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Cell-penetrating peptides can cross cell membranes and are
commonly seen as biologically inert molecules. However, we
found that some cell-penetrating peptides could remodel actin
cytoskeleton in oncogene-transformed NIH3T3/EWS-Fli cells.
These cells have profound actin disorganization related to their
tumoral transformation. These arginine- and/or tryptophan-
rich peptides could cross cell membrane and induce stress fiber
formation in these malignant cells, whereas they had no percep-
tible effect in non-tumoral fibroblasts. In addition, motility
(migration speed, random motility coefficient, wound healing)
of the tumor cells could be decreased by the cell-permeant pep-
tides. Although the peptides differently influenced actin poly-
merization in vitro, they could directly bind monomeric actin as
determined by NMR and calorimetry studies. Therefore, cell-
penetrating peptides might interact with intracellular protein
partners, such as actin. In addition, the fact that they could
reverse the tumoral phenotype is of interest for therapeutic
purposes.

Since the initial evidence that antennapedia homeobox (1-3)
protein can cross cell membranes came to light, numerous pep-
tides with similar internalization properties have been
described (4). These cell-penetrating peptides are more or less
amphipathic peptides generally rich in lysyl and arginyl resi-
dues. It is now well accepted that these peptides can enter cells
through direct translocation and endocytosis pathways and
thus that they can end up into the cytosol of the cell (5, 6). In
addition, cell-penetrating peptides are widely used as conju-
gates to vehiculate inside bioactive molecules of the cell such as
peptides, proteins, or nucleic acids (7, 8). Contrasting with the
biologically active homeoproteins (9), cell-penetrating peptides
are commonly accepted as inert molecules devoid of biological
activity, although cytotoxicity problems may occur, generally
over high uM concentrations (10).

In a completely different context, some peptides rich in
basic amino acids (Lys and Arg), such as those derived from
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myristoylated alanine-rich C kinase substrate (MARCKS)? or
MARCKS-related protein, have been shown to interact with
actin in vitro (11). In addition, polyamine and MARCKS pep-
tides have been reported to induce actin polymerization (12—
15). Polycations and basic polypeptides or proteins were more
generally described as actin-bundling factors at physiologic
concentrations (16 —18). In addition, polymerization of cellular
actin is a dynamic process controlled by numerous actin-bind-
ing proteins (19, 20). These proteins have common domains of
interaction, characterized in structural studies to be generally
organized in short more or less amphipathic helices (21, 22).
These helices generally bind to a hydrophobic cleft between
subdomains 1 and 3 of actin, as for thymosin 4 (23, 24).

In this context, we have screened some cell-penetrating pep-
tide analogues (25) (penetratin, (R/L)16, (R/W)16, (R/W)9, and
R9), which present basic amino acids or sequences of charged/
hydrophobic residues with the potential to form amphipathic
helices, for their ability to influence actin dynamics in a cell-free
assay based on fluorescence anisotropy (26). In this actin poly-
merization assay, only (R/W)16, (R/W)9, and R9 were found
active. Therefore, these latter peptides were further tested for
their capability to interact with actin in vitro and in 3T3-EF
fibroblasts lacking zyxin focal adhesion points and stress fibers
(27).

EXPERIMENTAL PROCEDURES

Peptides—The following peptides were obtained by solid-
phase synthesis (£-butoxycarbonyl strategy) as described
(28): trifluoroacetyl(a,a-diethyl)Gly-Lys(Nebiotin)-(p)Lys-
Cys-RRWWRRWRR-NH, ((R/W)9), trifluoroacetyl(a,a-di-
ethyl)Gly-Lys(Nebiotin)-(p)Lys-Cys-(p)Arg-(p)Arg-(p) Trp-
(D) Trp-(p)Arg-(p)Arg-(p) Trp-(D)Arg-(D)Arg-NH, ((D)(R/W)9),
biotinyl-Apa-RRWRRWWRRWWRRWRR-NH, ((R/W)16),
and biotinyl-Apa-RRRRRRRRR-NH, (Bapa-R9). Thymosin 34
(TB4) and actin were prepared as described earlier (29).

2 The abbreviations used are: MARCKS, myristoylated alanine-rich C kinase
substrate; TR4, thymosin B4; ITC, isothermal titration calorimetry;
TRITC, tetramethylrhodamine isothiocyanate; BSA, bovine serum albumin;
(R/W)9, trifluoroacetyl(a,a-diethyl)Gly-Lys(Nebiotin)-(p)Lys-Cys-
RRWWRRWRR-NH,; (D)(R/W)9, trifluoroacetyl(a,a-diethyl)Gly-Lys-
(Nebiotin)-(p)Lys-Cys-(p)Arg-(D)Arg-(p)Trp-(D) Trp-(D)Arg-(D)Arg-(D)Trp-
(D)Arg-(D)Arg-NH,;(R/W)16,  biotinyl-Apa-RRWRRWWRRWWRRWRR-NH,;
R9, RRRRRRRRR-NH,; (R/L)-16, biotinyl-Apa-RRLRRLLRRLLRRLRR-NH, pen-
etratin, biotinyl-Apa-RQIKIWFQNRRMKWKK-NH.,.
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Cell Culture—NIH 3T3 and NIH 3T3 EF cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% newborn calf serum (Invitrogen), penicillin (100,000 IU/li-
ter), and streptomycin (100,000 IU/liter) (PAA Laboratories)
and selected with 25 ug/ml puromycin (Sigma).

Isothermal Titration Calorimetry (ITC)—ITC measurements
were performed ona VP-ITC system (MicroCal). Peptides solu-
tions at 100 uM in G buffer were titrated in 10-ul injections into
1.45 ml of a 10 uM actin solution in G buffer (50 mm Tris, pH
7.6,0.1 mm CaCl, 0.2 mm ATP, 1 mm dithiothreitol, 1% NaN)
at 25 °C. The duration of the injections was 20 s with an interval
of 4 min between two injections. Data were fitted to a one-site
binding model using the MicroCal Origin software to deter-
mine the K, values of peptide-actin association.

NMR Experiments—NMR experiments were performed on a
Bruker Avance 600-mHz spectrometer equipped with a 5-mm
TXI cryoprobe. 1.45 mm (R/W)16 and (R/W)9 peptide stock
solutions were prepared in 90% H,O, 10% D,O G buffer. NMR
samples of complexes between G actin and peptides were pre-
pared by mixing 500 ul of 50 um G-actin in G buffer with
increasing amounts of peptide stock solution. It should be
noted that G-actin polymerization in G buffer is negligible at
this concentration. The binding was followed by one-dimen-
sional 'H experiments at 298 K. Water resonance was sup-
pressed using a WATERGATE sequence. Experiments were
repeated at least three times independently. Competition
experiments were done between a 1:1 complex T4-G-actin in
which T84 was uniformly **N-labeled and (R/W)16. The T 34-
G-actin complex was prepared by mixing 550 ul of 50 um G-ac-
tin in G buffer with 1.5 mg of [U-'*N] T84 (29). A small excess of
T4 was added to avoid polymerization of G-actin. (R/W)16
was added into this sample at different ratios (0; 0.2; 0.4; 0.6; 0.8;
1.0; 1.2). The titration was followed through the observation of
the "H-'°N resonances of T84 in a '"H-'°N heteronuclear single
quantum correlation experiment performed at 298 K. The
spectra were transformed with the software NMRPipe (30) and
analyzed with SPARKY (46).

Actin-Pyrene Polymerization Assays—Pyrene-labeled and
unlabeled actin monomers (3 uMm) were mixed to obtain 10%
pyrene-actin in G buffer. The polymerization reaction was
started by the addition of 10X KMEI (500 mm KCl, 10 mm
MgCl,, 10 mm EGTA and 100 mMm imidazole-HCI, pH 7) in the
absence or the presence of the peptides at the indicated con-
centration. Kinetics of polymerization was obtained by mea-
surement of the fluorescence signal increase related to actin-
pyrene incorporation into actin polymers (31).

Morphological Study by Fluorescent Immunostaining—
Cells (10° cells/well) were seeded on the glass coverslips
coated with fibronectin (10 ug/ml) in 2 ml of Dulbecco’s
modified Eagle’s medium with 10% newborn calf serum.
After peptide incubation for 2 or 18 h, cells were washed
twice with phosphate-buffered saline, fixed for 15 min with
3% paraformaldehyde, and permeabilized for 5 min with
0.4% Triton X-100 before incubation with 3% bovine serum
albumin in phosphate-buffered saline. Anti-zyxin antibody
(Synaptic Systems) (1/200) was incubated with cells for 30
min at room temperature. Cells were then incubated with
phalloidin-fluorescein isothiocyanate (1/1000) (Sigma) and
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a donkey anti-mouse IgG antibody conjugated to TRITC (1/100)
(Jackson ImmunoResearch) for 30 min at room temperature.
Cells were finally incubated with 4',6-diamidino-2-phenyl-
indole (1.5 pg/ml) (Pierce) in phosphate-buffered saline for
15 min in the dark at room temperature. Coverslips were
mounted in Fluoromount for observation with a Nikon Eclipse
TE2000-S, objective X60 PLANFLUOR.

Cell Motility by Video Microscopy—Cells were seeded in
8-well Lab-Tek chamber slides (Nunc) on a glass coverslip (10*
cells/well) in 400 ul of Dulbecco’s modified Eagle’s medium/
10% newborn calf serum. Cells were incubated with the peptide
in hermetic chamber at 37 °C in a humidified 5% CO, atmo-
sphere (Leica). Video recordings of EF cell migration were done
on glass coverslips in parallel: 3T3 cells, EF cells, EF cells in the
presence eof 5 or 10 uM (R/W)16. Phase contrast photographs
were taken every 4 min for 18 h with a high resolution camera
(Leica). The movements of the cells were analyzed with Meta-
Morph software (Universal Imaging, Downingtown, PA),
allowing the reconstitution of each cell track and the measure-
ment of the motility parameters.

Anchorage-independent Growth Assay—Cells were seeded
(500 cells/dish) in complete culture medium supplemented
with 1% methylcellulose (Methocel MC4000, Sigma) in tripli-
cate into 35-mm dishes. Peptides were added every 3 days to
cells incubated at 37 °C in a humidified 5% CO, atmosphere.
After 3 weeks, pictures of each dish were taken, and clones with
a diameter >120 wm were counted.

Wound Healing Assay—Fibroblasts were grown nearly to
confluence in the absence or the presence of 10 um peptide. A
linear wound was then made with a sterile 100-ul plastic pipette
tip. Cells were additionally grown for 24 h before contrast phase
microscopy observation.

RESULTS

(R/W)16, (R/W)9, and R9 Interact Directly with G-actin—
The putative interaction of (R/W)16, (R/W)9, and R9 with
G-actin was first examined by ITC. All three peptides were
found to interact with G-actin but with different affinity (Fig. 1,
Al). The affinity for G-actin of (R/W)16 was higher than the
one of (R/W)9 (Fig. 1, A2) or R9 (not shown), with K, values
of 0.4 and ~10 uM, respectively. The enantiomeric form of
(R/W)9, containing all p-amino acids, did not interact with
G-actin (not shown).

The interaction of (R/W)16 and (R/W)9 with actin was also
examined by NMR spectroscopy (Fig. 1B). Fig. 1, BI, presents
the signal of free G-actin (in red), free (R/W)9 (in blue), and free
(R/W)16 (in black). The G-actin spectrum is best described as a
large envelope of broad signals with a limited number of nar-
rower resonances possibly corresponding to more dynamic
regions of the protein and/or minor low molecular weight
impurities in the preparation. This broad spectrum is expected
for a 42-kDa folded protein. At the opposite, narrow lines and
weak spectral dispersion spectra are detected for (R/W)9 and
(R/W)16, which agree with small unfolded peptides without
G-actin. The signals around 10 ppm correspond to the chemi-
cal shift of side chain protons of tryptophan. We use it to follow
the behavior of the peptides in the presence of G-actin. No
resonances characteristic of the free peptide were detected at
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the early stages of the titration of a 50 uM G-actin solution with
(R/W)9 and (R/W)16 (Fig. 1, B2 and B3), whereas the 'H reso-
nances of G-actin progressively disappeared upon the addition
of up to 1 eq of one or the other peptide (Fig. 1, B2 for (R/W)16
and Fig. 1, B3 for (R/W)9). First, the disappearance of G-actin
resonances upon peptide addition indicates the formation of
large particles that can no longer be detected by liquid state
NMR. The simultaneous disappearance of the peptide reso-
nances confirmed a direct in vitro interaction of (R/W)16 and
(R/W)9 with G-actin. 'H resonances characteristic of the free
peptides and corresponding to a concentration of about 1 eq of
peptide arise upon the addition of the 6th and 3rd eq of
(R/W)16 and (R/W)9, respectively (Fig. 1, BI and B2). (R/W)9
thus exhibits a lower affinity and/or a lower interaction stoichi-
ometry than (R/W)16 for actin. Finally, the binding competi-
tion of (R/W)16 with T34, a known actin sequestering peptide,
was evaluated by NMR "H-'°N correlation spectra of '°N-la-
beled TB4. The large dispersion of amide resonances in the
bound form of '*N-labeled T34 is typical of a fully structured
protein, whereas at the opposite, the free-form spectrum dis-
plays poor dispersion, indicating an unfolded peptide. The '°N
and 'H resonances of T34 bound to G-actin were gradually
displaced toward the free form upon the addition of (R/W)16
(Fig. 1, C and D). Considering that the dissociation constant of
thymosin B4 for G-actin is around 0.76 um (19), the ability of
(R/W)16 to completely displace at a stoichiometry of 1:1:1 this
actin-binding protein from G-actin is wholly compatible with
the 0.4 uMm dissociation constant obtained from ITC measure-
ments. The cooperative global unbinding of thymosin 34 upon
titration by (R/W)16 indicates that the binding site of (R/W)16
covers a fraction of the extended binding site of thymosin 34
that is crucial for the binding of the whole protein, that
(R/W)16 modifies the structure of G-actin in such a way that it
disrupts the binding of thymosin 4, or that (R/W)16 favors
actin aggregation, thus impeding thymosin 84 binding. In any
case, the results clearly show a direct interaction between
(R/W)16 and G-actin.

(R/W)16 Speeds Up the Rate of Actin Polymerization—Fluo-
rescence assays with 10% pyrene-labeled actin (31) were used to
evaluate whether these peptides could directly affect actin po-
lymerization dynamics. Up to 10 um of the (R/W)9 and R9
peptides had no significant effect in these polymerization assays
(not shown), whereas (R/W)16 could speed up the rate of actin
polymerization (Fig. 2A). Indeed, the slope (Afluorescence/At),
determined at half-polymerization, was increased in a concen-
tration-dependent manner from 0.97 for actin alone to 2.5 in
the presence of 2 um (R/W)16. At 5 um (R/W)16, fluorescence
signal increase was abolished, and a stable plateau was observed
instead that corresponded to 14 = 2% (four independent exper-
iments) of the plateau reached by F-actin alone. The same
experiments were repeated in the presence of 0.1% (15 um) or
1% (150 wm) bovine serum albumin (Fig. 2B), a protein with an

acidic plI value similar to actin, to decipher how these effects
would be influenced by nonspecific conflicting interactions. At
substoichiometric concentrations, the peptide did not increase
the rate of actin polymerization in the presence of BSA,
although the same plateau was reached. Above stoichiometry,
at the opposite, reduced fluorescence intensity was always
observed with a plateau 2-fold above G-actin fluorescence. A
spin-down assay (Fig. 2C) was performed that demonstrates
that F-actin was also formed under these conditions and in
similar amounts when compared with actin alone and thus that
actin polymerization was not inhibited. Differences in pyrene
quenching are the molecular basis for the actin-pyrene poly-
merization assay. Indeed as G-actin structure is slightly modi-
fied in the polymer, pyrene is no longer exposed to quenching
by adjacent tryptophan or tyrosine amino acids in F-actin. It has
been shown that under heavy meromyosin binding, pyrene-
labeled F-actin exhibits fluorescence decrease to values inter-
mediate between those of G-actin and of F-actin alone (32). In
that study, it was assessed that the binding of meromyosin to
F-actin alters the local conformation of each protomer, making
it similar (but not identical) to that of G-actin. (R/W)16 could
influence in the same way pyrene fluorescence through binding
to lower affinity sites. This quenching would not be surprising
because it has been shown that pyrene could be quenched by
Trp or Arg (33, 34), the two amino acids that compose (R/W)16.
The fact that no similar quenching was observed when the pep-
tide was added to preformed F-actin observation could simply
indicate a slight conformational change of the protomer upon
F-actin formation in the presence of (R/W)16. Alternatively,
lower affinity binding sites (occupied above stoichiometry)
could lock the structure of G-actin in a conformation that does
not prevent actin polymerization but inhibits pyrene fluores-
cence by local environmental changes of the fluorophore in the
protomer.

The inhibited rate increase at substoichiometric peptide
concentrations, together with the fluorescence quenching at
higher concentrations, in the presence of BSA are only
apparently conflicting observations. (RW)16 binds (K, value
about 20 uM) competitively to BSA, which has a similar
acidic pI value as actin (5.5 versus 5.2, respectively). This
binding would make the peptide available at too low concen-
tration for influencing the polymerization kinetic. Neverthe-
less, the association/dissociation kinetics of the peptide to
BSA could still leave the peptide in excess available for the
fluorescence quenching or, alternatively, the filament
formed in the presence of an excess (RW)16 would simply,
because of the conformational variations of the protomer,
present a reduced fluorescence.

Cell Uptake and Cytotoxicity in 313 and EF Fibroblasts—Be-
cause (R/W)16, (R/W)9, and R9 had already been reported as
cell-penetrating peptides (25, 28, 35), we just examined with
(R/W)9 whether the internalization level was similar in 3T3 and

FIGURE 1. NMR and calorimetry analyses of the interaction of actin with (R/W)16 and (R/W)9. A, ITC of the interaction of actin with (R/W)16 (A7) or (R/W)9
(A2). B1, one-dimensional NMR spectrum of free G-actin, free (R/W)9, and (R/W)16; B2, one-dimensional NMR spectrum of G-actin with up to 6 eq of (R/W)16;
B3, one-dimensional NMR spectrum of G-actin with up to 5 eq of (R/W)9. The gray bar highlights the zone that is characteristic of protons of tryptophan side
chain. C7, NMR spectrum of free thymosin 34; C2, actin-thymosin 34 1:1 complex; C3 and (4, actin-thymosin 34 in the presence of (R/W)16 in a stoichiometry

1:1:0.6 (C3) or 1:1:1 (C4).
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FIGURE 2. Effect of (R/W)16 on actin-pyrene polymerization. A, pyrene-labeled and unlabeled actin mono-
mers (3 um) were mixed to obtain 10% pyrene-actin in G buffer. The reaction was started by the addition of 10X
KMEI (500 mm KCl, 10 mm MgCl,, 10 mm EGTA and 100 mm imidazole-HCl, pH 7). Kinetics of polymerization was
obtained by measurement of fluorescence signal increase related to actin-pyrene incorporation into actin
polymers (22). AU, arbitrary units. B, effect of BSA on (R/W)16 induced actin polymerization and fluorescence
signal. C, 10% SDS-PAGE following spin-down assay (75,000 rpm for 30 min) of actin incubated for 30 min with
5 um (R/W)16 in the presence of 0.1% BSA. G, G-actin; F, F-actin.

250,000 cells. This value dropped
down to 3 pmol (about 10 um/cell)
after 18 h, as reported (28).

The effect of the peptides on cell
viability or membrane integrity was
then measured. Only the (R/W)16
peptide was found toxic and to
affect the membrane integrity at
concentrations =20 um (supple-
mental Fig. S1, only cell viability is
shown).

(R/W)9, (R/W)16, and R9, but not
(D)R/W)9, Induce a Significant
Morphology Reversion of EF Cells
toward 3T3 Cell Shape—To get
insight into the effect of these pep-
tides in cells, these peptides were
tested in NIH-3T3 (3T3) and NIH-
3T3-EF (EF) fibroblasts (27). These
two cell lines differ markedly in
their actin organization (27). 3T3
fibroblasts have a star-flattened shape
due to an organized actin filament
network with thick stress fibers (Fig.
3). In these cells, zyxin is localized
at focal adhesions and cell-to-cell
contact points. On the other hand,
3T3 fibroblasts transformed with
the EWS-FLI1 oncoprotein exhibit
a complete disruption of their actin
cytoskeleton, retaining very few
stress fibers, focal adhesions, and
cell-to-cell contacts (Fig. 3). In addi-
tion, zyxin is expressed at very low
levels and remains diffusely distrib-
uted throughout the cytoplasm (27).
Actin is predominantly diffused in
the cytosol or bundled in lamellipo-
dia. In addition, EF cells are charac-
terized by a loss of cell-cell contacts,
a cell polarization, and an increase
in the cell motility. Finally, zyxin is
underexpressed in EF cells when
compared with 3T3 cells (27).

Peptides were incubated at 10
uM for 18 —24 h with EF cells before
fixation and labeling of actin (phal-
loidin-fluorescein isothiocyanate),
zyxin (monoclonal antibody, sec-
ondary antibody-TRITC), and the
nuclei (4',6-diamidino-2-phenylin-
dole) before epifluorescence micros-
copy analysis (Fig. 4). The experi-

EF cells as in CHO-K1 cells. Mass spectrometry-based quanti- ments were reproduced five times independently and always
fication assays (36) were done in parallel in the three cell lines. A gave the same results. (R/W)16, (R/W)9, and R9 could induce
similar intracellular quantity was measured in the three cell stress fiber reorganization in EF cells (Fig. 3), whereas their
lines (supplemental Fig. S1); about 10 pmol (about 40 um/cell)  potential effect in 3T3 cells was not visible (not shown). In addi-
of (R/W)9 were measured after a 75-min incubation with tion, cell-cell contacts were re-established in the presence of
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Nuclei

EF + 10 uM (R/W)16

EF + 10 uM R9

EF + 10 uM (R/W)9

EF + 10 uM (D)(R/W)9

FIGURE 3. Actin organization and zyxin localization in 3T3 and EF cells. Shown is fluorescence microscopy
(Nikon Eclipse TE2000-S, X60 PlanFluor) observation of actin (green) labeled with phalloidin-fluorescein iso-

thiocyanate. Red, zyxin with a mouse antibody and a secondary donkey anti-mouse IgG antibody conjugated
to TRITC. Blue, nuclei labeled with 4',6-diamidino-2-phenylindole. EF cells were incubated for 18-24 h with 10

um (R/W)16, (R/W)9, R9, and (D)(R/W)9.

these peptides in EF when compared with control 3T3 and EF
cells (Fig. 3). The effect of the enantiomeric form of (R/W)9,
containing all p-amino acids, was assayed in the same condi-
tions. Although internalized in cells (not shown) without
inducing cytotoxicity (supplemental Fig. S1), the b-amino acids
containing peptide had no effect on actin organization in 3T3
and EF cells (Fig. 3).

To define in a more quantitative manner the observation of
the peptide-induced stress fiber formation made by fluores-
cence microscopy, different classes of cells according to their
morphology were distinguished (Fig. 4). Cells resembling non-
tumoral ones, with a star-flattened shape, actin cytoskeleton
organized as stress fibers connected to the cell junctions, and

MARCH 5, 2010+VOLUME 285+-NUMBER 10

zyxin localization at focal adhesion
points, were classified as non-tu-
moral (N) cells. Cells with a rounded
shape, actin bundles in lamellipodia,
or diffuse actin and zyxin in the
cytosol were classified as tumoral
(T) cells. Remaining cells with an
undefined shape with few cell-cell
contacts, small stress fibers, and no
zyxin specific localization were dif-
ficult to grade and described as
undetermined (ND) cells.

The non-tumoral cells were the
major class for 3T3 cells, whereas
the tumoral class best defined the
EF cells (Fig. 4). After an 18 -24-h
incubation with 10 uM peptides,
the repartition of the cells between
the three classes was similar for
(R/W)16, (R/W)9, and R9 (Fig. 4).
When compared with the tumoral
class, the non-tumoral class became
major in the EF population incu-
bated with the peptides (Fig. 4).
About 35-40% of EF cells were
ranked in the undetermined class.
Similar results were obtained in the
presence of jasplakinolide, although
the undetermined class was much
less populated than for the cell-pen-
etrating peptides. Similar results
were also obtained after a 2-h incu-
bation instead of an 18-h incubation
of the EF cells with the peptides. By
contrast, the enantiomeric analogue
(all p-amino acids) of the (R/W)9
peptide did not have any visible
effect in these tumoral cells. Finally,
the effects of the peptides (10 um)
on actin organization in 3T3 cells
were not morphologically percepti-
ble (Fig. 4). Therefore, the three
peptides were effective (via a chiral
recognition) to induce actin stress
fibers, cell-cell contacts, and partial
zyxin relocalization at focal adhesion points in tumoral EF cells.

(R/W)16 Reduces the Cell Motility of EF Cells—An increased
motility associated with the absence of actin cytoskeleton orga-
nization and actin polymerization has been described for EF
cells (27). Therefore, we have studied the evolution of EF cell
motility in the presence of the most efficient peptide selected
from the previous tests, (R/W)16 (Fig. 5). Cell migration was
recorded for 18 h with a numerical camera (one image every 4
min), and cell movements were analyzed with MetaMorph soft-
ware. Parameters of motility were determined as the distance
(um), migration speed (wm/min) (Fig. 5A4), and random motil-
ity coefficient w (wm?>/min) (Fig. 5B) that reflect the ability of
the cell to migrate and colonize a new area (directional persis-

Zyxin
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FIGURE 4. Quantitative analysis of the morphological effects of the cell-
penetrating peptides on 3T3 and EF cells. In three independent experi-
ments, more than 500 3T3- (A) or (B) EF-labeled cells (actin, zyxin, and nucleus)
were randomly examined and classified according to morphological param-
eters (as described under “Results”) related to non-tumoral (N), tumoral (7),
and undetermined (ND) cells in the absence or in the presence of 10 um
(R/W)16, (R/W)9, R9, (D)(R/W)9, or 50 and 100 nm jasplakinolide. All conditions
were run in parallel. Error bars indicate S.D.

tence). (R/W)16 peptide had no effect on the distance traveled
by the cells (not shown). However, (R/W)16 peptide signifi-
cantly reduced the speed (Fig. 54) and the random motility
coefficient of EF cells (Fig. 5B) to values closer to control 3T3
cells.

(R/W)16, (R/W)9, and R9 Affect the Ability of EF Cells to Grow
with Anchorage Independence—Cells acquire anchorage-inde-
pendent growth property during the tumor transformation.
This property reflects the capacity of a cell to proliferate with-
out extracellular matrix signaling and can be evaluated by clone
formation in semisolid medium. EF malignant and 3T3 non-
transformed cells were seeded in culture medium supple-
mented with methylcellulose in the presence or absence of the
three peptides (R/W)9, (R/W)16, and R at different concentra-
tions. Peptides were freshly added every third day. After 4
weeks of growth, clones with a diameter larger than 120 um
were counted.

3T3 fibroblasts were unable to grow in semisolid medium,
whereas 206 clones of EF fibroblasts could be counted (Fig. 5C).
Clone numbers in the different assay conditions were normal-
ized relative to the number of EF cell clones. The percentage of
clones decreased by 30% in the presence of 20 um (R/W)16
peptide (Fig. 5C). (R/W)9 was more effective, and 10 um led to
a significant decrease in the number of clones (25%). An even
more pronounced effect was observed in the presence of 10 um
R9 peptide for which the clone number was reduced by 70%
(p <0.0001). Therefore, the three cell-penetrating peptides led

7718 JOURNAL OF BIOLOGICAL CHEMISTRY

to reduction of anchorage-independent growth capacity but
with a different rank of efficiency, R9 >=> (R/W)9 > (R/W)16.

(R/W)16 Reduces the Migration of EF Cells—The effect of
(R/W)16 was also examined in the wound healing assay. As
shown (Fig. 5D), 10 um (R/W)16 reduced the closure of the
wound by EF cells, whereas penetratin(RQIKIWFQNRRMK-
WKK), a basic cell-penetrating peptide with the same number
of amino acids, could not.

DISCUSSION

Calorimetry assays show that (R/W)16, (R/W)9, and R9
interact directly with G-actin. The affinities of (R/W)16 and
(R/W)9 for G-actin were 0.4 and ~10 uM (and =10 uM for R9),
respectively. A higher apparent affinity and/or higher stoichi-
ometry of (R/W)16 when compared with (R/W)9 was also
established from NMR experiments. The reappearance of the
signals of (R/W)16 only in samples containing a peptide/actin
ratio higher than 6/1 favored a stoichiometry of about five
(R/W)16 peptides per actin monomer. NMR data indicate that
the peptides (R/W)16 and (R/W)9 also induced either actin
oligomerization or aggregation.

The data obtained from a pure actin polymerization assay
further support this observation. (R/W)16 increased up to 2.5-
fold the rate of actin-pyrene polymerization in a concentration-
dependent manner. Above stoichiometric conditions (0.7
excess of (R/W)16), the fluorescence signal stayed at a plateau
with a fluorescence intensity about twice the intensity observed
with G-actin. This phenomenon could have two origins. First, it
could result from the fluorescence quenching of the actin pro-
tomers in the filament by the excess of (R/W)16. Alternatively,
the protomers in the F-actin formed in the presence of an
excess of peptide could present a slight conformational modi-
fication, allowing the fluorescence quenching.

The fact that BSA, with a similar acidic pI value as actin
(5.5 versus 5.2, respectively), shown to bind (RW)16 with a
dissociation constant around 20 um by ITC measurements
(not shown), did reverse the increase of the polymerization rate
could be simply due to a reduced concentration of the available
peptide. That the fluorescence intensity is at a plateau in excess
of peptide could result from competitive binding of the peptide
to BSA and polymerizing actin or merely to a global pyrene
quenching of actin polymerizing in the presence of excess pep-
tide. Altogether, it demonstrates that the effect of (RW)16 is
partially maintained in the presence of binding to other pro-
teins, a situation likely to occur in cells. In this assay, at the
opposite, (R/W)9 and R9 did not affect actin polymerization,
which might be related to the maximal concentration used (10
M) similar to or below their respective affinity for actin.

Preliminary cross-linking data (not shown) and the unbind-
ing of T4 by (R/W)16, as followed by NMR, further support
the hypothesis of a direct interaction with actin and provide
some indication of the localization of the interaction site(s).
The three peptides were cross-linked to the same actin frag-
ment (Cys®*”-Asp-Ileu-Asp-lleu-Arg**?) in subdomain 3 of
monomeric actin (barbed end side). This fragment is located on
a solvent-exposed loop according to the crystallographic model
of Kabsch et al. (37). In addition, (R/W)16 was able to compete
with the actin-binding protein, thymosin 34, at a stoichiometry
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FIGURE 5. Effect of the cell-penetrating peptides on motility, anchorage-independent growth, and migration of EF cells. A and B, effect of (R/W)16 on cell
speed (A) and random motility coefficient (B) of EF cells. C, effect of (R/W)16, (R/W)9, and R9 on the capacity of EF cells to grow with anchorage independence.
Error bars indicate S.D. D, effect of (R/W)16 and of another cell-penetrating peptide with the same number of amino acids, penetratin, in the wound-healing

assay.

of 1:1:1. Thymosin 84 makes extensive interactions with G-ac-
tin, in particular with the N terminus residues forming an «
helix buried in the hydrophobic cleft located between subdo-
mains 1 and 3 in actin, a region where Cys-374 (bearing the
pyrenyl moiety) is also located. One hypothesis for this phe-

“BSEME\
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nomenon could be a competitive binding, possibly at this site,
an attractive hypothesis in view of the potential of (R/W)16 to
fold in a amphipathic helix. In addition, (R/W)16, (R/W)9, and
R9 were shown to partially reverse the tumoral phenotype of
malignant EF cells (induction of stress fibers and cell-cell-con-
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tacts but only partial relocalization of zyxin at focal adhesion
cell points).

Indeed, in these malignant cells, in the presence of (R/W)16,
(R/W)9, and R9, stress fibers and cell-cell contacts could be
observed by fluorescence microscopy, whereas these peptides
did not have any visible effects on control 3T3 cells. These mor-
phological effects of the cell-penetrating peptides were similar
to those observed with jasplakinolide, a molecule well known to
induce actin polymerization. This capacity to reorganize actin
could also affect the motility of EF cells (migration speed, ran-
dom motility coefficient, wound healing repair), as demon-
strated with (R/W)16. Furthermore, the ability of malignant EF
cells to grow in anchorage independence was also reduced in
the presence of the three cell-penetrating peptides. However,
the peptides might also interact with other proteins, and actin
dynamics are finely regulated by actin-binding proteins in cells.
Therefore, it is not surprising that the affinity of the peptides for
actin in vitro and their efficiency on actin dynamics in cells were
different. Taking together the high internalization efficiency,
the long-lasting (24 —48 h) morphological effects of the pep-
tides in cells, and the inactivity of the p-amino acid (R/W)9
analogue (which also internalizes efficiently), these peptides
likely exert these effects on intracellular actin and not through
recognition of extracellular membrane components such as
glycosaminoglycans or integrins that are coupled to intracellu-
lar signaling that control actin organization (38 —42).

The deficiency of actin organization in stress fibers in EF cells
was previously related to underexpression and delocalization of
zyxin (27). In addition, it has been reported with zyxin-null
fibroblasts that, in addition to actin remodeling deficit, vasodi-
lator-stimulated phosphoprotein (VASP) was mislocalized
(43). Finally, it has been established that actin polymerization
at focal adhesions strongly depends on mechanical forces in
which zyxin is particularly involved (44). Therefore, the effect
of the peptides described herein might also be to replace and/or
recruit the zyxin-VASP complex required to anchor actin fila-
ments to the cell membrane. Thus, once internalized, the pep-
tides bound to the internal membrane leaflet could recruit and
induce actin filament formation. Finally, preliminary in vivo
assays (not shown) in mice with xenografted tumors show the
capacity of (R/W)16 to reduce significantly the tumor growth.

Altogether, the data reported herein shed new light on cell-
penetrating peptides, which are potentially biologically active
peptides interacting with extracellular (45) or intracellular (this
study) protein targets. Therefore, these cell-penetrating pep-
tides might have very interesting biological activities that
deserve to be fully studied.
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