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D-arginine oligomers have been widely used as intracellular delivery vectors both in in vitro and
in vivo application. Nevertheless, their internalization pathway is obscure and conflicting results
have been obtained concerning their intracellular distribution. In this study, we demonstrate that
octa-D-arginine (rg) undergoes diffuse localization throughout the cytoplasm and nucleus even at
low concentrations and that rg (r: D-arginine) enters the cells via direct membrane translocation,
unlike Rg (R: r-arginine), of which endocytosis is the major internalization pathway. The
observation that Rg and rg enter the cells through two clearly distinct internalization pathways
suggests that the backbone stereochemistry affects the uptake mechanism of oligoarginines.
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1. Introduction

A number of therapeutic molecules available for in-
tracellular targets is severely limited by the general
requirement that they must breach cell membranes.
Cell-penetrating peptides (CPPs) can deliver a range
of membrane-impermeable molecules (e.g., synthetic
small drugs, DNA, peptides, proteins and siRNA)
into living cells or tissues, making them potential
vehicles for various therapeutics.'™ Among the
existing CPPs, homogeneous oligoarginine peptides
(L or D) are of particular interest,* they are the most
widely studied and frequently employed CPPs in
both in wvitro and in vivo applications because they
are accessibly synthesized and oligomers as short as
7~12 amino acid residues are of high cellular uptake
efficiency.t1°

For r-arginine oligomers, many studies have been
carried out to investigate their cellular uptake effi-
ciency, intracellular distribution and uptake mech-
anisms.’ Endocytosis, including macropinocytosis
has been pointed out to be the major internalization
pathway of L-arginine oligomers at low concen-
trations.'®'Y Thus, the internalized L-arginine oli-
gomers (either alone or linked to cargos) are trapped
in punctate perinuclear vesicles, making it difficult
for them to access the cytosol or nucleus to exert
their cellular functions. Moreover, L-arginine oligo-
mers are instable toward proteases, which severely
diminishes their bioavailability.*

Compared with their L-counterparts, D-arginine
oligomers have been reported to possess a higher
transduction and greater protease resistance®?’ and
are used more often in in vivo applications.'” But in
contrast, there are much fewer studies on of bD-arginine
oligomers. Moreover, to this point, most of the studies
are focused on the cellular uptake efficiency of p-
arginine oligomers.?" However, the high cellular
uptake efficiency of CPPs does not always relate to
high functional effectiveness of their cargos once inside
the cell.”’?*? The intracellular distribution and in-
ternalization pathway employed influence the desti-
nation and biological efficacy of intracellularly
delivered therapeutic agents. By now, the intracellular
distributions of D-arginine oligomers are still confusing.
Some groups observed that fluorescently labeled Rg
and octa-D-arginine (rg), are co-localized extensively in
HelLa cells with predominantly vesicular staining at
10 M, suggesting that p-arginine oligomers enter cells
through endocytosis, too.'®** However, conflicting
results were obtained by Martin et al.>* They reported

that the decapeptide 11y (r: D-arginine) is uniformly
localized throughout the cytoplasm and nucleoli with
few punctate signals even at 2.5 uM. As far as known,
there are few publications on the uptake mechanism
of p-arginine oligomers.

Herein, we first investigated the intracellular dis-
tribution and uptake mechanism of octa-p-arginine
(rg). We believed that advanced imaging technology
and optimized methods would renew our under-
standing of CPPs.?”?®* We demonstrate that rg enters
the cells by direct membrane translocation rather
than endocytosis and becomes diffusely localized
throughout the cytosol and nucleoli, rather than
remaining trapped in endosomal vesicles. Our results
suggest that the backbone stereochemistry affects the
cellular uptake mechanism of oligoarginine peptides.

2. Materials and Methods
2.1. Synthesis of peptides

All the peptides were synthesized and coupled to a
fluorescent label (FITC, fluorescein isothiocyanate),
through an aminohexanoic acid (Ahx) spacer at
the N-terminus, by GL Biochem (Shanghai, P. R.
China). The peptides were purified through pre-
parative HPLC to a purity of greater than 95% and
their appropriate masses were confirmed using
electrospray ionization (ESI) mass spectrometry.

The peptides were each dissolved in phosphate-
buffered saline (PBS, pH 7.4) and then their con-
centrations were determined in terms of the absorp-
tion of fluorescein at 498 nm (¢:64,900) using a
Lambda 950 UV spectrometer (Perkin-Elmer). The
accuracy of this method for determining peptide
concentrations was established by weighing selected
samples and dissolving them in a known amount
of PBS.

2.2. Cells and cell cultures

HeLa cells were cultured in Dulbecco’s modified
Eagles’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). Cells were grown in a
COs (5%, v/v) atmosphere at 37°C to subculture.

2.3. Confocal microscopy

HeLa cells were seeded into eight-well Lab-Tek
chamber slides at a density of 1.0 x 10* cells/well in
DMEM (200 uL) containing 10% FBS. The cells
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were then grown under a CO, (5%, v/v) atmosphere
at 37°C overnight.

The FITC-labeled peptides were dissolved with
serum-free DMEM. HeLa cells were washed one time
with PBS and then the above FITC-labeled peptide
solution (300 uL) was gently added to the cells. After
incubation for 5 min at 37°C, the supernatant med-
ium were discarded and a solution (200 uL) of trypan
blue (500 ug/mL) in PBS was added to quench the
extracellular fluorescence from the outer membrane-
bound peptides for 1 min. The cells were then washed
three times with PBS containing propidium iodide
(PI, 8 ug/mL). The cells were analyzed live in serum-
free DMEM (250 pL) using an FV1000 confocal laser
scanning microscope (Olympus, Japan) equipped
with a 60X oil-immersion objective lens (NA 1.4).

To record the time lapse of the transduction,
CPPs (5uM) and Hoechst 33342 (3 pug/mL) were
diluted with serum-free DMEM (300 uL) and
allowed to stand for 10 min at 37°C. The cells were
washed three times with PBS and then the above
FITC-labeled peptide/Hoechst 33342 mixture was
gently added to the cells. The cells were analyzed
using an FV1000 confocal laser scanning microscope
(Olympus, Japan) equipped with a 60X oil-immer-
sion objective lens (NA 1.4) immediately. The
images were obtained every 15s.

For 4°C experiments, the cells were preincubated
at 4°C for 30 min, washed with ice-cold PBS and
incubated with the peptides (5uM) in ice-cold
serum-free DMEM (300 pL) for 5 min at 4°C. After
incubation, the cells were washed with trypan blue
(500 ug/mL in PBS) and PBS buffer containing PI
(8 ug/mL), and then analyzed in serum-free DMEM
immediately.

For experiments investigating the role of mem-
brane potential, a buffer PBS(K™), where the
sodium salt in PBS was replaced with equimolar
amounts of the equivalent potassium salt, was used.
HeLa cells were washed with PBS or PBS(K ) and
incubated with the peptides (2.5uM) in PBS or
PBS(K ™) (300 uL), respectively. After incubation
at 37°C for 5 min, the cells were washed with trypan
blue (500 ug/mL in PBS) and PBS buffer contain-
ing PI (8 ug/mL), and then analyzed in DMEM
containing FBS immediately.

For the detection of FITC-labeled peptides, the
fluorescence signals were detected using a 500—
555 nm emission filter, with excitation using a 488 nm
Ar laser. For the detection of PI, the fluorescence
signals were detected using a 600—670 nm emission
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filter, with excitation using a 488 nm Ar laser. For the
detection of Hoechst 33342, the excitation laser line
was 405 nm and the emission filter was 462-523 nm.

2.4. Flow cytometry (FACS)

HeLa cells (5 x 10* cells/well) were seeded into a 24-
well plate. After complete adhesion, the cells in log-
arithmic phase were incubated with FITC-labeled
peptides at various concentrations in the respective
buffers (300 uL) for 5min at 37°C or 4°C. For 4°C
experiments, cells were preincubated at 4°C for
30 min. After washing one time with trypan blue
(Img/mL in PBS) and three times with PBS, the
cells were detached through trypsinization for 3 min.
After the trypsin was removed, a solution (300 uL) of
DMEM containing 10% FBS was added. The resus-
pended cells were centrifuged at 4000 rpm for 5 min.
The cells were washed with a solution (250 uL) of ice-
cold PBS containing PI (5 sg/mL) to assess viability.
Finally, the cells were resuspended in PBS containing
1% FBS and placed on ice and in the dark until
required for analysis. Each experiment was per-
formed three times. In each case, the fluorescence of
atleast 10,000 vital cells was acquired. Cells were
analyzed using an Epics XL (Beckman Coulter); data
analysis was performed using WinMdi software.

2.5. Incubation with inhibitors of
endocytosis

Cells were treated with the indicated inhibitors
[10 mg/mL Chlorpromazine (CPZ), 5 mM MSCD or
50 mM 5-(N-ethyl-N-isopropyl)amiloride (EIPA)] for
30min at 37°C in DMEM containing 10% FBS.
Then, the medium was discarded and serum-free
DMEM containing FITC-rg (5uM) as well as the
corresponding inhibitor was added. After 30min
of incubation at 37°C, the cells were washed with
trypan blue (500 pg/mL in PBS) and PBS buffer
containing PI (8 ug/mL), and then analyzed in
10% serum-DMEM immediately by fluorescence
microscopy or flow cytometry.

3. Results

3.1. The intracellular distribution of
octa-D-arginine (rg)

We synthesized octa-p-arginine (rg) using standard
solid phase chemistry and coupled it to FITC, a
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2.5uM

10 uM

Fig. 1. Confocal microscopy images of living HeLa cells after incubation with the FITC-labeled peptides (various concentrations)

at 37°C for 5min in serum-free DMEM (300 pL). Scale bar: 10 ym.

widely used fluorescent label and cell-impermeable
cargo model,'”'® through an aminohexanoic acid
(Ahx) spacer, at the N-terminus. For comparison,
we also synthesized octa-L-arginine (Rg) labeled
with FITC as a reference compound.

The cellular uptake of CPPs varies with respect
to the peptide concentration, the cell type, the cell
number, the incubation volume and the incubation
time.! 1929 Therefore, we carefully performed ex-
periments between rg and Rg to ensure that the
experimental conditions were comparable. We
employed the HeLa human cell line — reportedly a
difficult one for cytosolic labeling at low concen-
trations of CPPs'®'” as our cellular model system.

First, we used confocal laser scanning microscopy
(CLSM) to analyze the intracellular localization of
FITC-rg and FITC-Rg. The HeLa cells were mon-
itored without fixing to prevent any artifactual
redistribution of CPPs produced by the fixation
procedure.'® Any cells that were stained with PI
were excluded from the analysis. To remove the
peptides associated with the outer plasma mem-
brane, we used trypan blue, rather than the more-
typical trypsin,'® to wash all of the cells prior to
analysis; trypsin is not an effective reagent to digest
outer-membrane-bound oligoarginines containing
p-arginine residues, whereas trypan blue (500 ug/
mL) can quench more than 80% of the cell-surface
FITC emission and has been used widely in previous
studies.?"32

Although Ry exhibited the most diffuse pattern
with a small amount of vesicle staining at a high
concentration (10 uM), most of the FITC-Rg mol-
ecules were trapped in punctate structures, with no

significant cytosolic diffusion or nuclear accumu-
lation at concentrations ranging from 2.5 to 5 uM
(see Fig. 1), in good agreement with the distri-
butions described by others.!” Under the same
conditions, the intracellular distribution pattern of
rg was significantly different from that of Rg. FITC-
rg underwent diffuse localization throughout the
cytosol, with significant accumulation in the
nucleoli at concentrations ranging from 1 to 10 uM
(see Fig. 1), which is similar to the previous obser-
vation of ryy.2* The fluorescence signal at concen-
trations lower than 1uM was too weak to be
detected (data not shown). PI did not enter the
cells, indicating that the plasma membranes were
intact (data not shown). These results showed that
the change in chirality of the peptides from L to D
affect cellular localization of CPPs.

3.2. The uptake mechanism of
octa-D-arginine (rg)

Endocytosis, including macropinocytosis has been
pointed out to be the major internalization pathway
of L-arginine oligomers at low concentrations.'” The
internalization mechanism employed by rgis unclear.
It is highly unlikely that the strong diffuse labeling of
FITC-rg throughout the cytosol and nucleoli was
caused by endocytosis and subsequent release of
trapped peptides from the endocytic vesicles, for two
reasons: we observed them only after 5 min of incu-
bation and, few punctate signals were observed
during the time course from 5s to 5min when we
monitored the cellular uptake in real time using
CLSM (see Fig. 2). To confirm our hypothesis, we

1450019-4



J. Innov. Opt. Health Sci. 2014.07. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

Intracellular distribution and uptake mechanism of oligoarginines

5 s 1 rnin 3 min 5 min Merge

T T T

Fig. 2. Confocal microscopy time lapse of the transduction of FITC-rg (green, 5 M) applied to living HeLa cells in serum-free
DMEM (300 L) at 37°C. The nuclei were stained with Hoechst 33342 (blue). Scale bar: 10 pym.
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Fig. 3. Effect of temperature on the cellular uptake of the FITC-labeled peptides. (a) Confocal microscopy images and (b) flow
cytometry analyses of living HeLa cells after incubation with the FITC-labeled rg (5 #M) for 5 min in serum-free DMEM (300 uL) at

37°C or 4°C. Scale bar: 10 pm.

co-incubated rg with LysoTracker Red and the result
indicated that rg did not co-localize with the red
LysoTracker at all. Moreover, we decreased the in-
cubation temperature to 4°C (i.e., conditions that
typically inhibit endocytosis).!®?%3% The diffuse
distributions of rg at 5 uM were not inhibited by
the low temperature, with an even higher fluor-
escence intensity observed at 4°C than at 37°C (see
Fig. 3). We cannot at present explain why the low
temperature enhanced the diffuse distributions,
but we note that a similar behavior has been re-
ported previously.”> We also used three inhibi-
tors of endocytosis to interfere with individual
endocytic pathways.!”3* %6 CPZ was used to inhibit

clathrin-mediated internalization pathway, EIPA to
inhibit macropinocytosis and M3CD to disrupt the
import through caveolae/lipid rafts. The effects of
the three inhibitors on the cellular uptake of rg were
tested by CLSM and flow cytometry. Figure 4 reveals
that preincubation of the cells with all three inhibi-
tors has no detectable effect on the cellular uptake
of Is.

FITC-rg yielded significant diffuse signals in the
cytosol and nucleus within 5 min after the peptide
treatment, which was not inhibited by both the
pharmacological and physical inhibitors of endocy-
tosis. Therefore, as an alternative, it is more likely
that the major internalization pathway of rg is not

EIPA MBCD

Fig. 4. The uptake of FITC-rg is independent of endocytosis. HeLa cells were treated with the indicated inhibitor for 30 min at
37°C or remained untreated, followed by incubation for a further 5min with FITC-rg (5 M) in the absence or presence of the

respective inhibitor. Scale bar: 10 ym.
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Fig. 5. Effect of membrane potential on the cellular uptake of rg and Rg. (a) Confocal microscopy images and (b) flow cytometry
analyses of living HeLa cells after incubation with the FITC-labeled peptides (2.5 uM) for 5 min at 37°C in PBS or PBS(K ™). Scale

bar: 10 pm.

endocytosis but direct membrane translocation,
another possible entry route of CPPs. Direct
membrane translocation has been proposed to lead
to the diffuse distribution of CPPs in the cytoplasm
and nucleus**?” and is driven by the transmem-
brane potential.>®?? Thus, we test whether the
membrane potential has effect on the cellular
uptake of rg. We incubated HeLa cells with FITC-rg
at 2.5 uM for 5min in PBS(K™) buffer containing a
high concentration of potassium ions to eliminate
the membrane potential.>** We found that the
cellular uptake of rg decreased by more than 80%
when we treated the cells with PBS(K™) buffer [see
Fig. 5(b)]. In contrast, for Rg, which is taken up
mainly through endocytosis, both the punctate
staining and the cellular uptake efficiency were
unaffected by the addition of K* (see Fig. 5). Taken
together, all the above results showed that the dif-
fuse labeling of FITC-rg is not due to endocytosis,
but rather direct membrane translocation driven by
the membrane potential and the backbone stereo-
chemistry that affect the uptake mechanism of
oligoarginines.

4. Discussion

D-arginine oligomers have been widely used as in-
tracellular delivery vectors in in wvivo application
due to their high cellular uptake efficiency and great

protease resistance. However, their internalization
pathway is incompletely understood. The charac-
terization of the mechanism of cellular internaliz-
ation is essential because the uptake pathways
determine the intracellular destinations and bio-
logical efficacy of CPPs and their cargos. In this
study, we showed that octa-p-arginine exhibits a
diffuse intracellular distribution in the cytoplasm,
nucleus and nucleoli of living cells, even at low
concentrations. The cellular uptake of rg was not
inhibited by both the endocytic inhibitors and low
temperature. In contrast, eliminating the mem-
brane potential decreased the cellular uptake of rg
dramatically. These results suggest that rg was
predominantly taken up by the cells wvia direct
membrane translocation, a nonendocytic manner
driven by the transmembrane potential. Rg and rg
entered the cells by two clearly distinct internaliz-
ation pathways, suggesting that the backbone ste-
reochemistry affects the uptake mechanism of
oligoarginines. The results here might provide use-
ful guidelines for the design and applications of
CPPs in the delivery of biologically active cargos.
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