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ABSTRACT: Peptide nucleic acids (PNAs) have shown great promise as potential antisense drugs; however,
poor cellular delivery limits their applications. Improved delivery into mammalian cells and enhanced
biological activity of PNAs have been achieved by coupling to cell-penetrating peptides (CPPs). Structural
requirements for the shuttling ability of these peptides as well as structural properties of the conjugates
such as the linker type and peptide position remained controversial, so far. In the present study an 18mer
PNA targeted to the cryptic splice site of a mutafedlobin intron 2, which had been inserted into a
luciferase reporter gene coding sequence, was coupled to various peptides. As the peptide lead we used
the cell-penetratinga-helical amphipathic peptide KLAL KLAL KAL KAAL KLA-NH, [model
amphipathic peptide (MAP)] which was varied with respect to charge and structure-forming properties.
Furthermore, the linkage and the localization of the attached peptide (C- vs N-terminal) were modified.
Positive charge as well as helicity and amphipathicity of the KLA peptide was all required for efficient
dose-dependent correction of aberrant splicing. The highest antisense effect was reachedhwittihout

any transfection agent. Stably linked conjugates were also efficient in correction of aberrant splicing,
suggesting that a cleavable disulfide bond between CPP and PNA is clearly not essential. Moreover, the
placement of the attached peptide turned out to be crucial for attaining antisense activity. Coadministration
of endosome disrupting agents such as chloroquine 8f §ignificantly increased the splicing correction
efficiency of some conjugates, indicating the predominant portion to be sequestered in vesicular
compartments.

Peptide nucleic acids (PNAshave shown great promise because of their ability to cross cellular membranes and to
as potential antisense drugs since they are potent andransport conjugated cargos, thus possessing great potential
metabolically stable RNA- and DNA-binding ligands)( for drug delivery (for recent reviews, see rdfand5). Even
However, cellular delivery remains a limitation as for most though the mechanism of translocation of CPPs is not fully
nucleic acid-based strategiey.(Moreover, uncharged PNAs  understood yet, a number of promising studies have been
cannot straightforward be administered by cationic vectors published showing enhanced cellular delivery of CPP
such as polyethylenimine (PEI) or cationic lipids. Complex- conjugated with various types of cargo (reviewed in @&fs
ation with cationic lipids and a DNA carrier is efficient but  and 7). PNAs covalently attached to simple cationic se-
complicates the approacl8)( Recently discovered cell-  quences such as lysine residues have been shown to enter
penetrating peptides (CPPs) have gained a lot of attentioncultured cells efficiently and to affect splicing11) as well

T This work was supported by the European Commission framework as inhibit gene expressiond). Moreove-r’ syn_thetlc pepndes
5 (QLK3-CT-2002-01989). such as transportan or mode! amph[pgthlc peptide (MAP)

* To whom correspondence should be addressed. Telephba8: promoted an enhanced biological activity of PNAs targeted
30;9Lt7i§§i§4|?].stl:ia>gﬁ?ﬁgﬁﬂsﬁ}DSr?érlaarE%ill(:) wolf@fmp-berlin.de.  to various intracellular sitesl®, 14). Because of the high

SUMR 5124 CNRS, Universitalontpellier 293’- diversity _of thesg peptides, the structural 'requwements for

1 Abbreviations: AEEA, o-linker, 2-[2-(Fmoc-amino)ethoxylethoxy-  the shuttling ability of CPPs are controversial. Additionally,
acetic acid; CLSM, confocal laser scanning microscopy; CPP, cell- available data may be influenced by the methodology applied
penetrating peptide; DAPI,'-diamidino-2-phenylindole; DIC, 1,3-  for the determination of internalization. CPBargo inter-
diisopropylcarbodiimide; DIPEAN,N-diisopropylethylamine; DMEM, S . . .
Dulbecco’s modified Eagle’s medium; DMR,N-dimethylformamide; nallzz.itlon shouk_j be evalgated by a reliable b'0|_09'ca| assay,
FAM, 5-carboxyfluorescein; FCS, fetal calf serum; Fmdd(9- allowing unequivocal evidence about the delivery of the
ﬂUf’fiﬂglj‘f;wth%xycfrblonxltlr)]; :-'ATl:JN-[(dtithlathytlﬁmin0)717|-1,2i13-"i6]}|- transported oligonucleotide to its intracellular site of action.
g?o%[h (’Jsp]hpg’tg\l'_’g)xi dg“aB}’rlefﬂ_[(Tﬁ_bgnrggtrigggﬂ%%im‘f;t‘ﬁyllf Our current study addresses the important question of how
amino)methyleneN-methylmethanaminium hexafluorophosphéte the structural properties of PNApeptide conjugates such
oxide; HOBt, 1-hydroxybenzotriazole; MAP, model amphipathic pep- as the type of peptide, its placement, and the type of linkage

tide, KLAL KLAL KAL KAAL KLA-NH 5; MTT, 3-(4,5-dimethylthiazol- ; i ; ; i
2-yl)-2.5-diphenyltetrazolium bromida: NMP-methylpyrrolidone: relate to its ability to attain antisense activity evaluated by

PNA, peptide nucleic acid; TCEP, tris(2-carboxyethyl)phosphine; TFA, the_ splicingtcorrect.ion assay developed by Kole et®8).( _
trifluoroacetic acid; RLU, relative luminescence units. This assay is considered as the most reliable for evaluating
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Table 1: Sequences of PNAs and Peptides Used for Conjugation

sequence structural properti¢sand charge

PNA Ac-C-000-cct ctt acc tca gtt aca-ooo-bH
Ac-000-Cct ctt acc tca gtt aca-000-LPKTGGR-MH
FAM-o00-cct ctt acc tca gtt aca-000-LPKTGGR-MH
H-GGG-o00-cct ctt acc tca gtt aca-ooo-NH

PNA scr Ac-000-tcc ttc cca act ttg aca-000-LPKTGGR-NH
H-GGG-oo00-tcc ttc cca act ttg aca-ooo-NH
KLA Dns-GC-KLAL KLAL KAL KAAL KLA-NH ;¢ amphipathicp-helical, 5+

H-KLAL KLAL KAL KAAL KLA LPKTGGR-NH ¢
H-GGG KLAL KLAL KAL KAAL KLA-NH ¢

KGL Dns-GC-KGLK LKGG LGL LGKL KLG-NH;° unstructured, &
H-KGLK LKGG LGL LGKL KLG LPKTGGR-NH

KAL Dns-GC-KALK LKAA LAL LAKL KLA-NH ¢ nonamphipathicg-helical, 5+
H-KALK LKAA LAL LAKL KLA LPKTGGR-NH

ELA Dns-GC-ELAL ELAL EAL EAAL ELA-NH ;¢ amphipathico-helical, 5-

H-ELAL ELAL EAL EAAL ELA LPKTGGR-NH ¢
H-GGG ELAL ELAL EAL EAAL ELA-NH °

RLA Dns-GC-RLAL RLAL RAL RAAL RLA-NH »* amphipathicp-helical, 5+
H-RLAL RLAL RAL RAAL RLA LPKTGGR-NH
Pen Dns-GC-RQI KIW FQN RRM KWK K-Nk&F poora-helical amphipathic, *

H-RQI KIW FQN RRM KWK KLPKTGGR-NH,¢
H-GGG RQI KIW FQN RRM KWK K-NH,¢

aKey: lower case letterss PNA bases; upper case lettersamino acids; Dns= dansyl; FAM = 5-carboxyfluorescein; e ethylene glycol
spacer? According to CD measurements in 50% trifluoroethanol (TFE) in watéy. ¢ Used for disulfide coupling? Used for sortase-mediated
ligation.

the nuclear delivery of steric blocking oligonucleotide EXPERIMENTAL PROCEDURES

analogues since it is a positive read-out assay and only the General. Chemicals and reagents were purchased from

appearance of a specific oligonucleotide within the nucleus Sigma (Deisenhof, Germany) or Bachem (Heidelberg, Ger-
of a viable cell will allow correct splicing. In brief, the coding many) unless specified otherwise.

sequence of a luciferase reporter gene is interrupted by & synthesis of PNAs, Peptides, and PNPeptide Conju-
mutated/3-globin intron 2 (IVS2-705) carrying a cryptic  gates. (A) PNA and Peptide Solid-Phase Synthéi$As
splice site. This mutation causes aberrant splicing of lu- were synthesized manually by Fmadé-(9-fluorenylmethoxy-
ciferase pre-mRNA and therefore prevents translation of carbonyl)] chemistry26, 27). Fmoc (Bhoc) PNA monomers
luciferase. However, masking the cryptic splice site by steric were purchased from Applied Biosystems and used at 0.5
blocking oligonucleotide analogues induces correct splicing, M dissolved inN-methylpyrrolidone (NMP). Before and after
restoring luciferase expression. In the present study an 18meiPNA assembly six AEEA spacers [o-linker, 2-[2-(Fmoc-
PNA (cct ctt acc tca gtt aca) targeted to the cryptic splice amino)ethoxy]ethoxyacetic acid; Fluka], three at the C-
site was covalently attached to various peptides. As theterminus and three at the N-terminus, were coupled to a
peptide lead, we used the cell-penetratingelical amphi-  TentaGel S RAM resin (0.22 mmol/g; Rapp) in the same
pathic peptide KLAL KLAL KAL KAAL KLA-NH »,, also manner as the PNA monomers. For the sortase-mediated
known as model amphipathic peptide (MARB(17), which ligation (19) either a LPKTGGR motif or a triglycine had
was varied with respect to structure-forming properties and 0 be inserted before or after PNA assembly, respectively
charge (Table 1). Additionally, we investigated the well- (Seéquences of the PNAs are shown in Table 1). The amino
known cell-penetrating peptide penetratii8y, As the groups were deprotected by 20% piperidiné\il-dimeth-
conjugation approach, disulfide coupling was performed, Yiformamide (DMF) for 6 min. After five washes with DMF
which is a commonly used method for the assembly of h€ monomers were coupled to the resiniby(dimethyl-
peptide-cargo conjugates. The disulfide bond is thought to amino)-H-1,2,3-riazolo[4,Sipyridin-1-yimethyleneN-meth-
be cleaved rapidly once within the reducing environment of yImethanammmm hexaﬂuprophosphateomde (HATL.J'

o 0.45 M) in DMF and 5 equiv oN,N-diisopropylethylamine
the cell. However, it is not yet clear whether the use of

biolabile bonds such as a disulfide bridge offers advantagesgr?i:]PE: )da(\)rsjotl)sl)e/n::%%llr;ﬁ:]nge %aiep'[er:;g?ﬁ g (ijy.rllgg]er)eg; ZV(\)/as
or may be essential for attaining antisense activity. Thereforta,was'hed five times with DME after each .coupling step. A
a series of conjugates with stable linkages was synthesizedcapping step followed using 4% acetic anhydride and 4%
by a sortase-mediated ligation approat)(Moreover, the b |pEA’in DMF. Then the resin was split into two portions.
localization of the peptide (C- vs N-terminal) was modified T4 one portion a Cys (StBu) residue was attached at the
since influences of the attached peptide on the biological N-terminus for disulfide coupling; to the other portion a
activity of oligonucleotide conjugates have been occasionally triglycine was coupled for the sortase-mediated ligation. In
reported R0, 21). In order to contribute to the elucidation  order to obtain 5-carboxyfluorescein- (FAM-) labeled PNAs,
of the mechanism of internalization, we also investigated the the Fmoc-deprotected resin was treated with 5 equiv of
influence of the known lysosomotropic agent chloroquine 5-carboxyfluorescein (FAM), 1-hydroxybenzotriazole (HOBL,
(22, 23) as well as C& (24, 25 on the ability of the 5 equiv), and 1,3-diisopropylcarbodiimide (DIC, 4.8 equiv)
conjugates to correct aberrant splicing. in DMF for at least 24 h. The coupling of FAM was repeated
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twice. The N-terminal Fmoc group was removed before final at 50 °C. Purification and analysis of the conjugates were
cleavage. Finally, the product was cleaved from the resin carried out on an analytical PolyEncap C18 column (heated
by 20% m-cresol in trifluoroacetic acid (TFA). PNAs were at 50°C) using a gradient of 595% eluent B in 45 min
purified and analyzed by RP-HPLC on a PolyEncap A300 (eluent A, 0.1% TFA in water; eluent B, 80% acetonitrile in
column with eluent A, 0.1% TFA in water, and eluent B, 0.1% TFA). Detection was performed at 260 and 220 nm,
80% acetonitrile in 0.1% TFA (gradient:-®5% B in 45 respectively. The lyophilized products were dissolved in
min), and monitoring at 260 nm. MALDI-TOF mass 0.1% TFA and stored in the freezer. MALDI-TOF mass
spectrometry was performed on a Voyager DE STR worksta- spectrometry was performed on a Voyager DE STR worksta-
tion using a matrix ofr-cyanohydroxycinnamic acid (5 mg/  tion using a matrix ofx-cyanohydroxycinnamic acid (5 mg/
mL) in 60% acetonitrile/0.3% TFA and provided the mL) in 60% acetonitrile/0.3% TFA and provided the
expected [M+ H]". The sequences of the PNAs are shown expected [M+ H]'.
in Table 1. (C) Assembly of PNAPeptide Conjugates with Stable
Peptides were synthesized automatically on a 433A peptideLinkages.The syntheses of the stably linked PNpeptide
synthesizer (Applied Biosystems) by the solid-phase method conjugates were carried out using a sortase-mediated ligation
using standard Fmoc chemistry. Syntheses were carried oustrategy 19). The detailed procedure will be reported
on TentaGel S RAM resin (0.22 mmol/g; Rapp) usiNg elsewhere (S. Pritz, in preparation). In brief, ligations were
Fmoc-protected amino acid derivatives (5 equiv, 0.5 M) and carried out in aqueous buffered solutions containing 50 mM
N-[(1H-benzotriazol-1-yl)(dimethylamino)methylensl- Tris-HCI, 150 mM NacCl, and 5 mM Caglat pH 7.5.
methylmethanaminium hexafluorophosphigtexide (HBTU, Solutions (60Q:L) containing 1.66 mM CPP, 0.33 mM PNA,
4.9 equiv, 0.5 M) as coupling reagent in the presence of and 6uM sortase were dialyzed agairisL of theaqueous
DIPEA (10 equiv, 2.0 M) in DMF. Double couplings for 20  buffer (mentioned above) for 24 h at ambient temperature
min were allowed to proceed; N-terminal deblocking was through a membrane with a molecular mass cutoff of 2000
carried out twice with 20% piperidine in DMF for 5 min.  Da. Purification of these conjugates was carried out on a
All washes were made with DMF. Final cleavage from the semipreparative PolyEncap C18 column (heated at®0
resin and deprotection of side chain functionalities were using a gradient of :080% eluent B in 70 min (eluent A,
achieved by a mixture of 5% phenol, 2% triisopropylsilane, 0.1% TFA in water; eluent B, 80% acetonitrile in 0.1% TFA;
and 5% water in TFA for 2 h. Purification and characteriza- flow rate, 4 mL/min) and monitoring at 220 nm. The
tion were carried out as described for PNAs. For the sortase-appropriate fractions were lyophilized and analyzed by
mediated ligation peptide sequences were elongated withanalytical HPLC and MALDI-TOF mass spectrometry as
either a LPKTGGR motif or a triglycine at the C- or described above. Conjugates of KLA with a scrambled
N-terminus, respectively. Peptides used were either KLA, sequence of the PNA (KLAPNA scr and PNA-KLA scr,
also known as model amphipathic peptide (MAP), which is respectively) were synthesized to assess the sequence
a positively chargedg-helical amphipathic peptide, ELA,  specificity of the antisense effect. For the synthesis of FAM-
wherein the lysine residues are replaced by glutamic acid, labeled PNA conjugates with KLA, ELA, and penetratin, a
KGL, which is an unstructured peptide moiety, KAL, an PNA labeled with 5-carboxyfluorescein (FAM) at the N-
nonamphipathic analogue of KLA, RLA, which is even more terminus was used to enable fluorescence microscopy studies.
basic than KLA due to the replacement of the lysine residues Cell Culture. HeLa pLuc 705 cells were cultured in
by arginines, or penetratin. The sequences of all synthesizedulbecco’s modified Eagle’s medium (DMEM) containing
peptides are shown in Table 1. 4.5 g/L glucose (Gibco) supplemented with 10% (v/v) fetal
(B) Assembly of the Disulfide-Linked PNReptide Con- calf serum (FCS) and 1% (v/v) nonessential amino acids in
jugates. (1) Actiation of the PNA with 2,2Dithiodipyridine. a humidified atmosphere containing 5% £0
To remove the protecting group (StBu) from the cysteine  Splicing Correction AssayFor assessing the splicing
residue to a solution of PNA (sequence is shown in Table correction, HeLa pLuc 705 cells were plated in 96-well plates
1; 1 mg dissolved in 20Q«L of ammonium bicarbonate  at a density of 2« 10* cells per well and cultured overnight.
buffer, pH 9.0), 25QuL of S-mercaptoethanol was added, The culture medium was discarded, and the cells were
and the reaction mixture was left to stand fioh atroom washed twice with PBS. The cells were incubated for 4 h
temperature. Then the PNA was precipitated with ether. To either with the naked PNA or with the PNApeptide
the precipitate, isolated by centrifugation, was added a conjugates at various concentrations diluted in OptiMEM.
solution of tris(2-carboxyethyl)phosphine (TCEP, 0.5 mg/ Incubation was continued for another 20 h in DMEM
mL in ammonium acetate buffer, pH 7.0) to cleave probably containing 10% FCS. For chloroquine and?Caxperiments
generated PNA dimers into monomers. The reaction mixture conjugates were prepared aull in OptiMEM containing
was kept for 30 min at 50°C. Next, a solution of 100 uM chloroquine and 6 mM Cagl respectively, and
2,2-dithiodipyridine (10 mg/mL in ammonium acetate buffer, added to the cells fo4 h incubation. After the cells were
pH 7.0) was added, and the reaction mixture was left to standwashed, incubation was continued for another 20 h in
for 3 h at 50°C. The product was precipitated with ether DMEM/10% FCS. In the case of chloroquine and?Ca
and dissolved in ammonium acetate buffer, pH 7.0. treatment the growth medium was supplemented with 100
(2) Formation of the Disulfide Bond.o a solution of 10  u«M chloroquine or 6 mM CaG| respectively. After 24 h
nmol of the activated PNA in ammonium acetate buffer (pH cells were washed twice with PBS and lysed with the reporter
7.0) was added a 5-fold excess of the peptide. In the case oflysis buffer (Promega). The plates were stored-80 °C
the MAP-derived peptides (KLA, RLA, ELA) acetonitrile  for at leas$ 4 h toensure complete lysis. Luciferase activity
(1:1 v/v) had to be added to the reaction mixture to prevent was quantified by using the luciferase assay system from
precipitation. The reaction mixture was kept for-3€6 min Promega and measuring the luminescence by a GENios Pro
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C conjugate sequence mw calculated | mw found
KLA-PNA H-KLAL KLAL KAL KAAL KLA LPKTGGG ooo-cct 8106.7 8107.5
ctt ace tea git aca-000-NH,
PNA-KLA Ac-o00-cct ctt ace tea git aca-000-LPKTGGG KLAL 8148.7 8150.6
KLAL KAL KAAL KLA-NH,
FAM-PNA-KLA |FAM-ooo-cct ctt acc tea git aca-000-LPKTGGG KLAL 8464.9 8472.9
KLAL KAL KAAL KLA-NH,
KLA-PNA scr | H-KLAL KLAL KAL KAAL KLA LPKTGGG ooo-tee 8106.7 81043
ttc cea act tig aca-000-NH,
PNA-KLA scr | Ac-ono-tee tte cea act ttg aca-000-LPKTGGG KLAL 8148.7 8149.6
KLAL KAL KAAL KLA-NH,
KGL-PNA H-KGLK LKGG LGL LGKL KLG LPKTGGG ooo-cet 8022.5 8026.0
ctt acc tea gtt aca-o00-NH,
KAL-PNA H-KALK LKAA LAL LAKL KLA LPKTGGG ooo-cet 8106.7 8107.0
ctt ace tea git aca-000-NH,
ELA-PNA H-ELAL ELAL EAL EAAL ELA LPKTGGG ooo-cct 8111.4 8112.7
ctt acc tea gtt aca-ooo-NH,
PNA-ELA Ac-o00-cet ctt ace tea gtt aca-000-LPKTGGG ELAL 81534 8155.1
ELAL EAL EAAL ELA-NH,
FAM-PNA-ELA | FAM-ooo-cct ctt acc tea gtt aca-000-LPKTGGG ELAL 8469.7 84754
ELAL EAL EAAL ELA-NH,
RLA-PNA H-RLAL RLAL RAL RAAL RLA LPKTGGG ooo-cct 8246.7 82533
ctt acc tea gft aca-ooo-NH,
Pen-PNA H-RQI KIW FOQN RRM KWK KLPKTGGG ooo-cct 84759 8471.7
ctt acc tea gft aca-ooo-NH,
PNA-Pen Ac-o00-cet ctt ace tea gtt aca-000-LPKTGGG RQI 8518.0 8515.7
KIW FQN RRM KWK K-NH,
FAM-PNA-Pen | FAM-ooo-ccet ctt ace tea git aca-000-LPKTGGG RQI BR34.2 8835.6
KIW FQN RRM KWK K-NH,

Ficure 1: Analytical data of the stably linked conjugates. HPLC chromatogram (A) and MALDI-TOF mass spectrum (B) effRLA
(C) Calculated and found molecular masses of all stably linked conjugates.

luminometer (Tecan). Total cellular protein quantities were many; software, LSM 510 META image examiner, version
measured by Bradford protein assay according to the 3.2, Carl Zeiss Jena GmbH, Jena, Germany). Nuclei were
manufacturer’s protocol and read using a Safire plate readerstained with lug/mL DAPI (4,6-diamidino-2-phenylindole;
(Tecan) at a wavelength of 595 nm. Data were expressed asSigma-Aldrich, Germany)28). Subsequent to the observa-
relative luminescence units (RLU) per microgram of protein. tion, the viability of the cells was assessed by Trypan Blue
Each data point is the average of the three replicates. Cellstaining. Excitation was performed at 488 nm (FAM), 345
viability was assessed using the MTT [3-(4,5-dimethylthi- nm (DAPI), and 543 nm (Trypan Blue), and emission was
azol-2-yl)-2,5-diphenyltetrazolium bromide] assay. measured at 515, 455, and 570 nm, respectively.

Confocal Laser Scanning Microscopy Studfes. confocal
microscopy studies HelLa pLuc 705 cells {iell) were RESULTS
plated on coverslips and cultured in growth medium over-  Synthesis of Disulfide and Stably Linked PN2eptide
night. The medium was discarded, and the cells were washedConjugatesPNA—peptide conjugates were designed to test
with PBS followed by incubation with the conjugates at 1 the influence of the attached peptides on the antisense activity
uM in 500 uL of OptiMEM for 4 h. In the case of and cellular uptake of PNAs. The PNA sequence (shown in
chloroquine or C& treatment the incubation solution was Table 1) was flanked by three ethylene glycol spacers (o-
supplemented with either 100V chloroquine or 6 mM C#& . linker) at each side to increase solubility and minimize
Then the cells were washed two times with PBS and cultured aggregation of the PNApeptide conjugates. The sequences
for another 20 h in DMEM/10% FCS, in the case of ofthe PNA—peptide conjugates synthesized by the sortase-
chloroquine or C# treatment supplemented with 1M mediated ligation approach are shown in Figure 1 (panel C).
chloroquine or 6 mM C#, respectively. CLSM measure- These conjugates carry a LPKTGGG motif between the
ment was performed using a LSM 510 invert confocal laser peptide and the PNA which was required for the enzyme
scanning microscope (Carl Zeiss Jena GmbH, Jena, Ger{sortase) recognition. Panels A and B of Figure 1 show a



14948 Biochemistry, Vol. 45, No. 50, 2006 Wolf et al.

A Ac-Cys-000-PNA-000-NH, 20000
| 18000 -
S = 16000 -
| ‘S 14000
S £ 12000 -
Dns-Gly—C)lls-peptide-NH2 El 10000 1
S 8000 A
= 6000 -
B conjugate mw calculated mw found & 4000
PNA-SS-KLA 8049.6 8053.4 2000 4
PNA-SS-KGL 7965.5 7961.9 0.
PNA-SS-KAL 8049.6 8049.6
PNA-SS-ELA 8054.4 8050.5 <
PNA-SS-RLA 8189.7 8195.9 e@’ Qﬁy sév’ y.* 3@’ gév gév sév’ sév
PNA-SS-Pen 84189 84155 o ‘ky?' X é,\’ @.\’ &V’ & <&

FiIGURE 2: Analytical data of the disulfide-linked conjugates. (A) &

Structure of disulfide-linked conjugates. The linkage is in all cases Fgure 4: Splicing correction of the stably linked PNApeptide
between the N-terminus of the PNA and the N-terminus of the conjugates. HelLa pLuc 705 cells were incubated in OptiMEM in
peptides. (B) Calculated and found molecular masses of all the apsence of PNA (no PNA) or in the presence oM naked
disulfide-linked conjugates. PNA or various stably linked PNApeptide conjugates for 4 h.
Luciferase expression was analyzed 24 h later and expressed in
relative luminescence units (RLWY of protein. Each experiment
was done in triplicate, and error bars are indicated.

3000

2500 |

= 2000 | biological activity compared to the naked PNA. The corre-
15 sponding unstructured KGL (PNASS-KGL) and nonam-
o 1500 - phipathic KAL (PNA-SS-KAL) constructs were less
= effective (2.3-fold and 3-fold, respectively) in correction of
E 1000 splicing than KLA. For PNAs conjugated to the negatively

charged ELA (PNA-SS—ELA) wherein the lysine residues

3001 have been replaced by glutamic acid and surprisingly for

o PNA attached to the well-known cell-penetrating peptide
penetratin (PNA-SS—-Pen), no activity could be observed.
Q@’ Qév’ *yv' *'0\’ @’ Q)\F’ @F’ < It has been repeatedly reported that peptides containing
& S & & &,%' =1 9% arginine residues are better taken up by ceél8-31) and

\ AP .4 \d év e\ thus are more potent than lysine analog&ss.(Therefore,
Qé Qé “é ] Qé A we also tested a PNA conjugate with a KLA analogue
Ficure 3: Splicing correction of the disulfide-linked PNAceptide  wherein the lysine residues have been replaced by arginines
conjugates. HelLa pLuc 705 cells were incubated in OptiMEM in (PNA—SS-RLA). Interestingly, this modification did not

the absence of PNA (no PNA) or in the presence ofM naked . : : s
PNA or various disulfide-linked PNApeptide conjugates for 4 h. lead to a higher antisense effect than the lysine derivative.

Luciferase expression was analyzed 24 h later and expressed in A Cleazable Disulfide Bond, Allowing the Release of the
relative luminescence units (RL) of protein. Each experiment  PNA Oligomer, Is Not Required To Restore Aberrant
was done in triplicate, and error bars are indicated. Splicing.Next, we addressed the issue whether a linker as a
disulfide bridge, which is expected to be cleaved rapidly once
HPLC chromatogram and a mass spectrum of the stablywithin the reducing environment of the cell, is advantageous

linked KLA—PNA conjugate. In all cases purity wa95%. or essential for achieving antisense activity. Interestingly,
MALDI-TOF mass spectrometry provided the correct mass as shown in Figure 4 the stable conjugates were also effective
for all conjugates (Figure 1, panel C). in correction of splicing, suggesting a cleavable disulfide

The structure of the disulfide-bridged conjugates is bridge not to be essential for attaining antisense activity. For
displayed in Figure 2 (panel A); in each case the Cys residuethe stably linked conjugates derived from the MAP peptide
is located at the N-terminus of the peptide. Precipitation of moiety a similar pattern to that obtained for the disulfide-
the MAP-derived peptide conjugates was reduced by addinglinked conjugates was found. Highest luciferase activity was
acetonitrile to the reaction mixture and heating it at°80 observed for the PNA conjugated with KLA (KLAPNA),
Purification of the disulfide-linked conjugates was also possessing cationic as well ashelical amphipathic proper-
carried out by reverse-phase HPLC, and characterization wagies, followed by those with the nonamphipathic KAL
performed by MALDI-TOF mass spectrometry, providing (KAL —PNA) and highly basic RLA peptides (RLAPNA).
the correct mass for the conjugates (Figure 2, panel B).  The constructs with the unstructured KGL (K&GPNA) and

Helicity, Amphipathicity, and Posite Charge of the penetratin (PenPNA), respectively, showed a slightly
Peptides Attached to the PNA Are Requested for Promotingenhanced antisense activity. No effect was observed for the
an Efficient Splicing CorrectionNe investigated the ability  negatively charged ELAPNA. The sequence specificity of
of the PNA—peptide constructs in correction of aberrant the effect was ascertained by the inactivity of a conjugate
splicing using HelLa pLuc 705 cells which carry a mutated of KLA with a scrambled PNA sequence (KL-APNA scr).
luciferase genell). As shown in Figure 3 in the case of In order to find out whether the LPKTGGG maotif, which
the unconjugated PNA there was no significant increase of was required for the synthesis of the stably linked conjugates
luciferase luminescence. Conjugation of the PNA with the by the sortase-mediated ligation approach, has an influence
cationic,a-helical amphipathic peptide KLA via a disulfide  on cellular uptake and antisense activity, a stably linked
bond (PNA-SS-KLA) led at 1 uM to a 5-fold enhanced  KLA —PNA conjugate (H-KLALKLALKALKAALKLAooOC-
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) . . pLuc 705 cells were incubated in OptiMEM with 0.2 (black bars),
Ficure 5: Influence of the position of the peptide attached to the g 5 (striped bars), 1 (dotted bars), or Bl (gray bars) naked
PNA on the splicing correction of the conjugates. HeLa pLuc 705 pya or various PNAKLA conjugatés (PNA-SS—KLA, KLA —
cells were incubated in OptiMEM in the absence of PNA (no PNA)  pya “and PNA-KLA, respectively) for 4 h. Data are expressed
or in the presence of AM naked PNA or various stably linked rel’ative Iuminesce’nce units (RLWH of protein
PNA—peptide conjugates for 4 h. Luciferase expression was '
analyzed 24 h later and expressed in relative luminescence units 4000
(RLU)/ug of protein. Each experiment was done in triplicate, and
error bars are indicated. 35000 Hlh
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BEsh
20000 BE24h

15000

ctcttacctcagttacaooo-NHacking this motif was synthesized 30000
by straightforward solid-phase synthesis. Antisense activity
of this conjugate in Kole’s splicing-correction assay was
found to be comparable with the KL-APNA construct
carrying the LPKTGGG sequence (data not shown). More-
over, the six ethylene glycol spacers (o-linker) which were
inserted to increase solubility and minimize aggregation did 10000
not influence the biological activity since a KL-APNA
conjugate (H-KLALKLALKALKAALKLAcctcttacctcagttaca-
NH,) showed similar correction of aberrant splicing as the 0
one used in this study containing six o-spacers (data not PNA KLA-PNA

shown). o . FIGURE 7: Time—course experiment. Splicing correction ofi/

The I?osmon of.th.e Peptide Attachgd to the RNA_Ianuences naked PNA or KLA-PNA incubated for 1. 2, 4. 8, or 24 h,
the Antisense Efficiency of the Conjugat@snsidering the  respectively, with HeLa pLuc 705 cells. Luciferase expression was
orientation of the peptide attached to the PNA (C- vs analyzed 24 h later and expressed in relative luminescence units
N-terminal), the conjugate bearing the KLA peptide moiety (RLU)/ug of protein.
at the C-terminus of the PNA (PNAKLA) was much less
effective in splicing correction than the analogue coupled to shown). One should note that MAP-derived PNA conjugates
the N-terminus of the PNA (KLA-PNA) as shown in Figure ~ showed rather high cytotoxicity at higher concentrations
5. In case of the penetratin conjugates PENA (coupled (20% cell viability at 4uM; data not shown) assessed by
to the N-terminus of the PNA) and PNAPen (attached to  the MTT assay. The maximum of luciferase activity of the
the C-terminus), no significant difference in antisense activity stable KLA—PNA construct was reached within 4 h, the time
could be observed. The negatively charged ELA peptide, no point at which the set of data in Figures-8 and 8 was
matter if attached to the N- or C-terminus of the PNA, did taken. There was no significant increase in luciferase activity
not promote any antisense activity of the PNA. The after incubating the cells for 8 and 24 h, respectively. We
scrambled PNAs conjugated to KLA (KLAPNA scr, also tested the influence of serum on the splicing correction.
PNA—KLA scr) did not show any biological activity, = The presence of serum had no impact on the splicing activity
confirming the sequence specificity of the obtained effects. (data not shown).

These results clearly demonstrate that a cleavable disulfide The Antisense Effect of the Conjugates Is Enhanced by
bond between CPP and PNA is not essential for biological Lysosomotropic Agenti.has been repeatedly reported that
activity. However, the orientation of the coupling (C- vs agents, known to mediate a release from endosomes, could
N-terminal) seems to have an impact on achieving activity. significantly enhance the antisense activity of oligonucle-
As shown in Figures 6 and 7, respectively, the ability of the otide— and PNA-CPP conjugates1(, 33). The most
KLA conjugates (PNA-SS-KLA, KLA —PNA, and PNA- commonly used pharmacological agent for such purpose is
KLA) to correct aberrant splicing exhibited a strong depen- chloroquine 22, 23). Similar effects were observed after
dence on the incubation concentration and time. The nakedaddition of 6 mM C&" (24, 32). In order to gain insight
PNA did not show any activity up to 2/8V. The antisense  into the mechanism of the delivery of PN#eptide
effect of KGL and KAL conjugates was only slightly conjugates used in this study, we also investigated the
enhanced at higher concentrations (up to/&4 (data not antisense activity in the presence of chloroquine ()
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Ficure 8: Effect of lysosomotropic agents on the splicing correction of the conjugates. (A) Chloroquine treatment. HeLa pLuc 705 cells
were incubated in the absence of PNA (no PNA) or in the presenceutM haked PNA and various PNApeptide conjugates without
(black bars) or with 10M chloroquine (striped bars) for 4 h. Cells were then grown in DMEM/10% FCS, in the case of chloroquine
treatment containing 10@M chloroquine, for a further 20 h. Data are expressed in relative luminescence units gigLdf)protein.
Experiments have been done in triplicate. Error bars are indicated. @)t@atment. HeLa pLuc 705 cells were incubated in the absence

of PNA (no PNA) or in the presence ofidM naked PNA and various PNApeptide conjugates without (black bars) or with 6 mM GaCl
(dotted bars) for 4 h. Cells were then grown in DMEM/10% FCS, in case of calcium treatment supplemented with 6 mMo€aCih.

Data are expressed in relative luminescence units (RIJJ)f protein. Error bars are indicated.

and C&" (6 mM). In a first set of experiments 10@M activities. No significant enhancement in biological activity
chloroquine was coadministered with the conjugates and haswas observed for the naked PNA and conjugates with other
been left on the cells for 4 h. No significant difference in peptides such as KGL, ELA, and KAL. Coadministration
splicing correction could be observed (data not shown). of chloroquine had no influence on the sequence specificity
However, when chloroquine (100M) has been supple- since scrambled PNAs attached to KLA (KEANA scr,
mented to the medium containing 10% FCS as a posttreat-PNA—KLA scr) remained ineffective in splicing correction.
ment and left in total on the cells for 24 h, tremendous effects Moreover, chloroquine treatment did not affect the cell
became apparent for the amphipathic KLA peptide disulfide- viability assessed by the MTT test (data not shown). These
linked to the PNA (PNA-SS-KLA) and stably linked at data infer a rather huge amount at least of some conjugates
the N-terminus of the PNA (KLA-PNA) (47- and 96-fold, (PNA—SS-KLA, KLA —PNA, and RLA-PNA) to be
respectively, related to the naked PNA) (Figure 8, panel A). sequestered in vesicular compartments.

An even greater enhancement (162-fold) was found for the A slightly different pattern to that obtained with chloro-
RLA—PNA, the arginine analogue of KLA. The stably linked quine treatment could be observed after co-incubation with
conjugates of penetratin (Pe®NA and PNA-Pen) as well 6 mM C&" (Figure 8, panel B). A great enhancement of
as PNA-KLA revealed only slightly enhanced antisense the biological effect was seen again for the stably linked
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Ficure 9: Confocal microscopy studies. Confocal microscopy images of the uptake of FAM-labeled, stably linkedCPRAConjugates

when incubated fo4 h at 14M in the absence and presence of lysosomotropic agents. Cells were then cultured for another 20 h in
DMEM/10% FCS, in the case of chloroquine orCareatment supplemented with 1@ chloroquine or 6 mM C#&, respectively.

Nuclei are stained red with DAPI. (For DAPI a pseudocolor is used.) In green color (A and C) fluorescein fluorescence is shown. (B) and
(D) are overlaid images of DAPI staining (red color) and fluorescein fluorescence (green color). Colocalization can be seen in yellow. The
first line represents the internalization without any lysosomotropic agents (free uptake) while the second and third lines show images of the
uptake in the presence of chloroquine oPGaespectively.

RLA—PNA conjugate. However, for the stably linked KEA PNA—KLA whereas the PNA conjugated to penetratin could
PNA no enhancement of luciferase activity was found in the not be seen inside the nucleus, which is consistent with the
presence of Ca whereas the activity of PNASS-KLA lack of activity in the splicing-correction assay. Coadmin-
and PNA-KLA showing little splicing correction in the istration of chloroquine led to significant nuclear uptake of
absence of chloroquine or &adid increase. In context, our  both conjugates. The PNAKLA conjugate (second line,
data suggest more complex factors additionally to sequestrapanels A and B) appeared diffusively distributed whereas
tion within and release from endosomes to influence the the PNA-Pen (second line, panels C and D) showed a
splicing correction activity of the conjugates and the action punctate fluorescence within the nucleus. Addition of 6 mM
of chloroquine and Ca. C&" resulted in an enhanced accumulation of the PNA
Indication of Endosomal Release by Confocal Microscopy KLA conjugate (Figure 9, third line, panels A and B) at the
in the Presence of Chloroquin&o obtain visual evidence  cell membrane, outside as well as inside the cell, as large
for conjugate release from endosomal compartments byaggregates, with a few spots being located within the nucleus.
adding chloroquine (106M) or C&* (6 mM), we performed The effect of C&" on the distribution of the PNAPen
confocal microscopy of FAM-labeled PNAs conjugated with conjugate (Figure 9, third line, panels C and D) was less
KLA, ELA, and penetratin (PNAKLA, PNA—ELA, PNA— strong compared to that of chloroquine. Overall, the confocal
Pen) in the absence and presence of these reagents. Onlgnicroscopy data provide evidence for sequestration of a
live, nonfixed cells were used to prevent artifacts caused by dominant part of PNACPP conjugates in endosomes.
cell fixation (34). To facilitate visualization of any nuclear
uptake, DAPI (4,6-diamidino-2-phenylindole) was used to DISCUSSION
stain the cell nucleus. By using the same experimental setup The current study addresses important questions about
as taken for the antisense activity experiments, we were structural properties of PNApeptide conjugates requested
unable to detect any uptake for the naked PNA and the for attaining antisense activity such as the peptide sequence,
negatively charged PNAELA (data not shown). In the its placement, and the type of linkage. Our data clearly
absence of lysosomotropic agents PNALA and PNA— demonstrate that nuclear delivery and antisense activity of
Pen showed a punctate fluorescence (Figure 9, first line, PNAs can be enhanced by the attachment of cell-penetrating
panels A-D) in the cytosol, suggesting endosomal seques- peptides. The KLA-PNA conjugates, possessing cationic
tration. However, the PNA conjugated with KLA (Figure 9, as well ast-helical amphipathic properties, showed highest
first line, panels A and B) showed higher uptake and a quite nuclear activity in Kole’s splicing-correction assay). This
different distribution compared to the PNAen conjugated, effect was dose- as well as time-dependent. It has been
being concentrated in large aggregates at the cell membrangepeatedly reported that replacement of lysine by arginine
(accumulation was observed within 5 min) as well as inside residues resulted in an increased cellular uptake as well as
the cytoplasm. By analyzing the internalization by the CLSM biological activity 9—32). Probably this is due to the ability
software 85), significant nuclear uptake was detected for of the guanidinium group of arginine to form hydrogen bonds
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with sulfate, phosphate, and carboxylate groups in the position, studies on the binding affinity of PNAoeptide
membrane 36, 37), thereby producing less polar ion pair conjugates to the target sequence using the surface plasmon
complexes capable of diffusing into the membrad@®.(As resonance technique are currently under way.
demonstrated in this study, replacement of the lysine residues Overall, however, peptide features such as positive charge
of the KLA peptide by arginines (RLA) did not lead to a and amphipathicity seem not to be sufficient to promote
higher antisense activity of the corresponding PNA conjugate. biological activity of PNAs. Indeed, there are also examples
We assume that the guanidinium side chain which seems toof PNA conjugates with well-known CPPs such as penetratin,
be preferred for simple basic peptide sequences such ass shown in our study, or TaBZ, 33) being inactive. The
oligoarginines (e.g., Arg is less important for the KLA  lack of activity seems not to be due to cellular uptake since
peptide, and other structural properties such as amphipathicityan enhanced internalization into HelLa cells for a PNA
and helicity also seem to contribute to cellular uptake and attached to penetratin has been detected by means of CE-
biological activity. Indeed, conjugates of peptides lacking LIF in our recent study (Y. Wolf, submitted for publication)
amphipathicity or helicity (KAL and KGL, respectively) were being in line with others42, 43). This is also consistent
less effective in restoring aberrant splicing. Conjugation of with our confocal microscopy data presented in the current
the PNA with a negatively charged peptide, ELA, did not study revealing efficient uptake into HeLa cells for PNA
lead to any enhanced biological effect. These data, whichKLA as well as PNA-Pen conjugates. One of the reasons
are consistent with reports of otherk2( 21, 38), indicate for the absence of activity could be that only a minor portion
that structure requirements such as positive charge andof the conjugates is internalized by a nonendocytic pathway
amphipathicity, being regarded to be characteristic of cell- formerly regarded to be characteristic of CP®3; 40) while
penetrating peptides5( 39, 40), seem to be essential for the predominant portion is taken up by endocytosis and
attaining an enhanced antisense activity of correspondingremains sequestered within endosomal compartments. It has
PNA—peptide conjugates. The important question whether recently been reported that endosome destabilization by
the intracellular release of the PNA by cleavage of the lysosomotropic agentsl{, 32) or fusogenic peptides such
linkage of the conjugate is advantageous or even essentiaks, for instance, hemagglutinin peptidif)led to enhanced
for biological activity remained unresolved so far. In the biological effects of CPPcargo conjugates. In order to gain
present study we gained clear evidence that a disulfide bondinsight into mechanistic aspects of the intracellular delivery
between the peptide and the PNA which is expected to beof the PNA—peptide conjugates evaluated in the current
rapidly cleaved within the cell is not essential for biological study, we also investigated the antisense activity in the
activity. This is in line with our recent studies showing equal presence of the lysosomotropic agent chloroquine as well
antisense activity of a disulfide- and an amide-bound PNA  as C&*. Treatment with chloroquine has shown great effect
KLA conjugate targeted to the nociceptin/orphanin FQ on the ability of some peptide conjugates to restore correct
receptor of spontaneously beating neonatal rat cardiomyo-splicing (Figure 7, panel A). In contrast to the experiments
cytes (4), (Y. Wolf, submitted for publication). In the  conducted without chloroquine the stably linked RERNA
current study the stably linked conjugates showed an evenconjugate, wherein the lysine residues had been replaced by
higher antisense activity than the disulfide-bridged ones arginine, became more efficient than its lysine analogue KLA
(Figures 3 and 4). Even though the additional LPKTGGG after addition of chlorogquine or €a A modulation of the
motif of the stably linked conjugates, which had to be target affinity of the PNA caused by the cationic peptides
inserted into the conjugate sequence for enzymatic ligation, might be the reason for this enhanced activity. Without
had no significant impact on the antisense activity, we cannot chloroquine assistance the RLA conjugate seems to be
exclude that other structural differences of the conjugates sequestered in endosomes and therefore less active in splicing
(positioning of PNA to peptide sequence) also contribute to correction compared to the KLAPNA conjugate which
their activity, and further investigations are needed. might more efficiently escape the endosomes itself. Further-
We observed a tremendous decrease of the antisense effeehore, nonendocytotic pathways are possibly involved in the
when the peptide has been attached to the C-terminus of theuptake of the KLA-PNA conjugate being in line with our
PNA (Figure 5), suggesting the position of the peptide (C- previous CE-LIF studies1d) (Y. Wolf, submitted for
vs N-terminal) to play an important role for the biological publication). This has also been recently discussed by
activity of the conjugates. Even though the PNWKLA Shiraishi et al. 45), who observed an antisense activity in
conjugate has been efficiently delivered into the nucleus after Kole’s model for a stably linked KLA-PNA conjugate. The
endosomal release by chloroquine treatment (Figure 9), theantisense activity could even be enhanced by photochemical
antisense activity was only little increased (Figure 8, panel treatment facilitating endosomal release. We gained clear
A). These data indicate that, apparently, the N-terminus of evidence for conjugate release from endosomes and enhanced
the PNA is the preferred attachment site for the peptides, nuclear uptake by confocal microscopy for the FAM-labeled
which might be understood in terms of PNARNA binding. stably linked PNA-KLA conjugate when chloroquine was
Indeed, PNAs modify mRNA processing by steric blocking coadministered. However, for the PNALA there was only
(41). Recently, Moulton et al. also observed a dramatic a little enhancement of splicing activity after chloroquine
decrease of antisense activity of a phosphorodiamidatetreatment while the antisense activity of the KERNA
morpholino oligomer (PMO) when cationic peptides or bulky conjugate has dramatically increased. This supports the
moieties such as carboxyfluorescein or cholesterol had beerassumption that the peptide attached at the C-terminus of
coupled to the 3end of the oligos Z0). The authors  the PNA might hinder the binding of the PNA to its target
hypothesized steric interferences of the PIVRNA binding probably due to steric interferences. In contrast to the diffused
to be the reason for this phenomenon. In order to gain insight chloroquine-induced distribution, &aseems more to stimu-
into the role of the peptide attached to the PNA and its late the accumulation of the PNALA at the cell mem-
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brane. Therefore, the mechanism of the?'Caffect to
increase the splicing activity seems to be more complex and
cannot be simply explained an increased endosomal release.
These observations are consistent with those of Shiraishi et
al. (32), who found an enhanced antisense activity in Kole’s
splicing model for (Argg—PNA and Tat-PNA conjugates

in the presence of Ga Overall, these data indicate that there
is no direct correlation between uptake and antisense activity,
suggesting other factors (e.g., the binding affinity to intra-
cellular targets) also to be crucial for attaining biological
activity. Therefore, our current work is focused on binding

studies of PNAs linked to various peptides using the surface 18.

plasmon resonance technique.
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