Downloaded from genesdev.cship.org on May 6, 2024 - Published by Cold Spring Harbor Laboratory Press

Components of an SCF ubiquitin ligase
localize to the centrosome and regulate
the centrosome duplication cycle
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Centrosomes organize the mitotic spindle to ensure accurate segregation of the chromosomes in mitosis. The
mechanism that ensures accurate duplication and separation of the centrosomes underlies the fidelity of
chromosome segregation, but remains unknown. In Saccharomyces cerevisiae, entry into S phase and
separation of spindle pole bodies each require CDC4 and CDC34, which encode components of an SCF
(Skp1-cullin-F-box) ubiquitin ligase, but a direct (SCF) connection to the spindle pole body is unknown. Using
immunofluorescence microscopy, we show that in mammalian cells the Skpl protein and the cullin Cull are
localized to interphase and mitotic centrosomes and to the cytoplasm and nucleus. Deconvolution and
immunoelectron microscopy suggest that Skp1 forms an extended pericentriolar structure that may function
to organize the centrosome. Purified centrosomes also contain Skpl, and Cull modified by the ubiquitin-like
molecule NEDDS, suggesting a role for NEDDS in targeting. Using an in vitro assay for centriole separation in
Xenopus extracts, antibodies to Skpl or Cull block separation. Proteasome inhibitors block both centriole
separation in vitro and centrosome duplication in Xenopus embryos. We identify candidate centrosomal F-box
proteins, suggesting that distinct SCF complexes may direct proteolysis of factors mediating multiple steps in
the centrosome cycle.
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Animal cell centrosomes or yeast spindle pole bodies
(SPBs) are the cell’s microtubule organizing centers and
have a central role in organizing the mitotic spindle to
separate the chromosomes at mitosis (Winey and Byers
1993; Kellogg et al. 1994; Zimmerman et al. 1999). Like
the chromosomes themselves, centrosomes or SPBs
must be duplicated once per cell cycle in a semi-conser-
vative manner. Currently, the mechanisms that monitor
centrosome number and function are unknown. It has
been suggested that if these mechanisms fail, abnormal
centrosome number or function can result in the forma-
tion of aberrant spindles, and therefore in chromosome
missegregation. Tumor cells and p53-negative cells have
been found to contain multiple or atypical centrosomes
(Fukasawa et al. 1996; Lingle et al. 1998; Pihan et al.
1998), suggesting that centrosome abnormalities con-
tribute to genetic instability in cancer.

Each centrosome has a core of two centrioles, cylin-
drical structures consisting of nine microtubule triplets.
Around the centrioles, the pericentriolar material (PCM)
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functions to nucleate microtubule growth. During G, in
mammalian cells, the centrioles first separate by a small
distance in a process called disorientation (Kuriyama and
Borisy 1981). Subsequently, a new daughter centriole or
procentriole appears adjacent to each mother centriole.
This duplication process continues through S and G,,
and into mitosis. At prophase, the newly replicated cen-
triole pairs, and their surrounding PCM, separate and
move to opposite sides of the nucleus to form the poles
of the mitotic spindle and ultimately the centrosomes of
each daughter cell. Therefore, two separation events oc-
cur—centriolar separation beginning in G, and separa-
tion of duplicated centrosomes and PCM at prophase.
How these processes are controlled is not well under-
stood.

The PCM has been described as a lattice-like structure
containing the protein pericentrin and the y-tubulin ring
complex (y-TuRC), which direct microtubule nucleation
and organization (Stearns et al. 1991; Zheng et al. 1991,
1995; Doxsey et al. 1994; Stearns and Kirschner 1994;
Moritz et al. 1995b; Dictenberg et al. 1998; Schnacken-
berg et al. 1998). The y-TuRC consists of y-tubulin and
associated proteins and is sufficient to nucleate micro-
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tubule growth (Moritz et al. 1995b, 1998; Zheng et al.
1995). Components of the PCM, including y-tubulin, ac-
cumulate at the centrosome as cells progress to mitosis.
Although centrosomes and yeast SPBs are morphologi-
cally different, they share homologous and functionally
similar components, including proteins of the y-TuRC
(Geissler et al. 1996; Knop and Schiebel 1997; Martin et
al. 1998; Murphy et al. 1998; Tassin et al. 1998).

A number of regulatory proteins are implicated in the
stepwise duplication of SPBs and centrosomes (for ex-
amples, see Winey et al. 1991; Glover et al. 1995; Lane
and Nigg 1996; Fry et al. 1998a,b). Specific connections
to the cell cycle machinery and the precise ordering of
these steps, however, remain unclear. Recently, studies
in Xenopus embryos and using in vitro duplication as-
says in Xenopus egg extracts, as well as assays based in
mammalian cells, have implicated cyclin E/Cdk2 and
cyclin A/Cdk2 in centrosome duplication (Hinchcliffe et
al. 1999; Lacey et al. 1999; Matsumoto et al. 1999;
Meraldi et al. 1999), linking the centrosome cycle to spe-
cific cell cycle regulators and therefore to the mitotic
cell cycle.

Under some conditions, the centrosome cycle can be
dissociated from the mitotic cell cycle. Blocking S phase
progression in Chinese Hamster ovary (CHO) cells with
hydroxyurea or in fertilized sea urchin eggs with aphidi-
colin results in the continuation of the centrosome
cycle, producing cells with multiple centrosomes (Sluder
et al. 1990; Balczon et al. 1995). Treatment of sea urchin
or Xenopus laevis embryos with protein synthesis in-
hibitors also blocks the mitotic cycle but allows the con-
tinuation of centrosome duplication (Gard et al. 1990;
Sluder et al. 1990). Studies in sea urchins indicate that
the capacity for centrosome duplication is present in em-
bryos arrested in S phase but is blocked in M phase
(Hinchcliffe et al. 1998). Activated mitotic cyclin
B/Cdc2 inhibits centriole separation in vitro (Lacey et al.
1999). Therefore, centrosome duplication is limited in
mitosis, although studies in sea urchins indicate that
active cyclin B/Cdc2 is not sufficient for this inhibition
(Hinchcliffe et al. 1998).

How does the cell normally ensure that the centro-
somes are duplicated exactly once each cell cycle? A for-
mally similar mechanism that limits chromosomal rep-
lication to once per cell cycle has been described (for
reviews, see Dutta and Bell 1997; Stillman 1996). For
chromosome replication, cyclin-dependent kinases and
ubiquitin-dependent proteolysis are required to maintain
the block to rereplication. In budding yeast, the G,-S
transition requires a multicomponent ubiquitin ligase
complex, called Skpl-cullin-F-box Cdc4p (SCFC4#?) (for
review, see Patton et al. 1998; Peters 1998). SCFC4c4P js
so named for its components, the protein Skpl (Zhang et
al. 1995), Cdc53p (Mathias et al. 1996; Willems et al.
1996), which is a member of the small protein family
called cullins (Kipreos et al. 1996), and Cdc4p, one of a
diverse group of adapter proteins containing a motif
called an F-box (Bai et al. 1996). SCEC4#P associates with
the ubiquitin-conjugating enzyme Cdc34p and directs
ubiquitination of Siclp (Feldman et al. 1997; Skowyra et
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al. 1997), an inhibitor of the cyclin-dependent kinases
that drive DNA replication (Schwob et al. 1994). The
ubiquitinated Siclp is then destroyed by the 26S protea-
some (for review, see Hochstrasser 1996). Siclp must be
phosphorylated to be recognized by the F-box protein
Cdc4, and therefore targeted for destruction (Feldman et
al. 1997; Skowyra et al. 1997; Verma et al. 1997). The
F-box motif in Cdc4 and other adapter proteins appears
to recruit the F-box binding protein Skplp and the cullin
Cdc53p (Bai et al. 1996), whereas conserved domains
within cullins may directly bind to E2 enzymes includ-
ing Cdc34p (Yu et al. 1998; Zachariae et al. 1998). Recent
evidence indicates that SCF complexes contain addi-
tional components and mediate many cellular events (for
reviews, see Patton et al. 1998; Peters 1998; Wolf and
Jackson 1998; Koepp et al. 1999; Laney and Hochstrasser
1999).

In Saccharomyces cerevisiae, SPBs duplicate early in
G,, but remain together until the onset of mitosis. Mu-
tants in the Cdc4 and Cdc34 genes arrest in G, with
duplicated but unseparated SPBs (for review, see Winey
and Byers 1992), suggesting that Cdc4p and Cdc34p may
be required for SPB separation. A proteasome cap protein
is also required for SPB duplication, again suggesting that
proteasome function might be required for duplication
and/or separation of SPBs (McDonald and Byers 1997). In
these cases, however, connections to specific SPB or cen-
trosome proteins and their functions are not known.

We show here using immunofluorescence and immu-
noelectron microscopy that mammalian Skpl is local-
ized to interphase and mitotic centrosomes and to the
interphase nucleus in cultured mammalian cells. Skpl1 is
also present in purified centrosomes. In addition, we find
that Cull (Kipreos et al. 1996), the human homolog of
the yeast cullin Cdc53p (Willems et al. 1996), is present
at the centrosome in a form specifically modified by the
addition of the ubiquitin-like protein NEDD8 (Kamitani
et al. 1997). We find that blocking Skp1l or Cull function
with specific antibodies inhibits centriole separation in
vitro. Further, inhibitors of the 26S proteasome both
block centriole separation in vitro and inhibit centro-
some duplication when injected into Xenopus embryos.
Finally, we identify candidate F-box proteins at the cen-
trosome. These data implicate SCF complexes and ubiq-
uitin-mediated proteolysis in the centrosome duplica-
tion process.

Results

Immunofluorescence localization shows that Skp1 is
nuclear and centrosomal

Affinity-purified anti-Skpl antibodies were produced as
described (see Materials and Methods) and tested by
Western blotting to verify their specificity (Fig. 1A).
Anti-Skpl antibodies detected a specific 21-kD species
corresponding to the endogenous Skpl in lysates from
either NIH-3T3 or Xenopus XTC cells (Fig. 1A, lanes
1,3). Skpl antibodies also recognized a lower mobility
HA-tagged Skpl protein expressed in transfected NIH-
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Figure 1. Characterization of Skpl antibodies and localization of Skp1 in cells. (A) Western blotting using affinity-purified anti-Skp1
antibodies. (Lanes 1,4) NIH-3T3 cell lysate; (lanes 2,5) lysate of NIH-3T3 cells transiently transfected with HA-tagged Skpl; (lane 3)
XTC cell lysate. The blots were incubated with affinity-purified anti-Skpl antibodies (lanes 1-3) or with rabbit anti-HA antibodies
(lanes 4,5), followed by secondary antibodies, and bands visualized using enhanced chemiluminescence (ECL) Western blotting
detection reagents. Positions of molecular weight markers are indicated. (B) Immunofluorescence localization of Skp1. Cells were fixed
in paraformaldehyde (Pf), a paraformaldehyde/glutaraldehyde (Pf/G) mixture, or methanol (M) as indicated, and labeled with affinity-
purified anti-Skp1 antibodies (top three panels) or anti-Skp1 antibodies blocked with excess GST-Skp1 protein (bottom panel) and with
Hoechst dye to label DNA. (C) Costaining confirms centrosomal localization. NIH-3T3 cells were fixed in methanol and stained with
affinity-purified anti-Skp1l antibodies and either mAb against a-tubulin or human anti-centrosome antiserum as indicated, followed

by secondary antibodies and Hoechst dye.

3T3 cells (Fig. 1A, lane 2). A parallel blot probed with
anti-HA antibodies demonstrated that the expressed pro-
tein present was the HA-tagged Skpl (Fig. 1A, lane 5).
The Skpl species observed here migrates at 21 kD,
slightly larger than the 19-kD species described previ-
ously (Zhang et al. 1995). We have confirmed the iden-
tity of the Skpl band by blocking the antibodies with
Skpl protein, and by using sera from different rabbits
(data not shown), including the serum originally de-
scribed (Zhang et al. 1995). The anti-Skpl reactive spe-
cies in the Xenopus cells comigrates with that from
NIH-3T3 cells, suggesting a highly related protein in
Xenopus. Consistent with this observation, we have
cloned a Xenopus homolog of Skpl that is identical to
the human protein in amino acid sequence (J. Regan and
P. Jackson, unpubl.).

Staining of NIH-3T3 cells using affinity-purified anti-
Skpl antibodies showed that the protein was localized to
the centrosome in interphase and mitotic cells (Fig.
1B,C). Skpl was also present in a stippled pattern in the
nucleus of interphase cells fixed with a paraformalde-
hyde/glutaraldehyde mixture (Pf/G: Fig. 1B, top tier),
paraformaldehyde (Pf: Fig. 1B, second tier), or methanol
(M: Fig. 1B, third tier). Nuclear staining was somewhat
more pronounced in the paraformaldehyde/glutaralde-
hyde fixed cells. Skpl is a small protein that is abundant
in vivo (01 um in 3T3 cells), and very soluble in vitro (see
Materials and Methods). We suspect that some soluble
Skpl is lost during fixation, and that the addition of
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cross-linking fixatives like glutaraldehyde reduces the
amount of Skpl extracted. Interestingly, centrosomal
Skpl was not extracted by any of several fixation meth-
ods we tried. Similar Skpl staining was observed in
Xenopus XTC cells, human HeLa, MCF7, and several
human tumor cell lines (not shown). Control staining
with antibodies blocked by incubation with the Skpl
protein (Fig. 1B, fourth tier), preimmune serum, or no
primary antibody (not shown), all gave little staining,
demonstrating the specificity of the antibody staining
pattern.

We costained cells with anti-Skpl antibodies and with
either anti-a-tubulin (Fig. 1C, top panels) or an anti-hu-
man centrosome antiserum (Fig. 1C, bottom panels).
Both colocalization experiments confirm that Skpl
staining is centrosomal.

Skp1 is centrosomal during all phases of the cell cycle
in NIH-3T3 cells

Costaining using affinity-purified anti-Skpl antibodies
and antibodies directed against a-tubulin (Fig. 2) demon-
strated that Skpl was detectable at the centrosome in
interphase (Fig. 2, top tier) and during all phases of mi-
tosis (Fig. 2, tiers 2-6). Skp1 is also present in the nucleus
in interphase (Fig. 2, top tier). As described for other cen-
trosomal proteins, Skpl staining is more pronounced at
mitotic than at interphase centrosomes (Stearns et al.
1991; Zheng et al. 1991).
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Figure 2. Skpl is centrosomal during all phases of the cell
cycle in NIH-3T3 cells. NIH-3T3 cells were fixed in methanol
and labeled with the indicated antibodies or with Hoechst dye

to stain the DNA. Cells at specific stages of the cell cycle are
indicated.

Localization of Skp1 to centrosomes does not require
microtubules and is observed on overduplicated
centrosomes in hydroxyurea-treated cells

To determine if Skpl association with the centrosome
requires the continued presence of microtubules, we ex-
amined the localization of Skpl in cells treated with no-
codazole, a microtubule-depolymerizing drug. After
treating cells with nocodazole for 10 min (data not
shown) or for 6 hr (Fig. 3A, bottom tier), microtubules
were disassembled, but Skpl remained at the centro-
somes, suggesting that Skpl is an integral component of
the centrosome.

Brinkley and colleagues demonstrated that the centro-
some cycle continues in CHO cells treated with hy-
droxyurea to block DNA synthesis, thereby producing
cells with multiple centrosomes (Balczon et al. 1995).
We found that Skpl also localized to these ectopically
duplicated centrosomes in CHO cells treated with hy-
droxyurea (Fig. 3B, bottom tier), as shown by colocaliza-
tion with human anti-centrosome antibody. These data
suggest that Skpl is assembled onto centrosomes as a
part of their intrinsic cycle and does not require specific
passage through any cell cycle stage.

SCF ubiquitin ligase at the centrosome

Skp1 is pericentriolar in purified centrosomes and in
NIH-3T3 cells

We examined the presence of the Skpl protein in cen-
trosomes purified from CHO cells (see Materials and
Methods). Centrosomes were centrifuged onto cover-
slips, stained with anti-Skpl antibodies and with anti-a-
tubulin antibodies to label the centrioles, and visualized
by deconvolution microscopy (Fig. 4A). The majority
(97%) of purified centrosomes identified by anti-a-tubu-
lin staining as centriole doublets also reacted with anti-
Skp1 antibodies but not with the preimmune serum con-
trol (data not shown), supporting the specificity of the
anti-Skpl staining.

Western blotting also indicated that Skpl was present
in the purified centrosome preparation (Fig. 4B, lane 2),
similar to the known centrosomal structural protein,
y-tubulin (Fig. 4B, lanes 3,4). By quantitating the amount
of Skpl in our centrosome preparation, we estimated
that each centrosome contains at least (500 molecules of
Skpl. Because our microscopy suggests that some cen-
trosomal Skpl is lost during purification (see below), this
is a minimum estimate. For comparison, it has been
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Hydroxyurea
(40 hr

Figure 3. Skpl is centrosomal in nocodazole-treated and ecto-
pically produced centrosomes. (A) Nocodazole treatment of
NIH-3T3 cells. Cells were incubated with nocodazole (0.3 ng/
ml) or untreated (control), fixed in methanol, and stained with
the indicated antibodies and Hoechst dye. (B) Hydroxyurea
treatment of CHO cells. Cells were grown on coverslips and
incubated with or without hydroxyurea (2 mm). They were fixed
in methanol and stained with the indicated antibodies and with
Hoechst dye as above. (Bottom panel) An example of a cell con-
taining multiple centrosomes.
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Figure 4. Skpl is pericentriolar in purified
centrosomes and in NIH-3T3 cells. Centro-
somes were purified from CHO cells and
prepared for immunofluorescence as de-
scribed (see Materials and Methods). (A) B
Centrosomes spun onto coverslips were
fixed in methanol and labeled with mouse
monoclonal antibodies against «-tubulin
and affinity-purified rabbit antibodies
against Skpl, followed by secondary anti-
bodies. Anti-a-tubulin (green); Anti-Skpl
(red). (B) Immunoblotting detects Skpl in a
purified centrosome sample. An NIH-3T3
cell lysate (lanes 1,3) and a centrosome
sample (lanes 2,4) were subjected to West-
ern blotting with either affinity-purified
anti-Skpl antibodies (lanes 1,2) or rabbit an-
tibodies to y-tubulin (lanes 3,4). Secondary
antibody was HRP-conjugated donkey anti-
rabbit IgG and bands were detected with C
ECL reagents as above. Skpl and vy-tubulin
are indicated (arrows). Molecular mass
markers are as indicated. (C) NIH-3T3 cells
fixed in methanol, and labeled using a
mouse mADb against y-tubulin and with rab-
bit affinity-purified anti-Skpl antibodies
followed by secondary antibodies. Anti-y-
tubulin (green); anti-Skpl (red). Deconvolu-
tion images of centrosomes in cells at dif-
ferent phases of the cell cycle are pictured
(Ieft to right).

estimated that 400-800 y-TuRCs (each containing [113
v-tubulin molecules; see Zheng et al. 1995) are present
per centrosome in Drosophila (Moritz et al. 1995).
Whereas soluble Skpl may function in multiple com-
plexes and at diverse subcellular locations, Skpl present
at the centrosome may be sufficient for its local role
there.

To understand how the SCF is organized at the cen-
trosome, we examined centrosomes in purified prepara-
tions and in cells by deconvolution microscopy. In puri-
fied centrosomes, Skpl was localized in a region around
and between centrioles (Fig. 4A), distinct from the cen-
triolar location of a-tubulin. When centrosomes cos-
tained with antibodies to a- and y-tubulin were exam-
ined, the pattern of y-tubulin staining was similar to that
of Skpl (data not shown). Therefore Skpl, like y-tubulin,
is a pericentriolar protein.

In NIH-3T3 cells costained with anti-Skpl antibodies
and an anti-y-tubulin antibody, Skpl staining is present
around the centriole core in an irregular, lattice-like pat-
tern (Fig. 4C). Skpl distribution extends to a greater ra-
dial distance than does that of y-tubulin, particularly in
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interphase cells (Fig. 4C, panels 1-3). Similar deconvolu-
tion images were obtained using paraformaldehyde-fixed
cells (data not shown), indicating that this distribution is
not a fixation artifact. We estimate that the centriolar
diameter in NIH-3T3 cells is [0.25 um, and that the
pericentriolar region occupied by Skpl is as large as (2.0
um in diameter in some cells. Unlike in purified centro-
somes, Skpl staining in centrosomes in intact cells is
more extended than that of y-tubulin (Fig. 4C), showing
that some Skpl is lost or disorganized during centrosome
purification.

Immunoelectron microscopy indicates that Skp1 is
present at centriolar appendages and in a large
pericentriolar region

To view Skpl within the ultrastructure of the centro-
some, NIH-3T3 cells were labeled with affinity-purified
anti-Skpl antibodies and processed for immunoelectron
microscopy (see Materials and Methods). In electron mi-
crographs of anti-Skpl stained centrosomes, gold par-
ticles are concentrated in a region adjacent to the exter-
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nal surface of the centrioles (Fig. 5A,C,D,E), and also
extend for some distance radially around the centrioles
(Fig. 5E), consistent with the deconvolution images. Two
types of centriolar appendages have been described in
previous studies of centrosomal ultrastructure
(Paintrand et al. 1992). In the centrioles depicted in Fig-
ure 5, A and D, such appendages are decorated by gold
particles (10 nm gold, see arrows). Fixation with para-
formaldehyde/glutaraldehyde (Fig. 5A-C,F) resulted in
better preservation of ultrastructure, but also in less
dense staining than fixation in methanol (Fig. 5D,E), per-
haps because of reduced antigen accessibility. Other-
wise, similar images were obtained after either fixation
method. Control staining with no primary antibody
showed limited staining (Fig. 5B). The distribution of
gold particles in the region around centrioles (Fig. 5E, see
arrowheads) suggested the presence of two rings of Skpl
staining: one just adjacent to the external side of the
centriole (containing [6 times background), and a second
1-3 centriolar diameters away (containing [B times

SCF ubiquitin ligase at the centrosome

background). The extended radial distribution of Skpl is
similar to that seen in deconvolution images (Fig. 4C),
and shows some variation between individual centro-
somes. We suspect that this variation is a function of cell
cycle stage. Finally, a double staining experiment (Fig.
5F) demonstrates anti-y-tubulin staining (5 nm gold, see
arrowheads in Fig. 5F) highly concentrated around the
centriole core while anti-Skpl staining (15 nm gold)
decorates the appendages and forms a broader ring
around the centriole, in agreement with our deconvolu-
tion images (Fig. 4C).

A NEDD8-modified form of Cull is also present
at the centrosome

To determine if other SCF components function at the
centrosome, we looked first at the localization of Cull in
murine and human cells. Immunofluorescence micros-
copy using affinity-purified antibodies to the amino- ter-
minus of human Cull indicates that Cull is localized to

Figure 5. Immunoelectron microscopy of Skpl
stained centrosomes. NIH-3T3 cells were grown
on mylar sheets, fixed in glutaraldehyde/para-
formaldehyde (A-C, F), or in methanol (D,E) and
labeled with no primary antibody (B), with af-
finity-purified anti-Skpl antibodies (A,C-E), or
with affinity-purified anti-Skp1 antibodies and a
mouse monoclonal antibody against y-tubulin
(F), followed by 5 nm gold-conjugated goat anti-
rabbit IgG (A-E) or 5 nm gold-conjugated goat
anti-mouse IgG and 15 nm gold-conjugated goat
anti-rabbit IgG (F). Samples were prepared for
electron-microscopy as described (see Materials
and Methods). Positions of centriolar append-
ages in A and D (arrows), concentrations of gold
particles in a broad region surrounding the cen-
triole in E (arrowheads), and concentrations of 5
nm gold particles (y-tubulin staining) around
the centriole in F (arrowheads) are indicated.
Space bars, 0.1 um.
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the centrosome in interphase (Fig. 6A, panels 1,2) and
mitotic (Fig. 6A, panel 3) NIH-3T3 cells. Control labeling
with blocked anti-amino-terminal Cull (Fig. 6A, panel
4), preimmune serum, and no primary antibody (data not
shown), all resulted in little staining, indicating the
specificity of the pattern observed. We also observed
nuclear and cytoplasmic staining of Cull, although Cull
appeared less prominently nuclear than Skpl. Interest-
ingly, both endogenous and transfected myc-tagged Cull
localized to the midbody in cells undergoing cytokinesis
(Fig. 6B).

Western blotting using anti-amino-terminal Cull an-
tibodies detected Cull in a lysate from insect cells in-
fected with baculovirus expressing human Cull (Fig. 6C,
lane 2), but not in control insect cells (Fig. 6C, lane 1). A
protein of the expected molecular mass was also de-
tected in an NIH-3T3 cell lysate (Fig. 6C, lane 3), in a
preparation of nuclei from CHO cells (Fig. 6C, lane 4),
and in the purified centrosome preparation (Fig. 6C, lane
5). Lysates from human 293 cells, Xenopus XTC cells
and Xenopus eggs all showed similar results, using both
affinity-purified rabbit anti-amino-terminal Cull anti-
bodies, and mouse anti-Cull antibodies (data not
shown), supporting that the human, mouse, hamster,
and Xenopus forms of Cull are highly related proteins.

Two forms of Cull are detected in the NIH-3T3 cells.
Recognition of both forms is competed by preincubation
of the rabbit antibodies with antigen, and both are also
detected with mouse anti-Cull serum (data not shown).
The yeast Cull homolog cdc53p becomes modified by
the addition of the ubiquitin-like protein Rubl (Lammer
et al. 1998). NEDDS is a homologous ubiquitin-like pro-
tein in human cells. We also detect two forms of Cull in
Xenopus egg extract (Fig. 6D, left panel, lane 1) and both
were immunoprecipitated by mouse anti-Cull antibod-
ies (Fig. 6D, left, lane 3). Anti-NEDDS8 antibodies de-
tected only the upper form of immunoprecipitated Cull
(Fig. 6D, right, lane 3), demonstrating that this is
NEDDS8-modified Cull. Therefore, NEDDS8-modified
Cull is the major form present at the centrosome,
whereas whole cell lysate contains predominantly the
faster-migrating species (Fig. 6C, cf. lanes 3 and 5). The
selective fractionation of NEDD8-modified Cull sug-
gests that this modification may have a role in localizing
Cull to centrosomes and possibly also to nuclei.

Centriole separation is blocked by anti-Skp1 or
anti-Cull antibodies and by proteasome inhibitors

To test the function of Skpl at the centrosome, we used
an assay described recently for centriole separation
(Lacey et al. 1999). In this assay, purified centrosomes are
incubated in extract from fertilized Xenopus eggs (see
Materials and Methods). Isolated centrosomes are
mostly centriole doublets. When centrosomes are incu-
bated in extract alone, the doublet centrioles separate,
resulting in singlet centrioles (Fig. 7A, top panel), which
are visualized by staining for both «- and y-tubulin. Cen-
triole separation in this assay requires ATP, heat- and
dilution-sensitive factors, kinase and phosphatase activi-
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ties, and is time- and temperature-dependent (Lacey et
al. 1999). Further, inactivating cyclin E/Cdk2 by immu-
nodepletion or by addition of p21 inhibits centriole sepa-
ration in this assay (Lacey et al. 1999). Injection of p21
also inhibits centrosome duplication in Xenopus em-
bryos, suggesting that this assay provides a useful in
vitro model for processes at the centrosome. The assay is
quantitated by counting singlets and doublets after incu-
bation of purified centrosomes in extract, and calculat-
ing the fraction converted from doublet to singlet (per-
cent conversion, see Table 1).

Addition of affinity-purified anti-Skpl antibodies
blocks centriole separation in Xenopus extracts (Table 1;
Fig. 7A). Incubation of centrosomes with anti-Skpl an-
tibodies blocked by pre-incubation with purified GST-
Skpl, or with antibodies affinity-purified against GST
alone, did not strongly block centriole separation (Table
1; Fig. 7A). Monoclonal antibodies against y-tubulin, al-
though they bind to the centrosomes, had little effect in
this assay (Table 1). These data suggest that Skpl is re-
quired for centriole separation and, therefore, in the cen-
trosome duplication process. Immunodepletion of Skpl
from the extract before incubation with centrosomes had
a smaller effect; however, it is likely that the Skpl al-
ready localized to the centrosome is sufficient for sepa-
ration.

Addition of mouse antiserum raised against the full-
length human Cull protein also inhibited separation,
whereas control mouse serum had little effect (Table 1).
In addition, immunodepletion of extract with rabbit an-
tibodies to the amino terminus of Cull blocked centriole
separation (Table 1). In this experiment, most of the
Cull protein was immunodepleted (Fig. 7B). Addition of
full-length GST-human Cull to immunodepleted ex-
tract did not rescue activity. Adding back a potential
Cull complex (see Fig. 7C) on the anti-Cull antibody-
bound protein A-Sepharose beads used to immunode-
plete the extract, however, did result in partial rescue
(Table 1). Cull immunodepleted from a similar extract
contained coprecipitated Skp1 (Fig. 7C), a modified form
of Cdc34 (data not shown; see Discussion), and a novel
centrosomal F-box protein isolated in our laboratory
(data not shown; J. Regan and P. Jackson, unpubl.). These
data indicate that depletion of Cull removes an SCF
complex required in the centrosome duplication process.

If SCF ubiquitin ligases mediate ubiquitination of pro-
teins important for centrosome duplication, we would
expect that proteasome-dependent proteolysis is also re-
quired. To address this question, we added the protea-
some inhibitor clastolactacystin B-lactone (CLBL) to our
assay. This compound blocks proteolysis by covalently
modifying catalytic components of the proteasome, and
is one of the most specific proteasome inhibitors known
(Fenteany and Schreiber 1998). Our results indicate that
CLBL blocks centriole separation in a dose-dependent
manner (Table 2). The related inhibitor lactacystin also
blocked centriole separation, but less effectively (data
not shown). We have used the fluorogenic proteasome
substrate suc-LLVY-7-amido-4-methylcoumarin (suc—
LLVY-AMC) to monitor the inhibition of proteasomes
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Figure 6. A Nedd8-modified form of Cull is present at the centrosome. (A) NIH-3T3 cells were grown on cover slips, fixed in
methanol and labeled with affinity-purified antibodies against the amino-terminal portion of human Cull and with human anti-
centrosome antiserum, followed by secondary antibodies and Hoechst dye. Cull staining is shown at the centrosome at different times
in the cell cycle (top three panels). Cells were also stained with anti-centrosome antibody in combination with blocked anti-amino-
terminal Cull antibodies (bottom panel). Cells were visualized and photographed as described (see Materials and Methods). (B) Cull
localizes to the midbody. (Left and middle) NIH-3T3 cells were grown on coverslips, fixed in methanol, and labeled with affinity-
purified rabbit anti-amino-terminal Cull antibodies (left) or affinity-purified rabbit anti-carboxy-terminal Cull antibodies followed by
secondary antibodies(middle). (Right) NIH-3T3 cells expressing Myc-tagged Cull were fixed as above and labeled with anti-Myc mAb
9E10 followed by secondary antibodies. (C) Immunoblotting also demonstrates that Cull is present at the centrosome. Samples as
indicated: (Lane 1) S{9 cell extract; (lane 2) insect cell extract [Hi5] expressing human Cull; (lane 3) NIH-3T3 cell lysate; (lane 4) nuclei
prepared from CHO cells; and (lane 5) centrosomes purified from CHO cells were subjected to Western blotting with affinity-purified
rabbit antibodies to the amino-terminal region of Cull followed by HRP-conjugated secondary antibodies. Bands were detected using
ECL reagents (Amersham). Two forms of Cull detected are indicated (arrows). Positions of migration of molecular mass markers are
also indicated. Note also that whole-cell lysate from CHO cells gave a similar result as did 3T3 cell lysate (data not shown). (D)
Immunoblotting demonstrates that Cull is NEDD8-modified. Rabbit affinity-purified anti-Cull (left) and rabbit anti-NEDDS (right)
immunoblots of partially purified Xenopus egg extract (lanes 1), and immunoprecipitates from the same partially purified extract using
control normal mouse serum (lanes 2), or mouse anti-Cull antibodies (lanes 3). Bands were detected using ECL reagents (Amersham).
Two forms of Cull and positions of migration of molecular mass markers are indicated.

by clasto-lactacystin B-lactone in parallel extracts. Sig- Taken together, our data implicate Skp1, Cull, and SCF-
nificant proteasome inactivation ([(85%) occurred at 300 mediated proteolysis in centriole separation.

um CLBL, but doses of 600 and 800 um reduced protea- It has been demonstrated recently that cyclin E/Cdk2
some activity to [10% and to background levels, respec- is required for centrosome duplication (Hinchcliffe et al.
tively. This suggests that centriole separation is able to 1999; Lacey et al. 1999; Matsumoto et al. 1999] in this
proceed with only a small percentage of the normal pro- and other assays. Analogous to the requirement for Siclp
teasome activity, or that the proteasomes that subserve proteolysis for initiation of DNA replication, a potential
this function are not easily reached by the inhibitor. explanation for our results is that the required proteoly-
These data are consistent with our observations using sis substrate is a cyclin E kinase inhibitor such as the
proteasome blockers to interfere with DNA replication, p27%"P! homolog Xicl (Su et al. 1995). We addressed this
another Cdc34- and proteolysis-dependent activity in question by determining if excess purified baculovirus-
Xenopus extract (C. Swanson and P. Jackson, unpubl.). expressed cyclin E/Cdk2 could rescue the effects of anti-
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Figure 7. A requirement for Skpl, Cull, and an
SCF complex in centriole separation in vitro. (A)
Centrosomes used in the centriole separation as-
say were pelleted onto coverslips as described
(see Materials and Methods), and labeled with an-
tibodies to both a- and y-tubulin. Rabbit antibod-
ies to Skpl were used as part of the assay. The
staining was done with rat anti-a-tubulin mAb
and mouse anti-y-tubulin mAb (see Materials
and Methods). Events were counted and the data
tabulated as described in Table 1. (B) Immuno-
depletion with rabbit anti-amino-terminal Cull
antiserum was performed (see Materials and
Methods), and an aliquot of extract before (lane 1)
and after (lane 2) immunodepletion subjected to
Western blotting with rabbit anti-amino-termi-
nal Cull antibodies. Arrows indicate molecular
mass markers and two forms of Cull. (C) Immu-
noprecipitation with control normal mouse se-
rum (lanes 2) or mouse anti-Cull antiserum (lane
3) was performed using extract prepared as for the
centriole separation assay (lane 1) (see Materials
and Methods). Starting extract and resultant im-
munoprecipitates were subjected to immunob-
lotting with affinity-purified rabbit anti-Cull an-
tibodies (top) or affinity-purified anti-Skpl anti-
bodies (bottom). Bands were detected using ECL
reagents. Positions of migration of Cull, Skpl,
and molecular mass markers are indicated.

anti-Skp1

anti-Skp1

Skpl antibodies in the centriole separation assay. Al-
though cyclin E/Cdk2 was active and could increase the
activity of diluted or partially inactive extract (data not
shown), it did not rescue the activity of anti-Skp1 inhib-
ited extract (Table 3). Similar results were obtained with
anti-Cull immunodepleted extract. These data suggest
that the proteolysis requirement in centrosome duplica-
tion involves substrates other than cyclin E/Cdk2 kinase
inhibitors.

Finally, we looked at the ability of the proteasome
inhibitor CLBL to block centrosome separation when in-
jected into cycloheximide-treated Xenopus embryos. In
this assay, Xenopus embryos at the 16- to 64-cell stage
are incubated with the protein synthesis inhibitor cyclo-
heximide to block translation of cyclin B and the mitotic
cell cycle, but allowing centrosome duplication to con-
tinue (Gard et al. 1990; Lacey et al. 1999). Single cells
from embryos were injected with CLBL, the embryos
incubated in cycloheximide, and then assayed by confo-
cal microscopy for the extent of centrosome duplication.
FITC-conjugated dextran was coinjected as a visible
marker for injected cells. As shown in Figure 8, control-
injected blastomeres (DMSO alone) contained an average
of 6.0 (s.e.= 0.62) centrosomes, whereas CLBL-injected
blastomeres contained an average of 2.4 (s.t.= 0.34) cen-
trosomes. This extent of inhibition is typical for other
agents that strongly inhibit centrosome duplication, in-
cluding Cdk2 inhibitors (Lacey et al. 1999). Therefore,
proteasome activity is also required for centrosome du-
plication in the early Xenopus embryo.
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Known centrosomal proteins contain F-box motifs

To discover candidates for F-box-containing proteins
that might be relevant to centrosome duplication and to
address the complexity of SCF-mediated proteolysis at
the centrosome, we conducted a search of known cen-
trosomal proteins for the presence of the F-box motif (see
Materials and Methods). Minimally, two proteins local-
ized previously to the centrosome contain putative F-box
sequences (see Materials and Methods). These proteins
are C-Napl (Fry et al. 1998a) and ninein (Bouckson-
Castaing et al. 1996). We have also shown that a novel
F-box protein isolated in our laboratory is present at the
centrosome (J. Regan, E. Freed, and P. Jackson, unpubl.).

Discussion

The centrosome cycle requires the replication of centri-
oles and accumulation of PCM, separation of centrioles
and PCM at prophase to form the poles of the mitotic
spindle, and segregation of centrosomes to daughter cells
at mitosis. Studies in tissue culture cells and embryos
suggest that there is an intrinsic centrosome duplicating
machinery and a mechanism to couple that machinery
to the mitotic cycle. Our data support a model where an
SCF ubiquitin-ligase complex functions locally at the
centrosome to direct at least one step of the centrosome
duplicating cycle. Both the Skpl and Cull SCF compo-
nents can be visualized at the centrosome by conven-
tional and electron microscopy and both Skpl and a
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Table 1. Antibodies to Skp1 and Cull block
centriole separation

SCF ubiquitin ligase at the centrosome

Table 3. Cyclin E/cdk2 does not rescue centriole separation
inhibited by anti-Skp1

Percent Percent
Condition conversion Condition conversion
Buffer control or extract alone 100 Extract alone 92
Anti-GST 62 Buffer control 97
Anti-Skpl 5 anti-Skpl 4
Anti-Skpl + GST-Skpl (block) 49 Cyclin E/cdk2 92
GST-Skpl alone 72 anti-Skpl + Cyclin E/cdk2 0
Anti-y-tubuli Ab 91
Nrcl) rlnzlaltinzulsr.le:le um 67 See Table 1 for details.
Anti-Cull mouse serum 23
élsl’tI‘l_C(::?lllll J;IS}I?;F—Cull (block] }88 al. 1998). The requirement for cyclin/Cdk2 to promote
Control (NRS) ID 93 centrosome duplication (Hinchcliffe et al. 1999; Lacey et
Cull ID 23 al. 1999; Matsumoto et al. 1999; Meraldi et al. 1999) and
Cull ID + GST-Cull 23 the ability of the mitotic state to block duplication sug-
Cull ID + anti-Cull beads 69 gest how the intrinsic duplicating machine is linked to

Centrioles were counted and classified into three categories:
doublets (D), singlets (S), and separated doublets (SD). The per-
centage conversion is the percentage of doublets that were con-
verted to singlets or separated doublets using the formula [(S +
SD) - (Sy)]/Dy, where S, is the percentage of singlets and D, the
percentage of doublets in the 0 time point control. Percent con-
version is normalized with the buffer control or extract alone for
an experiment set at 100%. The data represent individual ex-
periments, and the range of response seen for given treatments
is as follows: For anti-Skpl, n = 4, range = <2%-23%; for anti-
y-tubulin, n = 3, range = 81%-97%; for anti-Cull, n = 3, range =
<2%-23%; for Cull ID, n = 3, range = <2%-47 %; for rescue with
anti-Cull beads, n = 2, range = 69%-100%. (ID) Immunodeple-
tion; (NRS) normal rabbit serum.

NEDDS8-modified form of Cull are present in purified
centrosomes. Further, an in vitro assay for centriole/cen-
trosome separation demonstrates that Skpl, Cull, and
proteasome activity are required for centriolar/centro-
some separation. Finally, blocking proteasome activity
in vivo also inhibits centrosome duplication in cyclo-
heximide-treated Xenopus embryos.

The centrosome duplicating machinery is active dur-
ing S phase and inhibited during mitosis (Hinchcliffe et

Table 2. The proteasome inhibitor clastolactacystin
B-lactone blocks centriole separation

Clastolactacystin Percent
B-lactone conversion
Extract alone 100
DMSO only 82
300 pm 79
450 um 79
600 nm 47
800 pm 4

Results are presented as percent conversion (see Table 1), with
numbers normalized to extract alone set at 100%. For clasto-
lactacystin B-lactone, n = 2, range (at 800 uM) = <2%-4%. Lac-
tacystin also inhibited centriole separation but was less effec-
tive.

the cell cycle. These findings help to explain why cells
blocked in S phase, when Cdk2 is active but mitotic
cyclin/Cdk kinases are not, continue to duplicate their
centrosomes. A formally similar mechanism works to
ensure that each segment of the DNA in a chromosome
is replicated once and only once (for review, see Stillman
1996; Dutta and Bell 1997; see also Fang and Newport
1991; Strausfeld et al. 1994; Jackson et al. 1995; Yew and
Kirschner 1997). In budding yeast, S-phase cyclin-depen-
dent kinases and an SCF complex trigger the initiation of
DNA replication by firing pre-initiation complexes at
replication origins (Schwob et al. 1994; Drury et al.
1997), but the mitotic cyclin-dependent kinases block
the formation of these pre-initiation complexes (Dah-
mann et al. 1995). Similarly, in fission yeast, an apparent
SCF complex containing the adapter proteins Popl and
Pop2 functions to limit replication of each local seg-
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Figure 8. Injection of proteasome inhibitors into Xenopus blas-
tomeres blocks centrosome duplication. Animal pole cells from
frog embryos were injected with DMSO alone (solid bars) or
DMSO containing CLBL (hatched bars), and with FITC-conju-
gated dextran and subsequently incubated in cycloheximide,
fixed and stained with antibodies to a-and y-tubulin. Centro-
somes in individual injected cells were counted and the data
represented in histogram form.
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ment, whereas the mitotic cyclin/Cdc2 kinase is re-
quired to block the establishment of replication compe-
tence (Broek et al. 1991; Correa-Bordes and Nurse 1995;
Kominami and Toda 1997; Jallepalli et al. 1998; Wolf et
al. 1999). Our findings suggest a similarity between
DNA replication and centrosome duplication, such that
an SCF ubiquitin-ligase and the Cdk2 kinase complexes
may regulate the intrinsic centrosome cycle, and that
the mitotic state, although not necessarily Cdc2 itself,
may block the establishment of conditions necessary to
reinitiate centrosome duplication.

Skp1 and Cull localize to the centrosome and nucleus

We have demonstrated that both Skpl and Cull are cen-
trosomal proteins throughout the cell cycle. Like many
centrosomal proteins, the abundance of Skpl at the cen-
trosome increases at mitosis. Further, Skpl localization
to the centrosome is stable to various fixation conditions
and independent of microtubules, suggesting that Skpl,
together with +v-tubulin, pericentrin, Nek2, and Dro-
sophila CP190 and CP60, is a core component of the
centrosome (Stearns et al. 1991; Doxsey et al. 1994
Oegema et al. 1995, 1997; Fry et al. 1998b).

Biochemical purification of the centrosome demon-
strated the presence of Skpl and a NEDDS8-modified
form of Cull. Evidence from budding yeast suggests that
the covalent attachment of Rublp, the S. cerevisiae ho-
molog of NEDDS, to Cdc53p may promote SCF function
(Lammer et al. 1998). Recently, human cullins have been
shown to be NEDDS8-modified (Osaka et al. 1998; Liako-
poulos et al. 1999; Wada et al. 1999). Our data do not
distinguish whether modification targets Cull to the
centrosome or nucleus, or is a consequence of Cull being
localized to these sites. Cells with a mutation in the
NEDDS8-activating enzyme SMCI1, however, demon-
strate both DNA rereplication and a failure to separate
centrosomes (Handeli and Weintraub 1992). Therefore, it
is possible that the addition of NEDDS8 to Cull is im-
portant for limiting DNA replication and centrosome/
centriole duplication.

Skpl was also present in a punctate pattern in the
nucleus, as was particularly apparent in aldehyde-fixed
material (Fig. 1B). Previous studies on the human SCF
complex have indicated a role for Cdc34, Cull, Skpl, and
the F-box/adapter protein Skp2 in DNA replication
(Zhang et al. 1995; Lisztwan et al. 1998; Marti et al. 1999;
Montagnoli et al. 1999; Tsvetkov et al. 1999); therefore,
we might expect Skpl to be nuclear. Cull was also lo-
calized in part to the nucleus, consistent with its sug-
gested role in DNA replication. We have observed the
F-box protein Skp2 in the nucleus (E. Freed and P.K. Jack-
son, unpubl.) but did not observe Skp2 at the centro-
some.

Studies of Skpl in S. cerevisiae support a role in as-
sembling the kinetochore (Stemmann and Lechner 1996;
Kaplan et al. 1997). We did not observe any Skp1 staining
at the mammalian kinetochore, although Skpl epitopes
at the kinetochore may be masked. We also observed
endogenous and overexpressed Cull staining at the mid-
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body in cells completing cytokinesis, suggesting a poten-
tial SCF role there.

Deconvolution microscopy and immunoelectron mi-
croscopy indicated that Skpl is present both near the
centriole and in an annular region 1-3 centriolar diam-
eters away from the centriole core, possibly further than
the pericentriolar region defined by pericentrin (Doxsey
et al. 1994; Dictenberg et al. 1998). These images also
demonstrate Skpl labeling in a pattern of fibers around
the centrioles, possibly in the recently described pericen-
triolar lattice containing y-tubulin and pericentrin (Dic-
tenberg et al. 1998; Schnackenberg et al. 1998). Immu-
noelectron micrographs show Skpl on the distal append-
ages that emanate from the centriole core (Fig. 5). The
function of these structures is not known.

Skp1 and Cull function in the centrosome
duplication cycle

Centriole separation occurs around the G,-S transition
and requires cyclin E/Cdk2 and cyclin A/Cdk2 kinases
(Lacey et al. 1999), which apparently have complimen-
tary roles in this process. Therefore, centriole separation
may be an early regulated step in the centrosome cycle.
In our experiments, blocking Skpl, Cull, or proteasome
function each blocked centrosome duplication at this
specific step. Injection of proteasome inhibitor into cy-
cloheximide-treated Xenopus embryos also blocked cen-
trosome duplication at an early step. This is consistent
with a proteolytic requirement for centriolar separation,
but does not exclude the possibility of additional proteo-
lytic steps in the centrosome cycle.

The activity of extracts immunodepleted of Cull
could be partially rescued by the addition of the anti-
Cull beads used in the immunodepletion. These Cull
immunoprecipitates contain Skpl (Fig. 7C), Cdc34, and a
novel centrosomal F-box protein isolated in our labora-
tory (J. Regan and P. Jackson, unpubl.), indicating that
Cull depletion removes an SCF complex. The idea that
the Cull immunoprecipitates contain an active ubiqui-
tin ligase is suggested by the presence of a slower mobil-
ity form of Cdc34 ((#8 kD) than the major 34-kD Cdc34
species present in extract, consistent with the previously
described Cdc34 autoubiquitination seen in active SCF
complexes (R. Deshaies, unpubl.; Goebl et al. 1994;
Skowyra et al. 1999). Nonetheless, Cull has also been
shown to interact with the proteasomal subunit HsN3,
(Lyapina et al. 1998), suggesting that Cull immuno-
depletion may remove other components important for
proteolysis, which are also rescued by addition of the
immunoprecipitates.

Excess active cyclin E/Cdk2 did not rescue the effects
of anti-Skpl antibodies or Cull immunodepletion, sug-
gesting that a proteolysis target other than a cyclin
E/Cdk2 inhibitor is required for centrosome duplication.
The presence of specific F-box proteins at the centro-
some might provide a means to identify their targets. We
suggest that at least two known centrosomal proteins
contain putative F-box sequences. One of these proteins,
C-Napl, has been shown to largely disappear from cen-
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trosomes at prophase, perhaps by a proteolytic mecha-
nism. Our novel centrosomal F-box protein, called SBP5,
has been used as bait in an additional two-hybrid screen
and has identified three potential centrosomal targets (J.
Regan and P.K. Jackson, unpubl.). The presence of F-box
proteins at the centrosome suggests that distinct SCF
complexes may mediate different steps in the centro-
some duplication process, or direct mitotically con-
trolled processes such as microtubule nucleation and
spindle assembly.

Previous work suggested a requirement for proteolysis
for the duplication and subsequent separation of yeast
spindle pole bodies (Winey and Byers 1992; McDonald
and Byers 1997). Interestingly, recent observations in
mammalian cells have localized components of the pro-
teasomal machinery to the centrosome (Wigley et al.
1999). Our work localizes SCF components to the cen-
trosome in animal cells, and demonstrates a requirement
for one or more SCF complexes in separation of centri-
oles in G,, and possibly in other yet unidentified steps in
the centrosome cycle. As suggested for the separation of
S. cerevisiae SPBs, it seems likely that centrosome sepa-
ration at prophase may also require proteolytic steps.
The identification of specific centrosomal targets and
the use of additional assays will be required to elucidate
the role of SCF-dependent proteolytic events in the cen-
trosome cycle. By controlling the replication of both cen-
trosomes, which organize the spindle to segregate the
chromosomes, and the replication of the chromosomes
themselves, SCF-dependent proteolysis appears to be
broadly required for maintaining ploidy and genomic sta-
bility.

Materials and methods

Cell lines and culture

NIH-3T3 cells were obtained from the American Type Culture
Collection (ATCC) and maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% heat-inacti-
vated donor bovine calf serum, penicillin/streptomycin, and L-
glutamine (2 mM). CHO cells were obtained from ATCC and
maintained in McCoy’s 5A medium supplemented with 10%
fetal bovine serum, penicillin/streptomycin, L-glutamine, and
sodium pyruvate (1 mm).

Immunofluorescence microscopy

Cells were grown on cover slips, and except where otherwise
noted, fixed by 5-min incubation in methanol (-20°C), allowed
to dry briefly, washed twice with phosphate-buffered saline mi-
nus Ca®>* and Mg?* (PBS7) and then one to two times with im-
munofluorescence (IF) wash buffer (PBS™ containing 0.1 % Tri-
ton X-100 and 3% bovine serum albumin). Cells were blocked
in 5% normal donkey serum (30 min) in IF wash buffer. Primary
antibodies were diluted in IF wash buffer and used at the fol-
lowing concentrations: anti-Skpl (0.5-1 pg/ml); anti-a-tubulin
(DMla: 1:100); human anti-centrosome serum (5947), kindly
provided by Stephen Doxsey (University of Massachusetts,
Worchester) (1:900); anti-y-tubulin mAb (Sigma, Clone GTU-
88: 1:500); affinity-purified anti-amino-terminal Cull (0.5 ng/
ml); affinity-purified anti-carboxy-terminal Cull (0.5 pg/ml);
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and anti-myc mAb 9E10 (1:1000). Texas Red or fluorescein-
conjugated secondary antibodies (Jackson Immunoresearch)
were used at 1:100 dilution. DNA was visualized by counter-
staining with Hoechst dye (5 ng/ml).

Cells pictured in Fig. 1B (top two panels) were fixed at room
temperature in paraformaldehyde (4%) in PBS™x 10 min or in
paraformaldehyde (2%)/glutaraldehyde (0.1%) in PBS™ (30 min).
After fixation, aldehyde-fixed cells were permeabilized by 10
min incubation in PBS™ containing 0.2% Triton X-100, and sub-
sequently washed and labeled as described above.

Fluorescent cells were visualized with a Zeiss Axioskop mi-
croscope using a 63x Neofluor (N.A.=1.3) lens, and photo-
graphed using a Princeton Instruments PentaMAX digital cam-
era controlled by computer using Metamorph software (Univer-
sal Imaging Corporation). Purified centrosomes were visualized
with a 100x Neofluor (N.A.=1.3) lens.

Deconvolution microscopy

Cells or centrosomes were fixed and labeled as above. Decon-
volution microscopy was performed using an Applied Precision
DeltaVision v. 2.0 system using an Olympus IX-70 inverted
microscope equipped with a 100x lens. Optical sections of 0.15
or 0.20 pm were used. The data were deconvolved using the
Agard and Sedat inverse matrix algorithm (Agard et al. 1989).

Electron microscopy

Cells were grown on mylar sheets and fixed either in methanol
as above, or permeabilized, fixed in paraformaldehyde/glutaral-
dehyde and treated with sodium borohydride as described
(Stearns et al. 1991), with the following changes. Permeabiliza-
tion before fixation was in 0.2% Triton X-100 and the concen-
tration of fixative was 2% paraformaldehyde/0.1% glutaralde-
hyde. Fixed cells were washed with PBS™ and IF wash buffer
with 0.3% normal goat serum (NGS). Cells were blocked with
normal goat serum (5% in IF wash buffer for 30 min, Fig. 5A-E)
and incubated in affinity-purified anti-Skpl (10 pg/ml, Fig.
5A,C; 30 png/ml, Fig. 5D,E for 3.5 hr) in IF wash buffer/0.3%
NGS. For double labeling (Fig. 5F), fixation was performed at
room temperature for 15 min, the blocking conditions were 1%
BSA/0.1% NGS, anti-y-tubulin mAb (Sigma, Clone GTU-88)
was used at 1:6 dilution and anti-Skpl at 60 pg/ml. AuroProbe
gold-labeled goat anti-rabbit IgG (Amersham, 10 nm, Fig. 5A-E;
15 nm, Fig. 5F) and goat anti-mouse IgG (Amersham, 5 nm, Fig.
5F) secondary antibodies were used at 1:3 (Fig. 5A-C,F) or 1:10
(Fig. 5D,E) dilution.

After labeling, cells were fixed in 2.5% glutaraldehyde, 2%
paraformaldehyde in phosphate buffer for 12 hr at 4°C, washed
several times with 0.1 M sodium cacodylate buffer (pH 7.4), and
postosmicated with 1% OsO, for 3 hr. The mylar sheets were
dehydrated in a series of ethanols, followed by several washes of
propylene oxide, and infiltrated with LX-112 (Ladd Research
Industries, Burlington, VT). The sheets were placed, cell side
down, onto a pre-polymerized plate of LX-112 and cured at
60°C. Thin sections were cut en face, on a Reichert OMU3, and
lightly stained with uranyl acetate and lead citrate. Electron
micrographs were taken with a Seimens Elmiskop 101.

Western blotting

Western blotting was performed by standard methods using
HRP-conjugated secondary antibodies (Jackson Immunore-
search) and enhanced chemiluminescence (ECL) detection re-
agents (Amersham). Antibodies used for blotting were affinity-
purified anti-Skpl antibodies (0.5 pg/ml), rabbit anti-HA-tag
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(Medical and Biological Laboratories, Nagoya, Japan, 1:100), rab-
bit anti-y-tubulin (XGC-1-4, 1:500; Stearns et al. 1991), affinity-
purified rabbit anti-amino-terminal Cull ([D.5 pg/ml; Lyapina
et al. 1998), and rabbit anti-NEDDS8 (Alexis Biochemicals, 1:
400).

The number of Skpl molecules per centrosome was calcu-
lated as follows. A known volume of centrosomes was spun
onto a coverslip and counted to determine the concentration of
centrosomes in that preparation. A sample from the same prepa-
ration was compared with known amounts of purified Skpl
protein on Western blots using anti-Skp1 antibodies and densi-
tometric scanning.

Production of proteins and affinity purification of antibodies

For production of anti-Skpl antibodies, rabbits were injected
with bacterially expressed glutathione-S-transferase (GST)-
Skp1 fusion protein. GST-Skp1 was soluble at concentrations of
> 60 mg/ml. Antisera were affinity-purified by standard proce-
dures (Harlow and Lane 1988), using maltose-binding protein
(MBP)-Skp1 coupled to cyanogen bromide-activated Sepharose
(Pharmacia). Rabbit anti-Cull antibodies were generated as de-
scribed (Lyapina et al. 1998).

Centrosome purification and labeling

CHO cell centrosomes were purified by the method of Mitchi-
son with modifications as described by Bornens et al. (Mitchi-
son and Kirschner 1986; Bornens et al. 1987). For immunofluo-
rescence labeling, centrosomes were thawed and aliquots di-
luted (1:50) into PE buffer (10 mm PIPES at pH 7.2, 1 mM EDTA,
8 mmMm 2-mercaptoethanol), layered over 30% glycerol in PB
buffer (80 mm PIPES at pH 6.8, 1 mm EGTA, 1 mm MgCl,) and
centrifuged onto glass coverslips at 25,000g for 15 min. Anti-
bodies used for staining are indicated above. To prepare centro-
somes for resolution on SDS gels, aliquots were diluted, pelleted
at 100,000g, and resuspended in SDS-PAGE sample buffer.

In some experiments (see centrosome in Fig. 4 right), centro-
somes were diluted 1:10 into a high speed supernatant from
Xenopus egg extract, incubated for 1 hr at room temperature,
and treated with nocodazole (30 min, 4°C) before spinning onto
coverslips.

Centriole separation assay

Frog embryo extract was prepared from fertilized eggs or from
ionophore-activated eggs (Murray 1991). Immunodepletion was
performed by incubating extract for 1 hr with rabbit anti-amino-
terminal Cull antibodies (Fig. 8B) prebound to protein A-Sepha-
rose beads, as described (Jackson et al. 1995). For antibody block-
ing experiments, centrosomes prepared from Xenopus XTC
cells (Mitchison and Kirschner 1986) were preincubated at room
temperature with the indicated antibodies or with buffer alone
for 15 min (10 ul centrosomes plus 7-10 ul of antibody or
buffer). For the experiment summarized in Table 3, cyclin
E/Cdk2 was purified from baculovirus-infected Sf9 cells as de-
scribed (Lacey et al. 1999), and incubated with centrosomes for
10 min, anti-Skpl antibodies added and the mixture incubated
for an additional 10 min prior to incubation with extract. Ex-
tract (100 ul) was added to the centrosome mixtures for 1 hr at
25°C. For proteasome inhibitor treatments and for rescue ex-
periments, the extracts were preincubated with protein, protein
A-Sepharose beads, or inhibitor (15 min) before addition of cen-
trosomes. Reactions were stopped by the addition of 300 ml 10
mM Tris at pH 8.0, and nocodazole to 75 ng/ml, and placed on
ice for 30 min. Samples were then layered over 30% glycerol in
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PB, centrifuged onto coverslips and processed for immunofluo-
rescence as described (Stearns and Kirschner 1994).

Centriole separation was scored by counting singlets and dou-
blets after staining for both a- and y-tubulin. In experiments
where no antibody treatment was involved, staining was per-
formed with a mouse mAb to a-tubulin (DM1e, 1:100) and rab-
bit antiserum to y-tubulin (XGC-1-4, 1:500), and secondary an-
tibodies FITC-conjugated donkey anti-mouse and Texas Red-
conjugated goat anti-rabbit (Jackson Immunoresearch, 1:100).
When rabbit antibodies were part of the experimental condition,
staining was with a rat mAb to a-tubulin (Sera-lab, Clone YL1/
2, 1:50) and a mouse mADb to y-tubulin (Sigma, Clone GTU-88,
1:500). When mouse antibodies were used in the experiment, rat
anti-y-tubulin mAb (see above) was used with rabbit anti-y-
tubulin (XGC-1-4). Centriole singlets or doublets were scored if
both antibodies coincidentally stained.

Immunoprecipitation

Immunoprecipitation (Figs. 7D and 8C) was from Xenopus em-
bryo extract prepared as for centriole separation assays (see
above) and diluted in immunoprecipitation (IP) buffer (100 mm
NaCl, 50 mm B-glycerophosphate, 5 mm EDTA, 0.1% Triton
X-100 at pH 7.2) prior to the addition of mouse anti-Cull anti-
serum. Immune complexes were collected using protein
G-Sepharose 4B (Sigma) preblocked by incubation in IP buffer
containing 3% BSA. For Figure 6D, the extract was first frac-
tionated on a Hytrap Q column, and fractions containing Cull
pooled and subjected to immunoprecipitation as above.

Proteasome assays

Proteasome activity was measured by an assay using suc-LLVY-
MCA (Bachem) as a fluorogenic peptide substrate for the pro-
teasome as described (Glas et al. 1998). After treatment with
clasto-lactacystin B-lactone, extracts were diluted 1:20 into 100
pl of reaction buffer (50 mm Tris at pH 7.4, 5 mm DTT, 5 mm
MgCl,, 10 pM suc-LLVY-MCA), and incubated at 37°C for 1 hr.
Fluorescence was measured using an Aminco-Bowman Series II
spectrofluorimeter.

Frog embryo injection and imaging

Embryo injection experiments were carried out as described
(Lacey et al. 1999). Briefly, animal pole cells from frog embryos
at the 16- to 64-cell stage were injected with either DMSO alone
or DMSO containing 50 mm CLBL together with FITC-conju-
gated dextran, then incubated in cycloheximide-containing me-
dium for 4 hr before fixation and labeling with antibodies to
both a- and y-tubulin. Centrosomes were counted and data rep-
resented in graphic form.

Centrosomal F-box protein search

The sequences of known centrosomal proteins were down-
loaded and used in a preliminary search for F-box-like se-
quences. Candidates were then compared with Hidden Markov
Models created from known F-box sequences (for alignments
and scores, see http://csb.stanford.edu/brenner/tmp/misc/f-
box/ho.pfam-f-box.f-box-put and http://csb.stanford.edu/bren-
ner/tmp/misc/f-box/ho.f-box-conf.f-box-put).
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