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ABSTRACT In addition to the well-characterized GTP-
dependent nuclear transport observed in permeabilized cells,
we detected a mode of nuclear transport that was GTP-
independent at elevated cytoplasmic calcium concentrations.
Nuclear transport under these conditions was blocked by
calmodulin inhibitors. Recombinant calmodulin restored
ATP-dependent nuclear transport in the absence of cytosol.
Calmodulin-dependent transport was inhibited by wheat germ
agglutinin consistent with transport proceeding through nu-
clear pores. We propose that release of intracellular calcium
stores upon cell activation inhibits GTP-dependent nuclear
transport; the elevated cytosolic calcium then acts through
calmodulin to stimulate the novel GTP-independent mode of
import.

Protein transport across the nuclear pore is a highly regulated
process that is just beginning to be understood (1, 2). Proteins
destined for the nucleus contain a basic sequence of amino
acids called a nuclear localization sequence (NLS; ref. 3). The
NLS is recognized and bound in the cytoplasm by karyopherin-
a,T which forms a complex with karyopherin-g8 and routes the
substrate to the nuclear pore (reviewed in refs. 17 and 18). The
substrate-karyopherin complex binds to RanBP2, a 360-kDa
protein component of fibrils that extend from the surface of
the nuclear pore into the cytoplasm of the cell. Ran/TC4 (a
small GTP-binding protein of the Ras superfamily) and p10
bind to the transport complex, and the complex is delivered to
the center of the pore in a mechanism that appears to involve
GTP hydrolysis. At present, the mechanism of transit across
the pore itself is unclear but it is known to require nucleotide
triphosphate and is sensitive to incubation at 4°C. Soluble
components of the transport machinery are then recycled to
the cytoplasm for a new round of transport.

Indirect evidence suggests that the nuclear envelope must
remain intact for active nuclear transport (19). In addition to
the functional barrier that the nuclear envelope provides,
recent evidence suggests that the calcium pools in the lumen
of the nuclear envelope must also be intact for nuclear
transport to occur. Greber and Gerace (20) have observed a
requirement for intact intracellular calcium stores for active
nuclear transport, as well as passive diffusion of 10-kDa
dextrans across the pore. Nuclear import of microinjected
fluorescent substrates in a low calcium buffer is reduced by
pre-incubation of the cells with thapsigargin, which causes the
release of calcium from intracellular stores. Stehno-Bittel et al.
(21) also observed that there is an inhibition of diffusion of
10-kDa dextrans across the pore when isolated Xenopus laevis
nuclei are treated with inositol trisphosphate to release cal-
cium stores from the lumen of the nuclear envelope. In the only
structural study of the effect of calcium on the nuclear pore,
Jarnik and Aebi (22) found that the removal of calcium by
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chelation with EGTA led to an “open” appearance of the
nuclear pores of X. laevis germinal vesicles as assessed by
electron microscopy. The pores were restored to their “closed”
appearance with intact “fish-baskets” when calcium was rein-
troduced to the germinal vesicles. The functional significance
of this structural change is unknown.

We have used the digitonin-permeabilized cell system to
demonstrate the involvement of calcium in nuclear transport
and have found at least two distinct modes by which calcium
can activate nuclear protein import. One mode of activation is
GTP-dependent and requires intact intracellular calcium
stores; a novel second mode of activation requires elevated
cytoplasmic calcium and is mediated by calmodulin.

MATERIALS AND METHODS

Assay for Nuclear Import. The import assay was modified
from refs. 23-25. To initiate the assay, HeLa cells (ATCC
CCL2) grown on 12-mm round coverslips were washed three
times with 1 ml ice-cold buffer A [20 mM N-2-hydroxyethyl
piperazine-N'-2-ethanesulfonic acid (Hepes), pH 7.3/110 mM
potassium acetate/5 mM sodium acetate/2 mM magnesium
acetate/2 mM dithiothreitol/1 ug/ml leupeptin/1 pg/ml apro-
tinin/1 pg/ml pepstatin] and permeabilized for 5 min in buffer
A containing 40 pug/ml digitonin (Calbiochem) at 25°C. Under
the conditions described here, more than 60% of the endog-
enous lactate dehydrogenase activity was released in the first
5 min of digitonin treatment (data not shown). The perme-
abilized cells were washed gently four times with 1 ml cold
buffer A and mounted “face-up” in a humidified chamber
pre-warmed to 37°C. Twenty-five microliters of complete
import buffer was placed on each coverslip and incubated for
30 min at 37°C. Complete import buffer consisted of buffer A
containing 20 units/ml creatine kinase, 1 mM magnesium
ATP, 0.5 mM EGTA, 5 mM creatine phosphate, 100 nM
B-phycoerythrin-peptide conjugate, and 1% untreated rabbit
reticulocyte lysate (Promega). The cells were then fixed in
buffer A containing 6.7% formaldehyde (EM grade 20%,
Ladd Research Industries, Burlington, VT) at 25°C, mounted
on 5 upl of 0.1% p-phenylenediamine/90% glycerol in phos-
phate-buffered saline (PBS) (Digene Diagnostics, Silver
Spring, MD), and viewed immediately.

Image Analysis and Quantitation. Microscopy was per-
formed with either a Zeiss IM microscope or a Zeiss Axiovert
100TV microscope mounted with an MTI CCD72 video
camera and an MTI GenlISys Image Intensifier. All images

Abbreviations: NLS, nuclear localization sequence; GTPyS,
guanosine 5'-0-(3-thiotriphosphate); ECs, effective concentration for
50% of maximal transport.

*To whom reprint requests should be addressed.

TKaryopherin-a (4) is used here to denote a functionally analogous
class of proteins that includes the NLS-receptor (5), importin-60 (6),
importin-a (7), Srplp (8), Rchlp (6), NPI-1 (9), and NBP60 (10).
Karyopherin-g (11, 12) is also known as p97 (13), Kap95p (14),
importin-90 (6), and importin-B (7). p10 (11, 12) is also known as
NTF2 (15) and ppl5 (16).
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were captured with a 63X oil immersion objective, unless
otherwise noted. Image analysis was performed on a Macin-
tosh PowerPC 8100/80av computer using the public domain
NIH IMAGE program [developed at the National Institutes of
Health and available from the Internet by anonymous file
transfer protocol from zippy.nimh.nih.gov or on floppy disk
from the National Technical Information Service (Springfield,
VA), part number PB95-500195GEI]. To obtain relative nu-
clear import, the mean pixel intensity of the extracellular space
was subtracted from the mean intensity of experimental nuclei.
Background nuclear fluorescence (no calcium and no GTP
added, unless otherwise stated) was subtracted and the values
were normalized to positive controls (79 uM calcium and 1
mM GTP added, unless otherwise stated). At least 25 nuclei
were measured for each experimental data point. The least-
squares curve fit was performed using the KALEIDAGRAPH
software package (Abelbeck Software) with the equationy =
(ax™/(b + x™)) + ¢, where y = relative nuclear import, x =
—log[Ca?" Jtree, and the parameters a, b, and ¢ are determined
by the algorithm to yield the best fit. The parameter n was fixed
at 8 for all plots that gave the best fit for the data.

Preparation of Cytosol Fractions. For depletion of calcium,
the untreated rabbit reticulocyte lysate was passed twice over
a G-50 size-exclusion column (PD-10; Pharmacia) equilibrated
in calcium- and magnesium-free PBS (Digene Diagnostics,
Reading PA), and the excluded volume was concentrated to its
original volume in a Centricon-10 microconcentrator (Ami-
con). The subsequent extract was used in the assay at a 100-fold
dilution and calcium chloride was added to the transport buffer
to a final free calcium concentration of 9.2 uM, unless
otherwise noted. If GTP and calcium are not added back to the
assay, the free calcium and GTP concentrations are estimated
to be less than 1 nM and 0.14 uM, respectively (data not
shown). Free calcium concentration was estimated by the
algorithm of Fabiato and Fabiato (26) with a standard curve
prepared with FUR A-2 under the relevant assay conditions, as
described (27).

RESULTS

GTP-Independent, Calcium-Stimulated Nuclear Transport.
Peptides corresponding to the NLS of the simian virus 40 large
T antigen (28, 29) were covalently coupled to the highly
fluorescent algal protein, B-phycoerythrin, to produce a nu-
clear-targeted reporter protein (30). In agreement with pre-
vious reports (23-25), the synthetic conjugate was specifically
accumulated in the nuclei of digitonin-permeabilized HeLa,
NRK, NIH 3T3, COS-1, and CV-1 cells in a manner that was
dependent upon the addition of ATP, cytosol (rabbit reticu-
locyte lysate), and an active targeting peptide. The transport
was inhibited by incubation at 4°C or by the presence of wheat
germ agglutinin (data not shown). Furthermore, the assay
supported the transport of B-phycoerythrin bearing either a
nuclear targeting signal or the nucleolar targeting signal of the
HIV-1 rev protein (ref. 31; unpublished work).

To examine the role of small molecules in nuclear transport,
we fractionated rabbit reticulocyte lysate by G-50 size-
exclusion chromatography. The resulting depleted extract sup-
ported nuclear transport when GTP and calcium were added
back to the assay (Fig. 14). At concentrations of calcium less
than 1 nM, little transport was observed whether or not GTP
was added. At calcium concentrations around 0.2 uM, trans-
port was markedly stimulated by the presence of GTP. How-
ever, at calcium concentrations above 1 uM, nuclear transport
was observed either in the presence or absence of GTP.
Titration of the free calcium into the assay showed a concen-
tration dependence on calcium with an effective half-maximal
concentration (ECsg) of 0.90 uM (Fig. 1B, 0). Addition of 1
mM GTP to the assay shifted the ECs for calcium to 40 nM
(Fig. 1B, ), suggesting an interdependence between the
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calcium-dependent and GTP-dependent steps of nuclear
transport. Addition of 5 mM guanosine 5'-0-(3-thiotriphos-
phate) (GTP+S) to the assay to compete with any residual
GTP had no effect upon the ability of the depleted extract to
support nuclear transport in the presence of elevated calcium
concentrations (Fig. 1B, 0).

Thapsigargin-Sensitive GTP-Dependent Transport. It has
previously been reported that thapsigargin treatment inhibits
nuclear transport when cytosolic calcium is buffered to 0.1 uM,
presumably by depleting intracellular calcium stores (20). A
titration of calcium into the assay in the presence of thapsi-
gargin (Fig. 1C), both with (e ) and without (0) GTP suggested
that the GTP-dependent transport was inhibited by this agent.
At calcium concentrations near 0.1 uM, total inhibition could
be achieved with 10 uM thapsigargin (compare Fig. 1 B with
C, o), consistent with the observations of Greber and Gerace
(20). However, at higher calcium levels, transport occurred in
a GTP-independent fashion, even in the presence of thapsigargin.

Inhibition by Calmodulin Antagonists. Calcium-stimulated
nuclear transport in the absence of added GTP or in the
presence of thapsigargin required the addition of cytosol,
which indicated that a cytoplasmic calcium-binding factor was
stimulating nuclear transport. Therefore, we investigated the
effects of antagonists of several modulators of cytoplasmic
calcium metabolism on nuclear transport in vitro. Several
antagonists of calcium metabolism [ryanodine, protopine,
cyclopiazonic acid, 1-(B-(3-(4-methoxyphenyl)propoxy)-4-
methoxyphenethyl)-1H-imidazole (SKF-96365), and 2,5-di-(¢-
butyl)-1,4-hydroquinone (BHQ)] had no apparent effect on
nuclear transport in the assay (data not shown). Calmodulin
antagonists, however, were effective at inhibiting nuclear
transport in the assay (Table 1). The compounds W-7 and
W-13 were significantly more effective at inhibiting nuclear
transport than W-5 and W-12, respectively, consistent with the
5-fold higher binding affinity that these compounds have for
calmodulin (32). A peptide corresponding to the calmodulin-
binding domain of the plasma membrane calcium pump (cal-
modulin-binding domain; ref. 33) was also a potent inhibitor of
nuclear transport, indicating that the effect of these inhibitors
was likely to be specific for calmodulin. Interestingly, the
inhibition of nuclear transport by calmodulin antagonists was
reduced or not observed if 1 mM GTP was added to the assay
(Table 1).

Calmodulin-Activated Nuclear Transport. Because the in-
hibitor profile suggested that calmodulin might play a role in
nuclear transport, a highly purified recombinant bovine cal-
modulin was tested in the assay. The recombinant calmodulin
fully restored nuclear transport to the assay in the absence of
added cytosol (Fig. 24). Accumulation of substrate into the
nucleus was linear with time for up to 60 min (data not shown).
Calmodulin-dependent transport was not observed in the
absence of ATP (Fig. 2B), in the presence of wheat germ
agglutinin (Fig. 2C), or when transport was assayed at 4°C (Fig.
2D). The observed import did not appear to represent opening
of a simple diffusion channel at the pore, as the calmodulin-
dependent import still required ATP and was cold-sensitive.
Furthermore, dextrans of varying sizes did not show any
increased permeability in the assay in the presence of recom-
binant calmodulin (data not shown). Transport did not occur
when a B-phycoerythrin conjugate bearing a mutated NLS
(29) was added (Fig. 2E), or when calmodulin was omitted
from the assay (Fig. 2F). A titration of calcium into the assay
in the presence of recombinant calmodulin and in the absence
of added GTP mirrors the findings observed with depleted
cytosol (Fig. 2G, 0). The addition of 1 mM GTP (Fig. 2G, )
or 5 mM GTP+S (Fig. 2G, O) to the assay had no effect upon
the sensitivity of transport to calcium, in contrast to the effect
of GTP seen with the cytosolic extract. To assess whether the
observed transport effect was specific for calmodulin, we
assayed nuclear transport in the presence of other “EF-hand”
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Fic. 1. Calcium stimulation of nuclear transport in vitro. Nuclear transport in digitonin-permeabilized HeLa cells was assayed in the presence
of a partially fractionated rabbit reticulocyte lysate. (4) Cells were assayed in the absence (Left) or presence (Right) of 1 mM GTP at buffered
final free calcium concentrations of 9.2 uM (Top), 0.2 uM (Middle), or less than 1 nM (Bottom). (B) Relative nuclear import was quantified and
normalized to control incubations containing 1 mM GTP and 79 uM calcium chloride. Assays were performed in the absence (O, broken line) or
presence (e, solid line) of 1 mM GTP, or in the presence of 5 mM GTP+S (0J). The data represent the average * standard deviation (SD) of five
(O and o) or two ([J; error bars not included on graph) independent experiments. (C) Prior to assay for nuclear import, thapsigargin was added
to the medium on the cells to a final concentration of 10 uM and the cells were incubated for 10 min at 37°C. Thapsigargin was included in all
subsequent incubations and washes at a final concentration of 10 uM. Cells were assayed for their ability to support nuclear import in the absence
(O, broken line) or presence (e, solid line) of 1 mM GTP at varying calcium concentrations. The data represent the average = SD of two independent
experiments.

calcium-binding proteins. Addition of S100, parvalbumin, or
troponin C to the assay did not support nuclear transport in the
presence of micromolar concentrations of calcium (data not
shown).

Table 1. Inhibition of nuclear transport by calmodulin antagonists

Relative transport
(% of control)

Antagonist —-GTP +1 mM GTP
Calmidazolium —37.6 (10.5) 118.0 (17.1)
Trifluoperazine 19.2 (16.0) 130.0 (17.4)
Mellitin —41.3(5.4) 68.1 (14.0)
W-5 75.9 (15.2) 118.3 (16.8)
W-7 15.8 (10.6) 101.8 (34.1)
W-12 70.4 (21.2) 117.9 (15.7)
W-13 9.9 (9.0) 117.3 (25.3)
Calmodulin

binding domain 6.7 (4.3) ND*

Antagonists were added to a final concentration of 30 uM to assay
incubations containing the depleted rabbit reticulocyte lysate, 79 uM
calcium chloride, and either none or 1 mM GTP. Relative nuclear
transport was estimated as described in Materials and Methods with the
exceptions that a 4°C incubation was used as the negative control, and
cytoplasmic fluorescence was subtracted from nuclear fluorescence.
Thus, a negative value represents an increased cytoplasmic fluores-
cence relative to the negative control (4°C incubation). Data represent
the mean (SD) for two independent experiments. *ND, no data.

Two Roles of Calcium in Nuclear Transport. The data
strongly suggested that calcium could activate nuclear trans-
port in two distinct ways: one involving GTP and another
involving cytoplasmic calcium and calmodulin. To test this
model we selectively inhibited the calmodulin-dependent nu-
clear transport and titrated calcium into the assay in the
absence and presence of GTP (Fig. 3, O and e, respectively).
Calmidazolium inhibited nuclear transport in the absence of
GTP, but had no observed effect upon transport in the
presence of GTP, consistent with the hypothesis that the
GTP-dependent transport does not use calmodulin and, there-
fore, is not sensitive to calmodulin inhibitors. We had previ-
ously observed that titration of calcium into the assay in
thapsigargin-treated cells showed a loss of GTP-stimulated
transport with an ECsy in the micromolar range with or
without GTP present, consistent with a calmodulin-dependent
mode of activation (Fig. 1C). Finally, titration of calcium into
the assay in thapsigargin-treated cells in the presence of
calmidazolium showed no nuclear transport in the absence or
presence of GTP (Fig. 3, 0 and m, respectively), consistent with
the existence of two calcium-dependent modes of activation of
nuclear protein import.

DISCUSSION

Model for Activation of Nuclear Transport. The data are
consistent with a model in which two distinct calcium-
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Fic. 2. Calcium-dependent calmodulin stimulation of active nu-
clear import in vitro. HeLa cells were permeabilized with digitonin and
assayed for nuclear transport in the absence of rabbit reticulocyte
lysate, but in the presence of 30 uM calmodulin (Calbiochem, high
purity) and 9.2 uM calcium (A4). Incubations were also carried out in
the absence of creatine kinase, creatine phosphate, or ATP, but in the
presence of 6 units/ul hexokinase and 6 mM glucose (B), in the
presence of 0.4 mg/ml wheat germ agglutinin (C), at 4°C (D), with
B-phycoerythrin bearing an altered targeting peptide that is not
sufficient to support transport to the nucleus (ref. 17, E), or in the
absence of added calmodulin (F). Nuclear import was assayed at
varying calcium concentrations (G) in the presence of 30 uM calmod-
ulin and ATP in the absence (O, broken line) or presence (e, solid line)
of 1 mM GTP, or in the presence of 5 mM GTP+S (O). Data represent
the mean = SD (not included for assays in the presence of GTP+S) of
two independent experiments. Images in £ and F were obtained with
an 100X oil immersion objective; all other images were collected with
a 63X objective.

dependent modes of activation of nuclear transport exist
within mammalian cells. The first mode of transport is GTP-
dependent and requires calcium in the lumen of the nuclear
envelope. The second mode of transport occurs when the
intracellular stores of calcium are depleted and free cytoplas-
mic (or nucleoplasmic) calcium is elevated, activating calmod-
ulin (Fig. 4).

The data presented here indicate that intracellular calcium
stores play a role in GTP-dependent activation of nuclear
transport. First, we observed that in the presence of a cytosolic
extract, nuclear transport was stimulated by GTP over a range
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FiG. 3. Inhibition of both calcium-dependent modes of activation
of nuclear transport. Cells were pretreated without (circles) or with
(squares) 10 uM thapsigargin as described in Fig. 1 and assayed in the
presence of 30 uM calmidazolium and the depleted rabbit reticulocyte
lysate. Samples were assayed for the ability to support nuclear trans-
port in the absence (open symbols, broken lines) or presence (closed
symbols, solid lines) of 1 mM GTP at various calcium concentrations.
The data represent the mean * SD of two independent experiments.

of calcium concentrations from approximately 10 nM to 1 uM.

The half-maximal calcium concentration for the GTP-
stimulated transport was approximately 40 nM, which is well

NLS-protein

Ran/TC4+GTP ‘

CaMeCa*?

Ca+2

Resting —é—} Activated

F1G. 4. A model for the roles of calcium in GTP- and calmodu-
lin-dependent nuclear protein import. Under resting cell conditions,
the calcium concentration is high in the lumen of the nuclear envelope
and endoplasmic reticulum and low in the cytoplasm. Nuclear trans-
port of nucleophiles is stimulated by Ran/TC4 in the GTP-bound state
(Left). When the cell is activated, calcium is released from the lumen
of the nuclear envelope and endoplasmic reticulum. Evidence indi-
cates that this release of lumenal calcium may inhibit the GTP-
dependent activation of transport. However, the elevated cytoplasmic
calcium interacts with calmodulin, and the activated calmodulin
(CaM-Ca?*) stimulates nuclear import (Right).
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below physiological free calcium concentrations in unactivated
cells (34, 35). Second, over the range of calcium concentrations
where GTP stimulates nuclear transport, GTP+yS inhibits
nuclear transport, consistent with previous observations (36,
37). Finally, thapsigargin inhibited the GTP-induced stimula-
tion of nuclear transport in the assay, consistent with the
observations of Greber and Gerace (20), and is likely to be due
to the release of calcium from the lumen of the nuclear
envelope (21).

GTP-independent activation of nuclear transport by cal-
modulin is also supported by several lines of evidence pre-
sented here. First, calcium was found to stimulate nuclear
transport in the absence of GTP or in the presence of GTPvS
with a half-maximal calcium concentration of 0.90 uM. Sec-
ond, activation of nuclear transport at the elevated calcium
concentrations was due to calcium in the cytoplasm and not the
lumen of the nuclear envelope as evidenced by the insensitivity
of transport to thapsigargin pretreatment at elevated calcium
concentrations. Third, antagonists of calmodulin, but not other
calcium metabolism antagonists, inhibited nuclear transport in
vitro. Finally, recombinant calmodulin, and not other calcium-
binding proteins of the EF-hand family, was able to support
nuclear transport in the assay. Calmodulin-dependent trans-
port required ATP and was not the result of diffusion. Trans-
port proceeded through the nuclear pore as evidenced by the
sensitivity of transport to the presence of wheat germ agglu-
tinin. The calmodulin-dependent nuclear transport was sensi-
tive to the calmodulin-binding domain peptide inhibitor (33),
and showed a dose response curve to calcium similar to that
observed in the presence of cytosol (data not shown).

The independence of the two modes of activation is also
supported by several lines of evidence. First, nuclear transport
in the presence of cytosol or recombinant calmodulin was not
sensitive to GTPS at elevated calcium levels. Second, thap-
sigargin had no effect on nuclear transport at elevated calcium
concentrations. Third, nuclear transport in the presence of
calmodulin was unaffected by the addition of GTP. And
finally, transport in the presence of cytosol and GTP was
unaffected by the addition of calmodulin antagonists.

It has been shown that karyopherins-a and -8, p10, and
Ran/TC4 are required for the GTP-dependent pathway for
nuclear protein import (reviewed in refs. 17 and 18), and the
observations in our study are consistent with these findings:
GTP-dependent transport was only observed in the presence
of added cytosol. However, the calmodulin-dependent trans-
port reported here does not appear to require additional
soluble factors. It is possible that these factors may be present
in sufficient quantities in our assay system such that at elevated
calcium concentrations the amount of calmodulin present in
the assay is limiting. There is precedence for nuclear import
that does not require one or more of the known soluble factors
(38-41).

Another distinction between the two modes of activation lies
in the role that calcium plays in activation of transport. For
GTP-dependent transport to occur, calcium is required in the
lumen of the nuclear envelope (refs. 20 and 21, Fig. 1). Release
of calcium from the nuclear envelope does not appear to be
required for GTP-dependent transport because 1,2-bis(o-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA)
and EGTA have no inhibitory effect upon transport unless
thapsigargin, inositol trisphosphate, or A23187, a calcium
ionophore, are added (ref. 20, data not shown). A role for
calcium within the nuclear envelope is congruous with the high
concentrations of free calcium within the lumen of the nuclear
envelope and endoplasmic reticulum (42, 43), and with the
requirement that several resident proteins of these organelles
have calcium for structure and function (44, 45). Furthermore,
an antibody raised against a peptide corresponding to the
portion of a nuclear pore protein that extends into the lumen
of the nuclear envelope inhibits nuclear transport (46), sug-
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gesting that the lumenal domains of nuclear pore proteins are
important for the function of the pores.

In contrast to a role for calcium in the lumen of the nuclear
envelope, calmodulin-dependent nuclear transport is insensi-
tive to release of calcium from the intracellular stores. Cal-
modulin typically acts as a molecular switch that responds to
elevated free calcium levels by binding to effector proteins to
activate numerous cellular processes (34, 35). The identity of
a calmodulin-responsive effector protein involved in nuclear
transport is not yet known, but this protein may be the
convergence point of the two modes of activation of transport.
GTP-binding proteins also act as molecular switches, and
Ran/TC4 may activate nuclear transport by binding to the
effector protein, which is stimulated by calmodulin. Interest-
ingly, calmodulin is present in the nucleoplasm as well as the
cytoplasm (47) and appears to be able to cross the nuclear pore
by a facilitated diffusion mechanism (48).

Physiological Significance. The identification of a second
calcium-dependent mode for activation of nuclear transport
may shed light on an apparent contradiction in the literature.
Release of calcium from the intracellular stores leads to an
inhibition of active transport and passive diffusion across the
pore in microinjected cells and isolated nuclei (20, 21). How-
ever, there are numerous events in cells that lead to the release
of calcium from intracellular stores and result in transport of
novel proteins to the nucleus, rather than an inhibition of
transport. A variety of hormonal and mitogenic stimuli elicit
release of intracellular calcium stores into the cytoplasm, as
well as transport of a variety of transcription factors to the
nucleus (34, 35). Calcium transients in and around the nucleus
are also temporally associated with transport of cyclin to the
nucleus at the onset of mitosis (49, 50). The presence of the
observed calmodulin-dependent transport would allow nuclear
transport to proceed under these conditions. Under resting
cellular conditions, cytoplasmic calcium is low and lumenal
calcium in the endoplasmic reticulum and nuclear envelope is
high, enabling the GTP-dependent pathway and disabling the
calmodulin-dependent pathway. Under conditions where cal-
cium is released from intracellular stores, the GTP-dependent
pathway would be inhibited, and the elevated cytoplasmic
calcium would stimulate nuclear transport via calmodulin (Fig. 4).

We thank M. Ragano-Carriaccolo for constructive discussions and
J. E. Hinshaw, A. R. Robbins, S. M. Sweitzer, D. W. Frank, and D. C.
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