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ABSTRACT Mitosis is triggered in vertebrate cells by the
cyclin B1–Cdc2 complex. The activation of this complex at the
end of G2 phase is accompanied by its translocation from the
cytoplasm to the nucleus. We used digitonin-permeabilized
human cells to analyze the mechanism by which cyclin B1–
Cdc2 is imported into the nucleus. Cyclin B1–Cdc2 import was
not blocked by inhibitors of the importin a-dependent import
pathway or by dominant negative versions of the GTPase Ran
or importin b. However, the rate of cyclin B1 import was
decreased by immunodepletion of importin b from cytosol.
Purified importin b promoted cyclin B1 import in the absence
of cytosol or Ran and in the presence of the dominant negative
Ran mutant. We conclude that cyclin B1 import is mediated
by an unusual importin b-dependent mechanism that does not
require Ran.

The initiation of mitosis in vertebrate cells is triggered by the
cyclin-dependent protein kinase Cdc2 (Cdk1; for reviews, see
refs. 1–5). The activation of Cdc2 begins with the binding of
cyclin B1, whose levels gradually increase during S and G2
phases. The cyclin B1–Cdc2 complex is held in an inactive state
before mitosis by inhibitory phosphorylation of Cdc2 at Thr-14
and Tyr-15. At the end of G2 phase, these residues are abruptly
dephosphorylated by the phosphatase Cdc25, and the active
cyclin B1–Cdc2 complex is then competent to initiate the
events of mitosis.

The timing of mitosis is also influenced by changes in cyclin
B1–Cdc2 localization. Cyclin B1 is located in the cytoplasm
during S and G2 phases and then rapidly accumulates in the
nucleus at the onset of prophase (6–10). The translocation of
cyclin B1 to the nucleus appears to be required for the
initiation of mitosis. In Xenopus, the mitosis-promoting activity
of cyclin B1 is blocked by mutations that prevent its nuclear
localization (11), whereas mutations that lead to constitutive
nuclear localization of cyclin B1 are sufficient to induce
premature mitotic events under some conditions (11–13).

The region of cyclin B1 responsible for its cytoplasmic
localization during interphase has been mapped to a region
encompassing amino acids 88–154; deletion of this cytoplasmic
retention signal (CRS) causes cyclin B1 to localize to the
nucleus throughout the cell cycle (14). The CRS may act in part
by anchoring cyclin B1 to cytoplasmic structures such as
microtubules (15). Recent evidence also suggests that the CRS
region contains a leucine-rich nuclear export signal that me-
diates active nuclear export of cyclin B1 by a mechanism that
is sensitive to the drug leptomycin B and involves the export
receptor CRM1yexportin 1 (13, 16, 17). The accumulation of
cyclin B1 in the nucleus at prophase may result from inacti-
vation of export due to the phosphorylation of multiple serine
residues f lanking the leucine-rich nuclear export signal
(11, 17).

Transport of proteins into the nucleus is mediated by soluble
receptor proteins that interact with nuclear cargo and carry it
through the pore (for reviews, see refs. 18–21). Proteins
carrying the classical nuclear localization signal (NLS) bind to
a heterodimeric receptor composed of importin a (p62, karyo-
pherin-a, or Srp1a) and importin b (p97 or karyopherin b).
This complex is translocated through the nuclear pore and
disassembled in the nucleus by mechanisms that requires the
small GTPase Ran (TC4) and an accessory protein NTF2
(p10).

Recent studies have led to the identification of alternative
import mechanisms that involve importin b-related proteins;
for example, the heterogeneous nuclear ribonucleoprotein A1
contains an M9 import signal that interacts with the importin
b-related receptor transportin (22). Several additional impor-
tin b-related proteins have recently been identified and have
been implicated not only in nuclear import but also in export
(20, 23, 24). A dominant negative mutant form of importin b
can block several import and export pathways (25, 26), sug-
gesting that these pathways involve shared components.

Nucleocytoplasmic transport appears to be governed by
differences in the localization of key regulators of the Ran
GTPase. The Ran guanine nucleotide exchange factor RCC1
is found in the nucleus, whereas the GTPase-activating protein
RanGAP1 is in the cytoplasm; as a result, the concentration of
RanGTP is predicted to be higher in the nucleus. This
asymmetric distribution of RanGTP may provide the basis for
the directionality of nucleocytoplasmic transport (for reviews,
see refs. 18, 20, and 27–29). Nuclear export requires the
association of RanGTP with exportin–cargo complexes, which
are transported out of the nucleus and then dissociate when
GTP hydrolysis in the cytoplasm converts Ran to the GDP
form. Similarly, the directionality of nuclear import may be
driven by nuclear RanGTP, which dissociates importin–cargo
complexes after their translocation through the nuclear pore.

The mechanism by which the cyclin B1–Cdc2 complex is
imported into the nucleus is not understood. Neither cyclin B1
nor Cdc2 contain consensus NLS or M9 import sequences. In
the present work, we used a cell-free nuclear import assay to
study the mechanism of cyclin B1 import in mammalian cells.
Our results suggest that cyclin B1 is imported by an unusual
mechanism that requires importin b but does not require
importin a or Ran.

MATERIALS AND METHODS

Construction of Recombinant Baculoviruses. Baculoviruses
encoding Cdc2 and Cdc2K2 have been described (30); Cdc2K2

is a mutant form of Cdc2 in which Lys-33 and Lys-34 (in the
ATP-binding site) are changed to Met and Ile, respectively.
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Baculoviruses encoding cyclin B1 were created by using the
following plasmids according to the Bac-to-Bac protocol
(GIBCOyBRL). HMCycB1(pFastBac) was constructed by
placing six His residues followed by four copies of a Myc
epitope tag sequence (EQKLISEEDLN) at the N terminus of
the human cyclin B1 cDNA by using the NcoI site at the start
codon. Cyclin B1 derivatives were created by oligonucleotide-
mediated mutagenesis with uracil-containing template DNA
(31) derived from HMCycB1(pFastBac). To create
HMCycB1E, Ser-126, -128, -133, and -147 were replaced with
Glu residues. HMCycB1A contains Ala substitutions at the
same residues. HMCycB1(DCRS) was constructed by creating
AatII sites at amino acids 88 and 154 (CCTATGCTGGTG
changed to CCTGACGTCGTG and AATGATGTGGAT
changed to AATGACGTCGAT). The resulting DNA was
digested with AatII and ligated to fuse amino acid 87 in-frame
to amino acid 155. Cyclin B1 lacking the Myc tag was created
by digestion of HMCycB1(pFastBac) with NcoI, followed by
ligation.

Protein Expression. NLS-tagged BSA, recombinant IBB
domain, Ran Q69L, importin b, and importin b-(71–876) were
prepared as described (25, 32). Cyclin B1 and Cdc2 were
expressed in Sf9 cells and lysates were prepared as described
(30). Cdc2 was purified as described (30), except that the
Superose 12 column was omitted. Cyclin B1 lysates were
prepared and supplemented to 300 mM NaCl after Dounce
homogenization. The 100,000 3 g supernatant was loaded onto
a HiTrap chelating column (Pharmacia) loaded with cobalt
and equilibrated in buffer A (25 mM HepeszNaOH, pH
7.4y300 mM NaCly10% glyceroly0.1 mM PMSF). The column
was washed in buffer B (25 mM HepeszNaOH, pH 6y300 mM
NaCly10% glyceroly0.1 mM PMSF), and cyclin B1 was eluted
with a linear gradient of imidazole (0 to 200 mM) in buffer A.
Fractions containing cyclin B1 were pooled and dialyzed
against buffer A (containing 1 mM DTT) to remove imidazole.
All purified cyclin B1 proteins were fully functional as activa-
tors of Cdc2 in vitro.

Nuclear Import Assay. Nuclear import reactions were per-
formed as described (33). Briefly, cells were grown on poly(L-
lysine)-coated glass coverslips for 24 to 48 h. Cells were washed
twice in transport buffer [20 mM HepeszKOH, pH 7.3y110 mM
KOAcy2 mM Mg(OAc)2y1 mM EGTAy2 mM DTTyaprotinin
(1 mg/ml)ypepstatin A (1 mg/ml)] and then treated with
digitonin (40 mgyml) for 6 min on ice. After permeabilization,
the cells were washed twice with transport buffer and inverted
on top of 15 ml of import reaction in transport buffer con-
taining 300 nM import substrate, cytosol (3 mgyml), and an
ATP-regenerating system [1 mM ATPy5 mM creatine phos-
phateycreatine kinase (10 unitsyml)] and incubated at 30°C for
30 min. Cells were washed twice in transport buffer, fixed in
3.7% paraformaldehyde for 20 min at room temperature, and
permeabilized with 0.1% Triton X-100 in PBS. Cells were then
blocked in PBSy3% BSA for 10 min at room temperature and
incubated with primary antibody for 1 h at room temperature
[1:500 dilution of anti-Myc 9E10 monoclonal antibody (Babco,
Richmond, CA) or 1:10 dilution of anti-cyclin B1 monoclonal
antibody in PBSy3% BSA]. Cells were then washed in PBS,
incubated in secondary antibody [1:100 dilution of FITC-
conjugated anti-mouse (Boehringer Mannheim) in PBSy3%
BSA] for 30 min at room temperature, washed with PBS,
stained with Hoechst 33258 at 50 ngyml, mounted in 90%
glycerol containing o-phenylenediamine, and examined with a
Nikon fluorescence microscope.

To prepare interphase cytosol, asynchronous HeLa S3 cells
were cultured in DMEM plus 10% FCS, harvested with a
rubber policeman, and washed twice in PBS. The cells were
washed once in cell wash buffer [10 mM HepeszKOH, pH
7.3y110 mM KOAcy2 mM Mg(OAc)2y2 mM DTT] and re-
suspended in an equal volume of lysis buffer [5 mM
HepeszKOH, pH 7.3y10 mM KOAcy2 mM Mg(OAc)2y2 mM

DTTy1 mM PMSFyaprotinin (1 mg/ml)yleupeptin (1 mg/ml)y
pepstatin A (1 mg/ml)]. Cells were incubated on ice for 10 min
and lysed by Dounce homogenization. The homogenate was
clarified by centrifugation (100,000 3 g, 1 h, 4°C), dialyzed
extensively against transport buffer, and stored at 280°C.

To prepare mitotic HeLa cells, cells were arrested in S phase
by treatment with 2 mM thymidine for 17 h and then released
by washing with PBS. Cells were grown in fresh medium for 9 h
and then blocked with a second thymidine treatment for 14 h.
Cells were released from the thymidine block by washing in
PBS followed by addition of fresh medium. After a 6-h release,
the cells were arrested in mitosis by the addition of nocodazole
(200 ngyml) for approximately 16 h. Cell lysates were prepared
as described above.

To deplete importin b from cytosol, mitotic cytosol was
incubated with monoclonal anti-importin b (mAb3E9, Affinity
BioReagents, Neshanic Station, NJ) for 1.5 h at 4°C. Protein
A-Sepharose (Sigma) was added to the cytosol for an addi-
tional 2 h at 4°C and removed by centrifugation.

RESULTS

Nuclear Accumulation of Cyclin B1 Requires Cdc2-
Dependent Phosphorylation. We used permeabilized cells to
dissect the mechanisms controlling cyclin B1 localization (33).
HeLa cells growing on coverslips were treated with the
detergent digitonin, which perforates the plasma membrane
while leaving the nuclear envelope intact and competent for

FIG. 1. Mitosis-dependent nuclear accumulation of cyclin B1–
Cdc2 requires phosphorylation sites in the CRS. Digitonin-
permeabilized HeLa cells were incubated for 30 min with preformed
complexes of Myc-epitope-tagged cyclin B1 and kinase-deficient
Cdc2K2 (300 nM), plus either interphase cytosol (A, C, E, and G) or
mitotic cytosol (B, D, F, and H). Complexes contained either wild-type
cyclin B1 (A and B), a deletion mutant lacking the CRS domain
(B1DCRS) (C and D), a mutant in which four Ser residues in the CRS
are changed to Glu (B1E) (E and F), or a mutant in which these
residues are changed to Ala (B1A) (G and H). Cells were fixed and
analyzed by secondary immunofluorescence with antibodies against
the Myc epitope tag.
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active transport. Digitonin-permeabilized cells were incubated
for 30 min with purified human cyclin B1 tagged with an
N-terminal Myc epitope. Cells were then fixed and analyzed by
secondary immunofluorescence with antibodies against the
Myc epitope.

In preliminary studies, we found that purified cyclin B1 or
purified cyclin B1–Cdc2 complexes rapidly accumulated in the
nuclei of permeabilized cells incubated with ATP and crude
interphase cytosol (data not shown). Mitotic cytosol did not
increase the amount of cyclin B1 in the nucleus. We therefore
suspected that the addition of cyclin B1 or cyclin B1–Cdc2 was
generating high levels of Cdc2 activity in interphase cytosol,
resulting in a mitosis-like state that triggered nuclear accumu-
lation of cyclin B1. To test this possibility, we analyzed the
nuclear accumulation of complexes of cyclin B1 and Cdc2K2,
a version of Cdc2 whose activity is abolished by mutations in
the ATP binding site. The cyclin B1–Cdc2K2 complex did not
accumulate in the nucleus in the presence of interphase cytosol
(Fig. 1A) but did accumulate in the presence of mitotic cytosol
(Fig. 1B). Addition of an untagged active cyclin B1–Cdc2
complex to interphase cytosol allowed nuclear accumulation of
the tagged cyclin B1–Cdc2K2 complex (data not shown). We
conclude that Cdc2 activity promotes nuclear cyclin B1 accu-
mulation in this system.

We also tested whether the phosphorylation of cyclin B1 was
required for nuclear accumulation in our system. The CRS of
human cyclin B1 contains four Ser residues in positions that
correspond to the Ser residues known to be phosphorylated in
the CRS of Xenopus cyclin B1 (11, 34). We prepared mutant
versions of human cyclin B1 in which these residues were
changed either to Glu (cyclin B1E) or Ala (cyclin B1A). In
addition, we prepared a cyclin B1 mutant lacking the entire
CRS region (amino acids 88–154) (cyclin B1DCRS). Each

form of cyclin B1 was purified from lysates of baculovirus-
infected insect cells and prebound to purified Cdc2K2. The
cyclin B1DCRS–Cdc2K2 complex localized to the nucleus in
the presence of interphase or mitotic cytosol (Fig. 1 C and D),
confirming that the CRS promotes cytoplasmic localization in
vitro as it does in vivo. Similarly, complexes of Cdc2K2 and the
cyclin B1E mutant accumulated in the nucleus in the presence
of interphase cytosol (Fig. 1E). Nuclear accumulation of cyclin
B1A–Cdc2K2 was minimal in the presence of mitotic cytosol
(Fig. 1H). These results are consistent with recent evidence
from Xenopus oocytes that phosphorylation of serine residues
in the CRS promotes nuclear accumulation by inhibiting the
leucine-rich nuclear export signal in this region (17). Thus, the
net nuclear accumulation of cyclin B1 in our system, like that
in vivo, appears to be determined by the interplay of nuclear
import, export, and Cdc2-dependent phosphorylation of the
CRS.

Cyclin B1–Cdc2 Does Not Enter the Nucleus by the NLS
Receptor Pathway. Having established the basic features of our
cyclin import system, we next proceeded to the key question in
our work: What is the mechanism by which cyclin B1–Cdc2
complexes are transported into the nucleus? For these exper-
iments, we analyzed both the wild-type cyclin B1–Cdc2 com-
plex and the cyclin B1E–Cdc2K2 complex, which allowed us to
focus on the import process in the absence of export and the
requirement for CRS phosphorylation.

To investigate whether the nuclear import of cyclin B1 is
mediated by the classical NLS-dependent pathway, we tested
cyclin B1 import in the presence of a peptide carrying an NLS
sequence, which prevents binding of NLS-containing proteins
to their receptor, importin a. We also tested the effects of
adding the IBB domain of importin a, which binds the C

FIG. 2. Nuclear import of cyclin B1–Cdc2 does not occur by the
NLS-dependent pathway. Nuclear import reactions were performed
with interphase cytosol and cyclin B1E–Cdc2K2 (A–C), wild-type
cyclin B1–Cdc2 (D–F), or FITC-labeled NLS-BSA (G–I), in the
absence of inhibitors (A, D, and G) or in the presence of 100 mM NLS
peptide (B, E, and H) or 2 mM IBB domain (C, F, and I). Cells were
analyzed by direct immunofluorescence (G–I) or were fixed and
analyzed by secondary immunofluorescence with antibodies against
the Myc epitope tag (A–F).

FIG. 3. Nuclear import of cyclin B1–Cdc2 is not blocked by a
GTPase-deficient Ran mutant. Nuclear import reactions were per-
formed with interphase cytosol and cyclin B1E–Cdc2K2 (A–C),
wild-type cyclin B1–Cdc2 (D–F), or FITC-NLS-BSA (G–I), in the
absence of inhibitors (A, D, and G) or in the presence of 0.2 mM
guanosine 59-[g-thio]triphosphate (B, E, and H) or 2 mM Ran Q69L
(C, F, and I). Cells were analyzed by direct immunofluorescence (G–I)
or were fixed and analyzed by secondary immunofluorescence with
antibodies against the Myc epitope tag (A–F).
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terminus of importin b and prevents its interaction with
importin a (32, 35). Both inhibitors effectively blocked nuclear
import of fluorescently labeled BSA conjugated to multiple
copies of an NLS peptide (Fig. 2 G–I). However, import of
cyclin B1E–Cdc2K2 or wild-type cyclin B1–Cdc2 was not
inhibited by the NLS peptide or the IBB domain (Fig. 2 A–F),
indicating that cyclin B1 does not enter the nucleus by the
NLSyimportin a-mediated transport pathway.

Cyclin B1 Nuclear Import Is Not Blocked by Ran Q69L or
a Dominant Negative Version of Importin b. Import of most
nuclear cargo is blocked by the addition of Ran Q69L, a version
of Ran that is unable to hydrolyze GTP and is, therefore,
predominantly in the GTP-bound state. This protein is thought
to inhibit import by causing premature dissociation of import
complexes. To test the role of Ran in cyclin B1 import, we
analyzed the import of cyclin B1 by permeabilized cells in the
presence of Ran Q69L. The import of NLS-labeled BSA was
blocked, but there was no effect on the nuclear import of cyclin
B1E–Cdc2K2 or wild-type cyclin B1–Cdc2 (Fig. 3 C, F, and I).
Similarly, import of cyclin B1–Cdc2 was not blocked by
guanosine 59-[g-thio]triphosphate, a nonhydrolyzable analog
of GTP (Fig. 3 B, E, and H). We conclude that the import of
cyclin B1–Cdc2, unlike that of most previously described
nuclear proteins, is not inhibited by RanGTP.

The concentration of Ran Q69L used in these experiments
(2 mM) has been shown to inhibit import of several proteins in
other laboratories (36–38). We also failed to detect inhibition
of cyclin import in the presence of 8 mM Ran Q69L (data not
shown).

We next tested the effects of adding an N-terminally trun-
cated version of importin b [importin b-(71–876)] that lacks
the ability to bind Ran and has been shown to block several
nuclear import and export pathways (25, 26). The dominant
negative importin b, at a concentration of 2 mM, effectively
inhibited import of NLS-BSA, resulting in nuclear rim staining

as observed previously (Fig. 4F). However, dominant negative
importin b did not inhibit import of cyclin B1E–Cdc2K2 or
wild-type cyclin B1–Cdc2 (Fig. 4 B and D). Higher concen-
trations of the inhibitor (8 mM) also failed to block cyclin B1
import (data not shown).

Nuclear Import of Cyclin B1 Is an Energy-Dependent
Process That Requires Importin b. In further studies of the
cyclin B1 import mechanism, we found that import of cyclin
B1E–Cdc2K2 complexes required the presence of crude cy-
tosol and was prevented by depletion of ATP, incubation on
ice, or addition of the lectin wheat germ agglutinin (which
binds to glycosylated residues present on many nucleoporins;
data not shown). We also found that a 16-fold excess of
untagged cyclin B1 (4 mM) completely inhibited the nuclear
accumulation of Myc-epitope-tagged cyclin B1–Cdc2 com-
plexes (data not shown). These results indicate that cyclin B1
import occurs by an active, saturable, and cytosol-dependent
process.

We partially purified the major cytosolic activity responsible
for cyclin B1 import by ion-exchange chromatography on
S-Sepharose, Q-Sepharose, and hydroxyapatite. While addi-
tional purification steps were being developed, Moore et al.
(39) reported that cyclin B1 binds directly to importin b in vitro

FIG. 4. Nuclear import of cyclin B1–Cdc2 is not blocked by
dominant negative importin b. Nuclear import reactions were per-
formed with interphase cytosol and cyclin B1E–Cdc2K2 (A and B),
wild-type cyclin B1–Cdc2 (C and D), or FITC-NLS-BSA (E and F), in
the absence of inhibitor (A, C, and E) or in the presence of 2 mM
importin b-(71–876) (B, D, and F). Because importin b-(71–876) is
Myc-tagged, cyclin B1 in this experiment was detected with monoclo-
nal anti-cyclin B1 antibodies. Endogenous cyclin B1 is not present at
significant levels in the permeabilized cells and cytosol used in these
experiments (data not shown). FIG. 5. Nuclear import of cyclin B1–Cdc2 is reduced by depletion

of importin b. Nuclear import reactions were performed with cyclin
B1DCRS–Cdc2K2 (A–C), wild-type cyclin B1–Cdc2 (D–F), or FITC-
NLS-BSA (G–I) in the presence of mitotic cytosol (A, D, and G),
mitotic cytosol that had been depleted of importin b (B, E, and H), or
depleted cytosol supplemented with 0.5 mM importin b (C, F, and I).
Cells were analyzed by direct immunofluorescence (G–I) or secondary
immunofluorescence with monoclonal anti-cyclin B1 antibodies (A–
F). (J) Western blot of importin b in the undepleted (lane 1) or
depleted cytosol (lane 2). As shown (40, 41), addition of importin b to
depleted cytosol did not restore import of NLS-BSA, presumably
because other components (such as importin a) are also depleted with
importin b.
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and that importin b is able to promote cyclin B1 import by
permeabilized human cells (in a reaction containing Ran; the
requirement for Ran was not tested). We therefore explored
the possibility that the cytosol component required for cyclin
B1–Cdc2 import in our system is importin b. Consistent with
this possibility, we found that importin b comigrated with
cyclin B1 import activity in our partially purified fractions
(data not shown). In addition, immunodepletion of the ma-
jority of importin b from crude cytosol led to a significant
decrease in the nuclear accumulation of cyclin B1DCRS–
Cdc2K2 and cyclin B1–Cdc2 complexes (Fig. 5 B and E).
Cyclin B1 import was restored by adding back purified impor-
tin b protein (Fig. 5 C and F). Although these experiments do
not rule out a contribution by other transporters, they indicate
that importin b is required for much of the cyclin B1–Cdc2
transport we observe under these conditions.

Importin b alone was also able to promote cyclin B1–Cdc2
import by digitonin-permeabilized cells in the absence of
cytosol and other exogenous factors (such as Ran and importin
a; Fig. 6 B and G) and in the presence of Ran Q69L (Fig. 6 C
and H). ATP depletion reduced import by importin b (Fig. 6
D and I). Interestingly, the truncated importin b-(71–876)
protein, which lacks the ability to bind Ran (25, 26), was able
to promote cyclin B1 import to the same extent as wild-type
importin b [Fig. 6 E and J; presumably, importin b-(71–876)
did not enhance cyclin B1 import in our previous experiments
with crude cytosol (Fig. 4) because importin b activity was not

limiting]. These results further support our hypothesis that
cyclin B1 import by importin b is independent of Ran.

DISCUSSION

We conclude that cyclin B1 is transported into the nucleus of
permeabilized human cells by an unusual mechanism that
requires importin b but does not require importin a or Ran.
Immunodepletion of importin b from crude cytosol reduced
the rate of cyclin B1 import, importin b alone was sufficient to
stimulate cyclin B1 import by permeabilized cells, and import
was not affected by the importin a IBB domain, which blocks
the interaction between importins a and b. In addition, Moore
et al. (39) recently found that cyclin B1 interacts directly with
the N-terminal half of importin b, at a site distinct from the
C-terminal region that interacts with importin a. It therefore
appears that the nuclear import of cyclin B1 is mediated by a
direct importin a-independent interaction with importin b.
Thus, in this respect, cyclin B1 import is similar to that of
certain ribosomal and viral proteins that are thought to be
imported by importin b in the absence of importin a (38, 42,
43). However, the cyclin B1 import mechanism is clearly
distinct from these other mechanisms in one important re-
spect: it is not inhibited by GTP-bound Ran. We found that the
GTPase-deficient Ran Q69L mutant did not inhibit the import
of cyclin B1 by permeabilized cells, either in the presence of
crude cytosol or in the presence of importin b alone. We also
found that a version of importin b that cannot bind Ran is able

FIG. 6. Nuclear import of cyclin B1–Cdc2 by importin b is Ran-independent and energy-dependent. Nuclear import reactions were performed
with cyclin B1DCRS–Cdc2K2 (A–E), wild-type cyclin B1–Cdc2 (F–J), or FITC-NLS-BSA (K and L) in the absence (A, F, and K) or presence of
2.7 mM importin b (B–D, G–I, and L) or importin b-(71–876) (E and J). (C and H) Ran Q69L (2 mM) was included in the reaction. (D and I)
Hexokinase (0.4 unityml) and glucose (5 mM) were included to deplete residual ATP. Cells were analyzed by direct immunofluorescence (K and
L) or secondary immunofluorescence with monoclonal anti-cyclin B1 antibodies (A–J).

7942 Cell Biology: Takizawa et al. Proc. Natl. Acad. Sci. USA 96 (1999)



to promote cyclin B1 import as effectively as wild-type impor-
tin b. We therefore believe that cyclin B1 import by importin
b is not only independent of importin a but also independent
of Ran.

Kose et al. (44) recently demonstrated that importin b, when
it is not associated with Ran or importin a, can shuttle through
the nuclear pore by a mechanism that is not blocked by
RanGTP. It seems reasonable to propose that this Ran-
independent translocation of importin b provides the basis of
the cyclin B1 import mechanism. Perhaps the binding of cyclin
B1 to the N-terminal half of importin b allows cyclin B1 to
enter the nucleus by a Ran-independent process.

In most nuclear import pathways, nuclear RanGTP serves to
induce the dissociation of importin–cargo complexes after
their transit through the pore. Our observations suggest that
RanGTP is not able to cause the dissociation of the cyclin
B1–importin b complex, and it appears likely that the disso-
ciation of this complex requires some other component. This
dissociation step may be energy-dependent, explaining our
observation that cyclin B1 import by purified importin b is
reduced in the absence of ATP.

The localization of cyclin B1 during the cell cycle represents
the net effect of opposing import and export processes.
Because the DCRS version of cyclin B1 localizes constitutively
to the nucleus, it appears likely that some basal level of cyclin
B1 import occurs throughout the cell cycle (although it remains
possible that the rate of import increases at the onset of
mitosis). Active export of cyclin B1 during interphase ensures
that imported cyclin B1 is returned to the cytoplasm; decreased
export during prophase may then contribute to the net shift in
cyclin localization from cytoplasm to nucleus. Recent studies
support the hypothesis that phosphorylation of four Ser resi-
dues in the CRS region of Xenopus cyclin B1 inhibits the
nuclear export signal in this region (17). Consistent with this
possibility, we have found that replacement of the equivalent
Ser residues in human cyclin B1 with Ala residues reduces the
nuclear accumulation of cyclin B1 in mitotic cytosol; mutation
of these residues to Glu leads to constitutive nuclear localiza-
tion.

The protein kinases that phosphorylate the CRS of cyclin B1
remain to be identified. One of these kinases may be cyclin
B1–Cdc2 itself. Two of the four Ser residues phosphorylated in
the CRS are located within cyclin-dependent kinase consensus
phosphorylation sequence motifs and are phosphorylated by
cyclin B1–Cdc2 in vitro (45). Other sites in the Xenopus CRS,
however, are not phosphorylated by Cdc2 and may, therefore,
be targeted by another protein kinase. In our system, where the
addition of active Cdc2 triggered cyclin B1 import by inter-
phase cytosol, it appears that other protein kinases acting on
the CRS must either be present in interphase cells or activated
by Cdc2. The existence of multiple CRS kinases would provide
a mechanism by which multiple regulatory pathways can
influence the timing of mitotic entry.
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