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Delivery of DNA to the cell nucleus is an essential

step in many types of viral infection, transfection,

gene transfer by the plant pathogen Agrobacterium

tumefaciens and in strategies for gene therapy. Thus,

the mechanism by which DNA crosses the nuclear

pore complex (NPC) is of great interest. Using nuclei

reconstituted in vitro in Xenopus egg extracts, we

previously studied DNA passage through the nuclear

pores using a single-molecule approach based on optical

tweezers. Fluorescently labeled DNA molecules were also

seen to accumulate within nuclei. Here we find that this

import of DNA relies on a soluble protein receptor of

the importin family. To identify this receptor, we used

different pathway-specific cargoes in competition studies

as well as pathway-specific dominant negative inhibitors

derived from the nucleoporin Nup153. We found that

inhibition of the receptor transportin suppresses DNA

import. In contrast, inhibition of importin β has little effect

on the nuclear accumulation of DNA. The dependence

on transportin was fully confirmed in assays using

permeabilized HeLa cells and a mammalian cell extract.

We conclude that the nuclear import of DNA observed in

these different vertebrate systems is largely mediated by

the receptor transportin. We further report that histones,

a known cargo of transportin, can act as an adaptor for

the binding of transportin to DNA.
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Many viruses have developed specific strategies to
promote the nuclear uptake of their genomes by the
host (1,2). The addition of exogenous oligonucleotides to
cells has separately been used for both viral- and non-
viral-based gene therapy (3,4). In some studies, genetic
transformation by the added DNA can take place on a time
scale faster than cell division, implying that DNA import
across the interphase nuclear envelope must occur in
vivo (5). Indeed, a large number of studies have gone
on to demonstrate that DNA entry through the nuclear
pore occurs and can be enhanced by artificially coupling
the DNA to peptides containing nuclear localization
signals (NLSs), implying translocation across the nuclear
pore (6–14).

The existence of endogenous free non-chromosomal DNA
in vivo has also been described (15–17). Some of these
studies involved cytoplasmic DNA. Interestingly, it was
reported that human lymphocytes could be immortalized
by fusion with enucleated cytoplasts derived from
established tumor cell lines, including mouse L929 and
Erlich ascites cells (18–20). The active agent responsible
for immortalization was shown to be extrachromosomal
cytoplasmic DNA (20). Transfecting this same DNA
similarly caused immortalization. We presume that
transformation of non-dividing cells could well require
nuclear import of the DNA. For all these reasons, DNA
entry to the nucleus deserves a close examination.

Nuclear pores are large protein complexes each comprised
of ∼30 different proteins present in multiple copies,
embedded in the double-membrane nuclear envelope of
cells from yeast to humans. The massive nuclear pore
mediates essentially all trafficking of proteins and RNAs
between the nucleus and cytoplasm (21–27). The basic
structure of the nuclear pore consists of an eightfold
symmetric central scaffold, eight cytoplasmic filaments
and a nuclear basket (28–30). Approximately one third of
the nuclear pore proteins contain phenylalanine-glycine or
FG repeats (31), which have been shown to interact with
soluble transport receptors.

Nuclear transport receptors in large part derive from
a single protein family, the importin β or karyopherin
β superfamily (22,23,32–37). These receptors recognize
specific NLSs or nuclear export signals (NESs) on protein
or RNA cargoes, and then ferry those molecules across the
nuclear pore (38). Upon entering the nucleus, interaction
of the receptor with the small GTPase Ran in its GTP-
bound form leads to accumulation of the cargo there
(’nuclear import’) or alternatively depletion from the
nucleus (’nuclear export’) (37,39–41).
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Best known among the transport receptors is importin
β, the founding member of the importin β superfam-
ily (42–45). Importin β (or karyopherin β1), through its
adaptor importin α (46), recognizes the so termed canoni-
cal or classical NLS, which is characterized generally as a
short peptide containing basic amino acids (47–50). A sec-
ond major receptor, transportin (or karyopherin β2A) binds
directly to different cargoes, such as the heterogeneous
nuclear ribonucleoprotein A1 (hnRNP A1). HnRNP A1
contains a 38-amino acid, glycine-rich NLS signal, specif-
ically referred to in many studies as the M9 NLS (51,52).
Recently, one study emanating from a crystal structure of
the M9 peptide bound to transportin revealed a general
set of rules for transportin NLSs (53). Transportin NLSs
are 20–30 residues in length, have an intrinsic structural
disorder and an overall basic character, with a loosely
conserved N-terminal hydrophobic or basic motif and a
C-terminal R-X(2−5) PY motif (53). Transportin mediates
the import of many RNA binding and/or processing pro-
teins, such as hnRNP A1, as well as DNA transcription
factors (53). A large number of other importin β family
receptors are known, but the signals that are recognized
by these receptors have not been defined. However,
it appears that many importin β family members carry
histones into the nucleus (54,55). Notably, importin β/α
has the weakest ability to transport histones, whereas
transportin has the strongest (56).

Two in vitro systems have been widely and successfully
used for 30 years to define the parameters of nuclear
protein transport. In one, mammalian cultured cells are
treated with digitonin to permeabilize their plasma mem-
branes, while leaving their nuclear membranes intact (57).
In a second, nuclei reconstituted in vitro in Xenopus
egg extracts have provided a highly valuable system for
studying both nuclear assembly and nucleocytoplasmic
transport (58–61).

In previous work using reconstituted nuclei, we visually
followed the nuclear uptake of DNA at the single-molecule
level using optical tweezers (9). We found that individual
molecules of long bacteriophage DNA attached to a latex
bead were gradually and continuously drawn into the
nucleus, in a manner that could be precisely measured
and the conditions for nuclear uptake tested (9). DNA
entry was gradual, consistent with a picture of serpentine
passage through the nuclear pore. We found no evidence
for involvement of an ATPase motor in moving the DNA
through the pore channel, as has been characterized, e.g.,
in the mechanism of DNA packaging by bacteriophage φ

29 capsids (62) and in the DNA translocation machinery in
Bacillus subtilis (63). The proteomic analyses of isolated
nuclear pores from yeast and mammals revealed no
ATPases or motors in the core nuclear pore complex (NPC)
structure (29,30,64). However, the DEAD-box helicase
DBP5, a known ATPase, is found strongly associated
with the cytoplasmic filaments of the nuclear pores and is
required for mRNA export (65,66).

In the present work, we have sought to analyze the role
of nucleocytoplasmic transport receptors in DNA entry
into the nucleus. Using sets of specific inhibitors and
competitors, we have found that transportin mediates
DNA import in Xenopus reconstituted nuclei. In addition,
transportin also mediates nuclear entry of DNA in a
well-characterized mammalian permeabilized cell assay.
Moreover, biochemical analysis reveals that histones can
act as a strong adaptor protein for transportin recognition
of DNA.

Results

A modified Xenopus egg extract promotes

transport-competent nuclei with long-term stability

Nuclei formed in vitro using Xenopus egg extract allow
one to focus on DNA interactions with the nuclear
pore at the nuclear envelope surface. In this in vitro
environment, molecular access of DNA to the nuclear
envelope is relatively direct. In addition, the extract
provides a complete set of soluble constituents needed to
support nucleocytoplasmic trafficking (9,40,58,59,67–69),
nuclear and nuclear pore assembly (70–76), and mitotic
spindle assembly (77–80).

As a model system for analyzing the nuclear import of
DNA substrates, we first tested a classical high-speed
fractionated Xenopus egg extract. In this protocol, a
crude, low-speed extract of Xenopus eggs is further
separated into a membrane fraction and a fraction
containing soluble cytosolic components. These fractions
are then combined with demembranated sperm chromatin
to form nuclei (59). We observed, however, that these
nuclei were often surrounded by a hazy cloud of
membranes. While the cloud was difficult to observe
without differential interference contrast imaging, and
protein transport assays were not apparently affected,
the associated membranes tended to trap the larger DNA
substrates and hindered their access to the nuclear pores
and envelope. Surprisingly, unfractionated crude extracts
produced far less of this membranous barrier surrounding
the nuclei. This led us to develop a modified protocol for
a clarified crude (CCr) extract, which yielded a consistent,
efficient nuclear assembly even after fourfold dilution
into extract buffer (40). Moreover, protein accumulation
into such nuclei was robust to the prolonged incubation
required for DNA import. The nuclear envelope and nuclear
pores of CCr nuclei were examined in detail, using high-
resolution field-emission scanning electron microscopy
(FESEM). This analysis revealed well-developed nuclei
with continuous membranes bearing large numbers of
nuclear pores (Figure 1) that were essentially identical to
the nuclear envelopes formed in classically fractionated
extracts (59).

DNA accumulates in reconstituted nuclei

To examine and compare the DNA import capability of
the reconstituted nuclei, a set of fluorescently labeled
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transport substrates was used. These included: (i) human
nucleoplasmin fused to green fluorescent protein (GFP-
NP), as a marker for the classical NLS-importin α/β-
mediated pathway, (ii) the hnRNP A1, as a marker for the
transportin-mediated pathway (GFP-A1) and (iii) a 1500-
bp fragment of double-stranded DNA covalently labeled
with Cy3 dye by which to visualize DNA entry into the
nucleus. Nuclei to which these substrates were added
were monitored by confocal fluorescence microscopy.
A representative experiment showing efficient nuclear
protein accumulation with either 10 μg/mL GFP-NP protein
or 10 μg/mL GFP-A1 protein is shown in Figure 2A,B
(green panels), respectively. When 20 μg/mL Cy3-DNA
was added simultaneously with GFP-NP, the DNA was
readily imported (Figure 2A, red). Both a nuclear rim stain
and distinct punctate intranuclear foci of Cy3-DNA were
observed. Thus, we conclude that fluorescent DNA import
occurred in the in vitro system. However, when GFP-A1
and Cy3-DNA were added together, Cy3-DNA import was
largely inhibited (Figure 2B, red). The degree of inhibition
was sensitive to the concentration of GFP-A1 added, i.e.
at concentrations of GFP-A1 lower than specified above;
Cy3-DNA import was blocked less efficiently (data not
shown). Together, these data suggested that DNA import
can occur in the in vitro system but that hnRNP A1 might
compete as a cargo for the same machinery.

Global import inhibitors block DNA import

Experiments on nucleocytoplasmic transport in vitro
have employed a number of pathway-specific inhibitors.
Importantly, these inhibitors have been shown to have
identical effects in vivo (81–84). One such inhibitor
is wheat germ agglutinin (WGA), a lectin that binds
to the N-acetylglucosamine residues found on glyco-
sylated nucleoporins and which has been found to
block receptor-mediated transport through the nuclear

Figure 1: Scanning electron micrograph of a nucleus recon-

stituted in clarified crude egg extract. Numerous nuclear pores
are observed at high magnification. Bars: 500 nm (large image)
and 100 nm (inset).

pores (57,67,68,85). When WGA was added here, we
found that WGA blocked entirely the nuclear uptake of
Cy3-DNA cargo, similar to its complete inhibition of GFP-
NP entry (data not shown).

Figure 2: DNA is imported into reconstituted nuclei, but

is blocked by the global inhibitors importin β 45-462 and

RanQ69L-GTP. Each row presents scanning confocal images of
a representative nucleus in GFP, DIC and Cy3 color channels.
A) Simultaneous accumulation of GFP-NP and Cy3-DNA is
observed. B) Nuclear accumulation of DNA is not observed in the
presence of GFP-hnRNP A1. C) Importin β 45-462 (FG-binding
domain), which is a global inhibitor of all nuclear transport,
inhibits GFP-NP and Cy3-DNA accumulation. D) RanQ69L-GTP
blocks nuclear uptake of both nucleoplasmin and DNA. E and
F) Bar graphs of replicate experiments for (C, D). The vertical
axis denotes the relative percentage of nuclei scored positive
for cargo accumulation. For assays involving soluble protein
substrates, ’positive’ accumulation was scored if the nuclear
concentration was higher than the cytoplasmic concentration.
’Non-accumulation’ was scored if equal or lower concentrations
were found in the nucleus. DNA import was scored as positive
for cases of either higher average nuclear intensity versus
background or for the appearance of intense nuclear DNA foci.
Inhibitors and mock inhibition by addition of buffer (ctl) are listed
on the horizontal axis. Nuclei were detected first by Hoechst
staining and then checked for transport cargo to avoid biased data
collection. The total number of nuclei counted for each treatment
varied between 12 and 46. p-values obtained by Fisher’s exact
test between ctl and β45−462 in (E) were p = 0.000012 for GFP-NP
and p < 10−6 for Cy3-DNA. p-values between ctl and RanQ69L in
(F) were p = 0.0002 for GFP-NP and p = 0.000002 for Cy3-DNA,
thus all the p-values are significant. Bar: 10 μm.
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Another established dominant negative inhibitor of
nucleocytoplasmic transport is a truncated form of
importin β, termed here Imp β 45-462, which contains
amino acids 45-462. Imp β 45-462 binds irreversibly to
FG nucleoporins (Nups) in the pore (86). Indeed, when
added to nuclei Imp β 45-462 has been seen by atomic
force microscopy to create a physical plug, or mound, at
the central channel region of the pore through such FG-
Nup binding (87). Here, when Imp β 45-462 was added to
reconstituted nuclei prior to the addition of GFP-NP and
DNA substrates, the nuclei were seen to exclude GFP-
NP, indicating successful inhibition of transport (Figure 2C,
GFP-NP). The import of DNA was also strongly inhibited
by Imp β 45-462, which prevented even the binding of
DNA to pores at the nuclear rim (Figure 2C, Cy3-DNA).
These results are quantitated in Figure 2E.

Importin β family transport receptors are regulated in
their action by the small GTPase Ran (23). Indeed,
interrupting the GTP-GDP cycle of Ran is an effective
means for inhibiting receptor-mediated nuclear transport.
Thus, RanQ69L, a mutant of Ran incapable of hydrolyzing
GTP, blocks transport by irreversibly binding to and
sequestering the receptors (88). We asked whether
RanQ69L-GTP blocks DNA import into nuclei. If so,
this would be a strong indication for the involvement
of a Ran-regulated, receptor-mediated pathway for
DNA import. RanQ69L-GTP was added to assembled,
reconstituted nuclei and fluorescent transport substrates
were introduced 15 min later. The inhibitory competence
of RanQ69L-GTP was verified by the block of GFP-NP
accumulation in the nuclei (Figure 2D, GFP-NP). Similarly,
Cy3-DNA was also excluded from nuclei after RanQ69L
addition. Cy3-DNA decorated the nuclear envelope with
a rim of adsorbed DNA molecules, but no intranuclear
DNA was observed (Figure 2D, Cy3-DNA), indicating that
DNA import could well employ a Ran-regulated transport
receptor. The inhibition of DNA import by RanQ69L-GTP
is quantitated in Figure 2F. We concluded that the Cy3-
DNA import is sensitive to global inhibitors of protein
nucleocytoplasmic transport, indicating the involvement
of protein receptors in the nuclear import of DNA.

Inhibition of transportin leads to a block in DNA

import

To further test the hypothesis that nuclear import of
exogenous DNA is mediated by a protein receptor, we
performed import assays in the presence of soluble
inhibitors to the importin β- and transportin-mediated
pathways of protein nucleocytoplasmic transport. These
inhibitors are based on fragments of Nup153, a vertebrate
nucleoporin located in the nuclear pore basket that
serves as a major binding site for several importin
family receptors (89–92). Different domains of Nup153
act as binding sites for distinct transport receptors (93).
A fragment of Xenopus Nup153 encompassing nine
FG repeats binds the importin α/β heterodimer. When
bound to this fragment, importin α/β can still bind its
NLS cargo, but cannot bind to FG-repeat Nups within

the pore. This Nup153-FG fragment thus sequesters
importin α/β and their cargoes. In this way, Nup153-
FG has been shown to act as a dominant negative
competitive inhibitor to classical NLS nuclear import
when added to permeabilized cell assays (93). A more
amino terminal fragment of Xenopus Nup153 deficient
in FG repeats, termed Nup153-N’, has been shown to
bind transportin and, in doing so, sequesters transportin
away from the nuclear pores (93). The FG and N’
fragments of Nup153 therefore function as pathway-
specific dominant negative inhibitors of protein transport
by the importin α/β- and transportin-mediated pathways,
respectively (93). This pathway-specific inhibition was
confirmed here, as a control, in the permeabilized
HeLa cell assay where it was originally described
(Figure 5C).

The effects of the Nup153 inhibitory fragments in the
Xenopus system were tested and we determined the
optimal concentrations needed to inhibit specifically
either the importin β (Nup153-FG) or the transportin
(Nup153-N’) protein transport pathways (data not shown).
These same optimal concentrations, 40 μM Nup153-
FG and 30 μM Nup153-N’, were then assessed for an
effect on DNA import into Xenopus reconstituted nuclei
(Figure 3A–C,F,G). Specifically, nuclei were reconstituted,
then Nup153-FG and Nup153-N’ at the optimized
concentrations were added and the reconstituted nuclei
were allowed to incubate for 20 min. At this time, the
transport substrates were introduced, and accumulation
in the nuclei was assessed after 20 min. As expected,
Nup153-FG significantly reduced the percentage of nuclei
accumulating the importin β cargo GFP-NP (Figure 3A,F,
GFP-NP). It did not reduce the percentage of nuclei
accumulating the transportin cargo GFP-A1 (Figure 3F).
In contrast, Nup153-N’ blocked the accumulation of
GFP-A1 (Figure 3B,G, GFP-A1), but not that of GFP-NP
(Figure 3C,G, GFP-NP).

When Cy3-DNA was added to nuclei in the presence
of the Nup153-FG β-inhibitor, fluorescent DNA foci were
observed in nuclei (Figure 3A, red). Nuclear DNA foci
and rim association, observed here and in Figure 2A,
is a hallmark of DNA import in mammalian cells
[see (7) and references therein as well as Figures 4
and 5 below]. The data for replicate experiments are
graphed in Figure 3F. In contrast, when the transportin
inhibitor Nup153-N’ was added, no fluorescent DNA foci
were observed in the nuclei (Figure 3B,C, red). GFP-
nucleoplasmin accumulation was not impacted in the
same nucleus (Figure 3B, green), while GFP-hnRNP A1
uptake was blocked (Figure 3C, green). The data for
replicate experiments with Nup153-N’ are graphed in
Figure 3G.

Rim binding to nuclear pores has been recognized as
an interim step in protein transport and is known to be
dependent on the specific receptor involved (57,68,94).
When Nup153-FG was added, Cy3-DNA molecules, in
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Figure 3: Multiple inhibitors of the transportin-mediated import pathway block DNA import. Each row shows scanning confocal
images of a representative nucleus in GFP, DIC and Cy3 color channels. A) The importin β pathway inhibitor Nup153-FG effectively
blocked the entry of nucleoplasmin. However, DNA uptake took place under these conditions, as observed from the punctate intranuclear
foci that are typical of DNA import. B) The transportin pathway inhibitor Nup153-N’ inhibited both GFP-A1 accumulation and DNA uptake.
C) Nup153-N’ fragment again inhibited DNA import, while nucleoplasmin accumulated in the nucleus. D) DNA and nucleoplasmin, an
importin β cargo, accumulated simultaneously in the nucleus, indicating a lack of competition between these substrates for transport
factors. E) GFP-M9, a transportin cargo, competed effectively with DNA, preventing its nuclear import. F–H) Replicate measurements
were scored and statistical tests performed as shown in Figure 2E,F. p-values between ctl and Nup153-FG in (F) were p = 0.33 for
GFP-A1, p = 0.000147 for GFP-NP and p = 0.37 for Cy3-DNA import. This indicates significant inhibition by Nup153-FG of GFP-NP
only. p-values between ctl and Nup153-N’ in (G) were p = 0.008 for GFP-A1, p = 1.000 for GFP-NP and p = 0.002 for Cy3-DNA import.
This confirms significant inhibition by Nup153-N’ of GFP-A1 and Cy3-DNA, but not of GFP-NP. For (H), p = 0.000003, confirming the
suppression of DNA import by GFP-M9. Bar: 10 μm.

addition to being observed inside the nucleus, were also
observed bound to the nuclear envelope, indicating that
the binding step in Cy3-DNA import occurs in the presence
of importin β inhibition. However, when Nup153-N’ was
added, there was no Cy3-DNA fluorescence at the nuclear
rim (Figure 3B,C), consistent with a lack of DNA import
upon transportin inhibition. Quantification is shown in
Figure 3F,G. Taken together, these data strongly implicate
transportin as a receptor for the entry of DNA into the
nucleus.

To further test the involvement of transportin in DNA
import, we also performed a formal cargo competition

assay. Even when a large excess of the importin β cargo
GFP-NP (40 μM) was added, it was found to have no
effect on Cy3-DNA import (Figure 3D,H). With respect to
transportin, hnRNP A1 is an excellent cargo for import
assays (Figure 2B) but is not ideal for competition, as
it becomes insoluble at the high molar concentrations
needed for completely effective competition assays. We
therefore used a GFP-M9 fusion protein, which contains
the M9 NLS region of hnRNP A1. GFP-M9 has been used
as a transportin cargo in many studies, and is soluble at
very high concentrations. In control experiments, a high
excess of GFP-M9 (40 μM) was observed not to affect
the importin β-mediated import of SV40-NLS-HSA, but to
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block the transportin-mediated import of MBP-M3, an M9-
containing fusion protein (Figure S1). Importantly, 40 μM

GFP-M9 completely blocked the import of Cy3-DNA into
in vitro assembled nuclei (Figure 3E,H). We conclude from
these multiple pathway-specific inhibitors that transportin
is a significant receptor for DNA import into the nucleus
in this Xenopus system.

DNA import in permeabilized HeLa cells shows a

similar dependence on the transportin pathway

To further test this conclusion, we performed DNA
import analysis using permeabilized HeLa cells. Notably,
these cells have previously been shown to be com-
petent for both protein and DNA import into the
nucleus (6,7,57,95,96). The permeabilized HeLa cell assay
has been widely used to characterize the mechanism of
nucleocytoplasmic protein transport (57,97–101). Condi-
tions for DNA import in HeLa cells included: (i) a shorter
DNA substrate (400 bp), as a longer fragment often did
not enter the nucleus in a reasonable period of time, (ii)
rabbit reticulocyte lysate as a source of cytosol, (iii) lower
concentrations of the inhibitors to suit the more dilute
reticulocyte lysate cytosol and (iv) a higher temperature
(37◦C) to mimic mammalian cellular conditions.

When rhodamine-labeled double-stranded 400 bp DNA
fragments were added to permeabilized HeLa cells and
incubated for 90 min at 37◦C, distinct DNA foci were
observed in the nuclei (Figure 4A, control). Consistent
with translocation taking place through the nuclear pores,
no nuclear DNA foci were observed if the reaction was
carried out in the absence of an ATP regenerating system
or in the absence of cytosolic factors (Figure S2A,B), or
when the inhibitor WGA was present (data not shown).
It should be noted that under both import-competent and
import-inhibited conditions, DNA was also seen in the
cytoplasm; this has been previously observed (3,102) and
is thought to be DNA entrapped by endoplasmic reticulum
(ER) and cytoskeletal barriers. We next evaluated DNA
import by quantitating the number of fluorescent nuclear
DNA foci observed in the presence or absence of specific
transport pathway inhibitors.

When a substrate competition assay was carried out in
permeabilized HeLa cells with an importin β cargo, we
found that excess GFP-NP did not significantly affect the
number of observed nuclear DNA foci (Figure 4A, GFP-
NP, 3 and 8 μM). In contrast, when a competition assay
was carried out with a transportin cargo, we found that
excess GFP-hnRNP A1 completely abolished DNA import
into HeLa cell nuclei; no nuclear DNA foci were observed
(Figure 4A, GFP-A1, 3 and 8 μM). Quantitation is shown in
Figure 4B. These results strongly reinforce the conclusion
reached in the Xenopus experiments that DNA enters the
nucleus via a transportin-mediated pathway.

To assess DNA import in the presence of pathway-specific
inhibitors, Nup153-FG was added at a concentration
sufficient to inhibit importin β-mediated protein transport

Figure 4: Excess transportin cargo, but not importin β

cargo, blocks DNA import in permeabilized HeLa cells. CX-
Rhodamine-labeled DNA fragments of 400 bp were added to
permeabilized HeLa cells in transport mixture, with or without
competing protein substrates. Cells were incubated at 37◦C for
90 min and fixed for confocal microscopy. A) DNA imported into
the nucleus was observed as distinct nuclear foci (control). DNA
import was observed in the presence of excess of the importin
α/β substrate, GFP-NP (GFP-NP, 3 or 8 μM), but not when excess
GFP-A1, a transportin substrate, was present (GFP-A1, 3 or 8 μM).
All images shown were projected from five z-sections at 0.5 μm
spacing through the middle of the nuclei. Images were prepared
using IMAGEJ software (http://rsb.info.nih.gov/ij/). B) The number
of nuclear DNA foci in 12 nuclei per condition was counted, the
highest and lowest numbers were dropped, and the average and
standard deviation were plotted. Bar: 10 μm.

(2 μM). No effect was seen on DNA import into
HeLa nuclei (Figure 5A, 153-FG, 2 μM), although some
inhibition of DNA import was observed at higher
concentrations of Nup153-FG (Figure 5A, 153-FG, 8 μM).
However, addition of Nup153-N’, the dominant negative
transportin inhibitor, reduced DNA import dramatically at
all tested concentrations (Figure 5A, 153-N’, 2 and 8 μM).
Quantitation of these results is shown in Figure 5B.
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Figure 5: A dominant negative inhibitor of the transportin

pathway blocks DNA import in permeabilized HeLa cells.

Permeabilized HeLa cell assays were performed and images
were processed as in Figure 4. A) In the presence of the importin
β inhibitor Nup153-FG, a decrease in distinct nuclear foci of DNA
was observed, but only at high concentration of inhibitor (153-FG,
8 μM). In the presence of the transportin inhibitor Nup153-N’, DNA
import was suppressed at both high and low concentrations (153-
N’, 2 and 8 μM). B) The number of nuclear DNA foci was counted
for each inhibitor. The average number of punctate nuclear foci per
nucleus and the standard deviation are shown, as in Figure 4. p-
values comparing DNA foci for 153-FG and 153-N’ inhibitors at the
same concentrations (2 and 8 μM, respectively) were p < 0.005,
indicating a significant difference in their effectiveness. C) To
confirm specificity of the inhibition in this assay, Nup153-FG or
Nup153-N’ was added at a final concentration of 25 μM, while
GFP-NP or GFP-M9 was present at a final concentration of 3 or
4 μM, respectively. Images shown are single planes through the
z-axis. Bar: 10 μm.

Thus, DNA import is negatively impacted when the
transportin pathway is compromised in permeabilized
HeLa cells, just as it is in Xenopus reconstituted nuclei.

Histones serve as an adaptor between transportin

and DNA

As transportin has no known DNA-binding domain,
adaptors that bear both a DNA-binding motif and
a transportin-recognizable NLS domain might mediate
transportin-facilitated nuclear import of DNA. Histones are
DNA-binding proteins where the N-terminal domains of
each core histone as well as globular portions of the H2A,
H2B, H3 and H4 histones can serve as NLSs (56,103).
Despite their small size, core histones do not enter the
nucleus by diffusion. The nuclear import of core histones
has been found to be mediated by at least five nuclear
transport receptors, specifically Imp β, transportin, Imp5,
Imp7 and Imp9 (55). This study also showed that Imp
β and Imp7 bind with relatively low affinity to all four
core histones, Imp9 binds with high affinity to H2B,
Imp5 binds with high affinity to H2B, H3 and H4, while
transportin binds with high affinity to H2A, H2B and H3.
This suggests that Imp5 and transportin might be the most
potent transport receptors for core histones. Of its three
histone cargoes, transportin binds H2A with the highest
affinity and in a RanGTP-dependent manner. Strikingly,
when Imp α and Imp β were tested in a permeabilized
cell assay together, they were unable to import any
of the four core histones (104), suggesting that in vivo
Imp β may play a minor role in the import of histones.
Interestingly, in agreement with Muhlhausser et al. (55),
transportin showed the highest capacity amongst the
import receptors tested to import core histones into
the nucleus (104). Taking these studies together, we
hypothesized that core histones might be good candidates
for adaptors between transportin and DNA for DNA import.

First, the effect of exogenous DNA was tested on histone
entry into reconstituted Xenopus nuclei. Recombinant
human histone H2A was labeled with fluorescein and
added to Xenopus nuclei in the presence or absence of
1500 bp linear Cy3-DNA. In the absence of exogenous
DNA, H2A (14 kDa) equilibrated between the nucleus and
cytoplasm or appeared slightly excluded from the nucleus
(Figure 6A). However, in the presence of 1500 bp Cy3-
DNA, histone H2A clearly accumulated to a higher extent
in the nuclei along with the Cy3-DNA (Figure 6B). We
conclude that the nuclear accumulation of histone H2A
can be enhanced by the addition of exogenous DNA.

We next set out to test whether transportin binds to DNA
in extract. For this, we incubated DNA-cellulose beads
or unmodified cellulose beads with high-speed Xenopus
egg extract in the presence or absence of increasing
concentrations of RanQ69L-GTP. As shown in Figure 7A,
transportin bound to DNA cellulose (top panel, lane 1), but
was increasingly removed in a RanGTP-dependent manner
(top panel, lanes 2–4). This showed that transportin indeed
can bind to DNA in the presence of Xenopus extract, the
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Figure 6: Nuclear accumulation of histone H2A increases

when exogenous DNA is imported. Fluorescein-histone H2A
was added to reconstituted Xenopus nuclei in the absence or
presence of 1500 bp Cy3-DNA. In the absence of exogenous
DNA, H2A gave a diffusion-like or weak exclusion pattern (A),
while in the presence of 1500 bp DNA, histone H2A clearly
accumulated in nuclei (B) along with Cy3-DNA. Bars: 10 μm.

same system which when used above (Figures 2 and 3)
showed that transportin can mediate DNA import.

Knowing that transportin binds and imports histones in
vivo, and that histones bind DNA, we tested whether
histones might act as an adaptor for the binding of
transportin to DNA using only purified proteins. To prevent
random aggregation of histones with DNA and to facilitate
interaction between core histones and DNA, recombinant
NAP1, a histone chaperone, was preincubated with core
histones, followed by the addition of DNA (105). Even if
Nap1 was present, without added histones, transportin
did not bind DNA (Figure 7B, top panel, lane 1). In
the presence of added histones, GST-transportin bound
plasmid DNA (pEGFP-C2) (Figure 7B, top panel, lane 2).
This interaction was RanGTP sensitive, as increasing
concentrations of RanQ69L-GTP disrupted DNA binding
to transportin (Figure 7B, top panel, lanes 3–6). Thus,
taken together with the previously published data on
histone import (55,56,104), our results strongly suggest
that core histones can act as adaptors between DNA and
transportin during the process of transportin-mediated
delivery of DNA from cytoplasm to nucleus.

Figure 7: Core histones mediate interaction between

transportin and DNA in vitro. A) Xenopus laevis transportin
interacts with DNA-conjugated cellulose beads and is removed
by RanQ69L-GTP. High-speed Xenopus laevis extract was
preincubated with or without recombinant RanQ69L-GTP for
15 min on ice before the addition of DNA-conjugated cellulose
beads and incubation at 4◦C for 2 h. After extensive washing,
the DNA beads were treated with DNase, and the bound
proteins were eluted and processed for immunoblotting with anti-
transportin or anti-Ran antibodies. In the top panel, lane 1 shows
the amount of transportin bound to DNA cellulose in the absence
of RanQ69L-GTP. Lanes 2–4 show the amount of transportin
bound in the presence of the increasing concentrations of
RanQ69L-GTP, and lane 5 shows the amount of transportin
bound to cellulose beads lacking DNA. The bottom two
panels are loading controls that show that equal amounts of
transportin and endogenous Ran were present in each reaction,
as determined by immunoblotting. B) Drosophila melanogaster
core histones mediate the interaction of transportin with DNA
in a Ran-reversible manner. Recombinant GST-transportin was
incubated with or without RanQ69L-GTP for 15 min on ice,
before the addition of a mixture containing core histones, the
histone chaperone NAP1 and circular pEGFP-C2 plasmid DNA.
Glutathione beads were then added and the reaction incubated
overnight at 4◦C, followed by six washes. The bound DNA was
recovered (as described in Materials and Methods), separated on
an agarose gel, and stained with Syber-green. For use as a loading
control, 20% of the full reaction was removed before addition of
the glutathione beads; half of this was treated with protease K
to use for the DNA loading control (second panel; stained with
Syber-green), while the other half was treated with DNAse to
use for the protein loading controls. The proteins were separated
on 10% SDS–PAGE and visualized with anti-GST immunoblotting
(panel 3) or Coomassie blue (lower two panels).
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Discussion

DNA entry into the nucleus occurs in a number of cellular
processes, including certain viral infections, exogenous
gene transfection and gene therapy. Viral DNA can be
delivered to the pore by its capsid or can associate
with viral-specific proteins that carry NLSs recognized
by host cell transport receptors (1,96,106). Certainly,
the latter finding validates the concept of receptor-
mediated nuclear entry of DNA. In a specific example, a
recent study found that transportin recognizes adenoviral
protein VII on the viral DNA and through this binding
mediates nuclear import of the DNA (107). In gene
therapy-directed studies, when DNA was engineered
to contain artificially cross-linked NLSs or NLS-bearing
proteins, it showed an enhanced nuclear translocation
efficiency (6–13). However, exogenous unmodified DNA
that lacks artificially cross-linked NLSs can also enter
nuclei, even in non-dividing cells. While the efficiency is
low, this DNA entry implies that there exists a cellular
mechanism for DNA import across the intact nuclear
envelope (108). In most experimental models, it would
be difficult to learn the rules of DNA interaction with the
nuclear pore given the abundant cytoplasmic barriers that
can hinder free passage of such large macromolecules
to the nuclear pore (109). The cell-free Xenopus nuclear
reconstitution system that we have used here permitted a
specific focus on DNA passage through the nuclear pores,
i.e. DNA substrate could be introduced without having
to cross a plasma membrane or encounter the obstacles
of ER or cytoskeletal structures. Our protocol for nuclear
reconstitution based on partially clarified, crude Xenopus
extract maximized this advantage.

Here we have asked whether translocation of non-viral
DNA into the nucleus involves a receptor used in estab-
lished pathways of nucleocytoplasmic protein transport.
General inhibitors of protein transport were tested first.
WGA, truncated importin β and the hydrolysis defective
mutant RanQ69L all blocked nuclear entry of DNA.

When receptor-specific cargoes were used as potential
competitors for DNA uptake, excess transportin cargoes
GFP-hnRNP A1 and GFP-M9 (which contains the isolated
NLS of hnRNP A1) strongly inhibited the nuclear uptake
of DNA (Figures 2B and 3E). Furthermore, the transportin-
specific dominant negative inhibitor, Nup153-N’, blocked
nuclear uptake of DNA, while the importin β inhibitor
Nup153-FG did not. Thus, these studies using Xenopus
reconstituted nuclei implicated transportin as a significant
receptor in the nuclear import of DNA.

Moving into mammalian cells, we attempted RNAi knock-
down of transportin before transfection with fluorescent
DNA. However, even very long and repeated RNAi
treatments achieved only a partial reduction in transportin
levels. Moreover, given the extensive list of cargo proteins
normally carried by transportin (53) and thus the likelihood
of interrupting multiple cellular processes, we rejected

this in vivo approach as the cells were unlikely to survive
both a long RNAi treatment to remove transportin, fol-
lowed by transfection with DNA to monitor DNA import.
Instead, we turned to the well-established mammalian
permeabilized cell protein import assay (6,57) to examine
DNA import. Nuclear protein transport has been exten-
sively studied using this permeabilized mammalian cell
system and the Xenopus system. When fluorescent DNA
was added to permeabilized HeLa cells in this study,
a fraction of DNA was always observed in the cyto-
plasm (Figure 4), presumably delayed on membrane and
cytoskeletal components as described in a previous study
using microinjection (102). Importantly, we observed the
appearance of punctate DNA foci inside the permeabi-
lized cell nuclei by 90 min. Again, this DNA accumulation
was strongly inhibited by excess GFP-hnRNP A1 but not
by GFP-nucleoplasmin (Figure 4). This lack of a compet-
itive effect of importin β cargo was observed previously
in permeabilized mammalian cells in a study which did
not address transportin (6). Similarly to the reconstituted
nuclei, we found that DNA import in the permeabilized
cells was blocked by high concentrations of the trans-
portin inhibitor Nup153-N’, but only weakly affected by
the importin β inhibitor Nup153-FG (Figure 5A,B). The fact
that the Xenopus egg extract is of embryonic origin, while
the permeabilized cells are supplemented with a somatic
cell extract, suggests a generality to the common obser-
vations. The results from both transport systems are clear:
when the receptor transportin is blocked, DNA import falls
to negligible amounts.

The known roles of transportin in vivo include the nuclear
import of many RNA processing proteins, but also the
import of DNA-binding proteins such as histones and a
subset of transcription factors (53,55,110–112). Histones
contain NLSs and bind DNA both in vivo and in vitro.
The nuclear transport of histones has been shown to be
mediated by a variety of receptors (54–56,113–116), one
of the most potent of which, at least in higher eukaryotes,
is transportin (55,56,104). We reasoned that histones
were thus good candidates for a DNA-transportin adaptor.
We found here that the addition of exogenous DNA
significantly increased the accumulation of fluorescein
isothiocyanate (FITC)-H2A histone into reconstituted
Xenopus nuclei (Figure 6). This suggested a coupling
between the nuclear uptake of the two substrates. We
further found that transportin binds to DNA-cellulose
beads that have been incubated in Xenopus egg extract,
and that addition of recombinant RanGTP suppresses this
interaction. To test a possible bridging of transportin to
DNA via histones, we used purified core histones, the
histone chaperone NAP1 and plasmid DNA. We found
that transportin indeed binds to DNA in the presence of
core histones and NAP1. In addition, the observed in vitro
interaction between transportin, histones and plasmid
DNA is disrupted by increasing concentrations of RanGTP.
NAP1 itself is not an adaptor, as transportin plus NAP1
but without histones showed no binding of transportin
to DNA. Taken together, our data indicate that histones
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can indeed mediate the interaction between transportin
and DNA, and argue further that this interaction could
facilitate the transportin-mediated import of DNA that we
observe. We cannot formally rule out that other DNA-
binding adaptors might also be used to recruit transportin
to DNA. However, the core histones are such an abundant
cargo for transportin (55,56) that they may likely suffice as
the major type of adaptor.

Might other import receptors also play a role in DNA
import? It will only be possible to determine this once
NLSs and inhibitors are identified that are specific for each
of those receptors. However, it must be emphasized that
because we find that inhibition of the transportin pathway
so strongly impaired DNA import, it would appear that
transportin is the most prominent in DNA import.

As mentioned earlier, a recent study found that transportin
binds to adenoviral terminal protein VII and mediates the
import of adenoviral DNA (107). Our finding that non-
viral DNA reaches the nucleus via transportin suggests
perhaps that adenovirus co-opted and then optimized an
existing cellular pathway. This would further argue that the
receptor transportin can be considered a potential target
for modulation in both viral infection and non-viral gene
delivery.

Transport of nucleic acids through the nuclear pore is well
known: e.g. mRNAs, tRNAs, snRNAs and snRNPs are all
transported through the pore. Clearly, one wishes to know
in what circumstances DNA import occurs in vivo. DNA
transfection occurs from yeast to humans, as we know
from the laboratory. It may also be common in vivo as
necrosis and injury likely lead to a source of extracellular
DNA for transfection and potential import.

Also relevant to the overall discussion, natural instances of
non-chromosomal DNA circles and fragments have been
reported in a wide variety of systems (117). In yeast, ERCs
(extrachromosomal ribosomal circular DNAs) are produced
by homologous recombination between adjacent rDNA
genes. Such circles accumulate in the nucleus as the
mother cell ages (118). In this case, however, the ERCs
are not released into the cytoplasm, as yeast has a closed
mitosis, and thus the ERCs would not be a substrate for
DNA import. In multidrug-resistant mammalian cells, the
MDR1, MDR2 and EGFR genes are often amplified to also
give rise to extrachromosomal circular copies, which then
recombine with one another to become the larger circular
DNAs referred to as ’double-minutes’ (119,120). These
double-minute circles are, however, tethered in some
manner to the chromosomes and do not for the most part
exist as cytoplasmic DNAs (121). Multiple other organisms
have also been found to have extrachromosomal DNAs,
which have been implicated in genomic plasticity (122).
Intriguingly, however, cases of cytoplasmic DNAs have
also been found in mouse L929 cell lines and Erlich
ascites tumor cells. These DNAs, when added to non-
proliferating B cells, immortalized the B cells (18–20).

Presumably, this immortalization would require DNA
import because the non-proliferating B cells would not
undergo mitotic nuclear breakdown. Interestingly, the
transfer of mitochondrial and chloroplast DNA to the
nuclear genome over evolutionary time might also have
occurred through DNA import (123–125).

In summary, we have shown that DNA entry into
vertebrate cell nuclei is mediated by transportin and
that histones can serve as an adaptor for the binding of
transportin to DNA. Our results, together with the above
non-chromosomal DNA studies, show that there is rich
future ground for a closer look at natural DNA entry into
the nucleus.

Materials and Methods

Xenopus laevis clarified crude egg extract
Gray-amber crude extract (unfractionated cytosol and membranes) of
Xenopus laevis eggs was prepared as in (59). It was then transferred
to 2 mL tubes for a clarifying spin (34 000x g or 20 000 rpm, 15 min,
4◦C) in a TLS-55 rotor (Beckman Optima TL UltraCentrifuge). CCr extract
was collected by puncturing tubes just above the black pigment layer
and collecting the upper solution. Sucrose (2 M) was added to a final
concentration of 0.2 M as a cryoprotectant. Aliquots were frozen in liquid
N2 and stored at −80◦C.

In vitro reconstitution of nuclei from clarified crude

extract
Nuclei were assembled in CCr extract that had been diluted three- to
fourfold with extract buffer (HEPES-NaOH pH 7.4 10 mM; KCl 50 mM;
MgCl2 2.5 mM; sucrose 250 mM; BSA 20 mg/mL) and supplemented
with an ATP regenerating system (final concentrations: ATP 1 mM;
phosphocreatine 10 mM; creatine phosphokinase 50 μg/mL) by addition
of 2000 units/μL demembranated sperm chromatin prepared as in (126).
Experiments were performed immediately after nuclear assembly.
However, we noted that the reconstituted nuclei could be held at 4◦C
for up to 24 h and still retain nuclear transport activity when restored to
room temperature. Thus, these nuclei formed in CCr extract are unusually
robust.

Transport assays in reconstituted nuclei
Fully assembled nuclei were supplemented with an ATP regenerating
system (as above) and with the relevant inhibitor or, alternatively, with
buffer as a control. WGA was added at 1 mg/mL, importin β 45-462 at
10 μM, RanQ69L at 20 μM, Nup153-FG at 40 μM and Nup153-N’ at 30 μM.
Following a 20–30 min incubation, fluorescent substrates were added:
GFP-NP (10 μg/mL) or GFP-hnRNP A1 (10 μg/mL) as markers for classical
NLS or M9 NLS-mediated accumulation, respectively, and 1500 bp Cy3-
DNA (20 μg/mL) as the DNA import substrate. In cases where only one
substrate was tested, fluorescently labeled dextran [tetramethylrhodamine
isothiocyanate (TRITC) or FITC-dextran, Sigma-Aldrich] was added as an
exclusion marker for intact nuclei. For cargo competition assays, 40 μM

GFP-M9 or GFP-NP was used. Following a 20–30 min incubation at 20◦C,
samples were fixed and chromatin was stained with an ultraviolet (UV)-
excited DNA dye (Hoechst 33258; 2 μg/mL in 5 mM HEPES, pH 7.4; 50 mM

sucrose; 2.5% paraformaldehyde) to assist in initial visual identification of
the nuclei by epifluorescence. This eliminated a possible bias in scoring of
transport-inhibited nuclei that otherwise might not have been identified in
the transport assay itself.

Two-channel images were recorded on an Olympus Fluoview confocal
microscope with PlanApo 60×/1.4 oil immersion objective. GFP is excited
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at 488 nm and Cy3 at 568 nm in this microscope, ensuring a good
separation of the emission channels. All results were confirmed using
unfixed specimens.

Transport substrates
For assays using Xenopus egg extracts, fluorescent DNA was prepared
from 1500-bp fragments replicated by polymerase chain reaction (PCR)
from a pEGFP plasmid (Enhanced Green Fluorescent Protein; BD Bio-
sciences Clontech), using the primers: 5′-CTCTAGAATTCCAACTGAGCG-3′
and 5′-GAACGAAAACTCACGTTAAGGG-3′. Fragments were then purified
and covalently labeled with Cy3 Label IT reagent (Mirus Bio Corporation)
at 37◦C for 3 h. Covalent labeling avoided leakage of dye to chromosomal
DNA. Excess dye was removed by purifying DNA over size exclusion mini-
spin columns (Mirus Bio Corporation). The final concentration of labeled
DNA was 0.1 mg/mL.

Fluorescent DNA used in the permeabilized HeLa cell assay
was generated as a PCR fragment of 400 bp using EGFP
primers 5′-CCCGAGCTCATGGTGAGCAAGGGCGA GGAG-3′ and 5′-
CAGCTCGATGCGGTTCACC-3′ and pEGFP-N2 (BD Biosciences Clontech)
as template. The PCR fragment was purified using QIAquick Gel Extraction
Kit (Qiagen). Five micrograms of DNA was labeled using CX-Rhodamine
Label IT Tracker Kit (Mirus Bio Corporation), according to manufacturer’s
instructions.

6xHis-tagged recombinant GFP-NP and GFP-hnRNP A1 (plasmid obtained
from M. Michael, Harvard University) were expressed in BL21 cells (0.5 mM

isopropyl-beta-D-thiogalactopyranoside (IPTG), 3 h in a shaking incubator,
36◦C) and purified by fast protein liquid chromatography (FPLC) over Ni2+-
nitrilotriacetic acid (NTA) resin columns in native conditions (binding buffer:
20 mM Tris, pH 8, 500 mM NaCl, 20 mM imidazole; elution buffer: 20 mM

Tris, pH 8, 500 mM NaCl, 400 mM imidazole). FPLC was operated in gradient
elution mode and both proteins were eluted at 150–200 mM imidazole.
Buffer was exchanged to PBS (8 g/L NaCl, 0.2 g/L KCl, 0.14 g/L Na2HPO4,
0.24 g/L KH2PO4) by dialysis in SnakeSkin dialysis bags (Pierce/Thermo
Fisher Scientific Inc), glycerol was added to 5%, and aliquots were frozen in
liquid N2. Alternately, 6xHis-tagged GFP-NP and GFP-A1 were expressed
in BL21 cells with 0.1 mM IPTG at 16◦C overnight, and purified using
Ni2+-NTA resin columns with the same binding buffer and elution buffer
(20 mM Tris, pH 8, 500 mM NaCl, 1 M imidazole). Proteins were dialyzed in
PBS + 5% glycerol, and aliquots were frozen in liquid N2.

Fluorescently labeled histone H2A
Histone H2A (Roche) (0.5 mg/mL in 0.1 M sodium carbonate buffer, pH 9)
was mixed with 5 mL of a 4 mg/mL FITC (Sigma-Aldrich) in DMSO at a
low dye-protein molar ratio of 2:1. After overnight incubation at 4◦C, the
reaction was stopped by addition of NH4Cl to 50 mM. Excess free dye was
removed by dialysis against PBS.

Transport inhibitors
Importin β 45-462, which contains the FG nucleoporin-binding domain,
but lacks the RanGTP and importin α binding domains of importin β (86),
was expressed and purified as described in (73). RanQ69L in pET28A was
expressed, purified and loaded with GTP essentially as described in (86).

6xHis-tagged recombinant Nup153-FG and Nup153-N’ (93) were expressed
in BL21 cells and purified over Ni2+-NTA resin columns under denaturing
conditions (binding buffer: 20 mM Tris, pH 8, 500 mM NaCl, 6 M guani-
dinium, 20 mM imidazole; washing buffer: 20 mM Tris, pH 8, 500 mM NaCl,
6 M urea, 20 mM imidazole; elution buffer: 20 mM Tris, pH 8, 500 mM

NaCl, 6 M urea, 400 mM imidazole). FPLC was operated in gradient elution
mode and both proteins were eluted at 150–200 mM imidazole. Buffer
was exchanged to PBS by dialysis in 10 kDa MW cutoff SnakeSkin dialysis
bags (Pierce/Thermo Fisher Scientific Inc), glycerol was added to 5% and
aliquots were frozen in liquid N2. Alternatively, 6xHis-tagged Nup153-FG
and Nup153-N’ were expressed in BL21 cells with 0.1 mM IPTG at 16◦C

overnight, and purified using Ni2+-NTA resin columns with binding buffer
(20 mM Tris, pH 8, 500 mM NaCl, 20 mM imidazole) and elution buffer
(20 mM Tris, pH 8, 500 mM NaCl, 1 M imidazole). Proteins were dialyzed in
PBS + 5% glycerol, and aliquots were frozen in liquid N2.

6xHis-tagged GFP-M9 was cloned from the GFP-hnRNP A1 plas-
mid as follows: the GFP-hnRNP A1 gene was sequenced and
primers were designed to fit the end of GFP and beginning of
M9 sequences, with an insertion coding for TEV cleavage site
in the middle (CTATACAAAGAATTCCACGAAAACCTGTATTTTCAGGGAG-
GATATAACGA CTTTGGC and GCCAAAGTCGTTATATCCTCCCTGAAAAT-
ACAGGTTTTCGT GGAATTCTTTGTATAG). A major part of the hnRNP A1
gene (927 bp) was then deleted by deletion mutation amplification with
Pfu Turbo DNA polymerase (Stratagene), leaving the C-terminal M9 region
linked to 6xHis-tagged GFP through a TEV cleavage site. The parental
plasmid was digested by DpnI restriction enzyme (Stratagene) leaving the
truncated plasmids to be transformed into XL1B cells. Deletion mutation
was verified by sequencing. GFP-M9 protein was expressed in BL21 cells.
Purification was performed by FPLC over Ni2+-NTA resin columns in native
conditions, as described above.

Permeabilized HeLa cell transport assay
Untreated rabbit reticulocyte lysate (Promega) was used as a source of
cytosolic proteins. Lysate was dialyzed versus transport buffer [20 mM

HEPES, pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM

magnesium acetate, 1 mM EGTA, 2 mM DTT, 1 mg/mL aprotinin, 1 mg/mL
leupeptin and 0.1 mM phenylmethylsulphonyl fluoride (PMSF)] and stored
in aliquots at −80◦C. Permeabilized HeLa cell import assay was performed
similarly to (57). HeLa cells were grown on coverslips, rinsed once with
cold PBS then cold transport buffer, permeabilized with 40 μg/mL digitonin
(high purity grade, Calbiochem/EMD Chemicals Inc) in transport buffer for
3–5 min on ice, followed by two rinses in transport buffer. Four microliters
of rabbit reticulocyte lysate, 1 μL energy regenerating system (1 mM ATP,
5 mM phosphocreatine and 75 μg/mL creatine phosphokinase), 0.5 μL CX-
Rhodamine-labeled DNA, and/or fluorescent protein substrates (GFP-NP or
GFP-A1 or GFP-M9; final concentration at 3 or 8 or 4 μM, respectively) and/or
transport receptor inhibitors (Nup153-FG or Nup153-N’; final concentration
at 2 or 8 μM) were mixed and added to coverslips in a 40 μL reaction and
incubated at 37◦C for 90 min. The samples were then rinsed in transport
buffer, fixed in 4% formaldehyde for 10 min at 23◦C, rinsed 2× in PBS,
and mounted on microscope slides with Vectashield (Vector Laboratories)
with 4′-6-Diamidino-2-phenylindole (DAPI) for confocal microscopy.

Permeabilized HeLa cells were visualized with an Axiovert 200M
microscope (Carl Zeiss) at a magnification of 40× using an oil objective
(Carl Zeiss) with a 1.3 numerical aperture. Images were recorded using
a Coolsnap HQ (Photometrics) camera and Metavue software (Molecular
Devices Corporation).

Field-emission scanning electron microscopy
Samples were prepared essentially as described in (127). Fully assembled
nuclei (4–10 μL) were adhered onto 5 × 5 mm2 silicon chips by gently
suspending in 1 mL extract buffer, and then spinning them down onto the
chips in a swinging bucket rotor at 1000 × g for 10 min at 4◦C. Silicon
chips with adherent nuclei were then transferred into fix buffer (80 mM

PIPES-KOH, pH 6.8; 1 mM MgCl2; 150 mM sucrose; 2% paraformaldehyde;
0.25% glutaraldehyde) for 10 min at room temperature, followed by two
gentle washes in 0.2 M cacodylate and postfixation in 0.2 M cacodylate
with 1% OsO4. Samples were stained with 1% uranyl acetate, dehydrated
in ethanol, and critical point dried from ultra-dry CO2 (BAL-TEC CPD
030), sputter coated with 3.4 nm chromium (EMITECH K575X), and
examined using a field emission scanning electron microscope (FEI, XL30
ESEM FEG).
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Statistical tests
Transport assays using reconstituted nuclei were scored in a binary fashion.
For assays involving soluble protein substrates, ’positive’ accumulation
was scored if the nuclear concentration was higher than the cytoplasmic,
whereas equal or lower concentrations were scored as non-accumulating.
DNA import was scored positive both in cases of higher average nuclear
intensity versus background, and for the appearance of intense nuclear
foci. For the data in Figures 2 and 3, characterized by binary choice,
statistical significance was determined using Fisher’s exact test with one-
tailed probability (http://www.danielsoper.com/statcalc/calc29.aspx). For
the data in Figures 4 and 5 where a continuum of values for the number
of DNA foci within nuclei was possible, the Student’s t-test available from
Microsoft Excel software was used.

DNA-cellulose bead pulldown of transportin
To determine whether transportin present in the Xenopus extract can bind
directly or indirectly to DNA, DNA-conjugated cellulose beads were used.
DNA-cellulose beads (Sigma-Aldrich, D8515) and microgranular cellulose
(Sigma-Aldrich, C6413) were blocked with 50 mg/mL BSA in egg lysis
buffer with sucrose (ELBS) (HEPES 10 mM pH 7.8; KCl 50 mM; MgCl2
2.5 mM; sucrose 250 mM). High-speed Xenopus extract was pre-cleared
with blocked microgranular cellulose for 1 h at 4◦C. Pre-cleared Xenopus
extract (28 μL) was supplemented with either buffer (ELBS) or increasing
concentrations of RanQ69-LGTP (2 μL total supplement) for 15 min on
ice. The reaction (30 μL) was diluted with 250 μL ELBS+ (ELBS; EDTA
0.2 mM; DTT 1 mM; Triton-X-100 0.01%; protease inhibitors), mixed with
5 μL (bed volume) of beads and incubated for 2 h at 4◦C. The beads were
washed 3× with ELBS+, twice with ELBS, followed by treatment with
DNAse (100 μg/mL in PBS; DTT 10 mM; Triton-X-100 1%; MgCl2 10 mM)
for 30 min on ice. Proteins were eluted with 5× Laemmli sample buffer,
subjected to gel electrophoresis and immunoblotting with anti-transportin
and anti-Ran (BD Transduction Laboratories) antibodies.

GST-transportin pulldown of DNA
To determine whether transportin could bind directly to DNA or could bind
indirectly to DNA in the presence of histones, a glutathione S-transferase
(GST)-transportin pulldown was used. Glutathione beads were blocked
with 20 mg/mL BSA and 20 mM dNTPs for 1 h at 4◦C. First, Drosophila
melanogaster recombinant NAP1 (4.5 μg) plus (lanes 2–7) or minus (lane
1) purified D. melanogaster core histones (1.5 μg) in 20 μL of ELBS +
0.1% BSA were incubated for 20 min at room temperature. Then, 0.5 μg
of circular plasmid DNA (pEGFP-C2) was added. At this time, a mix of
GST-hTransportin (5 μg) and increasing concentrations of RanQ69L-GTP
(0–16.5 μg) in 20 μL ELBS + 0.1% BSA (preincubated for 15 min on ice)
was added to each of the tubes above. Immediately 20% of each reaction
was taken, 10% for the DNA loading control and 10% for protein loading
controls. ELBS (163 μL) and blocked glutathione beads (5 μL) were then
added to each reaction, giving a final concentration of 0.2 μM transportin
and 0.1, 0.3, 0.9, 1.65 μM RanQ69L-GTP, before incubation overnight at
4◦C with shaking. Beads were washed with washing buffer (ELBS +
0.1% BSA + 0.01% Tween) 3×. Next, three washes were performed
with increasing concentrations of KCl (100, 150 and 200 mM) in washing
buffer. After each wash, the beads were collected by gravity on ice.
For the experimental test (top panel) proteins bound to the beads were
removed by digestion with protease K, before extraction of the DNA with
phenol/chloroform, separation on a 0.8% agarose gel, and visualization
with Syber-green.
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Supporting Information

Additional Supporting Information may be found in the online version of
this article:

Figure S1: Excess GFP-M9 inhibits transportin-mediated, but not

importin β-mediated transport. Excess GFP-M9 (40 μM) was added to
a Xenopus nuclear reconstitution assay 30 min after the start of the
reaction. A) TRITC-labeled classical NLS import substrate SV40-NLS-HSA
or (B) Alexa-568-labeled transportin substrate MBP-M3 was added 30 min
after the addition of the excess GFP-M9. The nuclei were incubated for
another 30 min before fixation. Bar: 10 μm.

Figure S2: DNA import in permeabilized HeLa cells is dependent on

energy and cytosolic factors. Permeabilized cell assays were performed
and analyzed as in Figures 4 and 5, except the transport mixture did
not contain (A) an energy regenerating system or (B) a rabbit reticulocyte
lysate. GFP-A1 was added at 0.7 μM. GFP is shown in green, DNA staining
in blue and CX-Rhodamine-labeled DNA import is shown in red. DNA
import images were projected from five z-sections through the middle of
the nuclei at 0.5 μm apart using IMAGEJ software (http://rsb.info.nih.gov/ij/).
Bar: 10 μm.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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