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ABSTRACT We cloned and characterized a cDNA corre-
sponding to a cdc5* homolog of the higher plant, Arabidopsis
thaliana. The cDNA, named AtCDC5 cDNA, encodes a poly-
peptide of 844 amino acid residues. The amino acid sequence
of N-terminal one-fourth region of the predicted protein bears
significant similarity to that of Schizosaccharomyces pombe
Cdc5 and Myb-related proteins. Overexpression of the
AtCDCS cDNA in S. pombe cells is able to complement the
growth defective phenotype of a cdc5 temperature-sensitive
mutant. These results indicate that the A«CDC5 gene is a plant
counterpart of S. pombe cdc5*. This is the first report of a
cdc5*-like gene in a multicellular organism. We also demon-
strated that a recombinant AtCDCS5 protein possesses a
sequence specific DNA binding activity (CTCAGCG) and the
AtCDCS5 gene is expressed extensively in shoot and root
meristems. In addition, we cloned a PCR fragment corre-
sponding to the DNA binding domain of human Cdc5-like
protein. These results strongly suggest that Cdc5-like protein
exists in all eukaryotes and may function in cell cycle regu-
lation.

Recent studies of the cell-cycle regulation of many eukaryotes
have revealed that the basic mechanisms for the control of the
cell cycle are common to all eukaryotes. Plants are not
exceptions. It has been demonstrated that higher plants have
genes for cyclin-dependent kinases and cyclins that resemble
those of yeasts and other eukaryotes in structure and function
(1-15). The eukaryotic cell cycle consists of four principal
stages; Gi, S, G2, and M phase. In the S phase, chromosomes
are replicated, while in the M phase, the replicated chromo-
somes are segregated into two daughter cells. The main events
controlling the cell cycle involve regulation of the onset of the
S and M phase (16). In the late G phase, a controlling system
operates to determine whether cells should commit to enter
the cell cycle. Such a regulatory system has been shown to
occur in a variety of eukaryotic organisms, and is called
“START” for yeast, or “restriction point” for mammalian
cells. Once cells pass through START or restriction point, they
come out from developmental states and enter S phase,
subsequently followed by mitosis. In yeast, a cyclin-dependent
kinase is pivotal in the passage through START. Although the
target proteins are not clearly identified, the kinase activity of
Cdc28p in Saccharomyces cerevisiae and Cdc2 in Schizosaccha-
romyces pombe is required for START. Regulatory subunits
for these kinases, namely cyclins, are also necessary for
START. After passage of START, cell-cycle-coupled expres-
sion of the genes whose products are needed for the G;-S
transition or the progression of S phase occurs (17, 18). In S.
cerevisiae, two transcriptional factor complexes, SWI4-SWI6
complex (SBF) and DSC1, are required for the expression of
these genes (19-23). In S. pombe, Cdc10 and Resl/Sctl are
required for the expression of genes which are necessary for
G;-S transition or S phase (Cdc10 is also required for START)
and share homology with the SWI4 and SWI6 proteins (24—
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26). Although multicellular organisms have similar mecha-
nisms, they have several cyclin dependent kinases and more
abundant cyclins (27). A transcriptional factor, E2F, is pre-
sumed to play a key role in the gene expression coordinate
G;-S transition in mammalian cells (28).

Another important controlling mechanism occurs in the
G>-M transition. This checkpoint mechanism ensure that
mitosis starts after the completion of DNA synthesis (16,
29-31). Although the mechanisms for the checkpoint remain
unknown, cyclin-dependent kinase and mitotic cyclins have a
pivotal role in yeast cells. The level of mitotic cyclins increase
in S through G; phase, and contribute to the activation of
Cdc28p/Cdc2. The elevation of mitotic cyclins is thought to be
caused mainly by the accumulation of mRNA for these pro-
teins (32, 33). It is presumed that the cell-cycle-coordinated
expression of many genes, as well as mitotic cyclins, are
required for the progression of the G,—M phase (28, 34, 35).
However, the controlling mechanisms of the induction of these
genes have not been clarified yet. Recently, Ohi et al. (36)
described cdc5", another cell-division-cycle gene from S.
pombe. The cdc5* gene is essential for the progression of the
G phase in S. pombe. The structure of Cdc5 protein is similar
to those of Myb-related proteins and its Myb-like domain bears
DNA binding activity. Therefore, Cdc5 protein is presumed to
be a transcriptional regulator whose function is required in G,
although its target genes are unknown. Here, we describe a
cDNA encoding the Cdc5-like protein of a higher plant,
Arabidopsis thaliana. This is the first demonstration that cdc5™-
like genes exist in multicellular organisms.

MATERIALS AND METHODS

Plant Materials. A. thaliana (Columbia ecotype) was used in
this study.

Complementation Analysis. S. pombe KGY372 (cdc5-120,
leul-32, ura4-D18, h~) and KGY450 (cdc5* [cdcS::ura4™, ura4-
DI18/ura4-D18. leul-32/leul-32, ade6-M210/ade6-M216, h*/
h~) were used for the complementation assay (36). Recom-
binant plasmids in which the A«CDC5 cDNA was inserted in
pREP1 (37) were constructed. The chimeric plasmid DNAs
were introduced into the cells of these strains as described
elsewhere (38). In the case of KGY372, transformed colonies
were streaked on an EMM2-agar (thiamin + or —) plate and
incubated at 36°C or 26°C for 2-3 days. In the case of KGY450,
transformed cells were induced sporulation. Tetrads were
dissected under a microscope, then germinated and cultured
on a yeast extract/peptone/dextrose-agar plate.

In Situ Hybridization. The AtCDC5 cDNA was introduced
in the EcoRI site of pGEM4z (Promega). For the antisense
probe, this plasmid DNA was linearized with Hincll and the
RNA probe was synthesized with the SP6 polymerase. For the
sense probe, the plasmid DNA was linearized with Bg/II and
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the RNA probe was synthesized with the T7 polymerase. RNA
probes were prepared by in vitro transcription with digoxige-
nin-dUTP (Boehringer Mannheim) according to manufactur-
er’s instructions. Both RNA probes, ~1.4 kb, were hydrolyzed
in 60 mM Na,CO3, 40 mM NaHCOj5 at 60°C for 40 min. Whole
mount in situ hybridization was performed as described by de
Almeida Engler et al. (39) using 3-5 day old Arabidopsis seedlings.

Production of Glutathione S-Transferase (GST) Fusion
Protein. The DNA fragment corresponding to amino acids
1-144 of AtCDCS was inserted in an expression vector,
pGEXA4T-2 (Pharmacia). Cells of the Escherichia coli strain
JM109 (40), carrying this recombinant plasmid were grown in
Luria-Bertani broth at 37°C. The methods for the production
and the isolation of the GST fusion protein were described (41).

Random Binding Site Selection. Two random oligode-
oxynucleotides were used. The 68-mer contains 26 random
bases; 5'-(left arm; AAGCTTGGTACCGTCGACATC)-
(N)26-(right arm; CTAGTACTCGAGCTCAAGCTT) and
the 46-mer contains 14 random bases; 5’-(left arm;
GAGAAGCTTGTCTAGG)-(N)14-(right arm; GGAACTC-
GGATCCTGG)-3'. Double-stranded probes were synthesized
by the Klenow fragment with [3?P]JdCTP using primers corre-
sponding to right arms. Gel mobility shift-assay was performed
as described (42). DNA fragments that were recognized by the
GST-AtCDCS protein were purified with nitrocellulose mem-
branes as DNA-protein complex, or purified by the gel mo-
bility shift as a shifted band. The recognized DNA fragments
were amplified by PCR with primers corresponding to arm
sequences. Obtained DNA fragments were subjected to next
round of the selection, and purified by 8§-10 times of the
selection procedure. The recognized DNA fragments were cut
out at the restriction sites from the arm sequence, and cloned
with pGEM4z or pSKII plasmids for sequence analysis.

Zoo Blot and Northern Blot Hybridization Analysis. Total
DNA from various organisms was digested with EcoRI re-
striction endonuclease, fractionated on a 0.7% agarose gel, and
then transferred to a nylon membrane (Hybond-N; Amer-
sham). Low stringency hybridization conditions were de-
scribed elsewhere (43). Total RNAs (30 ug) isolated from
various organs were used in the Northern blot analysis. The
methods for Northern blotting and hybridization conditions
were described previously (43).

Conditions for the PCR. The two oligodeoxynucleotides
were synthesized as primers for the amplification of the cDNA
fragment corresponding to the putative DNA binding domain
of a human Cdc5-like protein. Primer 1 (5'-GGNGGNGTNT-
GGAARAAY-3") was designed to correspond to the amino
acid sequence (GGVWKN) found in the N terminal of the
AtCDCS protein. Primer 2 (5'-GTATTAGCCAAGCGGGC-
3") was designed to correspond to the nucleotide sequence
found in expressed sequence tag clones (T59208 and T59167).
The PCRs were performed as follows. The reaction mixtures
contained 10 pg/ul human cDNA, 0.2 mM of each dNTP, 0.1
pmol/ul of both primers and 0.025 unit/ul of EX-Tag DNA
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polymerase in 1X buffer provided by manufacturer (Takara
Shuzo, Kyoto). The mixtures were subjected to 94°C for 90 sec,
54°C for 2 min, and 72°C for 3 min for 45 cycles.

RESULTS

Structure of the cDNA for a cdc5* Homolog of Arabidopsis.
In the course of isolating genes related to the Arabidopsis ABI3
gene that encodes a transcriptional regulator, we cloned a
novel cDNA from normally grown Arabidopsis rosette plants.
The determination of the nucleotide sequence revealed that
this cDNA consists of 2807 bp and possesses one putative
OREF. Because the postulated start codon is preceded by an
in-frame stop codon (data not shown) and Northern blot
analysis using this cDNA as a probe gave a single band of
mRNA of ~3.1 kb (see Fig. 5B), this cDNA appears to encode
a full-length polypeptide. The predicted protein consists of 844
amino acids with a calculated molecular mass of 95.8 kDa, and
contains abundant hydrophilic amino acids (=40%), such as
ABI3, although there was no sequence similarity between
them (Fig. 1). The N-terminal region, however, is similar to
those of Myb-related proteins and, in particular, to that of S.
pombe Cdc5 with greater than 85% identity (Fig. 2 A and C).
In addition, the structure of the succeeding region of the
Myb-related domain, amino acids 120-230, is also closely
related to that of S. pombe Cdc5 (Fig. 24). These structural
characteristics of the predicted protein indicated that this
c¢DNA may encode a plant Cdc5S-related protein. Thus, we
designated the gene corresponding to this cDNA as the
AtCDCS5 gene.

In contrast to the high similarity in the N-terminal region,
few amino acid residues are identical in the C-terminal two-
thirds of AtCDCS5 and yeast Cdc5 proteins. However, numer-
ous Thr-Pro di-amino acid sequences are found in the middle
regions of both proteins (Fig. 2B). Some of them are followed
by Arg/Lys or Xaa-Arg/Lys residues and fit with the consensus
of the target amino acid sequence of protein serine/threonine
kinases.

AtCDC5 cDNA Can Rescue the S. pombe Temperature-
Sensitive cdc5 Mutant. Based on the significant structural
similarity between S. pombe Cdc5 protein and Arabidopsis
AtCDCS protein, the functional similarity between them can
be easily deduced. We performed complementation analyses
of AtCDCS using the S. pombe cdc5-120 mutant and a cdc5
disrupted mutant (36). The cdc5* gene is essential for the
growth of S. pombe. The cdc5-120 mutant can grow at a
permissive temperature (26°C), but not at a restrictive tem-
perature (36°C). The cells that have been transformed with a
plasmid DNA carrying the cdc5* gene were able to grow at the
restrictive temperature. The AtCDC5 cDNA linked with a
thiamin-inducible nmtl promoter was introduced into the S.
pombe cells of cdc5-120 mutant. When the AfCDC5 cDNA was
expressed in the cells of cdc5-120, the cells could grow at the
restrictive temperature although the growth rate was slightly

MRIMIKGGVW KNTEDEILKA AVMKYGKNQW ARISSLLVRK SAKQCKARWY EWLDPSIKKT EWTREEDEKL LHLAKLLPTQ 80

WRTIAPIVGR TPSQCLERYE KLLDAACTKD ENYDAADDPR
TRGKKAKRKA REKQLEEARR LASLQKRREL KAAGIDGRHR
TIEELEGKRR ADVEAHLRKQ DVARNKIAQR QDAPAAILQA
AENEELTEGS AATRALLANY SQTPRQGMTP MRTPQRTPAG

KLRPGEIDPN PEAKPARPDP VDMDEDEKEM LSEARARLAN 160
KRKRKGIDYN AEIPFEKRAP AGFYDTADED RPADQVKFPT 240
NKLNDPEVVR KRSKLMLPPP QISDHELEEI AKMGYASDLL 3290
KGDAIMMEAE NLARLRDSQT PLLGGENPEL HPSDFTGVTP 4090

RKKEIQTPNP MLTPSMTPGG AGLTPRIGLT PSRDGSSFSM TPKGTPFRDE LHINEDMDMQ QSRKLERQRR EEARRSLRSG 480

LTGLPQPKNE YQIVAQPPPE ESEEPEEKIE EDMSDRIARE
ADGDKSSVVP PTPIEVADKM VREELLQLLE HDNAKYPLDD
GKFLCVSMGH ENKTLDDFVE AHNTCVNDLM YFPTRSAYEL
YTKGHERRAE TVWTQIEATL KQAEIGGTEV ECFKALKRQE
EIMVGFRAOA LKKOEDVEDS HKLKEAKLAT GEEEDIAIAM

KAEEEARQQA LLKKRSKVLQ RDLPRPPAAS LAVIRNSLLS 560
KAEKKKGAKN RTNRSASQVL AIDDFDENEL QEADKMIKEE 6490
SSVAGNADKV AAFQEEMENV RKKMEEDEKK AEHMKAKYKT 720
EMAASFRKKN LQEEVIKQKE TESKLQTRYG NMLAMVEKAE 800
EASA* 844

F16. 1. Deduced amino acid sequence of At{CDC5 cDNA. The putative Myb-like DNA binding domain is underlined.
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A

AtCDCS MRIMIKGGVIKNTEDEILKAAVMKYGKNQHARISSLLVRKSAKQCKARIYEILDPSIKKT 60

SpCdc5 HVVLKG AlKNTEDEILKAAVSKYGKNQIARISSLLVRKTPKQCKARIYEIIDPSIKKT 59

AtCDC5 EITREEDEKLLHLAKLLPTQWRTIAPIVGRTPSQCLERYEKLLDAACTK ----------- 109

SpCdc5 EISREEDEKLLHLAKLLPTQMRTIAPIVGRTATQCLERYQKLLDDLEAKENEQLGLISGE 119
AtCDCS -DENYDAADDP RKLRPGEIDPNPEAKPARPDPYDMDEDEKEMLSEARARLANTRGKKAK 167
VRS S8 S8 8 88 38 SSSNEEASHINENEREERES SeasR
SpCdc5 GAEAAAPVNDPNSRLRFGEAEPNLETLPALPDAIDMDEDEKEMLSEARARLANTQGKKAK 179
AtCDCS RKAREKQLEEARRLASLQKRRELKAAGIDGRHRKRKRKGIDYNAEIPFEKRAPAGFYDTA 227

(eees sexex  seses

SpCdc5 RKDREKQLELTRRLSHLQKRRELKAAGINIKLFRRKKNEMDYNASIPFEKKPAIGFYDTS 239

AtCDCS RALLANYS@RQ@@@@-AGKGDAIMMEA ENLARLRDSQ'ELLGGENPELH 391

SpCdc5 TNLLGKYTQIER--AﬁL@ISGELEGREDSVTIEVRNQLMRNRE -QSSLLGQESIPLQ 407

AtCDCS PsDFTGvﬁxxsz@m@mcncmm@mcssFsvm«iﬁrknﬂ 450

C

AtCDCS
SpCdc5
HsCdc5
ATMYB2
AtGL1
ZmC1
HCMYB
DmMYB

AtCDC5
SpCdc5
HsCdc5
ATMYB2
AtGL1
ZmC1
HCMYB
DmMYB

FiG. 2. The structure of AtCDC5 compared with other Myb-
related proteins. (4) Comparison of the amino acid sequence of the
N-terminal region of AtCDCS5 with that of S. pombe Cdc5. Identical
amino acid residues are indicated with asterisks and conservative
amino acid substitutions are indicated with dots. (B) The structure of
the threonine-proline rich regions of AtCDC5 and Cdc5 proteins.
Thr-Pro sequences are indicated with reversed characters. (C) The
predicted amino acid sequence of the Myb-like repeats of AtCDCS is
compared with S. pombe Cdc5 (SpCdc)), putative human CdcS protein
(HsCdc5), Arabidopsis ATMYB2 (42), Arabidopsis GL1 (AtGL1; ref.
44), Zea mays C1 (ZmCl; ref. 45), human c-MYB (HCMYB; ref. 46),
Drosophila MYB (DmMYB; ref. 47). The amino acid residues that are
identical in AtCDCS5 and another Myb-related protein are indicated
with reversed characters. Closed circles and open circles indicate
conserved tryptophan residues. Asterisks represent the amino acid
residues that are presumed to be involved in the target recognition of
human c-Myb protein. Note that the first five amino acid sequences of
human CdcS5 protein corresponds to primer 1.

reduced in comparison with the cells carrying the S. pombe
cde5™ gene (Fig. 3). S. pombe cells with the disrupted cdc5 gene
do not grow at all (36), however, the introduction of the cdec5™
gene suppresses this phenotype. By contrast, overexpression of
the AtCDC5 cDNA that was controlled by a thiamin-inducible
nmtl promoter or a constitutive active adh promoter did not
complement the cdc5 null mutation (data not shown). These
results suggest that the AtCDCS protein shares partial func-
tional similarity with S. pombe Cdc5 protein (see Discussion).

A Recombinant AtCDCS Protein Binds Double-Stranded
DNA in a Sequence-Dependent Manner. To analyze the DNA
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Fi6. 3. Complementation of the cdc5-120 temperature-sensitive
mutation by AtCDC5 cDNA. KGY372 (cdc5-120) was transformed
with recombinant plasmid DNAs, streaked on EMM-agar (3 mM
thiamin + or —) plates and incubated at the permissive temperature
(26°C) or nonpermissive temperature (36°C). “pIRT2+cdc5*” indi-
cates that the cells were transformed with the chimeric plasmids DNA
that consist of pIRT2 and the cdc5* gene. “pREP1+AtCDCS5,”
“pREP1+AtCDC5 (inverted characters),” and “pREP1” indicates the
cells transformed with the chimeric pREP1 plasmid carrying the AtCDC5
cDNA in appropriate direction, the cells transformed with the chimeric
pREP1 plasmid carrying the A#«CDC5 cDNA in reverse direction and the
cells transformed with pREP1 vector only, respectively.

binding activity of the AtCDCS protein, a GST-AtCDCS
(1-144 amino acids) fused protein was produced in E. coli cells,
and partially purified on a column of glutathione-Sepharose
4B (data not shown). Using random oligonucleotide as a
probe, we performed gel mobility shift assay. When the probe
DNA mixture was incubated with the purified GST-AtCDC5
fused protein, a faint but clear shifted band was observed (data
not shown). Next we performed random binding site selections
with the GST-AtCDCS protein. Determination of the nucle-
otide sequence of the selected oligonucleotides revealed that
a CTCAGCG (complementary; CGCTGAG) sequence was
preferentially recognized in vitro by the GST-AtCDCS protein
(Fig. 44). We performed three independent experiments with
two sets of random oligonucleotides and obtained the same
sequence as the recognized sequence. Totally, about 60% of the
selected DNA contained this consensus sequence. Competition
DNA binding assay revealed that the GST-AtCDCS protein
specifically binds to the consensus sequence (Fig. 4B). The
GST-AtCDCS protein did not bind to a DNA fragment without
the consensus sequence. These results suggest that the Myb-like
domain of the AtCDCS protein binds to DNA in a sequence-
specific manner and that the recognized sequence of AtCDCS is
different from that of Myb-related protein (YAACNG).

The Expression Pattern of the AtfCDC5 Gene. It has been
observed that cell-division-cycle controlling genes of plants are
expressed at higher levels in proliferating cells than in non-
proliferating cells. To determine whether the At«CDC5 gene
exhibits a similar expression pattern, we performed whole
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FiG. 4. The GST-AtCDCS5 fused protein possessed a sequence
specific DNA binding activity. (4) Summary of the nucleotide se-
quence of DNA fragments recognized by the GST-AtCDCS5 fused
protein in random binding site selection experiments. The base
constitution around the consensus sequence was indicated in percent.
(B) Gel mobility shift assay. Five nanograms per lane of the GST-
AtCDCS5 protein was used. C, A DNA fragment with the consensus
sequence (68-mer left arm-ACCAACGGGCGCTGAGCTGAT-
GTCG-68-mer right arm); N, a DNA fragment without the consensus
sequence (68-mer left arm-ACACCAAGTCTTACGCGCT-
GTCTCGC-68-mer right arm).

mount in situ hybridization using Arabidopsis seedlings. As
shown in Fig. 54, hybridization with an antisense probe
produced significant signals in apical shoot meristems, leaf
primordia, and root meristems, but hybridization with a sense
probe did not. Northern blot analysis using RNAs isolated
from leaves, developing siliques, shoot, roots, and flowers
revealed that A1CDCS5 is expressed in all tissues although the
mRNA levels are different among tissues (Fig. 5B). The
expression pattern of A*CDC5 was very similar to that of
another cell cycle controlling gene, CDC2a. These results
indicate that A*CDCS is expressed mainly in the proliferating
cells of vegetative and floral tissues, and that AtCDCS5 is
involved in the cell-cycle regulation.

cdc5*-Like Genes Exist in the Genome of Various Eu-
karyotes. Regarding the significant similarity in structure and
function between S. pombe CdcS and AtCDCS, we speculated
that the CdcS-like protein exists in all eukaryotes. We per-
formed a so-called zoo blot analysis using a cDNA fragment of
AtCDCS as a probe. As shown in Fig. 6, clear hybridization
signals were detected in each lane in which EcoRI digested
genomic DNA from each type of organism (e.g., human,
mouse, frog, insect, and nematode) was loaded. This result
suggests that all eukaryotes, yeast and plant through human
have cdc5*-like genes. If this is the case, it would be interesting
to determine if the structure of the Myb-like repeats of
Cdc5-like proteins are conserved. We performed PCR using
human cDNA mixture as templates with primers for Cdc5-like
protein (see Materials and Methods). Sequencing of an ob-
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Fi1G. 5. The expression pattern of A«CDC5. (A) In situ analysis of
AtCDCS5. Using antisense and sense RNA probes, whole mount in situ
hybridization was performed. Microscopic views of root tips and a
vegetative shoot apex are shown. Note that high background signals in
cotyledons was due to their overlapping as indicated. (B) Northern
blot analysis of AtCDC5 and CDC2a. RNAs from leaves, developing
siliques, shoots, roots, and flowers were hybridized with the AtCDC5
c¢DNA probe or the CDC2a cDNA probe (3).

tained PCR fragment revealed that this fragment is derived
from the cDNA for the human cdc5*-like gene. More than
80% of the amino acids in Myb-like repeats are identical
among S. pombe Cdc5, Arabidopsis AtCDCS and the human
putative Cdc5 (Fig. 2C). There is also a cdc5*-like gene in the
genomic sequence of budding yeast in the GenBank data base.
These results strongly suggest that all eukaryotes have a
cdc5™-like gene and that the functions of Cdc5-like proteins in
the cell cycle are conserved among eukaryotes.

DISCUSSION

In this study, we demonstrate that Arabidopsis has a cell-
division-cycle-controlling gene, cdc5* homolog, named the
AtCDCS5 gene. The cdc5™ gene of S. pombe encodes a Myb-like
DNA binding protein, the function of which is required in
cell-cycle-control especially in G, phase (36). In the putative
DNA binding domain, AtCDCS protein and S. pombe Cdc5
share significant amino acid sequence identity (~85%, Fig.
2C). Moreover, AtCDC5 cDNA could complement the cell
growth defect of a S. pombe cdc5-120 under restrictive condi-
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F1G. 6. Zoo blot analysis. Genomic DNAs from various organisms
such as human, mouse, Xenopus, Drosophila, Caenorhabditis elegans,
Arabidopsis, and S. pombe were subjected to Southern blotting analysis.
(Upper) The autoradiogram of the Southern hybridization using a
cDNA fragment of AfCDC5 as a probe; (Lower) the photograph of the
electrophoresed agarose gel stained with ethidium bromide.

tions (Fig. 3). The result of the in situ hybridization indicates
that AtCDC5 may function in cell growth (Fig. 54). These
observations strongly suggest that A*CDCS5 is a plant counter-
part of cdc5* of S. pombe. The result of the zoo blot analysis
using AtCDC5 cDNA as a probe indicates that cdc5 *-like genes
are distributed in all eukaryotes (Fig. 6). Furthermore, we
cloned the PCR fragment that corresponds to the Myb-like
domain of the human Cdc5-like protein. The deduced amino
acid of this PCR fragment exhibits high similarity to those of
AtCDCS and S. pombe Cdc5 (Fig. 2C). Taken together, these
data suggest that cdc5 homologs exist in all eukaryotes and
that the cell-cycle-controlling mechanism that involves Cdc5-
related protein may be highly conserved among eukaryotes.
Overexpression of AtCDC5 cDNA in S. pombe comple-
mented the phenotype of the temperature-sensitive mutant
allele (cdc5-120) but not that of the null mutant allele. The
discrepancy between the results of two complementation
analyses may be due to partial similarity of the function of
AtCDCS with S. pombe Cdc5. CdcS is thought to function as
a homo-dimer complex (36). The products of the cdc5-120
allele has an amino acid substitution in its DNA binding
domain and exhibits low DNA binding activity (R. Ohi and K.
L. Gould, personal communication). We speculate that the
AtCDCS proteins can form a hetero-dimer complex with S.
pombe Cdc5 and bind to the target sequence of Cdc5, however,
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other functions of S. pombe Cdc5, such as interactions with
other yeast proteins, cannot be substituted correctly by
AtCDCS protein. This idea is supported by the structural
similarity of AtCDCS to S. pombe CdcS in its DNA binding
domain and adjacent region but no significant similarity in the
C-terminal two thirds. The N-terminal 232 amino acids of S.
pombe Cdc5 is thought to contain the structure for the
homo-dimer formation (36). The amino acid sequence of this
region has high similarity with that of with AtCDCS. The
region adjacent to the Myb-like domain may be required for
the dimer formation.

It is noteworthy that there are many Thr-Pro di-amino acids
in the middle regions of both AtCDCS and S. pombe CdcS (Fig.
2B). Adjacent sequences of several T-P sequences have typical
target sequences for Ser/Thr-kinases, such as p34°4c? (Ser/
Thr-Pro-Xaa-Arg/literys) or MAP kinases (Pro-Xaa(_»)-Ser/
Thr-Pro; refs. 48-50). These kinases are also found in higher
plants and presumed to play pivotal roles in cell-cycle control.
The phosphorylation of these threonine residues may modify
the activity of AtCDCS and S. pombe CdcS.

S. pombe Cdc5, AtCDCS, and human Cdc5-like protein have
astructure similar to Myb-like transcriptional factors (Fig. 2C).
However, Cdc5-related proteins have several features distinct
from Myb-related proteins. The amino acid residues that are
involved in the recognition of the target DNA sequence and
the interaction between the second and the third repeats of the
DNA binding domain have been elucidated by the determi-
nation of the structure of DNA-protein complex of the human
c-Myb DNA binding domain and the target oligonucleotide
(51). Lys-128 in the second repeat, Lys-182 and Asn-183 in the
third repeat of human c-Myb play a pivotal role in the
recognition of target DNA sequence. Asp-178 and Asn-179 in
the third repeat are involved in the interaction between the
second and the third repeats. These residues are conserved
among Myb-related proteins. In the case of Cdc5-related
proteins, however, the corresponding residues are substituted
for other amino acid residues (Fig. 2C). Thus, Cdc5-related
proteins are thought to recognize different target sequences
from those of Myb-related proteins. We determined the
recognized sequence (CTCAGCG) of the GST-AtCDCS pro-
tein by the random binding site selection, which is different
from that of Myb-related proteins (YAACNG). Another
difference is that Cdc5-related proteins may act as a homo-
dimer (36) whereas there is no evidence for homo-dimer
formation of Myb-related proteins. These characteristics lead
us to speculate that the functions of Cdc5-related proteins have
also diverged from those of Myb-related proteins. The iden-
tification of the target genes of AtCDCS5 may allow us to
understand the function of Cdc5-related proteins.

Plants have a unique developmental process in which dif-
ferentiation progresses during the cell division in apical and
root meristems. In both meristems, the genes that are involved
in the cell cycle progression, such as genes for p34°42 and
cyclins, are highly expressed. In situ hybridization and North-
ern blot hybridization revealed that ArCDC5 is highly ex-
pressed in meristems and weakly expressed in the cells in other
tissues, which suggests that AtCDCS is involved in cell division
(Fig. 5). The expression of the cyclin genes are closely corre-
lated with cell division, suggesting that the expression of these
genes might be one of the controlling factors for the activation
of cell division (6, 11, 52). By contrast, although the expression
of the CDC2a gene of Arabidopsis is highly correlated with the
mitotic activity, its expression might determine the compe-
tence for the cell division rather than the mitotic activity of the
cells (53, 54). The expression pattern of AtCDCS5 is more
similar to that of CDC2a than that of cyclin genes. These results
suggest that the expression of AtCDCS5 is necessary for cell
division but it does not determine mitotic activity of the cells
like CDC2a, and that the activity of AtCDCS is regulated by
posttranslational modifications. This idea is consistent with the
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fact that AtCDCS has putative phosphorylation sites. S. pombe
CdcS protein is thought to be a transcriptional regulator that
functions in G, phase progression. Thus, AtCDC5 might be
involved in controlling the expression of a set of genes that are
necessary for G, phase progression in Arabidopsis. Lateral
roots are generated from pericycle cells that are developmen-
tally arrested in G, phase (55). When lateral root formation
was initiated, the concomitant induction of a cyclin gene,
cyclAt, was observed in Arabidopsis (11), suggesting that the
expression of a set of genes including cyclAt is necessary for
lateral root initiation. If CdcS-like proteins of multicellular
organisms are involved in G, phase progression as S. pombe
Cdc5, AtCDCS5 may have important role(s) in the regulation of
the gene expression during the formation of lateral roots. We
are investigating the possibility of the involvement of AtCDCS5
in the G, phase progression.
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