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Abstract

Probes derived from cell cycle genes and  proteins of the fission yeast 
Schizosaccharomyces pom be  were used to investigate cell cycle control 
m echanisms in higher plants at the biochemical, cellular and  m olecular 
biological level.

Full-length cdc2+, cd c l3 + and su c l+ genes were used to screen Southern blots 
of genomic DNA from different p lant species. The cdc!3+ gene hybridised to 
Chlamydomonas, maize and Arabidopsis DNA but yielded no positives when 
used to screen an A ntirrhinum  cDNA library. Two oligonucleotides were 
designed, com plem entary to regions conserved in cdcl3  and  its homologues, 
with the intention of screening a second cDNA library made from  
Arabidopsis buds. The oligonucleotides were also used in the polymerase 
chain reaction (PCR) with maize genomic DNA. A 'ladder’ of DNA fragments 
around the expected size was amplified.

Polyclonal antibodies against yeast cell cycle proteins were used for indirect 
immunofluorescence staining of onion root tip cells. An antibody against the 
conserved PSTAIR epitope of the cdc2+ gene product stained a cytoplasmic 
reticulum  but this staining was not abolished by com petition with PSTAIR 
peptide. The monclonal antibody MPM2 recognised a nuclear antigen which 
became dispersed throughout the cytoplasm a t mitosis. Nuclear staining was 
brightest at prophase and, by double staining for tubulin, this stage was 
always found to correlate with the presence of a preprophase band of 
m icrotubules.

p l3 , the su c l+ gene product, was purified from  a bacterial expression system 
and coupled to Sepharose. pl3-Sepharose precipitated a histone HI kinase 
activity and a protein possessing the PSTAIR epitope from  extracts of tobacco 
suspension cells r e le a s e d  from  anaphidicolin block. The precipitated kinase 
activity d id  not vary during the cell cycle of these synchronised cells. p i  3- 
Sepharose also precipitated a  histone HI kinase activity from  an extract of 
carro t suspension cells in stationary phase bu t no protein possessing the 
PSTAIR epitope was detected in this case.
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Chapter 1. Introduction

1.1 The cell cycle
The period during which the events necessary for successful cell 
reproduction are completed is called the cell cycle (Nurse, 1990). In 
eukaryotes, the two m ajor events common to all cell cycles are S-phase, a  DNA 
synthetic period when the chromosomes are replicated, and  M-phase 
(mitosis) when replicated chromosomes are segregated into two daughter 
cells. An interval of time, G l, usually separates the initiation of DNA 
synthesis from  the previous cell division and  a second interval, G2, usually 
separates the completion of DNA synthesis from the onset of mitosis. The 
period of the cycle during which the cell is not in mitosis is also called 
in terp h ase .

Hartwell and  colleagues were the first to attem pt a genetic analysis of cell 
cycle control, using the budding yeast Saccharomyces cerevisiae as a model 
(Hartwell, 1974). A series of tem perature-sensitive m utants were isolated 
which grew normally at 23°C (the permissive tem perature) but, unlike the 
wild-type strain, could not form colonies at 36°C (the restrictive 
tem perature). In some of the m utants developm ent was arrested at a specific 
stage in the cell cycle, as evidenced by cellular and  nuclear morphology.
These were called cell division cycle (cdc “) m utants. Their m utations defined 
a num ber of genes whose protein products were essential for the successful 
completion of specific events in the cell cycle, such as DNA replication, 
mitosis and  cell division.

The CDC28 gene was found to mediate a decisive step in budding yeast 
development, defined by the acquisition of insensitivity to a-factor (a peptide 
pherom one). Prior to this step in G l; cells of mating type a  could be induced 
to arrest in the cell cycle by exposure to a-factor as a prelude to mating.
After the CDC28-mediated step, however, the cells were committed to 
completing a mitotic cycle before they could undergo such arrest. This step, 
which seemed to represent the beginning of the yeast cell cycle, was 
therefore called 'Start' (Hartwell e t a/., 1974).

Hartwell's strategy was later applied to Schizosaccharomyces pom be , the 
fission yeast, by Nurse and co-workers (Nurse, 1975; Nurse e t al., 1976; Nurse
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and  Thuriaux, 1980). This organism was introduced as a model for cell cycle 
research because, unlike S.cerevisiae which forms buds, S.pom be  grows by 
progressive apical elongation and divides by medial fission a t a constant 
length of around 14^m (Mitchison, 1957). Cell length therefore provides a 
d irect visual m arker of position in the cell cycle (Mitchison, 1970).

With a few exceptions, tem perature-sensitive cell division cycle 
(cdc") m utants of S.pombe become abnorm ally long when raised to 36°C (the 
restrictive tem perature) because growth continues even though division is 
blocked. Cells of one such m utant, cdc2', were found to arrest at two points in 
the division cycle when raised to the restrictive tem perature (Nurse and 
Bissett, 1981). One subpopulation was mating-competent and arrested a t a 
point in G1 analogous to 'Start’ in S.cerevisiae . The second subpopulation of 
cells was arrested in G2, just before mitosis. That this represented a second 
m ajor control point in the fission yeast cell cycle was inferred from  the 
existence of a special class of cdc2 m utants (cdc2w  m utants) that progressed 
through the cell cycle at an accelerated rate, undergoing division a t reduced 
size: cdc2+ appeared to determ ine the timing of mitosis in S.pombe.

The existence of such a control point regulating entry  into M-phase agreed 
with the results of Rao and Johnson (1970) who had fused HeLa cells at 
different stages of the cell cycle. They found tha t in heterophasic S/G2 cells 
the G2 nuclei were delayed in entering mitosis by the presence of the S 
com ponent and the greater the original dose of S com ponent the greater the 
delay. They concluded that en try  into mitosis depended upon a critical 
concentration of mitotic inducer substances accum ulated during G2, whose 
effects were partially titra ted  by the S com ponent in an S/G2 cell. Mitosis 
generally occurred highly synchronously once all the nuclei of a 
m ultinucleate cell had  achieved coordination.

The classical genetic approach of isolating m utants in the cell cycle was 
useful in identifying control points bu t did no t perm it a m olecular analysis 
of the gene functions involved. The construction of an S.pombe gene bank 
and the development of a DNA transform ation system enabled genes to be 
cloned by com plementation of the appropriate m utant function, however 
(Beach e t al.y 1982a). The cdc2+ gene was cloned and  found to share sequence 
homology with serine/threonine protein kinases (Hindley and  Phear, 1984). 
More significantly it was found to be homologous with the CDC28 gene cloned
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from  S.cerevisiae (Beach e t al., 1982b; Lorincz and Reed, 1984). The two genes 
shared 62% identity a t the amino acid level and  were functionally 
interchangeable; CDC28 could complement the tem perature-sensitive cell 
cycle defect in cdcT  m utants of S.pombe (Beach e t al., 1982b) and, after

CT>C
deletion of its introns, cdc2+ could rescue jcdc28 m utants of S.cerevisiae 
(Booher and  Beach, 1986). This rem arkable structural and functional 
conservation stimulated a search for cdc2+/CDC28 homologues in o ther 
eukaryotes, and  the same technique of genetic com plem entation was in fact 
used to isolate the cdc2 gene from hum ans (Lee and  Nurse, 1987).

The cdcl + gene product was found to be a 34kDa phosphoprotein (p34cc*c2) 
which possessed protein kinase activity in vitro  (Simanis and  Nurse, 1986). 
Neither cd c l transcript levels nor p 34cdc2 protein  levels changed 
significantly during the cell cycle (Simanis and  Nurse, 1986; Durkacz e t al.,
1986; Booher e t al., 1989) but when assayed during a synchronous culture the 
p 34°d c2 protein kinase activity peaked in cells undergoing mitosis (Booher 
etal., 1989; Moreno etal., 1989).

A biochemical activity capable of inducing prem ature en try  into meiosis in 
am phibian oocytes had  previously been identified in unfertilized am phibian 
eggs (Masui and Markert, 1971; Smith and Ecker, 1971). The characterisation 
of this activity, called M aturation Promoting Factor (MPF), was one of the 
m ain goals of biochemical cell cycle research, an approach which had  
proceeded in parallel with the genetic studies, using invertebrate and 
vertebrate oocytes and eggs as models (oocytes can be induced to proceed 
synchronously into meiotic M-phase, and  eggs undergo synchronous rounds 
of mitotic cleavage during early embryogenesis). MPF was identified in a 
wide variety of mitotic and  meiotic cells, from  yeast to man, and  was 
generally agreed to be the cytoplasmic agent responsible for the initiation of 
M-phase (reviewed in Masui and Shibuya, 1987). When purified to a high 
degree MPF was found to possess protein kinase activity against several 
substrates and  to comprise two subunits of relative molecular mass 32kDa and 
45kDa (Lohka et al., 1988). Immunoblotting and  im m unoprecipitation 
experim ents showed th a t the smaller, catalytic subunit cross-reacted with 
antibodies raised against fission yeast p 34cdc2 (Gautier e t al., 1988; Dunphy e t  
al., 1988). Meanwhile, highly purified M-phase specific histone HI kinase 
from starfish and o ther organisms was also shown to contain p 34cc*c2 (Arion 
e t al., 1988; Labbe e ta /., 1988; Labbe etal., 1989; Langan e ta l., 1989). Thus the
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p34cc*c2 protein kinase seemed to be structurally and functionally conserved 
over a wide span of evolution, in species ranging from  yeast to frogs and 
hum ans.

1.1.1 Activation of p 34cc*c2

The observation that p 34cc*c2 protein  kinase activity peaked at mitosis 
initiated investigation into the m echanism of its activation. Entry in to  M- 
phase was known to be associated with dephosphorylation of the molecule 
(Dunphy and Newport, 1989; Morla eta l., 1989). In S.pombe a  single tyrosine 
residue was identified whose phosphorylation/dephosphorylation 
profoundly influenced p 34cc*c2 activity (Gould and  Nurse, 1989). This was 
T yrl5  in the proposed ATP-binding site of the molecule. Substitution of this 
residue with phenylalanine (which cannot be phosphorylated) caused the 
p 34cdc2 protein kinase to be prem aturely activated and  advanced cells into 
mitosis. It appeared tha t for most of the cell cycle p 34cdc2 was 
phosphorylated on T yrl5  and hence inactive as a kinase. At the onset of 
mitosis, however, dephosphorylation of T yrl5  occurred perm itting kinase 
activity to be expressed. Thus tyrosine dephosphorylation appeared to 
represen t the rate-lim iting step controlling kinase activation and  en try  into 
mitosis. More recently, phosphorylation of a conserved threonine residue in 
cdc2 has also been found to be im portant for kinase activation (Gould e t al.,
1991; Ducommun eta l., 1991); in S.pombe phosphorylation of T hrl67  is 
necessary for kinase activity a t mitosis and seems to prom ote the association 
of p 34cc*c2 with cyclin B (see below) (Gould e t al., 1991).

1.1.2 Regulatory networks

It seemed likely that regulation of the p 34cdc2 protein kinase would be 
complex and  several genes which interacted with cdc2+ were identified in 
S.pombe. cdc25+, wee 1+ and n im l+ appeared to work in a regulatory network 
upstream  of cdc2+ (Russell and Nurse, 1986; 1987a; 1987b). Overexpression of 
cdc25+ and n im l+ caused mitotic advancem ent suggesting these genes 
encoded mitotic inducers, whereas the opposite was true of w eel+. Moreover, 
cdc25+ and w eel+ appeared to act independently but mutations in n im l  had 
no effect on mitotic control in the absence of weel. Thus n im l+ seemed likely 
to be an upstream  inhibitor of w ee l+, accounting for its overall positive 
effect on mitotic control. Recently, the cdr  1 gene in S.pombe, identified as a
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m utation affecting the responsiveness of the organism  to nutritional 
deprivation, has been found to be allelic with n im l (Feilotter e t al., 1991).

Suppressor analysis identified two m ore genes, c d c l3+ and su c l+, which 
interacted closely with cdc2+ (Hayles eta l., 1986a; Booher and Beach, 1987). 
c d c l 3 was isolated in the original screen for tem perature-sensitive cell 
division cycle m utants of S.pombe and  reisolated as an  extragenic suppressor 
of a cold-sensitive allele of cdc2, defective in its G2 function. su c l+ was 
isolated as a DNA sequence which, at high copy num ber, could rescue certain 
tem perature-sensitive m utants of cdc2. The allele-specific nature  of the 
suppression in both cases suggested there m ight be direct interaction 
between one or both of the cdcl3+ and sucl+ gene products and  p 34cc*c2^
Some of these mitotic regulators will now be described in m ore detail.

1.1.3 cdc25

cdc25" m utants of S.pombe arrest in the G2 phase of the cell cycle (Fantes,
1979) and expression of the gene is rate-limiting for en try  into mitosis in 
wild-type cells (Russell and Nurse, 1986). Homologues of cdc25+ have now 
been identified in budding yeast, Drosophila and  hum ans by 
com plementation of fission yeast m utants or, on the basis of sequence 
similarity, using the polymerase chain reaction (PCR) (Russell e t al., 1989;
Edgar and O'Farrell, 1989; Jimenez etal-, 1990; Sadhu etal., 1990).

cdc25+ appears to be necessary for activation of the p 34cc*c2 protein  kinase 
(Booher e t al., 1989; Moreno e t al., 1989). When cells of a  tem perature- 
sensitive cdc25“ strain were placed at the restrictive tem perature they 
arrested just before mitosis and  no peak of kinase activity was detected. Such 
arrested  cells were found to accumulate the tyrosine-phosphorylated form of 
p 34cdc2 (Gould etal., 1990; Alfa etal., 1990). Moreover, the addition of 
bacterially produced Drosophila cdc25 protein to Xenopus oocyte extracts 
(which contain tyrosine-phosphorylated p 34cc*c2 in a latent complex called 
pre-MPF) resulted in the specific activation of the p 34cc*c2 protein  kinase by 
tyrosine dephosphorylation (Kumagai and Dunphy, 1991).

Although the cdc25 protein showed little structural homology with most well- 
known tyrosine kinases, Strausfeld e t al. (1991) dem onstrated that hum an 
cdc25 protein could elicit tyrosine dephosphorylation of a highly purified
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preparation  of p34cc*c2 from starfish oocytes. This suggested tha t the cdc25 
pro tein  m ight act directly upon p 34cdc2> a  novel tyrosine/serine 
phosphatase was subsequently described in vaccinia virus which did  share 
homology with a highly conserved portion of the cdc25 protein  (Guan e t al., 
1991; Moreno and Nurse., 1991). This was followed by dem onstrations that 
purified Drosophila cdc25 protein possessed intrinsic phosphatase activity 
against several model substrates, and that hum an cdc25 could 
dephosphorylate p 34cc*c2 derived from  overproducing insect cells on Tyrl5  
in  vitro  (Dunphy and Kumagai, 1991; Gautier e ta l., 1991; Lee eta l., 1992).

The cdc25+ gene product thus seems likely to activate the p 34cc*c2 protein 
kinase in  vivo  by dephosphorylating a critical tyrosine residue. It has also 
been implicated in m aintaining the dependence of M-phase upon S-phase in 
S.pom be; m utations rendering p 34cdc2 insensitive to the level of the cdc25 
gene product cause cells to en ter mitosis before completing DNA replication 
(Enoch and  Nurse, 1990).

1.1.4 weel

The w eel+ gene was identified in  S.pom be  as a  mitotic inhibitor whose 
absence caused cells to en ter mitosis at around half the norm al size, and 
whose overexpression caused increm ental increase in cell length a t division 
(Nurse, 1975; Nurse and Thuriaux, 1980; Fantes, 1983; Russell and Nurse, 1987a; 
Hagan e t al., 1990). w eel+ appeared to act antagonistically to cdc25+ in the 
activation of cdc2+. A later screen for suppressors of the ’mitotic catastrophe' 
phenotype in S.pombe cdc2-3w wee 1-50 double m utants identified m ik l+, a 
gene which could complement m utations in w eel (Lundgren e t al., 1991). 
Disruption of m ik l+ produced no obvious phenotype but a strain carrying a 
null allele of m ik l  and  tem perature-sensitive allele of w eel was found to 
initiate mitosis without observing any of the norm al requirem ents for M- 
phase such as execution of 'Start' or completion of S-phase. Moreover, the 
phosphotyrosine content of p 34cdc2 declined rapidly in such a  strain 
although tyrosine phosphorylation was known to occur in w eel “m utan ts 
(Gould e t al., 1990). Thus w eel+ and m ik l+ appeared to act redundantly  in the 
negative regulation of the p 34cc*c2 protein  kinase.

The w eel and m ik l  gene products were both predicted to be serine/threonine 
protein kinases (Russell and Nurse, 1987a; Lundgren e t al., 1991). However,
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w eel pro tein  was found to undergo autophosphorylation on both  serine and 
tyrosine residues in vitro, and  to phosphorylate an exogenous substrate on 
tyrosine (Featherstone and  Russell, 1991). It thus seemed to represen t a  novel 
class of ty rosine/serine  kinases which m ight be directly responsible for 
tyrosine phosphorylation of p 34cc*c2 in vivo, although phosphorylation of 
purified p 34cdc2 by w eel + kinase has not yet been dem onstrated in vitro. A 
hum an homologue of w eel +has recently been identified by 
com plem entation of yeast m utants, suggesting that the gene function has 
been conserved during evolution (Igarashi e t al., 1991).

1.1.5 sucl

su c l+ was found to be an essential gene in S.pom be , involved in both growth 
and division (Hayles e t al., 1986b). Overexpression of the gene delayed mitosis 
and produced elongated cells, while haploid spores containing the disrupted 
gene were no t viable. The rescue of certain cdc2~ m utants by overexpression 
of sucl+suggested that the sucl gene product (p l3 sucl)  m ight interact 
directly with p 34cdc2 (Hayles eta l., 1986a). p l3 sucl  did not seem to be a 
substrate for the kinase since it rem ained unlabelled when fission yeast cells 
were grown in  m edium  containing radioactive phosphate (Brizuela e t al.,
1987). When yeast lysates were passed over an  an ti-p l3 suc  ̂ imm unoaffinity 
column, however, both  p l3 suc  ̂ and  p 34c^ c2 were specifically retained 
(Brizuela e t al., 1987). Bacterially-expressed p l3 sucl was subsequently 
purified and  coupled to Sepharose directly (Dunphy et al., 1988). The 
resulting affinity m atrix (pl3-Sepharose) was found to bind p34c^ c^/MPF 
with high avidity in a num ber of systems, including Xenopus, starfish, and  
hum ans (Dunphy eta l., 1988; Arion etal., 1988; Brizuela eta l., 1989; Giordano 
et al., 1989). It thus seems likely that p 34cc*c2 and p l3 sucl  exists as a complex 
in vivo.

p 13sucl ^50  appeared to be a  negative regulator of mitosis (Dunphy and 
Newport, 1989). It blocked entry into M-phase when added to Xenopus egg 
extracts and  the inhibition correlated with failure of p 34cc*c2 to be 
dephosphorylated on tyrosine and  develop kinase activity. However, Jessus e t 
al. (1990) reported that activation of cdc2 kinase bound to pl3-Sepharose was 
blocked by free p l3 suc^, even if the kinase was artificially dephosphorylated 
using potato acid phosphatase. This suggested that kinase activation m ight
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contain a p 13suc 1 -sensitive step following tyrosine dephosphorylation. 
p l 3suc l  n0 |; inhibit the kinase once it was fully activated, however.

Homologues of the su c l+gene have now been identified in budding yeast and 
hum ans (Hadwiger eta l,, 1989; Richardson eta l,, 1990). In addition, p l3 -  
Sepharose is widely used as a  reagent for precipitating p 34cdc2 from  cell 
extracts.

1.1.6 cdcl3

Genetic studies showed that the fission yeast cdcl 3 +gene interacted closely 
with cdc2 +(Booher and Beach, 1987). Moreover, c d c l3 null m utants arrested 
in G2 without septa and before chromosome condensation indicating that the 
gene product was required for initiation of mitosis (Booher and  Beach, 1988; 
Hagan eta l,, 1988).

The nucleotide sequence of cdcl3  +predicted that it encoded a mitotic cyclin 
(Solomon eta l. 1988; Goebl and Byers, 1988; Hagan etal., 1988). Cyclins had 
originally been identified in the eggs of m arine invertebrates, as proteins 
that accumulated steadily during interphase only to be rapidly degraded at 
mitosis (Evans et al., 1983). They were classified into two types, A and B, on 
the basis of sequence differences and  differential timing of degradation 
(Minshull eta l., 1989b; Nugent eta l., 1991). Both types appeared to be directly 
involved in mitotic regulation; cyclin A mRNA induced m aturation when 
injected into Xenopus oocytes (Swenson e ta l., 1986), and elimination of 
cyclin B mRNA from  Xenopus egg extracts caused cell cycle arrest (Minshull 
et al., 1989; Murray and Kirschner, 1989). Recently cyclin A has also been 
implicated in maintaining the dependence of mitosis upon completion of DNA 
replication (Walker and Mailer, 1991).

Cyclin was found to be an essential com ponent of MPF, namely the 45kDa 
subunit (Gautier e t al., 1990), bu t its synthesis did not appear to drive mitosis. 
In Xenopus  extracts cyclin accumulation to a critical threshold was always 
followed by a lag before the initiation of mitosis, even if an  excess of purified 
cyclin protein was added directly (Minshull eta l., 1989; Solomon eta l., 1990). 
Furtherm ore, in cell-free extracts, association with cyclin was found to 
promote tyrosine phosphorylation of p 34c(̂ c2, a modification known to
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inh ib it kinase activity (Solomon e t al., 1990). Binding of cyclin therefore 
seemed to be one of several steps necessary for cdc2 kinase activation.

The results obtained using frog oocytes and cell-free systems were largely 
confirm ed in  S.pombe. Anti-cdcl3 im m unoprecipitates from wild-type cell 
lysates contained p 34cdc2 dem onstrated by immunoblotting, and  possessed 
cdc2-specific kinase activity. Thus the c d c l3 gene product, a  B-type cyclin, 
appeared to be specifically associated with p 34cc*c2 (Booher e t al., 1989). 
Meanwhile, ind irec t im m unofluorescence staining of wild-type S.pombe 
showed th a t the level of c d c l3 protein in  the nucleus varied in  a cell cycle- 
dependen t m anner, progressively increasing until the onset of nuclear 
division when it abruptly  disappeared (Booher e t al., 1989). This cyclin-like 
behaviour was confirm ed by im m unoblotting extracts of synchronised cells, 
revealing the expected fluctuation in c d c l3 protein levels during the cell 
cycle (Booher e t al., 1989; Moreno e t al., 1989). Overexpression of cdcl3  had  no 
effect on the timing of M-phase in wild-type S.pom be  (Booher and Beach,
1988), nor d id  continued accumulation of the protein overcome the cell cycle 
block in cdclCr m utants arrested in G1 or cdc25" m utants arrested in G2 
(Booher e t al., 1989; Moreno e t al., 1989). In spores deleted for cdcl3, however, 
p 34cdc2 kinase activity rem ained a t low levels and dividing cells were never 
observed (Moreno e t al., 1989). This indicated that in S.pombe, as in o ther 
organisms, c d c l3 +/cyclin  was necessary but not sufficient for cd c l kinase 
activation.

In summary, research on S.pombe has provided the genetic foundation of our 
understanding of w hat appears to be a universal control mechanism 
regulating en try  in to  mitosis in eukaryotes. Activation of the p 34cdc2 
protein kinase is now recognised as a  complex, multi-step process involving 
both  post-translational modifications and  interactions with o ther proteins. 
Some of the likely steps in the activation pathway are depicted for S.pom be  
in Fig. 1.1. The execution of each step may depend upon completion of a 
particular set of events necessary for mitosis, DNA replication for example 
(Dunphy and Newport, 1989). Such a scheme would enable p 34cdc2 to act as 
an in tegrator of inform ation from  various cellular pathways regarding the 
readiness of the cell to divide.
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Figure 1.1 Stages in the activation of p34chc2 at mitosis.

1.1.7 Control of exit from mitosis

The abrupt rise in p34ch^2 kinase activity at the onset of mitosis in S.pombe 
is followed by an equally abrupt fall upon reentry into interphase (Booher et 
al., 1989; Moreno et al., 1989). This decline was found to coincide with the 
specific degradation of cdc 13/cyclin at the m etaphase/anaphase transition of 
mitosis, suggesting a role for cyclin in kinase inactivation. Several



observations supported this conclusion. When a synchronous culture of the 
m utant strain cdc 13-117 was transferred to the restrictive tem perature, cdc2 
kinase activity rose to a peak at mitosis but did not fall again (Moreno e t al., 
1989). The microinjection of protease inhibitors also caused starfish oocytes 
to arrest in m etaphase with high MPF activity (Picard e t al., 1985), and  
truncated cyclins which could not be degraded caused similar cell cycle 
arrest in Xenopus (Murray e t al., 1989). Thus, cyclin degradation seemed to be 
a  critical step in p 34cc*c2 kinase inactivation and, hence, exit from mitosis. It 
has recently been reported  that dephosphorylation of p 34cdc2 on T hrl67  is 
also necessary for mitotic exit in S.pombe (Gould e t al., 1991).

In addition to cd c l3 +/cyclin, other genes have been identified whose 
function is required late in mitosis. M utation of the d is2 /b w sl gene in 
S.pombe prevented chromosome disjunction at anaphase (Ohkura e t al., 1988), 
as did m utation of the bimG gene in Aspergillus nidulans (Doonan and  Moris, 
1989). Both genes were subsequently found to encode Type 1 protein 
phosphatases (Booher and Beach, 1989; Ohkura e ta l., 1989; Doonan and 
Morris, 1989). The specific inhibition of Phosphatase 1 in starfish oocytes 
also stabilized MPF activity and  delayed or prevented exit from mitosis (Picard 
e t al., 1989). Since p 34cdc2> the universal effector of entry into mitosis, is a 
protein kinase such phosphatases are presum ed to play a role in reversing 
the effects of the kinase once mitosis is complete.

1.1.8 Substrates of p 34cc*c2

Eukaryotic cells undergo a m ajor structural reorganisation upon en try  into 
mitosis (Moreno and Nurse, 1990). The most prom inent events are nuclear 
envelope breakdown, chromosome condensation and generation of a mitotic 
spindle. In addition, organelles such as the Golgi apparatus and ER fragm ent 
into m any smaller components, and  processes such as RNA transcription, 
protein translation, m em brane traffic and cytoplasmic streaming are 
transiently inhibited. In order to understand  how these events are brought 
about it is necessary to identify the in vivo  substrates of the cdc2 kinase.

The behaviour of certain proteins a t mitosis appears to be influenced by 
their periodic phosphorylation during the cell cycle. The 
hyperphosphorylation of lamins, for example, has been correlated with 
mitotic changes in the polymeric state of the nuclear lamina, a fibrillar
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meshwork underlying the inner nuclear m em brane (e.g. Gerace and  Blobel, 
1980; Ottaviano and  Gerace, 1985). Highly purified cdcl kinase from starfish 
was found to phosphorylate chicken B-type lamins in vitro on the same sites 
phosphorylated during mitosis in chicken cells (Peter e t al., 1990b). The 
kinase also specifically phosphorylated and  solubilized lamin B from  purified 
chick em bryo nuclei inducing lam ina disassembly (though not nuclear 
envelope breakdown). This has led to suggestions that cdcl kinase is directly 
responsible for mitotic disassembly of the lam ina in vivo.

Mitosis has also been correlated with increased histone HI phosphorylation, 
ascribed to the activity of 'growth-associated’ or ’M-phase specific' histone 
HI kinases in a variety of organisms. The catalytic subunit of such kinases is 
now known to be p 34cc*c2 (Arion e t al., 1988; Labbe e t al., 1988; Langan e t al.,
1989). The significance of HI phosphorylation to chrom atin structure 
rem ains unclear, however (reviewed in Wolffe, 1991). HI phosphorylation 
has been correlated with chromosome condensation in num erous studies (e.g. 
Bradbury e t al., 1974; Gurley e t al., 1974) but in sea urchin embryos the two 
events can be uncoupled by treatm ent with emetine, a protein synthesis 
inhibitor (Krystal and  Poccia, 1981). Furtherm ore, although m icroinjection 
of p 34cdc2 kinase has been found to induce prem ature chrom atin 
condensation in mammalian cells (Lamb eta l., 1990) histone HI is also 
phosphorylated by a  cdc2-like kinase in the polyploid macronucleus of 
Tetrahym ena, which divides w ithout mitotic chromosome condensation (Roth 
et al., 1991). Thus HI phosphorylation is not necessarily a prelude to 
chrom atin condensation. HI nevertheless rem ains the most widely used 
substrate for in vitro  assay of cdc2-specific kinase activity.

Other proteins phosphorylated by the cdc2 kinase in vitro  include nucleolin 
and N038 (two m ajor nucleolar proteins), certain GTP-binding proteins of the 
Rab family and  non-muscle caldesmon (Peter e ta l., 1990a; Bailly eta l., 1991; 
Yamashiro e ta l., 1991). This suggests tha t p 34cdc2 activity may be directly 
responsible for the changes in nucleolar structure, m em brane traffic and  
microfilament assembly which occur a t mitosis. Other substrates of p 34cc*c2 
such as MAP kinase and pp60c_src, a tyrosine kinase, suggest that p 34cc*c2 
may also activate classical enzyme cascades, however (Shenoy e t al., 1989; 
Gotoh etal., 1991; Lewin, 1990).
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Immunolocalization studies have suggested additional sites at which p 34cc*c2 
may act. A subpopulation of p 34cc*c2 was found to be associated with the 
centrosomes in mammalian cells (Bailly e t al., 1989; Riabowol et al., 1989), and 
p 34cdc2 was reported  to colocalize with cdc 13/cyclin a t the mitotic spindle 
poles in S.pombe (Alfa eta l., 1990). Moreover, the addition of p34cc*c2 
appeared to increase the m icrotubule nucleating activity of purified 
centrosomes in Xenopus  egg extracts, and  to induce changes in  m icrotubule 
dynamics similar to those seen in vivo  during the interphase to m etaphase 
transition (Verde e t al., 1990). This suggests th a t p 34cc*c2 may be responsible 
for initiating form ation of the mitotic spindle, although the substrates of the 
kinase in this case are  unknown.

Ideally it would be possible to dem onstrate that phosphorylation of the 
substrates nom inated above is specifically blocked in vivo  by m utations in 
the cdc2 gene (Lewin, 1990). Mutations which should abolish cdc2 kinase 
activity are available in S.pombe and S.cerevisiae, bu t ironically neither of 
these simple organisms has been shown to possess lamins or histone HI. The 
chicken lamin B2 protein has been expressed in fission yeast, however, and 
shown to assemble into a ring-like structure associated with the nuclear 
periphery  (Enoch e t al., 1991). Mitotic reorganisation of this structure 
coincided with phosphorylation of the lamin protein by a mitosis-specific 
yeast lamin kinase, which proved to be tem perature-sensitive in yeast 
strains bearing tem perature-sensitive m utations in the cdc2  gene. This 
appears to support suggestions tha t p 34cc*c2 is the mitotic lamin kinase in 
eukaryotic cells.

1.1.9 Role of calcium in  cell cycle control

None of the kinases and  phosphatases involved in cell cycle control in 
fission yeast has been found to share homology with kinases and 
phosphatases known to be regulated by calcium. Moreover, experim ents 
using cell-free systems have suggested tha t calcium signals are no t essential 
for cell cycle progression; extracts of activated Xenopus eggs and surf clam 
embryos can sustain repeated  cycles of chrom atin condensation and cyclin 
degradation even in the presence of the calcium chelator EGTA (Luca and 
Ruderman, 1990; W hitaker and Patel, 1990).

22



In living cells, however, it seems very likely that calcium signals are a 
com ponent of the cell cycle control process. Calcium transients have been 
detected a t each of the m ajor cell cycle transitions (’Start', mitosis entry and 
mitosis exit) in sea urchin embryos, and  the introduction of calcium 
chelators prevents progress through such control points (S teinhardt e t al., 
1977; Poenie et al., 1985; Whitaker and Patel, 1990). Calcium transients have 
also been correlated with functionally im portant modifications to certain cell 
cycle proteins (W hitaker and Patel, 1990). A burst of cyclin phosphorylation 
at the end of in terphase was blocked, along with entry  into mitosis, by 
m icroinjection of the calcium chelator BAPTA. Moreover, the introduction of 
calcium chelators during mitosis prevented the dephosphorylation and 
degradation of cyclin. This suggests th a t calcium-stimulated cyclin 
phosphorylation is required for the onset of mitosis in sea urchin embryos, 
and  tha t a calcium signal is also responsible for cyclin destruction at mitotic 
exit. A similar role for calcium has been proposed in the regulation of exit 
from meiosis in Xenopus eggs (Murray e t al., 1989; Lorca e t al., 1991). Thus it 
seems likely that calcium signals do contribute to cell cycle control in intact, 
dividing cells.

1.1.10 cdc2-like proteins

The definitive assay for homologues of cdc2+is their ability to complement 
tem perature-sensitive cdc2~/cdc28 m utants in  fission or budding yeast. This 
technique has been used to identify cdcl homologues from a variety of 
organisms, each of which has proved to have a predicted molecular mass of 
around 34kDa, share homology with protein kinases, contain a perfectly 
conserved sequence of sixteen amino acids, the PSTAIR region, and bind to 
p 13suc 1-Sepharose. In several species, however, proteins were found which 
possessed all the above attributes, yet were unable to complement a defective 
cdcl gene in fission yeast. In addition, some of these proteins appeared to 
associate with cyclins. The la tter have recently been given the generic name 
cyclin dependent kinases (CDKs) (Pines and Hunter, 1991a).

The Xenopus CDK2 gene (cdc2+is considered the prototype CDK) was 
originally called Egl and was isolated during differential screening of an  egg 
cDNA library for mRNAs that varied in adenylation and polysome 
recruitm ent after fertilization (Paris et al., 1991). The gene product possessed 
protein kinase activity against histone HI, and  appeared to in teract with
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cyclin A as well as a  novel doublet of proteins of molecular mass 54kDa (Fang 
and  Newport, 1991). The hum an CDK2 gene was subsequently cloned and 
found to encode a 33kDa protein (p33) that shared 89% homology with the 
Xenopus gene product (Tsai e ta l . , 1991; Elledge and Spottswood, 1991). p33 co
precipitated with hum an cyclin A, and the p33-cyclin A complex was found to 
be selectively targetted  by the viral El A oncoprotein in adenovirus- 
transform ed cells. This suggested it played a  unique role in cell cycle 
regulation (Tsai e t al., 1991). Meanwhile, the immunodepletion of CDK2 
pro tein  specifically inhibited DNA replication, but not entry  in to  mitosis, in 
Xenopus extracts (Fang and Newport, 1991). Thus, in contrast with fission and 
budding yeast, it seems possible that in  higher eukaryotes DNA replication 
and  mitosis are controlled by distinct forms of cdc2, perhaps satisfying an 
evolutionary pressure for more stringent cell cycle regulation in 
m ulticellular organisms (Pines and Hunter, 1991a). The exact role of cyclin A 
in activating or conferring substrate specificity upon CDK proteins rem ains 
unclear. Amongst the o ther novel classes of cyclins recently identified^ 
cyclin E is the best candidate for a mammalian Gl-S cyclin (reviewed in Lew 
and Reed, 1992). Cyclin E mRNA levels fluctuate during the mitotic cycle in 
HeLa cells, reaching a peak near the Gl-S transition (Lew e t al., 1991).
Purified cyclin E has also been found to bind and activate two distinct 
m embers of the CDC2 family in hum an cells (Koff e t al., 1991).

1.2 The p lan t cell cycle

Research into control of the plan t cell cycle has advanced relatively slowly 
com pared to work on animal and fungal systems. All the enzymes known to 
be directly involved in DNA synthesis have been detected in plants but the 
regulation of DNA replication during the cell cycle is still very  poorly 
understood (reviewed in Bryant, 1992). In addition to DNA polymerase-a 
which has been characterised in detail (Bryant and Dunham, 1988a,b; Bryant 
et al., 1992) a d-like DNA polymerase has recently been reported  in  plants 
(Richard e t al., 1991) along with the a-polymerase auxiliary pro tein  PCNA 
(Suzuka et al., 1989; Kodama et al., 1991). Just as in animal cells, PCNA appears 
to be transcribed in  a cyclic m anner reaching a peak a t S-phase (Kodama e t 
al., 1991). Thus DNA synthesis in plants may be regulated a t least in  part by 
the presence or absence of DNA polym erase auxiliary proteins.
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The process of mitosis in higher plants is essentially similar to that in animal 
cells, and  its onset is signalled by nuclear envelope breakdown, chromosome 
condensation and  organisation of a  mitotic spindle. These morphological 
similarities suggest th a t the ’universal' control m echanism  which regulates 
en try  into mitosis in fungi and  animals, is likely to be conserved in plants 
(Doonan, 1991). In support of this view, changes in protein kinase activity 
and  in the pattern  of phosphorylated nuclear proteins during the cell cycle 
have been reported in several different p lant species (Costa e t al., 1977; 
Trewavas, 1979). Moreover, progress through the plant cell cycle appears to 
involve passing checkpoints, just as in fission yeast. If cultured pea roots are 
starved of carbohydrate, the cells in the root meristem cease dividing and 
arrest in G1 or G2. Under these conditions the ratio of cells arrested in G1:G2 
is similar to tha t seen in m ature root tissue after differentiation. Such 
observations prom pted Van’t Hof and Kovacs (1972) to formulate their 
Principle Control Point hypothesis which states that cell division in complex 
tissue is regulated by factors that operate during G1 and G2, and that under 
conditions where cell division ceases these factors become limiting, causing 
cells to arrest in  G1 or G2. This hypothesis has been found to apply to shoot 
apices and plant cell suspensions as well as root meristems (Gould e t al., 1981; 
Van't Hof, 1985).

Some aspects of plant cell division seem difficult to explain in terms of the 
established yeast model of cell cycle control, however. Chromosome 
condensation for example, which is postulated to be under the regulation of 
cdc2  in other organisms, is a lengthy process in plants which begins some 
time before mitosis proper (Staiger and Lloyd, 1991). cdc2 kinase activity, on 
the other hand, is detected as a sharp peak upon entry  into mitosis in fission 
yeast (Booher e t al., 1989; Moreno e t al., 1989). Another problem  relevant to 
the plant cell cycle is how the transition to somatic polyploidy is controlled. 
Polyploidy is brought about by repeated cycles of DNA endoreduplication 
('endo-cycles'). Each cycle comprises an S-phase and  a G (gap)-phase; mitosis 
is either om itted or started bu t never completed (reveiwed in Nagl e t al.,
1985). In a survey of several plant species it was found th a t a high 
percentage of all non-meristematic cells had  undergone endo-cycles e.g. 70- 
80% in Beta vulgaris . Little is known about the control of such cycles, 
however. Mutants of S.pom be  have recently been isolated which undergo 
successive rounds of DNA replication without division (P. Nurse, unpublished 
results) and some such m utants appear to carry a defective cdc2 gene.
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Meanwhile in  Drosophila embryos, the process of polytenization has been 
found to occur independently of the cdc25 gene function (Smith and Orr- 
Weaver, 1991). This continues to be an area of active research.

1.2.1 Plants as models

Plants are no t ideal models for cell cycle research. Their genetic systems are 
less easily m anipulated than those of fission or budding yeast, and 
techniques such as site-specific mutagenesis are  no t yet feasible because of 
difficulties obtaining homologous recom bination. Moreover, until recently it 
was difficult to obtain large num bers of synchronous plan t cells. Cells in 
suspension culture, potentially the ideal system for biochemical work, 
appeared  to emerge non-uniform ly from  drug-induced cell cycle blocks. 
Consequently, the cell-cycle regulated phosphorylation of histone HI, for 
example, was studied using artichoke tuber explants, one of the few reliable 
partly-synchronous systems (Stratton and  Trewavas, 1981). The 
synchronisation conditions for certain suspension cell lines have recently  
been optimised, however, allowing cultures to be synchronised to a high 
degree by release from  drugs such as hydroxyurea o r aphidicolin (Nagata e t 
al., 1982; Conia et al., 1990). The differential screening of cDNA libraries made 
from  synchronised cells a t different stages of the cell cycle has already been 
used to isolate a periwinkle gene expressed exclusively in S-phase (Ito e t al., 
1991). Such cells also offer the opportunity  for quantitative biochemical 
work.

1.2.2 Plant homologues of cdc2 and o ther mitotic regulators

The search for p lant homologues of yeast cell cycle genes and  proteins has 
made use of heterologous antibodies for im m unoblotting and  the recent 
technique of PCR for amplifying specific DNA sequences, requiring only 
minimal sequence conservation a t the nucleotide level.

Antibodies raised against p 34°dc2 were found to recognise a  34kDa protein  
(p34) in extracts of oat and  Arabidopsis (John e t al., 1989), and  p34 or bands of 
very similar molecular weight were also recognised in  alfalfa and  pea 
extracts (Feiler and Jacobs, 1990; Hirt e ta /., 1991). This suggests that h igher 
plants contain proteins similar to p34cc*c2 Many of the im m unoblots were 
perform ed with antisera raised against the PSTAIR region, however, a
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sequence m otif conserved in all cdc2 homologues bu t now known to exist in 
pro teins which cannot complement cdc2 m utants in yeast (Pines and Hunter,
1991a).

PCR was used to amplify a  DNA fragm ent from  pea which encoded the PSTAIR 
region, m entioned above, and a conserved protein kinase m otif (Feiler and 
Jacobs, 1990). This was suggested to represent the pea homologue of cdc2, but 
no evidence was presented that the sequence could rescue cdc2 '/cdc28 
m utants in yeast. Two cDNA clones from  maize were subsequently isolated by 
a sim ilar m ethod, however, one of which was lethal in S.pom be  bu t able to 
complement a CDC28 m utant in budding yeast (Colasanti etaf., 1991). A gene 
capable of rescuing a cdc2 m utant in fission yeast was la ter isolated from 
alfalfa (Hirt e t al., 1991). Both these genes appeared to represent functional 
homologues of yeast cdc2. In addition, N orthern blot analysis showed that the 
level of cdc2 transcripts in different maize and  alfalfa tissues generally 
reflected the proliferative state of the tissue. Transcripts were abundant in  
dividing, undifferentiated tissues such as the apical m eristem  and im m ature 
leaf, bu t p resent a t very low levels in term inally differentiated tissues such 
as m ature leaf. By immunoblotting, the abundance of a 34kDa cdc2-like 
protein was also found to decline in wheat leaf cells the fu rther the cells 
were displaced from the basal meristem (John e t al., 1990). This correlated 
with a decline in the mitotic activity of the tissue.

Plant homologues of o ther yeast genes involved in cell cycle control have 
also been identified. Three cDNA clones encoding cyclin-like proteins were 
isolated from  carrot and soybean by screening cDNA libraries with 
oligonucleotide probes (Hata e t al., 1991). When microinjected into Xenopus 
oocytes a  synthetic mRNA for the soybean cyclin induced m aturation, the 
classical assay for mitotic cyclins. Meanwhile, the existence of a suc l 
homologue in  higher plants has been in ferred  from  the fact th a t affinity- 
purified an ti-p l3 sucl antiserum  recognises a  13kDa protein in  extracts of 
wheat and  pea (John e ta l ., 1991).

1.2.3 Mitosis in plant developm ent
cinJL second.**tj menslemS ^Pj.ca*nkiu»*^

Mitotic activity is largely confined to the root and shoot apical m eristem sjin 
higher plants, but m ost differentiated p lan t cells retain  the ability  to 
dedifferentiate and resum e mitotic cycling. In some cases, cell division seems
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to be a necessary prelude to developmental recommittment, as in the 
wounding response of Coleus (Sinnott and  Bloch, 1945). Severing a vascular 
bundle in Coleus induces stem parenchym a cells to  differentiate into 
functional wound vascular elements, an  adaptive strategy against wilting. 
Although there is no obvious need for new cells to effect this response, the 
parenchym a cells undergo several rounds of division before differentiating. 
Cell divisions, frequently  asymmetric, also herald  changes in the 
developm ental fate of individual cells in the intact plant (form ation of root 
hair cells, stomatal guard cells and pollen grains, for example).
Interestingly, a correlation between division and differentiation has been 
noted recently in Drosophila (Foe, 1989; Wilkins, 1990); domains of mitotic 
activity in the em bryo have been found to coincide with the first visible 
signs of differential developm ental committment.

Mitosis plays an im portant role in p lant morphogenesis. Plant cells, unlike 
anim al cells, cannot m igrate during developm ent since they are enclosed 
within rigid walls and  p lan t shape is therefore largely a consequence of the 
temporal and spatial control of cell division and expansion (Doonan, 1991). A 
m utation which causes loss of the norm al ligule in maize, for example, 
appears to alter the orientation as well as the sequence of cell divisions in 
the ligule region of the leaf (Sylvester e t al., 1990). This illustrates the 
im portance of precise spatial control over division in plants. At the cellular 
level such control seems to be provided by the cytoskeleton.

1.2.4 The plant cell cytoskeleton and  spatial control of mitosis

The cytoskeleton of h igher p lant cells undergoes dram atic reorganisations 
during the cell division cycle which have been visualized by electron 
microscopy (Ledbetter, 1967) and m ore recently indirect 
immunofluorescence microscopy (Lloyd, 1987). A diagram matic 
representation of the spatial and tem poral changes in m icrotubules and  F- 
actin during the cell cycle of a  vacuolated p lan t cell is shown in Figure 1.2.

Microtubules, which are readily  stained in aldehyde-fixed cells, have been 
observed to describe a helical pattern  around the cell cortex during 
interphase (Lloyd, 1983). Some time in G2, after migration of the nucleus to a 
central position in  vacuolated cells (one of the first indicators of mitotic 
induction), the helical array  gives way to a band of cortical m icrotubules
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which encircles the nucleus (Pickett-Heaps and  Northcote, 1966; Gunning 
and  Sammut, 1991). This preprophase band (PPB) is a unique feature of the 
division cycle in higher plants and  accurately predicts where the new cell 
p late will fuse with the m aternal wall. By the onset of prophase it has 
generally disappeared, however, to be replaced by a  mitotic spindle, similar 
to th a t seen in  animal cells but ra ther m ore barrel-shaped and lacking 
discrete centrioles (Pickett-Heaps, 1969). At the end of anaphase the spindle 
is supplanted  by a unique cytokinetic structure, the phragm oplast, which 
com prises two sets of interdigitating m icrotubules probably involved in 
directing vesicles to the site of cell plate form ation (Hepler and  Newcomb, 
1967; Hepler and  Jackson, 1968). Significantly, the phragm oplast has been 
seen to undergo extensive reorganisation during its centrifugal outgrowth 
in o rder to make contact with the cell wall a t the site of the form er PPB 
(Palevitz and  Hepler, 1974; Gunning, 1982).

Such observations suggested that the PPB played a key role in spatial control 
of cell division in plants, by establishing the division plane. However, 
precisely-aligned divisions were known to occur in certain tissues w ithout 
being preceded by a PPB; in the filamentous protonem ata of the mosses 
Funaria and  Physcomitrella, for example (Schmeidel e ta l., 1981; Doonan et 
al,, 1987). There also rem ained the problem  of how the phragm oplast came to 
occupy the same plane as the form er PPB at cytokinesis. A possible 
explanation was provided by studying the cell cycle distribution of actin.

Using fluorescent phallotoxins, actin filaments were found to run  parallel to 
m icrotubules at interphase, pre-prophase (in the PPB) and  cytokinesis. They 
were also detected in the mitotic spindle (Clayton and Lloyd, 1985; Seagull et 
al., 1987; Palevitz, 1987; Traas e ta l., 1987). This distribution was revealed by 
staining procedures which avoided or minimised the effects of aldehydes, 
since certain  m icrofilam ent arrays seem sensitive to this fixative. Such 
procedures also revealed the existence of rad ial actin filaments at p re
prophase, and  throughout mitosis, connecting the mitotic apparatus and  
subsequently the leading edge of the phragm oplast to the cell cortex (Traas e t  
al,t 1987; Lloyd and  Traas, 1988; Kakimoto and Shibaoka, 1987). This suggested 
that the 'm em ory’ which appeared to guide the expanding phragm oplast to 
the site of the form er PPB at cytokinesis was provided by actin.
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The discovery of radial actin filaments tethering the nucleus in  the division 
plane correlated with the early cytological observations of Sinnott and Bloch 
(1940). Studying cytoplasmic behaviour at division in  vacuolated cells these 
workers observed prem itotic nuclear m igration to the centre of the vacuole 
on transvacuolar strands, which proceeded to aggregate and  fuse. Fusion of 
strands produced a m ore or less continuous cytoplasmic diaphragm, the 
phragm osom e, which occupied the position of the future wall. More recent 
electron microscopic and immunofluorescence studies have indicated that, in 
addition to actin, the phragmosome contains bundles of m icrotubules 
(Goosen-de Roo e ta l., 1984; Bakhuizen e ta l., 1985; Flanders e ta l., 1990; Katsuta 
e t al., 1990); in Datura stem epiderm al cells these microtubules radiate from 
the nucleus and  generally contact the cortex within the zone defined by the 
PPB. The configuration has been likened to a  wheel (Lloyd, 1991), with the 
nucleus as the hub, the PPB as the rim  and the radiating m icrotubules as the 
spokes. Before becoming aligned, however, the radial m icrotubules appear to 
’h u n t' the division plane from  the nucleus, avoiding sites where three cell 
walls already coincide (Flanders eta l., 1990). These observations and others 
(reviewed in Staiger and Lloyd, 1991) strongly suggest that the PPB is a 
newly polym erised array  which originates from  m icrotubule nucleating 
sites a t the nuclear surface.

Thus m icrotubules and actin filaments appear to cooperate in setting up the 
division plane in p lan t cells. The question of what brings the PPB to a 
particular plane rem ains unanswered (reviewed in Iloyd, 1991). It has often 
been suggested that strain  is ultim ately responsible for aligning division 
planes across tissues (Green, 1987; Green and  Selker; 1991). If this is the case, 
Iloyd (1988) has proposed nucleus-associated actin filaments as candidate 
tension strands.

1.2.5 Control of the cytoskeletal cycle

Little is known about control of the cytoskeletal cycle. M icrotubule 
organising centres (MTOCs) are expected to regulate transitions between 
m icrotubule arrays bu t easily identifiable morphological m arkers for MTOCs 
are absent in plant cells, even at the spindle poles. No consensus has yet been 
reached regarding the site of initiation of the interphase array, the PPB or 
the phragm oplast, but m icroinjection and tubulin incorporation studies are

31



beginning to shed some light on these issues (Vantard e t al., 1990; Zhang e t 
al., 1990).

The question of how the cytoskeletal cycle is coupled to to the nuclear cycle 
has also been addressed using specific inhibitors. Mineyuki e t al. (1988) have 
reported  that inhibition of DNA synthesis does not prevent PPB form ation in 
onion root tip cells, but Katsuta e t al. (1990) found that PPBs did not form in 
tobacco suspension cells in the presence of aphidicolin (an inhibitor of DNA 
polymerase). Clearly m uch work rem ains to be done. It seems likely, 
however, that the aspects of division unique to p lant cells such as form ation 
of a PPB and cytokinetic phragm oplast will be subject to unique controls 
(Staiger and Lloyd, 1991; Doonan, 1991).
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1.3 Aims o f th e  p ro jec t

All the indications are that the cdc2-centred mechanism  which regulates 
entry into mitosis in  fission yeast also operates in plants. The aim of this 
project was therefore to use probes derived from  S.pombe to investigate cell 
cycle control in higher plants. The investigation was conducted on three 
levels: cell biological, biochemical and  m olecular biological.

The aim of the cell biological approach was to localize mitotic regulatory 
molecules within p lan t cells by indirect im m unofluorescence staining. To be 
successful this approach depended upon cross-reactivity between p lan t 
proteins and antisera raised against fission yeast cell cycle proteins. The aim 
of the biochemical approach was to use pl3-Sepharose to assay the level and 
activity of cdc2-like proteins throughout the cell cycle of synchronised 
tobacco suspension cells. The aim of the molecular biological approach was to 
use fission yeast cell cycle genes to screen for homologous sequences in 
higher plants. This approach depended upon sufficient sequence identity  
between the organisms at the DNA level to perm it hybridisation.
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Chapter 2 Indirect immunofluorescence microscopy of plant cells

2.1 In tro d u c tio n
Onion roo t tips represen t a m eristematic tissue containing cells at every 
stage of the mitotic cycle. A m ethod enabling immunofluorescence studies to 
be perform ed upon such cells was devised by Wick e t al., (1981). Root tips 
were fixed with paraform aldehyde and, after b rie f treatm ent with cell wall- 
digesting enzymes, structurally stabilized cells retaining their native, 
polyhedral shape were mechanically isolated. Such cells were perm eable to 
antibodies, perm itting the localization of m icrotubules by indirect 
im m unofluorescence using antibodies raised against animal tubulins 
(p lant and  anim al tubulins are antigenically similar; Dawson and  Lloyd,
1987). Thus organised microtubule arrays could be inspected in large 
populations of p lan t cells including representatives from all stages of the 
division cycle. In the present study techniques developed for the 
im m unofluorescent localization of m icrotubules (Clayton and  Lloyd, 1984) 
were em ployed to stain onion root tip cells using antisera raised against 
fission yeast cell cycle proteins (Draetta et al., 1987; Brizuela e t a l ,  1987; 
Booher e t al., 1989). The same antisera were also used to probe plant extracts 
by im m unoblotting.

A monoclonal antibody, MPM2, raised against mitotic HeLa cells (Davis et al.
1983) was tested on onion root tip cells and tobacco BY2 suspension cells. The 
latter cell line has the advantage that it can be synchronised (Nagata e t al., 
1982), a  feature which has in  the past facilitated the isolation of cytokinetic 
structures (Kakimoto and Shibaoka, 1988) and  the cytological study of cell 
cycle events (Katsuta e ta l., 1990). MPM2 recognises a family of 
phosphoproteins abundant in  a wide range of anim al and fungal cells at 
mitosis (Vandre etal., 1984, 1986; Millar eta l., 1988 Engle etal., 1988). A subset 
of these phosphoproteins has been localized to mitotic MTOCs, including 
centrosomes in PtKl cells (Vandre e t al., 1984) and  spindle pole bodies in 
Aspergillus (Engle e ta /., 1988). The widespread reactivity of MPM2 suggested 
the use of this antibody on p lan t cells; in  particular, to test w hether MPM2 
antigens appear only at mitosis in plants or a t some earlier stage during the 
lengthy ’prem itotic' phase (see Staiger and Lloyd, 1991 and Figure 1.2).
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2.2 M aterials a n d  M ethods 
Plant m aterial

Onion seeds (Allium cepa L. cv Bedfordshire champion) were germ inated at 
25°C in the dark  for 4-5 days on m oistened tissue paper.

Tobacco BY2 suspension cells were m aintained in full-strength Murashige 
and  Skoog m edium  (Murashige and Skoog, 1962) supplem ented with 2mg/L 
2,4-D and 2% (w/v) sucrose. They were subcultured every 7 days (Nagata et 
al., 1981).

Carrot suspension cultures (Daucus carota cv. Chantenay) were m aintained 
on Murashige and Skoog medium (Murashige and  Skoog, 1962) supplem ented 
with 0.2m g/m l 2,4-D and 2% (w/v) sucrose, and subcultured every 14 days. 
Antibodies

The prim ary antibodies used in this study are listed below:

Prim ary antibody Raised in: Source

anti-cdc 2 rab b it D. Beach
an ti-cdcl3 rab b it D. Beach/C. Alfa
an ti-su c l rab b it D. Beach/own serum
YOL1/34 ra t J.V. Kilmartin
MPM2 mouse P.N. Rao

Fluorescein isothiocyanate (FITC) and rhodam ine-conjugated secondary 
antibodies were obtained from  ICN Biomedicals or Dakopatts.

Fixative

16% (w/v) form aldehyde was prepared by dissolving 4.8g of para
formaldehyde in 10ml water a t 60°C, pH 10 (with 8M potassium hydroxide). 
When the solution had  cleared it was allowed to cool to room tem perature and 
the pH was adjusted to 6.9 with 0.1M sulphuric acid. The volume was m ade up 
to 30ml with water and 1ml aliquots were stored a t -20°C
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Onion root tip squashes

Onion root tips were prepared  for indirect immunofluorescence staining by 
the m ethod of Clayton & Iloyd (1984). PEM buffer (50mM PIPES pH6.9, 5mM 
EGTA, 5mM MgS0 4 ) was used for all washes during the squashing and 

staining procedure and  was usually made up as a double-strength stock.

Root tips were excised l-2m m  from the root apex and  immediately fixed in  4% 
(w/v) form aldehyde in  PEM for 45min. After two washes the tips were left in 
fresh buffer for 45m in before being treated  with 2% (w/v) cellulase 
(Onozuka R-10) in PEM for 4.5min. They were then washed three times and 
left in fresh buffer for a fu rther 45m in before being transferred  to 
Multiwell slides (Flow Laboratories) and  gently squashed using a plastic rod. 
Cells released in this way were air-dried directly onto the slide.

Indirect im m unofluorescence microscopy

Antibodies were diluted in PEM containing 3% (w/v) BSA (Sigma) and all 
incubations were perform ed at room  tem perature.

Labelling

Each well of air-dried cells was rehydrated  with a drop of PEM. The buffer 
was removed by aspiration and 20pl of prim ary antibody added. Slides were 
incubated in the dark for l-2h  on dam p paper. The prim ary antibody was 
aspirated and each well washed three times with fresh buffer over 5min. 20pl 
of secondary antibody, usually diluted 1:100, was then added and  the slides 
incubated as above for approximately lh . The secondary antibody was 
removed and each well washed three times with buffer over lOmin. lOpl 
of DAPI (Sigma) at a  concentration of lpg /m l was then added for lm in  before 
washing again with buffer. Slides were m ounted in anti-fade m ountant 
(Citifluor Ltd.) and viewed on a Zeiss Axiophot microscope fitted with 
epifluorescence optics. Planapo 40x (1.0NA) and  Neofluar 40x (0.75NA) 
objectives were used for im m unofluorescence and DAPI fluorescence, 
respectively. Photographs were taken using Kodak TMAX 400 film, rated  at 
800ASA.
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Double labelling

Double labelling with MPM2 and YOL1/34 was achieved using affinity- 
purified secondary antibodies prepared  by I.M.Hagan. Cells were incubated 
successively with the following antisera: MPM2 (1:250 dilution) for 2h; 
rhodam ine-conjugated anti-mouse serum  (1:8 dilution) for 1.5h; YOL1/34 
(1:50 dilution) for 1.5h; FITC-conjugated anti-rat serum  (1:7 dilution) for lh . 
Cells were washed for 15min with five or six changes of buffer between each 
incubation and  treated with DAPI before mounting, as above.

Image processing

Images for quantitation were m easured using a cooled CCD (charge coupled 
device) array  cam era (Photometries cam era head, Kodak KAF1400 CCD chip) 
which was directly interfaced via a VME interface to a  S tardent ST3000 
graphics com puter. Image acquisition, display and m easurem ent was carried 
out on the Stardent com puter using a program  w ritten in the laboratory of Dr 
P.Shaw, IPSR, Norwich. Integrated image intensity was m easured by 
summing the intensities of all pixels within a circular window whose size and 
position were under interactive control. For each m easurem ent a 
background m easurem ent was m ade from a area of the slide near to the cell 
to be m easured. Then the desired cell was m easured by placing the circle 
over the nucleus and integrating the fluorescence intensity. Finally the 
background m easurem ent was subtracted. Equivalent m easurem ents for DAPI 
and MPM2 fluorescence were m ade for each cell and  as m any cells as could be 
clearly distinguished were m easured from one well of a Multiwell slide. The 
objective used was a 25x (0.6NA). The integrated fluorescence intensity  
should be independent of focal plane provided the window is large enough to 
include all the light originating from  the cell being m easured.

Treatm ent with phosphatase

Air-dried cells from onion root tip squashes were incubated for 16h a t 25°C 
with PEM containing potato acid phosphatase (Type IV-S; Sigma) at 
concentrations of 0.01, 0.1, 1.0 or 10 units/m l. A parallel set of incubations 
was perform ed using the same concentrations of phosphatase in buffer

37



containing 80mM 8-glycerophosphate (Sigma). After incubation cells were 
washed several times with buffer and labelled as described above.

Competition with peptide

Anti-PSTAIR antiserum  was preincubated with the synthetic peptide 
EGVPSTAIREISLLKE a t a concentration of Im g/m l in  PEM containing 3%
(w/v) BSA for 16h at 4°C. The solution was then centrifuged (13000g, lOmin, 
4°C) and  used directly for immunofluorescence staining.

Synchronisation of tobacco BY2 cells

BY2 cells were synchronised according to the m ethod of Nagata et al. (1982): 
20ml of cells were transferred  into 100ml fresh m edium  containing 5pg/m l 
aphidicolin (Sigma) and  cultured with the drug for 24h. Cells were then 
washed four times over l h  in a total of 11 fresh m edium  without aphidicolin, 
resuspended in 100ml of the same medium and retu rned  to continuous 
cu ltu re .

Preparation of protoplasts

Tobacco BY2 suspensioncells were harvested by centrifugation (300g,
5 min) and the cell walls digested for 90min a t 25 °C in protoplasting buffer 
(0.3M mannitol, 80mM CaCl2, 0.5% (w/v) MES pH5.8) containing 1.5% (w/v) 

cellulase (Onozuka RS), 0.7% (w/v) hemicellulase and  0.1% (w/v) pectolyase 
Y23 (Seisham Pharmaceutical, Tokyo). The resulting protoplasts were washed 
once and resuspended in a small volume of fresh protoplasting buffer. Drops 
of this thick suspension were placed onto poly-L-lysine coated Multiwell 
slides and the protoplasts allowed to settle for 5min before fixing for 15 min 
in PEM containing 0.3M m annitol and  4% (w/v) form aldehyde. The 
protoplasts were then extracted for lOmin in PEM containing 0.3 M m annitol 
and 1% (v/v) Triton X-100. After several washes with PEM they were stained 
for immunofluorescence exactly as described above.

Carrot suspension cells were harvested  aseptically by filtration onto muslin 
and digested for 4-6 h  with 7 vol. of a solution containing 1% (w/v) cellulase 
R10, 0.5% (w/v) macerozyme R10 (Yakult Honsha Co., Tokyo) and  0.1% (w/v) 
pectolyase Y23 in 0.5M mannitol, 2% (w/v) sucrose, 50 mM MES pH5.7.



Liberated protoplasts were harvested by centrifugation (250g , lOmin) and 
washed three times before extraction.

Preparation of protein  extracts

Arabidopsis buds and protoplasts prepared from  tobacco BY2 suspension cells 
and carrot suspension cells were boiled for 3min with an equal volume of 
Laemmli sample buffer (0.25M Tris-HCl pH6.8, 4% (w/v) SDS, 20% (w/v) 
glycerol, 10% (w/v) p-mercaptoethanol, 0.01% (w/v) brom ophenol blue) 
(Laemmli, 1970).

Approximately lOg cauliflower m eristematic tissue was ground in liquid 
nitrogen using a precooled m ortar and  pestle and allowed to thaw into 
approximately 40ml Extraction Buffer (see section 3.2). The extract was 
centrifuged (100 OOOg, GOmin, 4°C) and an aliquot of the supernatant was 
mixed 2:1 with Laemmli sample buffer and  boiled for 3min. One-dimensional 
SDS-PAGE and immunoblotting were perform ed exactly as described in 
section 3.2.
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2.3 R esults
Polyclonal antisera raised against the fission yeast cdc2+> cdcl3+  and su c l+ 
gene products did no t appear to cross-react specifically with onion root tip 
cells when used for immunolocalization studies. Each serum  labelled the cell 
cytoplasm in a similar m anner to rabbit preimm une serum  used at a 
com parable dilution. An antiserum  raised against the PSTAIR peptide (Lee 
and  Nurse, 1987), a  region perfectly conserved in all functional homologues 
of cdc2 (and several cdc2-like proteins; Pines and Hunter, 1991a) stained 
cytoplasmic networks in both  interphase and  mitotic cells. In interphase 
cells a  perinuclear reticulum  was observed (Figure 2.1a) sometimes with 
radial elem ents extending to the cell cortex. In mitotic cells, tubular 
networks appeared a t the spindle poles (Figure 2.1b). Similar patterns were 
observed even when the antibody was preincubated with an excess of the 
PSTAIR peptide, however, indicating th a t the labelling was non-specific.

Some of the antisera used for immunofluorescence staining were also used to 
im m unoblot extracts prepared  from proliferating tissues of different p lan t 
species, nam ely cauliflower shoot meristem, Arabidopsis buds, and  carrot 
suspension cells in m id-exponential growth. Anti-cdc2 serum  did not cross- 
react with any of the extracts tested (data not shown) but anti-cdcl3  serum 
recognised a protein  of around 72kDa present in carrot cells (Figure 2.2a). 
Anti-Drosophila cyclin B reacted with a protein of slightly lower m olecular 
mass, around 70kDa, in the same extract but neither serum  appeared to 
recognise the cdcl3  gene product in extracts of wild-type S.pom be  cells. 
Meanwhile an ti-sucl serum  recognised a protein of approxim ately 23kDa in 
carrot extracts as well as p l3 sucl from  fission yeast (Figure 2.2b). As with 
the anti-cyclin antisera, very little background was observed on the 
immunoblots. However cauliflower and Arabidopsis extracts did not display 
the same cross-reactivity as carrot when probed with an ti-sucl (data not 
show n).

The monoclonal antibody MPM2 which recognises a  family of mitotic 
phosphoproteins in anim al and fungal cells, stained onion root tip cells in a 
cell cycle-dependent fashion. The nuclei of in terphase cells were generally 
im m unoreactive (Figure 2.3a), but nuclear staining was always most intense 
in cells possessing condensed chrom atin a t the ’brain  coral' stage, although 
some diffuse cytoplasmic staining was also evident (Figure 2.3b).
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Figure 2.1 Anti-PSTAIR labelling of cytoplasm ic elem ents in 
isolated onion root tip cells.
The left and right hand panels represent paired immunofluorescence and 
DAPI fluorescence images, respectively. Bar = lOfim. (a) premitotic cell 
undergoing chromatin condensation, (b) metaphase cell.
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Figure 2.2 Carrot suspension cell extracts probed with an ti-cdc l3  
and  a n ti-su c l.
Carrot suspension cells in mid-exponential growth were protoplasted, 
extracted and probed by immunoblotting. An extract of wild-type S.pombe 
cells in exponential growth was used as a control.
(a) Lanes 1 and 3-, carrot cell extract. Lanes 2 and 4, S.pombe cell extract 
(equivalent loadings). Lanes 1 and 2 were probed with anti-cdcl3. Lanes 3 
and 4 were probed with anti-Drosophila cyclin B.
(b) Lane 1, S.pombe cell extract, lane 2, carrot cell extract. Lanes 1 and 2 
were probed with anti-sucl.
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Figure 2.3 MPM2 labelling of onion root tip cells.
The left and right hand panels represent represent paired 
immunofluorescence and DAPI fluorescence images. Bar = lOjim. (a) 
interphase cells, (b) premitotic cell (arrowed) displaying highly condensed 
chromatin, (c) two mitotic cells, one at an early (arrow) and the other at a 
late (arrowhead) stage of anaphase, (d) telophase cell (arrowed).
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After n uclear envelope breakdow n (NEBD) the  MPM2 antigen(s) becam e 
d ispersed  th roughou t the  cell cytoplasm . Staining was m ost in tense a t m itotic 
m etaphase an d  progressively declined  after sister chrom atid  separation  
(Figure 2.3c). Incipient staining o f  th e  d au g h te r nuclei was observed a t late 
telophase (Figure 2.3d).

MPM2 staining of onion  ro o t tip cells was com pletely abolished by  p rio r 
incubation of the cells w ith potato  acid phosphatase a t 1 un it/m l; lower 
concentrations o f the  enzym e w ere less effective in  this respect (Figure 
2.4a,c). If incubation  w ith phosphatase was carried  ou t in  the  presence of 
80mM p-glycerophosphate (a phosphatase  inh ib ito r) how ever, MPM2 
staining was unaffected  (Figure 2.4b,d). This confirm ed th a t MPM2 
recognises a  phosphory la ted  ep itope in  h igher p lan ts.

MPM2 stained vacuolate tobacco BY2 suspension cells in  a  fundam entally  
sim ilar m an n er to  onion roo t tip  cells. There w ere a  few notable differences, 
however, nam ely the  absence o f nucleo lar staining in  in terphase  cells 
(Figure 2.5a), the  ap p aren t concen tra tion  o f fluorescence in  the region of 
the m itotic apparatus a t m etaphase (Figure 2.5b), an d  the weak labelling of 
the new  cell p late  seen a t telophase (Figure 2.5c). The great advantage o f BY2 
cells over m any o th er cell lines is th a t they  can  be  synchronised (Nagata e t  
a/., 1982; Kakimoto and  Shibaoka, 1988; Katsuta e ta l., 1990). BY2 cells were 
therefore used  to  investigate changes in  the abundance o f the  MPM2 antigen 
during  the  cell cycle. Protein extracts w ere p rep ared  from  S-phase blocked 
and  M -phase enriched  cell populations: the S-phase ex tract was derived  from  
cells cu ltu red  for 24 hours in  the  presence o f aphidicolin; the  M -phase 
extract was p rep ared  p rep ared  from  sim ilar cells 10 hours a fte r washing ou t 
the  drug , w hen approxim ately  50% o f cells were undergoing m itosis. A 
p ro te in  o f approxim ately 56kDa was recognised in  bo th  extracts by 
im m unoblotting, b u t ap p eared  to be enriched  in  the  M -phase ex tract (Figure 
2.6). It d id  n o t correspond to  any  prom inen t ban d  on  the  Coomassie-stained 
polyacrylam ide gel. Several h igher m olecular m ass p ro te ins w ere also 
recognised weakly in  the  M -phase b u t n o t the  S-phase ex tract b u t all reactive 
bands d isappeared  w hen transfers were trea ted  w ith po ta to  acid phosphatase 
before im m unoblotting. Thus, in  tobacco cells, MPM2 seems to  recognise a 
m ajor phosphory lated  an tigen  o f 56kDa, which is p resen t a t o r before S 
phase, b u t which increases in  abundance a t mitosis.
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Figure 2.4 MPM2 staining of onion root tip cells is abolished by 
trea tm en t w ith phosphatase .
a,b; cells stained with MPM2 after treatment with 0.01 unit/ml potato acid 
phophatase (PAP) in the absence (a), or presence (b) of 80mM p- 
glycerophosphate (p-gp). c,d; cells stained with MPM2 after treatment with 
1.0 unit/m l PAP in the absence (c), or presence (d) of 80 mM p-gp.
Bar = lOfim
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Figure 2.5 MPM2 stain ing  of tobacco BY2 suspension  cells.
The left and right hand panels represent paired immunofluorescence and 
DAPI fluorescence images, Bar = 15^m. (a) cell undergoing chromatin 
condensation. Note the absence of nucleolar staining.(b) cell at mitotic 
m etaphase, (c) telophase cell.
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Figure 2.6 Tobacco BY2 suspension  cell ex tracts p ro b ed  with 
MPM2.
Extracts were prepared from BY2 cells blocked in S-phase using aphidicolin 
(S) and cells undergoing synchronous mitosis lOh after release from 
aphidicolin (M). Proteins were separated by SDS-PAGE, transferred onto 
nitrocellulose and probed with MPM2. Lanes 1 and  2, the S and M phase 
extracts, respectively. (Coomassie-stained gel). Lanes 3 and 4, Western blot 
of extracts probed with MPM2. A 56kDa protein recognised by the antibody is 
indicated with an arrow. Lanes 5 and 6, Western blot of extracts probed 
with MPM2 after treatm ent of the transfer with 10 units/m l PAP overnight at 
25°C.



In o rd er to correlate  MPM2 staining with the  cytoskeletal cycle as well as the 
nuclear division cycle, onion  ro o t tip  cells w ere trip le  sta ined  with MPM2, 
DAPI an d  th e  anti-a tubu lin  an tibody  YOL 1 /3 4  (Kilmartin e t  al., 1982) The 
results a re  shown in  Figure 2.7. Interestingly, th e  m ost in tense  nuclear 
labelling b y  MPM2 always coincided w ith th e  presence o f a  tigh t PPB an d  
p rom inently  condensed  chrom osom es (Figure 2.7a). The phragm oplast, 
clearly labelled  by  anti-tubu lin  in  this study, was n o t reactive to  MPM2 a t 
cytokinesis (Figure 2.7e).

In an  a ttem p t to  p u t the  correlation  betw een MPM2 staining an d  the 
p resence o f a  PPB on  a  m ore quantita tive basis, trip le  sta ined  onion cells 
w ere quantified  w ith respect to  MPM2 (rhodam ine) an d  DAPI (uv) nuclear 
fluorescence. Individual cells w ere th en  p laced  in to  one o f th ree  categories 
according to  the  state o f th e ir  m icrotubule cytoskeleton: cells possessing a 
typical in terp h ase  m icro tubule a rray  (IMTA) w ith evenly d is trib u ted  cortical 
m icrotubules; cells possessing a  b ro ad  PPB, an d  cells possessing a  tigh t PPB. 
DAPI values fo r cells in  the  IMTA category w ere p lo tted  as a  frequency 
histogram  (Figure 2.8a) an d  a  bim odal d istribu tion  was obtained . DAPI values 
less th an  0.95 (an  a rb itra ry  figure arising from  th e  norm alization  perfo rm ed  
w ithin the  experim ent) were taken  to  denote  a  2C DNA content, and  DAPI 
values g reater th an  0.95 w ere taken to  denote a  4C DNA content. The validity 
o f this division was confirm ed using an  ’F test* an d  consequently  the  IMTA 
category was divided in to  cells in  G1 and  cells in  G2 (before an d  after DNA 
rep lica tion , respectively).

M ean values fo r the  MPM2 fluorescence o f cells in  all th ree  categories are  
p resen ted  in  Figure 2.8b. W ithin the  IMTA category there  appeared  to be no  
difference betw een G1 an d  G2 cells w ith respect to  the in tensity  o f MPM2 
n u c lear staining. MPM2 fluorescence was significantly  h ig h er in  cells w ith 
b road  o r tight PPBs, however, all o f which possessed a  4C DNA content. Since 
PPB form ation  is a  recognised ind icato r o f progression tow ards m itosis (Wick 
and  Duniec, 1983; Gunning an d  Sammut, 1990), these da ta  suggest th a t a 
significant increase in  the  MPM2 reactiv ity  o f nuclei is a  G2 even t in  p lan t 
cells, w hich precedes m itosis p roper.
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F ig u re  2.7 L o ca liza tio n  o f  MPM2 a n tig e n s  a n d  tu b u lin  d u r in g  
m ito s is  in  o n io n  r o o t  t ip  ce lls.
Cells w ere stained  w ith MPM2 (left panel), YOL1/34 an ti a-tubu lin  (m iddle 
panel) an d  DAPI (righ t panel). Bar = lOfim. (a) p rem ito tic  cell displaying a 
p rep ro p h ase  b an d  an d  condensed  chrom atin . Note the  in tense  MPM2-specific 
staining o f th e  nucleus com pared  to  ad jacen t cells, (b) p rophase  cell. Diffuse 
MPM2-specific stain ing o f  the  cytoplasm  in  th is case suggests th a t nuclear 
envelope breakdow n is occurring , (c) m etaphase  cell, (d ) anaphase cell, (e) 
telophase cell. Note th e  phragm oplast d istinctly  sta ined  by  YOL1/34 b u t 
ap p aren tly  unreactive  to  MPM2.





Figure 2.8 Quantification o f MPM2 and DAPI nuclear fluorescence and  
correlation with state of the m icrotubule array  in onion roo t tip cells.
(a) Frequency histogram  of DAPI fluorescence for cells possessing an 
in terphase m icrotubule array. The histogram  shows a  bim odal distribution, 
suggesting tha t the cells within the sample do no t come from  the same 
population i.e. the cells can be divided up into two populations showing DAPI 
fluorescence > o r < 0.95. The validity o f this assumption was tested by a 
com parison of the variances o f the two ’population* m eans from  the overall 
sample mean, in  the calculation o f an  'F' statistic. The result of which 
indicated that, a t a  99.9% confidence level, the overall population is composed 
of two samples with different means and  variances, (b) Gives the m ean 
values for the DAPI and  MPM2 nuclear fluorescence of onion cells possessing 
an in terphase m icrotubule a rray  or a  broad  o r tight PPB. The interphase 
category has been divided up into cells in G1 (< 0.95 ) and in G2 (> 0.95 DAPI 
fluorescence). The distribution o f the MPM2 values in  com parison with the 
DAPI values of cells within the IMTA category was investigated using the 'Z' 
statistic. The result of which confirm ed, a t a 99.9% confidence level, th a t the 
MPM2 values are d istributed independently  of the DAPI values.
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DAPI fluorescence Arbitrary units

(b )
DAPI MPM2

m ean+_ S.D. mean+_ S.D.

I n t e r p h a s e  G1 0.70+_ 0.11 1.09 +_ 0.34
G2 1.47 +_ 0.35 1.12 +_ 0.27

Broad PPB 1.38+_ 0.51 2.10+_ .0.65

Tight PPB 1.68 +_ 0.72 2.51 +_ 0.36
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2.4  D iscussion .
This chapter describes attem pts to identify and  localize homologues o f the 
now  well-characterised fission yeast cell cycle regulators p 34cc*c2, 
cdcl3 /cyclin  B and  p l3 sucl  in p lan t cells. In HeLa cells the  distribution of 
p 34cdc2 during interphase was found to be uniform  throughout the 
cytoplasm and patchy in  the nucleus, where it  was apparently  localized to 
regions from  which the DNA was excluded (Bailly e t al., 1989). At mitotic 
anaphase, p 34cdc2 was associated with vesicles in  the mid-zone of the cell, 
where p l3 sucl  was also localized. In ra t fibroblasts, however, p 34cdc2 was 
localized exclusively in  the nucleus during interphase with p l3 sucl  
distributed m ore evenly between the nucleus and cytoplasm (Riabowol e t al., 
1989).

Cyclin A was found to be predom inantly nuclear in  HeLa cells from  S-phase 
onwards (Pines and  Hunter, 1991b) while cyclin B1 accum ulated in  the 
cytoplasm and only entered the nucleus a t the beginning of mitosis. This 
differential distribution suggested there  was a  functional distinction 
between cyclin A and  cyclin Bl. A fraction of cyclin B1 was subsequently 
found to be associated with the duplicating centrosomes and a  detergent- 
resistant cytoplasmic com partm ent in  the same cell type (Bailly e t al., 1992),
This suggested tha t the spatially restricted  distribution o f cyclin Bl m ight 
form  part of a  mechanism  for recruiting and targetting a  subset of p34cdc2 
molecules, possibly towards specific mitotic substrates. In syncytial 
Drosophila embryos cyclin B was also detected in  the polar regions of mitotic 
spindles, whereas cyclin A was localised on condensing chromosomes. 
Meanwhile, in  im m ature starfish oocytes, the p34cdc2-cyclin B complex was 
found to be located exclusively in the cytoplasm; after activation, one p art of 
the complex relocated into the germ inal vesicle where it  accum ulated in  the 
nucleolus and condensed chromosomes, while ano ther p a rt became associated 
with meiotic asters and spindles (Ookata e t al., 1992). The intracellular 
relocation appeared to play a key role in prom oting M-phase.

In fission yeast the cdc2 and  cdcl3  proteins were both detected in  the cell 
nucleus by immunofluorescence staining (Booher e t al., 1989). The cdc2 
signal progressively increased in  intensity  during the cell cycle in exactly 
the same m anner as that o f cdcl3 . In a cdcl3-d isruptant cdc2 was not 
localized in the nucleus, however. This suggested that cdcl3  was responsible 
for targetting the cdc2 /cdcl3  complex to the nucleus; if cdcl3  was absent
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cdc2 rem ained  in  the cytoplasm  w here it  was no t detectable by 
im m unofluorescence.

In b o th  m am m alian an d  yeast cells cdc2 has been  localized to m itotic MTOCs, 
including centrosom es in  HeLa cells an d  pig kidney cells (Bailly e t  al., 1989; 
Riabowol e t  al,, 1989) and  spindle pole bodies in  fission yeast, w here a  
subpopulation o f cd c l3  was also localized (Alfa e t al.y 1990). It is thought th a t 
cdc2 m ay in itia te  m itotic spindle fo rm ation  by  influencing m icrotubule 
nucleation a t  these sites (Verde e t al,, 1990). In cells of the  Indian m untjac 
p 34cdc2 ^ 5  also been  localized to  k inetochores an d  kinetochore-to-pole 
m icrotubules (R attner e f  al., 1990).

In the  p resen t study onion  ro o t tip  cells sta ined  w ith polyclonal an tisera  
raised  against the  yeast cdc2, cd c l3  and  su c l proteins displayed exactly the 
same p a tte rn  of fluorescence as cells stained  w ith a  rab b it preim m une 
serum , nam ely  a  uniform ly b rig h t cytoplasm . Nuclei always rem ained  
unstained  a lthough there  was no  reason  why the antibodies should have 
been  unable to penetra te  this com partm ent; indeed, onion ro o t tip  cells 
processed in  exactly the  same way exhibited  in tense n uclear fluorescence 
w hen stained  w ith MPM2 (see below). Polyclonal an tise ra  characteristically  
contain  a  heterogeneous m ixture o f an tibodies o f differing specificities and  
affinities fo r th e ir  targets (Harlow an d  Lane, 1988). Furtherm ore, although 
the  level of s tructu ra l conservation betw een fission yeast p34cc*c2 an d  its 
pu tative hom ologue in  m aize an d  o th e r h igher p lan ts  is a ro u n d  60% 
(Colasanti e ta l ., 1991; Hirt e t al., 1991; Ferreira e ta l ., 1991) the figure for 
cdc 13/cyclin  B is p robably  considerably less, perhaps only  30-40% (Hata e t  
ah, 1991). Both these factors m ay have con tribu ted  to the  lack o f successful 
im m unofluorescence staining w itnessed in  the  p resen t study. Results would 
undoub ted ly  be im proved b y  using antibodies raised  specifically against 
p lan t p ro te ins.

Anti-PSTAIR serum  stained  a  cytoplasm ic reticu lum  in  onion ro o t tip  cells 
which appeared  to red istrib u te  to the  spindle poles a t mitosis. Such a  p a tte rn  
was rem iniscent o f cdc2 localization a t m itotic centrosom es an d  spindle pole 
bodies in  m am m alian an d  yeast cells. However, p reincubating  the  an tibody 
with excess o f  PSTAIR pep tide  d id  no t abolish the staining, indicating th a t it 
was non-specific. The cytoplasm ic reticu lum  labelled  by  anti-PSTAIR seems 
likely to be p a r t  o f th e  nuclear envelope-endoplasm ic reticu lum  complex



w hich is know n to be associated w ith the  m itotic appara tus in  on ion  ro o t tip  
cells and  barley  cells (Porter an d  M achado, 1960; Hepler, 1980); the  complex 
p robab ly  acts as a  m em brane-based  calcium  buffering system  in  an d  aro u n d  
the  spindle (Hepler, 1980; W olniak, 1980; Kiehart, 1981). Recently, M ineyuki 
e t  al. (1991) using a  m onoclonal anti-PSTAIR an tiserum  have rep o rted  
labelling o f th e  PPB in  on ion  ro o t tip  cells. These w orkers ex tracted  the  ro o t 
tips w ith m ethanol a t -20°C afte r fixation, how ever, a n d  used  slightly 
d iffe ren t stain ing  conditions.

The sam e an tisera  u sed  fo r im m unofluorescence staining w ere also used  to 
p robe  p lan t extracts by  im m unoblotting in  an  a ttem p t to  iden tify  conserved 
m itotic regu la to ry  p ro te in s in  p lan ts. Anti-cdc2 serum  d id  n o t cross-react 
w ith ex tracts p rep a red  from  cauliflow er an d  ca rro t cells, despite  several 
repo rts  o f successful im m unoblotting o f a  34kDa cdc2-like p ro te in  p resen t in  
h igher p lan ts (John e t al., 1989; H irt e t al., 1991; M ineyuki e t al., 1991). 
Perhaps m ore sensitive m ethods o f  im m unoblotting could have been  used, 
em ploying phosphatase  o r  I^ S - ia b e ^ e d  secondary  antibodies. M ost previous 
studies have m ade u se  o f an tise ra  ra ised  against th e  highly-conserved 
PSTAIR pep tide , however, w hereas anti-cdc2 was ra ised  against full-length  
y east p 34cd c 2  ̂ w hich m ay  n o t be sufficiently stru c tu ra lly  conserved  in  
p lan ts  to p erm it cross-reaction. W hen anti-PSTAIR an tiserum  was used  to  
p robe  p 13suc ̂ -Sepharose p recip ita tes from  synchronised  tobacco suspension 
cells (see C hapter 3) the existence o f  a  cdc2-like p ro te in  apparen tly  
associated w ith  h istone H I kinase activity was clearly  indicated .

The results o f  im m unoblotting  p la n t extracts w ith an ti-cd c l3  and  anti- 
D rosophila  cyclin B a re  difficult to  in te rp re t since n e ith e r serum  ap p eared  to 
recognise the  c d c l3  gene p ro d u c t in  w ild-type fission yeast extracts, 
although b o th  recognised a  p ro te in  o f a ro u n d  70kDa in  ca rro t p ro top last 
extracts. This resem bles th e  yeast c d c l3  gene p ro d u c t w hich m igrates w ith an  
a p p aren t m olecular m ass o f 63kDa w hen subjected to polyacrylam ide gel 
e lectrophoresis (Booher e t  a/., 1989). T he p ro d u c t o f a  pu tative B-type cyclin 
gene isolated from  soybean has a  p red ic ted  m olecular m ass o f  only 50kDa, 
how ever (Hata e ta / .,  1991).

A nti-sucl recognised a  p ro te in  o f approxim ately  23kDa p re sen t in  ca rro t 
cells. In m olecular m ass this p ro te in  resem bles the  18kDa p ro d u c t o f CKS1, 
the budding  yeast hom ologue o f su c l (Hadwiger e t  a/., 1989). M oreover, a
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pro te in  o f approxim ately 18kDa also cross-reacts w ith an ti-su c l in  
Arabidopsis  (F.Watts; personal com m unication). However, John e ta /.,  (1991) 
using affinity-purified an ti-suc l antibodies clearly detected  a  13kDa ban d  in 
w heat an d  pea  extracts, and  since cauliflow er an d  Arabidopsis d id  n o t display 
the same cross-reactivity as ca rro t in  the  p resen t study, the  iden tity  o f the 
23kDa p ro te in  in  carro t cells rem ains uncertain .

The m onoclonal an tibody  MPM2 recognises a  fam ily o f phosphoproteins 
p resen t in  a  variety  of anim al and  fungal cells a t mitosis (Davis e t  al,, 1983; 
V andre e ta l.,  1986). Like p34cdc2y a  subset of these phosphoproteins has been 

localized to m itotic MTOCs, as well as o th e r structures known to  in terac t with 
cytoskeletal elem ents such as kinetochores an d  m idbodies (V andre e t al.,
1984). In this study, MPM2 was found to stain bo th  onion roo t tip cells and  
tobacco suspension cells in  a  cell cycle-dependent fashion. The staining 
pa tte rns observed were sim ilar to  those described by  Davis e t  al. (1983) for 
HeLa cells: nuclei becam e strongly im m unoreactive ju st before m itosis an d  a t 
m etaphase in tense cytoplasm ic staining was observed  w hich progressively 
dim inished during  the subsequent stages of mitosis. MPM2 d id  not, however, 
ap p ear to  stain  any  o f the structures postu lated  to  have m icrotubule 
nucleating ability  in  h igher p lants, nam ely the  n u clear surface (V antard e t  
al., 1990; Flanders e ta l., 1990), the pericen trio lar m aterial (Clayton e ta l.,
1985) an d  the  phragm oplast (V antard e ta l., 1990).

MPM2 staining o f prophase nuclei som etim es appeared  b rig h te r a t the 
nuclear rim  w hen onion  ro o t tip cells w ere view ed in  a  single p lane (see 
Figure 2.7a) bu t, b y  focussing th rough , nuclear staining was clearly  

hom ogeneous. In the sam e cell type cytoplasm ic im m unoreactiv ity  a t 
m etaphase was too in tense to d iscern  any  p referen tia l staining o f  the  spindle 
pole regions, an d  even extraction w ith 1% Nonidet-P40 after fixation failed  to 
reveal fu rth e r  detail (d a ta  n o t shown). M eanwhile, in  tobacco suspension 
cells, MPM2-specific im m unofluorescence appeared  concen tra ted  over the 
whole m itotic apparatus a t m etaphase. The role of the phragm oplast as a  MTOC 
is still controversial and  poorly  understood  (Zhang e t  al., 1990; V antard  e t al., 
1990; Asada e ta l., 1 9 91). Vandre e ta l. (1986) have previously repo rted  
MPM2-specific staining o f the  phragm oplast in  onion  ro o t tip  cells b u t in  the 
p resen t s tudy  no  labelling of this s tructu re  was ever seen. The earlier results 
are  som ew hat surprising  since the phragm oplast is a  cytokinetic s tructu re  
which form s a t a  tim e w hen the  reactivity  o f cells tow ards MPM2 is generally
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declining. The reason fo r the  d iscrepancy is unclear, b u t non-specific 
staining o f highly-organised cytoskeletal structu res is n o t uncom m on in  
im m unofluorescence studies using m onoclonal antibodies (Harlow and  Lane,
1988).

Thus, as a  m ethod o f detecting MTOCs in  p lan t cells, staining w ith MPM2 
seems no m ore inform ative th an  staining with, for example, the  hum an 
autoim m une serum  5051 (Clayton e ta l., 1985). Much m ore interestingly, in  
onion ro o t tip  cells MPM2 detects nuclear phosphoproteins which appear 
contem poraneously  w ith signs o f PPB form ation, some tim e during  G2. In 
m ost o th er systems the appearance of MPM2-reactive antigens has been  
closely correlated with en try  into mitosis (Davis e ta l., 1983; Hecht e ta l., 1987; 
Yamashita e t al., 1990). Indeed, in  Xenopus  oocytes, the phosphorylation of 
MPM2 antigens was found to coincide w ith the appearance of MPF activity 
(Kuang e ta l., 1989).

There ap p ear to  be differences in  the  tim ing of certa in  m itotic events 
betw een p lan ts  and  anim als, connected with the existence o f a  lengthy 
prem itotic phase in  plants. During this phase chrom osom e condensation 
commences (see Staiger and  Iloyd , 1991 an d  Figurel.2) and  a  unique 
m icrotubule array , the PPB, involved in  division p lane determ ination  
in tervenes betw een the in terphase  an d  m itotic arrays. In addition, 
investigations using confocal m icroscopy have suggested th a t d isin tegration  
o f the p lan t n uclear envelope occurs gradually  before its final ru p tu re  a t the 
onset o f  mitosis, since th in  m icrotubule bundles have been  observed to 
penetra te  the  nucleus before nuclear envelope breakdow n (Lam bert e t al., 
1991). Together with the behaviour o f MPM2-specific antigens during  the 
division cycle of onion ro o t tip  cells, such differences suggest th a t yeast and  
p lants m ay have evolved slightly d ifferen t strategies of cell cycle control 
founded upon  the  same basic m echanism.

The discovery of cyclin-dependent kinases (CDKs) in  several h igher 
eukaryotes has a lready  suggested the existence o f additional regulatory  
complexities in  m ulticellu lar organism s com pared  to  lower eukaryotes (Pines 
an d  H unter 1991a). The need  for precise spatial control o f division during  
developm ent m ay have engendered  fu rth e r com plexities in  p lants. M oreover, 
the scheme in  which cdc2 kinase activation occurs abrup tly  a t the G2/M 
boundary  following dephosphorylation  of a  critical tyrosine residue and



instigates m any of the structural changes associated with mitosis (Nurse, 
1990; Moreno and Nurse, 1990; Gould and Nurse, 1989) no longer seems to be 
universally applicable. In S.cerevisiae ,tyrosine phosphorylation of 
p34c DC28 is no t required to m aintain the dependency of mitosis upon DNA 
replication (Sorger and  Murray, 1992) nor for regulated en try  into mitosis 
(Amon e t al., 1992); m utations which prevent tyrosine phosphorylation do 
not cause prem ature entry into mitosis or abolish feedback controls. 
Meanwhile, in Aspergillus it has recently been shown that the product of the 
nimA gene is absolutely essential, in addition to p34cc*c2, for the initiation of 
mitosis (Osmani e t al., 1991a); nimA m utations cause cells to arrest in G2 even 
when p34cc*c2 is tyrosine dephosphorylated and  fully active as a  histone HI 
kinase. It has been suggested that the nimA gene product (itself a  protein 
kinase) may control the affinity of substrates for p34cc*c2 in vivo  (Murray, 
1991). W hatever its role, the rem arkable conservation of cell cycle regulators 
during evolution suggests tha t homologues of nimA are likely to regulate 
mitosis in organisms o ther than Aspergillus. Such factors may prove 
im portant for understanding how the plan t cell cycle is controlled.

The significance of the correlation between increased nuclear staining by 
MPM2 and the presence of a PPB in onion root tip cells rem ains unclear, 
since almost nothing is known about the control of PPB form ation and how it 
is integrated into the nuclear division cycle. The interdependence of MPM2 
staining and PPB form ation could perhaps be investigated fu rther using a 
specific m icrotubule inhibitor such as propyzam ide (Katsuta e t al., 1990).

The 56kDa protein recognised by MPM2 in extracts of tobacco BY2 suspension 
cells is very similar in molecular mass to p58, an MPM2 antigen detected in 
both activated Xenopus oocytes (Kuang et al., 1989) and mitotic cells of 
Aspergillus (Osmani et al., 1991b). Unlike p58, the 56kDa protein appears to be 
present in tobacco BY2 cells blocked in S-phase as well as mitotic cells. Since 
the nuclei o f interphase cells are reactive to MPM2 it may be tha t MPM2- 
specific antigens are phosphorylated throughout the cell cycle and m erely 
hyperphosphorylated at mitosis like nuclear lamins (Gerace and Blobel, 1980; 
Ottaviano and Gerace, 1985, Luscher e t al., 1991). Indeed, MPM2 is even 
reported to stain non-dividing polyploid yolk nuclei in  Drosophila embryos 
(Millar eta l., 1988).
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MPM2 seems to recognise a family of non-histone phosphoproteins, tha t 
includes brain  MAP-1 and MAP-4 from isolated mammalian spindles (Davis e t  
al., 1983; Vandre eta l., 1986; 1991). Immunoadsorbed mitotic lamins do not 
appear to react significantly with the antibody (see Ottaviano and  Gerace,
1985) although Harper e ta l. (1990) have recently reported MPM2 labelling 
of the nuclear envelope region in Chlam ydom onas  cells, suggesting tha t the 
antibody m ay recognise lamin-like antigens in this organism. MPM2 
antigens in the nuclei of premitotic onion root tip cells appear to be excluded 
from  the condensing chromosomes. A cell cycle-dependent increase in  the 
phosphorylation of in tranuclear proteins has previously been reported  in 
HeLa cells by Henry and  Hodge (1983) who found that incorporation of 
radioactive phosphate into isolated nuclear m atrices was highest during G2 
phase of the  cell cycle. Furtherm ore, since m any of the proteins containing 
the consensus cdc2 phosphorylation site are nuclear proteins involved in 
transcriptional control (Suzuki, 1989) Moreno and Nurse (1990) have 
suggested tha t an im portant function of cdc2 phosphorylation is to remove 
such proteins from the DNA perm itting the chromosomes to become more 
highly condensed at mitosis. Thus MPM2 m ay be recognising similar nuclear 
proteins phosphorylated by a cdc2-like kinase in onion root tip cells.

The appearance of MPM2-reactive m aterial in the cytoplasm a t m etaphase 
seems likely to result at least in part from  the release of soluble nuclear 
phosphoproteins upon NEBD, as suggested by Vandre e ta l. (1984). NEBD may 
also release an activated factor into the cytoplasm, such as a protein kinase 
previously sequestered in the nucleus, where it could phosphorylate a second 
set of MPM2 antigens. This may explain why m etaphase cells stain even more 
intensely than  prophase nuclei.

Some general observations about the cytoskeletal cycle can be made from  the 
im m unofluorescence quantification data. It seems that a typical interphase 
cortical m icrotubule array  can exist in both G1 and G2 cells (2C and 4C DNA 
content respectively), whereas all cells possessing a distinct PPB have DAPI 
values consistent with a 4C DNA content. This confirms the results of 
Gunning and  Sammut (1990) who found that the microtubule 
rearrangem ents which m ark PPB form ation in wheat root tip cells begin late 
in S-phase or some time in G2.
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Chapter 3: p!3-Sepharose chromatography of plant extracts

3.1 In tro d u c tio n
pl3-Sepharose has been used to precipitate p34cc*c2 and  p34cd c2-aSSOCiated 
proteins from  a variety of different organisms including Xenopus , starfish, 
HeLa cells and  fission yeast (Dunphy e t al., 1988; Arion e t al., 1988; Brizuela e t 
al., 1989; Booher eta l., 1989), suggesting that the p34cc*c2 /p l3 sucl  binding 
interaction has been highly conserved during evolution. These widespread 
applications recom m ended pl3-Sepharose as a tool for biochemical analysis 
of the p lan t cell cycle and in the present study it was used in  conjunction 
with a suspension cell line which can be synchronised, nam ely tobacco BY2. 
Synchronised BY2 suspension cells have previously been used for the 
isolation of phragm oplast complexes (Kakimoto and Shibaoka, 1988) and the 
cytological study of cell cycle events (Katsuta e t af., 1990).

3.2 M aterials an d  M ethods
Schizosaccharomyces pom be  strains and  plant m aterial

S. pom be  strains were grown in modified minimal m edium  EMM2 (Nurse, 
1975). The wild-type strain 972 h" was the gift of Prof. P.Nurse. The isolation 
and characterisation of the tem perature-sensitive m utant cdc25-22 has been 
described by Fantes (1979).

Tobacco BY2 suspension cells and carrot suspension cells were m aintained as 
described in section 2.2.

SDS-polyacrylamide gel electrophoresis of proteins

Samples were prepared  by mixing protein solutions 1:1 or 2:1 with Laemmli 
sample buffer (see section 2.2) and  boiling for 3min. One-dimensional SDS- 
PAGE was perform ed using a minigel system (Mighty Small II; Hoefer). A 15% 
(w/v) resolving gel comprised 15% (w/v) acrylam ide and  0.4% (w/v) bis- 
acrylamide (Protogel; National Diagnostics) in 0.375M Tris-HCl (pH8.8), 0.1% 
(w/v) SDS (Laemmli 1970). 9% (w/v) resolving gels were also used. The 
stacking gel comprised 3% (w/v) acrylam ide and 0.08% (w/v) bis-acrylamide 
in 0.125M Tris-HCl (pH6.8), 0.1% (w/v) SDS. Polymerisation was initiated by 
the addition of 0.1% (w/v) ammonium persulphate and 0.01% (v/v) TEMED. 
Electrophoresis was carried out in  25mM Tris, 192mM glycine, 0.1% (w/v) SDS



at 60mA for approximately 45min. Size m arkers for protein gels were a 
combination of two m arker mixes (Sigma: SDS-6H; Dalton Mark VII-L) 
containing myosin (205 000), p-galactosidase (116 000), phosphorylase B

(97 400), bovine albumin (66 000), ovalbumin (45 000), glyceraldehyde-3- 
phosphate dehydrogenase (36 000), carbonic anhydrase (29 000), 
trypsinogen (24 000), soybean trypsin inhibitor (20 000) and a-lactalbum in 
(14 200).

Staining of polyacrylam ide gels

Gels were stained for protein in 40% (v/v) m ethanol, 5% (v/v) glacial acetic 
acid, 0.05% (w/v) Coomassie Brilliant Blue G and destained in the same 
solution without Coomassie Brilliant Blue G.

W estern blotting of polyacrylam ide gels

Proteins were electroblotted onto nitrocellulose (Schleicher & Schuell Inc.) 
in 25mM Tris, 192mM glycine, 20% (v/v) m ethanol as described by Towbin e t 
al. (1979). The transfer was carried out at 100V for 3h in a Hoefer transfer 
apparatus cooled on ice. After washing for lOmin in TBS (50mM Tris-HCl 
pH7.4, 0.9% (w/v) NaCl) free protein-binding sites on the nitrocellulose were 
blocked with TBS containing 5% (w/v) dried milk powder for at least 30min. 
Subsequent antibody incubations were carried out a t room  tem perature in 
TBS containing either 3% (w/v) BSA (Sigma; Fraction V, globulin-free) or 
0.25% (v/v) Tween-20, 0.25% (v/v) Nonidet-P40. Filters were incubated in 
prim ary antibody for l-3h, washed six times with TBS over 20min and 
incubated in peroxidase-conjugated secondary antibody (Sigma) diluted 1:250 
for l-2h . They were then washed four times in TBS over 20min and proteins 
were visualized usingthe peroxidase colour reaction: 30mg of 4-chloro-l- 
naphthol dissolved in 10ml of m ethanol was added to 40ml TBS followed by 
32{d of 30% (v/v) hydrogen peroxide. After brief mixing the solution was 
poured directly onto the washed nitrocellulose.

Protein assay

Protein concentration was m easured by the m ethod of Bradford (1976) using 
the Biorad reagent with BSA as a standard.
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Overexpression of p l3 sucl

p l 3suc l was purified from the bacterial expression system described by 
Brizuela eta l. (1987).

Cells of the E.coli strain BL21(DE3)LysS were inoculated into 50ml of LB 
medium (Sambrook e t al., 1989) containing 50ng/ml ampicillin and 30ng/m l 
chloram phenicol and  grown overnight at 37°C. This preculture was 
inoculated into 500ml of pre-warm ed LB/am picillin/chloram phenicol and 
returned to culture at 37°C until the OD600 was approximately 0.6. 2ml of 
lOOmM IPTG was then added and the culture incubated for a further 4h. Cells 
were harvested by centrifugation (4000g, 5min), drained and placed at -70°C 
for at least lh .

Breakage of p l3 sucl  overexpressing cells

The cell pellets from a 500ml induced culture were thawed from -70°C on ice 
and resuspended in 15ml lysis buffer (50mM Tris-HCl pH8, 5mM EDTA, 2mM 
DTT, 2mM benzam idine hydrochloride, 10% (w/v) glycerol) containing 
antipain, leupeptin, pepstatin A, chym otrypsin and aprotinin, each at a 
concentration of 0.5ng/ml. 0.15ml of 0.1M PMSF and 0.25ml of 10% (v/v)
Triton X-100 were added and the extraction was continued by vigorous 
vortexing in lm in  bursts. The extract was left on ice for 15min, vortexed 
again and centrifuged (100 OOOg, 30min, 4°C). Induction was checked by 
running approxim ately 100ng of protein from the supernatant on a 15%
(w/v) polyacrylamide gel alongside 100ng of protein extracted from  a 
bacterial culture to which no IPTG had been added.

The induced extract was brought to 30% saturation with ammonium sulphate, 
stirred for lh  on an ice/w ater mixture and centrifuged (13000g, lOmin, 4°C).
The supernatant was brought to 60% saturation with ammonium sulphate, 
stirred for 16h at 4°C and centrifuged, as before. This time the pellet was 
retained and redissolved in approximately 4ml of 50mM Tris-HCl pH8, lOOmM 
NaCl. This solution was centrifuged (13000g, lOmin, 4°C) and filtered through 
a 0.45nm filter (Millipore) before loading onto a Superdex 200 HiLoad 16/60 
gel filtration column (Pharmacia) equilibrated with the same buffer 
containing ImM PMSF. The column was run  at room  tem perature at a flow- 
rate of lm l/m in . 3ml fractions were collected and 4yl samples of the protein-
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rich fractions were run  on 15% (w/v) polyacrylamide gels to analyse the 
pro tein  elution profile. Fractions enriched in  p l3 suc  ̂ were loaded directly 
onto a  Mono Q. 10/10 ion exchange column (Pharmacia) equilibrated with 
20mM Tris-HCl pH8, ImM EDTA, ImM DTT. Proteins were eluted over a 0 to 1M 
NaCl gradient a t a flow-rate of approximately 2m l/m in. 2ml fractions were 
collected. Absorbance readings at 280nm indicated a m ajor peak of protein 
elution a t around lOOmM NaCl. When 4^1 samples of the corresponding 
fractions were analysed on 15% (w/v) polyacrylamide gels they were found 
to contain a 13kDa protein apparently free of o ther protein contam inants. A 
sample of the 13kDa protein was microsequenced, a service kindly perform ed 
by Dr B.Coles (CRC Molecular Toxicology Group, UCL W indeyer Building). The 
N-terminal amino acid sequence obtained confirmed tha t the protein was 
pl3Sucl.

Raising an an ti-sucl antibody

Fractions enriched in p l3 sucl  from  the gel filtration step of the purification 
procedure described above were concentrated using Amicon-10 
m icroconcentrators and used to raise an anti-sucl polyclonal antiserum  in a 
rabbit. The first injection contained 300fig of protein mixed 1:1 with Freund's 
complete adjuvant (Sigma) and emulsified by sonication. Booster injections 
containing the same am ount of pro tein  emulsified with Freund's incomplete 
adjuvant were given 4 weeks later and at 2 week intervals thereafter. Ear 
bleeds were screened by immunoblotting 10 to 14 days after each booster.

Preparation of pl3-Sepharose

Purified p l3 sucl  was coupled to cyanogen brom ide-activated Sepharose 4B 
(Pharmacia) according to the m akers' instructions, using 5mg of protein  per 
ml of swollen gel. BSA was coupled to Sepharose in the same way. Coupled 
beads were stored as a 50% (w/v) suspension in lOOmM Tris-HCl pH8, 500mM 
NaCl containing 0.04% (w/v) sodium azide at 4°C.

Protein extractions for p l3-Sepharose precipitations

S.pom be  cells were extracted by vortexing with an equal volume of extraction 
buffer (EB; 50mM Tris-HCl pH8, 250mM NaCl, 50mM NaF, 5mM EDTA, ImM DTT, 
0.1% (v/v) Triton X-100) and approximately 2-3 vols of acid-washed glass
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Synchronization of tobacco BY2 cells

Tobacco BY2 cells were cultured for 24h in m edium  containing 5pg/m l 
aphidicolin (see section 2.2). After washing out the drug, the cells were 
resuspended in fresh medium lacking aphidicolin and retu rned  to 
continuous culture. At selected intervals (0, 4.5, 7.5, 9.5 and 13h after release 
from drug) 40 ml aliquots of cells were removed and processed for p l3 -  
Sepharose chrom atography as described below. At the same time-points the 
mitotic index of the culture was determ ined as follows: 1ml of culture was 
harvested by centrifugation (13000g , 5s) and  the cells resuspended in 450 pi 
fresh m edium  containing 4% (v/v) form aldehyde. 2-3 pi of this suspension 
were mixed with 1 pi DAPI at a concentration of 1 pg/m l on a microscope 
slide, left for 1 minute, then m ounted and viewed using a 20x objective. The 
num ber of cells undergoing mitosis in a given field was counted and 
expressed as a percentage of the total num ber of cells in that field; a t least 
200 cells per slide were counted.



beads (425-600^m; Sigma). EB contained the following phosphatase and 
protease inhibitors from Sigma: O.lmM sodium orthovanadate, O.lmM PMSF, 
10ng/ml TPCK, 10ng/ml TLCK, 10|xg/ml soybean trypsin inhibitor; l^g /m l 
aprotinin; lug /m l leupeptin. Cells were vortexed in 30s bursts, cooling on ice 
for lm in  in between. Around 60-70% cell breakage was usually achieved. The 
extract was centrifuged (100 OOOg, 60min, 4°C) before assaying protein 
concentration .

Tobacco BY2 suspension cells were harvested by centrifugation (3 0 0 g ,
5min), washed once with EB and ground to a fine powder in liquid nitrogen 
using a precooled m ortar and pestle. The tissue was transferred to a 50ml 
polypropylene tube, allowed to thaw into ice-cold EB (approximately 10ml per 
40ml original cell suspension) and extracted by vortexing. The extract was 
then centrifuged (38 700g, 30min, 4°C) and  assayed for protein content.

Carrot protoplasts were resuspended in approximately 2 vols of cold EB, 
vortexed briefly and centrifuged (37 OOOg, 30min, 4°C) before assaying 
protein  content.

Incubations with pl3-Sepharose

Extracts were freshly prepared for each experim ent and usually used at a 
concentration of 2mg/ml, adjusted with EB, although S.pombe  extracts were 
sometimes used at higher concentrations. Incubations were perform ed in 
1.5ml microfuge tubes on a  ro tator a t 4°C. 1.5ml of extract was incubated with 
20 or 30|nl of pl3-Sepharose (or BSA-Sepharose) beads for at least 2h. Beads 
were washed once with 1ml of EB before use and three times with 1ml of EB 
after incubation. They were then boiled for 3min with an equal volume of 
Laemmli sample buffer (section 2.2) or used immediately for histone HI 
kinase assays.

Histone HI kinase assays

Kinase assays were perform ed by a modification of the m ethod of Ducommun 
et al. (1990). Following incubation, pl3-Sepharose beads were washed three 
times with 1ml of kinase assay buffer (KAB; 50mM Tris-HCl pH7.5, lOmM 
MgC12, ImM DTT, 20mM sodium p-glycerophosphate, 20mM para- 
nitrophenylphosphate, O.lmM sodium orthovanadate). KAB contained the
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following pro  tease inhibitors: 10ng/m l soybean trypsin inhibitor, lu g /m l 
aprotinin, lfig/m l leupeptin. The beads were then resuspended in 30^1 of KAB 
containing 83ng/m l histone (Type III-S; Sigma) and equilibrated for 5min at 
30°C. 10^1 of KAB containing 2^M cold ATP and 5\nCi of [y-^pjATP 
(3000Ci/mmol; NEN) were added and  the kinase reaction was perform ed for 
15min a t 30°C. It was stopped by adding 15pl of Laemmli sample buffer and 
boiling for 3min. Samples were analysed on 9% (w/v) polyacrylamide gels, 
which were dried and exposed to Fuji RX X-ray film at room  tem perature.

32p incorporation into protein

The kinase reaction was quantitated  by TCA precipitation of the reaction 
mixture, exactly as described by Harlow and Lane (1988).
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3.3 Results

p i 3sue 1 was purified from  a bacterial expression system (Figure 3.1) and  
coupled to Sepharose beads. The ability of this preparation to bind p34c^ c^ 
was tested using an extract of wild-type fission yeast cells. The pl3-Sepharose 
beads specifically precipitated a  protein of approximately 34kDa, that cross
reacted  with anti-cdc2 antiserum  and comigrated with yeast p 34cdc2 partially 
purified from  E.coli. (Figure 3.2). This protein was not precipitated by BSA- 
Sepharose or Sepharose alone.

The p i  3-beads were tested further using a culture of the fission yeast 
cdc25.22 m utant, synchronised by tem perature arrest and release (King and 
Hyams, 1982; Booher e t al., 1989). Extracts were prepared  at regular intervals 
after release, during the highly synchronous progression of cells through 
mitosis, and pl3-Sepharose precipitates were assayed for histone HI kinase 
activity as well as for the presence of p34cdc2 and  cdc 13/cyclin. Histone HI 
kinase activity was initially low, rose to a  peak after 60 min and  then 
declined to a minimum after 90 min just before the rise in septation index 
(Figure 3.3a,d). Meanwhile, the abundance of p 34cc*c2 bound to p l3 - 
Sepharose rem ained relatively constant (Figure 3.3c). cdcl3 /cyclin  was 
detected as a num ber of discrete bands on immunoblots suggesting limited 
proteolysis had  occurred just as described by Booher eta l. (1989). The am ount 
of cdcl3 /cyclin  precipitated by pl3-Sepharose was greatest at the time of the 
peak in HI kinase activity and declined coincidently with kinase inactivation 
(Figure 3.3b). These results attested to the ability of the p l3-beads to bind 
preform ed cdc2/cdcl3  complexes from S.pombe (Booher e ta l., 1989). They 
also dem onstrated that p 34cc*c2 retains its HI kinase activity when bound to 
p l3-Sepharose.

p 13-Sepharose was next tested upon a plant system. The beads were incubated 
with an extract of tobacco BY2 suspension cells p repared  8.5 hours after 
release from an aphidicolin block when the cells were expected to be 
entering a synchronous mitosis. The beads specifically precipitated a histone 
HI kinase activity which was not associated with BSA- or control Sepharose 
and did not phosphorylate any endogenous substrate retained on the beads 
(Figure 3.4a) pl3-Sepharose also precipitated a protein  of slightly higher 
m olecular mass than yeast p 34cd c2? which was recognised by anti-PSTAIR 
antiserum  (Figure 3.4c). This suggested that the tobacco cells contained a
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Fgure 3.1 Purification of p l3 s u c *
(a) Overexpression of p l3 sucl in E.coli. Extracts prepared from an 
uninduced (u) and an IPTG-induced (i) culture were separated by SDS-PAGE . 
Pairs of equivalent loadings are shown. (Coomassie-stained gel).
(b) Fractionation of the induced extract by gel filtration. The elution profile 
of p l3 sucl is shown; fraction numbers are given below.
(c) Essentially pure p l3 sucl obtained after fractions containing the protein 
in (b) were pooled and subjected to ion exchange chromatography.
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Figure 3.2 Im m unoblot analysis of p l3 -S epharose  prec ip ita tes 
from S .p om be .
pl3-Sepharose and control Sepharose precipitates prepared from extracts of 
wild-type S.pombe were separated by SDS-PAGE, transferred onto 
nitrocellulose and probed with anti-cdc2 antiserum. Lane 1, pl3-Sepharose 
(lOmg/ml extract). Lane 2, pl3-Sepharose (2mg/ml extract). Lane 3, BSA- 
Sepharose (2mg,/ml extract). Lane 4, uncoupled Sepharose (2mg/ml extract)



F igure 3.3 cdc2 a n d  c d c l3  p ro te in  leve ls  a n d  h is to n e  H I 
k in a se  a c tiv ity  d u r in g  th e  ce ll cyc le  o f  S .p o m b e .
A culture of cdc25-22 cells was a rres ted  a t G2/M  by  incubation  a t 
36°C for 4.5h. Cells re tu rn ed  to 25°C (time zero) proceeded 
synchronously  th ro u g h  m itosis. Extracts w ere p rep a red  a t tim e zero 
an d  every  30  m in  thereafter and incubated  w ith  p l3-Sepharose.
(a) au to rad io g rap h  o f h istone H I kinase activity  associated with p !3 -  
Sepharose. (b) an ti-cd c l3  an d  (c) anti-cdc2 im m unoblot analysis of 
p  13-Sepharose precip ita tes, (d) H I kinase activity  a n d  percen tage o f 
cells possessing septa. C orresponding sam ples a re  vertically  aligned in  
(a), (b) a n d  (c ).
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discrete HI kinase possessing some of the properties of a  cdc2 hom ologue. 
Anti-PSTAIR was used ra th e r  th an  anti-cdc2 because the  la tte r  d id  n o t appear 
to recognise p34cc*c2 hom ologues on W estern blots of cauliflower extracts 
(see Chapter 2); im m unoblotting with an ti-cdcl3  also failed to detect cyclin- 
like molecules b o u n d  to p l3-S epharose in  this experim ent (Figure 3.4b).

The abundance an d  activity of the  cdc2-like p ro te in  in  tobacco were 
m onito red  th roughou t the  m itotic cycle o f synchronised BY2 cells. Extracts 
w ere p rep ared  over a  13 h o u r period  following the  release of cells from  
aphidicolin; during th is tim e the  cells w ere expected to pass synchronously 
th rough  mitosis to the  next in terphase. There appeared  to be little difference 
in  th e  am ount o f h istone H I kinase activity precip ita ted  over the  course of 
the experim ent (Figure 3.5 a,c), despite the fact th a t the m itotic index h ad  
risen  from  zero to around  50% after 9.5 hours, the expected tim e o f the 
m itotic peak. After 13 h ours  the  cells appeared  ra th e r  abnorm al, with a  high 
frequency  of hypercondensed  nuclei. This m ight account fo r the slightly 
decreased  kinase activity in  the  last sample. Meanwhile, w hen the  p l3 -  
Sepharose precip ita tes w ere p ro b ed  w ith anti-PSTAIR the  zero-tim e sam ple 
was found  to contain  significantly less reactive p ro te in  th an  la te r  samples, 
in  which the level o f bound  p ro te in  was relatively  constant (Figure 3.5b). 
Thus the  histone H I kinase activity precip ita ted  from  tobacco cell extracts by
pl3-Sepharose d id  n o t appear to fluctuate in  a  cell cycle dependen t m anner,

/
n o r  to  correlate d irectly  w ith the  am ount of coprecipitated  cdc2-like pro tein .

This finding was investigated  fu rth e r  by  incubating  p i  3-beads w ith an  
ex tract o f cells th a t h ad  ceased dividing, nam ely carro t suspension cells in 
stationary  phase. The beads precip ita ted  a  d istinct h istone H I kinase activity 
a fter two h o u rs’ incubation  (Figure 3.6a). W hen p l3-S epharose  precip ita tes 
from  overn igh t incubations w ere p ro b ed  w ith anti-PSTAIR, how ever, no 
reactive bands were detected  (Figure 3.6b).
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Figure 3.4 cdc2-like pro tein  and histone HI kinase activity in 
tobacco BY2 suspension cells.
Tobacco BY2 cells blocked in S-phase using aphidicolin were released by 
washing out the drug. pl3-Sepharose and control Sepharose precipitates 
were prepared 8.5h later when the cells were expected to be entering a 
synchronous mitosis, (a) autoradiograph of HI kinase activity associated 
with (1) uncoupled Sepharose, (2) BSA-Sepharose and (3) pl3-Sepharose. (b) 
anti-cdcl3 and (c) anti-PSTAIR immunoblot analysis of (1) pl3-Sepharose, 
(2) BSA-Sepharose and (3) uncoupled Sepharose precipitates. Corresponding 
samples are vertically aligned in (b) and (c).
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Figure 3.5 Levels of a cdc2-like pro tein  and histone HI kinase 
activity during the cell cycle of tobacco BY2 cells.
A synchronous culture of BY2 cells was prepared using aphidicolin as 
described in the legend to Figure 3.4. pl3-Sepharose precipitates were 
prepared over a 13 h period following release of cells from the drug (time 
zero), (a) autoradiograph of HI kinase activity associated with p i 3- 
Sepharose. (b) anti-PSTAIR immunoblot analysis of pl3-Sepharose 
precipitates, (c) HI kinase activity after release.
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Figure 3.6 Histone HI kinase activity  in non-dividing carro t 
suspension  cells.
Carrot suspension cells in stationary phase were protoplasted, extracted and 
incubated with pl3-Sepharose. (a) Autoradiograph of HI kinase activity 
associated with (1) control Sepharose and (2) pl3-Sepharose after 2h 
incubation, (b) anti-PSTAIR immunoblot analysis of (1) control Sepharose 
and (2) p!3-Sepharose precpitates after overnight incubation with extract.
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3 .4  D iscussion

This chap ter describes attem pts to  identify  a  hom ologue of the yeast p 34cdc2 
pro te in  kinase from  tobacco cells an d  to assay its activity during  the cell 
cycle using p l 3 su c l affinity  chrom atography. cDNA clones encoding 
functional hom ologues of p 34cc*c2 have recently  been isolated from  maize, 
alfalfa and  Arabidopsis (Colasanti e ta /., 1991; Hirt e ta /., 1991; Ferreira e ta /., 
1991) and  an tisera  raised  against the highly conserved PSTAIR region o f cdc2 
have also been found to  recognise a 34kDa p ro te in  in  extracts o f oats and  
Arabidopsis (John e ta /.,  1989), alfalfa (Hirt e ta /.,  1991) and  onion (Mineyuki 
e ta /.,  1991). Anti-PSTAIR was used to p robe pl3-Sepharose precipitates in  the 
p resen t study because a  polyclonal serum  raised  against full-length yeast 
p 34cdc2 failed to cross-react with p lan t extracts (see C hapter 2). However, 
pro teins have recen tly  been  identified  in  hum ans an d  X enopus  which 
possess all the classical a ttribu tes of p 34cc*c2 , including the conserved 
PSTAIR motif, ye t are unable com plem ent a  defective cdc2 o r CDC28 gene in  
yeast (Paris e ta l., 1991; Tsai e t a l 1991; Pines and  Hunter, 1991a). The role of 
such pro teins in  cell cycle control is still unclear b u t th e ir discovery raises 
the possibility th a t the  p lan t pro teins detected in  the  p resen t study an d  
previous ones using anti-PSTAIR do n o t rep resen t tru e  functional 
homologues of p34cc*c2 .

The efficacy of the p l3-Sepharose beads p repared  fo r this study was 
confirm ed by perform ing experim ents sim ilar to those o f Booher e t al. (1989) 
who first reported  th a t such beads could be used to  isolate active cdc2 
complexes from  fission yeast. The beads d id  indeed precipitate p 34cc*c2 from  
w ild-type yeast extracts. p l3 -S epharose  precip ita tes p rep ared  a t regu lar 
intervals after cdcIS  m utan t cells arrested  a t 36°C were shifted down to the 
perm issive tem peratu re also contained  p34cc ĉ2, cd c l3 /cy c lin  an d  a  h istone 
H I kinase activity  which rose an d  fell as th e  cells progressed th rough  
mitosis, ju st as described by  Booher e ta /. (1989). Some differences were also 
apparen t, however. In the p resen t study the level of p34c(^c2 which bound  to 
p l3-S epharose rem ained  relatively  constan t a fte r tem pera tu re  shiftdow n 
w hereas Booher e t  a/. (1989) rep o rted  a  significant variation  in  binding with 
time after release. The reason  for this discrepancy is unclear b u t the 
abundance of p 34cdc2 has been shown to fluctuate little during  the cell
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cycle of S.pombe by direct immunoblotting (Simanis and Nurse, 1986; Booher 
et al., 1989; Moreno et al., 1989). The peak of HI kinase activity associated with 
pl3-Sepharose was also less marked than the peak measured by Booher e t al. 
(1989), who assayed anti-cdc2 immunoprecipitates. It may be that the true 
peak of activity occurred between 30 and  60 minutes after release in the 
present study and  was missed owing to the spacing of the time-points.

pl3-Sepharose was found to bind a cdc2-like protein from crude extracts of 
tobacco BY2 suspension cells, synchronised by release from an aphidicolin 
block. This 34kDa protein was recognised by anti-PSTAIR serum  and seemed 
to be associated with histone HI kinase activity. However, when p i  3- 
Sepharose precipitates were assayed throughout the mitotic cycle of 
synchronised BY2 cells the level of associated HI kinase activity rem ained 
relatively constant. Only 50% mitotic synchrony was achieved but any 
significant changes in activity should still have been detected. In contrast, 
there was a m arked increase in the level of cdc2-like protein binding to p i  3- 
Sepharose between the time of release and the next sampling 4.5 hours later.

Expression of the cdc2-like protein  may have been specifically down- 
regulated in BY2 cells treated with aphidicolin. In wheat, John e t al. (1990) 
have reported that levels of a cdc2-like protein detected by immunoblotting 
decline from  base to tip of the seedling leaf co rresponden t^  with declining 
mitotic activity. Moreover, in both maize and alfalfa a correlation has been 
noted between the abundance of endogenous cdc2 message and the 
proliferative state of the tissue (Colasanti e ta l., 1991; Hirt eta l., 1991). The 
increase in the level of cdc2-like protein binding to pl3-Sepharose may 
reflect an up-regulation of expression once cells are released from drug and 
able to continue their progress through the mitotic cycle. Such up- 
regulation is perfectly feasible within the time-span of the experiment: 
nuclear'run-off^studies have shown that certain mRNAs are induced within 
5-30 m inutes of treating soybean hypocotyls and plumules with auxin (Hagen 
et al., 1984; Hagen and Guilfoyle, 1985). Moreover, patterns of ^^S-labelled 
polypeptides separated on two-dimensional polyacrylamide gels have been 
found to alter within 1-3 hours of applying auxin to soybean hypocotyl 
sections (Zurfluh and Guilfoyle, 1980). It is possible, however, that the 
increased level of cdc2-like protein  binding to pl3-Sepharose simply reflects 
some change in the affinity of the protein for p l 3suc^.
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The histone HI kinase activity associated with pl3-Sepharose did not appear 
to fluctuate during the cell cycle of synchronised BY2 cells despite the fact 
that increased phosphorylation of histone HI has been reported around the 
G2/M boundary in artichoke explants, just as in animal cells (Stratton and  
Trewavas, 1981). The increased MPM2-specific staining of tobacco BY2 cells 
and onion root tip cells at G2/M (see Chapter 2) also suggests that mitosis is 
generally associated with increased levels of protein phosphorylation in 
plants. In m ost eukaryotes histone HI kinase/MPF appears to be activated 
abruptly upon entry  into mitosis (Nurse, 1990; see Figure 1.1). Tobacco BY2 
cells may not represent ’typical' p lant cells, however. Smith and  Street (1974) 
found that serial subculture of suspension cell lines resulted in  loss of 
embryogenic potential and  increased ploidy levels. This was thought to 
reflect underlying changes in the physiological state of the cells linked to 
the strong selection for high proliferation rates inheren t in this m ethod of 
subculture. Similar changes may have altered the regulation of histone HI 
kinase activity in tobacco BY2 cells.

The fact that the level of HI kinase activity precipitated from BY2 cells by 
pl3-Sepharose did not correlate precisely with the level of cdc2-like protein  
coprecipitated suggests tha t two discrete biochemical entities may be 
involved. In support of this view, pl3-Sepharose precipitates prepared  from  
non-dividing carrot suspension cells were found to be associated with HI 
kinase activity in the absence of any detectable cdc2-like protein. It seems 
unlikely th a t anti-PSTAIR serum  simply did not react with carro t extracts in 
this case since similar antisera have been shown to react specifically with a 
variety of different plant species (John et al., 1989; Hirt et al., 1989).

John e t al. (1991) recently reported a  cdc2--like protein in wheat extracts 
which was retained on pl3-Sepharose columns and  appeared to coelute with 
histone HI kinase activity. Crude extracts of meristematic tissue were 
fractionated on DEAE cellulose and fractions displaying both HI kinase 
activity and  reactivity towards anti-PSTAIR were pooled for pl3-Sepharose 
chrom atography. The correlation between HI kinase activity and  presence of 
PSTAIR-containing protein  was ra th e r poor in the initial fractionation 
however, and more than  one species of calcium and cAMP-independent 
histone HI kinase appeared to be present. This suggests that plants are m ore 
complex than  S.pombe, in which all HI kinase activity is contributed by 
p34cdc2 (Moreno eta l., 1989). Thus it is possible that pl3-Sepharose may
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specifically b ind a HI kinase activity from plants which is distinct from  the 
cdc2 pro tein  kinase. cdc2-like proteins which in teract with pl3-Sepharose 
have been reported in o ther eukaryotes (Pines and  Hunter, 1991a) and 
multiple cdc2-like genes have in fact been detected in maize (Colasanti e t al., 
1991).

The present study yielded no evidence tha t cyclin-like molecules from plants 
are retained  by pl3-Sepharose; precipitates which cross-reacted with anti- 
PSTAIR serum  on immunoblots did no t appear to cross-react with antiserum  
raised against the yeast cd c l3 + gene product. The degree of structural 
conservation between yeast and plant cyclins is unlikely to be high, 
however (Hata e ta /., 1991), and the lack of cross-reactivity probably reflects 
the heterologous nature of the antibody ra ther than  an absence of cyclins in 
plants. In fact, cDNA clones encoding putative mitotic cyclins have recently 
been isolated from carrot and soybean (Hata e t al., 1991) and a synthetic 
mRNA from one such clone was able to induce meiotic m aturation of Xenopus 
oocytes.

In summary, the results suggest tha t tobacco BY2 suspension cells contain a 
protein possessing several of the classical attributes of a cdc2 homologue 
(Pines and Hunter, 1991a): it has a molecular mass of approximately 34kDa, 
contains the conserved PSTAIR region and  binds specifically to p l3 sucl .  
Moreover, this protein appears to decline in abundance in  cells which have 
ceased dividing or are arrested in the mitotic cycle by drugs. A histone HI 
kinase activity from  tobacco and  carro t suspension cells is also specifically 
precipitated by pl3-Sepharose but, paradoxically, this activity is not always 
correlated with the presence of the cdc2-like protein. Thus the HI kinase 
activity and  the cdc2-like protein may represent distinct biochemical 
entities.
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Chapter 4: Use of yeast genes to identify cognate sequences in 
higher plants

4.1 In tro d u c tio n
The cell cycle regulatory molecules of yeast and higher eukaryotes have 
been found to show rem arkable structural conservation; cdc2 homologues, 
for example, share 60-70% identity a t the amino acid level (Nurse, 1990; 
Draetta, 1990; Pines and Hunter, 1991a). Homology at the DNA level is often 
significantly less, however, owing to redundancy in the genetic code.

In the present study the genome of various higher plants was probed with 
full-length fission yeast cell cycle genes, using m olecular biological 
techniques. Such techniques depend upon a sufficient degree of DNA 
homology between probe and target sequence to perm it hybridization. The 
polymerase chain reaction (PCR) was investigated as a means of generating 
highly specific, homologous probes for screening libraries. Essentially this 
DNA amplification procedure simply requires the identification of small 
'islands' of homology in the target sequence, perm itting the design of 
com plem entary PCR prim ers (Saiki e ta /., 1988).

4.2 M aterials an d  M ethods 

Plant m aterial
Arabidopsis thaliana var. Landsburg erecta was grown from  seeds supplied 
by Dr C.Dean, IPSR, Norwich.

Plasmids and bacterial strains
Plasmids used in this study are described below:
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Plasmid Reference

pcdcl3-3d 3.4kb DNA fragment bearing the Booher and Beach (1988)
S.pombe cdcl3+ gene cloned into 
the BamUl-SaE sites of pUC119

pcdc2-16 1.4kb DNA fragment bearing the Booher and Beach (1986) 
S.pombe cdc2+ gene with introns 

deleted, cloned into the 
ffindni-Smal sites of pUC18

A sucl 672bp DNA fragment bearing the Brizuela et al. (1987)
S.pombe suc l+ gene with introns 
deleted, cloned into the Sinai site

Escherichia coli strain MV1193 was used for all m anipulations unless 
otherwise stated. This strain was m aintained and grown on 2xYT medium 
(Sambrook etal., 1989).

T ransform ation
Competent cells were prepared as described by Sambrook et al. (1989). 200^1 
of com petent cells were mixed with 50ng plasmid DNA in a microfuge tube 
and placed on ice for 30min. The cells were given a 2min heat shock at 42°C, 
cooled on ice for l - 2min then allowed to warm to room tem perature. 800jxl of 
fresh 2xYT were added and the cells grown for lh  a t 37°C without agitation. 
They were then centrifuged (13000g, 20s), resuspended in 200|ul 2xYT and 
plated out on 2xYT plates containing 75ng/ml ampiciUin, 40ng/m l X-Gal and 
0.2mM IPTG. Plates were left overnight a t 37°C and transform ed (white) 
colonies were picked next morning.

Small-scale preparation of plasm id DNA
M inipreparations of plasmid DNA were perform ed by a modification of the 
alkaline lysis m ethod of Cohen e t al. (1972) described by Sambrook e t al. 
(1989). The bacterial lysate was extracted once with phenokcloroform  (1:1) 
and once with chloroform:isoamylalcohol (24:1) before precipitating plasmid 
DNA with 2 vols of 95% (v/v) ethanol for lh  at -20°C. After centrifugation
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(13000g, lOmin) the DNA pellet was washed with 1ml ice-cold 70% (v/v) 
ethanol and  resuspended in 50^1 TE buffer (lOmM Tris-HCl pH8, ImM EDTA).

Restriction digests
Restriction enzymes were supplied with their own lOx digestion buffers and 
used according to the m anufacturers' instructions. At least 10 units of 
enzyme were used per fxg of DNA and incubation was for at least 3h.

Separation of nucleic acids on agarose gels
DNA was separated by electrophoresis through 0.8% (w/v) agarose gels in 
TBE (90mM Tris-borate, 2mM EDTA pH8) using a GNA-100 apparatus 
(Pharmacia). Ethidium bromide (Sigma) was included In the gel at a 
concentration of 0.5ng/ml and DNA samples were loaded as a 1:1 mixture with 
loading buffer (lOmM Tris-HCl pH8, ImM EDTA, 25% (v/v) glycerol, 0.05% 
(w/v) brom ophenol blue). Size m arkers were XDNA digested with HindHI. 
Total RNA was separated on 1% (w/v) agarose gels exactly as described above 
except that samples in loading buffer were heated to 75°C for 4min and cooled 
on ice before loading. Fluorescent nucleic acid bands were visualised by 
illum ination with ultra-violet light (340nm) using a transillum inator.

Estimation of nuclei acid content
Nucleic acid concentrations were estim ated at A26O assuming an A26O of 20 
for a lm g/m l solution of DNA and an A26O of 25 for a lm g/m l solution of RNA. 
Concentration values were only considered reliable if the ratio of A26O to 
A28O was greater than 1.8.

Siliconisation
Glassware was siliconised by rinsing several times in chloroform  containing 
5% (v/v) dichlorom ethylsilane (Sigma), followed by extensive washing in 
deionised water. It was then baked for a t least 3h at 180°C before use.

Preparation of DNA inserts from recom binant plasmids 
pcdc2-16 plasmid DNA was double digested with EcoRI/ifindlll and the insert 
separated from  the vector by electrophoresis through a 1% (w/v) gel of low 
melting-point agarose (BRL). The insert was purified by a m odification of the 
m ethod of Langridge e t al. (1980). A segment of gel containing the insert 
band was excised and m elted at 70°C for 3min in a microfuge tube. 2 vols of 1- 
butanol-saturated water at 42°C were added followed by 2 vols of water-



saturated 1-butanol containing CTAB (5g/l) a t the same tem perature. The tube 
was inverted 50 times to mix and centrifuged (13000g, 5s). The upper, butanol 
phase was removed to a clean tube and the aqueous phase back-extracted 
with a fu rther 2 vols of butanol containing CTAB. The second butanol phase 
was pooled with the first and the total volume m easured. A one-quarter vol of 
0.2M NaCl was then added and the tube inverted 50 times and centrifuged as 
before. This time the lower, aqueous phase was removed to a clean tube and 
the rem aining butanol phase was back-extracted with a one-quarter vol of 
fresh 0.2M NaCl. The aqueous phase was rem oved and pooled with the first.
An equal volume of chloroformrisoamylalcohol (24:1) was then added and  
mixed well. After centrifugation (13000g, 2min) the upper, aqueous phase 
was removed and 5^1 of lm g/m l nuclease-free BSA were added followed by 2 
vols of 95% (v/v) ethanol. The DNA was precipitated for at least 3h a t -20°C, 
recovered by centrifugation (13000g, 30min, 4°C), and redissolved in  TE 
(pH8).

Ligation of DNA inserts into plasmid vectors
pUC118 plasmid DNA was digested with EcoRl/HindUl and 68ng of linearised 
plasmid were mixed with 24ng of gel-purified cdc2 insert (an approximately 
1:1 ratio of m olar termini) in a 20 nl ligation reaction. The reaction buffer 
contained 50mM Tris-HCl pH7.4, lOmM MgCl2, lOmM DTT, ImM ATP and 
50ug/ml BSA; 1 unit of T4 DNA ligase was used. The reaction was incubated at 
12°C for 48h and then made up to lOOfxl with TE buffer. 10, 20 and 40fd aliquots 
of diluted ligation mix were used in a transform ation reaction. Plasmid DNA 
was prepared  from ten selected transform ants, digested with EcoRI/ifindlll 
and run  on an  agarose gel to check for the presence of an insert.

Preparation of single-stranded (ss) plasmid DNA 
ssDNA templates were prepared from  recom binant pUC118 and pUC119 
plasmids by a modification of the m ethod of Vieira and Messing (1987). 
Transform ed cells were grown up overnight and  lightly inoculated into 3ml 
2xYT containing lOOfig/ml ampicillin and 0.2% (w/v) glucose. The culture 
was incubated at 37°C for lh  15min until cloudy but not turbid. 10^1 of 
M13K07 helper phage at 1010 to 1011/m l was added and the incubation 
continued for lh  and 30min. At this point kanamycin was added to a final 
concentration of 75 fig/ml and the incubation continued for a fu rther 45min. 
100fd of cells was then transferred into 11ml 2xYT containing 100ng/ml
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ampicillin, 75ng/m l kanamycin and  0.2% (w/v) glucose. This culture was 
grown overnight at 37°C in a 100ml flask on a shaker at 300rpm.

The cells were recovered by centrifugation (12000g, 5min, 4°C) and the 
supernatant removed to a fresh tube and recentrifuged (16000g, 15min, 4°C). 
9ml of supernatant were transferred to a siliconised 15ml Corex tube and  
0.5ml 5M sodium acetate (pH6) and 0.5ml 40% (w/v) PEG 6000-8000 were added. 
The mixture was vortexed, placed on ice for a t least 45min and centrifuged 
(7700g, 30min, 40°C). The supernatant was poured off and the tubes 
recentrifuged (3000g, 5min) to collect any rem aining liquid. This was 
decanted and  the tubes dried thoroughly using a sterile cotton swab. The 
pellet was resuspended in 0.5ml TE (pH8) and extracted once with TE-saturated 
phenol, once with TE-saturated phenokchloroform  (1:1) and once with 
chloroform:isoamylalcohol (24:1). The aqueous phase was recovered and  a 
one-tenth vol 3M sodium acetate (pH6) and 2 vols 95% (v/v) ethanol were 
added. The ssDNA was precipitated for at least lh  at -20°C and recovered by 
centrifugation (13000g, lOmin). The pellet was washed three times with 1ml 
of 70% (v/v) ethanol and resuspended in TE (pH8) at a concentration of 

lOOng/jil.

Primer extension labelling of DNA
lOOng of ss plasmid template was used in a 20^1 labelling reaction. The 
reaction buffer contained lOmM Tris-HCl pH7.5, 50mM NaCl, lOmM MgCl2,
ImM DTT. The DNA was heated to 65°C for 15min with 2.5ng of M13 
hybridisation prim er (New England Biolabs) and allowed to cool to 40°C. 50^M 
dGTP, dTTP and dATP, and lOmM DTT were then added followed by 50^Ci of [«- 
32P]dCTP (3000Ci/mmol; NEN) and 2 units of Klenow enzyme (BRL). The 
reaction mix was incubated at 37°C and after 2.5h an assay for incorporation 
was perform ed according to Jackson e t al. (1972). The incorporation reaction 
was stopped by adding 25^1 of TE (pH8) and 6^1 of dye mix (5% (w/v) blue 
dextran; 5 m g/m l bromocresol purple in TE (pH8) and unincorporated 
nucleotides were rem oved by gel filtration on a Biogel P-60 column (Biorad) 
equilibrated with TE (pH8). The blue dextran band containing plasmid DNA 
was collected and its volume measured, lfd was spotted onto a glass-fibre disc 
(Whatman GF/C) and counted for 32P. The specific activity of the probe was 
then calculated assuming no losses of DNA.

H ybridisation
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A Southern blot of genomic DNA from  a variety of plant species was kindly 
provided by Dr PJ.Hussey. The nylon filter was prehybridised in a sealed bag 
at 42°C for 18 to 24h. The prehybridisation solution (0.2m l/cm 2 filter) 
contained 5x SSPE (50mM NaH2P04 pH7.4, 900mM NaCl, 5mM EDTA); 50% (v/v) 

deionised formamide; 50mM Tris-HCl pH7.5; Ix Denhardts (0.02% (w/v) Ficoll, 
0.02% (w/v) PVP, 0.02% (w/v) BSA) (D enhardt 1966); 1% (w/v) SDS; 100^g/ml 
calf thymus DNA; 120ng/ml pUC118 ssDNA. The hybridisation was perform ed 
at 42°C for 40 to 48h. The hybridisation solution (0.05m l/cm 2 filter) was 
exactly the same as that for the prehybridisation except for the addition of 
5% (w/v) dextran sulphate. Up to lOOng of labelled DNA probe was used per 
hybridisation. The filter was washed 3 times for 30min with a total of 21 of 2x 
SSC (30mM sodium citrate pH7, 300mM NaCl); 1% (w/v) SDS at room 
tem perature. Similar washes were subsequently perform ed a t a t 37, 45 and 
55°C.

Detection of radioactivity using X-ray film
Radioactive filters were exposed to Fuji RX and Kodak XAR X-ray films at 
-80°C with intensifying screens. Films were developed and fixed using 
standard photographic procedures.

Screening a cDNA library
An A ntirrhinum  cDNA library was constructed in the XgtlO cloning vector 
(Amersham) by Dr E.Coen, IPSR, Norwich. Half a million plaques were 
screened with a c d c l3 + probe labelled by prim er extension. Nitrocellulose 
filters were prepared  by the m ethod of Mason and Williams (1985) and 
prehybridised for 90min at 40°C. The prehybridisation solution contained 6x 
SSC (90mM sodium citrate pH7, 900mM NaCl), 0.1% (w/v) SDS, 0.02% (w/v)
PVP, 0.02% (w/v) Ficoll and 100ng/ml boiled salmon sperm DNA. The 
hybridisation was perform ed at 40°C for 48h. The hybridisation solution was 
exactly the same as that for the prehybridisation but in addition contained 
lOOng probe a t a specific activity of 4 x 108 cpm /^g DNA. After hybridisation, 
filters were washed twice for 30min and once for 90min with 6x SSC, 0.1%
(w/v) SDS at 40°C. They were then exposed to X-ray film overnight.

Possible positive plaques were picked from the original library  by coring out 
plugs of agar and  transferring each to a separate microfuge tube containing 
lm l of SM medium (50mM Tris-HCl pH7.5, lOOmM NaCl, lOmM MgS04, 0.01%

(w/v) gelatine) and two drops of chloroform. These phage stocks were diluted
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1:100,1:1000 and 1:10 000 with fresh SM buffer. 1^1 of each dilution was then 
mixed with lOOfd plating cells (E.coli strain NM514; Amersham) and plated out 
according to Amersham's instructions. A second set of filters was then 
prepared and screened as above.

Preparation of genomic DNA
Maize genomic DNA was isolated by a modification of the m ethod of Larkin e t 
al. (1989). Approximately 45g maize stem was ground to a fine powder in 
liquid nitrogen using a precooled m ortar and pestle. The tissue was 
transferred to a 250ml flask and allowed to thaw into 60ml extraction buffer 
(EB: lOOmM Tris-HCl pH8, 20mM EDTA, 600mM NaCl, lOmM p-mercaptoethanol, 
0.5% (w/v) SDS). The suspension was placed at 60°C for lOmin then 
transferred into two 50ml polypropylene tubes and extracted with an equal 
volume of phenol:chloroform:isoamylalcohol (25:24:1) a t 60°C for lOmin. The 
mixture was centrifuged (7700g, 6min, 4°C) and the aqueous phase removed 
and reextracted as described above. The aqueous phase was then transferred 
to a clean polypropylene tube and a one-tenth vol of 3M sodium acetate (pH6) 
and a one-third vol of CF-11 cellulose slurry (10% (w/v) in TE pH8) were 
added. The tube was left on ice for 15min and then centrifuged (2000g, 2min, 
4°C). A one-third vol of 8M lithium  chloride was added to the supernatant 
which was left on ice for 16h. The solution was centrifuged (7700g, 30min, 
4°C) and the supernatant retained. A one-tenth vol 3M sodium acetate (pH6) 
and two vols of 95% (v/v) ethanol were added and the DNA left to precipitate 
on ice for 2h. The DNA was harvested by centrifugation (7700g, 30min, 4°C) 
and dissolved in TE (pH7.4) at 4°C. A second ethanol precipitation was 
perform ed, this time spooling the DNA from the interface of the 
aqueous/ethanol phases onto a pasteur pipette. The spooled DNA was washed 
twice with 70% (w/v) ethanol; lOmM EDTA and redissolved in TE (pH7.4) at 
4°C. The DNA precipitation and spooling steps were repeated once more 
before the DNA was finally dissolved in TE (pH7.4) at a concentration of 
approxim ately 2mg/ml.

Preparation of total RNA
Total RNA was prepared from carrot suspension cells and Arabidopsis buds by 
a modification of the methods of Lefebvre e t al. (1980) and Taylor and Powell 
(1982). All solutions were m ade up in water which had been treated with 0.1% 
(v/v) DEPC for 16h at 37°C and then autoclaved for 15min. All Corex tubes and 
pasteur pipettes were siliconised and baked before use.



Approximately 5g fresh weight of carrot suspension cells or 3.5g of 
Arabidopsis buds were ground in liquid nitrogen in a precooled m ortar and 
pestle. When reduced to a fine powder the tissue was transferred to a 50ml 
polypropylene tube and allowed to thaw into 30ml extraction buffer (EB: 
50mM Tris-HCl pH8.5; 300mM NaCl; 5mM EDTA; 2% (w/v) SDS; lOOfxg/ml 
proteinase K). The suspension was immediately extracted with an equal 
volume of phenol:chloroform:isoamylalcohol (25:24:1) by vigorous vortexing 
and then transferred into 30ml Corex tubes and centrifuged (9700g, 20min, 
4°C). The aqueous phase was decanted and extracted twice m ore in the same 
way with an equal volume of fresh phenol:chloroform:isoamylalcohol 
followed by an equal volume of chloroform:isoamylalcohol (24:1). The 
aqueous phase was then removed to a clean Corex tube and a one-tenth vol of 
3M sodium acetate (pH6) and 2.5 vols 95% (v/v) ethanol were added. The tube 
was placed at -20°C overnight.

Nucleic acid was recovered by centrifugation (9700g, 20min. 4°C) and 
redissolved in a total of 6ml of 1M caesium chloride in TESS buffer (50mM 
Tris-HCl pH8, 5mM EDTA, 50mM NaCl, 1% (w/v) sarkosyl). This solution was 
layered over 2ml cushions of 5.7M caesium chloride in TESS in two tubes 
designed for the Beckman SW50.1 rotor. These tubes were centrifuged in a 
Beckman ultracentrifuge (100 OOOg, 18h, 22°C). Most of the supernatant 
containing banded DNA was removed with a pasteur pipette. The bottom  1cm 
of each tube was then cut off and the clear, glossy pellet of RNA drained and 
redissolved in 1ml of TE (pH8) containing 1% (v/v) p-m ercaptoethanol. 
Dissolved pellets were pooled in a 15ml Corex tube and the RNA precipitated 
with ethanol overnight. RNA was then redissolved in 0.5ml ice-cold DEPC- 
water and flash-frozen in liquid nitrogen after removing samples for 
absorbance readings and gel analysis. The RNA was stored at -80°C.

Preparation of poly(A)+ RNA
Poly(A)+ RNA was purified from  total RNA by m eans of oligo(dT)-cellulose 
columns p repared  in siliconized 10ml syringe barrels plugged with 
siliconized, baked glass wool. A piece of plastic tubing was attached to the 
barrel outlet so that flow-through of buffer could be regulated with a gate- 
clip.
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Each column was packed with 0.2g oligo(dT)-cellulose (Type3; Collaborative 
Research Incorporated) which was suspended and  poured in high-salt buffer 
(0.5M NaCl, lOmM Tris-HCl pH7.5, ImM EDTA, 0.5% (w/v) SDS). The cellulose 
was washed successively with 5 column vols Tris-HCl (pH7.5), 5 column vols 
0.1M potassium hydroxide, 5 column vols lOmM Tris-HCl (pH7.5), 5 column 
vols low-salt buffer (lOmM Tris-HCl pH7.5, ImM EDTA, 0.1% (w/v) SDS) and 10 
column vols high-salt buffer. 1ml o f total RNA was then diluted with 4ml of 
low-salt buffer to give a final concentration of approximately lm g RNA/ml. 
The solution was heated to 65°C for 5min, cooled immediately on ice and a 
one-ninth volume of 5M NaCl added. It was then passed slowly over a 
prepared oligo(dT) column and the flow-through collected and reloaded. The 
column was washed with high-salt buffer and bound poly(A)+ RNA was 
eluted with four 3 ml aliquots of low-salt buffer. The eluate was reheated to 
65°C for 5min, cooled on ice and a one-ninth volume of 5M NaCl added. The 
column was reequilibrated with 10 column vols of high-salt buffer and  the 
loading and washing procedures were repeated as before. Poly(A)+ RNA was 
finally eluted with four 2ml aliquots of low-salt buffer and ethanol 
precipitated. It was then recovered by centrifugation (9700g, 30min, 4°C) and 
redissolved in DEPC-water.

Electrophoresis of poly(A)+ RNA
Poly(A)+ RNA was separated on form aldehyde gels as described by Fourney e t 
ai. (1988).

Synthesis and cloning of com plem entary DNA (cDNA)
Poly(A)+ RNA was used to synthesise cDNA using the Amersham ?cDNA 
synthesis system plus' kit. Approximately l^g  of carrot and 3ng of 
Arabidopsis bud poly(A)+ RNA were used. The cDNA obtained was cloned 
using the Amersham XgtlO cloning system. In both cases the instructions of 
the m anufacturers were followed precisely.

PCR
Two oligonucleotides were designed com plem entary to regions highly 
conserved in fission yeast c d c l3 + and related  cyclins (Minshull et al., 1989b). 
The nucleotide sequences of the two prim ers and the amino acid motifs to 
which they correspond are given below:
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sense 20-mer
5f ATI (C/T)TI (A/G)TI GA(T/C) TGG (C/T)TI GT 3T ( I -- Cosine)

I L - D W L (V)

antisense 23-mer
5' GGIGG (G/A)TA IA(T/C) (C/T)TC (C/T)TC (G/A)TA (T/C)TT 3f

P P Y E E Y K

Approximately 12ng of linearised pcdcl3-3d plasmid DNA or lfig of maize 
genomic DNA were used in a lOOul PCR. The reaction buffer contained 50mM 
Tris-HCl (pH9), 15mM (NH4)2S04, 7mM MgCl2, 50mM KC1, 170^g/ml BSA, 10% 

(v/v) DMSO. 200uM dATP, dTTP, dCTP and dGTP (Pharmacia) were added 
followed by 0.5 ng of each oligonucleotide. The DNA was added last. 
Components were mixed and 60f.il of paraffin oil was layered on top. The 
reaction was heated to 95°C for 5min, allowed to cool to 55°C and placed on ice. 
2.5 units of Taq polymerase (Anglian Biotec Ltd.) were then added to the 
aqueous phase through the paraffin oil. 30 tem perature cycles were usually 
perform ed:

i) prim er annealing 43°C; 60s
ii) DNA polymerisation 70°C; 30s
iii) denaturation 92°C; 30s

PCR products were analysed on 2% (w/v) agarose gels in 40mM Tris-acetate, 
ImM EDTA (pH8).
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4.3 Results

Southern blots of genomic DNA from  several different higher plants as well 
as the unicellular green alga C hlam ydom onas  were probed with full-length 
copies of the S.pombe cdc2+, su c l+ and cdcl 3+genes. The probes were 
p repared  by prim er extension labelling which generally resulted in a high 
specific activity, up to 1 x 109 cpm/Vg DNA.

When a Southern blot of three different restriction digests of maize DNA was 
probed with cdc2+ several hybridizing bands were observed (Figure 4.1). Two 
bands of the same size in different digests (arrowed) seem likely to be the 
result of non-specific binding to a DNA fragm ent fortuitously enriched in 
both digests by cleavage of a highly repetitive region of the maize genome; 
corresponding bands were obvious in the ethidium  brom ide-stained gel (data 
not shown). The rem aining bands seem likely to be specific, however. The 
ra ther low activity of the probe used in  this experim ent (approximately 4 x 
107 cpm /ng DNA) may account for the weak signal obtained.

When a second filter bearing maize, Arabidopsis, carrot and Chlamydomonas 
DNA was probed with su c l+ no hybridizing bands were observed (data not 
shown). However, several bands were detected when the filter was probed 
with cd c l3 +: three in maize and one each in Arabidopsis and Chlamydomonas 
(Figure 4.2). These bands persisted even under high stringency washing 
conditions (2x SSC; 55°C) suggesting they were unlikely to be the result of 
non-specific hybridisation. The full-length cd c l 3+ gene was therefore used 
to screen an A ntirrh inum  cDNA library. Approximately half a million (5 x 
105) plaques were screened under low stringency conditions (6x SSC; 40°C) 
and eight possible positives were picked and amplified. None of these 
survived a second screen, however, so a different strategy was devised. From 
a comparison of cdc l 3+ with o ther published cyclin sequences (see Minshull 
et al., 1989b) two redundant oligonucleotides were designed, with the 
intention of screening cDNA libraries made de novo  from proliferating plant 
tissues.

To make the libraries poly(A)+ RNA was prepared from Arabidopsis buds and 
carrot suspension cells in mid-exponential growth, and used to synthesise 
double-stranded cDNA. The products of the first strand synthetic reactions,
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Figure 4.1 Southern blot of maize genomic DNA probed with the 
fission yeast c d c 2 + g e n e 5 a^oi uasluU 31°c U 2*SSC^ 1“/. (u/v)5dS. 
Each lane contained 15(itg of DNA digested with the following restriction 
enzymes lane 1, fcoRI; lane 2, ffindlll; lane 3, BamHl.
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9 - 4 -
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4 - 4 “

2-3

2 0

1 2  3 4

Figure 4.2 Southern blot of genomic DNA from several h igher 
and lower p lan t species probed with the fission yeast c d c l  3 + 
g e n e 5 ucksIuuL a£ 5S°C u‘>ik 2 * SSC j IV* (u/v) SDS.
Lane 1, 15ug maize DNA; lane 2, 5|ug Arabadopsis thaliana DNA; lane 3, 5^g 
Chlamydomonas reinhardtii DNA; lane 4, Daucus carota DNA. DNA in lane 1 
was digested with J?coRI; DNA in lanes 2-4 was digested with HindlU.
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separated by electrophoresis, are shown in Figure 4.3; the average size of the 
cDNA was around lkb. The efficiencies and yields obtained throughout the 
procedure are shown in Table 4.4. The cDNA was ligated into XgtlO vector 
arms and packaged into phage heads, but the titre of recom binants was found 
to be no higher than  background. When a sample of the ligation reaction was 
32P-labelled and run  on a neutral agarose gel it was discovered that the cDNA 
had not ligated into the vector (data no t shown) although a control ligation 
appeared to have been successful. This suggested that one of the steps 
required to modify the cDNA before ligation had not worked, although which 
step in particu lar was unclear.

The library was left at this stage and the two oligonucleotides in tended for 
screening were used instead as prim ers for PCR, since they had  been 
designed to allow this application. The first prim er was based on the peptide 
sequence IL-DWL(V) while the second was based on the sequence 
KYEE-YPP, sometimes referred  to as the 'cyclin box' (Minshull e t al., 1989a); 
these sequence motifs are present in both A- and B-type cyclins separated by 
around 50 amino acids (Minshull e t a/., 1989b). The oligonucleotides were 
tested on the full-length cd c l3 +gene from S.pombe and a band of the 
expected size, approximately 180bp, was amplified (Figure 4.5a). They were 
then tested on maize genomic DNA and a ’ladder’ of bands around the expected 
size was obtained (Figure 4.5b). These results suggested that the PCR 
approach would be worth pursuing using either maize DNA or some of the 
rem aining Arabidopsis cDNA (still mixed with vector arms) to isolate PCR 
fragments which could be used to screen appropriate plant libraries. A start 
was made on optimising the amplification conditions for maize, but 
increasing the stringency of the reaction by raising the annealing 
tem perature from 43 to 50°C did not greatly help to resolve any one band 
from the others in the ladder, and significantly decreased the yield of all 
products.
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9
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5
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M 1 2 3 M

Figure 4.3 Products of first strand  cDNA synthesis separated  by 
a lkaline  agarose gel e lec tro p h o res is .
Poly(A)+ RNA was prepared from carrot suspension cells (lane 1) and 
Arabidopsis buds (lane 2) and used to synthesise cDNA. A 1.8kb test RNA 
(Stratagene) was subjected to the same procedure as a control (lane 3). A 
mixture of FcoRI-cut and EcoRU//indlll-cut X. phage DNA fragments were 
run as molecular size markers (lane M).
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M 1 2 3 4
Figure 4.5 DNA am plification  by the polym erase chain  reaction  
using p rim ers com plem entary  to h igh ly  conserved  regions of the  
fission yeast cdc  13+ g e n e .
lOjil of each IOOiliI reaction was run on a 2% agarose gel.
(a) amplification of pcdcl3-3d plasmid DNA (linearised by digestion with 
BamHI) at an annealing tem perature of 43°C. Lane (M), 400 bp DNA marker 
fragment; lane 1, a reaction containing lOng plasmid DNA; lane 2, a 
reaction containing lng  plasmid DNA.
(b) amplification of maize genomic DNA at an annealing tem perature of 
43°C. Lane 1, A reaction containg l^g DNA; lane 2, a reaction containing 
0.1 (ig DNA; lanes 3 and 4, controls containg no DNA. The high molecular 
weight genomic DNA is indicated with an arrow.
(c) amplification of maize genomic DNA at an annealing tem perature of 
55°C. Lane (M) 400 bp DNA marker fragment; lanes 1-4 are as in (b) 
above.
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4.4 D iscussion

This chapter describes attem pts to identify homologues of yeast cell cycle 
genes in higher plants by heterologous DNA hybridisation. During 
preparation of this work several putative mitotic regulators were identified 
in plants using related techniques. Feiler and  Jacobs (1990) isolated a  PCR 
fragm ent encoding the first p lant homologue of cd c l from pea, and 
functional homologues were subsequently isolated from  maize, alfalfa and 
Arabidopsis also by means of PCR (Colasanti e t al., 1991; Hirt e t al., 1991;
Ferreira eta l., 1991). Meanwhile, Hata eta l. (1991) isolated cDNA clones 
encoding putative mitotic cyclins from  soybean and  carro t by screening 
cDNA libraries with degenerate oligonucleotides.

When a Southern blot of maize genomic DNA was probed with the yeast cdc2+ 
gene several hybridising bands were observed. This correlates with the 
results of Colasanti e t al. (1991) who isolated two different cdc2-like genes 
from maize and detected more by Southern blot analysis. Nothing is known 
about the redundancy of these genes or w hether they play differential roles 
in cell cycle control. The cdcl homologue from  Arabidopsis, which has a 
much smaller genome than maize, seems to be a single-copy gene, however 
(Ferreira eta l., 1991).

Homologues of the su c l+ gene have been identified in S.cerevisiae and 
hum an cells (Hadwiger et al., 1989; Richardson e t al., 1990) bu t none has yet 
been reported in higher plants, nor was any detected in this study. However, 
John e t al. (1991) have recently identified a 13kDa protein in extracts of 
wheat and  pea which is specifically recognised by affinity-purified anti- 
sucl antibodies, suggesting that p l3 sucl has been conserved in higher 
plants. The degree of identity between the yeast su c l+ gene and its putative 
homologue in  plants may have been insufficient to perm it hybridisation 
even under the low stringency conditions used in this study.

The results of probing genomic DNA from  several different p lan t species 
with yeast c d c l3+ suggest that a single-copy homologue of the gene exists in 
Arabidopsis with up to three copies present in maize. No hybridising bands 
were detected in carrot, probably because too little DNA was present on the 
filter. The strong signal obtained in Chlam ydom onas is surprising given the
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ra ther low level of homology between most published mitotic cyclins, largely 
confined to the C-terminal two-thirds of the molecule (Minshull et al., 1989b; 
Draetta, 1990). A- and B-type cyclins from clam and Drosophila have been 
found to share 45% and 47% amino acid identity, respectively, over this 
region (Lehner and O'Farrell, 1990) while the predicted amino acid sequence 
of a soybean cyclin clone shared 40% homology with clam cyclin B over the 
same region (Hata e ta l., 1991). Owing to redundancy in the genetic code the 
degree of homology at the DNA level is likely to be less than  this, however, 
and over the whole cyclin gene it may be little more than would be expected 
by chance, which m ay account for the lack of success when full-length 
c d c l3+ was used to screen an A ntirrhinum  cDNA library.

cDNA was successfully prepared from  Arabidopsis buds and  proliferating 
carrot suspension cells with the aim of making cDNA libraries. After several 
modificatory steps the cDNA failed to ligate into XgtlO vector arms, however. 
The modificatory steps included treatm ent with T4 DNA polymerase to render 
the cDNA blunt-ended, ligation of EcoRl adaptors and kinasing of such 
'adapted ' cDNA to perm it its covalent insertion into dephosphorylated vector 
arms. Any one of these steps may not have worked but since samples of the 
reactions were not retained no m ore precise inform ation can be obtained.

The oligonucleotides based on conserved sequence motifs in c d c l3/cyclin, 
which had been synthesised to screen the carrot and Arabidopsis libraries, 
were used instead for PCR with maize genomic DNA. Whitfield e t al. (1989) 
successfully cloned Drosophila cyclin genes by PCR using very similar 
primers. In the present study the aim was to identify specific PCR products 
which could be purified, sequenced and ultim ately used as powerful, 
homologous probes to screen maize libraries. The prim ers worked well in a 
positive control reaction using the S.pom be cdcl 3+ gene and amplified a 
'ladder' of bands in the expected size range from maize. Since genomic DNA 
displays high sequence complexity the amplification of m ultiple bands came 
as no surprise, especially as a relatively low annealing tem perature was used 
(43°C). Optimal conditions for any particular PCR are usually determ ined 
empirically (see Saiki e ta /., 1988) so the annealing tem perature was raised to 
50°C in the first instance, to see w hether the yield of non-specific PCR 
products would be reduced. In fact, the yield of all products was reduced and 
no bands were specifically resolved. An alternative strategy might be to
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perform  the first few cycles of the PCR at a lower annealing tem perature, 
such as 43°C, and  then raise the tem perature for the rem ainder of the cycles.

Despite the quite promising results obtained in this study by probing 
Southern blots with full-length yeast genes, the alternative strategy for 
isolating p lan t cell cycle genes by screening cDNA libraries with specific 
PCR products seems much more likely to succeed since homologous sequences 
are involved. This view is borne out by the results of Colasanti e t al, (1991), 
Hirt e t al. (1991) and Ferreira e t al. (1991) who all used PCR to isolate plant 
homologues of cdc2+. The results obtained in this study suggest the same 
approach would work for cdc l3+. However, Hata e t al. (1991) were able to 
isolate clones for mitotic cyclins from carro t and soybean simply by 
screening cDNA libraries with degenerate oligonucleotides. Thus, a variety of 
different approaches are available to tackle this problem.
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Chapter 5: Sequence analysis of p !3sucl

5.1 In tro d u c tio n
The amino acid sequences of various different cyclins have recently been 
analysed for both sequence and structural homologies (Nugent et al., 1991).
This has identified conserved regions which probably represen t key 
structural elem ents in the cyclin family. In the present study similar 
analysis was applied to p l3 suc^, a  protein known to interact with p34cclc2 ui 
fission yeast (Booher e t al., 1989).

5.2 M aterials an d  M ethods
Sequence analysis of the sucl gene product was perform ed using the Seqanal 
series of structural prediction programmes developed by Prof. A.Crofts and 
colleagues (University of Illinois). These program m es perm it the secondary 
and tertiary  structure of proteins to be predicted from sequence data 
utilising several of the general approaches to structure prediction which 
have been tried. Since the native conformation of a protein is coded in its 
amino acid sequence such approaches have been based on the physico
chemical properties of the amino acids themselves, on statistical analysis of 
the occurrence of particular amino acids w ithin secondary structures in  
molecules already solved by X-ray crystallography (Chou and  Fasman, 1978) 
and on the geometry of repeating units of secondary structure.

Three programmes were used from a suite available: MCF, AMPHI and 
INFORMAT. MCF is a secondary structure predictor which essentially uses the 
rules suggested by Chou and Fasman (1978). By analysing known structures 
these workers were able to assign a probability to each amino acid describing 
its likelihood of being found within helical or p-sheet regions of a protein.
Thus they form ulated empirical rules for locating such secondary structures 
within proteins. Stated simply: helices m ust contain 4 or m ore helix-forming 
residues, with proline acting as a helix-breaker; p-sheets are stabilized by 
hydrogen bonding and require a minimum of 3 p-forming residues or a 
cluster of 3 p-formers out of 4 or 5 consecutive residues; turns require 4 
residues bu t two or m ore turns can follow consecutively; glutamic acid and 
proline have a high tu rn  potential and generally act as p-sheet breakers.

The AMPHI programme takes the output of MCF and has a set of routines 
which examine the sequence for inform ation about secondary and tertiary
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structure. The param eters available include hydropathy (Kyte and Doolittle, 
1982); amphiphilicity, calculated using the PRIFT index (Comette e t al., 1987); 
hydrophilicity (also called acrophilicity) calculated using the index of Hopp 
(1985) and predict, an option which can generate profiles along the 
sequence using the structural prediction param eters for a-helix, p-sheet and 
turns suggested by Chou and Fasman (1978). The INFORMAT programme 
enables the frequency of m utation to be assessed in aligned sequences. It 
employs inform ation theory to obtain num erical representations of 
variability which perm it com puter analysis. Inform ation gain, a m easure of 
conservation, is equal to the difference between Imax the maximal value for 
uncertainty when all residues a t a point are different, and  In the uncertainty 
at each point in the sequence found by calculating the probability for 
occurrence of each amino acid a t that point. When all residues a t a point are 
the same the value for uncertainty (In ) is low and inform ation gain is 
correspondingly high. When all residues a t a point are different In is high 
and inform ation gain is correspondingly low. The value for uncertainty at 
each point is also a measure of mutability. In members of the same protein 
family structural features which are functionally im portant are likely to be 
highly conserved.

Sequences were obtained from publications: S.pombe su c l+ (Hindley et al., 
1987); S.cerevisiae CKS1 (Hadwiger e t al., 1989); hum an CKShsl and CKShs2 
(Richardson e t al., 1990).
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5.3 Results an d  D iscussion

A sample of the initial MCF prediction print-out for suc l protein is shown in 
Figure 5.1. The prediction was subsequently ’smoothed' to eliminate 
anomalies such as single helical residues, exemplified by the first residue in 
Figure 5.1. Smoothing was applied by taking a running average along the 
sequence of the probability index a t each residue, using an odd-num bered 
span of residues, and returning the m ean value to the central position; one 
cycle of smoothing was perform ed in this case.

From the output of the MCF program m e structural profiles of the sucl 
sequence were generated using the AMPHI program m e. The a-helical profile 
is shown in Figure 5.2; the peaks represen t five strongly helical regions all 
of which were predicted by the MCF program m e to lie a t the protein surface, 
except for the second which was assigned to the lipid phase. The Kyte 
hydropathy profile for p l3 sucl is also shown (Figure 5.3). The molecule 
appears to be strongly hydrophilic since very little of the prim ary sequence 
has been assigned a positive index for hydropathy. This probably accounts 
for the highly soluble nature of the protein, noted during its purification 
(Chapter 3). A representation of the extended, full-length polypeptide 
including all predicted secondary structure is shown in Figure 5.4; the 
helices are labelled I to V in this diagram.

The INFORMAT program m e enabled the degree of conservation between sucl 
and its homologues from S.cerevisiae and hum ans to be assessed after the 
sequences had been manually aligned (Figure 5.5) (Hadwiger e t al., 1989; 
Richardson e t al., 1990). Two m ajor regions of conservation were identified 
corresponding to the positive regions on a ’m utability ' profile of sucl (Figure 
5.6). The first region (residues 25-45) occurs between helices I and II and 
comprises two surface turns followed by short extended p-sheet. The second 
region (residues 65-100) stretches from  the beginning of helix III to the 
beginning of the helix V, incorporating a surface tu rn  and some p-sheet.

Both regions lie a t the protein surface and are predom inantly hydrophilic 
suggesting they m ay be im portant for the interaction of p l3 sucl with o ther 
molecules; whereas the in terior of a globular protein is generally 
hydrophobic to facilitate close-packing of the folded polypeptide chain,
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hydrophilic residues at the protein surface or active site are often 
functionally im portant. In addition, within the conserved regions were two 
completely conserved motifs: EYRHVMLP, corresponding to the p-sheet 
preceding helix II, and  PEPHILLF corresponding to the p-sheet preceding 
helix V. From the MCF prediction both these motifs appeared to represent 
points of transition between the aqueous phase and the protein in terio r for 
the polypeptide chain. Moreover, both were preceded by similar patterns of 
conserved residues, nam ely stretches of two or three conserved amino acids 
punctuated by variable residues. This suggested a repeating pattern  at the 
protein surface consisting of functionally im portant residues facing the 
external, aqueous phase alternating with less conserved residues facing the 
protein  interior. Neither of these conserved motifs showed significant 
similarity to any o ther sequence in the OWL database (University of Leeds), 
how ever.

The presence of highly conserved histidine (H) residues is interesting since 
histidine is often involved in protein-ligand interactions and in conferring 
pH sensitivity upon polypeptides. Furtherm ore, within the first region is 
another motif, SPXXXD, a predicted surface turn, which resembles the 
consensus m otif for a  p34cdc2 phosphorylation site (Moreno and Nurse, 1990; 
Draetta, 1990; Nugent e ta i., 1991). p l3 sucl does not seem to be a substrate of 
p 34cdc2 (Brizuela e t at., 1987) but does appear to bind to the catalytic core 
region of the kinase (Carr et al., 1989; Draetta, 1990). From the evidence above 
p ! 3sucl could act as a pseudo-substrate for cdc2, but the significance of such 
an interaction is unclear since the exact cell cycle role of p l3 sucl has not 
been elucidated.
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Figure 5.1 A p o rtio n  of the  MCF p red ic tio n  p rin t-o u t fo r p l 3 s u c l . 

The following inform ation is contained in successive columns

NO. AA: num ber of residues in the sequence
ACLASS: helical assignment of residue (H,h,I,i,b,B where H denotes a

strong a -  form er and B denotes a strong a-breaker)
ALPHAV: m ean value over six residues of Pa (helix confirm ational

param eter)
BCLASS: p-sheet assignment of residues (H,h,I,i,b,B where H denotes a

strong p-form er and  B denotes a strong p-breaker)
BETAV: Mean value over five residues of Pp

BNCL: p-sheet nucleation (N indicates nucleation)
TURN: m ean value for turns potential over four residues
ALPHA/BETA/TURN:

the initial assignment (based on the mean potentials) of a -  
helix /p-sheet/tum . The most probable structure is indicated by 
while a possible structure is indicated by ?

HNUCL: a-helix nucleation
PRCTN: predicted structure
PHASE: hydropathy, with L indicating hydrophobic and W indicating

hydroph ilic .



s u e l . p r o

CHOU-FASMAN SECONDARY S t RIJC I LIRE PREDIC TOR 

NO- AA ACLASS ALPHAV BCLASS BETAV BNCL TURN ALPHA BETA TURN HNUCL PRC I N PHASE
1 M H 1 . 0 4 h 0 .  8 5
2 S i 0 . 9 4 b 0 - 8 2
~r K h 0 .  9 6 b 0 . 8  1
4 S i 0 . 8 2 b 0 - 9 4
5 b B 0 .  8 5 b 0 . 9 0
6 V h 0 . 8 6 H 0 .  9 4
7 p B 0 .  9 3 B 1 . 0 5
a R i 0 . 9 8 i. 1 . 16 N
? L H 1 . 0 4 h 1 „ 0 5 N

1 0 L. H 1 . 0 7 h 1 . 1 1 N
11 T i 1 . 1 6 h 1 . 0 7 N
1 2 A H 1 . 1 2 i 0 .  8 9
1 3 S i 1 . 1 7 b 0 - 8 1
1 4 E H 1 . 2 0 B 0 .  6 5
1 5 R i 1 - 1 6 X 0 .  6 7
1 6 E H 1 . 2 8 B 0 . 7 8
1 7 R i 1 . 1 3 l 0 .  7 8
I S L. H 1 . 1 5 h 0 .  7  0
1 9 E H 1 . 0 8 B 0 . 9 1
2 0 P B 1 . 0 9 B 1 - 0 4
2 1 F h 1 . 0 7 h 0 .  8 9
2 2 I h i . 0 0 H 1 . 0 3
2 3 D I i . 0 7 B 1 . 2 4 N
2 4 Q h 1 . 0 0 h 1 . 1 4 N

I h 0 .  9 4 H 1 . 1 2 N
2 6 H I 0 . 8 7 i 1 . 1 6 N
2 7 Y b 0 . 8 5 H 1 .. 0 5
2 8 q i 0 .  7 8 b 0 - 9 1
2 9 P B 0 . 8 5 B 1 - 0 3
3 0 R i 0 .  9 1 i 0 . 9 1
3 1 Y b 0 . 9 5 H 0 . 8 6
S'"? A H 1 - 10 i 0 . 8 6
7  7! D I 1 , 0 6 B 0 .  7 5
3 4 D I 1 . 19 B 0 .  7 5
3 5 E H 1 . 0 7 B 0  - 6 6
3 6 Y b 1 - 0 7 H 0 . 8 4
7 7 E H 1 - 0 6 B 0 -  9 2
3 8 Y b 0. 99 H 1 . 0 2
3 9 R i 1 . 1 2 X 1 - 0 7
4 0 H I 1 .  0 7 :i. 1 . 2 0 N
4 1 V h 1 . 0 4 H 1 . 1 7 N
4 2 M H 1 - 0 8 b 1 - 0 9 N
4 3 L H 1 - 1 4 h 1 .. 0 7
4 4 P B 1 . 21 B 0 . 8 9
4 5 K h 1 .  1 7 b 0  - 8 9
4 6 A H 1 . 16 i 0 .  8 9
4 7 N H 1 . 3 0 h 0  - 9 3
4 8 L. H 1 .  2 9 h 0 . 9 5
4 9 K h 1 . 15 b 1 . 1 0 N
5 0 A H 1 . 0 4 i 1 „ 0 0
5 1 I h 1 . 0 1 H 0 . 9 8
tr* '-7•_* P B 0 .  9 3 B 0 . 94-
5  3 T i 0 . 8 8 h 1 . 0 7
5 4 D I 0 . 8 2 B 1 . 0 3
5  5 Y b 0 . 8 2 H 1 . 0 9 N

1. 01 * H W
1.12 ?* C W
1 - 36 1 # * Y I W
1. 13 1 T * T W
i , 25 T w
1. 13 J L
0 - 89 # * * E L
0. 91 E L.
0. 77 E L
0 - 7 0 E L
0. 91 ? N H W
0.95 H W
0. 94 * H w
0.97 H w
0. 85 H w
0.81 N H w
0 .75 H w
0. 95 M H w
0. 86 N H w
0. 83 * * N C w
1 . 01 N H w
0. 88 * N C w
0. 85 ? i N E w
0. 97 i E w
0 „ 88 i E w
1 . 00 i E N
1. 26 ! * T w
1 . 26 1 T w
1 . 26 ! * t  * * T w
1 . 07 ! * T w
1 . 05 C w
1.18 * c w
1. 08 ?* c w
1 - 20 ?** c w
1. 02 t H w
0. 94 H w
0. 99 b! w
0. 94 C w
0. 88 i H w
0. 75 I E w
0. 66 \ E w0. 80 ! N E L
0. 93 ? N H L.
0. 94 & % N hi L
0. 95 N H L
0. 71 N H L.
0.71 N H L.
0. 72 N H L
0. 68 O N H L.
0. 92 N H L0. 90 C L1 . 10 ! 1 4' T W
1. 27 1 ! * * * T W
1 . 04 * C W
1 . 19 1 'V T

T
W
w
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S U C i

1 . 3 1 7

1  . 0 4 9

0  . 7 7 5

C h o u - F a s m a n  a - h e l i x .  s p a n  i s  5 .  s m o o t h e d  3 x 2

6 0 1004 0

Figure 5.2 a -h e lica l p ro file  o f p ! 3 s u c l
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SUC1

0  . 7 6 9

0

- 2 . 3 8 3

1 0 06 020 4 0 1

K y t e  h y d r o p a t h y ,  s p a n  i s  7 .  s m o o t h e d  7 x 1

Figure 5.3 H ydropathy  p ro file  of p ! 3 su c l
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113

Jpuu MU*
III IV

Figure 5.4 D iagram m atic re p re se n ta tio n  o f p l 3 su c l as an 
ex ten d ed  p o ly p e p tid e  ch a in  (re s id u es  1-113).
Structure a  denotes a turn; b  denotes random  coil; c denotes a-helix; d 
denotes extended p-sheet.
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SEQUENCE ALIGNMENT OF SUC 1 AND RELATED POLYPEPTIDES

1. SUC1
2. CKS1
3. CKSHS1
4. CKSHS2

M*SK*SG*VPRLLTASERERLEPFIDQIHYSPRYADDEYEYRHVMLPKAMLKAIPTDYFN 
MYHHYHAFQGRKLTDQERARVLEFQDSIHYSPRYSDDNYEYRHVMLPKAMLKVIPSDYFN 
MSHK******************** * *QIYYSDKYDDEEFEYRHVMLPKDIAKLVPKT** *
MAHK* ******************* * *QIYYSDKYFDEHYEYRHVMLPRELSKQVPKT* * *

« • •  • •  • • • • • • • • • • • •  • • •• • • • •  • • • • • • • • • • • •  • • *
I YS +Y D- /EYRHVMLP+ K \P

PETGTLRILQEEEWRGLGITQSLGWEMYEVHVPEPHILLFKREKDYQ**MK*FS***QQRGG 
SEVGTLRILTEDEWRGLGITQSLGWEHYECHAPEPHILLFKRPLNYEAELRAATAAAQQQQQ 
***** *HLMSESEWRNLGVQQSQGWVHYMIHEPEPHILLFRRPL** * * *PKK* * * * *PKK** 
***** *HLMSEEEWRRLGVQQSLGWVHYMIHEPEPHILLFRRPL* * * * *PKD* * * * *QQK** 

+\\ E EWR LG\ QS GW Y \H PEPHILLF+R

Figure 5.5 Sequence a lig n m en t o f p l 3 sucl a n d  re la te d  
p o ly p e p t id e s .
Wholly conserved residues are shown, as are residues possessing a conserved 
positive charge (+), a conserved negative charge (-), conserved polar R 
groups (/) and conserved non-polar R groups (\).
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8 U C 1  +

0 . 6 3 5

- 0 . 4 4 2

8 u c l + ,  s p a n  i s  7 .  s m o o t h e d  7 x 1

Figure 5.6 M utab ility  p ro file  o f p ! 3 s u c l
Mutability reflects the uncertainty a t each point in the sequence (see 
Methods).
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General Discussion

All the evidence presented in this study suggests that higher plants possess 
the same m olecular mechanism controlling en try  into mitosis as fungi and 
animal cells. Putative homologues of the fission yeast cdc2+ and cd c l3 + genes 
were detected in several different species by screening Southern blots 
(Chapter 4) and the existence of a  cdc2-like protein was implied by the 
results of depleting tobacco cell extracts with pl3-Sepharose, a reagent 
known to bind p34cdc2 and p34cdc2-associated proteins in other systems 
(Chapter 3). A num ber of reports published while this work was in progress 
have fully confirm ed these findings (Young e t ai., in  press).

My observations suggest that plants may have developed a slightly different 
strategy for cell cycle control from  that so extensively characterised in 
lower eukaryotes. In the present study the cdc2-like protein precipitated 
from tobacco extracts by pl3-Sepharose was not invariably associated with 
histone HI kinase activity, suggesting the existence of two separate entities.
In fact, multiple cdc2 genes have been detected in maize (Colasanti et al.,
1991) and more than  one species of histone HI kinase has been reported in 
wheat (John e t al., 1991). Thus plants may contain proteins similar to the 
cdc2-related kinases identified in frogs and mammals, which are thought to 
have evolved as a result of evolutionary pressure for m ore stringent cell 
cycle controls in m ulticellular organisms (Pines and Hunter, 1991a). In 
addition, the HI kinase activity precipitated by pl3-Sepharose did not appear 
to fluctuate during the division cycle of synchronised tobacco BY2 cells, in 
contrast with p34cdc2/MPF activity in other eukaryotes (Nurse, 1990). This 
may be an anomalous feature of BY2 cells, however, a consequence of the 
selection pressures to which the cell line has been subjected in culture (see 
Chapter 3).

I also present evidence tha t the timing of certain mitotic events is different 
between plants and  animals. The appearance of MPM2-specific antigens in 
onion root tip cells (Chapter 2) was found to coincide with preprophase band 
formation, a prem itotic (G2) event in plants (Gunning and Sammut, 1990). In 
o ther eukaryotic systems MPM2-specific staining has consistently been 
correlated with p34cdc2/MPF activation and entry into mitosis (Davis e t al.,
1983; Kuang e t al., 1989; Yamashita et al., 1990). This difference may be due to
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the existence of a lengthy prem itotic phase in plants during which the 
division plane is established. This is a critical event in the cell cycle with 
implications for both morphogenesis and development. It is possible that the 
basic m echanism  which regulates en try  into mitosis in eukaryotes has been 
adapted in plants to accommodate the additional need for precise spatial 
control.

It seems likely that higher plants will be found to possess all of the key 
mitotic regulators so far identified in fission yeast (Doonan, 1991). 
Immunolocalization studies may then  prove more informative as antibodies 
raised specifically against purified p lan t cell cycle antigens become 
available. Synchronised cell lines will perm it m ore quantitative biochemical 
work to be carried out, with the caveat that such suspensions may not 
represen t ’typical' p lan t cells. Meanwhile, the effects of overexpressing cell 
cycle genes could be studied in transgenic plants using inducible promoters 
and, although site-specific mutagenesis is not yet feasible, the effects of 
selectively abolishing expression of certain genes could be studied using 
antisense RNA.

In the future it will be interesting to discover how spatial control of cell 
division is coupled to tem poral control, and w hether the need for precise 
spatial control has engendered unique regulatory networks in  plants 
(Staiger and Lloyd, 1991; Doonan, 1991). Another intriguing problem  is how 
mitogenic signals such as those delivered by plant growth regulators 
interact with ccfc2-based control pathways.
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