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inTRoduCTion

Coenzyme A: an essential metabolic cofactor

Coenzyme A (CoA), an essential metabolic cofactor, was discovered in 1945 by Fritz Lipmann1,2. 

He created the term “Coenzyme A” to indicate its involvement as an “activator of acetate” 

and in 1953 Fritz Lipmann was awarded the Nobel Prize for his discovery1-4. Later researchers 

explored the pivotal role of CoA not only as an acetyl donor, but also its ability to carry 

other acyl groups as thioesters, together this  regulates various biochemical reactions5,6. 

The biochemistry of CoA biosynthesis and its acyl-derivatives are essential steps in all living 

organisms ranging from prokaryotes to higher eukaryotes. CoA and acyl-CoA derivatives are 

involved in diverse functions covering 4% of all metabolic pathways, such as the Krebs cycle, 

fatty acid regulation, amino acid metabolism and biosynthesis of ketone bodies and sterols7,8. 

Among the different CoA derivatives, acetyl-CoA plays an important role both in cellular 

metabolism and in post-translational protein acetylation9. The de novo biosynthesis and turnover 

rate of CoA also regulate protein 4’-phosphopantetheinylation. The 4’-phosphopantetheine 

conjugation to various proteins and enzymes is an essential post-translational modification 

required for vital cellular processes like fatty acid synthesis, folate metabolism, polyketide 

synthesis, and lysine metabolism10-12. In-addition to previously mentioned roles, acetyl-

CoA is also necessary for the synthesis of acetylcholine13,14. Acetylcholine is an important 

neurotransmitter, which regulates neuronal excitability in both the sympathetic and 

parasympathetic system and is required for proper functioning of neuromuscular junctions15. 

Recently, research groups discovered that CoA is also of influence for various other novel 

cellular functions such as in autophagy, epigenetics, and signaling16-18. The newly identified 

role of CoA in cellular physiology also evidently shows that CoA is not just a metabolic cofactor 

involved in biochemical pathways. Henceforth, it is important to know the molecule CoA in 

various aspects such as its structure, chemistry, biosynthesis, regulation and function. 

In this chapter, the focus is to cover the biochemical and biological interface of CoA, 

especially in higher eukaryotes and mammals. Firstly, we outline the areas concerning: 

canonical de novo CoA biosynthesis and discuss how cells and organelles regulate CoA 

levels. Here, we also highlight the diverse role of CoA in healthy cellular physiology and 

diseases. Furthermore, we explore the use of model organisms to understand the functions 

of CoA, especially when there is an impairment in the de novo CoA biosynthesis pathway. 

Canonical de novo Coenzyme A biosynthesis

Structurally CoA is comprised of pantothenate, cysteine and an adenosine phosphate group 

(Figure 1)19. The proper supply of all the components mentioned above are essential for the 

production of the ubiquitous and indispensable metabolite CoA in the cells. CoA has a bulky 

structure and contains high electronegative phosphoryl groups, indicating CoA is unlikely to 
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diffuse passively into cells. The biosynthesis of CoA is mainly dependent and derived from the 

dietary precursor pantothenate (Vitamin B5) in all known organisms. Nevertheless, bacteria, 

yeast, and plants can synthesize pantothenate from β-alanine by themselves. The occurrence 

of the conserved and characterized de novo CoA biosynthesis pathway among diverse species 

indicates the inevitable role of CoA7,8. In this section, the focus is constrained to understand 

the CoA biosynthesis machinery in higher eukaryotes, especially in mammals. Pantothenic 

acid is present abundantly in various food sources, and mammals rely on it for the biosynthesis 

of CoA20. In-addition, the gastroenteric gut harbors diverse microflora, which also helps in 

the supply of pantothenic acid21. The surplus amount of pantothenate obtained both from 

the diet, and intestinal microbes are most likely the reason that pantothenate deficiency is 

a rare occasion in higher eukaryotes and mammals. 

The first step, to initiate the CoA biosynthesis, is the transport of pantothenate into the 

cells. This process occurs through a sodium-dependent multivitamin transporter (SMVT; 

the product of the SCL5A6 gene), which belongs to a sodium:solute symporter (SSF) (TC 

2.A.21) family. Nevertheless, this transporter also has a substrate affinity for biotin and lipoic 

acid22,23.  The SMVT is a transmembrane protein with both amino acid and carboxyl-terminal 

domains oriented towards the cytoplasm. The SMVT has a ubiquitous expression in diverse 

tissues, including intestine, placenta, liver, brain, kidney and heart. The active transport of 

pantothenate through SMVT is driven by a sodium electrochemical gradient and intracellularly 

pantothante is further processed into CoA by specific enzymes24,25.  

The intracellular CoA biosynthesis from pantothenate is dependent on five enzymatic 

steps, utilizing pantothenate kinase (PANK; EC 2.7.1.33), 4’-phosphopantothenoylcysteine 

 

Canonical de novo Coenzyme A biosynthesis 
 

Structurally CoA is comprised of pantothenate, cysteine and an adenosine phosphate group (Figure 

1)19. The proper supply of all the components mentioned above are essential for the production of 

the ubiquitous and indispensable metabolite CoA in the cells. CoA has a bulky structure and contains 

high electronegative phosphoryl groups, indicating CoA is unlikely to diffuse passively into cells. The 

biosynthesis of CoA is mainly dependent and derived from the dietary precursor pantothenate 

(Vitamin B5) in all known organisms. Nevertheless, bacteria, yeast, and plants can synthesize 

pantothenate from β-alanine by themselves. The occurrence of the conserved and characterized de 

novo CoA biosynthesis pathway among diverse species indicates the inevitable role of CoA7,8. In this 

section, the focus is constrained to understand the CoA biosynthesis machinery in higher eukaryotes, 

especially in mammals. Pantothenic acid is present abundantly in various food sources, and 

mammals rely on it for the biosynthesis of CoA20. In-addition, the gastroenteric gut harbors diverse 

microflora, which also helps in the supply of pantothenic acid21. The surplus amount of pantothenate 

obtained both from the diet, and intestinal microbes are most likely the reason that pantothenate 

deficiency is a rare occasion in higher eukaryotes and mammals.  
 

 
 

Figure 1: Structure of Coenzyme A. The chemical and structural constituent of CoA comprising its substrates: 
pantothenate, pantetheine or 4’-phosphopantetheine and the conjugated adenosine phosphate group. 
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Figure 1: Structure of Coenzyme A. 
The chemical and structural constituent of CoA comprising its substrates: pantothenate, pantetheine 
or 4’-phosphopantetheine and the conjugated adenosine phosphate group.
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synthetase (PPCS; EC 6.3.2.5), (R)-4’-phospho-N-pantothenoylcysteine decarboxylase 

(PPCDC; EC 4.1.1.36), 4’-phosphopantetheine adenylyltransferase (PPAT; EC 2.7.7.3) and 

dephospho-CoA kinase (DPCK; EC 2.7.1.24) (Figure 2)8,26. The first and the foremost rate 

limiting step in CoA biosynthesis is the phosphorylation of pantothenate by PANK. There 

are three types of PANK (type I, II and III). Bacteria primarily have PANK type I and III, while 

higher eukaryotes and mammals have type II PANK8,27,28. In mammals, there are four PANK 

isoforms (PANK1-4) encoded by four distinct genes, and they occur as homodimers8,29-31. The 

mammalian putative pantothenate kinase gene was first discovered in mouse32,33, followed 

by identification and characterization of human PANK isoforms34,35. Among those isoforms 

in humans, PANK2 is localized in the mitochondrial intermembrane space while others are 

in the cytosol36,37. In-addition, only PANK1-3 isoforms but not PANK4, contributes to overall 

pantothenate kinase activity38.

The human genes encoding the downstream enzymatic steps following PANK were initially 

identified using comparative genomics and were further verified8,31. PPCS, a homodimer, 

catalyzes the second step in CoA biosynthesis utilizing ATP for substrate activation and 

couples cysteine to 4’-phosphopantothenate leading to 4’-phosphopantothenoylcysteine 

and the release of AMP. PPCDC, a homotrimeric enzyme, decarboxylates 

4’-phosphopantothenoylcysteine into 4’-phosphopantetheine. Moreover, both PPCS and 

PPCDC are predicted to be cytoplasmic39,40. In eukaryotes and mammals, the last two steps 

(i.e., both adenylyltransferase and kinase activity), are processed by a single bifunctional 

enzyme PPAT-DPCK (also called CoA synthase, COASY)41. COASY synthesizes CoA from 

4’-phosphopantetheine. COASY, a monomeric protein localized in the mitochondrial matrix, 

is considered to be the second rate limiting enzyme in the CoA biosynthesis pathway42,43. 

Altogether these five steps comprise the canonical de novo CoA biosynthesis machinery in 

higher eukaryotes. 

Regulation of Coenzyme A levels in cells and their organelles

The regulation of CoA levels inside cells and their organelles is a complex mechanism and 

not completely understood. The reason is that this process is influenced by; 1. The CoA 

biosynthesis process, 2. The degradation pathway of CoA and 3. The utilization of free CoA into 

various other CoA adjuncts, including acyl-CoAs (Figure 2).  Briefly, the cellular and the tissue 

distribution of CoA levels depends on the localization and the expression of the enzymes 

in different tissues. Most of the CoA biosynthesis enzymes are cytoplasmic, but PANK2 and 

COASY are mitochondrial36,42,43. Nevertheless, COASY completes the last step of the CoA 

biosynthesis process, which might explain why CoA levels are much higher in mitochondria 

(2-5mM) as compared to the cytoplasm (0.02-0.14mM)44,45. It is in-line with the fact that 

mitochondria are central organelles in energy homeostasis, the Kreb’s cycle, and fatty acid 

β-oxidation utilizing CoA46. Moreover, not all CoA biosynthesis pathway enzymes show a 
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Figure 2: Overview of CoA de novo biosynthesis, degradation and utilization homeostasis. Canonical de novo 
biosynthesis pathway representing the substrate pantothenate which is phosphorylated to 4’-
phosphopantothenate by pantothenate kinase (PANK). Subsequently, cysteine is added by 4’-
phosphopantothenoylcysteine synthetase (PPCS) to form 4’-phosphopantothenoylcysteine, which is then 
decarboxylated by (R)-4’-phospho-N-pantothenoylcysteine decarboxylase (PPCDC) producing 4’-
phosphopantetheine. Finally, the bifunctional  4’-phosphopantetheine adenylyltransferase/dephospho-CoA 
kinase (COASY) attaches the adenylyl group and phosphorylates 4’-phosphopantetheine, yielding the product 
CoA. In a reverse hypothetical scheme, CoA is processed by either single or combined actions of acid 
phosphatases (ACP), nudix hydrolases (NUDT), and nucleotide pyrophosphatases (ENPP) to form pantetheine, 
which is further degraded to pantothenate by pantetheinases or vanins (VNN). Thirdly, the utilization of CoA to 
form acyl-CoA, protein bound or mixed thiol disulfides contributes in CoA levels and its homeostasis inside the 
cells. 
 
The third prominent system in regulating CoA levels relies on the synthesis of acyl-CoA and other CoA 

derivatives. The Acyl-CoA synthetase (ACS) class of enzymes utilizes free CoA to form various acyl-

Figure 2: Overview of CoA de novo biosynthesis, degradation and utilization homeostasis. 
Canonical de novo biosynthesis pathway representing the substrate pantothenate which is 
phosphorylated to 4’-phosphopantothenate by pantothenate kinase (PANK). Subsequently, cysteine is 
added by 4’-phosphopantothenoylcysteine synthetase (PPCS) to form 4’-phosphopantothenoylcysteine, 
which is then decarboxylated by (R)-4’-phospho-N-pantothenoylcysteine decarboxylase 
(PPCDC) producing 4’-phosphopantetheine. Finally, the bifunctional  4’-phosphopantetheine 
adenylyltransferase/dephospho-CoA kinase (COASY) attaches the adenylyl group and phosphorylates 
4’-phosphopantetheine, yielding the product CoA. In a reverse hypothetical scheme, CoA is processed 
by either single or combined actions of acid phosphatases (ACP), nudix hydrolases (NUDT), and 
nucleotide pyrophosphatases (ENPP) to form pantetheine, which is further degraded to pantothenate 
by pantetheinases or vanins (VNN). Thirdly, the utilization of CoA to form acyl-CoA, protein bound or 
mixed thiol disulfides contributes in CoA levels and its homeostasis inside the cells.

similar expression pattern in various tissues and organs47. Among functional PANK isoform, 

PANK1 is highly expressed in heart, kidney and liver. PANK2 has a notably higher expression 

in liver and neuronal tissue, whereas PANK3 expresses prevalently in liver tissue48,49. PANK 

isoforms also significantly differ in their substrate affinity for pantothenate with a Km value 
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ranging from 5.7 to 27uM, indicating the complexity in this first important step49. PPCS is found 

in all tissues, but with the highest expression in kidney and liver. PPCDC has a much higher 

expression in kidney, temporal lobe and testis compared to other tissues. COASY expression 

is ubiquitous in all tissues with the lowest expression in peripheral blood leukocytes and 

highest in kidney and liver. One of its alternative splice isoform: COASY-β is expressed mainly 

in the brain50,51. The activity of PANK tightly regulates the CoA biosynthesis pathway, and 

CoA production is also speculated to be dependent on COASY52-54. CoA and acyl-CoAs are 

known to inhibit the PANK activity, and thereby regulate the de novo CoA biosynthesis8,33,55. 

Although COASY is considered also to be feedback inhibited by CoA, experimental validation 

is still lacking. In addition to the CoA feedback regulation, changes in the nutritional and 

metabolic condition, like fasting, alters tissue CoA levels via transcriptional regulation of 

Pank1 gene expression by PPARα8.

The second important mechanism which regulates CoA levels is the CoA degradation 

pathway (Figure 2). The CoA degradation system maintains the turn-over of CoA and keeps 

the cycle of CoA biosynthesis on-going8,56. However, this pathway has not been extensively 

studied and remains speculative. The depicted CoA degradation pathway is the reverse of 

the CoA biosynthesis pathway with the involvement of distinct classes of enzymes, namely 

lysosomal acid phosphatases57, nudix hydrolases58,59, nucleotide pyrophosphatases60,61, 

and pantetheinases62,63.  CoA, dephospho-CoA, and various other acyl-CoAs degrade into 

4’-phosphopantetheine by the enzymatic actions of nudix hydrolases (NUDT), lysosomal 

acid phosphatases (ACP), and nucleotide pyrophosphatases (ENPP) and are assumed to form 

pantetheine subsequently8,64,65.  Pantetheinases (or Vanin) process pantetheine further into 

pantothenic acid and cysteamine56,62,63. The cellular localization of these enzymes infers that 

different CoA pools in each organelle are selectively degraded by particular enzymes, such as 

acid phosphatases in lysosomes and different nudix hydrolases in cytosolic, mitochondrial, 

peroxisomal and other compartments.  However, NUDT7/NUDT8/NUDT19 gained more 

attention because these enzymes have a high affinity to CoA species and localize in peroxisomes 

and mitochondria which contain high concentrations of CoA 66,67. Nevertheless, it remains 

unclear how plasma membrane-bound ecto-enzymes such as nucleotide pyrophosphatases 

and pantetheinases are involved in whole body CoA metabolism. Although, the complete 

elucidation of the CoA degradation pathway is lacking, it is certainly crucial in the maintenance 

of intracellular CoA levels.

The third prominent system in regulating CoA levels relies on the synthesis of acyl-CoA 

and other CoA derivatives. The Acyl-CoA synthetase (ACS) class of enzymes utilizes free 

CoA to form various acyl-CoAs, which includes short chain, medium chain and long/very 

long chain acyl-CoA derivatives68. Acyl-CoAs are essential in major pathways such as the 

Krebs cycle and the activation of fatty acids for β-oxidation69-71. In mammals, there is a total 

of 26 putative ACS enzymes that act on different classes of carboxylic acids71. Long-chain 
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acyl-CoA synthetases (ACSLs) are more actively involved in the activation and channeling of 

fatty acids72. This process is also necessary to regulate toxic xenobiotic carboxylic acids like 

2,4,5-trichlorophenoxyacetate (an herbicidal component) from cells69,73. ACS has been shown 

to be present in various cellular compartments like mitochondria, peroxisomes, endoplasmic 

reticulum and cytoplasm74-76. Both mitochondria and peroxisomes are crucial organelles in 

β-oxidation of fatty acids, which also explains why many of the enzymes involved in CoA 

biosynthesis and its regulation, are found predominant in these cellular compartment69,76. 

The cellular acyl-CoA pool is also manipulated by the acyl-carnitine system which shuttles 

various acyl groups between cellular compartments77-79. 

In addition to the CoA pools mentioned above and their regulation, recent research shows 

that CoA can regulate cellular redox homeostasis by forming thiol-mixed disulfides80,81 and 

thereby levels of CoA can be influenced. Like glutathione, CoA is essential for maintaining 

the proper intracellular redox potential necessary for many metabolic processes81. Free CoA 

has a particular half-cell potential (-234mV) at pH 7 which is comparable to glutathione83,84. 

The thiol-disulfide forming process can occur either with two molecules of free CoA or 

one molecule of CoA together with one other thiol-containing molecule. Although, CoA 

has a pKa value of 9.83 which indicates that it mostly remains in a unreactive thiol form at 

physiological pH85, the role of CoA in oxidative stress remains unclear. Another form of a 

mixed disulfide exchange process occurs between CoA and various proteins. In dormant 

spores of bacteria, approximately 45% of cellular CoA is reported to be linked to proteins as 

mixed disulfides82. However, in higher eukaryotes and mammals, the proportion of mixed 

sulfide CoA has not been explicitly studied. Recent research in eukaryotes shows that CoA 

binds to specific proteins like calcium/calmodulin-dependent protein kinase II (CaMKII) 

without making a mixed disulfide exchange, and this regulates cellular survival17. Altogether it 

becomes increasingly apparent that the regulation and utilization of CoA levels is a complex 

process and requires detailed investigation. In-addition, the levels of CoA and the various 

CoA pools might change and fluctuate according to the metabolic need and physiology 

of the cellular environment in different tissues45,86-88. Moreover, this also underlines the 

requirement for reliable, robust and simple analytical methods to evaluate CoA levels in 

both a  qualitative and a quantitative manner. Research has led to the development of highly 

sensitive methods using liquid chromatography coupled with mass spectrometry (LC-MS), to 

measure CoA levels89,90. The reported LC-MS analytical procedures demand laborious sample 

preparation89,91,92, and henceforth, a simple and sensitive method, to measure changes in 

total CoA levels, is a pre-requisite.

CoA in health and diseases

Altogether the information stated above, shows that CoA is a central metabolite in energy 

homeostasis with a broad function in many metabolic pathways. Among the classical 
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metabolic pathways, CoA and its acyl-derivatives are involved in over 100 cellular metabolic 

reactions including the Krebs cycle. In particular, acyl-CoA thioesters are crucial in both α- and 

β-oxidation of fatty acids occurring in peroxisomes and mitochondria7,93. In the next section, 

we will highlight the important role of CoA in non-metabolic pathways and emphasize the 

link of CoA to various health aspects and diseases (as summarized in Figure 3).

CoA pools as a regulator of non-metabolic processes

CoA has gained more interest as several research studies revealed a role for CoA in regulating 

many important non-metabolic processes16. These include posttranslational protein 

modifications, signaling, autophagy, phospholipid and membrane biogenesis, and drug 

activation. Here, in this section, some of these processes are described in more detail. Post-

translational protein modification (PTMs) is an important asset to maintain and manipulate the 

functions of proteins according to the physiological cellular need94,95. Among those, protein 

lysine acetylation is an important PTM explored in many research studies9,96,97. Recently it 

also became apparent that other acylations like succinylation, malonylation, crotonylation, 

myristoylation and palmitoylation play a regulating role in biological processes as well98,99. 

Protein lysine acetylation has now emerged as a key PTM, and it alters chromatin structure 

by modifying histones and influences transcription100. Moreover, research studies in human 

cells/tissues indicate that there are more than 1000 proteins undergoing one or more lysine 

acetylation101. Interestingly, metabolic enzymes also maintain their function through  post-

translational acetylation. In humans, almost all enzymes involved in glycolysis, Krebs cycle, 

gluconeogenesis, urea cycle, fatty acid metabolism and glycogen metabolism are regulated 

by their acetylation status101,102. Moreover, acetylation does not always lead to activation of 

protein, but also may lead to inhibition or destabilization of the protein96,103. Two classes of 

enzymes, namely acetyltransferases (HATs) and deacetylases (HDACs and sirtuins) regulate 

the protein lysine acetylation9,104. Several core proteins including histones also undergo lysine 

formylation. Although, the function of this PTM is not clear, studies show that DNA damaging 

agents increase histone formylation in cells, indicating that histone formylation could have 

a role in oxidative stress and DNA damage105. Lysine residues of histones may also become 

propionylated, crotonylated or butyrylated106.  It is not clear whether HATs and HDACs regulate 

this process as well or whether there are specific additional enzymes involved. Enzyme-

independent but pH and acyl-CoA concentration dependent acetylation and succinylation of 

mitochondrial and non-mitochondrial proteins also occur107. More studies have still yet to be 

done to understand the functions of these PTMs. Many of the metabolic enzymes maintain 

their function through succinylation and malonylation, including glutamate dehydrogenase108. 

In addition, protein palmitoylation, like in amyloid precursor protein, is recently gaining more 

interest in health and diseases109. These recent findings raised many challenges and interesting 

questions regarding such PTMs. Nevertheless, it becomes apparent that cells maintain a 

balanced cross-talk between protein PTMs and metabolism largely influenced by CoA pools.
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In addition to protein PTMs, new evidence shows that CoA regulates the activation of 

drug molecules110,111. Non-steroidal anti-inflammatory drugs like ibuprofen and its related 

2-arylpropionic acid derivatives are potentially active in their S-enantiomer configuration, 

but not in the R-enantiomer configuration. CoA is utilized in-vivo for chiral inversion, a 

rapid metabolic uni-directional conversion from the R- to the S- state. Long chain acyl-CoA 

synthases, α-methylacyl CoA racemase, and acyl-CoA thioesterases are important in 

regulating this process112. In cellular physiology, CoA is also involved in the metabolism of 

phytanic acid, pristanic acid, and bile acid precursor via fatty acid oxidation69,113. There are 

more biologically relevant enantiomers present inside and outside the cells. Whether CoA 

is playing a regulatory function in the activation or removal of toxic enantiomers still needs 

to be elucidated. Moreover many organic acid drugs like valproic, salicylic, phenylbutyric 

and benzoic acids are metabolized as CoA esters70. 

Recently, the direct role of CoA has been revealed which influences other important 

cellular functions like signaling and apoptosis16. CoA binds directly to CaMKII and regulates 

its kinase activity. In Xenopus leavis oocytes, CoA activated CaMKII promotes oocyte survival 

via phosphorylation and inactivation of caspase-217. Such a diversity of CoA functions clearly 

indicates that it is not just a metabolite for controlling metabolism, and impaired CoA 

biosynthesis or imbalance in CoA pools will lead to a complex pathophysiology.

oxidation114,115. In addition, diseases like diabetes and impaired insulin resistance conditions, are 

known to be highly associated with a disruption or imbalance of CoA levels116. Impaired acyl-CoA 

metabolism in both mitochondrial and non-mitochondrial systems accompany hereditary and 

acquired fatty acid related diseases117,119.  Some of the peroxisomal β-oxidation inborn errors like 

Zellweger-like syndrome and X-linked adrenoleukodystrophy are due to a impaired peroxisomal 

enzymes/proteins which influence acyl-CoA metabolism, leading to altered acyl-CoA levels. In-

addition, defects like inability to degrade excess of dietary 3-methyl branched chain fatty acid, 

phytanic acid lead to Refsum disease (an adult-onset peripheral neuropathy)118 and peroxisomal 

disorders69,119. Such above mentioned disease conditions caused by deficiencies of acyl-CoA 

metabolizing enzymes leads to altered acyl-CoA pools and a CoA sequestration, toxicity, and 

redistribution (CASTOR) condition117. However, whether or not the clinical symptoms of these 

diseases are the direct consequence of altered acyl-CoA levels still needs to be investigated. In 

eukaryotic model systems, it has also been recently shown that defects in acyl-CoA degradation lead 

to hyperammonia and a hyperglycemia120. Moreover, cardiac hypertrophy is demonstrated to be 

dependent on the homeostasis of acyl-CoA pools due to defects in  cardiac acyl-CoA synthetase and 

mitochondrial long chain acyl-CoA metabolism121. Although many of the above-mentioned metabolic 

defects relate to altered functions of acyl-CoA synthetases or acyl-CoA regulating enzymes, the most 

likely cause, and consequence is the imbalance of CoA/acyl-CoA levels and their dependent 

processes. 

 

 
Figure 3: Diverse functions of CoA and its relevance under physiological and pathophysiological conditions. 

 

Neurodegenerative diseases: 

The alteration or imbalance in CoA and various acyl-CoA levels due to genetic mutations in the CoA 

regulating enzymes will affect all tissues, in particular, brain which is one among the highest energy 

consuming organ in the human body. In addition, the role of acetyl-CoA in the synthesis of 

Figure 3: Diverse functions of CoA and its relevance under physiological and pathophysiological 
conditions.
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Diseases related to CoA biosynthesis and regulation

Metabolic diseases

Impaired CoA metabolism has a link to many human pathophysiologies, especially diseases 

related to metabolism. Most prevalently, CoA and other acyl-CoA levels are considered to play 

a significant role in inborn errors of mitochondrial and peroxisomal dysfunctional diseases 

related to fatty acid oxidation114,115. In addition, diseases like diabetes and impaired insulin 

resistance conditions, are known to be highly associated with a disruption or imbalance of CoA 

levels116. Impaired acyl-CoA metabolism in both mitochondrial and non-mitochondrial systems 

accompany hereditary and acquired fatty acid related diseases117,119.  Some of the peroxisomal 

β-oxidation inborn errors like Zellweger-like syndrome and X-linked adrenoleukodystrophy 

are due to a impaired peroxisomal enzymes/proteins which influence acyl-CoA metabolism, 

leading to altered acyl-CoA levels. In-addition, defects like inability to degrade excess of 

dietary 3-methyl branched chain fatty acid, phytanic acid lead to Refsum disease (an adult-

onset peripheral neuropathy)118 and peroxisomal disorders69,119. Such above mentioned 

disease conditions caused by deficiencies of acyl-CoA metabolizing enzymes leads to altered 

acyl-CoA pools and a CoA sequestration, toxicity, and redistribution (CASTOR) condition117. 

However, whether or not the clinical symptoms of these diseases are the direct consequence 

of altered acyl-CoA levels still needs to be investigated. In eukaryotic model systems, it 

has also been recently shown that defects in acyl-CoA degradation lead to hyperammonia 

and a hyperglycemia120. Moreover, cardiac hypertrophy is demonstrated to be dependent 

on the homeostasis of acyl-CoA pools due to defects in  cardiac acyl-CoA synthetase and 

mitochondrial long chain acyl-CoA metabolism121. Although many of the above-mentioned 

metabolic defects relate to altered functions of acyl-CoA synthetases or acyl-CoA regulating 

enzymes, the most likely cause, and consequence is the imbalance of CoA/acyl-CoA levels 

and their dependent processes.

Neurodegenerative diseases

The alteration or imbalance in CoA and various acyl-CoA levels due to genetic mutations in 

the CoA regulating enzymes will affect all tissues, in particular, brain which is one among the 

highest energy consuming organ in the human body. In addition, the role of acetyl-CoA in the 

synthesis of acetylcholine and diverse acetylated proteins have also been studied in relation to 

various neurodegenerative diseases122,123. Altered acetylcholine levels lead to neuronal defects 

in neurodegenerative diseases like Parkinson’s disease, Alzheimer’s disease, Dementia and 

Myasthenia Gravis14,15. Because in the brain, a proper balance of various neurotransmitters 

including acetylcholine, dopamine and serotonin is crucial for many neuronal activities, 

defects in CoA or acetyl-CoA biosynthesis will lead to disrupted neuronal functions. In many 

neurodegenerative diseases, altered lipid metabolism124 and mitochondrial dysfunction125,126 

has also been shown to have a role in disease progression and pathogenesis. Primarily, 

alteration in protein acetylation status in brain tissues leads to complex transcriptional 
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and metabolic dysfunction, as in Huntington’s disease, because manipulation of histone 

deacetylases is proven to be beneficial in suppressing Huntington’s disease pathology in many 

model organisms127,128. In all the above-mentioned neuronal diseases, abnormalities in CoA 

levels and its metabolism can be influential in the pathophysiology and disease progression 

(Figure 3).

The CoA de novo biosynthesis pathway itself has gained renewed attention very recently 

in the field of neuroscience. Mutations in two of the genes, encoding enzymes involved in 

de novo CoA biosynthesis, lead to a particular rare but severe form of neurodegeneration. 

Mutations in PANK2 cause pantothenate kinase associated neurodegeneration (PKAN)35, 

whereas mutations in COASY lead to CoA synthase associated neurodegeneration (CoPAN)43. 

Interestingly PANK regulates the foremost rate-limiting steps of de novo CoA biosynthesis, 

indicating a direct link between CoA biosynthesis and neuronal function. Both PKAN 

and CoPAN are rare autosomal recessive disorders that belong to the group of disorders 

classified as neurodegeneration with brain iron accumulation (NBIA)129,130. PKAN accounts 

for approximately 50% of the total reported NBIA cases, and clinical manifestations of PKAN 

and CoPAN includes dystonia, cognitive decline, spasticity, and dysarthria130. 

Pathological cause of PKAN and CoPAN

Metabolic impairment in de novo CoA biosynthesis leading to low CoA/acyl-CoA levels is 

speculated to be the most likely cause for both PKAN and CoPAN diseases. Although, in one 

of the CoPAN patient’s fibroblasts decreased acetyl-CoA levels were demonstrated, levels 

of total or free CoA levels were not affected43. More detailed investigations are needed 

to confirm a direct link between neurodegeneration and abnormal CoA levels in PKAN 

and CoPAN. In-addition, not all the identified PANK2 mutations in PKAN patients lead to 

inactivation of pantothenate kinase131,132. Therefore, the detailed pathogenesis in both PKAN 

and CoPAN remains unclear. In all the NBIA disorders, profound iron accumulation is observed 

in specific brain areas like the globus pallidus130. The speculation for iron accumulation in 

PKAN patients was due to the cysteine overload. Because cysteine is normally incorporated 

to 4’-phosphopantothenate by PPCS, which is downstream of PANK in the de novo CoA 

biosynthesis. Therefore, impairment in PANK activity might accumulate cysteine leading to 

abnormal iron chelation in cells130. However, this hypothesis is debatable because patients with 

CoPAN and other forms of NBIA also show iron accumulation. Both PANK and COASY localize 

in mitochondria, and, therefore, the mitochondrial dysfunction could be one of the major 

disease contributors in PKAN and CoPAN patients. In many of the other neurodegenerative 

diseases, mitochondrial abnormalities and impaired mitochondrial function are known to be 

associated with oxidative stress and neuronal dysfunction125,126,133. Moreover, in mitochondria, 

iron is utilized for heme synthesis and is required for the synthesis of  iron-sulfur cluster 

containing proteins like aconitase134,135. Therefore, accumulation of  defective mitochondria in 

PKAN and CoPAN may lead to complex effects. Such a complexity could include impaired de 
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novo CoA biosynthesis, cellular iron overload, increased oxidative stress and reactive oxygen 

species (ROS) levels, reduced acyl-CoA levels and defects in β-fatty oxidation and TCA  cycle. 

Treatment options for both PKAN and CoPAN at present are only aimed at symptomatic 

relief, and there are no curative therapeutic options identified136. Intramuscular botulinum 

toxin and baclofen treatments have been shown to have beneficial effects to treat PKAN-

associated dystonia137. Recently, deep brain stimulation was proven to be effective in treating 

primary dystonia in PKAN patients138. Sequestering iron accumulation by chelating agents 

like deferiprone is currently investigated in a double-blinded randomized placebo-controlled 

clinical trial (www.tircon.eu), and the benefits are yet not known. Researchers speculate 

beneficial effects of anti-oxidants and pantothenate139, but detailed experimental and clinical 

proof of such a benefit still has to come. Overall, the lack of detailed knowledge with regards 

to the pathophysiology and progression of both these diseases and the absence of promising 

therapeutic options clearly demands more research. With relevant animal model systems, 

progress can be made in a successful manner. The use of appropriate disease model systems 

will not only help to understand the cause and manifestations of the disease but also is 

required to test potential drugs for therapeutic interventions.  

Model organisms to understand de novo Coenzyme A biosynthesis and 
regulation

Simple but relevant model systems are essential to study the in-depth role of CoA and the 

consequence of impaired de novo CoA biosynthesis. Especially in the case of rare diseases 

such as PKAN and CoPAN, there is a limitated availability of patient tissue samples. The use 

of in-vitro model systems consisting of human cell lines with impaired PANK or COASY 

might provide information to understand the consequence of impaired CoA biosynthesis. 

However, the overall physiological relevance in a complete organism cannot be concluded 

with in-vitro studies. Animal model organisms will aid many benefits both in understanding 

the molecular mechanisms of pathophysiology and also to test therapeutic interventions. 

Focus has initially been made on mice model systems which either were formed by 

creating a PANK2 knock-out mouse or via vitamin B5 depletion to obtain a PKAN mouse 

model to understand the disease mechanism. The generated PANK2 knock-out mice 

showed growth retardation, progressive retinal degeneration and male infertility due 

to azoospermia. However, it did not show any impairment of CoA levels and failed to 

exhibit movement abnormalities and brain pathology that are characteristics associated 

with PKAN140. In contrast to PANK2 knock-out mice, a pantothenate deficient diet did elicit 

movement disorders along with loss of body weight and azoospermia. However, there is no 

evidence for iron accumulation in the brain141. Recently it was shown that in wild-type mouse, 

hopanthenate (PANK inhibitor) treatment induced mitochondrial abnormalities, reduced 
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hepatic CoA levels and altered acyl-carnitine levels. Interestingly, increased expression of 

enzymes like thioesterases were also observed indicating a compensatory role to generate 

and maintain elevated CoA levels38. More recently PANK1/2 double knock-out mice were also 

generated to understand a CoA depletion effect in a more robust way142. These mice showed 

a drastic reduction in liver and brain CoA levels, decreased fatty acid oxidation, and the mice 

developed severe hypoglycemia and hyperketonemia. Moreover, decreased expression of 

Nudix hydrolases revealed a cellular compensatory process for regulating CoA levels. Although, 

this information will help to understand the importance of CoA biosynthesis, whether it 

reciprocate the PKAN phenotype or not is still an open question. Moreover, experimental 

evidence is lacking whether or not phenotypic rescue can be achieved by overexpressing 

human PANK2 in the PANK1/2 double knockout mice to validate the modified mice as a 

possible PKAN disease models. In addition, so far there is no CoPAN mouse model available to 

understand the similarity and differences with PKAN regarding the impaired CoA biosynthesis 

and disease pathophysiology. Nevertheless, there are additional questions remaining such as 

what is the role of PPCS and PPCDC in maintaining CoA biosynthesis. Addressing all these 

questions in various mouse models will be laborious and time-consuming. Such a diverse 

study is possible with organisms like fruit flies, and this will yield interesting information 

to picture the complexity of diseases in a simple and reliable way.

Drosophila as a model organism for impaired de novo CoA biosynthesis 

Drosophila melanogaster (fruit fly) is a highly suitable model organism to understand disease 

mechanisms and to find therapeutic approaches for various metabolic and neurodegenerative 

diseases143,144. The availability of various genetic tools, the possibility to manipulate pathways, 

the relative short life span all allow robust experimental studies. More than 50% of the members 

of the Drosophila proteome have mammalian analogs and these share similarity in functions 

and cellular localization145. Enzymes of the CoA de novo pathway are also highly conserved in 

Drosophila. Researchers identified the Drosophila mutants of the enzymes involved in the de 

novo CoA biosynthesis unexpectedly in a screen for male sterility (for dPANK/fbl)146 and in a 

separate screen to identify DNA damage sensitive mutants (for dPPCS)147. Soon after, a research 

focus in understanding these mutants explored the de novo CoA biosynthesis pathway enzymes 

in Drosophila along with a characterization of mutant phenotypes. Unlike mice and human, 

there is only one gene encoding for Drosophila pantothenate kinase, dPANK/fbl. However, by 

alternative splicing four different transcripts are generated, among which the longest variant 

dPANK/fbl E, is localized to mitochondria similar to human PANK2148. The dPANK/fbl gene is 

essential for survival because mutations in this gene result in neuroblast abnormality and pupal 

lethality146. Interestingly, dPANK/fbl hypomorphic (reduced dPANK/fbl expression) mutants 

showed sterility, shorter life span, and neuronal defects, which was rescued by overexpression 

of human PANK2148. Moreover, downstream CoA biosynthesis mutants (dPPCS and dPPAT-DPCK 

or dCOASY) also show comparable phenotypes like reduced lifespan, a high sensitivity to 
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ROS, an impaired lipid homeostasis, increased levels of DNA damage and hypersensitivity to 

DNA-damaging agents147. It signifies that all these mutants might share a common phenotypic 

mechanism, most likely due to impaired CoA biosynthesis. Consequently, these Drosophila 

mutants will be a useful tool not only to study the CoA biosynthesis pathway but also to 

understand the disease pathophysiology and molecular mechanism involved in PKAN and 

CoPAN. Moreover, it will also enable us to perform drug screening and genetic interventions 

which will lead to novel therapeutic approaches for PKAN and CoPAN.

Aim And ouTline of The Thesis

The overall aim of this research project was to understand the de novo CoA biosynthesis 

and its related cellular function. To aid our research focus, we also developed a simple and 

reliable analytical method with a selective profiling advantage for CoA and other related 

thiol molecules. We designed our primary research criteria, in particular, to investigate the 

physiological implication of impaired de novo CoA biosynthesis pathway using various in-vitro 

and in-vivo model systems, especially Drosophila melanogaster. Consequently, we also aimed 

to identify potential compounds which could become useful as an alternative substrate other 

than vitamin-B5 for CoA biosynthesis. Moreover, we substantiated our effort to understand 

and improve the applicability of such compounds for therapeutic advantages, which will be 

beneficial in diseases related to CoA biosynthesis like PKAN.

Chapter 2: Pantethine rescues a Drosophila model for pantothenate 
kinase-associated neurodegeneration

Mutations in the human pantothenate kinase gene, the primary rate-limiting enzyme in the 

de novo CoA biosynthesis machinery, lead to a specific form of neurodegeneration called 

PKAN. However, what the downstream effects of PANK impairment are,  is not enumerated 

in details. In this chapter, we discuss the consequence of impaired PANK enzyme using both 

in vitro and in vivo Drosophila model systems. We demonstrated that PANK impairment 

led to a decrease in total CoA levels, mitochondrial dysfunction, and increased protein 

oxidation. Moreover dPANK/fbl Drosophila mutants showed locomotor dysfunction, a 

neurodegenerative phenotype and a reduced lifespan hereby mimicking characteristics 

of PKAN disease. Furthermore, selective small molecule screening lead to a remarkable 

finding that pantethine supplementation can restore CoA levels and also the majority 

of the phenotypes mentioned above, induced by PANK impairment in Drosophila PKAN 

model systems, were rescued. Here, we also provide evidence that pantethine can rescue 

phenotypes induced in mammalian cells due to hPANK2 downregulation. These results are 

further discussed to underline the importance of pantethine as a possible PANK-independent 

source for CoA biosynthesis and suggested that pantetheine could be a lead molecule for 

developing PKAN treatment options.  
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Chapter 3: Impaired Coenzyme A metabolism affects histone and tubulin 
acetylation in Drosophila and human cell models of pantothenate kinase 
associated neurodegeneration

In addition to the known metabolic importance of CoA and its derivatives, acetyl-CoA functions 

as an acetyl donor and thereby regulates protein acetylation homeostasis. Such an essential 

post-translational protein modification and its precise role in cellular functions are well studied. 

However, the influence of a perturbed metabolic pathway, especially impairment of the de 

novo CoA biosynthesis pathway, on protein acetylation status was not investigated. In this 

chapter, we documented our findings to show that decreased CoA levels due to impaired 

PANK enzyme lead to decreased acetylation of specific proteins like histones and tubulin. 

Using various model systems and techniques like RNAi, we show both in vitro and in vivo that 

the defect in metabolic CoA biosynthesis impairs protein acetylation. Moreover, we also show 

supportive proof that some of the characteristic PKAN phenotypes like defective DNA damage 

responses and impaired locomotor function in different model systems are due to a defective 

protein acetylation status. Our results also confirm that pantethine or histone deacetylase 

inhibitors (like TSA) supplementation restores protein acetylation and also improves various 

phenotypes. In this chapter, we also discuss our results bridging the defects in CoA biosynthesis 

and protein acetylation in the context of PKAN pathogenesis and future therapeutics.

Chapter 4: Synthesis and characterization of 4-thiobutyl 
triphenylphosphonium-pantetheine, a pantetheine derivative 

In both chapter 2 and 3, we described pantethine (which is a disulfide of pantetheine) as a 

possible therapeutic drug for PKAN. However, the clinical applicability and its efficacy is 

limited due to the instability of pantetheine in biological systems. Pantetheinase (or Vanin) 

is a hydrolyzing enzyme that degrades pantetheine rapidly into vitamin-B5 and cysteamine. 

In this chapter, we explain our approach to synthesize a masked derivative of pantetheine, 

namely 4-thiobutyltriphenylphosphonium-pantetheine (TBTP-pantetheine) to improving its 

stability. We also explain the rationale for selecting this particular masking group to improve 

the stability and therapeutic efficacy of pantetheine. We provide evidence that such masking 

did not improve the stability of pantetheine. On the contrary, we show that the masking 

group improved the lipophilicity of pantetheine. We discuss a possible alternative approach 

not only aimed to improve the stability of pantetheine but also to enable a targeted delivery 

system to treat PKAN.

Chapter 5: Extracellular 4’-Phosphopantetheine is a novel substrate for 
intracellular Coenzyme A synthesis

In Chapter 1, we explained the canonical CoA biosynthesis pathway and also the importance 

of CoA in metabolic pathways and for other essential cellular functions. Finding alternative 
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ways to efficiently manipulate CoA levels is crucial to envision CoA-based therapeutic 

intervention. In Chapter 5, we challenge the exclusivity of the well-known canonical CoA 

supply route starting with Vitamin-B5. Subsequently, we provide proof that cells and 

organisms possess a mechanism to influence intracellular CoA levels using exogenous CoA 

via 4’-phosphopantetheine. Our results show that in flies, and in human and mouse serum, 

CoA is rapidly hydrolyzed by ecto-nucleotide-pyrophosphatases to 4’-phosphopantetheine, a 

biologically stable molecule. We also show that 4’-phosphopantetheine is able to translocate 

through membranes passively and is processed by the bi-functional enzyme CoA synthase 

back to CoA. Furthermore, using various CoA-deprived model systems in flies, worms and 

human cells, we show that CoA provided via the food or media rescues cell growth, decreased 

protein acetylation, abnormal locomotor skills, developmental arrest, sterility and decreased 

lifespan. We discuss further how our findings can answer long-lasting question in fundamental 

cell biology regarding efficient alternative CoA sources. We also discuss implications of our 

findings regarding treatment of CoA related diseases like PKAN.

Chapter 6: Summarizing discussion

Here, we summarize the overview of the presented scientific information and our findings 

regarding the importance of CoA and its biosynthesis pathway. Historically, CoA is considered 

to be just a metabolic cofactor. However, the recent discoveries in the CoA research field 

clearly show that CoA is more than a metabolite. In this chapter, we summarize the update 

of novel functions of CoA and its importance in diverse cellular processes, especially to 

protein acetylation homeostasis. Moreover, we discuss here the significance of an elegant 

model system like Drosophila as a powerful genetic tool to investigate the CoA biosynthesis 

pathway and its related functions. In addition, we explain our exploration of novel alternative 

CoA sources to manipulate the intracellular CoA levels especially in relation to diseases like 

PKAN. In this chapter, we also discuss our perspective vision for future research to shed more 

detailed understanding of CoA biosynthesis and dependent molecular functions. We also 

underline the importance of such approach in developing a promising treatment strategy 

for diseases like PKAN. We conclude the summarizing discussion with the expectation that 

dedicated research efforts are yet to come to reveal the importance of the multifaceted 

regulator ‘CoA’, which is more than ‘ just’ a metabolic cofactor.



26

Introduc tIon and aIm of the thesIs

1
RefeRenCes

1. Lipmann, F. Enzymatic acetylation and the 
coenzyme of acetylation. The Biological 
bulletin 91, 239 (1946).

2. Lipmann, F., Kaplan, N. O. & Novelli, G. D. 
Chemistry and distribution of the coenzyme 
for acetylation (coenzyme A). Federation 
proceedings 6, 272 (1947).

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 21, 2187-
2189 (1968).

4. Shampo, M. A. & Kyle, R. A. Fritz Lipmann-
-Nobel Prize in discovery of coenzyme A. 
Mayo Clinic proceedings 75, 30 (2000).

5. Lipmann, F. Introduction: coenzyme A, past 
and future. Federation proceedings 12, 673-
674 (1953).

6. Lynen, F. Functional group of coenzyme A 
and its metabolic relations, especially in the 
fatty acid cycle. Federation proceedings 12, 
683-691 (1953).

7. Theodoulou, F. L., Sibon, O. C., Jackowski, 
S. & Gout, I. Coenzyme A and its derivatives: 
renaissance of a tex tbook classic. 
Biochemical Society transactions 42, 1025-
1032, doi:10.1042/BST20140176 (2014).

8. Leonardi, R., Zhang, Y. M., Rock, C. O. & 
Jackowski, S. Coenzyme A: back in action. 
Progress in lipid research 44, 125-153, 
doi:10.1016/j.plipres.2005.04.001 (2005).

9. Choudhary, C. et al. Lysine acetylation 
targets protein complexes and co-regulates 
major cellular functions. Science 325, 834-
840, doi:10.1126/science.1175371 (2009).

10. Beld, J., Sonnenschein, E. C., Vickery, 
C. R., Noel, J. P. & Burkart, M. D. The 
phosphopantetheinyl transferases: catalysis 
of a post-translational modification crucial 
for life. Natural product reports 31, 61-108, 
doi:10.1039/c3np70054b (2014).

11. Lambalot, R. H. et al. A new enzyme 
superfamily - the phosphopantetheinyl 
transferases. Chemistry & biology 3, 923-
936 (1996).

12. K l e i n k a u f ,  H .  T h e  r o l e  o f 
4’-phosphopantetheine in t’ biosynthesis 
of fatty acids, polyketides and peptides. 
Biofactors 11, 91-92 (2000).

13. Tucek, S. The synthesis of acetyl-coenzyme 
A and acetylcholine from citrate and acetate 
in the nerve endings of mammalian brain. 
Biochimica et biophysica acta 117, 278-280 
(1966).

14. Szutowicz, A., Bielarczyk, H., Jankowska-
Kulawy, A., Pawelczyk, T. & Ronowska, A. 
Acetyl-CoA the key factor for survival or 
death of cholinergic neurons in course of 
neurodegenerative diseases. Neurochemical 
research 38, 1523-1542, doi:10.1007/s11064-
013-1060-x (2013).

15. Picciotto, M. R., Higley, M. J. & Mineur, 
Y. S. Acetylcholine as a neuromodulator: 
cholinergic signaling shapes nervous system 
function and behavior. Neuron 76, 116-129, 
doi:10.1016/j.neuron.2012.08.036 (2012).

16. Srinivasan, B. & Sibon, O. C. Coenzyme 
A, more than ‘ just’ a metabolic cofactor. 
Biochemical Society transactions 42, 1075-
1079, doi:10.1042/BST20140125 (2014).

17. McCoy, F. et al. Metabolic activation of 
CaMKII by coenzyme A. Molecular cell 52, 
325-339, doi:10.1016/j.molcel.2013.08.043 
(2013).

18. Eisenberg, T. et al. Nucleocytosolic depletion 
of the energy metabolite acetyl-coenzyme a 
stimulates autophagy and prolongs lifespan. 
Cell metabolism 19, 431-444, doi:10.1016/j.
cmet.2014.02.010 (2014).

19. Baddiley, J., Thain, E. M., Novelli, G. D. & 
Lipmann, F. Structure of coenzyme A. Nature 
171, 76 (1953).

20. Tahiliani, A. G. & Beinlich, C. J. Pantothenic 
acid in health and disease. Vitamins and 
hormones 46, 165-228 (1991).

21. Finlayson, H. J. & Seeley, R. C. The synthesis 
and absorption of pantothenic acid in the 
gastrointestinal tract of the adult sheep. 
Journal of the science of food and agriculture 
34, 427-432 (1983).



27

Introduc tIon and aIm of the thesIs

1
22. 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. The Journal of biological 
chemistry 273, 7501-7506 (1998).

23. Wang, H. et al. Human placental Na+-
dependent multivitamin transporter. 
Cloning, functional expression, gene 
structure, and chromosomal localization. 
The Journal of biological chemistry 274, 
14875-14883 (1999).

24. Prasad, P. D. & Ganapathy, V. Structure and 
function of mammalian sodium-dependent 
multivitamin transporter. Current opinion in 
clinical nutrition and metabolic care 3, 263-
266 (2000).

25. Ghosal, A. & Said, H. M. Structure-
function activity of the human sodium-
dependent multivitamin transporter: role 
of His&#185;&#185;&#8309; and His(2)
(5)(4). American journal of physiology. 
Cell physiology 300, C97-104, doi:10.1152/
ajpcell.00398.2010 (2011).

26. Martinez, D. L., Tsuchiya, Y. & Gout, I. 
Coenzyme A biosynthetic machinery in 
mammalian cells. Biochemical Society 
transactions 42, 1112-1117, doi:10.1042/
BST20140124 (2014).

27. Calder, R. B. et al. Cloning and characterization 
of a eukaryotic pantothenate kinase gene 
(panK) from Aspergillus nidulans. The Journal 
of biological chemistry 274, 2014-2020 (1999).

28. Brand, L. A. & Strauss, E. Characterization 
of a new pantothenate kinase isoform from 
Helicobacter pylori. The Journal of biological 
chemistry 280, 20185-20188, doi:10.1074/jbc.
C500044200 (2005).

29. Hong, B. S. et al. Crystal structures of 
human pantothenate kinases. Insights into 
allosteric regulation and mutations linked to 
a neurodegeneration disorder. The Journal 
of biological chemistry 282, 27984-27993, 
doi:10.1074/jbc.M701915200 (2007).

30. Song, W. J. & Jackowski, S. Cloning, 
sequencing, and expression of the 
pantothenate kinase (coaA) gene of 

Escherichia coli. Journal of bacteriology 174, 
6411-6417 (1992).

31. Daugherty, M. et al. Complete reconstitution 
of the human coenzyme A biosynthetic 
pathway via comparative genomics. The 
Journal of biological chemistry 277, 21431-
21439, doi:10.1074/jbc.M201708200 (2002).

32. Rock, C. O., Karim, M. A., Zhang, Y. M. & 
Jackowski, S. The murine pantothenate kinase 
(Pank1) gene encodes two differentially 
regulated pantothenate kinase isozymes. 
Gene 291, 35-43 (2002).

33. Rock, C. O., Calder, R. B., Karim, M. A. 
& Jackowski, S. Pantothenate kinase 
regulation of the intracellular concentration 
of coenzyme A. The Journal of biological 
chemistry 275, 1377-1383 (2000).

34. Ni, X. et al. Cloning and characterization of 
a novel human pantothenate kinase gene. 
The international journal of biochemistry & 
cell biology 34, 109-115 (2002).

35. Zhou, B. et al. A novel pantothenate kinase 
gene (PANK2) is defective in Hallervorden-
Spatz syndrome. Nature genetics 28, 345-
349, doi:10.1038/ng572 (2001).

36. Alfonso-Pecchio, A., Garcia, M., Leonardi, 
R. & Jackowski, S. Compartmentalization of 
mammalian pantothenate kinases. PloS one 
7, e49509, doi:10.1371/journal.pone.0049509 
(2012).

37. Hortnagel, K., Prokisch, H. & Meitinger, T. An 
isoform of hPANK2, deficient in pantothenate 
kinase-associated neurodegeneration, 
localizes to mitochondria. Human molecular 
genetics 12, 321-327 (2003).

38. Zhang, Y. M. et al. Chemical knockout of 
pantothenate kinase reveals the metabolic 
and genetic program responsible for hepatic 
coenzyme A homeostasis. Chemistry 
& biology 14, 291-302, doi:10.1016/j.
chembiol.2007.01.013 (2007).

39. Manoj, N. & Ealick, S. E. Unusual space-
group pseudosymmetry in crystals of 
human phosphopantothenoylcysteine 
decarboxylase. Acta crystallographica. 
Section D, Biological crystallography 59, 
1762-1766 (2003).



28

Introduc tIon and aIm of the thesIs

1
40. Manoj, N., Strauss, E., Begley, T. P. 

& Ealick, S. E. Structure of human 
phosphopantothenoylcysteine synthetase 
at 2.3 A resolution. Structure 11, 927-936 
(2003).

41. Aghajanian, S. & Worrall, D. M. Identification 
and characterization of the gene encoding 
t h e  h u m a n  p h o s p h o p a n t e t h e i n e 
adenylyltransferase and dephospho-
CoA kinase bifunctional enzyme (CoA 
synthase). The Biochemical journal 365, 13-
18, doi:10.1042/BJ20020569 (2002).

42. Zhyvoloup, A. et al. Subcellular localization 
and regulation of coenzyme A synthase. The 
Journal of biological chemistry 278, 50316-
50321, doi:10.1074/jbc.M307763200 (2003).

43. Dusi, S. et al. Exome sequence reveals 
mutations in CoA synthase as a cause 
of neurodegeneration with brain iron 
accumulation. American journal of 
human genetics 94, 11-22, doi:10.1016/j.
ajhg.2013.11.008 (2014).

44. Idell-Wenger, J. A., Grotyohann, L. W. & Neely, 
J. R. Coenzyme A and carnitine distribution 
in normal and ischemic hearts. The Journal 
of biological chemistry 253, 4310-4318 (1978).

45. Horie, S., Isobe, M. & Suga, T. Changes in CoA 
pools in hepatic peroxisomes of the rat under 
various conditions. Journal of biochemistry 
99, 1345-1352 (1986).

46. Scheffler, I. E. in Mitochondria     246-272 (John 
Wiley & Sons, Inc., 2002).

47. Uhlen, M. et al. Towards a knowledge-based 
Human Protein Atlas. Nature biotechnology 
28, 1248-1250, doi:10.1038/nbt1210-1248 
(2010).

48. Polster, B. J., Westaway, S. K., Nguyen, T. 
M., Yoon, M. Y. & Hayflick, S. J. Discordant 
expression of miR-103/7 and pantothenate 
kinase host genes in mouse. Molecular 
genetics and metabolism 101, 292-295, 
doi:10.1016/j.ymgme.2010.07.016 (2010).

49. Leonardi, R., Zhang, Y. M., Lykidis, A., Rock, 
C. O. & Jackowski, S. Localization and 
regulation of mouse pantothenate kinase 
2. FEBS letters 581, 4639-4644, doi:10.1016/j.
febslet.2007.08.056 (2007).

50. Nemazanyy, I. et al. Identification of a novel 
CoA synthase isoform, which is primarily 
expressed in the brain. Biochemical and 
biophysical research communications 341, 
995-1000, doi:10.1016/j.bbrc.2006.01.051 
(2006).

51. Leonardi, R., Rock, C. O., Jackowski, 
S. & Zhang, Y. M. Activation of human 
mitochondrial pantothenate kinase 2 by 
palmitoylcarnitine. Proceedings of the 
National Academy of Sciences of the United 
States of America 104, 1494-1499, doi:10.1073/
pnas.0607621104 (2007).

52. Rock, C. O., Park, H. W. & Jackowski, S. Role of 
feedback regulation of pantothenate kinase 
(CoaA) in control of coenzyme A levels in 
Escherichia coli. Journal of bacteriology 185, 
3410-3415 (2003).

53. Karasawa, T., Yoshida, K., Furukawa, 
K. & Hosoki, K. Feedback inhibition of 
pantothenate kinase by coenzyme A and 
possible role of the enzyme for the regulation 
of cellular coenzyme A level. Journal of 
biochemistry 71, 1065-1067 (1972).

54. Zhang, Y. M., Rock, C. O. & Jackowski, S. 
Feedback regulation of murine pantothenate 
kinase 3 by coenzyme A and coenzyme 
A thioesters. The Journal of biological 
chemistry 280, 32594-32601, doi:10.1074/
jbc.M506275200 (2005).

55. Jackowski, S. & Rock, C. O. Regulation 
of coenzyme A biosynthesis. Journal of 
bacteriology 148, 926-932 (1981).

56. Novelli, G. D., Schmetz, F. J., Jr. & Kaplan, N. 
O. Enzymatic degradation and resynthesis 
of coenzyme A. The Journal of biological 
chemistry 206, 533-545 (1954).

57. Bremer, J., Wojtczak, A. & Skrede, S. 
The leakage and destruction of CoA in 
isolated mitochondria. European journal of 
biochemistry / FEBS 25, 190-197 (1972).

58. Gasmi, L. & McLennan, A. G. The mouse Nudt7 
gene encodes a peroxisomal nudix hydrolase 
specific for coenzyme A and its derivatives. 
The Biochemical journal 357, 33-38 (2001).

59. AbdelRaheim, S. R. & McLennan, A. G. The 
Caenorhabditis elegans Y87G2A.14 Nudix 
hydrolase is a peroxisomal coenzyme A 



29

Introduc tIon and aIm of the thesIs

1
diphosphatase. BMC biochemistry 3, 5 
(2002).

60. Franklin, J. E. & Trams, E. G. Metabolism of 
coenzyme A and related nucleotides by liver 
plasma membranes. Biochimica et biophysica 
acta 230, 105-116 (1971).

61. Skrede, S. The degradation of CoA: subcellular 
localization and kinetic properties of CoA- 
and dephospho-CoA pyrophosphatase. 
European journal of biochemistry / FEBS 38, 
401-407 (1973).

62. Wittwer, C. T. et al. Purification and properties 
of a pantetheine-hydrolyzing enzyme 
from pig kidney. The Journal of biological 
chemistry 258, 9733-9738 (1983).

63. Schalkwijk, J. & Jansen, P. Chemical biology 
tools to study pantetheinases of the vanin 
family. Biochemical Society transactions 42, 
1052-1055, doi:10.1042/BST20140074 (2014).

64. Vallari, D. S. & Jackowski, S. Biosynthesis 
and degradation both contribute to the 
regulation of coenzyme A content in 
Escherichia coli. Journal of bacteriology 170, 
3961-3966 (1988).

65. Trams, E. G., Stahl, W. L. & Robinson, J. 
Formation of S-acyl pantetheine from 
acyl-coenzyme A by plasma membranes. 
Biochimica et biophysica acta 163, 472-482 
(1968).

66. Reilly, S. J., Tillander, V., Ofman, R., Alexson, 
S. E. & Hunt, M. C. The nudix hydrolase 7 
is an Acyl-CoA diphosphatase involved 
in regulating peroxisomal coenzyme A 
homeostasis. Journal of biochemistry 144, 
655-663, doi:10.1093/jb/mvn114 (2008).

67. McLennan, A. G. The Nudix hydrolase 
superfamily. Cellular and molecular life 
sciences : CMLS 63, 123-143, doi:10.1007/
s00018-005-5386-7 (2006).

68. Isaacson, R. L., Weeds, A. G. & Fersht, A. R. 
Equilibria and kinetics of folding of gelsolin 
domain 2 and mutants involved in familial 
amyloidosis-Finnish type. Proceedings of the 
National Academy of Sciences of the United 
States of America 96, 11247-11252 (1999).

69. Watkins, P. A. & Ellis, J. M. Peroxisomal 
acyl-CoA synthetases. Biochimica et 

biophysica acta 1822, 1411-1420, doi:10.1016/
j.bbadis.2012.02.010 (2012).

70. Skonberg, C., Olsen, J., Madsen, K. G., 
Hansen, S. H. & Grillo, M. P. Metabolic 
activation of carboxylic acids. Expert opinion 
on drug metabolism & toxicology 4, 425-438, 
doi:10.1517/17425255.4.4.425 (2008).

71. Watkins, P. A., Maiguel, D., Jia, Z. & Pevsner, 
J. Evidence for 26 distinct acyl-coenzyme 
A synthetase genes in the human genome. 
Journal of lipid research 48, 2736-2750, 
doi:10.1194/jlr.M700378-JLR200 (2007).

72. Soupene, E. & Kuypers, F. A. Mammalian long-
chain acyl-CoA synthetases. Exp Biol Med 
(Maywood) 233, 507-521, doi:10.3181/0710-
MR-287 (2008).

73. Knights, K. M. & Drogemuller, C. J. 
Xenobiotic-CoA ligases: kinetic and 
molecular characterization. Current drug 
metabolism 1, 49-66 (2000).

74. Waku, K. Origins and fates of fatty acyl-CoA 
esters. Biochimica et biophysica acta 1124, 
101-111 (1992).

75. Milger, K. et al. Cellular uptake of fatty 
acids driven by the ER-localized acyl-CoA 
synthetase FATP4. Journal of cell science 
119, 4678-4688, doi:10.1242/jcs.03280 (2006).

76. Ghisla, S. Beta-oxidation of fatty acids. A 
century of discovery. European journal of 
biochemistry / FEBS 271, 459-461 (2004).

77. Reuter, S. E. & Evans, A. M. Carnitine 
and acylcarnitines: pharmacokinetic, 
pharmacological and clinical aspects. 
Clinical pharmacokinetics 51, 553-572, 
doi:10.2165/11633940-000000000-00000 
(2012).

78. Vaz, F. M. & Wanders, R. J. Carnitine 
biosynthesis in mammals. The Biochemical 
journal 361, 417-429 (2002).

79. Indiveri, C. et al. The mitochondrial carnitine/
acylcarnitine carrier: function, structure 
and physiopathology. Molecular aspects 
of medicine 32, 223-233, doi:10.1016/j.
mam.2011.10.008 (2011).

80. delCardayre, S. B., Stock, K. P., Newton, G. 
L., Fahey, R. C. & Davies, J. E. Coenzyme 
A disulfide reductase, the primary low 
molecular weight disulfide reductase from 



30

Introduc tIon and aIm of the thesIs

1
Staphylococcus aureus. Purification and 
characterization of the native enzyme. The 
Journal of biological chemistry 273, 5744-
5751 (1998).

81. Van Laer, K., Hamilton, C. J. & Messens, J. Low-
molecular-weight thiols in thiol-disulfide 
exchange. Antioxidants & redox signaling 18, 
1642-1653, doi:10.1089/ars.2012.4964 (2013).

82. Setlow, B. & Setlow, P. Levels of acetyl 
coenzyme A, reduced and oxidized 
coenzyme A, and coenzyme A in disulfide 
linkage to protein in dormant and germinated 
spores and growing and sporulating cells of 
Bacillus megaterium. Journal of bacteriology 
132, 444-452 (1977).

83. Keire, D. A., Strauss, E., Guo, W., Noszal, B. 
& Rabenstein, D. L. Kinetics and equilibria 
of thiol/disulfide interchange reactions 
of selected biological thiols and related 
molecules with oxidized glutathione. The 
Journal of organic chemistry 57, 123-127, 
doi:10.1021/jo00027a023 (1992).

84. Nicely, N. I. et al. Structure of the type III 
pantothenate kinase from Bacillus anthracis 
at 2.0 A resolution: implications for coenzyme 
A-dependent redox biology. Biochemistry 
46, 3234-3245, doi:10.1021/bi062299p (2007).

85. Keire, D. A., Robert, J. M. & Rabenstein, D. 
L. Microscopic protonation equilibria and 
solution conformations of coenzyme A 
and coenzyme A disulfides. The Journal of 
organic chemistry 57, 4427-4431, doi:10.1021/
jo00042a022 (1992).

86. Leonardi, R., Rehg, J. E., Rock, C. O. & 
Jackowski, S. Pantothenate kinase 1 is 
required to support the metabolic transition 
from the fed to the fasted state. PloS one 5, 
e11107, doi:10.1371/journal.pone.0011107 
(2010).

87. Reibel, D. K., Wyse, B. W., Berkich, D. A. 
& Neely, J. R. Regulation of coenzyme 
A synthesis in heart muscle: effects of 
diabetes and fasting. The American journal 
of physiology 240, H606-611 (1981).

88. Reibel, D. K., Wyse, B. W., Berkich, D. A., Palko, 
W. M. & Neely, J. R. Effects of diabetes and 
fasting on pantothenic acid metabolism in 

rats. The American journal of physiology 240, 
E597-601 (1981).

89. Palladino, A. A., Chen, J., Kallish, S., Stanley, 
C. A. & Bennett, M. J. Measurement of tissue 
acyl-CoAs using flow-injection tandem 
mass spectrometry: acyl-CoA profiles in 
short-chain fatty acid oxidation defects. 
Molecular genetics and metabolism 107, 679-
683, doi:10.1016/j.ymgme.2012.10.007 (2012).

90. Haynes, C. A. Analysis of mammalian fatty acyl-
coenzyme A species by mass spectrometry 
and tandem mass spectrometry. Biochimica 
et biophysica acta 1811, 663-668, doi:10.1016/
j.bbalip.2011.05.010 (2011).

91. Haynes, C. A. et al. Quantitation of fatty acyl-
coenzyme As in mammalian cells by liquid 
chromatography-electrospray ionization 
tandem mass spectrometry. Journal of 
lipid research 49, 1113-1125, doi:10.1194/jlr.
D800001-JLR200 (2008).

92. Tsuchiya, Y., Pham, U. & Gout, I. Methods 
for measuring CoA and CoA derivatives in 
biological samples. Biochemical Society 
transactions 42, 1107-1111, doi:10.1042/
BST20140123 (2014).

93. Wishart, D. S. et al. HMDB 3.0--The Human 
Metabolome Database in 2013. Nucleic acids 
research 41, D801-807, doi:10.1093/nar/
gks1065 (2013).

94. Mann, M. & Jensen, O. N. Proteomic analysis 
of post-translational modifications. Nature 
biotechnology 21, 255-261, doi:10.1038/
nbt0303-255 (2003).

95. Lothrop, A. P., Torres, M. P. & Fuchs, S. M. 
Deciphering post-translational modification 
codes. FEBS letters 587, 1247-1257, doi:10.1016/
j.febslet.2013.01.047 (2013).

96. Verdin, E. & Ott, M. 50 years of protein 
acetylation: from gene regulation to 
epigenetics, metabolism and beyond. Nature 
reviews. Molecular cell biology, doi:10.1038/
nrm3931 (2014).

97. Glozak, M. A., Sengupta, N., Zhang, X. & Seto, 
E. Acetylation and deacetylation of non-
histone proteins. Gene 363, 15-23, doi:10.1016/
j.gene.2005.09.010 (2005).

98. Hang, H. C. & Linder, M. E. Exploring protein 
lipidation with chemical biology. Chemical 



31

Introduc tIon and aIm of the thesIs

1
reviews 111, 6341-6358, doi:10.1021/cr2001977 
(2011).

99. Lin, H., Su, X. & He, B. Protein lysine acylation 
and cysteine succination by intermediates of 
energy metabolism. ACS chemical biology 7, 
947-960, doi:10.1021/cb3001793 (2012).

100. Graff, J. & Tsai, L. H. Histone acetylation: 
molecular mnemonics on the chromatin. 
Nature reviews. Neuroscience 14, 97-111, 
doi:10.1038/nrn3427 (2013).

101. Zhao, S. et al. Regulation of cellular 
metabolism by protein lysine acetylation. 
Science 327, 1000-1004, doi:10.1126/
science.1179689 (2010).

102. Guan, K. L. & Xiong, Y. Regulation of 
intermediary metabolism by protein 
acetylation. Trends in biochemical sciences 
36, 108-116, doi:10.1016/j.tibs.2010.09.003 
(2011).

103. Wang, X., Pattison, J. S. & Su, H. 
Posttranslational modification and quality 
control. Circulation research 112, 367-381, 
doi:10.1161/CIRCRESAHA.112.268706 (2013).

104. Kim, G. W. & Yang, X. J. Comprehensive 
lysine acetylomes emerging from bacteria to 
humans. Trends in biochemical sciences 36, 
211-220, doi:10.1016/j.tibs.2010.10.001 (2011).

105. Jiang, T., Zhou, X., Taghizadeh, K., Dong, M. & 
Dedon, P. C. N-formylation of lysine in histone 
proteins as a secondary modification arising 
from oxidative DNA damage. Proceedings 
of the National Academy of Sciences of 
the United States of America 104, 60-65, 
doi:10.1073/pnas.0606775103 (2007).

106. Flugel, V., Vrabel, M. & Schneider, S. Structural 
basis for the site-specific incorporation of 
lysine derivatives into proteins. PloS one 9, 
e96198, doi:10.1371/journal.pone.0096198 
(2014).

107. Wagner, G. R. & Hirschey, M. D. Nonenzymatic 
protein acylation as a carbon stress regulated 
by sirtuin deacylases. Molecular cell 54, 5-16, 
doi:10.1016/j.molcel.2014.03.027 (2014).

108. He, W., Newman, J. C., Wang, M. Z., Ho, L. & 
Verdin, E. Mitochondrial sirtuins: regulators 
of protein acylation and metabolism. Trends 
in endocrinology and metabolism: TEM 23, 

467-476, doi:10.1016/j.tem.2012.07.004 
(2012).

109. Bhattacharyya, R., Barren, C. & Kovacs, D. M. 
Palmitoylation of amyloid precursor protein 
regulates amyloidogenic processing in 
lipid rafts. The Journal of neuroscience 
: the official journal of the Society for 
Neuroscience 33, 11169-11183, doi:10.1523/
JNEUROSCI.4704-12.2013 (2013).

110. Grillo, M. P., Tadano Lohr, M. & Wait, J. C. 
Metabolic activation of mefenamic acid 
leading to mefenamyl-S-acyl-glutathione 
adduct formation in vitro and in vivo in 
rat. Drug metabolism and disposition: the 
biological fate of chemicals 40, 1515-1526, 
doi:10.1124/dmd.112.046102 (2012).

111. Grillo, M. P. & Hua, F. Enantioselective 
formation of ibuprofen-S-acyl-glutathione 
in vitro in incubations of ibuprofen with rat 
hepatocytes. Chemical research in toxicology 
21, 1749-1759, doi:10.1021/tx800098h (2008).

112. Qu, X. et al. Hydrolysis of ibuprofenoyl-CoA 
and other 2-APA-CoA esters by human acyl-
CoA thioesterases-1 and -2 and their possible 
role in the chiral inversion of profens. 
Biochemical pharmacology 86, 1621-1625, 
doi:10.1016/j.bcp.2013.08.067 (2013).

113. Verhoeven, N. M. & Jakobs, C. Human 
metabolism of phytanic acid and pristanic 
acid. Progress in lipid research 40, 453-466 
(2001).

114. Kompare, M. & Rizzo, W. B. Mitochondrial 
fatty-acid oxidation disorders. Seminars in 
pediatric neurology 15, 140-149, doi:10.1016/j.
spen.2008.05.008 (2008).

115. Wanders, R. J. & Waterham, H. R. Peroxisomal 
disorders I: biochemistry and genetics of 
peroxisome biogenesis disorders. Clinical 
genetics 67, 107-133, doi:10.1111/j.1399-
0004.2004.00329.x (2005).

116. Jackowski, S. & Leonardi, R. Deregulated 
coenzyme A, loss of metabolic flexibility and 
diabetes. Biochemical Society transactions 
42, 1118-1122, doi:10.1042/BST20140156 (2014).

117. Mitchell, G. A. et al. Hereditary and acquired 
diseases of acyl-coenzyme A metabolism. 
Molecular genetics and metabolism 94, 4-
15, doi:10.1016/j.ymgme.2007.12.005 (2008).



32

Introduc tIon and aIm of the thesIs

1
118. Wanders, R. J., Komen, J. & Ferdinandusse, 

S. Phytanic acid metabolism in health and 
disease. Biochimica et biophysica acta 1811, 
498-507, doi:10.1016/j.bbalip.2011.06.006 
(2011).

119. Wanders, R. J. Metabolic and molecular basis 
of peroxisomal disorders: a review. American 
journal of medical genetics. Part A 126A, 355-
375, doi:10.1002/ajmg.a.20661 (2004).

120. Gauthier, N. et al. A liver-specific defect 
of Acyl-CoA degradation produces 
hyperammonemia, hypoglycemia and a 
distinct hepatic Acyl-CoA pattern. PloS one 
8, e60581, doi:10.1371/journal.pone.0060581 
(2013).

121. Paul, D. S. et al. Deficiency of cardiac 
Acyl-CoA synthetase-1 induces diastolic 
dysfunction, but pathologic hypertrophy 
is reversed by rapamycin. Biochimica et 
biophysica acta 1841, 880-887, doi:10.1016/j.
bbalip.2014.03.001 (2014).

122. Szutowicz, A. et al. Intracellular redistribution 
of acetyl-CoA, the pivotal point in differential 
susceptibility of cholinergic neurons and 
glial cells to neurodegenerative signals. 
Biochemical Society transactions 42, 1101-
1106, doi:10.1042/BST20140078 (2014).

123. Saha, R. N. & Pahan, K. HATs and HDACs in 
neurodegeneration: a tale of disconcerted 
acetylation homeostasis. Cell death and 
differentiation 13, 539-550, doi:10.1038/
sj.cdd.4401769 (2006).

124. Lim, L., Shui, G. & Wenk, M. R. in Lipidomics     
269-296 (Wiley-VCH Verlag GmbH & Co. 
KGaA, 2012).

125. Federico, A. et al. Mitochondria, oxidative 
stress and neurodegeneration. Journal 
of the neurological sciences 322, 254-262, 
doi:10.1016/j.jns.2012.05.030 (2012).

126. Lezi, E. & Swerdlow, R. H. Mitochondria 
in neurodegeneration. Advances in 
experimental medicine and biology 942, 
269-286, doi:10.1007/978-94-007-2869-1_12 
(2012).

127. Pallos, J. et al. Inhibition of specific HDACs 
and sirtuins suppresses pathogenesis in a 
Drosophila model of Huntington’s disease. 

Human molecular genetics 17, 3767-3775, 
doi:10.1093/hmg/ddn273 (2008).

128. Jia, H. et al.  Histone deacetylase 
(HDAC) inhibitors targeting HDAC3 
and HDAC1 ameliorate polyglutamine-
elicited phenotypes in model systems of 
Huntington’s disease. Neurobiology of 
disease 46, 351-361 (2012).

129. Venco, P., Dusi, S., Valletta, L. & Tiranti, V. 
Alteration of the coenzyme A biosynthetic 
pathway in neurodegeneration with brain 
iron accumulation syndromes. Biochemical 
Society transactions 42, 1069-1074, 
doi:10.1042/BST20140106 (2014).

130. Levi, S. & Finazzi, D. Neurodegeneration 
with brain iron accumulation: update 
on pathogenic mechanisms. Frontiers 
in pharmacology 5, 99, doi:10.3389/
fphar.2014.00099 (2014).

131. Zhang, Y. M., Rock, C. O. & Jackowski, 
S. Biochemical properties of human 
pantothenate kinase 2 isoforms and 
mutations linked to pantothenate kinase-
associated neurodegeneration. The 
Journal of biological chemistry 281, 107-114, 
doi:10.1074/jbc.M508825200 (2006).

132. Kotzbauer, P. T., Truax, A. C., Trojanowski, J. Q. 
& Lee, V. M. Altered neuronal mitochondrial 
coenzyme A synthesis in neurodegeneration 
with brain iron accumulation caused by 
abnormal processing, stability, and catalytic 
activity of mutant pantothenate kinase 2. The 
Journal of neuroscience : the official journal 
of the Society for Neuroscience 25, 689-
698, doi:10.1523/JNEUROSCI.4265-04.2005 
(2005).

133. Yin, F., Boveris, A. & Cadenas, E. Mitochondrial 
energy metabolism and redox signaling 
in brain aging and neurodegeneration. 
Antioxidants & redox signaling 20, 353-371, 
doi:10.1089/ars.2012.4774 (2014).

134. Horowitz, M. P. & Greenamyre, J. T. 
Mitochondrial iron metabolism and its role in 
neurodegeneration. Journal of Alzheimer’s 
disease : JAD 20 Suppl 2, S551-568, doi:10.3233/
JAD-2010-100354 (2010).

135. Lill, R. et al. The role of mitochondria in 
cellular iron-sulfur protein biogenesis and 



33

Introduc tIon and aIm of the thesIs

1
iron metabolism. Biochimica et biophysica 
acta 182 3, 1491-1508, doi:10.1016/j.
bbamcr.2012.05.009 (2012).

136. Zorzi, G. & Nardocci, N. Therapeutic 
advances in neurodegeneration with brain 
iron accumulation. International review of 
neurobiology 110, 153-164, doi:10.1016/B978-
0-12-410502-7.00008-9 (2013).

137. Albright, A. L., Barry, M. J., Fasick, P., Barron, 
W. & Shultz, B. Continuous intrathecal 
baclofen infusion for symptomatic 
generalized dystonia. Neurosurgery 38, 934-
938; discussion 938-939 (1996).

138. Sathe, K. P., Hegde, A. U. & Doshi, P. K. 
Deep brain stimulation improves quality 
of life in pantothenate kinase-associated 
neurodegeneration. Journal of pediatric 
neurosciences 8, 46-48, doi:10.4103/1817-
1745.111423 (2013).

139. Hayflick, S. J. Pantothenate kinase-associated 
neurodegeneration (formerly Hallervorden-
Spatz syndrome). Journal of the neurological 
sciences 207, 106-107 (2003).

140. Kuo, Y. M. et al. Deficiency of pantothenate 
kinase 2 (Pank2) in mice leads to retinal 
degeneration and azoospermia. Human 
molecular genetics 14, 49-57, doi:10.1093/
hmg/ddi005 (2005).

141. Kuo, Y. M., Hayflick, S. J. & Gitschier, J. 
Deprivation of pantothenic acid elicits a 
movement disorder and azoospermia in 
a mouse model of pantothenate kinase-
associated neurodegeneration. Journal 
of inherited metabolic disease 30, 310-317, 
doi:10.1007/s10545-007-0560-8 (2007).

142. Garcia, M., Leonardi, R., Zhang, Y. M., Rehg, 
J. E. & Jackowski, S. Germline deletion of 
pantothenate kinases 1 and 2 reveals the 
key roles for CoA in postnatal metabolism. 
PloS one 7, e40871, doi:10.1371/journal.
pone.0040871 (2012).

143. Debattisti, V. & Scorrano, L. D. melanogaster, 
mitochondria and neurodegeneration: small 
model organism, big discoveries. Molecular 
and cellular neurosciences 55, 77-86, 
doi:10.1016/j.mcn.2012.08.007 (2013).

144. Bharucha, K. N. The epicurean fly: using 
Drosophila  melanogaster to study 
metabolism. Pediatric research 65, 132-137, 
doi:10.1203/PDR.0b013e318191fc68 (2009).

145. Chien, S., Reiter, L. T., Bier, E. & Gribskov, M. 
Homophila: human disease gene cognates 
in Drosophila. Nucleic acids research 30, 149-
151 (2002).

146. Afshar, K., Gonczy, P., DiNardo, S. & 
Wasserman, S. A. fumble encodes a 
pantothenate kinase homolog required for 
proper mitosis and meiosis in Drosophila 
melanogaster. Genetics 157, 1267-1276 (2001).

147. Bosveld, F. et al. De novo CoA biosynthesis 
is required to maintain DNA integrity during 
development of the Drosophila nervous 
system. Human molecular genetics 17, 2058-
2069, doi:10.1093/hmg/ddn105 (2008).

148. Wu, Z., Li, C., Lv, S. & Zhou, B. Pantothenate 
kinase-associated neurodegeneration: 
insights from a Drosophila  model. 
Human molecular genetics 18, 3659-3672, 
doi:10.1093/hmg/ddp314 (2009).




