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Abstract

Membrane curvature and lipid composition plays critical role in interchanging of matter and 

energy in cells. Peptide curvature sensors are known to activate signaling pathways, and promote 

molecular transport across cell membranes. Recently, the 25-mer MARCKS-ED peptide, which is 

derived from the effector domain of the myristoylated alanine-rich C kinase substrate protein, has 

been reported to selectively recognize highly curved membrane surfaces. Our previous studies 

indicated that the naturally occurring L-MARCKS-ED peptide could simultaneously detect both 

phosphatidylserine (PS) and curvature. Here, we demonstrate that D-MARCKS-ED, composed by 

unnatural D-amino acids, has the same activities as its enantiomer, LMARCKS-ED, as a curvature 

and lipid sensor. An atomistic molecular dynamics (MD) simulation suggests that D-MARCKS-

ED may change from linear to a boat conformation upon binding to the membrane. Comparable 

enhancement of fluorescence intensity was observed between D- and L- MARCKS-ED peptides, 

indicating similar binding affinities. Meanwhile, circular dichroism (CD) spectra of D- and L- 

MARCKS-ED are almost symmetrical both in the presence and absence of liposomes. These 

results suggest similar behavior of artificial D- and natural L- MARCKS-ED peptides when 

binding to curved membranes. Our studies may contribute to further understanding of how 

MARCKS-ED senses membrane curvature, as well as provide a new direction to develop novel 

membrane curvature probes.

INTRODUCTION

It has long been thought that the shape of the cell membrane is a passive characteristic of the 

bilayer. However, recent investigations have uncovered the active role of membrane 

curvature in controlling cellular organization and activity [1-6]. The shape of the membrane 

plays an important role in cell signaling and trafficking [7-9] and certain proteins are known 
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to aggregate on curved membranes or generate them [9-15]. Included among proteins that 

are shown to alter the curvature of membrane bilayers are: the C2B domain of 

Synaptotagmin-I [16], the endocytosis-associated proteins epsin [17] and dynamin [18], the 

DP1/Yop1p protein that is associated with the endoplasmic reticulum [19], the Golgi-

associated ArfGAP1 lipid packing sensor (ALPS) [20], and the Bin-Amphyphysin-Rvs 

(BAR) domain of amphiphysin [21]. In addition, highly curved bilayer assemblies have also 

recently been found to perform cellular-signaling functions that have implications on health 

and disease [22-25]. These structures, known as exosomes and microvesicles that range in 

size from 30-1000 nm, have been implicated for applications in cancer [26-31], renal disease 

[32], HIV [33-35], lipid metabolic diseases [36] and neurodegenerative diseases [37,38]. 

With this demonstrated importance of membrane curvature, the ability for curvature sensing 

and understanding the mechanism behind it is essential as this would allow for the targeting 

of biological processes that are implicated in diseases.

ALPS and the BAR domain are well known as sensors of membrane curvature [39,40] 

among the proteins mentioned above. In our laboratory, peptides such as the effector domain 

of myristoylated alanine-rich protein kinase C (MARCKS-ED) and a Synaptotagmin-1-

derived cyclic peptide have recently been shown to sense highly curved membrane surfaces 

[41,42] such as exosomes. These lower-molecular weight peptides have the advantage of 

being more amenable to large-scale production compared to larger proteins. Mechanisms 

accounting for curvature-sensing behavior have been proposed [1,10,43] including 

electrostatic interactions between the concave surfaces of the protein or peptide and 

membranes enriched with anionic lipids [44,45] or the sensing of membrane surface defects 

that arise from membrane curvature [20,46-49]. The latter mechanism usually involves the 

insertion of certain residues into the defects. In the case of MARCKS-ED, our previous 

work [43] confirms, via computational and experimental means, the essential role of the Phe 

residues both in the insertion and retention of MARCKS-ED into the curved bilayer. Owing 

to the hydrophobic character of Phe, molecular dynamics (MD) simulations showed that 

these aromatic residues descended into the bilayer interface within the first nanosecond of 

the simulation and, despite the presence of numerous hydrophilic Lys residues, was able to 

stay buried in the interfacial region and hold the peptide attached to the bilayer. This 

insertion of the Phe residues was confirmed by electron paramagnetic resonance (EPR) 

experiments. Such an understanding of the parameters behind curvature sensing can lead to 

the design of peptides that can bind better to highly curved structures. However, in order to 

utilize these peptide probes in complex biological environment, modifications are oftentimes 

required to improve biological ability and stability. One such modification usually employed 

is the use of D-amino acids to build the sequence of a peptide.

The above mentioned study completed in our laboratory used L-MARCKS-ED, where all of 

the amino acid residues comprising the sequence are of the naturally occurring L-isomer 

form of amino acids. In many instances, the use of the D-isomer confers certain advantages 

over the L-form. L-peptides isomers are more prone to proteolytic processes in vivo 

compared to the D-form [50-53]. D-peptides may also be readily available through oral 

administration [54,55]. Thus, in the same work, DMARCKS-ED was also studied and was 

found to have curvature-sensing ability [43]. However, the atomistic picture of such an 
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interaction between the D-form and the lipid bilayer is still lacking. Such information is 

indispensable if this peptidomimetic form of L-MARCKS-ED is to be subject to further 

investigation as an effective sensor of curvature in vivo.

In this present study, we performed MD simulations of the D-MARCKS-ED peptide. Such 

simulations are necessary to observe atomic-level behavior of the peptide with a flat bilayer 

system. Though we are exploring the mechanisms behind the curvature sensing abilities of 

MARCKS-ED, our previous work has shown that the interaction of L-MARCKS with a flat 

membrane in silico was able to predict aspects of the mechanism behind the interactions 

between L-MARCKS-ED and a curved membrane [43]. We then compared the simulations 

results of both L- and DMARCKS-ED to see if the two forms behave similarly as they 

interact with the lipid bilayer. The simulations also allow for the observation of a molecular 

snapshot of the conformational changes. Based on the simulation results, we further carried 

out biophysical experiments (e.g. fluorescence enhancement assay, circular dichroism 

spectroscopy assay etc.) to validate the parallel binding behaviors of L- and DMARCKS-

ED.

MATERIALS AND METHODS

General Material Information

The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), and cholesterol were purchased from Avanti Lipids. 

Ethanol (American Chemical Society reagent, ≥99.5%) was purchased from Sinopharm 

Chemical Reagent. Milli-Q® water was used (ρ = 18.2 MΩ.cm) (Millipore, Molsheim, 

France).

Atomistic Membrane Model

The MARCKS-ED peptide has the amino acid sequence NH2-

KKKKKRFSFKKSFKLSGFSFKKNKK-CONH2. MD simulation was employed to model 

the MARCKS-ED peptide in a fully atomistic biomolecular system composed of lipid 

bilayers, water molecules, and neutralizing ions for which the Membrane Builder module in 

CHARMM-GUI [56] was used for construction. The MARCKSED peptides were 

constructed from internal coordinates found in the CHARMM residue topology files. For the 

D-MARCKS-ED system, the peptide was placed in the upper leaflet of a flat bilayer 

composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS). The bilayer is composed of 

467 POPC and 52 POPS lipid molecules. Of these, 225 POPC and 25 POPS comprise the 

upper leaflet. Additional amounts of POPC and POPS molecules were placed in the lower 

leaflet to compensate for the area occupied by the peptide in the upper leaflet. This results to 

a lower leaflet composed of 242 POPC and 27 POPC molecules. For the L-MARCKS ED 

system, two MARCKS-ED peptides were placed in each leaflet. This was done to explore 

the effect on sampling if two such peptides were placed in initial identical positions in each 

leaflet. As the MARCKS-ED peptide is predicted to be constrained in one leaflet [57], the 

placement of one peptide on each leaflet is not expected to affect the behavior of each 
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peptide. This approach is similar to that employed in potential of mean force (PMF) 

simulations of amino acids by Maccallum et. al [58]. Each leaflet in the L-MARCKS-ED 

system was composed of 250 lipids per leaflet (225 POPC and 25 POPS molecules). The 

investigation of the interactions of the MARCKS-ED peptide with the membrane interfacial 

region is part of this study. To explore this aspect, the peptide was initially placed in the 

lipid bilayer 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 peptide. This initial conformation 

of the peptide also orients the side chains to initially lie approximately parallel to the 

membrane surface. The L-MARCKS-ED system contains ~130,000 atoms, including 

~20,000 water molecules. Meanwhile, the D-MARCKS-ED system contain around 

~180,000 atoms with ~37000 water molecules. A 0.15-M concentration of KCl was used for 

both simulations. Rectangular periodic boundary conditions were imposed with a variable 

box height of ~70 Å and ~100 Å for the L-MARCKS-ED and DMARCKS-ED systems, 

respectively. The xy-translation lengths were ~135 Å for both systems and was based on 

68.3-Å2 and 62-Å2 area/lipid ratios for POPC and POPS, respectively [56]. Fig. 1 shows a 

snapshot of the D-MARCKS-ED system after 20 ns of simulations.

MD Simulation

The Chemistry at Harvard Macromolecular Mechanics (CHARMM) program [59] was used 

for this study, making use of the CHARMM36 protein and lipid force fields [60-62]. For 

water, the TIP3P model [63] was used and bonds to hydrogen atoms were fixed with the 

SHAKE algorithm [64]. The electrostatics were handled using the particle-mesh Ewald 

(PME) method [65] using a mesh size of ~1 Å for fast Fourier transformation, κ = 0.34/Å 

and a sixth-order B-spline interpolation. A 16-Å cutoff distance was used for constructing 

non-bond pair lists, and the Lennard-Jones potential was smoothly switched off at 10-12 Å 

using a force-switching function. Following conditions used previously in simulations of 

biomolecular systems [66-69], simulations were performed under constant temperature (330 

K, to ensure bilayer fluidity) and normal pressure (1.0 atm) with a fixed lateral area using 

Nosé-Hoover methods [70] and the Langevin piston [71].

Synthetic Lipid Vesicle Preparation

We used ethanol injection method to produce liposomes [75]. PC, Chol, PE, and PS were 

used to prepare liposomes in mass ratio of 50:15:15:20. Lipids were dissolved in an organic 

phase (chloroform/methanol, 9:1; v/v), then the organic solvents were removed by 

evaporation under vacuum to form a dried lipid film. This film was solvated in hot absolute 

ethanol (500 μL) at 60°C while continuously stirring. This ethanolic solution of lipids was 

then injected with a syringe through a needle in the middle of a 1-mL-solution of water 

heated at 70°C contained within a penicillin vial with a flow rate of 3000 μL/min and 

stirring speed of the aqueous phase of 400 rpm. The stirring of the obtained hydroalcoholic 

solution lasted 10 minutes. The ethanol was then removed by rotary evaporation under 

reduced pressure. The final volume of the liposome suspension was 1mL.
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Vesicle-size and Zeta Potential Measurements Using Dynamic Light Scattering (DLS)

Size distribution and zeta-potential of the liposome was measured by DLS using the 

Zetasizer Nano ZS-100 (Horiba Jobin Yvon, Paris, France) [75], with an angle of detection 

of 90 degrees, measured at 25°C in intensity. Each sample was diluted with the aqueous 

phase until the appropriate particle concentration was achieved. Each measurement was 

performed in triplicate and both the average diameter, zeta potential and polydispersity 

index (PDI) (± the standard error of the mean. The particle size of the liposomes was 

determined by DLS with the average size of 67 nm. The vesicle diameters distribute ranged 

from 60 nm to 80 nm is wider than that of extrusive liposomes [76]. In term of 

heterogeneity, liposomes prepared by ethanol injection method are arguably more 

comparable to biological extracellular vesicles specimens [77]. Average Zeta potential of 

liposomes is −34 mV, showing liposome electronegative, caused by the abundance of POPC 

(20%). Moreover, it is generally acknowledged that the colloid is stable in water if its 

absolute value of Zeta potential is larger than 30 mV.

Fluorescence Enhancement Assay

The emission spectra of all NBD-labeled peptides were recorded using F-4600 Fluorescence 

Spectrophotometer (HITACHI, Tokyo, Japan) with λex= 480 nm. D-/LNBD-MARCKS-ED 

were tested at a concentration of 500 nM in water treated with 500 μM synthetic vesicles. 

Fluorescence was observed with an emission range of 500−650 nm by 4nm/s.

Circular Dichroism (CD) Spectroscopy

The peptide solutions were prepared at 10 μM in deionized water in the presence/absence of 

500 μM liposomes (67 nm pore size with 20% PS) [76]. Circular dichroism spectra were 

recorded using a Chirascan CD Spectrometer (Applied Photophysics, Surrey, United 

Kingdom) with a 1 mm path length quartz cuvette at 25 °C using deionized water as a blank. 

The reading was then converted to molar residue ellipticity (θ). The scans from 190 to 240 

nm with data points taken every 1.0 nm were obtained and averaged for each sample.

RESULTS AND DISCUSSION

Distance of Side Chains from the Bilayer Center

Morton et al. [43] established that in its interaction with the lipid bilayer, LMARCKS-ED 

adopts a “boat conformation” where the Lys-rich ends of the peptides are mostly pointed 

towards the solvent and at a greater distance from the bilayer center while the central stretch 

is mainly attached to the lipid bilayer and with the Phe residues found closer to the bilayer 

center (Fig. 1).

Fig. 2 shows the average insertion depth of side chains of the D-MARCKS-ED and L-

MARCKS-ED residues (Fig. 2a and 2b, respectively). The values presented were obtained 

from the average z-coordinate of the center of mass of the side chains ranging from the 10-

ns to the 30-ns time point of simulation. It shows that indeed, the lysine residues at the ends 

of the peptides (blue bars) are found interacting more strongly with the bulk water while the 

Phe residues are found more buried and closer to the bilayer center. Though there are also 

Lys residues found in the central stretch, they are found closer to the bilayer center by 
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around 4-5 Å compared to the lysine residues at the ends of the peptides. This behavior 

points to how strongly the central stretch is held by the membrane. Meanwhile, comparing 

the side chain depths of the L-MARCKS-ED and D-MARCKS-ED residues, it can also be 

observed that the average distances of these residues from the bilayer center are fairly 

similar to about 1-3 Å indicating that the two enantiomeric peptides interact similarly with 

the bilayer.

To gain a better overall picture of how the three main residues of MARCKS-ED (Lys, Phe 

and Ser) behave during the course of the simulation, histograms of the side-chain insertion 

depths were constructed. Fig. 3 shows the distribution of these insertion depths for the Lys, 

Phe and Ser residues comprising L-MARCKS-ED and D-MARCKS-ED (Fig. 3a and 3b, 

respectively). For both systems, the average distances of the lipid head group components 

from the bilayer center are as follows: choline N= ~±20 Å, phosphate P= ~18 Å, and 

carbonyl C= ~± 13 Å. As with Fig. 2, it can clearly be observed from Fig. 3 that the average 

position of the Phe alanine residues at ~10-12 Å is closer to the bilayer center by around 5-7 

Å compared to the hydrophilic Ser and Lys residues. The Lys residues (red curve) are found 

as far as past the choline region. There is a slight difference of the positioning of the middle 

of the Lys peaks of the L- and D-MARCKS-ED peptides made evident by the broadness of 

the Lys peak for the D-MARKCS-ED peptide. This broadness is due to the fact that the 

curve for the L-MARCKS-ED peptide was constructed from twice the amount of data than 

that of D-MARCKS-ED. This arises from the presence of two peptides, one in each leaflet, 

for the L-MARCKS-ED system. Calculating the averages of the Lys side chain depths 

shows average values of 20.7 ± 1.2 and 21.4 ± 1.2 Å for the L- and D-MARCKS-ED 

peptides, respectively. Ser residues (black curve) are also found closer to the bulk solvent 

owing to the hydrogen-bond donor present in the side chain that can interact with water and 

the head groups. The preferred position of Phe from Fig. 3 (~12 Å from the bilayer center) 

agrees with previous simulations of just the side-chain analog reported by MacCallum and 

coworkers [58]. However, the same cited work also reports that the Ser side chain analog is 

closer to the bilayer center by ~4 Å compared to our results. This discrepancy can be 

attributed to the fact that the presence of a number of Lys residues has the effect of pulling 

the Ser residues farther away from the bilayer center. Zhang, Yethiraj and Cui [72] also 

report this trend in implicit membrane simulations of the MARCKS-ED peptide where the 

Phe residues are found closer to the dielectric boundary while the charged and polar residues 

are found in the high dielectric constant region. Once more, this shows how the aromatic 

Phe residues are able to hold the whole peptide into the bilayer interface despite the fact that 

there are more hydrophilic residues that are interacting with the bulk solvent.

Distance Between the Ends of the MARCKS-ED Strand

During the course of simulation, as the MARCKS-ED peptide starts moving away from its 

initial, fully stretched conformation and move towards the boat conformation, it is expected 

that the distances between the two ends of the peptide strand will decrease. Measuring this 

distance opens the way for experimental validation, via fluorescent resonance energy 

transfer (FRET) for example, of the conformational changes that occur during the 

simulation. Fig. 4 shows the distance between Lys1 and Lys25, the residues found at the end 

of the MARCKS-ED strand. This end-Lys distance is calculated from the distances between 
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the centers-of-mass of the side chains of the end Lys residues. As expected, during progress 

of the simulation time, the distance between the two Lys residues decreases. Though there 

are a certain level of fluctuations, it can be seen from the Fig. 4 that around the 10-ns time 

point, the end-Lys distance start to level off around 50 Å for both the L-MARCKS-ED and 

DMARCKS-ED peptides. Similar to the previous section, this observation suggests hat the 

D- and L-forms of the peptide behave similarly when these interact with the lipid bilayer. 

For L-MARCKS-ED, it can be observed that the fluctuation in the end-Lys distances is less 

than that of D-MARCKS-ED. This is due to the fact that the red curve represents an average 

of the end-Lys distances of the peptides located in the top and bottom leaflets of the bilayer. 

This demonstrates that an improvement in sampling can be obtained if one MARCKS-ED 

peptide is placed in each bilayer leaflet.

Distribution of Lipid Head Group Components around Lysine Residues

It is known that one of the forces driving the interaction between MARCKS-ED and 

membranes is the electrostatic interaction between the positively charged residues and the 

PS lipid head group [41,43,44]. One expected consequence of such an interaction is that the 

cationic residues would be found close to a PS lipid more frequently. This can be seen from 

Fig. 5 where it is shown that the cationic Lys residues are, on average, more likely to be 

surrounded by the phosphate oxygen of POPS lipids compared to POPC lipid. This 

observation is true for both the L- and DMARCKS-ED peptides (Figs. 5a and b, 

respectively), once more suggesting that the two peptides interact similarly with the lipid 

bilayer.

Dihedral Angles of the Amino Acid Side Chains

The rotameric states visited by the side chains of the Lys, Phe and Ser residues during the 

course of the simulation are shown in Fig. 6. This Figure shows a map of the side chain 

dihedrals χ1 and χ2. χ1 is defined by the dihedral angle formed by the atoms N-Cα-Cβ-Cγ (-O 

for Ser), where N is the nitrogen atom along the backbone. On the other hand, χ2 is defined 

by the atoms Cα-Cβ-Cγ-Cδ. In general, the residues of MARCKS-ED are able to access the 

stable rotameric states predicted by Dunbrack and Karplus [73]. From Fig. 6a and 6b, it can 

be seen that Lys is able to attain different side chain orientations. This is expected as Lys 

residues are able to go into the solvent, and thus are relatively free to move without being 

constrained by the lipid bilayer. The Phe residues comprising MARCKS-ED are likewise 

able to access the predicted rotameric states (Fig. 6c and 6d) for Phe. In addition, it can also 

be observed from the general orientations shown in the Figure that a number of these 

rotamers show the plane of the aromatic ring to be parallel to the membrane normal. Such 

conformations are also observed for Trp that also has an aromatic moiety [74]. These 

orientations are not unexpected since this allows the bulky aromatic ring to fit better 

between the lipid tails compared to a state where the aromatic ring is perpendicular to the 

membrane normal. Ser residues are generally not considered to have a χ2 dihedral angle and 

thus, a distribution of the χ1 dihedral angles is shown (Fig. 6e and 6f). As with Lys and Phe, 

the rotameric states accessed by Ser during the simulation also conforms to the predicted 

side chain conformations. In comparing the top with the bottom panels, it is also evident that 

the residues comprising L- and D-MARCKS-ED are behaving similarly.
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Fluorescence Enhancement Validating the Binding between MARCKS-ED and Liposomes

The L- and D-MARCKS-ED peptides were prepared using previously established methods 

[43]. We conduct a fluorescence enhancement assay to validate the binging behavior of 

MARCKS-ED to liposomes. Upon binding to liposomes, the fluorescence intensity of the 

NBD- labeled MARCKS-ED peptide increases and the maximum emission wavelength blue 

shifts due to the elevated hydrophobicity of the surrounding environment of the fluorophore 

(Fig. 7). Besides proving the binding, the fluorescence spectra also reveal the similar affinity 

of D- and L-NBD-MARCKS-ED for liposomes.

Change of Conformation Demonstrated in CD Spectroscopy

Different secondary structures of peptides can be detected using CD spectroscopy [78]. As 

shown in Fig. 8, CD spectrum of free D-MARCKS-ED (blue) indicated a random coil 

secondary structure in aqueous solution, with two main peaks observed in 198 nm (positive) 

and 220 nm (negative). Upon addition of the liposomes into the aqueous peptide solution, 

CD intensity decreases significantly in both 198 nm and 220 nm (green) perhaps due to 

elevated rigidity of the peptide. This transformation suggests that the conformation of D-

MARCKS-ED changes in the presence of liposomes and indicates that binding occurred 

between D-MARCKS-ED peptide and liposomes. Similar result was observed in the 

untreated and liposomes-treated LMARCKS-ED peptide (Fig. 8).

Discussion

In order to study the behaviors of the unnatural D-MARCKS-ED peptides in membrane 

binding, we conducted both experimental and computational studies. Computational 

simulations provide a useful method to explain how MARCKS-ED peptides bind to the 

bilayer liposomes. The initial placement of the D-MARCKS-ED peptide placed the side 

chains approximately parallel to the surface of membrane. After 20 nanoseconds, the Lys 

side chains at both ends of D-MARCKS-ED stretch from the membrane surface towards the 

solvent. In contrast, central Phe residues of D-MARCKS-ED are already beginning to move 

deeper and bury into the bilayer. Finally, D-MARCKS-ED adopts a boat-like shape upon 

membrane association (Fig. 1). In a good agreement, changes of CD spectra of D-

MARCKS-ED are observed upon addition of liposomes, which could probably cause by the 

movement of the residues and adoption of a more rigid conformation. More importantly, we 

observed that the CD spectrum of D- and L-MARCKS-ED is almost symmetrical via X-axis 

(Fig. 8) in the presence or absence of liposomes. This can be rationalized by the exactly 

symmetric configuration of amino acid residues. Furthermore, these results also confirmed 

similar behavior of D- and L-MARCKS-ED when binding to curved membrane. Finally, 

fluorescence enhancement assay conducted under the similar conditions also indicated 

similar affinities of D- and L- MARCKS-ED toward the membranes. Taken together, our 

results demonstrate that D- and L-MARCKS-ED work through very similar mechanisms of 

binding to the liposomes, which is highly consistent with the computational simulation 

results.
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Fig 1. 
Snapshot of the D-MARCKS-ED peptide at t=20 ns of MD simulation.
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Fig 2. 
Average insertion depth of the centers-of-mass of the side chains of D-MARCKS and L-

MARCKS.
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Fig 3. 
Distribution of the Z-coordinates of the side chains of Lys, Ser, and Phe of a) D-MARCKS-

ED and b) L-MARCKS-ED.
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Fig 4. 
Distance between the centers-of-mass of the side chains of D/L-Lys1 and D/L-Lys 25, the 

residues found at the ends of the MARCKS-ED strand.
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Fig 5. 
Radial distribution of phosphate oxygen around the Lysine side chains of the a) L-

MARCKS-ED and b) D-MARCKS-ED.
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Fig 6. 
Side chain dihedral angle values (χ1 and χ2) accessed by Lys (a and b), Phe (c and d) and Ser 

(e and f) residues during the course of the simulation. Starting from the backbone, χ1 is 

defined by the atoms N-Cα-Cβ-Cγ (-O for Ser) while χ2 is defined by Cα-Cβ-Cγ-Cδ. The 

pictures show the general orientation of the side chains at the indicated rotamer center.
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Fig 7. 
Emission spectra from fluorescence enhancement binding assays for MARCKS-ED. The 

blue diamond plot represents free D-NBD-MARCKS-ED. The green diamond plot 

represents D-BND-MARCKS-ED in the presence of liposomes. The yellow circle plot 

represents free L-NBD-MARCKS-ED. The orange circle plot represents L-MARCKS-ED in 

the presence of liposomes. A blue shift was observed for both peptide-vesicle samples. 

[Total Lipid] = 500 μM, [NBD-MARCKS-ED] = 1 μM, λex = 480 nm.
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Fig 8. 
CD spectrum of D-/L- MARCKS-ED in the presence/absence of liposomes. [Total Lipid] = 

500 μM. [MARCKS-ED] = 10 μM.
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