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�-Peptides have been shown to fold into stable
secondary structures similar to those observed in
natural peptides and proteins.[1] The finding that �-
peptides are completely stable to proteolytic degra-
dation renders them candidates for use as peptido-

mimetics.[2] In fact, �-peptides have been demonstrated to mimic
�-peptidic hormones,[3] to inhibit cholesterol uptake,[4] and to
possess antimicrobial[5] and antiproliferative properties.[6]

The bioavailability of pharmacologically active compounds,
for instance, peptides and proteins, depends significantly on
their physical properties, as their uptake correlates with
solubility in the polar extracellular medium and passive diffusion
through the nonpolar lipid bilayer. Recently, methods have been
developed for the delivery of proteins, biological active com-
pounds, and DNA into living cells with the help of membrane-
permeable carrier peptides (oligomers containing basic side
chains).[7]

In order to determine the structural requirements for cellular
uptake of �-peptides, a series of fluorescein-labeled �-peptides
1 ±6 has been prepared (Scheme 1). The substitution pattern of
the �-peptides was selected for the following reasons: the �-
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Scheme 1. Molecular formulas of the investigated fluorescein-labeled �-peptides 1 ±6. Fl�
fluorescein.
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peptides 1 ±3 should be able to form a 314 helix[8] (1 has two
positively charged, 2 has two negatively charged, and 3 has both
positively and negatively charged side chains). While the �-
peptide 3 has been designed to form a saltbridge-stabilized 314
helix,[9] the �-heptalysine 5 and the �-heptaarginine 6 are not
expected to form a helix because of the destabilizing effects of
adjacent cationic side chains.[10] �-Peptide 4 consists of alternat-
ing �2- and �3-amino acids, a substitution pattern that has been
shown to induce a nonpolar 10/12-helical structure.[11] The �-
peptides 1 ±6 were synthesized by standard solid-phase meth-
ods and fluorescein-labeled at the N terminus prior to cleavage
from the Rink amide resin.
The ability of the fluorescence-labeled peptides to enter the

cells was analyzed by fluorescence microscopy. 3T3 mouse
fibroblast cells were cultured as exponentially growing mono-
layers in RPMI1640 medium, without phenol red, supplemented
with 10% (v/v) fetal calf serum (FCS) and 1 mM glutamine, at
37 �C under 5% CO2. Fluorescence-labeled peptides (up to a final
concentration of 1 �M) were added to fibroblast cells grown on
chambered cover glasses in FCS medium and incubated for 10 ±
40 min at 37 �C. Subsequently, cells were rinsed twice with
phosphate-buffered saline (pH 7.3) at room temperature and
suspended in FCS medium for measurements. All live-cell
measurements were done at 20 �C by using a laser scanning
microscope with a 63� oil immersion objective. The internal-
ization of free fluorescein under the same conditions was tested
simultaneously.
For �-peptides 1 ±4, as well as for the free fluorescein, no

uptake into the cells was observed with the described exper-
imental conditions in any of the experiments. However �-
peptides 5 and 6, the polycationic �-oligolysine and �-oligoar-
ginine, were translocated through the membrane, with the
arginine derivative 6 internalizing to a much greater extent. After
treatment with fluorescein-labeled �-heptaarginine 6 (1 �M) for
40 min accumulation was observed in the cytosol and nucleus,
with concentration in the nucleoli (Figure 1).
No toxicity was observed, even with longer incubation times

(12 h), at 1 �M concentrations at 37 �C in 10% (v/v) FCS
medium.[12] Interestingly, some compartments in the cytoplasm
showed lower fluorescence intensities. Most probably these
compartments represent mitochondria where the fluorescein
moieties are protonated due to the lower pH value and,
therefore, exhibit only low fluorescence quantum yields.
When the cells were incubated with �-heptaarginine 6 at 20 �C

and analyzed after just 2 min without washing, weak fluores-
cence is detected (Figure 2a); after 5 min the fluorescence is
almost as intensive as after 40 min (Figure 2b). These data
suggest that saturation is already occurring a few minutes after
treatment with 1 �M �-heptaarginine solutions. Incubation of
cells with 6 for 10 min in the temperature range from 4±37 �C
exhibited comparable translocation activity. Consistent with
previous measurements on arginine-rich peptides,[7] these data
indicate that cell penetration by �-heptaarginine does not
depend on endocytosis. The experiments described prove the
ability of polycationic �-peptides to internalize into cells. �-
oligoarginine 6 was significantly more effective in entering cells
than �-oligolysine 5.

Figure 1. Fluorescence microscopy investigation of cells treated with fluorescein-
labeled �-oligoarginine 6 (1 �M) for 40 min. After incubation the cells were rinsed
twice. Accumulation of 6 is observed in the cytosol and nucleus, with nucleolar
concentrations.

Figure 2. Time-dependent uptake measurements of �-oligoarginine 6 (1 �M, no
washing) at 20 �C already show a little internalization after 2 minutes of
incubation (a); the cells show much intense fluorescence after 5 minutes (b).

Due to their resistance towards enzymatic degradation[2, 13] �-
oligoarginine derivatives might be used for long-term binding to
cell nuclei ; this technique could lead to applications for
diagnostic purposes or for transport of antisense DNA-binding
structures. Also, �-oligoarginine could be used to internalize
otherwise nonpenetrating compounds (peptides, proteins) into
cells. The higher stability of �-oligoarginine, as compared to the
�-peptidic analogues,[14] might be useful for elucidating the
mechanism by which oligoarginines pass the cell walls.[15]
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