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Abstract: CPT (carnitine palmitoyltransferase) II muscle deficiency is the most common form
of muscle fatty acid metabolism disorders. In contrast to carnitine deficiency, it is clinically
characterized by attacks of myalgia and rhabdomyolysis without persistent muscle weakness and
lipid accumulation in muscle fibers. The biochemical consequences of the disease-causing mutations
are still discussed controversially. CPT activity in muscles of patients with CPT II deficiency ranged
from not detectable to reduced to normal. Based on the observation that in patients, total CPT
is completely inhibited by malony-CoA, a deficiency of malonyl-CoA-insensitive CPT II has been
suggested. In contrast, it has also been shown that in muscle CPT II deficiency, CPT II protein is
present in normal concentrations with normal enzymatic activity. However, CPT II in patients is
abnormally sensitive to inhibition by malonyl-CoA, Triton X-100 and fatty acid metabolites. A recent
study on human recombinant CPT II enzymes (His6-N-hCPT2 and His6-N-hCPT2/S113L) revealed
that the wild-type and the S113L variants showed the same enzymatic activity. However, the mutated
enzyme showed an abnormal thermal destabilization at 40 and 45 ◦C and an abnormal sensitivity to
inhibition by malony-CoA. The thermolability of the mutant enzyme might explain why symptoms
in muscle CPT II deficiency mainly occur during prolonged exercise, infections and exposure to
cold. In addition, the abnormally regulated enzyme might be mostly inhibited when the fatty acid
metabolism is stressed.

Keywords: carnitine palmitoyltransferase; myoglobinuria; myopathy; muscle; CPT (carnitine
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1. Introduction

The carnitine palmitoyltransferase (CPT) system consists of two enzymes, CPT I and CPT II, and is
involved in the transport of long-chain fatty acids into the mitochondrial compartment. The enzymes
are located in the outer (CPT I) and inner mitochondrial membrane (CPT II). Three phenotypes
of CPT II deficiency are known: a lethal neonatal form, a severe infantile hepatocardiomuscular
form, and a mild myopathic form [1]. Muscle CPT II deficiency is the most frequent type of CPT II
deficiency. The disease follows an autosomal recessive mode of inheritance. In approximately 90% the
molecular basis is a p. S113L mutation in homozygous or heterozygous state with an allele frequency
of 60%–70% [2–4]. In addition there are more than 60 mostly private mutations [4].

Clinical features are attacks of muscle weakness, myalgia, pain and rhabdomyolysis with or
without renal failure. Trigger factors are prolonged exercise, fasting, fever and exposure to cold [5].
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The biochemical consequences of the disease-causing mutations are still discussed controversially.
In former studies, CPT activities in muscles of patients with CPT II deficiency ranged from not
detectable [6–9] to reduced [10–14] up to normal [15,16]. CPT I but not CPT II is sensitive to inhibition
by malonyl-CoA. Trevisan et al. showed an almost complete inhibition of total CPT activity in patients
by malonyl-CoA [17]. From this it was inferred that the normal malonyl-CoA–insensitive CPT II
activity is deficient. However, it has also been shown that total CPT activity is normal under optimal
assay conditions but abnormal when inhibited by malonyl-CoA, palmitoylcarnitine, carnitine and
Trition-X100 (non-ionic surfactant). This led to the hypothesis of an abnormally regulated enzyme with
a normal total CPT II concentration [15,16,18]. Zierz et al. [19] showed that CPT II muscle deficiency
patients have an enzymatically active CPT II which is abnormally sensitive to inhibition by Tween
(nonionic detergent), and that CPT I activity is not compensatorily increased in these patients. However,
after preincubation of the muscle homogenate of CPT II muscle deficiency patients with trypsin, the
total CPT activity slightly increased and rendered the activity greatly insensitive to inhibition by
malonyl-CoA in both patients and controls [20]. In one Western blot study on one patient, there was no
detectable CPT II protein at all [21]. In another immunoreactivity study, prior to the identification of
the disease-causing mutations, five groups of patients were differentiated according to enzyme activity
and protein content, but none of the patients had complete loss of the CPT protein [16]. However,
in these studies, antibodies against bovine liver CPT II [21] and rat liver CPT II [16] have been used.
The p.S113L mutation represents a missense mutation, and does not lead to a truncated protein [22].
This argues against a complete loss of CPT II protein. From transfection experiments of COS (CV-1
in Origin, carrying SV40) cells with the p.S113L mutation, a normal synthesis but markedly reduced
steady-state level of the protein was postulated [22]. In a study, fibroblast cultures preincubated for
three weeks at 37 and 41 ◦C and the subsequent measurement of fatty acid oxidation at 37 and 41 ◦C,
respectively, showed reduced fatty acid oxidation in patients [23]. From this, thermal instability of the
mutant enzyme has been postulated [23]. This hypothesis could be confirmed in a recent study using
human recombinant CPT II enzymes. In this study, the wild-type and the variant S113L showed the
same enzymatic activity. However, the mutant enzyme showed a marked thermolability and was also
abnormally inhibited by malonyl-CoA [24,25].

2. Clinical Presentation of Patients with Muscle CPT II

Three different phenotypes of CPT II deficiency are known: the multisystemic lethal neonatal, the
infantile and the adult myopathic forms. In contrast to CPT I, there are no tissue-specific isoforms of
CPT II. Thus, the clinical heterogeneity of CPT II deficiency is due to different mutations. Joshi et al.
(2014) [5] analyzed a cohort of 50 patients’ muscle CPT II deficiency retrospectively. Thirty-two patients
included in that study have already been described previously [2,24,26]. Sixty percent of the patients
had an early childhood onset compared to later adolescent or adulthood onsets. Almost all patients
(94%) described attacks of myalgia. Following the main clinical symptoms were myoglobinuria (86%)
and muscle weakness (76%) [5]. The most common trigger factors were exercise (87%) and infection
(62%). The diagnosis can be confirmed by molecular investigations. In 90% of the patients, the S113L
mutation has been found on the CPT II gene, with an allele frequency of 60%–70% [2–4].

3. Biochemical Studies in Patients with CPT II Muscle Deficiency

In a previous study on muscle biopsies of nine patients with genetically proven CPT II deficiency,
the enzyme was investigated. The genotypes were p.S113L/p.S113L (n = 4), p.S113L/p.R231W
(n = 1), p.S113L/p.Y479F (n = 1), p.S113L/c.1646_1649del (n = 1), p.S113L/c.1238_1239del (n = 1),
and p.S113L/p.P50H (n = 1) [25]. Total CPT activity of patients in the isotope forward assay was not
significantly different from that of controls. The remaining activities upon inhibition by malonyl-CoA
and Triton X-100 were only 25% of those in controls [25]. Immunohistochemically, CPT II could
be demonstrated with the same intensity in patients as in controls. In Western blot studies, COX
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(cytochrome c oxidase) was used as a mitochondrial marker for the quantification of CPT II protein.
Patients and controls all showed the same staining intensity [25].

4. Thermolability of the S113L Variant

His6-N-hCPT2 (wild type) and His6-N-hCPT2/S113L (variant) were expressed recombinantly in
prokaryotic hosts. The enzyme activity was determined spectroscopically according to Rufer et al. [27]
with some modifications [28,29]. Temperature-induced inactivation of CPT II was analyzed after
incubation of the enzymes at 40 and 45 ◦C. The results showed a significantly faster decrease of the
enzyme activity of the mutated enzyme compared to the wild type at both temperatures (40 and
45 ◦C) (Figure 1) [29]. A recent study supported the findings of thermolability in CPT II deficiency [30].
Cultured fibroblasts of three types of CPT II variants (p.V368I (heterozygous); p.V368I (homozygous);
p.F352C (heterozygous) + p.V368I (homozygous)) showed decreased enzyme activities, cellular
β-oxidation and ATP generation. The Km value for L-carnitine, thermal instability, short half-lives,
and cellular apoptosis were increased [30]. In order to study the effect of the S113L mutation on
the thermostability of the enzyme, molecular dynamics (MD) simulations were performed on the
wild-type and mutant enzymes at different temperatures using a generated homology model of human
CPT II. These simulations confirmed the thermolability of the S113L variant. The calculated B-factor
(indicating the flexibility of the backbone) for the residues neighboring the mutation site (S110-L121)
showed a significantly higher fluctuation for the mutant’s residues at 313 K (40 ◦C) when compared
to 277 K (4 ◦C), and to a lesser extent at 293 K (20 ◦C). In contrast, the calculated B-factors for the
wild-type enzyme revealed no noticeable differences at the three above-mentioned temperatures [29].
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Figure 1. Thermal inactivation of His6-N-hCPT2 (open symbols) and His6-N-hCPT2/S113L (filled
symbols) at 30 and 40 ◦C. Black squares show thermal inactivation at 30 ◦C, red circles represent values
at 40 ◦C. The data is presented as time-dependent changes of natural-log-transformed relative activities.

5. Protective Effect of Natural Substrates

Motlagh et al. studied a putative substrate protection effect on the kinetic stability of the
enzymes [29]. After their pre-incubation with various natural substrates at different temperatures, the
kinetic stability of the enzymes was measured [29].

Pre-incubation of the recombinant wild-type S113L variant with the native substrate
palmitoyl-CoA prior to the addition of L-carnitine revealed no substrate protection and generally
increased the rate of thermal inactivation at 40 and 45 ◦C. In contrast, both enzymes displayed a much
higher kinetic stability on pre-incubation with L-carnitine at 45 ◦C [29].

The middle-chain acyl-L-carnitines, C10, C12 and C14, and the long-chain one, C16, stabilized the
mutated enzyme to the level of the wild-type at 45 ◦C. At 40 ◦C they could decrease the inactivation
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rate constant of the wild-type and the variant S113L by a factor of about 1000 and 25, respectively [29].
MD studies on the wild-type and the variant S113L in complex with palmitoyl-L-carnitine showed no
differences in the behavior of both enzymes with increasing temperature, indicating the stabilization
effect of palmitoyl-L-carnitine on the S113L variant. The calculated B-factor of the residues surrounding
the mutation site (S110-L121) in the complex did not show any increase at higher temperatures (313 K,
40 ◦C). Generally, a lower flexibility of the acyl-L-carnitine binding site residues as well as of the whole
protein was observed for the variant S113L in complex with palmitoyl-L-carnitine compared to the
protein without substrate at 40 ◦C [29].

6. Inhibitory Effect of Malonyl-CoA on CPT II

Previously, it has been shown that in muscle homogenates of patients with CPT II deficiency,
limited trypsin proteolysis rendered total enzyme activity (i.e., CPT I and II) almost completely
insensitive to inhibition by malonyl-CoA [20]. Motlagh et al. evaluated the inhibitory effect
of malonyl-CoA and malonic acid (malonate) on CPT II [28]. The activities of His6-N-hCPT2
and His6-N-hCPT2/S113L were measured by pre-incubation of these effectors at three different
concentrations (10, 100 or 200 µM) (Figure 2). A time-dependent inhibitory effect of the metabolites
has been shown. While the wild-type displayed a residual final activity of about 70% in the presence
of malonyl-CoA, the S113L variant decreased to 40%. Pre-incubation of the enzymes with malonic acid
resulted in a residual activity of about 70% in the wild-type but of about 5% in the variant.
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Figure 2. Effect of malonyl-CoA and malonic acid (malonate) on the kinetic stability of recombinant
CPT II enzymes. Inactivation of His6-N-hCPT2 at different concentrations (squares: 10 µM, triangles:
200 µM inhibitor) and temperatures (closed symbols: activity at 4 ◦C, open symbols: activity at 30 ◦C).
(A) by malonyl-CoA and (C) by malonic acid (malonate). Inactivation of His6-N-hCPT2/S113L at
different concentrations and temperatures (B) by malonyl-CoA and (D) by malonic acid (malonate).
The data is shown as time-dependent change of relative activities.
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Docking studies using the homology model of human CPT II revealed two different binding sites
for malonyl-CoA and malonic acid (malonate) [28] (Figure 3).
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Figure 3. Docking studies of malonyl-CoA with CPT II. (A) Interaction of malonyl-CoA (cyan) docked
to site I of CPT II; (B) Interaction of malonyl-CoA (cyan) docked to site II of CPT II. The conserved
water molecule W88 is shown as a red sphere. The α-helix bearing the S113L mutation is shown as
a magenta ribbon. Only residues of the catalytic site are shown as white sticks for clarity. Hydrogen
bonds are shown as yellow dashed lines.

By addition of the native substrate palmitoyl-CoA and without the other substrate carnitine,
the activity of the native enzyme was restored to normal wild-type levels only 60 s after starting the
enzyme assay (post-incubation). However, the residual activity of the variant S113L could not been
restored [28].

A conceivable reason behind the abnormal inhibition of the S113L CPT II variant could be
deduced from the obtained docking results (Figure 3). Although the Ser113 residue is not directly
located in the binding pocket, its mutation to the leucine hydrophobic residue might lead to a
change in the conformation of the binding pocket, altering the location of catalytically important
residues. The suggested conformational change induced by the S113L mutation could either lead to an
enhancement of the binding of malonyl-CoA or malonate, or result in a weaker binding of the native
substrate. Thus, the native substrate cannot efficiently compete with the tightly bound malonyl-CoA
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or malonate. This could also explain why the enzymatic activity of the S113L variant is only partly
restored by post-incubation with palmitoyl CoA [28].

Malonyl-CoA is synthesized by acetyl-CoA carboxylase (ACC). There are two isoforms of ACC:
(i) ACC1 mainly localized in lipogenic tissues such as the liver and adipose tissue; and (ii) ACC2
present in the heart and skeletal muscle but also in the liver [31]. Malonyl-CoA is found in the liver,
heart and skeletal muscle [32]. In the rat liver, the malonyl-CoA content is high in the fed state and
decreased during fasting, exercise, and in diabetes [33,34]. In skeletal muscle, the inhibitory constant
(I50) of CPT I for malonyl-CoA is only 13%–23% of that in the liver, indicating a higher sensitivity of
CPT I for malonyl-CoA inhibition in skeletal muscle compared to the liver [34]. It has been suggested
that malonyl-CoA contributes to the regulation of de novo fatty acid synthesis by inhibiting fatty acid
synthesis in the fed state. During fasting, the decreased malonyl-CoA concentration might facilitate
mitochondrial fatty acid utilization. The physiological significance of the slight inhibition of normal
CPT II by malonyl-CoA has not been established. However, due to the abnormally high sensitivity of
the mutant CPT II for malonyl-CoA, it can be speculated that even the reduced malonyl-CoA level
during fasting is still sufficient to significantly inhibit CPT II activity in patients with CPT II deficiency.
This in turn might contribute to triggering symptoms in patients during fasting and prolonged exercise
whereas the wild-type CPT2 is not affected.

7. Summary and Conclusions

In previous studies, muscle carnitine palmitoyl transferase II deficiency was mostly
considered to be associated with adult or late onset [22,35–37] rather than early childhood
manifestation [38–43]. However, Joshi et al. (2014) [5] showed that the manifestation of clinical
symptoms occurred more frequently during infancy (one to 12 years old) than during adolescence
(13–22 years old) and adulthood (>22 years old). The main clinical symptoms in patients with muscle
carnitine palmitoyl transferase II deficiency are attacks of myalgia and myoglobinuria, possibly leading
to renal failure. Infections and exposure to cold seem to be the most common trigger factors.

In muscle CPT II deficiency, symptoms occur only intermittently. This is in contrast to carnitine
deficiency [44]. The normal protein content and enzyme activity allow a normal function of the
CPT system in situations without stress on the fatty acid metabolism [25,29]. CPT II with the S113L
mutation, however, is most vulnerable to inhibition when it is most needed [29].

Acknowledgments: Diana Lehmann, Leila Motlagh and Stephan Zierz are members of the German mitoNET.
Diana Lehmann receives funding from the EAN (European Academy of Neurology).

Author Contributions: Review Paper: Diana Lehmann and Leila Motlagh: preparation of the manuscript and
preparation of the figures, Dina Robaa: preparation of the figures and critical review, Stephan Zierz: supervision
and critical review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bonnefont, J.P.; Djouadi, F.; Prip-Buus, C.; Gobin, S.; Munnich, A.; Bastin, J. Carnitine palmitoyltransferases
1 and 2: Biochemical, molecular and medical aspects. Mol. Aspects Med. 2004, 25, 495–520. [CrossRef]
[PubMed]

2. Deschauer, M.; Wieser, T.; Zierz, S. Muscle carnitine palmitoyltransferase II deficiency: Clinical and molecular
genetic features and diagnostic aspects. Arch. Neurol. 2005, 62, 37–41. [CrossRef] [PubMed]

3. Bonnefont, J.P.; Demaugre, F.; Prip-Buus, C.; Saudubray, J.M.; Brivet, M.; Abadi, N.; Thuillier, L. Carnitine
palmitoyltransferase deficiencies. Mol. Genet. Metab. 1999, 68, 424–440. [CrossRef] [PubMed]

4. Isackson, P.J.; Bennett, M.J.; Vladutiu, G.D. Identification of 16 new disease-causing mutations in the CPT2
gene resulting in carnitine palmitoyltransferase II deficiency. Mol. Genet. Metab. 2006, 89, 323–331. [CrossRef]
[PubMed]

5. Joshi, P.R.; Deschauer, M.; Zierz, S. Carnitine palmitoyltransferase II (CPT II) deficiency: Genotype-phenotype
analysis of 50 patients. J. Neurol. Sci. 2014, 338, 107–111. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mam.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15363638
http://dx.doi.org/10.1001/archneur.62.1.37
http://www.ncbi.nlm.nih.gov/pubmed/15642848
http://dx.doi.org/10.1006/mgme.1999.2938
http://www.ncbi.nlm.nih.gov/pubmed/10607472
http://dx.doi.org/10.1016/j.ymgme.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16996287
http://dx.doi.org/10.1016/j.jns.2013.12.026
http://www.ncbi.nlm.nih.gov/pubmed/24398345


Int. J. Mol. Sci. 2017, 18, 82 7 of 8

6. DiMauro, S.; di Mauro, P.M. Muscle carnitine palmityltransferase deficiency and myoglobinuria. Science
1973, 182, 929–931. [CrossRef] [PubMed]

7. Bank, W.J.; DiMauro, S.; Bonilla, E.; Capuzzi, D.M.; Rowland, L.P. A disorder of muscle lipid metabolism and
myoglobinuria. Absence of carnitine palmityl transferase. N. Engl. J. Med. 1975, 292, 443–449. [CrossRef]
[PubMed]

8. Reza, M.J.; Kar, N.C.; Pearson, C.M.; Kark, R.A. Recurrent myoglobinuria due to muscle carnitine palmityl
transferase deficiency. Ann. Intern. Med. 1978, 88, 610–615. [CrossRef] [PubMed]

9. Patten, B.M.; Wood, J.M.; Harati, Y.; Hefferan, P.; Howell, R.R. Familial recurrent rhabdomyolysis due to
carnitine palmityl transferase deficiency. Am. J. Med. 1979, 67, 167–171. [CrossRef]

10. Angelini, C.; Freddo, L.; Battistella, P.; Bresolin, N.; Pierobon-Bormioli, S.; Armani, M.; Vergani, L. Carnitine
palmityl transferase deficiency: Clinical variability, carrier detection, and autosomal-recessive inheritance.
Neurology 1981, 31, 883–886. [CrossRef] [PubMed]

11. Taroni, F.; Verderio, E.; Fiorucci, S.; Cavadini, P.; Finocchiaro, G.; Uziel, G.; Lamantea, E.; Gellera, C.;
DiDonato, S. Molecular characterization of inherited carnitine palmitoyltransferase II deficiency. Proc. Natl.
Acad. Sci. USA 1992, 89, 8429–8433. [CrossRef] [PubMed]

12. Hostetler, K.Y.; Hoppel, C.L.; Romine, J.S.; Sipe, J.C.; Gross, S.R.; Higginbottom, P.A. Partial deficiency of
muscle carnitine palmitoyltransferase with normal ketone production. N. Engl. J. Med. 1978, 298, 553–557.
[CrossRef] [PubMed]

13. Ionasescu, V.; Hug, G.; Hoppel, C. Combined partial deficiency of muscle carnitine palmitoyltransferase and
carnitine with autosomal dominant inheritance. J. Neurol. Neurosurg. Psychiatry 1980, 43, 679–682. [CrossRef]
[PubMed]

14. Layzer, R.B.; Havel, R.J.; McIlroy, M.B. Partial deficiency of carnitine palmityltransferase: Physiologic and
biochemical consequences. Neurology 1980, 30, 627–633. [CrossRef] [PubMed]

15. Zierz, S.; Engel, A.G. Regulatory properties of a mutant carnitine palmitoyltransferase in human skeletal
muscle. Eur. J. Biochem. 1985, 149, 207–214. [CrossRef] [PubMed]

16. Vladutiu, G.D.; Saponara, I.; Conroy, J.M.; Grier, R.E.; Brady, L.; Brady, P. Immunoquantitation of carnitine
palmitoyl transferase in skeletal muscle of 31 patients. Neuromuscul. Disord. 1992, 2, 249–259. [CrossRef]

17. Trevisan, C.P.; Angelini, C.; Freddo, L.; Isaya, G.; Martinuzzi, A. Myoglobinuria and carnitine
palmityltransferase (CPT) deficiency: Studies with malonyl-CoA suggest absence of only CPT-II. Neurology
1984, 34, 353–356. [CrossRef] [PubMed]

18. Zierz, S.; Neumann-Schmidt, S.; Jerusalem, F. Inhibition of carnitine palmitoyltransferase in normal human
skeletal muscle and in muscle of patients with carnitine palmitoyltransferase deficiency by long- and
short-chain acylcarnitine and acyl-coenzyme A. Clin. Investig. 1993, 71, 763–769. [CrossRef] [PubMed]

19. Zierz, S.; Mundegar, R.R.; Jerusalem, F. Biochemical evidence for heterozygosity in muscular carnitine
palmitoyltransferase deficiency. Clin. Investig. 1993, 72, 77–83. [CrossRef] [PubMed]

20. Zierz, S. Limited trypsin proteolysis renders carnitine palmitoyltransferase insensitive to inhibition by
malonyl-CoA in patients with muscle carnitine palmitoyltransferase deficiency. Clin. Investig. 1994, 72,
957–960. [CrossRef] [PubMed]

21. Singh, R.; Shepherd, I.M.; Derrick, J.P.; Ramsay, R.R.; Sherratt, H.S.; Turnbull, D.M. A case of carnitine
palmitoyltransferase ii deficiency in human skeletal muscle. FEBS Lett. 1988, 241, 126–130. [CrossRef]

22. Taroni, F.; Verderio, E.; Dworzak, F.; Willems, P.J.; Cavadini, P.; DiDonato, S. Identification of a common
mutation in the carnitine palmitoyltransferase II gene in familial recurrent myoglobinuria patients. Nat. Genet.
1993, 4, 314–320. [CrossRef] [PubMed]

23. Olpin, S.E.; Afifi, A.; Clark, S.; Manning, N.J.; Bonham, J.R.; Dalton, A.; Leonard, J.V.; Land, J.M.;
Andresen, B.S.; Morris, A.A.; et al. Mutation and biochemical analysis in carnitine palmitoyltransferase
type II (CPT II) deficiency. J. Inherit. Metab. Dis. 2003, 26, 543–557. [CrossRef] [PubMed]

24. Joshi, P.R.; Deschauer, M.; Zierz, S. Clinically symptomatic heterozygous carnitine palmitoyltransferase II
(CPT II) deficiency. Wien. Klinische Wochenschr. 2012, 124, 851–854. [CrossRef] [PubMed]

25. Lehmann, D.; Zierz, S. Normal protein content but abnormally inhibited enzyme activity in muscle carnitine
palmitoyltransferase II deficiency. J. Neurol. Sci. 2014, 339, 183–188. [CrossRef] [PubMed]

26. Joshi, P.R.; Young, P.; Deschauer, M.; Zierz, S. Expanding mutation spectrum in CPT II gene: Identification of
four novel mutations. J. Neurol. 2013, 260, 1412–1414. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.182.4115.929
http://www.ncbi.nlm.nih.gov/pubmed/4745596
http://dx.doi.org/10.1056/NEJM197502272920902
http://www.ncbi.nlm.nih.gov/pubmed/123038
http://dx.doi.org/10.7326/0003-4819-88-5-610
http://www.ncbi.nlm.nih.gov/pubmed/646243
http://dx.doi.org/10.1016/0002-9343(79)90099-8
http://dx.doi.org/10.1212/WNL.31.7.883
http://www.ncbi.nlm.nih.gov/pubmed/7195512
http://dx.doi.org/10.1073/pnas.89.18.8429
http://www.ncbi.nlm.nih.gov/pubmed/1528846
http://dx.doi.org/10.1056/NEJM197803092981007
http://www.ncbi.nlm.nih.gov/pubmed/272487
http://dx.doi.org/10.1136/jnnp.43.8.679
http://www.ncbi.nlm.nih.gov/pubmed/7431028
http://dx.doi.org/10.1212/WNL.30.6.627
http://www.ncbi.nlm.nih.gov/pubmed/7189839
http://dx.doi.org/10.1111/j.1432-1033.1985.tb08913.x
http://www.ncbi.nlm.nih.gov/pubmed/3996401
http://dx.doi.org/10.1016/0960-8966(92)90057-D
http://dx.doi.org/10.1212/WNL.34.3.353
http://www.ncbi.nlm.nih.gov/pubmed/6538275
http://dx.doi.org/10.1007/BF00190315
http://www.ncbi.nlm.nih.gov/pubmed/8305830
http://dx.doi.org/10.1007/BF00231124
http://www.ncbi.nlm.nih.gov/pubmed/8136624
http://dx.doi.org/10.1007/BF00577735
http://www.ncbi.nlm.nih.gov/pubmed/7711426
http://dx.doi.org/10.1016/0014-5793(88)81044-5
http://dx.doi.org/10.1038/ng0793-314
http://www.ncbi.nlm.nih.gov/pubmed/8358442
http://dx.doi.org/10.1023/A:1025947930752
http://www.ncbi.nlm.nih.gov/pubmed/14605500
http://dx.doi.org/10.1007/s00508-012-0296-9
http://www.ncbi.nlm.nih.gov/pubmed/23184072
http://dx.doi.org/10.1016/j.jns.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24602495
http://dx.doi.org/10.1007/s00415-013-6887-1
http://www.ncbi.nlm.nih.gov/pubmed/23475205


Int. J. Mol. Sci. 2017, 18, 82 8 of 8

27. Rufer, A.C.; Thoma, R.; Benz, J.; Stihle, M.; Gsell, B.; De Roo, E.; Banner, D.W.; Mueller, F.; Chomienne, O.;
Hennig, M. The crystal structure of carnitine palmitoyltransferase 2 and implications for diabetes treatment.
Structure 2006, 14, 713–723. [CrossRef] [PubMed]

28. Motlagh, L.; Golbik, R.; Sippl, W.; Zierz, S. Malony-CoA inhibits the S113L variant of
carnitine-palmitoyltransferase II. Biochim. Biophys. Acta 2016, 1861, 34–40. [CrossRef] [PubMed]

29. Motlagh, L.; Golbik, R.; Sippl, W.; Zierz, S. Stabilization of the thermolabile variant S113L of carnitine
palmitoyltransferase II. Neurol. Genet. 2016, 2, e53. [CrossRef] [PubMed]

30. Yao, M.; Cai, M.; Yao, D.; Xu, X.; Yang, R.; Li, Y.; Zhang, Y.; Kido, H.; Yao, D. Abbreviated half-lives and
impaired fuel utilization in carnitine palmitoyltransferase II variant fibroblasts. PLoS ONE 2015, 10, e0119936.
[CrossRef] [PubMed]

31. Abu-Elheiga, L.; Almarza-Ortega, D.B.; Baldini, A.; Wakil, S.J. Human acetyl-CoA carboxylase 2. Molecular
cloning, characterization, chromosomal mapping, and evidence for two isoforms. J. Biol. Chem. 1997, 272,
10669–10677. [PubMed]

32. Saggerson, D. Malonyl-CoA, a key signaling molecule in mammalian cells. Annu. Rev. Nutr. 2008, 28,
253–272. [CrossRef] [PubMed]

33. McGarry, J.D.; Stark, M.J.; Foster, D.W. Hepatic malonyl-CoA levels of fed, fasted and diabetic rats as
measured using a simple radioisotopic assay. J. Biol. Chem. 1978, 253, 8291–8293. [PubMed]

34. McGarry, J.D.; Mills, S.E.; Long, C.S.; Foster, D.W. Observations on the affinity for carnitine, and malonyl-CoA
sensitivity, of carnitine palmitoyltransferase I in animal and human tissues. Demonstration of the presence
of malonyl-CoA in non-hepatic tissues of the rat. Biochem. J. 1983, 214, 21–28. [CrossRef] [PubMed]

35. Corti, S.; Bordoni, A.; Ronchi, D.; Musumeci, O.; Aguennouz, M.; Toscano, A.; Lamperti, C.; Bresolin, N.;
Comi, G.P. Clinical features and new molecular findings in carnitine palmitoyltransferase II (CPT II)
deficiency. J. Neurol. Sci. 2008, 266, 97–103. [CrossRef] [PubMed]

36. Martin, M.A.; Rubio, J.C.; De Bustos, F.; Del Hoyo, P.; Campos, Y.; Garcia, A.; Bornstein, B.; Cabello, A.;
Arenas, J. Molecular analysis in spanish patients with muscle carnitine palmitoyltransferase deficiency.
Muscle Nerve 1999, 22, 941–943. [CrossRef]

37. Vladutiu, G.D. Biochemical and molecular correlations in carnitine palmitoyltransferase II deficiency.
Muscle Nerve 1999, 22, 949–951. [CrossRef]

38. Gempel, K.; von Praun, C.; Baumkotter, J.; Lehnert, W.; Ensenauer, R.; Gerbitz, K.D.; Bauer, M.F. “Adult” form
of muscular carnitine palmitoyltransferase II deficiency: Manifestation in a 2-year-old child. Eur. J. Pediatr.
2001, 160, 548–551. [CrossRef] [PubMed]

39. Hurvitz, H.; Klar, A.; Korn-Lubetzki, I.; Wanders, R.J.; Elpeleg, O.N. Muscular carnitine palmitoyltransferase
II deficiency in infancy. Pediatr. Neurol. 2000, 22, 148–150. [CrossRef]

40. Fanin, M.; Anichini, A.; Cassandrini, D.; Fiorillo, C.; Scapolan, S.; Minetti, C.; Cassanello, M.; Donati, M.A.;
Siciliano, G.; D’Amico, A.; et al. Allelic and phenotypic heterogeneity in 49 italian patients with the muscle
form of CPT-II deficiency. Clin. Genet. 2012, 82, 232–239. [CrossRef] [PubMed]

41. Anichini, A.; Fanin, M.; Vianey-Saban, C.; Cassandrini, D.; Fiorillo, C.; Bruno, C.; Angelini, C.
Genotype-phenotype correlations in a large series of patients with muscle type CPT II deficiency. Neurol. Res.
2011, 33, 24–32. [CrossRef] [PubMed]

42. Thuillier, L.; Sevin, C.; Demaugre, F.; Brivet, M.; Rabier, D.; Droin, V.; Aupetit, J.; Abadi, N.; Kamoun, P.;
Saudubray, J.M.; et al. Genotype/phenotype correlation in carnitine palmitoyl transferase II deficiency:
Lessons from a compound heterozygous patient. Neuromuscul. Disord. 2000, 10, 200–205. [CrossRef]

43. Reuschenbach, C.; Zierz, S. Mutant carnitine palmitoyltransferase associated with myoadenylate deaminase
deficiency in skeletal muscle. J. Pediatr. 1988, 112, 600–603. [CrossRef]

44. Engel, A.G.; Angelini, C. Carnitine deficiency of human skeletal muscle with associated lipid storage
myopathy: A new syndrome. Science 1973, 179, 899–902. [CrossRef] [PubMed]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.str.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16615913
http://dx.doi.org/10.1016/j.bbalip.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26477380
http://dx.doi.org/10.1212/NXG.0000000000000053
http://www.ncbi.nlm.nih.gov/pubmed/27123472
http://dx.doi.org/10.1371/journal.pone.0119936
http://www.ncbi.nlm.nih.gov/pubmed/25781464
http://www.ncbi.nlm.nih.gov/pubmed/9099716
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155434
http://www.ncbi.nlm.nih.gov/pubmed/18598135
http://www.ncbi.nlm.nih.gov/pubmed/711752
http://dx.doi.org/10.1042/bj2140021
http://www.ncbi.nlm.nih.gov/pubmed/6615466
http://dx.doi.org/10.1016/j.jns.2007.09.015
http://www.ncbi.nlm.nih.gov/pubmed/17936304
http://dx.doi.org/10.1002/(SICI)1097-4598(199907)22:7&lt;941::AID-MUS20&gt;3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-4598(199907)22:7&lt;949::AID-MUS23&gt;3.0.CO;2-I
http://dx.doi.org/10.1007/s004310100802
http://www.ncbi.nlm.nih.gov/pubmed/11585077
http://dx.doi.org/10.1016/S0887-8994(99)00125-3
http://dx.doi.org/10.1111/j.1399-0004.2011.01786.x
http://www.ncbi.nlm.nih.gov/pubmed/21913903
http://dx.doi.org/10.1179/016164110X12767786356390
http://www.ncbi.nlm.nih.gov/pubmed/20810031
http://dx.doi.org/10.1016/S0960-8966(99)00096-6
http://dx.doi.org/10.1016/S0022-3476(88)80180-X
http://dx.doi.org/10.1126/science.179.4076.899
http://www.ncbi.nlm.nih.gov/pubmed/4687787
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Clinical Presentation of Patients with Muscle CPT II 
	Biochemical Studies in Patients with CPT II Muscle Deficiency 
	Thermolability of the S113L Variant 
	Protective Effect of Natural Substrates 
	Inhibitory Effect of Malonyl-CoA on CPT II 
	Summary and Conclusions 

