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ABSTRACT
Coenzyme A (CoA) is an essential cofactor required for cellular metabolism. CoA is synthesized de novo from pantothenate (vitamin B5) by the action of five enzymes; pantothenate
kinase (PANK), 4’-phosphopantothenoylcysteine synthetase (PPCS), (R)-4’-phospho-Npantothenoylcysteine decarboxylase (PPCDC), 4’-phosphopantetheine adenylyltransferase
(PPAT) and dephospho-CoA kinase (DPCK). These enzymes are well conserved among
various species and the CoA biosynthesis pathway is biochemically well characterized.
However, little is known about the physiological implications of an impaired CoA biosynthesis route in higher eukaryotes. More interestingly, in humans mutations in one gene
coding for an enzyme of de novo CoA synthesis “PANK” have been genetically linked to the
neurodegenerative disease “Pantothenate Kinase-Associated Neurodegeneration” or PKAN
(OMIM 234200). The aim of this introductory chapter is to: 1) summarize knowledge about
the role of CoA in cellular metabolism and highlight knowledge about CoA de novo biosynthesis, 2) summarize known physiological consequences of impaired CoA biosynthesis
with a focus on the potential role of impaired CoA biosynthesis in PKAN pathogenesis, 3)
discuss a potential niche for Drosophila as a model organism for PKAN-related research.
The latter is of interest because an established animal model for PKAN is required to understand the physiological implication of impaired CoA biosynthesis; to understand PKAN
etiology and pathogenesis and to screen for potential compounds which can ameliorate
PKAN symptoms.
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INTRODUCTION
1. Coenzyme A: a key metabolic cofactor

I

n 1945, Fritz Lipmann discovered a cofactor (a non-protein, enzyme helper molecule)
that bound acetyl groups and this cofactor was named as Coenzyme A (CoA), in which
“A” stood for “activation of acetate”. Later in 1953, Fritz Lipmann won the Nobel Prize for
this remarkable discovery [1-3]. Over the past 60 years, biochemical studies reveal that
CoA is a complex and highly polar molecule which is not only involved in acetyl carrier
function but also is able to transfer various other acyl groups (like butyl, propyl etc.) in
various metabolic reactions. As a metabolic cofactor, CoA is an indispensable compound
in all living organisms ranging from prokaryotes to higher eukaryotes [4]. Over 5% of all
reactions in intermediary metabolism, including the Krebs cycle and fatty acid metabolism,
utilize CoA as an obligatory cofactor. In this introductory chapter, the following subjects
will be highlighted: the key roles of CoA in cellular metabolism; the cellular and tissue distribution of CoA; the various mechanisms to maintain the dynamic levels of CoA intracellularly and the consequences of impaired CoA metabolism. Finally, the recently discovered
link between impaired CoA metabolism and neurodegeneration will be discussed. This
thesis work was inspired by the discovery of this unexpected association.

Figure 1: Structure of Coenzyme A or CoA thioesters.
In chemical structure of CoA, 4’-phosphopantetheine is attached to ADP (Adenosine 3', 5’-diphosphate). By an
enzymatic conversion, 4’-phosphopantetheine can be derived from pantothenic acid (Vitamin B5). X denotes the
terminal sulphahydryl of CoA where acyl moieties are attached, giving rise to various CoA thioesters.

Various key roles of CoA in cellular metabolism: As a major acyl carrier, different acyl
moieties can be attached to the terminal sulphahydryl group of CoA (denoted by X in
Figure 1), and these compounds (thioesters) participate in the major anabolic and catabolic
pathways critical to cell growth and function [5, 6]. Based on the chain length, these
thioesters are classified into short-chain (2-3 carbons), medium-chain (4-12 carbons), longchain (12-22 carbons) and very-long-chain (18-26 or more carbons) thioesters. Short-chain
CoA thioesters, such as acetyl-CoA or succinyl-CoA, are the most abundant components
11
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of the CoA pool and are important intermediates in various metabolic reactions such as the
Krebs cycle, synthesis of cholestrol & other steroids, synthesis of ketone bodies and lipogenesis [7]. Medium-chain thioesters are active components formed during the β-oxidation
of medium chain fatty acids in mitochondria [8, 9]. Long chain CoA is an essential cofactor
in long-chain fatty acid metabolism [10]. CoA along with mitochondrial carnitine-transferases transport all the intermediates of fatty acid-oxidation to and from the peroxisomes
and mitochondria [11]. Apart from their role in fatty acid metabolism (lipid synthesis and
β-oxidation) and energy production (Krebs cycle), CoA esters also regulate the activity
of various enzymes such as for the enzyme “acetyl CoA carboxylase” [12, 13]. Long chain
CoA thioesters also bind to certain hormone receptors and have signaling properties. CoA
acyl-thioesters are also the substrates for the acyltransferases and desaturases involved in
membrane phospholipid formation, triglyceride synthesis, and protein acylation [14-17].
Thus, all CoA thioester have high biological activity in various cellular reactions like energy
metabolism [18] and regulating gene functions [19].
Cellular and tissue distribution of CoA: Since CoA thioesters have a high biological activity,
eukaryotic cells contain a sequestered pool of CoA in various cellular compartments. The
major pool of CoA in eukaryotic cells is located inside the mitochondria, peroxisomes and
cytosol [20]. In animal tissues, the cytosolic concentration of CoA is low (0.02-0.14mM)
and in these tissues CoA is used for lipid synthesis, protein modifications and membrane
trafficking [20]. Mitochondrial concentration of CoA is significantly higher (2.2-5mM) and
used for the Krebs cycle and the ß-oxidation of fatty acids [20]. As compared to cytosolic
CoA, peroxisomes also have a relatively high concentration of CoA (0.5-0.7mM) and in
these organelles CoA is utilized for β-oxidation of long chain fatty acids [20, 21]. In animals,
at the level of whole tissues the concentration of CoA differs over a wide range and depends
on the metabolic status of the tissue [22]. Hepatic CoA levels are the highest and range
between 136-434 nmol/g, whereas the heart contains approximately 100nmol/g tissue [22].
All other tissues are speculated to contain lower level of CoA than liver and heart; however,
this suggestion requires further experimental verification. The tissue levels of CoA are also
very dynamic and fluctuate with the metabolic state of the animal such as starvation or
feeding conditions, diet, disease or treatment with several drugs [23, 24].
Maintenance of the total cellular pool of CoA: As the intracellular CoA homeostasis is
very dynamic [24] it requires to be actively controlled through a balance between the de
novo biosynthesis, degradation and recycling of CoA from various intracellular pools. The
total cellular CoA pool consists of free CoA, acyl-CoA and CoA bound to proteins and to
other -SH groups. It is speculated in several articles [4, 24, 25] that this intracellular pool
of CoA is constantly recycling between the free and bound forms of CoA; however, this hypothesis still requires experimental validation. In bacteria, C.elegans, yeast, A.thaliana and
mouse, a new class of enzymes called the “nudix family hydrolases” have been identified
which can degrade CoA or acyl thioesters of CoA into 4’-phosphopantetheine, thus these
enzymes are able to decrease the total CoA pool [4, 26-29]. In humans, CoA degradation is
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not well characterized, however, based on comparative genomics there are some orthologous human genes that may code for nudix family hydrolases (like human NUDT7, human
NUDT8) [29]. Similarly, in Drosophila based on comparative genomics, the CG11095 gene
is proposed to have a Nudix hydrolase domain (Flybase.org & [29]). Further characterization of these enzymes is required to elucidate a possible cellular CoA degradation pathway.
Finally, de novo biosynthesis of CoA from pantothenic acid also contributes to maintenance
of the CoA pool [4] Exact cues which can trigger the de novo synthesis of CoA are still
unknown, however, it is speculated that this CoA de novo synthesis is essential in tissue
in which a rapid turnover of CoA is required (e.g. liver, muscles, brain) to meet the high
metabolic demand for proper functioning of these tissues. Also during development of the
organism, there might be a high turnover of CoA required for the synthesis of new cellular
components like cell membranes [30-32]. The next paragraphs summarize the current
knowledge concerning de novo CoA biosynthesis.

2. De novo CoA biosynthesis
In most higher eukaryotes, including mammals, de novo CoA biosynthesis occurs mostly
in the cytoplasm starting with the dietary precursor pantothenate (or pantothenic acid or
Vitamin B5) (Figure 2A). In contrast, many bacteria, plant and yeast species are capable of
synthesizing pantothenate de novo from β-alanine. Since pantothenate is so abundant in
nearly all diets and it is also synthesized by the microflora of the gut [23], its deficiency is
rarely reported in mammals. After being absorbed from the intestines, pantothenate like
other water soluble vitamins is carried into various tissues by a mammalian pantothenate
transporter which belongs to a family of the sodium coupled glucose transporters (Na+-dependent multivitamin transporter-SMVT) [33]. Once pantothenate reaches the cytoplasm,
it is step wise converted into CoA by the subsequent action of five enzymes. The biosynthetic conversion pathway of pantothenate into CoA is discussed below.
Enzymes involved in de novo CoA biosynthesis: Intracellularly, pantothenic acid is enzymatically converted into CoA by the subsequent action of five enzymes: pantothenate
kinase (PANK), 4’-phosphopantothenoylcysteine synthetase (PPCS), (R)-4’-phospho-Npantothenoylcysteine decarboxylase (PPCDC), 4’-phosphopantetheine adenylyltransferase
(PPAT) and dephospho-CoA kinase (DPCK) (Figure 2B). In the past decade, by comparative genomics most of the genes encoding for these five enzymes were identified and shown
to be conserved in bacteria, plants and mammals with only a few exceptions (Figure 2C
and reviewed in [4]). In bacteria, a single gene “CoaA” encodes for the prokaryotic PANK
whereas there are four pantothenate kinase genes (PANK1-4) in humans and mice [4, 34,
35]. These four mammalian isoforms were shown to have different cellular localizations.
PANK1 transcripts are highly localized in liver, PANK2 transcripts are more abundant in
neuronal tissue whereas PANK3 transcripts are highly expressed mostly in almost all tissues
[36, 37]. The presence of multiple isoforms of PANK encoded by four genes in humans and
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Figure 2: CoA de novo biosynthesis
A) Universal pathway representing the de novo CoA biosynthesis. Higher eukaryotes depend on dietary intake of
pantothenic acid whereas prokaryotes and plants can synthesize pantothenic acid de novo. Pantothenic acid is
converted into CoA by the subsequent action of 5 enzymes (PANK, PPCS, PPCDC, PPAT, and DPCK). Free CoA
is converted into acyl CoA and then utilized in various cellular metabolic reactions including energy metabolism
(TCA cycle), fatty acid biosynthesis, fatty acid catabolism (β-oxidation of fatty acid) and synthesis of various
amino acids. B) Pantothenate is phosphorylated to 4’-phosphopantothenate by pantothenate kinase (PANK).
Next a cysteine is added by 4’-phosphopantothenoylcysteine synthetase (PPCS) to form (R)-4’-phospho-N-pantothenoylcysteine which is decarboxylated by (R)-4’-phospho-N-pantothenoylcysteine decarboxylase (PPCDC)
and produces 4’-phosphopantetheine. This 4’-phosphopantetheine receives an adenylyl group transferred from
ATP mediated by 4’-phosphopantetheine adenylyltransferase (PPAT) and releases dephospho-CoA, which is
then phosphorylated by dephospho-CoA kinase (DPCK) to finally the yield CoA. E.C. numbers of the enzymes
are indicated in the boxes. C) The name of various genes encoding CoA synthesis enzymes and their differences
14
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in various species are shown in the table. ? indicates that at the time of start of the thesis the Drosophila genes
coding for the CoA biosynthesis enzymes were unknown except for dPANK/fbl.

mice and their different cellular localizations clearly suggests a complexity associated with
differential regulation of expression and differential activities of the PANK isoforms. Structurally, all 4 mammalian PANK isoforms have a common catalytic core with different amino-terminal (N-terminal) extensions [38, 39]. Interestingly, mammalian PANK4 also has a
long carboxyl-terminal (C-terminal) extension of unknown function [40-42]. The specific
role of each mammalian PANK isoforms (PANK1-4) remains to be elucidated; however,
many recent studies have started to investigate the individual roles of the isoforms in
cellular metabolism. Mammalian PANK1 mRNA expression and protein activity have been
shown to regulate the intracellular CoA concentration upon benzofibrate administration
via peroxisome proliferator-activated receptor regulation [43]. Using a Pank1(-/-) mouse
it was shown that PanK1 plays an important role in maintaining the normal intracellular
levels of CoA and PANK1 is required for the normal response to the increased demand
for CoA during fasting [44]. During fasting, intermediary metabolism switches towards
gluconeogenesis and ß-oxidation of fatty acids [45, 46]. In order to achieve this response,
elevated levels of CoA are required and PANK1 was shown to be crucial for increasing the
intracellular levels of hepatic CoA [44]. Mouse PANK2 (-/-) was generated in an efforts
towards understanding the pathology of PKAN however, this mouse model did not showed
neurodegeneration except retinal degeneration and azoospermia [47]. Very little is known
about the specific function of the PANK3 and PANK4 isoforms, although their cDNAs were
identified and their specific RNA expression pattern was studied. Recently, it was suggested
that PANK4 could modulate glucose metabolism via its interactions with pyruvate kinase
muscle 2 (a regulator of glucose metabolism) [40-42]. Unlike human and mice, in Drosophila there is only one gene (CG5725, dPANK/fbl) which encodes 5 splice variants of
PANK. These five splice variants differ in their 5’ exons (Figure 3). The longest isoform has
the longest ORF and is referred as dPANK/fbl E and the shortest isoform is referred to as
dPANK/fbl D.

Figure 3: Five splice isoforms of drosophila
PANK gene (CG 5725, dPANK/fbl)
The longest isoform of dPANK/fbl is dPANK/
fbl E where as the shortest isoform is dPANK/
fbl D.

In bacteria, the second and third enzyme, PPCS and PPCDC, exists as single bifunctional protein, encoded by one gene, however in human and mice these genes are expressed
separately. Conversely, the final two enzymes, PPAT and DPCK, are expressed separately in
bacteria but form a bi-functional gene/protein in human and mice [48]. Also the structural
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analysis revealed significant differences between the eukaryotic and prokaryotic enzymes
[49-52]. Bacterial PANK and PPAT differ significantly from the eukaryotic counterparts
based on sequence similarity. This finding along with availability of the prokaryotic PANK
and PPAT crystal structures make them an attractive target for the design of selective inhibitors of bacterial PANK and PPAT which could be used as antimicrobial targets [49, 53-55].
Intracellular localization of de novo CoA synthesis enzymes: Recent work has shed some
light on the localization of CoA enzymes in higher eukaryotes and has shown that PANK2
in humans is localized in mitochondria, whereas, the other PANKs (1, 3 and 4) are cytoplasmic [4]. Drosophila PANK is encoded by a single gene but it has 5 splice variants.
The longest one is dPANK/fbl E and is predicted to be targeted to mitochondria by the
online programme MitoProt II (http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html),
whereas the other isoforms possess no predicted mitochondria targeting sequence in the
5’region. Recently this prediction was experimentally proven because it was shown that fbl
L (synonym of dPANK/fbl E) is localized in mitochondria whereas the shorter isoforms
(synonym for dPANK/fbl A-D) are not mitochondrial localized [56]. The mammalian
PPAT-DPCK is also localized in mitochondria, either within the matrix or on the cytoplasmic membrane side [57, 58]. Interestingly both (PANK2 and PPAT-DPCK) which are
mitochondrially localized are also proposed to be the rate limiting enzymes for the CoA
biosynthesis pathway. The remaining two enzymes PPCS and PPCDC are proposed to be
largely cytoplasmic based on comparative 3D modeling [59, 60] however, these predictions
still need experimental validation.
Regulation of the de novo CoA biosynthesis: CoA is required for proper maintenance of
the cellular metabolic status. So far, only one pathway to synthesize de novo CoA has been
identified and this synthesis pathway is tightly controlled. In response to the metabolic
status, de novo CoA biosynthesis is regulated by a feed back mechanism either at the level of
PANK or at the level of PPAT enzymes by the concentration of free CoA or acyl thioesters
of CoA [36, 38, 39, 58, 61-63]. PANK catalyzes the first step of the de novo CoA biosynthesis
pathway and comprises the primary rate limiting step [36]. Acyl thioesters of CoA regulate
PANK activity by a negative feed back regulation. It is currently not clear whether the four
different PANKs in humans & mice play a similar role in the feed back regulation. The
human PANK2 is a mitochondrial localized protein and is very sensitive to acyl CoA levels
(especially long chain CoA, acetyl CoA and malonyl CoA, Figure 2A) whereas PANK2
is weakly sensitive to free CoA [61, 64]. It is speculated that PANK2 might be a master
regulator of de novo CoA biosynthesis in humans. The feed back regulation of cytoplasmic
human PANK (1, 3 and 4) is also highly likely to be regulated by the changing levels of CoA.
The intercommunication between the cytoplasmic human PANKs (PANK1, 3 and 4) and
mitochondrial human PANK (PANK2) is currently unknown. Palmitoylcarnitine, which is
required for the mitochondrial transport of CoA, was also shown to be a potent activator
of PANK2 [61]. In contrast to hPANK2, mouse PANK1 is activated by free CoA and weakly
inhibited by acetyl-CoA instead of mouse PANK2 [36, 38, 39] indicating the existence of
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a different manner of feedback regulation in mice. Another proposed rate limiting step in
de novo CoA biosynthesis is at the level of PPAT-DPCK enzymes [36, 58, 62, 63, 65, 66].
This was demonstrated by the following observations. In an attempt to boost cellular CoA
levels in bacteria, a mutant form of PANK (which is not sensitive to inhibition by CoA)
was over expressed [66]. Interestingly, the levels of intracellular 4'-phosphopantethine were
more elevated than CoA [66]. Thus it was indirectly concluded that PPAT-DPCK is, in
addition to PANK, involved in a rate limiting step (Figure 2B). In mice after pantothenate,
the second most abundant cellular metabolite of the CoA pathway is 4'-phosphopantethine
which suggests that also in mammals both PPAT and PANK constitute the rate limiting
step; because overexpression of mPANK1β results in reduction of the cellular pool of pantothenate and an increase in the CoA pool and more interestingly, 4'-phosphopantetheine
was increased by 3-fold [36]. Thus comparable to bacteria, it is proposed that PPAT might
be a second control point in CoA homeostasis in mice [36].
As discussed, so far the de novo CoA biosynthesis is crucial for maintaining the cellular
CoA homeostasis and therefore it is reasonable to assume that there are various adverse
physiological implications for an organism under circumstances of impaired de novo CoA
biosynthesis. In the next section, implications of impaired CoA biosynthesis in various
species will be discussed.

3. Impaired de novo CoA biosynthesis
Many human pathological conditions such as alcoholism, starvation, diabetes and certain
tumors show alteration in CoA metabolism [23, 25]. Tissue levels of CoA generally change
in response to chronic metabolic diseases most likely as an effort to utilize alternate fuel
sources. However, it is very difficult to conclude whether the characteristics of these
metabolic syndromes are due to CoA deficiency (a direct consequence of de novo CoA
biosynthesis impairment) or due to accumulation and redistribution of toxic metabolites of
the CoA pathway [25].
Another way to investigate the consequences of impaired CoA de novo biosynthesis is via
a direct targeting of the biosynthesis enzymes. Moreover, in the current post genomic era,
upcoming studies have started to investigate the specific role of these enzymes by studying
specific phenotypes of CoA biosynthesis mutants. Consequently, mutational analysis of
various CoA biosynthesis enzymes in bacteria and plants has broadened our knowledge
about CoA metabolism. Bacterial PANK (E.coli) mutations causes a temperature-sensitive
growth phenotype [67]. Recently, in Arabidopsis thaliana, the role of PANK [68], PPCDC
[69] and PPAT [70] mutants has been thoroughly investigated. Null mutations in these
enzymes led to embryonic lethality indicating that these enzymes are essential for life. Hypomorphic mutations in these enzymes led to a decrease in the total CoA pool and severe
impairment in plant growth and seed production [68-70]. Similarly null mutations in the
Drosophila PANK or dPANK/fbl) are lethal whereas hypomorphic mutants are viable, but
17
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do show cytokinesis defects and a developmental delay [32]. Mutations in the C. elegance
PANK (pnk-1) lead to nematodal larval developmental, growth and reproduction defects
(www.wormbase.org). Major findings in the CoA metabolism research area occurred when
a human neurodegenerative hereditary disease (PKAN) was genetically linked to the PANK2
gene. This discovery highlights an unexpected role of a well known metabolic enzyme in
maintaining neuronal function. In the next section, the current knowledge concerning the
PKAN disorder is summarized and possible explanations how PANK2 mutations might
result in PKAN are being discussed.

4. Mutations in Human PANK2 are associated with neurodegeneration: an interesting link between a de novo CoA biosynthesis enzyme and neurodegeneration
The recently discovered genetic link between mutations in the human PANK2 (first rate
limiting enzyme in CoA biosynthesis) gene and neurodegeneration has renewed the interest
in investigating de novo CoA biosynthesis pathway. Here, we briefly introduce Pantothenate-Kinase Associated Neurodegeneration (PKAN), its genetic cause, its pathogenesis
(which currently remains far from understood) and its current treatment alternatives.
Pantothenate Kinase-Associated Neurodegeneration (PKAN): PKAN is a neurodegenerative disorder with brain iron accumulation in specific areas of the brain [71]. It is also
known as neurodegeneration with brain iron accumulation type 1 (NBIA1), Neuroaxonal
dystrophy-juvenile-onset and formerly referred to as Hallervorden-Spatz syndrome. NBIA
generally consists of rare, inherited, neurological movement disorders which are characterized by progressive degeneration of the nervous system and iron accumulation in the brain.
Heterogeneous NBIA disorders are classified into two main groups, the first one consists
of diseases associated with mutations in known genes; ferritin [72], ceruloplasmin [73],
PLA2G6 [74] or PANK2 [37], while the other represents all cases of idiopathic origin [71,
75] (Figure 4). Among NBIA disorders, a PANK2 mutation is the most common cause of
NBIA and accounts for approximately 50% of all the known cases. The precise incidence
of PKAN is currently unknown however it is estimated to affect 1 to 3 per million people
worldwide [75].

NBIA

Disease with known
gene mutations

PKAN (PANK2 mutation)
INAD (PLA2G6 mutation)
Atypical NAD (PLA2G6 mutation)
Neuroferritinopathy (FTL mutation)
Aceruloplasminaemia (CP mutation)

Idiopathic origin

Causative reason unknown

Figure 4: Two main categories of NBIA disorder
Based on the causative genes the NBIA disorder is classifies into two main categories, one for which the causative
genes are known and other with unknown idiopathic origin.
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Clinically, PKAN is characterized by progressive dystonia (repetitive uncontrollable muscle contractions), tremors and general weakness [76-80]. Based on the onset of
the symptoms PKAN is classified into two main categories, classical and atypical PKAN.
Classical PKAN symptoms are progressive and typically begin during childhood (before
the age of ten years), often resulting in an early death. The symptoms include dystonia,
dysphagia, tremor, dementia and retinitis pigmentosa. Another quarter of individuals experience atypical PKAN, an uncharacteristic form of PKAN that develops in children older
than 10 years and follows a slower, more gradual pace of deterioration compared to the
early onset form of PKAN. Typical and atypical PKAN individuals have intellectual defects,
significant speech deficits accompanied by behavioral and psychiatric disturbances. Iron
deposition in the basal ganglia and the globus pallidus give a characteristic MRI signal
known as the “eye-of-the tiger sign” in both forms of PKAN [81].
Genetic cause of PKAN: PKAN is an autosomal recessive disorder caused by mutations in
the PANK2 gene located at the chromosomal locus: 20p13-p12.3 (http://ghr.nlm.nih.gov/
gene/PANK2). PANK2 encodes the protein Pantothenate kinase 2 which is a rate limiting
enzyme in de novo CoA biosynthesis pathway (Figure 2). PANK2 is an essential regulatory enzyme in coenzyme A (CoA) biosynthesis, and is catalyzing the phosphorylation
of pantothenate (vitamin B5). About hundred mutations in the PANK2 gene have been
identified in people with pantothenate kinase-associated neurodegeneration (ref PANK2
International Mutation Database, [75]). The most frequent mutations are 1231G>A and
1253C>T and account for about one third of the disease alleles [75]. Although there are
limited genotype-phenotype correlation studies, some general conclusion can be inferred,
like individuals homozygous for null alleles usually have the classic form of PKAN [50, 78].
It is predicted by bioinformatics studies that patients with the typical, early-onset form of
PKAN have PANK2 mutations causing severe disruption of the PANK protein structure
inducing instability of the enzyme [78]. Patients affected by the atypical, later-onset form
usually have mutations that only change single amino acids in the PANK enzyme and this
enzymes may posses a residual function [50].
Treatment of PKAN: Currently there are no major breakthroughs in the treatment of
PKAN, with most treatments being symptomatic and aimed towards easing or temporary
relieving of PKAN symptoms. Supplementation of certain vitamins like pantothenate,
Coenzyme Q10 and antioxidants have been speculated to have beneficial affect, however,
proper clinical validation is lacking [82]. Future work is focused on the development of
iron chelating agents that may reach the central nervous system by crossing the blood brain
barrier (BBB).There is one ongoing clinical trial (In Italy by Dr. N Nardocci) with iron
chelating agents (deferriprone which can cross the BBB), and results are awaited. Atypical
PKAN patients might have partial PANK enzyme function and thus providing a high dose
of pantothenic acid (substrate of enzyme) is reasoned to be beneficial, however this hypothesis requires experimental validation. Deep brain stimulation (DBS) is also an option
for relieving some of the symptoms (such as dystonia) of PKAN patients. DBS is a surgical
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treatment in which a medical device called a brain pacemaker is implanted in the brain,
which sends electrical impulses to specific parts of the brain [83-85]. In an individual case
study, DBS has been shown as a mode of symptomatic treatment of early onset PKAN [86].
Unfortunately, all the above treatment options are symptomatic and until now there is
no therapy to delay or cure the PKAN neurodegeneration. In order to develop a possible
treatment it is highly essential to gain more insight into the pathogenesis of the disease.
PKAN pathogenesis: Although the genetic cause of PKAN is known, it is currently unclear
how mutations in the PANK2 gene lead to the PKAN disorder. Various hypotheses have
been postulated regarding the pathogenesis and progression of the disease. PANK2 gene
mutations lead to abnormal PANK2 enzyme function that could impair the de novo CoA
biosynthesis. As CoA is involved in basic cellular functions like energy metabolism, fatty
acid synthesis and phospholipid remodeling, impairment of CoA biosynthesis might lead
to PKAN disease. However, as PANK2 is ubiquitously expressed [64] the tissue specific
clinical features of PKAN are rather unexpected. In de novo CoA biosynthesis pathway,
cysteine is incorporated as a metabolite (see Figure 2B) and it is speculated that PANK2
dysfunction could lead to accumulation of this metabolite resulting in cell toxicity and high
oxidative stress. Therefore, defective CoA metabolism and increased oxidative stress can be
two main explanations for PKAN pathogenesis and will be discussed further below.

Figure 5. Major hypotheses of PKAN pathogenesis.
A) There are two main hypotheses which might be interrelated at the level of mitochondrial hypofunction. There
can be high ROS generation due to cysteine or iron accumulation leading to mitochondrial hypofunction.
This in turn leads to increased sensitivity to ROS and
more oxidative stress. Alternatively PANK2 mutations
lead to impaired CoA biosynthesis in the mitochondrial
compartment thus leading to abnormal mitochondrial
metabolism. B) Cysteine can drive the Fenton reaction
leading to generation of free radicals and an increase in
oxidative stress.

High oxidative damage and PKAN pathogenesis: An attractive model is proposed in which
high oxidative damage could play an important role in PKAN pathogenesis [87]. High
oxidative stress is associated with the development of a wide range of diseases including
Alzheimer's disease [88, 89], Parkinson's disease [90], and neurodegeneration in motor
neuron diseases [91]. However in many of these cases, it is unclear if high levels of oxidants
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trigger the disease, or if they are produced as a secondary consequence of the disease [92,
93]. Similarly, high oxidative damage in PKAN patients could also play an important role
in PKAN pathogenesis. High oxidative stress in PKAN could be either due to an increased
generation of reactive oxygen species (ROS) or due to a decreased resistance to ROS or
both.
There are various possibilities of high ROS generation in PKAN patients. Firstly, since
cysteine incorporation in the de novo CoA pathway occurs downstream of PANK, impaired
PANK could lead to accumulation of cysteine intracellularly and thereby drive the Fenton
reaction (Figure 5B). The Fenton reaction generates free radicals leading to high oxidative
damage. This hypothesis requires experimental validation and until now there is only one
study showing high levels of cysteine in one patient suffering from Neurodegeneration
with Brain Iron Accumulation, however it is unclear whether or not this patient carries a
mutation in the PANK2 gene [94]. Secondly, a hallmark of PKAN is iron accumulation in
the brain and iron is recognized as a potent pro-oxidant and a catalyst for the generation of
ROS in biological systems [95]. The exact reason of iron accumulation in specific areas of
the brain of PKAN patients is currently unknown. As cysteine-containing compounds have
been implicated in iron chelation [95, 96] and PKAN patients might have high cysteine
levels (as discussed above) this could result in high iron accumulation in PKAN patients.
Another cause of iron accumulation could be mitochondrial dysfunction in PKAN patients.
The release of iron from iron-binding proteins results in the formation of ROS possibly
by driving the Fenton’s reaction [97]. As mitochondria are the main consumers of iron
where it is utilized for heme synthesis and for Fe-S cluster biogenesis [98-102], it is highly
likely that impaired PANK2 functioning might hamper mitochondrial function and in turn
this could impair Fe import into mitochondria and/or activity of enzymes involved in Fe-S
cluster biogenesis. Impaired import of Fe could subsequently lead to increase Fe accumulation. In a recent study, hPANK2 silencing caused a strong induction of ferroportin mRNA
(although only in a non neuronal cell line, hepatoma HepG2) thereby resulting in iron
dysregulation [103]. Ultimately, Pank2-mediated alteration of ferroportin expression might
alter iron transfer to the brain and this may lead to iron accumulation in PKAN patients
and generation of high ROS. Future experiments should be directed to investigate which of
the proposed mechanisms is at the basis of iron accumulation and whether this is linked to
a high generation of ROS.
In addition to an increased ROS production, high oxidative stress could also be explained
by decreased resistance and/or an increased sensitivity to ROS. Mitochondrial dysfunction
is frequently associated with decreased resistance to ROS [104-106] and it is possible that
PKAN patients do suffer from mitochondrial dysfunction (because human PANK2 is a mitochondrial enzyme). It is also highly likely that both the mechanisms, high ROS generation
and low resistance to ROS, contribute to PKAN pathogenesis.
Impaired de novo CoA biosynthesis and PKAN pathogenesis: Another proposed hypoth-
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esis is that PANK2 mutations are likely to result in impaired de novo CoA biosynthesis.
Among the total cellular pool of CoA, only a small proportion of CoA is synthesized de
novo thus it remains to be investigated how much these small changes in the total CoA
pool contribute to PKAN symptoms. It is likely that although the change in total CoA is
rather low, CoA levels in the crucial mitochondrial compartment are severely affected in
PKAN patients, which may lead to ß-oxidation defects and subsequently to the disease
pathology. In support of this hypothesis, tissues with a higher energy demand will suffer
more and this may explain why brain and muscle degeneration are prominent features in
PKAN patients [75]. CoA plays an important role in several important pathways, including
phospholipid biosynthesis and, therefore, membranogenesis. The Drosophila pantothenate kinase mutant (dPANK/fumble) shows abnormal cell divisions which might be due
to defective synthesis and redistribution of membranous structures, possibly due to CoA
deficiency [32]. Similarly, hPANK2 mutations might affect tissues with high membrane
synthetic demands such as rod cells in the retina and erythrocytes. Retina rod cells continually generate membranous discs, which may exceed the capacity for membranogenesis in
PKAN. Erythrocytes frequently undergo trauma, and defective membrane repair has been
implicated in acanthocyte formation [107, 108]. This observation in part could explain the
changes in blood cell morphology (acanthocytosis) and the lipid abnormalities (hypoprebetalipoproteinemia), both are often found in PKAN patients [109]. To summarize, there
are various speculations and many uncertainties regarding the role of PANK2 and CoA
biosynthesis in PKAN disease pathogenesis.
Model systems to investigate PKAN pathogenesis: The discovery of the causative gene for
PKAN, enabled the possibility to generate animal models for this disease. Model organisms
are extremely useful to understand the molecular mechanisms underlying diseases and this
in turn is required for the development of therapies. Especially for rare diseases, when
patient material is scarce, animal models are of high value.
To investigate how PANK2 deficiency induces the symptoms of PKAN, a murine PANK2
knock-out model was generated [47]. Although PANK2 mutant mice suffer from azoospermia and retinal degeneration, PANK2 knock-out mice failed to develop typical neurological
impairment and locomotor abnormalities associated with PKAN in humans [47]. Similar
to humans, the mouse genome contains 4 PANKs, therefore it might be possible that a
different isoform of PANK (and not PANK2) is required for normal neuronal functioning
or that PANK1, 3 or 4 and not PANK2 are mitochondrial localized in mice. It is also possible
that one of the other mouse PANK isoforms compensates for the loss of mouse PANK2. All
together, these results demonstrate that PANK2 knockout mice are not a suitable genetic
model to understand the pathophysiology of PKAN. Similar to PANK2 (-/-) mice, PANK1
(-/-) mice also did not show any signs of neurodegeneration [44, 47]. In another study mice
deprived from pantothenic acid developed neurological symptoms [110] suggesting that
maintenance of normal levels of CoA are required for proper neuronal functioning in mice.
Also studies have been done in cultured cells to understand why specific mutations cause
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a more severe phenotype compared to others. Hereto mutant proteins were expressed in
cells and pantothenate kinase activity of various mutated proteins was measured. However,
this approach has led to confusing results since some of the mutant proteins (associated
with a fast progressing form of PKAN in patients) are having either normal or even higher
PANK activity than the normal wild-type PANK2 [111, 112]. It is speculated that either the
presence of endogenous PANKs might interfere with these experiments resulting in inconclusive results or the impaired catalytic activity of PANK is not the sole underlying cause
of PKAN and studies using cultured cells so far do not show clear answers how impaired
function of PANK2 induces PKAN characteristics.
In summary, the pathophysiology of PKAN remains unclear and demands further investigations. As an alternative for studies in mice, Drosophila can also be used to understand
mechanisms of health and disease [113]. In the final paragraph of this introductory chapter
the possibilities of using Drosophila as model organism for PKAN related research will be
discussed.
Drosophila as a model for investigating implications of impaired de novo CoA biosynthesis: Drosophila melanogaster (fruit fly) is one of the most studied organisms in biological research, particularly in genetics and developmental biology. Moreover, recently Drosophila is shown to be useful for the genetic characterization of various metabolic pathways
[114-118] and more than 50% of all fly proteins have mammalian analogues [119, 120].
Together this makes the fruit fly a powerful candidate to investigate the implications of
impaired de novo CoA biosynthesis pathway.
In 2001, just before PANK2 was identified as the causative gene for PKAN, a Drosophila
mutant was characterized carrying a mutation in the Drosophila PANK gene: “dPANK/
fumble” [32]. This fumble mutant was identified by others in a screen for male fertility and
the male sterile phenotype was described in detail [121]. The neurodegenerative phenotype
of this mutant remained largely unexplored. In the laboratory of prof. Sibon where this
PhD thesis was performed a genetic screen was conducted to identify neurodegenerative
mutants. One of the identified mutants carried a mutation in the gene coding for the second
enzyme (PPCS; see Figure 2B) of the CoA biosynthetic pathway. The neurodegenerative
phenotype of this identified CoA mutant and the availability of one other CoA mutant, the
dPANK/fbl mutant, opened ways to investigate how defects in CoA biosynthesis are linked
to neurodegeneration in a multicellular organism. These preliminary results also suggested
that the Drosophila CoA mutants, especially the dPANK/fbl mutants may serve as a model
for PKAN-related research.

AIM AND OUTLINE OF THE THESIS
The aim of this research project was to investigate the physiological implication of impaired
CoA biosynthesis using Drosophila as a model organism and to investigate whether the
23
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Drosophila CoA mutants are a suitable model for PKAN-related research (Chapter 1). In
case this could be established, the Drosophila model for PKAN enables research directed
to understand the pathogenesis, which is currently largely unknown. In addition an established Drosophila PKAN model allows to screen for potential compounds, which can
ameliorate the PKAN symptoms. When protective compounds can be identified, these can
serve as starting points for a possible therapy to treat PKAN.

Chapter 2: De novo CoA biosynthesis is required to maintain DNA integrity during
development of the Drosophila nervous system
In this chapter CoA mutants were either identified (dPPCS) during a forward genetic screen
or obtained (dPANK/fbl) or specifically generated (dPPAT-DPCK) and the entire Drosophila
de novo CoA biosynthesis pathway was annotated. Genes coding for this pathway appeared
to be highly conserved. Subsequently a comprehensive analysis of the mutant phenotypes
was performed. It is demonstrated that CoA de novo biosynthesis is required for maintaining DNA, cellular and neuronal integrity. Moreover, it was established that Drosophila
PANK/fbl mutants can be used as a model for pantothenate kinase-associated neurodegeneration (PKAN).

Chapter 3: Pantethine rescues a Drosophila model for pantothenate kinase-associated neurodegeneration
In this chapter dPANK/fbl mutants were used to demonstrate that impaired function of pantothenate kinase induces a decrease in CoA levels, mitochondrial dysfunction, increased
protein oxidation, a neurodegenerative phenotype and a reduced lifespan. Furthermore,
compounds were tested for their ability to rescue these pertinent phenotypes of the Drosophila PKAN model. In this screen pantethine was identified. Pantethine feeding restores CoA
levels, improves mitochondrial function, rescues brain degeneration, enhances locomotor
abilities, and increases lifespan. Evidence is presented for the presence of a de novo CoA
biosynthesis pathway in which pantethine is used as a precursor compound, a pathway independent from pantothenate kinase. Importantly, this pathway appears also to be effective
in mammalian cells with impaired function of pantothenate kinase. These data suggest
that pantethine may serve as a starting point to develop a possible treatment for PKAN.

Chapter 4: Effects of various doses of pantethine in healthy mice
After establishing that pantethine is protective in a Drosophila model for PKAN, we
wished to investigate the potential of pantethine in mice. In this chapter, our objective was
to investigate a possible toxicity (short-term) of pantethine in wild-type mice. Pantethine supplementation was given via the drinking water to wild-type mice. The following
parameters were investigated in control mice and in mice treated with various concentrations of pantethine: daily weight gain, daily activity and total life span. After 3 weeks
the mice were sacrificed and post mortem analysis was done on various organs to find
out the affects of pantethine supplementation. The major finding of this pilot study is that
pantethine is quite tolerable and 15 mg pantethine /ml did not induce any side effects.
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Chapter 5 Drosophila phosphopantothenoylcysteine synthetase is required for
tissue morphogenesis during oogenesis
In this chapter another feature of the phenotype of Drosophila CoA mutants was investigated and the female and male fertility and fecundity was described in detail. In general, our
analysis demonstrates that the dPPCS, dPPAT-DPCK and dPANK/fbl genes are required for
proper morphogenesis. Specifically it was demonstrated that a mutation in dPPCS disrupts
the organization of the somatic and germ line cells, affects F-actin organization and results
in abnormal PtdIns(4,5)P2 localization. Improper cell organization coincides with aberrant
localization of the membrane molecules Gurken (Grk) and Notch, whose activities are
required for specification of the follicle cells that pattern the eggshell. Mutations in dPPCS
also induce alterations in scutellar patterning and cause wing vein abnormalities. Interestingly, mutations in dPANK and dPPAT-DPCK result in similar but not entirely identical
patterning defects.

Chapter 6: Summarizing discussion
The presented work will be summarized in this chapter. Drosophila can be used as a model
organism to gain insight into the PKAN pathogenesis (Chapter 2) and pantethine is a protective compound that rescues abnormalities of this PKAN Drosophila model (Chapter 3).
In chapter 4, we also show that pantethine is well tolerated by the wild type mice when
administered orally. In this chapter, we will discuss the possibilities of future studies concerning pantethine (in mice and humans) as a potential treatment for PKAN. Interestingly,
with pantethine, CoA levels were restored; we could rescue all the neurodegeneration-associated phenotypes but not the male and female fertility as described in chapter 5. These data
suggest that PANK has an additional function, other than synthesizing CoA. We will discuss
other possible functions of PANK, which might be required for fertility and fecundity.
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ABSTRACT
In a forward genetic screen in Drosophila melanogaster, aimed to identify genes required
for normal locomotor function, we isolated dPPCS (the second enzyme of the Coenzyme A
biosynthesis pathway). The entire Drosophila CoA synthesis route was dissected, annotated
and additional CoA mutants were obtained (dPANK/fumble) or generated (dPPAT-DPCK).
Drosophila CoA mutants suffer from neurodegeneration, altered lipid homeostasis, and the
larval brains display increased apoptosis. Also, de novo CoA biosynthesis is required to
maintain DNA integrity during the development of the central nervous system. In humans,
mutations in the PANK2 gene, the first enzyme in the CoA synthesis route, are associated
with Pantothenate Kinase-Associated Neurodegeneration (PKAN). Currently, the pathogenesis of this neurodegenerative disease is poorly understood. We provide the first comprehensive analysis of the physiological implications of mutations in the entire CoA biosynthesis route in an animal model system. Surprisingly, our findings reveal a major role of this
conserved pathway in maintaining DNA and cellular integrity, explaining how impaired
CoA synthesis during CNS development can elicit a neurodegenerative phenotype.
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INTRODUCTION

D

rosophila melanogaster has proven to be a powerful system to study the underlying
mechanisms of various neurodegenerative diseases (1,2). In a forward genetic screen
aimed to identify genes required to maintain neuronal integrity, we identified dPPCS, the
second enzyme of the conserved Coenzyme A (CoA) biosynthesis route, as a novel gene
required for normal locomotor behavior. CoA is produced from vitamin B5 which is subsequently converted by the action of five enzymes: PANK, PPCS, PPCDC, PPAT and DPCK
(3–5). The consequences of impaired CoA synthesis in higher eukaryotes have not been
investigated in detail. However, genetic analysis linked a neurological disorder to mutations
in the human PANK2 gene: pantothenate kinase-associated neurodegeneration or PKAN
(OMIM 234200) (6). The clinical symptoms and histological features of this Parkinsonlike disorder (7,8) are well documented and although it has been suggested that increased
oxidative stress is the underlying cause for neurodegeneration (9–11), it is still largely
unknown how a deficiency in PANK2 affects neuronal survival and which cellular alterations are responsible for the onset and the progression of the disease. A PanK2 knockout
mouse was generated, but although mutant mice exhibit retinal degeneration, no neurological abnormalities were observed (12). Like in humans, mice possess 4 PanK genes
(PanK1-4) and it may be possible that in mice but not in humans other PanK genes compensate for loss of PanK2 function.
We took advantage of Drosophila to study the effect of mutations in the de novo CoA
biosynthesis route, and the phenotypes of mutations in the first (dPANK/fbl) (13)), second
(dPPCS) and final bifunctional enzyme (dPPAT-DPCK) were analyzed in detail. CoA
biosynthesis is essential for all life forms and therefore mainly hypomorphic alleles were
analyzed: dPANK/fbl1, dPPCS1 and dPPAT-DPCK43. We demonstrate that CoA mutants
exhibit abnormal locomotor function which is progressive in time, have altered lipid homeostasis and show a reduced life span. Interestingly, although young mutant flies display
decreased resistance to oxidative stress, oxidative damage is not the sole cause of locomotor
dysfunction in young flies. Surprisingly, CoA mutant larvae show elevated levels of DNA
damage during development and are hypersensitive to ionizing irradiation (IR). Exposure
to IR leads to impaired locomotor activity in young wild-type flies and locomotor dysfunction is further enhanced in CoA mutants by IR, indicating that IR hypersensitivity, DNA
damage and neuronal dysfunction are linked in CoA mutant flies.

RESULTS
Mutations in the phosphopantothenoylcysteine synthetase locus induce
impaired locomotor function
In a forward genetic screen using P element insertion lines, aimed to identify genes required
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Figure 1. Mutations in genes coding for CoA biosynthesis enzymes cause progressive locomotor dysfunction, abnormal wing position and lifespan reduction.
(A and B) Locomotor function in young (7-day-old) and aged (14-day-old) wild-type and mutant males. Only
5-day-old dPANK/fbl1/1 males were assayed. (A) The ability to initiate flight is reduced in young dPANK/fbl,
dPPCS and dPPAT-DPCK mutant flies. Young dPANK/fbl1/1 flies also showed reduced flight performance,
while the ability to climb against gravity was impaired in all CoA mutants compared to wild-type. Asterisks
mark significant chances compared to wild-type flies. (B) Wild-type flies showed no age-related decrease in
flight behavior, but the ability to climb against gravity was significantly changed. Aged dPPAT-DPCK mutants
showed no differences in the initiation of flight compared to young flies, but flight performance and the ability
to climb against gravity were affected compared to young adults. Aged dPPCS mutants showed a decrease in
flight behavior, but no decrease in geotaxis was found compared to young flies. Double-rowed asterisks mark
significant chances compared to young flies. (C) Wing phenotypes in wild-type (Ca and c) and mutant 14-dayold flies (5-day-old dPANK/fbl) (Cb and d). dPANK/fbl, dPPCS and dPPAT-DPCK mutant flies have held-out
(Cb) and held-up (Cd) wings, quantified in (E), which are indicative of abnormal indirect flight muscle contraction. (D) Lifespan curves of wild-type and mutant flies. Median survival of: wild-type (50 days, n = 1045),
dPANK/fbl1/1 (8 days, n = 240), dPPCS1/1 (42 days, n = 1230), dPPAT-DPCK43/43 (32 days, n = 1043),
and P[dPPCS]/+;dPPCS1/1 (61 days, n = 614). Lifespan curves of dPANK/fbl1/1, dPPCS1/1 and dPPATDPCK43/43 significantly differ from the wild-type (log-rank, p < 0.001).

for normal neuronal function, we identified a mutant showing uncoordinated behavior (see
below and Fig. 1). In the mutant, the P element was mapped within the 5'-UTR of an uncharacterized gene CG5629 (Fig. 2A). This gene encodes two mRNAs that only differ in
their 3'-UTR and that both encode a 313 amino acid protein. In silico analyses revealed
that CG5629 encodes the structural ortholog of the human phosphopantothenoylcysteine
synthetase (PPCS), which is the second enzyme in the biosynthesis of CoA (Supplementary
Material, Figs S1–S2 and Table S1). The mutant will be referred to as dPPCS1. We cloned
the 5'-UTR of the CG5629 mRNA from dPPCS1 mutants and found it to be truncated ~250
bp (Fig. 2A). It is possible that this truncation of the 5'-UTR affects mRNA processing,
stability, transport, signaling or translation. Consistently, western blot analysis revealed that
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Figure 2. The Drosophila CoA biosynthesis route.
(A) Physical map of the dPPCS locus. The region comprises cytological position 91F3-91F4 of chromosome
3R and harbors the CG5629 gene. CG5629 encodes two mRNAs and both transcripts have five exons that
encrypt the tentative fly PPCS ortholog (Supplementary Material, Figs S1–S2). The P-lacW insertion allele
dPPCS1 is indicated by the triangle. Transcripts are indicated by black boxes and their encoded proteins are
depicted underneath (white boxes). dPPCS1 causes a ~250 bp truncation of the dPPCS mRNA (gray box). The
genomic region missing in the imprecise excision allele, dPPCS33, is indicated (dashed line). (B) The de novo
CoA synthesis route. Higher eukaryotes depend on dietary pantothenate to produce CoA (21–23,43). Pantothenate is phosphorylated to 4'-phosphopantothenate by pantothenate kinase (PANK). Next a cysteine is added by
the 4'-phosphopantothenoylcysteine synthetase (PPCS) to form (R)-4'-phospho-N-pantothenoylcysteine which
is decarboxylated by (R)-4'-phospho-N-pantothenoylcysteine decarboxylase (PPCDC) and produces 4'-phosphopantetheine. This 4'-phosphopantetheine receives an adenylyl group transferred from ATP mediated by
4'-phosphopantetheine adenylyltransferase (PPAT) and releases dephospho-CoA, which is then phosphorylated
by dephospho-CoA kinase (DPCK) to finally yield CoA (3–6). E.C. numbers are indicated. (C) Diagram of the
de novo CoA biosynthesis in animals. The Drosophila genome encodes a single copy of PANK, PPCS, PPCDC,
a bifunctional PPAT-DPCK and a DPCK (Supplementary Material, Figs S1–S2). Mammalian PANK can also
utilize pantetheine and N-pantothenoylcysteine to produce 4'-phosphopantetheine and (R)-4'-phospho-N-pantothenoylcysteine, respectively (34). CoA and its acyl esters are utilized by many enzymes involved in cellular
metabolism including the Krebs cycle, fatty acid production and the synthesis of some amino acids. (D) Western
blot analyses of wild-type, dPPCS1/1, dPPCS1/33 and dPANK/fbl1/1 third instar larval brain extracts by using
polyclonal antibodies raised against dPPCS (left panel) and dPANK/Fbl (right panel). dPPCS protein expression
is reduced in dPPCS1/1 [a 13% reduction (±4 SEM, n=4)] and further reduced in dPPCS1/33 [a 28% reduction
(±9 SEM, n = 4)] compared to wild-type. dPANK expression is severely reduced in dPANK/fbl1/1 brains. Antibodies against β-actin or γ-tubulin were used as loading controls. (E) RT–PCR analysis of mRNA levels from
wild-type and dPPAT-DPCK43/43 males. Relative mRNA levels of dPPAT-DPCK and the neighboring gene
CG5505 were determined by semi-quantitative PCR (incrementing cycli are denoted), using the ribosomal rp49
mRNA as internal control. Compared to wild-type, the CG5505 mRNA is not affected in dPPAT-DPCK43/43
(5% reduction ± 11 SEM, n = 3), but the expression of the dPPAT-DPCK mRNA is 23% lower (±5 SEM, n = 3)
compared to the wild-type.
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levels of dPPCS protein are reduced in dPPCS1/1 mutants (Fig. 2D). Ubiquitous ectopic
expression of a FLAG-tagged dPPCS cDNA (P[dPPCS]) in the dPPCS1/1 background
(P[dPPCS]/+;dPPCS1/1) rescued the impaired locomotor phenotype and the transgene
essentially suppressed all the major phenotypes (decreased life span, decreased levels of
triglycerides, decreased negative geotaxis, increased sensitivity to ionizing radiation (IR),
impaired DNA integrity and increased apoptosis) associated with the dPPCS1 mutation
(Figs 1D, 3A, 4C, 5A and D). A presumed null mutation (dPPCS33) was created by imprecise
P element excision (14) (Fig. 2A) and in contrast to dPPCS1/1 flies, dPPCS33/33 mutants die
as first instar larvae. However, dPPCS1/33 mutants were viable, show locomotor impairment
(Fig. 1A) and these transheterozygous mutants generally have a more severe phenotype
especially in proliferating tissue as compared to dPPCS1/1 mutants (Fig. 6, Supplementary
Material, Fig. S3). Together these results demonstrate that dPPCS1 constitutes a hypomorph
and viable allele of the dPPCS gene, while dPPCS33 is most likely a null and lethal allele,
and imply that dPPCS is essential in Drosophila. Intriguingly, mutations in dPPCS induce
locomotor dysfunction, suggesting a link between CoA biosynthesis and neuronal integrity.

The de novo CoA synthesis pathway is conserved in Drosophila
De novo synthesis of CoA occurs in a conserved route in which vitamin B5 is subsequently modified by the action of five enzymes: PANK, PPCS, PPCDC, PPAT and DPCK
(Fig. 2B) (3–5,15). Unlike in other model organisms, CoA biosynthesis in Drosophila is
largely unknown. We performed in silico analyses and found five Drosophila loci coding
for orthologs of PANK (dPANK/fbl), PPCS (dPPCS), PPCDC (dPPCDC), a bifunctional
PPAT-DPCK (dPPAT-DPCK) and a single DPCK (dDPCK) (Fig. 2C, Supplementary
Material, Figs S1–S2). Of these genes, only PANK, also known as fumble or fbl, has been
studied previously and was described as a gene required for mitosis and male fertility (13).
To further analyze the Drosophila CoA enzymes, antibodies were raised against dPPCS
and dPANK/Fbl. The expression levels of dPPCS and dPANK/Fbl (Fig. 2D) are affected in
dPPCS and dPANK/fbl mutants, respectively. These results also indicate that the dPPCS and
dPANK/fbl mutants under investigation are hypomorphs. Consistent with their essential
role in cellular metabolism, dPPCS and dPANK/fbl proteins are ubiquitously expressed
during development and in all wild-type tissues investigated (not shown).

Mutations in genes required for de novo CoA biosynthesis cause locomotor dysfunction and a reduced life span
Previously, it was reported that dPANK/fbl flies show movement abnormalities (13),
but this was never further investigated. The availability of a dPANK/fbl mutant (13) and
a dPPCS mutant allowed us to examine whether the movement abnormalities in these
mutants are comparable and if so, enables us to investigate how impaired CoA biosynthesis
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in general gives rise to behavioral abnormalities and whether this is due to neurodegeneration. In addition, we created an allelic series of the dPPAT-DPCK gene by mobilizing
the P[SUPor-P]KG04801 insertion, which is located ~50 bp upstream of dPPAT-DPCK
(www.flybase.org), and recovered a hypomorphic allele, dPPAT-DPCK43 (see Materials and
methods and Fig. 2E). First we tested in detail the CoA mutants for locomotor defects, an
indicator of neuronal dysfunction (16). To assess locomotor behavior, we evaluated the
ability to climb and fly in young (7-day-old) and aged (14-day-old) flies. As can be seen in
Figure 1A, all the CoA mutants suffered from loss of locomotor function and locomotor
dysfunction worsened in time (Fig. 1B). Progressive loss of locomotor activity could not be
monitored in dPANK/fbl mutants as they were extremely short-lived (see below). Consistent with their poor flight performance, dPANK/fbl, dPPCS and dPPAT-DPCK mutant flies
had held-up and held-out wings, indicative of abnormal indirect flight muscle contraction
(Fig. 1C). In addition to adult locomotor defects, dPPCS and dPPAT-DPCK mutant adults
become paralytic when exposed to heat and dPANK/fbl and dPPAT-DPCK mutant larvae
displayed locomotor defects (Supplementary Material, Fig. S4A and B), features also associated with impaired function of the central nervous system (CNS).

wild-type

dPPCS1/33

dPANK/fbl1/1

A wild-type

C dPPCS1/33

B

E

D

Figure 3. dPPCS mutant flies
display retinal and neurodegeneration.
(A–E) Horizontal head sections
of 30-day-old wild-type (A and
C) and dPPCS1/33 (B and D) and
14-day-old dPANK/fbl1/1 mutants
(E) stained with toluidine-blue.
(B) In dPPCS1/33 brains vacuoles
are present, suggesting a neurodegenerative phenotype (arrows).
(D) dPPCS1/33 flies display degeneration of photoreceptor cells
visible by loss of retinal structure
and formation of vacuoles (arrows).
(E) dPANK/flb1/1 brains display
vacuoles (arrows) and note that
throughout the brain, a punctuated
pattern of little ‘vacuoles’ can be
found. Scale: 50 µm.

Neurologically impaired flies often display reduced lifespan (16); therefore, we also investigated longevity in the CoA mutants. Median survival of wild-type flies was 50 days. This
was reduced to 8 days for dPANK/fbl1/1 flies, 42 days for dPPCS1/1 flies and 32 days for
dPPAT-DPCK43/43 flies (Fig. 1D). Finally, to conclusively link defective CoA metabolism to
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locomotor dysfunction and neurodegeneration, we analyzed the brains from 30-day-old
wild-type and dPPCS1/33 and 14-day-old dPANK/fbl1/1 flies (Fig. 3). Although the phenotype
differs between the two CoA mutants, the brains from dPPCS1/33 and dPANK/fbl1/1 both
displayed vacuolization, indicative for neurodegeneration (Fig. 3B and E). In addition,
dPPCS1/33 flies suffered from retinal degradation as visible by the formation of vacuoles and
loss of retinal structure (Fig. 3D).
In summary, although the severity of the phenotypes varies amongst the CoA mutants
(Supplementary Material, Table S2), our genetic analysis suggests that disrupted CoA biosynthesis in general, underlies neuronal dysfunction.

Lipid biosynthesis is disrupted in Drosophila CoA mutants
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metabolism can cause neurodegeneration in flies (18–20). Therefore, it was investigated
whether lipid homeostasis was disrupted in CoA mutant flies. Consistent with a role in
lipid homeostasis, the stored fatty acids in the form of triglycerides were reduced with
~25% in CoA mutant flies compared to wild-type (Fig. 4A). Similarly, the synthesis of
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reduction in phospholipids likely reflects a global effect on phospholipid production, since
the percentages of PS, PE and PC of the total pool of phospholipids were similar to the
percentages found in wild-type heads (Fig. 4B). Finally, consistent with a defect in lipid
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Figure 4. CoA mutant flies display
impaired lipid homeostasis.
(A) The amount of triglycerides
was determined in young dPANK/
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dPPAT-DPCK mutants (14-day-old),
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synthesis, the pericerebral fat body was almost absent in 30-day-old dPPCS1/33 flies compared
to wild-type flies (Fig. 4C and D). These data demonstrate that mutations in CoA synthesis
affect lipid homeostasis and since lipid metabolism was impaired in all CoA mutants; this
strongly suggests that this common feature, downstream of de novo CoA synthesis, contributes to the abnormal locomotor behavior in the fly mutants.

CoA mutants are hypersensitive to ROS, but overexpression of SOD, CAT and TRX
does not rescue locomotor dysfunction in young flies
Neurodegenerative diseases such as neurodegeneration with iron accumulation, which
includes PKAN, are classified as disorders associated with mitochondrial dysfunction
(reviewed in 8), and mitochondrial dysfunction associated with PANK deficiency has been
reported in humans (21,22) and mice (23). Because mitochondrial dysfunction can lead to
decreased resistance to reactive oxygen species (ROS), increased oxidative stress may be
one of the factors that induce neurodegeneration in case CoA synthesis is disrupted. Neurodegeneration in Drosophila is also frequently associated with increased oxidative stress
(24,25). To investigate whether oxidative stress contributes to the CoA mutant phenotype, we
analyzed the sensitivity of young (2-day-old) CoA mutant males to paraquat, dithiothreitol
(DTT) and H2O2. In general, dPPCS mutants are less sensitive to the ROS-inducing agents
when compared with the other CoA mutants (see also discussion), but all CoA mutants
were hypersensitive to at least two of these ROS inducing agents (Fig. 5A). dPANK/fbl1/1
also displayed mild sensitivity when only H2O was added to the medium. This phenotype
is frequently found in mutants that also exhibit reduced lifespan and sensitivity to ROS and
is referred to as ‘wet starvation conditions’ (26,27). This observation suggests that dPANK/
fbl mutants show a reduced resistance to starvation. Overexpression of ROS scavengers
[CuZn-superoxide dismutase (SOD), catalase (CAT), thioredoxin reductase (TRX)] (28)
in the dPPCS1/1 flies (SOD–CAT–TRX;dPPCS1/1) suppressed the sensitivity to DTT, H2O2
and paraquat supporting that oxidative stress was indeed the main cause for the toxicity
under these conditions and that CoA mutants are hypersensitive to ROS-mediated toxicity.
In the CoA synthesis route, cysteine incorporation occurs by PPCS in a step downstream of PANK2 and it was postulated that PKAN disease pathogenesis is due to enhanced
oxidative damage as a result of impaired Fe/cysteine metabolism which could drive the
Fenton reaction (29) leading to the production of ROS (6). (Fig. 2B and C). In theory,
impaired function of dPANK/fbl or dPPCS, but not dPPAT-DPCK would lead to an accumulation of cysteine. If correct this will result in hypersensitivity to cysteine for dPANK/
fbl and dPPCS mutants, but not for dPPAT-DPCK mutants. Consistent with this hypothesis,
survival of dPANK/fbl and dPPCS mutants, but not dPPAT-DPCK, decreased when larvae
were fed with a 100 mm cysteine solution (Fig. 5B). This cysteine induced lethality was
likely due to elevated oxidative damage, because survival of SOD–CAT–TRX;dPANK/fbl1/1
and SOD–CAT–TRX;dPPCS1/1 mutants was restored to wild-type levels in the presence of
cysteine (Fig. 5B). These data suggest the presence of a Fenton reaction that generates ROS
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Figure 5. Oxidative damage is not the primary cause of neuronal dysfunction in CoA mutant flies.
(A) Two-day-old CoA mutant males were exposed to H2O and to ROS inducing agents (H2O2, DTT and
paraquat dissolved in H2O + 5% glucose) and their survival was analyzed (mean survival ± standard error is
depicted, log-rank ***P < 0.001). dPANK/fbl1/1 mutants display sensitivity to H2O. dPANK/fbl1/1 and dPPATDPCK43/43 flies are extremely sensitive to H2O2, DTT and paraquat, while dPPCS1/1 flies show a decrease in
resistance to H2O2 and DTT. Overexpression of ROS scavengers (SOD–CAT–TRX) (28) in dPPCS1/1 (SOD–
CAT–TRX;dPPCS1/1) suppressed the dPPCS1/1 associated sensitivity to H2O2 and DTT, and increased the
resistance to paraquat of this mutant. (B) Cysteine survival graph. The percentage of homozygous survivors
was calculated under control conditions (H2O) and after feeding larvae a 100 mm cysteine solution. The percentage homozygous survivors under control conditions were set to 100%. dPANK1/1 and dPPCS1/1, but not
dPPAT-DPCK43/43 larvae are sensitive to 100 mm cysteine. The sensitivity of the dPPCS1/1 and dPANK/fbl1/1
mutants could be suppressed by overexpression of ROS scavengers (SOD–CAT–TRX;dPPCS1/1 and SOD–
CAT–TRX;dPANK/fbl1/1), suggesting that cysteine inflicts an oxidative stress response. (C) Ability to climb
in the presence of ROS scavengers. Seven-day-old dPPCS1/1 and dPPAT-DPCK43/43 males have impaired
negative geotaxis when compared with wild-type males. Flies overexpressing ROS scavengers (SOD–CAT–TRX)
have normal climbing behavior when compared with wild-type flies. Overexpression of SOD–CAT–TRX in
a dPPCS1/1 (SOD–CAT–TRX;dPPCS1/1) or in a dPPAT-DPCK43/43 (SOD–CAT–TRX;dPPAT-DPCK43/43)
mutant background did not suppress the dPPCS1/1 and the dPPAT-DPCK43/43 associated inability to climb
against gravity, while, as a positive control, overexpression of P[dPPCS] (P[dPPCS]/+;dPPCS1/1) rescued the
locomotor defects associated with a mutation in dPPCS.

dPANK/fbl and dPPCS mutants.
To further characterize the role of decreased resistance to ROS, we tested whether
the ROS scavengers could also rescue the locomotor defects of young (7-day-old) CoA
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mutant flies. As can be seen in Figure 5C, geotaxis was still compromised in SOD–CAT–
TRX;dPPCS1/1 and SOD–CAT–TRX;dPPAT-DPCK43/43 flies. Although not quantified with
large numbers (due to low viability), climbing of SOD–CAT–TRX;dPANK/fbl1/1 flies was
also not improved (not shown). Because overexpression of SOD–CAT–TRX fully restored
hypersensitivity to oxidative stress, additional causes, other than oxidative damage per se,
are involved in the onset of locomotor dysfunction and possibly neuronal dysfunction in
young CoA mutant flies.

Impaired CoA biosynthesis affects DNA integrity and cellular survival in the developing brain
Because oxidative stress is most likely not causing locomotor dysfunction and possibly
neuronal dysfunction in CoA mutant flies, other cellular abnormalities were explored. Previously, it was reported that larval brains of dPANK/fbl mutants show increased levels of
abnormal mitotic chromosomes (13). Abnormal mitotic structures are indicative for the
presence of higher levels of sustained damaged DNA (30). Moreover, several neurodegenerative diseases are associated with impaired DNA integrity (31). We investigated whether
impaired CoA biosynthesis in general leads to spontaneous higher levels of DNA damage
in proliferating cells and we analyzed mitotic chromosomes in larval brains of the CoA
mutants (Fig. 6Aa–g). In CoA mutants, a high incidence of abnormal mitotic chromosomes was found, indicating that impaired CoA biosynthesis spontaneously affects DNA
integrity. An exception to this is the fact that in dPPCS1/1 mutants, no aberrant mitoses
were observed in the untreated brains. It is possible that in dPPCS1/1 mutants (and not
in dPPCS1/33, dPANK/fbl1/1 and dPPAT-DPCK43/43), the levels of CoA are just sufficient to
maintain chromosome integrity under normal growing conditions. Differences in phenotypic strength between dPPCS1/1 and dPPCS1/33 are also evident in other proliferating tissues
[spermatogenesis (Supplementary Material, Fig. S3), developing brains (Fig. 6), oogenesis
(not shown)]. Next we investigated whether the IR causes elevated levels of DNA damage
in CoA mutants compared to wild-type. The frequency of IR-induced abnormal mitotic
structures was higher in all three mutants compared to wild-type, indicating that CoA is
required for a proper DNA damage response (Fig. 6Aa). After IR, levels of CoA may not be
sufficient to allow repair and maintain genome integrity resulting in increased numbers of
abnormal mitotic chromosomes.
Next, we analyzed the presence of phosphorylated Histone 2AvD (γ-H2AvD) (32), a marker
for the presence of damaged DNA (33), to test whether aberrant mitoses indeed correlated
with higher levels of sustained damaged DNA. The brains of dPANK and dPPCS mutant
larvae (but not of dPPAT-DPCK43/43 larvae) contained more cells that stained positive for
γ-H2AvD than wt brains (Fig. 6Ba–e and Da). In contrast to other described phenotypes
(for which one copy of the dPPCS transgene is sufficient to rescue the phenotype), two copies
of dPPCS transgene expression are required to rescue the increased levels of γ-H2AvD. It
should be mentioned that the dPPCS transgene lacks the endogenous 5'-/3'-UTRs and the
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Figure 6. CoA mutant larval brains display impaired DNA integrity during larval development.
(Aa–g) Mitotic chromosomes from third instar wild-type and mutant larval brains, 5 h after recovery from
20 Gy IR or left untreated, were visualized with antibodies against pH3Ser10 and analyzed for mitotic abnormalities. (Aa) Untreated dPANK/fbl1/1, dPPCS1/33 and dPPAT-DPCK43/43 brains contained a high % of abnormal
mitoses. The amount of abnormal mitoses increased in all mutants 5 h after recovery from 20 Gy. (Ab–d)
Normal mitotic chromosomes: metaphase (Ab), anaphase bridge (Ac) and anaphase (Ad). (Ae–g) Abnormal
mitotic chromosomes: fragmented chromosomes (Ae), lagging chromosome (Af), multiple centrosomes (Ag). The
amount of brains investigated was: (untreated); wild-type n = 21, dPANK 1/1 n = 17, dPPCS1/1 n = 17, dPPCS1/33 n
= 34, dPPAT-DPCK43/43 n = 14, P[dPPCS]/+;dPPCS1/1 n = 19 (20 Gy: 5 h recovery); wild-type n = 24, dPANK1/1
n = 15, dPPCS1/1 n = 21, dPPCS1/33 n = 35, dPPAT-DPCK43/43 n = 12, P[dPPCS]/+;dPPCS1/1 n = 16. (Ba–e) 3rd
instar larval brains were labeled with an antibody against γ-H2AvD to detect DSBs. (Ba and b) Representative images of a wild-type and a mutant third instar larval optic lobe showing enhanced DNA damage. (Bc–e)
High magnification of a field of three cells that contain γ-H2AvD foci (arrows). The DNA is visualized with
DAPI. (Ca and b) Freshly dissected wild-type and mutant larval brains were stained with acridine orange and
investigated by FM to detect apoptotic cells. (Ca and b) Representative images of a wild-type and a mutant
optic lobe showing enhanced apoptosis. Twenty larval brains were analyzed for wild-type and each mutant.
(Da) Quantification of the total amount of γ-H2AvD positive cells in third instar larval brains. dPANK/fbl1/1,
dPPCS1/1 and dPPCS1/33, but not dPPAT-DPCK43/43 third instar larval brains contained significantly more cells
that stained positive for γ-H2AvD, indicating that these brains accumulate elevated levels of DSBs. Ectopic
expression of one copy of the P[dPPCS] transgene reduced the amount of γ-H2AvD positive cells in dPPCS 1/1
(P[dPPCS]/+;dPPCS1/1), and two copies (P[dPPCS];dPPCS1/1) reduced the amount of γ-H2AvD positive cells
back to wild-type levels. The amount of brains investigated was: wild-type n = 25, dPANK1/1 n = 25, dPPATDPCK43/43 n = 12, dPPCS1/33 n = 17, dPPCS1/1 n = 23, P[dPPCS]/+;dPPCS1/1 n = 19, P[dPPCS];dPPCS1/1 n
= 16. (Db) Quantification of apoptosis in third instar larval brains. Brains were scored as non-apoptotic (Ca)
or as enhanced apoptotic (Cb). Compared with wild-type brains, the brains of the CoA mutant larvae display
enhanced acridine orange staining, indicating that cells within these brains are apoptotic. The amount of brains
investigated was: wild-type n = 20, dPANK1/1 n= 20, dPPAT-DPCK43/43 n = 21, dPPCS1/33 n = 20, dPPCS 1/1
44

De novo CoA biosynthesis in Drosophila nervous system

n = 21, P[dPPCS]/+;dPPCS1/1, n = 20, P[dPPCS];dPPCS1/1 n = 20. (Dc) IR survival graph. The % of homozygous
survivors was calculated under control conditions and after exposure of larvae to 20 Gy IR. The % homozygous
survivors under control conditions were set to 100%. All three CoA mutants are sensitive to 20 Gy. SOD–
CAT–TRX;dPPCS1/1 were also sensitive to IR, while survival was restored in P[dPPCS]/+;dPPCS 1/1 after 20 Gy,
suggesting that IR sensitivity is not due to enhanced ROS. Scale; 50 µm (Ba and b and Ca and b), 6 µm (Bc–e).

transgene has a FLAG-tag. It is possible that these aspects of the FLAG-dPPCS mRNA/
protein interfere with normal dPPCS activity/function and optimal dPPCS activity may be
required to prevent accumulation of γ-H2AvD.
We also investigated whether impaired DNA integrity coincided with increased cell
death. Acridine orange uptake in freshly dissected brains revealed that all three CoA
mutants displayed enhanced staining compared to wild-type brains, demonstrating that
apoptosis was enhanced in mutant larval brains (Fig. 6Ca–b and Db). Increased γ-H2AvD
and TUNEL staining was also found in dPPCS1/1 follicle cells during early oogenesis, indicating that mutations in CoA synthesis also affects DNA integrity in other proliferating
tissues (Supplementary Material, Fig. S5). Although differences exist between mutants (see
also discussion), together our findings clearly demonstrate that mutations in CoA biosynthesis result in impaired DNA integrity in proliferating cells, which can be enhanced after
exposure to IR.
Increased levels of DNA damage are indicative for defects in DNA damage responses
and if CoA mutants exhibit aberrant DNA damage responses then the prediction is that
CoA mutants are increased sensitive to exogenously induced DNA damage. To test this,
CoA mutant larvae were subjected to 20 Gy and the survival rate of homozygous adults
was determined. dPPCS, dPANK/fbl and dPPAT-DPCK mutants were hypersensitive to IR,
demonstrating that altered CoA biosynthesis causes DNA damage hypersensitivity (Fig.
6Dc). Since CoA mutant flies are increased sensitive to oxidative stress, we tested whether
there was a link between oxidative damage and sensitivity to IR in CoA mutants. However,
SOD–CAT–TRX;dPPCS1/1 flies still displayed hypersensitivity to IR (Fig. 6Dc), indicating
that IR sensitization is not due to enhanced levels of oxidative stress.
Finally, to establish a link between IR hypersensitivity and neuronal dysfunction, we
analyzed the absolute climbing behavior of young (24-h-old) wild-type and dPPCS1/1 flies
under control conditions and after IR. In case DNA damage applied to the developing larval
brains is linked to locomotor dysfunction in young flies, then IR should induce behavioral
defects in a wild-type background. For this assay, the percent of untreated flies that was
able to climb was divided by the percent of flies that was able to climb after exposure to
20 Gy. Indeed, this ratio for wild-type adults was 1.69 ± 0.13 SEM (n = 10), demonstrating
that the ability to climb was decreased in young wild-type flies after exposure to IR. Interestingly, in dPPCS1/1 this decreased ability to climb was enhanced compared to wild-type
(ratio of untreated to irradiated was 3.23 ± 0.56 SEM, n = 10, P < 0.05) and was restored
in P[dPPCS]/+;dPPCS1/1 flies (1.97 ± 0.15 SEM, n = 10, P < 0.05). These results suggest an
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intricate link between impaired DNA integrity and CoA deficiency-associated neuronal
dysfunction in young flies.

DISCUSSION
Here we demonstrate that defective CoA biosynthesis induces a pleomorphic phenotype.
Mutations in genes coding for enzymes of this conserved pathway lead to increased sensitivity to ROS, impaired DNA integrity in proliferating cells of the developing CNS, cause
changes in lipid homeostasis, induce vacuoles in adult brains and result in abnormal
locomotor function in adult flies. Moreover, CoA mutant flies are hypersensitive to IR and
our data show that locomotor dysfunction can be enhanced by IR in CoA mutants and
induced in wild-type. Combined, our findings suggest a link between IR hypersensitivity,
neuronal dysfunction and impaired DNA integrity.
Although the CoA mutants share many phenotypic characteristics, the strength of the
various phenotypes differ between mutants and some characteristics are even absent in
specific CoA mutants. Several factors could contribute to these differences. De novo CoA
synthesis is essential and therefore hypomorphic alleles of the CoA mutants (dPANK/fbl1,
dPPAT-DPCK43, dPPCS1) were used to investigate the consequences of impaired de novo
CoA biosynthesis. Differences between the CoA mutants may, therefore, reflect differences
in the expression levels of their respective affected enzymes. Phenotypic differences might
also be related to the position (first, second etc.) the individual CoA enzymes occupy within
the CoA synthesis pathway and thus could be directly linked to their cofactor/substrate
utilization. Regulation of CoA biosynthesis occurs at the level of mitochondrial localized
PANK and PPAT-DPCK, but not PPCS (17). In case dPPCS is mutated, dPANK/fbl and/or
dPPAT-DPCK activity might be upregulated to compensate for reduced (R)-4'-phosphoN-pantothenoylcysteine synthesis (Fig. 2C). Alternatively, phosphorylation of pantetheine
and pantothenoylcysteine by dPANK/fbl could bypass dPPCS, but not dPPAT-DPCK (34),
and these routes might be stimulated when dPPCS is mutated. Combined, these differences
could explain the generally less severe phenotype of the dPPCS mutants (especially the sensitivity to exogenously applied ROS) as compared to the other CoA mutants. Furthermore,
differences between the dPANK/fbl and dPPAT-DPCK mutants could be due to the presence
of the conserved dDPCK gene that may partially compensate for loss of dPPAT-DPCK
activity. Finally, dPPAT-DPCK mutants do not suffer from impaired cysteine metabolism
and thus, in contrast with dPANK/fbl and dPPCS mutants, dPPAT-DPCK mutants likely also
not form enhanced ROS via the Fenton reaction.
Consistent with the latter hypothesis and our current understanding of the CoA
synthesis route, in which cysteine is incorporated in the second step of this pathway (Fig.
1B–C), we found that dPPCS and dPANK/fbl, but not PPAT-DPCK mutants are hypersensitive to cysteine. Increased levels of cysteine have been found in the brains of a few patients
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with clinical symptoms of PKAN (35), suggesting that cysteine metabolism is disrupted
in PKAN patients. PKAN patients also display iron accumulation in specific areas of the
brain (9) and together with high levels of cysteine, this led to the hypothesis that impaired
iron/cysteine metabolism may drive the Fenton reaction (29), leading to the production
of ROS (6). We show that in flies overexpression of ROS scavengers can protect against
cysteine induced lethality, indicating that this lethality is due to enhanced oxidative stress.
These data, together with the increased sensitivity of CoA mutants to ROS, indicate that
impaired CoA metabolism can lead to enhanced levels of oxidative stress. However, our
data also suggest that in addition to oxidative stress and altered cysteine metabolism, there
are other consequences of impaired de novo CoA synthesis that induce locomotor impairment in Drosophila. This is based on the observation that PPAT-DPCK mutants, which are
not hypersensitive to cysteine, also develop locomotor abnormalities and is based on the
observation that overexpression of ROS scavengers did not improve the locomotor defects
in young flies. Although it should be noted that SOD, CAT and TRX may not be effective
in scavenging ROS in every cellular compartment and it is also unknown whether the ROS
scavengers are equally effective in all tissues such as in brain cells.
The Drosophila CoA mutants also display abnormalities in lipid homeostasis, which is
consistent with the fact that CoA is required for lipid metabolism (17,23). Impaired lipid
metabolism has also been implicated in PKAN disease pathogenesis (6,36,37). In addition
to abnormal lipid and cysteine metabolism and enhanced levels of oxidative stress, we found
that CoA mutant larvae were hypersensitive to IR and their brains displayed increased levels
of impaired DNA integrity. Hypersensitivity to IR, enhanced levels of γ-H2AvD, abnormal
mitosis and induction of locomotor dysfunction by IR indicate that locomotor dysfunction in young flies is at least partly due to impaired DNA integrity. We demonstrate that
abnormal chromosome organization and increased levels of DNA damage are present in
CoA mutant cells during mitosis, suggesting that CoA is required for proper cytokinesis.
This is supported by the observation that cytokinesis is abrogated in the testis of dPANK/
fbl mutants (13) and dPPCS mutants (Supplementary Material, Fig. S3). Because both lipid
homeostasis and DNA integrity are affected in all the mutants, we favor the following explanations for locomotor impairment caused by impaired CoA biosynthesis. Changes in
lipid homeostasis, especially phospholipids, will disrupt the integrity of membranes in the
CoA mutants. Depletion of the lipid stores and reduced production of lipids may hamper
the renewal of damaged membranes and lipid peroxides, thereby affecting the integrity of
tissues including the CNS leading to neurodegeneration. Alternatively and not mutually
exclusive, aberrant membrane lipid composition might disturb the dynamic interplay
between cytoskeletal components, membrane structures and lipid signaling, leading to
division errors during CNS development that in turn may result in impaired DNA integrity.
Therefore, it is possible that abnormal lipid homeostasis directly leads to impaired neuronal
function and this neuronal dysfunction is enhanced by increased DNA damage as a result of
these lipid abnormalities. Several neurological disorders are associated with defects in DNA
repair (31), but increased DNA damage has never been linked to altered CoA biosynthesis.
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All together our data show that impaired DNA integrity is a novel cellular consequence
when the de novo CoA biosynthesis pathway is affected and, the impaired DNA integrity is
tightly linked to impaired locomotor function.

MATERIAL AND METHODS
Drosophila stocks and genetics: Fly stocks were maintained at 22°C according to
standard protocols. For wild-type preparations y1w1118 was used. Stocks were obtained
from the Bloomington Stock Centre (Indiana University, USA). ZnSod-Cat-Trx was a
gift from R.S. Sohal (Southern Methodist University, USA). dPPCS33 and dPPAT-DPCK43
were generated by imprecise excision of P[lacW]dPPCS1 and P[SUPor-P]KG0480 respectively (14). Imprecise excisions were detected by PCR, cloned and the affected regions were
sequenced to determine the scare left behind by the P-element. dPANK/fbl1 is a hypomorphic allele of dPANK/fbl and previously described (13). The hypomorphic allele dPPCS1
(P[lacW]dPPCS1) was created by transposon mutagenesis (38) and the insertion mapped
using plasmid rescue analysis (39). The transposon landed inside the 5'-UTR of the CG5629
gene, causing a truncation of the mRNA. The dPPCS33 allele was generated by imprecise
excision of the P-element. When dPPCS1 was placed over Df(3R)Dl-KX23, covering at least
50 genes surrounding the dPPCS locus, transheterozygous flies were viable, sterile and were
approximately equally sensitive to IR as dPPCS1/33 mutant flies (not shown). On the contrary
transheterozygous Df(3R)Dl-KX23/dPPCS33 are not viable, suggesting that dPPCS33 is a
null allele of dPPCS. Likewise, dPPCS33/33 is lethal in the first instar larval stadium and
sequence analysis revealed that imprecise P-element excision removed the entire first exon
(including the ATG initiation codon) of the CG5629 gene. In dPPAT-DPCK43, the transposon left behind a scar of ~350 bp P-element specific DNA ~50 bp upstream of the dPPATDPCK gene (CG10575 at 64E7). Homozygous dPPAT-DPCK43 is sensitive to IR and females
are impaired fertile. When dPPAT-DPCK43 was placed over Df(3L)ZN47 (64C;65C), transheterozygous flies were sensitive to IR and displayed fertility defects (not shown). These
phenotypes were not caused by a contribution of the neighboring gene (CG5505) since the
mRNA expression levels (as determined by RT–PCR) of CG5505 did not show significant
changes in dPPAT-DPCK43 mutant flies compared to wild-type expression levels (P < 0.4, n
= 3), while the expression of CG10575 was reduced in dPPAT-DPCK43/43 males (P < 0.03, n
= 3) (Fig. 2E), demonstrating that the dPPAT-DPCK43 allele is a hypomorphic allele of the
dPPAT-DPCK gene.

Sensitivity screening: Heterozygous flies were crossed (days 1–3) in vials and on day 5
larvae were exposed to 20 Gy of γ-rays delivered by a Cs137 unit (IBL 637, CIS Biointernational) or left untreated. At days 14–21, the percentage of homozygous adults in the F1
generation was determined. In a similar screen larvae were fed a 0.5 ml 100 mm L-cysteine
solution in H2O. At least three independent experiments were performed.
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Molecular techniques: The dPPCS cDNA was cloned into pBUF, provided by J. Sekelsky
(University of Carolina, USA), behind the ubiquitin promoter and in frame with a NH2terminal FLAG. The promoter-FLAG-cDNA was cloned in front of a Bgh polyadenylation
signal present in pCaSpeR4-Pme1-Bgh provided by L.G. Fradkin (LUMC, The Netherlands).
Transgenic flies were created by Genetic Services Inc. (USA). The 5'-UTR was cloned from
dPPCS1/1 mRNA using the BD SMART™ RACE cDNA Amplification Kit (BD Biosciences
Clontech). Affinity purified polyclonal antibodies were raised in rabbits against synthetic
peptides of dPANK/Fbl (YFEPKDITPDEQDREC and CDEPPEKAPTSKHSTR) and
dPPCS (CDMMPTHKMQSGDGAP and CVQKHGEFISNAQQRQ) and affinity purified
(Eurogentec, Belgium). RT–PCR analysis was performed with the following primers;
(dPPAT-DPCK) 5'-AATTCATGCCCGTCTTACCC-3' and 5'-CAGCAAGCCAACAATCTTCC-3', (CG5505) 5'-TCGTGGTAGTTGGGCACCTC-3' and 5'-GCGAAACGGCGAATGTCGTC-3'. mRNA levels were determined with ImageJ (http://rsb.info.nih.gov/ij/) using
Rp49 (40) as an internal reference. The area × mean intensity of the reference was divided
by the area × mean intensity of CG5505 or dPPAT-DPCK and normalized to wt ratios.

Immunoblot analysis: Dissections were performed in PBS. Samples were lysed in RIPA
buffer, sonicated and the protein content determined using the DC protein assay kit (BioRad). Extracts were separated on 12.5% SDS–PAGE gels, transferred to nitrocellulose
membranes, blocked in PBS + 0.1% Tween20 (PBST) supplemented with 5% non-fat milk
and the membranes were incubated with anti-dPANK (1:4000) or anti-dPPCS (1:1500) antibodies in blocking buffer. Blots were incubated with HRP-goat-anti-rabbit IgGs (1:2000,
Amersham). Antibody complexes were visualized using the ECL kit (Amersham). The same
blots were incubated with mouse anti-γ-tubulin (1:5000, Sigma) or mouse anti-β-actin
(1:5000, Abcam). Protein levels were determined with ImageJ (http://rsb.info.nih.gov/ij/)
using β-actin or γ-tubulin as references. The area × mean intensity of the reference was
divided by the area × mean intensity of dPPCS or dPANK/Fbl and normalized to wt ratios.

Lipid analysis: Triglycerides were measured using the Stanbio LiquiColor assay kit as
described in (41). Triglyceride levels were normalized to percentages of wild-type levels
and represent the average of three independent experiments. To determine the amount of
phospholipids, approximately 20 mg of fly heads from a mixture of 14-day-old female and
male adults was homogenized and the protein content determined. Lipids were extracted,
separated and quantified essentially as described in (20).

Immunohistochemistry: Larval brains were fixed in PBS + 4% formaldehyde and
incubated with antibodies in PBS + 0.3% Triton X-100 + 5% BSA. Antibodies used included
mouse anti-pH3Ser10 (1:100, Cell Signaling), rabbit anti-pH2AvDS137 (1:100, Rockland)
and FITC-goat-anti-mouse IgG (1:200) and Cy3-goat-anti-rabbit IgG (1:200, Jackson ImmunoResearch). Brains were analyzed by fluorescent microscopy (FM) or confocal laser
scanning microscopy (CLSM). CLSM images represent maximal projections of a z-stack
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(0.5–1 µm/scan) and were obtained with a Leica TCS SP2 DM RXE. Brains were dissected in
serum-free Schneider’s Drosophila medium (S2) (Invitrogen), incubated for 4 m in S2 + 1.6
µM acridine orange, washed and directly investigated by FM (Leica CTR6000). pH3Ser10
labeled chromatin was analyzed using a 100× magnification with 1.5× optivar (Olympus
IMT-2). Mitotic figures were scored per focal plane and the percentage aberrant mitosis
was calculated from the SUM of 7–11 focal planes scored per brain. The total amount of
pH2AvDS137 (γ-H2AvD) positive cells was counted in entire brains. Images were processed
using Leica Software and Paint Shop Pro. Heads from 30-day-old flies were fixed in 4% formaldehyde and embedded in epon. One micrometer horizontal sections were stained with
1% toluidine-blue and 1% borax and investigated with an Olympus BX50 light microscope.

Physiological assays: Performance assays were carried out with male flies. Wing abnormalities were scored in 50–150 flies. Flight was assayed according to Benzer (42) and the
performance was determined as described in (16). Geotaxis was assayed according to (16).
The absolute climbing ability was determined by tapping 10–20 flies to the bottom of a
food vial and counting the flies that were attached to the side after 30 s. Ten trails were
performed for each cohort and the average climbing ability was calculated from >7 cohorts.
The absolute ability to climb was measured 24 h AE to determine the effect of IR on adult
performance. The percent of untreated flies that was able to climb was compared with
the percent of flies that was able to climb after larval exposure to IR. ROS sensitivity was
measured by placing 15–25 24-h-old male flies (100–200 were tested), after 6 h starvation,
in vials containing filter paper soaked in H2O + 5% glucose and with 100 mm DTT, 5%
H2O2 or 20 mm paraquat. Twice a day death flies were scored. Longevity was measured for
both females and males and both sexes were present in equal proportions. Every 2–4 days,
flies (10–20/vial) were transferred to fresh vials and the death flies were scored. Chemicals
were obtained from Sigma.

Statistical analysis: P-values were calculated using the Student’s t-test (*P < 0.05, **P <
0.005, ***P < 0.001). Survival curves were analyzed by the method of Kaplan and Meier
using SigmaStat 3.5.
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SUPPORTING INFORMATION - CHAPTER 2
METHODS
Bioinformatics analysis: Protein sequences were aligned with CLUSTAL W (1), manually
edited and used to create a structural alignment with the program DEEP-VIEW and modeled
by the SWISS-MODEL server (2). Between D251 and L252 of dPANK/Fbl 3 insertions and
between S122 and V123 of dPPCS 2 insertions were allowed in the initial model making
process and were religated prior to structure comparison and validation. Structures were
not refined and represent crude models. Monomers were individually reconstructed during
remodelling and analysed independently. Differences between monomers reflect slight differences in the template monomers used during modelling. DaliLite (3), PROCHECK (4)
and WHATCHECK (5) were used for pair wise structure comparison and validation.
Figures were prepared with ESPript (6) and YASARA (7).

Physiological assays: Larval crawling was analysed by placing third instar larvae in the
centre of a petri dish containing non-nutritive agar (0.8%) and the path length that larvae
crawled within 5 m was recorded (8,9). The trail traversed by each larva was drawn on
the dish, scanned, and the tract length for at least 25 larvae was measured using UDruler
(AVPSoft). Paralysis was assayed by analysing the absolute climbing ability of 7-d-old males,
prior, directly after heat exposure (2 h 37 oC) and 15 m after recovery from heat exposure.
The absolute climbing ability was determined by tapping 10-20 flies to the bottom of a
standard food vial and counting the flies that were attached to the side after 30 s. 10 trails
were performed for each cohort and the average climbing ability was calculated from at
least 7 cohorts.

Immunostaining and apoptosis: Phase-contrast microscopy analysis of onion stage
spermatids was performed as described (10). Dissection, fixation and immonolabelling of
ovaries was performed as described in ref. 11. Rabbit anti-Histone H2AvD pS137 (1:100,
Rockland) was used as primary antibody and Cy3-conjugated goat anti-rabbit IgG (1:200,
Jackson ImmunoResearch) was used as the secondary antibody. After immunolabelling
ovaries were stained with 0.2 μg/ml DAPI and mounted in citifluor (Agar Scientific).
Apoptosis was measured in 6 day old flies that were kept for 3 days in vials containing yeast
paste. The TUNEL cell death assay was performed following the ApopTag Fluorescien in
Situ Apoptosis Detection Kit (Chemicon). Ovaries were fixed in devitellizing buffer/heptane
(11) (1:6 per volume) and pretreated with proteinase K (20 μg/ml in PBS + 0.1% tween-20 )
for 15 m at RT. Ovaries were analysed by CLSM. CLSM images represent maximal projec53
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tions of a z-stack (0.5-1 μm/scan) and were obtained with a 63X/1.32 oil lens (Leica TCS
SP2 DM RXE, Wetzlar).

Statistical analysis: P-values were calculated using the Student’s t-test (2-tailed & where
appropriate with equal or unequal variance). P-values < 0.05 were considered significant.

REFERENCES
1. Thompson,J.D., Higgins,D.G., Gibson,T.J. (1994)
CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and
weight matrix choice. Nuclei. Acids Res., 22, 46734680.
2. Guex,N., Peitsch,M.C. (1997) SWISS-MODEL
and the Swiss-PdbViewer: an environment for
comparative protein modeling. Electrophoresis, 18,
2714-2723.
3. Holm,L., Park,J. (2000) DaliLite workbench for
protein structure comparison. Bioinformatics., 16,
566-567.
4. Laskowski,R.A., Moss,D.S., Thornton,J.M. (1993)
Main-chain bond lengths and bond angles in
protein structures. J. Mol. Biol., 231, 1049-1067.
5. Hooft,R.W., Vriend,G., Sander,C., Abola,E.E.
(1996) Errors in protein structures. Nature, 381,
272.
6. Gouet,P., Courcelle,E., Stuart,D.I., Metoz,F.
(1999) ESPript: analysis of multiple sequence alignments in PostScript. Bioinformatics., 15, 305-308.
7. Krieger,E., Vriend,G. (2002) Models@Home:
distributed computing in bioinformatics using a
screensaver based approach. Bioinformatics., 18,
315-318.
8. Pereira,H.S., MacDonald,D.E., Hilliker,A.J.,
Sokolowski,M.B. (1995) Chaser (Csr), a new gene
affecting larval foraging behavior in Drosophila
melanogaster. Genetics, 141, 263-270.
9. Pereira,H.S., Sokolowski,M.B. (1993) Mutations
in the larval foraging gene affect

54

adult locomotory behavior after feeding in Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A,
90, 5044-5046.
10.
Kemphues,K.J.,
Raff,E.C.,
Raff,R.A.,
Kaufman,T.C. (1980) Mutation in a testisspecific
beta-tubulin in Drosophila: analysis of its effects
on meiosis and map location of the gene. Cell, 21,
445-451.
11. Verheyen,E., Cooley,L. (1994) Looking at
oogenesis. Methods Cell Biol., 44, 545561.
12. Manoj,N., Strauss,E., Begley,T.P., Ealick,S.E.
(2003) Structure of human phosphopantothenoylcysteine synthetase at 2.3 A resolution. Structure.,
11, 927-936.
13. Kupke,T. (2001) Molecular characterization of
the 4'-phosphopantothenoylcysteine decarboxylase domain of bacterial Dfp flavoproteins. J. Biol.
Chem., 276, 27597-27604.
14. Hoshino,M., Matsuzaki,F., Nabeshima,Y.,
Hama,C. (1993) hikaru genki, a CNSspecific gene
identified by abnormal locomotion in Drosophila,
encodes a novel type of protein. Neuron, 10,
395-407.
15. Palladino,M.J., Hadley,T.J., Ganetzky,B. (2002)
Temperature-sensitive paralytic mutants are
enriched for those causing neurodegeneration in
Drosophila. Genetics, 161, 1197-1208.
16. Fuller M.T. (1993). Spermatogenesis, pp. 71–148
in The Development of Drosophila melanogaster,
Vol. I, edited by A. MARTINEZ-ARIAS. Cold
Spring Harbor Laboratory Press, Cold Spring, NY.

De novo CoA biosynthesis in Drosophila nervous system

A

C

D

2

B

E

Figure S1. Drosophila Coenzyme A biosynthesis is conserved.
The Drosophila de novo CoA biosynthesis route was reconstructed by bioinformatics analysis. (A-E) Multiple
sequence alignments of pantothenate kinase (PANK), 4’-phosphopantothenoylcysteine synthetase (PPCS),
(R)-4’-phospho-N-pantothenoylcysteine decarboxylase (PPCDC), 4’-phosphopantetheine adenylyltransferase
(PPAT) and dephospho- CoA kinase (DPCK). Higher eukaryotes have a bifunctional PPAT-DPCK, while
bacteria have a bifunctional PPCS-PPCDC. The Drosophila genome encodes a single copy of PANK (CG5725),
PPCS (CG5629), PPCDC (CG30290), a bifunctional PPAT-DPCK (CG10575) and a DPCK (CG1939). Humans
have multiple copies of the CoA biosynthesis enzymes. Here the enzymes that displayed the strongest sequence
homology with Drosophila are shown. The % identity and similarity between the human and the Drosophila
enzymes is: PANK2 (46%, 61%), PPCS (39%, 59%), PPCDC (48%, 66%), PPAT-DPCK (31%, 47%) and DPCK
(38%, 60%). (A) Multiple sequence alignment of PANK; D. melanogaster (gi17864532), H. sapiens (gi24430171,
PANK2), M. musculus (gi23943834), C. elegans (gi32565377), S. cerevisiae (gi6320740) and A. thaliana
(gi30696417). (B) Multiple sequence alignment of PPCS; D. melanogaster (gi4972686), H. sapiens (gi13375919),
M. musculus (gi18255582), C. elegans (gi17560194), S. cerevisiae (gi577131), A. thaliana (gi26451224) and
E. coli (gi16131510, aa 177-430). (C) Multiple sequence alignment of PPCDC; D. melanogaster (gi24657262),
H. sapiens (gi15680133), M. musculus (gi28849879), C. elegans (gi17560194), S. cerevisiae (gi6322762, aa
267-571), A. thaliana (gi13124313), ) and E. coli (gi16131510, aa 1-218) (D) Multiple sequence alignment of
bifunctional PPAT-DPCK; D. melanogaster (gi10728128), H. sapiens (gi17981025), M. musculus (gi27229125)
and C. elegans (gi25143409). (E) Multiple sequence alignment of monofunctional DPCK; D. melanogaster
(gi24644728) and H. sapiens (gi19923601). For sequence alignments of S. cerevisiae and E. coli amino acids
(aa) that correspond with their PPCS and PPCDC portions were used. Strictly conserved residues are shaded in
black, while similar amino acids are boxed and in the bold letter type. Sequences were aligned with CLUSTAL
W(1) and the figures were prepared with ESPript(6). GenBank identifiers (gi) are denoted between brackets.
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Figure S2. Drosophila melanogaster dPANK/Fumble, CG5629 and CG30290 encode the structural
homologs of human PANK, PPCS and PPCDC.
To explore functional conservation of the CoA biosynthesis route 3D models of dPANK, dPPCS and dPPCDC
were created by modelling. Models were created with known x-ray structures of human PANK3 (2I7P), PPCS
(1P9O) and PPCDC (1QZU), to explore functional conservation and were not refined for in depth structural
analysis. Despite the % of residues within the most favoured region of the Ramachandran plot are below 90%
(83%- 88%) and the confidence factors (B-factor) are >50 (52-55), which likely reflect their sequence identities
(39-48%), we conclude from this in silico approach that dPANK/Fbl, dPPCS and dPPCDC represent the struc56
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tural/functional homologs of their human relatives. These are the only genes present in the Drosophila genome
whose ORFs produce significant hits with a pantothenate kinase, a phosphopantothenoylcysteine synthetase
and phosphopantothenoylcysteine decarboxylase and the analysis of bond lengths, angles, and Φ-Ψ properties
from the models show that they resemble acceptable drafts of their human relatives (Table S1). (A) dPANK/
Fbl and hPANK3 display sequence homology and topology. (B) Superimposition of the hPANK3 homodimer
(yellow) and the dPANK/Fbl model (blue) (rmsd = 0.8 Å; 354 Cα atoms aligned per monomer). (C) dPPCS and
hPPCS display sequence homology and topology. Conserved residues involved in phosphopantothenate and ATP
binding, based on structural data obtained from the hPPCS, are highlighted in blue (and black from the adjacent
monomer ) and pink, respectively(12). (D) Superimposition of the hPPCS homodimer (yellow) and the dPPCS
model (blue) (rmsd = 0.5 Å; 264 Cα atoms aligned per monomer). (E) The dPPCDC protein signature follows
the universal signature of PPCDC(13). (F) dPPCDC and hPPCDC display sequence homology and topology.
(G) Superimposition of the hPPCDC homotrimer (yellow) and the dPPCDC model (blue) (rmsd = 0.9 Å; 154
Cα atoms aligned per monomer). (A, C and F) Amino acids are marked according to their physico-chemical
properties. Strictly conserved residues are highlighted in red boxes and similar residues with red letters. Amino
acids considered similar are: HKR (polar positive), DE (polar negative), STNQ (polar neutral), AVLIM (nonpolar aliphatic), FYW (non-polar aromatic), PG, C. Secondary structure conformations are denoted at the top
and underneath the sequence alignment. (α) α- helix; (β) β-strand; (η) 310 helix; (TT) turn.

Table S1. dPANK, dPPCS and dPPCDC model statistics
				

dPANK 		

dPPCS 		

dPPCDC

RMS deviations from idealitya
Bond lengths (Å) 			
Bond angles (o) 			

0.014 		
1.938 		

0.016 		
2.307 		

0.015
2.562

Ramachandran plotb
Favored (%) 			
Allowed (%) 			
Generously allowed (%) 		
Disallowed (%) 			
Average B factorc all 		

87.4 		
11.9 		
0.3 		
0.3 		
53.2 		

84.3 		
13.3 		
0.0 		
0.4 		
52.8 		

83.5
13.7
0.7
2.2
54.9

Monomers were individually reconstructed and analyzed independently. Representative statistics of
1 monomer are indicated. a WHATCHECK (Hooft et al., 1996), b PROCHECK (Laskowski et al., 1993), c
YASARA (Krieger and Vriend, 2002)
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Figure S3. dPPCS mutants display cytokinesis
defects during spermatogenesis. Morphological
analysis of wt and mutant spermatids.
1-d-old wt & dPPCS mutant testis were investigated
for cytokinesis defects by phase contrast microscopy.
(A) In wt testis a cyst of 16 interconnected primary
spermatocytes undergo 2 synchronized meiotic
divisions accompanied with incomplete cytokinesis &
results in the production of 64 early spermatids that
remain connected by ring canals. During division mitochondria are assembled at the central spindle and
are equally distributed over both spermatids where
they form one big mitochondria or nebenkern. This
nebenkern (phase dark) remains associated with the
nucleus (phase light) & its size and spherical structure
resemble that of the nucleus during the onion stage.
(B-C) dPPCS mutant testis contain big nebenkern
structures with 2 (boxed arrowheads) or 4 (arrow57
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heads) nuclei, and (C) contain abnormally persistent mitochondrial bridges (arrows), indicative for cytokinesis
defects (16). (D) Quantification of abnormal spermatids in wt and dPPCS mutant males. Approximately 17% of
dPPCS1/1 male flies contain testis with >10% abnormal spermatids, while this percentage is 82% in dPPCS1/33
males. The number of flies analysed is shown at the top of each histogram.

Figure S4. Mutations in CoA biosynthesis impairs larval crawling
and cause paralysis after heat
exposure.
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Figure S5. dPPCS1/1 follicle cells
display increased DNA damage
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Table S2. Summary of phenotypes caused by mutations in the Drosophila CoA biosynthesis
enzymes
				

dPANK 		

dPPAT-DPCK

dPPCS

Physiologic abnormalities 		
developmental growth delay 		
reduced larval motility 		
reduced flight performance 		
abnormal muscle contraction 		
impaired geotaxis 			
progressive loss of locomotor function
paralytic upon heat-shock 		
decreased lifespan 			

+ 		
+ 		
+		
+ 		
+ 		
ND		
ND 		
+ 		

+ 		
+ 		
+ 		
+		
+ 		
+ 		
+ 		
+ 		

+
+
+
+
+
+
+

Cellular/nuclear abnormalities
aberrant mitosis 			
aberrant mitosis after IR 		
enhanced apoptosis 			
enhanced DNA damage 		
cytokinesis defects 			

+ (1) 		
+		
+ 		
+		
+ (1) 		

+ 		
+		
+ 		
- 		
ND 		

+
+
+
+
+ (*)

Other
sensitivity to 20 Gy IR 		
sensitivity to 100 mM cysteine 		
sensitive to ROS 			
reduced triglycerides 		
reduced neutral lipids 		
reduced phospholipids 		
abnormal PtdIns(4,5)P2 		
reduced pericerebral fat body 		
neurodegeneration 			
retinal degeneration 			

+ 		
+ 		
+ 		
+ 		
+ (*) 		
ND 		
ND 		
ND 		
+		
ND 		

+ 		
- 		
+ 		
+		
+ (*) 		
ND 		
ND 		
ND 		
ND		
ND 		

+
+
+
+
+ (*)
+
+ (*)
+
+
+

2

(ND) not determined, (-) not affected, (+) affected, (1) Afshar et al., 2001, (*) communicated elsewhere
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ABSTRACT
Pantothenate kinase–associated neurodegeneration (PKAN), a progressive neurodegenerative disorder, is associated with impairment of pantothenate kinase function. Pantothenate
kinase is the first enzyme required for de novo synthesis of CoA, an essential metabolic
cofactor. The pathophysiology of PKAN is not understood, and there is no cure to halt or
reverse the symptoms of this devastating disease. Recently, we and others presented a PKAN
Drosophila model, and we demonstrated that impaired function of pantothenate kinase
induces a neurodegenerative phenotype and a reduced lifespan. We have explored this Drosophila model further and have demonstrated that impairment of pantothenate kinase is
associated with decreased levels of CoA, mitochondrial dysfunction, and increased protein
oxidation. Furthermore, we searched for compounds that can rescue pertinent phenotypes
of the Drosophila PKAN model and identified pantethine. Pantethine feeding restores CoA
levels, improves mitochondrial function, rescues brain degeneration, enhances locomotor
abilities, and increases lifespan. We show evidence for the presence of a de novo CoA biosynthesis pathway in which pantethine is used as a precursor compound. Importantly, this
pathway is effective in the presence of disrupted pantothenate kinase function. Our data
suggest that pantethine may serve as a starting point to develop a possible treatment for
PKAN.
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INTRODUCTION

C

oA is a ubiquitous and essential cofactor for various metabolic reactions, including
the tricarboxylic acid cycle and fatty acid metabolism (1). The canonical pathway
leading to de novo synthesis of CoA starting at vitamin B5 (also known as pantothenate
or pantothenic acid, further referred to as VitB5) is well known. All genes encoding the
CoA biosynthetic enzymes have been identified and are highly conserved between different
species (1–6) (Fig. 1A).
The biosynthesis of CoA, especially the CoA biosynthetic enzyme pantothenate kinase
(PANK; EC 2.7.1.33), received renewed interest after the discovery that the HallervordenSpatz syndrome, a hereditary disease mainly affecting children, is caused by a mutation
in the human PANK2 gene, one of the four human pantothenate kinase genes (PANK14), rendering the enzyme inactive (7). Accordingly, this syndrome has been referred to
pantothenate kinase–associated neurodegeneration (PKAN). This finding uncovered a
completely unknown role of CoA biosynthesis in cellular functioning. Patients with the
autosomal recessive disorder PKAN show progressive impairment of speech, locomotor,
and cognitive function (8). The pathophysiology of PKAN is not understood, and there
is no cure to revert or delay the neurodegeneration. It is not known whether there are
decreased levels of CoA in the affected tissues and thus whether decreased levels of CoA
coincide with impaired neurological and locomotor function. Although a Pank2 mouse
knock-out has been generated, this murine model did not show any signs of neurodegeneration (9), leaving the question unanswered as to whether decreased levels of CoA are
causative in PKAN.
Recently, we and others have demonstrated that mutations in Drosophila CoA biosynthesis enzymes, including the Drosophila homolog of PANK2 (further referred to as dPANK/fbl
mutants), induce a neurodegenerative phenotype; and these flies can be used as a model for
PKAN-related research (2, 4, 10). Drosophila is not only a powerful model to understand
the mechanisms of various human neurodegenerative diseases (11), but Drosophila disease
models are also of value to identify compounds that are able to rescue disease-associated
characteristics (12).
In the present study, we used the Drosophila dPANK/fbl mutants and dPANK/Fbl downregulated Drosophila cultured S2 cells to address the following questions: (i) Does depletion
of dPANK/Fbl correlate with decreased levels of CoA? (ii) If dPANK/Fbl depletion does
induce decreased levels of CoA, are there ways to restore CoA levels in this background?
(iii) If we are able to restore CoA levels, does this lead to a rescue of the phenotypes induced
by dPANK/Fbl depletion?
Our results show that dPANK/Fbl depletion results in a significant decrease of CoA.
Furthermore, we tested several compounds for their potential to restore CoA levels in the
63
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presence of impaired dPANK/Fbl function. One of the compounds tested was pantethine (the disulphide of pantetheine). Previously, it has been demonstrated that purified
enzymatic extracts were able to convert both pantethine and pantetheine into 4'-phosphopantetheine (13–15), an intermediate in the canonical de novo CoA biosynthesis pathway
(Fig. 1A). However, it has never been tested whether this alternative pathway is functional
in a PANK-impaired background, although this knowledge is highly relevant in light of a
possible PKAN therapy. Feeding pantethine to dPANK/fbl mutant flies or adding pantethine
to dPANK/Fbl–down-regulated S2 cells restored CoA levels and rescued nearly all tested
phenotypes, including the neurodegenerative phenotype. Our data further indicate that
pantethine rescued mitochondrial abnormalities in hPANK2-depleted mammalian cells.
Our results strongly suggest that pantethine can serve as a precursor compound to generate
CoA even in the absence of a functional pantothenate kinase. Our findings may serve as a
starting point to develop a possible treatment for PKAN.
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Fig. 1. dPANK/Fbl impairment leads to reduced levels of CoA.
(A) Scheme of canonical de novo CoA biosynthesis pathway. Vitamin B5 (pantothenic acid) is converted into
CoA by the consecutive action of five enzymes: PANK, pantothenate kinase (EC2.7.1.33); PPCS, phosphopantotenoylcysteine synthase (EC6.3.2.5); PPCDC, phospho-N-pantothenoylcysteine decarboxylase (EC4.1.1.36);
PPAT, phosphopantetheine adenylyltransferase (EC2.7.7.3); and DPCK, dephospho-CoA kinase (EC2.7.1.24)).
(B) HPLC was used to measure levels of CoA in wild-type adult flies and in dPANK/fbl homozygous mutants
at 6 days of age. (C) Western blot analysis was used to examine levels of dPANK/Fbl protein in wild types and
dPANK/fbl mutants at 6 days of age. Actin was used as a loading control. (D) Western blot analysis was used to
measure dPANK/Fbl protein levels in S2 cells 4 days after addition of dPANK/fbl dsRNA. As a control, cells were
treated with mock ds-RNA. (E) HPLC was used to detect levels of CoA in control Drosophila Schneider's S2 cells
and in S2 cells 7 days after dPANK/fbl RNAi treatment. ***P < 0.001 (Student's t test).

dPANK/fbl Mutant Flies Show Reduced Levels of CoA
Pantothenate kinase is the enzyme required for the first step in the canonical biosynthetic
route of CoA (Fig. 1A). In hypomorphic dPANK/fbl mutant flies the dPANK/Fbl protein
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content was severely decreased (Fig. 1C). Although there is a dynamic turnover of CoA
in numerous intracellular metabolic reactions, there is only one route known that leads to
the de novo synthesis of CoA (1). Therefore, we hypothesized that low levels of CoA caused
the phenotype of dPANK/fbl mutants. Indeed, HPLC analysis clearly revealed significantly
lower levels of CoA in homozygous dPANK/fbl mutants compared with wild type (Fig. 1B).
To further test the effect of impaired function of dPANK/fbl on CoA levels, dPANK/Fbl
protein levels were down-regulated in Drosophila S2 cells by RNAi (experimental setup in
Fig. S2). Four days after the addition of dPANK/fbl dsRNA, dPANK/Fbl protein levels were
strongly decreased (Fig. 1D). Under these circumstances, CoA levels were also significantly
decreased to 24% of levels of control cells (Fig. 1E), and cell counts were significantly lower
as compared with control cells (Fig. 2A). This suggested that de novo synthesis of CoA is
required for maintenance of normal levels of CoA in Drosophila cells and accordingly for
normal cell growth in culture.

Pantethine Addition Restores Normal Growth of dPANK/Fbl-Depleted Cells
Our data strongly suggested that reduced levels of CoA might be the primary cause for the
decreased cell count of dPANK/Fbl-depleted cells and for the mutant phenotype of dPANK/
fbl homozygous flies. Accordingly, restoring CoA levels in dPANK/Fbl-depleted cells and in
dPANK/fbl mutants should lead to a rescue of the related phenotypes. We checked several
compounds related to CoA biosynthesis (CoA, VitB5, and pantethine) for their ability
to rescue growth of dPANK/Fbl-depleted S2 cells and, when successful, for their ability
to restore CoA levels. CoA was tested because adding CoA as a supplement may directly
restore CoA levels. VitB5 was tested because adding large doses of VitB5 may compensate for decreased activity of dPANK/Fbl enzyme in a dPANK/fbl hypomorphic mutant
background. Pantethine was tested because previously it has been reported that pantethine
can be converted into the normally occurring CoA intermediate 4'-phosphopantetheine
(13–15) (Fig. 1A). Our results showed that although high concentrations of all compounds
were toxic, CoA and pantethine were effective in restoring cell counts of dPANK/Fbl-depleted cells in a concentration-dependent manner, whereas VitB5 was ineffective (Fig. 2
B–D). Because rescue with pantethine was most effective for dPANK/Fbl-depleted cells and
pantethine was less toxic compared with CoA, our further analyses were focused on the
rescuing potential of pantethine. The optimal effective concentration of pantethine for cells
was 100 μM (Fig. 2D).

Pantethine Rescues Levels of CoA in dPANK/Fbl-Depleted Cells and in dPANK/fbl
Mutant Flies
First, we tested whether addition of pantethine to the cell culture medium of dPANK/Fbl
down-regulated cells could restore CoA levels. Indeed, a restoration of CoA was observed
(Fig. 2E). Next, we addressed the question whether pantethine addition to the food also
rescues dPANK/fbl mutants. To identify the effective pantethine concentration in the fly
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Fig. 2. Pantethine rescues cell count of dPANK/Fbl-depleted cells.
(A) Control and dPANK/fbl RNAi-treated cells were counted and plated in equal numbers (0.35•106 cells•mL)
4 days after dPANK/fbl RNAi treatment, and proliferation was assayed by counting cells 3 days later. ***P <
0.001 (Student's t test). Error bars indicate SEM. Control cells and dPANK/fbl RNAi-treated cells were plated,
and it was tested whether VitB5 (B), CoA (C), or pantethine (D) addition to the medium rescued the cell count
of dPANK/Fbl down-regulated cells. 100% represents the number of control cells under normal culturing conditions. (E) CoA levels were measured using HPLC in control cells and in dPANK/fbl RNAi-treated S2 cells (7 days
after treatment) with and without addition of 100 μM pantethine. (F) HPLC was used to measure CoA levels
in wild types and dPANK/fbl mutants after supplementation of 1.6 mg/mL pantethine to the food. ***P < 0.001
(Student's t test). Error bars indicate SEM. b.d.l, below detection limit.

food, various doses of pantethine were tested (Fig. S3). The addition of pantethine at a
concentration of 1.6 mg/mL induced a significant increase in climbing activity in dPANK/
fbl mutants while inducing only a moderate side affect in wild types. This concentration was
used in all further experiments unless indicated otherwise. Concomitantly, levels of CoA
were restored upon feeding pantethine directly to dPANK/fbl mutants via the food (Fig. 2F).
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These data suggested that there is a dPANK/Fbl-independent way to generate CoA from
pantethine in both Drosophila S2 cells and in Drosophila dPANK/fbl mutant flies. Our data
also indicated that pantethine provided via the food can still exert its CoA levels-restoring
function.
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Fig. 3. Impaired mitochondrial integrity and increased oxidative damage induced by disruption of
dPANK/Fbl function is rescued by pantethine.
(A) Morphological analysis of wild-type (12 days old) and dPANK/fblmutant (7 days and 12 days old) flight
muscles (untreated and treated with pantethine) was performed by light microscopy. (B) Ultrastructural analysis
of mitochondria in flight muscle of 12-day-old wild types and dPANK/fbl mutants (untreated and treated with
pantethine). (Lower) Higher magnifications of the indicated areas in Upper. (C and D) JC-1 assay was used to
quantify mitochondrial function in control cells and in dPANK/fbl RNAi treated cells (C) in the absence and
presence of pantethine and in dPANK/fbl mutants (D) in the absence and presence of pantethine. Valinomycin
was used as a positive control. (E) Oxyblots were used to measure levels of oxidative damage to proteins in
dPANK/fbl mutants and the effect of supplementation of pantethine was investigated. ***P < 0.001 (Student's t
test). Error bars indicate SEM.
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Mitochondrial Structure and Function Are Severely Affected in dPANK/fbl
Mutants, and Pantethine Rescues These Phenotypes
Mitochondrial dysfunction is associated with a number of neurodegenerative diseases (16,
17). Several findings suggest that most likely PKAN is also a neurodegenerative disorder
associated with impaired mitochondrial function; it has been shown that human PANK2 is
localized in mitochondria (18), and that chemical inhibition of pantothenate kinase activity
in primary hepatocytes induces abnormal mitochondrial morphology (19). In addition,
it was shown that a specific splice isoform of Drosophila PANK/fbl was localized in mitochondria of Drosophila S2 cells (10). Together these data strongly suggest that human
PANK2 and Drosophila dPANK/Fbl have a mitochondrial function and that impairment
of pantothenate kinase might lead to mitochondrial abnormalities. To investigate this,
mitochondrial mor-phology was examined. Flight muscles contain numerous densely
packed mitochondria, and therefore this tissue was analyzed. Visual inspection of flight
muscles with bright field microscopy revealed that the structure had a more “loose” appearance and contained more ruptures in dPANK/fbl mutants as compared with controls
(Fig. 3A). Moreover, the muscular degeneration was progressive with age in dPANK/fbl
mutants. Electron microscopic analysis was performed for a more detailed analysis, and this
revealed that, in contrast to wild types, mitochondria of dPANK/fbl mutants were severely
affected. The mutant mitochondria were swollen and showed damaged cristae and ruptured
membranes (Fig. 3B). This analysis showed that low levels of CoA coincide with severely
damaged mitochondrial structures in dPANK/fbl mutants. Pantethine feeding significantly
reversed the morphological mitochondrial defects (Fig. 3 A and B).
In addition to this analysis, the more quantitative JC-1 assay (Fig. S1 and SI Text) was
used to measure the percentage of functional mitochondria. Under control conditions,
70.8% of S2 cells had functional mitochondria (Fig. 3C). As a positive control for this assay,
valinomycin was added to the media, and the percentage of cells with functional mitochondria dropped to 18% (Fig. 3C). Under normal culturing conditions, in dPANK/Fbl downregulated S2 cells, mitochondrial activity was less than 54% after 4 days of RNAi treatment
and was less than 32% after 7 days of RNAi treatment compared with control cells (Fig. 3C).
Mitochondrial function was rescued to the levels of control cells after adding pantethine
to the medium of dPANK/Fbl-depleted cells (Fig. 3C). A similar assay was performed on
isolated mito-chondria from Drosophila flies. The results showed that dPANK/fbl mutants
have 42% reduced mitochondrial function at day 6 as compared with control flies (Fig.
3D). Interestingly, feeding pantethine to dPANK/fbl mutants restored their mitochondrial
function up to 84% of wild-type controls (Fig. 3D).

Pantethine Reduces Levels of Increased Oxidative Damage of Proteins in dPANK/
fbl Mutants
Previously, we showed that Drosophila CoA mutants displayed an increased sensitivity to
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Fig. 4. Pantethine is a protective compound in mutant flies and human cells.
(A) Larval crawling abilities were measured in wild types and in dPANK/fbl mutants untreated and treated
with pantethine. ***P < 0.001 (Student's t test). (B) Percentage of climbers was measured in aging wild types
and in aging dPANK/fbl mutants untreated and treated with pantethine. (C) Cohorts of more than 120 flies (n
= 3) of wild types and dPANK/fbl mutants were followed and survival curves were generated in the absence and
presence of pantethine. All four curves were significantly different compared with each other (log-rank test, P <
0.001). (D) Brain morphology was investigated at the light-microscopic level in (12-day-old) wildtypes, dPANK/
fbl mutants untreated and treated with pantethine. (Left) Low magnification. (Bars, 100 μm.) (Right) Higher
magnifications of boxed areas. (Bars, 20 μm.) Vacuoles are marked by arrows. (E) Human HEK293 cells were
treated with two independent siRNAs (siRNA 1 and siRNA 2) directed against human PANK2 mRNA. Western
blot analysis with specific hPANK2 antibodies was used to investigate the effect of the RNAi treatment (48 h after
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RNAi treatment) on hPANK2 protein levels. GAPDH was used as a loading control. Addition of pantethine (100
μM) to the medium simultaneously with the RNAi treatment resulted in restoration of mitochondria function.
Valinomycin was used as a positive control. ***P < 0.001; *P < 0.05 (Student's t test). Error bars indicate SEM.
(F) Scheme representing possible pathways for CoA biosynthesis from pantethine. Pantethine may be converted
to pantetheine; pantetheine may be phosphorylated by a yet-unknown pantetheine kinase, other than pantothenate kinase (indicated by kinase X) Phosphorylated pantetheine (4'-phosphopantetheine) may enter the
canonical de novo CoA biosynthesis pathway downstream of PPCDC and upstream of PPAT.

oxidative stress (4). Here we investigated whether pantethine was able to reduce increased
levels of oxidative stress in dPANK/fbl mutants by using Oxyblot assays (Fig. S4). Clearly,
dPANK/fbl mutants showed increased levels of oxidative damage of proteins compared with
wild type, and these levels were strongly reduced by addition of pantethine to the food (Fig.
3E).

Pantethine Improves Locomotor Abilities and Rescues Brain Degeneration in
dPANK/fbl Mutants
So far, our results have demonstrated that pantethine restores CoA levels, improves mitochondrial function and reduces levels of oxidative damage in a Drosophila model for
PKAN. Next, we investigated whether all these beneficial effects resulted in improvement of
locomotor function in dPANK/fbl mutants. On average, wild-type larvae were able to crawl
50 cm in 9 min, whereas homozygous dPANK/fbl mutants reached only 20 cm (Fig. 4A).
Addition of pantethine to the larval food significantly improved larval crawling abilities,
and an average distance of 30 cm was reached (Fig. 4A). Although a strong improvement
in larval crawling activity was observed, pantethine feeding was unable to completely
rescue the mutant phenotypes. Our data were inconclusive as to whether incomplete rescue
was because dPANK/Fbl has additional functions (other than the production of CoA) or
whether pantethine has side effects that hampered complete recovery. The latter explanation was supported by our observation that, in wild types, crawling activity was also
reduced after pantethine feeding (Fig. 4A).
Previously, we demonstrated that dPANK/fbl flies showed reduced ability to climb at a
young age (4). Here we assayed whether this reduced ability to climb further deteriorates
with age. Climbing tests of wild-type and homozygous dPANK/fbl flies at increasing age (2,
5, 10, 16, and 21 days), showed that mutants not only possessed impaired climbing abilities
following eclosion but that they also experienced a steeper decline of the already-reduced
climbing activity over time as compared with wild type (Fig. 4B). Pantethine feeding significantly prevented the rapid decline of climbing ability of dPANK/fbl mutant flies (Fig.
4B). Consistent with the data presented in Fig. 4A, pantethine feeding induced a decrease
in climbing activity in wild-type flies. In addition to these behavioral assays we tested a
possible protective function of pantethine on neurodegeneration more directly by analyzing
dPANK/fbl mutant brain tissue. dPANK/fbl mutants show increased numbers of vacuoles
in their brains (4), indicating brain degeneration (Fig. 4D). Pantethine also rescues this
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apparent neurodegenerative phenotype (Fig. 4D and Fig. S8).

Pantethine Increases Lifespan of dPANK/fbl Mutants
Previously, we have demonstrated that dPANK/fbl mutants showed a severe reduction in
lifespan (4). We investigated whether rescue of all of the above-mentioned phenotypes
with pantethine also coincides with increased lifespan of dPANK/fbl mutants. The maximal
and median lifespan of dPANK/fbl mutants were 23 and 15 days, respectively (Fig. 4C).
Under these circumstances, wild-type flies showed maximal and median lifespans of 81
and 45 days, respectively (Fig. 4C). Pantethine feeding increased the maximal lifespan of
dPANK/fbl mutants from 23 days to 41 days and the median lifespan from 15 to 22 days
(Fig. 4C). Consistent with the data presented in Fig. 4 A and B, pantethine feeding induced
a reduction in lifespan in wild-type flies. Regardless of these deleterious side effects of
pantethine in wild types, pantethine feeding clearly rescued various relevant abnormalities
of dPANK/fbl mutants.

In Mammalian HEK293 Cells with Down-Regulated PANK2 Levels, Pantethine
Also Improved Mitochondrial Function
Finally, we addressed the question of whether pantethine was also capable of rescuing an
abnormal phenotype induced by impaired function of endogenous PANK2 in human cells,
and for this we used mitochondria integrity as a read-out. First we tested whether downregulation of PANK2 in HEK293 cells also results in decreased mitochondrial activity
[quantified by the mitochondrial JC-1 assay (SI Text)]. Indeed, depletion of human PANK2
using two independent siRNAs resulted in decreased levels of PANK2 and decreased mitochondrial activity (Fig. 4E). Addition of pantethine to the medium of PANK2-depleted
cells resulted in a significant rescue of mitochondrial activity (Fig. 4E). These data indicate
that, also in human cells, pantethine was capable of protecting (albeit partly) against consequences of impaired PANK2 enzyme function.

DISCUSSION
In the current study, we used a Drosophila model for PKAN to investigate the consequences
of impaired pantothenate kinase function and to identify possible protective compounds
against the mutant phenotypes. We demonstrate that in Drosophila dPANK/fbl mutants and
in dPANK/Fbl down-regulated S2 cells, CoA levels are significantly decreased. Low levels of
CoA coincide with impaired mitochondrial integrity, increased levels of oxidized proteins,
increased loss of locomotor function, neurodegeneration, and decreased lifespan. Our
data are consistent with published data demonstrating that numerous neurodegenerative
disorders are tightly linked to mitochondrial dysfunction and increased levels of oxidative
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stress (16, 17). All of the dPANK/fbl phenotypes, including neurodegeneration, were more
or less rescued by addition of the compound pantethine to the food. Our data support
that the mechanism underlying pantethine protection in dPANK/fbl flies is specific and not
general, because three other neurodegenerative (Parkinson's and two PolyQ) Drosophila
models are not rescued by pantethine treatment (Fig. S6). Pantethine has been already
proved to be an effective treatment for hyperlipoproteinemia and dyslipidemia in human
patients, and a dose of up to 1,200 mg pantethine per day for 24 weeks is tolerated without
any side effects (20, 21). Unfortunately it is currently unknown whether pantethine crosses
the blood–brain barrier, although this knowledge is highly relevant to develop pantethine
further as a possible treatment for PKAN.
For the first time, we show genetic evidence for the existence of a parallel pathway to the
canonical de novo CoA biosynthesis starting from pantethine, which at least bypasses the
first step of the pathway. We demonstrated that decreased levels of CoA were a clear consequence of impaired dPANK/Fbl function in Drosophila. Although this was an anticipated
result, this consequence of impaired pantothenate kinase function has not been investigated in multicellular animals or in human patients. However, there are several reports that
indirectly support our observations. Chemical inhibition of PanK1, PanK2, and PanK3 by
HoPan in isolated murine hepatocytes resulted in a reduction of de novo CoA synthesis
and reduction of total levels of CoA (19). In Arabidopsis thaliana, it was demonstrated that
mutations in several genes coding CoA biosynthesis enzymes resulted in impaired CoA
biosynthesis and decreased levels of CoA (22–24). Together, these and our data show that
impaired function of CoA biosynthesis enzymes (including PANK) lead to a decreased rate
of de novo CoA synthesis, and that normal de novo synthesis of CoA is required to maintain
the physiological levels of CoA.
After establishing that CoA levels were indeed below detection in the Drosophila PKAN
model, we demonstrated that pantethine is a very potent compound that can act as a
starting substrate for generating CoA in a dPANK/fbl mutant background. How, exactly,
pantethine can be converted into CoA is currently unclear. Classic biochemical studies
using cell extracts showed that pantethine can be reduced into pantetheine (25, 26) and that
this can be converted into 4'-phosphopantetheine (14). The latter is an intermediate of the
canonical de novo biosynthesis pathway and thus here, upstream from PPAT, the CoA de
novo synthesis pathways starting from vitB5 and from pantethine may converge (Fig. 4F).
This is further supported by experiments showing that the decreased cell counts of dPPCSdepleted cells, but not of dPPAT-depleted cells, is rescued by pantethine (Fig. S7). Possible
enzymes that catalyze the phosphorylation of pantetheine have never been genetically identified. However, it has been shown that specific purified enzyme preparations were able to
phosphorylate both VitB5 and pantethine with similar kinetics (13). Based on these studies
it was assumed, but never tested, that pantothenate kinase is the only enzyme present that
can phosphorylate pantetheine. However, these earlier studies did not exclude the presence
of additional kinases (other than pantothenate kinase) in the purified enzyme preparations
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with pantetheine kinase activities. It is also possible that pantethine can be converted into
CoA not via 4'-phosphopantetheine but via a completely alternative route. Regardless of the
exact route, our data suggest that this pathway can most likely occur independently from
pantothenate kinase based on the following. (i) In both dPANK/fbl mutants and in dPANK/
fbl down-regulated cells, the levels of dPANK/fbl are severely reduced and it is unlikely that
these reduced dPANK/fbl protein levels are responsible for the restoration of CoA levels
after pantethine addition. (ii) If some residual pantothenate kinase activity were present
in dPANK/fbl mutants and in dPANK/Fbl down-regulated cells, addition of extra VitB5
should have been beneficial also. However, addition of extra vitB5 did not lead to rescue in
dPANK/fbl (Fig. S5) mutants and in dPANK/Fbl down-regulated cells (Fig. 2B). Thus all of
the above results suggest the presence of an alternative route for de novo synthesis of CoA
independent from pantothenate kinase. Apart from whether residual activity of pantothenate kinase is required for pantethine rescue, our findings are still relevant for PKAN-related
research because most of the patients with PANK2 gene mutations still have some residual
activity of pantothenate kinase (18).
Regardless of the mechanisms behind pantethine toxicity in wild-type cells, the exact
pathway of pantethine conversion into CoA, and whether residual activity of pantothenate
kinase is required for pantethine rescue, our data at least suggest the existence of an alternative pathway that uses pantethine as a primary compound to generate de novo CoA in the
presence of impaired pantothenate kinase function. This knowledge allows the development of a possible future therapy for PKAN.

MATERIAL AND METHODS
Drosophila Strains: The Drosophila strain y1w1118 was used as a wild-type control (Bloomington Stock Centre). The hypomorphic dPANK/fbl1 mutant flies were used for all assays
(2, 4).

Pantethine Supplementation: D-Pantethine (Sigma) was added at a concentration of
1.6 mg/mL in standard fly food; 100 μM of D-Pantethine was added to S2 cell and HEK293
medium, except where mentioned otherwise.

Physiological Assays: To study larval crawling, late third instar homozygous dPANK/
fbl larvae were placed on 1% nonnutritive agar in a Petri dish. Total distance crawled by
the larvae during 9 min was measured. To study the adult lifespan, newly eclosed flies (n >
100, 1 or 2 days old) were collected and raised on standard medium at 25 °C in a dry Petri
dish with food (2.29 cm2; with or without pantethine) at the center of the Petri dish. The
number of dead flies was counted every 2 days. Each experiment was repeated three times.
For a climbing assay, adult flies were used to investigate climbing performance as previously
described (27). The experiment was repeated three times (n > 100).
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CoA Measurements: CoA levels were measured from fly extracts (100 flies, 6 days old) or
from Drosophila Schneider's S2 cells using HPLC (sample preparation and HPLC analysis
are described in SI Text).

Cell Culture and PANK Knockdown: Drosophila Schneider's S2 Cells were cultured, and
RNAi knockdown of dPANK/Fbl was performed as previously described (28) (SI Text).
Mammalian cell culture and siRNA knockdown of hPANK2 are described in SI Text.

Electron and Light Microscopy: Flies were immersed in fixative solution (2.5% glutaraldehyde in 0.1 M cacodylate, pH7.8). Postfixation was performed in 2% OsO 4 for 2 h at 4
°C. Dehydration was carried out with graded ethanol series followed by a propylene wash
and preembedding in (1:1) propylene:epon solution. Embedding of the flies was performed
in EPON. For light microscopy, sections (1–2 μm) were cut using a Reichert Ultracut
microtome and stained with Toluidine Blue. For ultrastructural analysis of mitochondria,
thin sections (60 nm) were cut from the same samples and analyzed by electron microscopy.

Mitochondrial Assays: Mitochondria were isolated from 7-day-old flies as previously
described (29). For measurement of mitochondrial membrane potential, J-aggregate-forming lipophilic cation (JC-1) was used to evaluate mitochondrial damage (30). The JC-1 assay
(Sigma) was performed according to the manufacturer's manual (SI Text and Fig. S1).

Protein Oxidation Detection: Protein lysates were prepared in RIPA buffer containing
2% β-mercaptoethanol. Total protein solutions were incubated with 2,4-dinitrophenylhydrazine (DNP) according to the OxyBlot protein oxidation detection Kit (Chemicon). The
total amount of oxidized proteins was quantified for each sample by measuring chemiluminescence from the whole lane and oxidized protein levels were normalized using β-actin as
a loading control (Fig. S4).

Antibodies: dPANK/Fbl (1:4,000) (4), hPANK2 (1:2,000; a gift from J. Gitschier, University of California–San Francisco), GAPDH (1:10,000; Fitzgerald Industries), β-actin, and
γ-tubulin (Sigma) were used. HRP-conjugated antimouse or antirabbit antibodies were
used (1:2,000; Amersham) as secondary antibodies.
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SUPPORTING INFORMATION - Chapter 3
SI Text:
Evaluation of Functional Mitochondria Using a JC-1 Assay: Mitochondrial function
can be quantitatively assessed by measuring changes in the mitochondria transmembrane potential using JC-1 which is J-aggregate-forming lipophilic cationic fluorochrome
(5,5',6,6'-Tetrachloro-1,1',3,3' -tetraethyl-imidacarbocyanine iodide (Sigma) assay (1). At
high mitochondrial membrane potentials, JC-1 accumulates in the mitochondria and forms
Jaggregates that show a red fluorescence emission at 590 nm. At lower mitochondrial potentials, less dye enters mitochondria, resulting in monomers that show green fluorescence
emission at 530 nm. By using this assay, one can quantify highly active mitochondria (with
both red and green fluorescence) and depolarizedmitochondria (with green fluorescence
only). In addition, by using this assay, it is possible to investigate the mitochondria integrity
of suspension cells, of attached cells and to investigate integrity of isolated mitochondria
from tissues. For these assays, valinomycin is added as a control, because this K+ ionophor
depolarizes the mitochondrial membrane and induces a sharp decrease in red fluorescence
emission at 590 nm, representing an increase in impaired mitochondria integrity.
Mitochondrial potential in Drosophila S2 cells was estimated using the flow cytometer
analysis method for JC-1 probe (Molecular Probes protocol: MitoProbe JC-1 assay kit
for Flow Cytometry (M34152). Briefly: 1 × 106 cells were suspended in 500 μL of growth
medium and incubated with valinomycin or left untreated. Cells were then centrifuged
at 400 rpm (5 min at 4 °C) and resuspended in JC-1 solution buffer (10 μg/mL). After
incubation (15 min), cells were pelleted, resuspended in ice-cold PBS, and analyzed immediately using a flow cytometer. Monomers and J-aggregates of JC-1 were simultaneously
excited using 488-nm laser, and emission was quantified in FL1 (530 nm) and FL2 (590
nm) channels. Mitochondria containing red JC-1 aggregates (mitochondria with a normal
membrane potential; active mitochondria) from viable cells were detectable in FL2 channel,
and green JC-1 monomers (mitochondria with a depolarized membrane; impaired mitochondria) were detectable in FL1 channel (Fig. S1). The results were plotted as the percentage of cell with active mitochondria (FL2) from total number of cells analyzed (20,000 cells
per analysis) (Fig. 3C).
Analysis of mitochondria isolated from flies was performed according to the manufacturer’s protocol (Sigma; mitochondrial isolation Kit). In short: 100 μL of the JC-1 Staining
Solution was added to 10 μL of isolated mitochondria resuspended in mitochondrial maintenance medium (Sigma; mitochondrial isolation kit) in a 96-well plate. Fluorescence was
measured in a spectrofluorometer (FL600 Biotek) using the following settings: excitation
wavelength, 490 nm; emission wavelength, 590 nm. Fluorescence produced (FLU) per well
was recorded, and total FLU per milligram of proteins (FLU/mgP) was calculated. FLU/
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mgP is an indication of the amount of J-aggregate formation and a measurement of active
mitochondria. In control cells this was set to 100%. The amount of FLU/mgP was indicated
for every condition as a percentage of the FLU/mgP in control cells (Fig. 3D).
Analysis of mitochondria in HEK293 cells was performed according to protocols for
adherent cells (2, 3). In short, adherent cells were incubated with JC-1 solution (10 μg/mL)
in growth medium for 15 min, washed twice with ice-cold PBS, and fluorescence measured
in a spectrofluorometer. To normalize for the amount of cells, the ratio of FLU for active
mitochondria (590 nm alone) to the total FLU from the well (sum of 530 nm and 590 nm)
was calculated, and in control cells this was set to 100% (Fig. 4D).

Measurement of CoA Levels by HPLC: For fly sample preparation, homozygous dPANK/
fbl flies (6 days old), 60 female and 40 males per experiment, were collected and weighed.
Flies were then snapfrozen in Liquid N2, and 200 μL of solvent buffer (5%sulfosalicylic acid
containing 50 μM DDT) was added. After thorough grinding, the samples were sonicated
three times for 10 s on ice. Sampleswere centrifuged and supernatant was collected for
HPLC analysis of CoA. Before analysis, 2 μL ofAmmonia (25%) was added to 98 μL of the
sample solutions. For Drosophila Schneider’s S2 cell sample preparation, cells were pelleted,
and 200 μL of solvent buffer (5% sulfosalicylic acid containing 50 μMDDT)was added. Sampleswere sonicated and centrifuged, and the supernatant was collected for HPLCanalysis
of CoA.Before analysis, 2 μLofammonia (25%)was added to 98 μL of the sample solutions.
CoA was measured according to a slightly modified, previously described method (4)
using HPLC. A Nucleosil 120 C18 (4.6 × 150 mm, 3-μm) column was used, together with
an Agilent TechnologiesGuard columnC18 (4.6×12.5mm, 5 μm),with an injection volume
of 30 μLper sample.Mobile phaseAconsisted of 100mmol/ L sodium dihydrogen phosphate
and 75 mmol/L sodium acetate. The pH of the buffer was set at 4.6 with phosphoric acid.
Mobile phase B consisted of 30%methanol and mobile phase A 70%. The temperature of the
column was maintained at 35°C. The solvent gradient consisted of 10–40%Bin 10 min and
40–90% in 8min.The column was equilibrated with 10%B between each sample analysis.
The flow rate was maintained at 1.2 mL/min. HPLC analysis was performed using a Shimadzu-VP system (Shimadzu).

Drosophila Schneider’s S2 Cell Culture and RNAi: For generation of the dsRNA the
following primers were used: As a control, nonrelevant (human gene; hMAZ) dsRNA was
used. dsRNA was produced and purified with MEGAscript RNAi Kit (Ambion) according
to the manufacturer’s instructions. Down-regulation of dPANK/Fbl protein was investigated by immunoblotting using dPANK/Fbl specific antibodies for every individual experiment (Fig. S2).

Mammalian Cell Culture and siRNA Knockdown of hPANK2: PANK2 knockdown in
HEK293 cells was performed under conditions of regulated levels of pantothenic acid
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Table 1: 		

Gene		

		
dPANK/Fbl
				
		
dPPCS 		
				
		
dPPAT-I 		
				
		
dPPAT-II		
				

Primer
fwd-CGTGATACGCACCTACAGATG
rev-GCCATTGGACCAGAACTCCAT
fwd-GGCACAACAAGCTCCAGAAT
rev-CTTGCGTGTCTGCAGCACAT
fwd-GCGAGCCATCGAGAAGTACG
rev-CCGAGTCATCCAGGAAGATTGT
fwd-GCCCACGTGATCGACTGCGAT
rev-CCACTTCGCTCAACTTGTTGC

(vitB5) using custom made vitB5 free DMEM ThermoScientific) supplemented with 0.4
mg/L vitB5 (Sigma),10%dialyzedserum(Gibco),100U/mLpenicillin,and100μg/ mL streptomycin (Invitrogen). Two different human PANK2-specific small interfering RNAs (siRNAs)
were used: siRNA1 (Dharmacon; D-003797-04) and siRNA2 (Ambion; AM51321). Nonsilencing control siRNA was purchased from Dharmacon (VOSMC 000005). HEK293 cells
were transfected with 100 nM siRNA using siPORT Amine transfecting agent (Ambion)
according to the manufacturer’s protocol. Knockdown efficiency was assayed by immunoblotting 48 h after transfection.

RT-PCR Analysis: Total RNA was extracted from the S2 cells using the Absolutely RNA kit
(Stratagene). A 1-μg quantity of total RNA was used for cDNA transcription (Invitrogen).
Semiquantitative PCR was performed using the following primers to amplify parts of rp49,
dPPCS, and dPPAT (product was amplified for 21, 25, and 29 cycles):
Table 2: 		

Gene		

		
dPPCS 		
				
		
dPPAT 		
				
		
rp49 		
				

Primer
fwd- ACTTCACCGGCCAGCAGTTC
rev- AATCGTCGGCGCTCCATCTC
fwd-GCGAGCCATCGAGAAGTACG
rev-CCGAGTCATCCAGGAAGATTGT
fwd-GCACCAAGCACTTCATCC
rev CGATCTCGCCGCAGTAAA
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Fig. S1. Analysis of functional mitochondria in dPANK/Fbl depleted cells by FACS analysis.
FACS analysis in combination with a JC-1 assay was used to measure changes in the mitochondria transmembrane potential, and this enabled the quantification of active mitochondria (detailed description of JC-1 assay
described above in SI Text). Dot plots are shown for the following conditions: control cells; control cells treated
with Valinomycin; dPANK/Fbl depleted cells (untreated and treated with pantethine). Upper boxed areas
represent cells with a red and green fluorescence emission of 590 nm and 530 nm above a specific threshold, representing cells with active mitochondria. Lower boxed areas represent cells with a red fluorescence emission of
590 nm below a specific threshold (and with a green fluorescence emission of 530 nm above a specific threshold)
representing cells with a disturbed mitochondrial membrane potential. Percentages of cells are indicated in
boxed areas.
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Fig. S2. Schematic representation of RNAi
experiments.
At day 0, cells were plated in equal densities and
were treated with dPANK/fbl dsRNA or with
control dsRNA. After 4 days, cells were replated
in equal densities and left further untreated or
were treated with pantethine. On day 7, various
assays were performed. Down-regulation
induced by the RNAi treatment for all assays
was measured with Western blot analysis using
dPANK/Fbl antibodies.
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Fig. S4. dPANK/fbl flies have increased levels of oxidized proteins
that are rescued upon pantethine feeding.
Oxyblot analysis revealed that dPANK/fbl mutants have higher levels
of total oxidized proteins as compared with wild type. Daily feeding of
pantethine for 6 days immediately after eclosion results in reduction of
oxidative damage to the proteins in dPANK/fbl mutants. Actin is used as
loading control.

dPank/fbl

Fig. S3. A 1.6-mg quantity of pantethine per milliliter of food is the optimal
concentration to rescue climbing
ability.
Various concentrations (0.8 mg/mL, 1.6
mg/mL, 2.4 mg/mL, and 3.2 mg/mL)
of pantethine were added to the food of
wild-type flies and dPANK/fbl mutants.
Pantethine was added immediately after
eclosion, and the food was refreshed every
day. On days 2, 5, and 10, climbing activity
was measured. Adding 1.6 mg of pantethine per milliliter of food induced a significant rescue of climbing activity. Moreover
1.6 mg pantethine showed only a mildly
reduction of climbing activity in wild-type
flies compared with 2.4 mg pantethine. Based on these results, 1.6 mg pantethine per milliliter of food was used
for the experiments described in this article.

actin

Fig. S5. Vitamin B5 does not increase
the lifespan of dPANK/fbl mutants.
To investigate the effect of vitamin B5,
various concentrations (0.2 mg/mL, 1 mg/
mL, and 2 mg/mL) of vitamin B5 were
added to the food and tested for their
potential to increase lifespan. At 22 days
after feeding the various concentrations of
vitamin B5, all dPANK/fbl mutants had
died, and no significant increase in lifespan
was observed.
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Fig. S6. Drosophila models for the neurodegenerative diseases: Spinocerebellar Ataxia-type 3 (SCA-3),
Huntington, and Parkinson are not rescued by pantethine.
(A) Flies expressing a truncated form of Ataxin 3 protein containing an expanded repeat of 78 glutamines in
eyes show a rough-eye-phenotype (1) and are referred to as SCA3Q78 flies. This transgenic Drosophila strain
is a model for SCA3 and has been used to investigate modifiers of toxicity induced by polyglutamine in SCA3
related neurodegeneration. Eye abnormalities are classified as “rough” or as “severely affected” as previously
described (2). Protective compounds will reduce the percentage of severely affected eyes. Increasing concentrations of pantethine did not result in a significant decrease of the percentage of severely affected eyes (>250 eyes
were scored for each condition). (B) Flies expressing a truncated form of Huntingtin containing an expanded
repeat of 128 glutamines show a neurodegenerative phenotype including a reduced lifespan of 24 days and are
referred to as HttQ128 flies (3). Addition of (1.6 mg/mL) pantethine to the food did not increase the lifespan of
HttQ128 flies. For each condition, more than 100 flies were used. (C) Mutations in human PINK1 are linked to
parkinsonism. The Drosophila PINK1 gene is an ortholog of the human PINK1 gene, and Drosophila PINK1B9
mutants show a progressive impairment to climb as they age (4). Addition of (1.6 mg/mL) pantethine to the
food did not improve the climbing ability of PINK1B9 mutants. For each time point, >100 flies were used. As a
control, PINK1B9 revertants were used that overexpress the wild-type Drosophila PINK1 gene in the PINK1B9
mutant background. Climbing index is defined as the average climbing time required to climb 15 cm by 50% of
the flies (4).
1. Warrick JM, et al. (1998) Expanded polyglutamine
protein forms nuclear inclusions and causes neural
degeneration in Drosophila. Cell 93:939–949.
2. Bilen J, Bonini NM (2007) Genome-wide screen
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Fig. S7. Pantethine rescues cell count of dPPCS-depleted cells but not of dPPAT-depleted cells.
RNAi was used to down-regulate dPPCS, dPPAT, or dPANK/Fbl and dPPAT simultaneously in Drosophila S2
cells. To down-regulate dPPAT, two independent nonoverlapping RNAi constructs were used (detailed description of constructs is provided above in SI Text). Down-regulation induced by the RNAi treatment of dPPCS
and dPPAT was investigated by RT-PCR. Down-regulation of dPANK/Fbl induced by RNAi treatment was
controlled by using Western blotting (as in Fig. 1C). (A) PCR products revealed a significant down-regulation
of dPPCS and dPPAT mRNA after RNAi treatment. (B) In dPANK/Fbl-depleted cells, dPPCS-depleted cells, dPPAT-depleted cells, and dPANK/Fbl-dPPAT-doubledepleted cells, the cell count was decreased as compared with
control cells. Pantethine addition to the cell culture medium significantly increased the cell count of dPANK/
Fbl-depleted cells and of dPPCS-depleted cells but not the cell count of dPPAT-depleted cells and of dPANK/
Fbl-dPPAT-double-depleted cells. These data strongly suggest that dPPAT is required for the pantethine rescue of
dPANK/Fbl-depleted cells. ***P < 0.001 (Student’s t test). Error bars indicate SEM.
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Fig. S8. Amount of brain vacuoles in dPANK/
fbl mutant flies is decreased after pantethine
treatment.
Number of vacuoles in the brain region (indicated
in Fig. 4D) was measure by National Institutes of
Health Image J software (http://rsb.info.nih.gov/
ij/index.html). The method of quantification is
outlined in the Image J documentation (“Particle
Analysis”). The total amount of vacuoles was calculated per 100 μm2 from comparable regions
(indicated in the boxed areas in Fig. 4D). For every
condition, four brains were examined of 12-day-old
flies. After eclosion, flies were kept on standard food
or on standard food supplemented with 1.6 mg/mL
pantethine. ***P < 0.001 (Student’s t test). Error bars
indicate SEM.
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CHAPTER 4

ABSTRACT
Pantothenate kinase-associated neurodegeneration (PKAN) is a neurodegenerative
disease with a complex pathogenesis that is so far not understood. Currently, there is no
treatment for PKAN and most of the available treatments are directed towards alleviating
the symptoms associated with the disease. Recently we have established a Drosophila model
for PKAN and by using this model we have identified a novel compound, Pantethine, which
can rescue the disease symptoms in the Drosophila model for PKAN. As a step forward, it
will be essential to test the potential of pantethine in a mammalian/mice model with an
ultimate goal of finally be able to treat PKAN patients. The aim of the present study was
to evaluate the toxicity of orally administered pantethine in wild type C57BL/6J mice. Increasing concentrations of pantethine were administered orally to different groups of mice.
Daily activity, general performance, total water intake and body weight were monitored for
3 weeks. Histological analysis was done for the assessment of toxic affects of pantethine in
various organs. Oral administration of pantethine up to 15mg/ml of drinking water was
tolerable without any adverse effects in the wild type mice. Pantethine dose of 45mg/ml
of drinking water resulted in decrease in body weight of 40 %. In summary, we show that
pantethine is tolerable in wild-type mice and can be used for further tests in the PKAN
disease mouse model.
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INTRODUCTION

P

antothenate kinase associated neurodegeneration (PKAN) is a neurodegenerative
disease characterized by iron accumulation in specific regions of the brain [1]. PKAN
is associated with gene mutations in the PANK2 gene, which encodes the mitochondrial
pantothenate kinase (PANK) that catalyzes the first rate limiting step in the de novo biosynthesis of Coenzyme A (CoA) [2]. Although the causative gene of PKAN is known, the
pathogenesis is largely unknown and there is no treatment to delay the progression of this
painful disorder. Current treatments consisting of pharmacological and surgical interventions are focused on alleviating the symptoms associated with the disease [1, 3-5]. Most
of these treatments result in brief periods of benefit [1] and some of them are still under
clinical trial [1]. There is an urgent need to understand the pathogenesis of PKAN in order
to design novel therapeutics that can treat PKAN.
In order to identify and test drugs and therapies for treatment of human disease, animal
models are highly essential. Therefore, a PANK2-/- knockout mouse was created, but
although retinal degeneration and azoospermia was reported, this model failed to recapitulate the typical neurodegenerative symptoms of PKAN [6]. Recently, we have established
a Drosophila model for PKAN [7, 8]. These mutant fruit flies carry a mutation in fumble,
a structural and functional ortholog of human pantothenate kinase 2 [9, 10]. The mutants
are further referred to as dPANK/fbl. dPANK/fbl homozygous mutants show abnormal mitochondria, impaired locomotor function, large brain vacuoles and a decreased life span
(Chapter 3). These results show that in contrast to PANK2-/- knock out mice, Drosophila
fbl/dPANK mutants do show a neurodegenerative phenotype. It was also demonstrated that
in dPANK/fbl mutants, levels of CoA are strongly decreased compared to wild type flies. In
a search for compounds that are able to increase the levels of CoA in a pantothenate kinase
impaired background, the compound pantethine was identified (Chapter 3). Pantethine
addition to the food of the mutant fruit flies significantly rescued the neurodegenerative
phenotype and resulted in an increased life span of the mutants compared to untreated
mutants (Chapter 3). These results suggest that a treatment based on pantethine may be
beneficial for PKAN patients.
Pantethine is a naturally occurring physiological compound, it is not an FDA approved
drug, however, in few clinical trials, pantethine was tested and studies suggest that pantethine has beneficial effects in various vascular disease due to its ability to decrease serum cholesterol and hyperlipidaemia [11-18]. Our studies using Drosophila showed that pantethine
is a protective compound in a pantothenate kinase impaired background; although our
studies also showed that high concentrations of pantethine also induce a decreased life
span in wild type flies. This suggests that a high dose of pantethine may have a toxic affect.
In order to further investigate the potential of pantethine, it will be highly beneficial to
perform pantethine studies in higher organisms other than Drosophila, such as mice. In
this respect, the first question that needs to be addressed is whether mice can tolerate
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pantethine and if yes, what doses of pantethine is tolerable in mice? The current study
aims towards identification of the tolerable dose of orally administered pantethine and to
identify possible adverse effects of pantethine in healthy mice. This study will provide a
base for future experiments in which pantethine will be tested as a potential drug for PKAN
treatment in mice or in clinical trials.

MATERIAL AND METHODS
Mice care and maintenance: Wild-type C57BL/6J mice were commercially purchased
from Harlan, Zeist (The Netherlands). 25 days old wild-type male littermates were fed ad
libitum with standard diet formulated and prepared at the animal facility, University of
Groningen. All mice were maintained at standard environmental conditions (temperature
of 24°C with 55% relative humidity and a 12 h light cycle). All experiments were evaluated
and approved by the committee for animal experimentation of the University of Groningen,
The Netherlands according to the guidelines provided by the Dutch Animal Protection Act.

Oral pantethine supplementation via drinking water: C57BL/6J mice were divided
in four groups which consist of one control group and three test groups. Pantethine (P2125,
Sigma, USA) was administered orally to the three test groups via drinking water for 3 weeks
to determine the in vivo maximum tolerated dose and toxicity of pantethine. Three different
concentrations of pantethine given to the test groups were: 1.6mg/ml of drinking water, 15
mg/ml of drinking water and 45 mg/ml of drinking water. The control group received 0
mg pantethine per ml of drinking water. Drinking water (with or without pantethine) was
refreshed three times a week.

Physiological assays: Total water intake and body weight gain was measured for 3 weeks
since the start of the experiment (when mice were 25 days old). Mice were also monitored
every day for activity, external appearance (fur and coat) of the mice or any other abnormal
behavioral changes.

Histological analysis: Mice that were treated with highest concentration of pantethine
(45 mg/ml of drinking water) were also subjected to post mortem analysis to observe
various toxic effects of pantethine (if any) on various internal organs. Different tissues were
isolated and fixed in formaline solution for 12 hours. Further embedding and histoanalysis
was done by Nederlands onderzoek institute vor vogels en bijzonder dieren, Veldhoven,
The Netherlands, using standard procedures. In summary, the fixed tissues were dehydrated
and embedded in paraffin. Thin sections of 4 µm were cut on the microtome (Richter jung
microtome, Germany). Sections were examined and photos were captured using a Leica
microscope.

Statistical analysis: Statistical analysis were performed using the Student’s t test with
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p<0.001 as the level of significance. The results are presented as mean ± standard deviation
unless indicated otherwise.

RESULTS
Effect of pantethine during daily oral supplementation

Daily water intake (ml/mice)

Three different doses of pantethine were orally administered to test for toxicity and daily
water intake per mouse was calculated. Daily water intake was comparable between the
control group (consisting of 4 mice) and the test groups (consisting of 3 mice) receiving
pantethine 1.6mg or 15mg pantethine/ml of drinking water (Figure 1). In contrast, a dose
of 45 mg pantethine /ml of drinking water resulted in a severe decrease (more than 3 times)
in daily water intake compared to the control group (Figure 1).
0 mg/ml water
1.6 mg/ml water
15 mg/ml water
45 mg/ml water

10
8

***

6
4
2
0

Pantethine supplementation in water (mg/ml)

Figure 1: Daily (pantethine containing) water consumption.
There were four different conditions used for this: no
addition of pantethine; 1.6 mg/ml; 15 mg/ml and 45 mg/
ml pantethine. The daily water consumption was calculated per day per mouse.* indicates p<0.001.

Effect of pantethine consumption on normal activity
Control and pantethine-treated mice were observed daily to examine for unusual behavior,
external irregularities of their fur and for any other observable abnormalities in their appearance. As compared to the control group, the pantethine-treated mice (1.6mg/ml, 15mg/
ml and 45mg) showed a similar cage activity. Also the external appearance of their fur was
similar in pantethine-treated and control mice. There were no other signs of abnormal behavioral (such as excessive scratching, limping etc) and there were no signs of other pathological conditions (such as diarrhea, lethargy etc).

Effect of pantethine consumption on body weight gain
The weight of the mice (3 weeks of age) was ~ 10 grams at the start of the experiment
(Figure 2). During the experiments, the mice were weighted and the control mice showed
a consistent increase in weight and at the end of the experiment (3 weeks later) the wild
type mice were on an average 22 grams (Figure 2). Mice treated with 1,6 or with 15 mg
pantethine/ml drinking water showed a weight gain comparable with control mice (Figure
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Weight gain in grams
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Figure 2: Effect of oral pantethine supplementation upon weight gain.
No pantethine or various doses of pantethine
(1.6mg, 15mg and 45 mg) per ml of drinking
water were administered and weight gain
during three weeks was recorded.

2). However, mice treated with 45 mg pantethine/ml drinking water showed a strong
decrease in weight gain and after 3 weeks the average weight was 12 grams (Figure 2).
Table 1: Post mortem macroscopic and microscopic analysis of control and pantethine treated mice
mice
Analysis

Abnormalities observed after pantethine feeding

Macroscopic
		
		
		

1. Thin abdomal muscles and less abdomal fat.
2. The reproductive organs (testis, secondary reproductive glands) were less
developed.
3. Slightly swollen spleen.

Microscopic
		
		
		
		

1.
2.
3.
4.

		
		
		
		
		
		
		

Liver tissue showed a clear fatty vacuolization (Figure 3)
Thymus section revealed thick outer membrane.
Spleen showed more erythropoeises.
Reproductive organs:

• Testis were relatively smaller in size
• Normal spermatozoa formation was observed although a delay in progression of
spermatogenesis through different stages of maturation was present.

• A defect in in progression of the spermatogonium stage to the secondary 		
spermatozoa stage.

• Secondary reproductive glands: epididymus was normal; however, there was less
epididymal secretion in the lumen.

• Glandular vesicularis was rudimentary and under developed (Figure 4) with thick
cubical epithelium and almost no secretion in the glands.

Histological analysis of internal organs of mice treated with 45mg pantethine/
ml drinking water
Mice treated with 45 mg pantethine/ml drinking water showed normal behavior, however,
a remarkable decrease in weight gain was observed in this cohort. In order to investigate
the effects of pantethine in more detail these mice were subjected to post mortem analysis
of the internal organs and the major macroscopic and microscopic findings of the post
mortem analysis are summarized in table 1. This macroscopic and microscopic analysis
revealed that most of the organs skin, oesophagus, salivary glands, brown fat, lungs, myocardium, spleen (macroscopic), kidney, nerve plexus hilus of kidney and stomach revealed
no significant difference between control and pantethine fed group. However, there were
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some remarkable differences in the pantethine fed group as compared to the control group.
Clearly, the pantethine fed mice showed less fat tissue. In addition, the liver tissue revealed
clear greasy vacuolization in the hepatocytes (Figure 3). Another significant difference was
that the pantethine fed mice showed a severe delay in the development of the reproductive body organs (like testis and secondary reproductive glands) (see table 1, microscopic
analysis section 5 and figure 4).

Control mice

Pantethine treated mice

Control mice

Pantethine treated mice

A

B

A

B

A’

B’

A’

B’

A’’

B’’

Figure 3: High dose of pantethine (45mg per ml
of drinking water) results in a fatty vacuolization of liver.
Left panel shows post mortem liver tissue from the
control mice (A, A’, A”) and right panel shows the
post mortem liver tissue from the pantethine treated
mice (B, B’, B”) containing clear vacuoles as indicated
by the arrows in B’’. Images A, B are taken at 10X, A’,
B’ at 40X and A’’, B’’ at 100X magnification.

Figure 4: High dose of pantethine (45mg
per ml of drinking water) results in a rudimentary and under developed glandular
vesicularis (B, B’ as shown by the dotted
line) as compared to control mice (A, A’).
Image A and B depicts the macroscopic observation and image A’ and B’ shows the microscopic histosection of the glandular vesicularis
at 100X magnification.

DISCUSSION
Recently, we have shown that pantethine rescues PKAN disease-associated phenotypes of
dPANK/fbl mutant flies [8]. Here our aim was to investigate whether mice tolerate specific
doses of pantethine provided via the drinking water. We demonstrate that pantethine is
well tolerated, without any observable side effects, up to a dose of 15 mg per ml of drinking
water that is equivalent to daily intake of 4057 mg of pantethine/kg body weight. Furthermore, our data show that although mice treated with the highest tested dose (45 mg/ml) did
not show abnormal behavior or signs of illness, these mice were reduced in size, contained
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less fat, their reproductive organs were smaller in size as compared to the other cohorts and
fatty vacuolization was observed in the liver. In various previous studies, it was demonstrated that pantethine possesses serum lipid modulatory affect leading to fat redistribution
among various tissues [11-19]. Based on these studies, pantethine was tested in clinical
trials for its potential to treat dyslipidemia and fatty liver syndrome. These studies showed
that pantethine supplementation can significantly reduce the serum lipid content of triglycerides, total cholestrol and low-density lipoprotein-cholestrol [11, 14, 19]. Therefore, it
was suggested that pantethine can offer an effective therapeutic option for the treatment of
patient populations with total serum Cholestrol levels >200 mg/dl and/or serum triacylglycerol levels >150 mg/dl [11, 14, 19]. Another study investigated the role of pantethine in
fatty acid redistribution and its effect in fatty liver syndrome. In these studies a fat redistribution was observed from the liver and visceral organs to the subcutaneous tissue and this
might be beneficial in treatment of fatty liver syndrome [19]. It is highly likely that in mice
treated with high concentrations of pantethine fatty acid redistribution occurs which ultimately lead to lean mice with low fat content and fatty vacuolization in the liver. Another
finding in mice treated with high concentrations of pantethine was the underdevelopment
of some of the reproductory organs. However, currently it remains inconclusive whether
under-development of the reproductive organs is due to an overall delay in the physiological development of mice (evident from lack of weight gain and small size) or due to the
direct toxicity of pantethine on the reproductive organs.
Remarkably, apart from the abnormalities in the development of reproductive organs and
lack of weight gain there were no gross or microscopic abnormalities observed in the other
major body organs. Based on the above results, we concluded that up to 15 mg pantethine /
ml drinking water is a tolerable dose and this can be used for follow up studies. This dose is
equivalent to a daily intake of 4057 mg of pantethine/kg body wt and this is a very high dose
compared to the dose that was used in the clinical trials [11, 13, 14, 17] or the dose that was
recommended for the food supplementation in US [20], which was only 15 mg/kg body wt.
It should be stated that because in our studies pantethine supplementation was only tested
for 3 weeks we cannot exclude the presence of long-term toxicity of pantethine.
A next step will be to test whether pantethine supplementation can rescue the reported
phenotype of the PANK2-/- or PANK1-/- mice. The PANK1 (-/-) mice were viable and
fertile, however their liver CoA content was reduced by more that 40% [21]. These PANK1
knock out mice were also unable to switch their metabolism from the glucose utilization
and fatty acid synthesis to gluconeogenesis and β-oxidation of fatty acids during fasting
thereby resulting in accumulation of triglycerides and long chain fatty acids and hypoglycemia [21]. PANK2 (-/-) mice showed signs of reduced weight gain (20% less than the
wt), retinal degeneration and male infertility due to azoospermia [6]. Although these mice
models do not exactly phenocopy PKAN characteristics, pantethine supplementation to
these mice, will reveal whether pantethine may work protective in a mammalian model
suffering from an impaired pantothenate kinase activity.
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CHAPTER 5

ABSTRACT
Background: Coenzyme A (CoA) is an essential metabolite, synthesized from vitamin
B5 by the subsequent action of five enzymes: PANK, PPCS, PPCDC, PPAT and DPCK.
Mutations in Drosophila dPPCS disrupt female fecundity and in this study we analyzed the
female sterile phenotype of dPPCS mutants in detail.
Results: We demonstrate that dPPCS is required for various processes that occur during
oogenesis including chorion patterning. Our analysis demonstrates that a mutation in
dPPCS disrupts the organization of the somatic and germ line cells, affects F-actin organization and results in abnormal PtdIns(4,5)P2 localization. Improper cell organization
coincides with aberrant localization of the membrane molecules Gurken (Grk) and Notch,
whose activities are required for specification of the follicle cells that pattern the eggshell.
Mutations in dPPCS also induce alterations in scutellar patterning and cause wing vein
abnormalities. Interestingly, mutations in dPANK and dPPAT-DPCK result in similar patterning defects.
Conclusion: Together, our results demonstrate that de novo CoA biosynthesis is required
for proper tissue morphogenesis.
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INTRODUCTION

C

oenzyme A (CoA), the major acyl carrier in all organisms, constitutes an essential
cofactor to support cellular metabolism [1]. Synthesis of CoA occurs via a conserved
route in which vitamin B5 is subsequently modified by five enzymes: PANK, PPCS, PPCDC,
PPAT and DPCK [2-5]. Although CoA biosynthesis is well characterized in bacteria and in
in vitro systems [6], only recently has the impact of abnormal CoA biosynthesis on animals
been investigated [7-10].

Mutations in dPPCS impair female fecundity and fertility
Previously, we isolated a Drosophila dPPCS mutant as a female sterile, neurologically
impaired mutant and we demonstrated that CoA metabolism is required to maintain DNA
integrity during development of the central nervous system [8]. Here, we analyzed the
female sterile phenotype of a hypomorphic allele of dPPCS (dPPCS1) in detail. dPPCS33
mutants (a null allele) are homozygous lethal [8], and in dPPCS1/33 mutants, no vitellogenic
egg chambers were observed. Using immunohistochemistry and confocal laser scanning
microscopy (supplement) we have analyzed the defects that occur during oogenesis (see for
recent reviews [11,12]).
At 48 h after eclosion (AE), the ovaries from dPPCS1/1 females were small compared to
wild-type (wt) ovaries and mutant ovaries did not contain mature eggs (Fig. 1Aa-b). In
wt, the oldest egg chambers found in newly eclosed females are at stage 7, and upon food
intake, hormones are produced which trigger the egg chambers to proceed into vitellogenesis, a process whereby the oocyte accumulates nutrients and increases in size [13]. At 72
h AE, 100% (n=35) of the wt ovaries contained vitellogenic egg chambers, while only 11%
of the dPPCS1/1 ovaries (n=36) contained vitellogenic egg chambers (Fig. 1Ac-d). At 120
h AE, 80% of the dPPCS1/1 ovaries (n=26) contained vitellogenic egg chambers; however,
the two lobes were frequently different in size and displayed features of degenerating egg
chambers (Fig. 1Ae).
Between 144-192 h AE, dPPCS1/1 females deposited 0.03 (± 0.02 SEM) eggs/24 h, none
of which hatched (n=142 eggs), while wt females produced 10.0 (± 1.4 SEM) eggs/24 h, of
which 90% hatched (n=1005 eggs). It has been reported that a mid-oogenesis checkpoint
monitors the integrity of pre-vitellogenic egg chambers, and that activation of this checkpoint results in the removal of abnormal egg chambers [13]. A Tunnel assay was performed,
which revealed that in dPPCS1/1 ovaries at 144 h AE, prior to vitellogenesis, a 6-fold increase
of ovariols containing apoptotic egg chambers was observed, compared to wt ovaries (see
additional file 1). Approximately 32% of dPPCS1/1 ovariols (n=222) contained stage 5-7 egg
chambers that displayed packaging defects (abnormal amount of germ line cells), while
4% of the wt ovariols (n=109) contained egg chambers with packaging defects. When we
expressed a dPPCS transgene (P[dPPCS]) in the dPPCS1/1 background, 11% (n=166) of the
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ovariols displayed defects, demonstrating that dPPCS is required for early egg chamber development. Within dPPCS1/1 germaria, aberrant separation of the developing egg chambers
by the intercyst cells likely results in production of egg chambers with abnormal interfollicular stalk cell and/or polar follicle cell formation, egg chambers with mispositioned
oocytes, or egg chambers that display packaging defects (see additional file 1). Thus, the
reduced fecundity of the dPPCS1/1 females is most likely due to production of aberrant egg
chambers that did not pass the mid-oogenesis checkpoint and were absorbed.
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Figure 1. Egg chamber development and eggshell patterning is disrupted in dPPCS1/1
(A) dPPCS1/1 ovaries as compared with wt using light microscopy. (Aa) Bright field microscopy revealed that
at 48 h after eclosion (AE), Wt ovaries are well developed & contain mature eggs (arrowheads). (Ab) At 48 h
after eclosion, dPPCS1/1 ovaries were small in size compared to wt. (Ac-e) Ovaries with rhodamin-phalliodin
to detect F-actin & DAPI to visualize DNA. (Ac) At 72 h AE, wt ovaries contain vitellogenic egg chambers,
as determined by the increased size of the oocyte compartment (asterisk). (Ad) dPPCS1/1 ovaries remained
small in size and no vitellogenic egg chambers were observed. (Ae) At 120 h AE, dPPCS1/1 ovaries contained
vitellogenic egg chambers (*) & exhibited features of degenerating egg chambers (arrowheads). The 2 lobes were
frequently different in size. (B) Chorion patterning was analysed in dPPCS1/1. (Ba, Bd) Wt embryos have
2 dorsal appendages. (mp = micropyle; p = paddle; s = stalk). (Bb-c, Be-f) Embryos deposited by dPPCS1/1
mothers showed a dumpless phenotype and had a wide range of patterning defects, which were classified in 5
groups: (Bb) embryos with opercula positioned in a different angle in relation to the stalks (bracket, compare
with Ba) and 4 appendages; (Bc) abnormal stalks (arrows); (Be) fused appendages (bracket, compare with
Bd); and (Bf) embryos without dorsal appendages. % are indicated (n=142). The remaining 22.8% had either
2 dorsal appendages of different lengths, missing paddles, or a shift of the dorsal appendages posteriorly. Scale
bars: 500 µm (Aa-b), 150 µm (Ac-e).
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Figure 2. Cytoplasmic F-actin filament assembly and dumping is disrupted in dPPCS1/1 egg chambers
To examine the morphology of dPPCS1/1 mutant ovaries, rhodamin-phalloidin was used to visualize the F-actin
network in combination with DAPI to stain nuclei and various other antibodies as described. (Aa-Ac) Wt nurse
cells assemble an elaborate network of transverse F-actin filaments prior to cytoplasmic dumping. Labeling
using antibodies against Quail revealed colocalization of Quail with F-actin filaments in wt. (Ba-Bc) The cytoplasmic F-actin network is not properly formed inside dPPCS1/1 nurse cells, and Quail localization is diffuse
inside the cytoplasm. To visualize nurse cell nuclei an antibody against lamin Do was used. (C) In wt ovaries,
F-actin bundles anchor the nurse cell nuclei during dumping. (D) dPPCS1/1 nurse cells fail to assemble F-actin
filaments, and nurse cell nuclei trapped inside the ring canals during dumping were observed (arrows in D, F).
(E) Example of a dPPCS1/1 oocyte nucleus encapsulated by F-actin fibers. (F) In dPPCS mutant egg chambers,
nurse cell nuclei were found inside the oocyte compartment (arrow marks a nurse cell nucleus trapped inside a
ring canal). (G) During cytoplasmic dumping, a tight array of F-actin is present at the subcortical membrane
of wt oocytes. (H-I) The subcortical F-actin fibers at the membrane of the dPPCS1/1 oocyte compartment were
increased in size and thickness (boxed arrowhead), and large clumps of F-actin were found within the oocyte
compartment (arrowheads). (J) An antibody against DE-cadherin was used to visualize centripetal migrating
follicle cells because these cells express high levels of DE-cadherin. In dPPCS mutants, migration of these cells
occurred normally, but nurse cells are observed within the oocyte compartment after these cells finished their
migration. An example of a nurse cell nucleus in the dorsoanterior corner of the dPPCS1/1 oocyte compartment
is shown. Asterisks mark the oocyte nuclei. (oo) oocyte compartment. Scale bars: 100 µm (A-B), 20 µm (C-E),
50 µm (F-J).

dPPCS is required for F-actin remodeling during cytoplasmic dumping
In addition to impaired fecundity, 80% of the eggs deposited by dPPCS1/1 females displayed
a dumpless phenotype [14] and a wide array of chorion patterning defects (Fig. 1B). Since
patterning defects can arise from aberrant actin fiber formation within the nurse cells
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[15,16], we analyzed actin formation during cytoplasmic dumping. In stage 10 wt egg
chambers, an elaborate network of F-actin bundles is assembled inside the nurse cells which
is a prelude to cytoplasmic dumping. These bundles anchor the nurse cell nuclei to prevent
them from entering the oocyte when the remaining nurse cell material is actively squeezed
into the oocyte [17]. Assembly of this F-actin network requires the Quail protein, which
colocalizes with the F-actin fibers (Fig. 2A) [16,18]. In dPPCS1/1 egg chambers, assembly
of the cytoplasmic F-actin fibers was disrupted, and the Quail protein failed to associate
with the F-actin bundles and remained diffuse throughout the nurse cell cytoplasm (Fig.
2B). As a result of aberrant F-actin assembly, nurse cell nuclei were trapped inside ring
canals during dumping (Fig. 2D, Table 1). Interestingly, we also found oocyte nuclei that
were encapsulated by bundles of actin (Fig. 2E, Table 1). Furthermore, large actin fibers
were assembled at the cortical membrane of the oocyte, and the follicular epithelium of the
oocytes was frequently disorganized (Fig. 2H-I).

cytoplasmic dumping
wild-type
Nurse cells trapped inside the oocyte
F-actin clumps in ooplasm
Aberrant F-actin in nurse cells
Nurse cells plugging ring canals
Oocytes with disorganized
subcortical F-actin

% of egg chambers
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P[dPPCS];dPPCS1/1

0.0 (n = 100)
3.0 (n = 100)
0.0 (n = 100)
0.0 (n = 100)
0.0 (n = 100)

20.9 (n = 67)
50.1 (n = 53)
92.2 (n = 51)
71.0 (n = 62)
43.7 (n = 55)

1.8 (n = 56)
7.0 (n = 57)
29.5 (n = 61)
15.5 (n = 58)
0.0 (n = 53)

0.0 (n = 100)

18.8 (n = 48)

0.0 (n = 46)

Nurse cells were stained with DAPI to detect DNA and labeled with rhodamin-phalloidin to visualize
the F-actin network. P[dPPCS] is a FLAG-tagged dPPCS cDNA under control of a ubiquitin promoter.
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oo

B

dPPCS1/1
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Figure 3. Synthesis and transport of neutral lipids is
hampered in dPPCS mutant egg chambers
Freshly dissected wt and dPPCS1/1 ovaries were stained
with Nile red to visualize neutral lipids and dissected
ovaries were directly analyzed by CLSM. Images represent
single confocal scans. (A) Wt nurse cells produce high levels of neutral lipids, which are transported towards the oocyte, and are uniformly accumulated near the oocyte
membrane. (B) dPPCS1/1 nurse cells produced less neutral lipids compared to wt nurse cells. No uniformly accumulated lipids were observed within the mutant oocyte compartment compared to wt. (oo) oocyte compartment.
Scale bars: 100 µm.
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Mutant oocytes also contained large clumps of F-actin (Fig. 2H-I, Table 1) and we frequently found nurse cell nuclei inside the oocyte compartment (Fig. 2F, J, Table 1). We stained
freshly dissected ovaries with Nile red, which has fluorescent properties in the presence of
triacylglycerol and sterol esters [19], to determine if neutral lipid synthesis and transport
of these lipids to the oocyte was disrupted during cytoplasmic dumping. In wt, synthesis of
these neutral lipids increases in the germ line and somatic cells when egg chambers proceed
into late stage oogenesis, and these neutral lipids are transported to the oocyte where they
accumulate uniformly near the oocyte membrane (Fig. 3A). In dPPCS1/1 egg chambers,
neutral lipid synthesis was reduced compared to wt, suggesting that the synthesis of neutral
lipids is affected in dPPCS mutants (Fig. 3B). Furthermore, accumulation inside the oocyte
of these lipids appeared abnormal compared to wt ovaries (compare Fig. 3A and 3B).
Next, we investigated whether a mutation in dPPCS1/1 affects cell migration events due
to defective F-actin organization. During stages 8-10, the border cells, which include the
anterior polar cells and part of the main body epithelium, migrate through the nurse cell
compartment towards the anterior end of the oocyte [20]. In wt, when the border cells
reach the oocyte and the centripetal follicle cells start migrating, Fasciclin III (FasIII) is
expressed in the follicle cells of the dorsoanterior corner (Fig 4A). After centripetal follicle
cells finished their migration, FasIII expressing cells form two distinct cell populations
at the dorsoanterior surface of the oocyte. Here, formation of the dorsal appendages is
initiated (Fig 4B) [14]. In dPPCS1/1 egg chambers, centripetal migration was finished before
the border cells reached the anterior of the oocyte (Fig 4C), indicating that these two cell
migration events are not properly synchronized. Together, these data demonstrate that
dPPCS is required for F-actin organization and cell migration events during oogenesis.

Grk and Notch localization is disrupted in dPPCS1/1egg chambers
We hypothesized that disorganized tissue integrity may also affect the signaling routes
required for specification of follicle cells that pattern the chorion. To investigate this, we
stained ovaries with antibodies against Notch and Grk, which both are required for specification of the follicle cell populations that pattern the eggshell [14,21]. Although we cannot
conclude that Grk or Notch signaling was disrupted in dPPCS1/1 ovaries, the localization of
both proteins was frequently impaired compared to wt ovaries. In wt egg chambers, when
the border cells reach the centripetal follicle cells, Notch is highly expressed at the dorsoanterior corner, where it is required for the specification of the dorsal appendage producing
cells, while Notch expression is restricted to the nurse cell membranes during cytoplasmic
dumping (Fig. 4Ba, see additional file 1) [22]. In dPPCS1/1 stage 11 egg chambers, Notch localization was more diffuse throughout the nurse cells and not restricted to the membranes
(Fig. 4Ca). Notch localization was also severely affected during late stage oogenesis (see
additional file 1) and FasIII staining revealed that the dorsal appendage/operculum forming
follicle cells were not properly organized (see additional file 1).
In wt stage 9-10 egg chambers, Grk is localized at the dorsoanterior corner of the oocyte
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Figure 4. A mutation in dPPCS affect follicle cell migration and patterning
dPPCS1/1 and wt egg chambers were stained with rhodamin falloidin (to visualize F-actin) and DAPI to stain
nuclei and labeled with antibodies against FasIII and Notch to analyze follicle cell migration and patterning.
(Aa-Ad) Wt stage 10 egg chamber. During stages 8-10, the border cells migrate through the nurse cell compartment towards the anterior end of the oocyte. When the border cells (arrow) reach the oocyte (stage 10) and the
centripetal follicle cells start migrating (arrowheads), FasIII is expressed in the follicle cells of the dorsoanterior
corner. At this stage, Notch is expressed at the membranes of the follicle cells of the dorsoanterior corner, where it
is required for the specification of the dorsal appendage producing cells. (Ba-Bd) During stage 11, after the centripetal cells finished their migration, two patches of follicle cells can be found at the dorsoanterior corner of the
epithelium of wt egg chambers (arrowheads). These follicle cells express high levels of FasIII and will initiate the
production of the dorsal appendages. At this stage, Notch expression is restricted to the nurse cell membranes.
(Ca-Cd) dPPCS1/1 egg chamber at stage 11. The centripetal follicle cells finished migration (arrowheads), but
the border cells (arrow) failed to reach the centripetal follicle cells, while follicle cells of the dorsoanterior corner
were already expressing FasIII. The border cell cluster is surrounded by an elaborate network of F-actin. Notch
localization is not restricted to the nurse cell membranes and shows a more diffuse pattern. Boxed arrowheads
point to two nurse cell nuclei that seem to contact (push against) the centripetal follicle cells. Asterisks mark the
position of the oocyte. Scale bars: 50 µm.

Figure 5. PtdIns(4,5)P2 localization and expression is affected in dPPCS1/1
We overexpressed a PLCδ-PH-GFP fusion protein [25] under the control of a ubiquitously expressed Act5CGAL4 driver to analyze PtdIns(4,5)P2 localization and expression in a wt (A,B,E,G) and dPPCS1/1 (C,D,F,H)
background. (A,B) During wt oogenesis, the PLCδ-PH-GFP fusion protein is present at the border cells (asterisk)
and the apical membranes of the follicle cells that encapsulate the oocyte compartment, while the nurse cell
membranes do not accumulate the fusion protein. (C,D) In dPPCS1/1 egg chambers, the PLCδ-PH-GFP fusion
protein is not present at the apical membranes of the follicle cells that encapsulate the oocyte (arrowheads)
and large patches of follicle cells are not labeled (dashed lines). In mutant ovaries, the follicular epithelium
is sometimes disrupted (arrows in C), and the nurse cell membranes accumulate patches of high levels of the
PLCδ-PH-GFP fusion protein (arrow in D). The PLCδ-PH-GFP fusion protein was also frequently detected at
membranes of cells that are (based on their localization) most likely border cells (boxed arrowhead in D). (E-H)
For further analysis, F-actin organization was analyzed in combination with localization of the PLCδ-PH-GFP
fusion protein. (Ea-Ec) In wt egg chambers, the oocyte cortex is in close contact with the apical membranes of
the follicle cells, which accumulate the PLCδ-PH-GFP fusion protein.
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(F) In dPPCS1/1 egg chambers, the oocyte cortex is disrupted (arrowheads in Fa) and the follicle cells do not
accumulate the PLCδ-PH-GFP fusion protein (arrowheads and dashed lines in Fb). Arrows point to defects
in cell organization of the follicular epithelium. (G) Higher magnification of a wt egg chamber, showing that
the PLCδ-PH-GFP fusion protein accumulates at the apical membranes of follicle cells in close contact with
the oocyte cortex (boxed arrowheads). (H) Higher magnification of a dPPCS1/1 egg chamber, showing that
the apical membranes of follicle cells in close contact with the oocyte cortex do not accumulate the PLCδ-PHGFP fusion protein (arrowheads in Ha). This coincides with impaired oocyte cortex morphology and aberrant
F-actin nucleation (arrow in Hb). DAPI was used to visualize DNA. Scale bars: 150 µm (A,C), 100 µm (B,D),
50 µm (E-H).
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compartment. Although in dPPCS1/1 egg chambers, Grk was present at the dorsoanterior
corner, the distribution of the protein was frequently impaired in stage 8-9 egg chambers
(see additional file 1) and progressively worsened when egg chambers proceeded into later
stages of oogenesis (see additional file 1).
These findings imply that dPPCS is not required for cell specification or signaling per se,
but merely required for cell organization and morphology. This is supported by the finding
that aberrant intercyst cell migration/organization likely underlies the observed packaging
and follicle cell specification defects during early oogenesis (see additional file 1).

Membrane localization of PtdIns(4,5)P2 is impaired in dPPCS1/1
The levels of phospholipids are reduced in dPPCS mutant flies, indicating a general defect in
phospholipid biosynthesis [8]. Therefore, it is plausible to assume that phosphatidylinositol
(PtdIns) production, the precursor for all phosphoinositides [23], is also reduced. Although
levels and localization of PtdIns have not been determined during Drosophila oogenesis,
it is generally accepted that actin remodeling processes depend on PtdIns signaling [24].
To investigate whether PtdIns signaling was affected in dPPCS mutant ovaries, we
expressed a PLCδ-PH-GFP fusion protein, which is able to bind to PtdIns(4,5)P2 [25].
We used an Act5C-GAL4 driver to analyze PLCδ-PH-GFP expression and thus PtdIns(4,5)
P2 localization in all cells. During wt cytoplasmic dumping, PtdIns(4,5)P2 is abundant at
the cell membranes of the border cells and the apical membranes of the follicle cells that
encapsulate the oocyte, while low levels of PtdIns(4,5)P2 can be detected at the nurse cell
membranes (Fig. 5A,B,E). In contrast, PtdIns(4,5)P2 localization at the apical membranes
of the follicle cells that encapsulate the oocyte was hardly detectable or absent in dPPCS1/1
egg chambers (Fig. 5C,D,F,H). Moreover, large patches of follicle cells that encapsulate
the oocyte did not accumulate PtdIns(4,5)P2 at their membranes (Fig. 5C,D,F). Because
aberrant apical localization of PtdIns(4,5)P2 at the follicle cell membranes coincides with
impaired oocyte cortex integrity and abnormal F-actin organization (Fig. 5H), this suggests
that altered PtdIns(4,5)P2 signaling could underlie the F-actin defects in dPPCS1/1 egg
chambers.
Although the F-actin/PtdIns(4,5)P2 connection should be investigated in more detail, we
propose that F-actin remodeling within the Drosophila ovary likely depends on PtdIns(4,5)
P2 signaling and that this lipid derived signaling route is disrupted in dPPCS1/1. Abnormal
cytoskeletal organization in dPPCS1/1 disrupts the overall shape of all membranous structures and the organization of the cells during morphogenesis. Disorganized tissue integrity
could affect Notch and Grk localization and possibly signaling, which is required for specification of the follicle cells that pattern the eggshell, and causes severe chorion patterning
defects.
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dPPCS is required for patterning of various tissues
Next, we wondered whether dPPCS is also required for morphogenesis of other tissues.
Hereto, we closely investigated dPPCS1/1 flies for other morphological abnormalities. A
stereotypical pattern of four scutellars exists on the dorsal surface of the wt scutellum, and
dPPCS mutants displayed ectopic formation of scutellars (see additional file 1). Furthermore, dPPCS1/1 flies also developed ectopic wing veins (see additional file 1). Mutants
initiated longitudinal vein formation between L3-L4 and L4-L5. These results show that
dPPCS is required for morphogenesis of various tissues during Drosophila development.

Mutations in de novo CoA synthesis disrupt morphogenesis
Next, we investigated whether mutations in other CoA biosynthesis enzymes give rise to
similar defects. Indeed, mutations in dPANK/fumble and the bifunctional enzyme dPPATDPCK result in similar characteristics compared to the dPPCS mutant phenotype. dPANK/
fumble and dPPAT-DPCK mutant females have poorly developed ovaries, have fecundity
defects, produce eggs that exhibit polarity defects, synthesize abnormal neutral lipids
(droplets), and these mutants display scutellar and wing vein patterning defects (see additional file 1). As in dPPCS1/1, a mutation in dPPAT-DPCK disrupts actin localization and
results in plugging of the ring canals by nurse cell nuclei during dumping (see additional
file 1). dPANK/fumble mutants produce small ball-shaped eggs, which are typically due to a
loss of actin regulatory elements that control the polarized arrangement of F-actin fibers at
the basal cortex of follicle cells required to establish planar cell polarity [11]. These findings
imply that impaired CoA synthesis in general disrupts morphogenesis, possibly due to
aberrant F-actin organization. Because the biosynthesis route towards the production of
CoA is conserved amongst species it would be interesting to explore the significance of CoA
during processes that involve actin/PtdIns dynamics such as chemotaxis, axon growth cone
guidance, endocytosis/exocytosis, cell division or actin dependent chromatin remodeling.
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ADDITIONAL FILE 1 - CHAPTER 5
Experimental procedures
Drosophila stocks: Fly stocks were maintained at 22oC according to standard protocols.
For wt preparations, y1w1118 was used. dPANK1 (fumble), dPPAT-DPCK43, dPPCS1,
dPPCS33 and P[dPPCS] are previously described [1,2]. The UAS-PLCδ-PH-GFP line was
a gift from L. Cooley and A. Wodarz and the Act5C-GAL4 line was obtained from the
Bloomington Stock Centre (Indiana University, USA).

Immunohistochemistry: Dissection, fixation and immunolabeling of ovaries was
performed as previously described [3]. Primary antibodies used included concentrated
supernatants obtained from the Developmental Studies Hybridoma Bank (Iowa, USA),
mouse anti-lamin Do (ADL84.12, 1:5) developed by P.A. Fisher, mouse anti-fasciclin III
(7G10, 1:5) developed by C. Goodman, mouse anti-Notch (C17.9C6, 1:5) developed by S.
Artavanis-Tsakonas, mouse anti-quail (6B9, 1:5) developed by L. Cooley, mouse anti-DEcadherin, (DCAD2, 1:5) developed by T. Uemura, mouse anti-gurken (1D12, 1:5) developed
by T. Schupbach, mouse anti-orb (6H4, IgG2a, 1:5) developed by P. Schedl, mouse antiarmadillo (N27A1, IgG2a, 1:5) developed by E. Wieschaus, and mouse anti-Histone H3
pS10 (1:100, Cell Signaling). Rabbit anti-Vasa (1:50) was a kind gift of P. Lasko. Secondary
antibodies included Cy3-conjugated goat anti-mouse (1:200, Jackson ImmunoResearch),
FITC-conjugated goat anti-mouse (1:200, Jackson ImmunoResearch), Cy5-conjugated goat
anti-mouse 1:200, Jackson ImmunoResearch) and Alexa 647 goat anti-mouse IgG2a (1:200,
Molecular probes). Ovaries were stained with 20 U/ml rhodaminphalloidin (Molecular
Probes) and 0.2 µg/ml DAPI (Sigma) to visualize F-actin and DNA, respectively. Apoptosis
was measured in 6-d-old flies that were kept for 3 days in vials containing yeast paste.
The TUNEL cell death assay was performed following the ApopTag Fluorescien In Situ
Apoptosis Detection Kit (Chemicon). Ovaries were fixed in devitellizing buffer/heptane
[3] (1:6 per volume) and pretreated with proteinase K (20 ug/ml in PBS + 0.1% Tween-20
) for 15 min at room temperature. After labeling and washing, ovaries were mounted in
citifluor (Agar Scientific), and analyzed by confocal laser scanning microscopy (CLSM)
(Leica TCS SP2 DM RXE). Images represent maximal projections (unless otherwise noted)
of a z-stack (0.5-1 µm/scan). Images were processed using Leica software and Paint Shop
Pro. For Nile red (Sigma) staining 6-d-old flies were kept for 3 days in vials containing yeast
paste. Ovaries were dissected and stained with 100 ng/ml Nile red solution in PBS for 5
min. Ovaries were washed 3 times for 10 min with PBS, mounted in citifluor and directly
analyzed by CLSM.

Assessment of fecundity and morphological analyses: For studies of fecundity, 10
groups of 5 virgin females and 5 males were crossed for 5 days in vials containing yeast
paste. Flies were transferred to fresh vials without yeast and transferred to fresh vials every
24 h. The average number of eggs deposited/24 h was calculated from 3 replicates of each
group. To assay embryonic viability, embryos were collected (0-6 h) on apple juice plates
107
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containing yeast paste, counted, and the hatch rate was determined by visual inspection of
the egg cases two days after egg laying. Inspection of chorion morphology was carried out
using LM. Images were captured with an Olympus BX50 light microscope. To analyze ovary
morphology, virgin females were placed in vials containing yeast paste and ovaries were
dissected 48 h, 72 h and 120 h AE. Ovaries dissected 48 h AE were directly analyzed by light
microscopy (LM) (Olympus BX50), while ovaries dissected 72 h and 120 h AE were fixed,
labeled and inspected by CLSM. Assessment of wing venation and sensory organ patterning
was performed by LM.
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Packaging defect in dPPCS1/1 egg chambers are likely due to impaired intercyst
cell behavior (Supplementary Fig. S1): Shows that dPPCS1/1 germaria display: 1) incomplete follicle cell migration; 2) fusion of cysts; 3) aberrant formation of the interfollicular
stalk that separates neighboring egg chambers; and 4) cysts in region 2b of the germarium
that do not show the characteristic lens-shape, indicative of aberrant encapsulation of cysts.
Furthermore, stage 3-6 dPPCS1/1 egg chambers with mispositioned oocytes show ectopic
polar follicle cells and egg chambers are frequently present that are not separated by interfollicular stalk cells. In addition, egg chambers are present that are separated by elongated
stalks containing undifferentiated follicle cells. Proper formation of these stalk cells is
essential to ensure packaging of the egg chambers prior to budding from the germarium.
Because the polar follicle and the stalk cell populations are derived from the intercyst cells
[4-6], it is possible that packaging defects in dPPCS1/1 are due to aberrant intercyst cell
specification and/or organization [7-12]. Aberrant follicle cell specification/organization
is supported by the finding that in dPPCS1/1 mutants, FasIII localization is also detected
in stage 7 egg chambers, indicating that differentiation of the cuboidal follicle cells that
encapsulate the egg chambers is sometimes disrupted. Moreover, dPPCS1/1 egg chambers
are present in which the follicle cells accumulate in a bilayer at the posterior of the oocyte
and Notch is frequently abnormally localized in mutant germaria. In dPPCS1/1 mutants,
egg chambers with supernumerary nurse cells and oocytes are present and the ratio of nurse
cells to oocytes is not always 15:1. In addition, the mispositioned oocyte(s) (n >100) in
dPPCS1/1 egg chambers do not have more than the normal amount of 4 ring canals [13],
suggesting that supernumerary cells are not due to extra cell divisions with incomplete
cytokinesis [14]. Similarly, supernumerary cells are also not the result of extra cell division
with complete cytokinesis, because extra germ cells areaccompanied by extra ring canals
[15]. dPPCS1/1 oocytes accumulate normal amounts of the Orb protein [16], and the germ
line cells accumulate normal amounts of the Vasa protein [17]. Therefore, the observed
supernumerary cells are not due to disrupted germ cell identity or oocyte specification.
Finally, no defects in follicle cell proliferation are present (no major gaps in the follicular epithelia we detected); therefore, the supernumerary nurse cells and oocytes are
not a result of abnormal follicle cell proliferation [18-21]. Taken together, these analyses
indicate that packaging defects in dPPCS1/1 females may result from abnormal cyst encapsulation and abnormal budding due to aberrant intercyst cell behavior and organization.
Because we observed abnormal cyst development from region 2b onwards, we believe that
dPPCS is required for normal encapsulation of the cyst by the intercyst cells [22]. Aberrant
migratory behaviour or organization of the intercyst cells likely induces mislocalization of
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the Armadillo (Arm), DE-cadherin (DE-cad) and Notch expressing follicle cells, which,
in turn, disrupts differentiation of the stalk cells, the polar follicle cells and the cuboidal
follicle cells. Concomitantly, cyst encapsulation, anteroposterior axis formation (germ line
cell rearrangement) and budding of follicles is disrupted. Because the correct positioning of
the germ line cells and the follicle cells in the germarium is largely driven by cytoskeletal rearrangements and changes in cell adhesion [23], it is also possible that a mutation in dPPCS
affects cell organization/ migration by disrupting cytoskeletal remodeling due to changes in
PtdIns homeostasis within the germarium.
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Table S1. dPPCS1 affect nurse cell chromatin morphology
Stage 6-8 nurse cell chromatin morphology
% of total (egg chambers)
wild-type dPPCS1/1 P[dPPCS];dPPCS1/1
(n=407)
(n=490)
(n=307)
normal chromatin
97.1 34.2
86.3
aberrant chromatin
0.5
11.8
2.0
degenerative chromatin 0.7
12.4
0.7
> 15 nurse cell nuclei
1.7
41.6
11. 1
Nurse cells were stained with DAPI to detect the DNA. P[dPPCS] is a
FLAG-tagged dPPCS cDNA under control of an ubiquitin promotor.
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Figure S1. dPPCS1 affects germ line cell and follicle cell integrity during early oogenesis
Early oogenesis was investigated in dPPCS1/1 ovaries and compared to wt. Antibodies against pH3Ser10 were
used to detect mitotic chromatin. Several antibodies were used to visualize various structures and cell types. An-
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ti-FasIII antibodies were used because FasIII is expressed in all undifferentiated follicle cells in the germarium
and FasIII localization marks the polar follicle cells after the egg chambers bud from the germarium. Antibodies
against Armadillo (Arm) and DE-cadherin (DE-cad) were used because Arm and DE-cad are expressed in the
adhesive junctions of the migrating follicle cells that assist in the rearrangement of the germ line cells. Antibodies
against Orb were used because Orb marks oocytes. Antibodies against Vasa were used because Vasa specifically accumulates inside germ line cells. DAPI was used to stain DNA, and rhodamin-phalloidin was used to
visualize F-actin.
(A) dPPCS is required for nurse cell chromatin condensation, egg chamber packaging and polarity. (Aa) In
wt egg chambers, Orb labeling reveals the wild type localization pattern of the oocytes (arrowheads). (Ab)
dPPCS1/1 ovariols contain egg chambers with multiple (arrows) or mispositioned (arrowhead) oocytes. (Ac)
Overexpression of a FLAG-tagged dPPCS cDNA (P[dPPCS]) construct suppressed the occurrence of multiple
oocytes and egg chambers with supernumerary nurse cells (see also Table S1). (Ad) During wt oogenesis, follicle
cells are mitotically (pH3Ser10 staining) active until stage 6 and subsequently proceed into endocycling [24]. At
stage 5, the nurse cell chromatin has a characteristic 5-lobed appearance and at stage 6, nurse cell chromatin
is completely dispersed [25,26]. Nurse cell chromatin dispersion coincides with the mitotic-to-endocycle switch
(stages 6-7), during which the follicle cells of the follicular epithelium stop mitosis and initiate endoreplication.
(Ae) The mitotic-to-endocycle switch is intact in dPPCS1/1 egg chambers, and no mitotically active follicle
cells are observed after stage 6. (Ae-g) Examples of egg chambers in which chromosomes failed to disperse
properly and in which some nuclei remained 5-lobed (arrowheads). (Ah) Example of a stage 10 dPPCS1/1 egg
chamber showing 2 nurse cell nuclei that are poorly replicated and small in size. (Ai) Example of a dPPCS1/1 egg
chamber with supernumerary nurse cell nuclei that are heterogenous in size. (Aj) Example of dPPCS mutant egg
chambers undergoing premature apoptosis as indicated by the presence of fragmented nuclei (arrowhead). (Ak)
Example of dPPCS1/1 egg chambers showing a degenerative appearance. Scale bars: 150 µm (a-c), 50 µm (d-h).
(B) Follicle cell migration and organization is disrupted in dPPCS 1/1 germaria. (Ba) Wt cysts (marked by asterisk)
in region 2b adopt a lens-shape appearance (arrow marks the stalk cells). (Bb) In dPPCS1/1 germaria, the cysts
(marked by asterisk) do not adopt the characteristic lens-shape appearance. Formation of the interfollicular
stalk (arrow) is severely disrupted and newly formed egg chambers display features of fusion (arrowhead). (Bc)
Wt follicle cells that migrate between the cysts express FasIII. When the egg chambers bud from the germarium,
only the polar follicle cells (asterisk) express FasIII [7,11,27]. (oo = oocyte). (Bd) In dPPCS1/1 germaria,
migration of the follicle cells is disrupted (arrow) and this results in packaging defects (7-8, 10-11), mispositioning of the oocytes (9,10,12), and induces formation of egg chambers without stalks (arrowhead). Numbers mark
the oocytes. (Be-e’) In wt egg chambers, Arm and DE-cad are highly expressed in the migrating follicle cells and
later in the stalk cells (arrowheads) [28-30]. Asterisks mark the position of the oocytes. (Bf-f ’) Arm and DE-cad
were abnormally expressed in dPPCS1/1 stalk cells (arrowheads). (Be”) Wt germ line cells express the Vasa
protein. The migrating follicle cells in region 2b adopt a convex lens-shape [31] (arrows). (Bf ”) dPPCS1/1 germ
line cells accumulated normal amounts of Vasa, demonstrating that specification of the germ line cell was not
affected. Migrating follicle cells do not exhibit a convex lens-shape (arrows). Scale bars: 20 µm.
(C) dPPCS1/1 egg chambers exhibit features of aberrant polar follicle cell and stalk cell specification. (Ca) Wt
egg chambers contain two groups of polar follicle cells, one at the anterior and one at the posterior. (Cb) A
dPPCS1/1 egg chamber with three groups of polar follicle cells (arrows) and a mispositioned oocyte (asterisk).
(Cc) Examples of dPPCS1/1 egg chambers in which the cuboidal follicle cells are maintained in an undifferentiated state (high FasIII expression). The follicular epithelium displays a discontinuous character and the
nurse cell chromatin is heterogenous in size (arrows indicate polar follicle cells). (Cd) Wt egg chambers are
connected by an interfollicular stalk (arrow). (Ce) Image, obtained by making one single confocal scan, showing
a dPPCS1/1 egg chamber in which the interfollicular stalk is missing (arrow). Note that the follicular epithelium
appears to be a bilayer (arrowheads). (Cf) Single confocal scan showing a dPPCS1/1 egg chamber in which the
follicle cells are accumulated in a bilayer at the posterior of the oocyte (arrowheads). (Cg) In dPPCS1/1 ovaries,
the interfollicular stalks are sometimes elongated and are composed of undifferentiated follicle cells (arrowhead).
Arrows mark two groups of polar follicle cells in the adjacent egg chamber. Scale bars: 50 !m (c), 20 !m (a, b, d-g).
(D) Notch localization is disrupted in dPPCS1/1 germaria. Formation of the stalk and the polar cells depends
on a Delta-Notch signaling route that specifies the anterior polar follicle cells, which in turn induce stalk cell
formation [12,32]. Abnormal follicle cell differentiation, multiple layering and aberrant packaging have been
observed in Notch mutant females [7,11,12,22,33]. (Da-a”) In wt germaria, Notch is highly expressed in region
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2b, while Notch localizes cortically in newly produced egg chambers [33]. (Db-b”) In dPPCS1/1 germaria,
protein levels of Notch were frequently lower/abnormal (40%; n=20 germaria) compared with wt germaria
(arrowheads). In a fused egg chamber, Notch localization at the cortical membrane was not disrupted. At the
posterior half of this egg chamber low levels of FasIII were observed, while at the anterior half high levels of
FasIII were visible using antibody staining, indicating that differentiation of the cuboidal follicle cells was not
affected (arrows indicate polar follicle cells) Scale bars: 20 µm.
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(E) dPPCS1/1 egg chambers and germaria are apoptotic. Wt and dPPCS1/1 ovaries were investigated for apoptosis
144 h AE. (Ea) Under normal physiological conditions apoptosis is initiated during cytoplasmic dumping (stage
10). During stage 10, the nurse cell nuclei of wt egg chambers were positive for TUNEL staining (no staining
was observed in <stage 9 egg chambers). (Eb-d) The follicle cells that surround the dPPCS1/1 germaria and egg
chambers are positive for TUNEL staining, indicating that the somatically derived follicle cells were undergoing
apoptosis. Although TUNEL positive nurse cells were also observed, apoptosis was most profound in the follicle
cells. (Ed) Quantification of the percentage of ovariols with apoptotic egg chambers. Numbers depicted at the top
of each histogram represents the number of ovarioles. Scale bars: 100 µm
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Figure S2. Mutations in de novo CoA biosynthesis affect wing vein and scutellar patterning
Wing vein and scutellar patterning was analyzed in dPPCS1/1 and wt. (A) Dorsal wing surface of wt. (L1-L6:
longitudinal veins 1 to 6; acv: anterior cross veins; and pcv: posterior cross veins) A-E (intervein sectors). (B-B’)
dPPCS1/1 wings displayed ectopic veins between longitudinal veins L3-L4 and L4-L5 (arrowheads). (C) Thorax
of a wt fly. The scutellum (dashed) has a pattern of four scutellars (bristles, scutellars). (D-F) Thorax of dPPCS
mutant flies developed ectopic scutellars (arrows). (G) Quantification of wing and scutellar abnormalities.
Numbers represent the number of flies investigated. Scale bars: 250 µm (A-B), 100 µm(B’), 500 µm (C-F).
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Figure S3. Notch and Grk are abnormally localized in late stage dPPCS1/1 egg chambers
Wt and dPPCS1/1 ovaries were labeled with antibodies against Notch and Grk to investigate whether these
signaling routes are affected in dPPCS mutant egg chambers. DAPI was used to visualize DNA. (Aa-c) A wt egg
chamber at stage 13. The FasIII positive cells are producing the dorsal appendages and the operculum. Notch localization is restricted to the anterior follicle cells (arrowhead). (Ba-c) In dPPCS mutant stage 13 egg chambers,
FasIII localization was abnormal, dorsal appendage and operculum formation was disrupted, and Notch was
localized throughout the entire follicular epithelium. (C-F) Images obtained with single confocal scans of wt
(C) and dPPCS1/1 (D-F) egg chambers. (C) The Grk protein localizes at the dorsoanterior corner of the oocyte
in wt stage 8-9 egg chambers. (D-F) Grk localization was present in dPPCS1/1 mutant egg chambers, but the
protein was frequently abnormally localized along the dorsoanterior corner in stages 8-9, most likely due to
the disrupted shape of this corner (D) and progressively worsened when egg chambers proceeded into late stage
oogenesis (stages 10-11) (E-F). The nurse cell nuclei are in close proximity to the dorsoanterior corner, indicating
that these nuclei were not properly anchored during dumping (arrowheads). Note that the follicular epithelium
appears disorganized. Asterisks mark the position of the oocyte. Scale bars: 150 µm (A-B), 50 µm(C-F).

Figure S4. Mutations in the de novo CoA biosynthesis route affect morphogenesis
Like dPPCS1/1 females, dPANK and dPPAT-DPCK (NB: in Drosophila the dPPAT and dDPCK enzymes are
encoded by one gene and translated into one bifunctional enzyme) mutant females have fertility defects. The
dPANK1, P[dPANK] and dPPAT-DPCK43 lines have been previously described [1]. Females that carry a
mutation in the dPANK gene did not deposit eggs, while the dPPAT-DPCK43/43 females deposited 0.36 ± 0.04
eggs/24 h, of which 20.1% (n=232) were able to hatch. (A) dPANK1/1 ovaries dissected 48 h AE are poorly
developed and do not contain eggs. (B) Five-d-old dPANK1/1 ovaries contained eggs, which are all small, ballshaped and contain short dorsal appendages. This phenotype is identical to the eggs found in myospheroid
[34], Dlar [35,36], kugelei [37], dystroglycan [38,39] and quail [40]. All of these genes encode proteins that are
required for proper F-actin dynamics. Small ball-shaped eggs are typically due to loss of actin regulatory elements
that control the polarized arrangement of F-actin fibers at the basal cortex of all follicle cells. During stages 5-8,
these F-actin arrays are arranged in such a way that the fibers run perpendicular to the anteroposterior axis of
the egg chamber and give the egg chamber a planar polarity that is required to create elongated eggs [23,41,42].
(C-C’) In dPANK1/1 wings, anterior cross vein (acv) and posterior cross vein (pcv) formation was incomplete
(arrowheads) and mispositioned cross veins between L2 and L3 were found (boxed arrowhead). (D) dPPATDPCK43/43 ovaries dissected 48 h AE are poorly developed and do not contain eggs. (E) 17% of the eggs from
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5-d-old dPPAT-DPCK43/43 females were elongated along the anteroposterior axis and exhibited a collapsed
phenotype. (F-F’) In dPPAT-DPCK43/43 wings, ectopic vein formation initiated from the posterior cross vein
(arrowhead). (G) Quantification of wing and scutellar abnormalities in dPANK1/1 and dPPATDPCK43/ 43
flies. Numbers represent the number of flies investigated. dPANK1/1 flies did not develop ectopic macrochaetae; however, in flies that carried a FLAG-tagged dPANK cDNA under the control of an ubiquitin promoter
(P[dPANK]) [1], an increase in the formation of macrochaetae was found, suggesting that dPANK overexpression induced the formation of ectopic scutellars. (H) Wt (Ha) and dPPAT-DPCK43/43 (Hb-Hd) ovaries were
stained with rhodamin-phalloidin to visualize the F-actin network during cytoplasmic dumping. DAPI was
used to visualize DNA. (Hb-Hc) Cytoplasmic dumping and centripetal migration of the follicle cells (arrows)
was frequently severely disrupted in dPPAT-DPCK43/43 egg chambers. (Hd) Likely as a result of aberrant
Factin assembly, we frequently found ring canals plugged with nurse cell nuclei in dPPAT-DPCK mutant egg
chambers, suggesting that aberrant dumping underlies the production of long elongated eggs as observed in E. (I)
Production of neutral lipids (Nile red staining) was hardly detected in dPANK1/1 egg chambers. (J) Production
of neutral lipids (Nile red staining) and transport of lipid droplets to the oocyte was disrupted during oogenesis
in dPPAT-DPCK mutants. Although levels of neutral lipids were not severely affected in dPPAT-DPCK43/43
mutants, abnormal large lipid droplets were observed, indicating that lipid droplet formation was impaired [43]
(compare Fig. 3A). Scale bars: 500 µm (A,D), 250 µm (C, F), 50 µm (C’, F’), 100 µm (Ha-Hc, I, J), 20 µm (Hd)
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P

antothenate kinase-associated neurodegeneration (PKAN, OMIM 234200) is an
autosomal recessive, progressive neurodegenerative disorder. PKAN is caused by
mutations in pantothenate kinase 2 (PANK2), the gene that encodes an enzyme (PANK2)
which is a rate limiting enzyme in de novo Coenzyme A (CoA) biosynthesis. Interestingly, in humans there are four highly homologous PANK genes (PANK1-4) however;
only mutations in PANK2 but not in the other PANK genes, are associated with PKAN.
Mutations in PANK1, 3, 4 have also never been reported to be associated with any other
diseases or pathologies, suggesting that, these genes are essential for life, or their functions
may be redundant. Since PANK is the first and the rate limiting enzyme in de novo CoA
biosynthesis, the suggestion was postulated that impairment of de novo CoA biosynthesis
might underlie the pathogenesis of PKAN [1]. Interestingly, among the four PANKs, only
PANK2 is targeted to the mitochondria and these organelles have the highest concentration
of total cellular pool of CoA. Therefore, it was also proposed that a mitochondrial deficiency of CoA biosynthesis results in the PKAN disorder. In order to investigate these hypotheses and to understand how a deficiency in PANK2 might give rise to the neuropathology
of PKAN, a mouse PANK2 knock-out model was generated [2].Unfortunately, the mouse
model was unable to recapitulate the neurodegenerative symptoms of PKAN. Therefore,
currently, the PKAN pathology remains complex and far from understood and due to the
lack of a proper PKAN model, the speculated role of impaired de novo CoA remained uninvestigated. In addition, the rarity of PKAN patients (1:3,000,000) complicates investigating
PKAN pathology, because patient material is extremely sparse. Drosophila is a well established model organism to understand mechanisms in health and disease and also based
on the above, it would be helpful for PKAN-related research to have a Drosophila PKAN
model. Here, we explored the possibilities of Drosophila as a model for PKAN and we investigated the implicated role of impaired de novo CoA biosynthesis in the pathogenesis of this
devastating disease. Specifically we were interested in determining; 1) whether the PANK
deficiency in Drosophila indeed leads to a CoA deficiency. 2) Whether CoA deficiency in
an organism (Drosophila) can lead to a neurodegenerative disorder. If successful, our aim
was to use the power of the Drosophila model to screen various compounds, which can
ameliorate the PKAN disease characteristics.

Impaired de novo CoA biosynthesis in Drosophila results in PKAN like disorder
De novo CoA biosynthesis occurs in a conserved metabolic route where VitB5 is converted
into CoA by the action of five enzymes: PANK, PPCS, PPCDC, PPAT and DPCK. We demonstrated that Drosophila mutants for dPANK/fbl, dPPCS, dPPAT-DPCK (referred to as
CoA mutants) can be used to study the consequences of impaired de novo CoA biosynthesis in higher eukaryotes (Chapter 2). The Drosophila CoA mutants are neurologically
impaired, are highly sensitive to ROS or irradiation and have a reduced life span (Chapter
2). These findings strengthened the hypothesis that defective CoA biosynthesis induces a
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neurodegenerative phenotype and might be one of the underlying causes of PKAN pathogenesis. We also showed that dPANK/fbl mutants have severe deficits in the total cellular
pool of CoA (Chapter 3). Clearly, impaired function of dPANK results in a decreased
CoA pool and thereby, possibly inducing a neurodegenerative phenotype and a reduced
lifespan in dPANK mutants. In support of this, recently a mice study demonstrated that
deprivation of Vit B5 (substrate of PANK and precursor for CoA biosynthesis) results in
movement disorders possibly due to impairment of CoA biosynthesis [3]. Similarly, chemically blocking the PANK enzyme function by a competitive inhibitor of Vit B5 (HoPan)
also results in decreased levels of CoA and a reduced life span of the treated mice, although
neurodegeneration was not reported [4]. These combined findings clearly implicate the role
of impaired de novo CoA biosynthesis in life span determination and neurodegeneration.
Our study also demonstrated that dPANK mutants have severe mitochondrial defects
(Chapter 3). Contrary to human and mice, Drosophila has only one PANK gene (dPANK).
However, this dPANK/fbl gene has five splice isoforms and interestingly one of them
(dPANK-E) is predicted to be targeted to mitochondria [5]. Remarkably, only mitochondrial targeted dPANK-E is the most potent isoform in rescuing the phenotype of dPANK/fbl
mutants [5]. This finding indirectly indicates that mitochondrial defects might be the major
contributors to the PKAN-like characteristics in Drosophila. hPANK2 and hPPAT-DPCK
are the enzymes that catalyze the first and last step of CoA biosynthesis respectively and
both of these enzymes are mitochondrial localized [1, 6, 7]. Recently, hPANK2 is shown
to be a sensor of palmitoylcarnitine and thereby proposed to regulate the mitochondrial
de novo CoA biosynthesis. Similar to mutations in dPANK/fbl, it is possible that defects in
hPANK2 also lead to severe mitochondrial perturbations. This is consistent with the observation in mice that chemical inhibition of PANK by HoPan lead to a decrease in the hepatic
CoA pool and severe mitochondrial pathology (swollen mitochondria [4]. Mitochondrial
defects are shown to affect tissues with a high energy demand like the brain [8-10] and this
might explain why a defect in PANK2 results in a neurodegeneration of specific areas of
the brain. There are several patients with clinical symptoms of PKAN (idiopathic PKAN)
that do not carry mutations in PANK2 gene. This implies that there are more causative
genes (yet to be investigated) and hPPAT-DPCK might be one of them. Although, a group
of 72 NBIA patients was screened for gene mutations in other enzymes of CoA biosynthesis
however, none of the genes coding for the other CoA enzymes were affected [11]. This
finding however, does not exclude the possibility that in the future hPPAT-DPCK mutations
might be identified in these idiopathic NBIA patients. It is also possible that mutations in
hPPAT-DPCK are embryonic lethal and thus can never be identified.
In summary, impaired function of the PANK enzyme either due to mutations in the
PANK gene (Chapter 2 and 3.) or due to chemical inhibition of PANK [4] lead to a decrease
in de novo CoA biosynthesis. Furthermore, impairment of de novo CoA biosynthesis results
in PKAN like characteristics in Drosophila (this thesis).
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Pantethine restores CoA levels and rescues Drosophila dPANK/fbl mutants
Pantethine can rescue CoA deficiency and thereby rescues the PKAN-like characteristics in
Drosophila (Chapter 3). Although the finding that pantethine can be a converted into CoA
is not novel [12-14], our finding that pantethine can be physiologically converted into CoA
in the absence of PANK is quiet remarkable (Chapter 3). This finding elucidates a novel
pathway of pantethine conversion from pantethine to CoA independent from pantothenate kinase. This is very relevant for PKAN patients, who suffer from impaired function of
PANK2.
Pantethine is known since 1950s as a naturally occurring compound that constitutes part
of the CoA molecule [13]. It was initially identified as L. bulgaricus growth factor (LBF)
[15, 16] and later biochemically shown to be a substrate for de novo CoA biosynthesis ([13]
and figure 1).

Figure 1: Figure adapted from J Bacteriology 1951 March; 61(3): 283–291.
One of the first few reports in which Pantethine was shown to be converted into pantetheine (monomeric form
of pantethine). Later, Pantetheine was suggested to be converted into either CoA by the intestinal enzymes or
Pantothenic acid by the liver enzymes.

In a biochemical conversion of pantethine into CoA, pantetheine must be phosphorylated
into 4’-phosphopantetheine that is then suggested to be converted into CoA by the action
of PPAT-DPCK [17, 18]. Using a crude cellular extract for an enzyme study, it was shown
that a fraction from this crude mix has a potency to phosphorylate pantothenic acid and
pantethine [19-21]. This enzyme fraction was termed as pantothenate kinase and since
then it was assumed that pantothenate kinase is also the kinase, which phosphorylate
pantetheine. Recently in a biochemical assay, pantetheine was shown to be readily phosphorylated by PANK3 [22]. Therefore, it might be possible that the earlier suggestions of
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conversion of pantethine to 4’-phosphopantetheine by PANK is physiologically feasible.
Although, presence of another kinase was never excluded that has a potency to phosphorylate pantetheine (a so called potential pantetheine kinase). In our experiments, pantethine
can also be converted into CoA however in absence, or at least in the presence of severely
reduced levels of PANK. Our findings are in contrast to the earlier assumption that PANK
is the only kinase capable of phosphorylating pantetheine and hints towards the presence of
another potential, yet unidentified, pantetheine kinase.
Pantethine

disulphide of pantetheine

Vitamin B5
Pantothenic acid

PANK
4’- phosphopantothenic acid

PPCS
4’- phosphoN-pantothenoylcysteine

PPCDC
4’- phosphopantetheine

PPAT
dephosphocoenzyme A

DPCK

Coenzyme A

Pantetheine
Kinase X

Figure 2: Possible pathways for de novo CoenzymeA
biosynthesis.
In canonical de novo CoA biosynthesis pathway, vitamin B5
(pantothenic acid) is converted into CoA by the consecutive
action of five enzymes: PANK, PPCS, PPCDC, PPAT and
DPCK. Pantethine may be converted to pantetheine; pantetheine may be phosphorylated by a yet-unknown pantetheine
kinase, other than pantothenate kinase (indicated by kinase
X) Phosphorylated pantetheine (4'-phosphopantetheine)
may enter the canonical de novo CoA biosynthesis pathway
downstream of PPCDC and upstream of PPAT.

Based on the results of Chapter 3 and the above we hypothesize that at least in Drosophila
there might be a so far unknown kinase which can catalyze the conversion of pantethine
into 4’-phosphopantetheine (Figure 2, kinase X). Identification of such a kinase is of prime
importance because it strengthens the presence of a novel pathway of pantethine conversion into CoA and it is of direct relevance to design strategies to treat PKAN.
We show that pantethine is a promising compound and can ameliorate the PKAN–
like-characteristics in Drosophila. As a step further, studies must be undertaken to test its
efficacy in mammalian models and then finally in PKAN patients. Pantethine is not a FDA
approved drug and therefore it needs extensive further pharmacological tests. In our experiments, we have shown that pantethine at a high dose can be toxic (Chapter 3) and thus,
toxicological studies for pantethine must be performed. We tested various doses in mice
(Chapter 4) and demonstrated that around 4000 mg/body wt/day is well tolerated by mice
and this study may serve as a base for future testing the potential of pantethine in mice.
Pantethine has already been used in several human clinical trials as a drug for dyslipidaemia
and patients can tolerate a dose of pantethine up to 15 mg/body wt/day. These observations
surely suggest that testing pantethine in PKAN patients is possible within the near future.
Because PKAN is a brain disease, it is highly relevant to investigate whether pantethine is
able to cross the blood brain barrier (BBB). In a study aiming at treating cerebral malaria,
thiol-pantethine appeared to be effective, suggesting that pantethine might cross the blood
brain barrier (BBB) [23]. However, thorough investigations regarding pantethine’s potency
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to cross the BBB must be performed. In summary, pantethine may serve as a starting point
to develop a possible treatment for PKAN however, there are still several key issues to be
resolved.

Moonlighting role of PANK
Pantethine rescues CoA levels in the Drosophila model for PKAN (Chapter 3). Interestingly,
restoration of CoA rescues all the neurodegeneration-associated phenotypes however, the
male and female fertility (Chapter 5) were not rescued (unpublished observations). There
can be several explanations for these observations. It is likely that pantethine, when supplemented through the food, is unable to reach the reproductive organs. Therefore, pantethine
is unable to restore the local CoA deficits in the reproductory organs and fertility defects in
male and females cannot be rescued. It is also possible that CoA levels needs to be tightly
regulated in the reproductive organs and rescue by pantethine does not result in exact restoration of the endogenous intracellular levels of CoA. Intriguingly, another reason could
be that dPANK/fbl might have an additional function apart from being a CoA biosynthesis
enzyme. Recently, several proteins, including some metabolic enzymes, were reported to
have more than one function in various cellular processes [24]. Such proteins are referred
to as moonlight proteins and comprise an interesting subset of multifunctional proteins, in
which two unrelated functions (moonlighting functions) are found in a single polypeptide
chain [25]. It is an intriguing hypothesis that dPANK/fbl may be a moonlight protein that
possesses an additional novel function apart from being a metabolic enzyme. In support
of this hypothesis, in a yeast-two-hybrid experimental setup, dPANK/fbl was shown to
physically interact with Twinstar (Tsr) [26]. Tsr is a human cofilin-like actin depolymerizing factor involved in the physiological turnover of actin and thereby influencing actin
dynamics [27]. The physiological protein-protein interaction between dPANK/fbl and Tsr
needs to be confirmed with additional essays and its biological relevance needs to be investigated as well. However, in case an interaction between dPANK/fbl and Tsr does exist,
this points further to dPANK/fbl as a moonlighting protein. It is possible that in dPANK/
fbl mutants, the interaction between dPANK/fbl and Tsr is disturbed and this explains the
actin polymerization defects that we have reported in the dPANK/fbl mutants (Chapter
5). This is further supported by the fact that the actin defects in dPANK/fbl are not quite
similar as the actin defects observed in the other CoA mutants and by the observation that
pantethine treatment does not rescue the male and female fertility. Although, it will be a
key experiment to measure CoA levels in the mutant testis and oocytes of the pantethinetreated mutants. This interesting hypothesis can be further investigated by determining
the tsr-dPANK/fbl interaction sites, mutating these sites and thereby block their interaction and studying the induced phenotype. Further insight regarding possible moonlighting
functions of dPANK might be obtained from a micro array study in which the transcriptome was compared between the following conditions. 1) Control Schneider S2 cells ; 2)
Control Schneider S2 cells treated with pantethine; 3) dPANK/fbl depleted Schneider S2
cells; 4) dPANK/fbl depleted Schneider S2 cells treated with pantethine (Siudeja & Seinen
123

6

CHAPTER 6

et. al manuscript in prep.). This analysis provides a unique opportunity to identify genes
that do respond to the absence of dPANK/fbl protein in the background of normal CoA
levels (compare 1 and 4). In other words, this analysis might unravel potential moonlight
function of dPANK/fbl.
Interestingly, genetic mapping of the PANK2 mutations in PKAN patients revealed
that many (approximately 30%) disease-associated mutations in PANK2 do not affect the
mitochondrial localization of PANK2 or the activity or stability of PANK2 [28, 29]. This
finding indicates the existence of a non-enzymatic function of PANK2. Alterations of this
non-enzymatic function thereby can contribute to the pathogenesis of PKAN. Now with
a Drosophila model for PKAN, we can address questions such as whether dPANK has a
moonlighting function and whether disruption of this function can contribute to PKAN
pathogenesis.

Concluding remarks and perspectives
Although patients suffering from a PKAN-like syndrome were already described in 1922,
research in PKAN received momentum only in this decade after the discovery of the
causative gene, PANK2 [30]. PKAN research resulted in establishment of different models
such as cell models, various mouse models and a Drosophila model [5, 31, 32]. These models
are essential to understand the complex pathogenesis of PKAN and shed novel light on the
cellular function of PANK protein and the consequences when it is impaired [2, 3, 5, 31-33].
Moreover, these models can also be used to screen for novel compounds, which might
alleviate symptoms caused by the loss of PANK. Studies in mice and Drosophila suggest
that a major part of the PKAN pathogenesis is due to reduced levels of CoA. Pantethine is a
potential compound, which can rescue CoA levels and alleviates most of the disease related
symptoms in the Drosophila model. Future studies must be directed towards investigating
the potential of pantethine to treat PKAN. Identification of the so far elusive pantetheine
kinase (Kinase X, Figure 2) that can generate 4’phosphopantetheine from pantetheine will
further enhance our understanding regarding the non-canonical de novo CoA biosynthesis
route. This might also be useful in designing more effective/potential treatment strategies
regarding the usage of pantethine in PKAN treatment. Our study also surmises a possible
moonlight function of PANK, which might unravel a completely new function of PANK
and its role in PKAN pathogenesis.
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P

antothenate Kinase-geAssocieerde Neurodegeneratie (PKAN) is een neurodegeneratieve ziekte die gekarakteriseerd wordt door ijzerstapeling in de hersenen, ongecontroleerde bewegingen, spierzwakte of dystonia, afbraak van de retina, slik problemen
en gedrags problemen. Bij patienten die aan de meest ernstige vorm van PKAN lijden,
beginnen de symptomen al op vroege leeftijd (voor het tiende levens jaar). De symtomen
hebben een progressief verloop en de patienten sterven vaak op jonge leeftijd. Er zijn ook
patienten met een mildere vorm en bij hen treden de symptomen vaak later op en het
progressive verloop van de ziekte is dan ook langzamer. Er is helaas nog geen enkele behandeling voor deze pijnlijke en fatale ziekte. Het enige wat mogelijk is, is het gedeeltelijk
verminderen van slechts enkele symptomen van PKAN.
In 2001 is het gen ontdekt dat ge-associeerd is met PKAN en er werd gevonden dat
PKAN patienten mutaties dragen in een gen dat codeert voor het enzyme: “pantothenate
kinase 2”. Dit enzyme is nodig voor de aanmaak van Coenzyme A, een metabole cofactor die
essentieel is voor veel stofwisselings processen in cellen van alle levende wezens op aarde.
Voorbeelden van deze processen zijn: energie aanmaak, vetzuur verbranding, aanmaak van
vetzuren en de aanmaak van eiwiten. Met deze ontdekking was het nu weliswaar duidelijk
welk gen defect de ziekte PKAN veroorzaakt, maar waarom juist dit gen defect de ziekte
PKAN veroorzaakt en hoe de ziekte PKAN behandeld zou kunnen worden, dat was nog
totaal niet duidelijk.
Om deze vragen op te kunnen lossen is een diermodel voor deze ziekte essentieel. Andere
onderzoekers hadden al geprobeerd een PKAN muizen model te maken, maar als het gen
dat codeert voor pantothenate kinase 2 in muizen is uitgeschakeld, dan laten deze muizen
geen neurodegeneratie of andere relevante symptomen van PKAN zien. Waarom dit is, is
niet duidelijk. Het muizenmodel is daarom niet geschikt om vragen omtrend PKAN op te
lossen. Het doel van dit proefschrift was om een goed Drosophila (=fruitvlieg) model te
maken voor PKAN en met dit model te onderzoeken waarom het enzyme pantothenate
kinase zo belangrijk is en om te onderzoeken of er een mogelijke therapie ontwikkeld kan
worden voor PKAN. Er bestaan ook al fruitvlieg modellen voor andere neurodegeneratieve ziekten zoals Parkinson en de ziekte van Huntington en deze diermodellen zijn zeer
geschikt om fundamenteel inzicht te krijgen in ziekteprocessen. Het ontwikkelen van een
vliegen model voor PKAN is dan ook een goede strategie.
In hoofdstuk 2, hebben we de hele Coenzyme A synthese pathway in de fruitvlieg geanalyseerd en we hebben gevonden dat deze sterk lijkt op de Coenzyme A synthese route in
zoogdieren, inclusief de mens. We lieten vervolgens zien dat als in fruitvliegen het zelfde
gen is uitgeschakeld als in PKAN patienten, namelijk het pantothenate kinase, dat dan de
fruitvliegen neurodegeneratie vertonen, ze klimmen en vliegen minder goed en ze gaan
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dood op zeer jonge leeftijd. Dit onderzoek toont aan dat het fruitvliegen model een bona
fide model is om fundamentele vragen over PKAN te beantwoorden.
In hoofdstuk 3, gebruiken we het Drosophila PKAN model om meer fundamenteel
inzicht te krijgen in de ziekte PKAN en om te onderzoeken of we een stof kunnen vinden
die de neurodegeneratieve symptomen van het fruitvlieg model verbeteren. Als eerste
bevinding tonen we aan dat het Coenzyme A daadwerkelijk verlaagd is in PKAN fruitvliegen. Dit was in de lijn van onze verwachting, want in PKAN vliegen is (net als in PKAN
patienten) het enzyme pantothenate kinase defect dat nodig is om Coenzyme A te maken.
We laten verder zien dat er verhoogde oxidatieve stress is in Drosophila PKAN vliegen,
de funktie van mitochondrieen (cel organellen betrokken bij de energie huishouding) is
verstoord en er is verlies van weefsel in de hersenen van de vliegen. Na het testen van verschillende stoffen hebben we gevonden dat de stof pantethine beschermend werkt tegen alle
symptomen. Na het geven van pantethine, wordt de hoeveelheid Coenzyme A weer vergelijkbaar met de hoeveelheid Coenzyme A in gewone vliegen. Bovendien leven de Drosophila
PKAN vliegen langer, ze klimmen en vliegen beter, de funktie van de mitochondrieen is
hersteld, de oxidatieve stress is verminderd en het weefsel velies in de hersenen is minder.
Het pantethine werkt ook beschermend in een model van humane cellen waarin we het
pantothenate kinase 2 hebben uitgeschakeld. Deze resultaten laten zien dat de stof pantethine een geschikte basis is om een therapie te kunnen ontwikkelen voor PKAN.
In hoofdstuk 4 hebben we uitgezocht of gezonde muizen bepaalde doses van pantethine
kunnen verdragen. Dit is belangrijk om een begin te maken met het uitzoeken of pantethine
bijwerkingen heeft. Onze resultaten laten zien dat relatieve hoge concentraties van pantethine (gedurende 3 weken) getolereerd wordt door de muizen als het gegeven wordt via het
drinkwater. Dit was een kleinschalige studie en zal herhaald moeten worden met meer
dieren en voor een langere tijd. Ook moet er nog goed onderzocht worden wat de kinetiek
is van pantethine in het lichaam van zoogdieren. Desalnietemin laten deze eerste resultaten
zien dat pantethine niet onmiddelijk een toxich effect geeft in de muizen.
In hoofdstuk 5 bestuderen we een heel ander aspect van de Coenzyme A biosynthese
route. We bestuderen verschillende kenmerken van het PKAN fruitvliegen model maar ook
van fruitvliegen die defecten hebben in andere enzymen van de Coenzyme A biosynthese
route. We bestuderen hier niet de neurodegeneratie maar de vruchtbaarheid. Dit omdat de
verschillende fruitvliegen met defecten in Coenzyme A synthese allemaal (de mannetjes en
de vrouwtjes) onvruchtbaar zijn. Dit ondrzoek laat zien dat Coenzyme A ook belangrijk
is voor de voortplanting. We laten zien dat de voortplantingsorganen niet goed gevormd
worden. Hoofdstuk 5 geeft een analyse van de subcellulaire structuren die abnormaal zijn
vergeleken met gezonde vliegen. De overeenkomsten en de verschillen tussen de verschillende stammen worden in detail en met verschillende technieken onderzocht.
In hoofdstuk 6 geven we een korte samenvatting van de hele studie en geven een
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algemene analyse van de resultaten. Ook gaan we in op de mogelijkheid dat enzymen van
de Coenzyme A biosynthese route misschien nog totaal andere funkties hebben dan alleen
het synthetiseren van Coenzyme A. Dit baseren we op onze bevindingen die aantonen dat
als we de niveaus van Coenzyme A herstellen in vliegen waarin het pantothenate kinase
niet werkt (hoofdstuk 3), dat dan niet alle karakteristieken van de PKAN fruitvlieg gered
worden (onze ongepubliceerde data). Dit suggereert dat PKAN vliegen nog andere defekten
vertonen die niets te maken hebben met de anmaak van Coenzyme A. Deze onverwachte
bevinding wordt toegelicht in dit hoofdstuk.
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