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ABSTRACT: Arginine-rich peptides, including octaarginine (R8), HIV-1 Tat, and branched-chain arginine-
rich peptides, belong to one of the major classes of cell-permeable peptides which deliver various proteins
and macromolecules to cells. The importance of the endocytic pathways has recently been demonstrated
in the cellular uptake of these peptides. We have previously shown that macropinocytosis is one of the
major pathways for cellular uptake and that organization of the F-actin accompanies this process. In this
study, using proteoglycan-deficient CHO cells, we have demonstrated that the membrane-associated
proteoglycans are indispensable for the induction of the actin organization and the macropinocytic uptake
of the arginine-rich peptides. We have also demonstrated that the cellular uptake of the Tat peptide is
highly dependent on heparan sulfate proteoglycan (HSPG), whereas the R8 peptide uptake is less dependent
on HSPG. This suggests that the structure of the peptides may determine the specificity for HSPG, and
that HSPG is not the sole receptor for macropinocytosis. Comparison of the HSPG specificity of the
branched-chain arginine-rich peptides in cellular uptake has suggested that the charge density of the peptides
may determine the specificity. The activation of the Rac protein and organization of the actin were observed
within a few minutes after the peptide treatment. These data strongly suggest the possibility that the
interaction of the arginine-rich peptides with the membrane-associated proteoglycans quickly activates
the intracellular signals and induces actin organization and macropinocytotis.

Short basic peptide segments derived from HIV-11 Tat and
Antennapedia homeodomain proteins translocate through cell
membranes (1-5). These peptide segments bind to proteins
resulting in the successful uptake of these exogenous
molecules into cells, and the cellular responses (3, 5). This
suggests the possibility of the pharmaceutical and therapeutic

application of this methodology. This efficient internalization
pathway has been gaining substantial attraction for the
rational design of highly efficient and effective delivery
systems. Various arginine-rich peptides or guanidinium-rich
derivatives have been shown to have a similar ability (6-
11).

Endocytosis is one of the major pathways for the cellular
uptake of proteins. However, the internalization of basic
peptides has previously been shown to employ a system other
than endocytosis. Endocytosis is an energy dependent
pathway and usually suppressed at a low temperature. A
highly efficient internalization of basic peptides, comparable
to that at 37°C, was observed even when the cells were
treated with the peptides at 4°C. Microscopic observation
of a diffuse cytosolic distribution without punctate, endo-
some-like compartments and nuclear accumulation of the
fluorescently labeled peptides also suggested this hypothesis.
It has recently been reported that the fixation previously
employed for the microscopic analysis of the peptide
internalization can yield a considerable artifact (12). Using
live cells without fixation has revealed the presence of
endosome-like punctate structures in the cytosol, and a
significant decrease in the cellular uptake efficiency at 4°C.
These facts strongly suggest active endocytosis of the
arginine-rich peptides and their conjugates (12).

Macropinocytosis is one of the major pathways for the
endocytic uptake of the arginine-rich peptides as well as their
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protein conjugate (13-15). Macropinocytosis is different
from clathrin-mediated endocytosis which starts with the
formation of concave clathrin-coated pits on the plasma
membrane. Macropinocytosis involves an actin-driven mem-
brane protrusion and the subsequent fusion with the plasma
membrane that engulfs substantial amounts of extracellular
fluid as macropinosomes (16-19). These processes cause
the membrane ruffling. Membrane ruffles can be transiently
induced in most cells by treatment with the epidermal growth
factor (EGF) and platelet-derived growth factor (PDGF) (17,
18). We have already observed that these organizations of
F-actin were induced in cells treated with oligoarginine
peptides (13). Thus, we hypothesize that there are potential
receptors for the arginine peptides that induce macropinocy-
tosis together with F-actin organization.

It has been reported that membrane-associated proteogly-
cans, such as heparan sulfate proteoglycan (HSPG), play a
crucial role in the cellular uptake of arginine-rich peptides
(20-24) as well as the 86-residue full length HIV-1 Tat
protein (25-28). A deficiency in HSPG often results in a
decrease in the amount of these peptides taken up by the
cells. HSPG has been suggested as a primary receptor for
the cellular uptake of the arginine-rich peptides. However,
the relationship between the interaction of the peptides with
HSPG and other membrane-associated proteoglycans and the
induction of macropinocytosis has not been established. In
addition, the expression of HSPG differs in various tissues,
including cancer cells, and thus, HSPG has been regarded
as a promising target for drug delivery (29, 30). Studies on
the relationship of the macropinocytic uptake of arginine-
rich peptides with HSPG should provide valuable information
on the design of delivery systems using arginine-rich
peptides.

In this report, we show that the structures and the charge
densities of the arginine-rich peptides, including the branched-
chain peptides, determine their cellular uptake dependency
on the membrane-associated proteoglycans, especially HSPG.
We also demonstrate that the treatment of the cells with
arginine-rich peptides leads to the activation of the Rac
protein to induce the F-actin organization and lamellipodia.
Most importantly, we find that membrane-associated pro-
teoglycans play a crucial role in the induction of the F-actin
organization and macropinocytosis, suggesting that the
membrane-associated proteoglycans function as potential
receptors for the induction of macropinocytosis by the
arginine-rich peptides.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Fluorescent Labeling.All of the
peptides used were chemically synthesized by Fmoc (9-
fluorenylmethyloxycarbonyl) solid-phase peptide synthesis
on a Rink amide resin as already reported (13). The amino
acid derivatives and Rink amide resin were purchased from
Novabiochem. Deprotection of the peptide and cleavage from
the resin were conducted by treatment with a trifluoroacetic
acid/ethanedithiol mixture (95:5) at room temperature for 3
h. Fluorescent labeling of the peptides was conducted by
treatment with 1.5 equiv of Alexa 488 C5 maleimide sodium
salt (Molecular Probes) in a dimethylformamide/methanol
mixture (1:1) for 1.5 h followed by reversed-phase high-
performance liquid chromatography (HPLC) purification.

The fidelity of the products was ascertained by matrix-
assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOFMS). MALDI-TOFMS for R8-
Alexa, Tat-Alexa, (R2)4-Alexa, (RG3R)4-Alexa, (R1)8-
Alexa, R8 (nonlabeled, Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-
amide), and Tat (nonlabeled, Gly-Arg-Lys-Lys-Arg-Arg-Gln-
Arg-Arg-Arg-Pro-Pro-Gln-amide): 2126.2 [expected for (M
+ H)+ 2125.4]; 2520.7 [expected for (M+ H)+ 2520.9];
2510.4 [expected for (M+ H)+ 2509.9]; 3194.2 [expected
for (M + H)+ 3194.6]; 3024.6 [expected for (M+ H)+

3023.6], 1267.6 [expected for (M+ H)+ 1267.5]; 1718.8
[expected for (M+ H)+ 1719.1], respectively.

Cell Culture.Chinese hamster ovary (CHO) cells (CHO-
K1 cell lines: wild type; pgsA-745 (A-745) cell lines, all
glycosaminoglycan deficient; pgsD-677 (D-677), heparan
sulfate deficient) were purchased from the American Type
Culture Collection (ATCC) and maintained in F-12 nutrient
mixture (Ham’s F-12) (Invitrogen) with 10% heat-inactivated
fetal bovine serum. The 293T human renal epithelial cells
were cultured in Dulbecco’s modified Eagle medium (DMEM)
with 10% heat-inactivated fetal bovine serum, 2 mM
glutamine, 100 units/mL penicillin, and 100µg/mL strep-
tomycin. The 293T cells stably overexpressing syndecan-2
(31) were maintained in the presence of 0.4µg/mL puro-
mycin. The human cervical cancer-derived HeLa cells were
maintained inR-minimum essential medium (R-MEM) with
10% heat-inactivated calf serum. Cells were grown on 100
mm dishes and incubated at 37°C under 5% CO2 to
approximately 70% confluence. A subculture was performed
every 3-4 days.

Confocal Microscopy of Peptide Internalization.CHO cells
(2 × 105) were plated on 35 mm glass-bottomed dishes
(Iwaki) and cultured in Ham’s F-12 with 10% heat-
inactivated fetal bovine serum for 48 h. After complete
adhesion, the culture medium was exchanged, and then the
cells were incubated at 37°C with fresh medium (200µL)
containing the fluorescently labeled peptides and washed with
phosphate buffered saline (PBS) (×3). Distribution of the
fluorescently labeled peptides was then analyzed using a
confocal scanning laser microscope FV300 (Olympus)
equipped with a 40× objectivewithout fixing the cells to
avoid artifactual localization of the internalized peptides (12,
13).

Flow Cytometry.CHO cells (1.5× 105) in fresh culture
medium (1 mL) were plated into 24-well microplates (Iwaki)
and cultured for 48 h in Ham’s F-12 containing 10% heat-
inactivated fetal bovine serum. After complete adhesion, the
cells were incubated at 37°C for 30 min with fresh medium
(200 µL) containing peptides prior to washing with PBS.
The cells were then treated with 0.01% trypsin in PBS (200
µL) at 37 °C for 10 min prior to the addition of PBS (200
µL). The cells were centrifuged at 2000 rpm (400g) for 5
min. After the supernate was removed, the cells were washed
with 500µL of PBS and centrifuged at 2000 rpm for 5 min.
After this washing cycle was repeated, the cells were
suspended in PBS (400µL) and subjected to fluorescence
analysis on a FACScalibur (BD Biosciences) flow cytometer
using 488 nm laser excitation and a 515 to 545 nm emission
filter. Three additional cell washes in the presence of 4 mg/
mL heparin in PBS after the trypsinization did not yield any
significant difference in the FACS analysis (data not shown).
In addition, we confirmed that the cell surface proteoglycans
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were effectively removed by the above trypsin treatment
using the mouse IgM monoclonal antibody 10E4 raised
against HSPG (Seikagaku) (31). CHO-K1 cells (1.5× 105)
were treated with 0.01% trypsin in PBS (200µL) at 37 °C
for 10 min prior to two washings with PBS. The cells were
treated with the above anti-HSPG antibody (1 mg/mL, 2µL)
in PBS (200µL) at 4 °C for 30 min prior to two washings
with PBS. The cells were then incubated with the Alexa488-
labeled secondary antibody against the mouse IgMµ chain
(Alexa Fluor 488 goat anti-mouse IgMµ chain) (Molecular
Probes) (2 mg/mL, 4µL) in PBS (200µL) at 4 °C for 30
min prior to three washings with PBS and then subjected to
a FACS analysis. As a control, the cells were detached from
the dishes by a treatment with 2 mM EDTA at 37°C for 5
min instead of trypsin, and similarly analyzed as already
stated. The amount of cellular HSPG after the above trypsin
treatment was less than 5% in the EDTA-treated cells
(Supporting Information Figure S1). We also confirmed that
the fluorescence from the cells treated at 4°C was as low as
the autofluorescence level (see Supporting Information Figure
S2). These data suggest that the surface adsorbed peptides
are effectively removed by the above trypsin treatment.
Analysis of the cellular uptake by 293T and the syndecan-
overexpressing cells was similarly conducted using DMEM
containing 10% heat-inactivated fetal bovine serum as the
medium. For examination of the effect of the macropinocy-
tosis inhibitor 5-(N-ethyl-N-isopropyl)amiloride (EIPA) (13,
15-17) on the cellular uptake of the peptides, the cells were
incubated in serum-free Ham’s F-12 medium for 4 h prior
to the pretreatment with EIPA (100µM) in the medium at
37°C for 10 min. The cells were then treated with the peptide
(final concentration, 10µM) in the presence of 100µM EIPA
for 30 min and analyzed by FACS as already described.

Immunoblotting of Rac1 ActiVation. CHO-K1 cells were
seeded in 60 mm culture dishes at a density of 8× 105 cells/
dish, cultured for 24 h, and serum-starved in serum-free
medium for 24 h. The cells were then stimulated with the
R8 and Tat peptides (without fluorescent moieties) (10µM),
and EGF (400 ng/mL) for 5 min at 37°C and lysed for 5
min with the ice-cold cell lysis buffer (50 mM Tris-HCl,
pH 7.4, 100 mM NaCl, 10 mM MgCl2, 1% Triton X-100,
10% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsul-
fonyl fluoride, 1 µg/mL aprotinin, and 1µg/mL leupeptin)
containing 5µg of the Cdc42/Rac interactive binding motif
protein tagged with the glutathione S-transferase (GST-
CRIB) (32). Cell lysates were then centrifuged for 5 min at
13400g at 4 °C, and the supernate was incubated with
glutathione-Sepharose beads for 30 min at 4°C. After the
beads were washed with the cell lysis buffer, the bound
proteins were eluted in the Laemmli sample buffer and
separated by 12.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The separated proteins
were electrophoretically transferred onto a polyvinylidene
difluoride membrane (Millipore). The membrane was blocked
with 3% low fat milk in Tris-buffered saline and then
incubated with a mouse monoclonal anti-Rac1 antibody
(Transduction Laboratories) (1:1000 dilution). The Rac1
antibody was detected using a horseradish peroxidase-
conjugated goat anti-mouse IgG antibody (Dako) and the
ECL detection kit (Amersham Biosciences). A densitometry
analysis was performed using NIH Image software, and the
amount of GST-CRIB-bound Rac1 was normalized to the

total amounts of Rac1 in the cell lysates. In the case of the
HeLa cells, these cells were seeded in 60 mm culture dishes
at a density of 6× 105 cells/dish, cultured for 48 h, serum-
starved in serum-free medium containing 1% bovine serum
albumin (BSA) for 24 h, and then similarly treated with
peptides.

Cell Ruffling Assay.The CHO cells were seeded into eight
well Lab-Tek-II chamber slides (Nalge Nunc) at a density
of 2.4 × 104 cells per well in Ham’s F-12 containing 10%
heat-inactivated calf serum for 48 h. The medium was
replaced by fresh medium lacking serum, and the cells were
incubated for 18 h. After two washings with PBS, the cells
were treated with the R8 and Tat peptides (without fluores-
cent moieties) (10µM) in Ham’s F-12 for 2.5 min. The cells
were then washed three times with PBS, fixed with 4%
paraformaldehyde at room temperature for 10 min, treated
with 0.5% Triton X-100 in PBS at room temperature for 2
min, and then washed again with PBS. The cellular F-actin
was stained with phalloidin-TRITC as already described (13)
and observed using a confocal scanning laser FV300
microscope (Olympus) equipped with a 40× objective.

RESULTS

Effects of Membrane-Associated Proteoglycans on the
Cellular Uptake of Arginine-Rich Peptides. HSPG has been
reported to be important in the internalization of the arginine-
rich peptides (20-24) as well as the full length Tat protein
(86 residues) (25-28). Various arginine-rich peptides,
including the linear and the branched-chain oligoarginine
peptides, also translocate through biological membranes.
However, detailed studies on the effect of membrane-
associated proteoglycans for their cellular uptake of these
oligoarginine peptides have not been reported. We have now
studied octaarginine (R8) as a representative oligoarginine
peptide using the wild-type Chinese hamster ovary CHO cell
line, CHO-K1, and two deficient mutants in the proteoglycan
biosynthesis, D-677 and A-745. D-677 has a single mutation
that affects both theN-acetylglucosaminyltransferase and
glucuronosyltransferase activities necessary for the polym-
erization of the disaccharide chains of HSPG, and lacks
HSPG. This mutant cell line produces approximately three
times more chondroitin sulfate proteoglycan than the wild-
type cells. The A-745 cell line lacks xylosyltransferase, an
enzyme necessary for the initiation of the glycosaminoglycan
(GAG) synthesis, and does not produce detectable levels of
any proteoglycans (26). These cells were treated with
Alexa488-labeled R8 and Tat peptides (Figure 1A) (10µM
each) at 37°C for 30 min in Ham’s F-12 containing 10%
serum, washed, and trypsinized. The amount of the respective
peptides taken up by these cells was then analyzed by FACS.
The majority of the cell-surface adsorbed peptides are
removed by trypsin treatment, and thus our data reflect the
total cellular uptake of the peptides (the sum of endosome-
trapped and cytosol-released peptides) (see Experimental
Procedures). The amount of both peptides taken up by the
cells was considerably lower in the A-745 cells (10-20%)
compared with that in the CHO-K1 cells for these peptides
(Figure 1B). In contrast to the uptake of the R8 peptide in
the HSPG-deficient D-677 cells (76%), a significant decrease
in the uptake was observed for the Tat peptide in the D-677
cells (34%), suggesting that the cellular uptake of the Tat
peptides is highly dependent on HSPG. Similar observations
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were previously observed in studies employing the fluorescein-
labeled Tat peptide (24). On the other hand, the cellular
uptake of the R8 peptide is not very highly dependent on
HSPG as the Tat peptide. This suggests that the R8 peptide
can be taken up by the cells by an alternative mechanism
and/or via other proteoglycans.

Syndecan is one of the major classes of membrane-
associated HSPGs. We next examined whether an increased
cellular uptake of R8 and Tat is observed in 293T cells
overexpressing syndecan-2 (31). The wild-type 293T cells

and the mutant cell line overexpressing syndecan were treated
with peptides (10µM) for 30 min. Increases of 76% and
72% were observed for the uptake of the R8 and Tat peptides
by the syndecan-2 overexpressing cells (Figure 1C), further
supporting the importance of proteoglycan for the cellular
uptake of the arginine-rich peptides.

Using confocal microscopy, we also studied the peptide
internalization in a live control and mutant cells (Figure 1D).
Since fixation was shown to cause significant artifacts on
the cellular localization of peptides (12), and distribution of

FIGURE 1: In contrast to the R8 peptide, the internalization of the Tat peptide is HSPG dependent. (A) Sequences of Alexa488-labeled R8
and Tat peptides. (B) FACS analysis of the proteoglycan-deficient cells treated with the Alexa488-labeled peptides (10µM) at 37 °C for
30 min: green, CHO-K1 cells; red, A-745 cells; blue, D-677 cells. The amounts of the respective peptides taken up by these cells were
normalized to the CHO-K1 cells as a standard. Error bars represent the mean( standard deviation of 5 samples. (C) FACS analysis of the
syndecan-2 overexpressing cells treated with Alexa488-labeled R8 and Tat peptides (10µM) at 37 °C for 30 min: green, 293T cells; red,
293T-syndecan 2 cells. The results were normalized as the cellular uptake of the respective peptide by 293T cells as a standard. Error bars
represent the mean( standard deviation of 3 samples. (D) Confocal microscopy analysis of living CHO cells incubated with the Alexa488-
labeled peptides (10µM) at 37 °C for 30 min. Scale bar, 20µm.
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the fluorescently labeled peptides was then analyzed without
fixing the cells. The punctate signals observed in the CHO-
K1 cells suggest endosomal uptake of the peptides by the
cells. On the other hand, a significant decreased amount of
these punctate signals was observed in the A-745 cells. In
the case of D-677 cells, punctate signals were predominantly
observed only in the R8-treated cells. Significant increases
in the amount of the punctate signals were also observed in
the syndecan-2 overexpressing 293T cells compared with that
in the wild-type 293T cells, supporting the results of the

FACS analysis (data not shown). We concluded that pro-
teoglycans mediate the endosomal peptide uptake that is
peptide and proteoglycan type dependent.

We have previously reported that not only linear arginine-
rich peptides but also the branched-chain peptides are
internalized into cells, and that a cluster of arginines may
be critical for their internalization (7). We also examined
the role of the proteoglycans on the internalization of the
branched-chain peptides. The Alexa488-labeled (R2)4,
(RG3R)4, and (R1)8 peptides (Figure 2A) were selected as

FIGURE 2: Comparison of branched-chain arginine-rich peptide uptake and their dependency on HSPG. (A) Structures of branched-chain
arginine-rich peptides. (B) FACS analysis of the cells treated with (R2)4-Alexa, (RG3R)4-Alexa, and (R1)8-Alexa peptides (10µM each)
at 37°C for 30 min: green, K1 cells; red, A-745 cells; blue, D-677 cells. The results were normalized as the cellular uptake of the respective
peptides by CHO-K1 cells as a standard. Error bars represent the mean( standard deviation of 3 samples. (C) Confocal microscopy
analysis of living CHO cells incubated with branched-chain arginine-rich peptides (10µM) at 37 °C for 30 min. Scale bar, 20µm.
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examples of the branched-chain arginine-rich peptides. A
significant decrease in the amount of the peptide taken up
by the cells was observed in A-745 cells for all the peptides
(Figure 2B). The cellular uptake by the A-745 cells of these
peptides was less than 25% of that observed in CHO-K1
cells, confirming that proteoglycans play a crucial role in
this process. The relative amount of the (RG3R)4 peptide
taken up by the D-677 cells (28%) was considerably lower
than that by the wild-type CHO-K1 cells and comparable to
that observed in the A-745 cells (20%). On the other hand,
the decrease in cellular uptake of the (R2)4 peptide by D-677
cells was much lower. A small but consistent decrease in
the cellular uptake was also observed for the (R1)8 peptide
compared to the other peptides. Therefore, the dependency
on HSPG for cellular uptake of these peptides can be
assigned (RG3R)4> (R1)8> (R2)4. These results suggest
that the Tat and (RG3R)4 peptides can be internalized via
similar mechanisms, whereas the uptake of (R1)8 and (R2)4
is internalized via a different mechanism, more akin to that
observed for R8.

Similar results were observed in the confocal microscopic
observations (Figure 2C). Punctate signals from the cells
treated with these branched-chain peptides show endocytic
cellular uptake of these peptides. The above results suggested
that the cell-surface proteoglycans highly contribute to the
cellular uptake of arginine-rich peptides and that the peptide
structures may influence the interaction with HSPG.

ActiVation of Rac1 by Arginine-Rich Peptides. Macropi-
nocytosis has been suggested in the cellular uptake of
arginine peptides (13-15). We also reported that the
organization of F-actin, which accompanies cellular uptake
by macropinocytosis, is induced in HeLa cells by the arginine
peptides (13). Rac has been reported to be involved in the
F-actin organization, especially during the induction of
lamellipodia (33, 34). Rac is a member of the small molecular
weight G protein Rho family and becomes active in its GTP-
bound state (Rac-GTP) and inactive in its GDP-bound state
(Rac-GDP). In the active state, Rac-GTP binds to various
effector proteins by interacting with target motifs, such as
the Cdc42/Rac interactive binding (CRIB) (35, 36). We
examined whether Rac1, a typical Rac protein, is activated
by the arginine peptides. CHO-K1 cells were treated with
the R8 or Tat peptide (10µM) for 5 min. The cell lysates
were then incubated with the CRIB motif protein which is
tagged with GST (GST-CRIB) (32). Because the activated
Rac1 (Rac1-GTP) can form a complex with GST-CRIB, this
complex was isolated using a glutathione immobilized
column, and the amount of the Rac1-GTP was analyzed by
SDS-PAGE (Figure 3). The Rac1-GTP level increased 4.8-
and 6.5-fold after treatment with the R8 and Tat peptides
(10 µM), respectively. A 4.5-fold increase was obtained by
treatment with the positive control, EGF (400 ng/mL).
Therefore, the peptide treatment of the cells actually induces
a significant activation of the Rac1 protein. Similarly,
induction of Rac1 was also observed in HeLa cells by the
treatment with these peptides; the Rac1-GTP level after
treatment with the R8 and Tat peptides (10µM) and EGF
(400 ng/mL) was 3.1-, 6.5-, and 10.3-fold that of the control
cells, respectively.

Effects of Proteoglycans on the Induction of Macropi-
nocytosis and Actin Organization by Arginine-Rich Peptides.
We next examined whether proteoglycans influence the

induction of macropinocytosis. We examined the effects of
5-(N-ethyl-N-isopropyl)amiloride (EIPA) on the cellular
uptake of the arginine-rich peptides using CHO-K1, D-677,
and A-745 cells (Figure 4). EIPA has been reported as a
potent inhibitor of macropinocytosis (16, 17). EIPA is known
not to affect the clathrin-mediated endocytic uptake of
transferrin, but it effectively inhibits the macropinocytic
uptake of dextran stimulated by the epidermal growth factor
(EGF) or adenovirus (17). Cells were pretreated with EIPA
(100µM) at 37°C for 10 min in a serum-free medium, and
then treated with the respective peptides (10µM each) in
the continued presence of 100µM EIPA for 30 min. After
trypsinization, the amount of the internalized peptide was
quantified by FACS analysis. In this experiment, the
fluorescent intensity from the cells treated with the respective
peptides was analyzed without normalization to gain a better
understanding of the quantitative differences in the total
cellular uptake of the respective peptides.

A 56% decrease in the R8 peptide uptake by the wild-
type CHO-K1 cells was observed in the presence of EIPA
(Figure 4), suggesting that macropinocytosis contributes to
the cellular uptake. In the case of the HSPG-deficient the
D-677 cells, cellular uptake of the peptide in the absence
and presence of EIPA was 78% and 17% of that in the CHO
K-1 cells incubated with the peptide in the absence of EIPA.
This suggests the possible involvement of macropinocytosis
for the cellular uptake of the R8 peptide, even in the absence
of HSPG. Our data suggest that HSPG may not be the only
proteoglycan that contributes to the induction of macropi-
nocytosis. The total cellular uptake of the R8 peptide by the
proteoglycan-deficient A-745 cells was only 23% of that by
the CHO K-1 cells incubated with the peptide in the absence
of EIPA; there was only a minimal EIPA effect on the
peptide uptake. This suggests that macropinocytosis may not
be induced by the peptide in the absence of proteoglycans.

In the absence of EIPA, the cellular uptake of the Tat
peptide is highly dependent on HSPG, and the quantities of
the internalized peptide in the HSPG-deficient D-677 cells
is almost as low as that in the proteoglycan-deficient A-745
cells (Figure 4). Macropinocytosis may also be important
for the Tat uptake (Figure 4). Treatment of the wild-type
CHO-K1 cells with the EIPA produced a 40% decrease in
the cellular uptake of the Tat peptide. However, identical
treatment of the A-745 cells revealed no significant differ-
ences in the Tat uptake in either the presence or absence of

FIGURE 3: Activation of Rac1 by arginine-rich peptides. CHO-K1
cells were treated with the R8 peptide (10µM), Tat peptide (10
µM), and EGF (400 ng/mL) for 5 min at 37°C. The cell lysates
were incubated with GST-CRIB, and the amounts of the GTP-bound
Rac1 were determined by immunoblotting using a monoclonal anti-
Rac1 antibody (A). Relative Rac1 activity was determined by the
amount of GTP-bound Rac1 that was normalized to the amount of
the total Rac1 in the cell lysates. The data were analyzed by NIH
Image software, and the value from the control cells was arbitrarily
set to 1. The average densitometric scan data of three samples are
shown in B.
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EIPA. Only minimal effects were observed by EIPA treat-
ment in the D-677 cells. The lower uptake of the Tat peptide
by the D-677 cells compared with lower effects on the R8
peptide uptake, together with the effect of EIPA on the D-677
cells, suggests that HSPG is important for the macropinocytic
uptake of the Tat peptide.

We have demonstrated that the HSPG dependency for the
peptide uptake of the branched-chain peptides is in the order
(RG3R)4> (R1)8 > (R2)4; the method of internalization
of (RG3R)4 seems closer to that of Tat whereas (R2)4 is
more comparable to R8 (Figure 2B). In addition, the R8 and
(R2)4 are more efficiently internalized, especially by the
CHO K-1 and D-677 cells, than the other peptides (Figure
4). The effect of EIPA on the cellular uptake of these
branched peptides follows the same pattern. During the
uptake of (R2)4 peptide by CHO-K1 cells, the EIPA
treatment resulted in a 35% decrease in the cellular uptake
of the peptide compared with cells incubated in the absence
of this drug (Figure 4). An identical EIPA treatment of the
D-677 cells inhibited the peptide uptake by 73% compared
to the untreated cells; however, EIPA did not significantly
inhibit the peptide uptake in the A-745 cells. Alternatively,
though a significant decrease was observed for the uptake
of the (RG3R)4 peptide by the CHO-K1 cells, the effect of
EIPA on the uptake by the D-677 as well as the A-745 cells
was not significant. The above results demonstrate that the
inhibition effect of EIPA on the cellular uptake of the
respective peptides is similar to the amount of their cellular
uptake by these proteoglyan-deficient cells. This strongly
suggests that the interaction of the peptides with proteogly-
cans should induce macropinocytosis. In addition, the peptide
structures determine the specificity for proteoglycans in the
macropinocytic uptake.

Macropinocytosis accompanies organization of the F-actin
(13). We then examined whether the organization is observed
in these proteoglycan-deficient CHO cells after incubations
in R8 and Tat. The CHO-K1, D-677, and A-745 cells were
treated with the respective peptides (10µM), stained with
the F-actin specific phalloidin-TRITC, and analyzed by
confocal microscopy (Figure 5). Lamellipodia are thin, veil-
like extensions at the edge of cells that contain a dynamic
array of actin filaments. Although a very small amount of
the lamellipodia-like structure was observed in the cells
without the peptide treatment, a significant organization of
F-actin, including lamellipodia-like structures (indicated by
arrows in Figure 5), was observed in the CHO-K1 cells as
early as 2.5 min after the treatment with these peptides. In
contrast, neither a significant organization of the F-actin nor
induction of the lamellipodia was observed for the A-745
cells. In the case of the D-677 cells, a significant induction
of lamellipodia-like structures was observed by the R8
treatment, whereas a smaller degree of induction was
observed in the Tat-treated cells (Figure 5). These results
strongly suggest that cell-surface proteoglycans have an
important biological role in the induction of macropinocytosis
by the arginine-rich peptides. In addition, the lamellipodia
formation in the HSPG-deficient D-677 cells supports the
assumption that HSPG would not be a specific primary
receptor for the induction of macropinocytosis by these
peptides.

DISCUSSION

We have previously demonstrated that the cellular uptake
of arginine-rich peptides, including the R8 and HIV-1 Tat
peptides, is dependent on the cell-surface proteoglycans (20).
We have also demonstrated that significant amounts of the

FIGURE 4: Effect of macropinocytosis inhibitor EIPA on cellular uptake of the arginine-rich peptides. The effect of the macropinocytosis
inhibitor, 5-(N-ethyl-N-isopropyl)amiloride (EIPA), on the cellular uptake of the arginine-rich peptides was examined by FACS analysis.
CHO cells (K1, D677, and A745) were initially pretreated with EIPA (100µM) at 37 °C for 10 min in a serum-free medium. The cells
were then incubated with the medium containing the Alexa488-labeled peptides (final concentration, 10µM) in the presence of 100µM
EIPA for 30 min, prior to the trypsinization and FACS analysis. Fluorescence intensity (arbitrary unit) corresponds to the cellular uptake
of the peptides in the absence (closed columns) and presence (open columns) of EIPA. Cellular uptake of the respective peptides under the
given conditions is also shown as a percentage of the values observed in the untreated CHO-K1 cells. Error bars represent the mean(
standard deviation of 3-4 samples.
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peptides are taken up by macropinocytosis (13). However,
the relationship between the proteoglycans and the induction
of macropinocytosis has not been elucidated. In this paper,
we demonstrated that the cell-surface proteoglycans are
required for the induction of macropinocytosis as demon-
strated with the proteoglycan-deficient A-745 cells. A few
minutes after treatment of the cells with arginine-rich
peptides, activation of the Rac protein and organization of
the actin were observed. This suggests that a quick cellular
response is induced by these peptides.

HSPG has been suggested as the cellular receptor of the
Tat peptide as well as for the full-length Tat protein (86
residues) (20-28). However, we have demonstrated here that
the structures of the arginine-rich peptides determine this
dependency. The branched-chain (RG3R)4 peptide also
shows a high specificity for HSPG. Although proteoglycans
play a crucial role in the cellular uptake of the R8, (R2)4,
and (R1)8 peptides, uptake of these peptides appears less
dependent on HSPG. The precise reason to explain these
differences in HSPG specificity is not clear at this stage,
but one possible reason could be the differences in the charge
density. The former group contains other amino acids
intervening between the arginine residues, whereas the latter
consists of only arginines. It has been reported that the
sulfuric acid content of HSPG is higher than other membrane-

associated proteoglycans, such as chondroitin sulfate (37).
The Tat and (RG3R)4 peptides, which have a smaller charge
density than R8, can interact with HSPG, but may fail to
interact with proteoglycans having a smaller negative charge
density. The peptides in the latter group have a higher
positive charge density and thus may be able to interact with
other proteoglycans than HSPG to initiate cellular uptake.
An alternative explanation, but maybe less plausible, is that
the Tat and (RG3R)4 have conformations that promote the
interaction with HSPG. A further study is necessary to clarify
this mechanism. However, the above results strongly suggest
that HSPG is not the only receptor to induce macropinocytic
uptake of R8 and other oligoarginine peptides. Lamellipodia
formation and induction of macropinocytosis in D-677 cells
by the R8 peptide treatment even in the absence of HSPG
further support this idea of their receptors.

In this study, we have shown that the Rac protein, which
induces membrane ruffles that are enriched with actin
filaments around the boundary of cells, was actually activated
as early as 5 min after the treatment of the cells with the
Tat and R8 peptides. This correlates with the lamellipodia
formation observed 2.5 min after the peptide treatment. These
results indicate that certain rapid cellular signals are transmit-
ted by the interaction of these peptides with the cells to
induce actin organization and macropinocytosis.

FIGURE 5: Absence of lamellipodia formation by the treatment of the R8 and Tat peptides in glycosaminoglycan deficient A745 cells. The
CHO-K1, D-677, and A-475 cells were incubated in serum-free conditions for 18 h. After washing the cells twice with PBS, the cells were
treated with the respective peptides (10µM) in Ham’s F-12 medium lacking serum for 2.5 min at 37°C. After fixation of the cells using
4% paraformamide, the cells were stained with Phalloidin-TRITC. The arrows indicate the induced lamellipodia. Insets show images at×2
magnification of boxed regions. Scale bar, 20µm.
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How can the peptide signals be transmitted to Rac to
induce the eventual actin organization and macropinocytosis?
It is known that an interaction with HSPG is critical for
activation of certain receptors by growth factors, such as the
fibroblast growth factor (FGF) (38). One possible idea is
that the arginine-rich peptides may activate the receptors of
bioactive proteins, including growth factors such as FGF, in
collaboration with proteoglycans. These peptides likely do
not have a specificity for these receptors, since there are no
consensus sequences among the arginine-rich peptides except
that they have clusters of arginines or guanidinium moieties
in their molecules. It has been suggested that the full-length
Tat protein (86 residues) could activate a vascular endothelial
growth factor (VEGF) receptor (39), although the Tat peptide
is not a high-affinity ligand for the receptor (40). However,
there remains the possibility that these arginine peptides
activate a receptor in the concentration ranges of nonspecific
interactions. A 10µM R8 peptide and 10 nM EGF induce a
similar actin organization, in which there is a 3-order of
concentration difference (13). In addition, there is a report
on the induction of actin organization by the full length Tat
protein at the concentration of∼5 nM (41). However, the
Tat and R8 peptides do not influence actin at this concentra-
tion (data not shown). It seems likely that domains other
than the basic domain in the Tat protein would contribute to
the specificity or give a high binding affinity. This also
suggests that the biological effects induced by the Tat and
other arginine-rich peptides are not necessarily identical to
those of the full-length Tat protein.

As an alternative possibility, arginine-rich peptides may
compete with the binding of the bioactive proteins by
proteoglycans. This competition may lead to a release of the
matrix-trapped proteins that interact with their specific
receptors. It has also been proposed that the interaction of
extracellular ligands with syndecan leads the multimerization
of syndecan to induce actin polymerization (42), and
arginine-rich peptides might have a similar effect on the
signal transduction via syndecan multimerization.

Interestingly, lamellipodia formation was also observed
in the Tat-treated D-677 cells whose cellular uptake of these
peptides is considerably lower than that observed in the
CHO-K1 cells. Further studies are necessary to determine
why this is the case. We can, however, hypothesize that the
cellular uptake of the arginine-rich peptides would be
determined by the balance between the extent of their ability
to induce macropinocytosis and their affinity to the plasma
membrane. Assuming that the Tat peptide can still bind
proteoglycans other than HSPG even with a lower affinity,
the higher ability of Tat, compared to R8, to activate Rac1
as shown in this report may yield lamellipodia formation to
some extent. However, this may not be reflected in the
cellular uptake level due to its lower affinity to D-677 cells.
A similar idea would be applicable to analyze the cellular
uptake by the wild-type CHO-K1 cells. The Tat peptide can
activate the Rac1 more effectively than the R8 peptide
whereas the more positively charged R8 peptide would yield
a significantly higher cellular uptake than the Tat peptide.
Therefore, not only the ability to induce macropinocytosis
but also their affinity to the plasma membrane should be
taken into account in order to consider the efficacy of the
peptides for cellular uptake.

In conclusion, this report highlights the possibility that the
binding of arginine-rich peptides with the cell surface
proteoglycans activates intracellular signals that lead to the
actin organization and macropinocytosis. This binding step
is required for the induction of the macropinocytic uptake
of the peptides. EIPA is an inhibitor of the Na+/H+ antiporter
required for macropinocytosis, and further work is necessary
for the effect of the disruption of ionic equilibrium operated
by EIPA on the internalization of the peptides. However,
the results obtained in this study provide novel insights into
the internalization mechanisms of the arginine-rich peptides
and are useful for the design and development of more
sophisticated delivery systems using peptide vectors.

SUPPORTING INFORMATION AVAILABLE

HPLC retention times for the synthetic peptides and FACS
analysis of the cellular fluorescence/HSPG after trypsin
treatment. This material is available free of charge via the
Internet at http://pubs.acs.org.
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