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Summary

The cellular delivery of therapeutic agents and their
localization within cells is currently a great challenge
in medicinal chemistry. A few cationic peptides have
shown a strong propensity to cross the cytoplasmic
membrane and enter cells. Nuclear localization signal
(NLS) sequences are a class of highly cationic peptides
that may be exploited for cellular import of linked
cargo. A series of NLS sequence peptides were inves-
tigated for entry into different cancer cell lines by flow
cytometry and confocal microscopy. All NLS peptides
demonstrated rapid accumulation within cells when
added to the cellular media. Covalent adducts of pro-
teins and oligonucleotides with NLS peptides were
also effectively imported within cells. An understand-
ing of the structural and mechanistic properties of
these sequences will provide great potential for the
rational design of efficient and selective peptidic deliv-
ery systems.

Introduction

The plasma membrane of cells presents a formidable
barrier to the passage of a number of therapeutic agents
and probes. The passive uptake of genes and polypep-
tides into cells is prohibitive due to size constraints,
although smaller oligonucleotides and peptides are also
too hydrophilic to adequately cross the hydrophobic
bilayer [1]. The cell-impermeable nature of these bio-
polymers serves to underscore the need to develop effi-
cient strategies for their cellular uptake. Numerous ap-
proaches have been employed to facilitate the import of
DNA, for example, including viral vectors [2-3], cationic
lipids [4], loligomers [5], and polylysine [6].

The seminal discovery that the HIV-1 Tat protein could
travel across cell membranes in a receptor-independent
fashion [7-8] resulted in studies to determine the mini-
mal protein transduction domain of Tat [9-10]. Similar
discoveries transpired with the Antennapedia (Antp) ho-
meodomain protein [11-12]. This work has resulted in
two peptide sequences, Tat (49-57) and Antp (43-58),
with propensities to penetrate cell membranes and gain
access to intracellular compartments. This cellular up-
take also occurred while the peptides were attached
to a wide range of cargoes, including proteins [13-14],
oligonucleotides [14-15], imaging agents [16], iron oxide
colloidal particles [17], and liposomes [18], and a Tat-
B-galactosidase fusion protein was found to be deliv-
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ered into all tissues in mice [19]. A few other peptide
sequences have been identified with cell-translocating
properties, including residues 267-300 of the viral pro-
tein VP22 [20]. Poly-arginine peptides [21] and cationic
peptoids [22] have also been developed in this context.
Although a number of mechanistic proposals have been
put forth to explain the translocation of these hydrophilic
peptides across the lipophilic cellular barrier, including
endocytosis [23] and inverted micelle formation [14], the
exact nature of this phenomenon has yet to be eluci-
dated.

The importance of cationic peptides as delivery
agents for therapeutics and probes, and the lack of a
detailed mechanistic description, led us to search for
other classes of peptides with transduction properties.
One such class of cationic peptide sequences is that
responsible for the transport of proteins into the nucleus
from the cytoplasm. These sequences, known as nu-
clear localization signal sequences (NLS), are typically
less than 12 residues in length, and, like the Tat and
Antp peptides, are very rich in basic amino acids [24].
It seemed that these sequences could be exploited for
uptake across the cytoplasmic membrane due to their
cationic nature. These sequences would have the added
advantage, however, of directing attached molecules to
the nucleus, the site of action for numerous chemothera-
peutic agents. To this end, we have evaluated NLS pep-
tides derived from the transcription factors NF-xB,
Oct-6, TFIIE-B, TCF1-a, SV40, HATF-3, and C. elegans
SDC3 for cellular uptake and subcellular localization.

Results and Discussion

Fluorescently labeled nuclear localization signal se-
quences derived from transcription factors NF-«B,
TFIIE-B, Oct-6, TCF1-a, SV40, HATF-3, and C. elegans
SDC3 (Table 1) were synthesized by a solid phase ap-
proach. These sequences were chosen to evaluate the
effect of varying the distribution of charged and un-
charged residues within the peptides on cellular uptake.
Each peptide was added to the media of MCF-7 (breast
carcinoma) cells, and the resulting cells were evaluated
by flow cytometry and confocal laser scanning micros-
copy. Flow cytometry studies revealed that all NLS pep-
tides demonstrated rapid cellular accumulation when
added to the media (Figure 1A).

Specific differences in the extent of uptake were ob-
served, however, among the family of NLS sequences.
Sequences containing the most cationic residues dis-
played the most effective cellular uptake profile with
MCF-7 cells, which is consistent with previous experi-
ments with homoarginine peptides [21]. Interestingly,
FI-TCF1-a, the sequence with the most cationic resi-
dues, was 2-fold less effective than FI-Oct-6. This may
be due to the Glu residue within FI-TCF1-q, or the lower
number of Arg versus Lys residues within its sequence.
The NLS sequence with the poorest uptake, FI-SDCS3,
contained only four cationic residues that were sepa-
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Table 1. Fluorescent Nuclear Localization Signal Sequences
Used for Cellular Uptake Experiments

Fluorescent Peptides Sequence

FI-NF-xB FI-VQRKRQKLMP-NH,
FI-TFIIE-B FI-SKKKKTKV-NH,
FI-OCT-6 FI-GRKRKKRT-NH,
FI-TCF1-a FI-GKKKKRKREKL-NH,
FI-SV40 FI-PKKKRKV-NH,
FI-HATF3 FI-ERKKRRRE-NH,
FI-C.e. SDC3 FI-FKKFRKF-NH,

rated and flanked by Phe residues. The presence of
these residues within the NLS sequence may be respon-
sible for the diminished cellular uptake.

To determine if cellular uptake of the NLS peptides
could be extended beyond the MCF-7 cell line, and
to obtain information regarding the scope of cell type
specificity, four other cancerous cell types (KB, naso-
pharengeal; HT29, colon; MIAPACA2, pancreatic; PC3,
prostate) were evaluated with a subset of NLS se-
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Figure 1. Cellular Uptake of Fluorescently Labeled NLS Sequences
(A) Uptake of fluorescently labeled NLS sequences (50 M) with the
MCF-7 (breast carcinoma) cell line after 4 hr as measured by flow
cytometry.

(B) Uptake of the fluorescently labeled NLS sequences FI-NF-«xB,
FI-TFIIE-B, and FI-Oct-6 (50 wM) with four other cancerous cell
types—KB (nasopharengeal), HT29 (colon), MIAPACAZ2 (pancreatic),
and PC3 (prostate)—after 4 hr as measured by flow cytometry.

quences. Cellular fluorescence was observed with all
cell lines, demonstrating the ubiquitous nature of cellular
uptake (Figure 1B). However, the amount of cellular fluo-
rescence observed after exposure to the NLS peptides
was distinctive for each of the cell types tested. This
observation may provide a basis for future endeavors
to integrate selectivity with NLS peptide uptake.

The cellular location of a subset of NLS peptides,
FI-NF-«B, FI-Oct-6, and FI-TFIIE-B, was evaluated by
confocal microscopy as these sequences demonstrated
a range of values for cellular penetration. Confocal mi-
croscopy confirmed the presence of each peptide within
the MCF-7 cell line. Interestingly, however, the subcellu-
lar localization of the tagged peptides was different for
FI-NF-kB (Figure 2) as compared to FI-Oct-6 and Fl-
TFIE-B (Figures 3A and 3B, left). FI-NF-xB was found
distributed in both the cytosol and the nucleus, with
greatest accumulation observed within nucleoli, whereas
the other two sequences were located almost exclu-
sively in the cytoplasm.

Mechanism Studies

In an effort to elucidate the mechanism of cellular pene-
tration with NLS peptides, temperature and ATP-uncou-
pling experiments were carried out in MCF-7 cells. Re-
ceptor-mediated processes require ATP [25], and we
found that the ATP uncouplers sodium azide [26] and
2,4-dinitrophenol [27] had no affect on cellular uptake
with the NLS peptides. These data are in agreement
with results obtained with Tat-linked liposomes [18], but
are in disagreement with poly-arginine peptide experi-
ments [21] in which a significant loss in cellular uptake
was found as a function of added sodium azide. The
data obtained with the NLS peptides indicate a process
that is energy-independent, and therefore rule out a
receptor-mediated transport pathway.

In general, decreases in temperature have had little
effect on cellular uptake with cationic peptides. The
uptake of the full length Tat protein, however, was al-
most completely inhibited at 4°C, leading the authors
to conclude that uptake occurred via endocytosis [28].
Similar variations in temperature dependence were ob-
served with the NLS sequences studied. Cellular uptake
of the NLS sequences NF-«xB, TFIIE-B, and HATF-3 was
drastically reduced at 4°C, whereas, Oct-6, TCF1-q,
SV40, and C.e. SDC3 showed little or no change. From
both sets of experiments, we conclude that the NLS
sequences of Oct-6, TCF1-«a, SV40, and C.e. SDC3 enter
cells by an energy independent, non-receptor-mediated
process. However, it is more difficult to account mecha-
nistically for the experimental data obtained with the
NLS sequences NF-«B, TFIIE-B, and HATF-3. Membrane
permeability is known to be decreased at reduced tem-
peratures [29]. The effect of low temperature with these
sequences on lowering uptake may point to a more
direct means of lipid penetration that is still energy-
independent. Neutralization of the charge of anionic
membranes with cationic peptides has been shown to
induce alamellar to inverted hexagonal phase transition,
resulting in membrane translocation through inverted
micelle formation [30]. The NLS sequences described
may utilize a similar mechanism for cellular uptake.
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Both FI-TFIIE-B and FI-Oct-6 were found by confocal
microscopy to accumulate in the cytosol and appeared
to be localized in endosomal compartments. Therefore,
we carried out dual labeling experiments with a Lyso-
Tracker probe (Molecular Probes) to identify these struc-
tures. Following incubation of MCF-7 cells with the NLS
peptides, labeling of acidic subcellular organelles was
carried out by incubating the cells with 50 nM of the
LysoTracker Red dye. The superimposed images (Figure
3, right) of cells containing the fluorescein-labeled NLS
sequences (Figure 3, left) and LysoTracker dye (Figure
3, center) demonstrate that FI-TFIIE-3 and FI-Oct-6 are
entrapped within acidic compartments, such as endo-
somes or lysosomes, in the cytosol (Figures 2 and 3).
Since the TFIIE-B and Oct-6 NLS peptides are highly

Figure 2. Confocal Microscopy of FI-NF-xB-
Treated MCF-7 Cells

Confocal microscopy of FI-NF-«B (50 M)
treated MCF-7 cells after 4 hr. Transmitted
light image (A) and fluorescence image (B) of
FI-NF-«B treated cells show nuclear local-
ization.

cationic, they may tightly associate with negatively
charged membrane lipids, precluding their release into
the cytoplasm and subsequent routing to the nucleus.
It is interesting to note that the NF-xB NLS sequence is
able to escape from, or is never within, a similar endoso-
mal compartment, a fact that perhaps points to a unique
mode of cellular uptake for NF-xB.

Cellular Uptake of Covalently Coupled Cargoes

We exploited the membrane-translocating property of the
NLS of NF-«B to deliver covalently linked cargoes across
the plasma membrane of MCF-7 cells. A fluorescein-
labeled, 10-mer oligonucleotide (5'-GCCTCTAGCT-3) de-
rived from the Kras oncogene was covalently linked to
the NLS of NF-«B via a disulfide linkage. Without the

Figure 3. Dual Staining Experiments with Fluorescently Labeled NLS Sequences and MCF-7 Cells

Dual staining experiments were carried out using FI-TFIIE-B (A) and FI-Oct-6 (B) (50 M) and the Lysotracker Red dye (50 nM) to stain acidic
compartments within MCF-7 cells. Fluorescence images of MCF-7 cells visualized at 488 nm for fluorescein (left), at 568 nm for Lysotracker
red (center), and overlay spectra from both (right) reveal that FI-TFIIE-B and FI-Oct-6 are localized within acidic compartments within the

cytosol (yellow).
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Figure 4. Cellular Uptake of the FI-DNA-NF-kB Conjugate with MCF-7 Cells
(A) Cellular uptake as a function of concentration of the FI-DNA-NF-«B conjugate with MCF-7 cells.

(B) Cellular localization was determined by confocal microscopy: (1) transmitted light image and (2) fluorescence image for cells treated with
FI-DNA (50 M) for 4 hr; (3) transmitted light image and (4) fluorescence image for cells treated with FI-DNA-NF-«B (50 M) for 4 hr.

attached NLS sequence, the oligonucleotide displayed
no propensity to enter MCF-7 cells (Figure 4B), whereas
cellular uptake of the FI-DNA-NF-«B conjugate was ob-
served and found to increase with increasing concentra-
tion of the conjugate as shown by flow cytometry analy-
sis (Figure 4A). Confocal microscopy images confirmed
the presence of the oligonucleotide within the cells, and
revealed that the conjugate had accumulated in the cy-
toplasm (Figure 4B).

The NF-kB sequence was also evaluated for transduc-
tion of the protein lysozyme. A Fl-lysozyme-NF-«B con-
jugate was prepared by first labeling lysozyme with
NHS-fluorescein and activation of Fl-lysozyme with ma-
leimide using Sulfo-SMCC (Sulfosuccinimidyl 4-[N-ma-
leimidomethyl] cyclohexane-1-carboxylate; Pierce, Rock-
ford, IL). This was followed by reaction of the resulting
maleimide-activated Fl-lysozyme with an NF-«xB se-
quence containing an N-terminal cysteine. Cellular up-
take of the Fl-lysozyme-NF-«B conjugate (10 uM) was
evaluated by flow cytometry and confocal microscopy
in MCF-7 cells. Flow cytometry analysis revealed a 25-
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fold increase in cellular uptake of lysozyme when conju-
gated to the NF-kB NLS sequence (Figure 5A). Confocal
microscopy revealed a highly punctate fluorescence
pattern in the cytoplasm, a feature that is generally char-
acteristic of endocytotic uptake (Figure 5B). A conjugate
was also made between the NF-«kB sequence and the
protein B-galactosidase using the above method. A dis-
tinct increase in B-galactosidase activity was observed
in MCF-7 cells that were treated with the B-galactosi-
dase-NF-«kB conjugate as compared to cells treated with
B-galactosidase alone (Figure 6). These data confirm
that biologically active proteins may be delivered to cells
using this method.

Significance

The plasma membrane of living cells is lipophilic and
the transport of large and charged molecules is re-
stricted. The transmembrane transport of a number
of pharmacologically relevant agents, such as proteins
and oligonucleotides, is therefore limited. A small

Figure 5. Cellular Uptake of FI-Lysozyme-NF-«B Conjugate with MCF-7 Cells

(A) Cellular uptake of Fl-lysozyme with or without conjugation to NF-«B (10 wM) in MCF-7 cells after 4 hr.

(B) Cellular localization was determined by confocal microscopy: (1) transmitted light image and (2) fluorescence image for cells treated with
Fl-lysozyme (10 wM) for 4 hr; (3) transmitted light image and (4) fluorescence image for cells treated with Fl-lysozyme-NF-«B (10 M) for 4 hr.
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Figure 6. Quantitation of B-Galactosidase Activity in MCF-7 Cells
Quantitation of B-galactosidase activity in MCF-7 cells treated with
B-galactosidase or 3-galactosidase-NF-«B conjugate (50 .M each)
for 4 hr. The chromogenic substrate o-nitrophenyl-3-D-galactopyra-
noside (ONPG) was used for determination of 3-galactosidase activ-
ity (Sigma). The data are an average of three experiments.

class of cationic peptides have been identified with
cellular transduction capabilities while attached to
cargo such as DNA and proteins, and the current study
sought to expand the repertoire of cationic peptides
available for cellular import. Seven new peptide se-
quences with a range of cellular uptake propensities
were identified in this work. Interestingly, the mecha-
nism of uptake may be different among different
classes of NLS cationic peptides, with some sequences
accumulating in subcellular, acidic compartments,
and others localizing in the nucleus. The NLS se-
quences assayed were found to target a wide range
of cancerous cell types, providing a basis for future
efforts to develop selective peptidic delivery systems.
Additionally, the NLS of NF-kB successfully delivered
covalent adducts of proteins and oligonucleotides to
MCF-7 cells, thereby highlighting the promise of NLS
sequences for novel, noninvasive delivery of agents
of therapeutic value.

Experimental Procedures

Peptide Synthesis

All peptides were synthesized by a solid phase procedure on the
Rink resin (Bachem). Fmoc was used as the semipermanent amine
protecting group, and amino acid side chains were protected with
tert-butyl-based functionality. Fluorescent analogs were synthe-
sized by coupling NHS-fluorescein (Pierce) to the N terminus of the
peptides while still attached to the resin. The crude peptides were
purified to homogeneity by reverse phase HPLC (Waters Delta-Pak
C8), and characterized by MALDI mass spectrometry and amino
acid analysis.

Cell Culture

All cell lines were grown as adherent monolayers in a humidified 5%
CO, atmosphere at 37°C. The cell lines were grown in the following
culture media: MCF-7, RPMI (Roswell Park Memorial Institute);
HT29, McCoy’s 5A; PC3, Nutrient F12; KB and MIAPACA2, DMEM
(Dulbecco’s Modified Eagle’s Medium). All media was supplemented
with PS (100 units/ml penicillin and 0.1 mg/ml streptomycin) and
10% FCSHI (fetal calf serum heat activated). Nutrient F12 culture
media was supplemented with 7% FCSHI.

Measuring Cellular Uptake
The cells were seeded into 24-well plates and grown in a humidified
5% CO, atmosphere at 37°C. The cells were incubated in the pres-

ence of the fluorescently labeled peptides at a concentration of 50
M. Following incubation, the cells were washed with phosphate-
deficient (Ca*? and Mg™? deficient buffer). The cells were gently
dislodged from the wells with cell dissociation solution and resus-
pended in 200 pl of the appropriate culture media and 100 pl of
PBS (pH 7.4). For each experiment, a control of cells that were not
incubated with fluorescent peptide was also analyzed. Mean values
of LogFITC fluorescence were measured on a Coulter Epics XL-
MCL Flow Cytometer using an air-cooled laser for excitation of
fluorescein at 488 nm.

ATP Uncoupling Experiments

ATP uncouplers, sodium azide (2 mM), and 2,4-dinitrophenol (2 mM)
were added to MCF-7 cells seeded in 24-well plates and preincu-
bated for 1 hrat 37°C prior to the addition of the fluorescently labeled
peptides (50 pnM). For each experiment, a control of cells that were
incubated with sodium azide or 2,4-dinitrophenol was also analyzed.
The samples were measured for cellular uptake as described above.

Temperature-Dependent Studies

Fluorescently labeled peptides (50 uM) were added to cells seeded
in 24-well plates and incubated at either 4°C or 37°C. For each
experiment, a control of cells that were not incubated with fluores-
cent peptides was also analyzed at 4° and 37°C, respectively. The
samples were measured for cellular uptake as described above.

Confocal Microscopy

MCF-7 cells were seeded into LabTek chamber slide dishes in RPMI
culture media supplemented with 10% FCSHI and PS. The cells
were incubated in the presence of the fluorescently labeled NLS
peptides at a concentration of 50 M before confocal analysis. After
incubation, the cells were washed with Ca*? and Mg*? deficient
buffer, and the cells were fixed in a 100 .l of cold methanol. Fluores-
cent images were recorded on a Biorad Confocal Laser Scanning
microscope. Images were recorded at slow speed using a 60X oil
objective and a 488 nm laser for excitation of FITC.

LysoTracker Experiments

MCF-7 cells were seeded into LabTek chamber slide dishes in RPMI
culture media supplemented with 10% FCSHI and PS. The cells
were incubated in the presence of the fluorescently labeled NLS
peptides at a concentration of 50 wM. After 4 hr, the LysoTracker
probe (50 nM) was added and the cells were reincubated for an
additional hour. The cells were washed with PBS (pH 7.4), fixed in
neutral buffered formalin, and analyzed by confocal microscopy.
Images were recorded at slow speed using a 60X oil objective and
a 568 nm laser line for excitation of LysoTracker.

Oligonucleotide Conjugate Synthesis

The 5'-fluorescein-labeled, 10mer oligonucleotide (5'-GCCTCTA
GCT-3’) containing a 3’ disulfide was purchased from Oligos Etc.
The 3'-disulfide was reduced with excess dithiotreitol for 20 hr at
37°C in a pH 8.0 phosphate buffer. The resulting free thiol was
treated with 2 equivalents of NLS-NF-«xB containing an N-terminal
cysteine activated with 2-dithiopyridine. The reaction was monitored
by UV at 343 nm for maximum release of thiopyridone, and after 13
hr, the reaction mixture was purified by Sephadex G50 size exclusion
chromatography.

Lysozyme Conjugate Synthesis

Lysozyme was labeled with NHS-fluorescein in a pH 8.5 sodium
carbonate buffer for 2 hr, and purified by Sephadex G50 size exclu-
sion chromatography. Mass spectrometry indicated the modifica-
tion with four fluorescein molecules. The fluorescently labeled lyso-
zyme (Fl-lysozyme) was activated with maleimide using 10
equivalents of sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohex-
ane-1-carboxylate (Sulfo-SMCC, Pierce, Rockford, IL) in a pH 8.5
sodium carbonate buffer for 2 hr. The maleimide activated Fl-lyso-
zyme conjugate was reacted with 10 equivalents of NLS-NF-xB
containing an N-terminal cysteine in PBS buffer for 2 hr. The conju-
gate was purified by Sephadex G50 size exclusion chromatography,
and mass spectrometry indicated the attachment of two NLS-NF-
kB peptides.
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