
MOLECULAR AND CELLULAR BIOLOGY, Mar. 1994, p. 1603-1612 Vol. 14, No. 3
0270-7306/94/$04.00+0
Copyright ©) 1994, American Society for Microbiology

Functional Properties of a Drosophila Homolog of
the E2F1 Gene

KIYOSHI OHTANI AND JOSEPH R. NEVINS*

Section of Genetics, Howard Hughes Medical Institute, Duke University
Medical Center, Durham, North Carolina 27710

Received 26 July 1993/Accepted 24 November 1993

A variety of studies have now implicated the cellular transcription factor E2F as a key participant in
transcription control during the cell growth cycle. Although the recent isolation of molecular clones encoding
proteins that are components of the E2F activity (E2F1 and DP-1) provides an approach to defining the specific
involvement of E2F in these events, definitive experiments remain difficult in the absence of appropriate genetic
systems. We have now identified a Drosophila equivalent of E2F1 that we hope will allow an eventual genetic
approach to the role of E2F in cellular regulatory events. A cDNA clone was isolated from a Drosophila cDNA
library by using a probe containing sequence from the E2F1 DNA binding domain. The sequence of the clone,
which we term drosE2F1, demonstrates considerable homology to the human E2F1 sequence, with over 65%
identity in the DNA binding region and 50%o identity in the region of E2F1 known to interact with the
retinoblastoma gene product. A glutathione S-transferase-drosE2F1 fusion protein was capable of binding
specifically to an E2F recognition site, and transfection assays demonstrated that the drosE2F1 product was
capable of transcription activation, dependent on functional E2F sites as well as sequences within the C
terminus of the protein. Finally, we have also identified E2F recognition sequences within the promoter of the
Drosophila DNA polymerase ot gene, and we demonstrate that the drosE2F1 product activates transcription of
a test gene under the control of this promoter. We conclude that the drosE2Fl cDNA encodes an activity with
extensive structural and functional similarity to the human E2F1 protein.

The E2F transcription factor was originally identified as a
cellular factor involved in the adenovirus ElA-mediated acti-
vation of the viral E2 gene (25). Subsequent studies have
shown that E2F is normally complexed to a variety of cellular
proteins, that these interactions prevent the utilization of E2F
for viral E2 transcription, and that the EIA protein is capable
of disrupting these E2F complexes, releasing an E2F that is
transcriptionally active (1). The proteins in association with
E2F include the retinoblastoma gene product (Rb), the Rb-
related protein p107, and the cell cycle regulatory proteins
cyclin A, cyclin E, and the cdk2 kinase (2, 4-7, 11, 26, 31, 35).
Most of these proteins were previously identified as targets for
the action of ElA (39) as well as simian virus 40 T antigen (10)
and the E7 product of human papillomaviruses (15). It would
appear that the binding of ElA, T antigen, or E7 to Rb, as well
as to the other proteins, reflects the capacity of these viral
proteins to disrupt the E2F complexes (30).
The significance of these findings derives not only from the

identification of a common activity of the viral oncoproteins
but also from the realization that E2F is a potential cellular
target for important cellular growth-regulating activities, in-
cluding the Rb tumor suppressor gene product. Indeed, a
series of experiments has now provided convincing evidence
for the interaction of Rb with E2F as an important event in the
function of Rb as a growth-suppressing protein, since there is
a direct correlation between (i) the ability of Rb to interact
with E2F and inhibit the transcriptional activating capacity of
E2F (17, 20, 38) and (ii) the ability of Rb to suppress cell
growth (32, 33). In short, it appears that the E2F transcription
factor may play a key role in cellular growth control.
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The identification of cellular genes that appear to be regu-
lated by E2F offers clues as to the specific role that E2F plays
in cellular growth control. In particular, a group of genes that
are commonly regulated in late GI of the growth response and
that encode activities important for cellular DNA replication
appear to be regulated by E2F. Genes such as those encoding
dihydrofolate reductase (DHFR), thymidine kinase, and DNA
polymerase ot contain E2F sites within essential promoter
sequences (30), and at least for the DHFR gene, these E2F
sites are critical for regulated expression in late G, (36).
The recent isolation of cDNA clones that encode proteins

with E2F activity (16, 18, 24, 34) has now provided an approach
to a further, more complete understanding of the role of E2F
in cellular regulatory processes. Analyses of these clones have
identified domains important for the DNA binding capacity of
the protein as well as the ability to stimulate transcription.
Nevertheless, given the lack of a straightforward genetic
system in which to explore the role of E2F1, or other E2F
activities, further assays will prove to be difficult. Although it is
now possible to disrupt a gene such as that encoding E2F1 in
the mouse genome and then assess the consequences of a loss
of function, this is a laborious approach and will yield limited
information should E2F1 prove to be essential for cell viability.
In addition, the mouse is not a facile experimental system in
which to genetically identify interacting components.

In view of these limitations and concerns, we have attempted
to identify related activities in organisms that do offer a genetic
approach to the determination of cellular function. Given the
potential role of E2F in cell cycle control, the organism of
choice would be a yeast because of the rich body of informa-
tion that has accumulated from the combined approaches of
genetics and biochemistry. Nevertheless, we have been unable
to identify an E2F homolog in either budding yeast or fission
yeast cells. We have, however, been successful in identifying an
E2F1 equivalent in Drosophila melanogaster. A variety of
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analyses suggest that the product of this gene, which we term
drosE2F1, exhibits extensive similarity to the human E2F1
gene product.

MATERIALS AND METHODS

Southern blot assays. Cellular DNA was digested with
restriction endonucleases, electrophoresed in a 0.7% agarose

gel, and blotted onto a nitrocellulose membrane. The mem-

brane was baked at 80°C for 2 h and then probed with
32P-labeled fragments of E2F1 cDNA. Hybridization was

carried out in a solution of 5X SSC (1 x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate
(SDS), 50 mM Tris-HC1 (pH 7.5), 5 x Denhardt's solution,
100 jig of heat-denatured sheared salmon sperm DNA per ml,
and 45% formamide for the 5' half of the E2F1 cDNA probe
(BamHI-BglII fragment of E2F1 cDNA from pGEX-2TK-
RBAP-1 [24]) and 35% formamide for the 3' half of the E2F1
cDNA probe (BglII-EcoRI fragment from pGEX-2TK-
RBAP-1) at 42°C overnight. The membranes were washed
three times with 0.5 x SSC-0.1% SDS at 60°C for the 5'-half
probe and 2x SSC-0.1% SDS at 50°C for the 3'-half probe.
Filters were exposed to X-ray films with intensifying screens at
- 700C.
Screening of a Drosophila cDNA library. A AgtlO Drosophila

cDNA library prepared from poly(A)+ RNA from total imag-
inal discs was screened with the BamHI-BglII fragment of
E2F1 cDNA in the same conditions as for Southern blotting.
Positive clones identified as overlapping signals in duplicate
filters were picked and subjected to a second round of screen-

ing. Reproducibly positive clones were further subjected to
tertiary screening to obtain single clones. The isolated phage
were amplified by the plate lysate method, and inserted cDNA
fragments were cut out and subcloned into plasmid pUC18.
The identities of the clones was examined by restriction
mapping experiments using HaeIII, Sau3AI, and DdeI and by
sequencing of both ends of all cDNA clones.
DNA sequencing. Both strands of the largest insert of the

major group were sequenced. A series of unidirectional dele-
tions was generated by using the Erase-a-Base system kit
(Promega Corp.) according to the manufacturer's procedure.
Double-stranded DNA sequencing was performed with a

Sequenase version 2.0 kit (United State Biochemical Corp.)
with the protocol provided by the manufacturer.

Construction of plasmids. pGEX-drosE2F1 was generated
by subcloning of an NaeI fragment (nucleotides [nt] 1372 to
2021) into the T4 polymerase blunt-ended BamHI site of
pGEX-2T in frame. This plasmid expresses amino acids (aa)
224 to 440 of drosElFl fused to glutathione S-transferase
(GST) protein sequences. A cytomegalovirus promoter-driven
drosE2F1 expression vector was generated by insertion of the
entire EcoRI fragment from the AgtlO clone into the EcoRI
site of pCMV5 in the sense orientation. A Drosophila actin SC
promoter-driven drosE2F1 expression vector was generated as

follows. First, a SalI fragment (nt 927 to 1397) of drosE2F1
cDNA was inserted into the XhoI site of pPac (8) in the sense

orientation. Second, the 5' ApaI site (nt 3835) of drosE2F1
cDNA was changed to an XbaI site, and an NheI (nt 1272)-
XbaI (nt 3835) fragment was cut out and inserted into an NheI
site in the SalI fragment, restoring the NheI site. The resultant
plasmid, pdrosE2FlwT, expresses the drosE2F1 protein (aa 77
to the C-terminal end) fused to the N-terminal 11 aa of the Ubx
gene product. C-terminal deletion mutants of the plasmid
(pdrosE2FldI560 and pdrosE2Fldl769) were generated by in-
serting a reading frame termination linker (CTAGCTAGC
TAG) into the BspEI site (nt 2377) and 3' EcoRV site (nt

3005), respectively. Drosophila actin SC promoter-driven
GAL4-drosE2F1 fusion expression vectors were constructed as
follows. The GAL4 DNA binding domain (aa 12 to 147) and
multiple cloning sites were cut from pSG424 by SphI and XbaI,
blunt ended by T4 polymerase treatment, and inserted into the
T4 polymerase blunt-ended XhoI site of plasmid pPac in
frame, generating pGal. The GAL4 binding domain expressed
from this plasmid lacks the N-terminal 11 aa and is fused to the
N-terminal 11 aa of the Ubx gene product. The ApaI site (nt
3835) of drosE2F1 cDNA was changed to a Sacl site, and
BspEI (nt 2377) and 3' EcoRV (nt 3005) sites were changed to
KpnI sites by inserting KpnI linkers. Each KpnI-SacI fragment
was cut out and inserted into KpnI-SacI sites of the multiple
cloning sites of pGal in frame, generating pGal/dE2F1560805
and pGal/dE2F1769-805, respectively. These plasmids express
the drosE2F1 protein from aa 560 and 769, respectively, to the
C-terminal end fused to the GAL4 DNA binding domain. An
E2 promoter-driven chloramphenicol acetyltransferase (CAT)
plasmid possessing four copies of the E2 enhancer and its
mutant, pE2WTx4CAT and pE2MTx4CAT, were generated by
insertion of oligonucleotides corresponding to - 69 to - 34 of
the E2 promoter and a mutant version (22) into the BglII site
of p3ME2CAT (28) in a tandemly repeated form in the sense
orientation. The Drosophila DNA polymerase (x promoter-
driven CAT plasmid pdPolaoCAT was made by insertion of a
PCR-amplified genomic DNA fragment spanning from - 600
to +42 of the Drosophila DNA polymerase a gene into
pCAT3M (28). Drosophila genomic DNA was PCR amplified
by using 5' (GATCT1TCTAGAGCATGATAAATAAAATA
CGATT) and 3' (GACTGAGATCTCAGTlTTGCAAAAAT
TGT) primers flanked by XbaI and BglII restriction sites,
respectively, digested by XbaI and BglII, and subcloned into
the XbaI-BglII sites of pCAT3M.
DNA binding assays. Gel mobility shift assays were per-

formed essentially as described previously (40), using an
EcoRI-HindlIl fragment containing two E2F recognition sites
from the ATF( - )adenovirus E2 promoter plasmid (28). Com-
petitors used in binding assays were oligonucleotides corre-
sponding to -69 to -34 of the E2 promoter and a mutant
form of this sequence (22). GST fusion proteins were ex-
pressed in Escherichia coli BL21 and affinity purified by using
glutathione-Sepharose 4B (Pharmacia) as described previously
(37). The amounts of GST-drosE2F1 protein used were 250 ng
and 1 ,ug per reaction, and 300 ng of GST-E2F1 was used as a
positive control. For potential E2F recognition sites in the
Drosophila DNA polymerase at promoter, chemically synthe-
sized oligonucleotides and Drosophila Schneider cell nuclear
extract were used. The sequences of double-stranded oligo-
nucleotides were as follows:

1, tccTCGGATTTCCCGCCAAAATATA
GCCTAAAGGGCGGTTTTATATagga

2, tccGATATGTTCCCGCCATTC
TATACAAGGGCGGTAAGaggc

3, tccCCGCCATTCCCGCTTTGA
GCGGTAAGGGCGAAACTaggg

4, tccCTGAAGCTCGAAAATGTA
ACTTCGAGCTTTTACATaggg

Nuclear extract from Schneider cells was prepared as de-
scribed previously (12). Oligonucleotide 1 was used as a probe.
A 100-fold molar excess of oligonucleotide 1 and the wild-type
and mutant E2 oligonucleotides and a 500-fold molar excess of
oligonucleotides 1 to 4 were used as competitors. A rabbit
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polyclonal anti-drosE2F1 antibody raised against the GST-
drosE2Fl fusion protein was used at a 1:320 dilution.
CAT assays. Plasmid DNA transfection into the T98G

human glioblastoma cell line was performed as described
previously (9). Increasing amounts of pCMV-drosE2F1 (100
ng, 500 ng, and 2.5 jig) were cotransfected with 5 ,ug of
pE2WTx4CAT as a reporter plasmid, 5 p.g of pRSV-3-gal (29)
as an internal control, and 10 ,ug of carrier DNA (Specialty
Media, Inc.); 100 ng of pCMV-E2F1 (9) was used as a positive
control. The total amount of expression vector was adjusted by
addition of the empty vector. The D. melanogaster Schneider II
cell line was cultured and transfected essentially as described
previously (13). pPac, pdrosE2Flwt, and its deletion mutants
(pdrosE2FldlS60 and -dI769) (100 ng of each) were cotrans-
fected with 5 p.g of pE2WTx4CAT and pE2MTx4CAT or
pE2WTCAT and pE2CAT(E2F-) (28) as reporter plasmids
and 10 Rg of pRSV-3-gal as an internal control. For GAL4
fusion experiments, 5 pg of GAL4-drosE2F1 expression vec-
tors was cotransfected with 5 ,ug of pG5ElBCAT (27) as a
reporter plasmid and 10 ,ug of pRSV-3-gal as an internal
control. For the Drosophila polymerase a promoter experi-
ment, 500 ng of pdPoloxCAT was cotransfected with increasing
amounts of pdrosE2Flt (100 ng, 500 ng, and 2.5 jig) and 10
jig of pRSV-,-gal. Cells were harvested after 48 h and assayed
for CAT and 3-galactosidase activities as described previously
(9). CAT activities were expressed relative to those of control
vector plasmids. All experiments were done at least three
times, and representative data are presented.
Antibody production. A rabbit antiserum to drosE2F1 was

raised by injecting a New Zealand White rabbit with affinity-
purified GST-drosE2F1 fusion protein containing aa 153 to
768.

RESULTS

E2Fl-homologous sequences in other organisms. To iden-
tify potential sources for the isolation of an E2F1-equivalent
gene, Southern blots containing digested DNA from Saccha-
romyces cerevisiae, Schizosaccharomyces pombe, Xenopus laevis,
and D. melanogaster were probed with a labeled fragment from
the E2F1 cDNA that includes sequences that specify the DNA
binding activity of the protein (9, 18, 24, 34). As shown in Fig.
1, although there was little or no specific hybridization to the
yeast DNA samples, there was a clear signal with both the
Xenopus and the Drosophila DNA samples (Fig. IA). An E2F1
probe that encompassed sequence encoding the C-terminal
activation and Rb binding domain also generated a clear signal
with the Drosophila DNA sample (Fig. IB). Given the indica-
tion of homology with Drosophila sequences, we proceeded to
screen a Drosophila cDNA library.

Isolation of a Drosophila E2F cDNA clone. A XgtlO Dros-
ophila library, prepared from poly(A)+ RNA from imaginal
discs, was plated and probed with the same E2F1 sequences
used for the Southern hybridizations. From the primary screen
of 3 x 105 phage, 36 positives were picked and rescreened with
the probe. A total of 23 clones continued to score as positive in
the screening and were subjected to further analysis. Through
an analysis of restriction enzyme digestion patterns, we were
able to determine that the majority of the isolates represented
the same sequence. The remainder of the initial positive clones
fell into two additional groups, but these have not been
analyzed further.
A representative cDNA clone that contained the largest

insert was subjected to sequence analysis, the results of which
are presented in Fig. 2. A single open reading frame extending
from nt 702 to 3116 was identified, predicting a protein of 805
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FIG. 1. Southern analysis of E2F1-hybridizing sequences in heter-
ologous DNA. (A) DNAs isolated from human (20 jig), X laevis (5
,ug), D. melanogaster (5 ,ug), S. cerevisiae (5 ,ug), and Schizosaccharo-
myces pombe (5 ,ug) cells were digested with EcoRI (E) and BamHI
(B); Southern blots were prepared and probed with the 5' half of the
E2F1 cDNA as described in Materials and Methods. (B) DNAs
isolated from human (20 ptg), X laev'is (20 [ig), and D. melanogaster (5
,ug) cells were digested with EcoRI (E), BamHI (B), and XbaI (X) and
probed with the 3' half of the E2F1 cDNA at reduced stringency as
described in Materials and Methods.

aa with a molecular mass of 87.5 kDa. A comparison of the
Drosophila cDNA sequence with the human E2F1 sequence is
shown in Fig. 3. Considerable homology can be found with
sequences in the previously defined DNA binding domain of
E2FL. In particular, there is as much as 69% identity of
sequence within the helix-loop-helix motif of E2FL. An amphi-
pathic appearance of hydrophobic amino acids is quite well
conserved in regions corresponding to helix 1 and helix 2 of
human E2Fl, suggesting a putative helix-loop-helix structure
in the corresponding region of the Drosophila product. There
is also a considerable conservation of leucine-rich heptad
repeats that overlap the putative loop domain and the C
terminus of helix 2. In contrast, there was little homology with
a stretch of basic residues that immediately precede the
putative helix-loop-helix domain of E2F1, consistent with
recent analyses that demonstrate a lack of importance of these
residues in E2F1 function (9).
Although the most extensive homology is within this DNA

binding domain of E2F1, there is additional sequence homol-
ogy. Notably, the C-terminal region of the E2F1 sequence that
includes the transcription activation domain exhibits approxi-
mately 28% homology to the C terminus of the Drosophila
clone. Moreover, previous experiments have shown that the
sequences involved in binding to the Rb protein are contained
within this activation domain (18, 24). A comparison of these
sequences with that of the Drosophila clone reveals an even
greater homology, with approximately 50% identity of the
amino acid residues.
A recent report has described the isolation of a distinct

cDNA clone, termed DP-1, that also encodes a protein with
properties of E2F (16). A comparison of the DP-1 sequence
with that of the Drosophila cDNA clone shows little evidence
for homology. At best, there is a 38% identity of residues in the
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1 11TGTTAT7AAAAATCTCACGTGITA
27 AACAACAAGTT ICTrCAAAATCTCATrACTGTAAGTGTMCTATGAAAAGII T AATTGTTCTGCAACTTATrACTCCAG CrTAAAACTATAATACACTATTCTrATACTAMAACAAAAG

162 CCAAATTTITTAAAGcAAAGTAAcGCTTAATTATATTATAcccTAcTATTAcATGAATTAAG I I t rTGTAATTACATrAGTATATAACTAAGITAGATAAAATCTTATAAAATTCAATTCGATTGC
297 TGCCAAAAAAAACACTTGGATTATACAGAAAATITT CATCAAGGC1TCAATFGTATGTGAAGMTCCTTAGGTGCTAATIIAGTA ATAAJCGCAAACTGCAAAGAGAGGAAGGATAGAGAGiCGATrAACAGA
432 AACAGGCAGTACAATAAGTCAATCGACTCGAGAGCTGGAAATTCCGACTGGGTGGCAACTITTCGGAAGCAGTGCMTAAAArGTATGCTACAATATAGTGCCAGC:GATT1CC4AClGCGAACCTAACAGAATC
567 GGCATATrTATAGATATATACAGAAGATATATACACGGAGCAAAGAGAGAGAGAGAGAGAGCGGAGGAGAGAGAGGGAGAAGGCAGAGAGTCAGGCGGiGAATGCc(A TATAGAACCGGCAGCGAA
702 ATGTCCAAGTTCTMTGTGAATGTTGCCCCCATCAACAACAGCAACAGCAGCAGTAGCCACACAACCACCAGCAGCAACACCCAGCGCCACCAGCAGCACCAACAACACTATGGCGGGAGCGGGACAACCGGCCAC

M S K F F V N V A P I N N S N S S S S H T T T S S N T Q R H Q Q H Q Q H Y G G S G T T G H (45)
837 ACGATGGTGGCCCGCAGACTCAACTACGATCTGCACGGCGGCACCACCAGCATCAACAACAACAACAACATTGTGATCACGAGTCCGTCGACTTGGACTACGATCACGTCCTGAGCAGCAGCGACAGCAAC

T M V A R R L N Y D L H G G T T S I N N N N N I V I K N E S V D L D Y D H V L S S S D S N (90)
972 AGCAACGGCGGCGTGGCAGCCCACCTGCGGGATCATGTCTACATCAGTCTGGACAAGGGGCACAACACGGGGGCAGTGGCAACAGCAGCGGCGGCGGCAACGGCGGGCCAAACGCAGCAGCAACTGCAGCAGCAG

S N G G V A A H L R D H V Y I S L D K G H N T G A V A T A A A A A T A G Q T Q Q Q L Q Q Q (135)
1107 CACCACCACCAAAATCAGCAGCAACGCAAGGCGACCGGCAAATCCAACGATATCACAAATTATrTACMGTCAAACGTCGGCCACACGCCGTCAGCGATGAGATTCACCCGAAGAAGCAGGCCAAGCAGAGCGCC

H H H Q N Q Q Q R K A T G K S N D I T N Y Y K V K R R P H A V S 0 E I H P K K Q A K Q S A (180)
1242 CACCACCAGACGGTGTATCAGAAGCATACGGCTAGCAGTGCGCCCCAGCAGCTCCGGCACAGCCACCACCAGCTGCGCCACGACGCGGATGCCGAACTGGACGAGGATGTGGTGGAGCGGGTGGCCAAGCCGGCA

H H Q T V Y Q K H T A S S A P Q Q L R H S H H Q L R H D A D A E L D E D V V E R V A K P A (225)
1377 TCGCATCACCCCT 11TCGCTGTCGACGCCCCAGCAACAGTTGGCTGCGTCGGTGGCCAGCAGTTCCTCGAGCGGAGATCGCAATCGGGCGGACACCTCGCTGGGAATACTGACCAAAAAGTTTGTGGACCTGCTG

S H H P F S L S T P Q Q Q L A A S V A S S. S S S G D R N R A D T S L G I L T K K F V 0 L L (270)
1512 CAGGAGTCACCGGATGGCGTGGTGGATCTGAACGAGGCCTCCAATCGATTGCACGTTCAGAAGCGGCGCATCTACGACATTACCCTCCT

O E S P D G V V D L N E A S N R L H V 0 K R R I Y D I T N V L E G I N I L E K K S K N N I (315)
1647 GCGCGAGAATCTGGCTGAGATC

Q W R C G Q 5 M V S Q E R S R H I E A D S L R L E Q Q E N E L N K A I D L M R E N L A E I (360)
1782 TCCCAGGAGGTGGAGAACTCCGGCGGCATGGCCTACGTCACGCAGAACGACCTGCTCAACGTGGATCTCTTCAAAGATCAGATCGTTATCGTGATCAAGGCGCCGCCAGAGGCTAAGCTTGTGCTGCCCAACACA

S Q E V E N S G G M A Y V T Q N D L L N V D L F K D Q I V I V I K A P P E A K L V I P N T (405)
1917 AAATTGCCGCGCGAGATACGTGAAAGCGGAGAACAGCGGGGAGATCAACGTCTrCCTCTGCCATGACACCTCACCGGAAAATTCGCCAATCGCGCCGGGCGCCGGCTACGTTGGAGCACCCGGTGCAGGATGC

K L P R E I Y V K A E N S G E I N V F L C H D T S P E N S P I A P G A G Y V G A P G A G C (450)
2052 GTCCGTACGGCCACCTCCACACGACTGCATCCGTTGACCAACCAGCGACTGAACGATCCGCTCTTCAACAATATCGATGCCATGAGCACCAAGGGATTATCAAACGCCCTACCGCTCGGCTCGCAACCTCAGC

V R T A T S T R L H P L T N Q R L N D P L F N N I D A M S T K G L F Q T P Y R S A R N L S (495)
2187 AAATCGATTGAGGAAGCCGCCAAGCAGTCCCAGCCTGAATATAATAACATTTGTGATATTGCGATGGGCCAGCATCATAATCTGAACCAGCAGCAGCAGCAGCAACAACAACAGTTGCTACAGCAGCCGGAGGAG

K S I E E A A K Q S Q P E Y N N I C D I A M G Q H H N L N Q Q Q Q Q Q Q Q Q L L Q Q P E E (540)
2322 GACGATGTGGACGTGGAGCTGAACCAGCTGGTTCCGACACTGACGAATCCTGTGGTCCGGACCCATCAGTTCCAGCAGCACCAGCAGCCCTCCATCCAGGAGCTGTTCAGCAGCTTAACAGAATCCTCGCCTCCA

D D V D V E L N Q L V P T L T N P V V R T H Q F Q Q H Q Q P S I Q E L F S S L T E S S P P (585)
2457 ACGCCCACCAAGCGGCGTCGGGAGGCAGCAGCCGCAGCAATCCGCAGGCAGCTCAACAACAGCAACCACTACGCTrAATAGTCATAACAACAGACCACAGCAATCATAGCAACCACAGCAACCATAGCAGC

T P T K R R R E A A A A A I A A G S S T T A T T T L N S H N N R N H S N H S N H S N H S S (630)
2592 AGCAACAACAGCAAATCCCAACCACCCACAATAGGCTACGGCAGCAGTCAGCGACGCAGCGATGTGCCCATGTATAATTGTGCAATGGAAGGCGCAACCACAACATCTGCAACAGCAGATACGACAGCTGCCACA

S N N S K S Q P P T I G Y G S S Q R R S D V P M Y N C A M E G A T T T S A T A D T T A A T (675)
2727 TCGCGATCGGCCGCAGCAAGCTCACTGCAGATGCAATrCGCTGCCGTCGCGGAGAGCAACAACGGCAGTAGCAGCGGCGGTGGTGGCGGCGGCGGCGGCTATGGCAGCATCGCTGGCGCTGGCGCCAACGCTGAT

S R S A A A S S L Q M Q F A A V A E S N N G S S S G G G G G G G G Y G S I A G A G A N A D (720)
2862 CCCCATCAGCCGTACAGCCATGACCGCAACAGCCTGCCGCCCGGCGTGGCTGACTGCGATGCCAACAGCAACAGCAGCAGTGTCACGCTGCAGGGCCTCGATGCTCTCTTCAACGACATTGGCTCGGACTACTTC

P H Q P Y S H D R N S L P P G V A D C D A N S N S S S V T L Q G L D A L F N D I G S D Y F (765)
2997 AGCAACGATATCGCCMGTGTCCATCAATCCGCCGGACGACAATGACTATCCGTATGCGCKAACGCGAACGAGGGCATCGATCGGCTGTTTGACTTCGGTTCGGATGCCTATGGACCCTAAGAGGAGACGTCC

S N D I A F V S I N P P D D N D Y P Y A L N A N E G I D R L F D F G S D A Y G P * (805)
3132 ACGAACACAATCACAACCACACACACACACACACATGTCTACAAAATTGGGATTCTGGA I I TTGC GATACAAAGCCAGCCAGCAAATrATTAAA
3267 TTATGATTGCAAATACTAGAAGCCACAATCCAAAAACAAAACACAAAAAAAAGCGAATCAG CGTAAAAATATATACATr AAATTTATAA
3402 CCCAAACTAATAAGCGAAACAAAACGAAAACACTAAATCTACTTTACAAAAACTCAGCCTCACGAGAGAAATAGGGAGAAGTCGTAGCAAGAAGAGCCACATMATAAGCAAATrTTAATrTTAGCCTTTAA
3537 AAGAAAGCAAAAAGAATCAGGAATACTATAAACGATrGGATAACACACA ATGCGAATACTTCCCTCTTATCAAACAACTIMGGGCTAGAACTGTCTGTAAATTAGTAAAAATAATACCAACACACAC
3672 ACACACACACATAGTTGTAAAGCCAATCAACATTAAACAATAAAAAGAAAATCAATrTCAAATTGTAAAATATATCGAAGACATrrCAAATTAATATGGAGCAGTA
3807 GTAGAAGAGGAAGAGAACACTCCTGGGCCCCCAACAAGATGGCTTTGGTTCCIGI IIAGTGACGCATGCAACAGAATCCTCTCTCTTCATGCTTGGATIrATCGArTGATTI IAATTATAATATTATTAA
3942 AGCTATAACTATG CCAATAGCAGIATTCATAGAAGCCAAATCATCCCACAAAACAAACAACCAACCACTTAACAGAGTCAA
4077 CTACAAGTACATAAATAATrAMAAACTCTCTCCTAGTAGTTATATATAACTAAACGATAGATAAAAGCAACAAACAAATGCAAATCATACAATTGTTAAAAAAAATCAATAA&TAACGAAGGAGAACCGC
4212 AACAAGCCGAAACCACTGTATAATTGTACGmAATIMATAAGAGAAAACACACTTGTIAGGTACTMCTrTCTITCCAAAAACAAACACAT GAG TATTACAAAAACGAAGGC
4347 TrTAAAA ACAAAIT"mTTMAAAACCG 4378

FIG. 2. Sequence of the drosE2F1 cDNA. Numbering of the nucleotide sequence is shown at the left; amino acid numbering is on the right.
Amino acid sequences which have homologies to the helix-loop-helix motif of the DNA binding domain of E2F1 and to the Rb binding domain
of E2F1 are underlined. A stop codon in the same reading frame in the 5' untranslated region is boxed. Putative polyadenylation signals in the
3' untranslated region are underlined.

region of the Drosophila cDNA sequence that has homology to
the second helix domain of the human E2F1 gene. From these
comparisons, it is clear that the Drosophila isolate is indeed
related by sequence to the human E2F1 clone; on the basis of
these extensive sequence similarities, we have termed this
clone drosE2F1.

Using an approach similar to ours, Dyson et al. (14) have
isolated a cDNA clone that encodes an identical protein.
Nevertheless, sequence comparison reveals a divergence at
position 353 relative to the sequence presented in Fig. 2, a
result that we have also now observed in several independent
cDNA isolates. The precise switch in sequence at this location
raises the possibility that there is alternative splicing within
these 5' sequences.
The product of the drosE2Fl gene binds to an E2F recog-

nition site. The extensive homology between the human E2F1
sequence and the Drosophila E2F1 sequence within the region
important for DNA binding of E2F1 suggested the possibility
that this Drosophila protein binds to DNA with E2F sequence
specificity. Moreover, assays of Drosophila embryo extracts as
well as Drosophila Schneider tissue culture cell extracts re-
vealed a DNA binding activity with E2F sequence specificity
(data not shown). In light of these considerations, we have

assayed for the ability of the drosE2F1 product to bind to
DNA.
The drosE2F1 cDNA insert was subcloned in a GST expres-

sion vector to allow expression of the drosE2F1 product as a
fusion protein in E. coli. Following expression, the protein was
purified by glutathione affinity chromatography and then ana-
lyzed for DNA binding capacity. As shown in Fig. 4, the
drosE2F1-GST protein could indeed bind to the E2F-specific
probe, as measured in a gel retardation assay. Specificity in
binding was demonstrated by competition assays using a
wild-type competitor or a mutant competitor in which the E2F
recognition site is disrupted. Clearly, the drosE2F1 product
binds to DNA, dependent on the E2F recognition sequence.
The drosE2Fl product activates transcription in Drosophila

cells. Previous experiments have demonstrated the capacity of
the E2F transcription factor to stimulate transcription, depen-
dent on the interaction with the E2F recognition sequence
(40). Recent studies have shown that the E2F1 product can
activate transcription in a transfection assay, dependent on
E2F1 sequences involved in DNA binding as well as transcrip-
tional activation and dependent on the presence of E2F sites in
the target promoter (9, 18, 34). Using a similar approach, we
have assayed for the capacity of the drosE2F1 product to
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FIG. 4. DNA binding capacity of a GST-drosE2F1 fusion protein.
Either 250 ng (lanes 2 and 3) or 1 jig (lanes 4 and 5) of a

GST-drosE2F1 fusion protein was incubated with the wild-type E2F
probe and assayed for binding. A 100-fold excess of mutant (lanes 2
and 4) and wild-type (lanes 3 and 5) competitor oligonucleotides was

added as indicated. As a positive control, 300 ng of GST-E2F1 was

assayed for binding to the same probe (lane 1).

A. B.

activate transcription. Initial assays measured the capacity of
the drosE2F1 product to activate E2F-dependent transcription
upon transfection into the T98G human glioblastoma cell line.
As shown in Fig. 5A, the human E2F1 product readily acti-
vated transcription, yielding an approximate 13-fold stimula-
tion. In contrast, we observed no stimulation of transcription
upon transfection of the drosE2F1 construct.
The failure of the drosE2F1 construct to activate transcrip-

tion in T98G cells could be due to several factors, including
species specificity. We thus used a Drosophila cell line to assay
the activation potential of the drosE2F1 product. For these
assays, we recloned the drosE2F1 insert into an expression
plasmid under the control of the Drosophila actin promoter.
This construct was then assayed for transcription activation
potential by transfection into the Drosophila Schneider cell line
together with a reporter plasmid consisting of the CAT gene

under the control of a promoter with eight E2F recognition
sites. As shown in Fig. 5B, CAT activity was stimulated more

than 20-fold upon cotransfection of the drosE2F1-expressing
plasmid. Mutation of the E2F sites in the CAT reporter
plasmid abolished activation by the drosE2F1 product. We also
assayed for the ability of the drosE2F1 product to stimulate
transcription of a CAT gene under the control of the native
adenovirus E2 promoter. As shown in Fig. 5C, the drosE2F1
product also stimulated expression from this promoter, and
once again the activation was dependent on the integrity of the
E2F recognition sites in the promoter. From these results, we
conclude that the drosE2F1 clone encodes a protein with
sequence as well as functional homology to the human E2F1
product.

Transcriptional activation function can be found in C-

terminal sequences of drosE2F1. We have used two proce-
dures in an attempt to identify amino acid sequences within the
Drosophila E2F1 cDNA that contribute to transcriptional
activation. First, stop codons that truncated the protein at aa

C.

14 T98G
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FIG. 5. The drosE2F1 product activates transcription in Drosophila cells. (A) Increasing amounts (100 ng, 500 ng, and 2.5 jig) of
pCMV-drosE2F1 and 100 ng of pCMV-E2F1 were cotransfected into T98G cells with 5 jig of pE2WTx4CAT and 2 ,ug of pRSV-,B-gal. Forty eight
hours after transfection, cell extracts were prepared and assayed for CAT activity normalized for ,-galactosidase activity. (B and C) pPac (-) and
pdrosE2Flwt (+) (100 ng of each) were cotransfected into Drosophila Schneider cells with 5 jg of pE2WTx4CAT (E2F+) and pE2MT x4CAT
(E2F -) (B) or pE2WTCAT (E2F+) and pE2CAT(E2F -) (E2F -) (C) and 10 jig of pRSV-3-gal. Relative CAT activities were obtained as for
panel A.
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pdrosE2FlW1

pdrosE2Fld769

77 805

77 769

l m l

77 560

pdrosE2Fd1560 .

12 147

pGal4

pGal4/dE2Fl560-805

pGal4/dE2F1769-805 II

FIG. 6. Identification of a transcriptional activating domain of drosE2F1. (A) Schematic representation of the drosE2F1 and GAL4-drosE2F1
deletion mutants. The domains of drosE2F1 that are homologous to the E2F1 DNA binding and Rb binding domains are shaded. The GAL4 DNA
binding domain (aa 12 to 147) is indicated by the black box. (B) pdrosE2F1w- (100 ng) and the deletion mutants pdrosE2Fldl769 and
pdrosE2Fld1560 were cotransfected into Schneider cells with 5 ,ug of pE2WTx4CAT and 10 ,ug of RSV-3-gal. Relative CAT activities were obtained
as indicated in the legend to Fig. 5. (C) pGal4 (5 ,ug) and the indicated GAL4-drosE2F1 expression vectors were cotransfected into Schneider cells
with 5 ,ug of pE2WTx4CAT and 10 ,ug of pRSV-0-gal. Relative CAT activities were obtained as described in the legend to Fig. 5.

769 or 560 were introduced into the drosE2F1 cDNA (Fig.
6A). These constructs were then assayed for transactivation
function. As shown in Fig. 6B, whereas removal of the C-

terminal 36 aa (drosE2FldI769) resulted in little or no reduction
of transcriptional activation, the removal of an additional 209
aa (drosE2Fldl560) essentially eliminated transcriptional acti-
vation capacity.
A second assay used the yeast GAL4 DNA binding domain

to generate chimeric proteins that included portions of the
drosE2F1 C-terminal sequence (Fig. 6A). As shown in Fig. 6C,
transcriptional activation function could be found in the C-

terminal 245 aa of drosE2F1. In contrast, a GAL4 fusion
containing the C-terminal 36 aa was essentially inactive. From
these results, we conclude that a transcriptional activation
domain can be identified between aa 560 and 769 within the
C-terminal drosE2F1 product.
A potential gene target for the drosE2Fl product. The

understanding of the role of E2F in mammalian cells has been
guided by the realization that the transcription factor very
likely plays a role in the activation of a group of genes that
encode S-phase products. Thus, the promoters of genes such as
the DHFR, thymidine kinase, DNA polymerase at, and ribo-
nucleotide reductase genes all contain E2F recognition sites
within critical promoter regions (30). Moreover, experiments
of Slansky et al. have directly shown that the E2F sites within
the DHFR promoter are critical for activation of transcription
in late G, just prior to entry into S phase (36). If the drosE2F1
product bears functional homology to the mammalian E2F1
product, then we might expect that a similar group of genes
would be targets for its action.
To identify potential Drosophila target genes for the

drosE2F1 product, we have searched the gene sequence librar-
ies to identify promoter sequences of the group of S-phase-
specific genes suspected to be regulated by E2F in mammalian

cells. Unfortunately, in only one such case has promoter
sequences been identified. The promoter of the DNA poly-
merase at gene was recently identified and sequenced (21).
Within the 5' flanking sequence is an overlapping pair of E2F
recognition sequences located at positions -353 to -342
relative to the transcription initiation site (Fig. 7A). In addi-
tion, there are at least two other sequences that bear a close
resemblance to an E2F site, located at positions - 21 to - 14
and - 12 to - 5.
Using the Drosophila DNA polymerase at promoter as a

probe, we have assayed for the presence of a drosE2F1-related
binding activity in extracts from Drosophila Schneider cells. As
shown in Fig. 7B, the overlapping sequence at - 353 to - 342
was indeed an effective binding site for an activity from
Schneider cells. The E2F specificity is evident in the competi-
tion with the wild-type and mutant E2F site from the adeno-
virus E2 promoter (lanes 7 and 8). Binding to DNA poly-
merase a sites in addition to site 1 could also be detected,
particularly site 2, but these sites were clearly less efficient than
the -353 to - 342 site.

Evidence that the binding activity detected in the Schneider
cell extract reflects binding of the drosE2F1 product is indi-
cated by the results shown in lane 10 of Fig. 7B, in which a
rabbit antiserum raised against the GST-drosE2F1 protein was
able to eliminate the binding complex. In contrast, the preim-
mune serum had no effect on the binding activity. From these
results, we conclude that the DNA polymerase at promoter
does indeed contain E2F recognition sites, at least one of
which is of high affinity.

In light of the observation that the drosE2F1 protein recog-
nizes and binds to multiple sites within the DNA polymerase ax
promoter, we have tested whether this promoter can be
activated by the drosE2F1 product in a transient transfection
assay. As shown in Fig. 8, a CAT gene under the control of the
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A.

-600 GCATGATAAA TAAAATACGA TTAAAACCAA ACAAACTATT GTCTTTTAAT TTGGGAATAA

-540 AAACATATGA CAAGCACATT AAAAGGGGAT CTTCATGGAG CAACTGCTAA TGGAAAAGTT
4

-480 TTTCTTTTTG TGATCCACTG CAATTAAAAA GCTGA4K TAAGTGTAA AATGTAAAAC

-420 AACGCCCTTT AAATGGTGAT CATTGTTCTT TCTTACTTGG TGAATTCATT TCAATTATCA

-360 GGTCGG4T TATAGCAGTC ATTTTAAATC GCTGTAACTG TTATGTTAAC

-300 TATTCGTGTT AACTGTAATC GATCATTTGT GCTTACAGAT TAGACGCTAA CAGTGCCCAG

-240 AGCTAAGATA ACGCGCTGCC ACCTATCGAT ATATTACCAC TCAGAAATTC ATAAAATAGA

-180 GATGTTACTT AATAATAAAA TTGCAATTTG GGATTAAGTT ATTGTATGGC TTTTATTTTT

B. §.o
, k

Nf 'S0 & (SI 9 s
X3.c\ 3 '

1. ~ P < 0

-120 TTTAATTTCC TTACATTCTT CCTCTTCTTA ACGACACTAT CGATATTACA TTGCAAAAGT
2 3

-60 CCGGCAGCGC TTTATGTATC GTAGCTCTGT TATCGATA T TTTG

+1 ATCATCCTCC ATCCCTGGTC ACAAAACAAT TTTTGCAMC TGCAGCACAA CACGGGGAAA

+61 TTATTATCAA AGTTAGCCAG TTGCAATG

FIG. 7. The Drosophila DNA polymerase a promoter contains E2F binding sites. (A) Potential E2F recognition sites in the Drosophila DNA
polymerase a promoter. The sequence of the promoter as determined by Hirose et al. (21) is presented, with the transcription initiation site
numbered as + 1 and indicated by an arrow. The ATG initiation codon is underlined. The potential E2F recognition sites are boxed and numbered
1 to 4. (B) E2F DNA binding activity in Schneider cell extracts. Drosophila Schneider cell nuclear extract (7 pg) was incubated with a DNA probe
representing site 1 and then assayed for binding by gel retardation. Competitions were performed with the indicated unlabeled DNAs (amount
indicated in molar excess) as well as mutant and wild-type (WT) E2F site DNA from the adenovirus E2 promoter. Finally, the binding assay using
the site 1 probe was incubated in the presence of preimmune rabbit serum and immune serum raised against the GST-drosE2F1 protein. Each
serum was added at a 1:320 dilution.

DNA polymerase a promoter was stimulated up to 10-fold by
cotransfection of the drosE2F1 cDNA. In contrast, the control
Rous sarcoma virus promoter was unaffected by cotransfection
of the drosE2F1 product.
Although the transfection results clearly demonstrate that

the drosE2F1 product can activate the DNA polymerase at
promoter, two observations must delay our conclusion that this
gene is directly activated by the drosE2F1 product. First, it is
apparent in the assay of Fig. 8 that the drosE2Fl-mediated
activation of the DNA polymerase a promoter is considerably
less than that of the test promoter that contains eight E2F
binding sites. Second, initial attempts to eliminate activation by
the drosE2F1 product through mutation of the high-affinity
binding site have not succeeded. Moreover, previous analyses
of the Drosophila DNA polymerase ax promoter have found
that deletion of sequence upstream of - 233 does not impair
promoter activity (21). Of course, activation could be mediated
by the two additional sites that are within the region defined as
critical for transcription. It also remains possible that the
relative importance of the high-affinity site depends on the
circumstances of cell growth. Clearly, the critical next experi-
ment must be an in vivo determination, in adult or developing
flies, of whether the DNA polymerase a gene is activated by
the drosE2F1 product.

DISCUSSION
A variety of observations suggest that the human E2F

transcription factor is likely to be evolutionarily conserved.
Although originally identified as a transcription factor activity
that was critical for the expression of the adenovirus E2 gene
in response to the viral ElA product (25), more recent

experiments have demonstrated a role for E2F in cell cycle-
related transcription control. In particular, at least a part of the
growth-suppressing activity of Rb appears to involve control of
the E2F transcription factor. Moreover, recent experiments
have shown that the Rb-mediated arrest of cell growth in GI
can be overcome by the expression of the E2F1 product (41).
Furthermore, other experiments have shown that overexpres-
sion of the E2F1 product in an otherwise quiescent cell can
stimulate such cells to enter S phase in the absence of other
growth signals (23).
The transcriptional activation of a group of genes that

encode products involved in DNA synthesis and that are
coregulated at the GI/S phase transition appears to be directed
by E2F (30). The products of these genes, such as DHFR,
thymidine kinase, and DNA polymerase a, are highly con-
served during evolution, and thus one might anticipate that the
regulatory system controlling the expression of these genes
would also be conserved. The results presented here describe
the isolation of a Drosophila clone with properties of the
human E2F1 gene.

It is becoming increasingly evident from recent work that
multiple gene products likely contribute to what is defined as
E2F. Although the initial E2F1 clone has now been isolated
multiple times (18, 24, 34), an additional cDNA, termed DP-1,
that exhibits properties of E2F but that is distinct from the
E2F1 clone has been isolated (16). Recent evidence demon-
strates that the E2F1 product and the DP-1 product can
physically interact to generate a heterodimeric factor that may
be the natural form of E2F (3, 19). Moreover, through
screening of human cDNA libraries with the original E2F1
clone, additional related cDNAs have now been isolated (22a,
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FIG. 8. The drosE2F1 product activates transcription directed by the DNA polymerase ac promoter. Schneider cells were transfected with either
pE2WTx4CAT (2.5 ,ug) or pdPolaCAT (0.5 ,ug) together with increasing concentrations of pdrosE2Flwt (1 x = 100 ng) and a constant amount
of pRSV-I-Gal. Relative CAT activities were obtained as indicated in the legend to Fig. 5. For comparison, the ,B-galactosidase (Il-Gal) activities
are presented separately in the rightmost panel. Polot, polymerase ao; RSV, Rous sarcoma virus.

26a). At this stage, the relationship of these various clones to
one another or to the various functional properties of E2F is
not yet clear. One possibility is that distinct E2F activities, as
defined as products of the various cDNA clones, are involved
in separate activities of E2F such as binding to Rb and binding
to p107. Clearly, the involvement of multiple gene products in
the function of E2F complicates the functional analyses. One
approach to sorting out these events is through the analysis of
specific mutations in individual genes that encode the various
E2F activities. The isolation of a Drosophila gene that may be
a counterpart of the mammalian E2F1 affords the possibility of
such an approach.
A significant factor in the recent progress in understanding

mammalian E2F function has been the identification of poten-
tial target genes that might be subject to E2F control. These
include genes activated at the G1/S transition that encode
activities playing a role in S-phase events (30). In considering
the possibility that a similar control pathway may be found in
D. melanogaster as well, our search for evidence of E2F
recognition sites within promoters of equivalent Drosophila
genes led us to the DNA polymerase a gene and the finding
that the drosE2F1 product may indeed regulate the activity of
this gene. Of course, these results indicate only that the
drosE2F1 product can regulate the DNA polymerase ao pro-
moter; we must await further experiments to determine
whether it actually does so within the developing or adult fly.
Nevertheless, the presence of functional E2F binding sites
within this gene that is likely regulated by E2F in a mammalian
cell strongly suggest that this will be the case. Unfortunately,
promoter sequence information is not available for additional
members of the family of S-phase genes. Nevertheless, we
anticipate that, as with the studies of mammalian E2F, an

identification of the targets for drosE2F1 action, coupled with
analyses directed at the interactions involving the drosE2F1
product as well as the effects of altered expression of the
drosE2F1 product, will be an important approach to develop-
ing a better understanding of the role of E2F in cellular
function.

Finally, although the analyses of the drosE2F1 gene strongly
suggest a relationship to the mammalian E2F1 gene, important
questions remain to be addressed. One of the most critical
concerns the existence of analogous growth-regulatory pro-
teins that control E2F activity in a mammalian cell. To date,
there has been no description of a Drosophila equivalent of Rb
or the Rb-related p107 protein, both of which interact with and
regulate E2F activity in mammalian cells. Nevertheless, it is a

reasonable assumption that at least the S-phase-specific events
involving E2F, including the activation of S-phase genes as well
as the interaction with the cyclin A-cdk2 kinase complex, will
likely be evolutionarily conserved. In this context, the 50%
homology between the C terminus of the drosE2Fl product
and the Rb binding domain of the human E2F1 product is
striking, suggesting the presence of a drosE2Fl-interacting
molecule in Drosophila like the mammalian activities that
interact with E2F1.
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