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Introduction
The centrosome is the primary microtubule-organizing centre
(MTOC) in most somatic cells. It consists of two barrel-shaped
microtubule assemblies, the centrioles, which are surrounded by
electron-dense pericentriolar material (PCM). PCM is the main site
for nucleation of both cytoplasmic and spindle microtubules
(Bornens, 2002; Doxsey, 2001). Within the pericentriolar material,
γ-tubulin ring complexes (γTuRCs) promote the nucleation of
microtubules, probably by acting as structural templates for the
minus end microtubules (Job et al., 2003). During mitosis, the
microtubule network undergoes a profound rearrangement in which
the spindle is the masterpiece. The intricate process requires
centrosome maturation at G2-M transition, wherein the PCM
expands through a recruitment of additional centrosomal proteins
to nucleate enough microtubules for spindle organization (Blagden
and Glover, 2003; Palazzo et al., 2000). Protein phosphorylation is
one of the key post-translational mechanisms regulating PCM
expansion and centrosome function (Fry et al., 2000). Indeed, the
mitotic accumulation of the γTuRC at the centrosome is controlled
by certain protein kinases such as Plk1 and Aurora A, which are
enriched at the centrosome and involved in centrosomal regulation
(Hannak et al., 2001; Lane and Nigg, 1996; Sumara et al., 2004;
van Vugt et al., 2004).

Nedd1 (neural precursor cell expressed, developmentally
downregulated gene 1) is an evolutionarily conserved protein
(Manning and Kumar, 2007) that has previously been characterized
as a potential mediator of γTuRC attachment to the mammalian

centrosome (Haren et al., 2006; Luders et al., 2006). It was initially
identified as a growth suppressor gene in mouse neuroblastoma cells
(Kumar et al., 1994), but recent studies have shown that it acts as
a centrosomal protein that plays a critical role, together with γ-
tubulin, in microtubule nucleation and spindle assembly. Nedd1
consists of a highly conserved N-terminal WD40 repeat region
responsible for its centrosomal localization, and a less conserved
C-terminus, which is crucial for the γ-tubulin interaction. In
interphase cells, small amounts of Nedd1 are localized at the
centrosome. At the onset of mitosis, a larger amount of Nedd1 is
recruited not only on the spindle poles, but also along the spindle
microtubules. Depletion of Nedd1 reduces recruitment of the
γTuRC to the centrosome and leads to the failure of microtubule
nucleation around the centrosome and the spindle assembly (Haren
et al., 2006; Luders et al., 2006). Although Xenopus Nedd1 plays
an important role in microtubule organization, it is dispensable for
targeting γ-tubulin to centrosomes (Liu and Wiese, 2008). Similarly,
knockdown of the Drosophila ortholog of Nedd1, Dgp71 WD, had
no effect on the recruitment of γ-tubulin to the centrosome (Verollet
et al., 2006), indicating that important functional differences exist
between human and other animal models.

Despite the discovery of the important function of human Nedd1
in γTuRC recruitment to centrosome, little is known about the
upstream regulator(s) of Nedd1 for both localization and function
on the centrosome, except for the clue that phosphorylation of Nedd1
during mitosis might be involved in the regulation process (Luders
et al., 2006). It is speculated that a crucial phosphorylation site S411
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2241Plk1 and Cdk1 regulate Nedd1 in mitosis

on Nedd1 (referred to as S418 by Luder et al., which is further
discussed in the Materials and Methods) is phosphorylated by Cdk1,
but so far this presumption has not been confirmed. In addition to
S411, there might be other phosphorylation sites involved in the
regulation of Nedd1 activity (Luders et al., 2006).

In this report, we show that Nedd1 is sequentially phosphorylated
by Cdk1 and Plk1. In contrast to the speculated phosphorylation at
S411, we found that Cdk1 phosphorylates Nedd1 at T550 and this
phosphorylation enhances the subsequent phosphorylation of Nedd1
at T382, S397, S426 and S637 by Plk1, during mitosis. We also
show that Plk1 is required for Nedd1 recruitment onto the
centrosome and that the sequential phosphorylation of Nedd1 by
Cdk1 and Plk1 enhances the recruitment of the γTuRC to the
centrosome by promoting the interaction of Nedd1 with γ-tubulin
during mitosis. Our data demonstrate that Nedd1, Cdk1 and Plk1
act together to target the γTuRC to the centrosome and regulate
centrosome maturation and mitotic spindle formation.

Results
Nedd1 and Plk1 colocalize at the centrosome and mitotic
spindle and their interaction is polo box domain dependent
To search for the upstream regulators for Nedd1, we first carried
out a co-immunoprecipitation (Co-IP) experiment in mitosis-
arrested cell lysate of HeLa cells with specific Nedd1 antibody (Fig.
1A), followed by western blot analysis to identify Nedd1-binding
proteins using a number of protein kinase antibodies. We observed
that Plk1 was specifically co-immunoprecipitated with Nedd1 (Fig.
1A), and this Co-IP is reciprocal (Fig. 1B). These Co-IP experiments
indicate that Nedd1 may interact with Plk1 at mitosis. Next, we
examined the localization of endogenous Nedd1 in HeLa cells
transiently expressing GFP-Plk1 with Nedd1 antibody
(supplementary material Fig. S1) and found that both Nedd1 and
Plk1 colocalized at the centrosomes and spindles of mitotic cells
(Fig. 1C). Taken together, these data suggest that Nedd1 and Plk1
might interact and colocalize at centrosome and spindle during
mitosis.

Plk1, the best characterized member of the Polo-like kinase
family, is composed of an N-terminal catalytic domain and a unique
C-terminal polo box domain (PBD). The binding of PBD with Plk1
substrate has been suggested to be phosphorylation dependent and
is essential for both Plk1 subcellular distribution and function (Elia
et al., 2003b; Lowery et al., 2004). To test the binding specificity
of Nedd1 with Plk1, we generated two truncated fragments of Plk1
fused with GFP, the GFP-Plk1-kinase domain (1-400) and GFP-
Plk1-PBD (326-end), and transiently coexpressed each fragment
with Myc-Nedd1 in HeLa cells. In Co-IP experiments using anti-
GFP antibody, we found that, like full-length GFP-Plk1, the GFP-
Plk1-PBD domain, but not the GFP-Plk1-kinase domain,
specifically immunoprecipitated with Nedd1 from the mitotic HeLa
cell lysates (Fig. 1D). This result indicates that Nedd1 binds to Plk1
specifically through the PBD domain during mitosis.

We also generated two truncated fragments of Nedd1 fused with
Myc, the N-terminal region (1-350) and C-terminal region (341-end),
and transiently expressed them in HeLa cells. By western blot analysis
using anti-Myc antibody, we observed two bands only in the C-
terminal-expressing mitotic cells and speculated that the upshifted
band was very probably phosphorylated (Fig. 1E,F, Fig. 2). Nedd1
phosphorylation in mitosis was also reported previously (Haren et
al., 2006; Luders et al., 2006). Through a GST pull-down assay using
Plk1-PBD fused with GST or GST only as control, we found that
the Plk1-PBD fragment could specifically pull-down two protein

Fig. 1. Nedd1 and Plk1 colocalize at the centrosome and mitotic spindle and
their interaction is PBD dependent. (A) Immunoprecipitations (IPs) with rabbit
IgG as a control and anti-Nedd1 antibodies were performed in lysates of
mitosis-arrested HeLa cells, followed by western blotting with antibodies
against the indicated proteins. (B) IPs with mouse IgG as a control and anti-
Plk1 antibodies were performed in lysates of mitosis-arrested HeLa cells,
followed by western blotting with antibodies against the indicated proteins.
(C) Immunofluorescence microscopy of HeLa cells to show colocalization of
Nedd1 and Plk1 from G2 to metaphase. Merged images show GFP-Plk1 in
green, Nedd1 in red and DNA (DAPI staining) in blue. Scale bar: 10 μm.
(D) IPs with rabbit anti-GFP antibodies were performed in lysates of mitosis-
arrested HeLa cells transiently coexpressing Myc-Nedd1 and GFP, GFP-Plk1,
GFP-Plk1 (1-400) or GFP-Plk1 (326-end), followed by western blotting with
antibodies against the indicated proteins. (E) HeLa cells were transfected with
plasmids encoding Myc-Nedd1 (1-350), Myc-Nedd1 (341-end) and arrested in
mitosis by nocodazole. The cell lysates were incubated with glutathione-
agarose beads coated with GST, or GST-PBD-WT. After washing, the proteins
bound to the beads and the cell lysates were blotted with mouse anti-Myc.
(F) IPs with rabbit IgG as a control and anti-GFP antibodies were performed in
lysates of mitosis-arrested HeLa cells transiently coexpressing GFP-Plk1 and
Myc-Nedd1 (1-350) or Myc-Nedd1 (341-end). The cell lysates and anti-GFP
IP proteins were blotted with anti-Myc and anti-GFP.
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bands in Nedd1 C-terminus-expressing mitotic cell lysate and the
upshifted band was much thicker (more than five-fold) than the other
one. This result may suggest that Plk1-PBD preferentially interacts
with the phosphorylated Nedd1 C-terminus, but not with the
unphosphorylated N-terminus (Fig. 1E). To test this hypothesis, we
transiently coexpressed GFP-Plk1 with the Myc-Nedd1 C-terminus
(341-end) and with the Myc-Nedd1 N-terminus (1-350), and
performed a Co-IP assay using anti-GFP antibody in the mitotic cell
lysates. The western blot analysis demonstrated that only the upshifted
C-terminus could bind to GFP-Plk1 during mitosis (Fig. 1F).

Binding of Nedd1 to Plk1 at mitosis is Cdk1 kinase activity
dependent
To determine whether the interaction between Nedd1 and Plk1 is
mitosis-specific and Nedd1 phosphorylation dependent, we checked
the phosphorylation status of endogenous Nedd1 and performed a
GST pull-down assay in the lysate of asynchronous (dominantly
interphase) or mitosis-arrested HeLa cells using GST-Plk1-PBD or
GST-Plk1-PBD H538A/K540A (GST-PBD-2A, in which His538
and Lys540, two residues crucial for PBD phosphopeptide binding,
were mutated to alanine) (Elia et al., 2003b) as a negative control.
In both asynchronous and mitosis cell lysates, the endogenous
Nedd1 was clearly probed by anti-Nedd1 antibodies that had been
raised in rabbit. In the asynchronous cell lysate, one positive band
of the expected size was clearly seen, whereas in the mitosis cell
lysate, the band was obviously upshifted. When λ-phosphatase
(λPPase) was added into the mitotic lysates, the upshifted band
disappeared and the normal band was enriched, indicating the
conversion of the phosphorylated form of Nedd1 to the non-
phosphorylated form (Fig. 2A). This result confirmed that, as
reported previously (Haren et al., 2006; Luders et al., 2006), the
endogenous Nedd1 was phosphorylated during mitosis. When
GST-Plk1-PBD and GST-PBD-2A were used to pull-down Nedd1
in both asynchronous and mitosis cell lysates, Nedd1 was clearly
detected in mitotic cell lysates, but not in asynchronous cell lysates
(Fig. 2B). This result indicates that the binding of Nedd1 with Plk1
was mitosis-specific.

To test if the mitosis-specific interaction between Nedd1 and Plk1
is Cdk activity dependent, we performed a GST pull-down assay
between the GST-Plk1 PBD domain and endogenous Nedd1 in
mitotic HeLa cell lysates in the presence of the Cdk kinase inhibitor
roscovitine. It was found that in the presence of the inhibitor, about
half of the endogenous Nedd1 was downshifted, indicating that this
fraction of Nedd1 was dephosphorylated, and the binding of the
endogenous Nedd1 with the PBD domain was greatly reduced
compared with the level of binding in the absence of the inhibitor
(Fig. 2C). This result suggests that phosphorylation of Nedd1 by
Cdk is essential for its interaction with Plk1. This notion was also
supported by a protein-protein interaction experiment in vitro. His-
Nedd1 (341-end) was pre-incubated with or without Cdk1 in the
presence of ATP. The reaction mixtures were then incubated with
beads coated with GST, GST-PBD or GST-PBD H538A/K540A.
After washing, the proteins bound to the beads were subjected to
SDS-PAGE. A pre-incubation of His-Nedd1 (341-end) with Cdk1
in the presence of ATP enhanced its interaction with GST-PBD.
This Cdk1-enhanced interaction between the C-terminus of Nedd1
and Plk1-PBD required the intact phosphopeptide binding pocket
of the PBD, as the GST-PBD H538A/K540A mutant showed a great
decrease of the binding ability with Nedd1 (341-end) (Fig. 2D,E).
These results suggest that phosphorylation of Nedd1 by Cdk1
facilitates the interaction of Nedd1 with Plk1-PBD domain.
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Phosphorylation of Nedd1 on T550 by Cdk1 recruits Plk1 to
Nedd1
To further determine whether Nedd1 was phosphorylated by Cdk1,
and if so, at which site, GST-tagged Nedd1 fragments were purified
and subjected to an in vitro protein phosphorylation assay.
Autoradiography results indicated that the C-terminus of Nedd1
(341-end) can be phosphorylated by Cdk1 in vitro (Fig. 3A), which

Fig. 2. Binding of Nedd1 to Plk1 at mitosis is Cdk1 kinase activity dependent.
(A) Western blot analysis of interphase and mitotic HeLa cell lysates with an
anti Nedd1 antibody raised in rabbit against the C-terminus of Nedd1 (amino
acids 341-end). Mitotic HeLa cell lysates were treated with λ-phosphatase
(400 U for 30 minutes at 30°C) or left untreated as controls. (B) Lysates of
HeLa cells that were asynchronously cultured or arrested at mitosis by double
thymidine and nocodazole, were incubated with glutathione-agarose beads
coated with GST, GST-PBD WT or GST-PBD H538A/K540A. After washing,
the proteins bound to the beads and cell lysates were blotted with rabbit anti-
Nedd1. (C) Mitosis-arrested HeLa cells were treated with 10 μM roscovitine
for 1 hour at 37°C or left untreated, then the cell lysates were incubated with
glutathione-agarose beads coated with GST, GST-PBD-WT or GST-PBD-
H538A/K540A. After washing, the proteins bound to the beads and cell
lysates were blotted with rabbit anti-Nedd1. (D) His-Nedd1 (341-end) was first
incubated with or without Cdk1 in the presence of ATP. The reaction mixtures
were then incubated with glutathione-agarose beads coated with GST, GST-
PBD or GST-PBD H538A/K540A. After washing, the proteins bound to the
beads were subjected to SDS-PAGE. Coomassie Blue staining of the gel
showed the loading of GST, GST-PBD WT and GST-PBD H538A/K540A in
the reactions. (E) Quantification of the in vitro binding assay from D by
densitometry. 10% of the input for His-Nedd1 (341-end) WT was taken as
100%.
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is consistent with our aforementioned result that Nedd1 (341-end)
was upshifted in mitotic cell lysates (Fig. 1E,F). Yaffe and colleagues
have reported that Plk1-PBD binds preferentially to S[S(P)/T(P)]P
motifs (Elia et al., 2003a). An examination of the amino acid
sequence of the C-terminus of human Nedd1 revealed two such
S[S/T]P motifs, in which S460 and T550 could be Cdk1
phosphorylation sites (Fig. 3C). To test if these two sites were
phosphorylated by Cdk1, His-tagged Nedd1 (341-end) WT, S460A
and T550A were subjected to an in vitro protein phosphorylation
assay followed by autoradiography. The results unambiguously
indicated that T550 is a Cdk1 phosphorylation site and the
corresponding Coomassie Blue-stained gel showed a subtle low shift
of T550A because of the lack of phosphorylation on this mutational
site (Fig. 3B). Furthermore, mass spectrometry (MS) analysis of in

vitro phosphorylated Nedd1 (341-end) by Cdk1 also revealed that
a peptide consisting of the amino acids 524-554 was phosphorylated
at T550 (supplementary material Fig. S2A).

To examine the function of T550 in vivo, HeLa cells were
transfected with plasmids encoding Myc-Nedd1 WT or Myc-
Nedd1 T550A and arrested in mitosis with nocodazole. The mitotic
cell lysates were then subjected to a Co-IP assay using an anti-Plk1
antibody. The results showed that, compared with the interaction
of Nedd1 WT and Plk1, the interaction between Nedd1 T550A and
endogenous Plk1 was attenuated (Fig. 3D). The mitotic cell lysates
were also subjected to a GST pull-down assay by incubating with
Sepharose beads coated with GST, GST-PBD WT or GST-PBD 2A
for 3 hours at 4°C. The beads were isolated and the proteins bound
to the beads were separated on a gel and blotted with mouse anti-

Fig. 3. Phosphorylation of Nedd1 at
T550 by Cdk1 recruits Plk1.
(A) Various truncated fragments of
GST-tagged Nedd1 were subjected to
a Cdk1 kinase assay in vitro
followed by autoradiography (top).
Coomassie Blue staining showed the
loading of GST-tagged proteins in
the reactions (bottom). (B) His-
tagged Nedd1 (341-end) WT, S460A
and T550A were subjected to an in
vitro Cdk1 kinase assay followed by
autoradiography (top). Coomassie
Blue staining showed the loading of
His-tagged proteins in the reactions
(bottom). (C) Two potential Cdk1
phosphorylation sites: S460 and
T550. (D) IPs with mouse IgG as a
control and anti-Plk1 antibodies
were performed in lysates of mitosis-
arrested HeLa cells transiently
expressing Myc-Nedd1 WT or Myc-
Nedd1 T550A followed by western
blotting with antibodies against the
indicated proteins. (E) HeLa cells
were transfected with plasmids
encoding Myc-Nedd1 WT or Myc-
Nedd1 T550A and arrested in
mitosis by nocodazole. The cell
lysates were incubated with
glutathione-agarose beads binding
GST, GST-PBD WT or GST-PBD
H538A/K540A. After washing, the
proteins bound to the beads and the
cell lysates were blotted with mouse
anti-Myc. (F,H) His-Nedd1 (341-
end) T550A (F) and His-Nedd1
(341-end) S460A (H) were first
incubated with or without Cdk1 in
the presence of ATP. The reaction
mixtures were then incubated with
beads coated with GST, GST-PBD or
GST-PBD H538A/K540A. After
washing, the proteins bound to the
beads were subjected to SDS-PAGE.
Coomassie Blue staining showed the
loading of GST, GST-PBD-WT and
GST-PBD-H538A/K540A in the
reactions. (G,I) Quantification of the
in vitro binding assay from F and H,
respectively, by densitometry. 10%
of the input for His-Nedd1 (341-end)
T550A (G) or His-Nedd1 (341-end)
S460A (I) was taken as 100%.
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Myc for Myc-Nedd1. Similar to the result in Fig. 2B showing that
endogenous Nedd1 could be pulled-down by the Plk1 PBD, the
exogenous Myc-Nedd1 WT also had a strong binding ability with
the phosphopeptide-binding domain of Plk1. By contrast, the
interaction between Myc-Nedd1 T550A and the Plk1 PBD domain
was greatly decreased (Fig. 3E).

To further confirm the influence of phosphorylation of Nedd1 at
T550 on Plk1-Nedd1 interaction, an in vitro protein binding assay
was performed as described above. His-Nedd1 (341-end) T550A
(Fig. 3F) or S460A (Fig. 3H) was pre-incubated with Cdk1 in the
presence of ATP, followed by introduction of the GST proteins, and
the protein binding state was determined by SDS electrophoresis.
The result showed that, the binding ability of His-Nedd1 (341-end)
T550A with GST-Plk1-PBD was very weak, regardless of the
presence of Cdk1 (Fig. 3F,G). By contrast, the binding of His-Nedd1
(341-end) S460A with GST-Plk1-PBD could be promoted by Cdk1
in the presence of ATP (Fig. 3H,I).

Together these results demonstrate that the phosphorylation of
Nedd1 at T550 by Cdk1 creates a binding site for the PBD of Plk1.
Although there may be other Cdk1 phosphorylation sites on Nedd1
(Fig. 3A,B), our results indicate that T550 phosphorylation plays
a major role in regulating Plk1-Nedd1 interaction.

Phosphorylation of Nedd1 by Cdk1 facilitates the further
phosphorylation of Nedd1 by Plk1 in vitro
Next, we tested whether Nedd1 is phosphorylated by Plk1. GST
(as a control), GST-Nedd1 (1-350) and GST-Nedd1 (341-end) were
subjected to a protein phosphorylation assay with Plk1 followed
by autoradiography. Results indicated that the C-terminus of Nedd1
(341-end), but not the WD40 repeat-containing N-terminus (1-350),
was phosphorylated by Plk1 in vitro (Fig. 4A).

Combining with the in vitro protein phosphorylation assay with
Plk1 kinase, we performed a MS analysis and revealed that Nedd1
T382, S397 and S637 were three Plk1 phosphorylation sites
(supplementary material Fig. S2B-D). The sequence analysis also
revealed that S426, which conformed to the consensus sequence for
Plk1 phosphorylation: [D/E]x[S/T] (x, any amino acid) (Nakajima
et al., 2003), was a potential Plk1 phosphorylation site. By comparing
the sequences between human and mouse Nedd1, we found that, with
the exception of T382, the other three putative Plk1 phosphorylation
sites were conserved (Fig. 4B). To test the results of MS and sequence
analyses, we constructed seven plasmids expressing the His-tagged
C-terminus of Nedd1 in which the presumed phosphorylation sites
for Plk1 were mutated to Ala (T382A, S397A and S637A referred
to as 3A, and T382A, S397A, S426A and S637A referred to as 4A).
These mutant proteins were purified and subjected to an in vitro
phosphorylation assay with Plk1 followed by autoradiography (Fig.
4C). The result revealed that when the four points were mutated
individually, any one of the four mutants T382A, S397A, S637A and
S426A could significantly reduce the phosphorylation state of Nedd1
by Plk1 in vitro. However, S426A had less effect on the whole
phosphorylation state than the other three point mutations. It was also
found that the 4A mutant was hardly phosphorylated, and the 3A
mutant, which lacked the S426A mutation, could be phosphorylated
weekly. We believe that all the four amino acids, T382, S397, S637
and S426, are the phosphorylation sites for Plk1 in vitro (Fig. 4C).
In addition, our results showed that S411, whose mutation to alanine
was reported to affect the association of Nedd1 and γ-tubulin with
the mitotic spindle (Luders et al., 2006), was not a phosphorylation
site for Plk1, as mutation of this site had almost no effect on the
protein phosphorylation state by Plk1 (Fig. 4C).
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Furthermore, through a two-step sequential protein
phosphorylation assay by Cdk1 and Plk1, we tested whether
phosphorylation of Nedd1 by Cdk1 affected its phosphorylation by
Plk1. The increased amount of incorporated 32P in His-Nedd1 (341-
end) revealed that Cdk1 largely promoted the phosphorylation of
Nedd1 by Plk1. In the absence of Cdk1, the phosphorylation of
Nedd1 by Plk1 is very limited. If His-Nedd1 (341-end) T550A was
used, the mutant was hardly phosphorylated by Plk1, even when it
was pre-incubated with Cdk1 (Fig. 4D). His-Nedd1 (341-end)
S411A, S426A and 4A were also subjected to the same two-step
sequential protein phosphorylation assay. The result further
confirmed that S426, T382, S397 and S637 were Plk1
phosphorylation sites in vitro. At the same time, S411 was not
involved in the regulation of the Nedd1-Plk1 interaction, as shown
by nearly the same level of phosphorylation in S411A and the wild
type (supplementary material Fig. S3).

Together, these results demonstrate that phosphorylation of
Nedd1 at T550 by Cdk1 is required for its further phosphorylation
by Plk1, at least in vitro.

Fig. 4. Phosphorylation of Nedd1 by Cdk1 facilitates its further
phosphorylation by Plk1 in vitro. (A) GST, GST-Nedd1 (1-350) and GST-
Nedd1 (341-end) were subjected to a protein phosphorylation assay with Plk1
kinase in vitro, followed by autoradiography (top). Coomassie Blue staining
showed the loading of GST-tagged proteins in the reactions (bottom).
(B) Comparison between the conserved phosphorylation motifs of human and
mouse Nedd1. (C) A few mutants of His-tagged Nedd1 (341-end) were
subjected to Plk1 kinase assay in vitro followed by autoradiography (top).
Coomassie blue staining showed the loading of His-tagged proteins in the
reactions (bottom). (D) Sequential assay of Nedd1 (341-end) phosphorylation
by Cdk1 and Plk1. His-tagged Nedd1 (341-end) WT and Nedd1 (341-end)
T550A were first incubated with or without Cdk1 for 30 minutes at 30°C, in
the presence of nonradioactive ATP. After inhibition of Cdk1 by roscovitine,
Nedd1 proteins were further incubated with or without Plk1 in the presence of
[γ-32P]ATP. After 30 minutes, the reactions were stopped and analyzed by
SDS-PAGE followed by autoradiography (top). Coomassie Blue (CB) staining
showed the loading of His-tagged proteins in the reactions (bottom).
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Phosphorylation of Nedd1 by Cdk1 and Plk1 is required for
targeting γ-tubulin to spindle poles by promoting the interaction
of Nedd1 with γ-tubulin
Phosphorylation of Nedd1 by Plk1 and colocalization of Nedd1 with
Plk1 suggests a functional interaction between Nedd1 and Plk1
during mitosis. To verify this, we first tested whether Nedd1
localization might be regulated by Plk1 or vice versa. In an RNAi
assay, the empty RNAi vector pSuper and GFP-H2B were co-
transfected as a control (Fig. 5A-C). To better visualize the effect
of Plk1 or Nedd1 depletion, monastrol was added to the control
RNAi cells to induce monopolar spindles. Nedd1 or Plk1 was
depleted by co-transfected HeLa cells with RNAi vector pSuper-
Nedd1 or pSuper-Plk1 and GFP-H2B, which was a marker to
indicate the RNAi-vector-transfected cells. The results showed that
Nedd1 or Plk1 depletion led to bipolar spindle assembly failure and
monopolar spindle formation, and reduced the amount of γ-tubulin
on spindle poles as previously reported (Haren et al., 2006; Lane
and Nigg, 1996; Luders et al., 2006). Importantly, we found that
when Plk1 was depleted, Nedd1 staining was largely reduced on
the spindle pole and distributed to the cytoplasm when compared
to control bipolar cells or monastrol-induced monopolar cells.
However, when Nedd1 was silenced, no significant effect was
observed on Plk1 localization to the spindle pole (Fig. 5A). In
addition, Plk1 depletion in the RNAi assay decreased Nedd1
phosphorylation during mitosis, thus strengthening our previous
conclusion that Plk1 is responsible for Nedd1 phosphorylation (Fig.
5C). To observe the detailed effect of Nedd1 and Plk1 depletion on
the cell, with a time-lapse imaging technique, we followed the
mitotic process in GFP-α-tubulin HeLa cells co-transfected with

pSuper vector (control), pSuper-Nedd1 or pSuper-Plk1 and RFP-
H2B as a marker to identify the pSuper plasmid-transfected cells.
We observed that both depletions resulted in poorly separated
spindle poles and interrupted centrosome function as shown by
attenuated microtubule nucleation around the centrosomes (Fig. 5D).
These observations are consistent with previous reports that
depletion of Nedd1 (Luders et al., 2006) or Plk1 (Lane and Nigg,
1996) induced monopolar spindles and thus affected mitotic
processes.

As it has been reported that Nedd1 binds directly to γ-tubulin
through its highly conserved C-terminal region during targeting of
the γTuRC to spindle poles (Haren et al., 2006; Luders et al., 2006),
we asked whether phosphorylation of Nedd1 by Cdk1 and Plk1 is
essential for its interaction with γ-tubulin in the γTuRC targeting
process. To answer this question, we performed a Co-IP assay to
examine the interaction status of Nedd1 and γ-tubulin using anti-
GFP antibody in the mitotic lysate of the cells transiently expressing
GFP-Nedd1 WT, GFP-Nedd1 4A or GFP-Nedd1 4E. Our results
showed that the association of Nedd1-4A with γ-tubulin was
decreased, compared with that of Nedd1 WT or Nedd1 4E with γ-
tubulin (Fig. 6A). This result suggests that the phosphorylation of
Nedd1 by Plk1 is required for the interaction of Nedd1 with γ-tubulin
in vivo and the 4E mutant is indeed a functional phospho-mimicking
mutant. To test whether the priming phosphorylation by Cdk1 was
important for γ-tubulin recruitment, the mitotic lyaste of the cells
transiently expressing GFP-Nedd1 WT, GFP-Nedd1 T550A or GFP-
Nedd1 T550E was subjected to the same Co-IP assay (Fig. 6B).
The result showed that the association of Nedd1-T550A with γ-
tubulin was decreased, compared with that of Nedd1 WT or Nedd1

Fig. 5. Plk1 is required for Nedd1
recruitment to spindle poles.
(A) HeLa cells were co-transfected
with an empty vector pSuper
(control), pSuper-Nedd1 or pSuper-
Plk1 and GFP-H2B at a ratio of 20:1
and labeled with antibodies against α-
tubulin, γ-tubulin, Nedd1 and Plk1.
GFP-H2B was used as a marker to
identify the pSuper-plasmid-
transfected cells. 100 nM monastrol
was added to the control cells for 2
hours before fixation. Scale bar:
10 μm. (B) Depletion efficiency of
Nedd1 from HeLa cells was shown by
western blotting. α-tubulin was used
as a loading control. (C) Depletion
efficiency of Plk1 from HeLa cells
was shown by western blotting.
Nedd1 was used as a loading control.
(D) GFP–α-tubulin-expressing HeLa
cells were co-transfected with pSuper
vector (control), pSuper-Nedd1 or
pSuper-Plk1 and RFP-H2B at the
ratio of 20:1 and then subjected to
time course fluorescence microscopy.
RFP-H2B was used as a marker to
identify the pSuper-plasmid-
transfected cells. Images were
acquired every 3 minutes from the
beginning of the nuclear envelope
brake down (0 minutes). Scale bar:
5 μm.
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T550E. This result strongly supports the notion that two-step
phophorylation of Nedd1 in mitosis is important for the binding of
Nedd1 with γ-tubulin.

To better understand the roles of Nedd1 phosphorylation by Cdk1
and Plk1 in vivo, we carried out a Nedd1 RNAi rescue assay by
expressing RNAi-insensitive exogenous GFP-Nedd1 WT, GFP-
Nedd1 4A, GFP-Nedd1 4E, GFP-Nedd1 T550A or GFP-Nedd1
T550E in cells depleted of endogenous Nedd1 (Fig. 6C). In this
assay, the endogenous Nedd1 was specifically depleted, and
simultaneously, the exogenous GFP-Nedd1 were expressed at the
level comparable to the endogenous Nedd1 (supplementary material
Fig. S4A). The result showed that phosphorylation site mutation
did not affect Nedd1 localization to spindle poles. This result could
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indicate that the N-terminus of Nedd1 is responsible for its
centrosome localization and this localization is not affected by the
mutation at the C-terminus. More importantly, we observed that γ-
tubulin staining was attenuated in 4A- or T550A-expressing cells
compared with that of WT-, 4E- or T550E-expressing cells (Fig.
6C). Quantification of the γ-tubulin fluorescence intensity indicated
that the 4A and T550A mutants reduced the amount of γ-tubulin
on the centrosomes by about 66% and 36%, respectively (Fig. 6D).

To further confirm the roles of Nedd1 phosphorylation in vivo,
we carried out a Nedd1 RNAi rescue assay combined with a mitotic
microtubule regrowth experiment. The result showed that the
microtubule nucleation and spindle assembly were severely
impaired in Nedd1 RNAi cells compared with control cells. The

Fig. 6. Phosphorylation of Nedd1 by Cdk1
and Plk1 is required for the interaction
between Nedd1 and γ-tubulin during
mitosis. (A,B) HeLa cells were transfected
with plasmids encoding GFP-Nedd1 WT
(A,B) GFP-Nedd1 4A (A), GFP-Nedd1 4E
(A), GFP-Nedd1 T550A (B) or GFP-
Nedd1 T550E (B) and arrested in mitosis
with nocodazole. The cell lysates and anti-
GFP IP were blotted with anti-γ-tubulin
and anti-GFP. The arrow indicates the
band of γ-tubulin. (C) HeLa cells were co-
transfected with pSuper-Nedd1 and
plasmids encoding RNAi-insensitive GFP-
Nedd1 WT, GFP-Nedd1 4A, GFP-Nedd1
4E, GFP-Nedd1 T550A or GFP-Nedd1
T550E at the ratio of 20:1, and were
stained with anti γ-tubulin (red) and DAPI
to show DNA (blue). Insets show views of
γ-tubulin staining of two poles of the
bipolar spindle. Scale bar: 5 μm.
(D) Quantification of γ-tubulin
fluorescence intensity of the spindle poles
described in C. Co-transfection of an
empty pSuper vector with GFP-H2B was
as control RNAi. Values are means from
≥40 spindle poles from different cells.
Error bars indicate the standard deviation.
(E) Tet-on HeLa cells stably transfected
with RNAi-insensitive pcDNA4/TO-GFP-
Nedd1 WT, pcDNA4/TO-GFP-Nedd1 4A,
pcDNA4/TO-GFP-Nedd1 4E,
pcDNA4/TO-GFP-Nedd1 T550A or
pcDNA4/TO-GFP-Nedd1 T550E were
cultured in the presence of tetracycline for
24 hours and stained for α-tubulin (red).
DNA was shown by DAPI staining (blue).
Cells were categorized as having either a
monopolar spindle, a bipolar spindle but
with partially aligned chromosomes, or a
bipolar spindle with aligned chromosomes.
Scale bar: 5 μm. (F) Histogram showing
percentage of each cell type described in
E, determined from three independent
experiments, in which 650-880 cells were
counted. Error bars indicate the standard
deviation. HeLa cells were used as a
control.
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defect of the microtubule nucleation and spindle assembly by Nedd1
RNAi could be rescued by expressing the wide-type or 4E Nedd1,
whereas the 4A mutant could only partially restore the defect (Fig.
7A). In this assay, the microtubule nucleation status of prometaphase
or metaphase cells were analyzed for each sample. Statistical results
in Fig. 7B showed the percentages of the cells that have the similar
microtubule nucleation status to that in Fig. 7A. These results
indicated that the images in Fig. 7A accurately reflected the process
of mitotic microtubule regrowth in different conditions.

Previous studies by Merdes and colleagues have shown that
overexpression of Nedd1 affected γ-tubulin accumulation at spindle
poles and therefore caused a dominant-negative phenotype during
mitosis (Haren et al., 2006). To investigate the significance of Nedd1
phosphorylation in vivo, we generated adjustable Tet-on cell lines
stably transfected with GFP-Nedd1 WT, GFP-Nedd1 4A, GFP-
Nedd1 4E, GFP-Nedd1 T550A or GFP-Nedd1 T550E. We could
ensure the same protein expression level of different cell lines by
adjusting the tetracycline levels (supplementary material Fig. S4B).
Overexpression of Nedd1 affected mitotic progression and generated
many monopolar spindles and prometaphase-like spindles (bipolar,
partially aligned choromosomes) (Fig. 6E). The overexpression
assay showed that Nedd1 4A and T550A had less effect on mitotic
progression than WT, 4E, T550E and control cells in this system,
showing fewer monopolar spindles and more prometaphase-like
spindles (Fig. 6F). Together, these results demonstrate that
phosphorylation of Nedd1 by Cdk1 and Plk1 is required for
targeting γ-tubulin to spindle poles by promoting the interaction of
Nedd1 with γ-tubulin.

As aforementioned results showed that the GFP-Nedd1 4E
construct was a functional phospho-mimicking mutant, we wanted
to examine whether expression of the mutant could rescue γ-tubulin
recruitment to the centrosome in the cells depleted of both Plk1
and Nedd1. We performed a double RNAi assay against endogenous
Nedd1 and Plk1 and adjusted the amount of tetracycline to ensure
that the exogenous RNAi-insensitive GFP-Nedd1 were expressed
at a comparable level to that of the endogenous Nedd1 (Fig. 8A).
The result showed that neither GFP-Nedd1 WT nor the phospho-
mimicking mutant 4E could rescue the failure of γ-tubulin
recruitment to the spindle poles (Fig. 8B). This result suggested
that, although Plk1 is required for Nedd1 and γ-tubulin localization
to the centrosome (Fig. 5A), the sequential localization of Nedd1
and γ-tubulin to the centrosome was not directly regulated by Plk1
phosphorylation of Nedd1. Therefore, when both Plk1 and Nedd1
were depleted, GFP-Nedd1 4E itself was unable to localize to the
centrosome, and consequently, γ-tubulin could not be recruited to
the centrosome (Fig. 8B).

Considering the fact that the phosphorylation of Nedd1 by Plk1
could promote the interaction of Nedd1 and γ-tubulin (Fig. 6A)
and that Nedd1 and the γTuRC function in microtubule nucleation,
we performed a microtubule regrowth assay by expressing GFP-
Nedd1 4E in Plk1 and Nedd1 double-depleted Tet-on HeLa cells
(Fig. 8C) to see if the phospho-mimicking mutant Nedd1 4E could
nucleate microtubules. The percentages of the cells that have a
similar microtubule nucleation status to that in Fig. 8C are shown
in Fig. 8D. The results indicated that, compared with Nedd1 WT
and control cells, the 4E mutant was sufficient to nucleate

Fig. 7. Phosphorylation of Nedd1 by Plk1 is required for microtubule nucleation and spindle assembly. (A) HeLa cells were co-transfected with pSuper vector
(control) or pSuper-Nedd1 and GFP-H2B, RNAi-insensitive GFP-Nedd1 WT, GFP-Nedd1 4A or GFP-Nedd1 4E at the ratio of 20:1. The cells were synchronized
and arrested in mitosis. After cold treatment for 30 minutes, the cells were transferred into pre-warmed medium at 37°C for 30 seconds, 1 minutes, 5 minutes and
30 minutes before staining for α-tubulin (red). DNA was shown by DAPI staining (blue). Scale bar: 5 μm. (B) The microtubule nucleation status of at least 50 cells
at prometaphase or metaphase were analyzed for each sample in A, and the percentages of the cells with a similar microtubule nucleation status to that in A were
determined from three independent experiments. Error bars indicate the standard deviation.
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microtubules, suggesting that the four-sites phosphorylation by
Plk1 is crucial for Nedd1 in regulating microtubule nucleation
and spindle assembly.

Discussion
The γTuRC acts as a microtubule nucleation core at the centrosome.
The recruitment of the γTuRC to the centrosome is significantly
increased before mitosis in somatic cells and thus supports the
formation of new spindle microtubules (Raynaud-Messina and
Merdes, 2007). Thus far, a number of centrosomal proteins including
pericentrin (Zimmerman et al., 2004), AKAP450/CG-NAP
(Takahashi et al., 2002), ninein (Stillwell et al., 2004) and ninein-
like protein Nlp (Casenghi et al., 2003), cofactor D (Cunningham
and Kahn, 2008) and CDK5RAP2 (Fong et al., 2008) have been
identified as regulators of the localization of the γTuRC to the
centrosome. Mitotic accumulation of the γTuRC is regulated by a
few protein kinases, such as Aurora A, Plk1 (Casenghi et al., 2003)
and Cdk1. For instance, phosphorylation of centrosomal protein Nlp
(ninein-like protein) by Plk1 results in the dissociation of Nlp from
the centrosome and the subsequent recruitment of γ-tubulin to
centrosome during mitosis (Casenghi et al., 2003).

Nedd1 is a newly identified key member of γTuRC components
and contributes to γTuRC attachment to the centrosome. Nedd1
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depletion induces a dramatic decrease of γTuRC attachment to the
centrosome (Haren et al., 2006; Luders et al., 2006), leading to an
increased number of abnormal spindles during mitosis, with
predominant phenotypes of monopolar spindles (Haren et al., 2006;
Luders et al., 2006). Although the downstream function of Nedd1
is relatively clear, the upstream regulator(s) of the localization and
function of Nedd1 remains unknown, except for the indication that
Nedd1 is phosphorylated during mitosis. In this work, we identified
that Cdk1 and Plk1 are two primary upstream regulators for Nedd1.

The Cdk1-cyclin B complex is a master mitotic regulator. It is
reported that a fraction of Cdk1 accumulates on centrosomes during
the G2-M transition (Bailly et al., 1989; Bailly et al., 1992), where
Cdk1 is activated (Lindqvist et al., 2005; Jackman et al., 2003),
and contributes to centrosome separation and subsequent mitotic
events by phosphorylating its substrates (Blangy et al., 1997;
Lindqvist et al., 2007). In this work, we found that Cdk1
phosphorylates the centrosomal protein Nedd1, and T550 of Nedd1
has been identified as the Cdk1 phosphorylation site. Inhibition of
Cdk1 by roscovitine in mitosis-arrested cells caused the
dephosphorylation of Nedd1. The fact that the sequence context of
T550 matches the consensus phosphorylation motif for Cdk1
([S/T]Px[R/K]) (Songyang et al., 1994) indicates the specificity of
Nedd1 phosphorylation by this kinase.

Fig. 8. Phosphorylation of Nedd1 by Plk1 promotes microtubule nucleation. (A) Endogenous Nedd1 and Plk1 double-RNAi and exogenous GFP-Nedd1 expression
efficiency assay using western blot analysis. The Tet-on HeLa cells stably transfected with RNAi-insensitive pcDNA4/TO-GFP-Nedd1 WT or pcDNA4/TO-GFP-
Nedd1 4E were transiently transfected with pSuper-Plk1 and pSuper-Nedd1, and then treated with tetracycline for 10 hours to induce GFP-Nedd1 expression (lane
3 and 4). Normal HeLa cells were transfected without or with pSuper-Plk1 and pSuper-Nedd1 as a control (lane 1 and 2). The cell lysates were blotted with anti-
Nedd1, anti-Plk1 and anti-γ-tubulin. The positions of the endogenous (Endo) Nedd1 and GFP-Nedd1 are indicated by arrows. (B) HeLa cells transiently co-
transfected with pSuper vector (control) or both pSuper-Nedd1 and pSuper-Plk1 and GFP-H2B at a ratio of 20:1, and Tet-on HeLa cells described in A were stained
with anti-γ-tubulin (red) or anti-α-tubulin (red) and DAPI to show DNA (blue). Scale bar: 5 μm. (C) Tet-on HeLa cells described in A (middle and right panels) and
normal HeLa cells (left panel) that were transfected with pSuper-Plk1 and pSuper-Nedd1 were cold-treated for 30 minutes to depolymerise microtubules and then
transferred to pre-warmed medium at 37°C for 1 minutes, 2 minutes and 15 minutes to allow microtubule nucleation before fixation and staining for α-tubulin
(red). DNA was stained with DAPI (blue). The arrowheads indicated the regrown microtubules. Scale bar: 5 μm. (D) The microtubule nucleation status of at least
55 mitotic cells was analyzed for each sample in C, and the percentages of the cells with a similar microtubule nucleation status to that in C were determined from
three independent experiments. The numbers in parentheses are standard deviations.
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Plk1 is the best characterized member of the Polo-like kinases
(Plks) and participates in several important events throughout the
M phase progression, including centrosome maturation, bipolar
spindle formation, chromosome segregation, mitotic exit and
cytokinesis (Barr et al., 2004; Liu and Maller, 2005). Plk1 performs
its function by phosphorylating its substrates and regulating their
functions. Malfunction of Plk1 affects a broad range of mitotic
events, such as the recruitment of several proteins to the spindle
poles and the spindle pole formation (Barr et al., 2004; Liu and
Maller, 2005). In this report, we have provided evidence that Nedd1
interacts with Plk1 and is phosphorylated by Plk1 in targeting the
γTuRC to centrosomes. Plk1 and Nedd1 colocalize at the centrosome
in interphase and at spindle poles and spindle microtubules during
mitosis. Biochemical experiments indicated that phosphorylated
Nedd1 C-terminus specifically binds to Plk1-PBD during mitosis.
Through mass spectrometry and protein sequence analyses, we
identified four major Plk1 phosphorylation sites in Nedd1 (T382,
S397, S426 and S637), which, with the except of T382, are
conserved in human and mouse. Through an in vitro protein
phosphorylation assay, we verified that all of the four sites could
be phosphorylated by Plk1.

Our results indicate that sequential phosphorylation of Nedd1 by
Cdk1 and Plk1 is important for the targeting of the γTuRC to the
centrosome through Nedd1. Sequential phosphorylation of Cdk1
and Plk1 on their substrates including vimentin (Yamaguchi et al.,
2005), the origin recognition complex 1 (Hbo1) (Wu and Liu, 2008),
BubR1 (Elowe et al., 2007), Bub1 (Qi et al., 2006) and Cep55
(Fabbro et al., 2005) have been reported previously. By sequence
analysis, we found that the sequence context of T550
(SST550PNPK) corresponds to the optimal Plk1 PBD binding motif.
Indeed, in this work, we have provided experimental evidence that
phosphorylation of Nedd1 at T550 by Cdk1 enhances the binding
between Nedd1 and Plk1 and promotes the subsequent
phosphorylation of Nedd1 by Plk1. It has been reported that, in
mitosis, the substitution of alanine at the possible Cdk1
phosphorylation site, S411, of Nedd1 decreases Nedd1 enrichment
on the spindle and concomitantly induces a lower distribution of
γ-tubulin on the spindle (Haren et al., 2006; Luders et al., 2006).
However, our present work indicates that S411 is not involved in
the regulation of the Plk1-Nedd1 interaction.

Up to now, how Nedd1 is recruited to the centrosome remains
unknown. Our present work demonstrates that Plk1 regulates the
recruitment of Nedd1 to the centrosome. Our results also showed
that both the GFP-Nedd1 4A, a Plk1 non-phospho-mimicking
mutant and GFP-Nedd1 T550A, a Cdk1 non-phospho-mimicking
mutant localize to the centrosomes normally; meanwhile, the Plk1
phospho-mimicking mutant GFP-Nedd1 4E could not rescue the
failure of γ-tubulin recruitment to the centrosomes in Plk1 and
Nedd1 double-depleted cells. These results might suggest that the
sequential localization of Nedd1 and γ-tubulin to the centrosome
is not due to the phosphorylation of Nedd1 by Plk1 or to the direct
interaction between Plk1 and Nedd1. Therefore, we speculate that
Plk1 regulates Nedd1 recruitment to the centrosome by regulating
other centrosomal protein(s). We expect that future studies will
reveal the exact sequence of events that lead to the prominent
recruitment of Nedd1 and the γTuRC to centrosome and the mitotic
spindle.

We also demonstrate that the sequential phosphorylation of
Nedd1 by Cdk1 and Plk1 functions through promoting the
interaction of Nedd1 with γ-tubulin in mitosis in vivo. When T550
and the other four sites were mutated to T550E and 4E, these

mutants could functionally mimic phosphorylated Nedd1. Our
experiments proved that T550 is the Cdk1 phosphorylation site,
and T382, S397, S426 and S637 are the Plk1 phosphorylation sites
in vivo. However, as to why phosphorylation of Nedd1 at these
sites by Plk1 is required for its interaction with γ-tubulin remains
unclear.

In summary, we found that two key kinases in cell cycle, Cdk1
and Plk1, are two major upstream regulators of Nedd1 for its
localization and function during mitosis. Phosphorylation of Nedd1
at T550 by Cdk1 creates a binding site for the PBD of Plk1 and
promotes the subsequent phosphorylation of Nedd1 by Plk1. The
sequential phosphorylation of Nedd1 by Cdk1 and Plk1 promotes
the interaction of Nedd1 and γ-tubulin and the targeting of the
γTuRC to centrosome, which in turn, facilitates the mitotic spindle
assembly.

Materials and Methods
Plasmids and antibodies
Human Nedd1 and Plk1 were cloned from a cDNA library by RT-PCR and confirmed
by DNA sequencing (Nedd1, NM_152905 which is an isoform of GCP-WD,
NM_001135175 according to Luder et al. (Luder et al., 2006) and lacks seven amino
acids at the N-terminus compared with GCP-WD; Plk1, NM_005030). In this study,
cDNAs encoding full-length Nedd1 WT/T550A/T550E/4A (T382A, S397A, S426A,
S637A)/4E (T382E, S397E, S426E, S637E), Nedd1 (1-350 or N-terminus), Nedd1
(341-end or C-terminus), Nedd1 (341-445), Nedd1 (434-504), Nedd1 (501-590),
Nedd1 (585-end), mutants of Nedd1 (341-end), full-length Plk1, Plk1 (1-400), Plk1
(326-end or PBD) and Plk1-PBD-H538A/K540A were subcloned into pEGFP-C2,
pCMV-Myc, pET-28a or pGEX-4T-1 vectors. All the His-tagged or GST-tagged Nedd1
proteins were expressed in Escherichia coli.

For RNAi experiments, a pSuper plasmid expressing shRNA was designed to target
a region in the Nedd1 or Plk1 open reading frame: nucleotides 237-256 of Nedd1
and nucleotides 1581-1601 of Plk1. To obtain RNA interference (RNAi)-insensitive
Nedd1 constructs, four silent point mutations within the RNAi targeting region were
introduced through site-directed mutagenesis.

Anti-Nedd1 rabbit and mouse polyclonal antibodies were raised against the C-
terminus (341-end) of human Nedd1 and affinity-purified. Mouse anti-α-tubulin, anti-
γ-tubulin and anti-Myc antibodies were purchased from Sigma-Aldrich. Mouse anti-
Plk1 antibody was from Upstate. Rabbit anti-GFP antibody was from Proteintech
Group.

Cell culture, transfection and generation of stable cell lines
Cells were grown at 37°C in a 5% CO2 atmosphere in DMEM, supplemented with
10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were
synchronized in G1-S phase by a double-thymidine block. Mitosis-arrested cells were
obtained by treatment with 100 ng/ml nocodazole (Sigma-Aldrich) about 5 hours
after release from the thymidine block.

Plasmid transfection was performed at 50% cell efficiency using a standard calcium
phosphate transfection protocol.

Tet-on HeLa cell lines were generated according to the supplier’s instructions
(plasmids and drugs from Invitrogen). HeLa cells were transfected with pcDNA6/TR,
and cultured in the presence of 10 μg/ml blasticidin for 2 weeks. Positive clones
were selected for further transfection of Nedd1 RNAi-insensitive pcDNA4/TO-GFP-
Nedd1 WT, pcDNA4/TO-GFP-Nedd1 4A, pcDNA4/TO-GFP-Nedd1 4E,
pcDNA4/TO-GFP-Nedd1 T550A or pcDNA4/TO-GFP-Nedd1 T550E followed by
selection with 200 μg/ml Zeocin for 14 days. Again, positive clones were selected,
tested and cultured for use. To compare the effects of the overexpression of Nedd1
WT, Nedd1 4A, Nedd1 4E, Nedd1 T550A and Nedd1 T550E impartially, we adjusted
the protein expression to the same level during the same period by changing the
amount of tetracycline added to each stable cell line.

Immunoprecipitation and GST fusion protein pull-down assay
Cells were washed once with cold PBS and lysed in cell lysis buffer (20 mM Tris-
HCl pH 8.0, 150 mM NaCl, 2 mM EGTA, 0.5 mM EDTA, 0.5% NP-40, 5 mM
NaF, 1 mM Na3VO4, 1 mM PMSF, 10 μg/ml aprotinin and 5 μg/ml pepstatin A)
for 20 minutes on ice and centrifuged at 15,000 g for 15 minutes to obtain clear
cell lysates.

For immunoprecipitation assays, the clarified cell lysates were incubated with the
indicated antibodies for 60 minutes on ice. Then 15 μl of protein A or G Sepharose
(75% slurry) were added and the mixtures were rotated for 2 hours at 4°C. The beads
were washed three times with lysis buffer and harvested by brief centrifugation and
finally suspended in gel sample buffer.

For GST pull-down assays, 5 μg of soluble GST or GST fused proteins bound to
15 μl of glutathione-Sepharose beads (75% slurry) were incubated with lysates from
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HeLa cells for 3 hours at 4°C. The beads were washed four times with lysis buffer
and harvested by brief centrifugation and finally suspended in gel sample buffer. The
assays were analyzed by immunoblotting (IB) with indicated antibodies.

Immunofluorescence microscopy
HeLa cells were grown on glass coverslips and fixed with –20°C methanol for 5
minutes. Fixed cells were incubated with the appropriate primary antibodies for 1
hour at room temperature or overnight at 4°C, washed with PBS, and then incubated
with the fluorescently labeled secondary antibodies for 1 hour at room temperature.
The coverslips were mounted with mowiol (Sigma-Aldrich) containing 1 μg/ml DAPI
(Sigma-Aldrich) for DNA staining. Cells were observed using a �63 oil objective
on an Axiovert 200M microscope (Zeiss) and the Axiovert software was used for
acquisition and analysis.

For quantification of γ-tubulin intensity, images of the mitotic spindles were
captured at the same exposure, and the γ-tubulin staining was measured in a 2 μm
circular area around the spindle poles using ImageJ software.

For the microtubule regrowth assay, microtubules were completely depolymerized
with cell dishes on the ice for 30 minutes and then the cells were transferred into
pre-warmed medium at 37°C. Microtubule regrowth was stopped at different time
points by methanol fixation.

Live imaging
GFP–α-tubulin-expressing HeLa cells grown in a glass-bottomed dish were co-
transfected with an empty pSuper vector (control), pSuper-Nedd1 or pSuper-Plk1
and RFP-H2B at a ratio of 20:1. From 8 to 15 hours after the release of the second
thymidine block, the images were acquired every 3 minutes on an Axiovert 200M
microscope and the Axiovert software was used to collect and process data.
Experiments were performed in a temperature-controlled chamber at 37°C with 5%
CO2 in air.

In vitro protein phosphorylation assays
2 μg of GST-tagged truncated Nedd1 proteins were incubated with either Plk1 (Cell
Signaling Technology) or cyclin B/Cdc2 (New England Biolabs) in 50 mM Tris pH
7.5, 10 mM MgCl2, 2 mM EGTA, 5 mM DTT, 100 mM ATP, 0.25 mCi/ml [γ-32P]ATP
and 1 μCi [γ-32P]ATP (10 mCi/ml, 6,000 Ci/mmol; Amersham) for 30 minutes at
30°C. The reactions were stopped by adding gel sample buffer, and analyzed by SDS-
PAGE and autoradiography.

For in vitro protein binding assays, 2 μg of purified substrate proteins, His-Nedd1
(341-end)-WT/T550A/S460A, were pretreated with cyclin B/Cdc2 in kinase buffer
in the presence of ATP for 30 minutes at 30°C, or left untreated, as a control. The
reaction mixtures were then incubated with beads binding GST, GST-PBD or GST-
PBD H538A/K540A for 2 hours at 4°C. Pelleted beads were washed three times with
PBS. Captured proteins were analyzed by SDS-PAGE.

For two-step sequential protein phosphorylation assays, His-tagged Nedd1 (341-
end) WT, Nedd1 (341-end) T550A/S411A/S426A/4A were first incubated with or
without cyclin B/Cdc2 for 30 minutes at 30°C, in the presence of nonradioactive
ATP. After inhibition of Cdk1 with roscovitine, the Nedd1 proteins were further
incubated with or without Plk1 in the presence of [γ-32P]ATP for 30 minutes at 30°C.
After stopping the kinase reactions by addition of gel sample buffer, the samples
were resolved by SDS-PAGE and subjected to autoradiography.

For mass spectrometry (MS) analysis of the phosphorylated proteins, 2 μg of His-
Nedd1 (341-end) WT were incubated with either cyclin B/Cdc2 (New England
Biolabs) or Plk1 (Cell Signaling Technology) in 50 mM Tris pH 7.5, 10 mM MgCl2,
2 mM EGTA, 5 mM DTT, 100 mM ATP and 0.25 mCi/ml [γ-32P]ATP for 30 minutes
at 30°C. The reactions were subjected to SDS-PAGE and the gels were processed
for MS analysis.

We thank other members in our laboratory for helpful comments
and Christine Tran for critical reading of this manuscript. This work
was supported by funds from the National Natural Science Foundation
of China (NSFC) (30721064, 30225016 and 30330200), the National
Basic Research Program of China (2004CB720003, 2004CB720004
and 2006CB910101) and the National Key Scientific Program of China
(2007CB914502).

References
Bailly, E., Doree, M., Nurse, P. and Bornens, M. (1989). p34cdc2 is located in both

nucleus and cytoplasm: part is centrosomally associated at G2/M and enters vesicles at
anaphase. EMBO J. 8, 3985-3995.

Bailly, E., Pines, J., Hunter, T. and Bornens, M. (1992). Cytoplasmic accumulation of
cyclin B1 in human cells: association with a detergent-resistant compartment and with
the centrosome. J. Cell Sci. 101, 529-545.

Barr, F. A., Sillje, H. H. and Nigg, E. A. (2004). Polo-like kinases and the orchestration
of cell division. Nat. Rev. Mol. Cell. Biol. 5, 429-440.

Blagden, S. P. and Glover, D. M. (2003). Polar expeditions-provisioning the centrosome
for mitosis. Nat. Cell Biol. 5, 505-511.

Blangy, A., Arnaud, L. and Nigg, E. A. (1997). Phosphorylation by p34cdc2 protein kinase
regulates binding of the kinesin-related motor HsEg5 to the dynactin subunit p150. J.
Biol. Chem. 272, 19418-19424.

Bornens, M. (2002). Centrosome composition and microtubule anchoring mechanisms.
Curr. Opin. Cell Biol. 14, 25-34.

Casenghi, M., Meraldi, P., Weinhart, U., Duncan, P. I., Korner, R. and Nigg, E. A.
(2003). Polo-like kinase 1 regulates Nlp, a centrosome protein involved in microtubule
nucleation. Dev. Cell 5, 113-125.

Cunningham, L. A. and Kahn, R. A. (2008). Cofactor D functions as a centrosomal
protein and is required for the recruitment of the gamma-tubulin ring complex at
centrosomes and organization of the mitotic spindle. J. Biol. Chem. 283, 7155-7165.

Doxsey, S. (2001). Re-evaluating centrosome function. Nat. Rev. Mol. Cell. Biol. 2, 688-
698.

Elia, A. E., Cantley, L. C. and Yaffe, M. B. (2003a). Proteomic screen finds pSer/pThr-
binding domain localizing Plk1 to mitotic substrates. Science 299, 1228-1231.

Elia, A. E., Rellos, P., Haire, L. F., Chao, J. W., Ivins, F. J., Hoepker, K., Mohammad,
D., Cantley, L. C., Smerdon, S. J. and Yaffe, M. B. (2003b). The molecular basis for
phosphodependent substrate targeting and regulation of Plks by the Polo-box domain.
Cell 115, 83-95.

Elowe, S., Hummer, S., Uldschmid, A., Li, X. and Nigg, E. A. (2007). Tension-sensitive
Plk1 phosphorylation on BubR1 regulates the stability of kinetochore microtubule
interactions. Genes Dev. 21, 2205-2219.

Fabbro, M., Zhou, B. B., Takahashi, M., Sarcevic, B., Lal, P., Graham, M. E., Gabrielli,
B. G., Robinson, P. J., Nigg, E. A., Ono, Y. et al. (2005). Cdk1/Erk2- and Plk1-dependent
phosphorylation of a centrosome protein, Cep55, is required for its recruitment to midbody
and cytokinesis. Dev. Cell 9, 477-488.

Fong, K. W., Choi, Y. K., Rattner, J. B. and Qi, R. Z. (2008). CDK5RAP2 is a
pericentriolar protein that functions in centrosomal attachment of the {gamma}-tubulin
ring complex. Mol. Biol. Cell 19, 115-125.

Fry, A. M., Mayor, T. and Nigg, E. A. (2000). Regulating centrosomes by protein
phosphorylation. Curr. Top. Dev. Biol. 49, 291-312.

Hannak, E., Kirkham, M., Hyman, A. A. and Oegema, K. (2001). Aurora-A kinase is
required for centrosome maturation in Caenorhabditis elegans. J. Cell Biol. 155, 1109-
1116.

Haren, L., Remy, M. H., Bazin, I., Callebaut, I., Wright, M. and Merdes, A. (2006).
NEDD1-dependent recruitment of the gamma-tubulin ring complex to the centrosome
is necessary for centriole duplication and spindle assembly. J. Cell Biol. 172, 505-515.

Jackman, M., Lindon, C., Nigg, E. A. and Pines, J. (2003). Active cyclin B1-Cdk1 first
appears on centrosomes in prophase. Nat. Cell Biol. 5, 143-148.

Job, D., Valiron, O. and Oakley, B. (2003). Microtubule nucleation. Curr. Opin. Cell
Biol. 15, 111-117.

Kumar, S., Matsuzaki, T., Yoshida, Y. and Noda, M. (1994). Molecular cloning and
biological activity of a novel developmentally regulated gene encoding a protein with
beta-transducin-like structure. J. Biol. Chem. 269, 11318-11326.

Lane, H. A. and Nigg, E. A. (1996). Antibody microinjection reveals an essential role for
human polo-like kinase 1 (Plk1) in the functional maturation of mitotic centrosomes. J.
Cell Biol. 135, 1701-1713.

Lindqvist, A., Kallstrom, H., Lundgren, A., Barsoum, E. and Rosenthal, C. K. (2005).
Cdc25B cooperates with Cdc25A to induce mitosis but has a unique role in activating
cyclin B1-Cdk1 at the centrosome. J. Cell Biol. 171, 35-45.

Lindqvist, A., van Zon, W., Karlsson Rosenthal, C. and Wolthuis, R. M. (2007). Cyclin
B1-Cdk1 activation continues after centrosome separation to control mitotic progression.
PLoS Biol. 5, e123.

Liu, J. and Maller, J. L. (2005). Xenopus Polo-like kinase Plx1: a multifunctional mitotic
kinase. Oncogene 24, 238-247.

Liu, L. and Wiese, C. (2008). Xenopus NEDD1 is required for microtubule organization
in Xenopus egg extracts. J. Cell Sci. 121, 578-589.

Lowery, D. W., Mohammad, D. H., Elia, A. E. and Yaffe, M. B. (2004). The Polo-box
domain: a molecular integrator of mitotic kinase cascades and Polo-like kinase function.
Cell Cycle 3, 128-131.

Luders, J., Patel, U. K. and Stearns, T. (2006). GCP-WD is a gamma-tubulin targeting
factor required for centrosomal and chromatin-mediated microtubule nucleation. Nat.
Cell Biol. 8, 137-147.

Manning, J. and Kumar, S. (2007). NEDD1: function in microtubule nucleation, spindle
assembly and beyond. Int. J. Biochem. Cell Biol. 39, 7-11.

Nakajima, H., Toyoshima-Morimoto, F., Taniguchi, E. and Nishida, E. (2003).
Identification of a consensus motif for Plk (Polo-like kinase) phosphorylation reveals
Myt1 as a Plk1 substrate. J. Biol. Chem. 278, 25277-25280.

Palazzo, R. E., Vogel, J. M., Schnackenberg, B. J., Hull, D. R. and Wu, X. (2000).
Centrosome maturation. Curr. Top. Dev. Biol. 49, 449-470.

Qi, W., Tang, Z. and Yu, H. (2006). Phosphorylation- and polo-box-dependent binding
of Plk1 to Bub1 is required for the kinetochore localization of Plk1. Mol. Biol. Cell 17,
3705-3716.

Raynaud-Messina, B. and Merdes, A. (2007). Gamma-tubulin complexes and microtubule
organization. Curr. Opin. Cell Biol. 19, 24-30.

Songyang, Z., Blechner, S., Hoagland, N., Hoekstra, M. F., Piwnica-Worms, H. and
Cantley, L. C. (1994). Use of an oriented peptide library to determine the optimal
substrates of protein kinases. Curr. Biol. 4, 973-982.

Stillwell, E. E., Zhou, J. and Joshi, H. C. (2004). Human ninein is a centrosomal
autoantigen recognized by CREST patient sera and plays a regulatory role in microtubule
nucleation. Cell Cycle 3, 923-930.

Sumara, I., Gimenez-Abian, J. F., Gerlich, D., Hirota, T., Kraft, C., de la Torre, C.,
Ellenberg, J. and Peters, J. M. (2004). Roles of polo-like kinase 1 in the assembly of
functional mitotic spindles. Curr. Biol. 14, 1712-1722.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



2251Plk1 and Cdk1 regulate Nedd1 in mitosis

Takahashi, M., Yamagiwa, A., Nishimura, T., Mukai, H. and Ono, Y. (2002).
Centrosomal proteins CG-NAP and kendrin provide microtubule nucleation sites by
anchoring gamma-tubulin ring complex. Mol. Biol. Cell 13, 3235-3245.

van Vugt, M. A., van de Weerdt, B. C., Vader, G., Janssen, H., Calafat, J.,
Klompmaker, R., Wolthuis, R. M. and Medema, R. H. (2004). Polo-like kinase-1
is required for bipolar spindle formation but is dispensable for anaphase promoting
complex/Cdc20 activation and initiation of cytokinesis. J. Biol. Chem. 279, 36841-
36854.

Verollet, C., Colombie, N., Daubon, T., Bourbon, H. M., Wright, M. and Raynaud-
Messina, B. (2006). Drosophila melanogaster gamma-TuRC is dispensable for targeting

gamma-tubulin to the centrosome and microtubule nucleation. J. Cell Biol. 172, 517-
528.

Wu, Z. Q. and Liu, X. (2008). Role for Plk1 phosphorylation of Hbo1 in regulation of
replication licensing. Proc. Natl. Acad. Sci. USA 105, 1919-1924.

Yamaguchi, T., Goto, H., Yokoyama, T., Sillje, H., Hanisch, A., Uldschmid, A., Takai,
Y., Oguri, T., Nigg, E. A. and Inagaki, M. (2005). Phosphorylation by Cdk1 induces
Plk1-mediated vimentin phosphorylation during mitosis. J. Cell Biol. 171, 431-436.

Zimmerman, W. C., Sillibourne, J., Rosa, J. and Doxsey, S. J. (2004). Mitosis-specific
anchoring of gamma tubulin complexes by pericentrin controls spindle organization and
mitotic entry. Mol. Biol. Cell 15, 3642-3657.

Jo
ur

na
l o

f C
el

l S
ci

en
ce


