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Malonyl-CoenzymeA acts as a fuel sensor, being both an intermediate of fatty acid synthesis and an inhibitor of the two known isoforms of carnitine palmitoyltransferase I (CPT I), which control mitochondrial fatty acid oxidation. We describe here a novel CPT1 family member whose mRNA is present predominantly in brain and testis. Chromosomal locations and genome organization are reported for the mouse and human genes. The protein sequence contains all the residues known to be important for both carnitine acyltransferase activity and malonyl-CoA binding in other family members. Yeast expressed protein has no detectable catalytic activity with several different acyl-CoA esters that are good substrates for other carnitine acyltransferases, including the liver isoform of CPT I, which is also expressed in brain; however, it displays high-affinity malonyl-CoA binding. Thus this new CPT I related protein may be specialized for the metabolism of a distinct class of fatty acids involved in brain function. Key Words: carnitine palmitoyltransferase I, brain, malonyl-CoA



INTRODUCTION Malonyl-CoenzymeA (CoA) is an intermediate of the pathway of fatty acid synthesis. It is also a potent inhibitor of mitochondrial fatty acid ␤-oxidation by virtue of its highaffinity binding to, and inhibition of the catalytic activity of, its target enzyme, mitochondrial outer membrane carnitine palmitoyltransferase (CPT I). CPT I catalyzes the transesterification reaction between long-chain acyl-CoA and acylcarnitine esters, a reaction that is not only central to the control of fatty acid oxidation, but also determines the availability of long-chain acyl-CoA for other processes, notably the synthesis of complex lipids. Although carnitine acyltransferases are most often associated with the control of fatty acid oxidation, their cellular and subcellular distribution are indicative of other functions, for example, a role in phospholipid remodeling [1]. A central characteristic of the two CPT I proteins [2] and of the peroxisomal carnitine octanoyltransferase (COT) [3] is their inhibition by malonylCoA. In both lipogenic and non-lipogenic tissues, malonylCoA inhibition of CPTs is known to be involved in modulation of tissue partitioning of fatty acid metabolism, with important consequences for the function of different cell types, ranging from altered triglyceride secretion by
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hepatocytes [4] to modulation of insulin secretion by the pancreatic ␤-cell [5]. In the brain, malonyl-CoA has also been implicated in appetite control [6]. Experiments in which inhibitors (C75, cerulenin) of fatty acid synthase (for which malonyl-CoA is a substrate) were injected intraperitoneally into mice resulted in cessation of feeding within 20 minutes, an effect that was reversible when the drugs were withdrawn. Other experiments demonstrated that this anorexic effect occurred at the level of neuropeptide Y (NPY) production in the hypothalamus. That an increase in intraneuronal malonyl-CoA concentration was involved in this response was corroborated by the observation that simultaneous treatment with TOFA, an inhibitor of acetyl-CoA carboxylase (ACC; the enzyme that catalyzes the synthesis of malonyl-CoA), reversed the anorexic action of C75 [6]. In an independent study, disruption of the gene Acc2, encoding one of the two isoforms of ACC (ACC-␤ or ACC-2) was shown to result in mice that were hyperphagic [7], thus confirming that a lowering of the malonyl-CoA synthetic capacity in the brain increases appetite (although the mice were leaner than wild-type because of enhanced ␤-oxidation in other tissues). Together, these studies raised the prospect that a discrete pool of malonyl-CoA may be intimately involved in appetite control through its ability to inhibit the
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FIG. 1. Alignment of the sequences of the three human and mouse CPT I proteins. We aligned sequences using the Clustal W algorithm [43]. Residues that are identical in three or more of the sequences are highlighted. Important residues discussed in the text are indicated.



in brain. The yeast-expressed CPT I-C protein does not display catalytic activity with common acyl-CoA esters that are good substrates for both L- and M-CPT I. In conjunction with its tissue distribution, this suggests that CPT I-C is highly specialized for distinctive fatty acid metabolism. In common with both L- and M-CPT I, we show that the recombinant protein displays high-affinity binding of the physiological inhibitor malonyl-CoA.



RESULTS



catalytic activity of liver-type (L-)CPT I, the only isoform of CPT I hitherto known to be expressed in the brain. However, it has been pointed out [8] that such a mechanism is difficult to reconcile with the observation that humans deficient in L-CPT I activity are not anorexic, raising the prospect that the effects of malonyl-CoA are caused by the expression of a distinct malonyl-CoA-sensitive protein. Here we describe a novel gene that is highly related to CPT1A and CPT1B, the genes encoding the liver- and muscle-type CPT I isoforms, respectively. We have named this gene CPT1C. The CPT I-C protein has a high level of sequence similarity to L- and M-CPT I. We show that CPT1C mRNA is expressed at high levels primarily in the brain, and describe localized expression in the mouse brain. Use of a CPT I-C specific antibody demonstrated expression at the protein level
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Sequences for Mouse and Human CPT I-C cDNAs Searches of expressed sequence tag (EST) data using the human CPT1A cDNA nucleotide (BLASTn search) or protein sequence (tBLASTn search) revealed several mouse and human clones with sequences related to, but distinct from, those of the known liver-type (L-) and muscle-type (M-) CPT I isoforms. These ESTs were predominantly from brain. As the known CPT1 genes are named CPT1A (which encodes CPT I-L) and CPT1B (CPT I-M), we named this new gene CPT1C, with the protein being designated CPT I-C due to its high similarity to the other isoforms of CPT I. The partial CPT1C cDNA sequences were assembled into contiguous sequences. The mouse sequence with accession number AA119217, corresponding to the 5⬘ end of IMAGE Consortium CloneID 554939 (from a whole mouse embryo cDNA library) [9], potentially coded for full-length Cpt1c. We sequenced the approximately 2.9-kb insert fully on both strands. Translation of the major open-reading frame revealed a protein sequence with a high degree of similarity to the known CPT I isoforms. However, this ORF contained a relative insertion that also introduced a frameshift. Analysis of the sequence suggested that the 104-bp insert was an unspliced intron. In support of this, IMAGE Consortium CloneIDs 386848 and 409163 (both from mouse embryo; acc. nos. W64910 and W87239, respectively) were found to lack the proposed intron, and highthroughput mouse genome sequence generated while this work was in progress confirmed our interpretation, as did later
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FIG. 2. Genomic organization and phylogenetic relationship of C the human CPT1 genes. (A) Exons are indicated by boxes, start and stop codons by short arrows, splice variations of 5⬘ exons by additional lines, adjacent genes by long arrows, gaps of unknown length by slashes, and exon locations in unsequenced regions by question marks. A scale of 1 kb is indicated, and minimum sequence length is indicated by the ≥ symbol. (A) The gene for liver-type CPT I (CPTIA) covers at least 60 kb. The genes for muscle-type CPT I (CPT1B) and CPT I-C are shown on a 25-kb scale. Alternative polyadenylation, which prevents splicing of CPT1B intron 19, is depicted (*). (B) Alignment of the exons according to protein similarity. Only coding exons are shown, without untranslated regions. Exon numbering of CPT1A and CPT1C is preliminary. Transmembrane domains TM1 and TM2 are indicated along with nine blocks (A–I) that are conserved throughout all carnitine acyltransferases [10]. Human CPT1C is encoded by Ensembl gene ENSG00000126465. The predicted intron/exon boundaries within the protein-coding region are in agreement with our interpretation, but the predicted transcript (ENST00000246799) lacks sequence corresponding to the 5⬘-UTR and the 3⬘ end is truncated. Hence the predicted protein (ENSP00000246799) lacks 40 amino acids from the C terminus. The mouse ENSEMBL predicted mouse Cpt1c transcript (ENSMUST00000007927) is also incomplete, with the predicted protein (ENSMUSP00000007927) lacking the C-terminal 36 amino acids. (C) DNA alignments were obtained after a Clustal W analysis of the encoded proteins and backtranslation to the original coding sequences (Megalign, DNASTAR package, Lasergene). A phylogram was produced in the program PAUP. Drosophila melanogaster (Fly) CPT1 was used as outgroup. The asterisk indicates bootstrap values obtained after maximum likelihood (55%) or parsimony (64%) analyses. This indicates that the three CPT1 genes diverged approximately at the same time. Bootstrap values of the other branches were all 100%.



dbEST entries. The retained 104-nt intron is present between exons 10 and 11 of mouse Cpt1c. The spliced sequence contains an open reading frame (ORF) of 798 amino acids with no frameshifts or large insertions relative to L- or M-CPT I (Fig. 1) although it does possess an extended carboxy terminus. Using a similar search strategy, and using the mouse Cpt1c cDNA sequence, we identified several ESTs encoding the human isolog. The 5⬘ sequence (acc. no. BE255833) of IMAGE Consortium Clone ID 3350914 from retinoblastoma suggested that this clone was full-length. This was confirmed to be the case, and the full sequence was obtained. Human and mouse CPT1C ESTs are partially represented by Unigene clusters Hs.112195 and Mm.40311.
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CPT1C Sequences from Other Species We have also found EST sequences for CPT1C from rat, cow, pig, and rabbit (data not shown). For rat, we obtained the longest EST clone available (IMAGE Clone 1798765; 5⬘ and 3⬘ end sequences BF565149 and AW527280, respectively) and determined its full sequence (data not shown). This 1200-bp sequence for the 3⬘ end of the cDNA shows 91% identity to its mouse counterpart, corresponding to 90% identity for the protein sequence. Another four rat EST clones, also from brainderived cDNA libraries, exist (Unigene cluster Rn.43113). For porcine CPT1C, the complete cDNA sequence (2770 bp) can be assembled from 16 ESTs (data not shown). The predicted protein sequence lacks the extended C terminus found for mouse,
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human, and rat, with the aligned sequence being only two residues longer than L-CPT I, and 31 residues shorter than human CPT I-C (data not shown). The nine currently available ESTs for bovine CPT1C align to give only partial coverage of the cDNA, but this includes the regions encoding both the amino and C termini (Unigene cluster Bt.7806). The C terminus is 24 residues shorter than that of the aligned human CPT I-C sequence (data not shown). Finally, a single EST derived from a corneal endothelial cell cDNA exists for rabbit CPT1C (acc. nos. C82844 and C83700, for 5⬘ and 3⬘ sequences, respectively). Nucleotide Sequence of CPT1C cDNAs The aligned nucleotide sequences show 76% identity to one another (81.6% for protein coding regions), which is slightly lower than that seen for the M- (85%) and L- (81.6%) isoforms of CPT I. Both human and mouse CPT1C sequences contain a relatively short 3⬘-untranslated region (UTR; both 126 nt) with a canonical polyadenylation signal AATAAA. Chromosomal Location Searches of human genome sequence data revealed that CPT1C is found on a region of chromosome 19 (band 19q13.33) covered by clone CTB-33G10 (acc. no. AC011495). The 5⬘ end of the gene is adjacent to the 3⬘ end of the gene encoding a protein arginine N-methyltransferase (acc. no. FIG. 4. Northern blot of RNA from rat brain and spinal cord. The blot containing 20 g/lane of total RNA was separately probed with 32P-labeled rat Cpt1c (A), rat Cpt1a (B), and GAPDH (C) and data were collected from the phosphorimager. (D) Ethidium bromide staining of the blot revealing the 18 and 28S ribosomal RNAs. M, medulla.
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FIG. 3. Northern blot of RNA from various mouse and human tissues. We probed blots containing ~ 2 g per lane of poly(A)+ RNA from the indicated mouse (A) and human (B) tissues for CPT1C. Previous probing of these mouse and human blots for ␤-actin expression has been shown [44,45]. Positions of migration of RNA markers are shown. Sk., skeletal; P.B., peripheral blood.



AF222689; HRMT1L2, hnRNP methyltransferase 1, Saccharomyces cerevisiae-like 2). The most proximal expressed sequences that match the genomic sequence seem to be uncharacterized splice variants of HRMT1L2 represented by ESTs (for example, acc. nos. AL359598 and AA534611). The 5⬘ end of CPT1C (as judged by the ESTs with the longest 5⬘ end, acc. nos. BI667415 and BI552759, which are 22 nt longer than our sequence) is only 555 nt from the 3⬘ end of these HRM1L2 ESTs. A single brain EST (acc. nos. AI879025 and AI937838) is only 129 nt away, but this short sequence probably represents a genomic DNA contaminant of the cDNA library from which it was derived. Thus the upstream regulatory sequences for CPT1C are likely to be contained within this relatively short (555 bp) region. This situation is very similar to that of CPT1B, where the choline/ethanolamine kinase␤ gene is closely approximated [10]. Mouse Cpt1c (ENSEMBL gene ENSMUSG00000007783) is found on chromosome 7 in a region of known synteny to the region of human chromosome 19 containing CPT1C. It is found completely within the sequence of a clone (acc. no. AC073694) and is partially covered by another clone (acc. no. AC069498). The automated transcript predictions by both ENSEMBL and Celera’s DISCOVERY are, however, incomplete. As in the human, the gene for arginine N-methyltransferase is found immediately upstream. The nearest mapped EST (acc. no. AL363234), which probably represents a splice
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FIG. 5. Detection of Cpt1c mRNA transcripts in mouse brain by in situ hybridization. (A–C) Sections moving towards the posterior of the brain, probed with 35Slabeled antisense probe. (A) A section containing dorso-lateral septal (LSD) and superchiasmatic (SCh) nuclei. (B) An oblique section containing lateral ventricular choroid plexus (CP), paraventricular (PVN) and arcuate (ARC) nuclei, and ventromedial hypothalamus (VMH). (C) An oblique section through the hippocampus (HC), habenulae (Hb), and ARC. (D) Hybridization of a sense probe. The figures show scanned autoradiographs. DG, dentate gyrus; Cx, cerebral cortex.



variant from this gene, is approximately 1.4 kb from the 5⬘ end of the position of the longest mouse Cpt1c transcript (as judged by the EST with acc. no. BB590564). However, an ~ 400-bp region of repetitive sequence containing an MMB1like element is present downstream of the position of the arginine N-methyltransferase transcripts. Thus, the upstream regulatory elements of mouse Cpt1c are predicted to lie within the remaining ~ 1 kb of sequence. For both species, the gene encoding a testis-specific kinase substrate (TSKS, acc. nos. NM_021733 and AF025310 for human and mouse, respectively) is found downstream (26 kb away in humans) in the opposite transcriptional orientation. Additionally, in humans, a sequence highly similar to that of the ribosomal protein S9 gene (acc. no. XM_008957; present on chromosome 22q13.2) is found between CPT1C and TSKS (some 5.8 kb downstream of CPT1C in the same strand orientation). This is not found in mouse, although a similar sequence is found in a distal region of chromosome 7 as well as on chromosome 2. Human CPT1C, measured from the 3⬘ end of the transcript of the upstream gene to the 3⬘ end of the CPT1C transcript, comprises 23,156 bp (Fig. 2A). The corresponding mouse gene is more compact, spanning 15,422 bp. Gene Structure of Mouse and Human CPT1C Alignment of the cDNA sequences with the respective genomic sequences enabled us to deduce the exon boundaries
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for both human and mouse CPT1C. The boundaries within the 18 exons comprising the coding sequences are exactly conserved, and are also entirely conserved within the other two CPT I genes, CPT1A and CPT1B (encoding the L- and M-CPT I protein isoforms, respectively; Fig. 2A). This supports an origin from a common ancestral gene. Construction of a phylogenetic tree from the aligned protein sequences indicates that CPTIA, CPTIB, and the novel CPT-related protein genes diverged at approximately the same time (Fig. 2B). Thus, presumably two independent duplication events occurred, close together in evolutionary time. The genomics of CPT I, and other carnitine acyltransferase family members, have been discussed [10]. Noncoding Regions The mouse cDNA sequence has a single exon within the 5⬘UTR upstream of exon 2, which contains the Cpt1c AUG codon. In the human cDNA we sequenced there is an additional exon present, which is alternatively spliced in some other transcripts (Fig. 2A) as is found for transcripts from the rat Cpt1a gene [11]. EST sequences support the existence of a single murine promoter, whereas in humans there is evidence for a second promoter (data not shown). In all these possible variants, there is an ORF upstream of the CPT I-C encoding ORF, which is likely to influence translation. These aspects of the CPT I-C transcripts are being investigated further.
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FIG. 6. Immunodetection of CPT I-C and L-CPT I in subcellular fractions from mouse brain, testis, and epididymis. Blots containing lanes 1–5 and 6–10 were probed with antibodies to L-CPT I and mouse CPT I-C, respectively. Lanes 1 and 10, liver mitochondria; lanes 2 and 6, testis mitochondria; lanes 3 and 7, epididymis mitochondria; lanes 4 and 8, brain mitochondria; lanes 5 and 9, brain microsomes. All tissues were from mouse; 20 g total protein was loaded into each lane. CPT I-C was not detected in microsomal fractions from testis or epididymis (not shown). The anti-rat L-CPT I antibody was raised with a peptide corresponding to a region of rat L-CPT I that is exactly conserved in mouse L-CPT I. Using P. pastoris expresssed protein, this antibody has been shown not to cross-react with mouse CPT I-C (not shown). The positions of migration of molecular weight standards are indicated.



Tissue Distribution The sources of the cDNAs used to generate the EST data discussed above suggest that CPT1C is highly expressed primarily in the mammalian brain. In addition, human CPT1C is highly represented in tumor-derived ESTs. To examine the distribution in normal tissues more rigorously, we probed mouse and human northern blots for CPT1C message. Of the mouse tissues examined (Fig. 3A), Cpt1c was expressed at a high level in brain, as expected. Similar levels of transcript were also detected in testis. In humans, screening of a wider range of tissues revealed relatively high levels of mRNA in brain, with lower levels in testes and ovary (Fig. 3B). Very low levels of message could also be seen in small intestine and colon. In both cases a single band of the expected size was observed (2.7 kb and 2.8 kb, for mouse and human CPT1C, respectively). To investigate expression within different regions of the central nervous system, we probed a rat northern blot with a rat Cpt1c probe. A single-sized transcript of ~ 2.5–3 kb was found in all the regions examined, but was expressed at lower levels in the cerebellum and spinal cord (Fig. 4A). Cpt1a has previously been shown to be present at the mRNA level in rat [8,12] and human brain [13], and as immunodetectable protein with identical kinetics to L-CPT I in cultured primary rat astrocytes [14], whereas M-CPT I expression in whole brain is not detected by northern blot analysis. Here, we found the distribution of Cpt1a (Fig. 4B) to be similar to that of Cpt1c, except that the former was relatively highly expressed in the spinal cord. Expression within Regions of the Brain To examine the localization of Cpt1c message to specific regions of the brain, we carried out in situ hybridization on
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FIG. 7. Subcellular distribution of C-terminally tagged CPT I-C expressed in P. pastoris. Lanes 1–4 contain subcellular fractions from P. pastoris expressing C-terminally tagged mouse CPT I-C, detected using antibody to the (His)6-tag. Lane 1, post-nuclear fraction; lane 2, microsomes plus light mitochondria; lane 3, heavy mitochondria; lane 4, microsomes. Lane 5 contains whole cell-free extract for yeast expressing tagged human CPT I-C.



mouse coronal brain sections (Fig. 5). We found a general low-level distribution of Cpt1c mRNA, as expected from the distribution shown on the rat northern blot. However, the data indicate that there are extremely high levels of mRNA concentrated in discrete areas that have been implicated in appetite control or feeding behavior, including the hippocampus [15,16] and the paraventricular, arcuate, and superchiasmatic nuclei [17,18]. Immunodetection of CPT I-C Expression and Subcellular Distribution within the Brain To verify that CPT I-C protein is expressed in vivo, we raised an antibody against the C-terminal 135 amino acids of the protein, using recombinant protein expressed in Escherichia coli as antigen. This region of CPT I-C was selected on the basis that the extreme C terminus is predicted to be highly antigenic while showing little similarity to those of L- or MCPT I (Fig. 1). The antibody was confirmed not to cross-react with mouse L-CPT I in mouse liver mitochondria (Fig. 6, lane 10; L-CPT I could be readily detected with an anti-peptide antibody raised against residues 428–441 of rat L-CPT I [19]; Fig. 6, lane 1). As northern blot analysis showed the highest levels of Cpt1c mRNA in mouse brain and testis (Fig. 4), we prepared subcellular fractions from these tissues and from the epididymis, and analyzed them by western blot. An immunoreactive doublet of the same size as for L-CPT I in the same brain extract and of yeast-expressed CPT I-C could be detected in both mitochondrial and microsomal fractions isolated from mouse brain (Fig. 6, lanes 8, 9). CPT I-C showed very similar electrophoretic mobility to that of L-CPT I, which was also present in both of these fractions (Fig. 6, lanes 4, 5). The fact that we observed doublets for both L-CPT I and CPT I-C in brain extracts indicates that both proteins were partly proteolysed during the lengthy cell fractionation procedure, despite the cocktail of protease inhibitors added to all media. CPT I-C was present at very low levels in peroxisomal fractions, whereas L-CPT I was present in peroxisomes at similar levels to those in mitochondria and microsomes (data not shown) [20]. Using the same antibody, we have also shown
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expression in the same subcellular fractions from rat brain (data not shown); cross-reactivity of the antibody with rat CPT I-C was expected as the cDNA derived C-terminal protein sequence is highly conserved (data not shown). However, we were unable to detect CPT I-C protein in whole extracts or subcellular fractions prepared from mouse testes or epididymis (Fig. 6, lanes 6, 7), although L-CPT I was detected (lanes 2, 3). In addition to mitochondria, the L-isoform of CPT I has been found in peroxisomes and microsomes from rat liver [20]; here we show that L-CPT I also has the same multiple subcellular localization in brain. Heterologous Expression of CPT I-C To assess the functional properties of CPT I-C, we expressed both native and C-terminally (His)6-tagged cDNAs for both mouse and human in the yeast Pichia pastoris, which lacks endogenous CPT activity [21]. The use of the (His)6-tagged protein enabled us to verify its expression before the antibody against CPT I-C became available. Addition of such a tag is known not to interfere with L- or M-CPT I activity in the same system [22] (V.N.J., N.T.P., and V.A.Z., unpublished
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FIG. 8. Scatchard plots for malonyl-CoA binding to microsomal fractions isolated from P. pastoris expressing C-terminally tagged mouse CPT I-C or C-terminally tagged rat L-CPT I. Malonyl-CoA binding assays were performed as described in the methods and KD values calculated from the slopes of trendlines computed by least squares analysis. (A and B) Data for mouse CPT I-C and rat L-CPT I, respectively. Values are means of three separate determinations performed in duplicate; they were obtained after subtraction of binding due to microsomes isolated from yeast not expressing CPT protein.



data). Successful expression of the protein was confirmed by western blot analysis using anti-His6 antibody (Fig. 7). In cellfree yeast extracts, the expressed CPT I-C from either species did not show catalytic activity when a wide range of acyl-CoA esters known to be good substrates for L- and M-CPT I, as well as acetyl-CoA, were used with carnitine as a co-substrate. The acyl-CoA esters tested were octanoyl-CoA, decanoylCoA, palmitoyl-CoA, arachidonyl-CoA, linoleoyl-CoA, nervanoyl-CoA, and lignoceryl-CoA. That this lack of catalytic activity was not due to the presence of the (His)6-tag was subsequently verified by the fact that no activity was found in whole extracts of yeast expressing the untagged mouse or human proteins. It was also not dependent on whether the yeast were harvested in mid-log or stationary phase. Using microsomal membrane fractions from yeast expressing the respective tagged proteins (Fig. 7), we found both mouse CPT I-C and rat L-CPT I to bind malonyl-CoA with identical single-component, high-affinity characteristics (Fig. 8). Note that yeast that had been transformed with control plasmid and that did not express either CPT protein showed a low-affinity binding of malonyl-CoA (data not shown); this was subtracted to obtain the CPT I-C and L-CPT I-specific binding data shown in Fig. 8. In addition, failure to correct for non-specific binding resulted in an apparent lowaffinity component (data not shown), but this was due solely to trapping of ligand in the protein pellets and was, therefore, routinely subtracted from all values. The KD values for mouse CPT I-C and rat L-CPT I for malonyl-CoA binding were 0.24 ± 0.08 and 0.19 ± 0.1 mM (n = 3; ± SD), respectively. The level of expression of the human protein was too low to enable the accurate measurement of malonyl-CoA binding.



DISCUSSION We have shown here that a novel gene that encodes a protein that evidently belongs to the CPT I family of proteins (Fig. 3) is highly expressed predominantly in the brain of mammalian species. Both its low-level expression in all areas of the tissue and its concentration in discrete areas of the brain, some of which are involved in feeding behavior or appetite control, suggest that the protein is highly specialized for neural tissue fatty acid metabolism. The deduced primary sequence for CPT I-C contains all the motifs previously shown to be essential for expression of carnitine acyltransferase activity and malonyl-CoA binding in other members of the CPT I family and in carnitine octanoyltransferase. Therefore, it was surprising that the protein, when heterologously expressed in
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yeast, was found not to have catalytic activity when this was assayed using common acyl-CoA esters that are known (except for acetyl-CoA) to be good substrates for the L- and M-CPT I isoforms. Together with its tissue distribution, this suggests that CPT I-C may be specialized for participation in the highly specialized lipid metabolism of the brain, and may explain why the brain may require the expression of an additional member of the CPT I protein family. Work is ongoing to determine these putative specialized brain-specific substrates of CPT I-C and whether the protein is expressed in the same cell types as other CPT isoforms in the brain. We show CPT I-C to be a functional protein through the demonstration that, when expressed in yeast, it binds malonyl-CoA with the same high affinity as that displayed by rat L-CPT I. In the (physiological) range of malonyl-CoA concentrations used, both rat L-CPT I and mouse CPT I-C expressed in P. pastoris microsomes bound malonyl-CoA with a single, high-affinity binding component, when the background binding due to yeast microsomes and that due to nonspecific association of ligand with protein pellets were subtracted. This affinity is also very similar to that displayed by the main component of malonyl-CoA binding found when using purified outer membranes isolated from rat liver mitochondria [23]. Northern blot analysis showed that in mouse, Cpt1c mRNA is present in testis, but we were unable to detect expressed CPT I-C protein in this tissue using a highly immunoreactive and specific antibody. Production of non-translated irrelevant transcripts or transcripts that are sequestered in ribonucleoprotein particles is common in this tissue and may relate to the program of extensive chromatin modeling that occurs during spermatogenesis, rather than to support of protein synthesis [24]. It may be significant in this respect that the gene downstream of CPT1C in both mouse and human is that for a testis-specific kinase substrate. Thus, it seems that CPT I-C expression may be largely restricted to the CNS. Protein Sequence Features of CPT I-C The protein sequences of mouse and human CPT I-C show high similarity to those of L- and M-CPT I. Overall, the human and mouse CPT I-C protein sequences show 83.5% identity, which is very similar to that found for the L- and M-CPT I isoforms from these species (85.9 and 86.8% identity, respectively). The CPT I-C sequences are marginally more closely related to those of L-CPT I than M-CPT I (54.5% versus 52.7% identity for human CPT I-C versus L- and M-CPT I, respectively). Very few relative insertions/deletions are required to align the sequences (Fig. 1). In particular, the first 130 amino acids align exactly with L-CPT I. This region of L-CPT I contains the N terminus and two membrane-spanning regions, which together with the presence of the topographical determinants [19], suggests that CPT I-C most likely adopts the same membrane topology, with two transmembrane segments and C- and N-terminal segments exposed on the cytosolic aspect of the respective membranes. The first seven NH2-terminal residues are identical in all the CPT I sequences.
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Beyond them, mouse CPT I-C contains the unusual repetitive sequence SSLLSSLSS (residues 8–16). However, in human CPT I-C the equivalent residues are VGFRPSLTS; thus only the last four residues of this motif are conserved. An absolutely conserved histidine found in all acyltransferases (His-475 in the alignment in Fig. 1), which is thought to be important for catalysis [25,26], is also present in both human and mouse CPT I-C. Two other histidine residues present in rat carnitine octanoyltransferase (COT), which are also conserved in L- and M-CPT I, have been shown to be important for malonyl-CoA binding [27] and binding of the irreversible inhibitor etomoxiryl-CoA [3,28]. These residues are also present in CPT I-C (positions 279 and 485 in the alignment in Fig. 1), in accordance with the observation that the protein binds malonyl-CoA with high affinity. Several other residues that are conserved in acyltransferases have been identified. The motifs G(X)3D(X)5L [29,30] and STS [31] are conserved between carnitine (CATs) and choline (ChATs) acyltransferases. All the CATs have a conserved arginine residue within the former motif (that is G(X)3DR(X)4L). Further conservative differences distinguish ChATs from CATs [29], with the residues VD(N/C) and T(E/D)T, respectively, likely to be involved in catalytic discrimination. In CPT I-C the equivalent residues are TET (residues 604–606 in the alignment in Fig. 1), and the conserved R within the G(X)3D(X)5L motif is also present (alignment residues 652–662; Gqg(v/i)DRhlfaL), consistent with a putative role as a carnitine acyltransferase. The STS and YE(X)10R motifs are also absolutely conserved (residues 687–689 and 591–603, respectively). A conserved Ala residue identified as important in the catalytic domain of rat L-CPT I, based on a theoretical structure derived from that of enoylCoA hydratase [26], occupies position 383 in the alignment and is also present in CPT I-C. Several natural or site-directed mutants of L-CPT I leading to reduced activity occur in or near the modeled catalytic domain [26]. These mutations/residues (R451A, W452A and W391 [32], D454G [33] R395, P479, and L484 [34]) are again all conserved in mouse and human CPT I-C, except L484, which is conservatively replaced by methionine in the latter. Therefore, both mouse and human CPT I-C protein sequences have all the motifs (Fig. 1) characteristic of acyltransferase family members. More specifically, they contain the His residues found only in the malonyl-CoA-sensitive members L-CPT I, M-CPT I, and COT. CPT I-C also contains the highly hydrophobic putative transmembrane domains and extended N terminus unique to the CPT I proteins. Possible Significance of CPT I-C Expression in Brain The demonstration that the brain expresses a novel member of the CPT I family at a low level throughout the tissue, but especially concentrated in discrete areas of the organ, suggests that CPT I-C has a highly specialized function. This is supported by the fact that, whereas its primary sequence contains all the motifs known to be required for acyltransferase activity, acyl-CoA esters that are good substrates for L- and M-CPT I are not able
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to act as substrates for CPT I-C. This does not imply that the protein has no catalytic activity, but merely that its acyl-CoA substrate is likely to be highly unusual. Unfortunately, the screening for activity with such uncommon acyl-CoA esters is outside the scope of this study. However, we suggest that a future search for possible substrates will need to concentrate on the possibility that CPT I-C uses CoA esters of acyl species that occur primarily in the brain. Also, the possibility cannot be excluded that a co-substrate other than carnitine may be required, although the sequence motifs known to be required for carnitine (but not choline) binding are all present in CPT I-C. The demonstration that, as expected from its primary structure, CPT I-C binds malonyl-CoA with high affinity indicates that modulation of malonyl-CoA levels in the cells in which it is expressed is likely to play an important role in its function. A role for malonyl-CoA has been suggested recently in appetite control in the paraventricular nucleus (PVN), and specifically in the neuropeptide Yproducing regions [6]. It is of interest, therefore, that CPT I-C expression is relatively high in these regions of the brain, although the exact cellular localization awaits further characterization. The present work emphasizes that the assignation of LCPT I as the only CPT isoform expressed in the brain [2] may be an over-simplification, and that this tissue, which has a highly specialized fatty acid metabolism that involves acyl chains of distinctive length and unsaturation [35,36], expresses at least one other member of the CPT I family. Further studies are ongoing to characterize the requirement for the tissue-specific expression of what seems to be a specialized, novel protein highly related to the known CPT I isoforms.



MATERIALS AND METHODS IMAGE Consortium cDNA clones [9] were obtained from the UK HGMP Resource Centre (Cambridge, UK). The mouse and human multi-tissue northern blots were from Clontech (Palo Alto, CA) and the rat brain tissue northern blot was from SeeGene (Seoul, Korea). Acyl-CoAs were obtained from SigmaAldrich (Gillingham, Dorset, UK). Antibody to (His)6 was from Novagen (Madison, WI). All other reagents were from Promega (Madison, WI), NEB (Beverly, MA), or Sigma-Aldrich, except where stated otherwise. Experiments using yeast-expressed proteins and enzyme assays. Procedures concerning the growth, transformation, and handling of P. pastoris were as described [37,38], except that the mouse cDNA in pGAPZ was linearized with the restriction enzyme BspHI before transformation. We selected all clones with 0.5 mg/ml zeocin. Carnitine acyltransferase assays were performed radiochemically as described previously when medium- and long-chain acyl-CoA esters were used [37]. When acetyl-CoA was the substrate, transferase activity was measured spectrophotometrically using DTNB to detect released CoA [39]. Yeast subcellular fractions were prepared as described [40], with the inclusion of a protease inhibitor cocktail (Roche Diagnostics, Lewes, East Sussex, UK). All PCRs were performed using 25 cycles with PfuTurbo DNA polymerase (Stratagene, La Jolla, CA). Sequences of PCR products and EST clones used for expression were determined on both strands using a custom primer-walking strategy. Subcloning of mouse Cpt1c cDNA for recombinant expression. The XhoI-NotI (vector site) fragment of mouse IMAGE Consortium CloneID 554939 was excised from pCMV-SPORT2 (cloned in at SalI-NotI sites) and ligated into the corresponding sites in pGAPZ B. The additional 710-bp XhoI fragment from this digest was retained and replaced at a later stage. The product was cut with Csp45I and XhoI, and the annealed oligonucleotides (5⬘-CGAACCATGGCTGAGGCA-
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CACCAGGCC-3⬘ and 5⬘-TCGAGGCCTGGTGTGCCTCAGCCATGGTT-3⬘) containing Csp45I and XhoI compatible overhangs were added to provide the missing 20 nt of the 5⬘ coding sequence. The region containing the intron was replaced with the corresponding region from IMAGE clone 386848 using ApaI-SacII restriction sites. Finally, the XhoI fragment was replaced and its correct orientation confirmed. The C-terminal myc plus (His)6 tag present within the pGAPZ B vector was linked to mouse CPT I-C by replacing the stop codon with an in-frame XbaI site. PCR was performed using the primers 5⬘-CTGAAGGCGGCGATGAGTGG3⬘ and 5⬘-CTTCTAGATTGGTGGAGGATGTAGGGGTATTGG-3⬘, with the mouse cDNA as template. The PCR product was cut with EcoRI and XbaI and used to replace the corresponding fragment in mouse CPT I-C cloned into pGAPZ B. Subcloning of human CPT1C cDNA for recombinant expression. For expression of human CPT1C, we first replaced the 5⬘-UTR of human IMAGE Consortium CloneID 3350914 in the vector pOTB7 (XhoI - EcoRI). A PCR product was generated using primers 5⬘-TTGGATCCTTTCGAACATGGCAGAAGCGCACCAGG-3⬘ and 5⬘-GACATGGCTCCGTGGGGCTCAAGAA-3⬘ with the IMAGE clone as template, where the forward primer contained an added BamHI and nested Csp45I site. The product was cleaved with BamHI and used to replace the 5⬘ end of the clone. After selecting a clone with the insert in the correct orientation, we excised the complete CPT I-C open reading frame as a Csp45I-XhoI fragment and cloned it into the same sites in pGAPZ B. To allow C-terminal tagging, we replaced the BstXI-XbaI (vector site) fragment with a cleaved PCR product generated using the primers 5⬘-CCATGAGCGGGCAGGGAGTTGA-3⬘ and 5⬘-GGAAGGTCTAGAAAGTCGGTGGATGTCATTGAGGC-3⬘, where the latter primer had a XbaI restriction site in place of the termination codon. In situ hybridization of mouse brain slices. We prepared and processed coronal brain sections (20 m) as described [41]. The 590-bp AvrII-PstI fragment from mouse Cpt1c cDNA was cloned into the XbaI-PstI sites of the vector pGEM-4Z (Promega). We transcribed single-stranded antisense and sense RNAs using T7 or SP6 RNA polymerases, respectively, following linearization of the DNA with BamHI or HindIII, respectively. Northern blot analysis. Probes for northern blots were labeled with [32P]dCTP by random-priming, and blotting was performed using standard methods, except using ULTRAhyb (Ambion, TX). The probes we used were the 710-bp XhoI fragment, the 1487-bp NgoMIV fragment from IMAGE Consortium CloneID 3350914, and the 873-bp SspI-BamHI fragment from IMAGE Consortium CloneID 1798765 for mouse, human, and rat CPT1C cDNAs, respectively. For rat Cpt1a, we used the 1005-bp EcoRI-HindIII fragment. Generation of antibodies, brain subcellular fractionation, and western blot analysis. To allow generation of antibodies to mouse CPT I-C, we cloned the NdeI-XhoI fragment (XhoI site derived from the pT7T3D-Pac vector) from IMAGE Clone 386848 into pET-15b. The fragment (corresponding to the C-terminal 135 amino acids of CPT I-C) was expressed in E. coli and purified using the N-terminal (His)6 tag using Talon resin (Clontech). We raised antibodies in sheep and an IgG-enriched fraction was isolated as described [19]. SDS-PAGE and western blot analysis were performed as described [19], except using 4–12% acrylamide NuPAGE gels with MOPS buffer (Invitrogen, Paisley, UK). Immunodetection used horseradish peroxidase-coupled secondary antibody and SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Subcellular fractions were prepared as described [20], and microsomes were substantially free of mitochondrial contamination. A cocktail of protease inhibitors (Roche) was used throughout. Malonyl-CoA binding assays. When expressed in yeast, CPT I-C was highly expressed in microsomes. Therefore we isolated microsomes (100 g protein) from transfected yeast grown for 24 hours, unless otherwise indicated, and incubated with increasing concentrations (up to 2 M) of 1-[14C]malonyl-CoA (122 dpm.nmol–1) for 30 minutes at 0⬚C, followed by sedimentation of the membranes by centrifugation at 100,000g for 30 minutes. Microsomes prepared from yeast expressing L-CPT I, which is expressed in both microsomes and mitochondria of yeast [42], were used to obtain the parameters for malonyl-CoA binding by L-CPT I. Amounts of bound malonyl-CoA were corrected for nonspecific association of label with the pellet, as determined by inclusion of [3H]inulin. We used Scatchard analysis for quantification of KD. Malonyl-CoA binding values had those of control microsomes (isolated from yeast transfected with empty pGAPZ vector) subtracted from them to obtain binding specifically due to expressed CPT I-C or L-CPT I protein.
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