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A B S T R A C T

Background/Aims: Carnitine palmitoyl-transferase I (CPT I) catalyses the synthesis of long-chain (LC)-

acylcarnitines from LC-acyl-CoA esters. It is the rate-limiting enzyme of mitochondrial fatty acid b-

oxidation (FAO) pathway and its activity is regulated by malonyl-CoA. The antiepileptic drug valproic

acid (VPA) is a branched chain fatty acid that is activated to the respective CoA ester in the intra- and

extra-mitochondrial compartments. This drug has been associated with a clear inhibition of

mitochondrial FAO, which motivated our study on its potential effect on hepatic CPT I.

Methods: To investigate the effect of valproyl-CoA (VP-CoA) on CPT I, we performed in vitro studies using

control human fibroblasts and rat CPT IA expressed in Saccharomyces cerevisiae. In addition to the wild-

type enzyme, two mutant rCPT IAs were studied, one of which showing increased sensitivity towards

malonyl-CoA (S24A/Q30A), whereas the other one is insensitive to malonyl-CoA (E3A).

Results: We demonstrate that VP-CoA inhibits the CPT I activity in control fibroblasts. Similar results

were obtained using rCPT IA WT and S24A/Q30A. Importantly, VP-CoA also inhibited the activity of the

rCPT IA E3A. We show that VP-CoA inhibits CPT IA competitively with respect to palmitoyl-CoA, and non-

competitively to carnitine. Evidence is provided that VP-CoA interferes at the catalytic domain of CPT IA

affecting the sensitivity for malonyl-CoA.

Conclusions: The interference of VP-CoA with CPT IA, a pivotal enzyme in mitochondrial fatty acid b-

oxidation, may be a crucial mechanism in the drug-induced hepatotoxicity and the weight gain

frequently observed in patients under VPA therapy.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Carnitine palmitoyl-transferase I (CPT I, EC 2.3.1.21) is a
mitochondrial outer membrane protein that is part of the carnitine
shuttle, and catalyses the conversion of cytosolic long-chain (LC)
acyl-CoA esters to the respective LC-acylcarnitine (AC) esters,
Abbreviations: CPT I, carnitine palmitoyl-transferase I; VPA, valproic acid or 2-n-

propylpentanoic acid; D4-VPA, D4-valproic acid or 2-n-propyl-4-pentenoic acid;

CoA, coenzyme A; VP-CoA, valproyl-CoA; D4-VP-CoA, D4-valproyl-CoA; AC,

acylcarnitine; LCFA, long-chain fatty acids; FAO, fatty acid b-oxidation; LC-FAO,

long-chain fatty acid oxidation; BCA, bicinchoninic acid; ACN, acetonitrile; HSA,

human serum albumin; C16-CoA, palmitoyl-CoA; Mal-CoA, malonyl-CoA; ESI-MS/

MS, electrospray ionization tandem mass spectrometry.
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allowing the transfer of LC-acyl-CoAs into the mitochondrial
matrix for b-oxidation [1,2]. The activity of this enzyme is
inhibited by malonyl-CoA [3,4], which is the carboxylation product
of acetyl-CoA mediated by acetyl-CoA carboxylase (ACC) [5], and is
also an intermediate in the de novo synthesis of LC-fatty acids
(LCFA) [5–7]. It has been shown that malonyl-CoA regulates
mitochondrial fatty acid oxidation (FAO) in a variety of tissues,
including the liver, muscle, the pancreatic b-cell, endothelium,
adipocytes and the central nervous system [6]. Consequently, a rise
in malonyl-CoA levels (during a fed state) will decrease the
mitochondrial fatty acid uptake and oxidation, whereas a decrease
in malonyl-CoA (during starvation) promotes LCFA oxidation, since
CPT I becomes uninhibited [5,8].

Valproic acid (VPA) is currently the most widely used anti-
convulsive drug worldwide, prescribed for the control of epileptic
episodes. This C8-branched chain fatty acid is mainly metabolized
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in mitochondria by FAO, and via a minor pathway in the
endoplasmic reticulum, yielding D4-valproic acid. Both free acids
can be activated to valproyl-CoA (VP-CoA) and D4-valproyl-CoA
(D4-VP-CoA), respectively, not only in the mitochondrial matrix
but also in the extra-mitochondrial compartment [9]. In mito-
chondria, VP-CoA can be fully metabolized by b-oxidation [10,11]
to acetyl- and propionyl-CoA, but its metabolic fate in the extra-
mitochondrial space is still unknown. Consequently, these CoA
esters may potentially affect numerous cellular functions besides
mitochondrial FAO, triggering important consequences for the
imbalance of the energetic state of the cell and for the metabolic
fate of the drug.

Three different CPT I isoforms have been described in
mammalian tissues: the liver (L-CPT I or CPT IA), muscle (M-CPT I
or CPT IB) and brain (CPT IC) isoforms, which are encoded by
different genes [12–14]. The kinetic characteristics of CPT IA and CPT
IB differ in several important aspects. CPT IB is more sensitive to
malonyl-CoA [2,15–17] whereas CPT IA has higher affinity for
L-carnitine, one of the substrates [16,18,19]. The requirement for
carnitine and the sensitivity to malonyl-CoA appear to be inversely
related [20].

CPT IA is unique in responding to different physiological states
(e.g. starvation and insulin deficiency) by changing its sensitivity to
malonyl-CoA several fold. This occurs as a response to changes in
the lipid composition of the membrane where it is localized, and
with which it interacts through its two transmembrane (TM)
domains. The polytopic membrane topology of the protein results
in both a short regulatory N-terminal segment and a large catalytic
C-terminal segment, both exposed to the cytosolic side of the outer
mitochondrial membrane [1,2,15,16,18]. The N-terminal domain,
which contains both TM1 and TM2 domains, was shown to be
responsible for mitochondrial import and for maintenance of a
folded enzymatically active and malonyl-CoA-sensitive conforma-
tion [19]. Moreover, the nature of the cytosolic N–C (N- and C-
terminal domain) interactions determines the degree of malonyl-
CoA sensitivity of the liver isoform [2,21]. Faye et al. demonstrated
that mutations in the regulatory regions of the N-terminal domain
affect the ability of this segment to interact physically with the C-
terminal domain, either by increasing [S24A/Q30A] or lowering
[E3A] the sensitivity of CPT I for malonyl-CoA [2]. CPT IA adopts
different conformational states that differ in their degree of
proximity between the cytosolic N-terminal and the C-terminal
domains (intramolecular N/C interactions), and this determines its
degree of malonyl-CoA sensitivity depending on the physiological
state [1,2,15,18,22–24]. Recently it was shown that the sequence
spanning the intermembrane loop-TM2 boundary determines the
disposition of this TM in the membrane so as to alter the
conformation of the C-terminal catalytic domain, and thus
malonyl-CoA sensitivity [1,23,24].

Over the last decades it has become clear that the role of the
malonyl-CoA-CPT I interaction is crucial both in hepatic and
nonlipogenic tissues, such as heart, skeletal muscle, pancreatic b-
cell. It regulates glucose and fatty acid metabolism in response to
different physiological and hormonal states. In several clinical
studies involving patients subjected to VPA treatment, a significant
weight gain is often described [25–27] as an unwanted side effect.
Valproic acid-related weight gain was originally reported to be
associated with hyperinsulinemia, probably explained by the fact
that VPA might inhibit the metabolism of insulin in the liver.
However, it seems that VPA-induced hyperinsulinemia is inde-
pendent of the drug-related weight gain, and may actually precede
weight gain [26]. The mechanisms responsible for this side effect
associated with VPA therapy are still not clear and require
clarification.

The present studies were designed to test the hypothesis that
VP-CoA and D4-VP-CoA, formed in the cytosol, may interact with
the carnitine shuttle at the level of CPT I activity, since the
membrane topography of this enzyme dictates that both the active
and regulatory (malonyl-CoA-binding) sites of CPT I are exposed to
the cytosolic face of the outer membrane [1,15,16,18,23,24]. Our
results unequivocally demonstrate that both CoA esters derived
from VPA interfere with CPT IA activity, affecting its sensitivity to
malonyl-CoA and its intrinsic regulation. As a consequence, the
rate of LCFA oxidation and the regulation of mitochondrial FAO is
affected, as previously reported by our group [11,28]. This may
partially explain the reported weight gain and fatty liver associated
with VPA treatment.

2. Materials and methods

2.1. Chemicals

VPA, HSA, L-carnitine, malonyl-CoA, bicinchoninic acid (BCA),
digitonin and other standard biochemicals were obtained from
Sigma–Aldrich. Complete mini protease inhibitor cocktail tablets
were from Roche. The cell culture medium F-10 (Ham) Nutrient
Mixture (25 mM HEPES + L-glutamine) and the trypsin-EDTA
solution were acquired from Gibco. Potassium cyanide, butanol
and acetylchloride were from Merck. Acetonitrile (ACN) gradient
grade was obtained from Biosolve. The [2H]3-C3, [2H]3-C8 and [2H]3-
C16-acylcarnitines internal standards were obtained from Dr. H.J.
ten Brink (VUMC – Vrije University Medical Center, Amsterdam, The
Netherlands). [U-13C]-Palmitoyl-CoA was synthesized as described
by Rasmussen et al. [29]. The rCPT IA plasmids (wild type, [S24A/
Q30A] and [E3A]) were obtained as described in [2].

2.2. Synthesis of valproyl-CoA, D4-valproic acid and D4-valproyl-CoA

Valproyl-CoA and D4-valproyl-CoA were synthesized according
to published procedures [30] from VPA and D4-VPA, respectively.
D4-Valproic acid was obtained by chemical synthesis following a
reported procedure [31].

2.3. Cells preparation

Human control fibroblasts were cultured in F-10 (Ham)
medium as described in [32]. The cells were harvested by
trypsinization and washed twice with PBS. The protein content
was measured by the bicinchoninic acid method, using human
serum albumin (HSA) as standard [33].

2.4. rCPT IA plasmid expression in S. cerevisiae

Three rat CPT IA forms were studied: (i) wild-type (WT) rCPT IA;
(ii) mutant protein rCPT IA (S24A/Q30A) with increased sensitivity
to malonyl-CoA; and (iii) mutant protein rCPT IA (E3A) which is
insensitive to malonyl-CoA (2). The WT and mutant rCPT IAs were
expressed in the Saccharomyces cerevisiae strain BY4742 MATa
his3D1 leu2D0 lys2D0 ura3D0 DCAT2 (ATCC number 4016728TM

from Invitrogen). The cells were grown in glucose medium (20 g/L
glucose, 6.7 g/L yeast nitrogen base (without amino acids), and
amino acids (0.3 g/L Leu, 0.2 g/L Try, 0.2 g/L His, 0.3 g/L Lys) for 24 h
at 28 8C in a gyro shaker, harvested by centrifugation and
transferred to galactose medium (20 g/L galactose, 6.7 g/L yeast
nitrogen base, amino acids and 1 g/L yeast extract). The cells from
overnight cultures were harvested again by centrifugation and
protoplasts were prepared using the lytic enzyme zymolyase, as
described elsewhere [34]. The resulting protoplasts were centri-
fuged (700 � g, 5 min) and the obtained pellets were stored at
�80 8C until usage for enzyme activity measurements. Protein
concentration in the homogenates was determined using BCA
solution and HSA as standard.



Fig. 1. Sensitivity of the CPT IA activity in human control fibroblasts for (A) malonyl-CoA and (B) valproyl-CoA. The CPT I activity was measured in digitonin permeabilized

control fibroblasts after incubation for 10 min at 37 8C with 25 mM [U-13C]-palmitoyl-CoA, 0.5 mM L-carnitine, 5 mM KCN and increasing concentrations of malonyl-CoA (0–

1 mM), or VP-CoA (0–100 mM).
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2.5. CPT I activity measurement: in vitro assays

The CPT I activity in human fibroblasts was measured in vitro

after incubating the cells (final protein concentration of 0.5 mg/
mL, unless indicated otherwise) with 25 mM [U-13C]-palmitoyl-
CoA (C16-CoA), 0.5 mM L-carnitine, 5 mM KCN and 40 mg/mL
digitonin, 37 8C, for 10 min. The used concentration of digitonin
was formerly optimized in order to ensure the selective
permeabilization of the plasma membrane, which allows VP-
CoA to enter the cell without affecting the mitochondrial
permeability and CPT I activity [35]. The activity of CPT I was
evaluated in the presence of its specific inhibitor malonyl-CoA (0–
1 mM). The function of CPT I was further characterized in the
presence of valproyl-CoA (10–100 mM) or D4-valproyl-CoA (100
and 250 mM) after incubation at 37 8C for 10 min.

The cell extracts of the three yeast strains expressing rCPT IA
proteins (10 mg/mL final concentration suspended in PBS + pro-
tease inhibitors) were sonicated 3 � 10 s (8 W) and used for CPT I
activity measurements concerning the malonyl-CoA inhibition (0–
0.5 mM) and their affinities for the substrates, [U-13C]-C16-CoA (0–
50 mM) and L-carnitine (0–750 mM), in parallel with the inter-
ference of valproyl-CoA (0–100 mM).

The CPT I activity was measured as the synthesis rate of [U-13C]-
C16-carnitine, analyzed and quantified by ESI-MS/MS [35].

A mixture of acylcarnitines (AC) internal standards (50 pmol
[2H3]-propionyl-carnitine (C3-AC), 50 pmol [2H3]-octanoyl-carni-
tine (C8-AC) and 25 pmol [2H3]-palmitoyl-carnitine (C16-AC)) was
Fig. 2. Effect of (A) malonyl-CoA and (B) valproyl-CoA on the activity of three yeast expres

malonyl-CoA, and rCPT IA E3A insensitive to malonyl-CoA). The respective activity was m

of (A) malonyl-CoA (0–0.5 mM) or (B) valproyl-CoA (0–100 mM) respectively. (Results
added to each sample. Each sample derived from the different
incubations was analyzed in duplicate, and the assays for malonyl-
CoA and palmitoyl-CoA with yeast expressed rCPT IA were
performed twice. The mean values of the two independent
experiments were used for calculation.

The differential quantification of fatty acylcarnitines was
performed using ESI-MS/MS as described previously [35]. The
peak height ratio of the formed [U-13C]-C16-carnitine to the peak
height of the internal standard [2H3]-C16-carnitine was deter-
mined using MassLynx NT software version 4.0 (Waters –
Micromass, Manchester, UK). This ratio was used to calculate
the CPT IA activity.

2.6. Data analysis

The characterization of the CPT I activity with different
inhibitors was performed by plotting the measured reaction rates
as function of substrate concentration (at fixed concentration of
the remaining components of the reaction). The steady state
kinetic data of the CPT I activity were determined by nonlinear
regression analysis using the SigmaPlot1 10.0 Technical Graphing
Software plus the Enzyme Kinetics module 1.3. The Michaelis–
Menten equation [36] was used to calculate kinetic parameters
(Ka p p

m and Va p p
max ) of the enzyme reaction involving [U-13C]-C16-CoA

and L-carnitine. The inhibition constant Ka p p
i was calculated by

nonlinear regression of the respective inhibition curves, using the
above mentioned software.
sed rat CPT IA isoforms (rCPT IA WT, rCPT IA S24A/Q30A with increased sensitivity to

easured after incubation with 25 mM [U-13C]-C16-CoA and different concentrations

are the mean � SD of duplicates from two independent experiments.)
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3. Results

3.1. CPT I activity in human fibroblasts

The first aim of the present study was to elucidate whether
valproyl-CoA had any effect on CPT I activity using control human
skin fibroblasts permeabilized with digitonin, using a recently
developed method [35]. The hepatic isoform of CPT I (CPT IA) is the
only one expressed in human fibroblasts [37,38]. The results of
Fig. 1 show that valproyl-CoA is a potent inhibitor of CPT I
comparable to malonyl-CoA, a well-known inhibitor of this
enzyme. A similar result was also observed using D4-VP-CoA,
resulting in decreased CPT I activity (data not shown).

When VP-CoA and D4-VP-CoA were tested as potential
substrates for CPT I in fibroblasts, in the same experimental setup
of Fig. 1, there was no formation of the respective carnitine esters
(C8-carnitine) (not shown).

Taken together, the results show that VP-CoA and D4-VP-CoA
can inhibit the activity of CPT I.

3.2. Malonyl-CoA sensitivity of the yeast expressed rCPT IA proteins

In order to resolve whether valproyl-CoA inhibits CPT I via the
same mechanism as malonyl-CoA, we decided to repeat the
experiments of Fig. 1 using different recombinant isoforms of the
rat CPT IA, characterized by different sensitivities towards malonyl-
CoA. These proteins include the rCPT IA E3A isoform, which is
virtually insensitive towards malonyl-CoA, and the S24A/Q30A
isoform with an increased sensitivity towards malonyl-CoA when
compared to wild-type rCPT IA. To this end, we expressed the three
different isoforms in S. cerevisiae, and measured the activity of CPT IA
in the homogenates in the presence of malonyl-CoA or valproyl-CoA.
Rather than using wild-type S. cerevisiae, we expressed these three
different CPT IA isoforms in the mutant strain of S. cerevisiae in which
the gene coding for carnitine acetyltransferase was disrupted.

In accordance with earlier data [2] the expressed rCPT IA
proteins showed different sensitivities towards malonyl-CoA
inhibition (Fig. 2A). However, all these proteins were inhibited
by VP-CoA to a similar extent, despite their different malonyl-CoA
sensitivities (Fig. 2B). The inhibition constants (Ka p p

i ) of VP-CoA for
these proteins are characterized in Table 1.

The wild-type protein (rCPT IA WT) was inhibited by malonyl-
CoA (Fig. 2A), decreasing to 50% of its initial activity with 0.1 mM
malonyl-CoA. A similar decrease in activity was obtained with VP-
CoA as shown in Fig. 2B.

The rCPT IA protein with increased sensitivity towards malonyl-
CoA (S24A/Q30A) was inhibited at low malonyl-CoA concentra-
tions, while VP-CoA gradually inhibited the activity of CPT I
(Fig. 2A and B) as was found for the wild-type protein.

Fig. 2A also shows that malonyl-CoA had virtually no effect on
the activity of the mutant rCPT IA E3A which is insensitive to
malonyl-CoA, as expected. In contrast to malonyl-CoA, however,
VP-CoA did inhibit the activity of rCPT IA E3A, as shown in Fig. 2B.
Table 1
Estimated inhibition constant (Ka p p

i ) values of valproyl-CoA for

the rat CPT IA wild-type (WT), mutants with increased

sensitivity (S24A/Q30A) and insensitive (E3A) to malonyl-CoA.

Yeasts transformed with rCPT IA were used to evaluate this

enzyme activity at different valproyl-CoA concentration (0–

100 mM) with 25 mM [U-13C]-palmitoyl-CoA, 0.5 mM L-carnitine

and without malonyl-CoA. (Results are the mean� SD of

duplicates from two independent experiments.).

rCPT IA Ka p p
i valproyl-CoA (mM)

WT 57�7

S24A/Q30A 70�28

E3A 51�25
The results depicted in Fig. 2, demonstrate that VP-CoA
inhibits the three rCPT IA isoforms via a different mechanism as
malonyl-CoA, suggesting an interference on the palmitoyl-CoA
binding site.
Fig. 3. Effect of valproyl-CoA (VP-CoA) on the affinity of the yeast expressed rat CPT

IA proteins for palmitoyl-CoA (C16-CoA). The affinity for C16-CoA (0–50 mM) of the

(A) rCPT IA WT, (B) rCPT IA S24A/Q30A, and (C) rCPT IA E3A was measured in the

presence of different VP-CoA concentrations (* 0 mM, * 10 mM, ! 30 mM and ~
100 mM). The Lineweaver–Burk plots (inserts) for the three isoforms of rCPT IA

were constructed by linearization of the correspondent substrate affinity curves.

(Results are the mean � SD of duplicates from two independent experiments.)



Table 2
Effect of valproyl-CoA on the kinetic parameters Ka p p

m (mM) and Va p p
max (nmol/(min mg)) of the rat CPT IA wild-type (WT), the sensitive rCPT IA to malonyl-CoA (S24A/Q30A) and

the insensitive to malonyl-CoA (E3A) for palmitoyl-CoA as substrate. (Results are the mean� SD of duplicates from two independent experiments; nd – not determined since the

estimated Km value is higher than 700 mM.).

Palmitoyl-CoA

rCPT IA WT rCPT IA S24A/Q30A rCPT IA E3A

Ka p p
m Va p p

max Ka p p
m Va p p

max Ka p p
m Va p p

max

Control 48�11 61�13 66�9 77�10 52�5 79�1

Valproyl-CoA (mM)

10 51�33 44�9 54�6 52�16 105�19 113�24

30 219�107 127�66 216�92 138�54 187�122 136�75

100 289�50 115�12 nd nd 209�75 117�35

Fig. 4. Effect of malonyl-CoA (Mal-CoA) and valproyl-CoA (VP-CoA) on the affinity for carnitine of the yeast expressed rat CPT IA proteins. The affinity for carnitine (0–750 mM)

of the rCPT IA WT (A and B), rCPT IA S24A/Q30A (C and D) and rCPT IA E3A (E and F) was studied in the presence of Mal-CoA (0–500 mM) (left panels) and VP-CoA (0–100 mM)

(right panels).

C.C.P. Aires et al. / Biochemical Pharmacology 79 (2010) 792–799796



Table 3
Effect of malonyl-CoA and valproyl-CoA on the kinetic parameters Ka p p

m (mM) and Va p p
max (nmol/(min mg)) of the rat CPT IA wild-type (WT), the sensitive rCPT IA to malonyl-CoA

(S24A/Q30A) and the insensitive to malonyl-CoA (E3A) for carnitine as a substrate. (The experiment was performed in duplicate and the results are the mean� SD.).

L-Carnitine

rCPT IA WT rCPT IA S24A/Q30A rCPT IA E3A

Ka p p
m Va p p

max Ka p p
m Va p p

max Ka p p
m Va p p

max

Control 38.5�14.8 18.8�2.4 27.5�0.5 19.3�1.4 24.4�6.1 22.9�5.5

Malonyl-CoA (mM)

15 34.7�8.0 16.4� 0.9 40.8�6.6 12.3� 0.5 31.5�6.5 24.5�1.1

50 68.8�7.8 15.1� 0.5 62.2�8.2 7.6� 0.3 33.5�3.2 25.7�0.5

150 64.9�11.9 10.8� 0.5 79.5�14.2 4.3� 0.2 38.5�4.1 23.6�0.6

500 93.8�24.9 4.9� 0.4 83.3�6.2 2.0� 0.0 65.1�6.2 23.5�0.6

Valproyl-CoA (mM)

10 31.0�4.1 14.6� 0.4 29.3�4.2 16.0� 0.5 26.8�5.8 17.4�0.8

30 31.9�9.8 12.1� 0.8 12.9�4.4 11.7� 0.6 20.6�4.1 12.5�0.5

100 39.4�4.9 8.9� 0.3 16.6�5.5 8.6� 0.5 26.5�4.5 9.5�0.3
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3.3. Palmitoyl-CoA affinity of the yeast expressed rCPT IA proteins

In order to test whether VP-CoA inhibits CPT IA by competing
with palmitoyl-CoA (C16-CoA), we performed enzyme activity
measurements using the three rCPT IA isoforms at different VP-
CoA concentrations.

The activity of all studied rCPT IA proteins decreased with
increasing VP-CoA concentrations (Fig. 3), demonstrating the
inhibition of this enzyme. Interestingly, VP-CoA was found to
inhibit the activity of the malonyl-CoA insensitive rCPT IA E3A by a
purely competitive mechanism, since the different lines of the
Lineweaver–Burk plot (which correspond to different inhibitor
concentrations) cross perfectly at one point of the y axes (Fig. 3C).
This result strongly supports our former hypothesis that VP-CoA
interferes with the active site of the enzyme, since the regulatory
domain is mutated in this protein.

The kinetic parameters for the rCPT IA proteins were estimated
and, as shown in Table 2 and from the Lineweaver–Burk plots
inserted in Fig. 3, VP-CoA increased the Ka p p

m for palmitoyl-CoA,
suggesting a competitive inhibition mechanism of VP-CoA at the
substrate binding on the rCPT IA.

In the case of rCPT IA WT protein, however, the lines of the
Lineweaver–Burk plots did not cross the y axes at one specific point
(Fig. 3A). This prompted us to further study the effect of VP-CoA on
the malonyl-CoA sensitivity of these proteins. The results obtained
with the rCPT IA proteins suggest that VP-CoA interferes with
Fig. 5. Estimated Ka p p
i values of malonyl-CoA for the rat CPT IA proteins (A) wild-type (WT

valproyl-CoA (0–100 mM). (Results are the mean � SD of duplicates from two independ
malonyl-CoA sensitivity by an unknown mechanism, but the main
inhibition of the CPT IA by this VPA metabolite is at the C16-CoA
binding site.

3.4. Carnitine affinity of the yeast expressed rCPT IA proteins and

interference with malonyl-CoA sensitivity

In order to evaluate if VP-CoA has a similar inhibition
mechanism of CPT IA as malonyl-CoA, we decided to further
study its effect on the carnitine binding in the rCPT IA proteins,
since it is known from literature that malonyl-CoA and carnitine
bind closely in the CPT I protein and have inverse association
[20,39].

Fig. 4 shows the results obtained in the carnitine affinity study
of the three rCPT IA isoforms as a function of both malonyl-CoA
(panels A, C and E) and VP-CoA (panels B, D and F), respectively. The
kinetic parameters for carnitine under these conditions were
estimated by the Michaelis–Menten equation (Table 3).

In the rCPT IA WT protein, the calculated Va p p
max for carnitine

decreased with malonyl-CoA, and was accompanied by an increase
of almost 2.5-fold of the Ka p p

m (Table 3), suggesting a mixed
inhibition mechanism. In the malonyl-CoA insensitive rCPT IA E3A,
however, the Va p p

max was almost unchanged and the Ka p p
m for

carnitine increased only 2-fold by malonyl-CoA, supporting what is
known from literature that malonyl-CoA decreases the affinity for
carnitine in the CPT IA [20,39]. As depicted in Fig. 4E, the increase
) and (B) with increased sensitivity for malonyl-CoA (S24A/Q30A) in the presence of

ent experiments.)



Table 4
Estimated inhibition constant (Ka p p

i ) values of malonyl-CoA for the CPT I

in human control fibroblasts with increasing concentrations of valproyl-

CoA (10–100 mM) and D4-valproyl-CoA (100–250 mM).

Ka p p
i malonyl-CoA (mM)

Controls 0.029–0.078

Valproyl-CoA (mM)

10 0.095

50 0.121

100 0.273

D4-Valproyl-CoA (mM)

100 0.188

250 0.138
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in the concentration of carnitine relieves the malonyl-CoA
inhibition of CPT I in the mutant E3A, but not in the WT or the
S24A/Q30A.

On the other hand, for VP-CoA, a marked decrease of the Va p p
max

with no effect on the Ka p p
m for carnitine was observed in all rCPT

IA recombinant proteins (Table 3). This result suggests that VP-
CoA is a non-competitive inhibitor of the rCPT IA for carnitine,
likely interfering with this protein by a different mechanism as
malonyl-CoA.

The interference of VP-CoA with the malonyl-CoA sensitivity
was further evaluated in the rCPT IA proteins (Fig. 5). Indeed, VP-
CoA was found to decrease the inhibition exerted by malonyl-CoA,
resulting in an increase of the Ka p p

i value for malonyl-CoA with
increasing VP-CoA concentration in the rCPT IA WT (Fig. 5A) and
S24A/Q30A (Fig. 5B). The Ka p p

i of malonyl-CoA in the rCPT IA E3A
could not obviously be calculated since this protein is insensitive to
the inhibitor.

An increase of the Ka p p
i for malonyl-CoA induced by VP-CoA and

D4-VP-CoA was also observed in permeabilized fibroblasts as
shown in Table 4, again suggesting that these CoA esters inhibit
the CPT I activity but also interfere with the sensitivity of the
protein to malonyl-CoA by a still unknown mechanism.

Overall, the results presented show that malonyl-CoA and VP-
CoA have different inhibition mechanisms for carnitine on the rCPT
IA. Additionally, since VP-CoA was found to compete with
palmitoyl-CoA, it is suggested that VP-CoA inhibits the CPT I
protein at the catalytic domain.

4. Discussion

A significant weight gain and hepatotoxicity with steatosis
have been frequently reported in patients treated with VPA
[10,11,25,26]. However, the mechanisms underlying these adverse
effects of VPA are not completely understood. It has been well
demonstrated that VPA interferes with several metabolic path-
ways, notably with mitochondrial energy metabolism. Previous
studies from our group have shown a clear impairment of
mitochondrial LC-FAO [11,28] induced by this drug, supported
by an in vivo accumulation of specific acylcarnitines [40], which
motivated the present work. Moreover, our recent findings
showing the extra-mitochondrial activation of VPA to its CoA
ester [9] sparked our interest on VP-CoA–CPT I interaction.

In the present report we show clear inhibition of CPT I activity
by VP-CoA in control fibroblasts, which may partly account for the
decreased rate of LC-FAO associated with the drug, and conse-
quently to the fat accumulation in the liver. Moreover, we show
that VP-CoA also interferes with the CPT I key regulator malonyl-
CoA, mitigating the inhibition (as demonstrated by the increase of
Ka p p

i for malonyl-CoA) and thus possibly affecting the energetic
control of the cell. The activated form of the major microsomal
metabolite of VPA, D4-VP-CoA, was also found to interfere with the
CPT I activity in control fibroblasts, in a similar way as VP-CoA. The
results obtained with these VPA intermediates stress the
importance of considering not only the parent drug but also its
metabolites as major triggering causes of the observed toxic
effects.

To clarify the inhibitory mechanism of VP-CoA on the CPT I
activity, three rCPT IA proteins with different sensitivities to
malonyl-CoA were studied. The obtained results show that VP-
CoA inhibited the malonyl-CoA insensitive rCPT IA protein (rCPT IA
E3A), indicating an interference of VP-CoA at the catalytic domain of
the protein. This hypothesis was further supported by the palmitoyl-
CoA affinity study which showed that VP-CoA competes with this
substrate for the wild-type rCPT IA enzyme, as indicated by the
respective increased Ka p p

m and almost unchanged Va p p
max values.

Malonyl-CoA was found to bind closely to the carnitine binding
site in the CPT IA [20,37], displacing the binding of carnitine, which
means that at higher carnitine concentrations, CPT IA is less
sensitive to malonyl-CoA. We have shown that both malonyl-CoA
and VP-CoA have different inhibition mechanisms for carnitine in
the yeast expressed rCPT IA WT, respectively mixed and non-
competitive. Additionally, VP-CoA was not found to displace the
binding of carnitine on the rCPT IA WT, as occurs with malonyl-
CoA. Taken together, these results support the hypothesis that the
interaction of VP-CoA with CPT IA is not analogous to the
interaction of malonyl-CoA with CPT IA. Thus, VP-CoA most likely
interacts with the palmitoyl-CoA binding site of the protein.

In conclusion, the results described in this paper show that VP-
CoA is an effective inhibitor of CPT IA by competing with palmitoyl-
CoA for the same binding site. Interestingly, the CoA ester of VPA
was not converted into valproylcarnitine by CPT IA. Nevertheless,
it is clear that VP-CoA has an effect on the CPT IA sensitivity for
malonyl-CoA, but the underlying mechanism remains to be
clarified. One hypothesis which requires further investigation is
that the CoA ester may possibly induce a conformational change on
the N-terminal region of CPT IA, resulting in changes in the N–C
intramolecular interactions, responsible for the malonyl-CoA
sensitivity of the protein [2].

These findings may well be of great importance to explain the
interference of VPA with FAO, especially since we have recently
shown that VPA, which diffuses into mitochondria as free acid, is not
only activated to VP-CoA inside mitochondria, but also in the extra-
mitochondrial space [9]. The fate of cytosolic VP-CoA and D4-VP-CoA
has not been clarified and it is an important object of study in our
group. Since these CoA esters are not substrates of CPT IA, not
forming carnitine esters, they cannot be shuttled into mitochondria
via the carnitine cycle and they may accumulate in the cytosol and
can interfere with CPT IA, as shown in this study. In normal
conditions, when glucose levels are low, hepatic malonyl-CoA
concentration decreases and mitochondrial FAO becomes the energy
source. However, in these conditions, if VP-CoA is present in the
extra-mitochondrial compartment of the cell, it can inhibit the CPT
IA activity, inducing lipid accumulation instead of oxidation. The
microvesicular steatosis and the weight gain related with VPA
therapy may be a sign and a symptom potentially reflecting the
imbalance in the energetic status of the cell.
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