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The eukaryotic cell division cycle is coordinated by cyclin-dependent kinases (CDKs), represented by a single major 
serinelthreonine kinase in yeasts (CdcaCDC28) and a family of kinases (CDK1 to CDK8) in human cells. Previously, two 
cdc2 homologs, cdc2MsA and cdc2Ms6, have been identified in alfalfa (Medicago sativa). By isolating cDNAs using a 
cdc2MsA probe, we demonstrate here that at least four additional cdc2 homologous genes are expressed in the tetra- 
ploid alfalfa. Proteins encoded by the new cdc2MsC to cdc2MsF cDNAs share the characteristic functional domains of 
CDKs with the conserved and plant-specific sequence elements. Transcripts from cdc2MsA, cdc2Ms6, cdc2MsC, and 
cdc2MsE genes are synthesized throughout the cell cycle, whereas the amounts of cdc2MsD and cdc2MsF mRNAs 
peak during Gz-to-M phases. The translation of CdcPMsNB, CdcSMsD, and CdcPMsF proteins follows the pattern of 
transcript accumulation. The multiplicity of kinase complexes with cell cycle phase-dependent activities was revealed 
by in vitro phosphorylation experiments. Proteins bound to p13suc'Sepharose or immunoprecipitated with CdcSMsNB 
antibodies from cells at G,-to-S and G,-to-M phase boundaries showed elevated kinase activities. The CdcSMsF anti- 
bodies separated a Gz-to-M phase-related kinase complex. Detection of histone H1 phosphorylation activities in 
fractions immunoprecipitated with antimitotic cyclin (CyclinMs2) antibodies from G2-to-M phase cells indicates the 
complex formation between this cyclin and a kinase partner in alfalfa. The observed fluctuation of transcript levels, 
amounts, and activities of kinases in different cell cycle phases reflects a multilevel regulatory system during cell cycle 
progression in plants. 

INTRODUCTION 

Cyclin-dependent kinases (CDKs) play a central role in regu- 
lation of the eukaryotic cell cycle. CDKs are specific serine/ 
threonine kinases that are activated at defined cell cycle 
phases, including START, when cells become committed to 
the new division cycle and the entry into mitosis (reviewed in 
Morgan, 1995). Genetic studies with yeasts have revealed a 
single CDK gene (cdc2 in Schizosaccharomyces pombe 
and CDC28 in Saccharomyces cerevisiae) required for cell 
cycle transitions (Norbury and Nurse, 1992; Nasmyth, 1993). 
In Drosophila, two CDK genes essential for G,-to-S and 
G,-to-M phase transitions have been identified (Stern et al., 
1993). By contrast, in human cells, the cell cycle is con- 
trolled by a family of CDK1 to CDK8 kinases. Mammalian ki- 
nases Cdc2 (CDK1) and CDK2 are implicated in the 
regulation of G,-to-M and G,-to-S phase transitions, re- 
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spectively, whereas CDK4 to CDK6 act at the GI-to-S 
phase transition (reviewed in Pines, 1995, 1996). Other 
Cdc2-related kinases, such as PH085 in yeast and CDK5 in 
mammals, are also involved in the regulation of functions 
other than the cell cycle (Hellmich et al., 1992; Kaffman et 
al., 1994; Tsai et al., 1994). 

The activity of CDKs is controlled post-transcriptionally at 
multiple levels. CDKs form diverse complexes with cyclins, 
whose levels oscillate during the cell cycle (Pines, 1995). 
The cyclin-CDK complexes are activated by phosphoryla- 
tion of Thr-160 and Thr-161 residues of the kinase subunits, 
whereas their activity is inhibited by phosphorylation of CDK 
residues Thr-14 and Tyr-15 as well as by binding of CDK in- 
hibitors (reviewed in Peter and Herskowitz, 1994). 

Cell division is one of the major driving forces in comple- 
tion of the ontogenic program during the life cycle of flower- 
ing plants. Meristems are the primary foci of cell divisions. 
Cell division activity in plant meristems is regulated through 
a complex control system influenced by hormonal and 
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developmental signals as well as environmental stimuli (re- 
viewed in Jacobs, 1992; Dudits et al., 1997). In contrast to 
cell division in animals, meristematic cell division activity 
contributes continuously to the formation of the plant body 
after embryogenesis and persists. Therefore, plant cell divi- 
sion control probably involves some regulatory features that 
are unique. 

Results of cloning work and characterization of the identi- 
fied plant cdc2 homologous genes clearly demonstrated 
that plant cells-similar to animal cells-possess more than 
one cdc2-related gene. Highly homologous cdc2 gene pairs 
(exhibiting 80 to 90% amino acid identities) have been iden- 
tified from several plant species, including maize, rice, al- 
falfa, soybean, Antirrhinum, and pea (Colasanti et al., 1991; 
Hashimoto et al., 1992; Hirt et al., 1993; Mia0 et al., 1993; 
Fobert et al., 1994; Jacobs 1995). The two alfalfa (Medicago 
sativa) cdc2 homologous genes (designated cdc2MsA and 
cdc2MsB) display different abilities to complement yeast 
cdc28 mutants blocked at GI-to-S and G,-to-M phases. 
This observation suggests that they have different roles in 
cell cycle regulation (Hirt et al., 1993). The two functionally 
similar cdc2 genes of soybean appear to be regulated by 
different developmental programs in the shoot and root tis- 
sues (Miao et al., 1993). In Arabidopsis, two more distantly 
related cdc2 homologous genes (cdc2aAt and cdc2bAt), 
with 56% identity at the amino acid level, have been identi- 
fied (Ferreira et al., 1991; Hirayama et al., 1991). cdc2aAt, 
but not cdc2bAt, is functionally able to complement cdc28 
mutants in yeast (Ferreira et al., 1991; lmajuku et al., 1992). 
Moreover, the cdc2c and cdc2d genes of Antirrhinum and 
the closely related Arabidopsis cdc2bAt were suggested to 
be expressed in a cell cycle-regulated fashion (Fobert et al., 
1994, 1996; Segers et al., 1996). In situ hybridizations and 
histochemical studies with cdc2 promoter-driven p-glucu- 
ronidase reporter gene fusions have shown that the known 
cdc2 genes are expressed in proliferating tissues (Martinez 
et al., 1992; Fobert et al., 1994, 1996; Segers et al., 1996) or 
in cells competent for division (Hemerly et al., 1993), such as 
alfalfa protoplasts whose division is activated by hormonal 
stimulation (Magyar et al., 1993). 

The cloning data are supported by biochemical studies 
demonstrating the presence of ~ 3 4 ~ ~ ~ ~ - r e l a t e d  proteins in 
plants (John et al., 1989; Feiler and Jacobs, 1990; Hirt et al., 
1991; Mineyuki et al., 1991; Colasanti et al., 1993) that 
cross-react with antibodies raised against the PSTAIRE 
peptide motif as well as bind to the yeast p l  3suc7 protein and 
display histone H1 kinase activity. The quantity of p34 carry- 
ing the PSTAIRE motif was found to be higher in dividing 
cells of basal leaf segments of wheat than in differentiated 
cells (John et al., 1990), and a p13suc7-binding p34 protein 
displayed histone H1 kinase activity in maize mitotic cells 
(Colasanti et al., 1991). Moreover, fluctuation of the activity of 
a p34 histone kinase during the cell cycle has been demon- 
strated in synchronized alfalfa cells (Magyar et al., 1993). 

In this study, the repeated screening of alfalfa cDNA li- 
braries with the alfalfa cdc2MsA gene probe resulted in the 

isolation of four new cdc2 homologs that encode structurally 
related proteins carrying all functional domains of yeast, 
plant, and animal CDKs. Thus, it appears that alfalfa con- 
tains at least six different cdc2 homologous genes. Accord- 
ing to our data, two gene variants (cdc2MsD and cdc2Msf) 
show differential expression during cell cycle progression. Both 
p l  3suc7 affinity binding and immunoprecipitation with anti- 

kinase or anti-cyclin peptide antibodies revealed a set of kinase 
complexes showing different histone H1 phosphorylation activ- 
ities in cells synchronized for various cell cycle phases. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RESULTS 

Identification of a Cyclin-Dependent Kinase 
Family in Alfalfa 

Previous studies with CDKs of alfalfa led to the isolation of 
two cDNA clones encoding highly homologous Cdc2- 
related proteins (CdcPMsA and Cdc2MsB; Hirt et al., 1991, 

1993; Magyar et al., 1996). To search for novel Cdc2- or 
CDK-related transcripts in alfalfa, a fragment of cdc2MsA 
cDNA representing both the PSTAIRE and catalytic domains 
was used as a probe in low-stringency hybridization to 
screen different cDNA libraries prepared from auxin-treated 
microcallus suspensions (Gyorgyey et al., 1991) and so- 
matic embryos of alfalfa. 

Six alfalfa CDK-related kinases were identified. Alignment 
of the predicted gene product sequences of cdc2MsA to 
cdc2MsF indicates considerable variation even in the func- 
tionally important regions, such as the PSTAIRE element, 
the catalytic domain, and the T loop (Figure 1). The two pre- 
viously characterized alfalfa kinases, Cdc2MsA and 
Cdc2MsB, with 91% amino acid identity to each other, 
show the highest homology to CDKs carrying the perfect 
PSTAIRE motif. CDKs possessing this motif form the major 
group of plant CDKs (Dudits et al., 1997). 

The other four newly identified kinases (Cdc2MsC to 
Cdc2MsF) represent Cdc2 homologs. A full-length cDNA for 
cdc2MsC isolated by rapid amplification of 5’ cDNA ends 
(Frohman et al., 1988) was found to encode 509 amino acids 
of a protein of 4 7  kD. The protein encoded by the 
cdc2MsC variant showed 94.5% amino acid identity with a 
partial protein sequence of a Cdc2-like pea kinase (Feiler 
and Jacobs, 1991). The unexpected size of this alfalfa ki- 
nase corresponds to a long transcript of -2.0 kb, as deter- 
mined by RNA gel blot analysis (data not shown). The 
Cdc2MsC protein has 52.8% identity with the human cho- 
linesterase-related cell division control protein (CHED; 
Lapidot-Lifson et al., 1992) and 44% identity with a human 
PITALRE protein (Grana et al., 1994). Functional character- 
ization of the two human homologs shows that the CHED is 
required during hematopoiesis and that the kinase with the 
PITALRE motif is a nuclear Cdc2-related protein that phos- 
phorylates the retinoblastoma protein in vitro. 
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Figure i. Sequence Alignment of the Predicted Six Alfalfa CDKs and the Human CDK2 Proteins. 

Cdc2MsA corresponds to the full-length cDNA clone of the previously published gene (Hit? et al., 1991). The cdc2MsB gene product is identical to 
the CDKB variant published by Hit? et al. (1993). Identical amino acids are indicated by asterisks, and similar ones are marked by colons. Gaps in- 
troduced for the best fit are represented by dots. Three characteristic conserved regions of the CDK proteins, including the PSTAIRE motif (43 to 
56), catalytic domain (125 to 135), and T-loop region (147 to 167), are boxed and shaded. The conserved phosphorylation sites are marked by ar- 
rows, and the C-terminal peptide regions used to generate antibodies are boxed. The human CDK2 sequence was published by Tsai et al. (1991). 
EMBL accession numbers of the new alfalfa cDNA clones are X97314 (c~c~MsC),  X97315 (cdc2MsD), X97316 (cdc2Ms€), and X97317 (cdc2MsF). 
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The Pl ant Cel l

The mi ssi ng 5' ends of t he t r uncat ed cdc2MsD and

cdc2MsF cDNA cl ones wer e al so obt ai ned by r api d ampl i f i -

cat i on of cDNA ends . The l ongest cdc2MsD and cdc2MSF

cDNA sequences cont ai n open r eadi ng f r ames codi ng f or

311 and 316 ami no aci ds of t he pr edi ct ed 35- and 36- kD

pr ot ei ns, r espect i vel y . These cl osel y r el at ed pr ot ei ns show

64 . 1% ami no aci d i dent i t y . The Cdc2bAt ki nase of Ar abi -

dopsi s ( Hi r ayama et al . , 1991) , t hei r cl osest homol og, shar es

83 . 9 and 66 . 9% ami no aci d i dent i t y wi t h t he deduced se-

quences of Cdc2MsD and Cdc2MsF, r espect i vel y . The ca-

noni cal PSTAI RE mot i f of Cdc2MsA and Cdc2MsB was

r epr esent ed by PPTALRE i n Cdc2MsD and PPTTLRE i n

Cdc2MsF . Such modi f i ed PSTAI RE mot i f s have al so been
i dent i f i ed i n t wo Ant i r r hi num Cdc2 ki nases ( Fober t et al . ,

1994) . Fi nal l y, t he cdc2MsE cDNA cl one cont ai ns a par t i al

open r eadi ng f r ame of 414 ami no aci ds showi ng onl y 33 t o

40%sequence i dent i t y wi t h pl ant and ani mal Cdc2 or CDK

ki nases . The SPTAI RE sequence mot i f i dent i f i ed i n

Cdc2MsE has not been f ound i n any of t he Cdc2- l i ke pr o-
t ei ns i n t he dat a bases .

Di f f er ent i al Regul at i on of cdc2Ms Gene Expr essi on

dur i ng Cel l Cycl e Pr ogr essi on

We have pr evi ousl y shown t hat t he t r anscr i pt s of cdc2MsA

ar e det ect abl e i n al f al f a cel l s t hr oughout t he cel l cycl e and

t hat t he accumul at i on of mRNAs i s modul at ed by pl ant hor -

mones ( Hi r t et al . , 1991 ; Magyar et al . , 1993) . To moni t or t he

l evel s of t r anscr i pt s f r om al f al f a gene var i ant s homol ogous

t o CDKs dur i ng cel l cycl e pr ogr essi on, we pr epar ed mRNAs

f r om aphi di col i n- synchr oni zed al f al f a cel l s passi ng t hr ough

di f f er ent phases of t he cel l cycl e. The RNA gel bl ot s wer e

hybr i di zed wi t h t he cl oned cDNAs t hat showed no cr oss-

hybr i di zat i on under st r i ngent condi t i ons . I n t he case of t he

hi ghl y homol ogous cdc2MsA and cdc2MsB genes, gene-

speci f i c pr obes wer e used, r epr esent i ng onl y t he 3' ends of

t he cDNA cl ones ( Fi gur e 2 ; see Met hods) . The cdc2MsA t o

cdc2MSC mRNAs wer e det ect ed i n al l cel l cycl e phases, al -

t hough t he l evel of cdc2MsB mRNA was si gni f i cant l y l ower

compar ed wi t h t hose of cdc2MsA t o cdc2MsC. Remar kabl y,

an accumul at i on of cdc2MsD and cdc2MSF mRNAs was de-

t ect ed i n sampl es i n whi ch t he maj or i t y of cel l s wer e passi ng

t he Gz and M phases . Repet i t i on of t he RNA bl ot exper i ment

usi ng an i ndependent aphi d i col i n- synchr oni zed al f al f a cel l

cul t ur e convi nci ngl y showed t hat t he hi ghest amount s of

cdc2MsD and cdc2MsF t r anscr i pt s ar e char act er i st i c of

cel l s i n G? - t o- M phases ( Fi gur e 3) .

The dat a al so i ndi cat e t hat t he l evel of cdc2MsF t r an-

scr i pt s i s consi der abl y hi gher t han t he l evel of cdc2MsD

mRNAs i n G1 - t o- M cel l s . Compar ed wi t h al l ot her cdc2Ms

mRNAs, t he cdc2MsE t r anscr i pt s showed t he l owest abun-

dance but wer e pr esent t hr oughout t he cel l cycl e, as wer e

t r anscr i pt s f r om t he cdc2MsA t o cdc2MsC genes . Her e, we

al so show t he accumul at i on of hi st one H3 mRNAs f r om an S

phase- speci f i c hi st one var i ant ( Kapr os et al . , 1992, 1993) .
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mRNA Level s of Al f al f a CDK Gene Var i ant s i n Cel l s f r om

Var i ous Cel l Cycl e Phases Synchr oni zed by Tr eat ment of Al f al f a ( A2)

Suspensi on Cul t ur es wi t h 20 wg/ mL Aphi di col i n .

Tot al mRNA of sampl es wer e i sol at ed at i ndi cat ed t i me i nt er val s af -

t er r el ease f r om t he aphi di col i n bl ock and hybr i di zed wi t h gene-

speci f i c pr obes . The et hi di um br omi de st ai ni ng of t he r RNA af t er
t r ansf er t o nyl on f i l t er i ndi cat es t he r el at i ve amount s of RNA ana-
l yzed . Per i ods domi nat ed by S, Gz , M, and G, phases ar e mar ked by
ar r ows . I n t hese exper i ment s, t he boundar i es i ndi cat ed f or t he var i -
ous cel l cycl e phases ar e based on t he dat a of f l ow cyt omet r i c anal -
ysi s and det er mi nat i on of mi t ot i c i ndex shown i n Fi gur e 5C.

These dat a can al so hel p t o det er mi ne t he ext ent of t he S

phase i n t hi s exper i ment .

I mmunodet ect i on of Cdc2Ms Pr ot ei ns

dur i ng t he Cel l Cycl e

To moni t or whet her t he t r ansl at i on of Cdc2Ms pr ot ei ns f ol -

l ows t he pat t er n of t r anscr i pt i on obser ved dur i ng cel l cycl e

pr ogr essi on, we pr epar ed af f i ni t y- pur i f i ed ant i bodi es agai nst

C- t er mi nal pept i des of Cdc2MsA, Cdc2MsB, Cdc2MsD, and

Cdc2MsF pr ot ei ns . As shown i n Fi gur e 1, t he Cdc2MsA and

Cdc2MsB pr ot ei ns possess i dent i cal C- t er mi nal sequences,

and t her ef or e, t he gener at ed ant i bodi es r ecogni ze bot h pr o-



t ei ns . To demonst r at e t hat t hese af f i ni t y- pur i f i ed ant i bodi es

speci f i cal l y det ect t he cor r espondi ng Cdc2Ms pr ot ei ns, we

used t he pr ot ei n sampl es f r om nonsynchr oni zed cel l s f or com-

pet i t i on exper i ment s i n whi ch t he ant i bodi es wer e bl ocked

by t he cor r espondi ng Cdc2Ms pept i des or mi xed wi t h pep-

t i des f r om ot her Cdc2Ms ki nases . Thus, t hese ant i bodi es wer e

used t o i dent i f y t he Cdc2Ms ki nases by i mmunobl ot t i ng of

pr ot ei ns f r om nonsynchr oni zed cel l s ( Fi gur e 4A) as wel l as

f r om cel l s accumul at ed i n t he G, - t o- M phase ( Fi gur e 4B) .

The af f i ni t y- pur i f i ed ant i body r ai sed agai nst t he common

C t er mi nus of Cdc2MsA and Cdc2MsB pr ot ei ns det ect ed a

cdc2MsB

cdc2MsC

cdc2MsD

cdc2MsE

Wc2MsF

hi st one H

r RNA
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mRNA Level s of Al f al f a CDK Gene Var i ant s i n Cel l s f r om

Var i ous Cel l Cycl e Phases Synchr oni zed by Tr eat ment of Al f al f a ( A2)

Suspensi on Cul t ur es wi t h 10 ~, g/ mL Aphi di col i n .

Tot al mRNA of sampl es wer e i sol at ed at i ndi cat ed t i me i nt er val s be-

f or e and af t er r el ease f r om t he aphi di col i n bl ock and hybr i di zed wi t h

gene- speci f i c pr obes . The et hi di um br omi de st ai ni ng of t he r RNA af -

t er t r ansf er t o nyl on f i l t er i ndi cat es t he r el at i ve amount s of RNA ana-

l yzed . I n t hese exper i ment s, t he boundar i es i ndi cat ed f or t he var i ous

cel l cycl e phases ar e based on t he dat a of f l ow cyt omet er i c anal ysi s

shown i n Fi gur e 8B. Per i ods of t he S, G2/ M, and G, phases ar e

mar ked by ar r ows . S' , an i ncr eased S phase popul at i on i n t he second

cel l cycl e wi t h r educed synchr ony ; As, asynchr onousl y di vi di ng cel l s .
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pr ot ei n of 31 t o 32 kD i n nonsynchr oni zed cel l s t hat was

al so pr esent i n al l sampl es wi t hdr awn f r om synchr oni zed

cel l s dur i ng t he cel l cycl e ( Fi gur e 4C) . The ant i - Cdc2MsD

ant i body r eveal ed a pr ot ei n of 37 kD i n nonsynchr oni zed

cel l s . The same pr ot ei n was al so pr esent at r educed l evel i n

G2- t o- M phase- ar r est ed cel l s i n whi ch t he ant i - Cdc2MsD

ant i body cr oss- r eact ed wi t h a mor e abundant pr ot ei n of 33

kD. These dat a suggest ed t hat p37 coul d cor r espond t o a

post - t r ansl at i onal l y modi f i ed f or m of t he p33 Cdc2MsD pr o-

t ei n but di d not excl ude t hat p37 may be a r el at ed Cdc2Ms

ki nase t hat escaped our det ect i on dur i ng cDNA scr eeni ng .

I n f act , i n synchr oni zed cel l s, p37 was f ound t o be pr esent

t hr oughout t he cel l cycl e, wher eas t he accumul at i on of p33

Cdc2MsD was onl y det ect ed i n G, - t o- M phases ( Fi gur e 4C,

as seen f or t he cor r espondi ng t r anscr i pt ( Fi gur e 3) . Fi nal l y,

t he ant i - Cdc2MsF ant i body speci f i cal l y r eact ed wi t h a pr o-

t ei n of 34 kD i n nonsynchr oni zed cel l s . The p34 ( Cdc2MsF)

pr ot ei n showed accumul at i on dur i ng l at e G2- t o- M phases

but was al so det ect abl e i n G1 , i n whi ch t he l evel s of p33

( Cdc2MsD) wer e shar pl y r educed i n compar i son ( Fi gur e 4C) .

Cel l Cycl e Phase- Dependent Fl uct uat i on of Ki nase

Act i vi t i es i n Al f al f a CDK Compl exes

We have pr evi ousl y demonst r at ed t hat t he yeast p13su° ' pr o-

t ei n can i nt er act wi t h al f al f a ki nases t hat show el evat ed phos-

phor yl at i on act i vi t i es i n S and G, - t o- M phase cel l s af t er

synchr oni zat i on wi t h hydr oxyur ea ( Magyar et al . , 1993) . Her e,

we ext end t he sear ch f or phase- speci f i c ki nase compl exes by

usi ng ant i - CDK and ant i - cycl i n ant i bodi es i n i mmunopr eci pi -

t at i on st udi es . Pr ot ei n sampl es f r omaphi di col i n- synch r oni zed

cel l s wer e ext r act ed by a p135 " c' - Sephar ose mat r i x, and t he

act i vi t y of bound ki nases was moni t or ed by i n vi t r o phosphor -

yl at i on assays usi ng hi st one H1 pr ot ei n as t he subst r at e ( Fi g-

ur e 5A) . Act i vi t y det ect ed by t hi s assay cor r el at ed wi t h t he

enr i chment of cel l s i n S phase af t er t he r el ease f r om t he

aphi di col i n bl ock as wel l as t he t i me of mi d- G2 and M

phases . The f l ow cyt omet r i c dat a ar e shown i n Fi gur e 5C.

The l ast sampl es ( 16 t o 28 hr ) r epr esent t he next cycl e wi t h

r educed synchr ony i n whi ch t he i ncr eased number of S

phase cel l s may par t i al l y account f or t he el evat ed phosphor -

yl at i on act i vi t y .

To t est t o what ext ent t he Cdc2MsA/ B ki nases coul d con-

t r i but e t o t he obser ved changes, we i mmunopr eci pi t at ed t he

same pr ot ei n f r act i ons wi t h t he af f i ni t y- pur i f i ed ant i -

Cdc2MsA/ B ant i body and used t hem anal ogousl y i n hi st one

H1 phosphor yl at i on assays ( Fi gur e 5B) . The pat t er n of hi s-

t one H1 ki nase act i vi t y obt ai ned by t he l at t er appr oach

cl osel y r esembl ed t hat obser ved i n t he p13suc' - bound

ki nase f r act i ons . The i mmunopr eci pi t at ed ki nase com-

pl exes, however , exhi bi t ed t he hi ghest hi st one H1 phos-

phor yl at i on act i vi t y i n t he cel l popul at i on r epr esent i ng t he

S phase . We coul d cl ear l y r ecogni ze a mi d- G2 phase peak

t hat was f ol l owed by r educed phosphor yl at i on act i vi t y

dur i ng ear l y Mphase. These di f f er ences may i ndi cat e t he
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Fi gur e 4 . I mmunol ogi cal Det ect i on of Cdc2MsA/ B, Cdc2MsD, and Cdc2MsF Pr ot ei ns at Di f f er ent Phases of t he Cel l Cycl e i n Synchr oni zed Al -
f al f a ( A2) Cel l Suspensi on .

( A) and ( B) Pr ot ei n ext r act s pr epar ed f r omal f al f a cel l s di vi di ng asynchr onousl y or synchr oni zed f or t he G2- t o- M phases, r espect i vel y, wer e used
f or i mmunobi ot t i ng wi t h af f i ni t y- pur i f i ed pol ycl onal ant i - C- t er mi nal ( CT) Cdc2MsD ( l anes 1) , Cdc2MsF ( l ane 2 i n [ A] ) , and Cdc2MsA/ B ( l ane 3 i n
[ A] ) ant i bodi es. I n t he compet i t i on exper i ment s, t he ant i - CT- Cdc2MsA/ B ant i bodi es wer e pr ei ncubat ed wi t h Cdc2MsA/ B synt het i c pept i des
( l ane 4 i n [ A] ) , t he ant i - CT- Cdc2MsD ant i bodi es wer e pr ei ncubat ed wi t h Cdc2MsD ( l ane 5 i n [ A] and l ane 2 i n [ B] ) or Cdc2MsF ( l ane 6 i n [ A] )
synt het i c pept i des, and t he ant i - CT- Cdc2MsF ant i bodi es wer e pr ei ncubat ed wi t h Cdc2MsF ( l ane 7 i n [ A] ) or Cdc2MsD ( l ane 8 i n [ A] ) synt het i c
pept i des bef or e t he i mmunost ai ni ng . Mol ecul ar mass mar ker s ar e i ndi cat ed at l ef t .
( C) Equal amount s of t ot al pr ot ei ns ext r act ed at i ndi cat ed t i me poi nt s f r om aphi di col i n- synchr oni zed al f al f a cel l s wer e assayed by an i mmuno-
bl ot t i ng met hod, usi ng ant i - CT- Cdc2MsA/ B, ant i - CT- Cdc2MsD, and ant i - CT- Cdc2MsF ant i bodi es. The G. / S, S, G2/ M, and G, phases ar e
mar ked by ar r owheads or ar r ows . The boundar i es i ndi cat ed f or t he var i ous cel l cycl e phases ar e based on t he dat a of f l ow cyt omet r i c anal ysi s
shown i n Fi gur e 8B.
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Fi gur e 5. Cel l Cycl e- Dependent CDK Act i vi t i es i n Aphi di col i n- Syn-

chr oni zed Al f al f a ( A2) Cel l Suspensi on .

I n ( A) and ( B) , aphi di col i n ( 20 wg/ mL) was used as t he bl ocki ng

agent t o synchr oni ze t he al f al f a suspensi on cul t ur e. Sampl es wer e

t aken at t he i ndi cat ed t i me poi nt s af t er r el ease f r om t he aphi di col i n

bl ock .

( A) and ( B) Equal amount s of ext r act ed pr ot ei ns wer e bound t o

pl 3suc' - Sephar ose beads or i mmunopr eci pi t at ed wi t h ant i - C- t er -

mi nal - Cdc2MsA/ B ant i body, r espect i vel y . I n bot h cases, t he bound

ki nase act i vi t i es wer e assayed i n t he pr esence of hi st one H1, and

t he phosphor yl at ed pr ot ei ns wer e r esol ved by SDS- PAGE. The ar -

r ows i ndi cat e an endogenous pr ot ei n of - 42 kD, whi ch i s vi si bl e

onl y i n t he S- phase f r act i ons i n t he aut or adi ogr ams . Mol ecul ar mass

mar ker s ar e i ndi cat ed at l ef t .

( C) The r el at i ve f r equency of cel l s i n var i ous cel l cycl e phases was

det er mi ned by f l ow cyt omet r y . The per cent age of t he mi t ot i c cel l s

was cal cul at ed at i ndi cat ed t i me poi nt s .

pr esence of addi t i onal G7- t o- M phase ki nase component s

i n p13s" c' - Sephar ose- bound f r act i ons t hat can act t o-

get her wi t h Cdc2MsA/ B ki nases i n mi t ot i c cel l s . I n bot h

cases, endogenous pr ot ei ns of si mi l ar mol ecul ar masses

wer e phosphor yl at ed, and one of t hem at - 40 t o 42 kD was

det ect ed onl y at t he S phase.

I n a r epeat ed exper i ment , we wer e abl e t o anal yze cel l

popul at i ons al so dur i ng pr ogr essi on t hr ough t he G, - t o- S

phase boundar y and ear l y S phase, as i ndi cat ed by t he dat a

of f l ow cyt omet r y ( see Fi gur e 6B) . The f i r st peak of hi st one

H1 ki nase act i vi t y det ect ed by i mmunopr eci pi t at i on wi t h t he

ant i - Cdc2MsA/ B ant i body coul d be cl ear l y assi gned t o sam-

pl es i n whi ch t he maj or i t y of cel l s wer e passi ng G, - t o- S and/

or ear l y S phases ( Fi gur e 6A) . I n t hese sampl es, we coul d

di st i ngui sh t he 40- t o 42- kD endogenous phosphopr ot ei n

t hat was al so det ect ed i n t he pr evi ous exper i ment . Thr ough

S phase, hi st one H1 ki nase act i vi t y decr eased but peaked

agai n at t he onset of t he Gz phase, occur r i ng 12 t o 14 hr af -

t er r el easi ng t he cel l s f r om t he aphi di col i n bl ock .
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Fi gur e 6. I ncr eased CDK Act i vi t i es Near t he G, - t o- S and G1- t o- M

Tr ansi t i on Poi nt s i n Synchr oni zed Al f al f a ( A2) Cel l Suspensi on .

Aphi di col i n ( 20 j i g/ mL) was used as t he bl ocki ng agent t o synchr o-

ni ze al f al f a cul t ur ed cel l s . Sampl es wer e t aken at i ndi cat ed t i me

poi nt s bef or e ( - 1 hr ) and af t er ( 0 t o 20 hr ) r el ease f r om t he aphi di -

col i n bl ock .

( A) Equal amount s of ext r act ed pr ot ei ns wer e pr eci pi t at ed wi t h

ant i - C- t er mi nal - Cdc2MsA/ B ant i body . The bound ki nase act i vi t i es

wer e assayed i n t he pr esence of hi st one H1, and t he phosphor y-

l at ed pr ot ei ns wer e r esol ved by SDS- PAGE . The ar r ow i ndi cat es an

endogenous pr ot ei n of - 42 kD, whi ch i s vi si bl e onl y i n G, / S- or

ear l y S- phase f r act i ons i n t he aut or adi ogr am. Mol ecul ar mass mar k-

er s ar e i ndi cat ed at l ef t .

( B) The r el at i ve f r equency of cel l s at var i ous cel l cycl e phases was

det er mi ned by f l ow cyt omet r y .
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The Pl ant Cel l

To t est whet her t he i ncr eased amount of t he Cdc2MsF

pr ot ei n det ect ed i n G2 - t o- M phase cel l s ( Fi gur e 4C) i s accom-

pani ed by an el evat ed ki nase act i vi t y, we i mmunopr eci pi -

t at ed pr ot ei ns by usi ng ant i - Cdc2MsF pept i de ant i bodi es t o

sear ch f or t he cor r espondi ng ki nase compl ex ( Fi gur e 7A) .

The cel l cycl e pr ogr essi on af t er aphi di col i n synchr oni zat i on

i n t hi s exper i ment was moni t or ed by f l ow cyt omet r y and de-

t er mi nat i on of t he mi t ot i c i ndex ( Fi gur e 7B) . The hi st one H1 ki -

nase act i vi t i es wer e def i ni t el y r est r i ct ed t o sampl es wi t h a

hi gh f r equency of mi t ot i c cel l s . Based on t hi s st r ong cor r el a-

t i on, we pr opose t hat Cdc2MsF i s a mi t ot i c ki nase exhi bi t i ng

char act er i st i c phosphor yl at i on of endogenous pr ot ei ns i n t he

compl ex .

I n t he above- descr i bed exper i ment s, t he pr ot ei n com-

pl exes separ at ed ei t her by p13sucl - Sephar ose af f i ni t y bi nd-

i ng or i mmunopr eci pi t at i on by ki nase ant i bodi es wer e f ound

t o be act i ve i n phosphor yl at i on of hi st one H1 and sever al

endogenous pr ot ei ns . The act i ve st at e of ki nases i n t hese

f r act i ons i s expect ed t o depend on t he pr esence of a cycl i n

par t ner . To t est t he compl ex f or mat i on bet ween al f al f a cy-

cl i n and ki nase par t ner s and t o i dent i f y CDK compl exes, we

i mmunopr eci pi t at ed pr ot ei ns f r om synchr oni zed cel l s by

ant i - mi t ot i c cycl i n ( CycMs2) pept i de ant i bodi es . We pr evi -

ousl y publ i shed t hat t he cycMs2 gene encodes a mi t ot i c cy-

cl i n wi t h el evat ed mRNA l evel i n G2 - t o- M phase cel l s ( Hi r t et

al . , 1992) . As shown i n Fi gur e 8A, t he ki nase compl exes pr e-

ci pi t at ed wi t h ant i - cycl i n ant i bodi es ar e act i ve i n t he phos-

phor yl at i on of hi st one H1 and sever al al f al f a pr ot ei ns . The

hi st one H1 ki nase act i vi t y f l uct uat ed dur i ng t he cycl e, wi t h

cel l s at t he G2 - t o- M phase havi ng i ncr eased act i vi t y . Sever al

char act er i st i c phosphopr ot ei ns can be det ect ed i n t hese

compl exes . These dat a demonst r at e t he f or mat i on of cy-

cl i n- CDK compl exes i n pl ant s . Fur t her st udi es ar e needed

t o i dent i f y t he i nt er act i ng cycl i n and ki nase par t ner s i n var i -

ous phases of t he cycl e .

DI SCUSSI ON

The cur r ent model s of cel l di vi si on cont r ol i n eukar yot es

st em pr i mar i l y f r om genet i c and mol ecul ar st udi es wi t h

yeast , Dr osophi l a, Xenopus, and mammal s . The maj or

achi evement s i n t he di scover y of basi c r egul at or y compo-

nent s and t hei r mol ecul ar st r uct ur e suppor t a uni f i ed vi ew of

t he eukar yoec cel l cycl e cont r ol and emphasi ze t he phyl o-

genet i c conser vat i on of t he key r egul at or y pat hways ( Mur r ay

and Ki r schner , 1989 ; Nur se, 1990) . I n accor dance wi t h t hi s

concept , si gni f i cant pr ogr ess has been achi eved i n t he i so-

l at i on of pl ant genes encodi ng homol ogs of CDKs and cy-

cl i ns ( r evi ewed i n Doemer , 1994 ; Jacobs, 1995) . The r esul t s

of gene i sol at i on st udi es wi t h a wi de r ange of pl ant speci es

have pr ovi ded compr ehensi ve ami no aci d sequence i nf or -

mat i on about pl ant CDKs . An evol ut i onar y t r ee based on t he

over al l si mi l ar i t y bet ween di f f er ent CDKs f r om yeast s t o man

has gr ouped t he maj or i t y of pl ant enzymes i nt o a separ at e

br anch of t he phyl ogr am ( see det ai l s i n t he r evi ew ar t i cl e by

Dudi t s et al . , 1997) . The t ypi cal r epr esent at i ves of t hi s gr oup

ar e t hose pl ant CDKs t hat exhi bi t t he PSTAI RE el ement and

f r equent l y f or m cl osel y r el at ed pai r s as Cdc2MsA and

Cdc2MsB i n al f al f a . Thi s gr oup of pl ant ki nases i s l ocat ed

cl ose t o CDKs f r om ani mal s i n t he si mi l ar i t y t r ee and shows

a consi der abl e di st ance f r om t he yeast homol ogs .

The key det er mi nant s i n t he r egul at i on of CDK f unct i ons

have been ext ensi vel y st udi ed by usi ng di f f er ent ap-

pr oaches, such as mut ant anal ysi s, bi ochemi cal char act er -

i zat i on, and r ecent l y, det er mi nat i on of t he cr yst al st r uct ur e

of t he human CDK apoenzyme and of t he human cycl i n A-

CDK2- ATP compl ex ( DeBondt et al . , 1993 ; r evi ewed i n

Mor gan, 1995) . Based on t he cr yst al st r uct ur e, t he cycl i n A-

CDK2 i nt er f ace compr i ses el ement s i ncl udi ng t he a1- hel i x

wi t h t he PSTAI RE sequence mot i f , t he T l oop wi t h Thr - 160

and Thr - 161 as t he phosphor yl at i on si t e, and par t of t he
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Fi gur e 7 . El evat ed Hi st one H1 Ki nase Act i vi t i es i n Pr ot ei n Com-

pl exes I mmunopr eci pi t at ed by Ant i - C- Ter mi nal - Cdc2MsF Ant i -

bodi es f r om Mi t ot i c Al f al f a Cel l s .

Aphi di col i n ( 20 ) Lg/ mL) was used as t he bl ocki ng agent t o synchr o-
ni ze t he al f al f a suspensi on cul t ur e . Sampl es wer e t aken at t he i ndi -
cat ed t i me poi nt s bef or e ( - 12 hr ) and af t er ( 0 t o 26 hr ) r el ease f r om
t he aphi di col i n bl ock .

( A) Equal amount s of ext r act ed pr ot ei ns wer e pr eci pi t at ed wi t h
ant i - C- t er mi nal - Cdc2MsF ant i bodi es . The bound ki nase act i vi t i es
wer e assayed i n t he pr esence of hi st one H1, and t he phosphor y-
l at ed pr ot ei ns wer e r esol ved by SDS- PAGE. Mol ecul ar mass mar k-
er s ar e i ndi cat ed at l ef t .

( B) The r el at i ve f r equency of cel l s at var i ous cel l cycl e phases was
det er mi ned by f l ow cyt omet r y and cal cul at i on of mi t ot i c i ndex .
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Fi gur e 8 . El evat ed Hi st one H1 Ki nase Act i vi t i es at G2 - t o- M Phase i n

Pr ot ei n Compl exes I mmunopr eci pi t at ed by Ant i - C- t er mi nal -

CycMs2 Ant i bodi es .

Aphi di col i n ( 10 I Lg/ mL) was used as t he bl ocki ng agent t o synchr o-

ni ze t he al f al f a suspensi on cul t ur e . Sampl es wer e t aken at t he i ndi -

cat ed t i me poi nt s bef or e ( - 12 and - 1 hr ) and af t er ( 0 t o 29 hr )

r el ease f r omt he aphi di col i n bl ock .

( A) Equal amount s of ext r act ed pr ot ei ns wer e pr eci pi t at ed wi t h

ant i - C- t er mi nal - CycMs2 ant i bodi es . The bound ki nase act i vi t i es

wer e assayed i n t he pr esence of hi st one H1, and t he phosphor y-

l at ed pr ot ei ns wer e r esol ved by SDS- PAGE . Mol ecul ar mass mar k-

er s ar e i ndi cat ed at l ef t .

( B) The r el at i ve f r equency of cel l s at var i ous cel l cycl e phases was

det er mi ned by f l ow cyt omet r y .

N- t er mi nal ( 3- sheet and C- t er mi nal l obe f r om CDK2 ( Jef f r ey

et al . , 1995) . The ami no aci d sequence i n t he PSTAI RE r e-

gi on has been cor r el at ed wi t h t he cycl i n i nt er act i on ( see

Pi nes, 1994) , and a mut at i on her e abol i shed cycl i n bi ndi ng

( Ducommun et al . , 1991) . The deduced ami no aci d se-

quence dat a i n Fi gur e 1 show t hat of si x al f al f a ki nase var i -

ant s, onl y t wo exhi bi t t he t ypi cal PSTAI RE el ement f ound i n

t he maj or i t y of known pl ant CDKs . Si mi l ar l y, hi gh var i at i on

can be r ecogni zed i n t he T- l oop r egi on among t he al f al f a

CDKs . The f unct i onal si gni f i cance of t hi s ext ended var i abi l i t y

i n bot h r egi ons of t he al f al f a enzymes has not been st udi ed

exper i ment al l y . I t may be t he backgr ound of sel ect i vi t y i n

bi ndi ng cycl i n par t ner s, as has been shown i n ot her cel l sys-

t ems ( Sher r , 1993) . The t wo G2 - t o- M phase- dependent al -

f al f a ki nases ( Cdc2MsD and Cdc2MsF) exhi bi t a nont ypi cal

Fami l y of cdc2 Homol ogs and Ki nases i n Al f al f a
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PSTAI RE mot i f : t he PPTALRE and PPTTLRE sequence el e-

ment s have onl y been i dent i f i ed i n CDKs of ot her pl ant spe-

ci es, such as Ar abi dopsi s and Ant i r r hi num ( Hi r ayama et al . ,

1991 ; Fober t et al . , 1994 ; Shaul et al . , 1996) . The PI TALRE

el ement det ect ed her e i n t he Cdc2MsC pr ot ei n as wel l as i n

a pea ki nase ( Fei l er and Jacobs, 1991) can be consi der ed as

a phyl ogenet i cal l y conser ved domai n because i t has been

f ound i n t wo r el at ed human pr ot ei ns, such as CHED and

PI TALRE wi t h known f unct i ons i n pr ol i f er at i ng cel l s ( Lapi dot -

Li f son et al . , 1992 ; Gr ana et al . , 1994) .

Despi t e t he gr owi ng number of cl oned pl ant cDNAs ho-

mol ogous t o cel l cycl e cont r ol genes, t he bi ochemi cal and

f unct i onal char act er i zat i on of t he r el at ed ki nase compl exes

and cycl i n par t ner s i s ver y l i mi t ed . Expr essi on of pl ant ho-

mol ogs of cdc2 genes has pr i mar i l y been anal yzed by i n si t u

hybr i di zat i on and hi st ochemi cal st udi es wi t h cdc2 pr o-

mot er - dr i ven ( 3- gl ucur oni dase r epor t er gene f usi ons ( Mar t i nez

et al . , 1992 ; Hemer l y et al . , 1993 ; Fober t et al . , 1994) . The r e-

sul t s cl ear l y i ndi cat e t hat t he di st r i but i on of t r anscr i pt s i s ac-

cor di ng t o t he cel l di vi si on act i vi t y i n or gans and t i ssues of

Ar abi dopsi s and Ant i r r hi num . Par al l el wi t h our exper i ment s,

f ur t her i n si t u hybr i di zat i on anal ysi s of Ar abi dopsi s and Ant i r -

r hi num cdc2 homol ogs suggest ed a cel l cycl e phase- spe-

ci f i c expr essi on pat t er n of cdc2MsD- and cdc2MsF- r el at ed

genes ( Fober t et al . , 1996 ; Seger s et al . , 1996) . I n our st udy,

we pr ovi de di r ect evi dence suppor t i ng t hese obser vat i ons

based on t he anal ysi s of phase dependency dur i ng cel l cy-

cl e pr ogr essi on i n synchr oni zed al f al f a cel l cul t ur e . Our pr e-

vi ous at t empt s t o det ect phase- dependent var i at i on i n

t r anscr i pt l evel s of t he al f al f a cdc2 gene r eveal ed const ant

mRNAamount s i n al l cel l cycl e phases ( Magyar et al . , 1993) .

I n t hi s st udy, our RNA gel bl ot hybr i di zat i on anal yses i ndi -

cat ed t he const i t ut i ve pat t er n of expr essi on f or t he

cdc2MsA, cdc2MsB, cdc2MsC, and cdc2MsE gene var i ant s

and showed pr ef er ent i al t r anscr i pt accumul at i on at G2 - t o- M

phases i n t he case of cdc2MsD and cdc2MsF genes . These

essent i al di f f er ences i n t he act i vi t y among t he i ndi vi dual

CDK genes dur i ng cel l cycl e pr ogr essi on may r ef l ect a com-

pl ex r egul at or y syst em based on a set of ki nase genes wi t h

char act er i st i c expr essi on pr of i l es .

I n t hi s st udy, we not onl y demonst r at e t he exi st ence of a

mul t i component CDK f ami l y i n a si ngl e pl ant speci es, al f al f a,

but al so show t hat t he t wo CDK gene var i ant s ( cdc2MsD and

cdc2MsF) exhi bi t bot h hi gh t r anscr i pt l evel s and el evat ed pr o-

t ei n accumul at i on dur i ng t he G?- t o- M phases . Fur t her mor e,

t he pr esent ed phosphor yl at i on exper i ment s ( Fi gur e 7A) dem-

onst r at e t hat pr ot ei n compl exes i mmunopr eci pi t at ed f r om t he

G2 - t o- M phase cel l s by ant i - C- t er mi nal Cdc2MsF ant i bodi es

exhi bi t hi gh hi st one H1 phosphor yl at i on act i vi t i es . Consi der -

i ng t he appar ent speci f i ci t y of t he PPTALRE and PPTTLRE

mot i f s t o pl ant s and t he t i ght cont r ol of cdc2MsD and

cdc2MsF t r anscr i pt l evel s i n t he G2 - t o- M phase, we pr opose

t hat t hese CDKs r epr esent a uni que t ype of ki nases not

f ound i n ot her eukar yot i c or gani sms t o dat e .

I n yeast cel l s, t he cdc2 mRNAs ar e pr esent at const ant

l evel s t hr oughout t he cel l cycl e and dur i ng exi t f r om t he cel l
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cycle (Durkacz et al., 1986; Simanis and Nurse, 1986). In 
mammalian cells, transcriptional control of CDK genes is an 
important component in regulating new synthesis of kinases 
(McGowen et al., 1990). The cdc2 transcription and mRNA 
accumulation were highest in S and G2 phases and de- 
creased at late G, or early M phase in HeLa cells (Dalton, 
1992). In contrast, we detected high cdc2MsD and cdc2MsF 
mRNA levels in late-G, and M phase alfalfa cells. The func- 
tional significance of the Cdc2MsD and Cdc2MsF proteins 
remains to be determined. We postulate that the described 
G,-to-M phase kinases play a special role in plant cells ac- 
cumulated at the G, phase of the cycle. As indicated by cy- 
tometric data from analyses of nuclei of dormant pea buds 
or of mesophyll cells from petunia leaves, plant cells can 
stop the cycle at the G2 phase (Bergounioux et al., 1992; 
Devitt and Stafstrom, 1995). The reactivation of the cycle in 
these cells may rely on the function of these G,-to-M ki- 
nases required for progression in cycling cells as well. 

The hypothesis of different kinase complexes involved in 
different phases of the plant cell cycle is also supported by 
biochemical data. The results of in vitro phosphorylation 
studies (Figures 5 to 8) show the phase dependency for all 
analyzed complexes. Previous studies had already indicated 
peaks of activity in the S and the G,-to-M phases (Magyar et 
al., 1993). The synchronization experiments in this study al- 
lowed us to analyze cell populations enriched in early S 
phase as well as G,-to-M and the GI-to-S phase transitions. 
Phosphorylation of both histone H1 and endogenous sub- 
strates indicated elevated kinase activities in protein frac- 
tions from cells at GI-to-S or early S and G,-to-M phases. 

Our findings show that in the G,-to-M phases, both the 
PSTAIRE kinases (Cdc2MsNB) and the PPTLRE kinase 
(Cdc2MsF) play roles. With the time resolution of these ex- 
periments, we recognized a certain sequence in activity 
peaks of the kinase variants. The Cdc2MsNB kinases were 
already active in the mid-G, phase, and these activities less- 
ened as the frequency of mitotic cells increased (Figure 5B). 
However, the Cdc2MsF kinase exhibited the highest histone 
H1 phosphorylation in mitotic cells (Figure 7A). Based on the 
diversity of the detected kinases with differential phosphory- 
lation activities, further functional studies are needed to 
show their putative regulatory roles in the cell cycle of flow- 
ering plants. 

Although the terminology of CDK is used in the case of 
plant kinases encoded by cdc2/CDC28 homologs, none of 
the Cdc2-related plant kinases thus far has been shown to 
form complexes with cyclin and to possess cyclin-depen- 
dent activity. In general, these kinases are identified as 
CDKs on the basis of amino acid sequence identity (>40%), 
the presence of characteristic functional domains, and the 
ability to complement yeast cell cycle mutants. Our immu- 
noprecipitation experiments with anti-C-terminal CycMs2 
antibodies (Figure 8A) provide direct evidence for complex 
formation between this mitotic cyclin and a kinase with high 
histone H1 phosphorylation activity in cells at the G,-to-M 
phases. Further experiments are in progress to identify the 

cyclin and CDK partners that preferentially interact at de- 
fined phases of the plant cell cycle. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
METHODS 

Plant Material 

A highly homogenous, fast-growing cell suspension culture of Medi- 
cago sativa subsp varia (genotype A2; tetraploid) was established 
and maintained in the presence of 1 mg/L 2,4-D and 0.2 mg/L kine- 
tin, according to Bogre et al. (1988). 

Gene Isolation and DNA Sequencing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A GEM2 (Promega) and A ZAPll (Stratagene) cDNA libraries were 
constructed from mRNAs isolated from 2,4-D-induced alfalfa (RA3; 
tetraploid) suspension cultures (Dudits et al., 1991). A third library 
was made from mRNA of alfalfa somatic embryos, kindly provided by 
H. Hirt (Institute of Microbiology and Genetics, University of Vienna, 
Vienna, Austria). These three libraries were screened with an -0.4-kb 
Xmnl-Kpnl fragment of the cdc2MsA cDNA clone (Hirt et al., 1991), 
containing the characteristic PSTAIRE and the catalytic kinase do- 
mains. Gel-purified inserts were labeled with c~-~'P-CTP by the ran- 
dom priming method, and low-stringency hybridization was 
performed at 55°C. The cDNA inserts subcloned into pBluescriptll 
SK- plasmids (Stratagene) were sequenced by the dideoxy chain 
termination method (Sanger et al., 1977), using an automatic DNA 
sequencer (model No. 373; Applied Biosystem, Foster City, CA). The 
missing 5' ends of the cDNA clones were isolated using the Mara- 
thon cDNA cloning kit (Stratagene). 

Synchronization of the Cell Cycle, Flow Cytometric Analysis, 
and Determination of the Mitotic Index 

For synchronization, the alfalfa cell suspension (A2) was treated with 
aphidicolin (Sigma) at a final concentration of 20 or 10 kg/mL for 36 
hr. Thereafter, the cells were washed three times with fresh Murashige 
and Skoog medium (Murashige and Skoog, 1962) and cultured fur- 
ther for synchronous growth (Magyar et al., 1993). The isolation of 
nuclei and the flow cytometric analysis were performed according to 
Savouré et al. (1995). The mitotic index was determined microscopi- 
cally on ethanol-acetic acid-fixed cells after carbo1 fuchsin staining. 

RNA Preparation and Gel Blot Analysis 

Total RNA was extracted according to the freezing phenol method 
(Maes and Messens, 1992), with a slight modification to scale the 
method to the volume of Eppendorf tubes. Frozen alfalfa suspension 
cells (A2) were homogenized under liquid nitrogen in a small mortar 
with 0.5 mL of phenol (equilibrated to pH 4.9 with 3 M K-acetate). Af- 
ter diluting with 0.5 mL of 1 % SDS, the samples were incubated for 
15 min at 65°C and then centrifuged for 10 min in an Eppendorf cen- 
trifuge at 4°C. The supernatant was extracted with phenol-chloro- 
form twice and precipitated with one-quarter volume of 8 M LiCl for 
overnight incubation at 4°C. The precipitates were dissolved in 100 
kL of diethyl pyrocarbonate-treated water, and a second LiCl pre- 
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cipitation was applied to remove residual DNA contamination. Total 
RNA was quantified by optical density at 260 nm (Sambrook et al., 
1989). Twenty micrograms of total RNA was loaded on 1 % formalde- 
hyde gel containing 0.01 % ethidium bromide. Transferring RNAs to 
Hybond N filters (Amersham) was performed with the capillary action 
technique (Sambrook et al., 1989), and the filters were examined un- 
der UV light to verify the efficiency of transfer and to test the quality 
and quantity of loaded RNA samples. Hybridization of the filters was 
performed in Rapid-hyb buffer (Amersham) at 65°C. Radiolabeled 
probes were generated by random-primed 3zP-labeling from the fol- 
lowing: fragments containing the coding regions of cdc2MsC, 
cdcPMsD, cdcPMsF, and cdc2MsE genes and fragments containing 
the 3' nontranslated regions of histone H3-1 (Kapros et al., 1992), 
cdcPMsA, and cdcZMs6 (Hirt et al., 1991,1993). 

Protein Extraction, p13sucf-Sepharose Affinity Binding, and 
Histone H I  Kinase Assays 

Alfalfa cells zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A2) were harvested at indicated time points and either 
used immediately or snap-frozen in liquid nitrogen and stored at 
-70°C. Proteins were extracted by grinding cells with quartz sand in 
homogenization buffer containing 25 mM Tris-HCI, pH 7.5, 75 mM 
NaCI, 15 mM MgCI,, 15 mM EGTA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 mM p-nitrophenylphosphate, 
60 mM p-glycerophosphate, 1 mM DTT, 0.1 % Nonidet P-40, 0.1 mM 
Na3V0,, 0.5 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 10 pg/mL 
each leupeptin, aprotinin, and antipain, and 5 pg/mL both pepstatin 
and chymostatin. Equal amounts of total protein were incubated with 
100 pL of 25% (v/v) p13suc7-Sepharose beads overnight at 4°C on a 
rotary shaker. After incubation, the p13suc1-Sepharose beads were 
washed three times with washing buffer and once with kinase assay 
buffer, and the kinase reaction was initiated by the addition of a 30- 
pL reaction mixture containing a 1 mg/mL histone HI  substrate and 
2.5 pCi of Y-~~P-ATP. Detailed descriptions of these methods have 
been given previously (Magyar et al., 1993). 

tro blue tetrazolium-5-bromo-4-chloro-3-indolyl phosphate staining 
method. 

Determination of the specificity of the purified antibodies was per- 
formed by competition experiments. In this case, the purified anti- 
bodies were preincubated with IO-fold molar excess of the relevant 
synthetic peptides for 2 hr on ice before the immunoreaction in the 
protein gel experiments. For immunoprecipitation, equal amounts of 
protein samples in homogenization buffer (see above) were pre- 
cleared with 60 pL of 25% (dv) protein A-Sepharose beads (Phar- 
macia) for 1 hr at 4°C on a rotary shaker. After a short centrifugation, 
the supernatants were transferred to new Eppendorf tubes contain- 
ing 2 to 4 pg of anti-C-terminal alfalfa antibodies (anti-Cdc2MsNB, 
anti-CdcZMsF, or anti-CycMs2) and incubated at 4°C for 1 hr. In the 
following step, 50 pL of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50% (v/v) suspension of protein A-Sepharose 
was added, and the tubes were gently shaken for 1 hr at 4°C. There- 
after, the beads were washed three times with RIPA buffer containing 
20 mM Tris-HCI, pH 7.4, 5 mM EDTA, 2 mM EGTA, 100 mM NaCI, 
2 mM NaF, 0.2% Nonidet P-40, 300 pM phenylmethylsulfonyl fluo- 
ride, and 10 pg/mL both aprotinin and leupeptin, and the histone HI  
kinase reaction was performed as described by Magyar et al. (1993). 
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Preparation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Antibodies, Irnmunoblotting, and 
Immunoprecipitations 

Received September 23, 1996; accepted December 9, 1996. 
Polyclonal antibodies raised against the C-terminal EYFKDIKFVP 
peptide of alfalfa Cdc2Ms N B  (common sequence motif; Hirt et al., 
1991, 1993), the C-terminal CFLLENKNQP peptide of alfalfa 
CyclinMs2 (Hirt et al., 1992), as well as against either the C-terminal 
PYFDSLDKSQY peptide of Cdc2MsD or the C-terminal DDLDKTHL 
peptide of Cdc2MsF were raised in rabbits by using synthetic pep- 
tides coupled to Keyhole limpet hemocyanin through an additional 
cysteine residue at their N termini. 

Crude IgG fractions were separated from whole sera by ammo- 
nium sulphate fractionation. The IgG fractions were further purified 
on peptide-coupled affinity columns as described previously (Harlow 
and Lane, 1988). For immunoblotting, the SDS-polyacrylamide gels 
were transferred onto polyvinylidene difluoride (Millipore, Bedford, 
MA) membranes in 50 mM Tris-base-50 mM boric acid buffer at a 
constant 30 V overnight. The filters were blocked in 5% milk pow- 
der-0.05% Tween 20 in TBS (25 mM Tris-CI, pH 8.0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA150 mM NaCI) 
buffer for 2 hr at room temperature, reacted with the first antibody 
at a concentration of 1 Fg of IgG per mL of blocking buffer for 2 hr 
at room temperature, washed three times with TBST (0.2% Tween 20 
in TBS, pH 8.0), and reacted with alkaline phosphatase-conjugated 
goat anti-rabbit IgG by using the dilution recommended by the 
manufacturer (Sigma). Signals were developed by the standard ni- 
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