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Introduction n 

Carnitinee (3-hydroxy-4-N-trimethylaminobutyrate) is a small water-soluble molecule, which 
iss present in most, if not all animal species and in several micro-organisms and plants. 
Carnitinee plays an indispensable role in fatty acid metabolism, where it is involved in the 
transportt of activated fatty acids between different cellular compartments. In cells, fatty 
acidss are present as esters with coenzyme A (CoA), acyl-CoAs. The acyl-moiety of acyl-CoAs 
cann be transesterified to the 3-hydroxy-group of carnitine by the action of carnitine acyl-
transferases,, which results in the formation of acyl-carnitine esters (FIG. 1). 
Fattyy acids are degraded in both mitochondria and peroxisomes. Cytosolic long-chain fatty 
acids,, which are destined for degradation via P-oxidation in the mitochondrial matrix, are 
transportedd over the inner mitochondrial membrane as carnitine-esters. In the 
mitochondriall  matrix the acyl-carnitine is reconverted to acyl-CoA by another carnitine acyl 
transferase,, after which the acyl-CoA can be P-oxidised. Furthermore, products of the 
peroxisomall  P-oxidation system, including acetyl-CoA, are transported as carnitine-esters 
fromm peroxisomes to mitochondria for complete degradation to C02 and H20. 
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Carnitine e 

acy] ] 

transferases s 

ee i r -
c " 33 OH OH 

SS CoA 

FIG.. 1: The reaction catalysed by carnitine acyl-transferases; the acyl-moiety of acyl-CoA is transesteri-
fiedd to the 3-hydroxy-group of carnitine by the action of these enzymes, which results in the formation of 
ann acyl-carnitine ester. 

Humanss obtain most of their carnitine through the diet, primarily via the consumption of 
meat,, poultry, fish and dairy products, which contain considerable amounts of carnitine. 
Apartt from the dietary intake, carnitine is synthesised in liver and kidney from 
protein-derivedd 6-N-trimethyllysine via 3-hydroxy-6-N-trimethyllysine, 4-N-trimethyl-
aminobutyraldehydee and 4-N-trimethylaminobutyrate (4-N-butyrobetaine). Since in rats 
onlyy the liver and in humans also the kidneys, are capable of carnitine synthesis, other cells 
dependd on carnitine import via active uptake from the blood. This transport system is also 
involvedd in the renal tubular reabsorption and intestinal absorption of carnitine. Taken 
together,, carnitine homeostasis is maintained by dietary intake, a modest rate of endogenous 
synthesiss and efficient tubular reabsorption of carnitine by the kidney. At the beginning of 
thee studies described in this thesis, there was very littl e information on each of these aspects 
off  carnitine homeostasis. Indeed, although the sequence of metabolites of carnitine 
biosynthesiss already had been established in the 1970's, none of the enzymes of this 
pathwayy had been characterised at the molecular level and relatively littl e was known about 
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thee role and importance of carnitine biosynthesis in mammalian metabolism. On the other 
handd the crucial role of carnitine in energy homeostasis was evident from patients suffering 
fromm systemic carnitine deficiency who show excessive renal and intestinal wastage of 
carnitine,, which results in very low plasma and tissue carnitine concentrations. This 
potentiallyy lethal disorder is characterised by cardiomyopathy, myopathy, recurrent 
episodess of hypoketotic hypoglycaemia, hyperammonemia and failure to thrive. Studies in 
cellss of these patients have shown that this disorder is caused by a defect in the active 
cellularr uptake of carnitine into the cell. The gene encoding the plasma-membrane carnitine 
transporter,, which is putatively mutated in this disorder, was not known. 
AA number of patients suffering from chronic fatigue syndrome have been reported to 
respondd well to oral carnitine therapy. This disorder, which is also known as myalgic 
encephalomyelitiss (ME), has a high incidence (~0.2% of the population) but the cause is still 
unknown.. Chronic fatigue syndrome patients suffer from prolonged generalised fatigue, 
musclee weakness, myalgia, and postexertional malaise. Since carnitine therapy is beneficial 
too these patients, it has been suggested that a defect in carnitine metabolism might cause 
thiss syndrome. Another group of patients presenting with various pathologies in 
combinationn with low plasma carnitine concentrations has been identified by our group and 
byy others during diagnostic screening, and it has been suggested that the underlying defect 
inn some of these patients might be a deficiency of carnitine biosynthesis. 
Thee study towards defects in carnitine biosynthesis, however, was hampered at that time by 
thee lack of knowledge of the carnitine biosynthesis enzymes at the molecular level and 
efficientt methods to analyse the metabolites of this pathway in body fluids. 
Inn order to study carnitine metabolism in these groups of patients, complete resolution and 
understandingg of the regulation of the carnitine biosynthesis pathway is required. 
Therefore,, it was the purpose of these studies to shed more light on the identity of the genes 
codingg for the enzymes of carnitine biosynthesis and to develop a method to determine the 
concentrationn of the carnitine biosynthesis metabolites in body fluids. 
AA review of the studies conducted on carnitine biosynthesis and transport including the 
dataa described in the experimental chapters 3-7 is presented in chapter 2. Chapters 3, 4 and 
55 describe the identification and characterisation of three of the four enzymes of carnitine 
biosynthesiss at the molecular level. Chapter 6 presents a novel HPLC tandem MS method to 
measuree the concentration of the carnitine biosynthesis metabolites in urine. In chapter 7 
thee underlying molecular defect in three systemic carnitine deficiency patients is described. 
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Partt of this chapter has been accepted as a review in the Biochemical journal 
Vaz,, EM. and Wanders, RJ.A, Biochem. J. 
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Carnitin ee biosynthesis and transport in mammals 

Fredericc M . Vaz and Ronald J.A. Wanders 

Laboratoryy for Genetic Metabolic Diseases, Departments of Clinical Chemistry and 
Paediatrics,, Emma Children's Hospital, Academic Medical Centre, University of Amsterdam, 
POO Box 22700, 1100 DE Amsterdam, The Netherlands 

SUMMARY Y 

Carnitinee is indispensable for energy metabolism, since it enables activated fatty acids to 
enterr the mitochondria where they are broken down via fi-oxidation. Carnitine is most likely 
presentt in all animal species, and in numerous micro-organisms and plants. In mammals, 
carnitinee homeostasis is maintained by a modest rate of endogenous synthesis, absorption 
fromm dietary sources and efficient tubular reabsorption by the kidney. This review aims to 
coverr the enzymological, molecular and regulatory aspects of mammalian carnitine 
biosynthesiss and transport, with emphasis on human and rat. 

11 DISCOVERY OF CARNITINE 

Carnitine,, a name derived from the Latin caro (flesh), was first discovered in muscle extracts 
inn 1905 (1,2). Soon thereafter, the chemical formula C7H15N03 was established and, in 1927, 
itss structure, a trimethylbetaine of 4-amino-3-hydroxybutyric acid, was resolved (3). In 
19622 the configuration of the physiological enantiomer was determined as L(-) or R(-)-3-
hydroxy-4-N,N,N-trimethylaminobutyratee (4) (FIG. 1). 

CH33 OH 
++ 1 I 

CH3—NN —CH2 —CH—CH2 

CH3 3 

FIG.. 1: The chemical structure of carnitine: 3-hydroxy-4-N,N,N-trimethylaminobutyrate, a zwitterionic 
quaternaryy amine with a molecular mass of 161.2 g/mol (inner salt). 

Betweenn 1948 and 1952 Fraenkel and colleagues demonstrated that carnitine is essential for 
thee beetle Tenebrio molitor, and assigned the term vitamin Bj. (T for Tenebrio) to carnitine 
(5,6).. When Tenebrio molitor larvae were grown on a synthetic diet without carnitine, they 
greww slowly and died after 3-4 weeks. A minimum amount of 0.35 ug carnitine per gram of 
dryy diet, however, was sufficient for normal growth and survival. This requirement of 
carnitinee for growth of the larvae was used as an assay to determine the carnitine levels in a 
varietyy of biological materials (6). By adding different dilutions of the analyte (for example 
urine)) to the synthetic diet, followed by determination of the dilution at which the larvae 
startedd to die, allowed calculation of the carnitine content. The fact that in the absence of 
dietaryy carnitine these larvae died without using their fat stores, suggested a role for 
carnitinee in fatty acid metabolism. 

22 FUNCTIONS OF CARNITINE 

Inn 1955, Friedman and Fraenkel (7) discovered that carnitine can be acetylated reversibly 
withh acetyl-coenzyme A (CoA), and Fritz (8) showed that carnitine stimulates fatty acid 

O O 
I I I 

—— C 
O O 
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oxidationn in liver homogenates. These studies led to the discovery that carnitine is involved 
inn the transport of activated long-chain fatty acids from the cytosol to the mitochondrial 
matrix,, where P-oxidation takes place (FIG. 2). Cytosolic long-chain fatty acids, which are 
presentt as CoA esters, are transesterified to L-carnitine in a reaction catalysed by carnitine 
palmitoyltransferasee I (CPT I) at the mitochondrial outer membrane. In this reaction, the 
acyl-moietyy of the long-chain fatty acids is transferred from CoA to the hydroxyl group of 
carnitine.. The resulting long-chain acyl-carnitine esters are transported over the inner 
mitochondriall  membrane via a specific carrier, carnitine-acylcarnitine translocase (CACT). 
Att the matrix side of the mitochondrial membrane the long-chain fatty acids are 
transesterifiedd to intramitochondrial CoA, a reaction catalysed by carnitine 
palmitoyltransferasee II (CPT II). The released carnitine can then leave the mitochondrion via 
CACTT for another round of transport. For an extensive review of this carnitine shuttle 
systemm see (9). 

Long-chain n 
Acyl-CoA A 

Long-chainn ' 
Acylcarnitine e 

Cytosol l 

p-oxidation n 

Long-chainn Acyl-CoA 

Mitochondrial l 
Matrix x 

FIG.. 2: Carnitine function in transport of mitochondrial long-chain fatty acid oxidation and regulation 
off  the intramitochondrial acyl-CoA/CoA ratio. 

Inn the mitochondrial matrix, the enzyme carnitine acetyl-transferase (CAT) is able to 
reconvertt short- and medium-chain acyl-CoAs into acyl-carnitines using intramitochondrial 
carnitine.. These acyl-carnitines can then leave the mitochondria via CACT. Through this 
mechanismm of reversible acylation, carnitine is able to modulate the intracellular 
concentrationss of free CoA and acyl-CoA. It has been suggested that this mechanism is also 
usedd to store acetyl units as acetyl-carnitine, which can be converted into acetyl-CoA upon 
energyy shortage, especially in heart and sperm (10). 

Carnitinee can also modulate the toxic effects of poorly metabolised acyl-groups of either 
xenobioticc origin (e.g. pivalic acid and valproate) or those arising from various inborn errors 
off  metabolism (e.g. propionic acid in propionic acidemia). Since these compounds are 
convertedd to CoA-esters, the cellular pool of free CoA is depleted. By transesterifying the 
acyl-moietyy of these CoA-esters to carnitine, followed by excretion of the resulting acyl-
carnitinee esters out of the cell, the free CoA-pool is replenished (11-14). Finally, carnitine is 
involvedd in the transport of products of the peroxisomal P-oxidation system from 
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peroxisomess to mitochondria (15). Very long-chain fatty acids (>C22) and certain branched-
chainn fatty acids are partially degraded in this organelle, and the resulting products are 
transportedd as carnitine esters to the mitochondrion for further degradation. For this 
purpose,, peroxisomes also contain carnitine acyl-transferases including CAT and carnitine 
octanoyltransferasee (COT). Like the mitochondrial enzyme, peroxisomal CAT converts short-
andd medium-chain acyl-CoAs into acyl-carnitines for transport to mitochondria. The 
peroxisomall  and mitochondrial CATs are produced from the same gene by differential 
splicingg of the mRNA (16). COT is involved in the conversion of partially degraded 
branched-chainn fatty acids into acyl-carnitines for further p-oxidation in mitochondria (17). 
Thee reader is referred to several excellent reviews that discuss areas of carnitine metabolism 
andd functions not covered here (10,18-21,14). 

33 OCCURRENCE AND DISTRIBUTIO N 

Carnitinee is most likely present in all animal species, and in numerous micro-organisms and 
plantss (22,23,14). The concentration of carnitine in different tissues and in different species 
variess greatly. The highest concentration of carnitine is found in horseshoe crab muscle and 
inn rat epididymal fluid, in which carnitine can reach a concentration of 60 mM. Animal 
tissuess contain relatively high amounts of carnitine, varying between 0.2 and 6 umol/g, 
withh the highest concentrations in heart and skeletal muscle (24,25,10,26). Certain bacteria, 
includingg strains of Pseudomonas and Acinetobacter can use carnitine as sole carbon and 
nitrogenn source (23,14). Other bacteria use carnitine and its derivatives as osmoprotectants 
(14).. For reviews on the role of carnitine in bacteria see (23,14). Plants contain very littl e 
carnitine,, except avocados and asparagus, which contain some carnitine, but not nearly as 
muchh as animal tissues (22,20). Although animals primarily acquire carnitine from the diet, 
mostt mammals are capable of synthesising carnitine endogenously. 

44 IDENTIFICATIO N OF THE METABOLITE S INVOLVE D LN CARNITIN E BIOSYNTHESIS 

Thee discovery of the crucial function of carnitine in energy metabolism created an interest 
inn the biosynthetic origin of this compound. In the period from 1960 to 1980, several groups 
contributedd to the elucidation of the sequence of metabolites leading to carnitine, which is 
describedd below. The complete carnitine biosynthetic pathway, including the chemical 
structuree of the intermediates, is shown in FIG. 3. 

4.14.1 4-N-trimethylaminobutyrate (butyrobetaine) 
Alreadyy in 1929, Linneweh had shown that injection of butyrobetaine into dogs led to an 
increasedd excretion of carnitine in the urine, suggesting that butyrobetaine is a precursor of 
carnitine.. This was confirmed in 1961 by experiments involving the administration of 
[14C]-butyrobetainee to rats, which resulted in the appearance of radiolabeled carnitine in 
tissuess and urine (27-29). Lindstedt subsequently showed that butyrobetaine was 
hydroxylatedd to carnitine by a partially purified soluble protein fraction from rat liver (30). 
Inn an attempt to identify the origin of butyrobetaine and carnitine, several radiolabeled 
compoundss were tested as precursors by injecting them in rats and mice, and determining 
whetherr the label was incorporated into carnitine. None of the tested compounds, including 
acetate,, formate, glycine, glucose, various butyrate derivatives and essential amino acids 
resultedd in carnitine labelling (31,32). Only long term experiments with methyl-labelled 
methioninee showed slow incorporation of radioactivity into the 4-N-methyl groups of 
carnitinee (31). 
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2-Oxoglutaratee Succinate 

CH,, O +0> +f°>  CH, O 

CH3—N—CH2—CH2-CH2—CH22 — C H - Cv —=*—«^— CH3—N—CH2—CH2—CH,—CH—CH-C 
'' +1 VOH Ascorbate, Fe2+ ! I +1 Y)H 
CH33 lm, CH, OH NH3 

6-N-trimethyllysinee (TML) 3-hydroxy-6-N-tr imethylIysine (HTML ) 

22 PLP 
Glycine e 

+11 II 

CH3—N—— CH2— C H 2 - CH2— C s 

CH, , 

1.. 6-N-Trimethyllysine dioxygenase 

2.. 3-Hydroxy-6-N-trimethyIlysine adlolase 

3.. 4-N-Trimethylaminobutyraldehyde dehydrogenase 

4-N-trimethylaminobutyraldehydee (TMABA) 
4.. 4-N-Trimethylaminobutyrate dioxygenase 

^  ̂ NAD4 

33 , 
Succinatee 2-Oxoglutarate ^ NADH + H 
+CO,, +0, 

CH33 OH 0 v2 * CH, O 
+ii  i ii v y +i H 

C H , — N - C H2 - C H - C H2 - CNN » ^— C H , — N - C H2 - C H 2 - C H 2 - C 
II  OH Ascorbate, Fê  I m 

*-" 33 CH, 

4 4 
L-carnitinee 4-N-trimethylaminobutyrate (butyrobetaine) 

FIG.. 3: Carnitine biosynthesis from 6-N-trimethyllysine (TML). TML is first hydroxylated at the 2-posi-
tionn by TML dioxygenase, after which the resulting 3-hydroxy-6-N-trimethyllysine (HTML) is cleaved 
byy a specific aldolase, which uses pyridoxal 5'-phosphate (PLP) as co-factor, into 4-N-trimethylaminobu-
tyraldehydee (TMABA) and glycine. Subsequently, TMABA is oxidised by TMABA dehydrogenase to form 
4-N-trimethylaminobutyratee (butyrobetaine). In the last step, butyrobetaine is hydroxylated at the 3-
positionn by a second dioxygenase, 4-N-butyrobetaine, 2-oxoglutarate dioxygenase, yielding L-carnitine. 

4.24.2 6-N-Trimethyllysine, 3-hydroxy-6-N-trimethyllysine and4-N-trimethylaminobutyraldehyde 

Afterr the establishment of butyrobetaine as a precursor of carnitine and the finding that 
methioninee is the source of the 4-N-methyl groups, the biosynthetic origin of the butyrate 
carbon-chainn and 4-nitrogen atom remained obscure for several years. Based on structural 
similaritiess of 6-N-trimethyllysine (TML) and 3-hydroxy-6-N-trimethyllysine (HTML) with 
butyrobetainee and carnitine, however, Broquist and co-workers hypothesised that 
butyrobetaine,, and consequently carnitine, might derive from lysine metabolism. Using a 
seriess of isotopic labelling experiments in lysine auxotrophs of the mold Neurospora crassa, 
thiss group demonstrated that the carbon-chain of carnitine indeed originates from lysine 
(33,34).. These strains of Neurospora crassa converted both [6-14C]-lysine and [4,5-3H]-lysine 
intoo carnitine, whereas administration of [l-14C]-lysine or [2-14C]-lysine did not result in 
incorporationn of label into carnitine. In addition, in an experiment employing [6-15N]-lysine 
itt was demonstrated that the 6-N-nitrogen atom of lysine becomes the nitrogen atom of 
carnitine.. These experiments suggested that lysine is cleaved, losing carbon atoms 1 and 2, 
andd that the remainder of the molecule then serves as the source of butyrobetaine (35,36). In 
subsequentt isotope dilution experiments, where unlabeled TML was added in addition to 
labelledd lysine, it was shown that the incorporation of radioactivity in biosynthesised 
carnitinee was repressed almost completely. Moreover, direct administration of 
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6-N-[methyl-3H]-TMLL resulted in high carnitine yields, strongly suggesting that TML is a 
precursorr of carnitine. By the same methods, the authors showed that butyrobetaine is also a 
goodd precursor of carnitine in Neurospora crassa. Using lysine-deficient rats and the same 
labelledd compounds, Broquist and co-workers next demonstrated that the synthesis of 
carnitinee in rat is highly similar to that of Neurospora crassa (34,36). The results obtained in 
thee experiments with Neurospora crassa and rat were consistent with the following 
metabolitee sequence: 

Lysinee + methionine —» —>  TML —> —> butyrobetaine —>  carnitine 

Inn an attempt to identify the 2-carbon fragment arising from the cleavage of TML, Hochalter 
andd Henderson administered [1-14C]-TML to rats together with sodium benzoate and 
showedd that 25% of the label was incorporated into hippuric acid (N-benzoylglycine). This 
suggestedd that the 2-carbon fragment lost from TML was glycine (37). Therefore, it was 
proposedd that TML is first hydroxylated on the 3-position to yield HTML, followed by 
aldoliticc cleavage of HTML into glycine and 4-trimethyllaminobutyraldehyde (TMABA). 
Dehydrogenationn of the latter compound would result in the intermediate butyrobetaine, 
whosee hydroxylation to carnitine already had been established (27-30). The suggestion that 
HTMLL is an intermediate of carnitine biosynthesis was supported by the observation that 
ratt liver slices converted this compound to carnitine efficiently (38,39). Subsequent 
experimentss performed in Neurospora crassa demonstrated that both postulated precursors, 
HTMLL and TMABA, effectively blocked synthesis of labelled carnitine from 
6-N-[methyl-3H]-TML .. In addition, both 6-N-[methyl-3H]-HTML and 4-N-[methyI-3H]-
TMABAA were used efficiently as carnitine precursors (40). The involvement of HTML in 
carnitinee biosynthesis was confirmed by Novak et al. who resolved the identity of an 
unknownn compound isolated from urine of rats treated with TML as HTML, using chemical 
methodss in combination with lH- and 13C-nuclear magnetic resonance spectroscopy (41). 
Withh respect to the configuration of the chiral carbon atoms bearing the 2-amino and 
3-hydroxyy groups, HTML can exist as two diastereoisomeric pairs of enantiomers, either as 
thee erythro or the threo isomer (41). Novak et al. showed that, in vivo, HTML most likely is 
presentt as the L-erythro isomer. 

4.34.3 The origin of TML 
Inn 1977, an enzyme was purified from Neurospora crassa that catalyses the stepwise 
methylationn of free lysine using S-adenosylmethionine as methyl donor resulting in the 
formationn of TML (42,43). Since S-adenosylmethionine is derived from methionine, this 
explainedd the incorporation of radiolabeled methionine into carnitine in the isotope 
labellingg experiments in Neurospora crassa (35). 
Inn the same period it was discovered that in mammalian systems, methylation of lysines is a 
post-translationall  event catalysed by specific methyltransferases that also use 
S-adenosylmethioninee as methyl donor (44,45). Proteins containing TML residues include 
calmodulin,, myosin, actin, cytochrome c, and histones ((46,47) and references therein). 
Unlikee in Neurospora crassa, methylation of free lysine could not be detected in 
homogenatess of various mammalian tissues (45). It was suggested therefore that free TML 
destinedd for carnitine biosynthesis originates solely from protein-bound TML. This view 
wass supported by an elegant series of experiments in rats by Englard and co-workers who 
showedd that intravenous injection of 6-N-[methyl-14C]-TML-labelled asialo-fetuin, a 
glycoproteinn that is rapidly taken up into liver cells and degraded in lysosomes, resulted in 
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efficientt carnitine labelling (48,49). Monomethyl- and dimethyllysine residues were not 
convertedd to carnitine, suggesting that rat liver could not further methylate these residues 
afterr protein hydrolysis. The protein methylation pathway is considered to be the primary, 
iff  not the only pathway leading to TML in mammals. 

55 THE ENZYME S OF CARNITIN E BIOSYNTHESIS 

Thee characterisation of the carnitine biosynthesis enzymes paralleled the discovery of the 
metabolitess involved in this pathway. Several of the enzymes were isolated and 
characterised,, although the identification of the encoding genes has been realised only 
recentlyy in our laboratory and that of Demarquoy (50-53). The enzymes involved in 
carnitinee biosynthesis and their co-factors are depicted in FIG. 3 and discussed below. 

5.11 6-N-Trimethyllysine, 2-oxoglutarate dioxygenase (TMLD), EC 1.14.11,8 
Afterr the identification of TML as a precursor of carnitine, Hulse et al. demonstrated that 
ratt liver mitochondria are capable of hydroxylating this compound to produce HTML (54). 
Thee enzyme responsible for this conversion was shown to be a non-heme ferrous-iron 
dioxygenase,, which requires 2-oxoglutarate, Fe2+ and molecular oxygen as cofactors (54-57). 
Inn this class of enzymes, the hydroxylation of the substrate is linked to the oxidative 
decarboxylationn of 2-oxoglutarate to succinate and C02. Molecular oxygen reacts at the 
activee site of the enzyme to form an oxo-ferryl intermediate (Fe4+=0), and this iron-bound 
oxygenn atom is used to hydroxy late the substrate. The other oxygen atom is incorporated 
intoo 2-oxoglutarate resulting in the formation of succinate and the release of C02. TMLD 
requiress the presence of ascorbate (vitamin C) for enzymatic activity, presumably to 
maintainn the iron in the ferrous state. Reducing agents other than ascorbate are also 
effectivee (dithiothreitol, 3-mercaptoethanol), but ascorbate works best in each of the 
reactionss (54,58). 
Inn most experiments, TMLD activity is measured by using radiolabeled TML and counting 
thee radioactivity of the product HTML after its isolation from the incubation medium by 
ionn exchange chromatography (54,58-61,57). An alternative assay was reported by Davis, 
whoo used unlabeled TML and detected the product, after ion exchange chromatography, by 
reversed-phasee HPLC using pre-column derivatization with o-phtalaldehyde. We recently 
developedd a new method to measure the concentration of the carnitine biosynthesis 
metabolitess in urine (62) and adapted it to measure TMLD activity in tissue homogenates. 
Thiss method wil l be reported elsewhere. 
Inn both man and rat, TMLD activity is present in liver, skeletal muscle, heart and brain but 
thee highest activity is found in kidney (59,57). TMLD was purified previously from bovine 
kidneyy by Henderson et al. who reported that the pure enzyme was very unstable, losing all 
activityy overnight (58,61). We recently purified TMLD from rat kidney to apparent 
homogeneityy and found that the presence of 2 mM ascorbate, 5 mM dithiothreitol and 10 g/1 
glyceroll  was essential for preserving the enzymatic activity during the later purification-
stepss and subsequent storage at -80°C. We characterised TMLD kinetically and showed that 
thee native enzyme is a homo dimer with a mass of approximately 87 kDa, as determined by 
gell  filtration and blue native PAGE analysis (53). 
Wee subsequently sequenced two internal peptides of the purified enzyme by Q-TOF mass 
spectrometry.. These peptide sequences were used to search the Expressed Sequence Tag 
dataa base, which led to the identification of a rat cDNA of 1218 basepairs encoding a 
polypeptidee of 405 amino acids with a calculated molecular mass of 47.5 kDa. Using the rat 
sequencee we also identified the homologous cDNAs from human and mouse. Heterologous 
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expressionn of both the rat and human cDNAs in COS-cells confirmed that they encode 
TMLDD (53). Further data base searching showed that the human TMLD gene is localised at 
Xq28. . 
Subcellularr localisation experiments by differential centrifugation indicated that the 
enzymee is predominantly associated with mitochondria (54,56) in contrast to the other three 
carnitinee biosynthetic enzymes, which are cytosolic. We confirmed the mitochondrial 
localisationn of TMLD by experiments using Nycodenz density gradient analysis (53). 
Currently,, we are investigating the submitochondrial localisation of TMLD since this wil l 
havee consequences for the regulation and substrate flow through the carnitine biosynthesis 
pathway. . 

5.25.2 3-Hydroxy-6-N-trimethyllysine aldolase (HTMLA) EC 4J.2.X 
Veryy littl e is known about HTMLA, which catalyses the aldolitic cleavage of HTML into 
TMABAA and glycine. Rebouche and Engel reported that in human tissues, HTMLA activity 
iss found almost exclusively (>90%) in the soluble fraction. The highest activity was found 
inn liver but varied greatly ranging from 8-140 pmol/min per mg protein (59). HTMLA may 
bee identical to serine hydroxymethyltransferase (SHMT, EC 2.1.2.1) since it has been shown 
thatt crystalline SHMT from rabbit liver acts upon HTML yielding TMABA and glycine 
(58,61).. SHMT catalyses the tetrahydrofolate-dependent interconversion of serine and 
glycine,, a reaction that generates one-carbon units for methionine, thymidylate and purine 
biosynthesiss (63). SHMT also catalyses the aldol cleavage of other P-hydroxyamino acids in 
thee absence of tetrahydrofolate (64), including HTML. Two isoforms of SHMT are present in 
eukaryoticc cells: one localised in the cytoplasm and one localised in mitochondria. In 
humans,, the gene encoding the cytosolic SHMT is located on chromosome 17pll.2 and the 
genee encoding the mitochondrial isoenzyme on chromosome 12ql3.2 (65). The human 
cytosolicc SHMT is predominantly expressed in kidney, liver and skeletal muscle, whereas 
mitochondriall  SHMT is ubiquitously expressed (63). If HTMLA is identical to one of the 
twoo SHMTs, the cytosolic isoenzyme is the most likely candidate since cytosolic SHMT is 
expressedd predominantly in tissues reported to contain HTMLA activity and HTMLA is 
localisedd in the cytoplasm (59). Like many aldolases, SHMT uses pyridoxal 5'-phosphate, a 
derivativee of pyridoxine (vitamin B6), as cofactor. The involvement of a pyridoxal 
5'-phosphate-requiringg enzyme in carnitine biosynthesis is supported by the observation 
thatt synthesis of butyrobetaine and carnitine from protein-bound trimethyllysine is 
inhibitedd by 1-amino-D-proline, an antagonist of vitamin B6. This compound repressed 
carnitinee biosynthesis by as much as 60-80% and leads to the accumulation of HTML (66). 
Furthermore,, rats maintained on a vitamin B6-deficient diet showed a significant decrease of 
thee carnitine levels in extrahepatic tissues. Moreover, when these rats were fasted for 3 
days,, liver carnitine was significantly lower, as compared to fasted control rats (67). 
Repletionn of vitamin B6 resulted in normalisation of the carnitine levels in all tissues, further 
supportingg the requirement of this vitamin in carnitine biosynthesis (67). Whether HTMLA 
iss identical to SHMT, however, remains to be established. 

5.35.3 4-N-Trimethylaminobutyraldehyde dehydrogenase (TMABA-DH), EC 1.2.1.47 
TMABA-DH ,, which catalyses the dehydrogenation of 4-N-trimethylaminobutyraldehyde to 
butyrobetaine,, was first isolated by Hulse et al. from the cytoplasmic fraction of bovine 
liverr (68). No activity was detected in either the mitochondrial or microsomal fractions. The 
samee group also reported purification of this enzyme from rat liver (69). TMABA-DH has an 
absolutee requirement for NAD+ and is easily measured spectrophotometrically or 
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fluorometricallyfluorometrically by following the appearance of NADH (68). In human tissues, the rate of 
TMABAA dehydrogenation is highest in liver, substantial in kidney, but low in brain, heart 
andd muscle (59). We recently reported the purification and characterisation of TMABA-DH 
fromm rat liver cytosol and the identification of the corresponding rat cDNA (52). With this 
informationn we were able to identify the homologous mouse cDNA. When the rat cDNA was 
expressedd in E. coli, it exhibited high TMABA-DH activity, which confirmed its identity as 
TMABA-DH .. The translated coding sequence of rat TMABA-DH cDNA is highly 
homologouss to the previously identified human aldehyde dehydrogenase 9 (ALDH9, EC 
1.2.1.19),, which is mapped to lq22-23 (gene name: ALDH9A1). This cytosolic aldehyde 
dehydrogenasee has been reported to act on substrates that resemble TMABA, including 
4-aminobutyraldehydee and 2-trimethylaminoethanal (betaine aldehyde). The resulting 
productss of ALDH9, 4-aminobutyrate (the neurotransmitter 4-aminobutyric acid, GABA) 
andd betaine, have been implicated in various cellular functions (70-74). ALDH9 is 
predominantlyy expressed in liver, kidney, heart and muscle (73,74), which are tissues that 
alsoo contain high TMABA-DH activity (59). Heterologous expression of ALDH9 in E. coli 
showedd that the recombinant protein had the highest activity with TMABA as substrate. In 
addition,, comparison of the kinetic properties for a variety of substrates of rat TMABA-DH 
withh heterologously expressed human ALDH9 showed that these enzymes have highly 
similarr substrate specificities. Therefore, we proposed that ALDH9 is the human 
TMABA-D HH (52). 

5.45.4 4-N-Butyrobetaine, 2-oxoglutarate dioxygenase (BBD), EC 1.14.11.1 

Afterr the identification of butyrobetaine as a precursor of carnitine, BBD was the first 
enzymee of carnitine biosynthesis studied in detail (28,29,32). BBD catalyses the 
stereospecificc hydroxylation of butyrobetaine to L-carnitine (75). The group of Lindstedt 
wass the first to partially purify a BBD from Pseudomonas sp. AK I, a bacterial strain that can 
groww on butyrobetaine as the sole source of carbon and nitrogen. They showed that BBD 
activityy was stimulated considerably by 2-oxoglutarate and that the enzyme required 
molecularr oxygen, Fe2+ and ascorbate for activity (76-78). Subsequently, it was 
demonstratedd that a partially purified soluble protein fraction from rat liver was able to 
hydroxylatee butyrobetaine to carnitine, and required the same co-factors as the bacterial 
enzymee (30). Experiments using an 1802-atmosphere showed that the enzyme incorporates 
onee atom of molecular oxygen into carnitine and the other into succinate, which 
demonstratedd that BBD, like TMLD, is a dioxygenase (79). BBD has been purified from 
variouss sources including rat liver (80,81), calf liver (82), human kidney (83) and the 
bacteriumm Pseudomonas (84). The complete primary structure of the Pseudomonas sp. AK1 
BBDD was determined by Edman degradation (85). Both the Pseudomonas sp. AK I and bovine 
enzymee are homo dimers of two 43 kDa subunits (84,82). Lindstedt and Nordin showed by 
isoelectricc focussing and column chromatography that BBD from human kidney, rat and calf 
liverr are present in three isoforms (86). However, we could not reproduce these results with 
purifiedd rat liver BBD, which eluted as a single peak from a chromatofocussing column used 
forr purification (81). The significance of the observations of Lindstedt and Nordin remains 
too be established. 

Inn all mammals studied, BBD is localised in the cytosol (77,87,83,80,81) although one group 
reportedd the presence of BBD activity in peroxisomes, which could be stimulated by 
clofibrate,, a peroxisome proliferator (88). In our own hands, clofibrate treatment did not 
stimulatee BBD activity in rat liver. Furthermore, peroxisomal fractions prepared by 
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Nycodenzz density gradient centrifugation were completely devoid of BBD activity 
(unpublishedd data). 

Simkhovichh et al. discovered that 3-(2,2,2-trimethylhydrazinium)propionate (mildronate) is 
aa competitive inhibitor of BBD and has cardioprotective properties during ischaemia (89). 
Thee cardioprotective effect is proposed to be based on lowering of the carnitine levels in the 
heart,, which results in inhibition of fatty acid oxidation, decreased levels of harmful long-
chainn acyl-carnitines and conservation of ATP (90,91). It has been shown recently that the 
reductionn of tissue carnitine levels is not based solely on BBD inhibition since mildronate 
alsoo inhibits tubular reabsorption of carnitine in the kidney, which results in carnitine loss 
throughh urinary excretion (92-94). 

BBDD activity usually is measured radiochemically using labelled butyrobetaine (95). The 
enzymee activity can also be determined by measuring the butyrobetaine-dependent release 
off  [14C]-carbon dioxide that is produced from the decarboxylation of 2-oxo-[l-14C]-glutarate 
too succinate. This method, however, requires the measurement of butyrobetaine-
independentt activity since the mitochondrial 2-oxoglutarate dehydrogenase complex also 
producess C02 from 2-oxoglutarate. Alternatively, BBD activity can be measured using a two 
stepp procedure in which carnitine produced from unlabeled butyrobetaine is measured in a 
radioisotopicc assay (96,50). The disadvantage of this assay is that, when tissue homogenates 
aree used, the endogenous carnitine content also needs to be determined. Similarly to TMLD, 
wee developed a new assay for BBD that does not require the use of radioactive compounds, 
butt uses detection of carnitine produced from deuterium-labelled butyrobetaine by tandem 
masss spectrometry (MS). This method makes correction for the endogenous carnitine 
unnecessaryy (unpublished results). 

Inn mammals, BBD is expressed differentially and its activity has been found in liver, kidney, 
brainn and possibly in testis and epididymis, but not in other tissues. Butyrobetaine is 
hydroxylatedd readily to carnitine in kidney extracts from human, cat, cow, hamster, rabbit 
andd Rhesus monkey, and exceeds or equals the BBD activity in the corresponding liver 
extracts.. In contrast, BBD activity is not present, or very low, in kidney of Cebus monkey, 
sheep,, dog, guinea pig, mouse and rat (87,97,98,83), in which BBD activity is predominant 
inn liver. The reason for this species-dependent difference in kidney/liver expression of BBD 
iss not clear. There does not appear to be any evolutionary pattern since even very closely 
relatedd species (Rhesus and Cebus monkey) already have a different expression pattern. 

Erflee reported BBD activity in sheep muscle (87). However, this could not be reproduced by 
Cederbladd and co-workers (99). In contrast to other mammals, the human brain has been 
shownn to contain some BBD activity (59). We recently identified the human BBD cDNA and 
showedd that it contains an open reading frame of 1161 basepairs which encodes a protein of 
44.77 kDa (the corresponding BBOX1 gene is localised on llql4-15). Using the BBD cDNA, 
wee demonstrated by Northern blot analysis that BBD is expressed in kidney (high), liver 
(moderate)) and also in brain (very low) (50). 

Theree is some evidence which suggests that BBD activity is also present in rat testis and 
epididymiss (100-104). This was supported by Galland et al. who identified the rat BBD 
cDNAA and showed that the BBD mRNA is present in liver, testis and epididymis (51). The 
sizee of the mRNA in testis and epididymis, however, is significantly larger than in liver (1.9 
kb)) and differs from testis (3.5 kb) and epididymis (4.5 kb). These either represent 
alternativelyy spliced BBD mRNAs or non-specific cross hybridisations. Other reports, in 
whichh radioactive butyrobetaine or carnitine was administered to rats showed that the 
caudaa epididymis has a high capacity to take up carnitine but not to synthesise it from 
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butyrobetainee (103,105). The capacity of (rat) testis/epididymis to synthesise carnitine thus 
remainss controversial. 
Gallandd et al. also investigated the expression of BBD in the liver during development. The 
BBDD mRNA appeared after weaning and reached maximal values at the adult stage. These 
dataa are in agreement with that of Hahn and Novak, who showed that BBD activity in liver 
homogenatess increased from low values in the foetus to adult values on the 8th day after 
birthh (106). In human liver, BBD activity is also low at birth and increases to adult values 
duringg puberty, however, kidney BBD activity is already present at birth (107). 

66 QUANTIFICATION OF THE METABOLITES INVOLVED IN CARNITINE BIOSYNTHESIS 

Severall  methods have been described to measure the concentration of the carnitine 
biosynthesiss metabolites in biological fluids and tissues. These methods and the 
concentrationn of the metabolites in plasma and urine are described below. 

6.16.1 6-N-Trimethyllysine (TML) 
Kakimotoo and Akazawa were the first to identify TML in human urine. They isolated the 
basicc amino acid fraction by ion exchange chromatography and analysed this by standard 
aminoo acid analysis (108). In general, all methods to assay TML in either plasma, urine or 
tissuess samples use the same sample work-up. After deproteinisation of the sample, TML is 
purifiedd by ion exchange chromatography followed by (ion pair) HPLC analysis with pre- or 
post-columnn derivatisation and fluorometric detection (109-113). Agents used for 
derivatisationn of TML include o-phtalaldehyde (110-112), phenylisothiocyanate (113) and 
l-fluoro-2,4-dinitrobenzenee (109). More recently, a method to measure TML in plasma by 
tandemm MS has been described (114). This method uses two subsequent derivatisations, 
propylationn and acetylation, to circumvent the interference of homoarginine, followed by 
tandemm MS analysis. In our laboratory we recently developed a fast and easy method to 
determinee the concentrations of the metabolites of the carnitine biosynthesis in urine (62). 
Withoutt prior purification, the urine sample is derivatised with methyl chloroformate, 
followedd by separation of the analytes by reversed-phase ion-pair HPLC using 
heptafluorobutyricc acid as an ion pairing agent, and detection by electrospray tandem MS. 
Withh this method, TML, HTML, butyrobetaine and carnitine can be quantified in a single 
analysis.. This new method is highly reproducible and has a detection limit of 0.25 pmol for 
eachh compound. We are adapting this assay now to measure the carnitine biosynthesis 
metabolitess in plasma, full-blood and cells/tissues. 
Thee concentration of TML in plasma is relatively constant in both human (115,112,114) and 
ratt (110,116), ranging from 0.2-1.3 uM. Plasma levels of TML have been shown to correlate 
withh body mass (115). In man, urinary excretion of TML is proportional to that of 
creatinine,, and TML is not reabsorbed by the kidney (117,118,62). In contrast, the rat is 
capablee of tubular reabsorption of TML (116,119). Urinary TML concentrations in man have 
beenn reported to range from 2 to 8 umol/mmol creatinine (108,120,117,112,121,62). 

6.26.2 3-N-Hydroxy-6-N-Trimethyllysine (HTML) 
HTMLL has never been reported in plasma and its urinary excretion has only very recently 
beenn investigated in our laboratory. With our new method we were able to determine the 
levelss of endogenous HTML in human urine amounting to 0.45  0.15 umol/mmol 
creatininee (62). The excretion of HTML shows a similar profile as that of TML and is 
proportionall  to creatinine excretion, which would suggest that HTML, like TML, is not 
reabsorbedd by the human kidney. 
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6.36.3 Butyrobetaine 
Previously,, the concentration of butyrobetaine in plasma and tissues was determined by 
isolatingg butyrobetaine via HPLC or ion exchange chromatography and using BBD to 
convertt it into carnitine, which could be quantified readily by established procedures 
(122,123).. Others have reported methods where butyrobetaine is derivatised with 
4-bromophenacyll  trifluoromethanesulfonate followed by HPLC analysis with UV detection 
(124,125).. These methods, however, are rather labour-intensive and require considerable 
amountss of sample. More recently, the group of Sawada and our group have described assays 
basedd on tandem MS to measure butyrobetaine in plasma (126,114) and urine (62), 
respectively.. The use of this technique makes prior purification of butyrobetaine 
unnecessary.. In addition, these methods require a small amount of sample (20 ul plasma 
(126,114),, 100 ul of urine (62)) and are considerably more sensitive than previous methods. 
Noo assay has been described to measure the tissue content of butyrobetaine by tandem MS. 
Inn humans, the level of butyrobetaine in urine is low (~0.3 umol/mmol creatinine, (62)) 
comparedd to the concentrations in plasma (4.8 uM (123), 1.8 uM (126,114)). This can be 
explainedd by the high activity of BBD in human kidney, which converts most of the 
butyrobetainee into carnitine. Additionally, butyrobetaine is reabsorbed efficiently by the 
renall  tubules, which further lowers urinary excretion of butyrobetaine. 

6.46.4 Carnitine 
Numerouss methods have been developed to determine the carnitine concentration in 
biologicall  fluids and tissues. Since the first assay for carnitine using Tenebrio molitor larvae 
(6),, several (more convenient) assays have been published using enzymatic and 
radiochemicall  methods (for review see (127)). A method which has been used extensively, is 
basedd on the conversion of carnitine to [14C]-acetyl-carnitine by CAT using [I4C]-acetyl-CoA 
ass substrate (99). At present, the most common method to determine (acyl-)carnitine 
concentrationss in biological fluids employs tandem MS (128,129). This procedure is fast, 
sensitivee and requires a small amount of sample (<100 ul). 
Plasmaa carnitine concentration in both human and rat is age- and sex-dependent. In 
humans,, plasma carnitine concentration increases during the first year of lif e (from ~15 to 
~400 uM) and remains the same for both sexes until puberty (130-134). From puberty to 
adulthood,, plasma carnitine concentrations in males increase and stabilise at a level, which 
iss significantly higher than those in females (50 vs. 40 uM) (135,131,136). This suggests that 
sexx hormones play a role in the regulation of carnitine plasma concentrations (135,131). The 
differencee in rat is even more pronounced, where the adult male has a plasma carnitine 
concentration,, which is more than two times higher than that in females (50 vs. 20 uM). 
Likee butyrobetaine, carnitine is reabsorbed efficiently by the kidney. However, urinary 
carnitinee excretion is largely dependent on the diet, and the kidney has been shown to 
adaptt to a higher carnitine intake by reducing the efficiency of carnitine reabsorption 
(119,137).. This results in a variable urinary carnitine excretion with values of 15  12 
umol/mmoll  creatinine (107,138,62). Like the plasma carnitine concentration, urinary 
excretionn in rat has also been shown to be sex- and age-dependent. Male rats excrete less 
carnitinee than female rats, which is another mechanism that could account for the different 
plasmaa carnitine concentrations between sexes (130). 
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77 CARNITINE BIOSYNTHESIS IN RAT 

7.17.1 Sites of carnitine biosynthesis 
Mostt of the research on carnitine biosynthesis has been performed in rat. The primary site 
off  carnitine biosynthesis in this animal is the liver, since this is the only tissue which 
containss BBD activity. Although testis has been reported to have a limited capability to 
convertt butyrobetaine to carnitine, it remains unclear whether BBD activity is present in the 
testiss (100-104,51). Even if testis is capable of carnitine synthesis, the contribution to total 
carnitinee synthesis wil l be small, which is supported by the fact that when the liver is 
excludedd from the circulation, no conversion of labelled butyrobetaine to carnitine is 
observedd (139). 
Experimentss by Tanphaichitr and Broquist led to the assumption that all rat tissues produce 
butyrobetainee from TML, after which butyrobetaine is transported to the liver for 
conversionn to carnitine (102). Subsequently, Carter and Frenkel showed that in normal rats, 
intravenouslyy administered [methyl-3H]-TML rapidly (15-60 min) accumulated in the kidney 
andd was converted to butyrobetaine and HTML (140). After longer time periods (60-240 
min)) labelled carnitine appeared in the liver, while the hepatic levels of radiolabelled TML 
levelss remained low. Bilateral nephrectomy resulted in a marked decrease in the 
incorporationn of label into the liver, showing that initial conversion of TML to 
butyrobetainee occurs predominantly in the kidney and that, after transport to the liver, 
butyrobetainee is converted to carnitine (140). These experiments also suggested that the 
liverr has a low capacity to take up TML from the circulation, in contrast to the kidney, 
whichh appears to acts as a scavenger of TML. The results obtained by Carter and Frenkel 
weree confirmed by subsequent vascular perfusion experiments with liver, kidney and small 
intestinee (141). Both small intestine and kidney were capable of absorbing TML and HTML, 
andd converted both compounds to butyrobetaine, but not to carnitine. TML and HTML 
weree not taken up readily by the liver. In contrast, TMABA and butyrobetaine were 
absorbedd rapidly by the liver and converted to carnitine (141). After synthesis, carnitine is 
releasedd into circulation by the liver, primarily as acetyl-carnitine (142,143), and imported 
intoo tissues. 

Inn all the experiments described above, exogenous TML was used, which was introduced 
viaa the circulation. Circulatory TML is metabolised primarily by the kidney (140,144,141). 
Normally,, TML is released from proteins intracellularly within lysosomes and converted 
intoo butyrobetaine in the tissue of origin. The experiments discussed earlier, in which 
labelledd TML residues of asialo-fetuin were efficiently (>56%) converted to carnitine, are in 
agreementt with this view (48,49). However, with another labelled protein, agalacto-
orosomucoid,, only 18% of the radioactivity was converted to carnitine and 70% of the 
radioactivityy was released into the medium as TML (49). Therefore, Rebouche suggested 
thatt part of the intracellularly generated TML is converted to butyrobetaine in the tissue of 
origin,, and the rest is released into the circulation. The kidney would then act as a 
scavengerr of circulating TML, since this organ (in rat) actively reabsorbs TML and has a 
highh capacity to convert it to butyrobetaine (145). 

7.27.2 Regulation of carnitine biosynthesis 
Administrationn of butyrobetaine or TML to rats resulted in markedly increased urinary 
carnitinee excretion (65- and 100-fold, respectively) as well as increased tissue carnitine 
levelss (146,119). This suggests that hydroxylation of either butyrobetaine or TML is not rate 
limitingg for carnitine biosynthesis. This observation led Rebouche et al. (119) and Davis and 
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Hoppell  (116) to propose that the availability of TML, which is determined by the extent of 
peptide-linkedd lysine methylation and the rate of protein-turnover, limits the rate of 
carnitinee biosynthesis. Liver and muscle together produce approximately 2 nmol of TML in 
244 h from protein breakdown (145). The carnitine produced by an adult rat per day has 
beenn estimated to be approximately 3 umol (135). Since liver and muscle together account 
forr about one-seventh of whole-body protein turnover, total protein turnover provides 
sufficientt substrate for carnitine biosynthesis ((145) and references therein). 
Experimentss in which carnitine and its precursors were administered to rats suggested that 
thee metabolites of carnitine biosynthesis regulate the enzyme activity of the biosynthetic 
enzymess to some extent. Hepatic BBD activity in rats fed a 1 % carnitine-supplemented diet 
wass reduced significantly (37%) when compared to the activity in livers of rats fed a 
non-supplementedd diet. In contrast, in rats fed 1% (but not 0.1%) butyrobetaine, the 
specificc activity of BBD was increased 57%. Renal TMLD specific activity was unaffected 
byy both carnitine and butyrobetaine (146). In the normal diet, carnitine and butyrobetaine 
contentt is much lower, and it is therefore probable that under physiological conditions feed-
backk inhibition by carnitine and/or stimulation of BBD activity by butyrobetaine is not an 
importantt regulatory mechanism of carnitine biosynthesis. The high levels of carnitine 
synthesiss from exogenous carnitine precursors suggest that the enzymatic capacity to 
synthesisee carnitine from TML and butyrobetaine is much greater than normally is utilised. 
Thiss is in agreement with the view that only the availability of TML is rate limiting for 
carnitinee biosynthesis. 

Byy an unknown mechanism, long-term starvation of rats causes a considerable increase in 
liverr carnitine levels, which parallels the ketogenic capacity of the liver (147,148,9). During 
fasting,, urinary levels of TML drop to 2-6% of the fed values (116,149). Urinary excretion 
off  carnitine and butyrobetaine is also decreased upon fasting to 13% and 33% of the level 
inn fed animals, respectively (149). The conservation of carnitine precursors could lead to 
enhancedd carnitine biosynthesis, which would explain the higher levels of carnitine in liver. 
However,, this increase might also result from redistribution of carnitine from tissues to the 
liver.. Further studies are needed to understand this phenomenon. 
Paull  et al. showed that clofibrate, a peroxisome proliferator and ligand for the nuclear 
receptorr peroxisome proliferator-activated receptor a (PPARa), greatly increased liver 
carnitinee (6-fold) and acyl-carnitine (5-fold) concentrations (150). Carnitine and 
acyl-carnitinee levels in skeletal muscle, heart, kidney and plasma did not change 
significantly.. The authors clearly showed that these increases were a result of enhanced 
hepaticc carnitine biosynthesis and not of redistribution of carnitine among tissues or of a 
decreasee in urinary excretion (150). Clofibrate treatment did increase urinary TML levels 
andd since clofibrate has been shown to increase protein-turnover (151), it was suggested 
thatt the increased carnitine synthesis is due to an increased availability of TML (150). 
Recentt studies have shown that PPARa plays a major role in orchestrating the events during 
fastingg by regulating the expression of genes involved in mitochondrial and peroxisomal 
fattyy acid oxidation, including CPT1 and peroxisomal acyl-CoA oxidase (152). Since 
carnitinee is required for efficient fatty acid oxidation, it would seem physiologically 
beneficiall  to increase carnitine biosynthesis during fasting. However, it remains to be 
establishedd whether PPARa is involved in the regulation of carnitine biosynthesis. 
Experimentss are underway to resolve this. 
Duringg late gestation liver carnitine increases considerably (~6-fold), most probably to 
providee a source of carnitine to the newborn in order to allow it to obtain energy from fatty 
acidss of milk fat (153). This high level of carnitine is maintained until three days post partum 
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butt then falls abruptly and returns to normal values at day nine (147). Injection of labelled 
butyrobetainee into the mother after delivery has shown that butyrobetaine is completely 
convertedd to carnitine by the mother's liver and then reaches the pup via the milk (147). The 
mechanismm behind this rapid rise and subsequent normalisation of liver carnitine levels 
remainss unclear. Further study is necessary to determine how carnitine biosynthesis and/or 
transportt is regulated in this situation. 
Thyroxine,, a thyroid hormone, has been reported to increase liver carnitine levels too. Both 
liverr carnitine concentration and BBD activity were increased two-fold in thyroxine treated 
ratss (154). Serum carnitine concentrations were increased moderately, whereas levels in 
heart,, skeletal muscle and urine were not affected. Effects of sex hormones (103), pituitary 
hormoness (155), insulin, and glucagon (147,148,156) on carnitine levels have been 
documented;; their direct influence on carnitine biosynthesis per se, however, has not been 
investigated. . 

88 CARNITINE BIOSYNTHESIS IN MA N 

Majorr sources of carnitine in the human diet are meat, fish and dairy products. Omnivorous 
humanss generally ingest 2 to 12 umol carnitine per kg body weight per day (20). This is 
moree than the carnitine produced endogenously, which has been estimated to be 1.2 umol 
perr kg body weight per day (20,13). In omnivorous humans approximately 75% of body 
carnitinee sources comes from the diet and 25% from de novo biosynthesis (26). Since 
carnitinee is primarily present in food of animal origin, strict vegetarians obtain very littl e 
carnitinee from their diet (<0.1 umol per kg body weight per day). Therefore, strict 
vegetarianss obtain more than 90% of their carnitine through biosynthesis (20). Plasma 
carnitinee levels of strict vegetarians and lacto-ovo-vegetarians have been shown to be 
significantlyy lower than in normal omnivorous adults (157,158). This difference, however, is 
nott of any clinical significance. The requirement of carnitine during the life cycle has been 
excellentlyy reviewed by Rebouche (18,20). 

8.18.1 Tissue distribution of carnitine biosynthesis enzymes 
Thee tissue distribution of carnitine biosynthesis enzymes in humans has been investigated 
byy Rebouche and Engel (59). TMLD activity is highest in kidney, but also present in liver, 
heart,, muscle and brain. HTMLA activity is found predominantly in liver. In the other 
investigatedd tissues the HTMLA activity is low. The rate of TMABA oxidation is greatest in 
liver,, with substantial activity found in kidney, but is low in brain, heart and muscle. These 
resultss show that all the investigated tissues contain the enzymes necessary to convert TML 
intoo butyrobetaine. However, only kidney, liver and brain are capable of converting 
butyrobetainee into carnitine (59). A schematic representation of carnitine homeostasis in 
mann is shown in FIG. 4. BBD activity is 3- to 16-fold higher in kidney than in liver (98,59). 
Activit yy in brain only has been reported by Rebouche and Engel, and is 50% of the activity 
measuredd in liver (59). As in rat (106), liver BBD activity is regulated developmentally in 
humanss (59,107). In contrast, renal BBD activity is not age-dependent since BBD activity is 
alreadyy present at adult levels in newborns (107). No evidence was found that the activity of 
thee other three enzymes in liver is age-dependent (59). 

8.28.2 TML and butyrobetaine loading studies 
Carnitinee biosynthesis was investigated by supplementing adults, which where fed a low 
carnitinee diet, excess amounts of the carnitine precursors lysine plus methionine, TML or 
butyrobetainee (121). Lysine plus methionine supplementation for 20 days led to an 
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increasedd carnitine production. However, the effect was small and the underlying 
mechanismm was not determined. A rise in plasma TML was not observed, in contrast to 
anotherr study in which oral administration of lysine resulted in a 5-fold increase in plasma 
TMLL concentration (159). Although TML significantly increased carnitine synthesis, the 
increasee was small when compared to that resulting from TML-loading in rats. Similarly, the 
excretionn of carnitine only doubled in infants, who were fed TML for 14 days (107). TML is 
takenn up poorly by both rat (141) and human tissues (144). Rat kidney is capable of tubular 
reabsorptionn of TML, whereas human kidney does not reabsorb this compound. The less 
efficientt use of TML as a carnitine precursor in humans could therefore be ascribed to the 
loww capacity of tissues to take up TML and the inability of the human kidney to reabsorb 
thiss compound. Moreover, TMLD is a mitochondrial enzyme, and its localisation also may 
limi tt the utilisation of TML for carnitine synthesis since this depends on whether the exact 
submitochondriall  localisation of TMLD requires transmembrane transport of TML. 

Otherr  tissues 

Circulation n 

TML L 
I I 

HTML L 
V V 

TMABA A 

Liver r Kidney y 

Resabsorption n 

off  BB and 

carnit ine e 

FIG.. 4: Schematic representation of carnitine homeostasis in man. Carnitine is synthesised in kidney, liver 
andd brain (not shown). Other tissues depend on active uptake of carnitine from the circulation (uptake is 
indicatedd by arrows, excretion by dashed arrows). Protein degradation yields TML, which can be con-
vertedd into butyrobetaine (BB) in every tissue. However, only liver, kidney and brain are able to convert 
butyrobetainee into carnitine because BBD is expressed only in these tissues. Butyrobetaine is excreted 
fromm tissues which lack BBD and transported via the circulation to liver and kidney where it is converted 
too carnitine. The kidney efficiently reabsorbs carnitine and butyrobetaine, thereby minimising urinary 
losss of both compounds. 

Moree recently, Melegh et al. performed a single-day loading study in premature infants 
usingg orally administered deuterium-labelled TML. They could not detect incorporation of 
thee deuterium label into urinary carnitine using fast atom bombardment MS (160,161). As 
ann extension of this study, we performed a similar experiment with 7 full-term newborns, 
whoo received deuterium-labelled TML for five days, and used our novel assay for the 
analysiss of the carnitine biosynthesis metabolites in urine. After loading, all the metabolites 
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off  carnitine biosynthesis could be detected in urine in deuterium-labelled form, except 
TMABA .. In addition, deuterium-labelled carnitine was also incorporated into acyl-
carnitiness (62). Most of the TML (>75%),, however, was excreted unchanged in urine, which 
iss in agreement with previous findings that humans do not use exogenous TML efficiently 
ass a precursor for carnitine biosynthesis (144,160,161). Our results show that newborns 
havee the capability to synthesise carnitine from exogenous TML, albeit at a low rate. 
Ass in rat, dietary butyrobetaine dramatically increased urinary carnitine excretion and 
doubledd plasma carnitine concentration in humans (107). Muscle carnitine concentrations 
remainedd constant suggesting that the higher carnitine levels were a result of actual 
biosynthesiss and did not originate from release of tissue storages. The same group obtained 
similarr results in human infants, in whom the rate of carnitine excretion increased 30-fold 
whenn the infants were fed butyrobetaine (107). The authors concluded that BBD activity is 
nott rate limiting for biosynthesis of carnitine in adults as well as in infants. 
Althoughh TML loading studies have made an important contribution to our understanding 
off  carnitine biosynthesis, it should be noted that in these experiments the intracellular 
metabolismm of TML is bypassed. Tissues like heart and muscle normally synthesise TML, 
butt do not readily absorb it from the circulation. It is believed that TML produced 
intracellularyy is converted to butyrobetaine in the tissue of origin, after which 
butyrobetainee is excreted into circulation and converted to carnitine in tissues that contain 
BBDD (FIG. 4). Unlike TML, butyrobetaine is absorbed readily by the liver and converted to 
carnitine.. These processes could be significant for carnitine biosynthesis. 
Anotherr important observation made by the group of Melegh and our group (160,161,62), is 
thatt administration of deuterium-labelled TML considerably increased unlabelled carnitine 
andd butyrobetaine excretion. In previous studies in which unlabelled precursors were used 
(107,121),, the carnitine excretion was used to calculate the rate of carnitine biosynthesis 
assumingg that this carnitine was a result of actual biosynthesis. Especially in the case of 
TMLL these results should be re-evaluated, and additional experiments performed using 
stable-isotopee labelled carnitine precursors. 

99 TRANSPORT OF CARNITIN E AND BUTYROBETAIN E 

9.19.1 Carnitine and butyrobetaine transport 
Tissuess including heart, muscle, liver, and kidney are highly dependent on the energy 
generatedd by (5-oxidation, and it is therefore essential that these tissues have sufficient 
amountss of carnitine. Because the carnitine concentration in tissues is generally 20-fold to 
50-foldd higher than in plasma (10,162), and since in man only kidney, liver, and brain have 
thee complete set of enzymes to synthesise carnitine, most tissues depend on carnitine 
uptakee from the blood via active transport. Kinetic studies of the plasmalemmal carnitine 
transporterr have demonstrated similar Km values of 2-60 \iM for carnitine transport in 
musclee (163-165), heart (166,167), placenta (168), and fibroblasts (165,169,170,26) 
suggestingg that they share a common transporter. This high affinity carnitine transport 
systemm is also involved in the tubular reabsorption of carnitine in the kidney (144) and is 
dependentt on sodium ions (26). 
Inn 1998, the cDNA sequence and genomic organisation of a new member of the organic 
cationn transporter family (reviewed in (171)), organic cation transporter 2 (OCTN2), was 
reportedd by Wu et al. (172). Subsequently, the same group showed that the OCTN2 gene 
{SLC22A5){SLC22A5) codes for a high affinity (Km ~ 4.3 uM), sodium ion-dependent, carnitine 
transporterr (173). Carnitine transport is strongly inhibited by acetyl-carnitine and 
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butyrobetaine,, suggesting that OCTN2 also transports these compounds (173). Northern 
blott analysis and in situ hybridisation studies in rat and human tissues showed that OCTN2 
iss expressed in the proximal and distal tubules and in the glomeruli of the kidney, in the 
myocardium,, valves and arterioles of the heart, in the labyrinthine layer of the placenta, and 
inn the cortex, hippocampus, and cerebellum of the brain (173,174). Further studies showed 
thatt OCTN2 is localised on the apical membrane of renal tubular epithelial cells, 
demonstratingg that OCTN2 is important in the concentrative reabsorption of carnitine after 
glomerularr filtration in the kidney (175). 
Muchh higher Km values for carnitine transport have been reported for human liver (500 uM) 
andd brain (>1000 uM) and the existence of a low affinity carnitine transporter therefore has 
beenn suggested (19). Recently, two additional proteins, OCTN1 and ATB0+, have been 
identifiedd which also are able to transport carnitine. OCTN1, a homologue of OCTN2, has 
beenn shown to be predominantly expressed in liver, kidney and small intestine. (176,177). 
Thee unrelated amino acid transporter ATB0+ has been identified in mouse colon and has a 
highh Km for carnitine (0.83 mM) (178). ATB0 + could therefore, like OCTN1, represent the 
loww affinity carnitine transporter in liver and brain. 
Recentt studies have shown that butyrobetaine is transported actively across the basolateral 
plasmaa membrane of hepatocytes (Km ~ 5 uM) and that this transport is, like OCTN2, also 
drivenn by sodium ions (179). Butyrobetaine transport is inhibited significantly by 
propionylcarnitine,, but not by TML, D- or L-carnitine, or other acyl-carnitines (179). These 
resultss suggest that in liver, which does not express OCTN2, another transport system is 
presentt that specifically transports butyrobetaine, which is destined for carnitine synthesis. 
Althoughh carnitine transport into the cell has been documented relatively well, it remains 
unclearr how de novo synthesised carnitine is exported from the site of biosynthesis (liver 
andd kidney), into the circulation. Since ATB0+, OCTN1 and OCTN2 all transport carnitine 
intoo the cell, the export of carnitine and its metabolites likely is mediated by another 
transportt system or possibly by passive diffusion. Further research is needed to resolve this 
issue. . 

9.29.2 Primary systemic carnitine deficiency; OCTN2 deficiency 
Thee dependence on carnitine uptake is evident from patients, who suffer from primary 
systemicc carnitine deficiency (CDSP; OMIM: 212140). These patients show excessive renal 
andd intestinal wastage of carnitine resulting in very low plasma and tissue carnitine 
concentrations.. Clinically, CDSP patients usually present with cardiomyopathy, 
hepatomegaly,, myopathy, recurrent episodes of hypoketotic hypoglycemia, 
hyperammonemiaa and failure to thrive. Studies of cells of CDSP patients have indicated that 
thiss disorder is caused by a defect in the active cellular uptake of carnitine into the cell 
(180,181,169,182,183).. The disorder is autosomal recessive and has been mapped to human 
chromosomee 5q (184). Shortly after the identification of the high affinity carnitine 
transporterr OCTN2, which is located on chromosome 5q33.1, it was demonstrated that 
mutationss in this gene cause primary systemic carnitine deficiency (185-189). In addition, 
thee murine orthologue of OCTN2 has been shown to be mutated in the juvenile steatosis 
(JVS)) mouse, which presents with similar symptoms as CSPD patients and which is 
consideredd to be the murine equivalent of human CSPD (190-194). 
Thee observation that the butyrobetaine excretion in the JVS mouse is four times that of 
controll  mice, supports the concept that OCTN2 also mediates the reabsorption of 
butyrobetainee (192). Interestingly, the activity of BBD in liver was twice that of control 
mice.. However, the butyrobetaine content was lower in JVS mice, presumably due to the 
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disturbedd reabsorption of this compound in the kidney. The urinary loss of the carnitine 
precursorr butyrobetaine therefore aggravates the carnitine deficiency in the JVS mouse 
(192)) and probably also in OCTN2 deficiency in man. 

9.39.3 Defects in carnitine biosynthesis 
Att present, the importance of carnitine biosynthesis for energy homeostasis remains unclear 
andd no patients have been identified in which one of the enzymes of carnitine biosynthesis 
iss deficient. Furthermore, no mutant mice or other organisms with a defect in carnitine 
biosynthesiss have been described. Since omnivorous humans ingest sufficient carnitine 
fromm the diet, a defect in carnitine biosynthesis would most probably not manifest itself as 
systemicc carnitine deficiency, perhaps only when the dietary intake is interrupted by illness 
forr a prolonged period. In vegetarians, however, carnitine intake is low and therefore a 
defectt in carnitine biosynthesis in these individuals might result in symptoms of carnitine 
deficiency.. As previously stated by Rebouche (13), TMLD and BBD are the most likely 
candidatess for genetic defects that would result specifically in carnitine deficiency. These 
enzymes,, unlike others in the pathway, are specific for carnitine biosynthesis alone. Since 
thee enzymes for protein methylation and degradation, HTMLA (possibly identical to SHMT) 
andd ALDH9 probably participate in multiple metabolic pathways, a defect in these enzymes 
wouldd result in a much more serious phenotype (13). 
AA secondary defect in carnitine biosynthesis could result from restriction of its precursors, 
lysinee and methionine or a reduced availability of one or more of the co-factors involved in 
carnitinee biosynthesis, namely; iron and vitamin C (TMLD and BBD), vitamin B6 (HTMLA) 
andd NAD+ (TMABA-DH). 
Severall  groups have performed experiments in which rats or guinea pigs were fed a diet 
limitedd in carnitine precursors or one of the carnitine biosynthesis co-factors, to investigate 
thee effects on carnitine status and fatty acid metabolism. Rats fed a lysine-deficient diet 
indeedd had moderately lowered carnitine levels in heart and skeletal muscle (65% of 
control)) (195). Surprisingly, the carnitine level in liver was significantly higher when 
comparedd to rats fed a lysine-supplemented diet (195,196). In addition to reduced carnitine 
levels,, lysine-deficient rats exhibited poor growth, anaemia, hypoproteinaemia, fatty liver 
syndromee and concomitant impairment of (5-oxidation (195,197,198). Supplementation of 
carnitinee to lysine-deficient rats restored carnitine levels, fatty acid oxidation and reduced 
thee triglyceride levels, without normalising growth and/or hypoproteinaemia (197,198). 
Bartholmeyy et al. reported that iron deficiency in rat pups reduced liver carnitine with 
30%,, increased liver triglyceride levels and impaired ketogenesis (199). Oral 
supplementationn with carnitine or ferrous sulphate corrected the impaired ketogenesis in 
iron-deficientt liver mitochondria without returning liver triglycerides concentrations to 
controll  levels (199). Others have shown that in humans the serum ferritin concentration is 
correlatedd linearly with the serum carnitine concentration (200). As mentioned above, rats 
maintainedd on a vitamin B6-deficient diet showed a significant decrease of the carnitine 
levelss in extrahepatic tissues, which could be normalised by vitamin B6-repletion (67). 
Severall  studies with ascorbate-deficient or severely scorbutic guinea pigs have shown that 
carnitinee levels are significantly decreased in liver, heart and skeletal muscle ((201,49) and 
referencess therein). Nelson et al. observed a sharp reduction in the capacity of the kidneys 
off  scorbutic guinea pigs to convert injected 6-N-[methyl-14C]-TML to labelled butyrobetaine 
(201).. An effect on liver TMLD, however, could not be determined since less than 2% of the 
administeredd radioactive TML was absorbed by the liver. Upon injection of radiolabelled 
butyrobetaine,, which is taken up readily by the liver, no differences were noted between 
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controll  and scorbutic animals in the production of labelled carnitine by the liver (201). 
Becausee exogenous TML is taken up poorly by the liver, Dunn et aL perfused guinea pig 
liverss with glycoproteins containing radioactive TML residues, which are taken up 
efficientlyy (>80%) and converted to carnitine (48,49). When comparing normal and 
scorbuticc livers, the authors showed that hydroxylation of butyrobetaine to carnitine was 
depressed,, whereas hydroxylation of TML to HTML was unaffected. Prior administration of 
ascorbatee to the perfusion medium caused carnitine biosynthesis from all examined 
precursorss to return to control values (49). 
Otherr reports from Rebouche, however, dispute the influence of ascorbate-deficiency on the 
twoo hydroxylases involved in carnitine biosynthesis. He showed that urinary carnitine 
excretionn in ascorbate-deficient guinea pigs is four times higher than in normal animals, 
whichh would account for the tissue-carnitine depletion (202). In addition, the rate of 
carnitinee biosynthesis from either TML or butyrobetaine was identical or even higher in 
scorbuticc animals when compared to normal animals (203). Previous studies of this group 
showedd that oral administration of butyrobetaine to humans and rats resulted in a 30- and 
250-foldd increase in carnitine synthesis, respectively (146,121). Moreover, rats were shown 
too have an increase in the rate of carnitine biosynthesis of at least 100-fold when provided 
withh oral TML (119). Thus, these species apparently possess a large excess of enzymatic 
activity,, and sufficient ascorbate to sustain that activity, relative to the capacity used for 
normall  rates of carnitine biosynthesis (203). 
Itt should be noted, however, that since lysine, iron, vitamin B6 and vitamin C are involved 
inn many physiological processes other than carnitine biosynthesis, the results of the studies 
discussedd above are difficult to interpret. To determine unambiguously the effects of a 
defectivee carnitine biosynthesis, a mouse model where one of the carnitine biosynthesis 
geness has been disrupted wil l be required. 

100 CONCLUSIONS 

Despitee considerable progress in our understanding of carnitine biosynthesis and 
metabolismm many questions remain concerning the regulation of carnitine metabolism and 
thee role of carnitine biosynthesis in homeostasis. The recent identification of three of the 
fourr genes of this pathway and the development of an easy method to measure the 
concentrationn of the carnitine biosynthesis metabolites allows both the creation and 
characterisationn of a mouse model in which one of the carnitine biosynthesis genes has been 
disrupted.. Such a mouse model is expected to give more insight in the role of this pathway 
inn carnitine and fatty acid metabolism. 
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SUMMARY Y 

6-N-Trimethyllysine,, 2-oxoglutarate dioxygenase (EC 1.14.11.8) is the first enzyme in the 
biosyntheticc pathway of L-carnitine and catalyses the formation of 3-hydroxy-6-N-
trimethyllysinee from 6-N-trimethyllysine, a reaction dependent on 2-oxoglutarate, Fe2+ and 
oxygen.. We purified the enzyme from rat kidney and sequenced two internal peptides by 
Q-TOFF MS. The peptide sequences were used to search the Expressed Sequence Tag data 
base,, which led to the identification of a rat cDNA of 1218 basepairs encoding a polypeptide 
off  405 amino acids with a calculated molecular mass of 47.5 kDa. Using the rat sequence we 
alsoo identified the homologous cDNAs from human and mouse. Heterologous expression of 
bothh the rat and human cDNAs in COS-cells confirmed that they encode 
6-N-trimethyllysine,, 2-oxoglutarate dioxygenase. Subcellular fractionation studies revealed 
thatt the rat enzyme is localised exclusively in mitochondria. Expression studies in yeast 
indicatedd that the rat enzyme is synthesised as a 47.5 kDa precursor and subsequently 
processedd to a mature protein of 43 kDa, presumably upon import in mitochondria. The 
Michaelis-Mentenn constants of the purified rat enzyme for 6-N-trimethyllysine, 
2-oxoglutaratee and Fe2+ were 1.1 mM, 109 uM and 54 uM, respectively. Both gel filtration 
andd blue native PAGE analysis showed that the native enzyme has a mass of approximately 
877 kDa, indicating that in rat 6-N-trimethyllysine, 2-oxoglutarate dioxygenase is a homo 
dimer. . 

INTRODUCTION N 

Carnitinee (3-hydroxy-4-N-trimethylaminobutyrate) is a vital compound, which plays an 
indispensablee role in the transport of activated fatty acids across the inner mitochondrial 
membranee into the matrix, where P-oxidation takes place (1,2). Furthermore, carnitine is 
involvedd in the transfer of the products of peroxisomal (3-oxidation, including acetyl-CoA, 
too the mitochondria for oxidation to C02 and H20 in the Krebs cycle (3,4). Apart from the 
dietaryy intake of carnitine, most eukaryotes are able to synthesise this compound from 
6-N-trimethyllysinee (TML) (5-7). TML is generated by the hydrolysis of proteins containing 
lysiness that are trimethylated at their e-amino group by a protein-dependent 
methyltransferasee using S-adenosylmethionine as a methyl donor. In the carnitine 
biosyntheticc pathway, TML is first hydroxylated at the 3-position by 6-N-trimethyllysine, 
2-oxoglutaratee dioxygenase (TMLD), after which the resulting 3-hydroxy-6-N-
trimethyllysinee is cleaved by a specific aldolase into 4-N-trimethylaminobutyraldehyde and 
glycinee (6,8). Subsequently, 4-N-trimethylaminobutyraldehyde is oxidised by 
4-N-trimethylaminobutyraldehydee dehydrogenase to form 4-N-trimethylaminobutyrate 
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(butyrobetaine)) (9). In the last step, butyrobetaine is hydroxylated at the 3-position by a 
secondd dioxygenase, 4-N-butyrobetaine, 2 oxoglutarate dioxygenase, yielding L-carnitine 
(5,10,7).. In rat and mouse, 4-N-butyrobetaine, 2 oxoglutarate dioxygenase is localised 
exclusivelyy in the liver, whereas in man, the enzyme is present in kidney, liver and brain. 
Althoughh most tissues are capable of converting TML into butyrobetaine, liver and kidney 
aree the main sites of carnitine biosynthesis in all mammals including humans (11,10,12-15). 
Afterr the recent identification of the cDNAs coding for 4-N-trimethylaminobutyraldehyde 
dehydrogenasee and 4-N-butyrobetaine, 2-oxoglutarate dioxygenase (16-18), we focused our 
attentionn on the first enzyme of the carnitine biosynthesis, TMLD. Like 4-N-butyrobetaine, 
2-oxpglutaratee dioxygenase, TMLD is a non-heme ferrous-iron dioxygenase that requires 
2-oxoglutarate,, Fe2+ and molecular oxygen as cofactors (8,19-21). In this class of enzymes, 
thee hydroxylation of the substrate is linked to the oxidative decarboxylation of 
2-oxoglutarate.. In both man and rat, the highest TMLD activity is found in kidney but is 
alsoo present in liver, skeletal muscle, heart and brain. (13,21). Subcellular localisation 
experimentss using differential centrifugation indicated that the enzyme is predominantly 
localisedd in mitochondria (8,20) in contrast to the other three carnitine biosynthetic 
enzymes,, which are cytosolic. 
Wee purified the dioxygenase responsible for the conversion of TML to 3-hydroxy-6-N-
trimethyllysinee from rat kidney and determined part of its amino acid sequence by Q-TOF 
masss spectrometry (MS). Using this sequence information we identified the cDNAs 
encodingg TMLD from rat, human and mouse. Finally, we expressed the rat and human 
cDNAss in COS-cells to confirm that the identified cDNAs encodes TMLD. 

EXPERIMENTA LL  PROCEDURES 

Materials Materials 
TMLL was purchased from Sigma. Q-Sepharose HP and Butyl-Sepharose 4 Fast Flow were 
obtainedd from Amersham Pharmacia Biotech (Uppsala, Sweden) and Hydroxylapatite CHT-II 
fromm Biorad (Hercules, CA). All other reagents were of analytical grade. The pMAL-C2X 
vectorr was purchased from New England Biolabs (Herts, United Kingdom), the pcDNA3 
vectorr was from Invitrogen (San Diego, CA). 

TMLDTMLD assay 
Twoo methods were used to determine TMLD activity. In the first method, TMLD activity 
wass determined radiochemically by measuring TML-dependent release of [l4C]-carbon 
dioxidee that is produced from the decarboxylation of [l- l4C]-2-oxoglutarate to succinate. 
Thee assay mixture (total volume 250 uL) contained 75 mM Tris/MES(HCl) buffer, pH 6.7, 
containingg 90 uM 2-oxoglutarate, 10 \LM [l-14C]-2-oxoglutarate, 2.5 mM sodium ascorbate, 
5.00 mM calcium chloride, 0.5 mM dithiothreitol, 0.5 mM ammonium iron(II)sulphate, 
22 mg/ml bovine serum albumin and 2 mM TML. The reaction was started by adding the 
enzymee sample to the reaction mixture and allowed to proceed for 30 minutes at 37°C, after 
whichh it was terminated by the addition of 100 ul of perchloric acid. The released [14C]-C02 

wass trapped in 0.5 ml 2 M NaOH, essentially as described by Wanders et al. (22) and the 
NaOHH was counted for radioactivity in a liquid scintillation counter. 
Inn the second method, the amount of 3-hydroxy-6-N-trimethyllysine that was enzymatically 
producedd from TML was determined by HPLC tandem MS. The reaction mixture and 
incubationn time were the same as in the radiochemical method, except for the 2-oxoglutarate 
concentration,, which was 2.5 mM instead of 0.1 mM. This method is described in detail in 
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Chapterr 6. Briefly, the reaction mixture was applied on a Microcon centrifugal filter unit 
withh a 30 kDa cut-off (Millipore, Bedford, MA) to remove most of the proteins. 100 ul of the 
filtratee was derivatised with methyl chloroformate at alkaline pH, followed by ethyl acetate 
extraction.. Part of the aqueous phase was injected into an ion pair HPLC system using 
heptafluorobutyricc acid as ion pairing agent, and the 3-hydroxy-6-N-trimethyllysine was 
quantifiedd by tandem MS. 

PurificationPurification of TMLD 

Kidneyss were taken from male Wistar rats and homogenised by five strokes of a Teflon 
pestlee in a Potter-Elvehjem glass homogeniser at 500 rpm in a 10 mM Tris/HCl buffer, pH 
8.0,, containing 100 g/1 glycerol, 100 mM KC1, and 5 mM dithiothreitol (DTT). The crude 
homogenatee was centrifuged for 10 min at 800 x g at 4°C to remove nuclei and whole cells. 
Thee resulting supernatant was sonicated 5 times for 30 sec at 10 W and centrifuged for 1 
hourr at 33.000 xg at 4°C. The supernatant was collected and the pellet was resuspended in 
thee same buffer, after which the sonication- and centrifugation steps were repeated. The 
twoo supernatants were pooled, diluted 20-fold in a 5 mM MES buffer, pH 6.0, containing 
1000 g/1 glycerol and 5 mM DTT and incubated overnight at 4°C. The resulting protein 
precipitatee was pelleted by centrifugation for 20 min at 20.000 x g at 4°C and dissolved in a 
200 mM ethanolamine buffer, pH 9.3, containing 100 g/1 glycerol, 25 mM KCl and 5 mM DTT. 
Afterr centrifugation for 20 min at 20.000 x g at 4°C, the supernatant was applied to a 
Q-Sepharosee HP column (0= 2.6 cm, h= 10 cm, flow: 3 ml/min), which was pre-equilibrated 
withh a 20 mM ethanolamine buffer, pH 9.3, containing 100 g/1 glycerol and 2.5 mM DTT. 
Boundd proteins were eluted with a linear gradient from 25 to 400 mM KCl in the same 
buffer.. Fractions containing high TMLD activity were pooled and diluted 1:4 in a 20 mM 
ethanolaminee buffer, pH 9.3, containing 100 g/1 glycerol, 200 mM ammonium sulphate, 2 
mMM sodium ascorbate, 1 M KCl and 5 mM DTT. The solution was centrifuged for 10 min at 
4.0000 x g at 4°C to remove protein precipitates and the supernatant was loaded onto a Butyl-
Sepharosee 4 Fast Flow column (0 = 1.6 cm, h = 11 cm, flow: 2.5 ml/min), pre-equilibrated 
withh the dilution-buffer. Bound proteins were eluted with a linear gradient from 1 M KCl + 
2000 mM ammonium sulphate to 0 M of both salts in a 20 mM ethanolamine buffer, pH 9.3, 
containingg 100 g/1 glycerol, 2 mM sodium ascorbate, and 5 mM DTT. Fractions containing 
highh TMLD activity were pooled and diluted 1:1 in a 20 mM ethanolamine buffer, pH 9.2, 
containingg 100 g/1 glycerol, 2 mM sodium ascorbate, and 5 mM DTT and loaded onto an 
Econo-Pacc Hydroxylapatite CHT-II column (0 —2 cm, h=5 cm, flow: 1 ml/min) equilibrated 
withh the same buffer. Bound proteins were eluted with a linear gradient from 0 to 50 mM 
potassiumm phosphate. Fractions were tested for TMLD activity and analysed by sodium 
dodecylsulfatee polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver staining. 
SDS-PAGEE and silver staining were performed as described by Laemmli (23) and Rabilloud et 
al,al, (24), respectively. Protein concentrations were determined by the method of Bradford 
(25),, using bovine serum albumin as standard. 

CharacterisationCharacterisation of the purified TMLD 

Thee Michaelis-Menten constants (Km) of purified TMLD for TML, 2-oxoglutarate and Fe2+ 

weree determined using the radiometric assay described above. For the determination of the 
Kmm of 2-oxoglutarate and Fe2+, a fixed concentration of 2 mM TML was used. The pH-
optimumm was determined by using 75 mM bis-tris-propane buffer instead of the Tris/MES 
buffer,, at pH's ranging from 5.5 to 9.5 in steps of one pH-unit. 
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ProteinProtein and Peptide Analysis 

Forr MALDI-TOF MS analysis, protein-containing gel slices were S-alkylated, digested with 
trypsinn (Roche Molecular Biochemicals, sequencing grade), and extracted according to 
Shevchenkoo et al. (26). Extracted peptides were purified and concentrated using Zip-Tips 
(Millipore).. Peptides were eluted from the Zip-Tips with 10 JJ.1 of 1% (v/v) formic acid, 60% 
acetonitrile.. The peptide solution was mixed with an equal volume of 10 mg/ml cc-cyano-4-
hydroxycinnamicc acid (Sigma) solution in acetonitrile/ethanol (1:1 v/v). Aliquots of 0.5 |xl 
weree spotted on the target and allowed to dry at room temperature. MALDI-TOF MS spectra 
weree acquired on a Micromass TofSpec 2EC (Micromass, Wythenshawe, UK) equipped with 
aa 2 GHz digitiser. The resulting peptide spectra were used to search a non-redundant 
proteinn sequence data base (SWISS-PROT/TREMBL) using the ProteinProbe program. For 
ESI-Q-TOFF MS the peptide solution (2 uL) was introduced into a nanospray capillary and 
positivee mode spectra were recorded with a Q-TOF mass spectrometer (Micromass, 
Wythenshawe,, UK) equipped with a Z-spray source. 

CloningCloning and expression of TMLD in COS-cells 

Thee complete open reading frame (ORF) of rat TMLD was amplified by the polymerase chain 
reactionn (PCR) from rat kidney cDNA using Pwo DNA polymerase (Roche Molecular 
Biochemicals)) and the following primers: a BamHI-togged forward primer 
5'-aaaggal££ATGAAGAGAGGAGACATAGCTCAC-3'' and a Notl-tagged reverse primer 
5'-ttttg£gg££g£TTAGGCATGAAGACCTAGAATTC-3'.. The human ORF of TMLD was 
amplifiedd from human kidney cDNA using the following primers: a BamHI-tagged forward 
primerr V-tataggatccATGTGGTACCACAGATTGTC-3' and an Notl-tagged reverse primer 
5'-tatag£gg££gcCTGTTAAGCCTGAAGCCCCAAGA-3'.. The PCR products were cloned 
downstreamm of the PCMv promoter into the BamHI and NotI sites of the mammalian 
expressionn vector pcDNA3. Both ORFs were sequenced to exclude sequence errors 
introducedd by Pwo DNA polymerase during the PCR, after which the constructs were 
transfectedd to COS-cells using the Lipofectamine-plus reagent (LifeTechnologies, Rockville, 
MD)) as described by the manufacturer. 48 hours after transfection, cells were harvested by 
trypsinisationn and lysed in a 10 mM sodium phosphate buffer, pH 7.4, containing 140 mM 
NaCl,, 200 g/1 glycerol, and 1 mM DTT by sonicating 2 times for 15 s at 8 W. TMLD activity 
wass determined by the HPLC tandem MS method described above. 

TMLDTMLD expression in yeast 

Thee rat and human TMLD ORFs were amplified as described above using the same primers. 
Forr the amplification of the rat ORF starting from the second methionine, the following 
BamHI-taggedBamHI-tagged forward primer was used: 5'-ttttggalC£ATGCGCTTTGATTATGTCTGGC-3' in 
combinationn with the same reverse primer described above. The PCR products were cloned 
downstreamm of the galactose-inducible GAL1 promoter into the BamHI and NotI sites of the 
yeastt expression vector pYES2. To assess the fidelity of the PCR process the ORFs were 
sequenced.. The constructs were transformed to the 5. cerevisiae strain INVSC2 using the 
lithiumm acetate procedure (27). Transformed yeast cells were grown on minimal glucose 
mediumm (6.7 g/1 yeast nitrogen base, 3 g/1 glucose) to fully repress transcription of the GAL1 
promoter.. Cells were transferred to minimal lactate medium (6.7 g/1 yeast nitrogen base, 20 
g/11 lactate) and galactose was added to a final concentration of 4 g/1 to induce protein 
expression.. After overnight induction, spheroplasts were prepared using zymolyase (ICN 
Biomedicals,, Costa mesa, CA) according to Franzusoff et al. (28) and lysed in a 10 mM 
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sodiumm phosphate buffer, pH 7.4, containing 140 mM NaCl, 200 g/1 glycerol, and 1 mM 
DTT. . 

TMLDTMLD antibody generation 
Thee complete open reading frame of TMLD was amplified by PCR from human kidney 
cDNAA using Pwo DNA polymerase and the following primers: a BamHZ-tagged forward 
primerr 5'-tataggal£C_ATGTGGTACCACAGATTGTC-3' and a Pstf-tagged reverse primer 
5'-tatagacglc_CTGTTAAGCCTGAAGCCCCAAGA-3'.. The PCR product was cloned 
downstreamm of the IPTG-inducible PTAC promoter into the BamHI and PstI sites of the 
bacteriall  expression vector pMAL-C2X, to express the TMLD as a fusion protein with 
maltosee binding protein. The ORF was sequenced to exclude sequence errors introduced by 
PCRR after which the construct was transformed into the E. coli strain BL21. Transformed 
cellss were grown in LB-medium with 100 ug/ml ampicillin to an O D^ of 0.7 and IPTG was 
addedd to a final concentration of 1 mM to induce fusion protein expression. After 2 hours, 
cellss were pelleted and lysed in 1/10 of the culture volume in a 10 mM sodium phosphate 
buffer,, pH 7.4, containing 140 mM NaCl by sonicating 2 times for 15 seconds at 8 W. The 
bacteriall  lysate was centrifuged for 10 min at 14.000 xg and the pellet was discarded. Fusion 
proteinss were purified from the supernatant following the specifications of the 
manufacturerr (New England Biolabs) and stored at -20°C. This fusion protein was used to 
raisee an antiserum in a rabbit as described earlier (29). 

DensityDensity gradient analysis 
Kidneyss were obtained from male Wistar rats and homogenised in 5 mM morpholino-
propanesulfonicc acid buffer, pH 7.4 containing 250 mM sucrose and 2 mM EDTA. A post-
nuclearr supernatant was produced by centrifugation of the homogenate at 600 x g for 10 
minn at 4°C and subfractionated by equilibrium density gradient centrifugation in a linear 
Nycodenzz gradient as described (30). Glutamate dehydrogenase, catalase, p-hexosaminidase, 
phosphoglucoo isomerase, were used as markers for mitochondria, peroxisomes, endoplasmic 
reticulumm and cytosol, respectively. The activity of the marker enzymes was determined as 
describedd previously (31,32). 

ImmunoblotImmunoblot analysis 
AA Multiphor II Nova Blot electrophoretic transfer unit (Amersham Pharmacia Biotech) was 
usedd to transfer proteins onto a Nitrocellulose sheet (Schleicher & Shuell, Dassel, Germany) 
ass described by the manufacturer. After blocking of non-specific binding sites with 50 g/1 
Protifarr and 10 g/1 bovine serum albumin in lg/1 Tween-20/phosphate buffered saline for 1 
hour,, the blot was incubated for 2 hours with a 1:200 dilution of rabbit polyclonal 
antibodiess raised against human recombinant TMLD fused to maltose binding protein 
(purifiedd as described above) in the same buffer without Protifar. Goat anti-rabbit IgG 
antibodiess conjugated to alkaline phosphatase were used for detection, according to the 
manufacturer'ss instructions (Biorad). 

GelGel filtration and blue native PAGE 
Forr gel filtration analysis a Superdex 200 column (Amersham Pharmacia Biotech) was used. 
AA 20 mM ethanolamine buffer, pH 9.3, containing 100 g/1 glycerol, 2 mM sodium ascorbate, 
andd 5 mM DTT was used as eluant at a flow rate of 0.4 ml/min. Al l analyses were performed 
att 4°C. The column was calibrated under identical conditions with the following protein 
standards:: thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), aldolase (158 
kDa),, bovine serum albumin (66 kDa), ovalbumin (45 kDa), chymotrypsinogen A (25 kDa) 

46 6 



6-N-trimethyllysine,6-N-trimethyllysine, 2-oxoglutarate dioxygenase 

andd ribonuclease A (14 kDa), all from Amersham Pharmacia Biotech. The 10log of the 
molecularr mass of the protein standards was plotted against the corresponding elution 
fractionss and the molecular mass of TMLD was calculated by interpolation. 
Bluee native PAGE was performed as described previously using a 6-14% polyacrylamide 
gradientt gel (33,34). Citrate synthase (87 kDa) from pig heart (Sigma) and bovine serum 
albuminn (66 kDa) were used as protein standards. 

RESULTS S 

PurificationPurification of TMLD from rat kidney 
Sincee kidney contains the highest TMLD activity in the rat (35), this tissue was used as 
sourcee of enzyme for the purification of TMLD using liquid chromatography. An overview 
off  the purification scheme is given in TABLE I. TMLD activity was retained completely by all 
columnss used and eluted as a single peak during all purification steps. The presence of 
ascorbatee was essential for preserving the enzymatic activity during the later purification-
stepss and subsequent storage at -80°C. Samples obtained after each purification step were 
analysedd by SDS-PAGE followed by silver-staining (FIG. 1). A single protein band with an 
apparentt molecular mass of 43 kDa was observed after the last purification step. 

TABLEE I 
OverviewOverview of the various steps involved in the purification of TMLD from rat kidney 

Purificatio nn step 

Homogenate e 

Low-saltt  precipitate 

Q-Sepharose e 

Butyll  Sepharose 

Hydroxylapatit ee CHT-H 

Protein n 

mg mg 

6289 9 

613 3 

21 1 

0.8 8 

0.12 2 

Specificc activity Activit y 

nmol/min nmol/min 

0.022 2 

0.17 7 

1.34 4 

10.3 3 

58.6 6 

mg mg nmoljmin nmoljmin 

139 9 

105 5 

28 8 

8 8 

7 7 

Yield d 

% % 

100 0 

76 6 

20 0 

6 6 

5 5 

Purificatio n n 

-fold -fold 

--
7.8 8 

61 1 

467 7 

2658 8 

IdentificationIdentification of the cDNA encoding TMLD 
Attemptss to directly sequence the protein by Edman degradation failed, suggesting that the 
N-terminuss of TMLD is blocked. Therefore, the purified protein was digested with trypsin 
andd analysed by MALDI-TOF MS. Since no match was found in the non-redundant data 
basee (SWISS-PROT/TREMBL), two peptides were selected for sequencing by Q-TOF MS, 
whichh resulted in the following sequences: TLLVDGFYAAQQVLQR (1821.99 Da) and 
MWYFTSDFRSS (1339.58 Da). When the non-redundant data base was searched with these 
peptidess sequences, both showed high homology with the human hypothetical protein 
FLJ107277 (GenBank Accession Number: NP_060666). Subsequent searches in the EST 
(Expressedd Sequence Tag) data base identified several rat, mouse, and human EST clones 
withh high homology to the peptide sequences. The homologous human ESTs all 
correspondedd to the FLJ10727 cDNA (GenBank Accession Number: AK001589). 
Interestingly,, the translated FLJ 10727 cDNA showed high homology with human, rat and 
PseudomonasPseudomonas sp. AK-1 butyrobetaine dioxygenase. Based on the EST data, primers were 
selectedd to amplify the ORFs from rat, human and mouse kidney cDNA. The rat and mouse 
ampliconss both contained an ORF of 1218 basepairs, coding for a polypeptide of 405 amino 
acidss with a predicted molecular mass of 47.5 kDa (GenBank Accession Numbers: AF374406 
andd AY033513, respectively). When the in silico trypsin digest of the translated rat ORF was 
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comparedd with the MALDI-TOF MS spectrum of the purified TMLD, 12 of the 27 theoretical 
peptidess could be matched, which corresponds with a protein coverage of 34%. 
Thee human amplicon contained an ORF of 1266 basepairs, coding for a polypeptide of 421 
aminoo acids with a predicted molecular mass of 49.5 kDa (GenBank Accession Number: 
AF373407).. The human TMLD cDNA sequence was identical to the FLJ10727 cDNA. This 
sequencee is derived from genomic clone NT 025307, which has been mapped to Xq28. 
BLASTn-analysiss of the human genome data base using the human TMLD cDNA as query 
showedd that the TMLD gene spans about 130 kb and consists of at least 8 exons. 
Thee translated ORFs of rat and mouse both have 88% positional identity with the human 
TMLDD protein. The rat and mouse proteins are also highly homologous and share 92% 
positionall  identity. 

11 2 3 4 5 6 

966 — 

677 m 

FIG.. 1: Overview of TMLD purification. 
Proteinn samples of the various purification 
stepss were analysed by 12% SDS-PAGE 

^J^J followed by silver staining. Lane 1, molecular 
masss marker; lane 2, 20.000 x g rat kidney 
supernatant,, lane 3, low-salt precipitate and 
pooledd fractions of Q-Sepharose (lane 4), 
Butyl-Sepharosee (lane 5), Hydroxylapatite 

2 99 « • » CHT-II (lane 6). 

20 0 

ExpressionExpression of the rat and human TMLD cDNA 
Whenn the putative rat and human TMLD cDNAs were expressed in either E. coli (as 
maltose-bindingg fusion protein) or S. cerevisiae, no TMLD activity could be detected in 
lysatess of these cells. Therefore, both ORFs were cloned into the eukaryotic expression 
vectorr pcDNA3 and transiently transfected to COS-cells. As a negative control, the pcDNA3 
vectorr without insert was included in the transfection experiment. After 48 hrs, TMLD 
activityy was measured in the lysates of the transfected cells employing the TMLD assay 
whichh is based on the measurement of 3-hydroxy-6-N-trimethyllysine by HPLC tandem MS. 
Incubationss were performed both in the presence and absence of substrate to show that the 
formationn of 3-hydroxy-6-N-trimethyllysine was TML dependent. High TMLD activity 
couldd be measured in lysates of COS-cells transfected with the putative rat and human 
TMLDD cDNA, whereas only low (endogenous) TMLD activity was measured in lysates of 
cellss transfected with the pcDNA3 vector without insert (FIG. 2A). 
Subsequentt immunoblot analysis using the TMLD antibody showed a band with the same 
molecularr mass as the purified TMLD in cells transfected with the rat and human ORF, 
whichh was hardly detectable in lysates of cells transfected with pcDNA3 without insert. 
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Additionally,, the amount of immunoreactive material was proportional to the TMLD 
ac t i v i tyy (FIG. 2B). 

a a 
"o o 
gg 150 

r * i i 

p(+) ) R(-) ) H(-)) H(+) 

FIG.. 2: Transient transfection of rat 
andd human TMLD cDNA in COS-
cells.. (A) P = pcDNA3 without insert, 
RR = pcDNA3 + rat ORF and H = 
pcDNA33 + human ORF. 3-hydroxy-
6-N-trimethyllysinee formation in 
incubationss with (+) or without (-) 
additionn of TML, respectively. 
Transfectionss were performed in 
triplicate.. (B) Immunoblot analysis of 
COS-celll  lysates with TMLD 
antibody.. COS cells transfected with; 
pcDNA33 without insert (Lane 1), 
pcDNA33 + rat ORF (Lane 2), pcDNA3 
++ human ORF (Lane 3). Lane 4 
containss purified rat TMLD. 

SubcellularSubcellular localisation of TMLD 
Too investigate the subcellular localisation of TMLD, a density gradient analysis was 
performedd with rat kidney homogenate. All the TMLD activity was associated with the 
particulatee fraction, which was loaded on a Nycodenz density gradient. The activity profile 
inn the gradient exactly coincided with that of the mitochondrial marker glutamate 
dehydrogenase,, confirming the mitochondrial localisation of TMLD (FIG. 3). When we 
analysedd the gradient-fractions by immunoblot analysis using antibodies raised against 
recombinantt TMLD, the pattern of the immunoreactive material corresponded exactly with 
thee TMLD-activity profile (FIG. 3). 

FIG.. 3: Subcellular localisation of TMLD in 
ratt kidney by density gradient analysis. (A) 
Markerr enzymes: glutamate dehydrogenase 
(mitochondria,, • ) , catalase (peroxisomes, • ) , 
P-hexosaminidasee (endoplasmic reticulum, 

),, phosphogluco isomerase (cytosol, ). The 
highestt activity in a particular fraction was 
sett at 100% (B) TMLD activity. (C) 
Immunoblott analysis of gradient fractions 
withh TMLD antibody; H = homogenate, P = 
particulatee fraction and S = supernatant. 
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ProcessingProcessing of TMLD 
Withh a calculated molecular mass of 47.5 kDa, the size of the translated ORF of rat TMLD is 
nott in agreement with that of the purified protein, which has an apparent molecular mass of 
433 kDa. Additionally, the COS-cell transfection experiment showed that the produced 
humann and rat TMLD both have the same apparent molecular mass as the purified rat 
TMLD,, although the calculated molecular masses are 47.5 and 49 kDa, respectively. The 
5'' end of the rat cDNA, as well as the mouse and human cDNAs, contained a second 
putativee start codon. The use of this methionine would result in a protein of 42 kDa, and we 
thereforee expressed the shorter rat protein in S. cerevisiae to investigate whether translation 
startss at this methionine. Immunoblot analysis of the yeast lysate with the TMLD antibody, 
however,, clearly showed that the size of the expressed protein is smaller than the purified 
ratt TMLD, indicating that this methionine is not used as start codon (FIG. 4). 

FIG.. 4: Expression of rat TMLD in S. cerevisiae. 
Immunoblott analysis of yeast lysates of cells 
transformedd with pYES2 without insert (Lane 1), 
pYES22 + rat TMLD (Lane 2), pYES2 + rat TMLD 
startingg from the second start codon (Lane 3). 
Lanee 4 contains purified rat TMLD. 

Anotherr possibility is that TMLD is synthesised as a 47.5 kDa precursor, which is processed 
afterr import into the mitochondrion. The protein sequences of rat, mouse and human TMLD 
indeedd contain a putative N-terminal mitochondrial targeting sequence as determined by 
thee Predotar vO.5 prediction program (http://www.inra.fr/Internet/Produits/Predotar/). 
Immunoblott experiments support this hypothesis, since expression of the full-length rat 
TMLDD in S. cerevisiae resulted in a protein of 47.5 kDa (the predicted molecular mass of the 
translatedd rat ORF), but also showed a band with the same molecular mass as the purified rat 
proteinn (FIG. 4). Together, these results suggest that a 47.5 kDa precursor protein is 
synthesisedd and subsequently processed between the first and second methionine, resulting 
inn a mature protein of approximately 43 kDa. 

CharacterisationCharacterisation of the purified TMLD 
Thee enzyme has a broad pH optimum between 6.5 and 7.5 at 37°C, which is in agreement 
withh previous results (21). Km values of TML, 2-oxoglutarate, and Fe2+ were determined for 
thee highly purified enzyme from Lineweaver-Burk double-reciprocal plots and were 1.1 
mM,, 109 uM and 54 uM, respectively (FIG. 5). The Km value of TML is in agreement with the 
resultss of Sachan et al., who determined a Km value of 1.6 mM for the partially purified rat 
liverr enzyme (20). Two other groups have determined Km values of 0.1 mM (21) and 0.13 
mMM (36) for the rat and bovine liver enzymes, respectively, which are considerably lower 
thann the Km value determined in this study. The Km values found previously for 
2-oxoglutaratee (480 and 220 uM) and Fe2+ (21 and 60 uM) are in agreement with our results 
(36,21). . 

NativeNative molecular mass determination of purified TMLD 
Gell  filtration analysis showed that the native enzyme has a molecular mass of approximately 
866 kDa, suggesting that TMLD has a dimeric configuration (FIG. 6A). This result was 
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supportedd by blue native PAGE analysis (FIG. 6B), which showed that TMLD has a similar 
sizee as citrate synthase (87 kDa). MALDI-TOF analysis demonstrated that the protein band 
off  approximately 87 kDa only contained TMLD, suggesting that TMLD is a homo dimer. 

Thyroglobulin n 

Ferritin n 

00 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

6-N-Trimethyllysinee concentration (mM) 

A A 
yy = -0.0835X + 6.6888 

r'r'  = 0.9932 

TMLD D 
Bovinee serum albumin 

Chymotrypsinogenn A 

Ribonucleasee A 

155 20 25 

Fraction n 

B B 

Fee +-concentration (fiM) 

FIG.. 5: Km curve and Lineweaver-

Burkee plot for (A) TML, (B) 

2-oxoglutarate,, and (C) Fe2+. 

FIG.. 6: Native molecular mass determination of TMLD by gel filtration analysis and blue native PAGE. 
(A)) Log molecular mass versus elution fraction of proteins standards (•) and TMLD (•). The molecular 
masss of the standards are: thyroglobulin, 669 kDa, ferritin, 440 kDa, catalase, 232 kDa, aldolase, 158 
kDa,, bovine serum albumin, 66 kDa, ovalbumin, 45 kDa, chymotrypsinogen A, 25 kDa and 
ribonucleasee A, 14 kDa. (B) Blue native PAGE gel loaded with; Lane 1, citrate synthase (87 kDa), lane 2, 
TMLDD and lane 3, bovine serum albumin (66 kDa). 

DISCUSSION N 

Inn order to identify the genes encoding the enzymes of the carnitine biosynthetic pathway 
wee previously purified rat liver 4-N-trimethylaminobutyraldehyde dehydrogenase and 
4-N-butyrobetaine,, 2-oxoglutarate dioxygenase, the penultimate and ultimate enzyme in 
carnitinee biosynthesis, respectively. We used protein sequence data in combination with 
ESTT data base searching to identify the corresponding rat and human cDNAs (16,18). In this 
studyy the same approach was used to identify TMLD, which mediates the first step in 
carnitinee biosynthesis. The enzyme was purified from rat kidney to near homogeneity and 
usedd for peptide sequencing. Subsequently, the resulting peptide sequences were used to 
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searchh the EST data base and ORFs were identified from rat, mouse and human origin with 
highh homology to the peptide sequences. The following observations demonstrated that the 
identifiedd rat cDNA truly encodes TMLD. First, the peptide sequences obtained from the 
purifiedd kidney TMLD exactly matched two stretches of sequence from the translated 
codingg region of the rat cDNA. Second, the heterologously expressed rat cDNA exhibited 
highh TMLD activity. Third, the peptide pattern of the purified rat TMLD determined by 
MALDI-TO FF analysis matched the in silico trypsin digest of the translated rat ORF. Finally, 
thee antibody raised against recombinant TMLD recognised the purified enzyme. Since the 
humann homologue of the rat TMLD has 88% positional identity with the rat protein and 
exhibitedd high TMLD activity in the heterologous expression system, the corresponding 
cDNAA encodes human TMLD. Data base searching showed that the TMLD cDNA is identical 
too the FLJ10727 cDNA, and that the TMLD gene is localised at Xq28. Although we did not 
expresss the mouse ORF, it has 92% positional identity with the rat TMLD, and therefore 
mostt likely represents the mouse homologue of TMLD. 

Purifiedd TMLD behaves as an 87 kDa enzyme in both gel filtration and blue native PAGE 
analysis.. Since a single protein of 43 kDa was present in the final purification sample and 
thee MALDI-TOF analysis of the blue native PAGE sample demonstrated that the dimer 
consistedd of a single protein, TMLD appears to be homo dimer. The last enzyme of carnitine 
biosynthesis,, 4-N-butyrobetaine, 2-oxoglutarate dioxygenase, has considerable homology 
withh TMLD and has also been reported to function as a homo dimer (37-39). Analysis of the 
nonn redundant database with the BLASTp algorithm using rat TMLD as query, only 
retrievedd butyrobetaine, 2-oxoglutarate dioxygenase sequences from several organisms. No 
homologyy was found with other 2-oxoglutarate-dependent dioxygenases, suggesting that 
TMLDD and butyrobetaine, 2-oxoglutarate dioxygenase belong to a separate subclass of 
dioxygenases. . 
TMLDD has been reported to be localised in mitochondria (8,20), although this conclusion 
wass drawn from relatively crude experiments involving differential centrifugation. 
Therefore,, the subcellular localisation of TMLD in rat kidney was re-investigated by 
subcellularr fractionation using density gradient analysis. The TMLD activity profile and the 
distributionn of immunoreactive material clearly showed that TMLD is localised exclusively 
inn mitochondria. The expression studies of TMLD in 5. cerevisiae suggest that translation of 
TMLDD starts at the first available start codon, which results in the formation of a 47.5 kDa 
precursorr protein. This precursor is subsequently processed to the mature 43 kDa protein, 
presumablyy upon import into mitochondria where the mitochondrial import machinery 
removess the N-terminal presequence. The mitochondrial localisation of TMLD is 
remarkable,, since the other three enzymes of the carnitine biosynthesis are localised in the 
cytosol.. The submitochondrial localisation of TMLD wil l have implications for the 
substrate-floww and regulation of the carnitine biosynthesis. If TMLD is localised in the 
mitochondriall  matrix, the existence of transport system to shuttle substrate and product 
overr the inner mitochondrial membrane would be required. In contrast, if TMLD is present 
inn either the inner membrane space or the outer mitochondrial membrane, no transport 
systemm would be needed since the outer mitochondrial membrane is permeable for small 
molecules. . 
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SUMMARY Y 

Thee penultimate step in carnitine biosynthesis is mediated by 4-N-trimethyl-
aminobutyraldehydee dehydrogenase (EC 1.2.1.47), a cytosolic NAD+-dependent aldehyde 
dehydrogenasee that converts 4-N-trimethylaminobutyraldehyde into 4-N-butyrobetaine. 
Thiss enzyme was purified from rat liver and two internal peptide fragments were sequenced 
byy Edman degradation. The peptide sequences were used to search the EST data base, 
whichh led to the identification of a rat cDNA containing an open reading frame of 1485 
basepairss encoding a polypeptide of 494 amino acids with a calculated molecular mass of 55 
kDa.. Expression of the coding sequence in Escherichia coli confirmed that the cDNA encodes 
4-N-trimethylaminobutyraldehydee dehydrogenase. The previously identified human 
aldehydee dehydrogenase 9 (EC 1.2.1.19) has 92% identity with rat 4-N-trimethyl-
aminobutyraldehydee dehydrogenase and has been reported to convert substrates, which 
resemblee 4-N-trimethylaminobutyraldehyde. When aldehyde dehydrogenase 9 was 
expressedd in Escherichia coli, it exhibited high 4-N-trimethylaminobutyraldehyde 
dehydrogenasee activity. Furthermore, comparison of the enzymatic characteristics of the 
heterologouslyy expressed human and rat dehydrogenases with those of purified rat liver 
4-N-trimethylaminobutyraldehydee dehydrogenase revealed that the three enzymes have 
highlyy similar substrate specificities. In addition, the highest V^x/ I ^ values were obtained 
withh 4-N-trimethylaminobutyraldehyde as substrate. This indicates that human aldehyde 
dehydrogenasee 9 is the 4-N-trimethylaminobutyraldehyde dehydrogenase, which functions 
inn carnitine biosynthesis. 

INTRODUCTION N 

Carnitinee (3-hydroxy-4-N-trimethylaminobutyrate) is a vital compound, which plays an 
indispensablee role in the transport of activated fatty acids across the inner mitochondrial 
membranee into the matrix, where (5-oxidation takes place (1,2). Furthermore, carnitine is 
involvedd in the transfer of the products of peroxisomal (5-oxidation, including acetyl-CoA, 
too the mitochondria for oxidation to C02 and H20 in the Krebs cycle (3,4). Apart from the 
dietaryy intake of carnitine, most eukaryotes are able to synthesise this compound from 
6-N-trimethyllysinee (5-7). The 6-N-trimethyllysine is generated by the hydrolysis of 
proteinss containing lysines that are trimethylated at their e-amino group by a protein-
dependentt methyltransferase using S-adenosylmethionine as a methyl donor. In the 
carnitinee biosynthetic pathway, 6-N-trimethyllysine is first hydroxylated at the 3-position 
byy 6-N-trimethyllysine, 2-oxoglutarate dioxygenase, after which the resulting 3-hydroxy-6-
N-trimethyllysinee is cleaved by a specific aldolase into 4-N-trimethylaminobutyraldehyde 
(TMABA)) and glycine (6,8). Subsequently, TMABA is oxidised by 4-N-trimethyl-
aminobutyraldehydee dehydrogenase (TMABA-DH) to form 4-N-trimethylaminobutyrate 
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(4-N-butyrobetaine)) (9). In the last step, 4-N-butyrobetaine is hydroxylated at the 
3-positionn by a second dioxygenase, 4-N-butyrobetaine, 2-oxoglutarate dioxygenase, 
yieldingg L-carnitine (5,10,7). In rat and mouse, 4-N-butyrobetaine, 2-oxoglutarate 
dioxygenasee is exclusively localised in the liver, whereas in man, the enzyme is present in 
kidney,, liver and brain. Although most tissues are capable of converting 
6-N-trimethyllysinee into 4-N-butyrobetaine, liver and kidney are the main sites of carnitine 
biosynthesiss in all animals (11,10,12-14). 
Kaufmann and Broquist were the first to demonstrate that TMABA is an intermediate in the 
carnitinee biosynthesis of Neurospora crassa using isotope labelling experiments and they 
suggestedd that an aldehyde dehydrogenase mediates its conversion to 4-N-butyrobetaine (6). 
Perfusionn experiments showed that TMABA is readily absorbed by rat liver and converted 
too carnitine via 4-N-butyrobetaine, demonstrating the conservation of the 
dehydrogenation-stepp in higher eukaryotes (15). Subsequently, Rebouche and Engel showed 
thatt TMABA-DH activity was present in the cytosolic fraction of human liver, kidney, 
brain,, heart and muscle homogenates (12). In the same year, Hulse and Henderson purified a 
cytosolicc NAD+-dependent aldehyde dehydrogenase from bovine liver showing maximum 
activityy with TMABA, converting it into 4-N-butyrobetaine (9). 
Exceptt for the human 4-N-butyrobetaine, 2-oxoglutarate dioxygenase, which has recently 
beenn identified in our laboratory (16,17), none of the enzymes of the carnitine biosynthetic 
routee have been characterised at the molecular level. We therefore purified the aldehyde 
dehydrogenasee responsible for the conversion of TMABA to 4-N-butyrobetaine from rat 
liverr and determined part of its amino acid sequence. Using this sequence information we 
identifiedd the cDNAs encoding TMABA-DH from rat, human and mouse. Finally, we 
expressedd the cDNAs in E. coli and compared the substrate specificities of the recombinant 
enzymess with those of the purified rat liver TMABA-DH. 

EXPERIMENTA LL  PROCEDURES 

Materials Materials 
4-Aminobutyraldehydee diethylacetal, l,8-bis(dimethylamino)naphatalene, methyliodide, 
2,4-dinitrophenylhydrazine,, methanal, ethanal, propanal, butanal, pentanal, hexanal, 
heptanal,, octanal and betaine aldehyde chloride were from Sigma (St. Louis, MO). NAD+ 

andd NADH were from Roche Molecular Biochemicals (Basel, Switzerland). Hexadecanal and 
octadecanall  were synthesised as described earlier (18). SP-Sepharose fast flow and Red-
Sepharosee CL-6B were obtained from Amersham Pharmacia Biotech (Uppsala, Sweden) and 
Hydroxylapatitee CHT-II from Biorad (Hercules, CA). All other reagents were of analytical 
grade.. The pMAL-C2X vector was purchased from New England Biolabs (Herts, United 
Kingdom). . 

SynthesisSynthesis of 4-N-trimethylaminobutyraldehyde 
4-Aminobutyraldehydee diethylacetal was trimethylated in ethylacetate using methyliodide 
inn the presence of l,8-bis(dimethylamino)naphatalene (proton sponge). The iodide salt of 
4-N-trimethylaminobutyraldehydee diethylacetal precipitated together with the protonated 
protonn sponge. This precipitate was subsequently dissolved in distilled water by heating 
thee mixture in a boiling water bath. After slow cooling to room temperature, only the 
protonatedd proton sponge crystallised while 4-N-trimethylaminobutyraldehyde 
diethylacetall  remained in solution. After removal of the proton sponge by filtration, the 
processs was repeated five times in smaller volumes of distilled water to completely remove 
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thee remainder of the proton sponge. Hydrolysis of the resulting acetal in 0.1 M HC1 for 
300 min at room temperature gave TMABA. Water and HC1 were evaporated in a rotavapor 
andd the TMABA was taken up in distilled water. In solution, TMABA was stable for at least 
threee months at -20°C. 

TMABA-DHTMABA-DH assay 
TMABA-D HH activity was determined either spectrophotometrically or fluorometrically at 
37°CC by monitoring the formation of NADH using a centrifugal analyser (COBAS FARA; 
Roche,, Basel, Switzerland). The assay mixture used in both methods contained 0.1 M 
sodiumm pyrophosphate buffer at pH 9.0, 0.5 mM NAD+ and the enzyme sample in a final 
volumee of 250 ul. The reaction was started by adding TMABA to a final concentration of 
1000 uM, unless otherwise indicated. In the spectrophotometric assay the increase in 
absorbancee at 340 nm was measured and the activity calculated using 6220 M"1 cm"1 as the 
molarr extinction coefficient of NADH. In the fluorometric method NADH formation was 
detectedd by measuring the fluorescence at 450 nm after excitation at 340 nm. Standard 
solutionss of NADH were used for calibration. 

PurificationPurification of TMABA-DH 
Liverss were taken from Wistar rats and homogenised by five strokes of a Teflon pestle in a 
Potter-Elvehjemm glass homogeniser at 500 rpm in a 5 mM MOPS buffer, pH 6.0, containing 
0.255 M sucrose, and 2 mM EDTA. The crude homogenate was centrifuged for 10 min at 
8000 x g at 4°C to remove nuclei and whole cells. The resulting post nuclear supernatant was 
centrifugedd for 3 hours at 20.000 x g at 4°C to obtain the cytosolic fraction. The cytosolic 
fractionn was applied to an SP-Sepharose fast flow column (0 =2.8 cm, h=10 cm), which was 
pre-equilibratedd with a 10 mM MES buffer, pH 6.0, containing 200 g/1 glycerol and 1 mM 
dithiothreitoll  (DTT). Bound proteins were eluted with a linear gradient from 0 to 100 mM 
NaCll  in the same buffer. Fractions containing high TMABA-DH activity were pooled and 
loadedd onto a Red-Sepharose CL-6B column (0 =0.8 cm, h=7.5 cm), which was pre-
equilibratedd with a 10 mM MES buffer, pH 6.0, containing 200 g/1 glycerol, 1 mM DTT and 
255 mM NaCl. Bound proteins were eluted with a linear gradient from 25 to 500 mM NaCl in 
thee same buffer. Fractions containing TMABA-DH activity were pooled and dialysed against 
aa 10 mM MES buffer, pH 6.0, containing 200 g/1 glycerol, 1 mM DTT and 20 mM potassium 
phosphate.. This dialysate was loaded onto an Econo-Pac Hydroxylapatite CHT-II column 
( 0 =11 cm, h=5 cm) equilibrated with the same buffer. Bound proteins were eluted with a 
linearr gradient from 25 to 250 mM potassium phosphate. Fractions were tested for 
TMABA-D HH activity and analysed by sodium dodecylsulphate acrylamide gel 
electrophoresiss (SDS-PAGE) followed by silver staining. SDS-PAGE and silver staining were 
performedd as described by Laemmli (19) and Rabilloud et al. (20), respectively. Protein 
concentrationss were determined by the method of Bradford (21), using bovine serum 
albuminn as standard. 

ProteinProtein digestion, Western blotting and automated Edman degradation 
100 ug of the purified TMABA-DH was digested for one hour at 37°C with 0.05 ug of 
endoproteasee Glu-C (Roche Molecular Biochemicals, Basel, Switzerland) in a 50 mM Tris-HCl 
buffer,, pH 8.0, containing 0.01% SDS. Protein fragments were resolved on a 15% SDS-PAGE 
gell  and a Multiphor II Nova Blot electrophoretic transfer unit (Pharmacia Biotech, Uppsala, 
Sweden)) was used to transfer proteins onto a polyvinylidene di-fluoride (PVDF) sequencing 
membranee (Millipore, Bedford, MA) as described by the manufacturer of the transfer unit. 
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Proteinss were visualised with Coomassie Brilliant Blue. N-terminal amino acid sequencing 
wass performed using a Procise 494 protein sequencer. 

Cloning,Cloning, expression and purification of the rat TMABA-DH and ALDH9 in E. coli 
Thee complete open reading frame (ORF) of TMABA-DH was amplified by the polymerase 
chainn reaction (PCR) from rat liver cDNA using Advantage cDNA polymerase (Clontech, Palo 
Alto,, CA) and the following primers: an i7coJ?7-tagged forward primer 
5'-tatagaaü£ATGAGCACTGGCACCTTCG-3'' and a Sa/J-tagged reverse primer 
5'-tatagtcga£TTTTCAAAARGCWGAYTCCAC-3'.. The degenerate nature of the second 
primerr also allowed the amplification of the ALDH9 ORF from human liver cDNA using the 
samee primer set. The PCR products were cloned downstream of the IPTG-inducible PTAC 

promoterr into the EcoRI and Sail sites of the bacterial expression vector pMAL-C2X, to 
expresss the TMABA-DH and ALDH9 as a fusion protein with maltose binding protein 
(MBP).. The ORFs were sequenced to exclude sequence errors introduced by PCR after 
whichh the constructs were transformed to the E. coli strain BL21. Transformed cells were 
grownn on LB-medium to an OD600 of 0.7 and IPTG was added to a final concentration of 
11 mM to induce expression of the fusion protein. After two hours, cells were pelleted and 
lysedd in 1/10 of the culture volume in a 10 mM sodium phosphate buffer, pH 7.4, containing 
1400 mM NaCl, 200 g/1 glycerol and 1 mM DTT by sonicating 2 times for 15 seconds at 8 W. 
Thee bacterial lysate was centrifuged for 10 min at 14.000 xg and the pellet was discarded. 
Fusionn proteins were purified from the supernatant following the specifications of the 
manufacturerr of the expression system (New England Biolabs) and stored at -80°C in a 
100 mM sodium phosphate buffer, pH 7.4, containing 140 mM NaCl, 200 g/1 glycerol, 1 mM 
DTTT and 3 mg/ml bovine serum albumin. 

CharacterisationCharacterisation of TMABA-DH 
Thee Michaelis-Menten constant (K^ and maximal velocity (V,^) for TMABA and several 
otherr aldehydes were determined for the purified rat liver enzyme and the purified 
recombinantt fusion proteins using the assay described above. The concentration of TMABA 
wass determined with 2,4-dinitrophenylhydrazine as described by Ariga et al. (22). 
4-Aminobutyraldehydee was freshly prepared from 4-aminobutyraldehyde diethylacetal as 
describedd by Kurys et al. (23). Its concentration was determined with o-aminobenzaldehyde 
ass reported by Jakoby et al. (24). Because of the instability of 4-aminobutyraldehyde at 
alkalinee pH, activity measurements with this compound as substrate were performed at pH 
7.44 using a 0.1 M sodium phosphate buffer. For the determination of the Km of NAD+ and 
NADP+,, TMABA was used at a fixed concentration of 100 uM. 

RESULTS S 

PurificationPurification of TMABA-DH from rat liver 
Inn initial experiments high TMABA-DH activity (~3 nmol/min.mg) could be measured in 
crudee rat liver homogenates. Subsequent measurement of TMABA-DH activity in 
subcellularr fractions of rat liver showed that the activity was only present in the cytosolic 
fractionn (results not shown). Therefore, rat liver cytosol was used as source of enzyme for 
thee purification of TMABA-DH using liquid chromatography. An overview of the 
purificationn scheme is given in TABLE I. TMABA-DH activity was completely retained by all 
columnss used and eluted as a single peak during all purification steps. Samples obtained 
afterr each purification step were analysed by SDS-PAGE followed by silver-staining (FIG. 1). 
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AA single protein band with an apparent molecular mass of 55 kDa was observed after the 
lastt purification step. The purified enzyme was highly unstable, except when stored at 
-80°CC in the presence of 1 mM DTT and 200 g/1 glycerol. Even after several months of 
storage,, no loss of activity could be measured. 

TABLEE I 
PurificationPurification of TMABA-DH from rat liver 

Purificationn step 

Postt nuclear supernatant 

20.0000 x g supernatant 

SP-Sepharosee fast flow 

Redd Sepharose CL-6B 

Hydroxylapatitee CHT-II 

Protein n 

mg mg 

1760 0 

751 1 

8.3 3 

1.1 1 

0.6 6 

Specificc activity 

nmol/min nmol/min 

3.9 9 

5.6 6 

288 8 

483 3 

772 2 

mg mg 

Activit y y 

nmoljmin nmoljmin 

6867 7 

4206 6 

2390 0 

531 1 

466 3 

Yield d 

% % 
100 0 

61 1 

35 5 

8 8 

7 7 

Purification n 

-fold -fold 

--
1.4 4 

74 4 

123 3 

198 8 

22 3 4 5 
kDa a 

FIG.. 1: Overview of TMABA-D H 
purification.. Protein samples of the 
variouss purification steps were 
analysedd by 12% SDS-PAGE followed 
byy silver staining. Lane 1: molecular 
masss marker, lane 2: 20.000 x g rat 
liverr supernatant, and pooled 
fractionss of: lane 3: SP-Sepharose, 
lanee 4: Red-Sepharose, lane 5: 
Hydroxylapatitee CHT-II. 

IdentificationIdentification of the cDNA encoding TMABA-DH 
Attemptss to directly sequence the protein by Edman degradation failed, suggesting that the 
N-terminuss of TMABA-DH is blocked. Therefore, the purified enzyme was subjected to 
digestionn with the endoprotease Glu-C to generate peptides with a free N-terminus. Peptide 
fragmentss were separated on SDS-PAGE, blotted onto a PVDF sequencing membrane and 
visualisedd by Coomassie Brilliant Blue staining. Two peptide fragments were N-terminally 
sequencedd which resulted in the following sequences: E x I N N G K S I F EA and E A R L D 
VV D T S (where x denotes an amino acid which could not be identified unambiguously). 
Whenn the Swissprot data base was screened with these sequences, the only homology found 
wass with the human aldehyde dehydrogenase 9 (ALDH9, EC 1.2.1.19, Swiss-Prot P49189). 
Subsequentt searches in the EST (Expressed Sequence Tag) data base identified several rat, 
mouse,, and human EST clones with high homology to the peptide sequences. The 
homologouss human ESTs all corresponded to the ALDH9 cDNA (GenBank Accession 
Number:: U34252) (25,26). Based on the EST data, primers were selected to amplify the ORFs 
fromm rat and mouse liver cDNA. The rat and mouse amplicons both contained an ORF of 
14855 basepairs, coding for a polypeptide of 494 amino acids with a predicted molecular mass 
off  55 kDa (GenBank Accession Numbers: AF170918 and AF170919, respectively). The 
translatedd rat and mouse ORFs both have 92% positional identity with the human ALDH9 
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protein.. The rat and mouse proteins are also highly homologous and share 96% positional 
identity.. The two peptides obtained by Edman degradation were found to overlap, resulting 
inn the following sequence: E x I N N G K S I F E A R L D V D T S. This sequence is identical 
too a 19 amino acid stretch in the N-terminal region of the rat sequence (95-114), 
demonstratingg that the rat cDNA encodes TMABA-DH. 

ExpressionExpression of the rat ORFas MBP fusion protein in E. coli 
Thee entire coding sequence of the rat cDNA was cloned into the pMAL-C2X expression 
vectorr and expressed in E. coli as a fusion protein with MBP. The fusion protein was 
purifiedd from the E. coli lysate by affinity chromatography and TMABA-DH activity was 
measured.. The purified fusion protein exhibited high TMABA-DH activity, which 
confirmedd that the cDNA encodes TMABA-DH. 

ExpressionExpression of the ALDH9-MBP fusion protein in E. coli 
Humann ALDH9 has high homology with the identified rat TMABA-DH, and has been 
reportedd to dehydrogenate 4-aminobutyraldehyde and betaine aldehyde (23,27), which are 
compoundss with considerable structural resemblance to TMABA (FIG. 2). Therefore, the 
ALDH99 ORF was cloned in the pMAL-C2X vector to express ALDH9 as an MBP fusion 
protein.. Sequencing of the ALDH9 ORF revealed three additional nucleotides in a GC-rich 
stretchh of the previously reported ALDH9 cDNA, altering the predicted amino acid 
sequence.. This information can be accessed through the GenBank data base, GenBank 
Accessionn Number AF172093. The MBP-ALDH9 fusion protein was affinity-purified from 
E.E. coli lysate to determine whether ALDH9 was also active towards TMABA. The fusion 
proteinn exhibited high TMABA-DH activity, which indicates that ALDH9 is the human 
orthologuee of rat TMABA-DH. 

ÏÏ  A 
H2NN — CH2 — CH2— CH2—C N 

H H 

ÏÏ  B 
CH2-CH2-C\ \ 

H H 

CH3—N—CH2 2 
I I 
CH3 3 

FIG.. 2: Structure of (A) 4-aminobutyraldehyde, (B) TMABA and (C) betaine aldehyde. 

CharacterisationCharacterisation of the purified rat liver TMABA-DH and comparison with MBP-fusion proteins 
Too investigate if the purified rat liver TMABA-DH and the rat MBP-TMABA-DH could also 
handlee the substrates reported for ALDH9, and to further characterise the substrate 
specificityy of the three enzymes, their kinetic properties were determined. TABLE II shows 
thee kinetic parameters of the purified rat liver TMABA-DH, rat MBP-TMABA-DH and 
MBP^ALDH99 with NAD+, NADP+, TMABA, 4-aminobutyraldehyde, betaine aldehyde and a 
rangee of aliphatic aldehydes as substrates. The Km and relative V,,^ values of the purified 

CH, , 
++ 1 

CH3—N—CH22 — 
I I 
CH3 3 

H H 
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MBP-fusionn proteins for the different substrates show a similar profile as the purified rat 
liverr TMABA-DH. NAD+ was by far the preferred oxidant for all substrates, although 
NADP++ could also be used. The three enzymes have the lowest Km for TMABA in 
combinationn with a high V , ^ value. As a consequence, the V^K-m ratio is highest for 
TMABAA when compared to the other substrates. The presence of a free amino group in 
4-aminobutyraldehydee instead of the trimethylated amino group in TMABA results in 
considerablyy lower efficiency. Betaine aldehyde, the carbon backbone of which is two atoms 
shorterr than TMABA but which contains the trimethylated amino group, is readily oxidised 
too betaine as reflected in the high V , ^ values. The three enzymes have a high Km for betaine 
aldehyde,, however, which results in a substantially lower efficiency when compared to 
TMABA .. For the aliphatic aldehydes in the C2-C8 range, the decrease in the Km values is 
accompaniedd by a steady increase of V,^ , showing that the efficiency of the enzymes is 
higherr when the chain length of the aliphatic aldehyde increases. The efficiency of the 
enzymess with the longer aldehydes, hexadecanal and octadecanal, is very low if not 
undetectable. . 

DISCUSSION N 

Inn order to identify the enzymes of the carnitine biosynthetic pathway at the molecular 
levell  we previously purified rat liver 4-N-butyrobetaine, 2-oxoglutarate dioxygenase, the 
lastt enzyme in carnitine biosynthesis, and used protein sequence data in combination with 
thee EST data base to identify the corresponding human cDNA (16). In this study the same 
approachh was used to identify TMABA-DH, which mediates the penultimate step in 
carnitinee biosynthesis. The enzyme was purified from rat liver to apparent homogeneity and 
usedd for peptide sequencing. The resulting peptide sequences were subsequently used to 
searchh the EST data base and two ORFs were identified from rat and mouse, encoding 
proteinss with high homology to the previously reported human ALDH9. The following 
observationss demonstrated that the identified rat cDNA truly encodes TMABA-DH. Firstly, 
thee peptide sequence obtained by sequencing of the purified rat TMABA-DH exactly 
matchedd a 19 amino acid stretch in the translated coding region of the rat cDNA. Secondly, 
thee cDNA encodes a protein with a calculated molecular mass of 55 kDa, which is in 
accordancee with the apparent molecular mass of the purified rat liver TMABA-DH. Thirdly, 
heterologouslyy expressed rat cDNA exhibited high TMABA-DH activity. Finally, the kinetic 
propertiess of the recombinant rat MBP fusion protein are highly similar to those of 
TMABA-D HH purified from rat liver. 

Althoughh we did not express the mouse ORF in E. coli, it has 96% positional identity with 
thee rat TMABA-DH and therefore most likely represents the mouse orthologue of rat 
TMABA-DH . . 
Thee rat TMABA-DH has high positional identity (92%) with human ALDH9. ALDH9 is a 
cytosolicc NAD+-dependent dehydrogenase belonging to the human aldehyde 
dehydrogenasee gene family (28). It has been extensively investigated because of its proposed 
functionn in the alternative synthesis of the inhibitory neurotransmitter 4-aminobutyric acid 
(GABA)) (29-31,26). In this pathway, diamine oxidase oxidatively deaminates putrescine 
(1,4-diaminobutane)) to 4-aminobutyraldehyde, which is subsequently oxidised to GABA by 
ALDH9.. The majority of the GABA in rat adrenal gland is produced via this alternative 
pathway,, whereas the GABA in brain is predominantly synthesised from glutamate by 
glutamatee decarboxylase (32). Both the physiological importance of the conversion of 
putrescinee to GABA and the function of the latter outside the central nervous system is not 
welll  understood and remains to be established. 
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Moree recently, ALDH9 has also been implicated in the synthesis of betaine. Betaine can 
servee as a methyldonor in the biosynthesis of methionine and has also been proposed to be 
involvedd in the regulation of the osmolarity in the kidney during antidiuresis (33-35). For 
thee synthesis of betaine, choline is oxidised by choline dehydrogenase to betaine aldehyde, 
whichh is subsequently converted to betaine by ALDH9 (27,36). In human tissues, betaine 
aldehydee dehydrogenase activity is predominantly found in liver, adrenal gland and kidney. 
Northernn blot analysis has shown the presence of the ALDH9 mRNA in liver, kidney, 
skeletall  muscle, heart, brain, pancreas, lung and placenta (31,26,36). 
Thee high homology with rat TMABA-DH and the structural resemblance of the substrates of 
ALDH99 with TMABA prompted us to study whether human ALDH9 is in fact the human 
TMABA-DH .. The finding that the recombinant human MBP-ALDH9 fusion protein exhibits 
highh TMABA-DH activity suggests that human ALDH9 is, indeed, the human TMABA-DH. 
Sincee ALDH9 has been reported to oxidise betaine aldehyde and 4-aminobutyraldehyde, the 
kineticc properties of the two recombinant MBP fusion proteins and the purified rat liver 
TMABA-D HH were also determined for these, and other substrates. Like the ALDH9 MBP 
fusionn protein, both rat liver TMABA-DH and the rat TMABA-DH MBP fusion protein 
oxidisedd 4-aminobutyraldehyde and betaine aldehyde. However, when considering both 
affinityy and maximal velocity, TMABA is clearly the best substrate for all three enzymes. 
Recently,, the three-dimensional structure of cod liver ALDH9 has been determined at 2.1 A 
resolutionn by X-ray crystallography (37). This protein has 70% positional identity with the 
humann ALDH9 and is considered to be the cod orthologue of human ALDH9. The structural 
informationn revealed that the active site of cod ALDH9 is capable to handle larger aldehydes 
thann betaine aldehyde, which is in accordance with our results which reveal that the three 
formss of ALDH9 studied in this paper show the highest Vm!iX/Km ratio for straight-chain 
aldehydess with a length of 7/8 carbon atoms. The preference for longer aldehydes also 
explainss the relatively low Km values for TMABA and 4-aminobutyraldehyde opposed to the 
highh Km value for betaine aldehyde. The high V ^ value of the enzymes for betaine 
aldehydee is difficult to explain on the basis of the data presented here. Additional research 
iss needed to understand this phenomenon. 
Furtherr investigation of the active site of cod ALDH9 showed that there is no negatively 
chargedd residue in the substrate pocket that interacts with the trimethylated amino-group of 
betainee aldehyde. Instead, a hydrophobic interaction has been proposed between a 
tryptophann residue and the trimethylamino group of betaine aldehyde (37). If the nature of 
thee interaction with the amino-group of the substrate is hydrophobic instead of 
electrostatic,, the reason for a higher Km value for 4-aminobutyraldehyde than for TMABA 
couldd be that the positively charged amino group in 4-aminobutyraldehyde is shielded by 
threee methyl groups in TMABA. 
Thee high activity of the heterologously expressed human ALDH9 with TMABA and the 
highlyy similar substrate specificity of ALDH9 and rat TMABA-DH strongly suggest that the 
humann ALDH9 is the human TMABA-DH. This is supported by the presence of high betaine 
aldehydee dehydrogenase activity in human kidney and liver and the ALDH9 mRNA in 
tissuess that contain high TMABA-DH activity (12,26,36). 
Althoughh our data do not exclude an additional function of ALDH9 in GABA and/or betaine 
synthesis,, the results presented in this paper indicate that ALDH9 is the predominant, if not 
exclusivee aldehyde dehydrogenase which functions in carnitine biosynthesis. 
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SUMMAR Y Y 

4-N-butyrobetaine,, 2-oxoglutarate dioxygenase (EC 1.14.11.1) is the last enzyme in the 
biosyntheticc pathway of L-carnitine and catalyses the formation of L-carnitine from 
4-N-butyrobetaine,, a reaction dependent on 2-oxoglutarate, Fe2+, ascorbate and molecular 
oxygen.. Initial attempts to purify the protein from rat liver showed that the enzyme is 
unstable.. We therefore determined the influence of various compounds on the stability of 
4-N-butyrobetaine,, 2-oxoglutarate dioxygenase at different storage temperatures. The 
enzymee activity was best conserved by storage at 4°C in the presence of 200 g/1 glycerol and 
100 mM dithiothreitol. We subsequently purified the protein from rat liver to apparent 
homogeneity,, which allowed N-terminal sequencing using Edman degradation. The 
obtainedd sequence was used to screen the expressed sequence tags data base and led to the 
identificationn of a human cDNA containing an open reading frame of 1161 basepairs 
encodingg a polypeptide of 387 amino acids with a predicted molecular mass of 44.7 kDa. 
Heterologouss expression of the open reading frame in the yeast S. cerevisiae confirmed that 
thee cDNA encodes the human 4-N-butyrobetaine, 2-oxoglutarate dioxygenase. Northern 
blott analysis showed that 4-N-butyrobetaine, 2-oxoglutarate dioxygenase expression is high 
inn kidney, present in liver and low in brain, while no expression could be detected in the 
otherr investigated tissues. 

INTRODUCTION N 

Carnitinee (3-hydroxy-4-N-trimethylaminobutyrate) is best known for its function in 
mitochondriall  ^-oxidation since it plays an indispensable role in the transport of activated 
fattyy acids across the mitochondrial membrane (1,2). Many organisms, ranging from bacteria 
too mammals, are able to synthesise carnitine (3-5). In man, carnitine is synthesised in 
kidney,, liver and presumably in brain from the essential amino acids lysine and methionine 
(6,5).. The lysine becomes available as 6-N-trimethyllysine upon degradation of proteins after 
trimethylationn of protein-bound lysines by a protein-dependent methyl transferase using 
S-adenosylmethioninee as the methyl donor (5). As the first step in carnitine biosynthesis, 
thee 6-N-trimethyllysine is hydroxylated at the 3-position by 6-N-trimethyllysine, 
2-oxoglutaratee dioxygenase (6,5). Subsequently, 3-hydroxy-6-N-trimethyllysine is cleaved 
intoo 4-N-trimethylaminobutyraldehyde and glycine by 3-hydroxy-6-N-trimethyllysine 
aldolasee (6,5), after which the aldehyde is oxidised by 4-N-trimethylaminobutyraldehyde 
dehydrogenasee to yield 4-N-trimethylaminobutyrate (4-N-butyrobetaine) (7,6,5). Finally, 
4-N-butyrobetainee is hydroxylated at the 3-position by 4-N-butyrobetaine, 2-oxoglutarate 
dioxygenasee (BBD) to produce L-carnitine (8,6,5). 
Off  all the enzymes of the carnitine biosynthetic pathway, BBD is the best-studied enzyme. 
Likee 6-N-trimethyllysine, 2-oxoglutarate dioxygenase, BBD is a non-heme ferrous-iron 
dioxygenasee that requires 2-oxoglutarate, Fe2+ and molecular oxygen as cofactors (9). In this 
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classs of enzymes, the hydroxylation of the substrate is linked to the oxidative 
decarboxylationn of 2-oxoglutarate. Ascorbate is needed as a reducing agent to maintain the 
reducedd state of the iron atom. BBD has been isolated from various sources including human 
kidneyy (10,11), calf (12) and rat liver (13,14) and the bacterium Pseudomonas AK1 (15). The 
completee amino acid sequence of the Pseudomonas AK1 enzyme has been determined by 
Edmann degradation (16). 
Althoughh the different enzymatic steps and the intermediates of the carnitine biosynthesis 
aree well documented, thus far none of the mammalian enzymes has been characterised at the 
molecularr level. We now report the identification of a human cDNA encoding BBD as 
demonstratedd by heterologous expression in yeast. Our results also show that BBD is 
expressedd in only a few tissues. 

EXPERIMENTALL PROCEDURES 

Materials Materials 
Q-Sepharose,, Chromatofocussing PBE 94, Phenyl Sepharose HP, G25 sephadex (fine), 
[l- 14C]-Acetyl-CoA,, and 32P-ATP were obtained from Amersham Pharmacia Biotech 
(Uppsala,, Sweden), 4-N-butyrobetaine, N-ethylmaleimide, carnitine and acetyl-CoA from 
Sigmaa (St. Louis, USA), carnitine acetyl transferase from Boehringer (Mannheim, Germany), 
Dowexx AG 1-X8 200-400 mesh (Cl" form) and Hydroxylapatite CHT-II, from Biorad (Hercules, 
USA).. All other reagents were of analytical grade. The pGEM-T vector was purchased from 
Promegaa (Madison, USA). The S. cerevisiae strain INVSC2 and the pYES2 expression vector 
weree both purchased from Invitrogen (Carlsbad, USA). 

DeterminationDetermination of storage conditions 
Ratt liver was homogenised in 50 mM sodium phosphate buffer, pH 7.0, containing 20 mM 
KCll  by five passes of a Teflon pestle in a Potter-Elvehjem glass homogeniser at 500 rpm. The 
crudee homogenate was centrifuged for 60 min at 20.000 x g at 4°C and the supernatant 
desaltedd on a Sephadex G25 column. Various compounds were added to the supernatant, 
whichh was stored at 4°C, -20°C and -80°C. After one and two weeks, BBD activity was 
determinedd and compared with the activity in the fresh supernatant. 

PurificationPurification of BBD from rat liver 
Thee purification procedure was adapted from Lindstedt et al. (15). All protein isolation steps 
weree carried out at 4°C. Livers of five Wistar rats were homogenised in a 50 mM potassium 
phosphatee buffer, pH 6.8, containing 20 mM KCl and 2 mM dithiothreitol (DTT), by five 
passess of a Teflon pestle in a Potter-Elvehjem glass homogeniser at 500 rpm. The crude 
homogenatee was centrifuged for 60 min at 20.000 x g. The supernatant was filtered through 
aa column of glass pearls to remove floating fat particles. This filtrate was applied onto a 
Q-Sepharosee column (140 ml), which was pre-equilibrated with a 20 mM sodium phosphate 
buffer,, pH 6.8, containing 75 mM KCl. The column was eluted with a linear gradient from 
755 to 350 mM KCl in the same buffer. Fractions containing BBD activity were pooled and 
concentratedd with an Amicon Ultrafiltration unit using a YM10 membrane. The concentrate 
wass dialysed against a 25 mM sodium phosphate buffer, pH 7.0, containing 100 g/1 glycerol, 
22 mM DTT and loaded onto an Econo-Pac Hydroxylapatite CHT-II column (5 ml) 
equilibratedd with the same buffer. Bound proteins were eluted with a linear gradient from 
255 to 150 mM sodium phosphate. Fractions with BBD activity were pooled and dialysed 
againstt a 10 mM sodium phosphate buffer, pH 7.0, containing 100 g/1 glycerol and 2 mM 
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DTT.. This dialysate was applied onto a PBE 94 chromatofocussing column {15 ml) pre-
equilibratedd with a 25 mM imidazoIe/HCl buffer, pH 6.5, and eluted with 125 ml/1 
Polybufferr 74, pH 4.6. The pH of the fractions was immediately adjusted to 7.4 by the 
additionn of 1 M sodium phosphate buffer, pH 7.4. Fractions containing BBD activity were 
pooledd and dialysed against a 20 mM sodium phosphate buffer, pH 7.4, containing 100 g/1 
glyceroll  and 2 mM DTT. An equal volume of the dialysis buffer supplemented with 1 M 
ammoniumm sulphate was slowly added to the dialysate. Precipitated proteins were removed 
byy centrifugation and the supernatant applied onto a Phenyl Sepharose HP column (2 ml) 
pre-equilibratedd with a 20 mM sodium phosphate buffer, pH 7.4, containing 100 g/1 
glycerol,, 2 mM DTT and 0.5 M ammonium sulphate. Proteins were eluted with a linear 
gradientt from 0.5 to 0.15 M ammonium sulphate in the same buffer. Fractions were tested 
forr BBD activity and analysed by SDS-PAGE. 

SDS-PAGE,SDS-PAGE, Western blotting and Automated Edman Degradation 
SDS-PAGEE was performed as described by Laemmli (17). Gels were stained using the silver-
stainingg procedure described by Rabilloud et al. (18). A Multiphor II Nova Blot 
electrophoreticc transfer unit (Pharmacia biotech) was used to transfer proteins onto a PVDF 
(polyvinylidenee di-fluoride) membrane as described by the manufacturer. Proteins were 
visualisedd with Coomassie Brilliant Blue. N-terminal amino acid sequencing was performed 
usingg a Procise 494 protein sequencer. 

BBDBBD activity measurement. 
BBDD activity was determined in a two step procedure in which the produced carnitine is 
measuredd in a radioisotopic assay (19). The standard assay medium for BBD was composed of 
aa 20 mM potassium phosphate buffer, pH 7.0, containing 20 mM KCl, 3 mM 2-oxoglutarate, 
100 mM sodium ascorbate, 2 g/1 Triton-X-100, 0.25 mM (NH4)2Fe(S04)2 and 0.2 mM 
butyrobetaine.. Samples (for tissue homogenate: 0.1-1 mg total protein) were added to the 
reactionn mixture and incubated at 37°C for 60 minutes. The reactions were terminated by 
boilingg for three minutes. Precipitates were pelleted by centrifugation and the amount of 
freee carnitine was determined in the supernatant as described below. The standard assay 
mediumm for carnitine determination contained: 25 mM Hepes/KOH buffer, pH 7.6, 
containingg 10 mM EDTA, 2 mM N-ethylmaleimide, 25 uM acetyl-CoA, 10 kBq 
[l- 14C]-acetyl-CoAA and 0.4 U/ml carnitine acetyltransferase. The mix was added to the 
supernatantt of the first step and incubated at room temperature for 30 minutes. 
Subsequently,, the reaction mixture was loaded onto a 0.25 ml Dowex AG 1-X8 200-400 mesh 
(Cl""  form) column. The column was washed with 0.5 ml of distilled water and subsequently 
withh 1 ml of ethanol after which 10 ml of scintillation fluid was added to the combined run-
throughh and wash, followed by liquid scintillation counting. Protein concentrations were 
determinedd by the method of Bradford (20), using bovine serum albumin as standard. 

CloningCloning and expression of the human BBD in yeast 
Expressedd Sequence Tag (EST) clone 150-119 (IMAGE ID: 30861) was obtained from the UK 
HGMPP Resource Centre in Cambridge (UK). The complete open reading frame (ORF) of BBD 
wass amplified by the polymerase chain reaction (PCR) from this clone using the following 
primers:: a BamHI-tagged forward primer 5'-aaaggai££aaaATGGCTTGTACCATCCAAAAG-3' 
andd an Xhol-tagged reverse primer 5'-aaaactcgagTCAGTTTCCATTCTCCACCC-3'. The PCR 
productt was cloned downstream of the galactose-inducible GAL1 promoter into the BamHI 
andd Xhol sites of the yeast expression vector pYES2. To assess the integrity of the PCR 
processs the ORF was sequenced. The construct was transformed to the S. cerevisiae strain 
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INVSC22 using the lithium acetate procedure (21). Transformed yeast cells were grown on 
minimall  glucose medium (6.7 g/1 yeast nitrogen base, 3 g/1 glucose) to fully repress 
transcriptionn of the GAL1 promoter. Cells were transferred to minimal lactate medium (6.7 
g/11 yeast nitrogen base, 20 g/1 lactate) and galactose was added to a final concentration of 4 
g/11 to induce protein expression. After overnight induction, spheroplasts were prepared 
usingg zymolyase according to Franzusoff et al. (22) and lysed in a 10 mM sodium phosphate 
buffer,, pH 7.4, containing 140 mM NaCl, 1 mM DTT and 1 g/1 Triton-X-100. 

NorthernNorthern blot analysis 

AA human 12-lane multiple tissue Northern blot containing polyA+ RNA was purchased from 
Clontech.. Probes were labelled with 32P-ATP using the random priming technique and 
hybridisationn was performed according to standard procedures (23). 

RESULTSS AND DISCUSSION 

Initiall  experiments in which BBD activity was measured in several rat tissues revealed that it 
wass only present in rat liver (results not shown). Rat liver therefore was used as the source 

TABL EE I 
InfluenceInfluence of additives at different storage conditions on BBH activity 

AdditiveAdditive Recovery after 1 week Recovery after 2 weeks 
%% % 

4'CC C -80'C 4'C -20'C C 
2000 g/1 glycerol 71 
100 mM DTT 96 
100 mM DTT + 200 g/1 glycerol 157 
2.55 mM EDTA + 200 g/1 glycerol 4 
2.55 mM (NH4)2Fe(SO,)j+ 200 g/1 glycerol 45 
55 mM sodium ascorbate + 200 g/1 glycerol 26 
33 mM 2~oxoglutarate + 200 g/1 glycerol  6 6 

2.55 mM (NH4)2Fe(S04)2+ 5 mM sodium 5 
ascorbatee + 200 g/1 glycerol 
33 mM 2-oxoglutarate + 5 mM sodium ascorbate 8 
++ 200 g/1 glycerol 
$Noo measurable activity 

off  enzyme. TABLE I shows the recovery of specific activity in cytosolic fraction of rat liver 
containingg several additives after 1 and 2 weeks of storage. Recoveries are expressed as the 
percentagee of the activity in the fresh cytosolic fraction homogenised in 50 mM sodium 
phosphatee buffer, pH 7.4, containing 20 mM KC1. BBD activity was best conserved at 4°C in 
thee presence of 10 mM DTT and 200 g/1 glycerol. Addition of co-factors like sodium 

TABL EE n 

PurificationPurification of BBD from rat liver 

Purificationn step Protein Specific activity Activity Yield Purification 
nmol/min nmol/min 

1606 6 

873 3 

281 1 

137 7 

90 0 

% % 
100 0 

54 4 

18 8 

9 9 

6 6 

--
9 9 

22 2 

86 6 

280 0 

ascorbate,, 2-oxoglutarate and {NH4)2Fe(S04)2 or combinations of the former did not appear 
too stabilise the enzyme. An important observation was that addition of EDTA results in total 
losss of BBD activity, which is probably caused by the chelation of BBD bound Fe2+. Addition 

1055 108 

255 70 

1122 107 

811 94 

888 101 

966 79 

511 68 

655 79 

8 8 
109 9 
154 4 

12 2 
7 7 
7 7 

--

78 8 
15 5 
104 4 

67 7 
93 3 
81 1 

34 4 

72 2 
66 6 
93 3 

58 8 
70 0 
87 7 

60 0 

466 69 

mgmg nmoljmin.mg 

20.0000 x g supernatant 4403 0.4 

Q-Sepharosee 240 3.6 

Hydroxylapatitee CHT-0 33 8.6 

Cbromatofocussingg PBE 94 4 34 

Phenyll  Sepharose HP 0.8 112 
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FIG.. 1: Fractionation of rat 
liverr cytosol on Q-Sepharose 
HPP column. BBD activity (•), 
proteinn ( ) and KC1 concentra
tionn ( ). 
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FIG.. 2: Fractionation of Q-
Sepharosee pool by Hydroxyla-
patitee CHT-II chromatography. 
BBDD activity (•), protein (-.) 
andd sodium phosphate con
centrationn ( ). 

FIG.. 3: Fractionation of 
Hydroxylapatitee CHT-II pool 
onn PBE 94 Chromatofocussing 
column.. BBD activity (•), pro
teinn ( ) and pH ( ). 

off Fe2+ in the presence or absence of ascorbate had no effect on the stability of the enzyme. 
Afterr determining the optimal storage condition, BBD was purified from rat liver by liquid 
chromatography.. An overview of the purification is given in TABLE II. The elution-profiles 
off the Q-Sepharose, Hydroxylapatite CHT-II and the Chromatofocussing PBE 94 columns are 
shownn in FIG. 1, FIG. 2, and FIG. 3, respectively. BBD activity eluted as a single peak from 
thee Phenyl Sepharose column (not shown). SDS-PAGE analysis of the individual fractions is 
shownn in FIG. 4. The purity of the protein was estimated to be greater than 95% as 
concludedd from SDS-PAGE analysis followed by silver-staining (FIG. 4, lane 5). After transfer 
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too a PVDF membrane, the protein was N-terminally sequenced by automated Edman 
degradation,, which produced the following sequence: M H C A I L K A E A V D G A R L M 
QQ I F K H D G. This sequence was used to screen the EST data base and identified three 

FIG.. 4: Purification overview by 
silver-stainedd SDS-PAGE, lane 1: 
20.0000 x g rat liver supernatant, 
laness 2,3,4,5 contain pools of 
activee fractions of Q-Sepharose-
HP,, Hydroxylapatite CHT-II, 
Chromatofocussingg PBE 94, and 
Phenyll  Sepharose HP eluates, 
respectively. . 

mousee EST sequences with high homology. Using these mouse EST sequences, the EST data 
basee was re-screened to identify human EST sequences. This resulted in a set of 27 human 
ESTT sequences with high homology to the rat and mouse sequences. Since EST clone 
150-1199 contained the entire ORF of the candidate cDNA, it was used as a template for 

FIG.. 5: cDNA and deduced amino 
acidd sequence of human BBD. The 
C/TT and A/T polymorphism are 
indicatedd by #. The positions of 
thee two putative polyadenylation 
signalss (A ATA A A) are underlined. 

ggaccaaagctgacagtctctttacttgcaggtagctgacagcatctacccctgaagaccggaaac c 

11 ATG GCT TGT ACC ATC CAA AAG GCA GAA GCA CTT GAC GGG GCT CAT TTG ATG CAG ATC CTC 
11 M A C T I Q K A E A L D G A H L M Q I L 

611 TGG TAT GAT GAG GAA GAG TCT CTC TAC CCA GCT GTA TGG TTG AGA GAC AAC TGT CCG TGC 
211 W Y D E E E S L Y P A V W L R D N C P C 

1211 TCT GAT TGC TAC CTG GAT TCT GCA AAA GCA CGG AAA CTT CTA GTG GAA GCT CTT GAT GTG 
411 S O C Y L D S A K A R K L L V E A L D V 

1B11 AAC ATT GGA ATT AAA GGC TTG ATA TTT GAC AGA AAA AAG GTG TAC ATC ACA TGG CCC GAT 
611 N I G I K G L I F D R K K V Y I T W P D 

2411 GAG CAT TAC AGT GAA TTC CAG GCT GAT TGG CTG AAG AAA AGA TGC TTT TCC AAG CAG GCC 
811 E H Y S E F Q A D W L K K R C F S K Q A 

3011 AGA GCA AAG CTC CAA AGA GAA TTG TTT TTT CCA GAA TGC CAA TAC TGG GGC TCA GAG CTC 
1 0 1 R A K L Q R E L F F P E C Q Y W G S E L L 

3611 CAG CTA CCC ACT TTG GAT TTT GAA GAT GTT TTA AGA TAT GAT GAA CAT GCA TAC AAG TGG 
1211 Q L P T L D F E D V L R Y D E H A Y K W 

4211 CTC TCC ACC CTC AAG AAA GTA GGC ATA GTA AGA CTC ACC GGA GCA TCT GAC AAA CCA GGA 
1411 L S T L K K V G I V R L T G A E D K P G 

4811 GAA GTT TCA AAA CTT GGG AAA AGG ATG GGT TTC CTC TAT CTC ACA TTT TAT GGA CAT ACT 
1 6 1 E V S K L G K R M G F L Y L T F Y G H T T 

5411 TGG CAA GTG CAA GAC AAA ATC GAT GCA AAC AAT GTG GCT TAC ACA ACT GGG AAG CTA AGC 
1811 W Q V Q D K I D A N N V A Y T T G K L S 

6011 TTT CAC ACT GAT TAT CCA GCC CTC CAT CAT CCA CCT GGG GTT CAG CTT CTT CAC TGC ATA 
2 0 1 F H T D Y P A L H H PP P G V Q L L H C I 

6611 AAG CAA ACA GTC ACA GGG GGT GAT TCA GAA ATT GTA GAT GGG TTT AAT GTG TGC CAA AAA 
2 2 1 K Q T V T G G D S E I V D G F N V C Q K K 

7211 CTA AAG AAA AAT AAT CCT CAG GCA TTC CAG ATT TTG TCC TCT ACC TTT GTG GAC TTT ACA 
2 4 1 L K K N N P Q A F Q II L S S T F V D F T 

7811 GAC ATT GGA GTG GAT TAC TGT GAT TTT TCT GTA CAA TCA AAA CAT AAA ATT ATA GAG TTA 
2 6 1 D I G V D Y C D P S V Q S K H K I I E L L 

8411 GAT GAT AAA GGC CAA GTG GTT CGC ATC AAC TTC AAT AAC GCA ACT AGG GAC ACA ATA TTT 
2811 D D K G Q V V R I N F N N A T H D T I F 

9011 GAT GTA CCT GTT GAA AGA GTT CAG CCT TTT TAT GCT GCT CTG AAG GAG TTT GTT GAC CTC 

10211 GAT AAC TGG CGC TTA CTT CAT GGC CGA CGT AGC TAT GAA GCA GGA ACT GAG ATA TCC CGC 
3 4 1 D N W R L L H G R R S Y E A G T E II S R 

10811 CAT CTA GAA GGA GCT TAT GCT GAC TGG GAT GTG GTC ATG TCA AGG CTT CGT ATC TTA AGG 
3 6 1 H L E G A Y A D W D V V M S R L R II L R 

11411 CAG AGG GTG GAG AAT GGA AAC TGA agtcacctgtagataattttaataagattccaatgaccatattttg 
3 8 1 Q R V E N G N * * 

12111 tgagatatggcacatcattcacagaccatgatctttgcgatttacatataattcccttaacaatgaacatgtaacttc 
12B99 tctcacaagagtactctttactttgtaatcatatacaatgtcaactttttagatgtttcaccactcttttgcaaa£aa_ 
13677 agcatcctttctgctctgttgcatgcctgctctaatttcttttgcccacatatgagtatctccagaatgtctacaaat 
1444 5 agtttttgtagcaaatgaaaacttcttcaaacaagcctcttgtttcaaataaaacttgtctcaaaacatgcttcaaaa 
15233 1 
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furtherr analysis. Based on the EST data, primers were selected to amplify the entire ORE 
Thee amplified fragment was sequenced and contained an ORF of 1161 basepairs, coding for 
aa polypeptide of 387 amino acids (FIG. 5). The cDNA contains a translation initiation signal 
inn the context of a Kozak motif (24). The EST sequences revealed two putative 
polyadenylationn signals located at basepair 1362 and 1492 with the corresponding 
polyadenylationn sites at basepair 1386 and 1518, respectively. FIG. 5 shows the longer 
transcript.. The ORF could also be amplified from human liver cDNA and was identical to 
thee sequence of clone 150-119 except for two polymorphisms. These include a C/T and an 
A/GG polymorphism at position 408 and 906, respectively. Both polymorphisms do not result 
inn an amino acid change and were also observed in other EST clones. To confirm that the 
cDNAA identified in the data base search encodes the human BBD, the encoded protein was 
expressedd in S. cerevisiae and BBD activity was measured in yeast homogenates. No 
endogenouss BBD activity could be measured in the yeast INVSC2 grown on either glucose or 
galactosee (results not shown). After overnight induction with galactose, high BBD activity 
(>11 nmol/min/mg) could be observed in a yeast transformant containing the expression 
vectorr with the presumed BBD ORF, while no activity could be measured in a transformant 
containingg the expression vector without insert. Based on the BBD activity in the 
expressionn system we conclude that the cDNA identified in this study encodes human BBD. 
Furthermore,, the amino acid sequence of the human BBD shows considerable homology 
withh the Pseudomonas AK1 BBD, which supports our conclusion. However, when 
comparingg the amino acid sequence of human BBD with other dioxygenases, like prolyl 

FIG.. 6: Distribution of BBD 
expressionn in human tissues. 
Northernn blot with 1 ug poly 
A ++ RNA per lane (human 12-
lanee multiple tissue Northern 
blot,, Clontech) was probed 
withh 32P-ATP labelled human 
BBDD and exposed for 3 days 
(topp panel). The Northern blot 
wass subsequently reprobed 
withh |3-actin as a control for 
equall  loading and exposed for 
166 hours (lower panel). 

4-hydroxylasee (25,26) and phytanoyl-CoA hydroxylase (27,28), no pattern similarities could 
bee found. Previous studies have shown that BBD is located in the cytosol (13,9,3). Paul et al. 
reportedd that rat liver peroxisomes also contain BBD activity, and that the peroxisomal BBD 
hass the same cofactor requirements as the cytosolic enzyme (29). The cDNA identified in this 
studyy does not contain either of the peroxisomal targeting sequences (PTS1, PTS2 see for 
reviewss (30,31)), but this does not rule out the possibility that an isozyme is present in 
peroxisomes.. Studies are underway to resolve this question. To determine the expression 
levelss of BBD in human tissues, the full-length cDNA was used as a probe for Northern blot 
analysiss (FIG. 6). The BBD transcript of approximately 1.7 kb was detected in kidney, liver 
andd brain, but not in heart, skeletal muscle, colon, thymus, spleen, small intestine, placenta, 
lungg and peripheral blood leukocytes. Highest expression was observed in kidney, 
moderatee levels in liver and in longer exposures low expression could be detected in brain 
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(resultss not shown). This observation was confirmed by using the same probe for two other 
multii  tissue Northern blots, with the same result (results not shown). In previous studies, 
activityy measurements in human tissue homogenates have shown that BBD activity is high 
inn kidney, present in liver and low in brain (6,10,5). The tissue distribution and level of 
expressionn found in the Northern blot analysis is in agreement with the previous activity 
measurementss in human tissues. 
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POPO Box 22700, 1100 DE Amsterdam, The Netherlands. 
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SUMMARY Y 
Inn mammals, carnitine is derived from dietary sources and de novo synthesis. Carnitine is 
synthesisedd from 6-N-trimethyllysine via 3-hydroxy-6-N-trimethyllysine, 4-N-trimethyl-
aminobutyraldehydee and butyrobetaine. We have developed a fast and easy method to 
determinee the concentrations of the metabolites of the carnitine biosynthesis in urine. After 
derivatisationn with methyl chloroformate, the analytes are separated by reversed-phase 
ion-pairr HPLC using heptafluorobutyric acid as an ion-pairing agent, and detected by 
electrosprayy tandem mass spectrometry. All metabolites could be quantified, except 
4-N-trimethylaminobutyraldehyde.. This newly developed method was first used to 
determinee the concentration of the carnitine biosynthesis metabolites in urines of 40 healthy 
humann subjects. The excretion of 6-N-trimethyllysine and 3-hydroxy-6-N-trimethyllysine 
relativee to that of creatinine varied littl e between individuals with concentrations of 
2.88  0.8 and 0.45 5 umol/mmol creatinine, respectively, whereas butyrobetaine and 
carnitinee levels were more variable with values of 0.27  0.21 and 15  12 umol/mmol 
creatinine,, respectively. 
Secondly,, the method was used to analyse the carnitine biosynthesis metabolites in urines of 
newborns,, before and after oral administration of deuterium-labelled 6-N-trimethyllysine. 
Afterr loading, all urines contained deuterium-labelled 6-N-trimethyllysine, 3-hydroxy-6-N-
trimethyllysine,, 4-N-butyrobetaine and carnitine. The results presented here show that 
newbornss have the capability to synthesise carnitine from exogenous 6-N-trimethyllysine, 
albeitt at a low rate. 

INTRODUCTION N 

Carnitinee (3-hydroxy-4-trimethylaminobutyrate) is a vital compound, which plays an 
indispensablee role in the transport of activated fatty acids across the inner mitochondrial 
membranee into the matrix, where (J-oxidation takes place (1-3). Furthermore, carnitine is 
involvedd in the transfer of the products of peroxisomal p-oxidation, including acetyl-CoA, 
too the mitochondria for oxidation to C02 and H20 in the Krebs cycle (4,5). Apart from the 
dietaryy intake of carnitine, most eukaryotes are able to synthesise this compound from 
6-N-trimethyllysinee (TML) (6-8). This TML  is generated within lysosomes by the hydrolysis 
off  proteins containing lysines which are trimethylated at their e-amino group by a protein-
dependentt methyltransferase. The synthesis of carnitine from TML  is shown in FIG. 1. TML 
iss first hydroxylated at the 3-position by 6-N-trimethyllysine, 2-oxoglutarate dioxygenase 
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FIG.. 1: Biosynthesis of carnitine from TML. 

(TMLD),, after which the resulting 3-hydroxy-6-N-trimethyllysine (HTML) is cleaved by 
3-hydroxy-6-N-trimethyllysinee aldolase (HTMLA) into 4-N-trimethylaminobutyraldehyde 
(TMABA)) and glycine (7,9). TMABA is subsequently oxidised by 4-N-trimethyl-
aminobutyraldehydee dehydrogenase (TMABA-DH) to form 4-N-trimethylaminobutyrate 
(butyrobetaine)) (10). In the last step, butyrobetaine is hydroxylated at the 3-position by a 
secondd dioxygenase, butyrobetaine, 2-oxoglutarate dioxygenase (BBD), yielding L-carnitine 
(6,11,8).. BBD is differentially expressed since its activity has only been detected in human 
kidney,, liver and brain (12). In our laboratory, we have identified the cDNAs encoding 
TMABA-D HH (13), BBD (14,15), and recently that of TMLH (16). 

Too further investigate the carnitine biosynthesis pathway and its regulation, determination 
off  the concentration of the metabolites of this pathway in body fluids is of crucial 
importance.. Although several methods have been developed to measure one or more of the 
carnitinee biosynthesis intermediates in urine and/or plasma, these procedures are 
labour-intensivee and the sample preparation differs for each compound (17-24). We have 
developedd a new method which enables fast and easy determination of the concentration of 
thee carnitine biosynthesis metabolites in urine and applied the method to the study of the de 
novonovo carnitine biosynthesis in newborns. The method uses derivatisation with methyl 
chloroformate,, separation of the analytes by ion-pair HPLC, and detection by electrospray 
tandemm mass spectrometry (MS). 

Previouss experiments with full-term infants showed a moderate increase of urinary 
carnitinee excretion after TML loading, which suggested that infants are capable to 
synthesisee carnitine from exogenous TML (25). Using fast atom bombardment MS Melegh 
etet al. could not detect isotope-labelled carnitine in urine of premature infants after a single 
dayy of oral 6-N-[Me-2H9]-TML loading (26). To further investigate carnitine biosynthesis in 
newborns,, we extended the latter study and performed a five-day loading test with 
deuterium-labelledd TML on 7 newborns. We used our newly developed method to analyse 
thee urines, before and after loading, to investigate whether newborns have the capacity to 
usee exogenous TML as precursor for carnitine synthesis. 
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EXPERIMENTALL PROCEDURES 

Chemicals Chemicals 
Analytical-gradee methanol and methyl chloroformate were obtained from Merck. 
Heptafluorobutyricc acid was from Pierce chemical company (Rockford, IL). Al l other 
reagentss were of analytical grade. Deionised water was passed through a Milli Q Labo system 
(Millipore,, Bedford, MA). 
Thee internal standards (IS) used were 6-N-[Me-2H9]-TML , 6-N-[Me-2H6]-TML , 4-N-[Me-2H3]-
butyrobetainee and 4-N-[Me-2H3]-carnitine. 4-N-[Me-2H3]-carnitine was obtained from 
Cambridgee Isotope Laboratories. Other internal standards were synthesised as described 
below. . 

SynthesisSynthesis of6-N-[Me-2H9]-TML and 6-N~{Me-2Hj-TML 
6-N-[Me-2H9]-TMLL was synthesised from L-lysine HC1 (Sigma, St. Louis, MO) using 
[2H6]-dimethyll  sulphate (Isotec, Miamisburg, OH) as methyl donor by the following method. 
Twoo grams of L-lysine were dissolved in 20 ml of distilled water, 2 g alkaline CuC03 were 
addedd and the mixture boiled for 10 min. (For the preparation of alkaline CuC03 see Melegh 
etet al. (26)). The reaction mixture was cooled to room temperature and filtered over a 
Whatmannn 3 MM paper. The clear filtrate was mixed with 4 ml deuterium-labelled dimethyl 
sulphatee at 20°C, after which 13 ml 10% NaOH solution was added drop wise. The solution 
containingg the deuterium-labelled TML was applied to a 4 ml volume Dowex 50 WX 8 
columnn and after washing with 10 volumes distilled water, the bound 6-N-[Me-2H9]-TML 
wass eluted with 120 ml 2M NH4OH. The effluent was concentrated and lyophilised. 
Chemicall  purity was determined by TLC and NMR to be greater than 98%. The isotope 
purityy was determined by tandem MS and was greater than 99%. 
6-N-[Me-2H6]-TMLL was synthesised by the same procedure used for the synthesis of 
6-N-[Me-2H9]-TMLL using 6-N-methyl-L-lysine HCl as precursor instead of L-lysine. 

SynthesisSynthesis of 4-N-[Me-2H3]~butyrobetaine 
4-N-[Me-2H3]-butyrobetainee was synthesised from 4-N-dimethylaminobutyric acid HCl 
usingg [Me-2H3]-methyl-iodide (both from Sigma) as the methyl donor using the following 
method.. One gram (6 mmol) 4-N-dimethylaminobutyric acid was dissolved in 1 ml distilled 
water,, mixed with 3.16 g (10 mmoles) Ba(OH)2 X 8 H20 dissolved in 20 ml distilled water, 
andd 200 ml methanol was added. After addition of 600 jxl (9 mmol) [Me-2H3]-methyl-iodide 
thee mixture was stirred overnight at room temperature. The solution was concentrated 
underr mild vacuum to obtain a volume of approximately 20 ml, after which 20 ml distilled 
waterr was added. Addition of 3-4 ml 2M H2S04 precipitated the barium ions as BaS04, 
whichh was removed by centrifugation. The supernatant was alkalised by approximately 
77 ml 2M NaOH and the mixture was kept at 65°C for 4 hours. The solvent was evaporated 
underr reduced pressure, the residue was redissolved in 1M HCl, and extracted with 150 ml 
CC14.. The aqueous phase was concentrated to 1-2 ml in a rotavapor. 4-N-[Me-2H3]-
butyrobetainee was purified by Dowex exchange chromatography essentially as described 
abovee for deuterium-labelled TML. 

6-N-[Me-6-N-[Me-22HH99]-TML]-TML loading test 
Sevenn orally fed male infants were studied. The mean gestational age was 38.5  0.87 weeks, 
rangee 38-41 weeks; postnatal age at the beginning of the study was 8 (range 5-11) days; 
bodyy weight 3360 + 100 grams, (range 3100-4300). The infants were fed daily with 7 x 70 g 
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off  formula (Aptamil, Milupa, Germany). The study period lasted 5 consecutive days. 
Twenty-fourr hour urines were collected on the day before administration of 
6-N-[Me-2Hg]-TMLL (day 0), and on the last day (day 5) of the study. Blood samples were 
takenn on day 0 and day 5. After the pre-loading control day, the newborns received 
0.55 mmol of 6-N-[Me-2H9]-TML daily in their formula during the 5 day study period. 
Thee study design was approved by the local Ethics Committee, and informed consent was 
obtainedd from the parents. 6-N-[Me-2H6]-TML was used as an IS for TML and 
6-N-[Afe-2H9]-TMLL for analysis of the urine samples of the 6-N-[Afe-2H9]-TML loading test. 

CarnitineCarnitine biosynthesis intermediates in control subjects 
Thee 24-hr urines used for the determination of the carnitine biosynthesis intermediates in 
controll  subjects were obtained from 40 healthy individuals (23 males, 17 females) with a 
meann age 21 + 17 years (range: 2-66). 

SampleSample preparation 
Urinee samples were stored at 4°C if analysed within 1 week, or were stored at -20°C until 
analysis.. Urinary creatinine concentrations were determined by the conventional alkaline-
creatinine-picratee method (27). Urine samples were centrifuged at 10.000 x g for 5 min to 
removee debris and a portion of the cleared urine was diluted to a creatinine value of 1 mM. 
Uriness with creatinine concentrations lower than 1 mM were used undiluted. One hundred 
microliterss of this urine sample was used for the derivatisation with methyl chloroformate. 
Methyll  chloroformate reacts with primary, secondary and tertiary amino groups, but not 
withh quaternary amino groups. TML and HTML both contain a primary amino group, 
whichh reacts with methyl chloroformate, and this results in the formation of 
2-N-methylformyl-6-N-TMLL and 2-N-methylformyI-HTML, respectively. Carnitine and 
butyrobetainee do not react with methyl chloroformate. Interfering compounds (especially 
aminoo acids) readily react with methyl chloroformate and can be separated from the 
compoundss of interest by acidic extraction with ethyl acetate. The carnitine biosynthesis 
intermediates,, however, remain in the aqueous phase by virtue of their constitutively 
positivee quaternary amino group. 
Twenty-fivee microliters of the IS mixture (25 |iM of 6-N-[Me-2H9]-TML or 
6-N-[Me-2H6]-TML ,, 4-N-[Me-2H3]-butyrobetaine and 4-N-[Me-2H3]-carnitine each) and 20 ul 
off  a 1:3 mixture of 1.5 M NH4OH and 0.5 M sodium phosphate buffer, pH 7.2, were added to 
thee urine sample. The derivatisation was started by the addition of 20 ul methyl 
chloroformatee and the mixture was vortexed. After a 5 min incubation at room temperature, 
thee reaction was terminated by the addition of 40 ul 4% (v/v) heptafluorobutyric acid. The 
reactionn mixture was extracted with 1 ml ethyl acetate and 5 ul of the aqueous phase was 
injectedd into the HPLC-tandem MS. When stored at 4°C, the reaction mixture remained 
stablee for several weeks. 

HPLC-tandemHPLC-tandem MS 
Thee HPLC system consisted of an HP 1100 series binary gradient pump, a vacuum degasser, 
andd a column temperature controller (Hewlett Packard, Palo Alto, CA) and was connected to 
aa Gilson 231 XL autosampler with 402 single dilutor (Gilson, Middleton, WI). The 
autosamplerr maintained the temperature of the samples at 4°C. The Phenomenex Aqua 
analyticall  column (250x2.0 mm; particle size, 5 um; Phenomenex, Torrance, CA) was 
protectedd by a guard column (SecurityGuard C18 ODS; 4 x 2.0 mm; Phenomenex). The 
columnn temperature was maintained at 15°C. The mobile phases were as follows: 0.1% (v/v) 
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heptafluorobutyricc acid (eluant A); 90% (v/v) methanol (eluant B). The elution gradient was 
ass follows (flow rate, 0.3 ml/min): 0-3 min, 95% A; 3-6 min, 95% A to 50% A; 6-8 min, 
50%% A to 30% A; 8-9 min, 30% A to 0% A; 9-10 min, 0% A; 10-16 min, equilibration 
withh 95% A. All gradient steps were linear, and the total analysis time, including 
equilibration,, was 16 min. An LC-packings accurate-splitter {Amsterdam, The Netherlands) 
wass used between the HPLC column and the mass spectrometer (split ratio of 1:20), which 
introducess the eluant at a flow-rate of 15 ul/min into the mass spectrometer. An electrically 
operatedd valve was used so that only the eluant from 5.5 to 16 min was introduced into the 
masss spectrometer (preventing early-eluting salts from contaminating the mass 
spectrometer).. A Quattro II tandem mass spectrometer (Micromass, Wythenshawe 
Manchester,, United Kingdom) was used in the positive electrospray ionisation mode. 
Nitrogenn was used both as nebulising and drying gas. The collision gas was argon, and the 
celll  pressure was 0.25 Pa. The source temperature was set at 80°C, and the capillary voltage 
wass maintained at 3.5 kV. The detector was used in tandem MS mode using multiple-
reactionn monitoring to detect a specific transition of precursor ion to fragment for each 
analyte.. The transitions, cone voltages, and collision energies established for each 
compoundd are listed in TABLE I. 

TABL EE I 
Transitions,Transitions, cone voltages, and collision energies of each compound in positive ESI mode 

Compound d 

2-N-Methylformyl--

2-N-Methylformyl--

2-N-Methylformyl--

2-N-Methylfonnyl--

2-N-Methylformyl--

Butyrobetaine e 

2H3-Butyrobetaine e 

2H,-Butyrobetaine e 

Carnitine e 

H3-Carnitine e 

H,-Carnitine e 

TML L 

2H9 9 

JH 6 6 

-TML L 

-TML L 

HTML L 

2H, , -HTML L 

Mass s 

Da Da 

247 7 

256 6 

253 3 

263 3 

272 2 

146 6 

149 9 

155 5 

162 2 

165 5 

171 1 

Parentt ion 

m/z m/z 

247 7 

256 6 

253 3 

263 3 

272 2 

146 6 

149 9 

155 5 

162 2 

165 5 

171 1 

Daughterr ion 

m/z m/z 

142 2 

142 2 

142 2 

158 8 

158 8 

87 7 

87 7 

87 7 

103 3 

103 3 

103 3 

Conee Voltage 

V V 

35 5 

35 5 

35 5 

20 0 

20 0 

25 5 

25 5 

25 5 

35 5 

35 5 

35 5 

Collisionn energy 

eV eV 

25 5 

25 5 

25 5 

20 0 

20 0 

15 5 

15 5 

15 5 

16 6 

16 6 

16 6 

Validation Validation 
Thee linearity and detection limits for each compound were established by injection of 
calibrationn mixtures with different concentrations. The stable-isotope-labelled compound of 
eachh analyte was used as IS, except for HTML for which 6-N-[Me-2H9]-TML or 
6-N-[Me-2H6]-TMLL was used as IS. Analyte concentrations were determined using the slope 
andd intercept of the calibration curve, which were obtained from a linear least-squares 
regressionn for the analyte/IS peak-area ratio vs. the concentration of the calibrator. 
Thee intra-assay (within-day) variation (CV) of the method was established by measuring 10 
timess a blank urine, and the same urine enriched with synthetic compounds at low 
(3-100 LIM) , medium (30-100 uM), and high (300-1000 jxM) concentrations. The synthetic 
compoundss were added before dilution to 1 mM creatinine. 
Thee inter-assay (between-day) variation was established by measuring blank urines, and 
uriness enriched with synthetic compounds (30-100 uM) during 5 separate weeks. The 
syntheticc compounds were added before dilution to 1 mM creatinine. 

82 2 



CarnitineCarnitine biosynthesis metabolites 

Thee recovery of the method was established by measuring 13 different urines before and 
afterr enrichment with known concentrations of synthetic compounds (10-20 uM, 
100-2000 uM). The addition of the synthetic compounds was performed after dilution of the 
urinee to 1 mM creatinine. IS mixture was added to compensate for losses in the preparation 
off  samples and to compensate for losses in sensitivity because of quenching of the signal by 
co-elutingg components. 

RESULTS S 

AssayAssay development and validation 
Too measure the carnitine biosynthesis intermediates in urine, samples were first subjected to 
derivatisationn with methyl chloroformate. This enables the separation of the interfering 
compounds,, mainly amino acids, from the compounds of interest. Since all amino acids 
containn a primary amino group, they react readily with methyl chloroformate. The resulting 
aminoo acid derivatives, which are neutral at pH<2, can be extracted with ethyl acetate from 
thee aqueous phase. The derivatives of the carnitine biosynthesis intermediates, however, 
remainn in the aqueous phase by virtue of their constitutively positive quaternary amino 
group.. The removal of the contaminating amino acids, and other ethyl acetate soluble 
compounds,, increased the sensitivity of the analysis dramatically. 

TABL EE II 

Intra-assayIntra-assay variation 

Compoundd Blankf Lowf Mediumf Highf 
Cone.. CV Cone. CV~ Cone. CV~ Cone. CV~ 

fimol/mmolfimol/mmol fimol/mmol 

creatinine^creatinine ̂ creatinine§ 

TM LL 4.30 + 0.02 1 4 

HTM LL 0.59 3 4 0.9810.05 

Butyrobetainee 0.23 1 5 0.8910.03 

Carnitinee 10.7 1 1 12.0 2 

^Urinee without supplementation 

j-Urinee supplemented (before dilution to 1 mM creatinine) with low (3-10 uM), medium (30-100 uM), 
orr high (300-1000 uM) concentration of the four measured compounds. The urine used had a creat-
ininee value of 8.7 after addition of the supplement 

0 0 

Althoughh specific transitions were used for each analyte an HPLC step was needed to 
separatee interfering compounds in the urine sample with the same transition from the 
compoundss of interest. This is particularly important for butyrobetaine, which showed two 
majorr interfering compounds with the same transition at different elution times (results not 
shown).. Another important benefit of the HPLC step is that salts present in urine elute in 
thee void volume of the column, thereby preventing contamination of the mass spectrometer. 
Thee calibration curves for each compound were linear up to at least 250 uM (r2>0.995). 
Abovee this concentration, deviation from linearity was observed for most compounds. 
Whenn the concentration of one or more metabolites were above the linear part of the 
calibrationn curve (in practice, only carnitine-treated patients), the samples were diluted 
withinn the linear range of the curve. The detection limi t was established and defined as the 
lowestt signal with a signal-to-noise ratio of 3. The detection limits were as follows: 
carnitine,, 0.05 uM; butyrobetaine, 0.05 uM; HTML, 0.1 uM; and TML, 0.05 uM. 

fimol/mmolfimol/mmol fimol/mmol 
creatimne§creatimne§ creatinine^ 

11 8.9+0.2 2 51 1 1 

55 4.910.1 2 1 2 

33 7.910.1 1 2 2 

11 21.7 + 0.6 3 11613 3 
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Thee intra-assay (within-day) variation, inter-assay (between-day) variation and accuracy 
dataa are summarised in TABLES II , II I and IV, respectively. 

CarnitineCarnitine biosynthesis intermediates in control subjects 
Too obtain an indication of the concentrations of the carnitine biosynthesis intermediates in 
urinee of normal subjects, the concentrations of the metabolites were determined in 24 hr 
uriness from 40 healthy subjects with ages varying between 2-66 years. The urinary 
concentrationss of the four metabolites measured with our method are shown in TABLE V and 
aree in agreement with previously published data. The ratio of TML to HTML was relatively 
constant,, with a mean value of 6.5 7 (range 4.1-10.3). The ratio of carnitine to 
butyrobetainee was more variable with a mean value of 58  24 (range 14-134). 

TABLEE II I 
Inter-assayInter-assay variation 

Urine| | Enrichedd urine f̂ 

Compound d Cone. . CV V Cone. . CV V 

fimoljmmol fimoljmmol 
Creatinine^ Creatinine^ 

TML L 

%%  ̂ , . . % 
creatinine§ creatinine§ 

77 13 8.1+0.5 8 

ttmoljmmol ttmoljmmol 
creatinine^ creatinine^ 

HTMLL 3 18 0 12 

Butyrobetainee 2 8 7 6 

Carnitinee 11.7 0 9 22.8Ü.6 7 

+.Thee results were obtained by measuring the same urines 
overr 5 different weeks 

j-Enrichedd with 30-100 uM of each compound 
;; n=5 

TABLEE I V 
AccuracyAccuracy of measurement 

Compound d 

TML L 

HTML L 

Butyrobetaine e 

Carnitine e 

Endogenouss cone. 

fimoljmmol fimoljmmol 
creatinine^ creatinine^ 

3.11 (1.03-4.89) 

0.55(0.13-1.13) ) 

0.49(0.08-1.26) ) 

266 (0.87-73) 

Cone. . 

10-200 uM 

Recovery! ! 

% % 

977  4 

1066 0 

1000  2 

94+14 4 

CV V 

% % 

4 4 

19 9 

2 2 

15 5 

added:): : 

100-2000 uM 

Recoveryff  CV 

%% % 

98++ 2 2 

88 17 

101+11 1 

98  3 3 

JUrinee supplemented (after dilution to 1 mM creatinine) with low (10-20 uM) or 
mediumm (100-200 uM) concentration of the four measured compounds 

3 3 

§Meann (range) of endogenous concentration of compound in urines used for the 

enrichment t 

22HH99-TML-TML loading-test in newborns 
Too determine whether full term newborns can utilise exogenous TML for carnitine 
biosynthesis,, a loading test with deuterium-labelled TML was performed in 7 healthy 
newborns.. The urinary concentrations of endogenous and 2H9-labeled TML, HTML, 
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butyrobetainee and carnitine, before and after ^ - T M L administration, are shown in FIG. 2. 
Bothh before and after loading, levels of endogenous TML and HTML appear to be 
proportionall  to creatinine (FIG. 2A/B). 
Thee mean concentration of TML and HTML before 2H9-TML administration in the urines 
wass 3.6  0.5 and 2.1  0.4 umol/mmol creatinine, respectively. After 2H9-TML 
administration,, the mean concentration of TML and HTML increased significantly (p<0.01) 
too 4.6 + 0.5 and 2.7 + 0.5 umol/mmol creatinine, respectively. The ratio of TML to HTML 

TABL EE V 
UrinaryUrinary concentrations of of carnitine biosynthesis metabolites in controls 

Compound d 

TM L L 

Cone,, mean  SD (range)}: 

fimol/mmolfimol/mmol creatinine 
2.810.8(1.3-4.7) ) 

3.4 4 
4.3 3 
5.33  1.7 (3.8-10.4) 

4.77  0.9 (3.5-6.2) 

6.22 + 0.3 

n n 

40f f 
3 3 

25 5 
13 3 
7 7 

16 6 

reference e 

thi ss study 
(18) ) 
(37) ) 
(17) ) 
(22) ) 

(38) ) 

40 0 
28 8 

5 5 

thi ss study 
(39) ) 
(25) ) 

HTMLL 0.45 5 (0.13-0.91) 40 this study 

Butyrobetainee 0.27 1 (0.05-0.79) 40 this study 

Carnitinee 15112(1.6-48) 

16111 1 
18112 2 

p£p£ available. 
•f233 males, 17 females, mean age 21117 years (range: 2-66) 

remainedd constant with mean values of 1.8  0.2 before and 1.7  0.3 after loading. The 
concentrationn of endogenous butyrobetaine before 2H9-TML administration varied greatly, 
rangingg from 0.7-9.7 umol/mmol creatinine. The butyrobetaine excretion increased 
considerablyy after loading, ranging from 1.5 to 6.7 times the original level (FIG. 2C). 
Carnitinee levels showed a similar behaviour, with concentrations ranging from 2.5-48 
umol/mmoll creatinine before and increasing 1.5-12 -fold after 2H9-TML administration (FIG. 
2D).. For individual subjects, the ratio of carnitine to butyrobetaine was relatively constant 
andd increased slightly from 3.6 4 before, to 5.3  2.4 after loading. 
Thee urine samples obtained after 2H9-TML administration all contained 2H9-TML, 
2H9-HTML,, 2H9-butyrobetaine and 2H9-carnitine. 2H9-TMABA was below the level of 
detectionn in these urines. Contrary to their endogenous counterparts, the excretion pattern 
off 2H9-TML and 2H9-HTML was not proportional to that of creatinine (FIG. 2E/F) but 
resembledd that of butyrobetaine and carnitine (FIG. 2G/H). With a value of 5.1  1.6, the 
meann ratio of 2H9-TML to 2Hg-HTML was significantly higher than for the endogenous 
compoundss (p <0.01), which was also true for the carnitine to butyrobetaine ratio; 
15.77  8.7 (p<0.01). 
Beforee 2H9-TML administration, the ratio of HTML to butyrobetaine is 0.97  0.83 (range 
0.27-1.84).. After loading with 2rVTML, however, the ratio of 2H9-HTML to 
2H9-butyrobetainee is significantly higher (p<0.01) with a value of 43  22 (range 22-81), 
suggestingg 2Hg-TML is metabolised differently than endogenous TML. 
Whenn considering all 7 subjects, 23  4% of the total amount of excreted 2H9-labeled 
compoundss was a product of one or more enzymatic steps of the carnitine biosynthetic 
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FIG.. 2: Urinary concentrations of endogenous (A-D) and H9-labeled (E-H) carnitine biosynthesis 
metabolitess in 7 newborns before and after loading with 2H9-TML . Gray and black bars represent the 
concentrationss before and after 2H9-TML loading, respectively. 

pathway.. Ten plus minus three percent of the free carnitine in urine was 2H9-labeled 
carnitinee (range: 5-16%). The endogenous and 2H9-carnitine concentrations measured in the 
urinee samples were in agreement with the results obtained with the established procedure 
forr the analysis of acylcarnitines by tandem MS (results not shown) (28). Additionally, the 
acylcarnitinee analysis revealed the presence of the following 2H9-acylcarnitines in most of 
thee samples after 2H9-TML loading; acetyl-2H9-carnitine, propionyl-2H9-carnitine and 
butyryl-2H9-carnitine. . 
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DISCUSSION N 
Wee have developed an easy and fast HPLC-tandem MS method to analyse four of the five 
metabolitess of carnitine biosynthesis in urine. Urine samples were first derivatised with 
methyll  chloroformate followed by extraction with ethyl acetate. This extraction removes 
interferingg compounds, whereas the carnitine biosynthesis metabolites remain in the 
aqueouss phase. Subsequently, the analytes were separated on a reversed-phase HPLC 
columnn equilibrated with the ion-pairing agent heptafluorobutyric acid, and detected by 
tandemm MS. This is the first method which allows analysis of four of the five metabolites of 
thee carnitine biosynthesis pathway using the same sample preparation procedure and 
detectionn method. It is highly sensitive and only requires a maximum of 100 ul of urine. 
Thee presence of different compounds with the same transitions makes separation by HPLC 
mandatory,, and underlines the importance of the use of an internal standards, preferably 
stable-isotope-labelledd analogues. The lack of an internal standard for HTML most likely 
causedd the relatively large inter- and intra-assay variation and lower accuracy of 
measurementt for this compound. To overcome this, we intend to synthesise 2H9-HTML from 
2H9-TMLL enzymatically with purified rat kidney TMLD to obtain better results for this 
compound. . 
Thee only compound that could not be detected was TMABA. Although we have optimised 
thee detection of this compound with a standard (detection limit: 0.1 uM), TMABA could not 
bee detected in urine. Considering the reactivity of aldehydes, this compound might either 
bee chemically oxidised to butyrobetaine, or enzymatically by the action of the enzyme 
TMABA-DH ,, which is highly active in human kidney (29). 
Thee analysis of the carnitine biosynthesis intermediates in 40 control subjects (TABLE V) 
showedd that the excretion of TML is proportional to that of creatinine. This is in agreement 
withh previous results obtained from clearance experiments, which showed that TML is not 
reabsorbedd by the kidney (18). Concentrations of HTML in urine have never been reported. 
Thee excretion of HTML shows a similar profile as that of TML and is proportional to 
creatininee excretion, which would suggest that HTML, like TML, is not reabsorbed by the 
kidney.. The ratio of TML to HTML is relatively constant and could be a useful diagnostic 
parameterr to monitor the action of the enzymes TML-dioxygenase and HTML-aldolase. The 
ratioo of carnitine to butyrobetaine is more variable, probably due to the large concentration-
differencee between the two metabolites. Therefore, this parameter might be less useful in 
describingg the BBD and TMABA-DH function. 
Thee concentrations of butyrobetaine in urine are low (0.3 umol/mmol creatinine) compared 
too the concentrations in plasma (4.8 uM (23), 1.8 uM (30,24)). This could be explained by the 
highh activity of BBD in human kidney, which converts most of the butyrobetaine into 
carnitine.. Additionally, butyrobetaine is efficiently reabsorbed by the renal tubules by 
actionn of organic cation transporter 2 (OCTN2), which further lowers urinary excretion of 
butyrobetaine. . 
Whenn comparing the data from the adult control subjects with that from the newborns 
beforee 2H9-TML loading, the endogenous levels of butyrobetaine excreted by newborns was 
higherr than adults. Furthermore, the ratio of TML to HTML in newborns was significantly 
lowerr than in adults. These results suggest that the amount of excretion of carnitine 
biosynthesiss intermediates is age-dependent, which requires further study. 
Ratss and guinea pigs both efficiently use exogenous TML and butyrobetaine as substrates 
forr carnitine biosynthesis, evidenced by a considerable increase of urinary carnitine 
excretionn after loading (31,32). Since TML is not reabsorbed by the human kidney (18) and 
iss poorly taken up by tissues (33), exogenous TML is a considerably less efficient carnitine 
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precursorr than butyrobetaine in human neonates (25,34,26). In a recent article, Melegh 
etet al. could not detect labelled carnitine in urine of premature infants after a single day of 
orall  2H9-TML loading, using fast atom bombardment MS (26). As an extension of this study, 
wee performed a similar experiment with 7 full-term newborns, who were administered 
2H9-TMLL for five days, and used our novel assay for the analysis of the urines. After 
loading,, all the metabolites of the carnitine biosynthesis could be detected in urine in 
2H9-labeledd form, except 2H9-TMABA . In addition, 2H9-carnitine was also incorporated into 
acylcarnitines.. Melegh et al. reported increased urinary endogenous carnitine excretion 
afterr 2H9-TML/TM L administration to premature infants (34,26). This is in agreement with 
resultss of the current study, which showed that endogenous carnitine levels are 1.5-12 times 
thee original concentration. This effect, which was also observed for butyrobetaine, could be 
causedd by the competitive inhibition of OCTN2, which mediates the reabsorption of 
butyrobetainee and carnitine in the kidney, resulting in increased tubular excretion of both 
compounds.. The results presented here show that human infants are able to convert 
exogenouss TML into downstream carnitine precursors, carnitine and carnitine esters at low 
rate.. Most of the TML (>75%), however, was excreted unchanged in urine, which confirms 
thatt human infants do not use exogenous TML efficiently as a precursor for carnitine 
biosynthesis. . 

Ann experiment similar to the 2H9-TML loading test was performed by Rebouche and Engel 
(33),, where three adult men were given intravenous injections of 1 mCi of tritium-labelled 
TML,, after which the labelled metabolites were monitored in serum and urine. As in our 
experiment,, HTML and carnitine were the predominant metabolites produced from the 
labelledd TML. Furthermore, they observed that the amount of labelled carnitine in urine 
wass 2 to 8 times greater than labelled butyrobetaine. From these data, and experiments 
wheree infants and adults were fed TML or butyrobetaine, Rebouche and co-workers 
concludedd that the rate-limiting step of the carnitine biosynthesis lies prior to the 
conversionn of butyrobetaine to carnitine (33,25). This is in agreement with our findings, 
whichh also show higher levels of  2H9-carnitine than 2H9-butyrobetaine. 

Surprisingly,, after 2H9-TML loading, an increased concentration of endogenous HTML was 
found.. One would expect when such high amounts of  2H9-TML are administered, the 
endogenouss pool of TML would be diluted and this would result in a reduction of the 
endogenouss HTML formation and its urinary excretion. Furthermore, the ratio of HTML to 
butyrobetaine,, before 2H9-TML (0.97 + 0.83), compared with the ratio of  2H9-HTML to 
2H9-butyrobetainee (43  22) after loading, is significantly different (p<0.01). This would 
suggestt endogenous HTML is more readily converted into butyrobetaine than 2H9-HTML to 
2H9-butyrobetaine.. A possible explanation for both observations could be that the 
endogenouss metabolites and the 2H9-metabolites are metabolised in different locations in the 
body.. Normally, TML is released from proteins intracellulary within lysosomes and is 
believedd to be converted into butyrobetaine in the tissue of origin. In both man and rat, 
circulatingg TML (including exogenously administered 2H9-TML) is primarily utilised by the 
kidneyy (35,33,36). Therefore, most 2H9-metabolites probably result from metabolism in the 
kidneyy and reflect the carnitine biosynthesis in this organ. Because the HTMLA activity in 
thee kidney is low (12), the 2H9-HTML produced from 2H9-TML would not be readily 
convertedd into 2H9-butyrobetaine. However, if  2H9-butyrobetaine is produced, it is rapidly 
hydroxylatedd to carnitine by BBD, which is highly active in kidney. 

Ourr future plans include developing a similar assay for plasma, whole blood and 
cells/tissues.. Although defects in carnitine biosynthesis have not been reported so far, the 
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abilityy to measure the intermediates of carnitine biosynthesis wil l facilitate the 
identificationn of patients suffering from such a defect. 
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SUMMARY Y 

Systemicc carnitine deficiency is a potentially lethal, autosomal recessive disorder 
characterisedd by cardiomyopathy, myopathy, recurrent episodes of hypoketotic 
hypoglycaemia,, hyperammonemia and failure to thrive. This form of carnitine deficiency is 
causedd by a defect in the active cellular uptake of carnitine, and it has recently been shown 
thatt the gene encoding the high affinity carnitine transporter OCTN2 is mutated in patients 
sufferingg from this disorder. Here we report the underlying molecular defect in three 
unrelatedd patients. Two patients were homozygous for the same missense mutation 632A>G, 
whichh changes the tyrosine at amino acid position 211 into a cysteine (Y211C). The third 
patientt was homozygous for a nonsense mutation, 8440T, which converts the arginine at 
aminoo acid position 282 into a stop codon (R282X). Re-introduction of wild type OCTN2 
cDNAA in fibroblasts of the three patients by transient transfection restored the cellular 
carnitinee uptake, confirming that mutations in OCTN2 are the cause of systemic carnitine 
deficiency. . 

INTRODUCTION N 

Carnitinee (3-hydroxy-4-trimethylaminobutyric acid) plays an indispensable role in the 
transportt of activated long-chain fatty acids across the inner mitochondrial membrane into 
thee mitochondrial matrix where p-oxidation takes place (1). Tissues including heart, muscle, 
liverr and kidney are highly dependent on the energy generated by (3-oxidation, and it is 
thereforee essential that these tissues have sufficient amounts of carnitine. Because the 
carnitinee concentration in tissues is generally 20- to 50-fold higher than in plasma (2,3) 
whereass only kidney, liver and brain have the complete set of enzymes to synthesise 
carnitinee (2,4), most tissues depend on carnitine uptake from the blood via active transport. 
Activee transport is also involved in the renal tubular reabsorption (5) and intestinal 
absorptionn of carnitine (6). The dependence on carnitine uptake is evident from patients 
sufferingg from systemic carnitine deficiency (SCD: MIM : 212140) who show excessive renal 
andd intestinal wastage of carnitine, which results in very low plasma and tissue carnitine 
concentrations.. Studies in cells of SCD patients indicated that this disorder is caused by a 
defectt in the active cellular uptake of carnitine into the cell (7-11). Recently, a human cDNA 
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encodingg a sodium-dependent, high affinity carnitine transporter OCTN2 was cloned from 
humann kidney (12) and mapped to chromosome 5q31 (13). Analysis of the OCTN2 gene 
(SLC22A5)(SLC22A5) in three SCD pedigrees identified four mutations, which cause the disorder (14). 
Inn addition, the murine orthologue of OCTN2 was shown to be mutated in the juvenile 
steatosiss mouse, which presents with similar symptoms as SCD patients and is considered as 
thee murine equivalent of human SCD (15-19,14). Here, we report the identification of two 
novell  mutations in OCTN2 in three unrelated SCD patients. Furthermore, we show that the 
deficientt cellular carnitine uptake in fibroblasts of the patients can be restored by 
reintroductionn of wild type 0CTN2 cDNA. 

EXPERIMENTALL PROCEDURES 

Patients Patients 
Al ll  three patients presented with classical SCD symptoms which are summarised in TABLE I. 

TABLEE I 
ClinicalClinical characteristics and laboratory data of the three SCD patients 

Patient t 

Sex x 

Originn of family 

Consanguinity y 

Cardiomyopahty y 

Myopathy y 

Deathh of patient 

Freee plasma carnitine (pM) 

(Normall  range 19-59 MM) ) 

Totall  plasma carnitine (uM) 

(Normall  range 26-70 |1M) ) 

1 1 

Male e 

Morocco o 

Not t 
188 m 

No o 

No| | 

1.4 4 

1.8 8 

2 2 
Female e 

Capee Verde 

No o 

8m m 

No o 

No o 

4.4 4 

7.7 7 

3 3 

Male e 

Germany y 

No o 

244 m 

Yes s 

No o 

0.5 5 

1.4 4 

^Parentss are from a secluded area, consanguinity is likely 
•J-Fivee children died from a previous marriage of the father with a women 
fromm the same village 

AA full clinical description of patient 1 has been reported previously (6,20). Patient 2 was 
admittedd to the hospital at 8 months of age, because of failure to thrive. Physical 
examinationn revealed a dilated cardiomyopathy. Treatment with digoxine and diuretics was 
started.. At the age of 20 months she presented with lowered consciousness, respiratory 
insufficiency,, hypoglycaemia (2.5 mM), hyperammonemia (1000 uM), elevated 
transaminasess and low plasma carnitine concentrations (see TABLE I). Following a cardiac 
arrest,, a full cardiac resuscitation was necessary after which the levels of ammonia and 
transaminasess normalised rapidly. She was started on carnitine (500 mg 3 times a day) which 
ledd to the increase of her plasma free carnitine to 16 uM, and the total carnitine 
concentrationn to 25 uM. A long-chain triglyceride (1.5 g/kg body weight) loading test 
showedd a normal production of ketone bodies. At the age of 2 years, improvement of the 
echo-cardiographicc abnormalities was noted. All medication was gradually stopped except 
forr the carnitine supplementation. At the age of 51/2 years the echo-cardiograph was almost 
normal,, with minimal tricuspid and mitralic insufficiency. ECG and contractility 
(shorteningg fraction of 0.38) were normal. 
Fromm the age of 2 years, Patient 3 suffered exercise intolerance and muscle weakness. 
Physicall examination showed a dilated cardiomyopathy and low plasma carnitine levels. He 
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wass started 50 and later 180 mg carnitine per kg body weight per day which led to a rapid 
normalisationn of muscle functioning and the complete disappearance of the cardiac 
abnormalitiess in 6 years. A recent echo-cardiography revealed normal ventricular 
myocardiall  thickness and a good ventricular function. At present, the patient receives 
655 mg carnitine per kg bodyweight per day. His plasma free carnitine level is now 16 uM. 

CarnitineCarnitine uptake assay 
Carnitinee uptake was measured essentially as described previously (9,21) with slight 
modificationss as described below. Fibroblasts of patients and control subjects were cultured 
forr 16 h on F-10 HAM medium containing 10% foetal calf serum (Life Technologies, 
Rockville,, MA) in 6-well tissue culture dishes in a humidified incubator at 37°C under 5% 
C02.. Subsequently, fibroblasts of each well were washed three times with phosphate-
bufferedd saline (PBS) and incubated for 4 hours at 37°C under 5% C02 in 1 ml serum-free 
RPMII  medium (Life Technologies, Rockville, MA) containing 5 uM [CH3-

14C]-carnitine 
(1.855 kBq/umol; Amersham Pharmacia Biotech, Uppsala, Sweden). The validity of these 
assayy conditions was checked by showing linearity of carnitine uptake for up to 5 hours (not 
shown).. To correct for aspecific binding of carnitine to the cells, parallel experiments were 
performedd at 4°C. After washing three times with cold PBS, cells were lysed in 1 ml PBS 
containingg 0.1% triton-X-100 and the radioactivity in an 800 ul aliquot was determined in a 
liquidd scintillation counter. The remaining 200 ul was used to determine the protein 
concentrationn using the bicinchroninic acid assay (Sigma, St. Louis, USA) (22) with bovine 
serumm albumin as standard. 

ReverseReverse transcription-PCR amplification and analysis ofOCTN2 cDNA and genomic DNA 
Firstt strand cDNA was synthesised from total RNA isolated from cultured primary skin 
fibroblastss as described previously (23). Using first strand cDNA as template, the OCTN2 
cDNAA was amplified by PCR using three overlapping primer sets: OCT119f 
(5'-[-21M13]-GCTCTGTGGGCCTCTGAGG-3')) and OCT632r (5'-[M13rev]-ATGGTCAC-
GAACAGCACATTC-3'),, OCT581f (5'-[-21M13]-CTCCTTGTTCTTCGTGGGTG-3') and 
OCT1232rr (5'-[M13rev]-GAAGCAGTTCACAAAGATGTCC-3'), OCT1192f (5'-[-21M13]-CTGT-
GGATGACCATATCAGTG-3')) and OCT1800r (5'-[M13rev]-GTTTCTCCCTTACTGGAAGCG-
3').. DNA was isolated from cultured primary skin fibroblast as described elsewhere (24). 
Usingg the DNA as template, exon 3 and 5 of OCTN2 were amplified in a PCR reaction by 
meanss of primer sets OCTEX3f (5'-[-21M13]-CAGTATTCTGGCAACACTGTTC-3') and 
OCTEX3rr (5'-[M13rev]-TGGTCTCATGTCTGGCTCAG-3'), OCTEX5f (5'-[-21M13]-CCAAA-
CATTCCACAAGCTCTG-3')) and OCTEX5r (5'-[M13rev]-TCAAATCACGGTCAGTCTGTC-3'), 
respectively.. All primers were tagged with either a -21M13 (5'-TGTAAACGACGGCCAGT-3') 
orr an M13rev (5'-CAGGAAACAGCTATGACC-3') extension to enable sequencing of the 
amplifiedd fragments by means of the Big Dye Primer kit (PE Applied Biosystems; Foster City, 
CA).. Sequence reactions were analysed on an ABI377 automated sequencer (PE Applied Bio-
systems;; Foster City, CA). 

CloningCloning ofOCTN2 and transient transaction of primary skin fibroblasts 
Thee complete open reading frame of OCTN2 was amplified by PCR from fibroblast cDNA of 
controll  subjects using a BaraHI-tagged forward primer 5'-tataggaJtc_c_-
ATGCGGGACTACGACGAGG-3'' and a JVofl-tagged reverse primer 5'-tatagcggccgc-
TTAGAAGGCTGTGCTTTAAGG-3'.. The PCR product was cloned downstream of the CMV 
promoterr into the BamHI and NotI sites of the mammalian expression vector pcDNA3 
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(Invitrogen;; San Diego, CA). To assess the integrity of the PCR process the entire open 
readingg frame was sequenced. The pcDNA+OCTN2 construct was used to transfect primary 
humann fibroblasts from SCD patients and control subjects using the LipofectaminePLUS 
reagentt (Life Technologies; Rockville, MA) according to the manufacturer's 
recommendations.. Cells were cultured on F-10 HAM medium containing 10% foetal calf 
serumm in 6-well tissue culture dishes for 16 h in a humidified incubator at 37°C under 5% 
C022 and then transfected with pcDNA3 plasmid containing full-length OCTN2 cDNA or 
withh the pcDNA vector without insert. At 48 h after transfection, carnitine uptake was 
measuredd as described above. 

RESULTS S 

Al ll  three patients studied in this paper presented with typical SCD symptoms (TABLE I). The 
diagnosiss of SCD was confirmed by measuring the carnitine uptake in cultured skin 
fibroblastss which was <10% of control values for all three patients. Sequencing of the 
entiree coding region of OCTN2 cDNA from patient 1 showed that this patient was 
homozygouss for a single missense mutation, 632A>G which changes the tyrosine at amino 
acidd position 211 into a cysteine (Y211C). The homozygosity of the 632A>G mutation was 
confirmedd by the finding that both parents of the patient were heterozygous for this 
mutation.. The heterozygosity of the parents was biochemically reflected by a significantly 
lowerr carnitine uptake in their skin fibroblasts (30-60% of control values). Finally, the 
homozygosityy of the 632A>G mutation was demonstrated at the genomic level by sequence 
analysiss of exon 3 of the OCTN2 gene amplified by PCR from genomic DNA of patient 1 and 
hiss parents (FIG. 1). 

T T 
A TT C T C C A A C T R T G T G G C A 

A A 

FIG.. 1: Electropherograms of sequence 
analysiss of exon 3 of patient 1 and 
bothh parents. A portion of the sense 
sequencee of the mother (A), the father 
(B)) and patient 1 (C) is shown. An 
arrowheadd indicates the position of 
thee nucleotide substitution (A632>G). 

Sequencee analysis of both the coding region of OCTN2 cDNA and, subsequently, exon 3 of 
thee OCTN2 gene from patient 2 showed that this patient was also homozygous for the same 
632A>GG mutation as found in patient 1. No material of the parents of patient 2 was available 
forr investigation. 
Sequencee analysis of OCTN2 cDNA from patient 3 showed that this patient was 
homozygouss for a nonsense mutation, 844C>T, which changes the codon for the arginine at 
aminoo acid position 282 into a stop codon (R282X). Upon translation, this mutation wil l lead 
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too the production of a truncated protein shortened by 275 amino acids. Sequence analysis of 
exonn 5 of the OCTN2 gene amplified from genomic DNA of this patient confirmed the 
homozygosityy of this mutation. The mother of patient 3 was heterozygous for the 844C>T 
mutationn at the genomic level which was biochemically reflected by a significant reduction 
off  the carnitine uptake in her skin fibroblasts (45% of control values). No material of the 
patient'ss father was available for investigation. 
Too confirm that the carnitine uptake defect was caused by mutations in OCTN2, we 
examinedd whether wild type OCTN2 could correct this defect. To this end, fibroblasts of 
thee patients were transiently transfected with either pcDNA3+OCTN2 or with pcDNA3 
withoutt insert. 
Inn fibroblasts of a control subject transfected with pcDNA3+OCTN2, carnitine uptake was 
increasedd 12-fold, whereas after transfection with pcDNA3 without insert no increase in 
carnitinee uptake was observed (results not shown). As with control fibroblasts, the 
transfectionn of fibroblasts of the patients with pcDNA3 did not increase the carnitine uptake 
comparedd to untransfected cells. However, transfection with pcDNA3+OCTN2 resulted in 
completee restoration of carnitine uptake in fibroblasts from all three patients (FIG. 2). 

3.5 5 

3.0 0 
S S 
a a 

a a 

=rr  2-5 

a a 
33 2.0 1.5 5 

1.0 0 

0.5 5 

Controlss Patient 1 Patientt 2 Patientt 3 

FIG.. 2: Transient transfection of wild 
typee OCTN2 cDNA in patients' 
fibroblasts.. The black, gray and 
lightt gray bars represent the 
carnitinee uptake by untransfected 
fibroblasts,fibroblasts, fibroblasts transfected 
withh pcDNA3 plasmid and pcDNA 
+OCTN2,, respectively. Transfections 
weree performed in duplicate. The 
openn bar represents the average 
carnitinee uptake in control subjects 

 SD (n=38). 

DISCUSSION N 

Followingg the recent identification of OCTN2 as the high affinity human carnitine 
transporterr (12,13), we initiated studies to determine whether mutations in the OCTN2 gene 
couldd be responsible for SCD. After analysing three unrelated SCD patients, we discovered 
twoo mutations in OCTN2: an A>G transition at nucleotide position 632 and a C>T transition 
att position 844 leading to amino acid changes Y211C and R282X, respectively. Furthermore, 
ass shown in FIG. 2, the carnitine uptake defect in cells from these patients could be corrected 
byy wild type OCTN2 cDNA. These results provide unequivocal evidence for OCTN2 as the 
defectivee gene in SCD. 
Whilee this work was in progress, a paper appeared that reported the first mutations in 
OCTN2OCTN2 of SCD patients (14). After analysis of three pedigrees, Nezu et al. identified four 
differentt mutations, including a 113 basepair deletion in exon 1, a G>A nonsense mutation 
att nucleotide position 132, a cytosine insertion after the fourth nucleotide that causes a 
frameshift,, and a mutation in the splice acceptor site at the 3' end of intron 8 (14). However, 
thee authors did not demonstrate that wild type OCTN2 could restore the carnitine uptake in 
theirr patients' cells. 
AA second recently published paper also claims to show that mutations in OCTN2 are 
responsiblee for SCD (25). However, this paper only reported two aberrantly spliced mRNA 
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speciess found in two SCD patients without demonstrating the actual mutations or excluding 
thatt these splice variants also occur in control cells. 
Whilee this manuscript was under review, two articles were published in which four 
mutationss in OCTN2 are reported in three SCD patients (26,27). One patient has the same 
R282XX mutation which has also been found in this study (27). The two mutations we 
identifiedd are both predicted to have a deleterious effect on the function of the protein. The 
632A>GG mutation found in patients 1 and 2, which results in a tyrosine to cysteine 
substitutionn at position 211 of the OCTN2 protein, is located in the middle of the fourth of a 
totall  of twelve putative transmembrane regions. Sequence alignment of various organic 
cationn transporters from different organisms showed in all cases an aromatic amino acid on 
thiss position, suggesting that the conversion to a hydrophilic cysteine may affect the 
topologyy and/or protein function. 
Althoughh patient 1 and 2 have the same mutation, their families are unrelated and have 
differentt geographical backgrounds. Recently, two silent polymorphisms have been reported 
inn the OCTN2 cDNA (26). Both polymorphisms are different for patient 1 and 2 and are 
presentt in a homozygous form. This strongly suggests that these patients do not have a 
commonn ancestor and that the mutation has occurred independently. 
Thee homozygous 8 4 4 0T mutation in patient 3 converts the arginine at position 282 into a 
stopp codon, which results in a truncated protein shortened by 275 amino acids. Compared to 
thee other two patients, patient 3 had the lowest plasma carnitine concentrations, showed the 
lowestt carnitine uptake and, apart from the cardiomyopathy also observed in all the other 
patients,, also presented with myopathy. This more severe phenotype may well be explained 
byy the presence of the nonsense mutation which most likely leads to a non-functional 
protein. . 
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Carnitinee plays an important role in fatty acid metabolism where it is involved in the 
transportt of activated fatty acids between cellular organelles. In mammals, carnitine is 
derivedd from dietary sources and de novo synthesis. The importance of carnitine in energy 
homeostasiss is stressed by the occurrence of the disorder systemic carnitine deficiency, 
wheree the transporter in the plasma membrane responsible for the uptake of carnitine from 
thee blood, the absorption of carnitine from dietary sources and the reabsorption of carnitine 
inn the kidney, is defective. Carnitine is synthesised from protein-derived 6-N-
trimethyllysinee via 3-hydroxy-6-N-trimethyllysine, 4-N-trimethyl-aminobutyraldehyde and 
4-N-trimethylaminobutyratee (4-N-butyrobetaine) (see chapter 2, FIG 3). The capacity of 
mostt mammals to synthesise carnitine endogenously has been known for over four decades. 
Untill  now, however, no disorders have been identified which were caused by a defective 
carnitinee biosynthesis. As part of the diagnostic responsibilities of our laboratory, numerous 
patientss have been identified suffering from various pathologies caused by unexplained 
disorderss characterised by low carnitine levels. Although the sequence of metabolites 
leadingg to carnitine is known since the 1970's, at the start of our studies nothing was known 
aboutt the enzymes of the carnitine biosynthesis at the molecular level. Furthermore, 
methodss to determine the concentration of the metabolites preceding carnitine were either 
unavailablee or too labour-intensive for routine application. Therefore, to investigate 
carnitinee metabolism in full detail in these patients, we set out to identify the genes 
involvedd in carnitine biosynthesis and develop new methods to measure carnitine 
biosynthesiss metabolites in body fluids. In Chapter 2 the current status of the field of 
carnitinee biosynthesis and transport is reviewed including the results presented in the 
experimentall  chapters. Chapter 3 reports the identification of the cDNAs coding for rat, 
humann and mouse 6-N-trimethyllysine, 2-oxoglutarate dioxygenase, which is the first 
enzymee of carnitine biosynthesis. The rat enzyme is localised exclusively in mitochondria 
andd expression studies in yeast indicate that the enzyme is synthesised as a 47.5 kDa 
precursor,, which is subsequently processed to a mature protein of 43 kDa, presumably upon 
importt in mitochondria. Although we have attempted to measure the activity of the second 
enzyme,, 3-hydroxy-6-N-trimethyllysine aldolase, we have thus far not succeeded in 
detectingg this enzyme activity in rat liver homogenates. In chapter 4 we identified and 
characterisedd rat 4-N-trimethylaminobutyraldehyde dehydrogenase, which catalyses the 
penultimatee step of carnitine biosynthesis. In addition, we found evidence which indicates 
thatt the known human aldehyde dehydrogenase 9 is the same enzyme as 4-N-trimethyl-
aminobutyraldehydee dehydrogenase. Chapter 5 describes the purification and 
characterisationn of rat 4-N-butyrobetaine, 2-oxoglutarate dioxygenase, the last enzyme of 
thee carnitine biosynthesis. With sequence information of the purified rat protein, the 
humann cDNA coding for this enzyme was identified and it was shown that 
4-N-butyrobetaine,, 2-oxoglutarate dioxygenase is primarily expressed in kidney and liver. 
Chapterr 6 describes a novel method to quantify four of the five metabolites of carnitine 
biosynthesiss in urine. With this method we obtained an indication of the control values for 
eachh of the metabolites in human urine and showed that full-term newborns are capable of 
carnitinee biosynthesis from exogenous 6-N-trimethyllysine. In chapter 7 we resolved the 
molecularr defect in three patients suffering from systemic carnitine deficiency and 
unambiguouslyy identified OCTN2 as the defective gene in this disorder. Summarising, we 
havee succeeded in identifying three of the four genes coding for the enzymes of carnitine 
biosynthesiss and we developed an assay to measure four of the five carnitine biosynthesis 
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metabolitess in urine. With the knowledge of the genes involved in carnitine biosynthesis it 
shouldd be possible to generate a knock-out mouse, where one of the genes of this pathway 
hass been disrupted. This mouse model wil l give more insight in the consequences of a 
defectivee carnitine biosynthesis. Since we now have the ability to characterise the 
enzymatic,, molecular and metabolic aspects of carnitine biosynthesis, a thorough 
investigationn of the role of this pathway is possible and warranted, especially in patients 
withh various clinical abnormalities and deficient carnitine levels. Such studies are now 
underr way. 
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Samenvattingg voor iedereen 

Omm voor iedereen duidelijk te maken wat ik ongeveer in de 4 jaar van mijn AIO-schap 
gedaann heb, moet ik eerst een aantal basisbegrippen uitleggen. Hieronder volgt een (zeer 
versimpelde)) uitleg hoe een cel is opgebouwd en hoe deze functioneert, gevolgd door een 
inleidingg over de stof carnitine, het molecuul waar dit proefschrift om draait. 
Dee meeste organismen, inclusief de mens, zijn opgebouwd uit cellen. Een cel is ongeveer 
10-200 urn (één tot twee duizendste centimeter) groot en is omhuld door de plasma-
membraan,, een fysieke barrière die impermeabel is voor de meeste moleculen. In de cel 
bevindtt zich een vloeistof die het cytosol genoemd wordt, waarin subcellulaire structuren 
aanwezigg zijn die organellen heten. In FlG. 1 is een schematisch overzicht van een cel te zien 
enn zijn organellen. Belangrijke organellen zijn onder andere de celkern, de mitochondrieën 
enn peroxisomen. De celkern bevat het erfelijk materiaal, de mitochondrieën en peroxisomen 
zijnn betrokken bij de energievoorziening van de cel. 

FlGG 1. De cel en zijn organellen 

Inn de celkern bevindt zich het erfelijk materiaal, beter bekend als DNA. Het DNA bevat alle 
informatiee die nodig is om de cel te maken en in leven te houden. DNA bestaat uit een zeer 
langee ketting van vier verschillende bouwstenen, die nucleïnezuren worden genoemd. Deze 
zeerr lange ketting is onderverdeeld in chromosomen, waarop zich genen bevinden. Eén gen 
bevatt de informatie die nodig is om één eiwit te maken. Eiwitten vervullen bijna alle taken 
inn de cel, zoals bijvoorbeeld het afbreken van suikers en vetten tot energie. Ook eiwitten 
zijnn een soort ketting waarbij elke schakel één van de twintig verschillende zogenaamde 
aminozurenn is. Een eiwit wordt gemaakt door het bijbehorende gen "af te lezen" en volgens 
dee instructies die vastgelegd zijn in de DNA-volgorde de corresponderende aminozuren aan 
elkaarr te koppelen. In mitochondrieën en peroxisomen worden onder andere vetten 
afgebrokenn om energie the genereren die de cel nodig heeft om te blijven leven. Evenals de 
cell  zelf, zijn organellen omhuld door een impermeabele membraan. Kleine moleculen als 
vetten,, maar ook de grotere eiwitten moeten dan ook via speciale transportsystemen 
geïmporteerdd (en geëxporteerd) worden. 

Carnitinee (4-trimethyl-3-hydroxybutyraat) is een klein molecuul dat in 1905 werd ontdekt 
inn vleesextracten. De naam carnitine is dan ook afkomstig van de Latijnse woord car o dat 
"vlees""  betekent. Carnitine is nodig om vetten de mitochondrieën in te transporteren om te 
wordenn afgebroken tot water, koolzuur en energie. Bij dit transport wordt carnitine aan het 
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vett gekoppeld en dit adduct wordt door het transportsysteem de mitochondrieën in 
getransporteerd.. Vervolgens wordt carnitine weer van het vet losgekoppeld waarna het 
afgebrokenn kan worden. 

Dee omnivore mens verkrijgt carnitine vooral via het voedsel (vooral vlees, vis, 
melkproductenn bevatten veel carnitine), maar het menselijk lichaam kan carnitine ook zelf 
maken.. De biosynthese van carnitine vindt plaats in de lever, nieren en hersenen. Carnitine 
wordtt vanuit 6-N-trimethyllysine via 3-N-hydroxy-6-N-trimethyllysine, 4-N-trimethyl-
aminobutyraldehydee en 4-N-butyrobetaine gemaakt. Omdat elke stap van de synthese 
wordtt verzorgd door een eiwit, zijn er dus vier eiwitten nodig om 6-N-trimethyllysine om te 
zettenn in carnitine (HG 2). Omdat alleen lever, nieren en hersenen carnitine kunnen 

6-N-triracthyllysinee 3-hydroxy-6-N-trimethyllysine 

2 2 

4-N-trimethylaminobutyraldehyde e 

3 3 

4-N-butyrobetaine e 

1.. 6-N-Trimethyllysine dioxygenasc 

2.. 3-Hydroxy-6-N-trimethyllysine adlolase 

3.. 4-N-Trimethylaminobutyraldehyde dehydrogenase 

4.. 4-N-Trimethylaminobutyrate dioxygenase 

FlGG 2. Carn i t ine b iosyn these 

synthetiserenn zijn andere weefsels afhankelijk van carnitine-opname uit het bloed. Daarvoor 
zitt in de plasma-membraan van cellen een transportsysteem dat zeer efficiënt carnitine kan 
opnemenn en transporteren naar het cytosol. Deze transporter zorgt ook voor het opnemen 
vann carnitine uit het voedsel en om carnitine te reabsorberen (lees recyclen) uit de urine. Er 
bestaann patiënten die lijden aan de zeldzame erfelijke aandoening, systemische carnitine 
deficiëntie,, waarbij deze transporter niet meer functioneert. Hierdoor nemen deze patiënten 
slechtt carnitine op en verliezen zij het via de urine. Omdat de vetverbranding in deze 
patiëntenn verstoord is door een tekort aan carnitine, komen weefsels die hun energie 
voornamelijkk uit vetten halen (hart, spier) in de problemen. De belangrijkste symptomen 
vann systemische carnitine deficiëntie zijn dan ook cardiomyopathie (vergroting van het 
hart)) en myopathic (spierzwakte), en treden meestal op in het eerste levensjaar. Als dit 
defectt op tijd ontdekt wordt, kan door middel van orale carnitine therapie de patiënt echter 
volledigg herstellen. Daarnaast bestaan er patiënten met soortgelijke symptomen waarvan de 
oorzaakk niet duidelijk is. Omdat een deel van deze patiënten ook goed reageert op carnitine 
therapiee is het idee dat er misschien iets mis is met de carnitine biosynthese. De identiteit 
vann de eiwitten van de carnitine biosynthese en het DNA dat ervoor codeert waren aan het 
beginn van dit AIO-schap niet bekend. Ook bestond er geen makkelijke manier om de 
concentratiee van de vijf metabolieten van de carnitine biosynthese in lichaamsvloeistoffen 
(bloed,, urine) te bepalen. Daarom was het doel van deze studie meer inzicht te krijgen in de 
carnitinee biosynthese op eiwit en DNA-niveau, en een methode te ontwikkelen om de 
concentratiee van de metabolieten van dit pad te kunnen meten. 

Inn de hoofdstukken 3 t/m 5 wordt de zuivering en identificatie beschreven van drie van de 
vierr eiwitten van de carnitine biosynthese (stappen 1,3 en 4, FlG. 2). Door een deel van de 
aminozuur-volgordee van deze eiwitten te bepalen kan met behulp van online databases het 
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corresponderendee DNA, en daarmee uiteindelijk het gen wat codeert voor deze eiwitten 
achterhaaldd worden. Ook is gevonden dat eiwit 1, 6-N-trimethyllysine dioxygenase, 
gelokaliseerdd is in de mitochondrieën, wat opmerkelijk is omdat de drie andere eiwitten van 
dee carnitine biosynthese in het cytosol aanwezig zijn. In hoofdstuk 6 wordt een nieuwe 
methodee beschreven die het mogelijk maakt om in één keer de concentratie van vier van de 
vij ff  metabolieten van de carnitine biosynthese in urine te bepalen. In vergelijking met 
bestaandee methoden, waar altijd maar één stof tegelijk gemeten kan worden, is deze 
methodee veel minder bewerkelijk en bovendien een stuk gevoeliger. Tijdens mijn 
AIO-schapp werd het gen gevonden dat codeert voor de carnitine transporter in het plasma-
membraan,, deze wordt OCTN2 genoemd. Ook werd er aangetoond dat het OCTN2 gen 
gemuteerdd (veranderd) was in patiënten met systemische carnitine deficiëntie waardoor de 
transporterr niet of niet goed meer functioneerde. In hoofdstuk 7 worden drie patiënten 
beschrevenn met systemische carnitine deficiëntie waarvan de mutaties in het OCTN2 gen 
achterhaaldd zijn. Ook laten wij zien dat als we het correcte OCTN2 DNA weer in 
gecultiveerdee huidcellen van een patiënt brengen, het carnitine transport over de plasma-
membraann hersteld wordt. 
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Dankwoord d 

Inn de afgelopen 41/2 jaar, die werkelijk omgevlogen zijn, heb ik het erg naar mijn zin gehad 
opp het laboratorium GMZ. Samenwerken met leuke collega's, buitenlandse en binnenlandse 
congressen,, buitenlabse activiteit maakten mijn AIO-schap tot een leuke tijd. 
Err staat maar één naam voorop dit proefschrift, maar er zitten echter vele mensen achter de 
tott standkoming ervan. Deze mensen wil ik hier bedanken. Allereerst wil ik mijn promotor 
Ronn Wanders bedanken. Ron, het was een voorrecht om bij jouw AIO te zijn. Jouw 
enthousiasme,, volhardendheid en deskundigheid waren een stimulans om ook in zowel 
goedee als moeilijkere tijden door te gaan. Toen ik aan de carnitine biosynthese begon was dit 
eenn kersverse onderzoeks-lijn die een beetje buiten het onderzoek viel dat in het lab werd 
gedaan.. Desondanks kunnen we na vier jaar toch concluderen dat we met z'n allen deze 
nieuwee lij n succesvol gemaakt hebben. Helaas weten we nog steeds niet waar we die 
carnitinee biosynthese precies voor nodig hebben, en daarom hoop ik dat dit onderzoek 
voortgezett kan worden. 
Rob,, zonder jou was dit proefschrift er waarschijnlijk niet geweest. Je bent een fantastische 
eiwitzuiveraar,, een kritische analyticus (altijd aan het fronsen tijdens praatjes!) en een 
partnerr in crime als het gaat om het maken van schuine grappen. Ik hoop dat we 
uiteindelijkk de hele carnitine biosynthese op onze naam kunnen schrijven! 
Jos,, ook ji j bent onmisbaar geweest voor het tot stand komen van dit boekje. Carnitine 
opnamee in fibroos, de COBAS, en enzymkinetiek hebben dankzij jou weinig geheimen meer 
voorr mij. Je bent een onvermoeibare, onverstoorbare kracht en je blijf t altijd rustig, ook al is 
hett de tienduizendste keer dat iets je gevraagd wordt (euh...Jos? Hoe ging die makro ook 
alweer?).. Graag wil ik van de gelegenheid gebruik maken om jou, zwart op wit, tot COBAS-
goeroee te benoemen. Maar naast alle steun op het lab was je in de laatste vier jaar ook mijn 
squash-partnerr en vakantiegenoot, en ik ben dan ook blij dat je tijdens mijn promotie naast 
mee zult staan. Kay, mijn andere paranimf, ook jou wil ik bedanken omdat je al jaren mijn 
vriendd bent en al dat gezeur over carnitine gewoon over je heen liet komen. 
Eenn gedeelte van mijn proefschrift heb ik te danken aan de tandem massaspectrometer. 
Maarr veel belangrijker dan het apparaat zijn natuurlijk de operators, kortom; de MS-boys 
Albertt Bootsma ("It's not the gun, it's the gunner"!) en Henk Overmars. Albert, ji j hebt een 
sleutelroll  gespeeld tijdens de ontwikkeling van de verschillende methodes om de, in eerste 
instantiee vrij ongrijpbare, intermediairen te kunnen meten. Henk, ji j wist altijd wel een 
gaatjee te vinden voor de vele HTMLetjes die de revu gepasseerd zijn. Beide hartelijk 
bedankt. . 
Lodewijkk (Lodewichie), vooral in het begin hebben jij , Sandy en ik samengewerkt aan het 
butyrobetainee hydroxylase, wat uitmondde in het eerste succes. Maar ook na die tijd heb ik 
vaakk veel aan je adviezen gehad, zeker als het ging om gaten dichten in mijn verhaal, 
correctee carnitine shuttle plaatjes e.d., bedankt daarvoor. Carlo (Krullenbol, Oeboema), 
bedanktt voor de hulp bij het gist-werk en veel succes met je promotie! Hans, bedankt voor 
jee voornamelijk grammaticale steun en de gezellige ritjes naar Rolduc. 
Studentenn zijn voor een AIO een onmisbare kracht (extra handjes!). Bij deze wil ik 'mijn' 
studentenn Sigrid (waarmee ik "getrouwd" was volgens velen, omdat we vaak aan het 
kibbelenn waren), Monica en Kasper (het vriendelijke spookje) bedanken voor hun bijdrage 
aann dit boekje, maar ook voor alles wat ik van hen heb geleerd. 
Albertt (van Gennip dus), Nico, Peter Vreken (helaas postuum) en Ries, bedankt voor julli e 
supportt en het feit dat julli e nog steeds geloven in het bestaan van patiënten met een 
carnitinee biosynthese defect (I believe!). Ik weet zeker dat we ze uiteindelijk gaan vinden. 
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Belangrijkk zijn ook mijn lotgenoten, degene die in hetzelfde bootje zitten als ik, mijn fellow 
AIO'ss dus. In volgorde van senioriteit: Don Pedro (Laslucasestabanapprendidas-
peronadiincasaaaa!),, Sander "The Dude" (wanneer gaan we die white russian nou eens 
drinken?),, Sacha (zie verderop), Jeanette (Sjenetje), Sietske (Sietsie pietsie), (goed ge)Daan, 
Wouterr (Woooeter), Jörgen, Annemieke en Jolein, bedankt voor de AIO-avonden, de 
gezeligheidd op het lab en uiteraard het roddelen :-). En natuurlijk allemaal veel succes met 
julli ee promotie! Gerbert (Gurburt), Stef en Annemiek, bedankt voor julli e kennis en 
adviezen. . 
Dee regelneven en nichten: Annelies (Annepiesje), (Microsoft) Mark en RegelRally, allen 
bedanktt voor de logistische ondersteuning. Bedankt Maddy, Iet (IIIEEET) en Susan (SuzieQ), 
onzee secretaresses. Wat werden julli e af en toe gek van mij hè (is er nog mail? een fax 
misschien?)) Maar gelukkig was ik, zeker wat computers en buitenlandse rekeningen betreft, 
weleenss handig in het gebruik. 
OokOok wil ik alle andere GMZers bedanken die in allerlei verschillende manieren hebben 
bijgedragenn aan dit proefschrift: Petra (Peet-ut en je weet het), Simone (AKA Simon, HPLC-
tijger),, Patricia (bestaat controle 11 nog?), Conny (Blotqueen), Wendy (DNA-girl en knuffel), 
Janett (pipetje, kadetje, korsetje, closetje), Janet haasjes, Leila, Fredoen, Luminita, Jaqueline, 
Wilma,, Peter, Lia, Ingrid, Henny (geen labdag voor ons meer!), Arno, Henk van Lenthe 
(Henkei),, André, Sjoukje, (crypto) Rinus, Lida S. (tik tik, daar heb Lida!), LAUL Lida (voor 
dee vele HPLC-runs), Nabila, Liny, Jeroen, René en Rutger. Ook een aantal ex-GMZers wil ik 
bedanken:: Evelien, Ilse, Gerrit-Jan en Marjan. 
Buitenn lab GMZ zijn ook veel belangrijke samenwerkingen ontstaan die cruciaal waren voor 
hett maken van dit boekje. Met name Jaap-Willem en Dave van de proteomics club wil ik 
hartelijkk bedanken voor de identificatie van "onze zuivere" (maar toch vaak keratine-
houdende)) eiwitten. Ook de mensen op biochemie (wat er nog van over is...) bedank ik voor 
hunn gastvrijheid toen we nog geen eigen VMT-lab hadden. George, bedankt voor de vele 
(onmisbare)) ratteniertjes. All e EXHEPers (voor mij nog steeds SLICCers) voor adviezen, 
reagentiaa en de besprekingen die ik eigenlijk nu nog mis. Jammer dat julli e niet onze goede 
buurr kunnen blijven. 
Restt mij de mensen uit mijn privé-leven te bedanken. Als eerste wil ik mijn moeder 
(promotorr for life) en zus (co-promotor) bedanken. Al is het wat onduidelijk wat ik precies 
uitspooktee op het lab, julli e hadden vertrouwen in mij. Bedankt voor julli e steun en 
interesse.. Ook bedank ik de rest van mijn familie; Opa en Oma, Albert, Joke, Michiel en 
Jannekee die (op een afstandje) de vorderingen van de promotie bij hielden. 
Tenslottee wil ik natuurlijk Sacha, mijn steun en toeverlaat, bedanken voor meer dan ik hier 
kann opnoemen. 

Fredd Frédéric Fré Freek*  *(doorhalen wat niet van toepassing is) 
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