Plant Physiol. (1991) 95, 406-411
0032-0889/91/95/0406/06/$01.00/0

Received for publication May 9, 1990
Accepted August 10, 1990

Isolation of Genes that Are Preferentially Expressed at the
G,/S Boundary during the Cell Cycle in Synchronized
Cultures of Catharanthus roseus Cells’

Hiroaki Kodama*, Masaki Ito, Tsukaho Hattori, Kenzo Nakamura, and Atsushi Komamine

Biological Institute, Faculty of Science, Tohoku University, Sendai 980, Japan (H.K., M.l., A.K.); and Laboratory of
Biochemistry, School of Agriculture, Nagoya University, Chikusa, Nagoya 464-01, Japan (T.H., K.N.)

ABSTRACT

A cDNA library was screened for genes that may be involved
in the progression of the cell cycle of cells of higher plants. The
Catharanthus roseus L. (G) Don. cells were synchronized by the
double phosphate starvation method, and a Agt11 cDNA library
was prepared using poly(A)* RNA from cells in the S phase of
the cell cycle. Two independent sequences, cyc02 and cyc07,
were identified by differential screening. The levels of cyc02 and
cyc07 mRNAs increased dramatically, but transiently, at the G,/S
boundary of the cell cycle. High levels of cyc02 mRNA, but not of
cyc07 mRNA, were also present in cells arrested at the G, phase
by phosphate starvation. In an asynchronous batch culture, cyc02
and cyc07 mRNAs accumulated transiently at different stages of
the growth cycle, cyc02 mRNA early in the stationary phase, and
cyc07 mRNA in the midlogarithmic phase. When the proliferation
of cells was arrested by nutrient starvation, i.e. by sucrose or
nitrogen starvation, the relative amounts of the cyc02 and cyc07
mRNAs decreased. These results indicate that cyc02 and cyc07
contain nucleotide sequences from growth-related genes. The
analysis of nucleotide sequence of cyc02 shows that the pre-
dicted product of this gene is basic and is composed of 101
amino acids. No significant homology to other known proteins
was detected.

One of the most fundamental problems in cellular biology
is the elucidation of the molecular mechanisms that control
the cell cycle. Many attempts to identify genes involved in
the regulation of the cell cycle have been undertaken using
mammalian or yeast cells. Some discrete, unique gene se-
quences that are involved in the cellular response to growth
factors have been isolated and characterized (15). The avail-
ability of temperature-sensitive mutants in which proliferation
is arrested at specific phases of the cell cycle at nonpermissive
temperatures has allowed the isolation of genes that are essen-
tial for the progression of the cell cycle (10, 16). These studies
of the molecular basis of the regulation of the cell cycle have
been reviewed (5).
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search (63480010) from the Ministry of Education, Science and
Culture, Japan, and by the grant of the Ministry of Agriculture,
Forestry and Fisheries, Japan, for Bio-media Program, “Research on
the mechanism of internal bio-signals to create new technologies for
agriculture, forestry and fisheries.”
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Few reports dealing with gene expression during the cell
cycle of higher plant cells have been published (12). The cells
of the higher plant Catharanthus roseus L. (G) Don. (periwin-
kle) grown in suspension have been used in several investi-
gations of cell proliferation (6, 8). Amino et al. (2) established
a system of synchronous cell division in suspension-cultures
of C. roseus cells. Using this system, Kodama et al. (13) have
found changes in levels and rates of synthesis of various
polypeptides during the cell cycle. Furthermore, variations in
the population of mRNAs were also revealed by translation
in vitro followed by two-dimensional gel electrophoresis. Such
investigations revealed the altered expression of four species
of mRNA during the cell cycle. Three mRNAs, a, b, and c,
were found specifically in the S phase, and the level of another
mRNA, d, increased preferentially during the progression
from the G, phase to cytokinesis. These results indicate that
some of genes are expressed specifically during certain phases
of the cell cycle in C. roseus cells. In the present paper, the
isolation is described of cDNAs corresponding to the mRNAs
that vary in level during the cell cycle in synchronized cultures
of C. roseus cells.

MATERIALS AND METHODS
Materials

All restriction enzymes, DNA-modifying enzymes, and nu-
cleic acids were purchased from commercial sources. Nylon
membranes (Biodyne A) were purchased from Pall Ultrafine
Filtration Corporation (New York, USA). [«-*P]dCTP and
[*H]thymidine were obtained from Amersham Japan (Tokyo,
Japan).

Cells and Synchronized Growth

Cultures of cells of Catharanthus roseus L. (G) Don. were
maintained at 27°C in the dark in Murashige-Skoog medium
(19), which contained 3% (w/v) sucrose and 2.2 X 1076 M 2,4-
D. Cells were subcultured every 7 d, and their growth was
synchronized in the early G, phase by the double phosphate
starvation method (2). The modified procedure of synchro-
nization of cell division was described previously (13).

Determination of Cell Number and Incorporation of
[*H]Thymidine

Cell number was estimated by counting protoplasts with a
haemocytometer after enzymatic maceration (2). The rates of
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DNA synthesis were measured by labeling cells with [*H]
thymidine (92.5 kBq/mL suspension, 185 kBq/mmol) for 60
min at 27°C and determining the amount of radioactive
material that was soluble in hot 0.5 M perchloric acid, as
described by Amino et al. (2).

Purification of RNA and Construction of cDNA Library

Total RNA was purified by the method of Schmidt et al.
(23). Poly(A)* RNA was prepared from total RNA by chro-
matography on a column of oligo(dT)cellulose (Pharmacia,
Uppsala, Sweden) (3). A Agtl1 cDNA library was constructed
from poly(A)* RNA isolated from the cells in the S phase.
Double-stranded cDNA was prepared as described by Watson
and Jackson (30). The cDNA was ligated to the vector Agtl 1
(9) and packaged in vitro. The packaged library was plated on
Escherichia coli Y1090 and amplified by minimal passage
through Y 1090.

Differential Screening

The Agtl 1-cDNA library was plated at a low plaque density
(about 3500 plaques per 140-cm? dish) and screened by
differential hybridization. Duplicate nylon-membrane repli-
cas were lifted from each of the plates. About 100,000 plaques
on nylon membranes were screened by hybridization with
3P.labeled single-stranded ¢cDNA synthesized from the
poly(A)* RNA isolated either from cells in the S phase or
from cells during cytokinesis. Another 100,000 plaques were
screened with 32P-labeled probes prepared from the RNA
isolated from the cells in the S phase and from phosphate-
starved cells. Hybridization was performed according to the
instructions from the manufacturer of the nylon membranes.
Selected cDNA clones were isolated and cDNA was subcloned
into the unique EcoRI site of the plasmid vector, pBluescript
KS M13* (Stratagene, La Jolla, CA) to facilitate further
analyses.

RNA Blot Analysis

Total RNA or poly(A)*RNA was denatured with 6.3% (w/
v) formaldehyde and 50% (w/v) formamide and then frac-
tionated on a 1% (w/v) agarose gel that contained 2% (w/v)
formaldehyde, by a modified version of the procedure of
Lehrach er al. (18). RNAs were transferred to nylon mem-
branes and hybridized with [*?PJcDNA fragments labeled by
nick-translation. Prehybridization, hybridization, and post-
hybridization steps were performed essentially in the same
way as described in the instructions from the manufacturer
of the nylon membranes. The fragments of cDNA that hy-
bridized to corresponding RNAs were visualized by autora-
diography. The optical density of each band was measured
with a scanning densitometer, Digital densitol, DMU-33C
(Advantec, Tokyo, Japan).

Nucleotide Sequencing

Deletion derivatives of clones were generated using a Dou-
ble-Stranded Nested Deletion Kit (Pharmacia LKB biotech-
nology, Uppsala, Sweden). Nucleotide sequences were deter-
mined by the dideoxynucleotide-chain-termination method
(22) with single-stranded DNA templates (7).

RESULTS

Construction and Screening of the cDNA Library
Prepared from Poly(A)* RNA Isolated from Cells in the S
Phase

The Catharanthus roseus cells were synchronized by the
double phosphate starvation method (2). The phosphate-
starved cells were arrested exclusively at the early G, phase,
and readdition of phosphate induced the synchronized divi-
sion of cells. Cells in the S phase were collected 15 h after the
addition of phosphate and poly(A)* RNA was isolated. A
Agtl1 cDNA library was made from this poly(A)* RNA and
was screened for genes that are preferentially expressed at the
S phase by differential plaque hybridization. Plaques that gave
positive hybridization signals with 3?P-labeled ¢cDNA from
cells in the S phase, but not with cDNA prepared from cells
during cytokinesis or with cDNA prepared from phosphate-
starved cells, were selected and then these selected plaques
were rescreened. Of approximately 200,000 plaques screened
in this manner, 64 plaques were selected as differentially
hybridizing. The phage DNA of 64 clones was purified and
each of the isolated cDNA inserts was labeled with [*?P]JdCTP
by nick-translation and hybridized to dot-blotted poly(A)*
RNAs from the cells in each phase of the cell cycle and from
phosphate-starved cells. At least 10 of 64 clones showed
changes in the levels of their corresponding RNAs during the
cell cycle (data not shown). These 10 cDNA inserts repre-
sented four independent gene sequences, as judged from the
absence of cross-hybridization between them (data not
shown). The four unique cDNA inserts were subcloned into
pBluescript KS M13* and designated as pCYCO01, 02, 06, and
07, respectively. The sizes of the cDNA inserts were 670, 690,
860 and 830 bp® for pCYCO1, 02, 06, and 07, respectively.
The genes, which are corresponded to pCYCO01, 02, 06, and
07, are designated as cyc01, 02, 06, and 07. However, the
nucleotide sequences of cyc0!l and cyc06 are very similar
(about 90% homology) to those of the gene for rice 25S
ribosomal RNA (data not shown). Because the cDNA inserts
of pPCYCO1 and pCYCO06 do not cross-hybridize to each other,
these cDNAs are derived from different parts of the same
rRNA. It is probable that some kinds of ribosomal RNA were
included in a cDNA library by accident.

Kinetics of the Appearance of cyc02 and cyc07 mRNAs
in Synchronous Cultures

To determine the time course of appearance and decay of
cyc02 and cyc07 mRNAs during the cell cycle, total RNA was
isolated at various times from C. roseus cells in a synchronized
culture, and the RNA was analyzed by Northern blot hybrid-
ization (Fig. 1). Clones cyc02 and cyc07 corresponded to 0.9-
kb RNA and 1.2-kb RNA, respectively. The cyc02 mRNA
was present at high levels in phosphate-starved cells which
were arrested in the G, phase; its level fell sharply within 2 to
4 h after addition of phosphate; and after 4 to 8 h it was
barely detectable. The cyc02 mRNA reappeared rapidly
within 8 to 10 h after the addition of phosphate. By contrast,
the cyc07 mRNA was not detected in phosphate-starved cells,

3 Abbreviations: bp, base pair; kb, kilobase pair.
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Figure 1. Induction of cyc02 (upper) and cyc07 (lower) gene expres-
sion in synchronized cultures. Total RNA was extracted from phos-
phate-starved cells and from cells at indicated times (h) after the
addition of phosphate. Samples (4.5 ug) were subjected to electro-
phoresis in the various lanes of a 1% agarose/formaldehyde gel and
subsequently transferred to nylon membranes. The cDNA inserts of
pCYC02 and pCYCO7 were labeled with 2P, by nick-translation, and
used as probes.

but it appeared within 8 to 10 h after addition of phosphate.
The level of cyc07 mRNA reached maximum values at 10 to
14 h. The levels of both cyc02 and cyc07 mRNAs declined
after 14 to 16 h. The changes in the relative amounts of cyc02
and cyc07 mRNAs as a fraction of the total RNA and in
terms of cell number are presented in Figure 2, together with
changes in the amount of total RNA, the incorporation of
[*H]thymidine into the DNA fraction, and cell numbers.
DNA synthesis began to increase after 8 h, reached a maxi-
mum level 12 to 16 h, and decreased 20 h after the addition
of phosphate. The division of cells was observed 18 to 23 h
after the addition of phosphate. These results indicate that a
dramatic increase in levels of cyc02 and cyc07 mRNA occurs
at the G,/S boundary of the cell cycle in these synchronized
cultures.
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Growth Stages and Levels of RNA

The growth cycle of suspension-cultured C. roseus cells
consisted of a lag phase of about 1 d, a logarithmic phase of
4 d, and a stationary phase which is reached about 6 d after
subculture (Fig. 3). The level of ¢yc02 mRNA decreased in
the lag phase, increased gradually during the mid- and late-
logarithmic phase, reached a maximal value after 5 to 6 d of
subculture, and then it decreased again in the subsequent
culture period (7-8 d, Fig. 4). By contrast, the level of cyc07
mRNA showed a sharp peak at the midlogarithmic phase (3-
4 d, Fig. 4).

Cells were arrested by starvation for sucrose or nitrogen in
the medium (14), and changes in the levels of cyc02 and cyc07
mRNAs were examined by Northern blot analysis (Fig. 5).
Our previous study demonstrated that cells were arrested at
the G, phase as a result of nitrogen starvation, while sucrose
starvation caused the arrest of cells in the G, and G, phases
(14). In these growth-arrested cells, the levels of both cyc02
and cyc07 mRNAs decreased considerably. These results in-
dicate that the expression of genes that encode cyc02 and
cyc07 mRNA is correlated with the proliferation of cells.

Sequence of Full Length cyc02 cDNA

The cyc02 cDNA was sequenced since the size of cyc02
mRNA (0.9 kb) is most similar to the size of the cloned cDNA
(690 bp) among the isolated four clones. Figure 6 shows both
the DNA and the predicted protein sequences of cyc02. The
consensus sequence for plant translation start sites (11),
CAATGGC, was observed in the putative translation start site
of cyc02 cDNA. The coding region contains 303 nucleotides,
equivalent to 101 codons, and encodes a protein with a
molecular mass of 11067 D. Fifteen hydrophobic amino acids
are contained in the amino-terminal region. Repeated amino
acid sequences are found in residues 42 to 64 and in 79 to
101. Of the 23 amino acids found in residues 42 to 64, 18
amino acids were identical with the amino acid sequence
found in residues 79 to 101. This repeated sequence was
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Figure 2. Levels of expression on the basis of
the amount of RNA (A) and per cell (B) of isolated
gene sequences, cyc02 and cyc07; levels of
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AN synchronized and total RNA was extracted and
hybridized as shown in Figure 1. DNA synthesis
was measured by pulse-labeling the cultures
with [®H]thymidine for 60 min and determining
the amount of radioactive material that was sol-

L L uble in hot 0.5 m perchloric acid. Autoradiograms

Cell No.

Relative Expression
(per Cell)
3
T
J
>
e

a
ob A—a—aX

L 1 n s i o " " 1

»,
r)
(10%ce11s/a1) 1
w o o
T [T
.',
[]
J
L)
[ ]

were scanned densitometrically. The data are
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Figure 3. Levels of expression on the basis of
o—e the total amount of RNA (A) and per cell (B) of

cyc02 and cycO07; levels of total cellular RNA

o

(C); and cell numbers (D) during a growth cycle.
Cells were grown asynchronously and total RNA
was extracted and hybridized as shown in Figure
4. Densitometry was performed as described in
the legend to Figure 2. (A), Expression of cyc02;
(A), expression of cyc07.
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enriched with Cys and basic amino acids such as His and Arg.
The predicted amino acid sequence of ¢cyc02 suggests that the
entire cyc02 protein is basic. The putative polyadenylation
signal ATTAAA was found 30 bp upstream of polyadenylated
nucleotide sequence. Five copies of sequence ATTT are found
in 3’-untranslated region. The results of sequence analysis of
¢yc07 cDNA will be published elsewhere.

DISCUSSION

Several gene sequences have been isolated from a cDNA
library which showed cell-cycle-dependent expression during
the growth of synchronized cultures of cells of a higher plant,
Catharanthus roseus. The cyc02 mRNA is found preferen-
tially in phosphate-starved cells and in cells in the early S
phase. A unique gene sequence (gasl) has been reported in
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Figure 4. Regulation of the expression of cyc02 (upper) and cyc07
(lower) during the growth cycle. Total RNA was extracted at the
indicated times after subculture, and 6-ug samples were subjected
to electrophoresis on a 1% agarose/formaldehyde gel. The bands
were transferred to nylon membranes and then hybridized as de-
scribed in the legend to Figure 1.
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mammalian cells (24). This gasl gene is expressed at high
levels in serum-starved NIH 3T3 cells. After the addition of
serum, levels of gas/ mRNA decrease to a minimum at 3 h,
and then they increase again within 6 to 10 h (S phase). This
time course of disappearance and appearance of gas] mRNA
is surprisingly similar to that of cyc02 mRNA. Furthermore,
cyc02 mRNA disappeared when cells began to divide during
the lag phase of the growth cycle. These features of cyc02 and
the gas! gene suggest that, in the G, phase, the expression of
several growth-related genes is transiently turned off at the
time of the reinitiation of cell division. However, at present,
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Figure 5. The presence of cyc02 and cyc07 mRNA in growth-
arrested cells. Cells were arrested by nutrient starvation as described
previously (14). In each lane, 100 ng of poly(A)* RNA was separated
on a 1% agarose/formaldehyde gel, transferred to a nylon membrane,
and then hybridized as described in the legend to Figure 1. Lane a,
cells in the logarithmic phase. Lane b, sucrose-deprived cells. Cells
in the logarithmic phase were transferred to fresh medium without
sucrose and cultured for 2 d. Lane ¢, sucrose-limited cells. Cells were
subcultured in sucrose-limited medium that contained about 0.5%
(w/v) sucrose. Standard Murashige-Skoog medium contains 3% (w/
v) sucrose. After 5 d in culture, proliferation of cells ceased completely
and poly(A)* RNA was extracted. Lane d, nitrogen-deprived cells.
Cells in the logarithmic phase were transferred to fresh medium
without nitrogen and cultured for 2 d. Lane e, nitrogen-limited cells.
Cells were transferred to nitrogen-limited medium which contained
1.2 mm nitrogen. Standard Murashige-Skoog medium contains 60
mMm nitrogen. In 5-d-old cultures, growth of almost all cells was
arrested and poly(A)* RNA was extracted.
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[ 60
CTTTGGTACACTTAAAATATCCTTTTGATCTTTCTCAATGGCTTCTTCAAAGACTTTTTT
MetAlaSerSerLysThrPhePhe
1
70 80 90 100 110 120
CCTTCTTTTTGCTCTTCTTTTCGCTCTTGCTCTTCTCGTTTCCACTGAAGCTGCAGCTTC
LeuLeuPheAlaLeuLeuPheAlaLeuAlaLeuLg‘\i\Va 1SerThrGluAlaAlaAlaSer
10

130 140 150 160 170 180
AGAAGAAAGTACGAAGACCGGCAGTGTTGAGGGGGTGAAAGATGCTGTATGCCATCATGG
GluGluSerThrLysThrGlySerVaIGluGIyVEéLysAspAIaVa1CysHisHisGly
30

190 200 210 220 230 240

CTGCTGCCGCTGGTTCCATCACAGATGCGTGAGGTGCTGCAGAAGTGCAGAGGAAGTTTC

CysCysArgTerheHisHisArgCysVa1ArgCZgCysArgSerAlaG1uGIuValSer
50

250 260 270 280 290 300

TGTTTCTGATACCGAGAATAACGCCGCTGCGGATGCCCATTGCCGACACGGCTGCTGCCG

ValSerAspThrGluAsnAsnAlaAlaAlaAspAégHisCysArqusGlyCysCysArg
70

310 320 330 340 350 360
CTGGTTCCATGGCAGGTGCATTAGGTGCTGTCCAAGTGCCTAAACAAGCCACCGAGCTTT

TrpPheHisGlyArgCysIleArgCysCysProSerAla
90 100
390 400 410 420
CTGCAGCTCTATATATTTGTGAAACAAAGATGTGTGCTATTACTATAAATAAGGCATATT

440 450 460 470 480
CTGGAATAGGCATTTCTTCAGTGCCCTTCTTTGCCATGTTTCATAAATAAGTTTCACTAA

4 500 510 520 530 540
CATTATATATATATATATATATATGAGCTGTAATGCTGATATTTATATGTAATCATCACC

560 570 580 590 600
GGTATTCTTCTGTTATCAATATCGAACAGTCTGTTAAGTAATTCCATCTTTTTGTAACTG

610 62 650 660
GACGGCCATATTTCATGTTCATTTTGATAGAATTAAAATAGAGAAAGTCAGCCCATGCCC

TTTAATTAAAAAAAAAAAA

Figure 6. Nucleotide sequence of cyc02 cDNA. The nucleotide se-
quence of the 5’ to 3’ strand is shown. The amino acid sequence is
shown in the three letter notation under the nucleotide sequence.
Repeated sequences in the open reading frame are underlined.

it is unknown whether or not any similarity in nucleotide
sequence is found between these two genes, because the
sequence of gasl has not been published. No significant
homology of ¢yc02 gene to other known proteins was detected
in EMBL Data Library, release 20.0.

The rapid and dramatic increase or decrease of cyc02 and
cyc07 mRNAs indicates that cyc02 and cyc07 mRNAs have
a relatively short half-life. Five copies of the sequence ATTT
were found in the 3’-untranslated region of cyc02 cDNA.
This sequence is believed to be involved in the instability of
an animal cell mRNA (25). The sequence ATTT may be
functional in the post-translational regulation of cyc02
mRNA.

Maximal expression of the cyc07 gene was observed at the
G,/S boundary. In mammalian cells, several genes have been
shown to be expressed specifically at the G,/S boundary.
These genes include the genes for thymidine kinase (28),
thymidylate synthase (4), histones (21), proliferating-cell nu-
clear antigen (1), and the human cdc2* homolog (17). Expres-
sion of most of these genes at the G,/S boundary is transient
and these genes play important roles in the cell cycle and in
DNA replication. The cyc07 mRNA also shows transient
expression at the G,/S boundary. The function of a protein
encoded by cyc07 mRNA may also be involved in regulating
the progression of higher plant cells from the G, phase to the
S phase.

We (13) previously reported the identification of four
mRNAs, a, b, ¢, and d, the levels of which increase transiently
during the cell cycle. In addition, in our previous paper, two

Plant Physiol. Vol. 95, 1991

mRNAgs, 1 and s, were identified that were detected commonly
and preferentially in actively cycling cells (14). However,
neither of the two clones, cyc02 and cyc07, correspond to any
of the six previously reported mRNAs, namely, a, b, ¢, d, 1,
and s, as judged from the size of the corresponding mRNAs
and the analysis of translation products of cyc02 and cyc07
(our unpublished data). It is, thus, necessary to isolate the
c¢DNA clones that correspond to these 6 mRNAs in order to
elucidate the more detailed pattern of gene expression during
the cell cycle of higher plant cells.

In conclusion, two gene sequences, cyc02 and cyc07, have
been isolated by exploitation of their characteristic levels of
expression during the cell cycle of synchronized cultures of
cells of a higher plant. Northern blot analysis, using RNA
isolated from cells during the growth cycle and from growth-
arrested cells, indicated that the clones cyc02 and cyc07 con-
tain sequences of growth-related genes. In higher plants, there
are a few reports of the expression of specific genes during the
cell cycle. It is well established that the histone genes are
expressed in association with the synthesis of DNA, and the
cis-acting elements involved the cell-cycle-dependent regula-
tion of expression of histone genes have been investigated in
wheat (20). Recently, the gene for plant homolog of prolifer-
ating-cell nuclear antigen was isolated (26). As auxin-regulated
genes, several cDNAs were isolated in tobacco suspension
cultures (29). These cDNAs are expressed when auxin was
applied in the suspension. Cell division was induced by ap-
plied auxin. Another auxin-regulated gene, which is expressed
during the transition from the Gy to the S phase, was isolated
from tobacco mesophyll protoplast cDNA library (27). The
analysis of these genes mentioned above and the clones de-
scribed in this paper should provide new insight into the
regulation of the progression of the cell cycle and the regula-
tion of gene expression during the cell cycle in the cells of
higher plants.
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