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Abstract

Pep-1 is a cell penetrating peptide (CPP) derived from the nuclear localization sequence of Simian Virus 40 large antigen T and from

reverse transcriptase of Human Immunodeficiency Virus. Although it has been successfully used to transport proteins into cells, its action at

the molecular level is not yet clear, mainly the local environmental factors that condition partition and translocation. Characterization in

aqueous medium and quantification of partition into bilayers were carried out. Dynamic light scattering studies show that pep-1 self-

associates in aqueous medium. The role of the bilayer phase, anionic lipids, ionic strength of the medium, reducing agents and pep-1

concentration on the extent and kinetics of partition were studied. Unlike others cationic CPP (e.g. penetratin) pep-1 has a high affinity to

neutral vesicles (Kp=2.8�103), which is enhanced by anionic lipids. In a reduction environment partition is strongly inhibited

(Kp=2.2�102), which might be a key-feature in the biological action of pep-1. Peptide incorporation takes place in the millisecond time-

range to the lipidic interfaces. These environmental factors are systematized to enlighten how they help cellular uptake.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The observation that some intracellular proteins trans-

locate naturally across the plasmatic membrane and the

identification of basic peptidic sequences responsible for

this ability, lead to novel techniques of protein transduction

[1–6]. These peptidic sequences, also known as protein

transduction domains (PTDs), have been used and opti-

mized as carriers. The three most investigated PTDs are

derived from the Human Immunodeficiency Virus 1 (HIV-1)

transcriptional activator (tat), the Drosophila homeotic

transcription factor Antennapedia (Antp), and the Herpes

Simplex Virus (HSV) protein VP22 [1,2,5,7]. These PTDs

require covalent coupling with the target protein [3,7].

However, this kind of interaction induces alterations in the

native form of protein, which can limit the technology [7].
0005-2736/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.bbamem.2004.11.017

T Corresponding author. Tel.: +351 217500931; fax: +351 217500088.

E-mail address: castanho@fc.ul.pt (M.A.R.B. Castanho).
Pep-1 is a synthetic peptide carrier forming non-

covalent hydrophobic interactions with the cargo, capable

of introducing a great variety of proteins in different

cellular lines, without the need to denature proteins [7–

10]. This kind of interaction stabilizes the protein,

avoiding degradation and preserving its natural character-

istics [7,9]. Pep-1 delivers proteins into mammalian cells

[7,8,10–12], or in plant cells converted in protoplasts [13],

and maintains at least 80% of the viability of different

cellular cultures in concentrations up to 1 mM [7] at an

average efficiency of 60–95%, depending on the cell type

and the protein being transduced [8]. Since it is a non-

toxic and non-invasive method with results in less than 2

h, pep-1 is an attractive vehicle to introduce functional

proteins in cells [7,8]. This method can potentially: 1)

correct genetic diseases by altering the phenotype; 2)

function like a vaccine by the introduction of antibodies

and 3) be used for research on the study of the function/

structure of proteins.
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Pep-1 has 21 amino acids residues (KETWWETWW-

TEWSQPKKKRKV) with three different domains: the so-

called hydrophobic, rich in Trp residues (KETWWETWW-

TEW), the hydrophilic one rich in basic amino acids

(KKKRKV) and a spacer sequence with a Pro (SQP),

between the other two [7]. The peptide is acetylated in the N

terminal and has a cysteamine group on the C terminal [7]

and has a tendency to form disulfide bonds in aqueous

solution. The hydrophobic domain is from HIV-1 reverse

transcriptase [14] and is responsible for both forming

hydrophobic interactions with proteins and for an efficient

targeting to the cell membrane [7]. The hydrophilic

sequence is a nuclear localization signal (NLS) from the

large antigen T of Simian Virus 40 (SV40) [7] and has been

used in other peptide carriers [9,15]. This domain improves

solubility and intracellular distribution of the peptide [7].

The presence of the Pro residue in spacer sequence

promotes a large flexibility and the integrity of other two

domains [7].

The understanding of the mechanism of Pep-1 action and

the local environmental factors that affect such a mechanism

is of first importance for a generalized application and

optimization of the process. The amphipaticity of the carrier

suggests a strong interaction with the lipidic biomembranes.

Despite some molecular-level details, biochemical and

biophysical actions of pep-1 are still unknown; Silvius

and co-workers recently demonstrated that translocation of

cell penetrating peptides is intimately related to the trans-

membrane potential across lipidic membranes [16]. For pep-

1, dependence on membrane potential for translocation

occurrence was also verified [17]. Deshayes et al. [18]

addressed several specific points relative to pep-1 trans-

location. Our aim in this paper is to give insight on

additional environmental processes that furthermore favour

translocation. The presence of five residues of Trp enables

the application of fluorescence spectroscopy techniques

with no need for derivatization with a fluorescent probe.
2. Material and methods

2.1. Materials

Chariotk, the commercial name of pep-1, was obtained

from Active Motif (Rixensart, Belgium) with purity higher

than 95%, carboxyfluorescein-labelled pep-1 (pep-1-CF;

linked by a Lys in C terminal and blocked with a Ser) was

obtained from GenScript Corporation (Piscataway, New

Jersey) with purity higher than 95%; 2-(4-(2-Hydroxyethul)-

1-piperazinyl) ethanesulfonic acid (HEPES), sodium chlor-

ide, l-Tryptophan, acrylamide, ethanol and chloroform

spectroscopic were from Merk (Darmstadt, Germany); 1-

Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC),

1-Palmitoyl-2-Oleoyl-sn-Glycero-3-(Phospho-rac-(1-glyc-

erol)) (POPG), 1,2-Dipalmitoyl-sn-Glycero-3-phosphocho-

line (DPPC) and 1,2-Dipalmitoyl-sn-Glycero-3-(phospho-l-
serine) (DPPS), from Avanti Polar-Lipids (Alabaster,

Alabama); 5-Doxyl-stearic acid (5DS) and 16-Doxyl-stearic

acid (16DS) from Aldrich Chem Co. (Milwaukee, Wiscon-

sin); Cholesterol (chol) and DL-Dithiothreitol (DTT) from

sigma (St. Louis, Missouri), tris-(2-cyanoethyl)phosphine

(phosphine) from molecular probes (Eugene, Oregon), and

Oxidized glutathione (GSSG) from Boehringer Manheim

(Germany).

Pep-1 solutions were prepared in HEPES buffer (10 mM

HEPES, pH 7.4 containing 10 mM (low ionic strength) or

150 mM NaCl (the so-called physiologic ionic strength)).

The assays were performed at room temperature in a UV-Vis

spectrophotometer Jasco V-530 and in a spectrofluorometer

SLM Aminco 8100, equipped with 450 W Xe lamp, Glan-

Thompson polarizers, and double monochromators. Fluo-

rescence intensity values were corrected for inner filter

effect [19].

2.2. Characterization of pep-1 in aqueous solution

Spectral characterization was performed and fluores-

cence steady-state anisotropy was used to study red-edge

effects (details have been published elsewhere, see Ref.

[20]). Quantum yield-dependence on peptide concentration,

ionic strength and reduction effects in the presence of

phosphine (1 mM) were also evaluated.

A light scattering apparatus equipped with a He–Ne laser

(632.8 nm; 35 mW) model 127 from Spectra-Physics and a

72 channels UNICOR autocorrelator was used to study the

aggregation of pep-1 in aqueous solution. Peptide solutions

were filtered through a sterile 0.22 AM pore Millipore filter.

Data was fitted with a tri-exponential function; the average

diffusion coefficient, D, was determined (k=632.8 nm;

right angle geometry) and hydrodynamic radius, Rh, was

calculated by means of the Stokes–Einstein equation (details

have been published elsewhere, see Ref. [21]).

Pep-1-CF solutions (0.023, 0.058, 0.12, 0.17, 0.23 and

0.58 AM) at low ionic strength, were titrated with small

volumes of a pep-1 stock solution (688 AM). Pep-1-CF

fluorescence was followed with kexc=490 nm.

2.3. Reduction effect and fluorescence quenching in

aqueous solution

Quenching assays were followed by fluorescence inten-

sity with excitation at 280 nm and emission at 350 nm unless

stated otherwise. Fluorescence quenching by acrylamide was

carried out using kexc=290 nm to minimize the relative

quencher/fluorophore light absorption ratio. Nevertheless,

the quenching data were corrected for the simultaneous light

absorption of fluorophore and quencher [22]. Quenching

assays data with negative deviation from the Stern–Volmer

representation Eq. (1) were analysed using Eq. (2),

I0

I
¼ 1þ KSV Q½ � ð1Þ
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(I and I0 are the fluorescence intensity of the sample in the

presence and absence of quencher, respectively, KSV is the

Stern–Volmer constant and [Q] the concentration of

quencher) [20,23],

I0

I
¼ 1þ KSV Q½ �

1þ KSV Q½ �ð Þ 1� fBð Þ þ fB
ð2Þ

(fB ¼ I0;B
I0

is the fraction of light accessible to the quencher

and I0,B is the fluorescence intensity of the accessible

population to the quencher, when [Q]=0 [20,23]).

2.4. Preparation of lipid vesicles

Large unilamellar vesicles (LUVs), with typical 100 nm

diameter [24] were prepared by the extrusion method

described elsewhere [25] and used as models of biological

membranes.

2.5. Extent and kinetics of partition in LUV

The extent and kinetics of partition assays of pep-1 (6.88

AM) in the absence or presence of phosphine (1 mM), were

carried out with LUVs of POPC and POPG (liquid-crystal

phase), DPPC and DPPS (gel phase) or POPC and chol (2:1)

(liquid-ordered phase). Titrations of pep-1 with lipidic

suspensions (final concentrations ranges from 0 to 3.75

mM), both in low and physiologic ionic strength, were used

to evaluate the extent of the partition. Samples were left to

incubate for 10 min after each addition of lipid suspension.

The partition coefficient, Kp, is calculated from the fit of

experimental data with Eq. (3) as described elsewhere [26]

I

IW
¼

1þ KpcL
IL
IW

L½ �
1þ KpcL L½ � ð3Þ

where IW and IL are the fluorescence intensities in aqueous

solution and in lipid solution, respectively, cL is the molar

volume of lipid and [L] is the lipidic concentration) [26] cL
used was 7.63�10� 1 dm3 mol� 1 for vesicles containing

POPC [27] and 6.89�10� 1 dm3 mol� 1 for vesicles

containing DPPC [28]. Pep-1 is restricted to the outer leaflet

of bilayers in the absence of a transbilayer potential [17], so

data analysis was carried out considering the effective lipid

concentration as half of the total lipid concentration [26].

Kinetic assays were followed by fluorescence emission

intensity (kex=280 nm and kem=340 nm; pep-1 in lipidic

vesicles has a 10 nm blue-shifted emission spectrum, by

application of Eq. (AI.8), see Appendix B). Lipidic

suspensions (final concentration of 3.75 mM; this concen-

tration ensures that the molar fraction of partitioned peptide

in lipidic phase, XL, is z0.8, calculated using Eq. (4) [29])

were added to the peptide solutions (6.88 AM) with

physiologic ionic strength.

XL ¼ KpcL L½ �
1þ KpcL L½ � ð4Þ
The Eq. (AIII.11) deduced in Appendix C was used to fit the

kinetics data.

2.6. Location in lipidic membranes

The membrane in-depth location of the pep-1 Trp

residues was studied by differential quenching method-

ologies. 5DS and 16DS are quenchers of Trp fluorescence,

which have different locations in the lipidic bilayer. 5DS is

located near the interface while 16DS buries more deeply

into the bilayer core [30]. Titration of peptide samples (6.88

and 1.45 AM), in the presence of LUVs composed of

different lipid mixtures (3.5 mM lipid in buffer with low or

physiologic ionic strength), was carried out with ethanolic

solution of 5DS and 16DS (final ethanol concentration was

kept below 2%). The assays were followed by fluorescence

emission intensity (kex=280 nm, kem=340 nm). Data were

corrected for simultaneous absorption of fluorophore and

quencher [22]. Effective concentration of quencher in the

lipidic bilayer matrix, [Q]L,

Q½ �Lc
Kp;Q Q½ �T

1þ Kp;qcL L½ � cL L½ �bb1 ð5Þ

was used in the Stern–Volmer plots; [Q]T is the quencher

concentration in total solution volume and Kp,Q is the

quencher partition coefficient [29]. For gel phase vesicles

Kp,Q equals 12,570 and 3340 for 5 DS and 16 DS,

respectively. In crystal-liquid-like phase the values used for

5 DS and 16 DS were 89,000 and 9730, respectively [31].

Acrylamide is unable to efficiently quench the fluores-

cence of Trp residues deeply buried in the bilayer; titration

of peptide in the presence of LUVs with this quencher also

gives insight on peptide in-depth location [19]. Fluorescence

emission quenching (kexc=290 nm, kem=340 nm) with

acrylamide was carried out with different lipidic mixtures

(3.5 mM lipid concentration) in the absence and presence of

phosphine (1 mM).
3. Results and discussion

3.1. Aqueous solution

The organization of pep-1 may be potentially influenced

by the ionic strength (pep-1 is a charged peptide at pH 7.4)

and reduction agents (via inter-molecular disulfide bonds at

the cysteamine terminal). Pep-1 has five Trp residues

located in its so-called hydrophobic region, which enable

structural characterization by fluorescence spectroscopy.

The fluorescence spectra of peptide and free Trp in aqueous

media present equal vibrational progression (Fig. 1A), this

is true both in low and physiologic ionic strength.

At low ionic strength the peptide quantum yield is slightly

concentration-dependent (Fig. 1B). Dynamic light scattering

correlograms (data not shown) show evidence for the

presence of aggregates with mean (weight-averaged) hydro-



Fig. 1. Characterization of Pep-1 in aqueous solution. Pep-1 (or free Trp) in 10 mM HEPES buffer pH 7.4 containing 10 mM NaCl. (A) Fluorescence emission

spectra (kexc=280 nm) of free Trp (solid line) and pep-1 (dashes) in aqueous solution. (B) Fluorescence intensity (kexc=280 nm and kem=350 nm) dependence

on pep-1 concentration. There are two linear zones with different slopes, that intersect at an apparent critical concentration (3.4F1.7 AM); below (circles) and

above (squares) it, the peptide has different quantum yields. (C) Titration of 0.023 (solid circle), 0.058 (open circles), 0.12 (solid square), 0.17 (open square),

0.23 (open triangle) and 0.58 AM (solid triangle) pep-1-CF with non-labelled pep-1 followed by fluorescence emission at kexc=490 nm kem=520 nm. (D) Red-

edge excitation shift of 6.88 AM pep-1: variation of maximum emission wavelength (circles) and variation of anisotropy for pep-1 (black solid line), free Trp in

buffer (control 1; grey solid line) and free Trp in glycerol (control 2; dashes) with the excitation wavelength. (E) Quenching of fluorescence emission of free

Trp by GSSG (circles) and by GSH (squares), notice that hydrolysis of one GSSG molecule forms two GSH molecules. (F) Effect of reducing agent phosphine

on free Trp (control; circles), 6.88 AM pep-1 (squares) and 1.45 AM pep-1 (triangles).
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dynamic radius of bRhNc60 nm in both 1.45 AM and 6.88

AM pep-1 solutions (i.e. below and above the apparent

critical concentrations of 3.4F1.7 AM (Fig. 1B)). However

these averaged values do not exclude the presence of smaller

aggregates in suspension (light scattering techniques have

very low sensitivity for smaller aggregates in polydispersed

systems) [32]. It is not possible to conclude from Fig. 1B

alone if the bcritical concentrationQ is a monomer/micelle

transition or reflects the clustering of previously formed n-

mers (similarly to what was concluded for polyene anti-

biotics [33]). Fig. 1C shows that, when pep-1-CF is titrated
with unlabelled peptide, fluorescence emission intensity of

the carboxy-fluorescein moiety increases when low concen-

trations of labelled peptide are used. This may be explained

on the basis of fluorescence re-absorption (btrivial effectQ
energy transfer) caused by self-aggregation and closely

packed chromophores. Trapping photons in the oligomers

increase the probability of non-radiative decay of the

fluorophores to the ground state. Therefore, oligomeric

forms of the amphipathic peptide occur in solution.

Non-linear Stern–Volmer plots for the fluorescence

quenching of the aggregates by the hydrophilic molecule



Fig. 2. Partition of pep-1 in LUVs. 6.88 AM pep-1 in 10 mM HEPES

buffer pH 7.4 containing 10 mM NaCl. (A) Fluorescence emission spectra

of pep-1 in aqueous solution (long and short dashes), in the presence of

0.5 mM POPC LUVs (solid line) and when is completely inserted in

lipidic phase (short dashes; spectra calculated using Eq. (AI.8), Appendix

A); fluorescence emission spectra were recorded for other lipidic concen-

trations but only one is represented for the sake of simplicity. (B)

Fluorescence emission intensity of pep-1 normalized to [L]=0 (I / IW)

upon titration with LUVs of POPC (circles) or DPPC (squares)—Eq. (3)

and Eq. (AII.10) (see Appendix B), respectively, were fitted to data. (C) Kp

(logarithmic scale) of pep-1 in vesicles with different molar ratios of

POPC:POPG.
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acrylamide ( fB =0.59 and 0.61 for 1.45 and 6.88 AM,

respectively) are evidence that Trp residues sense heteroge-

neous local micro-environments [26]. Moreover, there is a

fraction of the fluorophores not in contact with the aqueous

solvent (hydrophobic bpocketsQ in the aggregates). This result
is further confirmed by the occurrence of red-edge excitation

shift in the fluorescence spectra of 6.88 AM pep-1 (Fig. 1D),

which supports the hypothesis of a reduced mobility on the

Trp side chain [34]. A complete depolarization of clustered

pep-1 at kexcitationb280 nm at variance to what is observed

with immobilized Trp residues in glycerol (Fig. 1D) is a

consequence of Trp–Trp energy migration (homotransfer),

which is favoured by adjacent Trp residues in the peptide

sequence. Energy migration is known to play a role in red-

edge phenomena since red-shifting of Trp emission leads to a

decrease in the absorption/emission spectral overlap [23].

Depolarization by migration is not efficient and anisotropy

raises at the red-edge. The large ratio of anisotropies taken at

310 /270 nm is a consequence of energy migration. Largely

shifted emission spectra of Trp (Fig. 1D) are not common but

other cases have been reported before [26,35].

It should be stressed that -SH group is a quencher of Trp

fluorescence (Fig. 1E). Moreover disulfide bonds are also

efficient quenchers (Fig. 1E). The differential effect of the

reducing agent phosphine on the fluorescence quantum

yield of the aggregates below and above the apparent critical

concentration (Fig. 1F) is an evidence of an alteration of the

internal molecular structure of the aggregate. Reduction of

the -S-S- bonds implies a more pronounced effect at lower

concentration (quenching is enhanced with the addition of

phosphine; reduction of -S-S- induces a larger diffusional

freedom of pep-1, resulting in improved quenching of Trp

residues by -SH groups). At higher concentrations, the

addition of phosphine does not induce a pronounced

alteration in the contact of -S-S- or -SH groups with Trp

residues. The fraction of fluorophores accessible to acryl-

amide in the presence of reducing agent phosphine is bigger

for 1.45 AM pep-1 ( fB=0.80) than for 6.88 AM ( fB=0.71).

The red-edge excitation shift for 6.88 AM pep-1 is not

significantly influenced by the reducing agent phosphine.

At physiologic ionic strength the pep-1 quantum yield is

independent of concentration and is not altered in the

presence of reducing agent (data not shown). These results

suggest that the organization of pep-1 is similar in the range

of concentrations evaluated. A non-linear Stern–Volmer

( fB=0.73 for 1.45 AM and 0.63 for 6.88 AM pep-1) and a

red-edge excitation shift was also observed for physiologic

ionic strength, indicating that peptide aggregates in aqueous

solution, but organization of these aggregates is not

dependent on concentration.

3.2. Extent of partition into liquid-crystal bilayers

Titration of aqueous suspensions of the peptide (1.45 or

6.88 AM) with lipidic vesicles leads to blue-shifted emission

spectra (Fig. 2A) and an increase in the fluorophore
quantum yield (Fig. 2B). The fluorescence intensity is

related to Kp by Eq. (3). When POPC large unilamellar

vesicles are used ([pep-1]=6.88 AM), Kp= (2.8F0.6)�103

for low ionic strength, which leads to DG =�1.9�104 J

mol� 1. The calculated molar fraction of the peptides



Fig. 3. Partition kinetics of 6.88 AM pep-1 (10 mM HEPES buffer pH 7.4

containing 150 mM NaCl) in 3.75 mM DPPC:DPPS (4 :1) LUVs. Fit was

realized with Eq. (A.III.11) (see Appendix C).

Table 1

Parameters of 6.88 AM pep-1 kinetic incorporation in LUVs, determined by

non-linear regression fitting of Eq. (AIII.11) (see Appendix C)

Lipida t1/2 (�102 ms) Kp (�104)

POPC 6.9F5.2 1.2F0.7

POPC:POPG (4 :1) 0.5F0.3 3.4F1.8

POPC:col (2 :1) 1.9F0.3 1.5F0.5

DPPC 2.4F0.8 1.4F0.4

DPPC:DPPS (4 :1) 1.2F0.3 2.6F0.6

a The final lipidic concentration in each case is 3.75 mM (10 mM HEPES

buffer pH 7.4 containing 150 mM NaCl).
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inserted in the lipidic matrix at 3.5 mM POPC (close to the

reference value in biological systems [36]) is XL=0.80 (Eq.

(4)). This value is not sensitive to the ionic strength of the

medium (Kp= (3.4F0.6)�103 for physiologic strength),

because POPC is globally a neutral lipid. Kp increases

exponentially with the molar fraction content of the

negatively charged lipid POPG in the POPC bilayer (Fig.

2C). Such exponential behaviour is predicted under the

framework of simple theories [37]. For 20% negative lipids

(the expected natural occurrence in most cells [38]) and

[L] =3.5 mM, XL is very close to 100% (Kp=2.8F
0.4)�104), i.e. virtually all the peptide is inserted in

biological membranes. Naturally, at higher ionic strengths,

partition coefficient values are decreased (Kp =2.2F
0.4)�104), but the difference is not significant and for

[L]=3.5 mM XL is also close to 100%. When phosphine is

added to the POPC suspension, Kp is remarkably reduced to

(4.8F1.2)�102, showing that the aggregate formed by

monomeric peptides in aqueous solution is more stable than

the aggregates formed by the dimers. In other words, the

reducing environment stabilizes the peptide in aqueous

solution. A similar phenomenon was reported for a

magainin analogue [39]. When POPG (20%) is present,

Kp is also decreased in reducing conditions ((7.2F
2.4)�102 for physiologic ionic strength), which means that

peptide organization effects superimpose to electrostatic

ones in partition.

3.3. Extent of partition into gel phase bilayers

The importance of biomembranes lateral heterogeneity

(membrane domains) in the occurrence and control of

several biochemical phenomena [40] prompted us to study

gel-phase membranes in addition to fluid liquid-crystal

ones. DPPC, a neutral lipid at pH 7.4, forms gel bilayers in

aqueous environment at room temperature. In the presence

of DPPC, the fluorescence spectrum of the peptide is blue-

shifted relative to aqueous solution (data not shown).
Nevertheless, the fluorescence quantum yield decreases at

low lipid concentrations, increasing afterwards (Fig. 2B).

We explored the hypothesis that this could be due to self-

quenching because at low lipidic concentrations the

peptide/lipid molar ratio is high. Eq. (AII.10) was derived

(see Appendix B) assuming self-quenching occurrence in

partition plots and it fits the experimental data (Fig. 2B).

There is no significant difference in partition coefficients of

[pep-1]=6.88 AM, for low and physiologic ionic strength

(Kp= (1.3F0.4)�104 and (0.6F0.2)�104, respectively).

As partition to gel phase bilayers occurs as surface

adsorption and/or insertion in line defects in the lipidic

palisades, a direct and quantitative comparison with Kp

obtained in POPC is prevented. Yet, it should be stressed

that Kp is also quite big in rigid lipidic areas of heteroge-

neous membranes. As before, in the presence of phosphine

Kp decreases at both ionic strength ((8.0F1.6)�103 for low

ionic strength and (8.0F2.3)�103 for physiologic ionic

strength). DPPS, a negatively charged lipid which keeps gel

phase properties in the DPPC matrix, causes an increase in

Kp up to 10% molar (Kp= (1.4F0.6)�105 for low ionic

strength). In the 10–50% range Kp is broadly constant (data

not shown). This saturation is probably related to a

saturation of the line defects in the gel. Likewise, increas-

ingly blue-shifted emission fluorescence spectra are

observed up to 5% DPPS, the wavelength of the emission

maximum remaining constant after that.

3.4. Extent of partition into cholesterol-containing bilayers

POPC bilayers having 33% molar cholesterol are

homogeneous [41] and can be regarded as model compo-

sitions to study liquid-ordered-like patches in biological

membranes [42]. Both blue-shifted emission spectra and

increased fluorescence quantum yield are detected when

pep-1 is in the presence of POPC/cholesterol vesicles.

Evidence for self-quenching at high peptide/lipid ratios is

obtained (data not shown), as before with DPPC. Never-

theless, the apparent extent of partition is close to the one

measured when only POPC was used, (Kp = (3.4F
0.4)�103 for low ionic strength and (2.2F0.6)�103 for

physiologic ionic strength). Cholesterol affects the partition

patterns but not significantly its extent i.e. it favours sulfur/

indole interactions, whether by modulation of its organ-



Fig. 4. Pep-1 location in POPC LUVs. Stern–Volmer plot of the

fluorescence quenching of 6.88 AM Pep-1 by 5DS (circles) and 16DS

(squares) concentration. Effective quencher concentration in lipidic phase

was determined using Eq. (5). Eq. (2) was fitted to data by means of non-

linear regression. Lipidic concentration is 3.5 mM in a 10 mM HEPES

buffer pH 7.4 containing 10 mM NaCl.

Table 3

Emission fluorescence quenching of 6.88 AM pep-1, incorporated in LUVs,

by acrylamidea

Lipid [phosphine] (mM) KSV (M� 1)

POPC 0 3.1F0.5

1 17F4.5

POPC:POPG (4 :1) 0 2.7F0.4

1 30.9F9.9

DPPC 0 3.1F0.2

1 69.4F16.2

DPPC:DPPS (4 :1) 0 3.8F0.2

1 19.3F3.5

a Total lipidic concentration was 3.5 mM. Assays were performed in 150

mM (the so-called physiologic ionic strength) NaCl. fB and KSV were

determined by fitting Eq. (2) to experimental data.
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ization, or by forcing peptide location in a narrower space

of the membrane. The second hypothesis seems more

reasonable, on the account of the results obtained with

DPPC.

3.5. Kinetics

Partition of pep-1 into lipid bilayers occurs in the

second time range, presenting an hyperbolic-like depend-

ence of fluorescence intensity with time (Fig. 3).This

dependence was rationalized in terms of a simple

partition model (Appendix C) and t1/2= ln 2 /kin, as well

as Kp, were calculated by fitting Eq. (AIII.11) to the

experimental data (Table 1). Partition is faster for gel-phase

and liquid-ordered membranes relative to liquid-crystal

ones. Anionic lipids decrease t1/2. There is a correlation

between partition extent and velocity. In spite of differences

in methodologies to determine the Kp’s, the ones obtained

from kinetic data are in fair agreement with those obtained

in steady-state experiments (the effect of negative lipids is

well pronounced).
Table 2

Emission fluorescence quenching of pep-1, incorporated in LUVs, by 5DS and 1

[pep-1] (AM) Lipid Ionic strength fL

6.88 POPC low 0.90

physiologic 0.94

POPC:POPG (4 :1) physiologic 0.99

DPPC low 0.94

physiologic 0.98*

DPPC:DPPS (4 :1) physiologic 0.99*

1.45 POPC physiologic 0.95*

POPC:POPG (4 :1) physiologic 0.98*

DPPC:DPPS (4 :1) physiologic 0.99*

a Total lipidic concentration was 3.5 mM. Assays were performed in 10 mM HE

physiologic ionic strength) NaCl. fB and KSV were determined by fitting Eq. (2) or

(6) using Kp values obtained by the steady-state or kinetic methodologies (marke
3.6. Pep-1 location in the lipid palisade

In-depth location on the pep-1 Trp residues was carried

out by means of fluorescence quenching with doxyl

derivatized stearic acid. The closer the Trp residues are

to the quencher group, the more efficient is the quench-

ing. Thus 5DS probes the bilayer interface while 16DS

probes its core. More refined methods [30] are difficult to

apply because the Trp residues span a 9-amino acids

sequence in the peptide. Stern–Volmer plots show down-

ward deviation from linearity (Fig. 4). This can be due to

the existence of fluorescence sub-populations with differ-

ential accessibility to the quencher [23]. In the limit, a

fraction of the fluorophores may be completely segregated

from the quenchers [43]. For instance incomplete partition

into membranes (XLb1) renders a fraction of fluorophores

completely inaccessible to lipophilic quenchers. Thus, Eq.

(2) was used for data analysis. fB should be equal to the

fraction of light emitted from the incorporated peptide, fL,

which can be calculated from Kp [29]

fL ¼ IL=IWð ÞKpcL L½ �
1þ IL=IWð ÞKpcL L½ � ð6Þ

The results are presented in Table 2. Regardless of the

lipidic systems or peptide concentrations, 5DS is a more

efficient quencher than 16DS. This is evidence of a

shallow position of the so-called hydrophobic region of
6DSa

fB ,5DS KSV,5DS (M� 1) fB ,16DS KSV,16DS (M� 1)

0.95F0.43 22.1F2.6 0.92F0.45 9.7F1.1

1 12.3F0.5 1 3.6F0.1

0.96F0.24 29.4F1.9 1 6.3F0.1

0.95F0.22 70.4F6.3 1 15.7F0.4

0.97F0.30 207F28 1 16.5F0.7

0.92F0.33 374F61 1 8.8F0.4

0.74F0.24 27.2F3.8 1 3.0F0.1

0.78F0.33 29.9F5.2 1 6.3F0. 4

0.81F0.45 262F67.9 0.77F0.20 22.4F2.4

PES buffer containing 10 mM (low ionic strength) or 150 mM (the so-called

Eq. (1) ( fB=1) to experimental data. fL was determined by application of Eq.

d with *).
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pep-1 at the membrane interface. fL is in agreement with

fB,5DS and fB,16DS, given the intrinsic experimental error. It

is interesting to notice that the quenching efficiency using

lipophilic doxyl probes is bigger in gel-phase membranes.

This may be due to segregation of both fluorophore and

quenchers to defect lines in the gel matrix, favouring static

quenching mechanisms at high local concentrations in a

molecular scale.

To further search the membrane insertion extent of pep-1,

fluorescence quenching experiments using the hydrophilic

quencher acrylamide were carried out at 6.88 AM pep-1 and

150 mM NaCl. Results presented in Table 3 demonstrate

that fluorescence emission of pep-1 in the presence of LUVs

is not efficiently quenched by acrylamide. Although Trp

residues are located near the water–lipid interface, they are

protected from aqueous environment. In the presence of a

reducing agent the quenching efficiency was markedly

improved, which suggests that pep-1 is not so extensively

incorporated in lipidic vesicles. These results are in agree-

ment with partition data.
4. Conclusions

In a recently published work [17] the capacity of pep-1

to translocate across a lipidic bilayer was demonstrated.

Translocation in vesicles only occurs in the presence of a
Fig. 5. Mechanistic model for the environmental factors that lead to cellular uptake

in lipidic bilayers (see text) and translocation occurs, mainly due to membrane per

of a reducing environment at the cell interior, which is responsible for membran

Although partition equilibrium of the dimerized peptide to the negatively charged

phase (see text), reduction of pep-1 in the cell interior combined with a partition eq

text) results in availability of free pep-1 inside the cell. Light blue fragments repres
transmembrane potential. The nature of cell membrane

(negatively charged inside and neutral outside) prompted

us to evaluate the pep-1 affinity for lipidic bilayers in

different conditions. The information gathered in the

present study highlights some important features of

environmental factors that may be crucial to pep-1

molecular action at the biological membrane level. Fig. 5

gathers the information into a mechanistic model. Most

biomembranes are asymmetrically charged (neutral at the

outer surface and negative inside [38]). The present study

shows that Pep-1 in the outer aqueous environment inserts

extensively into membranes, whether at high or low

concentration, even when no transbilayer potential is

present. After anchorage at the bilayer surface, electrostatic

attraction combined with lipid bilayer perturbation prob-

ably causes translocation into the inner leaflet of the

membrane [17]. Being an anionic interface, the release into

the cellular environment could be problematic if it was not

for the pep-1 reduction (Fig. 5), which turns the peptide

aggregates into stable structures with low Kp. This makes

the process irreversible in practice inside cells and pep-1 is

then available for uptake by cellular compartments.

Results obtained with DPPC suggest that the liquid hete-

rogeneity boundaries in biological membranes may serve as

gateways for pep-1 crossing. Membrane fusion may

also facilitate translocation, as addressed by Terrone et al.

(2003) [16].
of pep-1. Pep-1 in the outer aqueous environment incorporates extensively

turbation and electrostatic interaction [17]. This sketch depicts the influence

e detachment of pep-1 (thus, it is a crucial factor in pep-1 functionality).

inner leaflet of the mammals’ model membranes (A) greatly favours lipidic

uilibrium (B) which favours aqueous phase for the monomeric peptide (see

ent the Lys-rich hydrophilic domain. In dark blue are the Trp-rich domains.
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Appendix A. Theoretical calculation of the peptide

fluorescence emission spectrum when it is completely

inserted in lipid bilayers

The Trp emission fluorescence is very sensitive to the

polarity of the surrounding solvent. The total emission

spectrum of pep-1, It(k), is dependent both on the spectrum

of pep-1 sub-population incorporated in lipid, IL(k), and the

spectrum of the sub-population of the fluorophore present in

aqueous solution, IW(k),

It kð Þ ¼ nLiL kð Þ þ nWiW kð Þ ¼ IL kð Þ þ IW kð Þ ðAI:1Þ

where ii(k) is the spectrum of one molecule and ni the

number of molecules in lipid, L, or in water, W. Eq. (AI.1)

can be rewritten,

It kð Þ ¼ nLULIL;N kð Þ þ nWUWIW;N kð Þ ðAI:2Þ

where Ii,N(k) is the normalized emission spectrum; UL and

UW are the quantum yield in lipid and water, respectively.

Eq. (AI.2) can be rewritten in terms of the molar fraction of

peptide in lipid, XL, and in water, XW,

It kð Þ
nL þ nW

¼ XLULIL;N kð Þ þ XWUWIW;N kð Þ ðAI:3Þ

It(k), can be expressed in terms of the average quantum

yield of peptide, hUiL,W,

It kð Þ ¼ nL þ nWð ÞhUiL;WIt;N kð Þ ðAI:4Þ

hUiL;W ¼ XLUL þ XWUW ¼ 1� XWð ÞUL þ XWUW

ðAI:5Þ

Combining Eqs. (AI.3), (AI.4) and (AI.5):

IL;N kð Þ¼ 1þ XW

1� XW

UW

UL

� �
It;N kð Þ � XW

1� XW

UW

UL

IW;N kð Þ

ðAI:6Þ

Considering the Eq. (4) (see text),

XW

1� XW

c
1

KpcL L½ � ðAI:7Þ
Therefore, the peptide emission spectrum when totally

inserted in lipid membranes, is obtained,

IL;N kð Þ¼ 1þ 1

KpcL L½ �
UW

UL

� �
It;N kð Þ � 1

KpcL L½ �
UW

UL

IW;N kð Þ

ðAI:8Þ

Appendix B. Partition formalism accounting for

self-quenching in membranes

The quantum yield of a fluorophore population is a linear

combination of its components,

U ¼ XLUL þ XWUW ðAII:1Þ

Eq. (4) (see text) can be applied to most experimental con-

ditions (lipidic volume very small relative to the total sam-

ple volume, cL[L]bb1). Combining Eqs. (AII.1) and (4):

U ¼ cLKp L½ �
1þ cLKp L½ � UL þ

1

1þ cLKp L½ � UW ðAII:2Þ

Considering that there is no significant spectral shift

influence on the measured fluorescence intensity, I:

I ¼ cLKp L½ �
1þ cLKp L½ � IL þ

1

1þ cLKp L½ � IW ðAII:3Þ

where IL is the emission intensity of the fluorophore

molecules incorporated in lipid, in the case of self-

quenching absence. IL is constant if the fluorophore

concentration is maintained throughout the experiment. In

the case of existing self-quenching, IL is dependent on

lipidic concentration. When lipid concentration is low, the

fluorophore concentration in the membrane is high, and the

self-quenching notable. In the case of self-quenching, IL is

the intensity that would be recorded in case all fluorophores

had the quantum yield of molecules incorporated in lipid at

infinite dilution.

In homogeneous solution, self-quenching can be

described by, [1]

1

I
¼ kf þ knr

Iexcelkf F½ � þ
kq

Iexcelkf
ðAII:4Þ

where Iexc is the excitation light intensity, kq is the kinetic

constant of the quenching process, kf is the radiative

fluorescence constant, and [F] is the fluorophore concentra-

tion. Considering k1=IexcUel and k2 ¼ kq
kf

1
el , the fluorescence

intensity of flurophore can be described by Eq. (AII.5),

I ¼ k1 F½ �
1þ k2k1 F½ � ðAII:5Þ

In a partition experiment, self-quenching is a conse-

quence of fluorophore compartmentalization inside the

lipidic matrix. Imagining that all illuminated volume is

occupied by lipidic matrix (limit condition for IL) and that

the lipidic concentration is constant, the fluorescence
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intensity dependence on fluorophore concentration, IL([F])

is dictated by Eq. (AII.5), where [F] stands for the

fluorophore concentration in the lipidic matrix ([F]L).

In this limit situation, [F]L=nt/vt, where nt is the total

number of solute moles and vt is the total illuminated

volume. However, in attainable experimental conditions,

only a fraction of the lipid is being illuminated. This

fraction equals the fraction of fluorophores being illumi-

nated (ni /nt, where ni and nt are the illuminated and total

moles of fluorophore, respectively). Thus,

I L½ �ð Þ ¼ k1 F½ �L
1þ k2k1 F½ �L

ni

nt
¼ k1 F½ �t

1þ k2k1 F½ �L
ðAII:6Þ

([F]t is the fluorophore concentration over the whole

volume). Taking Eq. (3) (see text), [F]L is related with

[F]t,

F½ �L ¼ Kp

1þ KpcL L½ � F½ �t ðAII:7Þ

So, fluorescence intensity dependence on lipid concen-

tration is:

I L½ �ð Þ¼ k1 F½ �t
1þ k2k1

Kp F½ �t
1þ kpcL L½ �

¼k1 F½ �t
1þ KpcL L½ �

1þ KpcL L½ � þ k2Kpk1 F½ �t
ðAII:8Þ

k1[F]t= IL is the fluorescence emission intensity recorded

in the absence of self-quenching, so,

I L½ �ð Þ ¼ IL
1þ KpcL L½ �

1þ KpcL L½ � þ k2KpIL
ðAII:9Þ

Combining Eqs. (AII.3) and (AII.9),

I ¼ cLKp L½ �IL
1þ KpcL L½ � þ k2KpIL

þ IW

1þ cLKp L½ � ðAII:10Þ

Appendix C. Kinetic of partition formalism

If the limit conditions are,

nW t ¼ 0ð Þ ¼ nt; nL t ¼ 0ð Þ ¼ 0

nL t ¼ lð ÞccL L½ �KpnW

0btbl nW tð Þ ¼ nt � nL tð Þ

the fluorescence intensity dependence on time can be

described by:

I tð Þ~ULnL þ UWnW

I t ¼ 0ð Þ~UWnt

0btbl
therefore,

I tð Þ
I t ¼ 0ð Þ ¼ UL

UW

nL tð Þ
nt

þ nW tð Þ
nt

ðAIII:1Þ

The relative intensity, IR(t) = I(t) p I(t = 0), can be rewritten:

IR tð Þ ¼ UL

UW

� 1

� �
nL tð Þ
nt

þ 1 ðAIII:2Þ

At t =l,

nL t ¼ lð Þ
nW t ¼ lð Þ ¼ cL L½ �Kp ðAIII:3Þ

nL t ¼ lð Þ
nt � nL t ¼ lð Þ ¼ cL L½ �Kp ðAIII:4Þ

nL t ¼ lð Þ
nt

¼ cL L½ �Kp

1þ cL L½ �Kp

ðAIII:5Þ

Kp can be expressed in terms of kinetic constants,

Kp ¼
kin

kout
ðAIII:6Þ

where kin and kout are the first-order velocity constants of the

fluorophore entering and leaving the lipidic matrix, respec-

tively. Under the framework of our kinetic model, [2]

kint ¼
nL t ¼ lð Þ

nt
ln

nL t ¼ lð Þ
nt t ¼ lð Þ � nL tð Þ

� �
ðAIII:7Þ

Therefore,

exp kint
nt

nL t ¼ lð Þ

� �
¼ nL t ¼ lð Þ

nt t ¼ lð Þ � nL tð Þ ðAIII:8Þ

But

nL tð Þ
nL t ¼ lð Þ ¼ 1� exp � nt

nL t ¼ lð Þ kint
� �

ðAIII:9Þ

combining Eq. (AIII.5) with Eq. (AIII.9),

nL tð Þ
nt

¼ cL L½ �Kp

1þ cL L½ �Kp

1� exp � nt

nL t ¼ lð Þ kint
� �� �

ðAIII:10Þ

when this term is applied in Eq. (AIII.2),

IR tð Þ ¼ UL

UW

� 1

� �
cL L½ �Kp

1þ cL L½ �Kp

� ð1� exp � 1þ Kp L½ �cL
cL L½ �Kp

� �
kintÞ þ 1 ðAIII:11Þ
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