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Selective ubiquitin-mediated proteolysis through the cell cycle controls the availability, and therefore the activity, of
several cell proliferation proteins. E2F transcription factors play distinct roles in both proliferating and differentiated
cells by regulating gene expression. Here, we report that Arabidopsis AtE2Fc is regulated by a balance between gene
expression and ubiquitin-proteasome proteolysis. AtE2Fc degradation implicates the function of the E3 ubiquitin-ligase
Skp1, Cullin, F-box (SCF

 

AtSKP2

 

) complex and seems to be dependent on cyclin-dependent kinase phosphorylation. In
addition, we found that AtE2Fc degradation is triggered by light stimulation of dark-grown seedlings. Interestingly, the
auxin response mutant 

 

axr1-12

 

, in which RUB1 modification of the SCF component CUL1 is impaired, shows increased
AtE2Fc protein levels, suggesting a dysfunction in the control of AtE2Fc stability. Likewise, overexpression of a stable
form of the AtE2Fc protein negatively affects cell division and increases cell size. These effects are mediated, at least
in part, by downregulating the cell cycle gene 

 

AtCDC6

 

. The negative role of AtE2Fc in gene expression is further sup-
ported by the fact that AtE2Fc interacts with plant retinoblastoma-related protein, suggesting that AtE2Fc might form
part of a repressor complex. We propose that AtE2Fc might play a role in cell division and during the transition from
skotomorphogenesis to photomorphogenesis.

INTRODUCTION

 

The retinoblastoma E2F pathway plays an important role in
the regulation of the cell cycle and in different differentiation
processes (Harbour and Dean, 2000; Müller et al., 2001), al-
though its role in differentiated cells remains poorly under-
stood. E2F proteins interact with dimerization proteins to
form the active transcription factors (E2F factors) that mod-
ulate gene expression. E2F activity, in turn, is modulated by
the retinoblastoma family members that contribute to the
formation of repressor complexes. The retinoblastoma pro-
teins mediate this repression by blocking the activation do-
main of the E2F proteins and/or by recruiting chromatin-
remodeling factors to the E2F sites of the gene promoters
(for review, see Müller and Helin, 2000). This repression is
relieved when the retinoblastoma protein is phosphorylated
by cyclin-dependent kinase (CDK) activities (Cooper and
Shayman, 2001).

In plants, the retinoblastoma-related (RBR)-E2F pathway
components, as well as the majority of the cell cycle regula-
tors, also are present, but very little is known about their
function and regulation during plant growth and develop-
ment (Gutierrez, 1998; Meijer and Murray, 2000; Vandepoele

et al., 2002). E2F family proteins have been identified in dif-
ferent plant species (Ramirez-Parra et al., 1999; Sekine et
al., 1999; Albani et al., 2000), and in some cases, plant E2Fs
have been shown to transactivate E2F-regulated markers in
planta (Egelkrout et al., 2001; Kosugi and Ohashi, 2002a). In
the model plant Arabidopsis, six different E2Fs and two
dimerization proteins (DPa and DPb) have been identified
(de Jager et al., 2001; Vandepoele et al., 2002). Three Arabi-
dopsis E2Fs (E2Fa, E2Fb, and E2Fc, also named E2F3,
E2F1, and E2F2, respectively) share their domain organiza-
tion with human E2F1, E2F2, and E2F3. Recently, De Veylder
et al. (2002) showed that overexpression of 

 

AtE2Fa/DPa

 

 pro-
duces ectopic cell division in differentiated cells and also
extra DNA replication rounds, depending on the compe-
tence of the cells. However, data regarding the role, activity,
regulation, or availability of other AtE2Fs are lacking.

The ubiquitin-proteasome pathway is emerging as a wide-
spread mechanism to control developmental programs, hor-
mone signaling, and stress responses, among others pro-
cesses, by targeted proteolysis of key regulatory proteins
(Patton et al., 1998; Deshaies, 1999; Callis and Vierstra,
2000; Hellmann and Estelle, 2002). In particular, ubiquitin-
mediated degradation plays a crucial role in the control of
cell cycle progression and exit (Bartek and Lukas, 2001;
Vodermaier, 2001). Ubiquitin is attached covalently to the
target protein in a sequential reaction that involves the activ-
ity of the E1, E2, and E3 enzymes (Deshaies, 1999). The
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Skp1, Cullin, F-box (SCF) complex is one type of E3 enzyme
that is composed of a structural core (SKP1, Cullin/Cdc53,
and RBX/ROC1 proteins) and an F-box protein, which con-
tains an F-box motif that is required to interact with SKP1
(Deshaies, 1999; Schulman et al., 2000). Different F-box
proteins can assemble into the core and are responsible for
target recognition, conferring specificity to the complexes.
The majority of the F-box proteins contain WD40 repeats or
Leu-rich repeats that are involved in specific target interac-
tion (Deshaies, 1999).

In this work, we focused our studies on the regulation of

 

AtE2Fc

 

, also known as 

 

AtE2F2

 

 (At1g47870). We found that

 

AtE2Fc

 

 is cell cycle regulated and is expressed in meristem-
atic areas and early-differentiated cells during plant devel-
opment. Overexpression of a stable form of AtE2Fc affects
cell division and size and reduces the expression of the cell
cycle gene 

 

AtCDC6

 

. In vitro data indicate that AtE2Fc activity
is likely regulated by plant RBR interaction and by AtCDKA;1
phosphorylation. In addition, we found that AtE2Fc is regu-
lated by proteolysis through the ubiquitin-proteasome path-
way, implicating the function of the SCF

 

AtSKP2

 

 complex. In-
terestingly, AtE2Fc is degraded during the transition from
dark to light, suggesting a novel role of this protein in this
process. Finally, we have found that efficient AtE2Fc degra-
dation requires the modification of AtCUL1, a component of
the SCF, with RUB.

 

RESULTS

AtE2Fc Is Cell Cycle Regulated and Is Expressed in 
Dividing and Differentiated Cells

 

To gain knowledge of 

 

AtE2Fc

 

 function, we first decided to
analyze the expression pattern of this gene. We analyzed
Arabidopsis cultured cells partially synchronized with aphid-
icolin, a drug that blocks cell proliferation in G1/S. We found
that 

 

AtE2Fc

 

 mRNA accumulated during early S-phase, with
a peak at 3 h after aphidicolin removal (Figure 1A). To as-
sess how aphidicolin-treated cells progressed through the
cell cycle after drug removal, we hybridized the blot with the
histone 

 

H4

 

 probe, as a marker of S-phase cells (Reichheld
et al., 1998), and with the cyclin B1;1, as a marker of G2/M
(Hemerly et al., 1992). The histone 

 

H4

 

 mRNA accumulated
soon after drug removal, and the 

 

AtCYCB1;1

 

 mRNA accu-
mulated later, suggesting that the cells were at least partially
synchronized, as has been shown recently (Menges and
Murray, 2002). Our results are in agreement with previous
results showing that AtE2Fc is cell cycle regulated (de Jager
et al., 2001; Mariconti et al., 2002).

To gain insight into the possible role of 

 

AtE2Fc

 

 during
plant growth and development, we studied the spatial ex-
pression pattern of this gene. First, we tried to generate
transgenic plants harboring the 1.2-kb 5

 

�

 

 region upstream
from the ATG fused to the reporter gene 

 

�

 

-glucuronidase

 

(GUS). We did not recover any plant that was positive for
GUS activity. Because it has been suggested that some
promoters must contain the first intron to be functional
(Gidekel et al., 1996; Morello et al., 2002), we generated a
construct that contained the 1.2 kb upstream from the ATG
and the genomic region from the ATG to the second in-
frame ATG (P

 

NE2Fc

 

:N-GUS), which includes the first intron. We
recovered several lines, and five independent lines, all of
them showing a similar staining pattern, were analyzed in de-
tail for GUS activity. Histochemical analysis of P

 

NE2Fc

 

:N-GUS
transgenic seedlings showed that GUS activity was high in
actively dividing cells but also in differentiated and special-
ized cells, such as root cells, dark-grown hypocotyl cells,
and trichomes. GUS activity was strikingly high in young
seedlings, especially in the cotyledons and the shoot and
root meristems (Figure 1B).

When we analyzed GUS activity in older seedlings, we
found that the activity was restricted to the meristematic ar-
eas, the vascular tissue, and the apical one-third of the root,
with high levels in the root tip (Figure 1C). In dark-grown
seedlings, GUS activity was high in cotyledons, along the
root, and in the upper region of the hypocotyl (Figure 1D).

 

AtE2Fc

 

 also was expressed in the early stages of lateral root
development (Figure 1E). When we analyzed 2-week-old ro-
sette leaves, we found slight GUS activity in the leaves, with
high staining in the vascular tissue and in the specialized tri-
chome cells (Figures 1F and 1G). We also found activity of
the reporter gene during flower development, and in particu-
lar in young and developing flower buds (Figure 1H). In ma-
ture flowers, however, GUS activity was restricted to pollen
grains and to a lesser extent to the vascular tissue (Figure
1I). The expression pattern of 

 

AtE2Fc

 

 was analyzed further
at the mRNA level in different organs by semiquantitative re-
verse transcriptase–mediated PCR (Figure 1J). We found
that 

 

AtE2Fc

 

 mRNA accumulated to high levels in young
dark- and light-grown seedlings and was reduced when the
seedlings were transferred from the dark to the light. How-
ever, the levels of 

 

AtE2Fc

 

 mRNA were lower in mature
leaves than in young leaves or cauline leaves. We also found
higher levels in young flower buds than in old, mature flow-
ers. This expression pattern seems to correlate with the pat-
tern found for GUS activity.

 

AtE2Fc Is Regulated by the Ubiquitin-Proteasome Pathway

 

Several factors are regulated by a balance between gene
expression and ubiquitin-mediated proteolysis during the
cell cycle (Bartek and Lukas, 2001; Vodermaier, 2001).
Thus, we studied whether AtE2Fc protein might be regu-
lated through this pathway. To address this issue, we ana-
lyzed AtE2Fc protein levels in cultured cells after treatment
with the proteasome inhibitor MG132, which is known to
block the degradation of ubiquitin-labeled proteins in plants
(Callis and Vierstra, 2000; Gray et al., 2001). Addition of the
proteasome inhibitor MG132 provoked a striking increase in
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AtE2Fc protein levels (Figure 2A). This increase in AtE2Fc
protein levels was not attributable to an increase in gene
transcription, as shown by RNA gel blot hybridization (Fig-
ure 2B). These results suggest that AtE2Fc stability is regu-
lated by ubiquitin-dependent degradation.

The N-terminal region of the human E2F1 protein has
been implicated in the control of ubiquitin-mediated degra-
dation (Marti et al., 1999). To determine whether the N-ter-
minal region of AtE2Fc was capable of mediating its ubiq-

uitin-mediated proteolysis, we analyzed the stability of the
NE2Fc-GUS fusion protein, which contained the first 100
amino acids of AtE2Fc fused to the GUS protein, expressed
under the control of the AtE2Fc promoter (P

 

NE2Fc

 

:N-GUS).
We observed that the GUS staining in the hypocotyls of
dark-grown seedlings was reduced dramatically when these
seedlings were transferred to light for 7 h (Figure 2C). This
phenotype was observed in at least five independent
P

 

NE2Fc

 

:N-GUS lines. To determine whether this degradation

Figure 1. AtE2Fc mRNA Accumulated during S-Phase as Well as in Meristems and Specialized Cells during Plant Development.

(A) Two-day-old cells (�24 h) were treated with aphidicolin (8 �g/mL) for 24 h (0 h). After aphidicolin removal, the cells were grown for 3, 6, 9,
and 12 h. Total RNA from these samples was analyzed by RNA gel blotting using AtE2Fc, histone H4, and AtCYCB1;1 probes. As a loading con-
trol, a portion of gel stained with ethidium bromide is shown. PNE2Fc:N-GUS seedlings were analyzed for GUS activity at different stages of devel-
opment. Several independent lines were analyzed, and representative images are shown.
(B) PNE2Fc:N-GUS seedling grown in continuous light for 1.5 days.
(C) PNE2Fc:N-GUS seedling grown in continuous light for 5 days.
(D) 5-day-old dark-grown PNE2Fc:N-GUS seedling.
(E) GUS staining of lateral roots of an auxin-treated PNE2Fc:N-GUS seedling.
(F) Mature rosette leaf of a 2-week-old PNE2Fc:N-GUS plant stained for GUS activity.
(G) Magnification of a mature leaf showing GUS staining in the base of trichome cells. The arrow indicates a trichome cell.
(H) Flower bud of an PNE2Fc:N-GUS plant stained for GUS activity. Arrowheads indicate young flower buds.
(I) Mature flower stained for GUS activity. A stamen is shown in detail at right.
(J) AtE2Fc expression was analyzed by semiquantitative reverse transcriptase–mediated PCR. As a control, AtDHR1 was used. Samples exam-
ined were as follows: D, seedlings grown for 3 days in the dark; D�L, seedlings grown for 3 days in the dark and then transferred to the light for
7 h; L, seedlings grown for 3 days in the light; YR, young roots from 3-day-old seedlings; OR, old roots from 10-day-old seedlings; ML, mature
leaves from 2-week-old plants; YL, youngest leaves from 2-week-old plants; CL, cauline leaves; FB, young flower buds; OF, old flowers.
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occurred in a ubiquitin-dependent manner, we added the
proteasome inhibitor MG132 to the medium during light
stimulation. Under these conditions, we found that MG132,
but not the DMSO solvent, blocked the reduction of GUS
staining in the hypocotyl (Figure 2C). Consistent with the de-
scribed stability of the GUS protein, we found that GUS ac-
tivity in the hypocotyls of 

 

35S

 

:

 

GUS

 

 transgenic seedlings did
not decrease in response to the light stimulation (Figure 2D),
indicating that the degradation of the NE2Fc-GUS protein
was dependent on the AtE2Fc moiety. Therefore, these
results suggest that the NE2Fc-GUS fusion protein was
degraded through the ubiquitin-proteasome pathway in re-
sponse to changes in light. Ubiquitin-dependent degra-
dation was not restricted to the hypocotyl, because stabili-
zation of the NE2Fc-GUS protein by MG132 also occurred
in the root tip (Figure 2E). To confirm these results, total hy-
pocotyl protein extracts were analyzed with affinity-purified
anti-AtE2Fc IgGs. AtE2Fc protein levels were reduced in the
hypocotyls of light-stimulated seedlings but not when the
MG132 inhibitor was added to the medium (Figure 2F).

To analyze the stability of the NE2Fc-GUS fusion protein
in actively dividing cells, we generated calli lines from
P

 

NE2Fc

 

:N-GUS and 35S:GUS transgenic seedlings. Cell-free
protein extracts from these calli lines were prepared and
used to perform a time-course assay of GUS activity in the
presence or in the absence of the proteasome inhibitor
MG132. Figure 2G shows that GUS activity in the P

 

NE2Fc

 

:N-GUS
extract decreased with time, with an estimated half-life of
activity of 

 

�

 

60 min, and that this reduction was largely pre-
vented by the addition of MG132 to the reaction. Control
assays performed with cell-free protein extracts from
35S:GUS calli showed that, in this time-course assay, GUS
activity did not change and was independent of MG132
treatment.

 

Overexpression of AtE2Fc Affects Cell Division and
Cell Morphogenesis

 

To date, a T-DNA knockout mutant for AtE2Fc is not avail-
able in the different collections. Therefore, to gain insight
into the cellular role of AtE2Fc, we decided to generate Ara-
bidopsis plants that overexpress this gene. We were unable

 

Figure 2.

 

AtE2Fc Is Regulated through the Ubiquitin-Proteasome
Pathway.

 

(A)

 

 After Arabidopsis cultured cells were synchronized with aphidi-
colin, the cells were treated with the proteasome inhibitor MG132 or
with the solvent DMSO for 3 h. Total protein extracts from these
samples were analyzed by protein gel blot hybridization using affin-
ity-purified anti-AtE2Fc IgGs. A portion of the membrane, stained
with Ponceau-S dye, is shown as a loading control.

 

(B)

 

 RNA gel blot of total RNA from Arabidopsis cultured cells treated
with (

 

�

 

) or without (

 

�

 

) MG132 at 3 hours after aphidicolin synchroni-
zation. The blot was hybridized with 

 

AtE2Fc

 

 and loading control
(

 

AtRP

 

) probes.

 

(C)

 

 P

 

NE2Fc

 

:N-GUS seedlings were grown for 3 days in the dark (D)
and then stained for GUS activity (left). The image at right shows
GUS staining of dark-grown P

 

NE2Fc

 

:N-GUS seedlings that were
transferred to light for 7 h (D

 

�

 

L) in the presence of DMSO or the
proteasome inhibitor MG132 in the medium.

 

(D)

 

 35S:GUS seedlings were grown as described above (D and
D

 

�

 

L) in the presence of DMSO and then stained for GUS activity. In
this case, seedlings were transferred to the light for 7 or 14 h.

 

(E)

 

 Roots of 3-day-old P

 

NE2Fc

 

:N-GUS seedlings that were incubated
with DMSO or MG132 for 8 h and stained afterward for GUS activity.

 

(F)

 

 Wild-type seedlings were grown for 3 days in the dark (D) and then
transferred to the light (D

 

�

 

L) in the presence of DMSO or MG132 for 7 h.
Total protein was extracted from excised hypocotyls and analyzed by
protein gel blot hybridization using anti-E2Fc. A region of the Coo-
massie blue–stained blot is shown as a loading control.

 

(G)

 

 Time course of NE2Fc-GUS degradation. Total protein extracts
from P

 

NE2Fc

 

:N-GUS or 35S:GUS calli were incubated in the presence
of DMSO or MG132 in the degradation assay. Values for remnant
GUS activity after the incubation time represent means of three in-
dependent assays. Continuous line, DMSO; broken line, MG132.



 

Regulation of AtE2Fc Stability by AtSKP2 3061

 

to recover transgenic lines that accumulated detectable lev-
els of the full-length AtE2Fc protein. Thus, we chose to ex-
press a truncated form of AtE2Fc (

 

�

 

E2Fc) that lacked the
N-terminal region that seems to be involved in regulating
AtE2Fc protein stability. However, this 

 

�

 

E2Fc protein retained
other activities, such as binding to a DNA sequence that

contains a canonical E2F site (Figure 3A) and its ability to in-
teract with AtDPb protein (Figure 3B) and with AtCDKA;1
protein (Figure 4C). These data indicate that 

 

�

 

E2Fc is likely
a functional protein in vivo. We isolated 

 

�

 

20 independent
kanamycin-resistant lines that expressed the 

 

�

 

E2Fc trans-
gene to different extents (Figure 3C). When we analyzed

Figure 3. Overexpression of a Stable AtE2Fc Protein Affects Cell Division and Cell Shape.

(A) Electrophoretic mobility shift assay was performed with purified His-�E2Fc and GST-DPb using an oligonucleotide containing the consensus
E2F motif as described (Ramirez-Parra et al., 1999). Lane 1, GST-DPb alone; lane 2, His-�E2Fc alone; lane 3, GST-DPb and His-�E2Fc.
(B) Purified His-E2Fc or His-�E2Fc were incubated with GST-DPb bound to beads. E2Fc proteins were detected with the IgGs against the
AtE2Fc protein. The arrow points to the His-�E2Fc protein, and the arrowhead points to the His-E2Fc protein.
(C) Protein gel blot analyses of several independent plants that overexpress the �E2Fc protein using the affinity-purified IgGs against AtE2Fc.
Control (C) and �E2Fc-overexpressing lines (T1 to T8) are indicated. The arrow points to the truncated �E2Fc protein, and the asterisk indicates
the wild-type AtE2Fc protein. Additional microscopy analyses were performed on the transgenic T3 line.
(D) Five-day-old light-grown control and �E2Fc seedlings.
(E) Palisade parenchyma cells from the cotyledons of 3-day-old control dark-grown seedlings. Bar 	 10 �m.
(F) Epidermal cells from the cotyledons of 3-day-old control dark-grown seedlings. Bar 	 50 �m.
(G) Palisade parenchyma cells from the cotyledons of 3-day-old �E2Fc dark-grown seedlings. Arrows indicate cells that showed an uncom-
pleted division plane. Bar 	 10 �m.
(H) Epidermal cells from the cotyledons of 3-day-old �E2Fc dark-grown seedlings. Bar 	 50 �m.
(I) Typical guard cell found in the cotyledons of control dark-grown seedlings. Bar 	 10 �m.
(J) Guard cells found in the cotyledons of �E2Fc dark-grown seedlings. Bar 	 10 �m.
(K) Mean values of the areas of palisade and epidermal cells from 3-day-old control and �E2Fc dark-grown seedlings.
(L) Semiquantitative reverse transcriptase–mediated PCR of AtCDC6 using RNA extracted from 3-day-old dark-grown control and �E2Fc seed-
lings. As a control, we used the constitutively expressed AtDHR1 gene.
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these �E2Fc-overexpressing lines, we found no severe
changes in morphology with respect to the control plants,
except a slight delay in the development of the primary true
leaves (Figure 3D). However, microscopic analysis revealed
that, in contrast to control plants (Figure 3E), cotyledon pali-
sade parenchyma cells of dark-grown �E2Fc transgenic
seedlings (Figure 3G) were more irregular in shape and, in
many cases, lacked the division plane (corresponding to the
last division in most cells). In addition, these �E2Fc palisade
cells were almost double the size of control cells (Figure 3K).
We also analyzed the size and shape of the epidermal cells
of seedlings grown in the dark. In this case, �E2Fc epider-
mal cells were larger than the control cells (Figures 3F, 3H,
and 3K). Furthermore, the development of the guard cells
seemed to be delayed by the overexpression of �E2Fc (Fig-
ures 3I and 3J). These observations suggest a negative ef-
fect of �E2Fc overexpression on cell division and might ex-
plain the delayed development of the primary true leaves in
the transgenic plants (Figure 3D).

To analyze the effect of �E2Fc overexpression at the mo-
lecular level, we analyzed by semiquantitative reverse tran-
scriptase–mediated PCR the expression of the cell division
marker AtCDC6, which contains an E2F element in its pro-
moter (Castellano et al., 2001). Figure 3L shows that dark-
grown �E2Fc-overexpressing seedlings expressed lower

levels of AtCDC6 mRNA than control seedlings. Together,
our data indicate that AtE2Fc may act as a repressor of
genes required for normal proliferation and therefore nega-
tively affects cell division.

AtE2Fc Interacts with RBR and Is Regulated by
CDK Phosphorylation

The ability of E2F/dimerization protein factors to modulate
gene expression is regulated, in part, by the interaction with
retinoblastoma family proteins through binding to a C-termi-
nal motif in E2F and blocking its transactivation domain.
Analysis of the AtE2Fc sequence revealed that it lacks a
putative transactivation domain; therefore, it is conceivable
that it may act as a repressor rather than an activator. Al-
though AtE2Fc showed a putative retinoblastoma binding
motif at the C-terminal region, it has been reported that
AtE2Fc did not interact with ZmRb in the two-hybrid system
(de Jager et al., 2001). To evaluate the possible interaction
between these proteins in a different system, we used re-
combinant purified proteins. Under these conditions, we
found that AtE2Fc and a plant RBR protein (ZmRb) can in-
teract directly (Figure 4A). By contrast, AtE2Fb (also named
AtE2F1), which interacts with ZmRb in the yeast two-hybrid

Figure 4. AtE2Fc Interacts with RBR and with AtCDKA;1, CYCA2;2, and CYCD2;1.

(A) Purified recombinant His-ZmRb protein was incubated with GST, GST-AtE2Fc, or GST-AtE2Fb bound to beads. ZmRb was detected with
IgGs against the ZmRb protein. A region of the Coomassie blue–stained blot is shown as a loading control in the GST-E2Fc and GST-E2Fb col-
umns. Note that the purified proteins contained degradation products of these fusion proteins.
(B) Insect cell extracts containing AtCDKA;1, His-AtCYCA2;2, or His-AtCYCD2;1 were incubated with purified GST or GST-AtE2Fc proteins
bound to beads. AtCDKA;1 was detected by protein gel blot analysis using the anti-PSTAIRE antibody, and CYCA2;2 and CYCD2;1 were de-
tected with anti-His antibody.
(C) Protein extracts from 3-day-old light-grown wild-type seedlings were incubated with purified GST, GST-E2Fc, or GST-�E2Fc bound to
beads. Arabidopsis AtCDKA;1 was detected using the anti-PSTAIRE antibody.
(D) Purified GST or GST-AtE2Fc was incubated in a kinase reaction with the AtCDKA;1/CYCA2;2 or AtCDKA;1/CYCD2;1 complex in the pres-
ence of 
-32P-ATP. The asterisk indicates the phosphorylated form of AtE2Fc. The arrowhead indicates the mobility of the GST.
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system (de Jager et al., 2001), bound with less efficiency to
ZmRb (Figure 4A). These results suggest that AtE2Fc might
form a repressor complex in cooperation with RBR.

The transition from G1- to S-phase is tightly regulated by
CDK activities. Computer assisted analysis of the AtE2Fc
sequence (http://www.cbs.dtu.k/services/NetPhos/) revealed
that it contains several putative CDK phosphorylation sites.
The majority of these sites are located in the N-terminal re-
gion, although some of them are distributed at the het-
erodimerization and retinoblastoma binding motifs (data not
shown). To address whether Arabidopsis CDK activity might
regulate AtE2Fc, we first analyzed the interaction between
Arabidopsis AtCDKA;1, cyclin A, and cyclin D2 proteins with
AtE2Fc. We performed pulldown experiments using purified
glutathione S-transferase (GST)-AtE2Fc or GST bound to
beads and AtCDKA;1, AtCYCA2;2, or CYCD2;1 proteins ex-
pressed in baculovirus. In vitro binding assays showed that
AtE2Fc interacted physically with these three proteins (Fig-
ure 4B). Furthermore, we found that AtE2Fc, and also the
truncated form At�E2Fc, interacted with AtCDKA;1 from
plant extracts (Figure 4C), indicating that these proteins
might interact in vivo. Likewise, the GST-AtE2Fc protein
was phosphorylated in vitro by both AtCDKA;1/CYCA2;2 and
AtCDKA;1/CYCD2;1 complexes (Figure 4D).

The F-Box SKP2 Forms Part of an SCF Complex and 
Recruits AtE2Fc

Because AtE2Fc seems to be regulated through the ubiq-
uitin pathway, we investigated the mechanisms that underlie
this degradation, in particular, identifying the F-box protein
responsible for targeting AtE2Fc. Using human SKP2, the
F-box protein that recruits E2F1, as a query to search the
Arabidopsis database, we retrieved several proteins with
significant homology, but two of them, which we named
AtSKP2;1 (At1g21410) and AtSKP2;2 (At1g77000), showed
the highest homology with the substrate recognition C-ter-
minal Leu-rich repeat region of human SKP2. The two
AtSKP2 proteins shared 83% identity in their primary amino
acid sequences and 44% identity within their putative pro-
moter DNA sequences, suggesting that they might be dupli-
cated genes. In fact, a search of the MIPS database (http://
mips.gsf.de/proj/thal/db/main.html) revealed that both
AtSKP2;1 and AtSKP2;2 were located in a duplicated region
of chromosome 1. These proteins contain an F-box motif at
the N-terminal region and a Leu-rich repeat domain along the
C-terminal portion of the protein. Here, we focused our stud-
ies on AtSKP2;1 (which we refer to as AtSKP2 throughout).

In vitro assays and crystallization studies have demon-
strated that the F-box proteins assemble into the SCF core
through direct interaction with the SKP1 protein, which in-
teracts with the CUL1 protein (Schulman et al., 2000; Zheng
et al., 2002). Therefore, to determine whether AtSKP2 is in-
tegrated into an SCF complex, we used an AtCUL1 serum
(Gray et al., 1999) to perform immunoprecipitation assays.

Figure 5A shows that AtSKP2 coimmunoprecipitated with
AtCUL1, suggesting that AtSKP2 is part of an SCF complex.
Likewise, when the immunoprecipitation was carried out
using the anti-AtSKP2 serum, we found that AtSKP2 inter-
acted with both the RUB1-modified and the nonmodified iso-
forms of AtCUL1 (Figure 5B). Because Arabidopsis AtSKP2
forms part of an SCF complex and AtE2Fc seems to be reg-
ulated by the ubiquitin-proteasome pathway, we wondered
whether this F-box protein would be responsible for target-
ing AtE2Fc for ubiquitylation. To address this possibility, we
analyzed the interaction between both proteins using pull-
down or immunoprecipitation assays. First, we performed
pulldown experiments using protein extracts from 3-day-old
seedlings grown in the dark, grown in the light, or grown in
the dark and then stimulated with light for 7 h. We found
that recombinant maltose binding protein (MBP)-AtSKP2,
but not MBP alone, recruited AtE2Fc in these three condi-
tions, but the interaction between MBP-AtSKP2 and AtE2Fc
was favored in the light-stimulated protein extract (Figure
5C). This interaction also was detected in vivo by coimmu-
noprecipitation analysis using the anti-AtSKP2 serum. Fig-
ure 5D shows that AtSKP2 serum, but not the preimmune
serum, immunoprecipitated AtE2Fc, suggesting that the F-box
AtSKP2 might be responsible for targeting AtE2Fc for spe-
cific degradation. Furthermore, using extracts of PNE2Fc:N-GUS
callus, we found that MBP-AtSKP2 pulled down higher GUS
activity than the MBP control (Figure 5E). However, MBP-
AtSKP2 did not pull down significant GUS activity when
35S:GUS extracts were used (Figure 5E), suggesting that
the N-terminal region of AtE2Fc is important for both
AtSKP2 binding and ubiquitin-mediated degradation.

AtSKP2 Recruits Phosphorylated AtE2Fc

The SCF paradigm predicts that the F-box protein recruits
phosphorylated targets. Because AtE2Fc is phosphorylated
by the AtCDKA;1/CYC complexes in vitro, we wanted to in-
vestigate the importance of AtE2Fc phosphorylation for
AtSKP2 recruitment. First, we analyzed the interaction be-
tween recombinant AtE2Fc and AtSKP2 proteins expressed
in bacteria. Under this condition, in the absence of any CDK
activity, we detected no interaction between these proteins
(Figure 6A). However, when GST-AtE2Fc was phosphory-
lated by the AtCDKA;1/CYCA2;2 complex, we found that
32P–GST-AtE2Fc was recruited by AtSKP2 (Figure 6B). Sim-
ilar results were obtained when AtE2Fc was phosphorylated
with the AtCDKA;1/CYCD2;1 complex (data not shown).
These results strongly suggest that CDKA-dependent phos-
phorylation is a limiting step in the targeting of AtE2Fc by
the SCFAtSKP2 complex. To determine whether phosphoryla-
tion of AtE2Fc is required for its ubiquitin-mediated degra-
dation, we used phosphorylated AtE2Fc in a cell-free degra-
dation assay. We found that 32P–His-AtE2Fc was degraded
efficiently (Figure 6C) and that the addition of MG132
blocked 32P–His-AtE2Fc degradation, concomitant with the
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appearance of high molecular mass species that likely cor-
respond to ubiquitylated forms of AtE2Fc (Figure 6C). In ad-
dition, and supporting these results, ubiquitin-mediated
degradation of the recombinant His-AtE2Fc protein in a cell-
free assay was reduced when roscovitine, a CDK activity in-
hibitor, was added to the extract and was blocked efficiently by
the addition of the proteasome inhibitor MG132 (Figure 6D).

RUB1 Modification of AtCUL1 Is Required for
AtE2Fc Degradation

SCF complex activity is regulated through different path-
ways. In plants, RUB modification of the structural compo-
nent of the SCF AtCUL1, which is dependent on AXR1 pro-
tein function (del Pozo et al., 2002), is required for normal
response to the hormone auxin (del Pozo et al., 1998; Gray
and Estelle, 2000). Previously, we showed that AtSKP2 in-

teracted with both the RUB-modified and nonmodified iso-
forms of AtCUL1 (Figure 5B). However, when we performed
pulldown experiments using GST-AtE2Fc, we found that the
RUB1-modified isoform of AtCUL1 was pulled down prefer-
entially (Figure 7A). Because it is well known that auxin con-
trols cell division, cell expansion, and several aspects of
plant development, and that the auxin response mutant axr1
affects SCF complex activity, we determined whether RUB
modification of AtCUL1 might have an effect on AtE2Fc sta-
bility. To address this possibility, we first compared the
mRNA and protein levels of AtE2Fc in wild-type and axr1-12
seedlings, in which RUB modification is impaired (del Pozo
et al., 2002). AtE2Fc and AtSKP2 mRNA levels were similar
in both wild-type and axr1-12 seedlings (Figure 7B). How-
ever, AtE2Fc protein levels were strikingly higher in axr1-12
than in wild-type seedlings grown in the light for 3 days,
whereas these levels were only slightly higher when the
seedlings were grown in the dark (Figure 7C). Together,

Figure 5. AtSKP2, an F-Box Protein, Recruits AtE2Fc.

(A) Total protein extracts from 3-day-old light-grown seedlings were immunoprecipitated (IP) with preimmune or anti-AtCUL1 sera and analyzed
by protein gel blotting using affinity-purified anti-AtSKP2 IgGs.
(B) Total protein extracts were immunoprecipitated with preimmune or anti-SKP2 sera. Precipitated proteins were analyzed using anti-AtCUL1
serum. The arrow points to the RUB1-modified form of AtCUL1 (del Pozo and Estelle, 1999).
(C) Total protein extracts from 3-day-old dark-grown seedlings (D), light-grown seedlings (L), or seedlings transferred from the dark to the light
for 7 h (D�L) were used in pulldown experiments in which MBP or MBP-AtSKP2 was bound to beads and then analyzed by immunoblotting us-
ing anti-E2Fc IgGs.
(D) Coimmunoprecipitation assays using rabbit preimmune or anti-AtSKP2 sera. The precipitated proteins were analyzed by protein gel blotting
using affinity purified anti-AtE2Fc IgGs. The arrowhead points to the AtE2Fc protein, and the asterisk indicates the IgG band.
(E) PNE2Fc:N-GUS or 35S:GUS calli protein extracts were incubated with MBP and MBP-AtSKP2 proteins bound to beads. GUS activity of the
pulled down proteins was quantified in two independent experiments.
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these results indicate that AXR1-dependent modification of
AtCUL1 with RUB is required for the efficient degradation of
AtE2Fc. Because the NE2Fc-GUS fusion protein is regu-
lated through the ubiquitin pathway, we wondered whether
this fusion protein also was more stable in the axr1-12 mu-
tant background. We found that GUS staining levels of dark-
or light-grown axr1-12/PNE2Fc:N-GUS were higher than those
in PNE2Fc:N-GUS seedlings (Figure 7F), especially in the hy-
pocotyl (Figures 7D and 7E), indicating that the axr1-12 mu-
tation affects the degradation of AtE2Fc.

DISCUSSION

The components of the RBR-E2F pathway have been identi-
fied in plants. The recent completion of the Arabidopsis ge-
nome (Arabidopsis Genome Initiative, 2000) has allowed the
identification of six different E2F family members. AtE2Fc
shows a domain organization similar to that of human E2F1,
E2F2, and E2F3 containing a DNA binding motif, a het-
erodimerization domain, a retinoblastoma binding motif, and
a marked box (de Jager et al., 2001; Mariconti et al., 2002;
Vandepoele et al., 2002). Although AtE2Fa and AtE2Fb in-
teract with ZmRb in the two-hybrid system, AtE2Fc does not
(de Jager et al., 2001). Nevertheless, using recombinant pro-
teins, we detected a more efficient interaction between
ZmRb and AtE2Fc than between ZmRb and AtE2Fb. This
discrepancy might be explained by an AtE2Fc-mediated re-
pression of the two-hybrid markers. In fact, as with the re-

pressor Drosophila E2F2 (Trimarchi et al., 2001), AtE2Fc
does not show a typical transactivation domain and does
not transactivate in yeast (de Jager et al., 2001), suggesting
a repressor function of AtE2Fc. Although the overexpression
of AtE2Fc in cultured cells slightly transactivates E2F-regu-
lated markers (Kosugi and Ohashi, 2002a), it is not clear
whether AtE2Fc activates the E2F markers directly or
whether it has a dominant-negative effect, titrating E2F-
interacting proteins, such as RBR, and indirectly promoting
the function of other E2Fs. It also has been reported that the
E2F sites located in the PCNA promoter mediate transcrip-
tional activation in proliferating cells and repression in differen-
tiated tissues (Egelkrout et al., 2001; Kosugi and Ohashi,
2002b). These reports indicate that different E2F activities
(activators and/or repressors) function in relation to cell sta-
tus and plant development.

AtE2Fc is expressed in dividing cells, with high expres-
sion in the shoot and root meristems, and also is regulated
through the cell cycle, with a peak of expression during
S-phase. In addition, AtE2Fc also is expressed in the spe-
cialized trichome cells and in differentiated cells throughout
plant development. This expression pattern suggests that
AtE2Fc might play a role in both dividing and differentiated
cells. It is remarkable that the expression pattern of
AtE2Fc is similar to that of AtCDC6, an E2F-regulated gene
that is implicated in cell proliferation (Castellano et al.,
2001). Furthermore, we found that overexpression of AtE2Fc
reduces the expression levels of AtCDC6, contrary to the
overexpression of AtE2Fa/DPa (De Veylder et al., 2002),
supporting a role for AtE2Fc as gene repressor. The repression

Figure 6. AtSKP2 Recruits Phosphorylated AtE2Fc.

(A) Recombinant purified GST-AtE2Fc was incubated with MBP or MBP-AtSKP2 bound to beads. The pulled down proteins were analyzed by
protein gel blot hybridization with anti-E2Fc IgGs.
(B) Phosphorylated 32P–GST-AtE2Fc was incubated with MBP or MBP-AtSKP2 in pulldown experiments.
(C) 32P–His-AtE2Fc was incubated in a degradation assay for 10 min in the presence of DMSO or MG132 (50 �M). The bracket indicates high
molecular mass species of radiolabeled 32P–His-AtE2Fc.
(D) Recombinant His-AtE2Fc was incubated in a degradation assay for 20 min. Where indicated, the cell-free protein extract was preincubated
for 5 min with 50 �M roscovitine (Rosc), 50 �M MG132, or both before adding the recombinant His-AtE2Fc protein.
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of cell cycle genes should be important in maintaining a dif-
ferentiated state and for progress through the cell cycle, be-
cause a temporally concerted upregulation and downregu-
lation of certain genes is required. Together, these data
indicate that AtE2Fc likely functions as a transcriptional re-
pressor, although we cannot fully exclude the possibility
that it might act as an activator, depending on the cellular/
environmental context.

Recently, new data regarding Arabidopsis E2F function were
obtained by analysis of transgenic plants. Overexpression of
AtE2Fa, synergistically with AtDPa, induces ectopic cell di-
vision and DNA endoreplication and produces a severe ef-
fect on plant development, suggesting that an excess of
AtE2Fa/AtDPa affects cell division and differentiation during
plant development (De Veylder et al., 2002). These authors
conclude that AtE2Fa/AtDPa function as a positive regulator
of the cell cycle. By contrast, morphological analysis
showed that overexpression of a stable form of AtE2Fc also
seems to affect cell division, because the cells appear to be
larger and more irregular in shape and many of them lack
the division plane, as if the number of cell divisions would
have been reduced. Likewise, the negative effect of AtE2Fc
on cell division could explain the delayed development of
the first true leaves, in which the rate of cell division is im-
portant for organ growth (Cockcroft et al., 2000). Together,
our data support a negative role of AtE2Fc in cell division.
However, further experiments will be needed to determine
whether the truncated �E2Fc functions as a wild-type pro-
tein or a negative- or positive-dominant protein. Analysis of
loss-of-function mutants will help to clarify this point; unfor-
tunately, to date, we have been unable to find an AtE2Fc
mutant in different collections.

A variety of reports have implicated the ubiquitin-protea-
some pathway in the control of eukaryotic cell cycle pro-
gression (Krek, 1998; Bartek and Lukas, 2001; Vodermaier,
2001), multiple environmental responses, and developmen-
tal processes (Deshaies, 1999; Callis and Vierstra, 2000). In-
terestingly, we found that the AtE2Fc protein is degraded
rapidly in a ubiquitin-dependent manner in response to light,
suggesting a possible role of this protein during skotomor-
phogenesis, likely as a transcriptional repressor. We can
speculate that AtE2Fc is required to maintain skotomorpho-
genesis, during which cell division is prevented. Upon light
stimulation, when cell proliferation is reactivated, AtE2Fc (or
most of it) is degraded. However, some AtE2Fc activity,
consistent with its higher expression in early S-phase, could
participate in modulating (likely repressing) the expression
of genes that need to be shut off for further progression
through the cell cycle. The positive photomorphogenesis
regulator HY5 offers the best example of ubiquitin-mediated
proteolysis controlled by light (Osterlund et al., 2000). In this
case, the COP-signalosome complex plays a crucial role in
controlling the stability of HY5 (Osterlund et al., 2000).
These data indicate that the ubiquitin-signalosome pathway
is important in the regulation of the transition from skoto-
morphogenesis to photomorphogenesis. Furthermore, re-

Figure 7. RUB1 Modification of AtCUL1 Is Necessary for Efficient
AtE2Fc Degradation.

(A) Total protein extracts from 3-day-old light-grown seedlings were
incubated with GST or GST-AtE2Fc bound to beads. The precipi-
tated proteins were analyzed by protein gel blotting using anti-
AtCUL1 serum. The arrow points to the RUB-modified form of
AtCUL1. Note that the gel showing the pulled down proteins was ex-
posed five times longer than the input gel.
(B) Wild-type (wt) and axr1-12 seedlings were germinated for 3 days
in continuous light. Total RNA was extracted and analyzed by RNA
gel blot hybridization using the AtE2Fc or AtSKP2 probe. The AtRP
probe was used as a loading control.
(C) Wild-type and axr1-12 seedlings were germinated in the dark or
in the light for 3 days. Total protein was extracted and analyzed by
protein gel blotting using affinity purified anti-AtE2Fc IgGs. A portion
of these blots stained with Ponceau-S solution are shown as a load-
ing control.
(D) PNE2Fc:N-GUS and axr1-12/PNE2Fc:N-GUS seedlings were grown
for 3 days in the dark and then stained for GUS activity.
(E) PNE2Fc:N-GUS and axr1-12/PNE2Fc:N-GUS seedlings were grown
for 5 days in the light and then stained for GUS activity.
(F) Total protein was extracted from PNE2Fc:N-GUS and axr1-12/
PNE2Fc:N-GUS seedlings grown for 3 days in the dark (D), 5 days in
the light (L), or 3 days in the dark before transfer to the light for 7 h
(D�L), and GUS activities were quantified. Gray bars, PNE2Fc:N-GUS;
blue bars, axr1-12/PNE2Fc:N-GUS.
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cent findings have revealed that the signalosome is involved
in removing RUB1 from AtCUL1, a necessary process for ef-
ficient AXR2 degradation (Schwechheimer et al., 2001). In-
terestingly, human CSN1 (a component of the signalosome
complex) interacts with SKP2 (Lyapina et al., 2001), sug-
gesting that the activity of SKP2 is related to signalosome
activity, which also has been implicated in cell cycle control
(Tomoda et al., 2002). In this context, it is noteworthy that
the promoter of one of the subunits of the signalosome, Ara-
bidopsis AtCOP9/FUS7, contains an E2F motif, suggesting
that this gene might be regulated by E2F activities (E.
Ramirez-Parra, C. Fründt, and C. Gutierrez, unpublished
data). Therefore, it would be interesting to analyze the role
of COP9/FUS7 in cell proliferation and its regulation by Ara-
bidopsis E2F family members.

In the majority of cases, the F-box proteins interact exclu-
sively with the phosphorylated forms of their target proteins
(Deshaies, 1999). For example, the SCFcdc4 complex binds
exclusively to phosphorylated Sic1 (Feldman et al., 1997;
Skowyra et al., 1997). Human E2F1 is phosphorylated by the
CDK2/CYCA complex (Yang et al., 1999) and is targeted for
ubiquitin-mediated proteolysis by the SCFSKP2 complex
(Marti et al., 1999). Nevertheless, whether the phosphoryla-
tion of human E2F1 is needed for SCFSKP2 recruitment re-
mains a matter of controversy (Marti et al., 1999), because it
has been reported that human E2F1 can be ubiquitylated in
a phosphorylation-independent manner (Ohta and Xiong,
2001). We have found that AtE2Fc is phosphorylated by the
AtCDKA;1/CYCA2;2 and AtCDKA;1/CYCD2;1 complexes.
These in vitro data, together with the fact that AtE2Fc inter-
acts with AtCDKA;1 present in plant extracts, suggest that
AtE2Fc activity is regulated by CDK-dependent phosphory-
lation in vivo. In fact, AtSKP2 recruits CDKA-dependent
phosphorylated AtE2Fc but not the nonphosphorylated
form, suggesting that this phosphorylation is necessary to
target AtE2Fc for proteolysis. Consistent with this finding,
roscovitine, a CDK activity inhibitor, seems to reduce
ubiquitin-dependent AtE2Fc proteolysis. The weak reduc-
tion in AtE2Fc degradation observed might be explained
by a low inhibitory efficiency, because in vitro assays
showed that roscovitine inhibited CDKA activity slightly
(data not shown). Alternatively, AtE2Fc might be phos-
phorylated, and targeted subsequently for proteolysis, by
other types of kinases, or it might be degraded in a phos-
phorylation-independent manner, as has been reported
for human E2F1 (Ohta and Xiong, 2001). Together, our
data support the conclusion that the phosphorylation of
AtE2Fc is likely a requirement for its ubiquitin-mediated
degradation in vivo.

In plants, one of the best ubiquitin-dependent responses
known is auxin signaling. Molecular analyses of the auxin re-
sponse mutants axr1 and tir1 support a model in which
auxin signaling is mediated by an intricate ubiquitin-RUB-
SCF pathway (Gray and Estelle, 2000; Leyser, 2001; Rogg
and Bartel, 2001; Hellmann and Estelle, 2002). We found
that AtE2Fc is stabilized in the axr1-12 mutant. The fact that

AtE2Fc is more stable in the axr1-12 mutant and that AtE2Fc
interacts preferentially with the modified AtCUL1 isoform
strongly suggests that the modification of AtCUL1 with
AtRUB1 is important for the efficient SCF-dependent degra-
dation of AtE2Fc. Similarly, the ubiquitin-mediated proteoly-
sis of the auxin response transcription factor AtAXR2/IAA7,
which is dependent on the F-box protein AtTIR1, is less effi-
cient in the axr1 mutant background, suggesting that the
modification of AtCUL1 with AtRUB1 somehow is necessary
for its efficient degradation (Gray et al., 2001). Modification
of AtCUL1 with AtRUB1 is a process dependent on the
function of the AtAXR1 gene (del Pozo et al., 1998, 2002; del
Pozo and Estelle, 1999). This modification of AtCUL1 has
been shown to be important for a normal response to the
hormone auxin (Gray and Estelle, 2000; del Pozo et al.,
2002). Although the mechanism is not clear, the modifica-
tion of cullin with RUB seems to be involved in regulating
the activity and/or the subcellular localization of the SCF
complexes (Lammer et al., 1998; Freed et al., 1999; Osaka
et al., 2000). Recently, it was suggested that RUB modifica-
tion is important to recruit the ubiquitin-charged E2 enzyme
to the SCF complex and to transfer the ubiquitin moiety to
the target proteins efficiently (Kawakami et al., 2001; Zheng
et al., 2002). Therefore, it is likely that the reduction of RUB-
modified AtCUL1 limits the degradation of AtE2Fc, among
other proteins.

We propose that AtE2Fc, alone and/or in cooperation
with RBR, functions as a negative regulator of cell division,
repressing the expression of cell division genes. Because
cyclin D2 and A function likely is important for G1- and
S-phase progression as well as for cell cycle reentry, it is
tempting to speculate that the ubiquitin-mediated destruc-
tion of AtE2Fc repressor might be necessary for these pro-
cesses (Figure 8). Likewise, the destruction of AtE2Fc dur-
ing the transition from dark- to light-grown conditions is
necessary to activate the gene expression required for
photomorphogenesis (Figure 8).

Figure 8. Model Showing the Function of AtE2Fc in Relation to Cell
Division and Development.

Information for AtE2Fa/DPa is adapted from De Veylder et al. (2002).
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METHODS

Plant Material

Arabidopsis thaliana cultured cells were subcultured 1:10 (v/v) in
MSC medium (1 � Murashige and Skoog [1962] [MS] salts, 1 � MS
vitamins, pH 5.8, 3% Suc, 4.5 �M 2,4-D, and 0.45 �M kinetin). For
synchronization experiments, 2 days after subculturing, aphidicolin
was added (8 �g/mL) over 24 h. To eliminate the drug, cells were
washed twice with 10 volumes of fresh medium. Where indicated,
MG132 (Affiniti, Mamhead, UK) was used at 50 �M, and as a control,
the same volume of DMSO was added. Arabidopsis seedlings
(ecotype Columbia-0) were grown in MSS medium (0.5 � MS salts,
pH 5.8, 1 � MS vitamins, 1% Suc, and 1% agar). For MG132 treat-
ment on MS medium plates, the proteasome inhibitor was added
fresh when the agar was almost solidified, and the plates were used
immediately.

Transgenic Plants and Calli Lines

To generate PNE2Fc:N-GUS, a 1.8-kb genomic region containing the
promoter region of AtE2Fc and the first 100 amino acids of the
AtE2Fc protein was fused in frame to the GUS marker, using
pBI101.2 vector. To generate �E2Fc-overexpressing lines, the cDNA
coding for amino acids 95 to 457 was cloned in frame with the he-
magglutinin epitope using pPily vector (Ferrando et al., 2000). This
construction was cloned subsequently into pBin19 binary plasmid.
PNE2Fc:N-GUS and �E2Fc were introduced into Agrobacterium tume-
faciens, which was used to transform Arabidopsis plants (Bechtold
and Pelletier, 1998). T3 homozygous lines were selected and used
for this work. We further analyzed five independent PNE2Fc:N-GUS
lines, which showed a similar GUS staining pattern and similar
NE2Fc-GUS stability behavior. As a control, we generated trans-
genic lines harboring pBin19 plus two copies of the 35S promoter.
The PNE2Fc:N-GUS transgene also was introduced into the axr1-12
mutant by genetic crossing, and homozygous plants for the trans-
gene and the mutation were selected (axr1-12/PNE2Fc:N-GUS).

To generate calli lines, PNE2Fc:N-GUS or 35S:GUS seedlings were
germinated in the dark in B5 medium (B5 salts plus vitamins [Sigma],
pH 5.8, 2% Glc, 4.5 �M 2,4-D, and 0.45 �M kinetin) over 3 weeks.
Afterward, the seedlings were sliced into small pieces, which were
transferred to fresh B5 medium and grown in the dark for another 3
weeks. Small pieces of the formed calli were transferred to fresh B5
medium every 2 weeks.

DNA and RNA Manipulation

All standard DNA manipulations were performed as described
(Sambrook et al., 1989). Total RNA was isolated from cultured cells
or Arabidopsis seedlings using Trizol (Gibco BRL). Approximately 25
�g of total RNA was loaded per lane and fractionated on 1% agarose
gels containing 2.2 M formaldehyde. The RNA was transferred to ny-
lon membranes by capillary blotting. The blots were prehybridized
and hybridized using perfectHyb buffer (Sigma). The blots were hy-
bridized with AtE2Fc histone H4 (Reichheld et al., 1998) and cyclin
B1;1 (Hemerly et al., 1992) probes. To normalize the amount of RNA
in the blots, AtRP probe (Kim et al., 1990) was used as a loading con-
trol. For reverse transcriptase–mediated PCR analysis, 1 �g of total
RNA from the different organs and growing conditions tested was

used for cDNA synthesis using the Invitrogen kit (Carlsbad, CA). The
amount of cDNA synthesized was normalized in both samples using
the constitutive expressed gene AtDHR1 (5�-AAGAGGAGCAGA-
TATCGTGGTTG-3� and 5�-TTGTCTCCATGTATAGCAGCAGC-3�) and
then used for PCR amplification with the specific primers for AtCDC6
(5�-ACCTACAATGCCTGCAAATCC-3� and 5�-GCCTTCTTCGCT-
CCATACAAC-3�) or AtE2Fc (5�-CAGGTTGGATGATCTTATAAG-
GGAACGAC-3� and 5�-CACATAATTGCCACATCCCTTGAATGACC-3�).
The PCR program was as follows: 1 cycle at 94�C for 1 min; 20 cy-
cles at 94�C for 20 s, 55�C for 45 s, and 72�C for 60 s; and 1 cycle at
72�C for 10 min. The amplified DNA was fractionated on a 1.2% aga-
rose gel and transferred to nylon membranes (Sambrook et al.,
1989). In the case of semiquantitative reverse transcriptase–medi-
ated PCR to analyze AtCDC6 expression in the transgenic lines, the
blots were prehybridized and hybridized using perfectHyb buffer
(Sigma) and radiolabeled AtCDC6 or AtDHR1 probe (Okanami et al.,
1998; Castellano et al., 2001).

Antibodies and Protein Gel Blot Analysis

AtDPb (At5g03410) was expressed in bacteria as a GST-DPb fusion
protein using pGEX-2T vector (Amersham). AtE2Fc (At1g47870) and
the N-terminal deleted protein, which lacks the first 100 amino acids,
were expressed as GST fusion or His fusion proteins (GST-E2Fc,
GST-�E2Fc, His-E2Fc, and His-�E2Fc) using pGEX-2T or QE
(Qiagen, Valencia, CA) vector. AtSKP2 cDNA was cloned into pMal
vector, and the protein was expressed as MBP-SKP2 recombinant
protein (New England Biolabs, Beverly, MA). All recombinant pro-
teins were expressed in bacteria at 30�C and used to generate im-
mune serum in rats or rabbits. The antiserum against ZmRb was gen-
erated in rabbits using the recombinant GST-ZmRBR1A/B pocket
(Boniotti and Gutierrez, 2001). Anti-AtE2Fc, anti-AtSKP2, and anti-
ZmRb IgGs were affinity purified against the recombinant proteins
using a published procedure (Pringle et al., 1989). Protein gel blot
analysis was performed in standard conditions using the anti-AtE2Fc
IgGs (1:250), anti-AtSKP2 (1:1000), and anti-ZmRb (1:500). To detect
HisAtCYCA2;2, HisAtCYCD2;1, or AtCDKA;1, monoclonal anti-His
antibodies (1:3000; Sigma) and rabbit polyclonal anti-PSTAIRE anti-
bodies (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA) were
used.

For protein gel blot analysis, total proteins of Arabidopsis seed-
lings or cultures were extracted in cold buffer A (50 mM Tris-HCl, pH
7.0, 50 mM NaCl, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl
fluoride [PMSF], and 1 � protease inhibitor cocktail [Boehringer
Mannheim]) and supplemented, where indicated, with 50 �M MG132.

AtCDKA and CYC Expression in Insect Cells and Kinase Assays

The AtCYCA2;2 or AtCYCD2;1 coding region was inserted in frame
with a His tail into transfer vector pFastBacHta (HisAtCYCA2;2),
whereas the AtCDKA;1 coding region was cloned into vector
pFastBac1 (Gibco BRL). Both plasmids were transformed into Esch-
erichia coli strain DH10BAC for transposition into the bacmid. The re-
combinant bacmids were transfected into HIGH5 insect cells in the
presence of LipofectAMINE PLUS reagent (Gibco BRL). Active
AtCDKA;1/HisCYCA2;2 complexes were produced in HIGH5 cells
that had been coinfected with recombinant baculoviruses. Whole cell
lysates were prepared by sonication of infected cells in kinase buffer
(20 mM Tris-HCl, pH 8.0, 10 mM MgCl2, and 1 mM EGTA) containing
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0.1% Nonidet P-40, 1 mM PMSF, 10 �g/mL aprotinin, 5 �g/mL pep-
statin, 10 �g/mL leupeptin, 1 mM NaF, 200 �M sodium orthovana-
date, and 2.5 mM sodium pyrophosphate. The extracts were cleared
by centrifugation, and 10% glycerol was added.

For the kinase assays, the substrates (1 �g of either purified GST
or GST-AtE2Fc) was incubated with AtCDKA;1/HisCYCA2;2 or
AtCDKA/HisCYCD2;1 insect cell extracts (2 �L) in a final volume of
15 �L of kinase buffer in the presence of 5 �Ci of 
-32P-ATP, 25 �M
unlabeled ATP, and 1 mM DTT. Kinase reactions were performed at
30�C for 30 min. Afterward, 0.5 mL of PBS, 0.1% Tween 20, and 25
�L of glutathione beads were added and incubated for 1 h at 4�C.
The beads were washed three times for 10 min each with 1 mL of
cold PBS and 0.1% Tween 20.

Pulldown and Immunoprecipitation Assays

Total protein of Arabidopsis seedlings was extracted in buffer A plus
50 �M MG132, and after 15 min on ice, the extracts were cleared by
centrifugation. To use these extracts for pulldown or immunoprecip-
itation experiments, we added 100 mM NaCl, and after 10 min on ice,
the extracts were cleared again. We incubated 2 mg of total protein
with GST or GST-AtE2Fc (1 �g bound to glutathione beads) or with
MBP or MBP-AtSKP2 (1 �g bound to amylose beads). To study the
interaction between AtCDKA;1, AtCYCA2;2, or AtCYCD2;1 and AtE2Fc,
different volumes of insect cell extracts containing equivalent quan-
tities of the expressed proteins (AtCDKA;1 or AtCYCA2;2) in Tris-
buffered saline (TBS) and 0.5% Nonidet P-40 were incubated with
GST, GST-AtE2Fc, MBP, or MBP-AtSKP2 (1 �g bound to glutathione
or amylose beads).

To study the interaction between recombinant AtE2Fc and AtSKP2
proteins, we incubated recombinant GST-AtE2Fc with MBP or MBP-
AtSKP2 (1 �g bound to amylose beads) at 4�C over 2 h in TBS and
0.5% Nonidet P-40. GST-AtE2Fc–purified protein was phosphory-
lated by the AtCDKA;1/CYCA2;2 or AtCDKA;1/CYCD2;1 complex
and then was incubated with 1 �g of MBP or MBP-AtSKP2 bound to
amylose in 0.5 mL of TBS and 0.5% Nonidet P-40 for 2 h at 4�C.

Total protein extracts from PNE2Fc:N-GUS and 35S:GUS calli were
prepared in TBS and 0.5% Nonidet P-40. Approximately 1 � 105

units of GUS activity was incubated with MBP or MBP-AtSKP2 (1 �g
bound to amylose beads) for 2 h at 4�C. After the washing steps, the
beads were resuspended in the GUS buffer, and GUS activity was
determined (see below).

In all cases, after the incubation period, the beads were washed
twice for 10 min with the same buffer and twice in the same buffer
supplemented with 150 mM NaCl for 5 min. Proteins were released
by boiling in SDS loading buffer and fractionated by SDS-PAGE.

GUS Assays

For whole-mount staining, transgenic PNE2Fc:N-GUS and axr1-12/
PNE2Fc:N-GUS seedlings were grown for 3 days in the dark or for 3
days in the dark and then transferred to fresh medium containing
DMSO or 50 �M MG132 for 7 h in the light. GUS staining was per-
formed as described (del Pozo et al., 2002). Total protein from these
transgenic lines was extracted in GUS buffer (50 mM phosphate
buffer, pH 7.0, 50 mM NaCl, 0.1% Triton X-100, 10 mM �-mercapto-
ethanol, 1 mM PMSF, 1 � protease inhibitor cocktail, and 50 �M
MG132). Ten microliters of these extracts was mixed with 10 �L of 1
mM 4-methylumbelliferyl-D-glucuronide and incubated for 10 min at

30�C. The reactions were stopped by the addition of 2 mL of 0.2 M
Na2CO3, and fluorescence was quantified in a TKO100 fluorometer
(Hoefer, Muskegon, MI) that had been adjusted previously according
to the manufacturer’s instructions. GUS activity was represented as
arbitrary units per microgram of protein, and the values and standard
errors were calculated as the average of three independent experi-
ments. In the case of NE2Fc-GUS or GUS interaction with MBP or
MBP-AtSKP2, after the pulldown, the beads were incubated in GUS
buffer containing 1 mM 4-methylumbelliferyl-D-glucuronide (GUS
substrate; Sigma) for 10 min at 30�C. The reactions were stopped by the
addition of 2 mL of 0.2 M Na2CO3, and fluorescence was quantified.

Degradation Assays

Total protein from PNE2Fc:N-GUS and 35S:GUS calli was extracted in
buffer A. One hundred micrograms of protein was incubated at 30�C
in a degradation assay containing 5 mM ATP, 0.2 mM DTT, 1 �M
ubiquitin, 0.01 unit/�L creatine kinase, and 5 mM phosphocreatine in
buffer A and with 50 �M MG132 or DMSO in the control reaction. Af-
ter the incubation period, 20 �L was removed from the sample, and
GUS activity was quantified as described above. To analyze the sta-
bility of the recombinant AtE2Fc protein, protein extracts were pre-
pared from exponential Arabidopsis cultured cells in buffer A without
MG132. The degradation reaction contained 25 �g of cell-free pro-
tein extract, 5 mM ATP, 0.2 mM DTT, 1 �M ubiquitin, 0.01 unit/�L
creatine kinase, and 5 mM phosphocreatine in buffer A and incu-
bated at 30�C. In these degradation assays, we used purified recom-
binant His-AtE2Fc or phosphorylated His-AtE2Fc. In some cases,
the cell-free protein extracts were preincubated with roscovitine
and/or MG132 at a final concentration of 50 �M each for 5 min be-
fore mixing with the recombinant AtE2Fc protein.

Microscopic Analysis

Control transgenic (harboring pBin19) or �E2Fc-overexpressing
seeds were germinated in the dark for 3 days in MSS medium. After-
ward, the dark-grown seedlings or the first rosette leaves were incu-
bated in 95% ethanol at 90�C for 5 min and in lactophenol (33% [w/v]
phenol, 33% lactic acid, and 33% glycerol) overnight at room tem-
perature. The seedlings were mounted on slides and analyzed by
Nomarski microscopy using an Axiophot microscope (Zeiss, Jena,
Germany), and the images were captured with a digital Coolsnap FX
camera (Roper Scientific, Trenton, NJ). Area measurements were
performed using NIH Image software (version 1.61) that was cali-
brated to calculate the area in square micrometers using the correla-
tion between the pixels of the image and the micrometers calculated
by the camera. The values represent the mean area of at least 150
cells taken from three different dark-grown cotyledons.

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses.

Accession Numbers

The accession number for AtE2Fc is AF242581. Accession numbers
for other genes mentioned in this article are Z31402 (AtCYCA2;2),
X83370 (AtCYCD2;1), and X57839 (AtCDKA;1).
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