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Abstract

CPT (carnitine palmitoyltransferase) 1 and CPT2 regulate fatty acid oxidation. Recombinant rat CPT2 was
isolated from the soluble fractions of bacterial extracts and expressed in Escherichia coli. The acyl-CoA
chain-length-specificity of the recombinant CPT2 was identical with that of the purified enzyme from
rat liver mitochondrial inner membranes. The K, for carnitine for both the mitochondrial preparation
and the recombinant enzyme was identical. In isolated mitochondrial outer membranes, cardiolipin
(diphosphatidylglycerol) increased CPT1 activity 4-fold and the Ky, for carnitine 6-fold. It decreased the
K; for malonyl-CoA inhibition 60-fold, but had no effect on the apparent Ky, for myristoyl-CoA. Cardiolipin
also activated recombinant CPT2 almost 4-fold, whereas phosphatidylglycerol, phosphatidylserine and
phosphatidylcholine activated the enzyme 3-, 2- and 2-fold respectively. Most of the recombinant CPT2
was found to have substantial interaction with cardiolipin. A model is proposed whereby cardiolipin may
hold the fatty-acid-oxidizing enzymes in the active functional conformation between the mitochondrial inner
and outer membranes in conjunction with the translocase and the acyl-CoA synthetase, thus combining all

four enzymes into a functional unit.

Introduction
The earliest known and best-defined role for carnitine is its
requirement for the mitochondrial oxidation of long-chain
fatty acids [1]. Fatty acids are rapidly converted into acyl-
CoA esters after entering cells, and acyl-CoA esters are
oxidized in the mitochondrial matrix for the production of
ATP; however, production of acyl-CoA occurs mostly in the
cytoplasmic compartment of cells, so that transport across
the two mitochondrial membranes is necessary before fatty
acids can be oxidized. Mitochondria contain four proteins
that act sequentially to accomplish the task of fatty acid ac-
tivation and transfer into the matrix: (i) acyl-CoA synthetase
on the mitochondrial outer membrane which utilizes ATP,
coenzyme and fatty acid to produce an fatty acyl-CoA ester,
(i) CPT1 (carnitine palmitoyltransferase I), also located in
the mitochondrial outer membrane, which transfers the fatty
acyl groups of cytoplasmic acyl-CoA to carnitine to form
acylcarnitine; (iii) carnitine—acylcarnitine translocase, located
in the mitochondrial inner membrane, which transports
acylcarnitine across the inner membrane in exchange for
carnitine; and (iv) CPT2 (carnitine palmitoyltransferase II),
which transfers fatty acyl groups from acylcarnitine to
mitochondrial CoA for oxidation, releasing free carnitine.
CPT1 is recognized as the most important step for
regulating mitochondrial fatty acid oxidation [2]. Inhibition
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of fatty acid oxidation by malonyl-CoA has been thoroughly
examined and found to be highly regulated in many different
physiological and pathophysiological states. Following the
initial discovery that this intermediate in the fatty acid
biosynthetic pathway was a potent inhibitor of CPT1 [3],
it was soon discovered that fasting dramatically reduced
inhibition of CPT1 by malonyl-CoA and released its control
of the fatty acid oxidation pathway [4]. CPT1 is not the rate-
limiting step for hepatic fatty acid oxidation in the absence of
malonyl-CoA. Malonyl-CoA can control fatty acid oxidation
only in the normal fed state where insulin sensitizes CPT1
to this inhibitor [5]. In untreated insulin-dependent diabetes
(Type 1), ketoacidosis results from the loss of control of
CPT1 owing to diminished sensitivity to malonyl-CoA and
increased CPT1 activity.

In addition to insulin, thyroid hormone also plays a major
role in the regulation of hepatic fatty acid oxidation. The
activity of hepatic CPT1 is elevated in hyperthyroidism
and the enzyme is slightly less sensitive to malonyl-CoA
inhibition [6]. In hypothyroidism, hepatic CPT1 activity is
dramatically diminished and its sensitivity to malonyl-CoA
is greatly elevated, but hypothyroidism has little or no effect
on extrahepatic CPT1 [7].

CPT isoforms

The cloning of ¢cDNAs encoding rat mitochondrial CPT1
[8] and CPT2 [9] shows that these enzymes are distinct
proteins, synthesized from separate mRNAs. CPT1 occurs
in three isoforms [10,11]: CPT1a (also known as the liver
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or L-isoform) is prevalent in cell types that are involved
in glucose-sensing such as pancreatic B-cells; CPT1b was
first identified in skeletal and cardiac muscle mitochondria
(M-CPT1), but also occurs in brown adipose tissue which has
a high capacity for fatty acid oxidation; and CPT1c, which
may be a brain-specific protein [12,13] and is reported to be
involved in the regulation of body mass [14,15]. CPT1a and
CPT1b have a high degree of sequence similarity, but have
very important kinetic differences especially under different
physiological and pathophysiological states. For example, the
sensitivity of CPT1a to inhibition by malonyl-CoA changes
by orders of magnitude during fasting and in diabetes [16].

Recombinant CPT2 production and its CPT
activity

The production of rat liver CPT2 from bacterial cultures
was accomplished by PCR amplification of the open
reading frame of pBKS-CPT I1.4 (a gift from the late
Dr J.D. McGarry) to obtain a cDNA which was inserted
into the pFLAG-MAC vector and expressed (Figure 1A).
Transformed Escherichia coli M15 cells were selected in
ampicillin-containing medium, and CPT2 was expressed
following induction for 2 h with IPTG (isopropyl B-D-
thiogalactopyranoside). Recombinant CPT2 was obtained
in a soluble form from bacterial cultures after freezing and
thawing and centrifugation at 100000 g. No CPT activity
was detectable in E. coli cultures containing the vector
without the CPT2 cDNA insert (Figure 1B); the supernatant
was therefore used without further purification. When the
recombinant CPT2 was expressed in E. coli, it was found
to have an acyl-CoA chain-length-specificity identical with
that of the enzyme from purified rat liver mitochondrial inner
membranes. In both cases, the highest activity was found with
decanoyl-CoA (Cp), but broad specificity for acyl-CoA was
found to extend from Cyg to Cyg (Figure 1C). The K, values
for carnitine for both the mitochondrial preparation and the
recombinant enzyme were identical.

Effect of membrane microenvironment

on CPT

As the primary regulatory enzyme in the fatty acid
oxidation pathway, CPT1 is characterized by many levels of
control, including substrate concentration, specific inhibition
by malonyl-CoA, changes in sensitivity to inhibition by
malonyl-CoA and hormonal regulation of the expression of
the CPT1 gene. In the present article, we provide additional
data on the specific effects of phospholipids on CPT1 of
the hepatic isolated outer membranes and on CPT2 after
expression in E. coli.

The interaction of CPT1 with membrane phospholipids
was first proposed by Kolodziej and Zammit in 1990 [17]
because of a large temperature effect on malonyl-CoA
inhibition. The addition of phospholipids directly to the
assay medium without making certain that phospholipid
vesicles had first been formed results in specific effects of
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Figure 1| Separation of E. coli proteins by preparative isoelectric
focusing, expression of CPT2 in E. coli, and its acyl-CoA
chain-length-specificity

CPT2 activity was found to band on isoelectric focusing (Rotofor) to
the appropriate isoelectric point (pH 6.2) based on the calculated pl
of the CPT2 construct (A). CPT activity was found in lysates of E. coli
that contained the expression plasmid with the CPT2 insert (B). CPT2
from £. coli possessed the same acyl-CoA chain-length-specificity as that
known for the purified rat liver enzyme, i.e. highest activity with Cyo
to C4g (C).
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Figure 2 | Phospholipid activation of CPT1 and recombinant CPT2
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Cardiolipin increased CPT1 activity of intact mitochondria, at the highest concentration of myristoyl-CoA used; the
increased activity was almost 2-fold (A). Several phospholipids, especially cardiolipin and phosphatidylglycerol caused
significant activation of CPT1 activity of isolated mitochondrial outer membranes (B). When the recombinant CPT2 was
subjected to the same treatment conditions, several phospholipids also had large activating effects (C€). CL, cardiolipin; PG,
phosphatidylglycerol; PS, phosphatidylserine; PC, phosphatidylcholine; PE, phosphatidylethanolamine.
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some phospholipids on malonyl-CoA inhibition of CPT1,
with little effect on CPT1 activity [18]. Arrhenius plots
have indicated that both CPT1 activity and malonyl-CoA
inhibition are characterized by a transition temperature which
occurs at the temperature at which membrane phospholipids
convert from a liquid into a liquid-crystalline structure
[19]. These experiments indicate that CPT1 is very closely
associated with the membrane and greatly affected by its
composition.

Phospholipids increase CPT activity

Addition of cardiolipin (diphosphatidylglycerol) to intact
liver mitochondria increases CPT1 activity (Figure 2A)
as reported previously [18]. We have also shown that
the sensitivity of CPT1 from intact liver mitochondria to
inhibition by malonyl-CoA is greatly affected by addition
of cardiolipin to the assay system [18]. Table 1 shows
that cardiolipin has no effect on the apparent K,, for
acyl-CoA; however, it increase the K, for carnitine 6-
fold. It also increases the activity of CPT1 approximately
4-fold and impressively increases the sensitivity of the
enzyme to inhibition by malonyl-CoA approximately 60-
fold. When several phospholipid micellar preparations
were examined for their effects on isolated mitochondrial
outer membranes, i.e. CPT1 activity, there was significant
activation by several phospholipids, especially cardiolipin and
phosphatidylglycerol (Figure 2B).

Rat liver CPT2 is normally associated with inner
mitochondrial membranes and has been isolated and purified
following removal from membranes using detergents [9,20].
However, we found the recombinant CPT2 in the soluble
fraction (100000 g supernatant fraction) of bacterial extracts.

Table 1 | Effect of cardiolipin on the kinetic characteristics of
hepatic mitochondrial CPT1

Values for Ky, were obtained in intact mitochondria from plots of
1/v against 1/S. Values for K; were estimated from Dixon plots
using five concentrations of malonyl-CoA and each of three different
substrate concentrations. Values are means £ S.E.M. for three separate
preparations of mitochondria. “P<0.05 compared with values obtained
in the absence of cardiolipin.

Kinetic constant Control Plus cardiolipin
Km (app) for myristoyl-CoA ( M) 282405 275406

K for carnitine (mM) 0.5+0.2 3.0£1.67

K; for malonyl-CoA ( uM) 15+£04  0.025+0.0057
Vmax (nmol/min per mq of protein) 914£0.8 414197

This gave us an opportunity to study the effects of
membrane phospholipids on the recombinant enzyme.
When the recombinant CPT2 was subjected to the same
treatments as those used for isolated mitochondrial outer
membranes, several phosphlipids produced large activating
effects (Figure 2C). Cardiolipin activated recombinant CPT2
almost 4-fold, whereas the structurally similar phopholipid,
phosphatidylglycerol, activated the enzyme 3-fold, and
phosphatidylserine and phosphatidylcholine both produced
approximately 2-fold activation.

CPT2 is tightly associated with membrane
phospholipids

In order to ascertain the extent of association of the
recombinant CPT2 with phospholipids, centrifugation
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Figure 3| Effects of phospholipids on solubility of recombinant
CPT2
Recombinant CPT2 was mainly in the soluble fraction before interaction
with cardiolipin. Triton X-100 disrupted the interaction between the
recombinant protein and the phospholipid.
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experiments were conducted in which the recombinant
enzyme was centrifuged at 100000 g both before incubation
with cardiolipin and afterwards. Most of the recombinant
CPT2 was found in the soluble fraction before interaction
with cardiolipin (Figure 3), but more than 90% of the
enzyme was precipitated by centrifugation following a 20
min incubation with cardiolipin, indicating that there was
substantial interaction between the recombinant protein
and the phospholipid. When the detergent Triton X-100
was added to the phospholipid and enzyme incubations,
the interaction between protein and phospholipid was
apparently disrupted because, under those conditions, most

of the recombinant CPT2 remained in solution during
centrifugation (Figure 3).

Model reconciling fatty-acid-oxidizing
enzymes and the mitochondrial
membranes

Our observation of the activation of the recombinant
CPT2 by phospholipids is surprising. It is also interesting
that the structurally similar phospholipids cardiolipin and
phosphatidylglycerol produced their greatest effects on
both CPT1 and CPT2. The precipitation of the previously
soluble recombinant CPT2 by cardiolipin suggests that an
artificial membrane system was formed. It is not known
why cardiolipin was the best activator of these enzymes,
but cardiolipin is unique among the phospholipids tested
since it possesses two pairs of hydrophobic fatty acid
chains that can be inserted into two adjacent membranes
at once or can bend to insert all four fatty acids into the
same membrane. This characteristic suggests the interesting
possibility that it may function normally to hold the fatty-
acid-oxidizing enzymes in the active functional conformation
between the mitochondrial inner and outer membranes.
Since the carnitine-acylcarnitine translocase and the acyl-
CoA synthetase are also activated by cardiolipin [21], it
seems logical to propose that all four enzymes may be
held together in a functional unit (Figure 4). The Figure
illustrates how fatty acid is activated outside the outer
membrane at the acyl-CoA synthetase active site [22] and
how the acyl-CoA can be immediately transferred to the
active site of CPT1 which would be accessible to cytosolic
malonyl-CoA. It has also been proposed that CPT1 may be
located in contact sites where inner and outer mitochondrial
membranes are joined [23,24]. This model suggests that
there should be a very close interaction of all four enzymes

Figure 4| Model of fatty acid activation and transport system for mitochondrial oxidation
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with the possibility that they may exist in vivo as a
complex.
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