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Emerging evidence supports the idea that a signaling pathway containing orthologs of at least mammalian
NudE and Nudel, Lis1, and cytoplasmic dynein is conserved for eukaryotic nuclear migration. In mammals,
this pathway has profound impact on neuronal migration during development of the central nervous system.
Lis1 and dynein are also involved in other cellular functions, such as mitosis. Here we show that Nudel also
participates in a subset of dynein function in M phase. Nudel was specifically phosphorylated in M phase in
its serine/threonine phosphorylation motifs, probably by Cdc2 and also Erkl and -2. A fraction of Nudel bound
to centrosomes strongly in interphase and localized to mitotic spindles in early M phase. By using mutants
incapable of or simulating phosphorylation, we confirmed that phosphorylation of Nudel regulated the cell-
cycle-dependent distribution, possibly by increasing its dissociation rate at the microtubule-organizing center.
Moreover, phosphorylated Nudel or the phosphorylation-mimicking mutant bound Lis1 more efficiently. We
further demonstrated that a Nudel mutant incapable of binding to Lis1 impaired the poleward movement of
dynein and hence the dynein-mediated transport of kinetochore proteins to spindle poles along microtubules,
a process contributing to inactivation of the spindle checkpoint in mitosis. These results point to the impor-
tance of Nudel-Lis1 interaction for the dynein activity in M phase and to a possible role of Nudel phosphor-
ylation as facilitating such interaction. In addition, comparative studies suggest that NudE is also functionally

related to its paralog, Nudel.

In Aspergillus nidulans, nuclear distribution genes (Nuds) are
those important for even distribution of nuclei along hypha.
Among them, NudA, NudG, and Nudl encode the heavy, light,
and intermediate chains, respectively, of the cytoplasmic dy-
nein complex (2, 34, 35), which is a microtubule minus-end-
directed motor essential for microtubule-based cell motility
(15). NudF interacts with NudA genetically and is essential for
the function of dynein (33). NudE is identified as a multicopy
suppressor of NudF and may therefore code for an effector of
NudF protein (6).

The Nud pathway is also conserved in mammals. Mamma-
lian cytoplasmic dynein is a large protein complex composed of
two heavy chains (DHC) of ~550 kDa, three to four 74-kDa
intermediate chains (DIC), four light-intermediate chains of
55 kDa, and light chains of 8 to 22 kDa (5, 11, 16). As a motor,
it is involved in multiple cellular activities, such as organelle
organization and intracellular transport (5, 11, 16). It is also
critical for centrosome and spindle assembly by recruiting pro-
teins like pericentrin, y-tubulin, and NuMA (5, 17, 36). Re-
cently, dynein was found to contribute to inactivation of the
spindle checkpoint, a mechanism that guarantees equal sepa-
ration of chromatids into daughter cells, by transporting spin-
dle checkpoint proteins from kinetochores to the spindle poles
along spindle microtubules (13, 14).

The mammalian homologue of NudF is Lisl. Its haploinsuf-
ficiency causes type I lissencephaly, a brain disease character-
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istic of smooth brain due to deficient neuronal cell migration
during development of the central nervous system (CNS) (12,
23, 24). Lisl interacts with DHC and DIC (25, 28, 31). It
positively regulates the retrograde movement of dynein, mi-
totic spindle orientation, and mitotic progression through in-
teraction with dynein (8, 28, 31).

There are two highly related NudE homologues in mam-
mals, NudE and NudE-like (Nudel). Both proteins directly
interact with Lisl and dynein (9, 20, 25). NudE and Nudel
interact with Lis1 through their N-terminal coiled-coil domains
(9, 25). When overexpressed in Xenopus, the coiled-coil do-
main of murine NudE serves as a dominant-negative mutant
and blocks CNS lamination (9). In addition, human Nudel
interacts with DHC of dynein, while murine NudE binds to the
light chain (9, 20, 25). Nevertheless, whether Nudel and NedE
have roles in mitosis is presently not known.

Emerging evidence suggests that phosphorylation of Nudel
and NudE plays important roles in neuronal migration. Nudel
contains five proline-dependent serine/threonine phosphoryla-
tion (S/TP) motifs. It is highly expressed in the brain and is
phosphorylated at the first three S/TP motifs by Cdk5/p35, a
brain-specific kinase critical for axon outgrowth, axon guid-
ance, and neuronal migration in the developing cerebral cortex
(3,4, 20, 25, 27). CdkS5 colocalizes with Nudel in the cell bodies
and growth cones of embryonic hippocampal neurons (20).
Inhibition of phosphorylation by using either a Nudel mutant
or the CdkS inhibitor roscovitine induces neuritic swelling (20).
Together with the involvement of NudE in CNS lamination,
Nudel and NudE appear to link the CdkS signaling pathway to
the Lis1/dynein pathway. In addition, localization of Nudel and
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NudE at centrosomes also implies that they have a role in the
cell cycle (9, 20, 25).

All the S/TP motifs of Nudel are conserved in murine NudE
and MP43, a Xenopus homologue, while the latter two proteins
also contain an additional S/TP motif resembling a typical
Cdc2 site (SPNR) at their C termini (9, 20, 25, 30). MP43 is
specifically phosphorylated by mitotic extracts from Xenopus
eggs in vitro, suggestive of a phosphoprotein in M phase (30).

In this study, we explored properties of Nudel and NudE in
mitosis. We found that both proteins were subjected to M-
phase-dependent reorganization correlated with phosphoryla-
tion. Our results also indicated involvement of both proteins in
cytoplasmic dynein-mediated transport of mitotic checkpoint
proteins from kinetochores to spindle poles in M phase.

MATERIALS AND METHODS

Plasmid constructs. To express FLAG-tagged proteins, cDNAs were properly
inserted into pUHD30F, a vector derived from pUHD20 (41). The cDNA for
full-length human Nudel was obtained from a yeast two-hybrid clone, pACT2-
Nudel, which encoded an extra 33 amino acids upstream of the first methionine.
The ¢cDNA for NudE was amplified from a human placenta cDNA library
(Clontech) by PCR and confirmed by sequencing with the reference sequence
under GenBank accession no. AK000108. FLAG-Nudel™® contained S198A,
T219V, S231A, S242A, and T245V mutations in the S/TP motifs created by PCR
mutagenesis. In contrast, FLAG-NudelP™® contained S198E, T219E, S231E,
S242E, and T245E mutations to simulate phosphorylation. Mutants Nudel®' to
Nudel®® was made from the sequence coding for FLAG-Nudel™ so that each
mutant contained only one distinct S/TP motif.

Green fluorescent protein (GFP)-tagged NudE, Nudel, and mutants were
expressed from plasmids constructed in pEGFP-C1 (Clontech). To express mal-
tose-binding protein (MBP) fusion protein in Escherichia coli for antibody pro-
duction, the 2.1-kb EcoRI-Bg/II fragment from pACT2-Nudel was cloned into
pMAL-CR1 (New England Biolabs). The immunogen contained residues 39 to
345 of Nudel. Bubl ¢cDNA was amplified by PCR and was subcloned into
pUHD30F.

Antibody production. After affinity purification with amylose resin (New En-
gland Biolabs), the MBP-Nudel fusion protein was used to immunize chicken.
Immunoglobulin Y (IgY) was purified from egg yolks by polyethylene glycol
(PEG) precipitation (10). After incubation of total IgY with excess amounts of
MBP immobilized on amylose resin, specific antibodies to Nudel were affinity-
purified by using the immunogen immobilized on Hybond-C membrane (Amer-
sham), as described previously (26).

Cell culture and cell cycle synchronization. All cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) supplemented with
10% (volvol) calf serum (Sijiqging Company, Hangzhou, China) in an atmo-
sphere containing 5% CO,. Cell cycle synchronization with hydroxyurea and
nocodazole (Sigma) was described previously (40).

ATP inhibitor assay. The ATP inhibitor assay was performed as described
previously (13, 14). Briefly, after transfection with appropriate plasmids for 36 h,
HEK293T cells were rinsed twice with phosphate-buffered saline to remove
culture medium and were soaked in saline plus 5 mM Na-azide and 1 mM
2-deoxyglucose (DOG; Fluka) at 37°C. To disassemble microtubules, cells were
cultured in the presence of 2 pg of nocodazole/ml for 3 h prior to ATP inhibitor
assay in the presence of nocodazole. Images were collected live at 37°C or after
fixation by using a cold CCD SPOT II (Diagnostic) on an Olympus BX51
microscope.

Preparation of mitotic cell extracts. SMMC-7721 cells were blocked in mitosis
as described previously (40). Mitotic cells (10%) were shaken off and harvested.
The mitotic extracts were prepared as described previously (21). Briefly, the
mitotic cell pellet was resuspended in 0.5 ml of extraction buffer (50 mM Tris-
HCI [pH 7.4], 250 mM NaCl, 1 mM EDTA, 50 mM NaF, 1 mM dithiothreitol,
0.1% Triton X-100, and protease inhibitors). The cells were lysed by brief
sonication and then were centrifuged at 12,000 rpm in a Sorvall Biofuge Fresco
for 20 min at 4°C. The supernatant was collected and stored at —70°C in aliquots.

Immunoprecipitation and kinase assay. After transfection for 36 h, HEK293T
cells were collected. FLAG-tagged Nudel or mutants from ~107 cells were
immunoprecipitated with anti-FLAG M2 beads (Sigma) and were eluted with 0.8
mg of FLAG peptide/ml in a total volume of 30 wul (39).

The kinase assays were performed in a 40-ul reaction volume containing 8 pl
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of eluted FLAG-tagged proteins, 4 pl of 10X kinase buffer, 50 pM ATP, 5 uCi
of [y-**P]ATP, and 0.5 pl of the mitogen-activated protein kinase (MAPK) Erk2
(100 U/pl; New England Biolabs) or Cdc2 (20 U/ul; New England Biolabs). The
mixtures were incubated for 30 min at 30°C. The reactions were stopped with 2X
sodium dodecyl sulfate (SDS) sample buffer. For the reaction mixtures contain-
ing mitotic cell extracts, transfected cells were lysed with radioimmunoprecipi-
tation assay buffer and were immunoprecipitated with anti-FLAG beads (Sigma).
The reaction mixture, containing 2.5 wl of 10X kinase buffer, 50 uM ATP, 5 nCi
of [y-3?PJATP, and 5 pl of mitotic cell extracts, was preincubated at 30°C for 10
min in the presence of 50 wM olomoucine (Promega) or equal volumes of the
solvent dimethyl sulfoxide (DMSO). The anti-FLAG beads containing the im-
munocomplex were added to the mixture, which was incubated for an additional
20 min. The beads were then washed twice with 1 ml of radioimmunoprecipita-
tion assay buffer and were suspended in 30 pl of 2X SDS sample buffer.

Isolation of centrosomes. Centrosomes were isolated from ~6 X 107
HEK293T cells transiently expressing GFP-tagged Nudel, Nudel™>, or Nu-
delP™® as described previously (18). Briefly, after nocodazole treatment for 1 h
the cells were harvested and resuspended in 2 ml of cold 0.1X Tris-buffered
saline-8% (mass/vol) sucrose buffer. A solution of 4 ml of lysis buffer (1 mM
HEPES [pH 7.2], 0.5% NP-40, 0.5 mM MgCl,, 0.1% B-mercaptoethanol, and
protease inhibitors) was added. Cells were then disrupted with 5 strokes in a glass
homogenizer. The homogenate was immediately centrifuged at 2,500 X g for 10
min. Sixty microliters of 1 M HEPES (pH 7.2) and 6 pl of (1 mg/ml) DNase I
were added to the supernatant and were incubated for 30 min on ice. The lysate
was then placed on top of 3.5 ml of 60% sucrose solution and was spun at 10,000
X g for 30 min. The 60% sucrose fraction containing centrosomes was recovered
and diluted to 20 to 25% with distilled water. This suspension was added to the
top of a discontinuous sucrose gradient (from the bottom to the top, containing
1.7, 1, and 1 ml of 70, 50, and 40% sucrose solutions, respectively) in a 13-ml
SW28 Beckman ultraclear tube. Following centrifugation at 40,000 X g for 1 h,
18 fractions (170 wl each) were collected, starting from the bottom of the
gradient. The fractions were stored at —80°C after being frozen in liquid nitro-
gen.

Western blotting and immunofluorescence microscopy. Immunoblotting and
indirect immunofluorescence (IIF) microscopy were performed with appropriate
antibodies as described previously (40, 41). For IIF, cells were fixed in cold
methanol for 20 min. To remove soluble proteins, CV1 cells were extracted for
1 min with an extraction buffer (20 mM Tris-CI [pH 7.0], 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl,, 1 mM EGTA, 0.5% Triton X-100) before fixation. Rabbit
anti-GFP antibody and goat anti-Lis1 antibody were from the Santa Cruz Bio-
technology Company. The rest of the primary antibodies were from Sigma.
Alkaline phosphatase-conjugated and peroxidase-conjugated secondary antibod-
ies were purchased from Promega; rhodamine-conjugated goat anti-mouse IgG
and IgM were purchased from Pierce, Inc. Fluorescein isothiocyanate-conju-
gated secondary antibodies were from the Sino-American Biotechnology Com-
pany (Shanghai, China). Immunoblots probed with peroxidase-linked secondary
antibodies were visualized by enhanced chemiluminescence (Amersham), while
those that used phosphatase-linked antibodies were developed by using 5-bromo-
4-chloro-3-indolylphosphate/nitroblue tetrazolium substrates (Promega). IIF im-
ages were digitized by using a cold CCD SPOT II (Diagnostic) on an Olympus
BX51 microscope. For time-lapse microscopy, the same exposure time was used
for each cell. In addition, fluorescence shutters were opened only during expo-
sure to avoid bleaching. Quantitation of IIF images as gross brightness (0 to
256/pixel) was performed as described previously (13) by using Adobe Photoshop
software. The fluorescence intensity of each centrosome was measured by sub-
tracting background intensity from total intensity in selected centrosomal areas.
Illustrations for publication were organized by using Adobe Photoshop software
and were exported from an EPSON Stylus Photo 890 printer.

Nucleotide sequence accession number. The sequence data for the cDNA of
Nudel (initially named Mitap1) have been submitted to the GenBank database
under accession number AF182078.

RESULTS

Antibody production. We identified Nudel as a protein as-
sociated with the kinetochore protein mitosin in a yeast two-
hybrid screen by using the kinetochore-binding regions of mi-
tosin as bait (data not shown) (40, 42). To study its biological
functions, we generated specific polyclonal antibodies in chick-
ens by using an MBP fusion containing residues 39 to 345 of
Nudel as immunogen. Specific IgY was purified by affinity



VoL. 23, 2003
A ‘
Anti-FLAG  Anti-Nudel
Nudel
NudE — —
1 2 3 4
B C é@qﬁ o &
CV1 SPL
S FF S
97y
IgY~{~ ' 66+
N“dﬁ.l, 43
NudE S ———
.31!
-20.’
1 2 1 2 3 4 5 6
D ﬁ é;}\ & @
S E & &
K & ~¢§~¢' & &§-§ 3
Nudel/NudE»| —
ERKle|.
ERK2™ (™~ S — G et

1 2 3 4 5 6 7 8

FIG. 1. Biochemical properties of cellular Nudel and NudE.
(A) Specificity of anti-Nudel IgY. HEK293T cells expressing either
FLAG-Nudel (lanes 1 and 3) or FLAG-NudE (lanes 2 and 4) were
lysed and subjected to SDS-10%PAGE and immunoblotting with the
indicated antibodies. Endogenous Nudel and NudE were not detected
in lanes 3 and 4 due to their low expression levels. (B) Identification of
cellular Nudel and NudE in CV1 cells. Anti-Nudel IgY preincubated
with 10 g of either MBP (lane 1) or MBP-Nudel (lane 2) was used for
immunoblotting. (C) Detection of Nudel and NudE in a variety of cell
lines with anti-Nudel IgY. Fifteen micrograms of total proteins was
used for each indicated cell line. (D) Distribution of Nudel and NudE
in mouse tissues. Twenty micrograms of total proteins was used for
each indicated tissue. Immunoblotting was performed with anti-Nudel
IgY (upper panel) or anti-ERK1 and anti-ERK2 antibodies to show
equal loading (lower panel).

chromatography (10, 26). Purified IgY specifically recognized
bacterial Nudel but not MBP (data not shown). Nudel and
NudE are highly related proteins in mammals, with an identity
of ~53%. As shown in Fig. 1A, the IgY antibody actually
recognized both FLAG-Nudel (lane 3) and FLAG-NudE (lane
4).

To identify cellular Nudel and NudE, CV1 lysate was im-
munoprecipitated and then immunoblotted by using purified
IgY. A doublet of ~40 kDa was detected (data not shown). To
confirm that the doublet was related to Nudel, two aliquots of
IgY were incubated with 10 wg of MBP or the immunogen,
respectively. As shown in Fig. 1B, preincubation with MBP did
not affect recognition of the doublet (lane 1); in contrast,
treatment with the immunogen completely blocked the anti-
body, as expected (lane 2). Since human Nudel is just 10
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residues longer than NudE, the doublet appeared to corre-
spond to both proteins.

Purified IgY recognized protein bands of ~40 kDa in a
variety of cell lines, including CV1, human hepatoma SMMC-
7721, human embryonic kidney HEK293, human astrocytoma
U251, mouse neuroblastoma and rat glioma hybrid cell line
NG108-15, and human neuroblastoma SK-N-SH (Fig. 1C).
Nudel and NudE were therefore widely distributed, with rela-
tively low levels in HEK293 (Fig. 1C, lane 3). Further studies
with mouse tissues indicated that the proteins were highly
expressed in brain tissue (Fig. 1D, lane 5), which was in agree-
ment with other reports (20, 25). Nudel and NudE were also
expressed in heart (Fig. 1D, lane 3), skeletal muscle (lane 6),
and lung (lane 7) tissue. In contrast, they were almost unde-
tectable in spleen (Fig. 1D, lane 1), stomach (lane 2), kidney
(lane 3), and liver (lane 8) tissue.

Phosphorylation of Nudel and NudE in M phase. To inves-
tigate the expression patterns of the Nudel family proteins
during the cell cycle, SMMC-7721 cells were synchronized at
G,/S, S, M, and G, phase, respectively (40). The extent of
synchrony was monitored by flow cytometry. The sample syn-
chronized at the G,/S boundary by using hydroxyurea was
estimated to be 53.1% in G, 30.2% in S, and 16.7% in G,/M.
An S-phase sample was collected after release from the G,/S
boundary for 4 h; its cell cycle profile was 71.5% in S, 19.9% in
G, and 8.6% in G,/M. An M-phase sample was collected by
mitotic shake-off after hydroxyurea and nocodazole blocking;
its cell cycle distribution was 91.8% in G,/M, 2.1% in G, and
6.1% in S. A G,-phase sample was prepared by releasing a
portion of the M-phase sample for 6 h; its cell cycle profile was
59.0% in Gy, 10.0% in S, and 30.0% in G,/M. Microscopic
examination of 4',6'-diamidino-2-phenylindole (DAPI)-
stained cells indicated that, in this G, sample, the mitotic index
was less than 5%. Cells in this G, sample were indeed mainly
in interphase.

Immunoblotting indicated a distinct pattern of Nudel and
NudE in the cell cycle. In SMMC-7721 cells, only a single band
was detected in interphase (Fig. 2A, lanes 1 to 3). The protein
level in S phase was two- to threefold higher than those in G,
and G,/S. Detection of a doublet in CV1 but of only a single
band in SMMC-7721 might suggest differential distribution of
both proteins (9, 20, 25). In M phase, however, multiple bands
appeared (Fig. 2A, lane 4). Their slower migration in SDS-
polyacrylamide gel electrophoresis (PAGE) excluded the pos-
sibility of degradation but favored posttranslational modifica-
tion. A homologue of Nudel in Xenopus, MP43, has been
shown to be phosphorylated by mitotic extract in vitro but not
by interphase extract (30). Since phosphorylation of MP43 also
results in similar migration changes (30), we reasoned that the
band shift of Nudel and NudE in M phase might also be due to
phosphorylation.

To test if Nudel and NudE were indeed phosphorylated, the
proteins were immunoprecipitated from SMMC-7721 cells
synchronized in M phase and were treated with calf intestinal
alkaline phosphatase (CIAP). After CIAP treatment the pro-
tein band migrated to the same position the interphase Nudel
and NudE did (Fig. 2B, lanes 1 and 2). In contrast, the migra-
tion of mock-treated Nudel was not affected (Fig. 2B, lane 3).
The slower migration bands were therefore phosphorylated
forms of Nudel and NudE.
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FIG. 2. Phosphorylation of Nudel and NudE in M phase. (A) Spe-
cific modification of Nudel and NudE in M phase. Human hepatoma
SMMC-7721 cells were synchronized at the indicated stages of the cell
cycle prior to lysis. Nudel and NudE were immunoprecipitated from
200 pg of total proteins and were detected by immunoblotting with
anti-Nudel IgY. (B) CIAP assay. After immunoprecipitation from mi-
totic SMMC-7721 lysate, half of the beads were treated either with 10
U of CIAP (lane 2) or with just buffer (lane 3). The arrow and
arrowhead point to the fast and slow migration forms, respectively.
(C) Phosphorylation of both Nudel and NudE in M phase. After
transfection of HEK293T cells for 24 h, half of the cells were treated
with nocodazole for an additional 12 h (lanes 1, 3, and 5), while the rest
(lanes 2, 4, and 6) were maintained as unsynchronized controls. Cell
lysates were subjected to immunoblotting with anti-FLAG antibody.

To distinguish Nudel from NudE, FLAG-tagged Nudel and
NudE were expressed in HEK293T cells and were immuno-
blotted with anti-FLAG M2 antibody. In cells treated with
nocodazole to enrich M-phase population, the phosphorylated
forms characterized by their slower migration rates were
readily detected for both FLAG-Nudel (Fig. 2C, lanel) and
FLAG-NudE (lane 5) in addition to unphosphorylated forms
due to the existence of interphase cells (Fig. 2C, compare lanes
2 and 6). Both proteins were therefore phosphoproteins in M
phase. Furthermore, when the threonine and serine resides in
all S/TP motifs of Nudel were mutated into valine or alanine,
the phosphorylated form disappeared (Fig. 2B, lane 3). As a
control, the percentages of mitotic cells expressing FLAG-
Nudel and FLAG-Nudel™" were comparable after IIF staining
of the sample cells. The major phosphorylation sites of Nudel
in M phase were therefore located in the S/TP motifs.

Phosphorylation by Cdc2 and Erk2. Cdc2 is a major kinase
controlling G,/M transition (19, 29). Erk forms of MAPK, on
the other hand, are important for meiosis progression in ad-
dition to their roles in G,/G, transition (1). Although their
functions in somatic cell mitosis are less understood, associa-
tion of activated Erkl and -2 with kinetochores and asters
implies their involvement (37).

Since Nudel and NudE were both phosphorylated in M
phase, we first checked if they were substrates of Cdc2 in vitro.
As shown in Fig. 3A, incubation of FLAG-tagged NudE (lane
1) and Nudel (lane 2), but not Nudel™ (lane 3), with purified
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FIG. 3. Phosphorylation by Cdc2 and Erk2. (A) Phosphorylation by
Cdc2 in vitro. FLAG-tagged NudE, Nudel, and Nudel™ were immu-
noprecipitated with anti-FLAG beads and were treated with purified
Cdc2 in the presence of [y->*P]ATP. (B) Phosphorylation by Erk2 in
vitro. Similar kinase assays were performed with or without purified
Erk2 as indicated. (C) Phosphorylation sites in Nudel by Cdc2. FLAG-
tagged Nudel®' to Nudel®, each of which contained only one distinct
S/TP motif, were immunoprecipitated and subjected to similar kinase
assays. (D) Phosphorylation sites by Erk2. (E) Phosphorylation of
Nudel by mitotic cell extracts. Histone H1 served as a control for the
quality of the extracts. Kinase assays were performed in the presence
or absence of olomoucine, a Cdc2/Erk inhibitor, as indicated.

Immunoblot

Cdc2 (New England Biolabs) resulted in incorporation of
[**P]phosphate groups. Since three of the five S/TP motifs in
Nudel are typical MAPK sites (PXS/TP), we also performed
similar assays by using purified Erk2. As shown in Fig. 3B,
activated Erk2 (New England Biolabs) also phosphorylated
both Nudel (lane 2) and NudE (lane 4) but not Nudel™ (lane
5). Phosphorylation was not detected in the absence of exog-
enous kinase (lanes 1 and 3), excluding the possibility of kinase
contamination in the immunoprecipitates. The phosphoryla-
tion sites of Erk2 therefore also fell into the S/TP motifs.

To further determine the detailed phosphorylation sites, we
purified five FLAG-tagged mutants, Nudel®' to Nudel®®. Each
mutant contained only one distinct S/TP motif. When these
mutants were incubated with purified Cdc2, only Nudel®?, Nu-
del®*, and Nudel®>> were phosphorylated (Fig. 3C). Phosphor-
ylation sites of Erk2 were determined in the same way (Fig.
3D). In this case, only Nudel®* and Nudel®* were phosphory-
lated. Therefore, T219, S242, and T245 of Nudel were phos-
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phorylation sites of Cdc2 in vitro. In contrast, Erk2 only phos-
phorylated T219 and T245. These two sites, with surrounding
sequences such as PATP from residues 217 to 220 and PLTP
from 243 to 246, respectively, are indeed typical MAPK sites.

To get further clues for kinases responsible for Nudel phos-
phorylation in M phase, we performed kinase assays by using
mitotic extracts prepared from SMMC-7721 cells (Fig. 3E). As
expected, the extracts phosphorylated histone H1 (Fig. 3E,
lane 1), and the phosphorylation was completely abolished in
the presence of 50 uM olomoucine (lane 2), a potent Cdc2
inhibitor (50% inhibitory concentration, 7 wM), and less-po-
tent Erkl inhibitor (50% inhibitory concentration, 25 wM)
(32). The extracts also phosphorylated FLAG-Nudel (Fig. 3E,
lane 4) but not FLAG-Nudel™" (lane 3). Similarly, phosphor-
ylation of FLAG-Nudel was eliminated in the presence of
olomoucine (Fig. 3E, lane 5).

Association with the centrosomes and mitotic spindles. Both
Nudel and NudE are centrosome proteins, although noncen-
trosomal fractions always exist in the cytoplasm (9, 20, 25). Our
IgY also consistently recognized centrosomal Nudel and NudE
(Fig. 4A, panel 1), which colocalized with the microtubule-
organizing center (MTOC) (panel 2).

To further explore their roles in the cell cycle, we expressed
GFP-Nudel and GFP-NudE in HEK293 cells so that localiza-
tion of exogenous proteins could be directly visualized through
GFP autofluorescence. High-level expression of either protein
resulted in bright punctate distribution in the cytoplasm (data
not shown). In contrast, cells expressing moderate to low levels
of GFP fusion proteins featured bright juxtanuclear fluores-
cence dots or speckles (Fig. 4B, panel 1). Some cells had one
or two closely spaced dots colocalized with y-tubulin (Fig. 4B,
panels 2 and 3), a centrosome marker (38). The rest showed
multiple fluorescence dots clustered together (Fig. 4B, panel
1). In such cells, at least one dot colocalized with y-tubulin
(Fig. 4B, panels 2 and 3), indicating that the dot clusters are
located at the centrosome regions. During M phase, the cen-
trosomal association of GFP-Nudel was largely reduced. In-
stead, a fraction of the protein associated with the mitotic
spindle, whereas the rest dispersed in the cytoplasm (Fig. 4B,
panels 4 to 6). GFP-NudE behaved in a manner similar to that
of GFP-Nudel (Fig. 4B, inlets). Their association with spindles
was usually weak but was clearly visible over the background of
cytoplasmic fluorescence. As a control, GFP alone failed to
target to either the centrosome or the spindle (Fig. 4C, panels
1 to 4).

Regulation of the subcellular localization by phosphoryla-
tion. The coincidence between phosphorylation of Nudel and
NudE and the reduced spindle pole localization in M phase
implies that phosphorylation may regulate their distribution
during the cell cycle. In addition to Nudel™, we created an-
other mutant, NudelP™®, in which the serine and threonine
residues in all S/TP motifs were mutated into glutamic acids to
hopefully mimic phosphorylation (7). Effects of phosphoryla-
tion on subcellular localization of Nudel were explored by
comparing behaviors of the mutants with that of the wild type.

We found that both GFP-Nudel and GFP-Nudel™ formed
bright centrosomal foci in interphase cells (Fig. SA and B,
panels 1 and 2). In contrast, GFP-NudelP™ only weakly lo-
calized to the centrosomes (Fig. 5C, panels 1 and 2). For
quantitative purposes, their centrosomal fluorescence was
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FIG. 4. Association of Nudel and NudE with centrosomes and mi-
totic spindles. Arrows and arrowheads point to positions of centro-
somes and spindle poles, respectively. Scale bar, 10 um. (A) Confocal
images showing the centrosomal staining of anti-Nudel IgY. CV1 cells
treated with nocodazole for 30 min were extracted briefly to remove
soluble proteins. After fixation, cells were double stained to show
Nudel and NudE (panel 1), a-tubulin (panel 2), and the merged image
(panel 3). In addition to centrosome localization, some nuclear stain-
ing was also visible in panel 1. (B) Subcellular localization of GFP-
Nudel and GFP-NudE. HEK293 cells were transiently transfected to
express GFP-Nudel (panels 1 and 4) and were labeled with anti-y-
tubulin antibody (panels 2 and 5). Insets show typical GFP-NudE
transfectants reduced to 80% of their original sizes. The spindle asso-
ciation of Nudel and NudE was moderately exaggerated for clarity.
(C) GFP control. Typical cells in interphase (panels 1 and 2) and M
phase (panels 3 and 4) are shown.

measured from 10 cells with comparable GFP fluorescence for
each protein. Although the values varied from cell to cell, the
centrosomal intensities of the first two proteins were generally
six- to eightfold higher than those of GFP-NudelP™®. From
metaphase to anaphase, while a fraction of GFP-Nudel asso-
ciated with mitotic spindles (Fig. 5A, panels 3 to 6), GFP-
Nudel™ bound preferably to spindle poles (Fig. 5B, panels 3
to 8). GFP-NudelP™ behaved like GFP-Nudel during this
period (Fig. 5C, panels 3 to 6). In telophase, while the spindle
pole localization of GFP-Nudel became apparent (Fig. 5A,
panels 7 and 8), GFP-NudelP™ still failed to show such local-
ization clearly (Fig. 5C, panels 7 and 8). Phospho-Nudel and
NudelP™®, which simulated phosphorylation, thus correlated
with stronger distribution on spindles at metaphase (Fig. 5,
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FIG. 5. Phosphorylation regulates localization of Nudel at the centrosomes and mitotic spindles. Typical HEK293T cells expressing GFP-
tagged Nudel (A), Nudel™? (B), or NudelP™ (C) are shown for comparison. DNA was stained by DAPI. Panels 1 and 2, interphase cells; panels
3 and 4, metaphase cells; panels 5 and 6, anaphase cells; panels 7 and 8, telophase cells. Arrows and arrowheads indicate positions of centrosomes
and spindle poles, respectively, which were marked by IIF of y-tubulin (data not shown). Scale bar, 10 pm.

panels 3 and 4) and weak association with the MTOC. In
contrast, unphosphorylated Nudel in interphase cells and
Nudel™, which was incapable of phosphorylation, exhibited
stronger localization at the MTOC.

To further corroborate these findings, we fractionated cen-
trosomes from HEK293T cells transfected to express each of
the three fusion proteins. Immunoblotting indicated that GFP-
Nudel was indeed cosedimented with the centrosomal frac-
tions indicated by y-tubulin (Fig. 6A, lanes 4 to 6), and so were
GFP-Nudel™ and GFP-NudelP™ (data not shown). More-
over, although the levels of Nudel and mutants were similar in
total cell lysates (Fig. 6B, lanes 1 to 3), GFP-NudelP™" exhib-
ited much weaker association with centrosomes (Fig. 6C, lane
3). In contrast, GFP-Nudel and GFP-Nudel™" exhibited com-
parable levels in the centrosome fractions (lanes 1 and 2).

Convergence to the spindle poles following depletion of cel-
lular ATP. Nudel and NudE appear as regulatory factors for
cytoplasmic dynein through direct interaction (9, 20, 25), al-
though more direct evidence is still required for better under-
standing of their functional relationship. In mitotic PtK1 cells,
the spindle checkpoint proteins, such as Mad2, Bubl, and
CENP-E, are constantly transported from kinetochores to
spindle poles along spindle microtubules by cytoplasmic dynein
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FIG. 6. Association of GFP-Nudel and mutants with centrosome
fractions. (A) Copurification of GFP-Nudel with centrosome fractions.
Centrosomes were fractionated from HEK293T cells expressing GFP-
Nudel as described in Materials and Methods. Fractions with odd
numbers from the final sucrose gradient were analyzed for GFP-Nudel
(upper panel) and y-tubulin (lower panel), a centrosome marker, by
immunoblotting. (B) Protein levels of GFP-tagged Nudel, Nudel™,
and NudelP™ in cell lysates used for centrosome fractionation. y-Tu-
bulin (lower panel) in the same blot served as a loading control.
(C) Centrosome-associated GFP-Nudel and mutants. The fraction
richest in y-tubulin from each preparation was chosen for comparison.
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(13, 14). This dynamic process, which contributes to inactiva-
tion of the spindle checkpoint essential for proper anaphase
onset, can be visualized by treating cells with azide to reduce
cellular ATP to 5 to 10% of normal levels (ATP inhibitor
assay). Such a treatment results in depletion of these proteins,
including dynein, from kinetochores and subsequent accumu-
lation at spindle poles in a microtubule-dependent manner (13,
14). ATP is important for dissociation of dynein from micro-
tubules (22). Reduction of cellular ATP levels after azide treat-
ment probably impairs this process, leading to accumulation of
dynein and its partners or cargos at the extreme minus ends of
microtubules or the MTOC. A continuous transport process
can therefore be visualized easily. If Nudel and NudE are
functional partners of dynein in M phase, they should comi-
grate with it in the ATP inhibitor assay.

We found that Nudel and NudE were indeed transported to
spindle poles after azide treatment in mitotic HEK293T cells.
As shown in Fig. 7A, the pattern of GFP was not altered
without (panel 1) or with (panel 2) azide treatment. However,
GFP-NudE exhibited strong spindle pole localization in azide-
treated cells (Fig. 7B, panels 3 to 6) in contrast to mock-treated
ones (panels 1 and 2). Star-shaped structures around spindle
poles were especially visible in cells at prometaphase (Fig. 7B,
panels 3 and 4), suggesting association of GFP-NudE with
aster microtubules. GFP-Nudel also showed the similar phe-
notypes (data not shown). In mock-treated cells, a fraction of
dynein exhibited its typical spindle localization (Fig. 7C, panel
2) (14), a pattern resembling that of GFP-Nudel (Fig. 7C,
panel 1). Thirty minutes after azide treatment, both proteins
were concentrated at the spindle poles (Fig. 7D, panels 1 and
2). Such poleward congression was also observed in cells from
anaphase (Fig. 7D, panels 4 to 6) to early telophase (data not
shown). At late telophase, however, dynein no longer displayed
dramatic accumulation at poles after azide treatment. Instead,
the majority of it concentrated in regions around the midbody,
where the remains of interdigitated spindle microtubules re-
sided (Fig. 7D, panel 8). A substantial fraction of GFP-Nudel,
despite it being in aggregation form, was also distributed in
these areas (Fig. 7D, panel 7). Interestingly, GFP-Nudel and
GFP-NudE frequently aggregated into numerous foci in both
mitotic cells (Fig. 7D and E) and interphase cells (see Fig. 9A)
following azide treatment, although the number of foci varied
from cell to cell. Such aggregation, however, was not observed
in cells expressing GFP alone (Fig. 7A). The above patterns
clearly differed from those seen with mock-treated cells (Fig.
7C, panels 4 to 9). These data reinforced the point that Nudel
and NudE bound to cytoplasmic dynein and migrated with it to
spindle poles.

To further corroborate these results, we treated cells with
nocodazole for 3 h to disassemble microtubules prior to ATP
inhibitor assay in the presence of nocodazole. As a control, the
majority of cellular GFP-Nudel was transported to spindle
poles in cells without nocodazole treatment (Fig. 7E). The
presence of nocodazole completely blocked the polar transport
of Nudel in M phase, indicating that the transport process is
indeed microtubule-dependent (Fig. 7F). Aggregation of Nu-
del following azide treatment, however, was not affected by
nocodazole (Fig. 7F).

Involvement in cytoplasmic dynein-mediated poleward
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transport. To clarify if Nudel and NudE were simply passen-
gers of the dynein motor or active players for dynein function,
we created a deletion mutant, GFP-Nudel™?°, which lacked
amino acids 114 to 133 in the Lis1-binding domain (Fig. 8A)
(25). Such deletion completely disrupted Nudel-Lisl interac-
tion (Fig. 8B) but not Nudel homodimerization (data not
shown). Moreover, since the dynein-binding domain between
residues 256 to 345 was intact, this mutant should still interact
with dynein (25). Time-lapse microscopy showed that, com-
pared to that of wild-type GFP-Nudel (Fig. 7E), accumulation
of this mutant at spindle poles after azide treatment was dra-
matically reduced (Fig. 8C), suggesting impairment of its pole-
ward transport. In either untreated or mock-treated mitotic
cells, GFP-Nudel™* did not exhibit clear spindle localization
(Fig. 8D, panel 1, and F, panel 1) (data not shown). The typical
distribution of dynein on the spindle (Fig. 7C, panel 2) was also
disrupted in cells expressing GFP-Nudel™° (Fig. 8D, panel 2).
As controls, in the surrounding untransfected mitotic cells of
both mock-treated and azide-treated samples, dynein still dis-
played its typical localization (data not shown). After azide
treatment, cytoplasmic dynein also failed to fully congregate at
spindle poles (Fig. 8D, panels 4 to 6). Rather, the majority of
dynein was trapped on the spindle (Fig. 8D, panel 5), indicat-
ing that the poleward movement of dynein was at least partially
disrupted by Nudel™?°.

We further examined if overexpression of GFP-Nude
impaired the poleward transport of spindle checkpoint pro-
teins by dynein. Bub1 is one of the spindle checkpoint proteins
transported from kinetochores to spindle poles (14). Due to a
lack of appropriate antibodies for IIF, we coexpressed FLAG-
Bubl with GFP-Nudel in HEK293T cells. In intact or mock-
treated metaphase cells, a portion of FLAG-Bubl showed dis-
tribution on the spindle similar to that of GFP-Nudel (Fig. 8E,
panel 1 to 3 and data not shown). Its kinetochore localization
was hardly visible at this stage. After azide treatment both
Bubl and Nudel displayed strong accumulation at spindle
poles as discrete speckles (Fig. 8E, panels 4 to 6). However,
coexpression with GFP-Nudel™*° led to inhibition of the pole-
ward transport of FLAG-Bubl (Fig. 8F, panels 4 to 6). Al-
though some proteins were accumulated at spindle poles, a
substantial amount of FLAG-Bubl was distributed on the en-
tire spindle (Fig. 8F, panel 5), resembling the pattern of dynein
(Fig. 8D, panel 5). In addition, the spindle localization of
FLAG-Bubl was also disrupted in control cells (Fig. 8F, panel
2). These data indicated a clear role of Nudel for the activities
of the dynein motor during M phase.

Effects of Nudel phosphorylation on its dynein-mediated
transport and Lisl-binding activity. To further explore how
phosphorylation affected Nudel functions, we first examined if
phosphorylation affected accumulation of Nudel at the MTOC.
Time-lapse microscopy revealed dramatic intensification of
centrosomal fluorescence of GFP-tagged Nudel, Nudel™?, and
NudelP™? following the time of azide treatment in both mitotic
cells (data not shown) and interphase cells (Fig. 9A), indicating
that the phosphorylation status of Nudel is not critical for
dynein function. In mitotic cells, their average accumulation
rates were sequentially 3,495 + 536/min (means * standard
deviations) (n = 4), 1,553 = 354/min (n = 5), and 1,935 =
403/min (n = 8) according to our studies with time-lapse mi-
croscopy. For the interphase cells shown in Fig. 9A, the quan-
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FIG. 7. Transport of Nudel and NudE to spindle poles along microtubules. HEK293T cells transfected with appropriate plasmids for 36 h were
treated with phosphate-buffered saline (saline) or phosphate-buffered saline containing Na-azide and DOG (Az/DOG) for 30 min at 37°C. Cells
were either fixed by methanol (B, C, and D) or recorded live (A, E, and F) after the indicated treatment. DNA was stained by DAPI. Arrowheads
point to spindle poles. Scale bar, 10 wm. (A) Mitotic cells expressing GFP. (B) Mitotic cells expressing GFP-NudE. A typical cell in prometaphase
(panels 3 and 4) or metaphase (panels 5 and 6) after azide treatment is shown. (C) Mitotic cells expressing GFP-Nudel and treated with saline
to serve as controls for panel D. Cytoplasmic dynein was decorated with anti-DIC antibody. (D) Mitotic cells expressing GFP-Nudel after ATP
inhibitor assay. (E) Time-lapse images of a mitotic cell mock treated with DMSO to serve as controls for panel F. Images were recorded live every
3 min following Az/DOG treatment. (F) Microtubule-dependent accumulation of Nudel at spindle poles. Cells expressing GFP-Nudel were treated
with Az/DOG and nocodazole after preincubation with nocodazole for 3 h to disassemble microtubules.

titative data for their centrosomal fluorescence intensities are
listed in Fig. 9B. According to these results, we propose that
phosphorylated Nudel exhibits a higher dissociation rate from
the MTOC and therefore weaker localization at spindle poles
(see Discussion).

For clues at the molecular level, we performed coimmuno-

precipitation to check interactions between Nudel, Lisl, and
dynein. As shown in Fig. 9C, FLAG-Nudel’™ reproducibly
pulled down much more endogenous Lis1 than FLAG-tagged
mt5 mutant or wild-type Nudel did in interphase (lanes 2 to 4),
although their protein levels were constant in the total cell
lysates (data not shown). To further corroborate these results,
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FIG. 8. Involvement of Nudel in dynein-mediated poleward transport. Arrowheads point to spindle poles. Scale bar, 10 um. (A) Diagram of
Nudel™. BD, binding domain. (B) Loss of interaction between Nudel™” and Lis1. HEK293T cells coexpressing HA-Lis1 with either FLAG-Nudel
(lane 1) or FLAG-Nudel™*" (lane 2) were subjected to coimmunoprecipitation (Co-IP, lanes 3 and 4) with anti-FLAG beads. The slow migration
bands in lanes 2 and 4 are probably a phosphorylated form that was readily detected when samples were overloaded. (C) A typical mitotic
HEK293T cell expressing GFP-Nudel™? following Az/DOG treatment. (D) Abnormal spindle distribution and poleward movement of cytoplasmic
dynein in GFP-Nudel™® transfectants. (E) Distribution and poleward transport of FLAG-Bubl in GFP-Nudel transfectants. (F) Impaired
distribution and transport of FLAG-Bubl in cells coexpressing GFP-Nudel™*".

transfected cells were treated with nocodazole to enrich M- mt5 mutant did (Fig. 9C, lanes 5 to 7). DIC was detected in the

phase population. Microscopic examination indicated that
about 50% of transfectants on average were arrested in pro-
metaphase after 12 h of treatment. Since poor attachment of
HEK293T cells to culture dishes precluded shake off of the
mitotic cells, whole populations were assayed. In this case, both
the pmt5 mutant and Nudel brought down more Lis1 than the

immunocomplexes as faint bands only after extensive incuba-
tion (overnight) during immunoprecipitation (Fig. 9). These
data indicate that phospho-Nudel binds to Lisl more effi-
ciently. This conclusion is also consistent with the slightly
stronger association of Lisl with FLAG-Nudel than with the
mt5 mutant (Fig. 9C, lanes 3 and 4), because a small fraction
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FIG. 9. Effects of Nudel phosphorylation on azide-induced conver-
gence to centrosomes and Lis1-binding activity. (A) Time-lapse images
for interphase cells expressing the indicated proteins. Images were
recorded live every 3 min following ATP inhibitor assays. Positions of
the centrosome are indicated by arrows. Scale bar, 10 pm. (B) Quan-
titative data for the cells shown in panel A. The centrosomal fluores-
cence intensities were presented as gross brightness after subtraction
of backgrounds. Average accumulation rates = (final intensities —
initial intensities)/time duration. (C) Coimmunoprecipitation with
FLAG-tagged Nudel and mutants. Approximately 2 X 107 HEK293T
cells transfected to express each of the indicated forms of Nudel were
either lysed directly (lanes 2 and 4) or treated with nocodazole for 12 h
before lysis (lanes 5 and 7). Cells transfected with vector served as
controls (lanes 1 and 8). The lysates were subjected to immunopre-
cipitation with anti-FLAG beads. Inmunoblotting was then performed
with anti-FLAG (upper panel), anti-Lis1 (middle panel), or anti-DIC
(lower panel) antibodies. Phospho-Nudel showed slower migration
rate in lanes 4 and 7 (upper panel).

of Nudel was phosphorylated (lane 4, upper panel) due to the
existence of mitotic cells in the population.
DISCUSSION

Phosphorylation of Nudel and NudE in M phase. Nudel and
NudE appear to be mainly phosphorylated at S/TP motifs by
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proline-dependent serine/threonine kinases. In neurons, Nudel
is the only known in vivo substrate of Cdk5/p35 (20, 25), a key
kinase for neuronal migration (3, 4, 27). Nudel colocalizes with
CdkS in axonal growth cones and cell bodies of cultured em-
bryonic hippocampal neurons. Phosphorylation by CdkS5 alters
localization patterns of Nudel in neurites (20). In vitro study
suggests that the phosphorylation sites are Ser-198, Thr-219,
and Ser-231, located in the first three S/TP motifs (20). Phos-
phorylation regulation of Nudel may link the Cdk5/p35 path-
way of neuronal migration to the Lisl/cytoplasmic dynein path-
way during development of the CNS (20, 25).

We found that Nudel and NudE were also phosphorylated in
M phase (Fig. 2 and 3). First, Nudel and NudE were specifi-
cally phosphorylated in M phase. Moreover, both proteins
were phosphorylated by Cdc2 and Erk2 in vitro. In the case of
Nudel, the phosphorylation sites were also located in the S/TP
motifs. Detailed mutagenesis study indicated that T219, S242,
and T245 were phosphorylated by Cdc2, while T219 and T245
were phosphorylated by Erk2. Among these three sites, only
T219 is also phosphorylated by Cdk5 (20). Such differences
imply distinct influences on Nudel functions by these kinases.
Moreover, the results from assays that used mitotic cell ex-
tracts strongly suggest the in vivo phosphorylation sites also in
the S/TP motifs of Nudel. Inhibition of the phosphorylation by
Cdc2 and Erk1 and -2 inhibitor olomoucine is consistent with
results of our in vitro kinase assays, suggesting that Cdc2 and
probably also Erkl and -2 may be the major kinase(s) for
Nudel in M phase. Due to conservation of the S/TP motifs,
NudE may also be phosphorylated at similar sites by these
kinases, though it contains an additional potential Cdk site at
S282 (SPNR).

Biological effects of phosphorylation. We demonstrated that
Nudel and NudE are subjected to cell-cycle-dependent redis-
tribution in HEK293T cells. In interphase, both proteins
strongly associated with centrosomes (Fig. 4 and 5) (9, 20, 25).
In contrast, their association with spindle poles was weak in M
phase, while association with the spindle was observed from
prometaphase to early anaphase (Fig. 4 and 5). Although Nu-
del interacts with y-tubulin (data not shown) (9), both proteins
did not always colocalize with each other at centrosomes when
Nudel was overexpressed (Fig. 4). Formation of vy-tubulin-
independent centrosomal foci of GFP-Nudel suggests the ex-
istence of another protein partner(s), such as Lis1, at centro-
some regions (20, 25). Alternatively, these foci might be Nudel
aggregates due to overexpression. Nevertheless, in contrast to
results of a previous report (9), overexpression of Nudel or
NudE did not significantly affect the centrosomal localization
of y-tubulin in CV1 and HEK293 cells (Fig. 4 and data not
shown).

Phosphorylation influenced the cellular dynamics of Nudel
during the cell cycle. To our satisfaction, the mt5 and pmt5
mutants indeed behaved like unphosphorylated and phosphor-
ylated forms, respectively, of Nudel in cells. The stronger lo-
calization of Nudel™ and unphosphorylated Nudel at the
MTOC in contrast to NudelP™ and phospho-Nudel suggests
that the phosphorylation alone is sufficient to significantly re-
duce the centrosomal association of Nudel in both interphase
and M-phase cells (Fig. 5 and 6). Since the fluorescence inten-
sities at the MTOC actually reflect the steady-state levels or
the net effects of dynamic association-dissociation processes of
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Nudel, stronger localization stands for a lower dissociation rate
at the MTOC. During ATP inhibitor assays, GFP-tagged Nu-
del and the two mutants accumulated dramatically at the
MTOC, especially in mitotic cells (Fig. 7E and data not
shown), in which the initial intensities at spindle poles were
very low. Their dissociation rates are therefore negligible dur-
ing the assays. In another words, under the circumstances, their
accumulation rates should somewhat reflect those of intact
mitotic cells. In fact, such values were comparable between the
two mutants (1,553 = 354/min for the mt5 mutant and 1,935 *
403/min for the pmt5 mutant). The values were also similar for
the two interphase cells in Fig. 9A (also see Fig. 9B). If their
dissociation rates were also comparable, both proteins would
have exhibited similar steady-state levels at centrosomes. The
levels, however, actually differed 12.6-fold (Fig. 9A and B). It
is therefore reasonable to propose that phosphorylation
strongly augments the dissociation rate of Nudel at the MTOC
but has little effect on its accumulation rate. Moreover, the
accumulation rates of the mutants were approximately twofold
lower than those of GFP-Nudel in both mitotic and interphase
cells. This variation may be attributed to the disturbance of
mutagenesis on Nudel conformation and properties. Even in
the case of Nudel, its 11.5-fold difference from NudelP™" at
centrosomes (Fig. 9A and B) still favors our explanation.
Whether Nudel phosphorylation also regulates the dynamics of
dynein at the MTOC, however, still remains to be shown.

Phosphorylation of Nudel in M phase appears to positively
modulate dynein motor activity. Both phosphorylated and un-
phosphorylated forms of Nudel were transported by dynein
(Fig. 7 and 9 and data not shown), indicating that neither of
them inactivated the dynein motor. On the other hand, both
phospho-Nudel and Nudel”™* bound Lis1 more strongly than
Nudel or Nudel™ did (Fig. 9C). Since Lis1 binds to DIC and
two independent sites in DHC (25, 31), multiple Lisl mole-
cules may exist in a dynein complex. Multiple Nudel molecules
may also exist in dynein through homodimerization, interac-
tion with the P1-loop or the C-terminal portion of DHC, or
interaction with Lis1 (20, 25). One piece of preliminary evi-
dence for this is the movement of Nudel aggregates toward the
MTOC (Fig. 7E and 9A and data not shown) and other dynein-
rich regions (Fig. 7D, panels 7 and 8), while dynein did not
show similar discrete staining (Fig. 7D, panels 7 and 8, and
data not shown). The phospho-Nudel in M phase may there-
fore function to facilitate Lis1 binding to the dynein complex,
subsequently leading to a mutual increase of their stoichiom-
etry. Changes of Lis1 stoichiometry may then modulate dynein
activity, as implicated by studies on Lisl-deficient mice and
Lis1 overexpression (8, 12, 28). The importance of Nudel-Lis1
interaction for the poleward movement of dynein (Fig. 8) fur-
ther supports this speculation. Why such modulation for dy-
nein activity is to occur in M phase, however, remains to be
elucidated. It also remains to be seen if phosphorylation of
Nudel in neurons by Cdk5/p35 (20, 25) has similar effects on
the Lisl-binding activity.

We also noticed that, with short incubation time in our
immunoprecipitation experiments, dynein was not detected in
the immunocomplex in spite of its relative abundance in the
lysates (data not shown). Lis1, however, was readily visible as
strong bands. Substantial amounts of Nudel and Lis1 therefore
appear to exist as heterodimers free of dynein in cells.
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Involvement in dynein-mediated transport in M phase. Cy-
toplasmic dynein plays multiple roles in M phase. Dynein is
essential for spindle assembly and orientation (16, 17). It may
also function in chromosome segregation during anaphase
(16). Recently, it has been shown to mediate transport of
kinetochore checkpoint proteins, including Bub1 and Mad2, to
spindle poles along microtubules, a process that contributes to
inactivation of the spindle checkpoint (13, 14).

Our results indicate that Nudel and NudE are functional
partners of cytoplasmic dynein during the poleward transport
process. First, Nudel and NudE were also transported to spin-
dle poles as revealed by ATP inhibitor assay (Fig. 7). Associ-
ation of some Nudel and NudE with aster-like structures and
the requirement of the intact microtubule arrays for transport
strongly suggest their binding to and migrating along spindle
microtubules. Their bipolar accumulation in cells from pro-
metaphase to telophase indicates that the transport actually
persists throughout these stages (Fig. 7D). The coincidence
between reduction of the cytoplasmic fluorescence and in-
crease of the spindle pole fluorescence during ATP inhibitor
assays also suggests transport of the cytoplasmic pools of Nu-
del to spindle poles (Fig. 7E). Second, GFP-Nudel and GFP-
NudE colocalized with cytoplasmic dynein on spindles (Fig.
7C; data not shown). After azide treatment, they again colo-
calized at spindle poles. As binding partners of dynein, such
colocalization strongly suggests direct interactions with dynein
during the transport process. In addition, the azide-dependent
accumulation of dynein at poles was also observed in anaphase
(Fig. 7D). In late telophase, although dynein was less striking
at the poles, it did migrate to the regions containing remnants
of the antiparallel spindle microtubules (Fig. 7D). These re-
sults strongly suggest that the dynein-mediated transport along
spindles is a constitutive process throughout M phase.

Finally, impairment of the poleward transport by the mutant
Nudel™? further indicates that Nudel is involved in the motor
function of dynein (Fig. 8). GTP-Nudel™*°, which lacked only
20 residues, was no longer transported efficiently to spindle
poles in ATP inhibitor assays (Fig. 8). Moreover, the typical
spindle localization of cytoplasmic dynein was abolished in
cells expressing this mutant. Dynein also lost its ability to fully
concentrate at spindle poles in ATP inhibitor assays. Instead, it
was accumulated on entire spindles, including poles. Such a
phenotype strongly suggests that the motor activity, but not the
microtubule-binding ability, is impaired. The trace amount of
dynein and GTP-Nudel™° at spindle poles may be due to the
existence of endogenous Nudel and NudE and/or residual mo-
tor activities of dynein. Nudel™*° selectively interacted with
dynein but not Lisl (Fig. 8A and B) (25). Moreover, its ho-
modimerization activity was not abolished (data not shown).
Nudel-Lis1 interaction therefore is critical to the dynein motor
activity, though Lis1 binds to dynein by itself (25, 31). In fact,
Lis1 also exhibited similar poleward transport after azide treat-
ment (data not shown). Nudel and Lisl therefore serve as
regulators of the dynein motor in mitosis. Moreover, compar-
ative studies suggest that NudE may have similar functions in
M phase.

As expected, expression of Nude also disrupted distri-
bution of FLAG-Bubl on spindles and attenuated the pole-
ward transport of the kinetochore checkpoint protein Bubl
(Fig. 8E and F). Again, existence of some Bubl at spindle
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poles after azide treatment may be due to endogenous Nudel
and NudE and/or residual motor activities of dynein. It is likely
that other spindle checkpoint proteins to be transported by
dynein are also affected. It will thus be interesting to further
study if and how mitotic progressions are affected in these cells.

It is interesting that Nudel and NudE actually did not exhibit
detectable kinetochore localization (Fig. 4 and 5). In contrast,
cytoplasmic dynein and Lis1 transiently associate with kineto-
chores in early M phase (8, 14, 31). Since Lis1-Nudel interac-
tion is important for dynein motor activity, kinetochore pro-
teins should not be transported efficiently without Nudel or
NudE on kinetochores. A plausible hypothesis is that Nudel
and NudE only transiently bind to kinetochores to trigger or
boost the poleward movement through interactions with kinet-
ochore forms of Lisl and dynein. Certainly, more solid evi-
dence is required to clarify this issue.
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