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A B S T R A C T

Background: Virtually all cell types have the capacity to secrete nanometer-sized extracellular vesicles, which
have emerged in recent years as potent signal transducers and cell-cell communicators. The multifunctional
protein Alix is a bona fide exosomal regulator and skeletal muscle cells can release Alix-positive nano-sized
extracellular vesicles, offering a new paradigm for understanding how myofibers communicate within skeletal
muscle and with other organs. S-palmitoylation is a reversible lipid post-translational modification, involved in
different biological processes, such as the trafficking of membrane proteins, achievement of stable protein
conformations, and stabilization of protein interactions.
Methods: Here, we have used an integrated biochemical-biophysical approach to determine whether S-palmi-
toylation contributes to the regulation of extracellular vesicle production in skeletal muscle cells.
Results: We ascertained that Alix is S-palmitoylated and that this post-translational modification influences its
protein-protein interaction with CD9, a member of the tetraspanin protein family. Furthermore, we showed that
the structural organization of the lipid bilayer of the small (nano-sized) extracellular vesicle membrane with
altered palmitoylation is qualitatively different compared to mock control vesicles.
Conclusions: We propose that S-palmitoylation regulates the function of Alix in facilitating the interactions
among extracellular vesicle-specific regulators and maintains the proper structural organization of exosome-like
extracellular vesicle membranes.
General Significance: Beyond its biological relevance, our study also provides the means for a comprehensive
structural characterization of EVs.

1. Introduction

Extracellular vesicles (EVs) are a heterogeneous population of
membranous particles which have emerged in recent years as potent
signal transducers and cell-cell communicators thanks to their content

of proteins, lipids, and genetic material [1–3]. Based on the current
knowledge of their biogenesis, EVs can be broadly divided into two
main categories, exosomes and microvesicles, both involving mem-
brane-trafficking processes. Until now, research on EVs has focused
primarily on their role in the immune system and cancer. Recently, we
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have shown that skeletal muscle (SkM) cells can release Alix-positive
exosome-like small EVs (sEVs), which suggested a function for these
EVs in SkM biology [4]. We now want to decipher how muscle cells
generate these nano-vesicles and how this process is regulated.

Alix (also known as Programmed cell death 6-interacting protein,
PDCD6IP) is an evolutionarily conserved, ubiquitously expressed,
multifunctional adaptor protein [5–7]. By binding selectively to a
variety of protein partners (e.g., components of the endosomal sorting
complexes required for transport, ESCRT, actin and cortactin) and a
lipid (i.e., Bis(Monacylglycero)Phosphate, BMP, also inappropriately
named LBPA for LysoBisPhosphatidic Acid), Alix has been implicated in
many cellular processes, from endocytosis to cytoskeleton and mem-
brane remodeling, and EV biogenesis [6,8–12]. The protein structure of
Alix revealed a boomerang shape with a convex face (BRO1) encom-
passing a positively charged surface that might function as a membrane
bending domain [13]. Alix functions in cellular events, such as cyto-
kinesis, filopodia formation, membrane repair, viral and exosomal
budding, which require the formation of negative membrane curvature
and 100-nm scale membranous protrusions [8,14–16].

The subcellular architecture of SkM differs greatly from that of
mononucleated cells. It is therefore predictable that preserving muscle
structure and function requires a muscle-specific adaptation of known
membrane trafficking and remodeling pathways [17,18]. For this
reason, we and others have proposed that exosome biogenesis may
differ according to the producing cell type and can also be sustained by
direct exosome-like EVs budding from the plasma membrane, as it is the
case of skeletal muscle and T cells [1,4,19]. Accordingly, highly ordered
plasma membrane regions, such as lipid raft, tetraspanin-enriched mi-
crodomains (TEMs) and glycolipid-enriched membrane microdomains
(GEMs), have been implicated in exosome biogenesis [20–22]. How-
ever, the plasma membrane domain(s) responsible for exosome-like sEV
formation and structure are not known, nor are the coupled regulatory
mechanisms that control membrane remodeling.

Tetraspanins, a transmembrane protein family highly enriched in
exosomal membranes, can form homodimers and heterodimers, and can
interact with cholesterol, gangliosides, as well as transmembrane and
cytosolic signaling proteins [23,24]. They are organized in clusters on
the membrane, generating TEMs that have the capacity to facilitate
vesicular fusion or fission [25]. It has been reported by Booth and
coworkers that, in lymphoblast and T cell lines, plasma membrane
domains enriched in tetraspanin (e.g., CD81, CD63) and endosomal li-
pids (e.g., LBPA), serve as platforms for exosome budding [19]. The
same group also demonstrated that S-palmitoylation and myristoylation
tags target a highly oligomeric, recombinant cytoplasmic protein to
secreted vesicles [26].

S-palmitoylation is a lipid post-translational modification (PTM),
characterized by the attachment of a saturated fatty acid, palmitic acid
(16:0), to specific cysteine residues of proteins [27]. Palmitoylation is
distinguished from other lipid PTMs, such as prenylation and myr-
istoylation, by its reversible nature. This PTM increases the hydro-
phobicity of proteins and regulates many key biological processes, such
as the localization, conformation and stability of proteins at mem-
branes, and protein-protein interaction. In the case of tetraspanins (e.g.,
CD9), S-palmitoylation is required for their interactions and functions
[27–29]. However, the extent of the biological roles of this PTM re-
mains to be fully elucidated.

Here, we have investigated whether S-palmitoylation regulates the
membrane remodeling proteins involved in EV biogenesis in the context
of TEMs, and the organization of the EV membrane. We applied an
integrated biochemical-biophysical approach to determine that S-pal-
mitoylation modulates the function of Alix and the integrity of SkM-
derived nano-sized sEV membranes.

2. Materials and methods

2.1. Comparative analysis of publicly available datasets

Data comparison and visualization were performed using R software
(R Foundation for Statistical Computing, Vienna, Austria. https://www.
R-project.org) with Bioconductor packages. UniProt accession numbers
were assigned to the exosomal human protein dataset from ExoCarta in
order to compare it with the S-palmitoylated protein dataset from
SwissPalm. The intersection of the two datasets identified the exosomal
proteins that are predicted to be S-palmitoylated. Fisher's exact test was
used to confirm the different amounts of S-palmitoylation in the human
and exosome proteomes. Gene ontology (GO) was used to annotate the
S-palmitoylated proteins for cellular component.

2.2. Reagents and antibodies

Hydroxylamine solution (HAM), N-ethylmaleimide (NEM), BrijO20,
and 2-bromohexadecanoic acid (2BP), were purchased from Sigma-
Aldrich (St. Louis, MO, USA). EZ-LinkTM BMCC-Biotin, Dynabeads
protein G, Pierce streptavidin HRP conjugated and goat anti-rabbit
Alexa Fluor 680 were purchased from Thermo Fisher Scientific
(Rockford, IL, USA). Commercial antibodies included mouse anti-Alix
for immunoblotting (clone 49/AIP1, BD Biosciences, San Jose, CA,
USA) and anti-Alix for immunoprecipitations (clones 3A9 and 2H12,
Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-CD63, clone H-
193 and anti-CD9, clone KMC8.8 (Santa Cruz Biotechnology); anti-
Hsp70/Hsc70 (Novus Biologicals, Littleton, CO, USA); anti-Bax (Sigma-
Aldrich); anti-PARP (Cell Signaling Technology, Leiden, The
Netherlands); anti-pan Actin, clone AC-40 (Sigma-Aldrich).

2.3. Extraction of proteins from C2C12 cells and Alix co-
immunoprecipitation

The mouse C2C12 myoblast cells (ATCC-LGC, Wesel, Germany.
ATCC® Number: CRL-1772™) [30] were plated at a density of 106

myoblasts in 10 cm dish, and the next day these cells (approx. 2.5 106

myoblasts/10 cm dish) were induced to differentiation with 2% horse
serum in place of 15% FCS. After 2 days of differentiation, cells were
cultured for one day with or without 20 μM 2BP. Cytoplasmic, mem-
brane/organelle, nuclear, and cytoskeletal fractions were prepared
using a ProteoExtract subcellular proteome extraction kit (Calbiochem,
San Diego, CA, USA) according to the manufacturer's instructions, and
EVs were separated as described in sub-section 2.4 below.

For IP-ABE analysis, cells and EVs were lysed using lysis buffer
(0.5% Triton X100, 50mM Tris-HCl, pH 7.5, 5 mM NaCl, 2 mM CaCl2,
3mM KCl, 1mM MgCl2, 100mM sucrose), supplemented with com-
plete EDTA-free Protease Inhibitor Cocktail (Roche, Mannheim,
Germany), Phosphatase Inhibitor Cocktails 2 and 3 (Sigma-Aldrich),
and freshly prepared 50mMN-Ethylmaleimide (NEM). The cell lysate
was passed 8–9 times through a 26½ gauge syringe, gently shaken for
30min at 4 °C, and then centrifuged at 16000g for 30min at 4 °C in
order to remove insoluble material. Clear supernatant was collected,
and protein concentration was measured using the Pierce BCA protein
assay kit (Thermo Fisher Scientific). IPs were performed using either
1mg of cell lysates (Fig. 2A, B) or 0.1mg of cell, lEV or sEV lysates
(Fig. 2C, D).

For immunoprecipitation of the CD9-Alix complex, C2C12 cells
were lysed with hypotonic buffer, cellular debris and nuclei were re-
moved, and supernatants were centrifuged at 100,000g for 1 h at 4 °C.
Membrane pellets were resuspended in Brij (Sigma-Aldrich, Old tra-
dename Brij™ 98 V) buffer (1% BrijO20, 50mM Tris-HCl, pH 7.5,
150mM NaCl, 2 mM CaCl2, and 1mMMgCl2), incubated by rocking for
30min at 4 °C, and centrifuged at 10,000g for 10min at 4 °C.
Supernatants were quantified by BCA protein assay. In all cases the
volumes of lysate samples were corrected to have same protein
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concentration (2mg/ml). Protein extracts were precleared by adding
30 μl of Dynabeads protein G to 1mg of proteins and incubating under
agitation for 1 h at room temperature. Precleared supernatant was
added to 3 μg of monoclonal antibodies (anti-Alix, clones 3A9 and
2H12) and incubated by rocking overnight at 4 °C. Subsequently, 30 μl
of Dynabeads protein G were added to each sample and to the negative
control (CTRL, precleared supernatant with the isotype matching un-
related antibody anti-Flag), left under agitation for 2 h at room tem-
perature, and washed five times with ice-cold Brij buffer. Afterwards,
2× SDS-PAGE non-reducing (125mM Tris-HCl, pH 6.8, 4% SDS, 20%
glycerol, and 0.004% bromophenol blue) or reducing (+5mM DTT)
sample buffer were added to samples, boiled and loaded on 8–16%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE-
SDS).

2.4. EV separation

EVs were separated and quantified according to a previously pub-
lished method [4]. This concentration method included a penultimate
centrifugation step in Eppendorf polypropylene conical tubes (10,000 g
for 30min at 4 °C, in Eppendorf rotor F-34-6-38) that allowed the re-
moval/isolation of lEVs. Subsequently, nano-sized sEVs, comprised
mainly of exosomes, were pelleted in Beckman Coulter polypropylene
open top tubes (118,000 g for 70min at 4 °C, in Beckman rotor SW28).
After washing, 10,000 or 118,000 g pellets were resuspended either in
RIPA buffer or in PBS, for further immunoblotting or biophysics ana-
lyses, respectively. To estimate the amount of secreted vesicles, we
quantified and compared the total protein content of the vesicle lysates
using the BCA assay. Equal amounts of sEV lysates were loaded on SDS-
PAGE in reducing (+2-Mercaptoethanol) and non-reducing conditions
to evaluate the homodimer forms of CD9 [31].

2.5. Acyl-biotin exchange (ABE) onto PVDF membrane

Immunoprecipitations were performed as described in sub-section
2.3, with modifications. Briefly, precleared samples were incubated
with anti-Alix (clone 3A9), and the immunoprecipitated proteins were
washed five times with wash buffer containing 0.1% IGEPAL® CA-630,
10mM Tris-HCl, pH 7.5, 2 mM CaCl2, 3mM KCl, 1 mM MgCl2, pre-
viously kept on ice. After the last wash, 2× SDS-PAGE reducing sample
buffer were added to the beads; the beads were then heated for 5min at
75–80 °C. Samples were separated from magnetic beads, and loaded on
an 8–16% PAGE-SDS and electrophoresed at constant voltage (100 V),
using Tris-Glycine SDS running buffer (25mM Tris-HCl, 192mM gly-
cine, 0.1% SDS).

A modified ABE assay [32] was performed on immunoprecipitated
proteins immobilized on PVDF membranes. Briefly, each sample was
split into two parts before loading onto gels, one (1/3 of volume) was
excluded from HAM treatment, and one (2/3 of volume) was treated
with HAM. This measure was taken to normalize for protein degrada-
tion caused by HAM treatment. After electrophoresis, separated pro-
teins were transferred onto 0.2 μm PVDF membranes (Amersham™
Hybond™, GE Healthcare Life Science, Waukesha, WI, USA). The
membranes were stained with Ponceau S (Sigma-Aldrich), washed with
buffer A (50mM HEPES, pH 7.4, 150mM NaCl, 0.5% IGEPAL® CA-
630), and then incubated in buffer A supplemented with freshly pre-
pared 20–50mM NEM for 1 h. Subsequently, the membranes were cut
and treated separately with HAM buffer (1M HAM, 50mM HEPES,
pH 7.4, 150mM NaCl, 0.5% IGEPAL® CA-630) (+ HAM samples) or
with buffer A (-HAM samples) for 1 h. After this step, all the membranes
were washed 3 times with buffer B (50mM HEPES, pH 6.2, 150mM
NaCl, 0.5% IGEPAL® CA-630) supplemented with 1mM EDTA for
10min, then membranes were incubated with Biotin buffer (0.3 μM
BMCC-biotin in buffer B) for 1 h. Lastly, membranes were washed with
PBS. A blocking buffer containing 3% BSA in TBS with 0.05% Tween-20
(TBST) was used to block the PVDF membranes, and after 2 washes

with TBST, the re-assembled membranes (+ or –HAM) were incubated
with streptavidin HRP conjugated diluted 1:20000 in blocking buffer.
Subsequently, the membranes were washed once with blocking buffer
for 30min, and 3–4 times with TBST for 20min. In order to detect the
originally palmitoylated protein bands, the membranes were incubated
for 5min using a chemiluminescent substrate (Pierce ECL western
blotting substrate, Thermo Scientific), and were then exposed for
1–5min to Amersham Hyperfilm™ ECL (GE Healthcare Life Science).

2.6. Western blotting

PVDF membranes were probed with primary antibodies, and after
washing steps were incubated with Alexa Fluor 680 (Invitrogen, Life
Technologies, Paisley, United Kingdom) anti-rabbit or IRDye 800 (LI-
COR Biosciences, Lincoln, USA) anti-mouse IgGs. To determine signal
intensity from infrared bands we used an Odyssey Infrared Imaging
System (LI-COR) and the LI-COR imaging software. Intensity of the
Ponceau bands was quantified using ImageJ software and used to
normalize signals from specific antibodies.

2.7. Analysis of size distribution by light scattering

Scattered light intensity and its time autocorrelation function g2(t)
were measured simultaneously on different vesicle samples at the
temperature T=20 °C by using a Brookhaven BI-9000 correlator
(Brookhaven Instruments, Holtsville, NY, USA), equipped with a solid-
state laser tuned at λ0=532 nm. The samples were diluted to a final
total protein content of 33 and 66 μg/ml for exosome-like sEVs and
lEVs, respectively, in order to avoid vesicle interaction and multiple
scattering artefacts. Apart from an instrumental parameter β, g2(t) di-
rectly yields the field correlation function g1(t) (g2(t)=1+ β|g1(t)|2),
which is analyzed to determine the weight averaged distribution aq(σ)
of hydrodynamic diameters σ: g1(t)= ∫ aq(σ) exp.{−D(σ)q2t} dσ. In
the latter expression, q=4πñλ0−1sin(ϑ/2) is the scattering vector, with
ϑ=90° being the scattering angle and ñ=1.3367 the medium re-
fractive index, and D(σ) is the diffusion coefficient, related to σ by the
Stokes-Einstein relation: D(σ)= kBT(3πησ)−1, where kB is the
Boltzmann constant, T is the temperature and η is the solvent viscosity
[33]. aq(σ) is here shaped as a simple two-parameter gamma function
with average σ0: aq(σ)dσ= Γ(α)−1ααD(σ0)-αD(σ)α-1exp{−αD(σ)D
(σ0)−1}dD(σ). Absolute values for scattered intensity (Rayleigh ratio)
were obtained by normalization with respect to toluene, whose Ray-
leigh ratio at 532 nm was taken as 28·10−6 cm−1. Intensity absolute
values were used to estimate the total content of small and large EVs.

Since light scattered intensity is proportional to the square of the
mass of scatterers, the measured size distribution is dominated by larger
mass objects. This intrinsic peculiarity of light scattering technique
needs to be taken into account when reading the number averages,
notwithstanding the robustness of DLS to identify the complete size
distribution. Therefore, while the maximum of the distribution in-
dicates the mass weighted most abundant species, the most numerous
species are certainly included in the range at left of the distribution
maximum.

2.8. Atomic force microscopy (AFM) images

Vesicle samples were diluted to a total protein content of 1 μg/ml in
PBS and a 30 μl drop was deposited on a freshly cleaved mica substrate
for 10min at room temperature. Vesicle images were immediately ac-
quired by using an Asylum Research Cypher Microscope (Oxford
Instruments, Abingdon, United Kingdom) operating in liquid tapping
mode (resolution 512× 512, scan rate 0.5 Hz). We used Olympus BL-
AC40TS cantilevers with a typical tip curvature radius of 10 nm
(nominal spring constant 0.1 N/m, resonance frequency 25 kHz in li-
quid). The free oscillation amplitude was set at 10 nm and images were
acquired at 50% larger of the free amplitude. AFM experiments were
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performed at the PSCM facility of the European Synchrotron Radiation
Facility (Grenoble, France).

2.9. Small angle X-ray scattering (SAXS) and small angle neutron scattering
(SANS) measurements

Small Angle X-ray and Neutron Scattering (SAXS and SANS) are
complementary to microscopy techniques, since they provide a wealth
of structural information displayed in the reciprocal space or as a
function of the momentum transfer q. Hence, the length scales asso-
ciated to the whole vesicle size and shape are probed at low q, while
those related to the bilayer organization are displayed at high q (around
and above q=1 nm−1).

SAXS data were collected at different synchrotron facilities: beam-
line SWING of Synchrotron Soleil, Gif-sur-Yvette, France; beamline
SAXS of synchrotron Elettra, Trieste, Italy; beamline BM29 of European
Synchrotron Radiation Facility (ESRF), Grenoble, France. In all cases,
small and large EV samples in PBS from different preparations were
frozen at −20 °C. The day before the SAXS/SANS experiments, samples
were thawed, pooled, and suspended in PBS at total protein content
between 0.5 and 1.0mg/ml. Samples were injected in a 1mm optical
path capillary kept at 25 °C by using the respective injection methods
(automatic autosampler at ESRF, automatic injection with air bubble
separating different volume of the sample at Soleil; static manual
loading at Elettra). Several (seven to ten) consecutive measurements of
60 s were performed for each sample by moving the sample under the
beam. At Elettra, where the sample could not be moved each single
acquisition lasted 10 s. Since successive exposures showed the same
scattering pattern, indicating no radiation damage, the data were
averaged over the different exposures. Since vesicle solutions are iso-
tropic samples, 2D detector images were radially integrated to obtain
the intensity scattering pattern I(q) as a function of the magnitude of
the momentum transfer, or scattering vector, q= (4π sinθ)/λ, where 2θ
is the scattering angle, and λ is the wavelength of the incident X-ray
beam. From each profile a background was subtracted by taking the
intensity profile of the buffer, which was measured before and after
each sample by using the same capillary.

SANS measurements provide conceptually the same kind of struc-
tural information than SAXS; indeed, the data are collected and pro-
cessed in an analogous way, including 2D detector imaging, radial
averaging and buffer subtraction. The main difference consists in the
type of radiation/matter interaction: while X-ray interacts with atomic
electron densities, neutrons interact with a smaller part contained in
atom nuclei. Small Angle Neutron Scattering data were collected at
beamline D16 of Institute Laue Langevin (ILL), Grenoble, France. The
samples were resuspended in fully deuterated PBS, incubated for 48 h at
4 °C, and loaded into 1mm optical path quartz cuvette. Measurements
were performed with an average duration of 20min by using different
sample detector distance, covering different ranges of scattering vector
q.

2.10. Statistical analysis

Data were expressed as mean ± S.D. and were evaluated using
Student's t-test. Mean differences were considered statistically sig-
nificant when p values were< 0.05 (*).

3. Results and discussion

3.1. S-palmitoylated proteins are enriched in the exosome subcellular
compartment

To evaluate the extent to which S-palmitoylation is functionally
linked to exosome biogenesis, we first conducted a comparative ana-
lysis of publicly available data. We used the SwissPalm manually cu-
rated protein S-palmitoylation database (http://swisspalm.epfl.ch),

which encompasses 1160 S-palmitoylated, high-confident (HC) hits
from palmitoyl-proteome screens, and the ExoCarta exosome database
(http://www.exocarta.org), which includes information on exosomal
human proteins from diverse cell types and body fluids [34,35]. The
overlap of these two datasets showed that a surprisingly high number of
HC S-palmitoylated proteins are annotated in ExoCarta as exosomal
human proteins (Fig. 1A). The list of S-palmitoylated exosomal proteins
is provided in Supplementary Table S1.

Furthermore, although 10% of the human proteome undergoes S-
palmitoylation [36], and only 5.5% of the HC S-palmitoylated proteins
are distributed in the human proteome, there is about a three-fold en-
richment in the number of these proteins in the exosomal protein
content (p value< 0.001, Fisher's exact test) (Fig. 1B).

We then investigated the distribution of S-palmitoylated proteins
across different cellular compartments using gene ontology (GO) an-
notation [37–39] for cellular components. Consistent with the previous
findings, exosomes contained the highest percentage of S-palmitoylated
proteins (80.7%), compared to all the other cellular compartments
(Fig. 1C). The high percentage of palmitoylated exosomal proteins
suggests that this PTM is a distinctive signature of exosomal proteins, a

Fig. 1. Bioinformatic analyses of S-palmitoylation in exosomes.
(A) Venn diagram representing the overlap between exosomal human proteins
from ExoCarta and S-palmitoylated proteins with high confidence (HC) from
SwissPalm. (B) Pyramid plot showing the different distribution of S-palmitoy-
lation between the human proteome and exosomal protein content (Fisher's
exact test) (p value< 0.001). (C) Distribution of S-palmitoylation hits in the
different cellular compartments.
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finding in line with recent reports showing the role of a prenylation/
palmitoylation tag in targeting a recombinant, highly oligomeric cyto-
plasmic protein on exosomes [26], as well as the importance of pal-
mitoylation for the sorting of the viral protein LMP1 in exosomes [40].
The enrichment of S-palmitoylated proteins in exosomes is similar to
what occurs within the core complexes of caveolae and TEM micro-
domains [22]. TEM membrane platforms have been implicated in
exosome biogenesis and virus assembly and are characterized by a li-
quid-ordered membrane structure, also induced by virtue of palmitoy-
lation-mediated tetraspanin clustering [20–22].

3.2. Endogenous Alix is palmitoylated in SkM cells

Alix is a bona fide membrane remodeling protein prone to dimer-
izing and oligomerizing [10,41,42], and it is one of the most abundant
components of exosome-like sEVs. Thus, we focused on this exosome
key player to examine whether S-palmitoylation is an Alix's PTM. For
this purpose, we first queried the palmitoyl-proteomic data reported in
Swiss Palm for Alix S-palmitoylation and found four palmitoyl-pro-
teome studies in which both human and mouse Alix were reported as S-
palmitoylated proteins [43–46]. Although palmitoylation, unlike other
types of lipidation, does not require a distinct sequence motif in the
substrate, it has been proposed that a 51 amino acid (AA) protein
fragment centered on a cysteine encompasses a latent motif that serves
as a palmitoylation site [47]. By using a bioinformatics tool, SeqPalm
[47], we identified the predicted palmitoylated cysteine residue
(HuCys231); notably, Cys231 in human Alix is exposed on the protein
surface in close proximity to the hydrophobic loop, which is important
for membrane binding [6], and is surrounded by a 51 AA fragment
highly conserved across vertebrates (Fig. S1).

Next, to investigate whether endogenous Alix is S-palmitoylated in
differentiated SkM cells and SkM-derived EVs, we developed a modified
immunoprecipitation-Acyl-Biotin Exchange (IP-ABE) method [32] on
immunoprecipitated Alix, immobilized on polyvinildifluoride (PVDF)
membranes. This assay uses hydroxylamine (HAM) to cleave palmitate
from immunoprecipitated proteins, exchanging it with biotin and al-
lowing for the detection of palmitoylated proteins by streptavidin. Be-
cause HAM treatment usually degrades part of the immunoprecipitated
proteins, we performed it on immunoprecipitated Alix immobilized on
PVDF membranes, rather than in solution, in order to minimize protein
loss. We then compared the levels of palmitoylated-Alix among dif-
ferent samples by quantifying the palmitoylated-Alix band (detected by
streptavidin-HRP) and the total Alix band (detected by anti-Alix anti-
body), and then by calculating the ratio of Palm-Alix/Alix. This mod-
ified, semi-quantitative assay allowed for the analysis of the en-
dogenous palmitoylated-Alix in cell and EV lysates. As SkM cellular
model, we used C2C12 myotubes at day 3 of differentiation, either
untreated or treated with 2-bromopalmitate (2BP), an inhibitor of the
acylation/deacylation protein machinery. 2BP is a non-metabolizable
palmitate analog that blocks palmitate incorporation into proteins;
different cell lines are usually incubated overnight with this inhibitor at
a final concentration of 100 μM [48]. Among different dose and timing
conditions we applied a treatment with 20 μM 2BP for 24 h that did not
induce any overt morphological changes in the myotubes compared to
untreated cells (Fig. S2A). Moreover, the myotubes remained viable, as
demonstrated by the levels of the apoptotic markers BAX and PARP,
which remained unchanged in the cytoplasmic and nuclear fractions of
2BP treated and untreated myotubes, respectively (Fig. S2B).

Following treatment with 2BP, myotubes were lysed and the en-
dogenous Alix was immunoprecipitated using an anti-Alix monoclonal
antibody. The modified IP-ABE assay showed that endogenous Alix was
S-palmitoylated in myotubes, as evidenced by the streptavidin-positive
bands in IP-ABE samples, which were absent in the control lanes where
the essential ABE reagent hydroxylamine was omitted (Fig. 2A). Fur-
thermore, altering palmitoylation with 2BP significantly reduced the
palmitoylation level of Alix confirming that the endogenous protein

carries this PTM (Fig. 2A, B).

3.3. Alix in nano-sized sEVs is palmitoylated to a larger extent than cellular
and lEV Alix

We then investigated whether Alix was also palmitoylated within
myotube-derived EVs. Large and small EVs were isolated from myo-
tubes by sequential ultracentrifugation. Ultracentrifugation is the most
common EV purification technique; it allows the removal/isolation of
lEVs, which comprise microvesicles, for the subsequent pelleting of
small, nano-sized EVs (sEVs), which include exosomes [49,50]. Con-
sistently, we will use this definition of sEVs and lEVs in this paper.

Equal amounts of small EV-, large EV- and total cell-lysates were
immunoprecipitated using anti-Alix antibody, and ABE assays were
performed on the immunoprecipitated material. Comparing the ratio of
palmitoylated Alix to the total Alix immunoprecipitated from the three
lysates, we found that the levels of palmitoylated Alix were significantly
higher in small than in large EVs or total cell-lysates (Fig. 2C, D). Thus,
we can conclude that Alix in the exosome-like sEVs is palmitoylated to a
larger extent than Alix species included in the large EVs or within cells.

3.4. Alix interacts with CD9, and 2BP affects their binding

It has been shown previously that several members of the tetra-
spanin protein family are S-palmitoylated and regulate protein sorting
into exosomes [20]. We therefore wanted to assess the distribution of
Alix and the tetraspanin family members, CD9 and CD63, in myotube-
derived sEVs after 2BP treatment.

Treatment with 2BP induced a significant reduction of CD9 homo-
dimers [31] in exosome-like sEVs (Fig. 3A, B). Furthermore, under the
same non-reducing condition, in place of the Alix band of 96 kDa, a
distinct dimer-like Alix-related band of approximately 200 kDa was
observed (Fig. 3A, B). We also found a slight reduction of Alix and CD9
monomers after palmitoylation inhibition with 2BP, compared to un-
treated cells (Fig. 3A, B). In contrast, the CD63 levels increased, while
HSP70 and actin remained unchanged (Fig. 3A, B). The combined ob-
servations that the largest fraction of palmitoylated Alix segregated
with sEVs and that palmitoylation inhibition with 2BP drastically re-
duced the amount of a dimer-like Alix form in these sEVs, point to a key
role of palmitoylation in driving Alix transfer to these nanovesicles,
possibly by regulating Alix dimerization, as it does for tetraspanins
[23]. Similarly to other tetraspanin family members, dimeric Alix re-
presents the active form of the protein that interacts with protein
partners (e.g., ESCRT-III CHMP4 polymers) and localizes to membranes;
the Alix dimer functions as a scaffolding protein during membrane re-
modeling processes, and disruption of Alix dimerization inhibits the
release of HIV [41,42]. Because of the similar behavior of Alix and
tetraspanin and the role of TEMs in EV biogenesis, we asked whether
Alix would take part in the tetraspanin web via interaction with CD9.
Endogenous Alix was immunoprecipitated using two different anti-Alix
monoclonal antibodies (clone 3A9 or 2H12) [51]. We found that the
CD9 and Alix endogenous proteins co-precipitate, using both anti-Alix
antibodies, from myotube membranes extracted with the Brij98 de-
tergent (Fig. 3C, D), which preserves protein interactions within the
TEMs [52]. This result identifies Alix as a novel interactor of CD9 in the
TEMs. Furthermore, we found that the interaction between the two
proteins depends on their palmitoylation status, because 2BP-altered
palmitoylation resulted in a significant reduction of Alix-CD9 binding
(Fig. 3C, D). Indeed, although similar amounts of Alix were im-
munoprecipitated from control and 2BP-treated myotube extracts, we
detected a reduced amount of CD9 upon treatment with 2BP (Fig. 3C,
D), indicating that S-palmitoylation supports the interaction among
Alix and CD9, as it occurs for tetraspanin complexes in TEMs.

To date, the only PTMs known to regulate the structure and function
of Alix are ubiquitination and phosphorylation [8,53–55]. Furthermore,
our group demonstrated that the binding of OZZ, the substrate binding
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component of the RING type ubiquitin ligase complex OZZ-E3, changes
Alix's conformation and makes the protein accessible for further ubi-
quitination [8]. Our current results suggest that S-palmitoylation also
regulates Alix interaction to CD9 and the localization of Alix in sEVs.

3.5. The inhibition of palmitoylation affects EV number and size distribution

Firstly, we used atomic force microscopy (AFM) to characterize
myotube-derived sEVs in solution. Fig. 4A shows the typical image of a
small, nanosized EV with an approximately spherical shape, an ap-
parent width of w′~200 nm and an apparent height of h~70 nm. The
actual width w was estimated as ~125 nm by applying a standard
correction for a parabolic tip on a step w=w′-(8Rtiph)0.5, where
Rtip~10 nm is the curvature radius of the AFM tip [56]. We may also
argue that vesicles deposition on the substrate caused a squeezing on

the vertical direction and a correspondent broadening on the planar
axis. Indeed, if this is the case, the shape would have been moderately
altered in all the deposited vesicles. For instance, by assuming that the
overall volume is not altered, an oblate object on the substrate with
main axes of 70 and 125 nm, alike the vesicle in the Fig. 4A, would
correspond to a spherical object in solution with a diameter of 100 nm.
These results are consistent with our previous electron microscopy
measurements of fixed myotube-derived exosome-like small EVs iso-
lated in the same conditions and with the same procedure [4].

Next, to examine the effects of blocking S-palmitoylation on the
number and size distribution of EVs, we applied dynamic light scat-
tering (DLS) analyses on myotube-derived small and large vesicles. The
analyses of 2BP-treated and untreated myotube-derived sEVs by DLS
showed an average hydrodynamic diameter of about 150 nm for 2BP-
treated and -untreated sEV preparations, which is consistent with the

Fig. 2. Alix is S-palmitoylated in SkM cells, and the
S-palmitoylation level of Alix in exosome-like sEVs is
higher compared to that in lEVs or within cells.
(A) A representative IP-ABE assay showing S-palmi-
toylation of the endogenous Alix in cellular extracts
of C2C12 myotubes, omission of hydroxylamine
(-HAM) is shown as a control. IPs were performed
using 1mg of cell lysates. A decreased level of Alix
palmitoylation is observed after 2BP treatment. (B)
Quantification of S-palmitoylation by densitometric
scanning of Palm-Alix (detected by streptavidin-
HRP) and Alix (detected by anti-Alix immunoblot)
bands; the ratio of Palm-Alix/Alix was calculated in
three independent experiments. (C) A representative
blot of IP-ABE assay showing higher levels of pal-
mitoylated Alix in myotube-derived exosome-like
sEVs compared to lEVs and cellular (Cell) extracts,
isolated from C2C12 myotubes. IPs were performed
using 0.1 mg of lysates. Omission of HAM is shown as
a control. The asterisk indicates the cleavage product
of Alix. (D) Quantification by densitometric scanning
of Palm-Alix (detected by streptavidin-HRP) and Alix

and Alix cleavage product (detected by immunoblot); the ratio of Palm-Alix/Alix was calculated in three independent experiments. Results are presented as
average ± SD, *p < 0.05.

Fig. 3. S-palmitoylation influences cargo distribu-
tion of exosome-like sEVs and Alix-CD9 interaction.
(A) Representative immunoblots of exosome-like sEV
lysates in non-reducing and reducing conditions
showing that 2BP treatment induced a significant
reduction of Alix and CD9 dimer-like forms and an
increase of CD63 levels. (B) Quantification of im-
munoblots by densitometric scanning; band signals
were normalized to the protein levels determined by
Ponceau S staining. (C) Representative immunoblots
of cytosol (Cyt) and Brij98-soluble membranes (Brij),
and the IPs of Brij extracts using anti-Alix antibodies
(clones 3A9 and 2H12). Alix and CD9 interact, and
the palmitoylation inhibition (+2BP) affects their
binding. The isotype matching antibody anti-Flag
(IgG1) was used as negative control (CTRL). (D)
Quantification of Alix and CD9 bands in im-
munoblots of IPs. Results are presented as
average ± SD of three independent experiments,
*p < 0.05.
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size of exosomes (Fig. 4B). Similar distribution profiles have been ob-
served in several sample preparations (n=5). In addition, 2BP treat-
ment generated a slight increase in the number of vesicles of larger size,
included in the lEV preparations (Fig. 4C). DLS analyses also revealed a
significant increase in the number of sEVs following 2BP treatment
(Fig. 4D), data that were corroborated by an increase in the total pro-
tein concentration of 2BP-treated sEVs, compared to control (Fig. 4E).
The number and total protein content of lEVs were not affected by 2BP
treatment (data not shown). These observations indicate that the al-
teration of palmitoylation by 2BP mainly influences the sEV population,
inducing a general large secretion of myotube-derived nano-sized sEVs
and only a slight increased proportion of larger lEVs than mock control
EVs. A similar deregulated sEV biogenesis has already been observed
when exosome regulators are silenced [57] or when lipids, such as
cholesterol, are depleted [58].

3.6. Analysis of the organization of SkM-derived sEV membranes

The enrichment of S-palmitoylated proteins in exosomes (Fig. 1) is
similar to what occurs within the core complexes of caveolae and TEM
microdomains [22]. TEM membrane platforms have been implicated in
exosome biogenesis and virus assembly and are characterized by a li-
quid-ordered membrane structure, also induced by virtue of palmitoy-
lation-mediated tetraspanin clustering [20–22]. The exosome mem-
brane is not identical to its parent lipid bilayer, as evidenced by their
unique rigid lipid bilayer membrane; it is selectively enriched in
sphingolipids, cholesterol, glycerophospholipids, ceramide, tetra-
spanins, membrane proteins associated with membrane rafts and in-
tegrins [59]. Similarly, the exosome membrane has peculiar features as
it is resistant to freeze-thaw cycles or to high saline concentration [60].
SAXS has already been used to describe the organization of the lipid
bilayer of synaptic vesicles or vesicles of synthetic origin [61–63]. Thus,

to evaluate the functional significance of the enrichment of S-palmi-
toylated proteins in exosomes with respect to the organization of the
native sEV membrane, we performed synchrotron radiation SAXS ex-
periments on exosome-like sEVs and lEVs derived from C2C12 myotube
cultures. For this purpose, C2C12 myotube-derived EVs, either un-
treated or treated with 2BP, were subjected to SAXS analyses (see
Materials and Methods section for detail). Fig. 5 shows scattering pro-
files (the SAXS intensity function I(q) versus q) for a typical 2BP-treated
or not sEV or lEV sample. In all measurements, we observed a peculiar
scattering profile with a hump at about 1.2 nm−1; above this value, the
SAXS curve related to exosome-like sEVs exhibits a characteristic pat-
tern, quite distinct from that of either lEVs or 2BP-treated sEVs
(Fig. 5A). Intriguingly, the same structural feature was observed on
different sample preparations and by using different beam lines, for a
total of three replicates: SAXS at Elettra and SWING at Soleil (Fig. 5A),
and BM29 at ESRF (Fig. 5B). This finding was remarkable, given that
we were analyzing a complex natural system with no external control
regarding the actual composition of vesicles.

As recalled in the Material and Method section, SAXS displays all
the structural information in the reciprocal space of the momentum
transfer q; thus, the scattering profile around and above q=1.2 nm−1

is mainly generated by length scales around and below 2π/q=5.2 nm,
which may corresponds to a typical bilayer size decorated with pro-
truding biomolecules. Notwithstanding this trivial consideration, we
aimed to gain further and more robust information on the nature of this
structural feature; thus, we performed combined SANS and SAXS ex-
periments by using the same sample preparations, namely the myotube-
derived sEVs (Fig. 5B). To our knowledge, SANS studies have been
previously performed using model membrane systems; the only two
SANS analyses of biological membranes were performed on detergent-
resistant membrane (DRM) vesicles and Bacillus subtilis membranes
[64,65]. Here, we performed SANS measurements of the intact

Fig. 4. Inhibition of S-palmitoylation influences the
number and size distribution of sEVs.
(A) AFM image of a typical exosome-like sEVs. The
solid white bar and the colored scale in the inset
indicate the width and height of the pictured vesicle,
respectively. (B) Typical size distributions measured
by DLS of control (blue) and 2BP treated (red) sEVs,
obtained from the same EV preparation. (C) Size
distributions measured by DLS of control (blue) and
2BP treated (red) lEVs, from the same EV prepara-
tion of panel B.
2BP treatments induce a significant increase of sEV
number (D) and protein concentration (E). (D) The
number of sEVs was determined by DLS. (E) The
relative EV protein content was determined by BCA
assay. Results are presented as average ± SD of
three independent experiments,*p < 0.05.
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biological membrane of myotube-derived exosome-like sEVs. Our SANS
results show that, in fully deuterated buffer, the hump typical of SAXS
patterns disappeared (Fig. 5B). In our experimental condition, the SANS
pattern does not highlight the contrast among the different vesicle
components and the fully deuterated solvent. On the other hand, the
electron density contrasts between vesicle components and the solvent
are different among them (e.g., 12.1, 14.4, and 7.2 vs. 9.4 10−6 Å−2 for
proteins, phospholipid head-groups, and hydrophobic tails, respectively
vs. aqueous solvent), and hence are detectable in SAXS measurements.
In particular, the difference in the scattering length densities of the
head-groups and hydrophobic tails of the lipid bilayer results in high
contrast and detectability in SAXS measurements. Thus, we can con-
fidently ascribe the hump typical of the SAXS patterns to the structure
of the lipid bilayer, confirming what has been found in other systems
[63]. It is worth noting that such unequivocal identification of SAXS
pattern as due to the lipid bilayer becomes highly reliable, since both
SAXS and SANS measurements are performed on the same preparation
and within 48 h from resuspension, exploiting the physical proximity of
the two facilities for SAXS and SANS (ESRF and ILL, respectively).

A more detailed analysis, in terms of typical onion shell models and
SANS analyses with contrast variation, is ongoing but is beyond the
scope of the present work. Here, we prefer to exploit the main quali-
tative features fostered by these data in a model-free approach. The
SAXS data indicate a characteristic membrane organization of sEVs that
is significantly different from that of lEVs and 2BP-treated sEVs; we
related these qualitative differences to changes in the organization of
the lipid bilayer. This result corroborates and expands recent data,
based on EV staining with a fluorescent, polarity-sensitive lipid probe,
which showed that exosomal membranes are characterized by a high
membrane lipid order compared to microvesicles [66]. Interestingly,
high membrane lipid order is typically found in membrane nano- and
micro-domains (e.g., TEMs, lipid rafts) at the immunological synapses
and at sites of cell adhesion, viral entry, or viral budding. The distinct
membrane organization of exosome-like sEVs compared to that of lEVs
may represent a unique feature underlying the role of exosomes in in-
tercellular signaling and/or biogenesis.

Taken together, our results provide insights into the role of S-pal-
mitoylation in maintaining a proper membrane structure organization
of exosome-like sEVs, in addition to regulating the proper localization
of Alix in SkM sEVs and supporting the interactions among exosome-
specific regulators/biomarkers (i.e., Alix and CD9).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2018.09.004.
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