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Abstract Short cationic linear peptide analogs (LPAs,

prepared as Arg-Cn-Arg-Cn-Lys, where Cn represents an

alkyl linkage with n = 4, 7 or 11) were synthesized and

tested in human breast carcinoma BT-20 and CCRF-CEM

leukemia cells for their application as targeting ligands.

With constant LPA charge (?4), increasing the alkyl

linkage increases the hydrophobic/hydrophilic balance and

provides a systematic means of examining combined

electrostatic and hydrophobic peptide–membrane interac-

tions. Fluorescently conjugated LPA-C11 (F-LPA-C11)

demonstrated significant uptake, whereas there was negli-

gible uptake of the shorter LPAs. By varying temperature

(4�C and 37�C) and cell type, the results suggest that LPA-

C11 internalization is nonendocytic and nonspecific. The

effect of LPA binding on the phase behavior, structure, and

permeability of model membranes composed of dipalmi-

toylphosphatidylcholine and dipalmitoylphosphatidylserine

(DPPC/DPPS, 85/15) was studied using differential scan-

ning calorimetry (DSC), cryogenic transmission electron

microscopy (cryo-TEM), and fluorescence leakage studies

to gain insight into the LPA uptake mechanism. While all

LPAs led to phase separation, LPA-C11, possessing the

longest alkyl linkage, was able to penetrate into the bilayer

and caused holes to form, which led to membrane disin-

tegration. This was confirmed by rapid and complete dye

release by LPA-C11. We propose that LPA-C11 achieves

uptake by anchoring to the membrane via hydrophobicity

and forming transient membrane voids. LPAs may be

advantageous as drug transporter ligands because they are

small, water soluble, and easy to prepare.

Keywords Cell-penetrating peptide � Lipid membrane �
Phase separation � Calorimetry � Pore formation

Introduction

Cell-penetrating peptides (CPP) are typically composed of

30 or fewer amino acids and possess the ability to traverse

cellular membranes (Deshayes et al. 2005; El-Andaloussi

et al. 2005; Patel et al. 2007; Stewart et al. 2008; Vives

et al. 2008; Ziegler 2008). Since the plasma membrane

protects cells from uncontrolled uptake of bioactive mol-

ecules, ligands or ‘‘molecular transporters’’ such as CPPs

can be conjugated to therapeutic molecules and used to

facilitate membrane translocation for intracellular delivery.

Tat peptide, derived from the HIV-1 Tat transactivator

protein, and penetratin, derived from the Drosophila

antennapedia homeodomain, represent two well-known

and naturally occurring CPPs that have been shown to be

efficient transporters for membrane translocation (Fawell

et al. 1994; Herce and Garcia 2007b; Silhol et al. 2002;

Torchilin et al. 2001; Vives et al. 2003). In the last two

decades, numerous natural and synthetic peptides, such as

Tat, transportan, and polyamino acids (e.g., polyarginines
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or polylysines), have been discovered or designed for

intracellular delivery of a variety of therapeutic agents of

varying size, including nucleic acids, proteins, polymers,

and nanoparticles (e.g., quantum dots) (Chan et al. 2006;

Reuter et al. 2009; Tung and Weissleder 2003). Develop-

ing transporters is critical, as many new therapeutics

molecules are hydrophobic or anionic, and thus difficult to

disperse in aqueous phases or to achieve a high degree of

membrane translocation, respectively (Lundberg et al.

2007).

The mechanisms by which CPPs interact with and tra-

verse cell membranes are complex and depend on many

factors, including peptide size (Henriques et al. 2006),

charge, degree of hydrophobicity (Kiyota et al. 1996), and

secondary structure (Olofsson et al. 2007), and membrane

composition, heterogeneity (e.g., presence of lipid

domains), and phase state (Andrushchenko et al. 2008;

Ziegler 2008). Cellular uptake of CPPs is generally

attributed to energy-dependent or endocytotic pathways.

However, there have been a number of reports demon-

strating CPP uptake by energy-independent pathways,

including membrane poration and the formation of tran-

sient membrane defects (Lindsay 2002). These passive

uptake mechanisms occur due to electrostatic attraction

between cationic peptide residues [i.e., arginines (Futaki

2002, 2005) and lysines (Reuter et al. 2009)] and negative

charges within the lipid headgroups (Joliot and Prochiantz

2004). This occurs initially at the outer lipid leaflet of the

bilayer, but extends to the inner lipid leaflet once the

peptide is membrane bound (Tung and Weissleder 2003;

Herce and Garcia 2007a; Chan et al. 2006). Hydrophobic

interactions aid passive uptake by associating the peptide

with the membrane lipid tail region. Hence, an under-

standing of how the balance of electrostatic and hydro-

phobic interactions control CPP–membrane interactions

and membrane translocation can be used to create

designer CPPs with specific membrane activity (Futaki

2005).

In addition to a facile route to modify electrostatic/

hydrophobic balance, the ideal CPP ligand or transporter

would be small, stable, water soluble, easy to produce, and

inexpensive (Hale and Hancock 2007). To this end, Ye

et al. introduced a new class of low-molecular-weight

(\1,000 MW) water-soluble cationic tripodal linear pep-

tide analogs (LPA) that demonstrated cellular uptake via an

energy-independent mechanism (Ye et al. 2007). These

LPAs were engineered based on the positively charged

phosphotyrosine binding pocket of the Src SH2 domain.

LPAs constitute three positively charged L-amino acids

linked through two alkyl chains (Arg-Cn-Arg-Cn-Lys,

where n = 4–11). LPA-C11 was able to deliver the nega-

tively charged fluorescent phosphopeptide F-GpYEEI into

human breast cancer BT-20 cells by possessing enough

hydrophobicity for membrane translocation. However,

comparative assessment of cell uptake by a F-LPA series

has not been conducted, and cell uptake specificity has not

been examined.

Previous studies on membrane activity of LPA-C4,

LPA-C7, and LPA-C11 were conducted with dipalmitoyl

phosphatidylcholine/dipalmitoylphosphatidylglycerol (DPPC/

DPPG, 70/30 and 85/15) liposomes as a bacterial cell

membrane model system (Ye et al. 2010). These results

suggested that the LPAs were adsorbed on the membrane

by electrostatic forces followed by permeation into the

bilayer dictated by the length of the hydrophobic linkage.

We concluded that the hydrophobicity of the peptides

induces increased permeabilzation into the bilayers, caus-

ing a degree of peptide-induced loss in cell membrane

integrity. This study demonstrated that the LPA were able

to bind to and disrupt anionic membranes, but no insight

was gained into their ability to translocate across cell

membranes.

This work combines cellular uptake results with model

membrane studies to understand the mechanism of LPA

uptake. Uptake of fluorescein–LPA conjugates (F-LPAs)

was examined in BT-20 and CCRF-CEM (leukemia cancer

cells). Based on the observed nonendocytic and nonspecific

uptake behavior, DPPC/dipalmitoylphosphatidylserine

(DPPC/DPPS, 85/15) liposomes were used as a model to

study LPA–membrane interactions (Fig. 1). Calorimetry,

electron microscopy, and spectroscopy studies are com-

bined to describe the effects of LPA electrostatic/hydro-

phobic balance on membrane phase behavior, structure,

and permeability. Anionic PS lipids are present in mam-

malian cell membranes, primarily in the inner lipid leaflet

(Lohner and Prenner 1999). Phosphatidylserine (PS) carries

one negative charge at neutral pH and has both donor and

acceptor groups that participate in intermolecular

Fig. 1 Chemical structures of a LPA-Cn, b DPPC, and c DPPS
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headgroup hydrogen bonding. Phosphatidylcholine (PC)/

PS membranes present a complex, biologically relevant

system with strong cation dependence (De Pinto et al.

2007; Pandit et al. 2003).

Experimental

Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) dis-

solved in chloroform and 1,2-dipalmitoyl-sn-glycero-3-

phosphoserine (DPPS) in chloroform/methanol (1:1 v/v)

were purchased from Avanti Polar Lipids (Alabaster, AL).

Carboxyfluorescein (FAM) was purchased from Sigma–

Aldrich (St. Louis, MO). For peptide synthesis, Fmoc-

L-amino acids and Fmoc-Arg(pbf)-Wang resin were

purchased from Novabiochem (San Diego, CA). 2-(1H-

Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-

phosphate (HBTU), N-methylmorpholine (NMM), and

piperidine were purchased from Sigma–Aldrich. All solvents

were of high-performance liquid chromatography (HPLC)

grade or higher. Sterile deionized ultrafiltered water was

obtained from a Millipore Direct-3Q purification system.

Peptide synthesis

LPAs were synthesized as previously described using a

solid-phase synthesis strategy employing Fmoc-based

chemistry and Fmoc-L-amino acid building blocks (Ye

et al. 2007, 2010). Briefly, Fmoc-Arg(pbf)-Wang resin was

used as the starting amino acid; Fmoc-Arg(pbf)-OH, Fmoc-

Lys(Boc)-OH, and FmocNH(CH2)nCOOH (n = 4, 7 or 11)

were used as building blocks, and HBTU and NMM in

dimethylformamide (DMF) were used as coupling and

activating agents. Fmoc deprotection at each step was

carried out in the presence of piperidine in DMF (20% v/v).

A mixture of trifluoroacetic acid/ansiole/water (90:5:5 v/v/v)

was used for side-chain deprotection and the final cleavage

of the synthesized peptide from the solid support. Crude

peptides were precipitated by adding cold ethyl ether and

were purified by preparative reversed-phase high-perfor-

mance liquid chromatography (HPLC) (Shimadzu LC-8A)

on a Phenomenex-Gemini C18 column (10 lm, 250 9

21.2 mm). The purity of the final products ([95%) was

confirmed by HPLC. The chemical structures of com-

pounds were determined by a surface-enhanced laser

desorption/ionization time-of-flight (SELDI-TOF) mass

spectrometer on a Ciphergen protein chip instrument using

a-cyano-4-hydroxycinnamic as a matrix.

The fluorescent probes were synthesized by coupling

5(6)-carboxyfluorescein diisobutyrate (CFDI, US Biologi-

cal) with a Wang resin-bound LPA. This was achieved by

adding resin-bound LPA (0.1 mmol) to a solution of CFDI

(258 mg, 0.5 mmol), benzotriazol-1-yl-oxytripyrrolidino-

phosphonium hexafluorophosphate (PyBOP, 260.1 mg,

0.5 mmol), 1-hydroxy-7-azabenzotriazole (HOAt, 68.0 mg,

0.5 mmol), and N,N-diisopropylethylamine (DIPEA, 75 ll,

1.0 mmol) in dry DMF (10.0 ml). The mixture was shaken

for 3 h at room temperature and then filtered and washed

with DMF. The ester group of carboxyfluorescein was

deprotected with 20% piperidine for 1 h. F-LPA was cleaved

from the resin using trifluoroacetic acid (TFA)/thioanisole/

dithiothreitol (DTT)/anisole (90:5:3: 2 v/v/v/v) over 2 h. The

filtrate was collected, concentrated, and precipitated from

cold ether, and the crude product was purified by preparative

reversed-phase HPLC. The chemical structures of the

F-LPAs were determined by surface-enhanced laser

desorption/ionization time-of-flight mass spectrometry

(SELDI-TOF–MS, Ciphergen ProteinChip�) (m/z): F-LPA-

C11: C65H97N13O13 calculated (calc) = 1,267.7; found =

1,267.2 [M]?, 1,289.2 [M ? Na]?, 1,305.4 [M ? K]?;

F-LPA-C7: C53H74N12O12 calc = 1,070.5; found = 1,070.1

[M]?, 1,091.7 [M ? Na]?, 1,108.1 [M ? K]?; F-LPA-C4:

C49H66N12O12 calc = 1,014.5; found, 1,014.9 [M]?, 1,036.4

[M ? Na]?, 1,052.8 [M ? K]?. A schematic of F-LPA

synthesis is shown in the Supplementary Material (Fig. S1).

Cellular uptake assay

Human breast carcinoma cells BT-20 [American Type

Culture Collection (ATCC) no. HTB-19] and leukemia

cells CCRF-CEM (ATCC no. CCL-119) were grown in a

75-cm2 cell culture flask with Eagle’s minimal essential

medium (EMEM) and Roswell Park Memorial Institute

(RPMI) medium, respectively, in the presence of 10% fetal

bovine serum (FBS). BT-20 cells were seeded in a six-well

plate at density of 105 cells per well with EMEM and

allowed to grow for 24 h. After 24 h the medium was

removed, the cells were washed with serum-free medium

(SFM), and F-LPAs in SFM containing 0.5% dimethyl

sulfoxide (DMSO) (v/v) were added at 50 lM to the cells

for 1 h. In the case of leukemia cells, they were harvested

and seeded in a six-well plate at a density of 107 cells.

DMSO (0.5% in SFM) and FAM (50 lM) were used as

negative controls. The cells were incubated for 1 h at 37�C

or 4�C. After 1 h incubation the medium was removed and

cells were collected by centrifugation at 2,500 rpm for

5 min. They were then treated with 0.25% trypsin/

0.53 mM ethylenediamine tetraacetic acid (EDTA) for

5 min followed by washing twice with phosphate-buffered

saline (PBS). Finally, the cells were resuspended in flow

cytometry buffer and analyzed by flow cytometry (FAC-

SCaliburTM, Becton–Dickinson) using fluorescein isothio-

cyanate (FITC) channel and CellQuest software. The data

presented are based on the mean fluorescence signal for
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5,000 cells collected. All assays were performed in

triplicate.

Liposome preparation

DPPC/DPPS (10 mM, 85/15) liposomes were prepared by

mixing pertinent aliquots of DPPC and DPPS stock solu-

tions in round-bottomed glass tubes and evaporating the

solvents under a continuous stream of nitrogen. The tubes

with dry lipid films were placed under vacuum for 1 h to

remove residual solvent. The films were hydrated with

deionized (DI) water at 55�C, vortexed, and extruded 15

times through 100-nm polycarbonate membranes at 55�C

to yield unilamellar liposomes.

Carboxyfluorescein (FAM)-loaded encapsulated DPPC/

DPPS liposomes were prepared by hydrating with 50 mM

CF in pH 7.4 phosphate-buffered saline (PBS). The sample

was subjected to five heat/cool thawing cycles at 55�C and

0�C, respectively. CF encapsulated liposomes were extru-

ded as previously described. Unencapsulated CF was

removed by gel filtration over a Sephadex G-25 coarse

column (Sigma–Aldrich).

Differential scanning calorimetry

DSC studies were carried out on a low-noise (±15 nW) TA

Instruments Nano DSC with a 0.33 ml cell volume. The

effects of the LPAs on the thermotropic phase behavior of

DPPC/DPPS was examined by adding LPA to preformed

liposomes at 3 and 30 mol% relative to total lipid (10 mM),

which was equivalent to 0.3 and 4.3 mM LPA, respec-

tively. The sample was immediately placed in the DSC and

subjected to five heat/cool cycles in the range of 15–60�C

at a rate of 1�C/min. This was done to observe the effects

of lipid melting cycle on LPA interactions. During the

initial heating steps, LPAs were only present outside of the

liposomes and bound to the outer membrane leaflet.

Cryogenic transmission electron microscopy

Cryo-TEM analysis was conducted on a JEOL JEM 2100

(Tokyo, Japan) operating at 80 kV. A thin film of the

mixtures of the vesicles and the LPA samples at 10 mM

was prepared on a copper grid coated with perforated

carbon by blotting technique achieved in a chamber kept at

55�C and relative humidity of 100%. Excess sample was

removed from the grid by absorbing with filter paper, and

vitrification was effected by immersing the grid into a

liquid ethane enclosure retained at a temperature just below

its freezing point. The vitrified samples were maintained

below -190�C during both transfer of the sample to the

TEM and imaging to prevent sample deterioration. LPAs

(30 mol% or 4.3 mM) were added to DPPC/DPPS

liposomes at room temperature (gel phase, 10 mM). The

samples were prepared in a cryopreparation chamber at

100% relative humidity and incubated at 55�C. Samples

were transferred to, stored, and analyzed under liquid

nitrogen. Compared with DSC studies, these samples rep-

resent fluid-phase liposomes after the first heating scan.

Carboxyfluorescein leakage studies

FAM leakage experiments were conducted at 25�C and

55�C on a Perkin-Elmer LS 55 fluorescence spectrometer

(Waltham, MA). CF encapsulated liposomes (2 ll) were

added to a cell containing 3 ml PBS to yield 6.7 lM lipid.

After 1,200 s, an aliquot of LPA in water was added to the

cell to yield 30 mol% LPA relative to lipid (2.9 lM LPA).

Triton X-100 (1.4 ll; Eastman Kodak Company, Roches-

ter, NY, USA) was added after 3,600 s to solubilize the

liposomes and release the FAM. Fluorescence intensities

were measured at 0.01-min intervals with excitation and

emission wavelengths set at 490 and 520 nm, respectively,

and excitation and emission slit widths of 5 nm (Rex

1996).

Results

Cellular uptake

F-LPA uptake was examined in two different cell lines:

BT-20 and CCRF-CEM. For BT-20 cells at 37�C, signifi-

cant uptake of F-LPA-C11 was observed relative to the

DMSO (26.6-fold) and FAM (5.3-fold) controls (Fig. 2a).

In contrast, there was no significant difference between the

uptake of FAM compared with F-LPA-C7 and F-LPA-C4.

At 4�C, a temperature that abolishes active transport

mechanisms involved in endocytosis, F-LPA-C11 uptake

was still observed, though reduced threefold relative to

37�C. Uptake of F-LPA-C7 and F-LPA-C4 was negligible

at 4�C.

F-LPA uptake by CCRF-CEM cells was conducted at

37�C. As with BT-20 cells, F-LPA-C7 and F-LPA-C4

uptake was the same as FAM (Fig. 2b). Only F-LPA-C11

exhibited significant uptake relative to DMSO (60.5-fold)

and FAM (16.8-fold). Uptake results for BT-20 and CCRF-

CEM were similar for both cell lines, which suggests that

the LPA hydrophobic/hydrophilic balance or degree of

hydrophobicity is the primary factor governing membrane

translocation.

Characterization for membrane studies

Dynamic light scattering (DLS) results at 1 mM LPA in DI

water showed that the LPAs did not self-associate. The
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average hydrodynamic diameters were 0.7 ± 0.1,

0.8 ± 0.1, and 1.3 ± 0.2 nm for LPA-C4, LPA-C7, and

LPA-C11, respectively. These diameters are consistent with

the lengths of C4, C7, and C11 chains in all-trans configu-

ration (0.5, 0.9, and 1.4 nm based on 0.127n). Circular

dichroism showed that only LPA-C11 exhibited secondary

structure (partial b-sheet conformation), consistent with

previous results (Ye et al. 2007). The zeta potential of all

LPAs was 12.4 ± 2.3 mV, confirming their cationic nat-

ure. Comparatively, the z-averaged hydrodynamic diameter

and zeta potential for the DPPC/DPPS liposomes were

135.4 ± 13.1 nm and -58.3 ± 4.1 mV, respectively. DLS

and circular dichroism (CD) (Fig. S2) are described in the

Supplementary Material.

Differential scanning calorimetry: membrane phase

behavior

DSC was first used to determine the effect of LPA binding

on DPPC/DPPS membranes. Pure DPPC/DPPS (85/15)

exhibited a gel to rippled gel pretransition at 38�C and a

main gel to fluid phase transition or melting temperature at

42.5�C. No significant changes were observed over seven

consecutive heat/cool cycles. Based on the melting tem-

peratures of DPPC (41�C) and DPPS (53�C), the melting

temperature for DPPC/DPPS liposomes represented the

weighted average of the constituent lipids. This suggests

that the lipids were well mixed with no apparent phase

separation (Baciu and May 2004). Furthermore, pure LPAs

did not show any phase transition within the temperature

range examined (15–55�C).

Figure 3 shows the thermographs of 3 and 30 mol%

LPAs added to preformed DPPC/DPPS liposomes at

heating scans 1 through 5. Heating scans 4 (shown in blue)

and 5 (shown in black) yielded similar thermograms,

indicating that the systems were approaching a pseudo-

equilibrium state. At 3 mol% LPA-C4 and LPA-C7 the first

heating scan showed a slight increase in pretransition to

38.6�C, and a broad main transition composed of three

convoluted peaks at 42.5�C, 43.5�C, and 46.5�C. With

advancing heating scans, the pretransition disappeared and

lipid melting resolved into broad peaks near 41�C and

48�C. These broad peaks denote melting with low coop-

erativity in DPPC- and DPPS-rich regions, respectively.

The addition of 3 mol% LPA-C11 yielded a pretransition at

38�C that was diminished with subsequent heating cycles.

The main transition peak exhibited a shoulder near 46�C

that became more pronounced with each heating scan. At

3 mol%, LPA-C11 did not lead to higher temperature peak

shifts as observed for LPA-C4 and LPA-C7.

Increasing LPA concentration from 3 to 30 mol% pro-

duced discernible changes in the phase behavior. Pretran-

sitions were not observed even during the initial heating

scans. LPA-C4 and LPA-C7 at 30 mol% caused lipid

ordering as evident by the high-temperature convoluted

melting peaks with low melting cooperativity. At 30 mol%

LPA-C11, the first heating scan was identical to that at

3 mol%. With progressing heating scans, LPA-C11 caused

phase separation similar to that of LPA-C4 and LPA-C7.

Cryo-TEM: liposome structure

Cryo-TEM studies were carried out to determine the effects

of LPA binding on liposome morphology. Compared with

the DSC studies, these samples represent fluid-phase lipo-

somes after the first temperature scan. The images pre-

sented are representative of structures consistent

throughout the grid (Fig. 4).
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Fig. 2 Cellular uptake of F-LPA-C4, F-LPA-C7, and F-LPA-C11

(50 lM) relative to the unligated FAM fluorophore by a BT-20 at 4�C

and 37�C and b CCRF-CEM cells at 37�C. Fluorescence-activated

cell sorting (FACS) analysis was performed after incubating the cells

with F-LPAs for 1 h
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DPPC/DPPS liposomes were largely unilamellar with an

average diameter consistent with DLS (134.5 nm). Addi-

tion of 30 mol% LPA-C4 and LPA-C7 caused an increase in

liposome diameter (C7 [ C4), which suggests that LPA

binding led to bilayer expansion and liposome swelling. In

turn, holes within the bilayer were observed after addition

of 30 mol% LPA-C11 (Fig. 4, open arrow) as well as

notable membrane thinning and liposome disintegration

(Fig. 4, black arrow). This was confirmed by the presence

of unenclosed liposomes and bilayer fragments (Fig. 4,

white arrows).

Fluorescence leakage: bilayer permeabilization

Bilayer permeabilization by LPAs was assessed by FAM

leakage. Figure 5 shows plots of the percentage of FAM

leakage as a function of time, expressed as (I0 - It)/

(I0 - Imax), where I0 is the initial fluorescence intensity and

Imax is the maximum fluorescence intensity when the

liposomes were solubilized. Results from 0 to 1,200 s and

1,200 to 3,600 s denote spontaneous liposome leakage and

LPA-induced leakage, respectively.

At 25�C, addition of LPA-C4 and C7 had no discernible

effect on FAM leakage, while LPA-C11 led to significant

leakage (100% near 3,000 s). Similar results were observed

for LPA-C4 and LPA-C7 at 55�C. However, the effect of

LPA-C11 on leakage at 55�C was even more pronounced

than at 25�C, and is consistent with cryo-TEM results

depicting liposome disintegration. These results demon-

strate that LPA-C11 causes bilayer permeabilization in both

gel and fluid phases, while the effects of LPA-C4 and LPA-

C7 are negligible.

Discussion

Ye et al. (2007) demonstrated that F-LPA-C11 efficiently

entered BT-20 cells. However, the ability of LPAs with

Fig. 3 DSC thermographs of

10 mM DPPC/DPPS (85/15)

with 3 and 30 mol% LPA-C4

(top two), LPA-C7 (middle two),

and LPA-C11 (lower two).

Heating scans 1 (orange),

2 (red), 3 (pink), 4 (blue),

and 5 (black) are shown
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shorter hydrophobic spacers (F-LPA-C4 and F-LPA-C7) for

cell internalization was not investigated. Furthermore, no

insight has been gained regarding cell specificity for any

LPA species. In this work, fluorescein conjugates of LPA-

C4 (F-LPA-C4) and LPA-C7 (F-LPA-C7) were synthesized,

and their cellular uptake was compared with that of F-LPA-

C11 using BT-20 and CCRF-CEM cells. Inhibited uptake at

4�C coupled with previous studies showing that the pres-

ence of sodium azide [adenosine triphosphate (ATP)

depletion] did not inhibit internalization of F-LPA-C11

suggests that its uptake is nonspecific and nonendocytic

(Ye et al. 2007; Fawell et al. 1994). The fact that only

F-LPA-C11 achieved appreciable uptake by BT-20 and

CCRF-CEM cells relative to LPAs with shorter alkyl

linkages, F-LPA-C4 and F-LPA-C7, shows that sufficient

hydrophobicity is required. We have previously charac-

terized the hydrophobic/hydrophilic balance of these based

on the ratio of the van der Waals areas of the hydrophobic

linkages to that of the polar regions (0.7, 1.1, and 1.8 for

LPA-C4, LPA-C7, and LPA-C11, respectively) (Ye et al.

2010). As discussed below, the cellular uptake results

correlate with the disruptive behavior of LPAs on model

DPPC/DPPS membranes.

The role of LPA hydrophobicity is depicted by changes

in phase behavior caused by LPA-C11. At 3 mol% LPA-

C11 relative to lipid, which corresponds to a DPPS-to-LPA

ratio of 5:1 (excess DPPS relative to LPA), a main tran-

sition peak was observed at 42�C and a shoulder peak at

*45�C. The main peak is shifted by -0.5�C relative to

pure DPPC/DPPS. These results suggest that LPA-C11 led

to partial phase separation relative to pure DPPC/DPPS,

but mixed within the phases through hydrophobic LPA

alkyl (C11)–lipid acyl tail (C16) interactions. In contrast,

LPA-C4 and LPA-C7 at 3 mol% led to considerable phase

separation that became more pronounced with progressive

heating scans. Their binding resulted in transitions that are

reminiscent of the pure lipids, which suggests that they are

likely to be bound externally to DPPS-rich domains

(Schwieger and Blume 2007). Hence, LPA-C4 and LPA-C7

anchored at the lipid–water interface, while LPA-C11

penetrated into the membrane.

Increasing LPA concentration to 30 mol% corresponded

to a DPPS-to-LPA ratio of 1:2 (excess LPA relative to

DPPS). At this saturated condition, the broad main transi-

tion peaks were shifted to higher temperatures for all LPAs,

with LPA-C4 and LPA-C7 causing a slightly greater shift

Fig. 4 Cryo-TEM micrographs

of DPPC/DPPS (85/15)

liposomes exposed to 30 mol%

LPA-C4, LPA-C7, and LPA-C11

at 55�C (i.e., fluid-phase

membranes). The black arrow
denotes liposome disintegration,

the open arrow denotes pore

formation, and the white arrows
denote bilayer fragmentation
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than LPA-C11. Previous work on DPPC/DPPS phase

behavior has shown that charge shielding of electrostatic

repulsion between DPPS molecules due to peptide binding

can reinforce hydrophobic interactions between acyl chains

and that partial dehydration of the membrane can occur due

to peptide binding (Sevcsik et al. 2008; Bouffioux et al.

2007). These interactions were enhanced when going from

3 to 30 mol% LPA. Both mechanisms can lead to an

increase in lipid melting temperature and reflect the inter-

facial properties of LPAs on DPPC/DPPS membranes.

To provide further insight into binding affinity, iso-

thermal titration calorimetry was conducted at 55�C (fluid

liposomes). Preliminary results at low LPA-to-lipid molar

ratios (up to 0.2 mol% LPA relative to lipid) provide evi-

dence of the extent of LPA binding (see Supplementary

Material, Fig. S3). LPA-C4 and LPA-C7 exhibited exo-

thermic binding, consistent with electrostatic interactions,

and the binding enthalpy decreased with increasing LPA

concentration. In contrast, LPA-C11 exhibited endothermic

binding, consistent with hydrophobic interactions, and the

binding enthalpy did not decrease with LPA concentration.

These results confirm the role of LPA hydrophobicity in

membrane binding, and further show that the effects of

LPA-C11 are likely due to greater binding affinity.

Despite the ability of LPAs to disrupt DPPC/DPPS

membrane phase behavior, as inferred from DSC results,

only LPA-C11 led to significant morphological changes in

DPPC/DPPS liposomes. Hydrophobicity, which drove

LPA-C11 insertion into the membranes, also led to mem-

brane disintegration, as revealed by cryo-TEM. While this

analysis was conducted at high LPA concentration (30

mol%), it demonstrates the ability for LPA-C11 to create

holes within and breach the membrane. In contrast, no

holes, fragmentation or significant changes in DPPC/DPPS

liposome structure were observed in the presence of LPA-

C4 or LPA-C7. It is likely that LPA-C11 surrounded the

edges of these fragments, which is consistent with similar

observations reported by Sevcsik et al. (2008) and Johns-

son and Edwards (2003) for an equimolar mixture of

DPPC/DPPS in the presence of 4 mol% LL-37, a human

multifunctional peptide.

It is important to note that cryo-TEM analysis was

performed on pseudoequilibrated samples (i.e., samples

analyzed 10 min after LPA addition). Comparatively,

fluorescence leakage results, which captured the effects of

the initial binding event on membrane permeabilization,

demonstrated that LPA-C11 led to rapid permeabilization of

DPPC/DPPS liposomes in both the gel and fluid phases. In

contrast, LPA-C4 and LPA-C7 had a negligible effect on

permeabilization in either phase due to their anchoring at

the lipid–water interface. The permeabilizing effects of

LPA-C11 can be attributed to membrane pore formation

followed by liposome disintegration.

A mechanism for nonendocytic uptake of F-LPA-C11

(i.e., LPA-C11 as a membrane translocating ligand) is

proposed based on the model membrane studies. Electro-

static interactions facilitated LPA binding to the cell

membranes; however, only LPA-C11 with sufficient

hydrophobicity penetrated into the membranes and

remained with the cells after washing. At a critical F-LPA-

C11 concentration (currently under investigation), this led

to the formation of transient holes or voids that aided

translocation across the membranes. It is known that sec-

ondary solution structure and changes in peptide confor-

mation upon membrane binding correlate to membrane

activity (Magzoub et al. 2001; Deshayes et al. 2004).

However, at this stage we cannot comment on the exact

role that LPA-C11 conformation plays in facilitating

uptake.

Fig. 5 Carboxyfluorescein (FAM) leakage from DPPC/DPPS (85/15)

liposomes at a 25�C (gel phase) and b 55�C (fluid phase) in the

presence of LPA-C4 (black), LPA-C7 (red), and LPA-C11 (blue). The

dashed vertical line denotes addition of LPA and the arrows denote

addition of Triton X-100
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Conclusions

Differential nonendocytic cellular uptake has been dem-

onstrated for LPA–fluorophore conjugates by varying the

length of the hydrophobic LPA alkyl linkage. Uptake was

consistent with DSC, cryo-TEM, and fluorescence leakage

results obtained through LPA–model membrane studies.

Our results indicate that electrostatic attraction facilitates

LPA binding to anionic DPPC/DPPS membranes and that

the degree of LPA hydrophobicity, based on alkyl linker

length, determines the degree of membrane penetration and

translocation. This is consistent with our previous work

that indicated minimal binding to zwitterionic DPPC lip-

osomes based on DSC and membrane permeabilization (Ye

et al. 2010). Strong electrostatic interactions, coupled with

LPA-C11 hydrophobicity, led to membrane phase separa-

tion, permeabilization, and disintegration. While the model

membrane studies were conducted at high concentrations

relative to therapeutically relevant concentrations, they

infer a transient hole or void formation mechanism that

facilitated uptake of the LPA-C11 conjugate. Our work

shows that differential uptake of LPA conjugates can be

achieved by manipulating the balance of electrostatic and

hydrophobic contributions. While LPAs represent ‘‘sim-

ple’’ short peptides, they combine both water-solubility and

tunable membrane activity, which are important for

achieving high bioavailability and intracellular delivery.
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