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ABSTRACT

While genomic DNA, packaged into chromatin, is
known to be locally constrained but highly dynamic
in the nuclei of living cells, little is known about the
localization and dynamics of small circular DNA
molecules that invade cells by virus infection, appli-
cation of gene therapy vectors or experimental
transfection. To address this point, we have created
traceable model substrates by direct labeling of
plasmid DNA with fluorescent peptide nucleic acids,
and have investigated their fate after microinjection
into living cells. Here, we report that foreign DNA
rapidly undergoes interactions with intranuclear
structural sites that strongly reduce its mobility and
restrict the DNA to regions excluding nucleoli and
nuclear bodies such as PML bodies. The labeled
plasmids partially co-localize with SAF-A, a well
characterized marker protein for the nuclear ‘scaf-
fold’ or ‘matrix’, and are resistant towards extraction
by detergent and, in part, elevated salt concentra-
tions. We show that the localization and the low
mobility of plasmids is independent of the plasmid
sequence, and does not require the presence of
either a scaffold attachment region (SAR) DNA
element or a functional promoter.

INTRODUCTION

Small circular DNA molecules invade the nucleus of
eukaryotic cells during viral infection or the transfection of
plasmids, such as vectors for gene therapy. Even though this is
a common event, surprisingly little is known about the fate of
these molecules in the nuclei of living cells. Import into the
nucleus was recently shown to depend on transport through the
nuclear pore complex piggybacked on proteins with nuclear
localization signals (1). Once inside the nucleus, the incoming
foreign DNA acquires a state that facilitates the expression of
the enclosed genes. For many viruses, this allows the
expression of ‘early’ genes that stabilize the infection and
prepare the host cells for virus replication. Likewise, genes on
transfected plasmids are expressed efficiently without requir-
ing a prior integration into the genome. Thus functional

interactions of regulatory sequences on the incoming DNA
with nuclear components in the host cells can be inferred.
However, the mechanism by which this occurs is unclear, as is
the question of whether these initial contacts can be modified
or abolished (e.g. for therapeutic use).

Interestingly, there is often a difference between the
expression of a gene on a transfected vector in transient
assays (comparable to an infecting virus genome) compared
with the expression of the same gene after the vector has
integrated into the genome [reviewed in (2)]. While expres-
sion from episomes only depends on the sequence of the
regulatory sequences on the vector, the expression of a gene
after integration is also affected by its relative position to other
genes and its localization in the three-dimensional context of
the nucleus.

Certain DNA elements such as scaffold attachment regions
(SARs) or boundary elements can alleviate this ‘position
effect’” when present on the integrated vector [reviewed in (3)].
The SAR DNA elements are A+T-rich sequences originally
identified by their specific binding to the nuclear scaffold
(4,5). In their normal genomic context, SARs are often located
close to regulatory sequences such as promoters and
enhancers, where they have been shown to affect chromatin
accessibility (6) and specific histone modifications associated
with transcriptionally active genes (7). A plausible, although
not undisputed, hypothesis suggests that SARs exert their
effect by tethering chromatin to a proteinaceous nuclear
scaffold and organizing the genome into topologically inde-
pendent loop domains (8). Interestingly, many virus genomes
have also been shown to bind to this ‘nuclear scaffold’,
mimicking a host chromatin domain, and depend on this
interaction for productive infection [see (9), and references
cited therein]. To this end, some viruses carry their own SAR
on the genome (10-14), whereas others encode a protein that
acts as a bridge between the genome and the nuclear scaffold
(15,16) or preferentially integrate into the host genome close
to SAR DNA sequences (17,18). These findings have recently
been exploited in the rational design of a non-viral vector,
where a SAR is sufficient to enable episomal replication and
exert mitotic stability, and effectively block the integration of
the vector into the genome (19-21). Thus SARs and their
interaction with the nuclear scaffold appear to be necessary to
maintain a chromatin conformation that facilitates position-
independent gene expression [reviewed in (3)]. From
hybridization studies on fixed cells, the genomes of SV40
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and adenovirus, as well as plasmid DNA, seem to be
heterogeneously distributed in the nucleus, sometimes en-
riched in the vicinity of nuclear speckles, and excluded from
nucleoli (22,23). These results could be compatible with an
attachment of the DNA molecules to a nuclear scaffold, and
prompted us to devise a method to investigate their localiza-
tion and dynamics in living cells. Here, we report experiments
with fluorescence-labeled plasmid DNA as a model substrate
for viral genomes or gene therapy vectors. Peptide nucleic
acids (PNAs) were chosen to attach a fluorescent label to the
plasmids under investigation. PNAs are synthetic DNA
analogs with a pseudopeptide (polyamide) backbone instead
of the natural sugar phosphate backbone (24) [reviewed in
(25)]. They hybridize to complementary DNA with very high
specificity and stability (26) and are not susceptible to
degradation by cellular nucleases and peptidases (27).
Furthermore, homopyrimidine PNA oligomers form extre-
mely stable helix invasion complexes with complementary
targets in duplex DNA (24,28,29), allowing non-covalent but
yet very stable labeling of DNA molecules for in vivo tracking
(30). Owing to the specificity and stability of their interaction
with DNA, peptide nucleic acids have attracted much interest
as a basis of gene-targeted drugs [reviewed in (31)]. Here, we
have utilized these features to allow, for the first time,
investigation of the localization and mobility of small circular
DNA molecules in the nucleus of the living cell.

MATERIALS AND METHODS
Cell culture and microinjection

COS7 cells (ATCC CRL-1651) were cultivated on plastic
dishes in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal calf serum in a humidified atmosphere containing
5% CO,, and were split 1:5 every second day. For
microinjection, cells were seeded onto coverslips containing
a 175 um grid (CeLLocate, Eppendorf, Hamburg) 1 day
before injection. Microinjection into the cell nucleus was
performed in CO,-independent medium (Gibco, 18045) with
an Eppendorf 5242 microinjector at an average injection
pressure of 100 hPa for 0.5 s. Under these conditions, ~0.3 pl
was injected per cell; at least 50 cells were injected per
experiment. For co-microinjection with expression vectors,
labeled DNA and expression vector DNA were mixed in a
ratio of 1000:1.

Live cell microscopy

For live cell microscopy, cells were split onto glass-bottomed
culture dishes (Mattek), microinjected 1 day after splitting and
analyzed 18-20 h later. Cells were placed onto a heated stage
at 37°C for analysis with a Zeiss Meta-510 confocal laser
scanning microscope. Fluorescence recovery after photo-
bleaching (FRAP) experiments were performed on the same
microscope, using 1500 iterations of bleaching with light of
543 nm wavelength for rhodamin-labeled DNA, or 20
iterations at 488 nm for enhanced green fluorescent protein
(EGFP) fusion proteins.

Plasmids

Plasmids used in our studies include pMII, containing the
human SAR-DNA MII in pBluescript SK+ (32), pK2, a non-
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expressing complete cDNA clone of SAF-A in pBluescript
SK+ (33), the bacterial expression vector pRSET-A
(Invitrogen), and the episomally replicating vector pEPI-1,
containing a functional promoter and a SAR-DNA element
(20). All plasmids contain a unique EcoRI restriction site that
was used for insertion of the PNA target sequence.

Cloning and labeling of plasmid DNA by PNA

The PNA binding sequence was introduced into the unique
EcoRI restriction site of investigated plasmids by cloning of
two annealed complementary oligonucleotides (oligol,
AATTGGATCCGAGAAGAAAA; oligo2, AATTTTTT-
CTTCTCGGATCC). To allow only a single integration,
unphosphorylated oligos were used. All constructs were
verified by sequencing and purified by cesium chloride
centrifugation. Only preparations with >95% supercoiled
plasmid were used for the experiments.

Rhodamine-labeled PNA with the sequence Rh-egl-KK-
JTJITTITTTT-(egl);-TTTTCTTCTC-K-NH, (egl, ethylene
glycol linker; K, lysine; J, pseudoisocytosine) was synthesized
and purified as described (34), and dissolved in water to a
concentration of 100 pmol/ul. For hybridization, PNA was
added to 30 pg plasmid at a molar ratio of 50:1 (PNA:DNA) in
120 ul TE, and incubated for 3 h at 37°C. To quantitatively
remove unbound PNA, the reaction was then diluted into 2 ml
TE and spun in Centricon ultrafiltration units with a 30 kDa
cut-off. This washing step was repeated twice before the
DNA/PNA complex was concentrated to a final concentration
of 0.5-1 ug/ul.

Electrophoretic mobility shift assay

Plasmid DNA (0.75 pmol) was incubated with
increasing amounts of rhodamine-labeled PNA in TE
(20 wl final volume) at 37°C for 3 h. After incubation,
DNA/PNA complexes were digested with restriction
enzymes to produce fragments suitable for mobility shift
assays. For the experiment in Figure 1, the pMII-plasmid
(human SAR element MII in pBluescript, see above) was
digested with Xbal and Kpnl for 3 h at 37°C. Resulting
fragments were analyzed in 1.5% agarose gel to reveal a
possible shift of the fragment containing the inserted
PNA target sequence.

Sequential extraction of cells

Cells were cultured on glass coverslips coated with 0.1%
alcian blue and processed 20 h after microinjection essentially
as described previously (35,36). Briefly, cells were incubated
with 100 ul CSK buffer (10 mM PIPES pH 6.8, 100 mM NaCl,
300 mM sucrose, 3 mM MgCl, and 0.5% Triton X-100) for
10 min at room temperature. For better preservation of
structure (37), 2 mM sodium tetrathionate was added to the
buffer. After washing in phosphate buffer saline (PBS),
coverslips were treated for 10 min at room temperature with
extraction buffer (10 mM PIPES pH 6.8, 250 mM ammonium
sulfate, 300 mM sucrose, 3 mM MgCl, and 0.5% Triton X-
100), washed again in PBS and finally incubated for 10 min at
room temperature with 100 pl of 2 M NaCl in the same buffer.
Cells were then fixed for 10 min with 3.5% paraformaldehyde
and mounted in 40% glycerol in PBS.
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Figure 1. Labeling and purification of plasmid DNA by peptide nucleic
acid (PNA). (A) Schematic representation of a PNA clamp bound to DNA.
One part of the PNA molecule invades the DNA duplex to interact with the
complementary DNA sequence according to Watson—Crick hydrogen bond-
ing rules. Via a flexible linker, PNA folds back and the second part of the
molecule binds to DNA via Hoogsteen base pairing. The PNA can be la-
beled with a fluorochrome (star). (B) Titration of the optimal PNA:DNA
molar ratio for complex formation. Plasmid DNA was incubated with
increasing amount of rhodamine-labeled PNA (0-500 molar excess) in TE
(20 w1 final volume) at 37°C for 3 h. After incubation, DNA/PNA com-
plexes were digested with Xbal and Kpnl (37°C for 3 h) and resulting
fragments were analyzed by 1.5% agarose gel electrophoresis. The arrow
indicates the fragment containing the PNA target site; note the complete
and exclusive shift of this fragment. M, 100 bp DNA ladder. (C) Purification
of labeled DNA. After labeling as described in (B), unbound PNA was
removed by ultrafiltration over Centricon microconcentrators of 100 or
30 kDa molecular weight cutoff (Millipore). Persistence of the label on the
specific fragment was verified by restriction and gel electrophoresis. Note
the loss of complexes during the purification with 100 kDa cut-off filters. C,
Control DNA with unbound PNA; 1, after labeling but before purification;
2, after purification; M, 100 bp DNA ladder.

Hirt extraction and plasmid quantification

COST7 cells were transfected by electroporation with 10 pg of
unlabeled plasmid DNA. Two days after transfection, the
medium was removed and the dishes were thoroughly washed
with PBS. Cells were then permeabilized by incubation in 3 ml
of CSK buffer (see above) for 10 min at room temperature.
After two additional washes in PBS, half the dishes were
further incubated in 2 M NaCl in 10 mM PIPES pH 6.8, 300
mM sucrose, 3 mM MgCl, and 0.5% Triton X-100 for 10 min.
Cells were then lysed in 3 ml of lysis buffer (0.6% SDS,
10 mM Tris—HCI, 10 mM EDTA) for 5 min, and the lysate was
gently mixed with the same volume of 2 M NaCl in TE and
stored at 4°C overnight. The next day, precipitated material
(containing genomic DNA) was removed by centrifugation at
10 000 g for 20 min in the cold. Plasmid DNA was purified
from the supernatants by phenol:chloroform extraction and
isopropanol precipitation. The DNA pellet was washed in 70%
ethanol, air-dried and resuspended in 50 pl of water.
Recovered plasmid DNA was quantified by transformation
of XL1 Blue bacteria and counting the resulting colonies.

Real-time PCR

Real-time PCR was carried out in a LightCycler (Roche,
2011468) using the LightCycler FastStart DNA Master SYBR
Green I kit (Roche, 3003230), with 3 mM MgCl,. Primers
suitable for both pBluescript SK+ and pEGFP-C1 were used
(forward primer, GTTCCACTGAGCGTCAGACC; reverse

primer, CTCAAGTCAGAGGTGGCGAA). The experimental
protocol consists of a preincubation at 95°C for 10 min,
40 cycles of amplification (denaturation, 10 s at 95°C;
annealing, 10 s at 55°C; elongation, 20 s at 72°C) followed
by a melting curve analysis. Hirt supernatants were diluted
1:40 in water and 4 pul was used as template. Each sample was
analyzed in duplicate, together with five standards and a
negative control. The second derivative maximum method of
the LightCycler Software was used for quantification analysis.

RESULTS

Understanding nuclear architecture and its functional role for
key genetic processes depends on a detailed knowledge of the
localization and dynamic interactions of the involved factors.
We have used PNAs to attach a fluorescent label to plasmid
DNA, allowing its localization and mobility to be traced in the
nuclei of living mammalian cells for the first time. To compare
different plasmids, we inserted the 10 bp purine sequence
GAGAAGAAAA (1,38) into a variety of vectors and
synthesized a universal rhodamine-tagged PNA detector
molecule that hybridizes to that region (Fig. 1A). Based on
earlier stability measurements, we incorporated pseudo-
isocytosine into the PNA instead of cytosine to confer pH
independence (39), and three lysine residues to increase DNA
binding efficiency (40). Conditions of optimal, stoichiometric
and specific binding were determined by titration with
increasing molar excess of PNA over DNA. After labeling,
plasmid DNA was digested with restriction enzymes to
generate fragments of suitable size for electrophoretic mobil-
ity shift assays and analyzed by agarose gel electrophoresis.
We found that a 50-fold molar excess is sufficient for a
quantitative and specific binding, as demonstrated by the
complete and exclusive shift of the restriction fragment
containing the PNA binding site; other fragments were not
shifted unless a very high excess of PNA was used (Fig. 1B).
After labeling, unbound PNA was removed by two rounds of
dilution and ultrafiltration in Centricon microconcentrators,
and the labeled DNA was finally concentrated to a concen-
tration of 0.5—1 pg/ul. Interestingly, we consistently lost more
than two-thirds of DNA during this purification when
microconcentrators with a molecular weight cut-off of
100 kDa were used, but DNA was quantitatively retained
using 30 kDa microconcentrators (Fig. 1C). Thus the labeled
DNA behaves as expected for a monomeric supercoiled
plasmid (41), verifying earlier reports that PNA-labeled DNA
does not change its conformation (30). This finding also gives
arough estimate of the effective size of the labeled plasmid in
solution, equivalent to a globular protein of between 50 and
100 kDa, and allows a comparison with recently published
mobility measurements of dextrans of different sizes (42).
Pilot experiments were performed to devise the best method
of introducing the labeled DNA into living cells. As neither
electroporation nor chemical transfection were able to yield
high enough plasmid numbers to allow visualization in vivo,
we used microinjection to directly deliver the DNA into the
nuclei of cells. We found that ~1500 singly labeled plasmid
molecules per nucleus were necessary for microscopic detec-
tion, but a more reproducible signal was obtained with a 10-
fold increase in copy number. For subsequent experiments,
injection conditions were carefully optimized with respect to
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Figure 2. (A) Cell viability after microinjection. COS7 cells grown on coverslips (Eppendorf) were microinjected directly into nuclei with a mixture of DNA/
PNA complexes and an expression vector encoding for EGFP-LaminB1. Cells were fixed after 20 h with 3.5% paraformaldehyde and examined by confocal
microscopy. Expression and correct localization of the lamin in the nuclear envelope (green) verifies that microinjection does not interfere with vital cellular
functions. Note that the injected DNA/PNA complexes (red) remained entirely nuclear. (B) Microinjection of free PNA. COS7 cells were injected with a
mixture of free rhodamine-labeled PNA and FITC-dextran of molecular weight 250 kDa. Cells were fixed with 3.5% paraformaldeyhde after 1 h (upper
panel) or overnight (lower panel) from microinjection. Note that the mixture splits up into its two components, with free PNA (red) completely leaving the
nucleus within less than 1 h, while dextran (green) remains nuclear. Scale bar, 10 um.

cell survival rate by co-injection of an expression vector for
EGFP-LaminB1 (Fig. 2A; also compare other expression
vectors used in Fig. 5). Under these optimized conditions
>80% of injected cells survived and were able to successfully
transcribe, translate and transport the reporter gene product.
These controls rule out potential toxic side effects of the
labeled plasmid and also demonstrate that no vital system of
the cell is saturated by the amount of injected plasmid. In
addition, injection of a PNA-labeled vector containing a
functional EGFP gene resulted in green fluorescent cells,
indicating that the expression of a gene encoded by the
plasmid is not affected by the tagging (data not shown).

The localization of labeled DNA in injected cells was
clearly nuclear, and remained so throughout the experiment
(see below), confirming earlier in situ hybridization experi-
ments that had shown the localization of unlabeled plasmids in
fixed cells (22). To further verify that nuclear retention was
due to the DNA, and not the PNA component, we injected
unbound rhodamine-tagged PNA mixed with FITC-tagged
dextran of size 250 kDa. Quite unexpectedly, the mixture
rapidly split up into its two components, with the PNA leaving
the nucleus and forming granular aggregates in the cytoplasm,
and the FITC-dextran remaining nuclear (Fig. 2B). The loss of
free PNA from the nucleus is fully in line with recent
experiments that revealed a strict requirement for a functional
NLS to achieve nuclear localization of PNA molecules (43). In
the context of our studies, this peculiar behavior of free PNA
provided a suitable sensor for the in vivo stability of DNA/
PNA complexes (see below).

When cells were examined at different time points after
injection of PNA-labeled DNA, we found accumulations close
to the site of injection for at least 1 h, and it took several hours
for the DNA to acquire its final localization (Fig. 3). The
fluorescent signal generally remained entirely nuclear
throughout the experiment, which included an inspection
3 days after injection. In no case did we observe a significant
or even complete reduction of nuclear fluorescence, as in the
case of unbound PNA, suggesting that the DNA/PNA complex
is very stable in vivo. However, additional extranuclear signals
were seen in some cells after long incubation times, most
probably resulting from a fraction of PNA that has detached
from the plasmid and was subsequently exported from the
nucleus (Figs 2B and 3).

Subnuclear localization of DNA was examined by confocal
microscopy 18-20 h after injection and compared between
live and fixed cells. We find that in both cases the localization
is quite variable between individual cells, but consistently
appears sponge-like due to the presence of some large and
numerous smaller areas in the nucleus which do not contain
detectable amounts of labeled plasmid (Fig. 4). These regions
were identified as nucleoli and PML bodies, respectively, by
co-injection of expression vectors encoding GFP-tagged
fibrillarin or PML protein (Fig. 5B and C). These proteins
localize in the plasmid-devoid regions without significant
overlap of fluorescence signals. We noticed, though, that
several small nuclear regions contained neither PML protein
nor labeled plasmid, and most probably represent nuclear
bodies distinct from PML bodies (44). In contrast with the
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Figure 3. Time course. COS7 cells were microinjected with DNA/PNA
complexes into the nucleus, and fixed with 3.5% paraformaldehyde 1, 6 or
18 h after microinjection. Note the heterogeneous distribution 1 h after
microinjection. In many cells the point of injection is visible as an accumu-
lation of fluorescence (right panel). After 6 h, the plasmid has reached its
final location that does not change further with longer incubation time.
Three typical nuclei are shown per time point.

mutually exclusive localization with nuclear bodies and
nucleoli, the localization of the labeled plasmids is very
similar to that of SAF-A (Fig. 5A), a well characterized DNA-
binding component of the nuclear scaffold known to interact
with an episomally replicating plasmid in vivo (19,36,45-47).

The co-localization of plasmid DNA with SAF-A, and the
long time the plasmids need to acquire their final localization,
prompted us to investigate whether the plasmids might
become attached to the nuclear scaffold. In a first step, we
found that neither the localization nor the intensity of the
labeled DNA was significantly affected when the nuclear
membrane was removed by treatment with 0.5% Triton X-
100, which results in a complete loss of soluble nuclear
components (Fig. 6A, left panel). Subsequently, cells were
extracted with 2 M sodium chloride, a method routinely used
to prepare the ‘nuclear matrix’ [(48), and references cited
therein]. We find, by two different quantification methods, that
~50% of the plasmid was still detectable in the nucleus, but the
localization changed to a more granular distribution (Figs 6A,
right panel, and 7). This result was independent of the plasmid
used, and required neither a SAR nor a functional eukaryotic
promoter on the plasmid (Fig. 7). Although surprising, this
was consistent with the localization of different plasmids,
which also did not reveal any significant difference between
SAR- and non-SAR-containing plasmids (Fig. 6B), or a
plasmid of entirely prokaryotic sequence (pPRSET-A) (data not
shown).

As judged by our extraction experiments, plasmid DNA
seems quite stably attached to the nuclear scaffold irrespective
of its sequence. We confirmed this attachment in living
unextracted cells by FRAP experiments. To this end, cells
were injected with labeled DNA and expression plasmids

Figure 4. Intranuclear localization of DNA/PNA complexes. COS7 cells
were microinjected into the nucleus with DNA/PNA complexes and ana-
lyzed by confocal microscopy after (A) 18 h alive and (B) fixation with
3.5% paraformaldehyde. Six representative nuclei are shown for each. Scale
bar, 10 um.

Figure 5. Plasmid DNA does not enter the nucleolus and nuclear bodies.
COS7 cells were co-microinjected with DNA/PNA complexes and expres-
sion plasmids for (A) SAF-A, (B) hFibrillarin and (C) PML. After overnight
incubation, cells were fixed for 10 min with 3.5% paraformaldehyde and
examined by confocal microscopy. Note that fibrillarin and PML protein
localize at nuclear sites devoid of plasmid DNA, while the localization of
plasmid DNA and SAF-A are very similar.
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SAR DNA

nonSAR DNA

Figure 6. Plasmid DNA is resistant towards detergent extraction and elevated ionic strength, and does not require a SAR DNA element. (A) COS7 nuclei mi-
croinjected with DNA/PNA complexes were treated with 0.5% Triton X-100 (left) followed by 2 M NaCl extraction (right). The localization after Triton
extraction is indistinguishable from that in untreated cells (compare Figs 3 and 5). After high-salt treatment, plasmid DNA is still detectable but has redistrib-
uted into intense foci both inside the nucleus and at the nuclear periphery. (B) COS7 cells were microinjected with the SAR-containing plasmid pMII or the
non-SAR control plasmid pK2. Typical nuclei from both injections are shown, without significant difference between the two constructs.
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Figure 7. Resistance of transfected plasmid DNA towards high salt. Cells
were transfected with three different unlabeled plasmids by electroporation.
After 20 h, cells were extracted with Triton X-100 and 2 M NaCl as
described in Figure 6 before the remaining plasmids were recovered by the
Hirt method. The recovered DNA was quantified by (A) transformation of
competent bacteria and counting the number of clones and by real-time
PCR (B). According to both quantification methods, and independent of the
plasmid, approximately half of the plasmid remained bound after 2 M NaCl
extraction (black bars) in comparison with untreated cells (grey bars).
Results shown here represent the mean of at least three independent experi-
ments, quantified in duplicate each; normalization to the amount of DNA
recovered from untreated cells in the same experiment was performed be-
fore calculating the mean to compensate for differences in the absolute
amount of recovered DNA.

encoding proteins with known mobility; 18 h after injection,
narrow strips across the nucleus were photobleached and the
recovery of fluorescence from neighboring unbleached
regions was monitored over time. We found that fluorescence
in the bleached area recovered homogeneously, with no
indication of nuclear subcompartments with higher plasmid
mobility. Even more interestingly, we did not observe any
difference in the mobility of different plasmids. As shown in
Figure 8, plasmid DNA is >100-fold slower than a soluble
protein of similar dimensions, and fluorescence does not
recover completely within 15 min. For quantitative analysis,
the loss of fluorescence in a non-bleached reference area of the
same nucleus (resulting from a dilution of the fluorescent
molecules as they redistribute) was determined, and recovered
fluorescence in the bleached area was normalized to the sum of
mean intensities in the bleached and unbleached areas. The
analysis revealed a mobility curve that is best described as the
superposition of a typical first-order recovery curve, such as
the one obtained for B-Gal-NLS (Fig. 8D), and a linear
increase over time (Fig. 8C). Most probably, this reflects the
presence of two populations of plasmid that differ in their
mobility: a ‘mobile’ fraction (comprising ~25-30% of the
plasmid), and a larger fraction (70-75%) which is transiently
‘immobilized’ on a structure and dissociates from there at a
constant net rate of ~2%/min. For the mobile fraction, we
determined a diffusion coefficient of 4.3 X 10710 cmZs,
compared with 2.4 X 10-8 cm?/s for B-Gal-NLS, an artificial
soluble nuclear protein which fully recovers after ~15 s.
LaminB1, an immobile component of the nuclear lamina (49)
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Figure 8. Plasmid DNA is almost immobile in the nucleus. Eighteen hours after microinjection, the intranuclear mobility of plasmid DNA was determined by
fluorescence recovery after photobleaching (FRAP) experiments. (A) A region of interest (yellow rectangle) was bleached with a high-intensity HeNe laser at
543 nm. Images were taken immediately before photobleaching, and the recovery of fluorescence into the bleached area was monitored over time. Shown
here is a typical nucleus with 120 s between the individual images. (B) Three different plasmids were investigated and the recovery was quantified from 10 to
20 individual nuclei per construct. Note that the recovery curves are identical, irrespective of the presence or absence of a SAR DNA element or a functional
eukaryotic promoter. pMII (green curve), SAR+, promoter—; pEPI-1 (red curve), SAR+, promoter+; pK2 (blue curve), SAR—, promoter—. (C) The measured
curve (1) can be described as the sum of a typical first-order recovery curve (2) and a linear component (3), suggesting an exchange between the soluble and
immobile fractions. Two different plasmids were analyzed here (green, pMIL; purple, pK2). (D) For comparison, the mobility of BGal-NLS and LaminB1
were determined by FRAP as typical examples of a soluble and an immobile nuclear component, respectively.

does not recover for several hours (Fig. 8D). Thus even the
mobile fraction of plasmid DNA has an in vivo mobility that is
several orders of magnitude lower than anticipated for free
diffusion, consistent with a strong, although not completely
fixed, attachment to the nuclear scaffold.

DISCUSSION

In this article, we have analyzed the intranuclear localization
and mobility of small circular DNA molecules as models for
viral genomes and gene therapy vectors. The DNA was
specifically labeled by hybridization to a synthetic PNA and
microinjected into nuclei of living cells. By this approach, we
were able to trace small DNA molecules in vivo for the first
time, and found that they rapidly associate with nuclear
substructures.

Most nuclear components appear to be in constant motion to
allow transient interactions between protein factors and cis-
acting DNA sequences in the genome, and thereby regulate
key genetic processes (50). Much insight into the dynamics of
these processes was gathered by the use of fluorescent ‘tags’,
such as autofluorescent proteins of the green fluorescent
protein (GFP) family [reviewed in (51)]. These proteins can be
fused to proteins of interest by simple recombinant DNA
techniques, and allow a quantitative determination of protein
mobility in live cells in a straightforward way. Much less is
known about the dynamics of DNA because it is not yet
possible to directly label specific DNA sequences in vivo.
Indirectly, DNA can be labeled and investigated by the
binding of fluorescence-tagged proteins such as GFP-histones
to visualize bulk chromatin (52), or by reporter assays where
repeats of the bacterial lac operator DNA element are detected
by a lac-repressor:GFP fusion protein (53). These novel

labeling methods have shown that genomic DNA, in the form
of chromatin, is characterized by both highly dynamic short-
range mobility and constrained long-range movements
[reviewed in (54)]. Direct metabolic labeling of bulk DNA
with fluorescent nucleotide analogs has confirmed these
results, and demonstrated that subchromosomal ‘foci’ move
but are detectable as stable entities over several hours (55).
These ‘foci’ appear to be the basic building blocks of
interphase chromosomes, which are located in spatially
distinct territories without significant overlap to neighboring
chromosomes [reviewed in (56)]. The mechanisms that
organize chromatin into quite stable ‘foci’ and, on a higher
level, into chromosome territories presumably involve a non-
chromatin compartment of the nucleus, often referred to as the
nuclear ‘matrix’ or ‘scaffold’ (57). Genomic DNA sequences
that specifically bind to this entity have been isolated and well
characterized, and seem to play important roles in the
regulation of gene expression and DNA replication (3,58).
However, genes located on experimentally transfected plas-
mids or infecting virus genomes are also expressed efficiently,
even when they do not contain such a ‘scaffold/matrix
attachment region’ (S/MAR) sequence. It therefore appeared
desirable to investigate the fate of these small foreign DNA
molecules in the nuclei of living cells.

To experimentally address this question, we have specific-
ally labeled plasmid DNA with a fluorochrome-tagged PNA
clamp. This appeared to be a promising approach, as a very
similar method had earlier provided important insights into
nuclear import of plasmids in permeabilized cells (1). The
direct labeling technique employed proved suitable for
tracking transiently introduced plasmid DNA, a question
that could not previously be addressed by established in vivo
DNA visualization methods such as the indirect lac-operator/



repressor system (53). While the [ac-operator/repressor
method is excellent in experiments where the investigated
DNA is stably integrated into the genome at one or a few sites,
it is not applicable to DNA molecules in transient state. This is
mainly due to its dependence on long repeats of binding sites
on the DNA, which are inherently unstable and prone to
rearrangement, and on the expression of a significant amount
of heterologous specific binding protein for indirect detection,
which might affect the localization or mobility of DNA in
transient assays.

In order to allow an analysis of intact living cells, we
delivered the labeled plasmid by microinjection under
optimized conditions. The amount of injected plasmid was
varied between 0.1 and 1% of the genomic DNA content of the
host nucleus, and control experiments revealed that the
injection did not compromise the cells, ruling out the
possibility that critical systems in the cell might be overloaded
or saturated by the injected plasmid. In addition, DNA/PNA
complexes appear to be stable in living cells, as we did not
observe nuclear export of fluorescence signal characteristic of
free unbound PNA (Fig. 2B).

We found that plasmid DNA localizes heterogeneously in
the nucleus, with no detectable amount in nucleoli and nuclear
bodies such as PML bodies. This result compares well with an
earlier study which had investigated the localization of SV40
DNA by in situ hybridization in fixed cells (22) and also found
no signals in nucleoli. However, an enrichment in speckle-like
subcompartments, as described for SV40 DNA (22), was not
particularly evident in our experiments.

The most important result of the studies presented in this
article is that circular DNA is not present in soluble freely
diffusible form in the nucleus. Rather, immediately after
injection, DNA appears to be bound by nuclear substructures
that constrain its mobility and render it resistant to treatment
with detergents and elevated salt concentrations. This is
different from proteins, which can rapidly move in and out of
nuclear bodies and exchange with a soluble pool in the
nucleoplasm [reviewed in (50)]. FRAP experiments revealed
that a subpopulation of plasmid recovers with a diffusion
coefficient of 4.3 X 107'° cm?s. This mobility is approxi-
mately two orders of magnitude lower than that of typical
soluble proteins. However, the vast majority of plasmid is
bound to structures that inhibit its movement. Our mobility
measurements indicate that bound and mobile plasmids
dynamically interchange at a net rate of ~2%/min, accounting
for a linear component in the recovery curve. This finding is
compatible with our observation that it takes several hours for
the plasmid to acquire its final localization, and demonstrates
that the plasmids are not invariantly fixed in the nucleus. We
cannot formally rule out the possibility that the bound PNA
contributes to the localization or low mobility of the labeled
plasmid, but consider this unlikely for two reasons. First,
PNA-labeled plasmid behaves like a soluble entity of the
expected size during ultrafiltration, suggesting that it is not
prone to aggregation that could restrict its mobility. Secondly,
and more important, quantification of DNA after detergent and
high salt treatment (Figs 6A and 7) was performed with
unlabeled as well as PNA-labeled plasmids with identical
results, demonstrating that PNA does not alter the behavior of
the plasmid DNA under study.
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The mobility of supercoiled plasmid DNA in live cells has
not been investigated before, but can presently only be
compared with the mobility of other macromolecules such as
proteins or dextrans. Based on the filtration properties
described above, our supercoiled plasmids appear to behave
equivalently to a globular protein between 30 and 100 kDa.
Proteins of this size diffuse almost freely in the nucleus, unless
constrained by specific interaction with other nuclear
components (59,60). To rule out the effect of such inter-
actions, fluorescence-tagged dextrans of variable size have
recently been investigated after injection into the nucleus (42).
Not unexpectedly, their mobility decreased from almost free
diffusion to immobilization depending on the size of the
injected molecule. Mobility compatible with free diffusion
was observed for dextrans up to 500 kDa in size, and only
significantly larger dextrans were restricted in their mobility.
Thus, at comparable size, supercoiled plasmids are much more
immobile than dextrans. This finding is also compatible with
recent observations of Lukacs and coworkers (61), who
investigated the mobility of linear DNA molecules of variable
size in the nucleus and cytoplasm.

Presently, we do not know the components that are
responsible for the observed immobilization of plasmid
DNA inside the nucleus. However, the resistance towards
detergents and high salt solutions, as well as the partial co-
localization with SAF-A, suggest an involvement of the
nuclear ‘matrix’ or ‘scaffold’. This interpretation is compat-
ible with earlier reports on the presence of between 20 000 and
60 000 binding sites for DNA per nucleus in matrix
preparations (62—64), which is significantly higher than the
number of plasmid copies injected in our experiments. The
proteins that supply these binding sites have not been
identified, but it is very likely that a variety of different
factors such as matrix-associated transcription factors are
involved (65). This is supported by careful titration studies
that revealed different sets of binding sites for superhelical
plasmids and single-stranded DNA on isolated nuclear
scaffolds (64). Interestingly, one set of binding sites identified
in this study specifically interacts with plasmid with super-
helical density <0.04, and has topoisomerization activity. This
suggests that topoisomerase II, a well known component of
isolated nuclear scaffold, might be involved in binding to
superhelical DNA also in vivo. However, more recent work
has indicated that topoisomerase II behaves as a soluble
protein in vivo (66), arguing against its involvement in the
immobilization of plasmids described in this paper. We found
that plasmids that carry a functional eukaryotic promoter (such
as pEPI) and plasmids that are entirely prokaryotic in
sequence (such as pRSET) revealed no difference in either
localization or mobility. Therefore attachment to nuclear
substructures does not appear to result directly from gene
expression, where active, matrix-bound RNA polymerase 11
could tether the plasmid to the matrix or transcription
‘factories’ (67-69). Importantly, we also failed to detect a
requirement for SAR DNA elements, which are thought to
represent the genomic attachment sites to the nuclear matrix. It
is therefore unlikely that SAR binding proteins such as SAF-A
(36,45,47) or SAF-B (35,70) are predominantly responsible
for immobilizing plasmid DNA. This is particularly note-
worthy because one of the vectors used in the present paper,
pEPI-1, was recently demonstrated to be bound to SAF-A
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in vivo after many generations of episomal replication (19—
21). In this case, the SAR DNA element on the vector, and its
interaction with SAF-A, was essential for episomal replication
and for blocking its integration into the genome.

Future experiments will address the nature of the proteins
that affect the localization and mobility of plasmid DNA.
Tagged PNA clamps will be a valuable tool for interaction
screening of nuclear proteins, and will allow specific enrich-
ment for the involved factors that can then be identified by
mass spectrometry. Understanding the molecular mechanism
that tethers plasmids to the nuclear matrix, and thereby creates
a permissive environment for the expression of the enclosed
genes, might allow the rational design of compounds to block
this interaction. Possibly, this will later enable inhibition of the
expression of some viral genes and attenuate viral infections.
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