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ABSTRACT We report the characterization of a maize
Weel homologue and its expression in developing endosperm.
Using a 0.8-kb cDNA from an expressed sequence tag project,
we isolated a 1.6-kb cDNA (ZmWeel), which encodes a protein
of 403 aa with a calculated molecular size of 45.6 kDa. The
deduced amino acid sequence shows 50% identity to the
protein kinase domain of human Weel. Overexpression of
ZmWeel in Schizosaccharomyces pombe inhibited cell division
and caused the cells to enlarge significantly. Recombinant
ZmWeel obtained from Escherichia coli is able to inhibit the
activity of p13s“l-adsorbed cyclin-dependent kinase from
maize. ZmWeel is encoded by a single gene at a locus on the
long arm of chromosome 4. RNA gel blots showed the ZmWeel
transcript is about 2.4 kb in length and that its abundance
reaches a maximum 15 days after pollination in endosperm
tissue. High levels of expression of ZmWeel at this stage of
endosperm development imply that ZmWeel plays a role in
endoreduplication. Our results show that control of cyclin-
dependent kinase activity by Weel is conserved among eu-
karyotes, from fungi to animals and plants.

The cell cycle in eukaryotes is controlled by a family of
conserved cyclin-dependent protein kinases (CDKs) (re-
viewed in refs. 1-6). The catalytic subunit of these enzymes,
such as p34°P€2 for CDK1 and p33°P<2 for CDK2, contains a
conserved protein kinase domain whose activity depends on
association with a cyclin regulatory subunit (reviewed in ref.
6). CDK activity fluctuates in a regulated manner during the
cell cycle, triggering essential events. This oscillation is safe-
guarded by sophisticated regulatory networks that involve
transcriptional and posttranscriptional mechanisms (reviewed
in refs. 6 and 7). By integrating intracellular and extracellular
signals that modulate CDK activities, this control network
modulates cellular proliferation with developmental and en-
vironmental cues.

In multicellular eukaryotes, phosphorylation and dephos-
phorylation of threonine 14 and tyrosine 15 of the catalytic
subunit of CDKs regulate their activity and determine the
timing of G, and mitosis (8). Phosphorylation of tyrosine 15
inactivates CDK1, whereas dephosphorylation by CDC25 ac-
tivates the enzyme, triggering the G,-to-M-phase transition
(9). Threonine 14 and tyrosine 15 are buried beneath a loop
structure, and cyclin binding induces a conformational change
that makes these residues accessible for phosphorylation (10).
Extracellular stimuli, such as high osmolarity (11), calcium
(12), and UV irradiation (13), affect cell division by regulating
these phosphorylation events.

Phosphorylation of CDKs at tyrosine 15 is mediated by the
related kinases Weel (14-16), Mik1 (15, 17), and Myt1 (18,
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19). The first of these to be identified was Weel from
Schizosaccharomyces pombe, which causes a delay in mitosis by
phosphorylating the M-phase promoting factor on tyrosine 15.
Myt1, a membrane-associated Weel homologue from Xenopus
(18) and humans (19), preferentially phosphorylates threonine
14 and, to a lesser extent, tyrosine 15. Weel/Mik1-type kinases
were identified in a number of eukaryotes, such as Saccharo-
myces cerevisiae (20), humans (21-25), Drosophila (26), Xeno-
pus (27), and mouse (28). The molecular size of Weel/Mikl
kinases ranges from the 107-kDa Swel in S. cerevisiae (20) to
the 68-kDa Weel from Xenopus (27). Most of the sequence
variation in Weel occurs in the amino-terminal domain,
whereas the carboxyl-terminal region, where the protein ki-
nase domain resides, is more conserved (27, 29).

Weel activity is regulated in multiple ways. In synchronized
S. pombe cells, Weel mRNA does not fluctuate during the cell
cycle, but the abundance of Weel protein undergoes moderate
oscillation (29), suggesting the involvement of either transla-
tional or proteolytic regulation. In S. cerevisiae, Swel is reg-
ulated by proteolysis via the Met30-containing F-box ubiquiti-
nation pathway (30), and in Xenopus, proteolysis of Weel via
the ubiquitin-dependent pathway may be required for mitosis
(31). Niml1, a protein kinase in S. pombe, phosphorylates Weel
and inhibits its kinase activity in vitro (32, 33). Overexpression
of Nim1 rescues S. pombe mutants lacking CDC25, whereas the
down-regulation of Niml results in enlarged cells (14), a
phenotype analogous to Weel overexpression. Multiple phos-
phorylation targets for CDK are present in the NH,-terminal
domain of Weel from S. pombe (29). The cyclin B/CDK1
complex is able to phosphorylate human Weel in vitro (25),
although the biological significance of this is unknown. The
activity of Weel also may be regulated through compartmen-
talization. In HeLa cells, Weel is localized exclusively in the
nucleus during interphase, but it becomes redistributed to the
cytoplasm when cells enter mitosis (34).

Though most of the early research on Weel focused on its
role at the G,/M transition (8), evidence is accumulating that
Weel also functions in S phase. Human Weel can phosphor-
ylate mitotic CDK1/cyclin B, CDK2/cyclin E, and CDK2/
cyclin A, the latter two of which are required for entry into and
progression of S phase (25, 35). Consistent with this, the
phosphorylation status of CDK2 changes during the cell cycle.
In synchronized HeLa cells, tyrosine 15 phosphorylation of
CDK2 reaches a maximum during S phase (36), when it is
complexed primarily with cyclin A. Expression of a mutant
CDK?2 that cannot be phosphorylated by Weel is lethal in
human cells (37). Microinjection of an antibody against
CDC25A, which is expressed predominantly in late Gy,
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blocked the G;/S-phase transition (38). Together, these ob-
servations imply that phosphorylation and dephosphorylation
of tyrosine 15 regulate entry into S phase.

Tissues undergoing endoreduplication provide useful sys-
tems to explore the role of Weel in S phase. During endoredu-
plication, cells engage in multiple rounds of DNA synthesis
without chromosome condensation, segregation, and cytoki-
nesis (reviewed in refs. 39-41). This process involves a sim-
plified cell cycle with only S phase and gaps. In the Rcho-1 rat
choriocarcinoma cell line, the onset of endoreduplication
coincides with a decrease in cyclin B transcript abundance and
the activity of cyclin B-containing CDKs, whereas the pro-
gression of endoreduplication is associated with oscillation of
E- and A-dependent kinase activities (42). Most endosperm
cells in maize kernels switch from mitotic to endoreduplication
cell cycles between 10 and 12 days after pollination (DAP) (41,
43). This change is accompanied by a reduction in the activity
of mitotic CDKs, the induction of S-phase CDKs, and the
phosphorylation of retinoblastoma homologues (44). In this
study, we cloned and characterized Weel from maize, Zm-
Weel, and showed its expression is up-regulated during en-
dosperm development, suggesting that ZmWeel influences
CDK activity during endoreduplication.

MATERIALS AND METHODS

Plant Materials. Maize (Zea mays L.) inbred line W64A+
was grown at the University of Arizona research farm in
Tucson during 1995 and 1996. Immature ears and developing
kernels were harvested, frozen in liquid nitrogen, and stored
at —80°C. For RNA isolation, the embryo and scutellum were
removed by hand dissection. Protein extractions were per-
formed in NETN (20 mM Tris-HCI, pH 8.5/100 mM NaCl/1
mM EDTA/1 mM DTT/0.5% Triton X-100) supplemented
with 5 mM NaF, 1 mM sodium orthovanadate, and 0.1 mM
PMSF.

Isolation of a ZmWeel c¢cDNA Clone from Maize En-
dosperm. A cDNA homologous to Weel was identified in the
maize expressed sequence tag (EST) database at Pioneer
Hi-Bred (Johnston, IA), using the BLAST algorithm (45). The
corresponding DNA was labeled with 3?P and used to screen
a AZapll cDNA library constructed from 9-DAP endosperm
(46). Plaque lifting and hybridization were performed as
described previously (47).

Multiple alignments to infer phylogeny were performed by
using the CLUSTALX variant (48) of CLUSTALW (49). Molecular
phylogenies were computed by using the maximum likelihood
method on PROTML, the parsimony method of PROTPARS, and
the distance matrix methods of neighbor joining, least squares,
maximum likelihood, and Fitch—-Margoliash distance con-
tained within the systematics packages MOLPHY 2.2 by Jun
Adachi and Masami Hasegawa and PHYLIP 3.52 (50). All but the
PROTML method were run by nonparametric bootstrapping a
minimum of 100 times, with jumbling of the input order for
each bootstrapped set 10 times. Tree files generated by the
above methods were displayed and printed using TREEVIEW
(51). Graphical display of a local alignment of the Weel
protein kinase domain was performed using MACAW 2.05 by
Greg Schuler (52). Other sequence manipulations, such as
those for sequence assembly, were performed with the GCG
software (Wisconsin Package, Version 9.0, Genetics Com-
puter Group, Madison, WI).

Expression of ZmWeel in Escherichia coli. Through the use
of primer A (5'-ATCGGAT-CCGCACGAGTCTGCAC-
CCCG-3") and primer B (5'-ATCGAATTCGTGATGGT-
GATGGTGATGCTTCGATGAGGCCTTGTG-3'), the cod-
ing region of ZmWeel was amplified using Taq polymerase
(GIBCO) by PCR with 35 cycles at 95°C for 1 min, 65°C for 2
min, and 72°C for 3 min. After digestion with BamHI and
EcoRI, the 1.2-kb ZmWeel fragment was cloned into the
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BamHI and EcoRI sites of pGEX 2T (Pharmacia) to create a
glutathione S-transferase (GST) fusion construct,
pGEX2TZmWeel. Recombinant GST-ZmWeel protein was
isolated as described by Frangioni and Neel (53). E. coli lysate
was applied to a glutathione agarose column and washed with
NETN. Maize Weel protein, GST-ZMWeel, was eluted with
10 mM reduced glutathione (50 mM Tris*HCI, pH 8.0/1 mM
DTT/0.1% Triton X-100). The protein concentration was
determined by the Bradford assay (Bio-Rad) with albumin
standard from Pierce.

CDK inhibition was determined by adding purified GST-
ZmWeel to maize M-phase promoting factor prepared from
immature ear with p13s*! agarose (43). The enzyme was
preincubated 15 min in EB buffer (80 mM B-glycerophosphate,
pH 7.5/20 mM EGTA/15 mM MgCl,/1 mM DTT/0.05 mM
PMSF/5 pg/ml aprotinin) in the presence of 0.1 mM ATP.
Histone H1 kinase activity was analyzed as described previ-
ously (43).

Overexpression of ZmWeel in S. pombe. The coding se-
quence of ZmWeel was amplified by using primers 5'-
GTCCATATGGCACGAGTCTG-CACCCCGGAC-3" and
5'"TAGGGATCCCTTCGATGAGGCCTTGTG-3' by PCR
under the conditions described above. The 1.2-kb fragment
was ligated into the Ndel and BamHI sites of pREP1 (54) to
create pPREP1ZmWeel. Transformation of S. pombe (PR109,
-leul, -ura4) was based on a protocol for transforming S.
cerevisiae (55) with the following modifications. Ten milliliters
of the yeast suspension culture was centrifuged at 5 K in a
bench-top centrifuge. The pellet was washed once with 5 ml of
sterilized water and once with 2.5 ml of LiSorb (10 mM
Tris-HCI, pH 8/100 mM LiOAc/1 mM EDTA/1 M sorbitol)
and resuspended in 0.6 ml of LiSorb. Fifty microliters of the
suspension was mixed with 50 ul of plasmid DNA solution
(LiSorb containing 10 ug of pPREPZmWeel and 200 ug of
sheared salmon sperm DNA) before adding 900 ul of LiAc/TE
(10 mM Tris'HCl, pH 8/100 mM LiOAc/1 mM EDTA). The
mixture was incubated at 30°C for 30 min and heat-shocked at
42°C for 7 min. An aliquot of 250 ul was plated onto an
Edinburgh minimal medium plate (56) and incubated at 26°C
for 4 days. The morphology of the transformants was analyzed
with a Zeiss light microscope.

RNA Gel Blotting. RNA was isolated from 4-day-old seed-
lings and endosperm at 9, 11, 13, 15, and 17 DAP, as described
by Jones et al. (57) with the following modifications. Ten grams
of tissue was frozen in liquid nitrogen, ground into powder
with a mortar and pestle, and resuspended in 10 ml of 50 mM
Tris'HCI, pH 7.5/10 mM EDTA/1% SDS/1.5 M NaCl. The
sample was extracted once with 1 vol phenol/chloroform/
isoamyl alcohol (24:24:1) and once with 1 vol chloroform/
isoamyl alcohol (24:1). RNA was precipitated with 2 vol
ethanol and resuspended in diethylpyrocarbonate (DEPC)-
treated water; LiCl was added to a final concentration of 2.8
M. The RNA was incubated on ice for 30 min and concentrated
by centrifugation at 10,000 X g. The pellet was washed with 3
M LIiCl and resuspended in DEPC-treated water. Poly(A)*
RNA was isolated by oligo(dT) cellulose chromatography
according to the manufacturer’s instructions (Promega). Five
micrograms of poly(A) RNA from maize endosperm or 30 ug
of total RNA from young seedlings was loaded on agarose gels,
electrophoresed in the presence of 20% formaldehyde, trans-
ferred to a nylon membrane, and probed with 3?P-labeled
ZmWeel (58).

RESULTS

Molecular Cloning of ZmWeel. An 807-bp EST was iden-
tified in the Pioneer EST database, and it showed 36% identity
to the amino acid sequence of Drosophila Weel. Using this
clone as a probe, we screened a maize endosperm cDNA
library constructed with poly(A) RNA from 9-DAP en-
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dosperm (46). The analysis of 400,000 plaques led to the
identification of two identical clones designated ZmWeel. The
nucleotide sequence of ZmWeel is identical to Pioneer’s EST
sequence with an 807-bp overlap. As shown in Fig. 1, ZmWeel
is 1,601 bp in length with a large ORF of 1,211 bp. It encodes
a protein of 403 aa residues with a calculated molecular size of
45.6 kDa. Because a translation-initiation sequence was not
detected in the deduced nucleotide sequence and the ZmWeel
transcript is approximately 2.4 kb (see below), we believe
ZmWeel encodes only a portion of the maize Weel sequence.

ZmWeel encodes the entire protein kinase domain of the
enzyme including the well conserved ATP-binding site. As
shown in Fig. 24, the amino terminus of Weel from different
eukaryotic organisms is not highly conserved. In contrast,
residues 179-403 of ZmWeel show extensive similarity to the
protein kinase domain of Weel from Drosophila, humans, S.

TCTGCACCCCGGACTACATCACGCCGGAGATGCCGCAGGTGGCCAACGAG
c T p D Y I T P E M P Q V A N E
TTCGACGACGACGATAAGGAGAACATCCCCTGCCCAAAATCTCCGGAGAA
F D DDDI KU EWNTI P C P K S P E K
GTCAGCGAACCCTCGTAGCAAGCGGTACAGAACCGATTGTTCTCCCAAAG
S AN P R S KR Y R T D C S P K A
CTCGGGAGGTTACGGACTTCTCTTTCGACCATCAGATTACGCCGGTTCTG
R E V T D ¥ S F DH Q I T P V L
TTTGACAGCTTGACTCGAGATGATTCGGAAGAAGAGCAGCCGAAGCAGCC
F DS L T RD D S EEE Q P K Q P
TGCGCTGGAAAAGAGGGGTGGTTATGTCTCCCAGTCAGCAGTGGCTCTGC
A L E K R G G Y V S Q S A V A L R
GTTGCCGGGTGATGCCTCCGCCATGCGTCAAGAATCCATACCTCAATACC
Cc R VM P P P CV KNP Y L N T
GATCCATGCATAGATGCTGCTGTTTACGGTGGGAGGCAGTGCAACTCAGC
D P C I D A AV Y G G R Q C N S5 A
AGTATTCTCTCCTTCAATTGGTGGTAATGGTCTTTCACGCTATCGAACTG
vV F $S P $ I GG N G L s R Y R T D
ATTTCCATGAAATAGAGAAAATTGGTTATGGCAACTTCAGTGTTGTGTTC
F H E I E K I G Y G N F S5 V V F
AAAGTTCTGAATAGGATAGACGGGTGCTTGTATGCTGTTAAACGGAGCAT
K v L N R I D G CUL Y AV KR § I
CAAGCAATTGCATAATGATATGGAAAGGAGGCAAGCAGTGAAAGAAGTCC
K Q L H N D M E R R Q A V K E V Q
AAGCTATGGCAGCCTTAGGTTCTCACGAGAACATAGTTCGATATTTCACC
A M A A L G & H E NI V R Y F T
TCTTGGTTTGAGAATGAGCAACTTTATATTCAGATGGAACTCTGCGACCG
S W F EN E Q L ¥ I ¢ M E L C D R
CTGTCTATCTATGAATCGGAACCAGCCAGTGAAGCGTGGGGAAGCCCTGG
¢c L S M N R N Q P V KR G E A L E
AACTGTTGTATCAGATCTGCAAAGGCTTGGATTTCATGCACGAACGTGGC
L LY ¢ I ¢ K G L D F M HBE E R G
ATAGCACACCTTGATGTGAAGCCTGATAATATATATGTCAGAAATGGTAT
I A H L DV K P DNTITI Y V RN G I
TTATAAGCTCGGGGATTTTGGCTGTGCTACACTTGTTAACCGGAGTCTAG
Y K L 6 b F 66 ¢ A TUL V N R 5 L A
CAATTGAAGATGGAGATTCACGCTATATGCCTCCGGAAATGCTGAATGAT
I E DG DB S RYMP P EMTL N D
AAGTATGAGCATCTCGACAAGGTTGATATCTTTTCTCTTGGGGCAGCCGT
K Yy EH L DKV DI F S L G A A V
CTATGAGCTAATAAGAGGCACCCCGCTTCCCGAGTCTGGATCTCACTTTA
Yy E L I R G T P L P E S G S H F T
CAAGCATTAGAGAGGGTAAGATCGCATTGCTTCCAGGGTGCCCGATGCAG
S I R E G K I A L L P G C P M Q
TTTCAAAGCTTAATCAAGTCTATGATGGACCCTGATCCGGTGAGGCGGCC
F ¢ S L I K $ MM D P D P V R R P
TTCAGCAAAGGAGATCCTGAGACACCCTTCCTTTGACAAGCTCCACAAGG
S A K E I L R H P S F D K L H K A
CCTCATCGAAGTAGAAGTGCTGCCGCGCCCCCATCAGATCAGAGCAGCCG

s S K *
GCAAAGGGAATTCCGCAGCTGCGTCACATTCACCGTCAGCTGCTCCCAAT
TTTTGGTGTATCTATCTATCTCTATGCGTGTGCCATGTGCCCTGTTCTGA
TACTGTAGAAGATGGCTGGAAACGAAGCAGGGATCTGATTTTAATTCCAG
GAACTGGAGCACGAGCAGCGTCTGTAAAGGACTAAAGGCTGTGGCTGCTG
TTGTGTTAAGGTTGTGCCTCTCTTTTGGTTTCTGATGCACGCTTGGAACC
ATCAACCCTGTGCCTTTTTTTGGGGTGCTTGTTATCAGTTGCATTTGGGC
AGCGAATGCTAATTTGGATCCAAAAAAAAAAAARAARANNANAAAAAAAALA

Fi6. 1. Nucleotide and amino acid sequences of maize Weel.
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F1G. 2. Sequence identity of Weel from maize, human, Drosoph-
ila, S. pombe, and S. cerevisiae, determined by the MACAW computer
program (A4 ) and a phylogenic tree for ankA, Mik1, Myt1, Nek1, Swel,
and Weel, created by CLUSTALW (B). Amino acid sequences were
obtained from the conceptual translations of GenBank files for the
following gene names (species name, accession no.): Mm Nekl1 (Mus
musculus, S45828); Ce Weelb (Caenorhabditis elegans, 799277), Ce
Weela (C. elegans, Z36752); Hs Mytl (Homo sapiens, U56816); XI
Mytl (Xenopus laevis, U28931); Zm Weel (this work); Dm Weel
(Drosophila melanogaster, U17223); Pd Weel (Platynereis dumerilii,
AJ224984); Stp Weel (Strongylocentrotus purpuratus, U43745); Hs
Weel (H. sapiens, U10564); Mm Weel (M. musculus, D30743); Rn
Weel (Rattus sp., D31838); Xen Weel (X. laevis, U13962); X1 Weel
(X. laevis, AF035443); Sc Swel (S. cerevisiae, X73966); Sp Mikl (S.
pombe, M60834); Sp Weel (S. pombe, M16508); En ankA (Emericella
nidulans, U25693).

pombe, and S. cerevisiae. Using the amino acid sequences of the
protein kinase domain, we analyzed the relationship of Zm-
Weel to the Weel, Mikl1, and Myt1 sequences from the fungi
S. pombe, S. cerevisiae, and Emericella nidulans and from a
wide range of animal species. Fig. 2B is a molecular phyloge-
netic estimation of the most parsimonious tree. This analysis
shows three major clades: Myt, fungal Wee and Mik, and
animal and plant Wee. ZmWeel consistently grouped with the
animal Wee sequences, rather than with fungal Wee and Mik
or animal Myt, regardless of the method or model for protein
evolution (data not shown). However, the tree order, which
indicates the relatedness of the three clades, varied between
methods, displayed low bootstrap reproducibility, and some-
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times remained unresolved (data not shown). When we per-
formed pairwise comparisons of the conserved protein kinase
domain, ZmWeel showed greatest identity with human Weel
(50%) and somewhat weaker identity with Weel from S.
cerevisiae (40.5%) and S. pombe (43.1%). Therefore, ZmWeel
is more closely related to animal than yeast Weel. Because the
49-kDa carboxyl-terminal sequence of human Weel is suffi-
cient for p34<dc? phosphorylation (22), we hypothesized that
ZmWeel would encode a catalytically active protein kinase.

Overexpression of ZmWeel in S. pombe. Weel was identified
originally as an S. pombe mutant with a small cell, or “wee,”
phenotype (59). Overexpression of Weel causes S. pombe cells
to grow without division, increasing cell size in a gene dosage-
dependent manner (14). We cloned ZmWeel into pREP1, an
S. pombe expression vector containing the thiamine-
suppressible promoter, NMT1* (54). S. pombe cells trans-
formed with pREP1 grew normally (Fig. 34), whereas over-
expression of ZmWeel significantly inhibited cell division and
caused the cells to increase in size (Fig. 3B).

ZmWeel Produced in E. coli Inhibits M-Phase Promoting
Factor Activity. To analyze the CDK inhibitory activity of
maize Weel, we cloned ZmWeel into an expression vector,
pGEX 2T, to create pGEXZmWeel. The resulting GST
ZmWeel fusion protein was purified by affinity chromatog-
raphy on glutathione agarose. The purified recombinant pro-
tein then was tested for CDK inhibitory activity. We prepared
maize CDK by incubating p13s““! agarose with extract of
immature ears, which exhibit high mitotic activity. Fig. 44
shows that neither GST nor the crude immature ear extract

FiG. 3. Overexpression of ZmWeel in S. pombe causes cell en-
largement. S. pombe cells were transformed with pREP1 (4) or
pREP1 expressing ZmWee1 (B). Morphology of the cells was analyzed
by light microscopy; both samples are shown at the same magnifica-
tion.
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FiG. 4. ZmWeel inhibits CDK activity in vitro. GST-ZmWeel
fusion protein from E. coli was purified by affinity chromatography
with glutathione agarose and added to a histone H1 phosphorylation
reaction containing p13st¢!-adsorbed CDK from immature maize ears
(A) or total protein extract from immature ears (B). The autoradio-
graph indicates the degree of 3?P-labeling of histone H1. ZmWeel
inhibited histone H1 kinase activity of the p13s‘l-adsorbed CDK as
well as that in immature ear extract.

inhibited the CDK adsorbed by p13'°!, but GST-ZmWeel,
with or without preincubation, inhibited CDK activity. To
analyze the proportion of CDK that is susceptible to the
inhibition of GST-ZmWeel, we incubated GST-ZmWeel with
crude extracts from immature ear. Fig. 4B shows that GST-
ZmWeel inhibits the histone H1-kinase activity in the extract.
This result shows that all the detectable EGTA-insensitive
histone H1 kinase activity in the immature ear is susceptible to
inhibition by GST-ZmWeel.

ZmWeel Is a Single Locus on Maize Chromosome 4. A
database search with ZmWeel identified a maize restriction
fragment length polymorphism marker, UMCI169, as Zm-
Weel. This genomic DNA fragment, generated as part of a
genome-mapping project at the University of Missouri, con-
tains three exon regions found in ZmWeel. Mapping exper-
iments placed this locus at the bottom of the long arm of
chromosome 4 at position 187.4, bin 4.11.

ZmWeel Transcripts Accumulate in Endosperm During the
Period of Endoreduplication. To investigate the expression of
ZmWeel in maize, we performed RNA gel blot analyses with
transcripts from different tissues, including endosperm at
several developmental stages. ZmWeel RNA accumulated in
the endosperm between 9 and 17 DAP, reaching a maximum
level at 15 DAP. This coincides with the period when W64A
endosperm nuclei are undergoing the maximum rate of en-
doreduplication (ref. 43; Y.S. and B.P.D., unpublished data).
In young seedlings, the ZmWeel transcript was easily detect-
able in 30 ug of total RNA and corresponded to a transcript
of approximately 2.4 kb (Fig. 5B). The abundance of ZmWeel
RNA is highest in young seedlings, as compared with leaf, root,
and endosperm tissues (data not shown).

DISCUSSION

We have isolated and characterized a Weel homologue from
maize, ZmWeel, whose activity resembles related CDKs from
other eukaryotes. Although Weel had not been identified in
higher plants, circumstantial evidence predicted its existence,
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FiG. 5. ZmWeel RNA transcripts are increased in maize en-
dosperm during the period of endoreduplication. RNA gel blot
hybridization was performed with poly(A)* RNA from maize en-
dosperm isolated between 9 and 17 DAP (A4) or with total RNA from
seedlings (B). The abundance of ZmWeel transcripts peaked at 15
DAP in developing endosperm, coincident with the peak of endoredu-
plication activity.

and several studies suggested it plays an important role in
regulating the plant cell cycle. Colasanti et al. (60) demon-
strated that p34°d2 homologues from higher plants contain
conserved threonine 14 and tyrosine 15 residues, the targets
for Mytl, Mikl, and Weel phosphorylation. Tyrosine 15
phosphorylation could be an important control point in plant
cell cycle regulation, because overexpression of yeast CDC25
with a tetracycline-inducible promoter increased the fre-
quency of lateral root primordium formation in tobacco (61).
Cytokinin has been shown to promote division of cultured
Nicotiana plumbaginifolia cells arrested at G,. Addition of
cytokinin to these cells increased the activity of p13sucl-
adsorbed protein kinase. Interestingly, the higher level of
activity was associated with a reduced amount of tyrosine
phosphorylation (62). Wheat seedlings subjected to water
stress have reduced CDK activity, and this is associated with
tyrosine phosphorylation (63).

We found that ZmWeel contains a conserved protein
kinase domain and that it shows considerable identity to Weel
from S. cerevisiae, S. pombe, Drosophila, Xenopus, mouse, and
humans (Fig. 2). The activity of ZmWeel is able to retard
mitosis in S. pombe cells, causing them to elongate, a pheno-
type shared when S. pombe or human Weel is overexpressed
in these cells (14, 21). Furthermore, ZmWeel encodes a
catalytically active enzyme that is able to inhibit CDK from
maize (Fig. 4). Based on these observations, we conclude that
ZmWeel is a Weel homologue.

ZmWeel is encoded by a single gene, and its RNA is
relatively abundant in maize leaf, root, and shoot tissues, which
undergo high rates of cell division (Fig. 5 and data not shown).
In addition, ZmWeel transcripts were found to accumulate in
endosperm tissue between 9 and 17 DAP. During this period
of development, endosperm nuclei commence endoreduplica-
tion, which involves S phase with no intervening M phase (41).
Because ZmWeel RNA abundance peaked in 15 DAP en-
dosperm, it appears this gene regulates the S-phase CDK. This
hypothesis is supported by other experimental results. Not only
did ZmWeel inhibit the activity of the p13stc!-adsorbed mi-
totic CDK, but it also inhibited the total CDK activity in
immature ear and 9-DAP endosperm extracts. Because cells in
these tissues are engaged in M and S phase, it appears likely
that ZmWeel inhibits the activity of both types of CDK. This
result is consistent with the observation that human Weel can
inhibit both the cyclin B/CDK1 complex and the cyclin
A/cyclin E/CDK2 complexes in vitro (25, 35).

Proc. Natl. Acad. Sci. USA 96 (1999)

During the transition from a mitotic cell cycle to endoredu-
plication in rat trophoblast cells, cyclin B-dependent CDK
activity is reduced significantly, but cyclin B protein remains
constant (42). At the onset of endoreduplication in maize
endosperm, p13s““!-adsorbed kinase activity decreases, but the
level of p34€P€2 protein is more or less constant (43). It
appears that both the catalytic and regulatory subunits of the
M-phase CDK are present at the onset of endoreduplication in
maize endosperm, and the reduction of CDK activity is due to
the presence of a noncatalytic inhibitor (43). Along with this
activity, ZmWeel could provide a partially redundant function
through the inhibitory phosphorylation of the CDK.

The progression of endoreduplication correlates with the
cycling of cyclin E-associated CDK in endoreduplicating rat
trophoblast cells (42). It was proposed that the fluctuation in
activity of the S-phase-related CDK between DNA synthesis
and the gap phase is required for the progression of an
endoreduplication cell cycle (42). The down-regulation of
S-phase CDK activity could be accomplished by Weel, in
addition to transcriptional regulation of cyclin transcripts,
proteolytic degradation of cyclin, and accumulation of CDK
inhibitors (7). Additional experiments, such as the genetic
manipulation of ZmWeel expression in maize endosperm and
the isolation of transposon-tagged ZmWeel mutants, are
underway to test this hypothesis.

Because the size of the ZmWeel transcript (2.4 kb) is
significantly larger than the cDNA clone we isolated (1.6 kb),
and no conserved translation initiation site was identified in
the deduced amino acid sequence, we believe that ZmWeel is
truncated at the 5’ terminus. Repeated attempts to obtain
additional 5’ sequence information were unsuccessful, and this
could be a consequence of the high-GC content of this region.
Nevertheless, the 45.5-kDa GST-ZmWeel inhibits CDK ac-
tivity in vitro (Fig. 4). These data are in agreement with the
observation that the carboxyl-terminal domain of human
Weel is sufficient for tyrosine kinase activity (21, 22). This
region is highly conserved among higher eukaryotes (Fig. 2),
and it contains the protein kinase domain. Because the NH»-
terminal domain of Weel from S. pombe contains sequences
necessary for negative regulation of Weel in vivo (29), we
speculate that sequences with a regulatory function reside at
the NH, terminus of ZmWeel. Experiments are ongoing to
obtain the complete 5’ sequence of ZmWeel and investigate
its upstream regulators.
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