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Arago, Modèles en Biologie Cellulaire et Evolutive, BP44, 66651 Banyuls sur Mer, France

Cyclin-dependent kinases (CDKs) are the main regulators of cell cycle progression in eukaryotes. The role and regulation of
canonical CDKs, such as the yeast (Saccharomyces cerevisiae) Cdc2 or plant CDKA, have been extensively characterized.
However, the function of the plant-specific CDKB is not as well understood. Besides being involved in cell cycle control,
Arabidopsis (Arabidopsis thaliana) CDKB would integrate developmental processes to cell cycle progression. We investigated
the role of CDKB in Ostreococcus (Ostreococcus tauri), a unicellular green algae with a minimal set of cell cycle genes. In this
primitive alga, at the basis of the green lineage, CDKB has integrated two levels of regulations: It is regulated by Tyr
phosphorylation like cdc2/CDKA and at the level of synthesis-like B-type CDKs. Furthermore, Ostreococcus CDKB/cyclin B
accounts for the main peak of mitotic activity, and CDKB is able to rescue a yeast cdc28ts mutant. By contrast, Ostreococcus
CDKA is not regulated by Tyr phosphorylation, and it exhibits a low and steady-state activity from DNA replication to exit of
mitosis. This suggests that from a major role in the control of mitosis in green algae, CDKB has evolved in higher plants to
assume other functions outside the cell cycle.

Control of cell cycle progression in eukaryotes relies
largely on universally conserved heterodimeric kinases
belonging to the cyclin-dependent kinase (CDK) fam-
ily. These kinases phosphorylate, at the key G1/S and
G2/M transitions, a variety of substrate required for
DNA replication and mitosis, respectively (Murray,
2004). Cyclins are regulatory subunits enabling peri-
odic activation of CDKs. Whereas animals possess
several CDKs, in both fission yeast (Schizosaccharomyces
pombe) and budding yeast (Saccharomyces cerevisiae)
a single CDK, Cdc2/Cdc28, in association to different
cyclins, controls cell cycle progression (Arellano and
Moreno, 1997; Mendenhall and Hodge, 1998; Endicott
et al., 1999; John et al., 2001). Rapid activation of Cdc2 at
mitosis entry is achieved by dephosphorylation of T14
and Y15 residues (Lew and Kornbluth, 1996). CDK/
cyclin complexes are also targets of survey mecha-
nisms, which stop or delay cell cycle progression upon
failing, such as incomplete DNA replication, DNA
damage, or defect of the mitotic spindle (Paulovich
et al., 1997; Rhind and Russell, 1998; Lew and Burke,
2003; Lukas et al., 2004; Stark and Taylor, 2004). In-
hibitory phosphorylation of T14 and Y15 is largely
involved in CDK inhibition upon activation of the
DNA integrity checkpoint (Murakami and Nurse,
2000; Donzelli and Draetta, 2003).

Higher plants have a considerable number of core
cell cycle genes. Arabidopsis (Arabidopsis thaliana)
contains nine cell cycle-related CDK genes and about
30 cyclin genes (Vandepoele et al., 2002). Plant cell
cycle genes have been classified on the basis of their
sequence homology to their animal counterparts and
globally perform similar roles: A-type cyclins are
involved in S-phase progression and mitosis, and
B-type cyclins are mitotic (Breyne and Zabeau, 2001;
Potuschak and Doerner, 2001). In plants, CDKs har-
boring the consensus PSTAIRE hallmark are referred
as to A-type CDK, whereas non-PSTAIRE CDKs en-
compass a class of CDK unique to plants, the B-type
CDKs (Joubes et al., 2000). Overexpression of a domi-
nant negative form of the Arabidopsis CDKA;1 in
tobacco plants (Nicotiana tabacum) results in an overall
reduction of cell division rate, thus yielding smaller
plants. However, the G1/G2 ratio remains unaltered,
demonstrating that CDKA;1 is essential at both G1/S
and G2/M transition of the cell cycle (Hemerly et al.,
1995). The mitotic activity of CDKA;1 and the locali-
zation of CDKA;1 with mitotic microtubuli structures,
such as the preprophase band and metaphase spindle,
further indicates a mitotic role for A-type CDKs
(Weingartner et al., 2001; Menges and Murray, 2002).
Tyr phosphorylation of A-type CDK was unambigu-
ously detected and shown to down-regulate CDKA
under cytokinin deprivation or osmotic stress (Zhang
et al., 1996; Schuppler et al., 1998). Furthermore, a CDK
inhibitory kinase Wee1 and a divergent antagonist
Cdc25-like phosphatase are present in plants (Sun
et al., 1999; Sorrell et al., 2002; Landrieu et al., 2004).
However, the role of CDKA phosphorylation in plant
cell cycle control is still not clear. Arabidopsis plants
overexpressing a nonphosphorylable CDKA;1 (Y15A)
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do not exhibit any obvious phenotype, but expression
of fission yeast Cdc25 in tobacco plant accelerates
cell division (Bell et al., 1993; McKibbin et al., 1998;
Wyrzykowska et al., 2002).

The role of CDKB in cell cycle control is not as well
understood. Together, CDKB localization at the pre-
prophase band, the metaphase plate, and its mitotic
activity suggest a role of B-type CDKs in the control
of mitosis (Magyar et al., 1997; Mészáros et al., 2000;
Dewitte and Murray, 2003; Lee et al., 2003). Further-
more, in rice (Oryza sativa), the mitotic CyclinB2;2 was
shown to activate CDKB2;1, and both proteins colo-
calize on chromosomes at metaphase, suggesting that
this complex may be involved in the control of mitosis
(Lee et al., 2003). Interestingly, the inhibitory phosphor-
ylation sites are also conserved in B-type CDKs, but
biochemical evidence of CDKB phosphorylation is still
lacking. The role of CDKB in integrating developmen-
tal pathways has been clearly demonstrated. Arabi-
dopsis plants overexpressing a dominant negative
CDKB1;1 (CDKB1;1 N161) display cells with a higher
4C/2C ratio in specific tissues. This was correlated
to dramatic consequences on stomata development
(Porceddu et al., 2001; Boudolf et al., 2004a). In the
leaves of CDKB1;1N161 plants, cells prematurely exit
mitotic cycle and enter endoreduplication cycles asso-
ciated with leaf development (Boudolf et al., 2004b).
Thus, CDKB1;1 would be implicated in both the control
of cell cycle progression and the integration of de-
velopmental pathways.

We have used a simple cellular system to investigate
the control of cell cycle progression by CDK/cyclin
partners. Ostreococcus (Ostreococcus tauri) is a marine
photosynthetic picoeucaryote, which like plants be-
longs to the green lineage (Chrétiennot-Dinet et al.,
1995). This 1-micron-long unicellular algae has a min-
imal cellular organization, encompassing one of each
organella, and a compact genome (12.6 Mb). Annota-
tion of cell cycle genes revealed an extremely limited set
of core cell cycle genes with great similarity to plant cell
cycle genes (Robbens et al., 2005). In particular CDKA,
CDKB, Cyclin D, Cyclin A, and Cyclin B genes are all
present as a single copy. The main CDK inhibitory
kinase Wee1 and its antagonist phophatase Cdc25 were
also identified. The latter shows a high similarity to
animal Cdc25 (in contrast to its plant ortholog) and has
been reported to be functional in activating starfish
Cdc2 (Khadaroo et al., 2004; Landrieu et al., 2004). In
our culture conditions, Ostreococcus cells divide in
a binary mode and do not differentiate. When subjected
to 12:12 light/dark cycles the cells divide at the end of
day. We took advantage of this simple system to in-
vestigate the role of CDK/cyclin partners, and more
particularly of CDKB, in the control of cell cycle pro-
gression. Unexpectedly, CDKB rather than CDKA has
the main features of a mitotic CDK, i.e. in association
with cyclin B, it is responsible for the peak of mitotic
activity of CDKs and is regulated by Tyr phosphoryla-
tion. Furthermore, CDKB is able to rescue a budding
yeast cdc28ts mutant.

RESULTS

Biochemical Purification of CDKA and CDKB
in Ostreococcus

We first assayed the affinity of plant p10CKSAt1 and
human p9CKShs1, referred to as p10 and p9, respectively,
toward Ostreococcus CDKs (Fig. 1A). An antibody
directed against the hallmark PSTAIRE motif of CDKs
was used for western blot (Fig. 1A). Two bands of 34 to
35 kD were detected after p9 chromatography, and an
additional band of approximately 37 kD was detected
after p10 chromatography. The signal intensity of the
two 34- to 35-kD bands was similar after p9 or p10
chromatography, suggesting that the corresponding
proteins had a similar affinity for p9 and p10. A

Figure 1. Purification of Ostreococcus CDKs. A, Detection of Ostreo-
coccus CDKs, with a monoclonal anti-PSTAIRE antibody, after affinity
purification on CKS from either human p9 or Arabidopsis p10. B,
Specificity of the anti-CDKB antibody. CDKs were purified on p10 and
detectedwith the anti-CDKB antibody in the presence or absence of the
competing antigenic peptide. C, Sequential purification of Ostreococ-
cus CDKs by affinity chromatography. The 34- to 35-kD bands (CDKA)
were depleted from an HU extract, after two rounds of affinity
chromatography on p9 as detected with the anti-PSTAIRE (@PSTAIRE)
antibody. Only the 37-kD CDK (CDKB) was detected on p10 beads
after depletion. A band at approximately 45 kD was detected mainly in
association with CDKB (p10) using an anti-cyclin B (@CycB) antibody.
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specific anti-CDKB antibody also detected the purified
protein at 37 kD, which is the expected molecular mass
of CDKB, indicating that this protein corresponded
to CDKB. The specificity of the antibody was
tested by competition with the antigenic peptide
(CYFDSLDKSQF), which completely prevented bind-
ing of the antibody to the 37-kD protein but had
no effect on binding of the anti-PSTAIRE antibody
(Fig. 1B; data not shown). A single protein at 37 kD
was recognized by the anti-CDKB antibody in protein
extracts from yeast expressing Ostreococcus CDKB,
confirming further the specificity of the antibody (Fig.
7B). It is very likely that the CDKB PSTALRE motif can
bind the anti-PSTAIRE antibody since it differs only by
a substituted Leu residue (instead of Ile). The genome
analysis revealed that Ostreococcus has a single
CDKA, suggesting strongly that the 34- to 35-kD bands
correspond to two isoforms of CDKA.

To isolate CDKB, we took advantage of its differen-
tial affinity toward p9 and p10. The two lowest bands
were depleted from the protein extract by two succes-
sive chromatography procedures on p9, and the last
flow-through was loaded on p10 (Fig. 1C).

A signal was detected with an antibody raised
against the C-terminal sequence of Ostreococcus cy-
clin B, at the expected molecular mass of cyclin B
(42 kD), and was stronger in the p10 fraction, although
it was also detected in the p9 fraction (Fig. 1B, bottom).

CDKB Is Synthesized after the G1/S Transition and
Is Phosphorylated upon Activation of the DNA

Replication Checkpoint

Natural synchronization of Ostreococcus cells can
be achieved by light/dark cycles. However, the short-
ness of the S/G2/M phases (3 h; Fig. 4A) compared to
the G1 phase leads to an overlap of the different cell
cycle phases in naturally synchronized cell popula-
tions (S/G2/M phases over 10 h), which complicates
cell cycle studies.

Therefore, to gain further insight into the biochem-
istry of CDK/cyclin complexes, we used various cell
cycle inhibitors to induce specific cell cycle arrests
(Fig. 2A). The CDK inhibitor olomoucine, the DNA
replication inhibitor aphidicolin, and the DNA syn-
thesis inhibitor hydroxyurea (HU) were added in late
G1 of light/dark-grown cultures (3–5 h after light on)
to block early progression in the cell cycle and obtain
cells with DNA content corresponding to a G1/S
transition and an early S phase, respectively (Fig.
2A). Olomoucine, when added in G1, was expected
to completely arrest the cell cycle before the G1/S
transition with CDKs in a G1/S status. This arrest will
be referred to as a G1s arrest. By contrast, aphidicolin
and HU were expected to induce the DNA integrity
checkpoint and, as such, to arrest the cells with CDKs
in a premitotic status, which mimics a G2/M state,
which will be referred to as an S-G2 arrest. Finally, cells
were released from a replication arrest by HU and then
blocked either at the G2/M transition by olomoucine,

referred to as G2m, or in mitosis by the microtubule
polymerization inhibitor, propyzamide, referred to as
Mp (Planchais et al., 2000). In these cases, CDKs are
expected to reflect G2/M and M phases, respectively.
Two control stages were used as references, i.e. the late
G1 (5 h after light on) and the M/G1 (synchronized
cells at exit of mitosis).

The presence and Tyr phosphorylation status of
CDKs were first investigated. CDKs were purified
using their affinity for p10. As shown in Figure 2B,
CDKA was equally present at all these stages, as de-
tected with an anti-PSTAIRE antibody, whereas CDKB
was absent in natural G1 cells and in cells arrested
before S phase by olomoucine. When the cells were
treated with olomoucine, the relative intensities of the
two bands corresponding to CDKA changed, the up-
per band being much stronger. It is unlikely that these
two bands reflected different states of phosphorylation
of CDKA since the relative intensities of these two
bands was not related to changes in CDKA activity
during cell cycle progression or upon checkpoint
activation (Fig. 4). Olomoucine was reported to com-
pete for ATP in the catalytic pocket of CDK and could

Figure 2. Expression and phosphorylation status of CDKs at different
stages of cell cycle progression. Cells were arrested at different stages of
the cell cycle using specific inhibitors. Olomoucine (G1s)- and HU
(S-G2)-treated cells were collected 14 h after addition of the drugs.
G2m and MP phase samples were obtained from artificially synchro-
nized cells, were blocked with olomoucine or propyzamide, and were
collected at the time of control mitosis exit (M/G1). Control G1 cells
were collected at the time of drug addition. A, Relative frequencies of
cells in G1 (white), S (gray), and G2/M (black), as detected by flow
cytometry, are shown. B, CDKs were affinity purified on p10 and
detected with anti-CDKB, anti-PSTAIRE, or anti-PY antibodies.
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therefore induce conformational changes of the pro-
tein, which may account for the changes in electropho-
retic migration. Surprisingly, CDKB, but not CDKA,
was phosphorylated on Tyr, as detected with a mono-
clonal anti-phosphotyrosine (PY) antibody, when the
DNA integrity checkpoint was activated by either
aphidicolin or HU. This phosphorylation was also
detected in premitotic cells arrested at the G2/M by
olomoucine (G2m), but it was absent from cells exiting
mitosis or cells blocked in mitosis by propyzamide.
Together, these results indicate that CDKB is cell cycle
regulated and its synthesis is strictly dependent on the
progression of the cells through the G1/S transition.

Cyclin Partners and Activities of CDK/Cyclin Complexes

The same approach, as described in Figure 2, was
used to investigate the cyclin partners of CDKs at
various cell cycle stages (Fig. 3A). CDKA and CDKB
were purified sequentially using their differential
affinity for p9 and p10, respectively. Using a specific
antibody directed against the C-terminal region of
cyclin A, we were able to detect a doublet in the CDKA
fraction bound to p9 but not in the CDKB fraction
(data not shown). The molecular mass (42 kD) was in
agreement with the predicted molecular mass. This
doublet probably corresponded to two isoforms of
cyclin A and was detected in cells arrested after the
G1/S transition, i.e. in HU- and propyzamide-treated

cells, but it was not detectable at mitosis exit. Cyclin B
was detected in both CDKA (p9) and CDKB (p10)
fractions (Fig. 3A). Like cyclin A, cyclin B was found
only in cells arrested after the G1/S transition and not
in cells exiting mitosis.

In parallel, the histone H1 kinase activities of CDKA
and CDKB were monitored (Fig. 3B). CDKA exhibited
a barely detectable activity at the G1/S (G1s) transition
compared to the activity found in HU- or aphidicolin-
treated cells. CDKA activities from cells blocked in
mitosis (Mp) were similar to those of cells in which
DNA replication was inhibited (S-G2) or arrested at
the G2/M transition (G2m) with olomoucine.

By contrast, CDKB kinase activity was much higher
in mitotic cells (Mp) than in cells arrested before mitosis
(S-G2 or G2m). These results suggest that CDKB but not
CDKA is activated in mitosis and that only CDKB is the
target of the DNA replication checkpoint.

In summary, CDKA is present at all stages of the cell
cycle and is associated, after the G1/S transition, to
cyclin A and to a lesser extent to cyclin B. By contrast,
CDKB is synthesized after the G1/S, exclusively as-
sociated to cyclin B, and activated in mitosis.

The CDKB/Cyclin B Complex Is Tyr Dephosphorylated

and Activated at Mitosis

We next determined the level and activity of CDK/
cyclin complexes in cells artificially synchronized by

Figure 3. Expression, cyclin partners,
and activities of CDKA and CDKB at
different stages of cell cycle progres-
sion. CDKA and CDKB were sequen-
tially affinity purified (on p9 and p10,
respectively) from cells arrested at dif-
ferent stages of cell cycle progression.
A, Specific antibodies were used to
detect cyclin A, cyclin B, CDKA, and
CDKB bound to p9 and p10. B, Corre-
sponding H1 kinase activities of CDKA
(white) and CDKB (black) are reported
(top). All activities were normalized
relative to the HU sample activity
(100).
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a release from an HU block (Fig. 4). Upon release, the
cells progressed synchronously through DNA replica-
tion. Over 50% of the cells progressed simultaneously
through G2 and M phases compared to less than 15%
in naturally synchronous cells (Fig. 4A). The replica-
tion of DNA lasted for about 3 h from the release,
whereas the cells progressed through G2 and M within
a maximum of 1 h (four independent experiments).
Mitosis was shorter than 30 min since, by 3 h after the
HU release (AR), 50% of the cell was estimated to be in
G2-M and only 30 min later 50% of the cells were back
in G1 (1C content; Fig. 4A).

In HU-treated cells, CDKB was phosphorylated on
Tyr and associated with cyclin B as previously shown.
It is interesting to note that cyclin B was barely
detectable in CDKA/cyclin-purified complexes, al-
though the exposure time of this western blot was
much longer (Fig. 4B, top) than for cyclin B associated
to CDKB (Fig. 4B, bottom). While CDKA was fairly
constant throughout mitosis, CDKB decreased pro-
gressively but significantly from 4 h AR. Cyclin B

dropped by 3.5 h AR, attesting that most of the cells
were progressing through mitosis. At 5 h AR, cyclin B
was no longer detectable. The Tyr phosphorylation of
CDKB progressively decreased from 3 h AR and was
correlated to CDKB activation (Fig. 4, B and C). By
contrast, CDKA did not appear to be activated at
mitosis but rather had a constant activity throughout
the DNA replication period, which decreased from 3 h
AR. No phosphorylation could be detected on CDKA
at any time (data not shown). Note that in this ex-
periment, like in most, CDKA H1 kinase activities
were about one order of magnitude lower than those
of CDKB.

In Vitro Dephosphorylation of CDKB by Cdc25
Results in Its Activation

To test whether CDKB Tyr phosphorylation was
inhibitory of its kinase activity, we performed an in
vitro dephosphorylation assay using the homologous
CDK-specific phosphatase Cdc25 (Fig. 5; Khadaroo

Figure 4. Expression, phosphorylation status, cyclin partners, and activities of CDKA and CDKB at different stages of cell cycle
progression in cells released from an HU arrest. A, Time course analysis of DNA content of HU synchronized cells by flow
cytometry. Cells were incubated with HU for 14 h and this drug was removed at time 0:00. Overlayed histographs (left section)
and relative frequencies of prereplicative nuclei (G1, white circle), replicative nuclei (S, triangle), replicated nuclei (G2M,
square) are as estimated by theModfit software (right section). B, Levels, phosphorylation status, and cyclin partners of CDKA (p9
fraction) and CDKB (p10 fraction). C, Corresponding H1 kinase activities of CDKA (white; left axis) and CDKB (black; right axis).
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et al., 2004). CDKs purified from HU-treated cells were
incubated with increasing concentrations of Cdc25,
and their H1 kinase activity was monitored after
dephosphorylation. CDK incubation with Cdc25 re-
sulted in a dose-dependent activation of CDKB kinase
activity. This result indicates that the Tyr phosphory-
lation on CDKB is inhibitory and suggests that the
Cdc25 phosphatase has a role in activating CDKB at
the G2/M transition.

CDKA Activity Precedes CDKB Activity during Cell

Cycle Progression

We next investigated the time course of CDK/cyclin
appearance during DNA checkpoint activation, which
mimics the accumulation of CDKs at the G2/M tran-
sition during cell cycle progression (Fig. 6). HU was
added at the beginning of the light period (i.e. in G1)
and left until the control cells had divided (Fig. 6A,
left). The DNA content histographs reflect the partial
synchronization of the control cells that entered S
phase by 8 h of light (control, left), whereas the HU-
treated cells accumulate with a prereplicative DNA
content, as attested by the progressive enlargement of
the 1C peak (Fig. 6A, right). In HU-treated cutltures,
CDKA could be detected at all times, but CDKB was
detected only from 8 h after dusk (Fig. 6C). CDKA
activity was detectable 8 h after the beginning of the
day (3 h after HU addition) and reached a steady-state
level by 14 h, whereas CDKB activity was detected
only 4 h later and reached a maximal level at 18 h (Fig.
6B). At 14 h, CDKB was seen phosphorylated on Tyr
and associated with cyclin B (Fig. 6C). Most of the
CDK activity was associated with CDKB. The main
cyclin partner of CDKA, cyclin A, was also detected
earlier in the CDKA fraction (at 10–12 h) than cyclin B
in the CDKB fraction (at 14 h). These results indicate
that CDKA operates before CDKB during the cell cycle
progression and that CDKB/cyclin B is responsible for
most of the kinase activity at the G2/M transition.

CDKB Complements a Budding Yeast cdc28ts Mutant

The CDKB cDNA was used to complement the
budding yeast cdc28-4ts mutant (Fig. 7A). At permis-

sive temperature (25�C), all cells were able to grow.
By contrast, only cells transformed with CDKB or
CDC28 gave rise to colonies at restrictive temperature
(34�C). The expression of Ostreococcus CDKB in yeast
was checked using the specific anti-CDKB antibody

Figure 5. In vitro activation of Ostreococcus CDKs by Cdc25. CDKs
from HU-treated cells were purified on p10, incubated with increasing
amount of Cdc25, and then assayed for H1 kinase activity.

Figure 6. Time course of CDK accumulation fromG1 to an S-G2 arrest.
HU was added in G1 (5 h after light on) and cells were harvested every
2 h for 13 h. A, Flow cytometry analysis of DNA content of the control
population from 5 h until 18 h after light on (left) and in HU-treated
cells (right). B, H1 kinase activity of CDKA (white, left axis) and CDKB
(black, right axis) in HU-treated cells. C, Time course analysis and
phosphorylation status of CDKA, CDKB, cyclin A, and cyclin B in the
CDKA (top) and the CDKB (bottom) fractions upon accumulation from
G1 to S-G2 arrest in HU-treated cells.
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(Fig. 7B). That CDKB rescues the yeast cdc28-4ts

mutant indicates that, despite the lack of a consensus
PSTAIRE motive, CDKB is able to bind yeast cyclins
and to directly control cell cycle progression.

DISCUSSION

Ostreococcus CDKB, a B1-Type CDK?

Despite a divergent PSTALRE cyclin-binding motif,
Ostreococcus CDKB has been classified as a B-type
CDK on the basis of sequence analysis (Robbens et al.,
2005). In this work, we show that this protein displays
a characteristic feature of B-type CDK in that, unlike
CDKA, its level fluctuates during the cell cycle. CDKB
was absent from naturally synchronized cells in G1 and
also from cells blocked at the G1/S transition by
olomoucine, a well-known CDK-specific and reversible
inhibitor that has been successfully used in other cell
cycle studies (Planchais et al., 1997; Corellou et al.,
2001). On the contrary, CDKB synthesis was not in-
hibited when the replication of DNA was impaired, i.e.
when the cells were arrested after the G1/S transition.
Moreover, CDKB could be detected, although at a very
low level, as early as 8 h after the beginning of the light
period (Fig. 6B), i.e. when the control cells were en-
tering S phase. Together, these results strongly suggest
that CDKB synthesis depends on progression of the
cells through the G1/S transition. Through the inhibi-
tion of G1 CDK(s), olomoucine is likely to inhibit
a downstream pathway like the CDK/Retinoblastoma
protein (Rb)-dependent transcription. In plants, phos-
phorylation of Rb by CycD/CDKA triggers the tran-
scription of genes directly involved in DNA replication
like Cdc6 but also of cell cycle genes like CDKB1
(Vlieghe et al., 2003). By contrast, inhibition of DNA
replication allows the G1/S transition to occur and
consequently the Rb-dependent transcription. In sum-
mary, Ostreococcus CDKB resembles more a B1- than
a B2-type CDK in that, like CDKB1, it is synthesized in S
phase rather than in G2/M like CDKB2. In agreement
with these experimental data, BLASTP analysis also
assigns the CDKB of Ostreococcus to the CDKB1 class
(data not shown).

Ostreococcus CDKB: A B-Type CDK

with A-Type Features

Plant A-type and B-type CDKs are associated to
cyclin B by the time of mitosis; however, they can be
distinguished based on their biochemical properties
(Dewitte and Murray, 2003). In Arabidopsis and BY-2
cells, the mitotic activity of CDKA is 5 to 10 times
higher than CDKB activity (H. Stals, personal com-
munication; Porceddu et al., 2001). Like animals or
fission yeast PSTAIRE CDKs (such as Cdc2/Cdc28,
CDK1, or CDK2), plant A-type CDKs are regulated by
Tyr phosphorylation (Zhang et al., 1996; Schuppler
et al., 1998; Meszaros et al., 2000). Although not well
documented in plants, this inhibitory phosphorylation
down-regulates PSTAIRE CDKs during cell cycle pro-
gression and/or upon activation of the DNA integrity
checkpoint like in animals or fission yeast. Further-
more, most of the G2/M H1 kinase activity of CDKs is
associated with PSTAIRE CDKs. Artificially synchro-
nized cells of Ostreococcus exhibited a steady-state
level of CDKA activity until mitosis, whereas CDKB
activity remained low until DNA replication was
achieved. By contrast, CDKB peaked at the time of
mitosis when it was Tyr dephosphorylated. Moreover,
cell arrested in mitosis exhibited a high CDKB activity
compared to the premitotic activity, whereas CDKA
activity did not significantly change. In all experi-
ments, CDKBs display an activity 5 to 12 times higher
than CDKA activity, the larger difference being in
mitosis. In cells accumulating at the G2/M checkpoint
upon HU treatment (S-G2), CDKB was phosphory-
lated on Tyr as soon as cyclin B was detected. In
parallel, CDKB activity progressively increased from
12 to 18 h. This kinetic suggests that cyclin B/CDKB
association most probably occurs in G2 phase of the
cell cycle, conferring a basal activity to the phosphor-
ylated complex. By contrast, CDKA activity reached
a steady-state level by 12 h, suggesting that by that
time all cells had reached the stage corresponding
to this maximal activity. In this respect, the profile
of Ostreococcus CDKA activity differs from that of
Arabidopsis-synchronized cells, which is biphasic
with a high peak in mitosis (Menges and Murray,
2002). By contrast, Ostreococcus CDKB activity peaks

Figure 7. A, Complementation studies of the
budding yeast cdc28-4ts mutant with Ostreococ-
cus CDKA and CDKB. cdc28-4ts mutants were
transformed with either CDKB, CDC28 positive
control, or no DNA (empty vector). Transformed
cells were grown at permissive (25�C) or restric-
tive (34�C) temperature. B, Immunodetection
with the anti-CDKB antibody of affinity-purified
proteins on p10 from yeast cdc28-4ts mutant
expressing CDKB (lane 1) or untransformed
cdc28-4ts control cells (lane2) at permissive tem-
perature.
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in mitosis and displays a high H1 kinase activity,
which is correlated to Tyr dephosphorylation.

Together, our results suggest that CDKB rather than
CDKA plays the main mitotic role, which would be
related to the role of animal or yeast Cdc2 or plant
CDKA. By contrast, CDKA is more likely to be in-
volved in the control of S phase progression since its
activity is maximal during that stage. However, we
cannot conclude about the role of CDKA in mitosis
since (1) CDKA was associated with cyclin B, which
is the universal mitotic cyclin, and (2) CDKA activity
was still high when the cells were progressing through
mitosis as indicated by the cyclin B decrease. Further
work is needed to precisely determine the role of
CDKA in the control of mitosis in Ostreococcus.

A Unique Regulation of CDKB in Ostreococcus?

Depending on the organism, inhibitory phosphory-
lation on Tyr is more or less preponderantly used by
the DNA replication checkpoint (Lew and Kornbluth,
1996). Whereas this phosphorylation is essential for the
proper function of the checkpoint in fission yeast, it
represents only an additional level of regulation in the
budding yeast or human as mutants expressing a non-
phosphorylable PSTAIRE CDK retain the ability to
arrest the cell cycle when DNA replication is inhibited.
In plants, the only indication about Tyr regulation
during normal cell cycle progression comes from alfalfa
(Medicago sativa), where Tyr phosphorylation of a pro-
tein in the range of size of A-type CDK was seen to
fluctuate inversely to H1 kinase in crude extracts (Més-
záros et al., 2000; Wyrzykowska et al., 2002). This
putative regulation of CDK by the classical T14 Y15
phosphorylation is further suggested by overexpres-
sion experiments of the fission yeast Cdc25 in plants,
which leads to an increased rate of cell division (Bell
et al., 1993; McKibbin et al., 1998). Tyr phosphorylation
ofB-typeCDKwasnotdetectedduringnormalcell cycle
progression or upon activation of the DNA replication
checkpoint in Arabidopsis cell suspensions (F. Corellou,
personal communication). In Ostreococcus, CDKB but
not CDKA was phosphorylated on Tyr when DNA
replication was inhibited with either HU or aphidicolin,
and it was dephosphorylated in mitotic cells. In vivo
dephosphorylation of CDKB correlated with an in-
crease in activity, and the in vitro dephosphorylation
assay using the specific and homologous Cdc25 phos-
phatase confirmed the inhibitory role of this phosphor-
ylation. Our results indicate that, like for the animal
mitotic Cdc2, dephosphorylation of CDKB rapidly
activates the complex and presumably triggers mitotic
events. That this regulatory mechanism also operates
during cell cycle progression and not only upon check-
point activation is suggested by the phosphorylated
state of CDKB in cells arrested at mitosis entry (G2m
arrest by olomoucine) with a 2C DNA content.

It is interesting to note that the CDKB level did not
significantly change between cells arrested at most cell
cycle stages (S-G2, G2m, Mp). By contrast, the rice

CDKB (Cdc2Os3) was greatly reduced after HU treat-
ment (Umeda et al., 1999), whereas the amount of
CDKB1 increased in BY-2 cells and decreased in alfalfa
cells upon activation of the DNA replication check-
point (Magyar et al., 1997). Thus, unlike in higher
plants, the turnover of CDKB appears not to be
affected by inhibition of DNA replication in Ostreo-
coccus. Regulation of Ostreococcus CDKB upon acti-
vation of the DNA replication checkpoint involves an
additional level of posttranslational regulation by Tyr
phosphorylation, which may account for the absence
of regulation at the level of protein synthesis. Similarly,
upon HU treatment, CDKB appeared to be continu-
ously synthesized and Tyr phosphorylated (Fig. 6).
The accumulation of CDKB/cyclin B may to some
extent outcompete its inactivation by Tyr phosphory-
lation, leading to an overall increase in CDKB activity.
This might be a checkpoint adaptation. In any case,
dephosphorylation of CDKB by Cdc25 leads to a strong
activation of CDKB, consistent with an inhibitory role
of Tyr phosphorylation.

Role and Evolution of Plant CDKBs

While the plant-specific B-type CDKs are regulated
at the synthesis level, the classical Cdc2-related
PSTAIRE CDK, also called CDKA in plants, are down-
regulated by Tyr phosphorylation. Ostreococcus CDKB
appears to be an unusual CDK since it has integrated
two distinct levels of regulation, which are encountered
in the plant and in the animal/fungus kingdom, re-
spectively. Protein phosphorylation rather than protein
synthesis regulation is used in cell cycle checkpoints
and more generally in biological process when rapidity,
flexibility, and reversibility are required. By contrast,
higher plant CDKB, which is involved in more durable
or less reversible responses such as endoreduplication
and differentiation, is regulated at the level of protein
synthesis. In Ostreococcus, the regulation of CDKB
mitotic activity by Tyr phosphorylation together with
its major contribution to the mitotic peak of CDK ac-
tivity strongly suggests that it has an essential role in
cell cycle regulation per se. This is further confirmed
by the complementation of the budding yeast cdc28-4ts

mutant. To which extent or in which context the
regulation of CDKB synthesis is important to Ostreo-
coccus cell cycle control (as well as for other organisms)
remains to be elucidated. However, that both types of
regulations exist for a single CDK points to the impor-
tance of this molecule in integrating different types of
signals and, thus, cellular responses.

A putative picture of cell cycle control can be drawn
from our result: CDKA activity increases after the
G1/S transition (since it is barely detectable in G1s-
arrested cells) and remains at a steady-state level until
the G2/M transition. CDKA/cyclin A complexes are
formed in S phase and could drive the progression
of DNA replication. A fraction of CDKA would be
associated with cyclin B in G2 and could trigger
mitosis entry. Cyclin B/CDKB complexes are formed
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during G2 and are maintained at a basal level of ac-
tivity until mitosis, where dephosphorylation rapidly
activates CDKB, thus triggering mitosis progression.
The degradation of cyclin B would trigger mitosis exit.

Ostreococcus belongs to the Prasinophycae, a primi-
tive group of green algae at the base of the green
lineage. Ostreococcus contains cell cycle proteins of
both animal type, such as Cdc25, or plant type, such as
CDKB. That in this ancestor of land plants CDKB is the
main mitotic CDK suggests that CDKB evolved in land
plants to control specific processes linked to multicel-
lularity such as endoreduplication, whereas CDKA
took over the main control of cell cycle progression.
Future studies in Ostreococcus should shed light on the
respective functions of CDKA and CDKB in this simple
model system and possibly also in higher plants.

MATERIALS AND METHODS

Culture and Drugs

Ostreococcus tauri strain, isolated from the Thau lagoon (Courties et al.,

1994), was cultivated in filtered sterile seawater supplemented with Keller

enrichment medium (Sigma-Aldrich, Lyon, France). Kanamycine (100 mg/

mL), neomycine (40 mg/mL), and penicillin (50 mg/mL) were added in our

synchronization experiments to avoid bacterial contamination. They did not

interfere with Ostreococcus growth. Cultures were grown under constant

gentle agitation at 20�C and subjected to 12:12 light/dark cycles under blue-

light filter moonlight blue (Texen, Toulouse, France). In exponential phase

(below 107 cell/mL), about 90% of the cells divided between 11 and 18 h after

light on. Olomoucine, aphidicolin, and HU (Sigma) were stored as 1,0003

stock solution and propyzamide (ChemService, West Chester, PA) as

a 10,0003 stock solution in appropriate solvent. To induce cell cycle arrests

before the replication of DNA, olomoucine (80 mM), aphidicolin (20 mM), or HU

(1 mM) were added 5 h after light on, i.e. in natural late-G1 phase, and white

light was used to boost cell cycle progression. Artificial cell synchronization

was achieved as follows: cells were arrested at the beginning of S phase by

a 14-h incubation with 1 mM HU, then HU was washed out by two rounds of

centrifugation and resuspension of the cells in fresh medium (8,000g, 4�C, 10

min). Pluronic (0.1% final concentration; Sigma) was added to the cells before

the first centrifugation to avoid hydrodynamic damage. Under these con-

ditions, cells placed under constant white illumination divide within 5 h after

the last wash. G2/M and M arrest were performed by adding, respectively,

olomoucine (80 mM) or propyzamide (9 mM) 1 h after the release from HU until

the control cells had achieved mitosis.

Flow Cytometry Analysis

One-milliliter cell sample was fixed with 0.25% glutaraldehyde (Sigma) for

15 min at room temperature and then stored at 4�C for 1 d. For longer

preservation, samples were frozen in liquid nitrogen and stored at 280�C.

Flow cytometry analysis was performed on a FACScan flow cytometer

(FACScalibur; Becton-Dickinson, San Jose, CA). Cells were counted from the

appropriate gate (FL3-H versus SSC-H) as described previously (Courties

et al., 1994). For analysis of the DNA content, whole fixed cells were stained

with SYBR green I (3,0003 dilution of the commercial solution; Molecular

Probes, Eugene, OR) for 30 min, and 20,000 cells per sample were analyzed

using the CellQuest software (Marie et al., 1996). Cell cycle analysis was

performed with the Modfit software (Verity Software House, Tophsam, ME),

and data yielding the best fit were used for graphical representation.

Western-Blot Analysis

Cells were harvested by centrifugation in conical bottles (10,000g, 4�C,

10 min), after addition of pluronic (0.1%) to the medium. Pellets were frozen

in liquid nitrogen and stored at 280�C until extraction. Protein extraction

was performed at 4�C. A total of 0.8 mL of extraction buffer was added (60 mM

b-glycerophosphate, 15 mM p-nitrophenylphosphate, 1 mM phenylphosphate

disodium salt, 25 mM MOPS, pH 7.2, 15 mM EGTA, 15 mM MgCl2, 2 mM

dithiothreitol, 1 mM NaF, 1 mM Na3VO4, 10 mg/mL leupeptin, 10 mg/mL

aprotinin, 10 mg/mL soybean [Glycine max] trypsin inhibitor, 100 mM benza-

midine, 100 mL/mL protease inhibitor cocktail P 9599 [Sigma], 0.5% Nonidet

P-40) to the frozen pellet. Samples were homogenized with a micropestle, and

extraction was performed by several cycles of freeze and thaw. Cell debris and

starch were discarded by centrifugation (14,000g, 4�C, 10 min). Protein con-

centration was determined by the Bradford method (Sigma), and the same

amount of protein was incubated with 10 to 20 mL of p9CKShs1or p10CKSAt1

sepharose beads on a rotary shaker at 4�C for 1 h. Beads were spun down at

2,000g for 1 min and washed three times in bead buffer. For sequential

chromatography, the supernatant of the bead (flow through) was incubated on

p9CKShs1 for 1 h, beads were spun down, and the supernatant was loaded again

on p10CKSAt1. Western-blot analysis was performed as follows: 20 mL of 43

Laemmli buffer was added to p9CKShs1 and/or p10CKSAt1 beads and proteins

were eluted by heating at 90�C for 10 min. Proteins eluted from p9CKShs1 were

resolved on a 10% or 12% SDS-polyacrylamide denaturing gel and liquid-

transferred onto a nylon membrane (PVDF; Amersham Life Sciences, Buck-

inghamshire, UK) for ECL or ECL plus detection (Amersham Life Sciences).

The membranes were stained with Ponceau-Red to check the homogeneity of

the transfer, blocked in Tris-buffered saline containing 5% milk powder or 3%

bovine serum albumin for PY antibody for 1 h and then incubated with the

appropriate antibody. The monoclonal anti-PY coupled to HRP PY-99 (Santa

Cruz Biotechnology, Santa Cruz, CA) was used at a 1/10,000 dilution for ECL,

the monoclonal PSTAIRE antibody (Sigma) at a 1/5,000 dilution for ECL.

CDKB antiserum was raised in rabbit against the C-terminal sequence

CYFDSLDKSQF (Covalab, Lyon, France). Cyclin A and cyclin B antisera

were produced in rabbit using the C-terminal peptides (EUROGENTEC; cyclin

A CPNEQNIHREV, cyclin B CTLPVPHDLRL) and further purified (Covalab).

Anti-CDKB was used at a 1/2,000 dilution and anti-cyclin antibodies at a

1/1,000 dilution for ECL-plus. The membranes were washed three to six times

in Tris-buffered saline containing 0.1% Tween 20, and the bound antibody was

detected with a goat anti-mouse IgG (1/5,000) or goat anti-rabbit (1/10,000)

coupled to horseradish peroxidase (Sigma) and then visualized by enhanced

chemiluminescence. The competition experiment was performed by preincu-

bating the anti-CDKB antibody with the N-terminal peptide of CDKB

(CYFDSLDKSQF) for 10 min at room temperature (molar ratio 1:100).

In Vitro Phosphorylation Assays

The activity of purified CDKs was assayed as their histone H1 kinase

activity measured at 30�C for 30 min using [g32P]ATP, as previously reported

(Corellou et al., 2001). Quantification of radioactive histone H1 was performed

using a /STORM phosphorimager with the Image QuanT software (Molecular

Dynamics, Sunnyvale, CA).

Dephosphorylation of Purified CDK by GST-Cdc25

The GST-Cdc25 fusion protein was overproduced in Escherichia coli and

purified as previously described (Khadaroo et al., 2004). Dephosphorylation

was performed for 2 h at 30�C, in 50 mM Tris-HCl, pH 8, 50 mM NaCl, 1 mM

EDTA, 1 mM dithiothreitol.

Yeast Complementation Studies

The CDKB cDNA from O. tauri was amplified by PCR with the following

primers: GGA TCC TCT AGA CAT ATG GAG AAC TAC GAG AAG GTG G

and TAC GTA CCC GGG TCA GCG ACC GAT GTG TTC C. The cDNAs

covering the entire coding region were cloned into the p416TEF vector

(Mumberg et al., 1995) by use of XbaI-SmaI and XbaI-SnaBI restriction enzyme

sites. For transformation in Saccharomyces cerevisiae, the strain carrying the

mutation cdc28-4 (Surana et al., 1991) was transformed with p416TEF-CDKB,

p416/CDC28, or p416. The transformants were selected at 25�C, then colonies

were plated on selective medium at permissive (25�C) or restrictive (34�C)

temperature.
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