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The transcription factor E2F has been implicated in cell cycle control by virtue of its association with cyclins,
cyclin-dependent kinases, and pRb-related tumor suppressor gene products. Eggs and embryos from the frog
Xenopus laevis have been used to investigate the characteristics of E2F-like molecules in the Xenopus cell cycle
and throughout early development. We find multiple E2F species in Xenopus eggs, at least one of which is
modified by phosphorylation. The vast majority of E2F remains in the free form throughout the very early
embryonic cell cycle, and it also remains predominantly free until some time after the mid-blastula transition,
the onset of zygotic transcription. At this time, E2F complexes significantly to pRb but not to cdk2, although
cdk2 binding is found in tissue culture cells from a very advanced stage in embryogenesis. This suggests that
the complexing of E2F to cyclins, cyclin-dependent kinases, and tumor suppressor gene products may be controlled
separately in early Xenopus development. Thus, the association of E2F with other molecules may not result solely
from processes affecting cell cycle progression but may also reflect developmental and differentiation cues.

Recently, there has been much interest centered on the
protein E2F, a factor which is linking the fields of transcription
and cell cycle control. E2F was first identified as a cellular
activity which was upregulated after adenovirus infection and
which binds to the adenoviral E2 promoter (37). E2F and a
related factor, DRTF1, which has similar DNA sequence
recognition characteristics, become downregulated on the ex-
perimentally induced differentiation of F9 embryonal carci-
noma cells in culture (38, 39, 54), raising the possibility of an
interesting role in development and differentiation.

EZ2F is found in a variety of complexes with cellular proteins
and can be dissociated from these by the adenovirus E1A gene
product. The retinoblastoma protein pRB is one of these
associated cellular factors (3, 6, 10, 11). Moreover, it is the
underphosphorylated and putatively active form of pRB (for a
review, see reference 14), predominantly found in G, of the
cell cycle, which preferentially complexes with E2F (10, 55).
E2F has been found in association with the pRB-related
protein p107, along with the cyclin-dependent kinase cdk2 and
cyclins E and A (4, 9, 19, 40, 43, 51). Complexes between E2F
and these different components are cell cycle regulated, with
pRB-containing E2F complexes predominantly appearing in
G, of the cell cycle (55, 58). Complexes between cyclin E, cdk2,
p107, and E2F appear in G, (40), while cyclin A, cdk2, p107,
and E2F complexes appear in S phase (19, 40, 51). Free E2F is
found predominantly at the G,/S boundary and is thought to be
transcriptionally active, participating in the cell cycle-regulated
transcription of proteins required for DNA synthesis, e.g.,
dihydrofolate reductase (for a review, see reference 47). E2F
has also recently been found associated with the pRb-related
protein p130 (12).

Such results clearly implicate E2F in cell cycle control. In
cotransfection experiments, both pRB and p107 have been
shown to repress transcriptional activation by E2F (15, 24, 29,
55, 60, 61). E2F binds to cyclins and a cyclin-dependent kinase,
which have a proposed role in cell cycle progression (21), and
it is interesting to speculate on the function of sequence-
specific binding of cyclin or cdks to DNA at G,/S of the cell

* Corresponding author. Present address: Harvard Medical School,
Dept. of Cell Biology, 25 Shattuck St., Boston, MA 02115. Phone:
(617) 432-2294. Fax: (617) 432-0420.

5000

cycle (also see reference 19 for a discussion). Provocative
results by Johnson et al. (33) show that microinjection of E2F
into quiescent cells causes them to reenter S phase, indicating
a potential causative role in cell cycle progression.

Recently, a protein with some of the characteristics of E2F
(designated E2F1) has been cloned by virtue of its association
with the pocket region of pRB (27, 34, 56). E2F1 is able to bind
to the E2F consensus sequence and activate transcription from
it. Another E2F-related molecule, DP1, has been cloned which
shows some homology to E2F1 in the DNA binding region and
is able to bind weakly to the E2F consensus (22). Huber et al.
(31) have used protein purification to show that up to five
polypeptides exhibit E2F consensus DNA binding activity.
Moreover, these can be separated into two groups on the basis
of apparent molecular weight, and mixing of two proteins from
different groups results in the substantial enhancement of the
E2F DNA binding activity. This has been confirmed by studies
of Helin et al. (28) and Bandara et al. (5), who show that E2F1
and DP1 heterodimerize and bind cooperatively to the E2F
binding site, resulting in greatly enhanced transcription com-
pared with that seen with each individual protein. Moreover,
Helin et al. (28) have shown that such heterodimerization is
important for pRb binding to E2F. This has led to the
conclusion that E2F is, in fact, a heterodimeric complex of two
E2F-related molecules, one from the E2F group and one from
the DP1 group.

We have chosen to investigate the role of E2F during
Xenopus development for a number of reasons. First, there has
been a recent surge of interest in the possibility that transcrip-
tion factors play a more direct role in the initiation of DNA
replication (for reviews, see references 17 and 25), possibly by
altering chromatin structure or by recruiting replication factors
to the origin of replication. The unexplained DNA binding of
cyclin-cdk complexes, via pl07 and E2F around the time of
DNA synthesis, raises the possibility of a direct role for E2F in
S phase control independent from its transcriptional activation
function, potentially by providing sequence-specific DNA
binding of a kinase active in the G, and S phases. There exist
cell extracts from Xenopus eggs which perform many of the
major cell cycle events in vitro in the absence of transcription,
and these provide a good system in which to study such a
function. However, if the role of E2F is solely in the cell cycle
regulation of transcription, there is a major developmentally
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regulated activation of transcription at the mid-blastula tran-
sition (MBT) in Xenopus embryos which can be used to
characterize this function. Finally, E2F has been shown to be
downregulated on cell differentiation in the F9 embryonal
carcinoma cell system (see above). Development of Xenopus
embryos is well documented and so provides a system to allow
the physiological role of E2F in development and differentia-
tion in a whole organism to be investigated.

MATERIALS AND METHODS

Extracts. Egg low-speed supernatants (LSS) were prepared
as described by Blow and Laskey (7), and high-speed superna-
tants (HSS) were prepared by the method of Sheehan et al.
(57); both were supplemented by leupeptin, pepstatin A, and
chymostatin at 10 pg/ml before freezing. Cycling Xenopus egg
extracts were prepared and assayed microscopically according
to the method of Murray (44). Xenopus embryos were classified
according to the developmental stage timing of Nieuwkoop
and Faber (50). Embryo extracts for gel retardation analysis
were prepared according to the method of Taylor et al. (59).

Extracts of Xenopus tissue culture (XTC) cells were pre-
pared for gel retardation analysis as follows. Cells which were
approaching confluence were removed by scraping and washed
three times in phosphate-buffered saline. The cell pellet was
resuspended in 150 pl of buffer C (20 mM HEPES [N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid]-KOH [pH
7.9], 1.5 mM MgCl,, 0.2 mM EDTA-0.5 mM NaF, 0.5 mM
Na,;VO,, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride). The suspension was made up to 0.42 M NaCl and
frozen rapidly. After thawing and incubation at 4°C for 20 min,
the suspension was centrifuged at 40,000 rpm for 20 min in a
Beckman TL 100 benchtop ultracentrifuge. The clear super-
natant was removed and frozen in aliquots.

Gel retardation. Gel retardation assays were performed by
the method of Lees et al. (40). Ten micrograms of total protein
was used per lane unless otherwise stated. Competitor oligo-
nucleotides were added at approximately 100-fold excess.
Where indicated in the text, sodium deoxycholate (DOC) was
added to whole extract to a final concentration of 0.8%. After
10 min of incubation, extracts were made up to 1.5% Nonidet
P-40 and then used in gel retardation assays as described.
When antibodies or glutathione S-transferase (GST) fusion
proteins were used, they were preincubated for 15 min at room
temperature with the extract before addition of the binding
buffer.

The E2F oligonucleotide probe sequences were ATTTAAG
TTTCGCGCCCTTTCTCAA (wild type) and ATTTAAGTT
TCGATCCCTTTCTCAA (mutant [mutated portion under-
lined]).

Preparation of oligonucleotide beads. One hundred twenty-
five micrograms of wild-type or mutant sequence E2F oligo-
nucleotides was annealed with their complementary strands
and treated with 40 U of T4 polynucleotide kinase for 2 h at
37°C. After enzyme inactivation and ethanol precipitation, the
oligonucleotides were ligated with 500 U of DNA ligase (New
England Biolabs) overnight at 14°C, extracted with phenol-
chloroform, precipitated, and redissolved in 50 wl of water.

To prepare cyanogen bromide-activated Sepharose 4B
(Pierce), 0.75 g of powder was washed with 1 mM HCI and 10
mM K,HPO, and resuspended as a thick slurry in 10 mM
K,HPO,. Wild-type or mutant ligated oligonucleotides were
added to the activated beads and mixed at room temperature
for 16 h. The beads were then washed in water, and the
remaining groups were inactivated by incubation in 1 M
ethanolamine (pH 8.0) with mixing. The slurry was washed in
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10 mM and then 1 M potassium phosphate (pH 8.0), and then
it was washed in 1 M KCl and stored in 10 mM Tris-Cl (pH
7.6)-0.3 M NaCl-1 mM EDTA.

Oligonucleotide bead precipitations. Egg HSS or extracts
from Xenopus embryos or XTC cells (52) were supplemented
with sonicated salmon sperm DNA to 0.15 pg/pl. Next,
one-fifth volume of 5X binding buffer (40) was added and the
mixture was incubated for 15 min at 4°C with rocking. Wild-
type or mutant oligonucleotide beads (100 pl of packed
volume per lane in Fig. 2, 150 ul of packed volume per lane in
Fig. 7) were washed in 1X binding buffer and spun to dryness.
Preincubated extracts were added to the beads, and the
mixture was incubated at 4°C for 1 h. The beads were washed
extensively in 1X binding buffer, and then proteins were eluted
into sodium dodecyl sulfate (SDS)-polyacrylamide gel sample
buffer. Proteins were separated on an SDS-10% polyacryl-
amide gel electrophoresis (PAGE) gel, transferred to a nylon
membrane by Western blotting (immunoblotting), and probed
with antibodies as described, with either undiluted hybridoma
culture supernatants or polyclonal antibodies diluted 1:1,000.
Detection was by enhanced chemiluminescence (Amersham).
Stripping of Western blots was performed in 2% SDS-100 mM
-mercaptoethanol-62.5 mM Tris-HCI (pH 6.8) at 70°C for 30
min.

For treatment with lambda phosphatase, wild-type or mu-
tant oligonucleotide beads were incubated in HSS as described
above. After two washes twice in binding buffer, 50 wl of
lambda phosphatase buffer and 2.5 pl of lambda phosphatase
(see Fig. 3, lane 1 only) (New England Biolabs [13]) were
added and the mixture was incubated for 3 h at 30°C with
frequent mixing. Proteins were separated by SDS-PAGE and
Western blotted as described above.

Other reagents. Antibodies raised against the C-terminal 40
amino acids of human E2F1 fused to GST and affinity purified
were kindly provided by J. Schwarz and D. Johnson. Anti-DP-1
antibodies (anti-peptide a [22]) were kindly provided by N. B.
LaThangue and coworkers. Anti-Xenopus cdk2 antibody,
raised against the whole bacterially expressed protein, was
kindly provided by T. Hunt. GST-human pRb (GST-Rb)
(amino acids 379 to 928 [35]) and a fusion protein of human
p107 and GST (GST-107) (amino acids 252 to 816 [20]) were
kindly provided by K. Helin and N. Dyson, respectively.

RESULTS

E2F DNA Binding activity is present in Xenopus eggs.
Initially, we wished to identify and characterize any activities
from Xenopus eggs which complex to the binding site identified
for mammalian E2Fs. Gel retardation assays were performed
with interphase Xenopus egg extract (LSS) and an oligonucle-
otide containing an E2F binding sequence (9 [Fig. 1]). In
Xenopus egg extract, only a single band of E2F DNA binding
activity is evident (lane 2). This activity can be competitively
inhibited by excess unlabelled oligonucleotide containing the
wild-type E2F binding site (lane 3) but not by an oligonucle-
otide containing a mutant site (lane 4), which is unable to bind
to human E2F (9), indicating that binding is specific for the
E2F site. Thus, we designate this activity Xenopus E2F, which
is consistent with the initial definition of mammalian E2F on
the basis of its DNA binding activity. Treatment with DOC (1)
has frequently been used to release E2F DNA binding activity
from complexes with other proteins (2). The fastest-migrating
form of E2F DNA binding activity after treatment with DOC
is thought to be the smallest protein unit required to bind to
the E2F consensus sequence, called free E2F here. To see
whether this single bandshift activity in Xenopus eggs was
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FIG. 1. Characterization of E2F DNA binding activity in Xenopus
development. Ten micrograms of Xenopus egg extract (LSS) was used
in gel retardation analysis with a radiolabelled oligonucleotide con-
taining the E2F DNA binding sequence. LSS was incubated with DOC
(lane 1 [see Materials and Methods]) or used alone (lane 2) or was
preincubated with 800 ng of unlabelled wild-type (WT) E2F DNA
binding sequence (lane 3), 800 ng of unlabelled mutant (MUT) E2F
DNA binding sequence (lane 4) [see Materials and Methods]), 500 ng
of GST-107 (lanes 5 and 6), 0.25 pl of anti-p107 polyclonal antiserum
(lanes 6 and 7), 500 ng of GST-Rb (lanes 8 and 9), or 1 pl of anti-pRb
monoclonal antibody culture supernatant XZ77 (30) (lanes 9 and 10).
Lane 11 contains 10 ng of XTC cell extract.

composed of free E2F, egg extracts were treated with 0.8%
DOC (see Materials and Methods) (lane 1). The single re-
tarded band did not increase in mobility after DOC treatment,
suggesting that the activity seen in Xenopus eggs is free E2F.
However, after this treatment, the intensity of the retarded
complex is greatly decreased, indicating that protein-protein
interactions are required for strong binding of even free E2F to
the E2F recognition sequence. Such interactions could be
within heterodimeric complexes of E2F homologs which, only
together, bind strongly to the site (5, 22, 28, 31). Sensitivity to
DOC by free E2F may be peculiar to the Xenopus factor;
binding of free E2F from human and mouse cells to DNA is
not affected by DOC treatment (2, 58).

The tumor suppressor gene products pRb and p107 have
been shown to complex with human E2F (see Introduction).
Addition of GST-107 to LSS results in retardation of some
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E2F activity with a concomitant reduction in the amount of
free E2F (lane 5). Addition of anti-pl07 antibody further
supershifts this retarded band (lane 6). Addition of GST-Rb
also leads to a retardation of E2F bandshift activity and a
reduction in the amount of free E2F (lane 8). Comparison of
the intensities of the combined bands in lane 8 (LSS plus
GST-Rb) with that of the band in lane 2 (LSS) shows that
addition of GST-Rb not only produces a supershifted band but
also results in a decrease in overall E2F DNA binding activity,
indicating that these pRb-E2F complexes may only bind DNA
weakly. GST alone was unable to shift free E2F (data not
shown). Addition of an anti-Rb antibody, XZ77, does not
produce a supershift but does decrease further the intensity of
the free E2F band (lane 9), possibly by stabilizing the weakly
binding pRb-E2F complex. Ray et al. (53) have described a
60-kDa protein required for pRb-E2F complexes to bind to
DNA. If so, this protein may be absent or present at only low
levels in Xenopus eggs. The single free E2F band from Xenopus
eggs is not affected by these antibodies against pRb and p107.
Thus, unlike mammalian tissue culture cells, E2F is present in
only the free form in Xenopus eggs (as detected by gel
retardation assay, but also as described later), although this
form is capable of complexing to the tumor suppressor gene
products pRb and p107.

We wished to investigate whether E2F DNA binding activity
in XTC cells from a much later developmental stage (meta-
morphosing frogs) differed significantly from that found in
eggs. Extracts were prepared from asynchronously growing
XTC cells (52) and used in the same E2F gel retardation assay
(lane 11). In addition to an intense band running close to that
of free E2F from Xenopus eggs, two more-slowly-migrating
bands were visible. It has not been possible to demonstrate
PRb as a component of these more-slowly-migrating bands.
This could be due to real but low levels of pRb binding.
Another complication is that, under certain circumstances,
some nonspecific antibodies have produced supershifts when
included in bandshift assays. In addition, specific immunopre-
cipitation followed by DOC release of free E2F, subsequently
assayed by gel retardation, is not possible because, as stated
above, incubation of E2F with DOC sufficient to dissociate it
from other complexing molecules results in free E2F which
binds to DNA only very poorly and is barely detectable by gel
retardation assay. Therefore, another very sensitive method of
identifying E2F-associated proteins was used, namely elution
and Western blotting of proteins bound to beads coupled to
the E2F consensus DNA binding sequence.

Beads coupled to wild-type or mutant E2F DNA binding
sequence (see Materials and Methods) were incubated in
extracts from XTC cells and washed extensively, and then the
bound proteins were eluted and separated by SDS-PAGE.
After Western blotting, membranes were probed with the
anti-pRb XZ160 monoclonal antibody (30) or polyclonal anti-
bodies raised against Xenopus cdk2. Both pRb and cdk2 were
found bound to wild-type E2F sequence beads but not mutant
beads (Fig. 2). However, no cyclin A was found associated with
E2F consensus sequence beads with the antibodies available
(data not shown). Antibodies which recognize Xenopus p107
were unavailable for this study. XTC cells contain more-slowly-
migrating forms of complexed E2F. Because E2F is complexed
with pRb and cdk2 in XTC cells as shown by Western blotting
in Fig. 2, we propose that pRb and cdk2 bind E2F, resulting in
the two more-slowly-migrating species. These run with re-
tarded mobility similar to that of the E2F-GST-Rb and
E2F-GST-107 complexes seen in lanes 5 and 8 of Fig. 1, which
contain fusion proteins of approximately the same molecular
weight (see Materials and Methods for fusion proteins used).
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FIG. 2. E2F is complexed to pRb and cdk2 in XTC cells. Sepharose
beads coupled to oligonucleotides containing the wild-type E2F DNA
binding sequence (lanes 2 and 5) or the mutant E2F DNA binding
sequence (lanes 3 and 6) were prepared. Specific DNA binding
proteins were precipitated from 75 pl of XTC cell extract (25 pg of
total protein per pl) and separated by SDS PAGE on a 10%
polyacrylamide gel. Lanes 1 and 4 show 65 g of total protein of XTC
cell lysate. Proteins were Western blotted and were detected with
X7160 (30), a monoclonal antibody known to cross-react with Xenopus
PRb, or were detected with an antibody raised against Xenopus cdk2.

In addition, treatment of XTC cell lysates with DOC results in
a gel-retarded band running with the migration of the free
form of E2F found in Xenopus eggs (data not shown), indicat-
ing that these more-slowly-migrating bands are composed of
free E2F complexed to other molecules. Thus, while Xenopus
eggs contain only a single gel-retarded band of E2F activity,
E2F is found in two more-slowly-migrating forms in XTC cells,
in which it complexes with pRb and cdk2.

Two distinct E2F-like molecules bind to the E2F consensus
sequence. Recently, it has been proposed that E2F-like mole-
cules bind to DNA as a heterodimer (5, 28, 31), and several
E2F-like proteins have been identified (27, 31, 34, 56). An-
other E2F-like molecule, DP1, has recently been cloned (22)
and has been shown to bind cooperatively to E2F1 (5, 28). An
antiserum raised against the N terminus of DP1, which shares
no homology with E2F1 (anti-peptide a [22]; gift of N. B. La
Thangue), recognized a major band of 50 KDa in Xenopus egg
extract on Western blotting, which was of similar size to the
mouse protein and which we assume to be the Xenopus
homolog of DP1 (data not shown). Beads coupled to wild-type
and mutant E2F oligonucleotide consensus sequences were
used to purify proteins from Xenopus egg lysate which bind
specifically to the E2F recognition site. Proteins eluted from
these beads were separated by SDS-PAGE and then Western
blotted and probed with antibodies raised against mouse DP-1
(antibody a [22]) or antibodies raised against the C-terminal 40
amino acids of human E2F1 (anti-E2F [Fig. 3]). A protein of
approximately 50 kDa was recognized by the antibody against
DP-1, bound to the wild-type but not mutant oligonucleotide
beads, which is of a size similar to the mouse protein (22). In
addition, a doublet of between 54 and 57 kDa specifically
bound to the wild-type E2F sequence was detected by the
anti-E2F antibodies described above. This same doublet is
recognized by a rabbit antiserum raised against the pRB-
binding peptide of human E2F1 (data not shown).

To determine whether this doublet represented two distinct
proteins or a single species which had been secondarily mod-
ified by phosphorylation, proteins were bound to wild-type
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FIG. 3. Identification of E2F DNA binding proteins. (A) Wild-type
(WT) sequence beads (lanes 1 and 3) (see Fig. 2) or mutant (MUT)
sequence beads (lanes 2 and 4) were used to precipitate specific DNA
binding proteins from 50 pl of egg LSS, which were separated by
SDS-PAGE on a 10% polyacrylamide gel and Western blotted.
Proteins were detected with an anti-DP1 antiserum (anti-peptide a
[22]; lanes 1 and 2) or an affinity-purified antibody against the
C-terminal 40 amino acids of human E2F1 (lanes 3 and 4). The
positions of migration of the molecular mass markers are shown in
kilodaltons (Rainbow markers; Amersham). (B) Proteins were precip-
itated with wild-type (lanes 1 and 2) or mutant (lane 3) sequence
beads. The beads were washed extensively, spun to dryness, and
resuspended in lambda phosphatase buffer. The beads were incubated
in the presence of lambda phosphatase (lane 1 [see Materials and
Methods]) or in its absence (lanes 2 and 3). Bound proteins were
separated by SDS-PAGE, Western blotted, and then probed with an
antibody against the C-terminal 40 amino acids of human E2F1.

oligonucleotide beads and then treated with lambda phos-
phatase, an enzyme capable of removing phosphates from
serine, threonine, and tyrosine residues (13). Proteins bound to
the beads were then separated by SDS-PAGE, Western blot-
ted, and probed with antibodies raised against the C terminus
of E2F1 (see above). Beads incubated in the absence of
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FIG. 4. E2F DNA binding activity in Xenopus eggs contains several
proteins. Either 7.5 (lanes 1 to 4) or 10 (lanes 5 to 8) pg of LSS protein
was tested for binding to radiolabelled oligonucleotide containing the
E2F DNA binding sequence. Extract was preincubated with increasing
amounts of anti-DP1 antiserum (anti-peptide a [22]; 0.25 pl, lane 2; 0.5
wl, lane 3; 0.75 pl, lane 4) or an affinity-purified antibody against the
C-terminal 40 amino acids of human E2F1 (0.2 pg, lane 6; 0.4 g, lane
7; 0.6 pg, lane 8).

lambda phosphatase bound the expected doublet of immuno-
reactive species (Fig. 3b, lane 2). However, after incubation
with lambda phosphatase, only a single band was detected,
which ran with the faster-migrating protein of the doublet (Fig.
3b, lane 1), indicating that this species of E2F is present in both
phosphorylated and unphosphorylated or underphosphory-
lated forms in Xenopus eggs.

Thus, in Xenopus egg extracts, at least two E2F-like proteins
are found bound specifically to the E2F consensus sequence.
One of these appears to show homology to DP1, a molecule
originally identified as part of a DNA binding complex which
becomes downregulated on cellular differentiation of F9 cul-
tured mouse cells (38, 39). The other protein shows epitope
homology to the C terminus of E2F1 and can be modified by
phosphorylation.

E2F DNA binding activity contains several E2F-like mole-
cules. To investigate whether all of the DNA binding activity
can be accounted for by the E2F and DP1 homologs shown in
Fig. 2, gel retardation supershifting assays were performed
with increasing amounts of anti-DP1 or anti-E2F1 (C termi-
nus) antibodies (Fig. 4). On the addition of anti-DP1 anti-
serum, the single retarded band in LSS (lane 1) becomes
substantially supershifted with a concomitant decrease in the
faster-migrating E2F form (lanes 2 to 4). Increasing the
amount of anti-DP1 antibody added results in essentially all of
the free E2F being supershifted, indicating that a DP1 ho-
molog is a component of all E2F activity in Xenopus eggs.
Anti-DP1 antiserum has a similar effect on both upper and
lower retarded bands in XTC cell lysates (data not shown).
Girling et al. (22) showed that this anti-DP1 antiserum was
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able to supershift or disrupt all of the E2F DNA binding
complexes in F9 cell extracts.

It is thought that DP1 may act as a heterodimeric partner of
other E2Fs bound at the E2F recognition site (5, 28, 31). One
such partner in Xenopus eggs is recognized by anti-E2F
C-terminus antibodies (Fig. 3). Addition of antibodies raised
against the C-terminal 40 amino acids of human E2F1 is able
to supershift only some of the egg E2F DNA binding activity
(lanes 6 to 8). Increasing the amount of this antibody does not
result in the supershifting of a greater proportion of activity,
indicating that there may be other heterodimeric partners of
DP1, apart from the species recognized by these E2F-reactive
antibodies. Similar results were found with an antiserum raised
against the pRb-binding peptide of human E2F1 (data not
shown). Thus, E2F DNA binding activity in Xenopus eggs
contains DP1 and E2F1-like molecules, although the proteins
recognized by the C-terminal E2F1 antibodies account for only
some of the DNA binding activity observed. This gives an
indication of the complexity of E2F DNA binding proteins in
Xenopus eggs.

Xenopus E2F DNA binding activity does not change through
the cell cycle. E2F has been implicated in controlling the
G,-to-S phase transition by complexing, in a cell cycle-depen-
dent manner, to the products of tumor suppressor genes, to
cyclins, and to their dependent kinases (see the introduction).
LSS, used for Fig. 1, is an interphase extract. However, extracts
of Xenopus eggs have been developed which can perform
multiple cell cycles in vitro incorporating alternating S and M
phases (45, 46). Timing of mitosis can easily be monitored by
morphological changes occurring in added sperm nuclei, in-
cluding chromosome condensation and nuclear envelope
breakdown, and such extracts were used to investigate poten-
tial changes in E2F DNA binding activity on progression
through the cell cycle in this early embryonic system.

A cycling extract was prepared in which sperm nuclei
entered mitosis at 60 min and had returned to interphase by 80
min (Fig. 5, a and a’ [uniform interphase nucleus with intact
nuclear membrane], b and b’ [condensed chromosome arms
indicative of mitosjs and absence of a nuclear envelope], and ¢
and ¢’ [uniform interphase nucleus with intact nuclear mem-
brane]). A single gel-retarded band of E2F DNA binding
activity was observed at all stages of the embryonic cell cycle,
indicating that the DNA-bound E2F from eggs does not form
cell cycle-regulated complexes with other proteins, as has been
described for mammalian E2F. Interphase extracts (LSS) were
more closely assayed for the onset of DNA replication by
monitoring for onset of incorporation of biotinylated dUTP
into the sperm template. Again, no more-slowly-migrating E2F
DNA binding complexes were observed either before or after
DNA replication had begun (data not shown). Thus, unlike
E2Fs in cycling mammalian tissue culture cells, the E2F
detected here remains essentially free at all points in the
simplified Xenopus embryonic cell cycle.

Developmental control of E2ZF DNA binding. E2F DNA
binding activity is abundant in extracts of Xenopus eggs which
are inactive for transcription. Such accumulation of E2F
activity may represent stockpiling of the protein to await the
onset of zygotic transcription which occurs at MBT (stage 8/9)
(36, 48, 49). As described, only a single gel retardation activity
is identified in Xenopus eggs as opposed to the multiple
more-slowly-migrating E2F activities seen at different points in
the cell cycle of cultured mammalian cells (see the introduc-
tion), which are indicative of the association with other cell
cycle molecules (e.g., pRb, etc.). One may expect the onset of
zygotic transcription in Xenopus embryos to result in the
appearance of these complexed E2F activities, which are
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FIG. 5. E2F DNA binding through the cell cycle. Extracts from
Xenopus eggs were prepared which undergo several cell cycles in vitro.
Samples were taken every 10 min (10 to 140 min) and 10 g of protein
from each sample was assayed for binding to a radiolabelled oligonu-
cleotide containing the E2F DNA binding sequence. Panels a, b, and
c show total DNA staining with 5 pg of Hoechst 33258 per ml, while
panels a’, b’, and c’) show phase-contrast images of Xenopus sperm
nuclei at 5 ng/pl in cycling extracts when samples were taken at 40 (a
and a'), 60 (b and b’), and 80 (c and c’) min.

thought to control the cell cycle-dependent transcription of
E2F-responsive genes (for a review, see reference 26).

To address these questions, extracts were prepared from
developmentally staged embryos (see Materials and Methods)
and used in a gel retardation assay with the E2F consensus
DNA binding sequence (Fig. 6). The single E2F DNA binding
activity (free E2F shown in Fig. 1) is present throughout the
developmental stages studied. The activity remains at approx-
imately constant levels up to approximately stage 26 (lane 11),
when DNA binding activity begins to decrease. This decrease is
clearly seen by stage 35/36 (lane 13). In addition to this
fastest-migrating activity, around stage 17 (lane 9), a further,
prominent, more-slowly-migrating DNA binding activity is
observed through stage 35/36. This more-slowly-migrating
form can occasionally be resolved into two more-slowly-mi-
grating bands (data not shown) bearing striking similarity to
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FIG. 6. E2F activity through development. Extracts were prepared
from developmentally staged Xenopus embryos (see Materials and
Methods). Ten micrograms of total protein was assayed for binding to
radiolabelled oligonucleotide containing the E2F DNA binding se-
quence.

those found in XTC cells (Fig. 1, lane 11). These staged
embryo extracts were also used in a gel retardation assay with
the serum response factor DNA recognition sequence (42),
and DNA binding was constant for all of these developmental
stages, showing equal extraction of proteins from these em-
bryos (data not shown). Thus, while overall E2F DNA binding
activity decreases through development, the proportion of that
activity which is complexed to other proteins, and so migrates
more slowly, increases (compare lanes 9 and 13).

It was of considerable interest to determine the protein
components of these more-slowly-migrating forms. For rea-
sons stated above, we chose to investigate proteins complexed
with E2F by using precipitation with beads coupled to the E2F
consensus DNA binding sequence.

PRB but not cdk2 complexes to E2F early in development.
To identify the slower components of the more-slowly-migrat-
ing forms of E2F DNA binding activity in late stages of
Xenopus development, extracts were prepared from eggs and
developmentally staged embryos (see Materials and Methods).
These extracts were incubated with Sepharose beads coupled
to wild-type or mutant E2F consensus oligonucleotides (Fig.
2). Proteins eluted from the beads were separated by SDS-
PAGE and were Western blotted.

To determine if pRb complexes with E2F, this blot was
probed with an antibody known to recognize Xenopus pRb,
XZ160 (30). Surprisingly, in this assay, Xenopus pRb is found
complexed to E2F at all developmental stages. However, pRb
is expressed only at very low levels in Xenopus eggs and early
embryos (18 [Fig. 7]), and, concomitantly, only a very small
amount is found complexed to E2F in eggs and very early in



5006 PHILPOTT AND FRIEND

egg stage 5 stage 9 stage 23
T 1 T 1 6% 1 1
B . g . g .
9 e S & =2 B Z =B s 2 g
E = 2 g stafs [ = 2 E = £
g B 8§ 8 EroE- G BB o ELE
97. prome— | EIT
W— :“f Ee 3 A cdk2
30-
1 2 3 4 5 6 o 8 9 10 11 12

FIG. 7. Complexing of E2F to pRb and cdk2 is developmentally
regulated in Xenopus embryos. Wild-type (lanes 2, 5, 8, and 11) or
mutant (lanes 3, 6, 9, and 12) E2F sequence beads were incubated with
500 pg of staged Xenopus embryo lysate per lane (egg, lanes 1 to 3;
stage 5, lanes 4 to 6; stage 9, lanes 7 to 9; stage 23, lanes 10 to 12).
Proteins were separated by SDS-PAGE on a 10% polyacrylamide gel
and Western blotted. Lanes 1, 4, 7, and 10 show 15 pg of whole staged
embryo lysate. The blot was probed with the anti-pRb monoclonal
antibody XZ160 (top panel [30]) and then stripped and reprobed with
an antiserum against Xenopus cdk2 (bottom panel). Molecular mass is
given in kilodaltons on the left.

development. The amount of pRb complexed to E2F increases
through development as does its expression. It is important to
note that the increase in the amount of pRb through Xenopus
development mirrors the increase in the relative abundance of
the more-slowly-migrating forms of E2F DNA binding activity
seen in Fig. 6. However, the lack of a reliable antibody to
perform supershifting analysis, or perhaps the fact that pRb
may be only a small component of the more-slowly-migrating
activities, makes it impossible to show directly that pRb is a
component solely of the more-slowly-migrating form of E2F.
Nevertheless, it is for the following reasons that we believe this
to be the case. First, in eggs and early embryos, where
more-slowly-migrating forms of E2F activity are not seen, only
a very small amount of pRb is complexed to E2F; the amount
of protein detected by Western blot as shown in Fig. 7 is
concentrated from 50 times the amount of extract used for a
single gel retardation assay. However, by stage 23, when a
more-slowly-migrating E2F activity is clearly present, the
amount of E2F bound to pRb has increased dramatically
(lanes 10 to 12). Second, despite an increase in pRb binding to
E2F sequence beads at early points in development (between
the egg stage and stage 9), there is no significant change in the
fastest-migrating E2F activity, suggesting that this form is not
increasingly harboring pRb. Third, DOC treatment (Fig. 1),
shown previously to dissociate pRb from E2F to produce a
faster-migrating gel-retarded complex in mammalian cells (2),
produces no faster-migrating E2F species in Xenopus egg
extracts, indicating that this is, indeed, free E2F, while extracts
from embryos at later stages and XTC cells with much greater
amounts of E2F complexed to pRb do have more-slowly-
migrating gel-retarded E2F species, which disappear on treat-
ment with DOC (data not shown). Finally, free E2F from
Xenopus eggs and embryos runs at approximately the position
of free E2F from human ML1 cells in gel retardation assays,
indicating that they have similar sizes (data not shown).

Two further points about E2F binding to pRb should be
noted. Figure 7 shows that only a small proportion of pRb
binds strongly to E2F; 30 times as much extract is used for the
precipitation on oligonucleotide beads as is used in lanes 1, 4,
7, and 10 to show relative amounts of pRb through develop-
ment. In addition, at least two forms of pRb are seen in total
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embryo lysates (Fig. 7), presumably representing different
phosphorylated forms (for a review, see reference 14). Both of
these forms are found complexed to E2F in Xenopus embryos,
although the fastest-migrating form, and presumably the least
phosphorylated, seems to have greater affinity (e.g., compare
lanes 4 and 5 and see Fig. 2), because it is overrepresented in
precipitations with E2F beads compared with its abundance in
total embryo extracts. Underphosphorylated pRb binds pref-
erentially to E2F in mammalian systems (10, 55). It seems
unlikely that both of these forms of Xenopus pRb bound to
E2F represent relatively underphosphorylated protein peculiar
to the early embryo, because XTC cells made from as late a
developmental stage as metamorphosing tadpoles (52) still
contain these two forms of pRb and both still bind to E2F.
Indeed, the SDS-PAGE migration of the more-slowly-migrat-
ing form but not the faster-migrating form is enhanced by
lambda phosphatase treatment (data not shown), showing that
pRb is present in both somewhat phosphorylated forms and
underphosphorylated forms. As has been proposed recently,
E2F may be able to bind strongly to underphosphorylated pRb
but also binds weakly to phosphorylated pRb and that is the
phenomenon we are observing here (58).

To determine the complexing of E2F to other cell cycle-
regulated molecules, the blot of E2F consensus sequence-
bound proteins was stripped and reprobed for the presence of
cdk2 (Fig. 7). cdk2 was not detected in precipitations with E2F
beads under these conditions. However, cdk2 has been found
complexed to E2F in XTC cells made from embryos at a much
later developmental stage (Fig. 2), so it seems possible that
cdk2 complexes to E2F at detectable levels only later in
development and considerably after the appearance of more-
slowly-migrating forms of E2F DNA binding activity. It would
be interesting to see whether complexing of cdk2 to E2F is
determined by the level of p107 and to determine the devel-
opmental control of this molecule. However, such studies must
await the cloning and characterization of a Xenopus p107
homolog. Consistent with results found with extracts from
XTC cells, cyclin A was not found to be precipitated with E2F
DNA beads with the reagents available (data not shown).

DISCUSSION

E2F is an activity with potentially interesting roles in tran-
scription, cell cycle control, and differentiation. We have
characterized an E2F activity in the frog Xenopus laevis, which
provides well-documented cell cycle and developmental sys-
tems. We have found a single E2F DNA binding activity in
Xenopus eggs with many of the characteristics of mammalian
E2F, including the ability to complex with pRb and p107 (Fig.
1). This E2F activity contains homologs of human E2F1 and
DP1, as detected by antibodies (Fig. 3 and 4), and one E2F-like
component is further modified by phosphorylation (Fig. 3).
E2F DNA binding does not change or become significantly
complexed during the early embryonic cell cycle (Fig. 5).
However, later in development, E2F is found in both free and
complexed forms (Fig. 6). The appearance of more-slowly-
migrating complexes coincides with the increased binding of
E2F to pRb (Fig. 7), an identified component of mammalian
E2F complexes (see the introduction), and both pRb and cdk2
can be found complexed to E2F in XTC cells made from
metamorphosing tadpoles much later (Fig. 2). However, in
addition to these similarities, there are significant differences
between the Xenopus and mammalian E2F DNA binding
activities.

Abundant E2F is found in the uncomplexed free form in
eggs at all stages of the cell cycle (Fig. 4). However, E2F
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cannot be playing its proposed role in transcriptional activa-
tion, because Xenopus embryos are transcriptionally inactive
until MBT at approximately stage 8.5 (36, 48, 49). If E2F
functions solely in transcriptional control through the cell
cycle, it may be unnecessary to regulate E2F activity by binding
to tumor suppressor gene products at this early stage. pRb is
present only at very low levels in Xenopus eggs, but this amount
increases steadily through development and over the MBT (18
[Fig. 7]). If pRb complexing exists solely to regulate the activity
of E2F through the cell cycle, one might expect prominent
complexes of E2F with tumor suppressor genes to appear at
the onset of zygotic transcription at the MBT. However,
although some pRb complexes are present earlier (Fig. 7), we
consistently see that retarded complexed forms of E2F activity
are barely detectable by gel retardation assay even at stage 12,
several hours after MBT, and it is not until stage 17, approx-
imately 12 h after MBT, that prominent retarded forms are
seen. We believe these retarded forms represent increasingly
abundant pRb complexes with E2F (Fig. 6). Thus, in gastru-
lating embryos, around stage 10, which have essentially normal
cell cycles with short G, and G, phases (23), the DNA-bound
E2F may perform its normal cellular function when complex-
ing relatively small amounts of pRb and without complexing in
detectable levels to other cell cycle-regulated molecules, e.g.,
cdk2. As development progresses, an increasing proportion of
E2F is found coupled to pRb. Changes in pRb complexing
could represent the interesting possibility of differences in cell
cycle control of embryos early in development and just post-
MBT with those at a more advanced developmental stage.
Indeed, Graham and Morgan (23) have shown that G,, S, and
G, phases lengthen considerably as development progresses.
Alternatively, such complexing may become increasingly im-
portant at later stages of development, when differentiation
predominates. In addition to the appearance of more-slowly-
migrating complexes, the overall levels of E2F DNA binding
activity are downregulated through Xenopus development (Fig.
6).

The decrease in E2F DNA binding activity through devel-
opment in Xenopus embryos shows some parallels with the
decrease in E2F activity which accompanies the differentiation
of F9 embryonal carcinoma cells (38, 39, 54). However, the F9
system uses the experimental chemical induction of differen-
tiation of cultured cells, while we look at E2F activity under
physiological conditions during Xenopus embryogenesis. In
addition, differentiation of F9 cells results in the downregula-
tion of both free and complexed forms of E2F, while progres-
sive development in Xenopus embryos results in downregula-
tion of overall E2F activity but shows the appearance and
increase in relative abundance of complexed compared with
free E2F. The behavior of these E2F forms much later in
development has not been carefully investigated here. How-
ever, the XTC cell line derived from later metamorphosing
embryos contains a substantial amount of E2F activity, both
free and complexed (Fig. 1). It is not clear to what extent this
represents the embryonic stage from which the cells were
derived or the fact that this is a stably maintained cell line.

It is interesting that in both XTC cells (Fig. 2) and Xenopus
embryo extracts (Fig. 7), a doublet of pRb immunoreactive
species is detected, bound to E2F DNA consensus sequence
beads. The antibody used for detection (XZ160 [30]) is not
thought to cross-react with p107, at least in human cells. pRb
is known to exist in multiple phosphorylated forms (8, 16)
which vary through the cell cycle, and the underphosphory-
lated and hence fastest-migrating form found predominantly in
G, is thought to exert its growth-suppressive effect (for a
review, see reference 14). It has been shown that this under-
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phosphorylated pRb preferentially complexes with E2F (10,
55), although Shirodkar et al. (58) have also found E2F-pRb
complexes in synchronized S phase cells which presumably
contain predominantly phosphorylated pRb. We see that both
components of the pRb doublet in Xenopus embryos are able
to bind to E2F consensus sequence beads, although the
faster-migrating, less-phosphorylated form is proportionately
overrepresented (Fig. 2, lanes 1 and 2, and Fig. 7, lanes 4 and
5). It is unlikely that both of these bands represent underphos-
phorylated pRb, because XTC cells and later embryo extracts
are made from an asynchronous population of cells with pRb
in all states of cell cycle-driven phosphorylation and migration
of the more-slowly-migrating form can be enhanced with
lambda phosphatase (data not shown). Instead, our results
indicate that both phosphorylated pRb and underphosphory-
lated pRb are able to complex to E2F in Xenopus embryos,
although the former does so at a lower level of efficiency. This
may imply that pRb can exert a transcriptional repression
function via E2F (for a review, see reference 26), extending
from G, phase into S phase.

E2F DNA binding complexes in XTC cells contain the
cyclin-dependent kinase cdk2. However, this kinase cannot be
detected in E2F DNA binding activity in Xenopus eggs or
embryos up to stage 23 (Fig. 7), indicating that complexing of
pRb and cdk2 to E2F may be regulated separately through
development of the Xenopus embryo. In addition, other poten-
tial components of these complexes, by analogy to mammalian
tissue culture cells, have not been identified; cyclin A could not
be detected as a component of the late embryonic E2F DNA
binding activity. These components may be present but remain
undetected, although the antibodies used for detection were
raised against and are known to recognize Xenopus cyclin A in
Western blots. Alternatively, differences in E2F complexes
found during Xenopus embryogenesis and those in mammalian
cultured cells may represent physiologically meaningful and
important differences in cell cycle control in these two systems.

E2F DNA binding activity in Xenopus eggs seems to be
composed of several E2F-like proteins; proteins antigenically
related to human E2F1 and mouse DP1 are present but do not
seem to account for all of the E2F DNA binding activity
observed in Xenopus eggs (Fig. 3A and 4). Another level of
complexity to add is the existence of an E2F homolog which
can exist in different phosphorylated forms (Fig. 3B). The
ability of different members of the E2F family to heterodimer-
ize (5, 28) can result in multiple combinations of subunits (31),
each with a potentially altered function. In addition, since this
work was completed, Lees et al. (41) and Ivey-Hoyle et al. (32)
have identified other members of the E2F family. It is not
known how these homologs are related to E2F species found in
Xenopus embryos. It would be interesting to determine
whether potential changes in phosphorylation level or het-
erodimeric pairing affect cell cycle progression or complexing
to other molecules or whether they occur in a developmentally
regulated fashion.

Thus, E2F activity is abundant in Xenopus eggs before the
onset of zygotic transcription and shows considerable protein
complexity; the E2F DNA binding activity contains at least
three proteins, one of which can exist in two different phos-
phorylated states. E2F activity shows interesting behavior
through the simplified embryonic cell cycle, where it remains
uncomplexed at all times. However, E2F activity does become
complexed to the cell cycle-regulated molecule pRb later in
development and also shows a marked developmentally regu-
lated decrease in E2F DNA binding activity. These results
indicate that E2F activity in Xenopus embryos may be com-
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posed of a variety of components which are sensitive not only
to the cell cycle but also to developmental signals.

ACKNOWLEDGMENTS

We thank J. Schwarz, D. Johnson, N. LaThangue, T. Hunt, K. Helin,
and N. Dyson for reagents and Ed Harlow and members of the Harlow
and Friend laboratories for valuable discussions, in particular, K. Lam,
K. Helin, and Y.-X. Yan. We thank E. Lees for critical reading of the
manuscript.

A.P. was supported by a fellowship from the Anna Fuller Fund.

REFERENCES

1. Baeuerle, P. A., and D. Baltimore. 1988. Activation of DNA
binding activity in an apparently cytoplasmic precursor of the
NF-kB transcription factor. Cell 53:211-217.

2. Bagchi, S., P. Raychaudhuri, and J. R. Nevins. 1990. Adenovirus
E1A proteins can dissociate heteromeric complexes involving the
E2F transcription factor: a novel mechanism for E1A transactiva-
tion. Cell 62:659-669.

3. Bagchi, S., R. Weinmann, and P. Raychaudhuri. 1991. The
retinoblastoma protein copurifies with E2F-I, an E1A-regulated
inhibitor of the transcription factor E2F. Cell 65:1063-1072.

4. Bandara, L. R., J. P. Adamczewski, T. Hunt, and N. B. LaThangue.
1991. Cyclin A and the retinoblastoma gene product complex with
a common transcription factor. Nature (London) 352:249-251.

5. Bandara, L. R., V. M. Buck, M. Zamanian, L. H. Johnston, and
N. B. LaThangue. 1993. Functional synergy between DP-1 and
E2F-1 in the cell cycle-regulating transcription factor DRTF1/
E2F. EMBO J. 12:4317-4324.

6. Bandara, L. R., and N. B. LaThangue. 1991. Adenovirus Ela
prevents the retinoblastoma gene product from complexing with a
cellular transcription factor. Nature (London) 351:294-297.

7. Blow, J. J., and R. A. Laskey. 1986. Initiation of replication in
nuclei and purified DNA by a cell-free extract from Xenopus eggs.
Cell 47:577-587.

8. Buchkovich, K., L. A. Duffy, and E. Harlow. 1989. The retinoblas-
toma protein is phosphorylated during specific phases of the cell
cycle. Cell 58:1097-1105.

9. Cao, L., B. Faha, M. Dembski, L.-H. Tsai, E. Harlow, and N.
Dyson. 1992. Independent binding of the retinoblastoma protein
and pl07 to the transcription factor E2F. Nature (London)
355:176-179.

10. Chellappan, S. P., S. Hiebert, M. Mudryj, J. M. Horowitz, and
J. R. Nevins. 1991. The E2F transcription factor is a cellular target
for the RB protein. Cell 65:1053-1061.

11. Chittenden, T., D. M. Livingston, and W. G. Kaelin. 1991. The
T/E1A-binding domain of the retinoblastoma product can interact
selectively with a sequence-specific DNA-binding protein. Cell
65:1073-1082.

12. Cobrinik, D., P. Whyte, D. S. Peeper, T. Jacks, and R. A. Weinberg.
1993. Cell cycle-specific association of E2F with the p130 E1A-
binding protein. Genes Dev. 7:2392-2404.

13. Cohen, P. T. W., and P. Cohen. 1989. Protein phosphatase activity
encoded in the genome of bacteriophage lambda. Biochem. J.
260:931-934.

14. Cooper, J. A., and P. Whyte. 1989. RB and the cell cycle: entrance
or exit? Cell 58:1009-1011.

15. Dalton, S. 1992. Cell cycle regulation of the human cdc2 gene.
EMBO J. 11:1797-1804.

16. DeCaprio, J. A., J. W. Ludlow, D. Lynch, Y. Furukawa, J. Griffin,
H. Pwinica-Worms, C.-M. Huang, and D. M. Livingston. 1989.
The product of the retinoblastoma susceptibility gene has proper-
ties of a cell cycle regulatory element. Cell 58:1085-1095.

17. DePamphilis, M. L. 1988. Transcriptional elements as components
of eukaryotic origins of DNA replication. Cell 52:635-638.

18. Destree, O. H. J., K. T. Lam, L. J. Peterson-Maduro, K. Eizema,
L. Diller, M. A. Gryka, T. Frebourg, E. Shibuya, and S. H. Friend.
1992. Structure and expression of the Xenopus retinoblastoma
gene. Dev. Biol. 153:141-149.

19. Devoto, S. H., M. Mudryj, J. Pines, T. Hunter, and J. R. Nevins.
1992. A cyclin A-protein kinase complex possesses sequence-
specific DNA binding activity: p33 cdk2 is a component of the

20.

21.

22.

23.
24.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

MoL. CELL. BioL.

E2F-cyclin A complex. Cell 68:167-176.

Ewen, M. E,, B. Faha, E. Harlow, and D. M. Livingston. 1992.
Interaction of p107 with cyclin A independent of complex forma-
tion with viral oncoproteins. Science 255:85-87.

Fang, F., and J. W. Newport. 1991. Evidence that the G1-S and
G2-M transitions are controlled by different cdc2 proteins in
higher eukaryotes. Cell 66:731-742.

Girling, R., J. F. Partridge, L. R. Bandara, N. Burden, N. F. Totty,
J. J. Hsuan, and N. B. LaThangue. 1993. A new component of the
transcription factor DRTF1/E2F. Nature (London) 362:83-87.
Graham, C. F., and R. W. Morgan. 1966. Changes in the cell cycle
during early amphibian development. Dev. Biol. 14:439-460.
Hamel, P. A., R. M. Gill, R. A. Phillips, and B. L. Gallie. 1992.
Transcriptional repression of the E2-containing promoters EIIaE,
c-myc, and RBI by the product of the RBI gene. Mol. Cell. Biol.
12:3431-3438.

. Heintz, N. H,, L. Dailey, P. Held, and N. Heintz. 1992. Eukaryotic

replication origins as promoters of bidirectional DNA synthesis.
Trends Genet. 8:376-381.

Helin, K., and E. Harlow. 1993. The retinoblastoma protein as a
transcriptional repressor. Trends Cell Biol. 3:43-47.

Helin, K., J. A. Lees, M. Vidal, N. Dyson, E. Harlow, and A.
Fattaey. 1992. A cDNA encoding a pRB-binding protein with
properties of the transcription factor E2F. Cell 70:337-350.
Helin, K., C.-L. Wu, A. R. Fattaey, J. A. Lees, B. D. Dynlacht, C.
Ngwu, and E. Harlow. 1993. Heterodimerization of the transcrip-
tion factors E2F and DP1 leads to cooperative trans-activation.
Genes Dev. 7:1850-1861.

Hiebert, S. W, S. P, Chellappan, J. M. Horowitz, and J. R. Nevins.
1992. The interaction of RB with E2F coincides with an inhibition
of the transcriptional activity of E2F. Genes Dev. 6:177-185.
Hu, Q., C. Bautista, G. M. Edwards, D. Defeo-Jones, R. E. Jones,
and E. Harlow. 1991. Antibodies specific for the human retino-
blastoma protein identify a family of related polypeptides. Mol.
Cell. Biol. 11:5792-5799.

Huber, H. E., G. Edwards, P. J. Goodhart, D. P. Patrick, P. S.
Huang, M. Ivey-Hoyle, S. F. Barnett, A. Oliff, and D. C. Heim-
brook. 1993. Transcription factor E2F binds DNA as a het-
erodimer. Proc. Natl. Acad. Sci. USA 90:3525-3529.

Ivey-Hoyle, M., R. Conroy, H. E. Huber, P. J. Goodhart, A. OIiff,
and D. C. Heimbrook. 1993. Cloning and characterization of
E2F-2, a novel protein with the biochemical properties of tran-
scription factor E2F. Mol. Cell. Biol. 13:7802-7812.

Johnson, D. G., J. K. Schwarz, W. D. Cress, and J. R. Nevins. 1993.
Expression of transcription factor E2F1 induces quiescent cells to
enter S phase. Nature (London) 365:349-352.

Kaelin, W. G., Jr., W. Krek, W. R. Sellers, J. A. DeCaprio, F.
Ajchenbaum, C. S. Fuchs, T. Chittenden, Y. Li, P. J. Farnham,
M. A. Blanar, D. M. Livingston, and E. K. Flemington. 1992.
Expression cloning of a cDNA clone encoding a retinoblastoma-
binding protein with E2F-like properties. Cell 70:351-364.
Kaelin, W. G., Jr., D. C. Pallas, J. A. DeCaprio, F. J. Kaye, and
D. M. Livingston. 1991. Identification of cellular proteins that can
interact specifically with the T/E1A-binding region of the retino-
blastoma gene product. Cell 64:521-532.

Kimelman, D., M. Kirschner, and T. Scherson. 1987. The events of
the midblastula transition in Xenopus are regulated by changes in
the cell cycle. Cell 48:399-407.

Kovesdi, I, R. Reichel, and J. R. Nevins. 1986. Identification of a
cellular transcription factor involved in E1A trans-activation. Cell
45:219-226.

LaThangue, N. B., and P. W. J. Rigby. 1987. An adenovirus
E1A-like transcription factor is regulated during differentiation of
embryonal carcinoma stem cells. Cell 49:507-513.

LaThangue, N. B., B. Thimmappaya, and P. W. J. Rigby. 1990. The
embryonal carcinoma stem cell E1A-like activity involves a differ-
entiation-regulated transcription factor. Nucleic Acids Res. 18:
2929-2938.

Lees, E., B. Faha, V. Dulic, S. I. Reed, and E. Harlow. 1992. Cyclin
E/cdk2 and cyclin A/cdk2 kinases associate with p107 and E2F in
a temporally distinct manner. Genes Dev. 6:1874-1885.

Lees, J. A., M. Saito, M. Vidal, M. Valentine, T. Look, E. Harlow,
N. Dyson, and K. Helin. 1993. The retinoblastoma protein binds to



VoL. 14, 1994

42.

43.

45.
46.

47.

48.

49.

50.
S1.

52.

53.

a family of E2F transcription factors. Mol. Cell. Biol. 13:7813-
7825.

Mohun, T. J., N. Garrett, and M. V. Taylor. 1989. Temporal and
tissue-specific expression of the proto-oncogene c-fos during de-
velopment in Xenopus laevis. Development 107:835-846.
Mudryj, M., S. H. Devoto, S. W. Hiebert, T. Hunter, J. Pines, and
J. R. Nevins. 1991. Cell cycle regulation of the E2F transcription
factor involves interaction with cyclin A. Cell 65:1243-1253.

. Murray, A. W. 1991. Cell cycle extracts. Methods Cell Biol.

36:581-605.

Murray, A. W., and M. Kirschner. 1989. Cyclin synthesis drives the
early embryonic cell cycle. Nature (London) 339:275-280.
Murray, A. W., M. J. Solomon, and M. Kirschner. 1989. The role
of cyclin synthesis and degradation in the control of maturation
promotion factor activity. Nature (London) 339:280-286.

Nevins, J. R. 1992. A closer look at E2F. Nature (London)
35:375-376.

Newport, J., and M. Kirschner. 1982. A major development
transition in early Xenopus embryos. I. Characterisation and
timing of cellular changes at the midblastula stage. Cell 30:675—
686.

Newport, J., and M. Kirschner. 1982. A major developmental
transition in early Xenopus embryos. II. Control of the onset of
transcription. Cell 30:687—696.

Nieuwkoop, P., and J. Faber. 1956. Normal table of Xenopus
laevis. Daudin, Amsterdam.

Pagano, M., G. Draetta, and P. Jansen-Durr. 1992. Association of
cdk2 kinase with the transcription factor E2F during S phase.
Science 255:1144-1147.

Pudney, M., M. G. R. Varma, and C. J. Leake. 1973. Establishment
of a cell line (XTC-2) from the South African clawed toad,
Xenopus laevis. Experientia 29:466—467.

Ray, S. K., M. Arroyo, S. Bagchi, and P. Raychaudhuri. 1992.

54.

55.

56.

57.

58.

59.

61.

E2F IN XENOPUS DEVELOPMENT 5009

Identification of a 60-kilodalton Rb-binding protein, RBP60, that
allows the Rb-E2F complex to bind DNA. Mol. Cell. Biol.
12:4327-4333.

Reichel, R., I. Kovesdi, and J. Nevins. 1987. Developmental
control of a promoter-specific factor that is also regulated by the
E1A gene product. Cell 48:501-506.

Schwarz, J. K., S. H. Devoto, E. J. Smith, S. P. Chellappan, L.
Lakoi, and J. R. Nevins. 1993. Interactions of the p107 and Rb
proteins with E2F during the cell proliferation response. EMBO J.
12:1013-1020.

Shan, B., X. Zhu, P.-L. Chen, T. Durfee, Y. Yang, D. Sharp, and
W.-H. Lee. 1992. Molecular cloning of cellular genes encoding
retinoblastoma-associated proteins: identification of a gene with
properties of the transcription factor E2F. Mol. Cell. Biol. 12:
5620-5631.

Sheehan, M. A, A. D. Mills, A. M. Sleeman, R. A. Laskey, and J. J.
Blow. 1988. Steps in the assembly of replication competent nuclei
in a cell-free system from Xenopus eggs. J. Cell Biol. 106:1-12.
Shirodkar, S., M. Ewen, J. A. DeCaprio, J. Morgan, D. M.
Livingston, and T. Chittenden. 1992. The transcription factor E2F
interacts with the retinoblastoma product and a p107-cyclin A
complex in a cell cycle regulated manner. Cell 68:157-166.
Taylor, M. V., J. B. Gurdon, N. D. Hopwood, N. Towers, and T. J.
Mohun. 1991. Xenopus embryos contain a somite-specific, MyoD-
like protein that binds to a promoter site required for muscle actin
expression. Genes Dev. 5:1149-1160.

. Weintraub, S. J., C. A. Prater, and D. C. Dean. 1992. Retinoblas-

toma protein switches the E2F site from positive to negative
element. Nature (London) 358:259-261.

Zamanian, M., and N. B. LaThangue. 1992. Adenovirus E1A
prevents the retinoblastoma gene product from repressing the
activity of a cellular transcription factor. EMBO J. 11:2603-2610.



