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ABSTRACT

Carnitine palmitoyltransferase 1C (CPT1C) is the brain-specific isoform of the CPT1 family which 
is located at the endoplasmic reticulum (ER) of neurons and exhibits low catalytic activity, but still 
maintains the capacity to bind the metabolic intermediary malonyl-CoA (which levels highly 
fluctuate depending on the energetic status). CPT1C controls spine maturation and spatial 
learning, mainly through regulating synthesis and trafficking of the major AMPA receptor (AMPAR) 
subunit: GluA1. AMPARs mediate fast excitatory neurotransmission in the brain, and play a key 
role in synaptic plasticity. Some authors proposed CPT1C as a malonyl-CoA sensor, though 
whether this sensing is involved in AMPAR trafficking remains unknown. In the current PhD 
project, GluA1 surface expression was examined in cortical neurons under different metabolic 
stresses known to affect intracellular malonyl-CoA levels, such as glucose starvation.

Moreover, CPT1C is known to interact with the phosphatidyl-inositol-4-phosphate (PI(4)P) 
phosphatase SAC1, which regulates vesicular transport, including GluA1 transport, by modulating 
the PI(4)P pool at the trans Golgi network (TGN). For that, the putative role of CPT1C in regulating 
SAC1 functionality under energetic stress was also evaluated. The results obtained in this thesis 
demonstrate that CPT1C is able to sense malonyl-CoA and consequently modulate GluA1 
trafficking through SAC1. Under basal conditions, CPT1C downregulated SAC1 activity, which 
was necessary for proper GluA1 trafficking. Under low malonyl-CoA levels, CPT1C favored SAC1 
translocation to the ER-TGN contact sites and released its inhibition on SAC1, which decreased 
the Golgi PI(4)P pool and caused the retention of GluA1 at TGN. This PhD study reveals that 
GluA1 trafficking is regulated by CPT1C sensing of malonyl-CoA and describes the first inhibitor 
of SAC1 activity, which shed light on how nutrients and energy metabolism can affect synaptic 
function and cognition.
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Introduction

INTRODUCTION 

1. CPT1A and CPT1B  

CPT1A (Esser, V. et al.; 1993) and CPT1B (Yamazaki, N. et al.; 1995) are members of the carnitine 
palmitoyl transferase 1 (CPT1) family that are localized at the mitochondrial outer membrane 
where they regulate β-oxidation mainly in liver and muscle, respectively.  Both isoforms catalyze 
the transfer of the acyl group of a long chain fatty acyl-CoA from the coenzime A to L-carnitine. 
This facilitates the long chain fatty acid shuttling from the cytosol to the mitochondrial 
intermembrane space (Fig. 1). Moreover, they are tightly inhibited by malonyl-CoA, an 
intermediate of the fatty acid synthesis that is produced by the acetyl-CoA carboxylase (ACC) 
(Qu, Q. et al.; 2016).


These enzymes contain two transmembrane (TM) domains connected by a short loop which 
allows the N- and C-terminus to face the cytoplasm (Fig 2). The catalytic core is localized in the 
C-terminus where two binding-sites exist: O site (where malonyl-CoA and carnitine bind) and the 
A site (where palmitoyl-CoA and malonyl-CoA bind). Malonyl-CoA, through binding one of these 
sites, is able to directly inhibit CPT1 acyl transference activity. Interestingly, the Methionine 593 
has been clearly shown to be a key aminoacid for the malonyl-CoA sensing.


Moreover, the N-terminal regulatory domain of CPT1A is known to switch between the N⍺ and the 

Nβ conformations in a malonyl-CoA dependent manner. When CPT1A binds malonyl-CoA, the N-

terminus has the N⍺ configuration, on the contrary, it gets the Nβ one when malonyl-CoA is not 

bound (López Viñas, E. et al.; 2006) (Rao, JN. et al.; 2011) (Samanta, S. et al.; 2013) (Fig. 2). 

Structurally, the main differences are the loss of the anti-parallel β-sheet and the emergence of 

propensity for a N-terminal helix, the ⍺1, in the N⍺ conformation.
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Fig 1. Schematic representation of CPT1A and CPT1B 
function in long chain fatty acid β-oxidation. Figure 
extracted from Qu, Q. et al. (2016).

Fig 2. Human CPT1A structure. A) 
Structural model of the enzyme, 
showing the non-inhibitory Nβ 
state. N indicates N-terminus, TM1 
a n d T M 2 i n d i c a t e t h e 
transmembrane domains and CD 
indicates the catalyttic domain. B) 
cartoon representation of Nβ and 
N⍺ states. The anti-parallel β-sheet 
is shown in red and the helix ⍺1 in 
b lue . F igure ex t racted f rom 
Samanta, S. et al. (2013).
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2. CPT1C 

CPT1C is the third discovered isoform of the CPT1 family (Price, N. et al.; 2002). It is 
predominantly expressed in brain, cancer cells and stem cells. Interestingly, CPT1C is exclusively 
found in mammals, whereas CPT1A and CPT1B are present in other organisms like birds, fishes, 
reptiles, amphibians and insects (Lopes-Marques, S. et al.; 2015). These findings give to CPT1C a 
potential role in more evolved brains. Its temporal expression pattern indicates really low levels 
during embryonic ages and it highly increases after birth and during the adulthood (Carrasco, P. et 
al.; 2013). Though it has high sequence identity with the other two CPT1 isoenzymes (A and B), 
CPT1C is found in the endoplasmic reticulum (ER) rather than mitochondria and this is due to its 
distinct N-terminus (Sierra, et al.; 2008). 


Regarding its structure, the C isoform is also a TM protein with its N- and C-terminal domains 
exposed to the cytosol. Dissimilarly, its C-terminal region is around 30 residues longer than the 
other isoforms (reviewed by Casals, N. et al.; 2016), which indicates that this extra long C-terminus 
may have a potential role in its differing physiological functions.

Moreover, the CPT1C N-terminal domain mainly adopts a Nα state that structurally matches the 
inhibitory state of CPT1A. Rao, JN. et al. hold that this Nα conformation is unlikely to associate with 
the C-terminal domain (known to be crucial for the acyl transferase activity), which may explain 
the low catalytic activity of CPT1C (Sierra, AY. et al.; 2008). Surprisingly, binding assays strongly 
indicates that CPT1C is still as affine to malonyl-CoA as CPT1A is (Wolfgang, MJ. et al.; 2006) 
(Fig. 3), suggesting a link between CPT1C and the cellular energetic status.


Despite low acyl transference activity, CPT1C is a great interactor of several proteins such as the  
lipid phosphatase SAC1 and the GluA1 α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) subunit receptor (Brechet, A. et al.; 2017). Interestingly, Fadó, R. et al. (2015) found similar 
protein expression patterns between CPT1C and GluA1.


In the brain, CPT1C is exclusively expressed in neurons (including neuronal body, dendritic shaft, 
and spines) throughout the nervous system (reviewed by Casals, N. et al.; 2016) (Carrasco, P. et al.; 
2013). Indeed, experimental evidence holds that it is involved in some cellular functions in the 
brain (reviewed by Casals, N. et al.; 2016) (Hong D. et al.; 2019). 
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Fig 3. Comparison of malonyl-CoA binding between CPT1A 
and CPT1C in transfected HEK293T cells. Figured extracted 
from Wolfgang, MJ. et al.; 2006.
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2.1. Neuronal cellular functions 

To date, CPT1C has been found to be critical for a correct regulation of peripheral lipid 
metabolism and food intake, both functions related to its high expression in the hypothalamus 
(mainly in the appetite regulatory nuclei Arcuate) (Price, N. et al.; 2002). In addition, its rich 
expression in cerebral motor cortex and cerebellum makes it also relevant in motor coordination. 
Finally, due to its abundance in the hippocampus and in the cerebral cortex, CPT1C has also a 
pivotal role in cognition (Carrasco, P. et al.; 2013).


2.1.1. Food intake and peripheral lipid metabolism 

It is demonstrated that CPT1C Knock Out (KO) mice present a reduced body weight and lower 
food intake respect to wild-type (WT) animals (Wolfgang, MJ. et al.; 2006) with no changes in 
intracellular hypothalamic malonyl-CoA (Wolfgang, MJ. et al.; 2006). Authors explain this 
phenotype with the CPT1C-dependent regulation in ghrelin-induced expression of the orexigenic 
neuropeptide Y (NPY) (Gao, S. et al.; 2011). Overexpression of CPT1C in hypothalamic arcuate 
nucleus of rats upregulates Bsx (a transcription factor of NPY), and consequently NPY, through 
upregulating de novo biosynthesis of ceramides (Gao, S. et al.; 2011).


Though CPT1C KO mice show decreased food intake, they are more susceptible to obesity and 
diabetes when fed with a high fat diet (HFD), presenting higher amounts of hepatic 
gluconeogenesis, triacylglicerol content and lower rates of fatty acid oxidation (FAO) (Gao, X. F. et 
al.; 2009). In addition, overexpression of CPT1C in the ventral hypothalamus is sufficient to 
attenuate body weight gain during HFD (Wolfgang MJ et al.; 2006). Moreover, CPT1C KO mice 
has a deteriorated leptin-induced brown adipose tissue (BAT) thermogenesis under 7 days of 
HFD, which further favors obesity development (Rodríguez-Rodríguez, R. et al.; 2019). In addition, 
CPT1C-KO mice have an impaired fasting-induced FAO, TGA accumulation and enhanced 
glycolysis under hypoglycemia indicating that they have a defective switch to lipid-based fuel 
under such a metabolic stress (Pozo, M. et al.; 2017). 


2.1.2. Motor function  

CPT1C deficiency is also associated with motor coordination impairment, hypoactivity, ataxia and 
reduced muscle strength. This aberrant phenotype was present in young animals (6 weeks old) 
and progressively increased with age. This data correlates with the CPT1C expression in brain 
motor regions, which is low at birth and then rapidly increases (Carrasco, P. et al.; 2013). Authors 
explain this impairment in CPT1C KO animals by neuronal loss in motor areas due to decreased 
ceramide and sphingosine levels.


Interestingly, two mutations in the CPT1C gene have been described in patients suffering from 
hereditary spastic paraplegia (HSP), leading to consistent symptoms with all these motor 
deficiencies mentioned above in CPT1C KO animals (Rinaldi, C. et al.; 2015) (Hong D. et al.; 
2019). CPT1C mutation in HSP is associated to a decay in CPT1C expression (Hong D. et al.; 
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2019) and changes in LD biogenesis (Rinaldi, C. et al.; 2015), which is thought to contribute to cell 
repair and be crucial in neurons under oxidative stress (Welte MA, et al.; 2015).


2.1.3. Spine maturation and cognition  

Finally, CPT1C is also highly expressed in the hippocampus which is involved in learning 
acquisition and memory (reviewed by Casals, N. et al.; 2016). Consistently, CPT1C KO mice 
clearly fails to perform the Morris water maze (MWM) test (Fig. 4). Moreover, this poor test 
performance in CPT1C KO is explained by a limited learning acquisition with no alteration in 
memory consolidation because there are no significant changes when the platform is either 
replaced or removed. Of note, unaltered swimming speed during the performance rules out any 
possible motor disfunction effect (Carrasco, P. et al.; 2013). This last observation is due to the 
mice early age, which have any motor aberrance yet.


This behavioral impairment has been previously shown to be a consequence of poorly maturated 
spines (Jasinska, M. et al.; 2016). Accordingly, Carrasco P. et al. (2012) elucidate a key role of 
CPT1C in spine morphology. CPT1C KO mice had more filopodia (an indicator of immature 
prolongations) and a strong reduction of mushroom and stubby spines (Fig. 5).


Moreover, CPT1C strongly interacts with GluA1 and regulates its synaptic and total surface  (Fig. 
6) expression and its total amount (Fadó, R. et al.; 2015) (Gratacòs-Batlle, E. et al.; 2015). Taking 
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Fig 4. Spatial memory measured by MWM test. A) MWM performance of CPT1C KO and WT mice 
during the learning sessions as latency (s) to find the platform along the acquisition phase (A), removal 
(Rem) and cued sessions (Cue); PT, pre-training. B) Mean swimming speed along acquisition sessions.  
Data are represented as mean + SEM.; * P<0.05, ** P<0.05, *** P<0.001, ANOVA test. Figure extracted 
from Carrasco, P. et al. (2012).

Fig 5. Dendritic spine density and maturation from 
CPT1C KO and WT hippocampal neurons. 
Hippocampal neurons were transfected (13 DIV) with 
pEGFP to visualize the outline of the cell. A) Number 
of stubby spines (with only head) and B) percentage 
of mature spines (mushroom and stubby) relative to 
the total number of protrusions. C) A representative 
image of dendritic spines from WT and CPT1C KO 
neurons is shown. Figure extracted from Carrasco, P. 
et al. (2012).

A) B)

C)
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into account that GluA1 recruitment to the plasmatic membrane (PM) is required to promote 
synaptic formation and maturation during learning acquisition (McMahon, S.A. et al.; 2011) 
(Thomas, E. et al.; 2015), this GluA1 modulation by CPT1C perfectly correlates with a deteriorated 
learning phenotype in CPT1C KO mice.


Gratacòs-Batlle, E. et al. (2018) found that palmitoylation of two GluA1 residues (C585 and C811) 
is one mechanism by which CPT1C modulates GluA1 transport. Besides, Casals, N. et al (2015) 
suggested that CPT1C might also act as a chaperone in the ER where may stabilize GluA1, which 
is required before ER export and trafficking towards the PM (reviewed by Lu, W. et al.; 2012). 
Despite so, further exploration in this field is needed in order to understand and elucidate the 
whole molecular mechanism by which CPT1C rules surface GluA1 expression.


2.2. Malonyl-CoA  

Malonyl-CoA is a coenzyme A derivative of malonic acid localized in the cytosol which is well 
known as an intermediate in the novo synthesis of long-chain fatty acids (Fig. 7). Mentioned 
above, it is an inhibitor of CPT1A and B isoforms, which consequently inhibits the fatty acid 
oxidation (reviewed by Foster, D W.; 2012). Also aforementioned, the brain isoform CPT1C shows 
high affinity to malonyl-CoA too, despite having residual catalytic activity and not playing a role in 
fatty acid oxidation (reviewed by Casals. N, et al.; 2015). For this reason, it has generated a 
general rising interest in studying the role of malonyl-CoA in CPT1C and, thereby, in neuronal 
functionality under stress.
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Fig 6. Representative images of synaptic GluA1 in WT and 
CPT1C KO hippocampal neurons. Cultured hippocampal 
neurons at 17–18 DIV stained for surface GluA1 and PSD95. 
Figure extracted from Fadó, R. et al. (2015).

Glucose

Acetyl-CoA

Malonyl-CoA Palmitate Palmitoyl-CoA

Glycolisis

FAS ACS

ACCMCD

Fig 7. Schematic diagram of synthesis and degradation of malonyl-CoA 
and its role in fatty acid synthesis. Under high glucose concentrations, 
glycolisis is enhanced and leads to increased acetyl-CoA production. Acetyl-
CoA is further metabolized to malonyl-CoA through ACC, on the contrary to 
the MCD enzyme. Throughout different steps, a fatty acid synthase (FAS) 
complex converts malonyl-CoA into palmitate. Acetyl-CoA synthetase can 
finally catalyze the palmitate esterification into palmitoyl-CoA, which in turn 
allows for a negative feedback by inhibiting ACC. Figure based on Kumari A. 
(2018).
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2.2.1. Regulation in the brain 

Two central enzymes that play a role in regulating malonyl-CoA levels are acetyl-CoA carboxylase 
(ACC) which produces malonyl-CoA by adding a carboxylate group to the acetyl-CoA molecule 
and malonyl-CoA decarboxylase (MCD) which degrades malonyl-CoA  and produces acetyl-CoA 
as a result (Fig. 7) (Kim; KH. 1997) (Young, M. E. et al.; 2000).


Additionally, the nutritional state has been proved to markedly alter its concentration in the brain.  
Tokutake, Y. et al. (2003-2012) found that a 16 hour-fasting decreases its levels mainly in cortex, 
hippocampus, hypothalamus and cerebellum and that after a HFD, malonyl-CoA increases mainly 
in the hippocampus. Moreover, Wolfgang, MJ. and Lane, D. (2006) observed a decrease in the 
hippocampus up to 0.1–0.2 M during fasting and a rise up to 1-1.4 M in refed animals.


Though it has been widely demonstrated that malonyl-CoA levels are incremented upon inactivity 
and, on the contrary, lower upon physical exercise in muscle (Ruderman, N.B. et al.; 2003) 
(Rasmussen, BB. et al.; 1997), in the brain it is a more controversial subjected and not really 
well understood. Some authors sustain that chronic exercise downregulates leptin receptor in 
the hypothalamus (Steinberg, G. R. et al.; 2004), which might prompt a decline in malonyl-
CoA levels (Wolfgang MJ et al.; 2006) (Su Gao et al.; 2007) (Dièguez C. et al.; 2011). While others 
reported that endurance exercise mimics leptin-signaling in the hypothalamus (Zhao J. et al.; 
2011). On the whole, no study to my knowledge has directly measured malonyl-CoA levels in 
the brain under physical exercise.


2.2.2. Malonyl-CoA related neurological diseases 

A dysfunctionality in either ACC or MCD causes altered malonyl-CoA levels that leads to several 
abnormalities including intellectual deficiency (Gizem Yalcin., et al.; 2018) (De Wit M.C.Y.., et al.; 
2005).


For instance, the AMPK/ACC/malonyl-CoA fuel-sensing is a key factor in causing the Metabolic 
Syndrome (Ruderman N B., et al.; 2012). Moreover, increasing evidence demonstrates that this 
syndrome and, consequently, this AMPK/ACC/malonyl-CoA system are related to many 
neurodegenerative diseases like Alzheimer’s, Parkinson’s and Hungtington’s, although the 
underlying mechanisms are not clearly known yet (reviewed by Gizem Yalcin., et al.; 2018). 
Indeed, Marinangeli, C. et al. (2018) described a tight relationship between AMPK and cognition, 
where AMPK hyperactivation leads to impaired synaptic activity and aberrant cognition.  


Another example is the malonyl-CoA decarboxilase deficiency (MCD), which is mainly 
characterized by a malformation of cortical development, among other phenotypes, due to a 
mutation in the human MCD gene MLYCD. One reported patient was irritable, showed little to no 
language development, had severe problems to walk with mild spasticity and refusal to eat. In 
addition, brain MRI showed generalized atrophy, major white matter loss, thickned cortex, and 
nodular heterotopia which is explained by a premature arrest of neuronal migration (reviewed by 
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De Wit M.C.Y.., et al.; 2005). It is known that the glutamatergic pathway (Heiko J. Luhmann., et al.; 
2015), including GluA1 trafficking (Konstantin Khodosevich., et al.; 2009), is actually very 
important for neuronal migration. Since CPT1C is highly important for GluA1 trafficking (Fadó, R. 
et al.; 2015) (Gratacòs-Batlle, E. et al.; 2015), authors suggested that a disturbed interaction 
between malonyl-CoA and CPT1C may contribute to this abnormal brain development (De Wit 
M.C.Y.., et al.; 2005).  


3. AMPAR  

AMPARs are a kind of glutamate receptors categorized as ligand-gated ion channels (ionotropic) 
that mediate most of the excitatory synaptic transmission in the mammalian central nervous 
system (CNS). They have a relevant role in basal transmission, synapse stabilization, and synaptic 
plasticity (Gan, G. et al.; 2015). A downregulation of their surface expression leads to a lack of 
neuronal activity (reviewed by Chen, L. et al.; 2007) and its upregulation promotes 
neuroexcitotoxicity which causes neuronal death (Yang, G. et al.; 2013).


In neurons, AMPAR subunits are localized within cell bodies, dendrites and dendritic spines. In the 
case of GluA1 and GluA4 subunits, they can be also found in some populations of glia (Martin, L. 
J. et al.; 1993).


3.1. Developmental pattern expression 

The temporal expression pattern of AMPAR differs in each subunit. At early stages of CNS 
development, there’s high expression of GluA2 lacking AMPA receptors. This leads to high 
calcium-permeability and, therefore, increased excitability and seizure susceptibility due to 
hyperexcitation. GluA1, GluA2 and GluA3 amounts are quite low in early embryonic ages and 
highly increases in the adulthood. On the contrary, GluA4 is largely expressed during early ages 
but remains poorly expressed over the entire prenatal and postnatal development (Szczurowska 
E., et al.; 2013) (Lilliu, V. et al.; 2001).

3.2. Structure  

Functional AMPARs are tetramers which subunit composition at the plasmatic membrane (PM) is 
determined in the ER with a preferential assembly between particular subunits and/or splice 
variants. Dysregulation during the assembly leads to impaired synaptic plasticity and disease 
states (reviewed by Chen, L. et al.; 2009). The most abundant dimer structure assembled in the 
ER is the GluA1/GluA2 heterodimeric receptor (Gan, Q. et al.; 2015).


All AMPA subunits are similar in structure with 4 transmembrane domains where TM1, TM3 and 
TM4 go through the entire membrane and TM2 creates a reentered loop and contributes to the 
channel pore. Glutamate binding occurs between both extracellular regions (Fig. 8). 


Moreover, they can be edited by alternative splicing that results in the formation of receptors with 
different channel biophysical properties, such as calcium-permeability, which gives different 
excitability and desensitization. One domain that undergoes edition is the C-terminus. RNA 
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editing at this region results in short or long C-terminal forms, while GluA1 and GluA4 contain the 
long tail, the GluA2 and GluA3 contain the short one. Splicing at the C-terminal domain 
determines the regulatory sites of these AMPAR by many kinases and the interaction with other 
signaling and binding proteins (reviewed by Chen, L. et al.; 2009).


3.3. Fast excitatory neurotransmission 

The CNS is able to transfer information and respond to an external stimuli or the cellular energetic 
status by adjusting the strength of synapses between neurons (Missler, M. et al.; 2012) (Chater, T. 
E. et al.; 2014) (Marinangeli, C. et al.; 2018).  


A broadly accepted mechanism by which neurons achieve so involves the glutamatergic 
receptors AMPA and N-methyl-D-aspartate (NMDA). When creating new connections, glutamate 
filling vesicles fuse the pre-synaptic neuron surface in order to release the glutamate to the 
synaptic gap. When glutamate reaches the post-synaptic membrane, it initially binds to either 
GluA1 or GluA2 which switch to the opened conformation allowing Na+ flux into the cytosol. In 
addition, GluA1 also favors calcium flux inside the cell. Not until this increment of cations inside 
the neuron leads to an initial depolarization, the Mg+ localized in the NMDA channel goes out to 
unblock the NMDAR. When NMDAR gets activated it opens the channel allowing even more Ca2+ 
to entry the cell. This huge increase of intracellular cations allows the membrane to further 
decrease its potential up to -90 mV, creating an action potential (AP) that will be driven through 
the axon (reviewed by Chater, T. E. et al.; 2014).


However, prolonged glutamate-dependent neuronal excitation becomes neurotoxic mainly due to 
the calcium-permeable GluA1 receptor. Calcium is involved in many death pathways. Thereby, 
neurons need to accurately regulate the functionality of this AMPAR subunit (reviewed by Lucio, A. 
et al.; 2007) (reviewed by Henley and Wilkinson, 2016).


3.4. GluA1 

GluA1 is an AMPAR subunit which, together with GluA2, is highly expressed amongst different 
regions in the adult brain (Schwenk, J. et al.; 2014) (Martin, LJ. et al.; 1993). Moreover, it is the 
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Fig 8. General AMPA receptor structure. Figure adapted from Chen, L. et al. (2009).  
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major AMPAR subunit that mediates fast excitatory neurotransmission in the brain, playing a 
critical role in synaptic strength, a key feature in many brain functions such as cognition, learning 
and memory (reviewed by Jacobi and von Engelhard, 2018). For this reason, its functionality and 
quantity have to be extremely regulated because it contributes to many neuronal disorders, like 
Azheimer, schizophrenia and depression, and consequently to its emergence (reviewed by Jurado 
S, 2017) (reviewed by Zhang, J, 2013).


3.4.1.Protein interactors 

During the last decade it was discovered that not only the proteins forming the channel pore were 
important for AMPAR functionality but also several smaller auxiliary subunits were playing relevant 
roles in GluA1 maturation, in their trafficking to the neuron’s surface and in their gating and 
pharmacological properties (Huganir, R. L. et al.; 2013). Thus, these surrounding proteins are 
critical for regulating neuronal sensitivity on the postsynaptic side. Some of the most well known 
auxiliary proteins that highly regulate GluA1 function are “Postsynaptic density (PSD) 95”, 
“Synapse-associated protein (SAP) 97”, “TARPs γ2 / Stargazin”, “ Cornichon proteins (CNIHs)” 
and “Protein 4.1”. In addition, a group of ER proteins have been recently found to also control 
AMPARs function which includes CPT1C, ferric chelate reductase 1 like (FRRS1L), and the 
phosphatidylinositide phosphatase SAC1.


PSD95: This protein is preferentially localized at AMPARs-enriched nanodomains in the synaptic 
density compartment where, together with stargazin, stabilizes these glutamate receptors at 
synapses and, consequently, leads to LTP formation and learning (reviewed by Bisse, D. et al.; 
2019).


SAP97: Two isoforms of this protein exist. The ⍺ one promotes GluA1 transport to the synaptic 

region, while the β one drives GluA1 to the perisynapsis (reviewed by Bisse, D. et al.; 2019).


Stargazin: This protein interacts with the C- and N-terminus of GluA1 where modulates its traffic 
and channel properties, respectively. In addition, it can also act as a chaperone by ensuring 
AMPAR correct folding in the ER (reviewed by Bisse, D. et al.; 2019).


CNIHs: These proteins are involved in both GluA1 transport (mainly towards the extrasynaptic 
area) and channel kinetics (by slowing inactivation and desensitization) (reviewed by Bisse, D. et 
al.; 2019).


Protein 4.1: This interactor is associated with the cytoskeleton that binds to the proximal region of 
the C-terminus of GluA1. This, in turn, anchors GluA1 to the actin and therefore stabilizes its 
surface expression (Shen, L.; 2000).


CPT1C, FRRS1L and SAC1: It has been recently discovered that CPT1C, FRRS1L and SAC1 form 
a complex in the ER (15-20%) which lacks all classical auxiliary subunits and is needed to 
stabilize the GluA1 receptor. CPT1C has initially to interact with FRRS1L and create a platform 
that will allow the recruitment of SAC1 and, finally, the GluA1 binding. It has been suggested that 
this CPT1C/FRRS1L/SAC1 complex plays an important role in GLuA1 transport to the PM. 
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Accordingly, dissolving the CPT1C-SAC1 complex leads to poor surface GluA1 levels. Thereby, 
these recently discovered GluA1 interactors bring an interesting subject to explore in order to get 
new insights into how these complexes may affect GluA1 functionality (Brechet, A. et al.; 2017).


3.4.2. Regulation 

The GluA1 regulation can be carried out at different levels, including its channel gating properties 
and both total and surface amounts, by modulating posttranslational modifications or protein-
protein interactions mainly in the C-terminus (Ossowski, L. et al.; 2017).


Channel gating properties.


GluA1, once binds glutamate, requires a conformational change in order to open the pore and 
allow calcium and sodium influx to the cytosol (Malinow and Malenka; 2002). To date, 
phosphorylation of three residue at the C-terminus (Thr840, Ser831 and Ser 818) are known to 
modulate the conductance of this ionic pore in an activity- and age-dependent manner (Jenkins, 
M. A. et al.; 2014) (Kristensen, A. S. et al.;2011).


Total amount.


Both postranslational modifications (such as nitrosylation at cystein 893) and locally translation of 
mRNA at dendrites are important for GluA1 degradation and expression, respectively (Lotta von 
Ossowski, et al.; 2017). Indeed, miRNAs are known to be key activity-dependent regulators of 
neuronal expression at dendrites (Zhonghua, Hu. et al.; 2015). Moreover, Fadó R. et al. (2015) 
found out that CPT1C also regulates the total GluA1 amount by regulating its protein synthesis 
through the mTOR pathway.


Surface expression. 


Three trafficking pathways are described that modulate GluA1 at the PM (Fig. 9): 1) the canonical 
ER-trans Golgi network (TGN) secretory pathway, 2) the endo- and exocytosis of recycled GluA1 
and 3) the Golgi bypass route (Hangen E., et al.; 2018) (Kathryn, H. et al.; 2007) (Bowen, A. B. et 
al.; 2017) .


1) The new synthesized GluA1 trafficking involves a complex extensive network of internal 
membrane compartments (ER-TGN). GluA1 is initially synthesized in the ER where it gets 
assembled into tetramers and is subjected to a protein quality control. Palmitoylation at the ER 
gives stabilization to GluA1 and protects it from degradation. Afterwards, this AMPAR subunit is 
transported to an ER-Golgi intermediate compartment (ERGIC) and then to the GA where it is 
further processed. At this point, palmitoylation at cysteine 811 favors GluA1 accumulation within 
the Golgi compartment and suppresses its transport to the PM (reviewed by Lu, W. et al.; 2011). 
Indeed, Gratacòs-Batlle, E. et al. (2018) hold that CPT1C is actually a modulator of  this post-
translational modification at residue 811.


2) Recycled GluA1 endocytosis consists in internalizing existing GluA1 at the PM in order to 
rapidly respond to stimulus by removing or inserting the receptor. Once GluA1 is internalized it 
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joins early endosomes (EE) which can either acidify and be converted into late endosomes (LEs) 
or can reenter the PM directly or through recycling endosomes (REs). To date, it is known that this 
endocytic process can be modulated by activity-dependent postranslational modifications such 
as ubiquitinitation, palmitoylation or phosphorylation (reviewed by Lu, W. et al.; 2012 and 
Kathryn ,H. et al.; 2007) (Gray, E. E. et al.; 2014).


3)  Interestingly, most of dendrites lack the Golgi compartment (80%), so that the classic ER-TGN 
pathway hardly occurs in the dendritic ER. Bowen, AB. et al.; (2017) found a Golgi-independent 
transport of new synthesized GluA1 in dendrites that, dissimilarly to the classic ER-TGN secretory 
pathway, it allows a rapid GluA1 insertion at the PM of dendritic spines. After GluA1 exits the ER 
and it is directed to ERGIC, GluA1 has also been found to be immediately transported to REs 
which are critical for a subsequent PM delivery. Though the molecular steps are still undiscovered, 
this transport points a rapid activity-dependent mechanism by which neurons may enhance their 
surface GluA1 expression.


Of note, it is still unclear so far how much specificity exists for GluA1 transport towards the PM. 
Therefore, it generates an emerging field of research in molecular mechanisms that might be 
involved in it.


3.4.2.1. Metabolic regulation 

The GluA1 trafficking is a well-known mechanism by which neurons tune their response to the 
external environment, such as under stress or energy deficiency. In fact, many authors proved that 
surface GluA1 expression is tightly regulated by the energetic status (Blanco-Suarez, E. et al.; 
2014) (Moult, P.R. et al.; 2010) (Fernandes, J. et al.; 2014) (Dennis, S. H. et al.; 2012).


Indeed, Marinangeli, C. et. al. (2018) demonstrated that synaptic activity, which mostly relies on 
GluA1, is totally impaired when the AMPK energy-sensor is deregulated, such as in Alzheimer’s 
disease. 


On one hand, surface GluA1 expression is found to be enhanced upon short periods of OGD 
(oxygen glucose deprivation) (20 minutes) in hypothalamic neurons from the CA1 region, whereas 
neurons from the CA3 area show lower levels of GluA1 at the PM under the same stress. This 
distinct regulation is explained by the different vulnerability of both regions observed under 
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Fig 9. Schematic diagram of GluA1 trafficking 
pathways in neurons. New synthesized GluA1 
enters the ERGIC compartment (in pink) and then it 
is driven to either the (1) GA (in blue) or (3) to REs (in 
green) when exits the somatic or dendritic ER, 
respectively. (1) The GluA1 that enters the GA will be 
delivered to the PM, mainly at extrasynaptic sites. (3) 
By contrast, the GluA1 retained in REs will be 
inserted at spines. (2) GluA1 at the PM can be 
endocyted in EEs (in yellow) and rapidly recycled to 
the PM upon a stimulus.
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ischemia-induced exocitotoxicity, CA1 neurons in the CA1 experience more cellular death than 
others. (Dennis, S. H. et al.; 2012) (Blanco-Suarez, E. et al.; 2014). 


Of note, longer periods of energy deficiency (2 hours of OGD) totally leads to a surface GluA1 
expression decline in hippocampal neurons (Fernandes, J. et al.; 2014).


By contrast, leptin treatment (which inactivates AMPK) promotes GluA1 insertion at the PM in 
neurons (Ribeiro, L F. et al.; 2014). In agreement, refed mice after 2 day-food restriction present 
greater amounts of surface GluA1 (Peng, XX. et al.; 2011).


So far, it is clear the existing link between neuronal energy status and GluA1 transport, for this 
reason, extending the knowledge of such regulation will help to understand how our brain 
responds and behaves under energy deficiency, such as in anorexic subjects.


4. SAC1 

SAC1 is a 63kDa TM phosphatase encoded by the gene SACM1L. It is a member of the Sac-
Domain phosphatases family that differs from the synaptojanin subfamily mainly because of the 5-
phosphatase domain lack in the C-terminus (Lee, S. et al.; 2011). 


Together with specific lipid kinases, SAC1 tightly regulates the cellular PI(4)P 
compartmentalization which, in turn, it allows a proper membrane homeostasis within the cell 
(reviewed by Del Bel, L. M. et al.; 2017).


The human SAC1 is ubiquitously expressed in the adult tissue, including the brain (primarily the 
cerebral cortex, caudate and cerebellum) (The Human Protein Atlas).


4.1. Cellular distribution 

Within the cell, SAC1 is principally localized at the ER, the Golgi apparatus (GA) and at both ER-
TGN and ER-PM contact sites (which are typically enriched for specific proteins and lipids) 
(reviewed by Del Bel, M. L. et al.; 2017). However, under non-stressed conditions, SAC is more 
abundant in the ER (where little PI(4)P is found). Concordantly, SAC1 dysfunctional mutants 
display a huge increment of PI(4)P at this organelle (Tahirovic, S. et al.; 2005).


Small portion of SAC1 may be also transiently localized in the late endosomal compartment, but 
rapidly cycles back to the GA (Tahirovic, S. et al.; 2005). 

4.1.1. ER 

Experiments conducted in yeast showed that overexpression of SAC1 exclusively at the ER 
decreases PI(4)P in this organelle with no ER defects. By contrast, overexpression of a 
dysfunctional SAC1, also at the ER, causes a PI(4)P increment that leads to impaired protein 
processing and retention in this cellular compartment (reviewed by Del Bel, ML. et al.; 2017). In 
addition, ATP transport measurement in isolated microsomal membranes proved the requirement 
of SAC1 phosphatase activity in ATP transport to the ER. This would further explain the aberrant 
protein processing (reviewed by Depaoli, MR. et al.; 2019) and thereby the delayed and even 
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inhibited secretory protein transport from the ER to the GA observed in SAC1 activity-deficient 
cells (reviewed by Del Bel, ML. et al.; 2017). 

4.1.2. GA 

The GA is characterized by a PI(4)P increasing-gradient from the cis- towards the trans- region. 
This spatial distribution of PI(4)P is due to the inversely distribution of SAC1 within the GA (with 
decreasing levels at the distal trans-compartments). SAC1 is retained in the cis- and medial-
compartments trough interacting with the GOLPH3 protein that simultaneously binds PI(4)P. In 
SAC1 Knock Downed (KD) mammalian cells, the GA becomes enlarged and fragmented and the 
PI(4)P has no graded distribution anymore. Moreover, this increased in PI(4)P levels within the GA 
leads to Golgi resident enzymes anterograde transport and, therefore, aberrant redistribution at 
the PM. Thus, SAC1 plays a crucial role in GA morphology and vesicular trafficking to the PM 
(reviewed by Del Bel, M. L. et al.; 2017).


4.1.2.1. Metabolic regulation 

Cellular growth conditions, such as glucose or serum deprivation, are found to modulate the 
shuttling of SAC1 from the ER to the GA through the COPII/COPI system (Fig. 12). Under 
starvation, SAC1 dimerizes and gets attached to the 14-3-3 protein at its N-terminal ER sorting 
motif. The 14-3-3 protein further interacts with COPII, which is responsible for the transport from 
the ER to the GA. Once SAC1 reaches the TGN, it depletes the PI(4)P pool in order to impair the 
secretory transport towards the PM and, therefore, to reduce energy expense required for 
vesicular transport (Lauren M. Del Bel, et al.; 2017) (Blagoveshchenskaya, A. et al.; 2008).


As soon as fresh serum is added to the starved cells, SAC1 is transported back to the ER  
through COPI allowing an increase in Golgi PI(4)P and rescuing the vesicular trafficking to the PM. 
Upon this “refeeding”, Blagoveshchenskaya, A. et al. (2008) found that the p38 MAPK pathway 
induces the SAC1 oligomer dissociation in the GA. This is a requisite for COPI binding to the 
SAC1 C-terminus and their consequent shuttling back to the ER. 

4.1.3. ER-TGN contact sites 

It is reported in preceding literature that SAC1 also localizes at ER-TGN junctions where it 
regulates Golgi PI(4)P. At these contact sites the protein oxysterol binding protein (OSBP) tethers 
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Fig 12. A schematic representation of 
SAC1 transport from the ER to the TGN 
trough the COPI/II system under basal 
(proliferating) and metabolically 
stressed (quiescent) conditions in a 
p38 MAPK dependent manner. Figure 
extracted from Blagoveshchenskaya, A. 
et al. (2008).



Introduction
the TGN to the ER by interacting with the VAP ER protein (Mesmin, B.; 2013). However, it is 
controversial whether SAC1 modulates the Golgi pool of PI(4)P at these sites in a cis- or in a 
trans-conformation or maybe in both configurations.


On one hand, some authors hold that SAC1 dephosphorylates PI(4)P at the ER. This creates a 
decreasing gradient from the TGN to the ER and allows Golgi PI(4)P transport towards the ER 
simultaneously with non-vesicular transport of sterols to the TGN (Mesmin, B.; 2013). This 
mechanism allows SAC1 to indirectly reduce Golgi PI(4)P. On the other hand, there are also 
evidences that SAC1 acts on trans by directly dephosphorylating PI(4)P in the TGN across ER-
TGN junctions (Venditti, R. et al.; 2019).


4.1.4. ER-PM contact sites 

Finally, SAC1 has also been found at ER-TGN junctions were it regulates PI(4)P at the PM 
adjacent to the ER (Stefan, et al.; 2011) (Zewe, J. P. et al.; 2018). Here, the OSBP-related proteins 
5/8 tethers the PM to the ER by interacting with the ER-resident VAP protein. Alike ER-TGN 
junctions, whether SAC1 is modulating PI(4)P at the PM in these contact areas in a trans- or a cis-
configuration is still questionable.


While Dickson, E. et al. (2016) describes that SAC1 directly dephosphorylates PI(4)P at the PM, it 
is also known that SAC1 acts in cis on the PI(4)P localized at the ER where it favors a PI(4)P 
gradient between the PM and the ER (reviewed by Del Bel, M. L. et al.; 2017). Similarly to ER-TGN 
areas, this PI(4)P gradient allows a co-transport of phosphatidylserine (PS) towards the PM.


4.2. Structure 

SAC1 has a “J” topology which allows it to have both N- and C-terminal domains facing the 
cytosol with two TM regions that anchor it at the membrane (reviewed by Del Bel, M. L. et al.; 
2017) (Fig. 10).


The N-terminus has a putative leucine zipper that regulates its dimerization which is required for 
the translocation from the ER to the GA (Blagoveshchenskaya, A. et al.; 2008). Next to this 
oligomerization domain, there is the phosphatase region that is encompassed by 7 conserved 
subregions, including the catalytic motif and different regulatory sites. Besides, the N-terminus is 
suggested to modulate various protein interactions such as ORPS (important for ER-PM 
recruitment), FAPP1 (important for SAC1 activity across ER-TGN sites) and the recent discovered 
interactor CPT1C, which role in SAC1 remains unexplored (reviewed by Del Bel, M. L. et al.; 2017) 
(Manford, A. et al.; 2010) (Schwenk, J. et al.; 2014) (Brechet, A. et al.; 2017) (Venditti, R. et al.; 
2019).


At the C-terminus, SAC1 has a coat protein 1 (COAT1) binding motif which is essential for its 
translocation from the GA to the ER (reviewed by Del Bel, M. L. et al.; 2017).
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4.3. Phosphatase activity 

Binding assays using the human SAC1 indicate that this phosphatase has high activity on both 
PI(4)P and PI(3)P, moderate activity on P(3,5)2 and P(3,4,5)3 and really low activity on P(4,5)P2 and 
P(3,4)P2 (Rohde HM, et al.; 2003). Despite its capacity to dephosphorylate different phospholipids, 
in vivo studies clearly show that SAC1 has a preference for PI(4)P. In addition, SAC1 needs to 
undergo a conformational change in order to approach its catalytic residue to the substrate-
binding site (reviewed by Del Bel, M. L. et al.; 2017) (Zhong, S. et al.; 2012).


Outlined above, a disputed subject regarding SAC1 activity is whether it acts in a cis- or in a 
trans-configuration at cellular contact sites:


1) Rossella Venditti, et al. (2019) studied the possibility of SAC1 trans-activity at ER-TGN contact 
sites in mammalian cells. When using a liposome in vitro model, these authors found that SAC1 

predominantly act in cis, with low activity in trans (schematic representation of liposomes in Fig. 
11). They also forced ER-residing SAC1 to dephosphorylate Golgi PI(4)P in trans by silencing VAP 
expression, which is required for TGN-ER transfer of PI(4)P by OSBP1 or ORP9, and observed 
that rapamycin-induced contact site recruitment still decreased Golgi PI(4)P in VAP-depleted 
cells, corroborating that SAC1 can act in a trans configuration too.


2) Zewe, J. P. et al. (2018) assessed the SAC1 mode of action at ER-PM contact sites. These 
authors quantified plasmatic PI(4)P levels after recruiting a cytosolic construct of SAC1 (which 
would act in cis-) or a transmembrane WT construct of SAC1 (which would be anchored at the ER 
and act in trans-). Upon ER-PM recruitment by rapamycin, they observed that dephosphorylating 
activity was much lower in cells that expressed the transmembrane SAC1 (trans mode).
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4.4. PI(4)P 

Phosphatidylinositide 4-phosphate, PI(4)P, is a member of the phosphoinositide (PIP) family that, 
together with PI and PI(4,5)P2, predominates in the nervous system (reviewed by Waugh, M.G.; 
2015). It is synthesized from phosphatidylinositide (PI), a lipid containing the myo-inositol head 
which is phosphorylated at position 4 of the inositol ring. PI(4)P is mainly found in the TGN and 
also the PM together with PI(4,5)P2 (reviewed by Del Bel, M. L. et al.; 2017). 

PI(4)P levels, alike the other members of the PIP family, are highly regulated, undergoing rapid 
depletion and resynthesis, by a group of kinases and phosphatases which respectively catalyze 
the phosphorylation and dephosphorylation of the hydroxyl group (reviewed by Waugh, M.G.; 
2015) (Fig. 12).


Thus, the regulation of PI(4)P levels highly depends on the activity and localization of these 
enzymes, including SAC1. The consequent interconversion between these PIPs makes PI(4)P 
relevant for both PI and PI(4,5)P2 maintenance (Clayton E. L., et al.; 2013) and viceversa, PI(4)P 
levels depend on the PI and PI(4,5)P2 pools. Abnormalities of any of these kinases or 
phosphatases cause lipid imbalances that lead to the emergence of several mental disorders 
(reviewed by Waugh, M. G.; 2015).


4.4.1. Cellular function: vesicular trafficking 

PI(4)P was initially considered as a simply precursor of PI(4,5)P2 at the PM that provides identity to 
the membrane. However, during the last decade it was shown to play a relevant role not only in 
cholesterol transport (Mesmin, B. et al.; 2013) but also in the traffic of vesicles from the TGN to 

the PM; among others. The PI4KII⍺ KO disrupts the TGN and inhibits transport of cargo out of it, 

however, it can be rescued by posterior deletion of the SAC1, which increases PI(4)P levels 
(reviewed by Tirado, S. et al.; 2012).
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Fig 12. A schematic diagram illustrating the molecular 
structures of the most abundant brain PIPs with their 
respective regulatory kinases and phosphatases. Figure 
extracted from Waugh, M. G.; 2015.
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Highly polar cells, such as neurons, requires constant sorting, packaging, and transport to the 
PM. While PI(3)P is enriched in endocytic sorting hubs, PI(4)P is primarily in the exocytotic ones 
localized in the TGN. There, PI(4)P recruits coat molecules to start cargo segregation towards 
endosomal destinations or directly to the PM, depending on the transport carriers (reviewed by 
Tirado, S. et al.; 2012). 


In fact, PI(4)P was found to influence neurotransmission between neurons through regulating 
vesicular trafficking of ionotropic receptors (reviewed by Waugh, M. G.; 2015).


Interestingly, all these initially recruited coat molecules to Golgi PI(4)P-enriched regions are 
suggested to be specifically sensitive to different PI(4)P thresholds allowing a selective transport 
of cargoes (Venditti, R. et al.; 2019). Concordantly, different vesicles with morphologically distinct 
protein coat are known to release from the TGN (Sanderfoot A. A, et al.; 1999).


4.5. Regulation 

Given the interconversion between PI(4)P and other phosphatidylinositide phosphates (PIPs), 
SAC1 is not only a critical enzyme for PI(4)P homeostasis but also for other PIPs such as PI(4,5)P2 
and PI (Fig 12). Actually, what research shows so far is that SAC1 is highly regulated at three 
levels (expression, activity and cellular localization), which in turn ensures a fine control of all 
these PIPs (mainly the PI(4)P).


SAC1 expression


Despite PI is the product of SAC1 activity, the SACM1L gene transcription is not altered by 
intracellular inositol levels (Whitters E. A., et al.; 1993). By contrast, Knödler A., et al. (2008) 
showed that the substrate PI(4)P does clearly upregulate SAC1 expression in yeast, though the 
molecular mechanism is not described yet.


SAC1 activity


In addition, SAC1 activity is strongly controlled by anionic phospholipids, such as PIPs and PSs, 
through binding to the positively charged catalytic motif of SAC1. For instance, low levels of 
PI(4)P at the ER may explain the upregulation of SAC1 activity by this PIP, because PI(4)P is 
dephosphorylated by SAC1 as soon as it is transported to the ER. Moreover, the efficient SAC1 
activity at ER-PM contact sites also supports its upregulation through PS, which is enriched at 
PM (Zhong, S. et al.; 2012). Besides, the four-phosphate-adaptor-protein-1 (FAPP1) protein has 
been recently found to be a modulator of SAC1 activity at ER-TGN contact sites (Venditti, R. et al.; 
2019).


SAC1 cellular localization


Described to date, SAC1 can gain access to Golgi PI(4)P due to its transport to the TGN and its 
translocation to ER-TGN contact sites. Indeed, metabolic stress is so far a well-characterized 
stimulus that regulates SAC1 transport to the TGN ( next section 4.5.1). Moreover, Venditti, R. et 
al. (2019) described that SAC1 translocation to ER-TGN contact sites is modulated by FAPP1. By 
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simultaneously interacting with PI(4)P and SAC1, FAPP1 approaches this phosphatase to a Golgi 
PI(4)P enriched domain across ER-TGN junctions that results in decreased vesicular trafficking 
from the TGN towards the PM.


4.6. SAC1 functions in neurons 

To date, hardly is known about SAC1 involvement in the mammal brain functionality. Most of the 
research so far was performed in yeast which gives information about SAC1 but it seldom allows 
you to interpolate into eukaryotic cells given its complexity difference. However, some previous 
literature found out that proper brain development and GluA1-dependent response to stress are 
two cellular SAC1-dependent functions.


4.6.1. Axon guidance 

Lee, S. et al. (2011) performed experiments in the Drosophila developing brain in order to 
elucidate the role of SAC1 in axon guidance during embryonic development. When expressing a 
mutant defective SAC1, Fas II positive axons that are important for path guidance in early stages 
used to cross the midline instead of running parallel to it. This aberrance finally ended up 
collapsing the CNS axon scaffold. Only active SAC1 expression could rescue this abnormal 
phenotype.


4.6.2. GluA1 trafficking under stress 

Outlined above, SAC1 regulates PI(4)P levels in the TGN compartment and, thereby, also the 
secretory transport from the TGN to the PM.


Yang, G. et al. (2013) discovered that upon NMDA treatment, which causes exocitotoxicity, SAC1 
gets much more retained in the TGN through JNK3-binding in COS7 cells. They demonstrated 
that under basal conditions, JNK3 mainly remains depalmitaoylated in the cytosol but upon a 
stress it gets palmitoylated and translocates to the TGN where interacts with SAC1.


This Golgi SAC1 retention observed in COS7 cells allows Golgi PI(4)P dephosphorylation and, 
therefore, it impairs the vesicular releasing towards the PM. Authors correlate it with the reduced 
surface GluA1 expression observed in neurons under such NMDA-induced stress that, in turn, it 
may participate in the adaptive response to NMDA-dependent neuronal hyperactivation by 
decreasing AMPAR-dependent excitation (Yang, G. et al.; 2013).


On the whole, these studies present SAC1 as a putative regulator of GluA1 transport in neurons 
under stress (Fig. 13). 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Fig 13. A schematic diagram illustrating the model of stress-induced repression of secretory 
trafficking of GluA1 in neurons through SAC1. A) Under physiological conditions SAC1 is mainly 
localized in the ER, which maintains a rich pool of PI(4)P at the TGN enabling vesicular transport of 
GluA1 to the PM. JNK3 in these conditions remains in the cytosol without interacting with SAC1. B) 
Under pathological conditions, SAC1 is recruited by JNK3, which gets palmitoylated, to the TGN where 
it dephosphorylates PI(4)P. The significant reduction in this phospholipid prevents the departure of 
GluA1-filling vesicles from the TGN to the PM. Figure extracted from Yang, G. et al.; 2013.
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HYPOTHESES 

1. The first hypothesis is that CPT1C is able to sense malonyl-CoA levels and consequently 
regulates the GluA1 vesicular trafficking towards the plasmatic membrane under 
different metabolic stresses. 

2. The second hypothesis is that CPT1C is a metabolic regulator of SAC1 function and 
consequently regulates Golgi PI(4)P levels and GluA1 transport from the trans-Golgi  

compartment to the plasmatic membrane. 
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OBJECTIVES

General objective: 

To determine the role of CPT1C in GluA1 transport towards the plasmatic membrane in neurons 
under basal conditions and energetic stress.


Specific objectives: 

1. To explore whether CPT1C controls GluA1 trafficking to the PM under fluctuating malonyl-CoA 
levels:


1.1. To examine if surface GluA1 expression is modulated by CPT1C under metabolic stress.


1.2. To examine whether CPT1C is able to regulate GluA1 retention in the TGN under 
metabolic stress.


1.3.To characterize the CPT1C-GluA1 interaction and study if both malonyl-CoA and the 
CPT1C extra C-terminal region modulate it.


2. If so, to elucidate the molecular mechanism by which CPT1C regulates GluA1 trafficking under 
stress:


2.1. To explore if CPT1C is a metabolic regulator of the Golgi PI(4)P pool.


2.2. To characterize the CPT1C-SAC1 interaction and study if both malonyl-CoA and the 
CPT1C extra C-terminal region modulate it


2.3. To determine whether CPT1C modulates SAC1 subcellular distribution under metabolic 
stress.


2.4. To study whether CPT1C modulates SAC1 phosphatase activity under metabolic stress.


2.5. To establish whether CPT1C regulates GluA1 traffic through SAC1.
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METHODOLOGY 
1. Molecular biology 

1.1. Protein cloning 

1.1.1. RNA extraction 

The RNA, obtained from WT mouse brain, was extracted and kindly given to me by Rosalía 
Rodríguez Rodríguez from UIC.


According to manufacture’s instructions, RNA purification was performed with the Trizol reagent 
(Invitrogen, ref. 15596-026), which allows RNA isolation while maintaining its integrity throughout 
the process. Chloroform was added next to the cellular homogenate leading to three different 
phases: the upper one with RNA, an interphase and the lower phase with DNA and proteins. The 
upper phase was finally precipitated with isopropanol and washed with ethanol 75%. DEPC water 
was lastly used to dissolve the extracted RNA.


1.1.2. cDNA obtaining 

When the DNA template was obtained from an RNA source, an RNA retrotranscription into cDNA 
was performed before amplifying the gene. 1 µg of RNA was mixed with dNTPS (1 µL, 1 mM), 
random primers, RNAsa inhibitor (1 µL, 40 U/µL), DTT (2 µL, 0.1M) and the reverse transcriptase 
M-MLV (1 µL, 200 U/µL) (Invitrogen, ref. 28025). The reaction was conducted for 1 hour at 37ºC.


1.1.3. DNA amplification 

In order to get many copies of the desired gene to be cloned, the polymerase chain reaction 
(PCR) was used to amplify the DNA fragment of interest. Both the Q5 buffer and enzyme were 
purchased in BioLabs (ref. M0491S). The PCR conditions are summarized in Fig. 14. The PCR mix 
was prepared as follows for all amplified genes:
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94 ºC 1’ 

94 ºC 9’’ 

68 ºC 1’ 

68 ºC 1’* 

68 ºC 5’ 

12 ºC ∞ 

Fig 14. PCR reaction. A) Components for 50 µL PCR mix and B) PCR conditions. * it was amplified as 
many minutes as kilobase pairs (Kbp) of the gene.

Q5 Buffer 1X 10 µL

dNTPs (1 mM) 5 µL

cDNA 2 µL

Oligo Forward 50 uM 1 µL

Oligo Reverse 50 uM 1 µL

H2O MQ 30.5 µL

Q5 enzyme (2U/uL) 0.5 µL

 X30
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1.1.4. DNA purification and extraction 

To purify the amplified gene, agarose gels with low-melting-temperature agarose dissolved in 1x 
TAE electrophoresis buffer1 were used. Samples were loaded in 1x loading buffer2 and 
electrophoresis was run with 1x TAE electrophoresis buffer at 75-100 V.  A gel fragment containing 
the desired DNA was cut in order to perform the DNA extraction by using the Nucleo Spin Gel and 
PCR clean up kit (ref. 740609.250, Machery Nagel) following the manufacturer’s instructions.


11x TAE electrophoresis buffer: 40 mM Tris-acetate pH 8.3, 1 mM EDTA, 0.5 μg/ml ethidium 
bromide (ref. GX12420, Genaxis).


210x sample loading buffer: 0.42% bromophenol blue, 0.42% xylene cyanol FF, 50% glycerol in 
bidistilled water.


1.1.5. Recombination 

For all constructs that I engineered, recombination was performed in order to insert the desired 
DNA inside the vector of interest. The vector was initially cut with restriction enzymes (see section 
1.2) following manufacture’s instructions. Afterwards, it was checked that they were properly cut 
through running them in a agarose gel (see section 1.1.4). Then, the DNA of interest was inserted 
through recombination. This technique consists on mixing the cut vector (50 ng) with the insert 
(100 ng) and the recombinase (BioLabs, ref. M0298), the mixture is then incubated for 1 hour at 
50ºC.


1.1.6. DNA sequencing 

To ensure that the plasmid had the proper insert with no mutations, all constructs were 
sequenced. It was prepared as follows: 


The mixture was concentrated by evaporating it in the thermocycler at 37ºC and samples were  
then analyzed in an ABI PRISM 3700 DNA Analyzer (Applied Biosystems) at the Scientific- 
Technique Services from UB. 


1.1.7. RNA and DNA spectrophotometric quantification 

Either RNA or DNA were measured using the micro-plate Synergy HT Biotek reader under 
different light emissions (260 and 280 nm, respectively). To ensure that either DNA or RNA were 
well extracted and purified, the accepted absorbance ratio between 260/280 was around 1.8 for 
DNA and 2 for RNA.


1.2. Plasmid constructs 

Most of the plasmid constructs used during this PhD project were obtained at Nuria Casal’s group 
from Universitat Internacional de Catalunya (UIC) for the following experimental applications:
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Plasmid DNA 100 ng / Kbp

Sequencing primers (5uM)* 1 µL

Table 1. Solution mix to perform the DNA sequencing. 
*Primers were 800 bp-long.
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1.2.1. Protein silencing 

Protein silencing was conducted to study the dependence of GluA1 traffickcing on both CPT1C 
and SAC1. The construct to silence SAC1, psiLVRU6MP-SAC1 (shSAC1), was purchased in tebu-

bio and contains this silencing sequence (Guang Yang, et al.; 2013): GTAGCAAATCACATGGATG. 
The silencing CPT1C plasmid (shCPT1C) was engineered with the pVTHM vector (Addgene, ref. 
12247) at UIC by Dr. Xavier Roa (published in Roa-Mansergas, X. et al.; 2018).


1.2.2. Protein expression 

Expressed proteins were used 1) for virus production, 2) in order to study the effect of different 
CPT1C forms and SAC1 on GluA1 trafficking, 3) to characterize protein-protein interactions by 
Förster resonance energy transfer (FRET) assays, 4) as organelle markers and 5)  to recruit the 
ER-TGN contact sites through the rapamycin system.


1) Virus production. To produce virus that contained the protein of interest, the two viral plasmids 
pMD2.G and psPAX were used, which respectively envelopes and packages the proteins desired 
to be infected. Both were kindly gifted by José Rodríguez Alvarez from Universitat Autònoma de 
Barcelona (UAB).


2) Overexpression of WT and mutated protein forms. To explore the roles of both CPT1C and 
SAC1 in GluA1 trafficking, their WT and mutated protein forms were employed. All of them were 
engineered at UIC. The pwpi-CPT1C plasmid which contains the murine CPT1C inside the pWPI  
vector (Addgene, ref. 12254) was constructed by Dra. Macarena Pozo (published in Pozo, M. et 
al.; 2017) and the myc-CPT1C plasmid that contains the rat CPT1C inside the pcDNA3-cmyc  
vector (Addgene, ref. 16011) was constructed by Dra. Gratacòs Batlle (published in Sierra, AY. et 
al.; 2008). The rest of constructs were engineered as follows:


pwpi-CPT1C△Cterm-FLAG

Vector: pWPI (Addgene, ref. 12254) (see pwpi-SAC1). 
Restriction enzymes: PmeI (grey square highlighted in the plasmid map). 
Insert: C-terminal truncated mouse CPT1C tagged to the FLAG sequence. 

It lacks the C-terminal 39 AA (△2545-2662 bp), which are substituted for the FLAG sequence 
(DYKDDDDK). 
Amplifying primers: 
F: CGCGGCCCGGGATCCATGGCTGAGGCACACCAGGC.

R: GCGACCGGTGGATCCAAAACCCGGAACAGGGAGGCTACATCC.

pwpi-SAC1

Vector: pWPI (Addgene, ref. 12254).

This plasmid is a lentiviral vector of approximately 11 kbp that allows for simultaneous expression of your 
gene of interest and the EGFP marker under the same promoter EF-1⍺, which facilitates tracking of 
transduced cells. It contains the SV40 origin of replication for expression in mammalian cells. It also has 
the ampicillin resistance gene for bacterial cells selection and the pBR322 origin of replication for 
bacterial propagation.                                                                                                     (see next page) ⟶
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⟵ (see previous page)


Restriction enzymes: PmeI (grey square highlighted in the plasmid map). 
Insert: WT mouse SAC1.

NCBI reference sequence: NM_030692.5. 
Amplifying primers: 
F: AGCCTCGAGGTTTAAACATGGCGGCCGCAGCCTACGA.

R: CAGCCCGTAGTTTAAACTCAGTCTATCTTTTCTTTCT.

pwpi-CPT1CM586S

*This construct was engineered by Cristina Miralpeix.

Vector: pWPI (Addgene, ref. 12254) (see pwpi-SAC1). 
Restriction enzymes: PmeI (grey square highlighted in the plasmid map). 
Insert: malonyl-CoA insensitive mutated mouse CPT1C.

It contains a substitution at methionine 589 in the catalytic domain for a serine. 
Amplifying primers: 
F: GAGTCAGCCAGTACCCGACTGTTC.

R: ATAAGTCAGGCAGAATTGAC.

pIRES-CPT1Ccterm

*This construct was engineered by Aina Roig.

Vector: pIRES2-EGFP (Addgene, ref. 6029-1).

This plasmid is a non-viral vector of aproximately 5.3 kbp. The gene was fused at the C-terminus of the 
EGFP sequence by removing both the EGFP stop codon and the insert START codon, under the CMV 
promoter. The vector contains the SV40 origin of replication for expression in mammalian cells. It also has 
the Kanamycin/Neomycin resistance genes for bacterial cells selection and the pBR322 origin of 
replication for bacterial propagation.                                                                               (see next page) ⟶
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3) Förster resonance energy transfer (FRET) assays. In order to study the CPT1C-GluA1 and 
CPT1C-SAC1 interactions, FRET assays  were carried out. This fluorometric approach allow to 
determine protein interactions by virtue of energy transference between two fluorophores, such as 
CFP/turquoise and YFP. They are tagged to the proteins of which interactions are desired to study 
(see section 6.2.2). The plasmids YFP-CP1C and CFP-CPT1C were kindly provided by Dolors 
Serra from Universitat de Barcelona (UB), they respectively encode for a WT CPT1C fused to the 
Yellow Fluorescence Protein (YFP) and Cyan Fluorescence Protein (CFP) fluorophores. The 
plasmids CFP-calnexin (ref. 55539) and CFP-KDEL (ref.36204) were purchased in addgene, they 
encode for an ER protein (calnexin) and an ER signal peptide which localizes to the ER (KDEL) 
both fused to CFP; they were used as negative controls. The mutated CPT1C forms, SAC1 and 
GluA1 FRET plasmids were constructed at UIC as follows:


⟵ (see previous page)


Restriction enzymes: BsrGI (grey square highlighted in the plasmid map). 
Insert: Mouse CPT1C C-terminus.

It contains the Cterminal 36 AA (2552-2662bp) fused to the GFP protein. 
Amplifying primers: 
F: TGGACGAGCTGTACAAGGTTGGACAGCATTTCAAGCGC.

R: CGCTTTACTTGTACATCACAAGTTGGTGGAGGATGTAG.

YFP-CPT1C△Cterm

Vector: psYFP2-C1 (Addgene, ref. 22878).

This plasmid is a non-viral vector of approximately 4.7 kbp designed to allow expression of proteins fused 
to the YFP at the multiple cloning site at its C-terminus. The insert is expressed under the CMV promoter. 
The vector contains the SV40 origin of replication for expression in mammalian cells. It also has the 
Kanamycin/Neomycin resistance genes for bacterial/mammalian cells selection and the pBR322 origin of 
replication for bacterial propagation.                                                                               (see next page) ⟶
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Restriction enzymes: BamHI (grey square highlighted in the plasmid map). 
Insert: C-terminal truncated mouse CPT1C.

It lacks the C-terminal 36 AA (△2552-2662 bp) and it is fused at the YFP C-terminus. 
Amplifying primers: 
F: CGCGGGCCCGGGATCCATGGCTGAGGCACACCAGGC.

R: GCGACCGGTGGATCCAAAACCCGGAACAGGGAGGCTACATCC.

YFP-CPT1CM586S

*This construct was engineered by Cristina Miralpeix.

Vector: psYFP2-C1 (Addgene, ref. 12254) (see YFP-CPT1C△Cterm). 
Restriction enzymes: BamHI (grey square highlighted in the plasmid map). 
Insert: malonyl-CoA insensitive mutated mouse CPT1C.

It contains a substitution at methionine 589 in the catalytic domain for a serine. It is fused at the YFP C-
terminus. 
Amplifying primers: 
F: CGCGGGCCCGGGATCCATGGCTGAGGCACACCAGGCCTCGA.

R: GCGACCGGTGGATCCAACAAGTTGGTGGAGGATGTAGGGGT.

CFP-SAC1

Vector: pmturquoise-N1 (Addgene, ref. 60559).

This plasmid is a non-viral vector of approximately 4.7 kbp designed to allow expression of proteins 
fused to the turquoise/CFP at the multiple cloning site at its N-terminus. The insert is expressed under 
the CMV promoter. The vector contains the SV40 origin of replication for expression in mammalian cells. 
It also has the Kanamycin/Neomycin resistance genes for bacterial/mammalian cells selection and the 
pBR322 origin of replication for bacterial propagation.                                                  (see next page) ⟶
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4) Organelle markers. For live cell imaging, the ER and TGN compartments were mainly under 
study, thus, the CFP-TGN-FRB (kindly provided by Eamonn Dickson from University of California 

in Davis (UCDavis)) and the iRFP-Sec61beta (Addgene, ref. 72904) were used. The CFP-TGN-FRB 
plasmid contains the tgn38 protein, which localizes to the TGN, fused to both the Cyan 
Fluorescent Protein (CFP) and the FKBP-rapamycin-binding (FRB) domain (required for the 
rapamycin-induced recruitment). The iRFP-Sec61β is a plasmid that contains the rough ER-
localized protein Sec61β fused to the infrared fluorescent protein (iRFP).


⟵ (see previous page)


Restriction enzymes: NotI (grey square highlighted in the plasmid map). 
Insert: WT mouse SAC1.

It is fused at mturquoise/CFP C-terminus. NCBI reference sequence: NM_030692.5. 
Amplifying primers: 
F: CGCGGGCCCGGGATCCATGGCGGCCGCAGCCTACGA.

R: GCGACCGGTGGATCCAAGTCTATCTTTTCTTTCTGGACGACCGGTGGATCCAAGTCTATCTTTTCTT 
TCTGGA.

CFP-GluA1

*This construct was engineered by Dra. Marta Palomo.

Vector: pmturquoise-N1 (Addgene, ref. 60559) (see CFP-SAC1). 
Restriction enzymes: BamHI (black square highlighted in the plasmid map). 
Insert: WT rat GluA1. NCBI reference sequence: NM_031608.1. 
Amplifying primers: 
F: GCGACCGGTGGATCCAACAATCCTGTGGCTCCCAAGGGCATCC.

R: CGCGGGCCCGGGATCCATGCCGTACATCTTTGCCTTTTTCTGC.
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5) ER-TGN contact sites rapamycin-dependent recruitment. To examine the importance of cellular 
junctions in GluA1 trafficking, they were artificially created by the rapamycin system which 
consists in recruiting the FK506-binding protein (FKBP) and the FRB domains (tagged to two 
organelle proteins) that simultaneously bind rapamycin (Bohdanowicz M. et al.; 2011) (Fig. 14). In 
this project it was used the CFP-TGN-FRB (see Organelle markers) and the mCherry-pHR-TcRb-
FKBP (Addgene, ref. 72904) plasmids. The last plasmid encodes for the T cell receptor β chain, 
which localizes to the ER, and is fused to both the mCherry fluorophore and the FKBP domain.


1.2.3. Phospholipid labeling: Lipid probes 

In some imaging studies, fluorescent lipid probes were used to quantify cellular phospholipids. 
They are proteins that contain lipid domains that specifically recognize different lipids. The ones 
used in this thesis project were the mCherry-PI(4)P (Hammond, et al.; 2014) and YFP-PI(4,5)P2, 
both kindly gifted by Eamonn Dickson from UCDavis. The mCherry-PI(4)P contains a P4M domain 

from L. pneumophila SidM fused to the mCherry fluorophore. This PI(4)P probe reveals a 
localization of PI(4)P both in PM and GA pools, as well as a pool associated with late endosomes 
and/or lysosomes. The YFP-PI(4,5)P2 contains the pleckstrin homology domain of phospholipase 
Cδ1 domain (PHPLCδ1), which specifically recognizes PI(4,5)P2 at the PM, and is fused to YFP.
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NO ER-TGN contact sites ER-TGN contact sitesA)

Rapamycin

pHR-TcRb:mCherry-FKBP 
(ER)

Rapamycin

Fig 14. ER-TGN contact sites recruitment upon rapamycin addition. Once rapamycin is added to the 
cells, both domains (FKBP and FRB) join and junctions are created. A) A schematic representation of 
rapamycin dependent junction creation and B) ER recruitment to the TGN region, highlighted with a red 
square, in rapamycin treated live HEK cells.
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1.3. Protein detection 

1.3.1. Total cellular lysis 

To measure total protein levels, cells were washed with cold PBS and lysed with chilled lysis 
buffer1. Homogenates were left during 30 minutes at 4ºC with 360ª rotation on a spinning wheel to 
further homogenize. Protein content was finally determined by BCA.   


1Lysis Buffer: 10 mM HEPES, 10 mM KCl, 1.5 mM MgCl2 and 1% Triton with freshly added 
phosphatase inhibitor cocktail and protease inhibitor cocktail (Roche).


1.3.2. Protein quantification by BCA 

Protein concentration was measured using a BCA Protein Kit (Thermo fisher, ref. 23225) according 
to manufacturer’s instructions. The BSA stock was prepared in water at 0.1 mg/mL. The blank, the 
BSA curve (from 0 to 13 µg/mL) and all samples were measured at 562 nm in a plate reader.


1.3.3. Western Blotting 

All protein samples were previously diluted with loading buffer (Tris 1M, 20% SDS, 30% Glycerol 
and Bromophenol) and heated 5 minutes at 95ºC in order to favor protein denaturalization and 
destroy protein-protein interactions. It was conducted as follows:


1. Electrophoresis and blotting


Proteins were separated by their molecular weight using SDS-PAGE electrophoresis. Different 
percentages of acrylamide were used depending on the predicted molecular weight of the protein 
to be quantified; the percentage mainly used was 8%. The composition of the electrophoresis 
buffer used was 25 mM Tris, 250 mM Glycine and 0.1% SDS.


Once the electrophoresis was performed, the proteins in the gel were transferred to a PVDF 
membrane (Millipore, ref. IPVH 00010). The transference was conducted at 4ºC for 1 hour 30 
minutes at 400 mA with a transfer buffer (12 mM Tris, 20% Methanol and 96 mM Glycine).


2. Membrane blocking


In order to avoid unspecific antibody binding, membranes were immersed in blocking solution 
(5% nonfat milk in TBS-T1) and incubated for 30 minutes on an orbital shaker at room temperature 
(RT).


1TBS-T: 0.1 % Tween 20 in 1X TBS (20 mM Tris, 137 mM NaCl and 3.9 mM HCl).


3. Antibody incubation


After membranes were blocked, they were incubated with the appropriate antibody for 1 hour at 
37ºC or O/N at 4ºC. The antibodies used in this project were all purchased (Table 2) except for the 
mouse CPT1C antibody, which was developed at Nuria Casal’s group from UIC against the last 14 
aminoacids of  the Mus Musculus CPT1C sequence (Sierra, AY. et al.; 2008)
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3.1. Protein fractionation 

3.1.1. co-Immunoprecipitation (co-IP) 

co-Immunoprecipitation assays were performed in order to study protein-protein interactions. This 
method consists in pulling down / precipitating one protein by specific antibodies and then 
analyze which other protein interactors are also captured (Fig. 15). The protocol used was as 
follows:


1. Cells, plated in 100 mm Ø dishes, were washed twice with cold 1x PBS and lysed with 500 µL 
of freeze lysis buffer1. All homogenates were further incubated for 30 minutes with 360º rotation at 
4ºC and centrifuged 10 minutes at 10.000 rpm.


2. Protein content was measured from supernatants by BCA and 100 ng was mixed with 1x 
loading buffer (the input fraction).
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Anti GluA2 Mab397 
Millipore

1/1000 O/N at 4ºC 0.2% BSA Rabbit

Anti NMDAR2A G9038 
Sigma

1/1000 O/N at 4ºC 0.2% BSA Rabbit

Anti β-tubulin T5201 
Sigma 1/2000

1h at 37ºC or 
O/N at 4ºC 0.2% BSA Mouse

Anti β-actin
Ab6276 
abcam 1/1000

1h at 37ºC or 
O/N at 4ºC 0.2% BSA Rabbit

Anti ACC
3676 Cell 
Signalling 1/1000 O/N at 4ºC 0.2% BSA Rabbit

Anti p(Ser79)-ACC 3661 Cell 
Signalling

1/2000 O/N at 4ºC 0.2% BSA Rabbit

Anti FLAG F3165 
Sigma

1/500 O/N at 4ºC 3% nonfat 
milk

Goat

Anti GFP
Ab13970 
Abcam 1/5000 O/N at 4ºC 0.2% BSA Chicken

Table 2. Information of all primary antibodies used in this project. 

Antibody
Ref. 

number
Working 
dilution

Incubation 
conditions

Blocking 
solution

Animal 
source

Anti CPT1C - 1/1000
1h at 37ºC or 
O/N at 4ºC 0.2% BSA Rabbit

Anti SAC1 13033-1-AP 
ProteinTech

1/500 O/N at 4ºC 0.2% BSA Rabbit

Anti GluA1              
C-terminus

ab1504 
Millipore

1/1000 O/N at 4ºC 0.2% BSA Rabbit
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3. Around 0.6 - 1 mg of protein was 1 hour-incubated with IgG-coupled G sephadex beads 
(Sigma Aldrich, ref. G25150) at 4ºC under 360º agitation. In this fraction only unspecific binding 
occurs, it is called the Pre-Clear Fraction (PCF).


4. Meanwhile, the desired antibody (Table 3) was also incubated with IgG-coupled G sephadex 
beads at 4ºC under 360º agitation during 1 hour. This fraction determines which proteins will 
specifically precipitate.


5. Afterwards, all beads-containing fractions were centrifuged. Supernatants from antibody-
containing fractions were discarded and replaced by sample-containing PCF’s supernatants, 
which were further incubated overnight (O/N) at 4ºC with 360º rotation. PCF’s pellets were 
washed with lysis buffer and resuspended in 100 µL of 4x loading buffer.  


6. The following day all incubated fractions were centrifuged and supernatants were mixed with 
1x loading buffer, which contain the non-precipitated proteins. Pellets, which contained 
immunoprecipitated proteins, were washed with lysis buffer and finally resuspended in 100 µL of 
4x loading buffer (these were the so-called immunoprecipitation fractions, IPFs).


A high loading buffer concentration that contained DTT 10 mM was used for either PCF or IPF (all 
G sephadex beads-containing fractions) in order to destroy protein-protein interactions before 
sample loading in the polyacrilamide gel. All samples were heated 5 minutes at 95 ºC before being 
stored at -20ºC, until the Western Blotting was performed. 
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Antibody Ref. number Animal source

Anti CPT1C On request

RabbitAnti SAC1 13033-1-AP ProteinTech

Anti GluA1 C-terminus ab1504 Millipore

Table 3. Antibodies incubated 
w i t h t h e I g G - c o u p l e d 
Sephadex beads in th is 
project. 

Unbound

 fraction

C)

1 hour-incubation with 

Antibody-coupled Resin

A)

B) Centrifugation Centrifugation

Cellular lysate

Coupled antibody

Protein interacting with 
Antigen

Antigen
+ loading buffer

WB

Fig 15. Schematic representation 
of the co-Immunoprecipitation 
assay. A) Sample is incubated with 
the ant ibody-coupled res in . 
A f t e r w a r d s , B ) t h e f i r s t 
centrifugation allows to separate 
the unbound fraction from the IPF 
where the protein of interest with 
its interactors is localized. Next, C) 
the addition of the loading buffer, 
which has denaturalizing agents, to 
the immunoprecipitated pellet 
allows the separation of our 
interacting proteins from the resin. 
Figure adapted from ThermoFisher 
Scientific.
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1Lysis buffer (for CPT1C-GluA1 interaction): Tris 50mM, NaCl 150 mM, Triton 1% with freshly 
added phosphatase inhibitor cocktail and protease inhibitor cocktail (Roche). pH=8.


1Lysis buffer (for CPT1C-SAC1 interaction): CL47 buffer (Logopharm).


3.1.2. Surface biotinylation 

Biotinylation assays were conducted to quantify surface protein levels (Fig. 16). During the whole 
procedure, cells were kept at 4ºC.


1. Cells, plated in 60 mm Ø dishes, were washed with a CaCl2 (1mM) - MgCl2 (0.1 mM) containing 
PBS solution followed by biotin (0.5 mg / mL) 30 minute-incubation under soft agitation.  


2. Cells were next washed three times with Glycine 100 mM under soft agitation ( 10 min / each ) 
in order to remove the free unbound biotin. Afterwards, cells were washed with the PBS solution 
and lysed with 300 µL of lysis buffer1.


3. The lysate was centrifuged during 20 minutes and 75 µL of the supernatant was mixed with 1x 
loading buffer. This fraction is the input. 


4. The left supernatant was incubated with NeutrAvidin Agarose beads (Thermo fisher, ref. 29200), 
previously washed with the lysis buffer, under 360º rotation on a spinning wheel O/N.


5. The incubated sample-containing NeutrAvidin Agarose beads were centrifuged the next day 
and supernatant, known as the internal fraction, was mixed with loading buffer 1x. The pellet, 
known as the surface fraction, wash next washed with the lysis buffer and resuspended in 100 µL 
of 2x loading buffer that additionally contained DTT 10 mM.


All protein fractions were heated 5 minutes at 95 ºC before being stored at -20ºC until the Western 
Blotting was performed. 


1Lysis Buffer: NaCl 50 mM, EDTA 10 mM, EGTA 10 mM, Na3VO4 1 mM, NaF 50 mM, NaPPi 25 
mM, Glycerophosphate 1 mM, PMSF 1 mM, HEPES 50 mM and Tryton 1-X with freshly added 
phosphatase inhibitor cocktail and protease inhibitor cocktail (Roche).
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Fig 16. Schematic representation of the Biotinylation assay. A) Sample is incubated with biotin, which 
strongly binds to surface proteins trough covalent bounds. Afterwards, cell lysis is performed and a B) 
NeutrAvidin agarose beads solution is mixed with the lysate where protein-bound Biotin also gets bound to 
agarose beads. C) A last centrifugation allows to separate the internal fraction (supernatant) from the 
surface fraction (pellet). Loading buffer, which has denaturalizing agents, is added to the pellet in order to 
separate the surface proteins from the resin. Figure adapted from www.jove.com.

Cell lysis Centrifugation

Supernatant: 
internal 
fraction

A) C)B)

Pellet: 
Surface 
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+ loading 
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2. Microbiology 

2.1. Escherichia Coli strain and growing conditions 

The Escherichia coli (E. Coli) strain used in this project for plasmid propagation was DH5α. They 
were grown in autoclaved LB liquid broth or LB agar plates (Luria Agar Cat. 1552.00) with the 
proper antibiotic for plasmid selection.


2.2. Competent Escherichia Coli preparation 

Competent cells were used in order to efficiently amplify and propagate the required plasmids in 
this project. They were obtained by concentration through successive washes in water and 
glycerol (Chang., et al.; 2017).


2.3. Bacterial transformation 

The transformation process was performed in order to introduce the plasmidic DNA in competent 
bacterial cells. The heat-shock method was used to increase the cell membrane permeability 
and , therefore, the insertion of the plasmid:


1. Competent E.Coli cells DH5α were thawed on ice.


2. 1 µg of DNA (between 1 µL - 10 µL, depending on the DNA concentration) was added in a 13 
mL polystyrene tube (Sarstedt, ref. 55468001).


3. 50 µL of competent cells were also added in the same tube which was left on ice for 30 
minutes and carefully shacked each 10 minutes.


4. Cells were heat-shocked for 1 minute 15 seconds at 42ºC.


5. 500 µL of SOC or LB medium with no antibiotic was added and then incubated for 1 hour at 
37ºC under vigorous shaking conditions.


6. Between 100-500 µL of this bacterial solution was plated in a LB agar plate containing the 
proper antibiotic to select transformed cells. Plates were incubated O/N at 37ºC.


7. The next day, a colony was picked and let it grow in 5 mL liquid LB with antibiotic for 12-16 
hours.


2.4. Plasmidic bacterial DNA extraction 

The plasmidic DNA was extracted by using a Miniprep DNA Purification Kit, according to 
manufacture’s instructions (Promega, ref.A1330).


3. Cellular biology 

3.1. Cells and maintenance  

Both primary cortical neurons and cell lines were employed in this project. All cell types were 
always maintained at 37ºC with 5% CO2 and 95% humidity. 
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3.1.1. Cell lines 

The medium used for these cells was DMEM (Dulbecco’s Modified Eagle Medium) with high 
Glucose concentration (4.5 g/L) (D5671 Sigma-Aldrich) supplemented with 10% of inactivated 
Fetal Bovine Serum (FBS) (ThermoFisher), 2mM Glutamax (Life Technologies, ref. 35050), 100 U/
mL penicillin and 100 µg/mL streptomycin (ThermoFisher, ref. 15140122). Two passages per week 
with a 10 dilution factor were conducted in all stable cell lines.


The cell lines were the following ones:


HEK293T cells. These HEK cells are genetically modified to express the T antigen so that the 
lentivirus production is more efficient when transfected with the gene of interest and the envelope/
package plasmids (see section 1.2.2). They were kindly provided by José Alvarez Rodriguez from  
UAB and validated at American Type Culture Collection (ATC).


Endogenously SAC1gfp expressing HEK cells (HEK-SACgfp). These HEK cells were genetically 
modified using the CRISPR9/Cas9 technique by Dickson’s laboratory from UCDavis in order to 
express endogenous GFP-tagged SAC1.


Stable CPT1C expressing HeLa cells. These HeLa cells were genetically modified by Miguel 
Baena at Nuria Casal’s group from UIC by virus infection with the PWPI-CPT1C, PWPI-
CPT1CM586S and PWPI plasmids and then isolated by a Fluorescence Activated Cell Sorter 
(FACS) by virtue of the GFP protein encoded by the plasmid PWPI. 


3.1.2. Primary cortical neurons 

Primary neurons were obtained from E16 mouse embryos, either WT or CPT1C KO. Brain 
dissection was always performed under sterile conditions in the Faculty of Medicine of UAB and 
neurons were maintained by replacing half of old medium by fresh one each 3-4 days. The 
dissection protocol used to obtain either cortical neurons was as follows:


1. Mothers were cervical dislocated and the embryos were subsequently obtained by caesarean 
section.


2. Embryos were then decapitated in a 100 mm Ø dish that contained cold PBS with glucose (6.5 
mg/mL) and antibiotics (penicillin-streptomycin, 100 U/mL-100 µg/mL). Embryo’s heads were 
washed twice with the cold PBS solution.


3. Brain dissection was performed using magnifying lenses (Fig. 17) not longer than 1 hour and 20 
minutes. Cortical dissected tissue was kept in solution 11 during the dissection.


4. Afterwards, the tissue-containing solution 1 was centrifuged and supernatant was carefully 
discarded.


5. The trypsin-containing solution 22 was added to the pellet and left for 10 minutes at 37 ºC for 
cell disaggregation.
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6. Solution 44 (with trypsin inhibitors) was next added to the solution 2 and centrifuged. The 
supernatant was also discarded.  


7. Solution 33 was added to the pellet,  resuspended 10 times with a glass Pasteur pipette for a 
further cell dissociation and poured into solution 55 through a 40-um Ø-Nylon-mesh-filter syringe 
where it was additionally resuspended 10 times more.


8. Solution 5 was centrifuged and supernatant discarded. Approximately 2 mL of supplemented 
DMEM was used per each 2 dissected brains.


9. Trypan blue was always employed to count viable cells in a Neubauer chamber. For 
biochemical studies, 300.000 cells/mL were seeded in poly-lisine (Sigma, Ref. P6407) (0.2 mg/mL) 
coated plates. For immunochemistry experiments, 130.000 cells/mL were seeded in poly-lisine 
(0.1 mg/mL) coated coverslips-containing plates.


10. In order to only favor neuronal survival, DMEM medium was replaced 3 hours later by 
Neurobasal Basal Medium (Invitrogen, ref. 21103-049) supplemented with the B27 supplement 
(invitrogeen, ref. 17504-044), 2mM Glutamax, 100 U/mL penicillin and 100 µg/mL streptomycin.


All dissection solutions were freshly prepared as follows (volumes for 2 sacrificed pregnant mice):


1Solution 1: 50 mL KBS (1X)6, BSA (3mg/mL), MgSO4 (0.0304%)


2Solution 2: 10 mL solution 1, Trypsin (Ref) (0.25mg/mL) 


3Solution 3: 10 mL solution 1, DNAsa (Ref) (0.08 mg/mL), Trypsin inhibitor (Ref.) (0.52 mg/mL), 
MgSO4 (0.038 %)


4Solution 4: 8.4 mL solution 1, 1.6 mL solution3


5Solution 5: 5 mL solution 1, CaCl2 (0.24 %), MgSO4 (0.76%)


6KBS (1X): NaCl (35.35 g/L), KCl (1.8 g/L), KH2PO4 (0.83 g/L), NaHCO3 (10.7 g/L), Glucose (12.85 
g/L)
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1 2 3 4

Fig 17. Schematic representation of brain dissection. 1) Cerebellum (C) is removed and cortical (Cx) 
lobes are separated. 2) Each lobe is turned so that the hippocampus area faces. The recovering meninges 
layer is cautiously discarded at this step. 3) The premature striatum zone (S, T, MB) is removed. 4) Finally, 
the hippocampus is recognized as a brighter zone so that it is easier to remove it with the dissection 
scissors. The rest of the brain tissue is cortex. Figure adapted from Mihalas, AB. et al., 2015.
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3.2. Transfection 

Transfection was used to introduce a plasmid into both cellular lines and primary neurons. 
Different methodologies were used based on the cellular type and the number of plasmids desired 
to transfect.


3.2.1. Calcium phosphate 

The calcium phosphate transfection method was used in HEK293T cells. This method consists in 
calcium phosphate precipitation with DNA and attachment of these precipitates to the cell surface 
and their endocytosis by the cell. 


Cells were transfected at 80% of confluence for co-IP studies or virus production (100 mm Ø dish) 
or at 50% of confluence for FRET assays (15.6 mm Ø well). The cell medium was removed and 
fresh medium was added to the plate 2 hours before the transfection. The amount of each reagent 
used for the transfection is summarized in Table 4. The transfection mix was left between 15-20 
minutes at RT before being added to the cells. Experiments were conducted either 24 or 48 hours 
later.


0.1x TE1: 1 mM Tris-HCl pH8, 0.1 mM EDTA pH8.


Buffered water2: MQ water supplemented with 2.5 mM HEPES pH7.3.


2xHBS3: 280 mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO·2H2O pH7.


3.2.2. Lipofectamine 2000 

The lipofectamine 2000 method is well known to be more efficient than phosphate calcium in DNA 
plasmid transfection, for this reason it was mainly used in HEK-SACgfp cells since they were 
transfected with high amount of DNA (between 2-4 plasmids) for the contact sites and rapamycin 
experiments. This product consists of cationic liposomes that envelope negatively charged DNA 
and due to the presence of a neutral co-lipid they can fuse with the PM of living cells and allow 
nucleic acid cargo molecules to cross into the cytoplasm for a further expression. 


HEK-SACgfp cells, plated in 35 mm Ø dishes, were transfected at 80% of confluence. The 
transfection mix was prepared by mixing solution A and solution B. Solution A contained 250 µL 
of FBS/antibiotic free DMEM with the DNA of interest (between 0.06 µg and 4 µg) and solution B 
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Plasmid amount Maximum of 30 µg

0.1x TE1  430 µL

Buffered water2 257.33 µL

CaCl2 2.5 M 74.33 µL

2x HBS3 750 µL

Volume per dish/well 500 µL

Table 4. Amounts of each reagent used for the 
calcium phosphate transfection in a 100 mm Ø 
dish.

https://es.wikipedia.org/wiki/%C3%98
https://es.wikipedia.org/wiki/%C3%98
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contained 250 µL of the same medium mixed with 10 µL of lipofectamine 2000 (Invitrogen, ref. 
11668019). The transfection mix was then left for 20 minutes at RT and before adding it to the 
cells, old medium was replaced by fresh FBS/antibiotic free DMEM.


After 3 hours, cells were splited in to three cover-containing 35 mm Ø dishes with fresh 
supplemented medium, they were kept in the incubator until the following day.


3.2.3. Fugene 

Fugene (promega, ref. E2311) was used to transfect HeLa cells for the SAC1 phosphatase activity 
assays since it was previously checked in our laboratory that fugene works better in this kind of 
cells compared to other transfection reagents. The mechanism of this reagent is based on a set of 
blended lipids that envelope the foreign DNA. Afterwards, it binds to the PM and releases the 
DNA material into the cell cytoplasm.  


HeLa cells, seeded in 100 mm Ø dishes, were transfected at 80% of confluence. The transfection 
mix per dish (879 µL FBS/antibiotic free medium + 19 µg plasmid + 56 µL Fugene)  was prepared 
according to manufacturer’s instructions. After transfection, cells were kept in the incubator for 48 
h before being used.


3.3. Infection by lentivirus 

Lentivirus infection was performed in primary neurons in order to overexpress or silence some 
proteins such as CPT1C and SAC1.


Lentivirus were obtained in my laboratory and the whole procedure was conducted under Biosafe 
level-2 hoods in accordance to TronoLab.


3.3.1. Production 

To produce lentivirus, HEK293T cells were transfected with calcium phosphate using the following 
DNA amounts: 45 µg of lentivirus vector (pWPI or psiLVRU6MP plasmids), 15.9 µg of pMD2.G and 
29.1 µg of psPAX. Three 100 mm Ø dishes were used per each desired virus.


The following day, medium was discarded and replaced by 5 mL of fresh medium. 8 hours later, 
virus-containing medium of each dish was collected and stored at 4ºC and then replaced by 5 mL 
of fresh medium. This medium collecting was repeated the next day in the morning and at late 
afternoon.


Lentivirus were finally obtained and concentrated (up to 300 µL) by medium centrifugation (3000 
g, 1 hour) with filtered tubes (ref. VS2042, Sartorius). Afterwards, the viruses were aliquoted and 
stored at -80 ºC during a maximum period of 3 months.  
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3.3.2. Titulation 

To quantify the viral particles obtained during the lentivirus production, a titulation step was 
usually conducted. This consists in infecting cells with different amounts of volume and then track 
the percentage of infected cells compared to the total amount of plated cells.


For the titulation, HEK 293T cells were seeded at 100.000 cells / mL in 24 well-plates with 500 µL 
of medium per well. The following day, 250 µL of medium was removed from each well and cells 
were infected with different amounts of viruses (0, 0.03, 0.06, 0.125, 0.25, 0.5, 1 and 2 µL). Two 
wells were used to count total cells. 

The following day, 1 mL of fresh medium was add to each well in order to stop the infection. Two 
days after the infection, GFP positive cells were counted by using BD FACSCaliburTM through a 
FL-1 detector. The more infected cells, the more detected GFP signal so that a lineal regression 
was obtained. The number of viral particles (TU) per mL was measured as follows: 


                                                                  � 


This titulation step was skipped for the psiLVRU6MP plasmid (used to silence SAC1) because it 
encodes for the mCherry fluorophore (instead of GFP), which cannot be neither detected or 
tracked in the FACSCaliburTM in our laboratory. For this reason, a trial with different volumes of 
virus was conducted in cortical neurons. Either SAC1 levels or fluorescence signal was analyzed 
in infected cells in order to decide which volume would be employed for the experiments. The 
viral solution volume with better fluorescence signal and that better silenced SAC1 with no 
significant cell death was chosen. Consequently, the same batch of produced viruses was used in 
all experiments. To analyze fluorescence signal, cells were plated in 24 well-plates at a 
concentration of 130.000 cells/mL and infected with 0, 0.25, 0.5, 1, 2 or 4 µL. To analyze SAC1 
levels, cells were plated in 6 well-plates at a concentration of 300.000 cells/mL and infected with 
0, 0.5, 1, 4, 8, 16 µL.


3.3.3. Infection 

Cortical neurons were infected at DIV8 and the experiments were conducted at DIV14-15. For 
either pWPI or pVTHM plasmids, 2 MOI were used to infect cells which allowed for a 90 % of 
infection. As for the psi-LVRU6MP plasmid, 1 µL of viral solution was used for immunochemistry 
experiments (24 well-plates) that allowed for a poorer infection (50%) with no significant cellular 
death. The low infection efficacy for psi-LVRU6MP was not a problem since only infected cells 
were imaged.


4. Microscopy 

4.1. Sample preparation 

When antibodies were used for the staining, imaging was conducted in fixed cells. Otherwise, 
when all proteins / lipids were labeled with plasmids, imaging was performed in live cells.


T U
m L

=
% GFP p o s i t i v e c el l s · c o u n t e d c el l s

u L o f v i r a l s o l u i t o n a d d e d i n t h e w el l
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4.1.1. Fixed cell imaging 

For the experiments performed in cortical neurons and FRET assays, cells were fixed with 4% 
paraformaldehid (PFA) under cold conditions for 15 minutes.


When conducting FRET assays, cells were previously transfected with the proteins of interest 
tagged to either CFP or YFP and then coverslips were mounted with Prolong diamond antifade 
mounting medium (Life technologies, ref. P36971). Cells were imaged 24 hours later.


For the experiments with neurons, proteins were stained with antibodies (see table 5). 
Immunocitochemistry was performed as follows:  


1. Triton permeabilization. Only when proteins subjected to study were localized inside the cell, 
coverslips were incubated with a 0.1% triton solution at RT for 30 minutes followed by three PBS 
washes. When localized to the PM, permeabilization was skipped and the blocking was 
conducted directly after fixation.


2. Blocking. Coverslips were incubated for 15-20 minutes at 37ºC with a 2% Goat serum solution.


3. Primary antibody incubation. Coverslips were incubated with 15 uL of primary antibody solution 
for 1 hour at 37ºC in a wet chamber (a petri plate that contained wet filter paper with parafilm on 
it). This incubation was followed by three washes with PBS.


4. Secondary antibody incubation. Coverslips were incubated with 300 uL of the secondary 
antibody for 1 hour at 37ºC in a 24 well-plate. 


5. Mounting. Coverslips were mounted with Fluoromount Aqueous Mounting Medium (Sigma-
Aldrich, ref. F4680-25ML), which preserved fluorescence for a prolonged storage. Samples were 
imaged within the next month.
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Antibody Ref. number
Working 
dilution Animal source

Anti PI4P Z-P004 Echelon 1/100 Mouse

Anti TGN38 NB300-575 Novus 
Biologicals

1/100 Mouse

Anti TGN46 Ab16059 abcam 1/100 Rabbit

Anti SAC1
13033-1-AP 
ProteinTech 1/100 Rabbit

Anti GluA1 N-terminus. PC246 
Calbiochem

1/30 Rabbit

Anti GFP Ab13970 Abcam 1/1000 Chicken

Anti Mouse Alexa633 A21052 
Invitrogen

1/100 Goat



Methodology



4.1.2. Live cell imaging 

Live cell imaging was used to detect lipids or proteins in non-fixed transfected cells. Due to a 
perfusion system (Fig 18), the same cell was analyzed before and after a short treatment, which 
additionally favored a more stable cellular environment due to the continuous nutrient supply and 
waste removal. Cells were always transfected with fluorophore (CFP, YFP, mCherry, GFP or iRFP)-
tagged proteins the day before imaging.


Cells were imaged in a chamber that contained a Krebs-Ringer solution (160 mM NaCl, 2.5 mM 
KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM Hepes, and 8 mM glucose, pH 7.4 (NaOH)) allowing cell 
survival for several hours. 





4.2. Experimental techniques 

Microscopy was mainly used in order to evaluate surface GluA1 levels, study protein-protein 
interactions by FRET, quantify total protein levels inside different cellular compartments and 
examine contact sites between ER-TGN.


4.2.1. Surface quantification 

Both surface GluA1 and PI(4,5)P2 levels were measured in this PhD project.
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Antibody Ref. number
Working 
dilution Animal source

Anti Rabbit Alexa488 A11008 
Invitrogen

1/300 Goat

Anti Chicken Alexa488 A11039 
Thermofisher 1/1000 Goat

Anti Mouse Alexa568 A11011 
Invitrogen

1/150 Goat

Table 5. List of the antibodies used for imaging experiments.

Fig 18. Schematic representation of the perfusion system. It consists on different syringe filled with 
desired treatment solutions and connected to the same pipe which is simultaneously connected to the 
perfusion chamber. A vacuum trap allows the waste removal from the perfusion chamber. Figured adapted 
from Bi-Huei Hou et al.; 2011.



Methodology
GluA1 by confocal microscopy


The first imaging studies regarding surface GLuA1 levels were performed with fixed neurons on a 
confocal laser scanning microscope ZEISS LSM 700 using a 63x oil objective. Argon lasers with 
488 and 568 lines were used.


Around 18 stacks with 0.5 um-distance were taken per each imaged cell and quantification was 
done on the reconstructed 3D image made by the IMARIS 9.2 software (Bitplane).


GluA1 quantification was done on primary dendrites, being considered as the prolongations firstly 
branching from the main axon. A 15 um x 5 um region of interest (ROI) was randomly selected and 
both integrated intensity and total number of GluA1 dots were measured inside it. 


GluA1 by total internal reflection fluorescence (TIRF) microscopy


Last surface GluA1 imaging experiments were performed with the TIRF equipment at Dickson’s 
laboratory from UCDavis under rapamycin treatment in order to study the ER-TGN junctions effect 
on surface GluA1. 


This optical technique allowed for a more sensitive-imaging of the cellular surface by virtue of its 
high axial resolution below 100 nm. This method is based on the principle that when excitation 
light is totally internally reflected, the intensity of this wave exponentially decays with distance 
from the surface so that only fluorescent molecules within a few hundred nanometers of the solid 
are efficiently excited (Fig. 19).


TIRF footprints were acquired in a Nikon TiE microscope equipped with a TIRF 60×/1.25 oil 
differential interference contrast H objective and Photometrics QuantEM electron-multiplying 
charge-coupled device camera (Nikon). The incident angle settled in all experiments was 110º.


The TIRF imaging was always conducted with live HEK cells previously transfected with fugene in 
35 mm Ø dishes the previous day to the experiment with 1 µg of CFP-GluA1, 1.2 µg of mCherry-
pHR-TcRb-FKBP,  0.12 µg of CFP-TGN-FRB and either 1 µg of YFP-CPT1C or 1 µg of YFP.
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F i g 1 9 . S c h e m a t i c r e p r e s e n t a t i o n o f A ) 
Epifluorescence / Confocal imaging and B) TIRF 
imaging basis. The main difference is the incident angle 
which A) allows, B) or not, the light refraction trough the 
sample and therefore influences the axial distance that 
will be excited. Figure extracted from  Northwestern 
University webpage.



Methodology
All images were quantified with the ImaJ/Fiji (NIH) software and GluA1 mean intensity was 
measured. For each cell, it was previously ensured that ER was recruited after rapamycin 
treatment as indicated in section 6.2.4.


PI(4,5)P2 by superresolution confocal microscopy


In order to examine the CPT1C regulation in PI(4,5)P2 levels, HEK cells were transfected with 
fugene in 35 mm Ø dishes with 0.3 µg of YFP-PI(4,5)P2 and 1 µg of either CFP or CFP-CPT1C. 
Images of live cells were taken on a ZEISS LSM 880 with Airyscan using 63 x oil-immersion 
objective at Dickson’s laboratory from UCDavis. An argon laser with the 458, and 514 lines was 
used to excite the fluorochromes CFP and YFP, respectively.


Quantification of this phospholipid, which only localizes to the PM, was performed in one-stack 
images by using the ImaJ/Fiji (NIH).


4.2.2. Förster resonance energy transfer (FRET) 

FRET assays were performed in order to characterize and corroborate the co-
immunoprecipitation studies regarding the CPT1C-GluA1 and the CPT1C-SAC1 interactions. This 
microscope technique was conducted in Centres Científics I Tecnològics from UB.


FRET consists on the excitation of an acceptor molecule (YFP) which emission will excite a donor 
molecule (CFP). This phenomenon is produced due to the close proximity (up to 10 nm) between 
two molecules which are tagged to either CFP or YFP (Fig. 20). 	 
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Fig 20. Schematic representation of FRET molecular basis. A) Only when Protein A and protein B 
interact, CFP is close enough to YFP so that B) when CFP is excited with a laser around 458 nm it emits a 
light around 514 nm allowing the YFP excitation and therefore its emission around 520 nm. Solid and 
dashed lines represent emission and excitation spectrums, respectively. Figures adapted from Biocreatice 
structure and Thermofisher.
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Methodology
Cells were transfect the day before with calcium phosphate with 0.5 µg of CFP-tagged protein 
and 0.75 µg of YFP-tagged protein in 15.6 mm Ø wells. 


All FRET imaging experiments were performed on a Leica TCS SP2 microscope. A 63x objective 
with immersion oil and argon lasers with 458 and 514 lines (for donor and acceptor, respectively) 
were used for all image acquisition. The pinhole size was set to 2 (airy units, UA) and the 
bleaching ROI to 5 x 5 (um). 458 laser power was set up to 23-60% and 514 laser up to 5-10% so 
that no pixel saturation occurred. The number of bleaches were between 3 and 4, all at 40%. For 
the calculation of FRET efficiency from acceptor to donor, it was used that operated at pixel basis, 


� 


where Ifret refers to FRET intensity, Id refers to donor intensity in the absence of acceptor, Ia is the 
acceptor intensity in the presence of donor, Idcross em is the fraction of donor emission cross-emitted 

into the acceptor channel and Ic is the fraction of acceptor intensity cross-excited by donor 

excitation.


4.2.3. Protein quantification inside cellular compartments 

Protein compartmental imaging was performed with fixed neurons on a confocal laser scanning  
microscope ZEISS LSM 700 using a 63x oil objective. Argon lasers with 488 and 568 lines were 
used, respectively. For the far red signal, a Helium-Neon laser with 633 line was used instead. 
Stacks of 0.5 um-distance were taken per each imaged cell.


SAC1, GluA1 and PI4P were labelled with antibodies (see section 6.1.1) and measured in the TGN 
on the reconstructed 3D image made by the IMARIS 9.2 software (Bitplane). The quantification 
was as follows:


1. A 3D TGN-englobing ROI was created.


2. The TGN mask was then applied to the SAC1, GluA1 and PI(4)P images. Their mean intensities 
were measured within the ROI.


4.2.4. Endoplasmatic Reticulum - Trans Golgi junction superresolution  studies 

ER-TGN contact sites became critical in my project and needed to be studied in order to better 
understand the molecular mechanism by which GluA1 trafficking is regulated.


In order to resolve this tiny structures (around 30 nm), a superresolution microscope was used, 
which had almost double resolution than a regular confocal (100-120 nm in x,y compared to 250 
nm in x,y; respectively). 


All imaging was performed on a ZEISS LSM 880 with Airyscan using 63 x oil-immersion objective 
at Dickson’s laboratory from UCDavis. An argon laser with the 458, 488, 568 and 514 lines was 
used to excite the fluorochromes CFP, GFP, RFP and YFP, respectively. For the iRFP 
fluorochrome, a Helium-Neon laser with the 633 line was used instead.
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Methodology
ER-TGN contact sites quantification


To measure ER-TGN junctions, HEK-SACgfp cells were previously transfected with fugene in 35 
mm Ø dishes with 0.7 µg of iRFP-Sec61beta and 0.065 µg of TGNcfp-FRB.


The amount of ER-TGN contacts was measured as a positive colocalization between the ER and 
the TGN signals. The quantification was done on one-stack images by using ImaJ/Fiji (NIH) as 
follows:


1. Both ER and TGN englobing regions were separately selected and converted into a black and 
white images, where white valued 0 and black valued 1.


2. The TGN-ER contact site area was considered as a product of the ER and TGN masks.


3. This final ER-TGN mask was applied to the ER image and ER signal was quantified within this 
area. It was always normalized to its signal outside this colocalization region.


Protein quantification at ER-TGN contact regions


Besides quantifying ER-TGN junctions, both SAC1 and CPT1C levels were also quantified at 
these contact sites.


HEK-SACgfp cells were previously transfected with fugene in 35 mm Ø dishes with 0.7 µg of 
iRFP-Sec61beta, 0.065 µg of TGNcfp-FRB and either 1 µg of YFP or 1 µg of YFP-CPT1C.


ImaJ/Fiji (NIH) was also used for the quantification and the ER-TGN contact region was obtained 
as mentioned above. This ROI was then applied to either the SAC1 or the CPT1C images which 
allowed their quantification within it. Quantification was always normalized to their signal localized 
inside the ER. To achieve so, the ER mask was created as aforementioned and applied to either 
the SAC1 or the CPT1C images. 


Rapamicyn dependent ER-TGN contact site creation


In order to understand whether ER-TGN contact sites were playing a role in surface GluA1 
regulation, the rapamycin system was used (see section 1.2.2). In the presence of rapamycin, tight 
association between FKBP and FRB is observed (see Fig. 14). Based on this, a synthetic system 
consisting of a targeting domain attached to FKBP can recruit a protein of interest fused to FRB 
upon the addition of rapamycin.


In addition, it is described that ER-TGN contact sites strongly downregulate the PI4P pool within 
TGN (Eamonn J. Dickson, et a.; 2014); for this reason this PI(4)P pool was also studied upon 
rapamycin addition (5 uM at RT, 21–23°C) (Sigma Aldrich, ref. R8781). To satisfactorily create 
these junctions and study their repercussion on the TGN PI(4)P pool under CPT1C expression, 
HEK cells were transfected with fugene in 35 mm Ø dishes with 1.2 µg of mCherry-pHR-TcRb-
FKBP, 0.12 µg of CFP-TGN-FRB, 0.25 µg of mCherry-PI(4)P and either 1 µg of myc or 1 µg of 
myc-CPT1C. 
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Methodology
A perfusion system was used, cells were tracked for approximately 15 minutes and images were 
taken every 5 seconds.


Positive ER-TGN junction creation was only considered when ER signal localized at TGN 
increased with respect to its signal outside TGN. This increase was measured with the ImaJ/Fiji 
(NIH) software as described above. In addition, PI(4)P levels were also quantified in the TGN 
compartment in each cell with the same software by creating a TGN englobing mask and then 
applying it on the PI(4)P image. PI(4)P inside TGN was always normalized to the cytoplasm signal 
because the lipid probe localizes in the cytosol when it is not bound to the lipid and it additionally 
eliminate any difference due to the transfection efficiency.


5. Biochemistry 

5.1. MTT assay 

The MTT assay is a colorimetric assay for studying cell viability which is based on NAD(P)H 
dependent cellular oxidoreductase enzymes. These enzymes reduce the tetrazolium dye MTT 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to the insoluble formazan compound, 
which has a purple color. The healthier and more functional the cells are, the more activity these 
enzymes have so that the purple color intensity is directly proportional to cell viability.


This assay was performed in order to check that glucose deprivation, 2DG and TOFA in cortical 
neurons were not affecting cell viability.


Cells seeded in 96 well-plates at a concentration of 300.000 cells/mL and previously treated were 
incubated with MTT (0.2 mM) for 1 hour at 37ºC at DIV 15. Medium was then discarded and 
DMSO was added to each well to dissolve formazan. Absorbance was measured at 570 nm. Cell 
viability was calculated as a percentage of the absorbance of each condition versus the 
absorbance of control cells.


5.2. PI(4)P phosphatase activity assay 

This phosphatase activity assay was conducted either in mouse brain tissue (by Rut Fadó Andrés) 
or in CPT1C-stable HeLa cells. These HeLa cells, plated in 100 mm Ø dishes, were always 
transfected with 3 µg of pwpi-SAC1 plasmid because SAC1 basal levels were quite low. 
Transfected HeLa cells were kept 48 hours in the incubator before the activity assay. As for the 
brain tissue, 4-month mice were sacrificed by cervical dislocation and fasting was conducted 
between 16 and 24 hours. The protocol used was based on Mani, M. et al.; 2013:


1. Both the whole brain tissue and HeLa cells were lysed on ice with respectively 1 mL or 500 µL 
of CL-47 lysis buffer (Logopharm) that contained protease inhibitors (Roche). Cells and tissue 
were also further mechanically homogenized on a spinning wheel at 4ºC for 30 minutes. 


2. Meanwhile, IgG-coupled sephadex beads were washed 3 times with CL-47 lysis buffer.
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Methodology
3. After the 30-minute homogenization, samples were centrifuged and a BCA was conducted to 
measure protein levels in the supernatant. 10 mg of brain tissue protein or 2 mg of HeLa cells 
protein were employed for the assay.


4. Similarly to co-IPs (see section 3.1.1), IgG-coupled sephadex beads were next incubated with 
either 1) the samples (PCF) or 2) with 1.5 µg of SAC1 antibody (see table 3) for 1 hour in the 
spinning wheel at 4ºC. 


5. After this hour-incubation, all beads-containing fractions were centrifuged. Supernatants from 
antibody-containing fractions were discarded and replaced by sample-containing PCF’s 
supernatants and were further incubated under agitation at 4ºC O/N. These new sample-
containing fractions were the so-called IPFs.


6. Next day, all IPFs were centrifuged and supernatants were discarded.


7. Afterwards, sepharex beads in IPFs were washed 3 times with CL47 and then twice with the 
assay buffer (30 mM Hepes (pH 7.4), 100 mM KCl, 1 mM EGTA and 2 mM MgCl2). 


8. These sepharex beads-containing pellets were incubated 90 minutes with 2 µg of PI(4)P 
(Echelon, ref. P-4008) in 60 µL of assay buffer with gentle agitation every 5 minutes. To rule out 
SAC1-independent hydrolysis, negative controls with only PI(4)P and buffer were carried out in 
each experiment.


9. After the 90 minute-incubation, samples were centrifuged and 20 µL of the supernatant was 
incubated with 80 µL of malachite green (Echelon, ref. K-1500) during 40 minutes. When 
malachite green reacts with Pi released from the PI(4)P, it gets excited at 650 nm. A phosphate 
curve was used per each experiment.


10. SAC1-containing IPF’s pellets were finally resuspended in 100 µL of 2x loading buffer that 
contained DTT 10mM and load in a polyacrialmide gel. Pi absorbance was always normalized to 
immunoprecipitated SAC1 in order to avoid any absorbance change due to the amount of this 
phosphatase. All protein fractions were stored at -20ºC until the Western Blotting was performed.


5.3. Malonyl-CoA Recycling assay 

This assay was performed in order to quantify malonyl-CoA and verify that TOFA treatment, which 
inhibits its synthesis, was actually decreasing malonyl-CoA intracellular levels. This mesurament 
was done in cortical neurons in collaboration with Shiegeru Chohnan laboratory at University 
Collage of Agriculture (UCA) in Japan. Cells were obtained and collected at UIC and the recycling 

assay was conducted at UCA.


Cortical neurons were seeded at 300,000 cells/ml in 100 mm Ø dishes (4 were required per 
condition) and at DIV15 they were treated with TOFA for 2 hours. Afterwards, PBS was discarded 
and cells were scraped and collected into microcentrifuge tubes. From that moment, all procedure 
was performed under cold conditions (4ºC). Then, homogenates were centrifuged at 500g for 3 
minutes and while supernatants were discarded, pellets were rapidly frozen in liquid nitrogen.
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Methodology
The reclycing assay was performed at UCA on these cellular pellets (Zhiyuan Hu, Z. Et al.; 2003). 
It consists in quantifying the acetylhydroxamate formed at 540 nm after inducing a cycling 
reaction by adding malonate, ATP, malonate decarboxylase and acetate kinase. The more 
intracellular malonyl-CoA, the more acetylhydroxamate formed.


6. Protein-protein interaction simulations 

All protein interaction simulations were conducted by José Luis Dominguez Mejide, a 
bioinformatic of Nuria Casal’s group. These in silico experiments were performed simultaneously 
to the co-IPs and FRET assays in order to tackle the same goal trough different experimental 
strategies.


For the CPT1C-GluA1 interactions, the GluA1 cytosolic region (residues from 827 to 903) was 
modeled with the available GluA2 crystal structure (accession code 3KG2) and the CPT1C C-
terminal and its globular regions (residues from 157 to 803) was modeled with the CoT crystal 
structure (accession code 1XL7).


For the CPT1C-SAC1 interactions, human SAC1 cytosolic region (residues 1 to 520) was modeled  
by homology with the available yeast Sac1 crystal structure (accession code 3LWT), while CPT1C 
N-terminal region (residues 1 to 50) was based on the available NMR structure (accession code 
2M76).


For both interactions, the whole process was performed on a simulated aqueous solution (tip4p-D 
cubic waterbox (optimization by Best, R. B. Et al.; 2012)) with physiological concentration of NaCl 
and enough ions to neutralize the charge of the system. The mathematical function Charmm36 
was employed. It describes the dependence of the energy of the system on the coordinates of its 
particles, a force field. This function gives information about the protein interaction: high energies 
per each coordinate will express weak or no interaction between molecules (GluA1-CPT1C or 
SAC1-CPT1C in my project). Then, it was calculated an interaction time percentage (when low 
energies are required for protein approach).


Next, a minimization function with 10000 steps was used in order to get rid of bad contacts or 
unsuitable torsion angles from both interacting molecules that may have been inevitably 
introduced when setting up the whole system. A final two-step equilibration process was also 
required, which consisted on increasing the temperature in the system to 200K.


The CPT1C-GluA1 system was finally aggregated for 300 ns in which 12 different starting points 
were employed, each of them differing in the initial GluA1 fragment positioning relative to CPT1C 
fragment (Fig. 21). All vectors of approach were placed closer to the C-terminal disordered region 
of CPT1C than to the globular core because experimental evidence in my PhD indicated that 
CPT1C may interact with GluA1 trough its C-terminus.


For the CPT1C-SAC1 system, the aggregation time applied was 240 ns in which 8 different 
starting points were employed, each of them differing in the initial CPT1C fragment positioning 
relative to CPT1C  N-terminal region positioning relative to the Sac1 fragment (Fig. 22).
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Methodology
The molecular dynamics package used for either the minimization, equilibration and production 
processes was GROMACS (Berendsen et al.; 2014).








ç


ç


7. Statistics  

All results are shown as a mean ± standard error (SEM) when replicates were higher than 20, 
otherwise standard deviation (SD) was used instead. All statistical tests were performed using the 
graphpad software. Accordingly to normality test, Student test, One-sample t test or Mann-
Whitney test was used when comparing only two groups and one-way ANOVA when comparing 
more than two. A two-way ANOVA was performed with Bonferroni post hoc test if distinct groups 
including different variables were compared.
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Fig 21. Graphical scheme of different vector 
orientations for the GluA1 cytosolic end on its 
approach to the C-terminal region of CPT1C. The 
blue surface represents the membrane, and the red 
models represent the two proteins. The yellow arrow 
shows the alignment of the Glua1 section with the 
indicated vector of approach (1 and 7), the arrows 
below each model indicate how the GluA1 rotates 
for each of the different vectors.
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Fig 22. Graphical scheme of different vector 
orientations for the folded (left) and extended 
(right) N-terminal CPT1C configurations with 
the Cytosolic fraction of Sac1. The blue 
surface represents the membrane, and the red 
models represent the two proteins. The yellow 
arrows indicate the different vectors of 
approach, and the N-terminal section under 
vector 1 in the models shows the alignment 
between protein spatial conFiguration and 
vector arrow.
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RESULTS 

Despite CPT1C has residual acyl-CoA transferase activity, it binds malonyl-CoA, like the non-
neuronal isoforms CPT1A and CPT1B, and strongly interacts with several proteins such as GluA1 
and SAC1 (reviewed by Casals, N. et al.; 2015) (Brechet, A. et al.; 2017). Given this premise, I 
explored the feasible role of CPT1C as a malonyl-CoA sensor that responds to the cellular 
energetic status through regulating the function of its interactors GluA1 and SAC1.


1. CPT1C regulates surface GluA1 expression under metabolic stress. 

To address this assumption, the GluA1 trafficking was firstly examined in cortical neurons upon 
different treatments that modulate malonyl-CoA levels (Fig. 23).





1.1. Surface GluA1 expression is regulated by CPT1C sensing of malonyl-CoA 

To start exploring whether GluA1 trafficking is affected by the metabolic and energetic status in a 
CPT1C-dependent manner, cortical neurons were silenced with a lentiviral vector carrying either a 
control (shRandom) or CPT1C-silencing sequence (shCPT1C) at DIV8 (Fig. 24) and incubated with 
free glucose DMEM medium, which decreases malonyl-CoA levels (Ruderman, NB. et al.; 2017). 
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Fig 23. Schematic diagram of signaling pathways triggered by Glucose and Leptin, and their 
disruption upon 2DG and TOFA addition. A) Glucose metabolization leads to an increase in pyruvate 
levels which will produce acetyl-CoA that is converted into malonyl-CoA through the enzyme ACC. B) The 
glucose-analog 2DG reduces malonyl-CoA levels by disrupting glycolysis. C) Leptin inhibits AMPK and, 
consequently, activates ACC and increases malonyl-CoA levels. AMPK inhibits ACC by phosphorilating it. 
D) TOFA reduces malonyl-CoA levels by inhibiting ACC.
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Results



First of all, it was checked that glucose deprivation performed for only 2 hours did not significantly 
affect cell viability (Fig. 25B) but clearly increased phosphorylation of ACC (Fig. 25A).


As shown in Fig. 25C and in agreement with previous literature (Dennis, SH et al.; 2011), glucose 
deprivation remarkably decreased the amount of surface GluA1, but only in WT cortical neurons. 
CPT1C-silenced neurons had lower GluA1 levels at the PM under basal conditions, as it was 
previously described (Fadó, R. Et al.; 2015), and they did not respond to glucose deprivation.
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Fig 25. Glucose deprivation effect on surface GluA1 levels in cortical neurons. A) Treatment efficiency 
was measured in cortical neurons as phosphorylated ACC by WB (n = 6 samples per condition). Data 
represent mean ± SD from one experiment. B) Cell survival was examined through an MTT assay in cortical 
neurons (n = 10 wells). Data represent mean ± SD from two independent experiments. C) Surface GluA1 
was quantified by immunochemistry in CPT1C silenced non-permeabilized neurons under glucose 
deprivation for 2 hours (n = 20 cells). Data represent mean ± SEM of 40 dendrites from two independent 
experiments. Scale bar = 7 µm. ***p<0.001.
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Fig 24. CPT1C-silencing verification in cortical neurons. CPT1C levels quantified by WB in cortical 
neurons that were infected at DIV 8 with 2 MOI of either shRandom or shCPT1C (n = 8 samples per 
condition). Data represent mean ± SD from two independent experiments.
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Results
Another approach to examine if CPT1C was effecting GluA1 trafficking depending on the 
energetic status was to treat cortical neurons with 2-Deoxy-D-glucose (2DG). 2DG is a glucose 
analogue that cannot be metabolized and, thus, it inhibits glycolysis and decreases malonyl-CoA 
levels (Wolfgang, MJ. et a.; 2007). For this purpose, cortical neurons were treated at DIV 15 with 
15 mM 2DG for 2 hours, which increased ACC phosphorylation levels (Fig. 26A) with no significant 
cellular death (Fig. 26B).


As it can be observed in Fig. 26C, a reduction in surface GluA1 expression was found upon 2DG 
addition. Comparable to the glucose deprivation experiments, CPT1C-silencing in cortical 
neurons led to lower surface GluA1 levels under basal conditions and disrupted the 2DG-induced 
downregulation in GluA1 at the PM.


To further explore this metabolic regulation, the leptin hormone was also under study. Preceding 
studies demonstrated that leptin increases malonyl-CoA levels (Wolfgang, MJ. et al.; 2007) (Gao, 
S. et al.; 2007) (Dièguez, C. et al.; 2011). Leptin treatment was performed at a concentration of 50 
mM for 30 minutes in cortical neurons; which decreased phosphorylation of ACC (Fig.27A). In 
accordance to Moult, PR et al. (2012), Fig. 27B shows that leptin was able to increase GluA1 
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Fig 26. 2DG effect on surface GluA1 levels in cortical neurons. A) Treatment efficiency was measured 
as phosphorylated ACC by WB in cortical neurons (n = 6-3 samples per condition). Data represent mean ± 
SD from one experiment. B) Cell survival was examined through an MTT assay (n = 10 wells). Data 
represent mean ± SD from two independent experiments. C) Surface GluA1 was quantified by 
immunochemistry in CPT1C silenced non-permeabilized neurons (n = 20 cells) under 2DG treatment (2 
hours, 15 mM). Data represent mean ± SEM of 40 dendrites from two independent experiments. Scale bar 
= 7 µm. ***p<0.001.



Results
levels on the cell surface in WT neurons. Moreover, CPT1C-silencing not only induced a reduction 
in surface GluA1 expression but also suppressed the leptin effect on GluA1. 











Given that glucose deprivation, 2DG and leptin modulate malonyl-CoA levels and GluA1 transport 
towards the PM in a CPT1C-dependent manner, it was checked whether a more direct change in 
malonyl-CoA levels could produce similar effects. To tackle this presumption, cortical neurons 
were subjected to a 20 µg/mL TOFA treatment for 2 hours. TOFA is an acetyl-CoA analog that 
cannot be further metabolized to malonyl-CoA by ACC and consequently inhibits ACC.


As observed in Fig. 28A, a 2-hour TOFA treatment decreased intracellular malonyl-CoA levels in 
cortical neurons with no significant cellular death (Fig. 28B). Moreover, TOFA-treated neurons 
presented lower levels of GluA1 at the PM, compared to the control ones (Fig. 28C). As expected, 
this TOFA response was not detected in CPT1C-silenced neurons, meaning that CPT1C was 
relevant for the malonyl-CoA dependent regulation in surface GluA1 expression. 
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Fig 27. Leptin effect on surface GluA1 levels in cortical neurons. A) Treatment efficiency was measured 
as phosphorylated ACC by WB (n = 5 samples per condition). Data represent mean ± SD from one 
experiment. B) Surface GluA1 was quantified by immunochemistry in CPT1C silenced non-permeabilized 
neurons under leptin treatment (30 minutes, 50 mM) (n = 25 cells). Data represent mean ± SEM of 51-52 
dendrites from two independent experiments. Scale bar = 7 µm. *p<0.01.
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In order to verify these results, biotinylation (it allows you to fractionate surface proteins from  the 
internal ones) and immunochemistry assays were conducted in WT and in CPT1C KO cortical 
neurons which showed the same effect (Fig. 29): TOFA-induced low malonyl CoA levels 
decreased surface GluA1 expression and this was a CPT1C-dependent effect because KO 
neurons did not respond to the treatment.


Interestingly, all these results suggested a pivotal role of CPT1C in GluA1 levels at the PM not only 
under basal conditions but also under malonyl-CoA cellular fluctuations.
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Fig 28. TOFA effect on surface GluA1 levels in cortical neurons. A) Treatment efficiency was measured 
as malonyl-CoA levels in cortical neurons (n = 7 dishes). Data represent mean ± SD from two independent 
experiments. B) Cell survival was examined through an MTT assay (n = 10 wells). Data represent mean ± 
SD from two independent experiments. C) Surface GluA1 was quantified by immunochemistry in CPT1C 
silenced non-permeabilized neurons under TOFA treatment (2 hours, 20 µg/mL) (n = 20 cells). Data 
represent mean ± SEM of 40 dendrites from two independent experiments. Scale bar = 7 µm. *p<0.01, 
***p< 0.001.
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1.2. Surface expression of GluA2 and NMDAR2A is not regulated by malonyl-CoA 

Once the GluA1 pool at the PM was broadly studied under different metabolic stresses; the next 
emerging question was whether this TOFA effect was GluA1-specific. In order to tackle this 
objective, the NMDAR subunit NMDAR2A and the AMPAR subunit GluA2 became under study 
too. These two neuronal receptors are also important in glutamatergic synapses and are regulated 
by the energetic cellular status (Tse, C Y et al.; 2012) (Moult, PR et al.; 2010) (Rebecca et al.; 
2009).


For this purpose, WT cortical neurons were treated with TOFA (20 µg/mL, 2 hours) at DIV 15 and 
biotinylation assays were performed. As shown in Fig. 30, none of the chosen neuronal receptors 
were altered upon TOFA addition, indicating that the malonyl-CoA effect might be specific to the 
GluA1 receptor.
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Fig 29. CPT1C regulates surface GluA1 expression in a malonyl-CoA dependent manner in cortical 
neurons. Surface GluA1 quantification by A) immunochemistry in non-permeabilized WT and CPT1C KO 
neurons (n= 20 cells) (scale bar = 7 µm), data represent mean ± SEM of 40 dendrites from two independent 
experiments, and by B) biotinylation in also WT or CPT1C KO neurons (n = 5 samples per condition), data 
represent mean ± SD from three independent experiments. All experiments were conducted either under 
basal conditions or TOFA treatment (20 ug/mL, 2 hours). *** p < 0.001; ** p < 0.01; * p < 0.05
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Fig 30. Both surface GluA2 and NMDAR2A levels remained unchanged under 2-hour TOFA treatment 
in cortical neurons. Surface NMDAR2A and GluA2 quantification by biotinylation in neurons (n = 4 
samples per condition) under TOFA treatment (20 µg/mL, 2 hours). Data represent mean ± SD from three 
independent experiments. 
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1.3. The C-domain is necessary for CPT1C to interact with GluA1 

Given that GluA1 strongly interacts with CPT1C (Brechet, A. et al.; 2017) and, as outlined above, 
malonyl-CoA is a regulator of surface GluA1 levels in a CPT1C-dependent manner, we predicted 
that this metabolite would modulate the GluA1-CPT1C interaction too. On the other hand, the 
unstructured CPT1C C-terminus (the last 36 AAs) was also postulated to be important for the 
interaction because this domain is absent in the other non-neuronal isoforms (CPT1A and 
CPT1B).


First of all, co-IPs and FRET assays were carried out in an attempt to uncover both the malonyl-
CoA and the CPT1C C-terminus roles in this GluA1-CPT1C interaction.


To reveal the function of malonyl-CoA in this interaction two strategies were used: 1) cortical 
neurons were treated with TOFA and 2) the malonyl-CoA insensitive CPT1CM589S was compared 
to the WT form.


As previously described in the literature (Brechet, A. et al.; 2017), CPT1C co-immunoprecipitated 
with GluA1 and FRET efficiency between GluA1 and WT CPT1C was much greater than between 
calnexin / KDEL and CPT1C (the negative controls). However, the TOFA-induced reduction in 
malonyl-CoA levels did have no effect on the amount of co-immunoprecipitated GluA1 (Fig. 31A). 
By the same token, Fig. 31B shows that the malonyl-CoA insensitive CPT1CM589S form still 
properly interacted with GluA1. It co-immunoprecipitated with GluA1 as efficiently as the WT 
CPT1C form did. Concordantly, FRET assays revealed a similar energy transference efficiency 
between the CFP-GluA1 and the YFP-CPT1CM589S compared to the non-mutated CPT1C form 
(Fig. 32). Collectively, all these results revealed that the GluA1-CPT1C interaction is not affected 
by malonyl-CoA. 


To elucidate the CPT1C C-terminus function in this protein-protein interaction, the truncated 

CPT1C△Cterm-FLAG form together with GluA1 were expressed in HEK cells.


Surprisingly, as shown in Fig. 31B, the C-terminal-lacking CPT1C form hardly co-
immunoprecipitated with GluA1, indicating that CPT1C was interacting with this AMPAR subunit 
through its C-terminal region. FRET assays (Fig. 32) showed low energy transference efficiency 

between the CFP-GluA1 and the YFP-CPT1C△Cterm, corroborating the key role of the C-

terminal region of CPT1C in its interaction with GluA1. The cruciality of this protein domain in the 
interaction was therefore further explored. For this reason, HEK cells were transfected with GluA1 
together with a GFP-tagged CPT1C C-terminus (GFP-CPT1Ccterm), a GFP-tagged CPT1C (GFP-
CPT1C) or with the GFP protein alone. First of all, it was ensured that GluA1 was still able to 
interact with the GFP-tagged CPT1C (positive control) and that GFP alone was unable to co-
immunoprecipitated with GluA1 (negative control). On the other hand, Fig. 32C clearly 
demonstrates that this C-terminal region was not co-immunoprecipitated with GluA1. These 
results confirmed that this protein domain alone is not enough for CPT1C to interact with GluA1. 
The C-terminal is, then, a necessary but not a sufficient region for CPT1C to interact with GluA1.
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Fig 31. co-Immunoprecipitation assays to characterize the CPT1C-GluA1 interaction. A) 
Quantification of co-immunoprecipitated GluA1 after CPT1C immunoprecipitation in TOFA treated cortical 
neurons (n = 5 samples per condition, from 3 independent experiments). B) Quantification of different co-
immunoprecipitated CPT1C forms after GluA1 immunoprecipitation in transfected HEK cells (n ∽ 5 samples 
per condition, 3 independent experiments). C) Co-immunoprecipitation of GFP, GFP-CPT1C and GFP-
CPT1Ccterm after GluA1 immunoprecipitation in transfected HEK cells (representative images). Data 
represent mean ± SD. ***p < 0.001.
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Moreover, In silico approaches, by using the molecular dynamics package GROMACS (Berendsen 
et al.; 2014), were performed with the C-terminus plus the catalytic globular domain of CPT1C 
and the cytosolic domain of GluA1 (see Methodology 6). On one hand, the CPT1C C-terminal 
domain was used because both co-IPs and FRET assays indicated that it is a required region for 
CPT1C to interact with GluA1. On the other hand, the cytosolic domain of GluA1, which 
corresponds to its C-terminus, was employed because it is a well-known potential regulatory area 
where many proteins interact (von Ossowski, L. et al.; 2017). As shown in Fig. 33; two of the 
vectors used among the simulation (2 and 7) presented a contact time percentage much greater 
than 5; which can be considered as a positive interaction (Domínguez, JL. et al.; 2014). The 
closest regions correspond to residues 786-792 for CPT1C (localized in the C-terminal domain) 
and the residues 843-851 for GluA1.
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CPT1C/GluA1 interaction values 

Approach 
Vector

1 2 3 4 5 6 7 8 9 10 11 12

Contact 
Time (%) 0 21,59 0 0 14,12 0 30,93 0 4,8 13,27 6,12 4,12

Fig 32. FRET assays in HEK cells to examine the CPT1C-GluA1 interaction. FRET efficiencies between 
CFP-GluA1 and different YFP-CPT1C forms in transfected HEK cells (n=30 cells). Data represent mean ± 
SEM from three independent experiments. Scale bar = 7  ***p<0.001, **p<0.005 (vs calnexin).
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1.4. Malonyl-CoA binding and the C-terminal region are required for CPT1C effectively 
promote surface GluA1 expression. 

Given that the truncated CPT1C△Cterm was unable to interact with GluA1, we also wanted to 

explore if this C-terminal domain was required for GluA1 transport to the PM under low malonyl-
CoA levels. Moreover, the malonyl-CoA insensitive CPT1CM589S form was also examined in 
order to corroborate that CPT1C requires to sense and bind malonyl-CoA to properly regulate 
GluA1 trafficking.


For this reason, CPT1C KO neurons were infected at DIV 8 with lentiviral vectors that carried a WT 

CPT1C, a malonyl-CoA insensitive CPT1CM589S or a truncated CPT1C△Cterm-FLAG and then 

treated with TOFA at DIV15. Western blots were performed to corroborate the expressed proteins 
(Fig. 34).


Immunostaining of non-permeabilized neurons showed a robust reduction of surface GluA1 levels 
in CPT1C KO cells compared to WT neurons, which was satisfactorily rescued by only full-lenght 
WT CPT1C expression. Neither the mutated nor the truncated CPT1C forms were able to restore 
GluA1 at the PM to its basal levels. In addition, the TOFA-triggered reduction in surface GluA1 
levels was only effective in full-lenght WT CPT1C expressing neurons (Fig. 35).
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⟵ Fig 33. CPT1C-GluA1 ineraction simulations. C-terminal CPT1C region / Cytosolic GluA1 interaction 
values and Ribbon representation of the GluA1 cytosolic part in orange (residues from 927 to 903) and the 
CPT1C Cterminus together with its catalytic domain in blue (residues from 157 to 803) in an example 
interaction frame from the approach vector 7. The main contact region is highlighted by the circle. Data 
represent percentages of interaction times.
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Fig 34. Expression verification of 
d i f ferent CPT1C forms in 
cortical neurons. Representative 
image of CPT1C levels quantified 
by WB in cortical neurons that 
were infected at DIV 8 with 2 MOI 
of either an empty vector (EV), WT 
CPT1C, CPT1C△Cterm-FLAG or 
CPT1CM589S.
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2. Molecular mechanism by which CPT1C regulates surface GluA1 levels. 

So far, it was demonstrated that GluA1 levels at the PM are highly regulated by malonyl-CoA in a 
CPT1C-dependent manner. For this reason, we were next interested in examining the molecular 
mechanism by which CPT1C could be modulating this surface GluA1 pool under stress. To further 
understand this regulation, we focused on studying the classical vesicular transport from the ER 
to the PM which is very well-known to regulate GluA1 at the PM (Santiago-Tirado, FM et al.; 2011) 
(Lu, W et al.; 2011).


2.1. Malonyl-CoA regulates GluA1 retention in TGN in a CPT1C-dependent manner. 

Before being released to the PM, proteins are retained in the TGN until coat molecules bind Golgi 
PI(4)P and allow vesicular transport (Santiago-Tirado, FM et al.; 2011).


We considered that CPT1C may be controlling GluA1 retention in the TGN and, therefore,  
regulating its traffic from the TGN to the PM. Thus, GluA1 levels within the TGN were quantified in 
CPT1C-silenced permeabilized neurons under TOFA treatment.


The obtained data (Fig. 36) proved that CPT1C-deficient neurons significantly retained GluA1 in 
the TGN under basal conditions. Moreover, TOFA treatment did not further increase GluA1 levels 
in the TGN in these cells like it did in CPT1C WT neurons.


These results pointed out that CPT1C was somehow regulating GluA1 retention in the TGN in 
response to malonyl-CoA changes.
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Fig 35. Only the full-lenght WT CPT1C form rescued the surface GluA1 pool in CPT1C KO cortical 
neurons in a malonyl-CoA dependent manner. Surface GluA1 quantification under TOFA treatment (20 
µg/mL, 2 hours) in either WT or CPT1C KO non-permebilized neurons that exogenously expressed different 
CPT1C forms (n = 20 cells). Data represent mean ± SEM of 40 - 28 dendrites from two independent 
experiments. Scale bar = 7 µm. ***p< 0.001.
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2.2. CPT1C regulates PI(4)P levels within the TGN in cortical neurons not only under 
basal conditions but also under low malonyl-CoA levels. 

Since CPT1C was regulating GluA1 retention in the TGN, we considered to study the PI(4)P pool 
in this cellular organelle because this Golgi PI(4)P pool deeply enhances GluA1 vesicular releasing 
from the TGN (Yang G et al.; 2013). For this reason, PI(4)P levels in the TGN were quantified to 
analyze whether TOFA or CPT1C modulate them.


PI(4)P levels in the TGN were stained by 1) using antibodies (Fig. 37A) in WT and CPT1C-silenced 
neurons and 2) transfecting with a fluorescent PI(4)P probe (P4M-mCherry) (Fig. 37B) in both WT 
and CPT1C KO cells. Both techniques were used in order to get robust conclusions.


Significant decreased PI(4)P levels in TGN were observed in CPT1C-silenced neurons (Fig. 37A); 
this proved that CPT1C is important to properly maintain the PI(4)P pool in the TGN. Moreover, 
upon TOFA addition PI(4)P decreased within this cellular compartment only in WT neurons, no 
further reduction could be observed in CPT1C-silenced ones under the same treatment. 
Accordingly, Fig. 37B shows that WT neurons had higher Golgi PI(4)P levels compared to CPT1C 
KO ones and decreased Golgi PI(4)P after a TOFA-induced metabolic stress. TOFA treatment did 
not induce a PI(4)P reduction in the TGN in CPT1C KO neurons.


Both CPT1C deficiency and low malonyl-CoA levels caused a decreased in Golgi PI(4)P levels, 
this reduction would explain the GluA1 retention in TGN under the same stress.


�83

Fig 36. CPT1C regulates GluA1 retention in the Trans-Golgi compartment under fluctuating malonyl-
CoA levels in cortical neurons. GluA1 immunostaining inside the TGN in permeabilized cells after CPT1C-
silencing and TOFA treatment (20 µg/mL, 2 hours) (n = 20 cells). Data represent mean ± SEM from two 
independent experiments. ***p<0.001, **p< 0.01. Scale bar = 7 um.
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Fig 37. CPT1C regulates PI(4)P levels in the TGN in a malonyl-CoA dependent manner in cortical 
neurons. PI(4)P quantification in the TGN A) by immunostaining in CPT1C-silenced fixed cells (n = 40 cells, 
four independent experiments) and B) by P4M-mCherry transfection in fixed WT and CPT1C KO cells (n = 
25 cells, two independent experiments). Cells were treated with TOFA (20 µg/mL, 2 hours). Scale bar = 10 
µm. Data represent mean ± SEM. ***p<0.001, *p<0.05.
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2.3.The C-terminal domain and malonyl-CoA sensing are required for CPT1C to 

modulate PI(4)P levels in the TGN. 

To further corroborate the CPT1C-dependent modulation of Golgi PI(4)P under fluctuating 
malonyl-CoA levels, the WT CPT1C, the insensitive malonyl-CoA CPT1CM589S or the truncated 

CPT1C△Cterm-FLAG were expressed in CPT1C KO cortical neurons in order to reverse the 

phenotype of  KO cells. PI(4)P was then quantified by immunochemistry.


Fig. 38 remarkably shows a downregulation of this PI(4)P pool in CPT1C KO neurons which could 
be only rescued with the full-lenght WT CPT1C form under basal conditions. Neither the malonyl-

CoA insensitive CPT1CM589S nor the truncated CPT1C△Cterm-FLAG forms could restore the 

Golgi PI(4)P pool in CPT1C KO cortical neurons. This data indicates that CPT1C binding to 
malonyl-CoA and the C-terminal domain are key for PI(4)P in the TGN.
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Fig 38. Only a full-lenght  WT CPT1C rescues the Golgi PI(4)P pool in CPT1C KO neurons in a 
malonyl-CoA dependent manner. Quantification of PI(4)P levels in the TGN by immunochemistry under 
TOFA treatment (20 µg/mL, 2 hours) in CPT1C KO neurons (n = 40 cells) after expressing different CPT1C 
forms (n = 30 cells) (Scale bar = 7 um). Data represent mean ± SEM from two independent experiments. 
***p<0.001.
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2.4. CPT1C interacts with SAC1 in a malonyl-CoA independent manner 

Mentioned above, CPT1C regulates PI(4)P levels inside the TGN. This observation could be 
explained with the involvement of a lipid phosphatase protein called SAC1 which has been 
broadly reported as a strong regulator of PI(4)P levels (reviewed by Santiago-Tirado, FH. et al.; 
2012) and as a CPT1C interactor (Brechet, A. et al.; 2017). Preceding literature also suggests a 
transport of SAC1 between the ER and the TGN under serum deprivation that strongly regulates 
Golgi PI(4)P and vesicle releasing from the TGN, including GluA1 (Yang, G. et al.; 2013), to the PM 
(Blagoveshchenskaya, A. et al.; 2008).


For this reason, we hypothesized that CPT1C might be regulating SAC1 retention in the ER under 
metabolic stress through their protein-protein interaction and therefore modulate its accessibility 
to the PI(4)P pool in the TGN. Thus, SAC1-CPT1C interaction was firstly characterized and the 
probable role of both malonyl-CoA and the CPT1C C-terminus was explored.


As previously done for the GluA1-CPT1C interaction, co-IPs and FRET assays were carried out.


To reveal the function of malonyl-CoA in the CPT1C-SAC1 interaction, TOFA treatment in cortical 
neurons and CPT1CM586S expression in HEK cells were performed.


Unexpectedly, the TOFA-triggered reduction in malonyl-CoA levels did have no effect on the 
amount of co-immunoprecipitated SAC1 with CPT1C, indicating that malonyl-CoA was not 
playing a critical role in this interaction and probably in SAC exit from the ER (Fig. 39A). By the 
same token, the malonyl-CoA insensitive CPT1CM586S form properly interacted with SAC1 as 
the WT form did (Fig. 39B). Concordantly, FRET assays showed an energy transference efficiency 
between the CFP-SAC1 and the YFP-CPT1CM658S similar to the full-lenght WT CPT1C form 
(Fig. 40). 


In order to explore the CPT1C C-terminus role in this interaction, CPT1C△Cterm-FLAG 

expression was conducted in HEK cells.


By contrast to the GluA1-CPT1C interaction, the truncated CPT1C△Cterm-FLAG form perfectly 

co-immunoprecipitated with SAC1 (Fig. 39B), indicating that this CPT1C domain is not required 
for the interaction. Accordingly, FRET assays (Fig. 40) did show a high energy transference 

efficiency between the CFP-SAC1 and the YFP-CPT1C△Cterm.
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Fig 39. co-Immunoprecipitation assays to characterize the CPT1C-SAC1 interaction. A) Quantification 
of co-immunoprecipitated CPT1C after SAC1 immunoprecipitation in TOFA treated cortical neurons (n = 5 
samples per condition, from  3 independent experiments). B) Quantification of co-immunoprecipitated 
CPT1C after SAC1 immunoprecipitation in transfected HEK cells (n ∽ 4 samples per condition, 3 
independent experiments). Data represent mean ± SD.

Fig 40. FRET assays in HEK cells to examine the CPT1C-SAC1 interaction. FRET efficiencies between 
CFP-SAC1 and different YFP-CPT1C forms in transfected HEK cells (n=30 cells). Data represent mean ± SEM 
from three independent experiments. ***p<0.001, *p<0.05.
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Results
Additionally, in silico approaches were also conducted in order to confirm the SAC1-CPT1C 
interaction and to further characterize it. Given that the C-terminal domain did not seem to be 
necessary for the interaction; in silico simulations were performed with the CPT1C N-terminus and 
the cytosolic domain of SAC1 (see Methodology section 6). Both malonyl-CoA dependent CPT1C 

configurations (N⍺ and Nβ) were taken under consideration. As shown in Fig. 41; three of the 

vectors used among the simulation (2 and 4 for for CPT1C N⍺ configuration and 3 for CPT1C Nβ 

configuration) presented a contact time percentage greater than 5; which can be considered as a 
positive interaction (Domínguez, JL. et al.; 2014). The closest sections were residues 13-15 for the 
N-terminal region of CPT1C and residues 331-333 for the SAC1. Similarly to co-IPs and FRET 
assays, both configurations presented comparable contact times, suggesting that the CPT1C N-
terminus interacts with SAC1 in a malonyl-CoA independent manner. However, it resembles that 

the N⍺ configuration had a closer interaction.





2.5. SAC1 levels at ER-TGN junctions are regulated by CPT1C in a malonyl-CoA 
dependent manner.  

Blagoveshchenskaya, A. et al. (2008) and Yang, G. et al. (2013) described a SAC1 transport to the 
TGN under stressful conditions. These authors correlated this SAC1 translocation with decreased 
Golgi PI(4)P levels and an impaired vesicular transport to the PM. For this reason we hypothesized 
that CPT1C was modulating this SAC1 translocation to the TGN in neurons under low malonyl-
CoA levels and, consequently, regulating both the Golgi PI(4)P pool and the vesicular GluA1 traffic 
to the PM.
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CPT1C/SAC1 interaction values 

Approach 
Vector 1 2 3 4

CPT1C Nα configuration, 
Contact Time (%)

0,2 8,99 2,05 21,39

CPT1C Nβ configuration, 
Contact Time (%)

1,5 4,75 13,79 0,23

Fig 41. CPT1C-SAC1 ineraction simulations. N-terminal CPT1C region / Cytosolic Sac1 interaction 
values and the Ribbon representation of the cytosolic SAC1 part in orange (residues from 1 to 520) and the 
CPT1C N-terminal part in blue (residues from 1 to 50) in an example interaction frame from the Nα 
approach vector 4. The main contact region is highlighted by the circle. Data represent percentages of 
interaction time.
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To tackle this issue, SAC1 levels were quantified by immunochemistry in the TGN organelle in 
CPT1C-silenced permeabilized neurons under TOFA treatment.


As shown in Fig. 42, SAC1 did not increase in the TGN neither under CPT1C-silencing nor under 
TOFA treatment. These findings pointed that CPT1C was not modulating PI(4)P levels in the TGN 
through translocating SAC1 to this organelle under low malonyl-CoA levels.








Recently, many other authors hold that SAC1 preferably acts on the PI(4)P TGN pool in a trans 
conformation across ER-TGN junctions (Venditti, R. et al.; 2019). For this reason we were 
interested in studying whether CPT1C was able to modulate SAC1 translocation to these contact 
sites under stressful conditions (low malonyl-CoA levels) where it would be able to 
dephosphorylate the Golgi PI(4)P pool.


In order to study these ER-TGN junctions, next experiments were performed at Dickson’s 
laboratory from UCDavis (California) where they own superresolution microscopies. HEK cells that 
stably express endogenous GFP-tagged SAC1 were employed for the following experiments 
because they are much easier to be transfected with many plasmids at the same time and 
allowed to study endogenous SAC1. Accordingly, SAC1 was measured at ER-TGN areas in these 
HEK cells previously transfected with CPT1C (YFP-CPT1C) and markers for the ER and the TGN 
(iRFP-Sec61beta and CFP-TGN-FRB, respectively). Since HEK cells do barely express CPT1C, 
CPT1C was overexpressed in order to study its effect.


Fig. 43A clearly demonstrates that TOFA-induced stress favored ER-TGN junction creation in a 
CPT1C-independent manner. However, endogenous SAC1 was able to reach these ER-TGN 
contact sites under TOFA-induced low malonyl-CoA levels only in CPT1C-expressing cells.
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Fig 42. CPT1C does not increase SAC1 levels within the TGN in cortical neurons upon a metabolic 
stress. Quantification of SAC1 levels in the TGN in cortical neurons under TOFA treatment (20 µg/mL 2 
hours) by immunochemistry (n=25). All data represent mean ± SEM.  *p<0.05. Scale bar = 7 um.
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This data would explain a greater SAC1 accessibility to the PI(4)P pool in the TGN under  
metabolic stress in CPT1C expressing cells.


Taking into account that the CPT1C-SAC1 interaction was not affected upon TOFA addition (Fig. 
39A), this CPT1C-dependent SAC1 translocation to ER-TGN junctions under stress could be only 
explained if CPT1C also displaced to these contact sites under the same stress. Accordingly, 
CPT1C levels were quantified at ER-TGN junctions in cells treated with TOFA. Fig. 43B shows a 
clear CPT1C increase in these cellular contact sites under TOFA treatment.


Overall, these findings pointed out that stress increases ER-TGN contact sites and significantly 
favors SAC1 translocation to these junctions only together with CPT1C.
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2.6. CPT1C attenuates the downregulation in both Golgi PI(4)P and surface GluA1 levels 

caused by ER-TGN junctions. 

At this point, it was found that SAC1 accessibility to the Golgi PI(4)P pool across ER-TGN 
junctions seemed to be regulated by CPT1C under low malonyl-CoA levels. Upon TOFA addition, 
there was more SAC1 at ER-TGN contact sites only in CPT1C-expressing cells. This could 
perfectly explain the PI(4)P reduction and the GluA1 retention within the TGN, both observed in 
WT neurons under the same stress. These findings suggested that ER-TGN contact sites, 
probably through SAC1, were responsible of the CPT1C-dependent modulation of Golgi PI(4)P 
and GluA1 transport towards the PM.


For that, ER-TGN were artificially recruited with the rapamycin system (Dickson, EJ et al.; 2014) 
and its repercussion on both Golgi PI(4)P and surface GluA1 was examined. Since many plasmids 
were also required to be transfected, HEK cells were employed too. They are still a good model to 
study the PI(4)P metabolism (Dickson, E. et al.; 2014) and GluA1 trafficking to the PM (Gratacòs-
Batlle, E. et al.; 2015).


In order to satisfactorily create ER-TGN junctions, HEK cells were transfected with the CFP-TGN-
FRB and the mCherry-pHR-TcRb-FKBP plasmids. Upon rapamicyn addition, the FRB and FKBP 
domains bind and, therefore, allow the ER recruitment to the TGN (see methodology 1.2.2). The 
myc-CPT1C plasmid was transfected in order to evaluate CPT1C involvement in ER-TGN 
functionality and PI(4)P was stained with the P4M lipid probe (see methodology 1.2.3). Based on 
Dickson, E. et al.; (2014, 2016), which study the ER-PM contact sites, cells were tracked for 
around 13 minutes after rapamycin treatment.


As expected and in agreement with the literature (Venditti, R. et al.; 2019), PI(4)P levels in the TGN 
decreased within a few seconds upon rapamycin addition in control cells (Fig. 44). Surprisingly, 
CPT1C expression under basal conditions totally abolished the rapamycin-dependent PI(4)P 
decay. Moreover, TOFA addition to these cells was able to significantly reduce GolgiPI(4)P levels, 
though the decrease was lower than in control cells.
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⟵ Fig 43. TOFA-induced low malonyl-CoA levels increase SAC1 localization at TGN-ER contacts in 
a CPT1C-dependent manner. A) ER-TGN contact sites quantification as a positive co-localization between 
TGN and ER, and endogenous SAC1 quantification at these junctions in TOFA treated (20 µg/mL, 2 hours) 
live HEK-SACgfp cells previously transfected with the iRFP-Sec61beta and CFP-TGN-FRB plasmids (n=20). 
Data represent mean ± SEM from two independent experiments. B) CPT1C intensity at ER-TGN contact 
sites in TOFA treated live HEK-SACgfp cells previously transfected with the YFP-CPT1C, iRFP-Sec61beta 
and CFP-TGN-FRB plasmids (n= 15 cells, from one experiment). Data represent mean ± SD from two 
independent experiments. **p<0.01, *p<0.05. Scale bar = 7 um.
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To explored, then, if ER-TGN junctions were also involved in GluA1 trafficking to the PM in a 
CPT1C-dependent manner, surface GluA1 levels were quantified upon rapamycin addition with 
TIRF microscopy. This microscopic technique allows you to image surface proteins more 
accurately due to its high axial resolution below 100 nm (see methodology 4.2.1). 


For these experiments, HEK cells were transfected with CFP-GluA1, mCherry-pHR-TcRb-FKBP, 
CFP-TGN-FRB and YFP-CPT1C or YFP.


As expected, surface GluA1 levels decreased upon rapamycin addition (Fig. 45), suggesting   that 
ER recruitment to the TGN reduced Golgi PI(4)P leading to an impairment of the GluA1 vesicular 
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Fig 44. CPT1C abolishes the ER-TGN contact site dependent downregulation of PI(4)P in TGN.  
Quantification of PI(4)P intensity in TGN after rapamycin induced ER-TGN contact sites recruitment in live 
HEK cells transfected with the TcRb-mCherry-FKBP and TGN-CFP—FRB plasmids (n = 6 cells). Scale bar 
= 7 um. All data represent mean ± SD from 4 independent experiments. ***p<0.001, **p<0.005 
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Results
trafficking from the TGN towards the PM. Interestingly, CPT1C-expressing cells were not able to 
reduce their surface GluA1 expression upon rapamycin addition.


These results pointed that CPT1C may regulate not only SAC1 localization but also its activity 
(mainly at ER-TGN junctions), which is relevant for GluA1 trafficking to the PM.





2.7. CPT1C downregulates PI(4)P phosphatase SAC1 activity in a malonyl-CoA 
dependent manner. 

As mentioned above, CPT1C seemed to regulate SAC1 PI(4)P-specific phosphatase activity. To 
demonstrate whether SAC1 activity was modulated by CPT1C, a specific assay was conducted in 
stable CPT1C-expressing HeLa cells under TOFA treatment (Fig. 46A) and in stable 
CPT1CM589S-expressing HeLa cells (Fig. 46B). We opted to asses it in cells and brain tissue, 
instead of a liposome in vitro system that is much easier to handle, because they are more 
complex and physiological models that take into account the effect that cellular and extracellular 
environment may have on SAC1 activity under distinct conditions. 


To ensure that activity measurement was SAC1-specific, this phosphatase was previously 
immunoprecipitated and all activity assays were performed in these immunoprecipitation 
fractions. Pi levels were always normalized to this immunoprecipitated SAC1 in order to avoid any 
activity change due to changes in the SAC1 amount.


As shown in Fig. 46A, CPT1C was able to decrease SAC1 activity. Interestingly, this CPT1C-
dependent inhibition on SAC1 was abolished by TOFA treatment. Accordingly, the malonyl-CoA 
insensitive CPT1CM589S (Fig. 46B) did behave similarly to the WT CPT1C under low malonyl-
CoA levels. 
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Fig 45. CPT1C abolishes the ER-TGN contact site dependent downregulation in surface GluA1.  
Surface GluA1 quantification by TIRF microscopy after rapamycin-induced ER-TGN contact sites creation in 
live HEK cells transfected with the TcRb:mCherry-FKBP and TGNcfp-FRB plasmids (n ∽ 6 cells). Scale bar = 
10 um. All data represent mean ± SD from one experiment. *p<0.05.
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To further explore this CPT1C putative role in SAC1 activity, WT and CPT1C KO mice brain tissue 
was also evaluated. Fig. 46C demonstrates that CPT1C KO mice brain exhibited a higher PI(4)P 
phosphatase activity compared to WT mice, which is in accordance with the results obtained in 
HeLa cells.


Lastly, experiments on fed and fasted animals were also performed in order to confirm that 
malonyl-CoA can modulate SAC1 phosphatase activity. It is already hold that a 16-hour fasting 
strongly decreases malonyl-CoA levels in cortex, hippocampus, hypothalamus and cerebellum 
(Tokutake, Y. et al.; 2010). As expected, it was found greater PI(4)P-specific SAC1 activity in 
fasted mouse brain tissue (Fig. 46D) which totally correlates with the results obtained in TOFA-
treated CPT1C-expressing HeLa cells. 
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hours) (n=4-6, 4-6 independent experiments), 
B) CPT1CM589S-expressing HeLa cells (n∽ 
6, from 4 independent experiments), C) WT 
and CPT1C KO mice brain tissue (n=5, 2 
independent experiments) and D) fasted and 
fed WT mice (n∽8 , 2 i ndependent 
experiments), one simple t-test applied. All 
data represent mean ± SD. **p<0.005, 
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Results
All these activity assays performed in either cell lines and mice brain tissue certainly indicated that 
CPT1C is a metabolic regulator of PI(4)P-specific phosphatase SAC1 activity.


In order to further confirm that CPT1C was a modulator of SAC1 activity under low malonyl-CoA 
levels, total PI(4)P was measured in cells previously transfected with the P4M probe upon TOFA 
addition. Fig. 47A shows that CPT1C overexpression led to increased PI(4)P total levels which 
decreased under low malonyl-CoA levels. CPT1C deficient cells not only had lower PI(4)P total 
levels but also abolished the response to TOFA treatment. 


Interestingly, Dickson et al. (2015) demonstrated that PI(4)P (from both TGN and PM) contributes 
to the PI(4,5)P2 pool at the PM. Accordingly, it was also measured the PI(4,5)P2 at the PM under 
stress in HEK cells previously transfected with the YFP-PI(4,5)P2 lipid probe (see methodology 
1.2.3). Fig. 47B indicates that CPT1C was able to increase PI(4,5)P2  only under high malonyl-CoA 
levels, as it did for PI(4)P. This was suggesting that malonyl-CoA, through CPT1C, upregulates 
PI(4)P levels (mainly the Golgi pool, see Fig. 37-38) and consequently PI(4,5)P2 at the PM by 
modulating SAC1 phosphatase activity (Fig. 46). 


2.8. SAC1 has a pivotal role in surface GluA1 expression downstream of malonyl-CoA. 

To this point, it was demonstrated the importance of CPT1C in GluA1 trafficking and in SAC1 
functionality (both activity and subcellular location) under malonyl-CoA fluctuating levels. For this 
reason, we wanted to confirm whether SAC1 was actually regulating surface GluA1 expression in 
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Fig 47. CPT1C regulates both PI(4)P and PI(4,5)P2 total levels under metabolic stress. Quantification of 
A) total PI(4)P levels with the P4M probe and B) total PI(4,5)P2 levels with the PI(4,5)P2 probe both in live 
HEK cells under TOFA treatment and CPT1C overexpression (n=20 cells,) (scale bar = 10 um). All data 
represent mean ± SEM from 3 independent experiments. ***p<0.001, *p<0.05. 
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a malonyl-CoA dependent manner. Therefore, surface GluA1 levels were quantified in non-
permeabilized SAC1-silenced and SAC1-overexpressing corticals neurons under basal conditions 
and TOFA treatment.


First of all, SAC1-silencing efficiency was checked by WB in HEK cells and cortical neurons, Fig. 
48A shows that it clearly worked since it led to a reduction of SAC1 total amount in both cell 
types. Moreover, Golgi PI(4)P incremented in silenced cortical neurons (Fig. 48B).


In agreement with Yang G et al. (2013), SAC1-silencing enhanced surface GluA1 expression 
compared to WT neurons. Moreover, I could observe that these SAC1-silenced neurons did not 
properly respond to TOFA treatment (Fig. 48C).
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Results



Lastly, SAC1 overexpression, which led to an increase in total SAC1 levels and decreased PI(4)P 
in the TGN (Fig. 49A-B), dramatically reduced surface GluA1 expression in cortical neurons. 
Besides this, these SAC1-overexpressing cells  hardly respond to TOFA treatment (Fig. 49C).


These findings indicated that SAC1, alike CPT1C, is crucial for the maintenance of GluA1 levels at 
the PM under both physiological conditions and metabolic stress.
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Fig 49. SAC1 overexpression reduces surface GluA1 expression and abolishes its response to low 
malonyl-CoA levels. Infection at DIV8 in cortical neurons with the lentivector pwpi (EV) or pwpi-SAC1. 
(SAC1) A) The overexpression efficiency was checked quantifying A) SAC1 levels by WB in HEK cells and 
cortical neurons (representative image) and B) Golgi PI(4)P levels in cortical neurons (n = 10 cells) (scale bar 
= 10 um). Data represent mean ± SD from one experiment. B) Surface GluA1 quantification by 
immunochemistry in SAC infected cortical neurons under TOFA treatment (20 µg/mL, 2 hours) (scale bar = 
7 um) (n = 18 cells). Data represent mean ± SEM of 36 dendrites from two independent experiments. 
***p<0.001, **p<0.01, *p<0.05.
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Golgi PI(4)P levels in cortical neurons (n = 10 cells) (scale bar = 10 um). Data represent mean ± SD from 
one experiment. C) Surface GluA1 quantification by immunochemistry in shSAC1 infected cortical neurons 
under TOFA treatment (20 µg/mL, 2 hours) (scale bar = 7 um) (n = 30 cells). Data represent mean ± SEM of 
60 dendrites from two independent experiments. ***p<0.001, **p<0.01, *p<0.05.
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DISCUSSION 
CPT1C is the brain isoform of the CPT1 family that, to the contrary of the other isoforms A and B, 
is exclusively expressed in the mammalian brain (Price, N. et al.; 2002). This suggests that CPT1C 
plays a role in more evolved cognitive processes. In fact, CPT1C has residual acyl-CoA 
transferase activity and it is involved in spatial learning rather than fatty acid oxidation. CPT1C KO 
mice had a worse performance during the Morris water navigation task (Sierra, A. et al.; 2008) 
(Carrasco, P. et al.; 2012). 


CPT1C still binds malonyl-CoA like the other family members (Wolfgang, MJ. Et al.; 2006). 
Malonyl-CoA is an intermediate of the fatty acid synthesis that is highly regulated by the energetic 
sensor AMPK and deeply decreases under fasting in the brain (Wolfgang, MJ. et al.; 2006) (Saha, 
K. et al.; 2003). This preserved capacity to bind malonyl-CoA points out that CPT1C might be able 
to sense the neuronal energetic status.


Moreover, Brechet, A. et al. (2017) found that CPT1C interacts with many other proteins, such as 
GluA1 and SAC1. It is well known that CPT1C actually regulates GluA1 transport to the PM in 
neurons (Fadó, R. et al.; 2015), which is highly correlated to the impaired learning observed in KO 
mice. However, not much is known about whether CPT1C regulates the function of other 
interactors, like SAC1.


To fill in this knowledge gap, one of the main objectives of  this thesis was to investigate whether 
CPT1C controls the functionality of this phosphatase and, if applicable, examine which 
physiological repercussion it has in neurons. My assumption was that CPT1C responds to 
fluctuating malonyl-CoA levels in neurons by regulating the SAC1 function and the GluA1 
trafficking to the PM.


My PhD research showed for the first time that: CPT1C is important for the metabolic regulation of 
both surface GluA1 expression and SAC1 functionality in neurons and that CPT1C regulates 
GluA1 traffic from the ER towards the PM through SAC1.


1. CPT1C regulates surface GluA1 expression through malonyl-CoA. 

Energy demand in neurons is high. Although the brain only accounts for the 2% of the body mass, 
it uses up to 20% of the oxygen and 25% of the glucose metabolized by the body. Neurons use 
85% of this energy to mainly keep glutamatergic transmission (Harris, et al.; 2012) (Attwell and 
Laughlin, 2001). In addition, neurons sense their energetic status through the energy regulator 
AMPK and tune their synaptic activity as a result (Marinangeli, C. et al.; 2018) (Domise, M. 2019) 
(reviewed by Khatri, N. et al.; 2013). Upregulation of AMPK activity leads to impaired synaptic 
activity, cognitive problems and the emergence of several neurological disorders (reviewed by 
Domise, M. and Vingtdeux, V., 2016).


Therefore, it is well-accepted that neurons regulate synaptic transmission depending on their 
energetic cellular status for a correct brain functionality and cognitive ability (Marinangeli, C. et al.; 
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2018) (Sünram-Lea, SI. et al.; 2017) (Messier, C. et al.; 1997) (Blanco-Suarez, E. et al.; 2014) 
(Moult, P.R. et al.; 2010) (Fernandes, J. et al.; 2014) (Dennis, S. H. et al.; 2012).


One mechanism by which neurons control their synaptic activity under metabolic stress is through 
modulating the trafficking of GluA1 towards the PM. At glutamatergic synapses, this AMPAR 
subunit plays a crucial role through strongly contributing to neuronal depolarization due to its high 
permeability to calcium (reviewed by Man, H-Y. et al.; 2011).


My first contribution to this field was that surface GluA1 expression is actually highly controlled by 
malonyl-CoA. Firstly, I corroborated that both glucose deprivation and 2DG treatment, which 
downregulate intracellular malonyl-CoA (Ruderman, N B. et al.; 2017) (Wolfgang, MJ. et al.; 2007), 
decreased this AMPAR subunit at the PM. As published, leptin treatment, which upregulates 
malonyl-CoA levels (Gao, S. et al.; 2007), increased neuronal surface GluA1. Accordingly, upon 
TOFA treatment (which directly inhibits malonyl-CoA synthesis), I observed that surface GluA1 
expression significantly decreased. These findings clearly indicate that GluA1 at the PM is finely 
regulated by the cell energetic status and, more specifically, by intracellular malonyl-CoA levels.


In agreement with Fadó, R. et al. (2015), I also showed that CPT1C deficiency led to significant 
reduced GluA1 levels at the PM in cortical neurons. Interestingly, these CPT1C-deficient neurons 
could never respond to none of the treatments above. This last result points out that the malonyl-
CoA effect on GluA1 is CPT1C-dependent. Moreover, a malonyl-CoA insensitive CPT1C was 
unable to restore GluA1 at the PM in CPT1C KO neurons, this further indicates that CPT1C 
actually needs to bind malonyl-CoA in order to properly regulate surface GluA1. 


These results demonstrated for the first time that CPT1C is sensing intracellular malonyl-CoA 
levels and regulates GluA1 at the PM depending on the nutritional state. To support this idea it 
would be interesting to study if malonyl-CoA addition to these TOFA-treated neurons is able to 
reverse the GluA1 downregulation at the PM.


I suggest that CPT1C is regulating surface GluA1 expression at extrasynaptic regions under this 
metabolic stress. This hypothesis is based on my preliminary experiments conducted at UIC’s 
laboratory, which showed that GluA1 colocalization with the synaptic PSD95 protein remains 
invariable under TOFA treatment (data not shown). Actually, GluA1 is usually transported first to 
extrasynaptic areas and then transported to the synaptic zone upon an activity-dependent 
stimulus (Chater, T. et al.; 2014).


Accordingly, I propose that low malonyl-CoA levels might lead to a poor extrasynaptic GluA1 pool 
in a CPT1C-dependent manner and, consequently, this deteriorates GluA1 translocation to the 
synaptic domain which is required during synaptic plasticity and learning (Fig. 50). Given that 
AMPK downregulates malonyl-CoA levels (Saha, K. et al.; 2003), this would explain the cognitive 
decline after AMPK hyperactivation (Marinangeli, C. et. al.; 2018).


It has been recently proved that caloric deprivation during high intensity aerobic exercise 
deteriorates prefrontal cortex-dependent high level cognitive processes (Giles, GE. et al.; 2019). In 
addition, other authors discovered that normal weight soldiers, who are usually engaged in 
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sustained severe physical activity, also had altered executive functions under two days of near-
total caloric restriction or 30 days of undernutrition (Lieberman, HR. et al.; 1997). This indicates 
that surface GluA1 expression might be decreased in these subjects, who are exposed to 
simultaneous acute metabolic stresses. Similarly, anorexic subjects, who are subjected to severe 
undernutrition, present a notable intellectual and learning inability (Kułakowska, D. et al.; 2014).


These observations under intense metabolic stress (probably inducing very low intracellular 
malonyl-CoA levels in the brain) could be thereby partially explained by the CPT1C-dependent 
downregulation of GluA1 at the PM. However, it is also important to note that brain functionality 
also relies on neurons from other brain regions and even on non-neuronal cells, such as glia 
(Hergenthater, P. et al.; 2013). As a result, although CPT1C always tends to reduce surface GluA1 
expression in cortical neurons under metabolic stress, other neuronal mechanisms in the brain 
might compensate and balance it. For instance, other authors even found better intellectual ability 
during a metabolic stress (for example, under only caloric deprivation) (Stern, Y. et al.; 2019). It 
would be interesting to measure malonyl-CoA in the brain under such stress. Maybe other organs 
(like liver) are compensating the glucose reduction by increasing gluconeogenesis so that glucose 
supply to the brain (which is the main source of energy) is almost unaltered and so are malonyl-
CoA levels.


This CPT1C-dependent regulation in surface GluA1 expression under low malonyl-CoA levels 
could be mainly explained by: 1) ER-TGN-PM vesicular transport of newly synthesized GluA1, 2) 
endocytosis of recycled GluA1 at the PM or 3) the Golgi-independent ER-ERGIC-RE-PM pathway 
(Bowen, A. et al.; 2017). All of them are known to play important roles in synaptic formation (Wei 
Lu, et al.; 2011) (Kathryn H. Condon, et al.; 2007). 


GluA1 endocytosis consists in rapidly internalizing GluA1 at the PM, usually within a few minutes 
(Lu, W. et al.; 2012) (Rosendale, M. et al.; 2017), which allows fast activity-dependent regulation of 
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A) Healthy conditions:                                 B) Low malonyl-CoA levels: Fig 50. Proposed model for 
impaired GluA1 trafficking 
under low malonyl-CoA levels. 
A) Under energy favorable 
conditions, GluA1 is enriched at 
extrasynaptic areas which leads 
to a normal diffusion to the 
synaptosome and a proper 
cognitive adquisition. B) To the 
contrary, low malonyl-CoA 
leve ls leads to a poore r  
extrasynaptic GluA1 pool. This 
reduces GluA1 transport to 
synaptic areas and promotes 
learning impairment upon 
activity-dependent stimulus.
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synaptic strength. The Golgi-bypass route consists in a rapid GluA1 insertion at PM of dendrites 
due to a transport from dendritic ER to REs localized close to these dendrites (Bowen, A. et al.; 
2017). Finally, the ER-TGN canonical vesicular secretory pathway is slower (around 2 hours) 
(Lippincott-Schwartz, J. et al.; 2000) and relies on the somatic ER and TGN organelles. 


I decided to start examining the ER-TGN vesicular pathway because TOFA downregulated the 
surface GluA1 pool after a 2-hour treatment. In preliminary experiments I did not observed a 
reduction in GluA1 levels at the PM in shorter TOFA treatments (data not shown). This suggested 
that TOFA-induced low malonyl-CoA levels affects surface GluA1 expression mainly by 
modulating its ER-TGN-dependent vesicular secretory traffic.


Accordingly, GluA1 retention in the TGN was quantified and was found to be greater in CPT1C-
silenced neurons and under stress. This would explain the reduction in GluA1 at the PM in both 
conditions due to an impaired vesicular traffic from the TGN. Moreover, CPT1C-silenced neurons 
did not respond to low malonyl-CoA levels since no further retention of GluA1 in TGN was 
observed in these cells under TOFA treatment.


It is well-known that protein retention in the TGN and vesicular trafficking from this organelle is 
tightly controlled by the Golgi PI(4)P pool (Santiago-Tirado, F-H. et al.; 2012) (Waugh, MG.; 2015). 
More specifically, the GluA1 vesicular transport is actually regulated by PI(4)P in the TGN (Guang, 
Y. et al.; 2013). For this reason, GluA1 retention could be explained by changes in PI(4)P levels. 
Accordingly, I observed that CPT1C-silencing and TOFA-induced stress in WT neurons 
significantly triggered a light PI(4)P reduction in the TGN. Therefore, I demonstrated that CPT1C 
controls GluA1 vesicular transport to the PM by modulating the Golgi PI(4)P pool and, 
consequently, the retention of GluA1 in TGN. 


Since the truncated CPT1C△Cterm-FLAG also impaired the GluA1 traffic towards the PM and 

decreased Golgi PI(4)P, it would be interesting to examine if this mutated CPT1C also retains 
GluA1 in the TGN.


Of note, my results show a reduction of GluA1 at the PM around 50%, however the GluA1 
retention in the TGN is around 10%. This means that we cannot rule out the possibility of CPT1C 
modulating surface GluA1 expression through the other two mechanisms: 1) endocytosis (Lu, W. 
et al.; 2012) and 2) the Golgi-independent ER-ERGIC-RE-PM pathway (Bowen, A. et al.; 2017).


In a first attempt to explore if CPT1C regulates GluA1 endocytosis, I was focused on measuring 
PI(4,5)P2 at the PM which it is known to directly bind and to stabilize surface GluA1 and, therefore, 
to avoid its internalization (Condon, K-H et al.; 2007). Indeed, TOFA treatment also favored a 
reduction in PI(4,5)P2 in a CPT1C-dependent manner, as it did in PI(4)P. This observation revealed 
that CPT1C probably modulates surface GluA1 expression by also regulating its PI(4,5)P2-
dependent internalization.
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CPT1C might be regulating this PI(4,5)P2 pool trough modulating its substrate PI(4)P in the TGN. 
This is in agreement with other authors that found that Golgi PI(4)P highly contributes to the 
PI(4,5)P2 pool at the PM (Dickson, E. et al.; 2014). 


Additionally, another workmate started to explore the Golgi-bypass route in TOFA-treated 
neurons. Surprisingly, upon brefeldin addition (it disassembles the Golgi complex), GluA1 levels at 
the PM were still altered by TOFA treatment.


It is very reasonable to suggest that CPT1C regulates surface GluA1 expression at different 
points, such as its vesicular transport and its internalization, since a dysregulation certainly leads 
to many neuronal disorders (reviewed by Zhang, J. et al.; 2013).


2. Is CPT1C specifically regulating GluA1 traffic towards the PM? 

Glutamatergic synapses are also ruled by other AMPARs and NMDARs, but to a lesser extent 
(Annunziato, L. et al.; 2007) (Park, P. et al.; 2019). This led to the next question: do malonyl-CoA 
levels also modulate surface expression of another AMPAR subunit, such as GluA2, or an NMDAR 
subunit, such as NMDARA2? 


Surprisingly, neither GluA2 nor NMDARA2 were affected at the PM in cortical neurons upon a 2-
hour-TOFA treatment. This result suggested a specific role for CPT1C in GluA1 trafficking under 
fluctuating malonyl-CoA levels. However, it should be kept in mind that GluA2 exit from the ER 
towards the PM is slower than GluA1 (Henley, JM. et al.; 2013), thus, it could be the case that a 2 
hour-treatment might not be sufficient for neurons to decrease their surface GluA2 levels. As for 
the NMDARA2, not much it is known about how long it takes to reach the PM but it could also 
require longer treatments in order to observe changes in its transport to the PM.


I could observe that longer TOFA treatments are toxic (data not shown); therefore, it was 
impossible to test whether treatments longer than 2 hours affect surface expression of both GluA2 
and NMDARA2. For this reason, it would be interesting to measure surface levels of transferrin 
receptor under the same experimental conditions since it is used to study general vesicular 
transport to the PM (Muro, S.; 2018). This would help to elucidate whether general trafficking 
towards the PM is affected by TOFA-induced low malonyl-CoA levels or if it is rather a specific 
effect on GluA1 transport.


Another explanation to unaltered GLuA2 and NMDARA2 surface levels upon TOFA addition would 
be that coat molecules and post-Golgi carriers may be sensitive to different PI(4)P levels in the 
TGN, as also suggested by Venditti, R. et al. (2019), and this would lead to a selective vesicular 
releasing from the TGN. Moreover, different motor proteins are involved in the vesicular transport 
of GluA1 (KIF5 and KIF1), GluA2 (KIF5) and NMDAR (KIF17) (Kneussel, M. et al. 2014) and this 
could also favor a specific traffic of these receptors from the TGN probably in a PI(4)P-
concentration dependent manner. For this reason, one model that I propose is that CPT1C titrates 
Golgi PI(4)P levels in the TGN in stressed-neurons. This selectively regulates the binding of some 
coat molecules to PI(4)P which are specifically required for GluA1 transport (Fig. 51A).
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In addition, it is not well known whether Golgi PI(4)P is equally distributed (suggested by Venditti, 
R. et al.; 2019) so that different PI(4)P subpools within the TGN may exist and have a stronger 
impact in a specific vesicular composition. Thus, CPT1C might modulate a preferential TGN area 
where more GluA1 co-exist and therefore it may specifically regulate GluA1 vesicular trafficking 
(Fig. 51B).


The physiological meaning of such a GluA1-specific regulation is that under energy deficiency 
CPT1C senses low malonyl-CoA levels and neurons consequently weaken their synaptic activity 
in order to reduce energy expenditure. To achieve so, the CPT1C-SAC1 system specifically 
decreases GluA1 traffic by slightly reducing Golgi PI(4)P. The fact that neither GluA2 nor 
NMDAR2A seem to be affected under the studied stressful conditions would indicate that neurons 
preferentially modulate calcium-permeable-GluA1 functionality under stressful conditions since it 
plays a major role during glutamatergic synaptic transmission compared to GluA2 and NMDAR 
(Annunziato, L. et al.; 2007) (Park, P. et al.; 2019).


3. CPT1C as a metabolic regulator of SAC1 function. 

A putative explanation of the CPT1C-dependent PI(4)P regulation in the TGN would be that 
CPT1C interacts with SAC1 and regulates its functionality under stress. SAC1 is a lipid 
phosphatase that strongly downregulates PI(4)P in the TGN and it is involved in NMDA-stress-
induced regulation of GluA1 transport to the PM (Del bel, LM. et al.; 2017) (Yang, G. et al.; 2013). 


�104

A)

Fig 51. Proposed models for the CPT1C-dependent 
regulation of GluA1 trafficking under stress. A) 
CPT1C slightly decreases Golgi PI(4)P through SAC1. 
Only post-Golgi carriers for GluA1-filled vesicles will 
unbind PI(4)P because they are less sensitive; this will 
lead to an exclusively impaired GluA1 transport. B) 
CPT1C together with SAC1 decreases a PI(4)P subpool 
which is closed to a GluA1-enriched region. This allows 
a specific impairment of GluA1 traffic.

B)
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SAC1 subcellular distribution 

A well-described mechanism that regulates SAC1 function is its COPI/COPII-dependent 
translocation to the TGN. Previous literature describes that SAC1 is translocated to the TGN in 
non-neuronal cells, which do not express CPT1C, under stress (Yang, G. et al.; 2013) 
(Blagoveshchenskaya, A. et al.; 2006).


However, results obtained in this thesis pointed out that SAC1 localization to the ER remains 
constant under energy deficiency. CPT1C-SAC1 interaction was not affected by a TOFA-induced 
metabolic stress which indicated that SAC1 may not exit the ER under these conditions in a 
CPT1C-dependent manner. Moreover, SAC1 levels in the TGN did not increase neither in CPT1C-
silenced neurons nor under TOFA treatment. These findings indicated that it is highly improbable 
that CPT1C regulates SAC1 translocation to the TGN under stress.


Recent literature also describes that SAC1 has accessibility to the PI(4)P pool in the TGN across 
ER-TGN junctions (Venditti, R. et al., 2019). Accordingly, I found out that TOFA-induced stress 
increased ER-TGN contacts and that CPT1C regulated SAC1 transport to these junctions under 
such stress. In agreement with the fact that SAC1-CPT1C interaction was not affected by TOFA, 
CPT1C moved to these contact areas together with SAC1.  


As mentioned before, I did not observe SAC1 shuttling to the TGN in neurons under metabolic 
stress unlike what has been found for non-neuronal cell types (Blagoveshchenskaya, A. et al.; 
2006). Instead, I observed a SAC1 translocation to ER-TGN area which suggests that CPT1C has 
a unique regulation of SAC1 functionality under stress in neurons.


The fact that SAC1 together wit CPT1C was translocated to ER-TGN contact sites under low 
malonyl-CoA levels would suggest that these junctions, probably through SAC1, modulate the 
PI(4)P pool in the TGN and also the consequent GluA1 traffic to the PM in a CPT1C-dependent 
manner. Rapamycin experiments showed that artificial recruitment of these contact sites induced 
a PI(4)P depletion in the TGN, as other authors proved (Dickson, et al.; 2014), and a consequent 
GluA1 reduction at the PM. Interestingly, CPT1C was able to abolished both downregulations 
under high malonyl-CoA levels. A feasible explanation to these results is that CPT1C acts as a 
negative regulator of SAC1 activity at these contact sites.


However, to ensure that SAC1 actually regulates surface GluA1 expression across ER-TGN 
contact sites, it would be interesting to explore whether this ER-TGN recruitment effect on GluA1 
is abolished by SAC1-silencing.


SAC1 activity 

Accordingly, SAC1 phosphatase assays were performed. CPT1C KO mice and fasted WT mice 
showed more cerebral SAC1 activity compared to fed WT mice. Moreover, CPT1C-expressing 
HeLa cells presented lower SAC1 PI(4)P-specific phosphatase activity under physiological 
conditions. In accordance to fasted animals, a metabolic stress induced by TOFA treatment 
increased SAC1 phosphatase activity only in CPT1C-expressing HeLa cells. Besides this, the 
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malonyl-CoA insensitive CPT1C was unable to downregulate SAC1 activity in HeLa cells. In 
addition, greater amounts of total PI(4)P were found in CPT1C-expressing cells and TOFA addition 
reduced this phospholipid in these cells. Non-CPT1C expressing cells showed lower levels which 
always remained unaffected by the TOFA treatment. All this data pointed a novel role for CPT1C 
as a metabolic regulator of SAC1 PI(4)P-specific phosphatase activity depending on malonyl-CoA 
levels.


SAC1 activity is known to be allosterically modulated in order to acquire a proper conformational 
state that allows its catalytic domain to approach the PI(4)P substrate (Manford, A. et al.; 2010). 
One could argue that the extra C-terminal domain of CPT1C, which structurally differentiates this 
C isoform from the two others A and B, may be able to regulate this conformational switch of 

SAC1 depending on the energetic status. In fact, CPT1C△Cterm-FLAG-expressing CPT1C KO 

neurons not only were unable to rescue both Golgi PI(4)P and surface GluA1 but also could not 
respond properly to TOFA treatment. I suggest that CPT1C needs its C-terminus to properly 
inhibit SAC1 in a malonyl-CoA dependent manner (Fig. 52). Otherwise, SAC1 remains always 
highly active and reduces both Golgi PI(4)P and surface GluA1, independently of its interaction 
with CPT1C and the intracellular malonyl-CoA. Indeed, preliminary SAC1 activity assays (data not 
shown) indicated a tending increase of SAC1 activity in HeLa cells that expressed this truncated 

CPT1C△Cterm-FLAG. The fact that two different antibodies are required to detect the WT and 

the truncated CPT1C△Cterm-FLAG makes it difficult to ensure that both proteins are equally 

expressed and that SAC1 activities are comparable.


4. CPT1C interaction with SAC1 and GluA1. 

Brechet, A. et al. (2017) reported that CPT1C interacts with SAC1 and GluA1, moreover, they also 
described that they form a complex in the brain and that SAC1-GluA1 binding is totally dissolved 
when CPT1C is not present. This suggests that CPT1C may act as a scaffold protein between 
GluA1 and SAC1. As a result, one of the goals of my PhD research was to further characterize  the 
CPT1C-SAC1 and CPT1C-GluA1 interactions.


In vitro approaches showed that CPT1C does not require malonyl-CoA binding in order to interact 
with SAC1 and GluA1 because the malonyl-CoA insensitive CPT1CM586S form still interacted 
with both. Concordantly, TOFA treatment did not affect none of the interactions. This indicated 
that CPT1C might be regulating the function of SAC1 and GluA1 under low malonyl-CoA levels by 
virtue of a conformational change rather than a direct modulation of the interaction strength. 


Since CPT1C structurally differs from the other A and B isoforms mainly in its C-terminus 
(reviewed by Casals, N. et al.; 2015), I also wanted to test if the C-terminal 36 AAs were 

responsible for the interactions with SAC1 and GluA1. Surprisingly, the truncated CPT1C△Cterm-

FLAG form still strongly interacted with SAC1, by contrast, it hardly did it with GluA1. Moreover, in 
silico approaches showed strong binding between the CPT1C C-terminus (residues from 157 to 
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803) and the GluA1 C-terminal region (residues from 903 to 927), which is known to be an 
important regulatory domain of GluA1 (reviewed by Chen, L. et al.; 2009).


However, co-IPs did not showed interaction between the GFP tagged C-terminus alone and 
GluA1. This could be due to two main reasons:


1) The GFP protein is much bigger, 238 AAs (Hink, MA. et al.; 2000), than the examined CPT1C 
C-terminus, only 36 AA. For this reason, GFP might mask and hide the C-terminal region 
required for CPT1C to interact with GluA1.


2) This C-terminal domain is required but no sufficient for CPT1C to interact with GluA1. It may 
imply that CPT1C also requires to be anchored to the ER through its TM domains in order to 
interact with this AMPAR subunit.


Given that GluA1 does not interact with SAC1 in CPT1C-deficient cells (Brechet, et al.; 2017), it 
would be interesting to explore whether the GluA1-SAC1 interaction still exists in cells that 

express the truncated CPT1C△Cterm-FLAG, which does no interact with GluA1. Studying the 

SAC1-GluA1 binding in CPT1C KO neurons would further inform about the key role of CPT1C in 
such interaction.


As discussed above, this truncated CPT1C△Cterm-FLAG form was not able to restore neither the 

surface GluA1 pool nor the Golgi PI(4)P pool in CPT1C KO neurons and properly respond to 
TOFA-induced low malonyl-CoA levels. Besides the feasible role of this C-terminus in regulating 
SAC1 activity, I would suggest another explanation for this observation: GluA1 needs to interact 
with CPT1C at the ER in order to be delivered towards the PM.


Both GluA1 and CPT1C are localized to the ER. Therefore, CPT1C arguably regulates the GluA1 
exit from the ER via modulating their interaction. As suggested by Casals, N. et al. (2016), CPT1C 
could act as a chaperone and regulate protein stability in the ER, which is a key step before GluA1 
exit from this organelle and its arrival at the PM (reviewed by Wei Lu, et al.; 2011). Though more 
experiments are strongly required to corroborate so, it could be the case that CPT1C, similarly to 
stargazin (reviewed by Lu, W. et al.; 2012), favors GluA1 transport from the ER to the PM by 
directly stabilizing this AMPAR subunit at the ER. This could explain why neurons that expressed 

the truncated CPT1C△Cterm-FLAG form, which does not interact with GLuA1, had poorer levels 

of this AMPAR subunit at the PM independently of malonyl-CoA levels (Fig. 52).


In silico approaches also showed that the CPT1C N-terminal domain (residues from 13 to 15) 
interacts with the N-terminal of SAC1 (residues from 331 to 333), which is known to be a 
regulatory domain (Del Bel, ML. et al.; 2017). In order to corroborate this interaction, IPs or FRET 
assays should be conducted with a truncated CPT1C that lacks this N-terminal region. In fact, a 
truncated CPT1C form was cloned at UIC’s laboratory in order to further study this interaction; 
however this CPT1C construct was unstable. Thus, I would recommend to engineer several 
CPT1C constructs with different lengths in order to make it more stable. For example, 1) including 
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a tag (such as the FLAG epitope) at its N-terminus or maybe 2) truncating the protein at a different 
N-terminal site.


In addition, these in silico experiments seemed to show a greater percentage for the SAC1 

interaction with the CPT1C N⍺ conformation. The N⍺ conformation corresponds to the CPT1C 

conformation that tends to bind malonyl-CoA. This would indicate that the CPT1C N-terminus 
may interact stronger with SAC1 when CPT1C is bound to malonyl-CoA and probably enhancing 
the inhibition of SAC1 activity under high malonyl-CoA levels.


5. A proposed model of GluA1 trafficking regulation under metabolic stress in neurons  

To that point, I had found that CPT1C is a metabolic regulator of GluA1 trafficking to the 
PM and of SAC1 function. Due to the CPT1C-dependent regulation of Golgi PI(4)P and 
GluA1 retention in the TGN, I suggested that CPT1C was modulating the GluA1 delivery 
to the PM under stress through SAC1. In order to validate this hypothesis, I silenced  and 
overexpressed SAC1 in neurons and examined surface GluA1 expression.


SAC1-silencing, which led to increased Golgi PI(4)P levels, incremented surface GluA1 
expression in cortical neurons. Moreover, TOFA treatment did not alter GluA1 at the PM in 
these silenced neurons as it did in WT ones. In addition, SAC1 overexpression led to 
decrease Golgi PI(4)P and to a reduction in surface GluA1 expression. This data 
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Fig 52. Proposed SAC1-CPT1C-GluA1 complex formation in the ER and conformational changes of 
CPT1C under low malonyl-CoA levels. Independently on malonyl-CoA levels, CPT1C (in purple) interacts 
with SAC1 (in green) through its N-terminus and with GluA1 (in orange) through its C-terminal region. Under 
high malonyl-CoA levels, CPT1C binds malonyl-CoA and its C-terminal 36-AA-domain allosterically inhibits 
SAC1 activity. This downregulation of SAC1, favors high PI(4)P levels and a normal GluA1 transport to the 
PM. Under a metabolic stress, CPT1C still interacts with both GluA1 and SAC1 but its C-terminus 
undergoes a conformational change and does not further inhibit SAC1 activity. This leads to poor PI(4)P 
levels and an aberrant GluA1 transport to the PM. A truncated CPT1C△Cterm is not able to interact with 
GluA1 and inhibit SAC1 activity, this leads to low PI(4)P levels and an impaired GluA1 traffic.
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demonstrated that SAC1 is modulating GluA1 at the PM downstream of malonyl-CoA/
CPT1C axis under basal conditions and metabolic stress.


Examining the ability of SAC1-silencing to rescue surface GluA1 levels in CPT1C KO  
neurons would further validate whether CPT1C is controlling GluA1 transport through the 
phosphatase SAC1. Moreover, it would be very interesting to explore if this SAC1-
silencing in CPT1C KO mice is also able to improve the deteriorated cognition observed 
in these KO animals.


Given that the effect of a metabolic stress on learning can be a bit controversial 
(Kułakowska, D. et al.; 2014) (Stern, Y. et al.; 2019) (Giles, GE. et al.; 2019), I would 
suggest to examine if the TOFA-induced stress, which certainly downregulates both 
malonyl-CoA in the brain and surface GluA1 levels, has a repercussion on cognition.


In summary, I propose that CPT1C regulates SAC1 function (both activity and subcellular 
localization) and, as a result, it controls the GluA1 trafficking towards the PM  under basal 
conditions and stress (Fig. 53). 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Fig 53. Suggested molecular mechanism of GluA1 transport towards the PM under metabolic stress 
in neurons. 1) Under basal conditions CPT1C binds malonyl-CoA and interacts with both GluA1 and 
SAC1 in the ER. Under this favorable energetic status, CPT1C downregulates SAC1 phosphatase activity 
and maintains SAC1 far from ER-TGN contact areas. This modulation of SAC1 activity and localization 
enables a rich PI(4)P pool in the TGN that, in turn, allows a normal GluA1 vesicular traffic from the TGN 
towards the PM. High Golgi PI(4)P levels contribute to the PI(4,5)P2 pool maintenance at the PM which is 
important to stabilize GluA1 at the PM. 2) Upon a metabolic stress, not only ER-TGN junctions increase 
but also CPT1C together with SAC1 localize to these contact areas. CPT1C is not further bound to 
malonyl-CoA and relieves SAC1 activity inhibition which leads to a moderate reduction in the Golgi PI(4)P 
pool and a consequent impairment of GluA1 transport to the PM. Low Golgi PI(4)P levels cannot further 
maintain the PI(4,5)P2 pool at the PM which decreases and do not contribute to surface GluA1 
stabilization anymore. 3-4) In CPT1C KO neurons, SAC1 is not further inhibited by CPT1C which leads to 
increased PI(4)P-phosphatase activity independently on malonyl-CoA levels. In addition, under metabolic 
stressful conditions, SAC1 cannot translocate to ER-TGN junctions anymore. In both situations, SAC1 has 
less accessibility to the Golgi PI(4)P pool but due to its high activity it is still able to decrease this 
phospholipid in the TGN and consequently impair the GluA1 transport to the PM. Observed low PI(4,5)P2 
at the PM under CPT1C loss, probably caused by decreased Golgi PI(4)P, could also favor low surface 
GluA1 levels by destabilizing it at the PM.

1)

3)

2)

4)

Nomal conditions Metabolic stress
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CONCLUSIONS 

In this PhD project it is elucidated a novel role of the brain isoform CPT1C in GluA1 trafficking  
and SAC1 function under metabolic stress in neurons.


1) CPT1C interacts with GluA1 through its C-terminus. Malonyl-CoA does not modulate 
CPT1C interaction with neither GluA1 nor SAC1.


2) CPT1C is required in cortical neurons to regulate GluA1 levels at the PM under malonyl-
CoA fluctuating levels such as glucose deprivation and treatments with 2DG, leptin and 
TOFA.


3) CPT1C plays a crucial role in GluA1 retention in the TGN and in the golgi PI(4)P pool under 
TOFA-induced stress.


4) Moreover, both the C-terminal domain of CPT1C and malonyl-CoA sensing are required for 
CPT1C to regulate GluA1 trafficking to the plasma membrane and Golgi PI(4)P levels.


5) Both total PI(4)P and PI(4,5)P2 levels are regulated by CPT1C in a malonyl-CoA-dependent 
manner. Not only CPT1C-deficient cells have lower levels of both phospholipids but TOFA 
treatment also induces a reduction in only CPT1C-expressing cells.


6) CPT1C is needed for the translocation of SAC1 to ER-TGN contacts under low malonyl-
CoA levels. In addition, these junctions negatively affect both Golgi PI(4)P and surface 
GluA1, which is abolished by CPT1C expression under high malonyl-CoA levels.


7) CPT1C is a modulator of SAC1 PI(4)P-phosphatase activity depending on malonyl-CoA 
levels: in normal conditions CPT1C inhibits SAC1 activity, but when malonyl-CoA levels are 
decreased, CPT1C inhibition is released. Fasting or CPT1C deficiency increase SAC1 
activity in brain of adult mice


8) SAC1 is a key metabolic modulator of GluA1 levels at the PM in cortical neurons and is 
downstream of the malonyl-CoA/CPT1C axis.
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1. Introducció 

1.1. CPT1C 

CPT1C és un membre de la família CPT1 (carnitine palmitoyl transferase 1) inicialment coneguda 
per la seva implicació en l’oxidació d’àcids grassos principalment en fetge i múscul (Qu, Q. et al.; 
2016) (Yamazaki, N. et al.; 1995) (Esser, V. Et al.; 1993). No obstant, a diferència de les altres dues 
isoformes A i B, CPT1C únicament s’expressa en cervell, cèl·lules mare, cèl·lules canceroses i 
testicles (Price, N. et al.; 2002).


Tot i l’alta similitud estructural amb els altres isoenzims A i B, l’N-terminal de CPT1C promou una 
localització subcel·lular únicament en el reticle endoplasmàtic (RE), enlloc de la mitocòndria 
(Sierra, A. et al.; 2008). A més a més, CPT1C presenta un C-terminal extra (30 AA més llarg) que 
podria explicar la seva diferent funció fisiològica. 


Encara que presenti una activitat transferasa residual, CPT1C es capaç d’unir al inhibidor 
fisiològic dels altres membres: malonil-CoA (Sierra, et al.; 2008) (Wolfgang, MJ. et al.; 2006). 
Malonil-CoA és un intermediari de la síntesi dels àcids grassos que està altament regulat en el 
cervell per l’estat energètic, en dejuni els seus nivells disminueixen significativament i, al contrari, 
augmenta en animals realimentats (Wolfgang, MJ. et al.; 2006) (Lane, DM.; 2006).


Brechet, A. et al. (2017) va descobrir que CPT1C interacciona amb múltiples proteïnes, com el 
SAC1 i el GluA1, el qual s’ha suggerit que en regula la seva funció (Casals, N. et al.; 2015).


A més a més, hi ha varies evidencies experimentals que demostren que CPT1C no només és un 
modulador del transport de GluA1 cap a la PM, sinó que també en regula la seva expressió. 
Neurones CPT1C Knock Out (KO) presenten nivells més baixos de GluA1 totals i de superfície, 
tant a nivell global com en la sinapsis (Fadó, R. et al.; 2015) (Gratacòs, E. et al.; 2015). Donat que 
el GluA1 és un receptor neuronal que juga un paper crític en la maduració sinàptica (Jasinska, M. 
et al.; 2016), els animals CPT1C KO presenten espines dendrítiques menys madures (Carrasco, P. 
et al. 2012).


Com a conseqüència, una deficiència en CPT1C promou un pitjor aprenentatge. Aquest fenotip 
va ser descrit per Carrasco, P. et al. (2012) al observar que ratolins CPT1C KO tardaven més en 
aprendre durant el test de Morris water maze (MWM).


1.2. Receptors AMPA: GluA1 

Els receptors AMPA (AMPAR) són canals iònics que uneixen glutamat independentment del 
voltatge i que modulen la major part de sinapsis excitatòries en el cervell. Conseqüentment, 
juguen un paper molt important en la plasticitat sinàptica i en processos d’aprenentatge (Gan, G. 
et al.; 2015) (revisat per Chen, L. et al.; 2007).
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Estructuralment, els AMPAR són tetràmers on cada subunitat és una proteïna de 4 dominis 
transmembrana (TM) que presenta un C-terminal intracel·lular i un N-terminal extracel·lular. Això 
és degut a que el el domini TM2 no travessa la membrana del tot i forma un loop intern (Chen, L. 
et al.; 2009). Un dels mecanismes que proporciona la variabilitat entre les seves subunitats és 
l’splicing. Per exemple, el C-terminal és una de les regions que està sotmesa a aquesta 
modificació, el qual determina els llocs reguladors de les diferents subunitats GluA  i la interacció 
amb altres proteïnes. Mentres el GluA1 i el GluA4 tenen un C-terminal llarg, el GluA2 i GluA3 el 
tenen curt.


El GluA1 és una de les seves subunitats que s’expressa, juntament amb el GluA2, en moltes 
regions del cervell, incloent el còrtex i l’hipocamp (Schwenk, J. et al.; 2014) (Martin, LJ. et al.; 
1993). La seva alta permeabilitat al calci fa que sigui un AMPAR crucial durant la transmissió 
sinàptica perquè no només s’activa immediatament després d’alliberar-se el glutamat sinó que 
contribueix altament en la despolarització necessària per a la transmissió de la senyal sinàptica 
(Chater, TE. et al.; 2014).


Per aquest motiu, una desregulació de la seva funcionalitat pot desencadenar tant excitotoxicitat 
com pèrdua de l’activitat neuronal (Lucia, A. et al.; 2007) (Chen, L. et al.; 2007). 


Així doncs, la funció del GluA1 es troba finament regulada a tres nivells: les propietats del canal 
(Jenkins, MA. et al.; 2014) (Kristensen, AS et al.; 2011), la síntesi (Lotta von Ossowski, et al.; 2017) 
(zhonghua Hum. et al.; 2015) i els nivells de superfície.


En relació els seus nivells de superfície, s’han descrit fins al moment tres mecanismes involucrats:


1) Transport a través dels compartiments ER-ERGIC-TGN (Kathryn, H. et al.; 2007). Aquest 
mecanisme és el que comporta una regulació més lenta ja que el GluA1, una vegada 
sintetitzat en el ER, es transporta al compartiment intermediari entre el ER i el GA (ERGIC) i 
després cap a l’aparell de Golgi (GA). Dins el GA, el GluA1 ha de travessar varis 
compartiments on es veurà modificat post-traduccionalment (per exemple palmitació) fins 
arribar a les cisternes trans d’aquest orgànul (TGN). Al TGN és on es dóna a lloc l’alliberament 
vesicular del GluA1 fins a la PM.


2) Endocitosis i exocitosis a la PM (Hangen, E. et al.; 2018). Aquesta regulació consisteix en 
endocitar el GluA1 i tornar-lo a alliberar a la PM dependentment de l’activitat neuronal. Aquest 
mecanisme, doncs, és més ràpid perquè garanteix un pool intracel·lular de GluA1 localitzat en 
endosomes de reciclatge (RE) o primaris just a sota de la zona sinàptica de manera que 
permet la seva inserció a la superfície immediata en reposta a un estímul.


3) Transport a través dels compartiments ER-ERGIC-RE (Bowen, AB. et al.; 2017). Aquest és 
l’últim mecanisme descrit fins el moment. Tot i que no es coneixen molt bé els passos 
moleculars d’aquesta via, els autors indiquen que el GluA1 localitzat en el ER dendrític pot ser 
transportat a la PM independentment del GA. Una vegada el GluA1 arriba al ERGIC, es pot 
transportar fins REs, els quals alliberen el GluA1 a la PM de les espines dendrítiques.
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De fet, aquesta regulació del GluA1 de superfície a diferents nivells és imprescindible perquè les 
neurones puguin respondre a canvis en el medi extern, com per exemple en condicions 
energèticament estressants. Fins al moment, hi ha bastant evidència de que l’estat energètic de la 
neurona modula el GluA1 a la PM (Dennis, SH. et al.; 2012) (Peng, XX. et al.; 2011). Dues hores de 
deprivació d’oxigen i glucosa (OGD) disminueixen el GluA1 a la superfície. De fet, una 
desregulació del sensor energètic cel·lular AMPK (AMP-dependent kinase) comporta un 
deteriorament de la transmissió sinàptica (Marinangeli, C. et al.; 2018).


1.3. SAC1 

SAC1 és una fosfatasa de lípids que s’expressa en la majoria dels teixits, incloent el sistema 
nerviós central (SNC) (sobretot en el còrtex, el caudat i en el cerebel) (Lee, S. et al.; 2011) (The 
Human Protein Atlas). Dins la cèl·lula, SAC1 es localitza en el ER, el GA i en els contactes ER-
TGN i ER-PM; no obstant, en condicions basals sol predominar en el ER (Del Bel, LM. et al.; 2017) 
(Tahirovic, S. et al.; 2005).


Fent referència a la seva estructura, SAC1 és una proteïna amb topologia “J” amb dos dominis 
transmembrana que permeten exposar tant el N- com el C-terminal al citosol (Del Bel, LM. et al.; 
2017). El N-terminal conté l’anomenat leucine zipper que permet l’oligomerització de la proteïna  i, 
en conseqüència, el seu transport cap al GA. Just al costat, hi ha un domini que comprèn el motiu 
catalític i diferents punts de regulació i de interacció amb altres proteïnes. En el C-terminal hi ha 
una regió d’unió a COAT1 (coat protein 1) que és imprescindible per a la translocació de SAC1 
des del GA al ER (Del Bel, LM. et al.; 2017) (Blagoveshchenskaya, A. Et al.; 2008).


A diferencia dels membres de la seva familia Sac-Domain, SAC1 només desfosforila en posició 4 i 
no presenta activitat 5-fosfatasa (Lee, S. et al.; 2011). Tot i que estudis in vitro assenyalen que 
SAC1 pot desfoforilar diferents fosfatidilinositols, experiments in vivo indiquen que té una alta 
preferència per desfosforilar el PI(4)P. A més a més, donat que el residu catalític està allunyat de 
la zona d’unió al substrat, SAC1 requereix un canvi conformacional per tal de poder actuar sobre 
el PI(4)P (Del Bel, ML. et al.; 2017). Actualment, però, està en debat si SAC1 és capaç de 
desfosforilar en cis (en el mateix orgànul on es localitza) o en trans (en un orgànul adjacent) 
(Venditti, R. et al.; 2019) (Zewe, J. et al.; 2018).


Així doncs, la seva funció principal és la compartimentació i regulació dels nivells intracel·lulars de 
PI(4)P (Del Bel, LM. et al.; 2017), el qual és imprescindible per a un correcte transport vesicular 
des del TGN fins a la PM (Blagoveshchenskaya, A. Et al.; 2008) (Yang, G. et al.; 2013). A més a 
més, una desregulació en els nivells d’aquest fosfatidilinositol desencadena el sorgiment de 
diferents malalties neurològiques (Waugh, MG.; 2015).


SAC1, per tant, està finament regulat a tres nivells: l’expressió, l’activitat fosfatasa i la localització 
subcel·lular. El substrat PI(4)P, per exemple, modula positivament tant l’expressió com l’activitat 
catalítica de SAC1 (Knödler, A. et al.; 2008) (Zhong, S. et al.-, 2012). D’altra banda, la proteïna 
FAPP1 (four-phosphate-adaptor-protein-1) juga un paper molt important en la translocació de 
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SAC1 als contactes ER-TGN i en la seva activitat fosfatasa en aquestes zones (Venditti, R. et al.; 
2019).


A més a més, igual que el receptor GluA1, la funció de SAC1 està altament regulada per l’estat 
energètic de la cèl·lula. Blagoveshchenskaya, et al.; 2008 van demostrar que sota una deprivació 
de sèrum en fibroblasts, SAC1 es transloca al TGN on desfosforila el PI(4)P i, en conseqüència, 
para el transport vesicular des d’aquest orgànul fins a la PM. D’acord amb aquests resultats, 
quan afegien sèrum complert a les cèl·lules, SAC1 tornava a redistribuir-se al ER i el tràfic 
vesicular es restaurava.


No obstant, la majoria d’experiments fins al moment s’han dut a terme en llevats o éssers 
eucariotes senzills, com la Droshopila (Lee, S. et al.; 2011). Per tant, no es coneix massa el rol 
fisiològic de SAC1 en cèl·lules de mamífer. El treball de Yang, G. et al. (2013) és un dels pocs que 
assenyala una funció de SAC1 en neurones. Aquests autors demostren que sota un estrès per 
NMDA, el receptor GluA1 disminueix a la PM i que aquesta resposta neuronal segurament és 
deguda a una translocació de SAC1 al TGN. En aquest compartiment cel·lular, SAC1 redueix el 
PI(4)P i, en conseqüència, para el transport vesicular de GluA1 a la PM. Per tant, atorguen un rol 
important a SAC1 en el transport de GluA1 en neurones estressades. 


2. Objectius 

2.1. Objectiu general 

Determinar el rol de CPT1C en el transport de GluA1 cap a la membrana plasmàtica en neurones 
sota condicions metabòlicament estressants.


2.2. Objectius específics 

1. Explorar si la CPT1C regula el transport de GluA1 cap a la PM sota fluctuacions de 
malonil-CoA:


• Estudiar si els nivells de superfície de GluA1 estan modulats per CPT1C sota un estrès 
metabòlic.


• Examinar si CPT1C regula la retenció de GluA1 en el TGN.


• Caracteritzar la interacció CPT1C-GluA1 i estudiar si tant malonil-CoA com l’extrem C-
terminal de CPT1C la modulen.


2. En el cas que CPT1C reguli el transport de GluA1 en estrès, elucidar per quin mecanisme 
molecular ho fa:


• Explorar si CPT1C és un regulador metabòlic de PI(4)P en el TGN.


• Caracteritzar la interacció CPT1C-SAC1 i estudiar si tant malonil-CoA com l’extrem C-
terminal de CPT1C la modulen.


• Determinar si la CPT1C controla la funció de SAC1 (tant la distribució com l’activitat).
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• Establir si la CPT1C regula el tràfic de GluA1 cap a la membrana plasmàtica a través de 

SAC1.


3. Resultats i discussió 

Comentat anteriorment a la introducció, la CPT1C és una isoforma de la família CPT1 que és 
troba exclusivament en el cervell de mamífers i, a diferència de les altres isoformes, presenta 
activitat catalític residual. No obstant, continua unint-se a l’inhibidor fisiològic dels membres de la 
seva família: el malonil-CoA, un intermediari de la síntesi dels àcids grassos que es troba 
disminuït en el cervell en condicions energèticament deficients com el dejuni (McGarry, JD. et al.; 
2005). De fet, Casals, N. et al. (2015) suggereixen que CPT1C podria actuar com un sensor 
energètic. Per altra banda, la CPT1C es capaç d’interaccionar amb altres proteïnes com GluA1 i 
SAC1 (Brechet, A. et al.; 2017). Tot i que se sap que CPT1C no és un simple interactor de GluA1 
ja que és capaç de regular el seu transport cap a la PM en neurones (Fadó, R. et al.; 2015), el rol 
de la interacció amb SAC1 no és coneix fins al moment.


En aquesta tesi doctoral, doncs, es presenta a la CPT1C com un sensor dels nivells de malonil-
CoA que regula, en conseqüència, la funcionalitat de SAC1 i el transport de GluA1 en neurones 
(Fig. 53).


3.1. CPT1C regula el tràfic de GluA1 a través de malonyl-CoA 

Les neurones són cèl·lules energèticament molt exigents que destinen un percentatge molt elevat  
de l’energia requerida pel cervell en la formació i manteniment de sinapsis glutamatèrgiques 
(Marinangeli, C. et al.; 2018). De fet, les neurones són capaces de sentir el seu estat energètic 
mitjançant el sensor AMPK i, en conseqüència, regulen la seva activitat sinàptica (Marinangeli, C. 
et al.; 2018). Un dels mecanismes moleculars que ho modula és el transport de GluA1 cap a la 
PM (Man, HY. et al.; 2011).


Per aquest motiu, el primer objectiu que vaig voler abordar va ser si la CPT1C regula el transport 
de GluA1 cap a la PM quan els nivells de malonyl-CoA són baixos. Per estudiar-ho, vaig realitzar 
tant assaigs de biotinilació (que et permeten marcar les proteïnes de membrana) com 
immunoquímiques contra GluA1 en cèl·lules no permeabilitzades.


Ambdues tècniques em van permetre corroborar que en condicions on la concentració de 
malonil-CoA és baixa (deprivació de glucosa i tractament amb 2DG) el GluA1 de superfície 
disminueix i que, al contrari, augmenta en condicions on els nivells de malonyl-CoA són alts 
(tractament amb leptina). A més a més, el GluA1 també es trobava disminuït en neurones 
tractades amb TOFA (inhibeix específicament la síntesi de malonil-CoA).


Tal i com estava descrit anteriorment, el GluA1 a la PM es trobava reduït en neurones deficients 
de CPT1C. Sorprenentment, vaig observar que aquestes neurones que no expressaven CPT1C 
no responien a cap dels tractaments.
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Finalment, una CPT1CM589S insensible al malonil-CoA era incapaç de restaurar els nivells de 
GluA1 a la superfície en neurones CPT1C KO. En conclusió, aquestes troballes indicaven per 
primer cop que la CPT1C és un sensor del malonil-CoA a través d’unir-s’hi i, en conseqüència, 
regula el transport de GluA1 a la PM.


Aquests resultats podrien explicar les deficiències cognitives observades en individus sotmesos a 
un exercici físic intens i a una restricció calòrica extrema (Giles, GE. et al.; 2019) (Lieberman, HR. 
et al.; 1997) i en pacients anorèxics (Kułakowska, D. et al.; 2014). Tot i que no s’ha mesurat, els 
nivells de malonil-CoA en ambdues condicions energèticament deficients podrien trobar-se 
reduïts i, per tant, induir a una reducció del GluA1 de superfície a través de CPT1C.


Per tal d’entendre com CPT1C estava regulant aquest tràfic de GluA1, vaig començar a estudiar 
la via clàssica del transport vesicular ER-ERGIC-TGN (veure Introducció 1.2 GluA1). Per aquest 
motiu es va quantificar el GluA1 en el compartiment TGN per immunoquímica en cèl·lules 
permeabilitzades. En neurones tractades amb TOFA i sota el silenciament de CPT1C, el GluA1 es 
trobava retingut en aquest orgànul. Aquest fet indica que el transport de GluA1 des del TGN a la 
PM es trobava deteriorat i, per tant, els nivells de GluA1 a la PM disminuïts. A més a més, les 
neurones deficients en CPT1C no responien al tractament. 


PI(4)P és un fosfatidilinositol que regula el transport vesicular de proteïnes des del TGN, per 
aquest motiu, un mecanisme pel qual CPT1C podria modular la retenció del GluA1 en aquest 
compartiment cel·lular seria mitjançant la regulació del PI(4)P en el TGN. Els nivells de PI(4)P en 
aquest compartiment cel·lular els vaig mesurar per immunoquímica tant amb anticossos com 
amb sondes lipídiques que uneixen específicament el PI(4)P. En concordança, el pool de PI(4)P en 
el TGN disminuïa significativament en neurones tractades amb TOFA i en neurones deficients de 
CPT1C. A més a més, les neurones deficients en CPT1C tampoc responien al tractament.


Per tant, aquests resultats indiquen que CPT1C regula els nivells de PI(4)P en el TGN en 
condicions metabòlicament estressants i, en conseqüència, regula la retenció de GluA1 al TGN.


Finalment, vaig voler començar a estudiar si l’endocitosis de GluA1 es veia també afectada per 
TOFA. Per aquest motiu vaig quantificar el PI(4,5)P2, (s’uneix al GluA1 i l’estabilitza a la PM, 
(Condon, KH. et al.; 2007)), mitjançant una sonda lípidica específica per aquest fosfolípid. Les 
cèl·lules que no expressaven CPT1C o estaven metabòlicament estressades presentaven nivells 
més baixos de PI(4,5)P2 en comparació a les cèl·lules que sí expressaven CPT1C en condicions 
basals. Per tant, el que indiquen aquests resultats és que la CPT1C podria regular el GluA1 a la 
PM també a través de modular la seva endocitosis dependent de PI(4,5)P2.


3.2. CPT1C regula específicament GluA1 en estrès metabòlic?  

La següent pregunta a respondre era si la modulació del transport de GluA1 en condicions 
energèticament deficients era específica, o si més aviat, era una regulació general del transport 
vesicular. Per aquest motiu, vaig mesurar per biotinilació els nivells a la PM d’una altra subunitat 
dels receptors d’AMPA (el GluA2) o dels receptors NMDA (NMDAR2A). No vaig observar canvis 
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en la superfície de cap dels dos receptors. Per tant, aquests resultats semblaven indicar que 
CPT1C regulava exclusivament el transport de GluA1 en condicions estressants. Tot i així, no es 
pot descartar el fet que ambdós tinguin un transport vesicular més lent que el GluA1 i, per tant, 
no s’hagin pogut observar possibles canvis dins les 2 hores del tractament (Henly, JM. et al.; 
2013). Donat que tractaments amb TOFA de més llarga durada són tòxics (dades no mostrades), 
no es va poder comprovar-ho. Tanmateix, una altre manera de verificar si el transport general es 
veu afectat durant el tractament amb TOFA seria mitjançant la quantificació del receptor de 
transferrina a la PM (Muro, S.; 2018).


No obstant això, proposo dos models pels quals CPT1C podria estar regulant específicament el 
transport de GluA1:


1) Podria donar-se el cas que els carriers responsables del transport vesicular de GluA1 fossin 
menys sensibles al PI(4)P i ,per tant, que canvis petits en els nivells de PI(4)P del TGN regulats per 
CPT1C només afectessin el tràfic de GluA1 (Fig. 51A).


2) També podria ser que CPT1C només reguli un subpool de PI(4)P on s’hi localitza més GluA1 i, 
per tant, que només el tràfic vesicular específicament en aquesta àrea quedi afectat (Fig. 51B).


El sentit fisiològic d’aquesta regulació específica per al transport de GluA1 és el següent: “En 
condicions energèticament deficients, les neurones volen disminuir la seva activitat sinàptica per 
tal de reduir despeses energètiques. La manera més eficaç de fer-ho és mitjançant la regulació 
del transport de GluA1 ja que la resta de receptors d’AMPA i els NMDAR tenen un paper menys 
rellevant en la formació de noves sinapsis.”  


3.3. CPT1C és un modulador metabòlic de la funció de SAC1  

Donat que CPT1C interacciona amb SAC1 (Brechet, A. et al.; 2017), una explicació a la regulació 
del nivells de PI(4)P seria que CPT1C modula la funció d’aquesta fosfatasa. SAC1 és una 
fosfatasa lipídica que majoritàriament desfosforila el PI(4)P i que està involucrada en el tràfic de 
GluA1 en neurones en condicions estressants.


Localització subcel·lular de SAC1


Un mecanisme descrit per varis autors que regula la funció de SAC1 és el seu transport des del 
ER fins al TGN (Blagoveshchenskaya, A. et al.; 2008) (Guang, Y. et al.; 2013), on defosforila el 
PI(4)P i para el tràfic vesicular. No obstant, la interacció CPT1C-SAC1 estudiada per co-
immunoprecipitació i FRET no variava quan les cèl·lules estaven tractades amb TOFA, per tant, 
no sembla indicar que SAC1 abandoni el ER en les condicions estressants estudiades. Tanmateix, 
els nivells de SAC1 en el compartiment TGN no augmenten ni en cèl·lules tractades amb TOFA ni 
en cèl·lules deficients en CPT1C. Aquests resultats, doncs, indiquen que CPT1C no estar 
modulant el tràfic de SAC1 cap aquest orgànul.


�120



Resum (en català)
El fet que CPT1C no regulés positivament el transport de SAC1 al TGN en condicions 
estressants, tal i com succeïx en cèl·lules no neuronals, indica que la específica expressió de 
CPT1C en neurones segurament està induint a una regulació de SAC1 distinta.


Literatura recent confirma que SAC1 pot actuar en el PI(4)P del TGN a través dels contactes 
cel·lulars ER-TGN (Venditti, R. et al.; 2019). Per aquest motiu vaig centrar-me en estudiar aquests 
contactes cel·lulars a través de microscopis de superresolució. De fet, vaig observar que en 
condicions metabòlicament estressants no només augmenta la col·localització entre el ER i el 
TGN (es creen més contactes) sinó que SAC1, només juntament amb CPT1C, es transloca a 
aquestes àrees de contacte. Per tant, aquestes regions ER-TGN podrien estar regulant, 
segurament a través de SAC1, el pool de PI(4)P al TGN i el transport de GluA1 a la PM.


Així doncs, vaig crear artificialment els contactes ER-TGN a través del sistema de rapamicina 
(Dickson, E. et al.; 2014-2016) i vaig quantificar tant el PI(4)P al TGN com els nivells superficials 
de GluA1. Aquest sistema consisteix en expressar una proteïna de ER unida al domini FKBP i una 
proteïna de TGN unida al domini FRB; al afegir rapimicina ambdós dominis s’hi uneixen 
simultàniament i per tant, estàs ajuntant el ER amb el TGN. Els resultats obtinguts assenyalen que 
el reclutament d’aquests contactes regula negativament tant el PI(4)P del TGN com el GluA1 a la 
superfície i que la expressió de CPT1C, en condicions energèticament favorables, aboleix aquest 
efecte. Per tant, això indicava que CPT1C podria estar modulant l’activitat de SAC1 en aquestes 
àrees de contacte, a part de regular la localització d’aquesta fosfatasa en aquestes zones.


Activitat fosfatasa de SAC1


Per aquest motiu, es va examinar l’activitat fosfatasa de SAC1 específica de PI(4)P a través 
d’assaigs de verd de malaquita (permet mesurar els fosfats lliures alliberats). Per tal d’assegurar-
me que només mesurava l’activitat de SAC1, abans d’incubar la mostra amb el substrat PI(4)P 
vaig fer una immunoprecipitació de SAC1 i vaig treballar només amb la fracció 
immunoprecipitada.


Els resultats obtinguts indiquen que l’absència de CPT1C (tant en cèl·lules HeLa com en cervell 
de ratolins CPT1C KO) i un estrés induït per nivells baixos de malonil-CoA (tant per TOFA com per 
dejuni en animals WT) indueix a un augment de l’activitat de SAC1 en comparació a cèl·lules o 
teixit que expressa CPT1C en condicions basals. A més a més, els nivells totals de PI(4)P es 
trobaven disminuïts en cèl·lules que no expressaven CPT1C i/o estaven tractades amb TOFA. Per 
tant, en conclusió, aquests experiments demostren que CPT1C és un regulador metabòlic de 
l’activitat fosfatasa de SAC1.


Donat que la forma truncada CPT1C△Cter (no té els 36 aminoacids C-terminals) va ser incapaç 

de restaurar els nivells de PI(4)P al TGN i el GluA1 a la PM en neurones CPT1C KO, suggereixo 
que l’extrem C-terminal (que només es troba en aquesta isoforma) és una regió important de 
CPT1C per regular l’activitat de SAC1 (Fig. 52).
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Finalment, per tal d’explorar si realment SAC1 era important per a la regulació de GluA1 en 
condicions metabòlicament estressants vaig silenciar i sobreexpressar aquesta fosfatasa i vaig 
quantificar el GluA1 a la PM en neurones en condicions basals i estressants (tractament amb 
TOFA). D’acord amb Guang, Y. et al. (2013), el silenciament de SAC1 va promoure un augment de 
GluA1 a la superfície. A més a més, vaig observar que les neurones que no expressaven SAC1 no 
van respondre al tractament amb TOFA, només les WT presentaven nivells de GluA1 disminuïts a 
la PM. A més a més, quan sobreexpressava SAC1, el GluA1 de superfície es reduïda 
dràsticament, de manera que no es trobava afectat per nivells baixos de malonil-CoA. Per tant, 
SAC1, juntament amb CPT1C, actua downstream de malonil-CoA en la regulació del transport de 
GluA1 a la PM en condicions metabòlicament estressants. 


3.4. Complex SAC1-CPT1C-GluA1  

CPT1C, SAC1 i GluA1 formen un complex al cervell que es dissol completament en absència de 
CPT1C (Brechet, A. et al.; 2017). La CPT1C, doncs, podria actuar com una proteïna scaffold que 
uneix SAC1 i GluA1.


Per aquest motiu, un dels objectius de la meva tesis va ser caracteritzar ambdues interaccions. 
Vaig utilitzar tant experimentació in vitro com in silico (duta a terme per José Luis Domínguez).


L’experimentació in vitro va consistir en assaigs de FRET (Förster resonance energy transfer) i 
immunoprecipitació. En ambdues tècniques vaig observar que cap de les interaccions d’estudi 
estava afectada per malonil-CoA, perquè el tractament amb TOFA no alterava la interacció i una 
CPT1CM589S insensible al malonil-CoA continuava interaccionant amb SAC1 i GluA1. No 

obstant, la CPT1C△Cterm-FLAG truncada només interaccionava amb SAC1, per tant, aquests 

resultats indiquen que el C-terminal de CPT1C (els últims 36 AA) sí són importants per la 
interacció de CPT1C amb GluA1. D’acord a aquests resultats, els experiments in silico assenyalen 
que hi ha interacció entre el C-terminal de GluA1 (residus del 903 al 927), domini regulador (Chen, 
L. et al.; 2009), i el C-terminal de CPT1C (residus del 157 al 803). Tot i així, únicament la regió C-
terminal de CPT1C (unida a GFP) és incapaç de co-immunoprecipitar amb GluA1. Aquesta 
observació es pot explicar de dues maneres:


1) La proteïna GFP que es fa servir com a tag és molt més gran, 238 AAs (Hink, MA. et al.; 2000), 
que el C-terminal estudiat, només 36 AAs. Per aquest motiu, la GFP podria emmascarar I 
tapar la regió del C-terminal requerida per la interacció amb GluA1.


2) Aquest C-terminal és necessari però no suficient per la interacció, potser la CPT1C necessita 
ancorar-se al ER a través de les seves regions TM per tal de interaccionar amb GluA1.


Una altra explicació al fet que aquesta CPT1C truncada és incapaç de restaurar el GluA1 de 
superfície en animals CPT1C KO seria que GluA1 necessita interaccionar amb CPT1C per tal 
d’arribar a la PM. Anteriorment suggerit per Casals, N. et al. (2015), donat que ambdues proteïnes 
es localitzen al ER, podria ser que CPT1C actuï com una xaperona que regula l’estabilitat de 
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GluA1 a aquest compartiment de manera similar a l’stargazin, el qual és un pas crític per a la 
sortida del ER i, conseqüentment, l’arribada a la PM (Wei Lu, et al.; 2011).  Per aquest motiu, la 
forma truncada que és incapaç de interaccionar amb GluA1 no podria realitzar aquest rol de 
xaperona estabilitzant el GLuA1. Això comportaria una menor sortida de GluA1 des del ER i un 
deteriorament del tràfic cap a la PM.


Finalment, es va estudiar in silico si el N-terminal de la CPT1C era important per la interacció amb 
SAC1. Aquests experiments van mostrar temps de interacció elevats entre la regió N-terminal  de 
la CPT1C (residus del 13 al 15) i el N-terminal de SAC1 (residus del 331 al 333), un domini 
regulador de la proteïna (Del Bel, ML. et al.; 2017). Per tant, aquests resultats indiquen que la 
CPT1C interacciona amb SAC1 a través del seu N-terminal. No obstant, seria molt interessant 
corroborar aquests resultats mitjançant immunoprecipitacions i/o FRET. De fet, en el laboratori es 
va construir una CPT1C truncada en el seu N-terminal però va resultar ser inestable. Així doncs, 
proposo construir varis constructes d’aquesta CPT1C truncada amb diferents mides. Per 
exemple, afegint un tag que substituís l’N-terminal o tallant la proteïna a una altre punt N-terminal.


4. Conclusions 

En aquest projecte de tesi, s’elucida un rol nou de CPT1C en el transport de GluA1 i en la funció 
de SAC1 sota estrès metabòlic.


1. CPT1C interacciona amb GluA1 a través del seu C-terminal. Malonil-CoA no modula les 
interaccions CPT1C-GluA1 i CPT1C-SAC1.


2. La CPT1C és necessària en neurones corticals per regular els nivells de GluA1 a la membrana 
plasmàtica sota fluctuacions de malonil-CoA com la deprivació de glucosa i els tractaments 
amb 2DG, leptina i TOFA.


3. CPT1C juga un paper important en la retenció de GluA1 i en els nivells de PI(4)P en el 
compartiment trans Golgi en neurones sota condicions fisiològiques i estrés induït per TOFA.


4. A més a més, tant el domini C-terminal com la unió a malonil-CoA són requisits per CPT1C 
regular el GluA1 de superfície i els nivells de PI(4)P en el TGN.


5. Els nivells de PI(4)P i PI(4,5)P2 estan modulats per CPT1C dependentment dels nivells de 
malonil-CoA. No només les cèl·lules deficients de CPT1C tenen nivells més baixos d’ambdós 
fosfolípids sinó que el tractament amb TOFA també indueix una disminució només en cèl·lules 
que expressen CPT1C.


6. Es requereix la proteïna CPT1C per translocar SAC1 als contactes ER-TGN sota nivells baixos 
de malonil-CoA. A més a més, aquestes unions disminueixen el PI(4)P en el TGN i el GluA1 de 
superfície, el qual és abolit per CPT1C en condicions energèticament favorables.


7. La CPT1C és un modulador metabòlic de l’activitat fosfatasa de SAC1 específica en PI(4)P: 
CPT1C inhibeix l’activitat de SAC1 només quan els nivells de malonil-CoA són alts. El dejuni o 
la deficiència de CPT1C augmenten l’activitat de SAC1 en el cervell de ratolins adults. 
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8. SAC1 és un modulador metabòlic clau dels nivells de GluA1 a la PM en neurones corticals i  

actua downstream l’eix malonyl-CoA/CPT1C. 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