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ABSTRACT: C75 is a potential drug for the treatment of obesity. It was first identified as a competitive,
irreversible inhibitor of fatty acid synthase (FAS). It has also been described as a malonyl-CoA analogue
that antagonizes the allosteric inhibitory effect of malonyl-CoA on carnitine palmitoyltransferase | (CPT
1), the main regulatory enzyme involved in fatty acid oxidation. On the basis of MALDI-TOF analysis,
we now provide evidence that C75 can be transformed to its C75-CoA derivative. Unlike the activation
produced by C75, the CoA derivative is a potent competitive inhibitor that binds tightly but reversibly to
CPT 1. 1G5 values for yeast-overexpressed L- or M-CPT | isoforms, as well as for purified mitochondria
from rat liver and muscle, were within the same range as those observed for etomoxiryl-CoA, a potent
inhibitor of CPT |. When a pancreatic INS(823/13), muscle L6E9, or kidney HEK293 cell line was incubated
directly with C75, fatty acid oxidation was inhibited. This suggests that C75 could be transformed in the
cell to its C75-CoA derivative, inhibiting CPT | activity and consequently fatty acid oxidation. In vivo,

a single intraperitoneal injection of C75 in mice produced short-term inhibition of CPT | activity in
mitochondria from the liver, soleus, and pancreas, indicating that C75 could be transformed to its C75-
CoA derivative in these tissues. Finally, in silico molecular docking studies showed that C75-CoA occupies
the same pocket in CPT | as palmitoyl-CoA, suggesting an inhibiting mechanism based on mutual exclusion.
Overall, our results describe a novel role for C75 in CPT | activity, highlighting the inhibitory effect of
its C75-CoA derivative.

C75 is a chemically stable synthetic inhibitor of fatty acid ylene«-butyrolactone, designed to be less reactive and
synthase (FAS) Structurally, it is a cell-permeabte-meth- potentially safer than cerulenin, a natural product obtained
from the fungusCephalosporium caerulen€75 lacks the
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chemical stability. In contrast to cerulenin, which only subsequently recovered. We conclude that the inhibitory
inactivates thg-ketoacyl-acyl synthase activity of FAS, C75 effect of C75-CoA is caused by strong, reversible binding
inhibits two additional FAS activities: enoyl reductase and to CPT | inside the palmitoyl-CoA pocket.

thioesterase. With respect to the overall FAS reaction, C75

is a competitive, irreversible inhibitor against all three EXPERIMENTAL PROCEDURES

substrates: acetyl-CoA, malonyl-CoA, and NADPH 2).

C75 has been proposed for two therapeutic applications.
The first is as an antitumor agent, since it induces cytostatic
and cytotoxic effects in cultured tumor cells where the
increase in malonyl-CoA levels, due to FAS inhibition,

causes cancer ceII-speqﬂc apoptoﬁ}s The second IS as g) bred in our laboratory were used to obtain liver, pancreas,
an anti-obesity agent, since it can alter the metabolism of

. . . and soleus. All experimental protocols were approved by the
neurons in the hypothalamus, where an increase in the level b P PP Y

i (Animal Ethics Committee at the University of Barcelona.
of malonyl-CoA serves as a secondary messenger of nutrien Material hvisHICarmitine hvdrochlorid d e
status, thereby mediating appetite suppressiprb), Fur- aterials. L-[methy*H]Carnitine hydrochloride and [¥C]-

thermore, it appears that C75 exerts both short- and Iong—Ioalmitic acid were purchased _fm”." Amer;ham Bioscience;.
term effects on food intake by preventing the upregulation C75 was purchased from Alexis Biochemicals, and etomoxir

of orexigenic neuropeptides and the downregulation of was provided by H. P. O. Wolf (GMBH, Allensbach,

P ; ; ; Germany). Yeast culture media products were from Difco.
anorexigenic neuropeptided)(In peripheral tissues), C75 : ; .
has been postulated not only to increase the level of malonyl--lghIeb'?’ra(]lford sglfgt:jorE\foz Qrotelg_assagiﬂvlgi\/ls frgLnMBl'géigd'
CoA but also to act as a malonyl-CoA analogue that Pulbecco’s modified Eagle’s medium ( ), ,

antagonizes the inhibitory effect on carnitine palmitoyltrans- gnd. antibiotics \I/l\;ere_from Gibco—llnyitrogen lCorgl). Defatteg
ferase (CPT 1), the main regulatory step of mitochondrial ovine serum albumin (BSA), palmitate, malonyl-CoA, an

p-oxidation @). Both its central and the peripheral actions other chemicals were purchased from Sigma-A!drich. Acyl-
could reduce weight in lean and fat mice. CoA synthetase fronPseudomonasp. was obtained from

o . s Sigma.
Mammalian tissues express three isoforms of CPT I: liver . , .
(L-CPT 1), muscle (M-CPT 1)§), and brain (CPT I-C)9). Synthesis of C75-CoA and Etomoxiryl-C&tomoxir and

The liver and muscle isoforms are tightly regulated by their C7> Were activated to CoA derivatives by long-chain acyl-

physiological inhibitor malonyl-CoA, which allows CPT | COA synthetase in the presence of CoA-SI3)( Etomoxir
to signal the availability of lipid and carbohydrate fuels to @nd €75 were dissolved in DMSO to a final concentration

the cell. The malonyl-CoA sensitivity of L-CPT I in the adult ©f 100 mM. The synthesis was performed withthol of
rat depends on the physiological state. It is increased by €ach drug separately, in a total volume of 1 mL of a buffer

renewed feeding of carbohydrates to fasted rats, by obesity,cONt&ining 0.1% (w/v) Triton X-100, 5 mM CoA-SH, 10
or following administration of insulin to diabetic rats, MM ATP, 1 mM DTT, 10 mM MgC}, 100 mM MOPS-

whereas it is decreased by starvation and diaba@si(). Na(?th(pH f7'§%’* ang 0.25 unitTﬁf Iong-tphain acyI-C_og\
In addition to the physiological inhibition by malonyl- Synine asoe ;0 Sﬁu (r)]monasp. ne re%ac 'on was sze
CoA, CPT | activity may also be inhibited by several out at 35°C for 2 h. The conversion of etomoxir and C75

synthetic epoxy-containing fatty acid compounds such as to etomoxiryl-CoA and C75-CoA, respectively, was com-
etomoxir, 2-TDGA (palmoxirate-tetradecyl-2-oxiranecar- plete,. as deduced from the speptrophotometric assay of the
boxylate) and POCA2-[5-(4-chlorophenyl)pentyl]oxirane- relz_mammg_ freeh_Cr(]) Ah asf_ delscrlbed eIsgwhelf).( Stﬁ ck
2-carboxylic acidl. The CoA esters of these compounds aliquots, In which the final concentration of eac _COA

; ST . . L derivative was 1 mM, were stored a20 °C and diluted in
formed in the cytosol inhibit long-chain fatty acid oxidation 100 mM MOPS-NaOH (pH 7.5) for activity assays
via their potent inhibitory effect on CPT ILg). Taking into prL 7. y ys:
account that the CoA derivatives, rather than their free acid __Mass SpectrometryThe MALDI-TOF mass spectra of
forms, are the inhibitory forms of these compounds, we C75 and etomoxir, as well as their CoA derivatives C75-

hypothesize that C75 could constitute an acyl-CoA synthetaseCCA and etomoxiryl-CoA, were obtained on a Voyager DE-
substrate, with the resulting C75-CoA derivative acting as a RP (Applied Biosystems) mass spectrometer equipped with

potential inhibitor of CPT I activity. We found that C75- @ nitrogen laser (337 nm, 3 ns pulse). The acceleration
CoA is produced in vitro and inhibits CPT | with competitive ~ VOltage was set to 20 kv. Data were acquired in the reflector
inhibition kinetics. CPT | activity was also inhibited in Mode with delay times of 320 ns for both positive and
mitochondria from pancreas-, muscle-, and kidney-derived negative polarlt_les. Spectra were ca_llbrated externally using
cell lines incubated with C75 directly, as observed with 2 calibration mixture (Calibration Mixture 1, Applied Bio-
etomoxir, revealing that the CoA derivatives of both com- SYStems): CHCA, des-Atgbradykinin, angiotensin I, Gh
pounds may be produced within the cell. These inhibitory fiPrinopeptide B, and neurotensin'z 300-1700. Samples
effects were followed by a decrease in the level of fatty acid Wee prepared by diluting AL of each drug in the activation
oxidation. Finally, in mice treated with a single intraperito- PUffer 10 100uL with H20, and mixing 1uL of this diluted

neal (ip) injection of C75, CPT I activity decreased but Solution with 1 uL of matrix solution [10 mg/mL 2,5-
dihydroxybenzoic acid (2,5-DHB, Aldrich) in a 1:1 methanol/
water mixture]. One microliter of the sample/matrix mixture

Abbreviations: FAS, fatty acid synthase; L-CPT |, camitine 45 gpotted onto the stainless steel sample plate, allowed to
palmitoyltransferase I, liver isoform; M-CPT I, carnitine palmitoyl-

transferase I, muscle isoform; KRBH buffer, Krebs-Ringer bicarbonate €vaporate to dryness in air, and introduced into the mass
Hepes buffer. spectrometer. Spectra were acquired in the positive and

Animals. Six-week-old C57BL/6J male mice were pur-
chased from Harlam Co. Animals were maintained under a
12 h dark/light cycle at 23C with free access to food and
water. Experiments were performed followira 1 week
acclimatization period. Male Sprague-Dawley rats (2800




C75-CoA Inhibits CPT | Activity Biochemistry, Vol. 45, No. 14, 20061341

negative ion mode. MALDI-TOF spectra were recorded by  Human embryonic kidney (HEK) 293 cells obtained from

the Mass Spectrometry Service (SCT, University of Barce- ECACC (European Collection of Cell Cultures) were cul-

lona). tured in a humidified atmosphere containing 5% 00
Expression of CPT | in Saccharomyces césime. S. complete medium composed of DMEM containing 10% FCS

cerevisiaewas chosen as a heterologous expression systenfBiological Industries), 100 units/mL penicillin, and 109/
because it does not express endogenous CPT | activity. TheML streptomycin. Cells were grown to 80% confluence.
plasmid pYES2-L-CPT I, which encodes the liver isoform  Preparation of Mitochondrial FractionsMitochondria-

of CPT I, was obtained as previously describa&)( The enriched fractions from yeast overexpressing L- and M-CPT
plasmid pYES2-M-CPT | was obtained from the plasmid ! were obtained as previously describdd) Mitochondria-
DS112-36 6) containing the coding cDNA of the rat muscle enriched cell fractions from INS(832/13), LEE9, and HEK293
CPT lisoform. The fragment that encompassed nucleotidesCellS cultured in 15 cm dishes were obtained with a glass
27-2432, including the coding region of M-CPT I, was Nomogenizer as previously describetb) The pellet, in
subcloned into th&. cereisiae expression plasmid pyES2 ~ Which the mitochondria remain largely intact, was used
(Invitrogen). AHindlll site (underlined) was introduced by ~ directly for CPT I activity assays. Mitochondria-enriched
PCR immediately 50f the ATG start codon of M-CPT Ito  ractions were obtained from rat and mouse muscle as
enable cloning into the uniqueélindlll site of plasmid described elsewher&@), with minor modifications. Two
PYES2. A consensus sequence (in boldface type), optimizedS0leus muscle samples of each animal were homogenized
for efficient translation in yeast, was also introduced in the SeParately in 250 mM sucrose buffer using an omni mixer
same PCR, using the forward primer CPHihdlll.for (5'- and then centrifuged at 109Gor 15 min. The pellet was
TCG ATA AGC TTA TAA AAT GGC GGA AGC ACA homogenized and centrifuged at @0@r 10 min. The
CCA GGC AG-3) and the reverse primer CPHindlll.rey ~ resulting supernatant was centrifuged at 1300 15 min,

(5-GGA AGC TTG GGC AGT GAT GT-3. The resulting and the pellet was resuspended in 100 of a buffer
550 bp fragment, obtained after the digestion of PCR containing 250 mM sucrose and 150 mM KCI. Mitochondria-

products with Hindlll, was ligated on pYES2 plasmid enriched fractions from rat and mouse liver were obtained

digested with the same restriction enzyme, thereby yielding PY homogenization in a buffer containing 250 mM sucrose,
the plasmid pYES2-M-CPT I-ATG. This plasmid was L MM EDTA, and 10 mM Tris-HCI (pH 7.4)21). The liver
digested withSal (in cDNA of M-CPT 1) and SpH (in suspension was centrifuged gt gofor 15 min, and _the
plasmid pYES?2) and ligated with the CPTSal—SpH supernatant was further centrifuged at 129 20 min.

fragment (purified band of 2351 bp), producing pYES2-M- The pellet was resuspended in 2 mL of homogenization
CPT Ipre. The TTTTTTA sequence (nucleotides 3383) buffer, centrifuged for 10 min at 7080 washed, and
present in the M-CPT | cDNA, which resembles a known "esuspendedin 1 mL of the homogenization buffer. To obtain
yeast polyadenylation signal?), was subsequently changed mltochondrla—e_nnched fractions from mice pancreas, tissue
by PCR to increase expression levels in yeast without was homqgenlzed in a buffer containing 250 mM sucrose,
changing the amino acid sequence, producing pYES2-M- 20 mM Tris-HCI (pH 7.4), 0.5.mM EDTA, 0.5 mM EGTA,
CPT I. The appropriate substitutions and the absence ofL MM DTT,.10ug/mL leupeptin, 4.g/mL aprotinin, 2ug/
unwanted mutations were confirmed by sequencing the mL pepstatin, and 104M PMSF. The homogenate was

inserts in both directions with an Applied Biosystems 373 subjected to differential centrifugation at pfor 10 min

automated DNA sequencer. The expression of the plasmids2nd &t 5509 for 10 min. The pellet was resuspended with

: Dounce homogenizer and centrifuged at 20f0 2 min
YES2-L-CPT | YES2-M-CPT | . a 1zer
?ormid ascprevioiglti/ gescsribediEg In yeast was per and at 4000 for 8 min. Finally, the pellet was resuspended
' in 250 uL of 250 mM sucroseZ2). All the processes were
Cell Cultures.The clonalg cell line INS(832/13), derived “ a9 P

X ) performed at £C, and fractions were assayed immediately
and selected from the parental rat insulinoma INSE8),( for determination of CPT | activity.
was cultured (passages-480) in a humidified atmosphere Determination of CPT | Actity. CPT | activity was

of 5% CQ; in complete medium composed of RPMI 1640, - ea5ured in mitochondria-enriched fractions obtained from
containing 11 mM glucose and supplemented with 10% heat-yeast cultured cells, or tissues as described above. CPT |
inactivated FBS (Wisent Inc.), 10 mM HEPES, 2 MM ity in 3-4 ug of yeast protein extracts, 15 ug of
glutamine, 1 mM sodium pyruvate, 50 mM 2-mercaptoet- miiochondria-enriched cell fractions, or 2@ of mitochon-
hanol, 100 units/mL penicillin, and 1Q@/mL streptomycin.  qria fractions from tissues was determined by the radiometric
The maintenance culture was passaged once a week by gentlg,athod as previously describetiS. Extracts were prein-
trypsinization, and cells were grown to confluence in Falcon . pated at 30°C for different times in the presence or
dishes. absence of drugs. Enzyme activity was assayed for 4 min at
The L6E9 rat skeletal muscle cells were cultured in a 30°C in a total volume of 20QL. The substrates were 50
humidified atmosphere containing 5% €@ complete uM palmitoyl-CoA and 400 or 100«M L-[methyt3H]-
medium composed of DMEM containing 10% FBS (Gibco- carnitine for L- and M-CPT | isoforms, respectively. In yeast
Invitrogen Corp.), 100 units/mL penicillin, 10@g/mL extracts, only the overexpressed L-CPT | or M-CPT | activity
streptomycin, and 25 mM HEPES (pH 7.4) (growth me- was present. In tissues and cell culture extracts, both CPT |
dium). Preconfluent myoblasts (8@0%) were induced to  (malonyl-CoA-sensitive) and CPT Il (insensitive to malonyl-
differentiate by lowering the level of FBS to a final CoA) were present. Thus, in these fractions, CPT | activity
concentration of 2% (differentiation medium). All experi- was determined as the malonyl-CoA/etomoxiryl-CoA-sensi-
ments were performed with completely differentiated myo- tive CPT activity. CPT Il activity, which is also present in
tubes (after 4 days in differentiation medium). mammalian mitochondrial extracts, was always subtracted
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from the total activity to calculate specific CPT | activity. Assessment of Fatty Acid Oxidatidralmitate oxidation
The presence of CPT activity insensitive to malonyl-CoA to CO, was assessed in culture cells grown in 12-well plates.
(CPT Il activity) in mitochondria obtained from cell cultures On the day of the assay, cells were washed in KRBH with
was less than 5% and thus was not taken into consideration0.1% defatted BSA, preincubated at 32 for 30 min in
Drugs or their CoA derivatives were preincubated with the KRBH with 1% BSA, and washed in KRBH with 0.1% BSA.
enzyme between 1 and 5 min depending on the assay. DrugCells were then incubatedif@ h at 37°C with fresh KRBH
concentrations ranging from 0.01 to /1 were used to containing 2.5 mM glucose in the presence of 0.8 mM
estimate the 16 value. 1Go corresponds to the inhibitor  carnitine with 0.25 mM palmitate and ACi/mL [1-1“C]-
concentration that inhibits 50% of the enzyme activity. palmitic acid bound to 1% (w/v) BSA. Oxidation measure-
Malonyl-CoA (50uM) was used for malonyl-CoA inhibition ~ ments were performed by a G®@apture system assay as
assays. C75-CoA concentrations were varied from 1 to 5 previously described?@).
uM to examine the dependence of CPT | activity on  Viability Cell Culture AssaysTo evaluate the cytotoxic
increasing palmitoyl-CoA concentration. In all cases, the effect of the drugs, an MTT [3-(4,5-dimethylthiazol-2-yl)-
molar ratio of palmitoyl-CoA to albumin was kept at 5:1 to 2,5-diphenyltetrazolium bromide] assay was perforngy. (
avoid the presence of free acyl-CoA and its deleterious Cells were seeded in 12-well plates and incubated with drugs
detergent effects and to prevent the formation of micelles. as described above. Subsequently, 2000f 0.25% (w/v)
Kinetic constantsKy, and Vina) Were determined by Lin-  MTT was added to each well, and cells were further
eweavet-Burk analysis. Inhibition constant&( and kinacy) incubated for 2 h. The resulting formazan crystals were then
were determined at 2@M palmitoyl-CoA by nonlinear  solubilized by adding 1 mL of MTT lysis solution [10% (w/
parameter estimatior28, 24), using SigmaPlot version 8.0.  v) SDS and 1 mM acetic acid in DMSO], and the absorbance
All protein concentrations were determined using the Bio- at 570 nm was measured. The results are expressed as the
Rad protein assay with bovine albumin as a standard. percentage of absorbance related to control cells.
Washing and Dialysis Assayd.he binding of CoA In Silico Molecular Docking A new three-dimensional
derivatives to CPT | was assessed as described previouslynodel for CPT | was constructed using homology modeling
(25), with some modifications. Yeast mitochondria-enriched procedures based on structural alignments of CPT | sequence
fractions overexpressing L-CPT | were preincubated for 5 and utilizing the coordinates of the recently described protein
min at 30°C with each CoA derivative at 50M. One aliquot structure of the mouse carnitine octanoyltransfera8e The
was used directly for the CPT | activity assay (unwashed), three-dimensional model of the free C75-CoA molecule was

and the other aliquot was centrifuged at 139@6r 5 min
at 4°C and resuspended (washed) in 5 mM Tris-HCI (pH
7.2), 150 mM KCI, 2ug/mL leupeptine, 0.5«M benzami-

dine, 1ug/mL pepstatin, and 1 mM PMSF before the assay.

The CPT | activity assay was conducted for 4 min a@0
as described above.

To verify the reversibility of the interaction of C75-CoA
with CPT I, dialysis assays were performed. Mitochondria-
enriched fractions (16Qug) obtained from yeast cells
expressing L-CPT | were preincubated at 8 for 5 min
(without the drug) or with a final concentration of M
C75-CoA or 50uM etomoxiryl-CoA and then dialyzed in
buffer containing 10 mM Hepes (pH 7.4), 1 mM EDTA,
and 10% glycerol at 4C. Aliquots were taken before dialysis

prepared using molecular-orbital calculation methods imple-
mented in Mopac Z9). The in silico docking programs
Autogrid and Autodock 30, 31) were used to generate and
evaluate low-energy conformational models for the putative
ligand position, thus providing a model for the interaction
of C75-CoA with the active center of CPT I.

Statistical AnalysisData are expressed as the meathe
standard error of at least three independent experiments. The
significance of differences was assessed using the unpaired
Student’st test.

RESULTS

Synthesis and Analysis of C75-CdA. determine whether
C75 is converted to C75-CoA as described for etomoxir, each

(0 h), and 24 and 36 h thereafter, and assayed for CPT |y, \was incubated independently in the presence of CoA

activity.

C75 Treatment of Cell Cultures and Administration to
Mice. Cells were incubated with either C75 at 10, 20, 30, or
40 ug/mL or etomoxir at 30 or 4@g/mL in culture medium.

and acyl-CoA synthetase, as described in Experimental
Procedures. The production of stable CoA derivatives was
then analyzed by MALDI-TOF. Figure 1A shows a peak of

1020.4 Da corresponding to the molecular mass of the C75-

Stock solutions of C75 and etomoxir were prepared at 100 CoA formed in the reaction. According to this molecular

mM in DMSO. Control cells were incubated with the same
amount of DMSO. L6E9 myotubes were incubated for 2 h
at 37°C, and INS(832/13) and HEK293 cells were incubated
for 1 h at 37°C. Subsequently, the cells were washed in
PBS, and either the CPT | activity, the level of palmitate
oxidation, or cell viability was measured.

Mice were given a single ip injection of either C75 or
etomoxir, dissolved in RPMI 1640 medium, at 20 mg/kg of
body weight or medium alone for control. Animals were
killed at different times postinjection, and mitochondria-

mass, CoA-SH binds to C75 by opening the furan group
(Figure 6B), without the loss of a water molecule. A similar

analysis was performed for etomoxir (Figure 1B). This figure
shows a peak of 1064.0 Da for etomoxiryl-CoA. The

chemical structure of the product formed is shown in Figure
6B, in which the CoA-SH binds to etomoxir by opening the

epoxid group, without the loss of a water molecule. Other
peaks correspond to products derived from CoA, C75, or
etomoxir.

Effects of C75 and C75-CoA on Yeast-Expressed L- and

enriched fractions from liver, soleus, and pancreas were M-CPT | Actiity. Increasing concentrations of synthesized
obtained as described above. Fractions were assayed imC75-CoA or etomoxiryl-CoA were independently incubated
mediately to measure CPT | activity. with yeast-overexpressed mitochondrial L- or M-CPT I. Both
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Ficure 1: MALDI-TOF spectra of C75-CoA and etomoxiryl-CoA. Spectra were directly obtained from the reaction product of C75 and
CoA-SH, and etomoxir and CoA-SH using a Voyager-DE-RP from Applied Biosystems with DHB (10 mg/mL in a 1:1 water/methanol
mixture). Detection was accomplished with a reflector and in the negative mode. The product C75-CoA (A) is confirmed by the peak at
1020.4 Da and etomoxiryl-CoA (B) by the peak at 1064.0 Da.

CoA derivatives strongly inhibited L- and M-CPT | isoforms
with similar kinetics (Figure 2). Almost complete inhibition
of CPT | was observed at 50M C75-CoA. 1G; values for
C75-CoA were 0.24 and 0.36M for L- and M-CPT |
isoforms, respectively (Table 1). §gvalues for etomoxiryl-
CoA were 4.06 and 3.10M for L- and M-CPT | isoforms,

respectively (Table 1). Only the CoA derivatives inhibited
CPT | activity. When mitochondrial yeast extracts were

incubated with 40 or 20@M C75, a 20-30% increase in

CPT | activity was observed. However, etomoxir did not

produce CPT | activation.

Analysis of Binding of C75-CoA to CPT To assess
whether binding of C75-CoA to CPT | is stable, yeast

mitochondria-enriched fractions overexpressing L-CPT |
were incubated with 5aM C75-CoA, etomoxiryl-CoA, or
malonyl-CoA, or with buffer alone as a control. Following
preincubation for 5 min, the effects of washing were tested.
Extracts were assayed directly (unwashed samples) or
centrifuged and resuspended in buffer (washed samples) (see
Experimental Procedures) and assayed for CPT | activity.
As shown in Figure 3A, the inhibition by malonyl-CoA was
lost when extracts were washed, with CPT | activity

recovering by 91% with respect to the washed control.
However, both C75-CoA and etomoxiryl-CoA produced

persistent inhibition, at levels of 75 and 79%, respectively,
with respect to washed control fractions. The experiments
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Ficure 2: Effects of C75-CoA and etomoxiryl-CoA on the activity of liver (L) and muscle (M) isoforms of CPT | overexpressed in yeast
S. cereisiae L-CPT | (A) and M-CPT | (B) were overexpressed in yeast and mitochondrial fractions were preincubated for 5 min with
increasing concentrations of etomoxiryl-Co® @nd A) and C75-CoA @ anda). CPT | activity was measured, and data are expressed
relative to control values in the absence of drugs (100%) as the mean of three independent experiments.

Table 1: IGo Values of CPT | for C75-CoA and Etomoxiryl-CGA
1Cs0 (uM)
C75-CoA etomoxiryl-CoA
yeast overexpressing L-CPT | 0.240.01 4.06+ 0.78
yeast overexpressing M-CPT | 0.360.18 3.10+ 0.06
rat liver 0.25+ 0.13 0.70+ 0.10
rat muscle 0.015- 0.005 0.04+0.01
INS(832/13) cells 0.25%:0.16 1.21+0.35
L6E9 myotubes 0.46:0.21 2.87+0.8

a Mitochondrial fractions obtained from rat liver, rat muscle, cultured
cells, and yeast overexpressing CPT | were assayed for CPT | activity
in the presence of C75-CoA and etomoxiryl-CoAsd@alues were
calculated as described in Experimental Procedures.

with C75-CoA and etomoxiryl-CoA demonstrate that they
were tightly bound to CPT I.

Fifty and one hundred percent of the CPT | activity was
recovered after dialysis for 24 and 36 h, respectively, in C75-
CoA-treated fractions, though not in those treated with
etomoxiryl-CoA (Figure 3B). The C75-CoAprotein com-
plex was undone during dialysis, showing tight but reversible
binding. In contrast, there was no CPT | activity recovery
when etomoxiryl-CoA was used, which is consistent with
data demonstrating that protein and etomoxiryl-CoA formed
covalent adducts.

C75-CoA Inhibits CPT | Actity. To examine whether the
CPT | enzyme source could modify the response to C75-
CoA, we carried out additional experiments with freshly
isolated mitochondria from rat liver (L-CPT I) and rat muscle
(M-CPT 1). Both C75-CoA and etomoxiryl-CoA inhibited
CPT | activity with similar kinetics (Figure 4A,B). CPT |
from fresh mitochondria proved to be more sensitive than
that from yeast extract; at 10M CoA derivative, CPT |
was almost completely inhibited. gvalues for C75-CoA
were 0.25 and 0.015M for CPT | from rat liver and rat
muscle, respectively (Table 1). d&values for etomoxiryl-
CoA were 0.70 and 0.04M for CPT I from rat liver and
rat muscle, respectively (Table 1). C75-CoA appears to be
a stronger inhibitor for M- than for L-CPT 1.

The inhibitory effects of C75-CoA and etomoxiryl-CoA
were also tested on purified mitochondria from pancreas
[INS(832/13)] and muscle (L6E9) cultured cell lines. In all
cases, CPT | activity was strongly inhibited by increasing
concentrations of both CoA derivatives (Figure 4C,D). The
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Ficure 3: Analysis of binding of C75-CoA to L-CPT | activity
overexpressed in yea$. cereisiae (A) Three micrograms of
mitochondria from yeast overexpressing L-CPT | was preincubated
for 5 min with 50uM C75-CoA, etomoxiryl-CoA, and malonyl-
CoA and washed with buffer or left unwashed, as described in
Experimental Procedures. Specific activity is represented as the
mean of three independent experiments. (B) The resulting:460

of mitochondria-enriched fractions from yeast cells expressing
L-CPT | was preincubated at 3@ for 5 min without the drug or
with a final concentration of 50M C75-CoA or 50uM etomoxiryl-

CoA and then dialyzed. Aliquots were taken prior to dialysis (0 h)
and 24 and 36 h after dialysis and assayed for CPT | activity.

ICso values for C75-CoA were 0.25 and 0.46 for INS-
(812/13) and L6E9 cells, respectively. Thesd@alues for
etomoxiryl-CoA were 1.21 and 2.87M for INS(823/13)
and L6E9 cells, respectively (Table 1). C75-CoA was a more
potent CPT I inhibitor than etomoxiryl-CoA in all cases.
To define the type of inhibition of C75-CoA on CPT |
activity, we performed experiments with varying C75-CoA
and palmitoyl-CoA concentrations. Lineweav@urk plots
for CPT | activity at different palmitoyl-CoA concentrations
for the enzyme were linear (Figure 5). The palmitoyl-CoA
concentrations ranged from 1 to 19M. The observed,
values for palmitoyl-CoA were 4.5, 33.6, 61.6, and 126.0
uM at C75-CoA concentrations of 0, 1, 2, and /@4,
respectively, but no change was observed in the intrinsic
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and CPT | activity was assayed as described in Experimental Procedures. Data represent the mean of at least three independent experiments
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the two inhibitors.
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Ficure 5: Lineweavef-Burk plot for the inhibition of L-CPT |

by C75-CoA. Mitochondria-enriched fractions from yeast-overex-
pressed L-CPT | (34 ug) were preincubated with C75-CoA for 5
min and then incubated for 4 min at 3G with various palmitoyl-
CoA concentrations in the presence of 400 carnitine. The
concentrations of C75-CoA wer®) 0, O) 1, (a) 2, and ) 5
uM. Each point is the mean of two different experiments.

catalytic activity of the enzyme (3.9& 0.83 nmol min?
mg1). Inhibition constants were determined by nonlinear
regression analysis and were 028.08uM for the apparent
inhibition constant ;) and 0.09+ 0.004 min? for the
inactivation constantk(ac). The results of the inhibition

kinetics revealed that C75-CoA is a competitive inhibitor
with respect to palmitoyl-CoA.

Molecular Model of Docking of C75-CoA into L-CPT I.
The recent crystallization of carnitine octanoyltransferase
(COT) 8), a member of the carnitine acyltransferase family,
allowed us to improve the previous three-dimensional model
of CPT | based on the carnitine acetyltransferase cry32 (
Using docking analysis, an in silico model was constructed
for the interaction between the active center of CPT | and
C75-CoA (Figure 5A). Refined in silico docking techniques
were used, allowing free rotation of the ligand acyl chain
bonds. This model suggests that the inhibitor C75-CoA fits
into the enzyme in a manner similar to that of the physi-
ological substrate palmitoyl-CoA. While the CoA segment
in both molecules is positioned in almost the same orienta-
tion, the aliphatic tail of C75 fits into the hydrophobic cavity
of CPT | defined bya-helix 12 andj3-strands 1, 13, and 14
of the protein, just where the acyl group of palmitoyl-CoA
is most likely positioned during normal enzymatic processes.
The head of C75, bound to the sulfur atom of CoA, is located
in the proximity of the catalytic residue His473.

Effects of C75 on CPT | Aclity and Fatty Acid Oxidation
in Cultured Cells.To assess whether CPT [ inhibition is
followed by a similar decrease in the extent of fatty acid
oxidation, the three cultured cell lines [INS(812/13), L6E9,
and HEK293] were incubated with C75 or etomoxir. It was
not necessary in this case to transform the drugs to their CoA
derivatives, since this conversion is assumed to occur inside
the cells via endogenous acyl-CoA synthetase. CPT | activity
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Ficure 6: Proposed model for the location of C75-CoA in the CPT | active center. (A) Comparison of the location of a molecule of
palmitoyl-CoA in the active center of CPT | (left) and the proposed model for the location of C75-CoA in the same enzyme locus (right).
The positions of carnitine and catalytic His473 (magenta), as well as secondary structure etefmeditd 2 ands-strands 1, 13, and 14,
surrounding the acyl cavity, are indicated. The aliphatic tail of the inhibitor molecule is located in the hydrophobic pocket present in the
CPT I active center, a position similar to that proposed for the substrate. The “head” of C75 occupies the central cavity of the enzyme. (B)
Structures of known compounds affecting CPT | activity are included at the bottom for comparison.

decreased with increasing C75 concentrations (Figure 7). Effects of C75 Treatment on Whole Anim&l&e examined
CPT I activity was reduced by 49, 62, and 62% in pancreatic the effect of C75 on CPT | activity in vivo. Mice were
INS(832/13), muscle L6E9, and kidney HEK293 cells, injected (ip) with a single dose of either C75 or etomoxir
respectively, at maximal C75 concentrations of 30, 40, and (20 mg/kg of body weight) and killed at different time points
30 ug/mL, respectively. In parallel, the level of [M€]- thereafter. Tissue samples (liver, soleus, and pancreas) were
palmitate oxidation was reduced by 62, 84, and 68% in taken to isolate mitochondria, as described in Experimental
pancreatic INS(832/13), muscle L6E9, and kidney HEK293 Procedures. CPT | activity decreased rapidly in all tissues
cells, respectively, at maximal C75 concentrations of 30, 40, that were assayed (Figure 8) but subsequently recovered, with
and 30ug/mL, respectively. When etomoxir was used, CPT tissue-dependent kinetics. The level of inhibition of liver CPT

| activity was reduced by 80, 52, and 71% in pancreatic INS- | decreased by 56% & h and by 73% after treatment for 3
(832/13), muscle L6E9, and kidney HEK293 cells, respec- h, while at 5 h, CPT | values were similar to those of the
tively, while the level of palmitate oxidation was conse- control. Muscle CPT | was inhibited by 80% after being
quently reduced by 71, 78, and 77%, respectively. To rule treated for 30 min, recovering more rapidly than liver CPT
out the possibility that the inhibition of palmitate oxidation I. In the pancreas, CPT | activity decreased by 36% after
reflected an increase in the level of cell death caused by C75C75 treatment for 30 min, compared with the control,
or etomoxir, we performed viability experiments using the recovering thereafter. In no case did the level of CPT I
MTT assay. In all cases, cell viability at the drug concentra- activation exceed the control. Etomoxir also provoked an
tions that were used was higher than 98% of that of control inhibition of CPT | activity in these tissues (Figure 8). After
samples. treatment for 3 h, the levels of CPT I inhibition were 97,
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Ficure 7: CPT | activity and palmitate oxidation in cell cultures. Cells were incubate@ fo(L6E9) o 1 h [INS(832/13) and HEK293]

with complete medium containing either 0, 10, 20, 30, andudnL C75 or 30 and 4Qig/mL etomoxir. Mitochondria-enriched cell
fractions were obtained, and 14 of protein was used for the CPT | activity assay. In palmitate oxidation assays, cells were preincubated
for 30 min at 37°C with KRBH with 1% BSA and then incubatedrf@ h at 2.5 mMglucose in the presence of 0.8 mM carnitine, 0.25
mM palmitate, and LCi/mL [1-14C]palmitate. Palmitate oxidation to G@vas assessed as described in Experimental Procedures. Data are
presented as the meanthe standard error of three independent experimetss *0.05, **P < 0.01, and ***P < 0.001 compared with

the control without inhibitors.

71, and 60% in liver, muscle, and pancreas, respectively, xenobiotic, and medium-chain fatty acids. The substrate
and they were always lower than those observed following specificity and intracellular location of the acyl-CoA syn-
C75 treatment. These inhibitory effects of etomoxir on CPT thetases may explain the rate differences in the synthesis of
| activity, unlike those observed following C75 treatment, the xenobiotic-CoA derivatives and their possible toxicity.
were maintained for up to 5 h, producing 96, 82, and 72% Although C75 is a potential substrate for acyl-CoA syn-
CPT linhibition in liver, muscle, and pancreas, respectively. thetase, due to its aliphatic C8 chain and its esterifiable
carboxylate groups, no studies have addressed this fact. The
DISCUSSION MALDI-TOF analysis performed in this study showed that
In this study, we show that C75 and etomoxir were C75-CoA was synthesized when C75 was incubated in vitro
transformed to their CoA derivatives by the action of an acyl- In the presence of CoA, long-chain acyl-CoA synthetase, and
CoA synthetase. Within the cell, acyl-CoAs are formed as ATP.
part of the metabolism of a variety of endogenous fatty acids, Compounds such as etomoxir, TDGA, and POCA must
as well as some xenobiotic carboxylic acids. The synthesisbe converted to their CoA derivative before acting as
of CoA derivatives is the rate-limiting step for both conjuga- inhibitors of CPT | activity (2). In the same way, when
tion and inactivation of most xenobiotics. CoA conjugates C75 is transformed into its CoA derivative, it also becomes
increase the chemical reactivity of these compounds and maya potent inhibitor of CPT I. Under all the in vitro conditions
function as alternative substrates in intermediate metabolismthat were tested, CPT | was clearly inhibited in a dose-
pathways of short-, medium-, and long-chain fatty ac&8.( dependent manner by C75-CoA.slGralues observed for
Distinct mammalian long-chain and xenobiotic/medium- C75-CoA ranged from the micromolar level to the nanomolar
chain fatty acid:CoA ligases [termed acyl-CoA synthetase level and were lower than those obtained for etomoxiryl-
in revised nomenclature34)] can activate long-chain, CoA, showing that C75-CoA is a stronger CPT I inhibitor
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exhibited certain different CPT I binding characteristics with
——C75 respect to these two inhibitors. On one hand, C75-CoA bound
—o— Etomoxir more tightly than malonyl-CoA, as it was not released by
washing. On the other hand, it also bound noncovalently, in
contrast to etomoxiryl-CoA, as C75-CoA was removed by
dialysis. However, the presence of carboxylic groups and
‘ ‘ ; the hydrocarbon chain, both in C75 and in etomoxir (Figure
0 1 2 3 4 5 5B), suggests a common mode of interaction for these two
Time (h) inhibitors with the active center of CPT I. Our three-
dimensional model illustrating the interaction of C75-CoA
Muscle —e—CT5 with the active center of CPT | indicated a common location
—o— Etomoxir for the substrate palmitoyl-CoA and the inhibitor. The main
differences between the two molecules, apart from the length
# # of the hydrocarbon chain introduced into the hydrophobic
cavity, are the size and chemical characteristics of the C75
ol “head”, which is absent in the case of the natural substrate.
0 1 2 3 4 5 These three-dimensional data and those from the kinetic
Time (h) experiments suggest a competitive mechanism between the
substrate and C75-CoA. Three-dimensional data intriguingly
fail to explain the action of C75 alone as a CPT | activator.
Although Yang et al. 36) deduced from competitive binding
experiments that C75 alone binds to different malonyl-CoA
*x sites, the exact site at which it interacts with CPT | has yet
to be determined. The lack of a CPT I crystal and the lack
of a computer-generated partial three-dimensional model
0 1 2 3 4 5 containing the N-terminal domain of the enzyme essential
Time (h) to the regulation of CPT | activity are the main handicaps
FIGURE 8: C75 effects on the whole animal. C75 or etomoxir was 0 Performing new docking studies which would explain C75
injected in an ip manner in mice, and animals were killed 0, 0.5, 1, binding and CPT | activation.
3, and 5 h after injection. Mitochondria-enriched fractions from The results obtained in cultured pancreatic, muscle, and
liver, soleus, and pancreas were obtained, and CPT | activity was kidney cells suggest that C75 is transformed to its CoA
ng:i)r’]eeg' 5;?1“;‘; ﬁf’gg_s;ni tg%snjﬁﬁg"iséégfﬁg f%%g{ (ilgta derivative by endogenous acyl-CoA synthetase and intra-
control (0 h). cellular ATP, since the decrease in the level of palmitate
oxidation correlated with the inhibition of CPT | activity. In
than etomoxiryl-CoA. It is well-known that the M-CPT |  all cases, etomoxir was used as a control of transformation,
isoform is more sensitive than L-CPT | to its physiological inhibition, and oxidation. To rule out the possibility that the
inhibitor malonyl-CoA. This effect was also observed for decrease in the level of palmitate oxidation was produced
C75-CoA. The IGg value for C75-CoA acting on L-CPT | by C75 cytotoxicity, viability studies were performed. Under
from liver mitochondrial fractions was 16-fold higher than our conditions, the viability of the three cellular models
that observed for the M-CPT | isoform from muscle proved to be higher than 98%. Therefore, the cytotoxicity
mitochondria. However, these differences were not observedexperiments provided evidence that the decrease in CPT |
in overexpressed yeast extracts, which most likely reflects activity was not generated by cellular death. Instead, C75-
the expression of these proteins in a foreign system. In L6GE9 CoA appears to be the true inhibitory molecule of CPT |
myotubes, the |6 value was similar to that observed in rat activity. Depending on lipid composition and metabolism,
liver and INS(832/13) cells, consistent with the fact that LEBE9 each cell line may become more sensitive to the cytotoxic
myotubes express the L-CPT | isoform rather than M-CPT effects of C75. For instance, pancreatic INS(832/3-8¢lls
| (35). Consistent with the results obtained by Yang et al. and kidney HEK293 cells were incubated for shorter time
(36) and Nicot et al. 87), we also observed an increase in periods and at lower C75 concentrations than L6E9 myo-
CPT I activity when incubating C75 alone with yeast extracts. tubes. Other studies performed in SKBR3 breast carcinoma
Nevertheless, it is important to stress that the concentrationcells, which have a higher lipid content, exhibited increased
of C75 alone (20QuM) used to produce maximal CPT | cytotoxicity resistance. This cell line required C75 preincu-
activation was at least 100-fold higher than that of C75- bation fa 6 h to achieve the same cytotoxic effecB9).
CoA (0.25 and 0.01%M) needed to produce 50% CPT | Discrepancies with the findings of others, who observed
inhibition. This suggests that C75-CoA, rather than C75 CPT | activation in primary hepatocytes, in adipocytes, and
alone, is the agent responsible for these effects in vivo.  in MCF-7 cells following C75 treatment, could be attributable
The two known CPT | inhibitors, malonyl-CoA and to methodological differences7( 36). Therefore, while
etomoxiryl-CoA, bind to the enzyme in different ways. Thupari et al. {) studied permeabilized cells, we isolated
Malonyl-CoA binding is reversible and not tight, consistent purified mitochondria from tissues and from cultured cells.
with its physiological role as a regulator of CPT | activity We believe that digitonin permeabilization, in tandem with
and g-oxidation, adapting its binding to each metabolic C75 treatment, may affect the interactions between mito-
situation. Etomoxiryl-CoA is a synthetic drug designed to chondria and the cytoskeletodq], thereby either altering
inhibit CPT | strongly and permanenthy3§). C75-CoA CPT | activity or disturbing the assay. In this context, it has
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been suggested that changes in the lipid composition of CPTACKNOWLEDGMENT
I's membrane microenvironment may be important for
alterations in CPT | activity41, 42).

Our in vitro experiments were also corroborated by in vivo
experiments. A single intraperitoneal C75 injection produced
a short-term inhibition of CPT | in mouse liver, muscle
(soleus), and pancreas. In all tissues that were analyzed, CP
| activity returned to control levels after treatment for 5 h.
The extent of CPT I inhibition observed in various tissues
may reflect differences in the pharmacokinetics of each tissue
or, alternatively, the rate of endogenous C75-CoA transfor- peEERENCES
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