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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 

42 2 



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

(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) 
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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 

50 0 

http://www.inra.fr/Internet/Produits/Predotar/


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

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. 
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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, 
TML DD 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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