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SUMMARY
Characterization of nuclear protein transport in digitoninpermeabilized cells revealed that the number of the nuclear
localization signal sequences (NLS) within the transport
substrate basically influences the mechanism of the
transport reaction.
Phycoerythrine-NLS transport substrate carrying a
maximum of 4-5 conjugated NLSs/subunit, or Bsp methyltransferase-NLS fusion protein were efficiently transported into the nuclei of digitonin-permeabilized cultured
cells without any exogenously added cytosolic protein. All
the characteristic properties of in vivo nuclear transport
are faithfully reproduced with these transport substrates:
(i) the transport requires a functional NLS in the transported protein, a transport-incompetent mutant NLS being
ineffective; (ii) the transport is energy dependent; (iii) the
wild type nuclear localization peptide efficiently competes
for transport, while the transport-incompetent mutant
peptide does not; and (iv) wheat germ agglutinin inhibits
this transport reaction. Nuclear transport observed with
these substrates was not due to any damage of the nuclear

membrane or inefficient extraction of the cytosolic proteins
during the permeabilization of the cells. The nuclear
transport was proportional to the number of conjugated
NLSs.
Nuclear transport of phycoerythrine carrying 7-8 conjugated NLSs/subunit required the addition of exogenous
cytosolic proteins. This transport also fulfilled all the characteristic properties of an authentic nuclear transport.
Nuclear transport with different combinations of
transport substrates further supported the assumption that
distinct transport mechanisms operate for different substrates. From a mixture of PE-NLS7-8 and Bsp methyltransferase-NLS, the highly conjugated substrate was completely retained in the cytoplasm in the absence of
exogenous cytosol, while Bsp methyltransferase-NLS was
efficiently transported. Exogenous cytosol promoted the
nuclear transport of the highly conjugated substrate.

INTRODUCTION

son et al., 1988). The first step in this process is energy-independent, while the translocation through the nuclear pore
requires ATP and can be completely blocked by cooling or
energy depletion (Newmeyer et al., 1986a,b; Richardson et al.,
1988; Breeuwer and Goldfarb, 1990). Microinjection of living
cells also revealed that histone H1 and other nucleophilic
proteins small enough to pass through the nuclear pore by
passive diffusion, are also transported by the active, ATPdependent facilitated mechanism (Breeuwer and Goldfarb,
1990).
The transport of NLS-containing large proteins into the
nucleus displays saturable kinetics (Goldfarb et al., 1986), suggesting that the transport is a receptor-mediated process. To
identify, isolate and characterize this presumed NLS
receptor(s), and to dissect the nuclear transport process into
greater detail, in vitro nuclear protein transport systems have
been established. The first such system utilized an extract of
unfertilized Xenopus egg, which contains all the components
required for the assembly of an intact nucleus around naked
DNA or chromatin (Newport, 1987; Newmeyer et al.,
1986a,b). The two steps of nuclear protein transport, binding

The mechanism of protein transport to the nucleus has been
studied by a large variety of in vivo and in vitro techniques
(for reviews, see Dingwall, 1991; Garcia-Bustos et al., 1991;
Siver, 1991; Nigg et al., 1991; Hanover, 1992; Dingwall and
Laskey, 1992; Osborn and Silver, 1993; Newmeyer, 1993;
Hurt, 1993). Microinjection of living cells (one of the most
important in vivo techniques) revealed that small molecular
mass dextrans or various small proteins lacking an NLS diffuse
freely across the nuclear pore complex (Bonner, 1975; Paine
et al., 1975; Peters, 1986). Proteins larger than 30-40 kDa,
however, cannot diffuse rapidly across the channel of the
nuclear pore complex, and appear to be transported from the
cytoplasm into the nucleus by a selective, mediated mechanism
(Feldherr et al., 1983). Microinjection studies demonstrated
that this active transport depends on the presence of a short
sequence in the protein, which is called the nuclear localization signal, and involves two steps: the rapid binding of
proteins having the NLS sequence at the nuclear envelope, and
a slower translocation step through the nuclear pores (Richard-
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of the NLS-containing protein at the nuclear membrane in the
absence of ATP, and translocation through the nuclear pore in
the presence of ATP, were faithfully reproduced in this in vitro
system (Newmeyer and Forbes, 1988). Furthermore, a cytoplasmic component (nuclear import factor I) was detected,
which is involved in the NLS-mediated binding to the nuclear
pore (Newmeyer and Forbes, 1990).
Digitonin-permeabilized cultured cells were recently introduced for study of the transport and nuclear accumulation of
proteins containing the SV40 large T antigen nuclear localization sequence (Adam et al., 1990). Digitonin permeabilizes the
plasma membrane for macromolecules, leaving the nuclear
membrane intact. During permeabilization, cytoplasmic proteins
involved in the nuclear transport process were reported to be
released from the cell, and thus the transport of any synthetic
transport substrate, usually a fluorescent protein conjugated with
the SV40 large T antigen NLS, required the addition of
exogenous cytosol. Nuclear transport in the permeabilized cells
required a functional NLS. A single amino acid change in the
NLS at lysine 128, which is known to inactivate the in vivo
function of the SV40 large T antigen NLS, abolished the nuclear
accumulation of the synthetic transport substrate. Furthermore,
the transport process in the permeabilized cells required ATP,
and it was blocked by wheat germ agglutinin (WGA), indicating that the permeabilized cell system authentically reproduces
the nuclear protein import. Due to the simplicity and efficiency
of this test system, it was used to test the function of purified
NLS-binding proteins in the transport process (Adam and
Gerace, 1991; Stochaj and Silver, 1992), to study the interaction
of O-linked glycoproteins of the nuclear pore complex with a
cytosolic factor required for nuclear protein import (Sterne-Marr
et al., 1992), to detect and purify cytosolic proteins required in
different steps of the nuclear protein transport (Shannon Moore
and Blobel, 1992, 1993; Melchior et al., 1993), to analyze the
effect of the 70 kDa heat shock protein in the nuclear transport
(Shi and Thomas, 1992), and to study the relevance of the phosphorylation of protein kinase C sites of lamin B2 in the nuclear
transport (Hennekes et al., 1993).
In the present study, nuclear transport in digitonin-permeabilized cells was analyzed by using highly purified synthetic
substrates, prepared by two different heterobifunctional crosslinkers, or by cloning an oligonucleotide coding for the SV 40
large T NLS into a bacterial protein. It is shown that the nuclear
transport with these substrates show distinct differences,
providing further insights into the details of the nuclear
transport mechanism.
MATERIALS AND METHODS
Synthesis and purification of peptides
The wild type SV40 large T antigen nuclear localization sequence
(Cys-Gly-Gly-Gly-Pro-Lys-Lys-Lys-Arg-Lys-Val-Glu-Asp) and a
transport-incompetent mutant sequence (Cys-Gly-Gly-Gly-Pro-LysThr-Lys-Arg-Lys-Val-Glu-Asp), which will be called NLS-Thr 128,
containing threonine instead of lysine at position 128 in the T antigen
(Kalderon et al., 1984; Goldfarb et al., 1986; Lanford and Butel,
1984), were synthesized on an Advanced ChemTech Model 200
peptide synthesizer according to the manufacturer’s recommendations, using well-established solid-phase methods (Stewart and
Young, 1984). The protected peptides were cleaved by using
anhydrous liquid hydrogen fluoride, exchanged to the acetate form on

AG-3 (AcO− form) anion exchange resin, and purified by reverse
phase high performance liquid chromatography on a Delta Pak C18300 A (Waters) column.
Synthesis and purification of artificial transport
substrates
Phycoerythrine (PE) was a kind gift from M. Debreczeny and B.
Szalontay (Institute of Biophysics, Biological Research Center,
Szeged, Hungary). The protein has a subunit structure of (ab)3 with a
native molecular mass of 132 kDa (subunit a=21 kDa, subunit b=23
kDa). The protein was stored as an ammonium sulfate precipitate at
4°C in the dark. The precipitated protein was pelleted at 4°C in a
microcentrifuge (5 minutes at 12,000 rpm) and dissolved in 50 mM
potassium phosphate, pH 7.8, containing 1 mM EDTA. The
ammonium sulfate was removed on a 0.6 × 10 cm Sephadex G 25 fine
column equilibrated with 50 mM potassium phosphate, pH 7.8, 1 mM
EDTA, and the concentration was adjusted to 2 mg/ml (the concentration was calculated from the optical density (A) at 565 nm: concentration (mg/ml)= 0.0787*A565).
The heterobifunctional cross-linker MBS (m-maleimidobenzoyl-Nhydroxysuccinimide ester; Pierce) and SMCC (succinimidyl 4-(Nmaleimidomethyl) cyclohexane 1-carboxylate; Pierce) were dissolved
in dimethylsulfoxide at a concentration of 20 mg/ml. 200 µl of
purified PE was incubated at 22°C for 1 hour with 10 µl of the appropriate cross-linker, and the activated proteins were purified on a 0.6
× 12 cm Sephadex G 25 fine column equilibrated with 50 mM
potassium phosphate, pH 6.7, containing 1 mM EDTA.
The synthetic peptides were incubated at room temperature for 10
minutes in 20 mM Hepes buffer, pH 7.3, 50 mM dithiothreitol, and
purified on a 0.5 × 7 cm Sephadex G 10 column equilibrated with 50
mM potassium phosphate, pH 6.7, containing 1 mM EDTA. The
activated PE and the reduced peptide were mixed and incubated at
room temperature for 3 hours. At the end of the cross-linking reaction,
unreacted cross-linkers were blocked by incubating the reaction
mixture in the presence of 10 mM beta-mercaptoethanol and 20 mM
Tris-Cl, pH 7.6, for 20 minutes, and the PE-NLS conjugate was
purified on a 0.9 × 15 cm Sephadex G 25 fine column equilibrated with
0.1 M NaCl containing 20 mM Hepes buffer, pH 7.3, and 1 mM
EDTA. At this stage of the purification, the PE-NLS conjugate still
contained a substantial amount of small molecular mass impurities
derived from the hydrolysis of the cross-linker. These impurities
appeared on an SDS-polyacrylamide gel after silver staining as a
diffuse band in the front, or they could be detected by reverse phase
HPLC on a Delta Pack C18 300 column (Waters). These small
molecular mass contaminants severely inhibit the nuclear transport in
digitonin permeabilized cells in the absence of exogenously added
cytosolic proteins. The impurities can be efficiently removed by three
cycles of concentration-dilution in a Centricon-10 (Amicon) microconcentrator. After each concentration cycle, the protein conjugate was
diluted in 0.6 ml of 0.1 M NaCl, 20 mM Hepes, pH 7.3, and 1 mM
EDTA. After the last concentration step, the conjugated protein was
diluted to 0.25 mg/ml and stored in this buffer at 4°C in the dark. There
are two possibilities to achieve different levels of NLS conjugation:
either the peptide is added in increasing molar excess in the second
phase of the reaction, or in the first phase of the reaction, the substrate
protein is activated by the cross-linker at different pH. Increasing the
pH of the buffer between 6.7 and 8.0 greatly enhances the activation
level of the substrate protein. The average number of conjugated NLSs
can be estimated by SDS-polyacrylamide gel analysis (Fig. 1A).
During the coupling reaction, the subunits of PE are also partially
cross-linked, producing a ladder of NLS-PE conjugates in the 40 and
60 kDa molecular mass range on a SDS-polyacrylamide gel (Fig. 1A).
Oligonucleotide synthesis, cloning and purification of a
natural transport substrate
The 54-mer oligonucleotide 5′-TCA GGG CCC AAG AAG AAA
AGG AAG GTG GAG GAC CCT TAC CTT ACC GGT ACC CCG-
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3′, and its complementary sequence, were synthesized on a Pharmacia
Gene Assembler synthesizer according to the manufacturer′s recommendations using phosphoramidite chemistry. The purified oligonucleotides were annealed, phosphorylated and cloned by blunt end
ligation into the filled in SalI site of the Bsp methyltransferase (Bsp
Mase) gene (Pósfai et al., 1986). Stop codons in all three reading
frames present in the noncoding strand of the NLS oligonucleotide
ensure that ligation of the NLS oligonucleotide in the antisense orientation will generate a 38 kDa truncated fusion protein, while the
incorporation of 1 or 2 copies of the NLS oligo in the sense orientation will generate a 46 kDa, or 48 kDa long fusion protein, respectively. After transformation into an E. coli HB 101 strain carrying the
compatible pVH1 plasmid which contains the lac Iq gene and a

Fig. 1. SDS-polyacrylamide gel pattern of the nuclear transport
substrates. (A) PE-NLS conjugates were separated on 13% SDSpolyacrylamide gels and visualized by Coomassie Blue staining. The
size of the marker proteins in lanes M are indicated on the left side;
the number of conjugated NLSs is marked on the right side of each
gel. Lane 1, unconjugated PE; lane 2, PE-NLSSMCC7-8; lane 3, PENLSSMCC4-5; lane 4, PE-NLSMBS4-5; lane 5, unconjugated PE; lane
6, PE-NLSMBS1-2. (B) Total cell protein of uninduced and induced
cultures of E. coli carrying the Bsp Mase-NLS fusion genes were
separated on a 10% SDS-polyacrylamide gel and stained by
Coomassie Blue. The size of the marker proteins in lanes M and 4 is
indicated on the left side. Uninduced (lane 1) and induced (lanes 2
and 3) cultures of E. coli carrying the Bsp Mase gene without NLS;
uninduced (lane 5) and induced (lane 6) cultures of E. coli carrying
the Bsp Mase-NLS1 gene; uninduced (lane 7) and induced (lane 8)
cultures of E. coli carrying the Bsp Mase-NLS2 gene. The induced
fusion proteins are marked by asterisk.

kanamycin resistance marker, transformants were selected on
kanamycin-ampicillin plates. Recombinants carrying the NLS oligo
were selected by colony hybridization with the end labeled NLS
oligonucleotide as probe. 2 ml cultures from the selected recombinant
colonies were grown until an A550=0.5, the cultures were split, one
half was grown for an additional 3 hours without induction, the other
half was induced with 10 mM IPTG. Cellular proteins were analyzed
on 10% SDS-polyacrylamide gel (Fig. 1B). Recombinants carrying 0,
1 or 2 copies of the NLS (Bsp Mase, Bsp Mase-NLS1 or Bsp MaseNLS2) were selected, and the DNA sequence in the cloned region was
confirmed by sequencing.
Bsp Mase-NLS fusion proteins were purified from 6 litre cultures
after inducing the cells at an A550=0.5 with 0.1% lactose. The cells
were grown for an additional 4 hours, centrifuged, washed with 0.15
M NaCl and resuspended into 3 vols of sonication buffer (0.3 M NaCl,
20 mM Tris-Cl, pH 7.6, 5 mM beta-mercaptoethanol and 5%
glycerol). Cells were disrupted by sonication (3 minutes with full
power in a Branson B 30 sonifier) and centrifuged for an hour at
110,000 g in a Beckman Ti 60 rotor. Nucleic acids were removed by
polyethylenimine precipitation. By mixing a small aliquot of the
extract with increasing concentrations of polyethyleneimine, the
optimum precipitation condition which quantitatively removes the
nucleic acids, was determined. Proteins from the nucleic acid free
extract were precipitated by ammonium sulfate to 80% saturation, the
pellet was dissolved in 40 ml of sonication buffer, and loaded without
dialysis onto a 2 × 18 cm hydroxylapatite column (Bio-Rad) equilibrated with 25 mM K phosphate, pH 6.7, 5 mM beta-mercaptoethanol
and 5% glycerol. After thorough washing of the column with this
buffer, proteins were eluted with a linear K phosphate gradient (25400 mM). Gradient fractions were tested by immuno-dot-blot
analysis, using a polyclonal antibody specific for Bsp methyltransferase. Bsp Mase-NLS fusion proteins elute between 300-400 mM K
phosphate. These fractions were dialysed against 50 mM NaCl, 20
mM Tris-Cl, pH 7.6, 5 mM beta-mercaptoethanol and 5% glycerol,
and further purified by ion-exchange FPLC chromatography on a
Poros 20 HQ column (PerSeptive Biosystems). Proteins were eluted
by a linear NaCl gradient (50-400 mM). Bsp Mase-NLS fusion
proteins were 95-98% pure in the peak fraction. The purified proteins
were mixed with an equal volume of 1 mg/ml fluorescein isothiocyanate-celite (FITC-celite, Sigma) dissolved in 0.5 M sodium
carbonate buffer, pH 9.0, containing 0.1 M NaCl, and incubated at
room temperature for 2 hours on a rocking platform. The FITC-Bsp
Mase-NLS conjugate was finally purified on a Sephadex G25 column
equilibrated with 0.1 M NaCl, 20 mM Hepes, pH 7.3, and 1 mM
EDTA, concentrated in a Centricon 10 microconcentrator to 0.25
mg/ml and stored in small aliquots at −80°C.
In vitro nuclear transport in digitonin-permeabilized cells
HeLa cells were grown in Ham’s F-12 nutrient mixture (Gibco-BRL)
supplemented with 5% fetal calf serum. Subconfluent cultures of the
cell lines grown on coverslips were permeabilized with digitonin as
described by Adam et al. (1990). Digitonin obtained from two
different suppliers (Sigma and Calbiochem) were tested. The
digitonin was dissolved in dimethylsulfoxide at a concentration of 20
mg/ml and freshly diluted to 40 µg/ml in transport buffer (Adam et
al., 1990). Permeabilization was performed at 0°C for 5 minutes,
followed by thorough washing in transport buffer at 0°C. The coverslips were then blotted to remove excess liquid, placed on a 50 µl drop
of transport mixture or complete transport mixture, and incubated for
30 minutes at the indicated temperature in a humidified chamber. The
transport mixture contained 1 mg/ml BSA and 1 µg of NLS-conjugated transport substrate dissolved in transport buffer. The complete
transport mixture was the transport mixture supplemented with 1 mM
ATP (Sigma), 5 mM creatine phosphate (Sigma) and 20 U/ml creatine
phosphokinase (Sigma). After this incubation, the coverslips were
thoroughly washed in transport buffer, fixed in 4% formaldehyde
(diluted in transport buffer) for 10 minutes at room temperature,

1852 I. Cserpán and A. Udvardy
washed briefly in phosphate-buffered saline and mounted on a drop
of 1 mg/ml p-phenylenediamine (Aldrich) in 10% phosphate-buffered
saline and 90% glycerol. The edges of the coverslip were sealed with
nail polish and the cells were observed and photographed on an
Olympus Vanox-S AH2 microscope equipped with SPlan 10NH and
DPlan Apo100 UVPL objectives. Comparative experiments were
carried out on cells grown on coverslips incubated in the same tissue
culture dish and photographed for the same length of time.
To study the effect of cytosolic protein depletion on the nuclear
transport, the basic permeabilization protocol described above (Adam
et al., 1990) was modified by increasing the concentration of digitonin
and/or the duration of permeabilization as indicated. Cytosol from
HeLa cells was prepared as described by Adam et al. (1990).
Drosophila embryonic extract was prepared as described earlier
(Udvardy, 1993). The effect of cytosolic proteins on the transport
reaction was tested by supplementing the complete transport mixture
with increasing amounts of cytosolic extracts.
To study the effect of WGA on the in vitro nuclear transport
reaction, permeabilized HeLa cells were preincubated on a 50 µl drop
of transport buffer supplemented with 1 mg/ml BSA and 200 µg/ml
WGA (Sigma) for 10 minutes at 0°C. The cells were washed in
transport buffer, further incubated on a 50 µl drop of complete
transport mixture at 30°C for 30 minutes, washed and fixed as
described above.
The integrity of the nuclear membrane of digitonin permeabilized
cells was tested with a human autoimmune serum containing antiDNA antibodies (Hadlaczky and Praznovszky, 1988). HeLa cells permeabilized for 5, 10 or 15 minutes in 40, 60 or 80 µg/ml digitonin,
were incubated in a complete transport mixture containing MBS conjugated PE-NLS as transport substrate and the autoimmune serum
(1:200 dilution) for 30 minutes at 30°C. After thorough washing of
the cells in transport buffer, the incubation was continued at room
temperature for 15 minutes in transport buffer supplemented with
FITC labelled immunoglobulin to human IgG (Hyland). The coverslips were washed three times in PBS, incubated for 10 minutes at
room temperature in PBS containing 4% formaldehyde, mounted and
photographed using the built in FITC or TRITC filters of the Olympus
Vanox-S AH2 microscope. In control experiments, no staining was
observed when only the FITC labelled second antibody was used. The
reactivity of the autoimmune serum with the nuclear DNA was tested
on cells incubated in PBS containing 0.2% gelatin and 0.2% Triton
X-100 (Sigma) for 6 minutes at room temperature. After washing of
the cells in PBS + 0.2% gelatin, the immunostaining was performed
as described above.
To measure the amount of protein solubilized by digitonin permeabilization, HeLa cells were grown overnight in Ham’s F 12 medium
containing half the normal concentration of methionine and supplemented with 5% fetal calf serum and 5 uCi/ml [35S]methionine.
Before permeabilization, the cells were labeled for an additional 3
hours in methionine-free medium supplemented with 5% fetal calf
serum and 20 uCi/ml [35S]methionine. The cells were rinsed three
times with transport buffer and permeabilized at 0°C. The concentration of digitonin and the duration of the permeabilization were varied
as indicated. Proteins released from the cells during the permeabilization were removed, and the radioactivity of an aliquot of the
extracted proteins was measured in a liquid scintillation cocktail. The
permeabilized cells were scraped from the plate with a rubber
policeman and suspended in a measured volume of buffer, and
aliquots were counted in liquid scintillation cocktail.

molecular mass (132 kDa), naturally fluorescent protein by the
aid of the heterobifunctional cross-linker MBS. The NLS in this
transport substrate is attached to PE through a maleimidobenzoyl residue (Fig. 2). If the low molecular mass impurities
derived from the hydrolysis products of the chemical crosslinker were completely removed by an appropriate purification
step (see Materials and Methods), this transport substrate was
efficiently transported to the nucleus of digitonin-permeabilized cells without any exogenously added cytosolic protein
(Fig. 3).
The nuclear transport of the highly purified PE-NLSMBS
conjugate in the absence of any exogenously added protein
fulfils all the criteria of a selective, mediated transport: (i) due
to its large size (132 kDa), PE alone, without conjugated NLS,
cannot enter the nucleus by passive diffusion (Fig. 3A), and its
transport is not achieved by the addition of either a Drosophila
embryonic extract or HeLa cytosol (data not shown). (ii) The
nuclear transport of the PE-NLSMBS conjugate is absolutely
energy dependent. The nuclear import was blocked if the
transport reaction was performed at 0°C in the absence of ATP
(Fig. 3B). If the transport reaction was incubated at 30°C in
the presence of ATP and an ATP regenerating system, there
was a highly efficient nuclear transport, the cytoplasmic fluorescence completely disappeared, and the nuclei exhibited a
bright fluorescence (Fig. 3E). The addition of a Drosophila
embryonic extract or a HeLa cytosol did not enhance this
transport reaction (data not shown). If the transport reaction
was incubated at 30°C without exogenously added ATP, there
was a certain level of nuclear accumulation of the transport
substrate, although a large fraction of the substrate remained
in the cytoplasm (Fig. 3C). In order to demonstrate that this

RESULTS
Nuclear transport of PE-NLSMBS
PE-NLSMBS transport substrate was prepared by chemically
conjugating the SV 40 large T antigen NLS to PE, a high

Fig. 2. Schematic structure of natural and artificial transport
substrates.
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transport is due to residual ATP produced in digitonin-permeabilized cells, HeLa cells permeabilized under standard conditions were preincubated on a 50 µl drop of transport buffer
supplemented with 1 mM CaCl2, 1 mg/ml BSA and 1 unit of
apyrase for 5 minutes at 30°C, and the coverslip was then
placed on a new 50 µl drop of transport buffer supplemented
with 1 mM CaCl2, 1 mg/ml BSA, 1 unit of apyrase and 1 µg
of PE-NLSMBS, and incubated for an additional 30 minutes at
30°C. As shown in Fig. 3D, apyrase treatment greatly reduced

the nuclear and especially the nucleolar accumulation of the
transport substrate. The perinuclear accumulation of the
transport substrate, however, was not affected. The calcium in
the above reaction was required by the apyrase, and it does not
influence the transport reaction (data not shown). (iii) The
transport of PE-NLSMBS conjugate observed in digitonin-permeabilized cells without exogenously added cytosolic proteins
is dependent on the presence of a transport-competent NLS.
Only a weak nucleolar accumulation was observed if a

Fig. 3. Specificity of the nuclear
transport in digitoninpermeabilized HeLa cells. PENLSMBS4-5 was used as substrate.
HeLa cells were permeabilized in
40 µg/ml digitonin for 5 minutes
and the transport reaction was
incubated for 30 minutes at the
temperature indicated. (A) HeLa
cells were incubated at 30°C in a
complete transport mixture
containing ATP and an ATP
regenerating system with
unconjugated PE as substrate.
(B) HeLa cells were incubated at
0°C in a transport mixture
containing 1 µg of PE-NLSMBS45 as substrate without ATP and
an ATP regenerating system.
(C) HeLa cells were incubated at
30°C in a transport mixture
containing 1 µg of PE-NLSMBS45 as substrate without ATP and
an ATP regenerating system.
(D) HeLa cells were
preincubated at 30°C for 5
minutes in a transport mixture supplemented with 1 mM CaCl2 and 1 unit of apyrase,
but without ATP and transport substrate. The coverslip was then placed on a new drop of
transport mixture supplemented with 1 mM CaCl2, 1 unit of apyrase and 1 µg of PENLSMBS4-5 as substrate. Incubation was continued at 30°C for 30 minutes. (E) HeLa
cells were incubated at 30°C in a complete transport mixture containing ATP and an
ATP regenerating system with 1 µg of PE-NLSMBS4-5 as substrate. (F) HeLa cells were
incubated at 30°C in a complete transport mixture containing ATP and an ATP
regenerating system with 1 µg of PE-NLS-Thr 128 as substrate. (G) HeLa cells were
preincubated at 0°C for 10 minutes in 50 µl of transport buffer supplemented with 1
mg/ml BSA and 200 µg/ml WGA. The coverslip was then washed in transport buffer
and placed on a new 50 µl drop of complete transport mixture containing ATP and an
ATP regenerating system with 1 µg of PE-NLSMBS4-5 as substrate and incubated for an
additional 30 minutes at 30°C. Bar, 10 µm.
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Fig. 4. Competition of the in vitro transport reaction with
wild type or mutant NLS peptides. (A) HeLa cells
permeabilized in 40 µg/ml digitonin were incubated for
30 minutes at 30°C in a complete transport mixture
containing ATP, an ATP regenerating system and PENLSMBS4-5 as transport substrate. (B) The same transport
reaction as shown in A was supplemented with a 50-fold
molar excess of wild type NLS peptide. (C) The same
transport reaction as shown in A was supplemented with
a 50-fold molar excess of mutant NLS peptide (NLS-Thr
128). Bar, 75 µm.

transport-incompetent mutant NLS (NLS-Thr 128) was conjugated to PE (Fig. 3F). Some transport by the mutant NLS is
not unexpected, since it can function as a weak NLS (Goldfarb
et al., 1986; Newmeyer and Forbes, 1988; Lanford et al.,
1986). (iv) The transport is totally inhibited by lectin WGA
(Fig. 3G). WGA, however, did not influence the perinuclear
accumulation of the transport substrate. (v) The transport
machinery in digitonin-permeabilized cells is saturable, the
nuclear accumulation of PE-NLSMBS can be efficiently
competed by the addition of a 50-fold molar excess of wild
type NLS peptide, whereas the transport-incompetent mutant

Fig. 5. Effect of the number of conjugated NLS
peptides on the transport efficiency. HeLa cells
permeabilized in 40 µg/ml digitonin were incubated
at 30°C in a complete transport mixture containing
ATP, an ATP regenerating system and 1 µg of
transport substrate. (A) PE-NLSMBS1-2 as transport
substrate. (B) PE-NLSMBS4-5 as transport substrate.
Bar, 10 µm.

NLS-Thr 128 peptide did not compete for the transport in this
concentration (Fig. 4B,C).
The level of nuclear accumulation of the PE conjugates in a
digitonin-permeabilized cell was proportional to the number of
conjugated NLS sequences. As shown in Fig. 5A, the nuclear
accumulation of PE-NLSMBS1-2, a transport substrate with low
conjugation level (1-2 NLSs/subunit), was much lower than
that of PE-NLSMBS4-5 (4-5 NLSs/subunit) (Fig. 5B).
To prove that the nuclear accumulation of the PE-NLSMBS
conjugate in digitonin-permeabilized HeLa cells without any
exogenously added cytosolic protein was not due to perme-
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abilization of the nuclear membrane, HeLa cells were permeabilized with increasing concentrations of digitonin, and the
transport experiments were repeated with PE-NLSMBS4-5 as
substrate in the presence of a human autoimmune serum containing anti-DNA IgG. Indirect immunofluorescence with a
FITC labelled anti-human IgG permitted the simultaneous
localization of the anti-DNA antibody and the transport
substrate in the same permeabilized cells. The nuclear accumulation of PE-NLSMBS was not impaired by increasing the
digitonin concentration during the permeabilization from 40
µg/ml (Adam et al., 1990) up to 80 µg/ml (Fig. 6A and C). The
nuclear DNA, however, was inaccessible for the anti-DNA

antibody (Fig. 6A-D). The nuclear DNA was readily accessible for the anti-DNA antibody after removal of the outer
nuclear membrane by Triton X-100 treatment (Fig. 6E). As
detected by the exclusion of the anti-DNA antibody, the
nuclear membrane was not damaged in the digitonin concentration range 40 to 80 µg/ml (Fig. 6B and D).
To prove that the nuclear transport of highly purified PENLSMBS without any exogenously added protein is not due to
incomplete extraction of cytosolic proteins from the digitonin
permeabilized cells, the fraction of HeLa cell proteins
extracted during the permeabilization was measured as a
function of digitonin concentration and permeabilization time.

Fig. 6. Integrity of the nuclear membrane of digitonin
permeabilized cells. (A) HeLa cells permeabilized in 40
µg/ml digitonin for 10 minutes were incubated for 30
minutes at 30°C in a complete transport mixture with PENLSMBS4-5 as substrate. The transport mixture was
supplemented with a human autoimmune serum
containing anti-DNA IgG (1:200 dilution). After the
coverslip was washed in transport buffer, the cells were
incubated with a FITC labelled anti-human second
antibody. In this system the distribution of the PE-NLS or
the FITC labelled antigen-antibody complex can be
simultaneously detected by using the TRITC or the FITC
filters, respectively. Photography: TRITC filter. (B) The
same as A. Photography: FITC filter. (C) HeLa cells were
permeabilized in 80 µg/ml digitonin for 10 minutes, and
the nuclear transport was tested under the conditions described in A. Photography: TRITC filter. (D) The same as C.
Photography: FITC filter. (E) Reactivity of human autoimmune serum with nuclear DNA. Triton X-100 treated HeLa
cells were incubated with human autoimmune serum (1:200 dilution) for 15 minutes at room temperature, thoroughly
washed and stained with FITC labelled anti-human second antibody. Photography: FITC filter. Bar, 10 µm.
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At 40 µg/ml digitonin, 17% of the total cellular protein was
extracted during permeabilization for 5 minutes (Table 1). This
is in good agreement with previously published data (Adam et
al., 1990), indicating that the nuclear transport observed is not
due to incomplete extraction of cytosolic proteins. The total
amount of protein extracted from permeabilized cells did not
increase significantly on increase of the digitonin concentration from 40 to 80 µg/ml (Table 1). Permeabilization for 5
minutes, however, is not sufficient for the complete release of
soluble cytosolic proteins. On extension of the permeabilization time, the quantity of cytosolic proteins released increased
at all digitonin concentrations tested, and reached a plateau
after permeabilization for 15 minutes There was only a slight
decline in the nuclear transport ability of HeLa cells permeabilized for 5 or 10 minutes in 40 or 80 µg/ml digitonin (Fig.
7A,B,D,E). The nuclear transport, however, was significantly
reduced after permeabilization for 15 minutes, especially in 80
µg/ml digitonin (Fig. 7C and F). The integrity of the nuclear
membrane, as detected by the exclusion of the anti-DNA
antibody, was not impaired during the first 10 minutes of permeabilization (Fig. 6B and D). The nuclear membrane,
however, was damaged in a fraction of cells after longer permeabilization. Thus, in subconfluent cultures of HeLa cells
permeabilization for 15 minutes in 40 or 80 µg/ml digitonin
damaged the nuclear membrane in 5-10 %, or 15-20% of the
cells, respectively (data not shown). These figures were even
higher in confluent, stationary cultures.
Nuclear transport of PE-NLSSMCC
PE-NLSSMCC transport substrate was prepared by chemically
conjugating the SV 40 large T antigen NLS to PE by the heterobifunctional cross-linker SMCC. The NLS in this transport
substrate
is
attached
to
PE
through
a
(Nmaleimidomethyl)cyclohexane-1-carboxylate residue (Fig. 2).
The maximal conjugation level achieved with this cross-linker
was 7-8 NLSs/subunit. This high level of conjugation has
never been achieved by MBS (maximal conjugation was 4-5
NLSs/subunit). Although comparing the nuclear accumulation
of PE-NLSSMCC4-5 and PE-NLSMBS4-5 in digitonin permeabilized cells by densitometric scanning of photographic
negatives revealed that PE-NLSSMCC4-5 is about a 20-25% less
efficient transport substrate, its transport was also cytosol independent (Fig. 8A). This was in sharp contrast with the nuclear
transport of the highly conjugated PE-NLSSMCC7-8, which was
absolutely dependent on the addition of exogenous cytosolic
proteins. In a cytosol-free transport reaction, only a very weak
nucleolar accumulation was observed, while the majority of the
substrate was in the cytoplasm (Fig. 8B). Exogenously added
cytosol completely reversed this distribution. In the presence
of cytosol, nuclei showed a bright fluorescence, while the
transport substrate is completely removed from the cytoplasm
(Fig. 8C). Further, a Drosophila embryonic extract was shown
to be more effective, supporting this transport in comparison
with a HeLa cytosol (data not shown). All the characteristic
features of the in vitro nuclear transport reaction described by
Adam et al. (1990) and Shannon Moore and Blobel (1992)
were faithfully reproduced with this transport substrate: the
reaction was ATP dependent, cytosolic proteins without ATP
supported only the binding of the substrate to the nuclear
envelope (Fig. 8D), the translocation step required ATP. The
transport was blocked by WGA, and it was dependent on the

presence of a functional wild type NLS (data not shown).
Similarly, the cytosol independent transport of PENLSSMCC1-2 and PE-NLSSMCC4-5 was energy-dependent, it
was blocked by WGA and required the presence of a functional
wild type NLS (data not shown).
Nuclear transport of Bsp Mase-NLS fusion protein
To study the mechanism of nuclear transport of a protein in
which the same NLS, present in the above described artificial
transport substrates is incorporated in a natural context (i.e. as
a segment of the peptide backbone linked through peptide
bonds), an oligonucleotide coding for the SV40 large T antigen
NLS was cloned in one, or two, copies into the unique SalI site
present in the gene of the bacterial enzyme Bsp methyltransferase. The expressed and purified fusion proteins were FITC
labelled and tested for nuclear transport in digitonin-permeabilized HeLa cells. The 44 kDa Bsp Mase (without a fused
NLS segment) was not transported at 30°C in the presence of
ATP, and neither HeLa cytosol, nor Drosophila embryonic
extract could promote this transport (data not shown). Bsp
Mase with a single copy of NLS (Bsp Mase-NLS1) was transported at a low level (data not shown). Bsp Mase with two
copies of NLS (Bsp Mase-NLS2) was efficiently transported at
30°C in the presence of ATP without any exogenous cytosol
(Fig. 8E), and neither HeLa cytosol, nor Drosophila embryonic
extract improved this transport (data not shown). This transport
was absolutely energy dependent (Fig. 8F), and it was blocked
by WGA (Fig. 8G).
Distinct transport mechanisms operate in digitoninpermeabilized cells
The cytosol independent transport of Bsp Mase-NLS (or the
artificial transport substrates with low NLS conjugation level)
may either be the consequence of an inefficient extraction of
cytosolic proteins during digitonin permeabilization, or it may
represent a distinct transport mechanism which cannot operate
on multiconjugated transport substrates. To test these alternatives the simultaneous transport of PE-NLSSMCC7-8 and Bsp
Mase-NLS2 was studied in digitonin-permeabilized cell. In
these experiments the complete transport mixture was supplemented with 0.75 µg of PE-NLSSMCC7-8 and 0.25 µg of Bsp
Mase-NLS2, and the simultaneous transport of these substrates
was followed by photography using the FITC or TRITC filters.
As shown in Fig. 8H and I, in the absence of cytosol Bsp MaseNLS2 was efficiently transported, while PE-NLSSMCC7-8 was
retained in the cytoplasm. In the presence of cytosol, however,
PE-NLSSMCC7-8 was just as efficiently transported as Bsp
Mase-NLS2 (data not shown). PE-NLSSMCC4-5 and Bsp MaseTable 1. Release of soluble proteins during digitonin
permeabilization
Percentage of total protein released

5 Min
10 Min
15 Min
20 Min

40 µg/ml
Digitonin

60 µg/ml
Digitonin

80 µg/ml
Digitonin

17.1
26.8
34.3
36.1

18.4
30.2
36.5
38.7

19.8
32.6
38.0
39.9

Average of three experiments.
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NLS2 (Fig. 8J and K), or PE-NLSMBS4-5 and Bsp Mase-NLS2
(data not shown) were simultaneously transported in the
absence of cytosol.
DISCUSSION
The transport of proteins from the cytoplasm to the nucleus is
a complex, multistep process. Recognition of the NLS-containing protein by cytoplasmic receptor(s) is presumed to be
the first step of a mediated nuclear transport. The next step is

suggested to be targeting of this protein to the nuclear envelope
by the receptor protein. These steps, which were shown to be
energy independent are followed by an energy dependent
translocation step through the nuclear pore.
Recently, two different in vitro nuclear transport systems
were developed to characterize the soluble cytosolic proteins
involved in this transport process (Newmeyer and Forbes,
1988; Adam et al., 1990). Due to its versatility and efficiency,
in vitro nuclear transport in digitonin-permeabilized tissue
culture cells has gained widespread application (Adam and
Gerace, 1991; Stochaj and Silver, 1992; Sterne-Marr et al.,

Fig. 7. Extensive removal of cytosolic proteins during digitonin permeabilization does not impair the transport ability of HeLa cells. HeLa cells
permeabilized at 0°C under the conditions described below were incubated in a complete transport mixture with PE-NLSMBS4-5 as substrate at
30°C for 30 minutes. (A) Permeabilization in 40 µg/ml digitonin for 5 minutes. (B) Permeabilization in 40 µg/ml digitonin for 10 minutes.
(C) Permeabilization in 40 µg/ml digitonin for 15 minutes. (D) Permeabilization in 80 µg/ml digitonin for 5 minutes. (E). Permeabilization in
80 µg/ml digitonin for 10 minutes. (F) Permeabilization in 80 µg/ml digitonin for 15 minutes. Bar, 10 µm.
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Fig. 8. In vitro nuclear transport of PE-NLSSMCC and Bsp MaseNLS2. HeLa cells were permeabilized in 40 µg/ml digitonin for 5
minutes and the transport reaction containing 1 µg of PE-NLSSMCC or
0.25 µg of Bsp Mase-NLS2 was incubated for 30 minutes under
conditions indicated. (A) PE-NLSSMCC4-5 was incubated at 30°C in
the presence of ATP without cytosol. (B) PE-NLSSMCC7-8 was
incubated at 30°C in the presence of ATP without cytosol. (C) PENLSSMCC7-8 was incubated at 30°C in the presence of ATP and
Drosophila embryonic extract (4 mg/ml final protein concentration).
(D) PE-NLSSMCC7-8 was incubated at 30°C in the presence of
Drosophila embryonic extract without ATP. (E) Bsp Mase-NLS2 was
incubated at 30°C in the presence of ATP without cytosol.(F) Bsp
Mase-NLS2 was incubate at 0°C without ATP and cytosol. (G) Bsp
Mase-NLS2 was incubated at 30°C in the presence of ATP and WGA
(200 µg/ml). (H) 0.75 µg of PE-NLSSMCC7-8 + 0.25 µg of Bsp MaseNLS2 was incubated at 30°C in the presence of ATP without cytosol.
Photography: FITC filter. (I) Same as H. Photography: RITC filter. (J) 0.75 µg of PE-NLSSMCC4-5 + 0.25 µg of Bsp Mase-NLS2 was incubated at
30°C in the presence of ATP without cytosol. Photography: FITC filter. (K) Same as J. Photography: TRITC filter. Bar, 10 µm.
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1992; Shannon Moore and Blobel, 1992; Shi and Thomas,
1992; Hennekes et al., 1993). Nuclear transport in digitoninpermeabilized tissue culture cells has been reported to require
exogenously added cytosolic proteins. A wide variety of heterologous cell lysates supported the nuclear import in HeLa
and NRK cells (Adam et al., 1990). Three different proteins,
involved at different steps of the transport process have been
purified and characterized. NLS-mediated binding to the
nuclear envelope required the cytosolic NLS receptor (Adam
and Gerace, 1991) and a 97 kDa protein (Adam and Adam,
1994), while the translocation step was dependent on the
Ran/TC4 GTP-binding protein (Shannon Moore and Blobel,
1993). In these experiments, artificial transport substrates
served to follow the nuclear transport reaction. The number
and the conformation of the NLS in an artificial nuclear
transport substrate or in a natural nuclear protein is basically
different. The NLS in a natural nuclear protein is part of the
polypeptide backbone, attached to the rest of the protein
through natural peptide bonds. In the artificial nuclear transport
substrate the NLS is attached to the protein through a nonnatural cyclic compound derived from the cross-linker, and with
the exception of the N-terminal free amine group, it forms a
branched structure by conjugating to amine groups of basic
amino acid side chains (Fig. 2). In addition, the number of the
conjugated NLSs in an artificial substrate is very high. To study
the effect of these structural anomalies, the in vitro transport
reaction of artificial transport substrates synthesized by conjugating different numbers of SV 40 virus large T antigen NLS
to PE by the aid of two different cross-linkers has been characterized, and compared with the transport reaction of a natural
nuclear protein.

The active transport of PE-NLSMBS, PE-NLSSMCC4-5 or Bsp
Mase-NLS2 without any exogenously added protein factor
indicates that the nuclear transport is not absolutely dependent
on soluble cytosolic proteins. The cytosol independent
transport exhibits all the essential properties of an authentic in
vivo transport process: it requires the presence of a functional
NLS on the transport substrate, it is temperature and ATP
dependent, it is inhibited by lectin WGA, and it is saturable in
respect of a functional NLS. This transport is not due to
damage of the nuclear envelope, because just those nuclei
which accumulate these transport substrates prevent the access
of an anti-DNA antibody to the nuclear DNA. Further, this
transport is not due to inefficient extraction of the cytosolic
proteins during the permeabilization step.
The nuclear transport of PE-NLSSMCC7-8, in sharp contrast,
was absolutely dependent on exogenous cytosolic proteins.
The two steps of the nuclear transport, cytosol-dependent but
ATP independent targeting to the nuclear envelope and cytosol
and ATP-dependent translocation steps, have clearly been
reproduced with this substrate (Fig. 8C and D).
Transport experiments performed with different substrate
combinations (Fig. 8H-K) strongly suggest that distinct
transport mechanisms operate for different substrates in
digitonin permeabilized cells. The distinction may either be
due to the total number of the conjugated NLSs or the location
of NLSs within the protein. At low NLS/protein ratio (up to 45 NLSs/subunit) the transport efficiency of PE-NLS and Bsp
Mase-NLS was proportional to the number of conjugated
NLSs. Thus, it is unreasonable to suppose that the inhibition
of nuclear transport of the highly conjugated substrate is
simply due to the total number of NLSs. It is tempting to
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speculate that in the cytoplasm a retention system operates,
which binds and retains nuclear proteins having two or more
NLSs at a proper distance or in a proper three-dimensional
arrangement. The release of this retention requires cytosolic
proteins. A growing number of proteins have been shown to
have two independent NLSs (Garcia-Bustos et al., 1991;
Takemoto et al., 1994). In some cases the two signals have
been proposed to be functionally distinct (Hall et al., 1990).
Recently it has been shown that the nuclear transport of certain
proteins is precisely regulated. The glycocorticoid receptor, a
nuclear protein with dual NLS, is cytoplasmic in the absence
of glycocorticoid and nuclear after hormone binding (Pickard
and Yamamoto, 1987). Similarly, the nuclear transport of NFkB, a heterodimer of the p50 and p65 NLS containing subunits
is under strict control. Binding of the inhibitory IkB subunit
blocks the nuclear transport of the heterodimer, while a phosphorylation dependent dissociation of IkB releases the block
of the transport. Although masking of the NLSs on the p50 and
p65 subunits by IkB has been supposed (Zabel et al., 1993),
other regulatory mechanisms cannot be ruled out. Regulated
cytoplasmic retention has recently been proposed for the
Xenopus MyoD protein (Rupp et al., 1994).
The substrate-dependent distinct transport mechanisms may
explain the controversial role of Ran/TC4 in the translocation
step of the nuclear transport. Ran/TC4 in its GTP-bound form
was shown to be required for the translocation of HSANLSSMCC in permeabilized rat liver cells (Shannon Moore and
Blobel, 1993; Melchior et al., 1993), but a mutant Ran/TC4,
defective in GTP-binding, which severely inhibited nuclear
growth and DNA synthesis, did not impair significantly the
nuclear transport of HSA-NLSMBS in a Xenopus in vitro
transport system or in digitonin permeabilized tissue culture
cells (Kornbluth et al., 1994).
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