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Potential Peptide Carriers: Amphipathic Proline-
Rich Peptides Derived from the N-Terminal
Domain of y-Zein**

Jimena Ferndndez-Carneado, Marcelo J. Kogan,
Susanna Castel, and Ernest Giralt*

The ability of certain peptides to cross eukaryotic cell
membranes is clearly of interest in the drug delivery field.
In recent years, this interest has led to the rapid development
of peptide carriers for the delivery of antitumoral, antiviral, or
antibiotic drugs, which otherwise would be unable to cross the
cell membrane and reach their therapeutic target. Additional
advantages of the use of peptide carriers include their low
toxicity, accessible synthesis, and high flexibility for modifi-
cation when attaching peptides or small-molecule drugs as
cargoes.!'! The ability of a wide variety of short peptides to act
as carriers® for the delivery of peptides,® proteins® or
oligonucleotideslsl inside the cell has been demonstrated,
while recent studies have identified peptide vectors including:
human calcitonin (hCT)," fragments of protein-transduction
domains (VP22, Tat,”™ or Antp!™), arginine-rich peptides,'”
B-peptides,! peptoids,'? and loligomers."* Although little is
known about the mechanism that operates in a translocation
process of this nature, the amphipathicity of the carriers,
which determines self-assembly, appears to be crucial for the
interaction of the molecules with receptors (molecular
recognition) or with highly amphipathic environments.!!
The ability of proline-rich antibiotics to cross the cell
membrane has also been demonstrated!" and recently we
reported the surprising result that a peptide containing only
proline residues (Py,) crossed the cell membrane, albeit with
low efficiency."® Polyprolines adopt a well defined secondary
structure, polyproline II (PPII), in pure water but unlike the
o-helix, PPII is left-handed with 3.0 residues per turn. The
rules for transforming a PPII helix into an amphipathic helix
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are easily predicted. As we have demonstrated elsewhere,
50% of the proline content in the sequence is sufficient to
maintain the PPII structure.'”] Thus, it is possible to alternate
helix turns formed by three P residues with amphipathic helix
turns formed by polar residues X in positions i+ 1, i+7, i+
13... and hydrophobic residues Z in positions i/i + 2, i + 6/i +
8, i+12/i+14... in sequences (ZXZPPP),, (P=proline
residue; Figure 1a, b). Such structures appear in natural
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Figure 1. a) Schematic representation of a polyproline helix (PPII),

b) the amphipathic Pro-rich helix generated after exchange of Pro resi-
dues at the i4+1, i+7, i4+13 positions by polar residues (blue) and the
ifi+2,i+6/i+8, i+12/i+14 positions by hydrophobic residues (yel-
low), c) water accessible surface of (VRLPPP); modeled adopting a
PPII conformation using the Connolly algorithm implemented in
Insight 11v.98. The hydrophobic residues (Val and Leu) are yellow, polar
protonated Arg are blue, and neutral Pro residues pink, d) model pro-
posed for the interaction between the hydrophilic Arg residues (repre-
sented as the blue region in the circular head, the yellow region repre-
sents the hydrophobic residues of the peptide) and the polar heads of
the phospholipids located in outer part of the cell membrane (the fatty
diacylglycerol chain is schematically represented as a long alkyl chain).

protein domains as the N-terminal repetitive domain
(VHLPPP), (where n=_8) of maize y-zein. This and related
peptides interact with membranes and do not present anti-
biotic effects.!”:1¢!

Herein, we present the synthesis of amphipathic peptides
(VXLPPP), (with n =1-3 and X =His (H), Arg (R), Lys (K);
Figure 1c¢) and examine their ability to cross cell membranes.
Val (V) and Leu (L) were chosen by analogy with the
aforementioned y-zein domain. To favor the interaction
with phosphate diester anionic polar heads, the X residues
have lateral cationic chains (or partially cationic as His;
Figure 1d). The interface between a cell membrane and its
aqueous extracellular environment is an amphipathic ambi-
ent. We aimed to determine whether the transformation of a
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polyproline helix into an amphipathic Pro-rich sequence
would generate a new family of peptide shuttles.

The synthesis of (VXLPPP), and P,,, where n=1, 2, and 3
and m=6, 12, and 18, was performed by solid-phase peptide
synthesis on a 2-chlorotrityl resin.'” The choice of this
support was particularly appropriate as it completely avoided
the PP diketopiperazine side reaction. 5(6)-carboxyfluores-
cein (CF) was used for the synthesis of the fluorescent labeled
peptides required in the cell uptake studies. A new optimized
method for the incorporation of the fluorescent label has been
achieved with the combined used of PYyAOP and HOAt (see
Figure 2).2
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Figure 2. Scheme of synthesis and carboxyfluoresceination reaction on
solid support (Resin=2-chlorotrityl resin); a) 5(6)-carboxyfluorescein
(5 equiv), PyAOP (5 equiv), HOAt (5 equiv), DIEA (10 equiv), DMF,
90 min, RT, b) 95% TFA, 2.5% TIS, 2.5% water (15-90 min).

PyAOP = 7-azabenzotriazol-1-yloxytris (pyrrolidino) phosphonium hexa-
fluorophosphate, HOAt = 1-hydroxy-7-azabenzotriazole, DIEA= N,N-
diisopropylethylamine, TFA =trifluoroacetic acid, TIS =triisopropyl-
silane.

Once these series of labeled peptides had been synthe-
sized, their comparative properties for translocation through
the cell membrane were checked with HeLa human cell line.
First, the extent of the uptake of the monomers, dimers, and
trimers at 50-um concentration in HeLa cells was quantified
using a fluorescence microplate reader assay. After incubating
the peptides with the cells for 1-3 h, washing in phosphate
buffer saline (PBS) and the addition of a lysis buffer
containing 0.1 % Triton, the fluorescence emitted was mea-
sured in the microplate reader (see Supporting Information).
As shown in Figure 3 a, cells incubated with CF-(VRLPPP);
presented the highest fluorescence intensity. This result could
be attributed to the ability of guanidinium groups to interact
strongly with bidentate anions,*!! present here in the form of
phosphate diester in the outer part of the cell membranes
(Figure 1d) and, it is in agreement with several reported
examples.”?! A dose-response analysis was then undertaken,
by incubating HeLa cells with the peptides at different
concentrations. Again, the nature of the hydrophilic residues
and, specifically, the length of the peptide were shown to have
a pronounced effect on uptake (Figure 3b).

The cellular uptake of the new amphipathic Pro-rich
peptides was also studied by confocal laser scanning micro-
scopy (CLSM). HeLa cells were incubated for 3 h with each
carboxyfluoresceinated peptide (50 um). After washing with
PBS, the cells were fixed with paraformaldehyde, and
analyzed by confocal microscopy. As revealed by confocal
microscopy images, an intracellular vesicular distribution of

Angew. Chem. 2004, 116, 1847 -1850


http://www.angewandte.de

BOO
700
600
500
400
300
200
100

a)

T

Fluorescence
emission
{FU

Angewandte

b) 400
350
300
250
200
150
100

50

T

Fluorescence
emission
{FU

_L....Lrt_-

CF- {'l.n'HLPF‘P]S CF- [VRLPPP]S CF-(VKLPPP)3

Figure 3. a) Fluorescence emitted after incubating Hela cells for 3 h with CF-
(VXLPPP), with X=Arg, Lys, His and n=1-3 at 50 um concentration, b) compa-
rative representation of fluorescent emission obtained after incubation of Hela

cell line for 1 h at 37°C with several carboxyfluoresceinated peptides at
concentrations ranging from 5 um to 50 pm.

the fluorescent peptides was found after recording optical
sections that allowed the 3D cell reconstruction (Figure 4 a).
The carboxyfluoresceinated peptides were located inside the
cells and were not attached to the cell membrane. In addition,
we examined the influence of the fixation step with a 3%
paraformaldehyde solution, since recent papers have shown
that the fixation step prior to observation by microscopy leads
to the presence of artifacts on entry® or, otherwise changes
the localization of the carrier molecule.” As shown in
Figure 4b, a punctate cytoplasmic distribution outside the
nucleus was observed in vivo and in fixed cells. We conclude
that fixation with paraformaldehyde does not influence entry
in HeLa cells and nor does it modify the localization of these
carrier peptides.

Finally, cell viability assays with (3-4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) were performed to check
the toxicity of the amphiphilic Pro-rich peptides. The most
promising peptide CF-(VRLPPP); was noncytotoxic after
incubation for 24 h with HeLa cells in concentrations up to
1000 pm, which highlights its potential as a carrier (see
Supporting Information). Comparative cytotoxic studies of
other well established cell-penetrating peptides have been
carried out. Thus, as already discussed in the literature CF-Tat
or CF-Antp were cytotoxic at relatively low concentrations.”
In our hands, at the concentration used for the internalization
studies, that is, 50 um, CF-Tat reduced the cell viability to
64 % and CF-Antp to 75 % (see Supporting Information). The
viability of HeLa cells was dramatically reduced in the
presence of CF-Tat or CF-Antp at higher concentrations (e.g.

Angew. Chem. 2004, 116, 1847 -1850

www.angewandte.de

| ..

Figure 4. a) CLSM images of Hela cells incubated for 3 h at 37°C with
50 um CF as negative control (CF) and CF-(VXLPPP); where X=Arg,
Lys, His; Image R=CF-(VRLPPP);-OH, H=CF-(VHLPPP);-OH, K=CF-
(VKLPPP);-OH; b) Hela cells were incubated with CF-(VRLPPP); at

20 um concentration for 3 h at 37°C in 5% CO, atmosphere. Cells
were washed with PBS and directly visualized (left) or fixed with para-
formaldehyde (right) before observation by fluorescence microscopy.
Scale bar=10 um.

different

to 40 and 11%, respectively, at 500 um concentration).
Measured against CF-Tat or CF-Antp, the degree of internal-
ization of CF-(VRLPPP); was found to be, respectively, 15- or
20-times lower, however, CF-(VRLPPP); showed the absence
of cytotoxicity.

In conclusion, (VXLPPP), is a new family of peptides that
can translocate human cell membranes. Compared with other
carrier peptides, this new family presents several advantages
including its nonviral origin, amphipathic character, solubility
in water, and the absence of a cytotoxic effect at high
concentrations. In terms of their synthesis, we report a new
and efficient method for labeling resin-bound peptides with
5(6)-carboxyfluorescein marker. We are currently undertak-
ing studies to gain further insight into the translocation
process of Pro-rich amphipathic peptides as well as their use
in the delivery of plasmid DNA.

Received: August 1, 2003
Revised: December 1, 2003 [Z52540]

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1849


http://www.angewandte.de

Zuschriften

1850

Keywords: amphipathicity - drug delivery - fluorescent probes -
peptides - solid-phase synthesis

[1] L. Chaloin, P. Bigey, C. Loup, M. Marin, N. Galeotti, M.
Piechaczyk, F. Heitz, B. Meunier, Bioconjugate Chem. 2001, 12,
691 -700.

[2] P. M. Fischer, E. Krausz, D. P. Lane, Bioconjugate Chem. 2001,
12, 825-841.

[3] B.R. Kelemen, K. Hsiao, S. A. Goueli, J. Biol. Chem. 2002, 277,
8741-8748.

[4] a) Z. Machova, C. Miihle, U. Krauss, R. Tréhin, A. Koch, H. P.

Merkle, A. G. Beck-Sickinger, ChemBioChem 2002, 3, 672677,

b) S. R. Schwarze, A. Ho, A. Vocero-Akbani, S.F. Dowdy,

Science 1999, 285,1569-1572; ¢) S. Futaki, T. Suzuki, W. Ohashi,

T. Yagami, S. Tanaka, K. Ueda, Y. Sugiura, J. Biol. Chem. 2001,

276, 5836-5840; d) M. C. Morris, J. Depollier, J. Mery, F. Heitz,

G. Divita, Nat. Biotechnol. 2001, 19, 1173-1176.

a) K. Braun, P. Peschke, R. Pipkorn, S. Lampel, M. Wachsmuth,

W. Waldeck, E. Friedrich, J. Debus, J. Mol. Biol. 2002, 318, 237 -

243; b) L. Good, S. K. Awasthi, R. Dryselius, O. Larsson, P. E.

Nielsen, Nat. Biotechnol. 2001, 19, 360-364; c) A. Astriab-

Fisher, D. Sergueev, M. Fisher, B. R. Shaw, R. L. Juliano, Pharm.

Res. 2002, 19, 744 -753.

[6] M. C. Schmidt, B. Rothen-Rutishauser, B. Rist, A. Beck-
Sickinger, H. Wunderli-Allenspach, W. Rubas, W. Sadée, H. P.
Merkle, Biochemistry 1998, 37, 16582 —-16590.

[7] S. R. Schwarze, K. A. Kruska, S.F. Dowdy, Trends Cell Biol.
2000, 70, 290-295.

[8] M. Silhol, M. Tyagi, M. Giacca, B. Lebleu, E. Vives, Eur. J.
Biochem. 2002, 269, 494 -501.

[9] D.J. Dunican, P. Doherty, Biopolymers 2001, 60, 45— 60.

[10] J. B. Rothbard, E. Kreider, C. L. VanDeusen, L. Wright, B. L.
Wylie, P. A. Wender, J. Med. Chem. 2002, 45, 3612 -3618.

[11] a) N. Umezawa, M. A. Gelman, M. C. Haigis, R. T. Raines, S. H.
Gellman, J. Am. Chem. Soc. 2002, 124,368 -369; b) M. Rueping,
Y. Mahajan, M. Sauer, D. Seebach, ChemBioChem. 2002, 3,257 —
259.

[12] a)J. E. Murphy, T. Uno, J. D. Hamer, F. E. Cohen, V. Dwarki,
R. N. Zuckermann, Proc. Natl. Acad. Sci. USA 1998, 95, 1517 -
1522; b) P. A. Wender, D.J. Mitchell, K. Pattabiraman, E.T.
Pelkey, L. Steinman, J. B. Rothbard, Proc. Natl. Acad. Sci. USA
2000, 97, 13003 -13008.

[13] R. D.Brokx, S. K. Bisland, J. Gariépy, J. Controlled Release 2002,
78, 115-123.

[14] M. J. Kogan, I. Dalcol, P. Gorostiza, C. Lopez-Iglesias, M. Pons,
F. Sanz, D. Ludevid, E. Giralt, J. Mol. Biol. 2001, 312, 907-913.

[15] a) G. Kragol, S. Lovas, G. Varadi, B. A. Condie, R. Hoffmann, L.
Otvos, Jr., Biochemistry 2001, 40, 3016—3026; b) K. Sadler,
K.D. Eom, J.-L. Yang, Y. Dimitrova, J. P. Tam, Biochemistry,
2002, 41, 14150-14157.

[16] L. Crespo, G. Sanclimens, B. Montaner, R. Pérez-Tomds, M.
Royo, M. Pons, F. Albericio, E. Giralt, J. Am. Chem. Soc. 2002,
124, 8876 —8883.

[17] M. J. Kogan, I. Dalcol, P. Gorostiza, C. Lépez-Iglesias, R. Pons,
M. Pons, F. Sanz, E. Giralt, Biophys. J. 2002, 83, 2, 1194 -1204.

[18] M.J. Kogan, O. Loépez, M. Cocera, C. Lépez-Iglesias, A.
De la Maza, E. Giralt, Biopolymers 2004, in press.

[19] The peptides were synthesized by solid-phase peptide synthesis
following the 9-fluorenyl methoxy carbonyl/tert-butyl (Fmoc/
Bu) strategy.

[20] 5(6)-carboxyfluorescein (5 equiv), PyAOP (5equiv), HOAt
(5equiv) and DIEA (10 equiv) in DMF were dissolved in
DMF/CH,Cl, 9/1 and preactivated for 10 min, then added to the
peptidyl-resin and stirred for 1 h 30 min; see Figure 2.

[21] J. Sanchez-Quesada, C. Seel, P. Prados, J. de Mendoza, 1. Dalcol,
E. Giralt, J. Am. Chem. Soc. 1996, 118, 277-278.

[5

—_

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

[22] D.J. Mitchell, D. T. Kim, L. Steinman, G. G. Fathman, J. B.
Rothbard, J. Pept. Res. 2000, 56, 318 -325.

[23] M. Lundberg, M. Johansson, Biochem. Biophys. J., 2002, 367 —
371.

[24] J. P. Richard, K. Melikov, E. Vives, C. Ramos, B. Verbeure, M. J.
Gait, L. V. Chernomordik, B. Lebleu, J. Biol. Chem. 2003, 278,
585-590.

[25] M. Pooga, A. Elmquist, U. Langel in Cell-penetrating peptides,
Processes and applications (Eds.: U. Langel), CRC, Boca Raton,
FL, 2002, chap. 11, pp. 245-261.

Angew. Chem. 2004, 116, 1847 -1850


http://www.angewandte.de

