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Summary. DNA replication and mitosis are dependent on the activ- 
ity of cyclin-dependent protein kinase (CDK) enzymes, which are 
heterodimers of a catalytic subunit with a cyclin subunit. Cyclin 
binding to specific individual proteins is thought to provide poten- 
tial substrates to Cdk. Protein binding by cyclins is assessed in terms 
of its mechanisms and biological significance, using evidence from 
diverse organisms including substrate specificity in animal Cdk 
enzymes containing D-, A-, and B-type cyclins and extensive cyclin 
gene manipulations in yeasts. Assembly of protein complexes with 
cyclin/Cdk is noted and the capacity of the cyclin-dependent kinase 
subunit Cks, in such complex, to extend the range of Cdk substrates 
is documented and discussed in terms of cell cycle regulation. Cell 
cycle progression involves changing abundance of individual cyclins, 
due to changing rates of their transcription or proteolysis, with con- 
sequent changes in the substrates of CDK through the cell cycle. 
Some overlap of the functions of individual cyclins in vivo has been 
identified by cyclin deletions and is suggested to follow a pattern 
in which cyclins can commonly complete functions initiated by the 
preceding cyclins well enough to preserve viability as groups of 
cyclins are removed by proteolysis. Cyclin accumulation is particu- 
larly important in terminating the G: phase, when it raises CDK 
activity and starts events leading to DNA replication. It is suggested 
that plants share this mechanism. The distribution of cyclins and Cdk 
in maize root tip cells during mitosis and cytokinesis indicates the 
presence of Cdkl (Cdc2a) and cyclin CycBlzm;2 at the mature and 
disassembling preprophase band and the presence of CycBlzm;2 
at condensing and condensed chromosomes. Both observations 
correlate with the earlier-reported capacity of injected metaphase 
cyclin/CDK to accelerate preprophase band disassembly and chro- 
mosome condensation and with observations of the location of Cdk 
and cyclins in other laboratories. Additionally CycBlzm;2 is seen at 
the nuclear envelope during its breakdown, which correlates with an 
acceleration of the process by injected metaphase cyclin B/CDK. 
A phenomenon possibly unique to the plant kingdom is the persis- 
tence of mitotic cyclins after anaphase. Participation of cyclins in 
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cytokinesis is indicated by the concentration of the mitotic cyclin 
CycA1;zm;1 at the phragmoplast. It is suggested that cyclins have a 
general function of spatially focusing Cdk activity and that in the 
plant cell the concentrations of cyclins are important mediators of 
CDK activity at the cytoskeleton, chromosomes, spindle, nuclear 
envelope, and phragmoplast. 
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1 Introduction 

Common mechanisms for the control of the cell divi- 
sion cycle in plants and other eukaryotes were indi- 
cated by the detection in the plant kingdom of the cell 
division cycle (cdc) catalyst Cdc2 and its correlation 
with division activity (John et al. 1989, 1990). This 
protein kinase enzyme had previously been shown to 
operate at the core of the cell cycle, being necessary 
for both S phase and M phase in the fission yeast 
Schizosaccharomyces pombe (Nurse and Bissett 1981) 
and to be conserved in the evolutionarily remote 
budding yeast Saccharornyces cerevisiae (Beach et al. 
1982) and in metazoa (for review, see Nurse 1990). 
The functional homology of the plant cdc2 gene was 
unequivocally confirmed by its capacity, when cloned 
from Arabidopsis thaliana, alfalfa, and maize, to com- 
plement CDK1 mutants in yeasts (Ferreira et al. 1991, 
Hirt et al. 1991, Colasanti et al. 1991). 

The hypothesis is widely held that cyclins direct 
CDK enzyme activities to particular protein substrates 
by affinity of the cyclin for particular proteins. To the 
extent that different cyclins bind different potential 
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substrates, the pairing of a CDK with different cyclins 
allows a wide range of substrates to be recognised, 
phosphorylated, and thus regulated by a single CDK. 
The binding of different cyclins by one CDK is most 
strikingly evident in the unicellular yeasts, where only 
a single CDK is directly involved in the cell cycle and 
is encoded by c d c 2  + in fission yeast and by C D C 2 8  in 
budding yeast; these homologous genes are both here 
termed CDK1. Yeast Cdkl can bind with four cyclins 
of the mitotic cell cycle in fission yeast, and with nine 
cyclins in budding yeast. Yeast Cdkl thus is able to 
react with substrates that are involved in the biosyn- 
thetic events of gene transcription and DNA replica- 
tion, then later, when in complex with different cyclins, 
Cdkl regulates proteins that are involved in the struc- 
tural changes of mitosis and cytokinesis. 

Until quite recently it was wisely cautioned that the 
role of cyclins, as determinants of Cdk substrates and 
hence function, had not often been demonstrated (e.g., 
Nasmyth 1996). More recent evidence has underlined 
the importance of cyclins and we shall show first that 
selection of Cdk substrates by cyclin has been dem- 
onstrated in vitro and is dependent upon precisely 
defined regions in cyclin and substrate that can be 
termed respectively binding and docking regions. 
Interaction of these regions in D-type and A-type 
cyclins control commitment and execution of DNA 
replication. We next present in vivo evidence for the 
importance of individual cyclins by considering cyclin 
deletions and substitutions in yeast. These reveal 
specific contributions by cyclins to DNA replication, 
mitotic progress, cytoskeleton deployment and cell 
development. Finally we consider cyclin participation 
in the uniquely complex processes of plant mitosis and 
suggest that spatial concentrations of cyclins at sites of 
mitotic events are important in focusing CDK activity 
on cytoskeleton, chromosomes, spindle, nuclear enve- 
lope, and phragmoplast. 

2 Cydins: essential for Cdk activity but not 
conferring absolute specificity 

Cyclins and Cdks must combine to perform their bio- 
logical function. CDK enzymes consistently contain a 
region important for attachment of cyclins, containing 
the sequence EGVPSTAIRESLLKE (single-letter 
amino acid code) or variants of it. This region is often 
termed the PSTAIR helix and is adjacent to the cat- 
alytic loop (Nigg 1995, Morgan 1995). In cyclins the 
structural region for binding to CDK is equally 

strongly conserved. It contains 4-5 alpha helices, 
together referred t o  as a cyclin box that comprises 
about 250 amino acids and contributes about half of 
the cyclin molecule (Jeffrey et al. 1995, Bazan 1996, 
Kim and Cho 1997). The cyclin box is universal since 
it is present in the CLN yeast cyclins that are the most 
structurally remote from other cyclins (Huang et al. 
1997). 

Cyclins have a dual effect on CDK, one being acti- 
vation of catalytic potential and the other concerned 
with holding substrate in proximity. Activation of 
the catalytic subunit occurs by two means; firstly the 
induction of a structural shift in the CDK due to 
binding cyclin, which aligns the PSTAIR helix, cat- 
alytic loop and [~ regions; and second an activating 
phosphorylation at Thr-161 catalysed by a separate 
specific kinase (Russo et al. 1996). Monomeric Cdk 
that is phosphorylated at Thr-161 has a low catalytic 
activity, but this is increased manyfold if cyclin is 
bound (N. Brown et al. 1999) and additionally cyclins 
hold potential substrates accessible to the CDK 
(Schulman et al. 1998), as will be assessed in more 
detail later. Therefore the cyclins potentially deter- 
mine the substrates that are phosphorylated and hence 
the mitotic-division events that can be driven by Cdk 
activity. 

The role of cyclins must be evaluated with care 
because of some indications that their specificity for 
performing particular cell cycle events is limited. Cell 
division can continue after deletion of any two of the 
three cyclins known to be present during the G1 phase 
(the CLN cyclins) of budding yeast (Richardson et al. 
1989, Hadwiger et al. 1989, Cross and Blake 1993), 
which argues against the existence of specific functions 
in an individual Cln protein. Furthermore when all 
three Cln are eliminated they can be substituted by 
constitutive expression of any of the known classes of 
mammalian cyclin, including mitotic cyclins that do not 
function in G1 phase (Lew et al. 1991, Sherr 1993) and 
including plant mitotic cyclins (Day et al. 1996). Simi- 
larly in fission yeast the cell cycle can be traversed 
(albeit with abnormal timing) when all other known 
cyclins are eliminated except for the mitotic B-type 
cyclin named Cdc13 (Fisher and Nurse 1996). Thus 
specificity of cyclin function is not always so absolute 
as to be able to block the cell cycle if a particular cyclin 
is absent, although a block due to loss of a single cyclin 
can occur, as in fission yeast lacking Cdc13. Neither 
is absolute cyclin specificity necessary to confer some 
catalytic activity since cyclin can support Cdk activity 
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while truncated by up to 160 amino acids at the N ter- 
minus (Kobayashi et al. 1992). 

3 Cyclin succession through the cell cycle 

Cyclins are successively replaced by other cyclins 
during progression through the cell cycle (Evans et al. 
1983). The most significant change in cyclins occurs at 
the time of commitment to DNA replication in late al  
phase. Prior to this event only G1 cyclins are present 
and after commitment these are replaced by mitotic 
cyclins. G1 cyclins are distinguished by their continu- 
ing protein turnover and by their ability to commit the 
cell to DNA replication while not themselves being 
able to sustain replication. After commitment to DNA 
replication there is accumulation of mitotic cyclins that 
can drive DNA replication and mitosis (Nasmyth 
1996). 

Major factors in cyclin replacement at late G1 phase 
are repression of Ga cyclin transcription, initiation of 
mitotic-cyclin transcription and the cessation of prote- 
olysis of the mitotic cyclins (Amon et al. 1994). It has 
now emerged that all organisms have Ga cyclins, which 
in budding yeast are the CLN cyclins (Richardson 
et al. 1989); in fission yeast, cyclin Pucl (Martfn- 
Castellanos et al. 2000); and in multicellular plants and 
animals, D-type cyclins (Sherr 1993). Commitment to 
DNA replication occurs when G1 cyclin/Cdk activity 
reaches a high enough level to activate transcription 
of the mitotic cyclins that are able to support DNA 
replication and mitosis. The shift to mitotic cyclins 
is enforced by cessation of their rapid ubiquitin- 
dependent proteolysis, which diminishes in late-G1 
phase and recommences at anaphase (Glotzer et al. 
1991, Amon et al. 1994). Proteolysis is the key deter- 
minant of mitotic-cyclin presence since, even when 
transcribed from constitutive promoters, mitotic-cyclin 
proteins can only accumulate after the late-G1 com- 
mitment to DNA replication when their proteolysis 
ceases (Amon et al. 1994). 

The structural basis of differential proteolysis of 
cyclins is their possession of different recognition 
signals for ubiquitinating enzymes that are active at 
different times in the cell cycle and mark proteins for 
proteolysis by covalent attachment of multiple ubiq- 
uitin molecules (for reviews, see Deshaies 1995, Hoyt 
1997). In mitotic cyclins, near their N terminus, is 
a sequence RTxLGxIG (x being variable residue) 
referred to as the "destruction box" by which they are 
recognised for ubiquitination and proteolysis (Glotzer 

et al. 1991, King et al. 1995) continuing from late 
mitosis through G1 phase (Amon et al. 1994). In the 
animal B1 cyclins the box is perfectly conserved as 
RTALGDIGN and a similar sequence occurs in plant 
Bl-type mitotic cyclins as RxxLxDIGN (Renaudin 
et al. 1998). Whereas G1 cyclins have towards their C 
terminus an alternative ubiquitinating enzyme recog- 
nition signal that is rich in Pro, Glu, Ser, and Thr 
residues, hence termed a PEST region (Rogers et al. 
1986), which is also found in many other unstable pro- 
teins. G1 cyclins are subject to continuous proteolysis 
in metazoa and yeasts (Matsushime et al. 1991, Cross 
and Blake 1993; reviewed by Sherr 1993). Plant G1 
cyclins (cyclins D) also lack the destruction box and 
have a PEST region (Soni et al. 1995). After commit- 
ment, rising activity of mitotic cyclin/Cdk terminates 
transcription of G1 cyclins that are under cell cycle 
control (Amon et al. 1993) and prevents reinitiation 
of DNA synthesis until mitosis has been completed 
(Amon et al. 1994; reviewed by Stern and Nurse 1996, 
Stillman 1996). 

The mitotic cyclins include some that are involved 
in DNA replication, others that accumulate later and 
are involved in nuclear division, and some, like animal 
cyclin A, that are involved in both events. The S-phase 
cyclins in budding yeast are Clb5 and Clb6 then Clb3 
and Clb4, in fission yeast Cigl and Cig2, and in animal 
cells cyclin E then cyclin A. In plants, cyclins with some 
sequence similarities to animal cyclin A can be recog- 
nised (as discussed in Sect. 12) and some, like animal 
cyclin A, begin to be expressed in S phase (Setiady 
et al. 1995, Reichheld et al. 1996), but their function 
remains to be tested. The participation of some plant 
cyclins that are classified as A-type in events other 
than DNA replication is likely since some are 
expressed (Reichheld et al. 1996) or persist long after 
S phase (Sect. 11). Cyclins that are involved in nuclear 
division in budding yeast are Clbl Clb2 and Clb3, 
in fission yeast Cdcl3, and in metazoa cyclin A and 
cyclin B. In plants Bl-type cyclins appear to follow this 
pattern since those that have been studied have pre- 
dominantly mitotic expression, and some have loca- 
tions at sites of mitotic events, as will be described and 
illustrated in Sect. 11. 

Although the tasks performed by individual cyclins 
may be different in plants, it is reasonable to consider 
the core events of the eukaryote cell cycle and ask 
whether plant cyclins are expressed at times that are 
appropriate for performing these tasks. Different 
times of cyclin gene expression have been detected by 
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selecting nuclei from cells in specific phases of the cell 
cycle, which has shown Arabidopsis CycB1;at;1 tran- 
scripts to be more abundant in G: nuclei (Hemerly 
et al. 1992). Further indications have come from tissue 
probing in situ, which has shown in Antirrhinurn majus 
that CycB1;arn;1 and CycB1;arn;1 cyclin genes are not 
expressed until S phase is finished (Fobert et al. 1994). 

More precise temporal information has been ob- 
tained from synchronous cultures. During G1 phase, 
expression of cyclin cycD&rns in cultured alfalfa cells 
is consistent with function of this cyclin as a growth 
factor-signalling molecule (Dahl et al. 1995). In the S 
phase of synchronous tobacco cells, the expression of 
cycA3;nt;1 and cycA3;nt;2 is coincident with histone 
expression (Reichheld et al. 1996) and therefore sug- 
gestive of a cyclin involved in DNA replication, as will 
be discussed in Sect. 7 in connection with commit- 
ment to DNA replication. In G2 and M phases both 
synchronous tobacco and Arabidopsis cells have 
distinct periods of preferential abundance for tran- 
scripts of individual cyclins. In the readily synchro- 
nised Nicotiana tabacum BY2 cells, cyclin cycB1;nt;1 
was expressed in G2 and early-M phase (Qin et al. 
1996) and precise differential timing of expression in 
these phases was revealed in this cell line by intro- 
duction of Arabidopsis cyclin promoters for the 
CycA2;at;1 and CycB1;at;1 genes. The former was 
consistently expressed i h earlier than the latter in the 
5 h period between S phase and mid mitosis (Shaul et 
al. 1996).This differential timing depends upon repeats 
of a 9-base-pair motif T/C C T/C AACGG T/C T/C A 
(slash indicates alternative). This mitosis-specific acti- 
vator (MSA) motif is found in the promoter regions 
of tobacco and other B-type cyclins, including soybean 
cs and Arabidopsis cycB1;at;2 and cycB2;at;1 
(Ito et al. 1998). The MSA motif is sufficient to confer 
M-phase expression to a reporter gene and is absent 
from plant A-type cyclins. It may confer expression on 
a number of genes during mitosis and interestingly has 
been found in the promoters of plant kinesin-like pro- 
teins that are expected to contribute to intracellular 
motility of such structures as microtubules, chromo- 
somes, and vacuoles during mitosis. 

The foregoing compendium is derived from obser- 
vations on several cell types, but the pattern of cyclin 
expression nevertheless may well occur in individual 
cells. Thus cells of N. tabacum can express in succes- 
sion D-type, A-type, and then B-type cyclins (Sorrell 
et al. 1999, Reichheld et al. 1996, Qin et al. 1996).While 
transcription times need not indicate the times when 

a cyclin protein is abundant, there is some evidence 
that plant cyclin proteins are indeed under temporal 
control. For example, levels of B1 cyclin protein of 
maize (CycB1;zm;2) change sharply with mitotic phase 
in the manner of animal cyclin B1 (King et al. 1995), 
accumulating only as cells approach mitosis and then 
being proteolysed in mid mitosis (Fig. 1) (Mews et al. 
1997). 

It would be an oversimplification, however, to 
suggest that plant cyclin accumulation merely resem- 
bles that in metazoa since additional patterns are 
emerging in plants. To give just three examples, plant 
D-type cyclins include some that are expressed late in 
mitosis (Sorrell et al. 1999), some plant A-type cyclins 
are also expressed in mitosis or continuously (Reich- 
held et al. 1996, Meskeine et al. 1995), and conversely 
the B2 cyclin CycB2a-zm is expressed at the G0-to-G1 
phase transition and accumulates in the nucleus when 
division is reactivated (Mews et al. 1996). The diversity 
of plant cyclins is discussed further in Sect. 5. 

4 Multiple CDKs: mitosis-specific CDKs in plants 

The range of CDK/cyclin complexes is extended in 
multicellular plants and animals by the presence of 
more than one CDK. In metazoa a succession of 
different Cdk proteins forms complexes with cyclins, 
including in G1 phase, cyclin D/Cdk4; in S phase, cyclin 
E/Cdk2 and cyclin A/Cdk2; then in mitosis cyclin 
A/Cdkl and cyclin B/Cdkl (reviewed by Sherr 1993, 
1996). The presence of multiple Cdks allows regulation 
by inhibition or activation that is specific to a particu- 
lar Cdk or group of Cdks. For example the inhibitory 
protein p27 Kip1 preferentially affects Cdk4 and Cdk6 
in mammals and its effect on them influences the 
major progression from G1 phase to DNA replication 
(Resnitzky et al. 1995). A further example is the ability 
to use at two points in the cell cycle the control of Cdk 
activity by inhibitory phosphorylation of tyrosine at 
position 15 in the Cdk. This inhibition is supplemented 
by a small additional inhibition if threoninel4 is also 
phosphorylated. In cells with a single Cdk (Cdkl), 
inhibitory phosphorylation regulates only the transi- 
tion from G2 phase to mitosis (Nurse 1990, Millar 
et al. 1991) and provides a means to restrain mitosis 
if DNA replication is incomplete (Nurse 1997). In 
metazoa this Cdk phosphorylation also controls S 
phase, but the dual occurrence does not lead to 
catastrophic simultaneous activation of S phase and 
mitosis because there are separate Cdks dedicated to 
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S phase, especially cyclin D/Cdk4, cyclin D/Cdk6 and 
cyclin A/Cdk2. These Cdks are substrates of the tyro- 
sine/threonine phosphatase Cdc25A that can activate 
them but not Cdkl (Hoffmann et al. 1994, Iavorone 
and Massaque 1997). DNA replication can therefore 
be sustained by Cdc25A or delayed by removal of 
Cdc25A, thus providing a mechanism for a checkpoint 
control that allows repair of any damage to the DNA 
template before it is copied (Mailand et al. 2000). 
Later, mitosis can be separately initiated, providing 
DNA replication has been completed (Lopez-Girona 
et al. 1999), by the different enzyme Cdc25C acting on 
the different Cdk in cyclin B/Cdkl. 

Plant Cdks contain Tyr-15 in the same ATP-binding 
lobe of the enzyme as in CDKs from other taxa (for a 
review, see Dudits et al. 1998), but it is not yet estab- 
lished for most plant Cdks when in the cell cycle they 
may be regulated by phosphorylation. Clearly, regula- 
tion of some plant Cdks in S phase and of others in a2 
phase is possible by analogy with metazoa. 

Assembly of the different cyclin-CDK complexes in 
metazoa, and presumably in plants, is facilitated by 
CDKs having different affinities for cyclins. The struc- 
tural differences that underlie binding of different 
cyclins are often summarised by reference to modified 
sequence in the PSTAIR helix region that forms the 
major part of the cyclin docking site on CDK. In 
A. thaliana two CDKs have been characterised as 
Cdc2aAt and Cdc2bAt and their different structures 
can be summarised as PSTAIR and PTALRE (a fuller 
presentation of plant CDK structures is given by 
Dudits et al. 1998). The Cdc2aAt is active, like CDK1 
in yeasts and animal cells, through S and M phases, 
while Cdc2b is active only in G2 and M phases (Segers 
1996; reviewed by Mironov et al. 1999). The functional 
homology of Cdc2aAt with CDK1 is underlined by the 
capacity of the plant gene, like other homologues from 
alfalfa and maize, to complement CDK1 mutants in 
yeasts (Ferriera et al. 1991, Hirt et al. 1991, Colasanti 
et al. 1991). 

It is not general for CDKs additional to Cdkl to be 
active in mitosis, since in mammalian cells Cdk4 and 
Cdk6 are active predominantly in G1 phase and Cdk2 
is active in S phase, but only Cdkl is active in M phase 
(Sherr 1996). In plants Cdks expressed later in the 
cell cycle are common. In Antirrhinurn majus there 
are two PSTAIR CDKs, Cdc2a and Cdc2b, that are 
expressed throughout the cell cycle and additionally 
Cdc2c (containing PPTALRE) and Cdc2d (containing 
PPTTLRE) that are expressed respectively through S, 

G> and M, or through G2 and M phases (Fobert et al. 
1994, Doonan and Fobert 1997). Furthermore alfalfa 
contains at least 6 CDKs, among which cdc2MsA, 
cdc2MsB, cdc2MsC, and cdc2MsE are expressed 
throughout the cell cycle, while cdc2MsD and 
cdc2MsF are expressed during G2-to-M phases 
(Magyar et al. 1993,1997, see also Huntley and Murray 
1999). In plants that are known to have numerous 
CDKs it is not yet known when each one is enzymi- 
cally active. However, it is known that their protein 
levels do not always determine their activities, thus 
measurement of Cdc2a activity, made in specific 
immunoprecipitates from A. thaliana and tobacco, 
shows greater activity during mitosis, although Cdc2a 
protein is relatively constant in amount through the 
cell cycle (Zhang et al. 1996, Mironov et al. i999). 
Means by which CDK enzyme activity can b e  regu- 
lated by changing phosphorylation has been described, 
and regulation by cyclin availability and level of cyclin- 
dependent kinase inhibitor proteins will be described 
(Sect. 7). 

The foregoing comparison shows that one special 
feature of plants is the common presence of CDKs 
that are preferentially expressed during mitosis. In all 
plant species in which two or more CDKs have been 
characterised, at least one Cdk has been found to be 
preferentially expressed during mitosis. Whereas in 
metazoa CDKs additional to CDK1 are expressed 
earlier, in G1 and S phases, and Cdkl alone is the sig- 
nificant Cdk during nuclear division. Consistent: with 
this difference, plants express a greater variety of 
mitotic cyclins during nuclear division. 

5 Diversity of plant mitotic cyclins 

Individual plant cyclins have structural features 
similar to both A-type and B-type cyclins of animals 
and yeasts, and are therefore difficult to classify by 
their structure (Hata et al. 1991). The diversity of plant 
cyclins is at least as great as that of metazoa, and at 
least five major groupings, comprising cyclins AI,  A2, 
and A3 with cyclins B1 and B2, have been recognised 
(Kouchi et al. 1995, Renaudin et al. 1998). Further- 
more, within the A-type cyclins, Reichheld et al. (1996) 
have classified their isolates of tobacco cyclin A in 
three distinct groups additional to two groups isolated 
by Setiady et al. (1995), indicating possibly five A-type 
cyclins in tobacco. The presence of multiple A-type 
cyclins markedly distinguishes plant from animal cells, 
where there is only a single cyclin A (Sherr 1996). As 
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well as being diverse, plant A-type cyclins have differ- 
ent times of transcription (Reichheld et al. 1996); 
however, the full meaning of plant cyclin diversity will 
only become apparent as we gather information on 
their function. We shall later return briefly to the func- 
tional grouping of plant cyclins after presenting some 
information on locations of cyclin proteins. We suggest 
that the diversity of plant cyclins correlates with com- 
plexity of plant mitosis and cytokinesis, which requires 
progression through four separate microtubular ar- 
rays, rather than maintenance of the single centriole- 
organised array of animal cells (reviewed by Gunning 
1982, Wick 1991). 

6 Cyclin binding functions 

Cyclin/CD K substrate specificity in vitro 

In their patterns of changing abundance during the cell 
cycle, cyclins can bring a temporal order to cell cycle 
control. Cyclins could also bring spatial order by 
directing Cdk to particular compartments of the cell 
and cdk activity to specific substrates. The extent to 
which cyclins do specifically bind to potential sub- 
strates is a key question for evaluating cyclin function. 
Significant information is available for cyclins A, B, 
and D. 

Discrimination between potential substrates has 
provided information about the specificities of cyclins 
A and B when in complexes with Cdks. Human cyclin 
A has been compared with cyclin B for the ability to 
direct phosphorylation to the "pocket protein" p107 
when both cyclins are in complex with either human 
Cdkl or Cdk2. Only cyclin A targeted p107 and either 
Cdkl or Cdk2 was effective as partner (Peeper et al. 
1993). Cdk activity depended upon cyclin binding to 
substrate since cyclin A/Cdk bound stably to p109, 
while Cyclin B/Cdk complexes did not bind. Similarly, 
cyclin A- but not cyclin B/CDK phosphorylated the 
related pocket protein p107 (Pan et al. 1993). Further 
selectivity is indicated by the ability of both cyclin 
A/Cdk2 and cyclin E/Cdk2 to phosphorylate another 
pocket protein, Rb, while only cyclin A/Cdk2 could 
phosphorylate the mammalian S phase transcription 
factor E2F (Dynlacht et al. 1994). Thus cyclin A has 
reproducible protein binding specificity in vitro. 

The differential specificity of cyclins A and B is 
biologically significant since they catalyse the core 
sequence of events through S phase to mitosis. In 
essence, cyclin A targeting of CDK activity to the 

pocket proteins (Rb, p107, and p109) releases tran- 
scription factors that are otherwise held inactive in the 
"pocket" and allows transcription of genes required 
for DNA synthesis (described in Sect. 7). In animal 
cells the pocket protein Rb is initially phosphorylated 
by cyclin D/Cdk4 and this phosphorylation is then 
extended to further sites as S phase is imminent by 
activity of cyclin E/Cdk2 (Sherr 1993, 1996). As S 
phase progresses, the significance of changing cyclin 
associations with a single Cdk is seen as cyclin A 
replaces cyclin E in complex with Cdk2. The cyclin 
A/Cdk2 complex (Pines and Hunter 1991, 1994) has 
many key roles in DNA synthesis, which include phos- 
phorylation of Rb and the transcription factor E2F 
that is released from Rb (Dynlacht et al. 1994). In turn 
the latter transcribes the key protein Cdc6, which ini- 
tiates DNA synthesis in eukaryotes (Yan et al. 1998). 
Additionally, cyclin A in complex with p107 activates 
the thymidine kinase promoter in humans (Li et al. 
1993) and at the origin-of-replication complex (ORC) 
cyclin A/Cdkl is the sole cyclin/cdk pairing (Roman- 
owski et al. 2000). 

The changing pairings of cyclin and Cdk are again 
seen during progression through mammalian nuclear 
division since cyclin A enters an enzymically active 
pairing with Cdkl (instead of the Cdk2 that it partners 
in S phase) and makes a significant contribution to 
early mitotic events (Pagano et al. 1992). Then Cdkl 
remains the enzymically active Cdk, but as cyclin A 
declines through prophase cyclin B rises and becomes 
the predominant partner of Cdkl. Cyclin B/Cdkl has 
high enzyme activity and CDK protein kinase activity 
peaks during mitosis in yeast (Stern and Nurse 1996), 
metazoan (Draetta and Beach 1988), and plant cells 
(Magyar et al. 1993, Zhang et al. 1996; reviewed by 
Mironov et al. 1999). Mitotic-cyclin B/Cdkl activity 
is presumably targeted towards proteins that are 
involved in nuclear division. Few of these substrates 
are known, but they do include lamin proteins of the 
nuclear envelope which depolymerise when phospho- 
rylated and contribute to the breakdown of the 
nuclear envelope (Enoch et al. 1991). Other substrates 
of cyclin B/Cdkl are expected to include proteins that 
control chromosomes and spindle. 

Cyclin-protein interaction: binding and docking sites 

The mechanism by which cyclins select substrates of 
CDKs has been investigated for cyclins D and A and 
operates via specific binding regions in the cyclins and 



R C. L. John et al.: Cyclin/Cdk involvement in mitotic cell division 125 

docking regions in the substrates. Thus binding of 
cyclin D/Cdk4 to pocket proteins such as Rb which 
induces S phase, depends upon the sequence LxCxE 
(x being a nonspecific amino acid) at the amino ter- 
minus of the cyclin D. This site docks with the pocket 
region of Rb (Xiong et al. 1992, Dowdy et al. 1993). 
The importance of the LxCxE region and its relevance 
to plants is underlined by the presence of this motif in 
plant cyclin D (Soni et al. 1995) and the presence in 
plants of Rb protein (J. Murray et al. 1998, Huntley 
et al. 1998) and E2F-like transcription factors (Mari- 
conti et al. 2000). 

Cyclin A binding to pocket proteins depends upon 
the cyclin sequence MRAIL, which forms a hydropho- 
bic patch at the N-proximal border of the cyclin box 
(Kobayashi et al. 1992, Jeffrey et al. 1995, Schulman 
et al. 1998). Additional factors must also operate since 
MRAIL is also present in cyclins B, D, and E, although 
(as noted above) cyclin B does not bind to Rb-like 
proteins. The MRAIL region in cyclin A is seen in X- 
ray crystallography to contact proteins that bind to 
cyclinA (Adams et al. 1996), and mutations that 
substitute less-hydrophobic residues prevent specific 
recognition of substrates in vitro. Furthermore the 
function of the MRAIL region in cyclin A is biologi- 
cally significant since an accelerated entry to S phase, 
which can be induced by overexpression of cyclin A, 
depends upon an intact MRAIL region in the cyclin 
(Schulman et al. 1998). The docking region on sub- 
strates to which MRAIL binds is often RxL (e.g., 
Vlach et al. 1997, Schulman et al. 1998) and transfer of 
this region to other proteins can make them substrates 
of cyclin A/Cdk2 (Dynlacht et al. 1994). In Rb the 
docking region is KxL (Adams et al. 1996, 1999) and 
this motif is elaborated in the animal cell cycle control 
protein p53 to KKLMF (Luciani et al. 2000). The mol- 
ecular basis of cyclin substrate specificity is therefore 
the precise interaction of binding and docking regions. 

The manner in which cyclin presents substrates to 
the Cdk has also been tested. Flexible presentation of 
substrate was suspected when crystallography of the 
CDK/cyclin A complex (e.g., Jeffrey et al. 1995, Russo 
et al. 1996) showed that the MRAIL region is 3.5 nm 
distant from the active site in CDK, suggesting that the 
substrate may not be very precisely located (Schulman 
et al. 1998). Furthermore, numerous sites can be phos- 
phorylated in a substrate, being recognised by their 
consensus sequence K/R S/T P x K/R (slash indicates 
alternative; italics indicate phosphorylation site) and 
adjacent basic residues (Nigg 1991, 1995), although 

these phosphorylation sites are at different distances 
from the docking region. Similarly, in peptides that are 
too small to be held by cyclin there is also accurate 
phosphorylation (Songyang et al. 1994). These consid- 
erations suggest that CDKs select regions for phos- 
phorylation within the substrate and require only 
flexible presentation of substrate by cyclin. 

An ingenious test by Schulman et al. (1998) used the 
binding affinity of the LxCxE sequence for pocket 
protein p107. LxCxE was introduced into cyclin A in 
which the MRAIL site was disabled and, although 
introduced at a point distant from MRAIL, activity 
was restored in phosphorylating p107 at all usual 
residues in spite of altered distances from the CDK 
active site. This restoration indicates that CDK does 
not require precise presentation of substrate relative 
to the active site, and rather cyclins can function as 
a scaffold on which the Cdk can operate (Schulman 
et al. 1998), deriving a high concentration of substrate 
tethered close to the Cdk by cyclin. This flexible 
mechanism depends upon the specificity of reaction 
between cyclin and substrate and implies that cyclins 
will have specific functions. The interesting possibility 
is raised that cyclins can bring together selected pro- 
teins and CDK in specific subcellular locations. The 
distribution of plant mitotic cyclins, which will be 
described and illustrated in Sect. 11, is consistent with 
cyclins focusing Cdk activity in this way. 

7 G1 cyclins and commitment to Gl-tO-S-phase 
progression: a universal mechanism 

Recent evidence indicates that cyclin accumulation 
operates a common mechanism controlling progres- 
sion from G1 to S phase in yeasts, in metazoa, and 
probably in plants. The mechanism is dependent on the 
proteolysis of the cyclin-dependent kinase inhibitor 
(CKI). This protein inhibits Gl-cyclin/CDK activity 
prior to completion of G1 phase. Universality of the 
mechanism that terminates G1 phase could not be 
claimed while the fission yeast seemed not to have a 
G1 cyclin equivalent to the CLN cyclins of budding 
yeast and cyclin D of animals and plants. However the 
cyclin Pucl of fission yeast (Forsburg and Nurse 1994) 
has been found to share not only sequence similarity 
with Cln3 of budding yeast but also a function essen- 
tial for completing a G1 phase of normal duration 
(Martin-Castellanos et al. 2000). 

It can now be seen that Pucl/Cdkl, like Clnl,2/Cdkl 
and cyclin D/Cdk4, can phosphorylate and thus mark 
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for proteolysis (Hoyt 1997) a CKI protein that is able 
to bind and inhibit mitotic-cyclin/CDK complexes. 
Hence the cell division sequence of S to G2 to M 
phases can only be started after G1-cyclin/Cdk activity 
rises in late-G1 phase and eliminates CKI. The CKI 
removed by phosphorylation and proteolysis in late- 
G1 phase in fission yeast is Ruml (Moreno and Nurse 
1994, Martfn-Castellanos et al. 2000), in budding yeast 
it is Sicl (Schwob et al. 1994, Schneider et al. 1996, 
Tyers 1996) and in metazoa it is p27 ~ipl (Pagano et al. 
1995, Sheaff et al. 1997). The Pucl/Cdkl enzyme is 
resistant to inhibition by Ruml and thus is well suited 
to trigger Rum1 proteolysis by the phosphorylation 
that leads to ubiquitination. Whereas the sensitivity of 
mitotic-cyclin/Cdk complexes to Gl-phase CKI inhibi- 
tion (Moreno and Nurse 1994, Correa-Bordes and 
Nurse 1995) explains the long delay before S phase 
when only a mitotic cyclin remains (Fisher and Nurse 
1996). Interestingly, several CKI proteins have been 
discovered in plants (Wang et al. 1997, 1998). But 
information is not yet available concerning when in 
the cell cycle plant CKIs are naturally abundant, and 
their precise role in regulating normal cell cycle pro- 
gression has not yet been established, although an 
effect on cell cycle progression is implied since CKI 
expression is induced by abscisic acid, the plant 
hormone which commonly has the physiological func- 
tion of slowing cell proliferation (Wang et al. 1998). 

A model, drawn from these observations, of events 
at the termination of G~ phase therefore includes the 
following; rising Gl-cyclin concentration, perhaps in 
proportion with increasing cell size, results in increas- 
ing cyclin/CDK activity which is resistant to inhibition 
by the CKI inhibitor protein that is abundant through 
G1 phase (Sic1 or Ruml in yeasts, p27 Kip1 in metazoa, 
and possibly an ICK in plants). Phosphorylation of the 
CKI targets it for ubiquitination and proteasome- 
mediated proteolysis. Removal of the CKI releases 
activity in mitotic-cyclin/cdk complexes that are more 
sensitive to inhibition by CKI than are Gl-cyclin/cdk. 
Mitotic CDK activity is then able to drive DNA repli- 
cation, chromosome condensation, spindle formation, 
and nuclear division. Proteolysis of B-type cyclins and 
low CDK activity are necessary for completion of 
nuclear division and allow the re-accumulation of 
CKI. The stability of the genome is therefore protected 
by regular alternation of S phase and mitosis. Cdk 
activity must fall to low levels for completion of divi- 
sion, then, in the next cycle, rising Gl-cyclin/Cdk activ- 
ity will lead to CKI proteolysis and chromosome 

duplication before Cdk activity has risen high enough 
to drive nuclear division. 

Events at the Gl-to-S phase transition in multicellu- 
lar animals, and probably in plants, include an addi- 
tional mechanism that sets a threshold for adequate 
Gl-cyclinD/Cdk activity before progression to S 
phase. Cdk activity must be sufficient to multiply phos- 
phorylate pocket proteins and thereby release the 
transcription factor E2F, which transcribes genes 
involved in DNA replication (the selective action of 
cyclins in this process was described in Sect. 6). The 
sequence of events in outline is that in animal cells Rb 
is initially phosphorylated by cyclin D/Cdk4 mediated 
by the LxCxE binding region of cyclin D and then by 
cyclinE/Cdk2. Released E2F can then transcribe 
cyclin E and cyclin A, which complex with Cdk2, so 
maintaining Rb phosphorylation as cyclin D tran- 
scription is turned off. DNA replication is promoted 
by cyclin A/Cdk2 phosphorylation of E2F and tran- 
scription by E2F of the replication-inducing protein 
Cdc6, and by direct cyclin A/Cdk2 participation at 
the ORC (Dynlacht etal. 1994, Yan etal. 1998, 
Romanowski et al. 2000). Interestingly, plant D cyclins 
may have additional functions outside the promotion 
of DNA replication since a novel cyclin D is tran- 
siently expressed in the establishment of new lateral- 
root primordia in A. thaliana, indicating a role in 
initiating rather than sustaining proliferation (De 
Veylder et al. 1999), and furthermore tobacco cycD2;1 
and cycD3;1 are transcribed after S phase in synchro- 
nous suspension tobacco culture (Sorrell et al. 1999). 

8 Regulatory interactions of proteins that complex 
with cyclin/Cdk 

Cyclins can also juxtapose with Cdk molecules that 
are not substrates but regulators of the Cdk. The 
Cdc25C phosphatase that activates Cdk2 by removing 
inhibitory phosphate from Tyr-15 has been mentioned 
as allowing an important checkpoint during S phase 
(Sect. 4). Cdc25C activity affects cyclin E/Cdk2 but 
less SO cyclin A/Cdk2 (Mailand et al. 2000), which sug- 
gests that cyclin E preferentially attracts to its cdk 
partner the regulator Cdc25C. Since cyclin E/Cdk2 
acts in the initiation of S phase (Sect. 6) (Sherr 1996) 
this allows down-regulation of Cdc25C in response 
to DNA damage to prevent replication of corrupted 
genetic template. 

Cyclins can also support larger groupings of pro- 
teins together with Cdk, which may be able to attract 
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proteins more effectively than cyclin/Cdk alone. In 
particular, B-type cyclins (Uetz et al. 2000) and Cdk 
(Brizuela et al. 1987) bind the small protein p13 sucl, 
which is thus termed cyclin-dependent kinase subunit 
(CKS). Cks in complex with cyclin/Cdk participates in 
a number of regulatory events during mitosis by its 
interactions with other proteins. Cks binds Cdc25 on 
entry into mitosis and participates in a positive feed- 
back loop, in which Cdc25 activates Cdkl by removal 
of phosphotyrosine (references in Sect. 4) and Cdc25 
is in turn activated when it is multiply phosphorylated 
by activated Cdkl (Patra and Dunphy 1998, Patra 
et al. 1999). The resulting feedback loop raises Cdkl 
activity and protects the genome by decisive commit- 
ment of the cell to separation of the two copies of the 
genome. Cks also participates in a further protein 
interaction that protects the genome in case of incom- 
plete DNA replication, when Cks competes for Cdc25 
binding with another small protein, Pin1 (Shen et al. 
1998, Lu et al. 1999). Pin1 is ubiquitous in eukaryotes 
including plants (Landrieu et al. 2000) and can inter- 
fere with Cdc25 activation and hence Cdkl activation. 
In animal cells this is used in a checkpoint control that 
prevents attempted mitosis if duplication of the 
genome is not yet complete (Winkler et al. 2000). Since 
Cks and Pinl compete for binding the same peptide 
sequence in Cdc25 (Landrieu et al. 2000), a possible 
mechanism of checkpoint arrest is the displacement of 
Cdc25 from contact with CKS and thus from proxim- 
ity to Cdkl, with consequent blocking of Cdc25 acti- 
vation by phosphorylation and failure of Cdkl to 
become sufficiently enzymically active to drive mitosis. 

The presence of Cks has been shown to extend the 
range of substrates of cyclin B/Cdk activity and this 
plays a part in an essential contribution of CKS to 
completion of mitosis. Cks is necessary in late mitosis 
for reducing cyclin B/Cdkl activity to the low level 
that is essential for anaphase, which involves proteoly- 
sis of cyclin B (Moreno et al. 1989) (discussed in Sect. 
10). The contribution of Cks to cyclin B proteolysis is 
explained at least in part by the ability of Xenopus 
laevis Sucl/Cks protein (known as p9) to direct activ- 
ity of cyclin B/Cdkl to proteins that are involved in 
ubiquitin-mediated proteolysis, in particular to Cdc27 
and BIME, and thus to stimulate proteolysis of cyclin 
B (Patra and Dunphy 1998). Cks therefore extends the 
range of substrates that are recognised by the cyclin 
B/Cdkl complex, such as to include Cdc27. Interest- 
ingly, plant Cdks also bind Sucl/Cks and the location 
of Cks injected into live plant cells closely correlates 

with that of Cdkl (Cdc2a), as shown in Fig. 3 (Hepler 
et al. 1994). 

9 Cyclin functions deduced from yeast cells 

Evidence from genetically modified yeasts crucially 
supplements the biochemical and cell biological evi- 
dence from animal ceils by providing an assessment of 
the importance of cyclins for efficient cell cycle pro- 
gression. The yeasts have provided evidence of specific 
functions by some individual cyclins, but also evidence 
of some redundancy of cyclin function since small 
groups of cyclins can perform some functions of other 
cyclins. Extensive changes in the combinations of 
cyclins that are present have been made by making 
use of the homologous recombination that occurs be- 
tween the genomic copy and an introduced (possibly 
disrupted, or modified) gene. Furthermore, speedy 
genetic crossing and Mendelian analysis allows the 
combination of multiple genetic changes in individual 
cells. 

The most extensive cyclin redundancy has been 
found in budding yeast, where any one of the three 
CLN cyclins can complement the loss of the other two 
and allow progression to DNA synthesis (Richardson 
et al. 1989, Hadwiger et al. 1989, Cross and Blake 
1993). Similarly, Clb5 or Clb6 are a functional pair in 
which either can complement the lack of the other and 
support DNA synthesis (Schwob and Nasmyth 1993). 
Furthermore, Clb3 and Clb4 readily complement each 
other (Richardson et al. 1992) and even deletion of 
both of these allows division if the four other mitotic 
cyclins, Clb5,6 and Clbl,2, remain. Clbl and Clb2 can 
complement each other, but when Clbl is the sole 
cyclin, there is slow progress through nuclear division 
(Fitch et al. 1992, Richardson et al. 1992). 

An extreme demonstration of functional redun- 
dancy indicates similarity between all of the mitotic 
cyclins, since overexpression of Clblp from a strong 
promoter can preserve the viability of cells in which 
all six endogenous Clbl-6 cyclin genes are inactivated 
(S. Haase and S. Reed unpubl, results reported by 
Stuart and Wittenberg 1998). Similarly fission yeast 
remains viable with cyclin B (cdc13) as sole cyclin 
(Fisher and Nurse 1996). However, closer considera- 
tion of the limitations of these tests, and more detailed 
examination of the effects of cyclin changes, supports 
the concept that cyclins have specific functions. 

Cyclin deletions produce an artificial situation in 
which remaining cyclins, although they may have 
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lower affinities than the missing cyclin(s), can occupy 
sites left vacant by the missing cyclins and can bind 
heterologous substrates when there are no competing 
cyclins with higher affinity. Such abnormal low-affinity 
binding interactions may explain the ability of cyclins 
from taxonomically remote sources to replace deleted 
CLN cyclins in budding yeast (Lew et al. 1991). Trun- 
cated cyclins were more efficient in replacing Clns, pre- 
sumably due to their impaired substrate recognition 
allowing them to more easily bind yeast proteins for 
which they have not evolved affinity. Furthermore, 
in cln complementation, very little discrimination 
between substrates is required since the sole essential 
G1 substrate of Clnl-3/Cdkl is the Sic1 inhibitor of 
Cdkl activity. The Sic1 protein must be phosphory- 
lated by Cdkl and thus marked for proteolysis to allow 
entry into S phase (described in Sect. 7), but if Sic1 is 
deleted, cells become viable without having CLN 
genes (Schneider 1996, Tyers 1996), indicating that no 
other phosphorylation by Cln/Cdkl is essential. The 
significance for cyclin function is that, in the test of 
complementing CLN cyclins, a heterologous cyclin 
need not discriminate subtly between proteins; if it 
can bind Sic1, even inefficiently, it can preserve cell 
viability. 

A pattern in cyclin redundancy 

We suggest that some overlap of function between 
cyclins can be of value for cell survival. The capacity 
to complete cell division may be threatened by prote- 
olytic removal of cyclins (Evans et al. 1983, Sherr 1993, 
Nasmyth 1996) in cells that have progressed slowly 
through events that are dependent upon a particular 
cyclin. Thus a group of cyclins may disappear before 
their function is complete in a slowly progressing cell. 
There is not a reservoir of cyclin since extracted CDK 
is mostly monomeric (e.g.,Wittenberg and Reed 1988), 
which indicates that cyclins are less abundant than 
CDK. This circumstance is advantageous in allowing 
newly synthesised cyclins to immediately find CDK 
partners and to alter the spectrum of proteins being 
phosphorylated. There is an associated risk to viabil- 
ity, from a process supported by a particular cyclin not 
being completed before it is proteolysed. The risk is 
alleviated if the next set of cyclins to be accumulated 
has some capacity to complete the preceding process. 
Such capacity of cyclins may be universal since in 
animal cells cyclin D expression normally precedes 
cyclin E, but cyclin D1 can be deleted and replaced by 

cyclin E that has been brought under the control of 
the cyclin D1 promoter and therefore is expressed 
with cyclin D1 timing (Geng et al. 1999). Furthermore, 
cyclin A, which normally accumulates after cyclins D 
and E have promoted initiation of DNA replication, 
can when overexpressed advance the time of S phase 
(Resnitzky et al. 1995, Rosenberg et al. 1995). This 
indicates that cyclin A can facilitate the initiation as 
well as execution of DNA synthesis and therefore that 
continued presence of cyclins D and E may be less cri- 
tical than otherwise. 

Complementation between yeast cyclins underlines 
the capacity of newly accumulating species of cyclin to 
continue cyclin-dependent events that are in progress 
and sometimes even to make good the lack of earlier 
progress. Deletion of all three Cln cyclins can be com- 
plemented by constitutive expression of cyclins C1b5,6 
(Schwob and Nasmyth 1993, Epstein and Cross 1995). 
Cyclins Clb5,6 are expressed immediately after Clns 
(in S phase), but cyclins not expressed until after S 
phase are not effective in complementation of clns; 
thus, Clbl,2 are not effective unless overexpressed and 
rendered stable (Lew et al. 1991, Amon et al. 1994). 
Similarly the cyclins C1b5,6 can be partially replaced 
by Clb3,4 cyclins, which are expressed immediately 
after them, although division and growth are a little 
slowed in cells that are reliant on Clb3,4 for Clb5,6 
function (Schwob et al. 1993, 1994). However, under 
the different conditions of sporulation Clb3,4 fail to 
replace Clb5,6 in supporting DNA replication (Stuart 
and Wittenberg 1998). This failure correlates with a 
later expression of Clb3,4 during sporulation that is 
too late to utilise the transient state of readiness for 
DNA replication established by Cln cyclins. Therefore 
overlap of cyclin functions can be exaggerated if a 
complementation test is performed under only one 
environmental condition. The cyclins Clb3,4, which are 
expressed in early mitosis, can be readily comple- 
mented by Clbl,2 with no apparent disadvantage 
(Fitch et al. 1992, Richardson et al. 1992). The C1bl,2 
cyclins in budding yeast, which are expressed during 
mitosis, cannot however be replaced by other cyclins 
(Surana et al. 1991) and this correlates with their late 
expression in division and the absence of any later 
cyclins that might complete their function. 

Distinct cyclin functions revealed in yeasts 

Distinct cyclin functions can be revealed by assessing 
modifications to cell cycle events that are caused by 
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abnormal cyclin levels or cyclin combinations. Among 
the G1 (CLN) cyclins, Cln3 activates transcription of 
genes (including CLN1 CLN2; Tyers et al. 1993) that 
are expressed in late G1, due to Cln3/Cdkl phospho- 
rylation of the transcription factor SBF that binds to 
SCB regions in the promoters of these genes (Koch et 
al. 1993). Elevated activity of Cln3 (caused by hyper- 
active mutation, stabilisation of the protein against 
proteolysis, or expression of additional gene copies), 
results in earlier commitment to DNA replication and 
cell division and therefore causes smaller average cell 
sizes. Conversely CLN3 deletion results in larger 
average cell size (Saul and Sudbery 1985, Nash et al. 
1988). 

Clnl,2 are instead concerned with bud emergence 
and with the initiation of DNA synthesis through the 
removal of the Cdk activity inhibitor Sic1. Proteolysis 
of Sic1 follows its phosphorylation by Clnl/Cdkl and 
Cln2/Cdkl (Schneider et al. 1996) and the removal of 
its inhibitory effect allows mitotic-eyclin/Cdk activity 
to reach levels that drive DNA replication and bud 
emergence (described in more detail in Sect. 10). Both 
replication and budding are delayed in the absence of 
Clnl,2, or hastened by their raised level (Lew et al. 
1992, 1997). Therefore accurate timing of the start of 
DNA replication and maintenance of optimum cell 
size depend upon the distinctive functions of individ- 
ual G~ cyclins in S. cerevisiae, although they can 
perform other functions slowly and by the crude test 
of survival G~ cyclins are interchangeable. 

Later in the cell cycle a special contribution of Clb5 
has been identified by deleting it from cells that carry 
a partially disabled CDK1 (cdc28-4"), revealing de- 
fective development of mitotic spindle and nuclear 
positioning in diploid cells (Segal et al. 2000). Only 
deletion of CLB5 caused this defect and no rescue of 
clb5 mutation was possible by overexpression of other 
cyclins, therefore a specific contribution of CLB5 to 
spindle and nuclear positioning is revealed. 

Furthermore, a key function of Clb5 cyclin/Cdkl 
occurs at the completion of mitosis (Shirayama et al. 
1999). Clb5 cyclin/Cdkl is the most significant kinase 
phosphorylating and marking for proteolysis the CDK 
inhibitor protein Sicl during mitosis. Largely due to its 
proteolysis Sicl is of low abundance during S phase 
and early mitosis. This low level of Sicl allows high 
CDK activity that is necessary for early events in 
nuclear division, but completion of anaphase requires 
the reaccumulation of Sicl and consequent low Cdk 
activity. The recovery of Sic1 levels involves elimina- 

tion of Clb5. The experimental deletion of this cyclin, 
and of no other cyclin, is effective in reducing the phos: 
phorylation of Sic1, thereby increasing its stability and 
accumulation. This special function of Clb5 was seen 
in double-mutant cells that lacked the protein Cdc20, 
which normally leads to proteolysis of Clb5 at 
anaphase, and the mutant also lacked the protein 
Pdsl, which regulates chromatid separation and also 
releases the phosphatase cdc14 that removes phos- 
phate from Sic1 (Clarke et al. 1999). In these double- 
mutant cells mitosis was stalled in anaphase because 
Sicl protein remained phosphorylated and could not 
accumulate, therefore Cdkl activity remained high. 
Only deletion of CLB5 could rescue cell division 
because this cyclin is so specifically targeted to the Sicl 
protein that CLB5 deletion is able to sufficiently 
reduce Sic1 phosphorylation (Shirayama et al. 1999). 
Clb5/Cdkl activity is therefore inversely related to 
Sicl stability, and since Sic1 can inhibit all mitotic Cdk 
complexes, the Clb5 level acts as a switch controlling 
the two major cell cycle transitions: exit from G~ phase 
and completion of mitosis. 

Many distinct cyclin functions have therefore been 
verified by intensive testing in budding yeast. It can 
now be well understood that, while absence of an indi- 
vidual cyclin may not cause immediate death of the 
cell, the requirement for timing of division events and 
retention of optimum cell size ensures that wild cells 
retain all nine cyclins as essential for effective compe- 
tition in the wild environment. 

10 Cyclin specification of structural events 
in division 

Manipulation of cyclin expression in yeasts has been 
more extensive than any yet achieved in plants and 
indicates cyclin control over the cytoskeleton and cell 
development. Cyclins that are expressed in G1 phase 
and cyclins expressed during nuclear division have 
opposite effects on the cytoskeleton and growth dis- 
tribution (Lew and Reed 1993). Accumulation of 
Clnl,2 cyclins in G1 phase induces aggregation of the 
actin cytoskeleton and localised wall growth that initi- 
ates a bud. Then during G2 phase, Clbl,2 cyclin accu- 
mulation disperses actin and there is an accompanying 
dispersion of wall growth to occur in both mother cell 
and bud. Significantly, overexpression of CLN genes in 
G2 phase restores concentration of actin and growth in 
the bud. Conversely overexpression of the Clbl,2 
cyclins (modified by deletion of destruction box to 
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evade proteolysis) during G1 phase disperses the actin 
and prevents localised growth and bud formation 
(Lew and Reed 1993). Similarly in fission yeast over- 
expression of Cdkl and the mitotic cyclin Cdcl3 
induces attempted mitosis during G1 phase (Hayles 
et al. 1994). Thus the effect on cell development is 
consistently determined by the identity of the abun- 
dant cyclin. 

Cyclins exert their effects, at least in part, by their 
specific subcellular locations (Pines and Hunter 1991, 
1994). In mammalian cells B-type cyclins are retained 
in the cytoplasm through G2 phase until their release 
into the nucleus in late-G2 phase, when cyclin B asso- 
ciates with-chromosomes during their condensation 
and with the spindle. In B-type cyclins a cytoplasmic 
retention signal (CRS) of about 50 amino acids has 
been detected upstream of the cyclin box and is found 
responsible for the initial retention of cyclin B in the 
cytoplasm. Whereas A-type cyclins lack the CRS and 
are predominantly nuclear through out the cell cycle. 
The CRS is crucial to location since if it is removed 
cyclin B becomes nuclear, and if the CRS is attached 
to cyclin A it is retained in the cytoplasm (Pines and 
Hunter 1994). Neither of these mislocations of cyclins 
expressed from introduced genes disrupts cell cycle 
progress, but this does not mean that cyclin location is 
unimportant since unmodified endogenous cyclins are 
still in their normal locations. 

Entry of cyclin B into the nucleus is certainly impor- 
tant since activation of quiescent oocytes by injected 
cyclin B mRNA depends upon the expressed cyclin 
protein moving into the nucleus. In this system, cyclin 
that Was unable to leave the cytoplasm because it con- 
tained mutated CRS that could not be phosphory- 
lated, was inactive in inducing division. Activity was 
restored if the cyclin was further modified to restore 
nuclear location, by introduction of a functional CRS 
or a nuclear location signal (Li et al. 1997, Hagting 

�9 et al. 1999). 
It is appropriate to consider how plant cell division 

and development may be similarly influenced by the 
presence and location of cyclin/Cdks since many forms 
of evidence point to the importance of these catalysts. 
In cell division, which is induced by developmental 
progression, hormonal stimulus, or wounding, there is 
consistently induction of Cdk (e.g., Gorst et al. 1991, 
Zhang et al. 1996) and of cyclin gene expression 
(Ferreira etal. 1994, Riou-Khamlichi etal. 1999, 
Gaudin et al. 2000, Mews et al. 2000; for reviews, see 
Jacobs 1995, Huntley and Murray 1999). Rising activ- 

ity of Cdk has been found to drive progression through 
the yeast cell cycle (for a review, see Stern and Nurse 
1996), and in plants essential cyclin/Cdk involvement 
in division is indicated by the inhibitory effect of dom- 
inant negative CDK1 on cell proliferation (Hemerly 
et al. 1995) and the stimulatory effect of injected plant 
mitotic cyclin B/Cdk (Hush et al. 1996; for a review 
see, Mironov et al. 1999). It is timely therefore to begin 
to consider the mechanisms by which the uniquely 
complex structural events of plant cell division may be 
influenced by the location of cyclin/Cdk enzymes. 

11 Location of cyclin/Cdk in dividing plant cells 

Methodology: in vivo location of plant proteins 

The accurate location of proteins in live cells remains 
problematical. A long-established method for locating 
proteins by indirect immunofluorescence microscopy 
(Osborn and Weber 1982) requires killing the cell with 
fixative to immobilise proteins and then permeabilis- 
ing to allow penetration of antibody that will bind 
specifically to the protein under investigation. Usually 
a secondary antibody with a fluorescent tag is then 
applied to allow indirect detection of the target 
protein detection. Results from many laboratories, 
using this method with different tissues, fixation tech- 
niques, and antibodies, have revealed something of 
in vivo locations, particularly of structural proteins. 
However, the technique can give both false negative 
and false positive results. False negative results can 
arise, particularly with soluble proteins, due to failure 
of fixation to cross-link the protein to adjacent struc- 
tures with sufficient stability to withstand the leach- 
ing effects of incubations with cell-wall-dissolving 
enzymes, permeabilising agents, and antibodies. False 
negative results can arise by masking of the antigenic 
site of the subject protein by other proteins. False pos- 
itive results can arise from localised precipitation of 
the target protein by fixative and by differential loss 
of the target protein during the staining. These are real 
concerns since artefacts of immunolocation have been 
demonstrated by injecting into live cells heterologous 
proteins, such as serum protein, which disperse evenly 
because they have no affinity for plant cell structures 
yet upon fixation and immunostaining appear to indi- 
cate localised distributions (Melan and Sluder 1992). 
To underline the point, fluorescent spinach calmodulin 
is evenly distributed when microinjected into live 
Tradescantia virginiana stamen hair cells, but when the 
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cells are fixed, the calmodulin takes on false localised 
distributions (Vos and Hepler 1998) that others had 
considered meaningful. 

An alternative approach is to make the subject 
protein under study fluorescent, so that when intro- 
duced by expression of a recombinant transgene or by 
microinjection it can be detected directly in the live 
cell without fixing and processing and also without 
requiring that an antigenic site be accessible. This 
method also brings problems since the fluorescent tag 
may alter the properties of the protein. In the case of 
small fluorescent chemical groups such as carboxy- 
fluorescein the attachments are physically small but, in 
the creation of the tagged molecule, their binding to 
reactive elements such as free amino groups that are 
usually scattered throughout the protein, the tag may 
bind to several locations. This may interfere with 
binding to other proteins and may distort cellular 
locations. 

More controlled placing of the fluorescent tag is 
possible with biologically synthesised fusion-proteins 
that contain a fluorescent-protein moiety such as 
green-fluorescent protein (GFP) as part of a compos- 
ite protein expressed from a single recombinant open 
reading frame. Such protein fusion fixes the area on 
the subject protein that is influenced by the tag, but 
that influence may be great since the 28 kDa GFP is 
almost as big as an average protein. There is also the 
problem that folding of the GFP may hinder normal 
folding of the subject protein under study. This can be 
addressed by introducing a flexible linker peptide. But 
the juxtaposition of subject protein, possible linker, 
and fused tag can unintentionally create structural 
features in the composite molecule such as bipartite 
nuclear localisation signals (Smith and Raikhel 1999). 
These reservations may be partially addressed if the 
function(s) of the subject protein is known and can be 
assayed in vitro to test the effect of fluorescent tags, as 
for example the capacity of carboxyfluorescein-Cksl 
to bind Cdk, or of GFP-calmodulin to show confor- 
mational shift with calcium (Hepler et al. 1994, Vos 
and Hepler 1998). However, it is rarely possible to 
know and to test all functions, or to test them in the 
milieu of competing proteins that occurs in the live 
cell. These problems may be countered by use of small 
chemical tags as well as fusion proteins, and by com- 
parison of fusions made at each end of the subject 
protein, both with and without a flexible linker. 

The in vivo location of proteins will be best indi- 
cated by a convergence of evidence, especially by cor- 

relation between microinjection of the unfixed cell and 
immunostaining of the unmodified protein. It is also 
useful if independent evidence that is not based on 
location can indicate whether the protein does have 
the function(s) that its location may imply. Some con- 
vergence of this sort is now emerging for a few cyclins 
and Cdks in plant cells as considered below. 

Mitotic locations of Cdkl (Cdc2Azm) and of o'clins 
CycBlzm;2 and CycA1;zrn;1 

Four mitotic cyclins (Renaudin et al. 1994) and the 
CDK Cdc2Azm (Colasanti et al. 1991)have been 
located during cell division in maize by antibody 
probing of sections cut from fixed and embedded 
roots. The antibodies were raised against the carboxy- 
terminal sequences of the cyclins and CDK, which 
are variable regions in these classes of protein, and 
are thus specific for the particular species. The CDK 
studied has been found able to complement mutation 
of the yeast CDC28 gene (Colasanti et al. 1991) and is 
therefore a functional homologue of CDK1. Encour- 
agingly there was no evidence of common distortions 
from fixation since the five antibodies indicated dis- 
tinct distributions of their target proteins. At two loca- 
tions cell cycle proteins have been detected by more 
than one technique, and other forms of evidence 
support their deduced function at these locations. 

At the preprophase band (PPB), both Cdkl and 
CycBlzm;2 are detected (illustrated in Fig. I I -K)  in 
serial sections that reveal its circumferential structure 
(Gunning 1982, Wick 1991) (illustrated diagramati- 
cally in Fig. 3). This location for Cdkl correlates with 
observations made in onion with an antibody raised 
against the cyclin binding region (PSTAIR region), 
which is expected to find Cdkl and closely related 
variants (Mineyuki et al. 1991, 1996), and it also 
correlates with observations in maize, made with a dif- 
ferent antibody which was raised against the same 
carboxy-terminal region of Cdc2Azm (Colasanti et al. 
1993). Finally a further different antibody locates Ara- 
bidopsis Cdc2a at the PPB (Stals et al. 1997). In maize 
the PPB location of CycBlzm;2 and Cdc2Azm is not 
shared with others of the four cyclins studied, but it 
cannot be concluded that CycBlzm;2 and Cdc2Azm 
are necessarily in a functional complex. A strong tem- 
poral element in location at the PPB was indicated 
by detection of CycBlzm;2 and Cdc2Azm only at 
the mature narrowed PPB, in which microtubules 
are about to be, or are being, disassembled at the 
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p r o p h a s e - p r o m e t a p h a s e  transition. Significantly, in 

live tobacco  cells there  was a similar locat ion of  alfalfa 

Cdc2b (a PSTAIR-con ta in ing  CDK1)  in a fusion with 

G F P  wi thout  l inker peptide. W h e n  expressed in the 

BY2 cell line, pre l iminary  observat ions  have detec ted  

C d c 2 - G F P  at the PPB and m o r e  precisely only at the 

ma tu re  PPB (Weingar tner  et al. 2000), exactly as has 

been  revealed  by immuno loca t ion  in maize (Mews 
et al. 1997). 

This t iming and locat ion of  C d k l  and cyclin 

C y c B l z m ; 2  suggested a likely funct ion in PPB disas- 

sembly that  was suppor ted  by a direct  funct ional  test 

(Hush  et al. 1996, John  1996, Wu et al. 1997). PPB dis- 

assembly was great ly accelerated in live s tamen hair  

cells of  Tradescantia virginiana by microinject ion of  

cyclin B/Cdk  enzyme  taken  f rom unicellular plant  cells 

in me taphase  of  mitosis and purified by affinity for  

yeast  Cks (Suc l )  prote in  that  binds Cdk (John et al. 

1991) (see Sect. 8). The purified plant  enzyme con- 

tained cyclin B, which reacted  with an t ibody against 

fission yeast  cycl inB,  and conta ined  Cdk, which 

reacted  with an t ibody against the P S T A I R  mot i f  

(Hush  et al. 1996). The purified enzyme  f r o m  meta-  

phase  cells had high prote in  kinase activity, but  control  

enzyme  f rom cells in te lophase  had low activity. 

Metaphase  enzyme  caused disassembly of  the PPB 

so rapid that  there  was no detectable  incorpora t ion  

of  f luorescently tagged tubulin m o n o m e r  into micro-  

tubules of  the PPB, a l though such incorpora t ion  into 

the PPB microtubules  occur red  in controls  (Hush  

et al. 1996). We consider  it significant that  C y c B l z m ; 2  

and C d c 2 A z m  are only found  at the ma tu re  PPB that  

is beginning to be disassembled and that  this dis- 

assembly has been  demons t r a t ed  to be l imited by 

activity of  cyclin B /Cdk  since it is accelera ted by 

injected active enzyme.  We suggest that  localisation of  

C y c B l z m ; 2  and C d c 2 A z m  at the PPB is a mechan i sm 

by which C D K  activity is focused on PPB b r e a k d o w n  

at the transi t ion to p rometaphase .  

Fig. 1A-F. Cyclin CycBlzrn;2 localisations during mitosis. Sections 
were labelled with anti-CycBlzm;2 antibody (A, B, D, F, G, I, and 
J), with anti-c~-tubulin (K), and DNA was stained with 4',6- 
diamidino-2-phenylindole (C, E, and H). A Cyclin CycBlzm;2 
accumulates first in the cytoplasm during late-G2 phase when it 
impinges upon, and begins to concentrate at, the nuclear envelope. 
B and C During prophase the cyclin is released from cytoplasmic 
retention and accumulates within the nucleus in association with the 
chromosomes. D and E The cycle of CycBlzrn;2 abundance and 
location through mitosis is encapsulated in four contiguous cells, 
where initial cytoplasmic retention during early prophase (top left) 
is followed by penetration of the nucleus and persistent association 
with the chromosomes until metaphase (bottom left, and also G and 
I-l), after which there is abrupt proteolysis of this cyclin, which 
reduces levels to a minimum by anaphase (bottom rfght), and 
minimal level persists through interphase (top right). F During late 
G2 and early prophase, as CycBlzm;2 is moving into the nucleus 
(cells left and right), the cyclin associates with the PPB microtubules 
that is tightly focused and about to be disassembled. I and J The cir- 
cumferential nature of the PPB is seen in serial sections through the 
same cell, cutting the PPB transversely (I) and in a glancing plane 
(J). KThe coincidence of the structure labelled with anti-CycBlzm;2 
with the microtubular PPB is seen by double labelling the section 
in J with anti-c~-tubulin. These results, and those in Fig. 2, were 
obtained in parallel with those reported by Mews et al. (1997), 
where the methods are fully described and the specificity of anti- 
bodies for proteins of appropriate size and recognition by epitope- 
specific binding are demonstrated. Bar: 5 gm 
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We cannot eliminate the possibility suggested by 
Sundaresan and Colasanti (1998) that Cdc2A plays a 
part in the maturation of the PPB and in marking of 
the future cross wall attachment site. But we note that 
CDK driving PPB maturation is not consistent with 
the late time of arrival of the Cdk and cyclin at the 
PPB, nor the inhibition of PPB breakdown caused by 
inhibition of CDK activity (Katsuta and Shibaoka 
1992), while conversely accumulation of phosphate on 
proteins by inhibition of protein phosphatase does 
not block PPB breakdown (Hasezawa and Nagata 
1992, Zhang et al. 1992). Concerning the function of 
marking the future cross wall attachment site, if this 
occurs by activity of cyclin B/Cdk the most precise 
marking will occur if the cyclin B/Cdk arrives at the 
tightly focused mature PPB as we suggest, rather 
than at the dispersed early PPB. A possible substrate 
of Cdkl at the PPB is the product of the Tangled gene 
that is necessary for proper cross wall location and ori- 
entation of division planes (Cleary and Smith 1998). 

At the chromosomes, concentration of CycBlzm;2 
was detected in the immediate chromosomal area 
throughout the period in which they were condensed; 
from prophase after this cyclin entered the nucleus to 
the metaphase-anaphase transition when CycBlzm;2 
was proteolysed (Fig. 1B, D, G). There was also an 
association of this cyclin with the spindle region 
(Mews et al. 1997). This chromosomal location is in 
contrast to CycB2a-zm, which was intranuclear but 
sharply excluded from chromatin (Mews et al. 1997), 
and this differential location is consistent with absence 
of fixation artefacts concerning cyclins within the 
nucleus. Significantly a chromosomal location similar 
to CycBlzm;2 was detected for the structurally similar 
tobacco cyclinB1;nt;2 (Genschik et al. 1998) by expres- 
sion of a GFP fusion in the BY2 cell line of tobacco 
(Parmentier et al. 2000). The fusion protein had no 
peptide linker but retained biological function indi- 
cated by its Cdk protein kinase activity in an anti-GFP 
immunoprecipitate. Again there is independent evi- 
dence not only of location but also of likely function 
of the cyclin B/Cdk at the chromosomes because 
injected cyclin B/Cdk dramatically accelerated chro- 
mosome condensation (Hush et al. 1996). We there- 
fore suggest that chromosome condensation is an in 
vivo function of plant cyclin B1. The Cdk partner at 
this location might be Cdc2a (Stals et al. 1997), but 
Cdks expressed late in the cell cycle (Magyar et al. 
1997) cannot be discounted and Meszaros et al. (2000) 
recently reported Cdc2MsF at this location. 

Taking into account this convergence of evidence 
from ourselves and others, together with the genetic 
evidence for the essential contribution of cyclin/Cdk 
in mitosis (Nurse 1990, Mironov et al. 1999) and the 
evidence for cyclin/Cdk association with microtubule- 
associated proteins (Ookata et al. 1993, 1995), we 
therefore deduce a direct involvement of cyclin/Cdk 
enzymes in the cytoskeletal machinery of plant 
mitosis. 

Further evidence, that is less extensively corrobo- 
rated, indicates location of CycBlzm;2 also at the 
nuclear envelope (Mews et al. 1997) (Fig. 1 A). This is 
indirectly supported by the effects of microinjection 
but awaits confirmation of location in other plants. 
CycBlzm;2 behaves in several ways like animal cyclin 
B1 (Pines and Hunter 1991) since it accumulates first 
in the cytoplasm through G2 phase (Fig. 1A, D) and 
then during prophase relocates into the nucleus 
(where it becomes associated with the chromosomes 
and spindle as noted). Cytoplasmic retention of human 
cyclin B1 derives from the presence of a CRS that can 
act as a cytoplasmic anchor if artificially transferred to 
other cyclins (Pines and Hunter 1994). 

A putative plant CRS has been recognised in 
CycBlzm;2 and in others of the CycBl-group, includ- 
ing CycBlgm;1, -am;l, -am;2, -at;2, -nt;1, and -nt;2 
(Mews et al. 1997), but the plant CRS has not yet been 
tested. It is an indication of the robustness of the 
present classification that, although it was not based 
upon the putative CRS region since cytoplasmic reten- 
tion was not yet reported in plant cyclin proteins, the 
cyclins that are now identified as having putative CRS 
region (Mews et al. 1997) were classified as Bl-type 
by Renaudin et al. (1998). An anomaly may be 
CycBlzm;1, which is not cytoplasmically retained, 
although it is structurally similar to the Bl-type plant 
cyclins, and especially similar to CycBlzm;1, in the 
cyclin box. We consider it significant that a major dif- 
ference between CycBlzm;1 and CycBlzm;2 is the 
absence of a CRS in the former and that cytoplasmic 
retention correlates with the CRS. 

The importance of transfer into the nucleus for 
animal cyclin B function (Li et al. 1997, Hagting et al. 
1999) has been mentioned in Sect. 10. During the 
transfer of CycBlzm;2 the cyclin is transiently visible 
concentrated at the nuclear envelope (Fig. 1A, D) 
(Mews et al. 1997). The association probably then 
persists during the brief period while cyclin B1 has 
entered the nucleus and envelope breakdown is not 
yet complete, but the cyclin is not then clearly visible 
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at the envelope against the background of cyclin that 
accumulates in the nucleus. Location at the nuclear 
envelope may be functionally significant since the 
cyclin arrives immediately prior to envelope break- 
down, which is greatly accelerated by injection of 
cyclin B/Cdk and begins nearest the point of injection 
where cyclin B/Cdk concentration is highest (Hush et 
al. 1996, Wu et al. 1997). It is known that Cdkl  phos- 
phorylation of lamin proteins in the nuclear envelope 
is necessary for nuclear-envelope breakdown (Enoch 
et al. 1991). The weight of evidence therefore suggests 
that a further likely function of CycBlzm;2/Cdkl is in 
nuclear-envelope breakdown. The several locations 
and probable functions of CycBlzm;2 just indicated 
are not unprecedented, and indeed they resemble 
those of metazoan cyclin B1 (Pines and Hunter  1991, 
1994; Jackman et al. 1995). 

Phragmoplast location of CycA1;zm;1 was an un- 
expected observation (Mews et al. 1997) (Fig. 2) since 
mitotic cyclins in other eukaryote kingdoms are pro- 
teolysed during anaphase and therefore are at low 
levels in cytokinesis. The proteolysis of B-type cyclins 
is part of a wave of proteolysis at anaphase that 
reduces mitotic Cdk activity by cyclin degradation 
(Nigg 1995, Nasmyth 1996, A. Murray et al. 1989) and 
eliminates proteins that are inhibitory to chromosome 
separation, especially Pdsl, cohesins, and chromoki- 
nesins (Shirayama et al. 1999, Michealis et al. 1997, 
Funabiki and Murray 2000). If Cdk activity is kept 
high by overexpression of cyclins and Cdk, or by 
making cyclin more stable through deletion of the 
destruction box, then anaphase is inhibited (King et al. 
1995). A similar failure to progress past metaphase is 
seen in a unicellular plant with a genetic block to cyclin 
proteolysis (Wu etal .  1997) and in higher-plant 
cells with an inhibitor block to proteolysis (Genschik 
et al. 1998). The cyclin behaviour seen in maize is not 
in contradiction of this since the B-type cyclin 
CycBlzm;2, which is seen to be most directly involved 
in nuclear division, is indeed eliminated at anaphase 
(Fig. 1 D, E). 

The persistence of the CycA1;zm;1 cyclin and its 
concentration at the phragmoplast suggest that the 
microtubular dynamics of this structure which is uni- 
que to plants, are regulated by cyclin/Cdk much like 
the mitotic spindle that precedes it. Observations that 
cyclin/Cdk interacts with the microtubule-associated 
protein MAP4 at the spindle (Ookata et al. 1993,1995) 
raises the possibility that CycA1/Cdk substrates at the 
phragmoplast may include MAPs and motor proteins 

Fig. 2A-C. Cyclin CycA1;zm;1 localisation at the phragmoplast. 
Sections were labelled with anti-CycA1;zm;1 (left) and DNA 
was stained with 4',6-diamidino-2-phenylindole (right). Cyclin 
CycA1;zm;1 concentrates at the phragmoplast from the time of 
initial phragmoplast formation in late anaphase (A), continuing 
through the centrifugal extension of the phragmoplast to the 
margins of the cytoplasm by telophase (B), and remaining during 
the completion of cytokinesis as the phragmoplast is eroded begin- 
ning centrally (C). The concentration of CycA1;zm;1 at the phrag- 
moplast relative to that in the surrounding cytoplasm far exceeds 
that which occurs nonspecifically when soluble proteins penetrate 
the greater available space within the pallisade of phragmoplast 
microtubules (Hepler et al. 1994). Cyclin CycA1;zm;1 also associates 
with other microtubular structures (illustrated in Mews et al. 
1997) but is most concentrated at the phragmoplast. Bar: 5 ~tm 

such as phragmoplast-located kinesin-like proteins 
(Liu et al. 1996, Asada et al. 1996). The MAP kinase 
MMK3 is concentrated in the phragmoplast of alfalfa 
and depends upon integrity of microtubules for its 
accumulation at that location and for its retention of 
enzyme activity (BOgre et al. 1999). Interaction of the 
CycA1/Cdk and MMK3 kinases is an evident possibil- 
ity. The function of plant cytokinesis is finally yielding 
to genetic analysis (for a review, see Heese et al. 1998) 
and may reveal the phragmoplast proteins that inter- 
act with cyclin/Cdk. 

Successional changes of cyclins through nuclear 
division are not unique to plants. In Drosophila 
melanogaster cyclins A, B, and B3 are sequentially 
degraded during nuclear division and introduction of 
modified nondegradable (stable) cyclin A results in 
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metaphase arrest, while stable cyclin B causes ana- 
phase arrest and stable cyclin B3 causes late-anaphase 
arrest, suggesting that the sequential disappearance 
of cyclins orders progression from metaphase to 
telophase (Sigrist et al. 1995). In budding yeast cyclin- 
like proteins Pcl2 and Pcl9 are expressed in late 
mitosis, but both genes can be deleted without causing 
any phenotype and their expression is not linked to 
cytokinesis, which begins earlier with formation of the 
bud (Aerne et al. 1998). 

Plants are not unique in having protein kinase activ- 
ity during cytokinesis since protein kinases of the polo 
family, which are not cyclin dependent, are located 
in the persistent midzone of the Caenorhabditis ele- 
gans spindle and are required for the location there 
of microtubule-bundling proteins (Schumacher et al. 
1998) and the S. pombe polo kinase phosphorylates 
and promotes movement from nucleus to the cortex of 
the protein Mid1 that marks the site of the cytokine- 
sis cleavage furrow (B~hler et al. 1998). These sorts of 
cytoskeletal and positioning functions may be carried 
out by cyclin-dependent kinases in plants. Interest- 
ingly, in Aspergillus nidulans Cdk activity is necessary 
and rate limiting for septation (Harris and Krauss 
1998), although it is not in fission yeast, but it is not 
known if cyclin/cdk is present at the Aspergillus 
septum, and since this is very different from the plant 
cell plate, the fungus is not likely to be a useful model. 

Plants appear to be unique among higher eukary- 
otes in extending cyclin participation into cytokinesis. 
It has been suggested (Mews et al. 1997) that this could 
have evolved in the plant kingdom from situations in 
which cytokinetic microtubular structures are present 
concurrently with the mitotic spindle when cyclin/ 
Cdks are generally associated with microtubular struc- 
tures (Jackman et al. 1995, Ookata et al. 1995). Con- 
current presence of spindle and cytokinetic apparatus 
is seen, for example, in some members of the charo- 
phycean algae, from which higher plants are thought 
to have evolved (Lokhorst et al. 1988), and in the spore 
mother cells of bryophytes (reviewed by R. Brown and 
Lemmon 1997). It may also be functionally important 
that the phragmoplast is attended by cyclins that do 
not undergo the anaphase proteolysis seen with the 
Bl-type cyclin CycBlzm;2. This may be particularly 
advantageous in developmental programs where 
cytokinesis does not follow on from mitosis, as when 
cytokinesis is suspended in the development of coeno- 
cytic tissues such as the endosperm (reviewed by 
Gunning 1982, Heese et al. 1998). Thus some separa- 

tion of cyclin functions in phragmoplast and spindle 
may facilitate independent regulation of nuclear divi- 
sion and mitosis, as in endosperm development and 
subsequent cellularisation. 

12 Towards functional groupings of plant cyclins 

There are implications for the functional groupings of 
plant cyclins from the involvement of cyclins and Cdks 
in many processes that are not found in animal mitosis 
(Fig. 3). Plants are not unique in having cyclins that 
accommodate special features of cell division since in 
animal cells the large single Golgi body, which is dis- 
assembled during mitosis and then reassembled in 
daughters, is attended by cyclin B2, while cyclin B1 
attends chromosomes and spindle (Jackman et al. 
1995). By contrast the numerous small persistent Golgi 
stacks of plants are inherited by segregation to a 
"Golgi belt" that is bisected by the new cell wall 
(Nebenft~hr et al. 2000). We need not expect plant 
equivalents of animal cyclin B2. Nor, conversely, need 
there be precise animal equivalents of plant cyclins 
that are dedicated to the formation and operation of 
a mitotic spindle that functions without a polar organ- 
iser. Similarly, control of the plant phragmoplast will 
have evolved distinctively because the phragmoplast 
outlasts the spindle in the cell cycle, has more numer- 
ous shorter tubules, and makes the new cell wall by 
transporting wall material centripetally towards a cell 
plate, which expands towards the cell margins. 

In spite of these differences between plant and 
animal cell division, and although plant cyclin clas- 
sification was not undertaken to predict function 
(Renaudin et al. 1998), the plant cyclin B1 group is 
now seen to contain some cyclins with significant func- 
tional similarities with animal cyclin B1. The cyclin 
CycBlzm;2 (described earlier as located at the PPB) 
is initially cytoplasmic, relocates to the nucleus during 
prophase and associates with chromosomes and 
spindle, and then is abruptly proteolysed during entry 
to anaphase (Fig. 1 D). All of these general properties 
are shared with animal cyclin B1 (Pines and Hunter 
1991, 1994; Jackman et al. 1995); however, a simple 
conservation of cyclin B between animals and plants is 
not likely since there is only 30% amino acid sequence 
similarity and the 9 bp MAS motif (Ito et al. 1998) is 
present only in the plant promoter (Sect. 3). 

Plant A-type cyclins are likely to be more plant- 
specific in structure and function. Plant A-type cyclins 
with the functions of animal cyclin A would have a 
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Fig. 3. Summary of locations of some cyclins and associated proteins through the cell cycle. Only selected stages of division are illustrated 
and for clarity microtubules are increased in diameter and greatly reduced in number. In reality microtubules are so numerous that they 
form a haze in which individual tubules cannot be distinguished by light microscopy; for example, cell 4 corresponds with Fig. 1A, cell 5 
corresponds with Fig. 1 D bot tom left, and cell 6 corresponds with Fig. 2 C. Although Cdc2a is described as predominantly nuclear at times 
when the nucleus is enclosed by membrane,  its cytoplasmic presence is quantitatively significant because of the greater volume and it allows 
an association with PPB microtubules at prophase (4). Functions of cyclins, Cdc2a, and Cks are described in the text together with refer- 
ences. It is expected that future study of the many plant cyclins and interacting proteins will reveal many more locations and functions 

nuclear location and function in the transcription of 
genes for DNA replication and in the activity of DNA 
replication origins (Sects. 6 and 7) but would not be 
concerned with the later events of mitosis. However, 
plant cyclins that are structurally similar to animal 
A-type cyclins are difficult to recognise. Sequence 
comparison focuses on small regions including the 9- 
amino-acid destruction box motif (Sect. 2) and the 
cyclin box region of about 250 amino acids. Outside 
the cyclin box there is little sequence conservation for 

comparison, yet the cyclin box is mainly concerned 
with binding Cdk and it is the remaining half of the 
molecule that has the prime function of binding sub- 
strate proteins. In the cyclin box, plant cyclins desig- 
nated as A-type are approximately 37% similar with 
animal and yeast cyclin A, but also 26% similar with 
the B-cyclins. Clearly overall similarity in the cyclin 
box is not striking, therefore small regions whose bio- 
logical functions are not known have been used in 
attempted discrimination. Plant A-type cyclins have 
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L59 VEV-EEY (which is close to the MRAIL region) 
and plant B-type cyclins have the small motif H63-KF 
found in yeast B-cyclins (Renaudin et al. 1998). 

It has therefore been cautioned that designations of 
plant cyclins as A-type or B-type does not imply 
homology of function with animal cyclins. This is 
underlined by the behaviour of maize CycA1;zm;1, 
which has properties typical of both animal A-type and 
B-type cyclins. Persistence of CycA1;zm;1 through 
telophase is unlike the anaphase proteolysis of animal 
B-type cyclins, but cytoplasmic retention of CycA1; 
zm;1 and presence of a putative CRS (Mews et al. 
1997) is like animal B-type cyclins, and it is significant 
in allowing retention of this cyclin in the cytoplasm 
at the phragmoplast, after nuclei have re-formed at 
telophase. 

Difficulty of predicting function is also seen in the 
pair of cyclins CycBlzm;1 and CycBlzm;2 that are 
classified together from structural similarity in most of 
the molecule (Renaudin et al. 1998) but behave quite 
differently. CycBlzm;1 behaves like animal cyclin A 
(Mews et al. 1997) in being essentially nuclear and 
dispersing evenly at nuclear-envelope breakdown, 
exactly like CKS (Hepler etal. 1994), whereas 
CycBlzm;2 has cytoplasmic retention and the range of 
mitotic locations described (Fig. 1). Further functional 
difference is seen in the marked anaphase proteolysis 
of CycBlzm;2 but not CycBlzm;1, although both 
are highly conserved in the destruction box itself. 
Functional difference is also implied in the different 
times of accumulation, which for cyclin CycBlzm;1 
occurs in G1 phase but for CycBlzm;2 in G2 phase.This 
difference in timing is consistently seen during on- 
going cell proliferation and also when cell division is 
reinitiated (Mews et al. 1997, 2000). One structural 
clue to the different in vivo properties of these cyclins 
is the presence of a putative CRS sequence in 
CycBlzm;2 upstream of the cyclin box. This retention 
sequence, together with other regions outside the 
cyclin box that are not yet understood in terms of 
effect on function, may explain the difference in 
behaviour and function. 

Plant cyclins therefore have mixed properties and 
functions compared with those of animals, as well as 
some structural and functional elements that have no 
close animal counterpart. Such mixed properties are 
indeed not unknown in animals, where cyclin B3 
shares properties with both A- and B-type cyclins 
(Gallant and Nigg 1994). 

13 Conclusion 

In the plant kingdom it is becoming clear that cyclins 
make multiple contributions, being involved at sites of 
change to the cytoskeleton, nucleus, chromosomes, 
spindle, and phragmoplast. Cyclins bind diverse pro- 
teins, including some like Cks that are not themselves 
Cdk substrates but have the capacity to bind other 
proteins that are substrates. The binding activities of 
cyclins, and their diverse locations in the plant cell, 
suggest that cyclins function as scaffolds in appropri- 
ate locations, on which different groups of proteins 
including substrates of Cdk or modifiers of Cdk activ- 
ity can assemble and where Cdk enzyme can select 
multiple phosphorylation sites in the assembled 
proteins. 
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