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A B S T R A C T

The spatial organization of plasma membrane proteins is a key factor in the generation of distinct signal outputs,
especially for PKC/Ras/ERK signalling. Regulation of activation of the membrane-bound Ras, critical for neu-
ronal differentiation and highly specialized functions, is controlled by exchanges in nucleotides catalyzed by
nucleotide exchange factors (GEFs) for GTP loading and Ras activation, and by Ras GTPase Activated Proteins
(RasGAPs) that lead to activation of the intrinsic GTPase activity of Ras and thus its inactivation. PKCs are potent
Ras activators yet the mechanistic details of these interactions, or the involvement of specific PKC isoforms are
now beginning to be addressed. Even less known is the topology where RasGAPs terminate Ras activation.
Towards this aim, we isolated lipid rafts from chick embryo neural tissue and primary neuronal cultures when
PKCε is the prominent isoform and in combination with in vitro kinase assays, we now show that, in response the
PKCε-specific activating peptide ψεRACK, an activated PKCε is recruited to lipid rafts; similar mobility was
established when PKCε was physiologically activated with the Cannabinoid receptor 1 (CB1) agonist metha-
nandamide. Activation of H-Ras for both agents was then established for the first time using in vivo RasGAP
activity assays, which showed similar temporal profiles of activation and lateral mobility. Moreover, we found
that the GEF SOS1, and the major neuronal RasGAP neurofibromin, a specific PKCε substrate, were both tran-
siently significantly enriched in the rafts. Finally, our in silico analysis revealed a highly probable, conserved
palmitoylation site adjacent to a CARC motif on neurofibromin, both of which are included only in the RasGAP
related domain type I (GRDI) with the known high H-RasGAP activity. Taken together, these results suggest that
PKCε activation regulates the spatial plasma membrane enrichments of both SOS1 and neurofibromin, thus
controlling the output of activated H-Ras available for downstream signalling in neurons.

1. Introduction

Posttranslational phosphorylations form the basis of membrane re-
ceptor signalling cascades and networks, as the imposed conformational
changes on proteins drastically regulate their abilities to physically
interact with membrane lipids and/or other proteins and thus propa-
gate the signal laterally and inwards. The importance of phosphoryla-
tion relays during activation of the PKC/Ras/Raf/MEK/ERK1/2
pathway by membrane receptor in brain development and function has
been well studied and documented (Bluthgen et al., 2017; Samuels

et al., 2008; Zhu et al., 2001; Zisopoulou et al., 2013). Consistently,
human mutations of ERK regulators cause an array of developmental
disorders, such as Neurofibromatosis Type (NF-1) (Hyman et al., 2005),
Costello (Aoki et al., 2005), and Noonan (Tartaglia et al., 2001) syn-
dromes, all characterized potentially by learning disabilities or even
mental retardation.

Protein Kinase C (PKC), a family of isoenzymes, exert their signal-
ling role by specific phosphorylation of their substrate proteins, many
of which are membrane-associated through lipid modifications. In their
mature form, conventional (α, βI, βII, γ) and novel (δ, ε, θ, η, and μ)
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PKCs stereospecifically bind to diacylglycerol (DAG), via their C1 zinc
finger domains, which are thought to stabilize the active, deeply
membrane-embedded state of PKCs (Zhang et al., 1995). Other PKC
binding non-substrate proteins like the receptors for activated C-kinase
(RACKs) may enhance their activity (Brandman et al., 2007). Uniquely
among PKCs, PKCε is palmitoylated at least on cysteines 276 and 474
(Dasgupta et al., 2011) and the interplay of PKCε phosphorylation and
lipidation mediates its plasma membrane targeting, while in turn, PKCε
phosphorylation regulates the intracellular trafficking of its lipidated
protein substrates (Gauthier-Kemper et al., 2014; Thelen et al., 1991),
several of which play critical roles in dendritic spine plasticity and
memory, e.g., the myristoylated alanine-rich C-kinase substrate
(MARCKS) (Calabrese and Halpain, 2005; Mangoura and Dawson,
1993) or PSD-95 (Sen et al., 2016).

PKC activation has also documented roles in the activation of the
small molecular weight GTPase Ras at the plasma membranes and in
the formation of Ras and activated Raf-1 (MAPKKK) complexes
(Mangoura et al., 2006; Marais et al., 1998; Zisopoulou et al., 2013) and
thus the obligatory activation of the immediate kinases MEK (MAPKK)
and ERK (MAPK) (Raman et al., 2007). Direct targets of PKC signalling
for Ras activation may include Ras activators that belong to the GRP
and SOS-families of GEFs (Ebinu et al., 1998; Kawakami et al., 2003;
Leondaritis et al., 2009), even when PKC activation emanates from
stimulation of GPCRs (O'Hayre et al., 2017). Indeed, the ongoing elu-
cidation of the mechanistics of Ras activation by GPCRs appears to
engage effectors that elicit Ras activation by activated receptor tyrosine
kinases (RTKs), when a ligand-bound RTK and its docking proteins will
recruit a GEF (guanine nucleotide exchange factor), e.g. SOS1 via its
associated Grb2 (Ong et al., 2000), and SOS1-Ras binding will stimulate
the release of bound GDP from Ras in exchange for GTP and hence Ras
activation (Pechlivanis and Kuhlmann, 2006). The intrinsic GTPase
activity of Ras.GTP is next accelerated by GAPs (GTPase-activating
proteins), causing Ras to return to its inactive GDP state. Mutations or
posttranslational modifications of RasGAPs lead to deregulation of Ras
activity cycles and may contribute to abnormal neuronal function or
tumor formation even when cells contain wild-type Ras, as in the case
of the tumor suppressor neurofibromin, a RasGAP, which is mutated or
deleted in NF-1 (Bollag et al., 1996; Mellert et al., 2018). While me-
chanistic details of the SOS1 recruitment to the membranes has been
thoroughly investigated, the mechanism of membrane translocation of
the heterogeneous group of RasGAPs is largely unknown (reviewed in
Grewal et al., 2011; Scheffzek and Shivalingaiah, 2019).

H-Ras dynamically compartmentalizes in lipid rafts, the lipid-
driven, relatively ordered fluid microdomains of the plasma membrane
(e.g., Prior et al., 2001). Lipid rafts constitute nanoscale membrane
assemblies, enriched in lipids, like cholesterol, glycolipids, and sphin-
golipids -albeit with different inner and outer membrane leaflet com-
position- and in GPI–anchored proteins and transmembrane receptors
(e.g., Mangoura et al., 2016 and refs therein). Lipid rafts are regulatory
for intracellular signalling, as most signalling molecules preferentially
segregate at the lipid raft-cytosol interphase. Moreover, the dynamic
regulation of protein modifications in the lipid rafts is what bestows on
the rafts their functionality. For example the reversible protein palmi-
toylation may impart such raft affinity to both transmembrane and
peripheral proteins (Levental et al., 2010; Salaun et al., 2005), as to
possibly facilitate binding to cholesterol for proteins that contain CRAC
or CARC consensus motifs (Fantini and Barrantes, 2013). However,
what regulates the affinity of “soluble proteins” to lipid rafts during
signalling is still under intense investigation, further emphasizing the
importance of this mechanism.

This question becomes important for most RasGAPs that must
transiently attain physical contact with the Ras proteins, especially for
the major RasGAP in CNS neurons neurofibromin, the product of the
NF1 gene. NF1 mutations cause Neurofibromatosis 1, a progressive
disease with prominent and diverse symptoms in the CNS, ranging from
learning disabilities (Hyman et al., 2005) to development of benign

tumors and cancer in astrocytes (Brems et al., 2009), somewhat re-
produced in conditional ablations of the gene in mice (Brown et al.,
2010; Zhu et al., 2001). Neurofibromin is a multidomain, mobile pro-
tein (Li et al., 2001; Koliou et al., 2016) and studies on its protein se-
quence have begun to elucidate its known intracellular mobility and to
explain the currently partial correlation of disease phenotypes and
mutation genotypes (Koczkowska et al., 2018). Such research has been
mostly conducted by over expressions and genetic manipulation of
specific domains (Luo et al., 2014; Mangoura et al., 2006; Starinsky-
Elbaz et al., 2009), as the full length gene has not been cloned and nf1
knock out-mice are embryonic lethal (Brannan et al., 1994). Moreover,
this collective experimental evidence by us and others has postulated
that neurofibromin's distinct domains interact among them to interface
with multiple proteins and coordinate signalling events that are central
at least to neuronal and astrocytic function, the two cell types that
neurofibromin is highly expressed throughout life and where most NF-1
symptoms stem from. Among these domains, the RasGAP related do-
main, GRD, is the most pertinent for investigating neurofibromin tar-
geting to lipid rafts for the additional reason that it is also the locus for
alternative splicing events. Thus, exon 31 (former 23a) is tightly
regulated in favor of skipping in CNS neurons, and the produced tran-
script GRDI, is a very potent RasGAP in the yeast (Andersen et al.,
1993) or ex vivo (Leondaritis and Mangoura, 2010), while inclusion of
this exon is favored in astrocytes (reviewed in (Barron and Lou, 2012))
with the produced transcript GRDII being a weaker RasGAP. This al-
ternative transcription is conserved among vertebrates (Andersen et al.,
1993; Baizer et al., 1993; Koliou et al., 2016; Nishi et al., 1991), as is
the sequence of the additional 63 nucleotides/21 amino acids and the
respective exon-intron boundaries, all predicting functional sig-
nificance.

With this background, we undertook these studies to begin to un-
derstand the mechanistics of if and how this RasGAP may be recruited
to the plasma membranes during signalling by Cannabinoid Receptor 1
(CB1R), a palmitoylated, prominent GPCR in the CNS (Fedonidis et al.,
2014; Oddi et al., 2012), recruited to lipid rafts upon activation
(Asimaki et al., 2011).

2. Materials and methods

2.1. Materials

The PKCε-selective activator peptide ψεRACK [PKCε amino acids
85–92, HDAPIGYD] (Brandman et al., 2007) and the PKCϵ-selective
inhibitor peptide ϵV1-2 [PKCε (amino acid 14–21), EAVSLKPT] were
synthesized and conjugated to a peptide derived from the TAT human
immunodeficiency virus protein, TAT 47–57 (YGRKKRRQRRR) via
disulfide bonds by Peptide 2.0 Inc (Chantilly, VA, USA). CB1 receptor
agonist R(+)-Methanandamide ((R)-N-(2-Hydroxy-1-methylethyl)-
5Z,8Z,11Z,14Z-eicosatetraenamide), a synthetic, high affinity, and
metabolically stable anandamide analog, and AM251 (N-(Piperidin-1-
yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-
carboxamide), a selective CB1 receptor antagonist, were purchased
from Tocris Cookson (Avonmouth, UK), Gö6976 (5,6,7,13-tetrahydro-
13-methyl-5-oxo-12H-indolo[2,3-a]pyr rolo[3,4-c]carbazole-12 propa-
nenitrile) was from Calbiochem (Nottingham, UK), methyl-beta-cyclo-
dextrin (MβCD) from Sigma-Aldrich (Steinheim, Germany); culture
media and supplements were from Gibco, BRL (Paisley, UK) and fetal
bovine serum (FBS) from Biowest (Nuaille, France). The following
primary antibodies were used against: neurofibromin sc-67 (C-ter-
minus) and sc-68 (N-terminus region), phosphorylated MARCKS, flo-
tillin-1, phospho-PKCε-Ser729, neuroligin, H-Ras (rat monoclonal), and
calnexin (Santa Cruz Biotechnology, SCBT, Heidelberg, Germany); H-
Ras (clone Ras10) (Merck, Temecula, CA, USA); coatomer protein beta
(β-COP) (Sigma, Steinheim, Germany); PKC-ε (ABCAM, Cambridge,
UK); and Son of sevenless 1 (SOS1) (UBI, Lake Placid, NY). Species-
specific antibodies conjugated to horseradish peroxidase or alkaline
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phosphatase were from Jackson Immunoresearch (West Grove, PA,
USA). S-hexylglutathione-agarose beads (GST-agarose) were from SCBT
and Opti-Prep from Axis-Shield. All other standard reagents were pur-
chased from Sigma or SCBT.

2.2. Methods

2.2.1. Tissue and primary neuron preparations
Telencephali (TL) were dissected from chick embryos on indicated

embryonic days, were sliced and placed in 1mL ice cold artificial cer-
ebrospinal fluid (aCSF) (124mM NaCl, 5 mM KCl, 1.25mM NaH2PO4,
26mM NaHCO3, 2mM CaCl2, 1mM MgCl2, and 10mM dextrose)
alone or with appropriate agents, agonists or antagonists. Pure cortical
neuron cultures were prepared as previously described by us (e.g.,
(Asimaki et al., 2011; Asimaki and Mangoura, 2011; Cheng et al., 2000;
Li et al., 2001). In short, telencephali from 8-day old chick embryos
were dissected out of the diencephalon and the meninges using fine
forceps under sterile conditions and dissociated mechanically using a
nylon mesh of 48 μm. Neurons were plated on 100mm poly-L-lysine-
coated dishes (ratio 1 embryo/dish) in Dulbecco's modified Eagle
medium (DMEM), containing 1% FBS and N2 supplement. Cultures
were maintained at 37 °C and 7.5% CO2/air. Under these conditions
neurons attach and fully differentiate to synaptically coupled neurons,
recapitulating the in ovo differentiation program (Cheng et al., 2000; Li
et al., 2001; Mangoura et al., 1993). Treatments on primary neurons
were done routinely after 3 or 4 days in culture. In several series of pilot
experiments, profiles of proteins in membrane preparations at basal
conditions or following treatments were almost identical in E9-13 tel-
encephali and in E8-derived cultures at 4–7 days in culture.

2.2.2. Cell lysis and lipid rafts-membrane fractionations
For isolation of lipid rafts, we used a detergent-free fractionation

protocol, which provides increased resolution of genuine-lipid rafts
from caveolin-rich domains, non-raft plasma membranes, and in-
tracellular ER and Golgi membranes (Macdonald and Pike, 2005), as
shown for CB1R and FGFR in neurons (Asimaki et al., 2011; Mangoura
et al., 2016). The enrichment of the first five fractions, considered as
lipid rafts (Macdonald and Pike, 2005), in sphingomyelin, phosphati-
dylcholine, and cholesterol has been also verified for neural cells
(Mangoura et al., 2016). In brief, 4–5 telencephali or 5×100mm
neuronal cultures were resuspended in base buffer, consisting of 20mM
Tris-HCl pH 7.8, 250mM sucrose, 1 mM CaCl2, 1 mM MgCl2, and pro-
tease and phosphatase inhibitors, and then lysed by repeated passage
through a 23G needle. Lysates were centrifuged at 1000×g for 10min
and 4×25 μL of the resulting postnuclear supernatant were assessed
for protein content using the Biorad DC kit, after the addition of Triton
X-100 to a final concentration of 0.1%. Five mg of protein per condition
were then mixed 1:1 with 50% OptiPrep, and an 8ml 0–20% OptiPrep
gradient in base buffer was carefully laid on top; gradients were cen-
trifuged for 90min at 52,000×g using a TH-641 rotor in a Sorval ul-
tracentrifuge and 14×700 μL continuous fractions were collected;
100 μL were precipitated with trichloroacetic acid for protein content
estimation and the rest of each fraction was boiled in Laemmli buffer.
Typically, protein content almost doubled per group of membrane
fractions, and therefore it was essential to normalize each Western blot
densitometry value per total protein of the corresponding fraction (e.g.,
Fig. 1).

2.2.3. Renaturation and assay of protein kinases
Detection of PKCs and other serine/threonine kinases that phos-

phorylate myelin basic protein (MBP) in vitro was performed as pre-
viously described (Mangoura and Dawson, 1998). In brief, equal
amounts of protein from pooled lipid rafts fractions (1–5) were resolved
by SDS- electrophoresis in 8% polyacrylamide gels containing 0.1 mg/
mL MBP. Gels were then incubated in a HEPES – buffer to allow re-
naturation of proteins and kinases and subsequently incubated in the

presence of [32 P] -ATP, Mn+2, and Mg+2 (1 h, 30 °C), stained with
Coomassie Brilliant Blue, dried, and processed for autoradiography.
Bands on the autoradiograms signify the molecular weight of in vivo
activated serine/threonine kinases, which phosphorylate MBP in vitro.
Gel areas corresponding to 90-92kD were excised, quantitated by
scintillation counting, and kinase activity was expressed as cpm of
transferred [32P] phosphate. In pilot experiments the excised bands
were processed for Western blotting with specific anti- PKCε antibodies
to verify the identity of the kinase.

2.2.4. Measurement of GTP-bound state of Ras
Activated Ras was assessed by affinity precipitation, as we have

previously described (Leondaritis and Mangoura, 2010; Mangoura
et al., 2006), from 1mg of protein per condition, using as bait a fusion
protein of GST and the Ras-binding domain of c-Raf (GST-c-Raf-1-RBD),
which specifically recognizes activated Ras (de Rooij and Bos, 1997). In
short, neuronal lysates (in 50mM Tris pH 7.5, MgCl2 20mM, NaCl
150mM, 1% NP-40, and 10% glycerol, containing a protease inhibitor
cocktail (Sigma), 2 mM NaF, 1mM sodium orthovanadate, 1 mM so-
dium molybdate, and 100 μg/mL PMSF) clarified by centrifugation
were incubated (1 h at 4 °C) with freshly prepared GST-c-Raf-RBD,
conjugated to glutathione-agarose beads. The GST-RBD-agarose beads
were washed extensively, and the amounts of activated Ras precipitated
by GST-RBD were determined by Western analysis, in parallel with
30 μg of total neuronal lysates for additional normalization (Fig. 3).

Fig. 1. Membrane distribution of neurofibromin in embryonic neurons.
A. Frames contain representative images from detergent-free membrane pre-
parations of neurons dissociated from 9-day-old chick embryo telencephalon,
analyzed by SDS-PAGE (each lane contains a 50 μl aliquot from each of the 14
OptiPrep gradient fractions) and Western blotting with indicated antibodies. B.
Characteristic protein content distribution of detergent free lipid raft fractio-
nation, showing significantly less protein content in the lipid raft fractions; bars
represent means from 4 experimental series (SEM≤ 5% in all cases). C.
Densitometry analysis of Western blot scans from these series and subsequent
normalization of the measurements means over protein content per fraction
reveals the extend of neurofibromin enrichment in neuronal lipid rafts.
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2.2.5. Western blot analysis
Analysis was essentially done as previously described (Asimaki

et al., 2011; Asimaki and Mangoura, 2011; Cheng et al., 2000;
Mangoura et al., 2006). Equal volumes (50 μl) of OptiPrep fractions in

Laemmli buffer were loaded per well and separated with SDS-PAGE.
After electrophoresis, proteins were transferred into nitrocellulose
membranes and probed with primary antibodies; in some cases mem-
branes were stripped and reprobed, unless established high specificity
of antibodies against proteins with distinctly different Mr allowed se-
quential Western blotting (Asimaki et al., 2011; Asimaki and Mangoura,
2011; Cheng et al., 2000; Mangoura et al., 2006). Immunoreactivity
was visualized by further incubation with the appropriate species-spe-
cific antibody conjugated to horseradish peroxidase (HRP) and ECL
chemiluminescence. Typically, all conditions within experiments were
developed on the same film sheet and same exposure times per epitope.
Exposed films or stained membranes were then scanned and densito-
metry analysis was performed with the densitometry software ImageJ
(Asimaki et al., 2011; Mangoura et al., 2006).

2.2.6. Statistical analysis
All experiments were performed three to ten times with similar

results and numerical data were analyzed by ANOVA.

2.2.7. Databases
The following databases have been used: genome browser www.

ensembl.org/index.html; sequence analysis: https://www.ebi.ac.uk/
Tools/emboss/; and prediction of post translational modifications
https://www.expasy.org/tools/#ptm.

3. Results

Aberrations in morphology and density of dendrites are evident in
NF-1 patients (Hyman et al., 2005), as predicted by earlier develop-
mental studies in model systems by others and us (Li et al., 2001; Lin
et al., 2007; Oliveira and Yasuda, 2014). For the chick embryo neuro-
fibromin expression peaks first at the onset of differentiation at E8, a
developmental point by which most neurons have been generated and
constitute the vast majority of the CNS cell population (Li et al., 2001;
Mangoura et al., 1993), and then again with synaptogenesis (Li et al.,
2001), processes that are under intense regulation of Ras activation
(Alpar et al., 2008; Seeger et al., 2003). However, despite the demon-
stration that PKC-phosphorylation of neurofibromin is required for its
function as a GAP for the membrane-bound Ras (Mangoura et al.,
2006), whether and how the assumed but not previously shown re-
cruitment of neurofibromin to membranes occurs in neurons or any
other cell type, has not been addressed.

3.1. Neurofibromin and activated PKCε are highly enriched in the lipid rafts
in developing neurons

To investigate the molecular events that contribute to the recruit-
ment of neurofibromin to plasma membranes, we first examined neu-
rofibromin localization in neuronal membranes, using 9- through 13-
day-old chick embryo telencephali or E8 primary neurons and the
subcellular fractionation method which allows considerable resolution
of lipid rafts, caveolin-rich domains, non-raft plasma membranes, and
intracellular ER and Golgi membranes (Asimaki et al., 2011; Macdonald
and Pike, 2005). Thus, equal volumes (50 μL) from each fraction were
loaded on appropriate percentage gels and the resulting Western blots
(Fig. 1A) were quantitated by densitometry, after normalizing over
total protein loaded per well (Fig. 1 B and C) in order to best appreciate
enrichments (Asimaki et al., 2011). We found that indeed neurofi-
bromin is enriched in the same fractions that both typical rafts resident
proteins H-Ras and flotillin-1 are (Fig. 1A), or up to a 4-fold level over
the rest fractions (Fig. 1C), less so in the caveolin-rich fractions, while
some neurofibromin pools were also detected in Golgi membranes (as
identified by β-COPI, 1A and C), especially in fraction 10.

As we have previously demonstrated that PKCε, a major PKC in
differentiating neurons (Mangoura and Dawson, 1993; Mangoura et al.,
1993), specifically phosphorylates neurofibromin to increase its

Fig. 2. Activated PKCε is highly detected in pooled lipid rafts of
Differentiated Neurons. A. Highly pure, detergent free lipid rafts (fractions
1–5, 2.2.2), prepared from E9 and E11 chick embryo telencephali treated with
vehicle or with [1 μM] ψεRACK for 5 min, were pooled and renatured kinases
were assayed (2.2.3) for phosphorylation of MBP; frame contains a re-
presentative autoradiography example. In all experiments, gel areas corre-
sponding to signals at 90–92 kDa were excised and [32P] incorporation was
quantitated by scintillation counting; bracketed bars in graph represent the
means ± SEM from three experiments. B. Sister membrane preparations (E11),
analyzed for phosphorylated MARCKS (P-MARCKS) detection with Western
blotting (lanes contain 50 μl aliquots from each OptiPrep gradient fraction,
2.2.2), show statistically significant enrichment (graph) of this PKC substrate to
lipid rafts. Data (columns) in A and B are the mean values ± SEM values from
four different experiments, *** significant at P < 0.01 ** at P ≥ 0.01, and * at
0.05 > P > 0.02. C. Sister membrane preparations (E11) were also analyzed
by Western blotting for P-PKCεser726 to show detection of this phosphorylated
PKCε species only upon activation with ψεRACK or Methanandamide (R
(+)-MA). Blots were subsequently blotted with an antibody to the integral
membrane protein neuroligin to validate the preparations; experiments were
repeated 3–4 times, yet statistics were not performed as P-PKCεser726 in controls
was below detection levels.
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RasGAP activity (Mangoura et al., 2006), we sought to explore whether
we may detect PKCε activity in raft fractions, where the highest neu-
rofibromin enrichment was detected. Functional activation of PKCε was
established using an MBP-kinase renaturation assay in pooled lipid raft
fractions (1–5) from two embryonic days, E9 and E11 (Fig. 2), which
express increasingly higher levels of PKCε (Mangoura et al., 1993).
Thus, telencehali were acutely treated with vehicle or with ψεRACK, a
selective peptide agonist of PKCε (2.1) and when equal samples of total

cell homogenate from these preparations were separated in gels con-
taining MBP and then reacted in vitro with [γ-32P]ATP (2.2.3), seven
renaturable MBP kinases were identified as activated in the lipid rafts
(Fig. 2A). Western blot analysis of the excised bands of Mr of 90–92
verified what the molecular weight alone indicated, that is, strong ac-
tivation of PKCε by 5min of treatment with [1 μM] ψεRACK. At the
same time frames, ψεRACK induced the recruitment of the PKC-specific
substrate MARCKS, an actin-binding protein essential for several

(caption on next page)
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important lipid raft dependent-functions, such as spine activity
(Calabrese and Halpain, 2005; Yamaguchi et al., 2009), further estab-
lishing that PKCε-induced phosphorylation may direct its neuronal
substrates to lipid rafts (Fig. 2B, panels and graph).

Opting to investigate in addition PKCε activation by a membrane
receptor, we included in our analysis agonism of CB1R, a receptor that
we have previously shown to rapidly incorporate into lipid raft frac-
tions upon agonist binding, a prerequisite for CB1R proximal signalling
(Asimaki et al., 2011), a cascade mediated by PKCε activation (Asimaki
and Mangoura, 2011). As expected from previous studies with ψεRACK
in rat hippocampi (Zisopoulou et al., 2013) and nucleus pulposus cells
(Tsirimonaki et al., 2013) or Methanandamide (R(+)-MA) in chick
embryonic neurons (Asimaki et al., 2011; Asimaki and Mangoura,
2011), both agents significantly increased phosphorylation of PKCε on
Serine 729 (Fig. 2C), a necessary phosphorylation of activation. More-
over, the Ser729-phosphorylated species of PKCε were primarily de-
tected in the lipid rafts and lesser in the endocytic membranes (9–12)
only after exposure to ψεRACK or R(+)-MA. This lack of detection of P-
PKCε in the controls led us to regularly re-blot the nitrocellulose
membranes with an antibody to neuroligin, an integral membrane
protein, as a control for proper cell membrane preparations (Fig. 2C). P-
PKCε detection was diminished by preincubation with either the cho-
lesterol sequestering agent methyl-β-cyclodextrin (MCD) or, in the case
of R(+)-MA, also with the PKCϵ-selective inhibitor peptide ϵV1-2 (data
not shown). Taken together, these data showed that an activated PKCε
and its substrates are recruited to the rafts.

3.2. Direct or cannabinoid 1 receptor-dependent PKCε-activation leads to
H-Ras activation

We next examined whether PKCε activation led to activation of Ras.
Thus, primary neuronal cultures were acutely treated with either
[1 μM] ψεRACK or [10 nM] Methanandamide (R(+)-MA), a stable
anandamide analog, and equal amounts of neuronal lysate protein
(Fig. 3A and B, upper frames) were processed for Ras.GTP affinity
precipitation assays, which use the Ras-binding domain of Raf (GST-
RBD immobilized on S-hexylglutathione-agarose beads) as a bait (A and
B lower frames). As shown in Fig. 3, we found that both ψεRACK or R
(+)-MA activated Ras in a time-dependent manner, albeit with dif-
ferent profiles. ψεRACK induced a maximal Ras activation within 3 min
that slowly dissipated thereafter, returning to basal levels by 15 min
(Fig. 3A). Exposure of neurons to R(+)-MA, however, elicited an acti-
vation profile with fluctuating levels (Fig. 3B, lower frame): by 3 min of
R(+)-MA levels of activated Ras were 4-fold as compared to neurons
treated with vehicle, levels were only twice as high after 6 min, and,
levels rose again up to 3.5-fold by 9 min. As expected, this activation
was suppressed after pretreatment of neurons with the potent and se-
lective CB1R antagonist AM251, which at [5 μM] blocked the CB1R-
mediated activation of Ras. The observed fluctuation most likely re-
flected a positive feedback loop, expected from the biphasic ERK acti-
vation that we have previously analyzed as stemming from

transactivation of FGFR in neurons (Asimaki and Mangoura, 2011).
Furthermore, H-Ras activation by both ψεRACK or R(+)-MA as well

as by the phorbol ester 12-O-tetradecanoyl-phorbol-13-acetate (TPA,
1 nM) was sensitive to membrane cholesterol depletion with methyl-β-
cyclodextrin (MCD) (Fig. 3C, lanes 2, 4, and 7 versus 3, 6 and 8, re-
spectively), at least to the extend of cholesterol removal (~50% with
either 10mM MCD for 2min or 2mM for 10min). Interestingly, the
staurosporine derivative Gö6976 that inhibits all Ca2+-dependent,
classic but not the novel PKC isoforms significantly enhanced H-Ras
activation by TPA and R(+)-MA (lanes 5 and 9), possibly indicating a
negative feedback regulation by the classic PKCs. Finally, the PKCε-
selective inhibitor peptide eV1-2 significantly inhibited the R(+)-MA-
induced H-Ras activation (Fig. 3C, lane 10), further establishing that
the major effector of activate CB1 receptors is PKCε.

In our multiple independent experiments we also found that acute
exposure to ψεRACK, R(+)-MA, or TPA altered the lateral mobility of
H-Ras, however, this mobility could not be directly associated with the
state of activation of Ras in these preparations, as the antibodies may
not distinguish between GTP- or GDP-bound H-Ras. More specifically,
we found that in all instances, there was a statistically significant en-
richment of H-Ras in rafts, most notably in fractions 1, 4 and 5 (Fig. 3D
panels and graphs), which continued even when H-Ras was promi-
nently detected in the higher density fractions 6–8. Taken together with
the affinity precipitation assays, this Western blotting analysis appeared
to capture the movement of H-Ras out of the rafts upon its activation, a
predicted event (Prior et al., 2001), and, with the same token, the en-
richment in the rafts throughout these cycles of activation. As it is not
possible to perform trustworthy experiments in this design with shorter
than 2min exposures, it is possible that we may have lost events that
occur in a scale of seconds or less. Nevertheless, the same pattern of H-
Ras distribution upon activation, that is enrichment in all raft fractions
as well as in the less ordered fractions 6–8, was observed with TPA
(Fig. 3D). The observed mobilities within neuronal membranes were
not recorded when cells were preincubated with MCD, the only instance
that an additional band of ~18kD was detected in the last fractions
9–14 (Fig. 3D, right arrow), feasibly denoting H-Ras degradation (Kim
et al., 2009). These experiments collectively showed for the first time
that direct PKCε activation leads to activation of H-Ras, as well as de-
monstrated CB1-dependent Ras activation, which has been implied
(e.g., Asimaki and Mangoura, 2011), but not actually shown before.

3.3. The RasGEF SOS1 accumulates to lipid rafts in response to direct or
cannabinoid 1 receptor-dependent activation of PKCε

Having established the peak time of Ras activation at 3min, we next
sought to establish whether PKCε activation leads to activation of Ras
by inducing membrane recruitment of the RasGEF SOS1. As shown in
Fig. 4, SOS1 is practically all cytosolic at basal conditions, while with
activation of PKCε directly with ψεRACK or after R(+)-MA agonism it
is recruited primarily to the highly ordered fractions 2 and 3, as early as
2 min. It must be noted that, within this short time of exposure, SOS1 is

Fig. 3. PKCε regulates H-Ras-GAP activity in embryonic neurons from E7 telencephali, 5 days in culture.
A. Direct activation of PKCε with ψεRACK [1 μM] elicits time-dependent activation of H-Ras in neuronal cultures. Frames contain the scans of typical Western blots
with a rat monoclonal antibody against Ras from total neuronal lysate (upper frame, 30 μg protein/lane in a 15% SDS polyacrylamide gel) and of active Ras.GTP
(lower frame) isolated with affinity precipitation from 500 μg of neuronal proteins, using GST-RBD as a bait. B. Methanandamide (R(+)-MA)-induced H-Ras
activation is biphasic and is abolished by the specific CB1 antagonist AM251 [5 nM], applied 5 min prior to R(+)-MA. Frames contain the scans of typical Western
blots as in A: upper frame depicts detection of H-Ras in total neuronal lysate and lower frame detection of active Ras.GTP. C. Sensitivity of H-Ras activation to
cholesterol depletion and to specific inhibition of PKCε. Panel shows the effects on ψεRACK-, TPA-, or R(+)-MA-stimulated activation of H-Ras of a. cholesterol
depletion with preincubation of cells with methyl-β-cyclodextrin (MCD) (10 mM × 2 min); b. classic PKCs inhibition with Gö6976 (1 μM × 10 min); and c. PKCϵ
inhibition with the PKCϵ-selective inhibitor peptide eV1-2 (1 μM × 15 min) (H-Ras is detected with the mouse monoclonal antibody Ras 10). D. H-Ras activating
agents ψεRACK, R(+)-MA, or TPA induce a time-dependent lateral mobility towards both the lowest density fractions and the less lipid-ordered fractions, an event
abolished by pretreatment with partial cholesterol depletion (MCD); in the last frame right arrow denotes a lower than 21kD H-Ras reactive band and left the Mr

marker of 15kD. All graphs contain densitometry analysis data after normalization of H-Ras.GTP densities over total H-Ras; data (columns) are the mean
values ± SEM values from 4 to 5 different experiments, **P ≤ 0.01, *P < 0.02 over vehicle incubation, †P < 0.02 significance between 3 or 9 min against 6 min
of R(+)-MA, §P < 0.02 TPA alone over pre-incubation with Gö6976, and + P ≤ 0.05.
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already detected in the endocytic membranes, which further empha-
sizes, along with the lack of detection in the lipid rafts in baseline
conditions or any time after 3 min (not shown) and along with its
ceasing with pretreatment of cells with the cholesterol sequestering
agent methyl-β-cyclodextrin (MCD) or with the PKCϵ-selective inhibitor
peptide eV1-2, that indeed SOS1 membrane trafficking to the rafts upon
PKCε activation is specific, transient, and one-way (Christensen et al.,
2016).

3.4. The RasGAP neurofibromin and its phosphorylating kinase PKCε
accumulate to lipid rafts, upon direct (ψεRACK) or cannabinoid 1 receptor-
dependent activation of PKCε

As regulation of an expected neurofibromin targeting to membranes
has not been previously addressed or postulated, we sought to in-
vestigate whether its only demonstrated post-translational modifica-
tion, that is phosphorylation by PKCε, may play a role. Thus sections of
E11 chick telencephali were exposed to vehicle, the PKCε activating
peptide ψεRACK, or methanandamide for 3min and then all membrane
fractions were studied by Western blotting and densitometry on the
same nitrocellulose membrane for detection of neurofibromin and
PKCε. Our analysis revealed that, upon treatment with ψεRACK, and
therefore PKCε activation, neurofibromin abundance in the lipid rafts
increased by 2,5-fold (Fig. 5A and graph B); almost as drastic was
neurofibromin's lipid raft recruitment after activation of CB1R with R
(+)-MA (Fig. 5A and graph B). Interestingly, while the association of
neurofibromin with all membranes was higher in both cases than that
with exposure to vehicle, the distribution appeared different with direct
activation or with CB1R-signal dependent activation of PKCε. Thus,
ψεRACK induced enrichment in the lipid raft and in the first caveolae
fractions (1–5) whereas, following CB1-dependent signalling, neurofi-
bromin was highly enriched only in fractions 2 and 3, as well as in the

endocytic membranes (9–12). Differential increases and distribution
were also observed for PKCε (Fig. 5A). While ψεRACK induced a 2-fold
enrichment of PKCε in the rafts fractions (5D) primarily in fractions 2
and 3 (5E), R(+)-MA imposed a greater, 5-fold enrichment in the rafts
(5D) that included high contributions by fraction 1 (5E). Taken together
these results postulate for the first time that an activated PKCε and its
phosphorylated substrate RasGAP neurofibromin are specifically re-
cruited to lipid rafts.

4. Discussion

In this study, we show that direct or Cannabinoid receptor 1-driven
activation of PKCε activates Ras and concomitantly induces the mem-
brane recruitment of the RasGEF SOS1 to lipid rafts, as well as the
suspected and now demonstrated targeting to membranes of the
RasGAP neurofibromin.

Using lipid rafts preparations in combination with in vitro kinase
renaturation assays, we now postulate that an activated, by its selective
peptide activator ψεRACK, PKCε is highly enriched in neuronal lipid
rafts, and, as a functional consequence, the PKC-specific substrate
MARCKS was also detected phosphorylated there, even in the lowest
density fraction 1 (Fig. 2). While these data resolve a conflict on PKCε
translocation to the rafts, when rafts were isolated as detergent in-
soluble/resistant membrane domains (Cabrera-Poch et al., 2004; Lang
et al., 2002), they also support the notion that, upon kinase-activating
phosphorylations as after CB1 agonism (Asimaki and Mangoura, 2011,
Fig. 2C), PKCε is also palmitoylated (Sanders et al., 2015) on cysteines
276 and 474 in a positive feedback manner (Dasgupta et al., 2011).
Since most soluble signalling proteins require usually a second event for
more stable membrane anchoring (Pechlivanis and Kuhlmann, 2006;
Smotrys and Linder, 2004) and given the association of PKCε with
cholesterol-rich domain that we now show (Figs. 2 and 5), we pro-
ceeded to analyze in silico cholesterol binding motifs on PKCε. This
analysis revealed that human PKCε has seven cholesterol binding motifs
of the CARC type [K/R)-X1-5-(Y/F)-X1-5-(L/V)] and gga PKCε has two
more, with both species baring three of the CRAC type [(L/V)-X1-5-(Y)-
X1-5-(K/R)] motifs. Notably, in both species and in the rat the experi-
mentally verified palmitoylated Cys 276 (Dasgupta et al., 2011) is in
close proximity with CARCS, while the other such site Cys 474 is in the
middle of a sequential CARC-CRAC-CARC conserved motif of 21 amino
acid (Scheme 1).

Taking analogy from the mono-palmitoylated β2-adrenergic re-
ceptor dimer, where one pair of cholesterol molecules packs within the
hollow that forms between two palmitoyl residues (each offered by one
β2-AR (Cherezov et al., 2007)), we may surmise that these predicted
and verified lipid modification sites synergistically and in relation to
kinase-activating phosphorylations regulate the recruitment of PKCε to
lipid rafts.

Especially for PKCε activation with CB1 agonism, we should ad-
ditionally consider that in basal conditions PKCε physically associates
with CB1R, and that this interaction is resolved upon ligand binding,
allowing PKCε to physically associate and activate tyrosine kinases Src
and Fyn (Asimaki and Mangoura, 2011). It is thus feasible, that re-
cruitment of an activated PKCε to the lipid rafts is facilitated by in-
teractions first with CB1 and then with Src, and that, upon its palmi-
toylation, binding to cholestol may occur, a mechanism that may
explain the robust detection of PKCε in the rafts in response to R
(+)-MA (Fig. 5).

Furthermore, our data demonstrate that activation of PKCε alone
suffices to produce a rather prolonged activation of Ras in neurons.
Activation of PKCs with the phorbol ester TPA has long been shown to
cause Ras (Fig. 3C) and Raf activation (e.g., Zisopoulou et al., 2013),
yet the mechanism still remains unknown. Interestingly, activation of
Ras with R(+)-MA differed in that it was biphasic (Fig. 3B), a mode
that we have previously shown for ERK activation by RMA (Asimaki
and Mangoura, 2011). Ras activation after GPCR agonism, most often

Fig. 4. SOS1 is recruited to lipid rafts upon PKCε activation.
Frames contain representative images from detergent-free membrane prepara-
tions of primary neurons from 8-day-old chick embryo telencephali exposed, at
5 days in culture, to vehicle, the PKCε activating peptide ψεRACK [1 μM], the
selective CB1 agonist methanandamide (R(+)-MA), or to R(+)-MA after pre-
treatment with methyl-β-cyclodextrin (MCD) [10 mM] for 2 min or the selective
PKCε inhbitory peptide eV1-2. Each lane contains a 50 μl aliquot from each
OptiPrep gradient fraction, which was then analyzed by SDS- 8%-poly-
acrylamide gel electrophoresis and by Western blotting with specific antibodies
(2.1); left arrows point to the 200kD pre-stained marker and right arrow points
to increased SOS1 detection in Golgi membranes.
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predicted from activation of Rafs or MAPKs, is known to require a
number of effectors, most prominently of PKC, Src-family kinases, and
the transactivation of RTKs (Daub et al., 1996; Luttrell et al., 1996), yet
the details remain sketchy. Specifically for CB1R, we have postulated
that the earliest signalling event is a Gq/11-mediated phospholipase C
and PKCε activation; CB1 and PKCε then dissociate due to conforma-
tional changes in CB1 and to the PLC/DAG-induced “opening” (acti-
vation) of PKCε, with the latter preferentially associating with Src-fa-
mily kinases (Song et al., 2002) to activate them (Asimaki and
Mangoura, 2011). This CB1/Gq/PLC/PKCε/Src–Fyn leads to Raf

activation and a first peak of ERK activation (Asimaki and Mangoura,
2011), most likely after the first peak of Ras activation that we now
show (Fig. 3). Moreover, we now may attribute the second peak of Ras
activation (Fig. 3) in transactivation of FGFR, which we have shown to
occur via a second pathway CB1/Gi/PKCε/Src–Fyn and intermolecular
Src and FGFR phosphorylations (Asimaki and Mangoura, 2011;
Sandilands et al., 2007).

In both cases recruitment of RasGEFs to membranes would be ne-
cessary, towards which we now demonstrate that the PKCε and Ras
activation temporal profiles correlate well with recruitment of SOS1 to

Fig. 5. PKCε activation leads to its enrichment
in lipid rafts along with its substrate RasGAP
neurofibromin. A. Frames contain representative
images from E11 telencephali exposed to vehicle,
ψεRACK, or R(+)-MA for 3 min. Each lane con-
tains a 50 μl aliquot from each OptiPrep gradient
fraction, analyzed by SDS 7%-polyacrylamide gel
electrophoresis and by Western blotting with in-
dicated specific antibodies (2.1); arrows point to
pre-stained markers with indicated Mr. B - E.
Densitometry analysis of the abundance of neu-
rofibromin and PKCε in lipid rafts (fractions 1–5);
values in B and D are the mean of neurofibromin
and PKCε immunoreactivity from 3 to 5 experi-
ments (SEM was ≤5% in all cases), while values
in C and E represent the percentage of im-
munoreactivity in each of the five lipid fractions.
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lipid rafts, an almost undetectable event in basal conditions (Fig. 4).
The mechanistics of GPCR-mediated activation of RasGEFs remains
largely unknown as well (Xu, 2018), while for RTK agonism it is gen-
erally accepted that tyrosine phosphorylation of Grb2 will escort SOS1
to membranes, where SOS1 will bind Ras for its full activation as a
RasGEF (Christensen et al., 2016). Indeed we observed a transient, low,
yet distinct and specific enrichment of SOS1 in the rafts by ψεRACK or
methanandamide. However, after CB1R activation, SOS1 was also de-
tected in the Golgi membrane fractions along with P- PKCε (Fig. 2C)
PKCε (Fig. 5) and neurofibromin (Fig. 5), suggesting intense and instant
endocytosis, whereas this process was lesser with ψεRACK, explaining
the longer duration of Ras activation with ψεRACK. Thus, our results
are in accordance with recent studies concerned with the removal of
SOS1 from the membrane and the termination of the signal, as a single
SOS molecule can progressively activate thousands of Ras molecules,
which showed that a membrane-recruited SOS continuously activates
Ras until it is actively removed via endocytosis (Christensen et al.,
2016).

The common principle for both GEFs and GAPs to act upon the
farnesylated and palmitoylated Ras is to necessarily translocate to the
membrane, a process that affords the known cell-type specific regula-
tion of Ras signalling output. Proximal positioning at a 2D surface has
been suggested to afford local concentration increases equal to five
orders of magnitude increase in binding constant over free solution or
cytosolic concentrations (Simanshu et al., 2017). We now show for the
first time that the RasGAP neurofibromin acutely associates with spe-
cific plasma membrane domains in a PKCε-regulated manner (Fig. 5).
The enrichment of this bona fide PKCε substrate (Mangoura et al., 2006;
Leondaritis et al., 2009; Koliou et al., 2016) in the more ordered
membrane was over> 3-fold after acute exposure to ψεRACK or R
(+)-MA (Fig. 5) and we may assume that this would significantly in-
crease its binding to H-Ras for inactivation.

The profile of neurofibromin distribution among the fractionated
membranes we describe here resembles those of prenylated and/or
acylated proteins, usually found at the inner leaflet of the plasma
membrane or at endomembranes. However, none of the known lipid
modifications that lead signalling proteins to lipid rafts has been shown
for neurofibromin, a possibility we have now emphasized and further
addressed with in silico analysis for lipid modifications. We dismissed a
myristoylation site at position 26 of neurofibromin, as there was no
caspase substrate motif in the preceding sequence, necessary for pro-
teolytic cleavage and exposure of an internal glycine (Zha et al., 2000).
Because several neuronal proteins are targeted to cholesterol-rich
membranes posttranslationally by palmitoylation, like the soluble en-
zyme GAD65 (Kanaani et al., 2002), we next screened neurofibromin
for palmitoylation sites. While Cysteine 1365 is unique for the GRD type
I (Human transcript 201, GRDI) (Table 1), some of the rest predicted
palmitoylation sites should be discussed because they are highly
probable, highly conserved (> 96%) between human and Gallus gallus
(chicken), and clustered in the N-terminus cysteine/serine-rich domain
(CSRD, residues 543–909) which is an important allosteric activator the
RasGAP activity of the adjacent GRD after PKC-dependent phosphor-
ylation, sufficient to switch the biological effects of EGF signalling
(Mangoura et al., 2006). Moreover, recent genetic analysis has pin-
pointed mutations in CSRD as associated with a higher risk of devel-
oping optic pathway glioma (Xu et al., 2018), while in a large cohort of
NF-1 patients severe phenotypes were more prevalent with missense
mutations affecting only one of five neighboring amino acids, 844–848
(Koczkowska et al., 2018). Within this stretch, Cysteine 845 is a highly
probable palmitoylation site and mutations in any of the other four
amino acids would also abrogate the motif.

Proximity analysis of the cholesterol binding motifs to putative
palmitoylations sites showed that, while neurofibromin contains many
CARC (38) and CRAC (22) motifs across its sequence, one is in close
proximity with the unique to GRD type I transcript Cys-1365 (Table 1).
Therefore, our in silico analysis predicts that both the palmitoylation
site Cys-1365 and the cholesterol motif at 1364–1375 will be abrogated
in the products of the GRD type II transcripts, thus lending an ex-
planation for the known weaker RasGAP activity of GRD type II neu-
rofibromin (Andersen et al., 1993; Leondaritis and Mangoura, 2010).

Summarizing, our studies postulate that in neurons, CB1-dependent
activation of PKCε increases its own affinity for the lipid rafts and that
in a coordinated manner of both the RasGEF SOS1 and the RasGAP
neurofibromin. These results imply that regulated, transient neurofi-
bromin concentrations may filter out the plethora of SOS1-activated H-
Ras molecules available for mobility towards the less ordered mem-
branes, thus controlling downstream signalling output in neurons.

Scheme 1. Predicted cholestol-binding motifs surround the verified site of
palmitoylation Cys 474 of PKCε. Amino acid pairwise sequence alignments,
which correspond to a 21 residue region, centered around Cys 474 in three
animal species, namely, Homo sapiens, Rattus norvegicus, and Gallus gallus re-
vealed high degree of conservation with a 95.2% identity/similarity for this
sequential CARC-CRAC-CARC motif (”.” indicate no alignment).

Table 1
Proximity of putative plamitoylation and cholesterol binding sites. Comparative analysis GRDI and GRDII types in human and chicken postulate a. full identity for
these amino acid regions, and b. that insertion of exon 32, which results in the translation of the weaker RasGAP GRDII, abrogates a cholesterol binding site in both
species, numbers refer to Ensembl annotations.

Palmitoylation site (predicted) Position (aa) Transcript Cholesterol binding sites (predicted) Position (aa) Neurofibromin domain

SSQMLFYICKKLTSHQ 582 Both Human 201 (GRDI) and Human 202 (GRDII) CSRD
KQADRSSCHFLLFYG 622
SMDSAAGCSGTPPIC 673
AVLVAMSCFRHLCEE 709
CEEADIRCGVDEVSV 721
INMTGFLCALGGVCL 845
RLLSLMVCNHEKVGL 904
PPQLRSVCHCLYQVV 1365 Only Human 201 (GRDI) VCHCLYQVVSQR 1364–1375 GRD type I
SQMLFYICKKLTSHQ 597 Both gga NF1-204 (GRDII) and gga NF1-203

(GRDI)
CSRD

KQSDRTSCHFLFLYD 637
SMESTAGCSGTPICR 684
AVLVAMSCFRHLCEE 719
CEEADIRCGVDEVSV 731
INMTGFLCALGGVCL 855
RLLTLMVCNHEKVGL 914
PPQLRSVCHCLYQVV 1360 Only gga NF1-203 (GRDI) VCHCLYQVVSQR 1359–1370 GRD type I
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