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Abstract. Improving the delivery of synthetic oligonu-
cleotides and their analogues into cells is an important
goal in the full development of antisense technology for
control of gene expression in cell culture and in vivo. This
review describes the harnessing of certain peptides, either
as noncovalent complexes or as covalent conjugates, to
enhance the delivery of antisense oligonucleotides into
cells and/or to affect their cell localization. Phosphodi-
ester and phosphorothioate oligonucleotides are included

as well as peptide nucleic acids (PNAs), analogues of
oligonucleotides where the negatively charged phosphate
backbone is replaced by a neutral amide linkage. This re-
view contains a critical evaluation of claims for certain
peptide-oligonucleotide conjugates to translocate into
cultured cells by a non-energy-dependent nonendosomal
route. In addition, the available evidence for the utility of
stable versus nonstable linkages between peptide and
oligonucleotide or PNA is discussed.
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Introduction

In a recent review article on nucleic acid therapeutics,
Opalinska and Gewirtz state: ‘Another problem in this
field is the limited ability to deliver nucleic acids into
cells and have them reach their target’ [1]. These authors
refer primarily to synthetic antisense oligonucleotides
and their use in the clinic as drugs, particularly as anti-
cancer and antiviral agents [2, 3]. They argue cogently
that advances in antisense delivery are essential if effec-
tive diagnoses and treatments are to be attained [1]. How-
ever, the needs for improved delivery extend also to the
widespread application in functional genomics by tar-
geted antisense knockdown of gene expression in cul-
tured cells (reviewed in [4]), and it is to this end that the
vast majority of efforts have been directed. Transfection
of DNA and oligonucleotides can often be achieved for
common laboratory cell lines in culture (e. g. cancer cells)
through use of cationic lipids [5]. But this is far from be-
ing universally true, especially for primary cells. Much
recent interest has been aroused by the suggestion that
certain peptides can dramatically enhance cell penetra-
tion and, in some cases, cellular targeting of antisense
agents. This review focuses on recent literature on the
subject of their peptide-mediated cell delivery, notably

into cultured eukaryotic cells. This relatively new field
has unearthed unexpected problems, particularly in the
interpretation of results, rather than so far having pro-
vided definite solutions.

A major difficulty is that the subject cuts across traditional
scientific boundaries. Rigorous experimentation in chem-
istry, molecular biology and cell biology is required, and
expertise in all three disciplines is not often available in a
single laboratory. Thus, established general principles are
sparse. For example, cell uptake, cell activity and cell tox-
icity of peptide/oligonucleotide complexes or conjugates
have rarely been measured simultaneously. Further in the
case of conjugates, few studies have utilized more than a
small number of different chemical constructs, and there-
fore structure-function relationships are generally lacking,
even within a single test system. In addition, controversies
over the use of certain cell fixation agents in microscopy
have clouded the interpretation of cell localization images,
especially for earlier literature. In this review, we have not
aimed at comprehensiveness, but instead selected key re-
cent references to point readers towards important issues in
this challenging new field. More in-depth accounts of a
range of cell penetrating peptides (CPPs) can be found in a
recent book [6], and other reviews of uses of cell delivery
peptides have been published [7, 8].
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Getting to grips with parameters

So far no ‘magic bullet’ CPP has emerged that can carry
antisense oligonucleotides and analogues universally into
a wide range of cultured cell lines, including primary
cells. Instead, much of the literature has focused on the
potential for certain peptides to enhance uptake for a par-
ticular class of oligonucleotide analogue into certain cell
lines. Some peptides has been investigated for their po-
tential to localize oligonucleotides into particular cell
compartments (e.g. nucleus or cytosol). ‘Cargoes’ are
generally divided into three groups: (i) double-stranded
DNAs or plasmids (not discussed here but reviewed in
[9]), (ii) short unstructured oligonucleotides and ana-
logues containing formal negative charges (e. g. phospho-
diesters or phosphorothioates) and (iii) charge-neutral
oligonucleotide analogues, notably peptide nucleic acids
(PNAs). From the few studies involving more than one
cargo group, it is clear that cell uptake is not independent
of cargo type, size or chemistry, which are all integrally
important parameters. Even within a cargo class, little
knowledge exists on how cell delivery is modulated by
cargo composition or chemistry. This is a serious issue,
since antisense oligonucleotide types and lengths vary
extremely widely. Other important parameters include
whether the peptide is covalently attached or merely com-
plexed. In the former case, there are further, mostly un-
studied parameters of orientations of the peptide and
oligonucleotide as well as types of linkage. In the latter
case, the stoichiometry of complexation and physical for-
mulation may affect cell uptake. Finally, there are ques-
tions of cell type, handling and growth conditions, as well
as variations of technique in activity assay determina-
tions, cell fixation and imaging. Such a number and com-
plexity of parameters has led to an imbalance towards
qualitative rather than desirable quantitative data.

Mechanistic controversies in cellular uptake

Antisense oligonucleotides of the negatively charged va-
riety are thought to be taken up by fluid phase or adsorp-
tive endocytosis. This process is energy dependent and
saturable. Thus, uptake of naked phosphodiester or phos-
phorothioate oligonucleotides is usually inefficient in
most cell lines in culture, hence the need for transfection
reagents either as additives or as conjugates. Consider-
able interest has been generated from the discovery that
certain peptides apparently translocate across cell mem-
branes by a mechanism that does not involve receptor-
mediated endocytosis. First and foremost amongst such
peptides are residues 43—58 of the third helix of Anten-
napedia homeodomain (known as Penetratin) [10, 11]
and the highly Arg/Lys-rich region of the human immun-
odeficiency virus (HIV)-1 Tat protein (Tat peptide) [12].
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In the case of Tat peptide in particular, a number of dif-
ferent materials have been conjugated and delivered into
cells in culture. This includes proteins [13, 14], lipo-
somes [15] and A phage-packaged DNA [16]. Tat peptide
has been used in vivo to deliver S-galactosidase as a Tat
fusion into all tissues in mice [17], metal chelates for
medical imaging [18] and superparamagnetic nanoparti-
cles for tracking and recovery of progenitor cells [19]. For
protein delivery in vivo, its use may be limited by rapid
plasma clearance [20]. Recently, it has been shown that
the mechanisms of Tat protein and Tat peptide uptake may
be different and that in contrast to Tat protein, uptake of
Tat peptide does not involve binding to heparin sulfate
proteoglycans and endocytosis [21]. A slightly longer
synthetic peptide called transportan (a hybrid of a section
of the neuropeptide galanin and the wasp venom peptide
mastoparan) has recently joined the other two in popular-
ity, and has been used in particular for PNA delivery [22].
These three CPPs, usually fluorescently labelled, and a
number of their derivatives have shown remarkable cell
uptake properties (all reviewed in detail in [6]) by a mech-
anism that appears, for the free peptides at least, to rule
out endocytosis. These peptides do not generally show
cell toxicity at concentrations of a few micromolar or
less, which is in contrast to many cationic lipid prepara-
tions. More recently several other peptide types have
been investigated for cell import characteristics. Yet con-
troversies linger as to whether, and under what circum-
stances, such peptides can deliver oligonucleotide car-
goes into cells, and if so, what mechanisms of uptake are
actually being used.

Peptide complexation of antisense oligonucleotides

A number of peptides or peptide derivatives are cationic
and are used to condense or ‘package’ DNA, in a similar
way to encapsulation by cationic lipid, and thus may en-
hance release of DNA from endocytotic vesicles. For ex-
ample, a peptide composed of Cys-Trp-Lys,s was very ef-
ficient for gene transfer into HepG2 cells and COS cells
[23]. More recently, a cationic surfactant GS11 composed
primarily of a dimeric lysine-rich lipopeptide, when com-
bined with conventional DOPE lipid, was shown to give
effective and nontoxic DNA delivery into a range of eu-
karyotic cell lines [24]. GS11 delivery of oligonucleotide
analogues into HeLa cells is also effective [A. Arzu-
manov and M. J. Gait, unpublished results].

A long cationic amphipathic peptide composed mostly of
repeated KALA units was found to bind both DNA and
phosphorothioate oligodeoxyribonucleotides and to in-
crease transfer from punctate cytosolic locations into the
nucleus of several cell lines, notably CV-1 fibroblasts and
cancer cells [25]. This and other similar cationic peptides
[26, 27] presumably alter their conformation at slightly
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acidic pH and aid endosomal release of DNA. Protamine,
a polycationic peptide of ca. 4000 molecular weight,
formed nanoparticle complexes with phosphodiester
oligonucleotides (‘proticles’) and delivered them into hu-
man lymphoma U-937 cells [28]. The mass ratio and par-
ticle size were important parameters to attain both good
delivery and anti-c-myc antisense activity. Although rela-
tively nontoxic, there were some nonspecific antisense
effects observed with the proticles. An anionic peptide
derived from the N-terminus of the HA2 subunit of in-
fluenza virus hemagglutinin was shown to deliver phos-
phorothioate oligodeoxynucleotides into adherent as well
as nonadherent cells and direct them into the nucleus. But
the peptide was rather toxic and could only be used in a
narrow concentration range [29].

Of greater fascination are studies of multifunctional pep-
tides that contain two juxtaposed sections designed for
DNA complexation, membrane transportation and/or nu-
clear delivery. A 1:1 complex of a peptide composed of
the Kaposi fibroblast growth factor (K-FGF) signal pep-
tide and a 10-mer of poly (L-lysine) with a fluorescently
labelled 10-mer phosphorothioate oligonucleotide was
found to be taken up efficiently into the nucleus of A-549
adenocarcinoma cells without concomitant toxicity, but
no antisense activity studies were reported [30]. A second
peptide named MPG, comprised of an HIV-1 gp41 fusion
peptide and a sequence derived from the SV40 T-antigen
nuclear localization signal (NLS), protected oligodeoxy-
ribonucleotide phosphodiesters and phosphorothioates
from nuclease degradation in culture medium, when used
in 20—50-fold excess, and delivered them effectively to
the nuclei of fibroblast cells in culture [31]. Once again,
no antisense activity data were reported. Both of these
above peptides were claimed to direct oligonucleotide
entry but avoid passage through endosomal vesicles, be-
cause uptake was still observed at 4°C and because punc-
tate cytosolic fluorescence characteristic of endosomal lo-
cations was absent. Similar claims for non-energy-depen-
dent cell delivery have been made for a fusion of a peptide
derived from membrane-active dermaseptin and a nuclear
localization signal from SV40 T antigen or from the HI'V-
1 Rev-responsive element [32]. Interestingly, nuclear im-
port was blocked at lower temperature, suggesting an en-
ergy-dependent nuclear import pathway. So far, nucleic
acid delivery with these peptides has not been reported.
A more useful study has been published recently compar-
ing both delivery and antisense activity mediated by a
combination peptide consisting of a highly arginine-rich
fragment of bull protamine and the NLS from SV40 T
antigen. Peptide complexes with 20-mer and [8-mer
phosphorothioate oligonucleotides respectively targeted
against protein kinase C (PKC)-a and bcl-2 were shown
to localize in the cell nucleus and to exert the expected
sequence-specific antisense activities [33]. However, in
some cell lines (notably PC3 prostate cancer cells) it was
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necessary to include chloroquine, a lysosomotropic
reagent, to obtain delivery and antisense activity. These
results suggest that the peptide acts to bind oligonu-
cleotide fragments and that the predominant uptake path-
way of the complexes is still endosomal. This is despite
strong evidence that arginine-rich peptides themselves
enter cells by an energy-dependent mechanism but which
does not involve endocytosis [34].

An interesting paper described the use of an integrin
receptor-targeted peptide containing an RGD motif
arranged as a tetrameric branch from two Lys residues ra-
diating from a zinc-finger domain of HIV nucleocapsid
protein. This peptide was shown to improve antisense
phosphodiester oligodeoxyribonucleotide activity 50-
fold in a human myeloid cell line HL-60 compared with
the absence of a delivery system [35]. A dendritic peptide
made up of a number of SV40 NLS sequences joined to a
sequence of five lysines and branched through other
lysines from a Cys-Gly-Tyr spacer (‘Loligomer’) has also
been used to deliver DNA into the nuclei of cells [36], but
disappointingly, no antisense delivery studies have yet
been reported.

Peptide conjugates of oligonucleotides with
phosphodiester or phosphorothioate backbones

In contrast to the use of complexes, covalent conjugates
of peptides and oligonucleotides are discrete chemical
entities of known stoichiometry. In principle, greater re-
producibility of reagent preparation and use should be
achievable. This is balanced by the synthetic difficulties
hitherto in their production. Excellent reviews of the
chemical synthesis of peptide-oligonucleotide conjugates
have been published recently [37—39], and peptide con-
jugation is usefully compared with conjugation of other
molecule types in another recent review [40]. Although
the current review is not concerned primarily with chem-
ical synthesis, it is important to note that linkages be-
tween peptide and oligonucleotide can be of two classes.
Stable covalent bonds may be created through, for exam-
ple, amide, thioether, thiol-maleimide, thiazolidine,
oxime or hydrazine linkages. By contrast, a commonly
utilized method of conjugation involves formation of a
disulfide bond. This is thought to cleave rapidly once
within the reducing environment of the cell. It is not yet
clear whether use of cleavable bonds offers advantages or
may be necessary for certain applications.

Methods of solution-phase conjugation have frequently
proved laborious, time-consuming and prone to poor
yields, explaining the general lack of structure-function
studies. The best hope for the future might be methods in-
volving total solid-phase synthesis of peptide-oligonu-
cleotide conjugates [41—43], although none of these is
universally applicable or is sufficiently flexible as yet.
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Cellular uptake and antisense activity of
peptide-oligonucleotide conjugates

Biological results with antisense oligonucleotides linked
to peptides have been remarkably few. One of the first re-
ports was for 15—17-mer antisense oligodeoxyribonu-
cleotides conjugated to poly (L-lysine). Preincubation of
such conjugates with L.929 cells resulted in a 50-fold bet-
ter protection against infection by vesicular stomatitis
virus (VSV) compared with the unconjugated oligonu-
cleotide [44]. Improved uptake both in speed and quan-
tity into L929 cells was found, and adsorptive endocyto-
sis was suggested as the uptake pathway [45]. However
the molecular mass of the poly (L-lysine) was large
(14,000 Da). Similarly, a 12-fold increase in protection
was obtained against HIV in an acute infection test in
MT-4 cells. Here the oligonucleotide conjugate with poly
(L-lysine) was directed against the HIV Tat messenger
RNA (mRNA) [46]. Unfortunately, the use of poly (L-ly-
sine) is limited by cytotoxicity and complement activa-
tion.

Another early study involved attachment of a fusogenic
peptide, representing part of the N-terminus of the HA-2
subunit of influenza virus haemagglutinin, to an anti-
sense oligodeoxyribonucleotide either through a disul-
fide bond or a thioether bond. Such conjugates gave a
5—10-fold increase in anti-HIV activity in a de novo in-
fection assay in CEM-SS lymphocytes [47]. However, the
activity was not sequence specific, and the peptide pos-
sessed its own antiviral activity. Fluorescently labelled
conjugates showed a less punctate cellular distribution
than the free oligonucleotide, and no uptake was ob-
served at low temperature, suggesting use of the endoso-
mal delivery pathway. Stable thioether bonds were more
effective than disulfide bonds in conjugates of a 25-mer
phosphodiester oligodeoxyribonucleotide targeted to
HIV-1 gag mRNA to a peptide containing a signal peptide
KDEL domain, which is known to target proteins to the
endoplasmic reticulum [48]. The thioether linked conju-
gate, which was 3’ capped to enhance stability, showed 3-
fold higher activity than the free oligonucleotide and 10-
fold higher activity compared with the 3’-disulfide-linked
oligonucleotide in infected human peripheral blood
mononuclear cells (PBMCs), which was attributed to the
instability of the disulfide bond, leading to 3’-exonucle-
ase degradation of the oligonucleotide during endocyto-
sis. These KDEL-tagged oligodeoxyribonucleotides were
shown to traffic to the endoplasmic reticulum and the
Golgi, and had a lower efflux from HepG2 cells than un-
conjugated oligonucleotide [49].

Antisense conjugates of 15-mer oligodeoxyribonu-
cleotides were linked through the 5" end by disulfide to
thiol-modified asialoglycoprotein (ASGP), a protein that
targets receptors on hepatocytes, at a ratio of about six
oligonucleotides to one protein [50]. The conjugates
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showed enhanced and sequence-specific antisense inhibi-
tion of interleukin (IL)-6-mediated acute phase protein
production in HepG?2 cells, but no cell uptake or localiza-
tion studies were reported.

Perhaps the most controversial area of study centres on
peptide-oligonucleotide conjugates where the unconju-
gated peptides are thought to be delivered into cells by a
nonendosomal route. Two early antisense reports are par-
ticularly intriguing. The 16-residue peptide Antennapedia
peptide (penetratin) linked by disulfide bond to a 5’-thiol-
substituted oligodeoxyribonucleotide showed sequence-
specific downregulation of amyloid precursor protein
(APP) mRNA at a remarkably low concentration (75 nM)
in cultured primary neurones [51]. Fluorescently labelled
conjugates accumulated in the cytosol and nucleus of
nerve cells by a process that apparently did not require
endocytosis. The disulfide bond was believed to be
cleaved during cell entry. A second example of enhanced
antisense activity was observed in PC-12 neuronal cells
through use of penetratin-linked oligonucleotides com-
plementary to the mRNA for Cu/Zn superoxide dismu-
tase [52]. More recent studies have been very revealing.
A disulfide-linked conjugate of penetratin to a 20-mer
phosphorothioate oligodeoxyribonucleotide was taken up
into the nucleus of mouse 3T3 cells stably expressing the
MDRI gene and blocked expression of P-glycoprotein
synthesis at submicromolar concentrations in a sequence-
specific manner [53]. The activity was observed also in
the presence of serum. Identical results were obtained
also with conjugates containing the Tat peptide. Interest-
ingly, microscopy studies showed similar patterns of dis-
tribution for the conjugates compared with cationic lipid
oligonucleotide delivery, notably both punctate cytosolic
as well as more uniform nuclear localization (fig. 1). Ina
further study by the same authors, Tat or penetratin was
coupled by disulfide bond to an 18-mer 2’-O-methyl olig-
oribonucleotide phosphorothioate and shown to localize
in HeLa cells both strongly in the nucleus and in large cy-
tosolic vesicles [54]. Uptake was shown to be clearly en-
docytotic and energy dependent. The conjugated oligonu-
cleotides were shown to have dose-dependent antisense
activity in steric block mode by correcting a splicing-de-
fective luciferase gene that was stably integrated into the
HeLa cells.

Only one other significant report has been published of
successful antisense activity and cell uptake being di-
rected by a peptide conjugate. Two alternative composite
peptides (the signal sequence from Caiman crocodylus
immunoglobulin (Ig) (v) light chain or the fusion se-
quence from HIV gp41 were joined with or without a
WSQP spacer peptide to the NLS from SV40 T-antigen
and disulfide conjugated to the 5’-end of a 5’-thiol-sub-
stituted, 3’-fluorescein, 26-mer phosphorothioate oligo-
deoxyribonucleotide through a C-terminal cysteine on
the peptide [55]. NIH3T3 fibroblast cells were shown to



848 M. I. Gait

Figure 1. Fluorescence microscopy image and subcellular distribu-
tion in MDR-3T3 cells of TAMRA-labelled 20-mer oligodeoxynu-
cleotide phosphorothioate disulfide linked to Tat peptide (see [53]
© Elsevier Science).

take up these peptides quite differently depending on the
peptide construct. For example, the peptide conjugate
containing the Caiman 1g-SV40 NLS peptide without
spacer had diffuse cellular staining, whilst one with the
spacer had a predominantly nuclear location. The former
peptide was particularly efficient in directing very rapid
(within 5 min) cellular uptake of the conjugate into HOC2
cardiac cells and exhibiting a biological effect. The up-
take occurred rapidly both at 37 and 4°C from which it
was deduced that uptake did not involve an endocytotic
pathway. Strong nuclear localization was seen under mi-
croscopy, but it is not clear whether this visualization was
affected by the cell fixation process, in particular the use
of concentrated formaldehyde solution followed by 20 %
acetone washes. Such worries as to uptake mechanism
stem from another study of 18 conjugates of peptides and
phosphorothioate oligonucleotides linked via either C- or
N-terminus through a disulfide linkage to either a hy-
drophobic signal sequence from K-FGF or to the same
domain extended at the C-terminus by a nuclear localiza-
tion signal (NLS) from transcription factor kB [41]. Flu-
orescently labelled phosphorothioate oligonucleotide
conjugates in all cases showed localization in monkey
kidney fibroblast cells CVP-1 predominantly in cytosolic
vesicles. The conjugates all failed to show antisense ac-
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tivity but were readily delivered by cationic liposomes
into the nucleus.

Thus, apart perhaps from penetratin conjugate delivery
into neuronal cells, it seems doubtful that nonendosomal
delivery has been achieved for any of the other published
peptide-oligonucleotide conjugates involving charged
(phosphodiester or phosphorothioate) oligonucleotides.
Any antisense activities obtained may therefore be de-
pendent on the abilities of such peptides to release conju-
gates or detached oligonucleotides from endosomes into
other cell compartments in order to block pre-mRNA
function or mRNA expression.

Intracellular trafficking of peptide-oligonucleotide
conjugates

The inclusion of NLS sequences within a conjugated pep-
tide sequence in order to direct the oligonucleotide to the
cell nucleus has already been discussed. In no case has it
been suggested that a NLS alone is sufficient to simulta-
neously enhance the uptake of a negatively charged
oligonucleotide into cells from the exterior and deliver
into the nucleus. A study of three different types of nu-
clear signal peptide (the SV40 T-antigen signal, an in-
fluenza virus nucleoprotein signal and a signal associated
with yeast a2 protein) conjugated through a cysteine
residue to the 5 end of various oligodeoxyribonu-
cleotides proved disappointing [56]. When electroporated
into the freshwater ciliate Paramecium tetraurelia, all
three conjugates showed fivefold less potency in anti-
sense blocking in an assay involving ciliate swimming
than an unconjugated oligonucleotide, whereas other 5’-
nonsense peptide modifications were well tolerated. No
explanation for these results could be proposed. Exciting
results were obtained in transfection of a circular DNA
duplex that had been conjugated to a single SV40 T-anti-
gen NLS using a novel maleimide modification at the
5" position of a uracil base [57]. Cationic liposome trans-
fection of a variety of cells (fibroblasts, hepatocytes,
HeLa and human macrophages) of an NLS-tagged gene
resulted in 100- to 1000-fold enhanced gene expression
compared with the untagged DNA. However, no similar
studies with antisense oligonucleotides appear to have
been published.

More interesting is the finding that a nuclear export sig-
nal from the HIV-1 rev protein conjugated via a thioether
bond to the 5 end of a 24-mer phosphodiester oligo-
deoxyribonucleotide containing a 3’-fluorescein label,
when microinjected into the nucleus of HelLa or Vero
cells, migrated rapidly to the cytosol [58]. In addition, a
similar conjugate of an 18-mer phosphodiester oligonu-
cleotide where the pyrimidines had been modified by hy-
drophobic C-5 propynes to increase RNA target affinity
inhibited expression of a luciferase gene from a T7 pro-
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moter that is specifically translated in the cytosol [58].
The conjugate in this case was introduced to the cells by
electroporation following plasmid transfection. Thus,
routing of oligonucleotides into specific cellular com-
partments is clearly possible in principle through attach-
ment of certain peptide signals, but this subject is clearly
in its infancy.

Cell delivery and activity of PNA-peptide conjugates

By far the most abundant and compelling results have
come in the area of delivery and biological activity of
peptide conjugates of PNA. PNA is an analogue of nu-
cleic acids where the sugar-phosphate backbone is re-
placed by spatially similar N-(2-aminoethyl)glycine
units. This DNA mimic shows enhanced affinity for com-
plementary DNA and RNA sequences without loss of se-
quence specificity. PNA lacks the negative charge associ-
ated with other oligonucleotide analogues and is stable to
nuclease degradation. These features make it an attractive
analogue for use in antisense studies. Unfortunately, the
cellular uptake of unconjugated PNA oligomers is even
poorer than normal oligonucleotides, and thus enhance-
ment of uptake is an important goal.

The first reported PNA-peptide conjugate was in 1997 of
the D analogue of a short version of insulin-like growth
factor 1 (IGF1, Cys-Ser-Lys-Cys) linked through four
glycine residues directly to a 12-mer PNA. This conjugate
showed much higher uptake into murine cells expressing
the IGF1 receptor than unconjugated PNA [59]. In the
same year, similar, amide-linked penetratin conjugates
with an 11-mer PNA showed dramatically improved up-
take into DU145 adherent cells [60]. In this case fluores-
cent conjugates appeared to be localized in large cytoso-
lic vesicles, and the uptake was independent of peptide
orientation. For neither of these peptide-PNA conjugates
were activity studies carried out.

Interest in PNA-peptide conjugates received a big stimu-
lus when improved cellular delivery coupled with anti-
sense activity within cells was obtained for a 21-mer PNA
coupled to penetratin or transportan through disulfide
bonds. These conjugates were directed into human Bowes
cells and blocked expression of the galanin receptor [22].
Further, the conjugates were nontoxic when injected in-
trathecally into rats and showed pain-modifying biologi-
cal activity. From studies of cells in culture, it was
thought that the disulfide bonds were cleaved quickly
upon cell entry. Biotin-labelled PNA was uniformly dis-
tributed in the cell, whereas differences were observed
for cell localization of the peptides. Transportan resided
primarily in membrane structures, whereas Penetratin
showed a nuclear preference. These results suggested that
peptides more stably conjugated to PNA, which are not
removed quickly after cell entry, might affect the cellular
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destination of the PNA. In a more recent example, trans-
portan disulfide-linked to a 16-mer PNA complementary
to the HIV-1 TAR RNA sequence blocked Tat-dependent
trans-activation in CEM and Jurkat T cells and was found
to be efficiently taken up by such cells from the medium,
although at varying rates [61]. At least a good part of this
PNA uptake can be inferred to be nuclear, since tran-
scriptional trans-activation by Tat is certainly a nuclear
event. The PNA-peptide conjugate was also shown to ex-
hibit antiviral activity in chronically HIV-infected H9
cells.

However, stable amide linkages between PNA and pep-
tide have been found also to be compatible with antisense
activity in several cases. Such stable linkages are easy to
create in the case of PNA peptides merely by continuation
of solid-phase synthesis on a single support through use
of peptide-type coupling reactions involving both amino
acids and PNA monomers [59, 60]. A hydrophobic pep-
tide FLFLFL amide-conjugated to PNA showed in-
creased uptake into mouse macrophages and dose-depen-
dent inhibition of nitric oxide synthase expression [62]. A
retroinverso peptide, assembled from D-amino acids and
consisting of both hydrophobic and highly basic domains,
conjugated to a 16-mer PNA enhanced uptake into neu-
ronal cells and depressed oxytocin mRNA expression
[63]. This study is particularly significant because the
conjugate was believed to penetrate the neuronal cells by
a non-energy-dependent route. A third example is of a
NLS peptide PKKKRKYV coupled to a 17-mer anti-c-myc
PNA which showed nuclear localization in BL cells and
downregulation of c-myc oncogene expression [64]. The
cell lines used were derived from Burkitt’s lymphoma tis-
sues, and it is particularly interesting that in this case the
single NLS sequence was sufficient to allow both uptake
into the cell and subsequent predominant passage into the
nucleus. However, it should be noted that concentrations
of PNA peptide used were relatively high (10 pM) in
these experiments. In a complementary study, a PNA-
NLS peptide was used as a vehicle to deliver DNA or a
synthetic oligonucleotide into the nuclei of Cos-7, HeLa
and 3T3 cells [65]. This technique has now been extend-
ed to delivery of oligonucleotides to the nuclei of cells in
different mouse organs in vivo [66].

Two very recent papers have been particularly informa-
tive on the cellular localizatons of certain PNA-peptide
conjugates. In the first study, fluorescently labelled Tat
peptide or penetratin was conjugated to 14-mer PNA and
cellular delivery of each conjugate observed in five cell
lines [67]. In both cases, vesicular and diffuse cytoplas-
mic uptake was seen at 2 pM concentration in media for
three cancer cell lines, SK-BR-3, HeLa and IMR-90,
whereas rapid and strong cell membrane staining but
weak uptake was found for H9 cells, but no uptake into
monocytic U-937 cells. No evidence was seen for a
nonendosomal, nonendocytotic delivery pathway. Fur-
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ther, there was no difference between conjugates linked
by an unstable disulfide bond or a stable thiol-maleimide
bond. Surprisingly, these authors reported no uptake for
either fluorescently labelled Tat or penetratin-free pep-
tides, in contrast to previous studies [12, 68]. The authors
also comment that use of strong fixatives in microscopy
visualizaton, such as methanol or acetone, leads to mis-
leading results and that only very mild fixative use (short
treatment with formaldehyde) or preferably the use of
nonfixed cells is essential to allow reliable conclusions to
be drawn. No biological activity data were presented in
this paper, but the claims of some authors of nonendoso-
mal uptake mechanisms for PNA-peptide conjugates, at
least in many standard laboratory cell lines, is now in
some doubt, and reevaluation of certain cell uptake local-
ization data may be necessary.

A second recent paper on PNA-peptide cell uptake is also
intriguing. A 16-mer PNA was linked to the SV40 T anti-
gen NLS, and a Rhodamine fluorescent label by stable
amide bond, which was in turn linked by disulfide bond
to a membrane transport peptide (penetratin) and a sec-
ond (Alexa) fluorescent label. The PNA-NLS section of
the conjugate was shown to localize strongly to the nuclei
of human prostate cancer cells (DU-145), whilst the pen-
etratin remained in the cytosol, when cells were lightly
fixed with formaldehyde and analyzed by confocal laser
scanning microscopy (fig. 2 A, B) [69]. The exterior con-
centration of conjugate used was particularly low in these
experiments (100 nM). Only cytosolic fluorescence was
seen in the absence of the NLS sequence or, interestingly,
when the cleavable disulfide bond to the penetratin do-
main was replaced by a stable amide linkage (fig. 2C).
The results suggest that a modular structure of peptide
that includes both cell membrane transporter and nuclear
transporter is necessary for efficient nuclear delivery
from the exterior of the cell. It is not clear yet whether the
need for a cleavable bond to the CPP reflects a masking
of the NLS sequence that is colinear and adjacent, or
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some specific cytosolic retention effect of penetratin at
these low concentrations used.

Finally, Richard et al. have very recently reevaluated the
mechanism of cellular uptake of the HI'V-1 Tat peptide by
fluorescence microscopy on unfixed cells and shown that
the peptide, as well as its conjugates with PNA, showed a
characteristic endosomal location and insignificant nu-
clear penetration [70]. These results challenge previous
interpretations of a nonendocytotic mechanism for cell
penetration by such cationic peptides and their conju-
gates.

Inhibition of bacterial cell growth by peptide-PNA
conjugates

Good and Nielsen found in 1998 that a triplex-forming
PNA targeted to the peptidyl transferase centre of Esch-
erichia coli ribosomal RNA could inhibit bacterial trans-
lation as well as the growth of an unusually permeable E.
coli strain [71]. The poor entry of PNA into normal bac-
terial cells was a disappointment, however. More recent
studies have centred on conjugates of PNA with a syn-
thetic cell wall/membrane active peptide (KFF),K. Dose-
dependent reduction of lac-Z reporter gene expression
could be obtained in E. coli cells after incubation with
PNA-peptide constructs [72]. More potent activity was
obtained when the PNA and peptide parts were linked
through a polyether spacer. Antiribosomal triplex-form-
ing PNA or anti-acpP mRNA duplex-forming PNA, when
linked to the carrier peptide, showed minimal inhibitory
concentrations of 3 and 0.2 pM, respectively, when incu-
bated with HeLa cells freshly infected with standard E.
coli K12 cells. In the latter case, the infection was fully
cured by treatment with 2 pM PNA-peptide conjugate.
These encouraging results may be a prelude to a consid-
erable expansion of effort on PNA-peptide conjugates as
antibacterial agents.

Figure 2. Fluorescence microscopy images of human prostate DU-145 cells incubated with (4) Alexa-penetratin-S-S-NLS(Rhodamine)-
PNA showing the cytoplasmic distribution of Alexa fluorescence (red) and nuclear fluorescence of Rhodamine (green). Yellow staining
represents a mixture of green and red colours. (B) reversed chromophores, i.e. Rhodamine-penetratin-S-S-NLS(Alexa)-PNA. (C) The
NLS(Rhodamine)-PNA is attached to Alexa penetratin by a noncleavable linkage (see [69] © Elsevier Science).
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Perspective

The subject of cellular uptake and activity of peptide con-
jugates of antisense oligonucleotides and their analogues
has been full of conflicting and controversial results in re-
cent years. Some of these problems have been due to the
complex nature of the experimentation required. As al-
luded to earlier in this review, there is still insufficient
data that addresses both cellular uptake and antisense ac-
tivity in a range of cell lines, and there are few meaning-
ful conjugate structure-function studies. Further, there
are no published results on uptake into primary cell lines
in culture and only a few papers that deal with in vivo cell
targeting. It seems increasingly clear that the promise of
a magic bullet peptide that will deliver all oligonu-
cleotides and analogues into cells by a route that avoids
endocytosis and endosomal vesicles, as suggested by
some early literature, is probably unattainable, although
there is some evidence that certain cargoes may be trans-
portable in this way, especially into neuronal cells. In-
stead, it is more likely that peptide conjugates can be used
more generally as agents to facilitate cell association, cell
uptake by endocytotic or other energy-dependent path-
ways, to enhance release from vesicular endosomes or
other cytosolic bodies, and to target to the nucleus, if de-
sired, through use of additional NLS sequences. The use
of alternative chemical signals may allow targeting of an-
tisense oligonucleotides or PNA to other organelles such
as the mitochondria [73]. It should also be noted that at-
tachment of certain peptides (e.g. cationic) to oligonu-
cleotides or PNA may provide additional advantages not
relating to uptake, such as enhanced binding to RNA tar-
gets [74]. As methods for the synthesis of conjugates im-
prove, so it is likely that an explosion of literature in this
promising field will be forthcoming. Further, peptide
conjugation is likely to be extended to synthetic short in-
terfering RNA (siRNA), reagents analogous to antisense
which are also now being used for control of gene ex-
pression [75], in order to enhance their delivery into cells.
It would be surprising if these activities do not lead to a
wealth of exciting new discoveries and applications.
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