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ABSTRACT: Membrane curvature and lipid composition regulates
important biological processes within a cell. Currently, several proteins
have been reported to sense and/or induce membrane curvatures, e.g,
Synaptotagmin-1 and Amphiphysin. However, the large protein
scaffold of these curvature sensors limits their applications in complex
biological systems. Our interest focuses on identifying and designing
peptides that can sense membrane curvature based on established
elements observed in natural curvature-sensing proteins. Membrane
curvature remodeling also depends on their lipid composition,
suggesting strategies to specifically target membrane shape and lipid
components simultaneously. We have successfully identified a 25-mer
peptide, MARCKS-ED, based on the effector domain sequence of the
intracellular membrane protein myristoylated alanine-rich C-kinase
substrate that can recognize PS with preferences for highly curved
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vesicles in a sequence-specific manner. These studies further contribute to the understanding of how proteins and peptides sense
membrane curvature, as well as provide potential probes for membrane shape and lipid composition.

Membrane curvature plays a vital role in cell signaling,
endo- and exocytosis, membrane fusion, and protein
trafficking." Naturally occurring proteins with a Bin-Amphi-
physin-Rvs domain or with the ArfGAPI1 Lipid Packing Sensor
(ALPS) motif are known to be able to sense membrane
curvature.”®> However, these large proteins are not optimal for
large-scale production, limiting their uses in biotechnology
developments. Our primary goal is to identify peptides with
curvature-sensing ability that can potentially be used for
extracellular vesicle detection based on shape and lipid
composition. Herein, we report a short peptide derived from
the effector domain of myristoylated alanine-rich C-kinase
substrate (MARCKS-ED) that selectively recognizes highly
curved membrane surfaces. MARCKS-ED preferentially binds
to highly curved surfaces of both synthetic lipid vesicles and
isolated extracellular vesicles in rat blood plasma. Furthermore,
we also observed that the MARCKS-ED peptide recognizes
vesicle surfaces based not only on size but also on their lipid
component, detecting the negatively charged phosphatidylser-
ine (PS) exposed on the cell surface of a C. elegans animal
model. These results demonstrated that MARCKS-ED
recognizes PS lipid composition and membrane curvature,
shedding insight into the understanding of protein—lipid
interactions in curvature sensing.

MARCKS is an 87-kDa intracellular protein whose functions
involve sequestering phosphatidylinositol 4,5-bisphosphate
(PIP,) and regulating Phospholipase C signaling.* The
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MARCKS protein also recognizes PS, the negatively charged
lipid enriched on the inner leaflet of the cytoplasmic
membrane, using its ED (aa 151—175) region.5 This
protein—membrane association can be regulated and reversed
by its binding to Calmodulin (CaM) in the presence of Ca?*®

We focused on the ED region of the MARCKS protein in
our search for curvature-sensing peptides based on the
following rationales: First, it has been established that the
membrane binding by the MARCKS protein is driven by
electrostatic interactions between the cationic residues (i.e., Lys,
Arg) within the ED peptide region and PS, while the secondary
structure is not important.” This suggests that the unfolded,
truncated MARCKS-ED peptide may still retain the membrane
binding ability of the fulllength protein. Second, curved
membranes are known to expose more phospholipid packing
defects at the membrane surface due to the asymmetric
stretching of the bilayer.® Previous studies have shown that the
BAR domains sense curvature partially by detecting these lipid
packing defects.” The MARCKS protein was reported to insert
the aromatic side chains of five Phe residues from the ED
region into the lipid bilayers.” We hypothesized that such
insertion could in turn stabilize the membrane defects of highly
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curved vesicles. This hypothesis is consistent with the previous
observation that MARCKS is localized in areas of the cell
membrane with positive curvature.'®

B RESULTS AND DISCUSSION

The MARCKS-ED peptide (Table 1) was synthesized using
standard microwave-assisted solid phase Fmoc chemistry."" To

Table 1. Sequences of the MARCKS Peptides”

MARCKS-ED: KKKKKRFSFKKSFKLSGFSFKKNKK
MARCKSmut1: KKKKKRASAKKSAKLSGASAKKNKK
MARCKSmut2: AAAAAAFSFAASFALSGFSFAANAA

MARCKS-ED-scr:  KKKGKKNSSKKFFFFSKFKLSRKKK

“Cationic residues critical for the electrostatic interactions with PS are
highlighted in red. The Phe residues speculated to stabilize the
curvature defects are shown in blue.

study the roles of particular amino acid residues, two mutant
MARCKS peptides were prepared: (i) the five Phe residues that
have been previously suggested to vertically insert into the
bilayers were mutated to Ala to generate MARCKSmutl, and
(ii) the positively charged residues (Lys, Arg) were mutated to
Ala to generate MARCKSmut2. We also synthesized
MARCKS-ED-scr with a scrambled sequence to investigate
the sequence specificity of MARCKS-ED. Fluorescently labeled
MARCKS-ED, MARCKSmutl, MARCKSmut2, and
MARCKS-ED-scr peptides were prepared by conjugating either
NBD or Alexa Fluor 546 to their N-termini via a flexible &-
aminohexanoic acid linker. To observe the secondary structure
of MARCKS-ED, circular dichroism (CD) analysis was
performed for both untreated and vesicle-treated peptide. In
agreement with previous reports,">"*> MARCKS-ED does not
demonstrate any predominant secondary structures (Supple-
mentary Figure 1) in aqueous solution. In the presence of lipid
vesicles, its CD spectrum did not differ significantly, suggesting
that MARCKS-ED remains primarily unstructured.

We first prepared synthetic vesicles of various sizes (diameter
¢ = 30, 100, and 400 nm) and with various lipid compositions
(Supplementary Figure 2) that closely resemble the lipid
composition of biological membranes.'* Dynamic light
scattering (Supplementary Figure 3) and negative-stain trans-
mission electron microscopy (TEM) (Supplementary Figure 4)
were used to validate the lipid vesicle sizes with commercial
polystyrene beads as the calibration standard. Furthermore, a
time-course experiment was carried out to confirm the stability
of the vesicles up to 16 h (Supplementary Figure 3).

A previously established cosedimentation assay was per-
formed to test the curvature sensing behavior of MARCKS-
ED."® Two vesicle pore sizes, 100 and 400 nm, were used in
this experiment because vesicles smaller than 100 nm were
difficult to pellet even at high centrifugation speed. We also
used a previously regorted curvature sensing protein, C2AB, as
a positive control.'® Figure 1 shows the gel electrophoresis
results of the supernatant and pellet samples collected after
sedimentation with MARCKS-ED or C2AB, respectively. A
reduction in band intensity indicates that more MARCKS-ED
or C2AB was pulled down by the 100 nm PS-containing
vesicles than by the larger 400 nm vesicles. Also, less MARCKS-
ED was pulled down by the lipid vesicles without PS,
suggesting that both the peptide-lipid binding and its curvature
sensing depend on the presence of PS. Taken together, these
results showed that, similarly to the C2AB protein, MARCKS-
ED preferentially binds to highly curved vesicles containing PS.
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Figure 1. Cosedimentation of synthetic liposomes of different sizes
with (a) MARCKS-ED or (b) the curvature-sensing C2AB domain of
Synatptotagmin-1. Sup = supernatant. Pel = pellet. No lip = no lipid
vesicles. [C2AB] = 1.5 uM. [Ca®*] for C2AB only = 1 mM.
[MARCKS-ED] = 10 pM. [Lipid Vesiclecypz] = 300 uM. [Lipid
Vesicleyarcrs.ep) = 600 M.

Next, we conducted a fluorescence enhancement assay to
further validate the curvature- and PS-sensing behavior of
MARCKS-ED. Upon binding to lipid vesicles of different sizes
and lipid compositions, the fluorescence intensity of the NBD-
labeled MARCKS-ED peptide increased due to the elevated
hydrophobicity of the surrounding environment of the
fluorophore (Supplementary Figure S). Figure 2a shows that
the fluorescence enhancement of MARCKS-ED treated with
the 30 nm pore size lipid vesicles containing PS is significantly
higher than the samples treated with both the 100 and 400 nm
vesicles (statistic analysis was carried out using the ANOVA
method, Supplementary Tables 2, 3, and 4). Appropriate
controls were performed to confirm that the fluorophore alone
has no effect on the observed fluorescence enhancement
(Supplementary Figure 6a and b). Compared to the samples
treated with the 400 nm vesicles, samples treated with the 30
nm vesicles showed a fluorescence intensity increase of
approximately 1.5-fold, a change that is greater than the ones
induced by the positive control protein, C2AB (Supplementary
Figure 6¢). MARCKS-ED-scr also showed a binding preference
to highly curved vesicles containing 10% PS (Figure 2b) but
not to vesicles containing 0% or 20% PS (Supplementary
Figure 7). The fluorescence intensity enhancement by
MARCKS-ED-scr, however, is remarkably lower at all of
these different PS concentrations. MARCKSmutl and
MARCKSmut2 both showed significantly reduced fluorescence
enhancement and lacked the curvature sensing behavior
observed in the wild type MARCKS-ED (Figure 2b,
Supplementary Figure 8). Furthermore, the specificity of
MARCKS-ED was confirmed by the observation that its
binding can be partially reversed by the addition of CaM
(Supplementary Figure 6d), which is in agreement with the
behavior of the full-length MARCKS protein. Lastly, the
fluorescence intensity differences were less significant with
vesicles containing no PS. Taken together, we concluded that
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Figure 2. Fluorescence enhancement assay (a and b) with the NBD label attached to the N-terminus via a flexible e-aminohexanoic acid linker to
MARCKS-ED, MARCKSmutl, MARCKSmut2, and MARCKS-ED-scr. [Peptide] = S00 nM. [Total Lipid] = S00 uM. The y-axis is described in
relative fluorescence units (RFU). Fluorescence was normalized to the untreated NBD-MARCKS-ED peptide samples (RFU = 1). (a) Bar graphs
showing greater fluorescence of MARCKS-ED treated with 30 nm lipid vesicles containing PS. (b) Bar graphs showing reduced binding and
curvature-sensing behavior with mutant peptides, MARCKSmutl, MARCKSmut2 and MARCKS-ED-scr, with lipid vesicles containing 60%
POPC:15% cholesterol:15% POPE:10% POPS. **P value < 0.01 compared to 400 nm pore sizes. *P value < 0.05 compared to 400 nm pore sizes.
(c) Fluorescence anisotropy titration of MARCKS-ED with various sized lipid vesicles containing 60% POPC:15% cholesterol:15% POPE:10%
POPS. (d) Fluorescence anisotropy titration of various MARCKS peptides with 30 nm pore size lipid vesicles containing 60% POPC:15%
cholesterol:15% POPE:10% POPS. The plots were fitted using a standard one-site saturation equation.'® [Peptide] = 1 uM. Phosphate-buffered

saline (PBS, pH = 7.4) buffer was used in all sample preparation.

MARCKS-ED recognizes PS with a preference for highly
curved vesicles in a sequence-specific manner.

Because fluorescence enhancement assays could not
distinguish the contributions between different degrees of
membrane penetration and binding affinity, we performed a
fluorescence anisotropy assay to specifically measure the
binding affinity of the MARCKS peptides. Lipid vesicles were
titrated to NBD-labeled MARCKS-ED, MARCKSmutl, or
MARCKSmut2 peptides. Since the peptide partitions between
the hydrophobic lipid bilayer and the aqueous solvent, the
molar partition coefficient (K,) is often reported.’”” By
definition, the apparent dissociation constant (Kj), described
as the lipid concentration where 50% of the peptide is bound, is
the reciprocal of the molar partition coefficient."® Our results
indicated that MARCKS-ED binds more tightly to highly
curved vesicles. As shown in Figure 2c¢ and Supplementary
Figure 9, MARCKS-ED was found to bind to 30, 100, and 400
nm pore size lipid vesicles containing 10% PS with Ky values of
24 + 3, 42 + 13, and 86 + 20 uM, respectively. As a
comparison, C2AB showed a 1.9-fold increase in binding to
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smaller vesicles (105 nm) relative to the larger ones (252
nm).' Statistical analysis was performed using ANOVA single
factor analysis (Supplementary Tables S and 6). By contrast,
MARCKSmut1 showed a reduced binding affinity (Figure 2d),
confirming the critical roles of the Phe residues.™’ Similarly,
electrostatic interactions also contribute importantly to the
binding affinity as MARCKSmut2 is observed to have a weaker
binding affinity. These data suggest that both aromatic and
cationic residues are required for MARCKS-ED, which is in
agreement with our speculation that the interactions between
MARCKS-ED and small, PS-enriched vesicles are driven by
both electrostatic interactions and the inserted Phe residues
that presumably stabilize defects of curved bilayers.

Having established the simultaneous curvature- and PS-
sensing by MARCKS-ED in synthetic lipid vesicles, we
investigated if MARCKS-ED could detect highly curved, PS-
enriched extracellular particles (e.g, microvesicles and exo-
somes) in a complex biological system. Microvesicles (¢ = 0.1—
1 pym) and exosomes (¢ = 0.03—0.1 ym) are highly curved
lipid vesicles that are shed into bodily fluids (e.g,, blood, urine,
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Figure 3. Ex vivo fluorescence assays. (a) Fluorescence enhancement of MARCKS-ED and Annexin-V after incubation with isolated rat extracellular
vesicles. Fluorescence was normalized to the untreated NBD-MARCKS-ED peptide (0.5 #M) and Annexin-V (0.32 yM) samples. Fluorescence was
normalized as 1.0 to the untreated protein or peptide samples in relative fluorescence units (RFU). **P value <0.01 compared to untreated samples.
*P value <0.05 compared to untreated samples.(b) Nanoparticle tracking analysis®® results showing extracellular vesicles in plasma from stressed rats
treated with fluorescently labeled MARCKS-ED at concentrations of S5 nM. The untreated plasma samples (blue) were detected using the scatter
mode, and treated samples were monitored by tracking the fluorescence of Alexa Fluor 546 conjugated to the MARCKS-ED (pink),

MARCKSmut1,* and MARCKSmut2 (purple) peptides.

ascitic fluid)."” They are released by stressed or cancerous cells
in which lipid asymmetry is deregulated, thus resulting in the
externalization and enrichment of PS on their outer leaflet.”® A
direct correlation between the overexpression of these
extracellular vesicles in the blood and cancer metastasis has
been observed in B16 mouse melanoma cells.”' We investigated
if MARCKS-ED could detect extracellular vesicles using plasma
samples from a stressed rat model.”” The extracellular vesicles
in these samples were characterized by TEM imaging
(Supplementary Figure 10a) and immunoblot analysis of the
signature CD63 protein exposed on the surface of exosomes
and microvesicles (Supplementary Figure 10b).”> These
nanosized, isolated vesicles were measured by nanoparticle
tracking analysis”® with an average size of ¢ = 56 nm. Lastly, we
also confirmed any exposed PS on their membrane surface with
an established PS-sensing protein, Annexin-V. Previous reports
showed that upon binding to PS-enriched synthetic lipid
vesicles, the fluorescence from W187 of Annexin-V would
increase.”> Indeed, fluorescence enhancement was observed for
the Annexin-V protein incubated with the isolated extracellular
vesicles from our tested animal models, indicating specific PS
recognition (Figure 3a).

Figure 3a shows fluorescence enhancement with MARCKS-
ED incubated with the isolated extracellular vesicles, demon-
strating that MARCKS-ED can indeed bind to these biological
particles. We further quantified the diameter size and particle
count of the isolated extracellular vesicles detected by
MARKCKS-ED. Nanoparticle tracking analysis (NTA) uses a
laser source under either scatter or fluorescence detection mode
to track small particles by Brownian motion,” providing a
robust method for analyzing vesicle size distribution.”* We first
sought to detect the particles of all sizes in whole plasma
samples from our stressed rat model under the scatter mode
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(Supplementary Video 1). Under the fluorescence mode with
the emission filter set for the Alexa Fluor 546 label, the particles
that bound to the MARCKS-ED (Supplementary Video 3),
MARCKSmutl (Supplementary Video 4), and MARCKSmut2
(Supplementary Video S) peptides were observed. We found
that MARCKS-ED selectively binds to exosomes (¢ = 0.03—0.1
um) in whole plasma (Figure 3b). MARCKSmut! also showed
some preferential binding to smaller vesicles but with much
weaker fluorescence signal. The MARCKSmut2 peptide
showed only negligible binding. Furthermore, tests with blank
samples were performed to rule out possible artifacts caused by
background fluorescence from the peptides, the vesicles
(Supplementary Video 2) or the unconjugated dye (Supple-
mentary Figure 11). Taken together, these data demonstrate
that MARCKS-ED can selectively detect biologically relevant
extracellular vesicles with highly curved, PS-enriched surfaces in
a complex rat plasma solution.

Aiming to test our hypothesis that MARCKS-ED simulta-
neously detects shape and PS lipid composition, we further
examined its ability to selectively bind to PS in live animals. We
carried out fluorescence staining assays in an established C.
elegans model with PS-exposing cell membranes.”® PS is
normally kept in the inner leaflet of plasma membranes in
living cells and is exposed on the cell surface only under certain
cellular events, ie., when cells undergo apoptosis or lose the
ability to maintain the PS asymmetry with a tat-1 gene
mutation.”® Mutations of the tat-1 gene in C. elegans, which
encodes for a phospholipid translocase that maintains PS
plasma membrane asymmetry,*® resulted in PS externalization
to the outer plasma membrane leaflet. Knockout of the ced-7
gene greatly reduced the macrophage clearance of apoptotic
cell corpses with PS exposed on their cell surface.”® The NBD-
labeled MARCKS-ED peptide was used to stain the dissected

dx.doi.org/10.1021/cb300429¢ | ACS Chem. Biol. 2013, 8, 218—225
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Figure 4. In vivo C. elegans fluorescence assay. The exposed gonads of a wild type N2 hermaphrodite animal (top row), a tat-1(tm3117) mutant
animal (middle row), and a ced-7(n2094) mutant animal (bottom row) were stained with NDB-labeled (a) MARCKS-ED or (b) MARCKSmutl.
Images of Hoechst 33342 staining (cell nucleus), MARCKS peptide staining, and differential interference contrast (DIC) microscopy”” are shown.
Arrowheads indicate apoptotic cell corpses. Scale bar = 10 ym.

gonads of wild type (N2) animals, tat-1(tm3117) mutant PS exposed on the surface of all germ cells in the tat-1(tm3117)
animals, and engulfment-deficient ced-7 (n2094) mutant mutant and unengulfed apoptotic germ cell corpses in the ced-
animals. As shown in Figure 4, MARCKS-ED can recognize 7(n2094) mutant without staining the wild type controls. By
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contrast, MARCKSmut1 did not appear to detect PS-exposing
membranes in either tat-1 or ced-7 mutant animals, confirming
that MARCKS-ED detects PS in a sequence-specific manner.
Further, Annexin-V, a known PS-sensor, was also used to stain
the gonads of tat-1 and ced-7 mutant animals. These staining
results with MARCKS-ED were comparable to the staining
results observed with Annexin-V (Supplementary Figure 12),
indicating that MARCKS-ED may serve as a small peptide
alternative to Annexin-V and detect PS exposed on the
membrane surface in live animals.

In summary, the MARCKS-ED peptide was found to
differentiate lipid vesicle sizes in both synthetic phospholipid
models and extracellular vesicle generated in a rat animal
model. Our data suggest that electrostatic interactions and
aromatic Phe residues play a critical role in curvature sensing.
MARCKS-ED may recognize PS-enriched, curved membranes
by filling in the defects in asymmetrically stretched bilayers with
its Phe residues, supported by the observation that its binding
was greatly reduced with both MARCKSmutl and MARCKS-
mut2 peptides. In vivo C. elegans studies confirmed specific
detection of PS exposed on the membrane surface by the
MARCKS-ED peptide. These results implies that MARCKS-
ED could become a prototype for a new generation of peptide
sensors that can simultaneously detect both PS and curvature
and facilitate investigations of critical biological events, such as
extracellular vesicles shedding and apoptosis.

B METHODS

Solid Phase Peptide Synthesis. Peptides were synthesized using
a CEM Liberty microwave-assisted peFtide synthesizer following the
standard solid phase Fmoc chemistry.' For fluorophore labeling, 4-
chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD) or Alexa Fluor 546 was
conjugated to the N-terminus of the peptide via a flexible linker, &-
aminohexanoic acid, using the previously reported coupling method."!
A Kaiser test was Eerformed to confirm the efficiency of the
fluorophore labeling.>” Following purification, peptides were lyophi-
lized to produce a TFA salt powder. The prepared peptides were
characterized by matrix-assisted laser-desorption ionization time-of-
flight (MALDI) to confirm their identity.

Synthetic Lipid Vesicle Preparation. To produce various lipid
vesicles, we followed a previously established protocol.”® The
phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and cho-
lesterol (Avanti Lipids) were mixed at the appropriate amounts to
produce stock solutions for all synthetic lipid models, using lipids
present in physiological membranes.'"* For Annexin-V fluorescence
enhancement studies, sphingomyelin and phosphatidylinositol were
added to mimic the C. elegans outer leaflet membrane.*®

Circular Dichroism (CD) Spectroscopy. The peptide solutions
were prepared at 10 4M in 10 mM phosphate buffer (pH = 7.40) in
the presence of 500 uM lipid vesicles (30 nm pore size with 20% PS).
Circular dichroism spectra were recorded using a Chirascan CD
spectrometer (Applied Photophysics) with a 1 mm path length quartz
cuvette at 20 °C using phosphate buffer as a blank. The reading was
then converted to molar residue ellipticity (6). Five scans from 190 to
260 nm with data points taken every 1.0 nm were obtained and
averaged for each sample.

Cosedimentation Assay. MARCKS-ED (10 M) was incubated
with 600 uM synthetic vesicles of sizes 100 and 400 nm. The positive
control was the intact C2A-C2B cytoplasmic domains (C2AB) of rat
Synaptotamin-1 (aa 96—421). C2AB (1.5 uM) was treated with CaCl,
(1 mM) and incubated with 300 uM synthetic vesicles of sizes 100 and
400 nm, based on the vesicle concentrations previously reported.'®
C2AB treated with vesicles was incubated at RT for 30 min, followed
by centrifugation of 65,000 rpm for 45 min at 20 °C. MARCKS-ED
treated with vesicles was incubated at RT for 2 h, followed by 75,000
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rpm for 45 min at 20 °C. The supernatant for each sample was
collected as well as the pellets from the MARCKS-ED-treated samples
and assayed on a precasted 12—15% Tris-Bis gel (Invitrogen).

Fluorescence Enhancement Assay. The emission spectra of all
NBD-labeled peptides were recorded using a Fluorolog-3 fluorometer
(Horiba Jobin Yvon) with 4., = 480 nm. The peptides and protein
were tested at a concentration of S00 nM in PBS (pH 7.40) treated
with 500 yM synthetic vesicles of different vesicles sizes. Fluorescence
was observed with an emission range of 500—650 nm. Monitored at
Aex = 295 nm, Annexin-V (0.32 M) was treated with CaCl, (3 mM)
in TES buffer and with S00 M lipid vesicles of varying PS content. An
emission spectrum of 300—450 nm was recorded. The positive control
C2AB (200 nM) from the rat Synaptotagmin-1 (Syn-1) protein
(G374, residues 96—421) was treated with CaCl, (2.5 mM) and
observed with 4., of 275 nm and emission range of 300—450 nm. The
untreated peptide and Ca**-C2AB samples were corrected by the PBS
(pH = 7.40) blank solution for the peptides and PBS with Ca®" for the
Ca**-C2AB sample. All samples were prepared and incubated
overnight in 4 °C.

Fluorescence Anisotropy Assay. The NBD-labeled peptides (1
M) were titrated by synthetic liposomes of various sizes (30, 100, and
400 nm). Fluorescence anisotropy was recorded using a Fluorolog-3
fluorometer. The mixture was allowed to equilibrate for 2 min prior to
the next titration. The excitation wavelength was set to 4., = 480 nm
whereas the emission filter was set to A, = 545 nm. The voltage was
set to 250 V throughout the experiment. Blank PBS (pH= 7.40) was
titrated to NBD-labeled peptides as a negative control, where
negligible anisotropy change was observed.

Microvesicle Preparation. Adult male Fisher 344 rats (Harlan,
8—9 weeks old) weighing approximately 250—275 g were used in all
experiments. Animals were singly housed in clear Nalgene plastic cages
(48 x 27 X 20 cm) and allowed access to food and water ad libitum.
Temperature and humidity remained constant and animals were
maintained on a 12-h:12-h light-dark cycle (lights on at 7:00 a.m.).
Animals were allowed to acclimate to these housing conditions for 1
week prior to any experimental manipulations and were handled each
day. The care and treatment of the animals were in accordance with
protocols approved by the University of Colorado Institutional Animal
Care and Use Committee. An in-house exosome assay based on a
reported ELISA method”* was used for two common markers of
exosomes, the tetraspanin CD63 and the membrane transport protein
RabSb. Particles expressing both proteins were captured by antibodies
and quantified in a colorimetric end point assay.

Nanoparticle Tracking Analysis. Nanoparticle tracking analyses
were performed using the NanoSight LM10-HS instrument equipped
with a 532 nm laser and observed at scatter and fluorescence modes
(filter = S50 nm). The instrument was calibrated using commercially
available S0-nm polystyrene beads (Polysciences). Parallel experiments
were done on isolated exosomes and plasma that were not treated with
MARCKS-ED conjugated with Alexa Fluor 546 to confirm that the
suspended particles do not autofluoresce. Alexa Fluor 546-labeled
mouse anti-rat CD63 (AbD Serotec) and unconjugated Alexa Fluor
546 were used as positive and negative controls, respectively. The
profiles of MARCKS-ED-Alexa Fluor 546 and Alexa Fluor 546 in the
absence of microvesicles were also investigated to confirm that these
show negligible scatter and fluorescence background signals under
identical NTA conditions.

In Vivo Staining of C. elegans Gonads. Gonads of wild type
(N2), tat-1(tm3117), or ced-7(n2094) C. elegans animals were stained
as previously described.”® Briefly, 36-h-old hermaphrodite adult
animals were collected and gently dissected by cutting their heads in
a depression slide with a gonad dissection buffer (60 mM NacCl, 32
mM KCl, 3 mM Na,HPO,, 2 mM MgCl,, 20 mM HEPES, 50 ug
mL™" penicillin, 50 ug mL™" streptomycin, 100 g mL™' neomycin, 10
mM glucose, 33% fetal calf serum, and 2 mM CaCl,) to expose the
gonads. The exposed gonads were then washed once in the dissection
buffer and transferred to a dissection buffer containing 4 M Hoechst
33342 and 20 uM NBD labeled MARCKS-ED peptide, 20 uM NBD
labeled MARCKSmut1 peptide, or 10 nM Alexa Fluor 488-conjugated
Annexin-V for 45 min. Gonads were washed one more time in the
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dissection buffer, placed on a 5% agarose pad, and visualized using a
Nomarski microscope equipped with an epifluorescence detector.

B ASSOCIATED CONTENT

© Supporting Information

Supplementary videos, tables, and figures. Details about peptide
preparation, dynamic light scattering, negative-stain TEM,
fluorescence assays, nanoparticle tracking analyses, rat blood
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