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Curved membranes are a common and important attribute in cells. Protein and peptide curvature sensors are
known to activate signaling pathways, initiate vesicle budding, triggermembrane fusion, and facilitatemolecular
transport across cell membranes. Nonetheless, there is little understanding how these proteins and peptides
achieve preferential binding of different membrane curvatures. The current study is to elucidate specific factors
required for curvature sensing. As a model system, we employed a recently identified peptide curvature sensor,
MARCKS-ED, derived from the effector domain of the myristoylated alanine-rich C kinase substrate protein, for
these biophysical investigations. An atomistic molecular dynamics (MD) simulation suggested an important
role played by the insertion of the Phe residues within MARCKS-ED. To test these observations from our
computational simulations, we performed electron paramagnetic resonance (EPR) studies to determine the
insertion depth of MARCKS-ED into differently curved membrane bilayers. Next, studies with varied lipid
compositions revealed their influence on curvature sensing by MARCKS-ED, suggesting contributions from
membrane fluidity, rigidity, as well as various lipid structures. Finally, we demonstrated that the curvature
sensing by MARCKS-ED is configuration independent. In summary, our studies have shed further light to the
understanding of how MARCKS-ED differentiates between membrane curvatures, which may be generally
applicable to protein curvature sensing behavior.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Membrane curvature sensing is an important biological process.
Nonetheless, the biophysical understanding of their molecular recogni-
tion is lacking. Many curvature sensing peptides and proteins share
common structure and sequence characteristics [1]. For example, the
Bin/Amphiphysin/Rvs (BAR) domains, found in various membrane pro-
teins such as Amphiphysin and Endophilin-A1 [2,3], insert an amphi-
pathic helix into the bilayer, acting as a wedge to create more space in
the outer leaflet thereby acting as an activemembrane curvature induc-
er [4]. In another important study, Chapman and co-workers proposed
that Synaptotagmin-1 passively senses positive membrane curvature
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upon membrane insertion [5]. Synaptotagmin-1 uses its flexible loops
stemming from two C2 domains to penetrate into the membrane bilay-
er of loosely packed lipids, another common feature of positively curved
membranes [5]. Lastly, electrostatic interactions have been suggested to
be critical in stabilizing the interaction of protein domains on themem-
brane surface of highly curved regions [6]. For instance, the positively-
charged regions of BAR domains have been shown to recognize highly
curved membrane surfaces with exposed negatively charged lipids [6].

Recently, our group has reported a 25-amino acid peptide, MARCKS-
ED (NH2-KKKKKRFSFKKSFKLSGFSFKKNKK-CONH2), derived from the
effector domain of the myristoylated alanine-rich C kinase substrate
(MARCKS) protein as a membrane curvature sensor [7]. In fact, the nat-
ural MARCKS protein has been observed to localize in areas of positive
curvature in cells [8]. Nonetheless, the molecular mechanism of its
curvature sensing behavior remains elusive. MARCKS is an 87-kDa
cytoplasmic protein known to regulate Phospholipase C signaling via
specific interactions with Phosphatidylinositol 4,5-bisphosphate (PIP2)
along the inner cytosolic plasma membrane. Furthermore, MARCKS is
a Protein Kinase C substrate that also binds at high affinity to Calcium-
bound Calmodulin [7]. Membrane curvature (defined by the reciprocal
of the particle radii) is known to regulate many important biological
processes [9–11]. Curvature sensing by natural membrane proteins
has drawn intense research interests recently [1,12]. In our previous
studies, we have shown that MARCKS's effector domain (MARCKS-ED)
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Table 1
A list of different synthetic lipid vesicles prepared for biophysical assays. The wild type
model (WT) represents a composition that closely resembles cell membranes [31].

Lipid models Lipid composition

WT (wild type) 28% POPC: 27% POPE: 17% POPS: 14% Chol: 14% Sph
NoPE 55% POPC: 0% POPE: 17% POPS: 14% Chol: 14% Sph
NoPS 45% POPC: 27% POPE: 0% POPS: 14% Chol: 14% Sph
NoSp 42% POPC: 27% POPE: 17% POPS: 14% Chol: 0% Sph
NoCh 42% POPC: 27% POPE: 17% POPS: 0% Chol: 14% Sph
DAG 28% POPC: 27% DAG: 17% POPS: 14% Chol: 14% Sph
Hydro-PC 28% POPC: 27% POPE: 17% POPS: 14% Hydro-PC: 14% Sph
LM1 70% POPC: 15% POPE: 0% POPS: 15% Chol
LM2 60% POPC: 15% POPE: 10% POPS: 15% Chol
LM3 50% POPC: 15% POPE: 20% POPS: 15% Chol
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is a short sequence incorporated with both highly basic and hydropho-
bic residues that can sense highly curved membranes. In this current
report, we employed a combination of various biophysical methods to
investigate the basis of its curvature sensing behavior.

Based on simulation results,we hypothesized that the insertion of ar-
omatic residue side chains significantly contribute to its curvature sens-
ing,which is in agreementwith previous reports that the Phe residues in
the effector domain of MARCKS are buried into the membrane bilayer
[13]. To further investigate the results of the simulation study, electron
paramagnetic resonance (EPR) was used to determine the insertion
depth of the Phe residues into lipid vesicles presenting different curva-
tures. Fluorescence enhancement experiments were performed using
both L- and D-MARCKS-ED peptides to study whether the peptide
recognizes curvature in a configuration-specific manner. To further
expound on these fluorescence enhancement findings, we quantified
the binding affinities of MARCKS-ED to differently sized lipid vesicles.

It has long been known that lipids have significant functions in
membrane shape, mobility, and stiffness [14]. Lipid components give
rise to membrane curvature primarily dictated by their shape and net
charge [15,16]. Importantly, lipid packing induces defects, which has
been suggested to play a role in curvature sensing [12]. Therefore, we
next studied the impact of various lipid components in biologically
relevant membranes on the curvature sensing ability of MARCKS-ED,
revealing their importance in the recognition of membrane curvature.

Taken together, we herein report that Phe insertion in conjunction
with specific peptide-lipid interactions could contribute to the
membrane curvature sensing by MARCKS-ED. These results could help
to successfully design novel membrane curvature probes for studying
biological processes.

2. Material and methods

2.1. Atomistic membrane model

Molecular dynamics was employed to model two MARCKS-ED
peptide molecules, with one of each located in the interfacial region of
a hydrated, flat lipid bilayer system composed of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylserine (POPS). Themembrane builder
module in CHARMM-GUI [17] was used to construct the systems that
are composed of a lipid bilayer,water and ions. TheMARCKS-EDpeptide
was constructed from internal coordinates found in the CHARMM resi-
due topology files. As part of this study aims to investigate the interac-
tions of the MARCKS-ED peptide with the membrane interfacial
region, the peptide was initially placed in the simulation system in
such a way that the peptide lies flat along the interfacial region and
thus, the xy-area of the system box includes the contribution of the pep-
tide. This initial configuration of the peptide also orients the side chains
to initially lie approximately parallel to themembrane surface. Each sys-
tem was composed of two MARCKS-ED peptides (one in each leaflet),
250 lipids per leaflet (225 POPC and 25 POPS molecules) and ~20,000
water molecules. Based on the location of the MARCKS peptide where
it is predicted to be constrained in one leaflet [18], two MARCKS-ED
peptides were used for increased sampling of the peptide behavior in
a membrane leaflet. This approach is similar to that employed by
Maccallum et al. [19]. Each simulation system contains on average
~130,000 atoms. A 0.15-M concentration of KCl was used for all simula-
tions. Rectangular periodic boundary conditions were imposed with a
variable box height of ~70 Å and xy-translation lengths of ~135 Å. The
latter dimension was based on the area of the peptide and the 68.3-Å2

and 62-Å2 area/lipid ratios for POPC and POPS, respectively [17].

2.2. Molecular dynamics simulation

The Chemistry at Harvard Macromolecular Mechanics (CHARMM)
program [20] was used for this study, making use of the CHARMM36
protein and lipid force fields [21–23]. The TIP3P model for water [24]
was used with bonds to hydrogen atoms constrained with the SHAKE
algorithm [25]. The particle-mesh Ewald (PME) method [26] was
employed to calculate the electrostatics using a mesh size of ~1 Å for
fast Fourier transformation, κ= 0.34/Å and a sixth-order B-spline inter-
polation. Non-bond pair lists were constructed using a 16-Å cutoff dis-
tance, and the Lennard-Jones potential was smoothly switched off at
10–12 Å using a force-switching function. Simulations were performed
under constant temperature (330 K, to ensure bilayer fluidity) and nor-
mal pressure (1.0 atm) with a fixed lateral area using Nosé-Hoover
methods [27] and the Langevin piston [28]. These conditions have
been used in numerous previous simulations of biomolecular systems
[29–32].

2.3. Solid phase peptide synthesis

All peptides were synthesized using a CEM Liberty microwave-
assisted peptide synthesizer using standard solid phase Fmoc chemistry.
Peptides were conjugated to a 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)hexanoic acid (NBD) fluorophore to the N-terminus via an
aminohexanoic acid linker. For electron paramagnetic resonance (EPR)
studies, the 11th amino acid residue, Lys, in MARCKS-ED was mutated
to a Cys residue in order to conjugate the methanethiosulfonate
(MTSL) label, generating the spin-labeled peptide, MTSL-K11C. Follow-
ing NBD or MTSL conjugation, the resin beads were then washed,
dried and cleaved from the peptide using a water/trifluoroacetic acid
(TFA)/ triisopropylsilane (TIPS) cocktail of 2.5%/95%/2.5% for 1 hour
under inert N2 conditions. Chilled Et2O was used to precipitate the
peptides. Reverse phase high performance liquid chromatography was
performed to purify each peptide using a semi-prep C8 column.

2.4. Lipid vesicle preparation

To generate homogeneous lipid vesicle solutions, a previously
reported protocol was followed [33–35]. The following lipids were pur-
chased from Avanti Polar Lipids: 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), hydrogenated phosphatidylcholine (Hydro-
PC), sphingomyelin and cholesterol. The wild type lipid composition
was based on reported approximations of the outer leaflet of exosomes
[36]. After mixing each lipid component, residual organic solvent was
removed using a slow flow of N2 until a thin, white film was observed
on the bottom of the glass vial. Each glass vial was placed in the
dessicator in vacuo for at least 30 minutes. Phosphate buffer (pH =
7.40)was added to each glass vial containing the dry film and incubated
overnight to hydrate at 4 °C. A summary of the lipid compositions of the
different vesicle systems studied is found in Table 1.

The lipid vesicle solutions were prepared by an Avestin FL-50
pressurized extruder using polycarbonate membranes purchased by
Avanti Polar Lipids following a previously established protocol [35].



Fig. 1. Atomistic model of MARCKS-ED interacting with membrane bilayers. a) Snapshot
showing MARCKS-ED binding to the membrane bilayers after 40 ns of simulations using
the CHARMM forcefield. Lipid tails are shown in cyan. Water molecules are shown in
stick and ball representation with the oxygen atoms shown in red and the hydrogen
atoms in white. Lysine residues of MARCKS-ED are shown in blue, phenylalanine in gray
and serine in red. The residue in yellow is the Lys residue that was mutated into Cys for
the sequential EPR experiments. The lipid head groups are shown as: choline nitrogen
(light violet), phosphate phosphorus (light yellow) and one of the sn-2 carbonyl oxygen
(pink). For clarity, atoms in the foreground are not shown, and the size of the head
group atoms have been decreased. b) A different view with the lipid tails and water
molecules removed. Colors and representations are the same as that in a).
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The polycarbonate membrane filters used were of sizes 30, 100
and 400 nm. For each lipid vesicle size, the lipid vesicle solutions were
extruded through the membrane filters at least 3 times to generate
homogeneity. To characterize the actual vesicle diameter for each lipid
vesicle solution, we used the nanoparticle tracking analysis (NTA) to
produce a distribution curve displaying the vesicle size present in each
solution. The LM10-HS instrument was used with a 638 nm laser at
scatter mode and a 650 nm laser at fluorescence mode.

2.5. Fluorescence enhancement assay

The Fluorolog-3 fluorometer by Horiba Jobin Yvon was used to
observe emission spectra for the NBD-labeled MARCKS-ED peptides.
Excitation and emission wavelengths were set at λex = 480 nm and
λem = 545 nm for the NBD fluorophore. Proper controls were per-
formed to ensure that the observed fluorescence intensity was solely
based on the peptide and not on the fluorophore [7]. The MARCKS-ED
peptides (500 nM) were incubated with each lipid vesicle solution
(500 μM) in PBS (pH= 7.40) prior to the experiment. The fluorescence
emission spectrum was set from 500 to 650 nm.

2.6. Fluorescence anisotropy assay

Fluorescence anisotropywas performed using the Horiba Jobin Yvon
Fluorolog-3 fluorometer. Various concentrations of lipid vesicles were
titrated into the MARCKS-ED solution until the binding curve reached
saturation. The excitation and emission wavelengths were set to
λex= 480 nmand λem=545 nm for the NBD fluorophore. As previous-
ly reported [37], the following equation was used to determine the
apparent KD:

Fb ¼ Kp L½ �= 1þ Kp L½ �ð Þ ð1Þ

KD ¼ 1=Kp ð2Þ

where Fb describes the fraction of peptide bound to the lipid vesicles,
Kp describes the molar partition coefficient and [L] describes the lipid
concentration. This equation was fitted to each anisotropy graph
where the Kp is expressed as the inverse of the apparent dissociation
constant, KD. Statistical analysis was performed using the analysis
of variance (ANOVA) test to produce a p-value between samples
measured.

2.7. Electron paramagnetic resonance (EPR)

EPR was performed to study the interactions of the mutated
MARCKS-ED peptide, MTSL-K11C, with different sized vesicles.
Methanethiosulfonate (MTSL) provides the unpaired electron required
for an EPR response. The EPR datawere collected using a Bruker Elexsys
E500 spectrometer and a loop gap resonator. To determine the depth
parameter values of the MTSL-K11C peptide within the membrane
bilayer, EPR power saturation experiments were performed by incre-
mentally increasing the incident microwave power while recording
the changes of the amplitude of the central resonance peak until signal
saturation is reached. The equations shown below describe how the
depth parameter was measured. The power at which the system was
at half saturation, P1/2, was calculated based on Eq. (3). The P1/2 values
describe the frequency of collisions between the nitroxide label, MTSL,
and the O2 or NiEDDA probes. The P1/2 value is then used to solve
for the solvent accessibility, π, for both paramagnetic probes, O2 and
NiEDDA using Eq. (4), respectively. A higher π value points to more
collision frequencies between the paramagnetic probe with the
nitroxide-labeled K11C peptide, MTSL-K11C. The solvent accessibility
values are required to calculate the depth parameter values (Φ) as
shown in Eq. (5) below.

A ¼ c � P1=2 1þ 21=ε
‐1

� �
P=P1=2

h i
‐ε ð3Þ

π xð Þ ¼ P1=2 xð Þ=ΔHpp xð Þ
� �

‐ P1=2 N2ð Þ=ΔHpp N2ð Þ
� �h i

= P1=2 DPPHð Þ=ΔH DPPHð Þ
h i

x ¼ Under O2or NiEDDA;N2 ð4Þ

ϕ ¼ ln π O2ð Þ =π NiEDDAð Þ½ � ð5Þ

Where A describes the amplitude, c describes the scaling, P describes
the power, P1/2 describes the power at half saturation and ΔH describes
the width of the central resonance peak.

3. Results

3.1. Computational simulations of MARCKS-ED

Wehave previously reported that L-MARCKS-ED binds to biological-
ly relevant vesicles while its Phe and Lys residues are both essential [7].
As structural analyses of peptides/proteins in the membranes are diffi-
cult to conduct, computational simulations provide a useful alternative.
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For a microscopic view of this peptide–lipid interaction, the MARCKS-
ED peptide was simulated with an atomistic membrane bilayer. Fig. 1
shows a snapshot of the system after 40 ns of dynamics simulation. As
mentioned in the Methods section, the initial placement of the peptide
placed it in a configuration that has the side chains sticking out along
the sides of the protein backbonewhere they lie approximately parallel
to the membrane surface. From Fig. S1, it can be seen that within the
first 2 ns, initial rearrangements were already taking place, particularly
with the depth of the Phe side chains. From their initial positions
at ~ ±20 Å, centers of mass of the Phe side chains are already starting
to move 7–8 Å deeper towards the center of the membrane. The
positions of the Lys side chains also change during the early stages
and have started to move around 3–4 Å towards the bulk solvent. The
cationic terminal regions of MARCKS-ED are more exposed to water,
due to the interactions of the Lys side chains with the bulk solvent. By
contrast, the central stretch of the peptide, where the Phe residues
(represented in gray) are located, is buried into the interface and
appears to hold the MARCKS-ED peptide to the bilayer.

To quantify the positions of the main residues comprising the pep-
tide, the coordinates of the centers of mass for each side chain of the
Lys, Phe and Ser residues were averaged after 10 ns of equilibration.
Then the histograms of the z-coordinates relative to the bilayer center
were constructed. Figure S1 in the Supplementary Information shows
that at the 10 ns point, the z-coordinates of the centers of masses of
the side chains of the Lys, Ser and Phe residues are fluctuating within
a constant range. This indicates that an equilibrium state had been
established. In the simulation, the average distances from the bilayer
center to the lipid head group components are as follows: choline
N = ~ ± 20 Å, phosphate P = ~18 Å, and carbonyl C = ~ ± 13 Å. As
shown in Fig. 2, the Lys residues (red curve) are found furthest away
from the bilayer center, with some found past the choline region. Ser
residues (black curve) are also found closer to the bulk solvent owing
to the fact that its side chain is a hydrogen bond donor and thus can
interact with the bulk solvent and the head groups. Phe residues, due
to their elevated hydrophobicity, are found closer to the bilayer center
(magenta curve) at ~ ±12 Å. Implicit membrane simulations by
Zhang, Yetiraj and Cui [38] likewise report this trend for the MARCKS-
ED peptide where the charged and polar residues are found in the
high dielectric constant region, and the Phe residues are found close
to the dielectric boundary. In comparison to Ellena et al. [18] ~5–10 Å
below the lipid phosphate was where they observed the Phe residues
in the presence of Phosphatidylinositol 4,5-bisphosphate (PIP2).
Overall, MARCKS-ED adopts a “boat” conformation upon membrane
association. This observation is in agreement with another previous
literature report [13], supporting our computational simulation as a
Fig. 2. Histograms calculated from the simulation trajectory showing the distribution of
the z-coordinates of the side-chain centers of mass of the Lys, Phe and Ser residues
of the MARCKS-ED peptide. N, P and C = O respectively refer to the average positions
of the nitrogen, phosphorus and carbonyl carbon atoms of the lipid molecules. The
z-coordinates are relative to the bilayer center where z = 0.
valid platform to study the peptide–lipid interactions by the MARCKS-
ED peptide.

3.2. Peptide configuration and MARCKS-ED curvature sensing

Previous literature has shown that the natural MARCKS-ED regions
do not adopt any secondary structures [37,39]. To further explore the
molecular recognition of MARCKS-ED to differently curvedmembranes,
we next carried out fluorescence enhancement assayswithMARCKS-ED
along with its mirror-image peptide D-MARCKS-ED, composed of un-
natural D-amino acids. Fluorescence enhancement describes a change
in fluorescence intensity brought about by the environmental change
surrounding the fluorophore (conjugated to the N-terminus of each
peptide) from a polar, aqueous solvent to a hydrophobic bilayer. An in-
crease in fluorescence intensity indicates peptide-vesicle binding. Vesi-
cles with various percentages of the anionic lipid, phosphatidylserine
(PS), were used in these experiments as previous studies showed that
PS contributes to most of the binding affinity of MARCKS-ED [7].
As can be observed from Fig. 3, D-MARCKS-ED behaves similarly to
L-MARCKS-ED. For bilayers with 10% and 20% PS, both D- and
L-MARCKS are able to distinguish between the different membrane
curvatures. However, curvature sensing ceases when there is no PS
present in the bilayer. To better quantify the curvature-sensing ability
of D-MARCKS-ED, the binding affinity was measured by fluorescence
anisotropy assays. Lipid vesicles with different diameters (smaller vesi-
cles present surfaces with more curvature) were titrated to the NBD-
labeled D-MARCKS-ED, which results in an increase in polarization
upon peptide-vesicle association. The dissociation constants (KD)
were calculated according to Eq (1) and 2. Table 2 shows the KD values
of D-MARCKS-ED for 30-, 100- and 400-nm pore size vesicles of lipid
models 1, 2 and 3, and Figure S2 shows their titration curves. We
could not obtain the KD values for the lipid model 1 that contains 0%
PS because the titration curve never reached the saturation. Table 2
also shows KD values of NBD-labeled L-MARCKS-ED to the models 1, 2
and 3 that we have previously reported as a comparison [7]. Model 2
showed the most curvature sensing behaviors for both D- and
L-MARCKS-ED. KD values of D-MARCKS-ED to 30-, 100- and 400-nm
diameters vesicles were determined to be 69 ± 9 μM, 303 ± 65 μM
and 394 ± 133 μM, respectively, and this trend is similar to L-
MARCKS-ED whose KD values of 30-, 100- and 400-nm diameters
were 24± 3 μM, 42 ± 13 μM and 86 ± 20 μM, respectively. Our results
also indicated that D-MARCKS-ED binds more tightly to highly curved
vesicles that contain more PS. Taken together, these results demon-
strate that the curvature sensing behavior does not depend on the
configuration of amino acids in MARCKS-ED, consistent with that
MARCKS-ED binds in an unstructured conformation, and the binding
is primarily driving by electrostatic interactions.

In addition to the lipid models 1, 2 and 3, we also measured the KD

values of both D- and L-MARCKS-ED with the “wild type” lipid vesicles,
whose lipid composition closely mimic biological exosomemembranes
[36], of 30-, 100- and 400-nm diameters: they were determined to be
12 ± 46 μM, 29 ± 45 μM and 30 ± 6 μM for D-MARCKS-ED and 14 ±
1 μM, 17 ± 2 μM and 33 ± 2 μM for L-MARCKS-ED, respectively. This
preferential binding is comparable with literature reports that the
curvature sensing protein, Synaptotagmin-1 (Syt-1), shows a 1.9-fold
increase in binding affinity between small (d = 105 nm) and large
(d = 252 nm) vesicles [5].

3.3. Characterizing the contribution of different insertion depths in
curvature sensing

To explore the second contributing factor of different insertion
depths, electron paramagnetic resonance (EPR) spectroscopy was per-
formed. Previous studieswith single sized vesicles (d=50nm) showed
that MARCKS-ED penetrated into membrane bilayers [13]. Herein, the
interaction of MARCKS-ED with vesicles of different sizes was explored.

image of Fig.�2


Fig. 3. Fluorescence enhancement results comparing L-MARCKS-ED and D-MARCKS-ED peptides. Maximum fluorescence emission by the NBD label attached to the N-terminus of L- and
D-MARCKS-ED in the presence of vesicles of different diameters. [Peptide] = 500 nM. [Lipid vesicle] = 500 μM. Fluorescence (in relative fluorescence units, RFU) was normalized to the
untreated MARCKS-ED peptides. *P value b 0.01 compared to 400 nm polycarbonate membrane pores. **P value b 0.05 compared to vesicles generated by 400 nm polycarbonate
membrane pores. Statistical analysis was performed using the analysis of variance (ANOVA) test to produce a P-value between samples measured.
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Supplementary Figure S3 shows spectra for the methanethiosulfonate
(MTSL, a commonly used paramagnetic probe) -labeled MARCKS-ED,
MTSL-K11C, in the presence (red) and absence (blue) of lipid vesicles.
Consistent with a previous report [13], EPR spectra with lipid vesicles
all showed significant peak broadening, an indicative of the reduced
tumbling rate of MTSL-K11C caused by its membrane association.

To measure the depth of MARCKS-ED insertion into different
membrane curvatures, power saturation experiments were performed
for each lipid vesicle size. Figure S4 shows the power saturation
curves for each vesicle size in the absence (red curve) and presence of
the paramagnetic probes O2 and NiEDDA (blue and green curves,
respectively). Measurements of the probe-free and the NiEDDA-
containing vesicles were performed under N2. Using the equations
summarized in Materials and Methods, the depth parameter (Φ) was
then calculated.

Fig. 4a shows how the depth parameter values Φ (larger values
indicate deeper insertion) correlate to different vesicle diameters.
These Φ values were then calibrated using five commercially available,
spin-labeled nitroxide phosphatidylcholine (PC) lipids. The head
group labeled PC was given a value of −5 Å (distance from the phos-
phate group, increasing positive values indicate greater insertion)
based on a previous report [13]. These lipids are labeled with doxyl
nitroxides at positions C5, C7, C10 and C12 on the acyl chain as well as
on the head group, respectively [13]. Calibration plots display a linear
correlation between the distance of the nitroxide label on the lipid
chain relative to the membrane bilayer and their depth parameters
(Figure S5). The distance of the MTSL label in MTSL-K11C from the
Table 2
The dissociation constants, KD, of D-MARCKS-ED and L-MARCKS-ED for 30-, 100- and
400-nm pore size vesicles of lipid models 1, 2, 3 and wild type (WT).

Vesicle
size (nm)

Model 1:
0% PS

Model 2:
10% PS

Model 3:
20% PS

WT: 17%PS

D-MARCKS-ED
30 n.d. 69 ± 9 μM 14 ± 12 μM 12 ± 46 μM
100 n.d. 303 ± 65 μM 15 ± 50 μM 29 ± 45 μM
400 n.d. 394 ± 133 μM 23 ± 6 μM 30 ± 6 μM

L-MARCKS-ED
30 141 ± 17 μM 24 ± 3 μM 16 ± 3 μM 14 ± 1 μM
100 64 ± 5 μM 42 ± 13 μM 18 ± 1 μM 17 ± 2 μM
400 146 ± 18 μM 86 ± 20 μM 26 ± 6 μM 33 ± 2 μM

n.d. = not determined.
phosphate group was calculated as shown in Fig. 4b (more positive
values indicate deeper membrane insertion into the bilayer). From
these results, we conclude that MARCKS-ED inserts more deeply into
highly curved membrane bilayers.

3.4. Does lipid composition influence curvature sensing?

To explore the role of lipids inMARCKS-ED curvature sensing behav-
ior, we measured its binding affinity towards vesicles with different
lipid composition and sizes (Table 1). A mutant peptide, MARCKSmut1
(NH2-KKKKKRASAKKSAKLSGASAKKNKK-CONH2), in which the Phe
residues in the original sequence of MARCKS-ED were replaced with
Ala (underlined)was used as a control. The bolded amino acids are pos-
itively charged, so MARCKSmut1 can only use the electrostatic interac-
tions for the binding. Fig. 5 shows normalized dissociation constants
(KD) in relation to vesicle size. In vesicles consisting of the wild type
membrane model, MARCKS-ED binds to smaller vesicles with signifi-
cantly higher affinity.We observed similar results in the vesicles lacking
sphingomyelin, suggesting that sphingomyelin has no apparent contri-
bution in MARCKS-ED's curvature sensing behavior. We previously
showed that in the absence of phosphatidylserine (PS), the preferential
binding of MARCKS-ED was compromised [7]. Herein, we find that
phosphatidylethanolamine (PE), or cholesterol (Fig. 5a, NoPE and
NoCh, respectively) is also required forMARCKS-ED's curvature sensing.
Across all these lipid systems, MARCKSmut1 does not show any size
discrimination (Fig. 5b), further confirming the critical role of the Phe
residues.

To further understand why both PE and cholesterol are critical to
MARCKS-ED's curvature sensing behavior, we chose to replace each of
these lipids with another lipid component having similar structural
characteristics to determine whether any rescue of curvature sensing
behavior could be observed. First, we replaced PE with diacyl glycerol
(DAG), a lipid sharing a common conical shapewith PE [14]. The remov-
al of PE from wild type vesicles eliminated vesicle size distinction
(Fig. 5a, ΝοPE). Upon replacement of the PE with DAG (Fig. 5a, DAG),
no significant rescue of curvature sensing was observed. MARCKSmut1
measured stronger binding affinities for the DAGmutantmodel relative
to all the other lipidmodels. Although smaller KD values were observed,
there is only a slight difference between the 30- and 400-nm vesicle
solutions.

Cholesterol is known to increase membrane rigidity in fluid phases
[40,41]. Fig. 5a shows that the curvature sensing behavior by
MARCKS-ED is abolished in the absence of cholesterol. To explore

image of Fig.�3


Fig. 4. Plot showing the correlation between the depth parameters (ϕ) and different vesicle sizes. a) These results demonstrate that MARCKS-ED inserts more deeply in the membrane
bilayer with more curvatures. b) A list of each synthetic lipid vesicle size describing its depth parameters (Φ) and distance from the membrane bilayer (Å).
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cholesterol's contribution in the context of MARCKS-ED targeting
highly curved vesicles, we replaced cholesterol with hydrogenated-
phosphatidylcholine (Hydro-PC) to probe the rigidity-enhancing role.
With fully saturated lipid tails, Hydro-PC can enhance lipid packing,
thereby increasing membrane rigidity [42]. As shown in Fig. 5a
(Hydro-PC), a rescue of curvature sensing was observed with the
replacement of cholesterol by Hydro-PC, indicating that membrane
rigidity indeed contributes to MARCKS-ED's differential binding to
vesicles of different sizes. In comparison to the wild type MARCKS-ED
peptide, MARCKSmut1 showed no curvature sensing for either mutant
model.

4. Discussion

In this current report, the roles of both the peptide and the lipids
were explored to understandMARCKS-ED's curvature sensing behavior.
Molecular modeling shows the central stretch of MARCKS-ED inserted
into the membrane despite Lys residues that pull both termini towards
Fig. 5.Membrane curvature sensing by a)MARCKS-ED and b)MARCKSmut1 in vesicles with dif
each lipid vesicle size and composition (Table S2). For direct comparison, all KD values were no
vesicles generated by 400 nm polycarbonate membrane pores. **P value b 0.05 compared to ve
behavior. Statistical analysis was performed using the analysis of variance (ANOVA) test to pro
the bulk solvent forming a ‘boat’ conformation, which was previously
hinted by Cafiso and co-workers [18]. The preferred position we ob-
served for Phe (~±12Å) is also in agreementwithprevious simulations
of individual side-chain analogs by MacCallum and co-workers [19].
However, in the same citedwork, a position of ~14Å for Ser,was obtain-
ed. This position is closer to the bilayer compared to our simulation
results presented in this study (~ ± 18 Å). This difference may be
attributed to the fact that the presence of a number of Lys residues in
the MARCKS-ED pulls the whole peptide towards the bulk solvent.
Nonetheless, the observation that the Phe residues stay buried in the
membrane despite the pull lends further support to the essential role
of these Phe residues in membrane curvature sensing by MARCKS-ED.

MARCKS-ED adopts an extended, unstructured conformation in
solution, and its interaction with the membrane is not expected to be
dependent on the L- or D-conformation of the comprising amino
acid residues. D-MARCKS-ED behaves similarly to L-MARCKS-ED as
expected in being able to distinguish between different curvatures of
liposomes with 10% and 20% PS. To look more closely at the insertion
ferent lipid composition. KD valueswere determined by fluorescence anisotropy assays for
rmalized to that for wild type 30 nm vesicle by MARCKS-ED. *P value b 0.01 compared to
sicles generated by 400 nm polycarbonate membrane pores, indicating curvature sensing
duce a p-value between samples measured.
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of MARCKS-ED into the bilayer, we employed EPR, a well-established
method to study membrane protein insertion [13]. Consistent with
our speculation that the insertion of Phe residues are critical to the
preferential binding of MARCKS-ED to highly curved membranes, we
observed a trend that shows a deeper insertion of Phe as the lipid vesicle
gets smaller. The EPR results are comparable to our observations from
simulations. For the largest vesicle, it can be seen from Fig. 4 that the
depth of the peptide is ~5 Å away from the phosphate region. Fig. 2
shows that there is still a considerable population of Lysine residues at
that distance from the phosphate region.

Our results suggest that different lipid shapes and packing have
major impacts on the interaction of the bilayer with MARCKS-ED. PE,
with its small head group, can create surface defects and lipid gaps on
the surface for larger vesicle sizes. However, to produce surface defects
in smaller vesicles, the presence of defect-inducing lipids is not as criti-
cal as they are in larger vesicles. This is due to the fact that, for smaller
vesicles, the higher surface curvature itself induces defects. As shown
in Fig. 5a, the removal of POPE did result to a significant change in
MARCKS-ED binding to the 30- and 100-nm. The presence of POPE
can affect the distribution of POPS on the surface of bilayers [43],
which could be a reason for the stronger binding of MARCKS-ED to
the 400-nmPOPE-deficient vesicles.More specifically, this perhaps sug-
gests that POPS membrane surface localization could be disrupted in
larger vesicles in the presence of POPE, thus interferingwith electrostat-
ic interactions with a result of weaker binding. Without POPE, it could
be inferred that POPS is more localized thus the result of stronger bind-
ing between MARCKS-ED and larger vesicles. Next, we tested whether
DAG could rescue the curvature sensing by MARCKS-ED in the absence
of POPE due to their similar shapes. However, the replacement of POPE
with DAG shows no significant rescue of curvature sensing, which
reveals that shape alone could not fully explain the essential role of
POPE in MARCKS-ED's curvature sensing. This could be due to the lack
of negatively charged phosphate group in the DAG head group that
makes its behavior markedly different from that of POPE. Taken togeth-
er, curvature sensing behavior was not observed for either peptide with
this mutant model, indicating the essential role that POPE plays in
MARCKS-ED's curvature sensing.

There are many factors that could affect lipid packing such as
temperature, lipid composition and the compression brought upon by
inherent bilayer curvature; therefore, the specific role of cholesterol
as a modulator of lipid packing should be investigated. Indeed we
acknowledge cholesterol's dynamic behavior in generating ordered
lipid domains in membrane environments, which may influence
curvature sensing. We can only propose this suggestion taking in con-
sideration the multiple functions of cholesterol in membranes. In fact,
its depletion has been suggested to disrupt these domains, currently
recognized as lipid rafts [44]. Furthermore, in the context of highly
curved vesicles, cholesterol appears to contribute to MARCKS-ED's cur-
vature sensing behavior, proposing how lipid mobility and structure
may influence this behavior.

The generation andmaintenance of surface defects,which arise from
lipid packing, appear to influence curvature sensing byMARCKS-ED.We
explored the membrane rigidity effects following our observation that
curvature sensing behavior was eliminated upon the replacement of
cholesterol by POPC. Likewise, the binding of MARCKS-ED to the 30-
and 100-nm vesicles did not show an appreciable response to the re-
moval of cholesterol but resulted in tighter binding to the 400-nm.
These results suggest that any change that cholesterol brings to mem-
brane rigidity has more effect on the largest vesicle than on the two
smaller ones. In larger vesicles, cholesterol may add more rigidity to
both stabilize surface defects and increase lipid constraints to allow
for better bilayer insertion. On the other hand, the high degree of curva-
ture present in the smaller vesicles can bring about such a degree of lipid
packing that the effect of cholesterol becomes unnoticeable. That is,
evenwith the removal of cholesterol, the rigidity of the smaller bilayers
is not impacted greatly because of the lipid packing that occurs
inherently due to curvature. This may also suggest why the wild type
model shows weaker binding for larger vesicles. In contrast to their
deletion models, cholesterol and PE could be influencing membrane
rigidity and lipid surface defects, whichmay interfere with electrostatic
interactions of larger vesicles. Given previous studies showing PE's
influence on PS membrane exposure [43], this may explain how
MARCKS-ED selectively targets highly curved vesicles with stronger
binding affinity in their absence.

The binding affinities revealed by the replacement of cholesterol
with Hydro-PC (rigidity-enhancing lipid) point to the role of lipid
packing in membrane bilayers on the curvature sensing behavior of
MARCKS-ED. The replacement of cholesterol with Hydro-PC successful-
ly rescued the curvature sensing ability MARCKS-ED. These studies
suggest that rigidity-altering lipid components may be a significant
factor in influencing curvature sensing. Furthermore, lipid packing
may also be a contributing factor. As previous curvature sensing studies
have shown, we acknowledge that curvature sensing observed by
MARCKS-ED may indeed be influenced by the inherent behavior of
highly curved membranes [45]. Our data indeed reveal the importance
of the insertion-inducing residue Phe as well as lipid packing on
curvature sensing; however, these observations only help support an
additional influence: the impact of surface defects, highlighting the
significant role in lipid–lipid interactions which may be influencing
the peptide–lipid interactions we have observed.

Results observed for the mutant peptide MARCKSmut1 displayed
weaker binding compared to the wild type MARCKS-ED peptide, and
importantlywithoutmembrane curvature distinction. These results fur-
ther confirmed the importance of Phe insertion in both MARCKS-ED
membrane binding and curvature sensing.

5. Conclusions

Previous and current membrane curvature studies have introduced
a variety of mechanisms to illustrate dynamic protein–membrane
interactions; however, there are still unresolved questions to fully char-
acterize how proteins are promoted to highly curved membranes. Our
current studies have presented new insights to further progress the
field ofmembrane curvature. Previously, certain studies have thorough-
ly recognized specific protein domains (e.g. BAR, scaffolding etc) as
being a contributor tomembrane curvature sensing based on Baumgart
et al. [46]. Hatzakis and coworkers have acknowledged how highly
curved membranes themselves recruit proteins with insertion motifs
[45]. Furthermore, lipid composition has also been shown to influence
how proteins target highly curved vesicles based on Antonny et al.
[47]; however, similar to our own findings, they suggested how inser-
tion motifs in conjunction to lipid defects initiate curvature sensing.
Taken together, our work reveals multiple influences observed by
those in the field, all contributing to membrane curvature sensing,
suggesting the complexity of this behavior. These include peptide
specificity, the presence of defect-inducing lipids as well as lipid rigidity
effects stemming from cholesterol.

Using both computational and experimental biophysical techniques,
we have probed the mechanism underlying the curvature sensing abil-
ity of MARCKS-ED. This was done by examining alterations in curvature
sensing brought about by changes in both the peptide and the bilayers.
The results of this study contribute to the molecular mechanism that
governs the interaction between proteins and curved membranes.
This understandingwill positively impact the identification and rational
design of novel proteins and peptides that, in their ability to target
highly curved vesicles, can be used for various biological applications.
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