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ABSTRACT

Coenzyme A (CoA) is an essential cofactor required for cellular metabolism. CoA is synthe-
sized de novo from pantothenate (vitamin B5) by the action of five enzymes; pantothenate 
kinase (PANK), 4’-phosphopantothenoylcysteine synthetase (PPCS), (R)-4’-phospho-N-
pantothenoylcysteine 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 biosyn-
thesis 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 bio-
synthesis, 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 un-
derstand 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

In 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 dis-
tribution of CoA; the various mechanisms to maintain the dynamic levels of CoA intracel-
lularly 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.

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), long-
chain (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 

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.
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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 lipo-
genesis [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-trans-
ferases 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 hy-
pothesis 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 ortholo-
gous 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 characteriza-
tion 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+-de-
pendent multivitamin transporter-SMVT) [33]. Once pantothenate reaches the cytoplasm, 
it is step wise converted into CoA by the subsequent action of five enzymes. The biosyn-
thetic conversion pathway of pantothenate into CoA is discussed below. 

Enzymes involved in de novo CoA biosynthesis: Intracellularly, pantothenic acid is en-
zymatically converted into CoA by the subsequent action of five enzymes: pantothenate 
kinase (PANK), 4’-phosphopantothenoylcysteine synthetase (PPCS), (R)-4’-phospho-N-
pantothenoylcysteine decarboxylase (PPCDC), 4’-phosphopantetheine adenylyltransferase 
(PPAT) and dephospho-CoA kinase (DPCK) (Figure 2B). In the past decade, by compara-
tive 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-pan-
tothenoylcysteine 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 
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mice and their different cellular localizations clearly suggests a complexity associated with 
differential regulation of expression and differential activities of the PANK isoforms. Struc-
turally, all 4 mammalian PANK isoforms have a common catalytic core with different ami-
no-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 Dro-
sophila 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. 

 

In bacteria, the second and third enzyme, PPCS and PPCDC, exists as single bifunc-
tional 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 

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 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.
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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 inhib-
itors 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 cy-
toplasmic [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 cyto-
plasmic 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 pan-
tothenate 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. Hy-
pomorphic 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 
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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 inter-
esting 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 Pantoth-
enate-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 neurodegen-
erative 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 character-
ized 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].

  

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.

Disease with known
gene mutations 
 

Idiopathic origin   Causative reason unknown

NBIA PKAN (PANK2 mutation)
INAD (PLA2G6 mutation)
Atypical NAD (PLA2G6 mutation)
Neuroferritinopathy (FTL mutation)
Aceruloplasminaemia (CP mutation)
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Clinically, PKAN is characterized by progressive dystonia (repetitive uncontrolla-
ble 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 ex-
perience 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 regula-
tory 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 hy-
pothesis 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.

 

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 

Figure 5. Major hypotheses of PKAN pathogenesis.
A) There are two main hypotheses which might be inter-
related at the level of mitochondrial hypofunction. There 
can be high ROS generation due to cysteine or iron ac-
cumulation 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. 
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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 accumula-
tion. 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 mi-
tochondrial 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  pantothen-
ate 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 continu-
ally 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 (hypopre-
betalipoproteinemia), 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 azoosper-
mia 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 incon-
clusive 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 inves-
tigations. 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 biosyn-
thesis: Drosophila melanogaster (fruit fly) is one of the most studied organisms in biologi-
cal research, particularly in genetics and developmental biology. Moreover, recently Dro-
sophila 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 
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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 es-
tablished 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 main-
taining DNA, cellular and neuronal integrity. Moreover, it was established that Drosophila 
PANK/fbl mutants can be used as a model for pantothenate kinase-associated neurodegen-
eration (PKAN). 

Chapter 3: Pantethine rescues a Drosophila model for pantothenate kinase-asso-
ciated neurodegeneration
In this chapter dPANK/fbl mutants were used to demonstrate that impaired function of pan-
tothenate 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 Drosophi-
la 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 in-
dependent 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. Panteth-
ine 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 concen-
trations 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 investi-
gated 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. Interest-
ingly, 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 pro-
tective 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 con-
cerning pantethine (in mice and humans) as a potential treatment for PKAN. Interestingly, 
with pantethine, CoA levels were restored; we could rescue all the neurodegeneration-asso-
ciated 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.

REFERENCES

1. Kresge, N., R.D. Simoni, and R.L. Hill, JBC 
centennial 1905-2005 - 100 years of biochemistry 
and molecular biology - Fritz Lipmann and the 
discovery of coenzyme A - Acetylation of sulfanila-
mide by liver homogenates and extracts (Lipmann, 
F. (1945) JBC160, 173-190). JBC, 2005. 280(21).

2. Shampo, M.A. and R.A. Kyle, Fritz Lipmann - 
Nobel prize in discovery of coenzyme A. Mayo 
Clinic Proceedings, 2000. 75(1): p. 30-30.

3. Sulek, K., [Nobel prize to Hans Adolf Krebs for 
discovery of the citric acid cycle and to Fritz Albert 
Lipmann in 1953 for discovery of coenzyme A and 
its importance in intermediary metabolism]. Wiad 

Lek, 1968. 21(23): p. 2187-9.

4. Leonardi, R., et al., Coenzyme A: Back in action. 
Progress in Lipid Research, 2005. 44(2-3): p. 
125-153.

5. Brass, E.P., Overview of coenzyme-a metabolism 
and its role in cellular toxicity.Chemico-Biological 
Interactions, 1994. 90(3): p. 203-214.

6. Skonberg, C., et al., Metabolic activation of car-
boxylic acids. Expert Opinion on Drug Metabolism 
& Toxicology, 2008. 4(4): p. 425-438.

7. Deutsch, J., S.I. Rapoport, and T.A. Rosenberger, 



26

CHAPTER 1

Coenzyme A and short-chain acyl-CoA species 
in control and ischemic rat brain. Neurochemical 
Research, 2002. 27(12): p. 1577-1582.

8. Gregersen, N., et al., Mitochondrial fatty acid 
oxidation defects-remaining challenges. Journal of 
Inherited Met. Disease, 2008. 31(5): p. 643-657.
9. Eaton, S., K. Bartlett, and M. Pourfarzam, 
Mammalian mitochondrial beta-oxidation. Bio-
chemical Journal, 1996. 320: p. 345-357.

10. Black, P.N., N.J. Faergeman, and C.C. DiRusso, 
Long-chain acyl-CoA-dependent regulation of 
gene expression in bacteria, yeast and mammals. 
Journal of Nutrition, 2000. 130(2): p. 305S-309S.

11. Small, G.M., K. Burdett, and M.J. Connock, Lo-
calization of carnitine acyltransferases and acyl-coa 
beta-oxidation enzymes in small intestinal micro-
peroxisomes (peroxisomes) of normal and clofi-
brate treated mice.  Biochemistry International, 
1983. 7(2): p. 263-272.

12. Hallows, W.C., S. Lee, and J.M. Denu, Sirtuins 
deacetylate and activate mammalian acetyl-CoA 
synthetases. Proceedings of the National Academy 
of Sciences of the United States of America, 2006. 
103(27): p. 10230-10235.

13. Brownsey, R.W., et al., Regulation of acetyl-CoA 
carboxylase. Biochemical Society Transactions, 
2006. 34: p. 223-227.

14. Yamashita, A., T. Sugiura, and K. Waku, Acyl-
transferases and transacylases involved in fatty 
acid remodeling of phospholipids and metabolism 
of bioactive lipids in mammalian cells. Journal of 
Biochemistry, 1997. 122(1): p. 1-16.

15. Zhang, Y.M. and C.O. Rock, Thematic review 
series: Glycerolipids - Acyltransferases in bacterial 
glycerophospholipid synthesis. Journal of Lipid 
Research, 2008. 49(9): p. 1867-1874.

16. Merino, D.M., D.W.L. Ma, and D.M. Mutch, 
Genetic variation in lipid desaturases and its 
impact on the development of human disease. 
Lipids Health Dis. 9: p. 63.

17. Shindou, H., et al., Recent progress on acyl CoA: 
lysophospholipid acyltransferase research. Journal 
of Lipid Research, 2009. 50(Suppl. S): p. S46-S51.

18. Owen, O.E., S.C. Kalhan, and R.W. Hanson, The 
key role of anaplerosis and cataplerosis for citric 
acid cycle function. JBC, 2002. 277(34): p. 30409-
30412.

19. Verdone, L., M. Caserta, and E. Di Mauro, Role 
of histone acetylation in the control of gene expres-
sion. Biochemistry and Cell Biology-Biochimie Et 
Biologie Cellulaire, 2005. 83(3): p. 344-353.

20. Vanbroekhoven, A., et al., Subcellular-distri-
bution of coenzyme-A - evidence for a separate 
coenzyme-a pool in peroxisomes.  Biochemical 
and Biophysical Research Communications, 1981. 
100(1): p. 305-312.

21. Horie, S., M. Isobe, and T. Suga, Changes in 
CoA pools in hepatic peroxisomes of the rat under 
various conditions.  Journal of Biochemistry, 1986. 
99(5): p. 1345-1352.

22. Smith, C.M., M.L. Cano, and J. Potyraj, Rela-
tionship between metabolic state and total coa 
content of rat-liver and heart. Journal of Nutrition, 
1978. 108(5): p. 854-862.

23. Tahiliani, A.G. and C.J. Beinlich, Pantothenic 
acid in health and disease. Vitamins and Hor-
mones-Advances in Research and Applications, 
1991. 46: p. 165-228.

24. Tubbs, P.K. and P.B. Garland, Variations in 
tissue contents of Coenzyme A thioesters + possible 
metabolic implications.  Biochemical Journal, 1964. 
93(3): p. 550

25. Mitchell, G.A., et al., Hereditary and acquired 
diseases of acyl-coenzyme A metabolism. 
Molecular Genetics and Metabolism, 2008. 94(1): 
p. 4-15.

26. Reilly, S.J., et al., The Nudix Hydrolase 7 is an 
Acyl-CoA Diphosphatase Involved in Regulating 
Peroxisomal Coenzyme A Homeostasis. Journal of 
Biochemistry, 2008. 144(5): p. 655-663.

27. Kraszewska, E., The plant Nudix hydrolase 
family. Acta Biochimica Polonica, 2008. 55(4): p. 
663-671.

28. Ogawa, T., et al., Comprehensive analysis of 
cytosolic nudix hydrolases in Arabidopsis thaliana. 
JBC, 2005. 280(26): p. 25277-25283.

29. Gasmi, L. and A.G. McLennan, The mouse 
Nudt7 gene encodes a peroxisomal nudix hydrolase 
specific for coenzyme A and its derivatives. Bio-
chemical Journal, 2001. 357: p. 33-38.

30. Das, D.N., F.W. Feng, and G. Toennies, CoA 
andpantothenate metabolism in bacterial growth. 
Federation Proceedings, 1966. 25(2P1): p. 217-&.



27

Introduction  and  aim of the thesis 

1

31. Toennies, G., D.N. Das, and F. Feng, Pantothen-
ate and Conenzyme A in bacterial growth. Journal 
of Bacteriology, 1966. 92(3): p. 707.

32. Afshar, K., et al., fumble encodes a pantothen-
ate kinase homolog required for proper mitosis 
and meiosis in Drosophila melanogaster. Genetics, 
2001. 157(3): p. 1267-1276.

33. Prasad, P.D., et al., Cloning and functional 
expression of a cDNA encoding a mammalian 
sodium-dependent vitamin transporter mediating 
the uptake of pantothenate, biotin, and lipoate. 
Journal of Biological Chemistry, 1998. 273(13): p. 
7501-7506.

34. Song, W.J. and S. Jackowski, Cloning, sequenc-
ing and expression of the pantothenate kinase 
(CoaA) gene of E.coli (Vol 174, PG 6411, 1991). 
Journal of Bacteriology, 1993. 175(9): p. 2792-2792.

35. Daugherty, M., et al., Complete reconstitution 
of the human coenzyme A biosynthetic pathway 
via comparative genomics. Journal of Biological 
Chemistry, 2002. 277(24): p. 21431-21439.

36. Rock, C.O., et al., Pantothenate kinase regula-
tion of the intracellular concentration of coenzyme 
A. Journal of Biological Chemistry, 2000. 275(2): p. 
1377-1383.

37. Zhou, B., et al., A novel pantothenate kinase 
gene (PANK2) is defective in Hallervorden-Spatz 
syndrome. Nature Genetics, 2001. 28(4): p. 345-349.

38. Rock, C.O., et al., The murine pantothenate 
kinase (Pank1) gene encodes two differentially 
regulated pantothenate kinase isozymes. Gene, 
2002. 291(1-2): p. 35-43.

39. Zhang, Y.M., C.O. Rock, and S. Jackowski, 
Feedback regulation of murine pantothenate kinase 
3 by coenzyme A and coenzyme A thioesters. 
Journal of Biological Chemistry, 2005. 280(38): p. 
32594-32601.

40. Li, Y., et al., Pank4, a novel pantothenate 
kinase gene is a candidate gene for type II diabetes 
mellitus. American Journal of Human Genetics, 
2003. 73(5): p. 2041.

41. Li, Y.F., et al., High glucose upregulates pantoth-
enate kinase 4 (PanK4) and thus affects M2-type 
pyruvate kinase (Pkm2). Molecular and Cellular 
Biochemistry, 2005. 277(1-2): p. 117-125.

42. Xiang, R.L., et al., PanK4 inhibits pancreatic 

beta-cell apoptosis by decreasing the transcrip-
tional level of pro-caspase-9. Cell Research, 2007. 
17(11): p. 966-968.

43. Ramaswamy, G., et al., PPAR alpha controls the 
intracellular coenzyme A concentration via regula-
tion of PANK1 alpha gene expression. Journal of 
Lipid Research, 2004. 45(1): p. 17-31.

44. Leonardi, R., et al., Pantothenate Kinase 1 Is 
Required to Support the Metabolic Transition from 
the Fed to the Fasted State. Plos One, 2010. 5(6).

45. Fukao, T., G.D. Lopaschuk, and G.A. Mitchell, 
Pathways and control of ketone body metabolism: 
on the fringe of lipid biochemistry. Prostaglandins 
Leukot Essent Fatty Acids, 2004. 70(3): p. 243-51.

46. McGarry, J.D. and D.W. Foster, Regulation of 
hepatic fatty acid oxidation and ketone body pro-
duction. Annu Rev Biochem, 1980. 49: p. 395-420.

47. Kuo, Y.M., et al., Deficiency of pantothenate 
kinase 2 (Pank2) in mice leads to retinal degenera-
tion and azoospermia. Human Molecular Genetics, 
2005. 14(1): p. 49-57.

48. Zhyvoloup, A., et al., Molecular cloning of CoA 
synthase - The missing link in CoA biosynthesis. 
Journal of Biological Chemistry, 2002. 277(25): p. 
22107-22110.

49. Choudhry, A.E., et al., Inhibitors of pantothen-
ate kinase: Novel antibiotics for staphylococcal in-
fections. Antimicrobial Agents and Chemotherapy, 
2003. 47(6): p. 2051-2055.

50. Hong, B.S., et al., Crystal structures of human 
pantothenate kinases - Insights into allosteric regu-
lation and mutations linked to a neurodegeneration 
disordew. JBC, 2007. 282: p. 27984-27993.

51. Hong, B.S., et al., Prokaryotic type II and type 
III pantothenate kinases: The same monomer fold 
creates dimers with distinct catalytic properties. 
Structure, 2006. 14(8): p. 1251-1261.

52. Yang, K., et al., Crystal structure of a type III 
pantothenate kinase: Insight into the mechanism 
of an essential coenzyme A biosynthetic enzyme 
universally distributed in bacteria. Journal of Bac-
teriology, 2006. 188(15): p. 5532-5540.

53. Virga, K.G., et al., Structure-activity relation-
ships and enzyme inhibition of pantothenamide-
type pantothenate kinase inhibitors. Bioorganic & 
Medicinal Chemistry, 2006. 14(4): p. 1007-1020.



28

CHAPTER 1

54. Leonardi, R., et al., A pantothenate kinase 
from Staphylococcus aureus refractory to feedback 
regulation by coenzyme A. Journal of Biological 
Chemistry, 2005. 280(5): p. 3314-3322.
55. Spry, C., K. Kirk, and K.J. Saliba, Coenzyme A 
biosynthesis: an antimicrobial drug target. Fems 
Microbiology Reviews, 2008. 32(1): p. 56-106.

56. Wu, Z.H., et al., Pantothenate kinase-associated 
neurodegeneration: insights from a Drosophila 
model. Human Molecular Genetics, 2009. 18(19): 
p. 3659-3672.

57. Nemazanyy, I., et al., Identification of a novel 
CoA synthase isoform, which is primarily expressed 
in the brain. Biochemical and Biophysical Research 
Communications, 2006. 341(4): p. 995-1000.

58. Zhyvoloup, A., et al., Subcellular localization 
and regulation of coenzyme a synthase. JBC, 2003. 
278(50): p. 50316-50321.

59. Manoj, N. and S.E. Ealick, Unusual space-group 
pseudosymmetry in crystals of human phospho-
pantothenoylcysteine decarboxylase. Acta Crystal-
lographica Section D-Biological Crystallography, 
2003. 59: p. 1762-1766.

60. Manoj, N., et al., Structure of human phospho-
pantothenoylcysteine synthetase at 2.3 angstrom 
resolution. Structure, 2003. 11(8): p. 927-936.

61. Leonardi, R., et al., Activation of human mi-
tochondrial pantothenate kinase 2 by palmitoyl-
carnitine. Proceedings of the National Academy 
of Sciences of the United States of America, 2007. 
104(5): p. 1494-1499.

62. Geerlof, A., A. Lewendon, and W.V. Shaw, Pu-
rification and characterization of phosphopanteth-
eine adenylyltransferase from Escherichia coli. 
Journal of Biological Chemistry, 1999. 274(38): p. 
27105-27111.

63. Miller, J.R., et al., Phosphopantetheine adeny-
lyltransferase from Escherichia coli: Investigation 
of the kinetic mechanism and role in regulation of 
coenzyme a biosynthesis. Journal of Bacteriology, 
2007. 189: p. 8196-8205.

64. Leonardi, R., et al., Localization and regulation 
of mouse pantothenate kinase 2. Febs Letters, 2007. 
581: p. 4639-4644.

65. Jackowski, S. and C.O. Rock, Metabolism 
of 4'-phosphopantetheine in Escherichia coli. J 
Bacteriol, 1984. 158(1): p. 115-20.

66. Rock, C.O., H.W. Park, and S. Jackowski, Role of 
feedback regulation of pantothenate kinase (CoaA) 
in control of coenzyme A levels in Escherichia coli. 
J Bacteriol, 2003. 185(11): p. 3410-5.

67. Chen, X.N., D. Shen, and B. Zhou, Analysis of 
the temperature-sensitive mutation of Escherichia 
coli pantothenate kinase reveals YbjN as a possible 
protein stabilizer. Biochemical and Biophysi-
cal Research Communications, 2006. 345(2): p. 
834-842.

68. Tilton, G.B., et al., Plant coenzyme A biosyn-
thesis: characterization of two pantothenate kinases 
from Arabidopsis. Plant Molecular Biology, 2006. 
61(4-5): p. 629-642.

69. Rubio, S., et al., An Arabidopsis mutant impaired 
in coenzyme a biosynthesis is sugar dependent for 
seedling establishment. Plant Physiology, 2006. 
140(3): p. 830-843.

70. Rubio, S., et al., The coenzyme A biosynthetic 
enzyme phosphopantetheine adenylyltransferase 
plays a crucial role in plant growth, salt/osmotic 
stress resistance, and seed lipid storage. Plant Phys-
iology, 2008. 148(1): p. 546-556.

71. Gregory, A. and S.J. Hayflick, Neurodegen-
eration with brain iron accumulation. Folia Neu-
ropathologica, 2005. 43(4): p. 286-296.

72. Curtis, A.R.J., et al., Mutation in the gene 
encoding ferritin light polypeptide causes dominant 
adult-onset basal ganglia disease. Nature Genetics, 
2001. 28(4): p. 350-354.

73. Xu, X.Y., et al., Aceruloplasminemia - An 
inherited neurodegenerative disease with impair-
ment of iron homeostasis. Redox-Active Metals in 
Neurological Disorders, 2004. 1012: p. 299-305.

74. Morgan, N.V., et al., PLA2G6, encoding a 
phospholipase A(2), is mutated in neurodegenera-
tive disorders with high brain iron (vol 38, pg 752, 
2006). Nature Genetics, 2006. 38(8): p. 957-957.

75. Gregory, A., B.J. Polster, and S.J. Hayflick, 
Clinical and genetic delineation of neurodegen-
eration with brain iron accumulation. Journal of 
Medical Genetics, 2009. 46(2): p. 73-80.

76. Baumeister, F.A.M., et al., The eye-of-the-tiger 
sign is not a reliable disease marker for Haller-
vorden-Spatz syndrome. Neuropediatrics, 2005. 
36(3): p. 221-222.



29

Introduction  and  aim of the thesis 

1

77. Clement, F., et al., Neurodegeneration with 
brain iron accumulation: clinical, radiographic and 
genetic heterogeneity and corresponding therapeu-
tic options. Acta Neurologica Belgica, 2007. 107(1): 
p. 26-31.

78. Hartig, M.B., et al., Genotypic and phenotypic 
spectrum of PANK2 mutations in patients with 
neurodegeneration with brain iron accumulation. 
Annals of Neurology, 2006. 59(2): p. 248-256.

79. Sachin, S., et al., Clinical spectrum of Haller-
vorden-Spatz syndrome in India. Journal of Clinical 
Neuroscience, 2009. 16(2): p. 253-258.

80. Thomas, M., S.J. Hayflick, and J. Jankovic, 
Clinical heterogeneity of neurodegeneration with 
brain iron accumulation (Hallervorden-Spatz 
syndrome) and pantothenate kinase-associated 
neurodegeneration. Movement Disorders, 2004. 
19(1): p. 36-42.

81. Hayflick, S.J., et al., Brain MRI in neurodegen-
eration with brain iron accumulation with and 
without PANK2 mutations. American Journal of 
Neuroradiology, 2006. 27(6): p. 1230-1233.

82. Hayflick, S.J., Pantothenate kinase-associated 
neurodegeneration (formerly Hallervorden-Spatz 
syndrome). Journal of the Neurological Sciences, 
2003. 207(1-2): p. 106-107.

83. Hopkin, M., Implant boosts activity in injured 
brain. Nature, 2007. 448(7153): p. 522-522.

84. Holloway, K.L., M.S. Baron, and R.E. Brown, 
Meta-analysis of outcome of deep brain stimula-
tion for dystonia. Movement Disorders, 2005. 20: 
p. P518.

85. Holloway, L. and M.S. Baron, Deep brain stimu-
lation for dystonia: A meta-analysis. Stereotactic 
and Functional Neurosurgery, 2007. 85(1): p. 22-22.

86. Mikati, M.A., et al., Deep brain stimulation as 
a mode of treatment of early onset pantothenate 
kinase-associated neurodegeneration. European 
Journal of Paediatric Neurology, 2009. 13(1): p. 
61-64.

87. Saleheen, D., et al., Novel mutation in the 
PANK2 gene leads to pantothenate kinase-asso-
ciated neurodegeneration in a Pakistani family. 
Pediatric Neurology, 2007. 37: p. 296-298.

88. Perry, G., A.D. Cash, and M.A. Smith, Alzheimer 
disease and oxidative stress. Journal of Biomedicine 

& Biotechnology, 2002. 2(3): p. 120-123.
89. Zhu, X., G. Perry, and M.A. Smith, Oxidative 
stress and cell signaling in Alzheimer disease. Xi 
Biennial Meeting of the Society for Free Radical 
Research International, 2002: p. 333-341.

90. Jenner, P., Oxidative stress in Parkinson's 
disease. Annals of Neurology, 2003. 53: p. S26-S36.

91. Cookson, M.R. and P.J. Shaw, Oxidative stress 
and motor neurone disease. Brain Pathol, 1999. 
9(1): p. 165-86.

92. Andersen, J.K., Oxidative stress in neurode-
generation: cause or consequence? Nature Reviews 
Neuroscience, 2004(Suppl. S): p. S18-S25.

93. Cookson, M.R. and P.J. Shaw, Oxidative stress 
and motor neurone disease. Brain Pathology, 1999. 
9(1): p. 165-186.

94. Perry, T.L., et al., Hallervorden-Spatz disease- 
cysteine accumulation and cysteine disoxygen-
ase deficiency in the globus pallidus. Annals of 
Neurology, 1985. 18(4): p. 482-489.

95. Lieu, P.T., et al., The roles of iron in health and 
disease. Molecular Aspects of Medicine, 2001. 
22(1-2): p. 1-87.

96. Iyamu, E.W., H. Perdew, and G.M. Woods, 
Cysteine-iron promotes arginase activity by driving 
the Fenton reaction. Biochemical and Biophysi-
cal Research Communications, 2008. 376(1): p. 
116-120.

97. Gutteridge, J.M.C., Iron promoters of the fenton 
reaction and lipid-peroxidation can be released 
from hemoglobin by peroxides.  Febs Letters, 1986. 
201(2): p. 291-295.

98. Levi, S. and E. Rovida, The role of iron in mi-
tochondrial function. Biochimica Et Biophysica 
Acta-General Subjects, 2009. 1790(7): p. 629-636.

99. Veatch, J.R., et al., Mitochondrial Dysfunction 
Leads to Nuclear Genome Instability via an Iron-
Sulfur Cluster Defect. Cell, 2009. 137(7): p. 1247-
1258.

100. de Moura, M.B., L.S. dos Santos, and B. Van 
Houten, Mitochondrial Dysfunction in Neurode-
generative Diseases and Cancer. Environmental and 
Molecular Mutagenesis, 2010. 51(5): p. 391-405.

101. Sheftel, A., O. Stehling, and R. Lill, Iron-sulfur 
proteins in health and disease. Trends in Endo-



30

CHAPTER 1

crinology and Metabolism, 2010. 21(5): p. 302-314.

102. Ye, H. and T.A. Rouault, Human Iron-Sulfur 
Cluster Assembly, Cellular Iron Homeostasis, and 
Disease. Biochemistry, 2010. 49(24): p. 4945-4956.

103. Poli, M., et al., Pantothenate kinase-2 (Pank2) 
silencing causes cell growth reduction, cell-specific 
ferroportin upregulation and iron deregulation. 
Neurobiology of Disease, 2010. 39(2): p. 204-210.

104. Bonnard, C., et al., Mitochondrial dysfunction 
results from oxidative stress in the skeletal muscle 
of diet-induced insulin-resistant mice. Journal of 
Clinical Investigation, 2008. 118(2): p. 789-800.

105. Bratic, I. and A. Trifunovic, Mitochondrial 
energy metabolism and ageing. Biochimica Et 
Biophysica Acta-Bioenergetics, 2010. 1797(6-7): p. 
961-967.

106. Paradies, G., et al., Oxidative stress, mitochon-
drial bioenergetics, and cardiolipin in aging. Free 
Radical Biology and Medicine, 2010. 48(10): p. 
1286-1295.

107. Asano, K., et al., Erythrocyte-membrane ab-
normalitites in patients with amytrophic chorea 
with acanthicytosis..2. Abnormal degradation of 
membrane-proteins. Journal of the Neurological 
Sciences, 1985. 68(2 -3): p. 161-173.

108. Terada, N., et al., Ultrastructural changes 
of erythrocyte membrane skeletons in chorea-
acanthocytosis and McLeod syndrome revealed 
by the quick-freezing and deep-etching method. 
Movement Disorders, 2007. 22(3): p. 8.

109. Kohler, B., Hallervorden-Spatz syndrome with 
acanthocytosis.  Monatsschrift Kinderheilkunde, 
1989. 137(9): p. 616-619.

110. Kuo, Y.M., S.J. Hayflick, and J. Gitschier, Dep-
rivation of pantothenic acid elicits a movement 
disorder and azoospermia in a mouse model of 
pantothenate kinase-associated neurodegenera-
tion. Journal of Inherited Metabolic Disease, 2007. 
30(3): p. 310-317.

111. Johnson, M.A., et al., Altered neuronal mito-
chondrial coenzyme a synthesis in neurodegen-
eration with brain iron accumulation caused by 

abnormal processing, stability, and catalytic activity 
of mutant pantothenate kinase 2 (vol 1012, pg 282, 
2004). Journal of Neuroscience, 2005. 25(22).

112. Zhang, Y.M., C.O. Rock, and S. Jackowski, Bio-
chemical properties of human pantothenate kinase 
2 isoforms and mutations linked to pantothenate 
kinase-associated neurodegeneration. Journal of 
Biological Chemistry, 2006. 281(1): p. 107-114.

113. Spradling, A., et al., New roles for model 
genetic organisms in understanding and treating 
human disease: Report from the 2006 Genetics 
Society of America Meeting. Genetics, 2006. 
172(4): p. 2025-2032.
114. Bharucha, K.N., The Epicurean Fly: Using 
Drosophila Melanogaster to Study Metabolism. 
Pediatric Research, 2009. 65(2): p. 132-137.

115. Bonini, N.M. and M.E. Fortini, Human neu-
rodegenerative disease modeling using Drosophila. 
Annual Review of Neuroscience, 2003. 26: p. 
627-656.

116. Kuehnlein, R.P., Drosophila as a lipotoxicity 
model organism - more than a promise? Biochimi-
ca et Biophysica Acta, 2010. 1801(3, Sp. Iss. SI).

117. Lloyd, T.E. and J.P. Taylor, Flightless flies: Dro-
sophila models of neuromuscular disease. Ann N Y 
Acad Sci, 2010. 1184: p. e1-20.

118. Shulman, J.M., et al., From fruit fly to bedside: 
translating lessons from Drosophila models of 
neurodegenerative disease. Current Opinion in 
Neurology, 2003. 16(4): p. 443-449.

119. Reiter, L.T., et al., A systematic analysis of 
human disease-associated gene sequences in Dro-
sophila melanogaster. Genome Research, 2001. 
11(6): p. 1114-1125.

120. Chien, S., et al., Homophila: human disease 
gene cognates in Drosophila. Nucleic Acids 
Research, 2002. 30(1): p. 149-151.

121. Castrillon, D.H., et al., Towards a molecular-
genetic analysis of spermatogenesis in Drosophila 
melanogaster- Characterization of male sterile 
mutants generated by single P element mutagen-
esis. Genetics, 1993. 135(2): p. 489-505. 



31

Introduction  and  aim of the thesis 

1



32

CHAPTER 1




