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ABSTRACT. The cell-penetrating peptide (CPP) pep-1 is capable of introducing large proteins into different
cell lines, maintaining their biological activity. Two possible mechanisms have been proposed to explain
the entrance of other CPPs in cells, endosomal-dependent and independent types. In this work, we evaluated
the molecular mechanisms of pep-1-mediated cellular uptaRegadactosidasestGal) from Escherichia

coli in large unilamellar vesicles (LUV) and HelLa cells. Fluorescence spectroscopy was used to evaluate
the translocation process in model systems (LUV). Immunofluorescence microscopy was used to study
the translocation in HelLa cells. Enzymatic activity detection enabled us to monitor the internalization of
B-Gal into LUV and the functionality of the protein in the interior of HeLa cefisGal translocated into

LUV in a transmembrane potential-dependent manner. Likewise, the ext@nrGaf incorporation was
extensively decreased in depolarized cells. Furtherm@@al uptake efficiency and kinetics were
temperature-independent, apdGal did not colocalize with endosomes, lysosomes, or caveosomes.
Therefore 3-Gal translocation was not associated with the endosomal pathway. Although an excess of
pep-1 was mandatory f@i-Gal translocation in vivo, transmembrane pores were not formed as concluded
from the trypan blue exclusion method. These results altogether indicated that protein uptake both in
vitro with LUV and in vivo with HeLa cells was mainly, if not solely, dependent on negative transmembrane
potential across the bilayer, which suggests a physical mechanism governed by electrostatic interactions
between pep-1 (positively charged) and membranes (negatively charged).

The introduction of hydrophilic molecules into mammalian permeability (—7). These peptides are smalH383 amino
cells has become a key strategy for the investigation of acid residues), and their only common feature is the presence
intracellular processes and drug therapy. CPits very of basic amino acid residueg)(

attractive for these purposes because of their ability to  The most widely used CPPs are derived from HIV-1 tat
mediate cellular uptake of proteins and nucleic acids, which (TaAT) and DrosophilaAntennapedia homoproteit, (4, 6).

is otherwise impossible because of membrane selectivecoyalent linkage of CPP with cargo molecules leads to their
nontoxic import into cells, both rapidly and efficiently, while

" This work was funded by Grant POCTI/BCI/38631 from FCT, Maintaining functional activity inside the cel) The
Portugal, and Grant LSHG-CT-2004-503228 from the European process, however, is dependent on CPP, cargo, and cell type

ggorgfrﬂﬁzié’ﬁh?grg’;g; '}Ccféﬁ"tg”sg"f‘r"ﬁm Grant SFRH/BD/14337/ (8). The translocation of these cationic peptides is not well
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ization sequence; SV-40, simian virus 40; TAT, CPP derived from  Pep-1 (Ac-KETWWETWWTEWSQPKKKRKYV-cyste-

HIV-1 tat; g-Gal, -galactosidase; LUV, large unilamellar vesicles; i ; T ili i
MUG, 4-methylumbelliferyl galactoside; 4-MU, 4-methylumbelliferone; amine) is an artificial CPP that has the ability to establish

PMSF, phenylmethanesulfonyl fluoride; phosphine, tris(2-cyanoethyi)- Nydrophobic interactions with the cargo molecule, which may
phosphine; POPC, 1-palmitoyl-2-oleogfirglycero-3-phosphocholine; ~ render covalent links unnecessary and favor the native
POPG, 1-palmitoyl-2-oleoy$n-glycero-3-[phosphaac-(1-glycerol)]; — structure 10). This sequence contains a Trp-rich hydrophobic

DPPC, 1,2-dipalmitoybn-glycero-3-phosphocholine; DPPS, 1,2-di- . |
palmitoyl-sn-glycero-3-(phospha-serine); MEME, Minimum Essential domain, KETWWETWWTEW, a hydrophilic sequence,

Medium Eagle; NEAA, nonessential amino acids; FBS, fetal bovine KKKRKYV, that is the nuclear localization sequence of simian
serum; BSA, bovine serum albumin; PBS, phosphate-buffered saline virus 40 large T antigen, and a spacer, SQP, linking the two
solution; TRITC, tetramethylrhodamirtkisothiocyanate; FITC, fluo- ; ; ;

rescein isothiocyanate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- previous OneS]@' This pgptlde has b?en Sl.JC(.:eSSfu"y .used
tetrazolium bromide; TX-100, Triton X-100: DMSO, dimethyl sulfox-  tO translocate different biomolecules into distinct cell lines,

ide; DAPI, 4,6-diaminidino-2-phenylindole. for instance, proteins into protoplastsl], antibodies into
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porcine renal epithelial cells (LLC-PK1}1), and peptides
into rat pheochromocytoma cells (PC-12B). The unspeci-
ficity of this peptide is a potential advantage for ubiquitous
applications.

Henriques et al.

were goat polyclonal anti-mouse IgG TRITC conjugate
(1/60) and goat polyclonal anti-rabbit IgG fluorescein
isothiocyanate (FITC) conjugate (1/100) obtained from
Sigma-Aldrich.

It has been shown that pep-1 translocates across lipidic Photophysics of-Gal in Aqueous SolutionThe experi-
vesicles only when a negative transmembrane potential existanents in aqueous solution and with LUV were performed

(14). However, it is not known if endocytosis is also involved
in pep-1 translocation in vivo as described for CPPs Tat 48
60 and (Arg) (5, 9). Furthermore, it is necessary to determine
if the translocation of cargo proteins via pep-1 follows a
mechanism identical to that of the free peptide.

In this work, we usedg-galactosidase f¢Gal) from
Escherichia colias the cargo protein3-Gal is a homo-
tetramere with an enzymatic activity (EC 3.2.1.23) that is
easy to assess and dependent on its quaternary strutbure (

Each subunit contains 1023 amino acid residues (116 kDa),

at room temperature with a UWis Jasco V-530 spectro-
photometer and a SLM Aminco 8100 spectrofluorometer
(equipped with a 450 W Xe lamp and double monochroma-
tors). The solutions were prepared in 10 mM HEPES buffer
(pH 7.4) containing 150 mM NacCl, at physiologic ionic
strength. Fluorescence intensities were corrected for the inner
filter effect with the equatiom, = | x 10°%, wherel, is the
corrected intensity] the measured intensity, andl the
absorbance at the excitation wavelength.

Protein photophysical characterization was carried out by

with 38 Trp residues that enable a characterization by means of Trp fluorescence emissiotiation = 280 nm).
fluorescence spectroscopy. The formal global charge at pHFluorescence emission characterization and determination of

7.4 is approximately-38 (the estimated charged is based

guantum vyield {6) were performed. Variation of fluores-

on the KJ's for the isolated amino acids and was determined cence emission intensity with concentratior-@59 nM) and

using the software available at www.scripps.edtdputnam/
protcalc.html).
In this work, we have studied formation of the pepft

fluorescence quenching by acrylamide (aqueous soluble Trp
guencher) were carried out in the absence and presence of a
reducing agent, 1 mM phosphine. The quenching assay was

Gal complex and its translocation across membranes. Weperformed by titration of-Gal with acrylamide (6-:60 mM)

have found thaf}-Gal translocation into LUV and human

and followed by fluorescence emission withlgcgitation Of

HelLa cells depends on the negative transmembrane potential290 nm (to minimize the relative quencher/fluorophore light
Alternative pathways, such as classical and caveolin-mediatedabsorption ratio). The SterfVolmer equation g/l = 1 +
endosomal pathways, or possible pore formation induced byKs\[Q], wherel andl, are the fluorescence intensity in the

pep-1, did not account for translocation @Gal into the
Hela cells.

EXPERIMENTAL PROCEDURES

ReagentsPep-1 (Ac-KETWWETWWTEWSQPKKKRKV-
cysteamine) that was 95% pure was obtained from Gen-
Script Corp. (Piscataway, NJj-Gal fromE. coli, 4-methyl-
umbelliferyl galactoside (MUG), porcine pancreatic lyo-
philized trypsin, phenylmethanesulfonyl fluoride (PMSF),
cholesterol (chol), Triton X-100 (TX-100), and dextrav, (
= 10 000) were obtained from Sigma-Aldrich (St. Louis,

presence and absence of quencher, respectiiéelyis the
Stern—Volmer constant, and [Q] is the concentration of
guencher; for a revision, see rEf) was applied to the data.
Data were corrected for simultaneous absorption of the
fluorophore and quencher (see &dn ref 18).

Enzymatic Assay ¢gi-Gal. Enzyme activity of3-Gal was
determined by hydrolysis of 4-methylumbelliferone
p-p-galactopyranoside (MUG), a nonfluorescent substrate,
to 4-methylumbelliferone (4-MU), a fluorescent product
(Aexcitation= 360 NM,Aemission= 440 nm) (9). Time progres-
sion curves were performed ®0 min); briefly, enzyme
was added to 2.5 mM MUG (substrate at nonlimiting

MO). Tris(2-cyanoethyl)phosphine (phosphine) and dextran concentrations), in 10 mM HEPES buffer (pH 7.4), contain-

tetramethylrhodaming-isothiocyanate (TRITC) conjugate
(M; = 10 000) were from Molecular Probes (Eugene, OR).
1-Palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoylsn-glycero-3-[phosphaac-(1-glyc-
erol)] (POPG), 1,2-dipalmitoy$nglycero-3-phosphocholine
(DPPC), and 1,2-dipalmitoydr-glycero-3-(phospha-serine)
(DPPS) were from Avanti Polar-Lipids (Alabaster, AL);
Minimum essential medium Eagles with Earle’s salts (MEME),
L-glutamine, nonessential amino acids (NEAA), fetal bovine
serum (FBS), streptomycin and penicillin, and trypsin-EDTA
solution (0.05% trypsin and 0.53 mM EDT4Na) were
obtained from Gibco Invitrogen Corp. (Carlsbad, CA)64
Diaminidino-2-phenylindole (DAPI) was from Sigma. The

ing 150 mM NacCl, to start the reaction. The reaction was
stopped by the addition of 0.2 M NaOH-containing buffer
(to a final substrate dilution of 1/40, pH 13.2). The assay
was followed by 4-MU fluorescence intensity. The concen-
tration was determined bfeo [€3s0= 1.9 x 10* M1 cm™?®
(20)].

Formation of the Pefl—/-Galactosidase CompleXhe
titration of 72 nM protein with peptide was performed up to
a pep-1B-Gal molar ratio of 100. Trp fluorescence emission
spectra were monitored to follow complex formation. The
maximum of the fluorescence emission spectrunfg-al
occurs at a wavelength significantly different from that of
pep-1 (329 nm vs 346 nm). The fluorescence emission

primary antibodies used were as follows: mouse monoclonal spectra of pep-1 in the absencefeGal and vice versa were

anti-5-Gal (AB1; 1/500 dilution) from Promega (Madison,
WI), rabbit polyclonal antjg-Gal (AB2; 1/500) from 5Prime
(Boulder, CO), mouse monoclonal anti-EEA1 (1/100) from
BD Biosciences (Palo Alto, CA), mouse monoclonal anti-
cathepsin D (1/20) from Sigma-Aldrich (St. Louis, MO), and
rabbit polyclonal anti-caveolin-1 (1/50) from Santa Cruz

followed simultaneously, under the same conditions. Enzy-
matic activity of 5-Gal and quenching of Trp fluorescence
by acrylamide at different pep{1/Gal ratios was followed
as mentioned above.

Interaction off3-Gal and the Pefl—f-Gal Complex with
Large Unilamellar Vesicled. UV were prepared, in 10 mM

Biotechnology (Santa Cruz, CA). The secondary antibodies HEPES buffer (pH 7.4) containing 150 mM NacCl, by the
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extrusion methodZ1). To evaluate the interaction of 72 nM
B-Gal (free or complexed with pep-1 at different concentra-
tions) with LUV, Trp fluorescence spectral shifts were
followed (lexcitation = 280 nm) by titration of samples with
lipidic suspensions ©3.75 mM). POPC and POPC/POPG
(4/1) bilayers in vesicles are in liquid crystalline phases;
POPC/chol (2/1) bilayers in vesicles are in the liquid-ordered
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complex solution 2Z5) and incubated for 60 min at 37C.
Cells were washed three times in PBS containing 0.5 mM
MgCl,, fixed in 4% (w/v) paraformaldehyde for 20 min,
permeabilized with 0.1% (w/v) TX-100 for 15 min, and then
incubated in a blocking solution that consisted of PBS
containing 1% bovine serum albumin (BSA)rfd h (26).
After that, incubations with primary and secondary antibodies

phase, and DPPC and DPPC/DPPS (4/1) bilayers are in than blocking solution, for 2 and 1 h, respectively, were

gel phase.

Uptake of the Pep-1/5-Gal Complex in LUV with Nega-
tive Transmembrane Potentidlhe pep-14-Gal complex
(molar ratio of 320) was incubated (30 min) with POPC/
POPG (4/1) (final lipid concentration of 0.5 mM) LUV in

performed. Washings were carried out in PBS. Coverslips
were mounted in Airvol and observed in the Leica DMRB

fluorescence microscope and/or in the Bio-Rad MRC1024
confocal microscope. The nucleus was visualized with DAPI
that was added to the secondary antibody mixture at a

the absence or presence of negative transmembrane potentialilution of 1/1000. The kinetics of th8-Gal translocation

(see refld for a description of production of LUV with a
negative transbilayer potential). Briefly, valinomycin was
added, at a 1/¥0molar ratio (moles per mole of lipid), to
K*-loaded LUV dispersed in Nabuffer. Afterward, a trypsin

process was evaluated by incubation at a pghQdl ratio

of 320 for 10, 20, 30, 40, 50, 60, and 120 min at 4 or@7
Enzymatic activity of internalizeg-Gal by HelLa cells was
monitored by the use of MUG (see Enzymatic Assay of

solution (final concentration of 1.3 mM) was added, and the $-Gal). After incubation of the complex for 60 min at 4 or
mixture was allowed to digest the nonincorporated pep-1 and37 °C, trypsin was added to the cells to hydrolyze non-

f-Gal, incubated for 30 min at 3TC. After that, incubation
with 4 mM PMSF (final concentration) was carried out for
15 min to inhibit trypsin. To induce LUV permeabilization
and leakage of the incorporatgeGal, 0.2% (w/v) TX-100
was added. ReleasgtiGal was detected by means of its
enzymatic activity, namely, by MUG hydrolysis during 20
min at 37 °C followed by fluorescence spectroscopy, as
described above. Controls without pep-1 were performed,
and the slight contribution from nonincorporatgdGal
resistant to trypsin hydrolysis was discounted.

Cell Culture and Cell Viability Assay®\dherent human
negroid cervix epitheloid carcinoma cells (HeLa) were grown
in MEME supplemented with 2 mM Glu, 2 mM NEAA, 10%
(v/v) FBS, and 1% (v/v) streptomycin and penicillin, in a
5% CQ humidified atmosphere at 37C. Cells were split
in a 1/4 dilution every 34 days, after they reached
confluency, which was monitored using an inverted micro-
scope (Olympus CK30). Cell viability was determined by
the colorimetric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). MTT is reduced by
mitochondrial dehydrogenases of viable ce#g)( Briefly,
cells were grown in 96-well plates and washed with serum-
free medium; 1Q:L of MTT (5 mg/mL) was added to each
well, ard a 3 hincubation at 37°C was performed. The

incorporated peptide and protein. Cells were centrifuged at
50Qg for 5 min, washed twice in PBS, and resuspended in
0.1% (w/v) TX-100 for 15 min for permeabilization. Then

2 mM substrate was added to cells, and product progression
curves were followed for 120 min at 37C. NaOH was
added, and product formation was monitored as described
above. A control without pep-1 was carried out.

The uptake of the anti-mouse Ig@RITC conjugate
mediated by pep-1 was monitored by immunofluorescence
microscopy under live conditions, without the paraformal-
dehyde fixation step, in a 60 min incubation at 4 or°g€%7,
at a 1/320 protein/pep-1 ratio.

Cells were also incubated with the endocytic tracer
dextran-TRITC at 2 mg/mL associated with pep-1, at 37
and 4°C for 60 min, in the presence or absence of 20 mg/
mL nonlabeled dextran.

Confocal Microscopy and Colocalization Analyskor
each picture, laser intensities and amplifier gains were
adjusted to prevent pixel saturation. This was done using
GLOW LUT in the Leica Confocal software. Each fluoro-
phore that was used was excited and detected separately to
avoid any signal crossover. Each picture consisted of a
z-series of 14 images of 1024 1024 pixel resolution with

purple product was solubilized in dimethyl sulfoxide (DMSO), @ Pinhole Airy unit. Colocalization analysis was per-
and the absorbance at 540 nm was determined. Alternatively,formed using open source Image J version 1.30 (http://
cell viability was determined by the trypan blue exclusion rsb.info.nih.gov/ij/). The procedure was applied for a popula-
assay. Briefly, after being detached, the cell suspension wasiion of 6—10 cells. Quantification of colocalization gfGal

added to a trypan blue solution (1/10 dilution) and counted
in hemacytometer. Viable cells exclude trypan blue; non-
viable cells absorb the dye and appear blue.

Cellular Uptake of Proteins and Dextran Monitored by
Immunofluorescence Microscapyor immunofluorescence

(AB1 or AB2) with endosomes (anti-EEAL), lysosomes (anti-
cathepsin D), and caveosomes (anti-caveolin-1) was based
on that previously describe@7).

Effect of Transmembrane Potential on the Uptake of the
Pep-18-Gal Complex by HelLa CellsTo decrease the

microscopy, cells were grown on 12 mm diameter glass transmembrane potential, cells were incubated, for 30 min

coverslips in 24-well plates to approximately 70% conflu-
ence. Prior to the uptake assays, the pefp-Gal complex
was formed in serum-free mediur23) during 30 min at

at 37°C, with the pep-+3-Gal complex preformed in PBS
buffer, containing different K concentrations, with Na
replaced by K, at increasing concentration8). Quanti-

room temperature following the instructions of the supplier fication of internalizedg-Gal was carried out by using

(Active Motif, Rixensart) 24). Translocation efficiency was
evaluated with different pep3/Gal ratios (4, 32, 100, 200,
320, 600, and 1000) at 10.8 nj#Gal. Coverslips were
inverted and placed over a drop of a macromolecular

enzymatic activity. Cell viability in the presence of different
K* concentrations was determined by the trypan blue
exclusion method. Absolute fluorescence intensity data were
divided by the number of viable cells.
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RESULTS Table 1: Partition of the Pep-33-Gal Complex into LU\
Formation of the Pep-t3-Gal Complex in Aqueous aqueous

Solution To investigate the suitability g8-Gal for cellular » solution  3.75SmM  shift
uptake studies mediated by pep-1, characterization of the_ P sample (nm) _ lipid (hm) _(nmy
protein and the complex formed in aqueous solution has beenPOPC p-Gal 329 329 0
performed. Each subunit ¢tGal contains 38 Trp, 35 Phe, gggj:g:gg: ?11231/)1) ggg ggg i
and 25 Tyr residues. Fluorescence emission witl&ation pep-1-B-Gal (38/1) 336 332 4
of 280 nm is largely dominated by the Trp residues. Most pep-+[-Gal (60/1) 337 332 5
hydrophobic residues are not accessible to the aqueous pep-1-p-Gal (400/1) 343 336 7
environment as concluded from tiieGal crystallographic  obc/popa Z?g;j g’gg 33398 g
structure. In aqueous solution, fluorescence emission has a (4/1) pep-1-p-Gal (4/1) 330 327 3
quantum yield ¢) of 0.099 4+ 0.005 (constant up to 269 pep-+B-Gal (16/1) 332 330 2
nM) with a band maximum at 329 nm which was signifi- pep-1-p-Gal (38/1) 337 333 4
cantly different from the maximum of free Trp. This blue- pzpfﬁ'ea' (60/1) gig ggé g’
shifted emission is in agreement with most of the Trp popc/chol E_é’a, 329 329 0
residues being inaccessible to the aqueous environment. The (2/1) pep-+3-Gal (4/1) 330 325 5
low accessibility of Trp residues to the aqueous environment pep-1--Gal (16/1) 331 325 3
was confirmed by acrylamide quenchingsy was signifi- pep'i:ﬁ'ga: (ggﬁ) gii ggg g
cantly lower from that obtained for free Trp (5460.3 and gzg:l p-Gal (60/1) 346 337 9

18.94 0.3 M1, respectively). The initial velocity of MUG P —

hydrolysis, catalyzed by-Gal, was 17.5M min-%, and ~#Maximum flgorescence emission of the pepfGal complex, at

_y .y ! y - ! : ! different ratios, in aqueous solution [10 mM HEPES buffer containing

linearity was maintained for 30 min. 150 mM NaCl (pH 7.4)] and in the presence of a 3.75 mM lipidic
Since the cytoplasm is a reducing environment, we have suspension? The shift is the difference between the two conditions.

tested the effect of the reducing agent phosphine (1 mM) on

B-Gal conformation and activity. The quantum yield was translocated protein is low, which is expected considering
slightly decreasedl = 0.067+ 0.007), but the accessibility  the total volume of the vesicles in the total bulk solution
of Trp to aqueous solutiorKgy by acrylamide is 5.4t 0.2 (~0.016%).
M~1) was not altered. A concomitant slight decrease in the Therefore, these results indicate not only that pep-1
initial velocity of enzymatic activity occurred (12,0M improves the affinity of the protein for the membrane but
min~). also that the presence of a transmembrane potential induces
The initial velocity of the enzymatic reaction catalyzed its translocation across a bilayer.
by p-Gal was maintained up to a peptide/protein molar  pep-1 Does Not Induce Pore Formation in HeLa Celils
ratio of 16. In this range, the peptide strongly interacts has been suggested that protein uptake mediated by pep-1
with the protein (see the Supporting Information for experi- involves pore formation9), but this is controversial in light
mental results and discussion). The initial velocity de- of biophysical studies with lipidic vesicle44). To test this
creased to 78%uwg = 13.4uM min~') and 54% (o = 9.4 hypothesis, we have determined the cell viability by the
#M min~?) of the starting value at pep/Gal ratios of 40 trypan blue exclusion method. This method relies on the
and 400, respectively. In a reducing environment, a more inclusion of the dye trypan blue by dead cells once their
pronounced decrease was observed: for the 400 complexplasma membrane is permeable or damaged. If pep-1 would
vo = 5.8 uM min~*, which corresponded to a reduction of induce pores on the plasma membrane of cells, a larger
52% of the enzymatic activity in the absence of pep-1 (12.0 amount of intracellular trypan blue would be observed.
#M min~t). However, this was not the case since viabilities were similar
Transmembrane Potential Is Required for Translocation for control cells (96.4- 0.6%) or cells incubated with pep-1
of the Pep-1-Gal Complex into LUVNo spectral alter-  and the pep-33-Gal complex (95.5t 1.6 and 95.6+ 0.1%,
ations occurred whefi-Gal was in the presence of neutral respectively). These results indicated that pep-1 did not
or negatively charged LUV [POPC, POPC/POPG (4/1), induce permeability changes and hence pore formation in
POPC/chol (2/1), DPPC, and DPPC/DPPS (4/1)] (Table 1). the plasma membrane of HeLa cells.
A slight blue shift in emission spectra was detected for pep-  To evaluate the possible toxic effect of pep-1 on the cells,
1-[-Gal complexes (molar ratios of 4, 16, 38, 60, and 400) we have used an independent cell viability test, the MTT
in POPC, POPC/POPG (4/1), and POPC/chol (2/1) lipidic assay. MTT is a very sensitive way of determining cytotox-
systems (Table 1). icity. In living cells, mitochondrial dehydrogenase enzymes
We investigated the uptake gfGal mediated by pep-1  oxidize the yellow MTT and convert it into purple formazan
into LUV after the induction of an electrostatic gradient crystals 22). It was observed that the peptide induced a
across the membrane by valinomycin. Briefly, after a 30 min reduction in cell viability of approximately 22%. Since
incubation with the complex, hydrolysis of the pep{i- viability calculated by the trypan blue assay was not
Gal complex outside LUV was achieved with trypsin; then decreased after addition of pep-1, these results suggested that
the activity of f-Gal enclosed in the LUV lumen was pep-1 might inhibit mitochondrial dehydrogenases.
determined after release with TX-100. Product formation Electrostatic Transmembrane Potential Is a S@@eanon
concentration was enhanced by a factor of 5 in the presenceRequirement for Translocation of the Pep{l-Gal Complex
of the negative transmembrane potential (when comparedinto HelLa cells To monitor the uptake of the pep-B-Gal
with the situation without a potential). The fraction of complex by HelLa cells, increasing pep-1 concentrations and
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Ficure 1: Translocation of-Gal, mediated by pep-1, into HelLa cells. Panel A shows immunofluorescence microscopy detggt®al of
The pep-1p-Gal complex (molar ratio of 320) was incubated with HelLa cells, at 37 &€ Afor 60 min. Cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% (w/v) TX-10@al was detected with rabbit polyclonal afitGal and the secondary
anti-rabbit antibody coupled to FITC. DAPI was used to identify the nucleus. Internglizgal is in the cytosol. The scale bar is Afh.
Panel B shows enzymatic activity gfGal internalized in a HelLa cell suspensighGal uptake, after incubation with the pep-3-Gal
complex (molar ratio of 320) for 60 min at Mf or 37 °C (O), was followed by the progression curve of enzymatic MUG hydrolysis, at

37 °C. The control without pep-1 was subtracted. The formation of 4-MU monitored by fluorescence intensity at 440 nm with excitation
at 360 nm indicates thgt-Gal was efficiently translocated, at both temperatures, in an active form.

different incubation times have been tested. After a 60 min  For a typical animal cell characterized by dominant
incubation at a pep-#/Gal ratio of 320, a significant uptake  potassium permeability, increasing the external potassium
of f-Gal has been observed (Figure 18)Gal was found concentration necessarily reduces the transmembrane poten-
dispersed in aggregates within the cytosol. The presence oftial due to the decrease in the electrochemical gradient of
protein inside the cell and not adsorbed on the cell surfaceK™ across the cell membran2g, 30). Negative transmem-
was confirmed by confocal microscopy. Apparently, the brane potential is dominated by potassium potential equi-
translocation efficiency did not increase for complex ratios librium, which can be estimated by the potassium Nernst
between 320 and 1000. For lower ratios, between 4 and 200 potential E«): Ex = (RT/F) In(K¢/K;), whereR is the gas
uptake of$3-Gal did not occur. Therefore, the chosen pep- constant,T is the absolute temperatur€, is Faraday’'s
1/5-Gal ratio for all the experiments was 320. At this ratio, constant, an&, andK; are the extracellular and intracellular
there was an excess of soluble pep-1 in solution (see Figurepotassium concentrations, respectively. So, increasing the
S1 of the Supporting Information). extracellular K concentration leads to less negative Nernst

Transfection was relatively fast; after 10 min, it was Potentials (Figure 2).
already possible to identify a small quantity of protein in  To test if the electrostatic membrane potential would be
some cells. The level of transfection increased until ap- required for translocation of the pep-g-Gal complex, HeLa
proximately 40 min; after this time, it seemed to stabilize cells have been incubated with the complex at increasing
(data not shown). Translocation occurred with a similar external K concentrations. The total ionic strength (K
efficiency at 4°C (Figure 1A). To test if3-Gal was active + [Na'] = 150 mM) was kept constant. The internalized
after translocation, MUG hydrolysis was monitored in cells -Gal concentration was estimated from enzymatic MUG
incubated at 37 and 4C with the complex. It was observed hydrolysis. This assay was performed for 30 min to guarantee
that f-Gal was indeed active after translocation at both that the initial velocity of the reaction was maintained, and
temperatures (Figure 1B). that the concentration gi-Gal uptake was directly related



10194 Biochemistry, Vol. 44, No. 30, 2005 Henriques et al.

b (05 potential ¢8), the dependence gi-Gal uptake on trans-
. L 08 & membrane K Nernst potential was clear.
o6 O The Pep-1-Gal Complex Is Not Internalized by HelLa
. = Cellsvia the Endosomal Pathway®ther CPPs such as the
. [ 04 g one derived from TAT and (Arg)(5) seem to translocate
- 02 § proteins across cells by two different mechanisms: one is
. , ‘ ‘ ‘ o | g0 2 fast and physical in nature and the other is mediated by

-100 -80 -60 -40 20 0 endocytosis. In the case of an endosomal-dependent pathway
of -Gal uptake mediated by pep-1, colocalization with

i - : : endosomes or lysosomes at some extension would be
FiIGURE 2: Variation of uptake gf-Gal into a HeLa cell suspension, . S o
mediated by pep-1, with potassium Nernst potential. The pep-1 expected. To evaluate_ this possibility, colocalization of pep-
B-Gal complex (molar ratio of 320) was incubated with HeLa cells, 1-translocate@-Gal with EEA1 (early endosomal marker),
for 30 min at 37°C, in the presence of increasing external K caveolin-1 (caveosomes marker), and cathepsin D (lysosomal
concentrations, and a constant ionic strength [k [Na*] = 150 marker) was performed. Monitoring localization of the
mM). The relative level of-Gal uptake was determined frgfnGal protein, instead of a fluorescence-labeled pep-1, is a better

enzymatic hydrolysis of MUG for 20 min at 3. The potassium hoi bl iated with th
Nernst potential was determined considering an internal Kk Choice. It prevents problems associated with the apparent

concentration of 140 mM; the externalkconcentration ranged ~ uptake of cationic peptides bound to negatively charged
from 5 to 114.6 mM, which corresponded to a range fre8 to membranes, causing an artifactual localization in céd)s (

—5.4mV, respectively (see the equation in the text). An increasing gnd the possible influence of the fluorescent label in the
%ELr]eal K" concentration severely reduces the levelfeGal uptake and intracellular localization of the pepti@&)( The
' percentages of colocalization with each of the organelles from

with 4-MU production. A decrease in the absolute value of the endocytic pathway determined after immunofluorescence
the electrochemical K gradient (calculated considerirg confocal microscopy were very low (shown on the right in
= 140 mM) led to a severe drop in the level@®fGal uptake Figure 3), after incubation for 60 or 120 min. Similar results
(Figure 2). WhenK, = 114.6 mM, uptake was almost were obtained at 4C. These results indicate that the uptake
completely inhibited. of 5-Gal did not involve the endocytic pathway.

Although for low extracellular K concentrations the It has been suggested that fixation conditions could lead
contribution of other conductors makes the membrane to an artifactual uptake of cationic peptides associated with
potential less negative than that predicted by Kernst the cell membrane at4C (5, 9, 32). The uptake of a protein

Potassium Nernst Potential (mV)

Co-localization

0,
merge (f:))
FEndosomes 1004
Caveolin-1 merge
Caveosomes 3237
Cathepsin D merge
Lysosomes 0.1+£02

Ficure 3: Immunofluorescence microscopy localization of pep-1-translogi@dl, EEA1, caveolin-1, and cathepsin D from HelLa cells.

Cells were incubated with the pep-f-Gal complex (molar ratio of 320) for 60 min. Cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1% (w/v) TX-10@-Gal, detected with rabbit polyclonal or mouse monoclonal antibodies, was colocalized with early
endosomal EEAL, caviosomal caveolin-1, and lysosomal cathepsin D. Secondary antibodies were the anti-rabbit antibody coupled to FITC
and the anti-mouse antibody coupled to TRITC. Pictures efsaries of 14 images from the confocal microscope were analyzed with
Image J version 1.3 to perform colocalization analysis. Six to 10 cells were observed. The scale hamnis 10
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Ficure 4: Uptake into HelLa cells of anti-mouse antibody conjugated with TRITC, mediated by pep-1. Incubation of cells with-a pep-1
anti-mouse-TRITC complex was performed for 60 min at 4 or 7. Cells were visualized under live conditions in a fluorescence microscope.
The scale bar is 1@m.

dextran-TRITC merge Co-localization

A -Gal
ezl %)

h --

1.0+0.7

51.3+£79

23.5+£174

555+84

Ficure 5: Immunofluorescence microscopy localization of translocgt€hl and the dextraﬂTRITC marker in HelLa cells (incubation

for 60 min at 37 or £C). Panel A shows incubation with the pep-Gal complex (molar ratio of 320) where the endocytic dextran

TRITC marker (2 mg/mL) was added to the complex at the time of cell incubation. Panel B shows incubation with the preformed pep-
1—-p-Gal—dextran-TRITC complex. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% (w/v) TX34BAal was

detected with rabbit polyclonal ant-Gal and anti-rabbit antibodies coupled to FITC. Pictures nkaries of 14 images from the confocal
microscope were analyzed with Image J version 1.3 and were used to perform colocalization analysis. Six to 10 cells were used. The scale
bar is 10um.

covalently marked with a fluorescent probe can be visualized 4 and 37°C was performed and visualized by immuno-
by fluorescence microscopy without the need to fixate or fluorescence microscopy without fixation (Figure 4). It was
permeabilize the cells. The uptake of anti-mouse TRITC at possible to identify the presence of protein inside the cell at



10196 Biochemistry, Vol. 44, No. 30, 2005 Henriques et al.

pep-] - + +
dextran-TRITC =+ + +
(Zmg/mL)

dextran - - +
(20mg/mL)

Ficure 6: Uptake of the dextranTRITC marker, mediated by pep-1, into HeLa cells. Comparison of dexffF&iTC (2 mg/mL) uptake,
mediated by pep-1, at 4C for 60 min when the dextranTRITC—pep-1 complex was preformed in the presence or absence of dextran (20
mg/mL). Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% (w/v) TX-100. The deXR&RC marker at 4£°C

was detected only when pep-1 was present. In the presence of dextran (nonconjugated), the rate of uptake of theRI&xXCramarker

is decreased, indicating a competition of pep-1 for nonconjugated dextran. The scale bams 10

both temperatures. This indicated that internalized protein DISCUSSION
was not an artifact associated with fixation.

. . p-Gal from E. coli was chosen for the study of the
The Polysaccharide Dextran Is Translocated into HelLa

interaction of pep-1 with a protein and evaluation of the
Cells by Pep-1Uptake of the dextranTRITC complex by yangjocation efficiency inside human tumoral cells. Its

HeLa cells occurs by a classical endosomal pathway. At enzymatic activity is easy to access. Trp residues enable
37 °C, -Gal did not colocalize with the dextrafRITC fluorescence spectroscopy techniques to be used as analytical
marker (1.0%) (Figure 5A), supporting the idea theGal 4|5, The absence of a signal sequence makes the protein
would be translocated into the cells by a mechanism ynaple to address any specific organelle inside the cell;
independent of the endocytic pathway. However, &C4  therefore, this molecule is very useful in evaluating if the
there was an extensive colocalization betwgdbal and the  pep-1-mediated translocation leads protein to a specific
dextran-TRITC marker (51.3%) (Figure 5A). At4C, the  grganelle in human cells. Hela cells are derived from a
classical endosomal pathway is inhibited, so the endocytic hyman cervix epitheloid carcinoma; they are relatively large
dextran-TRITC marker did not enter the cells via this (approximately 2im) and particularly suitable for organelle
pathway (see control in Figure 6, left image). The internal- yjsyalization by immunofiuorescence studies. Therefore, they
ization Of the deXtraﬁTRlTC marker at 4°C and |tS were chosen as the cellular model System_

colocalization with f-Gal suggested that the uptake of 5 G| characterization in aqueous solution and in the
translocation of the polysaccharide was mediated by pep-1.nresence of LUV revealed that Trp residues are protected
However, if the dextran TRITC marker was preincubated  from interaction with aqueous solution and no significant
together with pep-1 and-Gal, a ternary complex seems 0 jnteraction with membranes was observed. Enzymatic assays
be formed and3-Gal—dextran-TRITC colocalization oc-  reyealed thagf-Gal maintains its quaternary structure, which
curred, even at 37C (Figure 5B). is required for enzymatic activitylf) in aqueous solution,

To confirm that pep-1 was translocating the dextran under reducing and nonreducing conditions. These results
TRITC marker via the polysaccharide without inter- showed that the reducing environment did not modify the
ference of artifacts from the fluorophore moiety, the HeLa f3-Gal conformation, so maintenance of enzyme activity
cells were incubated with pep-textrar-TRITC complex, inside the cell was expected.
at 4°C, in the presence of nonlabeled dextran (Figure 6). It  Fluorescence quenching upon the titration of the protein
was observed that the presence of nonlabeled dextranwith pep-1 suggests the existence of an excess of pep-1 in
dramatically reduced the amount of dextrafRITC marker solution not interacting with the protein above peptide/protein
translocated into the cells, showing competition between molar ratios of 60 (data and detailed discussion in the
nonlabeled dextran and the dextrafRITC marker. This Supporting Information). Enzymatic activity is still detected
confirmed that pep-1 mediated the transport of the polysac-in the pep-1/-Gal complex (a molar ratio of up to 400),
charide into HelLa cells without any artifactual interference which eliminates the severe perturbationseGal structure
of TRITC. due to pep-1.



Uptake Mechanism of the Pep-B-Galactosidase Complex Biochemistry, Vol. 44, No. 30, 2009.0197

The wavelength of maximal fluorescence emission inten- oligoarginine uptake was dependent on endocytd&gib(it
sity of pep-1 in lipidic membranes systems is higher than Norden and co-workers9) have proven that for arginine-
that observed for the complex (see Table 1). The blue shift rich peptides both nonendocytic and endocytic uptake
observed for pep-13-Gal complexes relative to that of pep-1  pathways were involved in their cellular internalization. This
alone together with its dependence on the peptide/proteinnonendocytic mechanism was fast and biologically relevant
molar ratio showed that pep-1 is mediating the partitioning (9). An endocytic pathway was not detected for pep-1, but
of 5-Gal into lipidic membranes. a physical transmembrane crossing mechanism was.

Pep-1 translocation in LUV was previously found to be A translocation mechanism independent of endocytosis
dependent on the transmembrane potential across bilayersvas further confirmed under nonfixation conditions with anti-
(24). In fact, in this work, the same was concluded for the mouse TRITC where protein uptake at°€ has been
translocation of-Gal mediated by pep-1 in LUV. These observed (see Figure 4).
results suggested a common translocation mechanism for free The transport of the dextrarTRITC marker mediated by
and complexed pep-1. This property has been shownpep-1 under conditions where the endocytosis was inhibited
previously for other free peptide& 33) but is here was also demonstrated (see Figures 5 and 6). It has been
presented for the first time for a CPRargo protein complex,  suggested by Morris et al1Q) that pep-1 interacts with
to the best of our knowledge. macromolecules via hydrophobic interactions. Given the

p-Gal from E. coli was efficiently transported by pep-1 hydrophilic nature of the molecule, the capacity of pep-1 to
into HelLa cells, maintaining its enzymatic activity. The translocate dextran demonstrated that hydrophobic pockets
translocation of protein is dependent on peptide concentra-are not essential for complex formation and uptake. Complex
tion; at a pep-J-Gal molar ratio of up to 200, translocation formation of pep-1 and dextran is probably due to polar
was not detected. With a peppgiGal ratio of 320, the interactions and hydrogen bonding.
process is very efficient. At this ratio, there is free pep-1in  In conclusion, the interaction of pep-1 withGal from
solution (see Figure S1 of the Supporting Information), which E. coli was extensively studied to gain insight into the
seems to play a role in the translocation process. An excesgranslocation mechanism at the molecular level. It has been
of pep-1is probably necessary for membrane destabilizationdemonstrated that pep-1 can establish a variety of electro-
(14), facilitating the uptake of the protein. If the translocation static and/or hydrophobic and/or hydrophilic interactions with
was mediated by pore formation, a very large pord @4 the cargo. The existence of a negative transmembrane
A x 140 A, estimated from thgs-Gal crystallographic  potential promotes uptake gtGal, mediated by pep-1, in
structure) would be necessary for a protein as large@al vitro and in vivo, and the absence of a transmembrane
(116 kDa) to pass across the bilayer. A pore with such a potential inhibits it. The charge asymmetry (negative inside)
diameter would probably induce leakage of the cellular seems to be the driving force for translocation to occur. There
contents at some extension, compromising cellular viability. was no evidence found for the involvement of the endocytic
Cell viability was maintained in the presence of pep-1 and pathway in the uptake of cargo mediated by pep-1. Further-
the complex, and pore formation was not detected. This is more, pep-1 did not induce the formation of pores in the
in agreement with the study of interaction of pep-1 with LUV membrane. These results together suggested that the peptide
(see refl4), where pep-1 translocation occurred without pore and the cargo translocate only by a physical process.
formation.
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