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Cell-penetrating peptides (CPPs) share the property of cellu-
lar internalization. The question of how these peptides reach the
cytoplasm of cells is still widely debated. Herein, we have used a
mass spectrometry-based method that enables quantification of
internalized and membrane-bound peptides. Internalization of
the most used CPP was studied at 37 °C (endocytosis and trans-
location) and 4 °C (translocation) in wild type and proteoglycan-
deficient Chinese hamster ovary cells. Both translocation and
endocytosis are internalization pathways used by CPP. The
choice of one pathway versus the other depends on the peptide
sequence (not the number of positive changes), the extracellular
peptide concentration, and the membrane components. There
is no relationship between the high affinity of these peptides for
the cell membrane and their internalization efficacy. Transloca-
tion occurs at low extracellular peptide concentration, whereas
endocytosis, a saturable and cooperative phenomenon, is acti-
vated at higher concentrations. Translocation operates in a nar-
row time window, which implies a specific lipid/peptide co-im-
port in cells.

Cell-penetrating peptides (CPPs)® that share the activity of
cellular entry are usually short peptides of less than 20 amino
acids highly enriched in basic residues. Among them, Antp,
Tat-(48-60), and oligoarginine peptides are the most inten-
sively studied. Despite the wide use of these CPPs as macro-
molecular delivery devices, the internalization mechanism
of these peptides in cells still remains largely controversial.
The energy dependence of the internalization mechanism is
unique because all endocytotic pathways are inhibited at low
temperature. Consequently, at low temperature, internaliza-
tion likely reflects a direct translocation mechanism. Early
studies proposed that Antp enters cells by an energy-inde-
pendent membrane translocation mechanism (1). This first
analysis was then contradicted by other studies that sug-
gested, with the use of inhibitors, the involvement of endo-

(1 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1 and 2.
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cytosis in the cellular internalization of cell-penetrating pep-
tides (2—4).

The hypothesis that endocytosis was the only internalization
mechanism of CPP resulted from studies examining whether
the temperature or the binding to cell-surface glycosaminogly-
cans (GAGs) were critical for peptide internalization. Most of
these interpretations resulted from fluorescence microscopy
data. For instance, it was reported that Antp, Tat, and oligoargi-
nine peptides were not efficiently internalized in the Chinese
hamster ovary (CHO) mutant pgsA-745 cell line, which does
not produce cell-surface heparan sulfate or chondroitin sulfate
(5, 6). However, recent data indicates that Tat-mediated trans-
duction occurs in the absence of heparan sulfate and chon-
droitin sulfate (7). The discrepancies observed between studies
may be explained in part by different incubation conditions
(peptide/cells ratio and peptide concentration) (8), limits in flu-
orescence imaging, such as quenching (9), or fluorophore-de-
pendent intracellular trafficking (10), as well as the possibility
that endocytosis inhibitors might have nonspecific effects (11).
Altogether, the existence of multiple internalization pathways
was often suggested rather than demonstrated (12).

Using the mass spectrometry-based protocol we have
reported to quantify the cellular uptake of peptides (13, 14), we
have analyzed herein the internalization and the membrane-
binding of CPPs to wild type CHO (K1) and GAG-deficient
CHO (pgsA-745) cells. Internalization and membrane-binding
have been studied at 37 °C (endocytosis and translocation) and
4. °C (translocation). Cell-penetrating peptides with a different
number of positively charged amino acids (see Fig. 1) were stud-
ied: (+7), Antp; (+7), an Antp analogue P1; (+7), (RW)9; (+8),
Tat; and (+9), Argg. To clarify the internalization mechanisms,
kinetics of Antp analogue P1 internalization, the role of the
extracellular peptide concentration, together with the impact
of a specific phosphatidylinositol 4,5-diphosphate (PtdIns-4,5-
P2) intracellular membrane binder on peptide internalization
were also analyzed with the two cell types. Analysis of CPP
intracellular distribution also has been visualized by confocal
microscopy imaging.

Our results clearly demonstrate that cell-penetrating pep-
tides use endocytosis and translocation to internalize into cells.
The balance between the two pathways depends strongly on the
peptide sequence (and not directly on the number of positive
charges), on the extracellular peptide concentration, and on the
negatively charged cell-surface components, GAGs. In addi-
tion, the high affinity of cell-penetrating peptides for cell-sur-
face components is not related to their internalization effi-
ciency. Surprisingly, not only endocytosis but also translocation
occurred within a restricted time window, an observation that
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gave evidence for a cell-penetrating peptide/lipid co-transport
limiting step. Finally, GAG-mediated endocytosis is a coopera-
tive and saturable process. Together, these results shed new
light on the mechanisms of cell-penetrating peptide internal-
ization and on the associated membrane components.

EXPERIMENTAL PROCEDURES

Reagents—Standard t-butoxycarbonyl amino acids, 4-methyl-
benzhydrylamine hydrochloride salt polystyrene resin, and 2-(*H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluoro-
phosphate were purchased from Senn Chemicals. Solvents
(peptide synthesis grade), N,N'-dicyclohexyhexylcarbodiimide,
N-hydroxybenzotriazole, and (7-azabenzotriazol-1-yloxy)tri-
pyrrolidinophosphonium hexafluorophosphate were obtained
from Applied Biosystems. 1-Hydroxy-7-azabenzotriazole was
purchased from Fluka. 98% N-t-butoxycarbonyl[2,2-*H]glycine
was obtained from Cambridge Isotope Laboratories. 4-Benzo-
ylbenzoic acid was obtained from Acros Chemistry.

Solid-phase Peptide Synthesis—Peptides were assembled
by stepwise solid-phase synthesis on an ABI 433A peptide syn-
thesizer (Applied Biosystems) using a standard z-butoxycar-
bonyl strategy (4-methylbenzhydrylamine hydrochloride salt
polystyrene resin, with a loading of 0.9 mmol NH,/g, amino
acid activation with N,N’-dicyclohexyhexylcarbodiimide/N-
hydroxybenzotriazole or 2-(* H-benzotriazole-1-yl)-1,1,3,3-tet-
ramethyluronium hexafluorophosphate) on a 0.1-mmol scale
(11, 16). The m/z of the protonated molecule (first isotope) are
given as experimental (theoretical): "H-Antp, 2699.3 (2699.5);
2H-Antp, 2707.3 (2707.5); 'H-P1, 3068.6 (3068.3); *H-P1,
3076.6 (3076.4); "H-msr(R/W)9, 2339.7 (2339.2); *H-msr(R/
W)9, 2349.7 (2349.3); 'H-(Arg)9, 1877.2 (1877.1); 2H-(Arg)9,
1885.2 (1885.1); 'H-Tat, 2115.2 (2115.1); and *H-Tat (2123.2).

Cell Culture—Wild type (CHO-K1) and xylose transferase-
deficient (pgsA745) Chinese hamster ovary cells were obtained
from the American Type Culture Collection (Manassas, VA).
All cell lines were grown under an atmosphere of 5% CO, in air
and 100% relative humidity in F12 growth medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum, 100 ug/ml of
streptomycin sulfate, amphotericin B, and 100 units/ml of pen-
icillin G.

Measure of the Cellular Uptake by MALDI-TOF MS—The
internalization experiments were performed as described pre-
viously (13, 14). All cell-penetrating peptides contained an iso-
tope tag on the N terminus (Biotin-GGGG or msr; see Figs. 1
and 2) to allow absolute quantification by MALDI-TOF MS.
CPPs were synthesized with the nondeuterated (*H-peptide)
and deuterated tag (*H-peptide).

One million adherent cells were incubated with the cell-
penetrating *H-peptide in culture medium (without fetal calf
serum) at 4 or 37 °C (see Fig. 2). After washing with culture
medium, trypsin or pronase was added to degrade the remain-
ing extracellular and membrane-bound peptide and to detach
cells. After addition of enzyme inhibitors mixed with bovine
serum albumin cells were transferred to a microtube, centri-
fuged, and washed with Tris buffer. The cells were then lysed in
a solution containing a controlled and relevant quantity of the
chemically identical deuterated form (*H) of the CPP (which
served as internal standard to quantify the internalized amount
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of 'H-CPP). The sample was then boiled for 15 min to kill pro-
tease activity and to destroy potential CPP intracellular part-
ners molecular interactions. The CPPs (*H and *H) were then
purified with streptavidin-coated magnetic beads eluted in the
a-cyano-4-hydroxy cinnamic acid matrix before MALDI-TOF
MS analysis. The amount of intact internalized peptide was
calculated from the area ratio of the [M + H ] signals of intact
'H-peptide and *H-peptide. The 'H- and *H-peptides were sep-
arated by 8 atomic mass units, so there was no overlap of their
signals on the mass spectra. As for standard quantity, we found
quantification to be more accurate when the 'H-CPP/*H-CPP
signals ratio ranged from 0.2 to 5. In addition, for each experi-
ment, we used duplicate or triplicate wells, and the experiments
were repeated independently at least three times, as indicated
in the figures. Amounts of intact peptide from ~0.5 pmol could
be measured without upper limit. This corresponds to intracel-
lular concentrations of ~0.5 uM (mean volume of one CHO
cell, 1 picoliter).

For neomycin assays, cells were preincubated for 30 min with
10 mm of neomycin, prior to peptide incubation. For all assays,
after peptide incubation, cells were washed three times with 1
ml DMEM,, treated with trypsin (37 °C) as described previously,
or with 0.05% pronase (37 or 4 °C) in 100 mm Tris, pH 7.5. The
samples were analyzed by MALDI-TOF MS (positive ion reflec-
tor mode) on a Voyager DEPRO mass spectrometer (Applied
Biosystems).

Confocal Microscopy—7.5 X 10* cells were cultured on cov-
erglass in 24-well plates in DMEM. After washing with culture
medium DMEM, cells were incubated for 1 h in 1 ml of 5 um of
the biotinylated peptide at the indicated temperature. Cells
were then labeled as described (16). CLSM was performed on
an inverted LSM510 laser-scanning microscope (Carl Zeiss).

Sialic Acid Quantification—A sialic acid quantification kit
was purchased from Sigma-Aldrich. CHO cells were harvested
from confluent 225 cm? tissue culture flasks. Sialic acid was
measured spectrophotometrically at 340 nm according to the
manufacturer’s protocol.

RESULTS

Pronase Instead of Trypsin Could Be Used to Digest Mem-
brane-bound Peptides at 4 °C—Internalization was studied at
the kinetic plateau previously determined to be ~30—45 min
(15). Therefore, the peptides Antp, P1, (R/W)9, R9, and Tat
(Fig. 1) were incubated for 60 min, with cells at 37 °C before
quantification by MALDI-TOF MS (Fig. 2). As the protocol
of quantification was first settled down with trypsin, we had
to assay another enzyme that could digest peptides at 4 °C.
Therefore, the quantification protocol has been first assayed
at 37 °C with trypsin or pronase in parallel. Similar intracel-
lular peptide quantities were measured with trypsin (Fig. 3A4)
or pronase (Fig. 3B) in the two cell lines, with the exception
of R9. Indeed, after pronase digestion, the amount of cell-
associated R9 was twice the value obtained after trypsin
digestion. However, this 2-fold increase was observed in the
two cell lines. Therefore, pronase was used for further quan-
tification performed in parallel at 4 and 37 °C in wild type
and xylose transferase-deficient cells.

asEie
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Antp: Biot-G,-RQIKIWFQNRRMKWKK-NH,,

P1: Biot-G,- (Ne-bzp)KRQIKIWFQNRRMKWKK-NH2 +H

RO: Biot-G,-Ry-NH,

Tat: Biot-G,-RKKRRQRRRPPQ-NH,

(R/W)9: CF,-NH-C(CH,CHj),-(NeBiot)K-(D)KCRRWWRRWRR-NH,
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FIGURE 1. Cell-penetrating peptide sequences used in this study. Biot, biotin.
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FIGURE 2. Protocol of peptide quantification. The protocol used in this study is described under “Experimental Procedures.” Further detail can be found in

Refs. 13 and 14.

Cell-penetrating Peptides Are Internalized at 4 °C in Wild
Type and Mutant Cells—In CHO-K1 cells, internalization of
the different cell-penetrating peptides was differently affected
by the temperature decrease (Fig. 3B). Indeed, when tempera-
ture was decreased to 4 °C, the internalization of 5 um Antp or
its analogue P1 was significantly inhibited by 68%, whereas for
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R9 and (R/W)9, internalization was reduced by 49 and 90%,
respectively. In contrast, the decrease in Tat entry was not
found significant.

The situation was different with mutant GAG-deficient cells,
in which the internalization of R9, Tat, and P1 was slightly
affected by decreasing the temperature from 37 to 4 °C, whereas
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FIGURE 3. Quantification of internalized and membrane-bound cell penetrating peptides in CHO-K1 and CHO-pgsA-745 cells. A, internalized concen-
trations in wild type (K1) and xylosyltransferase I-deficient (745) CHO cells. One million cells were incubated with peptides for 75 min at 37 °C. The membrane-
bound peptide was digested with trypsin. B, temperature effect on the amount of internalized peptide. One million cells were incubated with peptides during
75 min at 37 or 4 °C. The membrane-bound peptide was digested with pronase. C, temperature effect on the membrane-bound and internalized peptides. One
million cells were incubated with peptides during 75 min at 37 or 4 °C. Cells were washed three times with culture medium. Extracellular concentration of
peptidesin A, B,and C: 2 umfor (R/W)9; 5 um for Antp, P1,and R9; and 7.5 um for Tat. Columns from left to right, K1,37 °C; K1, 4 °C; 745, 37 °C; and 745, 4 °C. Error
bars are S.E. obtained from n independent experiments. Differences in peptide quantity measured at 37 and 4 °C were: *, significant (0.01 < p < 0.05); **, very
significant (0.001 < p < 0.01); and s, highly significant (p > 0.001).

Antp and (R/W)9 internalization was inhibited by 42 and 90%,
respectively. Altogether, with the exception of (R/W)9 and R9,
the quantity of peptide internalized at 4 °C in wild type cells was
found very similar to the quantity internalized in mutant cells at
37 and 4 °C.

Decreasing the Temperature from 37 to 4 °C Leads to an
Increased Quantity of Membrane-bound Peptides to the Two
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Cell Types—Peptides were also incubated for 60 min with
cells, but trypsin or pronase digestion was omitted. In this
experiment, the amounts measured thus corresponded to
the sum of the internalized peptide as well as the peptide
bound to the membrane, which could not be eliminated with
DMEM washing (Fig. 3C). With the exception of (R/W)9,
decreasing the temperature from 37 to 4 °Cled to an increase
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FIGURE 4. Kinetics and concentration dependence. Kinetics of peptide internalization (A) and binding to membrane (B). CHO-K1 or CHO-pgsA-745 cells were
incubated, at 37 or 4 °C, with 5 um extracellular peptide (P1) for the indicated incubation times. Effect of extracellular peptide concentration on internalized (C)
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FIGURE 5. Effect of neomycin on peptide internalization (A and C) or binding to membrane (B and D). CHO-K1 or CHO-pgsA-745 cells were pretreated with
10 mm neomycin for 30 min, washed, and additionally incubated at 37 °C (A and B) or 4 °C (C and D) with 5 um extracellular peptide (P1) for the indicated
incubation times. Error bars are S.E. obtained from n independent experiments.

in membrane-bound peptides, to the same extent in wild
type and xylose transferase-deficient cells: 4-fold for Antp,
1.5-fold for P1, 2.5-fold for R9, and 9-fold for Tat. In con-
trast, the affinity of (R/W)9 was not significantly different for
the two membrane cell lines.

Kinetics of Internalization and Binding to Cell Membrane Are
Affected by Temperature—We further analyzed the effects of
temperature on internalization in the two cell lines (Fig. 4).
The kinetics of internalization were analyzed with the Antp
analogue P1, which behaved similarly to Antp in terms of
temperature-dependent internalization in the two cell lines.
This Antp analogue has the great advantage of having higher
internalization quantity than the original peptide. There-
fore, discrete differences in internalization kinetics would be
better perceived with this peptide. As shown in Fig. 34, the
internalization rate and efficacy in wild type cells were temp-
erature-dependent. Indeed, at 37 °C, the internalization kinet-
icsreached the steady state after 50 min with a final intracellular
concentration of ~12 uM. At 4 °C, the uptake kinetics was
slowed down and reached a plateau after 60 min. However, the
internalized peptide concentration at the plateau was 3-fold
less than that measured at 37 °C, which was 4 uMm.

A different situation occurred with mutant cells. At 37 °C,
the plateau was attained after 30 min with an internalized max-
imal concentration of 4 um. At 4 °C, the rate of internalization
was similar to the one observed in wild type cells. The kinetics
of entry reached the steady state after 60 min, which corre-
sponded to 4 um of internalized peptide.

Kinetic analysis of the membrane-associated Antp analogue
P1 is shown in Fig. 4B. For incubation times over 20 min, the
amount of membrane-bound peptide was always superior with
CHO-K1 cells than with mutant cells. Additionally, a slightly
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higher affinity of P1 for the cell membrane was observed at 4 °C
when compared with 37 °C, in both cell types.

Concentration Dependence of the Internalization Leads to
Discriminate Translocation from Endocytosis—To further dis-
sect the mechanisms involved in the internalization of the Antp
analogue P1 in wild type and mutant cells, we have followed
the internalized peptide as a function of the extracellular
peptide concentration (Fig. 4). We have used (Fig. 4C) pep-
tide concentrations ranging from 0.5 to 10 um. In wild type
cells, internalization according to extracellular peptide con-
centrations could be fitted to a cooperative sigmoidal-like
curve that did not saturate (Fig. 4C). In contrast, in mutant cells,
internalization according to the extracellular concentration best
fitted a linear regression line (y = 1.2x, » = 0.91). At concentra-
tions below 2 uMm and higher than 5 um, the two curves were
parallel lines, merging below 2 um and being equidistant
above 5 um. This observation demonstrated that the role of
heparan and chondroitin sulfate in internalization was lim-
ited and saturating. When the two curves were subtracted, a
pure cooperative and saturating sigmoidal curve could
indeed be observed (Fig. 4C). Therefore, at concentrations
below 2 um, the internalization efficiency was the same in
wild type and mutant cells.

Similarly, the amount of membrane-bound peptide was mea-
sured as a function of extracellular peptide concentrations in
the two cell lines (Fig. 4D). The quantity of membrane-bound
peptide was found to be concentration-dependent and
reached a maximum at 5 uMm extracellular peptide concen-
tration in wild type cells. In contrast, in mutant cells, satu-
ration of the membrane binding sites was attained with 2
uM extracellular peptide concentration. At concentrations
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FIGURE 6. Confocal microscopy of Antp and P1 internalization at 37 °C. CHO-K1, CHO-pgsA-745, plated on
glass coverslips, were incubated for 60 min with Antp (b and f) or P1 (c, d, g, and h) (5 um). For d and e, cells were
preincubated with 10 mm neomycin for 30 min. Cells were fixed with paraformaldehyde; biotinylated peptides
were labeled with streptavidin-Alexa Fluor 488. Scale bar, 50 um. a, control cells without peptide incubation.

above 5 uM, the membrane binding sites in mutant cells rep-
resented ~37% of those measured in wild type cells.

Specific Intracellular PtdIns-4,5-P2 Membrane Binder, Neo-
mycin, Affects Internalization—Neomycin was preincubated
with cells at 37 °C for 30 min prior to internalization assays at 37
(Fig. 5A) or 4 °C (Fig. 5C) with the Antp analogue P1 or (R/W)9.
The antibiotic had different effects on peptide internalization
in the two cell types according to temperature.

The rate of internalization was slowed down by 53% (15 min)
in wild type cells and 37% (30 min) in neomycin-treated cells
(both at at 37 °C), but this effect was surmountable after a 1-h
incubation (Fig. 54). In mutant cells, the effect was different
because pretreated cells had a constant and lower (~35%) inter-
nalization efficiency compared with control cells, within the
1-h incubation with the peptide.

The situation was different at 4 °C (Fig. 54). In wild type
cells pretreated with neomycin, the P1 analogue had signifi-
cantly enhanced internalization efficiency (~150%) com-
pared with control cells, whatever the time incubation with
the peptide. On the contrary, internalization efficiency of P1
at4 °Cin the mutant cells was not affected by the presence of
neomycin.

Neomycin also Slightly Affects the Quantity of Membrane-
bound Peptide—The effect of neomycin on the amount of
membrane-bound peptide has also been examined in the two
cell lines according to temperature (Fig. 5, B and D).

At 37 °C (Fig. 5B), the pretreatment of cells with neomycin
did not show any effect on the membrane-bound peptide as
similar quantities were found whatever the internalization time
for the two cell lines. On the contrary at 4 °C (Fig. 5D), a slight
(25%, corresponding to 100 pmol) but significant decrease on
the membrane-bound peptide could be observed for the wild
type cells after a 1-h internalization. A slight decrease was also
observed constantly in mutant cells but corresponded only to
40 picomoles of membrane-bound peptide.
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Peptide Quantity—Cells were incu-
bated with 5 uMm Antp or P1 ana-
logue at 37 °C for 1 h with wild type
or mutant cells (Fig. 6). Internaliza-
tion of the peptide was revealed by
streptavidin-Alexa Fluor 488 after
quenching of the membrane-bound
peptide by avidin as described (16).
The confocal microscopy observa-
tions were all performed with the
same microscopy tuning parame-
ters. Antp and its P1 analogue were
visualized both in wild type (Fig. 6, b
and ¢, respectively) and mutant cells
(Fig. 6, f and g, respectively). To
compare with the data obtained
from quantitative analysis of inter-
nalization, the two cell lines were
also pretreated for 30 min with neo-
mycin before P1 peptide analogue
incubation (Fig. 6, d and /). When
using the same observation parameters, fluorescence appeared
more intense in cells pretreated with neomycin (4 and /) when
compared with controls (c and g), whatever the cell line.

Under the same conditions, Antp was also internalized at
4. °C in the two cell lines (supplemental Fig. S1). At 5 or 10 um
Antp, the two cells lines had similar fluorescence levels.

The Sialic Acid Content in the Two Cell Lines Are Similar—The
content in sialic acid was found similar (using the nonparametric
Mann-Whitney test) in 107 wild type (10.9 * 4.5 nmol, # = 3) and
mutant CHO cells (6.0 = 2.5 nmol, n = 4).

DISCUSSION

Cell-penetrating peptides could be quantified using mass
spectrometry, either once internalized or when bound to the
external leaflet of the membrane (13, 15). As described previ-
ously, one million cells were incubated with, for example, 7500
pmol of peptide in 1 ml total volume (corresponding to an
extracellular concentration of 7.5 um). This large volume was
used to cover cells properly with a solution that could not be
depleted in the peptide. Therefore, when a peptide is internal-
ized in a quantity of ~0.5 picomole, the cell volume of one
million CHO cells being 1 ul, the internalized concentration
corresponds to 0.5 uM, a limit concentration that can be visu-
alized by fluorescence microscopy (17). However, it must be
noted that this low concentration represents ~300,000 peptide
molecules inside one cell. Therefore, when five pmol Antp are
internalized in one million cells, the intracellular and extracel-
lular concentrations are almost balanced, 5 versus 7.5 um,
respectively. In addition, using Antp to convey a protein kinase
C inhibitor inside cells, micromolar concentration of the cargo
was obtained (18), which was sufficient to observe a biological
activity (19). In addition, this quantitative method has the great
advantage over imaging techniques of giving access to the
molecular integrity of the CPP (15). In this study, no intracel-
lular degradation of CPPs was detected (similar mass spectra
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showing no degradation after internalization at 37 and 4 °C)
within the time range of internalization (15-120 min) (data not
shown) (14, 15, 17).

We have studied the internalization of cell-penetrating pep-
tides bearing different numbers of positive charges (from 7-9)
in two cell types. CHO-K1 cells have been reported to contain
heparan and chondroitin sulfate proteoglycans, together with
sialic acid present on N-glycosylated proteins and GM3, the
only ganglioside found in CHO cells (20, 21), whereas in xylose
transferase-deficient pgA745 CHO cells, the heparan and
chondroitin sulfate proteoglycans are lacking (22). We have
shown herein that the cell-surface sialic acid content was sim-
ilar for the wild type and the xylose transferase-deficient cells,
that is, ~1000 picomoles for one million cells, which is the
number of cells used in quantification studies. Thus, differences
between internalization in the two cell types could be reason-
ably related to the difference in cell-surface heparan and chon-
droitin sulfates.

CPP Internalization as a Multimechanism Process—The data
obtained herein clearly established that internalization of cell-
penetrating peptides is a multimechanism process, which var-

TABLE 1

Translocation versus endocytosis given for one extracellular peptide
concentration

The internalized quantity at 4 °C (translocation) over internalized quantity at 37 °C
(translocation and endocytosis) gave the % of translocation for each peptide.

Heparan sulfate and

Extracellular [CPP] chondroitin sulfate-deficient

Wild type CHO-K1 cells
(number of +

CHO cells
charges)
Translocation Endocytosis  Translocation  Endocytosis
% %
2 pum (R/W)9 (+7) 15 85 15 85
5 um Antp (+7) 30 70 60 40
5 umP1 (+7) 20 80 75 25
7.5 um Tat (+8) 75 25 100 0
5 uM R9 (+9) 50 50 100 0

| Low extracellular peptide concentration: translocation |

b T -
W o

ies with the peptide sequence and the cell-surface composition.
Indeed, we have measured the internalization of cell-penetrat-
ing peptides with a different number of positive charges and
amphipathicity: (+7), (R/W)9; (+7), Antp; (+7), P1; (+8), Tat;
and (+9), R9 (see Fig. 1 for peptide primary sequences).

In CHO-K1 wild type cells, at least two pathways of entry
coexist: a temperature-sensitive endocytotic and a tempera-
ture-insensitive or less sensitive (likely translocation) pathway.
These two pathways are not equivalently taken by the CPPs
studied here (Table 1 and Fig. 7). By assuming that all active
endocytotic processes are inhibited at 4 °C, we could evaluate
for equivalent concentrations of the different cell-penetrating
peptides, the relative percentage of peptide translocation versus
endocytosis (Table 1). It is clear from these results that the
presence at the cell surface of heparan and chondroitin sulfate
has different effects on internalization depending on the CPP
sequence. Indeed, in the absence of heparan and chondroitin
sulfate (GAG), Tat (+8) and R9 (+9) only entered via a nonen-
docytotic temperature-independent process, whereas in the
presence of GAG, translocation represented 75 and 50% of the
internalization pathway, respectively, for the two peptides. In
the absence of GAG, Antp (+7) and P1 (+7) entered principally
(60 and 75%, respectively) via translocation, whereas (R/W)9
(+7) still entered preferentially via endocytosis (85%). For Tat,
these results are in agreement with recent work in which a
knockdown of clathrin-mediated endocytosis and a knock-out
of caveolin-mediated endocytosis did not affect the ability of
Tat to enter cells, even at low temperature (23).

Relationship between High Affinity Membrane-binding Sites
and Internalization Efficiency—In the absence of pronase
digestion, which preserves the high affinity membrane binding
sites (membrane-bound peptide resistant to washing), the
quantity of cell-associated peptide varies with temperature and
peptide sequence. As membrane trafficking occurs at 37 °C, it is

not possible to draw conclusions on

the relation between the CPP num-

:I— HS-, CS-proteoglycans ber of charges and its membrane
affinity. However, at 4 °C (at which

T N-glycoprotein membrane trafficking is inhibited),
1 Giycosphingolipid the membrane binding according to
the peptide sequence was enhanced

© Prdins(4, 5P, from 1.5-9-fold, compared with the
== cell-penetrating peptide| | a]ues obtained at 37 °C. The quan-
— =T tity of membrane-associated peptides

can be ranked roughly according to

| High extracellular peptide concentration: endocytosis and translocation ]

the number of positive charges of the

l| I|
‘Irll

clustering

CPP:R9, (+9); Tat (+8) > Antp (+7);
and P1 (+7) > (R/W)9 (+7) in both
cell types. Thus, the high affinity
membrane binding sites (resisting
washing) of the cell-penetrating pep-
tides involve principally electrostatic

i

¥ -
Sialic acid- Translocation
dependent GAG-dependent
Endocytosis Endocytosis

interactions, which, however, are not
sufficient to explain further CPP

e

FIGURE 7. Schematic representation of the different pathways of Antp internalization in cells. At submi-
cromolar concentrations, Antp translocates into cells. Translocation is accomplished by a co-transport mech-
anism, likely a negatively charged membrane lipid. At higher concentrations, in addition to translocation, the
peptide accumulates on the cell surface, leading to GAG clustering and endocytosis.
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internalization. Indeed, the intracel-
lular peptide concentrations meas-
ured in parallel did not follow the
same rank order.

JOURNAL OF BIOLOGICAL CHEMISTRY 33963



MALDI-MS Quantification of Translocation and Endocytosis

Because the amount of the membrane-bound peptides was
similar in the two cell-types these electrostatic interactions
involved principally sialic acid (present on GM3 and N-glyco-
proteins) (20, 21). However, our results show that interactions
with GAG are important for CPP endocytosis and that sialic
acid binding sites are not necessarily competent for internaliza-
tion. Indeed, with the exception of (R/W)9, endocytosis was
almost fully inhibited in the absence of GAG (similar quantities
internalized at 37 and 4 °C), an extreme case exemplifying this is
Tat. Among all of the CPPs studied here, Tat showed the high-
est affinity for the cell membrane (at 4 °C), an affinity similar in
both cell types, but was the least efficiently internalized CPP.

Antp Translocation Occurs at Low Micromolar Concen-
trations—The internalization mechanism was further dissected
using the Antp analogue P1, which had the advantage over the
other peptides of entering cells more efficiently. Therefore, it was
easier to study the concentration dependence of internalization in
the two cell types with this peptide. In contrast to recent reports
(2—4,24,25), itis evidenced here that translocation occurs at lower
concentrations as just reported for oligoarginine peptide (26) and
thus should be a common feature of CPP. Endocytosis was
observed at concentrations above 2 um and could be described as a
cooperative and saturable phenomenon that required accumula-
tion of the peptide at the cell-surface proteoglycans and their clus-
tering before endocytosis (Fig. 7) (27). Accordingly, the extended
amount of time (several hours) required for turnover of heparan
sulfate proteoglycan explains that we could observe this saturable
endocytotic process, which also reached a steady state in kinetic
study (28, 29). The fact that translocation also occurred in a narrow
time window, as observed in kinetic studies, is of great importance.
Indeed, this time-limited phenomenon implies that the cell-pene-
trating peptide had to recruit and use up specific membrane com-
ponents, likely phospholipids or glycosphingolipids, to translocate
with them into cells. These results support previous works on
model membrane or in cells that already suggested that a limited
and specific lipid/peptide import in cells (14, 30, 31).

In addition, internalization of Antp, P1, R9, and Tat did not
involve fluid phase endocytosis (not saturable with respect to
extracellular concentrations, linear with time, and inhibited at
low temperature) evoked in raft domains (32). Indeed in GAG-
deficient cells, the internalization of these CPPs was only
slightly or not dependent on temperature and, in addition for
the Antp analogue, was not linear with time. However, for
(R/W)9, the possibility of the involvement of the fluid phase
endocytosis cannot be ruled as the internalization of the pep-
tide was slightly affected by the absence of GAG but was inhib-
ited at low temperature in the two cell lines.

Importance of PtdIns-4,5-P2 in the Internalization Process—
It is well documented that endocytosis occurs through proteo-
glycans or gangliosides, alone or associated with membrane
N-glycoproteins (33). Actin stress fibers are involved in these
endocytotic processes and are anchored to the internal leaflet of
the membrane in lipid domains enriched in PtdIns-4,5-P2 (34—
37). In addition, actin cytoskeleton dynamics are implicated in
internalization of cell-penetrating peptides (38, 39). Thus, it
was expected that neomycin, a positively charged aminoglyco-
side antibiotic, known to enter cells and to bind specifically to
intracellular PtdIns-4,5-P2 (40, 41) could affect internalization
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of cell-penetrating peptides. For instance, neomycin could
compete at PtdIns-4,5-P2 binding sites with proteins that bind
and connect the plasma membrane to the actin cytoskeleton,
resulting in the inhibition of endocytosis (42, 43). Therefore, at
37 °C, neomycin affected the peptide endocytosis pathway, the
most efficient internalization pathway at these temperature
and extracellular peptide concentrations (5 um).

The neomycin effects observed at 4 °C were more difficult to
explain because PtdIns-4,5-P2 is not only a key point in mem-
brane trafficking and signaling. Indeed, neomycin as well as
basic spermine, polylysine, and myristoylated alanine-rich C
kinase substrate (amino acids 151-175) peptide, can sequester
PtdIns-4,5-P2 and enhance the formation of acidic phospho-
lipid lateral domains and lipid scrambling through PS exposure
at the cell surface (41, 44). Therefore, all CPPs containing basic
amino acids are also putative binders of PtdIns-4,5-P2 during
the internalization process or once internalized.

Confocal Microscopy Imaging Does Not Reflect Concentra-
tions of Internalized Peptides—Binding to negatively charged
PtdIns-4,5-P2 or phosphatidylserine may be the reason why
confocal microscopy imaging was not found reliable to assess
CPP internalization efficiency. Indeed, we have shown herein
and before (17) that despite experiments done in parallel and
the use of the same tuning parameters for confocal microscopy,
the relative fluorescence observed inside cells did not reflect the
concentrations of intact internalized peptide. Indeed, it was
shown here by mass spectrometry that neomycin decreased the
kinetics of internalization at 37 °C of the Antp analogue P1,
whereas a stronger fluorescent signal associated with the inter-
nalized CPP was observed by confocal microscopy imaging.
Therefore, because the Antp analogue was not degraded within
a 1-h incubation, the most plausible explanation for the differ-
ence observed between MALDI-TOF and confocal microscopy
experiments is that neomycin binding to the negatively charged
phospholipid PtdIns-4,5-P2 prevents the binding of the inter-
nalized cell-penetrating peptide to PtdIns-4,5-P2. This could
lead to less fluorescence quenching (9) or better access to the
biotin moiety linked to the CPP by streptavidin-Alexa Fluor 488
compared with the control experiment.

In summary, these data demonstrated that cell-penetrating
peptides did translocate and internalize through endocytosis
(Fig. 7) but to a different extent that depends on the peptide
sequence (not the number of positive charges), extracellular
peptide concentration, and membrane components. For Antp,
translocation occurred at low extracellular peptide concentra-
tion, whereas endocytosis, a saturable and cooperative process,
was activated at higher concentrations. There was no relation-
ship between the high affinity of these peptides for cell mem-
brane and their internalization efficacy. A direct involvement in
the internalization process of the negatively charged PtdIns-
4,5-P2 from the internal membrane leaflet, in relation with
actin dynamics and endocytosis, has also been unveiled. Not
only endocytosis but also translocation occurred in a narrow
time window, which implied the specific recruitment of mem-
brane components in both cases. For Antp, Tat, and R9, endo-
cytosis principally involved GAG at the cell surface, whereas
the membrane partners for translocation, likely lipids or glyco-
sphingolipids, remain to be identified.
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