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ABSTRACT Centrosomes nucleate microtubules and du-
plicate once per cell cycle. This duplication and subsequent
segregation in mitosis results in maintenance of the one
centrosomeycell ratio. Centrosome duplication occurs during
the G1yS transition in somatic cells and must be coupled to the
events of the nuclear cell cycle; failure to coordinate duplica-
tion and mitosis results in abnormal numbers of centrosomes
and aberrant mitoses. Using both in vivo and in vitro assays,
we show that centrosome duplication in Xenopus laevis em-
bryos requires cyclinycdk2 kinase activity. Injection of the cdk
(cyclin-dependent kinase) inhibitor p21 into one blastomere of
a dividing embryo blocks centrosome duplication in that
blastomere; the related cdk inhibitor p27 has a similar effect.
An in vitro system using Xenopus extracts carries out separa-
tion of the paired centrioles within the centrosome. This
centriole separation activity is dependent on cyclinycdk2
activity; depletion of either cdk2 or of the two activating
cyclins, cyclin A and cyclin E, eliminates centriole separation
activity. In addition, centriole separation is inhibited by the
mitotic state, suggesting a mechanism of linking the cell cycle
to periodic duplication of the centrosome.

The centrosome nucleates the polymerization of microtubules,
organizes the ends of those microtubules into functional
arrays, and duplicates once per cell cycle (1). In both animal
cells and fungi (where the centrosome equivalent is termed the
spindle pole body), duplication of the single centrosome is
initiated at the G1yS transition and completed before mitosis,
where the duplicated centrosomes play a role in organizing the
poles of the mitotic spindle. The centrosomes are segregated
at mitosis such that each of the two cells resulting from division
receives only one. The precise duplication and segregation of
the centrosome is required for normal cell cycle progression
and accurate segregation of the chromosomes at mitosis.
Because defects in the fidelity of chromosome segregation are
a common characteristic of cancer cells and are likely to be
important in the progression to a cancerous phenotype, an
understanding of the mechanism of centrosome duplication is
essential.

Although much progress has been made in understanding
the composition and function of the centrosome, little is known
of how duplication of the centrosome is regulated or of how the
organelle is assembled each cell cycle. Much of what is known
comes from morphological analysis of duplication of the
animal cell centrosome and genetic analysis of the duplication
of the fungal spindle pole body. The centrosome consists of a
pair of centrioles, typically in a perpendicular orientation,
surrounded by pericentriolar material, from which the micro-
tubules grow. Duplication of the centrosome is semiconserva-
tive: the paired centrioles split and a new centriole forms in
association with each, creating two centrosomes (2). The two
centrosomes remain in close contact until prophase of mitosis,

when they migrate to opposite sides of the nucleus, ultimately
forming the bipolar mitotic spindle (3). The spindle pole body
is a laminar plaque in the nuclear envelope with microtubules
growing from both the cytoplasmic and nuclear faces. Dupli-
cation of the spindle pole body in budding yeast requires the
functions of several genes (reviewed in ref. 4), including the
Saccharomyces cerevisiae cdc2 homolog CDC28; the centrin
homolog CDC31; KAR1, a protein kinase MPS1; and PCS1, a
proteasome cap subunit (5).

The major oscillations of the cell cycle are driven by the
periodic activation of specific cyclinycdk (cyclin-dependent
kinase) kinases. We have examined centrosome duplication in
the simple embryonic cell cycle of Xenopus laevis and in
extracts made from Xenopus eggs, in the hope of understand-
ing how the cell cycle controls this process. Fertilized Xenopus
embryos divide rapidly and synchronously for approximately
12 divisions with a cell cycle time of 30 min. These divisions
require the periodic accumulation and destruction of the
mitotic cyclin A and cyclin B proteins, which associate with the
cdc2 protein kinase. Treatment of embryos with the protein
synthesis inhibitor cycloheximide prevents the accumulation of
the mitotic cyclins and results in cessation of the nuclear
division cycles. In contrast, centrosome duplication continues
under these conditions, resulting in cells with more than two
centrosomes (6, 7). Thus, centrosome duplication does not
require mitotic cyclinycdc2 activity. The other major cycliny
cdk activity in frog eggs is cyclin Eycdk2, which has been shown
to be required for the initiation of DNA synthesis (8, 9), an
event that occurs at approximately the same time in the cell
cycle as centrosome duplication. In somatic mammalian cells,
both cyclin E levels and cyclin Eycdk2 kinase activity peak at
the G1yS transition (10, 11), which is similar to the timing of
centrosome duplication and the start of S phase. The frog
embryonic cell cycle lacks a G1 phase, but cyclin E and cdk2
are present at constant levels throughout the early divisions
(12). Balczon et al. (13) found that in some somatic cell lines,
centrosome duplication continues under conditions of S phase
arrest, and Hinchcliffe et al. (14) have shown that in sea urchin
embryos the potential for multiple rounds of centrosome
duplication is unique to S phase. These results led us to test the
hypothesis that the cyclin Eycdk2 kinase is driving centrosome
duplication.

In this study we show that centrosome duplication in vivo
depends on cyclin Eycdk2 activity. In addition, we use an in
vitro assay based on extracts of frog eggs to demonstrate that
cyclin Eycdk2 drives the separation of centrioles, an early step
in centrosome duplication. In this in vitro assay, the presence
of high levels of the mitotic cyclin Bycdc2 kinase inhibited
centriole separation. These results provide an explanation for
the lack of a protein synthesis requirement for centrosome
duplication in the embryonic cell cycle and also suggest a
mechanism for coordination of centrosome duplication with
mitosis.
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MATERIALS AND METHODS

Frog Embryo Injections and Imaging. Animal pole cells
from frog embryos at the 16–64 cell stage were injected with
the indicated protein and a f luorescein isothiocyanate-
conjugated dextran (Molecular Probes) to allow for detection
of injected cells. After injection, embryos were placed in 5%
MMR 1 1 mgyml cycloheximide for 4 h. They then were fixed
in methanol and processed for immunofluorescence according
to Gard et al. (6), with the following changes: after bleaching,
embryos were rehydrated in PBS (three times for 5 min) and
the vegetal pole was removed. The embryos were incubated in
primary antibody [anti-a-tubulin DM1a, 1:100 in PBSBT (PBS
plus 3% BSAy0.1% Tritony0.02% sodium azide), or anti-g-
tubulin–GTU-88 (Sigma), 1:200 in PBSBT], washed in PBS,
and incubated with secondary antibody [rhodamine-
conjugated donkey anti-mouse (Jackson ImmunoResearch),
1:100 in PBSBT]. The embryos were dehydrated in 100%
methanol (three times for 10 min), cleared in benzyl alcoholy
benzyl benzoate (1:2), and mounted on regular slides with a
square coverslip. Embryos were examined on a Zeiss Photo-
scope using a 316y0.4 numerical aperture objective. Images
were obtained with an MRC-1024 confocal system (Bio-Rad).

Protein and Centrosome Purification. Cdk inhibitor pro-
teins (p21, p21N, p21C, p27N, p27C) were made as glutathione
S-transferase fusions according to the method described (8).
Human cyclin B, cyclin E, and cdk2 baculoviruses were
generously provided by D. O. Morgan (University of Califor-
nia at San Francisco). Sf9 insect cells were coinfected with
cyclin E-His6 and cdk2 baculoviruses as described (15), and the
cyclin Eycdk2 complex was purified by using nickel affinity
chromatography under the conditions described (16). Centro-
somes were isolated from XTC cells, a Xenopus epithelial cell
line, essentially by a method described for mammalian cells
(17). These centrosomes consisted almost exclusively of single
centrosomes, each with a pair of centrioles.

In Vitro Centriole Separation Assay. Frog embryo extracts
were made from fertilized eggs that were placed in 1 mgyml
cycloheximide after the first cleavage and incubated for 45
min. Eggs were washed twice with S-lysis buffer (250 mM
sucrosey2.5 mM MgCl2y50 mM KCly10 mM HepesyKOH, pH
7.5), then placed in S-lysis plus 1 mM DTT, 100 mgyml
cycloheximide, and protease inhibitors, and processed as de-
scribed (18). The resulting extract was diluted 1:3 into Acetate
Buffer Complete (19) and spun at 100,000 3 g for 30 min. One
hundred microliters of the resulting supernatant was incubated
with 10 ml purified XTC centrosomes at 25°C. When appro-
priate, extract was incubated with indicated proteins or solu-
tions for 30 min at 25°C before the addition of centrosomes.
Reactions were stopped by the addition of 300 ml of 10 mM
Tris, pH 8.0ynocodazole to 75 mgyml and placed on ice for 30
min. Next, the sample was spun onto coverslips and processed
for immunofluorescence as described (20). The anti-a-tubulin
antibody DM1a was used at 1:100 in PBSBT, and the anti-g-
tubulin antibody XGC-1–4 was used at 1:500. Fluorescein
isothiocyanate-conjugated donkey anti-mouse and Texas Red-
conjugated goat anti-rabbit secondary antibodies (Jackson
ImmunoResearch) were used at 1:100. The images were taken
on an Applied Precision DeltaVision deconvolution system
using an Olympus IX-70 inverted microscope and deconvolved
with the Agard and Sedat inverse matrix algorithm.

Extract Manipulations. Preparation of Suc1p and BSA (for
mock depletions) beads and their use in depletion of extracts
was as described (8). Double depletions were for approxi-
mately 90 min each. The cyclin E, cyclin A, and cdk2 C-peptide
antisera and their use in immunodepletions were as described
(8). H1 kinase assays (8) were performed to evaluate the
depleted extracts. Interphase extract was driven into mitosis by
the addition of human cyclin B for 1 h, and cell cycle state was
confirmed by morphology of added sperm and kinase activity.

RESULTS

CDK Inhibitors Block Centrosome Duplication in Vivo.
Previous work had shown that cycloheximide treatment of
Xenopus embryos blocked cell division and DNA replication,
but allowed many rounds of centrosome duplication (6).
Although cyclins A and B are present only at low levels under
these conditions because of their proteolysis at mitosis, cyclin
E and its partner, cdk2, are present at constant levels. To test
the hypothesis that cyclin Eycdk2 drives centrosome duplica-
tion, single cells from early embryos were injected with specific
cdk inhibitor proteins, treated with cycloheximide, and then
assayed by confocal microscopy for the extent of centrosome
duplication. Fluorescein isothiocyanate-conjugated dextran
was coinjected as a visible marker for injected cells. The cdk
inhibitor protein p21 binds to and inhibits the activity of cdk2
complexed with either cyclin A or cyclin E (21–24). The cyclin
Eycdk2 kinase accounts for the majority of p21-inhibitable cdk
activity in the early Xenopus embryo (8, 9). Injection of p21
inhibited the extra rounds of centrosome duplication observed
in neighboring uninjected cells. The injected cell shown in Fig.
1A has two centrosomes whereas the neighboring uninjected
cell has eight centrosomes. The effect of p21 on centrosome
duplication is dose-dependent. Injection of p21 at a final
concentration of 3 mM resulted in an average of 1.9 centro-
somes (Table 1), whereas p21 at 1 mM resulted in an average
of 3.1 centrosomes (significantly different within a 95% con-
fidence level) (Table 1). Cells injected with a control solution
had an average of 6.4 centrosomes, similar to the number in
uninjected cells (Table 1).

To determine whether the effect of p21 injection was a result
of cyclin Eycdk2 inhibition, p21 was coinjected with a 2-fold
molar excess of cyclin E protein. The injected cells were able
to undergo rounds of centrosome duplication to the same
extent as neighboring uninjected cells (Fig. 1 B and B9). On
average, the cells injected with p21 1 cyclin E had 7.7
centrosomes compared with 7.5 centrosomes in uninjected
cells (Table 1). Thus, excess cyclin E was able to alleviate p21
inhibition of centrosome duplication. The N terminus of p21
has been shown to specifically inhibit cyclin Eycdk2 activity,
whereas the C terminus binds and inhibits PCNA, a DNA-
replication factor (25). As an additional test of the specificity
of p21 inhibition, cells were injected with N- and C-terminal
fragments of p21. The N-terminal fragment of p21 inhibited
centrosome duplication to the same extent as the full-length
protein (Fig. 1C). Cells injected with the p21 N-terminal
fragment had an average of 1.2 centrosomes per cell versus 7.6
in uninjected cells (Table 1). In contrast, the C-terminal
fragment of p21 had no effect on centrosome duplication (Fig.
1D), resulting in an average of 5.9 centrosomes versus 5.4
centrosomes in uninjected cells (Table 1).

The cdk inhibitor protein p27 is related to p21 and has
similar effects on the activity of cyclin Eycdk2 (26–28); as for
p21, the N terminus of p27 is responsible for the cdk inhibition
(P.K.J. and A. Dutta, unpublished results). Injection of a p27
N-terminal fragment blocked centrosome duplication, result-
ing in an average of 0.9 centrosomes per cell vs. 5.8 in
uninjected cells (Table 1). The C-terminal fragment of p27,
which does not inhibit cdk activity, had no effect on duplica-
tion.

An in Vitro Assay for Centriole Separation. To examine
the centrosome duplication process in more detail, we
developed an in vitro assay based on that of Tournier et al.
(29) that carries out separation of the paired centrioles
within the centrosome. Centrosomes purified from Xenopus
XTC cells were incubated with a clarified extract made from
fertilized Xenopus eggs treated with cycloheximide. After
incubation, the extract was treated to depolymerize micro-
tubules, and the centrosomes were fixed and stained for
a-tubulin to visualize the centrioles and g-tubulin to visu-
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alize the pericentriolar material. The starting centrosomes
consist of paired centrioles (doublets) with sparse pericen-
triolar material, as revealed by whole-mount electron mi-
croscopy (data not shown) and deconvolution immunof lu-
orescence microscopy (see below).

At the zero time point, the majority of centrioles (77%)
appear as doublets (Fig. 2 A and A9; Table 2). During the next
30–60 min, intermediate degrees of centriole separation were
observed. By 1 h, the majority (77%) of centrioles appear as
singlets, with a small percentage of the centrioles appearing as
separated doublets (doublets with an increased intercentriolar
distance) (Fig. 2 B and B9; Table 2). The total number of
individual centrioles at the 0- and 1-h time points of the assay
remained approximately the same (average of 14 centriolesy
microscope field at 0 h vs. 15.5 centriolesyfield at 1 h). Thus,
the appearance of singlet centrioles was due to separation of

FIG. 1. The cdk inhibitor p21 blocks centrosome duplication in frog
embryos. Embryonic cells were injected with various inhibitors and
treated with cycloheximide for 4 h to allow for centrosome overdu-
plication. Asterisks mark the injected cells, as visualized by coinjection
of a fluorescein-conjugated dextran. (A) p21. (B and B9) p21 and cyclin
E (two different sections are shown to view all centrosomes). (C) p21
N terminus. (D) p21 C terminus. (A) g-Tubulin staining. (B, B9, C, and
D) a-Tubulin staining. The difference in cell size is because of the
variation in cell stage at the time of injection. (Bar 5 100 mm.)

Table 1. Summary of in vivo injection experiments

Solution injected

Average number of
centrosomes*

Ratio, IyU†Injected cells Uninjected cells

Control‡ 6.4 6 0.8 7.3 6 0.6 0.88
n 5 18 n 5 31

p21, 3 mM 1.9 6 0.3 6.0 6 0.6 0.32§

n 5 20 n 5 20
p21, 2 mM 2.1 6 0.2 10.4 6 0.6 0.20§

n 5 36 n 5 38
p21, 1.5 mM 2.5 6 0.2 5.5 6 0.4 0.45§

n 5 32 n 5 23
p21, 1 mM 3.1 6 0.3 5.6 6 0.5 0.55§

n 5 52 n 5 51
p21 1 cyclin Ei 7.7 6 0.5 7.5 6 0.5 1.03

n 5 40 n 5 34
p21 N terminus, 10 mM 0.9 6 0.3 5.8 6 0.4 0.16§

n 5 11 n 5 15
p21 N terminus, 5 mM 1.2 6 0.2 7.6 6 0.8 0.16§

n 5 29 n 5 19
p21 C terminus, 8 mM 5.9 6 0.3 5.4 6 0.3 1.09

n 5 33 n 5 36
p27 N terminus, 16 mM 0.9 6 0.2 5.8 6 0.7 0.16§

n 5 35 n 5 29
p27 N terminus, 8 mM 2.8 6 0.2 7.5 6 0.5 0.37§

n 5 30 n 5 30
p27 C terminus, 10 mM 4.6 6 0.3 5.3 6 0.4 0.87

n 5 40 n 5 40
p27 C terminus, 5 mM 6.9 6 0.5 6.9 6 0.5 1.00

n 5 29 n 5 30

n is the number of cells counted for each condition.
*The average number of centrosomes is shown 6SEM.
†The ratio is centrosome number for injected cells divided by centro-
some number for uninjected cells.

‡The control solution used was PBS.
§For these experiments, the average number of centrosomes in in-
jected cells vs. uninjected cells is significantly different within a 99%
confidence level.

\Cyclin E was added at twice the molarity of p21.

FIG. 2. An in vitro centriole separation assay. Deconvolution
images of centriole doublets and singlets. (A and A9) These doublets
represent the 0-h starting point of the assay. (B and B9) At the 1-h
endpoint, the majority of centrosomes are singlets, as depicted. (A and
B) a-Tubulin staining. (A9 and B9) g-Tubulin staining. (Bar 5 1 mm.)
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doublets and not coalescence of paired centrioles into a single
object. It is convenient to express centriole separation as
percent conversion of starting doublet centrioles to nondou-
blet forms. At the 1-h endpoint, there is 90% conversion. The
distinction between centriole doublets, separated doublets,
and single centrioles was clear from the microscopic data. The
average distance between centrioles in centriole doublets was
0.55 6 0.008 mm, whereas the average distance between
centrioles in separated doublets was 1.07 6 0.05 mm. The
average distance between any two random centrioles in these
experiments was 33 mm; thus, centriole doublets and separated
doublets are not simply two single centrioles randomly juxta-
posed. Although not apparent in Fig. 2, incubation with extract
usually resulted in increased g-tubulin staining, consistent with
the described recruitment of soluble g-tubulin complexes by
centrioles (20, 30).

Requirements for Centriole Separation Activity. We next
manipulated the extracts to determine the requirements for
centriole separation, first examining the requirement for en-
ergy. Depletion of nucleotide triphosphates by addition of
hexokinase and glucose inhibited separation, resulting in
,0.2% conversion to single centrioles (Table 2). Addition of
the divalent cation chelator EDTA also inhibited centriole
separation (,0.2% conversion). EDTA chelates Mg21, which
is a necessary cofactor of ATP- and GTP-hydrolyzing en-
zymes; excess Mg21 was able to rescue the EDTA-treated
extracts, resulting in 66% conversion (Table 2). 6-Dimethyl
aminopurine, an inhibitor of cyclin-dependent kinases (31, 32),
also blocked centriole separation, resulting in ,0.2% conver-
sion. This is consistent with the results implicating the cdk2
kinase in the in vivo reaction.

To test the requirement for cyclin Eycdk2 activity in the
centriole separation assay, centrosomes were added to extract
that had been incubated with p21 for 30 min. Full-length p21
blocked centriole separation, resulting in only 12% conversion
(Table 2). Consistent with the in vivo experiments, the cdk-
inhibiting N terminus of p21 blocked centriole separation (5%
conversion), whereas the C terminus of p21 allowed separation
(78% conversion) (Table 2).

We wished to confirm the results implicating cdk2 and
associated cyclins in centrosome duplication by direct means.
Two approaches were taken. First, extracts were depleted of
cdks and associated proteins by incubation with p13suc1 beads;

successful depletion was confirmed by H1 kinase assays.
Cdk-depleted extract supported only 6% conversion of cent-
riole pairs to singlets, compared with 73% conversion found
with mock-depleted extract (Fig. 3A). Importantly, cyclin
Eycdk2 complex, produced by baculovirus expression, was able
to restore significant activity to the depleted extract, resulting

Table 2. Centriole separation assay data

Condition

Percentage* Conversion
percentage†FF F F F

0 h 77 23 — —‡

1 h 8 77 15 90
p21 68 26 6 12
p21N 73 25 2 5
p21C 17 72 11 78
Hexokinase 84 16 — ,0.2
EDTA 79 20 1 ,0.2
EDTA 1 MgCl2 26 66 8 66
6-DMAP 78 22 — ,0.2

p21, p21N, and p21C were used at a final concentration of 15 mM.
Hexokinase was added at 20 unitsyml with 10 mM glucose. EDTA and
MgCl2 were added for a final concentration of 5 mM. 6-Dimethyl-
aminopurine (6-DMAP) was used at 500 mM.
*Approximately 500 centrosomes were counted, categorized, and

expressed as a percentage. The three categories depict doublets (D),
singlets (S), and separated doublets (SD), respectively.

†This represents the percentage of doublets that was converted to
singlets or separated doublets, using the formula: [(S 1 SD) 2
(S0)]yD0; where S0 5 23 and D0 5 77. If the calculated conversion
percentage was #0, a minimum value (,1y500 5 ,0.2) was used.

‡The conversion value at time 0 is set to zero.

FIG. 3. The dependence of centriole separation on cyclin-
dependent kinases. The graphs express centriole separation activity as
conversion percentages, as described in Table 2. (A) Depletion and
rescue of centriole separation activity with Suc1p and cyclin Eycdk2.
(B) Depletion of both cyclin E- and cyclin A-dependent kinases
inhibits centriole separation. The conversion percentage has been
normalized to the control depletion (uncoupled protein A-Sepharose).
(C) The mitotic state inhibits centriole separation.
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in 34% conversion (Fig. 3A). Second, extracts were immu-
nodepleted of cdk2, resulting in only 14% of the conversion
found with control-depleted extracts (Fig. 3B).

Cdk2 is known to associate with both cyclin E and cyclin A,
although it is predominantly found associated with cyclin E in
Xenopus early development (33). Surprisingly, immunodeple-
tion of cyclin E had only a small effect on centriole separation
activity; similarly, immunodepletion of cyclin A had only a
small effect (Fig. 3B). However, immunodepletion of both
cyclin E and cyclin A resulted in a complete loss of separation
activity (Fig. 3B).

Thus far, we have shown that inhibition or depletion of
cyclinycdk2, the major interphase cell cycle kinase, prevents
centrosome duplication. Because centrosome duplication is
not subject to a once-and-only-once control in embryonic
systems, there must be a mechanism for coordinating it with
other events of the mitotic cycle. One possible mechanism for
such coordination would be inhibition of centrosome duplica-
tion by the mitotic state. To determine the effect of cell cycle
state on centriole separation, we drove interphase extract into
mitosis with cyclin B protein. Incubation of centrosomes with
this mitotic extract resulted in only 4% conversion of doublet
centrioles to single centrioles compared with 87% conversion
with an untreated interphase extract (Fig. 3C). We obtained
similar results with extracts arrested in mitosis by cytostatic
factor (CSF); the inhibition could be relieved by the addition
of calcium, which results in the destruction of CSF and entry
into interphase (data not shown).

DISCUSSION

We have demonstrated here that inhibition of cyclinycdk2
blocks centrosome duplication in vivo and have used an in vitro
assay to show that, of the cdk complexes, cyclin Eycdk2, in
particular, is sufficient for this activity. In this in vitro assay,
purified centrosomes were incubated with egg extract. The
centriole pairs within the centrosomes separated into single
centrioles; this centriole separation activity was heat- and
dilution-sensitive, ATP-dependent, and was specific to inter-
phase extracts. We believe that the centriole separation that
occurs in this assay is likely to correspond to the centriole
‘‘disorientation’’ step described in the centrosome duplication
cycle of somatic mammalian cells (3), followed by physical
separation of the centrioles in our preparation of them for
microscopy. Although single centriole centrosomes are not
usually observed in vivo, we suppose that the ability to separate
the centrioles in vitro reflects the loss of ‘‘pairing’’ that must be
an early step in centrosome duplication. We note that our assay
was designed to carry out a simplified version of centrosome
duplication, in which only the centriole separation step occurs;
other in vitro systems have been shown to carry out the later
step of new centriole formation (29, 34). Our results clearly
show that cdk2 is required for centriole separation and suggest
that cyclin E is the cdk2-binding partner involved.

Both cyclin E and cyclin A have been shown to bind to cdk2
in vitro; however, in the early divisions of Xenopus, only cyclin
E is found associated with cdk2 (33). Why then was depletion
of both cyclin E and cyclin A required to inhibit centriole
separation in our experiments? Although cyclin E is the
preferred binding partner of cdk2, we suppose that in the
absence of cyclin E, the cyclin A present in interphase extracts
as prepared here would bind to cdk2 (P.K.J., unpublished
results). We consider it most likely that cyclin E is the relevant
cyclin for centrosome duplication in vivo. The dependence on
cyclin Eycdk2 activity would explain the observed lack of a
protein synthesis requirement for centrosome duplication;
cyclin E protein levels do not decrease until after the mid-
blastula transition ('12th division) (12). Thus, inhibiting
protein synthesis in early embryos would have no effect on the

amount of cyclin E or, by extension, the amount of the cyclin
Eycdk2 kinase.

It is useful to compare centrosome duplication with DNA
replication, the only other known discrete duplication event in
cells. In embryonic systems with rapid cell division cycles, S
phase, during which both DNA replication and centrosome
duplication occur, alternates with M phase. Like centrosome
duplication, DNA replication depends on cyclin Eycdk2 ac-
tivity (8, 35–37) and is inhibited in M phase (38). DNA
replication makes use of the antiparallel, complementary
nature of double-stranded DNA to provide a template for
precise duplication. Centrioles are the only known discrete
structure in the centrosome, yet, it is not clear how they could
act as a template for the growth of another centriole, given that
new centrioles typically grow near, but not directly attached to,
old centrioles. Also, fungi lack centrioles, yet duplication of the
fungal spindle pole body occurs with timing and fidelity similar
to that in animal cells. A striking difference is that DNA
replication occurs only once after inhibition of protein syn-
thesis in embryos, whereas centrosome duplication continues
for many rounds under the same conditions. One explanation
for this difference is that DNA replication is known to have a
second level of control, known as licensing, which ensures that
replication does not occur without an intervening mitosis (39,
40). It appears that there is no similar once-and-only-once
control for centrosome duplication in the cycloheximide-
treated frog embryos that we have examined here.

If cyclin Eycdk2 is responsible for the initiation of centro-
some duplication and is present throughout early divisions,
how, then, is duplication coordinated with the other events of
the cell cycle? Our results demonstrate that the active mitotic
state inhibits the duplication process, similar to results in sea
urchin embryos (14). If the mechanics of centrosome dupli-
cation required a significant portion of S phase in the rapid
embryonic cycles, then the mitotic inhibition normally would
prevent the initiation of a second round and ensure an
oscillation of duplication and division. In somatic cells there
are likely to be additional controls on centrosome duplication.
First, activity of cyclin Eycdk2 is restricted to the G1yS
transition (10, 11). Second, somatic cells do not have the large
stockpiles of centrosomal components found in eggs and must
rely on new synthesis; in yeast, transcription of genes for the
spindle pole body components g-tubulin and Spc110p is lim-
ited to the G1yS period in which duplication takes place. It is
interesting to note that Chinese hamster ovary cells, in which
extra rounds of centrosome duplication have been observed to
occur under conditions of S phase arrest (13), continue to
synthesize protein and grow while arrested, whereas HeLa cells
do not (41). A third difference is that somatic cells have cell
cycle checkpoint controls that are absent in the Xenopus egg.
Particularly interesting is the observation that p532y2 mouse
cells display a high frequency of excess centrosomes (42). One
of the roles of p53 is to induce p21 and to enforce a cell cycle
checkpoint after DNA damage (43). Although in our experi-
ments we have used p21 simply as a reagent to inhibit cyclin
Eycdk2 activity, it is possible that in somatic cells, the p53yp21
checkpoint helps to coordinate centrosome duplication with
the other events of the cell cycle.

A common theme emerging in the cell cycle is that impor-
tant transitions are made irreversible by protein destruction.
For example, destruction of the yeast cdk inhibitor p40 is
essential for progression into S phase (44), destruction of
mitotic cyclins is necessary for exit from M phase (45), and
destruction of Pds1p is required for sister chromatid separa-
tion in yeast mitosis (46). In addition, a component of the
destruction machinery, a cap subunit of the proteasome, is
required for spindle pole body duplication in yeast (5). Because
an early step in centrosome duplication is the separation of the
centrioles, it is easy to imagine that destruction of a protein-
aceous link between the centrioles could be the initiating
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event. If so, cyclin Eycdk2 might be required to phosphorylate
and, thus, mark for destruction, a particular protein, which is
similar to the role of the yeast G1yS cyclinycdk in the destruc-
tion of the cell cycle inhibitor p40 (47). We note that the nature
of the link between centrioles is not known, but that a fibrous
network has been observed between centrioles in electron
microscopy preparations of purified centrosomes (48). Fry et
al. (49) have identified a coiled-coil protein, C-Nap1, that is
located at the proximal ends of centrioles and can be phos-
phorylated by Nek2, a kinase that also is located at the
centrosome. Remarkably, overexpression of Nek2 results in
‘‘centrosome splitting’’ (50), which might be analogous to the
centriole separation that we have observed in our assay. It is
not known whether there is any link between cyclin Eycdk2 and
these centrosomal proteins; determination of the substrates of
cyclin Eycdk2 relevant to centrosome duplication ultimately
will be necessary to establish the mechanism of cell cycle
control of centrosome duplication.

Note Added in Proof. Hinchcliffe et al. (51) have recently reported
similar results concerning the role of cyclin Eycdk2 in centrosome
duplication.
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