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SUMMARY

Although iterative development can be uncoupled from
morphogenesis in plant organs, the relationship between
the cell cycle and developmental events is not well

purvalanol or by microinjection of the CDK inhibitor
p21°Pl prevents germination and cell division. Whereas
direct inhibition of DNA replication by aphidicolin did not

affect polarised development, olomoucine, which has
previously been shown to prevent entry in S phase, and
other purine derivatives also inhibited photopolarisation.
Early microinjection of a monoclonal anti-PSTAIRE
antibody also prevented germination and cell division.
Only p34 had affinity for amino-purvalanol, suggesting
that among PSTAIRE CDKs, this protein is the main
target of purine derivatives. Models to account for the
simultaneous control of early cell cycle progression and
polarisation are proposed.

established in embryos. Zygotes of fucoid algae, including
Fucusand Pelvetiaare particularly well suited for studying
the interaction(s) between cell cycle progression and
the early morphogenetic events, as the establishment
of polarity and its morphogenetic expression, i.e.
germination, and the first cell cycle are concomitant. We
have previously demonstrated that, inFucus zygotes,
various aspects of cell cycle progression are tightly
controlled by cyclin-dependent kinase (CDK)-like
proteins, including two PSTAIRE CDK-like proteins, p34
and p32, which are synthesised after fertilisation. We show
that specific inhibition of CDK-like proteins, either with
purine derivatives such as olomoucine and amino-

Key words:Fucuszygote, Polarisation, Morphogenesis, Cell cycle,
CDK

INTRODUCTION constitutive expression of dominant negative alleles of the main
cell cycle controllercdc2 in Drosophilawings gives rise to
During development, cell division cycle, differentiation andorgans with fewer cells but which are of normal shape
morphogenesis must be finely balanced. A moderate slowdowiVeigmann et al., 1997). However, in tillsosophilamutant,
of the cell cycle rate in developing organs that would uncouplarresting the cell cycle of early stages of wing development
cell division from morphogenesis may, thus, give rise tgrevents growth and morphogenesis (Weigmann et al., 1997).
organisms with larger cells but normal morphogenesis. Several examples in plants also suggest that there is only a
However, inhibiting the basic cell cycle machinery inweak interaction between cell cycle and morphogenetic events
unicellular organisms or in zygotes and early embryos caim developing organs. IArabidopsis overexpression of the
potentially lead to developmental defects by uncouplinggene encoding cyclin B results in an increased number of cells
increase in cell mass from increase in cell numbers. Whereasd longer roots, but no major effects on morphogenesis
several examples have illustrated the tight coupling of cellDoerner et al., 1996). In tobacco, the constitutive expression
cycle and morphogenesis in unicellular yeast, little is knowrof dominant negative alleles Afabidopsis cdc2a, cdc2aN147
about the interactions between cell cycle and morphogenegisves rise to organs with fewer cells, but these plants display
in single-celled zygotes. normal morphogenesis, histogenesis and developmental timing
Several examples in animals and plants have shown th@iemelerly et al., 1995).
uncoupling cell cycle and morphogenesis has no dramatic Altering cell cycle progression appears to have more
effect on developmenbrosophilawings that overexpress the dramatic effects on morphogenesis in unicellular organisms
cell cycle activatodE2F display more cells that are smaller and early embryos than in developing organs with predefined
compared with wild-type animals, but the size and morphologpatterns. In single-celled budding yeast, the cyclin-dependent
of territories in mutants are normal (Neufeld et al., 1998)kinase (CDK) cd28 in association with its regulatory cyclins
Similarly, overexpressing the retinoblastoma homdRijin ~ controls cell cycle progression at the G1/S transition as well as
Drosophilawings causes an increase in cell size but has nmorphogenesis (Lew and Reed, 1993; Cvrckova and Nasmyth,
effect on development (Neufeld et al., 1998). Furthermore, th£993). Inhibition of the cyclin/cdc28 complex prevents both
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the localisation of F-actin at the budding site and polarisedallmark sequence PSTAIRE, p32 and p34, are barely
secretions, which are required for budding (Lew and Reedletectable in the egg, and their synthesis is triggered by
1993). Furthermore, the activation of cdc28 by G1 cyclins idertilisation in the absence of transcription. CDKs are required
sufficient to trigger the localisation of F-actin at the buddingfor various events of cell cycle progression and the purine
site in the absence of protein synthesis (Lew and Reed, 1998rivative olomoucine, a specific inhibitor of CDK, prevents S-
It has recently been shown that, in G1, the guanine-nucleotigihase entry, as illustrated by the inhibition of both DNA
exchange factor cdc24 for the GTPase cdc42 is sequestredr@plication and transcription dfistone H3in early S phase
the nucleus by the CDK inhibitor Farl. At budding, cdc28-Cln(Corellou et al., 2001). An S/M checkpoint prevents all aspects
by triggering the degradation of Farl, allows cdc24 to move tof cell division untii DNA is replicated and inhibits
the cytoplasm at the site of heterotrimeric G-protein activatiocentrosomal axis alignment (Corellou et al., 2000b). This
where it binds to cdc42, allowing the localisation of F-actincheckpoint, however, has no effect on polarisation, germination
(Shimada et al., 2000). A reciprocal control of cell cycle byand rhizoid elongation.
morphogenesis has been characterised, and this morphogenesid/e now report on the link between cell cycle control and
checkpoint monitors the actin cytoskeleton in budding yeadhe establishment of polarity Fucuszygotes. We show that
(McMillan et al., 1998). Interestingly, in the multicellular both the photopolarisation period and the G1/S transition
ascomycetéAspergillus nidulansdefects in basic cell cycle are concomitant. Inhibiting entry in S phase with purine
machinery deeply affect morphogenesis by inhibiting thederivatives, such as olomoucine, which specifically inhibits
switch from filamentous to budding growth during CDKs, or microinjection of the CDK inhibitor p22! (Harper
conidiophore development as well as spore polarisation (Ye et al., 1995) prevented the early expression of morphogenesis,
al., 1999; Harris, 1999), suggesting that cell cycle-dependent. germination. Olomoucine and amino-purvalanol, another
control of morphogenesis may be a more specific feature @iurine derivative, inhibited photopolarisation and germination
fungi than of animals and land plants. only when applied before or at the time of sensitivity to light
The possibility that the cell cycle may exert a control on(or S phase entry), suggesting that the inhibition of germination
morphogenesis during early embryogenesis is suggested sy due to the inhibition of polarisation. A monoclonal anti-
three lines of evidence: (1) organ size and shape is severdhsTAIRE antibody prevented cell division and germination but
affected in many tobacco seedlings expressdg@aN147and  only if microinjected very soon after fertilisation. Finally,
the mutants produce only a few viable seeds; (Byabidopsis  amino-purvalanol (Gray et al., 1998) had affinity only for the
plants expressingcdc2aN147 under the control of the PSTAIRE CDK-like protein referred to as p34 suggesting that,
constitutive CaMV 35S promoter, embryo developmeniamong PSTAIRE CDKs, p34 is the main target of purine
appears to be particularly affected (Hemerly et al., 1995); anderivatives.
(3) whencdc2aN147s expressed under the control of the seed
storage albumin promoter which drives specific expression
durlrjg late embryo development, either germination ISIATERIALS AND METHODS
abolished or cotyledons and root development are absent or
completely abnormal (Hemerly et al., 2000). However, IittI(f12

IS knhown on t(;le_ lnteralctlonsb between_ C%” CyC|e. | ceptacles dfucus spiraliswere collected at Le Dossen (Brittany,
morphogenesis during early embryogenesis, because In lag nce) and stored at 4°C for up to 14 days. Gametes were released

plants, most cell cycle mutants are not viable and zygotes ag¢ standard osmotic shock procedures in filtered sea-water (FSW)
not amenable to direct manipulation. over a 1 hour period (Quatrano, 1980). The time of fertilisation (0
Brown algae of the genisicusandPelvetiaare recognised hour) was taken 30 minutes after the first eggs were released. Zygotes
as model systems with which to study embryogenesis iand embryos were grown at 14°C in petri dishes. Inhibition of DNA
multicellular plants (Brownlee and Bouget, 1998). In theseeplication and subsequent inhibition of cell division was performed
genera, polarity is established after fertilisation (AF) and thé&sing aphidicolin (2QuM, Sigma). The beginning of G2 phase was
polar axis can be reoriented in response to external factors suégfermined as the time for which the first cell division was not affected
as light (photopolarisation), before being irreversibly fixed(kj’y the addition of aphidicolin (Corellou et al., 2000b). The purine
(axis fixation). Microfilaments of F-actin and polarised erivatives olomoucine, roscovitine and amino-purvalanol (Gray et

i I - le in th tablish t of pol .tal., 1998) were used to inhibit CDK-like proteins in vivo and in vitro.
Secretions piay a major role in the establishment or polari phidicolin, olomoucine, roscovitine, amino-purvalanol and methyl-

(Hable and Kropf, 2000; Shaw and Quatrano, 1996). MucBmino-purvalanol were dissolved in DMSO at 10 mg/ml, 30 mg/ml,
attention has been devoted to the transduction pathways tha mg/ml and 0.4 mg/ml, respectively, and further diluted in FSW
lead from signal perception and transduction to the anchoragefore use. Control experiments were performed in FSW containing
of polarity (Kropf et al., 1999). However, the influence on earlythe same concentrations of DMSO. The structural analogs
development of intracellular factors and, in particular, of celisoolomoucine and methyl-amino-purvalanol had no effect on cell
cycle progression has never been investigated. Fucoid zygotéision at the respective concentrations of 400 and 30 pM.

are well suited to study the relationships between cell cycle arPdmtopc.)Iarlsatlon and axis fixation were assayed using light vectors,
morphogenesis, as polarisation and germination occur durirty Previously described (Corellou et al., 2000a).

the first cell cycle. We have recently characterised the first cedftaining of DNA and cell wall sulphated compounds

cycle inFuc_uszygotes and showed _that_ it r_esembles a SOmaﬁfygotes and embryos were fixed for 12 hours in 0.2 M citric acid,
cell cycle, i.e. cell cycle progression is tightly regulated by 504 Triton X-100 and kept in 100% methanol for long term storage.
CDK:-like proteins, which are themselves regulated at the levglixed cells were attached to poly-L-lysine-coated coverglasses, and
of synthesis and by tyrosine phosphorylation (Corellou et alpNA was stained with 5Qig/ml of mithramycin A, as described
2001). In particular, two CDK-like proteins containing the previously (Corellou et al., 2000b).

ulture and inhibitors
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For the staining of sulphated cell wall compounds, zygotes wergt.4 mg/ml of total proteins) and 4.4 mg/ml respectively, in injection
frozen in liquid nitrogen and stored at —80°C. Cell walls were isolatethuffer consisting of 2.5% w/v Oregon Green 488 Dextran 70 kDa
by several cycles of sonication in bi-distilled water and attached t@Molecular Probes), 200 mM KCI, 550 mM mannitol and 10 mM,
coverslips coated with poly-L-lysine (Sigma). Sulphated compoundsiepes, pH 7.5.
were specifically stained with a solution of 0.05% Toluidine Blue O Zygotes were placed in a wedge (Speksnijder et al., 1989) in FSW

solution-HCI, pH 0.5 (TBO) and washed in 0.1 M HCI. containing either 0.2 M mannitol (for 1-hour-old zygotes) or 0.6 M
) ] o ) ) o mannitol (for 8-hour-old zygotes). Zygotes were loaded with injection

Protein extraction, purification, histone H1 kinase activity buffer, containing either p2®l anti-PSTAIRE antibody or the

and immunodetection of CDK-like proteins control buffers mentioned above, by pressure microinjection

Protocols for protein extraction and western blot analysis havépicoinjector PLI-100, Medical System Corp), as previously described

previously been described in detail (Corellou et al., 2000b). Briefly(Berger and Brownlee, 1993). The fluorescence of Oregon Green 488

embryos were harvested, centrifuged (3Pt remove excess FSW, dextran 70 kDa was used to check the loading of the cells. From the

frozen in liquid nitrogen and stored at — 80°C until extraction. Frozemaverage fluorescence, the injection volume was estimated to be

samples were ground in liquid nitrogen and proteins were extractegpprox. 2 to 5% of the cell volume. Oregon Green dextran became

as described previously (Corellou et al., 2000b). Protein extracts welecalised to the nuclear area and was used to visualise the nuclei of

incubated with 1Qul of p9ckShslSepharose beads (containing 3.9 injected cells, using a confocal microscope (Biorad model 1024). Both

mg/ml of proteins), on a rotary shaker at 4°C for 1 hour. Beads wemgermination and cell division were monitored after microinjection.

spun at 300@ for 1 minute and washed three times in bead buffer.

Western blot analysis was performed as following. Forty microliters

of 4x Laemmli buffer were added to §$5"slbeads and proteins were RESULTS

eluted by heating at 90°C for 10 minutes. For affinity purification on

amino-purvalanol, proteins were processed the same way as with . .

paCKshsl peads, using 1@ of amino-purvalanol Sepharose beads TIming of cell cycle and developmental events in

(purvalanol covalently linked to Sepharose beads at a concentratidrl/CUS zygotes

of 20 UM in packed beads; a kind gift from Nathanael Gray). Using a new DNA staining protocol (Corellou et al., 2000b),
Proteins eluted from $%"** or amino-purvalanol beads were e have investigated the time course of the first cell division

resolved on a 10 or 12% SDS-polyacrylamide denaturing gel a”lqalative to early development F spiralis zygotes (Fig. 1).

electro-transferred onto a nitrocellulose membrane (Amersham Lif AP ;
Science, Buckingamshire, UK) for ECL detection (Amersham Lifegoon 3fter f%rtlllsitlon’ thet:]emale IpronucIGUT IS Ce_ntraA.aﬂ?
Science). The membranes were stained with Ponceau Red to chdtgCONdensed, whnereas (ne maleé pronucieus Is hnighly

the homogeneity of the transfer, blocked in Tris-buffered saline (TBs§ondensed and localised at the periphery of the cell (Fig.
containing Blotto B, as described by the manufacturer (Santa CrubA). Pronuclei come into contact (Fig. 1B) and fuse at 3-4
Biotechnology, California) and then incubated with a monoclonahours AF (Fig. 1C). At 14 hours AF, the nucleus is still
anti-PSTAIRE antibody (Sigma) at a 1/3,000 dilution. Thedecondensed (Fig. 1D), and the zygote remains spherical
membranes were washed three times in TBS containing 0.1% Twe¢Rig. 1J). Two to 4 hours later, the nuclear envelope breaks
20 and the bound antibody was detected with a goat anti-mouse Ig§own (Fig. 1E), the nuclear DNA condenses (Fig. 1F) and
coupled to horseradish peroxidase (BioRad Laboratories Herculeghe chromosomes become clearly visible (Fig. 1G). Soon
CA) and then visualised by enhanced chemiluminescence (EC'after, the chromosomes can be seen in metaphase, anaphase

Amersham). . : i .
The activity of CDK-like proteins was taken as the histone H1o" telophase figures (Fig. 1H,1,L). Mitosis occurs at the time

kinase activity of proteins bound to the human suc1 homole§3pst of rhizoid outgrowth (Fig. 1K,L,Q) and cytokinesis at 22-24

sepharose beads. This activity was measured at 30°C for 30 minufd@urs AF (Fig. 1M,Q). Subsequent division of the rhizoid
using [y32P] ATP, as previously reported (Corellou et al., 2000b).C€ll involves a rotation of the nucleus, whereas the division

Quantification of radioactive histone H1 was performed using ®f the thallus cell does not (Kropf et al., 1999), and the
phosphorimager STORM with the Image QuanT software (Moleculaorientation of metaphase plates predicts the orientation of the
Dynamics). When investigating the effect of amino-purvalanol ordivision planes (Fig. 1N,0).

p21°rl on histone H1 kinase, these inhibitors were preincubated with \We next investigated the timing of cell cycle events with
proteins bound to F¥Shslfor 5 minutes before starting the kinase respect to the establishment of polarity. S phase occurs at 5-6

assay. hours AF, as determined by monitoring the transcription of
Microinjection of the anti-PSTAIRE antibody and the CDK histone H3 (Corellou et al., 2001) (Fig. 1Q). To assay the
inhibitor p21 ciPl beginning of G2 phase, we took advantage of the presence of

The CDK inhibitorp21°PL, cloned in pGEX as a fusion with GST (a @ DNA replication checkpoint, which prevents mitosis and
kind gift from André Picard), was overproducedircoliand purified ~ Cytokinesis until DNA is replicated (Corellou et al., 2000b).
by affinity on glutathione-agarose beads, using the GST Gene Fusid¥phidicolin at 20uM, inhibits DNA replication, leading to cell
System, as described by the manufacturer (Pharmacia Biotech). GS¥ycle arrest during S phase progression (Corellou et al.,
p21°P1 (final concentration of 36(M) was concentrated in buffer A,  2000b). At this concentration, no cell escaped the treatment,
which consisted of 5 mM Mggl 10 mM Hepes, pH 7.5, using the (j.e. divided), when treated before 8-9 hours AF (Fig. 1P).
gegtr'cf”kYM'é%Tloégngf cut off de":jc‘? d(MtI'”Ipl(l)re?& A CO”ter' , When treated at 8-9 hours AF, a few percent of the cells were
ulier facking &5 1-p217 was processed iaenucally. A monocional gple to divide, suggesting that they were already in G2 or at
anti-PSTAIRE antibody (Sigma) was brought to a final (:oncentratlor|1east at the end o?gS phagse if the e%‘fect of aphidi)(/:olin was not

of 2.5 mg/ml of pure IgG1 (16 mg/ml of total proteins) in buffer A, . . S - L
using the centricon YM30-, 30,00 cut off device (Millipore). immediate. In any case, aphidicolin must be effective within 2

Ascite Fluid (Sigma), processed identically (final concentration of 1410Urs, as S phase, which starts at 5-6 hours AF, is likely to last
mg/ml in buffer A), was used as a negative control in microinjectiorfor at least 1 hour (Corellou et al., 2001). The proportion of

experiments. Finally, GST-p2tl, the anti-PSTAIRE antibody and cells in late S-phase or early G2 phase, at a given time from
ascite fluid were brought to concentrations of 180, 0.7 mg/ml 0 to 24 hours, was determined as the percentage of zygotes
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insensitive to aphidicolin (2QuM) and which underwent zygotes able to respond to a unidirectional light vector and to
cell division when the drug was added at that timegerminate accordingly when placed in the dark at that time.
Photopolarisation was then assayed as the percentage (Gorellou et al., 2000a). Axis fixation was similarly assayed as



Fig. 1. (A-O) Time course of the first cell cycle and early
development ifFucus spiraliszygotes. Zygotes were stained with
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CDK inhibitors and microinjection of the CDK
inhibitor p21 cP1 inhibit germination and cell division

mithramycin A at various times after fertilisation (AF): 1 hour (A); 3 in Fucus zygotes

hours, just before pronucle_i fusion (B); 4. hoyrs, after fusion (C); 14 We have tested the effect of olomoucine and of two other
hours, decondensed nuclei before germination (D.J); 16-17 hours, purine derivatives, roscovitine and amino-purvalanol, a cell-

nuclear envelope breakdown and chromatin condensation (E,F); ble derivati f | | (G L 1998
18-20 hours, prophase (G), metaphase in a germinated cell (H,K), Pérmeable derivative of purvalanol (Gray et al, ), on

anaphase (1), telophase (L); 24 hours, cytokinesis (M). At 26 hours Photopolarisation and germination. These molecules are
AF, embryo exhibiting two cells in metaphase (N). Note thatthe ~ known to be highly spe(':.lflc for CDKs and more particularly
metaphase plate is transverse to the polar axis. (O) At 30 hours AF,for PSTAIRE CDKs (Meijer, 1995; Gray et al., 1998). When
subsequent parallel and transverse divisions in the rhizoid and thall@pplied at 2 hours AF, 100M olomoucine induced a G1/S
cells. Arrowheads in L-N indicate the germination site. Scale bar: 3Carrest (Corellou et al., 2001) and mitosis was fully inhibited
umin A,B,N,O; 25um in K,M; 20um in C,E,J,L; 1umin H,I; 5 until at least 36 hours AF (Fig. 2A). The behavior of nuclei in
Hm in D,F,.G. (P) Temporal relationships between polarisation and zygotes treated from 2 to 36 hours AF with{8@ roscovitine
Sfcmﬁﬁg'ﬂﬁﬁﬁ?ﬁgsgﬁoﬁngeé'gﬂg?rt]suftr: ghoc;"‘g'z%ﬂgscsl('zgoror with 5 M amino-purvalanol was similar to those of nuclei
determined by their ability to divide in the presence of aphidicolin), frﬁm.zygqtes ”eateo'l""'th llq@'\" °.'°m|°“°'”e (Fig. ZB*C)-h )
as well as the percentage of photopolarised cells (germination in T e inactive stuctural analogues ISoolomoucine and methy
response to a light vector) or those with a fixed axis (irreversible ~@mino-purvalanol, at the concentrations of iand 251M,
anchoring of polarity), are reported for each time point of respectively, had no effect on cell division (Fig. 2D; Table 1).
development. (Q) Temporal relationships between cell cycle events Remarkably, olomoucine, roscovitine and amino-purvalanol all
and stages in zygote polarisation. The beginning of S phase occursiatibited rhizoid germination when applied from 2 hours AF
5-6 hours AF, as determined by measuring the expresstustohe (Fig. 2E-G), while isolomoucine and methyl-amino-purvalanol
H3, a gene expressed at the onset of S phase. A peak of H1 kinasedid not (Fig. 2D; Table 1). The uptake of these inactive
activity, which is representative of CDK activity, is detected atthe  gnglogues by the cells has not been quantified. However, it is
gg?ng];Qggsi:wshgtﬁgilglucs::g'brzoog?gg)s'ignhgtﬂﬂgng 1O/|gnt\:gg\éietion likely that both olomoucine and its isomer, iso-olomoucine are
reventing DNA replication and expressiorhigtone H3 and at takgan—up to Sim.”"?“ eXtentS‘.’ as their peymeability is.related to
t(lge G2/M tgransition!O and through mﬁosis, by specifice?ily inhibiting g]pek:? dl?gglri?\phgflf)égtti)\/l'e@’ res:'en\/%mg dcelcl:sé Illn %if)/ihs"’i‘;ﬁ Wl\;[vlpklz[r)eas

CDK-like proteins. Aphidicolin, by contrast, inhibits DNA Lol 1Y '
replication but not the expressiontoétone H3 Whereas germination and rhizoid growth were unaffected (Fig. 2I)
photopolarisation occurs before G2 phase, axis fixation begins in latgCorellou et al., 2000b). Similarly treatments with lower doses
S phase and ends in G2 phase in the majority of zygotes (as deduced olomoucine (351M), which arrested zygotes in mitosis with
from an analysis of 10 independent populations). dispersed chromosomes (Corellou et al., 2001), had no effect
on germination (Fig. 2J). In these conditions, three drugs each
prevented the localisation, at the rhizoid pole, of sulphated
the percentage of zygotes able to respond to a first light vectoompounds (Fig. 2E-G), a marker of polarity in control zygotes
and to germinate accordingly when exposed to a secor{fig. 2H) (Shaw and Quatrano, 1996). Zygotes recovering from
opposed light vector from that time (Corellou et al., 2000a)a treatment with 10QM olomoucine from 2 to 30 hours AF
Though variability was observed between developinglivided but often lacked a rhizoid (not shown). After 2 weeks
populations (Fig. 1P) the irreversible anchoring of polarityin culture, up to 50% of such embryos were formed of thallus
(axis fixation) started in late S phase and ended in G2 phagissue only, marked by the presence of thallus-specific apical
whereas photopolarisation occurred before G2 phase. Thmirs (Fig. 2K). By contrast, over 80% of zygotes treated with
timing of G2 phase and polarisation events, as deduced frof®0uM olomoucine from 2 to 20 hours AF recovered, divided
an analysis of ten independent populations, is represented and displayed polarised growth (data not shown).
Fig. 1Q. Our current knowledge of both the cell cycle and We also used the human CDK inhibitor f24 a specific
polarisation events is summarised in Fig. 1Q (Corellou et alinhibitor of G1/S CDKs in animal cells (Harper et al., 1995),
2000b; Corellou et al., 2001). to further test the involvement of CDK-like proteins in the

Table 1. Effect of cell cycle inhibitors on photopolarisation and germination

Treatment Specificity Photopolarisation ~ Germination Division
Olomoucine (10QuM) from 2 hours AF G1/S arrest (CDK) - - -
Isolomoucine (40@M) from 2 hours AF No (control) + + +
Roscovitine (3QuM) from 2 hours AF G1/S arrest? (CDK) - - -
Amino-purvalanol (1M) from 2 hours AF G1/S arrest? (CDK) - - -
Methyl-amino-purvalanol (2M) from 2 hours AF  No (control) + + +
Aphidicolin (20uM) from 2 hours AF S phase arrest (DNA polymerase) + + -
Olomoucine (10QM) from 8 hours AF G2/M arrest (CDK) + + -
Nocodazole (0.38M) from 2 hours AF M arrest (microtobules) + + -
Olomoucine (35uM) from 2 hours AF M arrest (CDK) + + -

Treatments with cell cycle inhibitors were investigated on photopolarisation and germination, which were monitored, esyfeatiae20 hour and a 36
hour period of contact with the inhibitor, in order to account for a possible delay in development.
+ and—- mean that over 90% and less than 10% of the cells, respectively, were not affected by the treatment.
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Fig. 2. Effects of CDK inhibitors on early
morphogenesis dfucuszygotes. Treatments from 2
hours AF with either 10QM olomoucine (A,E), 30
MM roscovitine (B,F) or uM amino-purvalanol
(C,G) prevent nuclear division, as revealed by
staining DNA with mithramycin A (A-C), as well as
the polar localisation of cell wall sulphated
compounds, as detected by staining isolated walls
with TBO (E-G). Arrowheads in A-C point to the
decondensed nuclei. (D) Control embryo treated
from 2 to 24 hours AF with 400M isoolomoucine.
(H) Cell wall of 12-hour-old control zygotes
exhibiting sulphated compounds localised at the
future rhizoid pole. (1,J) Zygotes treated from 2
hours AF with either 2QM aphidicolin or with

lower doses of olomoucine (3B1) germinated and
elongated a rhizoid as observed at 36 hours AF. Note
the presence of dispersed chromosomes after
treatment with 3juM olomoucine (arrow in J).

(K) Two-week-old embryo recovering from a 28
hour-incubation with 10QM olomoucine from 2

hours AF. Note that the multicellular embryo is is
devoid of any rhizoids. By contrast, an apical hair
(ah) is present. Scale bar: gi in A-C; 30pm in

E-H; 40um in D,J; 50um in I; 80um in K.

control of early developmental processes. The effect of GS 1050 %00
p21ciPlwas first monitored on histone H1 kinase activity bounc J U
to pgKsShslin extracts from cells arrested either at the G1/< 0] /

transition by olomoucine or in mitosis by nocodazole. Thougt
a full inhibition was never observed, at a concentration of 3i
UM GST-p2FPLinhibited 50% and 60% of the activity of G1/S
and G2/M CDKs, respectively (data not shown). Wher
microinjected with GST-pZ#P! at 1 hour AF, 31 out of 36
zygotes did not germinate and displayed a decondens:
nucleus 48 hours later, while the five remaining zygote:

N
o
n

Axisfixation (0)
5 83
5

20

Photopolarisation (e)

germinated and exhibited several nuclei 36 hours later, as 0 r 0
the control injected cells (data not shown). From a Chi squai . . . : : : :
analysis P<0.0001), the proportion of germinated zygotes 4 5 6 7 8 9 10
after injections with GST-pZPl (5/36) was significantly Time AF (hour)

different from the proportion of germinated embryos in

controls (17/21).
( ) Fig. 3. Time-dependent effect of olomoucine and amino-purvalanol

CDK inhibitors prevent germination only when on germination. Olomoucine (1QM) or amino-purvalanol (pM)
applied before or at the time of photopolarisation were a(_:lded at various times AF (as indicated ox-gnds) and the

o o o . proportion of germinated zygotes was scored 36 hours later (red and
Photopolarisation was efficiently inhibited by olomoucineyhite triangles, repectively). To determine the percentage of cells in
(100 uM), roscovitine (30uM) or amino-purvalanol ($tM) G2 phase at the time of drug addition (red squares), aphidicolin
treatments starting at 2 hours AF (Table 1). Olomoucine (10@0uM) was added at various times AFdxis) and the proportion
{UM) or amino-purvalanol (5tM) were then added at various of divided cells was scored 36 hours later. Photopolarisation (black
times AF and the germination was scored 36 hours later (Figircles) and axis fixation (white circles) are reported for each time
3). Similarly, aphidicolin was added at various times, tdP0int. This graph is representative of three independent experiments.
determine the beginning of G2 phase. Photopolarisation and
axis fixation were scored in parallel in control populationsamino-purvalanol  appears to start soon  after
Both the photopolarisation period and the period ofphotopolarisation, this is likely to be due to our experimental
insensitivity to olomoucine, i.e. the period after which theprotocol, which may lead to an overestimation of
addition of the drug had no effect on germination, as scoreghotopolarised cells (in this experiment, 25% of
36 hours later, were concomitant in populations of polarisinghotopolarisation corresponds to a random orientation in
zygotes (Fig. 3). Although the period of insensitivity toresponse to light). For the same reason, zygotes are likely to
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become insensitive to olomoucine before they becom
photopolarisable rather than at the time of photopolarisatio
as suggested in Fig. 3. More interestingly, neither drus
affected germination when added at the time of axis fixatio
(60% of fixation at 9 hours AF) or germination (16 hours AF,
not shown). It is, therefore, likely that the inhibition of
germination by olomoucine or amino-purvalanol arose fron
the prevention of photopolarisation rather than from the
inhibition of axis fixation or germination.

Early microinjection of an anti-PSTAIRE antibody

inhibits cell division and germination

The hallmark PSTAIRE peptide sequence is involved in th
interaction between cyclins and CDKs (Jeffrey et al., 1995)
Because both the expression of PSTAIRE CDK-like protein:
and the associated histone H1 kinase activities are bare F
detectable in unfertilisedrucus eggs and as their levels

markedly increase after fertilisation (Corellou et al., 2001) I
we have attempted to inhbit the formation of active
CDKl/cyclin complexes using an anti-PSTAIRE antibody.
This antibody was injected at either 1 hour AF or 8 hours AF
i.e. after the G1/S transition. Early injection of the anti-
PSTAIRE antibody fully inhibited germination and cell
division (Fig. 4A) in 18 out of 20 microinjected cells (Fig.
4F). By contrast, zygotes that were injected at 8 hours Al
germinated and were multicellular 48 hours later (Fig. 4B)
like the control zygotes injected with the same concentratio
of ascite fluid (Fig. 4C,D) or with injection buffer only (Fig.

4E). The proportion of germinated zygotes, upon injection & L rr—— —— ——
1 hour AF (2/20) (Fig. 4F), was statistically different from 1h 8h 1h
the proportion of germinated embryos in controls (20/25
(Fig. 4F.) by a Chi square analysi<0.001). _By qo_ntra_st, the germination. Injection of the anti-PSTAIRE antibody at 1 hour AF
proportion of germinated Zngt?Sz follow!ng Injection at 8inhibited germination and cell division in 18 out of 20 zygotes, as
hours AF (19/25), was not statistically differe®>0.005)  getermined 36 hours (black in F) to 48 hours later (zygote in A). By
from the proportion of germinated embryos in controlscontrast, injections at 8 hours AF allowed 19 out of 25 zygotes to

10

Number of cells injected

hg. 4. Effect of microinjection of anti-PSTAIRE antibody on

(20/25) (Fig. 4F). germinate in response to unidirectional light and to divide as
determined at 36 hours (white in F) or 48 hours AF (zygote in B).

Purvalanol binds only the PSTAIRE CDK-like protein Twenty out of 25 zygotes, injected at 1 hour AF with the same

p34 concentration of control ascite fluid germinated and divided, as

As early treatments with amino-purvalanol prevent cell cycléletermined at 30 hours (C), 36 hours (white in F) and 48 hours AF
progression as well as polarisation and morphogenesis (Figsé%,hfg);rr‘gé‘%\t}t?]hgodr:;’r'g;gri‘n?e'i?:jvv\xfﬁnsjgggr;”ﬁsﬁg'zille?és C)
3) (Table b, e.ﬁeCtS of this drug on CDK-like aCt'.Vlty WETe Arrowheads point to the rhizoids. Scale barp#®in A,C,D,E;
monitored at different stages of cell cycle progression. To thigy um in B.
end, histone H1 kinase activity was analysed in extracts from
cells previously arrested either at the G1/S transition by
olomoucine or in mitosis by nocodazole, in the presence dioth of the two PSTAIRE CDK-like proteins referred to as
various concentrations of amino-purvalanol (Fig. 5A).p34 and p32 (Corellou et al., 2000b) (Fig. 5B), amino-
Although G2/M CDK-like proteins were apparently more purvalanol retained only p34 (Fig. 5B). However, full
sensitive to high concentrations of aminopurvalanol than G1/8epletions of cell extracts from p34 could no be obtained
CDK-like-proteins, at the concentration of 8 this drug (Fig. 5B), even after several rounds of incubation with amino-
inhibited approx. 50% of control histone H1 kinase activitiegpurvalanol (data not shown). Among the proteins extracted
at both stages. By contrast, the inactive analogue methydluring the G1 and S phases (from 2 to 10 hours AF), only
amino-purvalanol, at the concentration of 8d, had much p34 had affinity for amino-purvalanol (Fig. 5B), suggesting
less or no effect on histone H1 kinase activities. that, of the PSTAIRE CDK-like proteins, p34 was the major
Amino-purvalanol covalently fixed on Sepharose beadsarget of this drug in vivo. Furthermore, no PSTAIRE CDK-
was used to purify CDK-like proteins iRucus zygotes. like protein had affinity for the inactive structural analogue
Proteins extracted from 48-hour-old embryos, i.e. displayingnethyl-amino-purvalanol covalently fixed on sepharose
cells at various stages of the cell cycle, were incubated witheads (Fig. 5B). Taken together Figs 2, 3, 4 and 5 suggest
amino-purvalanol or g&<ShslSepharose beads (Fig. 5B). The that p34 is the main PSTAIRE CDK-like protein involved in
proteins that were not bound to amino-purvalanol weréhe control of early cell cycle progression and morphogenesis
further purified on p9<Shslpeads. Whereas p$Shslbound in Fucuszygotes.
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DISCUSSION the above results indicate that S phase entry and
photopolarisation are concomitant and that olomoucine
CDK:-like proteins control both cell cycle prevents both events. This observation strongly suggests that
progression and early developmentin  Fucus photopolarisation is controlled by olomoucine-sensitive CDKSs.
zygotes The possibility that olomoucine inhibits key kinases that

Although the effect of external factors that influence theéegulate polarisation independently of the cell cycle can be
establishment of polarity has been extensively studied in fucoidled out by the fact that, when microinjected after fertilisation,
zygotes (Kropf et al., 1999), very little is known about thep21ciPl, as_p_e_cific inhibitor of CDKs, also inhibits germination
regulation by intracellular cues. We address the relationshignd cell division.

between cell cycle progression and morphogenesiuaus . o )

zygotes. In a previous study, we have shown that arresting tH&€ nature of CDK-like proteins involved in the

cell cycle in S phase by preventing DNA replication blocks alcontrol of early development

aspects of cell division, but has no effect on either polarisatiofompared with animal cells, the first cell cycle of Eaeus
germination or rhizoid elongation (Corellou et al., 2000b).zygote resembles more a somatic than an embryonic cell cycle.
Arresting the progression of the cell cycle in G2 phase or in Nh particular PSTAIRE CDK-like proteins are synthesised after
phase using olomoucine, a specific inhibitor of CDK, did nofertilisation, probably from stored maternal mRNAs (Corellou
prevent either polarisation or morphogenesis (Figs 2, 3t al., 2001). We show (Fig. 4) that, when injected early, a
Several lines of evidence, however, support the occurrence ofonoclonal anti-PSTAIRE antibody completely prevents cell
early interactions between the cell cycle and the establishmedivision, most likely by competing with cyclins for the
of polarity. First, the beginning of S phase occurs at about tHeSTAIRE-binding site. The anti-PSTAIRE antibody also
same time as the formation of an axis of polarity in respons@ehibits germination, suggesting that the CDK-like proteins
to unidirectional light. When applied early, treatments

with specific inhibitors of CDKs, including olomoucil

roscovitine and amino-purvalanol, prevent rhi: A
germination. Such an inhibition of rhizoid outgrowth is lik

to arise from an inhibition of polarisation rather t
germination, as neither olomoucine nor amino-purval

prevent germination when applied after the photopolaris

period. Interestingly, the period of sensitivity to C

inhibitors of populations of synchronous zygotes is coinc

with the period of photopolarisation (Fig. 3) and these (

inhibitors prevent photopolarisation, further suggestir

close relationship between polarisation and cell ¢
progression. lfrucuszygotes, the transcription bfstone H3

a gene expressed at the onset of S phase, increased fr

hours AF (Corellou et al., 2001). Transcriptiorhgftone H: "0 "5 10 15 20 ' 30 Methyl-amino-purvalanol
was prevented by olomoucine but not by aphidic Amino-purvalanol concentration (UM) (30 kM)
indicating that, when applied soon after fertilisat

olomoucine induces a cell cycle arrest before aphidicolir B | Sup APV

in G1 or at the G1/S transition (Corellou et al., 20 P9 APV /P9

Furthermore, like amino-purvalanol, olomoucine inhi

G1/S CDKs in vitro (Corellou et al., 2001). Taken toge e e . ] 34 kD2

o @ —== 32 kDa

Histone H1 kinase relative activity
1

Fig. 5. Affinity purification of p34 on amino-purvanol-sepharose

beads. The effect of amino-purvalanol was tested in vitro on the

histone H1 kinase activity of extracts from cells arrested at the G1/S

transition by a treatment with 1Q0 olomoucine from 3 to 36

hours AF (black in A), or in mitosis by a treatment with Qu88 hours 2 4 6 8 10

nocodazole from 3 to 36 hours AF (white in A). Methyl-amino-

purvalanol (3QuM) was used as a control. (B) Although two Amino-purvalanol e = eme» —m34kDa

PSTAIRE CDK-like proteins, p32 and p34, were bound @<g%!

(p9CKShs) in extracts from 48-hour-old embryos, only one (p34)

was retained on amino-purvalanol-sepharose beads (APV), as

detected with the anti-PSTAIRE antibody. Note that p34 could nof‘r[
ethyl-

be completely depleted from cells extracts using amino-purvaland} - . lanol —== 34 kDa
beads, as the supernatant still contained significant amounts of péﬁ“'““'p“”‘“ ano

that could be subsequently fixed orfp®slbeads (Sup

APV/pLKshs) Throughout the first cell cycle, from 2 to 10 hours

AF, only the p34 PSTAIRE CDK-like protein was retained on “KShs 34 KD:
amino-purvalanol beads but not on methyl-amino-purvalanol beads, Ppyeishst . = e 32 kDg

as detected with the anti-PSTAIRE antibody. The data shown are
representative of the results of three independent experiments.
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involved in the control of early development exhibit the
PSTAIRE hallmark. When injected at 8 hours AF, i.e. in S l GlS Cell
|

phase, cells divided and germinated normally. It is possible th: / progression division
these cells were not sensitive to the injection at this stage \

development. However, it is more likely that the cyclin/CDKs

complexes were already formed at the time of injection. It —
favour of this second hypothesis, preliminary data suggest th [ Polarisation J==> Germination
the PSTAIRE CDK-like protein p34 also plays a major role in
the control of mitosis (Corellou et al., 2001). At all the stage:

of development investigated in this study, the p34 PSTAIRE B
CDK-like protein, but not p32, had affinity for amino-

purvalanol (Fig. 5). This suggests that, in vivo, p34 is the onl l ClS || Cell
PSTAIRE CDK-like protein sensitive to amino-purvalanol and / progression division
probably to other purine derivatives, such as olomoucine. W

therefore propose that p34 is the main PSTAIRE CDK-like

protein involved in the control of the progression through the [ Polarisation |==>[ Germination

first cell cycle. For the same reason, p34 is likely to be the ma
PSTAIRE CDK-like protein involved in the control of polarity.
Although PSTAIRE CDKs are known to be much more C
sensitive to purine derivatives compared with non-PSTAIRE
CDKs (Meijer, 1995), we do not rule out, however, that other GUS Cell

non-PSTAIRE CDK-like proteins, are involved with the /pmgr%sion division
control of cell cycle progression and/or of polarisatioRucus

ygotes. o TPEEREEEEE A e e e i- _______________

i Polarisati ——>>| Germination
A model for the regulation of early cell cycle and [ Polarisation [=>| |

polarisation in  Fucus zygotes Fig. 6. Possible pathways for the control of early development by
At least three different pathways can account for the control ¢f34 inFucuszygotes. (A) P34 positively controls both the entry in S
polarity by the p34 CDK-like protein (Fig. 6). P34 may directly phase and photopolarisation. Inhibition of p34 activity (in black)
control both the entry in S phase and the polarisation evenpsevents both events. Alternatively (B), p34 controls the G1/S
(Fig. 6A). This pathway would resemble the cell Cyc|e-transitio.n, Which iiseli is required to activate polgrisation events.
dependent Control Of morphogenes|s |n buddlng yeast (Le&&:) A third pOSSIbIlIty is that cell CyCle and p0|arlsatlon belong tO
and Reed, 1993). A parallel has been established betwe independent pa_thways, but a checkpoint prevents polarisation
germination inFucuszygotes and budding in yeast (Goodner"/e" the cell cycle is arrested before S phase.

and Quatrano, 1993), as both budding and germination require

the localisation of F-actin at the budding, or germination, sitenq subsequent morphogenesis. This raises the possibility that,
(Lew and Reed, 1993; Kropf et al., 1989) and polarisege in budding yeast, a restriction point in late G1 controls both
secretions (Lew and Reed, 1993; Shaw and Quatrano, 1998 cycle progression and morphogenesis. It remains to be
Hable and Kropf, 1998). Once they pass the START point ifetermined whether CDK-like proteins act directly on
late G1, budding yeasts are committed to the next CycClgorphogenesis, in a pathway leading to the activation of
(Hartwell, 1974) and inhibiting DNA replication has no effectpolarity proteins’ or if preventing entry in S phase is sufficient
on budding (Lew and Reed, 1995). Altering the activity ofiy jtself to prevent polarisation and morphogenesis.

Cdc28 at the G1/S transition prevents polarised secretions andyntj| recently, it was assumed that increasing or decreasing
inhibits polar localisation of F-actin (Lew and Reed, 1993)the number of cells by affecting the basic cell cycle machinery
Similarly in Fucus germination occurs when DNA replication |eads to a modification of cell size without affecting
is inhibi_ted (Corellou et al., 2000b) .but the inhibition, beforemorphogenesis of plant organs (Doerner et al., 1996;
entry in S phase, of CDK-like proteins preventsyemelerly et al., 1995). However, a recent study indicates that
photopolarisation and the polar secretion of sulphateghe constitutive expression of the CDK inhibitor, ICK1,
compounds. Alternatively p34 may control only the entry in Syroduces Arabidopsis plants with defects in growth and
phase, which in turn positively regulates polarisation events. Iorphogenesis (Wang et al., 2000). Furthermarabidopsis

this case, the inhibition of polarity would be an indirectpiants that express constitutively the dominant negative allele
consequence of the inhibition of p34 (Fig. 6B). It is alsocgcoaN147do not develop (Hemerly et al., 1995), and the
possible that polarisation and the cell cycle are part of twaypression ofcdc2aN147under the control of an embryo
independent pathways (Fig. 6C). In this case, an inhibitorgpecific promoter either prevents germination or induces
mechanism (checkpoint) would prevent polarisation onlygefects in morphogenesis (Hemerly et al., 2000). These
before the cell has entered S phase (Fig. 6C). observations suggest that, as Fucus zygotes, early

_In conclusion, cell cycle progression and morphogenesis affteractions exist between early cell cycle and developmental
tightly coordinated inFucus zygotes. Whereas arresting the eyents in higher plant embryos.

cells during S phase has no effect on morphogenesis, preventing
S phase entry, by inhibiting CDK-like proteins, completely The plasmid carrying the fusion gene GST$#2land amino-
abolishes polarisation, polar secretion of sulphated compoungarvalanol immobilised on Sepharose beads are kind gifts from André
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