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ABSTRACT 

 

 

During maize endosperm development, cells switch from mitotic into 

endoreduplication cell cycles, concomitant with the differentiation of starchy 

endosperm cells.  The identity and role of cyclins and cyclin-dependent kinases 

(CDKs) that control these cell cycles are poorly understood.  I identified and 

characterized maize cyclins of the D- (CYCD2;1 and CYCD5;1) and A1-types 

(CYCA1;3) that are expressed in endosperm.  CYCA1;3 RNA decreased sharply 

as the endosperm transitioned from the mitotic to the endoreduplication stage, 

whereas CYCD2;1 and CYCD5;1 transcripts declined gradually.  Polyclonal 

antibodies against CYCA1;3, CYCD5;1, and CYCD2;1 and a B-type homologue, 

CYCB1;3, were used to characterize cyclin protein accumulation, the associated 

CDK activity, and spatial localization of cyclins in endosperm.  Except for 

CYCA1;3, cyclin protein levels were nearly constant or decreased slightly 

throughout development.  CDK activity associated with CYCA1;3 was most 

abundant 7 days after pollination (DAP), while that associated with CYCB1;3, 

CYCD2;1 and CYCD5;1 peaked at 11 DAP.  CYCA1;3 appeared to be most 

abundant in the cytoplasm of non-endoreduplicating cells.  CYCB1;3 and 

CYCD2;1 were found throughout the endosperm, while CYCD5;1 was mostly 
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localized in aleurone and subaleurone cells.  Stability assays using in vitro-

synthesized cyclins showed that CYCA1;3, CYCB1;3, CYCD2;1 and CYCD5;1 

were degraded to a large extent via the proteasome in mitotic but not in 

endoreduplicating endosperm extracts.  The results suggest that cyclin 

proteolysis may not play a major role in controlling endoreduplication cell cycles 

in maize endosperm.  I identified and characterized maize CDKs of the A- 

(CDKA;3) and B- (CDKB1;1 and CDKB2;1) types that are expressed in 

developing endosperm.  Their transcripts were more abundant during the 

mitotic than the endoreduplication stage of development.  Polyclonal antibodies 

that specifically recognized CDKA;3 and CDKA;1, and CDKB1;1, were obtained.  

A-type CDK protein levels were nearly constant, while those of CDKB1;1 

decreased abruptly during endosperm development.  CDKB1;1 extracted from 9-

DAP endosperm bound p13suc1 in vitro, suggesting that CDKB1;1 contributes to 

mitotic CDK activity at early stages of endosperm development.  In co-

expression experiments in Drosophila S2 cells, CDKA;1 and CDKA;1 formed 

catalytically active complexes with CYCD2;1 and inactive complexes with 

CYCB1;3 and CYCD5;1.
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CHAPTER 1 

 

 

 

 

CELL CYCLE REGULATION AND ITS ROLE IN MAIZE ENDOSPERM 

DEVELOPMENT 

 

 

Introduction 

Maize (Zea mays L.) not only serves as a major source of food and feed, but 

it is also an important source of starch, protein and oil for manufactured goods.  

Maize is cultivated worldwide, with seventy countries planting more than 

100,000 hectares every year (Bebeli and Smith, 2004; Ranson et al., 2004).  Besides 

its economic importance, maize is also a prime species to address fundamental 

biological questions.  Maize has long been established as a genetic model.  Its 

development has been characterized in great detail, and its large organ sizes 
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make many types of biochemical analyses feasible.  Recently, several maize 

genomics projects have been undertaken, facilitating the dissection of molecular 

genetic mechanisms. 

Understanding how cell proliferation and expansion are regulated is 

potentially important to approaches aimed at increasing crop yield.  Notably, the 

larger body size of maize hybrids has long been attributed to mostly increased 

cell number, but also cell expansion (Kiesselbach, 1949).  Despite this, our 

knowledge of the maize cell cycle is rudimentary and, to a large extent, that of 

plants is limited to non-crop models such as Arabidopsis thaliana. 

The biology of the maize seed endosperm makes it a useful system to 

address fundamental questions related to cell cycle control in a developmental 

context.  In most monocots, endosperm formation is required for successful 

embryogenesis and survival of the seedling.  Endosperm is the major storage 

tissue in cereal seeds, such as maize, and it accounts for most of the mature seed 

volume (Figure 1.1) and dry weight.  In the largest central region, designated 

starchy endosperm, large amounts of starch (about 80% of the total dry weight) 

and, to a lesser degree, prolamine storage proteins accumulate during seed 

development (Lopes and Larkins, 1993).  Hydrolysis of these storage compounds 

by enzymes secreted by the peripheral aleurone layer supports embryo 

germination and initial growth of the seedling, by providing sugars and amino 

acids. 
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Figure 1.1.  Major structures of the mature maize kernel. 

A median longitudinal section through a kernel of the B73 inbred line is 

shown.  Embryo organs (coleoptile, coleorhiza, plumule, primary root, 

scutelum), endosperm, and maternal tissues (pericarp and pedicel) are indicated. 

Photograph courtesy of João T. Leiva-Neto. 
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Three different cell cycles occur during maize endosperm development 

Endosperm formation is one consequence of the double fertilization that 

occurs in the embryo sac of the ovule.  The zygote is formed by the fusion of one 

sperm nucleus with the egg cell and, concomitantly, the endosperm is created by 

the fusion of the other sperm nucleus with the two polar nuclei of the central cell.  

Thus, in contrast to the diploid zygote, the primary endosperm nucleus is 

triploid.  Maize endosperm undergoes three distinct types of cell cycles during 

its development: (i) syncytial karyokinesis (mitosis followed by nuclear 

divisions), (ii) mitotic (mitosis followed by nuclear and cellular divisions) and 

(iii) endoreduplication (DNA replication without sister chromatid segregation).  

Maize endosperm manifests the nuclear type of endosperm development, 

prevailing among angiosperms.  The initial endosperm nucleus undergoes 

several cycles of karyokinesis in the absence of interzonal phragmoplast 

formation between neighbor nuclei, resulting in a syncytium of 256-512 nuclei by 

two or three days after pollination (DAP) (reviewed by Olsen , 2004).  

Cellularization of the syncytium is best characterized in barley, but the process is 

very conserved among cereals (Olsen, 2004).  It initiates with the formation of a 

radial microtubule system (RMS) that originates from the surface of the syncytial 

endosperm nuclei (Brown et al., 1994).  Subsequently, distal parts of neighboring 

RMS meet, (Figure 1.2A) form cytoplasmic phragmoplasts (see definition in the 

following section on the plant cell cycle), and define locations where an anticlinal 
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cell wall will be deposited. Tube-like structures named alveoli, which have open 

ends facing the central cell vacuole (Figure 1.2B), are formed by cell wall 

deposition.  Next, periclinal nuclear divisions, in concert with the formation of an 

interzonal phragmoplast and new cell wall deposition, progressively divide the 

alveolus in two, generating a peripheral cell and, centripetally, an open-ended 

alveolus.  Multiple division cycles cause cells to occupy the volume of central 

cell, displacing its vacuole.  Although endosperm development up to the 

cellularization stage follows a remarkably similar pattern in cereals and dicots 

such as Arabidopsis, their subsequent development differs substantially (Olsen, 

2004).  In contrast to cereals, where the endosperm is persistent, the dicot 

endosperm is often ephemeral and it is consumed during embryogenesis.  The 

cotyledons become the primary organs that perform a storage function. 
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Figure 1.2. Early events in maize endosperm development. 

Nuclei (red) were stained with Sytox-Green®, and microtubules (green) 

were immunostained with an antibody against α-tubulin.  Images were collected 

with a confocal laser scanning microscope.  (A) Z-stack showing a dissected 2-

DAP syncytial endosperm.  RMSs emanate from nuclei and meet distally.  (B) 

Longitudinal section through an ovary in which a 3-DAP endosperm is 

undergoing cellularization.  As endosperm nuclei divide, new alveoli (alv, 

marked with arrows) occupy progressively the central cell vacuole (ccv). zyg, 

zygote; nuc, nucellus.  Micrographs courtesy of Dr. Hong Nguyen. 

A B

ccv 

zyg 

nuc 

alv  
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The of cellularization of maize endosperm in is followed by a period of 

cell division that takes place until around 8 to 12 DAP.  The mitotic index 

(percentage of cells undergoing mitosis) and rate of cell division peak around 11 

DAP and decline dramatically afterwards (Kowles and Phillips, 1985; Lur and 

Setter, 1993).  The few remaining mitotic divisions are limited to the peripheral 

endosperm (Kiesselbach, 1949).  This mitotic stage of development culminates 

with the establishment of most of the cells that form the mature endosperm. 

These cells differentiate into four major types with specialized functions: 

aleurone, starchy endosperm, embryo-surrounding, and transfer cells (Becraft, 

2001; Olsen, 2004).  

The innermost cells in the starchy endosperm cease to divide by 8 DAP 

and begin to engage in multiple cycles of endoreduplication (Kowles and 

Phillips, 1985; Dilkes et al., 2002).  During this process, these cells replicate their 

genome without intervening chromosome segregation, karyokinesis or 

cytokinesis, resulting in apparently multiple, uniform copies of the nuclear DNA 

(Kowles and Phillips, 1985).  By 15 DAP, most of the endosperm volume is 

occupied by the endoreduplicated cells in the starchy endosperm (Vilhar et al., 

2002). 

Endoreduplication is ubiquitous in plants and animals, especially in 

tissues with high metabolic activity, and it is thought to provide a mechanism to 

support the rapid growth of terminally differentiated tissues without cell 
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division (Edgar and Orr-Weaver, 2001; Larkins et al., 2001).  In many systems, a 

positive correlation has been found between nuclear DNA content, nuclear size 

and cell size, and it is believed that endoreduplication plays a major role, 

together with cell expansion by vacuolation, in influencing plant cell size 

(Sugimoto-Shirasu and Roberts, 2003 and references therein).  Although the exact 

function of endoreduplication in the endosperm is unknown, it is generally 

thought to provide a mechanism for increasing cell size and gene expression to 

support the rapid accumulation of storage metabolites (D'Amato, 1984), or as a 

source of nucleotides and phosphate for the developing and/or germinating 

embryo (Kowles et al., 1986; Leiva-Neto et al., 2004). 

The mitotic and endoreduplication cell cycles appear to play crucial roles 

in maize kernel development.  While kernel size is correlated with endosperm 

cell number and starch grain number and size (Reddy and Daynard, 1983; Jones 

et al., 1996), endoreduplication is correlated with metabolic rate, terminal 

differentiation, gene transcription, and grain filling (Kowles and Phillips, 1985; 

Brunori et al., 1993).  However, Leiva-Neto et al. (2004) showed that a 50% 

reduction in average endosperm ploidy levels by elimination of nuclei with 

ploidies greater than 24C did not significantly altered endosperm cell size or 

gene expression.  Consequently, elucidating the role of endoreduplication during 

endosperm development may require its complete abolishment. 
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Genetic control of endosperm initiation and development 

Several aspects of endosperm development in maize, including cell 

number (Jones et al., 1996) and endoreduplication (Kowles et al., 1997; Dilkes et 

al., 2002) are primarily under maternal control.  Maternal control of seed 

development involves complex genetic and epigenetic interactions.  Among key 

genes controlling this process that have been identified in Arabidopsis are those 

encoding Polycomb-group (Pc-G)-like proteins of the FIS class (FIS1/MEDEA, 

FIS2 and FIS3/FIE), which repress endosperm cell division in the absence of 

fertilization, and whose expression is under maternal control (Gehring et al., 

2004; Autran et al., 2005).  Pc-G proteins form multimeric complexes involved in 

chromatin remodeling and repression of gene expression and play important 

roles in early endosperm development.  The expression of two maize fie genes in 

the endosperm was shown to be regulated by genomic imprinting (Danilevskaya 

et al., 2003).  Parental dosage effects, mediated by differential imprinting, have 

been proposed to regulate the expression of cell cycle genes and hence the 

transition from a mitotic to an endoreduplication cell cycle during endosperm 

development.  Notably, maternal and paternal genome excess favor 

endoreduplication and mitotic cell cycles, respectively, in maize endosperm 

(Leblanc et al., 2002).  Epigenetic control and parent-of-origin effects clearly 

influence endosperm development, but it is not known how the cell cycle is 

affected. 
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The RBR/E2F cell cycle control pathway (see following sections) appears 

to mediate the effect of epigenetic mechanisms on cell cycle control (Shen, 2002).  

Indeed, loss of RBR1 function results in uncontrolled cell proliferation in the 

Arabidopsis embryo sac and a fis-like phenotype (Ebel et al., 2004).  Consistent 

with this, maize RBR1 binds to specific Pc-G subunits such as MSI/RbAp (Ach et 

al., 1997b) and FIE (Mosquna et al., 2004), and it represses gene expression 

through interaction with Rpd3-type histone deacetylases (Rossi et al., 2003; 

Varotto et al., 2003). 

Analysis of a group of 35 maize dek mutants, which have defective 

endosperm and kernel development, revealed that all underwent reduced 

endosperm cell proliferation (Kowles et al., 1992).  They also displayed a 

dramatic reduction in the level of endoreduplication, except for one mutant in 

which the mitotic and endoreduplication cell cycle were uncoupled.  However, 

many endosperm mutations that affect kernel size and cell proliferation also 

have altered cell differentiation, and thus still have an unclear connection with 

cell cycle control.  Among them are: dek1 (Wang et al., 2003) and crinkly4 (cr4) 

(Becraft et al., 1996) that have defective aleurone cell specification; globby1 (glo1) 

(Costa et al., 2003) that is affected in syncytial nuclear divisions and 

cellularization patterns during early endosperm development; disorgal1 (dil1) and 

disorgal2 (dil2) (Lid et al., 2004) that appear to have aberrant regulation of the 

mitotic division plane resulting in a disorganized aleurone; and supernumerary 
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aleurone layers1 (sal1) (Shen et al., 2003) that contains two to seven aleurone 

layers.  As many of these gene products appear to be involved with cellular 

signaling, they might provide insights into how endosperm cell differentiation 

pathways affect cell cycle control. 

 

Hormonal and environmental regulation of maize endosperm development 

Growth regulators have been shown to influence different aspects of 

endosperm development.  Not only are cell proliferation and endoreduplication 

affected, but so also are the programmed cell death (PCD) process.  The terminal 

differentiation of the starchy endosperm is intrinsically associated with PCD, 

which is positively and negatively impacted by ethylene and abscisic acid (ABA), 

respectively (Young et al., 1997; Young and Gallie, 1999; Young and Gallie, 2000a, 

b).  The effect of some growth regulators, especially cytokinin, on the activity of 

cell cycle regulators has begun to be understood (see following section on cell 

cycle regulation).  Elucidation of these relationships in the developing 

endosperm will be crucial for understanding its growth and development. 

Early studies of endosperm development in which correlative 

measurements were made between hormone concentrations and cell cycle 

regulation have indicated that the maximal accumulation of cytokinin and auxin 

coincided with the mitotic and cell expansion stages of development, 

respectively.  More recently, the roles of these growth regulators have begun to 
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be dissected with pharmacological and genetic approaches.  Lur and Setter (1993) 

showed that maximum levels of the zeatin and 9-ribosylzeatin cytokinins, and 

indole-3-acetic acid (IAA) coincided with the peak of cell division rate and the 

onset of endoreduplication in the endosperm, respectively.  Exogenous 

application of the auxin 2,4-dichlorophenoxyacetic acid (2,4-D) and the putative 

anti-auxin 2-(para-chlorophenoxy)isobutyric acid, early in development (5-7 

DAP), accelerated and delayed, respectively, the onset of endoreduplication, and 

zein transcript and protein accumulation.  Disruption of polar auxin transport in 

the maize semaphore1 (sem1) mutant causes a dek-like phenotype (Scanlon et al., 

2002).  It appears, therefore, that a sharp decline in the cytokinin to auxin ratio is 

important for the transition from a mitotic to an endoreduplication cell cycle and 

the ensuing differentiation process (Lur and Setter, 1993). 

The cell cycle is susceptible to environmental stresses during maize 

endosperm development.  The mitotic stage of development appears to be 

particularly sensitive to heat stress (Engelen-Eigles et al., 2000), and water deficit 

(Artlip et al., 1995; Setter and Flannigan, 2001) or exogenously applied ABA 

(Mambelli and Setter, 1998), while the endoreduplication stage is relatively less 

affected.  Microarray expression analysis of 2500 unique cDNAs revealed that 

upon whole-plant water stress between 5 and 9 DAP, 56 genes were affected, 

82% of them being down-regulated (Yu and Setter, 2003).  Several genes involved 

in cell cycle regulation and DNA replication, such as CDKA, MCM5, histone 
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H2B, replication protein 1 and ribonucleotide reductase were among the affected 

transcripts. 

 

General aspects of cell cycle control in eukaryotes 

The mitotic cell cycle consists of stages of DNA synthesis (S-phase) and 

sister chromatid segregation (mitosis or M-phase), preceded by gaps: G1 and G2, 

respectively (Figure 1.3).  During this cycle, the orderly progression of events 

that cause chromosomes to duplicate and separate is controlled by oscillations in 

the activity of cyclin-dependent protein kinases (CDKs), which consist of two 

components: a serine/threonine protein kinase and a cyclin regulatory subunit.   

CDK function and the regulation of the cell cycle are topics of much 

interest and have been extensively reviewed (Morgan, 1997; Mironov et al., 1999; 

Sherr and Roberts, 1999; De Veylder et al., 2003; Dewitte and Murray, 2003; Sherr 

and Roberts, 2004; Inzé, 2005).  The prevailing model, mainly derived from 

studies in yeast and animals, suggests that the low level of CDK activity that 

occurs late in mitosis is required for the G1 assembly of pre-replication 

complexes at replication origins, which include the ORC, CDC6, CDT1, and the 

MCM proteins.  This assembly effectively “licenses” chromatin for replication, 

which is then triggered by a subsequent rise in CDK activity.  Sustained high 

CDK activity during S-phase results in the dissociation of most of the licensing 

factors from chromatin, thereby preventing origin re-firing and ensuring that the 
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DNA is replicated only once in each cell cycle.  An additional rise in CDK 

activity during G2 drives cells into M-phase.  Whereas only one kinase subunit in 

association with a relatively small number of cyclin partners controls the cell 

cycle in yeast, higher eukaryotes, including plants, have evolved a larger number 

of CDK-cyclin combinations, presumably for fine-tuning the cell cycle and 

coordinating it with complex developmental programs.  Several kinase subunits 

have been identified in higher eukaryotes, and their association with different 

cyclin subunits, which are themselves regulated through their cell cycle stage-

specific biosynthesis and proteolysis, results in multiple active CDK complexes.  

Cyclin binding causes a large conformational change in the CDK subunit 

structure, leading to the reorientation of several amino acid side chains in the 

CDK catalytic cleft and thus to the correct positioning of ATP for the 

phosphotransfer reaction (Morgan, 1997).  Besides activation, the cyclin subunit 

is thought to influence CDK subcellular localization and substrate specificity 

(Miller and Cross, 2001). 

Determining the identity of CDK substrates is central to understanding 

cell cycle control, but they are for the most part unknown.  Recently, a large-scale 

biochemical approach to uncover putative substrates of Saccharomyces cerevisiae 

CDC28 (CDK1) revealed a number of target proteins.  Among them were many 

involved directly with regulation of CDK activity and processes as diverse as 

DNA replication, mitosis, spindle assembly, and actin polarization (Ubersax et 
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al., 2003).  Distinct CDK-cyclin complexes appear to be responsible for specific 

G1/S and G2/M CDK activities during cell cycle progression (Figure 1.3).  

Although their activities to a certain extent are temporally and functionally 

overlapping, animal CDKs containing cyclin D and E are primarily involved in 

the G1/S-phase transition, those containing cyclin A regulate S-phase, and cyclin 

B-containing complexes control G2/M-phase transition.  In addition, regulation 

of CDK activity by specific cyclin-dependent-kinase inhibitors (CKIs), as well as 

by activation or inhibition of the kinase subunits by phosphorylation, also play 

major roles (see following sections). 

In concert with fluctuations of the different CDKs activities are specific 

gene expression programs that drive cell cycle progression.  Progression through 

G1 causes sequential up-regulation of gene sets involved in replication origin 

licensing, synthesis of G1/S-phase-specific cyclins and CDKs, DNA synthesis, 

and G2/M control.  Transcription factors of the E2F family control the expression 

of many genes required for entry into and execution of S-phase and cell cycle 

progression.  E2F family members can be functionally grouped into activators or 

repressors of transcription (Frolov and Dyson, 2004).  Whereas most E2Fs require 

interaction with a distantly related dimerization partner (DP) protein for binding 

to cis elements in E2F-target promoters, certain E2F proteins lack a 

transactivation domain and others possess a duplicate DNA binding domain but 

lack the domains required for dimerization with DP and transactivation.  Critical 
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to the activity of E2F is the “pocket protein” family of which retinoblastoma (RB) 

is the prototype.  Pocket proteins, hereafter generically referred to as RB, bind 

E2F proteins through their A/B pocket domain and mask the E2F transactivation 

domain (Harbour and Dean, 2000).  In addition, promoter-bound E2F/RB 

complexes are involved in RB-mediated gene silencing by directly inhibiting the 

assembly of pre-initiation complexes and by recruiting various chromatin-

remodeling complexes.  Collectively, the activity of RB-related proteins results in 

inhibition of the expression of many E2F-regulated genes in early G1, effectively 

preventing the transition into S-phase.  Later in G1, however, in response to 

developmental or mitogenic signals, RB itself is inhibited through 

phosphorylation by cyclin D-containing CDK complexes (Figure 1.3) that, in 

turn, relieve the block on a number of E2F-target promoters, including that of 

cyclin E, thus driving cells into S-phase.  Cyclin E-containing CDK complexes 

maintain RB in a hyperphosphorylated and inactive state, further de-repressing 

E2F-target genes and inducing DNA replication.  Phosphorylation of RB by 

cyclin A-containing CDK complexes during S-phase ensures thorough activation 

of a large set of E2F-target genes and proper cell cycle progression.  
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Figure 1.3.  Simplified diagram illustrating the function of key regulators of the 

plant cell cycle. 

In some cases, presumed role of regulators is inferred from the 

demonstrated role of their yeast and animal homologues, and from their activity 

determined in vitro.  CDK/cyclin associations are based on observations of 

expression patterns and physical interactions obtained mostly from plant and 

cell culture studies, and the yeast two-hybrid system.  CKIs appear to control the 

activity of mostly CDKA-containing complexes.  The E2F/DP family of 

transcription factors regulates many genes required for S-phase progression, but 

in early G1 their expression is repressed through the inhibition of E2F/DP by 

RBR.  In late G1, at the G1/S transition and during S-phase, this repression is 

alleviated due to RBR phosphorylation (P) by CDKA associated with CYCD and 

CYCA.  Various CDKA/B/CYCB complexes are probably important for the 

G2/M transition, and they are likely inhibited and activated by members of the 

WEE1 kinase and CDC25 phosphatase families, respectively.  Proteolysis of 

cyclins shown to be regulated by the ubiquitin (Ubi)/26S proteasome pathway 

are depicted.  During the endoreduplication cell cycle, cells replicate their DNA 

without intervening mitosis through sustained activity of S-phase CDKs and 

inhibition of M-phase CDKs.  The gap-like mitotic bypass in endoreduplication 

cell cycles is shown as a gray arrow (G). 
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The endoreduplication cell cycle 

During endoreduplication, the standard cell cycle is altered, and there are 

recurrent S- and G-phases without intervening M-phases (Edgar and Orr-

Weaver, 2001). The mechanisms that enable cells to repeatedly replicate 

chromosomes without progressing through M-phase appear to be modulated by 

CDK activity.  As mentioned earlier, low levels of CDK activity during G1-phase 

permit the formation of pre-replication complexes at origins of replication 

(Diffley and Labib, 2002), licensing DNA for replication while inhibiting M-phase 

induction.  CDC6 and MCM proteins dissociate from these complexes during S-

phase, when levels of CDK activity are high (Blow and Hodgson, 2002).  A 

subsequent reduction of S-phase CDK activity, resulting from cyclin destruction 

and accumulation of CDK inhibitors, allows origins of replication to become re-

licensed for an additional DNA replication round.  Down-regulation of mitotic 

cyclins and/or inhibition of CDK complexes containing them prevent mitosis 

and cytokinesis.  The up-regulation of S-phase CDKs and down-regulation of M-

phase CDKs has been observed in all endoreduplicating systems examined in 

detail (Edgar and Orr-Weaver, 2001; Larkins et al., 2001; Sugimoto-Shirasu and 

Roberts, 2003).  In mammalian cells, transition from a mitotic to an 

endoreduplication cell cycle involves loss of cyclin B expression, a coincidental 

increase in cyclin A- and cyclin E-associated CDK activity that oscillates prior to 

and during S-phase (MacAuley et al., 1998; Hattori et al., 2000), and specific 
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regulation of licensing factors influencing DNA replication (Bermejo et al., 2002).  

Modulation of G1- and S-phase CDK activity appears to involve the cyclic 

synthesis and destruction of p57Kip2, a non-catalytically CDK inhibitor (Hattori et 

al., 2000).  Endoreduplication also appears to require phosphorylation and 

consequent inactivation of RB, which relieves its inhibitory effect on transcription 

of genes involved in DNA synthesis (Niculescu et al., 1998; Harbour and Dean, 

2000). 

The mechanisms controlling endoreduplication in plants are less well 

understood than those in animals, but several aspects appear to be similar 

(Larkins et al., 2001; Sugimoto-Shirasu et al., 2002).  Among them is loss of M-

phase CDK activity (Grafi and Larkins, 1995; Joubès et al., 1999; Larkins et al., 

2001), phosphorylation of RB-like proteins (Grafi et al., 1996), accumulation of 

CDK inhibitory activity (Grafi and Larkins, 1995), destruction of M-phase 

regulatory proteins by the anaphase-promoting complex (APC) (Cebolla et al., 

1999; Vinardell et al., 2003), and up-regulation of CDC6 (Castellano et al., 2004).  

Some additional molecular mechanisms influencing CDK activity during the 

endoreduplication cell cycle in maize endosperm have been characterized 

(Larkins et al., 2001).  The process involves a reduction in mitotic CDK activity 

and concomitant up-regulation of S-phase CDKs. The decrease in mitotic CDK 

activity may be controlled by disappearance of a mitotic B-type cyclin (Sun et al., 

1997; Sun et al., 1999a). Up-regulation of S-phase CDK activity appears to involve 
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inactivation of S-phase repressors, such as RBR proteins (Grafi et al., 1996). 

Fluctuating levels of the CDK-inhibitory CKI and WEE1 proteins (Sun et al., 

1999b) could drive oscillations in S-phase CDK activity and/or further inhibit 

residual M-phase CDKs, leading to cycles of alternate G1 and S-phase without 

intervening nuclear divisions. 

 

Plant cell cycle machinery and regulation 

Plant cell division differs from that of animals at many levels.  Among the 

most conspicuous differences are the occurrence in plant cells of diffuse spindle 

poles, the pre-prophase band (PPB), and the phragmoplast.  The PPB is a cortical 

ring-like structure composed of microtubules and actin filaments that transiently 

marks the site of future cell wall deposition.  Later, during mitosis, the 

microtubules rearrange to form the phragmoplast, also composed of actin 

filaments and myosin, that guides the deposition of the cell wall.  Therefore, 

despite remarkable conservation of eukaryotic cell cycle control machinery, plant 

cell cycle regulators have probably evolved to control the cell cycle dynamics of 

these specific structures.  Indeed, microscopy-based analyses utilizing specific 

antibodies and green fluorescence protein (GFP)-fusions have determined that 

plant CDKs and cyclins transiently co-localize with such structures during the 

cell cycle (Colasanti et al., 1993; Mews et al., 1997; Stals et al., 1997; Mews et al., 

2000; John et al., 2001; Weingartner et al., 2001; Lee et al., 2003).  In the following 
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sections, some aspects regarding the complexity and uniqueness of major plant 

cell cycle components and their regulation are reviewed. 

 

Cyclin-dependent kinases in plants 

Like animals, flowering plants utilize different CDKs during different 

phases of the cell cycle.  Plants appear to contain five to six types of CDKs, A 

through F (Joubès et al., 2000b; Vandepoele et al., 2002). So far, members of the C-

type have not been shown to have a role in cell cycle control (Joubès et al., 2001), 

but they could affect the elongation step of transcription by phosphorylating 

RNA polymerase II C-terminal domain (CDT).  Notably, D- and F-type CDKs are 

involved with the regulation of other CDKs (see following section on the control 

of CDK activity). 

Among the best-characterized CDKs is the A-type, members of which 

contain a PSTAIRE motif and are capable of complementing yeast p34cdc28/cdc2 

mutants.  The steady-state levels of A-type CDK transcripts and polypeptides are 

largely cell cycle phase-independent, whereas the kinase activity of complexes 

containing them is high at S and G2 phases and peaks at the M phase of the cell 

cycle (Magyar et al., 1997; Mironov et al., 1999; Joubès et al., 2000b; Sorrell et al., 

2001; Menges and Murray, 2002).  In synchronized plant cell cultures and 

transgenic plants, A-type CDKs were shown to associate with D3, D2-, A3- and 
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A1-type cyclins (Figure 1.3) (Nakagami et al., 1999; Cockcroft  et al., 2000; Healy 

et al., 2001; Yu et al., 2003).  

Plants contain unique B-type CDKs, in which the cyclin-interacting 

PSTAIRE motif is replaced by PPTALRE (B1-type) or PPTTLRE (B2-type).  B-type 

CDKs fail to complement yeast p34cdc28/cdc2 mutants, in support of the notion that 

they have a specialized function in the plant cell cycle (Hirayama et al., 1991; Hirt 

et al., 1993; Fobert et al., 1996).  Transcripts levels of CDKB1 are higher during 

the S, G2, and M stages, while those of CDKB2 are highest during G2 and M 

stages (Fobert et al., 1996; Segers et al., 1996; Magyar et al., 1997; Umeda et al., 

1999; Breyne et al., 2002).  The level of CDKB1s and their activities are highest 

during S through M phases (Magyar et al., 1997; Mironov et al., 1999; Umeda et 

al., 1999; Joubès et al., 2000b; Porceddu et al., 2001; Sorrell et al., 2001).  In 

Arabidopsis, CDKB1;1 plays an important role in the formation of stomatal 

complexes (Boudolf et al., 2004a).  Importantly, CDKB1;1 activity is required for 

the G2/M transition (Figure 1.3) (Porceddu et al., 2001; Boudolf et al., 2004a).  

Expression of a catalytically-inactive, dominant-negative form of CDKB1;1 

causes not only accumulation of cells at the G2 stage, but also additional 

endoreduplication cycles (Boudolf et al., 2004b). 

So far, the Arabidopsis thaliana CDKE is one of the few cell cycle control 

genes whose function was demonstrated by a forward-genetics approach. The 

gene that encodes CDKE was identified as HUA ENHANCER3 (HEN3), which is 
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required for the specification of stamen and carpel identities and for the proper 

termination of stem cells in the floral meristem (Wang and Chen, 2004).  CKDE 

exhibits RNA polymerase II CDT kinase activity in vitro, suggesting that it could 

regulate the elongation step of transcription.  

 

Plant cyclins 

Forty-nine genes encoding 10 types of cyclins and cyclin-like proteins 

were identified in the Arabidopsis thaliana genome (Vandepoele et al., 2002; Wang 

et al., 2004a).  Among the best-characterized are A- and D-type cyclins, each of 

which are encoded by 10 genes, and B-type cyclins, which are encoded by 11 

genes.  Rice appears to contain a similarly complex cyclin gene set (Wang et al., 

2004a), and this family of about 50 genes could be representative of the cyclin 

gene complement in angiosperms.   

Results accumulated over the past decade, combining analyses of 

transcript and protein accumulation in synchronized plant cell cultures and   

effects of altered cyclin expression in transgenic plants, indicate that D-type 

cyclins typically control the G1/S transition, A-type cyclins control S-phase 

progression and G2/M transition, and B-type cyclins control the G2/M and 

intra-mitotic transitions (Figure 1.3) (Mironov et al., 1999; Oakenfull et al., 2002; 

De Veylder et al., 2003; Dewitte and Murray, 2003).  As mentioned earlier, in 

animals these cell cycle transitions are controlled by related cyclins of the D-, A-, 
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and B-types, as well as by cyclin E homologues, which have not been identified 

in plants thus far. 

Analyses of synchronized plant cell cultures have proven valuable in 

revealing the complex patterns of cyclin gene expression, and how they respond 

to exogenously applied inhibitors and growth regulators.  Notably, transcript 

accumulation and protein stability of plant D-type cyclins respond differently to 

growth regulators, but not sucrose and, much in the same way as their animal 

counterparts, appear to integrate mitogenic stimuli and induce cell cycle re-entry 

by positively regulating the G1/S transition (Soni et al., 1995; Riou-Khamlichi et 

al., 1999; Sorrell et al., 1999; Riou-Khamlichi et al., 2000; Healy et al., 2001; 

Planchais et al., 2004).  

Analysis of synchronized tobacco BY-2 cells revealed that transcript 

accumulation of different A3-, A2-, and A1-type cyclins peaked sequentially 

from late G1/early S-phase until mid M-phase (Setiady et al., 1995; Reichheld et 

al., 1996).  Antisense suppression of a tobacco A3-type cyclin affected cell 

proliferation and differentiation, and it was hypothesized that it fulfills the role 

played by animal cyclin E in controlling aspects of S-phase progression (Morgan, 

1997; Yu et al., 2003; Sherr and Roberts, 2004).  An A1-type cyclin (Wang et al., 

2004b) and a divergent SDS-type cyclin (Azumi et al., 2002; Wang et al., 2004a) 

are required for meiosis. 
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Plant B-type cyclins are usually expressed at the highest levels in tissues 

undergoing cell proliferation. Analysis of their expression in synchronized cell 

cultures revealed that their transcripts begin to accumulate at G2, reach maximal 

levels at G2 and early M-phase, and then decline rapidly (Hirt et al., 1992; Qin et 

al., 1996; Menges and Murray, 2002).  Consistent with the expected role inferred 

by these analyses, in transgenic plants some B-type cyclin homologues appear to 

function at G2/M and intra-mitotic transitions and negatively impact 

endoreduplication cycles (Schnittger et al., 2002a; Weingartner et al., 2003; 

Weingartner et al., 2004). 

Analysis of cyclin expression in cell culture systems may not reflect actual 

expression in planta, as cell cultures are not under influence of many 

developmental cues that impinge on cell cycle control at the organismal level.  In 

addition, many of these analyses were limited to RNA transcript accumulation 

due to the rarity of cyclin antibodies and, therefore, do not allow estimation of 

protein levels.  Indeed, when cyclin protein localization was examined in maize 

root tip cells, the results indicated that, in contrast to animals, several persisted 

after mitosis (Mews et al., 1997; Mews et al., 2000). 
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Regulation of CDK activity by phosphorylation and by cyclin-dependent 

kinase inhibitor binding 

Besides cyclin binding, the phosphorylation status of amino acid residues 

in the CDK subunit that directly contact ATP or are involved with the structure 

of the CDK catalytic cleft has been shown to be critical for the regulation of 

kinase activity.  WEE1 phosphorylates CDKs at Tyr-15 (or equivalent position in 

other homologues) and inhibits their activity by disrupting ATP binding at the 

catalytic cleft.  The related, membrane-bound MYT1 from animals 

phosphorylates CDKs at both Thr-14 and Tyr-15, but plant homologues of MYT1 

are not known.  The inhibitory phosphorylation of Thr-14 and Tyr-15 is 

counteracted by the CDC25 family of phosphatases that activates multiple CDK 

complexes at different cell cycle stages (Nilsson and Hoffmann, 2000). 

Regulation of plant CDK activity by WEE1-like kinases and their opposing 

CDC25 phosphatases was suggested initially by findings showing that cytokinin-

mediated activation of CDK at G2 in excised pith parenchyma and cell culture of 

tobacco involves dephosphorylation of Tyr residues (Zhang et al., 1996).  

Consistent with this, and strongly suggesting the conservation of this CDK 

regulatory mechanism in plants, expression of Schizosaccharomyces pombe CDC25 

in transgenic plants impacted cell division and size (Bell et al., 1993; McKibbin et 

al., 1998) and bypasses the requirement of cytokinin for CDK activation 

(Suchomelova et al., 2004; Zhang et al., 2005). 
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Homology searches of a large expressed-sequence tag (EST) collection 

with the WEE1 catalytic domain sequence identified a maize homologue (Sun et 

al., 1999b).  In vitro assays showed that recombinant maize WEE1 inhibited both 

total and p13suc1-adsorbed histone H1 kinase activities from maize immature 

ears, implying that maize WEE1 is also able to phosphorylate a wide range of 

CDK complexes.  As observed for WEE1 homologues from other kingdoms, 

overexpression of maize and Arabidopsis WEE1 caused enlargement of S. pombe 

cells (Sun et al., 1999a; Sorrell et al., 2002).  WEE1 transcripts were present 

throughout the endoreduplication stage of maize endosperm development (Sun 

et al., 1999a), but they were more abundant in proliferating tissues of Arabidopsis 

(Sorrell et al., 2002), suggesting that plant WEE1 homologues participate in the 

regulation of endoreduplication and mitotic cell cycles (Sun et al., 1999b).  

Likewise, homology searches based on the CDC25 catalytic domain allowed the 

identification of a functional homologue in Arabidopsis (Landrieu et al., 2004b; 

Landrieu et al., 2004a).  Notably, CDC25 transcripts were detected in non-

proliferating tissues (Sorrell et al., 2005), consistent with suggestions that the 

control of plant Tyr-15 phosphorylation status is required not only at G2/M, but 

also at other cell cycle transitions (Sun et al., 1999b). 

CDK-activating kinases (CAKs) positively regulate CDK activity by 

phosphorylating a threonine residue in the T-loop region.  In plants and most 

other eukaryotes, CAK activity requires binding to a cyclin subunit.  In plants, 
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active CAK complexes appear to be composed by multiple CDKs of the D-type 

and H-type cyclins (Dewitte and Murray, 2003).  CAKs not only phosphorylate 

CDKs, but also RNA polymerase II CTD, and therefore they may play a role in 

the elongation step of transcription.  In transgenic plants, CAK activity has been 

shown to be required for maintenance of the undifferentiated state of 

meristematic cells (Umeda et al., 2000).  Expression of the R2 CAK from rice 

induces cell proliferation in vitro in the absence of cytokinin (Yamaguchi et al., 

2003).  In striking similarity with mitogen-activated protein kinase (MAPK) 

cascades, plant CAKs appear to be regulated by CDKs.  CDKF;1, which also 

interacts with cyclin H, phosphorylates the T-loop of CDKD;3 and CDKD;2, and 

thereby activates the CTD-kinase activity of CDKD;2 in vitro and in root 

protoplasts (Shimotohno et al., 2004). 

 The role of non-catalytic CDK regulators has begun to be understood in 

detail.  Some of these regulators are docking factors belonging to the CDK-

subunit (CKS)/SUC1 class, that can influence interactions between the kinase 

complexes and their substrates (Patra and Dunphy, 1998; Patra et al., 1999).  A 

well characterized group of non-catalytic regulators are the Kip/Cip family of 

CDK inhibitors (CKIs), in plants more commonly referred to as Kip-related 

proteins (KRPs) or ICKs (Dewitte and Murray, 2003).  Plants contain multiple 

genes encoding KRP/ICK proteins that inhibit CDK activity in vitro (Wang et al., 

1997; Lui et al., 2000; De Veylder et al., 2001).  Altered CKI expression perturbs 
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growth, development, and the control of mitotic and endoreduplication cell 

cycles (Wang et al., 2000; De Veylder et al., 2001; Jasinski et al., 2002a; Jasinski et 

al., 2002b; Zhou et al., 2002; Schnittger et al., 2003; Zhou et al., 2003).  Most of 

KRP/ICK proteins bind D-type cyclins and CDKA, but not CKDB (Figure 1.3) 

(Wang et al., 1998; Lui et al., 2000; De Veylder et al., 2001; Jasinski et al., 2002a; 

Zhou et al., 2003).  Consistent with this, opposite phenotypic consequences 

caused by overexpression of CKIs and D3-type cyclins can be neutralized by 

their co-expression (Jasinski et al., 2002b; Zhou et al., 2003). 

 

The RB/E2F pathway in plants 

The first plant RB-related (RBR) gene, RBR1, was isolated from maize 

(Grafi et al., 1996; Xie et al., 1996).  Plant RBR proteins have been shown to 

interact with plant D- and A-type cyclins (Nakagami et al., 1999; Roudier et al., 

2000; Nakagami et al., 2002), and with plant viral proteins such as wheat dwarf 

virus (WDV) RepA (Grafi et al., 1996), a replication-associated protein.  Plant 

RBR proteins have also been shown to be phosphorylated by D- and A-type 

cyclin/CDK complexes (Figure 1.3) (Grafi et al., 1996; Nakagami et al., 1999; 

Boniotti and Gutierrez, 2001).  Maize RBR1 has a negative cell cycle effect when 

ectopically expressed in tobacco BY2 cells, but this can be counteracted by 

expression of WDV RepA, which sequesters RBR1 from its physiological partners 

(Gordon-Kamm et al., 2002). The Arabidopsis RBR homologue was recently 
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shown to control cell proliferation during megagametophyte development and to 

repress autonomous development of the endosperm (Ebel et al., 2004).  Similar to 

their animal homologues, plant RBRs have been shown to interact with 

chromatin remodeling histone deacetylases and Pc-G subunits (Rossi et al., 2003; 

Mosquna et al., 2004), and it is likely that they play an important role in 

mediating specific aspects of epigenetic control over cell division and 

differentiation. 

Plants also possess E2F and DP proteins, which have been best 

characterized in Arabidopsis (Shen, 2002).  Arabidopsis encodes at least six E2F-

related proteins and two DPs.  Based on structural similarities with their animal 

counterparts, three E2Fs appear to have the typical features of positive E2Fs, 

including domains for DNA binding, DP-dimerization, and transactivation. 

Three additional E2Fs (also known as DEL1-3) possess only a duplicated binding 

domain and may regulate transcription negatively and independently from DP.  

Ectopic expression experiments suggest that despite sharing a similar domain 

organization, Arabidopsis E2Fa is a transcriptional activator that promotes cell 

division and endoreduplication (De Veylder et al., 2002; Kosugi and Ohashi, 

2002; Rossignol et al., 2002), whereas Arabidopsis E2Fc is an inhibitor of cell 

division (del Pozo et al., 2002).  Notably, loss of DEL1 function resulted in 

increased endoreduplication, whereas ectopic expression of DEL1 reduced it 

(Vlieghe et al., 2005).  Genomic approaches have revealed that many genes, other 
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than genes involved in cell cycle regulation, may be regulated by E2F (Ramirez-

Parra et al., 2003; Vlieghe et al., 2003), and recent results suggest a role for E2Ff in 

plant growth through regulation of cell wall biogenesis genes (Ramirez-Parra et 

al., 2004). 

 

Proteasome-mediated degradation of cell cycle regulators 

Important mechanisms for controlling the activity of cyclin/CDK 

complexes are cell cycle stage-dependent cyclin synthesis and proteolysis, the 

latter of which is mediated by ubiquitin-ligase complexes and the 26S 

proteasome (reviewed by Smalle and Vierstra, 2004; and Vodermaier, 2004).  

Cyclins and other cell cycle regulatory proteins are targeted for cell cycle stage-

specific proteolysis by the anaphase-promoting complex (APC, also known as 

the cyclosome) and SCF (Skp1-cullin-F-box) ubiquitin-ligase complexes 

(reviewed by Vodermaier, 2004).  The specificity of such complexes in conferred 

by multiple WD-repeat containing activators.  Notably, expression of the APC 

activator, Fizzy-related (Fzr), is involved with mitotic cyclin degradation at G1 

and is required for endoreduplication cycles in Drosophila melanogaster (Sigrist 

and Lehner, 1997). 

 Different plant cell cycle regulatory proteins are degraded via the 

ubiquitin/26S proteasome pathway in vivo, including A-, B- and D-type cyclins 

(Figure 1.3) (Genschik et al., 1998; Criqui et al., 2000; Weingartner et al., 2003; 
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Planchais et al., 2004), the DNA replication factors CDC6 (Castellano et al., 2001) 

and CDT1 (Castellano et al., 2004), and an E2F homologue (del Pozo et al., 2002).  

Like all eukaryotic systems examined, A- and B-type cyclins have been shown to 

undergo proteasome-dependent degradation during mitosis in cultured plant 

cells (Genschik et al., 1998; Criqui et al., 2000; Weingartner et al., 2003).  

However, the best-characterized cases underlying proteasome importance for 

cell cycle control relate to endoreduplication cycles.  Plant CCS52 homologues 

are related to Fzr and are required for endoreduplication cell cycles in Medicago 

(Cebolla et al., 1999; Vinardell et al., 2003).  CCS52 overexpression in yeast cells 

reduces the level of the mitotic cyclin CDC13, and increases endoreduplication 

and cell size.  The number of endoreduplication cycles and the volume of the 

largest cells are reduced in transgenic M. truncatula plants with partially 

suppressed CCS52 gene expression.  Thus, APC/C activation by CCS52 is 

required for endoreduplication cycles in nodules, although the identity of the 

protein(s) targeted for degradation by CCS52 in planta, presumably mitotic 

cyclins, is not known.  Also, mutation of an E3 ubiquitin ligase in the Arabidopsis 

kaktus (kak) mutant causes increased endoreduplication levels in trichomes 

(Downes et al., 2003; El Refy et al., 2004). 
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Objectives and research approaches  

Despite the prominent appearance of maize in the early identification of 

key plant cell cycle regulators (Colasanti et al., 1991; Grafi et al., 1996; Xie et al., 

1996; Sun et al., 1999b) and in the molecular dissection of some aspects of 

endoreduplication (Grafi and Larkins, 1995), knowledge of cell cycle regulation 

in maize has lagged behind that of other plant models, such as Arabidopsis and to 

a lesser extent rice.  In particular, the identity and expression of cyclins and 

CDKs regulating the mitotic and endoreduplication cell cycles in maize 

endosperm development are poorly understood.  Indeed, to date only the 

expression of a B-type cyclin homologue has been thoroughly examined in this 

tissue, and this was only at the RNA level (Sun et al., 1997; Sun et al., 1999a).  

Among the various CDK subunits, only the role of CDKA;1 in endoreduplication 

has been investigated in detail (Leiva-Neto et al., 2004).  B-type CDK activity is 

important for the cell to undergo either mitosis or endoreduplication (Boudolf et 

al., 2004b).  However, so far, no maize B-type CDK homologues have been 

characterized. 

Consequently, the goals of my research were to identify and biochemically 

characterize cyclins of the major A-, B- and D-types, and A- and B-type CDKs 

that are expressed during maize endosperm development.  I also attempted to 

determine which of these cyclins and CDKs formed complexes that could be 
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responsible for the regulation of endoreduplication cell cycles in maize 

endosperm. 
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INTRODUCTION 

The endosperm originates by the fusion of a sperm nucleus with two polar 

nuclei in the central cell as part of the double fertilization that occurs in the 

embryo sac.  In maize, this triploid tissue progresses through three distinctive 

types of cell cycle during its development.  The first one, which encompasses the 

first three days of development, involves free nuclear division and the formation 

of a syncytium of 256-512 nuclei (Olsen, 2004).  Subsequently, cell walls form 

around the nuclei, and the endosperm grows mostly by cell division.  The 

frequency of mitotic divisions peaks at 8-10 days after pollination (DAP) and 

drops dramatically afterwards (Kowles and Phillips, 1985; Lur and Setter, 1993).  

In cereals, such as maize, the resulting endosperm tissue differentiates into four 

cell types with specialized functions: aleurone, starchy endosperm, embryo-

surrounding region and transfer cells (Olsen, 2004).  Around 8 DAP, cells in the 

central starchy endosperm cease to divide, and engage into multiple cycles of 

chromosome endoreduplication (Kowles and Phillips, 1985; Dilkes et al., 2002).  

Indeed, by 15 DAP, the majority of endosperm cells are recruited into the 

endoreduplication cell cycle (Kowles and Phillips, 1985; Dilkes et al., 2002) and 

the few remaining cell divisions are limited to the aleurone and sub-aleurone 

layers (Kiesselbach, 1949).  At this stage of development, the innermost cells of 

the endosperm begin to undergo PCD, and this process extends throughout the 
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starchy endosperm as maturation proceeds (Young et al., 1997; Young and Gallie, 

2000a). 

The eukaryotic cell cycle is controlled by periodic activity of 

threonine/serine, cyclin-dependent kinases (CDKs).  Cyclin subunits form 

heterodimeric complexes with CDKs.  Their association positively regulates 

kinase activity through a conformational change at the catalytic site (Morgan, 

1997), and it controls substrate specificity and intracellular localization (Miller 

and Cross, 2001).  Various cyclin/CDK complexes drive progression through the 

different phases of the cell cycle.  In plants, D-type cyclins typically control the 

G1/S transition, A-type cyclins control S-phase progression and G2/M 

transition, and B-type cyclins control the G2/M and intra-mitotic transitions 

(reviewed by Dewitte and Murray, 2003).  Likewise, in animals these transitions 

are controlled by cyclin/CDK complexes containing D-, E-, A-, and B-type 

cyclins, respectively (Morgan, 1997).  However, thus far, cyclin E homologues 

have not been identified in plants.  The Arabidopsis thaliana genome appears to 

contain 49 genes encoding cyclins and cyclin-like proteins (Vandepoele et al., 

2002; Wang et al., 2004a).  Among the best-characterized types are A- and D-type 

cyclins, each of which are encoded by 10 genes, and B-type cyclins, which are 

encoded by 11 genes.  A similar degree of cyclin gene complexity appears to exist 

in rice, and this scenario is likely to be true of other angiosperms (Wang et al., 

2004a). 
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Important mechanisms for controlling the activity of cyclin/CDK 

complexes are cell cycle stage-dependent cyclin synthesis and proteolysis, the 

latter of which is mediated by ubiquitin-ligase complexes and the 26S 

proteasome (reviewed by Smalle and Vierstra, 2004; and Vodermaier, 2004).  

Cyclin/CDK complexes can also be regulated through binding of the non-

catalytic CDK-specific inhibitor (CKI) and CDK subunit (CKS, SUC1) classes, and 

by the phosphorylation status of critical residues of the kinase subunit (reviewed 

by De Veylder et al., 2003; and Dewitte and Murray, 2003). 

During endoreduplication, cells amplify their genome without chromatin 

condensation, segregation or cytokinesis, resulting in what appear to be multiple, 

uniform copies of the nuclear DNA (Edgar and Orr-Weaver, 2001).  The function 

of endoreduplication is largely unknown.  It is thought to provide a mechanism 

for increasing nuclear and cellular size and enhancing gene expression to 

support the rapid accumulation of storage metabolites (Larkins et al., 2001; 

Sugimoto-Shirasu and Roberts, 2003).  Although the role of specific cyclins and 

CDKs in the mitotic cell cycle has been intensely investigated, less is known 

about the nature of cyclin/CDK complexes that control endoreduplication cell 

cycles.  In broad terms, the switch from mitotic into recurrent endoreduplication 

cell cycles in maize endosperm simply appears to involve oscillations of S-phase 

CDK activity and suppression of M-phase CDK activity (Grafi and Larkins, 1995; 

Larkins et al., 2001).  In maize endosperm, this requires CDKA;1 activity (Leiva-
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Neto et al., 2004), and it coincides with the loss of M-phase CDK activity, the 

accumulation of CDK inhibitory activity (Grafi and Larkins, 1995), 

phosphorylation of the retinoblastoma-related (RBR) protein (Grafi et al., 1996), 

reduced accumulation of a B-type cyclin transcript (Sun et al., 1997; Sun et al., 

1999a), and possibly inhibitory phosphorylation of CDK subunits (Sun et al., 

1999b).  The mechanisms underlying endoreduplication in other plant systems 

have begun to be characterized in detail, and the list of additional proteins 

involved in this process is rapidly expanding (Sugimoto-Shirasu and Roberts, 

2003, and references therein).  Notable among them, are core cell cycle proteins, 

such as cyclin and CDK subunits (De Veylder et al., 2002; Schnittger et al., 2002b; 

Schnittger et al., 2002a; Dewitte et al., 2003; Boudolf et al., 2004b), non-catalytic 

inhibitors of CDK/cyclin complexes (De Veylder et al., 2001; Jasinski et al., 2002a; 

Schnittger et al., 2003), and activators and repressors of S-phase gene expression 

(De Veylder et al., 2002; Vlieghe et al., 2005).  Components of ubiquitin-ligase 

complexes (Cebolla et al., 1999; Downes et al., 2003; Vinardell et al., 2003; El Refy 

et al., 2004) and proteins involved in the control of DNA replication licensing 

(Castellano et al., 2001; Castellano et al., 2004) have also been implicated.  

Although many of these molecules and mechanisms appear to be generally 

involved in the switch from a mitotic into an endoreduplication cell cycle, their 

individual contributions may be cell type- and/or organ-specific. 
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The identity, expression and regulation of cyclins operating in the mitotic 

and endoreduplication cell cycles that occur during maize endosperm 

development are poorly understood.  To date, only the expression of a B-type 

cyclin homologue has been thoroughly examined in this tissue at the RNA level 

(Sun et al., 1997; Sun et al., 1999a).  Consequently, I pursued the identification 

and biochemical characterization of cyclins of the major A, B, and D types that 

are expressed in maize endosperm.  I hypothesized that the expression of cyclins 

and the activity of their corresponding CDK complexes regulating the initiation 

and/or progression of DNA replication would be nearly constant in endosperm 

engaged in mitotic or endoreduplication cycles, whereas those regulating 

cytokinesis would be temporally and spatially correlated with mitotic cell cycles.  

Using polyclonal antibodies specific for these cyclins, I determined their 

temporal and spatial patterns of expression and measured the amount of kinase 

activity associated with them at different stages of endosperm development.  

Contrasting levels of cyclin accumulation at transcript and protein levels led us 

to examine proteasome-dependent cyclin proteolysis in endosperm extracts at 

different stages of development.  Results from these experiments suggested that 

ubiquitin/26 S proteasome-mediated degradation of cyclins may not occur 

during the endoreduplication cell cycle in maize endosperm. 
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RESULTS 

Identification and characterization of D-type maize cyclins 

In order to identify maize cyclin D homologues, BLAST searches of 

Pioneer Hi-Bred’s maize EST database were performed using D-type 

Arabidopsis cyclin sequences (Soni et al., 1995).  This search resulted in the 

identification of multiple ESTs with sequence similarity to several Arabidopsis 

cyclin D sub-types at the amino acid level.  Among them, homologues belonging 

to the D2, D4, and D5 sub-types (GenBank accession numbers AF351189, 

AF351191, and AF351190, respectively) were identified.  While this work was in 

progress, these sequences were included in an extensive phylogenetic analysis of 

plant cyclins (Wang et al., 2004a) and named Zeama;CycD2;1, Zeama;CycD4;1, 

and Zeama;CycD5;1, according to the nomenclature proposed by Renaudin et al. 

(1996).  For the sake of brevity, I will refer to the maize D-type cyclins as 

CYCD2;1, CYCD4;1 and CYCD5;1.  Other maize cyclins will be referred to 

similarly, omitting the species designation. 

CYCD2;1, CYCD4;1 and CYCD5;1 encode polypeptides of 358,  390, and 

349 amino acids, respectively (Figure 2.1A), and have predicted molecular 

weights of 38.8, 42, and 37.3 kD, respectively.  Pfam domain analysis revealed 

that in their central region, CYCD2;1, and CYCD4;1 contain the canonical CDK-

binding Cyclin_N domain (also known as cyclin box), and Cyclin_C domain 

(Figure 2.1A). CYCD5;1, like its rice homologues Orysa;CYCD5;3 and 
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Orysa;CYCD5;4  (Wang et al., 2004a), contains only the Cyclin-N domain (Figure 

2.1A). In their N-terminal region, CYCD2;1, CYCD4;1 and CYCD5;1 contain 

putative RBR-interacting motifs, LxCxE (where x represents any amino acid), at 

positions 12-17, 13-18 , and 18-22, respectively (Figure 2.1A). In their C-terminal 

region, CYCD2;1, CYCD4;1 and CYCD5;1 contain putative nuclear localization 

signals (positions 349-352, 364-367, and 339-342, respectively) (Figure 2.1A).  

Many cyclin D homologues contain PEST sequences, which are rich in proline, 

glutamic acid, serine and threonine, and found in many proteins that are rapidly 

turned over (Rechsteiner and Rogers, 1996).  I searched CYCD2;1, CYCD4;1 and 

CYCD5;1 for PEST sequences with the PESTfind program.  Two sequences with 

low PESTfind scores (+0.56 and +0.52 for sequences at positions 63-81 and 304-

337, respectively) were found in CYCD5;1, but none could be detected in 

CYCD2;1 or CYCD4;1. 

Like their animal counterparts, the first plant cyclin D-encoding genes 

were isolated by functional complementation of a yeast mutant deficient in all 

three G1 cyclins, CLN1, CLN2, and CLN3 (Dahl et al., 1995; Soni et al., 1995).  I 

examined whether the maize D-type cyclins could rescue the G1 cyclin-deficient 

yeast.  Constructs with the coding sequences of maize CYCD5;1, CYCD2;1, or 

CYCD4;1 regulated by the constitutive Adh1 promoter were transformed into a 

yeast mutant strain (ATCC 74098, cln1 cln2 cln3) for complementation tests.  A 

CLN3 coding sequence under the control of the Gal1 promoter was introduced 
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into this strain, so that it would be viable only in the presence of galactose.  Yeast 

transformants carrying the maize cyclin D constructs, but not the empty vector, 

were able to grow in medium supplemented with glucose as the carbon source 

(Figure 2.1C), indicating that maize cyclin D genes can functionally replace yeast 

G1 cyclins. 
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Figure 2.1.  Characterization of maize D-type cyclins. 

(A) Alignment of maize CYCD5;1, CYCD2;1, and CYCD4;1 amino acid 

sequences.  Deduced amino acid sequences were aligned with ClustalW using 

the BLOSUM matrix and edited with BOXSHADE.  Identical and conserved 

residues are shaded in black and gray, respectively.  The solid-line box marks the 

Cyclin_N domain, the dotted-line boxes mark the Cyclin_C domain, and the gray 

box marks the nuclear localization signal (NES).  Putative RBR-binding motifs 

(LxCxE) are indicated above the CYCD5;1 sequence and below the CYCD2;1, and 

CYCD4;1 sequences.  (B) Cladogram of Arabidopsis, maize and rice cyclin D 

amino acid sequences calculated with ClustalW.  Maize cyclins are shaded.  

Accession numbers for these sequences were provided previously by Wang et al. 

(2004a) and references therein.  (C) Complementation of the yeast cln mutant by 

maize CYCD genes.  Yeast ATCC strain 74098 was transformed with either the 

empty expression vector, C18-2, or the vector containing the coding sequences 

for CYCD5;1, CYCD2;1, or CYCD4;1.  Leu+ clones were selected on CM-Leu-Ura 

medium supplemented with galactose.  Randomly picked Leu+ clones were 

streaked onto CM-Leu-Ura medium supplemented with glucose.
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Identification and characterization of an A1-type maize cyclin 

Two maize genes encoding cyclin A1 homologues were previously 

described.  CYCA1;1 (originally named cycIIZm) (Renaudin et al., 1994) is an 

incomplete clone encoding a cyclin truncated immediately downstream of a 

putative destruction box (Figure 2.2A).  CYCA1;2 (originally named cycZm2w) 

(Hsieh et al., 1998) encodes a cyclin A closely related to CYCA1;1. Since CYCA1;2  

appears to be the only characterized, full-length cyclin A1 from maize, I 

attempted to clone it from endosperm RNA by RT-PCR and use its N-terminal 

domain for raising antibodies.  BLAST searches with the sequence of the 

amplified fragment identified a closely related maize cyclin A1 homologue that I 

designated Zeama;CYCA1;3 (accession numbers AY108806 and AX040978).  

CYCA1;1 and CYCA1;3 are 98% identical in nucleotide sequence.  CYCA1;3 

encodes a 509 amino acid-long polypeptide, with a predicted molecular weight 

of 55.9 kD.  At the amino acid sequence level, CYCA1;3 shares 98% identity with 

the N-terminally truncated CYCA1;1 sequence, and 82% identity with CYCA1;2 

(Figure 2.2A).  Amino acid sequence comparisons cluster this protein with 

Arabidopsis and rice cyclin A1 homologues (Figure 2.2B).  Pfam domain analysis 

revealed that CYCA1;3, like CYCA1;1 and CYCA1;2, contains Cyclin_N and 

Cyclin_C domains (Figure 2.2A).  Notably, a putative destruction box 

(RVALGNITNV) is located at positions 41-50 of CYCA1;3, in addition to a 

putative nuclear export signal, substrate-binding MRAIL motif, and a 
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LVEVxEEY cyclin A signature motif (Figure 2.2A).  These are features shared 

with other plant cyclin A homologues (Chaubet-Gigot, 2000). 
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Figure 2.2.  Characterization of CYCA1;3.   

(A) Alignment of maize CYCA1;1, CYCA1;2, and CYCA1;3 amino acid 

sequences.  Deduced amino acid sequences were aligned with ClustalW using 

the BLOSUM matrix, and edited with BOXSHADE.  Identical and conserved 

residues are shaded in black and gray, respectively.  The solid-line box marks the 

Cyclin_N domain, the dotted-line box the Cyclin_C domain, and the gray boxes 

mark putative destruction boxes (D-box), nuclear export signals (NES), substrate-

binding MRAIL motifs, and the LVEVxEEY cyclin A signature motifs.  (B) 

Cladogram of Arabidopsis, maize and rice cyclin A amino acid sequences 

calculated with ClustalW.  Maize cyclins are light-shaded.  Accession numbers 

for these sequences were provided previously by Wang et al. (2004a) and 

references therein.
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Cyclin RNA accumulation during maize endosperm development 

Semi-quantitative RT-PCR analyses with gene specific primers were 

performed to determine the accumulation of cyclin RNAs in maize endosperm 

from 7 to 21 DAP.  During this period, endosperm cells gradually switch from a 

mitotic to an endoreduplication cell cycles, as shown by flow cytometric analysis 

(Figure 2.3).  Three C and 6C nuclei are predominant in 7-DAP endosperm, 

indicative of a mitotic cell cycle at this stage.  Higher-ploidy classes of nuclei 

(>6C) progressively accumulate during endosperm development.  By 15 DAP, 

the endosperm shows extensive endoreduplication, with nuclei of ploidy up to 

96C. 

CYCA1;2 and CYCA1;3 RNAs had largest accumulation at 7 DAP; they 

sharply declined in concentration as the endosperm developed (Figure 2.4A), 

reaching ~10% of the 7-DAP level by 13 DAP.  Given their high nucleotide 

sequence identity, this analysis did not likely distinguish between CYCA1;3 and 

CYCA1;1 RNAs. Because CYCA1;1 was identified as a truncated cDNA 

(Renaudin et al., 1994) and CYCA1;1 and CYCA1;3 could be functionally 

redundant (see Discussion), I will refer to these transcripts as belonging to 

CYCA1;3 only.  This pattern of RNA accumulation in the endosperm is similar to 

another putative mitotic cyclin, CYCB1;3 (Sun et al., 1999a). This observation 

suggests that different A1-cyclins are predominantly expressed in mitotically 

active endosperm cells, which is corroborated by large CYCA1;2 and CYCA1;3 
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RNA accumulation in the shoot apex (Figure 2.4A), which is highly active 

mitotically, and very low accumulation in the leaf blade, which is mainly 

composed of non-dividing cells.   

CYCD5;1 RNA had greater accumulation at 7 DAP and declined gradually 

as the endosperm developed (Figure 2.4B).  CYCD5;1 RNA showed the largest 

accumulation, relative to ACT1 RNA, in the leaf blade, but it was low in the shoot 

apex, suggesting that the relatively higher level of CYCD5;1 RNA accumulation 

at early stages of endosperm development could not necessarily be assigned to a 

mitotic cell cycle.  CYCD2;1 RNA accumulation peaked at 9 DAP, and became 

only modestly reduced in concentration throughout the remainder of endosperm 

development (Figure 2.4B).  CYCD2;1 RNA, contrary to CYCD5;1, showed much 

greater accumulation in the shoot apex than in leaf blades, suggesting that its 

expression is associated with the mitotic cell cycle.  I did not detect CYCD4;1 

expression in endosperm (data not shown). 

CYCB1;3 RNA accumulation in endosperm was characterized by Sun et al. 

(1999a) and found to decrease sharply as endosperm cells transition from the 

mitotic to the endoreduplication stage, similar to CYCA1;2 and CYCA1;3  RNAs.  

I made similar observations by RT-PCR analysis of CYCB1;3 RNA (data not 

shown). 
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Figure 2.3.  Flow-cytometric analysis of developing endosperm. 

Endosperms dissected from kernels harvested at different DAP were 

homogenized in PARTEC buffer; the nuclei stained with DAPI and analyzed by 

flow cytometry.  The abscissa and ordinate show fluorescence in log scale and 

number of nuclei, respectively.  Numbers above the peaks indicate their ploidy 

levels, expressed as C-values.   
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Figure 2.4.  Cyclin RNA levels in developing maize endosperm. 

RT-PCR was performed with total RNA isolated from endosperm at 

different DAP (numbers), leaf blade (L) and shoot apex (SA).  RNA loading was 

normalized to actin RNA (ACT1).  Representative analyses are shown.  

Histograms show cyclin transcript levels normalized to those of ACT1.  (A) 

CYCA1;3 and CYCA1;2 RNA levels; (B) CYCD5;1 and CYCD2;1 RNA levels.   
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Generation of specific antibodies against maize cyclins 

To gain insight into the potential role of these different types of cyclins 

during maize endosperm development, I investigated their accumulation and 

localization at the protein level, as well as the activity of their associated CDKs.  

To approach these questions, I generated specific polyclonal antibodies against 

unique regions of CYCA1;3, CYCB1;3, CYCD2;1 and CYCD5;1 that are located 

outside the conserved central cyclin core.  The selected regions are located at the 

N-terminus of cyclin CYCA1;3 and CYCB1;3, and at the C-terminus of cyclin 

CYCD2;1 and CYCD5;1 (Figure 2.5A).  Nucleotide sequences encoding amino 

acids residues 1-243 of CYCA1;3, 1-206 of CYCB1;3, 263-358 of CYCD2;1  and 

243-349 of CYCD5;1 were cloned into glutathione-S-transferase (GST)-expression 

vectors; the resulting translational fusions were expressed in E. coli cells, affinity-

purified on glutathione-agarose beads, and used for raising polyclonal antisera 

in rabbits.  Antibodies were affinity-purified with agarose beads containing the 

corresponding GST-cyclin fusion and tested for their ability to recognize the 

cyclin proteins produced by in vitro-translation of the corresponding RNAs 

(Figure 2.5B and C).  Because the antisera were raised against the N-terminal 

regions of CYCA1; and CYCB1;3, I tested whether they would cross-react with 

both antigens.  CYCA1; and CYCB1;3 proteins were specifically recognized by 

their corresponding antibodies in immunoblot analyses (Figure 2.5B).  In vitro-

translated CYCA1;3 and CYCB1;3 migrated on SDS-PAGE as polypeptides of 
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approximately 58 kD and 53 kD, respectively, in accordance with the molecular 

weight predicted for these proteins.  Antibodies against CYCD5;1 and CYCD2;1 

were raised against the C-terminal regions of their respective proteins, which 

share limited sequence identity (Figure 2.1A).  CYCD5;1 and CYCD2;1 

synthesized in vitro, which migrated as ~45-kD polypeptides, were specifically 

recognized by their respective antibodies (Figure 2.5C).  Polypeptides of identical 

apparent molecular weight were specifically recognized by CYCB1;3, CYCD5;1, 

and CYCD2;1 antibodies in extracts of Drosophila melanogaster S2 cells transfected 

with the corresponding constructs.  These antibodies could effectively 

immunoprecipitate CYCB1;3-, CYCD5;1-, and CYCD2;1-associated CDKs upon 

co-expression in S2 cells, demonstrating that the antibodies do not interfere with 

the ability of cyclins to interact with CDK partners (R.A. Dante, P.A. Sabelli, R. 

Jung, B.A. Larkins, manuscript in preparation).  

I further tested the specificity of these antibodies in immunoblots of 

soluble proteins from 9-DAP endosperm. With the exception of CYCD5;1, the 

antibodies recognized polypeptides of apparent molecular weight very similar to 

the respective in vitro translation products (Figure 2.5D).  CYCA1;3 antibodies 

recognized a doublet of 50-55 kD.  A major polypeptide of ~40 kD, and to a lesser 

degree a ~100-kD polypeptide, were also detected by CYCA1;3 antibodies 

(Figure 2.5D).  CYCB1;3 antibodies recognized a major polypeptide of 55-60 kD; 

CYCD5;1 antibodies recognized 37-kD and 75-kD polypeptides; and CYCD2;1 
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antibodies recognized a major polypeptide of ~48 kD, along with faint bands of 

~52- and ~34-kD. In every case, these polypeptides were specifically detected by 

the affinity-purified antibodies (Figure 2.5D, lanes labeled i), and not by 

similarly prepared antibodies from their respective pre-immune sera (Figure 

2.5D, lanes labeled pi).  
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Figure 2.5.  Generation and characterization of specific antibodies against maize 

cyclins. 

(A) Diagram illustrating amino acid sequence relationships among maize 

cyclins.  Deduced amino acid sequences were aligned with the MACAW 

program applying the BLOSUM 62 matrix.  Blocks represent local alignments of 

regions conserved between two or more cyclins.  Different degrees of similarity 

to the consensus sequence are shaded (black, >67%, and gray, >37%); gaps were 

introduced to maximize the alignment.  Numbered boxes mark amino acid 

regions used to generate polyclonal antibodies.  (B) Immunoblot analysis of 

CYCA1;3, and CYCB1;3 synthesized in vitro (1 µl per lane) with CYCA1;3, and 

CYCB1;3 antibodies. Upper panel, immunoblot with CYCA1;3 antibodies; lower 

panel, with CYCB1;3 antibodies.  (C) Immunoblot analysis of CYCD5;1 and 

CYCD2;1 synthesized in vitro (1 µl per lane) with CYCD5;1 and CYCD2;1 

antibodies.  Upper panel, immunoblot with CYCD5;1 antibodies; lower panel, 

with CYCD2;1 antibodies.  (D) Immunoblot analysis of endosperm extracts with 

antibodies from immune and pre-immune CYCA1;3, CYCB1;3, CYCD5;1 and 

CYCD2;1 sera.  Immune (i) or pre-immune sera (pi) were affinity-purified and 

the resulting antibodies used on immunoblots with total soluble protein (50 µg 

per lane) from 9-DAP endosperm. Actin immunoblots are shown as loading 

controls.
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Cyclin protein accumulation during endosperm development 

To investigate the temporal accumulation of these cyclin proteins during 

endosperm development, I performed immunoblot analysis with total soluble 

protein from 9 to 30-DAP endosperms.  This analysis showed detectable levels of 

each cyclin protein during most of endosperm development (Figure 2.6). 

Accumulation of the 55-kD CYCA1;3-cross-reacting polypeptide, and to a lesser 

extent that of the 40-kD, declined as the endosperm matured. The decrease in the 

abundance of the 55-kD polypeptide was the most striking among the cyclins 

examined.  Surprisingly, CYCB1;3 protein level remained relatively constant 

throughout endosperm development, although its corresponding RNA became 

dramatically reduced during development (Sun et al., 1999a; data not shown). 

The abundance of the 37-kD and 55-kD CYCD5;1-crossreacting polypeptides 

declined slightly during endosperm development, as did the major 48-kD 

polypeptide and the fainter 52-kD polypeptide detected by the CYCD2;1 

antibodies. 
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Figure 2.6.  Immunoblot analysis of CYCA1;3, CYCB1;3, CYCD5;1 and CYCD2;1 

during endosperm development.   

Total soluble protein (50 µg per lane for detection of cyclins, and 10 µg for 

actin) extracted from endosperm harvested at each developmental stage 

indicated (DAP) was separated by SDS-PAGE, and immunoblotted with 

indicated antibodies.  An immunoblot with actin is shown as a loading control.  

Arrowheads indicate polypeptides with electrophoretic mobility that are most 

similar to the corresponding in vitro-translation products.
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Spatial-temporal localization of cyclins in during endosperm development 

To investigate whether these cyclin proteins were expressed in endosperm 

regions where cells are undergoing mitotic or endoreduplication cell cycles, I 

determined the spatial localization of CYCA1;3; CYCB1;3, and CYCD5;1 and 

CYCD2;1 at different stages of endosperm development.  In these experiments, I 

used indirect immunofluorescence with the affinity-purified polyclonal 

antibodies in kernel sections harvested at 5 or 7 DAP (mitotic stage) and at 13 or 

15 DAP (endoreduplication stage).  The results showed that CYCA1;3, CYCB1;3, 

and CYCD1;1 and CYCD2;1 each had unique patterns of localization (Figure 2.7).  

CYCA1;3 (Figure 2.7A and B); CYCB1;3 (Figure 2.7C and D), and CYCD2;1 

(Figure 2.7E and F) were found throughout the endosperm at one or the other 

stage of development, while CYCD5;1 was detected only in peripheral 

endosperm cells (Figure 2.7G and H).  CYCA1;3 was more abundant in the 

cytoplasm, mainly in perinuclear regions and along the cell walls, than in the 

nucleus at both the mitotic (Figure 2.7A) and endoreduplication (Figure 2.7B) 

stages of development.  At 7 DAP, there appeared to be no difference between its 

intracellular distribution in the peripheral and central endosperm (Figure 2.7A).  

At 13 DAP (Figure 2.7B), CYCA1;3 appeared to be more abundant in the smaller, 

peripheral endosperm cells.  CYCA1;3 localized to clusters around the nuclei and 

in between the small vesicles of the aleurone and sub-aleurone cells.  In the 
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central endosperm, CYCA1;3  formed smaller aggregates that outlined the nuclei. 

CYCA1;3 also localized diffusely in the cytoplasm, around starch granules.  

CYCB1;3 was present throughout the endosperm at both the mitotic and 

endoreduplication stages.  At 5 DAP (Figure 2.7C), CYCB1;3 localized mostly in 

the perinuclear regions and along the cytoplasmic strands, and was found to be 

less abundant in the nuclei.  At 13 DAP (Figure 2.7D), CYCB1;3 was present 

throughout the endosperm in both the cytoplasm and nuclei, but it was more 

conspicuous in the aleurone and peripheral subaleurone layers, where it 

occurred as aggregates in the cytoplasm.  In the central endosperm, fewer 

aggregates were found, and CYCB1;3 was more diffusely distributed between 

starch granules.  In the nuclei of 13-DAP cells, CYCB1;3 was scattered diffusely, 

but some nuclei had greater CYCB1;3 accumulation than others. 

Unlike CYCA1;3 and CYCB1;3, which were mostly cytoplasmic at the mitotic 

stage of development, CYCD2;1 was mostly nuclear in 7-DAP endosperm 

(Figure 2.7E).  CYCD2;1 was localized in the nuclei of most cells, although to 

different degrees (arrows in Figure 2.7E).  There appeared to be no difference in 

CYCD2;1 localization between the peripheral and the central endosperm at this 

stage.  At 13 DAP, CYCD2;1 also showed variable nuclear localization 

throughout the endosperm (arrows in Figure 2.7F). Cells and nuclei of different 

sizes displayed nuclear CYCD2;1 localization. In contrast to 7-DAP endosperm, 

there was large CYCD2;1 accumulation in cytoplasmic aggregates of peripheral 
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endosperm cells at 13 DAP (compare Figure 2.7E and F).  Cytoplasmic CYCD2;1 

localization was greater in the three outermost layers, and the size of aggregates 

decreased centripetally.  

At both 7 DAP (Figure 2.7G) and 15 DAP (Figure 2.7H), CYCD5;1 was 

limited to aleurone and subaleurone cells, where it was found in cytoplasmic 

aggregates; it never localized to nuclei.  At 7 DAP, CYCD5;1 localized to ring-like 

structures formed around the nuclei and along cytoplasmic strands, and that 

became more densely present by 15 DAP. 
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Figure 2.7.  Localization of cyclins in mitotic and endoreduplicating endosperm. 

Longitudinal sections of kernels at mitotic ([A], [C], [E], [G]), and 

endoreduplication ([B], [D], [F], [H]) stages of endosperm development were 

immunostained with CYCA1;3 ([A] and [B]), CYCB1;3 ([C] and [D]), CYCD2;1 

([E] and [F], CYCD5;1 ([G] and [H]) antibodies.  (A), (E), and (G) are sections 

taken from kernels at 7 DAP, and (C) at 5 DAP. (B), (F), and (H) are sections from 

kernels at 13 DAP, and (D) at 15 DAP. Arrows indicate nuclei with different 

degrees of immunostaining. al, aleurone. Bars = 50 µm.
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Cyclin-associated kinase activity during endosperm development 

Preliminary experiments showed that histone H1 kinase activity could be 

immunoprecipitated from immature ear inflorescence or developing endosperm 

extracts by CYCA1;3, CYCB1;3, CYCD2;1 and CYCD5;1 antibodies (data not 

shown).  I therefore sought to investigate whether the amount of kinase activity 

associated with these different cyclins differed in endosperm during the mitotic 

and endoreduplication stages of development. For these experiments, 

measurements were made of CYCA1;3-, CYCB1;3-, CYCD5;1-, and CYCD2;1-

associated kinase activity immunoprecipitated from endosperm at 7, 11, and 15 

DAP. 

The kinase assays showed the highest absolute level of kinase activity 

associated with CYCA1;3, intermediate levels with CYCD5;1 and CYCD2;1, 

(Figure 2.8A) and much lower levels with CYCB1;3 (data not shown) when 

histone H1 was used as substrate.  These results could be due to substrate 

preference, some degree of antibody interference with kinase activity, or they 

may have simply reflected different amounts of the respective cyclin-containing 

complexes.  Higher levels of CYCB1;3-associated activity were obtained when a 

maize E2F1 homologue fused to GST was used as substrate, rather than histone 

H1.  I therefore replaced histone H1 with GST-E2F1 in assays of CYCB1;3-

associated activity (Figure 2.8B). 
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Quantitation of the kinase activity associated with the different cyclins 

revealed differences in their apparent abundance at different stages of 

development (Figure 2.8C).  The high level of CYCA1;3-associated kinase activity 

at 7 DAP was reduced to about 40% and 7% at 11 and 15 DAP, respectively 

(Figure 2.8C).  In contrast, the kinase activity associated with CYCB1;3, CYCD5;1 

and CYCD2;1 peaked at 11 DAP (Figure 2.8C).  Compared to 11-DAP, the 

amount of CYCB1;3-associated kinase activity was much lower at 7 DAP (11%) 

than at 15 DAP (69%).  Measurement of CYCB1;3-associated kinase activity, 

particularly at 7 DAP, was complicated by the low signal to background ratio 

(Figure 2.8B).  Compared to 11-DAP, the amount of CYCD5;1-associated kinase 

activity was higher at 7 DAP (81%) than at 15 DAP (47%), while that associated 

with CYCD2;1 was only slightly lower at 7 DAP (60%) than at 15 DAP (76%) 

(Figure 2.8C). Compared to the kinase activity associated to CYCA1;3 and 

CYCB1;3, those associated to CYCD5;1 and CYCD2;1 appeared to vary less 

during the developmental stages examined.  These results indicated a higher 

activity of CYCA1;3-containing kinase complexes at developmental stages when 

most cells are committed to mitotic rather than endoreduplication cell cycles.  On 

the other hand, the activity of CYCB1;3-, CYCD5;1- and CYCD2;1-containing 

kinase complexes appeared to be greater, although to different degrees, when 

endosperm transitioned from mitotic to endoreduplication cell cycles. 
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Figure 2.8.  Kinase activity associated with CYCA1;3, CYCB1;3, CYCD5;1, and 

CYCD2;1 in developing endosperm.  

Cyclins were immunoprecipitated from endosperm extracts with specific 

antibodies, and the activity of the associated kinase was measured by 

phosphorylation of histone H1 or GST-E2F1.  (A) Autoradiographic detection of 

histone H1 phosphorylated by CYCA1;3, CYCD5;1-, and CYCD2;1-associated 

kinases.  Equal exposures of control assays that contained IgG from pre-immune 

serum instead of cyclin antibodies are shown (pi).  (B) Autoradiographic 

detection of GST-E2F1 phosphorylated by CYCB1;3-associated kinase.  Equal 

exposures of control assays are shown (pi).  (C) Histogram showing relative 

kinase activity at 7, 11, and 15 DAP.  Values show the averages of two 

independent experiments, normalized to the developmental stage displaying the 

highest kinase activity for each cyclin.  Error bars show the standard deviations 

of measurements.
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Stability of cyclins in mitotic and endoreduplicating endosperm cell extracts 

The unusual relationship between the level of CYCB1;3 RNA (Sun et al., 

1999a; data nor shown), protein (Figure 2.6), and CYCB1;3-associated kinase 

activity (Figure 2.8) during endosperm development indicated that CYCB1;3 is 

stable in endoreduplicating endosperm cells. To investigate the basis for this 

stability, I performed a degradation assay by combining mitotic (7-DAP) or 

endoreduplicating (15-DAP) endosperm extracts with in vitro-translated, 

radiolabeled cyclins.  Extract of 7-DAP, but not 15-DAP endosperm, degraded 

CYCB1;3 in vitro upon a 90-min incubation (Figure 2.9A).  Extract of 11-DAP 

endosperm, a stage when both mitotic and endoreduplication cycles occur 

(Figure 2.3), only partially degraded CYCB1;3 (Figure 2.9A). This result 

suggested that the proteolytic activity that degraded CYCB1;3 at 7 DAP may 

have disappeared with the onset of endoreduplication. 

I subsequently investigated whether other cyclins also showed differential 

stability in 7- and 15-DAP endosperm cell extracts. Like CYCB1;3, CYCA1;3, 

CYCD5;1 and CYCD2;1 were also degraded by 7- but not 15-DAP extracts 

(Figure 2.9B), suggesting that mitotic but not endoreduplicating endosperm cells 

possess the ability to degrade multiple types of cyclins.  To investigate whether 

the proteolytic activity at 7 DAP and its absence at 15 DAP was limited to cyclin 

substrates, similar assays were performed with 27-kD γ-zein, an endosperm 

storage protein, and firefly luciferase.  Both 7- and 15-DAP endosperm extracts 
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partially degraded the 27-kD γ-zein, whereas luciferase was not measurably 

affected by either (Figure 2.9B).  This result suggested that cyclins are resistant to 

the proteolytic activity that exists in 15-DAP endosperm extract, and that their 

proteolysis was not merely caused by nonspecific proteases in 7-DAP endosperm 

extracts.   

To determine whether cyclin degradation in 7-DAP endosperm was 

proteasome-dependent, in vitro-translated cyclins were incubated with 

endosperm extract containing a protease inhibitor cocktail that minimized the 

contribution of general, non-proteasomal proteolytic activity.  As shown in 

Figure 2.9C (panels labeled with a minus symbol), over the course of control 

reactions, CYCA1;3, CYCB1;3, CYCD2;1, were progressively degraded by 7-DAP 

endosperm extracts in the absence of the proteasome inhibitor MG-132; 

CYCD5;1, however, was only slightly degraded. Addition of MG-132 

considerably inhibited CYCA1;3, CYCB1;3, and CYCD2;1 proteolysis by 7-DAP 

extract (Figure 2.9C, panels labeled with a plus symbol).  CYCD5;1 proteolysis 

was also inhibited by MG-132.  These results suggested that in endosperm 

undergoing mitotic cell cycles, the ubiquitin/26S proteasome pathway was 

involved with cyclin degradation, but it appeared to become significantly less 

active as the endosperm progressed to the endoreduplication stage of 

development. 
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Figure 2.9.  Cyclin stability in extracts from mitotic and endoreduplicating 

endosperm cells and the effect of the proteasome inhibitor MG-132. 

Radiolabeled proteins synthesized in vitro were incubated with 

endosperm extracts from kernels harvested at different stages of development.  

Reaction products were separated by SDS-PAGE, and gels were exposed to X-ray 

films. Incubation times are indicated in min.  (A) Stability of CYCB1;3 in 7-, 11-, 

and 15-DAP endosperm extracts.  (B) Stability of CYCA1;3, CYCD5;1, CYCD2;1, 

27-kD γ-zein, and firefly luciferase in 7- and 15-DAP endosperm extracts.  (C) 

Time-course analysis of cyclin degradation in 7-DAP endosperm extract and its 

inhibition by the proteasome inhibitor, MG-132; (+) and (-) indicate presence or 

absence of MG-132, respectively. 
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DISCUSSION 

Conserved and unique features of maize D-type cyclins 

Thus far, maize D-type cyclin homologues have not been described.  I 

isolated cDNA clones encoding maize cyclin homologues belonging to sub-types 

D2, D4, and D5.  CYCD2;1 and CYCD4;1  are members of the relatively well 

characterized plant D2/4 type, members of which have been found in many 

species (Wang et al., 2004a).  Cyclin D5 homologues were previously described 

only in Arabidopsis and rice (Vandepoele et al., 2002; Wang et al., 2004a), species 

whose genomes have been sequenced. At the amino acid sequence level, 

CYCD2;1, CYCD4;1 and CYCD5;1 not only display features that are common to 

most plant cyclin D homologues, but also some unique ones. 

Like most plant cyclin D homologues (Wang et al., 2004a), CYCD2;1, CYCD4;1 

and CYCD5;1 contain N-terminal LxCxE motifs (Figure 2.1A).  Such motifs 

mediate interaction with RBR proteins, which are substrates for cyclin D/CDKA 

complexes (Nakagami et al., 1999; Boniotti and Gutierrez, 2001; Nakagami et al., 

2002).  LxCxE-dependent binding of plant cyclin Ds and RBR proteins has been 

demonstrated in vitro and with the yeast two hybrid system (Ach et al., 1997a; 

Huntley et al., 1998; Nakagami et al., 1999).  Although I did not test this 

possibility, CYCD2;1, CYCD4;1, and CYCD5;1 would be expected to bind maize 

RBR proteins via their LxCxE motifs.  
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Many cyclin D homologues contain PEST sequences, which are commonly 

found in unstable proteins (Rechsteiner and Rogers, 1996).  Except for two 

sequences with low PESTfind scores detected in CYCD5;1, none could be 

detected in CYCD2;1 and CYCD4;1.  CYCD5;1 was apparently more stable than 

CYCD2;1 in proteolytic assays performed in vitro using endosperm extracts from 

a mitotic stage of development (Figure 2.9C), suggesting that these weak PEST 

sequences in CYCD5;1 are not determinants for its degradation, at least in assays 

performed in vitro.  In contrast, Arath;CYCD2;1 is more stable than 

Arath;CYCD3;1 in cell cultures (Planchais et al., 2004), in agreement with the fact 

that sequences with high PESTfind scores are found in Arath;CYCD3;1, and only 

sequences with low scores occur in Arath;CYCD2;1 (Soni et al., 1995). 

CYCD5;1 is more closely related at the amino acid sequence level to the 

rice homologues Orisa;CYCD5;3 and Orisa;CYCD5;4 (Wang et al., 2004a) and, 

like them, lacks the Cyclin_C domain in its cyclin core region, carrying only the 

most conserved Cyclin_N domain.  Two additional rice homologues, 

Orisa;CYCD5;1 and Orisa;CYCD5;2 (Wang et al., 2004a), in contrast, contain both 

domains.  While the Cyclin_N domain contains the CDK-binding site (Morgan, 

1997), it is not known whether the lack of a clearly identifiable Cyclin_C domain 

could impact CDK interaction. Absent or highly divergent Cyclin_C domains in 

these cyclin D5 homologues could cause them to interact with CDKs other than 

those belonging to A- and B-types, which have been identified in Arabidopsis, 
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tobacco and insect cell cultures as partners of D-type cyclins (Nakagami et al., 

1999; Healy et al., 2001; Kono et al., 2003). 

CYCD2;1, CYCD4;1 and CYCD5;1 all complemented a S. cerevisiae cln 

mutant, which suggested that they could function as G1-cyclins in vivo (Figure 

2.1C).  While this result indicated that CYCD2;1, CYCD4;1 and CYCD5;1 can 

function as cyclins in vivo, it cannot determine their specific function in the plant 

cell cycle, as plant cyclins of the A-, B- and D-types are capable of functionally 

replacing yeast G1-cyclin function (Dahl et al., 1995; Meskiene et al., 1995; 

Setiady et al., 1995; Soni et al., 1995; Day et al., 1996; Hsieh et al., 1998). 
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CYCA1;3 is a novel member of the highly conserved maize A1-type  

I identified an endosperm-expressed A1-type cyclin, CYCA1;3, which is 

highly similar to CYCA1;1 (Renaudin et al., 1994) and, to a lesser degree, to 

CYCA1;2 (Hsieh et al., 1998).  Plants contain a complex set of A-type cyclins 

(Chaubet-Gigot, 2000; Vandepoele et al., 2002; Wang et al., 2004a). In Arabidopsis 

there are two genes encoding A1-subtype cyclins, and A2 and A3 subtypes are 

each represented by four genes.  Rice possesses at least two A1-type members, 

one A2-type member, three A3-type members and two divergent A3-like cyclins 

(Wang et al., 2004a).  CYCA1;1 and CYCA1;2 however, were the only maize A-

type cyclins described to date.  CYCA1;1, CYCA1;2 and CYCA1;3 are all more 

related to each other than to A1-type cyclin from any species (Figure 2.2B) 

(Wang et al., 2004a), suggesting that maize A1-type cyclins are paralogues.  

Indeed, phylogenetic analysis suggested extensive paralogous relationships 

within each of the plant cyclin A-subtypes (Wang et al., 2004a).  Given the 

CYCA1;1 and CYCA1;3 high sequence identity (98% at both nucleotide and 

amino acid levels) and assuming current standards based solely on sequence 

similarity (Chaubet-Gigot, 2000; Wang et al., 2004a), they could be allelic 

variants.  However, because CYCA1;1 and CYCA1;3 were isolated from the 

maize inbred line B73, they likely correspond to paralogous genes. 

In addition to the Cyclin_N and Cyclin_C domains, which occupy the two 

C-terminal thirds of its amino acid sequence, CYCA1;3 has additional features 
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conserved in plant A1-type cyclins (Figure 2.2A).  A putative destruction box 

(RVALGNITNV) that matched the consensus RxA/PLxNL/IxN for plant A1-

type cyclins, was identified in its long N-terminal region.  In the Cyclin_N 

domain, CYCA1;3 contains a putative substrate-binding MRAIL motif, and the 

plant cyclin A LVEVxEEY signature motif.  A potential nuclear export signal, 

conserved in plant A1-type cyclins (Chaubet-Gigot, 2000), was identified in the 

CYCA1;3 N-terminal region.  Consistent with this, I found that CYCA1;3 

localized more predominantly to the cytoplasm than to the nucleus of 

endosperm cells (Figure 2.7A and B; see discussion below); and CYCA1;1 was 

found to be mostly cytoplasmic in maize root cells (Mews et al., 1997; Mews et 

al., 2000). 

 

D- and A-type cyclins show distinct patterns of RNA accumulation during 

endosperm development 

RT-PCR analysis showed that the patterns of RNA transcript 

accumulation of different types of cyclins during endosperm development are 

variable (Figure 2.4).  In endosperm, cyclin transcript accumulation was in 

accordance with their presumed cell cycle role and the occurrence of mitotic 

and/or endoreduplication cell cycles.  The accumulation of CYCD2;1 and, to a 

lesser extent CYCD5;1, RNAs was relatively constant during endosperm 

development (Figure 2.4B). These results suggested that in endosperm, CYCD2;1 
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and CYCD5;1 could participate in the regulation of mitotic and 

endoreduplication cell cycles.  Expression of many plant D-type cyclins is 

induced by growth regulators and carbon source, but it is rather cell cycle stage-

independent (Dahl et al., 1995; Soni et al., 1995; Fuerst et al., 1996; Sorrell et al., 

1999; Riou-Khamlichi et al., 2000; Kono et al., 2003).  Accordingly, CYCD2;1 and 

CYCD5;1, RNA levels appeared not to vary much during endosperm 

development, regardless of the potential type of cell cycle occurring at different 

developmental stages.  At the tissue level, the accumulation of D-type cyclin 

transcripts is correlated with mitotic activity (reviewed by Meijer and Murray, 

2000; and Dewitte and Murray, 2003), but the relatively persistent accumulation 

of CYCD2;1 and CYCD5;1 RNA as late as 21 DAP suggests additional roles.  

In sharp contrast with CYCD2;1 and CYCD5;1, the RNAs of CYCA1;3 and 

its related A1-type homologue, CYCA1;2, were much more abundant early in 

endosperm development and in shoot apices (Figure 2.4A), thus showing a 

correlation with a mitotic cell cycle.  The largest transcript accumulation of A-

type cyclin has been reported in mitotically active tissues of several plant species 

(Chaubet-Gigot, 2000).  Analysis of synchronized tobacco BY-2 cells revealed that 

the transcript accumulation of different A3-, A2-, and A1-type cyclins peaked 

sequentially from late G1/early S-phase until mid M-phase (Setiady et al., 1995; 

Reichheld et al., 1996).  Notably, abundance of A1-type cyclin transcripts peaked 

from late S-phase until M-phase.  Thus, in endosperm mitotic cell cycles, 
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transcripts of both CYCA1;3 and CYCA1;2 possibly accumulate at G2/M, which 

is likely bypassed in endoreduplication cell cycles.  The observation of nearly 

identical patterns of CYCA1;3 and CYCA1;2 transcript accumulation during  

endosperm development also suggested a possible functional redundancy 

between these genes.  Likewise, microarray analysis revealed in several organs 

similar patterns of transcript accumulation of the related Arath;CYCA1;1 and 

Arath;CYCA1;2 genes (Wang et al., 2004a).   

The pattern of transcript accumulation observed for different cyclins 

during endosperm development has similarities to that described in the gel 

tissue of maturing tomato fruits (Joubès et al., 2000a), which likewise undergoes 

a developmental transition from a mitotic into endoreduplication cycles. This 

switch was accompanied by decreased RNA transcript accumulation of 

presumed mitotic cyclins of the A1-, A2-, B1- and B2-types.  At the 

endoreduplication stage, however, the RNA level of a D3-type cyclin did not 

decrease as dramatically, and that of an A3-type cyclin was more abundant than 

at an early mitotic stage, in agreement with their possible roles in G1/S transition 

and early S-phase progression, respectively. 

 

Generation of specific antibodies against maize cyclins 

Thus far, relatively few antibodies have been generated against plant 

cyclins (Criqui et al., 2000; Roudier et al., 2000; Healy et al., 2001).  This is 
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possibly due to the limited capacity of commonly used heterologous systems, 

like E. coli, for synthesizing these proteins (Chaubet-Gigot, 2000).  More 

frequently, antibodies have been generated against synthetic peptides derived 

from N- or C-terminal sequences (Magyar et al., 1997; Mews et al., 1997; 

Nakagami et al., 1999; Criqui et al., 2000; Healy et al., 2001). I were able to 

produce GST fusions containing ~100-240 amino acid-long, N- or C-terminal 

cyclin sequences in E. coli cells.  Large amounts of the recombinant proteins were 

purified, and specific polyclonal antibodies that recognize the cyclin portion of 

the GST-fusions were obtained by affinity-purification from the crude sera.  

Based on a variety of tests, including immunodetection of the recombinant cyclin 

obtained from bacteria and polypeptides synthesized vitro, immunoprecipitation 

of active CDKs, and immunolocalization in mitotic and endoreduplicating 

endosperm cells, I were able to document that the affinity-purified antibodies 

recognized specifically different groups of cyclin proteins.  In several cases, 

notably, CYCA1;3, CYCD5;1 and CYCD2;1, multiple protein bands were detected 

in immunoblots of endosperm extracts.  The detection of multiple cross-reacting 

proteins could potentially result from immunoreaction with related cyclins, post-

translational modification or alternative splicing of cyclin transcripts. While it is 

possible they could correspond to non-specific antibody interactions, these 

proteins were not detected with pre-immune serum. 
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Antibodies raised against the CYCA1;1 C-terminal peptide recognized a 

polypeptide of ~55 kD in root tip extracts (Mews et al., 1997).  Given the high 

sequence identity among members of the cyclin A1 type (Figure 2.2A and Figure 

2.5A), antibodies against CYCA1;3 were expected to recognize other cyclin A1-

type homologues.  Because CYCA1;3 and CYCA1;2 transcripts were expressed 

during endosperm development (Figure 2.4A), the analyses of protein 

accumulation, localization, and associated kinase activity should therefore reflect 

collectively those of CYCA1;3 and CYCA1;2. 

 

Cyclin proteins show different patterns of temporal-spatial distribution in 

endosperm 

To determine whether the presence of cyclin proteins correlated 

temporally and spatially with mitotic or endoreduplication cell cycles in 

developing endosperm, I performed immunoblot analysis with soluble protein 

extracts (Figure 2.6) and immunohistochemical analysis of kernel sections 

(Figure 2.7) with affinity-purified antibodies.  Immunoblots indicated that all the 

cyclins examined are expressed to different extents during distinct stages of 

endosperm development.  CYCB1;3, CYCD2;1, and CYCD5;1 could be detected 

up to 30 DAP, by which time the endosperm has begun to undergo extensive 

PCD (Young et al., 1997; Young and Gallie, 2000a).  The CYCA1;3 55-kD 

polypeptide was more abundant earlier in development; its rapid decrease in 
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abundance nearly paralleled the reduction in CYCA1;3 and CYCA1;2 transcript 

accumulation. The CYCA1;3 55-kD polypeptide could be detected at very low 

levels, however, at later stages of development. More strikingly, CYCB1;3 was 

expressed at constant levels throughout endosperm development, despite the 

sharp reduction of its transcript levels at the onset of endoreduplication (Sun et 

al., 1999a).  Thus, CYCB1;3 accumulation seemed to be regulated to a great extent 

at the translational and stability levels.  CYCD5;1 and CYCD2;1 had similar 

patterns of accumulation, which showed a progressive decrease in abundance, 

thus resembling the accumulation patterns of their transcripts. 

Except for CYCD5;1, the remainder of cyclins examined exhibited broad 

spatial expression in developing endosperm.  CYCA1;3, CYCB1;3 and CYCD2;1 

had widespread distribution in endosperm at the mitotic stage of development 

(Figure 2.7A, C, and E), and their degree of localization in the nuclear and 

cytoplasmic compartments differed among cells, as expected for a tissue where 

cells are asynchronously dividing.  In endosperm at the endoreduplication stage, 

CYCA1;3 appeared to be more abundant in the smaller peripheral cells, although 

modest signal was found in the inner enlarged endoreduplicated cells (Figure 

2.7B).  Endosperm central cells switch from mitotic into endoreduplication cycles 

earlier in development (Kowles and Phillips, 1985; Larkins et al., 2001), implying 

that there was reduced expression of CYCA1;3 in this endosperm region where 

fewer cells are engaged into mitotic cycles.  CYCB1;3 showed abundant 
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cytoplasmic localization in peripheral cells (Figure 2.7D), but also some 

conspicuous nuclear staining in the inner endoreduplicated cells.  CYCB1;3 

localization in the central endosperm suggested that the unexpected 

accumulation of CYCB1;3 late in development revealed by immunoblotting 

could be partly due to its persistent accumulation in the nuclei of these 

endoreduplicated cells, rather than increased accumulation in peripheral cell 

layers.  CYCD2;1 was found to localize to both cytoplasm and nucleus of 

peripheral endosperm cells at the endoreduplication stage (Figure 2.7F), and 

exhibited variable nuclear localization in the central endoreduplicated cells.  In 

endoreduplicated endosperm cells, CYCA1;3, CYCB1;3 and CYCD2;1 were 

predominantly confined to the nucleus (Figure 2.7B, D, and F).  Interestingly, 

immunohistochemical analysis of maize roots revealed that CYCB1;1, CYCB2;1, 

and CYCA1;1, but not CYCB1;2,  were absent from the cytoplasm but persisted at 

low levels in the nuclei of non-dividing, elongating cells (Mews et al., 2000).  

Therefore, it appears that in cells that have withdrawn from the mitotic cell cycle, 

cyclins of multiple types localize to the nucleus. 

Despite the fact CYCD5;1 and CYCD2;1 contain putative nuclear 

localization signals, the immunohistochemical analysis found the former to be 

localized exclusively in the cytoplasm of cells of the aleurone layer and sub-

aleurone, at both the mitotic (Figure 2.7G) and endoreduplication (Figure 2.7H) 

stages of development.  Possibly, CYCD5;1 nuclear localization in more transient 
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compared to that of CYCD2;1.  Alternatively, CYCD5;1 could have a rather 

distinct, specialized cell cycle function regulating cytoplasmic processes, or 

participating in the differentiation of aleurone and sub-aleurone cell layers. 

 

The activity of different cyclin/CDK complexes varies during development  

The amount of kinase activity associated with CYCA1;3-, CYCB1;3-, 

CYCD5;1- and CYCD2;1-containing CDKs (Figure 2.8) were generally 

compatible with their respective protein accumulation levels (Figure 2.6).  The 

CYCA1;3-associated kinase activity was more abundant at the initial, mitotic 

stage of endosperm development.  In sharp contrast with the CDK activities 

associated with CYCB1;3, CYCD5;1 and CYCD2;1, that associated with CYCA1;3 

showed a nearly inverse correlation with the occurrence of the endoreduplication 

cell cycle (Figure 2.3).  Although I cannot conclusively attribute a function to 

CYCA1;3 at any particular cell cycle stage, these results strongly suggest a role 

for CYCA1;3 in mitotic rather than endoreduplication cell cycles, consistent with 

a role in the G2/M transition.  Alternatively, CYCA1;3 could play a role in 

aspects of S-phase progression in the mitotic but not the endoreduplication cell 

cycles.  Down-regulation of CDK complexes containing A1-type cyclins, in part 

mediated by reduced accumulation of the cyclin subunit, could be a requirement 

for the switch from a mitotic into an endoreduplication cell cycle in maize 

endosperm. 
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CYCB1;3-, CYCD5;1- and CYCD2;1-associated kinase activity peaked at 11 DAP, 

a stage when the mitotic index and rate of cell division are near their maximum 

(Kowles and Phillips, 1985; Lur and Setter, 1993), but also when the 

endoreduplication cell cycle is initiated (Figure 2.3).  Consistent with a role in 

stimulating the G1/S transition, as demonstrated for some plant cyclin D 

homologues (Dewitte and Murray, 2003), CYCD5;1- and CYCD2;1-associated 

kinase activity did not decline as dramatically as the CYCA1;3-associated CDK 

activity during the endoreduplication stage of development.  A similar pattern 

was observed for the CYCB1;3-associated kinase activity.  Because CYCB1;3 and 

CYCD2;1 are localized to endoreduplicated endosperm cells, their corresponding 

CDK complex could be operating at the G1/S transition and/or during S-phase 

progression in the endoreduplication cell cycle.  CYCD5;1-associated kinase 

activity, alternatively, could have a role in the progression of similar stages in the 

mitotic cell cycles, given that CYCD5;1 localization was limited to cells that 

appear to undergo a very limited number, or no, endoreduplication cycles.  To 

some extent, the amounts of CYCB1;3-, CYCD5;1- and CYCD2;1-associated 

kinase activity during development resembled those recovered by affinity to 

p13suc1 (Grafi and Larkins, 1995), which is thought to reflect the activity of mitotic 

CDK complexes.  In maize endosperm, this activity peaks around 12 DAP, and 

decreases dramatically afterwards, during the endoreduplication stage.  p13suc1-

associated kinase activity also declines as the pericarp and gel tissue of 
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developing tomato fruits switch from mitotic into endoreduplication cycles 

(Joubès et al., 1999).  Therefore, the high kinase activity of CDK complexes 

containing CYCB1;3, CYCD5;1 and CYCD2;1 at this early stage of endosperm 

development could reflect mostly their participation in mitotic cell-cycle 

transitions. 

Overexpression of a dominant-negative, kinase-defective form of CDKA;1 

in maize endosperm reduced p13suc1-associated kinase activity and 

endoreduplication, but not cell proliferation (Leiva-Neto et al., 2004).  I 

attempted to determine whether CYCA1;3, CYCB1;3, CYCD5;1 and CYCD2;1 

interacted with the overexpressed CDKA;1 at 12-15 DAP.  However, co-

immunoprecipitation approaches were not successful (data not shown).  This 

may reflect an interaction of these cyclins with CDKs other than CDKA;1 and/or 

the existence of very small amounts of these complexes in non-dividing, 

asynchronous cells at this stage of development.  Indeed, Arath;CYCD2;1 is 

equally abundant in exponentially growing and quiescent cultured cells (Healy 

et al., 2001).  However, Arath;CYCD2;1 forms an active complex with its partner, 

CDKA;1, only in exponentially growing cultures.  In quiescent cells, no kinase 

activity was associated with Arath;CYCD2;1, as a consequence of its reduced 

interaction with CDKA;1 and accessibility to immunoprecipitation.  The 

identification of cyclin/CDK interactions in endosperm cells will probably 

require a synchronous endosperm cell culture system.
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Cyclins are degraded via the proteasome in mitotic but not endoreduplicating 

endosperm extracts 

CYCA1;3, CYCD2;1 and CYCD5;1 RNA and protein abundance during 

endosperm development indicated that their expression is primarily regulated 

by transcript accumulation.  In contrast, the steady state levels of CYCB1;3 

protein (Figure 2.6) were not paralleled by that of its transcripts (Sun et al., 

1999a).  This result indicates that CYCB1;3 is stable in endosperm cells 

undergoing endoreduplication.  The observation of post-translational cyclin 

stabilization in maize is not unprecedented, as it was observed for CYCB1;1, 

CYCB2;1, and CYCA1;1, but not CYCB1;2, in differentiating root cells (Mews et 

al., 1997; Mews et al., 2000).  However, the function and mechanism underlying  

these observations remain elusive.  I performed in vitro protein stability assays 

combining in vitro-synthesized cyclins with mitotic and endoreduplicating 

endosperm extracts to investigate the basis for cyclin stability during endosperm 

development. These assays showed that not only CYCB1;3, but also CYCA1;3, 

CYCD2;1 and CYCD5;1 were degraded to a large extent via the proteasome in 

mitotic cell extracts from early stages of development, but not in extracts from 

endoreduplicating endosperm cells (Figure 2.9).  Different plant cell cycle 

regulatory proteins are degraded via the ubiquitin/26S proteasome pathway in 

vivo, including A-, B- and D-type cyclins (Genschik et al., 1998; Criqui et al., 2000; 

Weingartner et al., 2003; Planchais et al., 2004), the DNA replication factors 
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CDC6 (Castellano et al., 2001) and CDT1 (Castellano et al., 2004), and an E2F 

homologue (del Pozo et al., 2002).  These proteins are targeted to cell cycle stage-

specific proteolysis by the anaphase-promoting complex (APC, also known as 

the cyclosome) and SCF (Skp1-cullin-F-box) ubiquitin-ligase complexes 

(reviewed by Vodermaier, 2004).  The specificity of such complexes in conferred 

by multiple WD-repeat containing activators.  Notably, expression of the APC 

activator Fizzy-related (Fzr) is involved with mitotic cyclin degradation at G1 

and is required for endoreduplication cycles in Drosophila melanogaster (Sigrist 

and Lehner, 1997).  Plant CCS52 homologues are related to Fzr and required for 

endoreduplication cell cycles in Medicago (Cebolla et al., 1999; Vinardell et al., 

2003).  However, the identity of the protein(s) targeted for degradation by CCS52 

in planta, presumably mitotic cyclins, is not known. 

The cyclin stability assays in endosperm extracts did not indicate to what 

extent reduced proteasomal-dependent proteolytic activity was due to decreased 

ubiquitin-ligase activity and/or reduced proteasome function per se.  However, 

the observation of reduced proteolysis for three distinct types of cyclins in 

endoreduplicating endosperm extracts suggests a rather general mechanism.  

Stabilization of certain cell cycle regulatory proteins is required for 

endoreduplication to proceed.  Notably, CDC6, which activates DNA replication 

and positively acts on endoreduplication cycles, has been reported to be more 

stable in Arabidopsis endoreduplicating tissues (Castellano et al., 2001).  The 
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persistence of B-type cyclin protein in maize endosperm contrasts with frequent 

observations for other tissues undergoing endoreduplication (reviewed by Edgar 

and Orr-Weaver, 2001).  In fission yeast, the disappearance of some cyclin Bs is 

required for endoreduplication to occur.  The major cyclin B, CDC13, binds to 

replication origins by interacting with ORC2 throughout G2 and early mitosis, 

thus preventing the occurrence of endoreduplication cycles (Wuarin et al., 2002).  

The identity of a plant cyclin B, among multiple homologues, that could play an 

analogous role is unknown.  In maize endosperm, endoreduplication could 

specifically require disappearance of a cyclin B homologue other than CYCB1;3.  

In this regard, two closely related Arabidopsis cyclin B homologues differ in their 

ability to negatively impact endoreduplication cycles: ectopic expression of 

Arath;CYCB1;2 but not Arath;CYCB1;1, either by a transgenic approach or in the 

siamese mutant, induced the formation of multicellular trichomes and decreased 

the number of endoreduplication cycles per cell (Schnittger et al., 2002a). 

The regulation of CDK complexes in endosperm endoreduplicating cells, 

in contrast to mitotic cells, appears not to involve periodic cyclin proteolysis by 

the proteasome.  Instead, control could be exerted primarily through subcellular 

localization of cyclin and CDK subunits and association with non-catalytic CDK 

inhibitors, or the activity of CDK-regulatory kinases and phosphatases (Dewitte 

and Murray, 2003). 
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MATERIALS AND METHODS 

Database search and sequence analysis 

Sequence similarity searches of Pioneer Hi-Bred’s maize EST database 

were performed with the BLAST algorithm (Altschul et al., 1990).  Deduced 

amino acid sequences were aligned with CLUSTAL W v1.81 (Thompson et al., 

1994) using the BLOSUM matrix (NCBI, Bethesda, MD), and MACAW (Schuler 

et al., 1991) applying the BLOSUM 62 matrix.  Identification of cyclin-specific 

domains were performed in the Pfam HMM database (Bateman et al., 2004) 

(http://pfam.wustl.edu/).  Identification of putative PEST sequences was 

performed with PESTfind (Rechsteiner and Rogers, 1996) 

(http://www.at.embnet.org/embnet/tools/bio/PESTfind/), and destruction 

boxes with D-box Finder (http://bioinfo.weizmann.ac.il/~danag/d-

box/main.html). 

 

Complementation of yeast cln mutant with maize D-type cyclins  

Saccharomyces cerevisiae strain ATCC 74098 (MATa, cln1, cln2, cln3, his2, 

trp1, leu2, ade1, ura3, pGAL1::CLN3::URA3) was purchased from the American 

Type Culture Collection (Manassas, VA).  Cells were cultured on medium 

containing yeast nitrogen-base and all but the selective substance (complete 

drop-out medium or CM) at 30°C.  Yeast transformation was carried out using a 

lithium acetate method (Ausubel et al., 1994).  Denatured, high-molecular weight 
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carrier DNA was prepared according to Schiestl and Gietz (1989).  The yeast 

expression vector C18-2 (Vogel et al., 1993) was used to make the 

complementation constructs.  A NcoI-NotI fragment containing the full-length 

ORF of CYCD5;1 or CYCD2;1 was cloned into the NcoI-NotI sites of C18-2, and a 

NcoI fragment containing the full-length ORF of CYCD4;1 was cloned into the 

NcoI site of C18-2 in the correct orientation.  The resulting vectors containing the 

constitutive expression cassette of pAdh1::CYCD::Adh1ter were confirmed by 

sequencing and then transferred into ATCC 74098 cells.  Transformants were 

selected on CM medium lacking uracyl and leucine that was supplemented with 

galactose.  Transformants carrying either the C18-2 vector alone or the vector 

containing maize CYCD cDNAs were streaked onto CM medium lacking uracyl 

and leucine, but supplemented with glucose, to test for replacement of CLN 

function conferred by the maize CYCD sequences. 

 

Plant materials 

Maize (Zea mays L.) inbred line B73 was grown in the field or greenhouse 

and hand-pollinated.  Developing kernels were harvested at different stages, and 

immediately processed for flow cytometry, or frozen in liquid N2 and stored at -

80°C for later analysis.  RNA and protein analyses were performed on 

endosperm manually dissected from slightly thawed kernels that were 
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immediately refrozen in liquid N2 prior to homogenization. Shoot apices and leaf 

blades were isolated from seedlings for RT-PCR experiments. 

 

Flow cytometry 

Flow cytometry was carried out essentially as described by Dilkes et al. 

(2002).  Briefly, endosperms dissected from fresh kernels were pooled and 

chopped with a razor blade in ice-cold PARTEC buffer (200 mM Tris-HCl pH 7.5, 

4 mM MgCl2, and 0.1% Triton X-100).  The homogenate was sequentially filtered 

through cheesecloth and a 100-µm nylon mesh, stained with 4,6-diamidino-2-

phenylindole (DAPI; Sigma, St. Louis, MO) at 2 µg/ml, and analyzed with a CAII 

flow cytometer (PARTEC, Münster, Germany).  A minimum of 10,000 nuclei per 

developmental stage was counted and analyzed with the WinMDI Version 2.8 

software (Joseph Trotter, The Scripps Research Institute, 

http://facs.scripps.edu/software.html).   

 

RNA extraction and semi-quantitative RT-PCR 

DNA-free, total RNA was extracted with an Absolutely RNA RT-PCR 

Miniprep Kit (Stratagene, La Jolla, CA) as per the manufacturer’s instructions.  

Concentration and quality of RNA were determined by spectrophotometry and 

inspection of ethidium bromide-stained samples after agarose gel 

electrophoresis.  RT-PCR was performed with 25 ng of total RNA and a Titan 
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One-Tube RT-PCR kit (Roche, Hamburg, Germany) using gene-specific primers 

for reverse transcription.  Transcripts were amplified with the following 

combination of primers: CYCD5;1-F, 5’-

GCTGGATCATCAAGACCACGGCGATG-3’ and CYCD5;1-R 5’-

GGCGACAGAGACGCCCGAGGACGC-3’; CYCD2;1-F, 5’-CATCGCGGATCC 

GTGCCGGGCTATGACTGCGCCGCC-3’ and CYCD2;1-R, 5’-ATCGCGGATCCT 

TAGAGTAGACGTCTAGTGATCCTT-3’; CYCA1;2-F, 5’-

GCGCGAAGTTGAATCCAGCTACCTCAGGTGC-3’ and CYCA1;2-R, 5’-

GCAACGAAGCCAGCATCGAGCAACCCCC-3’; CYCA1;1-F, 5’-

CCGTCTTTGGCAACAAGTGCTCGGAGTGTGAGTTC-3’ and CYCA1;1-R 5’-

CACAGATGCGGTCAATTTCCATTGGGGCCACGG-3’; ACT1F, 5'-

ATTCAGGTGATGGTGTGAGCCACAC-3' and ACT1R, 5'-

GCCACCGATCCAGACACTGTACTTCC-3'.  Annealing steps were at 65°C.  

Amplification was performed with 0.7 µl of 10 mCi/ml α[32P]dCTP (NEN, 

Boston, MA); typically, 24-27 cycles were performed for amplification of cyclin 

RNA, and 17 cycles for actin RNA.  Using these conditions, I found that 

amplification was within the exponential range.  Reaction products were 

separated by electrophoresis in 4% polyacrylamide/TBE gels, dried, and exposed 

to a Phosphorscreen (Molecular Dynamics, Sunnyvale, CA), which was scanned 

with a Storm 860 PhosphorImager (Molecular Dynamics).  Radioactivity 
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quantitation was performed with ImageQuant image analysis software 

(Amersham, Piscataway, NJ). 

 

Expression and purification of GST fusions in E. coli  

Sequences encoding amino acids residues 1-243 of CYCA1;3, 1-206 of 

CYCB1;3, 263-358 of CYCD2;1  and 243-349 of CYCD5;1 were amplified from 

cDNA clones with Pfu DNA polymerase (Stratagene).  Amplified fragments were 

cloned into pGEX6P-3 or pGEX4T-3 expression vectors (Amersham, Piscataway, 

NJ), and the nucleotide sequences verified by sequencing.  GST-cyclin fusions 

were expressed in E. coli BL21(DE3) Codonplus RIL (Stratagene) by induction of 

cultures at O.D.600~0.5 with 1 mM isopropyl-β-D-thiogalactopyranoside at 37°C 

for 3 hr.  Cells were collected by centrifugation and lysed in extraction buffer (50 

mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM DTT) supplemented 

with 1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100, and 1 mg/mL 

lysozyme, for 30 min on ice, followed by sonication.  Lysates were cleared by 

centrifugation at 15,000g for 15 min, and incubated with glutathione-agarose 

beads (Sigma) at 4°C.  Beads were washed extensively with extraction buffer, and 

GST fusions eluted with 10 mM glutathione in extraction buffer. 
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Antibodies  

Affinity-purified GST-cyclin fusions were separated by SDS-PAGE; gels 

were stained with 0.05% Coomassie Blue R250 in distilled H2O and regions 

containing antigens were excised.  New Zealand White rabbits were injected 

four-times (200 µg of protein each) by Strategic BioSolutions (Newark, DE).  

Affinity-purification of antibodies was performed as described by Harlow and 

Lane (1988).  An IgG-enriched fraction was obtained from crude antisera by 

precipitation at 50% NH3SO4 saturation.  The resulting pellet was resuspended in 

50 mM Tris-HCl pH 7.5, and dialyzed.  This fraction was depleted of GST 

antibodies by incubation overnight at 4°C with GST covalently linked onto 

Reacti-Gel 6X agarose beads (Pierce, Rockford, IL) using an end-to-end rocker.  

The supernatant was incubated overnight, at 4°C, with the corresponding GST-

cyclin fusion covalently linked onto Reacti-Gel 6X, using an end-to-end rocker.  

Typically, the IgG fraction from 5 ml of crude serum was purified on beads 

containing 1 mg of crosslinked protein.  Antibody-adsorbed beads were washed 

extensively with 50 mM Tris-HCl pH 7.5, and antibodies eluted with 100 mM 

NaCl, 100 mM glycine, pH 2.4.  Collected fractions were immediately neutralized 

with 0.1 volumes of 2 M Tris-HCl pH 8.0; those containing the bulk of IgG were 

pooled and concentrated with Centricon-10 spin cartridges (Millipore, Billerica, 

MA), followed by extensive buffer exchange with phosphate buffer saline (PBS), 

pH 7.2.  To determine the specificity of cyclin antibodies, pre-immune sera from 
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immunized rabbits were subjected to the same affinity-purification procedure 

described above and used for immunoblots at the same dilution as their immune 

counterpart.  A mouse monoclonal anti-actin antibody (N350) was purchased 

from Amersham. 

 

In vitro transcription/translation of cyclin and other gene coding sequences 

Coupled transcription/translation of cyclins, 27-kD γ-zein, and firefly 

luciferase were performed with TNT T7 Quick for PCR DNA (Promega, 

Madison, WI).  Primer design and reactions were performed according to the 

manufacturer’s instructions. PCR-generated DNA templates were used at a final 

concentration of 20 ng/µl.  Synthesis of radiolabeled proteins for stability assays 

were performed with [35S]-L-methionine (Amersham) at a final concentration of 

0.8 µCi/µl. 

 

Extraction of soluble protein from maize endosperm 

Dissected endosperms were homogenized in 3 volumes of ice-cold buffer 

either with a Polytron (Kinematica AG, Cincinnati, OH) or, for small-scale 

preparations, in conical microcentrifuge tubes with plastic pestles.  For 

immunoblotting and immunoprecipitation assays, endosperm was homogenized 

in NETT buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.5% 

Triton X-100, 1 mM DTT) supplemented with 1 mM β-glycerophosphate, 1 mM 
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NaF, 1 mM Na2VO4, and Complete EDTA-free Protease Inhibitor Cocktail 

(Roche, Hamburg, Germany).  Homogenates were cleared by centrifugation at 

15,000g for 15 min at 4°C and supernatants filtered through Miracloth 

(Calbiochem, San Diego, CA).  For protein stability assays, dissected endosperms 

were homogenized in buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM 

MgCl2, 1 mM DTT, 2 mM ATP, 0.5% Triton X-100), and cleared by centrifugation 

at 500g for 10 min at 4°C.  Supernatants were either used immediately or frozen 

in liquid N2 and kept at -80°C for subsequent use.  Protein concentration was 

determined with 10-fold diluted extracts by the Bradford assay (Protein Assay 

kit, Bio-Rad, Hercules, CA), using BSA (Pierce) as standard. 

 

Immunoblotting of maize endosperm extracts 

Soluble protein extracts from endosperm (50 µg per lane for detection of 

cyclins, and 10 µg for actin) were separated by 10% or 12.5% SDS-PAGE, and 

blotted onto nitrocellulose membranes (Protran BA 85, Schleicher and Schuell, 

Dassel, Germany) in a tank transfer system (Mini Trans-Blot Cell, Bio-Rad) at 200 

Vh in TGM buffer (25 mM Tris, 192 mM glycine, 20% methanol).  Membranes 

were blocked with 5% fat-free milk solids in TBST (20 mM Tris-HCl pH 7.5, 150 

mM NaCl, 0.05% Tween-20), and incubated with antibodies (100 ng/ml anti-

cyclins, 300 ng/ml anti-actin) in 5% milk in TBST, overnight, at 4°C.  Membranes 

were washed with TBST for 10 min three times and incubated with a 1:10,000 
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dilution in TBST of anti-rabbit (Pierce) or anti-mouse (Sigma) IgG horseradish 

peroxidase-conjugate.  Membranes were subsequently washed three times with 

TBST, and developed with SuperSignal West Pico Chemiluminescent Substrate 

System (Pierce) followed by exposure to radiographic film for various time 

intervals.   

 

Immunohistochemistry 

Developing maize kernels were studied using Steedman’s wax embedded 

material according to the methods modified slightly from Brown and Lemmon 

(1995) and Nguyen et al. (2001).  Medial longitudinal 1-2 mm thick sections were 

fixed in 4% formaldehyde in PHEM-DMSO buffer overnight at 4˚C.  The tissue 

was washed thoroughly in PHEM-DMSO buffer, dehydrated in a graded ethanol 

series, and slowly infiltrated with Steedman’s wax.  Embedded kernels were 

sectioned at 10 µm; sections were adhered to coverslips coated with Mayer’s egg 

albumin adhesive and dewaxed with absolute ethanol.  The tissue was 

permeabilized with a cocktail of 1% each of cellulase, BSA, and Triton X-100 in 

PBS for 30 minutes at room temperature.  Antibodies were diluted at 0.5-1 µg/ml 

in 0.25% BSA in PBS, and incubated with the sections at 37˚C for 1 hour.  This 

was followed by incubation in deionized H2O for 1 h at 37˚C with appropriate 

minimal cross-reactivity secondary antibodies conjugated to either rhodamine 

red or fluorescein (Jackson Immunoresearch, West Grove, PA) diluted 1:200.  
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Coverslips containing the sections were mounted in Prolong AntiFade 

(Molecular Probes) and allowed to dry in the dark overnight.  Images were 

collected on a BioRad MRC 1024 confocal laser scanning microscope and 

processed with NIH Image software (http://rsb.info.nih.gov/nih-image/) and 

Adobe Photoshop (San Jose, CA). 

 

Immunoprecipitation of cyclins and assays of their associated kinase activity 

Forty µl of 50% protein A-agarose (Sigma) slurry was added to endosperm 

soluble protein extracts (2 mg) and incubated for 1 h at 4°C with gentle rocking.  

Beads were collected by a quick-spin centrifugation, and the supernatants 

removed.  Affinity-purified antibodies (1 µg) were added to the supernatants and 

incubated for 2 h at 4°C with gentle rocking.  Forty µl of 50% protein A-agarose 

slurry was added, and incubation continued for 2 h at 4°C.  Beads were washed 

three times for 15 min with 1 ml of NETT buffer at 4°C by gentle rocking and 

were then equilibrated in 50 µl of kinase buffer (50 mM Tris-HCl pH 7.5, 10 mM 

MgCl2, 20 mM EGTA, 1 mM DTT, 1 mM β-glycerophosphate) on ice.  Following 

removal of the supernatant, a mixture containing 7 µl of kinase buffer and 1 µl 

each of 2.5 µg/µl of histone H1 (Sigma) or GST-E2F1, 4 mM ATP, and 10 mCi/ml 

γ[32P]ATP (Amersham) was added to the beads. Reactions were carried out for 30 

min at room temperature and stopped with 10 µl of 5x SDS-PAGE sample 
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loading buffer.  Reaction products were separated by 12.5% SDS-PAGE.  Gels 

were stained with Coomassie Blue R250, dried, exposed to a Phosphorscreen, 

which was scanned with a Storm 860 PhosphorImager.  Radioactivity 

quantitation was performed with ImageQuant.  Control assays using purified 

IgG from pre-immune sera were simultaneously performed for each 

developmental stage, and their resulting background histone H1 

phosphorylation was subtracted from the phosphorylation obtained with cyclin-

specific, affinity-purified IgG. 

 

In vitro assay of cyclin stability  

Inhibition of proteasome-dependent proteolytic activity was performed 

with carboben-zoxyl-leucinyl-leucinyl-leucinal (MG-132, Sigma).  Reactions (30 

µl final volume) contained endosperm extracts (50 µg of total soluble protein) 

pre-incubated with 100 µM MG-132 or dimethylsulfoxide (MG-132 solvent) on 

ice for 15 min, to which 1 to 3 µl of [35S]-labeled, in vitro-translated protein, 2 µg 

of poly-histidine-tagged human ubiquitin (Sigma), 0.1 units of phosphocreatine 

kinase, and ATP and phosphocreatine at final concentrations of 3 and 10 mM, 

respectively.  Reactions for assessment of proteasomal-mediated degradation in 

7-DAP extracts contained Complete EDTA-free Protease Inhibitor Cocktail 

(Roche).  Reactions were incubated at 30°C and terminated at various times by 
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adding SDS-PAGE sample loading buffer; products were resolved by SDS-

PAGE.  Gels were fixed, dried and exposed to X-ray film with intensifying 

screens at -80°C.
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CHAPTER 3 

 

 

A- AND B-TYPE CYCLIN-DEPENDENT KINASES FROM MAIZE AND 

THEIR EXPRESSION IN DEVELOPING ENDOSPERM. 
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INTRODUCTION 

Endosperm progresses through three distinctive types of cell cycle during 

its development:  syncytial karyokinesis, mitosis and endoreduplication (Larkins 

et al., 2001; Olsen, 2004).  During the syncytial stage, the triploid endosperm 

nucleus undergoes multiple divisions, creating a syncytium containing 256-512 

nuclei. This is followed by a period of cellularization that lasts until 3 days after 

pollination (DAP).  Subsequently, the endosperm initiates a period of rapid 

growth by cell division, with the frequency of mitotic divisions reaching a 

maximum at 8-11 DAP (Kowles and Phillips, 1985; Lur and Setter, 1993).  In 

cereals such as maize, the endosperm differentiates into four specialized cell 

types: aleurone, starchy endosperm, embryo-surrounding and basal transfer cells 

(Olsen, 2004).  Around 8 DAP, coincident with the onset of their differentiation, 

cells in the central endosperm cease to divide and engage in multiple 

endoreduplication cycles (Kowles and Phillips, 1985; Dilkes et al., 2002).  This cell 

cycle is a common variant that consists of iterative cycles of DNA replication 

without intervening chromatid segregation, karyokinesis or cytokinesis (Edgar 

and Orr-Weaver, 2001; Larkins et al., 2001; Sugimoto-Shirasu and Roberts, 2003).  

By 15 DAP, the majority of endosperm cells are recruited into an 

endoreduplication cell cycle (Kowles and Phillips, 1985; Lur and Setter, 1993; 

Dilkes et al., 2002) and the few remaining mitotic cell divisions are limited to the 

aleurone and sub-aleurone layers (Kiesselbach, 1949). 
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These different cell cycles are controlled by threonine/serine, cyclin-

dependent kinases (CDKs), which form heterodimeric complexes with cyclins.  

This association stimulates kinase activity by inducing a conformational change 

at the catalytic site (Morgan, 1997) and by controlling substrate specificity and 

intracellular localization (Miller and Cross, 2001).  The periodic activity of 

CDK/cyclin complexes is regulated primarily by cell cycle stage-dependent 

synthesis and proteolysis of cyclins, by binding to non-catalytic CDK inhibitors 

(CKI) and CDK subunit (SUC1, CKS) proteins and by the phosphorylation status 

of critical residues of the CDK subunit (reviewed by De Veylder et al., 2003; and 

Dewitte and Murray, 2003). 

Like mammals, flowering plants utilize different CDKs during different 

phases of the cell cycle.  In contrast, yeasts have a single CDK containing a 

PSTAIRE motif in their cyclin-binding α-helix that controls progression through 

all cell cycle stages.  Plants appear to contain five to six types of CDKs (A 

through F) (Joubès et al., 2000b; Vandepoele et al., 2002), but a role in cell cycle 

control has not been demonstrated for all of them.  The A- type CDKs, which 

contain a PSTAIRE motif, are capable of complementing yeast p34cdc28/cdc2 

mutants.  The steady-state levels of A-type CDK transcripts and proteins are 

largely cell cycle stage-independent, whereas the kinase activity of their cyclin-

complexes is high at S and G2 phases and peaks at M phase of the cell cycle 

(Magyar et al., 1997; Mironov et al., 1999; Joubès et al., 2000b; Sorrell et al., 2001; 
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Menges and Murray, 2002).  In synchronized plant cell cultures and transgenic 

plants, A-type CDKs were shown to associate with D3, D2-, A3- and A1-type 

cyclins (Nakagami et al., 1999; Cockcroft  et al., 2000; Healy et al., 2001; Yu et al., 

2003).  

Plants contain unique B-type CDKs, in which the cyclin-interacting 

PSTAIRE motif is replaced by PPTALRE (B1-type) or PPTTLRE (B2-type).  B-type 

CDKs fail to complement yeast p34cdc28/cdc2 mutants, in support of the notion that 

they have specialized function in the plant cell cycle (Hirayama et al., 1991; Hirt 

et al., 1993; Fobert et al., 1996).  Transcripts levels of CDKB1 are higher during 

the S, G2, and M phases, and those of CDKB2 during G2 and M phases (Fobert et 

al., 1996; Segers et al., 1996; Magyar et al., 1997; Umeda et al., 1999; Breyne et al., 

2002). The level of CDKB1s and their activities are highest during S through M 

phases (Magyar et al., 1997; Mironov et al., 1999; Umeda et al., 1999; Joubès et al., 

2000b; Porceddu et al., 2001; Sorrell et al., 2001).  In Arabidopsis, CDKB1;1 plays 

an important role in the formation of stomatal complexes (Boudolf et al., 2004a).  

Importantly, CDKB1;1 activity is required for the G2/M transition (Porceddu et 

al., 2001; Boudolf et al., 2004a).  Expression of a catalytically-inactive, dominant-

negative form of CDKB1;1 causes not only accumulation of cells at the G2 stage, 

but also additional cycles of endoreduplication (Boudolf et al., 2004b). 

The switch from mitotic to endoreduplication cell cycles in maize 

endosperm appears to involve oscillations of S-phase CDK activity and 
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suppression of M-phase CDK activity (Grafi and Larkins, 1995; Larkins et al., 

2001).  This requires CDKA;1 (Leiva-Neto et al., 2004), and it coincides with the 

loss of mitotic CDK activity that binds to p13suc1 and the accumulation of CDK 

inhibitory activity (Grafi and Larkins, 1995). This is also associated with reduced 

accumulation of a B-type cyclin transcript (Sun et al., 1997; Sun et al., 1999a), and 

possibly inhibitory phosphorylation of CDK subunits (Sun et al., 1999b). 

The nature and role of CDK/cyclin complexes during the mitotic and 

endoreduplication cell cycles of developing maize endosperm are poorly 

understood, with the exception of the role of CDKA;1 in endoreduplication 

(Leiva-Neto et al., 2004).  To identify putative CDK complexes that play a role in 

regulating mitotic and/or endoreduplication cell cycles in developing maize 

endosperm, I characterized the maize A- and B-type CDKs expressed in this 

tissue.  I found novel A-type and two B-type CDKs that share conserved features 

with homologues from other plant species and that are differentially expressed 

during the mitotic and endoreduplication stages of endosperm development.  By 

co-expressing maize cyclins and A-type CDKs in Drosophila melanogaster S2 cells, 

I determined that CYCD2;1 is capable of forming active kinase complexes with 

maize CDKA;1 and CDKA;3.
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RESULTS 

Identification and characterization of maize A- and B-type CDKs  

Two cDNA clones encoding maize A-type CDK homologues have been 

described (Colasanti et al., 1991). Blast searches of GenBank with Zeama;CDKA;1 

(originally named cdc2ZmA) as query resulted in the identification of an 

additional maize PSTAIRE-containing CDK (Figure 3.1A; nucleotide accession 

number AX040966 ).  As the third member of the A-type CDK in maize, I named 

this clone Zeama;CDKA;3, according to the nomenclature proposed by Joubès et 

al. (2000b).  For the sake of brevity, I will refer to Zeama;CDKA;3 as CDKA;3.  

Other maize CDKs will be referred to similarly, omitting the species designation.  

CDKA;3 is 292 amino acids-long with a calculated molecular weight of 33.7 kD, 

and it is most closely related to Orysa;CDKA;2 at the amino acid sequence level 

(92% identity and 95% similarity) (Figure 3.1B).  CDKA;3 has 81% identity and 

90% similarity with CDKA;1 and CDKA;2 (Colasanti et al., 1991) (Figure 3.1A). 

Blast searches of GenBank based on the Nicto;CDKB1;1 (Sorrell et al., 

1999) amino acid sequence identified a maize cDNA that encodes a polypeptide 

of 330 amino acids with a calculated molecular weight of 37.1 kD (Figure 3.1A), 

similar to CDKs of the B type (accession number AX040966).  It is most closely 

related to CDKs of the B1 type (Figure 3.1B), which contains a PPTALRE motif, 

and it was therefore named Zeama;CDKB1;1.  At the amino acid sequence level, 
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CDKB1;1 is 81% identical and 87% similar to Orisa;CDKB1;1, which is encoded 

by a predicted gene (nucleotide accession number NM_190272). 

Blast searches of GenBank with Oryzsa;CDKB2;1 (Kidou et al., 1994) as 

query identified a maize cDNA (accession number AX040958) that encodes a 

polypeptide of 326 amino acids with a calculated molecular weight of 36.7 kD 

(Figure 3.1A).  This clone, designated Zeama;CDKB2;1, is 81% identical and 86% 

similar to Oryzsa;CDKB2;1.  CDKB2;1, like Oryzsa;CDKB2;1, contains a B1-type 

PPTALRE signature motif.  However, CDKB2;1 full-length sequence, like that of 

Oryzsa;CDKB2;1, is most similar to those of B2-type CDKs (Figure 3.1B), and it 

was named accordingly.  At the amino acid sequence level, CDKB1;1 and 

CDKB2;1 are 58% identical and 74% similar.  Compared to CDKBs from other 

species, CDKB1;1 and CDKB2;1 appear to have extended N-terminal ends 

(Figure 3.1A).  However, downstream Met residues, located at positions 23 and 

24 of CDKB1;1 and CDKB2;1, respectively (asterisks in Figure 3.1A), are in 

similar context when compared to initial Met residues of other plant CDKBs.  

Therefore, Met-23 and Met-224 could constitute initial amino acid residues in 

CDKB1;1 and CDKB2;1, respectively. 

CDKA;3, CDKB1;1 and CDKB2;1 amino acid sequences contain features 

conserved among CDKs from different kingdoms (Figure 3.1A) (Joubès et al., 

2000b).  Among them are critical residues in regions involved with ATP binding 

in the yeast and animal homologues, whose phosphorylation status modulates 
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kinase activity.  A putative WEE1-inhibitory phosphorylation site is present at 

CDKA;3, CDKB1;1 and CDKB2;1 N-terminal ends, and a conserved threonine 

residue required for stimulatory phosphorylation by CDK-activating kinase 

(CAK) is present in the T-loop.  The Asp residue in the catalytic cleft (position 

146 in CDKA;1), whose substitution creates a dominant-negative mutant (Fleig 

and Nurse, 1991; van den Heuvel and Harlow, 1993; Hemerly et al., 1995; 

Porceddu et al., 2001; Leiva-Neto et al., 2004), is conserved in CDKA;3, CDKB1;1 

and CDKB2;1. 
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Figure 3.1.  Characterization of maize A- and B-type CDK sequences. 

(A) Alignment of maize CDKA;1, CDKA;3, CDKB1;1 and CDKB2;1 amino 

acid sequences.  Deduced amino acid sequences were aligned with ClustalW 

using the BLOSUM matrix and edited with BOXSHADE.  Identical and 

conserved residues are shaded black and gray, respectively.  Solid- and doted-

line boxes mark the catalytic cleft and T-loop, respectively.  Gray boxes mark the 

conserved signature motifs (SM), putative WEE1 phosphorylation sites (WPS) 

and CAK phosphorylation sites (CPS).  The Asp residue involved with ATP 

binding is marked with an arrowhead.  Met residues in CDKB1;1 and CDKB2;1 

marked with asterisks indicate potential translation start residues, based on 

sequence comparison with other B-type CDKs.  (B) Cladogram of deduced 

amino acid sequences of A- and B-type plant CDK calculated with ClustalW.  

Maize cyclins are shaded.  Species designation and nucleotide accession numbers 

are as follows: Antma, Antirrhinum majus; Arath, Arabidosis thaliana; Lyces, 

Lycopersicum esculentum; Medsa, Medicago sativa; Nicta, Nicotiana tabacum, Orysa, 

Oryza sativa; Zeama, Zea mays; Nicta;CDKB1;1 (AF289465) ; Nicta;CDKB1;2 

(AF289466); Medsa;CDKB1;1 (X97315); Arath;CDKB1;1 (D10851); Arath;CDKB1;2 

(NM_129419);  Zeama;CDKB1;1 (AX040966); Orysa;CDKB1;1 (NM_190272); 

Zeama;CDKB2;1 (AX040958); Orysa;CDKB2;1 (D64036); Arath;CDKB2;1 

(NM_106304); Medsa;CDKB2;1 (X97317); Zeama;CDKA;1 (A40444); 

Zeama;CDKA;2 (B40444); Orysa;CDKA;1 (X60374); Zeama;CDKA;3 (AX040966); 
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Orysa;CDKA;2 (X60375); Arath;CDKA;1 (M59198);  Antma;CDKA;2 (X97638); 

Medsa;CDKA;1 (M58365) ; Medsa;CDKA;2 (X70707); Nicta;CDKA;1 (L77082); 

Nicta;CDKA;3 (D50738); Lyces;CDKA;1 (Y17225); Antma;CDKA;1 (X97637); 

Lyces;CDKA;2 (Y17226). 
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CDKB2;1    1 MATIQNKPTPTAPSTTTGGG----LRAMDLYDKLEKVGEGTYGKVYKARE
 
 
CDKA;1   24 KTANETIALKKIRLEQEDEGVPSTAIREISLLKEMNHG-NIVRLHDVVH-
CDKA;2   24 KTANETIALKKIRLEQEDEGVPSTAIREISLLKEMNHG-NIVRLHDVVH-
CDKA;3   24 RHTNETIALKKIRLEQEDEGVPSTAIREISLLKEMQHR-NIVRLQEVVH-
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CDKB2;1 195 ILTLWYRAPEVLLGATHYSTPVDIWSVGCIFAELVTNQPLFPGDSELQQL
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CDKB2;1 245 LHIFKLLGTPNEEMWPGVGKLPNWH-VYPQWKPTKLSTLVPGLDSDGYDL
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Levels of A- and B-type CDK transcripts during maize endosperm 

development 

Semi-quantitative RT-PCR analyses with gene specific primers were 

performed to determine the steady-state accumulation of A- and B-type CDKs 

transcripts in 7 to 21 DAP maize endosperm, leaf blades and shoot apices (Figure 

3.2).  CDKA1; and CDKA;3  transcript levels, normalized to those of ACT1, 

showed greater accumulation at 7-9 DAP and declined gradually as the 

endosperm developed.  However, the accumulation of CDKA1; transcripts 

appeared to decline somewhat more sharply than that of CDKA;3. CDKA1; and 

CDKA;3  transcript levels were approximately 80% and 50% lower at 13 DAP 

compared to 7 DAP, respectively.  Like CDKA transcripts, those of B-type CDKs 

had largest accumulation in endosperm at 7-9 DAP, and their levels declined at 

later stages.  CDKB1;1 and CDKB2;1 transcript levels, normalized to those of 

ACT1,  were approximately 70% lower at 11 DAP compared to 7 DAP.  CDKB2;1  

transcripts were hardly detectable after 13 DAP.  Transcripts of CDKA;1, 

CDKA;3, CDKB1;1 and CDKB2;1  accumulated at higher levels in mitotically 

active shoot apices than in leaf blades.
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Figure 3.2.  Expression of A- and B-type CDK transcripts during maize 

endosperm development. 

Representative RT-PCR analyses, in which total RNA isolated from 

endosperm at different states of development (DAP), leaf blade (L) and shoot 

apex (SA), are shown.  (A) RT-PCR analysis of CDKA;1 and CDKA;3 expression.  

(B) RT-PCR analysis of CDKB1;2 and CDKB2;1 expression. 
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Characterization of CDKA;1 and CDKB1;1 antibodies 

To investigate the expression of A- and B-type CDKs at the protein level, I 

generated polyclonal antisera against CDKA;1 and CDKB1;1 fused to 

glutathione-S-transferase (GST) .  Polyclonal antisera were obtained and the 

antibodies were affinity-purified.  CDKA;1, CDKA;3 and CDKB1;1 coding 

sequences, as well as those of maize cyclins CYCB1;3, CYCD2;1 and CYCD5;1 

(Chapter 2), were placed under control of a Drosophila Hsp70 promoter in the 

pHSKSMCS vector.  The resulting constructs were transfected into Drosophila 

melanogaster Schneider’s 2 (S2) cells and their expression induced by heat shock.  

Cell lysates were analyzed by immunoblotting with CDKA;1, CDKB1;1, 

CYCB1;3, CYCD2;1 and CYCD5;1 affinity-purified antibodies (Figure 3.3).  Maize 

CDKs and most maize cyclins were successfully expressed in S2 cells, with the 

exception of CYCA1;3.  CDKs and cyclins were recognized as a single or the most 

prominent polypeptide in extracts of S2 cells transfected with the respective 

expression construct, but not in control cells transfected with vector carrying no 

coding sequence.  CDKs were recognized as ~34 kD polypeptides (Figure 3.3A, B 

and C), consistent with their predicted molecular weights.  CDKA;1 antibodies 

cross-reacted with CDKA;3 protein; therefore they could detect several A-type 

CDKs in maize cell extracts.  The specificity of affinity-purified CDKA and 

CDKB1;1 antibodies was further characterized by examining whether they could 

reciprocally cross-react (Figure 3.4).  CDKA;1 antibodies recognized CDKA;1 and 
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CDKA;3, but not CDKB1;1,  when expressed either in E. coli as GST fusions 

(Figure 3.4A) or in S2 cells (Figure 3.4B).  CDKB1;1 antibodies recognized 

specifically CDKB1;1 in S2 cells and not CDKA;1 or CDKA;3 (Figure 3.4B).  

Because affinity-purified CDKB1;1 antibodies showed some cross-reactivity with 

GST, I used tobacco CDKB1 antiserum (Sorrell et al., 2001) for detecting CDKB1;1 

in experiments using a GST-p13suc1 fusion (see below).  Tobacco CDKB1 

antiserum recognized GST-CDKB1;1, and only weakly reacted with GST-

CDKA;1 and GST-CDKA;3 (Figure 3.4A).  I was unable to determine whether 

antibodies raised against CDKB1;1 cross-reacted with CDKB2;1, but given their 

low amino acid sequence similarity, CDKB1;1 antibodies are likely specific for 

CDKs of the B1 subtype. 
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Figure 3.3.  Expression of maize CDKs and cyclins in S2 cells. 

Cells were transfected with empty control vector or constructs driving the 

expression of CDKs or cyclins; cell lysates (aliquots corresponding to 10% of total 

number of cells) were immunoblotted with affinity-purified antibodies.  (A) 

CDKA;1; (B) CDKA;3; (C) CDKB1;1; (D) CYCB1;3; (E) CYCD2;1; (F) CYCD5;1.  

Antibodies used for immunoblotting are shown at the bottom of each panel. 
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Figure 3.4.  Characterization of CDKA;1 and CDKB1;1 antibodies. 

(A) Immunoblot of GST-CDK fusions (5 ng per lane) with CDKA;1, and tobacco 

CDKB1;1 antibodies.  A GST immunoblot is shown as the loading control.  (B) 

Specificity of CDKA;1, or CDKB1;1 antibodies in S2 cells expressing maize CDKs.  

An actin immunoblot is shown as the loading control.  Antibodies used for 

immunoblotting are shown on the right side of each panel. 
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Expression of A- and B1-type CDK proteins during maize endosperm 

development 

Immunoblot analyses with antibodies raised against CDKA;1 and 

CDKB1;1 were performed to determine their steady-state levels during 

endosperm development (Figure 3.5).  These affinity-purified antibodies raised 

against CDKA;1 recognized transgenically overexpressed CDKA;1, in addition to 

the endogenous CDKA;1 protein, in endosperm extracts (Leiva-Neto et al., 2004).  

In endosperm extracts, CDKA;1 antibodies detected a prominent polypeptide of 

approximately 34 kD, in agreement with the apparent molecular weight of 

CDKA;1 and CDKA;3 proteins produced in S2 cells (Figure 3.3A and B).  Because 

CDKA;1 and CDKA;3 were recognized by CDKA;1 antibodies (Figures 3 and 4), 

and CDKA;1 and CDKA;3  show similar patterns of transcript accumulation 

during endosperm development, the single protein band detected in endosperm 

extracts possibly contains both CDKA;1 and CDKA;3 polypeptides.  

Consequently, I will refer to this band as CDKA;1/3 hereafter.  The levels of 

CDKA;1/3 were highest at 7 DAP, and declined during endosperm 

development, yet CDKA;1/3 was easily detectable as late as 30 DAP (Figure 3.4).  

CDKB1;1 antibodies detected a prominent polypeptide of approximately 34 kD, 

in accordance with the apparent molecular weight of CDKB1;1 in S2 cells (Figure 

3.3C).  CDKB1;1 was most abundant at 7 DAP; its accumulation declined more 

rapidly than that of CDKA;1/3, and it was hardly detected after 19 DAP.  An 
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identical pattern of accumulation of a 34-kD polypeptide was observed in a 

similar immunoblot performed with tobacco CDKB1 antiserum (not shown).  

These results indicated that, at the protein level, CDKA;1/3 is expressed more 

constantly throughout endosperm development, while CDKB1;1 is more 

abundant at the earlier, mitotic stages of development. 
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Figure  3.5.  Immunoblot analysis of CDKAs and CDKB1;1 during endosperm 

development.  

Total soluble protein extract (50 µg per lane) from endosperm harvested at 

each developmental stage indicated (DAP) was separated by SDS-PAGE and 

immunoblotted with affinity-purified antibodies.  Antibodies used for 

immunoblotting are shown on the right side of each panel.  An immunoblot with 

actin (10 µg of protein per lane) is shown as the loading control. 
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Interaction of endosperm-expressed CDKB1;1 with p13suc1 

The kinase activity from cell extracts that bind SUC1/CKS in vitro is 

thought to reflect mitotic CDK activity.  Indeed, the abundance of histone H1 

kinase activity adsorbed on p13suc1-agarose beads peaks around 10 DAP in maize 

endosperm (Grafi and Larkins, 1995).  At this stage, the endosperm mitotic index 

and rate of cell division are maximal (Kowles and Phillips, 1985; Lur and Setter, 

1993), although the innermost cells are transitioning from a mitotic into an 

endoreduplication cell cycle.  CDKA;1 from maize endosperm binds p13suc1 

(Leiva-Neto et al., 2004).  I examined whether the p13suc1-interacting CDK 

fraction from endosperm contains CDKB1;1, in addition to CDKA;1.  In this 

experiment, CDK complexes from 9-DAP endosperm extracts were affinity-

purified with GST-p13suc1-agarose beads, and analyzed by immunoblotting.  For 

detecting CDKB1;1, I used tobacco CDKB1 antiserum, because the GST-p13suc1 

fusion migrates closely with CDKB1;1 in SDS-PAGE, and affinity-purified 

CDKB1;1 antibodies showed some cross-reactivity with GST.  Immunoblotting of 

input extract, supernatant and the GST-p13suc1-bound fraction revealed that 

endosperm CDKB1;1 binds p13suc1  (Figure 3.6), as did CDKA;1/3.  Tobacco 

CDKB1 antiserum recognized very weekly recombinant GST-CDKA;1 and GST-

CDKA;3 (Figure 3.3A).  However, CDKB1 antiserum did not recognize 

endogenous CDKA from endosperm extracts, since the abundance of CDKA;1/3 

and CDKB1;1 in the input extract and supernatant are reversed compared to the 
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GST-p13suc1-bound fraction. The presence of CDKB1;1 in the p13suc1-adsorbed 

fraction suggested that CDKB1;1 contributes to mitotic CDK activity during 

endosperm development. 
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Figure 3.6.  Interaction of maize CDKA and CDKB1;1 with p13suc1. 

Extract of 9-DAP endosperm was subjected to affinity-purification with 

GST-p13 suc1-agarose beads.  Aliquots of GST-p13suc1-agarose beads, input extract 

(50 µg), supernatant (50 µg), and fractions retained on GST-p13suc1-agarose (2% of 

total bound) were immunoblotted with maize CDKA;1 affinity-purified 

antibodies or tobacco CDKB1 antiserum.  Antibodies used for immunoblotting 

are shown on the right side of each panel. 
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Cyclin binding and CDK activation in Drosophila S2 cells 

To gain insight into the potential composition of maize cyclin/CDK 

complexes in endosperm, I tested the ability of S2 cell-expressed CDKA;1, 

CDKA;3 and CDKB1;1, to physically interact with maize cyclins of the major A-, 

B-, and D-types that are expressed in this tissue (Chapter 2).  CDKA;1, CDKA;3 

or CDKB1;1 were expressed in combination with CYCB1;3, CYCD5;1 or 

CYCD2;1.  CYCA1;3 could not be expressed in S2 cells; instead, in vitro 

synthesized CYCA1;3 was added to extracts of S2 cells-expressing CDKA;1, 

CDKA;3 and CDKB1;1.  Cyclins were immunoprecipitated from S2 cell extracts, 

and immunoprecipitates were analyzed by histone H1 kinase activity assays.  In 

the case of co-expression assays with CDKA;1 and CDKA1;3, 

immunoprecipitates were immunoblotted with a mouse monoclonal PSTAIR 

antibody. 

CYCD2;1 physically interacted with co-expressed CDKA;1 and CDKA;3, 

producing active kinase complexes capable of phosphorylating histone H1 

(Figure 3.7C).  The amount of kinase activity obtained appeared to be in direct 

proportion with the amount of CDKA interacting with CYCD2;1.  CYCB1;3 

(Figure 3.7B) and CYCD5;1 (Figure 3.7D) interacted with co-expressed CDKA;1 

and CDKA;3, although no active kinase complexes were formed.  CYCA1;3, 

which was synthesized in vitro and added to extracts, interacted with S2 cell 

PSTAIRE-containing polypeptides not only in extracts of cells transfected with 
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CDKA;1- and CDKA;3-driving constructs, but also in extracts of cells transfected 

with control, empty vectors (Figure 3.7A).  These polypeptides are likely CDK1 

and/or CDK2, Drosophila PSTAIRE-containing, CDK homologues of molecular 

weights similar to those of CDKA;1 and CDKA1;3.  Indeed, A-type cyclin 

homologues interact with CDK1 and CDK2 in animals.  Therefore, I cannot assert 

unambiguously whether CDKA;1 and CDKA1;3 bind CYCA1;3.  In similar co-

expression assays, CDKB1;1 did not form active complexes with maize cyclins 

(data not shown).  Because of the detection of rabbit anti-cyclin IgG by secondary 

antibodies and the consequent high background signal in immunoblots, I could 

not determine whether CDKB1;1 bound maize cyclins. 
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Figure 3.7.  Interaction of CDKA;1 and CDKA;3 with maize cyclins and 

formation of active kinase complexes. 

Maize CDKAs and cyclins were co-expressed in S2 cells and complexes 

were immunoprecipitated from extracts with corresponding cyclin antibodies.  

Immunoproecipitates were analyzed by immunoblotting with PSTAIR antibody 

(upper panel) and histone H1 kinase assays (lower panel).  (A) In vitro 

synthesized CYCA1;3 added to extracts of S2 cells expressing CDKA;1 or 

CDKA;3.  (B) Co-expression of CDKA;1 or CDKA;3 with CYCB1;3 in S2 cells.  (C) 

Co-expression of CDKA;1 or CDKA;3 with CYCD2;1 in S2 cells.  (D) Co-

expression of CDKA;1 or CDKA;3 with CYCD5;1 in S2 cells. 
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DISCUSSION 

The complexity of maize A- and B-type CDKs 

Many angiosperms contain multiple genes encoding A-type CDKs (Joubès 

et al., 2000b).  With the exception of CDKA;1 and CDKA;2 (Colasanti et al., 1991), 

which are believed to be paralogues established by a recent gene duplication, 

most of these genes share orthologous relationships (Joubès et al., 2000b).  Here I 

describe an additional maize A-type CDK, CDKA;3, which does not appear to be 

paralogous to CDKA;1 and CDKA;2.  At the amino acid sequence level, CDKA;3 

is more closely related to Orysa;CDKA;2 than to CDKA;1 and CDKA;2, both of 

which are more closely related to another rice A-type CDK, Orysa;CDKA;1 

(Figure 2.1B). 

Previously, members of the plant-specific B-type CDKs had not been 

described in maize.  Here I report the characterization of two maize endosperm-

expressed B-type CDKs (Figure 2.1A).  Amino acid sequence comparisons 

indicated that CDKB1;1 and CDKB2;1 are most closely related to Orysa;CDKB1;1 

and Orysa;CDKB2;1, respectively.  Interestingly, CDKB2;1 and Orysa;CDKB2;1 

contain B1-type PPTALRE motifs, although they are more closely related to B2-

type CDKs (Figure 2.1B).  Thus far, archetypical B2-type CDKs carrying a 

PPTTLRE motif have not been described in monocots.  Understanding the 

complexity and evolution of B1 and B2-type CDKs in plants will require greater 

availability of characterized genes and genomes (Joubès et al., 2000b).
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A- and B-type CDKs have distinct expression patterns during endosperm 

development 

CDKA;1, CDKA;3, CDKB1;1 and CDKB2;1 had similar patterns of 

transcript accumulation during endosperm development (Figure 3.2).  Transcript 

levels were higher during the mitotic stage of endosperm development and 

declined as the endosperm transitioned into the endoreduplication stage of 

development.  Consistent with these results, transcripts of CDKA;1, CDKA;3, 

CDKB1;1 and CDKB2;1  accumulated at higher levels in the mitotically active 

shoot apices than in leaf blades, which contain a smaller proportion of 

proliferating cells.  However, CDKB1;1 and CDKB2;1 transcript abundance 

appeared to decrease more sharply than that of CDKA;1 and CDKA;3 during 

endosperm development. 

Immunoblots of developing endosperm extracts with CDKA;1 and 

CDKB1;1 antibodies revealed more obvious differences in the expression of these 

proteins (Figure 3.5): while CDKA;1/3 levels declined only slightly during 

endosperm development, CDKB1;1 levels were much higher at the mitotic stage 

of development, and CDKB1;1 was not detected at later stages.  Indeed, at the 

tissue level, A- and B-type CDKs appear to be expressed in cells competent for 

division, but only A-type CDKs were persistently expressed in non-proliferating 

cells (Martinez et al., 1992; Hemerly et al., 1993; Fobert et al., 1996; Segers et al., 

1996; Umeda et al., 1999).  These results are in agreement with previous 
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demonstrations that A-type CDKs control mitotic and endoreduplication cell 

cycles (Hemerly et al., 1995; Leiva-Neto et al., 2004), and that CDKB1;1 plays a 

role at the G2/M transition of the mitotic cell cycle (Porceddu et al., 2001; 

Boudolf et al., 2004a; Boudolf et al., 2004b). 

 

The contribution of CDKB1;1 to mitotic CDK activity at the early stage of 

endosperm development 

CDKB1;1 extracted from 9 DAP endosperm binds p13suc1, similarly to 

CDKA;1 (Figure 3.6) (Leiva-Neto et al., 2004).  Consistent with these 

observations, various plant CDKs of the A- and B-types were shown to 

physically interact with the regulatory proteins SUC1/CKS (De Veylder et al., 

1997; Joubès et al., 1999; Boudolf et al., 2001).  I did not determine the individual 

contributions of A- and B1-type CDKs, among other possible CDK types, to the 

total kinase activity that can be purified by affinity to p13suc1.  Overexpression of 

a catalytically-inactive CDKA;1 only partially reduced the kinase activity in 12-

DAP endosperm that adsorbed on p13suc1-agarose beads (Leiva-Neto et al., 2004).  

Although the remaining kinase activity that bound p13suc1 could be due to the 

endogenous CDKA;1, this result suggested that the activity of CDKA;1-

containing complexes was responsible for only part of the CDK activity that 

bound p13suc1.  The presence of CDKB1;1 in the p13suc1-adsorbed fraction 

indicates that part of the CDK activity at the mitotic stage of endosperm 
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development can be attributed to CDKB1;1-containing complexes.  Therefore, the 

progressive reduction in mitotic CDK activity during the endoreduplication 

stage of endosperm development is possibly caused not only by inhibitory 

activity (Grafi and Larkins, 1995; Sun et al., 1999b), but also by the decreased 

abundance of CDKB1;1 (Figure 3.5) and possibly of its cyclin partner(s).  

Overexpression of a dominant-negative, catalytically inactive form of 

Arath;CDKB1;1 in tobacco and Arabidopsis plants delayed the G2/M transition 

(Porceddu et al., 2001; Boudolf et al., 2004a) and enhanced endoreduplication in a 

context of S-phase gene activation by E2Fa/DPa transcription factors (Boudolf et 

al., 2004b).  Likewise, down-regulation of CDKB1;1/cyclin complexes in maize 

endosperm could be a requirement for the switch from a mitotic into an 

endoreduplication cell cycle. 

 

CDKA;1 and CDKA;3 form active complexes with CYCD2;1 in S2 cells 

The identity of plant CDKs and cyclins that form functional complexes in 

planta is largely unknown.  In a few cases, active cyclin/CDK complexes have 

been identified by immunoprecipitation from synchronized plant cell cultures.  

Insight into the composition of cyclin/CDK complexes has also been provided by 

experiments in which baculovirus vectors were used to co-express individual 

cyclins and CDKs in insect cell cultures.  These approaches demonstrated the 

ability of plant A-type CDKs to interact with D-type cyclins in plant (Nakagami 
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et al., 1999; Healy et al., 2001) and insect cell cultures (Nakagami et al., 1999; 

Kono et al., 2003), and with an A1-type cyclin in plant cell cultures (Nakagami et 

al., 1999).  Orysa;CDKB2;1 was shown to interact and form active kinase 

complexes with Orysa;CYCB2;1 and Orysa;CYCB2;2 (Lee et al., 2003) and with 

Orysa;CYCD4;1 (Kono et al., 2003) in insect cells. 

I attempted to identify components of cyclin/CDK complexes formed in 

planta by immunoprecipitation and immunoblotting, but it was not possible 

probably because of the difficulty in obtaining sufficient amounts of cyclin/CDK 

complexes from the asynchronous endosperm cells.  I therefore approached the 

identification of maize cyclin/CDKs functional complexes by expressing cyclins 

and CDKs in the highly amenable Drosophila S2 cell system, based on the premise 

that active complexes formed in this heterologous system reflect the situation in 

planta.  CDKA;1 and CDKA;3 interacted with CYCB1;3, CYCD5;1 and CYCD2;1, 

but only the latter yielded active complexes (Figure 3.7).  Although I did not test 

this possibility, complexes formed by CDKA;1 and CDKA;3 with CYCB1;3 and 

CYCD5;1 might preferably utilize substrates other than histone H1.  Although 

the highly divergent Orysa;CDKB2;1 formed active kinase complexes with B2- 

and D4-type cyclins in insect cells (Kono et al., 2003; Lee et al., 2003), these maize 

CDKA/cyclin complexes may have undergone some form of inappropriate post-

translational modification by the S2 cells. 
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Coincident temporal expression of CDKA;1 and CDKA;3 (Figure 3.2 and 

5) and CYCD2;1 (Chapter 2) during maize endosperm development, and their 

association in functional complexes in S2 cells suggest that both CDKA;1 and 

CDKA;3 could form active complexes by interacting with CYCD2;1 in 

endosperm cells.  Arath;CDKA;1/CYCD2;1 complexes are active from early G1 

upon cell cycle re-entry in Arabidopsis cell cultures (Riou-Khamlichi et al., 2000; 

Healy et al., 2001).  Similarly, CDKA;1/CYCD2;1 and/or CDKA;1/CYCD2;1 

complexes may regulate this transition during mitotic and endoreduplication cell 

cycles in maize endosperm.  The negative impact of an overexpressed dominant-

negative CDKA;1 on endoreduplication cycles in maize endosperm (Leiva-Neto 

et al., 2004) could be due to interaction with CYCD2;1 or other cyclin subunits 

that bind not only CDKA;1, but also CDKA;3.  The association of CDKA;1 and 

CDKA;3 with CYCD2;1 in active complexes in S2 cells, and the similar 

accumulation of CDKA;1 and CDKA;3 transcripts during endosperm 

development, suggest that these CDKs could be functionally redundant.  

However, the existence of multiple A-type CDKs in maize raises the possibility 

of distinct, specialized functions for these proteins.  Indeed, two similar A-type 

CDKs from alfalfa, Medsa;CDKA1;1 and Medsa;CDKA2;1, encoded by different 

genes, complemented S. cerevisiae cdc28 mutant alleles blocked at the G1/S and 

G2/M transitions, respectively (Hirt et al., 1993). 
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Answering questions regarding CDK function in maize endosperm will 

require the generation of several mutants that affect CDK subunits in a gene-

specific manner.  It may be possible to use dominant-negative mutant 

approaches that have been successful at generating cell cycle phenotypes 

(Hemerly et al., 1995; Porceddu et al., 2001; Boudolf et al., 2004a; Boudolf et al., 

2004b; Leiva-Neto et al., 2004).  An endosperm culture system that allowed some 

degree of cell cycle synchronization would be very valuable for the identification 

of specific cyclin/CDK interactions. 
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MATERIALS AND METHODS 

Database search and sequence analysis 

Sequence similarity searches of Pioneer Hi-Bred’s maize EST database 

were performed with the BLAST algorithm (Altschul et al., 1990).  Deduced 

amino acid sequences were aligned with CLUSTAL W v1.81 (Thompson et al., 

1994) using the BLOSUM matrix (NCBI, Bethesda, MD).  Similarity and identity 

estimations were performed with GeneDoc version 2.6.002  

(http://www.psc.edu/biomed/genedoc/). 

 

Plant materials 

Maize (Zea mays L.) inbred line B73 was grown in the field or greenhouse, 

and hand-pollinated.  Developing kernels were harvested at different stages, 

frozen in liquid N2 and stored at -80°C for later analysis.  RNA and protein 

analyses were performed with endosperm manually dissected from slightly 

thawed kernels, that were immediately refrozen in liquid N2 prior to 

homogenization.  Shoot apices and leaf blades were isolated from seedlings for 

RT-PCR experiments. 

 

RNA extraction and semi-quantitative RT-PCR 

DNA-free, total RNA was extracted with an Absolutely RNA RT-PCR 

Miniprep Kit (Stratagene, La Jolla, CA), as per the manufacturer’s instructions.  
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Concentration and quality of RNA were determined by spectrophotometry and 

inspection of ethidium bromide-stained samples after agarose gel 

electrophoresis.  RT-PCR was performed with 25 ng of total RNA and a Titan 

One-Tube RT-PCR kit (Roche, Hamburg, Germany) using gene-specific primers 

for reverse transcription.  Transcripts were amplified with the following 

combination of primers: CDKA;1F, 5’-

GCGTACTGCCATTCTCATAGAGTTCTTCATCGAG -3’ and CDKA;1R 5’-

GGCAAACAACTGACTCCTGGCCAACTCTGC -3’; CDKA;3F, 5’-

ACCGCGACCTGAAGCCGCAGAACCTG -3’ and CDKA;3R, 5’-

GGCGGCGCGGGCGGTGATCCTC -3’; CDKB1;1F, 5’-

TTGCCCATCGACGGTAGACGAGAGCGAG-3’ and CDKB1;1R, 5’-

AGTCACCAGGAAAGAGAGCCTGCCGTCG-3’; CDKB2;1F, 5’-

ATGGCGACGATCCAGAACAAGCCGACT C-3’ and CDKB2;1R, 5-‘CAT 

CGGAGTCAAGACCAGGGACAAGAGTGG-3’; ACT1F, 5'-

ATTCAGGTGATGGTGTGAGCCACAC-3' and ACT1R, 5'-

GCCACCGATCCAGACACTGTACTTCC-3'.  Annealing steps were at 65°C.  In 

reactions for amplification of CDK transcripts, CDKA;1 and CDKA;3 primers or 

CDKB1;1 and CDKB2;1 primers were used in combination.  DNA amplification 

was performed in the presence 0.7 µl of 10 mCi/ml α[32P]dCTP (NEN, Boston, 

MA); typically, 24-27 cycles were performed for amplification of CDK trancripts, 

and 17 cycles was used for actin RNA.  Using these conditions, I found that DNA 
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amplification was within the exponential range.  Reaction products were 

separated by electrophoresis in 4% polyacrylamide/TBE gels, which were dried, 

and exposed to a Phosphorscreen (Molecular Dynamics, Sunnyvale, CA) that 

was scanned with a Storm 860 PhosphorImager (Molecular Dynamics).  

Quantitation of radioactivity was performed with ImageQuant image analysis 

software (Amersham, Piscataway, NJ). 

 

Expression and purification of GST fusions 

DNA sequences containing the full-length coding regions of maize CDKs 

were amplified from cDNA clones with Pfu DNA polymerase (Stratagene).  

Amplified fragments were cloned into pGEX6P-3 or pGEX4T-3 expression 

vectors (Amersham, Piscataway, NJ) and the nucleotide sequences verified by 

sequencing. GST-CDK fusions were expressed in E. coli BL21(DE3) Codonplus 

RIL (Stratagene) by induction of cultures at O.D.600~0.5 with 0.1 mM isopropyl-β-

D-thiogalactopyranoside at 30°C for 3 hr.  Cells were collected by centrifugation 

and lysed in extraction buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM 

EDTA, 1 mM DTT) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1% 

Triton X-100, and 1 mg/mL lysozyme, for 30 min on ice, followed by sonication.  

Lysates were cleared by centrifugation at 15,000g for 15 min, and incubated with 

glutathione-agarose beads (Sigma, St. Louis, MO) at 4°C.  Beads were washed 

extensively with extraction buffer, and the GST fusions were eluted with 10 mM 
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glutathione in extraction buffer.  GST-CDKB1;1 was extracted from inclusion 

bodies by resuspending twice in 50 mM Tris-HCl, pH 7.5, 2M urea, followed by 

centrifugation at 15,000g for 15 min, the pellet initially obtained after cell lysis.  

The resulting inclusion bodies were resuspended in 50 mM Tris-HCl, pH 7.5, 8M 

urea, found to consist almost entirely of GST-CDKB1;1 after  SDS-PAGE analysis, 

and processed for antigen preparation and antibody purification.  

 

Antibodies  

GST-CDK fusions purified by affinity to glutathione or from inclusion 

bodies were separated by SDS-PAGE; the gels were stained with 0.05% 

Coomassie Blue R250 in distilled H2O and regions containing antigens were 

excised.  New Zealand White rabbits were injected four-times (200 µg of protein 

each) by Strategic BioSolutions (Newark, DE).  Affinity-purification of antibodies 

was performed as described by Harlow and Lane (1988).  An IgG-enriched 

fraction was obtained from crude antisera by precipitation with 50% NH3SO4 

saturation.  The resulting pellet was resuspended in 50 mM Tris-HCl, pH 7.5, and 

dialyzed.  This fraction was depleted of GST antibodies by incubation overnight 

at 4°C with GST covalently linked to Reacti-Gel 6X agarose beads (Pierce, 

Rockford, IL) on and end-to-end rocker.  The supernatant was incubated 

overnight at 4°C with the corresponding GST-CDK fusion covalently linked to 

Reacti-Gel 6X, on and end-to-end rocker.  Typically, the IgG fraction from 5 ml of 
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crude serum was purified on beads containing 1 mg of crosslinked protein.  

Antibody-adsorbed beads were washed extensively with 50 mM Tris-HCl, pH 

7.5, and the antibodies were eluted with 100 mM NaCl, 100 mM glycine, pH 2.4.  

Collected fractions were immediately neutralized with 0.1 volume of 2 M Tris-

HCl, pH 8.0; those containing the bulk of IgGs were pooled and concentrated 

with Centricon-10 spin cartridges (Millipore, Billerica, MA), followed by 

extensive buffer exchange with phosphate buffer saline (PBS), pH 7.2.  Affinity-

purified CDK antibodies were used in immunoblots at 100 ng/ml. 

Rabbit polyclonal serum against a synthetic peptide corresponding to the 

C-terminus of tobacco CDKB1 (Sorrell et al., 2001) was a gift from James A.H. 

Murray (University of Cambridge), and used in immunoblots at 1:500 dilution.  

Commercially available antibodies used were goat polyclonal against GST 

(Amersham, used at 1:1000 dilution), and mouse monoclonal antibodies against 

actin (N350, Amersham, used at 300 ng/ml dilution) and PSTAIR motif (Sigma, 

used at 1:500 dilution).  Affinity-purified antibodies against maize CYCA1;3, 

CYCB1;3, CYCD2;1 and CYCD5;1 were previously described (Chapter 2). 

 

Extraction of soluble protein from maize endosperm 

Dissected endosperms were homogenized with 3 volumes of ice-cold 

buffer either with a Polytron (Kinematica AG, Cincinnati, OH) or, for small-scale 

preparations, in conical microcentrifuge tubes with plastic pestles. For 
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immunoblotting and immunoprecipitation assays, endosperm was homogenized 

in NETT buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.5% 

Triton X-100, 1 mM DTT) supplemented with 1 mM β-glycerophosphate, 1 mM 

NaF, 1 mM Na2VO4, and Complete EDTA-free Protease Inhibitor Cocktail 

(Roche, Hamburg, Germany).  Homogenates were cleared by centrifugation at 

15,000g for 15 min at 4°C, and supernatants filtered through Miracloth 

(Calbiochem, San Diego, CA).  Supernatants were either used immediately or 

frozen in liquid N2 and kept at -80°C for subsequent use. Protein concentration 

was determined with 10-fold diluted extracts by the Bradford assay (Protein 

Assay kit, Bio-Rad, Hercules, CA), using BSA (Pierce) as standard. 

 

Immunoblotting  

Purified GST-fusions, S2 cell extracts, endosperm extracts, and 

immunoprecipitates were separated by 12.5% or 15% SDS-PAGE, and blotted 

onto nitrocellulose membranes (Protran BA 85, Schleicher and Schuell, Dassel, 

Germany) in a tank transfer system (Mini Trans-Blot Cell, Bio-Rad) at 200 Vh in 

TGM buffer (25 mM Tris, 192 mM glycine, 20% methanol).  Membranes were 

blocked with 5% fat-free milk solids in TBST (20 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 0.05% Tween-20), and incubated with antibodies in 5% milk TBST, 

overnight, at 4°C.  Membranes were washed with TBST for 10 min three times 

and incubated with a 1:10,000 dilution of anti-rabbit (Pierce) or anti-mouse 
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(Sigma) IgG-horseradish peroxidase conjugate in 5% milk TBST.  Membranes 

were subsequently washed with TBST for 10 min three times and developed with 

SuperSignal West Pico Chemiluminescent Substrate System (Pierce) followed by 

exposure to radiographic film for various time intervals.   

 

Assay of CDK interaction with p13suc1 

Extract of 9-DAP endosperm in NETT buffer (5 mg of total soluble 

protein) was incubated with 1 ml of 1 mg/ml GST crosslinked to Reactigel beads 

for 2 h at 4°C by gentle rocking.  Beads were collected by brief centrifugation; the 

supernatant was removed and incubated with 1 ml of 1 mg/ml GST-p13suc1 

crosslinked to Reactigel beads for 2 h at 4°C by gentle rocking.  Beads were 

washed three times for 15 min with 10 ml of NETT buffer at 4°C by gentle 

rocking.  GST-p13suc1-bound proteins were eluted with 1 ml of 2X SDS-PAGE 

loading buffer.  Twenty µl-aliquots (2% of total bound), along with 50 µg of input 

extract and supernatant, were analyzed by immunoblotting with the tobacco 

CDKB1 antiserum and affinity-purified CDKA;1 antibodies. 

 

Expression in S2 cell culture  

CDK and cyclins were expressed in Drosophila melanogaster Schneider’s 2 

(S2) cells (Schneider, 1972), a gift from Thomas Bunch (University of Arizona).  

Full-length coding sequences were amplified from cDNA clones with Pfu DNA 
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polymerase (Stratagene), cloned into pHSKSMCS (a gift from Thomas Bunch), 

and verified by sequencing.  pHSKSMCS contains the Drosophila HSP70 

promoter, the pBluescript multi-cloning site (at KpnI-SacI orientation), and an α-

tubulin terminator on a pUC18 backbone.  S2 cells were cultured in Shields and 

Sang M3 medium (Sigma) supplemented with 10% fetal calf serum (Sigma), 100 

units/ml penicillin and 100 µg/ml streptomycin, at 25°C with air as the gas 

phase.  Transfections were performed with Cellfectin (Invitrogen, Carlsbad, CA) 

as per the manufacturer’s instructions.  Briefly, 2 x 106 cells were transfected with 

1 ml of M3 medium containing a mixture of 10 µl of Cellfectin and equal 

amounts of DNA for each construct, up to 2 µg combined.  Six hr after 

transfection, 0.5 ml of medium supplemented with 30% fetal calf serum was 

added to the cell cultures.  Expression was induced 24 to 36 hr after transfection 

by heat shock (37°C, 1 hr).  Cells were allowed to recover at 25°C for 2 hr and 

harvested by centrifugation.  Medium was discarded, cells were frozen in liquid 

N2, and store at -80°C for later use.  Cells were lysed by resuspension on ice-

chilled NETT buffer supplemented with 1 mM β-glycerophosphate, 1 mM NaF, 1 

mM Na2VO4, Complete EDTA-free Protease Inhibitor Cocktail, followed by 

sonication for 5 sec.  Lysates were cleared by centrifugation at 15,000g for 15 min 

at 4°C, and used in immunoblots or immunoprecipitation assays.  
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In vitro transcription/translation of CYCA1;3  

CYCA1;3 was not successfully expressed in S2 cells. Therefore, for 

assaying CYCA1;3 interaction with CDKs, in vitro synthesized CYCA1;3 was 

added to lysates of S2 cells expressing CDKs.  Coupled transcription/translation 

of CYCA1;3 was performed with the TNT System for PCR DNA (Promega, 

Madison, WI).  Primer design and reactions were performed according to the 

manufacturer’s instructions. PCR-generated DNA template was used at a final 

concentration of 20 ng/µl. Three µl were mixed with S2 cell extracts, and 

incubated for 90 min at 4°C with gentle rocking prior to immunoprecipitation.   

 

Immunoprecipitation 

Forty µl of 50% protein A-agarose (Sigma) slurry was added to S2 cell 

soluble protein extracts and incubated for 1 h at 4°C with gentle rocking.  Beads 

were collected by a quick-spin centrifugation, and the supernatants removed.  

Affinity-purified antibodies (0.5 µg) were added to the supernatants and 

incubated for 90 min at 4°C with gentle rocking. Forty µl of 50% protein A-

agarose slurry was added, and incubation continued for 90 min at 4°C. In co-

expression experiments of cyclins with CDKB1;2 or CDKB2;1, 0.5 µg of cyclin 

antibodies crosslinked to Reactigel beads were used instead.  Beads were washed 

three times for 15 min with 1 ml of NETT buffer at 4°C by gentle rocking.  
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Immunoprecipitates bound onto agarose beads were analyzed by 

immunoblotting or used in kinase assays. 

 

Kinase assays 

Cyclin immunoprecipitates adsorbed on protein A-agarose beads were 

equilibrated in 50 µl of kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 20 

mM EGTA, 1 mM DTT, 1 mM β-glycerophosphate) on ice.  Following removal of 

the supernatant, a mixture containing 7 µl of kinase buffer and 1 µl each of 2.5 

µg/µl of histone H1 (Sigma), 4 mM ATP, and 10 mCi/ml γ[32P]ATP (Amersham) 

was added to the beads. Reactions were carried out for 30 min at room 

temperature, and stopped with 10 µl of 5X SDS-PAGE sample loading buffer.  

Reaction products were separated by 12.5% SDS-PAGE.  Gels were stained with 

Coomassie Blue R250, dried, exposed to an X-ray film or to a Phosphorscreen, 

which was scanned with a Storm 860 PhosphorImager. 
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CHAPTER 4 

 

 

DISCUSSION, CONCLUSIONS AND PERSPECTIVE 

 

 

This study allowed the identification of maize cyclins and CDKs that are 

expressed in the endosperm and that could participate in the regulation of the 

mitotic and endoreduplication cell cycles during the development of this tissue.  

The creation of antibodies that specifically recognize members of the maize D-, 

A-, and B-type cyclins allowed me to document their spatial and temporal 

patterns of expression and associated kinase activities during development.  A-

type CDKs that were able to form complexes with some of these cyclins in a 

heterologous cell culture system were identified, along with a B1-type CDK that 

could contribute to the mitotic CDK activity present early in endosperm 

development.  Although the results of this study do not allow determination of 

the roles played these cyclins and CDKs in maize endosperm mitotic and 
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endoreduplication cell cycles, they provide significant insights into the 

expression of cyclins and CDKs, their possible interactions, and regulation.  

With the exception of CYCA1;3-associated kinase activity, that associated 

with CYCB1;3, CYCD2;1 and CYCD5;1 peaked at 11 DAP (Figure 2.8), a 

developmental stage at which the endosperm mitotic index (Kowles and Phillips, 

1985) and rate of cell division (Lur and Setter, 1993) are maximal.  This 

correlation suggests that these activities are perhaps mostly associated with the 

mitotic rather than the endoreduplication cell cycle in developing endosperm, 

although endoreduplication has initiated by this stage (Figure 2.3) (Kowles and 

Phillips, 1985; Lur and Setter, 1993).  The reduced amounts of kinase activity 

associated with these cyclins at the endoreduplication stage of development 

indicate that they possibly do not belong to major complexes controlling the 

endoreduplication cell cycle.  Alternatively, but not mutually exclusive, the 

overall activity of cyclin/CDK complexes in endoreduplicating endosperm cells 

could be less than that in mitotic endosperm cells.  To date, only one type of CDK 

complex that appears to be up-regulated during endoreduplication in maize 

endosperm has been identified, although it has not been thoroughly 

characterized.  Mammalian CDK complexes involved with S-phase regulation 

bind E2F transcription factors and the adenoviral protein E1A.  Grafi and Larkins 

(1995) reported that higher levels of a histone H1 kinase activity that binds 

human E2F1 and E1A (and thus presumably corresponds to the activity of S-
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phase CDKs), and that contains CDKA;1, exist in 16-DAP compared to 8-DAP 

endosperm.  However, the identity of the cyclin subunit(s) in these complex(es) 

is unknown. 

Overexpression of a dominant-negative, catalytically-inactive mutant 

form of CDKA;1 in the endosperm, starting at 10-12 DAP, did not impact cell 

division, but it reduced endoreduplication levels by half (Leiva-Neto et al., 2004).  

This implies that the mutant CDKA;1 interacted with cyclins that regulate the 

G1/S transition and/or S-phase.  In plants, these cell cycle stages appear to be 

controlled by complexes containing A-type CDKs and D2-, D3-, A3- and A1-type 

cyclins (Nakagami et al., 1999; Cockcroft  et al., 2000; Healy et al., 2001; Yu et al., 

2003).  It was not possible to determine whether CYCA1;3, CYCB1;3, CYCD2;1 or 

CYCD5;1 interacted with the transgenically over-expressed CDKA;1, possibly 

because of the small amounts of these complexes and asynchronous cell cycles in 

the endosperm.  However, the association between CDKA;1 and CDKA;3 with 

CYCB1;3, CYCD5;1 and particularly with CYCD2;1, which yielded active 

complexes Drosophila S2 cells (Figure 3.7), indicates that these complexes could 

be formed in planta.  Progress in understanding plant cell cycle control has come 

from the analysis of gene expression and protein interactions in synchronous 

tobacco, Arabidopsis and Medicago cell cultures (Magyar et al., 1997; Nakagami et 

al., 1999; Riou-Khamlichi et al., 2000; Healy et al., 2001; Menges and Murray, 

2002; Planchais et al., 2004).  The identification of specific cyclin/CDK 
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interactions could be greatly facilitated by the development of an endosperm 

tissue culture system that would allow some degree of cell cycle synchronization. 

The results reported here provide information as to what genes could be 

targeted by genetic strategies to further manipulate mechanisms not only 

controlling endoreduplication, but also mitotic cell cycles in maize endosperm.  

Indeed, my efforts in identifying additional CDKs and cyclins expressed in maize 

endosperm and their possible interaction were complementary to the 

experiments in which CDKA;1 function (as the first and best-characterized maize 

CDK) was targeted for disruption during endosperm development (Leiva-Neto 

et al., 2004).  Surprisingly, a 50% reduction in endoreduplication by down-

regulation of CDKA;1 activity did not cause major changes in cell size and gene 

expression.  Consequently, elucidation of the role played by endoreduplication 

in maize endosperm development may require its complete abolishment, which 

could be accomplished by the generation of mutants affecting the expression and 

activity of other CDK subunits and their cyclin partners in an endosperm-specific 

manner.  In this regard, not only A- and but also B-type CDKs have been 

successfully targeted by dominant-negative mutant approaches, and this 

generated cell cycle phenotypes (Hemerly et al., 1995; Porceddu et al., 2001; 

Boudolf et al., 2004a; Boudolf et al., 2004b; Leiva-Neto et al., 2004).  Down-

regulation of cyclin expression could be achieved in transgenic plants expressing 
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transgenes that induce post-transcriptional gene silencing in an endosperm-

specific manner.  

Immunohistochemical analysis revealed distinct spatial distribution 

patterns of CYCA1;3, CYCB1;3; CYCD2;1 and CYCD5;1 (Figure 2.8).  An 

additional way to assess cyclin localization that could support these observations 

involves generation of transgenic plants expressing, under the control of their 

endogenous promoters, full-length cyclins fused to GFP.  This would allow 

analysis of not only spatial and temporal expression during maize development, 

but also cell cycle stage-dependent expression.  Similar strategies have been 

employed in transgenic plants and cell cultures, but they have relied on 

heterologous promoters, such as the CaMV 35S promoter (Yu et al., 2003), or 

endogenous cyclin promoters driving a truncated cyclin coding sequence fused 

to that of β-glucuronidase (Colón-Carmona et al., 1999).  Transgenic and 

immunohistochemical approaches aimed at determining the localization of cell 

cycle regulators in endosperm nuclei at different stages during interphase will be 

greatly facilitated by the simultaneous detection of newly replicated nuclear 

DNA, as a marker for S-phase.  Many such strategies rely on feeding tissues with 

5-bromo-2-deoxyuridine, followed by its detection with antibodies. 

Cyclin proteolysis in endosperm, which was to large extent mediated by 

the proteasome, was nearly absent from 15-DAP endosperm extracts but not at 7-

DAP extracts (Figure 2.9).  At 15 DAP, endosperm is approaching its maximal 
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ploidy level as a result of endoreduplication, but it is also showing early signs of 

a PCD process that resembles apoptosis (Young et al., 1997; Young and Gallie, 

2000a).  The consequence of cyclin stability is unknown, but it could be related to 

the cellular process that follows endoreduplication during maize endosperm 

development, PCD. 

The activity of the proteasome in PCD appears to vary, and the few 

studies reported for plants are, for the most part, conflicting.  Senescence 

processes in plants are believed to be reminiscent of animal PCD, and the 

ubiquitin/26 S proteasome pathway appears to be operating during these 

processes (Vierstra, 2003; Smalle and Vierstra, 2004).  For example, 

pharmacological inhibition of proteasome activity delayed induction and 

progression of Zinnia elegans tracheary element differentiation, which involves 

PCD (Woffenden et al., 1998).  However, senescence is correlated with reduced 

gene expression of proteasome subunits: transcripts of a 26S proteasome α-type 

subunit were found to be more abundant in proliferating than in senescing 

leaves and flowers of tobacco plants (Bahrami and Gray, 1999).  Similarly, 

accumulation of ubiquitin, α-, and β-type proteasome subunit transcripts were 

higher in exponentially growing, but not stationary Arabidopsis cell cultures 

(Genschik et al., 1994).  Virus-induced gene silencing of two different subunits of 

the 26 S proteasome led to the accumulation of polyubiquitinated proteins and 
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induced PCD in tobacco plants (Kim et al., 2003).  Recent studies showed that in 

mammalian cell cultures undergoing apoptosis, polyubiquinated proteins 

accumulate as a result of reduced proteasomal activity due to the degradation of 

proteasome subunits by caspases (Sun et al., 2004).  

Therefore, the proteasome appears to play opposing roles in regulating 

PCD, and its activity might depend on the state, proliferating or quiescent, of 

cells (Grimm and Osborne, 1999; Kim et al., 2003).  According to a model 

proposed by Grimm and Osborne (1999), in quiescent cells proteasome activity 

may induce PCD, which would be prevented by proteasome inhibition.  

Conversely, in proliferating cells, proteasome inhibition causes accumulation of 

cell cycle regulators and consequently dysregulation of the cell cycle, which in 

turn could drive cells into PCD.  My observation of cyclin stability in endosperm 

cells perhaps best fits the latter.  Understanding the mechanisms responsible for 

the apparent change in activity of the ubiquitin/26 S proteasome pathway 

during maize endosperm development, and how this impacts the expression of 

cell cycle regulators may help to elucidate not only the mechanisms controlling 

the endoreduplication cell cycle but also its function in maize endosperm 

development.  
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