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thee involvement of human ALDH 9 in carnitin e biosynthesis 
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Wanders s 

LaboratoryLaboratory for Genetic Metabolic Diseases, Departments of Clinical Chemistry and Paediatrics, 
EmmaEmma Children's Hospital, Academic Medical Centre, University of Amsterdam, PO Box 
22700,110022700,1100 DE Amsterdam, The Netherlands 

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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