding exploratory research in the patients themselves
and enabling a preselection of valuable and promising approaches. In addition to limiting the amount of
research in patients and shifting from exploring to validating, model organisms often offer superior tools
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to study genes, proteins, metabolites and drugs in disease states.

1

A myriad of different models is available, extending from acellular systems to complete higher organisms.
Naturally, the choice of model organism depends on the research questions to be answered. Fundamental
questions can often be answered in a test tube (in vitro) or in a unicellular organism such as Saccharomyces
cerevisiae: examples of such questions include the identification of binding partners of a given protein
(often done by two-hybrid setups) or the relative enzymatic activity of a mutant protein compared to
its wildtype counterpart. Questions that more specifically target a tissue or an organ often involve more
complex models, such as nematodes (Caenorhabditis elegans), insects (Drosophila melanogaster) or
rodents (Mus musculus, Rattus norvegicus).

Drosophila as a model organism for neurological disease
The fruit fly, Drosophila melanogaster, has been used to study neurological phenomena for several decades
and has proven its value in the field of neuroscience by virtue of its reasonably complex nervous system,
its capability to recapitulate several key features of neurological disease such as neurodegeneration and
epilepsy, and the relative ease with which the organism can be manipulated and studied2–4. The fruit
fly has a life cycle of around 12 days, which enables fast assembly of a desired genotype by means of
crossing at relatively low costs. All these properties have motivated researchers to employ the fruit fly in
research into, amongst others, Parkinson’s disease 5, polyglutamine diseases such as Huntington’s disease
and spinocerebellar ataxias6,7, dystonia8 and epilepsy9,10. Given its importance for the interpretation of this
thesis, the merits of Drosophila in research of both neurodegeneration and epilepsy disorders will be
discussed separately in the following paragraphs.
The history of neurodegeneration research in Drosophila starts with behavioural studies. Indeed, one
of the first neurodegenerative mutants described, drop dead*, was isolated on the basis of its erratic

movement upon aging11 and was revealed to have a brain “shot full of holes”. After drop dead,
many other genes were found to cause neurodegenerative phenotypes with brain vacuolisation,
behavioural abnormalities and shortened lifespan in Drosophila, and over half of these are related
to orthologues associated with neurodegeneration in mouse or human2. In addition to drop dead,
Benzer also described mutants with abnormal responses to various stimuli11. About the mutant easily
shocked (eas), he writes “When subjected to a mechanical jolt, the mutant displays a syndrome not
unlike an epileptic seizure: the fly takes a few faltering steps, falls on its back, flails its legs and wings
wildly, and coils its abdomen under. […] The fly then goes into a coma, lasting some minutes, after
which it revives and walks around as if nothing had happened.” 11. Since eas, more mutants have been
found to exhibit abnormal seizure-like behaviour in response to stimuli. These Drosophila mutants
include slamdance (sda, a mutant allele of julius seizure9), bang senseless (bss, a mutant allele of
paralytic12) and technical knockout (tko13). Their phenotype is characterised by a lowered resistance
to either a mechanical or electrical precipitating stimulus: bang sensitivity, which describes seizure*
Genes discovered in Drosophila are customarily named after the phenotype observed in the respective mutant.
This can lead to confusion, since, for example, the white gene is in fact responsible for the normal red colour of the eye: in
white’s absence, the eyes are white. Also, some of the genetic nomenclature is filled with humorous names such as cheap
date (hypersensitive to alcohol), Cleopatra (lethal together with Asp), hamlet (affects 2B cells) and tinman (has no heart).
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like behaviour and paralysis upon a mechanical stimulus, and a decreased electrophysiological
seizure threshold. This threshold is determined by the voltage which, when administered in a
high-frequency pulse directly to the brain, is sufficient to evoke seizure-like firing over the giant
fiber pathway as recorded at a peripheral muscle recording14. In line with this seizure behaviour
representing bona fide epileptic phenomena, seizure phenotypes were shown to be amenable by
clinically used anticonvulsants15–17. A third seizure provocation paradigm, with epileptic activity as
precipitated by a thermal stimulus, was validated more recently by the fly model for genetic epilepsy
with febrile seizures plus (GEFS+) caused by mutations in SCN1A18. These heat-induced seizures were
also electrophysiologically documented and aggravated by administration of GABAAR-antagonist
picrotoxin, a known chemoconvulsant18. Moving one step further, downstream targets which can be
targeted by novel anticonvulsants are beginning to emerge10.
In this thesis, the power of Drosophila melanogaster as a tool to study the pathogenesis of neurological
disease is exploited in the context of two different genetic childhood-onset movement disorders,
pantothenate kinase-associated neurodegeneration (PKAN), the most frequently occurring subtype
of Neurodegeneration with Brain Iron Accumulation (NBIA); and North Sea progressive myoclonus
epilepsy (NS-PME), one of the genetically delineated subtypes of progressive myoclonic epilepsy (PME).
The remainder of this introduction will elaborate on these two diseases by placing them in their respective
clinical and cell biological context.

Pantothenate kinase-associated neurodegeneration (PKAN) and Neurodegeneration with
Brain Iron Accumulation (NBIA)
Pantothenate kinase-associated neurodegeneration (PKAN) is a rare, devastating and relentlessly
progressive childhood-onset neurodegenerative disease featuring movement disorders, most often
dystonia (involuntary movements leading to abnormal posturing and/or writhing) and choreoathetosis19.
All these symptoms worsen as the disease progresses, leading to loss of ambulation and independence:
eventually, patients often succumb to complications such as pneumonia20. Neurodegeneration takes
place almost exclusively in the globus pallidus, which exhibits prominent iron deposition19. Because
of this particular finding, PKAN is one of the diseases commonly referred to as Neurodegeneration
with Brain Iron Accumulation (NBIA), a group of disorders formerly associated with the eponym of
Hallervorden and Spatz. These German neuropathologists, whose names have fallen into disfavour as
a consequence of their unethical wartime activities, described a familial neurodegenerative disease
featuring extrapyramidal symptoms and iron accumulation in the globus pallidus as early as 192221. Since
then, reports of “Hallervorden-Spatz syndrome” have steadily found their way into the medical literature,
reaching this syndromic diagnosis via clinical symptomatology and autopsy results. The introduction
of MR imaging enabled this diagnosis to be made during a patient’s lifetime: brain iron deposition can
be detected as a hypointensity in T2-weighed MRI-sequences as the iron (in particular the ferric Fe3+)
facilitates the relaxation of protons in neighbouring water molecules22. Starting from 2001, identification of
the underlying genetic defect became possible23: as a consequence, the “Hallervorden-Spatz syndrome”
became NBIA, a constellation of diseases of various genetic aetiologies united by the presence of
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excessive brain iron in specific though distinct brain areas, with PKAN as its most common subtype19. At
the moment of writing, 10 different NBIA genes are known, all giving rise to a specific NBIA subtype with
distinct symptomatology24.

1

Retrospectively, this renders it difficult to utilise the data collected in the Hallervorden-Spatz era, since
the underlying genetic causes of reported cases may differ: indeed, the different NBIA-subtypes are
now considered to be separate entities rather than variants of the same disease24. This can be justified
not only by the differences in symptomatology, but also in age of onset, rate of symptom progression,
regional distribution of iron accumulation, mode of inheritance, extracerebral manifestations and
neuropathological features. To stress this latter point: in case reports of Hallervorden-Spatz syndrome,
various aggregates such as Lewy bodies and neurofibrillary tangles were reported25–27. Nevertheless, a
careful analysis of genetically identified patients showed that PKAN does not feature any Lewy body
pathology28,29 whereas synuclein accumulation is abundantly present in PLAN30. Neurofibrillary tangles,
absent in PKAN29, were observed in BPAN31, a different NBIA subtype with a different genetic cause. This
distinction is of utmost importance, as it limits the potential of translating scientific findings in PKAN to
other, more common neurodegenerative diseases such as Parkinson’s disease or Alzheimer’s disease.
In addition, it implies that, although they share some clinical features, the pathophysiology of these
subtypes diverges at the molecular level, justifying the strict separation between the NBIA subtypes based
on the genes involved.
The biosynthesis of coenzyme A starting from pantothenate comprises five enzymatic steps, the first of
which is catalysed by PANK. The final two steps are carried out by a bifunctional enzyme (PPAT-DPCK or
CoASY) in humans. Disease associations are noted.

Pantothenate kinase-associated neurodegeneration and Coenzyme A
The discovery of mutations in PANK2 as the cause of PKAN kick-started research into the disease’s
underlying pathophysiological aberrations. PANK2 belongs to the family of pantothenate kinases, along
with PANK1, PANK3 and PANK4. Of these four, only PANK2 resides in the mitochondrion32. Pantothenate
kinase functions in the biosynthesis of coenzyme A (CoA), an indispensable cofactor in many metabolic
reactions33: indeed, it has been estimated that CoA partakes in approximately 9% of all reactions in the
cell34. The substrate for PANK is pantothenate (vitamin B5), which is absorbed from the diet and converted
into phosphopantothenate33: the subsequent action of phosphopantothenoylcysteine synthetase (PPCS),
phosphopantothenoylcysteine decarboxylase (PPCDC), phosphopantetheine adenylyl transferase (PPAT)
and dephosphocoenzyme A kinase (DPCK) leads to the production of CoA (Figure 1). In humans, the
final two steps are carried out by a bifunctional PPAT-DPCK enzyme named CoA synthase (CoASY);
interestingly, another NBIA subtype is associated with a defect in this mitochondrial enzyme35. This
NBIA, referred to as CoPAN in reference to PKAN, is similar to PKAN in many respects, also featuring
iron accumulation and neurodegeneration in the globus pallidus. Although alterations in CoA levels in
PKAN patient samples have (surprisingly) never been reported, decreased biosynthesis of CoA appears
to be a feasible pathophysiological mechanism, explaining why deficiencies of both PANK2 and CoASY
lead to the same neurodegenerative phenotype. However, given the ubiquitous nature of CoA and its
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Pantothenate
(Vitamin B5)
PANK

Pantothenate kinase associated neurodegeneration (PKAN)

PPCS
PPCDC
PPAT
DPCK

CoA synthase protein-associated neurodegeneration (CoPAN)

Coenzyme A
Figure 1 | Biosynthesis of coenzyme A from pantothenate.
The biosynthesis of coenzyme A starting from pantothenate comprises five enzymatic steps, the first of which is catalysed by
PANK. The final two steps are carried out by a bifunctional enzyme (PPAT-DPCK or CoASY) in humans. Disease associations
are noted.

involvement in numerous different processes, it seems counterintuitive that a CoA deficiency would lead
to such localised (neuro)pathology: indeed, the fallout of a global CoA deprivation would affect many
enzymes that rely on a CoA-species, the deficiencies of which alone already cause extracerebral or more
widespread pathology (table). Nevertheless, a fruit fly model of the disease caused by hypomorphic
pantothenate kinase (fumble, abbreviated fbl) can be rescued by pantethine, a possible precursor to CoA
biosynthetic intermediate 4-phosphopantetheine36. Although the PANK2-/- mouse model disappointingly
features no neurodegeneration under normal conditions37, a neurological phenotype can be provoked
by either pantothenic acid deprivation38 or a ketogenic diet39; this latter phenotype is rescued when
pantethine is administered39. Finally, levels of CoA-species have been measured in skin fibroblasts of
CoPAN patients; despite the fact that the biosynthetic capacity of the terminal CoA biosynthesis enzymes
in patient cells was shown to be reduced to 20% of controls35, the free and total CoA levels were not
different from control cells35. However, acetyl-CoA levels were found to be decreased, a difference which
reached significance in one patient and failed to do so in the second35. These findings are in concordance
with a more specific, but nevertheless CoA-related, pathophysiological substrate for PKAN.

Pantothenate kinase-associated neurodegeneration beyond Coenzyme A
More downstream consequences have remained elusive, despite the extensive exploitation of model
organisms. Currently, PKAN is modelled in fruit flies36,40, zebrafish41, mice37,39, patient fibroblasts42,43 and
neurons derived from PKAN patient induced pluripotent stem cells (IPSC)44. In addition, information
is available concerning metabolites in peripheral blood of patients45, as well as patients suffering from
intoxications with the PANK inhibitor hopantenate (HoPan)46,47. Briefly, theories about the pathways
implicated in PKAN will be discussed, together with data from models addressing these pathways. A
summary is provided in Figure 2.
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Mitochondrial dysfunction
Consistent with the mitochondrial localisation of PANK2, mitochondrial dysfunction has been a
prime suspect in the pathophysiology of PKAN. In addition, CoA is a cofactor in many mitochondrial
reactions, including the tricarboxylic acid cycle (TCA, or citric acid cycle) and fatty acid β-oxidation. As
a consequence, mitochondrial function has been well-studied in the context of PKAN. Indeed, in many
PKAN models, mitochondrial dysfunction is noted: exponents of this include decreased mitochondrial
membrane potential39,44,48, a decreased oxygen consumption rate 42,49 and morphological abnormalities
of the mitochondria36,50. In Drosophila and mice, these phenotypes are reversed upon administration of
pantethine36,39,44, implying that these are direct consequences of a CoA-related pathology.

1

In a metabolic screen of peripheral blood of 14 PKAN patients, lactate levels, but not pyruvate levels, were
significantly elevated compared to controls matched for age and sex45. Similarly, massive lactic acidosis
has been reported in patients with hyperammonaemia and encephalopathy secondary to hopantenate
intoxication46,47,51,52. Contrary to the metabolic findings in PKAN patients, hopantenate intoxication also
features elevated pyruvate levels51,52. Lactic acidosis has been observed upon administration of hopantenate
to dogs53 and was prevented by co-administration of pantothenic acid53; however, HoPan-fed mice do not
feature lactic acidosis, instead demonstrating hypoglycaemia unresponsive to pyruvate administration54.
The biological differences underlying the discrepancy between these findings is unknown.

Fatty acid metabolism
Fatty acid metabolism has also been implicated in the pathophysiology of PKAN. Given the involvement
of CoA and acyl-CoA in the handling of these metabolites, lipids have been studied in some detail in PKAN
models.
Although the PANK2-/- mice show no neurological phenotype under normal conditions37, a ketogenic diet
(composed of 79,2% fat and 8% protein) provokes neuropathological abnormalities in both the central
nervous system and the peripheral nervous system39. Levels of bile acids (derived from cholesterol),
various sterols, fatty acids and triacylglycerides were found to be lower in PKAN patient blood samples
compared to controls45. In patients treated with hopantenate, y-hydroxy fatty acids were found in the
urine, possibly suggesting impaired beta-oxidation46. However, the metabolic profile in the urine of these
patients was distinct from that observed in patients suffering from defects in β-oxidation, such as medium
chain acyl-CoA dehydrogenase deficiency (MCADD), long chain acyl-CoA dehydrogenase deficiency
(LCAD) or multiple acyl-CoA dehydrogenase deficiency (MAD)52. This suggests that, at least in massive
interference with most likely hepatic Coenzyme A metabolism, fatty acid metabolism is affected, but the
mechanism remains unclear and does not resemble more well-known β-oxidation defects.

Iron accumulation
A third possibility is a causal role for the iron accumulation in the pathophysiology of PKAN. Interestingly,
none of the organisms referred to previously reproduces the iron accumulation observed in patients. In
patient fibroblasts and IPSC neurons, formation of iron-sulfur clusters (ISCs) appears impaired since the
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activities, but not the levels, of enzymes depending on these ISCs are decreased43,44. The other pathway of
generating biologically active iron intermediates is the production of heme: heme levels were also found
to be decreased in cellular models of PKAN43,44. However, ferrochelatase, one of the heme biosynthesis
enzymes, itself depends on an ISC, and ISC depletion leads to secondary heme synthesis defects55.
Therefore, in these models, impairment of ISC biosynthesis appears to be a major pathway explaining
deregulation of iron utilisation. The cause of this ISC biosynthesis defect in cell models of PKAN is still
unknown. However, certain enzymes need one or more ISCs to be functional, such as aconitase, lipoic
acid synthase and NADH dehydrogenase: phenotypes and biochemical derangements secondary to
dysfunction of these enzymes form a possible pathophysiological mechanism. Evidence for a possible
role of ISCs in neuropathology comes from Friedreich’s ataxia, where deficiency of the ISC-chaperone
frataxin leads to neurodegeneration and iron accumulation.

Fruit fly
(Drosophila melanogaster)

Mouse
(Mus musculus)

PKAN patient
fibroblasts

Specifications
of model

Disruptions in
dPANK/fumble or
treatment with
hopantenate (HoPan,
PANK inhibitor)

Disruption in
mPANK2/PANK2
(with or without
ketogenic diet)

Fibroblasts obtained from
PKAN patients
(mutations conform)

CoA levels

Decreased

Not reported

Not reported*

Not reported

Not reported

Abnormal mitochondrial morphology
Reduced mitochondrial
membrane potential
Decreased OCR

Increase in ROS
Decreased ATP
Reduced mitochondrial
membrane potential

Abnormal mitochondrial morphology
Reduced mitochondrial membrane
potential
Increase in ROS
Decreased OCR

Increase in lactate

Not reported

Reduced lanosterol,
lathosterol, palmitic acid
and oleic acid levels

Not reported

Reduced TAG levels
Reduced phospholipids:
LPC, PC, SM
Reduced lanosterol and
lathosterol levels
Reduced bile acid levels

Not reported

Reduced activity
(but not levels) of
Fe-S cluster containing
enzymes
Reduced heme levels

Reduced activity
(but not levels) of
Fe-S cluster
containing enzymes
Reduced heme
levels (in NPCs)

Not observed

Mitochondria

Abnormal mitochondrial
morphology
Reduced mitochondrial
membrane potential
Increase in ROS

Fatty acids
/ lipids

Reduced TAG levels
Reduced phospholipids:
PS, PC, PE

Iron
pathology

Not reported

PKAN patient
IPSC neurons

PKAN patient
peripheral blood sample

Neurons from IPS cells
Peripheral blood from PKAN
derived from PKAN
patients (with or without
patients
overnight fast)
(mutations conform)

* In CoPan fibroblasts, no decrease in free or total CoA

Figure 2 | Pathophysiological elements of PKAN and their counterparts in various PKAN models
As discussed in the main text, different types of cellular pathology are hypothesised to underlie PKAN, some of which are recapitulated
by model organisms.
(IPS induced pluripotent stem, ROS reactive oxygen species, OCR oxygen consumption rate, TAG triacylglycerides, PS
phosphatidylserine, PC phosphatidylcholine, PE phosphatidylethanolamine, LPC lysophosphatidylcholine, SM sphingomyelin, NPC
neural progenitor cells)
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The spatiotemporal relationship between the iron accumulation in the CNS and neurodegeneration
have led some to consider the iron accumulation as the cause of the neurodegeneration. This can
be rationalised by the observation that the formation of reactive oxygen species (ROS) is accelerated
in the presence of ferric iron via the Fenton reaction56. More rationale follows from the treatment of
Wilson’s disease (hepatolenticular degeneration), a disorder caused by mutations interfering with copper
metabolism. The use of chelating agents to counteract the copper accumulation in the basal ganglia of
these patients improves their extrapyramidal symptoms and prevents further degeneration57. This has led
to the hypothesis that metal accumulation may be the culprit in PKAN, and that iron chelating therapy
may prove beneficial. A particular iron chelator, deferiprone, is able to cross the blood-brain barrier and
has been shown to reduce brain iron levels in patients with PKAN58. Whether the sequestration of this iron
also affects the clinical course of the disease is the subject of a large and ongoing trial, the results of which
have not yet been published.

1

Hypoxia
More recently, hypoxia has been suggested as a pathophysiological element in PKAN59. The damage
observed in the globus pallidus in PKAN resembles ischaemic lesions in this same region. The globus
pallidus has a high metabolic demand owing to its role as a tonic inhibitor projecting on the thalamus,
making it vulnerable to metabolic insults and energy deficits. This symptomatology is recapitulated by
intoxications that lead to cellular hypoxia, such as carbon monoxide and cyanide: survivors often feature
damage localised to the globus pallidus60,61. Therefore, it has been proposed that hypoxia, either real or
mis-sensed, plays a role in the pathophysiology of PKAN. Phenomenologically, hypoxia shares many
features with mitochondrial dysfunction, since mitochondria are responsible for carrying out the oxidative
metabolism that is inhibited or impossible under hypoxic conditions. Lactic acidosis, for example,
is found both in hypoxia and in mitochondrial failure. Hypoxia induces gene expression of numerous
genes among which is pyruvate dehydrogenase kinase, which in turn leads to inhibition of the pyruvate
dehydrogenase complex, the gatekeeper of oxidative mitochondrial metabolism: not surprisingly,
pyruvate dehydrogenase complex deficiency mimics cellular hypoxia, much like intoxications with
cyanide or carbon monoxide do. A molecular connection between hypoxia and impaired CoA production
has, however, not been characterized.

Treatment
The scarcity of knowledge about the pathophysiology of PKAN has hampered the development of
targeted treatments for PKAN patients. Currently, treatment consists of antidystonic medication
(trihexyphenidyl, baclofen, gabapentin or local injections with botulinum toxin A) and treatment of
concomitant symptoms. Deep brain stimulation has been shown to improve symptoms and quality of
life in PKAN62. Unfortunately, no disease-modifying treatment is available. Despite the beneficial effect of
pantethine in models of PKAN, the compound has not been used in clinical applications, mostly because
of its chemical lability in biological samples63. Considering the beneficial effect of pantethine in multiple
models of PKAN, the search for derivatives or substitutes that provide the same biological effect with a
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more favourable pharmacological profile may provide a therapeutic strategy. Recently, it was suggested
that excess CoA may exert deleterious effects in muscle64, possibly limiting the use of therapeutics aimed
at increasing CoA levels in the brain. With this in mind, more research into downstream targets involved in
PKAN pathophysiology may yield novel targets for treatment, which may be combined with CoA-based
therapies and, depending on the results of the deferiprone trial, iron chelating therapy.
The remainder of this introduction is dedicated to North Sea Progressive Myoclonus Epilepsy (NS-PME), a
disease which, like PKAN, is caused by a known genetic defect and leads to a progressive childhood-onset
movement disorder.

North Sea Progressive Myoclonus Epilepsy and the Progressive myoclonus epilepsies (PMEs)
The progressive myoclonus epilepsies (PMEs) are a genetically heterogeneous group of disorders
characterised by myoclonus (brief involuntary muscle jerks) and epilepsy, both of which become more
severe in the course of the disease (progressive)65. Although initially recognized by Ramsay-Hunt in
1922 as dyssynergia cerebellaris myoclonica66, the eponymous Ramsay Hunt syndrome was deemed
insufficiently specific by the consensus statement of Marseille67, as it covered not only the progressive
myoclonic epilepsies but also the progressive myoclonus ataxias (PMAs), which are classically associated
with cerebellar dysfunction (ataxia) and infrequent seizures. However, it was recognised that many cases
of PME also feature ataxia68, and therefore, considerable overlap exists between these clinical entities
representing the two ends of the PMA-PME spectrum67,69.
As with NBIA, the advances in genetics have enabled the discovery of various genetic defects underlying
PME. Among these subtypes, the presence or absence of cognitive decline is a useful distinguishing
feature. Major subtypes of PME featuring dementia include Lafora body disease and the neuronal ceroid
lipofuscinoses70. The archetype representing PME subtypes which leave cognitive function unscathed
is Unverricht-Lundborg disease (ULD), or “Baltic myoclonus”, associated with mutations in cystatin B
(CSTB)70. After the discovery of CSTB mutations, cases of PME without cognitive decline lacking mutations
in CSTB were considered “ULD-like” and genetic alterations in SCARB271–73 and PRICKLE174 were found to
cause PME in some of these families .
A novel genetic cause for ULD-like PME was found in 2011, when a mutation in Golgi SNAP receptor
complex member 2 (GOSR2) was identified in five families suffering from a particular subtype of PME75.
The symptoms were remarkably homogeneous with early ataxia (around 2 years of age), followed by
myoclonus later in childhood and epilepsy becoming more prominent during adolescence76–78. Other
distinctive features are areflexia, scoliosis and elevated serum creatine kinase levels77,78. Interestingly,
nearly all patients identified thus far homozygously carry the same mutation in GOSR2, suggesting a
founder effect. Most families with this type of PME identified so far originate from countries bordering
the North Sea and for this reason the disease was dubbed “North Sea progressive myoclonus epilepsy”
(NS-PME)77. Due to this founder effect and the location around the North Sea, NS-PME is relatively
common in the Netherlands, particularly in the north, where a cohort of 5 patients was reported soon
after the discovery of the GOSR2 mutation78. Neuropathology is only available for a single case of NS-
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PME, demonstrating mild atrophy without gross abnormalities75. Alzheimer type II gliosis was noted in
the basal ganglia region. In the cerebellar vermis, there was gliosis and minor loss of Purkinje cells, but no
focal neuronal degeneration elsewhere in the brain75. This apparent lack of neurodegeneration is in stark
contrast with ULD, where Purkinje cell loss in the cerebellum is prominent, thus characterising ULD as a
neurodegenerative disorder79–81.

1

Currently, treatment for NS-PME is symptomatic, and typically involves a combination of anticonvulsants
to control the seizures and (often to a lesser extent) myoclonus. Care must be taken in the choice for
anticonvulsants, as some are known to exacerbate myoclonus70.
Fundamental knowledge about the consequences of mutations in GOSR2 is scarce. The mutation
causative of NS-PME was initially reported to cause failure of the protein to localise to the cis-Golgi in
patient fibroblasts75, however, this was later disproved82. The mutation does not interfere with GOSR2
expression levels or its native interaction with binding partner ARF175. The knockout of yeast GOSR2
orthologue bos1 could be complemented by wildtype bos1, but not by bos1 carrying the patient mutation,
demonstrating the nature of the mutation in GOSR2 to be a loss of function75. This was later reinforced
by liposome studies showing a reduced SNARE fusion rate for yeast Bos1 carrying the patient mutation
compared to wildtype Bos182.
Recently, Drosophila has been used to provide a model for NS-PME by interfering genetically with
GOSR2-orthologue membrin82. Ubiquitous overexpression of mutant membrin in a membrin-deficient
background caused mostly pharate or early adult lethality, with morphological and electrophysiological
abnormalities in the nervous system observed in late larval stages82. Nevertheless, it is still unknown which
cell type confers these changes, and which processes derail on the cellular level to cause the human
disease.
At first glance, PKAN and NS-PME are two very different diseases, with a different underlying genetic
defect and a different clinical symptomatology. However, it is the challenge of studying them that
unites NS-PME and PKAN. For both diseases patient populations are small, making it difficult to conduct
intervention studies; also, affected tissue is unattainable during life. This makes model organisms of
utmost importance to gain insights that can be subsequently translated to the clinic. This thesis explores
the use of Drosophila for this purpose.
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CHAPTER 1

AIM AND OUTLINE OF THE THESIS
In this thesis, Drosophila melanogaster was used to gain insight in both clinically relevant and fundamental
processes underlying genetic childhood-onset movement disorders PKAN and NS-PME.
To demonstrate that Drosophila is able to provide answers to biologically and clinically relevant questions
in the field of neurodegeneration, we reviewed the existing literature concerning this subject in Chapter
2. Several techniques that were used in the later chapters of the thesis are highlighted in this chapter as
well.
The thesis then focuses on PKAN, first with a chemical approach aimed to transform pantethine into
a viable therapeutic: this involved the development of derivatives that may feature more favourable
pharmacokinetic and pharmacodynamic properties. In Chapter 3 we described the chemical synthesis
and characterisation of TBTP-pantetheine, a derivative of pantethine designed to demonstrate enhanced
pharmacological properties in order to overcome obstacles that hamper the use of the lead compound,
most notably serum instability and its low lipophilicity.
Taking advantage of the ease with which genetic and metabolic alterations can be studied in Drosophila,
we investigated the biosynthesis of CoA in Chapter 4, where we showed that de novo biosynthesis of CoA
can occur in the absence of dPANK/fbl by providing the downstream substrate 4’-phosphopantetheine,
thus providing a means for CoA replacement therapy in PKAN that does not rely on pantethine.
In order to delineate a possible comprehensive pathophysiological mechanism for PKAN and related
disorders, we used the versatility of Drosophila in Chapter 5 to provide evidence for a CoA-dependent
pathway converging on pyruvate dehydrogenase. In addition to possibly providing novel therapeutic
targets, this pathway may also be able to explain disruption of ISC metabolism and as such, iron
accumulation.
In Chapter 6, the focus is changed to NS-PME, where we created a novel Drosophila model for this
disease by RNAi-mediated knockdown of membrin, the Drosophila orthologue of GOSR2, in order to
study which cell types are involved in disease pathophysiology.

Chapter 7 offers a general discussion of the thesis, in which the different chapters are evaluated
separately as well as in conjunction with each other. At the end, it ventures into future perspectives
in the fields of PKAN and NS-PME.
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CHAPTER 2

ABSTRACT
Despite great advances in clinical diagnostics, genetics and molecular biology, neurodegenerative
diseases like Parkinson’s disease (PD), Alzheimer’s disease (AD) and Huntington’s disease (HD) still pose
great challenges, both in terms of understanding their pathophysiology as well as their treatment.
Organisms able to adequately model the intricacies of the disease mechanism and response to potential
treatment, whilst not compromising on ease of handling, studying and manipulating in order to study
them, represent the holy grail of translational biology and medicine. Here, we review the suitability of
the fruit fly, Drosophila melanogaster, as a model organism in the field of neurodegeneration. We briefly
summarize the history of scientific research concerning this organism, review the molecular, genetic and
pharmacological toolbox available and we discuss the ways this toolbox has been applied to research in
neurodegeneration. Finally, by reviewing some findings in the fruit fly which were subsequently translated
to and validated in other organisms on their way to the clinic, the power and robustness of Drosophila
melanogaster is highlighted.

Keywords: Drosophila melanogaster, fruit fly, neurodegenerative diseases, model organism,
neurodegeneration

26

Drosophila as a model to study neurodegeneration

INTRODUCTION
Human neurodegenerative diseases are an increasing burden to the current aging society. Scientific
developments, necessary in order to start treating these disorders, include the identification of suitable
drugs and drug targets, and lead to increased insights into the pathophysiology underlying these diseases.
For this purpose, relevant aspects of disease need to be modelled in a system that allows the appropriate
degree of simplification, comes with reasonable costs and convenience, without compromising on the
findings’ value. Different models provide different advantages and disadvantages, commonly associated
with the organism’s evolutionary proximity to humans on one hand versus the efficacy with which they
can be handled, manipulated and investigated on the other. In the scientific field of neurodegeneration in
particular, the complexity of the organism’s central nervous system (CNS) is another important aspect to
consider. In this review, we will discuss the contribution of Drosophila melanogaster, one specific species
of the Drosophila or fruit fly family, to the field of research in neurodegeneration; demonstrating how
its extensively developed toolbox, complex nervous system and facile handling have led and will lead
to increasing knowledge regarding human neurodegenerative diseases. In this review, Drosophila refers
specifically to Drosophila melanogaster unless stated otherwise .

2

Drosophila as a versatile model to study the brain
Over a century ago the first paper using the fruit fly Drosophila ampelophila Loew for biological
research was published1, which was the beginning of extensive research with the fruit fly as a model for
developmental biology, behavior and disease. Their relatively short life span, easy and cheap culturing
conditions, a quick reproduction time and the ability to produce a large number of offspring that is
genetically identical make Drosophila an attractive model to use. In addition, the great majority of human
disease associated or causative genes is conserved in the Drosophila genome further affirming the power
of the fruit fly as a model for human disease2,3. Finally, the Drosophila brain is well organized and described
with about 200.00 neurons employing various neurotransmitters comparable to human neurons.
The first steps on the path leading to Drosophila neuroscience were made when Seymour Benzer
identified fruit fly strains with aberrant behaviour 4. Rather than solely describing the behaviour, which
included “staggering” and early lethality, he attempted to make correlations between the observed
behaviour and neuropathological findings, discovering that a mutant named drop dead displays
locomotor abnormalities at the time the fly brain starts degenerating, leading to a vacuolized brain, “shot
full of holes”4.
From the notion of Benzer that the neurodegeneration he observed resembled human neurological
disease, Drosophila neuroscience remained a subject of interest. Drosophila research at this time
depended heavily on mutant screens, which introduced mutations using chemical mutagens or radiation
in a variably random manner along the genome, leading to the resulting mutants being “found” rather
than specifically generated5,6. Using this strategy, two other neurodegenerative fly mutants were found
and named eggroll and spongecake7.
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The modelling of particular human genetic defects in Drosophila stimulated the development of other
sophisticated genetic techniques, such as expression of specific transgenes: this led to the first dedicated
models of spinocerebellar ataxia type (SCA3, or Machado-Joseph disease) and Huntington’s disease (HD)
in 19988,9. An example of the powerful genetics available for Drosophila research is the binary UAS-GAL4
system (Figure 1) which offers the possibility of spatiotemporally controlled expression of a construct
of choice (Figure 3a), enabling overexpression of disease-related genes. When combined with RNA
interference (RNAi, Figure 2), the system can be used to induce tissue specific gene knockdown (Figure
3b). Both techniques are often utilized to study human (neurodegenerative) diseases. Over time different
techniques were developed and applied to specifically target and mutagenize a gene of interest, including
homologous recombination, ZFN and TALEN and most recently the very popular gene editing technique
CRISPR/Cas910–12. In addition to mimicking the pathophysiology of human disease, Drosophila has an
elaborate range of complex behaviour, like learning and memory, aggression and behaviour influenced
by olfactory stimuli. This complex behaviour can contribute to the study of a disease of interest since the
underlying molecular pathways are highly conserved13,14.

GAL4
GAL4

UAS-X
UAS-X

GAL4
UAS-X

Figure 1. The UAS/GAL4 system for targeted gene expression
The UAS/GAL4 system allows the targeted expression of a genetic construct of choice. The system contains two constructs: a driver,
which is a genetic construct that leads to expression of the transcription factor GAL4, and a responder element (UAS) to which GAL4
can bind. Binding leads to the expression of the genetic construct (X) coupled to the UAS. By crossing a driver fly line to a responder
line the subsequently expressed GAL4 binds to the UAS and results in expression of gene X.

Drosophila models of neurodegenerative diseases
A wide range of neurodegenerative disorders has been studied with the use of Drosophila models so
far, among which polyglutamine (polyQ) disorders, Alzheimer’s (AD) and Parkinson’s disease (PD) and
various rare neurodegenerative diseases like Chorea-Acanthocytosis (ChAc) and Panthothenate Kinase
Associated Neurodegeneration (PKAN). Figure 4 shows a number of assays that are often used to assess
neuronal dysfunction and neurodegeneration in Drosophila. Dominantly inherited polyQ diseases,
including the aforementioned Huntington’s disease (HD) and SCA3, are caused by the expansion of CAG
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No RNAi

A U C G A U C G
target mRNA
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RNAi

2

Overexpressed RNAi
(processed by RISC/Dicer)
U A G C U A G C
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mRNA
destruction

A U C G A U C G

target protein
(levels reduced)

A U C G A U C G
target mRNA

Figure 2. RNA interference
Schematic representation of RNA interference (RNAi), which is a biological process where protein translation is inhibited by RNA
molecules leading to knockdown of a target protein. Single-stranded mRNA, generated by RISC-mediated processing of short hairpin
RNA, hybridizes with a complementary mRNA of the target protein to form double-stranded RNA (dsRNA). This dsRNA is subsequently
degraded. Due to the destruction of this mRNA, translation of the target protein is reduced and protein levels are decreased.

CNS

repo expressing glial cell
nSyb expressing neuron
UAS/GAL4-mediated overexpression of X

(a)

Act-GAL4
UAS-X

(b)

Act-GAL4
UAS-Y RNAi

nSyb-GAL4
UAS-X

repo-GAL4
UAS-X

UAS/GAL4-mediated overexpression of Y
nSyb-GAL4
UAS-Y RNAi

repo-GAL4
UAS-Y RNAi

Figure 3. Applications of the UAS/GAL4 system
In Drosophila, the GAL4 is placed under the control of a native gene promotor and therefore GAL4 is only expressed in cells where
the gene is naturally active.
(a) The use of the driver element Actin-GAL4 leads to production of GAL4 wherever and whenever actin is expressed. In practice,
this means that Actin-GAL4 is a ubiquitous driver. However, the driver element neuronal Synaptobrevin-GAL4 (nSyb-GAL4) leads
to a production of GAL4 that is restricted to neurons since neuronal Synaptobrevin is only expressed in neurons. Similarly, reversed
polarity-GAL4 (repo-GAL4) drives expression only in glial cells since Repo is a glial protein.
(b) By coupling the RNAi technique to the UAS/GAL4 system, the knockdown can be targeted to specific cell types and/or
developmental stages. The degree of knockdown can be regulated with the temperature, where increased temperature leads to
increased expression of the GAL4 driver and therefore increased expression of the RNAi construct and a stronger knockdown.
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Figure 4. Frequently used assays to study neuronal dysfunction and degeneration in Drosophila
(a) Lifespan analysis of a Drosophila neurodegenerative disease model for Chorea-Acanthocytosis (ChAc) compared to controls,
where neurodegenerative mutants typically have a shortened lifespan.
(b) A climbing assay, also known as negative geotaxis, is often used to examine age- and disease-related motor deficits. Flies are
tapped to the bottom of the vial after which healthy flies will immediately start climbing up the walls. The number of flies that climb
above a certain height within a certain time period is recorded. For this assay a Drosophila neurodegenerative disease model for
Chorea-Acanthocytosis was used.
(c) Disease-related genes can be expressed in the eye using the UAS/GAL4 system (Figure 2) after which the eyes are scored for retinal
degeneration. Flies can develop a ‘rough’ eye phenotype and sometimes rough-eyed flies also have black patches with increased
degeneration, here due to expression of SCAtr-78Q. Eyes can be analyzed using light microscopy (top images). Scanning electron
microscopy shows loss of tissue integrity.
(d) Neurodegeneration in Drosophila is often accompanied by the presence of vacuoles in the brain and can be visualized in sections
of the brain. Fly heads or brains are embedded in plastic or paraffin and the morphology can be examined. For this assay a Drosophila
neurodegenerative disease model for Chorea-Acanthocytosis was used.
A,B & D are reprinted from33; C is reprinted from34.
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repeats in the gene-coding DNA which is translated into abnormal proteins15–17. Those aberrant proteins
form insoluble aggregates that are associated with neuronal dysfunction and degeneration18,19. An in vivo
model of SCA3 in Drosophila was established by the overexpression of a truncated C-terminal domain of
the gene affected in SCA3: MJD18. Both a pathogenic protein (SCA3tr-78Q) with an extended polyQ repeat
length and a control protein (SCA3tr-27Q) were expressed in different tissues using the UAS-GAL4 system.
Expression of the SCA3tr-78Q protein in the developing eye disrupts eye morphology and targeted
expression of the pathogenic protein to the peripheral and central nervous system is lethal, while SCA3tr27Q expression does not have any effects, indicating severe consequences of SCA3tr-78Q expression.
Moreover, the expanded ataxin-3 protein forms nuclear inclusions in a time- and concentrationdependent manner, which recapitulates the pathological aspects of SCA38. After that, subsequent studies
used the Drosophila eye to further investigate the pathogenesis underlying SCA3, e.g.20–22. As for HD,
the Drosophila eye also proved to be a valuable model, where it was shown that expression of the first
exon (exon1) of the HD gene with disease-associated polyQ expansions (Q75 and Q120) causes lateonset progressive degeneration. Severity of the degeneration is dependent on the polyQ repeat length9,
thereby resembling the human disease.

2

AD is the most prevalent neurodegenerative disease. Clinically, it is associated with progressive memory
loss and pathologically by the presence of extracellular amyloid beta (Aβ42) plaques as well as intracellular
tangles containing hyperphosphorylated tau in brains of AD patients23,24. The majority of AD cases is of
sporadic aetiology; mutations in the genes encoding Amyloid precursor protein (APP), Presenilin 1 and
2 (PS1 and PS2) cause familial AD, making up only 1% of all AD patients25. Mutations in one of those genes
cause production of large amounts of the aggregate-prone Aβ42 that accumulates into extracellular
plaques in the brain26,27. Many different Drosophila models for AD have been established over the last two
decades13. Flies deficient for the APP ortholog, Appl, present with behavioural deficits that can be rescued
by expression of the human APP in the Appl mutant background, indicative of functional conservation28.
Since overexpression of AD related Aβ42 and tau protein in flies was shown to cause memory deficits and
neuronal loss, resulting in a shortened life span and reduced locomotion, Drosophila also demonstrated
to be a feasible model organism to study AD pathology29–32, although currently the causative role for Aβ42
in AD is under debate.
The rare neurodegenerative disease Chorea-Acanthocytosis (ChAc), caused by mutations in the Vacuolar
protein sorting 13 homolog A (VPS13A), has recently been modelled and described in Drosophila33. The
pathophysiology underlying this disease is largely unknown and models for this disease are limited due to
the large size of the gene and protein, which make it hard to study. The Drosophila Vps13 mutant presents
with multiple neurodegenerative characteristics including a shortened lifespan, decreased climbing
ability and vacuoles in the brain. In addition, a defect in protein homeostasis was found. Rescue of some
of these phenotypes by overexpression of human VPS13A in the Drosophila mutant background supports
functional conservation of both genes and emphasizes the relevance of a fly model for ChAc33.
Drosophila has been of major importance in the study of PD, a movement disorder featuring bradykinesia,
resting tremor and rigidity amongst other symptoms. Pathological findings include neuronal loss of
dopaminergic nigrostriatal neurons and presence of intraneuronal aggregations called Lewy bodies,
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that contain α-synuclein35. As with AD, most PD cases are sporadic and only a small fraction, less than
10%, is caused by genetic mutations in PINK1, parkin and others36. However, these genetic cases provide
understanding about the underlying disease mechanisms37. Drosophila parkin mutants exhibit muscle
degeneration, locomotor defects and structural alterations of mitochondria38. Flies mutant for the
Drosophila PINK1 ortholog share phenotypic similarities with degeneration of flight muscles accompanied
by mitochondrial defects39,40. Subsequent overexpression of parkin compensates for the absence of PINK1,
suggesting both to function in one single pathway, where Parkin functions downstream from PINK1 since
PINK1 overexpression could not compensate for loss of Parkin39,40. Furthermore, Lewy bodies are present
in flies overexpressing mutant α-synuclein, which also cause age-related degeneration of dopaminergic
neurons and climbing defects, thereby recapitulating the most important features of human PD41.
PD patients are often treated with dopamine agonists, which also have a beneficial effect in different
Drosophila PD models reinforcing the power of Drosophila models for PD42–44.

Genetic and pharmacological screening possibilities
Due to its short life cycle and straightforward handling, Drosophila enables high-throughput analysis
of complex neurophysiological traits such as locomotor function. This facilitates its use as a platform
to find genetic and chemical modifiers of neurodegeneration on a large scale, and when required in
a fully unbiased manner. A recent screen of antioxidants in a Drosophila model of Parkinson’s disease
(PD) identified compounds that ameliorated the locomotor phenotype of mutant flies, which were
subsequently validated in neuronal cell culture studies45. More recently, a genome-wide association study
was performed to investigate the influence of genetic background variation in a fly model of PD, which
identified new genes that influence loss of dopaminergic neurons and locomotor dysfunction46. In this
latter study, the Drosophila Genetic Reference Panel (DGRP, http://dgrp2.gnets.ncsu.edu/) was used as
a resource. The DGRP is a collection of 148 lines with a genetically diverse background which have all
been sequenced. This collection, available to the community, is especially powerful to identify genetic
modifiers of phenotypes of interest. In another study, using a library of deletion constructs, an unbiased
genetic screen was carried out to find modifiers of Aβ42-neurotoxicity47; a similar approach had been
taken to find modifiers of tau using a library of transposable elements48, both with the aim of elucidating
pathophysiological mechanisms behind Alzheimer’s disease. Exploiting the ease with which the SCA3 eye
phenotype (as mentioned before) can be screened, transposable elements were used to find modifiers
for the disease process in an unbiased way49. A similar eye phenotype, induced by expression of TDP-43
as a model for amyotrophic lateral sclerosis (ALS), was used to selectively screen regulators of chromatin
remodelling for effects on the degenerative phenotype; the resulting insights regarding the role of
chromatin regulation in the neurodegenerative process active in ALS were supported by findings in
patient tissue50. These strategies illustrate the potential of Drosophila, unmatched by other more classical
model systems such as the mouse, to identify novel pathophysiological and therapeutic aspects of
neurodegeneration.
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Application of Drosophila findings to human disease
The value of Drosophila in the study of neurodegenerative diseases is reflected by the insights provided
over recent years, which have been translated to more complex model organisms and in some cases
approach clinical application. The recognition of histone deacetylase (HDAC) inhibition as a beneficial
intervention in Huntington’s disease51 exemplifies the robustness of Drosophila in the identification of
therapeutic strategies; once this principle was well-established in Drosophila, it was transferred to mouse
models where it exerted the same effects in models of Huntington’s disease52–54 and other polyglutamine
diseases55,56. Preliminary studies have shown that this efficacy may extend to patients as well57. Similarly,
strategies for neurodegeneration secondary to metabolic disease have been devised in Drosophila. The
neurodegenerative disease pantothenate kinase-associated neurodegeneration (PKAN) is caused by
mutations in pantothenate kinase 2, the first enzyme in the pathway that transforms vitamin B5 into the
ubiquitous cofactor coenzyme A. Flies that lack fumble, the sole Drosophila orthologue of pantothenate
kinase, feature neurodegeneration, motor defects and a shortened lifespan. In this model, pantethine
was identified as a rescue compound capable of reversing not only the reduced coenzyme A levels,
but also ameliorating the phenotypes reminiscent of the human disease58,59. This was subsequently
validated in a mouse model of PKAN60. Continuing the development of therapeutics that supply a
source for coenzyme A synthesis in the absence of pantothenate kinase, studies in Drosophila brought
forth 4’-phopshopantetheine as a potential therapeutic61. This lead compound was further derivatised
to acetyl-4’-phosphopantetheine, which showed a favourable pharmacokinetics as well as therapeutic
efficacy in both Drosophila and mice models of the disease62. Acetyl-4’-phosphopantetheine currently
has the orphan drug status and is further developed for clinical use.

2

Conclusion and future perspectives
Major advances in the field of genetics have revolutionized the study of neurodegenerative diseases,
enabling the identification of causative mutations in patients and as a consequence, the creation of
model organisms by means of genetic rather than phenotypical similarity. The powerful new possibility to
precisely edit the genome by CRISPR/Cas9 enables the generation and study of patient-specific mutations
in model systems. In addition, findings from unbiased studies such as GWAS can be verified with the
modelling power of Drosophila. Although the first descriptions of neurodegenerative phenotypes in the
fruit fly already approach their fiftieth anniversary, the disease-directed modelling of neurodegenerative
pathology in Drosophila is still a flourishingly developing field, where novel insights are readily translated
to more classical systems and in some cases, patient care. The ease to study, manipulate and screen
an organism of such biological and neurological complexity places Drosophila at the centre of novel
discoveries regarding pathophysiology and therapy of neurodegenerative disorders in years to come.
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CHAPTER 3

ABSTRACT
Pantetheine, a low molecular weight thiol, has been found to ameliorate symptoms in various disease
models but specifically in Pantothenate Kinase-Associated Neurodegeneration (PKAN). Pantetheine is
usually administered in its disulfide form (i.e. pantethine) since pantethine is commercially available and
is reduced to pantetheine in biological systems. The applicability and efficacy of pantethine (therefore
also pantetheine) as a clinical therapeutic however is hampered since both forms can be degraded by
pantetheinases present in the body. Here, we report the synthesis of a masked form of pantetheine, namely
4-thiobutyl triphenylphosphonium-pantetheine (TBTP-pantetheine), following our hypothesis that this
pantetheine-derivative might be more stable in the presence of pantetheinases than pantetheine itself.
Higher stability would enhance transport into the cytoplasm where TBTP-pantetheine is metabolized
into pantetheine which can subsequently execute its medicinal action. We find that TBTP-pantetheine is
stable in aqueous solution, however it was found to be less stable in 10% fetal calf serum (which contains
pantetheinases) compared to pantethine, the commercially availabile disulfide of pantetheine. We show
that TBTP-pantetheine has improved lipophilicity, but equal passive membrane permeability/diffusion, as
compared with pantethine.

Keywords: TBTP-pantetheine; pantetheine; pantetheinase; Coenzyme A; PKAN; serum stability.
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INTRODUCTION
Pantethine, the disulfide of pantetheine (scheme 1a, 1), has been investigated in the context of biological
processes involved in several diseases, including hypercholesterolaemia [1], cataract disease [2] and
cerebral malaria [3]. In addition, preclinical research has shown beneficial effects of pantethine on a
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induced mouse model for Parkinson’s disease [4,5]
and pantethine also prevented neuronal degeneration in animal models of Parkinson’s disease [6,7].
In general, pantethine is investigated as possible treatment since it is commercially available, however
the beneficial effects are due to the reduced form (i.e. pantetheine 1), which is formed in vivo. Recently,
pantethine has been investigated as a potential rescue agent for Pantothenate Kinase-Associated
Neurodegeneration (PKAN), a neurodegenerative disease caused by mutations in the human Pank2
gene (one of the four human pantothenate kinase genes (PANK1-4 known) [8,9]. The PANK2 protein
is mainly localized in the brain [8,9]. It is believed that mutations in the human PANK2 gene renders the
enzyme pantothenate kinase, which is responsible for the pivotal, rate limiting step in the biosynthesis
of coenzyme A (CoA) during which pantothenate (2, Vit B5, precursor for CoA) is phosphorylated to
4’-phosphopantothenate, inactive and therefore impairs the pathway to produce CoA which is an
essential cofactor in all organisms. Pantethine has shown potential as rescue agent in a Drosophila model
for PKAN where it restored CoA levels, rescued brain degeneration, mitochondrial dysfunction and
locomotor disabilities [8].
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Although pantethine has been shown to be effective in Drosophila PKAN models, a possible clinical
implementation may be limited by the fact that pantethine is rapidly hydrolysed when administered
orally [10]. Vanin proteins (also known as pantetheinases) present in humans contain pantetheinase
activity and have the ability to degrade pantetheine (1), its natural substrate, to form pantothenate (2)
and the antioxidant cysteamine (3) (scheme 1a). Since these enzymes are present in the gastrointestinal
mucosa and human serum [11], they limit the use of pantethine (which has also been shown to be
degraded by pantetheinases [12]) as a possible rescue agent for PKAN. Vanin proteins have also been
shown to be an important implication in the use of pantothenamides as antimalarials, since this specific
class of pantothenate derivatives has the same core structure as 1 and pantetheinases can hydrolyze
pantothenamides with a wide range of structural modifications on the cysteamine moiety [13-16].
Inhibitors for pantetheinases have been described [17] and combining pantothenate derivatives (i.e.
pantethine or pantothenamides) with such inhibitors has been proposed as a strategy to overcome
the obstacle formed by pantetheinases [18]. Alternatively, small modifications in the core structure of
pantothenamides led to increased stability towards pantetheinase activity and increased antiplasmodial
activity towards the malaria parasite Plasmodium falciparum [16].
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Scheme 1. Metabolism of pantetheine (1) and TBTP-pantetheine (4).
a) Natural pantetheine recycling through degradation of pantetheine (1) by pantetheinases to produce pantothenate (2) and
cysteamine (3). As a result, 2 can be taken up by the cell and be converted to coenzyme A. b) Proposed mechanism of action of
TBTP-pantetheine (4). The TBTP-moiety of 4 will enable transport of 4 into the cytoplasm where it can be reduced by glutathione
reductase to release pantetheine (1) as rescue agent. The TBTP cation (5) will dispense to the mitochondria where it will slowly be
released from the cell.

We set out to prepare the novel pantetheine derivative, 4-thiobutyl triphenylphosphonium-pantetheine
(TBTP-pantetheine, 4, scheme 1b) in order to protect pantetheine against degradation by pantetheinases,
so it can function as a better rescue agent for PKAN. Since the core pantetheine structure of the
molecule must be intact in order to be converted to CoA, we envisioned to couple pantetheine (1) and
4-thiobutyltriphenylphosphonium (TBTP, 5), a lipophilic cation, to construct the pantetheine-derivative 4
with supposedly improved pharmacokinetic properties as compared to pantetheine [19, 20]. Pantetheinases
seem to be promiscuous towards the cysteamine moiety of pantetheine derivatives, and therefore we
assumed that some degradation of 4 would still take place. Despite the latter, the TBTP-moiety might
reduce the affinity of pantetheinases for 4 compared to that of 1 and also improve the cellular uptake, as
was previously shown for other TBTP-linked compounds [21]. This might lead to shorter exposure of 4, as
compared to 1, in the compartments where pantetheinases are abundant. Moreover, the TBTP-moiety of
4 may facilitate blood brain barrier crossing, as permeability depends highly on a compound’s lipophilicity.
Once TBTP-pantetheine (4) enters the cell it should be reduced by the glutathione pool present in the
cytoplasm to release pantetheine (1) as rescue agent of the impaired CoA biosynthesis pathway present
in PKAN patients. The TBTP cation 5 will dispense to the mitochondria where it will slowly be released from
the cell [20]. Although TBTP-linked molecules have been found to accumulate in internal organs and the
central nervous system, these compounds are generally well tolerated and have previously been used
in clinical trials [21-23]. This study describes a simple synthesis of TBTP-pantetheine (4) in three chemical
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steps and shows that 4 is stable over a prolonged period in aqueous solution at various temperatures. We
also compared the stability of TBTP-pantetheine (4) to pantethine (disulphide of 1) in the presence of fetal
calf serum, and investigated the membrane permeability of both these compounds.

MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich Chemical Co. and solvents were purchased from
Biosolve or Sigma-Aldrich Chemical Co. Fetal calf serum (FCS) was obtained from Greiner Bio-one and
Dulbeccos Phosphate Buffered Saline (PBS) was from Invitrogen. Centrifugal devices for protein removal
were from PALL. Gentest pre-coated PAMPA plates were from BD Biosciences. UV 96-well flat-bottomed
plates were from Greiner Bio-one.
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UV absorbance was determined using a SPECTROstar Omega plate reader from BMG Labtech. NMR
analyses were performed on a Varian Inova 200 and 300 machine at the NMR Center, University of
Groningen. Chemical shifts (δ) are reported in parts per million (ppm). Mass Spectrometry was performed
using Orbitrap high resolution mass spectrometry (HRMS) by the Mass Spectrometry core facility,
University of Groningen.
High performance liquid chromatography (HPLC) analysis was performed on a Shimadzu LC-10AC system
using a SCL-10A system controller, SIL-10AC automatic sample injector, and LC-10AT solvent delivery
system. The peaks of interest were detected at 205 nm and/or 267 nm with a Shimadzu SPD-M10A
photodiode array detectorafter injection of 25 µl of each sample. Separation was achieved by using a
Synergi 4u Hydro-RP 80A (150 × 4.60 mm, 4 µm) C18 column from Phenomenex at 30°C while maintaining
a flow rate of 1.0 ml/min. HPLC method: The column was equilibrated in solution A (20 mM KH2PO4, 0.1%
hexanesulfonic acid, pH 3) and the sample was injected. After 5 min elution with 100% A, the following
linear gradients were used: a linear gradient increasing solution B (acetonitrile) to 30% (5-18 min), a linear
gradient increasing solution B to 50% (18-21 min), isocratic elution at 50 % solution B (21-23 min), a linear
gradient decreasing solution B to 0% (23-24 min) and finally isocratic elution in 100% solution A (23-30
min).

Synthesis of 4-bromobutyl thiolacetate (7)
The synthesis of 7 was carried out according to a previously published method [19]. Briefly, thiolacetic acid
(5.63 g, 73.1 mmol) was added to 4-bromo-1-butene 5 (5 g, 37.0 mmol) under nitrogen. After the addition
of α,α’-azoisobutyronitrile (AIBN, 3.36 mg) the reaction was stirred for 60 min at 40°C. Dichloromethane
was added to the reaction mixture and the solution was washed with water (3 × 8.5 ml). The organic
layer was dried (MgSO4), filtered, and concentrated in vacuo after which purification by flash column
chromatography (2:1 to 4:1 EtOAc: hexanes) afforded product 7 (2.14 g, 27%) as a yellow oil. TLC (EtOAc:
hexanes, 2:1): Rf = 0.73; 1H NMR (CDCl3, 200MHz, 25°C): δ = 1.66–1.80 (m, 2H), 1.86–2.00 (m, 2H), 2.33 (s,
3H), 2.90 (t, J = 7 Hz, 2H), 3.41 (t, J = 6.5 Hz, 2H); 13C NMR (CDCl3, 75.5 MHz, 25°C): δ = 28.4, 28.4, 30.8, 31.8,
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33.1, 195.9; HRMS: m/z [M]+ calcd for C6H12OBrS: 210.97879; found: 210.97879. 1H NMR data is consistent with
literature [19].

Synthesis of S-acetyl-thiobutyltriphenylphosphonium Bromide (8)
The synthesis of 8 was carried out according to a previously published method [19]. Briefly, 7 (2.14 g, 10.1
mmol) was dissolved in dry toluene (6 ml) under nitrogen followed by the addition of triphenylphosphine
(2.66 g, 10.1 mmol). The reaction mixture was refluxed for 2 hours under nitrogen after which the heat was
turned down and the reaction mixture left in the heating mantle to cool down slowly overnight. An upper
colourless toluene layer and lower yellow layer formed. The mixture was stored at -20°C for a few hours
until a white precipitate started to form. The upper toluene layer was removed with a pipet followed by
washing of the bottom layer three times with pentane followed by three times with diethyl ether. Finally,
8 was collected as a white precipitate which was dried in vacuo (3.01 g, 63%). 1H NMR (CDCl3, 200MHz,
25°C): δ = 1.57–1.79 (m, 2H), 1.91–2.05 (q, J = 7.1 Hz, 2H), 2.19 (s, 3H), 2.91 (t, J = 6.8 Hz, 2H), 3.79–3.93 (m, 2H),
7.63–7.90 (m, 15H); 13C NMR (CDCl3, 75.5 MHz, 25°C): δ = 28.1, 28.1, 29.9, 30.2, 30.7, 117.5, 119.2, 129.9, 130.2, 130.5,
130.5, 130.8, 130.8, 133.8, 133.8, 133.8, 134.0, 134.0, 134.0, 134.1, 134.3, 135.1, 135.2, 196.3; HRMS: m/z [M]+ calcd for
C24H26OPS: 393.1426; found: 393.14255. 1H NMR data is consistent with literature [19].

Synthesis of S-thiobutyltriphenylphosphoniumpantetheine (TBTP-pantetheine, 4)
S-acetyl-thiobutyltriphenylphosphonium bromide (8, 4.50 g, 9.50 mmol) was dissolved in ethanol (13.6 ml)
and 1 M NaOH (10.5 ml), followed by stirring for 30 min at room temperature. To this reaction mixture was
added a solution of D-pantethine (2.63 g, 4.75 mmol) in ethanol (20.5 ml). The reaction mixture was stirred
for 2 hours at room temperature, followed by removal of the ethanol in vacuo. The residue was dissolved
in water for lyophilization overnight. The final product was purified by flash column chromatography (1020% MeOH/DCM) to yield 4 as a white powder (2.14 g, 32%). 1H NMR (CDCl3, 200MHz, 25°C): δ = 0.88 (s,
3H), 0.93 (s, 3H), 1.66–1.85 (m, 2H), 1.92–2.12 (m, 2H), 2.48 (t, J = 5.8 Hz, 2H), 2.62–2.96 (m, 4H), 3.33–3.54 (m,
6H), 3.62–3.76 (m, 4H), 4.03 (s, 1H), 7.49 (br s, 1H), 7.66–7.87 (m, 15H), 8.05 (br s, 1H); 13C NMR (CDCl3, 75.5
MHz, 25°C): δ = 20.9, 22.1, 23.1, 24.5, 30.2, 30.2, 36.0, 36.8, 38.6, 38.8, 39.4, 42.8, 70.7, 117.4, 119.1, 130.7, 130.7, 130.7,
130.9, 130.9, 130.9, 133.7, 133.7, 133.7, 133.8, 133.9, 133.9, 133.9, 134.1, 135.4, 135.5, 172.4, 174.1; HRMS: m/z [M]+ calcd for
C33H44O4N2PS2: 627.2465; found: 627.24548.

Stability of TBTP-pantetheine (4) in water
A solution of TBTP-pantetheine (4, 1 mM) was prepared in water and kept at different temperatures (-20°C,
4°C, 25°C, and 37°C) for 14 days. Samples were injected on HPLC (method already described) on day 1, day
7 and day 14 in order to determine the concentration of 4 in solution, based on a standard curve of known
concentrations prepared for TBTP-pantetheine (4). The experiment was performed in triplicate and the
indicated errors are standard deviations.
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Stability of TBTP-pantetheine (4) in Fetal Calf Serum
Solutions of TBTP-pantetheine (4, 1 mM) or D-pantethine (1 mM) were prepared in 10% FCS (pre-incubated
at 37°C) in PBS in a final volume of 150 µl. Corresponding control samples either contained no FCS, no
pantethine or no TBTP-pantetheine (4). The samples were incubated at 37°C for 60 min and degradation
action of the enzyme stopped at specific timepoints (5, 10, 20, 45 and 60 min) by flash freezing in liquid
nitrogen followed by centrifugation for 45 minutes at 14 000 rpm in 3 K centrifugal filters at 4°C. The
experiment was performed in triplicate and each sample was analyzed by the already described HPLC
method. The amount of pantothenate formed was calculated by correlation to a standard curve of
known pantothenate (2) concentrations. The amount of pantothenate (2) formed upon degradation of
pantethine, was divided by 2 in order to compensate for the 2:1 pantetheine (1) ratio between pantethine
and TBTP-pantetheine (4). The errors bars indicate standard deviations.
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Membrane Permeability of TBTP-pantetheine (4)
To determine the membrane permeability potential of 4, a previously reported in vitro model was used
[24]. Experiments were carried out according to the manufacturer’s instructions. The donor well was
filled with 300 μl of a solution of the test compound (either D-pantethine or 4) in PBS and the acceptor
wells contained 200 μl PBS. Two different concentrations were tested: a low concentration of 800 μM
and high concentration of 2 mM, with every condition tested in quadruplicate. The Parallel Artificial
Membrane Permeability Assay (PAMPA) plate system was assembled and incubated for 5 hours at room
temperature without agitation. After incubation, 100 μl of each donor and acceptor well solution was
transferred to a UV 96-well plate where the absorbance was measured between 220 and 400 nm using
a SPECTROstar Omega plate reader. The concentration of compound present in each solution was
determined by comparison with standard curves determined for each compound. Caffeine and amiloride
were measured as positive and negative control for membrane permeation, respectively [5]. Permeability
and mass retention was determined.

RESULTS AND DISCUSSION
Synthesis
We set out to prepare TBTP-pantetheine (4) following our hypothesis that this pantetheine-derivative
exhibits enhanced bioavailability and pharmacokinetic properties as compared to pantetheine itself. TBTP
(5) was synthesized according to known literature procedures by firstly preparing the acetylated form of
TBTP (8, Fig. 1a), which prevented oxidation of the thiol under synthesis conditions [19]. Prior to coupling
TBTP (i.e. a thiol (5) which is the non-acetylated form of compound 8) to pantetheine (1) to produce the
required disulfide 4, the acetyl group of 8 was removed by means of base hydrolysis in a one-pot synthesis
procedure. This resulted in the successful synthesis and purification of TBTP-pantetheine (4, Fig. 1a). The
overall yield of this simple three-step synthesis is low (overall yield of 5%), mainly due to two factors.
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First, the reported preparation of 8 in this manner constitutes low yields (30%) [19] and we found similar
results with an overall yield of 17%. An alternative route for the preparation of TBTP (5) has been reported
and utilizes commercially available 4-bromobutyltriphenylphosphonium bromide in combination with
hydrosulphide exchange resin to deliver TBTP in one step in a yield of 95% [20]. This method might
prove much more effective in future strategies for TBTP-linked molecules. Secondly, synthesis involving
pantothenate derivatives proves to be challenging if the 4’-hydroxyl group is not protected, since these
compounds are usually water-soluble which impairs the use of aqueous work-up procedures before
purification. This, in combination with the presence of water soluble TBTP and bis-TBTP in the reaction
mixture, complicates purification of the final product. Nevertheless, despite these obstacles we were still
successful in the preparation and purification of 4 and the final purity of the compound was determined
as >83% pure by HPLC analysis (assuming identical Ɛ-values of the contaminant(s) as compared to 4).

Fig. 1. Synthesis and stability of TBTP-pantetheine (4).
a) Synthesis route for TBTP-pantetheine in three steps starting from 4-bromo-1-butene (6). b) Stability of TBTP-pantetheine in water at
different temperatures (-20 °C in black, -4 °C in dark grey, 25 °C in light grey, 37°C in white) over two weeks. Experiment was performed
in triplicate and error bars denote standard deviations. c) Pantothenate formation by the degradation of TBTP-pantetheine (triangles)
vs. pantethine (circles) in 10% FCS over 60 min. Experiment was done in triplicate and error bars denote standard deviations.

Stability of TBTP-pantetheine
The aqueous stability of 4 was determined after 1, 7 and 14 days at various temperatures (-20°C, 4°C, 25°C
and 37°C). No degradation was observed at low temperatures (i.e. -20°C and 4°C); however, mild decay
(<15%) was observed for samples stored in water at 25°C and 37°C (Fig. 1b). Degradation mainly resulted in
the formation of pantetheine and TBTP. The data therefore suggest that decay of 4, when measured in a
biological matrix, is not due to aqueous instability of the compound.

44

Synthesis and characterization of TBTP-pantetheine

Next, we set out to determine the stability of TBTP-pantetheine (4) in the presence of fetal calf serum
which exhibits pantetheinase activity. Pantethine and TBTP-pantetheine were incubated in the presence
of 10% fetal calf serum for 60 minutes, and the amount of pantothenate (2, the degradation product)
formed was measured by HPLC at different time intervals. The stability of pantetheine bearing a TBTPmoiety (4) appeared not to be higher than the stability of pantethine. In fact, from Fig. 1c it is clear that
more pantothenate (2) is formed in 60 minutes from 4 than from pantethine. This illustrates that, similar
to previous studies, pantetheinases are very promiscuous in accepting pantetheine derivatives with
modifications on the cysteamine moiety of the molecule.

Membrane Permeability of TBTP-pantetheine (4)

3

It is of particular clinical interest to study whether the derivatization of pantetheine (1) by attaching a TBTPmoiety (5) leads to an increase in membrane permeability. In general, it is assumed that passive diffusion
is the most important mode of permeability involved in the blood brain barrier [24]. A Parallel Artificial
Membrane Permeability Assay (PAMPA) was used to investigate the passive diffusion behavior of TBTPpantetheine (4) compared to pantethine (the disulphide of 1) [24]. By using this assay, 4 and pantethine
were tested for their ability to permeate through the artificial membrane and their mass (or membrane)
retention was determined. The negative logarithm of permeability is shown (Fig. 2a) and indicates that
compounds with a high tendency to permeate through the membrane will have a low value, such as
caffeine which was used as positive control, whereas a high value will indicate little diffusion as seen for
amiloride which was used as negative control for permeation [24]. The permeability of pantethine and
TBTP-pantetheine (4) was found to be similar (Fig. 2a), indicating poor diffusion through the membrane
by both these compounds. However, the mass retention of TBTP-pantetheine (4, 20%) was found to be
significantly higher than that for pantethine (~2%) (Fig. 2b, Student’s t-test, two-sided, P = 0.0075). These

Fig. 2. Membrane diffusion of TBTP-pantetheine (4) compared to pantethine (disulphide of 1).
a) Membrane permeability of TBTP-pantetheine (4) compared to pantethine (disulphide of 1) using a PAMPA test. Caffeine and
amiloride are included as positive and negative control, respectively. No significant difference is denoted as “ns” and was determined
with a Mann-Whitney U-test (two-sided, P = 0.4166). Note that the negative logarithm of permeability is shown. b) Membrane
retention of TBTP-pantetheine (4) compared to pantethine (disuphide of 1) using the same experiment that generated data shown in
Fig. 2a. The significant difference observed between TBTP-pantethine (4) and pantethine (disulphide of 1) is indicated by ** (Student’s
t-test, two-sided, P = 0.0075). Experiments were done in quadruplicate with error bars indicating standard error mean.
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results show that TBTP-pantetheine (4) is indeed more lipophilic than pantethine (the disulphide of 1) but
that passive permeability of the compound is not increased. This assay does not include the possibility
of active transport of either TBTP-pantetheine (4) or pantethine by carriers present in the blood brain
barrier. It is believed that the involvement of these active transport processes in permeability of drugs
have been underestimated and might be processes which warrant further investigation [24].

CONCLUSION AND FUTURE
OUTLOOK
Here we described the derivatization of pantetheine in an attempt to improve its pharmacological
activity as a rescue agent for PKAN. We were successful in preparation and sufficient purification of TBTPpantetheine (4) and showed that the TBTP-pantetheine shows increased membrane affinity, but not
increased passive membrane permeability, as compared to pantethine. TBTP-pantetheine (4) is stable
in aqueous solution, however it is degraded by pantetheinases present in fetal calf serum. This effect
might be overcome when using this compound in combination with known pantetheinase inhibitors;
although, pantetheinase inhibitors may introduce toxicity and alter some biological processes [17]. Even
though TBTP-pantetheine (4) is being degraded faster than pantethine in vitro, future work will be of
value to test this novel derivative of pantetheine in vivo on insect and human cells in a PKAN model to
determine if it has superior rescue potential over pantethine. There is also potential to extend 4 further
as a drug for other diseases. Among other uses, pantethine has been found to ameliorate MPTP induced
toxicity in a murine model of Parkinson’s disease. However, effective delivery to the drug target of the
compound is still lacking [5]. The exact mode of action of pantethine is still unknown. Pantethine is
reduced in vivo to pantetheine and subsequently the rescue potential of this molecule might be due to
its metabolites cysteamine or pantothenate. Although cysteamine is being used to treat cystinosis, it has
also been found to have side effects when treating this disease [25]. In contrast a study on the toxicity
of pantetheine shows that this compound has low toxicity in mice [26,27]. Therefore, treatment with
pantethine or pantetheine might be a safer alternative for cysteamine, because pantethine is less toxic
and still will be reduced to pantetheine (1) and then further degraded by pantetheinases to cysteamine,
which is the active rescue compound for cystinosis treatment. It is currently unclear why cysteamine
shows increased toxicity compared to pantethine. Addition of the TBTP-moiety (5) to pantetheine (1), as
presented and investigated here, could possibly act as carrier to either deliver pantetheine or cysteamine
to its specific target in various diseases. The applicability of TBTP (5) in this regard however needs to be
further investigated.
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CHAPTER 4

ABSTRACT
The metabolic cofactor Coenzyme A (CoA) gained renewed attention because of its role in
neurodegeneration, protein acetylation, autophagy and signal transduction. The longstanding dogma is
that eukaryotic cells obtain CoA exclusively via the uptake of extracellular precursors, especially vitamin B5,
which is intracellularly converted through five conserved enzymatic reactions into CoA. We demonstrate
that cells and organisms possess an alternative mechanism to influence intracellular CoA levels with
the use of exogenous CoA. CoA is hydrolyzed extracellularly by ecto-nucleotide-pyrophosphatases
to 4’-phosphopantetheine, a biologically stable molecule, able to translocate through membranes via
passive diffusion. Inside the cell, 4’-phosphopantetheine is enzymatically converted back to CoA by the
bifunctional enzyme CoA synthase. Phenotypes induced by intracellular CoA deprivation are reversed
when exogenous CoA is provided. Our findings answer long-standing questions in fundamental cell
biology and have major implications for understanding CoA-related diseases and therapies.
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INTRODUCTION
Coenzyme A (CoA) was identified more than 60 years ago1 and as a carrier of acyl groups, CoA is essential for
over 100 metabolic reactions. It is estimated that CoA is an obligatory cofactor for 9% of known enzymatic
reactions2. CoA and acetyl-CoA influence protein acetylation levels in various model organisms3-5. Protein
acetylation is an essential posttranslational modification, catalyzed by acetyltransferases that use acetylCoA as the source6. Acetyl-CoA levels also affect autophagy7, 8, and CoA promotes oocyte survival in
Xenopus laevis by binding to and activating calcium/calmodulin-dependent protein kinase II (CaMKII)9.
Taken together, intracellular concentrations of acetyl-CoA and CoA are critical to a broad range of cellular
processes10.
Current thinking about how cells and organisms obtain this indispensable molecule originates from
experiments performed in the 1950’s2, 11, which demonstrate how a specific sequential order of enzymatic
activities result in the formation of CoA in vitro when Vitamin B5 was used as a substrate. These
enzymes are, in order, pantothenate kinase (PANK); phosphopantothenoylcysteine synthetase (PPCS);
phosphopantothenoylcysteine decarboxylase (PPCDC); phosphopantetheine adenylyltransferase (PPAT)
and dephosphoCoA kinase (DPCK) (Figure 1a). Later, genes encoding these enzymes were identified in
a wide range of organisms2, 12-14 and references therein. In some organisms, including Drosophila melanogaster,
mice and humans, PPAT and DPCK enzyme activities are combined into a single bifunctional protein,
referred to as CoA synthase or COASY12, 13, 15. In vitro experiments show that in addition to Vitamin B5,
pantetheine can also be phosphorylated by pantothenate kinase activity, and the formed product,
4’-phosphopantetheine, can serve as a precursor for CoA16. However, direct evidence that cells take up
intact pantetheine and utilize it for CoA biosynthesis is still lacking.
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In addition to renewed interest in the CoA molecule and its cellular roles, the biosynthetic route gained
attention because of its connection with specific forms of neurodegeneration. Two enzymes in the CoA
de novo biosynthetic route, PANK (first step) and COASY (combined last 2 steps) are associated with
a neurodegenerative disease classified as NBIA (Neurodegeneration with Brain Iron Accumulation)17, 18.
Mutations in the gene encoding PANK2 (one of four human PANK genes) cause an NBIA disorder, called
pantothenate kinase-associated neurodegeneration (PKAN)18. Patients experience progressive dystonia
and accumulate iron in specific brain regions. Recently, patients with mutations in the gene encoding
COASY were identified and they have similar clinical features and brain iron accumulation. This new
NBIA disorder is referred to as CoPAN, for COASY protein-associated neurodegeneration17. This strongly
suggests that impairment of the classic CoA biosynthetic route underlies progressive neurodegeneration
in these patient groups. Currently there is no treatment available to halt or reverse the neurodegeneration
in these CoA-related disorders.
CoA levels are decreased in a Drosophila model for PKAN and the neurodegenerative phenotypes and
decreased CoA levels are rescued by addition of pantethine to the food19. Pantethine addition also rescues
a ketogenic diet-induced neurodegenerative phenotype in PANK2-/- knock out mice20. These studies
demonstrate that in a pantothenate kinase impaired background, CoA precursors other than vitamin B5
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can alleviate neurodegenerative symptoms. How pantethine exerts its rescuing function (especially in
the mouse study) is unclear because pantethine is highly unstable in serum and rapidly converted into
Vitamin B5 and cysteamine by pantetheinases20, 21.
The aim of this study was to determine whether alternate routes exist for cells and organisms to obtain
CoA. We found that extracellular CoA levels influence intracellular CoA levels both in vitro and in vivo. We
showed that CoA is not a biologically stable molecule and cells do not take up CoA directly. We presented
evidence that ecto-nucleotide-pyrophosphatases hydrolyzed CoA into 4’-phosphopantetheine. In
contrast to pantetheine21, 4’-phosphopantetheine was stable in serum, was taken up by cells via passive
diffusion and was intracellularly re-converted into CoA. Via this route, exogenous CoA rescued CoAdeprived phenotypes at the cellular, developmental, organismal and behavioral level. We showed that
CoA rescue was independent of the first three classic CoA biosynthetic steps (PANK, PPCS and PPCDC)
and that it depended on the last bifunctional enzyme, COASY. Our data demonstrated the existence of
an alternate mechanism for cells and organisms to influence intracellular CoA levels derived from an
extracellular CoA source with 4’-phosphopantetheine as the key intermediate.

RESULTS
CoA supplementation rescues CoA-depleted phenotypes
In order to answer the question of whether cells are able to obtain CoA from sources other than classic
de novo biosynthesis (Figure 1a), we first sought to determine whether extracellular sources of CoA could
serve as a supply for intracellular CoA. For this, we used RNA interference to induce PANK (first enzymatic
step) depletion to block the de novo biosynthesis route and to create a CoA-depleted phenotype.
Subsequently the rescue potential of exogenous CoA was tested. PANK depletion by RNA interference in
Drosophila cultured S2 cells (Figure 1b insert) was associated with a reduction in cell count (Figure 1b,c) and
histone acetylation levels (Figure 1d-e), as previously demonstrated4. Addition of CoA to the medium of
the cultured cells rescued the cell count in a concentration-dependent manner (Figure 1c) and restored
the histone acetylation phenotype (Figure 1f). Next, we questioned whether this rescue also applied to
other cell types and systems of impaired CoA biosynthesis. Treating Drosophila S2 cells with the chemical
PANK inhibitor Hopantenate (HoPan)22, also induced a decrease in cell count (Supplementary Results,
Supplementary Figure 1a) and histone acetylation levels (Supplementary Figure 1b-c). This HoPan-induced
phenotype was also rescued by direct supplementation of CoA to the medium of the cells (Supplementary
Figure 1a,d). Next, we studied the effects of HoPan in mammalian HEK293 cells to address the possibility
that the beneficial effects of exogenous CoA were insect cell-specific. When HEK293 cells were treated with
HoPan, they showed a phenotype similar to Drosophila S2 cells, with decreased cell count and impaired
histone acetylation. When CoA was added to the culture medium both the decreased cell count (Figure 1g)
and the impaired histone acetylation phenotypes (Figure 1h) were rescued. These in vitro results confirmed
the potency of exogenous CoA to rescue phenotypes induced by impaired PANK in diverse cellular systems.
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phenotypes

synthase). b. Relative Drosophila S2 cell count of control (100%) and dPANK/fbl RNAi treated cells. ‘Insert’ - western blot of dPANK/
Fbl protein levels in control and dPANK/fbl RNAi treated cells, tubulin as loading control. Data represent mean ± SD (n = 3), twotailed unpaired Student’s t-test was used for statistical analysis (***P ≤ 0.001). c. Relative cell count of control (100%) and dPANK/fbl
RNAi treated cells in the presence of increasing concentrations of CoA. Data represent mean ± SD (n = 4). d-f. Immunofluorescence
showing protein acetylation levels in control (d) and dPANK/fbl RNAi treated cells without (e) and with CoA (f). Anti-acetylated-Lysine
antibodies (green), Rhodamin-Phalloidin (red, F-actin) and DAPI (blue, DNA) were used. Scale bar indicates 20_m. g. Relative cell
count of control (100%) and HoPan treated HEK293 cells with and without CoA. Data represent mean ± SD (n = 3), two-tailed unpaired
Student’s t-test was used (*P ≤ 0.05, **P ≤ 0.01). h. Western blot and quantification of histone acetylation levels in control and HoPan
treated HEK293 cells in presence and absence of CoA. GAPDH was used as loading control. Data indicate mean ± SD (n = 3), two-tailed
unpaired Student’s t-test was used (*P ≤ 0.05).
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Figure 2 | CoA rescues impaired PANK phenotypes of C. elegans and Drosophila. (a) Motility
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To test the effect of CoA supplementation in vivo, we used homozygous Caenorhabditis elegans
(C. elegans) pantothenate kinase (pnk-1) mutants4, which showed decreased motility (Figure 2a,
Supplementary Figure 2a) and a decreased lifespan (Figure 2b). Addition of CoA to the food of these
mutants improved these phenotypes significantly (Figure 2a,b and Supplementary Figure 2a-e).
Furthermore, when a Drosophila w1118 control fly line was treated with HoPan, larval lethality was induced
and a decreased eclosion (emerging from the pupal case) rate was observed (Figure 2c). This HoPaninduced phenotype was fully rescued by the addition of CoA to the food of the larvae (Figure 2d).
These data demonstrated that supplementation of CoA reverted the phenotypes arising from impaired
de novo CoA biosynthesis, an effect that was observed in diverse eukaryotic cell types and organisms.

External supply of CoA influences intracellular CoA
The observed rescue effect could occur in several ways. Either intracellular CoA levels could have been
restored, or rescue was achieved independent of the restoration of CoA levels in the cells. If the latter
was true, intracellular levels of CoA would not be restored by exogenous CoA. To investigate this, a
sensitive HPLC method was developed consisting of pre-column thiol-specific derivatization of samples
with ammonium 7-fluorobenzofurazan-4-sulfonate (SBDF), followed by chromatographic separation
by gradient elution on a C18 column and fluorescence detection (see online Methods). The HPLC-CoA
analysis showed that intracellular CoA levels were significantly reduced in extracts of HoPan-treated S2
and HEK293 cells, addition of CoA to the culture medium restored the intracellular concentration of CoA
(Figure 2e,f). These results suggested that extracellular CoA exerted its beneficial effects in CoA-depleted
cells by increasing and thereby “normalizing” intracellular CoA concentrations.
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In serum, CoA is degraded to stable 4’-phosphopantetheine
The mechanism behind this alternative CoA route was not known. The observations in Figure 1 and 2
indicated that either 1) CoA entered cells directly, although such a transport process has not been
described; or 2) CoA was converted to an intermediate product that entered the cell and was converted
back to CoA in a PANK-independent manner. Previous research found that CoA is not stable in liver
extracts and degrades to 50% at -20°C after a week23, however, the stability of CoA in an extracellular
environment such as in aqueous or in standard cell culture medium is unknown. Moreover, these early
reports did not identify specific degraded or converted products. We measured the stability of CoA in
PBS, serum-free medium, medium containing fetal calf serum and in fetal calf serum (FCS) during a 3hrs
incubation. HPLC analysis revealed that CoA was relatively stable in PBS and serum free medium, with
>95% of the initial concentration still present after 3hrs (Supplementary Figure 3, 4a). However, in the
presence of fetal calf serum, CoA was rapidly degraded (Figure 3a; Supplementary Figure 4b). After 3hrs
of incubation only 10% of the initial concentration was detectable (Supplementary Figure 3, 4b). Detailed
stability analysis at different time points in PBS and fetal calf serum revealed that 90% of CoA was already
degraded after 30 min in fetal calf serum (Figure 3a). Disappearance of CoA coincided with the appearance
of one unknown thiol-containing product in the HPLC chromatogram, which migrated at 18.273 minutes
and remained stable over the time course of 3hrs (Figure 3b, Supplementary Figure 4b). Since this extra
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peak had to be a thiol-containing molecule, we speculated that it could be a CoA degradation product,
namely dephospho-CoA, 4’-phosphopantetheine (PPanSH), or pantetheine2. In contrast to dephosphoCoA and pantetheine, 4’-phosphopantetheine is not commercially available and hereto, we chemically
synthesized this compound (Supplementary Note) in order to complete our analysis. HPLC analysis
and comparison with standards demonstrated that the thiol-containing degradation product of CoA
was neither dephospho-CoA nor pantetheine (Supplementary Figure 4a-e), but it exactly matched the
retention time of 4’-phosphopantetheine standard (Figure 3c,d; Supplementary Figure 4b,c). These
results indicated that CoA was converted into 4’-phosphopantetheine in serum and was stable. This is in
contrast to pantetheine which is not stable in serum (Supplementary Figure 5a)21. We further investigated
the conversion of CoA in mouse serum and in human serum. In sera from both species, including
serum derived from PKAN patients (Supplementary Figure 5b) we found that CoA was also converted to
4’-phosphopantetheine (Figure 3e, Supplementary Figure 5c).
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To investigate whether this conversion also occured in vivo, Drosophila larvae were fed CoA, and L1 and L2
stage larval extracts were obtained after 2 days and 3 days of feeding, respectively. HPLC analysis showed
that externally added CoA resulted in increased levels of 4’-phosphopantetheine in both L1 (>20 fold) and
L2 larvae (>60 fold) (Figure 3f). To investigate whether this conversion also occured in higher organisms,
different concentrations of CoA were injected intravenously into adult mice, and plasma was collected
after 30 min and 6 hrs. HPLC analysis in combination with mass spectrometry revealed the presence of
low levels of endogenous 4’-phosphopantetheine in fresh mouse serum (Supplementary Figure 6a-c)
and showed that the injected CoA was rapidly converted to 4’-phosphopantetheine after 30 min (Figure
3g). Moreover we demonstrated using mass spectrometry that elevated levels of 4’-phosphopantetheine
were still present in the plasma 6 hrs after CoA injection (Supplementary Figure 6d).
These data indicated that CoA is converted into 4’-phosphopantetheine in vitro and in vivo. Furthermore
these results suggested that 4’-phosphopantetheine could be the principal molecule that was taken up
by CoA-depleted cells, converted back into CoA intracellularly and this resulted in rescue of the CoAdepleted phenotypes.

Conversion of CoA into 4’-phosphopantetheine by ENPPs
Next we questioned which factors could be responsible for the conversion of CoA into
4’-phosphopantetheine in serum. To identify candidate enzymes, serum from various species (fetal calf,
mouse and human) was pre-conditioned, and CoA conversion into 4’-phosphopantetheine was assessed.
First, the effect of heat inactivation of the serum was studied. HPLC analysis showed that heating the
serum at 56°C for 30 min completely abolished the conversion of CoA to 4’-phosphopantetheine (Figure
4a), this indicated the involvement of enzymes or proteins in the process. Second, the conversion of
CoA to 4’-phosphopantetheine requires the hydrolysis of a phosphoanhydride bond, which is typically
catalyzed by (pyro)phosphatases or hydrolases. The majority of enzymes in the known family of
(pyro)phosphatases and hydrolases depend on metal ions for their activity. To test these candidates,
ethylenediaminetetraacetic acid (EDTA) was added to serum to chelate metal ions. Treatment of serum
with EDTA completely prevented the formation of 4’-phosphopantetheine (Figure 4b). This strongly
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It should be stressed that not all mutants with defects in CoA
biosynthesis enzymes showed an identical phenotype, which can be
explained by the types of fly lines (e.g., RNAi construct–expressing
lines, hypomorphic or null mutants) used. This has been reported
previously not only for Drosophila but also for other organisms12,37.
Regardless of the severity of the phenotypes and the developmental stage in which they first arose, the determination of the rescue
potential of CoA in the available mutants was a valuable tool for
testing our hypothesis. A scheme of the hypothesis, the Drosophila
life span and the phenotypes of the fly lines used are presented in
Supplementary Figure 10.
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PBS (100%) are indicated (see Online methods for detailed protocol).

5

Figure 4 | Conversion of CoA into stable 4′-phosphopantetheine in serum is mediated by heat-unstable and metal-activated enzymes. (a) coA stability
as measured via Hplc analysis after 3 h of incubation in FcS, mouse serum and human serum. (b) coA stability as determined by Hplc after 3 h of
Figure 4: Conversion of CoA into stable 4’-phosphopantetheine (PPanSH) in serum is mediated by heat unstable and metal-activated enzymes. a. CoA was incubated in heat-inactivated fetal calf
incubation
in FcS, mouse serum and human serum pretreated with edtA (10 mM) or not treated. (c) coA levels after 3 h of incubation in FcS, mouse
serum, mouse serum and human serum for 3 hrs and CoA stability was measured using HPLC analysis. b. CoA stability was determined in fetal calf serum, mouse serum and human serum pre-treated with
serum and human serum not treated or pretreated with Atp or Adp (both 10 mM). (d) coA stability after 3 h of incubation in FcS, mouse serum and
EDTA (10mM) and CoA levels were measured after 3 hrs using HPLC analysis. c. CoA was incubated in fetal calf serum, mouse serum and human serum pre-treated with ATP or ADP (both 10mM) and CoA levels
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in genes encoding enzymes upstream of 4′-phosphopantetheine in
the CoA pathway. As a corollary, CoA would not be predicted to
rescue COASY mutant phenotypes.
We aimed to test this hypothesis. In the Drosophila genome,
we identified single orthologues for all the enzymes involved in
CoA biosynthesis12, including dPANK/fbl, dPPCDC and dCOASY.
We obtained a set of Drosophila strains carrying either mutations
in genes encoding these enzymes or an upstream activation
sequence (UAS)-RNAi construct. Homozygous mutants or flies
ubiquitously expressing the RNAi construct showed downregulation of mRNA levels (Supplementary Fig. 11) or protein levels
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suggested that metal ions were required for the CoA conversion. The most likely hydrolase or (pyro)
phosphatase candidates, which possess the ability to convert CoA and which are metal-ion dependent
for their activity, are nudix hydrolases, alkaline phosphatases and ecto-nucleotide pyrophosphatases
(ENPPs)24-28. These candidate enzymes are also known for their ability to hydrolyze adenosine
5’-triphosphate (ATP) and adenosine 5’-diphosphate (ADP)29-31. Therefore, we tested the conversion of
CoA into 4’-phosphopantetheine in serum after addition of excess ATP and ADP. Both competitively
blocked the conversion in all sera tested, further underscoring the involvement of one of these enzymes
(Figure 4c). Alkaline phosphatase and ENPPs are excreted by cells and are present in serum29, 32. Nudix
hydrolases are intracellular hydrolases of CoA25, 30; however, an additional possible extracellular role for
this class of hydrolases cannot be excluded.
Next, we used sodium fluoride (NaF), and levamisole to inhibit nudix hydroloases, and alkaline
phosphatase respectively, and in addition, we also used two different ENPP inhibitors, suramin and
4,4’-diisothiocyanatostilbene-2,2’ disulphonic acid (DIDS)33-35. Our data showed that only suramin and
DIDS were able to efficiently abolish the degradation of CoA into 4’-phosphopantetheine in all the sera,
unlike levamisole, and sodium fluoride (NaF) which showed only mild or no inhibition of CoA degradation
into 4’-phosphopantetheine, respectively (Figure 4d). Sodium fluoride (NaF) did not influence CoA
degradation in serum, which indicated that either nudix hydrolases were not present or did not degrade
CoA in serum. These experiments implicated ENPPs as the most likely class of enzymes to hydrolyze
CoA into 4’-phosphopantetheine in serum. Moreover, in all of the CoA serum stability experiments
listed above, there was an inverse correlation between the levels of CoA and 4’-phosphopantetheine
(Supplementary Figure 7a-c), which underscored that CoA degradation into 4’-phosphopantetheine was
mediated by ENPPs.

44

4’-phosphopantetheine rescues CoA-depleted phenotypes
Our data so far predicted that PANK impairment not only induced decreased CoA levels but also decreased
levels of 4’-phosphopantetheine. Furthermore, it predicted that addition of 4’-phosphopantetheine to
CoA-depleted cells could rescue the induced phenotypes. HPLC analysis of HoPan treated Drosophila S2
cells indeed showed reduced levels of 4’-phosphopantetheine, and external supplementation with either
CoA or 4’-phosphopantetheine significantly increased intracellular levels of 4’-phosphopantetheine
(Figure 5a). Moreover, when 4’-phosphopantetheine was added to Drosophila S2 cells treated with
HoPan (Figure 5b) or dPANK/fbl RNAi (Figure 5c) the CoA-depleted phenotype was again rescued.
4’-Phosphopantetheine supplementation also rescued the histone acetylation defect in Drosophila S2
cells treated with dPANK/fbl RNAi (Supplementary Figure 8a-c) or HoPan (Supplementary Figure 8df). Finally, we tested the rescue effect of 4’-phosphopantetheine in HoPan-treated mammalian HEK293
cells and found that it also rescued the HoPan-induced reduction in cell count (Supplementary Figure
8g), intracellular CoA levels (Supplementary Figure 8h) and histone acetylation levels (Supplementary
Figure 8i). Next we investigated whether intact 4’-phosphopantetheine entered cells and whether it was
subsequently converted into CoA. First we treated intact cultured Drosophila S2 cells with stable isotopelabelled 4’-phosphopantetheine under various conditions, and mass spectrometry analysis was used to
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conditions of impaired CoA biosynthesis by HoPan. Next we investigated the characteristics of the
passage of 4’-phosphopantetheine over the cell membrane. First, within 30 min after the incubation of
cells with labelled 4’-phosphopantetheine, the intracellular presence of labelled 4’-phosphopantetheine
was detected in cells cultured at 25°C (normal culturing temperature of S2 cells) and 4°C. There was no
significant difference in the intracellular levels of labelled 4’-phosphopantetheine between these two
conditions (Figure 5e). Next we investigated whether under these conditions, the levels of intracellular
4’-phosphopantetheine increased to the same extent as the externally added increased concentrations
of 4’-phosphopantetheine. Hereto an increasing concentration series (10-100-1000µM) of labelled
4’-phosphopantetheine was added to the cells. This appeared to be the case (Figure 5f). These results
indicated that the capacity of cells to accumulate the externally provided 4’-phosphopantetheine was
not influenced by temperature and was determined by extracellularly provided concentrations. Finally
we investigated the membrane permeating efficiency of 4’-phosphopantetheine using a Parallel Artificial
Membrane Permeability Assay (PAMPA assay)36. Based on this assay 4’-phosphopanteheine but not
CoA showed membrane permeating properties (Supplementary Figure 9e-f). Altogether, these results
pointed to a capacity of 4’-phosphopanteheine to permeate membranes via passive diffusion.
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CoA rescues dPANK/fbl, dPPCDC but not dCOASY phenotypes
Our data showed that CoA from external sources can replenish intracellular CoA levels through its
hydrolysis product 4’-phosphopantetheine and subsequent conversion back to CoA. The most likely
candidate for the latter conversion is the last bifunctional enzyme, COASY, of the classic CoA biosynthetic
pathway. This hypothesis (Supplementary Figure 10) predicts that CoA but not Vitamin B5 can rescue
phenotypes caused by mutations in genes encoding enzymes upstream of 4’-phosphopantetheine in the
CoA pathway. As a corollary, CoA would not be predicted to rescue COASY mutant phenotypes.
We aimed to test this hypothesis. In the genome of Drosophila single orthologs were identified for all the
enzymes involved in CoA biosynthesis12, including dPANK/fbl, dPPCDC and dCOASY. A set of Drosophila
strains was obtained, carrying either mutations in genes encoding these enzymes or carrying a UASRNAi construct. Homozygous mutants or flies ubiquitously expressing the RNAi construct showed a
downregulation of mRNA levels (Supplementary Figure 11a-c) or protein levels (Supplementary Figure 12a)
of these enzymes. CoA and 4’-phosphopantetheine levels were also significantly reduced in all conditions
(Supplementary Figure 12b-e), with the exception of dCOASY mutants, which showed a significant
reduction of CoA, but not 4’-phosphopantetheine (Supplementary Figure 12f).
It should be stressed that not all mutants with defects in CoA biosynthesis enzymes showed an identical
phenotype, which can be explained by the type of flylines (RNAi expressing lines, hypomorphic or null
mutants) used. This has been reported previously not only for Drosophila but also for other organisms12,
37
. Regardless of the severity and developmental stage in which the phenotypes manifested, the
determination of the rescue potential of CoA in the available mutants was a valuable tool to test our
hypothesis. A scheme of the hypothesis, Drosophila life span and the phenotypes of the used fly lines are
presented in Supplementary Figure 10.
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64 (d) life-span analysis of the dPPCDC RnAi fly line untreated (n = 111) or treated with coA
(n = 102) or vitamin b5 (n = 102). differences in survival curves between untreated and
coA-treated dPPCDC RnAi flies were significant by log-rank (Mantel-cox) test (P < 0.001).
(e) ovaries of control and dPPCDC RnAi–expressing Drosophila females untreated or treated with
coA or vitamin b5, imaged with light microscopy. Scale bars, 200 μm. (f) number of eclosed
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were significant with Log-rank (Mantel-Cox) test, between untreated and CoA (18mM) treated dPPCDC RNAi flies (P value < 0.001).e.
Ovarian size of control and dPPCDC RNAi expressing Drosophila females, untreated or treated with CoA or Vitamin B5, imaged with
light microscopy. Scale bar = 200_m. f. Amount of eclosed adult progeny of dPPCDC RNAi females, crossed with control males raised
on control food or supplemented with CoA or Vitamin B5. g. Amount of L1 and L2 dCOASY mutant larvae and controls untreated or
treated with CoA or Vitamin B5. h. Proposed non-canonical CoA supply route starting with extracellular CoA. ENPPs is ecto-nucleotide
pyrophosphatases. Data represents mean ± SD (n = 3) in b,c,f,g; Solid thick bars without error bars indicate no pupae or eclosed flies
observed.

We first tested 2 available mutants for dPANK/fbl; the hypomorphic19 dPANK/fbl1 and the null mutant
dPANK/fblnull. Homozygous dPANK/fbl1 mutants showed reduced levels of dPANK/Fbl protein, and in
homozygous dPANK/fblnull mutants, levels of dPANK/Fbl protein were below detection (Supplementary
Figure 12a). Correlating with this, homozygous dPANK/fbl1 mutants showed a reduced adult lifespan
(Figure 6a, Supplementary Figure 13a)12, 19, while homozygous dPANK/fblnull mutants only developed until
an early L2 larval stage and pupae were not observed (Figure 6b). Addition of CoA to the food of the
homozygous dPANK/fbl1 mutants increased the life span from 20 to 40 days (Figure 6a, Supplementary
Figure 13a), and CoA addition to the food of homozygous dPANK/fblnull mutants extended development
from the L2 stage to early pupal development (Figure 6b). These results supported our hypothesis.
Remarkably, in dPANK/fblnull mutants low CoA and 4’-phosphopantetheine levels were detected
(Supplementary Figure 12c). This may come from a maternal supply or the flyfood as possible resources
(Supplementary Figure 13b).
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To compromise dPPCDC, the enzyme carrying out the third step of the CoA biosynthesis pathway,
we used a UAS-RNAi line (‘dPPCDC RNAi’) as well as a dPPCDC mutant and investigated rescue by
CoA. Homozygous dPPCDC mutants showed lethality at early second instar larval stage L2 (Figure 6c).
dPPCDC RNAi expressing flies showed a milder phenotype, where adult flies were viable but showed a
reduced lifespan (Figure 6d). Females also showed sterility associated with small ovaries and no eggs were
produced (Figure 6e, Supplementary Figure 14a-d). Addition of CoA to the food of homozygous dPPCDC
mutants extended larval development to late pupal stage (Figure 6c). For the dPPCDC RNAi expressing
flies, supplementation of CoA to the food increased the maximal lifespan from 10 days to 30 days (Figure
6d, Supplementary Figure 14e). In addition, female sterility was rescued based on the observations of egg
production and eclosion of viable offspring (Figure 6e,f, Supplementary Figure 14c-d). These results were
also consistent with our hypothesis.
Finally we tested a mutant line of the bifunctional enzyme dCOASY, downstream of 4’-phosphopantetheine.
Homozygous dCOASY mutants developed until first instar larval stage and addition of CoA to the food
did not result in a significant rescue (Figure 6g). As a negative control for all rescue experiments, vitamin
B5 was added to the food, and this did not result in any significant rescue of the phenotypes. A summary
of the rescue with CoA in all flylines is presented in Supplementary Figure 10.
To test our hypothesis further, COASY was downregulated with RNAi in mammalian HEK293 cells. Under
these conditions levels of COASY protein, CoA and histone acetylation were significantly reduced
(Supplementary Figure 14g-f). As in dCOASY mutants, levels of 4’-phosphopantetheine remained
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unaltered in COASY-compromised mammalian cells (Supplementary Figure 14g). Addition of CoA to the
medium neither rescued the COASY RNAi-induced decrease in intracellular CoA levels (Supplementary
Figure 14g) nor restored histone acetylation levels (Supplementary Figure 14f). These results were also in
agreement with our hypothesis.
Taken together, these results demonstrated that impairment of the CoA biosynthetic pathway by genetic
manipulation can give rise to highly complex pleiotropic effects affecting lifespan, development and
fecundity. These phenotypes can be (partially) rescued by the addition of CoA to the food of the animals,
which is then hydrolyzed to 4’-phosphopantetheine which crosses the plasma membrane via passive
diffusion before being converted back to CoA intracellularly, a step requiring COASY (Figure 6h).

DISCUSSION
In our study we addressed the basic question of whether cells and organisms possess alternative ways
to obtain the essential molecule CoA in addition to the canonical pathway utilizing Vitamin B5. We
demonstrate that cells and organisms are able to acquire exogenous CoA, which is converted into the
stable molecule 4’-phosphopantetheine, which enters cells and is converted again into CoA. These newly
identified characteristics of 4’-phosphopantetheine suggest that this molecule can serve as a transport
form of CoA or stable reservoir for rapid access and conversion. The proposed mechanism hypothetically
allows a net flow of CoA or 4’-phosphopantetheine between cells and between membrane-bound cellular
compartments. Our data further suggest that not all cells or organelles within an organism need to harbor
all CoA biosynthetic enzymes in order to obtain CoA and that the route to CoA does not necessarily need
to follow the archetypal direction starting from the uptake of Vitamin B5. Moreover, these observations
hold promise for therapeutic intervention for PKAN because 4’-phosphopantetheine is stable in serum
and passes through cell membranes, thereby allowing for restoration of intracellular CoA levels in cells with
defective CoA synthesis. The stability of 4’-phosphopantetheine is in strong contrast to characteristics
of the dephosphorylated form, pantetheine, which is degraded rapidly in serum by pantetheinases into
vitamin B5 and cysteamine20, 21. These results show that the phosphate group protects the molecule from
degradation and allows 4’-phosphopantetheine to serve as an effective substrate for CoA biosynthesis
from its ready reserve in the circulation.
One intriguing question is whether the proposed route shown here has a physiological function or
whether it is artificially provoked by manipulating concentrations of extracellular CoA. Compared to CoA
concentrations in cytoplasm [0,02-0,14 mM] and mitochondria [2,2-5 mM]38, the concentrations used in
our study (_M range) are relatively low. Answers may come from previous studies demonstrating that
bacteria are able to excrete, but not take up 4’-phosphopantetheine from their environment, suggesting
that bacteria-derived 4’-phosphopantetheine may be present in the digestive system39. The presence of
endogenous 4’-phosphopantetheine in mouse serum and in dPANK/fblnull mutants are consistent with
a possible source of extracellular 4’-phosphopantetheine. The function of such a ‘ready’ pool of CoAprecursor may be for transport from one organ to another. In addition to being a source for intracellular

66

4’-phosphopantetheine is a source of CoA

CoA, extracellular CoA or 4’-phosphopantetheine may have signaling functions based on reports of an
effect of CoA on platelet aggregation and vasoconstriction40, 41. Our results suggest that these effects,
which have been attributed to CoA, may in fact be from 4’-phosphopantetheine. Future experiments are
required to demonstrate the presence and possible impact of a net flow of CoA between organelles, cells
and organisms (such as between intestine bacteria to the host).
The ability of 4’-phosphopantetheine to translocate across membranes answers long-standing questions
regarding the intracellular distribution of CoA and its biosynthetic enzymes. CoA is present in the cytoplasm
and in organelles including mitochondria38. All CoA biosynthetic enzymes are present in cytoplasm42 but
only a subset have been found in mitochondria. It remains unclear how mitochondria obtain CoA, and
the localization of COASY (but not the other CoA biosynthetic enzymes) to the mitochondrial matrix, is
also unexplained17, 43. It has been postulated that CoA synthesized in the cytosol can be transported into
the mitochondrial matrix by specific CoA transporters localized in the mitochondrial inner membrane44.
Indeed evidence for the presence of such CoA transporters has been presented45. Based on our
observations we hypothesize that 4’-phosphopantetheine is able to passage over the mitochondrial
inner membrane into the matrix and be subsequently converted into CoA by matrix COASY. This may
explain the localization of COASY in the mitochondrial matrix17, 43.
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The presence of a 4’-phosphopantetheine uptake mechanism may have large public health implications.
Pathogens and parasites acquire resistance to current treatments, and species-specific inhibitors of CoA
biosynthetic enzymes are attractive candidates for a new class of antibiotics and anti-malarial drugs46, 47.
Such inhibitors may be more effective anti-microbials when 4’-phosphopantetheine uptake is blocked as
well. Alternatively, differences in the uptake capacity of 4’-phosphopantetheine by eukaryotic cells (this
manuscript) and bacteria39 may be further explored as possible targets for antimicrobial strategies.
CoA is essential for coordinating key aspects of cell function. It is therefore not surprising that an
extracellular pool exists to facilitate swift replenishment and that it relies on the formation of a stable
intermediate. While these novel observations raise many new questions about CoA metabolism, they also
suggest therapeutic approaches for a range of life-threatening human diseases.
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SUPPLEMENTARY METHODS
Drosophila S2 Cell Culture, RNA Interference, and CoA and 4’-phosphopantetheine
treatment
Drosophila Schneider’s S2 cells were maintained at 25°C in Schneider’s Drosophila medium (Invitrogen)
supplemented with 10% fetal calf serum (Gibco) and antibiotics (penicillin/streptomycin, Invitrogen)
under laboratory conditions. Synthesis of RNAi constructs and RNA interference (dsRNA) treatment was
carried out as described previously4. Non-relevant (human gene; hMAZ) dsRNA was used as control.
The cells were incubated for 4 days to induce an efficient knock-down. Cells were then subcultured, with
or without CoA (Sigma-Aldrich, Cat. No: C4780, 95% – which is used for all the experiments wherever
stated below) or 4’-phosphopantetheine (PPanSH) (Acies Bio, >92%) at different concentrations and were
maintained for additional 3 days until analysis for rescue efficiency of the compounds was performed. The
stock solutions of compounds were made in sterile water and stored in -20°C until use.
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HoPan treatment of Drosophila S2 Cell in combination with CoA or 4’-phosphopantetheine
treatment
Drosophila Schneider’s S2 cells were maintained at standard conditions as explained above. Cells in the
exponential phase of growth were used for all the experiments. Different indicated concentrations of
CoA or 4’-phosphopantetheine (deuterium labelled PPanSH(D4) or unlabelled PPanSH) were added to
S2 cells either in the presence or absence of 0.5mM HoPan (Zhou Fang Pharm Chemical,; 99%) for 48hrs.
Similarly, Drosophila S2 cells were treated with different concentrations of PPanSH(D4) at either 25°C
or 4°C and cells were then harvested at various time points to access transport of PPanSH(D4). Stable
isotope labelled PPanSH containing 4 deuterium atoms was purchased as a sodium salt (from Syncom;
synthesized as previously described48, 99.7%). As a read out, cell count, intracellular total CoA and PPanSH
levels (both labelled and unlabeled levels wherever appropriate) and histone acetylation levels were
analyzed as explained below.

Drosophila S2 Cell Immunofluorescence Staining
For immunofluorescence Drosophila S2 cells were seeded on Poly-L-Lysine coated (Sigma-Aldrich) glass
microscope slides and allowed to settle for 45min. Cells were fixed with 3.7% formaldehyde (Sigma Aldrich)
for 20min, washed briefly with phosphate-buffered saline (PBS) + 0.1% Triton-X-100 (Sigma Aldrich) and
permeabilized with PBS + 0.2% Triton-X-100 for 20min. The slides were incubated in primary antibody
(rabbit anti-AcLys, Cell Signaling Cat No: 9441, 1:500) to visualize histone acetylation levels in PBS + 0.1%
Triton-X-100 overnight and after an additional washing step in PBS + 0.1% Triton-X-100 they were incubated
in secondary goat anti-rabbit-Alexa488 antibody (Molecular Probes) for two hours at room temperature
(RT). F-actin was detected with Rhodamin-Phalloidin (20U/ml) (Invitrogen) and DNA by staining with DAPI
(0.2_g/ml) (Thermo Scientific). Finally the samples were mounted in 80% glycerol and analyzed using a
Leica fluorescence microscope with Leica software. Adobe Photoshop and Illustrator (Adobe Systems
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Incorporated, San Jose, California, USA) were used for image assembly.

HoPan treatment of mammalian HEK293 Cells in combination with CoA and
4’-phosphopantetheine treatment
HEK293 cells were maintained in dMEM (Invitrogen) supplemented with 10% fetal calf serum (Gibco)
and antibiotics (penicillin/streptomycin, Invitrogen). For HoPan treatment, cells were cultured in custom
made dMEM without Vitamin B5 (Thermo Scientific) supplemented with dialyzed FCS (Thermo Scientific).
CoA or PPanSH was added to HEK293 cells for the final concentration of 25µM, either in the presence or
absence of HoPan (0.5mM) for 4 days, followed by analysis for phenotype and rescue efficiency of CoA
and PPanSH.

Knockdown of COASY by siRNA in mammalian HEK293 cells
HEK293 cells were maintained as described above. HEK293 cells were transfected with 200nM COASY
siRNA (GE Healthcare human COASY 80347 smartpool Cat no: M-006751-00-0010) or non-targeting
siRNA (GE Healthcare Cat no: D-001206-13-20) using lipofectamine 2000 (Invitrogen). 4hrs after
transfection CoA was added in a final concentration of 25µM. Cells were cultured for 3 days and then
harvested for HPLC analysis of total CoA and PPanSH levels and Western blot (histone acetylation) as
described below.

Western blot analysis and Antibodies
For Western blot analysis, cells were collected and washed with PBS, followed by centrifugation. The cells
were lysed and sonicated in 1X Laemmli Sample Buffer and boiled for 5min with 5% β-mercaptoethanol
(Sigma). Protein content was determined using DC protein assay (BioRad). Equal amounts of protein
were loaded on a 10 or 12.5% SDS-PAGE gel, transferred onto PVDF membranes and blocked with 5% milk
in PBS/0.1% Tween, followed by overnight incubation with primary antibodies. The primary antibodies
used were: rabbit-anti dPANK/fbl, 1:4000 Eurogentec custom made as described previously12, mouse
anti-tubulin (Sigma Aldrich Cat no: T5168, 1:5000), anti-acetyl-Histone3 (Active Motif Cat no: 39139,
1:2000), anti GAPDH (Fitzgerald Cat no: 10R-G109a, 1:10000), rabbit anti COASY (Abcam Cat no: AB129012,
1:1000). Appropriate HRP-conjugated secondary antibodies (Amersham) were used and detection was
performed using enhanced chemi-luminescence (Pierce cat nog: 32106) and Amersham hyperfilm (GE
healthcare). Band intensities were quantified with Image-studio software. Full uncut gel images for all
Westerns displayed in this paper are shown in Supplementary Figures 15 and 16.

C. elegans Media and Strains:
Standard culturing conditions were used for C. elegans maintenance at 20°C. N2 strain was used as a
wild-type control. VC927, the PANK deletion mutant pnk-1 (ok1435)I/hT2[bli-4(e937) let-? (q782)qIs48]
(I;III), was obtained from the Caenorhabditis Genetics Center. To obtain synchronous cultures, worms
were bleached with hypochlorite, and allowed to hatch in M9 buffer (3g KH2PO4, 6g Na2HPO4, 5g NaCl, 1ml
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1M MgSO4, H2O to 1 liter) overnight and cultured on standard Nematode Growth Medium (NGM) plates
seeded with OP50 strain of Escherichia coli.

C. elegans lifespan assay
After synchronization, C. elegans L1 animals were grown on control NMG plates or NGM plates
supplemented with 400µM CoA. The life span experiments were started by transferring 100 one-day old
adults per condition on NGM plates, which contained 5-fluoro-2′deoxy-uridine (FUDR) to inhibit growth
of offspring. Once a day surviving animals were counted, the worms that disappeared or crawled out of
the plate were excluded from the analysis.

C. elegans motility assay
After synchronization, L1 C. elegans were grown on control NMG plates or NGM plates containing
various concentrations of CoA. One-day old adults were placed in a drop of M9 buffer and allowed to
recover for 30sec. During the following 30sec, the number of body bends were counted. A movement
was scored as a bend when both the anterior and posterior ends of the animal turned to the same side.
At least 15 worms were scored per condition and each experiment was repeated thrice. The sequential
light microscopy images demonstrating movements of C. elegans in M9 buffer were captured using
Leica MZ16 FA microscope at 32x magnification within the time frame of 1sec and processed using ImageJ
(National Institutes of Health, Maryland, USA) and Adobe Photoshop (Adobe Systems Incorporated, San
Jose, California, USA).
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Drosophila maintenance and crosses
Drosophila melanogaster stocks/crosses were raised on standard cornmeal agar fly food (containing
water, agar 17 g/L, sugar 54 g/L, yeast extract 26 g/L and nipagin 1.3 g/L) at 25°C. The stocks were either
obtained from the Bloomington Stock Centre (Indiana University, USA), VDRC (Vienna Drosophila RNAi
Collection, Vienna, Austria) or from the Exelixis Collection (Harvard Medical School) and rebalanced over
eGFP-positive balancers to identify homozygous (eGFP negative) progeny. The stocks used were: w[1118];
dPANK/fbl1 hypomorph12,19; dPANK/fblnull (y[1] w[*]; Mi{y[+mDint2]=MIC}fbl[MI04001]/TM3, Sb[1] Ser[1],
Bloomington 36941); dPPCDC mutant (w[1118]; PBac{w[+mC]=WH}Ppcdc[f00839]/CyO, Bloomington
18377); UAS-dPPCDC RNAi line (VDRC 104495); dCOASY mutant (PBac{RB}Ppat-Dpck[e00492],
Exelixis). The UAS-RNAi constructs were expressed ubiquitously using the Actin-Gal4 drivers (y[1] w[*];
P{w[+mC]=Act5C-GAL4}25FO1/CyO, y[+], Bloomington 4414). As controls we used the heterozygous
flies/larvae for the mutants and the Actin-Gal4 driver crossed to isogenic w1118 flies (Actin-Gal4/+) for the
RNAi-constructs expressing flies.

Drosophila larval collection and larval count experiment
One week old flies (in the ratio 10 females and 5 males) were kept on 5ml of standard fly food in a vial at
25°C with or without various concentrations of CoA or Vitamin B5 (Sigma, Cat. No. P5155). The flies were
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allowed to lay eggs for 2 days and parent flies were then discarded. The L1, L2 and L3 larvae were collected
from the food with 20% sucrose at appropriate time (day 4, 6 and 8 respectively) for larval counting and
stored in -80°C until analysis. The pupal count was performed between 10-12 days.

Drosophila HoPan Toxicity and CoA Rescue Experiment
One week old w1118 flies (in the ratio 10 females and 5 males) were kept in vials containing standard fly
food with or without HoPan and CoA at indicated concentrations. The flies were allowed to lay eggs
for 2 days, after which the adults were discarded. The resulting offspring were allowed to develop. The
numbers of flies which eclosed were counted to evaluate HoPan toxicity and CoA rescue efficiency.

Drosophila life span
One-day old female adult flies of Drosophila homozygous mutants or RNAi-constructs expressing lines,
were collected with appropriate controls and were kept on standard fly food at 25°C with or without CoA
or Vitamin B5 (Sigma) at necessary concentration (in 50µl added on top of the fly food and dried before
flies were added). The flies were counted every 12-24hrs and flipped to new fly food vials with or without
CoA or Vitamin B5.

Drosophila ovary rescue experiment
UAS-dPPCDC RNAi constructs were ubiquitously expressed under the control of Actin-Gal4. The crosses
were raised at 25°C. F1 RNAi-construct expressing females and control females were collected shortly
after eclosion and transferred to standard fly food or food containing Vitamin B5 or CoA (18mM). Flies
were maintained for 2 days on this food at 25°C. After this period extra yeast and w1118 control males were
added and the crosses were kept at 25°C for another 2 days. After this 4 day period ovaries were dissected
and stained for further analysis. The vials (or plates) from the crosses (with eggs that were being laid
during the 4 day period of CoA treatment) were kept for another 10 days and offspring numbers were
counted after eclosion.

RNA isolation, quantitative Real-Time PCR, and primers
Drosophila larvae and samples of 1-day old adult flies or larvae were collected for homozygous dPPCDC
mutants, dPPCDC RNAi-construct expressing lines and for homozygous dCOASY mutants, followed by
brief washing with PBS. The samples were lysed in TRIZOL (Invitrogen) for RNA extraction and reverse
transcribed using M-MLV (Invitrogen) and oligo(dt) 12-18 (Invitrogen). SYBR green (Bio-Rad) and BioRad Real-Time PCR with specific primers were used for gene expression level analysis. The expression
levels were normalized for rp49 (house-keeping gene). The Primer sequences used were dPPCDC
(TGCACCTGCGATGAATACCC; TCGGCTGAAAGGCGGATAAC), dCOASY (GGCTGTGCGGCGGATTATTG;
CGGGTTAAAGGCTGCTCTGG) and rp49 (GCACCAAGCACTTCATCC; CGATCTCGCCGCAGTAAA)
(Biolegio).
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Drosophila ovary dissection and staining
Drosophila ovaries were collected in cold PBS and fixed in 4% formaldehyde (from methanol-free
16% Formaldehyde Solution, Thermo Scientific) for 45min at RT. The fixed tissue was washed in PBS +
0.1% Triton-X-100 for 1hr at RT and afterwards permeabilized in PBS + 0.2% Triton-X-100 for 1hr. Finally
the ovaries were stained with Rhodamin-Phalloidin (20U/ml) to detect F-actin and DAPI (0.2 _g/ml) for
DNA. Finally the samples were mounted in 80% glycerol and analyzed on a Zeiss-LSM780 NLO confocal
microscope with Zeiss Zen software. Adobe Photoshop and Illustrator (Adobe Systems Incorporated, San
Jose, California, USA) were used for image assembly.

PAMPA assay procedure
Parallel Artificial Membrane Permeability Assay (PAMPA) was performed and processed according to
manufacturer’s instructions (BD Gentest Pre-coated PAMPA plates). Briefly, two superimposed wells are
separated by an artificial lipid-oil-lipid membrane. The compound of interest (PPanSH, CoA, caffeine,
amiloride) was added to the bottom well in phosphate-buffered saline, whereas the top well was filled
with phosphate-buffered saline alone. After 5hrs of incubation at RT, concentrations of the different
compounds were measured using UV-VIS absorption spectroscopy (BMG Labtech SPECTROstar Omega)
along with calibration curves for all compounds. The permeability efficiency was further calculated
according to manufacturer’s instructions (Supplementary figure 9e). For caffeine and amiloride, four
replicates were performed; for PPanSH and CoA twelve replicates were performed. Caffeine and amiloride
were obtained from Sigma.
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Serum collection from PKAN patients
Serum was collected from the blood of PKAN patients and respective healthy family members (control)
using standard protocols. Briefly, venous blood was collected in commercially available red topped
Vacutainer tubes (Becton Dickinson) and allowed to remain at RT for 15-30min undisturbed for the blood
clotting. The tubes were then centrifuged at 2,000 g for 10min at 4°C. The resulting supernatant serum
was immediately transferred to 2ml cryovials and maintained at -80°C until CoA stability assessments
were performed. Blood samples and clinical data were obtained under OHSU’s IRB-approved repository
protocol #7232 following informed consent.

CoA and pantethine serum stability measurements
CoA serum stability studies were conducted in commercially obtained serum and in serum collected from
PKAN patient and healthy family members as controls. Human and Mice sera were purchased from Sigma
and Fetal calf serum was purchased from Gibco. Additionally, dMEM medium with or without 10% fetal calf
serum was used for evaluating CoA stability. Briefly, all sera and samples were incubated for 30min at 37°C
with or without pre-conditioning compounds at final concentration 10mM [Adenosine 5′-triphosphate
(ATP), Adenosine 5′-diphosphate (ADP), Ethylenediaminetetraacetic acid (EDTA), Levamisole, Suramin,
4,4′-Diisothiocyanatostilbene-2,2′-disulfonic acid disodium (DIDS) and sodium fluoride (NaF), all
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purchased from Sigma] followed by addition of CoA 20µM in the ratio of 1:1 and incubated at 37°C after
brief vortex for indicated time intervals. For heat inactivation, all sera were incubated for 30min at 56°C
after which CoA was added. Serum samples at different time points were collected, deproteinized and
analyzed by HPLC as described below. For pantethine serum stability, pantethine (Sigma) was incubated
in fetal calf serum, mice serum and human serum for 15min in 37°C and total levels of pantetheine and
cysteamine was measured using HPLC.

Mice and CoA intravenous injection study
Adult male mice of C57BL/6J 129/SvJ mixed genetic background were used for this study. Two mice
(approximately 25-30g wt) were used for each condition. 0.1mg or 0.5mg CoA in 0.25ml saline solution was
injected intravenously (i.v) into the tail vein. Saline solution (0.25ml) was injected to control groups. After
30min and 6hrs blood samples were collected and further processed to obtain plasma followed by sample
preparation for HPLC or LC-MS analysis as indicated below. All animal studies were approved by the Ethics
Committee of the Foundation IRCCS Neurological Institute C. Besta, in accordance with guidelines of the
Italian Ministry of Health: Project no. BT4/2014. The use and care of animals followed the Italian Law D.L.
116/1992 and the EU directive 2010/63/EU.

HPLC sample preparation protocol for total CoA and 4’-phosphopantetheine measurement
Samples were briefly washed with ice-cold PBS solution. Samples were sonicated thoroughly in 100µl
ice-cold PBS and centrifuged for 10-15min at 4°C to collect supernatant. Tris(2-carboxyethyl)phosphine
hydrochloride (Sigma) (50mM; 10µl) was added to 50µl sample supernatant and were incubated at RT for
15min after vortex-mixing. Saturated ammonium sulfate solution or Millipore 3KD centrifugal filter units
were used to remove proteins. The samples were centrifuged at 14,000 rpm for 15min at 4°C. The clear
supernatant (50µl) or the filtrate was derivatized with 45µl of ammonium 7-flurobenzo-2-oxa-1,3-doazole4-sulfonate (SBD-F, Sigma) (1mg/ml in borax buffer - 0.1M containing 1mM EDTA disodium, pH 9.5), and
5µl ammonia solution (12.5% v/v, Merck Millipore) at 60°C for 1hr. The derivatized samples were placed in
a refrigerated autosampler (10°C) in the Shimadzu HPLC system, and injected for total CoA and PPanSH
analysis using optimized chromatographic separation conditions combined with fluorescence detection
(described below).

Chromatography separation condition
Chromatographic analysis was performed with a Shimadzu LC-10AC liquid chromatograph, SCL-10A
system controller, SIL-10AC automatic sample injector and LC-10AT solvent delivery system. Shimadzu
RF-20Axs fluorescence detector was used for derivatized sample extract analysis. The fluorescence
detector was set at excitation and emission wavelengths of 385nm and 515nm, respectively. Signal
output was collected digitally with Shimadzu Labsolution software and postrun analysis were performed.
Chromatographic separation of the analytes was achieved with a Phenomenex Gemini C18 guard column
(4 x 3mm) connected to a Phenomenex Gemini NX-C18 analytical column (4.6 x 150mm; 3µm particles) at
45°C. The two mobile phases consisted of A: 100mM ammonium acetate buffer (pH 4.5) and B:
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acetonitrile. Flow rate was maintained at 0.8ml/min with a slow gradient elution: 0% B till 7min, 20% B
at 20min, 20% B at 22min, 50% B at 23min, maintained at 50% B till 27min, 0% B at 28min and 7-10min for
column re-equilibration.

Sample preparation for mass spectrometry and instrumental parameters
Samples were briefly washed with ice-cold PBS solution. Samples were then sonicated thoroughly in 100µl
ice-cold milliQ (MQ) water containing 50mM Tris(2-carboxyethyl)phosphine hydrochloride. Subsequently
100µl saturated ammonium sulfate was added to each sample and centrifuged for 20 min at 10°C, 16,100 rcf
to collect supernatant. To 150µl of supernatant, 15µl of ammonium hydroxide (12.5%) was added and 20µl
was injected for LC-MS (liquid chromatography-mass spectrometry) analysis. For mouse plasma analysis,
50µl of MQ water containing 50mM Tris(2-carboxyethyl)phosphine hydrochloride was added to 50µl of
plasma and processed further as mentioned above. Appropriate dilution series of standard CoA, PPanSH
and PPanSH(D4) was processed similarly before analysis. The LC separation of metabolites were obtained
using Phenomenex Gemini NX-C18 analytical column (4.6 x 150mm; 3µm particles) at 45°C. The flow
was maintained at 1ml/min with optimized mobile phase gradient of MQ water (A), 200mM ammonium
acetate (NH4Ac) in 95/5 MQ water/acetonitrile adjusted to pH 4.5 with acetic acid (B), and acetonitrile
(C). The separated analytes were detected with positive mode mass spectrometry (Sciex API5500 Q-trap)
under unit resolution. The targeted Q1/Q3 mass/charge ions of PPanSH, PPanSH(D4), CoA and CoA(D4)
were 359.1/261.1, 363.1/265.1, 768/261.1, and 772/265.1 respectively. The absolute concentration was finally
calculated using linear regression analysis of respective standard compounds, except CoA(D4) which was
estimated indirectly using CoA standards.
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Statistical Analysis
All experimental results are presented as mean of at least 3 independent experiments ± SD, unless
otherwise stated. Statistical significance was determined by a two-tailed unpaired Student’s t test between
appropriate groups wherever applicable. For life span survival curve, more than 80 flies or C.elegans were
used in each group and statistical significance was determined using Log-rank (Mantel-Cox) test (See
figure legends for exact number or flies/C.elegans used in survival analysis). Statistical P values ≤ 0.05
were considered significant (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). Data were analyzed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA).
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Supplementary Figure 1: CoA supplementation rescues HoPan induced phenotypes in Drosophila S2 cultured cells.
a. Relative cell counts of control (100%) and HoPan treated cells in the presence of increasing concentrations of CoA. Data points
represent mean ± SD (n = 3). b-d. Protein acetylation levels were visualized in control (b) and HoPan treated cells without (c) and with
(d) CoA. An antibody against acetylated Lysine (green), Rhodamin-Phalloidin (red), marking F-actin, and DAPI (blue, DNA) were used.
Scale bars indicate 20µm.
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Supplementary Figure 2: Phenotypes induced by impaired pantothenate kinase in C. elegans are rescued by external
supplementation of CoA. a. Quantification of motility in C. elegans pantothenate kinase (pnk-1) mutants with and without addition
of different CoA concentrations (0, 50, 100, 200, 400 and 800µM) to the food. Error bars indicate ± SD (n = 15, except for 0µM where
n = 45) and two-tailed unpaired Student’s t-test was used to assess statistical significance (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). b. Lifespan
analysis of C. elegans pnk-1 mutants untreated (n = 96) and with CoA treatment (100µM; n = 101 and 400µM; n = 90). Survival curves
were found to be significant with P value < 0.001, analyzed with Log-rank (Mantel-Cox) test, between untreated and CoA treated pnk1 mutants. c-e. Representative serial images demonstrating movements of C. elegans wild-type (c) and pnk-1 mutants without (d)
and with (e) CoA treatment (400µM); still images are given; “merged” indicates superimposed images. Scale bar represents 200µm.

79

Supplementary Figure 3
CHAPTER 4

Relative CoA levels (% PBS 0hr)

150

CoA incubation (3hrs)

100

50
***

FC

ed
iu
m
M
+ e
10 di
% um
FC
S

M

PB
S

S

***

0
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80

Supplementary Figure 4
4’-phosphopantetheine is a source of CoA

mV

10000

PBS - CoA
(after 3hrs incubation)

7500

O

5000

HS

N
H

N
H

NH2

O
OO
P
P
O
O
OO
OO P O

N

-

O
OH

O

N

CoA - 17.646

a

N
N

OH

O

2500
0

12.5

15.0

17.5

20.0

min

20.0

min

17.5

20.0

min

17.5

20.0

min

20.0

min

mV

10000

FCS - CoA
(after 3hrs incubation)
CoA - 17.647

7500
5000
2500

18.273

b

44

0

12.5

17.5

10000
7500

PBS - PPanSH
(after 3hrs incubation)

5000

HS

O

-

O
OP
O

O

N
H

PPanSH - 18.273

c

15.0

mV

O

N
H

OH

2500
0

12.5
10000
7500

Pantetheine - 21.614

d

15.0

mV

PBS - Pantetheine
(after 3hrs incubation)
O
HS

5000

O

N
H

N
H

OOH

2500
0

12.5
10000
7500
5000

15.0

mV

PBS - Dephospho CoA
(after 3hrs incubation)
O
HS

N
H

N
H

NH2
N

-

OO
O
P
P
O
O
OO

O
OH

O
HO

N

N
N

OH

2500
0

12.5

15.0

Dephospho CoA - 18.848

e

17.5

Retention time (in min)
Supplementary Figure 4: Chromatogram profile of CoA and its thiol containing conversion product in fetal calf serum. a-e.
HPLC chromatogram profile of CoA stability in PBS (a) and FCS (b) compared with standard 4’-phosphopantetheine (PPanSH, c),
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Supplementary Figure 5: Pantetheine stability, CoA conversion in patient’s serum and CoA and 4’-phosphopantetheine
stability in human serum. a. Pantethine is rapidly degraded in serum. Pantethine was incubated for 15min at 37°C in fetal calf serum,
mice serum and human serum and levels of total pantetheine and cysteamine were measured using HPLC. b. CoA hydrolysis to
PPanSH in serum derived from PKAN patients and their healthy family members as a control. CoA (20µM) was incubated for 3 hrs at
37°C in serum derived from PKAN patient and in serum derived from their healthy family members as a control. Levels of CoA and
PPanSH were measured using HPLC analysis. In patient’s serum CoA was as efficiently hydrolysed into PPanSH as in serum derived from
healthy family members. Error bars represent ± SD where applicable for mean values (n = 3). Genders were indicated as female=F and
male=M. c. CoA was added to human serum and concentrations of CoA and PPanSH in human serum over 6 hrs were determined by
HPLC analysis. Data points indicate mean value ± SD (n = 3).
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Supplementary Figure 6: HPLC chromatogram profile and confirmation by mass spectrometry of endogenous
4’-phosphopantetheine in mouse serum. a. HPLC chromatogram profile in untreated fresh mouse serum (solid line), shows a peak
which co-migrates exactly with PPanSH as visible when the sample was spiked with standard PPanSH (dotted line). These results
indicate the presence of endogenous PPanSH. b-c. Confirmation of endogenous PPanSH by mass spectrometry in mouse plasma (c)
compared to standard PPanSH (b). d. Mass spectrometry was used to confirm the presence of elevated levels of PPanSH in plasma, 6
hrs after CoA injection (0.5mg) in mice.
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Supplementary Figure 7: CoA degradation correlates with the appearance of 4’-phosphopantetheine.
a-c.
4’-phosphopantetheine measurements of the experiment shown in main Figure 4. Fetal calf serum (a), mouse serum (b) and human
serum (c) were heat-inactivated or pre-treated with 10mM of EDTA, or ATP or ADP, or with the inhibitors Sodium fluoride (NaF) or
Suramin and levels of PPanSH were determined as described for main Figure 4. Data represents mean value ± SD (n = 3) and solid black
bars without error bars indicate no PPanSH was detected, wherever applicable.
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Supplementary Figure 8: External supplementation of 4’-phosphopantetheine rescues CoA-deprived phenotypes.
a-f. Immunofluorescence was used to visualize protein acetylation levels in control (a,d), dPANK/fbl RNAi treated (b) and HoPan
treated (e) S2 cells with and without PPanSH (c,f). An antibody against acetylated Lysine (green), Rhodamin-Phalloidin (red), marking
F-actin, and DAPI (blue, DNA) were used. Addition of PPanSH rescues acetylation defects of dPANK/fbl RNAi and HoPan treated S2
cells. Scale bars indicate 20µm. g. Cell count of mammalian HEK293 control cells (100%), cells treated with HoPan with and without
CoA or PPanSH added to the medium. Data indicate mean values ± SD (n = 3) and two-tailed unpaired Students t-test was used for
statistical analysis. h. Relative CoA levels were determined by HPLC of control (100%) and HoPan treated HEK293 cells with and without
CoA or PPanSH added to the medium. Data indicate mean values ± SD (n = 3) and two-tailed unpaired Students t-test was used for
statistical analysis. i. Western blot analysis and quantification to determine histone acetylation levels of control HEK293 cells, cells
treated with HoPan with and without CoA or PPanSH. Data represents mean values ± SD (n = 3) and two-tailed unpaired Students t-test
was used for statistical analysis.
In all the above data representation, statistical significance was indicated as applicable (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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Supplementary Figure 11: Quantitative real-time PCR data demonstrates reduced mRNA expression of dPPCDC and dCOASY
in Drosophila RNAi lines and mutant flies. a. mRNA expression levels of dPPCDC normalized with house-keeping gene (rp49)
expression levels in 1-day old adult dPPCDC RNAi Drosophila female flies and in age-matched control flies. b. mRNA expression levels
of dPPCDC normalized with house-keeping gene (rp49) expression levels in L2 stage control larvae and in L2 stage dPPCDC mutant
larvae. c. mRNA expression levels of dCOASY normalized with house-keeping gene (rp49) expression levels in L1 stage control larvae
and in L1 stage dCOASY mutant larvae.
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Supplementary Figure 12: External supplementation of CoA rescues dPANK/fbl- and dPPCDC- but not COASY-impaired
phenotypes. a. Western blot analysis of dPANK/Fbl protein expression levels of control animals, homozygous hypomorphic (dPANK/
fbl1) mutants and homozygous null (dPANK/fblnull) mutants. Tubulin as loading control. b. CoA and PPanSH levels measured by HPLC
analysis in 1-day old hypomorphic homozygous (dPANK/fbl1) mutant and control adult flies. CoA and PPanSH levels in mutant larvae
are presented as percentages of CoA levels in control larvae. c. CoA and PPanSH levels measured by HPLC in early L2 stage null
homozygous (dPANK/fblnull) mutant and control larvae. CoA levels in mutant larvae are presented as percentages of CoA levels in
control larvae. d. Relative CoA and PPanSH levels measured by HPLC in 1-day old females of the dPPCDC RNAi fly line compared to
control flies. e. Relative CoA and PPanSH levels measured by HPLC of the L2 larval stage of control and homozygous dPPCDC mutant
larvae. f. Relative CoA and PPanSH levels measured by HPLC of 1-day old homozygous dCOASY mutant larvae, compared to control.
All the data sets in b-f indicate mean ± SD (n = 3) in the above representations and two-tailed unpaired Student’s t-test was used for
statistical analysis (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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Supplementary Figure 13: Life span survival of Drosophila dPANK mutant flies and endogenous 4’-phosphopantetheine levels
in food sources. a. Lifespan analysis of hypomorphic (dPANK/fbl1) homozygous female mutants untreated (n = 207) and treated
with various concentrations of CoA (6mM, n= 105; 9mM, n = 115; and 12mM, n = 88) added to the food. Survival curves were found
to be significant with P value < 0.001, analyzed with Log-rank (Mantel-Cox) test, between untreated and all CoA treated dPANK/fbl1
mutants. b. In various animal food sources (yeast, E.coli and mouse liver) levels of CoA and PPanSH were measured and found to be
present (n = 2).
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Supplementary
Figure 14: External supplementation of CoA rescues phenotypes of dPPCDC RNAi lines and COASY is required for CoA rescue in mammalian cells. a-c. Ovaries of 4-day old control
150
and dPPCDC RNAiuntreated
expressing flies, stained with Rhodamin-Phalloidin (magenta, marking F-actin) and the nuclear marker DAPI (green) and imaged with confocal microscopy. (a) In wild-type ovarioles
CoA (9mM)
strings of developing
egg-chambers, from the germarium up to stage 9 were visible. Mature eggs were also found (marked by asterisks), identifiable by the presence of yolk. (b) In ovaries of the dPPCDC
CoA (18mM)
RNAi expressing flies,
egg-chambers
developed normally until stage 7. From stage 8 on, fragmented and condensed DNA was visible, indicating apoptosis (marked by white arrowheads). No egg-chambers
CoA
(21mM)
older than stage 8/9 or mature eggs were found in these ovaries. (c) CoA treatment of the dPPCDC RNAi expressing flies improved egg-production significantly and eggs developed to maturity (marked
100
by asterisks). Scale bars =100µM. d. Increased fertility of dPPCDC RNAi expressing females. Untreated, Vitamin B5 treated and CoA treated dPPCDC RNAi expressing females were mated with control males
and put onto apple juice plates to allow egg laying for 4 days. For untreated and Vitamin B5 treated females, no or only very few eggs were observed on the plates (compare Figure 6e). CoA treated females
produced a significant number of eggs that developed into pupae which eclosed resulting in viable offspring (compare Figure 6f). Scale bar = 1 cm. e. Lifespan analysis of adult female dPPCDC RNAi flies
untreated (n = 111) and treated with various concentrations of CoA (9mM, n = 106; 18mM, n = 102; 21mM, n = 104) added to the food. Survival curves were found to be significant with P value < 0.01 for CoA 9mM
50 and P value < 0.001 for CoA (18 and 21mM) treatment compared to control untreated dPPCDC RNAi mutants, analyzed with Log-rank (Mantel-Cox) test. f. RNAi was used to down-regulate COASY
treatment
in HEK293 cells treated or non-treated with CoA and acetyl histone3 levels were quantified (n = 5). Insert: Western blot analysis showing successful down-regulation of human COASY by RNAi and decreased
histone acetylation (and quantification). GAPDH was used as loading control. g. Relative levels of CoA and PPanSH were measured in control HEK293and COASY down-regulated cells treated with medium
with and without addition of CoA (n = 4). The data (f,g) indicate the mean ± SD and two-tailed unpaired Student’s t-test was used for statistical analysis ( **P ≤ 0.01, ***P ≤ 0.001).
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Supplementary Figure 15: Full uncut gel images for Western blots presented in Figures 1b and 1h and Supplementary Figure 8i.
a-b. Full uncut gel images for the anti-dPANK/Fbl and anti-Tubulin Western blots presented in Figure 1b. The part of the Western blot
used for the figure is outlined by a dashed line. c-d. Full uncut gel images for the anti-acH3 and anti-GAPDH Western blots presented
in Figure 1h. The part of the Western blot used for the figure is outlined by a dashed line. e-f. Full uncut gel images for the anti-acH3
and anti-GAPDH Western blots presented in Supplementary Figure 8i. The part of the Western blot used for the figure is outlined by
a dashed line.
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4’-Phosphopantetheine (PPanSH) Synthesis Protocol
4’-Phosphopantetheine (PPanSH) was synthesized in a three-step procedure as described below (a/b/c)
(Supplementary Note). In the first step, commercially available pantothenic acid was coupled with
synthesized S-tritylcysteamine. The obtained S-tritylpantetheine was then phosphorylated with freshly
prepared dibenzylchlorophosphate. Finally, removal of benzyl groups provided 4’-phosphopantetheine.
D-Pantothenic acid was prepared from its hemicalcium salt (Aldrich, ≥ 99.0 %) by reacting with oxalic
acid in distilled water. The precipitated calcium oxalate was filtered off, while the protonated form of
D-pantothenic acid was obtained by evaporation of water. S-tritylcysteamine was synthesized from
cysteamine hydrochloride and trityl chloride1. Dibenzylchlorophosphate was prepared by reacting
dibenzylphosphite with N-chlorosuccinimide2 in toluene as a solvent. All other chemicals were obtained
from commercial sources and used without further purification; cysteamine hydrochloride (Aldrich,
≥ 98.0 %), trityl chloride (Aldrich, 97.0 %), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC)
(Aldrich, ≥ 97.0 %), 1-hydroxybenzotriazole hydrate (HOBt) (Aldrich, ≥ 97.0 %), dibenzylphosphite (Aldrich,
technical grade), N-chlorosuccinimide (Aldrich, 98 %). Column chromatography was carried out using
Silica gel 60 Å, 60-100 mesh (Aldrich). Cation exchange chromatography was performed on DOWEX
50WX2, hydrogen form, 100-200 mesh (Aldrich). 1H and 13C NMR were recorded at 25°C with Varian Unity
Inova 300 MHz spectrometer (300 MHz/75 MHz). The chemical shifts (δ) are reported in ppm units
relative to TMS as an internal standard where spectra recorded in CDCl3 or relative to residual solvent signal
when D2O was used. High-resolution mass spectra were obtained on AutospecQ mass spectrometer with
negative electrospray ionization.
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a) Coupling reaction – synthesis of S-tritylpantetheine
In dried acetonitrile (100ml) the following were prepared separately: (A) D-pantothenic acid
(2.19g, 10.0mmol), (B) S-tritylcysteamine (3.19g, 10.0mmol) and (C) N-(3-dimethylaminopropyl)-N'ethylcarbodiimide (EDC) (1.55g, 10.0mmol) together with 1-hydroxybenzotriazole hydrate (HOBt) (1.35g,
10.0mmol). After A, B and C were mixed together, triethylamine (10.4ml, 75mmol) was added. The mixture
was stirred at room temperature for 24 h and quenched with addition of water (400ml). The product was
extracted with diethyl ether (3x250ml). The combined organic phases were washed with 1 M hydrochloric
acid, saturated aqueous solution of NaHCO3 (500ml), and brine (500ml). The organic layer was dried over
sodium sulfate and concentrated in vacuum S-tritylpantetheine (3.53g, 68%) was synthesized as paleyellow crystals. 1H NMR (300 MHz, CDCl3) δ 0.85 (s, 3H), 0.92 (s, 3H), 2.29 (app t, J = 6.2 Hz, 2H), 2.38 (td,
J = 2.3, 6.6, 6.8 Hz, 2H), 3.03 (m, 2H), 3.38-3.49 (m, 4H), 3.92 (s, 1H), 6.20 (t, J = 5.7 Hz, 1H, NH), 7.17-7.29 (m,
10 H), 7.36-7.45 (m, 5H).

b) Phosphorylation – synthesis of S-trityl-4'-dibenzylphosphopantetheine
Dibenzylchlorophosphate was freshly prepared by allowing a reaction of dibenzylphosphite (2.16g,
8.24mmol) with N-chlorosuccinimide (1.21g, 9.06mmol) in toluene (40ml) at room temperature for 2 h.
The mixture was filtered and the filtrate was evaporated under vacuum and added to a solution of

95

CHAPTER 4

S-tritylpantetheine (2.86g, 5.49mmol), diisopropylethylamine (3.06ml), 4-dimethylaminopyridine (0.067g,
0.55mmol) in dry acetonitrile (50ml). The mixture was stirred for 2 h at room temperature. Acetonitrile
was removed under vacuum. Products were extracted into organic phase in dichloromethane (3x100ml)
− aqueous NaHCO3 (100ml) system. The organic extracts were washed with water (100ml), and dried over
Na2SO4. Evaporation of solvent gave a crude S-trityl-4'-dibenzylphosphopantetheine as a dark brown oil
(4.69g), which was further purified by flash chromatography (SiO2, EtOAc, MeOH) to give a semicrystaline
pale yellow product (0.640g, 0.82mmol). The yield of the synthesis and purification of S-trityl-4’dibenzylphosphopantetheine is 15 %. 1H NMR (300 MHz, CDCl3) δ 0.75 (s, 3H), 1.03 (s, 3H), 2.32 (app t, J = 6.1
Hz, 2H), 2.4 (app t, J = 6.5 Hz, 2H), 3.06 (app q, J = 6.3 Hz, 2H), 3.47 (app q, 6.0 Hz, 2H), 3.60 (dd, J = 9.9, 7.3
Hz 1H), 3.85 (s, 1H), 4.00 (dd, J = 9.9, 7.0 Hz, 1H), 4.99-5.04 (m, 4H), 5.80 (t, J= 5.5 Hz, 1H, NH), 7.16-7.32 (m,
20H), 7.38-7.40 (m, 5H).

c) Deprotection – synthesis of 4’-phosphopantetheine
Naphthalene (12.9g, 100.6mmol) dissolved in tetrahydrofuran (70ml) was added to sodium metal (Na)
(2.21g, 96.1mmol) in tetrahydrofuran (50mL). After 2 h the solution was cooled to –(35±5)°C and S-trityl4’-dibenzylphosphopantetheine (1.85g, 2.37mmol) dissolved in tetrahydrofuran (70ml) was slowly
added. The mixture was stirred for 2 h while maintaining the temperature below –30°C. The reaction
was quenched by addition of water (100ml) and then dichloromethane (200ml) was added. Phases were
separated and the aqueous phase (together 500ml) was washed with dichloromethane (200ml) and
diethylether (3x200ml), concentrated under vacuum and passed through the cation exchange column
(DOWEX 50WX2, 200g). Fractions were analyzed by LCMS and those containing the product were pooled
and concentrated under vacuum. 4’-phosphopantetheine was precipitated with addition of Ca(OH)2 as
a calcium salt (332mg, 0.838mmol, 35%). The structure of the product was confirmed by comparison of
NMR data with the literature1,3 and by HRMS. 1H NMR (300 MHz, D2O) δ 0.86 (s, 3H), 1.08 (s, 3H), 2.54 (app
t, J = 6.3 Hz, 2H), 2.87 (app t, J = 6.3 Hz, 2H), 3.43 (dd, J = 10.3, 5.0 Hz, 1H), 3.54 (m, 4H), 3.76 (dd, J = 10.3, 6.5
Hz, 1H), 4.14 (s, 1H). The HRMS mass for C11H22N2O7SP [M-H]- was found to be 357.0880, which corresponds
to the expected mass of 357.0885. The purity of the compound was determined to be >92%, using HPLC
coupled with UV detection at 205nm.
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CHAPTER 5

ABSTRACT
Mutations in two genes coding for coenzyme A (CoA) biosynthesis enzymes are associated with
neurodegenerative disease. CoA is an important cofactor necessary for the transfer of acyl groups in
many metabolic reactions; in addition, it is the source for the 4-phosphopantetheine moiety used for the
posttranslational modification of specific proteins named “4-phosphopantetheinylation”. The relationship
between CoA levels, downstream biochemical pathways such as 4-phopshopantetheinylation, and
neurodegeneration is unknown. We show that impaired CoA biosynthesis leads to a decrease in
active, 4-phosphopantetheinylated mitochondrial acyl carrier protein (mtACP), a protein integral to
the production of the cofactor lipoic acid. This decrease in active mtACP in turn leads to a decrease
in lipoylation and activity of pyruvate dehydrogenase. Drosophila strains with defects along this CoAmtacp-lipoic acid-pyruvate dehydrogenase pathway show similar organ malformations. By re-activating
the most downstream component, pyruvate dehydrogenase, by genetic or pharmacologic means,
phenotypes induced by impairment of CoA biosynthesis are rescued. We demonstrate that impaired CoA
metabolism also causes a decrease in active 4-phosphopantetheinylated mtACP in human cell culture.
Our results explain similarities and differences of a group of neurodegenerative diseases linked to the
CoA-mtacp-lipoic acid-pyruvate dehydrogenase pathway.
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INTRODUCTION
Coenzyme A (CoA) is an essential cofactor participating in approximately 9% of all cellular metabolic
reactions, such as the TCA cycle, fatty acid synthesis and degradation1,2. Intracellularly, CoA is de novo
synthesized, utilizing vitamin B5 as a starting molecule, via five enzymatic reactions. These are carried
out by PANK, PPCS, PPCDC, PPAT and DPCK respectively1,2. In some organisms, including Drosophila
melanogaster, mice and humans PPAT and DPCK enzyme activities are carried out by a single bifunctional
protein, referred to as CoA synthase, or COASY (Figure 1). Enzymes of the CoA de novo biosynthesis
pathway are evolutionarily conserved, further underscoring the importance of this pathway for all living
organisms. Two inherited autosomal recessive neurodegenerative diseases are identified that are caused
by mutations in two of the genes coding for enzymes of the CoA pathway. Pathogenic variants in PANK2
and COASY lead to two early onset neurodegenerative diseases (PKAN and CoPAN respectively) with
brain iron accumulation, progressive motor and cognitive dysfunction and severe dystonia. A relatively
large body of literature exists reporting phenotypes associated with impaired CoA biosynthesis using
clinical studies and various animal models of the two CoA-linked diseases. These phenotypes range from
decreased life span, neurodegeneration, cardiac phenotypes, mitochondrial abnormalities and many
more3–8. Far less is known about molecular and cellular processes that rely on sufficient levels of CoA and
that could possibly explain reported end-point phenotypes of CoA-linked diseases. Here, we aimed to
investigate an underexplored consequence of impaired CoA biosynthesis. We investigated the influence
of hampered CoA biosynthesis on the posttranslational modification 4’-phosphopantetheinylation.
To our knowledge, 4’-phosphopantetheinylation is the only process identified thus far as a bona fide
consumer of CoA. We hypothesized that under conditions of impaired CoA biosynthesis this CoA
consuming process could be affected.
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4’-phosphopantetheinylation is a posttranslational modification resulting in the addition of
4’-phosphopantetheine derived from CoA, to specific proteins9. In humans a select group of proteins
requires this 4’-phosphopantetheine moiety in order to function, including 10-formyltetrahydrofolate
dehydrogenase10, cytosolic fatty acid synthase and mitochondrial acyl carrier protein (mtACP)9,11. Because
human PANK2 and COASY are mitochondrial proteins12,13 and mitochondria are affected in various PKAN
animal models3,6,8 here we focus on mtACP. The active, 4-phosphopantetheinylated form of mtACP is
referred to as holo-mtACP. mtACP, known in humans as NDUFAB1, is one of the subunits of the respiratory
chain Complex I and plays a central role in mitochondrial fatty acid synthesis14,15. In this process, the thiol
group of the 4’-phosphopantetheine prosthetic group forms the attachment site for a growing carbon
chain9. Octanoate formed in this way is used to modify a select number of mitochondrial proteins, among
which are the E2-subunits of the pyruvate dehydrogenase complex (PDH-E2) and of the α-ketoglutarate
dehydrogenase complex (αKGDH-E2)16. Octanoate is transferred to its target proteins by lipoyl
transferases LIPT2 and LIPT1. By the action of lipoic acid synthase, this octanoate moiety is transformed
into lipoic acid (LA), enabling the now-lipoylated proteins to function17. By combining these independent
previous observations, we hypothesized that 4’-phosphopantetheinylation of mtACP is decreased under
conditions of impeded CoA biosynthesis, which compromises the steps downstream of holo-mtACP
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(Figure 1). Here we investigated this hypothesis.
By using Drosophila melanogaster we demonstrated that impaired CoA biosynthesis leads to decreased
levels of 4-phosphopantetheinylated holo-mtACP. This phenotype was associated with decreased
lipoylation of PDH-E2 and decreased PDH activity. These results established the presence of a CoAmtACP-lipoic acid-PDH pathway with 4’-phosphopantetheinylation of mtACP as a key affected step.
Next, we showed that stimulation of the PDH complex (PDHc) by genetic or chemical means rescues
phenotypes caused by CoA deficiency, highlighting PDHc as a possible common target to ameliorate
phenotypes induced by various genetic defects along the CoA-PDH pathway. Consistent with the
studies in Drosophila, downregulation of pantothenate kinase 2, the first enzyme of the CoA biosynthesis
pathway, resulted in decreased levels of mtACP in a human cell model for the neurodegenerative disease
PKAN. This suggests that loss of mtACP also occurs in PKAN patients. Finally, we discuss how our findings,
combined with the novel findings of Jeong et al., can provide pathophysiological insights into several
diseases associated
with this
Lambrechts
etpathway.
al., Figure 1
Pantothenate
(Vitamin B5)
PANK
PPCS
PPCDC
COASY
Coenzyme A
Mitochondrial
Acyl Carrier Protein
(apo-mtACP)

4-Phospopantetheinylation of
Mitochondrial Acyl
Carrier Protein (holo-mtACP)
Lipoylation
of target proteins
(PDH-E2)

PDH-E2 activity

Figure 1: CoA de novo biosynthesis pathway and downstream steps
From top to bottom: The de novo CoA biosynthesis pathway starts with the cellular uptake of pantothenate (Vitamin B5). Pantothenate
kinase (PANK), phosphopantothenoylcysteine synthetase (PPCS), phosphopantetonoyl cysteine decarboxylase (PPCDC) and
coenzyme A synthase (COASY) are enzymes required for the de novo biosynthesis of CoA. Mitochondrial acyl carrier protein
(mtACP) undergoes a posttranslational modification and active holo-mtACP is formed. This posttranslational modification consists
of 4’-phosphopantetheine which is derived from CoA. holo-mtACP in turn is required for lipoylation of PDH-E2, which is required for
activation of the PDH complex. It is hypothesized that a decrease in CoA levels, leads to decreased amounts of holo-ACP, decreased
lipoylation of PDH-E2 and decreased activity of PDHc.
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RESULTS
holo-mtACP levels are reduced upon CoA deprivation
To investigate the relation between CoA biosynthesis and mtACP we chose Drosophila melanogaster
and its versatile genetic tools. ACP requires activation in order to function; the active holo form is
generated by enzymatic transfer of a negatively charged 4’-phosphopantetheine moiety derived from
CoA to a conserved serine residue of the inactive apo form18,19. (Figure 2A). For our study we used
mtacp, the Drosophila melanogaster gene coding mtACP, containing Ser-99, which is predicted to
bind 4-phosphopantetheine20. In order to be able to identify and distinguish the two forms (holo and
apo) of mtACP, we generated point mutants that were refractory to 4-phosphopantetheinylation and
observed their mobility differences using gel electrophoresis. We mutated the crucial serine residue: one
to mimic the uncharged apo form (S99A) and two negatively charged forms (S99D and S99E) to mimic the
charged holo form of mtACP (Figure 2A). Overexpression of wildtype mtACP enabled the visualization of
bands that correspond to endogenous apo- and holo-mtACP forms. By comparing these bands to the
apo-mimetic S99A and holo-mimetics S99D and S99E, we were able to prove the identity of the bands
visualized under control and mtACP wildtype overexpressing conditions. Under physiologic conditions
(Figure 2B, C), no endogenous apo-mtACP was detected, consistent with previous observations in other
organisms21,22.
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We proceeded to investigate whether levels of active, holo-mtACP would decrease upon CoA deprivation.
Treating S2 cells with the PANK inhibitor hopantenate (HoPan) has been shown to reduce levels of CoA3,4,23.
Under these conditions, we observed reduced levels of holo-mtACP (Figure 2C), and addition of CoA to
the medium of HoPan treated cells reverted this phenotype, consistent with previous studies in which
administration of extracellular CoA is able to rescue phenotypes associated with reduced intracellular
CoA biosynthesis3,4,23. These results demonstrate that levels of CoA positively correlate with levels of
4’-phosphopantetheinylation of mtACP.

PDH-E2 lipoylation is reduced upon CoA deprivation
To investigate the functional impact of reduced levels of CoA and 4’-phosphopantetheinylated mtACP,
we examined the mtACP-dependent process of lipoic acid (LA) synthesis. LA is a crucial mitochondrial
cofactor, necessary for the activity of several enzymes such as the pyruvate dehydrogenase complex E2
subunit (PDH-E2). To assess whether lipoylation of PDH-E2 was impaired, we performed Western blot
analysis and observed a decrease of lipoylated PDH-E2 under conditions of decreased levels of CoA.
Replenishing CoA reverted this phenotype (Figure 2D).

Pyruvate dehydrogenase activity decreases upon CoA deprivation
Lipoylation of PDH-E2 is essential for the subunit to function, as the lipoyl moiety receives the intermediate
derived from pyruvate by the E1 subunit and subsequently transfers it to its acceptor CoA to generate
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The CoA-mtACP-LA-PDHc axis
Figure 2: Decreased levels of CoA are associated with decreased levels of holo-mtACP and lipoylated PDH-E2
(A) Schematic presentation of endogenous active and inactive forms of mtACP and generated mutant forms of mtACP. Inactive form of
mtACP (apo-mtACP) is indicated with 1. CoA is the source for 4’-phosphopantetheine and is required for 4-phosphopantetheinylation
of mtACP. This posttranslational modification results in an active form of mtACP, the holo-mtACP, indicated with 2. Three mtACP
constructs were generated: One in which serine 99 was modified into an alanine, indicated with a 3 and indicated as S99A (non4’-phosphopantetheinylatable form); one in which serine 99 was modified into aspartate, indicated with a 4 and indicated as S99D
(phosphomimetic); one in which serine 99 was modified into glutamate, indicated with a 5 and indicated as S99E (phosphomimetic).
(B) Western blot analysis of S2 cells overexpressing wildtype constructs of mtACP or the various mutant forms. Second lane:
Overexpression (OE) of mtACP WT results in the detection of an apo-mtACP form and a holo-mtACP form, indicated with a
1 and 2 respectively. Third lane: Overexpression of mtACP S99A mutant form resulted in the detection of an apo-mtACP (non-4’phosphopantetheinylatable) band only, indicated with a 3. Fourth lane: Overexpression of mtACP S99D results in the detection of a
phosphomimetic form of mtACP only, migrating at the same mobility as holo-mtACP, indicated with a 4. Fifth lane: Overexpression
of mtACP S99E results in the detection of a phosphomimetic form of mtACP only, migrating at the same mobility as holo-mtACP,
indicated with a 5. For visualization, a low exposure and high exposure blot are shown. Note that overexposed blots were required to
visualize endogenous forms of mtACP.
(C) Western blot analysis of mtACP forms under control conditions; under conditions of HoPan treatment and under conditions of
HoPan + CoA treatment. Lanes showing overexpression of mtACP WT, mtACP S99A, mtACP S99D were used to allow identification of
the holo- and the apo- forms of mtACP. α-Tubulin was used as a loading control. Various exposure times of the blots were presented
to allow identification of mtACP under all conditions.
(D) Western blot analysis and quantification to detect lipoylation of PDH-E2. S2 cells were treated with HoPan or HoPan and CoA for
4 days, non-treated cells were used as control. Antibodies specifically recognizing lipoylated proteins or PDH-E2 were used. Mean
±SD is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets. *p<0.05, **p<0.01, ***p<0.001. n=3 for
all samples.
(E) PDH activity was measured in control cells and in HoPan treated cells. (Mean ±SEM of three biological replicates, each composed
of three technical replicates and corrected for protein concentration. Two-tailed Student’s t-test was performed, *p<0,05).
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acetyl-CoA24. To determine whether CoA deprivation indeed decreases PDH activity, we quantified PDH
activity in control S2 cells and cells treated with HoPan (Figure 2E). We observed a significant reduction
in PDH activity upon HoPan treatment compared to control cells. These results indicate that the pyruvate
dehydrogenase complex is functionally impaired as a consequence of CoA deprivation and establishes
the physiological importance of our hypothesized CoA-PDH pathway (Figure 1).

Direct stimulation of the pyruvate dehydrogenase complex (PDHc) rescues CoA-dependent
phenotypes induced by dPANK/fbl knockdown in vivo
Our next step was to investigate the causal connection between phenotypes resulting from CoA
dyshomeostasis and the PDHc in the context of a multicellular organism, Drosophila melanogaster. The
proposed pathway predicts that reverting PDHc activity should (partially) rescue the consequences of
CoA deficiency. We used the binary UAS/GAL4 system to knock down dPANK/fbl using RNAi. dPANK/
fbl is the Drosophila ortholog of human PANK25,25. Ubiquitous expression of this UAS-dPANK/fbl-RNAi
construct resulted in a knockdown of dPANK/fbl mRNA and dPANK/Fbl protein (Suppl. Figure 1, Figure
3A). To quantify the effects of dPANK/fbl knockdown we used the physiologic parameter eclosion rate
(ER) as a read-out. This internally controlled parameter compares the proportion of eclosed dPANK/fbl
knockdown adult flies to control flies. As a consequence of Mendelian genetics, the ER would be 50%
if dPANK/fbl knockdown is not harmful (schematically represented in Suppl. Figure 2, left). However,
if dPANK/fbl knockdown is associated with lethality, the ER would be decreased (Suppl. Figure 2,
right). Indeed, we observed a decrease in ER following ubiquitous knockdown of dPANK/fbl, an ER that
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corresponds to a loss of approximately two-thirds of offspring due to lethality during development (Suppl.
Figure 2). Reduced viability associated with impaired function of dPANK/Fbl is consistent with previous
studies3,5,23. Addition of pantethine, which restores CoA levels in a dPANK/fbl deprived background3, fully
restored the ER, further confirming the CoA dependency of this phenotype (Figure 3B). Based on our
previous results, a decrease of CoA is associated with a decrease in PDHc activity. Next we investigated
whether stimulation of PDHc in this dPANK/fbl-deprived background could possibly improve the viability.
For this, we added dichloroacetate (DCA) to the fly food of the developing larvae. DCA, a clinically used
drug26,27, inhibits the PDHc-inhibitor, pyruvate dehydrogenase kinase (PDK)28,29, and as such leads to
activation of the PDHc30. Addition of DCA to the fly food led to a dose-dependent restoration of the
ER of UAS-dPANK/fbl-RNAi expressing flies (Figure 3B), indicating that the phenotype is at least partly
PDHc-dependent. In contrast, no beneficial effect on eclosion rate was observed in DCA-fed control flies
(Figure 3B).
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Figure 3: Downregulation of dPANK/fbl induces decreased eclosion rate, which is rescued by pantethine and DCA treatment
(A) Crossing Act-GAL4 with two independent “cleaned-up” UAS-dPANK/fbl RNAi lines resulted in decreased expression of the
dPANK/Fbl protein. Tubulin was used as a loading control.
(B) Crosses were performed as outlined in Supplementary Figure 3 on control food or on food containing pantethine or an increasing
concentration of dichloroacetate (DCA). Addition of pantethine or DCA induced a rescue of the decreased eclosion rate of UASdPANK/fbl-RNAi expressing flies. All statistical analyses were carried out using Fisher’s exact test.

Downregulation of key steps throughout the CoA-mtacp-lipoic acid-PDH pathway cause a
common phenotype in a Drosophila wing model
The dose-dependent rescue by DCA of the dPANK/fbl knockdown phenotype provides strong evidence
that deleterious phenotypes associated with CoA deprivation are mediated via decreased activity of
PDHc. The proposed pathway further predicts that impairment of individual components show a similar
phenotype. To investigate this we created a genetically and phenotypically tractable and modifiable
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system. We used tissue-specific RNAi-mediated knockdown of various genes along the pathway. We
selected the wing as our tissue of choice as this organ is well-studied, and disruption of metabolism
in specific cells of the developing wing does not usually cause lethality of the organism, unlike when
metabolism is disrupted in other organ systems or in complete organisms. The wing is formed during
metamorphosis from the wing imaginal disc, a structure formed during early embryogenesis. Disruption
of specific genes in specific cells in the wing leads to macroscopically visible wing abnormalities that
are straightforward to screen and quantify. A plethora of mutant wing phenotypes has been reported
including holes, notches, vein abnormalities, blisters, increase and decrease of wing size31.
We performed RNAi-mediated knockdown of key pathway components dPANK/fbl, dPPCDC/ppcdc
(third enzyme of the CoA de novo biosynthesis pathway, Figure 1), mtacp and the Drosophila ortholog of
lipoic acid synthase (Las, http://flybase.org/), which transforms target protein-linked octanoate to lipoic
acid 17,32. The RNAi constructs were expressed in the part of the wing disc known as the wing pouch using
the wing pouch-specific MS1096-GAL4 driver (Figure 4A-D). MS1096-GAL4; UAS-GFP/UAS-GFP flies
were used as controls, and various UAS-RNAi lines were crossed with this strain, allowing the identification
of targeted, RNAi-expressing tissue by the co-expression of GFP. We confirmed knockdown of dPANK/
fbl (Figure 4C-D,), mtacp, Las (Suppl. Figure 3) and dPPCDC/ppcdc (suppl. Figure 1C) in this system.
We studied the wing phenotypes resulting from RNAi-mediated knockdown of these key pathway
components both with and without co-expression of RNAi enhancer element UAS-dcr2 (Figure 4E-G,
Suppl. Figure 4). Downregulation of dPANK/fbl, dPPCDC/ppcdc, mtacp or Las all lead to a common
wing phenotype characterised by size decrease and fluid-filled wing blisters varying in size (Figure 4EG). Combined RNAi-mediated knockdown of both dPANK/fbl and dPPCDC/ppcdc resulted in a modest
increase of the blistering phenotype (Figure 4G), consistent with the incomplete RNAi-mediated
knockdown of either component and suggesting an additive phenotype. Together, these experiments
validate the genetic knockdown system and implicate a common underlying cellular defect along the
CoA-mtacp-lipoic acid-PDH pathway leading to a similar phenotype.
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Genetic and pharmacologic stimulation of the pyruvate dehydrogenase complex rescues
wing phenotypes caused by impaired CoA synthesis
We employed the wing-specific knockdown model of dPPCDC/ppcdc, an essential gene required for
CoA biosynthesis (Figure 1, Suppl. Figure 5), in which the blistering phenotype is highly penetrant (in
approximately in 85% of eclosed flies), in order to test whether increasing the activity of the PDHc would
rescue phenotypes caused by CoA biosynthesis defects in this system (Figure 5A-C). We assumed that
a fraction of the remaining pool of lipoylated PDH in the affected wing is inactivated by the action of
PDK or SIRT4 (a lipoamidase that also inhibits PDH) 33 and therefore the remaining activity of PDH could
be enhanced by interfering with the action of these inhibitory enzymes (Figure 5A,B, left part). Indeed,
feeding the larvae DCA during development resulted in a dose-dependent decrease of wing blisters in
the adult male flies (Figure 5C). This suggests that, like the eclosion rate phenotype described earlier, the
wing phenotype resulting from defective CoA biosynthesis is at least partly PDHc-dependent.
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Figure 4: Downregulation of dPANK/fbl in the Drosophila wing disc leads to abnormalities (blistering) in the adult wing
(A) Drosophila third instar control wing disc, expressing UAS-GFP under the control of MS1096-GAL4 and stained with anti-dPANK/
Fbl antibody and the DNA-marker DAPI. dPANK/Fbl protein shows a ubiquitous expression in the wing disc. GFP marks the expression
pattern of the MS1096-GAL4 driver.
(B) Schematic representation of an adult wing and the expression pattern of the MS1096-GAL4 driver (marked in green) in the larval
wing disc.
(C-D) Third instar wing disc, co-expressing UAS-GFP and UAS-dPANK/fbl-RNAi under the control of MS1096-GAL4 and stained with
anti-dPANK/Fbl antibody (magenta) and DAPI. The merged/close-up images in (D) show the border between the UAS-GFP-positive
(green) and UAS-dPANK/fbl-RNAi co-expressing and the surrounding tissue. Staining with the dPANK/Fbl antibody (magenta) is
reduced in dPANK/fbl RNAi and GFP co-expressing cells.
(E-E’’’) Adult wings from crosses in which MS1096-GAL4; UAS-Dcr-2 was combined with UAS-GFP as a control (E), UAS-dPANK/fblRNAi (E’), UAS-dPPCDC/ppcdc-RNAi (E’’) and UAS-mtacp-RNAi (#29528)(E’’’) at 29°C or at 18°C. Compared to the UAS-GFP controls,
expression of UAS-dPANK/fbl-RNAi, UAS-dPPCDC/ppcdc-RNAi or UAS-mtacp-RNAi leads to blistering in the wing, often associated
with a lack of removal of cell debris (wings turn brown) and a reduction in wing size.
(F-F’’’) Adult wings from crosses in which MS1096-GAL4; UAS-GFP was combined with UAS-GFP as a control (F), UAS-dPANK/fblRNAi (F’), UAS-dPPCDC/ppcdc-RNAi (F’’) and UAS-mtacp-RNAi (#29528) (F’’’) at 29°C or at 18°C. Replacing UAS-Dcr-2 with UAS-GFP
in the driver line results in an overall milder phenotype of wings expressing UAS-dPANK/fbl RNAi, UAS-dPPCDC/ppcdc-RNAi or UASmtacp-RNAi. (G) Adult wings from crosses in which MS1096-GAL4; UAS-dPANK/fbl-RNAi was combined with UAS-dPPCDC/ppcdcRNAi (G) at 29°C. Combining UAS-dPANK/fbl-RNAi and UAS-dPPCDC/ppcdc-RNAi leads to a mild enhancement of the abnormal
wing phenotype, comparable to the UAS-dPPCDC/ppcdc -RNAi + Dcr-2 result (compare E’’ and G).
Scale bars depict 50 µm (A/C), 20 µm (D) and 500 µm (E-G)

To strengthen this notion, we used a genetic approach (Figure 5B, right part) to demonstrate the same
PDH-dependency. Using two different RNAi lines per target, we decreased the expression of PDK and
SIRT4 by RNAi-mediated knockdown. We verified the knockdown efficacy of these constructs, as well as
their wing phenotype (Suppl. Figure 6). PDK and SIRT4 mRNA levels were decreased in their respective
RNAi-expressing lines, and apart from a subtle wing vein phenotype the wings do not show abnormalities
in this background (Suppl. Figure 6). Using these RNAi lines, we performed knockdown of PDK or SIRT4
alongside dPPCDC/ppcdc knockdown. Concomitant decrease of expression of these PDHc-inhibitors
strongly reduced the wing blister phenotype induced by impaired CoA de novo biosynthesis (Figure 5D).
To control for possible genetic interference originating from the RNAi lines used, we also crossed various
other strains into the dPPCDC/ppcdc knockdown background, including a line irrelevant to this pathway
from the same Drosophila RNAi library. These did not influence the occurrence of blistering of the wings
(Suppl. Figure 6), thus excluding possible effects originating from the genetic background. These results
support the notion of a biochemical pathway connecting impaired CoA production to the activity of the
PDH complex and by boosting PDHc activity, deleterious effects induced by impaired CoA biosynthesis
can be dampened.

45

Downregulation of human PANK2, the causative gene in PKAN, also leads to a decrease in
mtACP in human cells.
Human pantothenate kinase 2 (PANK2) is the causative gene for the neurodegenerative disease
pantothenate kinase-associated neurodegeneration (PKAN). Interestingly, whereas Drosophila has
only one pantothenate kinase (dPANK/fbl), humans have multiple pantothenate kinases (PANK1-4)
with presumed redundancy between them. The effect of impaired functioning of specifically PANK2 on
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Figure 5: Chemical and genetic inhibition of PDH inhibitors rescues the wing phenotypes induced by impaired CoA
homoeostasis
(A) Schematic visualization of the pyruvate dehydrogenase complex (PDHc) and its negative regulators. The PDHc consists of 3 subunits,
PDH-E1, PDH-E2 and PDH-E3. PDHc is required for the conversion of pyruvate to an acetyl group, subsequently forming acetyl-CoA.
Lipoylation of PDH-E2 is required for normal activation of the PDHc. Pyruvate dehydrogenase kinase (PDK) phosphorylates PDH-E1
and thereby inactivates the PDHc. Sirtuin 4 (SIRT4) is a hydrolase abrogating lipoylation of PDH-E2 and thereby also inhibiting the
PDHc. Dichloroacetic acid (DCA) inhibits PDK. Inhibiting PDK or SIRT4 expression by RNAi will increase activation of PDHc. Inhibiting
PDK by DCA will also increase activation of PDHc.
(B) Schematic representation of pharmacologic and genetic rescue of abnormal wing phenotype induced by impaired CoA
homeostasis in the progeny of the indicated cross. Left part: Experimental setup of using the wing phenotype as a read-out of flies
expressing UAS-dPPCDC/ppcdc-RNAi under the control of the MS1096-GAL4 driver, raised on control food or on food containing
DCA. Right part: Experimental setup of using the wing phenotype as a read-out of flies co-expressing UAS-dPPCDC/ppcdc-RNAi
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together with an additional UAS-construct under the control of the MS1096-Gal4 driver. As control UAS-GFP is co-expressed, for the
potential rescue UAS-PDK-RNAi or UAS-SIRT4-RNAi is co-expressed.
(C) Experiment performed according to (B, left part) and % of blistered wings was determined of flies expressing UAS-dPPCDC/
ppcdc-RNAi under the control of MS1096-GAL4 on control food or on food containing increasing concentrations of DCA. A dose
dependent rescue was observed. Two representative images were shown of blistered wings and normal, non-blistered wings.
(D) Experiment performed according to (B, right part) and % of blistered wings was determined of flies expressing UAS-dPPCDC/
ppcdc-RNAi + UAS-GFP (control) or UAS-dPPCDC/ppcdc-RNAi + UAS-PDK-RNAi or SIRT4-RNAi under the control of MS1096-GAL4.
Two independent RNAi lines were used to downregulate PDK (#28635 and #35142) and to downregulate SIRT4 (#33984 and #36588).
Co-expression of RNAi constructs that targeted the PDK inhibitors resulted in rescue of the blister phenotype.
Scale bars in C/D = 500µm.
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Figure 6: Decreased levels of PANK2 are associated with decreased levels of mtACP in SH-SY-5Y cells
(A) Western blot analysis of HEK293T cells. Samples of non-treated controls (NTC) and doxycycline induced PANK2 knockout lines
PANK2.1 and PANK2.3, were run and probed for hPANK2 (hPANK2 band marked by a red arrow), mtACP and GAPDH as control. We
detected a small difference in mtACP levels between the three samples
(B) Quantification of protein band intensities of Westerns shown in A, performed with Image Studio Light (LI-COR) and plotted as
relative ratio mtACP to GAPDH. Mean ±SD is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets.
*p<0.05, n=3 for all samples.
(C) Western blot analysis of SH-SY-5Y cells. Samples of non-treated controls (NTC) and doxycycline induced PANK2 knockout lines
PANK2.1 and PANK2.3, were probed for hPANK2 (hPANK2 band marked by a red arrow), mtACP and GAPDH as control. A decrease in
mtACP levels was detected in both knockout lines.
(B) Quantification of protein band intensities of Westerns shown in C, performed with Image Studio Light (LI-COR) and plotted as
relative ratio mtACP to GAPDH. Mean ±SD is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets.
*p<0.05, **p<0.01, n=3 for all samples.
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mtACP has never been investigated in human cells. For this purpose, we generated HEK293T (human
embryonal kidney, Suppl. Figure 7) and SH-SY5Y (human neuroblastoma, Suppl. Figure 8) cell lines in
which PANK2 levels can be decreased by RNAi-induction using doxycyclin. Per cell line two independent
clones were generated. Efficiency of PANK2 downregulation was verified using Western blot and qPCR
analysis, demonstrated that in both cell lines PANK2 protein levels were undetectable, whereas based
on mRNA levels, PANK1, and PANK3 were not targeted by the PANK2 specific RNAi constructs (Figure
6, Suppl Figure 9-10). Next, we tested whether downregulation of human PANK2 influenced levels of
human mtACP. Levels of mtACP were slightly reduced in PANK2 depleted HEK293 cells (Figure 6A), in
contrast, levels of mtACP were strongly reduced in the PANK2 depleted neuroblastoma cell line (Figure
6B). These results show that in human cells, impaired function of PANK2 is associated with reduced levels
of mtACP in a cell type-dependent manner.
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DISCUSSION
Taken together, our results connect CoA synthesis, mitochondrial acyl carrier protein (mtACP) activation,
lipoic acid synthesis and PDH activation. This connection indicates that a decrease in CoA biosynthesis
ultimately results in decreased activity of PDH. Stimulation of PDH activity in a CoA-deprived background
rescued phenotypes ranging from viability to organ development, underscoring the causality of this
connection. Our results suggest that genetic defects associated with steps along this pathway would
result in a common phenotype and further that such a phenotype could be rescued by stimulation of the
final step of the pathway, the PDHc.
We used the versatility of Drosophila genetics to investigate the consequences of impaired CoA
metabolism on mtACP and how this affects downstream steps. Our findings in Drosophila were consistent
with our findings in a human neuroblastoma cell line, in which a decrease in mtACP levels was observed
upon specific downregulation of PANK2, the causative gene for PKAN. Consistent with our results in
Drosophila cells and what was previously reported34, the decrease in mtACP levels in human cells most
likely reflects decreased levels of holo-mtACP (4-phosphopantetheinylated-mtACP) since apo-mtACP
(non-4-phosphopantetheinylated-mtACP) is not stable and hardly detectable. Our results that the
phenotype was observed in PANK2-downregulated SHYSY-5 cells but not in HEK293T cells suggests a
redundancy between the four human pantothenate kinases (1-4) in kidney but not in neuronal derived
cells. A possible redundancy of pantothenate kinases in other tissues but not the brain could explain why
PKAN patients suffer from impaired neuronal functions whereas no other organs are affected. However,
the neurodegenerative predilection for the globus pallidus in all disorders listed in Figure 7 suggests
that this cannot be due to regional distribution of pantothenate kinases alone but instead, that it is the
consequence of a shared final common pathway which converges on PDH-E2.
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Recent developments in clinical and fundamental research reinforce the significance of this pathway.
Clearly, the CoA-PDH pathway is relevant for PKAN and CoPAN, diseases directly linked to CoA biosynthesis
(Figure 7). The pathophysiological importance of mitochondrial fatty acid synthesis was demonstrated
by the discovery of mutations in mitochondrial enoyl-CoA reductase (MECR), one of the four enzymes
involved in the elongation of the fatty acid chain coupled to mtACP; fibroblasts from these patients show
reduced lipoylation of proteins, including PDH-E235. The clinical phenotype of this childhood-onset
neurodegeneration, referred to as MePAN (Figure 7), is associated with damage to the globus pallidus,
the same brain region that is selectively damaged in PKAN and CoPAN. Moreover, mutations causing
impairment of the terminal component of the pathway proposed here, PDH-E2, lead to PDHc deficiency
which also shows neuroradiographic abnormalities restricted to the globus pallidus (Figure 7). In fact,
these disorders are reasonably considered in the each other’s differential diagnosis36,37. The clinical and
neuroradiographic similarities of PKAN, CoPAN, MePAN and PDH-deficiencies underscore the presence
of a common pathway, a shared pathogenesis, and a selective vulnerability of globus pallidus to defects
along this pathway.
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Figure 7: Phenotypic features of PKAN, CoPAN, MePAN and PDH-E2 deficiency and their proposed pathophysiological
interrelations
On the left, the names of the diseases PKAN, CoPAN, MePAN and PDH-E2 deficiency are given in full with their corresponding OMIM
numbers, clinical features and schematics of representative T2-weighted MR images. A schematic drawing is provided to identify
the relevant basal ganglia structures in healthy brain, including putamen, caudate nucleus, and globus pallidus interna and externa.
In healthy brain these structures appear isointense to surrounding grey matter until early adulthood on T2-weighted imaging; in all
four diseases, T2-hyperintensity is seen in the globus pallidus bilaterally, and, in PKAN and CoPAN, pallidal hypointensity is also seen,
indicative of high iron levels (indicated with an arrow). The pathway on the right of the figure shows the proposed pathophysiological
axis, explaining how mutations in four different genes all result in PDH-E2 deficiency and thus lead to shared phenotypic features.
From top to bottom: pantothenate kinase (PANK), phosphopantothenoyl cysteine synthetase (PPCS), phosphopantothenoyl cysteine
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decarboxylase (PPCDC), and coenzyme A synthase (COASY) are enzymes required for the de novo biosynthesis of coenzyme A.
Mitochondrial acyl carrier protein (mtACP) undergoes posttranslational modification, gaining a 4’-phosphopantetheine moiety that
is derived from coenzyme A in order to form the active holo-mtACP, holo-mtACP is required for lipoylation of PDH-E2, a requirement
for activation of the PDH complex. We propose that a decrease in CoA levels leads to decreased amounts of holo-mtACP, decreased
lipoylation of PDH-E2, and decreased activity of the PDHc. holo-mtACP is also required for the biogenesis of iron-sulfur clusters.
Impaired iron-sulfur cluster formation leads to iron dyshomeostasis; therefore, this model can also why iron accumulates in diseases
associated with defects upstream of holo-mtACP but not in those downstream of holo-mtACP.

Impaired oxidative metabolism, due to reduced PDHc activity may explain recent observations of PKAN
pathology. Histopathological abnormalities in PKAN-affected globus pallidus tissue are reminiscent
of hypoxic-ischaemic injury, leading to the notion that cellular hypoxia may contribute to PKAN
pathophysiology38. Derangement of the CoA-PDH pathway outlined here, converging on decreased
oxidative pyruvate metabolism, may explain the shared pathological features in PKAN and post-ischaemic
globus pallidus. In addition, models of PKAN display a reduced oxygen consumption rate6,8,39,40, as is
expected in pyruvate dehydrogenase complex deficiency.
A striking neuropathological difference between PKAN/CoPAN and MePAN/PDH-E2-deficiency is that
iron accumulation is observed in globus pallidus in the first two diseases but not in the others (Figure
7). This difference can be explained by postulating that the iron accumulation stems from dysregulation
of an intermediate downstream of PANK and COASY, but upstream of MECR and PDH-E2. A candidate
intermediate is holo-mtACP: it was recently shown that holo-mtACP, in eukaryotic cells is involved in ironsulfur clusters biogenesis and stability, with a crucial role for the 4′-phosphopantetheine–conjugated
mtACP41,42. Loss of mtACP leads to reduced iron-sulfur cluster formation, inactivation of iron-sulfur
cluster dependent enzymes such as aconitase and activation of iron-responsive factors42. Consistently
decreased Fe-S cluster levels result in mitochondrial iron overload43. Abnormal iron homeostasis and
reduced aconitase activity are characteristics of PKAN patient fibroblasts as well as IPSc-derived neurons
of patients8,44. Therefore, mitochondrial iron dyshomeostasis and accumulation as a consequence of ACP
dysfunction is observed in PKAN and CoPAN, diseases associated with steps upstream of holo-mtACP,
but not in MECR and PDH-E2 deficiencies, diseases associated with steps downstream of holo-mtACP.
Consistently, we predict that MECR deficiency compromises lipoic acid production without affecting
mtACP (Figure 7). As a corollary, this supports the notion that the iron accumulation is primarily an
epiphenomenon unrelated to the PDH-E2 dysfunction to which globus pallidus is vulnerable. However,
since iron accumulation is known to accelerate free radical formation by means of the Fenton reaction, it
may, once produced, exacerbate the ongoing degeneration. Nevertheless, the pathway proposed here
would predict that iron chelation therapy alone would be insufficient to counteract neurodegeneration
in patients with PKAN or CoPAN.
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The clinical similarities between PKAN/CoPAN/MePAN and PDH-E2-deficiency, the biochemical
knowledge of individual metabolic steps and the evidence presented here of a CoA-PDH pathway,
implicates a final common pathway in all four diseases, connecting CoA metabolism to the production
of lipoic acid and the function of the pyruvate dehydrogenase complex (Figure 7). Furthest upstream in
this pathway is the metabolic reaction defective in PKAN, followed by CoPAN, MePAN and finally PDH-E2
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deficiency. Based on this pathway, all diseases eventually cause impaired PDHc activity thereby leading to
a shared pathophysiology and the possibility of identifying a common therapeutic target for this group
of diseases.
Our results complement and are in agreement with the manuscript by Jeong et al., which in turn
underscores the clinical relevance of our findings. Jeong et al. demonstrate in a mouse model for PKAN,
the presence of a specific set of perturbations in the globus pallidus. These alterations include impaired
complex I function with decreased oxidative phosphorylation, impaired lipoic acid production with loss
of activity of lipoylated enzymes, and impaired iron-sulfur cluster biogenesis with iron dyshomeostasis
and loss of activity of dependent enzymes and processes, All their reported findings are consistent with
a primary defect in decreased levels of 4’-phosphopantetheinylated mtACP. Our results and the results
of Jeong et al., are also in line with a recent publication showing the requirement of acetylated and
4-phosphopantetheinylated mtACP in the assembly of the complexes of the electron transport chain
(ETC)45, demonstrating additional functions of mtACP, other than lipoic acid production.
We observed a strong rescue of phenotypes after stimulation of the PDH complex. This strong rescue
potential can be explained by the presence of a positive feedback loop previously proposed46. Stimulation
of PDH will lead to increased levels of acetyl-CoA, this will lead to increased levels of acetylated and
4-phosphopantetheinylated mtACP, leading to increased levels of lipoylation and further stimulation of
PDH. Moreover, other processes that depend on acetylated and 4-phosphopantetheinylated mtACP45
may be restored as well.
The question of whether pharmacologic PDH stimulation is a clinically feasible therapeutic strategy in
PKAN/CoPAN/MePAN remains unanswered. DCA is a reasonably well-tolerated blood-brain-barrier
permeating drug47,48 that has been investigated in the context of metabolic diseases as well as cancer27,49–51.
Despite achieving biochemical remission of lactic acidosis, it failed to impede neurological decline in
a genetically heterogeneous cohort of children with congenital lactic acidosis49. Nevertheless, a more
select patient population may show clinical benefit from DCA. Based on the mechanism outlined in
Figure 7, DCA is not expected to affect (possibly epiphenomenal) iron accumulation; however, as no
disease-modifying treatments are currently available for patients with PKAN, CoPAN, or MePAN, further
investigation of DCA as a clinical therapeutic is justified.
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MATERIALS AND METHODS
S2 cell culture, transfection, HOPAN and CoA treatment
Drosophila Schneider’s S2 cells were maintained at standard conditions as described previously 23. Here
cells in their exponential phase of growth were transfected (Effectene, Qiagen) with the mtACP WT or
mutant constructs listed below and grown for 2 days.
HoPan and CoA treatment were done on S2 cells in their exponential phase and treated with 0.5mM
HoPan in the presence or absence of 100 µM CoA. Cells were treated for 2,4 or 7 days, untreated S2 cells
were used as control.

Cloning of mtACP (mutant) constructs
In order to overexpress wildtype or mutant mtACP, constructs were created in the following manner.
A mtACP cDNA clone was obtained from the Bloomington stock centre (AT22870; FBcl0025645) and
multiplied by PCR using primers flanked by EcoRI and XhoI restriction sites:
The pAc5.1 vector (Invitrogen) was digested using EcoRI and XhoI and ligated with the mtacp PCR
product. Competent cells were transfected with the ligated construct and the purified construct was
sequenced to ensure its fidelity. Constructs overexpressing mutant mtacp were subsequently created by
site-directed mutagenesis of this construct using mutagenesis primers (Q5 Site-directed Mutagenesis
Kit, New England Biolabs). The fidelity of the resulting constructs was verified by sequencing. Primers
sequences are in table 1.
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Lentiviral transductions
Inducible lentiviral shRNA vectors targeting a non-targeted control (NTC) or hPANK2 were obtained
from Dharmacon (For sequences, see supplementary data) and lentivirus was produced as previously
described 54. HEK293T cells (ATCC CRL-3216) and SH-SY5Y cells (ATCC CRL-2266) were transduced in 2
consecutive rounds of 8 to 12 hours with lentiviral supernatant supplemented with 10% FCS and Polybrene
(4 μg/ml; Sigma). Transduced HEK293T and SH-SY5Y cells were selected in medium containing 0.6 µg/ml
or 0.2 µg/ml puromycin (Thermo Fischer Scientific) respectively for one week.

FACS analysis of transduced cells
After one week of puromycin selection, expression of the microRNA-TurboGFP cassette was induced with
doxycycline (Sigma, concentrations ranging from 0 -1.5 μg/ml) for 3 days and cells analyzed for TurboGFP
expression on an LSRII (Becton Dickinson) flowcytometer. Data was analyzed using FlowJo software
(FlowJo V10).
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Inducible hPANK2 KO cells
Cells were created as described above. HEK293T and SH-SY5Y inducible hPank2 KO cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented with 10% fetal bovine serum
(FBS, Greiner Bio-one) and antibiotics (penicillin/streptomycin, Invitrogen) in 5% CO2 at 37°C. Induction
of the microRNA-TurboGFP in SH-SY5Y was done with 0.5 µg/ml doxycycline for 7 days. Induction of
the microRNA-TurboGFP in HEK293T was done with 1 µg/ml doxycycline for 14 days, in custom made
DMEM without Vitamin B5 (Thermo Scientific) supplemented with dialyzed FBS (Thermo Scientific) and
antibiotics. HoPan treatment (0.25 mM) was done from day 7 till day 14.

Western blot analysis and antibodies
For Western blot analysis, cells were dissolved in 2x Laemmli buffer, sonificated and boiled for 5 minutes
with 5% β-mercaptoethanol (Sigma). Protein concentration was determined using DC protein assay
(Bio-Rad). Equal amounts of protein (10-30 µg) were loaded on a 10, 12 or 4-20% gradient gel (Bio-Rad),
transferred onto PVDF membranes using the Trans Blot Turbo System (Bio-Rad). Membranes were
blocked in 5% fat free milk for 1 hour at room temperature, rinsed in PBS-Tween 20. Incubations with
primary antibodies were done overnight at 4°C followed by incubations with HRP-conjugated secondary
antibodies (Amersham 1:5000) for 1.5 hours at room temperature. Detection was performed using ECL
reagent (Thermoscientific) and visualized using the ChemiDoc imager (Bio-Rad). The following primary
antibodies were used : anti-mtACP antibody (Abcam, 1:1000), -anti-Lipoic Acid (Merck, 1:1000), antiPDH-E2 (Abcam, 1:1000),anti-α-Tubulin (Sigma, 1:5000), anti-GAPDH (Fitzgerald, 1:10,000), dPank/Fbl (5,
1:1000) and hPANK2 (Origene 1:500).

PDH activity measurements
S2 cells were cultured as described above for 4 days in control medium or medium containing 500µM
HoPan. Cells were pelleted at approximately 106 cells/pellet and washed once with PBS: pyruvate
dehydrogenase complex activity was measured using the Pyruvate Dehydrogenase Activity Colorimetric
Assay Kit (Cat#K679-100, BioVision) according to manufacturer’s instructions. Three biological replicates
were used per measurement, with each biological replicate measured in (technical) triplicate. Protein
concentration was determined using BCA Protein Assay Kit (ThermoScientific) according to manufacturer’s
instructions. All measurements were recorded using a VarioSkan Lux plate reader; analysis was performed
with GraphPad (see section “Statistical analysis”).

Drosophila maintenance and genetics
Drosophila melanogaster stocks were maintained on standard cornmeal agar fly food (containing water,
agar 17 g/L, sugar 54 g/L, yeast extract 26 g/L and nipagin 1.3 g/L) at 22°C. Crosses were raised at various
temperatures as indicated in the text/legends. The stocks were either obtained from the Bloomington
Stock Centre (Indiana University, USA) or the VDRC (Vienna Drosophila RNAi Collection, Vienna, Austria).
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Drosophila stocks used
- UAS-dPANK/fbl-RNAi (P{KK109160}VIE-260B; VDRC ID #101437)
- UAS-dPPCDC/ppcdc-RNAi (P{KK109377}VIE-260B; VDRC ID #104495)
- UAS-mtacp-RNAi (y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HM05206}attP2, Bloomington #29528)
- UAS-mtacp-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01634}attP2, Bloomington #37492)
- UAS-mtacp-RNAi (P{KK107702}VIE-260B, VDRC ID #107907)
- UAS-PDK-RNAi (y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03050}attP2, Bloomington #28635)
- UAS-PDK-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00009}attP2, Bloomington #35142)
- UAS-SIRT4-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00944}attP2, Bloomington #33984)
- UAS-SIRT4-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00548}attP2, Bloomington #36588)
- UAS-Las-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMC04106}attP40), Bloomington #56885)
- UAS-bsk-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00603}attP40, Bloomington #36643)
- UAS-EGFP (w[*]; P{w[+mC]=UAS-2xEGFP}AH2, Bloomington #6874)
- UAS-EYFP (y[*] w[*]; P{w[+mC]=UAS-2xEYFP}AH3, Bloomington #6660)
- w1118 (w[1118], Bloomington #3605)
- Actin-GAL4 (y[1] w[*]; P{w[+mC]=Act5C-GAL4}25FO1/CyO, y[+], Bloomington #4414), ubiquitous driver
- MS1096-GAL4 (w[1118] P{w[+mW.hs]=GawB}Bx[MS1096]; P{w[+mC]=UAS-Dcr-2.D}2, Bloomington
#25706), driver expressed in the wing-pouch, used here with or without the UAS-Dcr-2 element (see list
below for stocks created for individual experiments)
- nSyb-GAL4 (y[1] w[*]; P{w[+m*]=nSyb-GAL4.S}3, Bloomington #51635) , pan-neuronal driver
- Repo-GAL4/TM3-GFP (w[1118]; P{w[+m*]=GAL4}repo/TM3, Sb[1], Bloomington #7415), glial driver
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Stocks created for individual experiments, using the lines listed above:
- UAS-dPANK/fbl-RNAi (30B only, lines F10 and F20 established through recombination)
- UAS-dPPCDC/ppcdc-RNAi (30B only, lines P7 and P17 established through recombination)
- Actin-GAL4::UAS-GFP/CyO
- Actin-GAL4::UAS-dPANK/fbl-RNAi/CyO (30B only)
- MS1096-GAL4; UAS-GFP
- MS1096-GAL4; UAS- dPANK/fbl-RNAi/CyO (30B only)
- MS1096-GAL4; UAS-PPCDC-RNAi/CyO (30B only)
Crosses were raised at various temperatures as indicated in the text/legends.

Correction of UAS-dPANK/fbl-RNAi and UAS-dPPCDC/ppcdc-RNAi lines by recombination
Based on previous results (expression with various drivers, data not shown), we predicted that our UASdPANK/fbl-RNAi (#101437) and UAS-dPPCDC/ppcdc-RNAi (#104495) KK lines, obtained from the VDRC,
might contain not only the regular RNAi transgene at location 30B, but an additional one at 40D, which
has been shown to act as phenotypical enhancer able to cause nonspecific phenotypes, especially when
combined with ubiquitous or wing drivers52,53.
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To test those lines for RNAi transgene integration site occupancy we used genomic DNA preparation,
followed by PCR analysis, as described previously53. When both lines were confirmed to carry transgenes
at integration site 30B and 40D, we employed recombination to remove the one at 40D. Lines with
the remaining insertion at 30B were confirmed by PCR (Suppl Fig 2A) and tested for knockdown by
immunohistochemistry (anti-Fbl, Fig 4C-D) and qPCR (fbl and PPCDC, Suppl. Fig 2B-C). The “30B-only”
cleaned-up lines were used for all experiments presented in this publication unless stated specifically
otherwise.

Immunohistochemical analysis of Drosophila wing imaginal discs
For immunofluorescence of Drosophila wing discs, the crosses were raised at 29°C (MS1096-GAL4; UASGFP x UAS-GFP as control or x UAS-dPANK/fbl-RNAi) or 22°C (MS1096-GAL4; UAS-GFP x UAS-GFP
as control or x UAS-mtacp-RNAi #29528). Wandering L3 larvae (day 5) were collected and their wingdiscs dissected in ice-cold phosphate-buffered saline (PBS). The discs were fixed with 4% formaldehyde
(Thermo Scientific Pierce) for 30 mins, washed for 3x20 mins with phosphate-buffered saline (PBS) + 0.1%
Triton-X-100 (Sigma Aldrich) and afterwards incubated in primary antibody (rabbit anti-Fbl5, 1:500 or
rabbit anti-mtACP, ThermoFisher PA5-22191, 1:500) in PBS + 0.1% Triton-X-100 overnight to visualize the
presence/absence/localization of Fbl or mtACP. After an additional washing step of 3x20 mins in PBS +
0.1% Triton-X-100 the discs were incubated in secondary goat anti-rabbit-Alexa488 antibody (Molecular
Probes) for two hours at room temperature. DAPI (0.2ug/ml) (Thermo Scientific) was used to visualize
DNA. Finally the samples were mounted in 80% glycerol and analysed using a Zeiss-LSM780 NLO confocal
microscope with Zeiss software. Adobe Photoshop and Illustrator (Adobe Systems Incorporated, San
Jose, California, USA) were used for image assembly.

Drosophila eclosion rate experiments
Virgin female Actin-GAL4/CyO flies were crossed with males of either UAS-GFP or UAS-dPANK/fbl-RNAi
males at 29°C on standard fly food, or food supplemented with either sodium dichloroacetate (DCA,
Sigma) or pantethine (Pan, Sigma) at indicated concentrations. The flies were allowed to lay eggs for
5 days, after which the adults were discarded. The eclosing male flies were evaluated for presence or
absence of the CyO marker and counted daily over a period of 5 days to evaluate the total eclosion rate.
To calculate the eclosion rate, the number of non-CyO male flies was divided by the total number of male
flies that eclosed. At least 6 separate vials containing offspring were used per condition.

Mounting and imaging of adult fly wings
To image wings of adult flies from various crosses, F1 males or females of the indicated genotypes were
collected for a period of 3 days and kept for an additional 2-3 days after eclosion to allow for optimal
unfolding and clearance of the wings. Afterwards they were transferred into 70% ethanol and stored for at
least 2-3 days. The wings were removed by tweezers, mounted on slides in 80% glycerol and imaged with a
light microscope (Olympus BX-50) at 2x magnification. Adobe Photoshop and Illustrator (Adobe Systems
Incorporated, San Jose, California, USA) were used for visualization.
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Pharmacological- and genetic rescue of UAS-PPCDC-RNAi induced wing blisters
For the pharmacological rescue, MS1096-GAL4; UAS-GFP or MS1096-GAL4; UAS-dPPCDC/ppcdc-RNAi
females were crossed with UAS-GFP males at 29°C on standard fly food, or food supplemented with
sodium dichloroacetate (DCA, Sigma) at indicated concentrations.
For the genetic rescue MS1096-GAL4; UAS-GFP or MS1096-GAL4; UAS-dPPCDC/ppcdc-RNAi females
were crossed with UAS-GFP, UAS-PDK-RNAi (#28635 and #35142) or UAS-SIRT4-RNAi (#33984 and
#36588) males at 29°C on standard fly food.
The females were allowed to lay eggs for 5 days, after which the parents were discarded. F1 males were
collected and imaged as described above and analysed for the presence or absence of ‘blisters’.
A wing ‘blister’ occurs when the two layers of the wing do not adhere properly to each other and
hemolymph and cell debris collect in the space between the layers. Here we scored the imaged wings
as ‘blistered’ if either morphological deformations indicated the presence of a blister (Fig 4F’’, Fig 5C-D,
arrows) or if the wing appeared “bloated” and showed a brown discoloration (Fig 4E’’, E’’’, F’’’), indicating
an insufficient clearance of hemolymph and cell debris from the wing. In comparison wings were scored
as ‘not blistered’, if they appeared structurally normal and/or no discoloration was observed (Fig 4E-F, 5CD). For visualisation and quantification, Adobe Photoshop and Illustrator (Adobe Systems Incorporated,
San Jose, California, USA) and GraphPad Prism software (GraphPad Software, San Diego, CA, USA) were
used.
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Quantitative PCR
For quantitative real-time PCR (qPCR) from fly samples we collected 8 specimens, in most cases adult
flies, from crosses of Actin-GAL4 with UAS-dPANK/fbl-RNAi F10 and F20, UAS-dPPCDC/ppcdc-RNAi P7
and P17, UAS-PDK-RNAi #28635 and #35142 and UAS-SIRT4-RNAi #333984 and #36588. The cross of ActinGAL4 with both UAS-dPPCDC/ppcdc-RNAis results in mid to late pupal lethality, so we collected those
samples during pupal development. The samples were crushed with a motor pestle, lysed in Trizol (Life
Technologies) and RNA isolation was performed according to standard protocol. The isolated RNA was
treated with Turbo DNAse (Ambion) followed by addition of random primers and reverse-transcription
using M-MLV (Invitrogen). Quantitative PCR was performed using Sybr Green (Bio-Rad) on a CFX Connect
Real Time System (Bio-Rad). Quantitative PCR was performed using primer sets to detect dPANK/fbl,
dPPCDC/ppcdc, PDK and SIRT4 mRNA expression, and normalized against Rp49 mRNA-loading controls.
For the human cells qPCR, cells were collected and lysed in Trizol, from this point the same procedure was
followed as for the fly samples. Fly samples were normalized for rp49, human samples were normalized
for B2M and UBC.

Statistical analysis
All statistical analyses were performed using GraphPad PRISM software (GraphPad Software, San Diego,
CA, USA). The statistical test used is referred to in the legends.
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Supplementary Figure 1: PCR analysis of site occupancy in VDRC KK RNAi lines for dPANK/fbl and dPPCDC/ppcdc and cleaned
“30B-only” recombinants.
Original VDRC KK lines containing RNAi constructs directed against dPANK/fbl and dPPCDC/ppcdc contained, in addition to the
functional 30B transgene insertion site, an additional 40D transgene insertion site, causing, when overexpressed, a wing phenotype
unrelated to the RNAi construct 52,53. These unwanted extra insertion sites were removed by outcrossing and “cleaned-up” fly stocks
were generated and verified by PCR. The cleaned-up and thereby bona fide Drosophila strains were used for all experiments.
(A) The PCR was performed as previously described53 and run on a 2% agarose gel. M: 100bp marker; H2O: water-only control; w1118:
stock used for recombination, not containing either (30B/40D) element; UAS-dPANK/fbl-RNAi-KK: Original VDRC KK UAS-dPANK
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/fbl-RNAi line, containing both 30B and 40D elements; UAS-dPANK /fbl-RNAi-F10 and F20: “cleaned-up” recombinants containing
only the 30B element; UAS-dPPCDC/ppcdc-RNAi-KK: Original VDRC KK dPPCDC/ppcdc-RNAi line, containing both 30B and 40D
elements; PPCDC-RNAi-P7 and P17: “cleaned-up” recombinants containing only the 30B element.
(B) Efficiency of dPANK/fbl downregulation by RNAi was verified for two “cleaned-up” lines by qPCR.
(C) Efficiency of dPPCDC/ppcdc downregulation by RNAi was verified for two “cleaned-up” lines by qPCR.
For B and C mean ±SEM is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets. *p<0.05, **p<0.01,
***p<0.001. n=3 for all samples.
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Supplementary Figure 2: Crossing scheme and illustration of eclosion rate in Act-Gal4/UAS-dPANK/fbl-RNAi flies
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(A-D) Flies carrying Act-GAL4 over a balancer are crossed with flies homozygous for UAS-GFP (A) or with flies homozygous for UASdPANK/fbl-RNAi (B/C). The eclosion rate (ER) of the progeny is calculated as the percentage of flies of the indicated genotype out
of the total eclosing flies. Green flies represent the Act-GAL4/UAS-GFP genotype (control cross with an expected ER of 50%, based
on Mendelian genetics), and red flies represent Act-GAL4/UAS-dPANK/fbl-RNAi (dPANK/Fbl downregulated) genotype. In case the
presence of UAS-dPANK/fbl-RNAi causes no reduced viability, the ER is 50% (B), in case it does cause reduced viability it is less than
50% compared to control (C/D). Black flies represent the UAS-lines/balancer genotype (control flies, expected ER of 50% based on
Mendelian genetics) of both crosses.
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Supplementary Figure 3: Specific downregulation of mtACP and LAS using RNAi constructs and the wing specific driver
MS1096-GAL4.
(A) Drosophila third instar control wing disc, expressing UAS-GFP under the control of MS1096-GAL4 and stained with anti-mtACP
antibody and the DNA-marker DAPI. GFP (green) marks the expression domain of the MS1096-GAL4 driver and mtACP protein
(magenta) shows a ubiquitous expression in the wing disc.
(B) Close-up of boxed area in A.
(C) Third instar wing disc, co-expressing UAS-GFP and UAS-mtacp-RNAi under the control of MS1096-GAL4 and stained with antimtACP antibody and DAPI. GFP (green) marks the expression domain of the MS1096-GAL4 driver. mtACP protein (magenta) shows a
partial knockdown in the wing pouch area.
(D) Close-up of boxed area in C.
(E) Third instar control wing disc, expressing UAS-GFP under the control of MS1096-GAL4 and stained with an antibody specific for
lipoylated proteins and the DNA-marker DAPI. GFP (green) marks the expression domain of the MS1096-GAL4 driver and lipoylated
proteins (magenta) are ubiquitously expressed in the wing disc.
(F) Close-up of boxed area in E.
(G) Third instar wing disc, co-expressing UAS-GFP and UAS-Lipoic-Acid-Synthase (Las)-RNAi under the control of MS1096-GAL4
and stained with an antibody specific for lipoylated proteins (magenta) and DAPI. GFP (green) marks the expression domain of the
MS1096-GAL4 driver and a reduction of the magenta signal represents a decrease of lipoylated proteins in the affected wing pouch
area.
(H) Close-up of boxed area in G.
Scale bars: A/C/E/G = 50 µm, B/D/F/H = 20 µm
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Supplementary Figure 4: Overexpression of mtacp-RNAi lines leads to
morphology defects, a reduction in size in the wings and lethality
(A-G) Adult wings from crosses in which MS1096-GAL4; UAS-GFP or MS1096GAL4; UAS-Dcr-2 were combined with UAS-GFP as control (A) and three different
UAS-mtacp-RNAi lines (#29528, #37492 and #107907) at 18/22°C (B-G). Wings of
females are depicted. In most cases male flies do not eclose.
(B) MS1096-GAL4; UAS-GFP/UAS-mtacp-RNAi#29528 – At 18°C, the wings are
blistered and show discolorations, but have a somewhat regular shape. At 22°C the
wing is still blistered with discolorations, but it also shows a strong reduction in size
and morphology defects.
(C) MS1096-GAL4; UAS-Dcr-2/UAS-mtacp-RNAi#29528. At 18°C the wing looks
comparable to the one depicted in B at 22°C. At 22°C the cross is pupal lethal and
no flies eclose.
(D) MS1096-GAL4; UAS-GFP/UAS-mtacp-RNAi#37492 – At 18°C, the wings are
strongly reduced in size and show morphology defects and do not inflate. The
cross is mostly pupal lethal with very few adult flies eclosing. At 22°C the crosses are
fully pupal lethal and no flies eclose.

(E) MS1096-GAL4; UAS- Dcr-2/UAS-mtacp-RNAi#37492 – At 18/22°C the crosses are fully pupal lethal and no flies eclose.
(F) MS1096-GAL4; UAS-GFP/UAS-mtacp-RNAi#107907 - At 18°C, the wings are blistered, curled and reduced in size. At 22°C the wings
show morphology defects and do not inflate. As with the cross shown in D the cross is mostly pupal lethal with very few adult flies
eclosing.
(G) MS1096-GAL4; UAS- Dcr-2/UAS-mtacp-RNAi#107907 - At 18°C, the wings are blistered and curled. At 22°C the crosses are fully
pupal lethal and no flies eclose.
Scale bar = 500 µm
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Supplementary Figure 5: Control crosses for MS1096; UAS-dPPCDC/ppcdc-RNAi to determine a baseline for the “blistering”
phenotype
(A-D) MS1096; UAS-dPPCDC/ppcdc-RNAi was crossed with different control stocks (UAS-GFP (A), UAS-YFP (B), w1118 (C) and a randomly
chosen TRiP-RNAi line #36643 (D) to determine a “baseline” for the blistering phenotype and to exclude the possibility that the PDK/
SIRT4-RNAi induced rescue was caused by genetic background. The four lines, which all have a different genetic background, show a
frequency of ~84-100% of blistering. No rescue of the blistering phenotype was observed. Scale bar = 500µm
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Supplementary Figure 6: Control crosses for the UAS-PDK- and UAS-SIRT4-RNAi lines
(A-E) Control-crosses between MS1096-GAL4; UAS-GFP and UAS-GFP (A), two UAS-PDK-RNAi lines (#28635 and #35142, B,C) and two
UAS-SIRT4-RNAi lines (#33984 and #36588, D,E). All of the RNAi wings reveal minor wing vein defects (see cut-outs), especially at their
distal ends. No blistering/morphology/size defects were observed. Scale bar = 500µm (A-E)
(F) Efficiency of PDK downregulation by RNAi (#28635 & #35142) was verified by qPCR.
(G) Efficiency of SIRT4 downregulation by RNAi (#33984 & #36588) was verified by qPCR.
For F and G mean ±SEM is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets. *p<0.05, **p<0.01,
***p<0.001. n=3 for all samples.
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Supplementary Figure 7: Verification of doxycycline induction of the RNAi hairpin in HEK293T cells
HEK293T cells were transduced with lentivirus targeting human PANK2 (only hairpins 2.1 and 2.3 are shown) or a nontargeted control
(NTC) and subsequently selected with 0.6 µg/ml puromycin. After 1 week, doxycycline was added for 3 days to induce the microRNA
coupled to a TurboGFP cassette, in order to enable selection by FACS sorting; the cells were subsequently analysed on an LSR-II
etfrom
al.,concentration
Supplementary
8
flowLambrechts
cytometer (only data
of 1 µg/ml isFigure
shown). Addition
of doxycycline causes a clear induction of TurboGFP
expression and hence the coupled microRNA.
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Supplementary Figure 8: Verification of doxycycline induction of the RNAi hairpin in SH-SY5Y cells
SH-SY5Y cells were transduced with lentivirus targeting human PANK2 (only hairpins 2.1 and 2.3 are shown) or a nontargeted control
(NTC) and subsequently selected with 0.2 µg/ml puromycin. After 1 week, doxycycline was added for 3 days to induce the microRNA
coupled to a TurboGFP cassette in order to enable selection by FACS sorting; the cells were subsequently analysed on an LSR-II
flow cytometer (only data from concentration of 1 µg/ml is shown). Addition of doxycycline causes a clear induction of TurboGFP
expression and hence the coupled microRNA.
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Supplementary Figure 9: Reduced mRNA expression of PANK2, but not other PANKs, in inducible HEK293T cell lines PANK2.1
and 2.3
qPCR on nontargeted control (NTC) and doxycycline inducible PANK2 HEK293T knockout lines, PANK2.1 and 2.3, with and without
doxycycline.
(A) mRNA expression levels of PANK1 are unaffected in the inducible PANK2 knockouts lines after doxycycline treatment.
(B) mRNA expression levels of PANK2 show a decrease in the inducible PANK2 knockouts lines after doxycycline treatment.
(C) mRNA expression levels of PANK3 are unaffected in the inducible PANK2 knockouts lines after doxycycline treatment.
(D) mRNA expression levels of PANK4 are unaffected in the inducible PANK2 knockouts lines after doxycycline treatment.
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Supplementary Figure 10: Full gel images for Western blots presented in Figure 2B-D and 3A
(A) Full gel images for the anti-mtACP/Tubulin Western blot presented in Fig. 2B. For anti-mtACP two different exposure times were
used to detect the different mtACP expressing constructs as well as endogenous mtACP. The part of the Western used for the main
figure is outlined by a dashed line.
(B) Full gel images for the anti-mtACP/Tubulin Western blot presented in Fig. 2C. For anti-mtACP three different exposure times are
presented. The whole Western blot was used for Fig 2C
(C) Full gel images for the anti-PDH-E2/Lipo-PDH-E2 Western blot presented in Fig. 2D. The part of the blot used for the main figure
is outlined by a dashed line.
(D) Full gel images for the anti-Tubulin /dPANK/Fbl Western blot presented in Fig. 3A. The part of the blot used for the main figure is
outlined by a dashed line.
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Supplementary Figure 11: Full gel images for Western blots presented in Figure 6A (HEK293T)
(A,B) Original images for the anti-hPANK2/mtACP/GAPDH Western blots presented in Fig. 6A. The Western blotting samples were run
on the same gel, blotted and the membrane then cut into smaller pieces (according to the expected protein size), which were probed
for mtACP and GAPDH separately (A). Black dashed lines indicate the individual blots, lying next to each other. A separate Western blot
was run to detect hPANK2 (B). A longer exposure time was needed to visualise hPANK2 and mtACP, while a shorter one was used for
the control GAPDH. Red dashed squares outline the parts used to assemble the Western in Figure 6A.
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Supplementary Figure 12: Full gel images for Western blots presented in Figure 6C (SH-SY5Y cells)
(A) Original images for the anti-hPANK2/mtACP/GAPDH Western blot presented in Fig. 6C. The Western samples were run on the
same gel, blotted and the membrane then cut into smaller pieces (according to the expected protein size), which were probed for
the three antibodies separately. Black dashed lines indicate the individual blots, lying next to each other. A longer exposure time was
needed to visualise hPANK2 and mtACP, while a shorter one was used for the control GAPDH. Red dashed squares outline the parts
used to assemble the Western in Figure 6C.
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CHAPTER 6

ABSTRACT
The progressive myoclonic epilepsies (PMEs) comprise a group of rare disorders of different genetic
aetiologies, leading to childhood-onset myoclonus, myoclonic seizures and subsequent neurological
decline. One of the genetic causes for PME, a mutation in the gene coding for Golgi SNAP receptor
2 (GOSR2), gives rise to a PME-subtype prevalent in Northern Europe and hence referred to as North
Sea Progressive Myoclonic Epilepsy (NS-PME). Treatment for NS-PME, as for all other PME subtypes, is
symptomatic; the pathophysiology of NS-PME is currently unknown, precluding targeted therapy.
Here, we investigated the pathophysiology of NS-PME. By means of chart review in combination with
interviews with patients (n=14), we found heat to be an exacerbating factor for a majority of NS-PME
patients (86%). We demonstrated that knockdown of the GOSR2-orthologue Membrin in Drosophila
melanogaster also leads to a sensitivity to heat-induced seizures. Specific downregulation of Membrin in
glia but not in neuronal cells resulted in a similar phenotype, which was progressive as the flies aged and
was partially responsive to treatment with sodium barbital. Our data suggest a role for GOSR2 in glia in the
pathophysiology of NS-PME.
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INTRODUCTION
The progressive myoclonic epilepsies (PMEs) form a group of rare diseases of different genetic
aetiologies1,2. They are characterized clinically by a progressive neurological disorder starting in childhood
with myoclonus and epilepsy1,2. Mutations in the Golgi SNAP receptor 2 gene (GOSR2) cause a particular
type of PME with a relatively high prevalence in countries bordering on the North Sea3,4: aside from its
systematic classification as PME6, it is also known as North Sea progressive myoclonus epilepsy (NSPME)4. Interestingly, nearly all patients known to date are homozygous for the same mutation (c.430G>T,
Gly144Trp), leading to the amino acid change of an evolutionarily conserved residue of the GOSR2
protein3. The clinical phenotype of these patients consists of early-onset ataxia around the age of two
years, followed by generalised cortical myoclonus around the age of six with seizures often starting in
the second decade of life4,5. All these features are progressive, causing patients to become wheelchairbound in adolescence or adulthood and having a reduced life-expectancy4. Despite the progressive
neurological decline, no neurodegeneration is observed in imaging studies of affected patients or in the
single post-mortem neuropathological study that was performed3. Also, cognitive function is relatively
preserved in NS-PME4,5.
As in other types of PME/PMA, treatment is symptomatic and aimed at minimizing invalidating myoclonus
and epilepsy using (combinations) of antiepileptic drugs 1,2. Importantly, a large part of the antiepileptic
armamentarium (e.g. phenytoin, carbamazepine, gabapentin) is known to potentially aggravate
myoclonus and is therefore contraindicated in PME, limiting therapeutic options2. Unfortunately,
insight into the pathogenesis of NS-PME/PMA is lacking, hampering the development of more targeted
treatment strategies.
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The GOSR2 gene codes for a Qb-SNARE protein involved in traffic of proteins through the Golgi
apparatus6,7. The Gly144Trp amino acid change found in NS-PME/PMA patients most likely confers a loss of
function, as this alteration in the yeast GOSR2 homologue bos1 yielded a protein unable to complement
the Δbos1 knockout strain, contrary to the wild type bos13, supporting the notion that the mutation leads
to a partial loss of function of the GOSR2 protein.
Model organisms provide insight into pathophysiology of disease, particularly in the case of a known
genetic defect. Over the last decades, the fruit fly (Drosophila melanogaster) has emerged as a versatile
model organism for many conditions, including neurodegenerative diseases8 and epilepsy9,10. In a recently
described Drosophila model of NS-PME/PMA, dendritic growth defects and discrete changes in larval
neuromuscular junctions were reported11. However, the exact pathophysiology of NS-PME/PMA remains
unknown.
We collected retrospective data and analysed semi-structured interviews and we found heat to worsen
symptoms in a large majority of patients. These findings were further substantiated in a novel Drosophila
model for NS-PME/PMA by knockdown of the GOSR2-orthologue Membrin. Our results demonstrate
that specifically upon glial loss of Membrin, epileptic seizures are progressive with age and partially
corrected by sodium barbital.
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MATERIALS AND METHODS
Patients and patient interviews
From the medical records of 14 patients with NS-PME/PMA (age 4-44 years; male: female 10:4), we
retrospectively collected factors influencing symptoms, in particular myoclonic jerks and seizures, both
positively and negatively. In addition, we interviewed these 14 patients and/or their caregivers using a semistructured interview with a focus on factors that influenced NS-PME/PMA symptoms (supplementary
information).

Drosophila husbandry
Drosophila flies were maintained on Bloomington food at 25 degrees. Stocks that were obtained from the
Bloomington Drosophila Stock Center were Actin-GAL4 (#4414), nSyb-GAL4 (#51941), Elav-GAL4 (#8765),
Repo-GAL4 (#7415). The membrin RNAi strain was obtained from the Vienna Drosophila Resource Center
(#44534).

Heat-induced seizure assay
The heat-induced seizure paradigm was performed as previously described12.

Chemicals and administration
Sodium barbital was obtained from Sigma-Aldrich. Administration of barbital was achieved 24 hours prior
to the heat induced seizure assay by feeding the flies apple juice with 0,5 mg/mL sodium barbital by
transferring them to a Whatman filter soaked in 600 µL of solution. Apple juice was used for the control
condition. Administration of barbital over an extended period was achieved by supplementing the fly
food with barbital in the concentration of 0,5mg/mL food.

RNA isolation, quantitative real-time PCR, and primers.
Membrin qPCR was performed as previously described8. Primer sequences:
membrin fp: 5′-TGGGTCTGTCCAATCACACG-3′, rp: 3′- CAAGGTGACCACCACTCCTC -5′ ;
rp49 fp: 5’-CCGCTTCAAGGGACAGTATC-3’, rp: 5’-GACAATCTCCTTGCGCTTCT-3’.

Western blot
Protein levels were compared between Act>membrin RNAi and Act>GFP flies using Western Blot with antiMembrin antibody (Abcam, ab115642, 1:1000) as a primary antibody and HRP-linked anti-rabbit IgG as
a secondary antibody. Anti-tubulin was used to detect the loading control (Sigma, T5168, 1:5000). The
images were obtained using a ChemiDoc MP (BioRad).
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Statistics
Data was visualised and analysed using GraphPad Prism version 5. Statistical analysis was performed using
Fisher’s exact test or Mantel-Cox log-rank-test as appropriate using Graphpad Prism version 5.

RESULTS
Heat causes exacerbation of symptoms in NS-PME/PMA patients
We interviewed 14 NS-PME/PMA patients with a specific emphasis on factors influencing their symptoms,
both positively and negatively. The full results are displayed in Supplementary Table 1. Interestingly, heat
was reported to exacerbate symptoms in a majority of patients (Table 1). This not only included fever
and intercurrent illness (11/14 patients, 79%), but also exogenous factors such as hot showers/baths (5/14
patients, 36%) and increased environmental temperature (7/14 patients, 50%). In total, 12 patients (86%)
reported at least one form of exogenous heat as exacerbating their NS-PME/PMA symptoms. Other,
more well-known exacerbating factors such as (unexpected) noise, lights/flashes and stress were also
frequently reported by patients (Supplementary Table 2).

Table 1 | Distribution of reported heat-related factors negatively influencing NS-PME/PMA symptoms
Factors associated with exacerbation of symptoms

1
2
3
4
5
6
7
8

Age and
gender
24M
25M
17M
4M
7M
18F
44F
35M

X
X
X
X

Any exogenous
heat source
X
X
X
X
X
X
X
X

9

30M

X

X

X

10
11
12

7F
40F
12M

X

X

X

X

13

31M

X

X

X

14

31M

X

X

X

Fever
X
X

Environmental heat

Shower/bath

46

X
X
X
X
X
X
X

X

In this table, only the presence or absence of factors associated with heat are displayed; all reported factors can be found in
Supplementary Table 1.
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Figure 1: Ubiquitous or glia-specific knockdown of Drosophila membrin causes seizure-like behaviour in (female) flies and
barbital suppresses seizure-like behaviour associated with glial loss of membrin
(A) 5 day old female flies Act-Gal4 UAS-membrin-RNAi (ubiquitous membrin-downregulated) flies or Act-Gal4 UAS-GFP (control)
flies were tested for sensitivity to heat-induced seizures during exposure of 120 seconds in a 40 °C water bath. The vials were scored
in a cumulative manner at 5 second intervals for seizing flies. While the control flies never seized, the membrin-downregulated flies
showed seizure-like behaviour in about 30% of the flies after 120 seconds.
(B-C) 3, 5 and 8 day old female flies expressing UAS-membrin-RNAi under the control of neuronal drivers Elav-Gal4 and nSyb-Gal4,
to downregulate membrin in neuronal cells, were treated as in A. 8 day old flies expressing UAS-GFP under the control of the same
drivers are shown as controls. Seizure-like behaviour is absent in control flies and in flies in which membrin is downregulated in
neuronal cells.
(D) 3, 5 and 8 day old female flies expressing UAS-membrin-RNAi under the control of glial driver Repo-Gal4, to downregulate
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membrin in glia, were treated as in A-C. 8 day old flies expressing UAS-GFP under the control of the same driver are shown as controls.
Compared to the controls flies, flies in which membrin is downregulated in glia, show an age-dependent increase in seizure-like
behaviour, 0% seized at 3 days, 30% at 5 days and 50% at 8 days.
Number in brackets depicts the number of flies. Groups were compared using the Mantel-Cox log-rank-test. (*** p<0,001)
(E-F) Repo-Gal4/UAS-membrin-RNAi (with membrin downregulation in glia) flies and Repo-Gal4/UAS-GFP flies as controls (both
females) were treated with barbital (0.5 mg/ml) added to the food of the adult flies during ageing (8 days) (E) or barbital was added
only 24 hours before 8-days old flies were exposure to heat (F). Either treatment suppressed the seizure-like behaviour of these flies.
Number in brackets depicts the number of flies. Groups were compared using the Mantel-Cox log-rank test. (* p<0,05, *** p<0,0001)

RNAi-mediated knockdown of Membrin causes a decrease of membrin mRNA and protein in vivo
Next a Drosophila melanogaster model for NS-PME/PMA was developed. Using RNAi-mediated
knockdown, we downregulated the Drosophila GOSR2 orthologue Membrin in all cells and we verified
that, respectively, membrin mRNA and Membrin protein levels were reduced (Supplementary Figure 1).
As reported previously11, ubiquitous knockdown of Membrin was observed to cause a drastic reduction in
the amount of offspring as compared to the controls (Supplementary Figure 2). This demonstrated that
adult flies expressing reduced levels of membrin are viable, although their numbers are reduced.

Ubiquitous knockdown of membrin is associated with sensitivity to heat-induced seizures
We investigated whether the flies with reduced Membrin levels showed sensitivity to heat-induced
seizures. We subjected control flies and Membrin-reduced flies to a water bath of 40 oC for up to 120
seconds, as previously described12. Seizure-like behaviour, characterised by twitching, wing flapping and
loss of standing position, was not observed in control flies. However, in 5 day old Membrin-reduced
flies, this seizure-like behaviour is observed in approximately 30% of flies in an accumulative manner, the
longer the heat shock lasted, the more flies showed seizure-like behavior (Figure 1A). These data are
consistent with the clinical data.
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Heat-induced seizure sensitivity is recapitulated by glial, but not neuronal knockdown of
membrin and is progressive with age
Both in humans and in Drosophila, the central nervous system (CNS) consists of neuronal cells and glial
cells13. We proceeded to investigate in which cell type in the Drosophila central nervous system membrin
plays a role in preventing heat-induced seizures. We expressed the membrin RNAi construct using either
an exclusively neuronal or an exclusively glial driver, to induce the downregulation of membrin in each cell
type separately. In contrast to ubiquitous downregulation of Membrin using Act-GAL4 as a driver, specific
downregulation of Membrin in neuronal cells or glia did result in normal numbers of viable male and
female offspring. Neuronal downregulation of Membrin using either the Elav-GAL4 or the nSyb-GAL4
driver did not cause any seizure-like behaviour in response to heat (Figure 1B,C (females), Supplementary
Fig 3 (males)). In contrast, we did find an increased sensitivity to heat-induced seizure behaviour using the
pan-glial driver Repo-GAL4. (Figure 1D (females), Supplementary Figure 3 (males), video 1-2), remarkably
similar to what is observed with the ubiquitous knockdown of membrin using Actin-GAL4. In concordance
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with the progressive nature of NS-PME/PMA, we observed that the incidence of seizures induced by heat
increased as flies aged. Whereas no seizures were observed at 3 days, 20% of the flies seized at 5 days and
when tested at the age of 8 days, approximately 40% of these flies seized within 120 seconds in response
to the heat stimulus (Figure 1D). This suggests that membrin expression in glial cells and not in neuronal
cells is required to prevent heat-induced seizures during aging.

Barbital suppresses seizure-like activity associated with glial loss of membrin
Seizure-like behaviour in Drosophila shares not only electrophysiological but also pharmacological
features with human epilepsy, including responsivity to anticonvulsant drugs used in humans14–16. In
order to further investigate that the seizure-like behaviour induced by glial downregulation of membrin
resembles human epilepsy, we treated these flies with barbital, a GABA-agonist known to potently
suppress seizures in humans. Indeed, we observed a potent suppression of seizure-like behaviour of
these flies when barbital was added to the food during 8 days prior to seizure induction (Figure 1E). This
effect was also observed in flies that were only treated with barbital in the 24 hours prior to exposure to
heat (Figure 1F).

DISCUSSION
We found heat to be an exacerbating factor of symptoms in a majority of PME/PMA patients. Heatsensitive epilepsy is observed in febrile seizure syndromes as well as in Dravet syndrome, a syndrome
associated with mutations in sodium channel SCN1A12. Interestingly, it has been reported that a novel
type of PME/PMA associated with neuronal potassium channel KCNC1 features the opposite effect, with
improvement of symptoms during fever17. These observations suggest the presence of various distinct
underlying epileptogenic mechanisms in this group of disorders, while simultaneously underlining the
influence of temperature on channelopathies.
Our findings that loss of Membrin specifically in glia but not specifically in neurons leads to seizurelike behaviour in adult flies elaborates further on earlier findings in Drosophila11, where changes in
neuronal architecture, synaptic composition and electrophysiological seizure sensitivity at the larval
neuromuscular junction were observed upon ubiquitous Membrin loss of function. Our study dissects
the primarily neuronal from the primarily glial component of the phenotype caused by loss of Membrin.
Taken together, this now suggests that the neuronal phenotypes mentioned earlier11 may be secondary
to glial loss of Membrin function.
Glia emerge as important contributors to the pathophysiology of some types of epilepsy, due to the control
they exert over the neuronal microenvironment. Derailment of this function leads to disequilibrium of
ions and/or neurotransmitters, and as such may promote epilepsy18. Whether these mechanisms underlie
the neurological features of NS-PME/PMA remains to be investigated, in Drosophila as well as in other
models. The Drosophila model reported here may be useful as a platform to identify pathophysiological
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intermediates in NS-PME/PMA: these may include the glial partners of Membrin, as well as the crucial
glia-neuron interaction involved in the seizure model. In addition, the model may aid the discovery of
potential novel therapeutics that may benefit NS-PME/PMA patients.
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SUPPLEMENTARY MATERIALS AND
METHODS
Patients and patient interviews
From the medical records of 14 patients with NS‐PME/PMA (age 4‐44 years; male: female 10:4), we
retrospectively collected factors influencing symptoms, in particular myoclonic jerks and seizures, both
positively and negatively. In addition, we interviewed these 14 patients and/or their caregivers using a semi‐
structured interview with a focus on factors that influenced NS‐PME/PMA symptoms (supplementary
information). The interview was based upon factors identified in literature on NSPME/PMA and from our
retrospective data collection. All patients carry the same homozygous c.430G>T mutation in the GOSR2
gene. The effects of medication, diet, environmental conditions, internal factors (e.g. stress, anxiety)
and intercurrent illness were systematically assessed. All patients consented to participate; the study
was performed in accordance with the regulations of the Human Research Ethics Committee and the
University Medical Centre Groningen (UMCG) (Review board number UMCG M17.215724, Erasmus MC
MEC‐2018‐1136)
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12M

31M

31M

11

12

13

14

10 7F

24M

1

Gly144Trp Oversleeping

Gly144Trp Oversleeping

Gly144Trp Waking up

Gly144Trp

Gly144Trp Waking up, day
after alcohol
consumption
Gly144Trp Waking up

Gly144Trp Waking up

Gly144Trp Before seizure
Gly144Trp Menses

Gly144Trp Waking up

Gly144Trp Waking up

Gly144Trp Before seizure,
flanking sleep

Fever, fatigue, emotion
Illness, fever, fatigue, stress,
exertion, emotion
Fever, fatigue, stress,
excitement
Illness, fever, fatigue,
emotion, anxiety

Stress

Fever, illness, stress

Fever, fatigue, exertion,
emotion

Illness, stress, fatigue,
exertion
Fever, fatigue, emotion

Internal factors

Busy environment, lights, noises,
touch
Busy environment, heat, cold,
lights
Busy environment, heat, cold,
lights

Illness, fever, fatigue,
excitement
Illness, fever, fatigue, stress,
anxiety
Illness, fever, fatigue, stress,
anxiety

Illness, fever, fatigue, stress,
anxiety
Busy environment, lights, weather Illness, fatigue, anxiety, fever

Heat, lights, noises, touch

Lights, showering and hot bath,
noises, touch
Busy environment, lights,
showering and hot bath, noises
Lights, showering, touch
Busy environment, heat, lights,
noises
Busy environment, heat, warm
bath, blankets, noises, touch
Busy environment, heat, lights,
noises

Busy environment, lights, heat,
noises, warm meal

Factors associated with exacerbation of symptoms
Situational
Environmental factors
factors
Gly144Trp Before seizure, Busy environment, lights, noises,
flanking sleep
blankets, touch
Gly144Trp Before seizure, Busy environment, lights,
flanking sleep
showering

Age and GOSR2
gender mutation

Vitamin A and
multivitamins

Milk/dairy, egg,
citrus fruits,
chocolate, banana,
coconut, peanuts

Clonazepam

Medication/
substance
CBD oil, milk/dairy

Supplementary Table 1 | Positive and negative influences on NS‐PME/PMA symptomatology as reported by patients

Relaxation, well-rested

Relaxation, well-rested

During sleep, relaxation, wellrested, distraction

Distraction

Distraction

Relaxation, well-rested
Relaxation, during fever lying still

Relaxation

Relaxation

Acetazolamide

Acetazolamide

Levetiracetam,
clonazepam
Clonazepam,
CBD oil
Clonazepam

Alcohol,
cannabis

CBD oil

Clonazepam

Clonazepam

Clonazepam

Factors associated with improvement of symptoms
Situational factors
Medication/
substance
Directly after seizure, during fever, Valproic acid
relaxation, distraction, well-rested
Relaxation, distraction, well-rested Levetiracetam,
valproic acid,
ethosuximide,
alcohol
Valproic acid,
Levetiracetam,
Ketogenic diet
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Supplementary Table 2 | Incidence of factors negatively influencing NS‐PME/PMA symptoms
Proportion of patients
Factor
reporting exacerbation
Fever
12/14 (86%)
Any exogenous heat
12/14 (86%)
Environmental heat
7/14 (50%)
Shower/bath
5/14 (36%)
Blankets
2/14 (14%)
Bright/flashing lights
12/14 (86%)
Busy environment
11/14 (79%)
Stress/anxiety
10/14 (71%)
Noise
9/14 (64%)
Illness
9/14 (64%)

SUPPLEMENTARY FIGURES
Lambrechts et al, Supplementary Figure 1
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Supplementary Figure 1: Validation of the UAS-membrin-RNAi line by qPCR and Western blot
(A) mRNA expression levels of Drosophila membrin, normalized to housekeeping gene rp49 expression levels in 3 day old adult
females, ubiquitously expressing UAS-membrin-RNAi (Act-Gal4/UASmembrin-RNAi), to downregulate membrin in all cells. ActGal4/UAS-GFP females were used as age-matched controls.
(B) Western blot depicting Drosophila Membrin protein levels in Act-Gal4/UAS-membrin-RNAi (Membrin downregulated) females
and Act-Gal4/UAS-GFP females as controls. α-Tubulin was used as loading control. Data shows mean ± SEM (n=3) and two-tailed
unpaired Student’s t-test was used (*p ≤ 0.05)
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Lambrechts et al, Supplementary Figure 2
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Supplementary Figure 2: Act-GAL4/UAS-membrin-RNAI flies show decreased eclosion compared to controls.
(A/B) Crossing scheme to obtain control flies (CyO/UAS-GFP; Act-GAL4/UAS-GFP; CyO/UAS-membrin-RNAi) and flies in which
Membrin is downregulated (Act-GAL4/UAS-membrin-RNAi) using the GAL4-UAS binary system. (C) Control adult flies eclose from
their pupal cases in expected ratios according to Mendelian inheritance, Act-GAL4/UAS-membrin-RNAi males are lethal and ActGAL4/UAS-membrinRNAi females eclose with reduced numbers. Groups were compared using Fisher’s exact test.
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Supplementary Figure 3: Glial, but not neuronal knockdown of Drosophila membrin causes seizure-like behaviour in male flies
(A/B) 8 day old male flies expressing UAS-GFP (control flies) or UAS-membrin-RNAi under the control of neuronal drivers Elav-GAL4
and nSyb-GAL4 (both inducing Membrin downregulation in neuronal cells) were tested for heat-sensitivity. As in females, Membrin
downregulation in neuronal cells did not induce seizure-like behaviour in males.
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(C) 3, 5 and 8 day old male flies expressing UAS-membrin-RNAi under the control of glial driver RepoGAL4 (inducing Membrin
downregulation in glia) were treated as in Figure 1. Comparable to females, downregulation of Membrin in glia induced an agedependent increase in seizures, while the control flies never seized.
Number in brackets depicts the number of flies. Groups were compared using the Mantel-Cox log-rank test.

SUPPLEMENTARY VIDEO
Supplementary video 1 | Induction of seizure-like behaviour in glial membrin hypomorphs by heat shock (repo>membrin RNAi)
Glial knockdown of membrin leads to prominent heat-induced seizure-like behaviour followed by paralysis in 8-day old flies. A copper
chamber heated to 40 °C was used to facilitate video recording.
(The video can be found at http://ees.elsevier.com/nsc/download.aspx?id=1425850&guid=1f2058a0-270f-4482-b177-4cee492b8080&
scheme=1)
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In this thesis, we employ Drosophila melanogaster as a tool to uncover fundamental as well as clinically
relevant aspects of childhood-onset movement disorders PKAN and NS-PME. The nature of these
diseases precludes extensive research in the patient population, as the groups of patients are small and
the tissue primarily affected, the brain, is not available for investigation.

Of models and man
As described in the introduction, the study of these diseases involves disease models in order to eventually
improve clinical care. The choice of model, however, is far from straightforward and is dictated by
requirements that follow from the question at hand. For some questions, cellular models may suffice, and
it may be preferred to use human cells rather than bacterial or yeast cells. Although it is possible to induce
a genetic defect in immortalized human cells in culture, a novel technique gaining popularity employs
cells derived from a patient which are subsequently transformed into a cell type of choice, This technique
makes it possible to retain the original genetic makeup of the patient: these are induced pluripotent stem
cells, or iPSCs. Vast progress is made in this field of induced pluripotency and subsequent differentiation
into a tissue of choice (such as neurons) with the exact genetic aberration as is present in the patient.
However, even this highly sophisticated approach comes with drawbacks. First of all, this method does
not yield a complete organ (like a brain), and is unable to show functional consequences of a genetic
defect on a multicellular level. As a consequence, it disregards how different cells, of either shared or
different lineages, influence each other; a factor of major importance, as shown by the work done with
NS-PME (Chapter 6 of this thesis). Secondly, these models are unable to represent the more complex
phenotypes observed in patients, and render it difficult to interpret the results. For example, neuronal
dysfunction (rather than degeneration) is difficult to assess in a cellular model, whereas it is evident from
behaviour in a complete organism.
An organism that is often used to study human disease is the mouse. Although attractive models in
terms of potential complex phenotypes and evolutionary kinship, the two diseases singled out in this
thesis do not benefit from murine models at the moment of writing. For NS-PME, no mouse model
has been reported: however, as part of a large phenotype library, a GOSR2 knockout mouse was shown
to be embryonal lethal1. The heterozygous knockout mouse reportedly shows gait abnormalities1, but
these have not yet been characterized in more detail. These findings may reflect that the loss of function
conferred by the homozygous G144W mutation common in patients is indeed only partial. For PKAN, a
mouse model yielded disappointing results, as the knockout failed to reproduce either iron accumulation,
neurodegeneration or movement disorders2. Only when challenged by pantothenate deprivation3 or a
ketogenic diet4 do PANK2-knockout mice show a neurological phenotype: it remains uncertain to which
extent alterations found in these models correlate with pathophysiological changes occurring in patients.

The merits of Drosophila melanogaster in neuroscientific research
As demonstrated in the experimental chapters of this thesis, Drosophila melanogaster can also be used
to study these diseases. As a model for neurological disease, in particular genetic disease, it provides an
excellent compromise between, on one hand, an organismal complexity sufficient to yield representative
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phenotypes; and on the other hand, the ease to manipulate molecular processes centrally or peripherally
located in the pathophysiology of disease (Chapter 2 of this thesis). In addition, Drosophila models are very
suitable for larger-scale screens of disease-modifying genes or pharmacological compounds. Although
these studies have inherent merit, these results can then also be transferred to more complex and in
some cases more representative (but less screenable) models. The non-hypothesis-driven, but rather
hypothesis-generating nature of these screens enables truly novel insights, which benefit fundamental
knowledge and clinical implementation alike.
The case of PKAN illustrates this well. After the Drosophila model for PKAN was established, it was
swiftly employed to find chemical compounds, such as pantethine, capable of replenishing CoA in the
absence of pantothenate kinase orthologue fumble (fbl)5. These findings were later replicated in other
models of PKAN4,6. Since pantethine is known to be highly unstable when administered to patients orally
or intravenously7, we aimed to find compounds other than pantethine to replenish CoA levels in PKAN
patients in Chapter 3 and Chapter 4.

Coenzyme A-related therapeutics in pantothenate kinase-associated neurodegeneration
A first approach to synthesize a pantethine derivative aimed at improved cellular delivery was
unsuccessful (Chapter 3 of this thesis). The rationale behind the derivatisation, which involved a moiety
referred to as 4-thiobutyl triphenylphosphonium (TBTP), was twofold: primarily, we hypothesized that
the negative charge of the moiety would improve cellular and mitochondrial uptake of the compound
(and the connected pantetheine) by means of the Nernst effect as reported previously8. In addition,
the introduction of the large TBTP-group could theoretically improve the compound’s stability, as
electrochemical and steric hindrance by TBTP could make the active site of pantetheinases less accessible
to TBTP-pantetheine. By simultaneously improving serum stability and cellular uptake we aimed to
increase the cellular delivery of the compound, and as such the clinical utility of the compound. However,
this derivatisation was unable to improve serum stability: this was in line with findings for other, smaller
moieties introduced on the cysteamine side of pantetheine9.
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Subsequently, the Drosophila model was used to probe the clinically relevant possibility of using
substrates other than pantethine to synthesize CoA in the absence of pantothenate kinase (Chapter 4
of this thesis). 4’-phosphopantetheine, a naturally occurring intermediate in the biosynthesis of CoA, was
shown to be taken up by cells, after which it is converted into CoA. As such, it is able to rescue phenotypes
caused by CoA deprivation. Also, as 4’-phosphopantetheine is modified on the pantothenate portion
of pantetheine, it is stable in serum, in contrast to TBTP-pantetheine, making it an attractive option as a
PKAN therapeutic.
It has been proposed that such a therapeutic strategy may lead to excess cellular CoA with potentially
detrimental effects10. However, it should be stressed that this prediction is based on findings in mice
with genetic deregulation of CoA biosynthesis by overexpression of PANK2. This makes it impossible to
determine whether the phenotypes observed are the direct consequence of elevated CoA levels as is
suggested; effects of PANK2 overexpression may extend beyond an increase in Coenzyme A levels alone.
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PANK2 may have other functions in addition to CoA biosynthesis, and by overexpressing PANK2 CoA
precursors may accumulate in a toxic manner. Whether supraphysiological CoA concentrations can be
induced by exogenous administration of CoA biosynthesis substrate in humans, and whether this indeed
confers detrimental effects in patients, cannot reliably be concluded; and indeed, this should not deter
the pursuit of this therapeutic strategy.
In parallel, other approaches have been taken to replenish CoA in the brain in the absence of pantothenate
kinase: examples include RE-02411, a commercially developed derivative of phosphopantothenate, and
more recently pantazines12. Whereas RE-024 aims to bypass PANK in the production of CoA by supplying
readily phosphorylated pantothenate11, the mechanism of pantazines relies on allosteric activation of
PANK312. Both these compounds are non-naturally occurring substances. RE-024 is currently being tested
in phase III clinical trials and its effectivity is not yet clear. When fed to mice or rats, orally administered
RE-024 did not reach the bloodstream or the brain11, and the compound was only detected in mouse
brain after intraventricular injection; however, in monkey blood as well as brain, RE-024 was detectable
upon oral administration11. This quixotic pharmacokinetic profile makes common toxicology studies
difficult to carry out. The working mechanism of pantazines relies on stimulation of PANK3, in order to
increase the production of cytosolic phosphopantothenate and consequently CoA. This compound
shows attractive pharmacokinetic behaviour and elevates CoA levels in both liver and brain tissue of a
Pank1/Pank2 double knockout mouse. However, permeation of the compound in brain in vivo is not
shown, enabling the possibility that the pantazines work by increasing circulating 4’-phosphopantetheine
produced in the liver. If true, this would make them mechanistically equivalent to direct administration of
4’-phosphopantetheine, with the additional disadvantages of off-target toxicity and reduced control over
the amount of 4’-phosphopantetheine produced.

Pathophysiology of pantothenate kinase-associated neurodegeneration
The pathophysiology of PKAN has remained elusive since its first description by Hallervorden and Spatz
in 192213. Although damaging mutations in PANK2 have been identified as the root cause for the disease,
the exact mechanism and the pathophysiological importance of the observed iron accumulation have
remained a mystery. The discovery of CoPAN, an NBIA strongly resembling PKAN caused by mutations
in the final CoA biosynthesis enzymes14, firmly established the causal role of CoA in this particular type
of neurodegeneration, yet the downstream pathways that connect CoA to the neuronal demise are
unknown.
In Chapter 5 we focus on precisely those downstream pathways. Discouragingly, CoA partakes in an
overwhelming number of cellular reactions; however, in the vast majority of those, CoA is recycled
rather than consumed. Fascinatingly, in fibroblasts of two CoPAN patients the total amount of CoA was
no different from control fibroblasts, in spite of an 80% decrease in CoA biosynthesis14. Therefore, we
focused our attention on those reactions that actively consume CoA instead of those recycling it. Since
4’-phosphopantetheinylation is the only known CoA-consuming process known thus far** and
**
One may consider the degradation of CoA by Nudix hydrolases an exception to this statement, but since this does not
“employ” CoA for a known purpose, it was disregarded in this context.
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mitochondria appear to be the most strongly affected organelle in PKAN models, this search converged
on mitochondrial acyl carrier protein (mtACP), which requires a 4’-phosphopantetheine moiety to
function. In cellular models, both insect-derived and mammalian, 4’-phosphopantetheinylation of mtACP
reacts strongly to loss of CoA. In addition, it shows a particular sensitivity to loss of PANK2 in human
neuroblastoma cells, which are relevant in the context of PKAN as a neurodegenerative disease.

Mitochondrial acyl carrier protein in health and disease
The cellular importance of mtACP has been established previously. It was first identified in Neurospora
crassa as a 4-phosphopantetheinylated mitochondrial protein15 with similarity to the Escherichia coli
cytosolic acyl carrier protein before its recognition as part of the respiratory chain complex I16. These
findings were later recapitulated for bovine mtACP17. Another function of mtACP was demonstrated in
Saccharomyces cerevisiae (baker’s yeast), as it was shown that deletion of mtACP caused a loss of lipoic
acid (LA)18. In human cells, mtACP was shown to be a short-lived mitochondrial protein (half life <24h)19,
the downregulation of which rapidly compromises cellular health and decreases both lipoylation and
complex I function19. Recently, a third function of mtACP was demonstrated: it fulfils a pivotal role in
mitochondrial iron handling and iron-sulfur cluster formation20. This function, like the synthesis of LA,
is 4’-phosphopantetheinylation-dependent, as it is impaired both by mutation of the modified serine
residue of mtACP, as well as by deletion of the phosphopantetheinyltransferase responsible for this
modification20. It was recently shown by crystallography that acyl-mtACP stabilises the hydrophobic core
of ISD11, one of the main components of the iron sulfur cluster biosynthesis machinery21.
There is evidence to suggest that the crucial function of mtACP is not its role in complex I. mtACP has
been encountered as a free matrix protein in several organisms22–24. In Yarrowia lipolytica, mutation of
the mtACP 4’-phosphopantetheine-carrying serine residue mimics the loss of the complete protein and
confers lethality25. Interestingly, loss of the complex I subunit nb4m leads to complete dissociation of
mtACP from complex I, yet this strain is viable26, indicating that the essential function of mtACP is separate
from its role in complex I and oxidative phosphorylation26. Furthermore, S. cerevisiae lacking mtACP suffers
from defective respiration18, which was ascribed to defective synthesis of LA since unlike in many other
species, yeast complex I is a separate protein that operates without an acyl carrier protein18. Furthermore,
after treatment with chloramphenicol to inhibit mitochondrial translation in human cell culture, intact
complex I was undetectable; nevertheless, unbound mtACP was retained and even more abundant than
in control cells, in contrast to many other components of Complex I27. This indicates that mtACP fulfils
another, vital role besides its participation in Complex I: this may be the synthesis of LA.
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In contrast to its physiological functions, the role of mtACP in human disease is relatively unknown.
Mutations in mtACP (or, as it is known in humans, NDUFAB1) have been actively searched in children with
unexplained Complex I deficiency 28–30, but no mutations have been found. We demonstrated that loss of
mtACP has devastating consequences in Drosophila. Ubiquitous knockdown of mtACP is incompatible
with life, glial knockdown confers mostly late pupal lethality and neuronal knockdown leads to progressive
impairment of locomotion and early death (unpublished data). In Chapter 5, we show that loss of mtACP
in the Drosophila wing leads to severely abnormal morphology , similar in pattern
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to what was observed upon disruption of CoA biosynthesis. In the experiments done, knockdown of
mtACP induces much stronger phenotypes than knockdown of the CoA biosynthesis enzymes; this may
reflect the relative strengths of the respective RNAi constructs, or it could indicate that reduction of CoA
biosynthesis does not cause an equal reduction of mtACP 4’-phosphopantetheinylation. In agreement
with the earlier conclusion in this chapter that the vital function of mtACP is not its function in complex I,
we found that overexpression of UAS-NDI1, the single-subunit yeast complex I, was unable to rescue the
wing phenotype caused by CoA biosynthesis defects (data not shown). Recalling the question at the start
of this paragraph, one may well wonder what the symptomatology of a mtACP/NDUFAB1 mutation would
be. Given the findings in Chapter 5, such a defect may be either incompatible with life or, when the loss of
mtACP function would be relatively minor, could give rise to an NBIA-like phenotype.

mtACP and downstream factors in PKAN/CoPan
CoA biosynthesis defects share clinical features with the recently discovered disorder MePAN, which is
caused by mutations in mitochondrial trans-2-enoyl-CoA reductase (MECR) and leads to a lipoylation
defect31: an important difference between these diseases is iron accumulation. Given the similarity
between these diseases, the function hampered by loss of 4’-phosphopantetheinylation of mtACP leading
to neurodegeneration will most likely be the production of LA. The observation that the CoA biosynthesis
defects feature neurodegeneration with brain iron accumulation, and MePAN features neurodegeneration
without iron accumulation is in line with the findings in Chapter 5. Due to CoA biosynthesis defects,
mtACP is not adequately 4’-phosphopantetheinylated, and therefore impaired in both iron handling and
LA biosynthesis, leading to iron dyshomeostasis as well as neurodegeneration. Secondary to mutations
in MECR, LA production is compromised, yet mtACP is 4’-phosphopantetheinylated and can still function
in iron-sulfur cluster biogenesis, thus ensuring proper iron handling. Although the fate of iron in mtACP
mutants has not yet been determined by us or by others, the defect in iron sulfur cluster biosynthesis
resulting from loss of mtACP is thought to be biochemically similar to deficiency of frataxin, where
mitochondrial iron accumulation is evident32.
If this explanation of iron accumulation is correct, deferiprone treatment will not prevent
neurodegeneration from occurring in PKAN and CoPAN; even if it corrects the iron handling defect, it
will fail to rescue the lipoylation defect. In other words, it would suggest that iron accumulation is an
epiphenomenon which occurs in parallel to disruption of lipoylation. This latter process is sufficient to
cause neurodegeneration, as proven by the neurodegenerative nature of MePAN. However, it cannot be
excluded that the accumulated iron adds insult to injury by accelerating damage to the globus pallidus,
e.g. by oxidative stress. The results of the deferiprone trial in PKAN will be able to demonstrate to separate
these primary and secondary effects.
The observation that fibroblasts of MePAN patients demonstrate prominent hypolipoylation31, in the
absence of any extracerebral symptomatology, further argues for the specific vulnerability of the globus
pallidus to disruption of the lipoylation pathway in humans. A mouse model of MePAN also displays
neurodegeneration, most notably Purkinje cell loss33. Interestingly, knockdown of malonyl CoA-acyl
carrier protein transacylase (MCAT, which transfers the malonyl moiety from malonyl-CoA to mtACP,
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kickstarting the synthesis of LA) was shown to exert pleiotropic effects in mice, with a much stronger
emphasis on systemic mitochondrial dysfunction34; unfortunately, the brain of these mice was not
studied. Two mechanisms could underlie this discrepancy. Due to the blocking of malonyl transfer from
CoA to mtACP, CoA may be “trapped” in the form of malonyl-CoA, rendering recycling of the CoA moiety
impossible and leading to a secondary CoA deficiency with extracerebral effects. Also, malonyl-CoA
inhibits fatty acid oxidation, which may also add to the energy disequilibrium seen in tissues other than
brain in MCAT-deficient mice.
Lipoylation defects in turn induce loss of activity of lipoylation-dependent enzymes, such as the E2subunits of pyruvate dehydrogenase (PDH), α-ketoglutarate dehydrogenase (αKGDH) and branchedchain α-ketoacid dehydrogenase (BCKDH)31,35,36. PDH-E2-deficiency forms a rare cause of PDHdeficiency37,38, which phenocopies the neurodegenerative phenotype of defects in MECR and CoA
biosynthesis. Based on this observation, dysfunction of PDH-E2 may be the final common pathway for
these three diseases, consistent with our result described in Chapter 5. In Chapter 5 we show that cells
treated with HoPan show reduced PDH-activity. Furthermore, we prove the intricate causal relationship
between PDH and deleterious phenotypes of CoA deprivation in vivo by pharmacological and genetic
modulation of PDH. However, we did not investigate the activity and phenotypic contribution of the
other two lipoylation-dependent α-ketoacid dehydrogenases αKGDH and BCKDH, or the lipoylationdependent glycine cleavage protein H. Dysfunction of these proteins could contribute to the phenotype
of PKAN patients. In patient tissue, there is histopathological evidence of accumulation of ubiquitinated
proteins and neuroaxonal spheroids39: this may be caused by αKGDH dysfunction, since loss of αKGDH
leads to activation of mTORC1 and suppression of autophagy40.

Old data in a new light
The pathophysiological model for PKAN and related disorders proposed in Chapter 5 enables a more
thorough comparison between molecular findings in PKAN and that of isolated defects along the
proposed CoA–mtACP–lipoic acid–PDH-axis. A summary of the above is given in Figure 1.
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The consequences of mtACP loss on cellular metabolism have recently been investigated in human HeLa41
cells; levels of amino acids and select fatty acids have been measured in mtACP knockout Arabidopsis
plants earlier42. It is intriguing to compare these data with the results of metabolomics analysis of PKAN
patient blood samples43. However, it is important to keep in mind that in the blood samples metabolites
were measured in a derivative of the extracellular space, whereas the studies in HeLa cells and Arabidopsis
record intracellular metabolic changes. In addition, many of the changes in the peripheral blood of
patients did not reach statistical significance, most likely due to the small number of patients included. In
all three systems elevated glycine levels were found41–43, which can be explained by insufficient lipoylation
of the glycine cleavage system. In addition, both in HeLa cells and blood samples of PKAN patients,
glutamate levels are elevated and glutamine levels are reduced41,43. Reduced levels of isoleucine, leucine
and valine, all substrates of BCKDH, are found both in blood samples of patients and HeLa cells41,43: it
remains unclear why these substrates would be less abundant, since loss of BCKDH activity would cause
elevated concentrations of the enzyme’s substrates. All three studies report alterations in the cellular lipid
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profiles41–43: however, in order to truly compare the alterations in lipid profiles between cells with CoA
biosynthesis defects and cells with mitochondrial fatty acid synthesis defects, a side-by-side comparison
is necessary.
Another biochemical landscape that can be probed and compared is that of iron-sulfur clusters (ISC).
Studies in PKAN patient fibroblasts44 and iPSC neurons45 have demonstrated reduced activity of the
enzyme aconitase in spite of normal aconitase protein levels. Since aconitase needs an ISC in order to be
enzymatically active, this decrease in activity has been ascribed to an ISC shortage secondary to an iron
handling defect44,45. Similarly, a loss of aconitase activity was seen upon induction of mtACP pathology20.
Knockout of mtACP, site-directed mutagenesis of its 4’-phosphopantetheinylation site or knockout of
the phosphopantetheinyltransferase enzyme all induced this loss of aconitase phenotype in yeast20. In
contrast, knockout of lipoic acid synthase left aconitase activities unchanged, excluding a contribution
from mitochondrial fatty acid synthesis to the ISC phenotype.
A previous observation in Drosophila models of CoA deprivation was hypoacetylation of proteins, which
was ascribed to lower levels of cytosolic acetyl-CoA46. The source of cytosolic acetyl-CoA used for this
acetylation is citrate, produced in the TCA cycle47,48. A decrease in citrate production due to PDH
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deficiency could explain the hypoacetylation phenotype observed as well as the resulting increase in
genomic instability49, by a mechanism similar to what is described for Drosophila mutants in mitochondrial
citrate transporter scheggia (sea)50. It was also shown that HDAC inhibition ameliorated the phenotype
of fbl flies46, which implied a causal role of hypoacetylation in the Drosophila phenotype. However, in
models for Huntington’s disease, the beneficial effect of HDAC inhibition was recently ascribed to
stimulation of PDH51. Thus, previously reported hypoacetylation phenotypes in PKAN models may have
been a reflection of loss of PDH activity, and efforts to reverse this hypoacetylation may have stimulated
PDH explaining their efficacy.

Novel pathophysiological insights, novel therapeutics?
If the results of Chapter 5 can be translated to PKAN/CoPan/MePAN patients, this would suggest that
treatment aimed at stimulating PDH may prove beneficial. Dichloroacetate (DCA) stimulates PDH
by inhibiting pyruvate dehydrogenase kinase (PDK). Although its effect on pyruvate metabolism was
reported earlier52, strong evidence for its biochemical efficacy in patients has been around for more than
30 years53,54. The molecule is able to cross the blood-brain barrier55,56, lowers CSF/brain lactate 57,58, can be
administered orally 54,59 and shows relatively mild adverse effects54,59 even after long-term use60. However,
the effects of DCA on clinical outcomes have been disappointing54,59. In a large randomized controlled trial
aimed at paediatric patients with congenital lactic acidosis, treatment with DCA did not elicit a beneficial
effect on neurological outcome59. Important to mention is that of all 43 patients enrolled in the study,
only 11 had a PDH deficiency; 25 had respiratory chain defects and the remaining 7 had a mitochondrial
deletion syndrome59. With many patients in the study suffering from defects downstream of PDH, the lack
of clinical efficacy in this population may have been caused by improper patient selection and lack of
homogeneity, rather than lack of clinical effectiveness of DCA.
Although DCA showed positive effects in Drosophila flies with CoA biosynthesis defects (Chapter 5), its
target (PDK) inhibits the E1-subunit of the PDH complex, which is upstream of the lipoylated E2-subunit of
PDH. Since knockdown of PDK also proved beneficial, the influence of PDK is apparently strong enough
to overcome defects in another subunit in the PDH complex. Phenyl butyrate, another clinically used
drug, was found to exert effects similar to dichloroacetate61, i.e. inhibition of PDH-E1 phosphorylation:
interestingly, it also showed efficacy in a cell line derived from a patient suffering from PDH-E2 deficiency
62
. This, in combination with the beneficial effects observed in Drosophila, justifies further exploration of
DCA or phenyl butyrate as a therapeutic approach in PKAN. These may well be combined with the CoAbased therapies discussed earlier in this chapter.
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Given the findings in Chapter 5, pharmacological inhibition of SIRT4 would be another therapeutic
strategy in PKAN/CoPAN/MePAN since by genetic knockdown of SIRT4, phenotypes secondary to CoA
biosynthesis defects were ameliorated. SIRT4 inhibitors have not been developed, and their clinical use
will be limited due to the role of SIRT4 as both a tumour suppressor as an oncogene depending on the
tissue 63. Also, a recent study in Drosophila demonstrated that knockout of SIRT4 was detrimental to
lifespan and energy metabolism64. Therefore, with the information available at the moment of writing,
inhibition of SIRT4 is most likely not a suitable therapeutic strategy.
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Administration of LA may appear to be a more targeted, inexpensive therapeutic approach. Lipoic
acid is used as a food supplement and is well-tolerated65, also when given for longer periods of time66.
However, a study using HeLa cells showed that exogenous lipoic acid does not influence the lipoylation
of mitochondrial proteins when NDUFAB1 is knocked down19, making it an unlikely therapeutic in PKAN/
CoPAN/MePAN.
In summary, the findings of Chapter 4 and 5 suggest that treatment of PKAN patients with
4’-phosphopantetheine may be successful; in addition, stimulation of the downstream target PDH with
DCA may further support the globus pallidus neurons. The combination of these strategies may decrease
the necessary dose of 4’-phosphopantetheine, which is as of yet untested in humans and carries a yet
unclarified possible risk of toxicity67. Supplementation of lipoic acid may not be beneficial, based on the
pharmacodynamics of the compound in cell culture.

New insights in North Sea Progressive Myoclonus Epilepsy
In this thesis, the experience with Drosophila models of neurological illness is extended to a disease
other than PKAN: North Sea Progressive Myoclonus Epilepsy (NS-PME), caused by mutations in GOSR2.
Although PKAN and NS-PME are both progressive childhood-onset monogenic movement disorders,
they differ in several aspects. Whereas PKAN is a neurodegenerative disorder, signs of neurodegeneration
have not been found in imaging or pathology studies in NS-PME patients68. This likely reflects on a
fundamentally different pathophysiological basis for the progressive symptomatology. In addition, while
PKAN appears to be associated with disturbed cellular metabolism, the known cellular function of GOSR2
is related to protein transport through the Golgi apparatus69. By which mechanism impairment of this
function leads to pathology, and which factors mediate it, is currently unclear. However, the answers
to those questions are of crucial importance in the search of therapeutics for MS-PME. Therefore, a
model organism reproducing key features of the disease is first required to find these answers, either by
hypothesis-driven or non-hypothesis-driven research.
Ubiquitous downregulation of membrin, the Drosophila orthologue of GOSR2, leads to a neurological
phenotype in adult flies (Chapter 6 of this thesis). However, there is late pupal lethality associated with
its knockdown in all cells as well, in accordance with previous findings70. The neurological phenotype
is readily recapitulated by glial, but not neuronal knockdown of membrin. Interestingly, none of these
flies feature late pupal lethality. This suggests an additional, non-CNS pathology, induced by ubiquitous
membrin knockdown. Given the elevated creatine kinase found in patients71,72 and the recent association
of GOSR2 with dystroglycanopathy73 this may reflect a concomitant muscle phenotype. When inferring
the neurological consequences of loss of GOSR2 function, it appears justified to use the CNS-specific
knockdown of membrin as a model in order to prevent interference from non-CNS pathology on the
phenotype studied.
The neurological phenotype observed upon knockdown of membrin is seizure-like behaviour in response
to heat (Chapter 6 of this thesis). When exposed to an environmental temperature of 40 °C, a proportion
of flies adopts a supine position and displays paralysis and/or repetitive movements of the

162

General discussion

wings or legs. This heat-induced seizure paradigm has been used before to study mutations conferring
Dravet syndrome in Drosophila74; here the model was also evaluated electrophysiologically74. In our study,
we did not characterise our NS-PME Drosophila model electrophysiologically; these details on the exact
depolarisation and repolarisation behaviour of neurons may shed light on the underlying molecular
defect that causes this hyperexcitability. To justify the interpretation of this behaviour as epileptic we used
sodium barbital, a GABA-agonist and anticonvulsant, to demonstrate responsiveness to anticonvulsant
medication. In addition, the model reflects the progressive nature and heat sensitivity of symptoms also
seen in patients (Chapter 6 of this thesis).
One of the most intriguing findings in Chapter 6 is the recapitulation of neurological features observed
upon ubiquitous membrin knockdown by flies with exclusively glial knockdown of membrin. Although
seizures are a reflection of disturbed neuronal function, it suggests the root cause of this disturbance
is located in glia; neurons appear insensitive to downregulation of membrin at least with regards to
seizure-like behaviour. This appears to contradict earlier findings in a Drosophila model for NS-PME,
which ascribed a crucial function to membrin in neurons70. Upon ubiquitous overexpression of mutant
membrin constructs in a membrin null background, dendritic growths defects, reduced axonal trafficking
and NMJ abnormalities were reported70. However, these phenotypes were not assessed with cell-type
specific expression of the mutant constructs, nor was a rescue of the phenotype sought using cell-type
specific expression of membrin in the membrin null background. Some or all of the neuronal phenotypes
described may therefore be secondary to glial loss of membrin, which can readily be studied in the fly
model described in Chapter 6 of this thesis.

Glia in (models of) epilepsy: a changing paradigm
Drosophila models demonstrating a glial substrate for seizure-like behaviour in response to mechanical
stimulation75,76, temperature elevation77,78 or photic stimulation78,79 have been reported previously.
Processes disrupted in these models include glial calcium homeostasis77, extracellular ionic balance76 and
membrane maintenance79. Two studies have dissected the responsible glial subtype conferring seizure
sensitivity, both of which found this to be cortex glia77,79. Similar investigations, aimed at identifying the
glial subtype responsible for seizures in membrin knockdown may hint at the essential glial function
disrupted in NS-PME, and this in turn may hold the key to finding the cellular process responsible.
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In humans, glia have been investigated in the context of a different PME: Unverricht-Lundborg disease
(ULD), caused by mutations in cystatin B80. For ULD a mouse model has been developed which strongly
resembles ULD in terms of symptomatology81. Interestingly, this mouse model features glial activation82,83,
which is present before neuronal loss occurs84,85 and is therefore suggested to initiate or exacerbate ULD
pathophysiology84,85. However, the neurodegenerative nature of this disorder makes it difficult to translate
these findings to NS-PME, in which neurodegeneration has (at this moment) not been demonstrated by
postmortem histology or imaging68.
ULD aside, there is increasing evidence for a glial contribution to some forms of epilepsy86. Three
mechanisms have been put forward86,87: impaired clearance of potassium ions from the surroundings
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of the neuron, impaired clearance of excitatory neurotransmitter glutamate and impaired production
of glutamine for neuronal synthesis of GABA. These mechanisms can be investigated in the Drosophila
model. Expression of the glutamate sensor (mCD8-)iGluSnFR88 or GABA sensor GABA-Snifit89 may reveal
disturbances in the concentration of these neurotransmitters. Neuronal knockdown or pharmacological
inhibition of the glutamate receptor may demonstrate the influence of glutamate signalling on the
phenotype, and the balance between glutamine and glutamate can be investigated by studying the level
of glutamine synthase. Given the role of GOSR2/membrin in the Golgi apparatus, another reasonable
idea is to study the (mis)localisation of glutamate and ion transporters using immunofluorescence in
Drosophila tissue. Of particular interest is the inwardly rectifying potassium channel, a FLAG-tagged
version of which90 can be overexpressed in the glia of the NS-PME Drosophila model to investigate
channel (mis)localisation as well as possible beneficial effects of increased potassium clearance.
The exact Golgi pathology caused directly by mutations in GOSR2, and which is expected to underlie
the processes described in the previous paragraph, remains elusive. GOSR2, a Qb-SNARE protein, is
required for the fusion of ER-derived vesicles with the cis-Golgi 68,70. This fusion involves the formation
of a complex between a v-SNARE (v for vesicle) and a t-SNARE (t for target); in this fusion, the t-SNARE
is formed by GOSR2 together with syntaxin-5 and Sec22-b; the v-SNARE is Bet170,91. It has been shown
that GOSR2 mutations causative of NS-PME lead to a GOSR2 protein featuring a reduced fusion rate with
Bet170. However, which vesicles are affected, which proteins are contained by these vesicles, and how this
connects to the eventual defects on the neuronal level remains unknown.

Screening possibilities in NS-PME
Another, possibly complementary strategy to find the underlying molecular mechanism underlying NSPME is the use of screens. An advantage of this method would be its non-hypothesis-driven character,
which enables the discovery of novel and hitherto unrecognized elements in the pathophysiology of NSPME, with the possible prospect of therapeutic intervention. Drosophila is an excellent platform for these
screens, as outlined in Chapter 2. In order to facilitate a genetic modifier screen, a repo-GAL4::membrin
RNAi recombinant was made, which can be crossed to a library of genetic constructs and screened for
its seizure sensitivity, which may then be increased or decreased. This approach is able to identify glial
factors influencing the phenotype, but cannot infer which neuronal processes are involved. To screen
for neuronal intermediates conferring seizure-like behaviour a more complex setup is required, which
employs two separate binary systems. In this setup, the the first binary system is used to induce the
condition in which to screen (e.g. repo-QF>QUAS-membrin RNAi), the second serves to express the
putative modifier constructs (e.g. nsyb-GAL4). A similar approach was previously used for spinocerebellar
ataxia type 392. Another option is a compound screen, which assesses the effect of clinically approved
drugs on the phenotype and may lead to more direct therapeutic consequences.
Although all these screens are technically possible, the current eliciting of the phenotype is laborious,
hampering the efficacy of any screen. The use of electrophysiological measurements, as discussed
previously, may provide a more robust parameter as a (first) readout; an alternative is the testing of many
flies simultaneously using the current experimental setup, and quantifying the results on a video
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recording. Another possibility is the search for phenotypes in other, easier to screen organs such as the
Drosophila eye or the wing; however, this moves away from the epilepsy phenotype, which makes it more
difficult to (immediately) translate the findings to patients.

Concluding remarks and future outlook
In this thesis, Drosophila proves its value as a versatile and useful model for neurological disorders,
complementing the scarce but valuable information that can be obtained from patients. Using this
model, we found a possible therapeutic and proposed a comprehensive pathophysiological mechanism
(with novel therapeutics as a possible corollary) for PKAN. For NS-PME we gained new and unexpected
insights as well as a screenable model. For PKAN, investigating whether these findings also hold true in
patients is the next logical step. In NS-PME, the Drosophila model may provide insights and information
necessary to devise a future therapy.
This research begins and ends with patients. Our findings make a step forward towards the treatment of
these rare, devastating diseases .
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LEKENSAMENVATTING VAN DIT
PROEFSCHRIFT
Bewegingsstoornissen vormen een onderdeel van de neurologie waarin afwijkingen aan het normale
bewegingspatroon, niet verklaard door zwakte of pijn, worden bestudeerd en behandeld. Er wordt
onderscheid gemaakt tussen verschillende vormen van bewegingsstoornissen, in grote lijnen tussen
een te weinig aan beweging (de zogenaamde hypokinetische bewegingsstoornissen) en een teveel
aan beweging (hyperkinetische bewegingsstoornissen). Binnen de groep van hyperkinetische
bewegingsstoornissen bestaan verschillende patronen van overbeweeglijkheid, zoals myoclonus,
dystonie, tremor en chorea (zie Tabel 1).
Hyperkinetische bewegingsstoornissen
Myoclonus
Kortdurende spierschokken
Dystonie
Verkrampingen met afwijkingen aan de stand (van bijv. arm, been of nek)
Tremor
Trillen
Chorea
Continue en vloeiende overbeweeglijkheid met een dans-achtig karakter
Tics
(Kort) te onderdrukken stereotype bewegingen

Het vaststellen van het type bewegingsstoornis geeft richting aan het zoeken naar de onderliggende
(hersen)ziekte. Een deel van die hersenziekten heeft een genetische oorzaak. Dat wil zeggen dat een
afwijking in het erfelijk materiaal (een mutatie) leidt tot de ziekte. Door het ontdekken van een genetische
oorzaak kan bij nieuwe patiënten de ziekte worden gediagnosticeerd. Het biedt ook de mogelijkheid tot
gericht onderzoek binnen de groep patiënten met dezelfde genetische afwijking. Met de kennis over
het onderliggende defect kan worden geprobeerd een medicijn te ontwikkelen specifiek gericht op die
aandoening.
Onderzoek naar genetische ziekten kan plaatsvinden onder patiënten, maar in vroege stadia wordt vaak
uitgeweken naar proefdieren. De mutatie die ten grondslag ligt aan de ziekte kan worden aangebracht
in een organisme dat zo een model voor de aandoening wordt. Organismes kunnen simpel zijn, zoals
een eencellige bacterie of een gistcel, of meer complex, zoals een muis. De keuze is grotendeels
afhankelijk van welk aspect van de genetische afwijking bestudeerd wordt. Voor zeer fundamentele
vragen, zoals de effecten van de mutatie op de stabiliteit van een eiwit, kan soms met een eenvoudig
model worden volstaan. Voor complexere vragen over gedrag of het effect van medicijnen is vaak
een complexer organisme nodig. Argumenten voor een eenvoudiger organisme zijn vaak het gemak
waarmee het genetisch materiaal kan worden aangepast, de hoeveelheid technieken die beschikbaar
zijn om ze te bestuderen, en de kosten. Argumenten voor een complexer organisme zijn de evolutionaire
verwantschap met de mens (en daarmee de mate waarin ze de fysiologie of de klachten van de mens
kunnen nabootsen) en voor neurologische vraagstukken de mate van ontwikkeling van het zenuwstelsel.
Elke onderzoeksvraag vereist een afweging van deze factoren om tot het beste modelorganisme te
komen.
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In dit proefschrift worden twee hersenziekten specifiek onderzocht: pantothenaatkinasegeassocieerde neurodegeneratie (pantothenate kinase-associated neurodegeneration, of PKAN)
en de Noordzeeziekte (North Sea Progressive Myoclonus Epilepsy, of NS-PME). Beide aandoeningen
leiden tot hyperkinetische bewegingsstoornissen op de kinderleeftijd, zijn op dit moment niet goed
behandelbaar en hebben een progressief beloop. De oorzaak van beide aandoeningen is genetisch;
PKAN ontstaat door mutaties in het PANK2-gen en NS-PME door mutaties in het GOSR2-gen. Beide
aandoeningen zijn erg zeldzaam, waardoor informatie over het exacte ziekteproces en het effect van
medicijnen vrijwel alleen uit modelorganismen kan worden verkregen.

Pantothenaatkinase-geassocieerde neurodegeneratie (PKAN)
PKAN is een neurodegeneratieve ziekte, een ziekte waarbij hersencellen afsterven. Dit degeneratieve
proces vindt plaats in een zeer specifieke locatie in de hersenen, de globus pallidus. Dit gebied heeft
een belangrijke rol in het onderdrukken van ongewenste bewegingen; als dat niet voldoende gebeurt
ontstaat er met name dystonie. Bij PKAN patiënten is dan ook sprake van gedurende de jaren toenemende
dystonie. Op de MRI scan van de hersenen is er ijzerstapeling zichtbaar in de globus pallidus, waarvan de
precieze oorzaak onduidelijk is.
De ziekte-veroorzakende mutaties in het PANK2-gen leiden tot een verandering in het PANK2-eiwit,
waardoor de functie van het PANK2-eiwit verstoord raakt. De functie van PANK2 is het omzetten van
vitamine B5 tot een product dat uiteindelijk coenzym A (CoA) wordt. CoA is een hulpstof die nodig is
voor veel stofwisselingsreacties in de cel. Er wordt gedacht dat een probleem met CoA de oorzaak is van
PKAN, maar welk proces precies bedreigd raakt en hoe dat leidt tot neurodegeneratie is onbekend. Ook
is onduidelijk waarom PKAN zo specifiek de globus pallidus treft en waarom er sprake is van ijzerstapeling.
Recent is aangetoond dat een stof die kan worden omgezet in CoA, pantethine, de verschijnselen van PKAN
in proefdieren kan onderdrukken. Pantethine heeft echter eigenschappen die het gebruik als medicijn
tegen PKAN tegenwerken zoals een snelle afbraak in de bloedbaan. Een stof waarmee hersencellen ook
zonder de hulp van PANK2 CoA kunnen maken zou een medicijn tegen PKAN kunnen zijn; een dergelijke
stof is echter nog niet gevonden. Een alternatief zou zijn om precies dat CoA-afhankelijke proces dat
tot problemen leidt in PKAN met medicijnen te behandelen, maar welk proces dat is, is nog onduidelijk.

Noordzeeziekte (North Sea Progressive Myoclonus Epilepsy, NS-PME)

4A

De Noordzeeziekte, of NS-PME, is net als PKAN een progressieve aandoening die op de kinderleeftijd
begint met bewegingsstoornissen, en die veroorzaakt wordt door een genetische afwijking. Tegelijkertijd
zijn er belangrijke verschillen: zo zijn er bij NS-PME tot op heden geen aanwijzingen gevonden
voor neurodegeneratie, en waar bij PKAN sprake is van dystonie is er bij NS-PME sprake van ataxie
(coördinatiestoornissen), myoclonus en epilepsie. De aandoening is zeldzaam en komt met name voor
in landen rond de Noordzee, vooral (het noorden van) Nederland. Vrijwel alle bekende patiënten hebben
dezelfde mutatie in het GOSR2-gen. Door deze mutatie verliest het GOSR2-eiwit een deel van zijn functie:
normaliter draagt het GOSR2-eiwit bij aan het transport van eiwitten door het Golgi apparaat. Hier worden
eiwitten voorzien van zijgroepen en verpakt in door membranen omgeven blaasjes (vesikels) om naar het
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juiste gedeelte van de cel te worden getransporteerd. Wat er precies gebeurt als het GOSR2-eiwit een
deel van zijn functie verliest is onduidelijk. Het is ook niet bekend in welke cellen GOSR2 precies nodig is
en welke eiwitten GOSR2 nodig hebben voor hun verwerking in het Golgi apparaat. Mede hierdoor is het
moeilijk om een therapie te ontwikkelen voor NS-PME patiënten.
In dit proefschrift proberen we het ziekteproces achter PKAN en NS-PME beter te doorgronden en
daarmee meer een stap te maken richting behandeling. Als model voor de aandoeningen gebruiken
we Drosophila melanogaster, de fruitvlieg. In veel aspecten houdt de fruitvlieg het midden tussen
eenvoudige organismen zoals gist aan de ene kant en complexe organismen als een muis aan de andere
kant. Daarnaast zijn er veel technieken ontwikkeld die het bestuderen van hersenziekten in de fruitvlieg
mogelijk maken. De fruitvlieg is in staat tot het vertonen van complexe neurologische functiestoornissen
als epilepsie en moeite met het bewegen, wat het tot een geschikt model kan maken voor PKAN en NSPME.
Hoofdstuk 1 vormt de introductie van het proefschrift en beschrijft de ziektes PKAN en NS-PME
in meer detail. De open vragen in het vakgebied worden verder toegelicht, en de theorieën rondom
pathofysiologie worden verder besproken.
In Hoofdstuk 2 van dit proefschrift wordt besproken welke rol de fruitvlieg gespeeld heeft in het veld
van neurodegeneratieve ziekten, zoals de ziekte van Parkinson, Alzheimer, Huntington, en PKAN. In de
fruitvlieg kan met relatieve eenvoud worden onderzocht welke processen in de hersencellen ertoe leiden
dat de cel uiteindelijk afsterft, en hoe een interventie daarop mogelijk is. Daarnaast kunnen in fruitvliegen
ook zogenaamde screens worden verricht. Hierbij wordt onderzocht of het toedienen van bepaalde
stoffen of de introductie van bepaalde genetische veranderingen een ziekteproces kan beïnvloeden. In
plaats van het specifiek onderzoeken van een specifieke stof of genetische verandering, wordt in één
keer “blindelings” een grote bibliotheek aan stoffen of genetische veranderingen getest. Doordat dit
onderzoek kan plaatsvinden zonder precies de achtergronden van het ziekteproces te kennen, kan
snel nieuwe informatie worden verkregen over ziekten, hun onderliggende ziektemechanisme en hun
mogelijke behandeling. Op grond van de informatie vanuit deze modellen kan de volgende stap gemaakt
worden naar complexere modellen, of zelfs naar patiënten.
Hoofdstukken 3, 4 en 5 centreren zich rond pathofysiologie en behandeling van PKAN. In Hoofdstuk
3 proberen we pantethine op moleculair niveau zo aan te passen dat het sneller door cellen wordt
opgenomen, en gedurende de tijd in de bloedbaan minder snel wordt afgebroken. Dit zou pantethine
geschikter maken als medicijn tegen PKAN. In een poging dit te doen koppelden we de moleculaire groep
4-thiobutyltriphenylphosphonium (TBTP) aan pantethine. De stabiliteit van TBTP-pantetheine in serum
was echter niet hoger dan die van het oorspronkelijke pantethine, waardoor het beoogde voordeel van
de moleculaire aanpassing kwam te vervallen en de stof niet verder getest werd.
In Hoofdstuk 4 streven we een andere strategie na. 4’-phosphopantetheine is een natuurlijk voorkomend
tussenproduct in de productieroute van vitamine B5 naar CoA. In dit hoofdstuk laten we zien dat
4’-phosphopantetheine door cellen wordt opgenomen en omgezet in CoA, ook in cellen zonder PANK.
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De stof is stabiel in serum en kan de negatieve gevolgen van verlies van pantothenaatkinase tegengaan
in cellen, rondwormen en fruitvliegen. Dit maakt 4’-phosphopantetheine een aantrekkelijke stof om tot
medicijn tegen PKAN te ontwikkelen.
In Hoofdstuk 5 proberen we beter te begrijpen op welke manier verlies van pantothenaatkinase
en daarmee CoA schadelijk is voor cellen. Een specifiek eiwit, genaamd mitochondrial acyl carrier
protein (mtacp) heeft CoA nodig om te worden voorzien van een zijgroep, want zonder die zijgroep
functioneert mtacp niet. De functie die mtacp heeft is het produceren van een andere zijgroep voor
eiwitten die liponzuur (lipoic acid) wordt genoemd. Dat liponzuur is een noodzakelijke aanvulling op het
eiwit pyruvaat dehydrogenase E2 (PDH-E2). Afwijkingen in de productie van liponzuur en in pyruvaat
dehydrogenase E2 leiden tot een aandoening die erg lijkt op PKAN, met hersenschade specifiek in de
globus pallidus. In cellen waarin minder pantothenaatkinase aanwezig is, is er ook minder mtacp, minder
liponzuur aan PDH-E2 en minder activiteit van het complex waarin PDH-E2 opereert (het PDH-complex).
Dit geldt niet alleen voor cellen van fruitvliegen, maar ook voor menselijke cellen die van PANK2 zijn
ontdaan. Om precies te kunnen weten welk deel van de schadelijke gevolgen toe te schrijven is aan
het defect in PDH-E2, hebben we in fruitvliegen op allerlei manieren de functie van het PDH-complex
geoptimaliseerd terwijl de hoeveelheid pantothenaatkinase verminderd was. Dit leidde tot verbetering
van veel ziekteverschijnselen bij de fruitvlieg, zowel bij optimalisatie van het PDH-complex via genetische
manipulatie als via een chemische stof die het PDH-complex actiever maakt (dichlooracetaat, DCA).
Door het belang van deze route in de stofwisseling van fruitvliegen aan te tonen, kan in de toekomst
worden onderzocht of dit ook het geval is voor ingewikkelder modelorganismen of zelfs patiënten en of
middelen als DCA als medicijn zouden kunnen worden ingezet.
In Hoofdstuk 6 verschuiven we de aandacht naar de Noordzeeziekte (NS-PME). Over deze ziekte is
veel minder bekend dan over PKAN;. De functie van het GOSR2-eiwit en de processen die stranden als
GOSR2 er niet is, zijn nog grotendeels onbekend. De fruitvlieg bezit ook een eiwit dat sterk lijkt op GOSR2,
genaamd membrin. Er is weliswaar een fruitvlieg gemaakt met minder membrin-eiwit, maar in hoeverre
de verschijnselen bij die vlieg kunnen worden vertaald naar patiënten is nog onduidelijk. Om een goed
fruitvliegenmodel te maken voor NS-PME, zijn we begonnen met inventariseren wat de klachten van
patiënten verergert: dit zou dan ook kunnen worden gebruikt om het fruitvliegenmodel zodanig onder
druk te zetten dat er verschijnselen ontstaan die lijken op wat patiënten ervaren. In een onderzoek
onder 14 patiënten rapporteert een groot deel van hen verergering van hun symptomen bij hitte. Als
we vervolgens de fruitvliegen die minder membrin maken blootstellen aan hitte, zien we dat een deel
van hen verschijnselen vertoont die lijken op epilepsie, een symptoom dat patiënten ook hebben. Om
verder uit te zoeken wat de functie van membrin dan precies is, en waarom er epilepsie ontstaat als er
minder van aanwezig is, hebben we de hoeveelheid membrin verminderd in verschillende celtypen in
het zenuwstelsel van de fruitvlieg. Door te achterhalen welk celtype membrin nodig heeft wordt het
eenvoudiger om te achterhalen welke functie het precies heeft. In het centraal zenuwstelsel bevinden
zich zenuwcellen (neuronen) en steuncellen (glia); de neuronen zorgen hierbij voor de aansturing en het
gedrag van de fruitvlieg, waarbij de gliacellen de neuronen ondersteunen met voedingsstoffen, afweer en
signaalstoffen. Verlies van membrin in neuronen leidt niet tot epilepsie, maar verlies in gliacellen wel. De
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verschijnselen worden steeds erger naarmate de vlieg ouder wordt. Daarnaast blijkt dat een ouderwets
anti-epileptisch middel (barbital) kan worden gebruikt om de epilepsie te onderdrukken. Dit model voor
de Noordzeeziekte kan worden gebruikt om te achterhalen wat er op eiwitniveau misgaat met gliacellen
die te weinig membrin bezitten, en hoe de neuronen daar uiteindelijk zodanig onder komen te lijden dat
er epilepsie ontstaat.
In Hoofdstuk 7 bespreken we de verschillende hoofdstukken apart en in samenhang met elkaar. Het
biedt stof tot nadenken ten aanzien van hoe PKAN en NS-PME tot problemen leiden in de hersenen,
en hoe onderzoek zou kunnen worden voortgezet om uiteindelijk deze aandoeningen beter te kunnen
behandelen.
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NEDERLANDSE SAMENVATTING
Bewegingsstoornissen op de kinderleeftijd kunnen allerlei oorzaken hebben, waarbij een deel een
genetische achtergrond heeft. In dit proefschrift wordt ingegaan op twee specifieke oorzaken van
bewegingsstoornissen op de kinderleeftijd, die beide worden veroorzaakt door mutaties in een bekend
gen.
Het gaat hierbij om pantothenaatkinase-geassocieerde neurodegeneratie (pantothenate kinaseassociated neurodegeneration, PKAN), veroorzaakt door mutaties in het PANK2-gen; en de
Noordzeeziekte (North Sea progressive myoclonus epilepsy, NS-PME), veroorzaakt door mutaties in het
GOSR2-gen. Ondanks dat het genetisch defect bij beide ziekten bekend is, is bij beide aandoeningen niet
duidelijk hoe de afwijking in het erfelijk materiaal uiteindelijk tot de ziekte leidt. Omdat dat tussenliggende
proces onduidelijk is, is het ontwikkelen van gerichte therapieën niet mogelijk en is de behandeling van
deze aandoeningen op dit moment symptoomgericht.
PKAN gaat klinisch gepaard met progressieve dystonie, waarbij er op MRI degeneratie zichtbaar is van de
globus pallidus. In ditzelfde gebied is sprake van ijzerstapeling, waarvan het belang tot op heden onduidelijk
is. Uiteindelijk overlijden patiënten aan complicaties van de verergerende bewegingsstoornissen. Het
betrokken gen PANK2 codeert voor een pantothenaatkinase, met als taak het fosforyleren van vitamine
B5 (ook wel pantothenaat) als eerste stap in de biosynthese van coenzym A (CoA). CoA is een cofactor
met een belangrijke rol in veel metabole processen, waaronder vetzuuroxidatie en de citroenzuurcyclus.
Hoewel een CoA-gebrek nooit is aangetoond bij PKAN-patiënten, leidt gebrek van het enzym dat nodig
is in de laatste stap van de biosynthese van CoA tot een vergelijkbaar ziektebeeld; op basis hiervan
lijkt er toch een cruciale rol van CoA aangetast te zijn bij deze ziekten. Welk CoA-afhankelijk proces
verantwoordelijk is voor de symptomatologie bij patiënten is echter niet bekend.
NS-PME debuteert in de eerste levensjaren met ataxie, waarna zich in de periode van jaren myoclonieën
(spierschokken) en later epilepsie ontwikkelen. Hoewel de myoclonieën en epilepsie in enige mate
reageren op medicatie zoals antiepileptica, nemen de verschijnselen mettertijd toe. In tegenstelling tot
PKAN zijn er bij deze patiënten geen duidelijke afwijkingen zichtbaar bij beeldvormend onderzoek van
de hersenen. Het betrokken gen GOSR2 codeert voor een eiwit dat betrokken is bij vesiculair transport
in het Golgi apparaat. Net als bij PKAN is niet bekend wat de cellulaire processen zijn die het moleculairgenetische defect verbinden met de uiteindelijke klinische gevolgen.
In dit proefschrift worden deze twee aandoeningen separaat van elkaar onderzocht met behulp
van de fruitvlieg (Drosophila melanogaster) als modelorganisme. Hierbij is de centrale vraag wat de
onderliggende processen zijn die uiteindelijk voor pathologie zorgen, met als doel deze processen te
kunnen gebruiken als doelwit voor gerichte medicamenteuze behandeling.
In Hoofdstuk 2 wordt in meer detail ingegaan op de fruitvlieg als model voor neurodegeneratieve
aandoeningen. Enkele veelgebruikte technieken in Drosophila passeren de revue, waaronder RNAi en
het GAL4-UAS-systeem; technieken die in het vervolg van de thesis veelvuldig worden gebruikt
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om genetische veranderingen te bewerkstelligen met een hoge mate van controle over de tijd en de
plaats daarvan. Daarnaast illustreert dit hoofdstuk de toepasbaarheid van de fruitvlieg als platform om
neurodegeneratieve aandoeningen beter te begrijpen, in het bijzonder die aandoeningen die een
genetische grondslag hebben.
In Hoofdstuk 3 wordt een chemische aanpak getoetst in een poging om een behandeling voor PKAN te
kunnen formuleren. Hierbij vormt pantethine het uitgangspunt: een stof die in fruitvliegen in staat is om
de verschijnselen van verlies van pantothenaatkinase-ortholoog fumble (fbl) te bestrijden. Pantethine
is echter instabiel in biologische matrices en wordt snel afgebroken in serum door pantetheinases,
waardoor het waarschijnlijk geen effect zal hebben bij patiënten. Om de farmacodynamische parameters
van pantethine gunstiger te maken, reduceerden we de disulfidebinding in pantethine en derivatiseerden
we de nu vrijgekomen thiolgroep met 4-thiobutyltriphenylphosphonium (TBTP). Deze zijgroep is sterk
lipofiel en draagt een positieve lading, waardoor het biologische membranen beter kan doordringen en
bovendien neigt tot stapeling in negatief geladen compartimenten zoals de mitochondria (waar PANK2
zich normaliter bevindt). Daarnaast is TBTP een dermate grote “bulky” zijgroep dat er in theorie sterische
hinder zou kunnen ontstaan bij enzymatische afbraak door pantetheinases. In een in vitro model van
de bloed-hersenbarrière bleek inderdaad veel meer retentie van TBTP-pantetheine in het kunstmatige
membraan dan van pantethine, maar de stabiliteit in serum was echter lager dan van de moederstof
pantethine.
In Hoofdstuk 4 wordt een meer biochemische aanpak uiteengezet om PKAN te behandelen: omdat
het moleculaire defect zich in de eerste stap van de biosynthese van CoA bevindt, wordt beproefd of
het aanbieden van 4’-phosphopantetheine, een van de tussenproducten downstream van PANK, de
verschijnselen veroorzaakt door gebrek van fbl tegengaat. Dit wordt getest in celmodellen, maar ook
in fruitvliegen; niet alleen is de stof werkzaam, deze verbinding is ook stabiel in serum en wordt niet
afgebroken door pantetheinases. 4’-phosphopantetheine lijkt door passief transport door cellen te worden
opgenomen, en met behulp van radioactief gelabeld 4’-phosphopantetheine werd aangetoond dat het
daadwerkelijk deze moleculen zijn die worden omgezet in CoA. Daarmee blijkt 4’-phosphopantetheine
een alternatief startpunt te zijn voor de biosynthese van CoA waarvoor geen hulp van PANK nodig is, wat
het een mogelijke therapie voor PKAN maakt.
In Hoofdstuk 5 wordt dieper ingegaan op het mechanisme dat een verstoorde biosynthese van
CoA verbindt met neurodegeneratie. Hiervoor integreerden we bekende biochemische kennis en
klinische beschrijvingen van genetische aandoeningen om een hypothese te ontwikkelen waarin een
biochemische as centraal staat: deze as begint bij CoA, wat nodig is voor de posttranslationele modificatie
van mitochondrieel ACP (mtACP). In tegenstelling tot veel andere reacties waarbij CoA betrokken is en
gerecycled wordt, wordt het coenzym bij deze reactie verbruikt. Deze posttranslationele modificatie
wordt 4’-phosphopantetheinylering genoemd en is nodig voor het activeren van mtACP. Geactiveerd
mtACP is nodig voor de productie van liponzuur (lipoic acid), wat weer nodig is voor de activering van
een handvol enzymen waaronder de E2-subunit van pyruvaat dehyhdrogenase (PDH). Langs deze route,
van CoA, via mtACP en liponzuurproductie naar PDH-E2, zijn enzymen nodig waarvan ook deficiënties
beschreven zijn. De klinische verschijnselen van deze deficiënties lijken erg op elkaar, wat pleit voor een
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gemeenschappelijke oorzaak.
Om dit te onderzoeken werd eerst bepaald of de hoeveelheid actief mtACP inderdaad verminderd is als de
productie van CoA wordt onderdrukt: dit werd inderdaad gevonden in zowel Drosophila celmodellen als
ook in humane celmodellen. Ook bleek de lipoylering van PDH-E2 verminderd zonder dat de hoeveelheid
PDH-E2 was aangetast, en was er een verlaagde activiteit van het pyruvaat dehydrogenasecomplex. Als de
expressie fbl middels RNAi in vliegen wordt onderdrukt, leidt dit tot een verminderde levensvatbaarheid
van die vliegen; dit effect wordt tenietgedaan door het toedienen van dichlooracetaat (DCA) aan de
ontwikkelende vliegen, waarbij DCA werkt als activator van PDH. Om deze route verder te onderzoeken
werd in de vleugel van de fruitvlieg onderdelen van de voorgestelde biochemische route uitgeschakeld;
de gevolgen van het onderdrukken van deze enzymen zijn erg vergelijkbaar, waarbij er vleugels ontstaan
met blaren. Ook dit fenotype is te onderdrukken door pyruvaat dehydrogenase te stimuleren, zowel
met DCA als met genetische middelen. Dit laat zien dat een deel van de nadelige gevolgen van CoAgebrek via PDH verloopt, en biedt aanknopingspunten voor eventuele nieuwe therapieën. Daarnaast kan
aantasting van mtACP ook een verklaring bieden voor de ijzerstapeling in PKAN, aangezien mtACP een
rol heeft in ijzerhuishouding.
In Hoofdstuk 6 verschuift de aandacht naar NS-PME. Om meer grip te krijgen op de verschijnselen
die patiënten ervaren, werd een groep van 14 patiënten gevraagd naar factoren die hun klachten
negatief beïnvloeden. Hierbij bleek hitte een belangrijke factor te zijn voor veel van hen. Met deze
kennis ontwikkelden we een fruitvliegenmodel waarin de Drosophila ortholoog van GOSR2, membrin,
verminderd tot expressie wordt gebracht middels RNAi. In reactie op hitte vertoont een deel van deze
vliegen een epileptiforme reactie, waarbij ze op hun rug liggen, schokken en pas na lange tijd weer
bijkomen en normaal gedrag vertonen. Om beter te begrijpen waar deze verschijnselen vandaan
komen, werd membrin onderdrukt in afzonderlijk neuronen en afzonderlijk gliacellen. Hieruit bleek dat
knockdown in neuronen geen epileptiform gedrag veroorzaakte in respons op hitte, maar knockdown in
gliacellen wel: dit gedrag nam toe naarmate de vliegen ouder werden, net als bij patiënten met NS-PME.
Daarnaast wordt het gedrag onderdrukt als vliegen voor de hitteschok zijn behandeld met barbital, een
antiepilepticum. De bevinding dat membrin klaarblijkelijk in gliacellen nodig is om epilepsie op afstand
te houden is belangrijk, omdat het een nieuw licht werpt op de functie van GOSR2 en suggereert dat het
effect op neuronen indirect verloopt.
In Hoofdstuk 7 worden de voorgaande hoofdstukken besproken in samenhang met elkaar en de
bredere vakliteratuur. Door gebruik te maken van een model als Drosophila, dat eenvoudig genoeg is om
uitgebreid te kunnen manipuleren en onderzoeken, maar complex genoeg is om zinvolle inzichten te
bieden in de werking van de menselijke hersenen, kan de neurologie vooruitgang boeken in termen van
moleculair-klinische kennis en invalshoeken voor therapie.
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dag uit. Dank voor jullie steun gedurende het schrijven van dit boek, maar ook daarvoor en erna. En Pa,
dank voor de “indokterinatie” die me uiteindelijk heeft geleid naar de geneeskunde, al was het via een
waardevolle omweg. Freya, terwijl ik probeerde het onderwerp in dit boek te verkennen was jij bezig de
wereld te verkennen. We zijn twee radicaal verschillende richtingen op gegaan, letterlijk in de wereld en
figuurlijk qua vakgebied, en dat weerspiegelt dat we ook twee radicaal verschillende personen zijn. Ik
waardeer hoe je doet waar je hart naar uitgaat, en hoop dat je vindt wat je zoekt.
Anita, iedereen hoopt dat onderzoek mooie dingen voortbrengt, maar wat het mij heeft gebracht
slaat daadwerkelijk alles. Dank dat je al mijn gemopper hebt willen aanhoren en met raad en
daad klaargestaan hebt waar het nodig was. Ik heb je lief en had het zonder jou niet gekund.
Dass du mich liebst, macht mich mir wert / Dein Blick hat mich vor mir verklärt / Du hebst mich liebend
über mich / Mein guter Geist, mein bess’res Ich!

***
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