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Abstract. Nuclear pore complexes provide channels
for molecular transport across the nuclear envelope.
Translocation of most proteins and RNAs through the
pore complex is mediated by signal- and ATP-
dependent mechanisms, while transport of small mole-
cules is accomplished by passive diffusion. We report
here that depletion of calcium from the lumen of the
endoplasmic reticulum and nuclear envelope with
ionophores or the calcium pump inhibitor thapsigargin
rapidly and potently inhibits signal mediated transport
of proteins into the nucleus. Lumenal calcium deple-
tion also inhibits passive diffusion through the pore
complex. Signal-mediated protein import and passive

diffusion are rapidly restored when the drugs deplet-
ing lumenal calcium are removed and cells are in-
cubated at 37°C in calcium-containing medium. These
results indicate that loss of calcium from the lumen of
the endoplasmic reticulum and nuclear envelope rever-
sibly affects properties of pore complex components
located on the nuclear/cytoplasmic membrane surfaces,
and they provide direct functional evidence for confor-
mational flexibility of the pore complex. These
methods will be useful for achieving reversible inhibi-
tion of nucleocytoplasmic trafficking for in vivo func-
tional studies, and for studying the structure of the
passive diffusion channel(s) of the pore complex.

by the nuclear envelope (NE),! a subcompartment

of the ER having both ER-like and specialized prop-
erties. The outer nuclear membrane, which functions as
rough and smooth ER, is morphologically continuous with
more peripheral ER, leading to direct lumenal continuity be-
tween the NE and remainder of the ER system. Specialized
functions of the NE are associated with the nuclear lamina,
a karyoskeletal element localized on the nucleoplasmic face
of the inner nuclear membrane, and nuclear pore complexes
(NPCs).

The NPC is a supramolecular assembly with a mass of
~125 X 108 D that spans the nuclear envelope and medi-
ates molecular transport between the nucleus and cytoplasm
(Forbes, 1992; Gerace, 1992; Panté and Aebi, 1993). It con-
tains aqueous channels with functional diameters of ~9 nm,
which allow low molecular mass solutes and macromol-
ecules smaller than ~20-40 kD to passively diffuse be-
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tween nucleus and cytoplasm (Peters, 1986). Most proteins
and nucleic acids cannot efficiently cross the NPC by passive
diffusion. Instead, they are transported through the NPC by
ATP- and signal-dependent mechanisms involving a gated
transport channel that can expand to a diameter of <26 nm
(Gerace, 1992). Signals that specify the nuclear import of
proteins (nuclear localization sequences [NLSs]) are typi-
cally short stretches of amino acids highly enriched in basic
residues (Dingwall and Laskey, 1992). A qualitatively dis-
tinct signal appears to be involved in the nuclear import of
small nuclear RNAs, based on kinetic competition studies
{Michaud and Goldfarb, 1992).

The framework of the NPC consists of eight central
“spokes” connected to peripheral “rings” facing the nucleo-
plasm and cytoplasm (Panté and Aebi, 1993). The spokes
surround a central structure that contains the gated channel
involved in signal dependent transport of macromolecules
(Panté and Aebi, 1993). Eight aqueous channels with a di-
ameter of ~v10 nm occur between adjacent spokes, and they
probably represent passive diffusion sites (Hinshaw et al.,
1992; Akey and Radermacher, 1993). Extending outward
from cytoplasmic and nuclear ring structures are short fibrils
with lengths of 30-50 and 50-100 nm, respectively (Jarnik
and Aebi, 1991), which may have a role in initial ligand inter-
action with the NPC.

The NPC is thought to contain a large number of poly-
peptides, but relatively few of its components have been
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identified up to now (Gerace, 1992; Panté and Aebi, 1993).
In vertebrates, these include a group of at least eight pro-
teins modified with O-linked N-acetylglucosamine (GlcNAc)
(Gerace, 1992). At least some of the O-linked glycoproteins
are involved in signal-mediated transport (Gerace, 1992), al-
though the detailed functions of these components are
unclear, While most characterized NPC components are pe-
ripheral membrane proteins, two integral membrane pro-
teins of the NPC have been identified in vertebrates. These
are the N-linked glycoprotein gp210 (Gerace et al., 1982;
Wozniak et al., 1989; Greber et al., 1990) and the O-linked
glycoprotein POM121 (Hallberg et al., 1993). Both gp210
and POM121 appear to contain single membrane-spanning
domains. Topological mapping has shown that a large (~200
kD) domain of gp210 is situated in the NE lumenal domain,
and only a small tail is exposed on the extralumenal mem-
brane surface (Greber et al., 1990). By contrast, most of the
mass of POM121 is proposed to occur on the extralumenal
surface of nuclear membranes (Hallberg et al., 1993). These
integral membrane proteins could play a role in anchoring
the NPC to nuclear membranes and/or in mediating NPC as-
sembly. Binding of a monoclonal antibody to the lumenal do-
main of gp210 inhibits both signal mediated nuclear import
and passive diffusion across the NPC in vivo, presumably
caused by transmembrane effects on NPC structure (Greber
and Gerace, 1992). These data indicate that gp210 is directly
or indirectly connected to key functional components of
the NPC.

NLS-mediated nuclear import can be experimentally dis-
sected into two steps. A step involving ligand association
with the cytoplasmic surface of the NPC can happen at low
temperature and under conditions of ATP depletion, while
subsequent ligand translocation through the gated channel
requires ATP and physiological temperature (Newmeyer and
Forbes, 1988; Richardson et al., 1988). NLS-mediated im-
port of proteins depends on multiple cytosolic factors (Adam
et al., 1990; Moore and Blobel, 1992; Newmeyer and
Forbes, 1990; Sterne-Marr et al., 1992), including an NLS
receptor (Adam and Gerace, 1991) and the small GTPase
Ran/TC4 (Melchior et al., 1993; Moore and Blobel, 1993).
Recent studies have indicated that hsc70, which has a puta-
tive role in many aspects of intracellular protein assembly
and disassembly, also is involved in nuclear protein import
(Shi and Thomas, 1992; Imamoto et al., 1992).

Transport of many macromolecules across the NE appears
to occur constitutively, but nuclear import of certain proteins
such as transcription factors and kinases can be regulated by
masking/unmasking of NLSs or reversible anchoring of
these proteins to cytoplasmic structures (Gerace, 1992;
Whiteside and Goodbourn, 1993). Nuclear import also can
be regulated by changes in the properties of the transport ma-
chinery itself, since addition of growth factors to the medium
of serum-starved cells significantly enhances the functional
pore diameter for mediated protein import (Feldherr and
Akin, 1993). Moreover, the functional diameter of the
diffusional channel may change in different cell states (Jiang
and Schindler, 1990; Feldherr and Akin, 1990). Mecha-
nisms for regulation of the nuclear transport apparatus are
presently unknown.

The ER is the major calcium storage compartment in the
cell and is thought to contain calcium concentrations in the
millimolar range (Gill et al., 1992; Koch, 1990). Lumenal
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ER calcium is important for maintenance of the structure of
the ER, for protein folding and assembly, and for intracellu-
lar signalling (Sambrook, 1990; Berridge, 1993). In this
study, we investigated whether depletion of lumenal ER/NE
calcium stores would affect nuclear import of microinjected
proteins in mammalian cells. For calcium depletion, we used
both calcium-selective ionophores (Pressman and Fahim,
1982) and thapsigargin, an inhibitor of the ER/NE-resident
calcium pump (Thastrup et al., 1990; Inesi and Sagara,
1992; Lanini et al., 1992). All conditions that depleted lu-
menal ER/NE calcium resulted in rapid and reversible inhi-
bition of both nuclear protein import and passive diffusion
across the NPC. These results indicate that the functional
properties of the NPC can be regulated by components
and/or conditions in the NE lumen, and they provide direct
evidence that the NPC can be conformationally flexible. Our
findings will be useful for achieving reversible inhibition of
nuclear transport in vivo and thereby for studying mecha-
nisms and functions of nucleocytoplasmic trafficking. They
also will be helpful for studying the structure of the passive
diffusion channel of the NPC.

Materials and Methods

Cells and Microinjections

Normal rat kidney (NRK) and HeLa cells were obtained from American
Type Culture Collection (Rockville, MD). Monolayers of cells were grown
in DME containing 10% FBS, 1 mM 1-glutamine, i% penicillin/streptomy-
cin, and 1% nonessential amino acids in a humidified incubator witha 5%
CO; atmosphere at 37°C. All cell culture reagents were purchased from
GIBCO BRL (Gaithersburg, MD).

For microinjection experiments, cells were seeded on indexed glass cov-
erslips (Bellco Glass Inc., Vineland, NJ) that had been pretreated with Cell-
Tak (Collaborative Research Inc., Lexington, MA). Initially, cells were in-
cubated for 10 min at 37°C with thapsigargin (0.5 ug/ml, GIBCO BRL) or
ionophores (20 ug/ml A23187 or 5 pg/ml ionomycin; Sigma Immunochem-
icals, St. Louis, MO) in calcium-free Joklik’s medium (GIBCO BRL) sup-
plemented with 5% dialyzed fetal bovine serum, 1% nonessential amino
acids, 15 mM Hepes/NaOH, pH 7.4, and 1.1 mM EGTA, 0.1 mM CaCl.
Control cells were treated without inhibitors in Joklik’s medium containing
EGTA or 1 mM CaCl,. Subsequently, petri dishes were chilled at 0°C for
10 min, and cells were given cytoplasmic injections of nucleoplasmin-Texas
red (Robbins et al., 1991; Titus et al., 1982), fixable dextran-Texas red (1
mg/ml; Molecular Probes, Inc., Eugene, OR), or HRP (5 mg/ml, 175
U/mg; Sigma), all dialyzed against microinjection buffer (Greber and Ger-
ace, 1992). Other cells were injected with nucleoplasmin-Texas red con-
taining 10 mM 1,2-bis(2-aminophenoxyethane)-N,N,N',N'-tetraacetic acid
(BAPTA)-tetra potassium salt (Molecular Probes, Inc.). The injected vol-
ume was between 1 and 10% of the cell volume. Injections were conducted
at room temperature and some warming of the medium occurred. After-
wards, cells were incubated for 30 min at 37°C (after aspiration of cold
medium and replacement with warm medium) for analysis of mediated nu-
clear import, or they were incubated for 60 min at 0°C for analysis of pas-
sive diffusion before fixation and analysis.

Quantitation of Nuclear Transport

Microinjected cells were fixed for 10 min with 3% paraformaldehyde,
mounted in PBS/0.05% sodium azide/2% 1,4-diazobicyclo-{2,2,2]-octane
(Harlow and Lane, 1988), and analyzed on a confocal imaging system
(MRC-600; Bio Rad Laboratories, Hercules, CA) equipped with a micro-
scope (Axiovert 10; Carl Zeiss, Inc., Thornwood, NY) and a 40x
Planapochromat lens. Confocal settings were 0.3 mW laser power, Kalman
filters, 1 s per frame, eight frames per image. The photomultiplier gain was
set so that none of the pixels reached the saturation levels of 256 units. The
confocal aperture was adjusted to 5, yielding optical slices of "1 um thick-
ness. Images of an area of 200 X 280 um? and a raster size of 512 X 756
pixels were taken through the centers of the cells, collected through the
rhodamine or fluorescein channels. The average pixel values of the nuclear
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and cytoplasmic areas were determined using the Bio Rad area software.
Photographs from injected cells were taken on TMAX 400 film (Eastman
Kodak Co., Rochester, NY) using an axiophot microscope (Carl Zeiss, Inc.)
equipped with a 40X Planapochromat lens. The intracellular localization
of microinjected HRP was qualitatively determined by cytochemistry using
diaminobenzidine as a substrate (Doxsey et al., 1985).

Calcium and ATP Determinations

NRK or HeLa cells were loaded with the calcium dye fluo-3 acetoxymethyl
(AM) ester (Molecular Probes, Inc.) by incubation for 40 min at 37°C in
a solution containing 4 ug/ml fluo-3, 10 mM Hepes/NaOH, pH 7.4, 25 mM
glucose, 137 mM NaCl, 5.3 mM KCl, 3 mM CaCl,, 1 mM MgCl,, and
pluronic acid as a wetting agent (van den Pol et al., 1992). Cells were
washed twice in this solution lacking fluo-3 and twice in cold Joklik’s
medium containing 1.1 mM EGTA/0.1 mM CaCl;/5% fetal bovine serum.
The coverslip was mounted onto a perfusion chamber on top of an inverted
confocal laser scanning microscope with an argon laser and a fluorescein
filter set (Bio Rad). Cells were stimulated with warm Joklik’s medium con-
taining 0.5 pg/ml thapsigargin, and real time video images were recorded
as described (van den Pol et al., 1992). About 10-20 s after the addition
of thapsigargin, ~30% of the cells showed an intense fluorescein signal for
a short period (1-2 s). About 30 s after stimulation, ~20% of the cells were
transiently fluorescent, and after 1 min, ~5% of the cells were stained.
Once stimulated, the cells quickly returned to a nonfluorescent state. This
was in agreement with calcium measurements using fura-2 as a calcium in-
dicator in thapsigargin-stimulated smooth muscle cells (Gill et al., 1992).

ATP levels in whole cells treated with calcium inhibitors were deter-
mined with a bioluminescence assay based on luciferin and luciferase
(Bochringer Mannheim Biochemicals, Indianapolis, IN). NRK cells were
grown in 60-mm dishes to ~60% confluency, treated with thapsigargin
(1 pg/ml), A23187 (20 ug/ml), or ionomycin (5 ug/ml) in Joklik's EGTA/
calcium/fetal bovine serum medium for 30 min at 37°C. Control cells were
kept in Joklik’s’EGTA medium or in Joklik’s/l mM calcium medium. Cells
were washed in cold PBS and detached from the dish by incubation with
0.25% trypsin in PBS/EDTA (GIBCO BRL) for 20 min on ice. Trypsin was
neutralized with cold growth medium, and cells were collected by centrifu-
gation and washed in PBS. ATP was extracted from the cell pellet with 20
ul 10% trichloroacetic acid for 45 min on ice. The sample was neutralized
with 15 gl of 1 M Tris/HCl, pH 9.5, clarified by centrifugation at 15,000
rpm for 15 min in a table-top centrifuge, and analyzed for ATP in a scintilla-
tion counter (Beckman Instruments, Inc., Fullerton, CA). 2 X 10° cell
equivalents yielded between 3,450 and 3,700 photons per second, corre-
sponding to 1.19-1.33 pmol of ATP.

Results

Nuclear Protein Import Is Rapidly Inhibited by
Depletion of Intracellular Stores of Calcium

We investigated whether altering calcium levels within inter-
nal cellular stores affected NLS-mediated nuclear protein
import in vivo in NRK cells. In most experiments, we mea-
sured nuclear import using the Xenopus oocyte nuclear pro-
tein nucleoplasmin, which contains a well-defined bipartite
NLS (Robbins et al., 1991). Cells were preincubated in the
presence of reagents affecting calcium stores for 10 min at
37°C and chilled to 0°C. Subsequently, nucleoplasmin la-
beled with the chromophore Texas red was microinjected
into the cytoplasm, and cells were shifted to warmed prein-
cubation medium and incubated further at 37°C for 30 min.
After this incubation, the intracellular distribution of fluo-
rescent nucleoplasmin was quantitatively determined by
confocal laser microscopy in sections across the cell centers.
The average pixel values across the nuclear area divided by
the average pixel intensity present over the cytoplasm (N/C)
was taken as a measure for nuclear import.

In control experiments, we measured nuclear import in
cells that were incubated in “low calcium medium” contain-
ing a calcium/EGTA buffer that yields ~100 nM free cal-
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cium. This value is ~10,000 times lower than the normal ex-
tracellular calcium in growth medium and approximately
corresponds to the calcium level in the cytoplasm of resting
cells (Minta et al., 1989). Low calcium in the extracellular
medium had essentially no effect on the nuclear transport of
nucleoplasmin (Figs. 1 and 2). After 30 min of incubation,
the nuclear/cytoplasmic concentration ratio of the injected
protein was ~v4.3 (Fig. 2). In the presence of normal cal-
cium-containing medium, a similar accumulation of nucleo-
plasmin was obtained, yielding a transport index of 4.7. The
amount of transport did not increase when the cells were in-
cubated for another 30 min at 37°C with or without extracel-
lular calcium (data not shown), suggesting that most import-
competent nucleoplasmin had accumulated in nuclei at this
point. Similar results were obtained with HeLa cells (data
not shown) and with nucleoplasmin conjugated to collodial
gold (Greber and Gerace, 1992). When the cells were kept
on ice after the microinjection, the nuclear/cytoplasmic ratio
was (.22, indicating that low temperature inhibits nuclear
import of the nucleoplasmin-Texas red preparation, similar
to previous results on NLS-mediated nuclear import (Rich-
ardson et al., 1988). The low level of transport in the “0°C”
sample is probably caused by a modest warming of the me-
dium during the injection procedure.

To examine effects of depletion of intracellular calcium
stores on nuclear proiein import, cells were treated with the
calcium ionophores A23187 or ionomycin in low calcium
medium. A23187 and ionomycin are mobile carriers that
shuttle calcium across biological and synthetic membranes
and equilibrate existing calcium gradients (Liu and Her-
man, 1978; Pressman and Fahin, 1982). Ionomycin is more
specific for divalent ions than A23187, but both antibiotics
are highly selective for calcium and much less selective for
other divalent cations present in cells (Kauffman et al.,
1980). Treatment with A23187 or ionomycin substantially
inhibited nuclear import of the microinjected nucleoplas-
min, resulting in nuclear/cytoplasmic ratios of 0.28 and 0.17,
respectively, at 30 min (Figs. 1 and 2). Similar results were
obtained with HeLa cells (not shown). We confirmed that the
lumenal stores were largely depleted of releasable calcium
upon incubation of cells with A23187 in low calcium
medium, using calcium dye experiments with NRK cells
loaded with fluo-3 (van den Pol et al., 1992). After treatment
with A23187 and subsequent challenge with thapsigargin
(see below), these cells did not display any calcium increase
in the cytosol reflected by fluo-3 fluorescence (data not
shown; see Materials and Methods).

It was possible that nuclear import was inhibited because
of side effects from the ionophores, such as a low affinity for
magnesium or a change of intracellular pH (Asem et al.,
1992). To control for these possibilities, we used a second
method to deplete calcium from the ER lumen, involving
treatment of cells with thapsigargin in the presence of low
extracellular calcium. Thapsigargin is an inhibitor of an
ATP-dependent calcium pump in the endoplasmic retic-
ulum (Thastrup et al., 1990) and NE (Lanini et al., 1992).
Thapsigargin-treated cells become rapidly depleted of cal-
cium in the ER lumen because of constitutive release of cal-
cium from these stores combined with a block in reuptake
into the ER (Thastrup et al., 1990). Under these conditions,
free cytosolic calcium levels are maintained at low levels be-
cause calcium is ejected by plasma membrane pumps into
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Figure 1. Inhibition of nuclear import of nucleoplasmin by intracel-
lular calcium depletion. Nucleoplasmin-Texas red was injected into
the cytoplasm of NRK cells that had been preincubated in various
experimental media for 10 min at 37°C. Cells were subsequently
incubated for 30 min at 37°C in the various media, and the nuclear
and cytoplasmic fluorescence was examined by fluorescence mi-
croscopy after cells were fixed with formaldehyde (see Materials
and Methods). Control cells were incubated in the absence of drugs
(Mock) in normal calcium-containing medium (a, Ca) or in EGTA-
buffered low calcium medium (b, E/Ca). Other samples were in-
cubated in EGTA-buffered low calcium medium in the presence of
A23187 (¢), ionomycin (d), or thapsigargin (e, Tg). Some mock-
treated cells were also kept on ice for 30 min after the injection of
nucleoplasmin (f). To buffer cytoplasmic calcium, some samples
of mock-treated or thapsigargin-treated cells were injected with 10
mM BAPTA together with the nucleoplasmin-Texas red (g and #,
respectively).

the low calcium medium. In the presence of thapsigargin,
nuclear import was also inhibited, and the nuclear/cytoplas-
mic ratio of injected nucleoplasmin was 0.3 (Figs. 1 and 2).

To test if the inhibition of nucleoplasmin import by thap-
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Figure 2. Quantitation of nuclear import inhibition induced by in-
tracellular calcium depletion. Cells were preincubated with cal-
cium ionophores A23187, ionomycin (ionom), or with the ATPase
inhibitor thapsigargin (7g) in low calcium medium buffered with
EGTA (E/Ca), or they were treated without inhibitors (Mock) in
either normal calcium containing medium (Ca) or in low calcium
medium (E/Ca). Nucleoplasmin-Texas red was then injected into
the cytoplasm, in some cases with 10 mM calcium buffer BAPTA
(Np/B), and subsequently incubated at 37°C for 30 min or at 4°C
for 30 min as described in Fig. 1. Nuclear transport of nucleoplas-
min was quantitated by confocal microscopy, and the resuits ex-
pressed as the mean ratio of nuclear/cytopiasmic average pixel in-
tensity for each condition based on the indicated number of cells
(n), including the standard deviation (see Materials and Methods).

sigargin could be caused by long-term calcium fluxes in the
cytoplasm, the membrane-impermeable calcium chelator
BAPTA was microinjected into the cytoplasm together with
the transport substrate after a brief thapsigargin pretreat-
ment. BAPTA acts as a calcium buffer that maintains free
calcium concentrations near the physiological resting level
of 100 nM (Minta et al., 1989). The intracellular concentra-
tion of BAPTA achieved in this experiment (0.1-1 mM; see
Materials and Methods) is sufficient to block ionophore-
induced increase of cytosolic calcium in Xenopus oocytes
maintained in calcium-free medium (Capco and Bement,
1991). No inhibition of nuclear import was observed when
control (non-drug-treated) cells were injected with BAPTA
and nucleoplasmin (Figs. 1 and 2). After 30 min at 37°C,
the nuclear/cytoplasmic ratio was 4.3, similar to control in-
jections in the absence of drugs (see Figs. 1 and 2). How-
ever, when thapsigargin-pretreated cells were injected with
BAPTA and nucleoplasmin, nucleoplasmin import was ef-
fectively blocked (transport index of 0.12; Figs. 1 and 2).
This suggests that transport inhibition by thapsigargin cannot
be explained by long-term cytoplasmic calcium fluxes. Be-
cause of the difficulty of carrying out two sequential injec-
tions of cultured cells in a short time interval, we did not ana-
lyze nucleoplasmin import in cells preinjected with BAPTA.

Different findings were obtained when cells were prein-
cubated in medium containing the membrane-permeable re-
agent BAPTA-AM at a concentration of 10 uM. BAPTA-AM
is cleaved to the membrane-impermeable BAPTA after it
enters intracellular compartments and the cytosol (Minta et
al., 1989), and consequently strongly reduces the free cal-
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cium concentration in the ER and other intracellular stores
(Preston and Berlin, 1992). When BAPTA-AM-loaded cells
were analyzed for ability to support nuclear import, trans-
port of nucleoplasmin was inhibited to the same degree as
cells treated with ionophores or thapsigargin (data not
shown). Collectively, these data indicated that the inhibition
of nucleoplasmin import by the calcium ionophores and
thapsigargin was likely to be caused by depletion of intracel-
lular calcium stores, rather than by something else. Because
of the specificity of thapsigargin for the ER calcium pump,
the calcium stores involved in this effect are likely to be
located in the nuclear envelope and the endoplasmic re-
ticalum.

We examined whether inhibition of nuclear import by
ionophores or thapsigargin was specific for nucleoplasmin or
was seen for other NLS-containing nuclear import ligands
as well. A second ligand we analyzed was fluorescein-
conjugated bovine serum albumin coupled with synthetic
peptides comprising the NLS of the SV-40 T antigen. This
synthetic transport ligand, which has been well-character-
ized in previous studies (e.g., Michaud and Goldfarb, 1992),
was efficiently transported into the nuclei of control NRK
cells (Fig. 3).

However, when the NLS-BSA was injected into thap-
sigargin-treated cells, almost complete inhibition of nuclear
import was obtained (Fig. 3). Interestingly, the fluorescent
transport ligand accumulated at the NE in a rim-like pattern.
This pattern is reminiscent of ligand binding to the NPC
achieved with highly multivalent NLS-containing ligands
(Newmeyer and Forbes, 1988; Richardson et al., 1988), but
further analysis is required to determine whether this reflects
accumulation at an intermediate stage of transport. A similar
inhibition of nuclear import upon treatment of cells with
ionophores or thapsigargin was obtained when we analyzed
microinjected protein A (data not shown), a bacterial protein
that fortuitously contains a functional NLS (Li and Thomas,
1989). Thus, we conclude that inhibition of mediated nu-

BSA-NLS

Mock,
E/Ca

Tg:
E/Ca

Figure 3. Inhibition of nuclear import of BSA-NLS in thapsigargin-
treated cells. NRK cells were preincubated with thapsigargin (Tg)
in EGTA-buffered low calcium medium (E/Ca) or without drug
(Mock) and injected with fluorescein-labeled bovine serum albu-
min conjugated to the SV40 large T nuclear localization sequence
peptide (BSA-NLS). Cells were then incubated for 30 min at 37°C,
fixed in formaldehyde and analyzed by fluorescence microscopy.
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clear import by treatment of cells with ionophores or thap-
sigargin is seen for diverse NLS-containing ligands, and is
not restricted to nucleoplasmin.

The Calcium Depletion-induced Import Block is
Readily Reversible

It was conceivable that inhibition of nuclear import by cal-
cium ionophores or thapsigargin was caused by the degrada-
tion or precipitation of injected transport ligand. To address
this possibility, we examined the reversibility of transport in-
hibition after drug treatment. Nucleoplasmin was injected
into the cytoplasm of cells treated with A23187 or thapsigar-
gin, and cells were incubated for 20 min at 37°C in the pres-
ence of the drugs. The drugs were then removed and the cells
were further incubated with calcium-containing medium for
another 20 min at 37°C. As demonstrated in Fig. 4, nuclear
transport was effectively blocked at the end of the first incu-
bation in the presence of the inhibitors (nuclear/cytoplasmic
ratio of 0.24 and 0.22, respectively), but was almost com-
pletely restored when the inhibitors were washed out and
calcium was resupplied. Transport in the A23187- and
thapsigargin-treated cells achieved nuclear/cytoplasmic ra-
tios of 4.2 and 2.4, respectively (Fig. 4). Similar results as
with A23187 were obtained in ionomycin washout experi-
ments (data not shown). These results indicated that the
ionophore-blocked nucleoplasmin remained fully transport-
competent after the drug treatment, and was neither de-
graded nor precipitated. The thapsigargin arrest was only
partially reversed in the time window we have examined,
presumably because of tight or irreversible drug binding to
the calcium ATPase (Sagara et al., 1992).

. 6
£
4.22
g 5 7 n=16 B
«
S 4
@
S
Z 3 r
-
[+
= 2 r
O
""'h.b 1 B
g“‘ 0.24 0.22
z — i el
prug? T Tg A23187 Tg A23187
Medium E/Ca E/Ca E/Ca E/Ca

—Ca -Tg —Ca -A
Figure 4. Reversibility of the block in mediated nuclear import
caused by intracellular calcium depletion. NRK cells pretreated
with thapsigargin (72) or A23187 in EGTA-buffered low calcium
medium (E/Ca) were microinjected in the cytoplasm with nucleo-
plasmin-Texas red and incubated at 37°C for 20 min. In one set of
dishes, the inhibitors were washed out and the cells were incubated
for another 20 min at 37°C in inhibitor containing medium (7,
E/Ca and A23187, E/Ca) or in inhibitor-free medium (—Ca -Tg and
—Ca -A), and nuclear transport of nucleoplasmin was analyzed as
described in Fig. 2. The average transport index with the standard
deviation is indicated for each condition based on the number of
cells analyzed (n).
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It was possible that inhibition of nucleoplasmin accumula-
tion by calcium ionophores and thapsigargin was caused by
hypothetical side effects of the drugs resulting in disruption
of the NE. To evaluate this possibility, we injected nucleo-
plasmin directly into the nucleus of A23187- or thapsigargin-
treated cells. The injected protein remained nuclear for =30
min after injection (data not shown), suggesting that the NE
remains intact in the presence of these drugs. The integrity
of the NE is further demonstrated by microinjection of dex-
tran into the cytoplasm of drug-treated cells (see below).

To investigate whether depletion of intracellular calcium
resulted in loss of NPCs from the NE or in large-scale altera-

lonomycin,
E/Ca

Mock,
Ca

Tg,
E/C

Mock,
E/Ca

Mock,

Tg,

Figure 5. Indirect immunofiuorescence labeling of nuclear pore
complex proteins in calcium-depleted cells. (4) NRK cells were
pretreated with ionophores (A23187 or ionomycin) or with the cal-
cium pump inhibitor thapsigargin (7g) in EGTA-buffered low cal-
cium medium (E/Ca) as described in Fig. 1. Cells treated without
inhibitors (Mock) were incubated in calcium containing medium
(Ca) or in EGTA-buffered low calcium medium (E/Ca). Cells were
stained for O-linked glycoproteins of the nuclear pore complex with
the monoclonal antibody RL1 (Snow et al., 1987). (B) HeLa cells
were incubated without inhibitor (upper panel, Mock) or with thap-
sigargin (lower panel, Tg) in low calcium medium for 60 min, fixed
in glutaraldehyde, and processed for thin-section EM by conven-
tional procedures (Griffiths, 1993). Shown are transverse views of
the NE. In the Tg panel, the NE is the lower of the two membrane
cisternae, and an NPC is indicated by an arrowhead.
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tion in NPC structure, we analyzed the ionophore- or thap-
sigargin-treated cells by light and electron microscopy (Fig.
5). Immunofluorescence staining with the antibody RLI,
which recognizes O-linked glycoproteins of the NPC with a
role in nuclear import (Snow et al., 1987; Sterne-Marr et al.,
1992), indicated that RL1 antigens were not detectably re-
leased from the nuclear envelope by these inhibitors or by
treatment of cells with low calcium medium (Fig. 5). Fur-
thermore, thin section electron microscopy of fixed cells
showed that the pore complexes were present at roughly nor-
mal levels after thapsigargin treatment, and they were not
detectably disrupted at this level of structural resolution
(Fig. 5).

Since signal-mediated nuclear import is dependent on
ATP in vivo and in vitro (Newmeyer and Forbes, 1988; Bre-
euwer and Goldfarb, 1990), it was possible that ionophores
and thapsigargin inhibited this process by altering ATP lev-
els. Therefore, we examined the overall cellular ATP levels
in cells treated with calcium ionophores or thapsigargin, Af-
ter 30 min of incubation with the inhibitors at 37°C in low
calcium medium, the cellular ATP levels were indistinguish-

Mock,
E/Ca

lonomycin,
E/Ca

lonomycin E/Ca,

Ta. -> Ca -lonomycin

E/C

Figure 6. Inhibition of passive dif- fusion of 10-kD dextran into the
nucleus of calcium-depleted cells. Texas red-labeled 10-kD dextran
was injected into the cytoplasm of NRK cells that had been preincu-
bated in EGTA-buffered low calcium medium (E/Ca) or calcium-
containing medium (Ca), without (Mock) or with thapsigargin (72),
ionomycin, or A23187. Cells were further incubated for 60 min at
0°C, fixed, and analyzed by fluorescence microscopy. The bottom
panel in the right column shows jonomycin-treated cells that were
injected with dextran, incubated for 30 min at 0°C, returned to
drug-free calcium-containing medium for 10 min at 37°C, and
finally incubated for an additional 30 min on ice before analysis.
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able from the levels in control cells kept in calcium-contain-
ing medium without inhibitors (see Materials and Methods).
The results indicated that the ionophores and thapsigargin
had no general deleterious effects on the overall cellular
energy levels under our experimental conditions.

Passive Diffusion into the Nucleus Is Also Reversibly
Inhibited by Depletion of Intracellular Calcium Stores

‘We next tested whether the depletion of intracellular calcium
stores affected passive diffusion across the NE in addition to
signal-mediated nuclear import. For this experiment, we
microinjected a small fluorescent dextran (10 kD) into the
cytoplasm of ionophore- or thapsigargin-treated NRK cells
to monitor diffusional permeability of the pore complex. Af-
ter 60 min incubation at 0°C, cells were fixed and qualita-
tively examined for dextran localization by light microscopy
(Fig. 6) or quantitatively analyzed by confocal microscopy
(Fig. 7). Under conditions of calcium depletion by thapsigar-
gin, dextran was largely excluded from the nucleus and
confined to the cytoplasm, while in untreated cells, it readily
entered the nucleus (Fig. 6). The nuclear/cytoplasmic ratio
of the injected dextran in cells treated with A23187, ionomy-
cin, or thapsigargin was 0.31, 0.33, and 0.36, respectively
(Fig. 7). By contrast, the nuclear/cytoplasmic ratio of dex-
tran in control cells was 2.3. The apparent accumulation of
dextrans in the nuclei of untreated cells was presumably
caused by cytoplasmic exclusion, i.e., a lower available wa-
ter space in the cytoplasm compared to the nucleoplasm
(Paine, 1992). Similar results were obtained with another
diffusional probe, the NLS-lacking 40-KD protein HRP
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Figure 7. Quantitation of diffusion of 10-kD dextran into the nu-
cleus of calcium-depleted cells. Texas red-labeled 10 kD dex-
tran was injected into the cytoplasm of NRK cells treated with cal-
cium ionophores A23187 or ionomycin (ionom) or with the calcium
pump inhibitor thapsigargin (7¢) in EGTA-buffered low calcium
medium (£/Ca) or calcium-containing medium (Ca). Cells were in-
cubated for 60 min on ice, fixed with paraformaldehyde, and ana-
lyzed for nuclear and cytoplasmic dextran by quantitative confocal
microscopy. Alternatively, after dextran injection and a 30-min in-
cubation on ice, drug-containing medium was replaced with drug-
free calcium-containing medium, and cells were incubated for 10
min at 37°C followed by 30 min on ice before analysis by micros-
copy. Results are expressed as the mean ratio of nuclear/cytoplas-
mic average pixel intensities for each condition based on the indi-
cated number of cells (n), including the standard deviation.

Greber and Gerace Nuclear Export Requires Lumenal Calcium In Vivo

(Greber and Gerace, 1992), which also was excluded from
nuclei of drug-treated cells (data not shown).

When microinjected drug-treated cells were incubated
for 10 min at 37°C in inhibitor-free, calcium-containing
medium followed by a 30-min incubation at 0°C (Fig. 7), the
inhibition of dextran diffusion by A23187 and ionomycin was
almost completely reversed (nuclear/cytoplasmic ratios of
2.16 and 2.2, respectively), while inhibition of dextran dif-
fusion by thapsigargin was partially reversed (with a nuclear/
cytoplasmic index of 1.35). However, the blocks remained
effective when the inhibitors were washed out and cells were
maintained at 0°C (data not shown). This suggested that re-
versal of the defect induced by calcium depletion required re-
acquisition of lumenal ER calcium and/or some other meta-
bolic process(es).

Discussion

Our data show that treatment of cultured cells with calcium-
selective ionophores or the calcium pump inhibitor thap-
sigargin results in rapid inhibition of both NLS-mediated nu-
clear protein import and passive diffusion across the NE.
Mediated nuclear import in thapsigargin-treated cells is
likely to be inhibited by depletion of intracellular calcium
stores rather than by long-term cytoplasmic calcium fluxes,
since injection of the membrane impermeant BAPTA into
cells to buffer long-term changes in cytoplasmic calcium did
not protect cells from transport inhibition. The calcium
stores associated with inhibition of mediated transport and
diffusion probably occur in the lumen of the ER and NE, in
view of the selectivity of thapsigargin for an ER/NE calcium
pump (Inesi and Sagara, 1992; Lanini et al., 1992). Calcium
depletion from the ER lumen by ionomycin or thapsigargin
rapidly inhibits protein translation (Preston and Berlin,
1992; Price et al., 1992). However, the inhibition of nuclear
import observed in our studies is not due to an effect on
translation, since inhibition of translation with cyclohexi-
mide in cultured cells has no influence on NLS-mediated nu-
clear import (Martin and Helenius, 1991; Greber, U., un-
published observations). ‘

Inhibition of NLS-mediated nuclear import was reversed
completely (for ionophores) or partially (for thapsigargin) by
incubation of pretreated cells in drug-free, calcium-contain-
ing medium at 37°C. Since it was possible to measure pas-
sive diffusion at 0°C, we could assess the temperature depen-
dence for reversal of this block. We found that recovery of
the capacity for passive diffusion required incubation of cells
at 37°C in drug-free medium, and did not occur if cells were
maintained at 0°C. This is compatible with the notion that
reversal of transport inhibition (at least for passive diffusion)
requires replenishment of ER lumenal calcium stores.

During certain types of signal transduction, calcium is
transiently released from the ER via the inositol tris-
phosphate (IPs) receptor channel (Irvine, 1992; Berridge,
1993). Whether depletion of the IP;-senmsitive calcium
stores would affect transport across the NE is unclear, since
the IPs-sensitive pool is only a subset of the thapsigargin-
released pool (Gill et al., 1992). Even if depletion of the
IP;-sensitive calcium stores were to influence nuclear trans-
port, it is likely that these effects would be transient, since
IP;-released stores are rapidly replenished by extracellular
calcium (Randriamampita and Tsien, 1993).
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We have been unsuccessful in obtaining inhibition of NLS-
mediated nuclear import in vitro by adding calcium iono-
phores or thapsigargin (Paschal, B., and L. Gerace, unpub-
lished observations) to permeabilized cell systems in which
the plasma membrane is perforated by digitonin treatment
(Adam et al., 1990) or mechanical disruption (Smythe et al.,
1992). The reason for the ineffectiveness of the drugs in in-
hibiting in vitro nuclear import is unclear, but could reflect
changes in the ionic composition of the ER lumen generated
by cell permeabilization, or disruption of a more subtle
regulatory feature of cells. However, this disparity cannot be
ascribed solely to a reduction or loss of ongoing protein syn-
thesis in the in vitro systems, since pretreatment of cells with
cycloheximide to inhibit protein synthesis did not protect
cells from inhibition of nuclear import by thapsigargin or
calcium ionophores in vivo (Greber, U., unpublished obser-
vations).

What components of the nuclear transport machinery
are affected by depletion of lumenal ER calcium in vivo?
Changes in the structure of NP diffusional channels are most
likely responsible for inhibition of passive diffusion. The
dramatic reversible effects obtained by calcium depletion
suggest that the diffusional channels of the NPC are “flexible”
structures whose diameter may be modulated in different
physiological states, compatible with previous studies (Jiang
and Schindler, 1990; Feldherr and Akin, 1990). Structural
studies on isolated amphibian NEs also support the possibil-
ity that NPCs are conformationally flexible (Akey and
Radermacher, 1993). Alterations in either the structure of
the NPC or the activity of cytoplasmic transport components
could be responsible for inhibition of NLS-mediated nuclear
import. However, nuclear transport inhibition cannot be
ascribed to wholesale loss of NPCs from the NE or de-
creases in total cellular ATP pools, since we could detect no
changes in these parameters after drug treatment.

A number of possible mechanisms could explain how the
nuclear transport apparatus, located on the nuclear/cytoplas-
mic surfaces of nuclear membranes, could be affected by cal-
cium depletion in the ER lumen. One mechanism proposes
that the lumenal domain(s) of certain transmembrane pro-
teins of the NPC such as gp210 directly bind calcium, and
that loss of lumenal ER calcium causes a change in their
structure. A conformational change could be transmitted
from the lJumenal to the extralumenal domain of the NPC by
membrane-spanning segments of NPC proteins. A precedent
for transmembrane alteration of NPC structure was estab-
lished in previous work, showing that binding of a monoclo-
nal antibody to the lumenal domain of gp210 inhibits both
mediated nuclear import and passive diffusion (Greber and
Gerace, 1992). Our inspection of the published sequence of
gp210 (Wozniak et al., 1989) reveals five amino acid stretches
containing six appropriately spaced calcium-coordinating
amino acids resembling the calcium-coordinating loop re-
gion of the EF hand calcium-binding motif (Kretsinger, 1976;
Strynadka and James, 1989). These are located at residues
160-171, 424-435, 580-591, 1413-1424, and 1610-1621 of
gp210. However, binding of calcium to gp210 has not yet
been tested.

A second mechanism proposes that loss of lumenal ER
calcium disrupts interactions of the lumenal domain of the
NPC with other ER lumenal proteins that are required for
NPC function. These hypothetical lumenal factors could in-
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clude molecular chaperones such as BiP. The function of BiP
(and possibly other ER lumenal proteins) may require cal-
cium, as suggested by studies showing that BiP binding to
unassembled T cell receptor subunits is lost upon calcium
depletion (Suzuki et al., 1991).

A third mechanism proposes that downregulation of nu-
clear transport upon calcium depletion is part of the stress
response caused by the accumulation of unfolded proteins in
the ER lumen that is known to be caused by ER calcium
depletion (Wileman et al., 1991; Lodish et al., 1992). This
stress response appears to activate a transmembrane signal-
ing pathway that in part involves a membrane-spanning ER
protein with a cytoplasmically disposed kinase domain (Cox
etal., 1993; Mori et al., 1993). The signaling pathway leads
to upregulation of the synthesis of certain lumenal ER
chaperones such as GRP94 and BiP (Watowich and Mori-
moto, 1988; Price et al., 1992), and also could affect cyto-
plasmic components of the nuclear transport machinery.

Consistent with the possibility that a stress response
caused by aberrant conditions in the ER lumen could lead
to inhibition of nuclear transport, we have found that treat-
ment of cells for 4 h with tunicamycin results in substantial
inhibition of nucleoplasmin import into the nucleus (Greber,
U., and L. Gerace, unpublished observation). Tunicamycin
is an inhibitor of N-glycosylation of lumenal ER proteins that
leads to accumulation of unfolded proteins in the ER (Doms
etal., 1993). However, we cannot rule out that this effect de-
rives from deficient folding of newly synthesized integral
membrane proteins of the NPC rather than a stress response.

It is a plausible notion that nucleocytoplasmic trafficking
could be downregulated in response to ER stress conditions
and possibly to more general cellular stress conditions (e.g.,
heat shock). It could be advantageous® for stressed cells to
diminish rates of nucleocytoplasmic trafficking to spatially
restrict damage and facilitate the recovery process. Nuclear
import of cytoplasmic stress proteins and nuclear export of
stress-related mRNAs clearly occurs after induction of cel-
lular stress responses such as the heat shock response (Mori-
moto, 1993), but it is not evident whether this transport in-
volves conventional kinetics, signals, and pathways. To our
knowledge, systematic analysis of NLS-mediated nuclear
import in stressed cells has not been carried out.

In conclusion, the methods described in this report will
provide useful tools to achieve reversible inhibition of nu-
cleocytoplasmic trafficking in vivo. This will facilitate fur-
ther analysis of mechanisms of nuclear transport and its role
in cell function. Moreover, our work suggests that the pas-
sive diffusion channel(s) of the NPC has the potential for be-
ing a conformationally dynamic entity, and it provides a ba-
sis for studying its different structural states.
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