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Summary. Carnitine palmitoyltransferase-I catalyzes the regulated step in overall mitochondrial fatty
acid oxidation. The enzyme is controlled by the steady state level of malonyl-CoA and the enzyme’s
sensitivity to inhibition by malonyl-CoA. The former is established by the activities of acetyl-CoA
carboxylase 2 and malonyl-CoA decarboxylase, while the latter is influenced by post-translational
modification (phosphorylation) of CPT-I and/or by changes in the lipid environment of CPT-I.
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Introduction

On the occasion of the 100 year anniversary of the discovery of carnitine it seems
appropriate to briefly recapitulate the milestones in carnitine research from its
discovery to its function.

Carnitine is ubiquitous in nature and is most abundant in muscle from where
it was isolated a century ago by Gulewitsch and Krimberg [1] and Kutscher [2].
Its correct structure was determined by Tomita and Sendju twenty two years later
and shown to be L-(-)-carnitine [3]. Efforts to determine the physiological func-
tion of carnitine were stimulated by the discovery of the neurotransmitter function
of acetylcholine. The structural similarity between carnitine (carboxymethyl cho-
line) and choline and acetylcholine, inspired researchers to look for a similar
pharmacological role for carnitine [4—7]. While some carnitine compounds gained
limited pharmacological significance, the physiological role of carnitine remained
unidentified.
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The breakthrough in the elucidation of the physiological function of carnitine
came in the 1950s when it was discovered that, (a) carnitine is necessary for fat
breakdown in the larvae of the meal worm, Tenebrio molitor [8], (b) pigeon liver
extract catalyzes the reversible enzymatic acetylation of carnitine with acetyl-CoA
[9], and (c) muscle extracts stimulate the oxidation of palmitic acid in liver and the
stimulatory factor is carnitine [10]. These discoveries as well as the localization of
(-oxidation within the mitochondrial matrix suggested that carnitine plays a role
in transport of activated fatty acids. Indeed, shortly thereafter this carrier function
of carnitine was substantiated by the observations (a) that mitochondria isolated
from different organs oxidize acetyl- and long-chain acylcarnitines [11, 12], (b) the
formation of palmitoylcarnitine by isolated mitochondria is CoA dependent [13],
and (c) the oxidation of palmitoyl-CoA is carnitine dependent with palmitoylcar-
nitine being the obligatory intermediate [14]. In accordance, functional studies on
isolated mitochondria identified an outer form of carnitine palmitoyltransferase
(CPT-A, CPT-I) that is easily removed with digitonin and an inner form of carnitine
palmitoyltransferase (CPT-B, CPT-II) [15—17]. Furthermore, mitochondria devoid of
the outer form are no longer able to catalyze the carnitine dependent oxidation
of palmitoyl-CoA, yet have retained their full capacity to oxidize palmitoylcarnitine
[17]. While the identification of the two forms of carnitine palmitoyltransferases
greatly advanced our understanding about the mechanism by which carnitine cata-
lyzes the mitochondrial oxidation of fatty acids, it was not complete until the identi-
fication of the carnitine-acylcarnitine translocase (CACT), an antiporter localized
in the mitochondrial inner membrane, which catalyzes a reversible heterologous
(and homologous) exchange of acylcarnitines and carnitine [18, 19]. Based on these
findings and the extramitochondrial localization of long-chain fatty acid activating
enzyme, LCAS, [20, 21], the function of carnitine in mitochondrial fatty acid oxida-
tion is depicted in Fig. 1.

Although this function was envisaged about twenty some years ago generally it
still holds today. Major advances in the field since then are the localization of CPT-1
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Fig. 1. Proposed model of the carnitine-dependent mitochondrial uptake of activated long-chain
fatty acids; abbreviations: MOM — mitochondrial outer membrane, MIM — mitochondrial inner
membrane, other abbreviations are given in the text
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in the mitochondrial outer membrane [22], the finding that CPT-1 is a separate
entity and is different from CPT-II [23], and by virtue of its inhibition by mal-
onyl-CoA CPT-I catalyzes the regulated step in mitochondrial fatty acid oxidation
[24] and these form the topics for this review.

Results and Discussion

Cellular Uptake, Activation, and Mitochondrial Transport
of Long-chain Fatty Acids

Long-chain fatty acids represent a main energy source for many organs, especially
for muscle and liver. Following mobilization by lipolysis in adipose tissue and
transport in blood bound to albumin, non-esterified fatty acids are taken up by tis-
sues in a process mediated by transport proteins present in the plasma membrane
[25]. Once within the cell, non-esterified fatty acids are bound to fatty acid binding
proteins (FABP), which are present in the cytosol in high amounts [26]. Depending
on the tissue and its metabolic demand, fatty acids either are converted to triglycer-
ides and stored, secreted as VLDL (liver), or are oxidized in the mitochondria for
energy production. Before being directed into storage or oxidation, fatty acids are
first activated to acyl-CoA esters. This reaction is catalyzed by long-chain acyl-CoA
synthetase (LCAS), an enzyme present in the mitochondrial outer membrane and
that appears to be a transmembrane protein with the active site exposed to the
cytosol [27]. The next step has been proposed to involve the voltage-dependent
anion channel (VDAC) or porin [28, 29] and accounts for the movement of activated
fatty acids across the mitochondrial outer membrane. The activated fatty acids are
then converted to the respective acylcarnitines catalyzed by CPT-I also localized in
the mitochondrial outer membrane. The reaction products, long-chain acylcarnitines
are then translocated into the mitochondrial matrix in an exchange reaction cat-
alyzed by CACT, an integral inner membrane protein. Within the matrix the acyl-
carnitines are then reconverted to the respective CoA esters by CPT-1I, an enzyme
associated with the inner leaflet of the mitochondrial inner membrane. The energy
stored in these compounds is then released during their oxidation and conserved
as ATP. This process involves the sequential oxidative chain shortening of the acti-
vated fatty acids by two-carbon units ((3-oxidation) and is catalyzed by the con-
secutive action of four enzyme families (acyl-CoA dehydrogenase, enoyl-CoA
hydratase, 3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase), each
with substrate specificity of short-, medium-, and long-chain acyl-CoA esters
[30-32]. The end products of 3-oxidation are acetyl-CoA and reducing equivalents,
FADH and NADH. Acetyl-CoA is then oxidized in the tricarboxylic acid cycle to
CO, and reducing agents that are reoxidized in the respiratory chain yielding energy
in the form of ATP. Alternatively, in the liver acetyl-CoA is converted to ketone
bodies (acetoacetate, J-hydroxybutyrate) which are then exported to peripheral
tissues for energy production.

In the overall process of mitochondrial fatty acid oxidation, CPT-I by virtue of
its inhibition by malonyl-CoA, represents the key regulatory site controlling the
flux through (-oxidation.
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Carnitine Palmitoyltransferase 1 (CPT-1)

Consistent with its central role in mitochondrial fatty acid oxidation, the enzyme
exists in at least two isoforms, the liver (CPT-I;) and the muscle type (CPT-Iy)
[33]. For the muscle isoform two novel splice variants also have been described
[34, 35]; however, their quantitative significance is uncertain. Recently a third form,
so-called brain-specific isoform (CPT-I¢), has been cloned and expressed [36]. Al-
though the protein sequences of the mouse and human CPT-I¢ show high similarity
to those of CPT-I; and CPT-I;, only malonyl-CoA binding, but no catalytic activity
was observed with the protein expressed in yeast. CPT-I;. and CPT-Iy; differ signifi-
cantly in their kinetic and regulatory properties. The liver type displays higher affinity
for carnitine (K for carnitine approx. 0.2 mM) and lower affinity for the physiological
inhibitor malonyl-CoA (K; for malonyl-CoA approx. 1.0-2.0 uM), as opposed to the
muscle isoform (Ky; approx. 1.5-2.0 mM, K; approx. 0.05-0.1 puM). The isoforms are
encoded by genes localized on different chromosomes and exhibit different tissue
distribution (reviewed in Refs. [29, 33, 37, 38]). Although neither isoform has been
isolated in catalytically active form, the full-length cDNAs have been expressed in
Saccharomyces cerevisiae and Pichia pastoris, and the expressed proteins displayed
malonyl-CoA sensitive catalytic activity and kinetic parameters (Ky; and ICsq for
carnitine and malonyl-CoA, respectively) similar to those observed with intact rat
liver, heart, and skeletal muscle mitochondria [39—-41].

The amino terminus of each CPT-I isoform includes a composite leader se-
quence consisting of an intermembranous space targeting signal and two 20-30-
residue candidate outer-membrane-spanning/stop transfer hydrophobic domains
[33] which are retained in the mature protein [42]. The proposed membrane orienta-
tion, derived from a multifaceted approach, predicts a topology of CPT-I with two
transmembrane domains, separated by a stretch of 27 amino acids on the inter-
membrane side and both, the N- (short segment) and C-termini (large segment) ex-
posed to the cytosolic side [43].

Regulation of CPT-1 by Malonyl-CoA Content

Since the first description of malonyl-CoA inhibition of CPT-I by McGarry et al.
[24] numerous studies provided correlative evidence for malonyl-CoA regulation of
mitochondrial fatty acid oxidation via inhibition of CPT-I (reviewed in Ref. [29]).
However, direct evidence for tissue malonyl-CoA in regulation of CPT-I activity has
been only recently reported. The first such study was published by Abu-Elheiga et al.
[44] using transgenic mice which had the muscle specific acetyl-CoA carboxylase
(ACC2) deleted. These mice had dramatically reduced malonyl-CoA content in
heart and skeletal muscle (reduced by approx. 90 and 96%, respectively), showed
increased whole body fatty acid oxidation, including skeletal muscle, and lower
amounts of fat in spite of the somewhat greater food intake. Surprisingly, there
was also increased hepatic fatty acid oxidation despite the lack of a decrease in
hepatic malonyl-CoA content. This latter observation suggests that only a small
fraction of malonyl-CoA (probably that produced by ACC2, but not by ACC1, the
liver specific isoform) is accessible to CPT-I and consequently the sensitivity of
hepatic CPT-I in vivo (at least in mice) to malonyl-CoA inhibition is significantly
greater than hitherto thought. Secondly, Harwood et al. [45] showed recently that
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isoenzyme-nonselective acetyl-CoA carboxylase inhibitors, administered orally,
decrease tissue malonyl-CoA concentrations in liver, heart, and skeletal muscle of
rats and increase whole-body fatty acid oxidation. Along the same line, perfusion of
rat hearts with an inhibitor of malonyl-CoA decarboxylase (MCD) which catalyzes
the disposal of malonyl-CoA lead to a significant increase in tissue malonyl-CoA
concentration and a corresponding decrease in palmitate oxidation. This was ac-
companied by large increases in glucose oxidation [46].

These data suggest that the steady state tissue content of malonyl-CoA is de-
termined by its formation and its disposal. The formation of malonyl-CoA is cata-
lyzed by acetyl-CoA carboxylase which is expressed in two isoforms (ACC1 and
ACC2) encoded by two distinct genes localized on different chromosomes [47, 48].
ACC1 predominates in lipogenic tissues while ACC2 is the predominant form in
heart and skeletal muscle [47 and references therein]. The major molecular differ-
ence between the two isoforms is that the first 200 amino acid residues of ACC2
are not present in ACC1 and this sequence is thought to be related to its unique
function in heart and skeletal muscle to control mitochondrial fatty acid oxidation
via CPT-I inhibition by malonyl-CoA [49]. Indeed, this N-terminal segment pres-
ent in ACC2 localizes the enzyme to the mitochondrial outer membrane [50].
This raises the possibility of malonyl-CoA channeling between ACC2 and CPT-1
at the mitochondrial outer membrane. Indeed, when rat heart mitochondria are
incubated with ATP-Mg?*, acetyl-CoA, and HCO;~, they synthesize malonyl-
CoA resulting in inhibition of CPT-I [51]. The activity of ACC isoforms is subject
to acute control by rapid covalent modification of the enzyme protein (inactivation
and activation by phosphorylation and dephosphorylation, respectively) and by
feed-forward activation by citrate and feedback inhibition by long-chain acyl-
CoA esters [47, 48]. The phosphorylation is catalyzed by AMP-activated protein
kinase (AMPK) which itself is subject to phosphorylation by an upstream protein
kinase (AMPK-kinase) [52]. It is believed that this protein kinase cascade repre-
sents a sensitive system that acts as a cellular fuel gauge. While changes in ACC
activity will reciprocally affect tissue malonyl-CoA levels, to substantially de-
crease malonyl-CoA content, a decreased rate of synthesis must be accompanied
by simultaneous degradation of malonyl-CoA by MCD. Therefore, MCD has been
suggested as the primary enzyme in the disposal of malonyl-CoA [53] and its
presence has been demonstrated in several tissues of different species [54, 55].
Since the activity of MCD is significantly higher than that of ACC2, it is reason-
able to assume that the two enzymes are regulated in a reciprocal fashion. This
assumption is supported by data presented by Park et al. [56] showing that in
skeletal muscle ACC2 and MCD are indeed regulated in a reciprocal fashion via
phosphorylation. Supportive evidence for phosphorylation of MCD has been pres-
ented also for rabbit heart with the phosphorylated form being less active [53].

How is Inhibition of CPT-1 by Malonyl-CoA Brought About?

The high affinity malonyl-CoA regulatory site of CPT-I has not been mapped. Stud-
ies reported in Ref. [43] suggest that both the catalytic and regulatory sites of CPT-1
are in the large carboxy-terminal domain facing the cytosol and the amino terminal
domain plays a role in maintaining an optimal conformation of the enzyme required
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for both catalytic function and malonyl-CoA sensitivity. Detailed studies on the role
of the N-terminal domain in malonyl-CoA inhibition have been published recently
[57, 58]. Expression of a series of CPT-I; deletion mutants (A18, A35, A52, A73,
A83, and A129) in Pichia pastoris have shown, that with the exception of A129 all
expressed proteins had significant catalytic activity and only the malonyl-CoA sen-
sitivity was affected. Although deletion of the first 18 amino acid residues was
sufficient to abolish malonyl-CoA inhibition, only minimal changes in catalytic
properties (e.g., saturation kinetics with respect to both substrates) were observed
[57]. Further insight as to which amino acid residue(s) is essential for malonyl-CoA
sensitivity has been gained by functional analysis of expressed substitution mutants
[58]. These studies demonstrated that a single amino acid substitution (glutamic
acid in position 3 replaced by alanine) was as effective in the abrogation of malonyl-
CoA inhibition as was the deletion of the first 18 amino acids. Substitution of his-
tidine in position 5 for alanine had a less dramatic effect on malonyl-CoA sensitivity.

Although these data clearly demonstrate the significance of the N-terminal
domain, specifically glutamate and histidine in positions 3 and 5, respectively in
malonyl-CoA inhibition, additional residues must also contribute to malonyl-CoA
sensitivity. Deletion of the first 18 amino acid residues, which are identical in both
isoforms, from CPT-Iy; had a less dramatic effect on malonyl-CoA sensitivity [57].
Furthermore, expression of chimeric CPT-Is in which the amino-termini of the
liver and muscle isoforms were switched did not reveal the expected differences
in malonyl-CoA sensitivity [59]. Since the muscle and liver CPT-I isoforms differ
greatly in their sensitivity to malonyl-CoA inhibition, the expressed chimeric pro-
teins should have reflected a ‘““phenotypic’ switch if the amino-terminal domains
were the sole determinants of malonyl-CoA inhibition of CPT-I.

Regulation by Changes in Malonyl-CoA Sensitivity

It is currently well-established that malonyl-CoA concentration is not the only fac-
tor controlling the process of acyl-CoA transport into mitochondria. The liver iso-
form, in addition to regulation via changes in malonyl-CoA concentrations, also is
regulated by changes in the enzymes’ sensitivity to malonyl-CoA inhibition. Thus
diet- and hormone-induced changes in the flux through the fatty acid oxidative path-
way are usually accompanied by parallel variations in the specific activity and
changes in malonyl-CoA sensitivity of rat liver CPT-1. For example, under ketotic
states such as starvation, diabetes, and hyperthyroidism the specific activity of CPT-1
increases whereas its sensitivity to malonyl-CoA inhibition decreases [60—63]. The
opposite occurs in hypothyroidism, refeeding after starvation, and insulin treatment
of diabetes [64—66]. Under these conditions of increased fatty acid oxidation, CPT-I
becomes more active and less sensitive to inhibition by malonyl-CoA. The decreased
sensitivity of the enzyme coupled with decreased tissue malonyl-CoA content act
synergistically thus allowing maximal rates of fatty acid oxidation at any given
CPT-I protein abundance. Thus, CPT-I;_ is unique in responding to different physio-
logical states, e.g., starvation and insulin deficiency and hypo- and hyperthyroidism,
by changing its sensitivity to the inhibitor several fold. These changes amplify
the effects of fluctuations in the cytosolic concentration of malonyl-CoA occurring
under these conditions.
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Although the short-term control of CPT-I in liver mitochondria has been well
characterized and is accomplished by both, changes in liver malonyl-CoA content as
well as changes in sensitivity of the enzyme to its physiological inhibitor, consider-
ably less is known about the acute control of the muscle isoform, CPT-Iy; predom-
inantly or exclusively expressed in heart and skeletal muscle. Most studies using
isolated skeletal and heart muscle mitochondria failed to demonstrate changes in
sensitivity of CPT-I to malonyl-CoA. It was concluded that, in these tissues, CPT-I is
solely regulated by changes in tissue malonyl-CoA content. However, the muscle
specific isoform of CPT-I present in heart and skeletal muscle, in contrast to its
liver specific counterpart, is extremely sensitive to malonyl-CoA inhibition, with K;
values for malonyl-CoA in the nanomolar range (approx. 0.05-0.1 uM). Considering
that the malonyl-CoA content in these tissues is significantly higher than the reported
K; and ICsq values it is not likely that acute or short-term regulation of CPT-I in heart
is accomplished by changes in tissue malonyl-CoA content only. In support of this,
using the canine model of regional myocardial ischemia Pauly et al. [67] reported
a decreased malonyl-CoA sensitivity following an ischemic insult with no changes
in total CPT-I activity. Additionally, Sugden et al. [68] have shown that hyperthy-
roidism facilitates myocardial fatty acid oxidation by a mechanism(s) that involves
increased activity and decreased malonyl-CoA sensitivity of CPT-I. Since insulin
infusion reverted the inhibitory properties of CPT-I to that seen with mitochondria
isolated from hearts of euthyroid animals but not the activity of CPT-I, these two
parameters can apparently be regulated independently from each other. Furthermore,
decreased malonyl-CoA sensitivity with no change in CPT-I activity has been docu-
mented in hearts from patients with end-stage congestive heart failure [69] and in
skeletal muscle mitochondria isolated from trained vs. untrained (control) subjects
[70]. These conflicting data with respect to changes in malonyl-CoA sensitivity in
heart and skeletal muscle can be explained by differences in the isolation condi-
tions, i.e., the use or lack of use of proteases. It is known, that some proteases affect
malonyl-CoA sensitivity but not catalytic activity [22].

What is the Mechanism of Altered Malonyl-CoA Sensitivity of CPT-1?

Although changes in malonyl-CoA sensitivity are considered the major mechanism
for the regulation of the liver isoform of CPT-I and thus for hepatic mitochondrial
fatty acid oxidation, the mechanism for the decrease in malonyl-CoA sensitivity
has not been uncovered. In theory, such changes in malonyl-CoA sensitivity could
be envisaged as arising directly from modification of CPT-I protein or indirectly as
a result of changes in the lipid composition/fluidity of the mitochondrial outer
membrane. Both of these possibilities will be briefly discussed below.

It has been suggested that changes in the lipid composition of the mem-
brane microenvironment in which CPT-I resides are important for alteration in
malonyl-CoA sensitivity [71 and references therein]. When osmotically swollen
rat liver mitochondria were presented with lipids extracted from mitochondrial
outer membranes there was a significant increase of inhibition by malonyl-CoA
[72]. Surprisingly, the effect of mitochondrial outer membrane lipid extract on
malonyl-CoA sensitivity was mimicked by cardiolipin and phosphatidylglycerol,
but not by phosphatidylcholine and phosphatidylethanolamine which are the
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major lipid components in the mitochondrial outer membrane. Furthermore,
cardiolipin, when added to swollen intact liver mitochondria isolated from fasted
rats, not only increased but completely restored the malonyl-CoA sensitivity to
that seen in mitochondria from fed animals. Cardiolipin is an inner membrane
phospholipid and is either absent or present in small amounts in the mitochondrial
outer membrane [73, 74], but it is enriched in mitochondrial contact sites [75].
Since CPT-I also is enriched in rat liver mitochondrial contact sites [76—78] these
findings suggest the possibility of a specific membrane microenvironment of
CPT-L.

Alternatively, covalent modification of CPT-1 protein itself could also be
responsible for these changes in the enzymes’ malonyl-CoA sensitivity. Pegorier
et al. reported that glucagon or dibutyryl-cAMP treatment of fetal hepatocytes
decreases the malonyl-CoA sensitivity of CPT-I in isolated mitochondria five- and
ten-fold, respectively with no effect on the catalytic activity [79]. These data
suggest that the changes observed in malonyl-CoA sensitivity of CPT-I are
brought about by a cAMP-dependent signaling event. In addition to malonyl-
CoA sensitivity, phosphorylation based regulation of CPT-I; catalytic activity
also has been suggested. In isolated rat hepatocytes glucagon or dibutyryl-cAMP
increased CPT-I activity without affecting malonyl-CoA sensitivity, an effect
which was mimicked by the protein phosphatase inhibitor okadaic acid [80].
Subsequent studies by the same authors indicated that phosphorylation of cyto-
skeletal components rather than phosphorylation of CPT-I; is responsible for the
increased catalytic activity [81, 82]. Studies in bovine aortic endothelial cells by
Yamagishi et al. [83] also suggested that CPT-I is regulated by phosphoryla-
tion/dephosphorylation and involves PKA and/or tyrosine kinase signaling. In
these cells, leptin induced a doubling of CPT-I activity and a 50% decrease in
ACC activity. Changes in activities of both enzymes were prevented by H-89, an
inhibitor of protein kinase A and by genistein, a tyrosine kinase inhibitor. Simi-
larly, treatment of bovine aortic endothelial cells with the cAMP antagonist Rp-
cAMPS (the Rp diastereoisomer of adenosine 3’,5’-cyclic monophosphothionate)
prevented the leptin-induced increase in CPT-I and the decrease in ACC activity.
Since the CPT-I activity was determined in permeabilized cells with little or no
malonyl-CoA present the data are consistent with a mechanism that involves
phosphorylation of CPT-I and ACC. Phosphorylation of the CPT-I; isoform also
has been suggested by Wang et al. [84] in neonatal cardiac myocytes which
abundantly express the liver form. These authors showed that hypoxia increases
CPT-I activity with no effect on the muscle isoform. This activation by hypoxia
was prevented by pervanadate, an inhibitor of protein tyrosine phosphatases.
These data suggest activation of the liver isoform by dephosphorylation.

In addition to the above indirect data, reports of purported phosphorylation/
dephosphorylation based regulation of CPT-I;. were published as early as 1985 by
Harano et al. [85]. Studies on isolated hepatocytes suggested that the stimulatory
effect of glucagon on CPT activity was due to phosphorylation of CPT. Using **P
labeling and immunoprecipitation with CPT antibodies, the authors detected a ra-
diolabeled polypeptide with a molecular weight of approx. 66—68 kDa. Because of
the use of CPT-II antibodies to immunoprecipitate radiolabeled polypeptides, the
interpretation of these findings has been rejected.
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Recently we have initiated a proteomic approach to address the post-translational
modification of CPT-I; The enzyme was isolated from rat liver mitochondrial outer
membranes by harvesting the 88 kDa protein by semi-preparative SDS-PAGE and
electroelution. The isolated CPT-I; was digested with trypsin and the resulting digest
examined by both MALDI-TOF MS and HPLC-ESI-MS using a linear quadrupole
ion trap interfaced with a nanospray source. These studies identified three po-
tential phosphorylation sites by MALDI-TOF one of which has been sequenced
by HPLC-ESI-MS. This diphosphopeptide represents the amino acid sequence

"OFSpSPETDpSHR"* in the C-terminal region of CPT-I with serine residues 741
and 747 phosphorylated. The phosphorylation consensus sequence in this diphospho-
peptide corresponds to protein kinase CKII. Consistent with this, protein kinase
CKII catalyzes the incorporation of 3P from [y->?P]-ATP into CPT-I and phosphor-
ylation of CPT-I with unlabeled ATP renders malonyl-CoA inhibition from com-
petitive to uncompetitive type and increases its catalytic activity [86].

Questions and Future Directions

In this short review we briefly recapitulated and discussed experimental data
presented in the literature with respect to regulation of CPT-I by malonyl-CoA.
While in essence these data are compatible with one or the other model depicted in
Figs. 1 and 2 in Ref. [29], they also raise new questions concerning the protein
components involved in mitochondrial fatty acid uptake as well as a more detailed
mechanism of this process.

As shown earlier [29], polyanion 22 (PA22), an inhibitor of VDAC, inhibits the
carnitine dependent oxidation of palmitoyl-CoA but not that of palmitoylcarnitine
in isolated rat liver mitochondria. The fact that in rat liver all three VDAC isoforms
(VDACI1, VDAC2, VDAC3) are expressed at the protein level (unpublished obser-
vation from the authors’ laboratory) raises the question which VDAC isoform is
involved in the transport of activated fatty acids? Furthermore, is this porin-depen-
dent step subject to regulation? In preliminary unpublished data we have shown
that in rat liver mitochondria VDACI is phosphorylated in vivo. Consistent with
this, it has been shown that VDACI isolated from rat liver mitochondria can be
phosphorylated by protein kinase A and that phosphorylation alters the gating prop-
erties of VDACI1 [87]. We are currently using an immunological and proteomic
approach to elucidate the function of VDAC in mitochondrial uptake of activated
fatty acids.

Another observation of great significance is that hepatic fatty acid oxidation is
increased in ACC2 knockout mice without a decrease in tissue malonyl-CoA con-
tent [44]. In line with this is the observation that isolated mitochondria are able to
synthesize malonyl-CoA leading to inhibition of CPT-I [51]. Is hepatic malonyl-
CoA compartmentalized and only the malonyl-CoA produced by ACC2 accessible
to CPT-17 If so, then the development of selective ACC2 inhibitors could provide
new avenues for therapeutic treatment of diseases characterized by excessive fatty
acid oxidation.

Based on these new observations we propose a model for the structural and
functional organization of mitochondrial fatty acid oxidation enzymes as depicted
in Fig. 2.
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Acetyl-CoA/ATP/HCO, CoA +
Palmitic acid

Outer Membrane

Palmitoylcarnitine

Inner Boundary
Membrane

Carnitine

Fig. 2. Proposed structural and functional organization of mitochondrial outer membrane enzymes

involved in mitochondrial uptake of long-chain fatty acids; the mitochondria associated ACC2, the

key enzyme for malonyl-CoA production for regulation of CPT-1, is incorporated into this model;

abbreviations: R and C — regulatory or malonyl-CoA binding site and catalytic site of CPT-I, other
abbreviations are given in the text

A further unanswered question regards the enrichment of CPT-I in rat liver
mitochondrial contact sites [76—78] and the altered inhibitory properties of CPT-
I in contact sites as opposed to the enzyme in the bulk outer membrane [77]. It is
well documented that covalent attachment of lipophilic moieties to proteins affects
reversible subcellular targeting, influences interaction with membranes and mem-
brane microdomains [88—90], and phosphorylation after membrane targeting, as
shown for the endothelial isoform of nitric oxide synthase [91]. In addition to
protein acylation, a similar effect on protein targeting has been shown also for

Fig. 3. Hypothetical mechanisms for enrichment of CPT-I in rat liver mitochondrial contact sites;
left: translocation and enrichment of CPT-I in contact sites induced by reversible post-translational
modification (i.e., phosphorylation, acylation) of the enzyme protein; in this model the altered
inhibitory properties of the enzyme could be due to interaction of CPT-I with other proteins present
in the contact sites (i.e., mitochondrial inner membrane protein(s)), interaction with specific inner
membrane lipids, such as cardiolipin, and to phosphorylation itself; right: in this two step model
acylation (i.e., palmitoylation) induces the lateral movement of CPT-I and its enrichment in contact
sites; once in contact sites, the reversible phosphorylation of CPT-I by specific kinases/phosphatases
then alters the inhibitory properties of the enzyme
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protein modification via reversible phosphorylation [90]. Could post-translational
modification, as proposed in Fig. 3, either by phosphorylation or/and acylation, be
the underlying mechanism for recruitment of CPT-I in contact sites as well as for
its altered inhibitory properties? These questions are unanswered at present and
their answer will require a detailed comparative proteomic study of the enzymes
present in these two submitochondrial locations, i.e., mitochondrial contact sites
and bulk mitochondrial outer membrane. Examination for post-translational mod-
ification of CPT-I isolated from contact sites and bulk outer membrane from fed,
fasted, and diabetic animals and determinations of the enzyme’s kinetic properties
should provide answers to the questions raised above.
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