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Cell penetrating peptides (CPPs) can be used as drug delivery systems for

different therapeutic molecules. In this work two novel CPPs, pepR and

pepM, designed from two domains of the dengue virus (DENV) capsid

protein, were studied for their ability to deliver nucleic acids into cells as

non-covalently bound cargo. Translocation studies were performed by con-

focal microscopy in HepG2, BHK and HEK cell lineages, astrocytes and

peripheral blood mononuclear cells. Combined studies in HepG2 cells, as-

trocytes and BHK cells, at 4 and 37 °C or using specific endocytosis inhibi-

tors, revealed that pepR and pepM use distinct internalization routes:

pepM translocates lipid membranes directly, while pepR uses an endocytic

pathway. To confirm these results, a methodology was developed to moni-

tor the translocation kinetics of both peptides by real-time flow cytometry.

Kinetic constants were determined, and the amount of nucleic acids

delivered was estimated. Additional studies were performed in order to

understand the molecular bases of the peptide-mediated translocation. Pep-

tide–nucleic acid and peptide–lipid membrane interactions were studied

quantitatively based on the intrinsic fluorescence of the peptides. pepR and

pepM bound ssDNA to the same extent. Partition studies revealed that both

peptides bind preferentially to anionic lipid membranes, adopting an a-heli-
cal conformation. However, fluorescence quenching studies suggest that

pepM is deeply inserted into the lipid bilayer, in contrast with pepR. More-

over, only pepM is able to promote the fusion and aggregation of vesicles

composed of zwitterionic lipids. Altogether, the results show that DENV

capsid protein derived peptides serve as good templates for novel CPP-based

nucleic acid delivery strategies, defining different routes for cell entry.

Introduction

Combining efficacy with target tissue specificity is one

of the major challenges in drug delivery, in order to

overcome adverse off-target effects to the organism

and improve treatment tolerance [1]. In this context,
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cell penetrating peptides (CPPs) constitute good deliv-

ery systems, as shown by a plethora of therapeutic

molecules successfully delivered by CPPs for the treat-

ment of multiple diseases [1–3]. CPPs have been widely

studied over the last 20 years [4–6] as delivery vectors

for diverse biological payloads (e.g. small RNA/DNA,

plasmids, antibodies and nanoparticles). Typically,

CPPs contain 6–30 amino acid residues, ranging from

highly charged (Arg- and Lys-rich sequences) to

hydrophobic or amphipathic [4–7] sequences, easily

amenable to molecular tuning to achieve high internal-

ization yields [8–10]. Their use in biomedical applica-

tions has been extensively evaluated [3,5,11], with a

strong focus on their ability to deliver small interfering

RNA (siRNA), genes and plasmids of pharmaceutical

interest [5,11–14].
Delivering nucleic acids into cells is a difficult task

because they are anionic, typically of high molecular

weight, and vulnerable to enzymatic degradation. Viral

capsid proteins, which naturally pack, protect and deli-

ver the viral genome into cells [10,15], may serve as

perfect scaffolds to tackle this problem. However,

application of these proteins as drug delivery systems

is limited by their size. For instance, dengue virus cap-

sid (DENV C) protein is a 100-amino acid protein

occurring as a homodimer [16,17] (Fig. 1A). Therefore,

instead of using the whole DENV C protein, we

searched for DENV C protein derived peptides,

shorter and simpler to produce, to serve as CPP tem-

plates. In this work, two such peptides, pepR and

pepM (Fig. 1B,C), have been derived from two DENV

C protein regions conserved among Flaviviridae family

members [16,17]: a highly cationic amino acid residue

sequence and a hydrophobic one, putatively assigned

as RNA-binding and membrane-binding sequences

(RBS and MBS respectively; Fig. 1). Besides being

conserved, RBS and MBS bear similarities to the Arg-

rich and the hydrophobic Pro-rich CPP families,

respectively. Furthermore, pepR has previously been

shown to interact with membranes and display antimi-

crobial activity [18].

Concerning the internalization mechanism, a

rational combination of biophysical and cellular exper-

iments allows the preferential internalization pathway

to be deciphered, which can be by direct membrane

translocation or through endocytic routes, such as

pinocytosis or dynamin- and clathrin-dependent endo-

cytosis [3]. In this work, both pepR and pepM were

used in a systematic study in order to gain insight on

the efficacy and mode of action, particularly regarding

their potential to deliver nucleic acids (Table S1). A

15-nucleotide ssDNA was used as cargo and the inter-

actions of both free and cargo-complexed peptides

with membranes were evaluated. The results showed

that pepM enters the cell by direct translocation,

whereas pepR uses an endocytic pathway. The devel-

opment of a real-time flow cytometry (RT-FACS)

based protocol allowed an in-depth quantitative study

of the kinetics of entry of pepR and pepM, which sup-

ported this conclusion. The methodology also consti-

tutes a useful tool for understanding the molecular

basis of peptide-mediated membrane translocation of

nucleic acids, hence contributing to a more rational

and mechanism-based CPP design. Our results reveal

that capsid proteins from flaviviruses are rich sources

to design and develop new generations of CPPs.

Results

The potential use of pepR and pepM as delivery sys-

tems was evaluated through their capacity to translo-

cate nucleic acids across the membranes of different

cells using confocal microscopy and flow cytometry.

The detailed molecular mechanism of internalization

was further explored with lipid vesicles using different

biophysical techniques. The rationale of the design of

the studies is detailed in Table S1.

Selection and structure of pepR and pepM

DENV C protein is highly charged and its NMR

structure revealed four a-helical segments, a1, a2, a3
and a4 [17]. The protein monomer sequence was analy-

sed with PSIPRED, a secondary structure predictor [19],

in order to identify domains with increased ability to

behave as CPPs, since most of these peptides have a

tendency to form a-helices [4,7,20,21]. The results con-

firm that the sequences a1, a2, a3 and a4 have a high

Fig. 1. DENV C protein sequence analysis and design of pepM and pepR. (A) Amino acid sequence of DENV C protein (serotype 2, Puerto

Rico 159-S1) highlighting both the hydrophobic and cationic regions: MBS and RBS, respectively. Secondary structure propensity, predicted

by PSIPRED, is represented by letter code (c, coil; H, a-helix) and cartoon (ellipse, a-helix). PSIPRED confidence prediction scale bar has four

levels (0–25%, 25–50%, 50–75% and 75–100%). (B) 3D representation of DENV C protein (PDB1R6R; left) highlighting the region

comprising pepM and pepR (blue) and structural localization of both CPP templates, pepM (green) and pepR (orange), at the DENV C

protein monomer structure. (C) Sequence, secondary structure propensity prediction in water and lipid bilayers (using MCPEP [22]) and 3D

conformation prediction (using I-TASSER [23]) of pepM (green) and pepR (orange). In (B) and (C), the conformational representations were

done with PYMOL software [59]. Positively charged residues (blue), hydrophobic and non-charged residues (red) are highlighted.
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propensity of acquiring a-helical conformation and

revealed that the first 20 amino acid residues of DENV

C protein, found to be disordered in the NMR studies

[17], have moderate a-helical propensity (Fig. 1A). The

a2-a3 and a4 are conserved regions [17] and were thus

selected as templates for further analyses. These are

also the sequences with putative membrane and RNA

affinity (highlighted green and orange, respectively, in

Fig. 1B,C).

The peptides corresponding to the putative mem-

brane-binding and RNA-binding regions, named pepM

(membrane) and pepR (RNA; Fig. 1C), can be assigned

to two distinct CPP families [4,5,7]: pepM is highly

hydrophobic and contains two Pro residues, which is

typical of the hydrophobic/Pro CPP family, and pepR

is highly cationic (+12) and fits the requirements of the

Arg/Lys-rich CPP family [4,5,7]. MCPEP, a computa-

tional tool that estimates the probability of occurrence

of secondary structure in peptides (both in aqueous

environment and when inserted in lipid bilayers) by

Monte Carlo simulation [22], predicts that both pep-

tides acquire a random coil conformation in water.

When in membranes, pepM tends to form two a-helices
separated by the Pro-rich segment, and pepR tends to

form a single long a-helix (Figs 1C and S1). The web

server I-TASSER [23] predicted the 3D conformation of

both peptides (Fig. 1C). The helical wheel projection of

pepR reveals 3D amphipathicity (Fig. S1).

Steady-state fluorescence quenching of Trp residues

by acrylamide in aqueous solution [24–26] was per-

formed to evaluate experimentally the solvent exposure

of the Trp residue of pepM and pepR (Fig. S2). No

significant negative deviation to linearity in the Stern–
Volmer plot was observed for the two peptides, show-

ing that Trp residues are exposed to the solvent and

suggesting that no significant peptide aggregation

occurs in solution. This was corroborated by linear flu-

orescence intensity versus concentration plots (data

not shown), in spite of the higher 3D amphipathicity

of pepR relative to pepM.

pepR and pepM are cell penetrating peptides

pepR and pepM labelled with rhodamine-B (RhB) at

the N-terminus, non-covalently complexed with an

ssDNA oligonucleotide labelled with Alexa-488, were

imaged by confocal microscopy in the presence of a

panel of very different cells (Fig. 2A,B). Both peptides

are generally found in the interior of cells regardless of

cell type, which suggests that they do not use specific

receptor-mediated mechanisms of entry into cells, leav-

ing endocytosis or direct membrane translocation as

possible mechanisms of entry.

Cellular internalization at 37 and 4 °C of pepR,

pepM and their ssDNA-Alexa488 cargoes was evaluated

by confocal microscopy for a HepG2 cell line and a pri-

mary astrocyte culture (Figs 3, 4 and S3–S5). At 4 °C,
all metabolic energy-dependent mechanisms (endocytic

pathways) are hindered, and direct membrane transloca-

tion, when occurring, becomes the dominant mechanism

for peptide penetration into cells [3,4]. Figures 2 and 4

show that pepR delivers ssDNA to astrocytes at both

temperatures. For HepG2, delivery at 4 °C is nearly

absent and at 37 °C most ssDNA is concentrated in the

membrane. In contrast to pepR, pepM is able to deliver

ssDNA to HepG2 at both temperatures, although the

localization differs: ssDNA localizes near the nucleus at

37 °C but not at 4 °C. With astrocytes, pepM does not

show internalization of ssDNA regardless of tempera-

ture (Figs 2A and 4). It should be stressed that cells

were incubated with peptide : ssDNA mixtures having

excess peptide. Therefore, the distribution of peptides

includes free and complexed peptides. Overall, both

pepM and pepR are internalized both at 4 and 37 °C,
both by HepG2 cells and astrocytes.

Confocal microscopy results shed light on the cellu-

lar localization of labelled peptides and ssDNA cargo

but additional data were needed for a complete under-

standing of the dominant mechanisms of cell penetra-

tion used by CPPs. This prompted us to perform

quantitative confocal microscopy using endocytosis

inhibitors and kinetic studies through RT-FACS. For

convenience, BHK-21 cells were chosen for the further

steps of the study instead of HepG2 cells, which tend

to cluster, thus potentially biasing quantitative results,

or astrocytes, which are rather vulnerable to handling

in FACS experiments.

Quantitative analysis of pepR and pepM

internalization: insights on the endocytic routes

used

In addition to the comparative studies at 37 and 4 °C,
peptide internalization was also assessed in the pres-

ence of two inhibitors of distinct endocytic routes: dy-

nasore, an inhibitor that interferes with all dynamin-

dependent endocytic routes [27,28], and chlorproma-

zine (CPZ), an amphiphilic drug that inhibits clathrin-

dependent endocytosis [29,30] (Fig. 5A,B). Figure 5A

shows that there is no significant decrease in pepM

internalization efficiency when dynasore or CPZ was

used. A slight decrease in pepM uptake (1.5-fold) was

observed at 4 °C, which may have been caused by a

decrease in cell membrane fluidity that slows pepM

membrane insertion and translocation. Regarding

pepR, the data also confirm the conclusions from pre-
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vious studies on HepG2 cells and astrocytes (Figs 3B

and 4B, respectively). Either at 4 °C or in the presence

of the inhibitors, there is a significant impairment of

pepR uptake by BHK-21 cells compared with the

experiments done at 37 °C in the absence of the inhibi-

tors (6-fold decrease). Flow cytometry results further con-
firm that pepM uses direct membrane translocation as the
preferential internalization route, whereas pepR requires
endocytic pathways (dynamin- or clathrin-dependent) to
reach the interior of cells (Fig. 5B).

Furthermore, the intracellular delivery of pep-

tide : ssDNA complexes was quantified by FACS

(Fig. 5C). BHK-21 cells were incubated with the pep-

tide : ssDNA complexes at 4 or 37 °C, and the ssDNA

fluorescence signal was recorded after 15 min

(Fig. 5C). In agreement with previous results, at 37 °C
pepR was able to deliver ssDNA into cells very effi-

ciently (96% of positive cells). Only traces of pepR

and ssDNA were observed when the experiment was

performed at 4 °C, further confirming that the domi-

nant mechanism for pepR-mediated delivery is endocy-

tosis-dependent. For pepM, the percentages of positive

cells at 37 °C were slightly higher than observed at

4 °C, in agreement with the data in Fig. 5A. This

A

B

Fig. 2. pepR- and pepM-mediated delivery of ssDNA into cells. Confocal imaging of intracellular delivery of (A) RhB-pepM complexed with

ssDNA-Alexa488 and (B) RhB-pepR complexed with ssDNA-Alexa488. Cells were cultured for 2 days and then stained with Hoechst 33342

(nucleus, blue) followed by the addition of 5 lM of either labelled pepR or pepM (red) non-covalently complexed with 1 lM of labelled

ssDNA (green).
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A

B C

Fig. 3. pepR- and pepM-mediated delivery of ssDNA into HepG2 cells. (A) Confocal imaging of HepG2 cells cultured for 2 days and stained

with Hoechst 33342 (nucleus, blue), or Cell Mask Deep Red (membrane, magenta), followed by the addition of 1 lM ssDNA-Alexa488

(green). The fluorescence intensity of each probe along an arbitrary line crossing the image is shown on the right in order to identify the

membrane, cytosol and nuclear compartments. (B), (C) Confocal imaging of HepG2 cells, followed by the addition of 1 lM ssDNA-Alexa488

(green) and 5 lM of (B) pepR or (C) pepM labelled with RhB (red) at either 4 or 37 °C.
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B C

Fig. 4. pepR- and pepM-mediated delivery of ssDNA into astrocytes. (A) Confocal imaging of astrocytes cultured for 2 days and stained

with Hoechst 33342 (nucleus, blue) or Cell Mask Deep Red (membrane, magenta), followed by the addition of 1 lM ssDNA-Alexa488

(green). The fluorescence intensity of each probe along an arbitrary line crossing the image is shown on the right in order to identify the

membrane, cytosol and nuclear compartments. (B), (C) Confocal imaging of astrocytes, followed by the addition of 1 lM ssDNA-Alexa488

(green) and 5 lM of (B) pepR or (C) pepM labelled with RhB (red) at either 4 or 37 °C.
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Fig. 5. Screening of RhB-pepR and RhB-pepM cellular internalization routes. (A) Confocal imaging of BHK-21 cells cultured for 2 days and

stained with Hoechst 33342 (nuclei, blue), followed by the addition of 5 lM of either RhB-pepM (top panel) or RhB-pepR (bottom panel), at

37, 4 °C or at 37 °C in the presence of the endocytosis inhibitors dynasore (80 lM) or CPZ (50 lM). Laser intensity was kept constant in

order to ensure that the fluorescence emission signal reflects the relative proportions of peptide internalization. The fluorescence intensity

of each cell in each replicate experiment (n > 4, cells > 40) was determined and averaged (right box, whiskers plot). A one-way ANOVA

statistical test followed by a Dunnett’s test was used to compare each fluorescence signal with the experiments performed at 37 °C in the

absence of endocytosis inhibitors (***P < 0.0001; n.s., not significant). (B) Percentage of BHK-21 cells positive for RhB-pepR or RhB-pepM,

determined by FACS, at 37 °C (dashed), 4 °C (white) and at 37 °C in the presence of the endocytosis inhibitors dynasore (80 lM, black) or

CPZ (50 lM, grey). (C) Percentage of BHK-21 cells positive for ssDNA labelled with Alexa488, determined by FACS, at 4 °C (black) and

37 °C (dashed) delivered by 2 lM of pepR or pepM. Delivery with 2 lM of Tat (at 37 °C, blue) was also assayed for comparison with a

standard viral CPP. (D) Percentages of GFP-positive cells quantified by flow cytometry after transfection of pEGFP-C3 plasmid using

lipofectamine (white), pepR (orange), pepM (green) or Tat (blue; ***P < 0.001). BHK cells were cultured for 24 h and transfected with 1 lg

of pEGFP-C3 plasmid using either 2 lM of pepR, pepM or Tat, or 4 lL of Lipofectamine 2000. GFP-positive cells were quantified 2 days

after transfection.
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reinforces the conclusion that this peptide is able to

transport cargo into cells through direct plasma mem-

brane translocation. At equimolar concentration Tat, a

standard – also virus-derived – CPP [31], is less effi-

cient than pepM or pepR in delivering ssDNA

(Fig. 5C).

To evaluate the ability of pepR and pepM to effec-

tively deliver functional cargoes into the cytosol, pep-

tide-mediated transfection of a GFP-encoding plasmid

was analysed by quantifying GFP expression in BHK-

21 cells using FACS (Figs 5D and S6). Both peptides

were able to mediate plasmid transfection with fully

functional GFP protein expression, showing that

although part of the cargo may locate in the mem-

branes (e.g. pepR-mediated delivery at 37 °C in

HepG2 cells – Figs 3 and S4), a significant fraction is

efficiently delivered. The fluorescence signal of the

labelled peptide persisted up to 48–72 h after transfec-

tion (Fig. S6). Both pepR and pepM significantly out-

performed Tat in the delivery of both small nucleic

acids (Fig. 5C) and large genomes (Fig. 5D), reaching

closer to the performance of an artificial transfectant

agent such as Lipofectamine used with an optimized

protocol (Fig. 5D).

Deciphering the kinetics of CPP cellular entry by

RT-FACS

In order to characterize the kinetics of nucleic acid

translocation mediated by DENV C protein derived

peptides, an RT-FACS methodology was designed and

developed (for the experimental rationale and the

detailed description of the methodology see Fig. S7

and Materials and methods, respectively). Pep-

tide : ssDNA internalization was monitored as shown

in Fig. 6 and Videos S1 and S2. Table 1 shows the

kinetic parameters governing the delivery of pep-

tide : ssDNA complexes into BHK-21 cells at 37 and

4 °C. These parameters were obtained by fitting the

data using Eqns (4) and (5). The example of

pepR : ssDNA mixtures is shown in Fig. 6A and Vid-

eos S1 and S2. The cellular average fluorescence inten-

sity for ssDNA and pepR channels at each time point

is represented in the top panel. Figure 6A also illus-

trates the changes in the fluorescence intensity histo-

grams and in the 2D dot plot correlogram (FL1,

ssDNA versus FL3, peptide) at times 0, 100, 200, 400

and 600 s (black background and bottom panel). The

kinetics of pepR and ssDNA in the mixture differ

moderately (Fig. 6A, top panel), as the peptide (2 lM)
is in excess over ssDNA (10 nM) in order to achieve

complete complexation of the nucleic acid; therefore

the output signal of the peptide results from both com-

plexed and free species.

For pepM, internalization starts following a hyper-

bolic-like function immediately at t = 0, both at 37

and 4 °C (Fig. 6B), in clear contrast with pepR

(Fig. 6C; Video S3A,B, pepM, and Video S4A,B,

pepR). Although a lower final peptide amount inside

the cells is attained at 4 °C, as expected from the con-

focal microscopy and flow cytometry data from Fig. 5,

it is clear that translocation occurs, further confirming

that pepM is able to translocate cellular membranes

directly. For pepR, a biphasic internalization profile at

37 °C was detected, while virtually no uptake is seen

at 4 °C (Fig. 6B). The first phase of the internalization

process may be assigned to an initial adsorption/con-

centration of the peptide on the cell surface and

recruitment of endocytosis machinery to the mem-

brane. This phase is followed by internalization. The

same protocol was performed to analyse the cellular

entry of nucleic acid mediated by Tat (Fig. S7). The

kinetic profile also revealed an initial lag time for

membrane adsorption and subsequent cellular internal-

ization, which agrees with other studies showing that

Tat enters cells using endocytic routes [32–35]. In

Table 1. BHK-21 cell entry kinetic parameters. Kinetic rate constant (k1) of pepR and pepM delivery into BHK-21 cells and time to reach half

of the maximum amount delivered (t1/2), in the absence (37 or 4 °C) or presence (37 °C to) of ssDNA. These values were obtained using

either Eqn (4) (direct translocation) or Eqn (5) (translocation with initial membrane adsorption). Data were obtained from two independent

experiments � standard deviation (SD).

Peptide cellular internalization kinetics Peptide : ssDNA complex cellular internalization kinetics (37 °C)

4 °C 37 °C pepR pepM
Tat

pepR pepM pepR pepM Peptide ssDNA Peptide ssDNA ssDNA

k1 9 10�3

(s�1)

– 5.7 � 0.2 5.8 � 0.2 2.5 � 0.1 0.9 � 0.02 1.4 � 0.1 0.78 � 0.02 0.43 � 0.01 14.6 � 1.6

t1/2 (s) – 122 349 278 128 161 148

t0 (s) – – 244 – 250 100

Equation 4 5 4 5 4 4 4 5
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A

B C

Fig. 6. Kinetics of pepR and pepM cell entry and pepR- and pepM-mediated delivery of ssDNA into BHK-21 cells determined by RT-FACS. (A)

RT-FACS of RhB-pepR and ssDNA-Alexa488 cellular internalization at 37 °C. Top: Normalized cellular fluorescence intensity for ssDNA (green)

and pepR (red) over time. In order to retrieve the internalization kinetic parameters, Eqns (4) and (5) were used to fit the data (ssDNA and pepR,

respectively). Black background correlograms: Flow cytometry snapshots of the time course of the pepR and ssDNA cellular internalization (time

frames at 0, 100, 200, 400 and 600 s; ssDNA on y axis and pepR on x axis. Bottom histograms: pepR (red) and ssDNA (green) fluorescence

intensity histograms indicating the percentage of negative and positive cells during internalization. Cell population reference values at t = 0 are

highlighted with an ellipse in the correlogram and with a red or a green bar in the pepR or ssDNA histograms. Flow cytometry Videos S1 and S2

are available for the real-time internalization of pepM and pepR, respectively. (B), (C) RT-FACS of pepM (B) and pepR (C) cellular internalization at

4 °C (black) and 37 °C (green or orange). See Videos S3 and S4 for temperature internalization assays of pepR and pepM, respectively.
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agreement with the steady-state FACS results

(Fig. 5C), a lower amount of ssDNA is delivered by

Tat compared with pepR or pepM (Table 1).

Molecular basis of pepR and pepM affinity for

cargo and lipid membranes

In order to determine the affinities of peptides for both

lipid membranes and nucleic acid cargo, fluorescence

studies were carried out with unlabelled peptides using

the fluorescent properties of their Trp residue

[15,24,25,36]. The emission maxima of pepR and

pepM occur at 350 and 342 nm respectively in buffer

(Fig. 7A,B). The pepR emission maximum coincides

with that of free Trp, whereas pepM has a 8 nm blue-

shift which suggests that in this peptide the Trp resi-

due is partially shielded from the solvent [25]. The

structures predicted for both peptides by MCPEP and I-

TASSER (Fig. 1C) are in agreement with these data: in

pepM the Trp residue is facing the opposite a-helix,
while for pepR the residue is fully exposed to the sol-

vent. When ssDNA or POPC : POPG (4 : 1) large un-

ilamellar vesicles (LUVs) were added to the peptide

solution, spectral shifts were observed (Fig. 7A–D),

indicating that both pepR and pepM interact with the

oligonucleotides or lipids. The complexation of pepM

C D

E F

A B

Fig. 7. Spectroscopic analysis of the interaction of pepR and pepM with lipid vesicles or nucleic acids. (A), (B) Normalized Trp

fluorescence emission spectra of 36 lM unlabelled pepR (A) or pepM (B) in buffer (solid line), in the presence of 20 lM ssDNA (dotted

line) and in the presence of 3 mM POPC : POPG (4 : 1) LUVs (dashed line). (C) Fluorescence emission maximum wavelength of 36 lM

unlabelled pepR (squares) and pepM (circles) upon titration with ssDNA. (D) Fluorescence emission maximum wavelength of a 36 lM

solution of unlabelled pepR (squares) or pepM (circles) upon titration with POPC LUVs (full squares and circles) or POPC : POPG (4 : 1)

LUVs (open squares and circles). (E), (F) Peptide fluorescence quenching by nucleic acids. (E) Stern–Volmer plots of a 36 lM solution of

unlabelled pepR (squares) and pepM (circles) upon titration with ssDNA. Equations (6) and (8) were used to fit pepR and pepM data,

respectively. (F) Stern–Volmer plots of average fluorescence lifetime obtained from the fluorescence decays of a 36 lM solution of

unlabelled pepR (squares) and pepM (circles) upon titration with ssDNA. Equation (12) was used to fit the data to determine the dynamic

quenching constant, KD.
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or pepR with ssDNA had different impacts on spectral

shifts of the Trp residues (Fig. 7C), which prompted

additional experiments.

Nucleic acid binding

Trp fluorescence quenching by nucleic acids [37] was

used to quantify the binding of both pepR and pepM

to the ssDNA molecule. Both pepR and pepM (at

36 lM) were titrated with ssDNA, and both steady-

state fluorescence emission spectra and time-resolved

fluorescence emission decays were collected. The linear

Stern–Volmer plot obtained with the steady-state fluo-

rescence emission of pepR (Fig. 7E), combined with

the absence of collisional quenching (Fig. 7F), show

that pepR forms stable complexes with the ssDNA

molecules. For pepM, a positive deviation to linearity

in the steady-state Stern–Volmer plot was observed

(Fig. 7E), which is indicative of simultaneous static

and dynamic (collisional) quenching [26,38]. The

Stern–Volmer constant of the dynamic process, KD,

was calculated from the data in Fig. 7F using Eqn (12;

see Materials and methods). Table 2 summarizes the

values obtained for the binding constants of both pep-

tides to ssDNA. The occurrence of collisional quench-

ing for pepM suggests that, in contrast to pepR, the

Trp residue is not tightly bound to ssDNA in the inner

structure of the peptide : ssDNA complex. A certain

degree of motional freedom of the Trp indole group is

allowed in pepM, although both peptides have similar

affinity for ssDNA [39]. This is in agreement with the

more complex structure of pepM relative to pepR

(Fig. 1C), accounting for partial protection of the Trp

residue in the former peptide.

Partition of free pepR and pepM to lipid membranes

Figure 7D shows the shifts in the maximum wave-

length of Trp fluorescence emission spectra of both

peptides upon addition of POPC (zwitterionic) and

(4 : 1) POPC : POPG (anionic) LUVs. The shift,

which is due to peptide insertion in the more hydro-

phobic environment of the lipid bilayer, was observed

for pepR only with anionic LUVs, suggesting that it

binds lipid membranes mainly through electrostatic

interactions. For pepM, in contrast, spectral shifts

were observed with both anionic and zwitterionic

LUVs, in agreement with its higher hydrophobicity rel-

ative to pepR.

CD studies of both pepR and pepM, in the absence

and the presence of (1 : 1) POPC : POPG LUVs, were

performed in order to evaluate the changes in peptide

secondary structure induced by the interaction with

lipid membranes (Fig. 8A,B). In aqueous solution, the

spectra of both peptides were characteristic of random

coil conformation (minima at 195 nm [40,41]). In the

presence of LUVs, spectral signatures characteristic of

a-helical peptides were observed, with minima at 208

and 222 nm. The a-helical content, evaluated by the

K2D3 on-line server [42], increased in the presence of

Table 2. Peptides and peptide : ssDNA fluorescence quenching parameters.

Steady state Time resolved

pepR pepM pepR pepM

ssDNA quenching

KS (lM�1) 9 10�2 7.4 � 0.2a 6.2 � 1.7 – –

KD (lM�1) 9 10�2 – 2.3 � 1.8 0.1 � 0.03 2.6 � 0.2

Equation 6 8 12 12

Acrylamide quenching in solution

KSV (M�1) 11.1 � 0.5 4.8 � 0.2

Equation 6 6

Acrylamide quenching in the presence of lipid vesicles – POPC : POPG (4 : 1)

KSV (M�1) 6.6 � 4.2 15.8 � 4.8

fB (%) 32.6 � 14.2 31.4 � 4.8

Equation 7 7

Lipophilic probes 5-NS and 16-NS quenching – POPC : POPG (4 : 1)

KSV, 5-NS (M�1) 3.15 � 0.11b 2.03 � 0.79

KSV, 16-NS (M�1) 3.40 � 0.67c 0.17 � 3.86

KD, 5-NS (M�1) 1.32 � 0.10 2.04 � 0.05

KD, 16-NS (M�1) 1.59 � 0.07 2.50 � 0.06

Equation 6b, 20c 20 12 12

a In the absence of dynamic quenching, KSV in Eqn (6) can be interpreted as a static (complexation) constant and is thus referred to as KS.
b Eqn (6) was used to fit pepR quenching with 5-NS.
c Eqn (20) was used to fit pepR quenching with 16-NS.
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LUVs by approximately 10-fold (3.4% to 32.8%) for

pepR and 5-fold (3.5% to 16.4%) for pepM. These

results are congruent with structural predictions for

both pepR and pepM by MCPEP (Fig. 1C). Lipid-mem-

brane-induced acquisition of secondary-level structure

in peptides is typical of CPP and other membrane-

active peptides [4,7]. Moreover, the CD experimental

data and simulations from MCPEP and I-TASSER predict

that the peptides in a membrane environment will

acquire a structure very similar to that of the homolo-

gous regions of DENV C protein.

Differences in 222–208 nm molar ellipticity ratios

have been interpreted as evidence of different intrinsic

mechanical properties, e.g. elasticity/flexibility, with

higher [h]222/[h]208 being indicative of more flexible

a-helices [43]. In the presence of LUVs, [h]222/[h]208

values for pepR and pepM were 0.80 and 1.01, respec-

tively, suggesting that, when exposed to lipids, the

dynamic structure of pepM is more elastic and flexible

than that of pepR.

To further ascertain which lipid composition

increased the extent of peptide partition to mem-

branes, the partition constants for both peptides were

quantified for several lipid mixtures (Table 3). Peptide

preference for liquid disordered (fluid), liquid ordered

(raft-like lipid) [44] or rigid gel phase lipid bilayers was

evaluated in vesicles constituted by POPC,

POPC : Chol (2 : 1) or DPPC, respectively, with both

pepM and pepR shown to have a preferential partition

to fluid (POPC) LUVs. Additionally, the influence of

anionic phospholipids on peptide affinity to lipid

membranes was tested on POPC LUVs containing dif-

C D

E F

A B

Fig. 8. Conformation of membrane-inserted pepM and pepR and extent of their partition into membranes. (A), (B) CD spectra of 50 lM

unlabelled pepM (A) and pepR (B) in buffer (solid line) and in the presence of 3 mM POPC : POPG (1 : 1) LUVs (dashed line). Mean molar

residue ellipticity was calculated according to Eqn (13). (C), (D) Membrane partition studies of unlabelled pepR, pepM and their respective

unlabelled ssDNA complexes. 36 lM pepR (orange) and pepR : ssDNA (white) (C) or pepM (green) and pepM : ssDNA (white) (D) were

titrated with LUVs of POPC (circles) or POPC : POPG (4 : 1; triangles), at pH 7.4. Equation (14) was used to fit the data to obtain the

partition constants Kp (Table 3). (E), (F) Membrane fusion caused by pepR (E) or pepM (F). LUVs composed of POPC : POPG 4 : 1

(triangles), POPC : POPS 4 : 1 (squares), POPC (circles) and POPC : POPE 4 : 1 (crosses) were titrated with pepR (orange) or pepM (green)

up to 36 lM, at pH 7.4. The percentage of vesicle fusion was calculated using Eqn (17).
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ferent amounts of POPG or POPS. The titration

curves obtained for both pepR and pepM using POPC

and POPC : POPG (4 : 1) LUVs are shown as exam-

ples in Fig. 8C,D. The combined results show that

both pepR and pepM prefer anionic liquid-disordered

membranes (Table 3). pepM partitions towards POPC

fluid membranes, but the presence of POPG increases

Kp from 5 9 103 for pure POPC to 7 9 104 for

POPC : POPG (3 : 2). For pepR, anionic lipids are

required for peptide partition to membranes. Regard-

ing the preference of the peptides to specific anionic

phospholipids, pepM reveals a preference for POPG-

rich membranes while for pepR Kp values show that

there is no preference for any specific phospholipid

anionic head group.

Partition of CPP : ssDNA complexes to lipid

membranes

Successful interaction between a CPP–cargo complex

and lipid membranes is known to be a crucial element

in the design of drug delivery systems [15]: if the com-

plex shows higher membrane affinity the translocation

is more likely to occur [45–47]. The results in Figs 2–4
and S3–S5 indicate that the presence of peptide is

mandatory for ssDNA interaction with membranes.

Therefore, in addition to characterizing free CPP–lipid
membrane interaction, it is also important to evaluate

the lipid membrane affinity of the CPP–cargo com-

plexes. Since the highest membrane partition of both

free peptides was obtained for fluid phase membranes

containing anionic lipids (Table 3), POPC and

POPC : POPG (4 : 1) LUVs were selected to evaluate

the interaction with peptide : ssDNA complexes

(Figs 8C,D, S8 and Table 3). The partition constant of

the peptide : ssDNA complexes was determined by an

extended version [15] of the partition formalism previ-

ously developed by us [36,46]. Both pepR : ssDNA

and pepM : ssDNA complexes are able to interact

with lipid membranes with higher Kp values than those

obtained for the respective free peptides in anionic

lipid vesicles (Table 3). The pepR : ssDNA complex

also partitions to zwitterionic POPC membranes, in

contrast to what was observed for the free peptide

(Figs 8C, S8A). This result shows that cargo influences

the mechanism of action of CPPs [15].

Depth of pepR and pepM insertion into membrane and

its impact on lipid organization

The influence of CPPs on membrane organization and

the depth of their insertion into lipid bilayers are key

issues that determine their efficacy, as well as their

mechanism of action and eventual cytotoxicity. In

order to evaluate whether pepR and pepM promote

LUV aggregation, dynamic light scattering experiments

[48,49] were carried out (Figs S9 and S10, respec-

tively). Vesicle aggregation increases the size of the

scattering particle in suspension, which is detected by

dynamic light scattering. No aggregation was detected

for POPC LUVs, whereas POPC : POPG (4 : 1 and

3 : 2) LUVs aggregated in the presence of either pepM

and pepR (Figs S9 and S10).

An LUV fusion assay to evaluate whether vesicle

aggregation involves membrane fusion showed that it

occurred for negatively charged LUVs in the presence of

either pepM or pepR (Fig. 8E,F). pepM is highly

fusogenic, causing the maximum level of vesicle fusion

at 36 lM. Interestingly, it is also able to fuse POPE-rich

vesicles (Fig. 8F), which agrees with pepM interaction

with zwitterionic lipids, together with the conical shape

of POPE, prone to membrane fusion [50].

To study the impact of pepR and pepM on mem-

brane integrity, a leakage assay was performed using

POPC, POPC : POPG (4 : 1) and POPC : POPS

(4 : 1) LUVs. The fluorescence quenching of LUVs

Table 3. Free pepR and pepM and pepR : ssDNA and pepM : ssDNA partition to lipid vesicles. Partition constants of pepR and pepM, Kp,

and of their complexes with ssDNA, Kp,C, were calculated using Eqn (14). Ratios between the fluorescence intensities in lipid and aqueous

solution (IL/IW) are also shown in parentheses. Data are presented as the best-fit value � SD. –, not calculated.

Partition constant Kp 9 103 (IL/IW)

pepR pepR : ssDNA pepM pepM : ssDNA

POPC ~0 0.4 � 0.1 (3.1 � 0.2) 5.1 � 0.7 (1.4 � 0.0) 2.6 � 0.7 (1.2 � 0.0)

DPPC ~0 – ~0 –

POPC : Chol (2 : 1) ~0 – ~0 –

POPC : POPG (4 : 1) 0.4 � 0.1 (2.4 � 0.1) 1.2 � 0.2 (1.6 � 0.04) 4.6 � 0.3 (1.5 � 0.01) 7.6 � 1.5 (1.3 � 0.0)

POPC : POPS (4 : 1) 0.2 � 0.2 (3.1 � 0.2) – 2.9 � 0.3 (1.5 � 0.0) –

POPC : POPG (3 : 2) 14.9 � 1.4 (1.8 � 0.1) – 71.4 � 18.5 (2 � 0.0) –

POPC : POPS (3 : 2) 8.2 � 1.5 (3.4 � 0.1) – 2.4 � 0.7 (1.2 � 0.0) –
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doped with N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD)

labelled phospholipids by Co2+ ions [51] was tested in

the presence of increasing concentrations of either

pepM or pepR (Fig. S11). Pore formation related to the

presence of peptides would reflect in an increase in

NBD quenching efficacy by Co2+ (Eqn S1). No pore

formation (leakage < 2%) was detected for either pep-

tide in all the lipid systems tested, hence excluding the

induction of transient or permanent membrane permea-

bilization.

Finally, in order to investigate peptide localization

in the membrane, the accessibility of the single Trp

residue of pepM or pepR to the aqueous quencher

acrylamide in the presence of LUVs was also studied

(Fig. S2). A more accurate methodology, based on dif-

ferential fluorescence quenching of two lipophilic doxyl

stearic acid probes (5-NS and 16-NS) [52], was used to

analyse the in-depth location of such Trp residue in

POPC : POPG (4 : 1) LUV (Fig. 9A and 9B for

steady-state and time-resolved fluorescence, respec-

tively). Acrylamide quenching experiments showed

negative deviations to the Stern–Volmer linearity

(Fig. S2), indicating that a fraction of the fluorophore

is inaccessible to the aqueous quencher and therefore

inserted into the lipid membrane. This accessible frac-

tion, fB, was determined by applying the Lehrer for-

malism [24–26] (Eqn 7) to the experimental data

(Table 2).

A

C

B

Fig. 9. pepR and pepM depth of insertion into lipid membranes. (A), (B) Stern–Volmer plots of 36 lM unlabelled pepR (squares) and pepM

(circles) quenching by 5-NS (solid symbols) or 16-NS (empty symbols), in LUVs of POPC : POPG (4 : 1), using steady-state (A) and time-

resolved (B) fluorescence emission data. Quencher concentrations are expressed as effective concentrations in the membrane, determined

using Eqn (19). Steady-state data were fitted using either Eqn (6) or Eqn (7), and time-resolved data were fitted using Eqn (12). (C) In-depth

localization distribution of the Trp residues of pepM (green) and pepR (orange), obtained by steady-state (solid lines) and time-resolved

(dashed lines) data, in POPC : POPG (4 : 1) lipid bilayers, predicted by a method described elsewhere [52]. The cartoon represents the

estimated spatial orientation of pepM and pepR in the lipid bilayer, based on the preferred Trp localization: pepM would be completely

inserted into the membrane, whereas for pepR only the Trp N-terminal region would be partially inserted into the bilayer, with the C-

terminal charged region interacting with the polar head groups of the lipids. The lipophilic probes 5-NS (pink) and 16-NS (purple) are also

represented in fully extended conformation.
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5- and 16-NS differ only in the position of the doxyl

quencher group on the aliphatic chain of stearic acid,

resulting in different depths of insertion into lipid bi-

layers; the closer the Trp residue of either peptide is to

the quencher group inside the membrane, the more

efficient the quenching and, consequently, the higher

the KSV value (Fig. 9A,B and Table 2). Brownian

dynamics simulations of quenching agents inside bilay-

ers allow the in-depth distribution of Trp residues to

be estimated [52] and hence the peptide location within

the lipid membrane. Predictions from both steady-state

and time-resolved fluorescence data returned very simi-

lar distributions (Fig. 9C): Trp residues in both pepM

and pepR were found to be membrane-buried, at 10–
12 �A from the bilayer centre. Since in the latter pep-

tide the Trp residue is near the N-terminus, one might

envisage pepR adopting a tilted position on the mem-

brane such as that depicted in Fig. 9C, where the Trp

residue is buried and the C-terminal is interfacial.

Discussion

The present work describes a stepwise characterization

of two novel CPPs, pepM and pepR, derived from the

supercharged [53] protein DENV C. We have character-

ized the molecular bases of CPP–cargo, CPP–membrane

and CPP–cargo–membrane interactions, all of them

essential for a molecular understanding of the mecha-

nism of action of these peptides. Although pepR is

highly cationic and pepM is more hydrophobic, both

have high affinity for nucleic acids, adopt a-helical sec-
ondary structures upon interacting with lipid membranes

and prefer anionic fluid lipid membrane environments.

Peptide : ssDNA complexes have higher affinity towards

anionic lipid membranes than the free peptides, and

the high concentration of peptide and cargo at the

membrane level favours cellular internalization.

pepM induces perturbations in the organization of

lipid bilayers composed of anionic or neutral conical

(PE) phospholipids. These types of lipids favour mem-

brane fusion [50,51,54], which indeed occurs, although

no membrane permeabilization was detected. As pepM

inserts fairly deeply in the lipid bilayer core, altogether

the data support an inverted micelle mechanism for

membrane translocation. pepR shows a similar behav-

iour regarding its interaction with lipid membranes but

its ability to induce membrane fusion is lower and

depends exclusively on the presence of anionic lipids,

also taking place without permeabilization. Peptide

localization data suggest that pepR may be tilted in

the membrane, with part of its structure bound at the

outer membrane leaflet polar region (Fig. 9C), an ori-

entation that does not favour direct membrane pene-

tration. Additionally, the helical structures of pepR

and pepM have different mechanical properties. CD

data indicate the pepM conformation to be more flexi-

ble and dynamic when interacting with lipid, an

advantage for a CPP acting by direct translocation.

Confocal microscopy and flow cytometry studies at

both 4 and 37 °C and in the presence of endocytosis

inhibitors dynasore and CPZ revealed that both CPPs

have distinct dominant internalization mechanisms

(Fig. 10). pepM translocation is independent of spe-

cific receptors or energy-dependent cell entry path-

ways, suggesting that pepM penetrates fluid

membranes through an inverted micelle mechanism.

Pore-associated mechanisms may be discarded due to

Fig. 10. Schematic representation of the mode of membrane

translocation followed by pepM and pepR. pepM (green) uses

direct lipid membrane translocation mechanisms, probably the

inverted micelle or the carpet model, whereas pepR (orange)

internalization is dependent on endocytic pathways, namely

dynamin- and clathrin-dependent endocytosis. The results of the

present study agree with published data [55] on the time-scale of

the events.
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the absence of membrane leakage. In contrast, pepR

uses dynamin-dependent endocytic pathways, including

clathrin-dependent routes, with an initial accumulation

at the outer membrane leaflet before internalization.

The kinetics of internalization observed by RT-FACS

also provided insights on the mechanism of action of

pepM and pepR as CPPs. For pepM, kinetics are con-

sistent with direct translocation across the membrane:

peptide internalization was observed at both 4 and

37 °C, and the kinetic profile is consistent with a

chemical-gradient-driven translocation phenomenon

defined by Fick’s law of diffusion. pepR displayed a

two-step internalization profile, with initial membrane

adsorption (linear behaviour) followed by internaliza-

tion, probably upon reaching the minimum concentra-

tion needed at the membrane or recruiting the cellular

machinery responsible for endocytosis [55] (Fig. 10).

The time-scales, 1–2 min of initial lag and subsequent

cellular uptake for the next 30–60 s until maximum,

are within the expected values for endocytic pathways,

such as clathrin-mediated or pinocytosis [55]. The

observation that no significant pepR internalization

occurred at 4 °C after 10 min acquisition or in the

presence of dynasore or CPZ, except for a constant

amount of peptide signal (reflecting the membrane-

associated fraction), supports this mechanism.

Concluding remarks

The two CPPs have different biochemical properties

and may be considered new members of two different

CPP classes [4,5,7]: Arg-rich CPP (pepR) and hydro-

phobic Pro-rich CPP (pepM). Our study reinforces the

idea that the former uses endocytic and the latter non-

endocytic mechanisms, thus supporting the view that

CPP internalization routes are class-dependent [4].

Regarding cell specificity, our results showed that,

although pepM was unable to introduce significant

amounts of cargo in primary astrocytes, both peptides

translocated and delivered nucleic acids into a wide

range of cell types (Fig. 2). This observation raises the

hypothesis that some key elements of the cell mem-

brane structure that diverge with cell type and affect

bilayer properties [56] are important for CPP function.

Primary cell cultures are usually difficult to transfect

[12] and it is relevant that pepM and pepR are able to

translocate the plasma membrane of astrocytes.

It is worth stressing that the innovative RT-FACS

methodology presented here is very informative, simple

and effective for studying the internalization mecha-

nism of CPP–cargo complexes as drug delivery sys-

tems. In some cases, even for highly efficient CPPs, the

CPP–cargo complex is inert and unable to translocate

cell membranes [34]. This novel application of FACS,

which allows real-time and dynamic analyses of the

CPP internalization, is adaptable to high throughput

and can be incorporated in the development of drug

delivery technologies.

Both pepM and pepR are fragments from two

domains of DENV C protein. However, based on the

quantitative differences in their translocation abilities,

it is reasonable to postulate pepM as a preferential

candidate for further development as a gene therapy

vector. Structural refinement strategies aimed to

improve in vivo performance could include, for exam-

ple, size reduction, D-amino acid insertion to reduce

proteolysis, or the insertion of specific homing

sequences [1] in order to achieve cell/tissue specificity

for therapeutic siRNA delivery. The present work also

reveals that structural viral proteins (in this case from

the Flaviviridae family) may provide excellent scaffolds

for CPP design and development.

Materials and methods

Chemicals

Fmoc-protected amino acids were obtained from Senn

Chemicals (Dielsdorf, Switzerland) and Fmoc-Rink-amide

(MBHA) resin from Novabiochem (Merck, Darmstadt,

Germany). 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluro-

nium hexafluorophosphate (HBTU) and N-hydroxybenzo-

triazole (HOBt) were from Matrix Innovation (Quebec,

Canada). HPLC-grade acetonitrile and peptide synthesis-

grade N,N-dimethylformamide, dichloromethane, N,N-di-

isopropylethylamine and trifluoroacetic acid were from

Carlo Erba-SDS (Sabadell, Spain). Minimum essential

medium a (a-MEM), Dulbecco’s modified Eagle’s medium

(DMEM), fetal bovine serum, penicillin-streptomycin

(Pen-Strep), phosphate buffered saline (NaCl/P), ssDNA

(ACG TGC TGA GCC TAC), ssDNA-Alexa488, the

fluorescent dyes Hoechst 33342, Cell Mask Deep Red and

4-[2-[6-(dioctylamino)-2-naphthalenyl]ethenyl]-1-(3-sulfopro-

pyl)-pyridinium (di-8-ANEPPS) were purchased from Life

Technologies (Carlsbad, CA, USA). Microscopy ibiTreat

coated l-slide 8l-well plates were purchased from

Ibidi (Munich, Germany). HIV-1 Tat (47–57) was

purchased from Bachem (Bubendorf, Switzerland).

Dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-

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

2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS),

1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol))

(POPG) and cholesterol (Chol) were obtained from Avanti

Polar Lipids (Alabaster, AL, USA). HEPES, NaCl, Triton

X-100, 5-doxyl stearic acid (5-NS) and 16-doxyl stearic acid

(16-NS) were acquired from Sigma-Aldrich (St Louis, MO,
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USA). Acrylamide and L-tryptophan were from Merck. All

other reagents were of the highest quality available com-

mercially. All experiments were performed using 10 mM

HEPES buffer, pH 7.4, in NaCl 150 mM, unless otherwise

stated.

Peptide synthesis

Both pepR (LKRWGTIKKSKAINVLRGFRKEIGRML-

NILNRRRR – residues 67–100 of DENV-2 C protein,

Fig. 1C) and pepM (KLFMALVAFLRFLTIPPTA-

GILKRWGTI – residues 45–72 of DENV-2 C protein,

Fig. 1C), as well as their N-terminal RhB-labelled versions,

were prepared by solid phase synthesis, as previously

described [15,18] (detailed description of synthesis in

Data S2; Table S2). Automated syntheses were performed

in an ABI433 peptide synthesizer (Applied Biosystems,

Carlsbad, CA, USA) running standard Fmoc (FastMoc)

protocols [57] at 0.1 mmol scale on Fmoc-Rink-amide

MBHA resin. Details on the MALDI-TOF (using a Voy-

ager DE-STR instrument from Applied Biosystems, with

an a-hydroxycinnamic acid matrix) and HPLC purification

protocols are also available in Figs S12–19. pepR, pepM

and their respective fluorescent derivative stock solutions

were prepared in Milli Q water.

Peptide computational analysis

For tridimensional structure prediction, the amino acid

sequences of pepR and pepM were submitted to the web

server I-TASSER [23] (http://zhanglab.ccmb.med.umich.edu/I-

TASSER/). For secondary structure propensity prediction,

the sequence of DENV C protein [17] (PDB ID 1R6R) was

submitted to the web server PSIPRED [19] (http://bio-

inf.cs.ucl.ac.uk/psipred/), while pepR and pepM sequences

were submitted to MCPEP server [22] (http://ben

tal.tau.ac.il/MCPep/index.html). Prediction confidence of

the algorithm was represented with a bar scale (higher con-

fidence corresponds to larger bars). Helical wheel projec-

tions of pepR and pepM were obtained by the online tool

HELIQUEST [58] (http://heliquest.ipmc.cnrs.fr). All molecular

measurements and visualizations of proteins, peptides and

lipids were done using PYMOL v1.4 [59].

Cell culture

Hepatocellular carcinoma (HepG2) and human embryonic

kidney 293T (HEK-293T) cell lines were cultured in DMEM

and baby hamster kidney (BHK-21) cell line in a-MEM,

both supplemented with 10% (v/v) fetal bovine serum and

100 U�mL�1 Pen-Strep, at 37 °C, in a humidified atmosphere

of 5% CO2. Peripheral blood mononuclear cells (PBMCs)

were also used due to their relevance in pathological condi-

tions associated with DENV infection, such as leukopenia.

To isolate PBMCs, 10 mL of human blood from healthy

donors was obtained from the public blood bank Instituto

Português do Sangue (Lisbon, Portugal), with their previous

informed written consent, as approved by the Ethics Com-

mittee of Faculdade de Medicina da Universidade de Lisboa.

Blood was drawn to K3EDTA anticoagulant tubes, and

PBMCs were isolated by density gradient using Ficoll-Paque

Plus, according to the manufacturer’s instructions. Cells were

prepared at a final concentration of 1 9 106 cells�mL�1 in

Pluronic supplemented buffer with 2% fetal bovine serum.

Primary cultures of astrocytes were prepared according to

Hertz et al. [60] and maintained as described elsewhere [61].

Briefly, single cell suspensions obtained from carefully dis-

rupted prefrontal cortex of 1–2-day-old mice brain were pla-

ted in culture dishes with DMEM supplemented with 20%

(v/v) fetal bovine serum and 10 U�mL�1 of Pen-Strep and

maintained at 37 °C with 10% CO2. Cell culture was main-

tained for 3 weeks at 10% (v/v) fetal bovine serum for full

biochemical maturation of the astrocytes.

Cells were counted using a Fuchs–Rosenthal hemocy-

tometer (Brand, Wertheim, Germany) and their viability

was determined by the trypan blue dye exclusion method.

Viability was always above 98%.

Confocal microscopy

BHK-21, HEK-293T, HepG2 cells, astrocytes or PBMCs

were seeded at 4 9 104 cells�mL�1 in Ibidi l-slides and cul-

tured for 2 days. An inverted confocal point-scanning Zeiss

LSM 510 META microscope equipped with Diode 405-30,

Argon2, DPSS 561-10, HeNe 594 and HeNe 633 lasers and

a temperature control incubator (37 °C) with CO2 supply

was used. Images were taken on 8 l-well slides (Ibidi) with a

Plan-Aprochromat 63 9 objective (Zeiss, Jena, Germany).

Nucleus and cell membrane were stained with Hoechst

33342 (1 mg�mL�1) and Cell Mask Deep Red (50 lg�mL�1),

respectively. To each sample, 1 lM of ssDNA-Alexa488 was

added, followed by 5 lM of RhB-labelled pepR or pepM.

The 4 °C experiments were performed as previously

described by Henriques et al. [62], and the experiments with

the endocytosis inhibitors dynasore or CPZ were performed

as described elsewhere [27–30,63]. Briefly, cultured cells were

maintained for at least 60 min at 4 °C or 30 min at 37 °C
with either dynasore (80 lM) or CPZ (50 lM) prior to

ssDNA and peptide additions. Images were taken 15 min

later. All images were analysed by the image processor IMA-

GEJ v1.46 [64]. Co-localization and profile histograms were

obtained using the software’s incorporated plug-ins.

ssDNA–cell membrane co-localization output was used as a

negative co-localization control (Figs 3 and 4). The observa-

tion of peptide–membrane co-localization with positive pep-

tide : ssDNA overlap is indicative that the ssDNA is located

at the cell membrane due to CPP interaction and delivery.

One can observe that the ssDNA signal, when in contact

with the cell membrane or in the cytosol, is due to peptide

action.
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GFP plasmid transfection

BHK-21 cells were seeded onto a six-well plate

(2 9 105 cells�mL�1 in each well) and cultured for 24 h.

Then, 1 lg of the pEGFP-C3 plasmid pre-incubated with

2 lM of pepR, pepM or Tat, or 4 lL of Lipofectamine

2000, was added to the cultures. After 6 h, the culture med-

ium was replaced by fresh medium. After 48 h, cells were

harvested by trypsinization and washed three times with

NaCl/Pi. Transfection was quantified by flow cytometry by

following GFP fluorescence emission, recorded for 1 min,

using an FL1 detector (n = 6).

Flow cytometry

Flow cytometry was performed in a FACScan from BD

Biosciences (San Jose, CA, USA) with three detectors: FL1

(530/30 BP), FL2 (585/42 BP) and FL3 (> 670 LP). A sus-

pension of BHK-21 cells (1 9 106 cells�mL�1) was pre-

pared by trypsinization (washed three times with NaCl/Pi).

10 nM of ssDNA labelled with Alexa-488 was added to the

medium. Fluorescence intensities in FL1 (Alexa-488) and

FL3 (RhB) channels were recorded (10 000 events

acquired) 15 min after addition of 2 lM of RhB-pepM,

RhB-pepR or Tat. Experiments at 4 °C or with the endo-

cytosis inhibitors were performed as mentioned in the sec-

tion Confocal microscopy. Fluorescence intensities at the

FL1 and FL3 channels were then recorded (10 000 events

acquired).

For the kinetic acquisition, the fluorescence in the FL1 and

FL3 channels was recorded for 12 min immediately after

addition of previously complexed RhB-pepM, RhB-pepR or

Tat (2 lM) with 10 nM ssDNA-Alexa488. Before the addition

of the complex (t = 0), a 30 s acquisition of the fluorescence

background of the cellular suspension was performed for fur-

ther correction in data analysis. After background subtrac-

tion, the average fluorescence signal of each channel was

plotted versus time of acquisition. The amount of peptide

that enters the cell over time was analysed as a kinetic equilib-

rium described as the passage of the peptide from the aque-

ous (W) environment to the intracellular (cell) environment:

peptideW ¡
k1

k�1

peptidecell (1)

where k1 and k�1 correspond to the direct and reverse rate

constants of the transport process, respectively. Assuming

that both processes occur under first-order kinetics and

k�1 � k1 (release of peptides from cells is non-significant),

the amount of peptide associated with cells varies over time

according to

peptideCellðtÞ ¼ peptidecellðt ¼ 1Þð1� e�k1tÞ (2)

If adsorption phenomena at the cell membrane occur

prior to internalization, Eqn (2) is changed to

peptidecellðtÞ¼
m� t 0� t\t0

½peptidecellðt¼1Þ �ðm� t0Þ�

(

�ð1� e�k1ðt�t0ÞÞ; t	 t0

(3)

The fluorescence intensity signal I, when working on

diluted samples, is proportional to the amount of peptide

within each environment; therefore Eqns (2) and (3) can be

expressed as a function of the fluorescence intensity signal

recorded:

Ipeptidecell ðtÞ ¼ Icellmax
� ð1� e�k1tÞ (4)

Ipeptidecell ðtÞ ¼
m� t 0� t\t0
½Icellmax

� ðm� t0Þ� � ð1� e�k1ðt�t0ÞÞ; t	 t0

�
(5)

Lipid vesicle preparation

LUVs were used as biomembrane model systems. They typi-

cally have approximately 100 nm diameter and were pre-

pared by extrusion, as described elsewhere [65]. Briefly, lipid

mixtures were prepared in round glass flasks and dried

under vacuum overnight. The solution was then rehydrated

and submitted to eight freeze/thaw cycles before performing

the extrusion procedure with a 100-nm-pore membrane,

using an Avestin LiposoFast Extruder apparatus. Several

lipid systems were used, including DPPC, POPC,

POPC : Chol (2 : 1), POPC : POPG (4 : 1, 3 : 2 and 1 : 1),

POPC : POPS (4 : 1 and 3 : 2) and POPC : POPE (4 : 1).

Fluorescence quenching by acrylamide

Steady-state fluorescence spectra were collected in a FS920

fluorescence spectrophotometer (Edinburgh Instruments,

Livingston, UK), equipped with two double monochroma-

tors and a 750 W xenon lamp, using excitation and emis-

sion slits of 1 and 7 nm, respectively, unless stated

otherwise. For pepR and pepM quenching assays, the

intrinsic fluorescence of the Trp residue was monitored.

Peptide (15 lM) was titrated with acrylamide (0–100 mM) in

the absence and presence of 3 mM POPC : POPG (4 : 1)

LUVs. Fluorescence emission spectra between 300 and

450 nm (kexc = 290 nm) were recorded after a minimal

incubation time of 10 min. Fluorescence spectra were cor-

rected for the dilution during titration as well as inner filter

effect at kexc [24–26]. Quenching data were analysed with

the Stern–Volmer formalism [24–26]:

I0
I
¼ 1þ KSV½Q� (6)

where I and I0 are the fluorescence intensities of the sample

in the presence and absence of quencher, respectively, KSV

is the Stern–Volmer constant and [Q] is the concentration
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of quencher. When a negative deviation to the Stern–Vol-

mer relationship was observed, the Lehrer equation [24–26]

was applied:

I0
I
¼ 1þ KSV½Q�

ð1þ KSV½Q�Þð1� fBÞ þ fB
(7)

where fB is the fraction of the light emitted by the peptide

accessible to the quencher.

Peptide–nucleic acid interactions

The interaction of either pepR or pepM with oligonucleo-

tides was studied using the Trp fluorescence quenching

caused by contact with nucleic acids [37]. When a fluores-

cence quenching process has a static component, this refers

to the ground-state complexation of fluorophore (the pep-

tides, in this case) and quencher (ssDNA). If both dynamic

(collisional) and static (complexation) components are pres-

ent, the Stern–Volmer formalism is

I0
I
¼ ð1þ KS½Q�Þ � ð1þ KD½Q�Þ (8)

where KS and KD are Stern–Volmer constants. KD refers to

dynamic (collisional) events, and KS is an apparent fluoro-

phore-quencher (peptide : ssDNA) binding constant [26].

To calculate KS, KD has to be known. Time-resolved fluo-

rescence spectroscopy was used with the purpose of calcu-

lating KD. As the acquisition time was kept constant

throughout the experiments (20 min), the intensity decays

were integrated and the ratio of the integrated decays was

used to calculate I0/I: R
t

I0ðtÞR
t

IðtÞ ¼ I0
I

(9)

The decay integral is the total fluorescence emission of

the fluorophore during the acquisition time.

A 36 lM solution of pepR or pepM was titrated with

ssDNA (up to 14 lM). Fluorescence emission decays were

performed in a LifeSpec II apparatus (Edinburgh Instru-

ments), equipped with an Epled-280 (laser of 275 nm with

a repeating rate of 200 ns). Fluorescence emission was

recorded at 350 nm (emission slits of 23 nm). A 20 ns

range was used for decay acquisition, divided into 2048

channels. Signal acquisition duration was set to 20 min.

Instrumental response functions were generated from scat-

ter dispersion (glycogen solution; Acros Organics, Geel,

Belgium). FAST software (Edinburgh Instruments) was used

for data analysis, using a nonlinear least-squares iterative

convolution method. Fluorescence decays were analysed

using

IðtÞ ¼
X

aie
t=si (10)

where ai are the pre-exponential factors in a multi-exponen-

tial intensity decay, and si is the ith component of the

excited state fluorescence lifetime [24–26]. The goodness of

fit was evaluated from the residuals distribution and the v2

value (decay fits with 0.99 < v2 < 1.1 were accepted).

The Trp fluorescence decay was fitted by a sum of three

exponentials [25] and the average lifetime 〈s〉 was deter-

mined according to

hsi ¼
P

ais2iP
aisi

(11)

The Stern–Volmer quenching formalism can be applied

to time-resolved data as I0/I = 〈s〉0/〈s〉 [25,26]. The Stern–

Volmer constant in this case refers only to dynamic (colli-

sional) phenomena:

hsi0
hsi ¼ 1þ KD½Q� (12)

KD was calculated by fitting Eqn (12) to the data.

Circular dichroism

CD spectra of 50 lM pepR or pepM in buffer (10 mM HE-

PES, 50 mM NaF, pH 7.4), in the absence or presence of

3 mM POPC : POPG (1 : 1) LUVs, were acquired at 25 °C
in the 195–300 nm wavelength range, using 0.1 cm quartz

cells, in a JASCO model J-815 spectropolarimeter (Tokyo,

Japan). Each final spectrum corresponds to the average of

10 runs, which were subsequently corrected for buffer or

LUV baseline. Spectra are plotted as a function of mean

molar residue ellipticity [h] [40] according to the equation

½h� ¼ e
aa� l� c

(13)

where e is the observed ellipticity, aa is the number of

amino acid residues of the peptide sequence, l is the cell

path length and c is the molar peptide concentration. Sec-

ondary structure contents for pepR and pepM were

assessed using the K2D3 software (http://www.ogic.ca/pro

jects/k2d3//index.html) [42].

Membrane partition studies

Membrane partition studies were performed by sequential

addition of aliquots of a 15 mM LUV suspension (reaching

a final concentration of 4 mM) to a 36 lM pepR or pepM

solution. Lipid compositions of POPC, DPPC,

POPC : Chol (2 : 1), POPC : POPG (4 : 1 and 3 : 2) and

POPC : POPS (4 : 1 and 3 : 2) were used. Fluorescence
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emission spectra were collected from 300 to 450 nm

(kexc = 290 nm; excitation and emission slits of 1 and

7 nm, respectively), allowing 10 min incubation before each

measurement. Spectra were corrected for dilution and light

scattering effects [66]. The partition constant Kp [36,46] was

used to quantify the peptide–lipid affinity and was calcu-

lated by fitting the experimental data with

I

IW
¼ 1þ KPcL

IL
IW
½L�

KPcL½L�
(14)

where IW and IL correspond to the maximum value of the

fluorescence intensity in the integral (300–450 nm) spectra

of the fluorophore in aqueous solution and in the lipid

environment, respectively, cL is the molar volume of lipid

[67] and [L] is its concentration. For each lipid mixture, the

fraction of peptide that interacts with the lipid, XL, can be

calculated as

XL ¼ KPcL½L� ILIW
1þ KPcL½L� ILIW

(15)

For the peptide complexes, a different formalism was con-

sidered. When a peptide : ssDNA complex is formed in the

presence of lipid vesicles, the fluorescence intensity signal is

I ¼ IWXW þ ILXL þ ICWXCW þ ICLXCL (16)

where Ii and Xi are, respectively, the fluorescence intensity

and the molar fraction of peptide in situation i (W, non-com-

plexed in aqueous solution; L, non-complexed in the lipid

bilayer; CW, complexed with ssDNA in aqueous solution;

CL, complexed with ssDNA in the lipid bilayer). A mathe-

matical model was recently derived to address this situation

and it is described in detail elsewhere [15]. It accounts for

simultaneous partition of both the free and complexed pep-

tide. In excess ssDNA, all the peptide tends to be complexed,

and the partition constant of the complex, Kp,C, is also

retrieved by Eqn (14), in which Kp should be replaced by

Kp,C.

Lipid membrane perturbation assays

Vesicle fusion

The assay is based on the decrease in efficiency of the

F€orster resonance energy transfer when unlabelled LUVs

fuse with labelled LUVs (NBD-PE, donor; RhB-PE,

acceptor) [68]. 5 mM of POPC, POPC : POPG (4 : 1),

POPC : POPS (4 : 1) or POPC : POPE (4 : 1) LUVs

doped with 1% (molar) NBD-POPE and 1% RhB-POPE

were prepared and mixed with unlabelled LUVs in a

1 : 4 proportion. The vesicle suspension was then titrated

with either pepR or pepM, up to a final concentration

of 36 lM. After 15 min incubation, fluorescence emission

spectra were collected from 490 to 650 nm

(kexc = 470 nm and both excitation and emission slits of

10 nm). After spectra acquisition, Triton X-100 to a final

concentration of 1% (v/v) was added to establish the

100% lipid mixing limit. Peptide fusion efficiency was

determined by

% fusion efficiency ¼ Ri � R0

R100% � R0
(17)

where Ri, R0 and R100% are the ratios of the fluorescence

intensity from the donor (NBD) and acceptor (RhB) at the

maximum emission wavelengths for each fluorophore at a

given concentration of peptide and after Triton X-100 addi-

tion, respectively [68].

Dynamic light scattering

Dynamic light scattering experiments were carried out on a

Malvern Zetasizer Nano ZS (Malvern, UK) with backscat-

tering detection at 173°, equipped with a He-Ne laser

(k = 632.8 nm) at 25 °C (15 min of equilibration) using dis-

posable polystyrene cells (15 measurements per sample).

50 lM LUV (POPC, and POPC : POPG 4 : 1 and 3 : 2)

suspensions were prepared and passed through a 0.45 lm
syringe filter. pepR and pepM peptide–lipid ratios varied

from 0 to 0.15 and 0.4, respectively. Normalized intensity

autocorrelation functions were analysed using the CONTIN

method [69,70], retrieving a distribution of diffusion coeffi-

cients (D) which can be used for the calculation of the

hydrodynamic diameter (DH) [48,71] through the Stokes–

Einstein relationship:

D ¼ kT

3pgDH
(18)

where k is the Boltzmann constant, T the absolute tempera-

ture and g the medium viscosity. DH for the sample was

determined from the mode of the D distribution.

In-depth membrane localization studies

Membrane depth localization was studied by differential

quenching studies [52] involving the sequential addition

of a lipophilic quencher – 5- or 16-NS – to a

POPC : POPG (4 : 1) LUV suspension (3 mM) previously

incubated with 36 lM of either pepR or pepM. Experi-

ments were carried out both in steady state, i.e. acquiring

Trp fluorescence spectra from 300 to 450 nm (kexc = 290),

and in time-resolved conditions, i.e. fluorescence decays

acquired for each quencher addition (10 min incubation).

5- and 16-NS stock solutions were prepared in ethanol;

final ethanol concentrations in vesicle suspensions were

kept below 2% (v/v) to prevent bilayer perturbation [72].

Quencher concentrations up to 1.2 mM (relative to total

sample volume) were added. The effective quencher con-

centration at the lipid bilayers, [Q]L, was calculated

according to [73]
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½Q�L ¼ ½Q�T 1� Kp;QcL
1� cL½L� þ Kp;QcL½L�

� �
� Kp;Q

1� cL½L�
(19)

where [Q]T and Kp,Q are, respectively, the total quencher

concentration added in the assay and the partition constant

of the quencher for the lipid mixture used. The partition

constants used for 5- and 16-NS were, respectively, 12 570

and 3340 [74]. Quenching data were analysed using Eqns

(6) and (12), as described before. When a positive deviation

to the referred formalism was observed, data were inter-

preted as a quenching sphere-of-action [24–26] in which

quenching occurs within a sphere of volume V, centred at

the fluorophore, with efficacy c:

I0
I
¼ ð1þ KSV½Q�ÞeV½Q�NAc (20)

Results were further analysed with a methodology based

on the knowledge of quencher in-depth membrane distribu-

tions, in order to predict peptide distribution in the bilayer

[52].
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Fig. S1. pepR and pepM helical wheel representation.

Fig. S2. pepR and pepM quenching by acrylamide.

Fig. S3. Analyses of pepR and pepM co-localization

with cell membrane or ssDNA in HepG2 cells and as-

trocytes.
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Fig. S4. Confocal microscopy cross-section of HepG2

cell images.

Fig. S5. Confocal microscopy cross-section of astro-

cyte images.

Fig. S6. Peptide fluorescence signal in GFP transfec-

tion – flow cytometry histograms.

Fig. S7. RT-FACS of ssDNA delivered by Tat.

Fig. S8. pepR and pepM di-8-ANEPPS-LUV experi-

ments.

Fig. S9. Lipid vesicle aggregation studies by dynamic

light scattering for pepR.

Fig. S10. Lipid vesicle aggregation studies by dynamic

light scattering for pepM.

Fig. S11. pepR and pepM LUV leakage experiments.

Fig. S12. HPLC elution profile of pepR.

Fig. S13. MALDI-TOF spectrum of pure pepR.

Fig. S14. HPLC elution profile of pepR labelled with

RhB (RhB-pepR).

Fig. S15. MALDI-TOF spectrum of pure RhB-pepR.

Fig. S16. HPLC elution profile of pepM.

Fig. S17. MALDI-TOF spectrum of unlabelled pepM.

Fig. S18. HPLC elution profile of pepM labelled with

rhodamine B (RhB-pepM).

Fig. S19. MALDI-TOF spectrum of pure RhB-pepM.

Data S1. Rationale of the experimental outline.

Data S2. pepR and pepM syntheses and purification

data

Video S1. Real-time flow cytometry for

pepM : ssDNA internalization into BHK-21 cells:

pepM-mediated delivery.

Video S2. Real-time flow cytometry for pepR : ssDNA

internalization into BHK-21 cells: ssDNA delivery by

pepR.

Video S3. pepM internalization: (A) 4 °C; (B) 37 °C.
Video S4. pepR internalization: (A) 4 °C; (B) 37 °C.
Table S1. Information provided by biophysical assays

with vesicles and by cell biology assays for peptides

that use dominantly endocytic or non-endocytic mech-

anisms of entry into cells.
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pepR and their fluorescent derivatives.
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