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The Arabidopsis Functional Homolog of the p34°°

Protein Kinase
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Laboratorium voor Genetica, Rijksuniversiteit Gent, K.L. Ledeganckstraat 35, B-9000 Gent, Belgium

The p34°°°? protein kinase is a key component of the eukaryotic cell cycle, which is required for G1 to S-phase
transition and for entry into mitosis. Using a 380-base pair DNA fragment obtained by polymerase chain reaction
amplification from an Arabidopsis thaliana flower cDNA library as a probe, we isolated and sequenced a cdc2-
homologous cDNA from Arabidopsis. The encoded polypeptide has extensive homology with cdc2-like kinases.
Furthermore, when expressed in a CDC28" Saccharomyces strain, it partially restores the capacity to grow at 36°C,
indicating that the plant cDNA is a functional homolog of the p34°* kinase. Genomic hybridization demonstrated
that there is one copy of the cdc2 gene per Arabidopsis haploid genome. Using RNA gel blot analysis, we found

that cdc2 mRNA is present in all plant organs.

INTRODUCTION

The genetic and biochemical controls that regulate the
eukaryotic cell cycle have been studied in considerable
detail in yeast and animals (for reviews, see Draetta, 1990;
Nurse, 1990; Pines and Hunter, 1990). A key component
of this mechanism is a 34-kD protein kinase encoded by
the cdc2 gene, known as p34°“? (Hindley and Phear,
1984). Genetic analysis has shown that p34°* is required
at two control points in the Schizosaccharomyces pombe
cell cycle: in late G1 and in G2 to mitosis transition (Nurse
and Bisset, 1982). Likewise, the cdc2-homologous gene
of Saccharomyces cerevisiae CDC28 (Lérincz and Reed,
1984) is also essential for the transition from G1 to
S-phase (Reed, 1980) and for the entry into mitosis (Pig-
gott et al., 1982; Reed and Wittenberg, 1990). In amphibia,
starfish, and mammals, a 34-kD protein homologous to
p34°®2 was found to be part of the maturation-promoting
factor, a biochemical activity that triggers the events that
bring oocytes into nuclear division (Dunphy et al., 1988;
Gautier et al., 1988; Labbe et al., 1988; Langan et al.,
1989; for a review, see Murray and Kirschner, 1989).
Although the cdc2 kinase is also required during the G1
to S-phase transition, the regulation of the p34°*2 mitosis-
specific kinase (M-phase kinase) is better understood. It
has been found that the M-phase kinase is only active
after forming a complex with cyclins and after dephospho-
rylation of tyrosine and threonine residues (Draetta and
Beach, 1988; Gould and Nurse, 1989; Moria et al., 1989;
Pondaven et al., 1990). Moreover, in the yeasts, mutants
have been used to demonstrate that a number of regula-
tory proteins control the M-phase activity of the cdc2.

' To whom correspondence should be addressed.

These studies have revealed the presence of both positive
regulators, such as cdc25* and nim1~ (Russell and Nurse,
1986, 1987a), and negative ones, such as wee™* (Russell
and Nurse, 1987b).

Genes homologous to cdc2 have been isolated from
humans (Lee and Nurse, 1987), chickens (Krek and Nigg,
1989), mice (Cisek and Corden, 1989), and Drosophila
(Jimenez et al., 1990; Lehner and O’Farrell, 1990). Despite
the evolutionary divergence of these species, an extensive
degree of structural similarity is present in the reported
sequences. Some of these similarities are shared with
members of the serine/threonine protein kinase family
(Hanks et al., 1988), and others are unique to cdc2-like
kinases, including a perfectly conserved 16-amino acid
region, the so-called “PSTAIR” domain.

In yeasts, the amounts of cdc2 mRNA and p34°* are
constant during the cell cycle (Durkacz et al., 1986). How-
ever, McGowan et al. (1990) reported fluctuations in the
abundance of cdc2 mRNA and in the rate of p34°
synthesis in synchronized Hela cells. There is also evi-
dence that the expression of cdc?2 is correlated positively
with cell proliferation. For example, an increase in tran-
script levels was found when quiescent murine cells were
shifted from stationary to the exponential phase (Lee et
al., 1988). RNA gel blot analysis of chicken tissues has
shown that the amounts of mRNA decrease continuously
during embryonic development (Krek and Nigg, 1989), and
similar results have been obtained from experiments with
Drosophila (Jimenez et al., 1990; Lehner and O’Farrell,
1990). Moreover, in situ hybridizations to localize cdc2
mRNA were performed with Drosophila, and the results
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confirmed that the level of expression was cortelated with
the proliferative state of the cell.

The patterns of plant development are very different
from those of animals. Cell division in higher plants is
confined largely to meristematic regions that retain their
capacity for continuous growth and production of new
organs. For example, the shoot apical meristem continu-
ously forms a succession of leaf and bud primordia and,
likewise, the root apical meristem forms an expanded root
system. Furthermore, the shoot apical meristem can
change its programmed activity from vegetative growth to
reproductive growth, thereby producing flowers. Another
unique property of plant cells is their totipotency. Under
many naturat and artificial conditions, a fully differentiated
plant cell can dedifferentiate and eventually can be regen-
erated into a whole plant. In spite of the fact that mitosis
in plants is mechanistically very similar to mitosis in other
eukaryotes, very little is known about the biochemical
components that regulate the cell cycle in plants, and the
genes involved in the control of cell division have not yet
been identified. Immunological detection using cdc2-spe-
cific antibodies, however, has shown cross-reactivity with
a protein of 34 kD in the green alga Chiamydomonas and
in several plant species, including Arabidopsis (John et al.,
1989; Feiler and Jacobs, 1990). Recently, the cloning by
the polymerase chain reaction (PCR}) of part of a pea cDNA
homologous to cdc2 has been reported (Feiler and Jacobs,
1990).

As a first step for studying the reguiation of cell division
in plants, we cloned and characterized a cdc2-homologous
cDNA from Arabidopsis. In addition, we showed that when
the Arabidopsis cDNA is expressed in a temperature-
sensitive CDC28 S. cerevisiae mutant strain, it can com-
plement partially the cell division deficiency at a restrictive
temperature, thus confirming that the gene identified here
is a cdc2/CDC28 functional homolog. These results pro-
vide strong evidence that the basic mechanisms that reg-
ulate cell division in plants are similar to those already
described in animals and yeast.

RESULTS

Cloning of a cdc2-Homologous cDNA from Arabidopsis

A comparison of all known cdc2 protein sequences re-
vealed the presence of several highly conserved regions.
Two such amino acid stretches were chosen to design
degenerate oligonucleotides (see Methods), which were
subsequently used as primers for a PCR with DNA pre-
pared from a flower cDNA library of Arabidopsis. The first
primer was based on the peptide sequence EGVPSTA,
containing a part of the PSTAIR domain (indicated in Figure
2), and the second was based on the sequence
HEV({)VTLW. (For details of the PCR amplification, see

CTCAAGCTTTTCACAGAAAACCACCACCCTTCTCTCTCTACTGCCTITTTT 50
ACCACAGAGAAGAGAGAGGATCCGTCGGTGTGCTAGTCTCACTGACACTA 100
CATCCGATCGTCGCCGGTGACATTTTATAAGTGTGGAGTTTACTTCAGCT 150
10

M D Q@ Y E K V E K I G

TTATTATTCAGGAATYGATGGATCAGTACGAGAAAGT TGAGAAGATTGGT 200
20
E G T Y GV VY KARTDTKUVYTNE
GAAGGAACTTACGGTGTGGTTTATAAGGCACGTGACAAAGTGACTAATGA 250
30 40 * % %

T I AL K £ I R L E Q E D E G V
GACAATTGCTTTGAAGAAGATCAGGCTAGAGCAGGAGGATGAAGGTGTTL 300
* % % % 50 60
P §$ T A I R E ! S L L K E M @ H S
CTAGCACAGCAATCAGAGAAATCTCCCTCTTGAAAGAAATGCAGCATAGC 350

70
N ! v K L @D VvV VvV HS E KR L ¥y L
AACATTGTCAAATTGCAGGATGTGGTGCACAGCGAGAAACGTTTGTATCY 400
80

V FEY LDLDTLTKTEKTHMDS ST

GGTTTTTGAGTATCTTGACTTGGATCTCAAAAAGCACATGGATTCTACTC 450
100 110

P D F S KDL HM T K T Y L Y Q1
CTGATTTCTCCAAGGATCTACATATGATCAARACATATCTTTACCAGATT 500

L R G I A Y CH S HRV L HRDIL
CTCCGTGGAATTGCGTATTGCCACTCTCATAGGGTTCTCCATCGTGATCT 550
130 140
K P @ N L L I DR RT NS L KL
GAAGCCACAGAATTTGTTGATTGATCGCCGCACAAACTCACTGAAGCTTG 600
150 ' 160
ADF G L ARATFGI PV RTFTIT
CTGATTTTGGACTGGCCAGAGCATTCGGTATCCCTGTCAGGACATTTACT 650
* % % % % % % 170
HWE VYV T LWYRAPETILTLGS
CATGAGGTTGTTACTCTCTGGTACCGAGCACCAGAGATACTCCTAGGATC 700
180
H HY ST P VDI WSV GC1F
TCATCATTACTCTACACCTGTTGATATTTGGTCTGTGGGGTGCATATTTG 750
200 210
A E M1 S QK P L FPGD S E 1D
CTGAGATGATCAGCCAAAAGCCCTTATTTCCTGGAGACTCCGAGATTGAT 800
220
Q L F K I F R I M G T P Y ED T W
CAACTCTTCAAGATTTTCAGAATCATGGGAACTCCGTACGAGGATACATG
230 240
R G VTS L PDY K S ATFPK W
GCGTGGGGTAACTTCTCTACCGGATTATAAATCTGCTTTCCCTAAATGGA 900
250 260
K P 1T 0O L E T F VP NLDZ®PDTGV
AACCAACGGACCTAGAAACTTTTGTCCCCAATCTAGATCCCGATGGAGTC 950
270
DL LS KMML L MDPTKRTINA
GATCTCCTTTCTAAAATGCTGTTAATGGATCCGACCAAAAGAATCAACGC 1000
280 290

R A AL E HEJY F KDLGGMP
AAGAGCCGCCCTGGAGCATGAATACT TCAAGGATCTTGGAGGCATGCCTT 1050

AGAAAGGCATAAAACCAGTAATCTCCTTCATTCTATATATAATTATCAAT 1100
CCTAAGAAAATGAAGAACAATATTAATGGGTTTTGTTTATTCTTTITICTG 1150
AGTTCGTTTCCTACTTATATTCTATTACGAAAAAAAAGAAAGAAGAAGAT 1200
TTCGAGTGTGTGTGTTTTTTTACTTCTAAGCTTTTGAGATCAGTTICTTG 1250
TATCTTATTTTACCCAGAATATAGTATTTCCCTATATGAAATATGGTTTT 1300
TGTTTTGCAAAATGACCATATTATGCAACTTCTCAGCTTCTTGATTARAA 1350
AAAAAAAAAAAAAA

Figure 1. Nucleotide Sequence of the Arabidopsis cdc2 cDNA.

The deduced amino acid sequence is indicated above the nucleo-
tide sequence. The asterisks indicate the regions that were cho-
sen to design the PCR primers.
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Figure 2. Sequence Comparison of the Functional cdc2 Homologs.

The Arabidopsis (Ara) cdc2 sequence is aligned with the cdc2 homologs of S. cerevisiae (Sccdc28; Lérincz and Reed, 1984), Sch. pombe

(Spcdc2; Hindley and Phear, 1984), Gallus gallus (Ggedc2; Krek and Nigg, 1989), Homo sapiens (Hscdc2; Lee and Nurse, 1987), Mus

musculus (Mmcdc2; Cisek and Corden, 1989), and D. melanogaster (Dmcdc2; Jimenez et al. 1990; Lehner and O’Farrell, 1990). Amino

acids conserved in all sequences are boxed. Asterisks indicate the PSTAIR region, a conserved stretch of amino acids unique to p34°%
kinases. Black dots designate residues that when substituted caused mutant phenotype. The arrow indicates a threonine in the Arabidopsis

cdc2 sequence that substitutes a highly conserved glycine (see Discussion).

To isolate a full-length cDNA, the 380-bp fragment was
used as a probe to screen a flower cDNA library from

Arabidopsis. One positive signal was identified out of

Methods.) After the PCR, a band of the expected size—

approximately 380 bp—was found to be amplified. Among
other PCR products, this band hybridized best under
moderate stringency with the human and chicken cdc2

350,000 phages screened. The cDNA was subcloned as

an EcoRlI fragment in the Bluescript KS Il +/—, yielding the

cDNAs (data not shown). After subcloning in pUC18, four

plasmid pCDC2Ara. The nucleotide sequence of the 1.4-

independent clones were sequenced and found to be

kb ¢cDNA and the deduced amino acid sequence are shown

identical. The deduced amino acid sequence of the frag-

in Figure 1. The cDNA contains an 882-bp open reading

frame, encoding a polypeptide of 294 amino acids.

ment strongly resembles those of cdc2-homologous pro-

teins. Besides the presence of 16 amino acids of the

A comparison of the Arabidopsis sequence with pub-
lished amino acid sequences of cdc2-homologous proteins

PSTAIR domain, a comparison with published cdc2 se-

quences shows approximately 60% homology.
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Figure 3. Evidence for the Fact That the Arabidopsis cdc2 Is a
Single-Copy Gene.

A genomic DNA gel blot of Arabidopsis DNA digested with BamHI
(B), Bglll (Bg), EcoRl (E), and Hindlll (H) was hybridized with the
1.4-kb cdc2 cDNA as a probe, as described in Methods.

from S. cerevisiae, Sch. pombe, chicken, humans, mouse,
and Drosophila is shown in Figure 2. The highest homology
is with the human sequence, 66%, followed by 65% with
chicken, 64% with mouse, 62% with Drosophila and Sch.
pombe, and 61% with S. cerevisiae. The homology of the
Arabidopsis cdc2 with the PCR product obtained from pea
is 95% in the compared region. All highly conserved re-
gions in known cdc2 proteins are also present in the
Arabidopsis cdc2 sequence.

To determine whether the cdc2 from Arabidopsis was
encoded by a single copy gene, hybridization with total
Arabidopsis DNA digested with four different restriction
enzymes was performed. Figure 3 shows two hybridizing
fragments with BamHI, two with Bglll, one with EcoRlI,
and two with Hindlll. A genomic clone subsequently iso-
lated and sequenced confirmed the sizes and locations of
the endonuclease restriction sites, revealing that there is
only one copy of the cdc2 gene per haploid genome of
Arabidopsis (data not shown).

Complementation of an S. cerevisiae CDC28 Mutant
Strain

Although sequence comparison indicated clearly that the
cloned Arabidopsis cDNA encodes a cdc2 homolog, the
complementation of a CDC28 S. cerevisiae mutant strain
was undertaken to prove that the Arabidopsis cDNA was
a functional homolog of cdc2. The 1.4-kb insert of
pCDC2Ara was subcloned in the Escherichia coli-yeast
shuttle vector pEMBLyex4 downstream from the GAL-
CYCT1 hybrid promoter, yielding the plasmid pYCDC2Ara,
as shown in Figure 4. This plasmid was then used to
transform the S. cerevisiae strain 4078-21a, which is un-
able to grow at 36°C because it carries a temperature-
sensitive mutation in the CDC28 gene. When mutant cells
grown at the permissive temperature (28°C) are shifted to
the restrictive temperature, all of the cells will stop dividing
and be arrested at the same point in the cell cycle in G1.
Cells transformed with pYCDC2Ara were grown over-
night at 28°C in rich media containing glucose (YPD me-
dium). The cells were pelleted down, resuspended in glyc-
erol-containing media (YPGly medium), and grown further
at 28°C. This step is necessary to permit expression from
the galactose-inducible promoter that is tightly repressed
on glucose-containing media. After 4 hr, galactose was
added to the culture and the cells were incubated at 36°C.
As controls, mutant cells and cells transformed with the
cloning vector pEMBLyex4 and the wild-type strain
02431a were treated in the same way. Figure 5A shows
that the mutant cells and cells carrying the vector did not
divide at the restrictive temperature and that their viability
decreased as a function of time. The strain carrying the

Figure 4. Structure of the Yeast Expression Vector pYCDC2Ara.

The Arabidopsis cdc2 cDNA (CDC2Ara) ([///]) is flanked at the 5’
end by the galactose-inducible GAL-CYC1 hybrid promoter (OJ)
and at the 3" end by the termination signal of the 2-um FLP gene
(F=+]). Abbreviations: Ap®, ampicillin resistance gene; URA3, se-
lection for uracil prototropy in yeast; ORI, pBR322-derived origin
of replication; 2uORI, origin of replication of the yeast 2-um
plasmid. The construction of the plasmid is described in Methods.
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Figure 5. Growth of Mutant Cells Transformed with the
Arabidopsis cdc2 Gene.

(A) Growth curve. Samples from liquid cultures containing 2%
galactose growing at 36°C were taken every 90 min, plated in
YPD agar, and incubated at 28°C (see Methods). wt, S. cerevisiae
strain 02431a; ts, S. cerevisiae strain 4078-21a; ara, S. cerevisiae
strain 4078-21a transformed with pYCDC2Ara; and v, S. cerevis-
iae strain 4078-21a transformed with pEMBLyex4.

(B) Samples were taken after 1 hr of incubation at 36°C in liquid
media containing galactose, plated onto YPG agar, and incubated
3 days at 36°C. ts, ara, and wt are defined in (A). Whereas the
mutant strain does not grow at 36°C, cells carrying the
pYCDC2Ara plasmid can form colonies at the restrictive temper-
ature. However, fivefold to sixfold more colonies are formed in
plates of wild-type cells. Furthermore, these colonies are clearly
larger.
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Arabidopsis cdc2 continued to divide although slower than
the wild-type strain. In the first 6 hr of incubation at 36°C,
the ratio between cells with small buds, large buds, and
unbudded cells was kept approximately constant (one-
third of the cells had each form). Because an increase in
the number of viable cells was observed (Figure 5A), we
can conclude that, at least during that period, the
S. cerevisiae mutant strain carrying the Arabidopsis cdc2
was able to divide at the restrictive temperature. Further-
more, mutant cells transformed with pYCDC2Ara formed
colonies in galactose-containing media at 36°C, whereas
untransformed mutant cells did not (Figure 5B).

Figure 6A reveals that the mutant cells stopped cell
division but continued to elongate when shifted to 36°C.
The strain transformed with pYCDC2Ara, however, could
grow at 36°C, and the cells divided normally (Figures 6B
and 6C). This functional complementation of the CDC28
mutation was dependent upon transcription of the plant
CDC2 cDNA because cell division was arrested in the
same way as in the mutant strain when glucose was added
instead of galactose to cells containing the pYCDC2Ara
plasmid and the cultures were shifted from 28°C to 36°C
(Figure 6C). However, prolonged (longer than 8 hr) incu-
bation in galactose at 36°C resulted in reduced viability
and an increasing number of cells with aberrant morphol-
ogy, indicating that the plant cdc2 does not restore com-
plete wild-type behavior. Curing the cells of the recombi-
nant plasmid confirmed further that the ability to grow at
36°C was conferred by the plant-derived cdc2 cDNA. Cells
containing pYCDC2Ara were grown at 28°C in YPD with-
out selection for several days and then replica plated onto
minimal media with and without uracil. (The inability to
grow in the absence of uracil indicated plasmid loss.) All
colonies that were not able to grow without uracil failed to
grow at 36°C in galactose-containing media.

Expression Pattern

In higher eukaryotes, the expression of the cdc2 gene is,
at least in part, transcriptionally regulated. To investigate
cdc2 gene expression in plants, RNA blot hybridizations
were used to study the abundance of cdc2 transcripts in
different Arabidopsis tissues. Total RNA from entire flow-
ering plants, roots, stems, leaves, flowers, and actively
dividing callus were probed with the cdc2 cDNA. One
unique band of approximately 1.4 kb hybridized with the
probe in all samples. The result is shown in Figure 7. in
comparison with stems and callus, slightly higher levels of
mRNA were found in roots. The levels of cdc2 transcripts
in flower RNA were about 50% of those in stems and
callus; the amounts in leaf and total plant RNA were
approximately twofold lower.
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Figure 6. Complementation of the S. cerevisiae CDC28 Mutant
by the cdc2 Arabidopsis Gene Product.

(A) The S. cerevisiae strain 4078-21a 3 hr after the temperature
shift to 36°C in medium containing 2% galactose. The S. cerevis-
iae cdc28 strain 4078-21a contains a temperature-sensitive mu-
tation in the cdc28 gene (Hereford and Hartwell, 1974). When
grown at restrictive temperature (36°C), cell division stops. No
buds are present but continued growth of the cells produces an
irregular cylindrical outline.

(B) Strain 4078-21a transformed with pYCDC2Ara 3 hr after the
temperature shift to 36°C in medium containing 2% galactose.
The arrows show the presence of small and large buds, indicating
that cells expressing the Arabidopsis cdc2 cDNA are able to
progress through the cell cycle.

(C) The S. cerevisiae strain 4078-21a carrying the pYCDC2Ara
3 hr after the temperature shift to 36°C in medium containing 2%
glucose. Cell division has not occurred, buds are absent, and cells
resemble those seen in (A).

DISCUSSION

The demonstration that some of the molecular compo-
nents of cell cycle control are conserved in organisms that
are very distant evolutionarily implies the existence of a
mechanism of regulation that is common to all eukaryotic
cells (Nurse, 1990). The results reported here suggest that
this mechanism of regulation also embodies the plant
kingdom. We used PCR to amplify a 380-bp DNA fragment
from an Arabidopsis flower cDNA library that is homolo-
gous to known cdc2 sequences. Using this probe, a nearly
full-length cDNA clone was isolated subsequently from the
cDNA library, and sequence determination revealed that
the clone was indeed a cdc2 homolog.

Expression of the Arabidopsis cdc2 cDNA in a strain of
S. cerevisiae that has a temperature-sensitive mutation in
its CDC28 gene can promote cell division at the restrictive
temperature, showing that the protein encoded by the
Arabidopsis cDNA is a functional homolog of p34°*2. How-
ever, like the human and Drosophila cdc2 homologs, the
plant cdc2 does not restore complete wild-type behavior.
This is not surprising because the cdc2 gene product
interacts with many components of the cell cycle control
apparatus (e.g., cyclins, suc1*, wee*, cdc25*, phospha-
tases, and numerous substrates), and it has been sug-
gested that these interactions might be species specific
(Lehner and O’Farrell, 1990).

In contrast, expression of cdc2-related cDNAs from
Drosophila and frogs in cdc2/CDC28 temperature-sensi-
tive strains does not restore cell division even though they
have a high degree of homology with cdc2-functional
homologs, and they possess most of the conserved motifs
characteristic of cdc2-related kinases (Lehner and O’Far-
rell, 1990; Paris et al., 1991). To define which amino acids
are absolutely required for the biological activity of p34°°<,
extensive in vitro mutagenesis of conserved amino acid
residues in the cdc2 genes is necessary. However, by
examining the data accumulated from complementing

Figure 7. Expression Analysis of the Arabidopsis cdc2 Gene.

RNA gel blot with 10 ug of total RNA from different organs of
Arabidopsis hybridized with the 1.4-kb cdc2 cDNA as a probe, as
described in Methods.



cdc2 sequences, from the isolation of cdc2 mutant alleles,
and from the limited in vitro mutagenesis that has aiready
been done, a rough picture of the amino acid residues and
domains important for biological activity can be drawn.
Carr et al. (1989) have identified the amino acid substitu-
tions that resulted in temperature-sensitive mutations
within the cdc2 gene of Sch. pombe, and a temperature-
sensitive cdc? allele caused by substitutions in two con-
served amino acids was isolated recently from a mouse
cellline (Th’ng et al., 1990). Additionally, Booher and Beach
(1986) have identified mutations within the conserved ATP
binding domain and in a putative phosphorylation domain
that abolish biological activity. Gould and Nurse (1989)
have shown that a tyrosine residue in the ATP binding
domain is phosphorylated in vivo and that its dephospho-
rylation activates the cdc2 kinase. Although some of these
residues are absolutely conserved in all sequences pub-
lished to date, others are not.

In the Arabidopsis sequence, one of the invariant resi-
dues whose substitution resulted in a temperature-sensi-
tive phenotype in Sch. pombe is changed at position 139,
where threonine occurs in the plant sequence and a glycine
is found in all the other functional homologs (Figure 2).
Moreover, other invariant amino acids are also replaced in
the Arabidopsis gene. For example, a histidine replaces
tyrosine at position 97, isoleucine replaces valine at posi-
tion 111, arginine replaces proline at position 228, methi-
onine replaces tyrosine at position 270, and asparagine
replaces serine at position 277 (Figure 2). Because the
cdc2 gene product physically interacts with other pro-
teins—cyclins (Booher and Beach, 1987; Draetta et al.,
1989; Hadwiger et al., 1989; Gautier et al., 1990} and the
suct1™* product (Hayles et al., 1986a, 1986b; Brizuela et
al., 1987; Hindley et al., 1987; Dunphy and Newport, 1989;
Moreno et al., 1989; Richardson et al., 1990)—to have
mitotic kinase activity, it might be possible to define the
domains that are required for the interaction (reviewed in
Draetta, 1990). Substitutions within these domains could
have some degree of tolerance, provided the conforma-
tional change in the structure is not too drastic. For ex-
ample, our results suggest that a threonine residue in
place of a glycine at position 139 can be tolerated, but a
substitution to aspartic acid cannot, as was shown by
Booher and Beach (1986) and Carr et al. (1989). However,
substitutions in residues that are important for catalytic
activity or in amino acids that are phosphorylated presum-
ably could not be tolerated.

RNA blot analysis revealed the presence of the cdc2
transcript in all tissues examined, although different
amounts were observed. It is possible that the cdc2 gene
is expressed preferentially in dividing cells. This interpre-
tation is supported by the finding that the histones H3 and
H4, which in Arabidopsis are expressed preferentially in
tissues with meristematic activity, have a similar pattern
of expression as observed by RNA gel blots (C. Gigot,
personal communication). On the other hand, we cannot
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exclude the possibility that the cdc2 gene is expressed
uniformly throughout the entire plant. To answer this ques-
tion, we are currently performing in situ hybridization with
different Arabidopsis tissues and constructing promoter/
B-glucuronidase fusions to analyze the tissue-specific
expression in transformed plants.

METHODS

PCR Amplification

The sequences of the oligonucleotide primers used for amplifica-
tion were: (1) 5° TCCTGCAGGA(AG)GGIGTTCCIAG(CT)ACIGC
3’, (2) 5° GAGGATCCCCA(CT)AAIGTIACIA(CTCT)TC(GA)TG
3’. The underlined sequences denote restriction sites (Pstl and
BamHli, respectively) that were subsequently used for convenient
cloning of PCR products. DNA samples of a Agt10 cDNA library
constructed with poly(A)* RNA from flowers of Arabidopsis thal-
iana ecotype Columbia (D.E. de Oliveira, personal communication)
were used for the PCR and were prepared by using the following
procedure: 100 gL of the library (approximately 1.7 x 10° plaque-
forming units/mL) was mixed with 1 volume of a solution of 20%
PEG 6000, 2 M NaCl and incubated for 1 hr on ice. The phage
particles were collected, resuspended in 10 uL of X storage buffer
(Maniatis et al., 1982) and heated at 95°C for 10 min. PCR was
carried out essentially as described by Saiki et al. (1985), except
that a higher concentration of each primer (100 pM) was used
because of primer redundancy. Conditions for the reactions were
as follows: 10 ulL of the Arabidopsis flower cDNA library prepared
as above, 1 ug of each primer, 200 uM each deoxynucleotide
triphosphate, in a final volume of 100 uL. The reaction mix also
contained 50 mM KCI; 10 mM Tris-HCI, pH 8.3; 1.5 mM MgCly;
and 0.01% (w/v) gelatin. Reactions were cycled automatically
through time/temperature cycles as follows: denaturation 94°C/1
min, annealing 45°C/1 min, and extension 72°C/3 min, with the
final extension cycle increased to 10 min. Ten microliters of the
reaction mix was loaded on a 1% agarose gel and the gel was
blotted to a nylon filter. The filter was then probed with both the
chicken and the human cdc2 cDNA clones (data not shown). A
fragment of the expected size, 380 bp, that hybridized with both
probes, was isolated from a low melting point agarose gel, di-
gested with Pstl and BamH|, and subcloned in pUC18. Four clones
were sequenced by the dideoxy method of Sanger et al. (1977).

Library Screening and DNA Sequence

Approximately 350,000 plague-forming units from the Arabidopsis
flower library were screened under high stringency conditions
following the procedure recommended by Amersham. Only one
positively hybridizing phage could be identified. DNA from this
phage was prepared using Qiagen tips according to the manufac-
turer’s recommendations and digested with EcoRI to release
a 1.4-kb insert, and the insert was subcloned in Bluescript KS I
+/—. The resulting plasmid, pCDC2Ara, was sequenced by the
method of Sanger et al. (1977) using T3 and T7 commercial
primers (Boehringer Mannheim) and internal primers derived from
the internal sequence.
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Plant Material

All plant manipulations were carried out using Arabidopsis plants
grown as described previously (Valvekens et al., 1988). Briefly,
seeds of Arabidopsis ecotype C24 were grown in sterite conditions
in germination medium (Valvekens et al., 1988). Tissues were
collected after 2 months of growth and frozen at —70°C immedi-
ately. To obtain callus, roots from 1-month-old plants were placed
on callus-inducing media (Valvekens et al., 1988). After 2 weeks,
the resulting calli were collected and frozen at —70°C.

RNA and DNA Blot Hybridization Analyses

Total RNA was isolated from callus, roots, stems, leaves, flowers,
and from total plants of Arabidopsis ecotype C24 as described
(Logemann et al., 1986). Ten micrograms of each sample was
electrophoretically separated on 1% agarose gels and transferred
to nylon filters (Hybond-N, Amersham). Hybridization was done in
50% formamide, 10% dextran sulfate, 0.25% nonfat dry milk,
0.5% SDS, 3 x SSC, and 20 ug/mL denatured salmon sperm
DNA at 42°C for 24 hr using the Arabidopsis cdc2 cDNA probe
labeled with ¥P by random priming (Feinberg and Vogelstein,
1983). The filters were washed twice with 3 X SSC, 1% SDS at
42°C; twice with 1 X SSC, 1% SDS at 42°C; twice with 0.1 x
SSC, 0.1% SDS at 42°C; and twice with 0.1 X SSC, 0.1% SDS
at 5§5°C, for 15 min each wash. These experiments were done
twice with independently extracted RNA samples.

Total DNA from Arabidopsis ecotype C24 was prepared as
described (Pruitt and Meyerowitz, 1986) and restricted with Bglll,
BamHI, EcoRl, and Hindlll, respectively. Restriction fragments
were separated on 0.8% agarose gels and transferred to nylon
membranes (Hybond-N, Amersham). Hybridization was carried
out using a *P-labeled cdc2 ¢DNA in 3 X SSC, 5 X Denhardt’s
solution, 0.5% SDS, and 20 ug/mL denatured salmon sperm DNA
at 65°C for 24 hr. The filter was washed twice at 65°C with 2 X
SSC, 15 min each time; once with 2 X SSC, 0.1% SDS for 30
min; and once with 0.1 X SSC, 0.1% SDS for 15 min.

Complementation of a Saccharomyces cerevisiae Mutant
Carrying a Temperature-Sensitive Mutation within the CDC28
Gene

The 1.4-kb cDNA insert of pCDC2Ara was isolated by digestion
with restriction endonucleases Sstl and Sall and ligated into the
yeast shuttle vector pEMBLyex4 (Cesarini and Murray, 1987)
downstream from the GAL-CYCL 1 hybrid promoter. The resulting
plasmid, pYCDGC2Ara (Figure 4), was transformed into S. cerevis-
iae CDC28 mutant strain 4078-21a (mat-a, cdc28-1, leu2-3,
leu112, ura3-52, his7, can1) (Hereford and Hartwell, 1974). Yeast
transformation was carried out by the lithium chioride method (Ito
et al., 1983). After 2 days of growth at 28°C, the resulting ura*
colonies were inoculated in liquid-rich media containing glucose
as carbon source (YPD) and grown overnight at 28°C. The cells
were pelleted and resuspended in media containing 2% glycerol
(YPGIly) and grown further at 28°C. After 4 hr, galactose was
added to the culture (2% final concentration) and the cells were
shifted to the restrictive temperature of 36°C. Samples were
taken every 90 min, plated onto YPD agar, and incubated at 28°C.
The S. cerevisiae strain 02431a, which grows normally at 36°C,

was used as control. The growth curve was constructed by
counting the number of resulting colonies at each time point. YPD
medium contains 1% Bacto-yeast extract, 2% Bacto-peptone,
and 2% glucose; YPG contains 1% Bacto-yeast extract, 2%
Bacto-peptone, and 2% galactose; YPGly contains 1% Bacto-
yeast extract, 2% Bacto-peptone, and 2% glycerol.

DNA Procedures and Yeast Manipulations

DNA procedures were carried out as described by Maniatis et al.
(1982), and yeast manipulations were done as described by
Sherman and Fink (1986).
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NOTE ADDED IN PROOF

While this work was in press, similar results were reported with
an alfalfa cdc2 DNA: Hini, H., Pay, A., Gyorgyey, J., Baké, L.,
Németh, K., Bégre, L., Schweyen, R. J., Heberle-Bors, E., and
Dudits, D. (1991). Complementation of a yeast cell cycle mutant
by an alfalfa cDNA encoding a protein kinase homologous to
p34°2, Proc. Natl. Acad. Sci. USA 88, 1636-1640.
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