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The activation of Cdk5 by p35 plays a pivotal role in a multi-
tude of nervous system activities ranging from neuronal differ-
entiation to degeneration. A fraction of Cdk5 and p35 localizes
in the nucleus where Cdk5-p35 exerts its functions via protein
phosphorylation, and p35 displays a dynamic localization
between the cytoplasm and the nucleus. Here, we examined the
nuclear import properties of p35. In nuclear import assays, p35
was actively transported into the nuclei of digitonin-permeabi-
lized HeLa cells and cortical neurons by cytoplasmic carrier-
mediated mechanisms. Importin-, importin-5, and importin-7
were identified to import p35 into the nuclei via a direct inter-
action with it. An N-terminal region of p35 was defined to inter-
act with the above importins, serving as a nuclear localization
signal. Finally, we show that the nuclear localization of p35 does
not require the association of Cdk5. Furthermore, Cdk5 and
importin-/5/7 are mutually exclusive in binding to p35. These
results suggest that p35 employs pathways distinct from that
used by Cdk5 for transport to the nucleus.

As a distinct member of the cyclin-dependent kinase family,
CdKk5 is not activated by any known cyclin (1, 2). Instead, p35 is
found as a specific activator of Cdk5 in nervous system neurons,
and just recently, p35 has also been detected in muscle cells
(3-5). Despite little apparent sequence homology between p35
and cyclins, p35 assembles into a cyclin A-like structure with
distinct features to specifically bind and activate Cdk5 (6). A
body of evidence has accumulated to indicate the vital role of
Cdk5-p35 in a multitude of neural functions, including
cytoskeletal dynamics, cell adhesion, axonal guidance, cell sig-
naling, and synaptic plasticity (1, 2). Neurotoxins induce the
proteolytic transformation of p35 to an N-terminally truncated
form, p25; the resulting complex Cdk5-p25 becomes neuro-
toxic (7, 8). Furthermore, the aberrant Cdk5 regulation by p25
is implicated in several neurodegenerative diseases, including
Alzheimer disease (1, 2).
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In cultured neurons, both Cdk5 and p35 are detected
throughout the cell soma and neurites (9, 10). In addition, a
number of studies have shown the presence of Cdk5 and p35 in
the nucleus (9-12). Also, some of Cdk5-p35 associating pro-
teins and substrates display nuclear localization and functions
(2). For instance, Cdk5 and p35/p25 colocalize with the tran-
scription factor MEF2 in the nucleus (11). Moreover, Cdk5-
p35/p25 catalyzes the site-specific phosphorylation of MEF2,
inhibiting MEF?2 transcriptional activity (11). Another nuclear
protein, SET, has been found to interact with Cdk5-p35, up-
regulating its kinase activity (10). These observations suggest
the nuclear functions of Cdk5-p35, which are linked to the
phosphorylation of its substrates. Recently, it has been
observed that neuregulin induces the elevation of p35 levels but
not those of Cdk5 in the nuclei of myotubes, implicating a sig-
nal-mediated dynamic nucleocytoplasmic transport of p35
(13). The p35 uptake may regulate Cdk5 functions in the
nucleus.

Protein transport between the cytoplasm and the nucleus
occurs through the nuclear pore complex (NPC),” which allows
the entry of small molecules by diffusion and the selective entry
of large molecules via active transport. Importins are an
expanding family of proteins that mediate active nuclear
import through association with protein cargos (14, 15). Impor-
tin-cargo association is regulated by small GTPase Ran, which
shifts between the GTP- and GDP-bound states (16). In the
cytoplasm where Ran is primarily GDP-bound, importins are
loaded with cargos and the complexes transit to the nucleus
where Ran-GTP is accumulated. The binding of Ran-GTP to
the importins triggers cargo release in the nucleus. Both
importins and Ran recycle for efficient nuclear transport. In the
classical import mechanism, importin-a (Impa) binds to the
nuclear localization signal (NLS) within the import cargos.
Such binding couples the cargos to the transport carrier impor-
tin-B (Impp), which moves the Impa-cargo complexes into the
nucleus (14, 15). In addition, a number of proteins interact
directly with Impp or other carrier importins, such as impor-
tin-5 (Imp5) and importin-7 (Imp7), for Impa-independent
transport (14, 15). Interestingly, various import properties have
been observed for different cyclin family members. For exam-
ple, cyclin E employs the Impa/Impf3 heterodimer pathway,
while cyclin B is imported by ImpB without the involvement of

2 The abbreviations used are: NPC, nuclear pore complex; aa, amino acid(s);
Imp, importin; GFP, green fluorescent protein; GST, glutathione-S-transfer-
ase; NLS, nuclear localization sequence.
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Impa (17, 18). The different import pathways imply separate
control mechanisms for each CDK/cyclin at the nucleocyto-
plasmic transport level.

In the present report, we investigated the nuclear import
mechanisms of p35. In nuclear import assays using digitonin-
permeabilized HeLa cells and cortical neurons, we found that
p35 import requires soluble import factors and is in an energy-
dependent and Ran-GTP/GDP-mediated manner. Subse-
quently, Impf3, Imp5, and Imp7 were isolated from rat brain to
interact with p35. We show that the above importins can trans-
port p35 into the nucleus via direct association with a basic
region at the N terminus of p35. We also probed the role of
Cdk5 in p35 nuclear import and show that p35 does not depend
on the Cdk5 association for nuclear localization. In addition,
Cdk5 does not form a ternary complex with p35 and Impp,
Imp5, or Imp7. Therefore, p35 and Cdk5 may undertake sepa-
rate pathways for nuclear import.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Mutants and fragments of p35 were
generated from a bovine p35 cDNA using PCR-based methods
and were then cloned into pCI-neo, pEGFP-N3, pFlag-CMV2,
and pGEX4T-1. We modified pCIl-neo to express cloned genes
with a double myc-tag at the C terminus. The p35 fragment aa
31-98 and its K61-63A mutant were also double tagged with
GFP and GST by ligating a GST sequence amplified from pGEX
in-frame to the C terminus of the p35 sequence in pEGFP-C3.
Ran-GAP1 and Ran-BP1 were cloned by PCR from the cDNA
preparations of a human cell line and were inserted into the
vector pET14. ImpB/pET30a (obtained from Dr. Stephen A.
Adam, Northwestern University Medical School) (19) was used
to construct ImpB/pFlag-CMV2. We generated ImpB-(1-281)
and Impp-(1-483) by subcloning Impf restriction fragments
into pET30Xa/LIC. Imp5 was cloned from Imp5/pGEX4T
(obtained from Dr. Giinter Blobel, The Rockefeller University)
(20) into pET30. Human CRMI1 was subcloned from
CRM1/pcDNA3.1 (obtained from Dr. Edward Seto, University
of South Florida) (21) into pET14b.

Recombinant Protein Preparation—Protein expression was
induced in Escherichia coli BL21(DE3) with 0.2 mwm isopropyl
B-p-thiogalactopyranoside at 18 °C for 16 h. Recombinant pro-
teins were purified using GSH-Sepharose (GE Healthcare) for
GST fusion proteins and Ni*>" -nitrilotriacetic acid beads (Qia-
gen) for His,-tagged (His,) proteins (22). After purification,
proteins were dialyzed in a buffer solution of 50 mm Tris-HCl,
pH 7.5, 1 mm dithiothreitol, 110 mM potassium acetate, 5 mm
magnesium acetate, 0.5 mm EGTA, 10% glycerol, 1 mMm phenyl-
methylsulfonyl fluoride, and 10 mm benzamidine. Imp7 and
NTF2 were prepared from Xenopus Imp7/pQE9 (obtained
from Dr. Dirk Gorlich, Zentrum fiir Molekulare Biologie der
Universitit Heidelberg, Germany) and NTF2/pET23b
(obtained from Dr. Larry Gerace, The Scripps Research Insti-
tute), respectively, following published protocols (23-25).

Isolation of p35-binding Proteins and Protein Binding Assays—
Proteins interacting with p35 were isolated from rat brain using
GST-p35 fragments as reported previously (10, 22). The bind-
ing of p35 to importins was tested by incubating GST-p35 pro-
teins with His.-tagged importins at 4 °C for 1 h in 0.5 ml of the
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binding buffer (10 mm Tris-HCI, pH7.4, 100 mm NaCl, 1 mm
EDTA, 1 mm EGTA, 1 mm dithiothreitol, and 0.2% Triton
X-100) plus 0.5 mg/ml bovine serum albumin. After the GST
pull down, the bound proteins were analyzed on immunob-
lots. The antibodies used were anti-ImpB (mAb3E9, Affinity
BioReagents), anti-Imp5 (obtained from Dr. Gunter Blobel),
anti-Imp7 (Santa Cruz Biotechnology), and anti-His, (H-15,
Santa Cruz Biotechnology).

Nuclear Import Assays—HeLa cells were grown on cover-
slips in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (Invitrogen). Cultures of pri-
mary cortical neurons were prepared from cortices of mouse
embryos as detailed in a previous report (10). Nuclear import
assays were performed as described (24, 26). Briefly, cells
were permeabilized with 60 ug/ml of digitonin (Sigma) in
the import buffer (20 mm Hepes-KOH, pH 7.5, 110 mm
potassium acetate, 2 mM magnesium acetate, 250 mMm
sucrose, and 0.5 mM EGTA). Import assays were conducted
at 30 °C for 30 min in the import buffer containing import
substrates (3 uM), an energy-regenerating system (1 mm
ATP, 0.5 mm GTP, 10 mm creatine phosphate, and 50 pg/ml
creatine kinase), and 30% rabbit reticulocyte lysate (Pro-
mega). Alternatively, a mixture of 3 um Ran-GDP, 0.3 um
Ran-GAPI, 0.3 um Ran-BP1, 0.3 um NTF2, and 2 um of
ImpB, Imp5, or Imp7 was used instead of rabbit reticulocyte
lysate. Where indicated, nuclear import was also tested
under the following conditions: 50 units/ml apyrase (Sigma)
was applied instead of the energy-regenerating system, the
nuclei were preincubated with 0.1 mg/ml wheat germ agglu-
tinin (Sigma) in the import buffer for 15 min at room tem-
perature, and 3 um Ran-Q69L-GTP or Ran-GDP was present
in the reactions. Following the reactions, the cells were
washed with the cold import buffer and were fixed for immu-
nofluorescence staining. The anti-GST antibody was from
Sigma. Secondary antibodies were Alexa Fluor 488- or Alexa
Fluor 594-conjugated goat antibodies (Invitrogen). Nuclear
DNA was labeled by 1 um Hoechst 33258 (Sigma). Images
were acquired on an epifluorescence microscope (Nikon
model TE2000).

Transfection and Immunoprecipitation—Transient transfec-
tion of COS-7 and HEK293T was carried out using Lipo-
fectamine Plus Reagent (Invitrogen). Cell lysates were prepared
in 50 mm Hepes-NaOH, pH 7.4, 150 mMm NaCl, 1 mum dithiothre-
itol, 1 mm EDTA, 1 mm EGTA, 0.2% Triton X-100, and the
protease inhibitor mixture (Roche Applied Science ). Anti-
FLAG immunoprecipitation was performed using anti-FLAG
M2-agarose (Sigma). The immunoprecipitates were analyzed
onimmunoblots with antibodies where indicated. The antibod-
ies recognizing GFP, Cdk5 (anti-Cdk5 DC17), and p35 (anti-
p35 C-19) were from Santa Cruz Biotechnology.

Confocal Laser Scanning Microscopy—The nucleocytoplas-
mic localization of GFP in fusion with p35 or p35 mutants was
examined under a confocal microscope (Olympus Fluoview
BX61). To determine the ratio of nuclear/cytoplasmic p35 flu-
orescence (F, ), the quantification of fluorescence intensity in
the nucleus (F,), the cytoplasm (F,), and un-transfected back-
ground areas (F,) was performed using the MetaMorph soft-
ware (Universal Imaging). In each cell, at least three different
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FIGURE 1. p35 is actively imported into the nucleus via the NPC. A, import
assays were performed on digitonin-permeabilized Hela cells at 30 °C with 3
um GST-p35, rabbit reticulocyte lysate (Retic) and an energy-regenerating
system. The import was also assayed under the following conditions: rabbit
reticulocyte lysate was replaced with the import buffer (Buffer), the import
reaction was conducted at 4 °C, apyrase was applied instead of the energy-
regenerating system, and wheat germ agglutinin (WGA) was added to the
import reaction. B, Ran-Q69L-GTP interferes with p35 nuclear import. The
nuclear import of GST-p35 was tested on digitonin-treated cortical neurons
with rabbit reticulocyte lysate and an energy-regenerating system in the
presence of either Ran-GDP or Ran-Q69L-GTP (3 um). The cells were stained
for GST-p35 (anti-GST). DNA was labeled with Hoechst 33258.

fields in the nucleus and in the cytoplasm excluding areas of
protein aggregates were measured to obtain average nuclear
and cytoplasmic pixel intensities, respectively. F, , was derived
from the formula F,,, = (F, — F,)/(F. — F,) (27). Statistical
analysis was performed using Student’s ¢ test (unpaired,

two-tailed).

RESULTS

p35 Is Actively Imported into the Nucleus—We examined p35
nuclear import properties in nuclear import assays. When the
assays were conducted at 30 °C on digitonin-permeabilized
HeLa cells with rabbit reticulocyte lysate and an energy regen-
erating system, GST-p35 was avidly transported into the nuclei
(Fig. 1A). Moreover, the p35 import failed to occur under the
following conditions (Fig. 1A4). First, rabbit reticulocyte lysate,
which was the source of cytosolic import factors, was omitted in
the assay. Second, the assay was conducted at 4 °C, which inhib-
its active protein import but not passive diffusion. Third,
apyrase was used instead of the energy system. Fourth, wheat
germ agglutinin was used to block the NPC (28). These results
demonstrate that p35 is actively imported into the nucleus by
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cytosolic factors via the NPC. The same import results were
obtained using the protein p35-His, (data not shown), indicat-
ing that the tag moiety of the recombinant proteins did not
affect p35 import behavior. As p35 is a neuronal protein, we also
conducted the import assays on digitonin-permeabilized corti-
cal neurons. The results were in complete agreement with those
of HeLa cells (supplemental Fig. S1), suggesting that both cell
types are suitable for p35 nuclear import assays.

Ran-GTP mediates nuclear import by dissociating cargos
from carrier importins (14, 15). The Ran-GTP effect on p35
import was probed by using the GTPase-deficient mutant Ran-
Q69L. p35 import assays were performed with rabbit reticulo-
cyte lysate as the source of all import protein factors. In contrast
to the nuclear uptake of p35 in the assay with Ran-GDP, p35
import was inhibited in the presence of Ran-Q69L-GTP (Fig.
1B), revealing that p35 nuclear import is mediated by the Ran-
GTP/GDP system. Therefore, we conclude that p35 is imported
into the nucleus by import factors in a Ran-mediated manner.

p35 Binds to Impf, Imp5, and Imp7—To seek for nuclear
import receptors of p35, we carried out a biochemical isola-
tion of p35-interacting proteins from rat brain. As described
previously, two recombinant proteins, GST-p16 comprising
aa 1-149 and GST-p25 comprising aa 99-307 of p35, were
used in the isolation (10, 22). Tandem mass spectrometric
data revealed the specific pull down of Impf, Imp5, and
Imp7 by GST-p16 (data not shown). To confirm the isolation
results, we probed the pull downs on immunoblots. As seen
in Fig. 2A, Impf, Imp5, and Imp7 coprecipitated with GST-
pl6 but not with GST or GST-p25, indicating the specific
association of the above importins with the N-terminal frag-
ment of p35.

Next, we conducted biochemical binding assays using puri-
fied recombinant proteins. As detected on the immunoblots,
Impp, Imp5, and Imp7 were pulled down by GST-p35 but not
by GST (Fig. 2B), showing direct interaction between p35 and
the importins. We also examined the effect of the Ran-GTPase
on p35 interaction with Imp3/5/7. Impf, Imp5, and Imp7 failed
to coprecipitate with p35 in the presence of GTP-loaded Ran-
Q69L, in contrast to the coprecipitation of the importins with
p35 when Ran-GDP was used (Fig. 2C). Therefore, GTP-bound
Ran abrogates p35 association with ImpB/5/7. In a previous
report, Imp and Imp7 have been found to cooperate in bind-
ing to histone H1 for histone H1 import (29). In our assays, we
did not observe any cooperative effect between Imp3 and either
Imp7 or Imp5 in the p35 association (data not shown).

Impp contains a protein cargo binding site at the N-terminal
half (aa 1-462) (17, 24). We tested p35 binding to two N-ter-
minal fragments of Imp3, aa 1-281 and aa 1-483. The binding
assays were performed with the p35 fragment p10, which con-
tains the ImpB-binding domain (see Fig. 7A). Like the full-
length ImppB, ImpB-(1-483) exhibited a strong p10 binding
activity (Fig. 3). In contrast, ImpB3-(1-281) did not bind to p10
in the assay (Fig. 3). These results show that like other cargo
proteins such as cyclin B1 and rpL23a, p35 binds to an N-ter-
minal region of Imp3, which overlaps with the Ran-GTP-bind-
ing region (17, 24, 30).

ImpB/5/7 Can Import p35 into the Nucleus in Vitro—The
import activities of ImpB3/5/7 toward p35 were tested on HeLa

VOLUME 281+NUMBER 51+-DECEMBER 22, 2006



© e
A = 4
b b o
O O O
R— Impp
b Imp5
B @ 3 3
2 Q- N
b o w b o
O O o O o O
-| | — R
Impp Imp5 Imp7
{
C . &S
v
&g &
e < Hisg-Impp

D @ | < GST-p35-His,
—_— 4 Hisg-Imp5

|— < GST-p35-His,

< Hisg,-Imp7

-

—

(D @I | < GST-p3s-His,

FIGURE 2. p35 binds to Impf, Imp5, and Imp7. A, pull down of Imp, Imp5
and Imp7 from a rat brain lysate. 20 ug of GST, GST-p16, or GST-p25, pre-
coupled to GSH-beads was incubated with 1 mg of brain lysate protein at 4 °C
for 1 h. Proteins associated with the beads were analyzed on immunoblots for
Impp, Imp5, and Imp?7. B, protein binding assays using recombinant proteins.
3 g of GST or GST-p35, precoupled to GSH beads, was subjected to binding
with 6 ug of Hisg-Impp, Hisg-Imp5, or Hisg-Imp7. The bound proteins were
detected by anti-Hisg immunoblotting. C, Ran-Q69L-GTP ablates the interac-
tion between p35 and Impp/5/7. GST-p35-Hisg (5 wg) was incubated with
Hisg-ImpB, Hisg-Imp5, or Hisg-Imp7 (5 ng) in the presence of either Ran-GDP
or Ran-Q69L-GTP (5 um). After the pull down of GST-p35-His,, the bound
proteins were analyzed by anti-His, immunoblotting.

nuclei with import factors supplied from purified recombinant
proteins. When the assay was performed with Impf3, strong and
exclusive nuclear staining of p35 was observed, whereas the p35
import completely failed in the absence of any importin (Fig. 4).
The nuclear uptake of p35 was also detected in the assays of
Imp5 or Imp7 (Fig. 4). Likewise, when the Impp-triggered
import was tested on digitonin-permeabilized cortical neurons,
p35 was readily imported into the nuclei (supplemental Fig. S2).
Therefore, each of Impf, Imp5, and Imp7 can stimulate the
nuclear import of p35.

p35 and CdkS Are Imported by Separate Pathways—Given
that p35 is a primary regulator of Cdk5, we explored the poten-
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FIGURE 3. p35 binds to an N-terminal region of ImpB. GST pull downs were
performed using 5 ug of GST-p10 and 10 ug of Hisg-ImpB or the Impp3 frag-
ments. The bound fractions and the input Imp proteins (10%) were analyzed
on anti-Hisg immunoblots. GST-p10 retrieved by the beads was visualized by
staining the membrane with Ponseau S.

FIGURE 4. Nuclear import of p35 by Imp3, Imp5, and Imp7. Nuclearimport
assays performed on digitonin-treated Hela cells. The assay mixtures con-
tained GST-p35, an energy-regenerating system, and purified recombinant
import factors. The importins were omitted in the control (Buffer). The nuclear
uptake of GST-p35 was visualized by anti-GST immunofluorescence.
tial effects of Cdk5 on p35 association with Impf, Imp5, and
Imp7. In a binding test, Cdk5 did not exhibit any significant
binding activity to Imp/5/7 (Fig. 5A). Interestingly, after pre-
incubation of GST-p35 with excess Cdk5, GST-p35 failed to
pull down ImpB/5/7 (Fig. 5A), revealing that Cdk5 blocked p35
binding to the importins. In this and the experiments below, the
amount of the GST proteins retrieved by GSH beads remained
unchanged under various conditions (data not shown). To
assess the effect of Impf3/5/7 on the interaction between p35
and Cdk5, p35 was incubated with an increasing amount of
Impp, Imp5, or Imp7 and was then subjected to a Cdk5 binding
test. As shown in Fig. 5B, the binding of p35 with Cdk5 was
inhibited by the importins in a dose-dependent manner. Col-
lectively, these results indicate that Cdk5 and ImpfB/5/7 are
mutually exclusive in binding to p35.

To determine whether Cdk5 association is required for
p35 nuclear localization, we generated two p35 mutants,
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FIGURE 5. Cdk5 and Imp3/5/7 are mutually exclusive in binding to p35.
A, Cdk5 blocks p35 association with Imp, Imp5, and Imp7. 5 ng of GST-
p35, GST-Cdk5, or the complex of GST-p35 and His-Cdk5, precoupled to
GSH-beads, was tested for binding to Hisg-Impp, Hisg-Imp5, or Hisg-Imp7
(5 ng). Proteins bound to the beads were subjected to anti-Hisg immuno-
blotting. B, ImpB, Imp5, or Imp7 blocks p35 binding to Cdk5. p35-Hisg (5
ng) was preincubated with various amounts of Hisg-Imp, Hisg-Imp5, or
Hisg-Imp7. GST-Cdk5 (5 ng) was then added for further incubation. After
the incubation, GST-CdkS5 was retrieved using GSH beads to detect bound
p35-Hisg by anti-Hisg immunoblotting.

p35(L151,152N) and p35(D288A,L289A), which are devoid
of the Cdk5 binding activity (31). Indeed, these p35 mutants
were not able to coimmunoprecipitate Cdk5 from the trans-
fected cells in contrast to the wild type (Fig. 6A4). To examine
the subcellular localization, p35 and the non-Cdk5-binding
mutants were ectopically expressed with GFP. The expres-
sion of GFP in fusion with the p35 proteins was verified on an
immunoblot of the cell lysates (Fig. 6B). GFP fluorescence
showed that these mutations did not alter the nucleocyto-
plasmic distribution of p35 (Fig. 6B). Thus, p35 does not
require Cdk5 association for its nuclear localization.

An N-terminal Region of p35 Can Serve as an NLS—As shown
above, Imp, Imp5, and Imp7 were isolated from the brain
extract with aa 1-149 of p35 but not with p25. We further
mapped the ImpB/5/7-binding site at the N terminus of p35. In
binding assays, Impf3, Imp5, and Imp7 bound to aa 1-99 and aa
31-98 but not to the further truncated fragments aa 1-52 and
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FIGURE 6. CdKk5 is dispensable in p35 nuclear localization. A, p35(L151,152N)
and p35(D288A,L289A) are deficient of the Cdk5 binding activity. Anti-FLAG
immunoprecipitation was performed with HEK293T lysates transiently
expressing FLAG-tagged p35 proteins or the vector. Protein expressions and
anti-FLAG immunoprecipitates were analyzed by anti-Cdk5 and anti-FLAG
immunoblots. B, fluorescence of p35-GFP and p35 mutants in COS-7 cells.
Protein expressions are shown by an anti-GFP immunoblot of the cell lysates.
p35WT, wild type p35; L151,152N, p35(L151,152N), and D288A,L289A,
p35(D288A,L289A).

aa 31-90 (Fig. 7A). Thus, aa 31-98 is responsible for the binding
of the above importins. In addition, we found that p10 did not
bind to the nuclear export receptor CRM1 in a binding assay
(Fig. 7B). As a control, CRM1 was readily detected in the pull
down of cyclin D1 (Fig. 7B), a known cargo protein of CRM1
(32). This result provides additional support to the specificity of
the interaction between the N terminus of p35 and the
importins.

The sequence of aa 31-98 is rich in basic amino acids,
reminiscent of the BIB domain (3-like import receptor bind-
ing domain) of the ribosomal protein rpL23a (24). Particu-
larly, five Lys residues were found in a short stretch, aa
61-67 (Fig. 7C). To determine whether these Lys residues
are required for the importin associations, we substituted
Ala for the three consecutive lysines ®' KKK®?, generating the
K61-63A mutant of p35. This mutation did not affect p35
association with Cdk5 (Fig. 7D). However, it abrogated the
Impp binding activity (Fig. 7E), demonstrating the require-
ment of these basic residues in the Impp association. In addi-
tion, the K61-63A mutation reduced the Imp5 binding
activity but did not significantly affect the Imp7 binding
activity of p35 (data not shown). We went on to assess the
import activity of the K61-63A mutant in nuclear import
assays. When the assays were performed with rabbit reticu-
locyte lysate, the mutant was detected at only minimal levels
in the nuclei compared with the avid nuclear uptake of par-
ent p35 (Fig. 7F). Moreover, in the assay using recombinant
Impp the mutant failed to be imported into the nuclei (sup-
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ratios between the nucleus and the
cytoplasm were determined. As
shown in Fig. 8C, the mutation
reduced the ratio of nuclear/cyto-
plasmic p35 fluorescence by 20%,
indicating the involvement of this
region in the nuclear localization of
p35.

DISCUSSION

In association with p35, Cdk5

IP: anti-GFP exerts its functions via the phospho-
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rylation of its substrates in various
subcellular compartments includ-
ing the nucleus. As p35is primarily a
neuronal protein, we established a
procedure to test p35 nuclear
import using digitonin-permeabi-

lized cortical neurons, in addition to

- the widely used assay based on HeLa

<& Hisg-Impp

——

< GST-p35

nuclei. From the assays of both cell
types, we conclude that p35 import
is well controlled and is mediated by
cytoplasmic carriers. In addition,
p35 import is sensitive to Ran-GTP.
Thus, like other cytoplasmic carrier-
dependent imports, p35 nuclear
import is guided by the asymmetric
distribution of Ran-GDP/Ran-GTP

p35(K61-63A)

FIGURE 7.Mapping the Imp3/5/7-binding site of p35. A, Impf/5/7 interacts with an N-terminal fragment
of p35.5 ug of GST-tagged p35 fragments was subjected to a binding test with 10 ug of Hiss-tagged Impg,
Imp5, or Imp7. After retrieval of the GST proteins, proteins retained on the beads were examined by
anti-Hisgimmunoblotting. B, p10 does not bind to the transport receptor CRM1. 1 ug of GST, GST-cyclinD1,
GST-p10 was tested in a binding assay with 1 ng of His,i-CRM1 in the presence of 1 ug GTP-charged
Hiss-Ran-Q69L. After retrieval of the GST proteins, proteins retained on the beads were analyzed for CRM1
(anti-Hisg immunoblotting) and the membrane was stained with Ponseau S to visualize the retrieved GST
proteins. C, the sequence of aa 31-98 is shown with °'KKK®® underlined. D, mutation of 'KKK®? to Ala does
not alter the Cdk5 binding activity of p35. COS-7 cells were transfected with a GFP construct of p35 wild
type (p35WT) or p35(K61-63A) or with the vector. Anti-GFP immunoprecipitates were probed for p35 and
Cdk5. Cdk5 expression is shown by an anti-Cdk5 immunoblot of the cell lysates. E, the K61-63A mutation
abolishes p35-Imppinteraction. The binding assay was performed with 1 g of the GST proteins and 6 ug
of Hisg-ImpB. GST pull downs were analyzed on anti-Hisg and anti-p35 immunoblots. F, the K61-63A
mutation impairs the nuclear import activity of p35. Import assays were performed on HelLa nuclei with
rabbit reticulocyte lysate and an energy system. The import of GST-p35 or GST-p35(K61-63A) was

in the cytoplasm and the nucleus.
An N-terminal region of p35, aa
31-98, can be recognized by Impf3/
5/7, acting as an NLS. This p35
region is rich in basic residues,
which is a common feature of the
Impp/5/7-binding site in their sub-
strates (24, 34). Further truncation
of aa 31-98 abrogated the importin
binding activities, suggesting that

detected by anti-GST immunofluorescence.

plemental Fig. S3). Thus, the mutation interferes with the
import activity of p35.

To demonstrate the NLS function of aa 31-98, we transiently
expressed this fragment or its K61-63A mutant in fusion with
both GFP and GST, a double tag that does not traffic between
the cytoplasm and the nucleus (33). In fusion with aa 31-98,
GFP-GST exhibited exclusive nuclear localization, whereas the
K61-63A counterpart was found primarily in the cytoplasm
(Fig. 8A). Therefore, aa 31-98 is a functional NLS and the func-
tion requires lysines at positions 61— 63. Next, we assessed the
effect of the K61-63A mutation on the nucleocytoplasmic dis-
tribution of p35. Wild type and mutant p35 were transiently
expressed to examine their subcellular localizations (Fig. 8B).
The K61-63A mutant did not exhibit a dramatic difference
from the wild type in their nucleocytoplasmic localizations (Fig.
8B). To define the distributions precisely, p35 fluorescence
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the efficient recruitment of p35 to

ImppB/5/7 requires a folded large

structure instead of a short motif.
The binding of p35 to Imp/5/7 can be blocked by Ran-GTP,
consistent with the Ran-GDP/GTP control of the p35 import.
Also, p10 does not interact with CRM1, a nuclear export recep-
tor that recognizes leucine-rich motifs (14, 15). Therefore, the
N terminus of p35 serves as a specific binding site of the import-
ins in p35 nuclear import.

The association of p35 with Imp/5/7 suggests that multiple
import receptors may account for p35 nuclear import. More-
over, the alteration of the three consecutive lysines (*'KKK®?)
to Ala interfered with the NLS function of aa 31-98 and
reduced the nuclear distribution of p35 to a certain extent, indi-
cating that aa 31-98 is a functional NLS. In addition, the
appearance of p35(K61-63A) in the nucleus points to the exist-
ence of alternative mechanisms for p35 nuclear import. This
idea is supported by the observation that p25, which lacks the
N-terminal 98 aa, localizes in the nuclei at high levels (8, 11).
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FIGURE 8. The N-terminal region of p35 can function as an NLS. A, the
GFP-GST fusion protein of the fragment aa 31-98, but not the K61-63A
mutant, localizes to the nucleus. COS-7 cells transiently expressing GFP-GST
in fusion with aa 31-98 (WT) or aa 31-98 (K61-63A) were subjected to epif-
luorescence microscopy. DNA was stained by Hoechst 33258. B and C, COS-7
cells transiently transfected with a GFP fusion construct of the wild type (WT)
or the K61-63A mutant of full-length p35 were analyzed by confocal scan-
ning microscopy. Protein expressions were verified by anti-GFP immunoblot-
ting (B). Representative images are shown in B. Fluorescence ratios between
the nucleus and the cytoplasm (F,, ) were determined (C) from 50 cells each of
p35WT and p35(K61-63A). F, ., p35WT = 1.16 = 0.19; p35(K61-63A) =
0.92 = 0.10. The results are statistically significant (p < 0.0002, Student'’s t
test).

Obviously, it undergoes nuclear import by mechanisms distinct
from those conferred by aa 31-98. The existence of multiple
import pathways may ensure the efficient delivery of p35 to the
nucleus for its actions. It also remains possible that some of the
mechanisms are engaged as the major import pathways for p35
under certain import-triggering conditions.

In addition to being nuclear transport receptors, Impp,
Imp5, and Imp7 function as molecular chaperones for basic
proteins, preventing the aggregation of exposed basic regions
with cytoplasmic polyanions (35). p35 is a sticky basic protein,
and the N terminus is rich in basic residues (isoelectric point of
pl0: ~10.6). We have observed that p35 forms cytoplasmic
aggregates when highly expressed in mammalian cell cultures.”
Therefore, we reason that the association of Imp3/5/7 protects

3 X.Fu, Y.-K. Choi, and R. Z. Qi, unpublished data.
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basic patches exposed on the surface of p35 from undesired
interactions and keeps the protein soluble in the cytoplasm.
From our studies and those of others, it has been shown
that a proportion of p35 locates in the nucleus (Fig. 8, B and
C, and Refs. 9-11). The following may contribute to the tight
control of p35 nuclear localization. First, p35 associates with
the plasma membrane and a number of cytoplasmic proteins
and structures (1, 2), restraining it from transport to the
nucleus. For instance, p35 localizes to the Golgi apparatus
and the microtubule and actin cytoskeletons (1, 36). More-
over, p35 contains a myristoylation signal which targets the
protein to the plasma membrane (8). Indeed, the disruption
of the myristoylation signal enriches p35 in the nuclei (8).
Therefore, there appears to be a tight control of p35 associ-
ation with nuclear import receptors and the subsequent
nuclear import. However, the precise control mechanism
remains to be determined. Second, p35 nucleocytoplasmic
distribution could be the equilibrium of the nuclear import
and export. We have probed whether p35 is exported from
the nucleus by the classical CRM1-dependent mechanism
using leptomycin B, an inhibitor of CRM1 (37). However, the
leptomycin B treatment did not alter the nucleocytoplasmic
distribution of p35 (our unpublished data). Therefore, the
p35 nuclear export is insensitive to CRM1 inhibition. Given
that several nuclear export receptors have been identified
recently (14, 38), it remains likely that p35 undertakes path-
ways other than CRM1 for nuclear export. Therefore, the
nucleocytoplasmic distribution of p35 may represent the net
effect of controlled p35 nuclear import and export.
Asp35isanactivator of Cdk5, we asked whether p35 is trans-
ported in complexes with Cdk5 to the nucleus. We have shown
that Cdk5 association is dispensable for p35 localization to the
nucleus and that the p35 complexes of ImpB/5/7 do not contain
Cdk5. The kinase activity of Cdk5 is highly stimulated by the
association with p35 (39). When activated, Cdk5 catalyzes p35
phosphorylation, labeling p35 for degradation via the protea-
some pathway (40). A conceivable benefit of separate import
pathways for p35 and CdKk5 is to avoid Cdk5 activation and thus
p35 phosphorylation and degradation during the transport.
The independent regulation of Cdk5 and p35 nuclear imports is
supported by a recent observation showing that the neuregulin
treatment enhances the nuclear levels of p35 but not those of
Cdk5 (13). The dynamic transport of p35 into the nucleus in
response to the stimulation suggests that its regulated import
may set a control mechanism of Cdk5 activity in the nucleus.
The present study identifies mechanisms governing p35
nuclear import, which has a critical impact on Cdk5 functions
in the nucleus. Cdk5 has been implicated in a variety of neuro-
nal activities, including learning and memory-related synaptic
plasticity (1). In addition, Cdk5-p35 is up-regulated in regener-
ating axons and the Cdk5 kinase activity is required for axonal
regeneration after nerve crush (41). Interestingly, it has been
found that Impa and Imp3 mediate the retrograde transport of
signaling molecules from distal neuronal processes to the cell
body in synaptic plasticity and during axonal regeneration (42,
43). Therefore, our findings raise the intriguing possibility that
p35 is transported by ImpB/5/7 from neuronal processes to the
nucleus to mediate many of the neuronal activities, such as
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synaptic plasticity and nerve regeneration. Future studies will
be of great interest to elucidate specific functions of Cdk5 and
p35 in these neuronal events.
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