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cdc2 and several related genes encode the catalytic subunits of cyclin-dependent kinases, which have been implicated
in a number of cellular processes, including control of cell division. As a first step in exploring their function in plants,
we isolated four cdc2-related genes from Antirrhinum. Two genes, cdc2a and cdc2b, encode proteins that contain a per-
fectly conserved PSTAIRE motif characteristic of cdc2 homologs, whereas the products of the two remaining genes, cdc2c
and cdc2d, appear to represent a new subclass of proteins that have so far only been identified in plants. Transcripts
of these novel genes were localized in isolated cells dispersed throughout actively dividing regions of the inflorescence.
This localization is consistent with accumulation that is specific to particular phases of the cell cycle. Correlating cell
labeling with nuclear condensation and double-labeling experiments using cdc2 and histone H4 as probes indicated that
cdc2c transcripts accumulate during S phase as well as during the G2 and M transition, whereas cdc2d expression was
specific to the G2 and M phases. All cells labeled with cdc2d also contained cdc2c¢ label, indicating that expression of
cdc2d completely overlapped with that of cdc2c. Transcripts of cdc2a and cdc2b were detected in all cells within actively
dividing regions, but at levels that were only slightly higher than those observed in nondividing areas. These transcripts
did not appear to accumulate in a cell cycle-specific fashion. The genes cdc2a and cdc2b were able to partially comple-
ment a yeast cdc2 mutation, although all four genes appeared to interfere with the sizing mechanism of yeast cells. We
propose that plants contain at least two classes of cdc2-related genes that differ in structure, expression, and perhaps
function.

INTRODUCTION

The timing of crucial events in the eukaryotic cell division cy- ral tissue differentiation (reviewed in Lew and Wang, 1995),

cle is under the control of protein phosphorylation cascades.
Genetic studies of cell division in yeast have identified the prod-
uct of the cdc2 gene (p34°¢2) as a key component of these
cascades (reviewed in Forsburg and Nurse, 1991; Reed, 1992).
p34cde2 periodically associates with different classes of posi-
tive regulators called cyclins to create successive waves of
protein kinase activity thought to be capable of regulating cell
cycle progression (reviewed in Reed, 1992; Heichman and
Roberts, 1994; Pines, 1994). It is now apparent that eukary-
otes possess families of cdc2-related genes. Although some
of these genes are involved in unrelated processes, such as
apoptosis (Lahti et al., 1995), phosphate metabolism (Kaffman
et al., 1994), hemopoiesis (Lapidot-Lifson et al., 1992), and neu-
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at least six (cdc2, cdk2, cdk3, cdk4, cdk6, and cdk7) partici-
pate directly in control of the cell cycie. Along with cde2, a
number of these genes encode proteins that have been demon-
strated to interact with cyclins; these are known collectively
as cyclin-dependent kinases (Cdks; reviewed in Pines, 1993;
Sherr, 1993, 1994; Heichman and Roberts, 1994; Lew and
Wang, 1995). The role of different Cdks in cell cycle control
has been studied most intensely in vertebrates (reviewed in
Heichman and Roberts, 1994; King et al., 1994; Sherr, 1994),
whereas a role for Cdks other than p34¢d¢2 in yeast cell cycle
control is beginning to emerge (Espinosa et al., 1994; Measday
et al., 1994; Buck et al., 1995; Damagnez et al., 1995).
Structurally, at least two classes of cdc2-related genes can
be distinguished based on whether they encode proteins that
contain a conserved 16-amino acid domain, the so-called
PSTAIRE motif. Genes encoding PSTAIRE-containing proteins,
which include the fission yeast cdc2 gene itself, can often res-
cue yeast cdc2 mutants; such genes have been identified in
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all eukaryotes examined, including plants (reviewed in Reed,
1992; Jacobs, 1995). Genes encoding proteins containing oniy
partially conserved PSTAIRE domains share less overali se-
quence similarity to cdc2 than do the PSTAIRE genes and
generally lack the ability to complement yeast cdc2 mutants
(Simon et al., 1986; Shuttleworth et al., 1990; Hata, 1991, Irie
etal., 1991; Imajuku et al., 1992; Meyerson et al., 1992; Xiang
et al., 1994), even though some may be implicated in cell divi-
sion control (Simon et al., 1986; Irie et al., 1991; Meyerson and
Harlow, 1994; reviewed in King et al., 1994; Sherr, 1994). Al-
though several such “non-PSTAIRE” cdc2-related genes have
been identified in yeasts and animals, it is not clear which en-
code proteins common to all eukaryotes and which encode
proteins that may be unique to specific organisms. There have
been only two reports of non-PSTAIRE cdc2 gene isolation
from plants: the Arabidopsis cdc2b (Iimajuku et al., 1992) and
the rice R2 (Hata, 1991) genes. Neither has been character-
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ized in detail; consequently, their functions remain to be
determined.

Here, we characterize four distinct cdc2-related genes from
Antirrhinum. Two of the genes encode proteins containing only
partially conserved PSTAIRE domains, homologs of which have
yet to be identified in non-plant eukaryotes. In situ hybridiza-
tion revealed major differences in the expression patterns of
these novel genes compared with those of PSTAIRE-containing
cdc2 genes. Transcripts for the non-PSTAIRE genes appear
to accumulate at distinct and different stages of the cell cycle,
whereas those of PSTAIRE homologs are present throughout
the cell cycle. Although only PSTAIRE-containing proteins were
able to partially complement a yeast cdc2 mutation, all ap-
peared to interfere with the sizing mechanism of these yeast
cells. The data reveal that plants contain at least two classes
of cdc2-related genes that differ in structure, expression, and
possibly function.
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Figure 1. Predicted Amino Acid Sequences of Antirrhinum cdc2-Encoded Proteins lllustrating Their Similarities with Those from Arabidopsis.

Dashes indicate gaps introduced to maximize alignment. Amino acids that are identical in three or more of the proteins are blocked. EMBL acces-
sion numbers are X97637 (Antirrhinum cdc2a), X97638 (Antirrhinum cdc2b), X97639 (Antirrhinum cdc2c¢), X97640 (Antirrhinum cdc2d), X57839
(Arabidopsis cdc2a), and D10851 (Arabidopsis cdc2b). Am, Antirrhinum majus; At, Arabidopsis thaliana.
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Figure 2. Phylogenetic Tree of the Cdc2 Protein Family.

The tree was constructed with selected sequences from the data bases,
using the CLUSTAL program. Sequences from plant sources are itali-
cized. With the exception of Cdk4, which is from mouse, and SpCdc2,
which is from yeast, all remaining proteins are from humans. More
extensive analyses containing additional Cdc2-related proteins yielded
similar groupings of the Antirrhinum proteins. Am, Antirrhinum majus;

At, Arabidopsis thaliana; Os, Oryza sativa; Sp, Schizosaccharomyces -

pombe; Zm, Zea mays.

RESULTS

A Family of cdc2-Related Genes Is Expressed in
Antirrhinum Inflorescences

Using the Arabidopsis cdc2a cDNA as probe, we isolated 15
clones from a cDNA library prepared from inflorescence apices
of Antirrhinum (Fobert et al., 1994). Restriction enzyme anal-
ysis and sequencing revealed that this collection of clones
contained four distinct cdc2-related genes, which were named
cdc2a, cde2b, cde2c, and cdc2d. Complete sequencing and
conceptual translation of the longest cDNAs in each class re-
vealed that clones for cdc2a and cdc2c potentially encode
entire proteins but that the longest available clones for two
others (cdc2b and cdc2d) are truncated at the 5'end. AcDNA
containing the presumptive full-length coding sequence of
cdc2b was isolated by screening a new library with the trun-
cated cDNA as probe. For cdc2d, the 5 end of the coding region
was obtained by rapid amplification of cDNA ends (RACE).
The coding sequences of cdc2b, cdc2c¢, and cde2d ali appear
to be full length because the initiation codons are preceded
by in-frame stop codons.

The predicted amino acid sequences of the Antirrhinum pro-
teins are presented in Figure 1. The proteins are of similar size
(predicted molecular masses of 34 or 35 kD), and all contain
domains characteristic of protein kinases (Hanks, 1987). Spe-
cific amino acid residues known to be important for the
regulation of vertebrate p34°92 activity via phosphorylation
and dephosphorylation (i.e., Thr-14, Tyr-15, Thr-161, and Ser-
277) are conserved in the Antirrhinum proteins, with the ex-
ception of a nonconservative substitution of Thr-14 by Ala in
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p34cde2b This change was identified in two independent
cDNA clones and thus does not appear to result from an error
in reverse transcription. The characteristic PSTAIRE domain
is perfectly conserved in p35¢dc2a and p34°9°2> byt only par-
tially conserved in p34°%2 (PPTALRE) and p35° (PPTTLRE).
PAIRWISE (Genetics Computer Group, Madison, WI) and
CLUSTAL (DNASTAR Inc., Madison, WI) analyses revealed that
Antirrhinum p35¢dc22 and p34¢°de2b are more similar to other
PSTAIRE-containing proteins from plant and animal sources
than they are to the non-PSTAIRE Antirrhinum homologs (Fig-
ure 2 and data not shown). The latter proteins, along with the
product of the Arabidopsis cdc2b gene, form a distinct sub-
group among the non-PSTAIRE Cdc2-related proteins (Figure
2). The Antirrhinum p34<d¢2c and the Arabidopsis p35°4°2 ap-
pear to be cognate homologs. Overall, the two proteins share
82% amino acid identity and deviate by only one conserva-
tive substitution within the 16-amino acid PSTAIRE domain.
The only other cdc2-related cDNA characterized from plants
is the R2 gene of rice (Hata, 1991), which encodes a protein
distantly related to the Antirrhinum proteins (Figure 2).

Members of the cdc2 Gene Family Display Differential
Patterns of Expression

The histological distribution of cdc2-related RNA was studied
by in situ hybridization, using digoxigenin-labeled antisense
RNA probes against wild-type inflorescence apices. To com-
pare the expression patterns of various members of the gene
family with each other, consecutive sections from the same
apex were hybridized with probes from different genes. Con-
secutive sections were also hybridized to sense and antisense
probes from the same gene. Sense strand probes consistently
yielded no hybridization signal (data not shown).

The Antirrhinum inflorescence contains small leaf-like struc-
tures (bracts) arranged in a spiral manner. Flowers develop
in the axil of bracts, with the oldest flowers at the base and
the youngest at the top of the inflorescence. In longitudinal
sections, the inflorescence meristem is seen at the apex and
has bract primordia on its periphery. Floral meristems were
observed in the axils of bracts; their early development has
been detailed elsewhere (Carpenter et al., 1995). Because of
the spiral arrangement of flowers and their subtending bracts,
not all stages of development were seen in each section.

Transcripts of cdc2a and cdc2b Are Expressed
throughout Dividing Regions of the Apex

Expression of cdc2a and cdc2b was found to be very similar.
As shown in Figure 3, transcripts of cdc2a were detected pre-
dominantly within regions of the inflorescence known to sustain
high rates of cell division. Starting at the apex of the inflores-
cence and proceeding to the base, these regions included the
inflorescence meristem, bract primordia, and developing bracts
(Figures 3A and 3B); then, in all stages of floral meristem



Figure 3. RNA in Situ Hybridization of Wild-Type Inflorescence Apices Probed with cdc2a.

Sections were probed with digoxigenin-labeled antisense RNA. A hybridization signal gives a brown-purple label. Epifluorescence was used
to reveal calcofluor white-stained cell walls in (C). an, anther; bp, bract primordium; br, bract; fm, floral meristem; im, inflorescence meristem;
ov, ovule; ow, ovary wall; pe, petal; pl, placenta; se, sepal; st, style.

(A) Inflorescence apex.

(B) Floral meristem at the floritypic stage.

(C) Central carpels of an older floral meristem.

(D) Developing ovules within carpels.




development observed, including florai meristem, floral organ
primordia and developing floral organs (Figures 3B and 3C;
data not shown), developing male and female reproductive tis-
sues, such as anthers, microsporocytes, placenta, and ovules,
and vascular tissue (Figures 3A, 3C, and 3D; data not shown).
Within these regions, transcripts of both cdc2a and cdc2b were
detected in most if not all cells. Weak hybridization signals were
routinely observed in older bracts and sepals, in postmeiotic
anthers, and in the large cells comprising the bulk of the stem
axis. Overall, the intensities of cdc2a and cdc2b labeling ob-
served in meristems and organ primordia were consistently
weaker than those obtained for other genes that we have ana-
lyzed, such as histone, mitotic cyclins (Fobert et al. [1994]),
floricaula, deficiens (def ), plena, and fimbriata (Bradley et al.,
1993; Simon et al., 1994). Use of probes from different regions
of the transcripts did not increase the intensity of labeling.
Strong labeling for these transcripts was observed only in spe-
cific reproductive structures such as the developing anther sac
(data not shown) and carpels (Figures 3C and 3D). Transcripts
of cdc2a and cdc2b were also detected in the vegetative shoot
apical and axillary meristems, leaf primordia, and the root apex
(data not shown). Their expression during seed development
was not assessed.

Transcripts of cdc2c and cdc2d Show Distinct Cell
Cycle-Dependent Expression

Figure 4 shows that in contrast to those of cdc2a and cdc2b,
transcripts of cdc2c and cdc2d accumulated only in isolated,
dispersed groups of one or a few cells (for an overview of cdc2c
expression, see Fobert et al. [1994]). The proportion of cells
labeled with cdc2c was considerably higher than when cdc2d
was used as probe. For example, in young floral meristems,
30% of the cells were labeled with the cdc2c probe, whereas
only 12% of cells were labeled with the cdc2d probe. Neverthe-
less, the relative frequencies of cells labeled throughout the
inflorescence were similar with these two probes. The highest
frequencies were in actively dividing regions, and the lowest
were in slowly or nondividing regions. Figures 5A to 5C show
a comparison of the expression patterns of cdc2c and cdc2d
with cyclin1, a mitotic-like cyclin that also accumulates in iso-
lated groups of cells (Fobert et al., 1994). Qualitatively, the
cell-specific labeling observed for cdc2c and cdc2d was not
as well defined as that of cyclin, probably because of the pres-
ence of cells expressing low levels of the cdc2-related
transcripts. This was particularly evident with cdc2c. Expres-
sion of cdc2c and cdc2d transcripts, unlike those of cdc2a and
cdc2b, did not appear to increase in reproductive structures,
but their patterns of expression became more homogenous
in anther sacs during microsporogenesis (Fobert et al., 1994).

Counterstaining sections with the DNA-specific dye 4.6-
diamidino-2-phenylindole allowed us to relate the condensa-
tion state of nuclei to the expression of transcripts. Figure 4
shows that both cdc2c and cdc2d were expressed in cells con-
taining mitotic nuclei. Aimost all metaphase cells contained
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Figure 4. Correlation of Gene Expression with Mitosis.

In situ hybridization of meristems hybridized with antisense RNA probes,
counterstained with 4'6-diamidino-2-phenylindole to reveal nuclei and
viewed using epifluorescence in (A) and (C) or bright-field microscopy
in (B) and (D). Labeled mitotic cells are marked with arrows.

(A) and (B) cdc2d.

(C) and (D) cdc2c.

transcripts of these genes (>95% for cdc2c, and 99% for
cdc2d), whereas only a small proportion of interphase cells
were stained (~30% for cdc2c, and ~5 to 10% for cdc2d).
A weak or no signal was observed in anaphase and telophase
cells.

Transcripts of cdc2c and cdc2d Are Expressed in
Overlapping Periods of the Cell Cycle

To define further the expression period of these two genes,
we undertook a series of double-labeling experiments in which



In Situ Hybridization of Wild-Type Inflorescence Apices Probed with Cell Cycle Genes.




individual slides were hybridized with different combinations
of edc2c, cde2d, and histone H4 probes. In each case, the
first gene probe was labeled with fluorescein and developed
to produce a red color. The second gene was labeled with
digoxigenin and developed to produce a purple color. By pho-
tographing sections after the red color development and again
after the purple color development, individual cells could be
monitored for the presence of more than one transcript. Figures
5D and 5E show that expression of cdc2¢ extensively over-
lapped with that of histone: 5% of the cells contained label
only for histone, and 22% of the cells were labeled for histone
and cdc2c, whereas ~8% were labeled only for cdc2c. Cells
with the strongest histone signal usually contained a low level
of cdc2c label, suggesting that the expression of these tran-
scripts peak at different times. None of the cells containing
cdc2d label contained histone label (Figures 5F and 5G), but
all were labeled for cdc2¢ (Figures 5H and 5l). Because the
overall number of cells labeled with cdc2c is higher than the
number labeled with cdec2d (30% versus 12%), numerous cells
were labeled for cde2c¢ but not for cdc2d (Figures 5H and 5I).

Antirrhinum cdc2 Genes Are Not Functionally
Equivalent When Expressed in Fission Yeast

As a first step in elucidating the possible functions of the An-
tirrhinum Cdc2-related proteins, we tested their ability to
complement a yeast cdc2 mutation. Each ¢de2 coding region
was placed under the control of the thiamine-repressible nmt?
(for no message in thiamine) promoter (Maundrell, 1990) and
transformed into a strain of fision yeast carrying a temperature-
sensitive cdc2 mutation (see Methods). Three expression vec-
tors were used (PREP1, pREP41, and pREP81); these vectors
ditfered only in their relative nmt7 promoter strength (Basi et
al., 1993). Growth of transformed cells harboring these plas-
mids alone (without Antirrhinum genes) was indistinguishable
from that of nontransformed cells under inductive, noninduc-
tive, permissive, and restrictive conditions (data not shown).
Micrographs of cells grown under some of these different con-
ditions are shown in Figure 6. Because results obtained with
cdc2a were very similar to those obtained with cde2b and those
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obtained with cdc2c were similar to those seen with cdc2d,
only data for cdc2b and cdc2c are shown. In addition, data
are from transformants containing the weakest promoter con-
struct to show the relevant phenotype.

At the restrictive temperature (35°C), nontransformed mu-
tant cells were more elongated than were the wild-type cells
(Figures 6A and 6B) and failed to form colonies when plated
onto agar-solidified media (data not shown). The same pheno-
types (elongated celis and failure to form colonies) were
observed in transformants harboring the cdc2a or cdc2b cod-
ing regions when grown under noninductive conditions (Figure
6C) or in transformants harboring the cdc2c or cdc2d coding
regions when grown under inductive or noninductive condi-
tions (Figures 6E and 6F). In contrast, when grown under
inductive conditions, cells harboring cdc2a or cdc2b were
shorter than the mutant cells and resembled those of the wild
type (Figure 6D). However, unlike the wild-type control, these
cells were unable to form colonies when plated on inductive
agar medium; this observation suggests that either com-
plementation was weak or expression of cdc2a and edc2b had
deleterious effects. The latter possibility is supported by the
phenotypes of cells grown at the permissive temperature (27°C)
under inductive conditions. Transformants harboring the cdc2a
or cde2b coding regions cloned into the pREP81 vector formed
very small colonies compared with those grown under nonin-
ductive conditions, whereas those cloned into the pREP41 or
pREP1 vectors, which contain stronger promoters, failed to pro-
duce colonies (data not shown). Microscopic examination of
cultures revealed that cells expressing cdc2a and cdc2b were
of similar or smaller size than wild-type cells (Figures 6B, 6G,
and 6H). This semi-wee phenotype (wee cells divide ata smaller
size than do wild-type cells) was more obvious when pREP41
or pREP1 was used as a vector. Expression of cdc2b but not
cdc2a from the pREP41 and pREP1 vectors also caused a
reduction in colony size in a wild-type (cdc2*) background
(data not shown).

Expression of cde2¢ or cdc2d at the permissive tempera-
ture also resulted in a reduction in colony size. This reduction
was only observed when the coding regions were fused to the
stronger promoters (PREP41 and pREP1 for cdc2c; pREP1 for
cdc2d) and was not as severe as that induced by cdc2a or

Figure 5. (continued).

(A) 1o (C) Consecutive serial sections of a floral meristem hybridized with antisense RNA probes for cdc2c (A), cdc2d (B), and cyclin1 (C). br,

bract; ca, carpel; pe, petal; se, sepal; st, stamen.

(D) to (1) Double labeling of inflorescence apices with a fluorescein (red label) and a digoxigenin (blue-black label) probe. Sections in (D), (F),
and (H) were photographed after detection of the fluorescein probe but before detection of the digoxigenin probe. Sections in (E), (G), and (I)
are the same as those in (D), (F), and (H), respectively, photographed after both probes were detected. In (D), histone H4 was detected. In (E)
histone H4 (red label) and cdc2c (biue-black label) were detected. For (D) and (E), the arrowheads mark cells labeled for histone H4 only; black
arrows indicate representative cells labeled for both transcripts, and open arrows mark a few cells labeled for cdc2c only. in (F), histone H4 was
detected. In (G), histone H4 (red label) and cdc2d (blue-black label) were detected. For (F) and (G), arrowheads mark representative cells labeled
for histone H4 only, and open arrows mark a few cells labeled for cdc2d only. In (H), cdc2c was detected. In (1), cdc2c (red label) and cdc2d
(blue-black label) were detected. For (H) and (1), arrowheads mark representative cells labeled for histone cdc2c only, and black arrows mark

a few cells that were labeled for both transcripts.
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Figure 6. Effect of Antirrhinum cdc2 Gene Expression on Size and
Shape of Yeast Cells.

With the exception of (B), which depicts wild-type cells, all cells shown
are of cdc2-33" mutant cells.

(A) Untransformed cdc2-33' at 35°C.

(B) Wild type at 35°C.

(C) and (D) Transformant harboring the cdc2b coding region cloned
into pREP81 grown at 35°C in the presence (C) or absence (D) of
thiamine.

(E) and (F) Transformant harboring the cdc2c coding region cloned
into pREP1 grown at 35°C in the presence (E) or absence (F) of
thiamine.

(G) and (H) Transformant harboring the cdc2b coding region cloned
into pREP81 grown at 27°C in the presence (G) or absence (H) of
thiamine. '
() and (J) Transformant harboring the cdc2c coding region cloned
into pREP1 grown at 27°C in the presence (C) or absence (D) of
thiamine.

Bar in (A) = 10 um for (A) to (J).

cdc2b. In contrast to expression of cdc2a or cdc2b, which ap-
peared to reduce cell length, expression of cdc2c or cdc2d
resulted in cells that were more elongated than the wild-type
cells (compare Figures 6l and 6J) and resembled mutant cells

grown at the restrictive temperature (Figure 6A). Expression
of cdc2c in wild-type cdc2* cells did not appear to affect
colony formation or size, although microscopic examination
revealed that the cultures did contain a small fraction of cells
that were more elongated than were the wild-type cells (data
not shown). Therefore, induction of plant cdc2 gene expres-
sion in yeast strongly interfered with the sizing mechanism
of these cells at both the permissive and restrictive tempera-
tures, with individual genes inducing distinct and sometime
opposite phenotypes. Only cdc2a and cdc2b appeared to be
able to partially complement the cell size defect of the cdc2
mutant studied.

DISCUSSION

We show that at least two classes of cdc2-related genes are
expressed in Antirrhinum inflorescences. This classification
is based on sequence comparison, histological distribution of
transcripts, and phenotypes induced when genes are ex-
pressed in a yeast cdc2 mutant. The first class of genes,
represented by cdc2a and cdc2b, encodes proteins that con-
tain perfectly conserved PSTAIRE domains and are capable
of partially complementing a yeast cdc2 mutation. Transcripts
from these genes accumulate at low levels in all cells within
actively dividing regions of the inflorescence. The second class
of genes is represented by cdc2c and cdc2d. These encode
proteins that lack perfectly conserved PSTAIRE domains and
failed to complement the yeast cdc2 mutation. Transcripts of
these genes accumulate only in discrete groups of cells within
the inflorescence meristem. Although the precise functions
encoded by members of the Antirrhinum cdc2 gene family re-
main to be determined, the data suggest that proteins from
the different classes are likely to have distinct roles.
Proteins encoded by the cdc2c and cdc2d genes are clearly
related to p34¢de2 but represent a new subgroup within the
family. These novel genes have so far been identified only in
Antirrhinum and Arabidopsis, even though detailed searches
for cdc2-related genes have been undertaken in mammalian
cells (for example, Meyerson et al., 1992). In contrast, cdc2-
related genes encoding PSTAIRE-containing proteins appear
to be ubiquitous among eukaryotes (Reed, 1992; Jacobs, 1995).
One possible explanation for this is that the novel Antirrhinum
genes encode plant-specific functions. Several aspects of plant
morphogenesis and cell division are unique to these organ-
isms (Steeves and Sussex, 1989; Staiger and Doonan, 1993),
and it is conceivable that they may be controlled by distinct
groups of Cdks and cyclins. Evidence for plant-specific sub-
classes of cyclins already exists (Ferreira et al., 1994a;
Renaudin et al., 1994; Meskiene et al., 1995; Soni et al., 1995).
The only other non-PSTAIRE cdc2 plant gene, the rice R2 gene,
does not appear to be specific to plants. It shows sequence
similarity to yeast and mammalian Cdk-activating kinases, sug-
gesting that it may be a plant Cdk-activating kinase. It will be
of interest to determine whether plants possess homologs of



other classes of vertebrate Cdks or whether these are spe-
cific to animals or vertebrates. )
The histological distribution of transcripts revealed that mem-
bers of the Antirrhinum cdc2 gene family are differentially
expressed during the cell division cycle. Transcripts from cdc2c
and cdc2d accumulate only in small groups of isolated cells
dispersed throughout actively dividing regions of the inflores-
cence, the vegetative shoot, and roots. This hybridization
pattern is similar to that reported for transcripts of mitotic cy-
clins and histone H4 and has been proposed to reflect gene
expression specific to particular phases of the cell cycle (Fobert
et al., 1994). Isolated cells are labeled because cell division
is poorly synchronized, and thus neighboring cells are unlikely
to be at the same phase of the cycle. According to this view,
transcripts of cdc2c and cdc2d are expressed at particular
phases of the cell cycle because they are detected in isolated
cells. Counterstaining with a DNA-specific dye to correlate cell
labeling with mitosis suggests that the two genes are likely
to be expressed during G2 and early M phases, because tran-
scripts from both are detected in most (>90%) of the cells in
early mitosis but only in a small fraction of cells late in mitosis
or in interphase (~30% for cdc2c and 10 to 12% for cdc2d).
Coexpression of these transcripts is further supported by
results of double-labeling in situ hybridization experiments re-
vealing that all cells containing cdc2d label are also labeled
for cde2¢. However, the expression phase of cdc2c is much
wider than that of cdc2d: approximately three times more cells
hybridize to the cdc2c probe, including a iarge proportion that
also hybridize with histone H4. In contrast, expression of cdc2d
and histone H4 do not overlap. Because accumulation of the
histone transcript is likely to occur during S phase, the sim-
plest explanation for these results is that the initial expression
of cdc2c occurs earlier in the cell cycle than that of cdc2d,
possibly in mid-to-late S phase. Taken together, the data are
consistent either with cdc2c expression spanning mid-S phase
to early M phase or with the possibility that this gene may be
expressed more than once during the cycle, but not continuously.
The cell-specific expression pattern of cdc2a and cdc2b tran-
scripts is strikingly different from those described above.
Instead of accumulating in groups of isolated cells, transcripts
are detected in all cells within actively dividing regions. Given
that meristematic regions contain populations of poorly syn-
chronized cells capable of being at any of the various stages
of the cell cycle (see above), accumulation of cdc2a and cdc2b
transcripts cannot be strictly related to specific stages of the
cell cycle. Levels of these transcripts appear to be relatively
low and only slightly higher in regions of high cell division,
a phenomenon that may be related to the small size and high
cytoplasmic density of meristematic cells rather than to real
differences in expression. Taken together, the data indicate
that expression of cdc2a and cdc2b transcripts is not as tightly
coupled to cell division as that of cdc2c, cdc2d, or mitotic cy-
clins. Comparison of PSTAIRE-containing cdc2 and mitotic
cyclin gene expression in other plant species has yielded simi-
lar conclusions (Ferreira et al., 1994b; Renaudin et al., 1994)
and led to the proposal that expression of PSTAIRE cdc2 tran-
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scripts may be correlated with the competence of cells to divide
rather than to division itself (Hemerly et al., 1993; Doerner,
1994). Additional factors, such as those involved in post-
translational regulation of Cdks, are presumably required for
activating the plant proteins and triggering cell division. The
relative contribution of transcriptional control in regulating
the activity of plant cdc2-encoded proteins remains to be
determined. .

In general, the expression pattern of Antirrhinum cdc2a and
cdc2b transcripts is similar to that reported for an Arabidop-
sis cdc2a promoter—p-glucuronidase gene fusion (Hemerly et
al., 1993) and that of the Arabidopsis cdc2a mRNA, as revealed
by in situ hybridization (Martinez et al., 1992). There are two
important exceptions. Unlike Martinez et al. (1992), we did not
find any evidence of stratification of transcript within floral
meristems or of a reciprocal relationship between the expres-
sion of PSTAIRE-containing cdc2 and floral homeotic gene
transcripts. In fact, labeling consecutive serial sections for
cdc2a or cde2b and the B class floral homeotic gene def
(Schwarz-Sommer et al., 1992) clearly demonstrated that the
cdc2 transcripts are expressed throughout the def domain of
floral meristems (data not shown).

Expression of Antirrhinum cdc2 genes in yeast revealed that
cdc2a and cdc2b encode functional homologs of p34cde2,
They have the ability to partially complement the temperature-
sensitive cdc2-33" mutation in fission yeast, and cdc2b in-
duced a semi-wee phenotype in a cdc2t background.
Complementation was apparent when the cells were observed
under the microscope and found to have reduced cell lengths.
However, these cells were unable to form colonies when grown
at the restrictive temperature. This finding may indicate that
the Antirrhinum proteins are limited in their ability to substi-
tute for the yeast p34¢cde2 or, as suggested by their expression
at the permissive temperature, that they have deleterious ef-
fects on yeast cell division. Although cdc2c and cdc2d did not
complement the cdc2-33% mutation, their expression at the
permissive temperature did result in the production of elon-
gated cells. This phenotype is similar to that of the mutant grown
at the restrictive temperature, suggesting that cells have lost
their ability to divide in the presence of a functional p34cdcz,
presumably due to the interference from the Antirrhinum pro-
teins. To our knowledge, similar phenotypes have not been
reported when other non-PSTAIRE p34¢32 homologs were
overexpressed in yeast cells. Elucidating the mechanism by
which these genes interfere with yeast cell division may be
helpful in determining their functions.

Although the results from gene expression in yeast suggest
a possible role for the Antirrhinum proteins in the control of
cell division or proliferation, their precise functions remain to
be determined by testing in plants. Overexpression of a domi-
nant negative Arabidopsis cdc2a mutant has revealed a role
for this gene in controlling plant ¢ell division (Hemerly et al.,
1995). its expression in Arabidopsis was lethal, whereas
tobacco plants containing low levels of the protein had reduced
frequencies of cell divisions and much larger celis. Neverthe-
less, these plants underwent normal morphogenesis and
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histogenesis, suggesting that cell division and plant develop-
ment can be uncoupled {(Hemerly et al., 1995). No significant
phenotypic changes were noted in plants overexpressing wild-
type cdc2a or a mutated protein in which Thr-14 and Tyr-15
were substituted for Ala-14 and Phe-15. Therefore, the poten-
tial involvement of Thr-14 phosphorylation in regulating plant
p34cde2 aetivity and the significance of Ala-14 in Antirrhinum
p34cde2d remain unknown.

Functionally distinct groups of PSTAIRE-containing proteins
have been isolated from humans and Drosophila (Stern etal.,
1993; van den Heuvel and Harlow, 1993), whereas pairs of
genes encoding PSTAIRE-containing proteins from plants are
known to differ in their ability to complement specific mutant
alleles of yeast cdc2 (Hashimoto et al., 1992; Hirt et al., 1993;
Miao et al., 1993). Based on sequence similarity alone, it is
not possible to establish which if any of the Antirrhinum pro-
teins correspond to known PSTAIRE-containing proteins, such
as p34¢°d2 (Cdk1), Cdk2, or Cdk3.

With respect to the cdc2c and cdc2d genes, the most com-
pelling evidence for their involvement in regulating plant cell
division or proliferation is the cell cycle~-specific accumula-
tion of their transcripts. Levels of most gene transcripts remain
relatively constant during the cell cycle (McKinney and Heintz,
1991), and to our knowledge, genes showing transcriptional
regulation during the cell cycle have all been implicated in cell
cycle progression (for examples, see McKinney and Heintz,
1991; Miiller, 1995). The fact that the expression of cdc2d tran-
scripts is specific to the G2 and M phases is also intriguing,
because none of the Cdks characterized to date, other than
p34cde2 appears to be expressed specifically or to function
at these stages of the cell division cycle.

In summary, we isolated two cdc2-related genes encoding
PSTAIRE-containing proteins and two genes capable of en-
coding novel proteins containing unique sequences within this
motif. We showed that transcripts from individual members
of a plant cdc2 family can be differentially expressed within
apices: those from the novel genes accumulate at distinct
phases of the cell cycle, whereas expression of the PSTAIRE-
encoding genes does not appear to be linked to particular
phases of the cell cycle or to be as closely correlated with cell
division in general. The differences in sequence conservation,
expression patterns, and ability to complement a yeast cdc2
mutation all suggest that plants contain at least two classes
of cdc2-related genes. The availability of cDNA clones for these
and other putative cell division genes should provide useful
tools for elucidating their functions and the possible interac-
tions between plant Cdks, cyclins, and other proteins.

METHODS

Gene Isolation and Sequence Analysis

Methods used to isolate, clone, and sequence cdc2-related cDNAs
were according to Fobert et al. (1994). Isolation of the missing 5’ end

of cde2d was accomplished by polymerase chain reaction (PCR) am-
plification of the cDNA library, with an oligonucleotide specific to the
5'end of the gene and an oligonucleotide specific to the A vector arms.
Both DNA strands were sequenced using the dideoxy nucleotide
method, and sequences were analyzed using the LASERGENE for
WINDOWS software (DNASTAR Inc., Madison, WI) version 3.05.

In Situ Hybridization

Methods used for single- and double-labeling in situ hybridization were
as outlined in Fobert et al. (1994). Restriction fragments containing
the entire cDNA (for cdc2a and cdc2b) or 5’ segments (cdc2c and
cdc2d) were subcloned into pGEMAZ (Promega Inc., Madison, W1)
to provide templates for T7 or SP6 polymerases to generate sense
and antisense RNA. For cdc2c, the 5' segment consisted of a 0.8-kb
EcoRI-Hindlll fragment, and for cdc2d, a 0.5-kb EcoRI-Ssti fragment.

The proportion of cells labeled with the cdc2c and cdc2d probes
was estimated by photographing histological sections that were coun-
terstained with 4;6-diamidino-2-phenylindole and counting the number
of labeled and unlabeled nuclei on at least 6 to 10 individual sections.
The frequencies of mitotic cells labeled with the cdc2c and cdc2d
probes were determined by counting the numbers of labeled and un-
labeled mitatic cells (~~100 for each probe) directly under the microscope
with use of oil immersion. Data were obtained from different apices
hybridized in independent labeling experiments. To estimate the rela-
tive frequencies of cells labeled with histone H4 and cdc2c, alone or
in combination, a total of 382 labeled cells was tallied.

Expression of Plant cdc2 Genes in Yeast

Entire coding regions were amplified by PCR, using oligonuclectide
primers containing recognition sites for Sall (5' oligonucleotide) or Notl
(3’ oligonucleotide) at the 5’ end. For cdc2d, the 5’ end obtained by
PCR rapid amplification of cDNA ends was joined to the truncated
¢DNA by PCR-based gene stitching (Newton and Graham, 1994). This
technique was also used to remove a Sall site within the coding re-
gion of cdc2d. Typically, PCR was performed in a 50-.L volume with
~5 ng of plasmid DNA as starting material, 200 uM deoxynucleotide
triphosphates, 200 ng each of oligonuclectide primer, and 2.5 units
of recombinant Pfu DNA polymerase (Stratagene Inc., La Jolla, CA)
in the manufacturer-supplied reaction buffer. Cycling conditions con-
sisted of 30 sec at 94°C, 1 min at 55°C, and 1 min at 72°C for 10 to
15 cycles, with an additional 5-min extension at 72°C after the final
cycle. Amplified bands were gel-purified by using the Qiaex DNA gel
extraction kit (Qiagen Inc., Chatsworth, CA) and ligated without fur-
ther treatment into pBC-SK+ (Stratagene) digested with EcoRV or
Hincll. Recombinant plasmids containing desired inserts were digested
with Sall and Notl, and inserts were ligated into derivatives of pREP1,
pREP41, and pREP81 (Basi et al., 1993) containing a Not! site within
the multiple cloning site polylinker. Strains of fission yeast (Schizosac-
charomyces pombe) cdc2-33 leu1-32 (Carr et al., 1989) and leu1-32
were transformed with 100 to 500 ng of Qiagen-purified DNA by elec-
troporation (Prentice, 1990), and transformants were selected on
synthetic glucose medium lacking leucine.

For functional testing of Antirrhinum majus cdc2 genes, individual
colonies from the different recombinant constructs were grown over-
night in EMM medium (Bio-101 Inc., Vista, CA) lacking leucine and
supplemented with 2.0 uM thiamine, rinsed in thiamine-free medium,
diluted into media containing or lacking thiamine, and grown for 9 hr



at the permissive temperature (27°C) with moderate agitation. At this
point, aliquots were removed and plated onto agar-solidified media
with or without thiamine, and these specimens were incubated at 27
or 35°C until colonies appeared on control plates. One-half of the lig-
uid cultures were returned to 27°C, and the other half were transferred
to 35°C and grown overnight with moderate agitation. Cells were fixed
and stained as described by Moreno et al. (1991) and photographed
under dark field using a 40x objective.
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