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Abstract

Extracellular vesicles released from cells are under intense investigation for their roles in cell-cell 

communication and cancer progression. However, individual vesicles have been difficult to probe 

as their small size renders them invisible by conventional light microscopy. However, as a 

consequence of their small size these vesicles possess highly curved lipid membranes that offer an 

unconventional target for curvature-sensing probes. In this article, we present a strategy for using 

peptide-based biosensors to detect highly curved membranes and the negatively charged 

membrane lipid phosphatidylserine, we delineate several assays used to validate curvature- and 

lipid-targeting mechanisms, and we explore potential applications in probing extracellular vesicles 

released from sources such as apoptotic cells, cancer cells, or activated platelets.
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Introduction

Membranes, membrane curvature, and phosphatidylserine

A close-knit relationship exists between regulated membrane morphology and many cellular 

processes. Intracellular vesicle trafficking requires production of highly curved membrane 

vesicles, such as transport vesicles that bud from the endoplasmic reticulum and golgi via 

coat proteins and fuse with target membranes by the activity of the universal membrane 

fusion machinery SM/SNARE proteins (Südhof and Rothman, 2009). The endoplasmic 

reticulum itself is highly curved and dynamic as well, with regulated morphology essential 

for communication between organelles by structured endoplasmic reticulum-organelle 

contacts (Westrate et al., 2015). One less understood aspect of membrane trafficking occurs 

through extracellular vesicles (EVs), a group divided by a blurry line into exosomes (~30–

100 nm) and microvesicles (~100–1000 nm). Exosomes possess high membrane curvature 

as a function of their small radius. This curvature is produced by neutral sphingomyelinase-
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catalyzed ceramide synthesis (Trajkovic et al., 2008) or by ESCRT-mediated endosomal 

membrane deformation leading to inward budding of intraluminal vesicles in multivesicular 

endosomes (Colombo et al., 2014). When these endosomes fuse with the plasma membrane, 

exosomes are excreted into extracellular space. While the mechanism of microvesicle 

shedding is less understood, it appears to require phosphatidylserine (PS) externalization and 

ARF6 activity (Muralidharan-Chari et al., 2009).

PS is normally sequestered on the inner leaflet of the plasma membrane by ATP-dependent 

lipid translocases (also called flippases). The abundant negatively charged lipid has been 

found to ‘moonlight’, performing a number of functions including regulation of membrane 

charge and targeting positively-charged signaling proteins to the plasma membrane (and to a 

lesser extent to endomembranes) which redistribute during transient membrane 

depolarization caused by calcium signaling (Yeung et al., 2008). In its best-characterized 

function, PS externalization occurs when ATP-dependent lipid translocases are inactivated 

and energy-independent scramblases are activated, providing an ‘eat-me’ signal for 

clearance of aging red blood cells or apoptotic cells. PS externalization also occurs in 

activated platelets, providing a surface to catalyze the formation of blood clotting protein 

complexes to initiate the blood coagulation cascade. While this asymmetry disappears 

permanently in apoptosis, transient PS externalization can be caused by calcium signaling 

(Balasubramanian et al., 2007) or intracellular infection by viruses or bacteria (Zwaal et al., 

2005). Platelet-derived EVs, also called platelet microparticles, have likewise been 

recognized for their role in cell-cell communication, coagulation, and cancer (Italiano et al., 

2010) and are often identified by PS externalization after platelet activation (Morel et al., 

2010). However, much less is known about PS localization on endomembranes. One tool 

used to study organelle localization of PS comes from supplementing cells with fluorophore-

labeled PS (Devaux et al., 2002), which is complicated by potential functional artifacts 

caused by labeled lipids. As such, chemical probes provide another approach to visualizing 

PS.

Methods to visualize intracellular membrane curvature rely on electron microscopy for static 

images or fluorescence microscopy for dynamic images, but even with the advent of 

superresolution microscopy which allows detection as small as the 20–40 nm scale 

(Thompson et al., 2012), EV structure and regions of membrane curvature will fall below the 

limit of detection for fluorescence microscopy. A recent study discovering the ability of 

neural stem cell EVs to activate immune signaling by EV-associated interferon-γ/interferon-

γ receptor complexes (Cossetti et al., 2014) also demonstrated that super-resolution 

microscopy can be used to visualize internalized EVs and determine their localization within 

subcellular compartments of target cells. Even using super-resolution microscopy, however, 

it is difficult to distinguish between individual EVs. Proteins use a number of membrane 

recognition domains to target specific membranes and membrane subdomains (Lemmon, 

2008) that can be exploited to investigate membrane dynamics. For example, a genetically 

encoded PS sensing protein fused with a fluorescent protein has been used to investigate PS 

localization by fluorescence microscopy (Yeung et al., 2008).

Cells regulate membrane curvature using protein-lipid interactions (McMahon and Gallop, 

2005); at the same time, membrane curvature allosterically modulates membrane protein 

Flynn and Yin Page 2

J Cell Physiol. Author manuscript; available in PMC 2017 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function (Tonnesen et al., 2014). A common feature of highly curved membranes, lipid-

packing defects, arise from a mismatch between individual lipid geometry and global 

membrane curvature (Antonny, 2011). Protein-lipid interactions regulate MP clustering (van 

den Bogaart et al., 2011; Aimon et al., 2014) while curvature-mediated attractions between 

proteins may lead to higher-order clustering (Reynwar et al., 2007). Detecting curved 

membranes has been difficult as protein-lipid interactions that allow peripheral membrane 

proteins to interact with membranes are not well understood, and consequent lipid-lipid 

interactions also affect membrane properties such as curvature, fluidity, and thickness.

Extracellular Vesicles

Cells from every domain of life (Brown et al., 2015) produce EVs that can transport 

bioactive molecules including RNA (Valadi et al., 2007), proteins (Shen et al., 2011), and 

lipids (Subra et al., 2007) (Figure 1A). EVs have received particular attention for their role 

in cancer, particularly in regards to what is known as the ‘seed and soil’ hypothesis (Hood et 

al., 2011) where cancer cell EVs prepare the metastatic niche, creating a microenvironment 

that facilitates cancer cell invasion and growth. Recently, intravital microscopy experiments 

demonstrated that cancer EV-mediated cell-cell communication occurs in vivo (Zomer et al., 

2015) ‘seeding’ tumor metastasis, while mass spectrometry analyses identified specific EV 

proteins as potential cancer biomarkers (Melo et al., 2015). EV membranes, especially those 

of exosomes, are highly curved as a function of the small vesicle radius. As a result of their 

high global membrane curvature, the membranes of small EVs will contain lipid-packing 

defects (Vanni et al., 2014) that could be targeted by membrane curvature sensors (Figure 

1A).

Exogenous peptide probes

The most commonly used exogenous label for PS, annexin A5 (also known as annexin V), 

binds to PS-containing membranes in the presence of high calcium concentrations (Tait and 

Gibson, 1992) and then forms supramolecular clusters in a two-dimensional network over 

the membrane surface (Andree et al., 1992). This requires a relatively high amount of PS for 

binding. Clustered annexin A5 also induces negative membrane curvature, leading to 

internalization when bound to the plasma membrane (Kenis et al., 2004), which may 

complicate potential in vivo uses.

Proteins such as annexin A5 offer one route to membrane targeting, but recently peptide and 

peptidomimetic drugs have attracted considerable attention as potential novel therapeutics 

with the advantages of low manufacturing cost and ease of synthesis, including the ability to 

incorporate non-standard amino acids. Compared to protein therapeutics, peptides are also 

usually less immunogenic, often possess higher activity at similar masses, and can penetrate 

into tissues due to their smaller sizes (Vlieghe et al., 2010). Mirror image D-peptides and 

peptidomimetics have the additional advantage of protease resistance. Proteins and peptides 

which bind more weakly to curved membranes cannot induce membrane curvature, but act 

as sensors of membrane curvature (Antonny, 2011). However, there are still few lipid-

targeting molecules available to investigate membrane biology (Gao and Zheng, 2013). 

There is a need for fluorescent small molecule and peptide probes in precision medicine, 
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particularly in oncology (Garland et al., 2016), and membrane-targeting peptides represent a 

novel approach.

An emerging method to target lipid membranes is to design peptides based on known 

membrane-interacting proteins. Myristoylated alanine-riche C-kinase substrate (MARCKS) 

is a peripheral membrane protein that sequesters the second messenger lipid PI(4,5)P2. Upon 

signaling events leading to phosphorylation in the effector domain by protein kinase C or 

interaction with calcium-bound calmodulin, MARCKS dissociates from the membrane and 

PI(4,5)P2 is able to diffuse laterally (McLaughlin and Murray, 2005). The first investigations 

of the effector domain (ED; residues 151–175) of human MARCKS came from Cafiso and 

coworkers (Rauch et al., 2002). MARCKS-ED is a lysine-rich peptide; lysine-rich motifs are 

a common feature of proteins capable of sensing membrane PS. For example, the C. elegans 
PS receptor PSR-1 recognizes PS through a lysine-rich motif (Yang et al., 2015). These 

lysine-rich regions may form parts of basic-aromatic clusters, which are unstructured 

domains found in several lipid-interacting peripheral membrane proteins (Zhang et al., 

2003). MARCKS-ED also possesses several serine and phenylalanine residues capable of 

participating in membrane interactions.

MARCKS-ED has been shown in vivo to bind to apoptotic cells in C. elegans (Morton et al., 

2013). Compared to annexin A5, MARCKS-ED and other MARCKS-derived peptides 

would have the advantage of being positive curvature sensors rather than negative curvature 

inducers, potentially avoiding complications associated with induction of endocytosis. 

Biophysical validation of the peptide-lipid interactions utilized by MARCKS-ED was 

accomplished through a combination of atomistic molecular dynamic simulations, 

fluorescence anisotropy, fluorescence enhancement, and electron paramagnetic resonance 

studies (Morton et al., 2014). Using in vitro liposome models (Morton et al., 2012), these 

experiments showed MARCKS-ED binds to membranes through a composition of (a) 

electrostatic interactions between positively charged lysine residues and negatively charged 

PS headgroups and (b) hydrophobic insertion of bulky phenylalanine residues into lipid-

packing defects inherent to the highly curved lipid membranes of small vesicles. MARCKS-

ED also remains unstructured when membrane-bound, adopting a boat-like conformation 

where terminal lysines face the solvent (Figure 1B). The binding is stereo-independent, as 

both L- and D-MARCKS-ED bind in a similar mode (Morton et al., 2014; Yan et al., 2015).

Methods for detecting extracellular vesicles with peptide probes

Extracellular vesicle isolation

The most commonly used approaches to EV isolation rely on several ultracentrifugation 

steps (Théry et al., 2006). These methods require specialized equipment and may not give 

adequate yields, as many smaller vesicles will be lost in early steps. Another popular 

approach is ExoQuick™ (SBI, Mountain View, CA), a polymer-based reagent which 

precipitates EVs without ultracentrifugation and with smaller initial sample volumes. These 

can be characterized by nanoparticle tracking analysis or by transmission electron 

microscopy. Although less commonly used, cryoelectron microscopy allows researchers to 

characterize the contents of isolated EVs.
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Fluorescently labeled peptides

Chemical synthesis of peptides can be accomplished by standard solid phase Fmoc 

chemistry (Merrifield, 1963), and N-terminal labeling with a fluorophore such as 4-chloro-7-

nitrobenzo-2-oxa-1,3-diazole (NBD) can be achieved via a flexible linker such as ε-

aminohexanoic acid using the same method (Morton et al., 2013).

Fluorometry

In order to monitor the binding of MARCKS-derived peptides to membranes, there are 

several possible methods. One approach for detecting membrane curvature and PS is 

fluorometry, or fluorescence spectroscopy. This is accomplished by conjugating a 

fluorescent small molecule with desired spectral properties to the N-terminal end of the 

peptide during synthesis.

Two methods encompassed by this are fluorescence anisotropy and fluorescence 

enhancement, which in the context of this discussion measure specific interactions between 

lipid-targeting peptides and curved vesicles using a spectrofluorometer. Fluorescence 

anisotropy binding assays rely on the polarized emission of fluorophore labels. The 

spectrofluorometer excites samples with polarized light and measures the intensity of 

emission in different polarization orientations. Unbound peptides will have depolarized 

emission due to tumbling. Upon binding of fluorophore-labeled peptide to EV, fluorophore 

tumbling and rotational diffusion decreases, increasing the polarization of emitted light. 

Titrating in varying concentration of labeled peptide can thus allow for determining the 

apparent affinity of the peptide for vesicles based on lipid concentration.

Another approach for measuring lipid membrane binding is through fluorescence 

enhancement assays. A solvatochromic fluorophore labels can report membrane binding by 

changes in fluorescence intensity. For example, NBD fluorescence is increased and blue-

shifted in nonpolar environments, allowing for measurement of peptide-membrane 

interactions by fluorometry. Depending on the amino acid composition of the peptide, 

aromatic residues can occasionally undergo measurable changes in intrinsic fluorescence 

upon binding. This is most commonly observed with tryptophan, as tyrosine and 

phenylalanine are much more weakly fluorescent. For example, substituting tryptophan 

residues into MARCKS-related protein (Arbuzova et al., 2002) allowed for analysis of 

binding of the protein to membrane and to calmodulin.

Nanoparticle tracking analysis

Although standard fluorescence microscopy is challenging, one way to visualize EVs is to 

use nanoparticle tracking analysis (NTA). For example, the NanoSight LM10 (Malvern 

Instruments, Malvern, UK) is capable of characterizing EVs across the ~30–1000 nm range. 

Samples in liquid suspension are incubated in a sample chamber, and a laser beam is passed 

through the chamber. Laser light scattered from particles are recorded by a charge-coupled 

device video camera attached to an optical microscope. The NTA software creates particle 

tracks from recorded movies and uses the Stokes-Einstein equation to calculate the diameter 

of each particle based on the rate of Brownian motion (Kastelowitz and Yin, 2014). NTA can 

also be used for peptide colocalization with small vesicles. NanoSight instruments equipped 
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with filters may also be used to detect fluorophore-labeled peptides that are bound to EVs, 

where a filter blocks light from the excitation laser and permits light emitted from 

fluorophore-labeled particles. By comparing analyzed tracks of EVs captured in scatter 

mode versus fluorescent mode, it is possible to measure the size distribution of total EVs 

versus peptide-bound EVs. Accurate quantification of EVs still remains challenging. 

Analysis of EVs by nanoparticle tracking analysis (Gardiner et al., 2013) and by other 

methods such as transmission electron microscopy, flow cytometry, and resistive pulse 

sensing (van der Pol et al., 2014) illustrate inter-platform variability in EV quantification.

Applications

Following biochemical and biophysical validation of the lipid-targeting properties of 

MARCKS-derived peptides, there are a number of potential applications relevant to basic 

biology. MARCKS-ED may potentially be used to detect more transient PS externalization. 

For example, calcium signaling can activate scramblases leading to PS externalization 

associated with apoptosis (Suzuki et al., 2013). However, PS externalization can occur 

transiently without cells undergoing apoptosis (Fadeel and Xue, 2009). Annexin A5 staining 

is frequently used as an assay to detect apoptotic cells, but perhaps a more sensitive PS 

probe would find that decreases in PS asymmetry of short durations occur far more often 

than previously appreciated. Studies of PS externalization under various physiological 

conditions would benefit from complementation with established metal ion sensors (Carter 

et al., 2014) to compare the dynamics of cell signaling (e.g. calcium second messenger 

signaling) with PS dynamics.

MARCKS-ED may find a use as a peptide probe for EVs (Kastelowitz and Yin, 2014). 

Distinguishing PS+ from PS- EVs is difficult by analytical methods such as lipid mass 

spectrometry, which will not distinguish internal from external PS. Annexin A5 is a popular 

protein probe for PS+ vesicles, but it requires high concentrations of external PS for 

detection. A sensitive probe for externalized PS on EVs may also distinguish subpopulations 

with different properties or functions, such as differing source or recipient cells, or differing 

rates of clearance. MARCKS-ED probes could be used to investigate whether PS+ EVs 

represent transient PS externalization from EV-producing cells or distinguish between PS+ 

and PS− EVs in order to characterize EV heterogeneity.

There are a number of potential biomedical applications for lipid-targeting peptides. Another 

potential use for MARCKS-ED relies on sensing surface PS on EVs to inhibit functions of 

externalized PS. Platelet-derived microparticles, long studied in their own right, are 

increasingly appreciated as a member of the broader EV category. Externalized PS on 

platelet-derived microparticles causes thrombosis, or coagulation occurring within a blood 

vessel. Cancer is associated with a substantially elevated risk of thrombosis (Noble and Pasi, 

2010), and EVs released by cancer cells may promote hypercoagulability. MARCKS-ED 

may act as an anticoagulant by blocking this externalized PS.

It remains to be seen whether MARCKS-ED also blocks the ‘eat-me’ signal to reduce 

uptake of PS-exposing cells or EVs, as has been observed for annexin A5 (Mulcahy et al., 

2014). Recombinant annexin A5 has been investigated for its ability to reduce inflammation 
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(Ewing et al., 2011). MARCKS-derived peptides also bind to PS-exposing membranes, so it 

stands to reason that if annexin A5 is able to reduce inflammation, MARCKS-derived 

peptides may do so as well. Externalized PS also can activate the complement cascade. The 

role of EVs in activating complement cascade is unclear, as many EVs express complement 

inhibitors on their surfaces (Clayton et al., 2003), although recent research has found 

increased complement activation from metastatic cancer cell EVs (Whitehead et al., 2015). It 

would be informative to investigate whether MARCKS-derived peptides inhibit activation of 

the complement cascade in the context of tumor microenvironmental physiology.

Although mechanisms of EV cellular uptake are still an area of active investigation, it is 

possible that by binding to specific EVs, MARCKS-ED-conjugated drugs might be 

endocytosed, constituting a targeted delivery system. Exosome-sized vesicles traffic between 

malaria-infected red blood cells in order to increase parasite survival under stress (Regev-

Rudzki et al., 2013). If MARCKS-ED binds to these EVs, drug-peptide conjugates could 

potentially be used to prevent parasite communication with the upside of delaying drug 

resistance. It is likely that the role of EVs in pathology is only beginning to be understood.

To discover the minimal residues required for curvature sensing by MARCKS-ED, 

systematic truncation must be performed in order to determine the minimum active 

sequence. Further residue analysis and chemical optimization for curvature-sensing 

properties could be accomplished through deletion, alanine-scanning, and cyclization in 

order to increase binding affinity or specificity of MARCKS-derived peptides for different 

EV types. It would be informative to test the membrane binding of peptide derivatives of the 

ED of MARCKS-related protein, a MARCKS homolog with a nearly identical ED, with the 

notable difference of a serine to proline substitution. Whether the conformational rigidity of 

this residue affects membrane curvature sensing remains unknown.

In one further extension of the lipid-targeting labeled peptide approach, it may be possible to 

probe membrane morphology and PS dynamics within live cells using a genetically encoded 

MARCKS-derived peptide. A previously reported genetically encoded biosensor for 

membrane PS utilized a known membrane-binding protein fused to a fluorescent protein 

(Yeung et al., 2008). Understanding the dynamics of subcellular localization of PS using a 

small, sensitive peptide probe could provide insights into membrane protein localization and 

regulation. Using bioorthogonal ‘click’ chemistry (Jewett and Bertozzi, 2010) to label 

curvature probes with small molecule fluorophores could also provide an advanced method 

to visualize membrane curvature and lipid composition without relying on large fluorescent 

proteins. According to the ‘electrostatic switch’ model (McLaughlin and Aderem, 1995), 

highly positive peripheral membrane proteins such as MARCKS and KRAS localize to the 

cytosol upon reduction of their positive charge. However, as suggested by results showing 

moderate levels of PS on endomembranes, moderately positive membrane proteins may 

localize to endomembranes (Yeung et al., 2008). It would be possible to create MARCKS-

derived phosphomimics by replacing serine residues with negatively charged aspartate or 

glutamate residues and comparing the membrane localization. If cytosolic-facing PS is 

found on other membranes, perhaps regulated PS flipping plays an underappreciated 

functional role in these contexts as well.
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Outlook

Lipid-targeting peptide probes such as MARCKS-ED have proven to offer a novel approach 

to characterizing EVs by binding highly curved lipid membranes and probing activated 

platelets by binding externalized PS. It remains to be seen whether MARCKS-derived 

peptide sensors will be capable of distinguishing transient PS externalization in live cells. If 

MARCKS-ED indeed has a higher sensitivity for low levels of externalized PS than does 

annexin A5, it may be possible to detect more transient PS exposure on cell membranes. 

MARCKS-ED thus could be employed as fluorescent biosensors for externalized PS 

associated with calcium signaling, apoptosis, or other cellular activation; or for membrane 

curvature, allowing for EV detection. On the intracellular side of the plasma membrane, 

genetically encoded MARCKS-derived peptides may also act as sensors for PS, charge, or 

membrane curvature. MARCKS-derived peptides offer a novel approach to probing the 

dynamics of PS and membrane curvature in cellular signaling. These lipid-targeting 

strategies offer the possibility of probing EVs ex vivo or in vivo.
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Figure 1. MARCKS-ED binds EVs by targeting lipid membranes
(a) Schematic illustrating cellular production of EVs including exosomes and microvesicles, 

adapted with permission from (Kastelowitz and Yin, 2014). (b) A representative snapshot of 

fully atomistic molecular dynamic simulations illustrating D-MARCKS-ED adopting a boat-

like conformation during membrane binding, adapted with permission from (Yan et al., 

2015).

Flynn and Yin Page 13

J Cell Physiol. Author manuscript; available in PMC 2017 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Representative size distributions of EVs and peptide-labeled EVs by nanoparticle 
tracking analysis
Alexa 546-labeled MARCKS-ED peptide (110 nM) was incubated with pooled human 

plasma (1:2000 dilution in HEPES-buffered saline) and analyzed by nanoparticle tracking 

analysis (NanoSight). Size distributions from representative individual videos taken in 

scatter mode (blue) to report EV size distribution, and fluorescence mode (red) to report 

MARCKS-labeled EV size distribution. This illustrates the potential for using fluorescently 

labeled peptides to probe vesicles from complex ex vivo samples and suggests the presence 

of a subpopulation of PS+ vesicles.
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