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ABSTRACT: To assess the role of the 130 N-terminal amino acid residues of rat liver carnitine
palmitoyltransferase I (L-CPTI) on malonyl-CoA sensitivity and binding, we constructed a series of mutants
with deletions of the 18, 35, 52, 73, 83, or 129 most N-terminal amino acid residues. The deletion mutants
were expressed in the yeastPichia pastoris. We determined the effects of these mutations on L-CPTI
activity, malonyl-CoA sensitivity, and binding in isolated mitochondria prepared from the yeast strains
expressing the wild-type and deletion mutants. The mutant protein that lacked the first 18 N-terminal
amino acid residues,∆18, had activity and kinetic properties similar to wild-type L-CPTI, but it was
almost completely insensitive to malonyl-CoA inhibition (I50 ) 380 µM versus 2.0µM). In addition,
loss of malonyl-CoA sensitivity in∆18 was accompanied by a 70-fold decrease in affinity for malonyl
CoA (KD ) 70 nM versus 1.1 nM) compared to wild-type L-CPTI. Deletion of the first 35, 52, 73, and
83 N-terminal amino acid residues had a similar effect on malonyl-CoA sensitivity as did the 18-residue
deletion mutant, and there was a progressive reduction in the affinity for malonyl-CoA binding. By
contrast, deletion of the first 129 N-terminal amino acid residues resulted in the synthesis of an inactive
protein. To our knowledge, this is the first report to demonstrate a critical role for these perfectly conserved
first 18 N-terminal amino acid residues of L-CPTI in malonyl-CoA sensitivity and binding.

Mammalian mitochondrial membranes contain two active
but distinct carnitine palmitoyltransferases (CPTs),1 a ma-
lonyl-CoA-sensitive, detergent-labile CPTI and a malonyl-
CoA-insensitive, detergent-stable CPTII (1-3). CPTI, a rate-
limiting enzyme inâ-oxidation, catalyzes the conversion of
long-chain acyl CoAs to acylcarnitines in the presence of
L-carnitine. As an enzyme that catalyzes the first rate-
limiting step in fatty acid oxidation, CPTI is tightly regulated
by its physiological inhibitor malonyl-CoA (1, 2). This is
an important regulatory mechanism in fatty acid oxidation,
because malonyl-CoA is the first intermediate in fatty acid
synthesis and suggests coordinated control of fatty acid
oxidation and synthesis. Regulation of CPTI by malonyl-
CoA provides a mechanism for cellular fuel sensing based
on the availability of fatty acids and glucose (4). Under-
standing the molecular mechanism of the regulation of CPTI
by malonyl CoA is important in the design of drugs for
control of excessive fatty acid oxidation in diabetes mellitus
(4) and in myocardial ischemia, where accumulation of
acylcarnitines has been associated with arrhythmias (5).

Mammalian tissues express two isoforms of CPTIsa liver
isoform, L-CPTI, and a heart/skeletal muscle isoform,
M-CPTIsthat are 62% identical in amino acid sequence (6-
12). We have developed a novel, high-level expression
system for rat L-CPTI and human heart M-CPTI in the yeast
Pichia pastoris, an organism devoid of endogenous CPT
activity (3, 9, 13). Using this system, we have demonstrated
conclusively that L-CPTI and M-CPTI are active, distinct,
malonyl-CoA-sensitive CPTIs that are detergent labile.
Previously, L-CPTI and M-CPTI were presumed to be
irreversibly inactivated by detergents (2). However, our
reconstitution studies with yeast-expressed L-CPTI and
M-CPTI demonstrate that both enzymes are reversibly
inactivated by detergents (9, 13-15). Our development of
a good expression system for CPTI inP. pastorishas enabled
us to begin to map the malonyl-CoA binding site by
mutational analysis as described below.

Amino acid sequence alignment of human and rat heart
M-CPTI, human and rat L-CPTI, and human and rat liver
CPTII sequences (9-12, 16-20) reveals a conserved N-
terminal sequence of 124 residues with two putative trans-
membrane domains (Figure 1, shaded area) that is present
in all known CPTI sequences, but is absent from CPTII.
Based on limited proteolysis studies of intact rat liver
mitochondria and activity studies with immobilized imper-
meable substrate and inhibitor, a model for the membrane
topology of L-CPTI has been proposed that predicts exposure
of the N- and C-termini, domains crucial for activity and
malonyl-CoA sensitivity of L-CPTI, on the cytosolic side
of the outer mitochondrial membrane (21). Furthermore, it
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is predicted that the two transmembrane domains of L-CPTI
are separated by a 30 amino acid linker (residues 76-103)
that is located within the mitochondrial intermembrane space
(Figure 1). It is hypothesized that malonyl-CoA-sensitivity
of CPTI may reside in these 124 N-terminal amino acid
residues, thus forming the structural basis for the malonyl-
CoA sensitivity of CPTI. To test this hypothesis, we
constructed six deletion mutants of the first 130 N-terminal
amino acid residues of rat L-CPTI, ranging in size from 18
to 130 residues.

EXPERIMENTAL PROCEDURES

Construction of Plasmids for the N-Terminal Deletion
Mutants of Rat L-CPTI.The cDNA used and the construc-
tion of the plasmid (wild-type) for rat liver CPTI expression
in P. pastorisis described in our previous publication (3).
A HindIII-KpnI fragment [1-566 bp; cDNA sequence (3,
18)] was excised from pYGW9, a plasmid containing the
full-length rat L-CPTI in pUC119 to generate the plasmid
pGYW12. A 637-bpHindIII-EcoRI fragment was poly-
merase chair reaction (PCR) amplified using the plasmid
pYGW9 as a template with the primers: RL655, 5′-
CCACCAGGATTTTAGCT-3′, and RLD18, 5′-CTTCA-
CAAGCTTGAATTCATGATTGACCTCCGCCTGAGC-
3′. An ATG start codon (shown in bold) was added
immediately after theEcoRI site. The PCR product was
digested withHindIII and KpnI, then ligated into pYGW12
to generate plasmid pYGW13. AnEcoRI fragment of
pYGW13 containing the deletion mutant RLD18 (∆18) was
then ligated into theEcoRI-cutP. pastorisexpression vector
pHW10 (3, 22). The DNA sequences of the deletions were
confirmed by sequencing.

Deletion mutants RLD35 (∆35), RLD52 (∆52), RLD72
(∆72), RLD83 (∆83), and RLD129 (∆129) (Figure 1) were
constructed in a manner similar to∆18, using primer RL655
above and the following primers for each deletion mutant:
∆35, 5′-AAACAGAAGCTTGAATTCATGCTGCACTC-
CTGGAAGAAG-3′; ∆52, 5′-CAAGAAGCTTGAATTC-
ATGGGTGTGTTCCCCGCGAA-3′; ∆72, 5′-GTGGGT-
AAGCTTGAATTCATGCATGCCAAAGTGGAC-3′; ∆83,
5′-GGACAAGCTTGAATTCATGATCGCAAAGATCA; and
∆129 5′-TGCGCAAGCTTGAATTCATGCTGCTCTCC-
TACCACGGCT-3′, respectively, with plasmid pYGW9 as
a template to generate 585-, 533-, 474-, 439-, and 299-bp
HindIII-KpnI PCR fragments. All subsequent procedures
were identical to those used for construction of∆18.

The expression plasmids were linearized and integrated
into the HIS4 locus ofP. pastorisstrain GS115 by elec-
trotransformation (23). Histidine prototrophic transformants
were selected on YND plates and grown on YND medium,
and mitochondria were isolated from both the wild-type and
deletion mutant L-CPTIs as described previously (3).

CPT Assay. CPT activity was assayed by the forward
exchange method usingL-[3H]carnitine as previously de-
scribed (24). The standard assay reaction mixture contained
in a total volume of 0.5 mL: 0.2 mML-[3H]carnitine
(∼10 000 dpm/nmol), 50µM palmitoyl CoA, 20 mM HEPES
(pH 7.0), 1% fatty acid-free albumin, and 40-75 mM KCl,
with or without malonyl-CoA as indicated in the figure
legends and tables. Reactions were initiated by the addition
of mitochondria. The reaction was linear up to 6 min, and
all incubations were performed at 30°C for 5 min. Reactions
were stopped by addition of 6% perchloric acid and
centrifuged at 2000 rpm for 7 min. The resulting pellet was

FIGURE 1: N-terminal amino acid sequence lineup of human and rat CPTs. The shaded areas represent the position of the two predicted
membrane-spanning domains of all known CPTIs. The position of the conserved 18 N-terminal amino acid residues within the CPTIs is
boxed. The position of each of the deletion mutants is shown by an arrow. RL, HLsrat, human liver; HH, RHshuman, rat heart. Sources
of the sequences from the data bank were from refs 9-12, and 16 as indicated in the text.
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suspended in water, and the product, [3H]palmitoylcarnitine,
was extracted with butanol at low pH. After centrifugation
at 2000 rpm for 2 min, an aliquot of the butanol phase was
transferred to a vial for radioactive counting.

[ 14C]Malonyl-CoA Binding Assay. [14C]Malonyl-CoA
binding was determined by a modified centrifugation assay
as described previously (25). Isolated mitochondria from
wild-type and deletion mutants were suspended in 0.5 mL
of ice-cold medium composed of 72 mM sorbitol, 25 mM
KCl, and 10 mM HEPES (pH 7.0). This was followed by
addition of 0.1-1000 nM [2-14C]malonyl-CoA, and the
suspension was incubated at 4°C for 30 min with periodic
vortexing. After 30 min, bound and free malonyl-CoA were
separated by centrifugation at 14 000 rpm for 30 min at 4
°C. The mitochondrial pellet was superficially washed twice
(without resuspension by slow addition of ice-cold buffer to
the wall of the tube) and centrifuged as described above.
The pellet was then solubilized in 300µL of 2% SDS and
quantitatively transferred to a vial for radioactive counting.
The final malonyl-CoA binding values for the wild-type and
deletion mutants were corrected for background malonyl-
CoA binding by the yeast control strain which carried the
vector but without the CPTI insert. No correction for
nonspecific binding was made, as suggested by Mendel and
Mendel (26). Binding analysis was performed using Graph
Pad software and a nonlinear regression procedure. The CPT
activity andI50 values are given as a mean( SD for at least
three independent assays with different preparations of
mitochondria.

Western Blot Analysis.Proteins were separated by SDS-
PAGE in a 7.5% gel and transferred onto nitrocellulose
membranes. Immunoblots were developed by incubation
with the CPTI-specific polyclonal antibody (1:2500 dilution)
followed by an anti-rabbit IgG conjugated to horseradish
peroxidase as described previously (3). The antigen-
antibody complex was detected using an ECL-enhanced
chemiluminescence detection kit (Amersham, Arlington
Heights, IL).

Other Materials and Procedures.DNA sequencing was
performed at the Oregon Regional Primate Research Center
core facility using an automatic DNA sequencer (27).
Protein was determined by the Lowry procedure (28). All
restriction enzymes were from New England Biolabs (Bev-
erly, MA). L-[3H]Carnitine and [2-14C]malonyl-coenzyme
A were from Amersham (Arlington Heights, IL). Nucle-
otides were from Pharmacia (Piscataway, NJ), palmitoyl-
CoA was from Boehringer Mannheim (Indianapolis, IN), and
malonyl-CoA was from Sigma (St. Louis, MO).

RESULTS

Generation of Deletion Mutants and Expression of Wild-
type and Deletion Mutants in P. pastoris.Construction of
plasmids carrying the N-terminal deletion mutants of rat
L-CPTI was performed as described in Experimental Pro-
cedures, and the deletions were confirmed by DNA sequenc-
ing. The positions of the N-termini of the L-CPTI deletion
mutants are indicated in Figure 1. The deletions range from
the smallest, 18, to the largest, 129 amino acid residues.P.
pastoriswas chosen as an expression system for L-CPTI and
the deletion mutants because it does not have endogenous
CPT activity (3, 9, 13). TheP. pastorisexpression plasmids

expressed L-CPTI under control of theP. pastorisglycer-
aldehyde-3-phosphate dehydrogenase gene promoter (3, 22).
P. pastorisstrains transformed with the wild-type L-CPTI
gene and the deletion mutants were grown in liquid medium
supplemented with glucose. As previously reported (3), no
CPT activity was found in the control yeast strain with the
vector, but without the CPT cDNA insert.

Effect of Deletions on L-CPTI ActiVity and Malonyl-CoA
SensitiVity. All of the deletion mutants except∆129 retained
significant CPT activity, which was 64-69% of that
observed with the wild-type yeast strain expressing L-CPTI
(Table 1). ∆129 had no CPT activity. In agreement with
our previous report (3), the I50 for malonyl-CoA inhibition
of the wild-type strain expressing L-CPTI was 2.0µM, while
the I50 for the minimal deletion mutant 18 was 380µM,
representing a 190-fold decrease in malonyl-CoA sensitivity
compared to the wild-type strain. Deleting 35, 52, 73, and
83 amino acid residues from the N-terminus increased the
I50 for malonyl-CoA sensitivity of L-CPTI in each of the
mutants from 2.0µM in the wild-type strain to 170-300
µM in the deletion mutants, thus decreasing the malonyl-
CoA sensitivity by 85-150-fold (Table 1). ∆18 showed

Table 1: Activity, Malonyl-CoA Sensitivity, and Malonyl-CoA
Binding in Yeast Strains Expressing Wild-Type L-CPTI and
N-Terminal Deletion Mutantsa

strain
activity (nmol
mg-1 min-1)

I50

(µM)
KD

(nM)
Bmax

(pmol/mg)

wild-type 7.8( 0.5b 2.0( 0.2 1.1 1.9
∆18 5.3( 0.6 380( 30 70 2.2
∆35 5.0( 0.2 200( 20 240 0.4
∆52 5.4( 0.6 170( 20 420 2.6
∆73 5.1( 0.4 180( 20 880 3.1
∆83 5.2( 0.8 300( 30 no binding
∆129 no activity no binding

a Mitochondria were isolated from the yeast strains separately
expressing L-CPTI, and the deletion mutants and were assayed for CPT
activity, malonyl-CoA sensitivity, and binding as described in the
Experimental Procedures. TheI50 is the concentration of malonyl-CoA
needed to inhibit 50% of the activity of the yeast-expressed L-CPTI,
and results are mean( SD of at least four independent experiments
with different mitochondrial preparations. TheKD andBmax values are
averages of two independent experiments with different mitochondrial
preparations.b In-intact rat liver mitochondria, values for CPTI activity
under similar assay conditions are 1.0-3.0 nm min-1 mg-1 protein (24,
25).

FIGURE 2: Effect of increasing concentrations of malonyl-CoA on
the activities of yeast-expressed wild-type L-CPTI and∆18. (b)
wild-type, (9) ∆18. Approximately 150µg of mitochondrial protein
were used for the assay.
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decreased malonyl-CoA sensitivity at all levels of the
inhibitor tested compared to the wild-type, as shown in
Figure 2. Except for∆129, which had no CPT activity (data
not shown), this was also true for∆35,∆52,∆73, and∆83.
∆18 exhibited normal saturation kinetics when the carnitine
concentration was varied relative to a constant second
substrate, palmitoyl-CoA, a property identical to that of wild-
type L-CPTI previously reported from our laboratory (3).
For ∆18, the calculatedKm for carnitine was 31µM and the
Vmax was 6.5 nmol min-1 mg-1 of protein which is similar
to the wild-type L-CPTI (3). With respect to the second
substrate, palmitoyl-CoA,∆18 showed non-Michaelis-
Menten saturation kinetics, characteristics similar to yeast-
expressed wild-type L-CPTI (3). Thus, deletion of the first
18 N-terminal residues from L-CPTI appears to abolish
malonyl-CoA sensitivity of L-CPTI with minimal effect on
the catalytic activity of the enzyme.

14C-Malonyl-CoA Binding in Yeast-Expressed L-CPTI and
Deletion Mutants.A significant increase inKD values was
observed for all of the deletion mutants compared to the wild-
type strain when [14C]malonyl-CoA binding was determined
in isolated mitochondria from the yeast strains expressing
wild-type and mutant L-CPTI. TheKD value for∆18 was
70-fold higher (1.1 nM versus 70 nM) than that of the wild-
type (Table 1). ∆35, ∆52, ∆73, ∆83, and∆129 hadKD

values of 240-1000-fold higher than that of the wild-type
(Table 1). The stepwise increase inKD values for the
observed deletion mutants suggests a direct effect of the
deletions on malonyl-CoA binding.

Malonyl-CoA binding to the mitochondria from the yeast
strains expressing the wild-type and deletion mutants clearly
resolved into a high-affinity site (wild-type) and a low-
affinity site (deletion mutants) as shown in Figures 3 and 4,
and in both cases was saturable. Our studies also show small
increases inBmax with an increase in the number of residues
deleted, as shown in Table 1, except for∆35 where a
decrease inBmax was observed.

Effect of Deletions on Protein Expression.Western blot
analysis of wild-type L-CPTI (88 kDa) and the deletion
mutants using a polyclonal antibody directed against a
maltose-binding protein-L-CPTI fusion protein(3) are shown

in Figure 5. For∆18, ∆51, ∆72, and∆83, proteins of
predicted sizes were synthesized, but they had 30% lower
activity than the wild-type.∆35 was barely detectable on
the immunoblots, but it had 64% of the activity of the wild-
type and was insensitive to malonyl-CoA inhibition.∆129
was completely inactive, but was synthesized with the
predicted size protein, as shown by the immunoblot.

DISCUSSION

Mitochondria from the yeast strain expressing∆18 had
64% of the activity of the wild-type L-CPTI, but were
insensitive to malonyl-CoA inhibition and had very low
affinity for malonyl-CoA. Furthermore, the decrease in
malonyl-CoA sensitivity (increase inI50) was accompanied
by a decrease in the affinity for malonyl-CoA (increase in
KD). No additional loss of malonyl-CoA sensitivity was
detectable with increasing deletion size. However, increased
loss of binding energy was observed with increasing deletion
size. The 70-fold lower affinity seen in∆18 corresponds to
2.3 kcal/mol in lost binding energy. The increasingly larger
deletions exhibited additional, albeit smaller, losses of
binding energy (∆35, +0.7 kcal/mol;∆52, +0.3 kcal/mol;
∆73, +0.4 kcal/mol). It should be noted that∆73, when
compared to∆18, shows only 1.4 kcal/mol further reduction
in binding energy. These results suggest that, while∆18
abolishes malonyl-CoA sensitivity, significant affinity (KD

) 70 nM) for malonyl-CoA binding remains. Since the
affinity for malonyl-CoA binding decreased incrementally
with the number of residues deleted, we suggest that amino

FIGURE 3: Binding of 14C-malonyl-CoA to mitochondria isolated
from the yeast strain expressing the wild-type and∆18. Ap-
proximately 240µg of protein were used for the binding assay.
(b) wild-type, (9) ∆18. Malonyl-CoA binding values for the wild-
type and deletion mutants were corrected for malonyl-CoA binding
to the mitochondria from the yeast strain with the vector but no
insert.

FIGURE 4: Scatchard plots for binding of14C-malonyl-CoA to
mitochondria from yeast strains expressing wild-type (b) and∆18
(9) for L-CPTI.

FIGURE 5: Immunoblot showing expression of wild-type and
deletion mutant L-CPTIs in the yeastP. pastoris. Mitochondria (100
µg protein) from the wild-type yeast strain and the strains expressing
each of the deletion mutants were separated on an 8% SDS-PAGE
and blotted onto a nitrocellulose membrane; the immunoblot was
developed as described in the experimental procedures. Lane 1,
wild-type L-CPTI; lanes 2, 3, 4, 5, 6, and 7 represent∆18, ∆35,
∆52, ∆73, ∆83, and∆129, respectively.
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acid residues between 19 and 129 may make weak contacts
important for malonyl-CoA binding.

Earlier malonyl-CoA binding studies in isolated liver and
heart mitochondria suggested the presence of two classes of
malonyl-CoA binding sites, i.e., high- and low-affinity sites
in each tissue (29, 30). Furthermore, inhibition of CPTI by
malonyl CoA was proposed to be mediated by the high-
affinity binding sites in both tissues, which were suggested
to be separate from the catalytic sites. The possibility of
multiple classes of malonyl-CoA binding sites or cooperat-
ivity between sites was also raised. A previous attempt to
express a mutant L-CPTI that lacked the first 82 N-terminal
residues was described by Brown et al. (31), but results were
inconclusive due to low expression levels (3). Interestingly,
the residual malonyl-CoA sensitivity shown by the deletion
mutants is similar to that observed with yeast-expressed
CPTII (3), suggesting that, for these mutants, malonyl-CoA
inhibits via direct interaction with the active site.

The yeast strains expressing the deletion mutants synthe-
sized proteins of the predicted size as shown by the
immunoblot, except for∆35 which was barely detectable
on immunoblots. ∆35 had 64% of the wild-type activity,
but the synthesized mutant protein may be unstable and
quickly degraded due to improper folding.∆129 had no
measurable CPT activity and had extremely low malonyl-
CoA binding, but the predicted size protein was synthesized
as indicated by the strong signal on the immunoblot. The
synthesized protein was located in the mitochondria of the
yeast strain expressing each deletion mutant.

All of the deletion mutants except∆129 had 65-70% of
the activity of the wild-type, indicating that deletion of up
to 83 residues from the N-terminus of L-CPTI had minimal
effect on palmitoyl-CoA binding as a substrate, thus sug-
gesting the existence of two separate acyl-CoA binding sites,
a malonyl-CoA and palmitoyl-CoA binding site. The
observed 30-35% loss in activity is likely due to changes
in the tertiary structure of the enzyme, caused by lack of
interaction of the N-terminal domain with the catalytic
C-terminal domain as a result of N-terminal residue deletions
or a reduction in the expression level.

The complete loss of CPT activity observed with∆129
could be due to loss of the palmitoyl-CoA binding site or
synthesis of an unstable, improperly folded mutant enzyme
that is catalytically inactive. Alternatively, it could be due
to change in the interaction of CPTI with the outer mito-
chondrial membrane as a result of the large deletion that
includes the two predicted transmembrane domains (21, 31).

TheBmax for binding of malonyl-CoA to the mitochondria
from the yeast strains expressing the deletion mutants showed
a slight increase with the number of residues deleted, a
pattern similar to that observed in liver outer mitochondrial
membranes from fasted and diabetic rats (32). We suggest
that the small increase inBmax observed with the loss of the
high-affinity site for malonyl-CoA in the deletion mutants
may be due to an increase in the abundance of the
low-affinity site. Of the mutants studied, only∆35 had a
lower Bmax than wild-type L-CPTI. The decrease inBmax

observed with∆35 could be due to the extremely low level
of synthesis of this mutant protein which was barely
detectable on immunoblotting. Our studies suggest that the
malonyl-CoA binding site is separate from the catalytic site

and that the first conserved 18 N-terminal amino acid
residues are critical for malonyl-CoA binding and inhibition.

Deletion of the first 18 N-terminal amino acid residues
decreases binding at the high-affinity inhibitor binding site,
but has no effect on the catalytic site. Further deletions
decrease affinity for malonyl-CoA at the high-affinity
malonyl-CoA binding site without further affecting the active
site. Thus, deletion of the conserved 18 amino acid residues
uncouples the high-affinity malonyl-CoA binding site from
the catalytic site. Deletion of the conserved first 18
N-terminal residues of heart M-CPTI, which are identical
to those of L-CPTI, also decreased the malonyl-CoA
sensitivity of M-CPTI, indicating the same residues play a
critical role in sensitizing heart and liver enzymes to malonyl-
CoA (unpublished observation). However, the magnitude
of the loss in malonyl-CoA sensitivity of M-CPTI, as a result
of the 18 residue deletion, was lower than that of liver
L-CPTI, suggesting the involvement of unknown additional
residues in the high malonyl-CoA sensitivity of heart
M-CPTI. Previous studies have demonstrated that mammals
contain two isoforms of CPTI, referred to as liver L-CPTI
and muscle M-CPTI, that are 62% identical in amino acid
sequence (9-12). Isolated mitochondria from rat heart and
yeast strains expressing human heart muscle M-CPTI
exhibited a highKm for carnitine and a lowI50 for malonyl-
CoA (9, 16). In adult rat heart, the total carnitine level is
high; consequently, M-CPTI has a highKm for carnitine (8).
Although rat heart has a measurable level of malonyl-CoA,
it is much lower than that of rat liver (2). Since theI50 for
malonyl-CoA inhibition of heart mitochondrial M-CPTI is
at least 30-fold lower than that of rat liver L-CPTI, the level
of malonyl-CoA reported in heart (2) is sufficient to
significantly inhibit fatty acid oxidation. It is estimated that
about 60-80% of the energy requirement of the heart is
derived from fatty acid oxidation (35). The important
question in cardiac tissue metabolism then is how can fatty
acid oxidation proceed in the heart in the presence of such
high tissue levels of malonyl-CoA?
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