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Import of exogenous plasmid DNA (pDNA) into mamma-
lian cell nuclei represents a key intracellular obstacle to effi-
cient non-viral gene delivery. This includes access of the
pDNA to the nuclei of non-dividing cells where the presence
of an intact nuclear membrane is limiting for gene transfer.
Here we identify, isolate, and characterize, cytoplasmic
determinants of pDNA nuclear import into digitonin-perme-
abilized HeLa cells. Depletion of putative DNA-binding pro-
teins, on the basis of their ability to bind immobilized pDNA,
abolished pDNA nuclear import supporting the critical role
of cytoplasmic factors in this process. Elution of pDNA-
bound proteins, followed by two-dimensional sodium dode-
cyl polyacrylamide gel electrophoresis identified several can-
didate DNA shuttle proteins. We show that two of these,
NM23-H2, a ubiquitous c-Myc transcription-activating nu-
cleoside diphosphate kinase, and the core histone H2B can
both reconstitute pDNA nuclear import. Further, we demon-
strate a significant increase in gene transfer in non-dividing
HelLa cells transiently transfected with pDNA containing bind-
ing sequences from two of the DNA shuttle proteins, NM23-H2
and the homeobox transcription factor Chx10. These data sup-
port the hypothesis that exogenous pDNA binds to cytoplasmic
shuttle proteins and is then translocated to the nucleus using the
minimal import machinery. Importantly, increasing the binding
of pDNA to shuttle proteins by re-engineering reporter plas-
mids with shuttle binding sequences enhances gene transfer.
Increasing the potential for exogenously added pDNA to bind
intracellular transport cofactors may enhance the potency of
non-viral gene transfer.

* This work was supported, in whole or in part, by National Institutes of Health
Grant HL59956 (to D. A.D.). This work was also supported by the Cystic
Fibrosis Trust, UK and a Wellcome Trust Senior Clinical Fellowship (to
E.W.F.W.A).

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental data, Figs. S1-56, and Tables S1 and S2.

" To whom correspondence should be addressed: Dept. of Gene Therapy,
National Heart & Lung Institute, Faculty of Medicine, Imperial College
London, London SW3 6LR, UK. Fax: 44-0-207-351-8340; E-mail:
f.munkonge@imperial.ac.uk.

2 Recipient of a Science Foundation Ireland Research Professorship.

26978 JOURNAL OF BIOLOGICAL CHEMISTRY

Gene therapy is a rational candidate for the treatment of
monogenic disorders such as cystic fibrosis (CF). Given the
need for lifelong treatment, and the difficulties with readmin-
istration of viral vectors, non-viral approaches are being ac-
tively pursued. A number of hurdles to efficient gene transfer
using this approach have been identified. These include access
of the plasmid DNA (pDNA)? to the nuclei of terminally differ-
entiated airway epithelial cells (1).

The transport of macromolecules across the nuclear pore
complex (NPC) and into the nucleus is now well understood.
The NPC is a highly selective channel allowing only the passive
diffusion of molecules less than M, ~40-60 kDa (8 -9 nm).
Facilitated transport of larger cargo molecules is mediated by
nuclear-localizing signals (NLSs), and multiple families of sol-
uble cognate transport factors. The latter include members of
the importin-B/karyopherin-f superfamily that play a pivotal
role in transporting cargo that carries classical NLSs as well as
cargo with no obvious NLS. In the best understood pathway,
importin-B specifically recognizes the NLS-containing import
substrate proteins by means of the adapter molecule impor-
tin-a. The importin-a/f complex then translocates across the
NPC via an as yet poorly understood energy-dependent mech-
anism, controlled by the nucleotide state of the Ras family
GTPase Ran (2). As with many other essential cellular pro-
cesses, the nuclear import machinery is highly redundant and a
plethora of importin-a and -B receptor proteins are able to
recognize and facilitate the transport of a wide variety of import
substrates.

The size of pDNA and its lack of a NLS suggest it is unlikely to
traverse the NPC as a free molecule. In dividing cells, the

3 The abbreviations used are: pDNA, plasmid DNA; CFTR, CF transmembrane
conductance regulator; NPC, nuclear pore complex; HSA, human serum
albumin; FITC, fluorescein-5-isothiocyanate; PNA, peptide nucleic acid;
WGA, wheat germ agglutinin; NLS, nuclear localizing signals; CLSM, confo-
cal laser scanning microscopy; IPG, immobilized pH gradient; IEF, isoelec-
tric focusing; MALDI-TOF, matrix-assisted laser desorption ionization/time
of flight; PMF, peptide mass fingerprinting; MS/MS, tandem mass spec-
trometry; HPLC, high-performance liquid chromatography; FACS, fluores-
cence-activated cell sorting; p/, isoelectric points; NHE, nuclease-hypersen-
sitive element.
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nuclear envelope disassembles at the M phase of division, and is
therefore not a barrier to DNA nuclear entry (3). For non-di-
viding cells, pDNA cyto-nucleoplasmic transport is likely to be
a facilitated process that is mediated by the interaction of solu-
ble cytoplasmic factors with the minimal nuclear transport
machinery. In support of this notion, one of our laboratories
has previously demonstrated that, whereas addition of purified
importin-e, -B, and Ran was sufficient to support protein
nuclear import, pDNA nuclear import also required comple-
mentation with purified nuclear extracts (4). Further, numer-
ous laboratories have reported regulated delivery of func-
tionally active pDNA at the nuclear import level. Initially,
well-defined NLS signal peptide sequences were attached to
therapeutic nucleic acid molecules, to circumvent the nuclear
entry bottleneck (5). Overall, this approach has produced con-
flicting results, due to confounding factors that include the
large size of the DNA molecule compared with the small pep-
tide; masking of the peptide activity by strong interaction of the
positively charged peptide with the negatively charged DNA,
and modification of the physicochemical properties of the cat-
ionic lipid/plasmid complexes by the NLS peptide (6).

A second strategy to harness the nuclear import pathway and
increase nuclear delivery of therapeutic DNA uses endogenous
or recombinant DNA-binding NLS-containing proteins to bind
and condense the pDNA (7). More recently, an alternative
approach involves the inclusion of nucleotide sequences into
the pDNA, which have affinity for nuclear transport-mediating
cellular proteins, such as transcription factors. One of us first
demonstrated this notion for pDNAs that contain the SV40
enhancer region, known to bind a variety of transcription fac-
tors (8). Further, tissue-specific promoter sequences, to permit
interactions with specific transcription factors in the cyto-
plasm, have also been engineered into pDNAs. Thus, incorpo-
ration of the promoter for smooth muscle y-actin, pDNA
resulted in effective transport into the nucleus of smooth mus-
cle cells and subsequent gene expression, whereas little pPDNA
was trafficked to the nucleus of control CV-1 cells (9). Several
other workers have now also demonstrated the potential for
control and/or enhancement of DNA nuclear import by genetic
control elements (10-12).

Collectively the above findings provide a basis for a model in
which DNA nuclear import is accomplished via interaction
with DNA-binding, nuclear-targeted proteins, denoted DNA
nuclear shuttle proteins, although a detailed understanding of
these interactions remains to be achieved. Our goals were to
identify key cytoplasmic determinants of pDNA nuclear import
and to determine whether the resulting purified recombinant
nuclear-targeted, DNA-binding shuttle proteins are able to
reconstitute pDNA nuclear import. We have identified pDNA
nuclear shuttle proteins by a combination of pDNA-affinity
chromatography and proteomics and show that these can
reconstitute nuclear import of fluorescent-labeled pDNA into
permeabilized HeLa cells. Further, we demonstrate that inser-
tion of binding sequences from two representative DNA shuttle
proteins, NM23-H2 and the homeobox transcription factor
Chx10, into reporter gene plasmids results in a significant
enhancement of gene transfer.
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EXPERIMENTAL PROCEDURES

Nuclear Import Assay in Digitonin-permeabilized HeLa Cells—
Nuclear import into the digitonin-permeabilized HeLa cells
using fluorescent-tagged protein (human serum albumin (25
pg/ml of NLS-HSA-FITC)) or fluorescent DNA (10 ug/ml of
Oregon Green 488-labeled pDNA (Oregon Green/pCMV 3-
DTS) as import substrate was assayed with a nuclear import
reaction mix (consisting of import buffer supplemented with 1
pg/ml protease inhibitors, defatted bovine serum albumin (1
mg/ml), an ATP-regenerating system (2 mm ATP, 1 mm GTP,
10 mm creatine phosphate, 20 units/ml creatine phosphoki-
nase, native purified exogenous HeLa cytoplasmic extract (5
mg/ml) as described previously (4, 13). Detailed experimental
procedures are presented under supplemental data.

Depletion and Fractionation of pDNA Import Active Fraction
from HeLa Cytoplasmic Extracts—Plasmid DNA affinity mat-
rices were prepared by immobilizing pPCMVB-DTS (that con-
tains the PNA target sequence), via the PNA, onto Sepharose
4B-linked PNA to prepare pCMVB-DTS/PNA-Sepharose
matrix for use in preparing pDNA -affinity columns. The exper-
imental procedures are described under supplemental data. To
deplete extracts, purified HeLa cytoplasmic extracts were
passed twice over the pDNA-affinity column. Column flow-
throughs were dialyzed overnight against import buffer fol-
lowed by concentration using Centricon-5 microconcentration
devices before the determination of pDNA nuclear import
activity.

HelLa Cell Synchronization and FACS Analysis of Cell Cycle—
The synchronization, arrest at the G,/S phase and FACS anal-
ysis of the HeLa cell cycle were performed essentially as
described by Al-Mohanna et al. (14) and are detailed under
supplemental data.

DNA Nuclear Shuttle Protein Plasmids—The plasmid pCMV-
BGal-DTS is based on the plasmid pCMV-BGal (Clontech,
Mountain View, CA), containing the SV40 DTS sequence (8).
The CHX-10 and NM23-H2 binding sequences were inserted
into this plasmid using PCR and standard molecular biology
methods. The SV40 DTS sequence was amplified by PCR using
a common forward primer with homology for the 5’-end of the
SV40 DTS (GGGTCGACCTTAAGGGATCCGGTACCTTC-
TGAGGCGGAA) and two different reverse primers containing
either the CHX-10 (GGAAGCTTATAACCTAAGCTAATT-
AGTTATGCATGAATTCTTTGCAAAAGCCTAGGCCTC-
CAA) or the NM23-H2 (GGAAGCTTTGGGGAGGGTGGG-
GAGGGTGGGGAAGGTGGGGAGGAATTCTTTGCAA-
AAGCCTAGGCCTCCAA) binding sequences, a region
homologous to the 3'-end of the SV40 DTS and suitable restric-
tion enzymes sites for identification. PCR fragment sizes were
confirmed by agarose gel analysis and purified by QiaExII gel
extraction (Qiagen, Crawley, UK). The PCR fragments were
then cloned using the Zero Blunt TOPO PCR Cloning (Invitro-
gen, Paisley, UK) and sequenced to confirm correct addition of
the binding sequences to the SV40 DTS. The SV40-DTS
sequence tagged with CHX-10 or NM23-H2 was then sub-
cloned back into pPCMV-BGal-DTS using appropriate restric-
tion sites and in such a way as to replace the original SV40 DTS
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FIGURE 1. Plasmid DNA nuclear import into digitonin-permeabilized HeLa cells. Digitonin-permeabilized
Hela cells were incubated in the presence of recombinant importin-«, -3, and Ran, with Oregon Green/
pCMVB-DTS (10 wg DNA/mI) and native cytoplasmic HeLa (0.5 mg protein/ml). A, confocal z-scan consisting of
8 optical sections (0.5-um step size) superimposed on their corresponding phase contrastimages from the top
to the bottom of the nuclei to verify fluorescent pDNA nuclear localization (representative of six similar exper-
iments). B, quantification of the nuclear fluorescence intensity in the central sections of images from the assay
performed with native (in the absence or presence of WGA) or heat-inactivated extract. The bars represent
mean * S.E. of the background-subtracted nuclei fluorescent intensity (n = 24-35 nuclei). Cytoplasmic extract
was heat-inactivated (90 °C, 10 min) before addition. Asterisks indicate a significant difference from native
cytoplasmic extract import activity (p < 0.001). C, depletion of putative DNA-binding factors abolishes the
plasmid DNA nuclear import activity from cytoplasmic extracts. The pDNA nuclear import activity of depleted
Hela cytoplasmic extract was compared with that of native and control extracts. Digitonin-permeabilized
Hela cells were incubated with the extracts (5 mg protein/ml) containing the Oregon Green/pCMV3-DTS (10
rg/ml) in the absence (dark bars) or presence (gray bars) of WGA (100 wg/ml). After incubation, cells were
processed for visualization by CLSM. Quantification of the nuclear fluorescence intensity in central sections
is shown. 17-42 nuclei were analyzed for each experimental condition. The bars represent mean = S.E. of
the background-subtracted nuclei fluorescent intensity compared with native cytoplasmic extract in the
absence of WGA (*, p < 0.001).

sequence. Plasmid DNA was produced using the Qiagen Endo-
Free Mega Kit (Qiagen).

Transfection of Growth-arrested HeLa Cells with Plasmid
and Quantitative Analysis of B-Galactosidase Expression—The
experimental procedures are described under supplemental
data.
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Statistical ~Analysis—Statistical
analysis was performed using a
Mann-Whitney test. Differences in
B-galactosidase activity were deter-
mined using Newman-Keuls post-
hoc tests after significant analysis of
variance analyses on log-normal-
ized values. The null hypothesis was
rejected at p < 0.05. All data are pre-
sented as mean * S.E. except where
indicated.

RESULTS

Accumulation of Plasmid DNA
into Nuclei of Digitonin-perme-
abilized HeLa Cells Requires
Exogenously Added Cytoplasmic
Extract—Previously we demon-
strated the sequence-specific con-
jugation of an expression pPDNA
containing a 366-bp SV40 ori
sequence with Oregon-Green 488-
labeled peptide nucleic acid (Ore-
gon Green/pCMVB-DTS), while
maintaining the pDNA in its native
supercoiled conformation (4, 13).
As previously, we assessed the
nuclear accumulation of the Ore-
gon Green-pDNA into digitonin-
permeabilized HeLa cells by detec-
tion with confocal laser scanning
microscopy (CLSM). As expected,
the Oregon Green-pDNA accumu-
lates in the nuclei of permeabilized
HelLa cells in the presence of exog-
enously added cytoplasmic extract.
Images representing half-micron
z-axial confocal optical sections
(Fig. 1A) indicated the bona fide
nuclear localization of fluorescent
pDNA. The Oregon Green-pDNA
fluorescence displayed a punctate
pattern, in comparison with the
more diffuse NLS-HSA-FITC fluo-
rescence (supplemental Fig. S1)
suggesting that the exogenously
added DNA may associate with spe-
cific intranuclear domains. Quanti-
fication of the nuclear-localized
Oregon Green-pDNA fluorescence
intensity showed that addition of
the lectin wheat germ agglutinin

(WGA), which specifically binds to O-glycosylated nuclear pore
proteins, significantly (p < 0.001) inhibited Oregon Green-
pDNA nuclear import (Fig. 1B), presumably due to prevention
of translocation of Oregon Green-pDNA through the NPC.
Consistent with our previous findings that cytoplasmic cofac-
tors are absolutely required for pDNA nuclear import, import
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activity was also significantly (p < 0.001) reduced by incubation
with heat-inactivated cytoplasmic extract (Fig. 1B).

Cytoplasmic Depletion of Putative Plasmid DNA-binding
Factors Abolishes Plasmid DNA Nuclear Import into Permeabi-
lized HeLa Cells—W e next asked what effect depletion of puta-
tive pDNA-binding factors from the cytoplasmic extract would
have on pDNA nuclear import into permeabilized HeLa cells.
After two passages through a pDNA-affinity column, compris-
ing bait pCMVB-DTS immobilized via a sequence-specific
PNA to Sepharose matrix, cytoplasmic extracts were recovered,
concentrated, and assayed for nuclear import activity. Fig. 1C
shows that the import activity of depleted cytoplasmic extract
was significantly (p < 0.001) reduced to a level comparable with
the WGA-inhibited import activity of native extract. Control
extracts, purified using PNA-Sepharose columns lacking
pCMVB-DTS, retained activity comparable with that of native
cytoplasmic extracts. Furthermore the activity of control
extracts was WGA-inhibitable.

Fractionation of the Plasmid DNA Nuclear Import Active
HeLa Cytoplasmic Fraction—As a first step in the identification
of the minimal set of factors that are sufficient for pDNA
nuclear import activity, we sought to isolate the fraction of the
HeLa cytoplasmic extract that was active in nuclear import.
This was based on its ability to bind to immobilized PNA/
pCMVB-DTS under native conditions, identical to those under
which the nuclear import activity assays were conducted. Frac-
tionation was performed using cytoplasmic extract applied to a
pCMVB-DTS/PNA-Sepharose or control PNA-Sepharose col-
umn. After extensive washing, bound proteins were eluted with
alinearly increasing salt gradient (Fig. 2) and assayed for pPDNA
nuclear import activity. The nuclear import of PNA/pCMV 3-
DTS into permeabilized cells, supported by concentrates recov-
ered from the pCMVB-DTS/PNA-Sepharose column, was
compared with that supported by concentrates recovered from
the control PNA-Sepharose column or native cytoplasmic
extracts. We noted that the absolute fluorescence nuclear
intensities in this set of experiments were somewhat reduced;
this may be attributable to the extensive sample handling
involved. Fig. 2 shows significant (p > 0.001) differences in
nuclear import activity in the absence of WGA compared with
native cytoplasmic extract activities for all groups. The
pCMVB-DTS/PNA-Sepharose elution fractions 6 and 8 were
able to reconstitute pDNA import activity compared with con-
trol PNA-Sepharose elution fractions 6 and 8 in the absence of
WGA.

Identification of Proteins in Plasmid DNA Nuclear Import
Active Fraction by Sequence Analysis Using Mass Spectrometry—
We next identified the putative DNA-binding shuttle proteins.
Proteins eluted from a pDNA-affinity column where resolved
using high-resolution two-dimensional SDS-PAGE and sub-
jected to MS analysis. Pooled elution fractions from 3 column
runs each were resolved on pH 3-10 and pH 6 -9 two-dimen-
sional SDS-PAGE elution gels shown in supplemental Figs. S2D
and S3D, respectively. High-sensitivity silver stain was used to
detect proteins spots on both elution gels owing to low levels of
protein involved. Silver staining is however incompatible with
MS analysis. We thus used the electrophoretic coordinates
based on our silver-stained eluate fraction pH 3-10 and pH
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6—9/two-dimensional SDS-PAGE gels as reference points to
manually remove a total of 62 protein spots of different inten-
sities from Coomassie Blue-stained preparative native HeLa
cell cytoplasmic extract pH 3—10 and pH 6 —9 two-dimensional
SDS-PAGE gels, digested them using trypsin and subjected
them to MS analysis. MS data obtained by either matrix-as-
sisted laser desorption ionization/time of flight (MALDI-TOF)
and liquid chromatography-tandem mass spectrometry (LC/
MS/MS) were searched against SWISS-PROT and TREMBL
protein databases using the Mascot data base-searching algo-
rithm and are summarized in supplemental Table S1. MALDI-
TOF peptide mass fingerprinting (PMF) unambiguously iden-
tified proteins in all 22 spots (supplemental Table S1A4, spots
1-22) from the pH 3-10/two-dimensional SDS-PAGE and 32
of 40 spots (supplemental Table S1B, spots 1-40) from the pH
6 -9/two-dimensional SDS-PAGE. In addition, LC/MS/MS
analysis was used to obtain the amino acid sequence of peptides
8 spots from the pH 6 -9 gel that were either too faint or refrac-
tory to identification by MALDI-TOF.

Supplemental Table S1 shows an overview of all the matches
identified by PMF and LC/MS/MS and represents proteins in
the pCMVB-DTS/PNA-Sepharose eluate from both the pH
3-10 (A) and pH 6-9 (B) two-dimensional SDS-PAGE gels.
Functional characteristics of the protein and subcellular loca-
tion, as well as the number of matching peptides and percentage
sequence coverage are shown. Supplemental Fig. S4A4 shows the
known protein functions, with the most highly represented
involving metabolism (27%) and protein fate (18%). Approxi-
mately 11% of the identified proteins were involved in struc-
tural organization, 14% in DNA synthesis and protein synthesis
(5%). The highly abundant GTP-binding nuclear protein Ran
represented proteins involved in nuclear transport. Proteins
involved in transcription accounted for only 5% of all identified
proteins.

Identification of Plasmid DNA Nuclear Shuttle Proteins—
Central to our study was the identification of soluble cyto-
plasm/nuclear localized DNA-binding proteins possessing,
either discrete NLS signal sequences, or some form of indirect
nuclear targeting. Information on the DNA binding and
nuclear targeting capabilities of the identified proteins was
obtained from the literature, and from bioinformatics predic-
tion using WoLF PSORT (15), DNAProt (16), and LOCtarget
(17). LOCtarget includes the NLS algorithm predictNLS that
searches for the prototypical monopartite SV40 large-T antigen
PKKKRKYV NLS and the prototypical nucleoplasmin KRPAAT-
KKAGQAKKKK NLS. Out of the total identified proteins, only
8 (18%) of the total identified proteins fitted our criteria for
putative pDNA shuttle proteins, possessing both the ability to
bind DNA and possessing a nuclear targeting capacity (supple-
mental Table S2).

Characterization of Plasmid DNA Nuclear Accumulation
and Import Activity of Representative Plasmid DNA Shuttle
Proteins—We next asked whether representatives of the eight
identified putative shuttle proteins possessing both DNA bind-
ing and nuclear import capacity could support pDNA import.
Histone H2B was selected as a classical DNA-binding protein.
NM23-H2 was selected as a well characterized non-classical
DNA-binding protein that is overexpressed in cells and was
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FIGURE 2. Elution profiles of HelLa cell cytoplasmic extracts on a pCMV 3-DTS/PNA-Sepharose column. Cytoplasmic extract (0.5 mg of protein in 500 wul)
was applied to the pCMVB-DTS/PNA-Sepharose column (A) or control PNA-Sepharose column (B), washed with three column volumes of column buffer, and
elution achieved with a linear gradient of NaCl (0-0.5 m NaCl, per 20 ml buffer; 0.5 min/ml, 4 °C). Alternate elution fractions (2 ml each) were pooled (denoted
numbers 2,4,6,8,10,12,14,16, 18,and 20), dialyzed overnight againstimport buffer, concentrated using Centricon-5 microconcentration devices and assayed
for Oregon Green/pCMVB-DTS nuclearimport activity. Quantification was performed on 8 -59 nuclei for each type of treatment. Percent activity represents the
mean background-subtracted nuclear fluorescent intensity as a percentage of the native Hela cytoplasmic extract import activity. The concentration of the
linear NaCl gradient is superimposed on the elution profile. C, fractionation of pDNA nuclear import activity from Hela cell cytoplasmic extracts using
the pCMVB-DTS/PNA-Sepharose column. Details are as for A and B. Activity was determined in the absence (dark bars) or presence (gray bars) of WGA (100
rg/ml). Data points represent the mean nuclear fluorescence intensity = S.E. (n = 8-59 nuclei).
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consistent with a previous study
demonstrating the energy-depend-
ent nuclear import of fluorescein-
labeled histone H2B into permeabi-
lized HeLa cells (18). Quantification
of the Alexa-H2B nuclear fluores-
cence intensity (Fig. 3G) showed
a 60% inhibition of the histone
H2B nuclear accumulation by
WGA (p < 0.001). To determine
whether histone H2B functions as
a pDNA nuclear shuttle protein,
we performed permeabilized im-
port assays in the presence of the
minimal import pathway. Alexa-
H2B was incubated with Oregon
Green/pCMVB-DTS, recombinant
importin-e, -B, and RAN in the
presence or absence of WGA. After
6 h, the Oregon Green/pCMV-
DTS co-localized with the nuclear-
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FIGURE 3. Nuclear entry and plasmid DNA nuclear import activity of recombinant histone H2B. Digitonin-
permeabilized Hela cells were incubated with Oregon Green/pCMVB-DTS (10 ng/ml), cytoplasmic extract (5
mg protein/ml), and Alexa histone H2B in the absence (A-C) or presence (D-F) of WGA (100 pg/ml). After
incubation, cells were processed, as indicated under “Experimental Procedures” and fluorescence images of
0.5 wm optical sections and corresponding phase contrast images visualized using a CLSM. Representative
central section fluorescentimages matched and superimposed with their respective phase contrastimages are
shown. Alexa Fluor-555 (red) channel; (A, D), Oregon Green 488 (green) channel; (B, E). Alexa Fluor 555 confocal
images for histone H2B were matched to their respective Oregon Green-pDNA images, and a picture overlay
was performed using Adobe Photoshop to show co-localization in the absence (C) or presence of WGA (F). Bar,
10 um. G, quantification of the Alexa-histone H2B nuclear fluorescence intensity in the central confocal sec-
tions. The bars represent mean = S.E. of the background subtracted Oregon Green/pCMVB-DTS nuclei fluo-
rescence intensity (n = 33 nuclei). The asterisk indicates a significant (p < 0.001) difference from import activity

ment misrepresents the data and
is not acceptable; therefore, the
images shown in Fig. 3 are unal-
tered. Quantification of the Alexa-
H2B nuclear accumulation, shown
in Fig. 31, demonstrates significant
(p < 0.001) WGA inhibition.

As NM23-H2 lacks a discrete
NLS, and its mechanism of nuclear

supported by recombinant importin-a, -8, and Ran alone.

readily available in our laboratories. Both were evaluated for
their DNA binding capacity and nuclear import capabilities.
To assess accumulation of histone H2B into the nucleus,
Alexa Fluor 555-labeled human recombinant histone H2B
(Alexa-H2B) protein was incubated with the minimal import
machinery consisting of recombinant importin-a, -, and Ran,
in the absence or presence of WGA, and an ATP-regenerating
system. After 6 h of incubation, cells were fixed and nuclei visu-
alized by CLSM. Fig. 3 shows that Alexa-Fluor 555 fluorescence
(Fig. 3A) matched the corresponding nuclei in the superim-
posed phase image, indicating the nuclear accumulation of the
Alexa-H2B. Alexa Fluor 555 rim-staining (Fig. 3D) indicated
inhibition of the histone H2B nuclear accumulation by WGA,
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entry is unclear we hypothesized

that the constitutively expressed
Hsc70, a member of the (Hsp) 70 family of molecular chap-
erones, plays a crucial role in the nuclear import of a subset
of cytoplasmic proteins. Hsc70 possesses a NLS, has been
shown to co-immunoprecipitate with a NDP kinase homol-
ogous to the NM23-H1 and -H2 isoforms in fish hepatocytes
(19, 20), and facilitates entry of karyophilic proteins into
digitonin-permeabilized rat kidney cells (21). In our present
study, Hsc70 was identified in spot number 19 on pH 3-10/
SDS-PAGE gel and we, therefore, used recombinant Hsc70 in
our characterization of NM23-H2-mediated pDNA nuclear
import. Alexa-NM23-H2 and Oregon Green/pCMVB-DTS
were incubated with a recombinant importin-«, -8, Ran mix-
ture, an ATP-regenerating system and Cy5-Hsc70, and nuclear
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NM23-H2 (Fig. 4, B and D). The
nuclear import of the Alexa-NM23-
H2/Cy5-mediated/Oregon Green-
pDNA was inhibited by the addition
of WGA (Fig. 4, Fand H). Enhancing
the Oregon Green-pDNA images in
Fig. 4 shows the presence of residual
pDNA staining when the pDNA
nuclear import mediated by the
NM23-H2 was inhibited by WGA
(data not shown). As such, manipu-
lation of single images within an
experiment would misrepresent our
data; the fluorescent images shown
are unaltered.

Fig. 5 shows the quantification
of nuclear-localized pDNA fluores-

I = cence intensity following 6 h of
80 incubation of Oregon Green/pDNA
“ 70 with Alexa-NM23-H2, -NM23-H1
3z (with Cy-5-Hsc70), or histone H2B

22~ 60 \ ,
2 2 in the presence of recombinant
ﬁ s i 30 importin-e, -B, and Ran compared
ggs 40 * with native cytoplasmic Hela ex-
= 8 30 tract. Both NM23-H2 and histone
g é = H2B restored nuclear import activ-
< 20 ity to the levels observed for native
10 cytoplasmic extract. Interestingly,
0 -_ the NM23-H1 isoform in the pres-
NM23-H2 NM23-H2 NM23-H1 NM23-H1 ence of Hsc70 was unable to recon-

+WGA +WGA

stitute pDNA nuclear import activ-

FIGURE 4. Nuclear entry and plasmid DNA nuclear import activity of recombinant NM23-H2. Digitonin-
permeabilized Hela cells were incubated with Oregon Green/pCMVB-DTS, cytoplasmic extract, Cy5-Hsc70,
and Alexa-NM23-H2 in the absence or presence of WGA. After incubation, cells were processed, as indicated
under “Experimental Procedures,” and fluorescence images of 0.5-um optical sections and corresponding
phase contrast images visualized using a CLSM. Representative central section fluorescent images matched
and superimposed with their respective phase contrast images are shown. Alexa-NM23-H2 in the absence
(A-D) or presence (E-H) of WGA (100 ug/ml). Alexa Fluor-555 (red) channel; (A, E), Oregon Green 488 (green)
channel; (B, F), Cy-5 (blue) channel; (C, G). Alexa Fluor 555 confocal images for NM23-H2 were matched to their
respective Oregon Green-pDNA images and a picture overlay was performed to show co-localization in the
absence (D) or presence of WGA (H). Bar, 10 um. I, quantification of the Alexa-H2B and Hsc70-mediated Alexa-
NM23-H2 nuclear fluorescence intensity in the central confocal sections. Bars represent mean = S.E. of the
background-subtracted Oregon Green/pCMVB-DTS nuclei fluorescence intensity (n = 33-42 nuclei). The
asterisk indicates significant (p < 0.001) difference from import activity supported by recombinantimportin-c,

ity and showed nuclear fluorescence
intensities similar to baseline levels
seen for recombinant importin-g,
-B, and Ran alone.

Inserting Nuclear Shuttle Protein
Sequences into pCMVB-DTS Plas-
mid Enhances Reporter Gene Trans-
fer Efficiency—We addressed the
effect of incorporating binding se-
quences from DNA nuclear shuttle

-B, and Ran alone.

accumulation of the NM23-H2 and import activity assessed
after 6 h by CLSM analysis. Alexa Fluor 555 fluorescence (Fig.
4A) was matched to the nuclei indicating nuclear localization of
the fluorescent NM23-H2. Fig. 4E shows perinuclear staining in
the presence of WGA. Cy5-Hsc70 also accumulated in the
nucleus (Fig. 4C), this process being inhibited by WGA (Fig.
4@G). Quantitation of the Hsc70-mediated-nuclear accumula-
tion of Alexa Fluor 555 fluorescence, shown in Fig. 41, demon-
strates that as well as an 80% inhibition by WGA (p < 0.001),
NM23-H1 was unable to enter the nucleus either in the absence
or presence of WGA.

Finally, the ability of NM23-H2 to support pDNA nuclear
import was assessed by incubating Alexa-NM23-H2 with Ore-
gon Green/pCMVB-DTS, recombinant importin-a, -, Ran,
and Hsc70 in the presence or absence of WGA. After 6 h of
incubation, Oregon Green-pDNA co-localized with the Alexa-
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proteins on the transfer of pCMV -
DTS in living HeLa cells. Two sequences, a 34-bp oligonucleo-
tide making up the c-myc nuclease-hypersensitive element
(NHE) fragment (CTCCCCACCTTCCCCACCCTCCCCAC-
CCTCCCCA), and a 26-bp oligonucleotide (ATGCATAAC-
TAATTAGCTTAGGTTAT) comprising the DNA-binding
sequences of two representative putative shuttle proteins,
(NM23-H2 and paired-type homeodomain protein Chx10,
respectively (22, 23)) were inserted into the pCMVB-DTS plas-
mid to produce the DNA nuclear shuttle protein plasmids
pCMVB-DTS/NM23-H2 and pCMVB-DTS/Chx10 (Fig. 6A).
We then compared the transfer efficiencies of these two novel
plasmids with control pPCMVB-DTS in HeLa cells in culture. To
test directly gene transfer in cells with intact nuclear mem-
branes, shown here to be limiting for gene transfer in non-
dividing cells, we performed gene transfer experiments in cells
blocked at the G,/S border using a combination of serum dep-
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FIGURE 5. Quantification of the Oregon Green 488-labeled pDNA nuclear
fluorescence intensity in the central confocal sections is shown. Bars rep-
resent mean * S.E. of the mean background-subtracted Oregon Green/
pCMVB-DTS nuclei fluorescence intensity (n = 33-42 nuclei). The asterisk
indicates significant (p < 0.001) difference from import activity supported by
recombinant importin-a, -B, and Ran alone.
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rivation and aphidicolin treatment (supplemental Fig. S5). We
transiently transfected G,/S-arrested cells with 1 ug of
pCMVB-DTS/NM23-H2 or pCMVB-DTS/Chx10 and control
pDNA (pCMVB-DTS). Forty-eight hours after transfection,
the cells were harvested, and B-galactosidase specific activities
measured in cell lysates using a chemiluminescent assay (sup-
plemental data). Fig. 6B shows cells transfected with the two
novel pDNAs showed significantly (p < 0.05) higher levels of
B-galactosidase activity (pCMVB-DTS/NM23-H2: 2.3 £ 0.4
and pCMVB-DTS/Chx10: 1.9 *= 0.3; expressed as ratio of
pCMVB-DTS B-galactosidase activity) compared with cells
transfected with pCMVB-DTS. Taken together with the results
demonstrating the ability of putative shuttle proteins to sup-
port pDNA nuclear import, re-engineering pDNA with shuttle
protein DNA-binding sequences enhances the gene transfer
~2-fold presumably by increasing the “capture” of the pDNA
by cytoplasmic-resident nuclear targeting, DNA-binding
proteins.

DISCUSSION

We have identified and isolated cytoplasmic determinants of
pDNA nuclear import into digitonin-permeabilized HeLa cells.
We report that whereas addition of purified importin-«, -8, and
Ran is sufficient to support protein nuclear import, pDNA
nuclear import also requires complementation with purified
cytoplasmic extract, and is WGA inhibitable. Further, we dem-
onstrate a ~2-fold enhancement of gene transfer upon inser-
tion of DNA binding sequences from representative DNA shut-
tle proteins, NM23-H2 and homeobox transcription factor
Chx10, into reporter gene plasmids.

Previous investigations of plasmid nuclear entry in intact and
digitonin-permeabilized cells have reported that pDNA is
transported into the nucleus in association with nuclear-tar-
geted DNA-binding proteins, such as transcription factors. Our
finding that shuttle proteins within the cytoplasmic extract may
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FIGURE 6. Plasmids (A). Abbreviated elements are as follows: CMViep, CMV
immediate early promoter/enhancer; Chx10 or NM23-H2, binding sequences
from shuttle proteins, Chx10 and NM23-H2, respectively; SV40 DTS, SV40 DNA
nuclear targeting sequence. B-Galactosidase reporter gene activity of
pCMVB-DTS/NM23-H2 and pCMVB-DTS/Chx10 (B). Forty-eight hours after
Lipofectamine 2000-mediated transfection of G,/S-arrested HelLa cells with 1
ung of either control pCMVB-DTS, pCMVB-DTS/NM23-H2, or pCMVB-DTS/
Chx10, B-galactosidase activity was assayed. Data represent the mean ratio of
the B-galactosidase activity (RLU/mg protein) in cells transfected with
pCMVB-DTS/NM23-H2 or pCMVB-DTS/Chx10 and pCMVB-DTS (means = S.E.
error bars; n = 12 dishes from three independent experiments).

be crucial for the import of DNA into nuclei of permeabilized
cells is consistent with the notion that pDNA transport across
the nuclear membrane follows the principles for protein
import. Interestingly, the requirement for sequence specificity
and protein cofactors in the nuclear import of smooth muscle
cell-y DTS (SMGA DTS) plasmid micro-injected into smooth
muscle cells (SMC) has recently been demonstrated in one of
our laboratories (24). This study found that binding sites for the
vascular SMC-specific transcription factors serum response
factor (SRF) and mammalian bagpipe homologue (NK3) where
required for nuclear import. These data suggest the possibility
of constructing cell-specific nuclear-targeted plasmids. Indeed,
previous investigations have reported that pDNA can be trans-
located into the nucleus by inserting the transcription factor
nuclear factor-«kB (NF-«B)) binding sequences into pDNA (11,
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25,26). Here, we set out to extend the previous investigations by
characterizing the nuclear-targeted DNA-binding proteins in
the HeLa cytoplasmic extracts that mediate the import of
pDNA into permeabilized cells. The fact that the pCMV3-
DTS/PNA-Sepharose column, but not the control PNA-Sepha-
rose column, depleted the cytoplasmic extract suggested the
feasibility of an affinity isolation approach to identify these
proteins. Using a pCMVB-DTS/PNA-Sepharose affinity col-
umn, we showed that pCMVB-DTS/PNA-Sepharose eluates
restored nuclear import activity to levels comparable with
those seen for native cytoplasmic extracts.

Analysis of pDNA nuclear import active fractions by two-
dimensional SDS-PAGE revealed protein spots on the elu-
tion gels representing those proteins that were enriched in
the eluate fraction, presumably on the basis of their ability to
bind to immobilized pCMVB-DTS/PNA. Thus, two-dimen-
sional SDS-PAGE produced a high-resolution protein map
of the putative DNA-binding shuttle proteins. Spot analysis
showed a ~4-fold reduction in complexity of the elution
fraction compared with that of the native extract, control, or
pDNA column flow-throughs.

We next identified proteins in the plasmid DNA nuclear
import active fraction by sequence analysis using mass spec-
trometry. The fact that key members of the nuclear import
machinery, importins-« and -f3, as well as DNA-binding pro-
teins such as common transcription factors were not detected
with the proteomics approach is consistent with the well rec-
ognized caveat regarding the use of mass spectrometric analysis
in conjunction with two-dimensional SDS-PAGE. Thus, while
the two-dimensional SDS-PAGE separation strategy with its
unique ability to resolve proteins offers a powerful qualitative
tool, it biases against identification of low abundance proteins
such as signaling molecules and transcription factors. Further,
high abundance proteins may co-migrate and overshadow the
low abundance proteins, making these difficult to detect.

Interestingly, metabolic proteins made up the majority of
proteins identified in the overall spectrometric analysis. This
was initially puzzling, but reports have recently suggested that
several nuclear-localized glycolytic enzymes display additional
moonlighting roles and carry out non-glycolytic functions (27).
Moreover, some glycolytic enzymes with non-glycolytic prop-
erties, such as a-enolase (spot numbers 18 and 37 on the pH
3-10 and pH 6 -9/SDS-PAGE, respectively), are known to pos-
sess evolutionarily conserved consensus myc-binding sites in
their regulatory DNA sequences (28). The fact that proteins
involved in protein fate, defense, stress and detoxification made
up a significant fraction of the total protein captured by the
immobilized pDNA under native conditions is not surprising.
To protect themselves from oxidative stress and reactive oxy-
gen species (ROS)-mediated protein folding, unfolding, and
aggregation, cells are equipped with a variety of antioxidant
proteins. Those identified in this study include peroxiredoxin 1
and molecular chaperones, such as heat shock proteins (HSP)
90. Specific effects on these mechanisms resulting from the
introduction of exogenous DNA have not yet been described,
but may be important to assess in future gene transfer studies.
As for all proteomes, the functional concentration of proteins
in the cytoplasm is in a dynamic state and proteins involved in
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protein fate play a key role in the regulation of protein synthesis
and degradation. Ubiquitin-conjugating enzyme E2 (spot num-
ber 4, pH 3-10/SDS-PAGE) is an example of an enzyme
involved in the covalent conjugation of ubiquitin to other pro-
teins, which in turn results in the signaling of several different
protein fates (29).

Characterization of pPDNA nuclear accumulation and import
activity of two representative pDNA shuttle proteins showed
that both the histone H2B and NM23-H2, but not the control
NM23-H1, were able to accumulate into the nuclei of perme-
abilized cells via the importin-«-/B-/Ran-dependent import
pathway. Accumulation of both fluorescent-labeled recombi-
nant proteins was WGA-inhibitable and energy-dependent.
Both recombinant histone H2B and NM23-H2 were able to
restore nuclear import activity to wild-type levels observed for
native cytoplasmic extract in the presence of recombinant
importin-a, -B, and Ran. Further, when we inserted consensus
binding sequences from two representative shuttle proteins,
NM23-H2, and Chx10, we were able to demonstrate an
increase in gene transfer efficiency. Importantly, the observed
increase in gene transfer efficiency occurred in growth-arrested
(non-dividing) cells, presumably by enhancing capture and
subsequent transport across the NPC by their corresponding
nuclear-targeted DNA nuclear shuttle proteins.

Recently, investigations demonstrating a significant increase
in transgene expression following transfection with pDNA
encoding firefly luciferase possessing 5, 10, and 20 repeats of
NE-kB-binding sequences inserted upstream of the CMV pro-
moter region has been reported (26). Consistent with this find-
ing, we show here, the insertion of a single NM23-H2 or Chx10
DNA-binding site into the reporter plasmid CMVB-DTS
increases [-Gal transgene expression significantly. Further
work is needed to elucidate whether increasing the number of
DNA binding sequences inserted, as well as optimizing their
site placement on the pDNA further increases gene transfer
above levels observed in the present study.

In conclusion, we have identified eight pDNA-bound pro-
teins present in both the cytoplasmic and nuclear compart-
ments, which represent a potential sink for the transport of
exogenously added DNA to the nucleus. We have inserted
binding sequences from the nuclear targeted-DNA binding
shuttle proteins to construct plasmids that produce a signifi-
cant increase in gene transfer efficiency when transfected into
non-dividing cells (possessing an intact nuclear membrane bar-
rier), presumably by enhancing translocation of pDNA across
the NPC into the nucleus.
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