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Five genes in the human genome are known to
encode different active forms of related carnitine
acyltransferases: CPT1A for liver-type carnitine
palmitoyltransferase I, CPT1B for muscle-type car-
nitine palmitoyltransferase I, CPT2 for carnitine
palmitoyltransferase II, CROT for carnitine oc-
tanoyltransferase, and CRAT for carnitine acetyl-
transferase. Only from two of these genes (CPT1B
and CPT2) have full genomic structures been de-
scribed. Data from the human genome sequencing
efforts now reveal drafts of the genomic structure of
CPT1A and CRAT, the latter not being known from
any other mammal. Furthermore, cDNA sequences
of human CROT were obtained recently, and data-
base analysis revealed a completed bacterial artifi-
cial chromosome sequence that contains the entire
CROT gene and several exons of the flanking genes
P53TG and PGY3. The genomic location of CROT is
at chromosome 7q21.1. There is a putative CPT1-
like pseudogene in the carnitine/choline acyltrans-
ferase family at chromosome 19. Here we give a
brief overview of the functional relations between
the different carnitine acyltransferases and some of
the common features of their genes. We will high-
light the phylogenetics of the human carnitine acyl-
transferase genes in relation to the fungal genes
YAT1 and CAT2, which encode cytosolic and mito-
chondrial/peroxisomal carnitine acetyltrans-
ferases, respectively. © 2000 Academic Press

1 To whom correspondence should be addressed at Research
Laboratory Pediatrics CMCV-2, Hanzeplein 1, NL-9713 GZ Gro-
ningen, The Netherlands. Fax: (31) 50 36 11746. E-mail:
f.r.van.der.ley@med.rug.nl.
139
Key Words: acetylcarnitine; acetyl-CoA; acyl-CoA;
fatty acid; beta-oxidation; peroxisome proliferator;
PPRE; mitochondrion; exon boundary; gene
phylogeny.

Carnitine acyltransferases are important en-
zymes for energy homeostasis and fat metabolism
through their modulation of the pools of acetyl-
CoA and long-chain acyl-CoA in distinct cell com-
partments of animals and fungi. These enzymes
belong to the family of carnitine/choline acyltrans-
ferases and have different properties with respect
to intracellular location, substrate specificity, ki-
netics, and physiological function (1– 4). We will
give a brief introduction about these enzymes and
their role in energy metabolism, and will discuss
some basic aspects of the carnitine palmitoyl-
transferase system, deficiencies of which are
among the most common causes of fatty acid oxi-
dation disorders (5). The genomics and genetics of
the carnitine acyltransferase genes will be treated
in detail, with the emphasis on new data revealed
from the Human Genome Project. A comparative
gene structure analysis will be concluded with the
first results we obtained from a series of phyloge-
netic analyses. Hence, we will focus on related
mitochondrial and peroxisomal carnitine acyl-
transferases. However, it should be understood
that carnitine transferases are also present in the
endoplasmic reticulum, the nuclear envelope, and
the plasma membrane. Most of those enzyme ac-
tivities are not genetically characterized, and
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140 VAN DER LEIJ ET AL.
some may be encoded by unrelated genes (re-
viewed in 2).

Carnitine Acyltransferases

The carnitine acyltransferases yet genetically and
unambiguously identified consist of mitochondrial car-
nitine palmitoyltransferases (CPT), peroxisomal car-
nitine octanoyltransferase (COT), and mitochondrial/
peroxisomal carnitine acetyltransferase (CrAT). CPT
and COT transesterify medium- and long-chain fatty
acyl chains, whereas CrAT transesterifies short-chain
acyl chains. There are three genes in the human ge-
nome known to be responsible for mitochondrial CPT
activity: CPT1A encodes liver-type (L-)CPT I, CPT1B
ncodes muscle-type (M-)CPT I, and CPT2 (formerly

annotated as CPT1 since it was the first known gene
for a CPT enzyme) encodes CPT II. The CPT I and
CPT II couple mediate the transport of long-chain
fatty acids (6) by transesterification of long-chain acyl-
CoA into long-chain acylcarnitine in the cytosol and
vice versa in the mitochondrial matrix (Fig. 1A). The
acylcarnitine shuttle composed by these enzymes is
possible through the transport over the mitochondrial
inner membrane via the carnitine/acylcarnitine trans-
locator CACT (7–9). Overall, the net mitochondrial
uptake of activated long-chain fatty acids, i.e., long-
chain acyl-CoA, is facilitated through the temporary
replacement of the CoA group by carnitine. The CPT I
and CPT II enzymes therefore have a clearcut function
that is essential to allow mitochondrial b-oxidation of
ong-chain fatty acids. The product of this process,
cetyl-CoA, is the central substrate for many pro-
esses, most importantly the Krebs cycle and, in the
iver, ketogenesis.

Apart from mitochondrial b-oxidation, mitochon-
rial acetyl-CoA can also come from carbohydrate
xidation (Fig. 1B). The acetyl-CoA/CoA ratio is
nown to be one of the many determinants of the
ctivity of the pyruvate dehydrogenase (PDH) com-
lex through the action of acetyl-CoA on the PDH-
nactivating kinase PDK4 (reviewed in 10). There-
ore, CrAT is a potentially important mitochondrial
nzyme since it determines the equilibrium between
cetyl-CoA (plus carnitine) and acetylcarnitine (plus
ree CoA) (Fig. 1B), and thereby modulates the
cetyl-CoA/CoA ratio. Thus, a buffer is formed when
cetyl-CoA production from fatty acids or pyruvate
s high, and circulatory acetylcarnitine could possi-
ly facilitate replenishment of acetyl-CoA else-
here. This buffer may explain many of the benefi-

ial effects of carnitine and propionylcarnitine for
ardiac performance in models of ischemia and hy-
ertrophy (11), and of acetylcarnitine for the aging
eart (12). CrAT is also active in the peroxisome,
here it acts on acetyl-CoA and propionyl-CoA
hich result from oxidation (chain shortening) of
ranched-chain and very long-chain fatty acids.
ince mammalian peroxisomes do not fully b-oxidize

medium-chain fatty acid intermediates, the me-
dium- and long-chain acyl-CoA molecules resulting
from chain shortening are further metabolized else-
where, i.e., in the mitochondria. The first enzyme
needed to allow transport of medium- and long-
chain acyl-CoA out of the peroxisome is COT (Fig.
1C). Although medium-chain fatty acids can tra-
verse membrane systems without being esterified to
carnitine, peroxisomal transesterification is benefi-
cial since the activated state of medium-chain fatty
acids as acyl-CoA is energetically preserved as acyl-
carnitine. Therefore, medium-chain acylcarnitines
and also long-chain acylcarnitines are formed from
their corresponding CoA esters to be transported to
the cytosol and mitochondria. This transport is most
probably mediated by the same carrier as the mito-
chondrial CACT, as has been shown by immuno-
chemical methods (13), but direct genetic evidence of
this finding is lacking. Similarly, there is evidence
that mitochondrial CPT I is also a peroxisomal and
microsomal enzyme (14). However, when human M-
CPT I is fused to green fluorescent protein and ex-
pressed in human cells, the fusion protein localizes
exclusively to mitochondria (15). This exclusive lo-
calization of recombinant M-CPT I may be natural,
but could also be caused by the fusion as such or may
be specific for the muscle-type enzyme only, and
additional experiments are now carried out to ad-
dress the subcellular distribution of CPT I.

There is striking similarity between the intracel-
lular location of human CrAT and its fungal equiv-
alent Cat2p (16–18) in the fact that both enzymes
are translated into a mitochondrial form, whereas
translation from a different start codon results in
the shorter peroxisomal form. Thus, both in yeast
and in humans the peroxisomal and mitochondrial
carnitine acetyltransferases originate from single
genes (17,19). However, in yeast there exists a cyto-
solic carnitine acetyltransferase Yat1p (20), the
function of which is similar to that of mammalian
CPT I in the sense that activated acetate (acetyl-
CoA) is energetically preserved for transport into
the mitochondria. In yeast and other fungi, long-
chain fatty acids are b-oxidized in peroxisomes ex-
lusively, and the action of Cat2p in the peroxisome
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and mitochondrion allows further metabolism of
acetyl-CoA in the Krebs cycle in the mitochondrion.
In this case the transmembrane transport of acetyl-
carnitine (and carnitine) is facilitated by a homo-
logue of human CACT: Crc1p (18,21,22). Crc1p is a
mitochondrial inner membrane carrier with a struc-
ture very similar to that of CACT; however, a per-
oxisomal equivalent of these carriers in yeast has
not been identified, but is predicted if the physiolog-
ical function of peroxisomal Cat2p is similar to that
of peroxisomal CrAT (Fig. 3).

The CPT System

Both CPT I isoforms are located in the mitochon-
drial outer membrane and are sensitive for inhibi-
tion by malonyl-CoA, which makes these enzymes
important sites for metabolic regulation (23). Malo-
nyl-CoA is the product of a reaction catalyzed by
acetyl-CoA carboxylases. This reaction is the first
step in fatty acid biogenesis from acetyl-CoA and is
preserved in nonlipogenic tissues such as skeletal
and heart muscle (24,25). The formation of malonyl-
CoA may therefore serve as a main control of fatty
acid catabolism through the inhibition of CPT I. The
tissue distribution of the two CPT I isoforms and
their level of sensitivity for malonyl-CoA inhibition
is markedly different, the muscle isoform being
more sensitive than the liver isoform (reviewed in 1),
thus providing the body the possibility to modulate
the degree of control over fatty acid b-oxidation in
organs that express both CPT I isoforms, for in-
stance, the heart (26). CPT II is also expressed in the

rectly affects the pyruvate dehydrogenase (PDH) complex via
activation of the kinase PDK4. Carnitine acetyltransferase
(CrAT) determines the equilibrium between acetyl-CoA and ace-
tylcarnitine. M-CPT I expression is mediated by peroxisome pro-
liferator-activated receptor alpha (PPARa), and a peroxisome

roliferator response element (PPRE) has been identified in its
romoter. Expression of CPT II, COT (carnitine octanoyltrans-
erase), and PDK4 may be indirectly PPAR-dependent, as indi-
ated by multiple arrows and a question mark. Metabolic inter-
ctions are indicated by dashed arrows, genetic interactions by
olid arrows. b-oxidation is shown as a spiral. (C) A simplified

scheme of peroxisomal functions of CrAT and COT. Peroxisomal
CrAT transesterifies short-chain acyl-CoA into short-chain acyl-
carnitines for further transport to the mitochondria. COT is re-
quired to exert the same transesterification on medium-chain
acyl groups, but its substrate specificity includes long-chain (C16)
acyl-CoA molecules as well. The oxidation (chain shortening) of
branched-chain and very-long-chain fatty acids is carried out by
different enzymes than those of the mitochondrial fatty acid
oxidation and gains less energy; hence the spiral is represented as
a mirror image of the mitochondrial b-oxidation spiral.
FIG. 1. Distinct roles of mitochondrial and peroxisomal car-
nitine acyltransferases. (A) The carnitine palmitoyltransferase
system consists of CPT I in the outer membrane and CPT II in the
matrix of the mitochondrion, which, together with the transloca-
tor CACT, form the carnitine shuttle for mitochondrial import of
long-chain (LC) acyl-CoA. CPT I is anchored by two transmem-
brane domains in the N-terminal part of the protein, whereas
CPT II is a soluble membrane-attached enzyme. CACT contains
six transmembrane helices. (B) M-CPT I and L-CPT I are sensi-
tive for inhibition by malonyl-CoA, the product of the reaction
carried out by acetyl-CoA carboxylase (ACC). Acetyl-CoA indi-
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142 VAN DER LEIJ ET AL.
heart, as it is in many (if not all) tissues. Most
molecular data on CPT2 thus far point to one iso-
form, encoded for by a single, ubiquitously expressed
gene. Recent progress in the structural knowledge of
CPT I has pointed out that two transmembrane
domains anchor the enzyme and that the active site
in the C-terminal domain is at the cytosolic side of
the mitochondrial outer membrane (15,27). The fact
that this configuration is supported by analyses of
the primary protein structures of all known mam-
malian CPT I proteins, and that this has been ex-
perimentally shown for both the rat liver CPT I (27)
and a human muscle CPT I fusion protein (15),
illustrates that the two isoforms are similar with
respect to these main-frame characteristics (Fig.
1A). The identification of the main determinants of
the kinetic and inhibitory characteristics of L-CPT I
and M-CPT I is a rapidly progressing field of re-
search (28–32). From those studies, the interactions
of the C-terminal domain with the highly conserved
N-terminus, which also is at the cytosolic side (Fig.
1A), have become evident.

As mentioned already, the action of the CPT pro-
teins would be senseless (as far as acyl-CoA trans-
port is concerned) if there were not a mitochondrial
inner membrane translocator. The structural data
on this protein point to a triple repeat structure that
contains six transmembrane helices (33–35). This
structure is predicted on the basis of many related
mitochondrial transporters. The question how long-
chain acylcarnitines actually enter the intermem-
brane space is yet unresolved. This may be ex-
plained by the fact that before and after 1987, when
it was established that CPT I is an outer membrane
protein (36), it was thought that the catalytic site of
CPT I is in the intermembrane space. However, it is
now generally accepted that the CPT I reaction is
carried out at the cytosolic face of the mitochondrion
(15,27,28). For uptake of acylcarnitine into the in-
termembrane space, Zammit proposed a diffusion
process through porin (2), and Kerner and Hoppel
(37) point at the involvement of porin as well. Still,
it must be more than a coincidence that the cytosolic
formation of acylcarnitine resides at the surface of
the mitochondria. The enzymes needed for fatty acid
ctivation (long-chain acyl-CoA synthetase) and
ransesterification (CPT I), as well as the “regulator”
f CPT I (acetyl-CoA carboxylase II (38)), all reside
n the mitochondrial outer membrane, and comple-

entary data suggest that CPT I and CPT II (39,40),
nd to a lesser extent CACT (13), are in close prox-
mity in contact sites of the mitochondrial mem-
ranes. Therefore, it should be considered that CPT
in situ acts on acyl-CoA molecules that are sup-
lied by the synthetase through the outer mem-
rane, and that the carnitine esters leave the mem-
rane at the inner side, i.e., in the intermembrane
pace (Fig. 1A). It would be interesting if the hypoth-
sis could be tested that the transesterification of
ong-chain acyl moieties, which perhaps only tempo-
arily are removed from the membrane by CPT I, is
ollowed by flipping of acylcarnitine and channeling
oward CPT II by CACT. We will not treat the many
ros and cons for such a view in this minireview, but
mphasize that the differences between the CPT I
soforms and the other transferases could go beyond
inetics and inhibition by malonyl-CoA, and may
nclude a basic difference in enzyme action.

GENOMICS

The five human carnitine acyltransferase genes
ave all been cloned as cDNA (41–46), and (partial)
enomic sequences of these genes are available in
he databases (see Table 1). The determination of
he genomic sequences should reach completion soon
r may have reached completion by the time this
rticle is printed, given the speed of progress of the
ombined efforts of the Human Genome Project par-
icipants and industries. As of July 2000, the se-
uence information from industrial efforts is not
reely accessible and we will limit our overview to
he publicly available data (see Acknowledgments).

hromosomal Localization of Human Carnitine
Acyltransferase Sequences

Four of the five genes, i.e., CPT1A, CPT1B, CPT2,
nd CRAT, have been localized to their chromo-
omal positions by different methods. CPT1A was
ocalized by hybrid panel mapping (43) and later
as fine-mapped by fluorescent in situ hybridization

FISH) (46). CPT1B was localized by FISH with a
cDNA as probe (46) and with a genomic clone as
probe (45). The position of CPT1B was also readily
identified by database analysis (45) since this gene
is located in a telomeric region of chromosome 22,
the first human chromosome that was entirely se-
quenced (47). The bacterial artificial chromosome
(BAC) clone that contains CPT1B was originally
riented in the opposite direction than is now be-
ieved to be correct, and one more gene is thought to
e positioned between this clone and the telomeric
epeats (47). Therefore, there may be four genes
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between the telomere and CPT1B. CPT1B genomic
information has also been described by Yamazaki et
al. (44). CPT2 (48) and CRAT (42) were localized by
FISH. The localization of CPT1A and CPT2 and
possibly also CRAT is of direct clinical relevance
since metabolic diseases are known to be caused by
deficiencies in L-CPT I (5,49) and CPT II (50) and
possibly CrAT (51,52), although about CrAT defi-
ciencies no molecular data are known. CPT II defi-
ciency is the most common carnitine transferase
disorder (50), various presentations of which are
known along with the disease-causing alleles (5).

Only the human gene for COT, for which the sym-
bol is now CROT (HUGO/GDB nomenclature com-
mittee), was lacking in direct evidence for its chro-
mosomal location. However, Torigoe et al. (53)
mapped yeast artificial chromosome (YAC) contigs
to chromosome 7q21.1, one of which contained an
exon with similarity to the rat gene for COT. We
recognized that this exon indeed was identical to the
human COT cDNA, which was published later (54).
However, searches in the high throughput genomic
sequences (HTGS) database, which contains much
information of the sequencing of genomic clones that
is in progress, did not reveal more information.
Much to our surprise, the nonredundant (NR) data-
base—which contains finished sequences only—had
contained a fully sequenced BAC clone (AC005045)
for 2 years. This sequence reveals the full genomic
structure of CROT and several exons of the flanking
genes P53TG and PGY3 (Genome Sequencing Cen-
ter, personal communication). PGY3 encodes a mul-

TA
Genomic Localization of the Hum

Gene Enzyme Chromosome

CROT COT 7q21.1 T

CPT1A L-CPT I 11q13.1-2 (4

CPT1B M-CPT I 22q13.3-ter (4

CRAT CrAT 9q34.1 (4

CPT2 CPT II 1p32 (4

CPT1-like pseudogene 19 T

Note. The NM_ and NP_ numbers refer to refseq sequences;
variant.
tidrug resistance P-glycoprotein of the ABC trans-
porter family and was localized by hybrid panel
mapping at 7q21.1 (55). Therefore, the localization
of CROT is now fully established.

Apart from the carnitine acyltransferase genes
known to be active and to encode active gene prod-
ucts, there is a putative CPT1-like pseudogene at
chromosome 19. This gene is transcribed in many
tissues, since more than 20 expressed sequence tags
(ESTs) of it are known, but it is not likely to encode
an active carnitine acyltransferase. This is a puta-
tive pseudogene for two reasons. The first and most
important reason is that in several of the ESTs as
well as the corresponding exons in the genomic se-
quence, all reading frames, including the reading
frame that shows identity with carnitine acyltrans-
ferases (highest with CPT1A), are interrupted by
stop codons, and these cannot be explained by se-
quencing errors. The second reason is that several of
the ESTs are sequenced in the reverse direction
than would be expected, and in multiple cases are
spliced to exons of an elongation factor gamma-like
gene, which probably also resides at chromosome 19.
Although post-transcriptional RNA editing cannot
be excluded as a possible explanation for the exis-
tence of several premature stop codons in the exons,
the fact that these nonsense codons remained in the
transcripts that served as templates for EST se-
quencing makes such an explanation unlikely. A
more detailed analysis along with that of its mouse
orthologue will be presented elsewhere (van der Leij
et al., in preparation).
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144 VAN DER LEIJ ET AL.
There has been one temporal and preliminary
misassignment of a CPT2 sequence in the data-
bases, which is resolved now (Whitehead Institute,
personal communication), but may require some
time to be corrected in the database entry
AC022728.

STRUCTURAL FEATURES

Promoter and exon–intron structures can reveal
clues for various purposes. The knowledge of
genomic sequences is of clinical relevance since it
allows the design of primers for PCR analysis on
genomic DNA, which is often easier to obtain than
mRNA from the appropriate human tissue.

Promoter studies often rely on initial computer
analyses before experimental designs are possible.
Alternatively, or additionally, binding site conserva-
tion in orthologous promoters may point at their
significance, as we know from the analysis of four
mammalian CPT1B promoters (56; van der Leij et
al., in preparation). Exon–intron structures of re-
lated genes are also important since these may re-
veal some of the evolutionary relationships between
these genes. The evolutionary connections in turn
can be used to explain structure–function relations
of the genes and the proteins they encode. We re-
cently obtained detailed information of some of the
mouse genes of this family, since these structures
needed to be revealed for gene targeting studies (57).
We also obtained relevant information from sheep,
since the chronically instrumented lamb is the
model of choice for in vivo perinatal cardiological
studies (58,59). Full reports of these sequence anal-
yses are in preparation and fall beyond the scope of
this minireview. However, where appropriate we
will relate some aspects of the human genes to those
of other mammals.

Promoter Sequences

The present genomic knowledge outlined in this
minireview implicates that in principle the promot-
ers of human CROT, CPT1B, mitochondrial CRAT,
and CPT2 are known, and that those of CPT1A and
peroxisomal CRAT are to be expected. The human

ROT and CRAT promoters are new data. We
canned these sequences for potentially important
ranscription factor binding sites using TRANSFAC-
ased matrix algorithms (http://transfac.gbf.de/
RANSFAC/ and http://pdap1.trc.rwcp.or.jp/research/
b/TFSEARCH.html). We will not list the many can-
idate motifs that result from these analyses, since
unctional studies will be needed to show their rel-
vance. However, a few interesting aspects should
e discussed.
We particularly searched for putative peroxisome

roliferator response elements (PPREs), since per-
xisome proliferator-activated receptors (PPARs),
specially PPARa (60–65), are important for the
onstitutive and regulated expression of many genes
f fat metabolism, and provide a molecular link be-
ween the major pathways of energy metabolism
10,66–68) (see Fig. 1B for a few examples). How-
ver, only in the promoter of CPT1B do the TRANS-
AC-based matrix algorithms readily identify a
PRE, which is known as fat-activated response
lement (FARE). This element was identified by
ascaro et al. (63) and by Kelly and co-workers

62,67), and is a prominent cis element in both the
ubiquitous” (upon fasting) and the “muscle-specific”
uman CPT1B promoters (69). No firm indications
or putative PPREs were found in the promoters of
uman CROT, mitochondrial CRAT, and CPT2, and
his is also the case for the rat orthologue of CPT1A
70) and the mouse orthologue of CPT2 (71). For
RAT and CPT1A this may not be surprising, since

here is little information (42,72) about CRAT tran-
cription, and CPT1A transcription is largely
PARa-independent, at least in the mouse liver

67,68). However, from studies in rat for COT
73,74), and in mouse for CPT II (61,65) and also
DK4 (10) (Fig. 1B), we inferred that CROT, CPT2,
nd PDK4 are strong candidates for PPARa-depen-

dent transcriptional control. Since no obvious FARE
is present in these promoters, a fairly different
PPRE must be the target site, or indirect signaling
by intermediate gene(s) between PPARa and these

romoters may be the case (Fig. 1B). For mouse CPT
I the PPARa-mediated regulation of expression

may even be only at the post-transcriptional level,
since only protein data are known from livers (61)
and hearts (65) of PPARa null mice.

The promoter of the rat gene for COT shows a
possible PPRE half-site as part of an imperfect in-
verted repeat (a 53-bp partial palindrome) (74).
Comparison of the rat promoter to the human CROT
promoter reveals that only one degenerate half of
this repeat is present in the human sequence. The
human CROT promoter is different in another as-
pect as well: the rat promoter sequence of 1140 bp
does not contain part of a homologue of the P53
target gene P53TG. In the human genome sequence,
the first nucleotide of the P53TG exon 1, which is
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transcribed away from CROT, aligns only 229 bp
upstream of the first nucleotide of CROT exon 1.

lthough the assignment of the starts of these exons
s not based on transcription start site determina-
ions of P53TG (75) and CROT, the actual transcrip-

tion start sites would even be closer to each other if
the currently known cDNAs are not of full length.
Therefore, the promoter region of human CROT,
and also P53TG, is extremely short if it is assumed
that no promoter functions overlap with the tran-
scribed parts of these genes. This feature of human
CROT is similar to the upstream region of human
(45,76) (Fig. 2A), rat (70), and mouse (56,77) CPT1B,
where a choline/ethanolamine kinase gene (CHKL)
ends less than 0.5 kb from the transcriptional start
of the first exons in these species. In conclusion, the
CROT promoter is far less conserved than the
CPT1B promoter, but they are similar with respect
to genomic limitations caused by adjacent genes.
The difference between humans and rats in their
liver response to peroxisome proliferators may in
part be ascribed to differences in promoter struc-
tures between these species, and CROT might be
ne example. Nevertheless there is a conserved
tretch of DNA in the CROT promoter that is note-

worthy: pos. 1022–1084 of the 1140-bp rat promoter
shows 84% nucleotide similarity to pos. 76–138 of
the 229-bp human promoter. At the start and near
end of this stretch the human sequence contains
perfect SP1 binding sites, and the rat contains one
almost perfect (one mismatch) and one perfect SP1
binding site. Together with the notion that between
these conserved motifs there is a candidate NF-Y
binding site (pos. 97–110 in the human 229-bp se-
quence, pos. 1044–1055 in the rat promoter), the
mechanisms of basal expression of CROT may be
highly similar to those of CPT1A, which for the rat
were indeed shown to involve binding of SP1 and
NF-Y (78). The CPT1 promoters and many of the
factors that influence their activity have recently
been reviewed (79).

Mitochondrial CrAT is expressed in human liver
(80), and high mRNA expression was found in skel-
etal muscle (42). The pigeon muscle and liver form
are likely to be the same (81); however, the mouse
shows much lower mRNA levels in the liver and
brain compared to heart, kidney, and testis (72). The
promoter for mitochondrial CRAT messengers
shows several potential MyoD binding sites as well
as potential binding sites for members of the hepatic
nuclear factor (HNF) family. There is also an enrich-
ment of potential SP1 binding sites near the ex-
pected start of transcription. However, there are no
hints from conserved regions since genomic se-
quences are only known from the human CRAT
gene, and genomic information from other species is
limited to mapping data of the mouse (82).

The CPT2 promoter has been shown to be able to
drive transcription of a reporter gene, and was sug-
gested to contain an insulin response element (83).
Its counterpart from mouse has been called a “car-
diac” promoter (71), but it is well established that
CPT2 is active in almost every tissue (1). We have
discussed PPARa-related matters of CPT2 expres-
sion above (refer to 1 for further review).

Exon–Intron Structures

The first cDNA sequence of CROT was published
recently (54) and an unpublished database submis-
sion by Kim et al. (database Accession No.
AF073770, see Table 1) contains a full-length cDNA
with minor variations in the coding sequence. The
genomic organization of the CROT gene points to
two untranslated leader exons that are 568 bp apart.
The start codon is in the third exon (Fig. 2), and the
total number of exons is 18. This is one more exon
than for the rat gene for COT (74), which is ex-
plained by the fact that in rat only one 59 untrans-
lated exon is present. All exon–intron boundaries of
CROT comply with the GT-AG rule, as do all bound-
aries of the other genes as well, with one functional
exception (CRAT, see below). Except one splice junc-
tion (exon 12–13 in rat and 13–14 in human CROT),
which shuffled four amino acid residues in the pro-
tein alignment, all splice junctions within the coding
region are conserved between humans and rats. In
the rat it has been shown that this gene is some-
times spliced in a peculiar way (84), such that re-
peats of the rat exon 2 or exon 2 and 3 occur. The
mechanism that best explains these findings is
called trans splicing since apparently two primary
ranscripts of the same gene result in a single ma-
ure mRNA. Whether this phenomenon also occurs
n human CROT transcripts is not known. The ex-
ns and introns of CROT span a region of 54 kb,
hich makes the size of this gene best comparable to
PT1A, which is at least 60 kb (Fig. 2).
The exact size of CPT1A is not yet known. There

are six gaps in the draft genomic sequence; the first
exon has not been identified, and since the cDNA
data published thus far do not cover the majority of
the 39 untranslated region (43), the genomic location
of the 39 part of CPT1A cannot be fully assigned.
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However, CPT1A probably represents the largest
gene of the five, which is remarkable since its closest
relevant CPT1B is the shortest of the five (Fig. 2).
The second-last and part of the last CPT1A exon
with coding sequence were cloned by Britton et al.
43) after the first CPT1A cDNA had been obtained
rom rat (85). Three other splice junctions of coding
xons were also reported by Britton et al. (43), and
hese were shown to be positionally conserved in
PT1B by Yamazaki et al. (76). The exon junctions
f the coding region are all known now, and align-
ent of the CPT1A and CPT1B coding regions,
hich only differ 6 bp in size, shows that all intron
ositions are fully conserved (Fig. 2B). This is even
rue at the nucleotide level (not shown). Obviously,
he difference in genomic size between CPT1A and
PT1B is a consequence of intron size differences.
he region containing the first 10 exons of the rat
ene has been analyzed in detail (86) and this re-
ealed exon skipping of the second untranslated
xon. Whether this mechanism also applies for hu-
an CPT1A is not known and since the genomic

equence draft does not include the first exon (or
xons), a question mark is shown in Fig. 2A, and
xon numbering (Fig. 2C) is premature. As men-
ioned, the 39 end of the cDNA is not fully known yet,
nd there may be additional introns in this part of
he gene as well. EST analyses point to differential
plicing of the 39 untranslated sequences (F. R. van
er Leij, unpublished), which might include features
imilar to those found for CPT1B (45) (see below).
The CPT1B gene spans about 11 kb. The first

cDNA for CPT1B was cloned from rat (87) and was
indeed shown to encode muscle-type CPT I (88).
Human cDNA sequences were reported later by sev-
eral groups (44–46,89,90). CPT1B contains two al-
ternatively transcribed first exons (45,76,90), i.e.,
either exon U (90), also called 1A (76), or exon M,
also called 1B. Thus far, only a single first exon has
been found in other mammalian CPT1B genes, i.e.,
that of the rat (70). There are several examples of
alternative splicing of coding exons of CPT1B
(45,90), but whether these result in active gene
products is not known. The alternative splicing in
the 39 untranslated end of the CPT1B mRNA is not
only at the level of splice site choice (immediately
behind the stop codon), but also involves another
mechanism. Intron 19 contains a poly(A) signal near
the splice acceptor site, and polyadenylation accord-
ing to this signal prevents splicing of intron 19.
Since intron 19 is larger than exon 20, the polyade-
nylation at this site results in a slightly larger
mRNA (“type II”) than the majority (“type I”), as
judged on EST analyses (45). The functional signif-
icance of these variants is not known, and nonselec-
tive competition between splicing and polyadenyla-
tion may be the fact.

Two genomic drafts of human CRAT are near
completion (see Table 1), but, similar to knowledge
of CPT1A, the untranslated parts of CRAT are not
fully established. Corti et al. (19,42) reported the
majority of the cDNA sequence (2.3 kb of an esti-
mated mRNA of 2.9 kb) (42), and showed that splice
variation at the 59 end is a likely explanation for
differential expression of the peroxisomal and mito-
chondrial proteins (19). The “mitochondrial” first
exon is covered by genomic data; however, there are
probably two “peroxisomal” exons, the second of
which is present downstream of the “mitochondrial”
exon, but the first is not in a genomic draft of chro-
mosome 9. There are transcribed sequences that are
almost identical (139 of 142 bp) to the first “peroxi-
somal” exon though, but these originate from an-
other locus (BAZ1B mRNA, AB032253; chromosome
7q11.23 sequence AC005074). Therefore, a cloning
artifact as part of the peroxisomal CRAT cDNA
should not be ruled out; however, the fact that the
second “peroxisomal” exon is preceded by a potential
39 intron sequence (data not shown) suggests that
this is not necessarily the case. The presence of GC
instead of GT at the 59 donor site of the peroxisomal
(2nd) intron is confirmed, and has been proposed to
be part of the underlying mechanism of differential
splicing (19). Similar to the status of CPT1A, the
mRNA 39 end is extending the length of the cur-
rently known cDNA sequences and there may be
introns downstream of the stop codon. The coding
exons show several conserved exon–intron boundary
positions when compared to the other transferases
(Fig. 2B).

The CPT2 genomic structure has been well de-
scribed from both man (48) and mouse (71), and al-
though full sequences of the introns are not completed,
the sizes are well defined and very similar in the two
species. CPT2 has only 5 exons and its gene product
differs from those of the other members of the family
at the protein level by local stretches that have derived
from insertions, deletions, inversions, or intron slip-
ping during evolution. Still, one splice junction, i.e.,
between exon 3 and 4 (Fig. 2C), is almost preserved
and we know from CPT2 genes from other animals
that some splice junctions of these CPT2 genes are at
conserved positions when aligned to the other trans-
ferase genes. Together with the preservation of at least
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nine “blocks” of protein sequence throughout the car-
nitine/choline acyltransferase family (http://blocks.
fhcrc.org/blocks-bin/), this points to the evolution of all
these genes from a single ancestral gene. However,
convergent evolution may have occurred from DNA
regions that did not take part in duplication events. In
addition, duplication events of only a core sequence
should be considered to explain the divergence of the
protein targeting signals responsible for the different
subcellular locations.

PHYLOGENETICS

The subcellular assignments and phylogenetic re-
lation of the different proteins encoded by the hu-
man and yeast genes are summarized in Fig. 3. The
exon–intron boundaries as outlined in Fig. 2C are
part of the information we are currently implement-
ing in alignment studies of various genes of this
family, from various organisms. These alignments
are made from DNA and protein sequences of the
coding sequences or parts thereof. Using different
gap penalties (91) and taking the exon junctions into
account, we finally aligned the genes by hand and
produced unrooted trees from these data by maxi-
mum-likelihood- and maximum-parsimony algo-
rithms (92,93) of the PAUP* program (Version
4.0b4a). Although different trees are sometimes ob-
tained by these methods, which depends on the
number of genes that are included, and particularly
the way these are aligned before the trees are built,
the general picture that arises is the one repre-
sented in Fig. 3B. The direction of the branches of
such a tree is not informative; however, the branch
distances are informative as well as the branch
point positions. The picture shown in Fig. 3B is from
a parsimony analysis of the “core sequences” (Fig.
2C) from 46 genes from various species. From such a
tree it can be inferred that of the genes shown, the
CPT1 genes duplicated and diverged most recently,
probably when or even before the chordates and
vertebrates evolved. Therefore, early in vertebrate
evolution the duplication of a CPT1 ancestral gene
has led to a gene that nowadays encodes the liver-
type CPT I, and one that encodes muscle-type CPT I.
The CPT1 genes are the closest relatives, which is
also apparent from the exon junction conservation.

The CROT, CRAT, and CPT2 genes are more
closely related to each other than to the CPT1 genes,
and from many analyses it became apparent that
CPT1 and CPT2 are in fact the most distant mem-
bers of the human carnitine acyltransferase genes.
At first sight this may be surprising, since CPT I and
II in principle catalyze the same equilibrium reac-
tion in opposite directions. However, the mechanism
by which this is done may be very different. It is
known that CPT II and COT also share similar
substrate length specificities, but that the mecha-
nism by which the reaction is carried out is mark-
edly different: an ordered mechanism by CPT II
versus a rapid equilibrium random one by COT
(94,95). The final alignment used for Fig. 3B did not
include the divergent ends that encode the mito-
chondrial targeting signal of CPT II and the N-
terminal anchor domain of CPT I, but started at the
first conserved block and ended almost at the C-
termini of the proteins (Fig. 2C). Therefore, the evo-
lutionary distance between CPT I and CPT II is not
simply explained by the evolution of different tar-
geting signals or the weight of the unique N-termi-
nal part of the CPT I proteins in the alignment
(Fig. 2C).

The relation of the human genes to the yeast
genes CAT2 and YAT1 is also interesting. Cat2p
shows a compartmental distribution pattern similar
to that of mammalian CrAT, but the underlying
mechanisms of alternative sorting are different: the
human gene is translated from different start
codons as a consequence of alternative splicing (19),
whereas in fungi, i.e., Candida tropicalis, a differ-
ential preference for the two translation start sites
is the mechanism as such (96). The tree points at
separate branches for CrAT and Cat2p. However,
these branches are at central positions and the dis-
tance between CrAT and Cat2p is less than the
intraspecies distances between Cat2p and Yat1p or
between CPT I and CPT II. Therefore, although the
root of the tree is not unambiguously defined, a
common CrAT-like or Cat2p-like ancestor, shared by
all genes of the carnitine/choline acyltransferase
family, is a likely candidate for such a root. This
would place the root probably somewhere between
the COT and Cat2p branches (Fig. 3B). However,
many assumptions have to be made to calculate the
most probable root (it has to be assumed, for in-
stance, that the speed of the molecular clocks of
yeast and human is comparable). If the intuitive
rooting between the COT and Cat2p branches is
right, it would mean that YAT1 shares an ancestral
gene with CPT2 that is not shared by the other
genes. This would point at possible conservations in
protein functions that are not directly apparent be-
cause of the differences in subcellular localization
and substrate specificity of these proteins. However,
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little information on Yat1p is known compared to
CPT II.

FUTURE PROSPECTS

The rapid progress in the sequencing of the hu-
man genome will soon reveal the complete struc-
tures of the genes we have discussed. The academic
knowledge of the genomics and structure–function
relations of carnitine acyltransferases may have
clinical impact for major genetically (co-) deter-
mined disorders of energy metabolism, like diabetes
and inherited cardiomyopathies, as well as meta-
bolic adaptations during and after ischemia. It will
also be interesting to see how choline acetyltrans-
ferase relates to the carnitine transferases, and how
we can learn from comparative studies within as
well as beyond the mammal. Only of CPT1A and
CPT2 are the disease-causing mutations known at
the molecular level. Mutations in the other genes
may be present in the human population; however,
malfunction of one of these genes may be detrimen-
tal, may be compensated for by other genes, or may
have remained undiagnosed (57). One important ap-
plication of knowledge of some of the human carni-
tine acyltransferase genes may therefore be to ex-
trapolate their structural features for the design of
studies on the orthologous genes from other mam-
mals. For the human genes, promoter studies of
CROT and mitochondrial CRAT are now amenable
for research, and should reveal accurate information
on the elements involved in their function. There-
fore, future studies may shed more light on the
versatile aspects of the carnitine acyltransferase
genes on human energy metabolism and its regula-
tion.
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FIG. 3. Subcellular location and phylogenetics of yeast and
human carnitine acyltransferases and carnitine/acylcarnitine
translocators. Yat1p, yeast carnitine acetyltransferase 1; Cat2p,
yeast carnitine acetyltransferase 2 (peroxisomal and mitochon-
drial isoform); Crc1p, yeast carnitine/acylcarnitine carrier; CrAT,
human carnitine acetyltransferase (peroxisomal and mitochon-
drial isoform); COT, carnitine octanoyltransferase; L-CPT I, liver-
type carnitine palmitoyltransferase I; M-CPT I, muscle-type
carnitine palmitoyltransferase I; CPT II, carnitine palmitoyl-
transferase II; CACT, carnitine/acylcarnitine translocator. (A) A
peroxisome and mitochondrion are shown to point out the subcel-
lular location of the yeast (top) and human (bottom) proteins. The
genetically and functionally identified transferases are shown in
thick-lined boxes, the translocators in thick-lined ovals. Immuno-
logically identified proteins are in thin-lined boxes and ovals, and
a hypothetical peroxisomal translocator is represented by a ques-
tion mark. (B) Phylogenetic relation between the human and the
yeast proteins, according to parsimony analysis of core sequence
alignments. The dashed oval in gray indicates an area of uncer-
tainty with respect to branch order. The relation between Crc1p
and CACT is shown to indicate their homology; the Crc1p-CACT
distance is not strictly drawn to scale.
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