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he eukaryotic cell cycle is a process

controlled by protein assemblies,
of which the key subunits are serine-
threonine  cyclin-dependent  kinases
(CDKs). Timely association and disso-
ciation of these assemblies ensure that the
cell division program is executed correctly.
The challenge to unravel the rules of the
plant cell cycle results from the multiplic-
ity of the process-regulating genes that
emerged through genome duplications
during the evolution of flowering plants.
Despite the increasing knowledge on the
plant cell cycle control, little is known
about the composition of the different
CDK-Cyclin complexes and their spatio-
temporal occurrence. The binary inter-
actions of the previously annotated 58
Arabidopsis thaliana core cell cycle pro-
teins were tested in two high-throughput
protein-protein interaction (PPI) assays:
the bimolecular fluorescence complemen-
tation (BiFC) and the yeast two-hybrid.
The resulting PPI network was integrated
with available cycle phase-dependent gene
expression data and subcellular local-
ization information, revealing distinct
cell cycle clusters acting at different cell
division stages. Additionally, the BiFC
assay revealed that three D-type cyclins,
CYCD4;1, CYCD4;2 and CYCD5;1,
form active kinase complexes with
CDKA;1 and CDKBI;1 in vivo because
they induce cell divisions in differentiated
tobacco (Nicotiana benthamiana) epi-
dermal cells. We demonstrate that these
complexes promote cell proliferation in
Arabidopsis and we discuss their putative
mode of action in plant development.
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Cell division is an evolutionarily con-
served process controlled by the alternat-
ing activity of CDKs."? Proper timing and
localization of the CDK activity depends
on the association with their regulatory
subunits, cyclins.? This activity is further
regulated by the phosphorylation status of
the CDKs and by the binding of inhibitors
and scaffold proteins.* Oscillatory expres-
sion of cyclins determines the cell cycle
phase substrate specificity of CDKs™! and
cyclins present in the G, phase regulate
the CDK-dependent G -to-S transition,
while the G,/M cyclins are indispensable
for progression through mitosis.

A plethora of information is available
on the cell cycle PPI network in yeast," but
corresponding experimental data on the
plant cell cycle are scarce. Therefore, a sys-
tematic approach to functionally character-
ize plant cell cycle proteins is of particular
interest. A PPI analysis was carried out for
58 Arabidopsis core cell cycle regulators to
identify all physical connections among
these proteins, potentially occurring dur-
ing a plant cell division.” Two PPI assays,
the BiFC and yeast two-hybrid, were com-
bined with information obtained from
DNA microarrays on the transcription
periodicity of Arabidopsis genes during
the cell cycle. Merging of the physical PPI
data with transcriptional expression peaks
allowed the identification of plant cell cycle
phase-specific modules. Moreover, novel
regulatory relations were determined based
on the transcriptional correlation among
the interacting protein couples, revealing
distinct cell cycle subnetworks that operate
at different cell division stages.
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Figure 1. Cell division in epidermal cells of tobacco (Nicotiana benthamiana) induced by ectopic expression of CDK-CYCD complexes. (A) Transient ex-
pression and detection of interaction between CYCD4;2-nGFP and CDKA;1-cGFP. (a) Localization of the CDKA;1-CYCD4;2 complex to the nucleus and to
the cytoplasm in non-dividing epidermal cells. (b) In dividing epidermal cells, association of the CDKA;1-CYCD4;2 complex with the spindle. (c—f) After
division, frequent formation of two daughter nuclei, multiple, or enlarged nuclei was observed in the epidermal cells. (B) Transient expression and de-
tection of interaction between CYCD5;1-nGFP and CDKA;1-cGFP. (a) Exclusive localization of the complex to the nuclei in non-dividing epidermal cells.
(b) Localization of the complex to the spindle in dividing cells. (c-f) After cell division, satellite micronuclei around the main nucleus were observed.

(C) Transient expression of CYCD4;2-GFP and CDKA;1-RFP, when the two proteins co-localize and ectopic cell divisions take place. (D) Transient expres-
sion of CYCD5;1-GFP and CDKA;1-RFP; two daughter nuclei are close to the recent division site.

Ectopic Expression
of CDKA/B-CYCD4/5 Protein
Complexes Induces Cell Division
in Tobacco Epidermis

In plants, as in other eukaryotes, the
CDK-CYCD
G,-to-S transition by their ability to act
on the retinoblastoma protein (RB) medi-
ated by the presence of the LxCxE amino
acid motif in cyclins.!* Phosphorylation
of RB by CDK-CYCD causes the disso-
ciation of the RB-bound E2F/DP tran-
scription factors and thereby enables the
transcription of genes required for the
S-phase progression.''® The BiFC screen
provided information for the direct PPls
among the 58 Arabidopsis core cell cycle
proteins in tobacco epidermal cell."® From
the identified 341 cell cycle complexes, six
CDK-CYC couples, CDKA;1-CYCD4;1
CDKA;1-CYCD4;2; CDKA;1-CYCD5:1,
CDKBI;1-CYCD4;1, CDKB;1-CYCD4;2
and CDKB;1-CYCDS5;1 induced ectopic

complexes control  the
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cell divisions in differentiated epidermal
cells of tobacco. As the phenotypes of the
respective CDKA;1 and CDKBI;1 combi-
nations were identical, only the CDKA;1-
CYCD4/5 complexes are shown (Fig. 1).
In nondividing epidermal cells of tobacco,
the fluorescent CDKA/B-CYCD4 com-
plex localized to the nuclei and cytoplasm
(Fig. 1Aa), whereas during cell division
the complex was associated with the spin-
dle zone (Fig. 1Ab). The ectopic cell divi-
sions resulted in either two daughter cells
due to completed cytokinesis (Fig. 1Ac),
multiple nuclei due to karyokinesis with-
out subsequent cytokinesis, or enlarged
daughter nuclei due to endomitosis (Fig.
1Ad and Ae). Some cells divided mul-
tiple times, as inferred from the emerged
cross walls (Fig. 1Ad and Af). In contrast,
the CDKA/B-CYCD5;1 complexes were
exclusively nuclear (Fig. 1Ba), but the flu-
orescent complexes were associated with
the spindle as well (Fig. 1Bb). In these
cells, divisions gave rise to cells with either
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multiple differently sized nuclei or one
main nucleus and several satellite nuclei
(micronuclei) (Fig. 1Bc and Bd). In some
cases, the satellite nuclei were connected
with the main nuclei via nuclear bridges
(Fig. 1Be and Bf), indicative of improper
karyokinesis or reformation of a nuclear
membrane around improperly separated
or lagging chromosomes.”!® We can
speculate that the CDKA/B-CYCD5;1
complexes initiated division, but failed
to maintain the kinase activity required
for further mitotic events. To exclude the
possibility that the ectopic cell divisions
resulted from the stabilization of CDK-
CYCD complexes by the irreversible asso-
ciation of the two green fluorescent protein
(GFP) fragments, all CYCD and CDK
proteins were coexpressed in the tobacco
epidermis after fusion to a full-length
GFP or red fluorescent protein (RFP). In
all combinations tested, the two proteins
co-localized and induced ectopic cell divi-
sions, exemplified by the coexpression of
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the CYCD4;2-GFP and CDKA;1-RFP
fusions (Fig. 1C) and CYCD5;1-GFP
and CDKA;1-RFP (Fig. 1D). In addition,
with the exception of the CYCD4;1-GFP
fusion (with a very low frequency), none
of the single proteins was able to induce
cell divisions when transiently expressed
in the tobacco epidermis.

The CDKA-CYCD4 Complexes
Promote Cell Proliferation
in Arabidopsis

We investigated whether the CDK-
CYCD4

ectopic cell divisions when stably over-

complexes  would  induce
produced in Arabidopsis. Because the two
D4-type cyclins function redundantly in
Arabidopsis"” and no differences between
CDKBI;1 and CDKA;l  complexes
had been observed, only the CDKA;1-
CYCD4;2 transgenic lines are described.
Based on the fluorescence signal, the
CDKA;1-CYCD4;2 complex was detected
in most plant tissues. In Arabidopsis,
similarly to tobacco epidermis cells, the
CDKA;1-CYCD4;2 complex was nuclear
and slightly cytoplasmic (Fig. 2Aa and
Ab).
transgenic line overexpressing a single
T-DNA from both the CYCD4;2-nGFP
and CDKA; 1-¢GFP constructs, designated
CDKA;1-CYCD4;20E, was phenotypi-
cally analyzed. In parallel, plants overex-
pressing the CDKA; 1-GFP (CDKA;10E),
CYCD4;2-GFP  (CYCD4;20E)
structs and the wild-type Columbia-0

One representative homozygous

con-

(Col-0) were used as controls. The roots
of ten-day-old seedlings expressing the
CDKA;1-CYCD4;2 complex were 45%
longer than those of the Col-0, while the
roots of the lines overexpressing the single
CDKA;1 and CYCD4;2 proteins were
only slightly (12% and 15%) longer (Fig.
2B and C). The expression of the CDKA;1-
CYCD4;2 complex also enhanced the
root growth rate more than the CDKA;1
and CYCD4;2 proteins expressed alone
(Fig. 2D). To assess whether the increase
in the root length in the CDKA;l-
CYCD4;20E line is caused by promo-
tion of cell division, we measured the root
meristem size as the number of cortex
cells in a file extending from the quiescent
center to the first elongated cell five days
after germination, when a fixed number of
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meristematic cells is established (Fig. 2E
and F).?” While the wild-type roots and
the single CDKA;10E line had on average
30 meristematic cells in the cortex file of
the proximal meristem, the CYCD4;20E
and the CDKA;1-CYCD4;20E lines
had on average 37 and 47 cells, respec-
tively (Fig. 2F). Therefore, the increase
in the root length and enhanced growth
rate in the lines expressing CYCD4;2 and
CDKA;1-CYCDA4;2, positively correlated
with enhanced meristematic activity in
these organs.

Previously, the overexpression of
D4-type cyclins in Arabidopsis had been
reported to result in no distinct leaf phe-
notype, although in the CYCD4;20E
lines the number of epidermal cells had
increased and their size decreased.” In
contrast, in our experiments, in plants
overexpressing either the CYCD4;2 or the
CDKA;1-CYCD4;2 complex, the cotyle-
dons were 35% and 58% larger than those
of the wild type and the CDKA;10E
line, respectively (Fig. 3A). To determine
whether cell division or cell expansion con-
tributed to the differences in organ size,
we analyzed the epidermal cells of coty-
ledons of CYCD4;20E, CDKA;10E,
CDKA;1-CYCD4;20E  and  wild-type
plants by quantitative microscopy.”
The abaxial epidermis of 21-day-old
Arabidopsis cotyledons was examined
with regard to cell number, cell size and
stomatal index (Fig. 3A-E). The total
epidermal cell number in the cotyledons
of the CDKA;1-CYCD4;20E line was
much higher than that of the wild-type
and of the lines overexpressing the single
CYCD4;2 or CDKA;1 proteins (Fig. 3B),
the average size of the epidermal cells was
drastically reduced in the cotyledons of
CDKA;1-CYCD4;20E plants (Fig. 3C).
Additionally, the stomatal index remained
the same in all analyzed plant lines
(Fig. 3D), although some undifferenti-
ated stomata we observed in the CDKA;1-
CYCD4;20E line (Fig. 3E).

A positive correlation between ploidy
level and cell size was observed in wild-
type epidermal cells and trichomes, sug-
gesting that ploidy levels could determine
cell size.?** Thus, we anticipated that
the smaller epidermal cell size in the
CDKA;1-CYCD4;20E line would corre-
late with lower ploidy levels. Surprisingly,
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the ploidy levels in cotyledons of the
CDKA;1-CYCD4;20E  transgenic line
were characterized with more endoredu-
plication events in these organs than in
the wild type (Fig. 3F). In agreement with
previous reports, the ploidy level of the
CYCD4;20E line was not affected” (data
not shown).

Because CYCD4;1 and CYCD4;2
control cell division in the stomatal lin-
eage in hypocotyls,” we analyzed the
hypocotyls of the CDKA;1-CYCD4;20E
line and found, consistently, that the
number of stomata had increased by 55%
in seven-day-old seedlings overexpress-
ing CYCD4;2 and by 150% in the seed-
lings of the CDKA;1-CYCD4;20E line
(Fig. 4A). In the hypocotyls of the
CDKA;1-CYCD4;20E transgenic plants,
more and smaller cells were observed
in the non-protruding files and some
non-differentiated stomatal precursors
(Fig. 4B). Taken together, the D4-type
cyclins positively influenced the root meri-
stem size and increased the number of epi-
dermal cells in cotyledons and hypocotyls.
However, a co-expression of CYCD4;2
and CDKA;l proteins enhanced the
phenotype, indicating that the CDKA;1-
CYCD4;2 complex promotes prolifera-
tion, probably through enhancing both
G,-to-S and G,-to-M transitions.

Conclusions

We used a transient BiFC assay in tobacco
epidermal cells to analyze the binary cell
cycle PPIs as a fast, flexible and reproduc-
ible approach for a high-level expression of
proteins of interest.”” Although the BiFC
assay is very sensitive, PPIs associated
with particular cell cycle phases can be
missed in non-dividing and differentiated
tobacco epidermal cells. Nevertheless, in
addition to the identification of 341 binary
PPIs (of which 293 interactions had not
been reported before), tobacco epidermal
cells accounted for the discovery of novel
and functional complexes between D4/
D5-type cyclins and CDKA and CDKB
proteins. D4-type cyclins have previously
been proposed to function as positive reg-
ulators of cell division in different tissues
of Arabidopsis and to form active kinase
complexes with CDKA;1.2* However,
binding of CYCD4 to CDKB2;1 proteins
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Figure 2. Phenotypic analysis of the root meristem of Arabidopsis plants stably overexpressing the CDKA;1-CYCD4;2 complex. (A) Localization of

the CDKA;1-CYCD4;2 complex in Arabidopsis roots. (B) Root growth of CDKA;1-CYCD4;20E line compared to that of CDKA;10E, CYCD4;20E and the

wild type. (C) Measurement of the root length. (D) Root growth rate. (E) Longitudinal view of the Arabidopsis root meristem of wild-type and CDKA;1-
CYCD4;2-overexpressing plants in which cortex cell files in the meristem are marked in blue. (F) Number of root meristem cells of five-day-old seedlings.

had been shown only in vitro"” and the Our in vivo data support a function for during the S phase, when the expression
functionality of these complexes had the CDKBI;1 and D4-type cyclin com-  of the CDKBI;1 is regulated by the G /S-
not been demonstrated in Arabidopsis. plexes at either G, -to-M transition or specific E2F transcription factors.”’ The
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Figure 3. Phenotypes of cotyledon epidermal cells of 21-day-old Arabidopsis plants grown in vitro and overexpressing the CDKA;1-CYCD4;2 complex,
CDKA;1 and CYCD4;2. (A) Cotyledon area. (B) Average number of epidermal cells. (C) Average size of epidermal cells. (D) Stomatal index. (E) Drawing-
tube images of the abaxial epidermis of cotyledons. (F) Endoreduplication index presented as the mean number of endoreduplication cycles per

differences in the reported overexpres-
sion phenotypes between CYCD4 (this
study) and CYCD3,” proteins illustrates
the functional diversity and complexity
of the plant D-type cyclins. Similarly to
CYCD3;1-overexpressing ~ plants,”
observed more and smaller epidermal
cells in Arabidopsis cotyledons overpro-

ducing the CDKA;1-CYCD4;2 complex.

we
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Interestingly, the CDKA;-CYCD4;20E
plants showed an increase in ploidy levels,
in contrast to the CYCD3;1 overexpres-
sion phenotype. Increase in endoredu-
plication has been observed in plants
transcription
factors,?® which are known to act down-
stream of the CDK-CYCD-dependent
phosphorylation events.

overexpressing  E2F/DP
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