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Abstract
Carnitine palmitoyltransferase-1c, Cpt1c, is an enigmatic neuron-speciﬁc protein with
no deﬁnitive function although it retains high sequence similarity to other known carnitine acyltransferases. To gain insight into the function of Cpt1c in neurons, an immuneprecipitation mass spectrometry screen was performed to identify new binding partners to inform cellular pathways relevant to Cpt1c. Therefore, lysate from the brains of
transgenic mice that express an epitope-tagged Cpt1c where immunoprecipitated and
binding partners eluted and identiﬁed by mass spectrometry. 5-oxoprolinase, Oplah,
was identiﬁed as a Cpt1c-binding partner in vivo. These data support a possible role of
Cpt1c in cellular redox metabolism.
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Introduction
Carnitine acyltransferases are a class of enzymes that are important for the regulated
transport of acyl groups across membranes to enable inter-organelle transport. Carnitine Palmitoyltransferase 1 isoenzymes (Cpt1a and Cpt1b) are positioned at the outer
mitochondrial membrane and are critical for the transfer of long-chain fatty acids across
the mitochondrial inner membrane. Therefore, they represent a rate determining step
for mitochondrial long-chain fatty acid β-oxidation and are coordinately regulated by
the rate determining step in de novo fatty acid synthesis, malonyl-CoA. A third member of this family, Cpt1c, has been identiﬁed via its close sequence homology that is
encoded by an independent gene [1]. Interestingly, Cpt1c is expressed almost exclusively in neurons, a cell type that has a limited, if any, capacity for mitochondrial longchain fatty acid β-oxidation. Cpt1c acyltransferase activity could not be measured for
a broad range of fatty acids in vitro and Cpt1c does not support fatty acid oxidation in
vivo or in heterologous systems [1] [2] [3]. In fact, it has been demonstrated that Cpt1c
is not associated with mitochondria but rather is localized to the Endoplasmic Reticulum [4]. Therefore, the enzymatic role for Cpt1c, if any exists, remains unknown [5].
Consistent with its localization to a diverse array of neuron subtypes, Cpt1c knockout
mice exhibit broad behavioral deﬁcits associated with disparate brain regions [6] [7]
[2] [3]. Cpt1c has been identiﬁed in the AMPA receptor-traﬃcking complex in multiple unbiased protein-protein interaction screens [8] [9]. It has also been shown to
aﬀect AMPA receptor transport and signaling at the synapse [10] [11]. Humans with
misssense mutations in Cpt1c exhibit hereditary spastic paraplegia (HSP) [12] although
the human missense mutations in Cpt1c more closely resemble the phenotype of mice
over-expressing Cpt1c rather than the KO mice [13]. To gain insight into the biochemical and biological mechanisms of Cpt1c, mice with an epitope-tagged Cpt1c were used
to identify novel Cpt1c interacting proteins in vivo in an unbiased manner. Here, Cpt1c
was shown to interact with 5-oxoprolinase (Oplah) in vivo in the mouse brain. Interestingly, the most abundant metabolic alterations in Cpt1c KO brains were those in
glutathione and 5-oxoproline metabolism [14]. Given that these two completely orthogonal unbiased screens (metabolomics and protein-protein interactions) identiﬁed
this association, these data support a role of Cpt1c in neuronal redox metabolism.

Objective
To determine binding partners for Carnitine Palmitoyltransferase-1c to gain insight into
its biological function.
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Figure Legend
Figure 1. Cpt1c and Oplah interact in mouse brain.
(A) Cpt1c immunoprecipitation with anti-FLAG (M2) resin from transgenic mice
(Cpt1cTg; Nestin-cre) expressing Cpt1c-Flag fed either a high or low fat diet.
(B) Coomassie stained gel of Cpt1c-binding partners immunoprecipitated from WT
(control) or TG (Cpt1cTg; Nestin-cre) and eluted with FLAG peptide and run on SDSPAGE in duplicate.
(C) Expression of Oplah in Cpt1c KO, Tg (Cpt1cTg; Nestin-cre) and WT mice fed a high
or low fat diet.
(D) Conﬁrmation of co-immunoprecipitation with Oplah-speciﬁc antibodies.

Results & Discussion
To gain insight into potential binding partners of Cpt1c, interacting partners were
sought that could co-immunoprecipiate with Cpt1c from mouse brains in vivo. This
strategy has worked well to elucidate functional pathway interactions for other proteins
using similar methodology [15]. Mice were generated with a conditional Cre-inducible
transgene encoding a C-terminal FLAG-tagged mouse Cpt1c (Cpt1cTg). The epitopetagged Cpt1c is expressed only when Cpt1cTg mice are bred to mice that express Cre
recombinase under various tissue-speciﬁc promoters [13]. Here mice that expressed
Cpt1c speciﬁcally in the brain were generated by crossing the Cpt1cTg to Nestin-Cre
transgenic mice. Then Cpt1c-Flag was immunoprecipitated from the brains of Cpt1cTg
(control) and Cpt1cTg; Nestin-Cre mice fed both low and high fat diets. The immunoprecipitates were able to pull down the epitope-tagged Cpt1c while the endogenous enzyme
was present in the ﬂow through (Fig. 1A). Because epitope-tagged Cpt1c could be puriﬁed, it was next determined if there were any proteins that eluted in a complex with
Cpt1cTg. Therefore, Cpt1cTg was eluted from the column with an excess of Flag peptide
and ran the concentrated eluate on SDS-PAGE. Proteins that were diﬀerentially eluted
from control and Cpt1cTg brains were identiﬁed by Coomassie brilliant blue staining.
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Several bands were identiﬁed that were diﬀerentially eluted from Cpt1cTg but not control brains (Fig. 1B). These bands were then submitted to the Johns Hopkins Proteomic
Core for identiﬁcation by MS/MS. 5-Oxoprolinase (Oplah) was identiﬁed as a potential
Cpt1cTg interacting protein. To determine if Oplah was diﬀerentially regulated by Cpt1c
or diet brain lysates from WT control, Cpt1cKO and Cpt1cTg mice fed a low or high fat
diet were subjected to SDS-PAGE followed by Western blotting for Oplah. Oplah was
not signiﬁcantly altered under these conditions demonstrating that Oplah abundance
was not aﬀected by either diet or Cpt1c (Fig. 1C). Finally, Oplah was conﬁrmed to be
present in a complex with Cpt1c in Cpt1cTg brains. Fractions of ﬂow through or eluate
from the columns were subjected to SDS-PAGE followed by Western blotting speciﬁcally
for Oplah, consistent with the mass spectrometry data. Oplah was bound to Cpt1c only
in Cpt1cTg brains (Fig. 1D). Diet composition had little impact on this interaction. This
data shows that Cpt1c and Oplah interact in the mouse brain. These data are of particular
interests because previous data has shown that Cpt1c KO brains had signiﬁcant changes
in glutathione and 5-oxoproline metabolism, the metabolic pathway that Oplah regulates [14]. Although the biochemical reaction mediated by Cpt1c is enigmatic, Cpt1c
plays a critical role in neuron function in rodents and humans. The loss of Cpt1c in mice
results in clear behavioral deﬁcits [3] [4] [7] [8] and mutations in human Cpt1c causes
Hereditary Spastic Paraplegia [12]. Oplah, like Cpt1c, is enriched in the nervous system.
Missense mutations in Oplah cause 5-oxoprolinuria (OMIM #260005); however, unlike
other inborn errors in glutathione metabolism that result in 5-oxoprolinuria, the clinical
manifestations of Oplah mutations have been questioned [16] [17]. Deletion of Oplah in
mice has been shown to result in an increased startle response and decreased heart rate
(http://www.mousephenotype.org). Finally, Cpt1c is rather speciﬁc to neurons under
normal conditions, but is up-regulated in transformed cells including primary human
tumors. It has been suggested that Cpt1c enables tumors to combat metabolic stress,
however, via an undeﬁned mechanism [18]. Because oxidative stress has been shown
as an important contributor to cancer progression, the regulation of Oplah and GSH
metabolism via Cpt1c could be a unifying mechanism underlying the role of Cpt1c in
tumors.

Conclusions
Using an unbiased in vivo protein interaction screen, it was found that Carnitine
Palmitoyltransfersase-1c and 5-oxoprolinase interact in the mouse brain.

Limitations
Although Cpt1c and Oplah interact, it cannot be concluded that they interact directly
or are merely present in a larger protein complex.
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Funding Statement
This work was supported in part by National Institutes of Health grant R01NS072241.
Acknowledgements
I would like to thank Amanda Reamy and Cathy Howard for technical assistance.
Ethics Statement
All procedures were performed in accordance with the NIH’s Guide for the Care and
Use of Laboratory Animals and under the approval of the Johns Hopkins Medical School
Animal Care and Use Committee.

3

Citations
[1]

Nigel T Price et al. “A Novel Brain-Expressed Protein Related to
Carnitine Palmitoyltransferase I”. In: Genomics 80.4 (2002),
pp. 433–442. url: http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?cmd=Retrieve&db=
PubMed&dopt=Citation&list_uids=12376098.

[2]

Wolfgang et al. “Brain-speciﬁc carnitine palmitoyl-transferase-1c:
role in CNS fatty acid metabolism, food intake, and body weight”.
In: Journal of Neurochemistry 105.4 (2008), pp. 1550–1559. url:
http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?cmd=Retrieve&db=PubMed&dopt=
Citation&list_uids=18248603.

[3]

Michael J. Wolfgang et al. “The brain-speciﬁc carnitine
palmitoyltransferase-1c regulates energy homeostasis”. In:
Proceedings of the National Academy of Sciences 103.19 (2006),
pp. 7282–7287. url: http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?cmd=Retrieve&db=
PubMed&dopt=Citation&list_uids=16651524.

[4]

[5]

[6]

[7]

Adriana Y. Sierra et al. “CPT1c Is Localized in Endoplasmic
Reticulum of Neurons and Has Carnitine Palmitoyltransferase
Activity”. In: Journal of Biological Chemistry 283.11 (2008),
pp. 6878–6885. url: http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?cmd=Retrieve&db=
PubMed&dopt=Citation&list_uids=18192268.
Núria Casals et al. “Carnitine palmitoyltransferase 1C: From
cognition to cancer”. In: Progress in Lipid Research 61 (2016),
pp. 134–148. url: http:
//www.ncbi.nlm.nih.gov/pubmed/26708865.
Patricia Carrasco et al. “Ceramide Levels Regulated by Carnitine
Palmitoyltransferase 1C Control Dendritic Spine Maturation and
Cognition”. In: Journal of Biological Chemistry 287.25 (2012),
pp. 21224–21232. url: http:
//www.ncbi.nlm.nih.gov/pubmed/22539351.
Patricia Carrasco et al. “Carnitine palmitoyltransferase 1C
deﬁciency causes motor impairment and hypoactivity”. In:
Behavioural Brain Research 256 (2013), pp. 291–297. url: http:
//www.ncbi.nlm.nih.gov/pubmed/23973755.

[8]

Jochen Schwenk et al. “Regional Diversity and Developmental
Dynamics of the AMPA-Receptor Proteome in the Mammalian
Brain”. In: Neuron 84.1 (2014), pp. 41–54. url: http:
//www.ncbi.nlm.nih.gov/pubmed/25242221.

[9]

Jochen Schwenk et al. “High-Resolution Proteomics Unravel
Architecture and Molecular Diversity of Native AMPA Receptor
Complexes”. In: Neuron 74.4 (2012), pp. 621–633. url: http:
//www.ncbi.nlm.nih.gov/pubmed/22632720.

4

[10]

Esther Gratacòs-Batlle et al. “AMPAR interacting protein CPT1C
enhances surface expression of GluA1-containing receptors”. In:
Frontiers in Cellular Neuroscience 8 (2014), p. 469. url: http:
//www.ncbi.nlm.nih.gov/pubmed/25698923.

[11]

Rut Fadó et al. “Novel Regulation of the Synthesis of
α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid (AMPA)
Receptor Subunit GluA1 by Carnitine Palmitoyltransferase 1C
(CPT1C) in the Hippocampus”. In: Journal of Biological Chemistry
290.42 (2015), pp. 25548–25560. url: http:
//www.ncbi.nlm.nih.gov/pubmed/26338711.

[12]

Carlo Rinaldi et al. “Mutation in CPT1C Associated With Pure
Autosomal Dominant Spastic Paraplegia”. In: JAMA Neurology 72
(2015), pp. 561–570. url: http:
//www.ncbi.nlm.nih.gov/pubmed/25751282.

[13]

Amanda A. Reamy and Michael J. Wolfgang. “Carnitine
palmitoyltransferase-1c gain-of-function in the brain results in
postnatal microencephaly”. In: Journal of Neurochemistry 118.3
(2011), pp. 388–398. url: http:
//www.ncbi.nlm.nih.gov/pubmed/21592121.

[14]

Jieun Lee and Michael J Wolfgang. “Metabolomic proﬁling
reveals a role for CPT1c in neuronal oxidative metabolism”. In:
BMC Biochemistry 13 (2012), p. 23. url: http:
//www.ncbi.nlm.nih.gov/pubmed/23098614.

[15]

Esperanza Fernández et al. “Targeted tandem aﬃnity puriﬁcation
of PSD‐95 recovers core postsynaptic complexes and
schizophrenia susceptibility proteins”. In: Molecular Systems
Biology 5 (2009), p. 269. url: http:
//www.ncbi.nlm.nih.gov/pubmed/19455133.

[16]

Almaghlouth et al. “5-Oxoprolinase deﬁciency: report of the ﬁrst
human OPLAH mutation”. In: Clinical Genetics 82.2 (2012),
pp. 193–196. url: http:
//www.ncbi.nlm.nih.gov/pubmed/21651516.

[17]

Eduardo Calpena et al. “5-Oxoprolinuria in Heterozygous
Patients for 5-Oxoprolinase (OPLAH) Missense Changes”. In:
JIMD Reports - Case and Research Reports 7 4 (2014), pp. 123–128.
url: http:
//www.ncbi.nlm.nih.gov/pubmed/23430506.

[18]

Kathrin Zaugg et al. “Carnitine palmitoyltransferase 1C promotes
cell survival and tumor growth under conditions of metabolic
stress”. In: Genes and Development 25.10 (2011), pp. 1041–1051.
url: http:
//www.ncbi.nlm.nih.gov/pubmed/21576264.

