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We report that oligonucleotides can be introduced into the mitochondria of living mammalian
cells by annealing them to peptide nucleic acids coupled to mitochondrial targeting peptides.
These complexes are imported into the mitochondrial matrix through the outer and inner
membrane import channels of isolated mitochondria. They are also imported into the mitochon-
dria of cultured cells, provided that the cytosolic uptake of the complexes is facilitated by using
synthetic polycations or membrane permeabilizing toxins. Our method now promises to provide
a viable strategy for the genetic modification of the mitochondria in cultured cells, animals and
patients.
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INTRODUCTION

No routinely successful method has been developed for
introducing exogenous DNA into the mitochondria of
living mammalian cells. To reach the mitochondrial ma-
trix where the mitochondrial DNA (mtDNA) resides, the
exogenous DNA must traverse three membranes: the
plasma membrane, the mitochondrial outer membrane
and the mitochondrial inner membrane.

DNA has been introduced into the mitochondria of
plant cells and yeast by biolistic transformation (1),
though this procedure has not been productive for mam-
malian cells. DNA has been introduced into isolated
mammalian mitochondria by electroporation (2), but
there are no reports of repopulation of mammalian cells
with electroporated mitochondria. Mitochondria isolated
from somatic cells have been microinjected into cultured

cells or oocytes (3), but this method uses naturally occur-
ring mitochondrial genotypes and microinjection is im-
practical for the genetic manipulation of large numbers of
cultured cells or for mitochondrial gene therapy in animal
or human tissues.

DNA has also been introduced into isolated mitochon-
dria by covalent-linkage of either oligonucleotides (4) or
double stranded DNA (5) to N-terminal mitochondrial
protein targeting peptides. Such conjugates are imported
into the mitochondria via the “transport through the
outer membrane” (TOM) and “transport through the in-
ner membrane” (TIM) multi-protein import channel com-
plexes (6). When fluorescently labeled short oligonucleo-
tides, covalently linked to a mitochondrial targeting
peptide, were introduced into cultured fibroblasts using
liposomes, the fluorescence became associated with mito-
chondria-like structures. However, the matrix localization
of the oligonucleotides was not established (7).

As an alternative to DNA, peptide nucleic acids (PNAs)
(8) have been tried. PNAs use a peptide bond backbone
instead of the sugar phosphate backbone of DNA or RNA

Abbreviations: DIG: Digoxigenin; FAM: Carboxy-fluorescein; mtDNA: mi-
tochondrial DNA; nps: nucleotide pairs; PNA: Peptide Nucleic Acid; PPO:
Peptide-PNA/oligonucleotide: SL-O: Streptolysin-O; TBE: Tris-Borate-EDTA;
TG-SDS: Tris-Glycine-Sodiumdodecylsulfate.
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to connect nucleic acid bases. PNAs have been conjugated
to N-terminal mitochondrial targeting peptides and these
are imported into the mitochondria. However, PNAs can-
not be incorporated into the mtDNA and could not be
shown to affect gene expression in cells (9).

While apparently biologically inactive in themselves,
PNAs have a very high affinity for base pairing with ho-
mologous oligonucleotides. This is because the peptide
backbone eliminates the inter-strand repulsion that desta-
bilizes double stranded nucleic acids (10). Moreover,
PNAs are very stable in biological systems (11,12).

We now report combining these various strategies into
a successful method for introducing oligonucleotides into
the mitochondria of living cells. An N-terminal mito-
chondrial targeting peptide is covalently coupled to a
PNA encoding a portion of the sequence to be introduced
into the mitochondrion. This targeting peptide-PNA con-
jugate is then annealed to an oligonucleotide with the
desired sequence and the complex transferred into the
cytosol using either polycations or transient membrane
channels. This procedure efficiently delivered labeled oli-
gonucleotides into the mitochondrial matrix, both in vitro
and in vivo.

RESULTS

Preparation of PNA-Peptide/Oligonucleotide
(PPO)-Complexes
When PNA-peptide conjugates (Table 1) were annealed to
a 100-fold molar excess of fluorescein (FAM), digoxigenin
(DIG) or gold-labeled oligonucleotide (Table 1), more
than 90% of PNA-Peptide conjugates were recovered as
PNA-peptide/oligonucleotide (PPO) complexes (Fig. 1A).
Formation of PPO-complexes could be confirmed by sep-
aration of reaction products in TBE-Urea or TG-SDS-poly-
acrylamide gel systems. However, due to the different
physical and chemical properties of different labels on the
oligonucleotides and the chimeric nature of PNA-pep-
tides, no single gel system proved to be optimal for all of
the chimeric constructs and complexes. Therefore, prod-

ucts were purified by HPLC (Fig. 1B and C) and recovered
in HBS or PBS for application to mitochondria or cells.

Import of PPO-Complexes into Isolated
Mitochondria
PPO-complexes bearing DIG-labeled oligonucleotides
were selectively taken up by isolated mouse liver mito-
chondria, and detected using anti-DIG antibodies. For
PPO-complexes encompassing a yeast COX IV pre-pep-
tide conjugated to a PNA (Y-conjugate), labeled oligonu-
cleotides were detected primarily in the inner membrane
and in the matrix (Fig. 2) of mitochondria. Similar results
were obtained for PPO-complexes using a mouse thiolase
pre-peptide PNA-conjugate (M-conjugate).

The requirement for a normal N-terminal targeting
peptide (Y- or M-conjugate) for import of the PPO-com-
plexes through the TOM-TIM channels and into the ma-
trix was confirmed by replacing the normal targeting pep-
tide with a randomized (scrambled) amino acid sequence
(SCR-conjugate). The SCR-conjugate/PPO-complex gave
only a weak interaction with the outer mitochondria
membrane and no oligonucleotides were detected in the
inner membrane or matrix fractions (Fig. 2). Free oligo-
nucleotides did not associate with the mitochondrial
membranes at all.

The uptake of the PPO-complexes was about 50 fold
higher with mitochondria energized by ATP then with
ATP-depleted mitochondria (Fig. 2), and the uptake was
five times more rapid for the Y-conjugate/PPO-complexes
than for the M-conjugate/PPO-complexes, as quantified
by direct comparison of in vitro import into the mito-
chondrial matrix. Thus, the PPO-complexes are taken up
by the mitochondria via targeting sequence-specific ac-
tive transport.

Uptake of Y-Conjugate/PPO-Complexes into Mouse
Muscle Myoblast Cells
PPO-complexes were next used to treat cultured mouse
C2C12 myoblasts. The mitochondrial uptake of the Y-

TABLE 1: Sequence and composition of conjugates and oligonucleotides

M conjugate NH2-MALLRGVFIVAAKRTPF-o-o-N-GATTCTTCACCGT-C

M oligonucleotide #5�-GGACT*ACGGTGAAGAATC-3�

SCR conjugate NH2-HTSVVRNFWYGQPVQ-o-o-N-GATTCTTCACCGT-C

Y conjugate NH2-MLSLRQSIRFFKPAT-o-o-N-TTCCTCGCTCACT-C

Y oligonucleotide #5�-GAGTC*AGTGAGCGAGGAA-3�

Sequence and composition of PNA–peptide conjugates and complementary oligonucleotides PNA–peptide/oligonucleotide complexes were formed by hybridization of PNA–peptide
conjugates with their corresponding oligonucleotides. M conjugate, signal sequence of the mouse mitochondrial thiolase gene conjugated to a PNA complementary to mtDNA (see
Materials and methods). SCR conjugate, scrambled peptide sequence conjugated to the same PNA sequence as the M conjugate. Y conjugate, signal sequence of yeast COX subunit IV
conjugated to a PNA complementary to a commercial cloning vector. Superscript, orientation of peptides, oligonucleotides, and PNAs. -o-o-, linkers, connecting peptide and PNA moiety
of the conjugate.

*Sequence in italics depicting 5� overhang of oligonucleotides.
#Site of modification.
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conjugate/PPO-complexes was compared with control
SCR-conjugate/PPO-complexes.

To facilitate introduction of the PPO-complexes into
the cell cytoplasm, four different protocols were tried:
direct exposure, encapsulation in liposomes, aggregation
with polycations, or diffusion through transient plasma
membrane pores generated by Streptolysin-O (SL-O). To
monitor the oligonucleotide fate, the 5� ends were labeled
with either fluorescein (FAM) or colloidal gold.

Passive Uptake of Mitochondrial-Targeted
PPO-Complexes
Initially, 1 �M PPO-complexes containing 1 �M of FAM-
labeled oligonucleotide (13) were apply directly to the
myoblasts. At 30 min after exposure, myoblasts exposed
to either PPO-complexes or free oligonucleotides showed
intense, uniform, intracellular cytosolic fluorescence. By 1
hour after exposure the PPO-complex-associated oligonu-
cleotide fluorescence was concentrated around the mito-
chondria with low cytoplasmic background (comparable
to Fig. 3D), while free oligonucleotide fluorescence was
faint and dispersed throughout the cytoplasm.

High magnification fluorescent microscopy (up to
1250x) did not reveal any indication for staining of or-
ganelles other than the mitochondria in the focal plane
used, when comparing the fluorescence patterns gener-
ated by the PPO-complexes and Mitotracker�. Hence, cells
are capable of taking up naked PPO-complexes and trans-
porting them to the mitochondria.

To analyze the efficacy of introducing the PPO-com-
plexes through the plasma membrane by liposomes, poly-
cations, or SL-O pores; we reduced the PPO-complex con-
centration and thus the labeled oligonucleotide to 10 nM.
This eliminated the background associated with the pas-
sive uptake of PPO-complexes observed at 1 �M.

Lipotransfection
Liposomes (14) proved unsuitable for introduction of the
PPO-complexes into the myoblast cytoplasm. After lipo-
some-facilitated transformation, the fluorescence of lipo-
some-encapsulated PPO-complexes with targeting pep-
tides, either Y-conjugate or SCR-conjugate, remained
associated with the outside of the cell (Fig. 3C). This
suggests that the hydrophobic targeting peptides became
dissolved in the lipid bi-layer of the liposome and the
plasma membrane rendering them inaccessible to the mi-
tochondria. Indeed, cytosolic fluorescence was higher
with liposome encapsulated oligonucleotides alone (Fig.
4A) or PPO-complexes lacking a targeting peptide (data
not shown).

PEI-PPO-Complex Aggregate Transformation
The cytosolic delivery of PPO-complexes using branched
chain polyethylenimine (PEI) was more successful. PEIs
aggregate DNA, protecting it from endocytosis and endo-
somal degradation (15,16).

The optimal PEI molecular weight for PPO-complex
delivery was 25 kDa and the optimal DNA to PEI ratio
(N/P ratio) was 10/1. This created aggregates of 150–300
nm with the maximum DNA fluorescence.

Exposure of myoblasts to PEI-PPO-complex aggregates
containing 10 nM of oligonucleotides resulted in the ef-
ficient uptake of PEI-PPO complex aggregates into the
cytosol. Initially the PPO-complexes were distributed
peri-nuclearly and co-localizing with the lysosome-spe-
cific dye Lysotracker™ (Fig. 3C). Subsequently, the oligo-
nucleotide fluorescence became localized in bead-like
structures of reduced size, creating a pattern in which
some fluorescence remained co-localized with Lyso-
tracker™, but most of the fluorescence co-localized with
Mitotracker� (Fig. 3A) and similar to Fig. 3D. Thus, Y-
conjugate/PPO-complexes were transferred from the lyso-
somal PEI-PPO-complex aggregates to the mitochondria.

The intensity of the mitochondrial oligonucleotide flu-
orescence was directly related to the proximity to the
PEI-PPO-complex aggregates to the mitochondria. Mito-
chondria near the PEI-PPO-complex aggregates rapidly
developed high-level fluorescence. The fluorescence then
diffused along the mitochondria creating a fluorescent
mitochondrial network, which was maintained for ex-
tended periods of time (Fig. 4B).

While mitochondrial uptake was intense with the Y-
conjugate, it was absent with either the SCR-conjugate
(Fig. 3A, SCR) or with PNAs lacking a targeting peptide
(Fig. 3A {-pept} and Fig. 3B), indicating that the targeting
peptide sequence was essential for mitochondrial uptake.
Surprisingly, the SCR-conjugate/PPO-complex resulted in
intense nuclear fluorescence (Fig. 3A, {SCR}).

It is unlikely that the Y-conjugate/PPO-complexes were
simply stuck in the mitochondrial import channels, since
the transfected cells did not show increased rates of cell
death or in apoptotic changes in mitochondrial morphol-
ogy such as fragmentation or “curling” of the mitochon-
drial network. Furthermore, the mitochondrial fluores-
cence diffused away from the PEI-PPO-complex
aggregates along the mitochondrial network as if moving
through an aqueous phase. Hence, it is most likely that
the labeled oligonucleotides became localized in the mi-
tochondrial matrix.

Streptolysin-O (SL-O) Permeabilization
PPO-complexes were also delivered to the cytosol using
an optimized concentration of the bacterial toxin SL-O,
which generates transient plasma membrane pores of up
to 30 nm (17,18) (Fig.4a). Within 30 min after SL-O and
Y-conjugate/PPO-complex treatment of the myoblasts,
oligonucleotide fluorescence co-localized with Mito-
tracker� (Fig. 3D) and was uniformly distributed through-
out the mitochondria. While the oligonucleotide fluores-
cence per mitochondrial unit was lower with SL-O than
for mitochondrial adjacent to PEI aggregates, a much
larger proportion of the mitochondrial network became
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fluorescent with SL-O. Therefore, the overall mitochon-
drial uptake of the Y-conjugate/PPO-complex per cell was
higher using SL-O than PEI (Fig. 4B).

Following introduction by SL-O, the Y-conjugate/PPO-
complexes gave intense mitochondrial fluorescence,

while SCR-conjugate/PPO-complexes gave only nuclear
fluorescence (similar to Fig. 3A). Following SL-O-stimu-
lated Y-conjugate/PPO-complex exposure, the mitochon-
drial fluorescence slowly declined, suggesting that the
labeled oligonucleotides in transformed mitochondria

FIG. 1. Synthesis and purification of PNA-peptide conjugates and PPO-complexes. A, False color image of reaction products obtained by hybridization of the
Y-conjugate containing a fluorescent-labeled PNA-peptide (Y) with FAM-labeled oligonucleotide (OF) resulting in a fluorescent PPO-complex (Y-CF) and separated
by 15% TBE-Urea PAGE. MW: Molecular weight standard. B, HPLC profiles obtained from: 1. DIG-labeled oligonucleotide (O), 2. PNA-Y peptide conjugate (Y)
and 3. the products of the completed hybridization reaction between PNA-peptide conjugate and labeled oligonucleotide (P). C, Peak fractions at indicated
collection times (min) from B, separated as under A and detected by silver staining: lane 1 (O,15), 2 (Y,23) and 3–5 (P, 15; P,16; P,18). The intact PPO-complex
is found in lane 5 (P,18).

FIG. 2. Import of PPO-complexes into isolated mitochondria. DIG-labeled PPO-complexes in the post-mitochondrial supernatant (C), inner mitochondrial
membrane fraction (IM), and mitochondrial matrix fraction (Matrix) were separated by 18% TG-SDS PAGE and detected by anti-DIG antibody after western
transfer. Arrows indicate size of full length PPO-complex, which migrates at about 22 kDa. Complexes without signal peptide migrate at 6 kDa. The DIG-labeled
oligonucleotide (O) migrates more slowly than oligonucleotides annealed to either the Y-conjugate/PNA or PNA alone; Cy: Y-conjugate hybridized to the labeled
oligonucleotide (Y-conjugate/PPO-complex); Cs: SCR-conjugate hybridized to the DIG-labeled oligonucleotide (SCR-conjugate/PPO-complex). Reaction
conditions: Mitochondria: (� added/� not added); ��: Mitochondrial membrane potential (� intact/� dissipated by addition of proton ionophore FCCP); Prot.
K: Proteinase K (� added after import/� not added); ATP: (� added/� not added).
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were degraded by proteolytic or nucleolytic processes in
the mitochondrial matrix (Fig. 4B). This contrasts to the
stability of the PEI-PPO-complex aggregate mitochondrial
fluorescence (Fig. 4B). Perhaps the stability of the mito-
chondrial fluorescence associated with the PEI-PPO-com-
plex aggregates results from the continuous release of the
Y-conjugate bound oligonucleotide into the cytosol,
which replenishes the degraded mitochondrial oligonu-
cleotides.

Electron Microscopy
The deposition of the oligonucleotides from the Y-conju-
gate/PPO-complexes into the mitochondrial matrix of the
myoblasts was confirmed using Undecagold™-labeled oli-
gonucleotides. At 30 minutes after exposure to PEI-PPO-
complex aggregates, gold particles were observed by elec-
tron microscopy in cytoplasmic aggregates, presumably
endolysosomes, as well as in association with the mito-
chondria (Fig. 5B). Within 4 hours of exposure, single
Undecagold™ particles were observed in the mitochon-
drial matrix (Fig. 5A and C). Undecagold™-labeled oligo-
nucleotides annealed to the SCR-conjugate or to PNAs
without a targeting peptide were not detected either in-
side or near the mitochondria. While the efficiency of
mitochondrial import of Undecagold™-labeled oligonu-
cleotides is generally reduced (19), this result confirms
that the Undecagold™-labeled oligonucleotides are trans-
ported into the mitochondrial matrix where they could
then interact with the mtDNA.

DISCUSSION

Many attempts have been made to develop a reliable
method for delivering DNA to the mitochondrial matrix
from outside a mammalian cell, but to no avail. Now,
however, we report the successful import of labeled DNA
oligonucleotides into the mitochondrial matrix using
PNAs conjugated to mitochondrial targeting peptides as
vehicles for the transport of annealed oligonucleotides
through the TOM-TIM protein import apparatus.

Proof that we have succeeded in introducing native
DNA oligonucleotides into the mitochondrial matrix of
living cells comes from several interrelated observations.
First, we showed that isolated mitochondria could take up
Y-conjugate/PPO-complexes into the mitochondrial in-
ner membrane and matrix. Second, we demonstrated that
uptake of the PPO-complexes required energized mito-
chondria and a legitimate mitochondrial targeting pep-
tide. Third, we showed that Y-conjugate/PPO-complexes
within myoblasts were localized in structures that had the
morphology of mitochondria and co-localized with Mito-
tracker�. Fourth, we demonstrated that Y-conjugate/PPO-
complexes containing gold-labeled oligonucleotides were
localized within the mitochondrial matrix as revealed by
electron microscopy. Finally, we showed that the mito-

chondrial uptake within cells did not occur unless we
used a functional mitochondrial targeting peptide.

Having developed an effective system for introducing
oligonucleotides through the mitochondrial membranes
and into the matrix, we increased the efficiency of mito-
chondrial transformation by using PEI aggregates or SL-O
channels to enhance cellular uptake of the PPO-com-
plexes. SL-O uptake gave the highest overall mitochon-
drial fluorescence, but then slowly faded. PEI aggregates
gave intense regional mitochondrial fluorescence, and the

FIG. 3. Fluorescence microscopy of PPO-complexes in cultured myoblasts.
Panel A: Cellular localization of the FAM-labeled oligonucleotide (green fluo-
rescence) hybridized to PNAs conjugated to (from left to right) no peptide
(-Pept.), SCR-conjugate (SCR), Y-conjugate (Y) and transformed by PEI. Mito-
chondria were counterstained with Mitotracker� (red fluorescence). Photomi-
crographs (240 �) were taken 4 hrs after transformation. Panels B–E: Sub-
cellular localization of FAM-labeled PPO-complexes in cultured cells. Labeling
and detection of constructs and counterstaining of mitochondria was as in
Panel A, unless stated otherwise. Depicted on each row are from left to right:
FAM- fluorescence of PPO-complex (PPO-C), mitochondrial fluorescence by
Mitotracker� (Mito), overlay of both channels (OL). B: Polyethylenimine (PEI)
transformation using a PNA without signal peptide. C: Lipotransfection with
the Y- conjugate/PPO-complex. D: Transformation with the Y-conjugate/PPO-
complex by SL-O permeabilization. Panel E: Transformation of Y-conjugate/
PPO-complex aggregated with PEI (PPO-C) and counterstained with Lyso-
tracker™ (Lyso), staining the lysosomal compartment. OL: Overlay.
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fluorescence was maintained longer. Hence, both meth-
ods may have merit in different contexts.

While considerable effort has been invested in opti-
mizing our procedures, additional improvements may
still be possible in the PPO-complex construction. Alter-
natives to the yeast COX IV mitochondrial targeting pep-
tide may be more efficacious in mediating PNA/oligonu-
cleotide uptake into the mitochondria (20) or may allow
import of longer oligonucleotides. Modifications of the
length and sequence of the PNA and the annealed oligo-
nucleotide may enhance biological activity. The reason
for the decline of the mitochondrial oligonucleotide flu-
orescence in the mitochondrial matrix needs to be deter-
mined and inhibited.

Still, having succeeded in introducing oligonucleotides
into the mitochondria, we can now attempt to genetically
modify the mtDNA. For example, an oligonucleotide
could be introduced into the mitochondrial matrix that
contains the base change in the 16S rRNA gene conferring
resistance to the mitoribosome inhibitor chlorampheni-
col (CAP) (21). If this oligonucleotide can act as a primer
for mtDNA synthesis, it could generate a mtDNA harbor-
ing the CAP resistant mtDNA mutation.

Thus, our approach now has the potential of introduc-
ing a wide variety of mtDNA mutations into mammalian
cell and animal tissue mtDNAs. This should permit gen-
eration of specific models for mtDNA disease, and raises

the possibility of correcting pathogenic mtDNA muta-
tions in cells or animals (22).

MATERIALS AND METHODS
PNA-peptide conjugates. The PNA-targeting peptide conjugates were syn-
thesized by Research Genetics (Huntsville, Alabama), using PNA-mono-
mers, activator, and resins from Perseptive Biosystems (Framingham,
Maryland). PNAs were synthesized using solid phase chemistry (23), end-
ing in two “Ado”-linker molecules (8-amino-3, 6-dioxa-octanoic acid). The
mitochondrial targeting peptides were then extended from these spacers
by solid-phase Fmoc protein chemistry (24). Conjugates (Table 1) were
purified by RP-HPLC (25) and analyzed by MALDI-TOF MS (26).

M-conjugate. The “mouse,” mitochondrial thiolase gene, 17 amino-acid
pre-sequence (27) was conjugated to a 13 base PNA complementary to
nucleotide pairs (nps) 15986–15998 of the Mus musculus mtDNA (28).

Y-conjugate. The “yeast” (Saccharomyces cerevisae), cytochrome-c oxidase
subunit IV (COX IV) gene, 15 amino-acid pre-sequence (29) was coupled
to a 13 base PNA molecule complementary to nps 3871–3883 of the
plasmid PCR 2.1 (Stratagene; La Jolla, California).

SCR-conjugate. A “scrambled” peptide sequence of the same length as the
M-chimera peptide was coupled to a PNA complementary to the mouse
mtDNA nps 15986–15998.

W/o-conjugate. A PNA molecule “without” pre-peptide was synthesized
with 13 bases PNA complementary to nps 3871–3883 of pPCR 2.1.

To identify the conjugates in gel systems, the peptide part was labeled
with the fluorescent probe FQ (3-(2-furoyl) quinoline-2-carboxaldehyde)
(Atto-Tag™, Molecular Probes; Eugene, Oregon). Reaction products were
purified by HPLC (see “Synthesis and Purification of Constructs”).

Oligonucleotides and constructs. Oligonucleotides (IDT; Coraville, Idaho)
were synthesized complementary to the PNA and extended for 3 to 5

FIG. 4. Cytoplasmic and mitochondrial uptake of free oligonucleotides or
PPO-complexes. A: Cytoplasmic uptake of 1 �M free FAM-labeled oligonucle-
otide (Oligo) or the oligonucleotide hybridized to the Y-conjugate (Y-C) into
myoblasts transformed by direct exposure (D), permeabilization with strepto-
lysin-O (SL-O) or encapsulation in liposomes (L). Uptake was measured in
relative light units (RLU) of cytoplasmic fluorescence 2 hrs after transformation.
B: Mitochondrial uptake of PPO-complexes (20 nM) measured as fluorescence
per mitochondrial unit over time. Myoblasts were transformed with Y-conju-
gate/PPO- complexes (Y-C) by direct exposure (D), Streptolysin-O permeabi-
lization (SL-O), aggregation with PEI (PEI) or by liposome encapsulation (L).

FIG. 5. Ultrastrucural localization of gold-labeled PPO-complexes in cultured
cells. Myoblasts were transformed with PEI-PPO-aggregates containing the
Y-conjugate hybridized to a gold-labeled oligonucleotide (A and C) or PEI-
PPO-aggregates containing no targeting peptide (B). Electron micrographs
were acquired from cross-sectioned myoblasts 4 hours after transformation.
Arrowheads show silver-enhanced Undecagold™-particles. 14,000 � magni-
fication. Bar length: 200 �m.
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nucleotides beyond the PNA sequence at the 5� end (Table 1). 5� ends of
oligonucleotides were modified by C6 S-S phosphoramidite coupled to
either FAM (5-carboxyfluorescein), Digoxigenin (DIG) (Roche Molecular
Biochemicals; Indianapolis, Indiana) or Monomaleimido-Undecagold�

(Nanoprobes™; Yaphank, New York). 5� end thiolated oligonucleotides
labeled with Undecagold� (30) were purified by DEAE Ion exchange chro-
matography (Amersham Pharmacia Biotech; Piscataway, New Jersey) and
analyzed by denaturing TBE-Urea gel electrophoresis (31).

Synthesis and purification of PNA-peptide/oligonucleotide (PPO) com-
plexes. All chemicals were obtained from Aldrich/Sigma (St. Louis, Mis-
souri) unless stated otherwise. The PNA-peptide conjugates (20 nM) sus-
pended in 0.05% Tween 20, 10 mM Tris-Cl and 10 mM KCl, pH 7.4 were
heated to 75°C and then added to labeled oligonucleotides (2 mM). After
incubation at 75°C for 5 min the reaction was cooled to RT at 1.5°C/min.

Reaction products were purified by RP-HPLC (“System Gold Nouveau”
Beckman; Fullerton, California) using a Octadecyl-4PW C18 RFLP column
(Rohmhaas/Tosohaas; Montgomeryville, Pennsylvania). Separations were
performed in medium A {50 mM TEAA/H2O pH 5.3 (Pierce; Rockford,
Illinois)}, with a gradient of 5%–100% medium B {50 mM TEAA/Acetoni-
trile (Burdick&Jackson; VWR; Atlanta, Georgia)}. Fluorescent-labeled reac-
tion products were separated by 15% TBE-Urea gel electrophoresis with a
MultiMark™ standard (Invitrogen; Carlsbad, California), and analyzed by
scanning fluorescence spectrophotometry (FluoroImager 595, Molecular
Dynamics; Sunnyvale, California). Purity of DIG-labeled reaction products
separated as above and transferred onto PVDF-Membranes was confirmed
by western blot (Western Breeze™; Invitrogen), using an anti-DIG anti-
body (Roche).

Gold-conjugated complexes, containing gold-labeled oligonucleotides
were separated in 15% TB-EDTA gel systems and detected by silver staining
(Silver Stain Plus™, Biorad; Hercules, California).

Cell free import-assays. Mitochondria from liver of SV129 mice were
prepared by differential centrifugation followed by Percoll� gradient pu-
rification (32). Respiration-competent mitochondria (200 �g) were incu-
bated with 50 nM DIG-labeled PPO-complex in the presence of a standard
mitochondrial import reaction mixture (33) or with reaction mixtures
with modified mitochondrial energetic capacities (34). After incubation,
unincorporated PPO-complexes were removed and mitochondria were
repurified by Percoll� gradient centrifugation and subfractionated into
outer membrane, inner membrane and matrix using digitonin (Roche)
and differential centrifugation (35,36). Fractions were routinely identified
by the appropriate marker enzymes and then analyzed on a 4–20% Tris-
Glycine-SDS polyacrylamide gel system (Invitrogen). DIG-labeled oligonu-
cleotides were detected using anti-DIG antibodies and Western blots.

Cell lines, in vitro transformation. The mouse muscle myoblastoid cell
line C2C12 (ATTC�; Rockville, Maryland/No.: CRL-1772) was expanded
(37) and 4 � 104 cells were seeded into 8-cell chamber slides™ (Nalgene
Nunc, Fisher; Pittsburgh, Pennsylvania) 24 h before the experiment. Prior
to transformation, the cells were washed 3 times in PBS. Then 50 �l of the
transformation medium was added. For transformations without cytosolic
up-take agents, 1 nM-1 �M of the FAM-labeled Y-construct was used. For
transformations with agents to improve cytosolic uptake, 20 nM of fluo-
rochrome-labeled and 250 pM gold-labeled PPO-complexes were used.

Cationic liposomes. Liposomes were prepared using DOTAP/DOPE formu-
lations, Fugene™ 6 (Roche) and Escort™ (Sigma/Aldrich). Molecular ratios
of the cationic lipids were adjusted to match the cell-type and the size of
the nucleic acid component of the PPO-complexes. Cells were transformed
using liposomes in Opti-Mem™ serum free medium (Gibco.Brl; Grand
Island, New York) for 1 h. Following transformation, the cells were washed
3 times in PBS and incubated in standard growth medium.

Polyethylenimine (PEI). Aggregates were formed between the PPO-com-
plexes and PEI (Sigma/Aldrich) using branched PEI with molecular weights
of 750 kDa, 25 kDa and 700 Da to assess cytotoxicity and transformation
efficacy. Optimal conditions employed 25 kDa PEI in 20 mM HEPES
buffered saline (HBS) with nitrate (PEI) to phosphate (DNA) ratios (38) of

10. Complexes were prepared fresh for each experiment, and incubated
with the cells in standard growth medium.

Streptolysin-O (SL-O). The optimal concentration of activated SL-O
(Sigma/Aldrich) for permeabilization of the cells was established prior to
each experiment (39). Activated SL-O (200–350 U/ml) and 10 nM of the
PPO-complex were incubated with PBS-washed cells in Opti-Mem™ serum
free medium at 37°C for 10 min. The permeabilized cells were resealed by
adding 10 Vol. of pre-warmed growth medium.

Undecagold™. Adherent mouse C2C12 cells were transformed with
Undecagold™-labeled PPO-complexes for 4 hours in the presence of SL-O
or PEI. Cells were then removed from their substrate, washed and prepared
for transmission electron microscopy (40,41) (EM Facility, Dept. of Bio-
chemistry/Emory University).

Data acquisition. Following transformation, cells were incubated for
1–12 h in standard growth medium. The intracellular location of the
fluorescent-labeled PPO-complexes was determined by counterstaining
the transformed cells with organelle-specific dyes: 200 nM Mitotracker�
CMX-Ros and 100 nM Lysotracker™ Red DND-99 (Molecular Probes) for
30 min. Cells were then washed, fixed in 3.5% paraformaldehyde/1.5%
glutaraldehyde (Sigma) and mounted for fluorescence microscopy (Anti-
Fade™, Molecular Probes).

Samples were analyzed by fluorescence microscopy (Axiovert™, Zeiss,
St Louis, Missouri) using 40x and 100x objectives and two separate dye
specific filter sets (FITC Filter set 17, Zeiss/HQ TRITC Filter set, Chroma
Tech.; Brattleboro, Vermont). After controlling for light microscope focus,
the images for the two fluorophores were collected sequentially with an
Optronics™ (Goleta, California) DEI-470 CCD video camera system at
1240 � 1024 pixels. Digitized images were processed using Mediagrabber™
image processing software (Raster Ops; Indianapolis, Indiana) and super-
imposed using Adobe Systems Inc. software.

Statistical analysis. Semi-quantitative evaluation of the amount of fluo-
rescent probe associated with the mitochondria was performed by digital
image analysis (Image J; http://rsb.info.nih.gov/ij/docs). The ratio of mi-
tochondrial green fluorescence of the labeled PPO-complex versus red
fluorescence of Mitotracker� was calculated and the results of twenty cells
were averaged for each experiment.
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