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ABSTRACT: The generation of highly curved membranes is
essential to cell growth, division, and movement. Recent
research in the field is focused to answer questions related to
the consequences of changes in the topology of the membrane
once it is created, broadly termed as membrane curvature
sensing. Most probes that are used to study curvature sensing
are intact membrane active proteins such as DP1/Yop1p,
ArfGAP1, BAR domains, and Synaptotagmin-I (Syt1). Taking
a cue from nature, we created the cyclic peptide C2BL3C
based on the membrane penetration C2B loop 3 of Syt1 via
"Click" chemistry. Using a combination of spectroscopic
techniques, we investigated the peptide−lipid interactions of
this peptide with synthetic phospholipid vesicles and exosomes from rat blood plasma. We found that the macrocycle peptide
probe was selective for lipid vesicles with highly curved surfaces (d < 100 nm). These results suggested that C2BL3C functions as
a selective detector of highly curved phospholipid bilayers.

Membrane remodeling and vesiculation play pivotal roles
in cell growth, division, and movement.1 Previous works

have demonstrated that dynamic modulation of membrane
curvature can be brought about by changes in lipid
composition, scaffolding proteins, and insertion of protein
regions into membranes.2−6 Proteins that were shown to bind,
bend, and stabilize the plasma membrane include the
endoplasmic reticulum associated DP1/Yop1p protein,2

Golgi-associated protein ArfGAP1 lipid packing sensor
(ALPS),5 Bin−Amphiphysin−Rvs (BAR) domain of amphi-
physin,4 and C2B domain of Synaptotagmin-I.7 Nonetheless,
there are few examples of using small peptides to selectively
recognize highly curved membrane surfaces. Our goal is to
develop peptides that bind to lipid vesicles with d < 100 nm.
Such peptides will have advantages over protein-based
curvature sensors including stability, availability, and modifi-
ability. We anticipate that these peptides might find
applications as probes for detecting membranes with highly
curved surfaces.
We chose the 10-residue membrane-penetrating loop 3 of

the cytoplasmic C2B domain of the transmembrane protein
Synaptotagmin-I (Syt1; PDB: 1uow) as the starting point.8 As a
component of the Soluble N-ethylmaleimide-sensitive factor
Attachment protein Receptor (SNARE) complex, Syt1 is
believed to mediate calcium-dependent regulation of mem-
brane trafficking and fusion.7 Chapman and co-workers

previously found that loops 1 and 3 of Syt1 C2B domain
insert into membrane bilayers at a depth of 2.14 ± 0.66 nm,
which is suggested to be key in its physiological function.7 The
ability of membrane binding and insertion of Syt1 C2 domains
is facilitated by a strong attraction with the negatively charged
phospholipid head groups upon the formation of a Ca2+-
complex that includes the highly conserved basic residue of
loop 3 (Lys366 in pdb: 1uow).9 Furthermore, Syt1 prefers
highly curved lipid vesicles (d = 105 nm) to larger vesicles (d =
252 nm) by sensing membrane curvature.7 Fluorescence
quenching studies on C2B I367C mutant labeled at the C367
position showed that C2B loop 3 penetrates the membrane
bilayer, demonstrating its phospholipid binding ability.10 On
the basis of the observation that C2B loop 3 significantly
contributes to membrane binding9 while the rest of the protein
provides a rigid scaffold (Figure 1a), we designed a 12-residue
cyclic peptide C2BL3C 1 by side-chain-mediated head-to-tail
cyclization of the loop 3 region (aa 363−372) of Syt1 C2B
domain by "Click" chemistry. A flexible -GG- dipeptide linker
was appended to the N-terminus as a handle for functionaliza-
tion.
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Peptide cyclization has been shown to increase binding to
intended targets,11 which is mainly attributed to constrained
conformation and backbone rigidification that lowers the
entropic cost of binding. Cyclization of a peptide can be
achieved through lactam formation,12 lactonization,13 ring-
closing metathesis,14 and disulfide bond formation.15 We chose
"Click" chemistry developed by Sharpless and co-workers16 to
achieve orthogonal, site-specific cyclization between azide- and
alkyne-functionalized residues. Several groups have previously
reported on adopting "Click" chemistry to achieve peptide

macrocyclization on solid support, which resulted in the
preparation of i to i + 5,17 i to i + 6,18 i to i + 8,19 and i to i + 10
20 cyclic peptides.
We synthesized 1 from the resin-bound linear precursor

GGPraDYDKIGKNDANle(ε-N3) (C2BL3L, resin 2), where
Pra is L-propargylglycine and Nle(ε-N3) is ε-azido norleucine.
Cyclization of resin-2 by "Click" chemistry was done at
positions i and i + 11 (Figure 1b) to give the cyclic peptide
triazole resin 7. Progress of the reaction was monitored by
taking small aliquots of the resin, performing a peptide cleavage,

Figure 1. Design and synthesis of C2BL3C as a structural and functional mimic of Syt1 C2B loop 3. (a) Pictorial rendition of Syt1 (PDB: 1uow)
depicting the C2B loops 1 and 3 inserting in the lipid bilayer. Binding of Ca2+ (red spheres) to loops 1 and 3 facilitates Syt1 to adopt an active
conformation to bind to membranes and sense curvature. (b) Solid phase synthesis of designed peptides and their conjugates using Rink amide resin.
Ac = acetyl, NBD = 7-nitrobenzo-2-oxa-1,3-diazole, Trp = tryptophan.
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Figure 2. Fluorescence assays probing the interaction of labeled peptides on synthetic and biologically relevant lipid vesicles. (a) Graph of peptide−
liposome interactions of cyclic peptide−fluorophore conjugates and controls using 8:2 POPC/POPS vesicles extruded through 30, 80, and 400 nm
pore membranes: C2BL3C-Trp 8, C2BL3C-NBD 9, linear C2B-NBD 6, C2BL3C-AF 10, C2BL3C-S-NBD 11, Synaptotagmin-I Syt1. (b) Graph for
peptide−liposome interactions of C2BL3C-NBD 9 and C2BL3C-I8D N11I-NBD with and without Ca2+ 13 using 8:2 POPC/POPS vesicles
extruded through 30, 80, and 400 nm pore membranes. EDTA: 0.2 mM ethylenediaminetetraacetate, disodium salt; Ca2+: 1 mM CaCl2. (c) Binding
properties of C2BL3C-NBD 9 and C2BL3C-S-NBD 11 with exosomes in Ex(+) and complete blood plasma. Ex(+) = isolated exosomes. Ex(−) =
exosome-depleted plasma supernatant and PBS = phosphate-buffered saline; both refer to solvents for peptides with no treatment. Error bars
represent SEM (n = 3). *p < 0.05 versus negative control. (d) Dissociation constant (Kd) values, in mM, of C2BL3C-NBD 9, C2BL3C-S-NBD 11,
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and analyzing by FT-IR spectroscopy to monitor the
disappearance of the azide band at 2300 cm−1, which indicated
the completion of the reaction. We found the following solid
phase "Click" chemistry conditions to be optimum: (i) low
loading capacity resin of <0.2 mmol g−1 that prevented
potential cross-linking and cyclodimerization;20 (ii) use of
[(CH3CN)4Cu]PF6 as the source of cuprous ion; and (iii) 93:7
NMP/H2O that kept the sodium ascorbate in solution and
ensured that the polystyrene solid support remained swollen.
Analyses and comparisons of reversed phase HPLC chromato-
grams and 1H NMR and FT-IR spectra confirmed the
successful synthesis of 1 (Supplementary Figure S19). Portions
of resin-bound cyclic peptide 7 were taken and N-terminally
labeled with Trp or 7-nitrobenzo-2-oxa-1,3-diazole (NBD) to
produce C2BL3C-Trp 8 and C2BL3C-NBD 9. For compar-
ison, we prepared NBD-labeled linear peptide corresponding to
the native C2B loop 3 region and an NBD-labeled scrambled
analogue of 9, called C2BL3C-S-NBD (6 and 11, respectively).
As an additional control, we also prepared a mutant of peptide
9, C2BL3C-I8D N11I-NBD 13, where the point mutations
correspond to the residues found in canonical EF-hand
calcium-binding loops.21

An established fluorescence enhancement assay5 was
followed with slight modifications to investigate the lipid
vesicle binding property of the fluorophore conjugates of 1,
peptides 8 and 9, and their potential to differentiate lipid
vesicles of different sizes. An increase in the observed
fluorescence intensity and a blue-shifted λem maximum are
directly correlated to a change in the environment surrounding
the peptide, i.e., from the polar aqueous solvent to the
hydrophobic lipid vesicle, indicating a peptide−lipid inter-
action. Lipid vesicles composed of 8:2 palmitoyl oleoyl
phosphatidylcholine (POPC) and palmitoyl oleoyl phosphati-
dylserine (POPS) were used to represent the approximate
phospholipid composition of cellular membranes.22 These
vesicles were prepared by extruding a suspension of multi-
lamellar lipid vesicles in PBS buffer (pH = 7.4) through
polycarbonate membranes. The diameters of these lipid vesicles
were measured using dynamic light scattering (DLS) that was
calibrated with 50 nm polystyrene beads. We used Syt1 as a
positive control based on previous studies that it preferentially
binds to highly curved lipid vesicles.7 We used peptides 6, 11,
and 13 as negative controls. An optimal concentration of 0.5
μM was selected for all tested peptides (Supplementary Figure
S21).
Lipid vesicles were prepared by extrusion through mem-

branes23 with pore sizes of 30, 80, and 400 nm to cover a wide
range of curvatures. This process yielded vesicles with average
diameters of 55 ± 6, 115 ± 6, and 511 ± 54 nm, respectively,
the smallest representing vesicles with the highest curvature
(Supplementary Figure S20). As shown in Figure 2a, peptides 8
and 9 bound to the lipid surface with greatest curvature (d = 55
± 6 nm) and with binding behaviors that are independent from
the nature of the fluorescent tag. The linear peptide 6 and
scrambled cyclic peptide 11 do not interact with lipid vesicles of
any size (Figure 2a), demonstrating that both cyclization and

peptide sequence are essential for vesicle binding. The binding
profiles to highly curved vesicles of 8 and 9 are comparable,
indicating that the fluorescence enhancement is not dependent
on different fluorophores. This fluorescence enhancement is
comparable to established curvature-sensing proteins: Syt1
(1.28 ± 0.02 RFU with 30 nm vesicles, Figure 2a) and the
ALPS motif-bearing Golgi-microtubule-associated protein-
2101−38 and nuclear pore complex protein-133245−267 (∼1.25
RFU with 29 nm liposomes).5 Last, unlike Syt1,7,24 the lipid
vesicle binding by C2BL3C does not need Ca2+ as shown in
Figure 2b, suggesting that rigidification by the covalent
constraints rendered the cyclic peptide C2BL3C in an active
conformation for curvature detection of phospholipid bilayers.
Peptide 13, the I8D N11I mutant of 9, does not bind to 8:2
POPC/POPS of any size in the presence of Ca2+.
Fluorescence anisotropy was performed to measure the

binding affinity of the peptides to liposomes. Peptides were
titrated with liposomes of varying compositions of 10:0, 9.5:5,
9:1, 8:2 POPC/POPS, hereinafter called liposome model (LM)
1, 2, 3, and 4 that were extruded through 30, 100, and 400 nm
pore sizes. The peptide partitions between the hydrophobic
lipid bilayer and the aqueous solvent.25 Since it is unlikely that
the peptide forms a 1:1 complex with the lipid vesicle, the
molar partition coefficient is often used. By definition, the
apparent dissociation constant (Kd), described as the lipid
concentration where 50% of the peptide is bound, is the
reciprocal of the molar partition coefficient.26 As shown in
Figure 2d, the affinity of peptide 9 to lipid vesicles extruded
through 30 nm pores is not affected by lipid composition, with
Kd values of 0.51 ± 0.1, 0.75 ± 0.2, 0.93 ± 0.3, and 0.55 ± 0.2
mM for LM1, LM2, LM3, and LM4, respectively. Treatment
with Ca2+ does not significantly affect the affinity of 9 for 30 nm
lipid vesicles (Figure 2d), consistent with our findings in the
fluorescence enhancement assay. By contrast, peptides 11 and
13 did not show significant affinity to 30 nm lipid vesicles of
any lipid composition tested. Peptide 9 showed fairly weak
binding (>1.00 mM) for 100 and 400 nm lipid vesicles. The
observed binding of 9 for 30 nm vesicles is weaker relative to
the property of Syt1 (Kd = 0.151 ± 0.006 and 0.263 ± 0.018
mM for 105 and 252 nm vesicles, respectively).7 This is not
surprising because peptide 9 was designed from only one of the
components of the curvature sensing protein Syt1. Nonethe-
less, these findings show that 9 has the ability to distinguish
lipid vesicles of different curvatures regardless of the liposome
composition. Our hypothesis in the lack of effective electro-
static interaction as driving force in the peptide 9-liposome
interaction, as shown in Figure 2d, suggests that high curvature
is a prerequisite for the observed size differentiation. Peptide 9
could distinguish lipid vesicle sizes perhaps due to its ability to
recognize lipid packing defects in highly curved lipid bilayers,
which is a consequence of the mismatch between the
phospholipid geometry and the curvature of the bilayer.5

To verify that the origin of the differential peptide interaction
toward lipid vesicles is due to the innate property of the peptide
and is not due to the fluorophores, we carried out 1H NMR
spectrometry investigations to probe the interaction of peptide

Figure 2. continued

and C2BL3C I8D N11I-NBD 13 with liposomes of varying POPC/POPS compositions (mol/mol) extruded through 30, 100, and
400 nm pore membranes are indicated in the table. Lower values indicate stronger binding. LM = liposome model; Ca2+ = 1 mM
CaCl2; n.d. = not determined.
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1. We chose vesicles with d = 55 ± 6 nm for the NMR
experiments due to the fact that these showed the highest
increase in fluorescence intensity upon interacting with
peptides 8 and 9. Visual inspection of the aromatic and
amide region of the 1H NMR spectra showed that 1 treated
with the lipid vesicles exhibited decreased peak intensity when
compared to untreated 1 (Supplementary Figure S24),
indicating that the unlabeled peptide also interacts with
liposomes.27,28 By contrast, the spectra of liposome-treated,
linear peptides 3 and 6 consistently showed significantly weaker
binding in both fluorescence and NMR experiments (Supple-
mentary Figure S24). These findings further demonstrated that
both peptide sequence and cyclization, but not the
fluorophores, are crucial for the observed curvature-detecting
property of C2BL3C.
Nanoparticle tracking analysis (NTA) was used to observe

the individual lipid vesicle particles.29 NTA records videos in
scatter (fluorescence independent) and fluorescence modes, the
latter providing speciation to confirm the binding of
fluorophore-labeled molecules on target particles. The NTA
software analyzes the video and measures the size of each
particle from direct observations of diffusion in a liquid
medium, independent of particle refractive index or density.29

Although NTA can resolve and simultaneously measure a wide
range of particle sizes at the same time, there is an inherent
limitation of measuring a stochastic process (in this case
Brownian motion) in a finite sampling time (limited by time at
which each particle is tracked), which may result to lesser peak
resolution quality. Nonetheless, the ability to observe and track
nanosized vesicles using our designed peptide will demonstrate
the proof-of-concept of size selectivity.
We labeled C2BL3C and the cyclic scrambled peptide

C2BL3C-S with Alexa Fluor 546 (required for NTA detection)
to yield C2BL3C-AF 10 and C2BL3C-S-AF 12, respectively.
Heterogeneous lipid vesicles composed of 8:2 POPC/POPS
were prepared and treated with peptides 10 and 12. Videos
were recorded under light scatter mode using a 532 nm laser
and then under fluorescence mode using a 560 nm filter to
investigate if the particles are tagged by the peptides (see
Supplementary Videos for representative results). Figure 3a
shows the NTA results in light scatter for heterogeneous lipid
vesicles treated with 10. The total vesicle count was 3.50 × 108

mL−1, with majority size ranging from 35 to 140 nm. Under
fluorescence mode, the total particle count was 2.00 × 108

mL−1, and the vesicle sizes that were clearly tagged by peptide
10 were in the range of 30−95 nm (Figure 3a). The parametric
plot (Figure 3b) confirms that 10 preferentially tagged
liposomes with a size range between 30 and 75 nm. In
contrast, we did not observe peptide 10 to label large lipid
vesicles, and peptide 12 did not tag any lipid vesicle size (Figure
3a).
To find out if our findings from synthetic liposomes would

translate to biological specimens, we also tested plasma samples
from rats that underwent inescapable tailshock stress as a model
of exosome release.30 Exosomes are nanosized particles with
diameters of ≤100 nm shed by various cell types, therefore
providing a good biological model for testing our curvature-
detecting peptides.31 The blood plasma was fractionated to
separate the exosomes, hereinafter called Ex(+), from the
plasma supernatant, hereinafter called Ex(−). The size range of
exosomes is known,32 and exosomes are characterized by the
presence of a membrane-bound tetraspanin called CD63.33 The
transmission electron microscopy images of Ex(+) showed
vesicles with d < 150 nm with the majority of the particles
having d < 100 nm while the blood plasma showed a more
heterogeneous mixture of a wide range of sizes from different
kinds of particles (Supplementary Figure S29). The exosomes
in Ex(+) were confirmed by enzyme-linked immunosorbent
assay (Supplementary Figure S28). We tested the exosome-
detecting ability of C2BL3C by fluorescence enhancement
using either PBS buffer or the exosome-depleted plasma
supernatant, Ex(−), as controls for untreated peptide. Figure 2b
shows that the Ex(+)-treated peptide renders a higher
fluorescence intensity at 1.39 ± 0.02 RFU compared with
that of the untreated peptide, which demonstrated that the
synthetic phospholipid binding property of 9 is translated to
the detection of exosomes. We also tested if we could use
peptide 9 to detect exosomes in blood plasma and found that
plasma-treated 9 showed a fluorescence intensity that is
remarkably higher than that of the untreated 9 (1.27 ± 0.05
RFU). In contrast, scrambled peptide 11 showed negligible
binding. This demonstrates that the complex blood plasma
matrix does not compromise the exosome-detecting ability of
peptide 9.

Figure 3. Nanoparticle tracking analysis (NTA). (a) Heterogeneous lipid vesicles composed of 8:2 POPC/POPS and treated with peptide 10 or 12
were studied by NTA. Green bars indicate the particle sizes that are preferred and labeled by peptide 10 and are visible under fluorescence mode.
Compared to scatter mode, smaller particles (d < 75 nm) are selectively labeled by peptide 10. (b) Parametric plot showing the liposome size range
that was preferentially labeled by peptide 10. Liposomes that scatter and fluoresce are represented by points that are on or close to the diagonal.
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In this Letter we have demonstrated the synthesis and
characterization of a cyclic peptide probe (1) designed from
Syt1 C2B loop 3 that selectively binds highly curved
phospholipid bilayers. Our efforts led to the successful
preparation and functionalization of this 12-residue macrocycle
that, to the best of our knowledge, is the largest monomeric
cyclic peptide to date prepared on solid support by "Click"
chemistry. C2BL3C favorably bound to nanosized synthetic
lipid vesicles and blood-borne exosomes with highly curved
surfaces. This peptide selects curvature perhaps due to its ability
to insert into lipid packing defects in highly curved lipid
bilayers. The analogues of 9, peptides 11 and 13, do not bind to
lipid vesicles, which shows the sequence specificity of lipid
vesicle recognition. Furthermore, NTA experiments showed
that the Alexa Fluor 546 fluorophore conjugate 10, but not the
scrambled control 12, favorably bound to highly curved
surfaces of synthetic phospholipid bilayers with d ≤ 100 nm,
which correlates with our observations in fluorescence and
NMR assays. In summary, our results showed that C2BL3C
possesses curvature-detecting properties, thereby providing a
potential tool to study membrane morphology and peptide-
lipid interactions.

■ METHODS
Solid Phase Peptide Syntheses. Peptide resin 2 was synthesized

using Rink amide resin and a microwave-assisted solid phase
synthesizer following the standard Fmoc chemistry. To make peptide
resin 7, linear peptide precursor resin 2 (0.05 mmol) was swelled in
2.8 mL NMP for 5 min. A solution of Cu(I) tetrakis(acetonitrile)
hexafluorophosphate (18.6 mg, 0.05 mmol) and tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]amine (TBTA, 26.5 mg, 0.05 mmol) in 0.5
mL NMP was added to the resin, followed by sodium ascorbate (20
mg, 0.1 mmol in 250 μL H2O) and 2,6-lutidine (10 μL, 0.1 mmol).
Portions of the resin 7 were taken and labeled at the N-terminus with
Trp and 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD) to yield 8 and
9, respectively. Peptide 6 was prepared following the same solid phase
synthesis and labeling as described above. Peptides 12 and 13 were
prepared following the same solid phase synthesis, cyclization, and
labeling as described above to yield C2BL3C-S-NBD (12) and
C2BL3c-I8D N11I-NBD (13). Resin-bound peptide 7 and its
scrambled analogue were labeled with Alexa Fluor 546 to yield
C2BL3C-AF (10) and C2BL3C-S-AF (12), respectively.
Lipid Vesicle Preparation. Lipid vesicles composed of POPC and

9.5:5, 9:1, and 8:2 mixture (mol/mol) of POPC and POPS were
prepared as described previously.23

Fluorescence Assays. Fluorescence enhancement measurements
were performed by measuring the fluorescence emission spectra of 300
μL solutions of fluorophore−peptide conjugates (0.5 μM) in PBS, pH
7.4, at RT with λex of 280 and 470 nm and λem scan of 300−500 and
500−650 nm for Trp and NBD, respectively. Separate peptide−
conjugate solutions were also prepared in the presence of 0.5 mM
liposomes that were incubated at 4 °C overnight, and their
fluorescence emission spectra were recorded under identical
conditions as above. For Ca2+-dependence assays, the samples were
prepared in HEPES buffer, pH 7.4, and treated with CaCl2 before
fluorescence measurements. As a positive control, 0.20 μM of rat Syt1
(G374, residues 96−421) was treated with Ca2+ and liposomes that
were extruded through 30, 80, and 400 nm pores using λex of 280 nm
to excite the tyrosine in the membrane insertion loop 3.7 Similar
experiments were also conducted using Ex(+) and blood plasma as
sources of lipid vesicles, and PBS, pH 7.4, and Ex(−) as solvents for
untreated peptides. For the anisotropy titrations, the NBD-labeled
peptides (1 μM) were individually titrated with 2 mM liposomes.
Anisotropy was monitored with the excitation wavelength set to 480
nm and the emission wavelength set to 545 nm. Titrations were made
to produce the [Total Lipid] on the x-axis versus the anisotropy values
on the y-axis. The plots were fitted as previously described.24

Isolation of Exosomes. The care and treatment of the rats were in
accordance with protocols approved by the University of Colorado
Institutional Animal Care and Use Committee. Exosomes were
isolated from rat blood plasma according to the procedure provided
with the ExoQuick kit. This process yielded a supernatant that was
aspirated off and labeled as the exosome depleted fraction, called
Ex(−). The remaining pellet that contained the exosomes were
resuspended PBS, pH 7.4, and was called Ex(+).

Nanoparticle Tracking Analyses. An aliquot of 150 μL of
heterogeneous lipid vesicles was taken and diluted with PBS, pH 7.4 to
give a particle count of 1−8 × 108 mL−1, following a previous work on
nanosized vesicles.29 The vesicles were treated with 10 nM
concentration of peptides 10 and 12, incubated, and diluted to a
final volume of 300 μL. Nanoparticle Tracking Analyses (NTA) were
performed using NanoSight LM10-HS equipped with a 532 nm laser
at scatter and fluorescence modes (filter = 560 nm). The instrument
was calibrated using commercially available 50 nm polystyrene beads
(Polysciences, Warrington, Pennsylvania).
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