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a b s t r a c t

Using the membrane-modifying peptide, trichorovin-XIIa (TV-XIIa), which is an 11-residual peptaibol
isolated from the fungus Trichoderma viride, we synthesized covalent conjugates of 20-mer oligonucleo-
tide with TV-XIIa to examine the potential use of TV-XIIa in cellular delivery. The results indicated that
the conjugates were progressively taken up by human lung carcinoma A549 cells. Next, the antisense
effects of the conjugates on p53 protein expression were examined. The p53 expression was significantly
decreased by ca. 20–50% in the presence of the conjugates upon treatment with the transfection solution
at the concentration of 5 lM.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Antisense oligonucleotides (A-ODNs), short-interfering RNAs
(siRNAs), antigenes, aptamers, and ribozymes are typically used
for the regulation of gene expression.1 These ODN-based therapeu-
tics have shown promise for the treatment of a variety of diseases,
such as cancer, viral infection, and genetic disorder. For ODNs to
achieve highly efficient gene expression regulating effects, it is re-
quired that they diffuse across the plasma membrane at first. How-
ever, ODNs are large charged polar molecules that typically exhibit
poor membrane permeabilization because of the hydrophobic
membrane barrier, and are therefore inefficiently taken up by cells.
Various vehicles have been developed to this end, including cat-
ionic lipoplexes,2 cell-penetrating peptides (CPPs),3 and polymers.4

However, although numerous studies have been performed, no
perfect vehicle has been developed for clinical use so far. It is vital
to develop a new type of vehicle and new methodology for ODN-
based therapeutics.

Peptaibols are a class of linear peptides produced by fungi,5 and
more than 400 reports of peptaibols have been published to date.
They exhibit a broad range of bioactivities, such as the induction
of characteristic voltage-dependent ion conduction in lipid bilayer
membranes, the enhancement of catecholamine release from
adrenal chromaffin cells, and the inhibition of amoeba cell
ll rights reserved.

: +81 72 690 1005.
multiplication.6 All of those activities are related to their mem-
brane-modifying properties. Trichorovin-XIIa (TV-XIIa), which be-
longs to a class of peptaibols, was isolated from the fungus
Trichoderma viride, and its amino acid sequence is Ac-U-N-I-I-U-
P-L-L-U-P-Iol (Ac: acetyl; U: a-aminoisobutyric acid; Iol: isoleucin-
ol).7 TV-XIIa can also form voltage-dependent ion channels in pla-
nar lipid bilayer membranes.8 We have reported that the
fluorescein-labeled TV-XIIa derivative permeates living cell plasma
membrane via a non-endocytic pathway.9 Then, utilizing the mem-
brane-modifying property of 11-residual peptaibol, we explored
the possibility of developing a useful vehicle for the delivery of
ODNs. We considered two strategies, complexation and conjuga-
tion, for the delivery of ODNs by TV-XIIa. In the former strategy,
complexes were formed between a cationic TV-XIIa derivative,
which was TV-XIIa linked to a 10-mer of lysine, and ODN via elec-
trostatic interaction, and this was followed by the treatment of
cells with the formed complexes. Unfortunately, the complexes
could not deliver 20-mer ODNs into human lung carcinoma A549
cells10 and showed cytotoxicity when the concentration of the
TV-XIIa derivative was increased (unpublished data). Thus, we
examined the latter strategy: conjugation. In this strategy, TV-XIIa
is covalently conjugated to ODNs through linkers and the conju-
gates interact with the plasma membrane. The entry of ODNs into
cells is promoted by the membrane-modifying property of TV-XIIa.
As the first step of our investigation of new peptaibol vehicles, we
have firstly chosen a single-stranded A-ODN that has the lowest
molecular weight among the ODNs described above, as cargo.1
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Figure 2. Confocal microscopy images of A549 cells. Fluorescence images and
images from transmitted light (differential interference constant) were overlaid for
all the images. The cells were treated with oligonucleotide alone (a and c) and
conjugate 1 (b and d) at the concentration of 1.0 lM at 37 �C for 2 h (a and b) and
24 h (c and d).
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2. Results and discussion

2.1. Synthesis of conjugates

The chemical structures of the conjugates are shown in Figure 1.
TV-XIIa with cysteine amide linked to the C-terminus, which has a
reactive thiol group, was prepared by Fmoc-based solid-phase
synthesis on Rink amide resin; this method was the same as that
previously reported.10 The ODN used is a 20-mer A-ODN comple-
mentary to positions 1071–1090 of exon 10 of the p53 gene (50-C
CCTGCTCCCCCCTGGCTCC-30), and the control ODN is 50-GGAGCC
AGGGGGGAGCAGGG-30.11 Both ODNs are fully phosphorothioated
in their backbones. The conjugates were synthesized by forming
two different linkages: one is a thioether bond (conjugates 1–3)
that is stable within cells, and the other is a disulfide linkage (con-
jugate 4) that is easily reduced within cells to release ODN to cyto-
sol.12 The maleimide-activated and the 2-pyridylthio-activated
ODNs were reacted with an excess of peptide harboring a Cys resi-
due to give peptide-ODN conjugates 1–4 in good yields. 30-Fluores-
cein-labeled conjugate 1 was also synthesized to monitor the
internalization of the conjugates by fluorescence analyses.

2.2. Cellular uptakes into cells

The uptake of fluorescein-labeled conjugate 1 by A549 cells was
studied by confocal laser-scanning microscopy (CLSM) and fluores-
cence spectroscopy. In the CLSM experiments, when cell cultures
were treated with conjugate 1 and fluorescein-labeled 20-mer
ODN alone at concentrations of 1.0–4.0 lM at 37 �C for 2–24 h,
conjugate 1 efficiently traversed A549 cell membrane and diffused
into the cytoplasm, whereas, as expected, ODN alone was poorly
taken up by the cells (Fig. 2). The intensity of the green fluores-
cence appeared to increase in proportion to the conjugate concen-
tration and the incubation time, indicating a dose- and time-
dependent uptake. To estimate the amount of conjugate 1 taken
up in terms of fluorescence intensity, fluorescence analyses of
the cell lysates were conducted. Cells were incubated with either
conjugate 1 or 20-mer ODN alone at the concentration of 1.0 lM
for 2, 4, 8, and 24 h (Fig. 3). Cells treated with ODN alone at the
concentration of 1.0 lM showed very low fluorescence intensities
over time (�24 h). In contrast, cells treated with conjugate 1 for
2, 8, and 24 h showed fluorescence intensity increase by approxi-
mately 4-, 7-, and 14-fold relative to the fluorescence intensity of
cells treated with ODN alone, respectively. The large increase in
conjugate peptide a 
1 Ac-UNIIUPLLUPIC-NH2

2 Ac-UNIIUPLLUPIC-NH2

3 Ac-UNIIUPLLUPIC-NH2

4 Ac-UNIIUPLLUPIC-NH2

Figure 1. Chemical structures of conjugates. aOne-letter codes are used (Ac: acetyl; U: a
form the conjugates. bFl: fluorescein. cThe oligonucleotide is an antisense phosphorothi
gene. dThe oligonucleotide is the sense phosphorothioate oligonucleotide and is used as
the fluorescence intensity over time (�24 h) indicated the contin-
uous cellular uptake of conjugate 1. Thus, we expected that the
conjugate could induce gene expression in the cytosol.

2.3. Antisense effects

Next, the antisense effects of conjugates 2 and 4 on p53 protein
expression were examined. Serum-free reaction solutions contain-
ing conjugates 2 and 4 at concentrations of 1 and 5 lM were incu-
bated with A549 cells for 8 h at 37 �C, followed by additional
culture in a serum-containing medium for 24 h. p53 protein expres-
sion in A549 cells was measured by Western blot analysis, as shown
in Figure 4. Both conjugates 2 and 4 had no influence on p53 protein
expression when they were incubated at the concentration of 1 lM.
oligonucleotide (5’ 3’)
CCCTGCTCCCCCCTGGCTCC-Fl b, c

CCCTGCTCCCCCCTGGCTCC c

GGAGCCAGGGGGGAGCAGGG d

CCCTGCTCCCCCCTGGCTCC c

-aminoisobutyric acid). C-terminal cysteine amide was linked to oligonucleotide to
oate oligonucleotide complementary to positions 1071–1090 of exon 10 of the p53

control.
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Figure 5. Effects of conjugate 1, 2, and 4 on lactate dehydrogenase (LDH) release in
A549 cells. The cells were treated with conjugates 1, 2, and 4 at the concentration of
5.0 lM at 37 �C for 2 h (white) and 24 h (black).
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Figure 3. Uptake of conjugate 1 by A549 cells. A549 cells were incubated with
conjugate 1 (N) and 20-mer ODN alone (�) at 37 �C for different incubation times.

p53 

ββ-actin 

1 2 3 4 5 6 7 8 

Figure 4. Western blot analysis of the effects of conjugates 2, 3, and 4 on p53
protein expression in A549 cells. lanes 1, 4, and 7, no treatment; lanes 2 and 3, 1 lM
conjugates 2 and 4, respectively; lanes 5, 6, and 8, 5 lM conjugates 2, 4, and 3,
respectively.
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However, at the concentration of 5 lM, conjugate 2 showed signif-
icant suppression of p53 protein expression whereas conjugate 4
showed slight suppression compared to control conjugate 3. To
quantify knockdown efficiency, the relative amount of p53 was
compared to that of the control protein, b-actin. Whereas all control
experiments produced relatively constant ratios between p53 and
b-actin, p53 expression was significantly decreased by 50% in the
presence of conjugate 2 and 20% in the presence of conjugate 4 upon
treatment with the transfection solution at the concentration of
5 lM. The effect of conjugate 2 was stronger than that of conjugate
4. In addition, cytotoxicity was monitored by measuring the release
of lactate dehydrogenase (LDH), a cytoplasmic enzyme (Fig. 5), that
was treated with the conjugates 1, 2, and 4 at the concentration of
5 lM for 2 h and 24 h, and the results supported the non-toxic A-
ODN delivery by TV-XIIa.

3. Conclusions

In conclusion, we have demonstrated that covalent conjugates of
A-ODN with TV-XIIa could be taken up by A549 cells to suppress p53
protein expression without any noticeable toxic effects, supporting
the idea that TV-XIIa is a promising carrier for ODN delivery. Further
studies, including cell entry mechanism and cell type dependence,
are required to optimize delivery. To our knowledge, this is the first
report of the possibility of using peptaibol for the delivery of ODN
into cancer cells where the conjugate exerts its antisense effect.

4. Experimental

4.1. General

The oligonucleotides (ODNs) used are 20-mer antisense all
phosphorothioate ODNs complementary to positions 1071–1090
of exon 10 of the p53 gene (50-CCCTGCTCCCCCCTGGCTCC-30), and
the sense phosphorothioate ODN is 50-GGAGCCAGGGGGGAG-
CAGGG-30 as control. The 30-amino- or 30-thiol-modified ODN and
the 50-amino-modified and 30-fluorescein-labeled ODN were
synthesized by Japan Bio Services Co., Ltd, Saitama, Japan or Sig-
ma–Aldrich, Hokkaido, Japan. HPLC: Waters Delta-600 or Shima-
dzu LC-6A apparatus equipped with a COSMOSIL 5C18 PAQ
column [Nacalai Tesque Co., Ltd]. MALDI-TOF MS: Applied Biosys-
tems Voyager-DE STR; in m/z; matrix: solution A: solution B = 1:1
(v/v). Solution A: saturated 20,60-dihydroxyacetophenone in 50%
aqueous methanol, and solution B: saturated diammonium hydro-
gen citrate in 50% aqueous methanol.

4.2. Synthesis of conjugates 1–3

The same procedure was used for the synthesis of conjugates 1–
3. A solution of N-6-maleimidocaproyloxysuccinimide (EMCS)
(1.1 mg, 3.5 lmol) in acetonitrile was added to a solution of 50-ami-
no-modified ODN (6.83 OD, 44.3 nmol) in 0.1 M phosphate buffer
(pH 8.0), and the reaction mixture was left to stand for 2 h at
30 �C. To remove excess EMCS, the reaction mixture was passed
through a reversed-phase C18 cartridge (Sep-pak C18 light car-
tridge, Waters) to give maleimido-activated ODN (6.26 OD,
40.7 nmol, 91.7%). A solution of TV-XIIa harboring a Cys residue
(0.53 mg, 407 nmol) in acetonitrile was added to the activated
ODN (6.26 OD, 40.7 nmol) in 0.1 M phosphate buffer (pH 7.0), and
the reaction mixture was left to stand for 3 h at 30 �C, after which
time analytical HPLC indicated complete conjugation. Solvents A
(50 mM triethylammonium acetate, pH 7.2) and B (acetonitrile)
were employed for purification of the conjugates by reversed-phase
HPLC. A linear gradient of 10–55% B in 45 min was used. The eluted
conjugates were collected and lyophilized (4.25 OD, 27.6 nmol,
68%), and then characterized by MALDI-TOF-analysis. Conjugate 1:
m/z = 8442.1 [M+H]+ (C291H401N79O134S20P20, calcd 8441.5); conju-
gate 2: m/z = 7871.9 [M+H]+ (C264H377N78O123S20P20, calcd
7872.0); conjugate 3: m/z = 8311.9 [M+H]+ (C274H373N110O115S20P20,
calcd 8308.3).

4.3. Synthesis of conjugate 4

50-Thiol-modified ODN (7.00 OD, 45.4 nmol) in 0.1 M phosphate
buffer (pH 5.5) was mixed with a 50-fold excess of 2,20-dipyridyl
disulfide (0.50 mg, 2.3 lmol) in acetonitrile, and the reaction
mixture was kept overnight at rt. To remove excess 2,20-dipyridyl
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disulfide, the reaction mixture was passed through a reversed-
phase C18 cartridge (Sep-pak C18 light cartridge, Waters) to give
2-pyridylthio-activated ODN (3.92 OD, 25.4 nmol, 56%). A solution
of TV-XIIa harboring a Cys residue (0.3 mg, 254 nmol) in acetoni-
trile was added to the activated ODN (3.92 OD, 25.4 nmol) in
0.1 M phosphate buffer (pH 5.5), and the reaction mixture was left
overnight at rt, after which time analytical HPLC indicated com-
plete conjugation. The conjugate was purified by reversed-phase
HPLC under the same conditions as above. The eluted conjugate
was collected and lyophilized (1.80 OD, 11.7 nmol, 46%), and then
characterized by MALDI-TOF-analysis. Conjugate 4: m/z = 7694.7
[M+H]+ (C254H365N76O120S21P20, calcd 7695.8).

4.4. Cell culture

A549 cells were obtained from the Cell Resource Center for Bio-
medical Research (Institute of Development, Aging and Cancer, To-
hoku University) and cultured in RPMI-1640 medium
supplemented with 10% (v/v) fetal bovine serum (FBS) at 37 �C in
a humidified incubator containing 5% CO2. All studies were per-
formed using asynchronous log-phase cultures.

4.5. Confocal laser-scanning microscopy (CLSM)

Exponentially growing cells were dissociated with trypsin–
EDTA, plated at 50% confluence on glass microscope slides (Mats-
unami Glass Industries, Ltd), and cultured overnight. The culture
medium was discarded and the cells were washed with FBS-free
Dulbecco’s modified Eagle’s medium (DMEM) (3�). The cell mono-
layers were incubated for 2–24 h at 37 �C with 30-fluorescence-la-
beled conjugate 1 and 50-fluorescein-labeled ODN. Subsequently,
the cells were rinsed with phosphate-buffered saline (PBS) (3�)
for observation of living cells. The fluorescence distribution of 30-
fluorescence-labeled conjugate 1 and 50-fluorescein-labeled ODN
was analyzed on a Carl Zeiss LSM510 confocal laser-scanning
microscope equipped with an Ar/Kr laser.

4.6. Fluorescence analysis

A549 cells (5 � 104 cells/mL) were plated onto a 24-well culture
plate. After treatment with the same procedures as those described
above, the cells were rinsed with PBS (3�), trypsinized, and centri-
fuged at 1000 rpm at 4 �C for 5 min. The cell pellets obtained were
resuspended in RIPA buffer (50 mM Tris, 1 mM EDTA, 150 mM
NaCl, 1% (v/v) NP40, 0.5% (v/v) deoxycholate, 0.1% (w/v) SDS, pH
7.5) for lysis. Finally, the lysates were centrifuged at 8200 rpm at
4 �C for 10 min and then fluorescence was measured with a micro-
plate reader.

4.7. Detection of p53 protein by Western blot analysis

A549 cells (1.6 � 105 cells) were plated onto a 35-mm cell cul-
ture dish and incubated overnight at 37 �C. The conjugates were
incubated with the cells in displaced culture medium to serum-
free medium for 8 h at 37 �C, followed by additional culture in a
serum-containing medium for 24 h. The cells were washed with
PBS and solubilized in lysis buffer (CelLytic™ M, Sigma–Aldrich,
Inc.). The protein was then collected after centrifugation at
13,000 rpm for 20 min at 4 �C. The resulting supernatant was sep-
arated on 10% SDS–PAGE and transferred to polyvinylidene fluo-
ride (PVDF) membranes (Immobilon™-P, Millipore Corporation).
The membranes were blocked with Blocking One™ (Nacalai Tesque
Inc.) for 1 h at room temperature before being incubated for 1 h
with primary antibodies specific for p53 (BD Transduction Labora-
tories™) and b-actin (Sigma–Aldrich, Inc.) diluted with Tris-buf-
fered saline (TBS)-0.1% Tween 20. Then, the membranes were
washed with TBS-0.1% Tween 20 and incubated with horserad-
ish-peroxidase-conjugated secondary antibodies in TBS-0.1%
Tween 20 for 1 h. After successive washes, the membranes were
visualized with an enhanced chemiluminescence kit (ECL Plus
Western Blotting Detection Reagents [GE Healthcare]) and mea-
sured with a Luminoimage Analyzer (LAS-3000, Fujifilm, Japan).
Relative protein expression levels were quantified by analysis soft-
ware (Image Gauge, Fujifilm).

4.8. Release of cytoplasmic lactate dehydrogenase (LDH)

Cells (1 � 104 cells/mL) were incubated at 37 �C for 2 and 24 h
in a 96-well culture plate with conjugates 1, 2, and 4. After incuba-
tion, the cell-growth medium was examined for LDH release by
spectrophotometric assay using a commercial LDH kit (Wako Pure
Chemical, Co., Osaka, Japan). UV/VIS absorbance at 560 nm was re-
corded with a BioRad-680 microplate reader.

Acknowledgments

This work was supported in part by a Grant-in-Aid for Scientific
Research (22590109) from the Ministry of Education, Culture,
Sports, Science, and Technology, Japan. We thank the Cell Resource
Center for Biomedical Research (Institute of Development, Aging
and Cancer, Tohoku University) for providing A549 cells.

References and notes

1. (a) Stull, R. A.; Szoka, F. C. Pharm. Res. 1995, 12, 465; (b) Whitehead, K. A.;
Langer, R.; Anderson, D. G. Nat. Rev. Drug Disc. 2009, 8, 129; (c) Agrawal, S.
Trends Biotechnol. 1996, 14, 376; (d) Pawlak, W.; Zolnirek, J.; Sarosiek, T.;
Szczylik, C. Cancer Treat. Rev. 2000, 26, 333; (e) Thompson, J. D. Drug Discovery
Today 2002, 7, 912.

2. Stanton, M. G.; Colletti, S. L. J. Med. Chem. 2010, 53, 7887.
3. (a) Brasseur, R.; Divita, G. Biochim. Biophys. Acta, Biomembranes 2010, 1798,

2177–2314; (b) Schmidt, N.; Mishra, A.; Lai, G. H.; Wong, G. C. L. FEBS Lett.
1806, 2010, 584; (c) Fonseca, S. B.; Pereira, M. P.; Kelley, S. O. Adv. Drug Delivery
Rev. 2009, 61, 953.

4. Troiber, C.; Wagner, E. Bionconj. Chem. 2011, 22, 1737.
5. (a) Pandey, R. C.; Cook, J. C., Jr.; Reinhart, K. L., Jr. J. Am. Chem. Soc. 1977, 99,

8469; (b) Wada, S.; Nishimura, T.; Iida, A.; Toyama, N.; Fujita, T. Tetrahedron
Lett. 1994, 35, 3095; (c) Matsuura, K.; Shima, O.; Takeda, Y.; Takaishi, Y.;
Nagaoka, Y.; Fujita, T. Chem. Pharm. Bull. 1994, 42, 1063.

6. (a) Sansom, M. S. P. Prog. Biophys. Mol. Biol. 1991, 55, 139; (b) Tachikawa, E.;
Takahashi, S.; Furumachi, K.; Kashimoto, T.; Iida, A.; Nagaoka, Y.; Fujita, T.;
Takaishi, Y. Mol. Pharmacol. 1991, 40, 790; (c) El Hajji, M.; Rebuffat, S.; Le Doan,
T.; Klein, G.; Satre, M.; Bodo, B. Biochim. Biophys. Acta 1989, 978, 97.

7. Wada, S.; Iida, A.; Akimoto, N.; Kanai, M.; Toyama, N.; Fujita, T. Chem. Pharm.
Bull. 1995, 43, 910.

8. Wada, S.; Iida, A.; Asami, K.; Fujita, T. Bioorg. Med. Chem. Lett. 1996, 6, 2275.
9. Wada, S.; Hitora, Y.; Tanaka, R.; Urata, H. Bioorg. Med. Chem. Lett. 2008, 18,

3999.
10. Wada, S.; Tanaka, R. Bioorg. Med. Chem. Lett. 2004, 14, 2563.
11. Hirota, Y.; Horiuchi, T.; Akahane, K. Jpn. J. Cancer Res. 1996, 87, 735.
12. Saito, G.; Swanson, J. A.; Lee, K.-D. Adv. Drug Delivery Rev. 2003, 55, 199.


	Cellular uptake of covalent conjugates of oligonucleotide  with membrane-modifying peptide, peptaibol
	1 Introduction
	2 Results and discussion
	2.1 Synthesis of conjugates
	2.2 Cellular uptakes into cells
	2.3 Antisense effects

	3 Conclusions
	4 Experimental
	4.1 General
	4.2 Synthesis of conjugates 1–3
	4.3 Synthesis of conjugate 4
	4.4 Cell culture
	4.5 Confocal laser-scanning microscopy (CLSM)
	4.6 Fluorescence analysis
	4.7 Detection of p53 protein by Western blot analysis
	4.8 Release of cytoplasmic lactate dehydrogenase (LDH)

	Acknowledgments
	References and notes


