
secondary structure of the 15-mer when bound to the PC:PE/
cholesterol (9:1/1 w/w) or PC:PE:PS/cholesterol (4.85:4.85:0.3/1
w/w) multibilayers, which are phospholipid compositions typi-
cal of the outer leaflet of non-tumorigenic cells (13) or the outer
leaflet of cancer cells (14), respectively. The lipid SM was not
used because it has a strong signal in the amide I region, but
the results in the functional assays were similar when using
liposomes with or without SM. Our assignment of the different
secondary structures was the same as that described previ-
ously (15–20). The data revealed that the peptide adopts pre-
dominantly distorted/dynamic helical structures in both types
of lipids (Fig. 3 and Table II). Moreover, the phospholipid
membrane was well ordered and was predominantly in a liq-
uid-crystalline phase like biological cell membranes (data not
shown) (21, 22).

Treating the lipid membrane with the 15-mer for a very short
period (1 min) resulted in no change in the order of the alkyl
chains of the lipid. However, after a longer incubation time (10
min), the order of the alkyl chains was changed significantly
(data not shown).

The 15-mer Selectively Binds and Lyses Cancer Cells as Ob-
served by Using Confocal Fluorescence Microscopy—The 15-
mer was labeled with rhodamine at its N terminus without
affecting its anticancer activity. When rhodamine-labeled 15-
mer (2.5 !M) was added separately to 3T3 (Fig. 4a), B16 (Fig.
4b) cells, and D122 cells (figure not shown), we observed that
the peptide was bound preferentially to the cancer cells. We
further confirmed selective binding by placing together 3T3
cells that had been labeled with the green dye DiOC6(3) with
unlabeled cancer cells. The addition of rhodamine-labeled 15-
mer resulted in specific labeling (red) of only the cancer cells
(Fig. 4c). We also found that the green dye DiOC6(3) does not
interfere with the binding of rhodamine-labeled 15-mer (data
not shown).

To test the lytic effect of the 15-mer, it was incubated with
cancer cells at its LC50, and images were taken. Fig. 5 shows
such images for B16 cells after their treatment for 2, 6, and 10
min (Fig. 5, a–c, respectively). The data clearly show that the
cells died as a result of acute injury, swelling, and bursting.
Further experiments with rhodamine-labeled peptide revealed
that it bound predominantly to the cell membrane (Fig. 5d)
followed by complete removal of all the cytoplasmic content,
leaving only the nucleus intact (Fig. 5e). Interestingly, the
peptide could not penetrate into the nucleus.

The 15-mer Inhibits Metastasis Formation in Mice—Finally,
we analyzed the in vivo anti-tumor activity of the 15-mer by
assessing its ability to inhibit the formation of D122 lung
tumors in C57BL/6 mice when injected intravenously. During
the experiment, the mice were monitored continuously for clin-
ical signs of toxicity. It was noted that the animals exhibited a
reduction in spontaneous motor activity after the peptide was
injected, but the symptoms disappeared within about 1–2 h.
After the fourth injection of the peptide, 1 out of 10 mice died.
Nevertheless, throughout the assay period, the animals that
had been treated with the peptide were in good condition, did

not express any signs of weakness, and maintained their body
weight (data not shown). At the end of the experiment, we
found that mice that had been injected with D122 lung carci-
noma cells and treated with the 15-mer had markedly de-
creased lung weight (265 ! 33 mg) as compared with the
control group injected with PBS (878 ! 69 mg) (Fig. 6, a–d).
Moreover, the metastatic load was decreased by 86% in the
group treated with the 15-mer as compared with the control
group. The experiments were also performed with B16 mela-
noma cells (a group of five mice), and the results were similar
to those obtained with D122 cells (data not shown).

DISCUSSION

The most interesting finding is that the 15-mer is highly
selectively toxic toward cancer cell lines (Table I, Fig. 1). More-
over, the 15-mer is highly active in inhibition of lung and B16
melanoma metastasis in mice (Fig. 6). In fact, it decreased the
lung metastatic load in C57BL/6 mice by 86% without causing
any noticeable weakness or loss of body weight in the animals
at the end of the experiment. Although given intravenously, a
histopathological evaluation revealed that the 15-mer (5 mg/

FIG. 4. Confocal laser scanning microscopy images. a, 3T3 cells
treated with 2.5 !M rhodamine-labeled l3,10,13k7,8K4R2L9. b, B16 mela-
noma cells treated with 2.5 !M rhodamine labeled l3,10,13k7,8K4R2L9. c,
images of 3T3 cells that were first labeled with the dye DiOC6(3)
(green), and then mixed with unlabeled B16. Then, rhodamine-labeled
peptide was added to the cell mixture.

FIG. 5. Confocal laser scanning microscopy images of B16
cells. a, 2-min treatment with 2.5 !M of the 15-mer. b, 6-min treatment.
c, 10-min treatment. d and e, B16 cells treated with 2.5 !M rhodamine-
labeled peptide for 2 min (d) and for 15 min (e).

TABLE II
Assignment, wavenumbers (v), and relative areas of the component peaks determined from the deconvolution of the amide I bands of

l3,10,13k7,8K4R2L9 incorporated into multibilayers
A 120:1 lipid: peptide molar ratio was used. The results are the average of four independent experiments.

Structure assignment
PC:PE/Cholesterol PC:PE:PS/Chol

v Area v Area

cm"1 % cm"1 %

"-sheet 1630 ! 3 13 ! 2 1628 ! 2 17 ! 3
Distorted/310-helix 1656 ! 1 84 ! 3 1656 ! 1 83 ! 3
Turns/antiparallel "-Sheet 1677 ! 2 3 ! 1
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