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A characteristic Glu17 residue of pig carnitine
palmitoyltransferase 1 is responsible for the low Km

for carnitine and the low sensitivity to malonyl-CoA
inhibition of the enzyme
Joana Relat, Magdalena Pujol-Vidal, Diego Haro and Pedro F. Marrero

Department of Biochemistry and Molecular Biology, School of Pharmacy and Institute of Biomedicine of Barcelona University (IBUB), Spain

Carnitine palmitoyltransferase 1 (CPT1) catalyzes the

conversion of long-chain fatty acyl-CoAs to acylcarni-

tines in the presence of l-carnitine. This is the first step

in the transport of long-chain fatty acids from the

cytoplasm to the mitochondrial matrix, where they

undergo b-oxidation. CPT1 is tightly regulated by its

physiological inhibitor malonyl-CoA, and this regula-

tion allows CPT1 to signal the availability of lipid and

carbohydrate fuels to the cell [1].

CPT1 is encoded by three paralogous genes referred

to as CPT1A, CPT1B, and CPT1C. Whereas CPT1A

is widely expressed in most tissues, CPT1B is only

expressed in muscle, adipose tissue, heart, and testis

[1], and CPT1C expression seems to be restricted to

the central nervous system [2,3].

Expression studies performed with cDNAs isolated

from a variety of mammals [4–8] have shown that the

kinetic characteristics of the recombinant CPT1A and

CPT1B enzymes are similar to those of endogenous

mitochondrial activities [1] and, therefore, both

expressed enzymes differ markedly in their kinetic

behavior – specifically, in their Km for carnitine and

their sensitivity to malonyl-CoA inhibition. Thus, rat

CPT1A [4–6] exhibits a low Km for carnitine and
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Human carnitine palmitoyltransferase 1B (CPT1B) is a highly malonyl-

CoA-sensitive enzyme (IC50 = 0.097 lm) and has a positive determinant

(residues 18–28) of malonyl-CoA inhibition. By contrast, rat carnitine

palmitoyltransferase 1A is less sensitive to malonyl-CoA inhibition

(IC50 = 1.9 lm), and has both a positive (residues 1–18) and a negative

(residues 18–28) determinant of its inhibition. Interestingly, pig CPT1B

shows a low degree of malonyl-CoA sensitivity (IC50 = 0.804 lm). Here,

we examined whether any additional molecular determinants affect malo-

nyl-CoA inhibition of CPT1B. We show that the malonyl-CoA sensitivity

of CPT1B is determined by the length (either 50 or 128 residues) of the

N-terminal region constructed by recombining pig and human enzymes.

We also show that the N-terminal region of pig CPT1B carries a single

positive determinant of malonyl-CoA sensitivity, but that this is located

between residues 1 and 18 of the N-terminal segment. Importantly, we

found a single amino acid variation (D17E) relevant to malonyl-CoA sensi-

tivity. Thus, Asp17 is specifically involved, under certain assay conditions,

in the high malonyl-CoA sensitivity of the human enzyme, whereas the nat-

urally occurring variation, Glu17, is responsible for both the low malonyl-

CoA sensitivity and high carnitine affinity characteristics of the pig enzyme.

This is the first demonstration that a single naturally occurring amino acid

variation can alter CPT1B enzymatic properties.

Abbreviations

CPT1, carnitine palmitoyltransferase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TM, transmembrane segment.
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decreased sensitivity to malonyl-CoA inhibition (higher

IC50), whereas human CPT1B [7,8] exhibits a high Km

for carnitine and increased sensitivity to inhibition by

malonyl-CoA (lower IC50). However, this rule (i.e.

high IC50, low carnitine Km, and vice versa) [9] does

not apply to all kinetically characterized CPT1

enzymes [10]. The expression of CPT1C in yeast or

mammalian cells has resulted in no enzyme activity in

mitochondria [2,3] and low rates of activity in micro-

somes of neuronal cells [11].

CPT1A is a polytopic integral membrane protein,

with two segments (N-terminus and C-terminus)

exposed on the cytosolic side of the mitochondrial

outer membrane, and two transmembrane segments

(TM1 and TM2) linked by a loop that protrudes into

the intermembrane space of the mitochondrion [12,13].

The C-terminal segment (residues 123–773 for rat

CPT1A, or residues 123–772 for human CPT1B) con-

tains the enzyme catalytic site. Switching between the

N-terminal and C-terminal segments has little effect on

malonyl-CoA sensitivity [14,15]. However, site-directed

mutagenesis and deletion experiments have shown that

both the cytosolic N-terminal segment (residues 1–48)

and intermembrane segment (residues 76–104) of the

N-terminal region play an important role in malonyl-

CoA sensitivity [16–21]. This apparent discrepancy

supports the idea that specific interactions between the

N-terminal and C-terminal segments are relevant to

malonyl-CoA sensitivity, which in turn may explain

the differences observed in malonyl-CoA inhibition

between CPT1A and CPT1B. Thus, for rat CPT1A,

positive (residues 1–18) and negative (residues 19–30)

domains for malonyl-CoA sensitivity have been clearly

characterized [17,18,20]. However, the deletion of the

first 28, but not 18, N-terminal residues of human

CPT1B abolishes malonyl-CoA inhibition and high-

affinity binding [20,22], indicating the presence of a

different positive domain (residues 18–28) and the

absence of a negative determinant, which correlates

with the characteristic high malonyl-CoA sensitivity of

human CPT1B [7,8].

The cloning and expression of pig CPT1A [10] and

CPT1B [23] helped to explain the peculiar fatty acid

metabolism of pigs [24,25], and also revealed the pres-

ence of orthologous genes with some kinetic character-

istics of the paralogous genes. Thus, pig CPT1A is a

natural chimera that has a low IC50 for malonyl-CoA

(more sensitive) when compared to that of rat CPT1A,

but still has the low carnitine Km, characteristic of the

CPT1A isotypes [10,23]. By contrast, pig CPT1B

behaves kinetically as a CPT1A isotype [high IC50 for

malonyl-CoA (less sensitive) and a low carnitine Km

when compared to that of human CPT1B] [23].

Pig CPT1A has been successfully used to perform

chimera studies with rat CPT1A [16]. Therefore, to

highlight the role of the CPT1B N-terminal segment,

we took advantage of this naturally occurring pig

CPT1B enzyme to generate N-terminal deletions of

this CPT1B with low sensitivity, as well as N-terminal

switching experiments with the human (highly sensi-

tive) CPT1B enzyme. We show in this article that

malonyl-CoA sensitivity is determined by the length

(either 50 or 128 residues) of the N-terminal region

constructed by recombining pig and human CPT1B.

We next identified a conserved single residue, Asp17,

as a positive determinant for malonyl-CoA sensitivity

of the human enzyme, and showed that the variant,

Glu17, in the pig enzyme is responsible for its peculiar

kinetic characteristics (low carnitne Km and high

malonyl-CoA IC50).

This is the first report of a natural single-residue

variation (D17E) in the N-terminal region of a CPTIB

enzyme altering its kinetic properties (carnitine Km and

malonyl-CoA IC50). As the pig N-terminal fragment is

able to change the malonyl-CoA sensitivity of the

human enzyme, we propose that the pig enzyme can

be used as a tool with which to investigate the mole-

cular differences between CPT1A and CPT1B, which

dictate differences in malonyl-CoA sensitivity.

Results

The N-terminal region (residues 1–18) of pig

CPT1B behaves as a positive determinant for

malonyl-CoA inhibition

Low-malonyl-CoA-sensitive rat CPT1A (IC50= 1.9lm)
has positive (residues 1–18) and negative (residues

19–28) determinants of malonyl-CoA inhibition in the

N-terminal fragment of the enzyme [17,18,20]. Pig

CPT1B also shows low sensitivity to malonyl-CoA

inhibition (IC50 = 0.80 lm) [23] when compared to

the human enzyme (IC50 = 0.097 lm) [7,8]. To ascer-

tain whether the presence of a negative domain in the

N-terminal region of the pig enzyme could be responsi-

ble for its low level of malonyl-CoA inhibition, we

determined the IC50 of wild-type pig CPT1B and two

deleted versions (D18 and D28). These deleted enzymes

were active (Table 1) and expressed in Pichia pastoris

(Fig. 1A) at the same levels as the corresponding wild-

type enzyme. Figure 1B shows that the D18 deletion

mutant had very low sensitivity to malonyl-CoA

(IC50 = 35.56 lm), suggesting that this N-terminal

segment of pig CPT1B behaves as a positive determi-

nant for malonyl-CoA sensitivity (as in rat CPT1A).

Paradoxically, this determinant is stronger than that

J. Relat et al. D17E as a malonyl-CoA sensitivity determinant of CPT1B
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previously characterized for human CPT1B [20,22].

Figure 1B also shows that a D28 N-terminal deletion

created a similarly insensitive enzyme (IC50=39.19lm),
indicating that the low sensitivity to malonyl-CoA of

the pig enzyme is not related to the presence of a

negative determinant between residues 19 and 28 in

the N-terminal region of the enzyme.

Switching the N-terminal region between human

and pig CPT1B affects malonyl-CoA inhibition

To study the role of the N-terminal fragment of

CPT1B enzymes, four human–pig chimeras were con-

structed by recombining pig and human CPT1B

sequences before (H50P and P50H) and after (H128P

and P128H) TM1 and TM2 respectively (Fig. 2A).

These chimeras had similar specific activities (Table 1)

and were expressed in P. pastoris at the same level

(data not shown) as wild-type human or pig CPT1B.

This type of switching between pig and rat CPT1A

[16], or even rat CPT1A and human CPT1B [14,15],

does not affect malonyl-CoA sensitivity. However,

Fig. 2B clearly shows that the N-terminal fragment of

pig or human CPT1B enzymes determines the overall

malonyl-CoA sensitivity of these enzymes. Thus, the

N-terminal 50 amino acids of the human sequence

increased the malonyl-CoA sensitivity of the mostly

pig P50H chimera, whereas the N-terminal 128 amino

acids of the pig sequence decreased the malonyl-CoA

sensitivity of the mostly human H128P chimera.

Single E17D substitution

The alignment of the first 50 residues of CPT1B

enzymes from different species (Fig. 3A) shows two

amino acid substitutions between pig and human

CPT1B enzymes: glutamate by aspartate at posi-

tion 17, and isoleucine by valine at position 31. How-

ever, the sole amino acid change between pig, human

and rat CPT1B is the substitution of glutamate by

aspartate at position 17. To show that this substitution

might act as a negative determinant for the low malo-

nyl-CoA sensitivity of pig CPT1B, we generated two

new CPT1B mutants, pig E17D and human D17E,

and analyzed the affinity for the substrate carnitine

and malonyl-CoA sensitivity. These mutants were

active (Table 2) and expressed in P. pastoris at the

same level as wild-type human or pig CPT1B (data not

shown). Figure 3B and Table 2 show that the single

Table 1. Activity and kinetic characteristics of yeast-expressed

wild-type N-terminal deletion mutants and chimera CPT1B con-

structs. Mitochondria (100 lg) from the yeast strains expressing

human or pig wild-type enzyme, pig CPT1B deletions and CPT1B

chimeras were assayed for CPT1 activity and malonyl-CoA IC50

measured at 1 mM carnitine as described in Experimental proce-

dures. H50P and H128P have, respectively, the first 50 or 128

N-terminal amino acids of the pig enzyme recombined with the

human enzyme. P50H and P128H have the first 50 or 128 N-termi-

nal amino acids of the human enzyme recombined with the pig

enzyme. For all parameters, values are means ± SD) for three

independent assays with at least two independent mitochondrial

preparations. Values that are statistically significantly different from

those of the parental construct are indicated.

Strain

Activity

(nmolÆmin)1Æmg)1)

Malonyl-CoA

IC50 (lM)

Wild-type

Pig CPT1B 2.79 ± 1.90 0.804 ± 0.157

Human CPT1B 4.43 ± 2.98 0.096 ± 0.057

Deletion and chimeras

D18PigCPT1B 15.28 ± 7.84 35.56 ± 1.58a

D28PigCPT1B 9.42 ± 6.31 39.19 ± 15.57b

H50P 9.43 ± 2.71 0.190 ± 0.078

H128P 10.59 ± 5.36 0.325 ± 0.110b

P128H 4.16 ± 2.86 0.359 ± 0.167b

P50H 4.49 ± 1.70 0.457 ± 0.181b

a P < 0.001, b P < 0.05.

Fig. 1. Malonyl-CoA sensitivity of N-terminal deletion mutants. (A)

Immunoblot showing expression of deleted and wild-type pig

CPT1B enzymes in the yeast P. pastoris. Mitochondria (10 lg of

protein) were separated by 8% SDS ⁄ PAGE. Lane 1: D28Pig.

Lane 2: D18Pig. Lane 3: Pig wild-type. (B) Isolated mitochondria

were assayed for CPT1 activity in the presence of increasing con-

centrations of malonyl-CoA. Each construct was assayed at least

three times with at least two independent mitochondrial pre-

parations. The insert shows kinetics of the pig CPT1B enzyme

measured at 0.2 mM carnitine.

D17E as a malonyl-CoA sensitivity determinant of CPT1B J. Relat et al.
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amino acid substitution (E17D) increased the carnitine

Km of the pig enzyme (605.9 versus 197.5 lm), whereas
the same substitution in the human enzyme (D17E)

did not significantly affect its carnitine affinity (769.5

versus 683.0 lm). Figure 3C and Table 2 show that the

IC50 values of these two single mutants were similar

and that they lay between the IC50 values of the

human and pig CPT1B wild-type enzymes. These

results indicate that a single amino acid variation

(E17D) is responsible for the peculiar characteristics of

the pig enzyme (low carnitine Km and high malonyl-

CoA IC50) and, whereas Glu17 acts as a negative

determinant for malonyl-CoA sensitivity in pig

CPT1B, Asp17 is a positive determinant for human

CPT1B.

Discussion

Understanding the regulation of CPT1 by malonyl-

CoA is important in designing drugs to control exces-

sive fatty acid oxidation in diabetes mellitus [26], and

in myocardial ischemia, where accumulation of long-

chain acyl-carnitines has been associated with arrhyth-

mias [27].

For the rat CPT1A enzyme, it has been clearly

established that malonyl-CoA sensitivity is determined

by the interaction between the N-terminal and C-ter-

minal (residues 123–773) cytosolic segments of the

enzyme [16,19,28]. In addition, positive (residues 1–18)

and negative (residues 19–28) malonyl-CoA sensitivity

determinants [17,18,20] have been dissected in the

N-terminal region of this enzyme, which is less

malonyl-CoA sensitive than human CPT1B. The

IC50 for malonyl-CoA inhibition of human CPT1B

(IC50 = 0.096 lm) [7,22,23] is � 10-fold lower than

Fig. 2. Malonyl-CoA sensitivity of human and pig chimeric proteins.

(A) Schema of human and pig CPT1B chimeras. The numbers over

the vertical arrows indicate the amino acid number at which the

proteins were recombined. (B) IC50 for malonyl-CoA inhibition of

the different human and pig CPT1B chimeras. Each construct was

assayed at least three times with at least two independent mito-

chondrial preparations. Values statistically different from its parental

construct are indicated. *P < 0.05. Fig. 3. Malonyl-CoA sensitivity of human D17E and pig E17D

mutants. (A) CPT1 amino acid sequences alignment of the first 50

residues of CPT1B enzymes from different species. It shows two

amino acid variations between pig and human CPT1B; glutamate by

aspartate at position 17 (in bold), and isoleucine by valine at posi-

tion 31. (B) Carnitine Km values of wild-type CPT1B and mutants.

(C) IC50 for malonyl-CoA inhibition of wild-type CPT1B and mutants

analyzed at carnitine concentrations equal to the Km for each

enzyme. Each construct was assayed at least three times with at

least two independent mitochondrial preparations. Values statisti-

cally different from those of the parental construct are indicated.
**P < 0.001.
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that of the orthologous encoded enzyme from pig

(IC50 = 0.80 lm) [23]. However, the IC50 values of the

D18 (IC50 = 35.5 lm) and D28 (IC50 = 39.2 lm) pig

CPT1B deletion mutants (Fig. 1) indicate the presence

of a single positive determinant (residues 1–18) and the

absence of any negative determinant (between resi-

dues 19 and 28) that could account for the low degree

of sensitivity of pig CPT1B. Interestingly, the same

deletion experiment on human CPT1B (D18 CPT1B)

creates a still-sensitive enzyme (IC50 = 0.3 lm), when
compared to the human D28 mutant (IC50 = 7.5 lm)
[17,22]. Thus, the positive determinants for malonyl-

CoA sensitivity are located in different positions in

the pig (residues 1–18) and human (residues 18–28)

enzymes. The high degree of identity in the N-terminal

sequences of these two proteins (Fig. 3A) suggests

that the docking of the N-terminal fragment into the

C-terminal region is different between the human and

pig enzymes (see below).

Deletion experiments do not explain the difference

in malonyl-CoA sensitivity between pig and human

CPT1B. To determine whether the N-terminal region

plays a role in this difference, a series of switching

mutations were constructed from N-terminal resi-

dues 50 (H50P and P50H) to 128 (H128P and P128H).

All of the recombinant enzymes were active, and they

showed varying degrees of sensitivity to malonyl-CoA

inhibition, depending on the size of the recombinant

N-terminal region (Fig. 2B). This was in contrast to

previous switching experiments with pig and rat

CPT1A [16] or rat CPT1A and human CPT1B [14,15],

in which malonyl-CoA sensitivity was attributable to

the C-terminal fragment of the enzyme. Therefore, we

demonstrate here that the N-terminal fragment of

CPT1B plays a specific role in malonyl-CoA sensitiv-

ity. As the degree of identity is high, this specific role,

associated with strong sequence similarity, is probably

related to a specific interaction with the human or pig

C-terminal region of the enzymes.

Sequence alignment of the first 50 N-terminal amino

acids of CPT1 shows the high degree of identity

between these enzymes (Fig. 3A). In fact, the H50P

mutant (the first 50 residues from human CPT1 and

residues 51–773 from pig CPT1; see Fig. 2A) is a pig

D17E ⁄V31I double mutant. However, whereas Val31

is only characteristic of the human enzyme; Glu17 is

only present in the pig, sheep (also a low-malonyl-

CoA-sensitive enzyme) [29] and cow (not shown, not

kinetically characterized) sequences. As pig lipid catab-

olism differs from that of other mammals [24,25], and

the kinetic characteristics of recombinant pig CPT1A

and CPT1B can explain these peculiarities [10,23], we

speculate that the single amino acid variation observed

between pig and human (Asp17 for human and Glu17

for pig) might be responsible for the kinetic charac-

teristics of both CPT1B enzymes. Consequently, we

generated two single mutant (pig E17D and human

D17E) CPT1B enzymes and evaluated their malonyl-

CoA IC50 and carnitine Km (pig CPT1B also differs

from the human enzyme in carnitine Km [23]). Owing

to the putative relationship between malonyl-CoA and

carnitine binding [9], malonyl-CoA inhibition (IC50)

was determined at two different substrate concentra-

tions of carnitine: 1 mm (for standard comparison with

other published data), and a concentration equal to

the Km for carnitine of each enzyme (for comparison

between mutants). In this article, we show that Glu17

variation affects both the carnitine affinity and malo-

nyl-CoA inhibition of the pig enzyme, whereas Asp17

only affects malonyl-CoA inhibition of the human

enzyme (Fig. 3 and Table 2). Therefore, the E17D pig

single mutant enzyme shows the typical kinetics

Table 2. Activity and kinetic characteristics of yeast-expressed wild-type enzyme and mutant CPT1B constructs. Mitochondria (100 lg) from

the yeast strains expressing human or pig wild-type enzyme and CPT1B mutants were assayed for CPT1 activity and kinetic parameters.

Malonyl-CoA IC50 was measured at carnitine concentrations equal to the Km of each enzyme or 1 mM. The activities (nmol ⁄min ⁄mg) of pig
E17D and human D17E mutants were 4.62 ± 1.46 and 4.13 ± 1.37 respectively. For all parameters, values are means ± SD for three inde-

pendent mitochondrial preparations. Values that are statistically significantly different from those of the parental construct are indicated.

Strain Carnitine Km (lM)

Malonyl-CoA

(carnitine = 1 mM)

IC50 (lM)

Malonyl-CoA

(carnitine = Km)

IC50 (lM)

Wild-type

Pig CPT1B 197.58 ± 42.45 0.804 ± 0.157 0.550 ± 0.070

Human CPT1B 683.05 ± 195.64 0.096 ± 0.057 0.117 ± 0.009

Mutants

Pig E17D 605.95 ± 82.67b 0.297 ± 0.078b 0.284 ± 0.037b

Human D17E 769.51 ± 46.91 0.279 ± 0.055a 0.246 ± 0.093

a P < 0.05, b P < 0.001.

D17E as a malonyl-CoA sensitivity determinant of CPT1B J. Relat et al.
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characteristics of a CPT1B isotype [high carnitine Km

(605 lm) and low malonyl-CoA IC50 (0.284 lm)], in

contrast to the atypical ones of the pig CPT1B wild-

type enzyme. In addition, we show that whereas the

natural variation Glu17 behaves as a negative malo-

nyl-CoA-sensitive determinant for the pig CPT1B

enzyme; Asp17 seems to be a positive determinant for

human CPT1B malonyl-CoA sensitivity (Table 2).

The relevance of Asp17 in malonyl-CoA sensitivity

of the human CPT1B enzyme appears to be in conflict

with the results of deletion experiments in which dele-

tions in the first 28, but not 18, N-terminal residues of

human CPT1B abolished malonyl-CoA inhibition and

high-affinity binding [20,22]. However, other single

amino acid substitutions in the first 18 N-terminal resi-

dues of the human enzyme, such as Glu3, also affected

malonyl-CoA sensitivity [30]. These data suggest that

N-terminal ⁄C-terminal docking is differently affected

by residue deletion and charge substitution. To fully

elucidate the role of Asp17 in human CPT1B malonyl-

CoA sensitivity, further studies must be performed.

The role of Val31 or of Ile31 appears to be limited

in human and pig enzymes, as the sensitivities to malo-

nyl-CoA of the human E17D (IC50 = 0.279 lm) and

pig D17E (IC50 = 0.297 lm) single mutants are not

statistically different from that of the human

E17D ⁄V31I [P50H (IC50 = 0.48 lm)] and pig

D17E ⁄ I31V [H50P (IC50 = 0.19 lm)] double mutants.

In addition, Val 31 is not present in the sheep CPT1B

sequence, in which the N-terminal segment (resi-

dues 1–79) has been related to the low IC50 of this

recombinant enzyme [26].

As the pig N-terminal fragment is able to change the

malonyl-CoA sensitivity of the human enzyme

(Fig. 2C), we propose that the pig enzyme can be used

as a tool with which to investigate the molecular differ-

ences between CPT1A and CPT1B, which dictate varia-

tions in malonyl-CoA sensitivity, and which are

probably related to the N-terminal ⁄C-terminal frag-

ment interaction. Recently, an in silico three-dimen-

sional model showed the putative interaction between

the N-terminal and C-terminal regions of CPT1A [9].

In this model, Asp17 does not face the C-terminal frag-

ment. A possible explanation for this is that, in the case

of CPT1B, the docking of the N-terminal fragment

might differ from that of the established model. A fur-

ther explanation for our data might be that Asp17

interacts within a quaternary structure of the CPT1

enzyme. Interestingly, it has recently been proposed

that CPT1 forms a trimeric catalytic complex [31].

Therefore, the N-terminal segment might also interact

with a C-terminal fragment from another monomer.

Both possibilities are currently under investigation.

In conclusion, by using orthologous genes with

kinetic characteristics of parologous genes, we have

performed a switching experiment that indicates a

specific role for the N-terminal fragment of CPT1B in

determining malonyl-CoA sensitivity.

Furthermore, we identified a D17E variation in the

pig CPT1B sequence as being responsible for the pecu-

liar kinetic characteristics of this enzyme, acting as a

negative determinant for malonyl-CoA sensitivity.

Asp17 may account, at least in part, for the high

degree of inhibition of the human enzyme.

Experimental procedures

Construction of deletions D18PigCPT1B and

D28PigCPT1B for CPT1B expression in P. pastoris

The deletions D18PigCPT1B and D28PigCPT1B were gener-

ated from the construct PMCPT1STOP ⁄pBSSK+ [23]. To

obtain D18PigCPT1B and D28PigCPT1B, deletion primers

DH671 (5¢-AGCTGAATTCATGGTCGACTTCAGGCTC

AGC-3¢) and DH762 (5¢-AGCTGAATTCATGAAACATA

TCTACCTGTCCGGG-3¢) were used in combination with

the reverse primer PCPT1B-R1 (5¢-GTATTCCTCGTCAT

CCAG-3¢). The PCR reactions yielded a 558- and 528-bp

product, respectively, in which an EcoRI site (in bold in

the forward primer sequences) was introduced just before

the ATG codon (underlined in the forward primer

sequences).

These PCR products were cloned in pGEMT and

sequenced. The plasmids generated were digested with ApaI

and HindIII, taking advantage of the presence of the ApaI

restriction site in the pGEMT polylinker and the HindIII

site at position +523 of pig CPT1B cDNA. The inserts

(548 and 518 bp, respectively) were liberated and ligated in

the digested ApaI and HindIII PMCPT1STOP–BSSK+

(ApaI is also included in the BSSK+ polylinker), resulting

in constructs D18PigCPT1B–BSSK+ and D28PigCPT1B–
BSSK+, respectively.

Construction of chimeras P50H, P128H, H50P,

H128P for CPT1B expression in P. pastoris

The constructs described in this article were generated from

constructs PMCPT1STOP–pBSSK+ [23] and HMCPT1–

pHWO10 (kindly provided by G. Woldegiorgis, Oregon

Health and Science University). Initially, one point muta-

tion was introduced in the construct HMCPT1–pHWO10

to eliminate an EcoRI restriction site located in human

CPT1B cDNA (position +628). This construct was used as

a template to introduce a mutation using the QuickChange

Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,

USA). The primers were DH869 (5¢-GGAGTTGCTGGCC

AAAGAGTTCCAGGACAAGACTGCCC-3¢) and DH870
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(5¢-GGGCAGTCTTGTCCTGGAACTCTTTGGCCAGCA

ACTCC-3¢) (mutated EcoRI site is in bold in the primer

sequences, and the point mutation is underlined). Using this

procedure, we generated the construct HumanCPT1Bmut–

pHWO10.

At the same time, an EcoRI restriction site was intro-

duced just before the ATG of human CPT1B. The

construct HMCPT1–pHWO10 was used as a template in a

PCR reaction with primers DH673 (5¢-AGCTGAATTC

ATGGCGGAAGCTCACCAG-3¢) and DH677 (5¢-TTCCT
CATCATCCAACAAGGG-3¢). The PCR reaction yielded

a 610-bp product in which an EcoRI site (in bold in the

forward primer sequence) was introduced just before the

ATG codon (underlined in the forward primer sequence).

This PCR product was cloned in pGEMT, generating the

construct pGEMT–5¢HumanCPT1B.

In order to generate the chimeras P128H and H128P, we

introduced a mutation in constructs PMCPT1STOP–

pBSSK+ and pGEMT–5¢HumanCPT1B at position +384

of the cDNAs (amino acid 128), so as to generate a BspT1

restriction site. To mutate human CPT1B cDNA, we used

the construct pGEMT–5¢HumanCPT1B as a template in a

PCR reaction with primers DH673 (5¢-AGCTGAATTC

ATGGCGGAAGCTCACCAG-3¢) and DH803 (5¢-TCCA
CCCATGGTAGCAGAGAAGCAGCTTAAGGGTTTGG

CGGA-3¢). The PCR reaction yielded a 422-bp product, in

which an EcoRI site (in bold in the forward primer

sequence) was introduced just before the ATG codon

(underlined in the forward primer sequence), and a point

mutation was introduced at position +422 of the human

CPT1B cDNA (underlined in the reverse primer sequence).

This PCR product was cloned in pGEMT, generating the

construct pGEMT–5¢HumanCPT1B–BspTI. This construct

was digested with EcoRI and NcoI, and ligated into the

EcoRI–NcoI-digested construct pGEMT–5¢HumanCPT1B,

taking advantage of the EcoRI restriction site located just

before the ATG and NcoI restriction site at position +402

of human CPT1B cDNA. This procedure results in the

construct pGEMT–5¢HumanCPT1B–BspTIbis.

The constructs pGEMT–5¢HumanCPT1B and pGEMT–

5¢HumanCPT1B–BspTIbis were then digested with HindIII

(located at position +523 of human CPT1B cDNA) and

ApaI (included in the pGEMT polylinker), resulting in

5¢-inserts of the human CPT1B cDNA (529 bp). In parallel,

the construct HumanCPT1Bmut–pHWO10 was digested

with EcoRI (located just after the stop codon in human

CPT1B cDNA), filled and digested with HindIII, generating

the 3¢-insert of human CPT1B cDNA (1834 bp). The

5¢-inserts and the 3¢-insert were ligated in BSSK+ digested

with ApaI and EcoRV, taking advantage of two restriction

sites located in the BSSK+ polylinker. The constructs

generated were HumanCPT1Bmut–pBSSK+ and Human-

CPT1Bmut–BspTI–pBSSK+.

To mutate pig CPT1B cDNA, we used the construct

PMCPT1STOP–pBSSK+ as a template for a reaction with

the QuickChange Site-Directed Mutagenesis Kit (Strata-

gene). The primers used were DH801 (5¢-TTCTTCCGCCA

AACCCTTAAGCTGCTGCTTTCCTAC-3¢) and DH802

(5¢-GTAGGAAAGCAGCAGCTTAAGGGTTTGGCGGA

AGAA-3¢). Using this procedure, we generated the

construct PigCPT1BSTOP–BspT1–pBSSK+.

The chimeras P50H and H50P were generated by diges-

tion of constructs PMCPT1STOP–pBSSK+ and Human-

CPT1Bmut–pBSSK+ with ApaI and XcmI, taking

advantage of an ApaI restriction site located in the BSSK+

polylinker and a XcmI restriction site in pig CPT1B cDNA

and human CPT1B cDNA (position +183). The fragments

obtained were cross-ligated, resulting in constructs P50H–

pBSSK+ and H50P–pBSSK+, respectively.

The chimeras P128H and H128P were generated by diges-

tion of constructs PigCPT1BSTOP–BspTI–pBSSK+ and

HumanCPT1Bmut–BspTI–pBSSK+ with ApaI and BspTI,

taking advantage of an ApaI restriction site located in the

BSSK+ polylinker and a BspTI restriction site in pig

CPT1B and human CPT1B cDNAs (position +382). The

fragments obtained were cross-ligated, resulting in constructs

P128H–pBSSK+ and H128P–pBSSK+, respectively.

The mutants PigE17D–pBSSK+ and HumanD17E–

pBSSK+were generated using the QuickChange Site-Directed

Mutagenesis Kit. The constructs PMCPT1STOP–pBSSK+

and HumanCPT1Bmut–pBSSK+ were used as templates.

The primers used were DH973 (5¢-CAGTGACCCCAGAC

GGGGTCGACTTC-3¢) and DH974 (5¢-GGCTGGTCGTC

GCCTCGGCAACAGCGGGTTCCTCCTTC-3¢) for pig

CPT1B, and DH977 (5¢-CGGTGACCCCAGAAGGGGT

CGACTTC-3¢) and DH978 (5¢-GAAGTCGACCCCTTCTG

GGGTCAC CG-3¢) for human CPT1B.

All constructs were sequenced. DNA sequencing was per-

formed using the Big DyeTM kit (Applied Biosystems,

PerkinElmer Life Sciences, Foster City, CA, USA) accord-

ing to the manufacturer’s instructions.

P. pastoris transformation

All constructs were cloned into the unique EcoRI site,

located 3¢ of the glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) gene promoter (GAPp), in the pHW010 plasmid

[6,32], to produce P50H–pHW010, P128H–pHW010,

H50P–pHW010, H128P–pHW010, PigE17D–pHW010, and

HumanD17E–pHW010. These constructs were linearized in

the GAPDH gene promoter by digestion with AvrII (con-

structs P50H, P128H and PigE17D) or BspMI (constructs

H50P, H128P and HumanD17E), and integrated into the

GAPDH gene promoter locus of P. pastoris GS115 by elec-

troporation [32]. Histidine prototrophic transformants were

selected on YND (0.17% yeast nitrogen base without

amino acids and ammonium sulfate) plates, and grown on

YND medium. Mitochondria were isolated by disrupting

the yeast cells with glass beads as previously described

[6,10].
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CPT1 assay

CPT1 activity was assayed by the forward exchange method

using l-[3H]carnitine as previously described [6]. The stan-

dard assay reaction mixture contained, in a total volume of

0.5 mL, 1 mm l-[3H]carnitine (� 10 000 dpmÆnmol)1),

80 lm 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. Incubations were performed for

3 min at 30 �C, and the reactions were stopped with per-

chloric acid. The palmitoylcarnitine produced was extracted

with butanol and quantified by liquid scintillation.

IC50 for malonyl-CoA and carnitine Km

The IC50 value was obtained by assaying mitochondria in

the presence of increasing malonyl-CoA concentrations

(from 0 to 15 lm for P50H, H50P, P128H, H128P,

PigE17DCPT1B and HumanD17ECPT1B, and from 0 to

500 lm for D18PigCPT1B and D28PigCPT1B). The assay

was performed at 1 mm carnitine as standard. To analyze

PigE17DCPT1B and HumanD17ECPT1B mutants, the

assay was performed at carnitine concentrations equal to

the Km. The percentage of activity was plotted against the

malonyl-CoA concentration, considering the assay points

without malonyl-CoA as representing 100% of CPT1 activ-

ity. Data were fitted to exponential decay curves (linear

scale) or to competition curves (logarithmic scale) for IC50

calculation. The Km for carnitine was obtained by assaying

mitochondria in the presence of increasing carnitine concen-

trations: 50–1500 lm for pig CPTIB, and 50–2000 lm for

human CPTIB.

Western blot analysis and DNA sequencing

Proteins were separated by SDS ⁄PAGE in an 8% gel and

transferred onto poly(vinylidene difluoride) membranes. Pig

CPT1A-specific antibody was obtained as previously

described [10], and used at a 1 : 1000 dilution. This anti-

body also recognizes other CPT1 proteins [16,23]. Proteins

were detected using the ECL chemiluminescence system

(Amersham Biosciences, Piscataway, NJ, USA).

Acknowledgements

This project was supported by grants BFU2007-

67322 ⁄BMC (to P. F. Marrero) from the Ministerio de

Educación y Ciencia, RCMNC03 ⁄ 08 (to D. Haro)

from Red de Centros (Instituto de Salud Carlos III,

Ministerio de Sanidad), and from the Ajut de Suport

als Grups de Recerca de Catalunya 2005SGR00857.

We are grateful to G. Woldegiorgis (Oregon Health

and Science University) for providing the expression

plasmid HMCPT1 ⁄pHWO10.

References

1 McGarry JD & Brown NF (1997) The mitochondrial

carnitine palmitoyltransferase system. From concept to

molecular analysis. Eur J Biochem 244, 1–14.

2 Price N, van der Leij F, Jackson V, Corstorphine C,

Thomson R, Sorensen A & Zammit V (2002) A novel

brain-expressed protein related to carnitine palmitoyl-

transferase I. Genomics 80, 433–442.

3 Wolfgang MJ, Kurama T, Dai Y, Suwa A, Asaumi M,

Matsumoto S, Cha SH, Shimokawa T & Lane MD

(2006) The brain-specific carnitine palmitoyltransferase-

1c regulates energy homeostasis. Proc Natl Acad Sci

USA 103, 7282–7287.

4 Esser V, Britton CH, Weis BC, Foster DW & McGarry

JD (1993) Cloning, sequencing and expression of a

cDNA encoding rat liver carnitine palmitoyltransfer-

ase I. Direct evidence that a single polypeptide is

involved in inhibitor interaction and catalytic function.

J Biol Chem 268, 5817–5822.

5 Brown NF, Esser V, Foster DW & McGarry JD (1994)

Expression of a cDNA for rat liver carnitine palmitoyl-

transferase I in yeast establishes that catalytic activity

and malonyl-CoA sensitivity reside in a single polypep-

tide. J Biol Chem 269, 26438–26442.

6 de Vries Y, Arvidson DN, Waterham HR, Cregg JM &

Woldegiorgis G (1997) Functional characterization of

mitochondrial carnitine palmitoyltransferases I and II

expressed in the yeast Pichia pastoris. Biochemistry 36,

5285–5292.

7 Zhu H, Shi J, de Vries Y, Arvidson DN, Cregg JM &

Woldegiorgis G (1997) Functional studies of yeast-

expressed human heart muscle carnitine palmitoyltrans-

ferase I. Arch Biochem Biophys 347, 53–61.

8 Zhu H, Shi J, Cregg JM & Woldegiorgis G (1997)

Reconstitution of highly expressed human heart muscle

carnitine palmitoyltransferase I. Biochem Biophys Res

Commun 239, 498–502.
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