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Abstract

The intrinsic pathway of apoptosis is regulated by the Bcl-2 family of proteins. Inhibition of 

the anti-apoptotic members represents a strategy to induce apoptotic cell death in cancer cells. 

We have measured the membrane binding properties of a series of peptides, including modified 

α/β-peptides, designed to exhibit enhanced membrane permeability to allow cell entry and 

improved access for engagement of Bcl-2 family members. The peptide cargo is based on the 

pro-apoptotic protein Bim, which interacts with all anti-apoptotic proteins to initiate apoptosis. 

The α/β-peptides contained cyclic β-amino acid residues designed to increase their stability and 

membrane-permeability. Dual polarisation interferometry was used to study the binding of each 

peptide to two different model membrane systems designed to mimic either the plasma membrane 
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or the outer mitochondrial membrane. The impact of each peptide on the model membrane 

structure was also investigated, and the results demonstrated that the modified peptides had 

increased affinity for the mitochondrial membrane and significantly altered the structure of the 

bilayer. The results also showed that the presence of an RRR motif significantly enhanced the 

ability of the peptides to bind to and insert into the mitochondrial membrane mimic, and provide 

insights into the role of selective membrane targeting of peptides.

Introduction

Apoptosis is the controlled death of cells when exposed to damage or compromising 

environments and can occur via two pathways: intrinsic and extrinsic. The intrinsic pathway 

is characterized by the involvement of the Bcl-2 protein family and inhibition of the protein 

interactions of the Bcl-2 family represents a strategy to induce apoptotic cell death in cancer 

cells [1, 2]. Typically, anti-apoptotic proteins bind to two classes of pro-apoptotic proteins, 

the BAX/BAK proteins and the BH3-only proteins. BAX and BAK are the essential 

executioners of apoptosis and are inhibited by direct interactions with the anti-apoptotic 

family members. The BH3-only proteins initiate the apoptotic cascade by binding to the 

anti-apoptotic proteins, releasing BAX and BAK, which are then freed to oligomerise 

and form pores in the mitochondrial membrane. A range of small molecule compounds 

(“BH3-mimetics”) have been developed to bind anti-apoptotic proteins and mimic the action 

of the BH3-only proteins to induce apoptosis in cancers where Bcl-2 proteins are often 

over-expressed. These drugs are now being trialled or approved for use in cancer patients 

and showing significant promise (reviewed in [1, 3, 4]).

Previous studies identified truncated, hydrocarbon crosslinked (“stapled”) α/β-peptide 

analogues of the BH3-only protein, Bim, could effectively target the anti-apoptotic proteins 

and induce apoptosis [5]. Targeting of the Bim BH3 analogue to anti-apoptotic proteins 

releases BAX, thereby promoting mitochondrial outer membrane permeabilization and 

consequently apoptosis. However, the impact of the binding to the plasma membrane of 

peptide-based analogues derived from the Bim BH3 is not well documented but can provide 

new insight into the mechanism of their passage through the membrane.

The aim of this study was to evaluate the membrane interaction properties for selected 

α/β-peptide analogues of the Bim BH3 domain. The peptides contained modified cyclic 

β-amino acids with high hydrophobicity designed to increase the membrane binding and 

insertion without the requirement for a hydrocarbon crosslink. The membrane interaction of 

these peptides with mimics of the plasma membrane and the mitochondrial outer membrane 

was analysed using dual polarization interferometry [6]. It was found that both α/β-peptide 

analogues interacted more strongly with both membrane mimics compared to the natural 

Bim BH3 sequence, and fluorescent analogues of these peptides appeared to bind to 

membranes and enter cells, as evaluated by confocal microscopy. These results provide 

new insight into how peptide modifications can influence membrane binding and cellular 

entry.
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Materials and Methods

Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), 1-palymitoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine (sodium salt) (POPS), L-α-phosphatidylinositol (Soy) (sodium salt) (PI) and 

1’, 3’-bis[1,2-dioleoyl-sn-glycerol-3-phospho]-sn-glycerol (sodium salt) (TOCL) were 

purchased from Avanti Polar Lipids (Alabaster, Al, USA). 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES), HEPES buffered saline (HBS), sodium dodecyl sulphate 

(SDS), sodium chloride and calcium chloride, all analytical-grade, were purchased from 

Sigma-Aldrich (St. Louis, MI, USA). Chloroform, methanol and ethanol were all HPLC 

grade purchased from Merck (Darmstadt, Germany). Hellmanex II was obtained from 

Hellma (Müllheim, Germany). Water was deionised in a Milli-Q system equipped with UV 

oxidation to remove organic residue (Millipore, Bedford, MA, USA).

Synthesis of the J-amino acid monomer Fmoc-J5-OH.

Mono-pentyl succinate was synthesized based on a previously reported protocol[7]. 

Succinic anhydride (1 eq.) was suspended in toluene and N-hydroxysuccinimide (0.3 eq), 

4-(dimethylamino)pyridine (DMAP, 0.1 eq.), triethylamine (0.3 eq.), 1-pentanol (1 eq.) were 

added. The reaction mixture was heated to reflux overnight. Upon completion of the reaction 

(as determined by thin layer chromatography (TLC), the mixture was cooled to room 

temperature. Ethyl acetate was added, and the organic phase was washed 3 times with 10% 

citric acid and 1 time with brine. The organic phase was dried over magnesium sulphate, and 

filtered. The solvent was removed by evaporation. The alkyl succinate was then used in the 

synthesis of J-amino acid monomer without further purification.

The synthesis of the Fmoc-protected J5-amino acid monomer for use in solid-phase 

peptide synthesis (Figure S1) was performed by dissolving Fmoc-APC(Boc)-OH[8] in 

dichloromethane (DCM) with 20% TFA. The Boc deprotection reaction was allowed to 

proceed at room temperature and monitored by TLC. After complete deprotection of the Boc 

group, the solvent was removed by evaporation, and the product was dissolved in DCM and 

then evaporated to dryness multiple times to fully remove the TFA, until evaporation yielded 

a grey/white solid.

The coupling of mono-pentyl succinate to Fmoc-APC-OH was performed by dissolving 

Fmoc-APC-OH (1 eq.) in DCM, followed by the addition of Mono-pentyl succinate (1.1 

eq.) pre-activated with 1.1 eq. of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI), 

1.1 eq. of 1-hydroxybenzotriazole (HOBt), and 6 eq. of N,N-diisopropylethylamine (DIEA) 

in an ice bath. The mixture was allowed to slowly warm from 4 °C to room temperature 

overnight, and was monitored by TLC. After completion of the reaction and the solvent 

was removed. The crude mixture was dissolved in ethyl acetate, and the organic layer was 

extracted 3 times with 5% NaHSO4, 2 times with saturated NaHCO3, 2 times with 1 N 

HCl, 2 times with brine, dried over magnesium sulphate, and filtered. The solvent was 

removed by evaporation. The product was then isolated via column chromatography (6:4 

ethyl acetate/hexane, 5% acetic acid). The fractions containing the product were combined, 
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and the solvent was removed by evaporation to give the final Fmoc-protected amino acid for 

use in solid-phase peptide synthesis. Characterization was carried by ESI/EMM (Figure S1) 

and 1H-NMR spectroscopy (Figure S2).

Peptide synthesis and purification

α-Peptides and α/β-peptides were synthesized by microwave assisted solid phase peptide 

synthesis on NovaPEG Rink Amide resin, as previously described [9]. Fmoc-protected amino 

acids (with standard compatible side chain protecting groups; 4 eq.) were activated with a 

solution of PyBOP (4 eq.), 0.1 M HOBt, and DIEA (8 eq.) in 1-methyl-2-pyrrolidone (NMP) 

and added to the resin. For the coupling of Fmoc-J5-OH, 3 equivalents of monomer (with 

3 eq. PyBOP and 6 eq. DIEA) was often used to conserve monomer. Coupling reactions 

were irradiated by microwave to 70 °C for 6 minutes (2 minute ramp, 4 minutes hold) 

with a 5 minute cooldown (for α-residues) or for 14 minutes (2 minute ramp, 12 minute 

hold) with a 5 minute cooldown (for cyclic β-residues). Fmoc deprotection reactions were 

carried out with a solution of 20% piperidine in N,N-dimethylformamide (DMF), irradiated 

by microwave at 80 °C for 4 minutes (2 minute ramp, 2 minute hold). After assembly of 

the linear chain, oligomers that were not fluorophore-labelled were acetylated by stirring 

the resin in a solution of 8:2:1 DMF:DIEA:acetic anhydride for about 10 minutes at room 

temperature. For oligomers labelled with 6-carboxyfluoroscein (6-FAM) at the N-terminus, 

resin was treated with 4 equivalents of 6-FAM (AnaSpec AS-81004) under the above 

coupling conditions at room temperature overnight, protected from light.

Once the oligomer had been fully assembled on resin, peptides and α/β-peptides 

were cleaved using a solution of 95% trifluoroacetic acid (TFA), 2.5% water, 2.5% 

triisopropylsilane (TIS), concentrated under a stream of nitrogen, and then precipitated with 

cold diethyl ether. Crude peptide mixtures were then purified by reversed phase HPLC. After 

purification, final peptide purity was assessed by analytical HPLC and identity confirmed by 

MALDI-TOF-MS (Figures S3–S6).

Liposome Preparation

Stock solutions of POPC, POPE, POPS, PI and TOCL were prepared at 2 mM in 

chloroform. Sufficient amounts of POPC were set aside and the remaining POPC, POPE, 

POPS, PI and TOCL to form a POPC-POPE-POPS-PI-TOCL solution with a molar ratio 

of 54:30:2:10:4. Aliquots containing 0.8 μmol of each lipid mixture (POPC, POPC-POPE-

POPS-PI-TOCL) were dried using a gentle stream of N2 gas in a Pyrex test tube, and 

vacuum dried overnight to form lipid films. These were then hydrated with 10 mM HEPES 

buffer, 150 mM NaCl, pH 7.4 buffer at 37°C in a shaker-incubator for 1 hour. The samples 

were then ultrasonicated in a bath-type sonicator for 30 minutes, ideally resulting in a clear 

solution. The resulting solution was extruded 21 times through a 100nm polycarbonate 

membrane using an Avestin Liposofast extruder (Avestin, ON, Canada).

Dual Polarisation Interferometry (DPI)

Lipid Bilayer Formation—The Analight Bio2000 containing a silicone oxynitride FB80 

AnaChip was used to perform all dual polarization interferometry measurements. An 

independent Harvard Apparatus PHD2000 programmable syringe pump was used to control 
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the flow rate of the bulk buffer. The bulk buffer was 10 mM HEPES, 150 mM NaCl, pH 7.4 

for all experiments. The chip was cleaned at 28°C by rinsing once with 10% Hellmanex II 

followed by twice with 2% (w/v) SDS and finally twice with 100% ethanol. The temperature 

was then decreased to 20°C and the optical properties of the chip calibrated using 80% 

(w/w) ethanol followed by bulk calibration using water. Temperature was then adjusted 

to 28°C. The final liposome solution (200μL) was then injected at 20 μL/min, forming a 

stable bilayer in the presence of 1 mM CaCl2. The divalent cation Ca2+ is important in the 

formation of the bilayer via direct liposome adsorption on a planar solid support. Addition 

of CaCl2 is required to ensure reproducible deposition of the liposomes and formation of the 

phospholipid bilayer. Without Ca2+ the resulting lipid bilayer is of inconsistent geometric 

structure and has liposomes present. The concentration of Ca2+ required is lipid composition 

and concentration-dependent and also varied according to the type of substrate.

Peptide Injection—The bilayer was then left to stabilize for 30 minutes before being 

cooled to 20 °C. When the signal from the chip had stabilized, 160 μL of a peptide solution 

was injected at 40 μL/min. Bim BH3 and α/β peptides were dissolved in bulk buffer and 

injected at concentrations of 2 μM, 5 μM, 10 μM and 20 μM on to each bilayer type in four 

separate experiments. Between experiments the surface was cleaned with 10% Hellmanex 

II, 2% (w/v) SDS and 100% ethanol and a fresh bilayer produced for each new experiment. 

Consecutive peptide injections were performed on a single bilayer for both bilayer types. 

Starting with the lowest peptide concentration, 2 μM, peptide was injected and left for 30 

minutes to equilibrate before the next highest concentration, 5 μM, was injected, and all 

remaining peptide concentrations, 10 μM and 20 μM, were then introduced sequentially with 

a 30 minute waiting time after each injection.

Calculation of mass per unit area for an absorbed layer—Two orthogonal 

polarizations were passed through the sensor chip creating two different waveguide modes, 

namely transverse electric (TE) and transverse magnetic (TM) waveguide modes. Each 

mode generated an evanescent field from the top sensing waveguide surface interacting 

with materials coming into contact with the sensor surface and resulting in a change in RI. 

Thus, birefringence could be obtained with DPI by calculating the difference between two 

effective refractive indices, namely the RI of transverse magnetic (TM) waveguide mode 

(nTM) and RI of transverse electric (TE) waveguide mode (nTE).

The mass per unit area for an adsorbed anisotropic layer was calculated using the de Feijter 

formula [10], for mlipid the mass of the lipid in the bilayer and mpeptide the mass of peptide 

bound to the bilayer:

mlipid = df niso − nbuffer
dn
dc lipid

mpeptide = df niso − nbuffer
dn
dc peptide
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where df is the thickness of the bilayer, niso is the average refractive index of the bilayer 

calculated from the experimentally obtained refractive index value nTM and nTM using the 

formula:

niso = nTM
2 + 2nTM

2 /3

where nbuffer  is the refractive index of the buffer experimentally determined.

Circular Dichroism Spectropolarimetry (CD)

Circular dichroism experiments were performed using a Jasco (MD, USA) 815 

spectropolarimeter using a 0.1 cm path length quartz cell. All spectra were obtained at 

20°C. POPC and mitochondrial outer membrane (POPC-POPE-POPS-PI-CL (54:30:2:10:4) 

small unilamellar vesicles were prepared by hydrating lipid in 10 mM sodium phosphate 

buffer, pH 7.4, and were extruded through a polycarbonate filter with 100 nm pore diameter. 

Bim BH3, DPI-5–5 and DPI-5–5-RRR peptides were added separately to both 1 mM POPC 

and mitochondrial outer membrane solutions at final concentrations of 20 μM, resulting in 

peptide-to-lipid ratios of 1:50. The peptide-liposome solution was mixed by inversion and 

incubated for 2 minutes. Each spectrum was obtained by averaging five scans in the 190–

260nm wavelength range. All CD spectra are reported as mean residue ellipticity (MRE) [θ] 

in deg·cm2·dmol−1.

Live-cell confocal microscopy

HeLa cells were plated in an 8-well microscopy slide at 50,000 cells/well in 200 μL DMEM 

medium containing 10% (v/v) fetal bovine serum (FBS) supplemented with penicillin and 

streptomycin (P/S). Cells were allowed to recover overnight at 37 °C, 5% CO2. Before 

an experiment, the media was removed and the replaced with 198 μL of fresh DMEM 

with 0% or 10% FBS. Fluorophore-labelled peptides in DMSO were added (final DMSO 

concentration: 1%) and the plates were incubated at 37 °C, 5% CO2 for the 2–5.5 hours. 

After incubation, the media was removed, the cells were washed with PBS, and then fresh 

DMEM was added, followed by the addition of wheat germ agglutinin-Alexa Fluor 488 

conjugate (WGA488) (Life Technologies) to each well at 5 μg/mL and incubated for 10–20 

minutes. Subsequently, Hoechst 33342 (Life Technologies) was added to stain nuclei for 

5 minutes. The media was then removed and the wells were washed 2 times with PBS, 

and then fresh PBS was added for imaging. Images were captured on Eclipse TE2000-U 

laser scanning confocal microscope (Nikon) equipped with an Axio Camdigital camera (Carl 

Zeiss). All images were contrast-adjusted uniformly across all conditions.

Cell-killing assays

For CellTiter-Glo assays, wild-type (wt), mcl-1−/−, or bax−/−/bak−/− double knock-out 

(DKO) mouse embryonic fibroblasts (MEFs) were cultured in DMEM, supplemented 

with 10% (v/v) FCS, 250 μM L-asparagine, and 50 μM 2-mercaptoethanol. On the day 

of experiments, cells were plated in opaque 96-well culture plates (~2000 cells/well) in 

DMEM, supplemented with 1% FCS, 250 μM asparagine, and 50 μM 2-mercaptoethanol, 

and allowed to recover for 4 hours. α/β-Peptides in DMSO were then diluted into media 
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to make 2x stock solutions of α/β-peptides, and then added to cells. Cells were allowed 

to incubate at 37 °C, 5% CO2 for 24–48 hours, and cell viability was determined by the 

addition of CellTiter-Glo chemiluminescence reagent (Promega). The percentage of viable 

cells was determined by dividing the luminescence signal from experimental wells by the 

signal obtained from control wells treated with DMSO. Similar protocols were followed for 

the analysis of cancer cell lines.

Results

Peptide Design

The aim of this study was to design a peptide that would carry these pro-apoptotic peptides 

into the cell to act at the mitochondria. Several strategies have been used to enhance the 

cell entry of peptides and include the incorporation of hydrocarbon cross-links, alkyl chains 

and/or positively charged residues [11, 12].

Three peptides were synthesised with the sequences listed in Figure 1. Bim-BH3 contains 

the naturally-occurring sequence derived from the Bim BH3 domain [13]. The aim of this 

study was to design α/β-peptides that both mimic the α-helical structure of parent proteins 

targeted by Bim BH3 domain, and have enhanced cell penetration. We have previously 

developed a strategy to generate a family of α/β-peptides that closely mimic side chain 

presentation by a long α-helix by the incorporation of a number of novel cyclic β-amino 

acids at strategic positions in the parent sequence [5, 14–19]. This strategy was applied to 

the design of the two α/β-peptides described in this study and extended to enhance the cell 

permeation of the BIM-BH3 peptide.

An analogue of the cyclic β-amino acid APC [13, 17] was designed featuring an alkyl chain 

linked through a succinyl ester (J5, Figure 1). This residue was designed to be hydrolyzed to 

APC residues once inside the cell by intracellular esterases. Therefore, it was hypothesised 

that the J5-residue may be used to replace an APC residue in an optimized α/β-peptide, 

allowing for the release of this optimized α/β-peptide in the cell. This strategy was also 

designed to eliminate the need for hydrocarbon cross-links or other moieties to enable cell 

entry [5]. DPI-5–5 contains the ACPC residue at positions 2 and 16, the ACP residue at 

position 9 and the J5 residue bearing a pentyl chain at positions 6 and 13 (Figure 1).

Many peptides that are able to enter cells contain an overall net positive charge, often from 

multiple arginine residues [11]. DPI-5–5 has a net charge of +1, which may be insufficient to 

allow membrane permeability even in the presence of the alkyl esters. To test the hypothesis 

that increasing positive charge may facilitate more efficient cell entry the peptide DPI-5–

5-RRR, bearing three additional arginine residues at the C-terminus, was also synthesised.

Peptide conformation determined by CD

The conformation of each peptide in buffer or in each of the model lipid systems was 

determined by CD (Figure 2). Bim BH3 adopted very little structure in buffer and in POPC, 

but demonstrated significant α-helical structure in the mitochondrial membrane mixture. 

DPI-5–5 adopted little structure in all three solutions although the minima at approximately 

208 nm in both lipid mixtures suggests the existence of a small level of stabilised secondary 
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structure. The spectra for DPI-5–5-RRR showed a stronger minimum at 208 nm in all three 

conditions, which is consistent with CD spectra and structures previously reported for α/β-

peptides [20]. These results indicate that the presence of the conformationally constrained 

β-amino acids has resulted in the adoption of a stable secondary structure, irrespective of the 

solution conditions.

Peptide binding to lipid bilayers

Structural parameters of lipid bilayers—The structural properties of each model 

membrane used in this study were analysed prior to peptide injection including the mass 

of lipid deposited, together with the thickness and birefringence of the bilayers (Table 

2). The thickness values obtained for POPC and for the model mitochondrial membrane, 

respectively, are consistent with previous studies [21] and indicate that a single bilayer was 

generated in each case. The birefringence values for each bilayer were 0.0205 and 0.0210, 

similar in magnitude to other previously analysed membrane mimics [21–23].

Peptide induced changes in membrane bilayers—The simultaneous measurement 

of multiple parameters for membrane bilayers by DPI analysis allows examination of 

peptide-induced changes in membrane structure, which can be monitored in real time. This 

allows investigation of the structural and dynamic changes occurring within the lipid matrix 

during peptide interaction, specifically in regards to the analysis of molecular orientation 

order. For each experiment, consecutive peptide concentrations of 2 μM, 5 μM, 10 μM and 

20 μM were injected onto the same supported lipid bilayer (SLB). The accumulative binding 

of each peptide was first characterised by the TM and TE phase changes as a function 

of time and were subsequently resolved into the mass of membrane-bound peptide and 

birefringence for both lipid bilayers as previously described [6, 24]. Plots of mass changes 

versus time for each peptide are shown in Figure 3 for POPC (plasma membrane mimic) and 

POPC/POPE/ POPS/PI/TOCL (Mito mimic) and birefringence versus time in Figure 4.

The amount of bound Bim-BH3 peptide increased with increasing peptide concentration and 

was largely reversible on both membranes (Figure 3A,D). However, the binding behaviour 

of the two analogues on each supported lipid bilayer was quite different from Bim BH3. 

On POPC, DPI-5–5 binding increased with higher concentrations, but at 20 μM, induced a 

significant mass loss (i.e. a drop below the baseline of the fresh bilayer), most likely due to 

loss of membrane material (Figure 3B). On the Mito mimic, DPI-5–5 also caused significant 

mass loss at 20 μM (as seen on POPC), but this was not preceded by high level of peptide 

binding (Figure 3E). In contrast, DPI-5–5-RRR bound at higher levels than Bim BH3 on 

POPC and the amount bound increased significantly at higher concentrations (Figure 3C). 

On the Mito mimic, DPI-5–5-RRR also exhibited very high binding with a significant 

proportion of peptide remaining bound after the end of the dissociation phase (Figure 3F).

The binding characteristics of each analogue were further evaluated by the relative changes 

in the molecular organisation of the bilayer as a function of membrane-bound peptide mass. 

The molecular order of a lipid bilayer is measured by the anisotropic opto-geometrical 

parameter, birefringence (Δnf), and the influence of peptide binding on this parameter can 

be obtained by DPI [6, 24]. The changes in birefringence as a function of time for each 
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peptide are shown in Figure 4 for POPC and for the Mito mimic. Relatively small changes 

in birefringence were observed for Bim BH3 on both model membranes. In contrast, 

both DPI-5–5 and DPI-5–5-RRR caused much larger changes in the birefringence of both 

membranes, indicating large changes in the bilayer structure during peptide binding.

More insight into the changes in membrane structure was obtained through analysis of the 

plots of birefringence versus mass of peptide bound (Figure 5). On POPC, the membrane 

order decreased during the binding of Bim BH3 and the extent of this drop increased with 

higher concentrations. However, the bilayer disorder returned to the initial conditions at the 

end of each dissociation (Figure 5A). This result indicates that Bim-BH3 binds and may 

partially insert, but then dissociates allowing the bilayer to recover. In contrast, DPI-5–5 

caused a large drop in bilayer order, which was reversible at 2 μM, 5 μM and 10 μM. 

However, at 20 μM, this peptide caused a large drop in bilayer order at the point of mass 

loss, but the bilayer order of the remaining membrane recovered during dissociation. DPI-5–

5-RRR also caused a large drop in bilayer order that was irreversible at 2 μM, 5 μM and 

10 μM. At 20 μM, there was a further drop in bilayer order, but this returned to the level 

observed for the 10 μM injection after dissociation of the peptide.

While similar dependencies of birefringence on mass were observed on the Mito mimic 

for Bim BH3, significant changes were again observed for DPI-5–5 and DPI-5–5-RRR. 

DPI-5–5 caused a small reversible drop in Mito birefringence at 2 μM and 5 μM, but a larger 

drop in mass at 10 μM and 20 μM with the birefringence returning to just under the initial 

birefringence value at each concentration. The binding of DPI-5–5-RRR to Mito caused 

large decrease in birefringence at 5 μM, 10 μM and 20 μM, and the birefringence values only 

recovered a small proportion of the initial value.

In summary, the mass-birefringence profiles shown illustrate quite distinct behaviours of the 

three peptides on each of the model membranes. Bim BH3 showed very similar behaviour 

on both POPC and Mito, indicating low binding and minimal impact on the membrane 

bilayer. DPI-5–5 showed “reverse rectangular” lines, reflecting significant binding at high 

concentrations accompanied by membrane loss and subsequent bilayer structure recovery 

after dissociation. Finally, DPI-5–5-RRR exhibited overlapping downward trending lines 

that indicates an increasing amount of irreversibly bound peptide that is associated with only 

partial recovery of the membrane bilayer structure.

Evaluation of cellular uptake by confocal microscopy

To gain insight into how DPI-5–5 and DPI-5–5-RRR interact with cells, fluorescein-

labelled analogues of each peptide (Flu-DPI-5–5, and Flu-DPI-5–5-RRR, respectively) were 

synthesised and cellular interactions were monitored by live-cell confocal microscopy. 

When HeLa cells were incubated with Flu-DPI-5–5, a dose-dependent increase in green 

fluorescence in the confocal images was observed (Figure S7). In the absence of serum, 

most of this green fluorescence appeared on the outside of the cell at a higher concentration 

(≥10 μM), which suggest the presence of aggregated peptide that strongly associated with 

the cell membrane that remained bound after multiple washing steps. In the presence of 10% 

serum, substantially less of the Flu-DPI-5–5 was observed on the outside of the cells as 

there was significant intracellular green fluorescence, suggesting that Flu-DPI-5–5 entered 
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the HeLa cells under these conditions. The substantial difference in the localization of 

fluorescence in the images obtained in the presence versus absence of serum may have 

resulted from the association of the hydrophobic Flu-DPI-5–5 with serum proteins, reducing 

the tendency for the peptide to aggregate.

When HeLa cells were treated with Flu-DPI-5–5-RRR, a significant amount of intracellular 

fluorescence was observed in the confocal microscopy images, suggesting that this peptide 

is able to enter cells (Figure S8). The increased amount of intracellular fluorescence for 

Flu-DPI-5–5-RRR versus Flu-DPI-5–5 indicates that the additional C-terminal arginine 

residues increase the efficiency of cellular uptake via a non-specific charge mechanism of 

interactions through the plasma membrane. Overall, the microscopy experiments suggest 

that α/β-peptides containing the J5 residue associate with cells and, under some conditions, 

are able to cross the cell membrane. However, it is not clear from these experiments if these 

α/β-peptides can gain access to the cytosol (to antagonize their target proteins), or remain 

trapped in intracellular vesicles.

Evaluation of activity by cell-based killing assays

To evaluate the ability of these peptides to induce apoptosis, a variety of cell types were 

treated with each peptide and cell viability measured using a CellTiter-Glo luminescent 

viability assay, which measures ATP levels. When non-cancerous mouse embryonic 

fibroblasts (MEFs) were treated with DPI-5–5 and DPI-5–5-RRR, which each feature two J5 

amino acid residues, there was a loss of cell viability at the highest concentration (20 μM). 

However, these peptides also killed bax−/−/bak−/− double knock-out (DKO) cells, which lack 

the critical regulators of apoptosis Bax and Bak, and should not be susceptible to death 

through antagonism of Bcl-2 family protein-protein interactions. The observation that these 

peptides killed the DKO MEFs indicates that this loss in cell viability is due to an off-target 

effect rather than to antagonism of Bcl-2 protein-protein interactions.

Similar toxicity levels were observed for a variety of cancer cell lines tested: HeLa (cervical 

cancer), KM12 (colon cancer), MDA-MB-435 (breast cancer), and SK-MEL-2 (malignant 

melanoma) (Figure S10). For both DPI-5.5 and DPI-5.5-RRR, which showed some degree 

of cell killing, toxicity was not effectively blocked by caspase inhibitor Q-VD-OPh. Because 

caspases are critical for apoptosis, the lack of inhibition by Q-VD-OPh strongly suggests 

that any cell death observed for these α/β-peptides is due to a non-specific cytotoxic effect. 

The only change came from MDA-MB-435 cells treated with DPI-5–5 (Figure S9D), which 

appeared to show caspase-dependent cell death (attenuated by Q-VD-OPh) at 20 μM.

DISCUSSION

The ability to design peptides that reach their specific intracellular target is an on-going 

challenge. While high-affinity ligands have been reported for a large number of intracellular 

protein targets, they often have low or no biological activity due to their inability to cross the 

plasma membrane. Previous studies have reported the design of high-affinity α/β-peptides 

that target Bcl-2 protein-protein interactions [5]. In order to explore the molecular features 

that influence the membrane-permeability and thus facilitate cell entry of this class of 

peptides, a novel cyclic β-amino acid residue was designed and incorporated into the parent 
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Bim peptide sequence. Here, we used DPI to evaluate the membrane binding and disruption 

of the peptide analogues.

In the present study, the membrane binding properties of Bim-BH3 (control), DPI-5–5 and 

DPI-5–5-RRR were analysed in order to understand the structural features that influence the 

ability of the peptides to associate with membranes. The DPI results indicated that Bim BH3 

binds reversibly to the plasma membrane mimic (POPC) and the mitochondrial membrane 

mimic (Mito) and also induces small reversible changes in birefringence, suggesting it binds 

to the surface of both membranes and then readily dissociates, irrespective of the secondary 

structure (extended in POPC and helical in Mito).

In comparison, DPI-5–5 binds weakly at low concentrations, but very strongly at higher 

concentrations to both the plasma membrane mimic (POPC) and the mitochondrial 

membrane mimic to the point where it causes large changes in the order of the bilayer 

structure. This effect occurs at a lower concentration on the Mito than on POPC suggesting 

it has a higher affinity for the mitochondrial membrane than POPC. Significantly, the loss 

of birefringence of the membrane was largely recovered in the membrane that remained on 

the surface for both POPC and Mito. In contrast, DPI-5–5-RRR binds partially reversibly to 

POPC with no membrane loss or damage. However, this peptide binds much more strongly 

than DPI-5–5 to the mitochondrial membrane mimic indicating that the positively charged 

RRR motif significantly increases its affinity for the negatively charged mitochondrial 

mimic and at the same time diminishes the damage to the membrane.

Overall, the results indicate that the RRR motif enhances the ability of the peptide to bind 

and partially insert into the plasma membrane without destroying the POPC membrane. 

It also substantially enhances the affinity of the peptide to bind to the mitochondrial 

membrane and insert into it without destroying it. DPI-5–5 and DPI-5–5-RRR adopted a 

similar secondary structure in both liposomes. Hence, the mitochondrial membrane can 

accommodate the RRR-peptide via lipid bilayer structural changes that do not disrupt the 

overall bilayer integrity.

The data were correlated with cell entry properties of fluorescently labelled versions of 

DPI-5–5 and DPI-5–5-RRR and cell toxicity. While the fluorescent analogues of both 

peptides were shown to enter cells, both peptides did not exhibit any anti-pro apoptotic 

activity, instead exhibiting non-specific toxic effects through an unknown off-target effect. 

It is possible that the target may be the mitochondrial membrane or that its improved 

affinity for the mitochondrial membrane has hijacked its target binding to a Bcl-2 protein. 

Since the cellular uptake is increased by the RRR motif, but there is no change in cellular 

toxicity between the peptides, the results indicate that the peptides may not able to escape 

endosomes to act upon their target. Future studies could focus on the specific impact of the 

J5 side chain using analogues with ACPC and on the ability to escape endosome or delivery 

to the mitochondria.

Nevertheless, the strategy to incorporate a hydrophobic amino acid has increased the 

membrane binding and together with the RRR motif has resulted in successful passage 

through the plasma membrane. The lipidation of bioactive molecules is an important strategy 
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to enhance cellular permeabilization and drug uptake [12] and the presence of hydrophobic 

amino acid in these peptides has resulted in strong binding to both model membranes and 

live cells. In summary, these insights into the mechanism of binding of these peptides to the 

plasma membrane and the mitochondrial membrane reveals further properties that should be 

considered in the design of peptides with intracellular protein targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Peptide sequences used in this study. The structures of the three modified β-amino acids (X 

= ACPC, Z = APC and J5) incorporated into the peptides are also shown. Ac indicates an 

acetylated N terminus. –NH2 indicates an amidated C terminus.
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Figure 2. 
Secondary structure of Bim BH3, DPI-5–5 and DPI-5–5-RRR in HBS buffer (red 

line), plasma membrane environment (POPC, blue line) and mitochondrial membrane 

environment (Mito, black line). Peptides are at 20 μM in the buffer solution, 10 μM in the 

plasma membrane environment and 20 μM in the mitochondrial membrane environment. 

Spectra were obtained from 190–260 nm, and all values are plotted as MRE × 103 

(deg.cm2.dmol−1).
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Figure 3. 
Real time peptide mass on membrane (ng/mm2) mimics injected at 30-minute intervals at 

concentrations of 2 μM, 5μM, 10 μM and 20 μM. Mass vs. time for A), D) Bim BH3; B), 

E) DPI-5–5 and C), F) DPI-5–5-RRR injected on the plasma membrane mimic POPC or the 

mitochondrial outer membrane mimic (POPC/POPE/POPS/PI/TOCL=54/30/2/10/4).
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Figure 4. 
Real time changes in membrane disorder, measured as the birefringence (Δnf) upon peptide 

binding following injections at 30-minute intervals at concentrations of 2, 5, 10 and 20μM. 

Birefringence vs. time for A), D) Bim BH3; B), E) DPI-5–5 and C), F) DPI-5–5-RRR 

injected on the plasma membrane mimic POPC or the mitochondrial outer membrane mimic 

(POPC/POPE/POPS/PI/TOCL=54/30/2/10/4).
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Figure 5: 
The effect of A), D) Bim-BH3; B), E) DPI-5–5 and C), F) DPI-5–5-RRR on the molecular 

order of the plasma membrane mimic POPC (A, C, E) or the mitochondrial outer membrane 

mimic (POPC/POPE/POPS/PI/TOCL=54/30/2/10/4) (B, D, F), determined by the optical 

birefringence (Δnf) as a function of membrane-bound peptide mass.
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Table 2.

Geometrical parameters of the model membranes used in this study as determined by DPI measurements. Data 

represent the average ± standard deviation of 8–10 measurements.

Thickness (nm) Birefringence Mass (ng/mm2)

POPC 4.44 ± 0.07 0.0205 ± 0.0008 4.45 ± 0.06

Mito
(POPC/POPE/POPS/PI/TOCL = 54/30/2/10/4) 4.66 ± 0.06 0.0210 ± 0.0009 4.67 ± 0.06
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